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Abstract

This paper presents an on-line Chinese character
recognition approach for personal digital assistanis
without writing constrainis on both stroke order and
stroke number. Stroke correspondence is accomplished
via a rule-based approach such that combinatorial ex-
haustion can be avoided. Then, character distance is
computed for character discrimination. For portable
information processing systems, such as personal dig-
ital assistants (PDAs), the computing resource is very
limited. We propose a hierarchical representation
to reduce the storage requirement of the reference
database, which only occupies about 1/4 of the amount
without using hierarchical representation. While us-
ing the hierarchical reference database, it only requires
O(nlogn) time 1o accomplish stroke correspondence
between an input script and a template of n strokes.
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1 Introduetion

On-line Chinese character recognition (OLCCR) is
the key technology for Chinese pen-based systems.
Chinese is a large-vocabulary language. Complicated
structures and handwriting variations, such as vari-
ations in stroke order and siroke connection, further
increase the difficulty of machine recognition. Many
researchers have elaborated on developing OLCCR
methods releasing writing constraints. However, most
of previous methods are still under some constraints

*Responsible for correspondence.

[1, 2, 3, 4, 5]. In portable information processing sys-
tems, such as personal digital assistants (PDAs), the
computing resource is very limited. Therefore, the
data size of a recognition system is also a concerned
factor.

In this paper, we propose a rule-based approach
to accomplish stroke correspondence for on-line hand-
writing with wide variations. Before stroke correspon-
dence, all possible basic strokes in an input script are
first recognized. Connected strokes can be segmented
apart if exist. Stroke.correspondence rules contain the
knowledge of possible types of basic strokes allowed in
handwriting and geometric features of strokes. There-
fore, the variations in stroke order and stroke number
can both be accommodated. A template of n strokes
has n rules, and only requires O(n) time to accomplish
the stroke correspondence.

'In Chinese characters, simple characters are con-
structed by basic strokes according to fixed structural
rules. Most complicated characters are usually built
from simple characters or simple patterns, named
components or radicals, based on fixed geometric con-
figurations — character structures. Therefore, we can
utilize a hierarchical representation to reduce the re-
quirement of storage space. The procedure of com-
ponent decomposition is indispensable for retrieving
information from the hierarchical reference databases.
Many researchers proposed various methods of com-
ponent decomposition {6, 7, 8, 9, 10]. However, some
are under the constraint of fixed stroke number, some
have time consuming computations, and some require
large amount of storage space.

In this paper, for retrieving data from the hierar-
chical database, we propose a new method of compo-
nent decomposition. Using the hierarchical database,
although the time complexity of the stroke correspon-
dence will increase to O(nlogn) for a template char-
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acter of n strokes, the requirement of storage space
in the hierarchical representation-is reduced to 1/4 of
the amount without using hierarchical representation.
Experiments were performed to verify the effective-
ness of the proposed approach for PDAs.

2 A Rule-based Recognition Approach

Chinese characters possess abundant structural
characteristics, which are important for machine
recognition. Utilizing the structural knowledge, we
propose a rule-based recognition approach for OL-
CCR without constraints on both stroke number and
stroke order. In the processing flow of our recogni-

tion system, each handwritten input character is pro--

cessed by the stage of preprocessing first, in which
the line-segment representation can be acquired from
the series of sampled point data with noises. Then,
basic strokes included in the input script are all recog-
nized. Next, the candidate characters are selected by
the preliminary classification utilizing both the esti-
mated range of possible numbers of input strokes [11]
and statistical features [12]. The distances between
these candidates and the input script will be calcu-
lated in the following stage of structural analysis. The
candidate with minimum distance is the recognition
result. The structural analysis includes three process-
ing steps: stroke correspondence, distance calculation,
and detailed recognition, where the stroke correspon-
dence is accomplished based on rules predefined for
decreasing the computation time.

The strokes of Chinese characters in block style
can be classified into 14 basic stroke types, as shown
in Table 1. A connected stroke in hasty writing may
not be classified into any of the 14 types. Figure 1(a)
shows the standard pattern of character * " and
its basic strokes. Two example cursive patterns of
character * % ", varying in both stroke order and
stroke connection, are illustrated in Figure 2(a).

In our proposed method, all possible basic strokes
existing in a cursive input stroke are recognized first
for segmenting connected strokes apart if existing.
They constitute the candidate strokes of stroke cor-
respondence. The cursive pattern in the right side of
Figure 2(a) contains only one input stroke, but has 11
possible basic strokes, as shown in Figure 2(b).

