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ABSTRACT
An on-line writer dependent Khmer character recognition method based on FIR system characterizing
handwriting motion has been proposed in this study. Two features, the trajectory and velocity of
Barycenter of pen-tip movement in handwriting process, were used to describe the handwriting
motion in handwriting process. The Barycenter trajectory and its velocity of the pen-tip movement,
afterward, are expanded into wavelet series to extract the time-frequency characteristics of the
handwriting motion. Consequently, Finite Impulse Response (FIR) Wiener filter was then applied to
reduce the fluctuation of the wavelet coefficients. Moreover, the FIR system characterizing the time-
frequency characteristics of the handwriting motion is introduced by using wavelet coefficients of the
velocity and trajectory of the Barycenter with fluctuation reduced as the input and output of the FIR
system, respectively. As a result, the obtained impulse response of the FIR system is considered as
the individual feature for a particular character. Finally, Khmer alphabets can be recognized by using
the Euclidean distance between the impulse responses obtained from the reference alphabets and
those of the alphabets to be recognized. Khmer character recognition experiments were performed on
a database consisting of 6,750 of numerals and alphabets written by 17 people. The average of the

recognition rate was 98.17 % as the obtained result from the experiments.
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CHAPTER 1

Introduction

Khmer is the official language used in Cambodia, a country in South-East Asia. The
language belongs to the group Khmer-Mon in the family of Austro-Asiatic language spoken
in South-East Asia and in India. Khmer language is based on the alpha-syllabic writing: The

symbols can represent either a character, a syllable or a word.

Writing Khmer language is based on the 33 dependent consonants, 28 dependant vow-
els, 15 independent vowels, and some punctuations. Each consonant has its own foot.
Figurel.1 shows the 33 dependent consonants, Fig.1.2 shows the 33 dependent consonants

and each of their feet, and Figl.3 shows the Khmer numeral.

Unlike other languages in the world, Khmer has its own unique style of writing. One
consonant can change its own format depending on the place it stands. Moreover, its shape
is different from other languages such as English, Japanese, Chinese etc. More information

related to Khmer writing style is in [Appendix A].

The Figures 1.1, 1.2, 1.3, illustrate the sample of Khmer writing alphabet samples.
However, in the handwriting styles, it has become a fact that the way people write the char-
acter is unique varying from person to person depending on many factors such as age, sex,
habit, psychological or mental state, physical and practical condition as also stated in [3]. For
instance, size and shape of the handwritten scripts, location of the handwritten scripts, and
duration time in handwriting process of the scripts are never precisely the same although the
scripts were written by the same writer. These are considered as the fluctuation in fluctuation

of handwriting motion in handwriting process.
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Figure 1.4: Khmer numeral from “zero” to “nine”

Since there exist a high fluctuation in handwriting process as has just been mentioned,
the question is “how can we determine a stable feature to represent a character written by a
specific writer?”. To answer the question, 1t is absolutely necessary to extract a more con-
sistent and not-likely-to-vary feature for a handwritten character of a specific writer. The
so-called feature is known as the stable feature. To do so, the feature extraction is an un-

avoidable issue for on-Line Khmer character recognition.

Many researches have been done on on-line and off-line character recognition, among
those there are some have been done on off-line Khmer character recognition like the work
[2]; however there seem less of those have been done on on-line Khmer character recogni-

tion.

Many methods for on-line character recognition have been reported [1,3,5-7]. In
those methods, the pen-tip position was used to recognize the characters. It is considered
that pen-tip used directly in [3] is not effective enough to extract the feature of the handwrit-
ing character. In work [6, 7], the Barycenter determined from the center point of the script
and two adjacent pen-tip positions with respect to time in handwriting process was used to
extract the feature of the handwriting character. In this study, a writer dependent character

recognition method is investigated using the Barycenter instead of the pen-tip position to ex-



tract the handwriting feature. The major advantage of the writer dependent method is that not
only is it easier to customize special handwriting style for a particular writer, but also can be
recognized special symbols for a particular writer as stated in the work [7]. In the work [7],
the Fourier approximation was used to extract the handwriting feature for particular person.
However the Fourier approximation was not enough to represent the handwriting feature for
a specific person. It is considered that a person should have his/her own handwriting style in
handwriting a script. In order to extract the individual handwriting feature in writing a script,
it is desirable to use the time-frequency characteristics of handwriting motion. In this case,
the trajectory and the velocity of the Barycenter are expanded into wavelet series to extract
the time-frequency of the handwriting motion. After that, the FIR (Finite Impulse Response)
Wiener filter is used to reduce the fluctuation of wavelet coefficients. Moreover, that FIR
system is used to characterize the handwriting system by taking the obtained approximated
wavelet coefficients of the velocity and the trajectory from the FIR-Wiener filter as the in-
put and output, respectively, of another FIR system. Stated in [9], the impulse response can
completely specify the characteristics of the FIR system; and the FIR system represents the
relation between the handwriting motion and the trajectory of the handwriting characters so it
means the impulse response of the system expresses the character handwriting system. This
leads the obtained impulse response of the FIR system can be used as the individual features
for a particular character of a specific writer. Finally, characters can be recognized by the
Fuclidean distance between the impulse response obtained from the reference characters and

the characters to be recognized.

The objectives of this study are:

1. To propose a new method to extract a stable and individual feature of handwriting for

on-line Khmer writer dependent recognition.
2. To represent the handwriting process for Khmer character as a system.

The thesis is composed of seven chapters as follows:



Come with the introduction, the background on the study of on-line writer dependent

Khmer character recognition, the aim and structure of this thesis are described in Chapter 1.

In Chapter 2, the basic idea to represent the handwriting process as dynamic feature
of handwriting process as a system is presented. First, the velocity and trajectory of the
Barycenter of pen-tip movement in handwriting process have been considered as the dy-
namic feature of handwriting motion. The Barycenter is determined from the center point
of the script and the two adjacent pen-tip positions with respect to time in handwriting pro-
cess. In this study, the handwriting system is defined as a system characterizing the dynamic
feature of handwriting motion. It is considered that the difference between the handwriting
motions can be represented by that between the handwriting systems. The impulse response
of the handwriting system is used to represent the different between handwriting systems.
Furthermore, the handwriting system is realized by the Finite Impulse Response(FIR) sys-
tem taking the wavelet coefficients of the velocity and the trajectory of the Barycenter as the
input and the output of the system, respectively. Then the dynamic feature of handwriting

motion can be described by the impulse response of the above FIR system.

As previously mentioned, size and location of the script, the duration time, and the sen-
sitive in handwriting process of scripts written by the same or different writer are never the
same. These are considered as the fluctuation of handwriting. In order to extract the stability
of handwriting feature, the fluctuation of handwriting should be reduced. In this chapter,
three kinds of normalization, size normalization of the script, location normalization, and
duration time normalization of the handwriting script, are followed to reduce the above men-
tioned fluctuations of handwriting. In Chapter 3, the preprocessing to reduce the fluctuation
in handwriting process is discussed. It is shown that the fluctuations of handwriting related
to size of script, location of script, and the duration time in handwriting process of the script
can be reduced by using the simple normalization of the size of the script, normalization of

the location of the script, and the normalization of the duration time in handwriting process



of the script.

A method to extract the stable feature of handwriting motion is described in Chapter
4. First, the velocity and the trajectory of the Barycenter determined from the center point
of the script and the two adjacent pen-tip positions with respect to time in handwriting pro-
cess are defined by a complex valued function to describe the handwriting motion. Then the
above two features are expanded into wavelet series to extract the stable feature of handwrit-
ing motion. Next, the handwriting system characterizing the handwriting motion is realized
by using the the above wavelet coefficients as the input and the output of the FIR system,
respectively. Therefore, with the above FIR system , the on-line Khmer character recognition
problem can be reduced to system identification problem. It is considered that the impulse
response of the above FIR system represents the stable and individual feature of handwriting

motion.

In Chapter 5, the on-line Khmer character recognition algorithm is introduced. The
Euclidean distance between the obtained impulse response from the previous chapter of the
reference characters and the character to be recognized is used for Khmer character recogni-

tion.

Details of the database for Khmer character recognition experiments will be presented
in chapter6. The effectiveness of the proposed method will be concluded with the experi-

mental results.

And finally, the Chapter 7 is the conclusion in which the results obtained in this study

are summarized and future works are described.



CHAPTER 2

FIR System Characterizing a Handwriting Motion

In this chapter, the basic idea to represent the handwriting process as a system is described.

We consider that the handwriting motion is described by the following two features:

1. The velocity v(t) of the Barycenter trajectory determined from the center point of

script and the two adjacent pen-point positions.

2. The Barycenter trajectory 2(t).

Figure 2.1 shows the trajectory of pen-tip position and the Barycenter for Khmer nu-
meral “two.” (z(%.), Y(t)) is a coordinate of pen-tip position and (r.(t,),7,(t,)) is a coor-
dinate of the barycenter. Figure 2.2(a) shows examples of the v(t) and z(t) obtained from
Khmer numeral “two.” The effectiveness of the above features used to describe the handwrit-

ing motion will be presented in the Section 4.1.

In this study, the handwriting system is defined here as a system characterizing the
dynamic feature of handwriting motion. In this case, the velocity u(t) and trajectory z(t) of
the Barycenter are used as the input and output of the handwriting system, respectively. With
this handwriting system, the difference between the handwriting motions can be represented
by that between the handwriting systems. Then the impulse response of the handwriting
system is used to represent the difference between the handwriting systems. In addition, the
dynamic feature of handwriting motion can be characterized by the impulse responses of the
handwriting systems. Figure2.2 shows the handwriting system characterizing the handwrit-
ing motion for writer A and B, where v(t) and z(t) are used as the input and output of the
handwriting system, respectively. Thus, if v(t) and z(t) obtained from character A are differ-

ent from those obtained from character B then the handwriting system of character A must
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be different from the handwriting of character B. Furthermore, the handwriting system is re-
alized by the FIR system characterizing the handwriting motion. Moreover, in this study, the
Wavelet series of v(t) and z(t) are used to extract the individual time-frequency characteris-
tics of the handwriting motion in handwriting process. Then the FIR system approximating
the handwriting system is realized by using the wavelet coefficients of v(t) and 2(t) as the
input and output of the FIR system, respectively. It is assumed that the FIR system can be
described by the following equation:

M-1
§tk) = > hm)f(k—m), 2.1)

m=0
(k - 0) 17'-')K 77 1))

where f(k) and g(k) are the input and the output of the FIR system, respectively,
corresponding to the wavelet coefficients of the velocity v(t) and the barycenter trajectory
#(t) which were mentioned previously; and §(k) is the approximation of g(k). M is the order
of the FIR system with the optimum value of 6 selected by try and cut in many experiments,
K is the total number of the input and output sequence of the FIR system, and h(k) is the
impulse response of the system.

