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Abstract , S

Tracing Céntre-Lines L,
of Digital Patterns . g
4 using

Maximal=Square and Maximal-Circle
Algori thms

) ' - a , & e " - ~ .

g Mabrouk R. Abairid ‘ ' o

-

/

:

In this report we compare two thinning algorithms which produce the

centre-lines of digitized binary patterns. The first algorithm is based
- on maximal squares '(MS), while the second is based op'mdximal circles
(MC) . Each algorithm consists of two versions. In version | (MS1 and

MC1)] of the MS and MC algorithms, the maximal squares/circles_are made

e

up of black pixels only; whereas' in version 2 (MS2 and MC2), a maximal

square/circle may include a few white pixelstw

To save memory space, the binary patterns are stored in a link-liig

: )

structure instead 'of matrix. Since MS and MC algorithms tend roduce
. . \ v % .
. discontinuities and noisy skeletons, a filling and smoopMing algorithm
- : y .

has been added to correct this defect.

." w _ . »’ ) . ?
o S
. These algorithms are compared “experimentajly with those of other
ra N f

research groups. The results show that the mod‘figd MS and MC algorjthms.

produce centre-lines with good to excellent quality. “
)
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- . . 1 “Introdyction T .. ’
Thinning is a process by which a binary;battern is transformed 'into
' o AR ' . . o o
another one consisting .of its centre-line. The" idea -was first’
. introduced about ghrée decades ago [2].. Its applications are numerous, ; .
' ‘ . I . N o
e.g. Classification of 'fingerprints [4]; the inspection of printed

- circuit boards.fSJ; thé recogn?iién of characters [3,-€]: analysis of
chromosome shapes [7]; pbun;ing of asbestos fibers on air ‘filters [8],

-,

to name a few. The major motivations behind thinning in pattern’

N

recognition and image processing are : )

" ¢

“( 1) To reduce data storage. . .
(2)  'To reduce transmission requirments. .
N (3) To pare down the améunt of data to be processed.
- (4) _To facilitate the extraction of features from the pattern.

-t

“
.

Over tﬁe. last two decades; numerous thinnin§ algoriihms have been

.deQelgped (1, 2, 3, 7, 9, 10]. The predominant ,problems eiperienced b}

1

most of those algorithhb are :

- Maintaining connectedness.
Retaining end-points. . :
Ensuring points are removed lymmetricplly.,

~ N~
0O oe
.

N N

' ’ﬁoét existing ' algorithms ' produce cepére:lines by .succ;ssivg
stripping of the contour points of the binary pattern. Due to the above

' mbqtioned problems, different degrees' sf dfstortién have also be;n
produced. The ¢bjective ;f our work is to develop a thinnihg algorithm
which prgduc;s smooth centre-lines with the ability of réconstruéting

the original pattern with the least amount of distor.tion.
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* -The Maxime} squares (MS) efgorithm was  first' proposed by
waKayame (1] In this élgorithm.i‘the céntre-line wél derived from all

centres of'the maximal squares movnng across the. bnnary pattern. In HS

-

algorithm, the centre-llnes are developed by deflnung initial squares.on
the objects (pixels), and by enlargtng them unt'l they cannot be
enlarged any further within the binary pattern. These squeres are
called maximal squafes. " The Ms algorithm cgns}sts of two vereibps : MS1
and MS2. HSL'is-aﬁ implementation of w;kayamé's algerithm. yherees MS2
is.a mod{fication of MS1.’ The difference will Qé exﬁiainee in the next

‘e

few pages.

“ -
S
. ~

We also introduce the Maximal=Circles (MC) a]gérithﬁ‘ where’ the

centre-lines are derived ,in a manner similar to those obtained from ‘the

MS algorithm, %i.e. instead of squares we use circles. The MC is also

Lonsists of two versions>: MCI and MC2.

l
[
\ |
1

NS1.,MCT : _ :
. In' these two algorithms the centre‘lxncs are produced by
' the ‘centres of all maximal :quares/cxrcle& of the binary
P ' pattern. A maximal square/circle &bnsists of black pixels
) (value 1) only. | C
NS2,MC2 : ' |

These two algorithms: perform * xn such @ w;y that, along

) with black pixels a4 maximal squnre/cxrcle may contain a

" small portionn of white ones;: and the number of .white
pixels is a function-of .the size of the square/circle.

