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2. DEFINITIONS 

In order to explain the new approach we define the terminology used in this paper: 
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Fig. 1. Eight-neighbors of the point p. 
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Fig. 2. Four-neighbors of the point p. 

• eight-neighbors of point p: the points n 0 , n 1 , n 2 , n 3 , n 4 , n 5 , n 6 , n 7 adjacent to p as 
reported in Fig. 1. 

• four-neighbors of point p: the points no,n2,n4,n6 adjacent to p as reported in 
Fig. 2. 

• eight-connected path: it is a set of points po,Pij • • • ,P»- i ,P i , - - ^ P N f ° r which 
p , _ i is an eight-neigbor of p, for i = 1, . . . , N; the points po and P N are called 
terminal points of the eight-connected path. 

• four-connected path: it is a set of points po ,p i , . . . ,p ,_i ,p , - , . . . , P N for which p ,_ i 
is a four-neigbor of p , for i = 1, . . . , N; the points po and P N are called terminal 
points of the four-connected path . 

• eight-connected skeleton: it is a skeleton which consists of eight-connected paths . 
• four-connected skeleton: it is a skeleton which includes only four-connected paths . 
• edge-point: it is a black point tha t 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" = "do not care" 
point. 

• end-point: 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. 

• 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. 

• control 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(c) shows a right-top-control-
point, Fig. 6(d) shows a top-left-control-point. 
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Fig. 4. End-points configurations: "p"= edge-point, "b"= black point, "w"= white point. 
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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. T H E 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 
pa t te rn . 1 

Unfortunately all the thinning algorithms also produce distortions in the skele­
ton, like for instance inconsistent strokes inflection, spurious branch points, dispro­
port ionate loops in correspondence to small holes in the pat tern . 1 6 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 a t tempts have been carried out with respect to the first 
approach: the first a t tempt 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.1 The second a t tempt is 
based on the heuristic definition of "unthinnable regions" whose deletion causes 
distortions in the skeleton.18 A limited set of "unthinnable regions" for handprinted 
numerals have been proposed but also specific rules for the t reatment of the cases 
tha t cannot be solved by the algorithm are necessary. Both a t tempts have been eval­
uated in practical cases with irregular contours and different thickness of pat terns 
and they both failed.16 

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.16 

Conversely to the approaches proposed in the literature up to now, that try to 
obtain skeletons conveying as much shape information about the pa t tern 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,19 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.20-23 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: 
• Pixel analysis phase 
• Region analysis phase. 

In the following, the two analysis phases will be explained in detail with respect 
to the step concerning left-edge-points. 
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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: 
• n,- = FALSE —► means that the neighbor n,- is a white pixel (*' = 0, . . . , 7) 
• 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: 
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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) Ej = termi­
nal point of edge region, BRCP = bottom-right-control-point, RTCP = right-top-control-point. 
(c) Ej = terminal point of edge region, RTCP = right-top-control-point, TLCP = top-left-control-
point. (d) Ej = terminal point of edge region, BRCP = bottom-right-control-point, LBCP = 
left-bottom-control-point. 

• S4 = TRUE —+ means that the left-edge-point must be flagged for deletion 
• S4 = 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 = no and (nj or not(n2)) and (not(ne) or n7) and (n2 or n3 or ns or n^). 

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 R!,R2, ...,R,-, . . . , R M called left-edge-
points-regions and for each path R,- (for i = 1, . . . , M) its terminal points Ej, Ej 
are derived. If Ej or E? is located in particular positions with respect to the control 
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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 so,s2, S6 concerning 
the saving criteria for right-, top-, and bottom-edge-points respectively: 

so = n.j and (ns or not(ng)) and (not (n2) or na) and (ni or n2 or n6 or ny) 
s2 = n6 and (not(no) or ny) and (not(n4) or ns) and (no or nj or n3 or n4) 
S6 = n2 and (n3 or not(n4)) and (not(no) or ni) and (no or n4 or ns or ny). 
Moreover the following rules are used as region saving criteria: 
• 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); 
• Ri is a top-edge-points-region and E] for j = 1 or j — 2 verifies the conditions 

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

specified by the windows in Fig. 9(d). 
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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. 
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Fig. 10. Example of right-edge-region (marked with "*") to be saved: E-J = end-point of the edge 
region, RTCP = right-top-control-point. 
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Fig. 11. Example of bottom-edge-region (marked with "*") to be saved: E^ = end-point of the 
edge region, LBCP = left-bottom-control-point. 
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i R I ( l» 
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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 tw >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-He with a resolution of 300 dpi. 

