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- ~ ABSTRACT

AN .
A CDHPARATIVE STUDY OF THINNINQ ALBORITHMS

IN PﬁTTERN‘PROCESBINB

- ' , Helen Ma

"This " report surveys the applications of thinning in image

aprncnliinq.aﬁd pattern recognition, and examines the difficulties
-+ that confront existing thinning alqorithm;._ A large number of
existing thinning. algorithms together With a new' thinning
algorithm designed by the autﬂur have been implemented on the
"~ Cyber 835 main frame computer at Conéordin ;University. These
algorithms are &cscribcd and tested with a large variety of
patterns. Each algorithm was verified with the original patterns

published in the articles. Their charactcrpltics -are also

presented and discussed. A systematic comparison of these

algorithms has been done based omnthe following criteria 1
compﬁtition ;p-cd, mcmozy requirement, connectivity after
thinning, end-point retention, symmetry of medial line, and

‘sonpitivity to noise.
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INTRODUCTIDN . ‘ - s

TN

) Whinninb( may be def!n‘d as the successive erosion of the
' outermost layers of a figure ‘until only a connected unit
y #ramewbrk or “sklleton“ remains. This lkoleton runs,  ideally,

along the m.dial&lin.s of the limbs of the figure.

Thinﬁind' was originnlly devised to be used in optical
character rccuqnltion [B 1. Hanv-r, lince its conccpt was
first introduc-d twnnty yemars_ ago [11, thinning hll’lllumid an
lmportant role 1n image proccllinq and pattern recognition. It

Jhas bcln used al'an aid in thu inspection af printed cigcuit
boards £21, ,thc'counting oflasbnstbs fibres on air filters (31,
the analysis of chromosome shapes [4], the examination of soil
cracking patterns [51, the classification of fingerprints [6,7),

" and more recent hbplicntinns such as digital facsimile
transmission £101 and data reduction for - map storage
£11JC0123C131.

. - |

In ,gcnnral! ‘thinnihq is employed in these applications for

the following reasons: (a) to reduce the line images to medial

| lines of’unitruidth"in order to obtain topological information

for further analysis,  (b) to enable pictorial objects to be

‘represanted ai simp}ifibd data structures, such as chain-coding

[C14], or (c) . to reduce data storage for communication

1

requirements.




L 33

~

. . g .
l!ltimaj:nly, all applicntic\»ﬂ)\of ~thinning amount to the
w P " x

elimination of redundant information,” leaving.sufficient useful
' \ . - .

information to allow topological LII‘!IIYIiI and. measurement of' the
shape, or in some casss regeneration of the or:lginai object 241,
quuvcr. different thinning algoritﬁm: were c;cvnlapod . and
employed in different applications. Lots of technical papers ov:n
this subject have been npbliihod in the past two decades.
However, no clear :tandarrds have besn developed such as methods
of detecting one cell connectivity ‘and- stripping |:rH=q the contour
points} programming 1language used to implement these algorithms
and the way to address the neighbouring point/:s in a 3 x 3 window.
T-rminoiagils used in one algorithm may be referred differently
in another, for example, edge point, contour point and border

point have tfn" same mneaning, and there is no guarantee that the

final thinning result is an ideal skeleton.

o -

)

INHERENT PROBLEMS IN THE THINNING PROCESS
o '

Tﬁrnn ma jor problems must be overcome 'in order to obtain a - ‘qnod
skc'lnton oof a digitized image —--(a) maintaining ci‘cmocct'iv:lty;
(b) retaining end-points; and &) ensuring that \ﬁoints- ’grn
stripped off symmetrically. Both in principle and in I‘practic;
these are real problems, and the solut:@ons may yield CDn‘FliCtil:!g

r;llultl. Since thinning can be performed --- sequentially and in

parallel, these problems are further complicated by the numerous

possible ways of stripping off the points. i /

i
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1) HAINTAININB‘CDNNECTIVITY '

- In 'scqunntin; algorithms, whete each pdint in the picture is

axamined one by one in turn ‘for a  possible change, any
. modi fication {such as removal)  will affect the :ubliqgnnt

~. .processing of the r*yaininq picture. Most sequential algorithms
\ . . Lxd
~

~ nmpldy crossing numsnr‘ within a 3 by 3 window to achieve

,J coéﬁzétivity of the thinned pattern. A ;rasling number represents
““the condition of the neighbour points in the 3 X 3 window.
However, in parallel algorithms, more complex formul ae aél
employed to derive the crossing number to ensure connectivity.
Nonnthelcis, some parallel algorithms choose to ignore such
mMeasures and they result in, brokch skeletons in certain

el

situations [15]. ,Different algorithms attempt to solve the

problem in .different ways. Most of them appear to be “"ad bhoc®,

and 1in any c&sn slaboration and detailed justification are not

3
N
(24 N

given by the authors.