The- inclusion of a few white ‘pixpls‘oﬁ “the periphery of the

square/circle in MS2 and MC2, offers the flexibilit} of iccommedating a
greater variety of pattern shapes. :' i . Voo

i

>
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! T o 2 Definitions:

¢
!

~ef . [ Y
. 3 .
/ ‘A binary digitized picture is reresented by a matrix MAT(K,N), where

each pixel MAT (J,P) is either O or 1 (Fig. 1-a). In both the MS and MC

N 'afgorithms. only those pixels with a valdz of 1 are processed, pixels
having a 0 va‘te are not. . ' .

v . . «
Binary patterns consist of a number of rows, and in turn each row

‘

'may also consist of one or more groups. A group is a set of consecutive

a

* Yconnected) * black pixels inthe same row. The (m)th group G in (J)th

row is defined as : : . e .
b : | '
G =1{Mat(J,p) |} Vv Mat (J,P) = 1}
J 1
- . ) . w .m' n - »
Where P = B ,(B+1).,...., E
J B J

B s the beginninp—poAint of the (m)th group
E is the ending point of the (m)th group.

In Fig. I-a, the entire hattern consists of 9 connected groups. in

row 1

S

or examplé. "there is only | group which starts at folumn 6 .and

" ends at lumn 8 (3 pixels) . Row 2 has.2 groups, the first of which has

two pixels ahd starts and enhds at columns | and 2 }espectively. N'

.

Instead of the conventional way of storing a pattern in a matrix, we

store it in a Link-List structure descriptive representation (Fig. 1-b).
. . A

-

To create thfs structure, the pattern has to be reid (from a digitizer,

or from memory) 'in a row-By-row fashion. Once the pattern has been
’ ‘ ' ‘ )
read, each group's beginning (B) and ending (E) points were saved in a
. ! ' . ’ ' -
link-1ist data structure (Fig. 1-b).
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The relationship between adjacent g

A}

second relationship between a group in row J an

also maintained by linking (

hd L
» . .

A\

Eig. 1-b). . /.

s

‘linking the first group to the Eecond. second to/

/
d a-group in row J+1 s

/

/

roups in r7y J is’ maintainéd by

the third and so Sn. A

m - n ) m ‘no .
“Rule (1) ¢+ {(B <= E )—and /(E > B )]
- . J+1 | 5 J /
Whefe Jsrepresents the-row number, and o
m, o

b

r

n are the group indices.

The second relationship 'is subject to Rule (1), which states that two

N ‘ -~
groups m, n in two consecutive rows (J, Jt‘) must be connecte

other at least at one point (pixel). If more

to - each

rule (1), then the ‘(n) th group of the (J)th row refers. only :to the

first. Fig. 1-b, for‘example.~ilrustrates'that the 2nd group in tHE-2nd

!3--‘

row is .linked to the 15t group in the 3rd row.
N /

/
/

’
7

-~

R - Columns . . 1.1
=1==2--3=-h=-§==f--7-=B-=9--0=- ] _
‘///, ’ . : g '
Rt o000 0O 11 1 00 O
c2 11001 1 1VS 11 1
. w 3 1 b1 1y oo,
s & 11 1.1 1 01 1 1 0 O
) 5 01 1710 00 1 1 0.0
. 0 e N .
, T, Fig. 1-a -
A binmgy pittern composed of five S~
rows. The lst row has one.group while
. rows 2-5 have two groups each.
? .
e 4 4

roup satisfy ~
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©
:! "
14 I] ’
Columns ‘;
<. 1 2-3 L4 & 6 7 8 9 10 N
' R 1 ill}lli
...... PR
‘o ‘ :
’ i v *
w2 1) tereee >ty rare il
...-....: ............ : ....................
s'v : ' : “
\ '
.. I
s T e e e aeeae- S " o e o -
. H 3
]
]
v
L jrirv v b=t prt
- - \‘: .................. :-....-
-t » !
— ] ]
- ) v S
5 I R B R B e >V

N~

"I binary pattern of Fig. 1-a.

