gooooooobooooo—-4ooooo—-0boooba

0 O

obooboobooooboobbbibobodd

oo oof 0o 0 ff

Kernel Based Nonlinear Subspace Method for Pattern Recognition
Eisaku MAEDAT and Hiroshi MURASEt

0000 0O0ODOODO0OCOO0O00000oOoOoCOOoODODOOd Kernel based Nonlinear Subspace method]
KNSOOOOODODOoOOooooooooooooooooooooooooooooogoboogogooooodg
O0O00OO0O0OO0OO0OO0O0OoOoOoOoOoOO0O0O0O0OOO Support Vector MachineO OO OO OOOOOOODOO
goooopooooOoQoQoOoOoOoOoOOQUOOO0ODOCOOOOOCOOOOUOOOOOUDODODOODOOODODOO
dooooo00o0OoOoOoOoOoOoOOODOOO0OOO0OO0OQCOO0OO0OOO0OQCODOODODOOOODOODOODOOO
jo00000o0o0o0oooooo00oo000ooodoo00o0ooooooooooooooOoooooon
oooooooooo0oo0oooooooooooooooooooooOoOoOo0oooooooooooOoo
gooooQoooooooooOooooOoOoOOOO0OOOOOOOOOOUOOOODOOODODODODODOO
gdooooO0o0oOoOoOopDOoOoOoOoOO0OOO0OO0OO0OOOUOO0OOOOOOOOCOOODOOOOODOOODOOOOOO
gdo0ooooOo0oOoUOoOooUOoO0OOoOOO0OOOOOUODOOOO0O0OCOOODOOOOODOODOOOODOOO

oooooooooooo
oooaoo

1. 0 O00Od

gbobooboooooobooooooboooooo
goooboooobocobooboboboodoobooooooo
godoobodooooooobooooboobooboobooo
gbooboooboooboooboooboooboobooo
gbooooooboooboooboboooboooboobooon
goboooooboooboooobobooooooonoa
goooooooooooooooOooonooobod
goboooobooooooooobooooooooon
gooooboooooOobooooooooooooon
goooooooooodoobooobocooooaoo
gooooooobooboooboooooboboooobooo
goboobooobooobooobooboobooboobooboobooo
goboobobooooobooboooooboobobooo

gooobooooobobdooboooobobooobooo
gobobooboooobooboooooooooboooaon

INTTOODOODOOOOODODOOOOO0000O0O
NTT Communication Science Laboratories, Seika-cho,
Soraku-gun, Kyoto-fu, 619-0237 Japan
ffNTTOODODODDDOODODOODOOOOOOO
NTT Communication Science Laboratories, Atsugi-shi, 243—
0198 Japan

ooooooooooooOooooOoobooOoOo0OoOoOoOOObOOObOOOOOO

pobooooboobboooooobobobon
pooboobobboboooobbooobooba
00D [10é 0000000000000 O00D
0000000 [20000000 (300000000
0000 ¢400Do0bo00o0boboobDooooo
gobooooooboooooobooooobooboboo
gooooooooooooooooopooooed
goboooooboobooobooobooboooobog
gooooooboboobooooobooboobbooo
poboobooboboooboboboboobobbon
poboobooooboobobooobobobbooobon
goooooboobobobbooooboobbobo
goboobooboooooo
00o0o0ooO0oOO00ooOooogooooon Sup-
port Vector Machinell SVMO[5], (6] 0 000000
gosvMOOOOOoOoOoOooooooooooooo
goobooboogo20b000000oooboooo
gooooooboooobooobooooboooboboDbo
gooobooooooboooooooobboooobo
gooodoooopooooogoooosvMO 20
gobooooobobobboboboboobon
poboobobobooboobbobbobooboboo

600 0oooD0o0o0oo0O0 D-IT Vol J82-D-II No.4 pp.600-612 19990 40O



goboooooooooboooooboboOoboOoobooo

goooooooobooooooooo
goboooobopboobobobooboobobooo
goodoooboboootooooooooboooga
pobooboobooboobobooobbbobooa
gooooobbbobboooobuoboobobooa
goobooooboobobooobobooobobooooo
pobobobbobOuooooooobbooboobooo
gooboboobooboboobooooboooo o
goooooobboboooooobuooboboboo
gooodooboobooobooboobbobooo
gooooooboooboobon
ooooooooosvMOoooooooooo
poooboobooobbooobooooboboboobooo
gooobdobuoboobuoobuoobooboobobo
poboobodobobobobuoooooobuobooboobooo
poobododbobboooooobbobooa
gobobobooboooboobobooooboooo
goooooobobobobobobbooboboo
goooobobobooboboboooooobooooog
gooboobooboboooboobobobuoboo
000 OKNS OO0 Kernel based Nonlinear Subspace
method 00 0000000000000 [7]0[9]00
0000oooooooooooo oo