The experimental results have been compared with those obtained by the 
SPTA.4 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 979 

anaoaooanQaaooDDooooooGaoDDOoo aaaaaoooooaoooooaQoaoaoaaaoaoo □a aaooa QQ-III I>•••■■■■■■■■■■■■--aaaaa □ o- - - • - ■ . -■ . ■•oaaoci aaoaa-•■ ■■•■-00000000■•■•••-□□ aaaaa*•••■••-acotiaaao*•■• ■•-aa aaaaa ■ •••■•■ -00000000 • • ■■■ --00 aaaaa-•••■-•-ooaaaaaa-■-■■--oa aaaaa••••■•••oaaoaooa■■■■•••oa aaaaa*•••■•-■aaaoaoaa-•■■•■-aa aaaaa-••-■-•-ooooaaaa-•■-- --aa aaaaa*•••■••-aaaaaaaa-■■• ••-aa 
aaaaa- • • •■ ■■0000a aaaaa* • • ■ ■ «• -oooaa aaaaa ■■■■■■■■■■«■■•• aaaaa aaaaa- * ■ ■■ ■*00000 aaaaa*•••«••-aaaoaoaa*•■••••00 aaaoo*•••■•--oaaoaaaa-• ■•••-ao oaaoa*--•■••-oaaaaaaa*•■■■•*oo aaaaa*••••••-00000000•••■•••aa aaaaa* ■••■••.ODQOOOOO-•■■•■•□a oaaao'•■■■■--00000000*••■■--aa aaaaa••••■•••ooaaaaaa*•■•■**oa aaaaa*••■■-••acQooaaa*•■••*.oa oa ■ ••■ • ■-00000 oa*iiii* • • •■■■■*■■■■■■■• -00000 aa • ••aaaaa 
□aoaaaaaaaaaoaoaaaaaaaaaaoaooa aaaaaooaoaaaoaaaooaaooaaaooaaa 

DoooooooaDCiDDODOoooaDaDopaoaoQ 
DOOOOOOOOOOOCDDOOOOOOOOOOODODO aa * * aaaaa no*■■■■■■■■■■■■■■■■■■■«■-aaooa 
aa ■ • • ■ • □ □ □ a a 
a o a a a - ■ - - » • • • s o a a o a a o - - ■ - - - - o n 
a a a a a * • • • ■ • . . a a o a a a o a - • ■ • - • - a a 
a a o o o * • • • ■ • • - 3 0 0 0 0 0 0 0 - • ■ - - • - a a 
a a a o o - • • • ■ • . . o a a a o a o o - • ■ • • ■ - o a 
a a a a a * • • • « * . • o o a a a o o a * • ■ • * - > o o 
a a a a a * • • • ■ • • - 3 0 0 0 0 0 0 0 * • ■ • ■ • * o a 
a o o o o - — ■ - ■ . o o a o o o o a - • ■ • . - - o a 
a a a a a * • • • ■ • • • a a a a a a a a * • ■ • • • - D O 
a a o a a - •* •■ ■ ■ a a a a a 
oaaao* ■ • ■■ ■ - o a a a o 
aaaaa* * • • ■ ■ ■ ■ ■ ■ ■ ■ ■ ■ ■ ■ ■ ■ ■ • a a o o o 
a a a a a * ■■■■ ■• o a a a o 
a a a o o • • • • ■ • * • o o a a a o o a - - ■ - . - . a a 
a a o o a . • • • ■ • • • o o a a a a a a * • ■ • • • • D O 
a a a a a * • • • ■ • • . n o o a o o a o - * ■ • • • * o a 
a a a o o * - • • ■ - • • a a o o o a a a * • ■ - - - - a a 
a a o o a • • • • ■ • • • a a a a o a a a • • ■ • • • • a a 
a a a a a * • ■ • ■ • • - a a a a a a a a * i - . - c n 
a a o o a * • • • ■ • • - a a a a a a a o * ■ ■ * . * - o a 
a o a a a * • • • « • • • o o a a a a a a * • ■ • • • * o a 
ao • ■ ■ ' 0 0 0 0 0 
aa*■■■■■■■■■■■■■■■■■■■■■•oaaao 
oa a a a a a 
a o a a o o a o o a a a a o o a a a a a a a a a o o a D a a 
o o o a o o a a a a o a a s a o a o o a a o a a a a a a a a 