‘n

Srructural representation of the

-

- - . Figo ] .
’ ) ‘ Roferri;; to Fig. 1,. the only group in r;w 1 is
. . linked to 'the second group of row 2, while the
- second group of row 2 is linked to the first group
. +, _of row 3. Also the first groups of rows 2-5 are:
.- all linked to their second groups respectively..
) .
Y i \
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3 Maximal Square/Circle 'Aléorithms, e

-

In the propbsea maximal square/circie algorithms for thinning binary

N . «
patterns, the centre-linesj are defined by all centres of maximal
squares/circles enlarged on the pixels of each group in the pattern. |In
order to define a square/circle, we utiliie the link-list which cohtains

the beginning and ending (8- and E) of each group in the pattern.

3.1- Qutlme of The. algorithms L
. \\\ i
Step-1-: Define a square/circle

[ \ »

Propagating. through all groups in the pattern (1eft to right, top ‘to

.

A

bottom), a pixel at a time, a square/circle consisiing of - one pixel

.

(at Mat(J, P)) is first defined ksee‘Fig. 2).

-
-~

Step-2 : Enlarge. the: squére/circle 4 .

I -
To enlarge this square/circle of size 1(L); the B8 and E of the

current group in the current row J are used together with a group in the

(J+L) th row which satisfies rule (1) and one of the following two new
a . .

rules. ﬁule'kZ) is applied by the MS algorithm for magimal- squares and

2

rule (3) is applied by the MC algo}ithm for maximal circles. .
Rule {2)
—m n ~ n n
a : {(B <= P ) and ( E > P+1)]}

J¥L J J+L - >t

b : The pixel at position (P+L) in all groups
comprising a size (L) square must be black.




. LV

.
'
- - ‘
~ LS

L I n : m n :
Rule (3) : {(B <= P-C) and (E >= E+O)
. J+L J J+L J -
. L ‘ Y
Where C ---> Fixed value for each group in the circle
, - J > Cu;rcnt row,
. .. L ~---> Current circle size.
m,n -~=> Group indices in rows J and J+L
P = ' B, B+l, ..., E-], E.,

~ 4 U v .
Rule (2) states that the (m)th group on (J+L:T£ row must be at least

one pixel longer than L (size of the gquaref in order to-enlarge the
size (L) square to (L+1). Whereas rule (3) requires that,  the gm)th
group in (J+L)th row patses through a potentially larger circle(L+1),

and the interval (+-C-to-f+C) lies inside this circle. For all possible
RS

maximal circles (in our experiment we havelsizes 1 to 15),° the constant -

FRY

) ' s ' ’
'c’ 52 rule (3) was predetermined (Table 1) and used by both MC1 and MC2

. . . .
algorithms. )

<

L

If rule (1) plus either rule 2 or rule 3 hold, then L is incremented
. , ‘

by 1, and another group in row J+L is tested by rules (M, () and (3)

for a)poul.ble bigger square/circle. The iteration protess of enlarging
a square/circle (step 2) continues untilone or more rules fail. At this
XY a

point, L also represents tpe number of groups comprising this

-

square/circle.  If a square/circle cannot be enlarged furtherh'

step ) is invoked. ' : »

N -
) ': . -
; s
A“ B ”
+
] \ 9 ]
- // * - \
‘. ’ '
[
[ t
"\ \



’

Step-3 : Check for dup}iqate or redundant square/circle

1

]

It compares this newly defined &nd enlarged maximah square/circle to
/\ . . . g‘
all squares/circles created previously to see whether or not it is a

duplicate, or a most likely situation, khat is, it is inside a larger
one. If the test proves to be negative or this new square/circle is the
first one to be created on the pattern, add this square/circle to the

maxima} square/circle list. - € » ‘ .
. s - .

Step-4 -: Propagate through current group/jump to next rowv
Advance to the next pixel of the current group and repeat the steps
1-3 uniess one d? the following conditions is true :

£ o, i/ R OH>
Maximal square conditidn :

b

the ending point ;5 of the fg'

Maximal circle condition ::

For all groups passing throdgh the maximal cirdle
{ (E <= E) ]}  istrue. .
+i : . , -
R+1 C . L
where ¢ R --> 1is lst group of the circle.
i ==> 0,1, ..., L (cigcle size).
. € =-> group passing through circle centre.