Then the impulse response of the FIR system is determined in the least-square, de-

scribed in [10, 11], and [Appendix B], sense as

K-1
E= Zle(k)P——)mz'n, (2.2)
k=0

e(k) = g(k) — g(k),

where the above e(k) is the error of the approximation between 9(k) and g(k). Then the
impulse response obtained from the above FIR system is used as the stable and individual
feature of the handwriting motion in handwriting process. The details will be explained
in Sections 4.2 and 4.3. Figure 2.3 shows the FIR system approximating the handwriting
system. In this case, the wavelet coefficients of the velocity and the Barycenter trajectory

as previously mentioned as the input f(k) and the output 9(k), respectively. Figure 2.2
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shows the FIR system of Khmer numeral “two.” It can be seen from Fig.2.2 that the impulse
response h(k) of the FIR system obtained from character A is different from that obtained
from character B; and therefore the difference between the handwriting motions of characters
A and B can be represented by that between the impulse responses h( k) of the FIR systems
for characters A and B. In this study, the on-line Khmer character recognition problem is

reduced to the system identification problem.



CHAPTER 3

Preprocessing

It is well known that there is a large fluctuation in handwriting process. For instance,
the size, location of the written scripts, and the duration time in handwriting process of the
same scripts, no matter if they are written by the same or different writers, are never precisely
the same. As can be seen in Fig.3.1 which shows the example of the Khmer numeral “four”s
written by the same writer, it can be seen from Fig.3.1(a) that all the sizes of the scripts and
the locations of the Khmer numeral scripts are different. In addition, it also can be seen that
all the duration time in handwriting process of the Khmer numeral scripts are different. It
can be stated that time in handwriting process are the fluctuation in handwriting process. To
be able to recognize the character more effectively such fluctuation should be reduced. In
doing so, preprocessing process is the first step in character recognition.

In this chapter, the preprocessing process to reduce the fluctuation of handwriting mo-
tion in handwriting process is discussed. Three kinds of normalization to reduce the above
mentioned fluctuations of the handwriting will be described here. First, a normalization
to reduced the fluctuation of handwriting related to size of the seripts will be described in
Section 3.1. Then the a normalization to reduce the fluctuation of handwriting motion in
handwriting process related to the location of the scripts will be described in section 3.2.
And finally, a normalization to reduce the fluctuation of the handwriting related to duration
time in handwriting motion in handwriting process of the scripts will be described in Section

3.3.
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3.1 Size nermalization of the script

It is assumed here that Khmer characters are written on a graphical tablet. The hori-
zontal and vertical components of pen-tip position at a time, t = (= t,), in handwriting
process are denoted here as z(t,,) and Y(t,), respectively, where 7 is a constant sampling
rate. As shown in Fig.3.1(a), all the sizes of the scripts even they were written by the same
writer are different, In this section, the size of the script is standardized after removing the
duplicated points of pen-tip position. In order to make a standard size of the scripts, the

horizontal and the vertical components, z(,) and y(t,) are normalized as

p(tn) — min(p(t,)) ~
maz(p(t,)) — min(p(t,))’ L = (&) (3.1)

ﬁ(tn) 7

where

min(p(t,)) = ming<,en_; p(t,),

maz(p(tn)) = Maxocnen_1 p(t,), p = (z,9),
and N is the total number of sampled points of pen-tip position varying from one script to
another.

The example of size normalization is shown in Fig.3.2. The first row shows the plot
of z, y coordinates of pen-point positions for Khmer numeral “two” written by the same
writer before and after normalization of size of the script, the second and the third row
show the figures of the z, and y components of the pen-tip positions obtained from the first
row with respect to time in handwriting process plotted separately. It can be seen that the
fluctuation related to the size of the script can be reduced after passing size normalization.

The effectiveness of size normalization was also described in the work [7].

3.2 Location normalization of the script

In the previous section, the fluctuation related to the size of the scripts has been re-
duced. Then arrived the fluctuation related to the location of the scripts to face with, As
shown in Fig.3.1(a), all the location of the scripts even written by the same writer are differ-

ent. This section will elaborate the location normalization of the script.
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Original data After size normalization
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Figure 3.2: Khmer numeral “two” written by the same writer; (a) Original data, (b) after
normalization of size of the script
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The location of the script is normalized as follows:
] N1
& = 5D 0tn),p = (z,9) 3.2
n=0
P(ta) = Bltn) —cpn=0,1,2..N —1 (3.3)

where ¢, is the center point of a script, and j5(t,,) represents the scripts after location normal-

1zation of size and location of the script,

y, P ae

05}

| ¢, =0(0,0)

L
-0.2
-0.4,

0 . ' s ' : 1 : : y 08 s : . : L ;
0 01 02 03 04 05 08 07 08 09 12 08 -08 -04 -02 0 02 04 08 o~

(a) (b)

o8t

07p
08

05|
04}
03
02

01

Figure 3.3: Khmer numeral “two” written by the same writer; (a) After size normalization
of the size of the script, (b) After normalization of the size and location of the script, Cp =
(¢, ¢y) is the central point of the script

The example of location normalization is shown in Fig.3.3. Figure 3.3(a) shows the
plots of Khmer numeral “two” written by the same writer after passing size normalization,
and Fig.3.3(b) shows the plot of the scripts in Fig.3.3(a) after normalization of size and
location of the script. From this figure, it can be seen that the fluctuation related to location
of the scripts is reduced after passing the normalization of location of the script. Figure
3.4 shows the plots of the Khmer numerals “one,” “two,” and “three” obtained from writers
A and B before and after normalization of the size of the scripts, respectively. The first
column shows the original script, the second column shows the scripts after passing size
normalization, and the last column shows the scripts after size and location normalization,

The effectiveness of location normalization of the script was also described in the work [7].
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Figure 3.4: Khmer numeral “one,” “two,” and “three” written by two writers; before and
after size normalization of the size of the script, and normalization of the size and location

of the script
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3.3 Time normalization of the script

As can be seen in Fig.3.1(b) that the duration time in handwriting process of the
scripts written by the same writer are different. Subsequently, to reduce the fluctuation of the
duration time in handwriting process the of scripts, a normalization of the duration time in
handwriting process is performed in this section. In order to normalize the duration time in
handwriting process, piecewise-linear functions (PLFs) of v;(t,) and 2;(t,) are determined
by connecting the two adjacent components with a straight line. The PLFs can be described

as-follows:

N;—1

a®) = > q(ta)palt),t€T (3.4)

n=0

where g = (27, 2™, vreet, v;™9),

Sttty 4 € [tn—l,tn]

tn—tn-1

Pa(t) = ¢ 2L e [ty toyy] (3.5)

tn+1—tn
0 t/<dn_yor| A=t

N; is the sampled points of the script of a stroke § of a character varying from one stroke of a
character written by a specific writer to another, and T is the duration time of the handwriting
process. Then the duration time is T’ normalized as T = Ty, by using eq.(3.4), T = Th,
is the normalization of the duration time in handwriting process of the script determined by
using the training data for a character of a particular writer. Figure 3.5 shows the plot of
§(t.) before and after using piecewise-linear function. It can be seen from Fig.3.5 that the
discrete data is interpolated into continuous data by using the piecewise-linear function.
Figure 3.6(a) shows the plots of the horizontal and the vertical components, Z(t) and
#i(t), of the scripts obtained from the Barycenter after size and location normalization of the
script; on the other hand fig.3.6(b) shows the plots of the horizontal and the vertical compo-
nents Z(t) and §(¢) of the scripts obtained from the Barycenter trajectory after passing the
normalization of the duration time in handwriting process of the scripts. It can be seen from
Fig.3.6 that the fluctuation of handwriting related to the duration time in handwriting process

of the scripts can be reduced after passing the normalization of duration time in handwrit-
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Figure 3.5: §i(t,) before and after Dpiecewise-linear function

ing process of the scripts. The effectiveness of size normalization was also described in the

work [7, 8].

3.4 Summary

The fluctuations of the handwriting related to size of the script, location of the script
and duration time in handwriting process of the script has been discussed. Then it was shown
that the above fluctuation can be reduced by being passed the three kinds of normalization
with respect to size of the script, location of the script, and the duration time in handwriting

process of the script.
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CHAPTER 4

Feature Extraction

In this chapter, a method to extract a stable and individual feature of handwriting
motion is discussed. First, the velocity and traj ectory of the barycenter determined from
the center point of the script and the two adjacent pen-tip positions with respect to time in
handwriting process are defined by a complex valued function to describe the handwriting
motion in section 4.1. Then the wavelet series of the velocity and the Barycenter trajectory
are performed to extract the time-frequency characteristics as described in Section 42. Fi-
nally, the handwriting system characterizing the handwriting motion is realized by using the
wavelet coefficients of the velocity and the Barycenter trajectory as the input and the output
of the system, respectively. The impulse response of the above FIR system characterizing

the handwriting motion is discussed in Section 4.3.

