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. T4 $HEFAM (twin support vector machine, TSVM) A6 2t 32 X LR FRF LA 694638, A, L4
P S G A AE BT, TSVM 38 % AU B R st %8939, PAAFAITEE. RR T TSVM, R B fh A1 22 LA AR
& ¥ H FHHAU (twin support function machine, TSFM). 4& & AT £ 2 69 L4 B4k, TSFM f& & & # = 18 IRAF 4F
FATEAF @ A T A6 AR F 09 B AR, TSFM RA T AR K BHOTFINT FAAA RO E. F &3] TSFM
ARF HENR é’]”ﬁt%l‘ﬂ B, SRR KA L 4G SR LA T K, MY R PR S 2 18] e AR AL o T A AR
FRARACARR | F1) ) RAF R R A AR A 441 %, — R LK (quadratic programming, QP) [9) 4% 3t 5 b = K ALK 9] 22 49 1%
A, 1 75—“ "7}[”‘3 KSR IFOFTRET LA AT oA EMEHE, EX LT LI CEHERHRLTH
B9 FE B Fmy b AT B I RIALI) . 4 R F A AL MM IR AT SB 69 JE R AR AR, AR TR A ST A TR
M. R4 R AW TSFM AEFRBT U R A ) RAESIB ) N E LM F LA BB ER R R 08V EH%HF 4
L TIART RAFe9 5Kk 6.
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Twin Support Function Machine for Set-valued Data

LIANG Zhi-Zhen, MIN Yu-Han, DING Shi-Fei
(School of Computer Science and Technology, China University of Mining and Technology, Xuzhou 221116, China)

Abstract: Twin support vector machine (TSVM) can effectively tackle data such as cross or XOR data. However, when set-valued data
are handled, TSVM usually makes use of statistical information of set-valued objects such as the mean and the median. Unlike TSVM,
this study proposes twin support function machine (TSFM) that can directly deal with set-valued data. In terms of support functions
defined for set-valued objects, TSFM obtains nonparallel hyperplanes in a Banach space. To suppress outliers in set-valued data, TSFM
adopts the pinball loss function and introduce the weights of set-valued objects. Considering that TSFM involves optimization problems in
the infinite-dimensional space, the measure is taken in the form of a linear combination of Dirac measures. Thus the optimization model in
the finite-dimensional space is constructed. To solve the optimization model effectively, this study employs the sampling strategy to
transform the model into quadratic programming (QP) problems. The dual formulations of the QP problems are derived, which provides
theoretical foundations for determining which sampling points are support vectors. To classify set-valued data, the distance from the set-
valued object to the hyperplane in a Banach space is defined, and the decision rule is derived therefrom. This study also considers the
kernelization of support functions to capture the nonlinear features of data, which makes the proposed model available for indefinite
kernels. Experimental results demonstrate that TSFM can capture the intrinsic structure of cross-plane set-valued data and obtain good
classification performance in the case of outliers or set-valued objects containing a few high-dimensional examples.

Key words: support function; sampling strategy; kernel function; decision rule; set-valued data
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SCREI R (support vector machine, SVM) A& — il B8 1) 2% SIA AL, e 3= B+ H0dis 73 A0 55 1 Sckbrm i
BILAE &5 4 S o /N A0 T U] 48 28 e AL 1 23 S P T D R T S e 1) LB 28 ) AP B R R AT R Ak 1tk R, &
TR T L TR B L S 3 SR B, AR P A 4% 22 A 4T

5 R BN, 224 S HE L S AN IR AT MR T, € ARG RO A FE AT Y Bl S B S
X T2 SRR AL, BRI AE T R — AN, I B i 5 —/NESFI. 78 SVM R TSVM 124l B,
2 R 1O R D i S R P R ST T O SRRl AL USSR FE A AR O R R S R R A (R
P, T L RS I8E G B0 I B S BRI PR SVM BRI T5 57 5 i AR, 1 356 01 BPE B8 1) TSVMU ] B R 410
B B S L BRERI K SR TSVM Bl BB i SR8 R 2 1), 3 4538 Bk 2K bR B ) S A )
KIIFEARRAFI). N T e FrRE AR, B ABUR X 284 R L R . 5 TSVM M EL, BA 4E
FEREA AR B, 170 LG 7 R BURE. DN T 78 0 FRE AR B0 TUART P 57, 35 T 35k A FR) P A T 1) S R v L S g
. T A R A R P S A, B RO AR A SR B ML U R L B EAROA 2 A S R ) AL O R A
MO T B AR 6 18 BB B T8 SURE A AL E. D T Ab B ACHE RS ), SR A BT Al A BB SRR e
BUETL RS AR P Xt 18 ] D OF1 ) B TS VML T B (81 U 20 A g J 17 397 900 14 8 T 2 ST R R

FESEBR R, AATTRT REAEAS R R FE T IR A — X 4, BIR]— 3% R J AR AN [R) ks B2 T B AN [ (R 4L 41
WHENIFELEE 2. TRRERSHINME. ZIFAZA . MIRRIREREAE 2 ME ML 2 005 B &, XFETF
220 B 1 R A 22 ANMESR IR 1), BRSO i ot 5 (0 J@ ke, T 2 S 8 102, A 4 2 4
BN SRR, T — AN ERAE X GO A& 2 AN B, G 1(a) SRR R ZRAE P I EI s f s — MR E N &
S B HE CE B2 PO P B R4 PP R R RS R M, AT O R 2 SR B o K
P70 B4R (second-order cone programming, SOCP) J5 32 P HEAE (4 & @b B — Bl &, &
34 B 32 45 A1 ML (support vector machine with Gaussian distribution, SVMG) P*HE S8 %t 5 248 5 w5 87 20 A7
WAL . AN S SRR AN A 28 A 37 4 6] B ML (uncertainty-aware TSVM, UTSVM)2 ) — AN AP — 7640 2514
B BA S AT N A 25 A SRR A L (fuzzy TSVM with distribution input, FTSVMD) 5@ i g 454 Ay i 7 4>
i B KL 17 B A Ak PR AR A B3 . SRR RE ML (support measure machine, SMM)P7 g 45 ) A 2 23 A AR B8 o 5 -
ST ARME R R 2 R AARAEE, F36 I FH SCHF el ML 83080 2Rk SOCP, SVMG, UTSVM, FTSVMD #il SMM
THFERACFREEAE N B, 5 BN SR X G AT MR A L SRR X G A B> e 5 o, A S B Gdh AT M e i
HTT B8 A2 AN T 5 B BRAS YR fff ), T LR o R AR R S S 45 AR 28 23 A SR . A ) T MR A 1 U7 2, SRR RO
(SEM)PS2 VR F 45 & 10 S0 5 o0 0K S0 ) 5 20 A i ae 8 R 8. Pl 40 R 400 TR A B ER 32 5 (Banach) 23 1) PO 75 it
Bl B AR T BT BRI 2R R B R T T 2 SR O TR R M O = MR R )T 2, T ARV DN RE R RS
HBER S R B BB (fuzzy SFM, FSFM)PY, FSFM % 18 7 RO SREAS 1 68 2. FSFM AT SFM ) 32 8 X ) 7 TR &
FEREA R FR A5 ARy = A BRI 0T 5 2 AR A R bn BT X, FSFM AN 75 B 8RB 6 RBEAT A48 A

SR, ISt ST Re e I 1 B 28 SRR I SR (B 480 1B 1 3R T 38 SURTY (1 SR (B 50908 % FE AR s Iy it 4
BREL, BB R R — R ET R B 1 R B P R ARAE B AL T P A5 X FT. 8] 1(a) W RS R LR AE
P B SR R — AN RAEXT &R, B 1(b) T4 5k i B R on — N S R B, XA — AN R AELN S e 1 i B A A ()
PSR AL 1 AT 5135 AN T I A G X PR B ) SR 0. 228 A SCRF I E HURI SRR R BV J8 Ok, A3
et 7 —FloHr A A~ 2 SRR RO ZR AR S RFE R ZOHL (twin support function machine, TSFM), ‘& B8 EL A B4
H¥E. TSFM 1E o040 K] 1 v HUg AN 64T IR T 1. 24320t TSEM I, 75 B0 B2 B 0 G A Ak 0 25 2R 4.
5 SFM AN[Fl, TSFM SR T 3 Bk45 2% o H0 R A AN E-FAT 0088 P TP SR 200 . AR 2 T8 75 4 =5 el i Ak
W) R g T AR A 0] R, e Ak 00 5 7 T PR S S e K B 0 ) 28 LA TR R 2 TR SRS A BR 4 2 1] () A 4L
RT3 3 SR SR M A R A A ol — VR LR) e AL, SR — ORI B I A B SR AR A I A ASE TR IO A AR ST B9
AT R SEM HI%BLE. ST % SVM, SEM, TSVM F TSEM #EAT LA, % 1 5IH T eI X A S8R, W3 1 af
A, TSFM 5 ZAR ok — ORI 17, T SEM AR FRZ IR e A et T TSFM SR AT 1 00 FE 1) 838 701 D9 TE U AL T3,
Fr LAER SRR s R B 2. 181 5 2, A SO R B DTk A R
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(b) FIAEAE R 52 R 13 45 3R 8
BT e 1) 0 9 RS M 5 AR o o7 ) 322 488 e B
* 1 SVM, SFM, TSVM FI TSFM 451tk