R . M

<

?other words, the end points 'E' of all groups ‘comprising the newly

‘defined maximal circle happens to be less than or equal to the point (E)

lof the group which passes through the centre of_ the ﬁaximai‘.circle.

a-

AN

L}

”

when one of the above conditions holdg.'first advance to the group in

”~ -
the next—row which satisfies rule (1) then invoke step 1, (Fig. 3).

°

no¢

~
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, Circle White Pixels in ' C value for each
. Size pixels lst group group in a circle E
) 1 0 | 0 .
e " ,;:\ 2° 0 2 0 »
3 1 3 00’ -
A 2 10 ,
5 3 3, P1trto . ;
6 b 2 12210
] 6 3 122210
8 N5 \i 4 1222210
- 9 7 3 22333220
10 8 4 4 }l 23333210
1 8 5 12233333210
12 9 6 12333333210
13 11 7 . 122333332210
14 12 6 12"3‘0&&‘0‘0“03'210’ %
. - . 'é,'5 13 . 5 234455555414 320
LN . LY - .
-~ Table 1 -- - ) " Ty
. This Table shows 15 possible paximal- circle sizes alopg with
“predetermined values. - When enlarging a circle these values
W are used to determine whether or not a given group passes
- through 'a circle of size.L+l. The 2nd column is used by MC2
algorithm in specifying the number of white pixels allowed
igt§T33?§c{4 circle, The 3nd column specifies the number of
N \ ) piﬁeii in“the Ist group of the circle, while the rest of the
. , columns specify the constant l&?' used in rule.(3). b
N t . T
. Size 15 Size Wb - Size 13»° - -Size 12
| v . - « =
ccecee Geccce ~o cceceecc ccececece
. cceceececece cceeceece cceceececc cceeececce
_ cceeececcccc cceeecccecc ccccecceecce s | ceceecceccc
/ ceeceeececcccc cccececccece oo of of o of o of o of WY o o vt of of o o o f o o
(o of of of o o of of o of of of Y of of o of o o of o o of f o S of o f f of i of o o f oA f o o o f A £ o ]
ccececceccececce  cceccecgpcccce  ccccececcccce  ccececcecececc
, (o o of of o o of of o o o of o of B of of o of o of o o o of o X o oS of o of o o o o o] o o of of RN of of of of o of o of W 11 o]
“cececcececcccecccee tceeccceecceeet cececececeecceee  ceceeccecccc
(of ol odof of of of o of o o of of o R of of o o o ol of o o o o o ngCCCCCCCCCCC ccecccecccgc
’ (o of o of of of o of o of o of o of oY of o of o o o o o o of o1 o ] o o of ol of of of of ol cceeececccc
- cceceeecececceccec cececcececcce ccceececccce .geeececcc
cccecccccecece ccceececcece ccccececc eccecce
cceeeececcc (ot of of of of of - ceceecee .
cecceeeccce i cceece : .
g . cceec . s i
M P | ' R
P ’ o Fig., b B : -
i . ~ .
i .
This Fig. shows how mfximal circles | .
. - look like .according to Table 1. >
’ a a

¥

R 3
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. “:.more. That is so .because of rule (2); where the first group of the

v

o

° . N -
3 »t ~

:Eefé}:ing to Fig. 3, ‘the letters 's', 'c' represen't a pixel within a
‘square/circle (e.g. 5°¢ 7 groups in Fig. 3)£ and the jetter 'P'
represents the size-1 square/circle which was initially defined on that

pixe'l. After ~enlargem{-.nt.; .the initial size-] sqg?e/circle becomes a

%
-

maximal square/circle of size 5 and 7. e :

!

3. v -

‘The maximal squar’es (size 3 and 7 in Fig. 3) cannot be‘enlarged any -
; B \\
second row in the pattern does not contain enough 'pier:s to accommodate

- N -

"t"'f‘hs_,F Jlarger maximal square of size-8, even though the first group in the

o

v

- minth row has an enough’ number of pixels. The same condit‘ion' applies to
. - e . . » o )
the size-5 maximal square on the bottom-right of Fig.- 3; and in both

I ¢, o

cases no squares were def ined By tt.\e.remaining pixels (immediately after

the pixel macked with 'P') in that groupi’. ’ . -
‘: K . » v - . . PO . v e - ’ . .
" Since the 'E' point of the Jraup passes ‘through the centre of the ¥/
o N !. . - \” .t R T - P
maximal citcle and the (rest of the). '£ points ' of all other groups -,

‘s . o~
& v. v

comprising the  circle end before or ™a

“the same column, no advancement ,

- G -~ ooy,

on the first group was (na@e.  Therefore those pixels-marked with 4! o
— 3

the 2‘|ord‘ andT 25ti\ colum'ns were not fncludgd in this'_circ‘l'e of°Fig_. 3-

The ‘reason for 'this-is that if a circle ,'were.’ to be initialized and

v S .