4.1 Velocity and Barycenter trajectory of pen-point movement in hamd-
writing process

It is assumed that the handwriting motion can be described by two features— The
velocity and the Barycenter trajectory of pen-tip movement in handwriting process [3]. Then
in order to reduce a sensitivity of handwriting motion in handwriting process, a trajectory
of the Barycenter determined from the center point of a script and the two adjacent pen-tip
positions with respect to time in handwriting process is used. The Barycenter coordinates
(rz(ta), 7y(ts)) shown in fig.4.1 are calculated by the following equations:

E(tn) + #(tns1) _ )+ 9(tas)
3 yTy(tn) = 3 : 4.1)

To(tn) =

where n = 0,1,2...N — 1. Furthermore, in order to reduce another fluctuation such as
duration time in a part of handwriting process, a segmentation of handwriting process is

performed. The pen-up signal is used as the segmentation point for separating a Barycenter
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~

trajectory into a set of components’ strokes, Then the handwriting motion in the handwriting

process for each stroke can be described by the following equations:

4(tn) = rQ(ta) +jrP(ta), (4.2)
’Ui(tn) = zi(tn)‘zi(tn—l)) (43)
i=v=1,,i=1,2.N,

where z;(t,,) represents the Barycenter trajectory, v;(t,) represents the average of the veloc-

}7 Pen-point position

’ ’
’
L -

7

s
’

Barycenter

/
’

-t e

LA N

t 43 0 243 42

e

Figure 4.1: (a) Khmer numeral “two.” (b) v(t.) obtained from pen-tip position, (c) v(tn)
obtained from the Barycenter

ity between the two adjacent Barycenter points, and N, is the total number of strokes in the

handwriting process of handwriting character after segmentation. After that, we define the
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following equations:

zi(t,) = zireal(tn) + jziimg(tn) (4.9

Uitn) = 07 (t) + J0i™(t,) (4.5)

where 2;(t,) and v; (tn) are complex valued functions which represent the trajectory and the
velocity of the Barycenter, respectively. Figure 4.1(a) shows the plots of the pen-tip posi-
tion and the Barycenter trajectory for Khmer numeral “two,” Fig.4.1(b) shows the plot of
the velocity obtained from the pen-tip position, and Fig 4.1(c) shows the plot of the velocity
obtained from the barycenter. It can be seen from Figs.4.1(b) and (c) that the v(t,) ob-
tained from the Barycenter is less sensitive than that obtained from the pen-tip position. The

effectiveness of using the Barycenter for on-line writer recognition was reported [3].

4.2 Wavelet series of the velocity and the Barycenter trajectory

In this section, in order to extract the time-frequency characteristics of the handwriting

process, the z;(t,) and v;(¢,) obtained in the preceding section are expanded into wavelet

series as
2lo—j M—1 21
{0 = > &) Bennlt) + 3 S dO(kypes(c), (4.6)
k=0 I=ly k=0

q= ('U,', Zi), lo = 0, 1, 21_: -1
where 1) ,(t) is orthonormal wavelet:
Ura(t) = 2422k — k) 4.7)
<Uhsbnn> = [ gt

= 6l’m6k’n (4.8)
and (1, (t) is the scaling function:

Dk, 1o (t) = 210/290(2lot - k)’ (10: ke Z)
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where Haar function is used as mother wavelet Yk, O1,m is a Kronecker delta, and cf)(k)
and dl(q) (k) , respectively, are the approximated and the detail wavelet coefficients obtained
through the inner product dL(q) (k) =< q,vx; >, and the scaling function coefficients obtained
through the inner product cL(")(k) =< ¢, ¥k, >. Figure 4.2 shows how the approximation

and the detail coefficient obtained from using the filter bank of Haar function.

a Approximation coefficients
A .‘>@__’> Detail coefficients

Figure 4.2: Block diagram of filter bank

Figure 4.3 shows the two level filter bank, from one level to another the input signal is

down sampled by two.

: ®
0 p s O e 0 S R S W7y )
®

Figure 4.3: two-level filter bank

¢;(0)\d; (k) .y (B) dak+dl . dk) . dL(QL'-l)

Figure 4.4: Feature vector at level | taken as the input and output of the FIR system
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To simplify the explanation, we define the following functions:

ciq) - [cl(q)(O),ch)(l),...,CL(Q)(?}—l)]', (4.9)
A = [d2(0),d(1), .., d(2 - 1)}, (4.10)
aEQ) = [cf,qk)’ dg(,qk)> dl(i)l,k+1’ " dl(i)g,kné—l], (4.11)
a&),k) = ag(kml))'l'jag:mg)),q = (v, 2;) (4.12)
a'® = [0, £, .. O] (413)
A = (1,60, ., ) (4149

where af’) is the feature vector of wavelet coefficients at stage [ shown in Fig.4.4, N is a
total number of element in aEQ) , L 1s the number of the feature vector level, and [.]’ means
the transposition. After that, the FIR Wiener filter shown in Fig.4.5 is applied to reduce
the fluctuation of the wavelet coefficients of the barycenter and its velocity by using the
following equations:

M-1
§2(k) = 3 wa(m)a@(k — m), ¢ = (v, ), (4.15)

m=0
where w,(m) is the impulse responses of the FIR Wiener filter, M is the order of the FIR
Wiener Filter. c‘zi(q)(k), dL(Q) (k) are the input and the output of the FIR Wiener filter, respec-

tively.

5(ref )

”)-é* 6,

Figure 4.5: FIR-Wiener filter

a,, ()

5(ref ) 5(

Figure 4.6 shows that after passing the Wiener filter, some fluctuation within the wavelet

coefficients is reduced.
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(a) Wavelet coefficients before Wiener filter (b) Wavelet coefficients after Wiener filter

Figure 4.6: Wavelets coefficients before(a) and after wiener filter(b)

4.3 Impulse response of FIR system characterizing handwriting sys-
tem

Let fl(i) =4, and gl(i) = &,. We consider that a handwriting system characterizing
the handwriting motion in the handwriting process is described by the dynamic features in
the corresponding part of handwriting process. The system is realized by considering the
wavelet coefficients fz and gz' as the input and output of the system, respectively as can be
seen in Fig.4.7.

It is assumed that the system can be described by

M-—1
kB = 3" AOm) Ok —m), (4.16)

m=0

(k=0,1,2,.. K; —1)

where hgi) = [hi(")(O), hfi) 1),..., hf)(M — 1)]' is the impulse response of the system,
M is the order the FIR system, and Ql(i)(lc; h) is the approximation of gL(") (k; h). The impulse

response can be obtained by minimizing the least-square error at M as

Ki-1
EPY = Y eP®) - min (4.17)
k=0

where (" (k) = (k) - 9 (k; h{).
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Impulse response

Figure 4.7: FIR system representing handwriting system

The details on how to minimize the least-mean square error is shown in [Appendix B].
Figure 4.8 shows the comparison of the impulse response obtained from same and different
numerals written by same and different writers. It can be seen from Fig.4.8 that the impulse
responses obtained from the same numeral and the same writer are quite similar and different
from those obtained from different numerals and different writers,

Figure 4.9 shows the impulse responses of the FIR system obtained from two Khmer
characters. It can be seen from Fig.4.9 that the impulse responses of the FIR system obtained
from different numerals are different, Therefore, it is considered that the impulse response

can be used as the individual feature for the particular Khmer characters.

4.4 Summary

The method to extract the stable and individual handwriting feature was discussed.

Then the stable and individual handwriting feature was extracted. First, the velocity and
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Figure 4.8: (a) Impulse responses obtained from numeral “two” and “seven” written by the

same writer, (b) Impulse response obtained from numeral “two” written by the same writer,
(c) Impulse response obtained from numeral “two” written by different writers
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trajectory of the Barycenter were defined by a complex valued function to describe the hand-
writing motion. After that, the above two features were expanded into wavelet series to
extract the stable feature of handwriting motion. Next, the handwriting system characteriz-
ing the handwriting motion was realized by using the wavelet coefficients of the velocity and
the trajectory of the Barycenter as the input and output of the FIR system, respectively. It
was shown that the impulse response of the above FIR system is able to represent the stable

and individual feature of handwriting motion.



CHAPTER 5

Writer Dependent Character Recognition

In this chapter, a method to recognize the character is described. In order to recognize
the character in the limit of writer dependent, the Euclidean distance between the feature pa-
rameter vector obtained from the previous chapter is used. In addition, the writer recognition

algorithm is given in Section 5.1.

3.1 Character recognition algorithm

In this section, the feature parameter vector obtained from in the preceding chapters is
used for Khmer character recognition. The Euclidean distance between unknown character
and the reference one which were chosen from any specific writer was used to recognize the
character of that specific writer, It is assumed that the reference patterns of known classes for
Khmer characters are defined by Co, Cy, ..., CN,.-1, respectively. Then an unknown character

z is assigned to a class C; ¢ Co,C1, Cs, ..., Cp,_1 if
Sm,'n(ci, .'L‘) = min S(C[, 112), (l = O, 1, 2, Nc) (51)

where N, is the total number of classes, and

S(Cu2) = §z Tito Taiy Tk I — b2

n=1 'z-—l n,i lnt”

h(refz) [h(’:{l)(O) h(fefz)(l)’ - h(Te.{’t)(M _ 1)]

in,i in,i in,i

(==) [h(z) (0) h(x) ( ) h(x)

Inz In,i In,i lnz(M_l)]
and IV is total number of reference data for each class, N, is the number of strokes in hand-

writing character, h,';f ; 1s an impulse response obtained from the n**reference data for class
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C; at the level [ of the feature vector, [I.ll is Euclidean norm, and Smin(C;, 1) is the min-
imum Euclidean distance obtained from S(Cy, ). An unknown class will be assigned to
a known class if its Euclidean distance to one of known classes is the minimum one i.e.
Smin(C;, z). Figures 5.1 and 5.2 show the plots of Euclidean distances obtained from some
numerals. From these figures, it can be seen that the distances between the test numerals to

the matched references are less than those obtained from the test numerals to the unmatched

ones.
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Figure 5.1: Euclidean distance obtained from some numerals

The on-line writer dependent Khmer character recognition experiments using the col-
lected data in the database using a tablet PC and a program for collecting Khmer data will

be described in the following chapter. Figure 5.3 show the tablet PC and an interface of the

program for collecting Khmer data.
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Figure 5.2: Euclidean distance between from numeral “four” and the others

5.2 Summary

The on-line writer dependent Khmer character recognition has been described in this
chapter. The Euclidean distance was used to classify the Khmer numeral and characters. A

program for collecting Khmer data has been presented.



(b) Interface

Figure 5.3: (a) the facilities for collecting Khmer data
for collecting Khmer data

;(b) example of an interface of program
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CHAPTER 6

Experimental Results

In this chapter, the performance of on-line writer dependent Khmer character recognition
experiments of the proposed method is described. First, the details of the databases for the
on-line writer dependent character recognition experiment are described in Section 6.1. Then
the on-line writer dependent character recognition experiments are performed using the on-
line writer dependent character recognition method described in the previous chapter and the
experimental results are given to show the effectiveness of the proposed method in section
6.2. In order to show the effectiveness of the proposed method, the comparison to the other
methods in the works [8]is made based on the database in this study. It is shown that the
average recognition rates obtained from the proposed method in this study are better than

those obtained from the works [8] in Section 6.2.