To depict the process of rule-based stroke corre-
spondence easily, we analyze and designate character
prititives as follows. The strokes actually appearing
in a character pattern are named fore strokes. Along
the pen track of writing, the pseudo segment connect-
ing two consecutive fore strokes is called back stroke.
A back stroke in a template may appear as a fore
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Table 1: Basic strokes.
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stroke in an input pattern because of stroke connec-
tion, such as stroke ¢’ in Figure 2(a), or may degener-
ate into a point as the intersection point of a’ and ¥'.
The “null” type should also be included for describing
the relation without matching primitive. Therefore,
character primitives are classified into four types: fore
strokes, back strokes, degenerate points, and null. The
task of stroke correspondence is to find a binary re-
lation between template primitives and input primi-
tives.

Definition 2.1 A stroke matching is a binary rela-
tion r : X — Y from set X to Y, where X de-
notes the set of primitives of a template character
and Y is the set of primitives of an input charac-
ter. For any element z; € X, if the mapped image
vi(y; = r(z;), y; € V') exists, then there exists only
one image y;.

There are eight possible types of matching pairs:
fore — fore, back — back, back — fore, back —
point, back — null, null — back, fore — null, and
null — fore, where ¢ — y indicates a matched pair;
fore indicates a fore siroke primitive, back indicates
a back stroke primitive, point indicates a degenerate
point primitive, and null indicates no matched primi-
tive.

Chinese characters are constituted by basic strokes
based on certain geometric configurations. To cope
with both stroke-order and stroke-number variations,
we utilize basic stroke types and 27 types of geometric
features of strokes in designing stroke correspondence
rules. All of them are proposed for obtaining stable
stroke carrespondence.



“=T7"  Segmentorder 0 —> B>y —>38.
o T Basic strokes:
Stroke no. Shape  String Stroke type
1 — <> 0
2 - <$> 0
3 <P 2
4 <6> 0
(a)

(1) Rule of stroke 0.: the stroke with stroke type 0 or 3, and

its center point with the minimum
Euclidean to the left-top corner point
of the charcater.

(2) Rule of stroke ¥: the stroke with stroke type 2 and the
top boundary of its MBR with the
maximum y coordinate .

(3) Rule of stroke &: the stroke with stroke type 0 or 4, and
its center point with the minimum
Euclidean to the left-bottom corner
point of the charcater.

(4) Rule of stroke B: the stroke with stroke type 0 and the

top boundary of its MBR with the
maximum y coordinate .

(b)

Figure 1: (a) Standard pattern of character “ £” and
its constituent basic strokes; (b) its stroke correspon-
dence rules.

Each stroke is considered to be bounded by a min-
imum bounding rectangle (MBR). The x and y coor-
dinates of the four boundaries and the center point
of the MBR of a stroke are designated as geometric
features numbered 1 to 6, respectively. The r and
y coordinates of the start point and end point of a
stroke are geometric features, numbered 7 to 10. In
our work, we adopt a hietarchical representation in
the reference database. Each character is described
by its constituent component code(s) and its charac-
ter structure. For each component, stroke correspon-
dence rules are stored. During matching, constituent
components need to be decomposed from the charac-
ter one by one. Strokes of neighbor components may
be erroneously included in a decomposed component.
To exclude these erroneous strokes, we define eight
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(2)
egment order: a' ->b'->¢'->d' ->e'-> 1.

Possible basic strokes:

Stroke no. Shape  String Stroke type
1 U <a', b, c> 6
2 Z__ <d,¢e,f> 10
3 _] <a', b'> 6
4 \I <b', > 9
5 7 <d', e> 6
6 L <e', > 7
7 - <a> 0
8 ’ <b'> 2
9 —_—  <d> 0

10 o <e> 1
11 —_— <> 0
(®)

Steps of stroke correspondenge:

Ruleno.  Mapping Remaining pattern
) o > a ﬁ
) y >V =
3 8§ > f b
@) B > d b
P > ¢ vd
B.o > ¢
©

Figure 2: (a) Two example cursive patterns of char-
acter “ £” with different stroke orders accompanied
with stroke connections; (b) all possible basic strokes
included in the cursive pattern in the right side of

(a); (c) stroke correspondence process of the cursive
pattern.
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Figure 3: Eight reference points on the boundaries of
the bounding rectangle of a decomposed component.

reference points on the boundaries of the bounding
rectangle of the decomposed component, illustrated
in Figure 3. Based on the eight reference points, we
propose 14 auxiliary geometric features numbered 11
to 24. They are the Euclidean distances from the start
and end point of a stroke as well as the center point
of a stroke’s MBR to the eight reference points, re-
spectively. The geometric feature numbered 25 is the
length of a stroke; the feature numbered 26 indicates
the city block distance from the left-bottom corner
point of a character to the left-bottom corner point
of a stroke’s MBR,; the feature numbered 27 indicates
the city block distance from the left-bottom corner
point of a character to the right-top corner point of a
stroke’s MBR.