! . : ' L
enlarged on the 23rd pixel, the largest possible circle to include those .

' P .

pixels is a maximal circle of size 2. if allowed, this could lead to ‘g',l_u.

k4 - "
? .
noisy centre-line. L -
» A
N ”

& ¢ .

LA . - -

. . - "

% . 4
? » -
e
-, -
P ‘m ‘ LY
'L \ .
‘

pr
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. X Agaip: let us refer to the case of the-circle with 5 groups at, the

~, bottom left of Fig. 3. A maximal circle of size 3 was defined on the

first pixel of the first group in the-ninth row. When a larger circle

the size-3 circle which already exists. In this case the

12

¥ -
of sizé& 5 was created on'the second pixel, the .size-5 circle happens to

s

. . size-5 cifchb replaces size-3 circfle and thagse piiels ménke& with '.!'

‘ we;e heglect .\as were the case. in the size-]7 .maximal circle on the top
~ ' - -
. right, - . ’ ' - >

N . .

o RJI thé four ‘aTgocifhms MS1, MS2, MC!, and MC2 employ the same

“\ - .
rules. (2) and (3) respectively to allow a number of white pixels on the

] -

~ N N

g the maximal square (white pixels <=L/2); whereas in the case of MC2

. N

a]gor?thm. thé number of white pixels is predetermined in advance in

.
~4

Table'l;‘“Nogq that white pixe]s are . only permitted on the pe}imetefs of

- ;ﬁ( the square or circle (Fig. 5) in order to accommodate ruggedness "along
N : the edges. The centre-lines of a pattern produced by MS1, MS2, MC1, and
o T 7 7 Ke2 algorithms are shown in Fig. 6. ‘ .

>

4

A more detailed example on the following pattern in Fig. 7 & 8 may

- N - shed mdye light on the way the MC algorithms proceed from one grbup to
. "~ L. - . . \
w8 the ‘next. whenever the parameter 'Y' changes in value, that means the
- -~ élborithms jump from one row to another below it. Also look for a

& -

° syntax; with Ithe exception "Ehat. HSZ_and,ch have slighfly modified

',;péfipﬁery of the maxima! sduére/circle. In the MS2 aigorithm, the number

A ofhberﬁitted white pixels is determined by the length (of one side) of "'

- ‘. 'laréerﬂdifference between 'X' values in the same row 'Y' which signifies

g

" the propagatfon from one group to another.
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Maximal square/circle with few white pixels(B).

-~ 12

i * '
+ * - - = - - ="
’ - - -=-0-0- - - -
0] 0 0
" “ e s e w w e e - - -0-—
: . 0 0 0 ;
-=-0- =~ - - - . =000
. 0
t . MS)
&
A~ -y‘ _ . ’
- - - - 0" o - - - -
0 0 0
. e e e e e - . - - - -0 - -
0 0 0 0
-=-0- - - - - -=-=0
0
- - - - - d - -
- MC1
. ,/, '
% - Fig 6o

/
Sample outputs of MS1, MS2, MC1l, and MC2.

3 " / .

' . .
. __"/ N
. .

.




/

-

/

A CENTER

A CENTER

AT

AT

A CENTER/AT

A CENTER
A CENTER
A CENTER
A CENTER
A CENTER
A ,CENTER
A CENTER
/A CENTER
/" A CENTER
A CENTER
A CENTER
A CENTER
CENTER
CENTER
CENTER
CENTER
CENTER
CENTER
CENTER
CENTER
CENTAR
CENTER
CENTER
CENTER
CENTER
CENTER
CENTER
CENTER
CENTER
CENTER
CENTER
CENTER