Pt FEA R 1 SRR B AR B T FEAE 2SR H b R 3 R T (H AN 4
SVM [ERESIAY i T IRAARR 25 ] TRERI ) 1
SFM AN i ek sd ] LMK 1] 5 1
TSVM [ERESIAY ST T IRAARR 25 ] TRERI ) 2
TSFM H£EEA P ke sd ] YR i) 2

(1) R T —FlH R 1 i 2 IR0 BB e 247 0 2%, BRI T 3Bk BUR sAUF 5 18 T AR AE X R B

(2) H- I 52 72 ) B R DAy K A o 0 P38 10 2 e 2L 5 S ) 22 ), T ASE A8 75 4 2 T FR) 18 A ) A e A ol A PR 4 2
[E3) R IC A T A, R SR A SR A R A A e — Rl 0 A, [ g 3 L — Rl i A ) 0 A 7R 3 B R it i 77 3
TR R B SR R A

(3) FE & B ARAE B AN FCSC B R EHAT T — 285088, SLIR SRR T TSFM REA ROt 7 A fE 2.

ARSCER 1 T B SR R L. B 2 TSI TSFM RS 118 TSFM ) —26M i, B H A4k
NG REBR IR IR SRR BB R BRZ BR . 5 3 AR VE 2 B e LIPAG TSFM IIPERE. e — T4 M4 e A &,

1 ZHEFRE

ot TR, S n NMEENERRN (ALy)i=1,...,n), HF A, & R PEELZANICERNTFE, y e (1,1} 2
BT RIOREE. 24 A, RS — AN 5, SRR A ) S AR, T A R A B AR, SR R L P
WA, S EEEE AR, SEEAR RHE R G IR SRRIR 19, X T SCRF R Eohl, 75 2 MmN e L.

EX 1. AR R FHAET L. 5EEG A RIS R oy (x) #08 SUO:

oa(x) =sup{< x,w > weA} )
HH, <x,0>Fmx Fl o FRBUE . SCRFR BB RO SR AL, A T RS I — 50k, AR SCRH T SCRER BT
& SRR oy () A2 TR IRARI IR P A B . R SR R B 72 SCRTRT 00 (x) = 0 (x), T co(A) R A
By, S S 1 SERR PR TS RIR AL M RIS R NSRRI U oy (x) 5T x MIESIR S R &
A X TSR HO B R R, RO C(X). 18I T SRS REINTEEL, 0 BT —ANELEHf (Banach) %
Ji) O B 2 T — A 5 A (R IRV ek 2 i, gk e — AN LA VO BORT B R 5 4 R R R P 2 ). AR AN 25 [ o, AT
AT — A 06 5 AT — AR IR, EZAR R R X A28 (] . 5 RS AR, Sk ez A RUE 3, (HEE
SRS AT T AL I 2R M2 SRR SRS B R A (). DU g BRI T SR AR F] C(X) FIRHB S M SE R,

IR 1L B X R RS ST 2 K (Hausdorft) 5311, C(X) FoR1E X 15 12y 0 FIELL i 30a 1. % F C(x)
HR AT R S PR 2 o (x) BBAEAEIE N I R /R (Borel) M p 515 A 50 (2) AL

¢(o) = f odu(x), o(x) € C(X) (@)
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ERPEIZ B @ HTEHFERA N @ 11= Il OO =l o |, Ferb, o) = sup D (A, A, X TI—ldr i =1,
AP EE 1 ) 5 SCEL S 1A RO 1 1, B 1T R E X 2 ity
TE X 2. P S ) AR TR DL T
M= {o- €Cx), f o(x)dux) +b=0,b € R} @)
AUFIRE SO AR R A, Fe A BOE SRR AL, FIRN 01(x) = o, (x). FEIXFIE LT, HRAE GRS RAN S HF
BR B 58 SCAT A I — AT B BCRTR IR EE, BIOA (o), y), i = 1, n}. S0 ORI K ) S8R, T i fe e s
70 2RI P e b FE B L 500
min, .l +C )&

. y;(foz-(x)d,u(x)+b) >1-¢&,i=1,...,n @
S.t. X

B, | N AT RN BE o) FORAZ ST 2330 (4) J S S 2 ] ey e A e A DR DA 2 3K (4) 98 B B i 2 ) 9 AR
G, FTLAELEERAR A S (4) RAIATIN. A T RAPAL A 7 (4), Chen 25 A PR EEA 18] R K153 Ky s M X
88, AR TSRS XIRRL AR (Radon) P
2 FEFRRH

AT S AR A Ry G (LR 51N 2 ST, e P L. B e TR R P O
ST BT RS (LA ST, 50 g SCHF pR M) B2 T R R B T s
2.1 RHERE

A SR R B 08 ABREXN R A, (= 1,....n) AL BOELE R M o) = 0, ()i = 1,....n), XL T ELE K
ORI AR AE O, 75 20k o B AT 20 2. I, BeHE T oA B0 2 SR A LU BETH B T 1R R 1 2 B
SEE PR, 12 R R B T 55 4E I e B ], I B2 5 26 TR] ol Tk e U AF AL A I A S . 9 T
THREIR, el M EEX SOk B IEZE, HARK A 73 IEGE 1 BRIk, A7 I 75 21 5 6 28 %
S bR R BT B A SR 2 I R A AR ST AT R T I 3 P AT TR R fcr(x)dm(x)+b1 =0 A

fcr(x)d,uz(x) +by = 0. R T T AR R R AT B S 2 18] 4 3 AR 147 (8 11

X 2
#InblI}%ZI]W( f XO',-(x)d,ul(x)+bl) to Y wiEtolul -
s.t. 1—§,~<y,~(f0',»(x)dy1(x)+b1)<1+— i=l+1,..., n
1 n ! 2 1
&i&,zzmwf( f Ti@d )+ bz) ves ) wiE+ el "
s.t. 1—§,~<y,~(f0',-(x)dy2(x)+b2)< 1+%, i=1,..., 1
x

Hob, e, 00,0500 NARMSHEL, T AEIXTA] 0, 1] WHUE, w; FoRE8 i MEEXT RIIBE. 230 (5) M (6) RA 75
BRAGUR BB 2 R 0 B, SEERE R B BB I BB C BR AL 2 T = O B, A0 (5) FIAR (6) IH 2 ML

I S bR Bz B %V 1. AE AR (5) AT (6) T, gy A gy G BCHL AR TN BE, L AR B2 2 — S TR /R PN BE, {5
BT A RIE I BATTIN T Iy M, FE22 7 RIFHRE R M R th T2 30 (5) A (6) Mitieas
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BAEIEE, B LLEATRIC TS 42 M AR AL ) .
2.2 IRBURME RFIAL

RE AT (5) AA (6) 2 T075 423 1A (¥4 1) 85, (B8R T ¥ BER R 1 B A D& e f A il R

EIE 2. A0 (5) MA (6) &M Lihn .

BB AT () MEFRREIIEE 1 BUR KT w b, BFIZIREEAR, 265 2 TURMM RS (=1+1,...,n)
A, 58 3 UM RSB s, FrAA R (5) M HARREUR NI, AR (5) MARERT uy, by M & MLHEARE.
HEAS (5) 22— ANk il L FAEHL TR0 A =R (6) A& — M ALK e .