2) RETAINING END-POINTS

As. ‘for connectivity of the thinned pattern, s}milar situgtions
.;ris- when we wish to assure that ind—points are 'rntain-dﬁx For
‘ ~s;qulntinl algorithms, ‘a main problem arises when the pattern
contains horizontal and vertical brancﬁns which are two pixels
wide, because “the limbs tend to disappear altogether during the
sequential stripping process. Some "ad hoc" procedure is usually

-

L invented to deal with this situ%fion. The general approach is to

©

3 a




‘ pattern. . ' ' Se

\

locate the end point and tgy to avoid . Enmoving it from the

. i
L
3) SYMMETRIC STRIPPING | -

%
|

A very complex procedure is required to ensyre that points are

Most lcﬁuiniiaf
e=—

=T

stripped off symmetrically from. ay figure.
algorithms usually have a heavy bias to the lownrrrignt/ind this
can be avoided by successive marking of border points in the

stripping operation [231].

In this study, nine thinning,algnfithms are implemented in

software. They are authored by 1’ }
1. E.8. Deutsch - C153
2. CuJd. Hilditch C 4]
3. H. Ma and J. Yudin . Cl%]
4. R. Stefanelli and A. Rosenfeld L1713
9. D. Rutaovitz £18]
. . 6. H. TAMURA L1291
7. 8. TSURUOKA €201
8. T.Y. ZHANG AND C.Y. SUEN £221
9. C. ARCELLI [23] .
These algorithms were chosen because the majority of them have

been 'quotcd widely in the literature. A large set pf different
typeas af.bin‘rizud images are fed i;tdith. c;qﬁut!r.tn test .the
performance of each algorithm. These 48 patinrnl are shown in
appendix A. Ihny‘1nc1udn,hand%writt-n ehar;ctnrs and numbers,
Chinese ideograph, line-like pirt!cl.s, chromosome, and bubble
chamber picture. The results 15; tabul ated 1Q‘ tnrmgy of

] B 3
computation time, memory rcquirnmlpf. the conservation of

e
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structural :lnforma.'tion, and noise immunity. In the followihg

) N ' .
sections, an 'outline of oach}# these algorithms under test is

presented together. with ‘some typical inputs and outputs.

. ' S
Discussions and comparisons of these al gorithms are given in the
concluding section. : . - .
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THINNING ALBORITHM i —-- . Cy o
'“. <\> AUTHOR: E. 8. DKUTBCH [151 \ ,' o ” -
( . \ Q‘ ) . T T ‘ t‘ . M
TERMINOLOGY: o ) 5 -, ' LT .
- ’ ' PP ‘ _ ] ‘ ! s
. : 141 3121 . . . .
' Rt e e ) . . .
L - - . g ‘ S ~ N
161 7181 " LT ‘ :
. N T T,
a(i,j) - @lement in row i and column(J of a matrix. ,//ff\( -
- - ‘. . ' ! - " ! * “.’ ’ . \
: r (k) value. of pixel k in the 3 X 3 window - - '
. k = 1'0 2-\ 3’ s s B R “ N . .
rl . . ' N . \ -
x . crossing.number is defined as — ' S
= - t \
o 8 . '
. x = ¥ I rik+1) - r{k) |
k=1

.

where k has.a pér.ind of B and x :lnd’icnt&s the number ' of

distinct 4 neighbour connected groups of bilack (*1”) and

Fand

white (*0’) elements around ali,§). , ,

, o L]

DESCRIPTION OF ALGORITHM:

» 1 1 © N ." Al
Remove /a  black element (*§) “if it satisfies all the
" fallowing conditions: ' ' . 4
1- . = o, 2 or ‘ . . ‘a
y 8 B | ' .
2- " z r(k) * ‘1 * . . .
o k=1 i . ’ ) p
"(that is, the .slement .ntst have no ncighl:n:ml'E or at least
2 in the pattern) - L >



3. r(i) ~ r(3) ~r(3) =0
5, r{(1) ~ r(3) ~r(7) =0
S. if x = 4, then in addition,
must hold ——-

(@) ¢ r(1) ~ r(7)

AL r(2) v res)

{r(3) ~ra)

i A b)Y € r(1) ~ r(3)
7 . i { ria) v r(s)
{r(2) » r(s

> 1

1 3 and
1 2 and ‘
r(s) ~r(8) } = O

1 2 and
i 3 and
r{(6) »~ r:(7) }) = O

" The pattern is tested continuously until no

occurs,

a

RESULT OF TESTING:

CPU TIME T

MEMORY REQUIREMENT

-

)

1

ll-.-l...llll...l.Jll‘l.Illl...