Stroke correspondence rules used in our recogni-
tion system are classified into type one and type two,
Both of them contain the information of possible
types of basic strokes allowed considering handwrit-
ing variations. The information is used to eliminate
those strokes impossible to be the matching stroke,
of which the stroke types violates those predefined in
the rule. It also has the function of segmenting con-
nected strokes apart. A type one rule utilizes one ge-
ometric feature to find the matching stroke for simple
characters, and a type two rule utilizes two for compli-
cated characters. The order of stroke correspondence
is based on the predefined rule sequence.

Each stroke in a character has an associated stroke
correspondence rule. Therefore, each character has
a set of stroke correspondence rules. Figure 1(b)
shows the stroke correspondence rules of character
“ £”. The matching process can be explained by
Figure 2(c). The fore strokes of the template are first
matched with the fore strokes in the input script. The
back strokes of the template pattern are obtained by
tracing the matched pairs following the input stroke
order. In Figure 2(c), matched pairs @ — o', y — ¥/,
§ — f' and B — d' are the matched fore strokes. The
back stroke (7, 7) is between fore strokes ¢ and j. The
back strokes {(«,¥), (v,5), and ({4, 6) can be obtained
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after the above matched pairs are found. Following
the input stroke order and tracing the matched pairs
of fore strokes, back strokes («,v), (v,/), and (3,0)
can be mapped to the intersection point of ¢’ and ¥,
¢/, as well as ¢’, respectively.

After stroke correspondence, the matching relation
between template strokes and input strokes has been
acquired. Based on the relation, we can acquire the
information of stroke connection. For character dis-
crimination, we utilize structural knowledge accompa-
nied with appropriate discriminant functions to calcu-
late the distance of the two characters. The structural
knowledge includes the spatial relationships between
components, the spatial relationships between strokes
within each constituent component, the lengths of lost
strokes and superfluous strokes, and the information
of stroke connections. The lengths of strokes can be
retrieved from character patterns. When the num-
ber of candidate characters with minimum distance is
more than one, these candidate characters constitute
a similar group. The input character is further identi-
fied by special structural features of the similar group
[13].

Theoretically, the 27 features are computed for
each possible basic stroke at once after all possible
basic strokes in an input character are identified. All
of them are sorted based on each feature in increasing
order and the sorted sequence is recorded in respec-
tive array. Bach stroke correspondence rule would
indicate that the matching stroke should have maxi-
mum or minimum value of certain type of geometric
features in the remaining strokes. During stroke cor-
respondence, the matching stroke can be determined
directly based on the data in these arrays. The stroke
correspondence requires O(n) time for a template of
n strokes based on the n rules.

Because we use hierarchical reference database,
each component need to be decomposed from a char-
acter. The 14 auxiliary features of each component
cannot be computed until each component is decom-
posed. Then, the decomposed strokes are sorted
based on these 14 features, respectively. There-
fore, the time complexity of stroke correspondence in-
creases to O(nlogn). Although the time complexity
Increases, the reduced space is considerable.

3 A Hierarchical Representation of
the Reference Database

The great majority of the reference database is oc-
cupied by the structural knowledge, including stroke
correspondence rules, spatial relationships between
strokes, and character patterns. We propose a hier-
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Figure 4: Geometric configurations of the character
structures with occurrence frequencies in the first 10
ranks, labeled with “structure codes (frequencies).”

archical representation to reduce the requirement of
storage space.

In the hierarchical reference database, each charac-
ter is described by its constituent component code(s)
and character structure. After analysis, we propose
622 component categories, such as “ 47, “&” and
“BA 7, and 208 types of character structures to de-
scribe the frequently used 5401 Chinese characters.
The character structures, with occurrence frequencies
in the first 10 ranks, are shown in Figure 4. Character
structure 201 ranks first and there are 1309 characters
in this character structure category.

