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

AKINORI FuJiNnO,t NAONORI UEDAt and KAZUMI SAITOt*

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
generative/discriminative approach. In our formulation, for each component, we design an
individual generative 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 information such as links, we confirmed that
our classifier outperformed generative and discriminative classifiers based on naive Bayes and
multinomial logistic regression models, especially when the performance of the generative and
discriminative classifiers was comparable. We also confirmed our formulation for dealing with
multiple components was effective to obtain semi-supervised classifiers with good generaliza-
tion ability. Moreover, we confirmed that using a large number of unlabeled data for training
our classifier improved its classification performance.
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H-BCM 27 F A ML) V7 BHRPLLEHT—F
DHFICHEBT 5720, BEERE j 2 RHE~s v
zl = (wgl,,wf,,:ci,g) TEL, FA—TXA X
(NB) =570V 2 HVCHEREZOERKERE €T
Mbs s, 22T, of i BEOBBEEZEL, V; &
BRER j ICEINIBHEOKEERT. BRES j

AT — 5 &4

D, = {(wn,yn)}gﬁ and D, = {wm}%=1

e, vE OBE, t 0.

R (6) Ik & L 6™ vn 2EE

6t=m L ¥ HFTHK(10) 0k h IO %3H

CE L DD (L e A VA

H|TEHD T[T < € F721E t > tmaee T

HNIREREEET (|- || - © L2 / VagET).

oM L & »FTRK (14) 1ok h WD %5t

o YD (=" A F TR (10) kY POHD %
g |

ot «—t+4 1.

5.  R(k|z; 6, M 7MY 217

R1 NIA=FZRTLT) AL
Fig.1 Algorithm for parameter estimation.
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DFEAL (VY7 I1ER) OBE, o] RHEE (URL) i
DU, V; 2 HBREER j I8 ENSHFE (URL)
OHEFEORE LTHMANY P V2525, NBEF
WTIX, 2F9ABE520NEBT T4 DHEE
(URL) PV ICART B LEEL, 7T ATV DS
k TharT—5DBRERE j OEBHERY

Vi J
- p(@k;67) o< [ (61)™ (15)

TRENBSESMTEFMLT 5. K (15) H10 67,
BRBHREE D2 IR kI2BITAHEE (URL) ¢ 04
RHERERTRANTA—5THY, Y07 6], =1,
i, >0, Vi DFIKEFDO. H-BCM T, /) HIEE
7 p(a?|k;pl) IS D FERKIC NB EFVEERT 5.
H-BCM Ti, BREREFNVERVBEET NV
IZNBEFVEERTA2OICELT, BREZOE
BNz V kel =3 2l =1 kB L)
WCIEH LTS, &K (6) ILLABREZTFT VDR
A= FEBETIE, NT A =5 DBRHEI p(0])
ELT, NBEFAMTLIELIIREENSE T4 7 L
SA2p(07) o [[V2, (69,5 H w5, & N
=85 A=FThb, K (14) ICLBRHVBEET IV
DINT A —FZEBIIBWTHREBRIZ, 3T X—% T D
HHRESM L LTTF4 Y 7 L% V%, H-BCM
TiE, FEHSINTBRERETVRZEE ICH 2o
T =5 L TKRELRLERXGE2 A LR H/FEL
T, & D%, FANVBHYF—F (2n,yn) € DL O
leave-one-out RXEMREFEIC & DR SN AERERTE
TN DITBIEDH L = Zgzl log p(ad, |yn; 65:7™)
RRICTAEICHETA. COFHOLH 12, JIE
F—=F ERAVTNAIN=I3F A —FEZRELT A
L, EBRANA XED THREEINTWA, H-BCM T
3, LABEKbEEs ¢ ofiz, EM 7L X 4%
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4. ¥ fii & &R

