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Classifier Circle Method for Multi-Label Learning

WANG Shao-Bo, LI Yu-Feng

(State Key Laboratory for Novel Software Technology, Nanjing University, Nanjing 210023, China)

Abstract: Exploiting label relationship to help improve learning performance is important for multi-label learning. The classifier chain
method and its variants are shown to be a powerful solution to such a problem. However, its learning process requires the ordering of
labels, which is hard to obtain in real-world situations, and incorrect label ordering may cause a suboptimal performance. To overcome the
drawback, this paper presents a classifier circle method for multi-label learning. It initializes the label ordering randomly, and then
subsequently and iteratively updates the classifier for each label by connecting the labels as a circle. Experimental results on a number of
data sets show that the proposal outperforms classifier chains method as well as many state-of-the-art multi-label methods.

Key words: multi-label learning; label relationship; classifier circle; classifier chain

5 W B 2 S ABE A AN 2 21 % B USRS — AW s e AR 1T A IS ) R v 2% o0 0 S TR I S %
AR BRI A0, R AR B A (BT I AT REME L5 A BRI, S R B R AEAN OGRS T LA
() SR 5 M v BRI 5 R AR 6, SU < AR A 197464 6. 22 710 % >J (muilti-label learning)®* 1%} £ b id
K GHEAT 2 2 S 105 T — A T HF TR, H AT AR SOAR R 2, BBARE A fE BT A
AU OTARAR 22 U AS T 18 .

ZhR LN BRI bR L AEAE A DS, 75, 2 AR IC A 2 A I S T A — A G sz b b 22 8] Sk R B
5 FE 2 22 i A% o3 USRI — A S B i) R 2T ey 2 A A T 2 A B 2 b I T (1 B 4 R
AP A IO (D -1 AR A bR I A A, BRI A 4 SR 0 B b A T R R B K AU T L R B

« JEETH: EER ARFEHE4(61403186); [H K mH AT B THRI(863)(2015AA015406); YLI84 FERITT FUTHRI(H A T2 5
4:)(BK20140613)
WIS 1) 2015-06-08; A& ) 2015-07-14; & K i 6] 2015-08-26
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AN PR AC IR 38 R A 0an H 45 SRR 23 1), 2 45 AN R AR AL O 3,4 2 B ic A0 ST () 73 BEAT 73 98, IDKE 2%
ZFEERARC R AR S REEF A BAR.

32 B J5 ¥ (classifier chains method)!">'*) % HAR YR F R 56 5 05 1 1 — A RCBOR, e 8 b i 42 1
SRR HE R SR 5 DO B (K bR Ic R I 23 28 5, 3 rh B I T £ b ac R R I R G T 2 20 B 7 2K 46
SRR G SRR T 10 S IR B, E LR AR 22 SR 1) S 3 100 P U2 P Y o3 8B D VAR AR IE DG RIS T L

S 0 P AR AT AR, 35 U SR B AN 21, 00 S B T v VR i B v A PR ol N ) A A K
i J51J:(ensemble classifier chains method)!'>" & A ji 22 ANARAC 2% 2 KT B8 5 0 22 AN UK (0 45 % T DA e 4
JRA A BARTE — B FE R B AR T 20 S AR BV e 52 SR 1 1) R AR A 10 k7 IR B0 DB R (S AR 10 2 H B SR
9K, 4R 843 28 A% B T AT T I R 3G 4 1 DR 7 R TS AR 52 PR AR SCER R DL ) i 2 4 S A B T Uk
(classifier circle method) ] T2 b ic & 3. 5 4r HS 8885 5 VEAN ), 1% 7 12 BE ML A BObR 12 19 27 33 IR i 0o i g 49 2
5 Bl 4 ) 0 TR AR R S R AN B 1) 20 3 AT B T AR S 5 v S BT B S 3 5 AR W AR ST VETE 2 A B di
£ ZRARECE I ZREEA R T IS HE 2 R BE T 1k J— RAVE ML bl J7vE AR Pk fe.