We take character patterns as the example to an-
alyze the requirement of storage space when we use
the proposed hierarchical representation. Instead of
storing the whole character patterns, we only store
component patterns in the reference database. Dur-
ing data retrieval, one character pattern can be re-
built by its constituent component pattern(s) based
on the character structure predefined. For example,
character “#f” has six strokes, consisting of compo-
nents “w " and “€ "”. Character “#4” has seven
strokes, which is composed of components “ 4. and
“@ ”. Therefore, 13 stroke patterns have to be stored
for characters “vf,” and “# . If we adopt a hi-
erarchical representation, that is, the two characters
are described by the three components “© ”, “4,”,
and “4". The total number of strokes of the three
components is ten. The hierarchical representation
can save a large amount of data duplicates of compo-
nents. Although extra space is needed to store con-
stituent component codes and the synthesis rules for
each character, the total requirement of storage space
still decreases dramatically. The analyses of the space
vecuirement about the spatial relationships between
strokes and stroke correspondence rules are similar to
the above analysis. The reduced storage space of the
three parts is about 3/4 of the amount not nsing the
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Figure 5: The decomposition result of character “JL "
will be stable if component 2 is decomposed before
component 1.

hierarchical representation.

Using the hierarchical representation, the decom-
position of components is an essential procedure. It
15 to determine which strokes belong to target com-
ponents predefined. Correct sirokes are the decom-
posed strokes really belonging to the target compo-
nent, and erroneous strokes are those belonging to
neighbor components. Fewer erroneous strokes would
make the design of stroke correspondence riles easier.

The topic of component decomposition has been in-
vestigated by many people, but their proposed meth-
ods have drawbacks mentioned previously and are not
suitable for retrieving data in our recognition system.
Therefore, we propose a new method of component
decomposition, utilizing the knowledge of character
structures, geometric features of strokes and decom-
position sequences of components to decrease erro-
neous strokes.

The concept of this method can be illustrated by
Figure 5. For character “JL”, no matter what ratio
in size the two components has, component 2 with
one constituent stroke is always located in the ex-
treme right of the character. If we utilize maximum
z coordinate of the strokes to decompose component
2 before component 1, the erroneous stroke can be
avoided even for wide handwriting variations. Some
terminologies are given first for explaining the details
of our proposed method.

1. Geometric features of strokes The four fea-
tures Xmin, Ymaz, Ymin and Ymaz of the MBR
of a stroke and the x, y coordinates of the MBR's
center point are the six possible geometric fea-
tures used in component decomposition. They
can be classified into z and y coordinate mea-
sures. For character structures with left-right
relations, only » measures are used in compo-
nent decomposition, and for top-bottom rela-
tions, only y measures are used.

2. Windows: A rectangular window is utilized to
represent the occupied area of the component to
be decomposed. This area is covered by the ge-
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ometric features of the constituent strokes. The
four boundaries of the window is derived from
learning samples of characters.

3. Tolerance zone: A tolerance zone of width ¢ is
set around the derived window such that more
variations in component size could be tolerated.

4. Sequence of component decomposition: A

character structure of & components has k! pos-

sible sequences of component decomposition in
total. When a decomposition is carried out from
surrounding components to central components,
the erroneous decomposition rate would usually
.be less than those wvice verse. Under the con-
straint, the number of sequences allowed would
be much less than k!. People usually write Chi-
nese characters based on the stroke order from
top to bottom, from left to right, or from sur-
rounding to central. For each character struc-
ture, we define one as the natural sequence of
component decomposition based on such order.

Assume that character category A has character
structure cv. In structure «, there are L components,
N possible decomposition sequences, and M possible
sets of geometric features of strokes used in compo-
nent decomposition. A set of handwritten samples is
used in deriving the rule of component decomposition
of character A. For all learning samples of character
A, the minimum area, occupied by the jth set of ge-
ometric features of all strokes in the ith component,
is denoted by W(#,j). A surrounding tolerance zone
of width & added to W{(i,j) forms a larger window
W'(6,i,j), which would be used in deriving rules of
component decomposition for tolerating wider varia-
tions in component size. The total number of erro-
neous decomposition strokes in the ith component is
denoted by e4(8.4, j, k), where the kth decomposition
sequence and the jth set of geometric features are
used in component decomposition. The total number
of erroneous strokes in the whole character denoted
by EA(6.).k) is described by the following equation

L
Ea(8.j k)= ealdiijik). )

i=1

The minimum number of erroneous strokes y4(48) can
be obtained by the following equation
N : ;o AN B
al&) = nin Eq(0, k)= Eq(0,5 k). (2
Val 1< <M ASRSN ! TALARNC)
For 208 types of character structures, there are 16
possible spatial relationships between a decomposed
cormponent and its neighbor compouents remained in
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Figure 6: Sixteen types of spatial relationship between
a decomposed component and its neighbor compo-
nent(s), labeled with position codes.

the script, labeled by position codes, as shown in Fig-
ure 6. Each white area in Figure 6 indicates the lo-
cation of the component being decomposed and each
marking area indicates the occupied area of its neigh-
bor components. A component category may have
more than one position code when it is decomposed
from different character categories. During decom-
position, the erroneous strokes belonging to neighbor
components may be included and located in the dif-
ferent boundary areas of the component, as shown in
Figure 7. For the same component category, more
than one set of rules may be needed to cope with the
different cases. This fact will increase the requirement
of storage space.