n a o D o o a o o a a a o o o o o o a o o o o o o o c a a o 
o o a o a a o a a a a a o a a Q o o o a a a a a a o o a o a 
oa aoooooooo 
a a . ■ ■ ■ ■ • ■ • • ■ ■ ■ ■ ■ ■ ■ ■ • * o o o a o o a a a 
ao « • • ■ 1 * 0 0 0 0 0 0 0 0 0 
a o a a a - * • ■ ■ • • <aaoa* - 1 ocaoo 
a a a a a * • ■ ■ ■ • • < a a a o * • ■ ooaoo 
o a a a o * - • • ■ • • < a a a o - • • ■ ■ ■ • - 0 0 0 0 0 
a a o o a * • ■ • ■ ■ • - a a a a I - D C O O O 
o a o a o - - • • ■ • ■ - 0 0 0 0 0 0 0 0 * • ■ • • ■ * o o 
0 0 0 0 0 ■ • • • ■ • • - a o o a o a o o * • ■ • ■ ■ - a o 
a o o o o * • • ■ ■ • • ■ o o o o o o o o - - - ■ • • - o a 
a a o o a - • - • « * • * o a o a a a a o * • - ■ • • - 0 0 
a a a o o * • • • ■ • • ' 0 0 0 0 0 0 0 0 * • • ■ * • - c o 
o o a o o * • • • ■ • • - o a a a a a o a * • • ■ • • - a a 
o o a o o - - * * ■ • * - o o o o o o o o * ■ • ■ • • - a o 
o o a o o * • • • ■ • • * a a o o o a a a * • • ■ • • « o a 
o a a a o * • • • ■ - • - D a o a o o o a - • • ■ - - - a o 
a a a a a * • • • ■ • • - a a a a a a a a * • • ■ • ■ «oo 
a a o o a * • • • ■ • • ' 0 0 0 0 0 0 0 0 * • ■ • • • - o a 
a a a a a * • • ■ ■ ■ ■ - 0 0 0 0 0 0 0 0 - - ■ • - ■ - a o 
o a a a o * • • • ■ • • >oaoa ■•aoooo 
a a o o a * • • • ■ • • - 0 0 0 0 ■ • - O O D D D 
0 0 0 0 a - - • • ■ • • • o a o a • • • ■ ■ • • - o o o o Q 
D n o o o - • • ■ ■ - - - 0 0 0 0 - ■ » DCDOO 
aa • • - • • ■ • • ■ ■•oooaaoDoa 
a o • ■ ■ ■ ■ • • • - ■ ■ ■ ■ ■ ■ ■ ■ • - a o a o a a o a o 
ao DOOOOCOOD 
DDOOOGOOOaOOOOOOOODQOOOOOOCDOO 
a o o o o D o o o o a o o a o a o o o o o D c o o D c a o a 

a a o o o a a a a a o a a o a a a a a a o a a a a o o a o o 
a o o a o a a a a a o a a a a a a a a a a a a o a a a a D o 
a a * - * * . O O O O D O O O D 
00•■■■■■■■■■■■■■■■■■'000000000 00•••••••■•••••••••■•oaoaooaoa aaaoo*■■■»*.*DOOO*■■••■•■00000 aaaoo••••■*..oaoa■•■■■••■aaaoo aaoaa*•••■••*oaoa**•■■■■■aaooo 00000••••■•••ooaa*-**«-1-00000 aaoaa*•*•■••*oaoaoooo*•■•••*oo 00000•■•*■•••ooaaaooa*•■■..-oo aoooo'.*•■■..aaaaaaaa*•■-- *-00 ooaoo-••*■•••aaoaaaoa*•■••••00 aaoaa*•••■•* *oaooaaao* *■•>..00 aaooo*•••■•••aaaaaaaa*-■•- --on aaooa-•-•■••-00000000'•■•••>oo aoaaa*•••■•••aaaaaaaa-•■••>-on aoooo-••-■---aaaoaoaa--■•-■-DO aaaoo*•••■••*ooaaaaaa'•■•-•-00 aaooo-•••■••*oaaaoooa-■■----aa 
oooaa ■---aoaaaoao-•■•* * *oo ooaaa-•••■•••0000••••••■•oooaa □□□□a*•••■••.oooo-•- --■■•□□□oa aaooa-•■•■•••oaaa*•■■■■•-ooaaD notion- ..*■-. -oooo- •■•... .oaooo 
QQ . ..... . ■•...... ... 1.000000000 
aa•■■■■■■«■■■■«■■■«■*OOODOOOOO ao .ooaooaaoo aaoDoaoaooaaaaaaoaaaooooooaaoD aaoaoDOOoaooaaaaaaaaaaaoaaoaao 

DDODC3oooaaoooooaoaaDDDooDoooo 
Daoocaoaaaooooaoooaaaocoaooaao 
00 00 
DO •■■■■• • • •■■>■■■■■■■■■■■■• -OO 
oa ■•-■ ■•ao ooaoo-«*■»■ • 'Uoooaooooooo■ ■ • 00 oaooo ■ • • • ■ • • •oaaoooooaaaa>B-oo 0000c-•■-■-•-000000000000-■•DO ooaoo- • • •■• • ■ooaooooooaoo-B• 00 OOODC • • • ■ • • 'aoaa* • • *aaaoaaooo ooaoo- • - - ■ - • -ooao- •■•aaaoaaoaa aaaoo- - - -■* **ooao- -■•aaaoaaoaa 00000- * * •■• • -ODQO* •■•oaaaaoooa ODODO • • • . ■ - • • - • * . . • ■ - nooDOODoa ooaoo • • • • ■ ■• -oooooaooo 
00000 ■■■■■■■■■• -OOOOOODOO 
ooaoo- - - - ■ ■•oaoaaaoao 
ODOOD- ■• ■■■ "OOOO. •■ '000000000 
ODODO- •• • ■ • •-0000*-■-000000000 oaaoD' • • •■ • •-nooa-•■■aaaoooaoa oaaaD' •• *■• •*Qooa*<*<aaaaooaao aoooo' • • •■* * •Dooooaoooooa-B'oo ooooc' • • • ■ • • •oaaaaaaaaoaa-i-oo ODODC- • * •■ • ■•aaaaaaaaoooo>«*ao OQOOC- • •■■• -'DOOOaOOOOOOO'B'OO DO ■••■ ••• ■ •DO 
DO •■■■■•■ • •■■■■■«*■■■■■■■■•-aa 
0 0 . . . . . . . . . . . . DO 
ooaanooooooocoaoaaoooaaacaoaoa 
oooaoooDOoaooaaaoaoaaaaaaooooa 