> D

AT
AT
AT
AT
AT
AT
AT

AT

AT
AT
AT
AT
AT
AT
AT
AT
AT
AT
AT
AT
AT
AT
AT
AT
AT
AT
AT
AT
AT
AT
AT
AT

N ot ot ot ot et -— N
OO NWWOSNISNONUITY & & 5 &

NN
- —

N

€ I DC D D¢ I 3¢ D 3¢ D D DK DC D D DC DC I I I D¢ ¢ D ¢ I M I I D¢ I M > X
NNRNDNNMNMNNNMNNNRNWNONNMNDNDN
A RC R, RC R R, RV RV, B, Be S g . . JULE

>
ad
S, ]

36
38
ho
h2
33
h5
L8
51
29
54
25
57
58
22
58

58
21
61
20
23
18
28
52
18
31

35
37
39
Y
L3
s

k9

' Fig 7

OF
OF

SIZE
SIZE
SIZE

OF SIZt

Of
OF

. OF

OF
oF
OF
OF
OF"
OF
OF
OF.
OF
OF
OF
oF
OF-
OF
OF
OF
OF
OF
OF
OF
OF
OF
OF
OF
OF
OF
OF .
OF

SIZE
SIZE
SIZE
SIZE
SIZE
SIZE
SLZE
SIZE

SIZE

SIZE
SIZE
(3P4
S1ZE
SIZE
SIZE
SIZE
SIZE
SIZE
SIZE
SIZE
SIZE
SIZE
S1ZE
SIZE
SIZE
S12E
SIZE
SIZE
S ZE
SIZE
SIZE

. “

WWWWWWWwWwWwwosrEro~NOoN~ oo oNwWw AW FwWW e

e

GROUPS
GROUPS

GROUPS

GROUPS
GROUPS
GROUPS
GROUPS
GROUPS
GROUPS
GROUPS
GROUPS
GROUPS
GROUPS
GROUPS
GROUPS
GROUPS'
GROUPS
GROUPS
GROUPS
GROUPS
GROUPS
GROUPS
GROUPS
GROUPS
GROUPS
GROUPS
GROUPS

GROUPS ~

GROUPS
GROUPS
GROUPS
GROUPS
GROUPS
GROUPS
GROUPS -

1k



, Yo 15
- \ " Cotumn (X) -
1 - 2 - K T b 5 6 v 7
. - 456789012345678901234567890123456789012345678901234L567890
Row(Y) °* ; : o
1 el mee ==
2 .
3, STt ss s =
b ,0000
5 I ¢ B 0= = = - =
6 0o -
7 - -r0=-=="5=-=---- 0---- .
8 . '
9 ~0--=" -, mee=ee-.-
100 3y 0
L T e S L S S
2 .
. ]3 - - - - - - - 0 - - - -
14 0 - . ] -
156 - == e == e e e e - -
16 0
172 - ---- - T,
18 0 0
]9 ------- s e e owm m owm e o= o= -
20 ' 0
e 21 - -=--0---- = e e e 0---
22 -
P B B B I
24 0. 0 Co 0 -
25 - - - -- ~=---0000000000-0--~=---~--
26 '
27 ------------- o o = = - e .. - e e o= -
28 0
29 -~ -~ = - -~ -
30 0 ~
R T - ' ~/ )
LAY - - - -; - - -
. % . Fig. 8
\ .
3 : . '0"“/represents the centre of a maximal circle.
o , ‘ » -
4 -
¥ . N '



16

4 Reconstruction of the original pattern

|

A database of patterns may be sto}ed on disk or tape by \savfng the

link-list which reresents the B and E points of all groups comprising_

N -

the - patterns  instesd of storing the patterns ih the aform of matrices.

This‘ method saves storage space because binary patierns‘arelusually

. \ . :
composed of large sparse matrices. The reconstruction of the original
™ |

pattern [1], [11], [12), [13] is easily achieved é@ the manipulation of
the B and E points. -When the need to recreaQe the original pattern

arises, a tempéragg matrix cazz::/fprmed and the interval between the

points B and E can be filled for

-

1V/groups in each row of the matrix,

producing an exact copy of the original pattern.
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§ PFilling algorithm

I ~ t

in the proposed MS and MC ailgorithms for finding the centre-lines of

binary paiterns. it should be ncted/fhat. a maximal square/circle centre
. P

‘w ) g «
may not always lie on a pixel and the centres of two overlapping

A /s

squares(cjrciqs may not be adjac;nt to each other (discontinuity). This

]

is due.to two factors : /
L]

Tl)rf:'piyen the hardware, the centre of a maximal square/circle of size
2 (4 pixels) for example, being equidistant from the 4 points, cannot be
addressed in digital co-ordinates. Hence, in order to ob;ain the exact

éenire-lines of a pattern, we expanded the pattern so that the céntre of

-

any maximal square/circle will fall exactly on the cén;re of all the

-

pixels it encompasses. See illustrations in Fig. 9.