6.1 Database

The Khmer alphabets and numerals in the database used for the experiments were collected
by using digital tablets connected to the computer. The database is consisting of two data
sets. The first data set consists of 1500 Khmer numerals from “zero” to “nine” written by
12 people in one year; and the second data set consists of 30 times of 33 Khmer Alphabets,
composing of 33 independent Khmer alphabets, written by 5 people in 8 months. Figure 6.1
shows the example of Khmer numeral from “zero” to “nine” written by different writer in
the first dataset of the database; and the Fig.6.2 shows the example 33-Khmer consonants of

the second dataset of the database.
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6.2 Character recognition experiments

In this section, the on-line writer dependent Khmer character recognition are performed in
order to evaluate the performance of the proposed method in this study. In the two experi-
ments, 5 data were selected randomly and used as reference data for a particular character
and a particular writer. Since there are many characters in Khmer language that have similar
shape, some misclassification occurred in the simulation as shown in Fig.6.3. However, the
overall recognition rates are acceptable as can be seen in Table6.1 and 6.2. The on-line writer
dependent character recognition process of the first dataset is 0.68 seconds for one character
with 112 sample points. The experiments were performed on the the 32-bits Windows Vista
home basic, Intel(R) Core(TM) 2CPU T5600 @1.83GH, 1.83GH, and 1 GB of RAM. Ta-
ble 6.1 shows the recognition rates obtained from the first experiment. Table 6.2 shows the
recognition rates obtained from the second experiment. From Table 6.1 and Table 6.2, the
results show that the average of the recognition rate obtained from the proposed method is

better than those of the methods in [7, 8],

6.3 Summary

The on-line writer dependent Khmer character recognition experiments were performed us-
ing the on-line character recognition system developed in Chapter 5. It was found from the
experimental results that the impulse response of the FIR systems characterizing the hand-
writing motions obtained from different characters are different and they can represent the
stable and individual handwriting feature. Furthermore, in order to show the effectiveness of
the proposed method, the comparison between the proposed method and those in [7, 8] was
made based on the database in this study. From the experimental results, it can be seen that
the overall recognition rates obtained by using the proposed method in this study are better
than those obtained from the methods proposed in [7, 8] eventhough for some writers, i.e.
“E, K, G,” in the first dataset it gives a low performance comparing to the methods in [7, 8].
In other words, it can be clarified that the proposed method in this study gives a better per-

formance comparing to those in the works [7, 8]. It means that the developed system in this



Table 6.1: Table of recognition rates of the first data set

Number of | Number of Recognition rates (%)
Witer training testing Proposed Method Method
numerals numerals method n [7] in [8]
(5/mumeral) | (15
/numeral)
A(0-9) | 50 150 99.33 96.66 99.33
B(0-9) | 50 150 100 99.33 99.33
C(-9) |50 150 99.33 98.67 100
D(0-9) |50 150 98.00 90.67 96.67
E(0-9) |50 150 98.00 98.67 96.66
F(0-9) |50 150 92.66 90.66 95.99
G(0-9) |50 150 97.33 98.00 99.33
H(-9) |50 150 99.33 95.33 92.67
1(0-9) 50 150 100 96.66 100
J(0-9) 50 150 100 97.33 100
K(0-9) |50 150 96.66 97.33 99.33
L9 |50 150 100 95.33 97.33
Average 98.38 96.22 98.05
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Table 6.2: Table of recognition rates of the second dataset

Witer Number of | Number of Recognition rates (%)
(33 Training testing Proposed | Method | Method
data alphabets | method | in [7] in [8]
alphabets)
(5/alphabet)| (30
/alphabet)
AA 155 990 96.36 94.14 88.68
BB 155 990 95.25 79.89 82.02
CcC 155 990 98.88 91.51 93.83
DD 155 990 99.79 96.66 96.77
EE 155 990 99.79 96.16 97.57
Average 97.97 91.67 91.77

study is a practical on-line writer dependent Khmer character recognition system.
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CHAPTER 7

Conclusion

In this thesis, an on-line writer dependent character recognition method based on FIR sys-
tem characterizing handwriting motion for Khmer has been proposed. In Chapter 1, the
background on the study of on-line writer dependent Khmer character recognition, the ob-
Jectives, and the structure of the thesis were described. In the Chapter 2, the basic idea to
represent the handwriting process as a system was described, That is, the Barycenter deter-
mined from the center point of the script and the two adjacent pen-tip positions with respect
to time in handwriting process was used to reduce the fluctuation of pen-tip movement in
handwriting process; and it was shown that the handwriting motion in handwriting process
can be represented by two features, the velocity and the Barycenter trajectory. Then the hand-
writing system characterizing the handwriting motion was realized by the FIR system taking
the wavelet coefficients of the velocity and the Barycenter trajectory as the input and the out-
put, respectively. In addition, it was clarified that the impulse response of the FIR system can
be used as the feature characterizing the handwriting motion. Therefore, in this study, the on-
line writer dependent character recognition was reduced to system identification problem. In
Chapter 3, the fluctuations of handwriting related to size of script, location of the script, and
the duration time in handwriting process were reduced by applying the suitable three kinds
of normalization; such as, normalization of size, location, and duration time in handwriting
process. In Chapter 4 the stable and individual handwriting feature was extracted. First the
velocity and the trajectory of the Barycenter were defined by a complex valued function to
describe the handwriting motion. Then in order to extract the time-frequency characteris-
tic of the handwriting motion for a particular person, the trajectory and the velocity of the
Barycenter were expanded into wavelet series. Then the fluctuation of the obtained wavelet

coefficients is reduced by passing into FIR Wiener filter. Moreover, the FIR system char-
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acterizing the handwriting motion was realized by considering the approximated wavelet
coefficients of the velocity and the trajectory of the Barycenter from the FIR wiener filter as
the input and the output of the FIR system, respectively. The obtained impulse response of
the FIR system was used as the individual feature for a particular character. In Chapter 5,
on-line writer dependent Khmer character recognition algorithm was introduced. The Eu-
clidean distance between the impulse response of the reference character and the character
to be recognized has been used to classify the unknown characters for a particular writer.
In Chapter 6, the on-line writer dependent Khmer character recognition experiments were
performed based on the algorithm in the Chapter 5. It has been shown from the experimental
results that the impulse responses of the FIR system characterizing the handwriting motions
obtained from different characters are different and they can represent the stable and individ-
ual handwriting feature. Furthermore, in order to show the effectiveness using the proposed
method, the comparison between the proposed method and the methods in works [7,8] was
done by using the database in this study. It was shown that the average recognition rates
obtained by using the proposed method are better than those obtained by using the methods
in the works [7,8]. In other words, it can be concluded that the method in this study gives
a better performance comparing to those in the works [7, 8). It means that the developed
system in this study is a practical on-line writer dependant Khmer character recognition.

To sum up, the objectives of this study has been achieved as follows:

1. A stable and individual handwriting feature were described by the impulse response

of the FIR system characterizing the handwriting motion.
2. A handwriting process was represented by the FIR system.

There are many possibilities to do the further research related to on-line Khmer char-
acter recognition such as on-line writer depenent Khmer character recognition by using all

the available dependent and independent vowels, the feet of the consonants, and the symbols.
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Appendix A

Khmer Writing

Khmer is the official language used in Cambodia, a country in South-East Asia. The language
belongs to the group Khmer-Mon in the family of Austro-Asiatic language spoken in South-East Asia and
in India. Khmer langue is based on the alpha-syllabic writing: The symbols can represent either a

character, a syllable or a word.

1. Khmer Alphabet

The 33 independent Khmer consonants, 28 dependent vowels, independent vowels, some

symbols, and the punctuations are the basics for Khmer handwriting,

1.1. 33 consonants

The figure below shows the 33 Khmer consonants.

%

Figure 1: 33 Khmer consonants and their feet

Each consonant has it own foot which has different shape from the body (consonant). However
there are some exceptional cases such as the letters “f1], U1 , each foot of these letters has the same

shape. Plus, the consonant “ 9J ” does not consist of a foot. The consonant “§1” and “ii” have the same

foot which is “ g ”. To combine a word, a consonant can go with its own foot or others’ feet. Where as,
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one consonant can be combined with either one or two feet. In case it is combined with two feet, one foot

must be the foot of “§” which is “{ 07 .

s [0 17 15

1.2. 28 dependant vowels

Khmer has 28 dependant vowels as shown in the figure below. They are called dependent vowels

because they can not stand alone without one of the 33 consonants.

oo S~

g Rufat DﬁﬁlngD"DDEDED m”jm:l]
B
s {0

o060 £0 f0s 10 600 e 607 03 01003 e

Figure 2: 28 Khmer dependent vowels

The rectangle is correspondent to a replacement of a consonant, a consonant with a foot, or a

consonant with two feet in writing. For example, “ﬁ”, “fﬁ”, “%”, “U’l}”, Lfﬁ ol

However there is a special case appeared with the combination of a character “U1” and “ {77,
The combination can be “U'} ,7 but if it is so it must not be able to distinguish between the character
“U7” and the result of the combination of the “1J1” and “{717. To differentiate between the two, the
combination between “1U71” and “ {71 becomes “TJ 17,

U+ read Baa, written as m , not written as U1 because there is a consonant

Ul (pronounce as Hor).

1.3. Independent vowels

Khmer consists of some independent as shown in the below figure. They are called independent

for their own independency: They can stand alone without another consonant or vowel.
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e

B &
(A

0r2 @
o 5

6]
§9194§

Figure 3: Independent vowels
They can form a word or a syllable without the help of other consonants or vowel.

For example: “8” which means “father”, and “1j” which means “or”

1.4. Symbols

Some Khmer symbols are shown in the below figure. They are used with the consonants and the

consonant appeared with one or two feet.

. 1;..) Snl ,  A A 4 b€, 4

Figure 4: Some Khmer symbols

Examples:

fufi S agjls GO
NHTIS 51 3 8
1.5. Punctuation

Khmer has also its own punctuation symbols as shown in the below figure. They can be used to
show the end of a paragraph, end of a sentence or at the end of the text etc. They can appear at the

beginning, at the middle or at the end of a sentence, a paragraph or a text.