-

either condition (a) or (b)

further

L

changes

27.896 seconds &

26,240 wvords XX

. L I
CONSERVATION of TOPDLOGICAL INFDRMATION ......... 5 KX
ND. DF PATTERNB TESTED 5-------------m--i--;-l--- 48 ' ‘
) .
. . ¢ : ‘
X CDC CYBER/835 FORTRAN V, the CPU time refers to the total

amount of time in secondéarequired by the cnmputm; to

all 48 test ';pnttnrnsp
4

&,

Memory requirement includes thQ two 2-dimensional arrays of

process

2 X (110 X ‘80): = 17,600 words to store the “or:l"g:lnal pattern and *

. {the thinned

operations.

55¥% See explanation on P 34:(

s

pattern and

pthnr program buffers

for the
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THINNING ALGORITHM 2 —--

AUTHOR: C. JUDITH HILDITCH (41 ‘ -

TERMINOLOGY s

window s o ‘
I n4l n3l n2i
i nSt p P nit, 7 P
I nél n7! n8I . .

y a(i) . value of pixel n in the 3 X 3 window
:‘ L - 1 - 1|2|3'--- 8 L ’
fin ) memnber of the following snfs:
i

I = Set of black elements on the pattern
R ="8et of removed eslements from the pattern ;

N = Set of non-removed ®lements

DESCRIPTION OF ALGORITHM § .,

A black point (°1') p is removed from the pattern if all the
following conditions are satisfied. _

i. | Point lies on the mdge of the pattdrn.

ulp) d>= 1 1f u(p) = a(l) + a(3) + a(S) + a(7)
]

are a = 1 if f(ndeEN or a=o0

i i
2. Point./ii not the tip of a thin line,
a8
vipY >= 2 if vip) = % (1-a )
/ . i=] i

1




0
» ¥

j Q
!
J
's. ‘ poiunt is not the last remaining point of the pattern.
a A
wip) >= 1 if wip) = £ ¢ or €€ =0
. , i=1. | i
4. Removal of the point should not nl'tlrﬂL thc'
connectivity of the result.
¥ ')_((p) = 1 crossing number is defined as
N 4.
X(p) = ¥ b whereb =1 if f(n JEN .
‘ o i=g 1 i 2i-1

v andl wi ther

> " ftn Y)EIUR or (n )e T UR

2i 2i+1
o
- , .. or b = 0, otherwise.
4 i . {
- B Removal of the @’boint - along with any one of its
neighbours which has alrsady been rombvcd does not change
the connectivity of the end result. ~ ] /
§in)e R or X (p) = 1 (i=1,2,3,...8) ,
i $ i ) - .
i . . “
; . 4
" The above opnrat:lop is repeated until p remains unchanged. .
.
4
- / /
, '




PR

RESULT OF TESTING: S

‘CPU TI"E I..II.IIl..l.I‘l-‘I.-..lll.--I.II.--.IIII-.. 20.‘401 ..Cﬂﬂdl

"E"DRY REQUIRE"ENT .- % RS8N E B ESNESEE ST RREEEE 26'496 “Drd‘

L

CONSERVATION OF TOPOLOGICAL INFORMATION ooeeseeen 2
ND. DF PATTER‘NS TEBTED e g & o8 I B B B B B B B B BN BN BN BN BN BN BF BN BN BN ) 48
™ | |

-

3

T e,

.

el it 4.



FHINNING ALGORITHM 3 ——-—

" AUTHORS: H. MA AND J. YUDIN [16)

TERMINOLOGY: .
Contour tracing -— find the leftmost black point(p). A
scanning spot moves point by pn?gt, from bottom to top of the
leftmost column and successively repeats thno‘brocedurn on .the
column immediately to tha right of the column previously
scanned until a black ﬁéint(p) is found. .

Two péeprocessing steps were done before the thinning
process. One of them eliminates all isolated points which are
black elements with no neighbour. The other step fills a gap or

r

eliminates a notch on an edge. S
B :

DESCRIPTION OF ALGORITHM:
The thinning operation traces the contour of the image. - It
scans the image harizontally by passing a 3 X 3 windaow over

each contour point and performs the tests described below.

£1] P will be retained if it satisfies any of the followfng

coqditionl:— . -~

1. BREAK POINT TEST
A point of interest is conlidir-d as a break poiné if there
exists., one or more 6lac§'points in; the positfons covered
. with symbol *X* in a 3 by 3 window and match one  of the

following patterns 3

11 -

-~




s STl R

Ll I R + ~ % -+
I I 1 | i |
x| x| x| I x| O
| | | | i I
ke JEIE BEU $ -4
-1 | | | ] I
Ol ol x| 1> 101
| [ 1 ] ] I
e ol Al 4 + &~ 4
i | J ] ] |
- [ Ol x| I 1 x|
) 1 | | i |
s At S ¢ -+
)_ Lol
o w
- o
T°1-7-17 1127
ol ol el B0 B B
#l#au.“.l.._. .".l.“.lkf
b P“O“ “O“P.
.11.1!.“...!4 4!%:-.
> On i “ "x "x
LA N N L I A
w
.“. fl#.l.“...“..!.f!..“.
P> | % | tae 1 > |
| /O/fl_ | |
4_|4f..1v/ 4 4 -4 ..4
"x n x," lolal
%.l,levl.% 4.l,f!.%
Rel B Sl N Nt Ral
LI B I L B
- ~
Y a -
-~ hd Ry

X1 X
e et S

X

s Eatars SEt S

s St

LOOP POINT TEST

2.