(2) ~-; 2§et§apbing maximal squares/circles are not always equal in size

(due to the shape of the gfven pattern) .

4

In order to maintain a connected centre-line, and overéome the .above

H

two obstacles, we developed a filling algorithm which uses 2 66?§ixeL

window. The size. for this window is_ so chosen that it covers the

longest path between two centres of the maximal squares/circles

.
)

encountered.

o
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5.1" Filling strategy

1

L

L4

» o The following steps were perfof'med using the 66-pixle window

(Fig. 10) to fill the gaps of centre-lines (in both cases original and

» .

expanded patterns).

Steg—l“. , , | . _—

’

The window moves from one maximal square/circle to'qthe next in the

. direction of left to right and top to bottom covering all points in the .

g centre-lines, and aligning the currre'nt maximal square/circle centre to

the point 'C’ in the window.

- » ' ' " 4
Step-2 - . ) .

If a maximal ,square'/circle centre occurs in the window point marked

with an ‘*:. then fill the gap between 1c" and '#',
3 . . \

Step-3 ‘ :

' Excluding the first row of- the window, search for a centre which has
the shortest path to the point 'C'. If this i; found, fill the gap.
Otherwise do nothing (this poin.t of the centre-line is an end-point).
lf'twd centres having equgl distance (they are in the same row) from the
point 'C' in the windov; and the distance between these two centres is !

¢ greater tD—\an 3 ~pixels. fill both paths (the centre-line is diverging):
otherwise, f‘ill only the.gap,btheenhﬁthe point '\C' and the left centre

o ba .
‘in the window. ‘

’

Step-4 - v

Repeat steps l_-_} until all ce;\tres have been coyered. - -
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An exampte of the filling algorithm is shown on thelfollowing pages

-

for both the origiﬁal and expanded patterns of the digitized letter ‘A’

(Figs. 11-14). It should be noted that, the original

smaller window-size of 2B-pixels.

pattern uses a

) ---0-000z----
--_-0----0-_-_
----0 ...... QO---
. bl EEETEEEE 0--- b
--00----  -==0--- .
--Q---- - 0-=-- A
--0 ...... Q-_- (X ‘
--0 ...... 0---
__0 ..........
-_0 ...... 0---
m————— e=- o---
-=0-- S, TR
) » --0--- ~70----
--0 ...... 0 .....
i --0---  --==-0-0-0---- )
. ---0-0000~0-00= ===~ 0--- ~
--0-------; .............. s
- cafjemccrrcmnceee e== 0---
--o-- ---0_-_-
--0-- ? ---=0--- ‘
' -==Q--- - 0---
--0_-_- --do----
’ . =-0--- «==00-~-~
--o ....... 0---
- sEeeses - ’ ---0'--
----0 ----- 0---
___-0 ...........
-==0--0-=~ ---0---
0---0==-=-=-- 0--- 0----0----0--
--00-=~=====-~ 0- --000----~--0000-

The centr;-linos are displayed on top of )

the original pattern. No .filling is done.

¢
G

Fig. 11

.
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6 Implementation of the
Algorithms and Experimental Results

EY

The programs for MS!, MS2, 'MC) and MC2 algorithms were coded in
Pascal and executed on a CDC/Cyber 830D Computer. tach /program
processed the same set. of binary patterns; and the results are presenied

in the Appendices. (n those results, the cén;re-lines were overlaid on

L4

top of the original patterns so that we can see clearly how good the
»
centre-lines are for the given pattern produced by the different

algorithms and compare them. More importan;ly. we can also see how

close each centre-line represents the shape‘of the pattern. As with most

3

thinning algorithms, the problem of centre-line discontinuity is

L
inherent in the algorithms; this was overcome by using smoothing an%

connecting procedures develpped in this work. ¢

The results produced by all four aigorithms, in terms of centre-line

smoothness, resistance to noise and resemblance to the original pattern,
» -

can be rated from fair to very good by visual inspection. We note that

MS1 and MCI (no‘white pixels alfowedf. even though they are vulnerable

to noise, produce centre-lines of good quality with the \gast amount of

a .