ASCEH N WA AL b0 X AR TAEZE 2 45 AR S AR Bl 0 1 58 3 WD R SE IR &5 o g B 4 1
Ra AL

1 ZHREFIRBEXRIE

T2 hrid 2 SE i TR 2 BLSE R AT B, A 2 hrid 2 ST DOR S BIR 2 22 F [ OQTE R — &R
B J7 105 IR R AR 0 0% 2R IR MR A, T 2 5 VK B0RT LA 43 Ay LU R 3 P
o 1 I A K SRITIRANTE FE RN AL Z 8] (R 9% 3K 2 bRc A > ) RO il D 22 AN ARAT (K 30 2R

] -5 1R g e S 28 Ty 10k S AL T 9, (L HC 2 A0 2 T 1) 0% R A L AR 2 Ik ek O AR AL
o 2N TR UIVRIXIINIEFIE T bRt Z IR O AR WA D AR S 5 AR DR R R O R TS

FITVEHG RS T AR AL R AR 3 ] AT B — i J5 32 S (1 P e 1H e B A T S R R AR L R &
o B3 kR VA XSy I i 2 AU 5 A b g 2 IR A 0% B SR A BRI Y S R
B AX T VAT I R AR ) A 2 o R
MRBLRRIE R ZR IR A, 2 bmic 2 1 7 ikt m] LU D ok 2k
o BT IR FAR OGS A A Ay e B A B H AR I TR A O R 0 SR RO R A X R A B I b
R AR EAEAER HLAT B T 32 i P RE, (H B S D0 A 3R R A 1) 9 28 T 3 00 LA SR A
o B 2 ORI GBI B AR IARICOC R, W G T P X R VRN S B ST 1 R B
I bR % RIEFEA H o PEE RS M Z IR,
EAF— BRI, o SR T VR U R R T 4 D 3R 9 T (1) — IS 7 S 100 5 800K v B 22 b i % 20 5 V6 ¥
(K JEAE R Ky — 2% 0 AN B BE AR AT ORI T AN ARIC . T VAR A O BB BRI R S 2R s,
Srb B bR G0 AT DA G B ARG K 22 2) 45 R TR ) TR G R AR, 2 A BT A R B T AR 2 1]
() 9% 28, T L 23 S5 8 77 v 92 LAWY 94, 76 AN /D S 4R v R A T R A (R PR AL AR, Y ST R T e 4
SERRAC IR 22 20 O X A5 S B S D0 8 XE LLAER 73 21 e Ab, S 36 45 SRR W, 22 50 U (RE 2 7™ TR
e I PR O Ol T R AR A I e Read 4 AR T B2 RS S E VAU L VAR I £ 40 S B L
PR 46 70 RS BEXT I — AN BEALIE IR FR L O A 28BN PR e L AT 45 R th 2 A 3 SR S i B 45 Rk
{ERIC AT BE IR 2% 2 UCF B AR K (49 b e £ H St i 3fe o B0 ), 4 1 73 48 B T VR AR AT 008 1y i A £ 28 K
T3 IR TR AT A A B8 P JE AN 2T 3 R e 52 RS 00 0 77 s M LA L PR e, AR SRR i 288 25 Pl 7 0.

2 AXHERELZE
R 2 hRac 5 T 1 SRR AE 2 brid 25 ST T N R AR D={(x,p)[i=1.2,...,m} , Fo i x
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H— AN INGRBlye (+1,-13 K% K FRC 1 B (label vector),+1(E—1)73 51 15 %t B A7 B (b5 Ky % 51 11 A1
S (BAAHT) R T m KR GEREAR R, g bR B R AT A=RAERZY) 7~ B 5N 45 10, 2 bic 2 31 1 H A A2
B AN YR R BT b X {+1,-1 A4 0 TR B R W 2, Tl H AR AR 1L 2R

AL 53 245 VB 5 955 53 S 4 B T 3 B K B AN [ 2 AR S ¥ A D B 5 0 T A 2 L AR OKG 0, 20 2 4
T3 U A A A ) AN R AT — IR, 43 28 B B 2 SR A B A i D A AR iR TR L g R T R
BT S AR SO F A B N R R B B B A SR B 5 VRV A bl B A S A I B SR T8 IE RN AR AL 1 4
KBRS FHIT € H5EAPRC B 225 2 0] 1 0C 5,8 G053 823 BE 7 V20 P 106 RS 24 I % i T PR v o o LA
I e 5 B 5 TR Ac IR D6 R IR DL A0, 0T 43 2845 B8 7 v B IX AN 38 B0 2 ) IR AN BRURR AR SC VR ]
LA BObR 0 T 55 3 T4 HE s 00 45 SR UL WA BE ALK 5 T8 o U (0 1k e 1T 0 2 2 R

