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In this paper, we propose two methods: 1) the feature selection using sub-
space based support vector machines (SS-SVM), and 2) empirical subspace
based support vector machines (ES-SVM). In 1), first using SS-SVM, we ob-
tain the optimum weights associated with all the eigenvectors of the covariance
matrix. Then, we iteratively select the eigenvectors according to the associ-
ated weights, which mean importance for classification, as the dictionaries of
the class subspace for classification. In 2), similar to cone restricted subspace
method (CRS), we define the subspace of a class using the mapping function to
the empirical subspace associated with the class. Thus, we do not need to solve
the eigenvalue problems, and the training cost is reduced. We demonstrate
the effectiveness of the proposed methods over the conventional methods for
benchmark datasets.
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000000000 ESLP-SVMOOOO000000000000000 Table 1 Two-class benchmark data.

Data Inputs  Training Test Sets
5. [ 0 Banana 2 400 4,900 100
B. cancer 9 200 e 100
0000020000000000000000000000000000000000 Diabetes 8 468 300100
German 20 700 300 100
000000000000 D0O00000O0 SS-SVMO ES-SVvMOOOOOOOOOOOO Heart 13 170 100 100
0000000000000 00000000000000000000KSMODOOOO Image 18 1,300 1,010 20
Ringnorm 20 400 7,000 100
0000000000000 SVMOOOOOODOO0OO0OO0OO00O0O000D00000000O0 F solar 9 666 100 100
ooo Splice 60 1,000 2,175 20
Thyroid 5 140 75 100
00000000000 000000000000 SS-SVMOO (A)000O0ooon Titanic 5 150 2051 100
0000000000 (P)O0O00D0OOO00O0O0O0O000OOONONONO0OONONONOOOon Twonorm 20 400 7,000 100
(Ab0DO0OD00000000000000 (N)OD000O Waveform 21 400 4,600 100
5.1 OD0OO0OO0OOO0O0O00 02 0000000000000
0100020000000000000%Y¥00200000000000000 Table 2 Multi-class benchmark data.
000 OoOoo0D00000000000000000000000000000000 ?““a Classes I“Tts Tfa;m“g T;“
ris 3 5 5
00000000000 10200 npus0000000Train0 10000000000 Numeral 10 12 810 820
000000000000 Test 000000000000Sets 10000000 Classes 0
0ooo0oooooo 03 000 Ss-SsvMOoOoooooooo

Table 3 Parameter values for conventional SS-SVMs.

5.2 00OO00OO0bDObOobOOobOOobOOooOOooOoooo
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B. cancer 85 3 0.1 0.5 1

5.2.1 Dooodoo Diabetes 95 3 102 | 0.5 100
0000000000000000000000 k040COT O k= {80,85,90,95,99, German 80 3 10 | 5 10
99.9}0~ = {0.01,0.05,0.1,0.5,1,1.5,3,5,10,15}0 C = {10~%,10~%,0.01,0.1, 1, 10, 50, Heart S B
Image 99 15 10 0.5 10

100, 500, 10,5 x 10%,10*,5 x 10%,10°}07 = {107°,107°} 00000000000 OO0 Ringnorm | 99.9 0.1 10* | 0.1 10°
00000000000000000000000+00000000000000000 Fs-slél‘f“ 28 ’ 18j 8? 182

plice .

0000000 v = {20,30,50,100,200,500,10°} 000 000000000000 O0 Thyroid o5 5 500 | 05 50
000 Titanic 80 5 01 |05 05
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030000 SSLS-SVMOSSLP-SVM 000 SSLS (A)OSSLP (P)00000000 Waveform | 80 5 10° | 1 s0
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000000000 SSLP-SVMOOOOOO0OO0O0OO0O0O0O0O0O00000000 O Numeral Numeral | 100 100 001 ] - ~
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Table 4 Parameter values for SSLS-SVMs using the proposed feature selection and SSLP-SVMs
without non-negative weights constraints.