5 SFM AN, 30 (5) 19 B bR R ECR A T SRR R BT IR T AR S BB, R MRy A, B
FHRAT B, IR TR ARRA R A (5) FA I (6). B4, 27531 B AN B 5T FoAt I B 2 4 X i 82 12 (R R
BEHRRE AKX (5) AT (6) HI G RMBRABLRY, RIFEATHE A0 BE BR4EZS (A (O Ak 10 8. AR vz Bk BE 8 1 AH SS n
W, B 5w I B AE C(X) PR A 23 1) S 55 AT O S B R BA TR B K v 0 B PO 2 M 4 4. R IR o0, B 00
wy N, B R IRRA

Uy = {Z @0y, X € X, € R} (@)

k=1

Mo = {Zﬁkdxujk eX,Br€ R} ®)
k=1

Horh, 6, A6y, 02T 5 o, Ry A SORKCHE FE L . pay A0 gy A2 FEBKE 5 00 FEE R 2 (0 S DN BE, LS B0 s KK
P55 AR A R (7) A (8) Hl B B IRFE 2, FI A N T BRI BE Ay B ARy
EIB 3. AW uy A, WA (7) FAZ () Fior, A4 R aUior:

K

lall = | 6| = ©)
k=1 k=1
lhaall = || > Bidie|| = D184 (10)
k=1 k=
5 af (%) s
5 R 2 OB TSl = | | = sup ==t T = D lonl, JE | fll FRIES R
k=1 * k=1

FCx) FIERRIEH AR A AT S 1, 1R 55
FIH A D2 10), 2K G) AR (6) #E K T ik
nkgz,ibrll,f, % Zwi [Z o (xp) a + bl) +¢ Z wii+ ¢, Z [
i=1 Sk:l i=l+1 k=1 (11)
s.t. l—§i<y,~[2cri(xk)ak+bl]<l+%,i:l+l ..... n

k=1

g 2 1 s
RS \ _
mlbn ) w; Zo'i(xk)ﬁk‘l'bz +Cszwifi+042|ﬂk|
BroFiobdi k=1 =1 k=1

i=l+1

12)

S.t. l—f,<y,[20',(3_ck)ﬂk+b2]<1+é,z:l ..... [
T

X, LT e p ik il A 2R (5) FIA S (6) LA BR4E == M B Ak [ A K (1) FAA R (12). B4k
i A (11) AT (12) R T BTN AS 22 JE L M 1. X2 B il i gk b sm il B2 5IN T — L3 a1
HH oi(x) 2 x WAELRMEREL RN x,,..x, %, & RAEE, FrULAZ (1) AR (12) MNPk R .
W x,,..Lx, ZEHN, BAAKX QD) NEERMEE (0, b,8). NTABHRBAR 1) AR (12), F7FERE
FX PIIE G BN AR TR AR SFM BB, A SCR FRFE SR IS %), x, Fl &y, %, H I HSRAE T 2
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MEBEERR A, (i =1,...,0) TRFE s DEHE L AL AR AR 7>, B SCI IR 7 IR R A SRS i UG- A&
£ R AN o A1 B R T L1 YEELIIZIHE, BT o A1 B FRIKJCRR MBI, 2 s ASRFE S 2 € I, ASCRAT R I 1
DU 1) ELER A B S 2 ) Y~ 1

: 2 '
) l I s n K
a?jlbllgizzwi(zo'i(xk)(tk"'bl] +Clzwi§i+C22|a’k|
i=1 k=1 i=l+1 k=1
(13)
s.t. 1—§,-<y,-(20‘,-(xk)ak+bl]<1+§,i=l+1 ..... n
k=1 T

i

n K 2 S
ﬁlﬁig- % Z Wi(z o (X)) B + bz) +C3 Zwi‘fi tCy Z 1Bl
b2&i =1 k=1

i=l+1 i=1

(14)
- - & .
st 1-¢& <y;(;a,~(xk),8k+bz)< I+ 0=l
AT (13) FAR (14) TTEIEATR MR, A5 o # 0, AR B AOSRFE 5 x, FONA R (13) B9S2 HF A &
ISR B, # 0, K5 AH B RAE 55 & AR AT (14) SZFE 2. 5 TSVM AF, TSFM (e Bk TR . BT
A (13) Ak (14) HHELFKER, Pl EET S A (13) b 74 AR (13) F4RHER 5, X

HEINTIHEARMMER @ Fla,. Ba+ = lal Fa,-a=a, T, @ 20,820 k=1,...,s. ZTFEAR (13) #i%%
RN TR R
1/ K 2 n s
Jmin_ > w, [Z o (60 (@ — ) + bl] tor Y wéi+es Y (@+ @)
i=1 k=1 i=l+1 k=1
(15)
s.t.1—§[<y[(20';(xk)(&k—dk)+b]]<1+%,i:l+1 ..... n
k=1

2l (15) 2 AR IRI AL R = o R B A R aT SR AR AL R A 2 (15). S pe A in) L, T e
o R 2R G A SR B AIE TR ) R O B A, IX TR EHE S AR (15) xHE TR, B AR (15) Mg tb s R g

K

. 1 \ \ +q,
min = g w; ()’ + ¢ E W[§i+62§ (@ + )
Apdobr it 2 P
i=

i=l+1 k=1

w= 0 (6) @ — ) + b
; ) (@ k 1 16)

s.t. . :
l—f,-Sy,- ZO’i(xk)(C_lk—&k)+bl]<l+é,i=l+l ..... n
T

k=1

a,=20,4, 20
LB A4S (16) 72 X R Ak 9 et
L(@uby ) = %;w,(u,-)%c. Zw;§f+c2;@ )+ Zyi[l —.;z-—yi[;m(xu(m—aknb,]]

i=l+1 i=l+1

1 K n K K K
+;% ui_kz;a'i(xk)(&k_@k)+b1]+ Zi’f[yf[Zm(xk)(d/k—&k)+b1)— 1- %]_;ék&k_;ék‘_’k a7

i=l+1 k=1
Hib =10, .9 G=1+1,...,n), 8,0, (k=1,....s) BB HFT. BARX A7) MRV HEELT a,a,
Enu M by B SEEE N 0, H4 T HLAS:

oL
S~ =wa+y;=0 (18)
ou;
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oL

% _,/Zl(% i) yioi (X)) — Zm (x)yi—0 = (19)
oL _, +Z( ) O'(x)+Za'(x) =0 (20)
aa — (2 - 71 % y, i k i k 7: k —

oL Vi .

Tg:wic‘_y"_%zo”zlﬂ ..... n 21

6b1=—2% S =703 =0 (22)

i=l+1

MAI A7-A3 (22) ATIAEAR (15) E’JXﬂ%Wkl»ﬂ%ﬁ RIRN:

o)
maxy, 3.5 22 w, =¥)yi
—Zy,(% Yo (x) - Zy,o’ (x)>0,k=1,...,s
i=l+1
(23)
) et Zy F=9)o (xk)+Zylo-, ()20, k=1,...s
Z%+Z(% ¥)yi=0
i=l+1
Tw,cl -¥=0,i=1+1,...,n
FAUFTHAR A (14) FIRHEPEAL IR R, R
)
]I]Il,]ai( Zx I+1 w; Z (- n')y‘
a;—Zy,(m i) o (%) = Zn,oy(xk)>0 k=1,....s
i=l+1
24
s.t. C”Zy' (i =) s (o) + ;ln,m (@) >0 k=1,...5s
ZnﬁZ(n, 7y =
i=l+1
TW;C3 — Tn 7,=0,i=1,..., l

A3 (23) FIAZ (24) =R R L B AT EI 20 R B A SR AU TG 0. 2 SRR s LD, AT (E
A (23) A (24) S EAR. WA (13) AR (14) TR F A BBk T4 5, B HFRE R yme
AT B AR R A SR RO R SR ) &, M 7525 R MR /. Mo AE KR R ST, %JF?jE}iTﬁ“ﬁiE’]?}tﬁé)ﬁ
HE PR DR AR T 1 52 A . TRT I S 1) i) A0 a2 T IR L SR i ST ) . R E B tH T %
EIE 4. e kA AN (23) AR My (i=1,....D, ¥, y, (=1+1,...,n). WHFKHE A xklﬁﬁ/%mﬁ:.

S i y,>a,(xk>+27,a,<xk) <o (25)

i=l+1

WA x AR A SRR
TE B RS BT BR K (17) 58 SCRT0 6 71 6, JE 517, M Karush-Kuhn-Tucker BB &1 AT &0 WK ¢, + Zy,- -

i=l+1
1 n
)A’i)O'i(xk)—Z%O'i(xk)>0 jF[]CZ+Zyi(7i_’?i)o-i(xk)"'z')’io—i(xk)>O, Mo M (19) FIA (20) Fo£0 F

B, £ 0. R AR PR F] a8, = 0 Fla, = 0, WITH 0y = 0, K50 x, T 32 FE 11
IR 5. BERMAR Q) BEBRMMEn G=1+1,...,0), G = 1,..., 1) W TRES 7, 02
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1 n
Zy,' i = 7)o (%) + Z N0 (X)| < ¢y (26)
i=1

WAz AR—DIFFAE.

SEFL S FERI AT 2 B 4 FER]. E B 4 AEHL 5 30K T REERAE AL A 5K (13) FIASK (14) RIAE, 1X
P Bl 0T A% i P D ) R AR R IR 6 43 B2 0. A 3K (23) R EK (24) 1 B AR B BRI T RAE £, XN
BT A R SRS R AL BER AL fAR i T — L8580, B0, A7 A8 KRR AR A, W] el — /N R R, JRBUE
B sy (<< 8) DRAERL B s DRFE R, RIAA (23) A 24), RIFFIFE R 4 FEEE 5 MHBRASLL AR SCHF
I B (KR . AESX AP DL, AR i 3RA5 — I SCRF I B, IR ATIZ 2834 5E (K S RF B IR 2 30 (13) A (14).
HF XA RIRATE] (0, b)) T (B, by) FEBAFPIAATAT RGBS ASF T SEM, A T 70 RAREHE, 75 2 SURE X
Z A BT HHEE.

