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2. DEFINITIONS

In order to explain the new approach we define the terminology used in this paper:

Fig. 1. Eight-neighbors of the point p.

Fig. 2. Four-neighbors of the point p.

e cight-neighbors of point p: the points ng,n;,ns, n3, ny, ng, ng, ny adjacent to p as
reported in Fig. 1.

e four-neighbors of point p: the points ng,ny, ng,ng adjacent to p as reported in
Fig. 2.

e eight-connected path: it is a set of points po,pi1, --.,Pi-1,Pi, - -, PN for which
pi-1 is an eight-neigbor of p; for i = 1, ..., N; the points py and pn are called
terminal points of the eight-connected path.

e four-connected path: it is a set of points pg, p1, -.-,Pi—1,Pi, - - - , PN for which p;_;
is a four-neigbor of p; for i = 1, ... N; the points pg and pn are called terminal
points of the four-connected path.

o eight-connected skeleton: it is a skeleton which consists of eight-connected paths.

o four-connected skeleton: it is a skeleton which includes only four-connected paths.

e edge-poinl: it is a black point that has at least one white four-neighbor. The dif-
ferent neighbor configurations of an edge-point are reported in Fig. 3. Specifically,
Fig. 3(a) shows a left-edge-point, Fig. 3(b) shows a bottom-edge-point, Fig. 3(c)
shows a right-edge-point and Fig. 3(d) shows a top-edge-point.
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Fig. 3. Edge-points configurations: “p” = edge-point, “w” = white point, “x
point.

" = “do not care”

e end-pownt: it is a black point that has at most one black four-neighbors. Figure 4
shows the four configurations corresponding to an end-point. Specifically Fig. 4(a)
shows a left-end-point, Fig. 4(b) shows a bottom-end-point, Fig. 4(c) shows a
right-end-point and Fig. 4(d) shows a top-end-point.

e break-point: it is a black point, the deletion of which would break the connected-
ness of the original pattern. An example of a break-point is given in Fig. 5.

e conirol point of the thinning process: it is a point of the original pattern that has
been deleted during thinning and that has two black pixels in the four-neighbor
as reported in Fig. 6. Specifically, Fig. 6(a) shows a left-bottom-control-point,
Fig. 6(b) shows a bottom-right-control-point, Fig. 6(¢) shows a right-top-control-
point, Fig. 6(d) shows a top-left-control-point.

w W W w b W W w W w w w
w|p| b w | p|w b | p|w W w
w w w w w w w w w w w

(a) (b) (c) (d)

Fig. 4. End-points configurations: “p”= edge-point, “b” = black point, “w”= white point.

Fig. 5. An example of break-point: “p”= break-point, “b” = black point, “w”= white point.
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Fig. 6. Windows for control points detection: “r"= control-point, “b”= black point.

3. THE THINNING PROCESS IN CHARACTER RECOGNITION

The relevance of thinning in the scope of structural character recognition is mainly
due to the fact that the thinned version of a character is less complicated than the
original specimen and consequently it permits a simple structural description of the
pattern.!

Unfortunately all the thinning algorithms also produce distortions in the skele-
ton, like for instance inconsistent strokes inflection, spurious branch points, dispro-
portionate loops in correspondence to small holes in the pattern.l In order to avoid
distortions two different kinds of approaches have been proposed in the literature:
the first one tries to avoid distortions before they occur, the second one tries to
correct distortions after thinning.

Two significant attempts have been carried out with respect to the first
approach: the first attempt is based on adding suitable pixels to every current
contour in correspondence to right-angle corners, T-angle corners, and acute-angle
corners in order to prevent distortions in the skeleton.!” The second attempt is
based on the heuristic definition of “unthinnable regions” whose deletion causes
distortions in the skeleton.!® A limited set of “unthinnable regions” for handprinted
numerals have been proposed but also specific rules for the treatment of the cases
that cannot be solved by the algorithm are necessary. Both attempts have been eval-
uated in practical cases with irregular contours and different thickness of patterns
and they both failed.!®

The second approach is usually based on heuristic rules for automatic correction
of distorted skeletons. The best results have been achieved taking into account
local thickness information together with information about direction of strokes
but complex steps of regularization and polygonal approximation of the skeleton
are required in order to correct local distortion.6

Conversely to the approaches proposed in the literature up to now, that try to
obtain skeletons conveying as much shape information about the pattern as possible,
this research arises from the observation that, for structural character recognition
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aims, non-essential information about the original pattern retained in the skele-
ton makes the feature extraction phase much more complicated and often it makes
the recognition system less effective. Indeed recent studies have shown that for
human recognizers, the recognition of many characters is due to small details of
the pattern,’® so a correct recognition of such details can greatly improve the per-
formance of the recognition systems, also in the cases in which other parts of the
characters are noisy or strongly distorted. This is for instance the case of the char-
acters ‘O’ and ‘D’, ‘B’ and ‘8’ for which the correct identification of bend-points
and cross-points in the skeletons is essential for correct recognition.?%-23 Moreover
the input patterns of an optical character recognizer are generally derived from dif-
ferent sources and many systems perform a size normalization step before thinning.
Also in this case it is necessary that the thinning process takes care of the essential
points of the pattern in order to avoid different structural descriptions depending
on the scale used for pattern normalization.