I

A Point of interest is considered as & loop point if there

a 3 by 3 window that matches one of the

}xistl

following

“X" representing & don’t care pgoint.

patterns with symbol

e e s 4

(b)

e
-

(a)

X

1

1 X

G S e

s Rttt S

I X 4

P
e e

X

s s S

X

X
e s St ¥

e mat S

CORNER POINT TEST

3.

A point of 1nt-FQlt is considered as a corner point if there

following

exists a 3 by 3 window that matches one of the

nx" }Qprnponting a don"t care point and

patterns with symbol

epresenting a contour point.

.

ll‘ll r

B s L R &

symbol

. S s Rt 3

. S At 3

. Eamt L 3

{

X

|

A o e s e o o s e o e e

X

I W W S

e s e e e o e e o

[ RO W Ra———

P

X
D s e}

P1 X 1

+___+___+T__+

]

i 1 Pl &1 .
S St a3

it P
[ P R —

L

X.
e —— e

X1 X1 X’

X
S S ——

X

!

4

t X ¢
e ——

o e e o o e e e e o

(D)

)

(C

(B)

(R)

12



CII1 P will be removed if it satisfies at least one of the. '

follouind conditions:-
1. ISOLATED POINT

A point "of interest is considerad as an isblatid'point if

all 8 n-ighbours'iﬁ‘n 3 by 3 window are zeros.

101 0104
f ot PI O
{1t 01 Ot O
oo s s St

e s ettt e
{ 0Ol 0t O 10 ¢ 01 01
s matat et L D e et R
1 O I P! pal ===> | O} O} 1 |
-ttt et
1 ol x 1 x 1! ot x1 x 1
e ———t M -\ G S 4
P will be removed and point\;xwwill be changed to a black
A ' L)
point. .

. 3. ENDPOINT TEST \

If the sum of the eight neighbours is 1, call this point
B, and the 8 nuighbﬁﬁkl of poi:3‘3 will be examined. If the sum
of all neighbour points of point B is equal to Zﬁ}hnn it will
not be remov-d.‘ . ;
4. TESTB(IN 1.1 TO 1.3 ARE NOT SATISFIED

- This process of contour tracing and subsequent thinning are
repeated until the pattern is nowhere more than one unit

wide.

13
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THINNING ALBDRf@HM 4 ———

AUTHORS: R. STEFANELLI AND .A. ROSENFELD [171]

TERMINOLOGY: .
Contour point —— point for which at least one of the conditions
shown in the following figures is satisfied.
et PO —— s S R 2 D S s o
P X 3 X 1 X 4 | X101 X1 1L X t Xt X! P X 1 X1 x
t——————t———t e —————+ +———t———t——+ + + + +
t X1 P I X I I Xt P11 X | PO 1 PILI X} ' X 1 P11 O
s T S o t——————p——— et ———t——————t
P X 1ol X | P X X1 X1 P X 1 X1 X1 P X 1 X1 X1
e Kt St 3 B s e SR e e et A
(A) LOWER (B) UPPER (C) LEFT - (D) RIBGHT

’

where:t ’'x” denotes a don’t care point which can be "1’ or
0", but at least one of the don’t care points must be "17,

octherwise "p’” is an 1polated point.

FINAL: point —- point for which at least one of the conditions

shown in the follonind figures is satisfied.

+ + + + s et ST Y e s s T e ——
F X 1 Xt X 1 tot xt Xt 'Yy { Ot X 1 {Yytytlt o}
bt B s ettt S S e S T o T U
t Ot Pl O t Y '} P X Y TP L X I { t P X
. s St 3 s et 2 S tm— e ——t . S
tYylyityl {fy t ytot f Yt1T o1l X1 i ot X1t X1
D s et SR 3 et aaat S Pt S S S D
" (Al1) (A2) -(A3) (A4)

where: at least one "X" and one "Y" must not be zero.

15
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DESCRIPTION OF ALGORITHM:

A given contour point ("1”) p will not be del eted buf will be.

~
&

stored in a final point matrix i€ it :afisfics the corresponding

conditions.

