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Abs t r ac t .  Gabor filter-based features are useful for handprinted char- 
acter recognition. One needs to optimize Gabor filter parameters because 
the performance of Gabor features depends strongly on Gabor filter pa- 
rameters. One way to find the optimal values of the parameters is to 
analyze statistically the influence of the parameters on the error rate. 
In this paper, we discuss a statistical analysis of Gabor parameters for 
handwritten numeral recognition by experimental design. Our statistical 
analysis shows that optimal values of standard deviations (r~ and cry in 
Gabor filter are functions of the wavelength of the filter. In addition, it 

is shown that optimal values of o-~ and c~v can be separately set on the 
condition that cr~ > cry. 

1 Introduct ion 

In the handprinted character recognition field, significant research efforts have 
been made. However, no machine with a performance level similar to that of 
humans is developed. It is well known that the performance of a character recog- 
nition system depends strongly on the features used. Hence, we believe that by 
using the features similar to those extracted by the human visual system, the 
machine can achieve the performance similar to that of humans. Gabor filters[l] 
have been shown to be good fits to the receptive field profiles of simple cells in 
the striate cortex[2],[3]. This characteristic suggests that the Gabor filter-based 
features seem to be similar to features extracted by the humans and thus may 
be effective in classifying characters. Therefore, a Gabor filter-based method for 
handprinted character recognition is proposed[4], and it is shown that the Gabor 
filter-based features are very effective in classifying both handwritten numeral 
character[4] and handprinted Chinese character[5]. 

It is known that the classification performance of Gabor filter-based fea- 
tures depends strongly on Gabor filter parameters such as wavelength /~ and 
two-dimensional spread ~x and ~y of the filter[4]. Thus, one needs to determine 
optimal values of filter parameters. In some applications of the Gabor filter, val- 
ues of ~ and ~ry are determined on some conditions. For example, values of ~ 
and ~y are equal and constant in [6],[7]. On the other hand, some authors[8],[9] 
point out that cr..e and ~y are a function of )~, respectively. For handprinted char- 
acter recognition, however, very little is known about the conditions of optimal 
values of ex and ~v" We expect that if we find the conditions of optimal values 
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of a= and cry for handprinted character recognition, the conditions are useful to 
optimize the parameters which minimize the error rate. 

The purpose of this study is to study optimization of a= and Cy for hand- 
written numeral recognition. In order to find the conditions, we statistically 
analyze the effects of Gabor filter parameters on the error rate by experimental 
design[10]; this is a useful tool that provides a strategy of experimentation and a 
statistical method for analyzing effects of factors on observations. Our statistical 
analysis shows that the optimal values of ~r~ and ~ry are respectively functions 
of ),. In addition, it is also shown that the optimal values can be separately set 
on the condition that Cx >_ ¢y. 

2 G a b o r  F e a t u r e s  

A two-dimensional Gabor filter is defined by 

f (x ,y ,  Ok,£,crx,ay ) = exp + • e x p ~ i - - ~  (1) 

where R1 = x cos 0k + y sin 0k and R2 = - x  sin 0k + y cos 0k. )~ and 0k are the 
wavelength and orientation of the sinusoidal plane wave, respectively. ~= and 
a v are the standard deviations of the Gaussian envelope along the x- and y- 
directions, respectively. A rotation of the x-y plane by an angle Ok will result 
in a Gabor filter at orientation 0k. In this paper, the value of 0k is given by 
0k = 7c(k - 1)/m, k = 1, 2 , . . . ,  m, where m denotes the number of orientations. 

The Gabor feature can be viewed as the response of the Gabor filter located 
at a sampling point. The response is obtained by convolving the filter with an 
image. Gabor filters extract the orientation-dependent edge-like features from as 
small an area as possible. The sampling points were set according to the following 
procedure[4]: (1) find the circumscribing frame of the character in an image, (2) 
extend the circumscribing frame by a dots, (3) arrange 64 sampling points in 
the extended frame at regular intervals. From preliminary experiments[4], we 
used a = 3. First, we select values of the filter parameters £, ~= and ay, and 
let their values be fixed. Then, the Gabor feature corresponding the filter with 
orientation 0k at a sampling point (X, Y) is defined as: 

N ~ - - I N ~ - I  X, ÷ y)f(.) 
Y, :,, = t, I ( x  + r g(X, 

I x=-X y=-Y 
where I(x ,y)  denotes an N x N binary image and tzt denotes the absolute 
value of a complex number z. For each sampling point, m Gabor features can 
be obtained. Since 64 sampling points are used, 64m Gabor features can be 
obtained for each image. 