41 FXbkaLovia>
SEMEERRICIE, TFAMNSEBEOR Y F—7

FTAMILIELITHWLNS WebKB* & Cora®k, -

20newsgroups (20news)*** D 3 DDF A b L 7
varvieEwi,

WebKB (3 KD Web =V 2 ED725DTHY,
TODHTTVICHEINTD, HL 15) DFREIC
eV, student, faculty, course, project D 4 2D
FIVIZETND 4,199 D Web R— T & EERIZH W
7z. Web R— TV O~ 7 M vid, AX (MT), b
DR—=I~D) ¥ (OL), OR=I060Y ¥
(IL), 7vH—7F A+ (AT) DADODOBREZES
WMELTHERLE. ILRZOFAIaLZ Y avic
EIND Web =V DAPLHEL, AT & LT
FR=TV %) 7 LTV BMDOR— IV HPBIICHNT
WBETYA—TFAMEHE L. MT & AT Tl3E
EQHBEE, IL & OL TiZ URL OHIEEIZLY
BREZOBHAN Y NVEMER L7, B 7 o
PERICEE LT, MT & AT TREALEOLE L HHD
i BN A R R WMEIREE (stop words)® & 10D
NR=VIZLPHBALZWEREEEREZBRIL, IL &
OL Tt 1 2DOR—=JIZLMHEE L 2 WESEE URL
BRI LUz, B2 PV OXTTIE, FNER 18,525
(MT), 496 (AT), 4,131 (OL), 500 (IL) TH-7-.

Cora 1 3 HUL EDOFEAMERCOME L 5 I HFH % £
DD THY, 107 TFT)DOVWFRPICTEESR
TW5, EERTIX, /Artificial_Intelligence/Machine
_Learning/*D 72077 T JIZET S 4,240 5Lz
F7z. OB s Vi, A (MT), Z%
4 (AU), BlIA&mC (CI) O3 oDERER L
TER L7:. MT CIZEEOHBEEL, AU & CI
TRENFNEBLETIHRLOBRA L RTINS
MV EVERL L7z, WebKB & FAR 121155 & BREEE O
B i BRI LR, BN VORI ERLENR
9,190 (MT), 1,495 (AU), 13,282 (CI) T®H 7.

20news (%, UseNet DEEHELZED/-HDTHY, 20
TV —FIFEEINT VS, CHE 15) DRREICHE,

* http://www.cs.Cmu.edu/afs/cs.cmu.edu/projeét/
theo-20/www/data/webkb-data.gtar.gz
¥ http://www.cs.umass.edu/” mccallum/data/cora
-classify.tar.gz )
X http: //people.csail.mit.edu/jrennie/20Newsgroups/
20news-18828.tar.gz

BHOBRERT -7 2 £ T AGRGOFEEH ) FH Ik 169

20 S NV—TDIE, comp.*D5ODTN—TIIBT
% 4,881 SREA ERICHW, HREZL LT, &0
F) 5 “Subject:” DHEIZHL ¥ AL bV (T) &FFh
PDHoERL (M) 2Lz, M & T O b
MEEFEDO IMBEREC & D B L7:. WebKB X [
IfFIREE R RE R 2 RO Lo, B2 v
DARTEIE 19,273 (M) & 1,775 (T) TH o7z,

SHEERTIE, H-BCM 2 #@HTA2DICBLT, &
FANIVLZ Y a rOFTRCOBERERIIT LT, NB
BTN E W,

4.2 ERDOFHERH V) FBEDCHE DS

4.2.1 ER A&

H-BCM DOMEER MY % 720, 2 ETIRA/HERD
EHED ) FEHEORAICHET L 3 20FE (EM-),
MLR/MER, CH) & DEEEZITo7. EM-) &
CH OMBEZEFVICINBEFVEBER LA,
7z, NBEFNVE MLR E7)V, N 71U FiE (HY)
WX BGHERRE T NIVH ) T — 5 DARTEE LIGE
DHERED AN, HBFEOMELRL ICT LD 5.

MEREHEIZIE, BT A ML 2T a vy T, TN
DN - LT—FETAMNTT— 92TV FAITERLT
T27:10 MIOEBRDERIPLEH SN A 5EBEED
SEEE AWz, SEREEE, TAMNF—5 ORI
5, 7ITATNVEELLFUTELTA N
¥ OMBEDOLEE LTRDLNE, EBRICHWZF A
- EEE L2 Y3 T 1,000, FIFEICHW
TRV LT—%% M & 2,500 (WebKB), 2,000
(Cora), 2,500 (20news) TH5A. EERTIE, T~