aaoooaooooooaaaooooaaoaoooaooa aoaaoaoaaocooaaooaaaooaoaaooao 
ao 00 oa■■■■■■■■■■■■■■■■■■■■■■■■■-aa 
ao ■ ■■oa oooaa*•••■•••ooaoaoanoooo-B-oo oaaao••••■•..aaaaaoaaoaoo•■•aa aoooo•••>■•••oaaaaaaoaaaa•■•00 aoaaa*■■•■■••oaoaaaocoooo*a*aa aaaaa*•••■•••□□aa-■0000000000 aaaoo*■••■■■-oaaa*•■-000000000 aaooa-•••■•••oaaa••■•QOOQDOOOO aaaaa*•••■•••oaoa*•■•ooaooaaoo 
aoooo ••••■ ■• ooaaooooo oaaao ••••■ ■• aoaoooooa oooao>•••■■■■■■■■■■■-000000000 oaaao* •• •■ -i-oaaaaaaaa oaaao-•••■•.-oooo*•■•ooaoooooo aoooo*•••■•••oooo-•■•oaaaaaaoa aoooo••••■•••aoaa••■-000000000 □oaoa-•••■•-•oooa-"-Doooaoooo oooaa••••■•••aaaaooooooDO■■■DO aaaoo••••■•••aoaaaoaoaooa•■•oa aaaoo.*••■•..ocaooDooaaoa•■•aa aaaoo* •••■ — 

1-00 
1-DO 

a o o aa a a a a 00 a oaa aaooaaa aaaaaaaa 

00 • ■ • oooaa ■ • • • • oaaao • ■ • ao uaouaaooaa ■«• * -ooooDaaooo oaoDDOoaoo ■ • • • • ooaaoaooaa 
aooooaoaaa-••••■•••-aaaaooaoaa oanoooDOOo ■*• ■ •oaoaoaaooa oaooooooao'- •■•■*•« •aaaaooaoaa oaoaoaaooa* • • • •■••■ -ooooonoooa 
oaooaooaoa ■*•• -aDooooanao ooaaoaaaoa* • ■ • • ■ * • • *oooaoaaoDO 
ooaaoooooD ■ « . . . oaoaaoaoao 

■•«•••-ooooooaaao ••■•*>.oooooooaoo ••■...■oaoaoaaooo 
.*■«.. .aaoaaoaoaa oooDoaaaaa ■•• ■ -ooaaoonnao 

coooaaoaaa-•••■«•*• •oooDaaaaoo oaooaaaaaa* * *■ • •« * * • oooaaaonoo o a o a o * • * • • • • ■ • • • • ■ • • * • • • -aaaaa DDoaa•■■■•■■•••«••■■■■■■•ooaaa 
cacao • • • •oaaao aoDooooaaoaoaDOOoaaaaoaDoaaaoo oaDooaoaaaaoaoaooaaaaaooaaoaao 

aaoaa aaooaaaooaaaooDaoaaoaaoaa 0 ao a a a a D oooaa ao aaoaaaoa aoaa aoo aa • • • • • • • • .no aa•■■■■■■■■■■■■■■■■■■■■■■■■-oa OQ*R* ••••••••••■ ••■■•aa oa-*'DDODO-.•■•■••••aoaaa>fl>oa aa*«-aaaoo ■••••oaooo-i-oo DO'B'DDOoo-••••■••••onooo«B»aa aa•■•oaooo ■•.>•oaooo*■•00 ODaaonoDDO'•-••■■••-oooaoooaaa ooaaaaaaao ■•••-0000000000 oaaooooooo-•••••••--0000000000 oooooooaoo--•••■•••-oaooaooaoa ooaaaoaaao•••••■••••0000000000 ooaaaaaaao*»•■•■••••oaooaooaoa oaaaooaooo•••••■••*•oaaaaaaaoo ooooaooaaa ■••••oaaaaaaaoo oooooonooo-•-.-■••••aaooaoooao ooaaaaaoaa ■••••oaaaoaaaaa aoaoaaooao ■....Dooaoaaaoo aaoooooaoa ■•■••oaoaaaoaao ooaaaaooao ■••••0000000000 aaaaaaooaa•••••■••••aoaaaaoaaa aooooaoaaa ■••••ooaaaaoooa oooooooaoo ■•■••oooaoooaaa oaaoo •■ aooaa aaoaa-■■■•■■■■■■■■■■■■■■•oooaa aaooo «• oooaa 
aooaoDoooaaoaaoaaoaoaoaaaoaDoo 

