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Semi-supervised Learning of Multi-class Classifiers for
Multi-component Data

Akinori FUJINO Naonori UEDA  Kazumi SAITO

NTT Communication Science Laboratories, NTT Corporation

Abstract: We present a method for semi-supervised learning of multi-class and single-label classifiers
for multi-component data such as web pages consisting of text and links, based on a hybrid genera-
tive/discriminative approach. In our formulation, for each component, we design an individual genera-
tive model and introduce a model to reduce the effect of the bias associated with the generative model
trained on few labeled samples. Then, we construct our classifier by combining these models based on the
maximum entropy principle. In our experimental results for text classification using additional informa-
tion such as links, we confirmed that our classifier outperformed generative and discriminative classifiers

especially when the performance of the generative and discriminative classifiers was comparable.

1 FC&IC

FEAN, N Y, iR EOEEND
W E N3 Web R—Y DX I, EHROMKER
ZZLB 7 —& (Multi-Component Data, MCD) O
DFRTE TR, TR R SRRt
5 L CRGEBAREERIZT L L BIC, ZOM
DB DN T S FUEIE DR e F 59 5]
HEEDDHD. T, fERKD, Web X—TYDF
FRXRENAR= V7 3, 8], XHOFFARE
ﬂ%W¥§%ﬁﬁ&?$XFm&a,@ﬁ®%&
BREWS DHEENRES N T E .

i 0 FE ORI T, MBEFNT Ta—F
I K BIEEDBEMORRERE WS DFRR (AT,
MCD MBS &R LT, ERET IV, #BlD
BT TO—F L, @7 TOU—FONAT V) vy Rk
DO HaAR (CERROIRRRE, BBISERE, N TV
FO3EARE) MREENT &7, B, BRI
WL TNA 7)) w RORRZBOMRBIG TR &0
T EDFERNICHR EN TS [11).

—77, PUEHERED s DB EIES S 5 feidicld,
BRSNS D T —RERTEL T BIEENE.
LhL, 0B T—2DVERIE, AFILksT
NVOEERBEL, BAZANTHB. FHUCH
LT, TNV LT— 2 HEC AR SR T &
3. ZOih, PEOTNNBHDT—RICMATE
BOT\VIE LT — 2% AT HEREOMLMRE
[ L EBBRL D D FREMRREENTE
7z (3L (12 BR).

kDX 5ic, MCD RO & 28D
FEOMBIRE T THRZICHASNTE LR, 2
DO ERICH S T & TH RO RSz
[CTES. 2T T, AT, MCD oFEO4H
filids O 2FEORJEICH LT, ERET )V - @Al 7
Ta—F DA T Uy FIic D Sy Fsila ke 42
95, BEER, FTNVHOT -2 THEEEND
BREBROERETIVE, FNIVELT—REHD
FABR DA BNCENRIN I 2 Te DI B8 S DS
ZUROMETTIV 5] ZHRERC LICEAL,
INHDETIERAL Y Fa¥— (ME) [ 1]
KEDOWTIRAET L EFBET D,
fliDFEE LT, MCD %45 £/, #50%Ees
i, TERDERET IV, BAIDFRT Tri—FIED
AN 0B (10, 6] BELFEAT BT L HE
263, 3D0FAMalby g rERVEMCD
DHFEEBC KD, ERETIV, BHIT Ta—FIiC
HO PR D O FEEDISH L HAT, REED
PULEERE DS IR T 2 DICHERTH S T
LRHERRT 5.

2 MCD AEEADHROLEE
) S EEOER
ARTR, EHOBREERN SIS T —% (MCD)
D7 S5 AHE—S~NVBRBEICT LT, S 0
FHICHEHDOWTORE R 5 bl 4 5.
J HOBRERN SRBE T — XL, RERER j OFF
AT MV ZHCT, = {2, 27,27}



TEEINS., COF—X x KHRHUT, KOG
DHENE 1DDT T Ay e {l,... k,..., K} ZHER
THENHRERT D, OB, DHBOEEE,
SNVH O TF—2EE Dy = {zn, un N, ETNIL
BLT—REE Dy = {zn}N_ (M >> N) B
é%@?—?%@DzﬂhD%%ﬁwfﬁi
BUFZ, MCD 245 R, @lfsRic, 17Ek
DERET IV, WA T T O—F 1D R
H oYY (10, 6) AT B 5 EEBRNS.