TEMX 3. NAEEX G A B SR (0] () F H fO'A(x)du(x) +b=0 HIFEERRN:
fo'A(x)du(x) + b‘

il
WA (7) T BB DA, (u.b)) T ERUAME 5L, LR A 4 AL A BE 8 L 47 0. 52057 S B 7

{5 R 5K B A B S I (L . T S 3, AR R T e BT 0 5 A OB

f crA(x)dul(x)+b1‘ ' f oA () dp(x) + by

i J25]

D(A, (u,b)) = (27)

argmin

(28)

3K (28) BT 1) I H ) B 5 BR A T R SRR AT B k. AR (13) FIA R (14) AT 40 o AT B R
AT L1 B R, RISRRE S RGN, N T T HAR TSFM, 53 1 5 H T 4 TSFM X B BUEHE1T 703
FIONARTS. AEVE 1 Rl 0, BT A (1) A1 (12) SRR R AL i) 8, B 1 H25 T8 3 R0 4 B 38R [R] SRR 4.

&% 1. TSFM [0S,

1. &ESH ci,co, 03,045

2. M S FF BT S R o(x) = 00 (1) = 1,...,n);

3T AR (1), MEEXN R A (1=1,...,n) REE s MUEE S, BN X, x5
4. 3T A (12), MEE R A, i=1,...,n) KFE s MUE &S, BRN R, 5,
5B R AR (13) A (14) BUE (a,b) B (8, b,);

6. FIF A (28) HREMMZ A.

23 BEREERNTERR

T HRE SR AE LA, 3 T4 3R 0005 5177 7 OOV - 2 P s 400 G (Wi B 2 1) & 67
TSR PE T, b R 5 SURIRE B SR 9 k(s x)) =< $x), Cx) > HIHRE 52 I B B, U7 v S 7 o 2
FO SRR TR 25 TS V2 0 MO MR B L, TS 2 T 1. (5 P 7 A R 02 W i e L
S 72 1 B R 50 4 B 5 ST, 6 T2 SRR B SO L, BT MO DR P e T E, W BE R T SR A1 2 %, SR
R AR 5 S B B UL 50 75 30 1 SRR 2 o VEEAELN A F SRR AR e pa) T (A). R P I M A 4 T 2
SCTHER SR, T E X T SR RS AL,

BN A k() FOTRMIR SR ¢ FT A T L MW . SRR S e 2 7 -

Tan (B (X)) = sup {($ (). (), w € A) = sup [k (x,) @ € A} (29)
PR 2 5L 4 TR R BUIRAL. S4H5E 10 ¢ 25, 2528 (29) 2T AT S ot 1 BUE 5L % Abit RS 1
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X SCHF R EUIEAT T AL BE, IXBEAZAANTEMT 22 30 (13) A1 3K (14) B . Tt 3% B B SR R ORI AS 8 % R 5
BEAT AL, 230 (13) A0 (14) B2 AL BRI TSFM A 7] 8 84 [ A% e BOR S 1) 9 BR80T S
RAF AL

3 SLIZER

AR LE AV ) S A B0 A — S SR R ) B R EHAT T — RSB SLR SR IE TSFM 1A %4tk 5 TSVM
—HE, TSEM B35 ZAN S A, XS BRI TR 9 T BIRIESH, £ o = e Moy = ¢, KR
SEARAT 25 A SR I LI SRR E . IR (1070 = =3,-2,...,2,3) IR BUR MRS H o, M ;. t WO I T IX
] LA 0.1 bR e S5 X TR w,, BRER T RN QUK B Bk, D9 T 7% 5 HUSHRUE, A
SRR R BIE, XAEVF 2 CAF RO J7 VA 1 AT R RIS S 0 R K BUEE, MR 2 (E A5 Y
B BB T GRS AR SR PRI fty 7 V5 U 4 SR A0 R, X T SR R S AL 7, 3
TR T BT & (x,.x)) = exp (=[x = |[ /o), Forlr, o R4S (1070 = =3,-2,...,2,3) *PERL. 76 SKBRSLHMENT, J T
7 B, BRATBEA M SR AR XS b S P T B, T PSR AR R o PR B R 50 o P . ) TR A, £E
T R S S R BUAH S AR SRR Ty . BT SRIR I ETC 4 17 ALFERSA 16 GB RAM HTHEIHL L 5E A, R
Matlab R2020b 4215 = SL I 1 AH 2.

3.1 R HBE S ERIE
AT 22 SRR AR B R R W] TSFML BE SR IR (B B0 ) 7R 75 45 140 O 300 3oL 3 5 6 000 o ey B

(38555 Aii . RIIFEAR R (2, —2)T TR 9 T A REEAE R, 76 AN B0 s 1 S A b, 7= A 5 B2 1 i 397 90 A1,
HIME R BB 5, 7 Z R RE N (0.1,0;0,0.1). MR E 704, NEMEEXTRAEK 5 AN, X52bs L
TAEAEX FAE S AR AL X PR IEERE miG T HEEHIE. K 2 RR T TSFM RALHEZHEAFES
Bor FRSEIER, Ko, ci=c;=1 M ¢, = ¢, = 100. NEBEYE RS E 5, FIH TSFM BE T Wi E 2(a)
FnBIAE X 2. WKL 2 TG, TERA BB G O R, B S8« WSR2 R K, FEAF K« T TSFM
REIREUAREERE (1 N AELE A4, 29 T B00F TSFM Re &0 B A, 7E R B AR I Bl b, AN J9sfm 7 —seggai . 181 3
TR T A BRI RE IR, I 3 W RN, — LB ST ) — 20 R B AR BT AL 3 T, M EHR A A
T, 7 AT TR FNA T TSFM (IPERE. 247 =0 Fl v =0.8 I, FI A TSFM HUASHI AT X 2 25 Se bR X4k, 24
7=0.5 B, FIH TSFM B 58 LZRFISERRAE X ZRAH ZEAN 2, I Ul W 75 B B s IS 0L R, AT VR B S 40+ SRIUEE (2
PRI N TEZE 1. S0 45 TR B SR R ok 0 28 A S RE ek IO Ld i T S 40 mT e AR T R 1) I TE S5 1.

5
4
3t
2
1
0

0
(a) =0

B2 FER ORI BB HE b i TSFM IS 111
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(b) =0.5
3 TEALE RSB SR B SR HOE b e TSFM BUS 1E P

3.2 UCI H#E& LRSI

AR F AR S 4 A R AE X SR TSFM. 143 2K 14 6. A\ UCT H4E 4 e e B — S Hdm A2 3047 7 3460
I ide I B BUHR SR TN 3R 2 BT, X S50 S0 8 4 FH R VPAil 20 2R A8 0 PR AR, 0 T IX SRR 48, FEARIR AL T 1 R 13 IR
J7 AASSE A (3R 7 30, X B SR A AT B . T8 3 S (B MO 10 A )7 6 B, AT o St S
BT REAR ISR i AN B IE IR UE 2, RRN oy, SR HIE — A XTE] [x; — V3o, x+ V3o, b, x RFEAR x 105 i N8
PERE. 4 TG EEE, RIE ) 0A AIX 28 X A 10 NG RSN EE T RS 10 NEEF). B XA

L 500, WISRAE m ECBEE JY 500, SEI6H R — X 2 IO SN R AL B 2 732K [ il
R2 BRENGIHER

B g AL R FEHL
Australian 690 14 2
Breast 683 9 2
Heart 270 13 2
Ionosphere 351 34 2
PlaningRelax 182 12 2
Diabetes 768 8 2
India 583 10 2
Sonar 208 60 2
Wireless 2 000 7 4
Segmentation 2100 19 7
Drug 1885 12 7
Statlog 2310 19 7
Cardio 2126 23 10
Satellite 4430 36 6

AT EE, AW S T LR R B 1943 25077, In i #ELRY (second-order cone programming, SOCP) J7
T2, AT i A 25 A S RF IR L (uncertainty-aware TSVM, UTSVM)SZ Rl EEHL (support measure machine,
SMM)P" S B HHL (SEM)P, i i i L5 55 (sparse approximation nearest point, SANP) 757 3% B°1B)
FIE AL [F 26785324 (regularized collaborative representation classification, RCRC) 753 %, %tF SOCP, ‘B & i
ZHC,y(i=1,...,n) WEREBZSHo. NTHADBESEMEE, B05 SR 23] PRIER, £ y=y(=1,...,n)
Hy= Vk/(=1), S8« BUE T44{0.1,0.2,0.3,0.4, 0.5}, S8 C BE TEE (10,i=-3,-2,...,2,3}. % T
SANP, BAH 3 MESH A, A, A, ASCHRAE SR [35] (105 R IX L 240 % F RCRC, BRE S
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Ay Ay, A3, y VLEHESH o, S HEEN A, =0.001,4, = 0.001, 4, = 2.5/n,, FH ny & —NMEEN R G5 HIHHE
SEH. X T SMMs, BEAEHESH C MBS o, B35 C BUE THEA (10,i=-3,-2,...,2,3). X F UTSVM,
TEREBESH c,cneene UEABBS Ho, BSBURENc =c.co=cie=05, S K, Me, HEATESE
(107,i = =3,-2,...,2,3}. Fi A iE R HMZ R SR ST R EZESH o WETEE (10,i=-3,-2,...,2,3).