2. 0J00O0OOOOOoDOOoO0ODbOo

2.1 Parzen windowODOOOOOOOOO

oooboobbobbooooobboboboooa
Parzen window OO0 00000000 OO0OOCOO
000o0o0oUoooooOooooooooOooooo
0 [lljoobboo0ob0oooOooooobbooooboo
ooooO0oOoooopooUOooUoDooUoooooo
o0ooooooooooooooooooooooo
pooboooobobboooooooobobood
0000000000 o00oUoOOO 2uoboooo
goobbobooboobouoobbuoboobobooo
000000 f(x)OODOODOOD kOODDODOOO
xi (1=1,...,n) 0000

FO) = aik(x,x) (1)

0000000000D00D0000 0000000
00D00000x0 d0000O000000O0RDOO
0000000 DOoDOOoDOoORY00 R OOOOO

¢:x px) = (01(x),.. 00, (%) (2)

gboboboooooo xdy oo

dy
k(xy) = ¢()'(y) = > ¢i(x)aily)  (3)

pobobboboooobobuooboooooo
00o0o0o0o0o0o0oo0oooooooooooog
0 [12],[13]0

000 0OParzen window O OO OQOOOOOOO
oooo0oUooooooooUoooUooooooo
oooooOooUooooOoUooooOooooooog
pooobbboOooboobooobboooooooboo
goooooooboboobobboobobobooobooda
gooodooobbobbotooooooboboboood
00000 VapnikOOOOOOOOOOO Support
Vector Machinedl SVM OO O O [5], [6]0

2.2 0000OOOOOOO SVM

ooosvMOOoOooooooooooooooo
oobobooobobbbobbooouooooog
oo svMODODOooooooooooooooooo
o0oo0ooooooooooooooOooUooooo
O0ooooooooOooooooooooooog
0OsvMOOOO 000 [1jDOo0oboOoDoOOO
ooooooo SsyMOOooooooooooooo
ooooo0oopoOooOoOoooooOoo svMooo
0 é00000000DOOODOOOOOODOOO
OosvMOOOooooooo SsvMooooo 200
poooobbboobobobooooobobobood
pobobboooobbbooooobuooobooo
oooooobboboobooooobbobooboo
ooo

000000000000 x0yoOooO0OO k(x,y)
o000 30000 ¢0b0O0O0O0OD o000
O0000D0de O ¢o(x) 00 0D00DOO0OODO SVM
00000000000 k(x,y) O ¢(x) 0 ¢(y) O
pooboooobobobobbooooooog x0 yoO
poboooobooono

k(x,y) =x"y (4)
Kx,y) = (14 x'y)” Q
K(x,y) = exp (—w) ©)

000 p0000DO0DODOO0OOKOD 4)OOOODOO
¢ 000000000000 SvMOOOOoOoOooo

601



0000ooooooo '99/4 Vol. J82-D-I1 No. 4

(5)0 pO00D0DOOO0 (6)000 p*00000
00 Gaussian Radial Basis Function] RBF[14] O
0ooo[5,[600000 (3)00000000 ¢0
0000000000000 k(x,y) DOODODOODO
0000ooooooooooo 5o
goboboboboobooobobooboooobobo
goodo0oooU0oDooO 10 o00Oogooogogd
oo0oooooOoooo0ooooooo (b)ooo
0 0000 dy =a+pCp—100000000O0
gooooioocgoobobog 3ocoooooboog

00000000 0¢(x) 0000 1768000000

000000000000000000000000
000000D000000000000000000
0000020000 SVMOO0000000000
0000000 SVMOODOO00O000000000
000000000000000000000000
000000000000D000000000000
0000000000000

2.3 SVMOOOO

00O0SVMOOOODOO000000000000
000 10 SVYMOOOODO0O0OO00000 2000
000000000000000000000000
0000000000000 20000000000
000000000000000000000000
00 500000200SVMO 2000000000
000000000000000000000000
000000000000000000000000
000000000000000000000000
0000 [16),[170000 SVMOODODOO0O0000
000000000000000000000000
000000000000000000000000
00000000000 180000 SVMO 200
0000000000000000000 SVMOO
0000000000000 ([19),[2000000000
000000000000000000000000
0ooo0OoOoDoo0ooo0