2.1 SERSEROFHENS Y FE
ERSEBRIE, F—&% 2z LT T ATy OFES
HERAREE p(a, y) DETIVERIVCREIE NS, [
HEREENY, HADY 5 ATEHMRERE N 1
EREND LEL, MRERT LICKIIENBE
FETIV (LUF, MBREERETIVETS) p(2! |k; 67)
B VT pla, k;0) = Pk) [T/, p(@7|k; 0]) D&
SICEFIEENG [2. TTT, 6 = {6}, &
75 A kB BRKESR j DET VST A—ED
EARET. IRT—2ENT O OHEEE S =
{0}, ZRDIAE, F—RDY 5 AFEHERE, N
A AN &b,

P(y = k|z; 0)
_ PO, (el [k:6y)
Sh_ PR TT, plai|k'; 6y,)

TE52%. ERHERE, T—2BNETE7 5 AN
7T ABRERERKICT D k THEEHET 5.
R EREBRONB D 0 B, SNVELT—
MR EETNVEES 5T L TERIENS [10]. ¢
Tbb, INELT—ZOMREEE, px;0) =
S o, k; ©) TRENBHHTET IS 5. %
LT, A7 —2EE D BM5XZ5NETFT, 00
HEMRE p(0|D) ZRAILT BfEE/STA—X
O DHEEME LTRD S (MAP #iE). BB, XA
ZHENC XD, logp(©|D) IcHX 3 5 HAEIE:

N J
F(©) = Y log P(ya) [ | p(alyn; 65,)
n=1 j=1

+ 1ogp(©) @)

ERKIETS 0 ZRDB. 22T, pO)EOD
RHMENTEERT. F(O) ZRAITS 0 I EM
TIAV XL 4] ZRAVTRD NS,

O DHEEX, N & M OKEIITHEEIND. M >>
Nk, o O, X (2) DETIAICHEL
i, INVELT— 2 K B H ML LB
HE LS. Zh, BATTVORENET—ZF
ot U Tl cn0niga, S VEL7F— 235
A =BV T & THRRSENG LATLT
BIERENSD. OIS XL, TNV
LT =R DT A~ 2 EENDHF G TET 5 HA
NRIA—=RNBEAT 575 (EM-)) BMERENT
5 [10]. EM-A O HBENE, X (2) OF IR
Ae[0,1|ZRTZHZLTHRLNS.

M K J .
+ > logy  P(k) [ p(@i,|k; 67)
k=1 j=1

2.2 BASHMBOXHEMH Y FE
FHIHTERE, BMEERT LT — XY
2, 7207 5 AEEHER Pk|lz) ZEEET IV
ELTHBETZ . fIZE, BHOY A7 sy /A
& (MLR) €7V [7] Z@HA LT, LFOX SR
HST A—REEW = {wl};x ZAVT Y TAH
BHESHEET VLT ES.

Py = klz; W)
exp (ijl w], - 2 )
a—e 7 i
> 1 €XP (ijl wi, - .fw)

ZCTT, w2 G wl & of ONFRRT.

MLR O¥#iid 0 28 5EEHT 2 —Fke LT
B/hr Y oY —ERMEE (MER) [6] 2MEREN
T3, TOHETE, SNUVELT—EZDT 5 R
BRIEROLY bab¥—2r SASMEOREEL L
THY, 2oy ha¥—Zg/Mbd 32 & TIN
Wiz LT —RE XT3 L 51 MLR 22287
%. MER Zf\jz MLR O%E T, UFOEN
MR RS2 W BRI A—ZDHEEEET 5.