ASCAT ) HAT A8 XIUE R AVTAS - PSRRI MR BE. 9 T IR B S B AL KIS B S50, xR T TSN E
P22 XEGE, LABUS & Fh 5 R R S H. 2 3 FoR T MO EIERIRE LI sein g R, seia 45 o8 PR 3R
FFREm 2, ke R UABAR BoR. 9 T VM TSFM AR EE, HE I 2R 15— AR 28 Lh— 58 I B9 & 4 e Fi At 2
MIbRZE, BB LLBIN 5%, XA T ARZEME 75 HAERR e R = A B o, 3R 4 /R T B M O IE L S AR e
P MW IR )

R 3 AFETTEAE UCHEHEAE EREHR R NBRHER 2 (%)

HiE%E SANP RCRC SOCP SFM SMM UTSVM TSEM
Australian 16.7243.55 15.3943.71 14.51+3.85 14.13£3.46 14.01£2.98 14.62+3.19 13.6+2.32
Breast 421£1.22 3.41£1.09 2.89+1.52 2.61£1.29 3.02+1.37 3.57£1.26 2.61£0.73
Heart 30.31+4.78 20.12+4.12 16.70+4.03 16.8143.41 18.12+3.34 24.2543.50 16.2+3.46
Tonosphere 4.3842.03 4.1243.04 3.79+1.28 3.69+1.32 3.31+1.64 3.95+1.09 3.17£1.26
PlanningRelax 30.12+1.75 29.35+1.85 28.79+1.73 28.3+1.89 28.6242.11 29.54+1.58 28.56+1.21
Diabetes 27.3243.51 25.35+3.02 24.3242.61 23.50+2.71 22.3+2.49 25.68+2.29 22.4642.35
India 29.45+4.02 28.09+3.42 27.63+3.24 26.71+3.89 26.89+4.02 27.32+3.62 26.1+3.47
Sonar 22.13+4.05 20.78+4.76 20.1245.15 19.05+5.23 19.78+4.23 20.05+4.24 18.2+4.40
Wireless 3.26+1.21 3.15+1.21 2.92+1.24 2.73+0.89 2.5242.26 3.03+1.31 2.02+1.32
Segmentation 18.2244.21 16.72+3.92 15.27+4.16 13.8+3.91 15.66+3.92 16.48+3.49 13.86+3.45
Drug 20.22+3.25 18.2143.51 16.28+3.41 15.08+3.42 15.22+2.90 18.08+3.53 14.3+3.46
Statlog 10.50+3.80 11.4243.25 9.78+2.91 9.22+4.01 8.67+3.52 10.5142.84 8.08+2.45
Cardio 30.27+2.26 27.80+2.45 25.34+4.05 18.23+4.53 18.30+2.81 26.1242.29 17.5+2.47
Satellite 9.56+1.27 8.47+1.05 7.25+1.89 6.27+1.63 6.34+1.62 7.89+1.86 5.24+2.47

R4 AFETTEEIRZEMRE N 5% IEEE L REHR AR 2 (%)

pAEITE S SANP RCRC SOCP SFM SMM UTSVM TSEM
Australian 18.94+3.23 17.82+3.45 17.32+3.46 17.46%3.35 17.49+2.27 17.45+3.60 16.77+2.47
Breast 7.05+1.46 6.89+1.21 5.6242.35 5.69+1.47 6.34+1.75 6.80+1.46 4.89+1.27
Heart 34424426  25.39+4.74 19.52+4.20 18.4443.72  20.26£3.47  26.73+3.50 18.2123.63
Tonosphere 6.52+2.42 6.59+3.56 6.89+1.65 6.74+1.59 6.83+1.99 7.06+1.82 6.45+2.42
PlanningRelax ~ 32.25+1.95 31.98+1.42 30.42+1.90  30.56+1.96 30.89+2.42 34244177  29.92+1.63
Diabetes 28.45£3.64  27.67+3.41 26.83+2.88 26484289  24.84+297  2645+2.46  24.32+2.86
India 31.55+4.23 30.1443.67  29.92+43.68 28344390  28.68+4.34  29.54+4.04  27.42+3.80
Sonar 24.36+4.21 23.05+4.91 223045.62  21.87£546  21.62+3.89  23.92+4.92  20.85+4.34
Wireless 5.42+1.33 5.74+1.46 5.08+1.41 5.13+1.24 4.9342.42 5.23+2.45 4.02+1.64
Segmentation 20.56+4.46 19.26+4.55 17.83+4.42 16.5243.72 17.39+4.41 18.56+3.97 16.39+3.95
Drug 23.53+3.70  20.54+3.69 19.46%3.55 18.34+3.69 18.5943.49  20.30+3.46 16.05+3.41
Statlog 13.39+3.93 14.2343.68 12.2543.04 12.02+4.24 11.79+3.77 12.56+2.63 10.53+2.96
Cardio 33.46+£2.56  31.674234  28.56x4.24  2045+446  22.65+3.08  28.9442.56  20.36+2.89
Satellite 12.49+1.45 11.43+2.41 10.50+1.88 9.46+1.98 8.60+1.92 9.57+1.95 8.4542.15

MF 3 AT E tH, SMM 1 Diabetes 45 4E FHUS T s EPERE, T SFM 7E Breast, PlanningRelax fll Segmentation
HHEER B IER R IRAC. TSFM TR 284 B T ALK 4r 251 B8 SANP Fll RCRC &7 3459 Nl =45
R, X RPN IRE T BEVLAE R SEEN R RARAEXN RIFARRN B 7040, FrbL UTSVM JEA 7EIX Lo 44 4
FEUS U4 2 RS, TSFM 7E 2 28 [0 8 E— A T FARRERY, 3X R 2y TSFM RA T s BRI 2K s O 2% 18 T AR A
(AL . T 5 R B BB K 759240 SFM AT SMM. 2332 1) 32 S Ab B8 s i 20, T TSFML A B Gy B B P T A AR A
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MLNGR 4 AT, UAFTERRAE I R, SR VAV REAEE — EFR 0 R . BT TSFM SR 7 REAR AL EE AR
TR BREL, TSFM. HGH At VB T 1) 43 2R e IX 1B TSFM. REFI BRSNS

T 3 R 4 EBIE 2 AN EERE LR T 20288 s B ERE EA1E 2 N R E L EET e
HHAT BRI, B 45 520, 9 B S K36 (Friedman test) 538 54050 B7LE SR £ M43 SRR A 20T B % T
S RE S, FUREZ A 4 REAE SN xR, WA R R ESSTE, Z9iEN k-1 HH
FERI AT 3, Forp, kR BB MAEL 3 AR SR UG R T 4 I F . R 9 BB R 2D e
CD = g, Vk(k+ 1)/6N fE 1251 O, W AT B B B AR, Ho, N2 BRSE AN, g, A28 G0 S U A 5.
Bl 4(a) R THE 14 MEHRLE b 7 Fog ks el CD B, B 4(b) 3R T FEPREE M 75 A HE 4 I & Fh o7 vExT L i)
CD B fE B @ =0.05 FITEHL T, CD WA 2.407. NI 4 ATE H, BT TSFM [T 3%k ), BRIt TSFM HLH
fth 5 R EUAR AT P R

CD=2.407 CD=2.407
P— | |
76 5 4 3 2 | e 5 ¢ 3 2 0
SANP — — TSFM SANP — TSFM
RCRC SFM RCRC SFM
UTSVM SMM UTSVM —8 — L SMM
soce L socp
(a) Z: T3 3 A RAR L5t L (b) HE TR 4 45 FAF %m0t b

K4 fkdls CD EIELEBAN R 5V TR Rg

3.3 FEHRBFE LIS

AFITE USPS Hi4E BT TSFM MR fEEE. v T A2 AR ME R, FRA15 S T Wik JL A8 4fe: HEfe 4 fn gl
VI e, SR 16 x 16 FF 5 B8, WElir4i N40,180) BUSIEFE AT 0, I miisr4i N(1,1) BUG45 D)
HF s, R X PR AT AR 32 R — R AT MR X 2 BUG AR R G AFAEFL R AR T, 9 T IR = n 21T 55, ],
AT — et T BT 5, BRE 2 Fose 3, B 4 Asse o MIpB . s i, AR5 h BEFLHEL 100
M 8, S8 )5 IR LA AR 3 R iR MR AR RR 10, 20, 30 MRS, AR EE0E. Bl 5 SRR T JUA A8 4 5 1 — i
BEUR. T A BRI SR 2508, NS EME h EALIEFR 100 18 EG, R 5 VI ZR8E FHACL I S ms Az RREE 1H 2
%E iJIIéE%%D?ﬂJﬁ%EPB’J%{EXT%@ ILH E%@E’J%% ibﬂﬁ ET@%H’J%%%@&%WB’J&EH /ul H:ijdc MffﬁT

@6%m.