In the next section a new thinning algorithm producing skeletons satisfying the
above requirements is presented.

4. THE THINNING ALGORITHM

The proposed technique is based on an iterative region-based controlled removal
procedure carried out in four steps for left-, right-, top- and bottom-edge-points
analysis. Each step covers two phases:
e Pixel analysis phase
e Region analysis phase.

In the following, the two analysis phases will be explained in detail with respect
to the step concerning left-edge-points.

X b W x X x ! W w X x X x |
w|p| b w | p|Db ’ w|p|Db w | p | W
X x x x b w w w x x x x

(a) (b) (c) (d)

Fig. 7. Windows for safe-conditions of left-edge-points: “p” = left-edge-point, “b” = black point,

“w” = white point, “x” = “do not care” point.

4.1. Pixel Analysis Phase

In the first phase the left-edge-points of the pattern are detected using the window
in Fig. 3(a). Among these points, the selection of the left-edge-points to be saved
is accomplished taking into account the four windows reported in Fig. 7. These
windows have been derived by considering all the possible configurations of pixels
in the eight-neighbor of a left-edge-point for a four-connected pattern as reported
in Fig. 8, and processing all the configurations corresponding to points that are
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Fig. 8. Configurations of neighbor pixels of a left-edge-points.

not end-point, nor break-point, and also their deletion must not cause excessive

erosion of the pattern. In Fig. 8 these points are marked with an underlined ‘p’.
Specifically, if the following conventions are assumed:

e n; = FALSE — means that the neighbor n; is a white pixel (=0, ...,7)

e n; = TRUE — means that the neighbor n; is a black pixel (i =0, ..., 7),

and if s4 is the Boolean variable used to store the result of the expression for a

left-edge-point to be saved from deletion, where:

10
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l LBCP ' Ej
. EJ TLPC
LBCP 5 E;
i _EJ TLCP
(a)
BRCP . Ej
i Ej RTCP
BRCP El |
E/ RTCP

(b)
Fig. 9. Windows for controlled deletion of edge regions: (a) E{ = terminal point of left-edge-
region, LBCP = left-bottom-control-point, TLCP = top-left-control-point. (b) Ef = termi-
nal point of edge region, BRCP = bottom-right-control-point, RTCP = right-top-control-point.
(c) E! = terminal point of edge region, RTCP = right-top-control-point, TLCP = top-left-control-
point. (d) E{ = terminal point of edge region, BRCP = bottom-right-control-point, LBCP =
left-bottom-control-point.

e s, = TRUE — means that the left-edge-point must be flagged for deletion
e 54 = FALSE — means that the left-edge-point must be saved from deletion, hence
it must remain unflagged.

Then the expression of s4 for a left-edge-point ‘p’ can be derived directly from
the windows in Fig. 7:

s4 = ng and (n; or not(nz)) and (not(ng) or n7) and (nz or n3 or ns or ng).

4.2. Region Analysis Phase

In the second phase the set of the flagged left-edge-points is partitioned in the
smallest number of four-connected paths Ry, Ry, ..., Ry, ..., Ry called left-edge-
points-regions and for each path R; (for ¢ = 1, ...,M) its terminal points E}, E?
are derived. If E} or EZ is located in particular positions with respect to the control

11



976 G. DIMAURO, S. IMPEDOVO & G. PIRLO

- | gl
TLCP RTCP
TLCP RTCP

(©)

LBCP BRCP

i E Ei |
LBCP BRCP

. E) v Ej

(d)
Fig. 9 (Continued)

points of the thinned process as specified by the windows in Fig. 9(a), then the
entire region R; will be saved from deletion, otherwise it will be completely deleted.
In the thinning process the pixel analysis phase and the region analysis phase

are repeated for left-, right-) top-, and bottom-edge-points iteratively. Specifically,

using the above approach we obtain the following expression for sg, s, s¢ concerning

the saving criteria for right-, top-, and bottom-edge-points respectively:

so = ng and (ns or not(ng)) and (not (nz) or n3) and (n; or ny or ng or ny)

s2 = ng and (not(ng) or n7) and (not(ns) or ns) and (ng or n; or nz or ny)

s¢ = ny and (ns or not(ns)) and (not(ng) or ny) and (ng or n4 or ng or nz).

Moreover the following rules are used as region saving criteria:

e R; is a right-edge-points-region and E{ for j = 1 or j = 2 verifies the conditions
specified by the windows in Fig. 9(b);

e R; is a top-edge-points-region and Ef for j = 1 or j = 2 verifies the conditions
specified by the windows in Fig. 9(c);

e R; is a bottom-edge-points-region and E{ for j = 1 or j = 2 verifies the conditions
specified by the windows in Fig. 9(d).

12
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The above conditions are more clear taking into account Figs. 10 and 11 in which
two examples of edge-regions to be saved are reported.