distortion when the input pattern is ¢ sed of thick patches. On the

_ other hand, ch‘a[gorithm, generally p oduce; smooth - centre-lines. By
;;%paring the results of HMSI a&d M52) one can see that MNS2 produces
centre-1jnes with less noisy branches than-MS1 (e.g. see Pages 30 and 42
32 and 44). But when the beginning and the ending points of the groups
produce a zig-zag pattern, maximal squares which contain whife{piﬁels

.ma; yield noisy centre-lines such as double centre-lines, refer to pages

b4, 45, 47, 50, 52. -



a +

- “r~

‘ Further analysis of the results reveal that MC) and MC2 produce much

" ‘smoother centre-lines than MS1 and MS2. However  when " patterns: have '
straight vertical and horizontal edges, then by the nature of the square
Lo I : ' . - .

algorithms, MS1 and MS2 produce better [égults.» see e. g.>» the

o~

- centre-lines' Qf« the character H on  pages 31, 43, 55, 67 aﬁd the

centre-lines of the Chinese character shown on pages 35, 47, 59, 71.

) D

Since our objective focusses on thé development and compar ison of

these algorF:;hs in the areas of centre-line smoothness, resistance to

i . C o .

noise and resemblance to the origimal pattern, the emphasis on CPU time
e [} ) -

R was*not considered as were most algorithm< developed by other research

v

groups [7, 9, 14, 15, 16, 18, 19]. We may add that these algorithms are

fairly efficient (see Table 2), given the fgct that a fairagmount of

- ' ! .
processing time was spent by the smoothing algorithm. But this can be
‘»
improved if further attention were given to this area.

’ | \
In terms of memory space; a dynamic storage allocation was employed

by the algorithms to store the original pattern, plus a_temporary matrix

to'di:play ibe centre-lines on top of the pattern, and few' local

variables used by the algorithms.

-
'a - . oL
T o general, in terms of smoothness, resistance to noise and
. . .
. resemblance to original pattern, we rank the algorithms in this
ordet : MC2, MC1, MS1, and MS2; MC2 being the best.




-

K

3

N N . .

L Without ‘With

~ Algarithm | smoothing Smoothing
CPU. Time CPU time __
| i .
| ‘ i i 1
~ | ' MSl | 35.245 Sec | 41.074 Sec |

S N :‘ :
b B | |
1 MS2 { 33.303 Sec | 38.873 Sec |
i K IS
= : ! :
LNl " 46.857 Sec | 53.681 Sec !
A S |
| i | !
| MC2 | 61.646 Sec | 67."735 Sec | =
] » i [} - v v
K i i : /

.
¥

CDC Cyber/830D Pascal, the CPU time refers to the
total amount of time in seconds
computer to process all 18 patterns.

Table 2.

1

Ta

required by the

'ﬁﬁz

26

-l'
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7 Concluding Remarks

Two types " of algorithms"wbne proposed‘ and implemented for

e

centre-line tracing of binary pictures. In both the maximal shuéres and
' . " o
maximal cjrcles algorithms, some white pixels are allowed to account for

shape variabilities of the digitized pattern. o )

I3 . &

In general, thesé.algoritéms tend fq favor patterns which are composea
of mainly relitivefy thin lines, not patterns composed of thick blocks.
Under most circumstan;s'however, the MC2 algorithm produces the best
centre-}ines of all the'four’algorithms presented in this work and most
othér algoritGmS' presented by variods research groupg. Thi; is due to
two factors :

(1) The expansion of the original pattern aids in making the
centre~lines fall exactly in the middle of the pattern.

. 4 . . -
¢ . (2) The inclusion of a few white pixels on the periphery of -

the maximal circle helps in obtaining smoother centre-lines.

-

" The feconst(uétion.of the original pattern is easily achieved by

: 4 .
the manipulation of the B and E points of the pattern, with no loss of

detail. Finally, by examinlng the results of 'HSI. MS2, "MC! and MC2
algorithms, one can see that, in general MC1 and MC2 pruduce smoother

centre-l}nes than MS1 and HSf algorithms.
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