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Abstract

A’ new one-pass parallel thinning algorithm is proposed in this
paper. With the aids of the condensed image plane, the proposed
algorithm obtains skeletons with the properties of perfectly 8-
connected, noise-insensitive, and topologically equivalent to the
original object shape without excessive erosion by performing
template matching on 21 newly designed templates. Furthermore,
the comners and T-junctions are perfectly preserved in the
obtained skeletons. It is helpful for many image analysis and
recognition tasks since both comer and T-junction are important
structural features for these tasks. Experimental results show that
this algorithm is indeed in good performance.

1. Introduction

Since it is very difficult to derive the useful features or
important control points from a thick stroke image, many image
recognition and analysis processes skeletonize the processed
images before their real recognition or analysis tasks are
performed. The raster-to-vector task that is useful for the
processing of an engineering drawing or a digital map is an
example. A raster-to-vector process usually skeletonizes the
image first, and then derives vector lines from the skeletons.
Optical character recognition is another typical example. In order
to derive the stroke features or the cross point features for
recognition, an optical character recognition task also performs
skeletonization on the recognized image first.

The skeletonization process is called thinning. There are
many approaches to perform this process. Most of the studies
perform thinning by removing the border points layer by layer
from the thinning objects. Each pixel in the image is inspected
and is removed if it is determined to be a border point.
Algorithms in this approach can be categorized into sequential
algorithms [1-3] and parallel algorithms [4-19].

A sequential thinning algorithm inspects pixels one by one
in its defined order. Since whether a pixel is a border point or not
is usually determined by its neighbors, the removal of a border
point will affect the removal of its neighbors immediately. On the
other hand, a parallel thinning algorithm processes all the pixels
of the image simultaneously. When the thinning process is
performed on a parallel machine, all the border points are
removed at the same time. Since the processing time is dependent
only on the thickness of the thinning object, the thinning task can
be finished very quickly when a large image is been processed.
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During the thinning process, the removal of a pixel is decided
only by its neighbors obtained in the previous iteration. Since a
removed pixel informs nothing to its neighbors for their removal
decision in the same iteration, it is possible that pixels are
removed excessively. For example, pixels on a two-pixel width
line will be removed thoroughly [18] since all the pixels are
border points. Several methods were used to avoid this problem.
Many researchers [4-11, 19] use multiple passes(or subcycles) in
each thinning iteration. For example, the two-pass parallel
thinning algorithm proposed by Zhang and Suen [5] removes all
border points from the south-east side of the object shape in the
first pass, saving the intermediate result; and removes in the
second pass all border points from the north-west side of the
object shape based on the intermediate result. Multi-pass methods
indeed avoid excessive removal of border points, but they also
slow down the processing speed. To overcome this problem.
several one-pass parallel thinning algorithms {12-18] have been
proposed.

Skeleton obtained by a thinning algorithm may be different
from that obtained by another algorithm. There is no unique
definition for the obtained skeleton which a thinning algorithm
should produce. However, a good thinning algorithm should have
the following characteristics in general.

. It should preserve the connectivity of the object shape. Here the

connectivity may be 4-neighbor connectivity or 8-neighbor

connectivity. In this study, 8-neighbor connectivity is assumed.

2.1t should not produce excessive erosion. Removing important
points to eliminate meaningful strokes is called excessive
erosion. This elimination will also eliminate the important
information for further image analysis.

3. It should be noise-insensitive. Noise appearing on the boundary
of an object shape should not intensively affect the thinning
result. ’

4.1t should produce a good representation of the original object
shape. A skeleton must be topologically equivalent to the
original object shape.

Criteria 1 through 3 are easy to observe, while criterion 4 is
quite difficult to measure. As described in the criterion, the
thinned skeleton must be topologically equivalent to the original
object shape. In the other words, the thinning algorithm can
neither lose any stroke nor create any extra stroke. In addition, the
topological structures between strokes should be preserved in the
thinned results. For example, the cross points, the fork points, and
the corner points are important topological structural points. Since
these points all describe the important topological relationships
between two strokes, they are usually treated as important
features in a recognition task. If the thinning process which acts
as the preprocess of the recognition task loses these important
structural features, the recognition task will usually fail

—
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consequently. Unfortunately, almost every existing thinning
algorithm processes these features quite deficiently. More
specifically, a fork point is usually thinned to be a ‘Y’ shaped
skeleton, while a corner point is usually thinned to be a slant line.
The important features are therefore lost in the thinned result.
This is a momentous problem of a recognition task. In this paper,
we propose a new one pass parallel thinning algorithm that will
preserve the fork points as well as the corner points. The thinning
results are described and discussed also.