(a)

(b)

(c)

“(d)

‘if it matches (A4) and satisfims (B4) and (C4).

for LOWER contour point 1
if it matches (A1) (as described in the final point
déﬂni‘tion) and ‘dtilfill (B1) and (C1).

o
for UPPER contour point 1

if it mat;h!l (A2) and satisfies (B2) and (C2).
for LEFT contour point 1 |

if it matches (A3) and satisfies (B3) and (C3J).

for RIGHT contour point :

———trm—pm——t pemm—me -t =t + + + +
P XXt X! P X 1 01t ! 11101 ! it Ot X!
R St Sttt e + R et e e e sttt s
t I P} O} X1 P11 P 101 P I ! 11t P L X
e e S + + + + + + + + B et ST
POt 11 ! 1 X1 0| ! P X P X Xt 1 0 (S
o —— e —— et s ettt b ——p + + + +
(B1) (B2) (B3) ) (B4)
+ + + + R et St PR + + + e At DT
N T P U 1 1011y 1101 |
e e e Lttt St et F———t———p———t R e R Sttt
1 Ot P 1 ! ! I Pt O} ! it PtLOI 101t P I !
D e s et 2 e et S e P b
11101 ! ! 1ot 1} T ! ! ! ! ! !
——————p——— + + + + e —— s St T
(C1) (c2) (C3) (C4)

Each black element in the pattern will be tested and deleted i+

applicable until the modified pattern and the final pofnt matrik‘

are identical.

16 ' /
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RESULT OF TESTING:

CPU TI"E II.I'.'.;-.I...-..l...'........l..'l..'.

ME"DRY REQUIRE"ENT .....II'.I....I-.....II..-.....
CONSERVATION OF TOPOLOGICAL INFORMATION seraeasan

ND‘ DF PATTERNS TEST’ED e 6800 = a0 ASAND NS OO PNESO S PRCERDN

»

17

49,4653 seconds
29,496 words

13

48
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- THINNING ALBORITHM 5 ——— . T

AUTHOR: D. R%TDVIWZ £181

TERMINOLOGY:
3 «
R ~.coordinates of a poipt in a binary picture
1,3 - .
"y, ;\"qj : - ) }
g(R ) gray scale of the given picture point
1,3
N (k) the kth neighbour point of R
i, M S |
where N (1) = R
i'j' i+1'j ’
(right hand side nciqhbouf) and
in counter;crockwisn direction with N
.o - . i,4
Y (k) gray scale of the kth neighbour’ =
(1.@. gi(N . (k)))
4 < i,3 -
X{R ) cross number of the given picture point
1,3
defined as
8 ..
X(R ) = X IY(k+1) - Y(K)I
i,J k=1 ‘
X (k)

DESCRIPTION OF ALBORITHM:

The transformation

-

cross number of the kth neighbour

function value of Ri,J is

unless all of the folléuing conditions are satisfied

18

it increases

{9) =N (1)

1,3

_ unchanged’
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1. QR . Imi - :
13 o AN

2. X(R =2 - ' 7
’ i,3 r . )
3 \\\
8
3. I Yk >2 d
. k=i -

4. Y(1)RY(3)$Y(S) = 0 or X(3) not equal to 2

“ E

3. L Y(IBY(J)RY(7) = O or X(1) not equal to 2

in uhgch case the transformation’ value becosss 0 (i.e. deleted

from the original).

RESULT OF TESTING:

a

\Y

cPU TIME -I....-.II...........l....'-.I.“‘-.-.... Soloos ..cond'
"EHORY REQUIRE"ENT ..-IIIllll.l....‘-..'l".II'IIII 28'096 “Drd‘

1
CONSERVATION OF TOPOLOGICAL INFORMATION .cccveces 4

ND. DF PATTERNS TESTED aes e e NS SeEREESsansREFEBAEESEESS 48

19




s

b : . :

THINNING ALGORITHM & ——— . - o ,

AUTHOR: H. TAMURA [193 ro o

TERMINOLOGY?

1 61 71 81 >
s Sttt SRR . -

B L { 1’2’3'.-.'8 } ’ .7

Sim= ¢ 1,3,5,7 3

82= { 2,4,6,8 ., : ‘ : ¢
Neighbourhood-
4-Neighbaur of the slement X {x .1 k <812 oy
. I N .
8—-Neighbour-of the element x € x 1 k <- 81 3
% N » A k
’ . , . P L e
Connectivity-~ o ’
Two elements a and a with common'v;lu. are said to be 4-
‘ 1 2 .
connected (8~connected) if there exists a sequence of
elements Y (=a ), Y » =e=3' Y (=a ) such that each Y is™
R & 1 2 n 2" . . . i
in the 4 neighbours (or 8 neighbours) of Y (1{=i<=n) and
S . \ i-1 -
all have the same value as a and a . It should be - noted
1 2 )
! ’
that 8- connectivity must be adopted for. O-elements

4 . " .

when 4- connectivity adopted for 1-elements and vice versa.