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 j 4 ' 7 , 9 - 1 1 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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aocoaaccaaaoDcoaoooaaocODaGDOO aacaaoocoaaoaanaaacaaoaaoaoooo 
aocco aoaao oocao- •■■•■•■Miiiiii-- ■ aaaaa aacaa ••■ ■'• aoaaa □a ■■ -oaaaaacaaa- *«• • ■ — □a • • ■ onaaaocaaa ..■•-. aa- ■ - ■■■ ■-onaaanoaaa-■■ ■•■ oa- ■ • •■■ ■-oaoaaaaaoa*■•• ■• oa ■■■-■■•*ooaaaanaca••••■• ao-•-•«■■•anaooaooaa*•• •■• oa-...■■..0000000000*■ • •■■ ao* • • •«■ • ■ocaacoaaac- • • •■• on*••-■••-oaaaaocaaa-• • •■* oo- • •«■■■•coacaonaan-■*•■■ on-•••■•-*0000000000--..■• oa •>••■•••oocaaacoaa..-•■■ 
D O " • •■■ • -00000 ■• na- • • •■•••aaaoo*••.«.■.■«• □ □ ■• '00000 ■ • ■ ■ CD ■••onaaa ■.... aDCDO••■••■•*••••••*■•*••aoaao aocao ••■•• ■•••• aoaaa oocaa*••■■■■■■■■■■■■■••••aoaaa aaoao ••• aooaa oacaaooaoaaaaao ■ aa aacoaaooaaaoaaD*•••••••■■■■•oa oocoaaaaoaaooao aa aocaaoaocooaoaaoooaoaoadaaaaao oacaaaaccaooaaaaoaaaaaaaaaoaao 

oaaanaaGcoaaaocnnnnnaoanacoDCa Qaaaoaoacccoacn^aaDoaacaaaooaa aaaaa aaooo aacaa-•■■■■■■■«■«■■«■■■■-00000 □oooa--a ■■aoaoo 
ca.' •••! 
aa aa 1 □□•••••1 □a 1 □a 1 •CO 

• on 

aoaaa• aoaaa* aaaaa* aooaa* 

••aaoncooooa* •■aonncaoona* •■aaancaoana-•*aaaoooaoao* ••oaaacaacca. ■•oacccoaaaa* 
-■CDCOSCOCCD-
•-0000000000*• _ 
• • a o O ^ a o o a a o - • • ■ • • • * a a 
• • o a a c c a n n n a - . . ■ • - . . o a 
• • a a n n c o c a a o - • • ■ • • • . n a 
• -onncs ■• ■ • *oo 
• - a o a a a - . . • ■ • • • ■ . . . . o o 
• • E 2 C 2 3 - * * * • —■«* ■ *-—• 0 3 
• - O O O D O • oa ••■••aoaaa • ■• -aoaoo ■■■■■■■■■■■■■BI*.aaaoa ■•.aaaoa 1 oa oaaoaoaocaaoaoo-• • aaaaaaaacoooaoo ■■■■■•□a aaaaaaaacaooooa aa aaaoaaacoaaonooaooacaaaaaoaoaa oaaaaooocaaaaoooaaaaaacaQaaaoa 

aocaoooocooaaaooaaaaaaaaaoooca aaraaaoocaaoaaoaaaaaaaaaaaoaaa ao oaaaa 00 •■■*■• •• * ■■■■»■■«■■■• •aoaao oa ■ ••■ 1 •cacao aocao-••■■••*oaoaaaaa* •«• • aacaa*•••■•••□□□oaoaa* • ■• ■ cacao*•••■••*aaaaacoa>••«• aocoa*-..«•.•aoaaoaaa*■ •■• oocoa*«••■• - -aoaaoaaa• • • ■■ oocoa*•••■•* • ooaaooaa* - •■• oocao-•••■•■•aooooaaa* •■• • DDcan-•••■•• •□□aoaaaa* ••* ■ ■ *oa □oeaa« ■ ••■ ■•aaaaa cacao* ••-■ ..«.«. .aoaaa 
a o c o a * • • • • ■ ■ ■ ■ ■ ■ ■ ■ ■ ■ • ■ • * • o a o a a 
c o c o a * ■ • •■ ■ • • • • a a a a a 
a o c a o • • • • ■ • • * aooa • • • • * • • • a a a o a 
□ c c a o * ■ • ■ ■ ■ • • a o o o * . . < ■ • • • a a a a a 
a a c a a - - • • ■ - . - a a o o * • - • • ■ - - a o a a a 
a c c o a • • • • ■ • • • a n n o • • • • . • ■ • a a a a a 
a a c o a * • • • ■ • • * a a n n a o n a - a a 
a a c a a * • • • ■ • * . a o a a o a a a * • ■ • • • ' a a 
a o o a a * • • • ■ • * . a a o a a a a c . • ■ • • * c a 
a a a a a * • ■ ■ « * • * a a a a a a o a * . • ■ • '»an 
aa- - * • • • ■ a n a a a a a a * • * ■ * ■ - a a 
o a • ■ ■ ■ ■ • • • • • . a a a o a c a o * • • • * * * a o 
a a . a a a c o a a a * aa 
a n c o a a c o o o a a a a o a a a a a a a a o a a a a a a 
o o c o a a a a a o D a a a a D a a a a a a a a a a a o a a 