3. DOO0oOOoDO

3.1 CLAFICOOUOOOODO

gobooobooooooooooocoobooooon
goooobooooooooobooooooooboon
gboboooooooooooooooooooooon
gooooooboooooooooboooooboooooo

gbooooobooboooooooboboooobooooo

602

01000000000000000000000
00000 KLOOOOOOOOO0000000000
000000000000000000000000
0000000000000D00000000000
000000000000000000000000
000000000000000000000000
000000000000000000000000
00000000000000000CLAFICO [21]
000000000000000000000000
000000000000000000 [22]0000
00000000000 [23]0

02000000000000000000000
0000 KLOOOODOOOOODODODOO000000
000000000000000000000000
0000000D0D0D000000000000000
000 [24000000

CLAFICOOOD0DO000000000000O0DO
000000000000000000000000
000000000000000000000000
0000000000CLAFICO000000000O
000000000000000000000000
000000000000000000000000
000D0000000000000000 CLAFIC
000000000000000000000000
CLAFICODOO0O0000OD0O00000000O0
0oo0Ooo0O00

3.2 000000000

00000000000000000000000
0000000000000000000000000
000 100000000000000000000
000000000000000000000000
0000000000000D00000000000
000000000000000000000000
020000000000000000000000
000000000000000000000000
000000000000000000000000
000000000000000000000000
000000000000000000000000
00000000000000000000

01000000000000000000000
000000000000000000000000
00000000000D000000000000
0[25000000000000000000000
000000000D000000000000000



goboooooooooboooooboboOoboOoobooo

goooooooooooooboooooooogn
goooooobooooooooooooooooo
gdtoodooobooboobooboobobooobooo
goooobooobooboobodoboobooobobooobo
gbooboboooooobooobooooboooboooboobooo
ooo0oz200000000D00D0C000D00

ooosvMOOOooooooooooooooo
goobobooooooooooboooooooobooon
gobooooooooooooooobooooooon
gooooooooooooooooooooooa
gooooobooobooooooooooooooo
00o000oooooooooooooo SsvMoOoo
o20000000000000000O00O0O0CO
O0o0oooooooooo0oooOooooon ¢0
gooooooboobooboboooooooooo
gboboboooooobd

4. DODOO0OOO0ODODOOOKNSOO

000000000000000000KNSOOD
0000000000000 00000000000
000D000000D0000D0000000000
000000000000000000000000
000000000

4.1 0000000D0O0O0OO0OO0O0O000
0000000000000 0000000000
0000000 SchélkopfOODOOODOOODOODO
00000000026 0000000000000
000000000 00000 ¢ 00000000
000000000000 000000000000
000D000000000000000000000
000000000000 000000000000
00000000000 000000000000
0000000000000 00000000000
000000000000000000o0n
000300 d00000d x1,...,%.0y1,...,
ymOzi,...,zz 0000 ¢ (R - R%)0000DO
00 Xg0Y,0Zy O

Xo = ($(x1),. -, b(xn))  (€R™™™) (T)
Yo = (1), dym)  (€R™™) (8)
Zy=($(z1),....¢(m))  (€R™X) (9

00000D0¢(x) (i=1,...,n) 00000000
¢, 00000

b= > blx) = 1 X1 (10)
i=1

gooooooooobodobodl,ooooo 100
DnDDDDDDDDDDDD&D

¢:x— P(x) — Py
000000 X;00 (10)0000

(RT—R%) (1)

X; = (d(x1) = Pory- - B(Xn) — Har)
:X¢_¢Mﬂ
X, - %xddm (€ R%“*™)  (12)

ooooooool,, 000001000 (n,n)0
ooooooooao

Y; =Y, - %X¢1nm (€ R%*™) (13)

(e R%™h (14)
000000000 (de,m) 00 YO(dg,!) 00 Z 0O
O000K(Y,Z)0000 (4,5) 000 ¢(yi)'e(z;) (=
k(yi,z;)) 000 (m,0) 00000000

1
Z; =2~ —Xolu

K(Y,Z)=Y.Z4 (15)

0000D0D0K 00000000000000
Gx(Y,2)0000 (4,5) 000 ¢(yi)e(z) 000
(m,) 0000000000 (13)0(14)0(15)000

GX(Y7 Z)
t
=Y;Z;
— K(Y,Z) - %K(Y,X)lnl - %LWK(X, 7)