(a) 7P aHETr ik (b) Ao A8l Ty 1%

Fig.1 Illustration for classifier chains method and the proposed classifier circle method

Bl 1 2R IR AA S R B TR

HARKA A SCTTIERENIHRE g AR L. L E AL P L < <) Ron —MhRid A K — e,
WP AT R {1yl e )l ey b 35 L, 71,2, q > {1,200, ) 2 — AN BHALHE S 0830 A SCO7 SRR RE {1,
Lo @yse ool o AV 853 825 (1 Logistic [B1VA . SZHFIM BALEE), O FRAG IR T IR A5 K 3 S48 T H R H 2 i i) 2
A& R IERME AL BR R R H B IBE LRI T IR AR gxT A 28532828 by, B

hijB(Dy)), k=1,2,....T, j=1.2,.... )

I Z 15 B 27 20 65 SR A7AE 22 b 77 2,180 G 00 18 A 23 2 s R 45 R R AT T ¢ A e R ST R (R 2
1303 AR IECR N T g, WRH 200 A 23 28288 I 45 ). 8 T B bl S5 IS A SR H G 28, R ACR) 2 11 g A
Iy IEAS N A IR B kRIS j AN bR B2 S8 T I BAbRC I ZREE Dy 4% 1 Ty 2N 3

D, ; =[x, pre; ;1. ") [i=1,2,...,m} @
LA pre Kooy FEER 0TI 45 5
pre, ; =y ((x,. pre; oo hy (X, preg Dby, ((x. preg_ Do iy (X0, preg_, D] (3)

H AT 5058 0 A0 HT AT A IR TR 45 SR A 25 B B j(0)=0, 0% F k=1,2,...,T Fl j=1,2,...,q, 73 [pre; =q.
TR B 5 F R W) 2,46 T 2T AR 1)
y=h@)=lh,_. (zpre . Db ., (z.pre, Dok, o (2,pre, D] C))
SR 1 RV 2 30 g th A SO VR BN R0 T e
B3k 1. AL CCE JNiE e,
i N R BAR SR D={ (e, p) eRIx {+1,—1}4)i=1,2,....m} ;B8 T.
Gt gx T A 23R8 by k=12, Tj=1.2,....q; 5 i ¥ o
L WHRHD = {([x,01p0)[i=1,2,...,m} , HH,0 R KR g (1% i &
2. BEMWIEAR I — A R R {1,2,..,q) > {1,2,....¢}
3. fork«1toT
4. for j<1 to g
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5. D, « {(x,y"M)[i=12,...,m}
6. by ; < B(Dk’,j)

7. for all x' in D’

8. XDy (x')

9. end for

10.  end for

11. end for

B3% 2. AL CCE Jyik it 72,
BN gxT A 2R by k=12, Tj=1,2,....q; HEH R 3 o A5 TR ] zeRY
L O AR B

1. WRA 2/=[z,00, 21,0 RIS N g M &
2. fork<1toT

3. for j<1 to g

4. 2Dy (3')

5. end for

6. end for

7. e [Z/<d+r"(l»’zr(dw’l<2>),m,z'(d+f‘<q>)]

I3 R Bl 7 ik 5 B 7 AR B U5 1R PR IR ) AR AR = B AR 5, 70 S Bl U vk VI R T I Tk 52 2 R
AN OT - q - Fy(m,d +q)) M OT - q- Fg(d +q)) 3, Fg(,) M F () 70590 0 =250 2485 Tl T I ZRAn B 1 i
(] 52 2% B 1 73 SR 45 B T I R A0 T I [] SR P23 3l O(K - q - Fg(mid + @) M O(K - q - Fi(d + ) K
LA B SR LK UES T A2 R, 55 5 i SR B VR AR B, 20 S48 Bl 5 10 BEAT 38 I g 1w O 4 AEL s T
{10 S 56 5 SRR WY, 23 R4 W8] 5 A T S (PR RE.