_msﬂa 2|4 22202~ a2
‘ &! 512 NRRI[E 2R

= N4 Y Y
EE o SN RN Y e 2 Y

(@ﬁ%%?%%ﬁ%ﬂ@ (b) FOIIN TS5 v &
K5 PRl LTS i 35 ey B R

ME 6 AT, B SEN RO R EGRL, SRITERTERAE R ZHUE I N3]0k S5 U028 e bl e e A2
B RIHHR R, XL G B, SMM PEREF AL+ SEM ITERE, X2 SMM R T BTy J L 22



ZEN 5 BE EALIE N A S BHM 4747

)%, A 6 A%, SANP AL F Hofh 77k, X2 RN AR 3 5 1 B & HL ik 9 S B F TSFM SR T 9
BRAG1 5% bR BRI FE (1) 2R 4Y, BT LL'E RE AR I I SR 06 446 T Sz &8 TR WIE A B B AN e v L RIS I ) (14
{H%3R | TSFM =24 &

10 N SANP [ SFM 18 + N SANP [ SFM
9t [ RCRC [ UTSVM [ RCRC [ UTSVM
[C1SOCP [N TSFM 16 b [C1SOCP [N TSFM
8 I SMM I SMM
14
7
ﬁs ﬁm-
Z 4 e
3 6f
2 4t
1 2t
0 0
10 20 30 10 20 30
FAEEN R ERAIECH (2 vs. 3) A G R H (2 vs. 3)
(a) FENER AT 2 Mgy 3 B4R (b) TERTDIE7 2 Ay 3 Bmgs R
16 22
N SANP [ SFM [ SANP [ SFM
[ RCRC [ UTSVM 20t [ RCRC I UTSVM
14 - [—sOCP [N TSFM [ SOCP [N TSFM
I SMM 18+ . SMM
12 + 16
S S 14F
! 5 12
i 10|
o6t # 8L
4+ 6
4 L
2t ol
0 0
10 20 30 10 20 30
A F R I H (4 vs. 9) A F R I H (4 vs. 9)
(c) TENEHE KT 4 R 9 LR (d) TEREDIBCY 4 A3y 9 Bimgs R

K6 ANRTNEETSEETEG LEIRE

34 EFEGELHIE

AATE 4 DEERBAEDY B d T SBEBE TR T TSEM RSN R 08 /0 B 4 a3 0 T 14 2k
e, BT RO SOE S 2 780 IR B B 3L IR 5 4 (Breast), 4708 I8 4 (il 48 <115 45 (Pneumonia), 1633 I8 EI1G K145
W EHRSE (Nodule) LA 1759 B Synapse B8R 4E. 75 UGS EUHE £ 118 FH VR B 5 >0 A5 280 A3 P e SRR A 17 AS
R JE R R AE I R R DO RS I R Dk, FRATTAR A T2 1 A AR i 0 0 24 1 B IRIR 1) e SORRAE, BRI A
ResNet18 /%% () RESSB-RELU JZ4E Akt 45 3. X AL BRI MR RIRHIER IR N 7T x 7x 512 sk ETE AL N Tt
HE, W R RN IRHENSE 1| NPT IS HE, WA 3 AN HHRRE AT RO, XA SR TR R AR R
1x7x512/4, Al a0 7x 128 HIHEHETE 2. IXFHUREIE BUREAE 7 A 128 4E S T2 s 5e (B 2508 FRAT1BEHL
EHE 70% HIREAS R BRI GREE, Tt BUEAE MR AE. i il 2 Boa 45, FRATHEHLIE S 300 1F EHERIIZR A L (23) 1
A0 (24) WAL, FERF e 4 FIE BE 5 SRR AR SCRF & B85 FIR TSFM ISR ) B0 REFRSRAE SRR A
3 (13) AT (14) AL K 5 208 T 4 MR EIRE ERSie s . sein sl RINE 10 KIZATIHFIME.

MFE 5 TTEH SFM AT TSFM, X /&K SFM 3% b TSFM #2446 /% 5 f S fe i) & % 5 AT 40
TSFM 7EIX SE il 4 b raA T st g, 7EIX 8 59274, SFM A1 TSFM A& %5 1K FER) J772:. SANP. RCRC. SMM
A UTSVM FE T BB FTE R, iR B R R EE TURRFHE, XU TURFHIEN 2 foh 7 228 1 M RE.
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SFM Al TSFM & B 32 1 B BORE F6 A R IE R . SEIR 45 SRR T 0 B B TR BE RS AR AT SRAED6F B A LA
LRI AEAT BTt 20 2R P B2 A EEL .
®5 ERFEBERE LSRR (%)

R SANP RCRC SOCP SFM SMM UTSVM TSFM
Breast 22.59+5.42 21.76+7.32 21.33+4.09 20.25+6.03 21.246.42 21.50+6.49 19.6+5.46
Pneumonia 8.52+3.88 7.3243.25 7.15+3.02 6.37+2.89 6.65+3.21 7.2843.02 6.03+2.05
Nodule 25.3342.67 26.2243.25 24.2243.13 24.5243.26 23.5+4.05 24.6243.29 22.4+3.12
Synapse 20.45+4.82 19.55+5.02 17.52+4.85 17.26+4.92 16.8+4.92 19.28+4.56 16.15.35

3.5 BREBSHNERE S

TSFM &5 2 M5 E M S 4. 5 TSVM [ S HUHZE 8L, TSFM B S H0k sEma i 8 1) 1 8. 24 TSFM SR
R i RO, S E o S5 R B AN S (). AR T AE svmguide FE A L EEHT T SEEG, I SRR AT
TSFM B S E00 H AL R B2 M. B 52 3089 MFEAM K, H P &M 4 NMEMEM 1 MR N T
R TSFM (8 S 500 SLPERE I R2 0, BEHLIE R — L MR AR ISR TSFM, HARIIREAFEINLREE. 5 UCT sL56
o3 A R A B AE A, R 353 0 A AR R AE S . BANMREX Rl 10 DNEBIA K. T =4 AT il
SIS S5 R, HREEE E o= 1 flr=0.5 RIFFLESE o) M e, MABRIREM. S2I0 45 RanlEl 7 fos, Stiag i
J9 TSFM [45R %, o 3R 0 JCER /40 TSFM I 1TITE]. E 7(a) FIE H, TSFM B 5 KM RERBE S5 ¢,
M, (AT ARAK. S o, M, BUBUINIE R, TSFM £ EUBHARIES IR R, WK 7(b) WTH H, o MIMBTEZ
FESHL ¢, Ty MIFZIAL. 2 ¢, BB R, B84 SE /D SR & ZERXFPIE L R, TSFM 4R R IER 5. WE 7(0)
AN E 2 o) BUBRAR S A oy BB IMERT, Y%k TSFM 1E3% 1 502 [ [A].