N "/ ‘. ; . (
20 ' -
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N 4—connectivity case
™

‘N = 3
a c4 k<—-m1 k

(Y-YY Y )
k k+1 k+2

8—-connectivity case

)

N = & (¥ -YY , ¥

c8 k<—-m1 k k k+l k+2
means 1-Y
k k

W]

where Y
Crossing number x-—

-Y |
k+1

X = X 1Y
k<~s k

indicates the nufiper of distinct chains of blacks and whites

in the neighbours af YO.

ey,

)

Ta distinguish 4-connected

branches and 8-connected branches, the author uses x° =x/2

to characterize the property of the test poinq,

e Xx* =0
= {1 edge element
= 2 connecting slement
= X branching slement
= 4 crossing element

DESCRIPTION OF ALGORITHM:

interior or isolated pdint

c

A black point is removed under the following conditions:

1. N = N =1
c4 c8 -
2. N = 0 and N =1
c4 . c8
. S N = 1 and N = 0
c4 cB

21
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A black point(P) is retained if it satisfies at laas; one of

5

. the following configuratiaons: ' .

-

B . R s Sttt + + + + + + -t
! i1t o tot 1t ! { I t t t Y o {
s et S et St L 3 + + + + + +; + +
tytipPttis 1't1PILY 1L P L Y ! vyt Pt 1t
 as Bt S S 4 + + + + + + + +
H ! Y I { { t v i ! 101 & { { 11101
s S s e e e — o + ———t + B e s S 3
(A4)

(A1) ' (A2) (AS)

Where blank points mean “don’t care” conditions and at least

one Y must be a black point.

The pitturn is scanned horizontally and the black points
(’1”) : are testea and deleted accordingly until no more

points can be deleted.

“al
.
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RESULT OF TESTING:
T4

CPU TI"E 'll\II.....‘lll.Il'....l....‘...;ll‘..ll..l. 26.269 '.cond.

HE"DRY REQUIREMENT .II.l:l-II.II.II...II.I.I'II.. 26'688 "prd'
. . . -

CONSERVATION OF TOPOLOGICAL INFORMATION ceesccnee ?

ND./OF'&TTERNS TESTED ¢ e eas P SsesAaEs NSRS SDBETSNERERS 48

. ¢
SNOIEY \
This program was supplied by Mr. H. Tamura and modified by
. the author to run it on the Cyber 835 computer. T
' 'S
P ’ ‘}‘/ | \ f
A
r 4
23 ' .
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THINNING ALBORITHM 7 ———

AUTHOR : 8. TS8URUOKA [201

v - . t

TERMINOLOGY:

S by I window

$ -4
D

N
o)
-

v he] h =]
“@Ald

L el Bl Bl
v
x| WU

P ws b ou § e
)
o

1 =\ = ¢

R R R 8

DESCRIPPION OF ALBORITHM:

When it is a black element ("1’), "X" is retained if any of ., the

following conditions are satisfied : .

1. plL + p3 + p5 + p7 = 4
2. p4 = 1 * p3I =0 ~ pS = 0
‘ é. ‘p4d = 0 ~* pl = O~ p7 =1 ~“ pb&t =0 F
4. P4 = 0~ p1l =1 ~p2 =0 ' :

)

“X" is removed if it satisfies any of the following conditions

-

1. . p4 =1~ p3 =1

2. P4 =1~ p3=0~pS=1"A -)1 | S
3. pa=0~pt=1-p2=1 _

4. P4 = 0~ pl =0 ~p7 =1 ~pb=1~B =1

The . above tests are repeated until -no more poi-nts can be

deleted from the pattern.

24 - ,e
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* RESULT OF TESTING:

’ ‘

CPU Tlm o8P S PSS 0N S8 LNEEES NTEOELPSEBcaPEROROERS 20'352 ..cond’

MEMORY REQUIREMENT ccavscnnnssansncannsnsssnsaseie 26,624 words

CONSERVATION OF TOPOLOGICAL INFORMATION ......... 14

NDI'DF PATTERN’S TEBTED 8 o8 6 SEa00E s E S rEsE NeeSs 48

~

]

L4

ENOTE:

This algorithm is modified from the program listing supplied

by Mr. H. Tamura.
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AUTHORS @ T. Y. Zhang and C, Y. Suen (221

THINNING ALGORITHM 8 ——-'

TERMINOLOGBY: | : : .

S by I window

e
IP9 IP2 IP3

P8 IP1 IP4

1P7 IP&6 IPS

* v g

PR YRR R

DESCRIPTION OF ALBORITHM:

In the first sub-iteration, "the contour point Pf°is deleted from

the digital battlrn if it s=msatisfies all of the 'folloqing

cénditinns ] .