BTN REATHERLFEL, N JLiC

HEELE & 1T - 72,

EM-A & MLR/MER TiZ, SRV %ZLF—FDE
TNISG A= G EBNDEEEZRTELIIGA—F A
ERETILEDD L. KERTIX, EM-\ DEHRXT
A —% OEfEEL 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 FEEOfE%
vz, XS A—FfEIZ, O 16) TRES N/ HE
IZHE- T, I\ H D) T—F D leave-one-out 3R
EEL L DERBEPROE BB /37 XA —FE%#
WU, 72, MLR/MER ODEA/ST 2 —% X\ OIH
% {{0.1 x107™,0.2x 107™,0.5 x 107" }2_o,1} O
16 M HFIR L 72, 285 X —FfHIE, EM-\ & A
BRICREREE E W CIIRT — & D Aad bigE? §
RETHAHD, NTA—FZEOFEIA FNPFW2
W, TAMTF =S OGEBEL OB T H/NT X —
Y E% BN L CHRELE 2175 72,

BOEREDFF LT, 714V 7 VERIHERSAR &
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R 1 LHEFHEOME
Table 1 Outline of compared methods.
W4 FHEDLH 7 7 ABBMEREDE T MR
H-BCM BEE ROBEEFVER | BREZ - BUBEESV (NB E7FL) © ME BEEIZESHEAICI Y EF AL
WAL TY v F) (3 EBH)
CH AR —FNAL T v R EM-\ TEZ L-#BEEZEFT NV (NB E7)V) ® ME BEEIZESKEICLDE
FL (2.4 HBR)
EM-) EM-) EM-A THELBREZEF NV (NB £FIV) 2 AWTAA RIS & EF01L
(2.2 HiBH)
MLR/MER | B/hLy FR¥—FEHMLEI | SEUYAFy 7@BTEFVLEL, BTy ba¥—EAMbEY BWC2E (2.3 #
kBB Y RT v 7 AR BH)
HY NATY) v F SARNHYTF—F TEELLBREZEETNV (NB £FNV) @ ME BEBHICEI K
EILLDEFNME (2.4 HIBH) _
NB FA=TNL X SNLNBHY T~ 5 TER LLBRERZET NV (NB £7V) 2 flvTAA ZRic#ED
EEFTME (2.2 HIESH)
MLR SHEU I AT v o R SEO VAT v ZARTEFMEL, TVH Y F—& 2 VTEY (2.3 HER)

W7 AERTHERDATDINA 78=I85 X —=F T RD X )12
#HEL72. CH & EM-)\, NB Ti&, NBEFNW/8T X —
5 © 074 7 VEFHERDH p(©) o< [T, ;, (64:)"
DNAIS=IF X =% n OfE% {{0.1 x 107™,0.2 x
107™,0.5 x 107 ™}3_y,1} O 10 EwH HB|IRL /2.
MLR/MER & MLR Tid, 2.3 #i Cii_72 477 A HH/]
WERDATDINA I8—=INF x—% o OfEi% {107/2}7 _,
D 7IEHILEIRL. H-BCM TiE, ¥ OF 4 1)
7 VEHIERSHDONAIN=INF X =% n OfE%
{0.1 x 107™,0.2 x 107™,0.5 x 107 "}4_, @ 9 &M
PHEIR LA, 517, X (11) TRL7Z2 H-BCM ®
H g A BEERDPDNAIS=INF A =% p DIE%
{10™2}3__s @ 7T M, SBIRL, MoONA78—=0%
FA—FEZ oy =1, gy =1 IZEEL7. CH & HY
IZBVWTH, I OFEFIZEL T, H-BCM & FARICA
T ABETHERGAT IV TNA =85 X —F DfE%
BELL. BFREORBRIL, aLryarlEig, &
INAIN=ING X = ZEFHAD 1 DOEIZEE L7z L
B NASERE CITo /2, BT, &3
YaVTTAMNTT =Y OREREOFHEL R D E <
TENAN=INTG A =T B ZNENDFIETHN.
4.2.2 EBREREEER

£2I12, ETAMIVL I3 VT, IRNVHY)T—
YN 2EZTCEFNEFNI0 AOERYTTo7- & &
DEFEOFTERBEOFHELZRT. FHERNOKE
EHEREERT. £2 £, WebKB ® N = 128,
956, 512 & 20news ® N = 320, 640, 1280 M &
&2, MLR/MER OGHERED EM-A X 1) b 5o
2. L2 L, 421 HT#HRNRZZ X912, MLR/MER
DFBFIZBLTCTF AN~ OFEEEXRDIBEL
THREINT A=Y OEFHELZBERL 722 EPER
T, MLR/MER DHEREE D56 < %% o 72w Retk
BHbH. £ZT, MLR/MER TEHA/ST A —¥ DfE