N
FW) = ZlogP(yn[acn; W)
"k
+ A Plkjam; W) log Pk|zm; W)
m=1k=1
+ logp(W) (4)

TTC, NEEBNRTA—ZTHY, p(W)EW D
BRI ZRT.

3 REZE

MCD 7RO Effi b 0 FE OREICH LT
HRRET IV » BIOW 7 Ta—FDNA T Uy Fic
OB R IRRT 5. RRETI, £
TV EBYIEE ORITOR| 218D U T H A
HOFERIEHTBROIC, B, BANERLT
1@ © #HIEE 7)1 (Bias Correction Model, BCM) [5]
2 A LT MCD SRR T 5. KL T,
%’%ﬁ, &% H-BCM (Hybrid with BCMs) &
H-BCM T, £9, 7 I5ATLICHRERET
W p(ad |k; 00) ZREHL, SLBY T—REA D
AV TRRERE T VEMLERTS. I\
BT —ZEDVROEE, 8T A—ZOHEEfHE
6 = {0));4 &, BEOF—XHMEOREISLLE S
ZBINTA—REANORESNNDZEREDD 5.
Tixbs, PHOINEHD F—2TERENLWH
RERT T, LELESWRDZED. COfR
O DRBRENT 728D, {75 AORRERT L
AR O HIEE TV p(ad |k; o)) ZEAT S, WO H
EEFIVCE, REBERTTIVERBONM (8T
A—R U = {pi}; 1 13 O LRED) HikEX 5.
ZUT, \ATY hrat— (ME) FEIC X BRI
FETI LD WIETT IVOMRBITH I THFER
ERETS. IabE, H-BCMIE, FRGEBRICHE

®3)



I F—ROEME S X B ERTETIVOERE, #
R E BT A E DEMNZRREA oA
Ty ReroT3.

BURIACIE, 5880 By, MEETT IV
CIROFEET VICET 2HERZ9, = ho
C—HEDO T TRE LT 5 ABRIERDT (ME
EFV) R(k|lz) e &V EHRTD. R(kla) (CERET
W p(wlk; Or) DEHEERKINE R B728, FNLVHD
F— R ORI p(a, k) = S0 I, (®)1, (k) /N
IC & BERETINOMBAEOTIHEL, Rk|z) 1
K BERETIVOWNBLEDIHFHFEIFELLY, &
SHKEEZ B, TOHRIE, = ORERDT p(x) =

N e (@)/NERVT, UFORTHRENS.

3 (x, k) log p(a|k; 0})
T,k

= Y b(@)R(k|x) logp(x’|k; ), ¥i  (5)
.k

T, Ip (¢) &, z =z, DEXICL, THLY
DEEEC O THIIEREBzERT. ROMEET IV
p(z|k; ) ICBIT 2S£z, 3 (5) EFHERDIEZ
TEZ2%. X6, 7—2DRET S5 ADED
% ME €7V E R 572D, Rk|lr) I &b
75 AMEROHEEME, S\dH O T —X DD
K7 5 AMROHEEM[MELLY, LWL IHIY
#EZ %, ZOWHRMELLTFORTERT ZENTES.

> (@ k) = Y Be)R(klz), Yk (6)
x T

L EORIFOTT, 75 AB®MERIMOL M
Y— H(R) = — Yz . p(x)R(k|z)log R(k|z) &%
Kedsz eicky, EEBETI, WOMEET IV
&I T ADRY 2R L Te ME 7))V D7 5 A%H%
W5 10:

R(y = k|x;6,0,T)

J
= e [ ] p@ Ik 0) (@ ksl (7)