The remainder of this paper is organized as follows. In
Section 2, the proposed thinning algorithm is described in details.
Section 3 presents some thinning results of the algorithm. And
finally, Section 4 includes a conclusion.

2. Proposed Algorithm

Similar to most of the existed thinning algorithms, the
proposed thinning algorithm removes the border points layer by
layer. And, as a parallel one, the proposed algorithm removes all
the border points at the same time if they are defined to be border
points after the border points on the outer layer are removed. The
process of deleting the border points in a snapshot is called a
thinning iteration. During the thinning process is in progressing,
an image plane, which we called the image plane, is used to
represent the thinning states of the processed image, from the
original input image to its skeletonized result. A pixel of the value
1 in the image plane represents that its positional corresponding
pixel is black in the thinned image. While a pixe! of the value 0
represents a white one. In addition to the image plane, the
proposed algorithm needs another image plane, which we called
the condensed image plane. In each iteration, the proposed
algorithm derives the condensed image plane from the image
plane. Template matching is then performed both on the image
plane and on the condensed image plane to select the border
points. After all the border points are simultaneously removed
from the image plane, the next iteration proceeds consequently.
Since a border point is determined by template matching, a set of
templates is designed for the image plane, and another set of
templates is designed for the condensed image plane.

1.1 Condensed Image Plane

‘The size of a condensed image plane is the same as that of
the image plane from which it is derived. Suppose the image
plane is in the size of MxN, i.e., M pixels height and N pixels
width. We can label a pixel in the plane by P,, where 1 <= i <=M
and 1<=j <= N. Because the condensed image plane has the same
size as the image plane, a pixel in it can also be labeled in the
same manner. Let’s label a pixel in the condensed image plane by
D, where 1<=i<=M and 1 <=j <=N. And we can say that pixel
D, in the condensed image plane is the positional corresponding
pixel of pixel P, in the image plane.

As described previously, the condensed image plane is
derived from the image plane in each thinning iteration. Each
pixel in the condensed image plane must be reset in each iteration.
More specifically, a pixel D, in the condensed image plane is
defined as

1 fP,=\Vi-1sk<gi+land j-1<1< j+]1,
D = where2sisM-land2< j< N-1;

y
0 otherwise.

L1 B A pixel with the value |

O a pixel with the value 0

NS4VAREEE
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image plane P

condensed image plane D

Fig. 1. Condensed image plane and its corresponding image
plane in the size of 12x12. Pixel D, is of the value |
since P,, and its eight neighbors are all of the value 1.
Another pixel Dy, is of the value 0 since Py, is of the
value 0.

From the definition, D, is defined to be 1 if and only if P,
and the eight neighbors of P, are-all of the value 1. Fig. 1 shows
the condition to derive a D, of the value 1. The marginal pixels of
the condensed image plane, i.e., the pixels D, where i =] or i =
Morj=1 orj =N, are always of the value 0, since there is not
enough neighbors of P, to support D;; to be the value 1.

1.2 Thinning Templates

To determine whether a pixel is a border point or not, the
proposed algorithm performs template matching both on the
image plane and on the condensed image plane. Thus, thinning
templates are designed both for the image plane and for the
condensed image plane. In the image plane, the pixel that is
focused for the determination of removal is called the tested pixel.
For each black pixel (a pixel of the value 1) P, in the image plane.
template matching is performed on the neighborhood of P, in the
image plane and on the neighborhood of D, in the condensed
image plane. As shown'in Fig. 2, eighteen templates(template (a)
through template (r)) are designed for the image plane, and three
templates(template (o’) through (q') are designed for the
condensed image plane. Each little square in the figure represents
a placeholder with which a pixel should be matched. Symbol ¢’
denotes the placeholder corresponding to the tested pixel. Symbol
‘1’ and ‘0’ denote the placeholder that should be matched with a
pixel of the value 1 and 0 correspondingly. And, an empty square
represents a don’t care pixel.