3 RWHER

3.1 SRIRHEERE
ARICAE 6 AN ZhRic FEMEHAR A LT 9250 LR IX SE B ok B 22 b i 2% AN R Y A8k Medical ok
T3 A 432 EnronPOk B T HL 1 IR0 BT, Scenel® sk B F I A 43 2%, Emotionst 3k A T35 SR bRvE, Yeast Sk B T
DX I fi T, Genbasel*? ok [ 18 11 40 2536 1 4h R SR I e (s B
Table 1 Experimental datasets
HsE ORI m oRBIdEEd bidBH ¢ WRCHER LCard  BRIGEE LDen  FRid ZHEME LDiv
6

Emotions 593 72 1.869 0.311 27
Enron 1702 1001 53 3.378 0.064 753
Genbase 662 1186 27 ™252 0.046 32
Medical 978 1449 45 1.245 0.028 94
Scene 2407 294 6 1.074 0.179 15
Yeast 2417 103 14 4.237 0.303 198

o LCard $5t5ic#E % (label cardinality), B}, & AN FE A AR 10 BN B
>y =+1] )

1
m -y =

LCard (D) =
o, [] %

[]- {1, if 77 holds ©

0, otherwise
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e LDen {5H5iC % (label density), Bl bric FEECAH ST T Aric 20 H 19 L1
LDen(D) = éLCard(D) (7
e LDiv {Ehric Z ¥V (label diversity), B FEA M AR H S 10 R0
LDiv(D)=|{y|3x:(x.y)eD}| ®)
3.2 iFMNERR
AR SCR 22 c 2 S A BN BV FRAR Fhg T FL oo SR 5L 7 V5 (0 TUIN 1 i 0K B

o P TR R B PRSI, 507 U R

Friacro = 1 z

Sl N el A O]
452 TP +FN, + FP,
o,
TP, = {x; |y =+1A BV (x,) = +L,i=1,2,....m} | (10)
FN, = {x; |y =+1AhV(x)=—1i=1,2,...,m}| (11)
FP = {x, |y ==1A WV (x) = +1i=1,2,...,m} | (12)
4394 true positive(FLFH ). false negative({i B 14:)F1 false positive(ff BH P4 ) FE A S 4.
Flio TR REARLE T il LR A F bR, 507 R
2. 31P,
= (13)

23 TB 3 FN,+ 3 PP,
KT Floo M EL BIVEANA 47T 25 7 SCHR[3,20].
3.3 WRAE
AL 2 hrid ik
1)  BR(binary relevant) J7 522112 5 IR % FE AR 10 5 2, UL I ZR A b 10 2800 s 22— J7 vk,
2)  ML-ANN(multi-label k-nearest neighbor) /7 i:! 3% 05 36 8 k AT AR 77 i 0 T AL B 2 brit 25 > A g
W 2% B ARG R O R, 8 T — B 7 v, 1 A0SR Gkt 47 2 40 k=10.
3)  CLR(calibrated label rank) J5 i:!"8: 3% J7 v 2% FEAH bR i S A AR P KR8 T W Jrik.
4)  CC(classifier chains) /7 &> L B, 73 2R B84 5 5 3% 5 15 % e 22 MRS 8] IR 95 2R, 8 T B k.
5)  ECC(ensemble classifiers chains) /5 ik L {J 41 il 73 J 865 75 1055 CC KB, & T i 7 vk 4 S ds i
11 BRANBCR T Sk 47 2 80 K=10.
6)  CCE(classifier circle) /72, [, A SCH 73 He 485 Bl U7 0 AR SUUT A5 18 T A AR L Z TR ) 56 2808 T by
Tk A TR S.
DA VR oy 2 R LM Logistic MIH,26E Logistic MR Liblinear TR APYszil i,
Logistic [H] Y45 4 1F WAL B AL C MR 4 5 728 I 22
3.4 TEHER
SRR BT, A SCBE LI S0%PEAMIIZR, 2 T 20% MR SL 86 A 30 3K 2 45 P34 45 FRTAR vk
7 (o)K7 CCE Fik BN ()T LB TS t K3 M A 95% AR ), 46 5 T I 30 S 6f I 5 vk e (e
INPE BT 3R TR 4 AN T IR T3 e AT WL, CCE 7 VRIS T AN RIMERE TE FLy 5 Fhie P FRAR LB
B3 T S/ NP P .CCE 7 VE7E 3 AN 45 LA T e lir i B, YRR E 4 NS 4 LIS T80 i F T
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€K1, ECC J7iE 3 IAE 1 AN 2 AN Edf e B IRCEHAH N 10 1R 83X — S SR B0 UE T A S5 A AU
Table 2 Average performance for CCE method and compared methods (using 80% instances for training)