c a a a a n a c c c o a a a o o c o Q G c a a n o o o a a a 
c o a a a a o n c o a n a e o o o a a a a a c a a a a a a a 
c a a a a o a 
o a * ■■■■■.<*•■■■■■■■■■■■■■■* a o a a o 
ao» ■ 1 * 0 0 0 3 0 
a a a a a • « • • ■ • « • c o o a a a a a • ■ ■ ■ • « • a a 
o a a a a • • • • ■ • * - c c o a a o a o * • ■ • • . . c a 
a a a o a * • • • ■ • • . c c a c c c a o - • ■ • * * - a a 
aaaaa'•••*•« • a a a c a a a o * • ■ • • ■ <aa 
a a a a a • • • • ■ . - • a u o o a a o a * • ■ • • • • 00 
a a a a a * • • • ■ • • - o o o o c c o a - * ■ • - - -oo 
a a a a a * * • ■ « ■ ■ * o a c c c c a a * ■ ■ • • * . a o 
a a a a a * • • ■ ■ ■ * * c c o a a a a a - • ■ • • • > a a 
o a a a a * • • • ■ t * o a o a a 
aaaaa ■ • • • ■ ■• a a a o a 
a a o o a * . * ■ ■ « ■ ■ • • ■ ■ « ■ ■ ■ ■ ■ * a a o o o 
a o a a a • ■ • ■ ■ ■• c o o o o 
a a a a a * • • . ■ - . • a o o a - ' * * * * i * a a o c a 
a o a a a * • • • ■ • • • o o o a * • • • • • ■ • a a a a a 
o a a a a - • • • ■ • • - a c o a - • • - • - ■ - □ □ □ a a 
oaono-"— - ■ « • >zzza 1 * 0 0 0 0 0 
a a a a a . . . • ■ • • • o n n o o o a n • • ■ . . . . on 
a a a a a * • • • ■ • * - a o o o a o a a * ■ ■ • . • * a a 
aaaaa••••■•••aoaaoaaa••«••••aa 
a a a a a * • • • ■ • • * o o a o o o o a * ■ ■ • • . « o a 
aa • • ■ ■ • • a a n a n a o a * ■ ■■■ • ■ 0 0 
a a • ■ ■ ■ ■ ■ ■ ■ • • • o a o n a o a a * oa 
aa * . . 0 0 0 0 0 0 0 0 a a 
o a a o a a o o a a a a a a a a o o o a a s a a a a a a a a 
a a a a a a a a a a a a a a a o o a o a a a o o c a a a a a 

Fig. 13. (Continued) 

aaaaaaaoaoaaaaoaaoaoaoaoaaoooa aooaoaaaaaaaaaooaaoaaoaaoaoaaa aaaaaaoaoaooaaaaoaooaaoaoooaoo aoBaaBoaoaoooaaaaaaaoooooooooo oaa a a a oaoaaaa o D O O a o aa o ooaoa 00a oaBa«M«««aooaDoaaoaoaaaaaoaaaa aaaoB«H«BooDODooooooooooaooooo aaaoa■«■■aoaoaaoaaoaaaoaaaa oa □ a aaaa■■■■aoooooooa000oo00DO O D D Daaaaaa aaaoaaaaaDaaaaaaaoaoaoa oaooaaaaaaaaaooaaoaoaaooaaooaa O O O O B B B a■oaoaoaoa00DODOOaooaaa 
oaaaaBBaa 000000000000000000000 oaaaaa■■•aaaoaoaaooaoBBaiiaBOO aaaaaaaaaaDaaaaaaaaaaaaoaa■»oo aoaaiaaiaooaaoaaaoaaaooDiaaioo oaaaaaaaaaaDaoaaooaaaaaaaaa aoa oaaaaaaaaaaaaaaaaaaaaaRiiaaioa oaaaaBaoaaaaaBOOaooooBaR««aaaa ooBBaBaooaaaaBaaaaaaoiHa«BBiaa a nana aoaaa ana aoaao naaaaa■■« «a o oaaaa aaaaa DoaoDDaa DODODO■■■■ oa aaaaaaaaoaaaaaaaaaaaaoaaBBBBao 
00000000000000000000000011IBD0 DoaaaaaaaaooaaaaaoaoaoaoB BBiaa aaaaaaaoaaaoaaaoa00oaaaaa■■■□□ 0ODDODDDOOn0D000a0000000a«■iOD oaaooaaooaaooooaoooaooooaaaaaa ooaoaoooaaaooaoaooaaoooaaoooao 

aaaaaaa aaoaoooaaaoDooaooaaaaaa 
0 ODD DDO DODQa OO D OD 0 0 DO 00 DD ODDOD 
0 0 • • • ■ POODODOODOOOOOOaOODDODOO 
a a ■ • ■ • o a o a a a a a o a a a o o o a a a a a a o a a 
OO ■ • ■ • DnDODODODDDOOOOOaODOODOD 
D D ' . B * . • ■ 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 oaao.a. • •aaoaaoDoooaoooaoaaoao D O D O • • ■ • • aaaaaoaoaaoaaoooooaaa oataa • ■ ■ • • Daoaaaooaoaaaooaooaoa oaaa* •■• •aaoooaooaoaoaaaaooooa oaaa • • ■ ■ • Daooaaoaaaoaaoaaooooa 
O D " " i « *aaaaaaaaaaooaaaaoooaa aa*BaB< 