> §Fs410 ¢ 9

Figure 5: Symbols of punctuation
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For example:

t :The symbol for the Khmer currency “riel”

1. The symbol to show the end of the sentence. It should be of course placed at the end of the

sentence.

V- The symbol to show the end of the text, placed at the end of the text or a document.

1.6. 10 Khmer numerals

Khmer has 10 numerals as many countries in the world which are shown in the below figure.
. Hg 5 S s
[ ,

Figure 6: 10 Khmer numerals from “zero” to “nine”

2. Style of writing

In Khmer, there are different styles of writing as can be seen in the below figure the consonants

and the vowels can be written in Moul(round) style. They are frequently used in the title or highlight of
newspapers, magazines, or the books.

all
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Example of some texts:
REMBHAG ¢ BEsegR SR oRICHBRSoR BRERTR
SR DIRLINIBanES MBiisse Hod losEn o1
| ”“"aigawgma‘icsﬁti‘ass&‘is;@assqsw,@ﬁﬁ,égss&sgmgss:"’:;ﬁi
Qqa.{"; Ssan msmsggsmméa S jpmmiraols Sisw
REs srang Sions Soirandms v g podqmirnnien
s PRIV SRS RS siptefigusidinmmbananogs

smg Sswugsegmn Awigolengecgem:
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nEMEGINL * s;_rgmegm;smmummngm shmmmﬁvﬁmmssmﬁ
MRNBsANasR Meuliigug Y8 fsynn o ‘
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Appendix B

Least-Mean Square Error Method Applied with FIR system

The Jeast mean square problem can be elaborately posed as follows. Let A be an mxn constant
matrix, bbe an mx1 constant vector, both are given.
Find an nx1 constant vector such that
Ax=bD @
There are three possibilities that can be occurred:
L. m>n
2. m = n —regular case. If A is a non-singular matrix then x = A~'b
3n<<m

The cases number 1 and number 3 are considered as irregular cases. To solve the problems—
irregular cases, “pseudo inverse or generalized inverse” is used. In such cases, we turn the problem to find
an “optimal approximation® or “optimal solution.”

In case of FIR system used in Khmer character recognition, it is usual case for solving the
irregular cases. In this case, the vector X is replaced by the h which is the impulse response of the FIR
system characterizing handwriting motion in handwriting process; and b is represented by g .

The FIR system can be represented in the summation form by the following equation:

M-1
a(k) = > h(m)f(k — m), k=012.,K-1, (ii)

m=0

where f(k) and g(k) are the input and the output of the FIR system, respectively. The input and the
output of the systems here are the approximated wavelet coefficients of the velocity and the Barycenter
trajectory of a stroke of a character obtained after passing the FIR Wiener filter.
The equation (ii) can be rewritten in the matrix form as in eq.(i) by:
Ah=g (iii)
where A is the matrix can be calculated from the input of the system by the equation (vi).
By minimizing the least mean square error of the system at order M, the optimal impulse

response can be obtained. The least mean square error can be found by the following question:
K1

E =Y"|4(k) — g(k)]* — min (iv)

k=0
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and the optimal impulse response can be calculated by the multiplication of the pseudo inverse of the

matrix A and the output of the systemg :

h = (ATA)"ATg, W)
where

f(0) 0 0 0

f() £(0) 0. .. 0

£(2) £(1) fo .. 0
A= . . . . . (vi)

fK-1) fIK-2) f(K-3) .. f(K-M)

g=[9(0) 9() 92 .. o(N-D1F (vii)
h=[h0) A1) A(2) .. KM —-1F (viii)

E,

6H

5H

2-\-\\'—'\\

0 10 20 30 40 50 6 70 80 90 100)M

Figure i: The error obtained from the §(k)and g(k) with the order of the impulse response system M

It is difficult to determine the exact order of FIR system to get the optimum least mean square
error as it varies according to the training data. Figure i shows the error obtained by varying the order of
the impulse response system M . The order of the FIR system which gives the minimum error is
M > 60; however in our study we prefer an M < 10 to increase the speed of recognition process; in
this case M = 6 is chosen as it gives in general a better performance because for6 < M < 10 the

effectiveness of the recognition rates is not very significant comparing to the case M = 6.
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On-Line Character Recognition for Khmer Numeral
based on DP matching of Barycenter Trajectory
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Abstract-We propose an on-line character recognition method
for Khmer numeral based on DP matching of barycenter
trajectory. First, the barycenter is determined from the center
point of script and two adjacent pen-point positions with respect
to time in handwriting process: Then the barycenter trajectory
and its direction changes are used to describe the features of
handwritten characters. Finally, the, numeral is recognized. by
calculating the dissimilarity between the features of handwritten
character using Dynamic Programming(DP) matching,
Character recognition experimeénts are performed on database
consisting of 5000 Khmer numerals, As the result, the ‘average of
recognition rate was 959%.

I. RNTRODUCTION

Many methods for on-line character recognition have: been
reported[1][2][3]. In those methods, the pen-point position is
used to recognize the chardcter. It is considered that using
pen-point position directly is not cffective to extract the
feature of the handwritten character. In this paper, the
barycenter détermined fromithe center ‘point of script and two
adjacent pen-point positions is used instead .of pen-point

position to extract the feature of the handwritten character, We:
considered that the feature of the handwritten character can be-

described by two features, the barycenter trajectory and its
direction change. Finally, the incorporation of the barycenter
trajectory ‘and its direction changcs into: DP matching'is used
to récognize the character.

II. PREPROCESSING

It is ‘considered that there are fluctuations depending on many
factors such as age, habit, psycholognca] and mental state,

phys;cal or practical conditions in handwriting ‘process of
writer. For instance, size; location; shape, and duration time in
handwriting process of the same alphabet are never precisely
the same even they were written by the same writer.

Fig:l shows Khmer numeral ‘one’ written by different
writers. From Fig.1, we can see that the characters are written
in différent sizés, locations and styles. Tn order to recognize
the character effectively, such fluctuations of handwriting
should be reduced.

500

45D

350]

E

" < TR
Figure 1: Khmer numeral ‘one’ written by different people.

g6 e X

It is assumed here that Khmer numerals are written on a
graphical tablet to recognize the character. The horizontal and
vertical  components of pen-point posiion at a
time, ¢ =nt(=#,,) , in handwriting process are denoted here as

x(t,) and y@,) , respectively, where 7 i§ a constant
sampling rate.
y ‘,A,vﬁ\w‘.\.(. NEE S,
;'w*v-w-r- : a 1«;. X
Khimee namersl “two*
Xt .Y

3 S /\ o
/’\/\\\ R
./A‘,.,?KT;\..N‘W,‘ tﬂ ° T e t“

Xtomponents ¥ conpumﬁ
Figure2: Klimer numeral ‘twe’, its x components and. ¥ components
(top to down, left to right).

3

LA w48

Fig:2 shows Khmer numeral “two’ and its %, y components
with respect to time in handwriting process. In order to reduce
the fluctuation of handwritmg, two kinds of normalization
with respect to the size and location in handwriting process are
performied as follows:

1) Normalization of size
The size of the script is standardized after removing the
duplicated points’ of pen-point position. In order to make a
standard size of script, the horizontal and vertical components;
x(¢,) and y(¢,) arenormalized as

ECTI-CON 2007
The 2007 ECTI Iniemaﬁonul(;onterence
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By =2 Puin ,_, )
Pmax ~ Pmin

r i = 1 ‘5 = >
Whero Prjp = min  ptn) » Pmax = maX. plt), (2)
and N is a total number of sampled points of pen-point
position.

2) Normalization of location
The location of the script is normalized as follows:

N-1
—Z B, p=(x7), 3)
'u)-p(f,.)-cp, n=012.N-1, @

where ¢, is the center point of seript.

Fig3 sﬁows Khmer numeral ‘two’ before and after
normalization. It can be seen from Fig:3 that the fluctuation.of
handwriting character can be reduced by using the
normalization.

h ¥)

KFifigF umeral ‘two' X

After Jocation normanzabon b

Figure 3: Khimer numeral ‘two’, after size normalizaton, and location
normalization ( left to rigth; top to down).

In order to reduce a fhictuation of pen-point movement in
‘handwriting process, 4 trajectory of the barycenter determined
from the center point of script and two adjacent pen-point
positions with respect to time in handwriting process is used.
The coordinates (7, (t,,),7, y(ts)) of the barycenter shown in
the Fig.4 are calculated by the following equations:
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Khmer numeral ‘one’

Figure 4: Khmer numeral ‘one’.

[II. FEATUREEXTRACTION

In-this paper, we «consider that the handwriting feature of
Khmer numeral can be represented by two features, barycenter
trajectory and its direction changes. The two features can be
described as follows:

Z(t,—") = rr(tn) &+ jry (tn) > (6)
AN ry(t}ﬁ] 4 iy (tn) ;
6(‘”)"”””{:&\(:“)—rxa,l)]' =

where: z(1,,) is the complex function representing barycenter
trajectory, and 6(%, ) represents the direction changes of the
barycenter at the time £, .

)

fy

": ks

L

- g

- E

2

s i SRTURTW ‘”
from burycenter

PN R ¥

ACRRRIE AT

r &)= A, )*x(r"*‘) t O_, Figure 5: z(t,)and &(t,) obtained from me»pen;pomtpoé‘uomnu
Jt)+ Y( w)+0
n (t ¥ 3 = ) ® Fig.5 shows the comparison of z(t,) and &(t,) obtained
; tel- from pen-point position and the barycenter. It can be seen
(n=12,3.N-1), from fig.5 that z(t,) and 6(t,) obtained from the barycenter
ECTI-CON2007

The 2007 ECTl International Conference




are less sensitive than those obiained from the pen-point
position.

=
E o

12800, 80018.8
WRE

it et e s e

X real" w \,w s img

16 L e SR e 3 ‘-t"

Figure 6: Khmer numerals, their complex features, and their direction
changes from Ieft torigth.

Fig.6 shows z(t,) and B(t,,) obtained from the same and
different Khmer numerals: It can be seen from Fig.6 that
z(t,) and é(t,,) obtained from same numeral class are similar

and different from those obtained from different mumeral class.