RER L ERONLISEBEOEHEDLSE
DIzDIZFARTz, BAINT A —F O 16 FEHEHEICH L
T, WebKB Tl 48.1-78.3 (N = 128), 50.4-84.0
(N = 256), 66.5-88.7 (N = 512), 20news Tl
64.5-72.2 (N = 320), 74.0-77.6 (N = 640), 78.3—
80.7 (N = 1024) D#iFE THEREE OFHHEHIZEE
L7, :
£2 X0, #HEidEHFOBHETIE, XM 6), 17)
THEINTWE LI, NI Ty R8RS MCD
DHEOERBECERTH A LR EN2, EB
Tl¥, WebKB @ N = 32, 512 DEZHRNT, HY
DSFEREEHN NB & MLR £ ) b E» o7,
PHED ) FEOEATIE, EM-A, MLR/MER,
CH, H-BCM @ 4 D DFEDGIIEE & F~THER,
WebKB T EM-\ & MLR/MER D47 ERE DZEH
KERBEZHRNT, H-BCM OERESMBOFEE E
moTw/z, ZOELD, MCD OGHREIZB
T, IV LT =7 258 AW THEGOIILHE
BEZMEZEEDICHBCM BPEHRTHLENVZ B,
H-BCM O%#gix, MLR/MER & LB L C, We-
bKB TI NNV ) 7= ¥ BB EHROBEZHNTH
Morz. TOEE, MLR/MER IZIZDED T~V
D7 — 71 L GREE Y A1EMDSH 5—75, H-BCM
T, BFETHUZLERETNVOEHREEL TV
72®, MLR/MER & ) b @i BBESFRONIzL
Ezohb, BEBLFIERIZIZVEIICTSTET
NVHY F—IH52 615 L 212, MLR/MER i
REEIVOIBVGERBELEZLLLEZONS.
EM-) & & LT, H-BCM X, WebKB T X)L
YT — I BPIROBE TR TEVEEEZR L.
—fEHIS, KEDINLVD ) F— ¥ HE5-2 bNBHE,
AT SO —FFEREFTVT SO —F L) S E NS
FEBEX5 222N TWEY, ZDOEERKE
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K2 BB~ \Wvdh)7—sH N 23 % H-BCM & LEBFEOSEBE (%)
Table 2 Classification accuracies (%) with H-BCM and compared methods over

various number of labeled data, N.

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

Training set Semi-supervised Supervised
N N/M H-BCM CH EM-A MLR/MER HY NB MLR
32 0.0128 | 69.9 (5.1) 73.5 (4.1) 73.4 (2.8 63.5 (5.0 68.6 (3.6) 69.1 (2.9) 63.3 (4.5
64 0.0256 | 76.2 (2.8) 77.5 (2.3) 75.8 (1.7 72.2 (2.7 74.9 (1.1) 73.9 (1.1) 71.9 (2.2
128 0.0512 [ 81.8 (1.7) 80.2 (2.0) 78.3 (2.4) 78.5(2.2) |80.7 (1.9) 77.7 (1.8) 78.3 (2.0
256 0.1024 | 85.0 (1.3) 83.2 (1.5) 80.8 (1.6 84.3 (1.7) |84.6 (1.3) 80.9 (1.2) 83.9 (1.7
512 0.2048 | 87.2 (1.1) 84.8 (1.5) 82.4 (1.3 88.7 (1.3) |87.4 (1.1) 83.5(1.3) 87.9 (1.3
(b) Cora (M = 2000, K =7)
Training set Semi-supervised Supervised
N N/M H-BCM CH EM-\A | MLR/MER HY NB MLR
56 0.028 |77.4 (3.5) 74.3 (4.9) 71.8 (4.1 55.6 (4.4 63.2 (3.5) 58.0 (2.5) 55.2 (3.8
112 . 0.056 |83.4 (1.7) 80.7 (1.4) 77.9 (1.6 63.9 (2.3 72.6 (1.8)  66.7 (1.4) 63.5 (2.1
224 0.112 | 85.8 (0.9) 84.1 (0.7) 81.2 (1.1 73.0 (1.0 80.7 (0.8) 75.4 (1.4) 72.3 (1.1
448 0.224 | 87.3 (1.6) 86.1 (1.3) 83.3 (1.1 78.8 (1.0 84.7 (0.8) 80.1 (1.1) 77.3 (1.2
896 0.448 | 89.1 (0.6) 88.5 (1.2) &85.9 (1.0 82.7 (1.0 87.9 (1.1) 84.4 (0.8) 82.1 (1.2
(c) 20news (M = 2500, K = 5)
Training set Semi-supervised Supervised
N N/M | H-BCM CH EM-X\ MLR/MER HY NB MLR
40 0.016 | 64.8 (3.0) 56.2 (4.6) b56.6 (6.9 50.1 (5.1 47.7 (3.7) 46.0 (3.9) 48.8 (3.9
80 0.032 |71.6 (1.8) 63.7 (2.2) 60.8 (3.8 57.3 (3.7) |56.3 (2.2) 51.8 (3.3) 56.4 (3.0
160 0.064 | 75.7 (1.5) 70.7 (2.7) 66.6 (4.6 66.2 (3.6) [65.4 (1.4) 60.3 (2.7) 63.7 (2.3
320 0.128 | 78.5 (1.4) 74.9 (1.5) 71.0 (2.3 72.6 (1.4 72.8 (1.8) 68.0 (1.9) 71.0 (1.0
640 0.256 | 82.0 (1.2) 79.8 (1.3) 76.2 (1.8 77.9 (0.9 79.6 (1.2) 74.6 (1.6) 76.4 (0.9
1280 0.512 [ 85.0 (1.0) 83.4 (1.5) 80.0 (2.0 81.0 (1.2 83.4 (0.9) 78.8 (1.7) 80.2 (0.9
B, X OBIRFEIIIT) & & EBRVTEKET (f#E L, CH-o, EM-)\-o, MLR/MER-a &I5) &