■■■■■-000000000000000• 
■ • ■ ■ ■ ' 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 • 
• B * • ' B B ' . • ■ ■ ■ ■ ■ ■ « ■ ■ . ■ • • ■ • n a 
• B * o a a > s a B * a a a o a a o * a B a a * * a o 

• c o n . * • • • OOOODOO ■ « 0 0 

a a o a o a a a a a a a a o D a a o D o o a o a • 
a a a a o a o a a a a o a o o a a a o D D o a a • 
a a a a o D a a D o a o a a o o o o o o o o o a o a o a a o 
a a a a a o o a a a a a a a o a o o a a o a a a o o a o a a 

o o o a a a a a a a a o o o o o a a o o a o a a o a o o o a 
o o a a a o a a a o a a a a o a a a o a o a a a a a a o o o 
o a « • • . o a a o a o a a a o a o o a a a a a o a o o a a 
o a ■ • ■ ■ a o a a o o o o o o a o o o o o a o o o a o a a 
o o > * * B a o o a o a o a o o o o o o o o o o o a a a a a 
a a . . ■ ■ ■ a * a a o o o a o a a o o o a o o a a a a a a 
o a a a ■ ■ ■ ■ • a a a o a a o a a o a a a o o a a o a a a 
o a a a - ■ ■ ■ • o a a o a a o a a a o a a o a a a a a o a 
o n o a « ■ ■ ■ ■ o a a o a a o a a a o a o o a a a o a o o 
o o o a * ■ ■ ■ - 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
o a a a a ■ ■ ■ ■ 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
OOOO" ■ •----no....-DO'BBBI aa..*..B.aQaaoDooooooBi«>BB.DD oooo*■•■■aaoaoaaaoaaaooa••■■oa oa«.••■■.aoaoaoaaaoaaoao*•■■oa oa.. u.■.aaaaoaooaaoaaoD.•■«00 
CO*•■■■■■■■■■■■■■■■■■■■■■■■•OD 
00 • ■ ■ ■ oaa ■ • • • ■ oaoaaaa ■ • 00 DO"■■•oaa■■■■•oaaoaao ■•00 Dooaaoaaaoaoaoaoaaaaoooa••■•oa oaoaaooooDoaaoaoaoaaoooo■•■.00 0aaaaaaDOOoaaoooa00000DO••■ >oo oaoaaaaaoaaaaaaaaaoaoaaa*•■•aa oaooaaaaaaDaaaaoaoaoaoaa■■■•ao Dooaaoaoaaaaoaaaaaaoaaaa••■•00 oaaaaaaaaaoaaaoaaaaoaaao.••.00 DoaoaaaooaaaaoaaoaoaoaoDoooooo oaaaooaaaoaaaoaaoooaooooooaaaa 

Fig. 14. Examples of skeletonized handwritten numerals. 
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■ aa 

■■« 

■■■" 

" ■ : . . 

. . : : ■ ■ 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
aoaaaoooaoaoaaDoaoaaooDaoDaaaa 
□□■■■••■■■■■■■■■■■■■■■ODDaooaa 
aoBBBaaaaaaaaBaaaaaaaaaaoaaoaQ 
aoBaBaaaoaoaoaoaooaoaaaaaooooa 
ooaaaaaaoQaaoooooooaoaaoaaooaa 
D 0 ■ ■■■O0DDODO00ODOODDODDDnDDaO 
a a a ■■aooaaaoooooaoaaaaoaoaaoaa 
ooaaaBonaaoooooaooooooaaooaooQ 
aaaaaaaoaaoaoaoaaooaoaaaaooooo 
acBaaaaaaaaaBoaooaaaoaaooaaaoa 
O D I I I I I I I I I I 
o o a a a e a a a a a a 
o a a a a a a a a a a a 
aDaaaaaoaaoaoaaaaaaaaaaaooaooo 
aaaaaaDDaoaaoaaaaaaaaaaaaoaaaa 
a a a a a a a a o o o o o a a o o a a o s a i a i a o o a a 
aoaaaoaaoooaooaaDaaaaaaaiBODaa 
ooooaaaaoaaoaoooaoaaoaaaaBBaaa 
o a o t J o a o o a a o o o a o a a a a D o o i i i i i i o o 
a aaaoaoaaaoooaooaoooaoooaa««oo 
oo o oa aaa a a oaooa oo oooooa oa a a a oa 
a o a a a a o o o o o a o o o o o a a a o a a a M M O o 
aaaaaaaaooaoooaooonooaBiaaaaaa 
oaonooaaaaaaaooooaaaaaaaaeDaao 
oaDQDaaaBBaaaDODaaaaaaaaaaoaoo 
oooaooooaoaaaa■aaaaaa BOOoooooo 
o a a a a a a a a a a a a a a B B B B B B aaaoooDon 
aoodaoaoooooooooaoooaooaaaaaoa 

oaaooaooaooooooaaooaoaoaoaoaoo 
caoaooooaaooooooaaoaoooaoaoaoo 
on aooaaooa 

I •oaoaoano 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 - - B I aaoaaaooaooaaooooooooo* *e*•»oa oaoaaaoaoooaoaaaaooaoo-•*a>>ao oaaaoaaoaoaoooooaoaaaooo*•••oo oaoooaaoaaaaaaaaaoaa0000*•B«QQ 