F 2 A CCE Jjik5 eBIE M- B M RECR T 80% I ZRFEA)

Journal of Software A% 33k Vol.26, No.11, November 2015

BRI LIEE CCE BR ML-ANN CLR ccC ECC
Emotions | .6491+.0310(, | .6039£.026449 | .3863%.0226() | .6115£.0267;3)» | .6001£.0358(s)» | .6374%.0300)e
Enron 1620+.0072y | -1454£.006149 | .0876£.00796e | .1371£.0059sp | .1456£.0074¢3) | .1594+.00770,
Genbase | .6503+.0349) | .6504+.0350, | 5441202569 | .5702£.0308(s50 | .6446£.0393¢3) | .6195+.0362

Frao | Medical 3322+.02360) | .3313+.01963, | .2406£.0153( | .2743+.0160(s) | .3070£.0167wy | .3472£.0216y0
Scene 7639+.0185, | .7402+.01775» | .7603+.01605, | .7457+.0196y | .7322+.0187()e | .7604+.0180
Yeast 3634+.0088(5) | -3350£.00825)» | 3718+£.0133y0 | .3326£.0075pe | .3420£.0088u) | .3465+.0072(3)
avg. rank 1.5040.55 3.67+1.51 4.67+2.16 4.67+1.03 4.17£1.17 2.33+1.03
Emotions | .6706+.0274(, | .6327£.02524 | .4905£.0233(e | .6355£.0277¢) | .6279+.0350(5) | .65782.0267 2
Enron 577240138y | .5750+.0124¢, | .4808+.0188() | .5736+.01290) | .5708+.0145:5) | .58362.0139y0
Genbase | .9820+.0083(, | .9819+.00800, | .9455+.0156( | .9624+.0154(s) | .9739+.0083wy | .9790+.0074)e

Frico | Medical 8200+.0241 () | .8235+.0187¢, | .7010£.02450) | .7955+.0228u) | .7949+.02175)» | .8270£.0208;y0
Scene 7553+.0192, | 7318+.0174(s | 7520+.01650) | 7368202014 | .7232+.0203() | .7517+.0186(3
Yeast 64240119, | .6302£.01055p | 642240126, | .6293£.0104() | .6337+.011350 | .6375£.0106(3)
avg. rank 1.50+0.84 3.50+1.38 4.67+2.07 4.33+1.03 4.83+0.75 2.1740.98

F£3. KAHFLETT 60%H 40% I ZAEA T (1) 9256 25

TR EL .

JTE A k& T AN R B IR AR

2 4 T B B HON CCE J7 51 ECC 7 v i B A 1)
[0 2 HOh 4 55 3B, R 80% Il 26 F A, T 52 20 48,3448 FL

LA H,CCE Jiik [RFEAE PSR bn L #0HX
37 HE ECC Je Mo 22 b J7 i B4 i PE RE SR B UF AR — 3L 18 B L b ,CCE J5 3445 11 Al OL F AT T 8%

H Fyo TERE T ECC J7VE RS2 ITE 3 BRI 5 Bl 50 B AR . 1 P i3 — 45 SRAE— AP B T A

W .CCE JTiEMSHU kR E 4L ECC J7ik

HEL o G537 WL,CCE J5 10} 5

S BAUR. 2SS BN T 3 I,CCE J5 308 # U HUBRUE I 45 2R ECC J5 iR AEAT 2815 DL R XA 2 50

(41 Genbase FHL4E). 2E4H R ZEUE L ,CCE JrikMbEREE LT ECC Jrik.