1.3 Border points

In each thinning iteration, border point removals is
determined by template matching. To describe the template
matching process, we define the neighborhood of a tested pixet P,
to be the set of the pixels around it in the image plane. Since the
neighborhood should be matched with the templates shown in Fig.
2, it consists of the twelve neighbors shaped in diamond. In the
condensed image plane, we also define the neighborhood of the
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Fig. 2. Thinning templates. Templates (a)-(r) are templates for the image plane, and templates (0°)-(q") are the associated templates of

templates (0)-(q) for the condensed image plane.

pixel D, . This neighborhood is defined to be the set of the eight
pixels adjacent to the pixel D, since the templates designed for
the condensed image plane is shaped in 3x3 square. For each
black tested pixel P, if its neighborhood is matched with any of
the template (a) through (n) or template (r), then it is determined
as a border point by the proposed algorithm. Unlike this kind of
simple matching, templates (o) through (q) and templates (0°)
through (q’) are matched in a shortly different way. Template (o)
and template (0’) form a pair and should be matched
simultaneously with the neighborhood of pixel P, and the
neighborhood of pixel D, correspondingly. When both of these
two matches are successful, pixel P, is determined to be a border

pixel. Otherwise, it is not. The fact is also true for the pair of
template (p) and template (p’) as well as the pair of template (q)
and template (q’).

1.4 The proposed thinning algorithm

For convenience, let’s denote the image plane at the 4-th
iteration as P* and the condensed image plane at the 4-th iteration
as D* The proposed algorithm is described precisely as follows.

Input. A binary image.
Output. The image of the thinning result.
Step 1. Initialize the image plane P according to the input image,
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set k= 0.

Step 2. Derive the condensed image plane D* from the image
plane P*. D*, is set to 1 if and only if P, and the eight
neighbors of 7, are all black pixels.

Step 3. k =k + 1; flag := FALSE.

Step 4. Check each pixel P¥, of P If its value is 1 and either one
of the following two conditions is true,

Condition 1: its neighborhood is matched with any of the
templates (a) through (n) or tempiate (r); or

Condition 2: its neighborhood and the neighborhood of
D*; are matched with any of the template
pairs (0-0’) through (q-q’),

then change its value to 0 and set flag := TRUE.

Step 5. If flag = FALSE, which means the image has been thinned,
then go to Step 6. Otherwise, go to Step 2 to perform the
next iteration.

Step 6. Qutput the thinned image according to P*.

3. Experimental Results

Fig. 3. shows the thinning results of some drawings shaped
like the Chinese character ‘[0’ and ‘HH’. In this figure, the
thinning results of four parallel thinning algorithms are shown for
comparison. These thinning algorithms are Datta’s algorithm [19],
Wu’s algorithm [18], Chin’s algorithm [15], and the proposed
algorithm. Experiments discussed below are also performed by
these four algorithms. In fact, unlike the other three one-pass
parallel thinning algorithms, Datta’s algorithm is a multi-pass
thinning algorithm. Due to its good thinning result, we include it
here for discussion. Fig. 3(b) through Fig. 3(e) show the results
derived by Datta’s algorithm, Wu's algorithm, Chin’s algorithm,
and the proposed algorithm, correspondingly. Observing the
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(a) the original image

O

(b) Datta

(c) Wu

O
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(d) Chin

() proposed algorithm

Fig. 3. An image and its thinning results. (a) is the original image. (b) through (e) are the results thinned by
Datta’s algorithm, Wu's algorithm, Chin’s algorithm, and the proposed algorithm, correspondingly.
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(a) the original image (b) Datta (c) proposed algorithm

2
2W1
23W21
236W521
2367W6521
236796521
2367ABHA9S6521

2367ABRDCCOCCOCCHEDA 96521
2367REWNDCO888888BCWEDASES21
2367ABRDCI985444478BCHEDASG6521
2367ABWDC98541 3478BCWEDR96521

2367ABWDCS8541 3478BCREDAS6521L
2367ABRDCI8541 3478BCREDASE6521
2367ABEND98541 3478BFWEDAS6521
236 7ABEFHDO541 347BFWHEDASG6521
2367ABEFWHDO51 37BEWIHEDASG652L
2367ABEFIWHDI521 237BFIWIHEDASG521
236 7ABEFWREKNDI6521 2367BEFIJAWIHEDAS6521
236 7TABRNNNGECENAS6521 236 7ABFHKKWWHEDAS6521
2367 6521 36 7ABWNGCEECEGHEDASE521

ABRDCCOCCCCHAS 2367
2367ABRDCO88888BCHAS6521 236 7ABWDCCCOCCOCWEDASES21
2367ABRDCI8544478BCHASE65222367ABWDCOB88888BCHWEDAS 6521
2367ABWDCO8541 3478BCWA9666667ABHWDC S85444478BCHREDASG521
2367TABNDCI8541 3478BCRAAAAARABRDCI854]Ll 3478BCWEDAS6521