VT Tu—F O THEE T FE T 5 EM-) 1213,
ERELRSEEER TCELVWRENRBREH L2 L
AL TS,

CH & 8L T, H-BCM i¥, WebKB TIN)Ld
D F— S BPPEOGEERVTECEREEZR L.
H-BCM & CH TlX, &bIZERET IV, BHOWT
TU—=FDONA T )y FICEDWTHERTBET 5.
CH ® H-BCM & DHHESE, WO MEET VT AW
FIEHEDH VB EITI L ThH D, EBERLD,
RYBEETVOERNZ, N1 7y FoFEEOEE
fid ) FE AN TH Y, JULEROM ECFST 5
L RMHERL.

4.3 BHOBREREZR O IR

BROBREZR RO MR EWRT 5720, LHT)
TRELZFHEL, FELRBRESE a DATHWT
DEE TR LGS (EHELE, BCM-a LIER) &
H-BCM DM REZ B L7, BCM-« 12X 5555
DY T ABBRMERSMI,

R(y = k|lz*;6,¥,T)

1 o A [o%
= e p(@ |k )" p(2% ks 9p) ™

TREND. 1221, Z'=Yn_ {e" p(x® |k 0, )™
x p(x®|k ;)2 THABH. &5, CH, EM-),
MLR/MER % FEZERER o DHIHEA L72GE

(16)

L 7.
BFEOMERILEICIE, 4.2 S THR~72EERE F—
D10 FBEOIFE - 7 AN F—F £y Mk 2ERTE
SN EREOFHEE AV, $/2, 421 BT
WARZZFET, BFEDNAI8—8F XA —FZHEL
72. BCM-a, CH-o, EM-\-a, MLR/MER-a TiZ,
KTAMALZ T ary TROIBWHERELS 251
REZZFELBREE o & LTERICHWS, £
ERBRER o X, ETA ML 7T ary TERFR
MT (WebKB), CI (Cora), M (20news) Tdh-o7-.
£33, HET A AL aryT, SNVHYF—
N 2EZTEBRYITo /28 EDRFHEOLSHERE
BEOFHELZRT. HIAOKEIERREEZRT.
H-BCM DOSFEREEIX, T 0VdH ) F— & BHDK
DEHEEZHENWT BCM-a NV E»Po72. Tz, X
W ) F— 7 EHhRKENITE, H-BCM O5EREE I
BCM-a # K& EEIAEADz S 72, i, T
V) 7 — 5 BBPBOEE, BEEOTLERERDM
EFERESFELZVERERZMAS 2 LT, H-
BCM i BCM-a & ) #5825 &2 3 EREs s
BHZEERRLTWS, AL, INVHY T HD
iz b 2y, H-BCM REHOBRER 23R
o THCITERBELEBHTE LI L LHERALL.
CH O/ 4EREE X Cora ® N =56 OEFBEFKRANT
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Table 3 Classification accuracies (%) with classifiers dealing with multi-

Oct. 2007

component or single-component over various number of labeled data, N.