Table 3 Average performance for CCE method and compared methods (using 60% instances for training)

F 3 AL CCE kS B I LN AR 60% I ZRFE4)
LS e CCE BR ML-ANN CLR cc ECC
Emotions | .6314+.0236(;, | .5814.0290u | .3857+.0236() | .5830£.022430 | .5726+.0277(s) | .6170+.0202(
Enron 1561+.0054, | -1394+.0054) | .0776£.0064e | .1313£.0056(s) | .1396+.0058(3) | .1517+.0058 2
Genbase | .6416+.0249, | .64224.0242, | .5325£.02375p | .5198+.03016 | .6369+.02333) | .6134+.0257(4
Fruro | Medical 3246+.01362) | .3245+.01435) | .2330£.0139¢) | .2491+.0168(s) | .2994+.01524 | .3382+.0154(;)0
Scene 7461£.0129¢) | 7277011350 | .7470£.0115¢y | 7315201134y | .7194£.0138() | .7425+.0124,
Yeast 36200077y | -3308+.00435» | .3602+.0085,, | .3272+.0046() | .3362+.0062u) | .3442+.00463)
avg. rank 1.50+0.55 3.67+1.51 4.3342.25 4.83%1.17 4.17£1.17 2.50£1.05
Emotions | .6523+.0228;, | .6160£.0237)» | .4766+.0217( | .6117£.02094p | .6035+.0244(s)e | .6387+.0199(2)
Enron 5729+.0067) | -5700£.0066:)» | .4692+.0136() | .5691£.0078y | .5665£.0091(5) | .5804+.0086(1)0
Genbase | .9769+.0083(, | .9769+.0087,) | .9402+.0134(5) | .9468+.0155i5)> | .9751+.00893)» | .9724£.01064)
Fries | Medical 8135+.0166(3) | .8169£.0150(y0 | .6806+.0225e | .7783+.0133 (52 | .7880£.01704 | .8168+.0134,
Scene 37140131y | 7193+.0116(s)» | 738120116, | .7224+.0117@y | 711120144 | .7340+.01303,
Yeast 6412+.0048;y | .6275£.0054(s5)» | .6357£.0077) | .6267+.0053(6) | .6309+.00614y | .6367+.0051 )
avg. rank 1.67+0.82 3.17+1.60 4.67+2.16 4.67+0.82 4.50+1.05 2.33+1.03
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Table 4 Average performance for CCE method and compared methods (using 40% instances for training)

F 4 A CCE Jjik5 BIE M- B PERECR T 40% I ZRFEA)

febr | BUl4E CCE BR ML-ANN CLR CC ECC
Emotions | .5991+.0238;) | -5530£.0228(4)+ | .3647+.0305()+ | .5541+.0236¢)s | .5416%.0223(5)» | .5863+.02083)
Enron .1438+.00591y | -1291£.0056(4) | .0690£.0038()e | .1182+.0046(sy | .1298+.0057ye | .1384£.00582)
Genbase | .6017+.0458, | .6015£.04600, | 4741£.02675) | 4629+.0381(e | .5868+.0467:) | .5499+.0467 40

Frae | Medical | 2900+.01990, | .2873+.0206) | 2049+.0134e | 2169+.01405 | .2722£.0150 | .3162+.0172)0
Scene 7379+.00871y | -7213£.00664) | .7372+.0086() | -7182£.0085(s5)» | .7082+.0126() | .7363+.0104,
Yeast | .3537+.0080(, | .3211£.006505) | .3447£.0081 | .3169£.00556e | .3268£.0066e | .3369+.0048 3
avg. rank 1.17£0.41 3.67£1.03 4.50+1.97 5.00£1.10 4.17+1.17 2.50+1.05
Emotions | .6273+.0177;) | -5907£.0150¢) | .4566+.0225()+ | .5852+.0200¢4) | .5750£.0157;5)» | .6129+.0161 3
Enron | .5600+.0077c, | -5576£.0073G) | .4469+.0158e | .5545+.0059ue | .5528+.0076(se | .5682+.0056(0
Genbase | .9677+.01221, | .96762.0128(, | 9174£.0148() | .9240£.0228(5 | .9591£.01423 | .9560+.01294

mico | Medical | 79180167 | .7918+.01530, | .6407£.0180)9 | 7471015950 | .7577+.01600> | .7949+.0119,
Scene | .7273£.0087(, | .7123£.00674e | .7272+.0085p) | 7080+.0085(s9 | .6981+.0137(» | .7270+.0109,
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