3 E x p e r i m e n t a l  D e s i g n  f o r  A n a l y z i n g  G a b o r  P a r a m e t e r s  

We describe our application of experimental design[10] for analyzing Gabor pa- 
rameters. 
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It is known that  the error rate of Gabor features depends strongly on Gabor 
filter parameters A, ~x and cry. Therefore, we consider an experiment with three 
factors ~, cr~ and cry. From preliminary experiments[4], we use the following 
levels of the three factors. 

~:3v%4v%5v~,6v%rv~ a=:2,a,4,5 ~y:2,3,4,5. 

Thus, 80(= 5 x 4 x 4) runs are made in an experimental block. In order to 
obtain more precise estimates of the effects, the runs are made in each of 10 
experimental blocks. That  is, we treat a randomized complete block design with 
three factors. 

To analyze the effects of factors, we assume a linear statistical model[10] as 
that  of the error rate. Further, analysis of variance is conducted to know whether 
the main or interaction effects are significant. In addition, to know whether two 
mean error rates differ significantly, the difference of the two mean error rates is 
tested by using t test. 

4 Experimental  Results 

We used the ETL-1 database[11] (10 classes, 1400 images per class) to evaluate 
the error rate of the Gabor features. Binarization was applied on the images. 
After a~, each sample is described as a 64 × 64 binary image. The value of m 
was set to 4, thus the number of Gabor features for an image was 256. We used 
the holdout method[12] for error estimation and adopted a nearest neighbor(i- 
NN) classifier. The following experiment was done. 

1. Replicate the following (a) and (b) 10 times. 
(a) Divide randomly the 1400 available samples into 400 training and 1000 

test samples for each class. 
(b) For all the set of levels of A, cr~ and a~, 

i. Obtain the Gabor features of all the available samples. 
ii. Design a 1-NN classifier by using the training samples. 

iii. Test the classifier by using the test samples to compute the error 
rate. 

2. Analyze the variance of the obtained error rates. Test the significance of 
difference between the minimum mean of error rate and the other means. 

The analysis of variance is shown in Table I. Figs.l and 2 plot the mean error 
rates against factors crx and cry for each level of factor A, respectively. Fig.3 plots 
the mean error rates against factor crx for each level of factor cry. 

From Table i, Figs.l and 2, we see that the interaction effects of two factors 
(~ × crx~ A × cry) are significant. This means that the optimal values of crx and ~y 
must be determined for each value of A, thus, the optimal values of ~x and cry 
are functions of A. This fact agrees with those presented in [8],[9]. On the other 
hand, Table 1 shows that the interaction effect of cr= × cry is smaller than the 
other two factor interactions. Moreover, in Fig.3, we see that the lines of cry are 
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approximately parallel, indicating a lack of the interaction between ~rz and ay. 

These mean that the optimal values of cr= and cry can be set separately. 

Table 2 shows the optimal values of (A, ~x, ~y) and the error rates which 

don't significantly differ from the minimum mean error rate. From Table 2, we 
find that the relation of the optimal values between crz and cry is crx -> cry. This 

relation is very interesting as compared with those used in [6],[7]. 

Table I. The analysis of variance. '**' denotes that the effect is significant at 1% level 
of significance. 

Source of 
Variation 

Ox 
~ry 

x (r= 
Axa~ 
(rx X~y 

A x ~  x~y 
Blocks 
Error 
Total 

Sum of Degrees of Mean F ratio 
Squares Freedom Square 

252.72 4 63.18 4720.60** 
89.52 3 29.84 2229.61"* 
50.02 3 16.67 1245.72"* 

221.35 12 18.45 1378.21"* 
96.69 12 8.06 602.00** 
14.23 9 1.58 118.16"* 
11.18 36 0.31 23.21"* 
6.78 9 0.75 56.3** 
9.52 711 0.01 

752.01 799 

T a b l e  2. The optimal values of (A, a=, a~) and the error rates which don ' t  differ 
significantly from the minimum mean error rate at 1% level of significance. 

A crx cry Mean Error 
[ Rate(%) 

4v~ 3 2[ 2.95 
5v~ 3 3 L 3.04 
4 ~  3 3] 3.07 
4 ~  4 21 3.08 

5 C o n c l u s i o n s  

In this paper, we discussed a statistical analysis of Gabor parameters for hand- 
written numeral recognition by experimental design. From our statistical analy- 
sis, it was shown that optimal values of crx and cry are functions of/~. In addition, 
it was shown that the optimal values can be separately set on the condition that 

O" x > (Yy. 
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Fig. 3. The mean error rates against a= for each level of cry. 
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