Fig. 10. Example of right-edge-region (marked with “*”} to be saved: Ef = end-point of the edge
region, RTCP = right-top-control-point.

Fig. 11. Example of bottom-edge-region (marked with “*"} to be saved: E{ = end-point of the
edge region, LBCP = left-bottom-control-point.

13
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Fig. 12. Example of “unthinnable”region: RTCP = right-top-control-point, LBCP = left-bottom-
control point.

The thinning process terminates when no more edge-region is deleted in a com-
plete thinning step covering left-, right-, top-, and bottom-edge-points analysis. In
some cases this termination rule produces a pattern showing a thickness of two pix-
els as reported in Fig. 12 where an “unthinnable” pattern is shown. In order to solve
this problem after the termination of the controlled thinning process a further phase
of not controlled thinning is performed. It consists in deleting points as marked by
the pixel analysis phase without region analysis. This “not controlled” process
works on two-pixel-wide patterns and hence its effects on possible deformations of
the skeletons are not significant.

5. EXPERIMENTAL RESULTS

The proposed algorithm has been experimentally tested using a set of 2000 charac-
ters both typewritten and handwritten collected by different sources and acquired
using a flat-bed optical scanner HP ScanJet-Ilc with a resolution of 300 dpi.

The experimental results have been compared with those obtained by the
SPTA.% The two algorithms have been implemented on a PC 486-33 Mhz. The
average cpu-time taken by the two algorithms to skeletonize a character has been
derived. In many cases the thinning time is comparable but, for patterns like ‘Q’
and ‘X’, the new technique is up to three times slower than the SPTA. This is due to
the strong inference of the rules for saving the edge-regions in the thinning process.
Some examples of skeletons of typewritten and handwritten patterns are reported
in Figs. 13, 14, 15, and 16. The first columns of these figures report the bit maps of
the characters with their skeletons superimposed as obtained from the SPTA while

14



THINNING BY CONTROLLED DELETION

OF EDGE REPAIRS

000COUCoDDEoCo0oED00000D0o0000
£90000050000000000000000089880
G686

Boa000
o nﬂuag

£0080000000E020000000000000000
Dg0DO0000DO0E 30000000000000000
Dossssssnn ssasens ooo

5 D000 0 000000000000000000000008C00000
000002£0000000000000000000C000 DOOCOODOCOO00000000000800000008

000000000000000000000000000000

nunnoDnnnnnnunnnuﬂununnnnuunn:
00000000000000CC00000 umoonam 900

sgnnonoonnnnnnnumm Hl‘l
=l

o
0o -D0D0OCOBO0  OOss+s
BA00A0OO00O00ONOO0O00D0N0SC000  GOOOOROOONOODOODCUOOODON00000s
0O0000000000000000000000002C300 OO0000000000000000000000000000

DDDDDHEGOO:QOOEWMDUBGOOOOOO

00oC 00000000000000000
g g 3880808 ooo unnmuwuaoococo
=00
anea

£OOCO0DCCoo0
00000GH000 8 - B8
oo

ooog
Ba860

=00
= ss00
000000000

oo
fsletafelafelolololelolololotololas faato)
Co0ODDoDoDLRoCos00000000000000

EEOBBGUUHUDDU

n:cuuuuuuununuunnnunnnnonnuu mﬂununn nunummnnuuwu

Fig. 13. Example of skeletonized typewritten characters.
in the second column the skeletons reported have been obtained using the proposed

technique.

The results of the thinning process carried out on both typewritten and hand-
written characters in Figs. 13 and 14 respectively show that, unlike other
approaches,®"971! the new algorithm is able to retain the local characteristics of the
shape such as the bend-points and the cross-points, also in handwritten patterns in
which strong shape distortions are present.
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Fig. 14. Examples of skeletonized handwritten numerals.
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Fig. 14. (Continued)
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Fig. 15. Skeleton structure vs. normalization process.

The examples in Figs. 15(a)—(c), have been obtained normalizing the same in-
put patterns representing the characters “I” and “L” in matrixes of size 15 x
30, 20 x 30, 30 x 30 respectively. Figure 15 shows that the structure of the
skeletons obtained using the proposed technique is not very sensitive to the scale

18
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Fig. 15. (Continued)

normalization of the original patterns, whereas in using the SPTA a wide set of
different local configurations corresponding to the bend-points and the cross-points
can be produced.

In Fig. 16 three examples of thinning of two slanting strokes of width 2, 3, and 4,
representing the digital pattern *X’ are shown. These results make evident that the
new algorithm overcomes the disadvantege of other approaches of not preserving

structures as discussed in literature 24?3

6. CONCLUSION

In this paper a new thinning algorithm producing four-connected skeletons is pre-
sented. The algorithm uses a new procedure for controlled deletion of entire edge-
regions of the patterns. The experimental results point out the efficacy of the
algorithm in terms of skeleton simplicity and small sensitivity to shape distortions.
In this sense the approach is specifically devoted to typewritten and handwritten
character recognition systems based on structural methods.
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Fig. 16. Thinning of slanting strokes of different width.
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