Jj=1

BPENTES. TCT, 2K R(k|z;6,0,T) =
1 &9 57-00ERLETHS. iz, T = {{7y,
oo A} BI VS UV a FEHTH S, my
& ey WHEREEE T EROFHEETTFILORAED
EHE, 75k OHBOREY 252 %, H-
BOM Cid, RRERET )V LR HHIEET LD ME
FHEICEDRAICI DB LNS R(klx; 0,¥,T) 2
DHBESR 505 AEBHRERITMETD.
HOMIEETVOIRTA—Z U IF, FULHD
F=R W EZ BN C LR 55485
R(k|z, 0, U, T) O¥EDRO ZENT 5 C L2HK
LT, INVELF—2E2ANTERE NS, B
I, T DEPESZ 5N EE, HREHIN
WiE UF— BRI 5 2 %R BB O EOANC E TS <
HIBIE: F(RIT) = Yo, log Yo {e T,

p(ad, 1k; 0,1 p(d, ks h) 7} + p(T) DAL
Ko U BHEETS. LHL, [IEFHETNERTD
ISSRA—=RTHY, U EHWNARGERERENDS. T
Dz, ¥ & T EZZENDREINCEETS [5).

4 FHihRER
4.1 FAMALYTV3Y

FHHERRICE, 7FR MOFIEORYF =T
FAMILE USRS WebKB & Cora 2,
20newsgroups (20news) 3 M 3 DOF A LalL &
g rEHv.

WebKB & K20 Web X—VEEDIZEDTH
D, TOOHTIAVESFENT D, KR,
student, faculty, course, project 0D 4 DDJ7 Y
ICEEND 4199 D Web R—U %Lz, Web R—
DO b VE, AL (MT), HOR—IAD
U>Z (OL), #DR—IHEDY Y (IL), T
H—FF A (AT) O 4 DOBKREZRZME UTIF,
Bl ILECOFAFaLryyaVicgEns
Web R—=YDHMSMH L, AT & UTHZR—Y
YT LTOWBMOR—I BB TWS T
VA—TFA N L. MT & AT TIEHEE
HEAER, IL & OL T3 URL QMBS X O i
RERDOFFHEN T MIVEIER U 2.

Cora t& 3 3L EOEANFRC O L 5| AifF e E
DIEHLOTHY, 07TV DINMCHFIN
TWa. FEEE, /Artificial_Intelligence/Machine
_Learning/* O 7 D07 AVICIET % 4240 Fi
2RO, WX OFHEANT MV, A (MT), &
F% (AU, 5IMIRSC (CI) O 3 DORSRREFR i
UTIERR Uiz, MT TIRHGBOHBMEZ, AU &
Cl TRZENFNEHL LT IR OMBERTR
AT FIVEIER LTz,

20news &, UseNet DRt HZEDHELDTH O,
20 N —TECHFEN TS, FBCKE, 20 V)b—
TD3H, comp.*D 5 DOOT N —TICET % 4881 7
Br v, BRERE UT, SdEh D “Subject:”
DHEIWFL ZA MV (T) &ENDSNDOARI (M)
ZHILUTZ. M & T OREAT MVIZEFEOHIB
IS K DR LT,

4.2 HERAE

H-BCM DMHREZFHITY B 728, 2 HiTab~\TefiE
ROHEED O FEEDISHICHE DL 2 DOFE
(EM-A, MLR/MER) & DLESEEZTT > Jo. R
T, H-BCM ORRERETIVEROMIETT IV
A —TRA X‘EJ%NB%%%“A/ [10] @M LT, &
%,?MAEE% BRETFIVELUTNB EFINE

Wiz,

EM-A & MLR/MER T, FNVELT—20T
FIVING A—REENOF G RTEHINT A—
RANBRETZ0EDNH %, AEBKTE, EM-)DE
HIST A2 DEHE LT, {0.01,0.05,0.1,0.2,0.25,
0.3,0.4,0.5,0.6,0.7,0.75,0.8.0.9,1.0} @ 14 D
iz |V Tz. 285 A—2{ElE, ST [10] TREEN
B S T, INIVH D T —& D leave-one-out
REBGEFIC X D HRENRE H LR E 18T A—
ZEERER L. £/, MLR/MER Q#4735 A —
AN {{0.1x107™,0.2x107,0.5x 10-"}2_4, 1}
D 16 BEMD SBIRU Tz, 8T A—&{Hld, EM-) &
RIS ERE D Z O THIRT — 2 DB b B IRE

Thttp://www.cs.cmu.edu/afs/cs.cmu.edu/project,/
theo-20/www/data/webkb-data.gtar.gz