2367ABWRDCS8541 3478BCHREEEEEEWDCI8541 3478BCHEDASG6521
2367ABEWD98541 3478BFWIIIINDCS8541 3478BCREDAS6521
236 7ABEFWDS541 347BFIJRMIHDS854 1 3478BFHEDAS6521
2367ABEFWHDSS51 37BFINWWLHDOS541 347BFWHEDAS6521
SWAWAWWRWLHD S5 1 37BFINWWLHD9S1 37BFWIHEDAS 6521
3478BCFGWHD9521 23 TBFIWOCHHD 9521 23 7TBE JWRWAWWIRINTL
3478BCFGHDI6521 2367BFWKKKKWDS6521 2367BFIWHGDCO98541
3478BCFHOAS6521 236 7ABNGGGCGGHAIES521 2367ABFWHGDC98541
3478BCHEDAS6521 236 7TABRDCOCCOCCHAIE 521 2367ABEFWGDCS8541

3478BCHEDAS6521 2367ABRDCI88888BCWAI6521 2367ABEFWGDCS98541
3478BCWEDA9E522367TABADCI8544478BCHAS6522 236 7ABEFWGDC 98541
3478BCWEDASE6 666 7TABWDCO8541 3478BCHAI666667TABEFWGDCI8541
34 78BCHEDAAARAABHRDCI8541 3478BCHARAAAAREEFWGDCS8541

3478PCHEEEEEEEWDCO98541 3478BCHEEEEEEEFWGDC98541
3478BCWAWIIIWHDI8541 3478BEFWIIIITWNCGDCI8541
3478BCEFGWWLHD OS54 347EEIWNSWWEGDCO8541
3478RCFGIFKHRHDO951 37EFINWLEHGDCS8541
3478BCFGJWHDO51 37BEFOWLKECDC98541
3478BCFGRHD9521 237BFIJWRKHGEDC8541
3478BCEFGHD96521 236 7BFJWHGDCO8541
3478BCFHDAS6521 2367ABFWHGDCS8541

34 78PCWEDAS6521 2367ABEFWGDCS38541
3478BCWEDASE521 2367ABEFWGDCI8541
3478BCHEDAIES22367ABEFWGDCI8541
3478BCHEDAIGEE6667ABEFWGDCS854 1

(d) procedure by Datta’s algorithm

Fig. 4. Thinning results and procedures. (a) is the original image; (b) and (c) are the thinning results of Datta’s algorithm and the
proposed algorithm, correspondingly; (d) and (e) are their corresponding thinning procedures.
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1
121
12321
1234321
123454321
12345654321
1234567654321
1234567W7654321
123456WW7TW7654321
123456W7667W7654321
123456476556 7W7654321
123456W76544567W7654321
123456W7654334567TW 7654321
123456W765432234567W7 654321
123456W76543211234567W 7654321
123456W7654321 1234567W7654321

123456W7654321 123456 7TW7654321
123456W7654321 1234567W7654321
123456W7654321 123456 7W7654321
1234567654321 1234567W7654321
123456WW654321 123456 7W7654321
123456W76W654321 123456 7W7654321
123456W7656W654321 123456W766TW7654321
123456W765456W654321 123456476556 7TW7654321
123456W76543456W654321 123456W76544567TW7654321

123356W7654321 123456W6543223456W76543211234567W7 654321
123456W7654321 123456W65433456W7654321 1234567W7654321

123456W7654321 123456W654456W7654321 1234567W7654321
123456W7654321 123456WE556W7654321 1234567W7654321
123456W7654321 123456W66W7654321 1234567W7654321
1234567W654321 123456WW7654321 1234567W7654321
1234567W7654321 123456654321 1234567W7654321
123456 7W7654321 123456W76W654321 12345678W87654321
1234567W7654321 123456W7656W654321 12345678WB7654321
123456 7W7654321 123456W765456W65432) 12345678W87654321
1234567W7654321 123456W76543456W654321 12345678W87654321

1234567W7654321 123456W7654323456W654321 12345678WB7654321
123456 TW765432123456W765432123456W6543211234567 8WB7654321
123456 TH7654323456W7654321 123456W654322345678W8B7654321
1234567R76543456W7654321 123456W6543345678W87654321

123456 7TW765456W7654321 12345 6H65445678W8B7654321
1234567W7656W7654321 1234 56W655678WB7654321
123456 7W76W7654321 123456W6678W87654 321
1234567W7W654321 123456W78WB7654321
1234567W7654321 1234567WW8 7654321
1234567W7654321 12345678WB7654321
1234567W7654321 12345678W87654321
1234567W7654321 12345678W87654321