Data SSLS (P) SSLS (Ab) SSLP (N)
0% C v C T ¥ C
Banana 1 100 1 100 107% | 05 10
B. cancer 1.5 5x107% 1.5 1074  107° 0.1 0.1
Diabetes | 0.01 10 0.05 0.1 107° | 0.01 1
German 3 0.01 3 0.1 107 | 0.5 1
Heart 0.01 0.01 0.01 001 107° | 05 10
Image 15 100 1.5 100 107% | 0.5 100
Ringnorm | 0.5 1 0.5 1 107 | 0.1 0.01
F. solar 0.1 10 0.1 1 10—° 0.5 1
Splice 1 1 1 1 107% | 0.5 0.5
Thyroid 1.5 0.1 0.5 50 107°% | 0.5 1
Titanic 3 104 1.5 107* 107 | 0.01 1
Twonorm 0.1 0.1 1 0.01 10~° 0.1 0.1
Waveform 1 0.1 1 0.1 107° 1 0.1
Iris 15 100 10 100 107° | o.o1  10*
Numeral 20 10 10 1,000 10°° - -
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05 SS-SVMOOO0O0O0D0O0OO0OOOO0O0O0 (%) OD0O0O0Ooooo
Table 5 Comparison of average recognition rates (%) and their standard deviations of test datasets

for SS-SVMs.
Data SSLS (A) | SSLS (P) SSLS (Ab) | SSLP (P) | SSLP (N)
Banana 88.9+0.6 | *89.3+0.4 | *89.5+0.4 | 89.0+0.6 | *89.3+0.5
B. cancer | 75.1+4.4 | 275.14+4.2 | £75.044.1 | 73.3+4.6 68.6+4.7
Diabetes 72.04+2.3 *75.242.0 *75.14£2.2 73.54+2.0 *74.742.0
German 73.842.2 | *75.242.3 | £74.4+2.1 | 70.9+6.6 | ©71.14+2.3
Heart 82.6+3.7 | *83.943.3 *83.9+3.2 | 83.1+3.8 | £84.0+3.4
Image 95.440.6 | *96.3+0.7 | *97.0+£0.6 | 95.1+1.0 | ©95.740.9
Ringnorm | 97.6+0.3 96.640.4 *98.24+0.2 | 98.240.2 | *98.5+0.1
F. solar 66.9+1.6 65.84+1.8 266.541.6 | 64.7£1.9 | *66.7+1.8
Splice 86.24+1.0 | *88.940.6 | *89.0+0.5 | 88.2+0.6 | *88.9+0.5
Thyroid 95.442.1 | £95.3+£2.3 | *96.2+1.9 | 96.3+2.2 95.442.7
Titanic 76.94+1.0 | 277.0£1.5 | *77.3+0.3 | 76.8+1.1 | £76.9£1.0
Twonorm | 97.740.1 97.6+0.1 297.740.1 | 97.64£0.2 | £97.6+0.1
Waveform | 89.14+0.8 | *89.840.5 | *90.0+0.5 | 89.34+0.7 | ©89.5+0.6
Iris 97.3 96.0 97.3 90.7 90.7
Numeral 99.0 99.3 99.4 - -
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Table 6 Dimension of each subspace and the deletion rate of dictionaries (%) by feature selection

based on the associated weights.