1

+ — Lo K (X, X)L (16)

oooo

000000 X;0000000000000X5X;
00000 A (M2...22,)0000000000
000 r(=rank(X,)) 0000 0X;X500000
0000000000 L00000 X5X;0X5X)
0000000000000000 wOv; 0000
0 uovoaQo

U=(uy,...,u) (e R™") (17)
V=(vi,...,v,) (€ R (18)
VA 0
A= - (eR™T)  (19)
0 VA

603



0000ooooooo '99/4 Vol. J82-D-I1 No. 4

oooo
X;=VAU' (20)

0D00X;X5 0000000 ((x1),-..,¢(xa))
0000000 n0000000v; 0000000
0+0000000000000000000000
00

1
Vi:—Xﬂli 21
Va© ¢ 21
000000000000 ¢(z)0 v, 00000
t7 1 t t 7
v,p(z) = u, X:¢(z
3(z) = ——uX5i()
:j%dGﬂXm) (22)

0000¢(z) 0 v, 00000 VZ;0 (3,5) 00
ooooo

V'Z;=A"'U'Gx(X,Z) (23)

0000000000000A40 U000 X5X,0
0000 Gx(X,X)00O0O00OO0O00000000
oooo

000000000000 2000000000
0000 00000 v, 00 ¢(z) 00000 (15)
000000 KODOODOOOOOOO0O0O0O0O0o00o0
000000 ¥00000000000000000
0000¢00D0000000000D000

4.2 00000O0D000OOOOOOOOO0

000000000000000000000KNS
000000000000000000000000
000000000000000000000000
000000000000000CLAFICOOOO
000000000000000000000000
0000000000000 KNSOOOOOOOOo
0000000000000 00000000000
00000XO00000000000000000
000000000000z00000000000
000000000000000

OO0OCLAFICOO0O0DO0O0O00 KNSODOOO
O00D00K(X,X)=X,X, 000 d 00000
ON(@G=1,..,d)0000 X,00000 X,X40
X4X40000000000000000 wiv;O
00d 00 w,0v,0N000 (17)0(18)0(19) 000
0 U,0V,0A,0000000V, = (v;,...,v}y)

604

00000000000 ¢(z) 0000000000
0 P(z) 000000 (15)0(21) 000

da’

P2) =Y (Vi'd(@)” = Vi)

=1
(Ay) UL XG ()|
(A) UL K (X, 2)| (24)

0000d 0000000000000000000
000 P?z)0000000000000000 z
0oooooooon
000000000000000 KNSOOOOO
0D00Gx(X,X) =XjX; 000 d 00000
O X (i=1,...,d)0000 00000 X5X;0
X;X50000000000000000 wOv, O
O00d 00 wiv;O0XN 0000000 UypOVeD
Ay 000000000000 z0000¢(z) 00
¢, 0000000000000 ¢(z) D000
Lz)00000000000 Vg = (vi,...,ve) O
0000000000 ¢(z) 00000000000
P(z) D00DO0OOO0DOO 20 D*z) 0 L*z) O
Pi(z)000000000 (16)0(23)000

d/
D*(z) = ¢'(@)d(z) — Y (vid(2))’

= Gx(z,2) — |4, ' Uy Gx(X,2)|* (25)

goooooooooooooood Dz(z)EI[IEJ
000o0ooo0ooO0U0U0noU zO000OOOOOOO

0000000O0ooovu,0A, 0 KX,X)OO
0000Ux0Ay O Gx(X,X)ODOOODOOODO
goooodooOoooOoopoooooooooo
k(x,y) DOO0OO0OOO0OOOOOOOO0OOOO0 ¢O
gooooooooOooooooooooooooo

00000000000 0ooooooKNSOOO
000000000000 00000000000
000d 000000000000000000000
00000 cumulative proportion, c.p.00 0000
0000000000000 d00000ooooo
O0000o0ooOoooooO MM 2...2 )
gooo

d’ d
C.p. = Z )\i Zd) )\i (26)
i=1 i=1



goboooooooooboooooboboOoboOoobooo

0000000000 d' 000 cp.000ODOODO
gbobooooooooooo s.400000000

5. DO0DOOOOOoOoOoo

0000oooooooooKNSOOooooooo
000000000 O0o0oO0 kNN Support Vector
Machinel SVMIII OO OOOOLSSOOOOOOO
ooooOoOoooUooooooooOoooUoooo
o0oo0o0oO0ooooooooOooOooooooooo
O0000oO00oo0oooOoOonO 1000 64000 48
000oooooo20000000000 20000
0000000000000 D0O00 Probenl [27) 0
gobooo030000obooboobboboboooa
goooboobobooboooobbooobooood
poodooobobobobobobobooboooooda
000 KNSOOoooooooooo