BT RIBIEEE ¢, = 1 Al e, = 100 KRS H o 1+ BRI, K] 8 R T TSFM HISE6 45 R, seih st
FON TSFM HIHFR R, o FHIFE 0 JCR IO TSEM HIISATHS TE]. W 8(a) ATE Hi, 54 o Fl r &5 TSFM
13 28 RE. W SRAB S EL o WOK/INBARL, TIAREAE X 240 N 2 AT BRI RE AR, 3K 2 DR A i N 28 TR AR R AR A0 . Bl &
B o WOR KA, ARMEFZIRFEAR 2 (A B0 R, IX 2 AR I 5 BIRE AR LT R A C . A 8(a) BT 40, X BRI 1
FET RMAERE. A 8(b) IIE H, « IFE 0 TTRINNEBEE o 1+ ARG AR, S H o BUEUIMBE 27 5
ZICEFE. AW 8(c) ITE H, TSFM HIIEAT I [ 32 21 240 o W52, 24 o BUR/IME AT + 9k 0 B, TSFM —
AT R A HSAT I ] ISR, v T RIS B I 1oy R R, BOZ i SOl S 80 B8 7 &, 85 6 BT s S 400
— RYMEBEAT 2 XIAE B B R 47 PERE 8 2 4L

50 1000
40 | ’E 800
;\: 30 ﬂ‘é‘ 600
5K 20 2 400
& =
10 2 200
<
0 0.l
-3

0
. N 51D @
2 \0%\“@\ 3 o2

73 -
(a) TSFM 4R (b) o F19E 0 TER AL



FEN F: @ e RALBE 69 F A S HAM 4749

(c) TSFM [{i8 471} [

K7 TSFM WIHEBSE ¢, F ¢, FIBURIE 54T

#
—
(=3
(=3
(=]

500

o PIREIE 0 JCHEA

(a) TSFM 45 iR % (b) o ThE 0 TEEANEL

400
300
200

HiF 1] (s)

027

0.1
(¢) TSFM 3517 i)

K8 TSFM MBS 4 o Fl 7 UL /bt

0



4750 HAEFIR 2025 5% 36 A5 10 49

4 ZHiPTRE

AR SO FH SRR bR AR T T 800 00 - T 2% > R R P S A 3R M UG . AR TR T DART FROASZY, 42 H (A 2
REIUAS EX B 2 8] O P AT AL ST T 38 5 B MR Y — ek R A 1 5 A B A AR A B, 5 ) PR B S g 1B
P i 22 ] 4 9 ) 2 ol kR 1) . 15 )2 ) R S 3 o BP0 A% A B AR RS BT R 2 ™ AR 1 A, S
AR B T A % R AL 75— KPR S L 74 25288, ASEIEmIAN: (1) TSFM RESRIAS 2211
SEAEHR I N TESE 1) (2) MARAEXT R IGF B2 AE S 1 0 A, TSFM. L J T s B A8 14 23 07 VR A B A 1) o 2
PERE; (3) TSFM REFT 25 Hb A i) 42 (8 K008 X S5 B 15 () MM R A5 /D B 4E S pI, TSFM TS
751 (UTSVM, SMM, SOCP) B3 B 15 (14 2 g (5) TSFM A& 8 250, 1 L5388 25 B0 SR AR M i, BIRS F=] fh %
AT LA [R] 1 fp PR 2 4, 388 SR FH 38 SUB0IE SR 4 B DR 2 . A8 AR SO K o 0 58 ) 86 P 4L 45 A )
D E 25 (VAR T A PR 2 AT R DA 28, RS A5 A7 0 2 R A 20 1 A R (B AR 2R 11 i) R

References:
[1] Panja R, Pal NR. MS-SVM: Minimally spanned support vector machine. Applied Soft Computing, 2018, 64: 356-365. [doi: 10.1016/].
aso0c.2017.12.017]
[2] Wang XM, Wang ST, Huang ZX, Du YJ. Condensing the solution of support vector machines via radius-margin bound. Applied Soft
Computing, 2021, 101: 107071. [doi: 10.1016/j.as0¢.2020.107071]
[3] Zhai Z, Gu B, Li X, Huang H. Safe sample screening for robust support vector machine. In: Proc. of the 34th AAAI Conf. on Artificial
Intelligence. New York: AAALI 2020. 6981-6988. [doi: 10.1609/aaai.v34i04.6182]
[4] Wang J, Cherian A. Discriminative video representation learning using support vector classifiers. IEEE Trans. on Pattern Analysis and
Machine Intelligence, 2021, 43(2): 420-433. [doi: 10.1109/tpami.2019.2937292]
[5] Qiao Y, Wu K, Jin P. Efficient anomaly detection for high-dimensional sensing data with one-class support vector machine. IEEE Trans.
on Knowledge and Data Engineering, 2023, 35(1): 404—417. [doi: 10.1109/tkde.2021.3077046]
[6] Tao XM, Li Q, Guo WJ, Ren C, Li CX, Liu R, Zou JR. Self-adaptive cost weights-based support vector machine cost-sensitive ensemble
for imbalanced data classification. Information Sciences, 2019, 487: 31-56. [doi: 10.1016/j.ins.2019.02.062]
[7] Ding SF, Zhang J, Zhang XK, An YX. Survey on multi class twin support vector machines. Ruan Jian Xue Bao/Journal of Software,
2018, 29(1): 89-108 (in Chinese with English abstract). http://www.jos.org.cn/1000-9825/5319.htm [doi: 10.13328/j.cnki.jos.005319]
[8] Zhang JH, Lai ZH, Kong H, Shen LL. Robust twin bounded support vector classifier with manifold regularization. IEEE Trans. on
Cybernetics, 2023, 53(8): 5135-5150. [doi: 10.1109/tcyb.2022.3160013]
[9] Sun SL, Xie XJ, Dong C. Multiview learning with generalized eigenvalue proximal support vector machines. IEEE Trans. on Cybernetics,
2019, 49(2): 688—-697. [doi: 10.1109/TCYB.2017.2786719]
[10] Rezvani S, Wu JH. Handling multi-class problem by intuitionistic fuzzy twin support vector machines based on relative density
information. IEEE Trans. on Pattern Analysis and Machine Intelligence, 2023, 45(12): 14653—14664. [doi: 10.1109/tpami.2023.3310908]
[11] Tian YJ, Qi ZQ, Ju XC, Shi Y, Liu XH. Nonparallel support vector machines for pattern classification. IEEE Trans. on Cybernetics, 2014,
44(7): 1067-1079. [doi: 10.1109/tcyb.2013.2279167]
[12] Xu YT, Yang ZJ, Pan XL. A novel twin support-vector machine with pinball loss. IEEE Trans. on Neural Networks and Learning
Systems, 2017, 28(2): 359-370. [doi: 10.1109/TNNLS.2015.2513006]
[13] Tanveer M, Sharma A, Suganthan PN. General twin support vector machine with pinball loss function. Information Sciences, 2019, 494:
311-327. [doi: 10.1016/j.ins.2019.04.032]
[14] Tanveer M, Tiwari A, Choudhary R, Jalan S. Sparse pinball twin support vector machines. Applied Soft Computing, 2019, 78: 164—-175.
[doi: 10.1016/j.a50¢.2019.02.022]
[15] QiK, Yang H. Elastic net nonparallel hyperplane support vector machine and its geometrical rationality. IEEE Trans. on Neural Networks
and Learning Systems, 2022, 33(12): 7199-7209. [doi: 10.1109/TNNLS.2021.3084404]
[16] Liang ZZ, Zhang L. Intuitionistic fuzzy twin support vector machines with the insensitive pinball loss. Applied Soft Computing, 2022,
115: 108231. [doi: 10.1016/j.as0¢.2021.108231]
[17] Maldonado S, Lopez J, Vairetti C. Time-weighted fuzzy support vector machines for classification in changing environments. Information
Sciences, 2021, 559: 97-110. [doi: 10.1016/.ins.2021.01.070]
[18] Hao PY, Chiang JH, Chen YD. Possibilistic classification by support vector networks. Neural Networks, 2022, 149: 40-56. [doi: 10.1016/


https://doi.org/10.1016/j.asoc.2017.12.017
https://doi.org/10.1016/j.asoc.2017.12.017
https://doi.org/10.1016/j.asoc.2020.107071
https://doi.org/10.1609/aaai.v34i04.6182
https://doi.org/10.1109/tpami.2019.2937292
https://doi.org/10.1109/tkde.2021.3077046
https://doi.org/10.1016/j.ins.2019.02.062
http://www.jos.org.cn/1000-9825/5319.htm
http://www.jos.org.cn/1000-9825/5319.htm
http://www.jos.org.cn/1000-9825/5319.htm
https://doi.org/10.13328/j.cnki.jos.005319
https://doi.org/10.1109/tcyb.2022.3160013
https://doi.org/10.1109/TCYB.2017.2786719
https://doi.org/10.1109/tpami.2023.3310908
https://doi.org/10.1109/tcyb.2013.2279167
https://doi.org/10.1109/TNNLS.2015.2513006
https://doi.org/10.1016/j.ins.2019.04.032
https://doi.org/10.1016/j.asoc.2019.02.022
https://doi.org/10.1109/TNNLS.2021.3084404
https://doi.org/10.1016/j.asoc.2021.108231
https://doi.org/10.1016/j.ins.2021.01.070
https://doi.org/10.1016/j.neunet.2022.02.007

RER 5 Be BB F A LA I 4751
j-neunet.2022.02.007]

[19] Zhu YW, Cao YR, Xue, Q, Wu QH, Zhang YS. Heavy hitter identification over large-domain set-valued data with local differential
privacy. IEEE Trans. on Information Forensics and Security, 2024, 19: 414-426. [doi: 10.1109/TIFS.2023.3324726]

[20] Cao FY, Huang JZ, Liang JY, Zhao XW, Meng YF, Feng K, Qian YH. An algorithm for clustering categorical data with set-valued
features. IEEE Trans. on Neural Networks and Learning Systems, 2018, 29(10): 4593-4606. [doi: 10.1109/TNNLS.2017.2770167]

[21] Chen YS, Li JJ, Lin RD, Chen DX, Huang ZH. Multi-scale set value decision information system. Control and Decision, 2022, 37(2):
455-463 (in Chinese with English abstract). [doi: 10.13195/j.kzyjc.2020.0882]

[22] Hu J, Chen Y, Zhang QH, Wang GY. Optimal scale selection for generalized multi-scale set-valued decision systems. Journal of
Computer Research and Development, 2022, 59(9): 2027-2038 (in Chinese with English abstract). [doi: 10.7544/issn1000-1239.
20210196]

[23] Shivaswamy PK, Bhattacharyya C, Smola AJ. Second order cone programming approaches for handling missing and uncertain data.
Journal of Machine Learning Research, 2006, 7: 1283-1314.