Therefors, we consider that the z(/,;)and 6(z,,) can be used as
the features of handwriting characters for Khmer numeral
recognition.

IV. CHARACTER RECOGNITION

It is ‘well known that the duration time in handwriting
process. obtained from the same character are never precisely
the same. 1t is considered as the fluctuation in time-axis of
hm!ulwmmg character. To recognize the character eﬁ'ecnvely,
Dynamic Programming(DP) matching method[4] is used to
calculate the dissimilarity between the features of the
reference handwriting character and a character to be
recognized. With DP matching technique, the fluctuation of
the duration time in handwriting process can be reduced. The
DP matching can be performed as follows:

1) The feature parameter vectors of handwriting process are
given by
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1 = L’ 0,2 (22" 3)....2" (1)]' ‘ @®
¥ = [z‘ m,282),2 3)...2" (L)]' ; ©®
o= k'(l), 0" (2,6 3)..,6 (1)]' ; (10)
of = [o‘ 1),6'(2),6' (3)....6" (L)]', (1)

wherez"(t,), 2 (t,), 0"(1,) and 0" (1,) are the barycenter
trajectory and its direction changes obtained from preceding
section, z” and 0" are the feature parameter vectors for
reference character, z* and ' are the feature parameter
vectors for character to be recognized, and 7 and Z are the
number of elements in the feature parameter vectors for the
reference character and the character to be tecognized,
respectively.

2) In order to obtain a good matching between the feature
parameter vectors, a warping function w(k) is defined as
sequence

w=w(l),m2),w(3),....wK), (12)
where- wik)= (i, 1, ), (1.<i, <1<}, <L), with the initial
condition as w(l) = (11), and the terminal condition as
w(K)= (I, L) . K is the number of warping points obtained
from DP matching

3) The dissimilarity between the feature parameter vectors
is calculated by

§=——mi Zd(»v(k))gk}

where

(13)

= Z'(fk)-zt(lk)l’r ?

= (e =Tpg)* e — ey
The minimum cost of matching two features are. calculated
by

s 2P 3
6" )6 )} o

Wiy =L 4~ D)+ 2d (i, )

How(k) =mind h(iy ~LI )+ dG b)) o (19)
h(ik ,Ik —_1) + d(lk 'lk )
Equation (13) can be rewritten as
§= I_+f hw(K)) , (16)

where h(w(1))= 2d(w(1)}, p is the weight for 8.

Fig.7 shows the warping function of matching two vectors,
z"and 2' . It can be seen that timing differences between two
patterns are eliminated by the warping function.

It is assumed that the reference patterns of known classes
for Khiner numerals ‘zero’, ‘one’, “two’; ‘three’; ..., ‘ning’ are

defined by {Cy, Cy,Cy,... Co}, tespectively.

ECTI-CON 2007
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Then an unknown character x is assigned to a class
Ci€ £0,€1.C9.-,Co}
if 8 iy (G %)= min 2. 1=012...9, OB

where S, (C,,x) isthe dissimilarity between the feature
‘parameter vectors obtained from an unknown pattern x and
that obtained from the reference pattern of known class C; .
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from the barycenter is better than that obtained from pen-point
position. The average of recognition rates was 95.9%, and it
can be seen from Table I that the recognition rates obtained
from numeral ‘nine’ and ‘seven” are less than those obtained
from other numerals because the handwriting style for
numeral ‘nine’ and ‘seven’ obtained from some writers are
similar. Fig.9 shows Khmer numeral ‘nine’ and ‘seven’ which

At,)
I

M

urislnl®4

12345678 91011121314

LB

Figure 7: Referencevector z” , test vector z! (eft), and the warping

function (right).
V. EXPERIMENTS

Character recognition experiments were performed on a

were not correctly recognized.

database consisting of 5000 Khmer numerals written by 20
people. In the experiments, 100 scripts for each Khmer
numeral(0,1,...,9) are selected randomly from the database
and used as the test data, and the training data for each Khmer
numeral consisting of 5 Scripts selected randomly from the
database. The examples of some Khmer numerals in our
database are shown in Fig.8.

‘zerc’ OOO”Q OH &2
we G GD @@O @ ¥l
w0y ol W 0\
wer OO MO0 N0
w dEGCCCREEE G
W T FEEE LA
™ WY Ve v 9
severt (O 00/ Q) Y o9 o) o o o) WV
w G EERRR S SR
we ol @ VR e
Figure'8: Some Khmer numerals in database.

The experimenital results are shown in Table I Table I
shows the comparison of the experimental results of the

proposed method using pen:point position and the barycenter.
It can be seen from Table I that the recognition rate obtained

Table I: Recognition rates of Khmer numerals.
Khmer numeral Recognition rates (%)
Using pen-point | Using barycenter
‘Zero' 96 96
‘One’ 63 94
‘Two’ 85 92
‘Three’ 98 99
‘Four’ 98 99
‘Five? 74 92
*Six? 100 100
‘Seven’ 95 99
‘Eight’ 83 96
‘Nine’ 85 92
Average 87.7 959
‘seven’ m
[V o o)

Figure 9; Numeral ‘seven’ (first row) , and numeral ‘nine’ (second row).
VI CONCLUSION

We proposed an on-line character recognition method based
on DP-matching of barycenter trajectory. The barycenter,
determined from the center point of the script and two
adjacent of pen-point positions, was used to reduce the
sensitivity of pen-point movement in handwriting process. The
character was recognized by the incorporation of the
barycenter trajectory and its direction changes in DP matching;
The experimental results show that the proposed method is
useful for on-line character recognition for Khmer nuimeral.
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Abstract—An on-line writer dependent character
recognition method for Khmer numeral based on FIR
system characterizing barycenter trajectory is introduced.
The barycenter is determined from the cenfer point of script
-and two adjacent pen-point positions with respect to' time in
_handwriting process. Then the velocity and trajectory of the
barycenter are calculated and expanded into Fourier series.
The obtained Fourier coefficients are used as the input and
output of the FIR (Finite Impulse Response) system
describing the handwriting feature. The obtained impulse of
the FIR system is used as the feature of the handwritten
character. Finally, Khmer mumerals can be recognized by

the distance between the approximations of the barycenter

trajectory obtained from the réference character and the
character to be recognized.

Keywords—Barycenter, FIR system; Fourier series
Khmer numeral, on-line character recognition

I. INTRODUCTION

On-line. character recognition translates a handwritten
character into machine-editable text which is a usefull
tool for pen-based computer system. Many methods for
on-line character recognition have been reported [1}-[4].
In those methods, the pen-point position is used to
recognize the character. It is considered that using pen-
point position directly is not effective to extract the
feature: of the handwritten character. ‘'We use the
barycenter determined from the center point-of script and
the two adjacent pen-point positions-instead of pen-point
position to extract the feature of the handwritten
character. In this paper, a writer dependent recognition
method is investigated. The major advantage of the writer
dependent method is not only easier to customize a
special handwriting style for a particular writer; but also
the ‘special symbol for a particular writer can be
recognized. We considered that the feature of the
handwritten character can be described by two features,
the barycenter trajectory and its velocity. Then they are
expanded into Fourier series to reduce the fluctuation of
handwriting process. Moreover, the FIR system
characterizing the handwriting feature is introduced by
using the Fourier coefficients of the velocity and the
‘trajectory of the barycenter as the inputand output of the
‘system, respecnvely The: obtained impulse response of
the FIR system is used as the: feature of the handwritten
character. Finally, character can be recognized by the
distance between the approximations of the barycenter

978-974-8308-56-2 ©2007 KMITL

trajectory obtained from the reference character and the
character to be recognized.

II. PREPROCESSING

It-is ‘well known:that in handwriting process; there is a
mass fluctuation depending on many factors such.as age,
habit, psychological and mental state, physical or practical
conditions in handwriting process of various writers. For
instanee, size; location, shape; and duration time in.
handwriting process of the same alphabet are never
precisely the same even they were written by the same
writer.

Fig.1 shows Khmer numeral ‘one” ‘written by différent
writers. From Fig.1, we can see that the characters are
written in different sizes, locations and styles. In orderto
recognize the character effectively, such fluctuations of
handwriting should be reduced.

Fig. 1: Khmer numeral ‘one’ written by different people:

It is'assumed here that Khmer numerals are written ona
graphical tablet. The: horizontal and vertical components
of pen-point position at a timet=wr(=1), in
handwriting process are denoted Here as x(z,) and (),
respectively, where 7 is a constant sampling rate: In order
to reduce the fluctuation. of handwriting, two kinds of
normalization with respect to the size and location in
handwriting process are performed as follows:

1) Normalization of size

The size of the sdrlpt is standardlzed after removing the
duplicated points of’ pen -poirit position. In order to make a
standard size of script, the horizontal and the vertical
components, x(t,)andy(,) arenormalized as




2 tn‘.‘_ ‘min
By =L Pu (o, W
max min
where
Prin=, 0 Plln) s P = 135 56), @)

and ¥ is a total number of sampled points of pen-point
position.
2) Normalization of location
The location of the script.is normalized as follows:

=2 % Pt), p= (53, ®

Pty =plt,)— ¢pr n=012.N-1, @
where e, is the center point of a script. The effectiveness
of the preprocessing has been shown inj4]. Then in order
to reduce a sensitivity of handwriting motion in
handwriting process, a ftrajectory of the barycenter
determined from the center point of a script and the two
adjacent pen-point positions with respect to time in
handwrifing process is wused. The  coordinates
(r;t,),7,(2,)) of the barycenter shown in the Fig.2 are
calculated by the following equations:

_¥) XY | oo Heh+ )
slf) =2 e S »
(n=1,23.N-1),

¥y - Khmer mimeral ‘one’

- ‘_

Q
Birycenter trajectory :
S, -
-
: (f )

Fig. 2: Khmernumeral “one’.

Then the handwriting motion in the handwriting process
can bedescribed by the following equations:

Z(t,,) = )’-,-‘(t")-i-_]']_’;' (.tn)v (6)
Wt )= 2ln)—20,), 0 =V-1,90)=0, (D)
where 2(7,) represents the barycenter trajectory and
w(z,) represents the average of the velocity between the
two adjacent barycenter points. After that, we define the

following equations:

28 = 2@+ §50Q,),
(1, )= v, ) + O, )

®
®
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where z(z,) and y(z ) are complex valued functions
which. represent the trajectory and the velocity of the
barycenter, respectively.