{a) 2 <= B(P1) <= & -
(b) " AP1) = 1 ‘

Le) P2 £ P4 % P& = 0

(d) P4tpetpa-/6 ,

where A(P1) is the number of "01" pairs in ordered set P2, P3,
P4, ..., P8, P? of the neighbours of Pi, and B{(P1) is the number

of nonzero neighbours of P1, that is

B(P1) = P2 + PS + P4 + PS + P& + P7 + PB + P9

0

26
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In the second sub—iteration, a contour point Pl is deleted if the

i

following conditions arge satisfied ———

-~

(a) 2 <= B{P1) <= &

(b) aP1) = 1
(c*) P2 P4 X PB = O
(d*) P2 £ P& X PB = O &

Note: conditions (a) and (b) are unchanged from the first sub-

iteration. . '

The above tests are repeated until no more peints can be

deleted from the pattern. ' .

RESULT OF TESTING:

. CPU TI"E " » >3 8 58 S SSs 0 SN O S S S SNSEEE SR SO0 eD S EPESEFaRDD 24-505 ..cond’
HE"ORY REQUIRE"ENT ) S N @ ®» 89 8 "0 eSS 0 AALEese bR 26' 17& “ord‘
CONSERVATION OF TOPOLDGICAL INFORMATION ..eveuse. 9
NO. DF PATTERNS TESTED s P @5 90 F S asRENSSEBEsEdaanrn .’ 48
ENOTEs »

Q

This algorithm is modified from the program listing supplied

by Mr. T.Y. Zhang and Dr. C.Y. 8Buen.

27




THINNING ALBORITHM 9 ———

AUTHOR 1 C. Arcelli [231

TERMINOLOGY:
3 by 3 window
B s bt T
CINW | N INE |
s et T )
i WiIPIE
. M Kt 3

i1SW { 8 ISE | ’ : -
e p - .

DESCRIPTION OF ALBORITH&:

A border point (north, south, sast, west) is removed if it has at
least two neighbours and satisfies at least one of the following

conditions ——

A) WESB XE = 0 (FOR NORTH BORDER POINT)
B) EXNSW=0 (FOR S8OUTH BORDER POINT)
C) N2 W 8=0 (FOREAST BORDER POINT)
D) S8 $E X N=

o) (FOR WEST BORDER POINT) . -
.gnd also satisfies ’ -

- - - |
WENWEN<+NTIEINEXE+

s SESB+8BESWEN=O

ml

The above procosi is repeated until no more changes occur after

one complete iteration.




RESULT OF TESTING

N

CPU TI"E LI L I N B BN B BN BN B BN BN BN RN N A BN B BN B B BN BN B BN BN B B Y BN R R B NN BN W N W

"EMDRY REQUIREMENT .-.l....--.".I.I“l"..-..."..
CONSERVATION OF TOPOLOGICAL INFORMATION ...¢#....

NOI OF PATTERNS TESTED 2585 00 0 ERAGLS AR ERNDYRESEEEVN

o ' N ’
+ 3

24.490 secpnds
26,048 words
19
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CONCLUDING REMARKS . -~

The resulting skeleton depesnds h-n'vily on +the processes
used. The basic step is to scan the matrix and test all the
black pc_::ints ‘and their relations to their neighbouring points.
Each author develqp's his/her own .testing criteria to obtain
thl" skaleton of the image. The results reflect the differences

and characteristics of each technigue d.\{nlopndg

Table 1 provides a summary of the computation
requirement of these algorithms. Tsuruoka’s method (201 proved
to use the least CPU time while Arcelli’s [23] used the lwmast
mcmoryv spa;:n. For parallel operation pof large binnrii!d data
the skeletonization process requires a larc.:;e amount of memory
which may create a problem, this is particularly accute in
Stefanelli and Rosenfeld’s algorithm [171.

, A?art from ti'm computation requirement of these
algorithms, the mo.st .important performance lies in the
capability of cnﬁ;lrving the topological information of the
original in}uge. Tables I'I and 1I1 summarize the performance of
all the algorithms tested. From this Table, we can see
Hilditch®s (4] and Ma and Yudin’s [16] algorithms preserve '
very well the topological information contained in the original

patterns. On the other hand, Tsuruoka’s [20] and Arcelli’'s

L23]) give veary poor results.

30 /
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With respect to noise immunity, most of the algorithms show
fgfrly goéd resistance to noise except Arcelli’s algorithm
[23] which performs rather poorly in noise. From Table I1I, we
alsao notice a large number of ' the available thinning
algorithms emnpl oy plrallo} matr;x transéormation, only
Hilditch C41 and H.Ma , J.Yudin [161] use sequential
operators. When choosing a thinning algorithm, - one has to
consider the computational requirement as well as Fthl
performance of weach algorithm. This study provides a cross
comparison among these algorithms which might be used as a

guide for choosing thinning algorithms.