To reduce the number of rule sets, we add a con-
straint in deriving the decomposition rule. If a com-
ponent category occurs in both positions of code 1
and code 2 in the 5401 characters, we can restrict the
decomposition sequence on the natural sequence such
that the component category has only one position
code, either code 1 or 2. Similarly, a decomposition
sequence can be restricted such that a component cat-
egory can have only either position code 3 or 4; can
have only one of code 5, 6, 7, or 8. Therefore, if the
minimum number of erroneous strokes y,4(¢) derived
from equation 2 is not equal to zero, we adopt a pre-
defined sequence - natural sequence in the rule, and
choose a set of geometric features of strokes to min-
imize the number ol erroneous strokes hased on the
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Figure 7: Strokes of neighbor components may be er-
roneously included in the decomposed component. (a)
An erroneous stroke appears in the right of decom-
posed component “w© ”; (b) an erroneous stroke ap-
pears in the bottom of decomposed component “w 7.

following equation

S S in) = Ea(6. "
Tan(?) lsn}lsnMEA(c\J.n) Ea(6.",n),

(3)

where n denotes the natural sequence and the j”th set
of geometric features of strokes, being the best result,
is adopted in the decomposition rule of character cat-
egory A. Using the hierarchical reference database,
the total space is about 1/4 of the amount not us-
ing the hierarchical representation. A storage space
about 260 Kbytes is enough for storing the three ma-
jor parts of the structural knowledge such that the
proposed approach can be adopted by PDAs.

4 Experiments and Results

To verify the effectiveness of our proposed ap-
-proach, we performed two experiments. The first is for
verifying recognition accuracy and speed of the struc-
tural analysis. Each character category has 11 test-
ing samples taken from the /TRI OLCCR database
[14]. We used the estimated range of the number
of input strokes alone in preliminary classification.
For 1225 categories randomly selected from the 5401,
the average number of candidate characters was 274.
On the average, the first rank recognition rate was
93.51%; the 5th rank cumulative recognition rate
reached 98.16%; the recognition speed was about 0.5
second per character on a Pentium-100 based PC. The
recognition rate will be further improved by incorpo-
rating more variations into the reference database.

When the recognition system is extended to rec-
ognize 5401 or more categories, the number of candi-
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dates selected by the preliminary classification will in-
fluence the recognition speed. The second experiment
is to reveal the feasibility of using both the estimated
range of possible numbers of input strokes and sta-
tistical features in the preliminary classification for
a large character set. For 5401 categories, we used
23 testing samples per character category, also taken
from the ITRI OLCCR database. On the average, us-
ing statistical features alone, the number of candidate
characters was 1480; using the estimated range of the
numbers of input strokes alone, the number of can-
didate characters was 1040. When both of them are
used, the number of candidate characters decreased to
353. Therefore, the real-time recognition would be re-
alized via the proposed rule-based approach even for a
large character set. The recognition speed would fur-
ther be improved by utilizing other effective features
in preliminary classification.

5 Conclusions

This paper presents an OLCCR approach for PDAs
without constraints on both stroke number and stroke
order. The stroke correspondence requires O(nlogn)
time for a template of n strokes when the reference
database is represented hierarchically. For a charac-
ter set of 5401 characters, a storage space about 260
Kbytes is enough for storing the structural knowledge
used in recognition, which is about 1/4 of the amount
without using hierarchical representation. The ex-
perimental results reveal that the proposed approach
can be applied in PDAs and other portable systems
with very limited computing resource for recognizing
a large character set. The proposed architecture of
the recognition system could also be applied in rec-
ognizing characters written in various styles by using
the rules suitable for the style to be recognized.

Stroke correspondence rules used in experiments
were inducted from character samples by a semi-
automatic approach. Authors designed stroke corre-
spondence rules utilizing programs to speed up the
induction. The training of the reference database is
usually the major and the most important work for
developing a recognition system. Therefore, there is
a great demand for developing automatic learning en-
vironment. If cursive handwriting with variations to
very high degrees were recognized through-machines,
the stroke correspondence rules might contain more
features and should be further investigated. These
issues are worthy of future research.
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