2http://www.cs.umass.edu/ “mccallum/data/cora
-classify.tar.gz

3http://people.csail.mit.edu/jrennie/20Newsgroups/
20news-18828.tar.gz



£ 1 BRZINVHOT— A N KT B H-
BCM, EM-), MLR/MER D5 ¥k EE (%)

(a) WebKB (M = 2500, K = 4)

N _N/M [ H-BCM____EM-A_ MLE/MER
32 0.0128 699(5 1) 73.5 (3.1) 635 (5.0
64 0.0256 | 76.2 76.0 (2.5 72.2 (2.7
128 0.0512|81.8 (1.7) 77.7 (2.4) 785 (2.2
256 0.1024 | 85.0 13 80.6 (1.7) 84.3 (1.7
512 0.2048| 87.2 (1.1) 827 (1.2) 88.7 (1.3)

(b) Cora (M = 2000, K =T7)

N _N/M[ EBCM  EM-X ’\/ILR/MER
56 0.028 | 76.4 (3.6) 71.6 (4.2 557(4 2)
112 0.056 | 83.0 (2.1) 77.9(1.6) 63.8

224 0.112 [85.7 (1.2) 81.6 (1.1 729

448 0.224|87.4 (1.3) 83.8 (1.0 786

896 0.448 [89.1 (0.7) 86.8 (1.1) 827(12

(¢) 20news (M = 2500, K = 5)

N_N/M| E-BCM___EM-»_MLR/MER
0 0.016 | 64.8 (3.0) 53.6 (6.6) 50.2 (5.3)
80 0.032[71.6 (1.8) 59.4 E6.4 57.2 3.3;
160 0.064 | 75.7 (1.5) 66.3 (4.6) 65.3 (3.2
320 0.128|78.5 (1.4) 71.3 (3.2) 72.3 (1.2
640 0.256 | 82.0 (1.2) 76.0 (1.5) 77.7 (1.1
1280 0.512|85.0 (1.0) 80.1 (1.8) 81.0 (1.2

(6] TRETHBR, 18T X~ L EBOFHAX -
MEWED, TANTF—2ONHEEEE R &L T
BI8T A— 2 fEREIR U TR Z T o T2,
BFHEOERIMEE, 87X aLivarhb
S VB LIS T— R RN U T 10 O « 7 X
k57—t FEER L, 10 AORBTHESNS
BHSEOYSiiz RO TITo fo. FHECHAW T A
NP =2 { L 72 3 27 1000, FIRIC AV
72T\ )Vin U7 — 28 M & 2500 (WebKB), 2000
(Cora), 2500 (20news) & UJz.

4.3 REFERLER

£, FFAbaALrrare, SINWHD
T— R N X TERET >t E DR TED
gﬁ?ﬁwmﬁﬁ%r? TN O IS A 2

sy

H-BCM, EM-), MLR/MER @ 3 DOFED 5358
Fr“ BIRANIASR, WebKB TEM-A & MLR/MER

DRFREEORENKE GG ERNT, H-BCM D%

BEDMLOTFHEA B> Ce. COFERE D, MCD
@%ﬁ%@wﬁmf,iﬁwﬁbf—ﬁ%iaum
WTHHRROP L EREZ M & ¥ 5 DI H-BCM ¥
ERTHBEVZS.

EM-X & H# LT, H-BCM i3, WebKB TS
H 0 F—2EHDPROGEZRTEOWEREERL
Jo. —fRAIC, KBOSAVHOTF—ENEZ 6N
BEL, BT Ia—-FIRERET VT Ta—F &
DEBODEIEIEE 57 B 2 EBHIBIT S [9].
T ORBFERZ, N OFREFAENCATS < E2BR
WTHERET VT T a—F ORI THRREE
% EM-M G, FREROBEER T ERVARER
BEAND B EEFBLTNS

H-BCM DOERElX, MLR/MER LHBUT, We-
bKB TIN)H D 7 — R BNSBDGFEZRNT
Bt TORRIE, MLR/MERICEDEOS
~NId D TR UGEREE T B EmHH 5 —77,
H-BCM Tk, W@FEEMA B4 RET IV ORHE
BHLTWBH, MLR/MER & D & EWAHHEE
MEONEEZ NS, WFEETERL TR

KBTI NVH Y T—EANGZ BNE L EI,
W7 TO—FREREL O bEVaREEZ 5 X
BLEZILND.