Data Class 1 Class 2 Deletion Rate (%)
Before After Before After
Banana 60.48 57.64 63.01 60.19 4.6
B. cancer 135.91 74.21 56.81 54.32 33.3
Diabetes 157.96 78.87 141.71 78.18 47.6
German 489.46 478.96 210.54 210.51 1.5
Heart 81.52 43.66 72.33 39.94 45.7
Image 508.45 303.55 645.7 327.2 45.3
Ringnorm 202.04 42.29 199.96 58.79 74.7
F. solar 34.33 26.51 62.65 44.91 26.4
Splice 517 425.75 459.9 363.9 19.2
Thyroid 70.64 58.06 42.69 38.98 14.4
Titanic 7.81 6.71 10.19 9.05 22.4
Twonorm 197.92 113.7 202.08 115.35 42.7
‘Waveform 267.6 115.14 132.4 98.82 46.5
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Fig.1 The relation between eingenvalues and weights associated with dictionaries for the thyroid
data (a) eigenvalues associated with dictionaries (b) weights associated with dictionaries.
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h(x) = A2 PT(H(x1,x), ..., H(xa, X)) (19)
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Table 7 Comparison of average recognition rates (%) and their standard deviations of test datasets
for orthogonal and non-orthogonal systems.

Data SSLS (P) | SSLS (P, O) | SSLS (Ab) | SSLS (Ab, O)
Banana 89.3+£0.4 89.3+0.5 89.5+0.4 89.5+0.4
B. cancer 75.1+4.2 74.7t4.4 75.0+4.1 74.6+4.4
Diabetes 75.2+2.0 75.1£2.0 75.1+£2.2 75.0£2.0
German 75.24+2.3 74.942.2 74.44+2.1 74.242.3
Heart 83.9+3.3 84.1+3.2 83.9+3.2 83.8+3.2
Image 96.3+0.7 95.8+0.8 97.0£0.6 97.0£0.7
Ringnorm 96.6+£0.3 96.3+0.5 98.24+0.2 98.3+0.2
F. solar 65.8+1.8 66.3+1.8 66.5+1.6 66.3+1.9
Splice 88.940.6 88.2+0.7 89.0+£0.5 88.540.6
Thyroid 95.3+£2.3 95.1+2.4 96.2+1.9 96.2+1.8
Titanic 77.0+£1.5 76.7£1.7 77.3+£0.3 77.1£0.9
Twonorm 97.64+0.1 97.6£0.1 97.7£0.1 97.64+0.1
Waveform 89.84+0.5 89.8+0.6 90.0+0.5 89.9+0.6
Iris 96.0 96.0 97.3 97.3
Numeral 99.3 99.3 99.4 99.4
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Table 8 Parameter values for ES-SVMs.

Data ESLS (P) ESLS (Ab) ESLP (P) ESLP (N)
v C o C T o C ¥ C
Banana 3 10 1.5 500 107° | 0.5 100 | 0.5 100
B. cancer 1 1073 0.05 1072 107% | 0.05 1 0.1 1
Diabetes | 0.01 500 0.01 500 107% | 0.05 0.1 | 0.01 10
German 5 1 5 10 10~¢ 0.1 1 0.05 1
Heart 0.1 1 0.01 100 107° | 0.1 1 0.1 1
Image 5 5 x 10°% 5 500 107% | 0.5 500 | 0.5 1000
Ringnorm 1 10 1 10 10~¢ 1 1 0.1 1
F. solar 0.1 10 0.1 10 1075 | 0.1 10 0.5 1
Splice 1.5 100 1 10 1075 | 0.05 500 | 0.5 50
Thyroid 1 10 1 10 1076 3 1 1 10
Titanic 1.5 1073 1.5 1072 10°¢ 1 1 1 1
Twonorm 1.5 0.1 0.5 1 107°% | 0.05 1 0.05 1
Waveform | 1.5 1 1.5 1 1079 | 0.1 10 1.5 1
Iris 15 1 3 100 107° | 0.5 500 | 0.5 500
Numeral 50 1 15 1000 107° - - - -
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Table 9 Average recognition rates (%) and their standard deviations of test datasets for ES-SVMs.