Subsequently, in order to normalize the duration time in
handwriting process, a piece-wise linear function (PLF) of
¥(t,), and z(z,)are determined by connecting the two
adjacent components with a straight line. The PLF ‘can be
described as followings:

9= qt)8,()> t€T; (10)
where (¢ = z(red), z(img)’v(red),v(mg)) "

(-1,

=,  t€|t. .l,
tn _tn-l [ ; ]
t., —t (§8))

)= te[t,.1..]

trrH s tn

0’ tg [tn-l’tn-ﬂ]

and Tis ﬁte duration time of the handwriting process.
Then the durationtime 7" is normalized as 7= T,,.

1IL. FEATURE EXTRACTION

In this section, to extract the important feature of the
characters, we assumed that 27y, 29z ), »"9@,),
and v*&(1) are even periodic functions of time. Then
these functions are expanded into Fourier series by the
following equations:

g | |
102100+ 5 d costhaty, 12)
k=1
where .’ =2 and (1= 20D, 78 ylrea) lndy
0. T" 1 » > >
The Fourier coefficients can be calculated by the:
following equation:

Tn

& =21 Kayeostrarpar a3)

-
where(¥=0]1,...,K-1); K is the number of Fourier
coefficients and K <N . By selecting a suitablg numiber
of the Fourier Coefficient, the fluctuation of the individual
handwriting motion can be reduced. The suitable number
of Fourier coefficients is determined by minimizing the
mean square error in the Fourier approximation of
#8991, ), 970, ), and 3D,

The:details: of how to' determine the number of Fourier
cocfficients are reported in the work [5). To simplify the
explanation, we represent again the Fourier coefficients of
w(t,), and z(t,)obtained from (13) by the following
equations:

r@=al " i gwy=dl ™ + ™ 8

We consider that the important feature of the
handwritten. character can be represented by the FIR

system characterizing the barycenter trajectory. The FIR



system is realized by considering the Fouriér coefficients
of the velocity and the trajectory of the barycenter as the
input ‘and the output of the system respectively. It is
assumed that the FIR system can be described by

§0eh)= SHom)fGk—m), (=01, K-1),  (I5)
m=0

where W =[A(0), h(D), AQ), .. ;KM)] is the
impulse response of the FIR system, M is the order of
the system'and §(k; k) is the approximation of the g(k).
The impulse response h(m) can be obtained by
minimizing the least-square error at M as follows:

E= §|e(k)|’ S, 16)

e(k) = g(k)— g(k;h) . an

Table 1 shows the impulse responses of the FIR system
obtained from writer A and writer B for Khmer numeral
0-9. It can be seen that the impulse responses obtained
from same numerals and same writer are quite similar and
different from those obtained from different numerals and
different writer. Therefore, it can be considered that the
obtained impulse response of the FIR system can be used
as the importarit feature of the handwritten character fora
particular writer.

TABLEI
TMPULSE RESPONSE.
‘one’ ‘two’ “thret
Writer A
Writer B
Writer A
Writer B
Writer A ¢
Writer B
IV. CHARACTER RECOGNITION
It is assumed that the reference patterns of known

classes for Khmer numerals ‘zero’, ‘one”, ‘two’,
‘three’,..., ‘nine’ are defined by %?05(,’],.6‘2,...,69},;
respectively. Then an unknown characterx is-assigned to
aclass

G &{C0G1:Cp o)

if 8, (C,, %) =min{S(C,, x)},1=0,1,2,..9, (18)
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1 &y
where §(C),x) = .&.Z 1<':f) -
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Fig. 3; The'approximation of the Fouri¢r coefficients of the Barycenter
trajectory (a) obatined from same numeral and same writer (b) obtained
from different numeral and same writer (c) obtained from same numeral

and different writer.
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and N i§ total number of reference data for each ¢lass,

h;, is an impulse response obtained from the

n” reference data for class C, , | . || is Buclideannorm,
f,'&"’,(k;) is Fourier coefficients of Barycenter velocity

obtained from the »#”reference data for class C;, £(k)

is Fourier coefficients of barycenter velocity obtained
from the unknown characterx, and S (C,x)is the
minimum EBuclidean distance obtained from S(C,,x).
Fig.3 shows the comparison of the approximations of the
Fourier coefficients of the barycenter trajectory obtained
from same and different numerals written by same and
different writers. It can be seen from Fig.3- that the
approximation obtained from same numeral and same
writer are-quite similar and different from those obtained
from different numerals and different writers.

V. EXPERIMETNTS

Character recognition. oxpenments were performed on a
database consisting of 1500 Khmer numerals written by
10 people in one year used as the test data set and 30
Khmer numerals used a8 training dats for one people. The

examples of some Khnier nunierals written by different

‘people are shown in Fig:4. Table II shows the recognition
rates bsing the Khmer nutieralsin our database.

TABLEIT
RECOGNITION RATES OF KHMER NUMERALS(WRITER DEPENDENT).
Writer m:-g::m Number of | Recogition
(3/numeral) numérals(S/umeral)’ | rates (%)
| Aga:9) |30 150 9867
| B(0:9) |30 150 96.00
€09 | 30 150 97.33
D{0-9) 30 150 96.00.
B©:9) |30 150 96.67
_E_@g) 30 150 96.67
G(o9) |30 150 92.67
mg) 30 150 9533
| 109) |30 150 9733
J(0:9) | 30 150 98.00
Average 96.47

VI. CONCLUSION

An on-line writer dependent character recognition
method. for Khmer numeral has been proposed. In the
proposed method, the barycenter determined from the
center pomt of the: script and the two adjacent of pen-
point positions, was used to reduce the sensitivity of pen-
point. m@vemcntmhandwnnng process. Then the Fourier
appreximations- of ‘the trajectory and velocity of the
barycenter were used to reduce the fluctuation in
handwriting: process. Moreover, the FIR system
approximating the barycenter trajectory was introduced
by using the Fourier coefficients of the velocity and the
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trajectory of the barycenter as the input and output of the
FIR system, respectively. Finally, character can be
recognized by the distance between the approximations of
the barycenter trajectory obtained from the reference
character and the character to be recognized. The
experimental results show that the proposed method is
useful for on-line writer dependent character recognition
for Khmer numeral.

0000 ¢ oldé
OOl aswmx
OO BNGEE o6)
~()0) hmdébM§§
o@w@éébw@d
C Q%m@) awm«

Fig. 4: Examples of Khmer numeral (0-9) obtaincd from three writers.
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Abstract—We proposed an on-line writer dependent Khmer
recognition method based on FIR system characterizing hand-
writing motion. The handwriting motion can be described by two
features, barycenter: frajectory and its velocity. The' barycenter
is defermined from the center point of the script and the two
adjacent pen-point positions with respect to time in handwriting
process. Then the barycenter and ifs velocity are expanded
into ‘wavelet series to extract the time-frequency eharacteﬂstics
of handwriting motion. In this paper, the FIR(finite r
response) system characterizing the handwriting motion is in-
troﬂueed. In this case, the wavelet coefficients of the velocity and
trajectory of the barycenter are used.as the input and output
of the FIR system, respectively. The obtained impulse response
of the FIR system is considered as the individual feature for a
rticular character, Finally, Khmer alphabets can he recognized
by using the Euclidean distance between the impulse nses
obtained from the referenice alphabetsand those of the alphabets
1o be recognized. Khmer character recognition experiments were
performed on a database consisting of 4770 of numerals and
alphabets written by 15 people. As the results, theaverage of the
recognition rate was 97.05%.

I. INTRODUCTION

iy methods for on-line character recognition have been
reported [1], [2]; [3] In those methods, the pen-point position
is used to recognize characters. It is considered that pen-
point position used directly in [4] is not effective enough to
extract the feature of the handwriting character. In work [5],
the: barycenter, determined from the center point of a script
and two adjacent pen-point positions with respect to time in
handwriting process, was used to extract the feature of the
handwriting chardcter. In this paper, a writer dependent char-
acter recognition method is investigated using the barycenter
instéad of the pen-point position to extract the handwriting
feature. The major advantage of the writer dependent method
is'not only easier to customize a special handwriting style for
a particular writer; but also the special symbol for a particular
writer can be recognized[5]. In the work [5], the Fourier ap-
proximation was used to extract the handwriting feature fora

978-1-4244-2101-5/08/$25.00 ©2008 IEEE

T. Matsuura
Faculty of Information Technology and Electronics,
Tokai University, 259-1292, Japan
matsuura@dt. u-tokai.ac.jp

particular person. However the Fourier approximation was not
enough to represent the handwriting feature for the person. It is
considered that a person should have histher own handwriting
feature in writing & seript. In order to extract the individual
handwriting feature n writing a seript, it is: desirable to use
the time-frequency characteristies of handwriting motion. In
this case, the trajectory and the velocity of ‘the barycenter
are expanded into wavelet series to extract the time-frequency
of ‘the handwriting motion. Moreover, the FIR(finite impulse
response) system characterizing the handwriting motion. is
introduced by using the wavelet coefficients of ‘the velocity
and the trajectory of the barycenter as the input and ‘output
of the system, respectively. The obtained impulse responses
of the FIR system are used as the individual features for a
particular character. Finally, characters can be recognized by
the Euclidean distance between the impulse response obtained
from the reference characters and the characters to be recog-
nized.