[24] Tzelepis C, Mezaris V, Patras I. Linear maximum margin classifier for learning from uncertain data. IEEE Trans. on Pattern Analysis and
Machine Intelligence, 2018, 40(12): 2948-2962. [doi: 10.1109/tpami.2017.2772235]

[25] Liang ZZ, Zhang L. Uncertainty-aware twin support vector machines. Pattern Recognition, 2022, 129: 108706. [doi: 10.1016/j.patcog.
2022.108706]

[26] Liang ZZ, Ding SF. Fuzzy twin support vector machines with distribution inputs. IEEE Trans. on Fuzzy Systems, 2024, 32(1): 240-254.
[doi: 10.1109/tfuzz.2023.3296503]

[27] Muandet K, Fukumizu K, Dinuzzo F, Schélkopf B. Learning from distributions via support measure machines. In: Proc. of the 25th Int’l
Conf. on Neural Information Processing Systems. Lake Tahoe: Curran Associates Inc., 2012, 10-18. [doi: 10.5555/2999134.2999136]

[28] Chen JQ, Hu QH, Xue XP, Ha MH, Ma LT. Support function machine for set-based classification with application to water quality
evaluation. Information Sciences, 2017, 388-389: 48—61. [doi: 10.1016/j.ins.2017.01.001]

[29] Chen JQ, Xue XP, Ma LT, Ha MH. Separability of set-valued data sets and existence of support hyperplanes in the support function
machine. Information Sciences, 2018, 430-431: 432-443. [doi: 10.1016/.ins.2017.11.057]

[30] Royden HL, Fitzpatrick PM. Real Analysis. 5th ed., London: Pearson, 2022.

[31] Chen JQ, Hu QH, Xue XP, Ha MH, Ma LT, Zhang XC, Yu ZP. Possibility measure based fuzzy support function machine for set-based
fuzzy classifications. Information Sciences, 2019, 483: 192-205. [doi: 10.1016/j.ins.2019.01.022]

[32] Komornik V. Spaces of continuous functions. In: Komornik V, ed. Lectures on Functional Analysis and the Lebesgue Integral. London:
Springer, 2016. 257-304. [doi: 10.1007/978-1-4471-6811-9_8]

[33] Cristianini N, Shawe-Taylor J. An Introduction to Support Vector Machines and Other Kernel-based Learning Methods. London:
Cambridge University Press, 2000

[34] Aggarwal CC. Yu PS. Outlier detection with uncertain data. In: Proc. of the 2008 SIAM Int’l Conf. on Data Mining. Atlanta: SIAM,
2008. 483-493. [doi: 10.1137/1.9781611972788.44]

[35] Hu YQ, Mian AS, Owens R. Sparse approximated nearest points for image set classification. In: Proc. of the 2011 Conf. on Computer
Vision and Pattern Recognition. Colorado: IEEE, 2011. 121-128. [doi: 10.1109/cvpr.2011.5995500]

[36] Zhu PF, Zuo WM, Zhang L, Shiu SCK, Zhang D. Image set-based collaborative representation for face recognition. IEEE Trans. on
Information Forensics and Security, 2014, 9(7): 1120-1132. [doi: 10.1109/TIFS.2014.2324277]

[37] Demsar J. Statistical comparisons of classifiers over multiple data sets. The Journal of Machine Learning Research, 2006, 7: 1-30.

[38] Yang JC, Shi R, Ni BB. MedMNIST classification Decathlon: A lightweight AutoML benchmark for medical image analysis. In: Proc. of
the 18th IEEE Int’l Symp. on Biomedical Imaging. Nice: IEEE, 2021. 191-195. [doi: 10.1109/isbi48211.2021.9434062]

Mieh 3055 30K :

(7] THEK, afE, SRS, biTE. 200 RARA SRR M AL T . BPE AL, 2018, 29(1): 89-108. hitp://www jos.org.cn/1000-9825/
5319.htm [doi: 10.13328/j.cnki.jos.005319]

[21] BRRIAE, 25k 4, MROREE, RZRIR, SR8, 2 RELMEIRE B RS #6595, 2022, 37(2): 455-463. [doi: 10.13195/j.kzyjc.
2020.0882]

[22] #AZE, BRiE, sKiEHE, EEEL. X2 RZEAM K R G m Rk 3. 1H SHLAT 7 5 R R, 2022, 59(9): 2027-2038. [doi:

10.7544/issn1000-1239.20210196]


https://doi.org/10.1016/j.neunet.2022.02.007
https://doi.org/10.1109/TIFS.2023.3324726
https://doi.org/10.1109/TNNLS.2017.2770167
https://doi.org/10.13195/j.kzyjc.2020.0882
https://doi.org/10.7544/issn1000-1239.20210196
https://doi.org/10.7544/issn1000-1239.20210196
https://doi.org/10.7544/issn1000-1239.20210196
https://doi.org/10.7544/issn1000-1239.20210196
https://doi.org/10.1109/tpami.2017.2772235
https://doi.org/10.1016/j.patcog.2022.108706
https://doi.org/10.1016/j.patcog.2022.108706
https://doi.org/10.1109/tfuzz.2023.3296503
https://doi.org/10.5555/2999134.2999136
https://doi.org/10.1016/j.ins.2017.01.001
https://doi.org/10.1016/j.ins.2017.11.057
https://doi.org/10.1016/j.ins.2019.01.022
https://doi.org/10.1007/978-1-4471-6811-9_8
https://doi.org/10.1007/978-1-4471-6811-9_8
https://doi.org/10.1007/978-1-4471-6811-9_8
https://doi.org/10.1007/978-1-4471-6811-9_8
https://doi.org/10.1007/978-1-4471-6811-9_8
https://doi.org/10.1007/978-1-4471-6811-9_8
https://doi.org/10.1007/978-1-4471-6811-9_8
https://doi.org/10.1007/978-1-4471-6811-9_8
https://doi.org/10.1007/978-1-4471-6811-9_8
https://doi.org/10.1137/1.9781611972788.44
https://doi.org/10.1109/cvpr.2011.5995500
https://doi.org/10.1109/TIFS.2014.2324277
https://doi.org/10.1109/isbi48211.2021.9434062
http://www.jos.org.cn/1000-9825/5319.htm
http://www.jos.org.cn/1000-9825/5319.htm
http://www.jos.org.cn/1000-9825/5319.htm
http://www.jos.org.cn/1000-9825/5319.htm
https://doi.org/10.13328/j.cnki.jos.005319
https://doi.org/10.13195/j.kzyjc.2020.0882
https://doi.org/10.13195/j.kzyjc.2020.0882
https://doi.org/10.7544/issn1000-1239.20210196
https://doi.org/10.7544/issn1000-1239.20210196
https://doi.org/10.7544/issn1000-1239.20210196

4752 HAFFIR 2025 4 36 A% 104

RE0I(1976—), 5, L, BIZER, ZETA
b2 2], BRI, BlE i 4.

THY(1963—), 55, @4, Bz, LA S0,
CCF A& i, HERT AN T e 51
SRR, WL 2], B2, KHE & B4

REZEQ2000—), B, WitAE, 3BT
S, PLAS .




	1 支持函数机
	2 孪生支持函数机
	2.1 提出的模型
	2.2 模型的性质和优化
	2.3 核函数空间的支持函数

	3 实验结果
	3.1 模拟的交叉类型的集值数据
	3.2 UCI 数据集上的实验
	3.3 手写体数字集上的实验
	3.4 医学图像集上的实验
	3.5 模型超参数的敏感度分析

	4 结论和展望
	参考文献