5 &

BHOBREREELT—2DE 7 5 A H—
NIVHKERICHR LT, ERET IV Rl 0Owm T if
O—F0O)NA 7 U FICE DI HHHSEOEFH D
FRTERE U REER, BHREERICNLT,
LRI ENBERETINE, FNNWHOT—%
WO TS T LICKET B EE DR ZET 5
TeDICEBAINDZET I, BATY hoE—[RH
KEDOWTHAT A L2/ ETS. 3DDTX
Favl s g vEROESREERICED, ERTT
w,ﬁ%®%/7n—%TEU®\ﬁFﬁﬁ%Bh
Slc e Qle, BEETRmY TO—F XD &6
mﬁﬁ%ﬁ%@bhéuk%ﬁwbt S ORE
i, FFEANEHEBRE VSRR SGMETET IV
kéh%i@ﬁ%r~&kﬁbf%%&@ﬁ%ﬁ%
mu‘g‘% [ 8T36%

BE 3R

[1] Berger, A. L., Della Pietra, S. A. and Della Pietra,
V. J.: A maximum entropy approach to natural lan-
guage processing, Computational Linguistics, Vol. 22,
No. 1, pp. 39-71 (1996).
Brochu, E. and Freitas, N.: “Name that song!
A probabilistic approach to querying on music and
text, Advances in Neural Information Processing Sys-
tems 15, MIT Press, Cambridge, MA, pp. 1505-1512
(2003).
Chakrabarti, S., Dom, B. and Indyk, P.: Enhanced
hypertext categorization using hyperlinks, Proceedings
of ACM International Conference on Management of
Data (SIGMOD-98), pp. 307-318 (1998).

Dempster, A. P., Laird, N. M. and Rubin, D. B.: Maxi-
mum likelihood from incomplete data via the EM algo-
rithm, Journal of the Royal Statistical Society, Series
B, Vol. 39, pp. 1-38 (1977).

BER, LR, FHRE: LA S 0 X RO O
- AT Y o S ERORE, \ TR 2
5%, Vol. 21, No. 3, pp. 301-309 (2006).

Grandvalet, Y. and Bengio, Y.: Semi-supervised learn-
ing by entropy minimization, Advances in Neural In-
formation Processing Systems 17, MIT Press, Cam-
bridge, MA, pp. 529-536 (2005).

Hastie, T., Tibshirani, R. and Friedman, J.: The
Elements of Statistical Learning: Data Mining, In-
ference, and Prediction, Springer-Verlag, New York
Berlin Heidelberg (2001).

[8] Lu, Q. and Getoor, L.: Link-based text classification,
IJCAI Workshop on Text-Mining & Link-Analysis
(TextLink 2003) (2003).

Ng, A. Y. and Jordan, M. I.: On discriminative vs.
generative classifiers: A comparison of logistic regres-
sion and naive Bayes, Advances in Neural Information
Processing Systems 14, MIT Press, Cambridge, MA,
pp. 841-848 (2002).

[10] Nigam, K., McCallum, A., Thrun, S. and Mitchell, T'.:

Text classification from labeled and unlabeled docu-
ments using EM, Machine Learning, Vol. 39, pp. 103—

134 (2000).
{11] Raina, R., Shen, Y., Ng, A. Y. and McCallum, A.:
Classification with hybrid generative/discriminative
models, Advances in Neural Information Processing
Systems 16, MIT Press, Cambridge, MA (2004).
Seeger, M.: Learning with labeled and unlabeled data,
Technical report, University of Edinburgh (2001).

7,

2

[3

[4]

[5

6

[7]

[9

[12