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

Multi-component

Training set Single-component

N N/M H-BCM CH EM-A MLR/MER | BCM-a CH-« EM-A-ao MLR/MER-&
32 0.0128 | 69.9 5.1; 73.5 4.1; 73.4 (2.8 63.5 (5.0 73.4 (3.0) 72.4 (4.0) 72.7 (2.8 63.6 (4.7
64 0.0256 | 76.2 (2.8) 77.5 (2.3) 75.8 (1.7 72.2 (2.7 76.8 (2.1) 75.9 (2.1) 75.7 (2.4 72.4 (2.7
128 0.0512 | 81.8 (1.7) 80.2 (2.0) 78.3 (2.4 78.5 (2.2 79.4 (1.7) 78.6 (2.1) 76.9 (2.4 78.4 (2.3
256 0.1024 | 85.0 (1.3) 83.2 (1.5) 80.8 (1.6 84.3 (1.7) |81.5 (1.7) 80.6 (1.1) 79.9 (1.6 84.1 (1.7
512 0.2048 | 87.2 (1.1) 84.8 (1.5) 82.4 (1.3) 88.7 (1.3) |83.6 (1.6) 82.4 (1.6) 81.4 (1.4 88.5 (1.3

(b) Cora (M = 2000, K = 1)

Multi-component

Training set Single-component

N N/M H-BCM CH EM-A MLR/MER | BCM-« CH-o EM-A-a¢ MLR/MER-«a

56 0.028 | 77.4 (3.5) 74.3 (4.9) 71.8 (4.1 55.6 (4.4 78.0 (3.2) 74.4 (5.2) 73.6 (4.2 73.6 (4.0

112 0.056 [83.4 (1.7) 80.7 (1.4) 77.9 (1.6 63.9 (2.3 81.8 (1.5) 79.7 (2.4) 79.5 (1.8 78.6 (1.9

224 0.112 {85.8 (0.9) 84.1 (0.7) 81.2 (1.1 73.0 (1.0 85.0 (0.8) 83.1 (0.8) 82.6 (1.4 82.5 (1.1

448 0.224 | 87.3 (1.6) 86.1 (1.3) 83.3 (1.1 78.8 (1.0 86.0 (0.9) 85.5 (0.8) 84.2 (1.0 84.2 (1.0

896 0.448 | 89.1 (0.6) 88.5 (1.2) 85.9 (1.0 82.7 (1.0 87.5 (1.0) 87.3 (0.8) 86.1 (0.9 85.9 (1.2
(c) 20news (M = 2500, K = 5)

Training set Multi-component Single-component

N N/M | H-BCM CH EM-)\ MLR/MER | BCM-« CH-« EM-A-a« MLR/MER-&
40 0.016 | 64.8 (3.0) 56.2 (4.6) 56.6 (6.9 50.1 (5.1 66.6 (3.3) 52.9 (7.9) 52.9 (7.5 49.3 (4.9
80  0.032|71.6 (1.8) 63.7 (2.2) 60.8 (3.8 57.3 (3.7 69.7 (1.8) 60.4 (2.7) 56.4 (3.8 56.1 (3.7
160 0.064 | 75.7 (1.5) 70.7 (2.7) 66.6 (4.6 66.2 (3.6 72.7 (1.4) 66.8 (3.1) 63.7 (4.7 64.3 (3.1
320 0.128 | 78.5 (1.4) 74.9 (1.5) 71.0 (2.3 72.6 (1.4 74.9 (1.1) 71.0 (1.2) 67.3 (2.1 70.9 (1.3
640 0.256 [ 82.0 (1.2) 79.8 (1.3) 76.2 (1.8 77.9 (0.9 77.9 (1.0) 74.8 (1.2) 71.7 (1.6 75.7 (1.1
1280 0.512 | 85.0 (1.0) 83.4 (1.5) 80.0 (2.0 81.0 (1.2 80.5 (0.9) 79.2 (1.6) 76.0 (2.4 79.0 (1.2
90 [r ; . 90 ; 90 . .
PSR i aing *
Lo Rk LI SRR TINY _
Q N=512 @ N=86 4 < ]
S < ‘/" T 80% o w0t
2 . 2 » 2 N=0640
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E80f-wmap==’ 1 £ 80 LAy APV g »’
57 N=128 Q . o 70+ P
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Fig.2 Classification accuracies (%) with H-BCM over various number of unlabeled data, M.
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