Lo
-
ORAS
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TABLE 1

]

. "COMPUTATION REQUIREMENT

[

e P

IALGORITHME . -
l

CPU TIME (8ECS) MEMORY (WORDS)

{ H !

+ + {
11« E. Dautsch 1 27.896 ! 26,240 !
t + + - {
12. C. J. Hilditch ! 20.401 } 26,496 H
t + + !
1. H. Ma & J. Yudin | 23.438 H 26,752 }
i + + H
{14, R. Stefanelli & | } !
! A. Rosenfeld ! 49.653 t 29,696 !
{ + + - {
15.. D. Rutovitz H 30.0035 { 28, 0946 H o
! + ==+ H
(6. H. Tamura ! 26,269 H - 26,4688 {
l “+ + !
{17. 8. Tsuruoka ! 20,352 . b 26,624 !
! - + i - + !
18. T. Y. Zhang % ! { ' !
! C. Y. Suen - 24,3505 H 26,176 H
! + - + - }
19. C. Arcelli { 24.490 ! ‘26,048 H

. .
hed ’ ) M.
32
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TABLE I1I

- / N
CHARACTERISTICS: "
1
! |  CONNECTIVITY ! DPERATOR -
{ALGORI THMS ] + 3= te
! | 4-WAY ! 8~WAY~ ISEQUENTIALI!PARALLEL | *
{ + + x~+ + !
1. E. Dsutsch ] IQ X i R X }
i + + + + !
12. C. J. Hilditch ! ! X i X ! !
! + + + P !
{13, H. Ma & J. Yudin ! ! X ] X - !
{ + + + + }
{4, R. Stefanelli & | 1 " ! !
H A. Rosenfeld } ! X | { X !
t + + + - + ]
1%. -D. Rutovitz 3 X ! ] ! X ]
1 + + + + H
&, H. Tamura H X H X ! { X }
H - + + + + {
{17. 8. Tsuruocka ! X S 3 I . ! X !
i ~ + o + + !
18. T. Y. Zhang & ! ) ! ! ! !
! C. Y. Suen ! X ! X ! ! X ]
H + + + -+ {
19. C. Arcelli ! X ! X t ! X !
%
’ . rfr | .
. ~ ’
P
"y } -
y - . S
h—\‘-_
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o ke e rooient,

-

- TABLE 11T . S

“FDNSERVATION OF TOPOLOGICAL INFORMATION

©

Y N -

]

{ALBGORITHMS ! CONNEC- | EXCESS IVE EROSION{NQISE { TOTAL
H ITIVITY {OR LOSS OF LIMBS .{ IMMUNITY!

! 2 e . - -

b o

s mm me o= o= we me e = w m= ee oo me =6 we == == ee we 4

1. E. Deutsch T o1 2 4 2 1 .=
;2.. C. J. Hilditch i 0 E R A E 2 E 2
IS, H. Ma & J. vudin | ' 0 ! o . 1 o ! .o
:4. R. Stefanelli & ! 1 o 5; . )
! A. Rosenfeld { 7 { 3 ! 3 { 13
:5. D. Rutovitz oo 2 ?‘ 2 4
;b, H. Tamura Ly 11 ] i 3 ; 9 .
%7; S. Tsuruoka T—— 6 ‘: k (o] KN ? é '; 114
;B. T. Y.)Zhang & ; ? ) I— ; T
E ) C. Y. Suen j 0 E . 2 . i 7 i Q B
i9. ©C. Arcelli o0 1 5 P 14 1 19

+ -

Conservation of topological information, is expressed in
number of skeletonized . patterns visually inspected to have
problems. Connectivity is determined by the continuity of the
medial line, that is, let p be a set of .points of the skeleton, p
= poO,p1,p2,...pn such -that pi is a neighbour of pi-1 where
O<=i<=n. , Excessive erosion is the loss of end points or 1limbs

from line-like patterns, for example, the "arm" has been

amputated in the skeleton (see example ED, - p.40 in Appendix).
Noi se resistance is based on the sensitivity of each algorithm
to conditions such as uneven edges or holes in the original
pattern. The resulting skeletons affected by noise immunity in
case of very "thick" original pattern often have excessive
branches (see example ST, p.3? in Appendix). The above table
gives the statistical results of thinning all the 48 test
patterns. The total 1is the sum of connectivity, excessive
erosion and noise immunity.

&
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a

Appendix B - Five examples using the nine algorithms.

Notations:

3

ED - E.S. Deutsch
CH - C.J. Hilditch
MY —- H. Ma and J. Yudin
S8R - R. Stefanelli and A. Rosenfeld
DR - D. Rutovitz ’ ’
HT ~ H. Tamura d )
87 - 8. Tsuruoka
° \
I8 - T.Y. Zhang and C.Y. Suen
EA - C. Arcelli C v ' B
F'e
. -/ |
]
. _, .
- 5
38 .
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