II. PREPROCESSING

It is assumed here that Khmer characters are written on a
graphical tablet. The horizontal and vertical components of
pen-point position at a time, ¢ = nr(= ty), in handwriting
process are denoted here as z(t,) and (), respectively,
where 7 is a constant sampling rate. In order to reduce the
fluctuation -of handwriting, two kinds of normalization with
respect to the size and location in handwriting process are
performed as follows:

1) Normalization of size

The size of the script is standardized after removing the dupli-
cated points of pen-point position. In order to make & standard
size of seript, the horizontal and the vertical components, z(t,)
and y(¢,) are normalized as

D(tn) —min(p(tn)) e
——" g o

ﬁ(tn) = (1)

=541



where
miﬂ(}’(tn)) = minOS_.nSN 1 p(tu)_,v
maz(p(ta)) = maxognaN -1 pltn), and
N is the total number of sampled points of pen-point
position.
2) Normalization of location
The location of the script is normalized as follows:

N 1
o = % Z Btn),p = (@) @
ii(t,.) = p(tn) T Ny | 3)

where ¢, isthe center point of a script. The effectiveness of the
preprocessing has been shown in[4]. Then in order to reduce
a sensitivity of handwriting motion in handwriting process, a
trajectory of the barycenter determined from the center point
of a script and the two adjacent pen-point positions with
respect to time in handwriting process is used. The barycenter
coordinates (rz(ts),ry(tn)) are calculated by the following
equations:

s E(bn) + Z(tata)
”zs(t.n) = '3—+l

where n = 0,1,2,

frften) = TRLLHER) )

oy N — 1. Further more, in order to

reduce another fluctuation such as duration time in a part of

handwriting process, a segmentation of handwriting process is
performed. The pen-up signal is used as the segmentation point
for separating a barycenter trajectory into a'set of components
strokes. Then the handwriting motion in the handwriting

process for each stroke can be described by the following

equations:
zi{ta) = Té(ci) () + iTz(f) (tn)s ®)
Uultn) = 2ilbnid) —#lta),d = V-1, (6)

{i =12\ N2
where z;i(t,) represents the barycenter trajectory, vi{in) rep-
resents the average of the velocity between the two adjacent
barycenter points, and N, is the total .number of strokes
in ‘the handwriting process of handwriting character after
segtientation. After that, we define the following &quations:

mlb) = 2 +3‘z§"‘”(tn) 6
viltn) = vi*(tn)+ 0] (t) ®

where 2(t,) and v;(t,) are complex valued functions which
represent the tm_;ec r?v and the velocity of the barycenter,
respectively; and [.]7¢** is the real part of the complex value,
while [.]*9 is the complex one.

Subsequently, in order to-normalize the duration time-in hand-
writing process, piecewise-linear functions (PLFs) of v;(tn)
and #z;(t:) are determined by connecting the two adjacent
comiponents with a straight line. The PLFs can be described
as followings:

N-1

N alta)pa(t)ite T

n=0

QW = ®

72

where g = (29,59, oot M9y,

stesl 4 [tat, tn)
g PEsE s
onlt) = ¢ g’f:__,n L€ [tn,tnia] (10)

t<tpa or T3 tnga

and 7' is the duration time of the handwriting process. Then
the duration time is normalized T as T' = Ty using (9).
III. FEATURE EXTRACTION
In this section, in order to extract the time-frequency char-
acteristics of the handwriting process, the z(t,) and v;(%,)
obtained in the preceding section are expanded into-wavelet
series as

201 M-1272
o =" d2®eep®)+ 3 S dO R, an
k=0 I=lo k=0

a={v;2:)ylp = 0,1,2..,. M -1
where ¥z ;(t) is orthonormal wavelet:

dra(t) = M@kt k) (12)
< iy bmn > = / Pie, 1 (8) o, m ()t
= OLmbkn Q3)

and @z5(t) i the scaling function:

erio () = 207%0(2%1 — ), (lo, k € Z)

where Haar function is used .as mother wavelet ¥k, O m

is Kronecker delta, and ¢(?{1) and d{?(l) , respectively, are

the approximated and the detall wave]et coefficients. obtained

through the inner product d(q (1) =< g, >, and the scal-

mg) function coefficients. obtamed through the inner product
() =<g, 013 >.

A ®Bfa®) )

d® - dy@h-1)

Fig. 1. Feature vector at level [ taken as the input and output of the FIR

Syster.

To ease the explanation, we define the following functions.
= 2052 ),..P@-D a4
d?’) & [d@(O) d@'(l) d(a)(gg —np, as

g

ot

aiq) " [cz@) dl(ﬁ 17 ~’d§+u rpam_y) (16)
2y = (q(:d)) +iafh e Ma=(uz) A7
0 = o= 0, ff"m, LAY a8
(f) = (z(,)) [(4)(1)’ g}')(Q) e 91’)@7_)]' 19y

where a(q) is the feature vector of wavelet coefficients at.stage.
1 shown in Fig.1, N is a total number of element :in l‘(’)

=542



gz(i),, and [ means the transposition. We consider a hand-
writing ‘system characterizing the handwriting motion in the
handwriting process. The handwriting system is described by
the dynamic features in the corresponding part of handwriting
process. The system is realized by considering the wavelet
coefficients £{ (k) and g{” (k) as the input and output of the
system, respectively. It is assumed that the system can be
described by

M=1 .
3 EP @) % -m),  (0)

m=0

i (ks h”)

A= 1B ) .
where b = [h{?(0), (1), (2), ... A2 (M — 1)) is an
impulse ‘response of the system, M is the order the FIR
System, and _6?) (k; k) is an approximation. of g,(-‘) (k; h). The
impiilse response can be obtained by minimizing the least-
square error at M as
1. 4
S P ®E — min
k=0
where (k) = (k) — 6" (k; h{?). The details to deter-
mine the impulse response are reported in the work[6].

EY @1

Cas .... =S
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)
witeea 3V}
Khmer numeral “three”
g
\‘/\

% o AN oms
‘ \g) N
Writer A Writer A Lo

Khvier numeral “two’ )

By
witers § O\ wrs ] 180
Khmer numeral “two” ) Khmer numeral “two'

Fig.2: (a) Impulse'response obtained from numeral “two™ and “three™ written
by the same writer; (b) Impulse response obtained from numeral "two™ written
by the same writer; (c) Impulse:respotise obtaiied from numeral. "twa” and
“three” written by different writérs.

Fig.2 shows the comparison of the impulse response obtained
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from same and different numerals written by same and dif-
ferent writers. It can be seen from Fig.2 that the impulse
responses obtained from the same numeral and the same
writer are quite similar and different from those obtained from
different numerals and different writers.

“Numeral 1"

Numeral 2* |

Table of impulse responses obtained from two numerals from level 0 to 6, =6

Fig. 3. Impulse responses obtained from-numeral "one” and numeral “two”
from’ each level of coefficients of feature vector.

Fig:3-shows the impulse responses of the FIR system obtaingd
from two Khmer numerals. Tt can be seen from Fig.3 that the
impulse responses of the FIR system obtained from different
numerals are different. Therefore, it is considered that the
impulse response can be used as the individual feature for
the particular Khmer characters.

IV. CHARACTER RECOGNITION

It is assumed that the reference pattems of known classes
for Khmer characters are defined by Co,C1,Coy..5C,—1s
respectively. Then an unknown character = is assigned to a
class C; € Co,C1,0,...,CN,—1 If ;

Smin(Ciyx) = minS(Cy,x), (¢ =0,1,2,..,N, — 1§22)

where IV, is the totLal number of;,lasse{g, 3_1)1d e
5(C2) = gz Digo Tama i I iz

’ ; . Ay
hi:g“_:) = lhi’:ﬁx) 0), hl(;e,fi.l) (), hg:,?)‘(z)"“"- hg’,f__’;‘)'(,M—I)]
h(c) A

Lok =

[A{7.4(0), A5

Lot _,n,f(i')»hgﬁ?,i(z_)».--nh&)\i(M ~-1)]

i,

and .V is total number of reference data for each class, L is
the number of the feature vector level, N, is the number of
strokes in handwriting character, A%/ is an impulse response
obtained from the n*Preference data for'class Cy at the level
of the feature vector, ||.|| is Euclidean norm, and Syn (Cis )
is the minimum Euclidean distance obtained from .S(Cj, ).
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Fig.4. Example of Khmer Characters in database.

V. EXPERIMENTS
Character recognition experiments were performed on a

database consisting of two data sets. First data set consists.

of 1800 Khmer numerals written by 12 people in one year;
and the second data set consists of 30 times of 33 Khmer
Alphabets written by 3 people in 6 months. The Fig.4 shows
the example of Khmer character in the first and the sécond
data sét in our database. In the two experiments, 5 data were
selected randomly and used as reference data for a particular
character and a particular writer. Table I shows the recognition
rates obtained from the first experiment. Table IL shows the
recognition rates obtained from the second experiment. From
Tabial and Table 11, the results show that the proposed miethod

in companéon w11h the work [5]

VI. CONCLUSION

An on-line writer dependent character recognition method
based on FIR syster characterizing handwriting motion for
Khimer has been proposed. In the proposed. method, the
barycenter determined from the center point of the script and
the two adjacent pen-point positions was used to reduce the
fluctuation of pen-point movement in handwriting process.
Then the handwriting motion can be described by two features,
the trajectory and the velocity of the barycenter: In order to
extract the time-frequency characteristic of the handwriting
miotion for a particular person, the trajectory and the velocity
of the barycenter were expanded info wavelet series. More-
over, the FIR system characterizing the handwriting motion
was realized by considering the wavelet coefficients of the
velocity and the trajectory of the barycenter as the input
and the output of the FIR system, réspectively. The obtained

TABLE1: TABLE OF RECOGNTIONRATES

74

) Number Number Recopition tates (%)
Writer o of Proposed g
Iraining data mumeals method Methodin 6]
(Shumeral) (15fumeral)
A9 |50 150 99.33 96,66
B9 |50 150 9.3 9.3
c(9) |50 150 100 98.67
D9 |50 150 96.67 9067
E(@09) |50 150 96,66 9867
FO9) |50 150 95.99 90.66
G(09) |50 150 99.33 98,00
HO9) |50 150 92.61 9533
109 |50 150 100 96.66
109 |50 150 100 9.3
KO:9) {50 150 99.33 9133
LO9 |30 150 9.3 95.33
Averape 98.05 922
TABLE T TABLE OF RECOGNTION RATES OF KHMER ALPHABETS
; Number Number Rétognition atés (%)
Writer: of o Proposed § i
(33 alphabets): training data alphabits method Methodin [6]
(Staiphabety | (30/alphabet)

AA 155 990 9383 8939
BB 155 990 %77 %636
cc 155 990 97.57 96.26
Average 96.06 %01

impulse response of the FIR system was used as the individual
feature for a particular character. Finally, character can be
recognized by the Euclidean distance between the impulse
responses obtained from test characters and those from the
characters to be recognized. The experimental results showed
that the proposed method is useful for on-line writer dependent
character recoghition for Khimer numerals and alphabets.
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