000000 D0o0oOoO0o0OO0OLSSOKNSOOOOd
O «C’0oo «pPO000000OO0DOO CLAFIC
o00o0ooo0oooooooooooooooooo
SVMOKNSOOOOOOOOOOO polyOD rbfO0O
Ooooooo pU0O0OO (B)O(e)DOODODO
00o0o0o0oooU00o0ooooooooooooooo
KNS-P(rbf-10) 0 00 (6)0 00000000000
Op=10000000000000000 KNSO
0000000000004 00000000000
OOcp.000D0O00DO0OKD k-OODODOOOOO
OkOOOOeO SVMODOODOODOOOOO
ooooooooooog

5.1 O000O0OOOODOoOOooOOoO

oooooOoUooooooOoOoooOoOoooooo
Oo0oooOoooooooooooooooooog
goodbooobooboboboooobobobooda
0000000000000 D ETL-5 [28)0 0000
000000000 O0ooOOoDOo0ooon 480 10,608
oo 72xr76e00000000000O0OOOODODOO
000000oo0oooooooooD (19,149) 0000
0000000oO0ooooOoD 40x500000000
ooooOoOoOooooooooUoOoOoooooooo
oo0ooooouooOooo2o0000CcOooooO
00000000000 KLooooooe4OoOOO
0000000000000 O0OoOoooOO 20800
6400000000 10000000000O00O0DOOO
poodooobobooooooooobooooo
goobboboooouobooboboobboooooo

01 64000000000000D0DO0O00OO %O
Table 1 Classification error rates (%) against
64-dimensional multi-class patterns.
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c.p. d'(mean+s.d.) | train  test
# of patterns 4,800 4,800
kNN (k =1) 0.00 13.92
kNN (k = 5) 10.65 15.65
LSS-P 0.96 (58.5£5.7) | 0.25 6.58
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Table 2 Classification error rates (%) against 10-dimensional multi-class patterns.

d: dimension 10 10 10
# of classes 10 20 48

c.p. | d (mean +s.d.) train test | d (mean +s.d.) train test|d'(mean+s.d.) train test
# of patterns 1,000 1,000 2,000 2,000 4,800 4,800
kNN (k = 1) 0.0 11.7 0.0 22.5 0.0 274
kNN (k = 5) 7.9 11.9 13.7 21.2 18.2 27.0
LSS-P 0.81 394+05 14.0 16.8 3.9+0.7 258 29.8 4.0+ 0.7 36.1 39.5

LSS-C 0.85
KNS-P (rbf-15) | 0.96
KNS-C (rbf-15) | 0.95
KNS-P (poly-2) | 0.96
KNS-C (poly-2) | 0.98
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41.8 £9.0 0.0 8.4
17.8 £ 2.4 2.1 8.7
19.9 +£3.7 3.0 8.2

3.3+0.8 319 339
50.6 £ 8.9 0.0 16.2
42.3+£9.5 0.1 16.3
18.4+ 3.2 5.5 18.1
20.4+4.1 6.1 17.6
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18.3+ 2.8 7.4 20.2
20.5+ 3.6 7.5 19.3
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Fig.1 An example of 2-dimensional 2-class artificial patterns and classification
borders optimized by various classification methods.
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Fig.2 Scheme for the evaluation of classification performance (upper left) and the

comparison of error rates against 2-dimensional 2-class nonlinear patterns
by SVM, k-nearest neighbor rule (kNN), linear subspace method (LSS) and
kernel based nonlinear subspace method (KNS).
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Table 3 Classification error rates (%) against soybean data sets in Probenl.

Data set soybeanl soybean2 soybean3
Classifier training test training test training test
kNN k=3 7.38£0.87 852+£1.48 | 7.53+1.46 10.29£2.28 | 7.82£0.97 9.56 £+ 1.47
LSS-P d = 7.53+1.46 7.65+3.81|6.94+£256 9.26+1.47 | 7.53+1.46 9.26 & 1.47
KNS-P(rbf-2) d =5 |687+084 6.3243.01 | 7.01+242 9.5641.47 | 7.604+1.33 9.41 +1.44
KNS-P(poly-2) d = 8.11+0.65 7.64+£3.81|7.094+228 9.71+1.56 | 7.31+1.86 8.97+1.69
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