oooooa-BBBB* ooaoooaaoo*B* 
0 0 0 0 0 0 0 0 0 0 * > B oooaaaaaooaooaaoooaooQoaaoaaao oaaoaaaoaaDoaaoaooaoaooDOoaaoo 

aa ••a•••0000000000000000000000 oo ••a■oooooooooanooooooooaDODO oa • •a•ooooooaooooaonaaaaoooooo oa ••a-ooaaooooooDooooooooooaao 
oa••a••• oaoooaaaoaooaooao 
ca • • a OOOOOOOODOOOOOOOO oo*-a-*•«•••••••"0000000000000 oo--aBBBBaaaaaaB«oooooonooaooo oa*•a'aaaaooQ**aBaaaaBaoaaaooo 
oa •«■■DOOOOOO••••■■■•aaaoaaooo oaaaaoooaaoaoaoaoaoa~*B- • • -aooo 
00000000000000000000•BBBB•OOOQ 
oaaaaoooaoDoaooooaoaoo* •aa«<oa 
a a a o a o o a a o a a o o o a a a a a a o * • • • ■ • o a 
oaoooooooooooaooaooooooo- -a -oa 
a a a o o a a a a o o a o a o o o o o o o o a a • • a • o o 
D f O ooaaaooaooaooooooaa• • •aa«oo 
0000000000300000000000••BB•-CO 
o o a a a a * ' • • • • - o o o a * * * • • • > a - o a a o 
a a a a a a • ■ ■ • ■ a a o a o o - ■ • a a a a a < o a a o 
o o o o o a o o n o - • ■ • • • • • ■ • ■ - 0 0 0 0 0 0 0 0 
oooooooooO"•aaaaaaaaa^oooaaooo 
o a oao ooaa ooao a oooaa oaaoa aaa 00a 
o a o oo 00 00 000 o 0 000 aoooaa o 000 000 

■eaaaBBB 
aaa aaa 
wa a a a 

•■■•■■■ 

oaoODODoaoooooooooaoaaoaaaoaoo 
aaoooooaaaaaaoaoaooaoaoaoaaaaa 
o a o a o o B B B B B i a H a a a a a o a a a a a a a a a 
oaDOtaaaBBaoooooaBBaaaaaoaoooa 
aoaovaaaaaaaaaoaaBBaaaaaaaaoao 
ODflaaaaaoaDDOoaaoaooflBBaaaaaao 
aoa ■ a aa aoaoooaooQaaoaaaa B B O O O D 
00a ■ t a ooooooooa oa oooooa a a a O O O D 
OGB ■ 1 8 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 8 8 8 8 0 0 0 0 
oa a a a ao oo ooo o aoooooao oa a a aoooo 
ooa iaaanooaoooooaooooaaaaaaoon 
a OB 1 M O a a a a oa a c a a a a a a a a a a B O oa o 
O O B I ■Boaaaooaaoaaaaaoaa a a a a a a a 
aaa a ■ a a B oa a ooaaaoaaaa a a a a oaoo o 
oaaoaaBBoaaooaooaaooaaa a n o a o o a 
ooao 0 oa a a ao oaaaoaa a BB a o o a o o o a a 
ooooooa B B BoaooDooaaaaaooooooaa 
OOODCoaBMaaaaBBBflaaaaBBBaoaaaa 
ooDotaa BBBaooooooooaBBBBBaaaaa 
00D0« I B 8 8 8 0 0 0 0 0 0 0 0 0 0 8 8 8 8 * 8 0 0 0 0 
oaai* i f lBoaooooooaooooaBB8BBf loa a a a o o ooai 
oaaaaai 
ooaa ■aooaooooooaaoooBBB B B B O D O O 
oa ao * a a aooooooaooa a a a aoooooo oo 
0 0 0 0 1 1 1 8 0 0 0 0 0 0 0 0 0 8 8 8 8 8 0 0 0 0 0 0 0 0 
D O O O I a a a a BBBB a a a a a a a a o o o o o o a a a 

ooooccoaooooooooooDooaooooDaoa 

ooaooooaaaaoaoooaooooaaaoaoDaa 
oaoaoooooooooooaonooaooacoaooo 
a a a a o a * - - a a B B i a a a a • - 0 0 0 0 0 3 0 0 0 0 
aaaa•••■••oaoaoaa•■•••••oooooo 
a a a a • - ■ • • • o o o o o o a • • a a a • • c a o o o o 
a o • • • ■ • • a a a a o a o a a a a o ■ • B • • ■ o o a o 
a a • • a • • • a a a a o o a a a a a a . ■ . a ■ • o o o a 
aa-•■•oooaaoooooDoaaaa--B-oona 
0 0 • • ■ • o a o o 0 0 0 0 a a a a a o a o • • • • o o o a 
a a * •B>ooaoaoaoaoaooooo-■■•aaao 
a o - - a - 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 - - a - a a o o 
a a • • a • o a o o o a a a a a o a 0 0 a a • • ■ • a a a a 
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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 
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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.24,25 

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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