Data ESLS (P) ESLS (Ab) | ESLP (P) ESLP (N)
Banana *89.54+0.4 | £89.54+0.4 | ©£89.140.6 89.1+0.5
B. cancer | £73.944.7 | ©74.14+4.5 69.745.1 £69.04+4.5
Diabetes | ©75.04£2.0 | ©75.0+£2.0 | *74.3+2.8 | ©£75.042.1
German 74.342.1 2747425 | 2716426 | ©71.6+2.5
Heart £84.0+£3.3 | ©84.0.£3.2 | *84.5+3.1 | ©84.5+3.1
Image *96.840.5 | ©97.0+£0.6 | *96.24+0.5 | £95.840.6
Ringnorm | *96.8+0.4 96.740.4 *98.340.2 98.040.3
F. solar *66.5+1.5 £66.5+1.6 | *67.3+1.8 | *67.2+1.7
Splice £89.1+0.7 | ©89.1+0.6 87.740.9 87.7+0.9
Thyroid *95.941.9 | ©£96.0+£2.0 | 94.5+2.8 £94.942.3
Titanic *77.3+0.4 | £77.3+0.3 | 76.3+2.1 76.342.1
Twonorm | £97.6+0.1 97.6+0.1 97.3+0.2 97.3+0.2
Waveform 89.7+0.5 89.840.5 88.640.5 88.8+0.7
Iris 96.0 96.0 93.3 93.3
Numeral 99.3 99.3 - —

010 0000 (s)000
Table 10 Comparison of training time (s).

Data SSLS (P) SSLS (Ab) SSLP (N) | ESLS (P) ESLS (Ab) | ESLP (N)
Banana 0.39 0.39 4.59 0.29 0.29 4.21
B. cancer 0.23 0.23 0.87 0.13 0.12 0.61
Diabetes 0.64 1.33 8.59 0.39 0.57 4.49
German 9.38 9.67 65.4 6.45 6.51 32.2
Heart 0.13 0.13 0.55 0.09 0.09 0.46
Image 53.1 46.6 406 36.1 39.8 624
Ringnorm 1.76 1.78 11.9 1.25 1.26 4.5
F. solar 1.24 1.25 19.9 0.87 0.98 14.5
Splice 26.7 25.9 208 18.7 19.2 538
Thyroid 0.08 0.06 0.19 0.05 0.05 0.0.9
Titanic 0.02 0.02 0.18 0.02 0.02 0.09
Twonorm 1.73 1.73 9.34 1.24 1.25 2.79
Waveform 1.92 1.86 11.2 1.31 1.21 5.91
Numeral 3.11 3.25 - 2.31 2.25 -
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Table 11 Average recognition rates (%) and their standard deviations of test datasets for KSM,
SVM, SSLS (Ab), and ESLS (Ab).

Data SSLS (Ab) | ESLS (Ab) SVM KSM
Banana | *89.540.4 | *89.5+£0.4 | 89.3%0.5 | 88.6+0.6

B. cancer *75.04+4.1 *74.14+4.5 72.44+4.6 75.0+4.2
Diabetes 75.142.2 75.042.0 76.3+1.8 | 73.441.7
German 74.142.1 74.742.5 76.242.2 | 75.142.2
Heart £83.943.2 | ©84.0+3.3 | 83.7£3.4 | 80.4%3.3
Image £97.040.6 | ©97.04£0.6 | 97.340.4 | 96.340.6
Ringnorm | *98.2+0.2 96.740.4 97.840.3 | 76.5+£11.1
F. solar 66.5+1.8 66.5+1.6 67.6+1.7 | 65.1+1.8
Splice £89.040.5 | ©89.14+0.6 | 89.240.7 | 87.6+0.8

Thyroid £96.2+1.9 | £96.0+2.0 | 96.1+2.0 | 95.6+2.0
Titanic *77.3+0.3 | *77.8340.3 | 77.2+1.1 | 76.6+1.2
Twonorm | *97.74+0.1 | 297.6+0.1 | 97.6+0.1 | 97.640.1
Waveform | ©£90.0+0.5 89.840.5 90.0+0.4 | 88.5+0.6
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