1234567W7654321 12345678W87654321
1234567W7654321 12345678W87654321
123456 7W76543212345678W87654321
123456 7W765432345678W8B7654321
1234567TW7654345678W8 7654321
1234567W76545678W87 654321
1234567W765678W87654321
1234567W7678WB7654321
1234567W7B8WB7654321
123456 7WWB7654321
123456787654321
1234567654321
12345654321
123454321
1234321
12321
121
1

(e) procedure by the proposed algorithm

Fig. 4. Thinning results and procedures. (a) is the original image; (b) and (c) are the thinning results of Datta’s algorithm and the
proposed algorithm, correspondingly; (d) and (e) are their corresponding thinning procedures. (Continued)
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(a) (b)

(© (d) (e)

Fig. 5. Thinning results of a handprinted Chinese character “Z£”. (a) is the original image; (b) through (e) are the results thinned by
Datta’s algorithm, Wu’s algorithm, Chin’s algorithm, and the proposed algorithm, correspondingly.

R AR
E/ ' ' (a) the original image
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I%éé :‘ r{ B (b) the result of Datta’s algorithm
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J % /{ b (c) the result of Wu’s algorithm

S
5 )

J ' % 7{ b (d) the result of Chin’s algorithm

=7
3% )

! ; % /f b (e) the result of the proposed algorithm

Fig. 6. Thinning results of printed Chinese characters “Bopmames " (a) is the original image; (b) through (e) are the results thinned
by Datta’s algorithm, Wu'’s algorithm, Chin’s algorithm, and the proposed algorithm, correspondingly.
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results, we can find Darta’s algorithm is good for right comers
and right T-junctions, but it is bad for slant corners and slant T-
junctions. In contrast, Wu’s algorithm is good for slant features,
but bad for right features. Chin’s algorithm performs worst in this
experiment. On the other hand, the proposed algorithm performs
well at all the corners and T-junctions.

Fig. 4 shows the results of another experiment. Not only
the thinning results, the thinning procedures are also shown. In
order to observe the procedural difference of the removals of
border points between a one-pass parallel thinning algorithm and
a multi-pass one, the figure shows the thinning procedure of the
proposed algorithm and that of Datta’s algorithm in Fig. 4(¢) and
Fig. 4(d), correspondingly. In the figure, symbol ‘W’ denotes the
skeleton points. The other alphanumerical characters denote the
removed points. Symbol ‘1° denotes points removed in the first
pass, and symbols ‘2’ through ‘9’ denote points removed in its
corresponding pass. Alphabetical characters denotes points
removed in passes later than the 9-th pass in accordance with their
alphabetical order. As shown in Fig. 4(d), the largest symbol is
*Q’. which represents points removed in the 24-th pass. That is,
Datta’s algorithm performs this thinning task with 24 passes,
while the proposed algorithm performs the same task only with 8
passes. Since the processing time of a parallel thinning algorithm
implemented in a parallel logic circuit is dependent on the
number of passes it performs, the proposed algorithm is quite
faster than Datta’s algorithm.

Fig. 5 and Fig. 6 show the thinning results of a handprinted
Chinese character ‘Z’ and a printed Chinese clause “E/{&#H4R
{k.”, respectively. Experiments are also performed by the four
algorithms that are tested in the first experiment, and the results
are shown in the same order as that in Fig. 3. As shown in the
figures, the proposed algorithm derives good results in both of
these two experiments. More specifically, it is noise insensitive
and without excessive erosion. The derived skeletons are also
topologically equivalent to the original object shapes. Especially,
at the corners and T-junctions, the thinning results of the
proposed algorithm are better than that of the other parallel
algorithms.

4. Conclusions

As discussed in the previous section, we have proposed an
efficient corner preserved one-pass parallel thinning algorithm.
Experimental results have shown that this algorithm can derive
good thinning results. Especially, for the preservation of corners
and T-junctions, the proposed algorithm performs much better
than the other parallel thinning algorithms. As a one-pass parallel
thinning algorithm, its processing speed is surely faster than a
multi-pass one. An experiment has also shown this truth. Further
more, in spite of a one-pass algorithm, its derived skeletons are
better than that of a multi-pass one. It is believed that it is helpful
for an image analysis task to preprocess its target image by the
proposed algorithm before the real analysis task is performed.
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