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- : ABSTRACT

-

~An Alternate Smoothing and Stripping Algorithm
» for Thinning Digital Binary Patterns

. ’ Yat Keung Chu

This report presents an algorithm for thinning
digital binary patterns (skeleJ&nization). The algorithm
consists of two phases. The first phase thins the input

)
pattern to unit thickness by alternately smoothing of the

pattern and stripﬁing of the contour points. The second

phase adjusts the resulting skeleton from phase one so

that a more Qedial skeleton can be obtained.q The
experimental performanb; of the aigotithm is first
compared with some recent resultd from two other research
groups  and then with nine other akeletonizati;n
algorithms that have been proposed by other researchers,
Results show that .our algorithm p oduces skeletons of
best quality. The skeletons produced are smooth and with

.

least distortion.
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1. INTRODUCTION ‘ -
Thinning is a process which transforms a binnry‘iQ:ge into-
a line skeleton of unit thickness. The idea was first developed
about twenty five years ago [1]. Its “applications are numerous
[2-13], e.g. inspection of printed circuit boards [2]; counting of
asbestos fibres on air filters [3); analysis of chromosome shapes
[4); examination of so0il cracking patterns [S5]; classification of
Eingerprint; [6]; recognition of optical characters [8,9,13], ;tc.
. The major functions of thinning in imaée processing and pattern
recognition are: ' 'N _,/
(a) to reduce data storage
(b) to reduce transmission requirments
(c) to reduce or sim(£}fy ‘the amount of datd to be
processed. ”
Over the last twenty years a large number of thinning
algorithms have been developed [1,4,8,14,15]. The}e are three major
}pr}piems experienced by these algorithms:
(a) maintaining connectedness
(b) retaining end-points
(c) ensuring points a;e_removed symmetrically.
Most existing algorithms producé a skeleton by successive
sfripping of the edge points of the binary pattern. Different
algorithms generate different skeletons. Due to the above mentionad
problems, different degrees. of dist:rtion'have also been produced.

The goal of our work is to develop a thinning algorithm which

minimizes distortion.
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" 4-neighbour of the pixel X.

A matrix wh;::N?ach"pixel element has either value 1|

2. DEFINITIONS .
(a) Digital bi5pry picture;
P
(black) or 0 (white).
(b) Digital binary pattern: ’
The figure
" digital binary picture.
(e¢) 3x3 window: ‘ . .
A, B, C, D, E, P, G, H and
window of the pixel X. \\\
'~
‘i A B c
D X E
F G H
, }
{(d) 4-neighbour:.

The neighboure B, D, E,

’ ° -

]
B
D | X | E
¢
. |
H 9
- ®
a
' 2

and G are

Figure | shows a digital binary picture,

formed by all the black pixels in the

X together form a 3x3

each called a

A4

-
*
b
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s ) 2. DEFINITIONS (Cont'd)

R

v

4

0000000000000000000000000000000000000000000000000

000000000000000000000111110000000090000000 00
0000000000000000000001111110000000 0000000000
0000000000000000000001111110000000000 000000000

00000000000000000000011111100Q0000000000000000000
000000000000000000Q001111110000000000000000000000
0000000000000000000001111110000000000000000000000
A0000000000000000000001111100000000000000000000000
0000000000000000000001111100000000000000000000000
0000000000000000000001111100000110000000000000000
0000000000000000000001111110001111000000000000000
0000000000000000000011111111111111100000000000800
0000000000001 11 THYIIVITIT1I¥111)3111100000000000000
000000000001 1121111111111111111100000000000000000
0000000000011111111111111111000000000000000000000
0000000000000111111111111000000000000000000000000
0000000000000000000011110000000000000000000000000
0000000000000000000011110000000000000000000000000

0000000000000000000111110000000000001111110000000
0000000000000000000111131001131111 1111111 111111000
0000000000000000001 11111 IE1 I 111111 ¥11 81111111100
0000000000000C00001111 111111111 00000001111111190
00000000@B1 1111111111111 111131100000000011111110
011111111 1111111111 1100011 1110000000000011111110
011111111 11111911111000001111110000000000011111100
0a"Y1YYI0000001 111100000111 1100000000000011111100
00111110000000011110000011111000006000000011111100
0011111000000000111000011111100000000000011111100
00111110000000000110001111111100000000000111V11100
000\\1VDOOOQOOOODOIIlIII|u|111100005b00001\1||‘00
0001111000000111111111111111111000000000011111100

0001110000001 11111111111 0000000000000011111100
00011110000000000000111%1100000000000000011111Vi100
0001111 1000000000000111110000000000000000111131000
0001111100000000000011110011110006000000011111000
0001'111100000000000111VF11111111100000000011111000
0001111 100000000001 1111111v11111100000000011011000
00011Y1100001119311111111111000000000000011111000
0001111100001111111111111110000000000000011111000
0001111100000000000001111000000000000000011111000
0001111100000000000001110000000000000000011111000
000111110000000000001111000000000000000001111V1000
0001111100000000000011110000000000000000011111000
0001111100000000000011110000000001100000111111000
0001111100000000000001110000000001111111111110000
00011111000000000000011100060000000111111111110000
a000000000000000000001!100000000000011111111100000
000000000000000000000000000000000000) 111111000000
0000000000000000000000000000000000000000000000000
0000000000000000000000000000000000000000000000000

FIGURE J. DIGITAL BINARY PATTERN,

»



*

2. DEFINITIONS (Cont'd)

'(g) End-point:
4

.(e) 8-neighbour: . \

The neighbours A, B, C, D, \E,” F, G, and H are each

called an 8-neighbour of the pixel X.

N
h Y
4 A B C
)
p | x| E
8 F G H
(f) Cross-point: . . ,
P .
I A pixel X is a cross-point i1f itself has a value of |

and its 8-neighbours have exactly the same values as shown in

!

the 3x3 window below'

ol 1o i
i . Ly x| 4
‘ of11}o

v

A pixel X is an end-point if itself has a value of |

-
©

an%,has one and only one black 8-neighbour. For example:
. . '3 .

0 0 0
0 X 0 o
b o o} 1
(h) Break-point: -

A pixel X is a break-point if itself has a value of |
Riove . . .
and its 3x3 window matches any of the following six window

patterns.
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,f. DEFINITIONS (Cont'd) , : : -
— — | 0 b ‘_ ‘ , ' ¥ .
. A |
0 X o X ! i & , S )
— |7 | 0 i . \
. (D) (2) ) ,
— |- - 1 |o . l o | 1 — ==
0 X [A 0 X ' l X 0 j X 0 ‘
o L — |— |— —_ = = ‘ o |1
(3) 4) () (6)

"Note: A dash line tprbugh a number of positions indicates that
one or more. of these positions contain black pixels.
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3.

THE THINNING ALGORITHM

-

(1) Thin"
(2) Adjust

Following' gives the detail
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3. THE THINNING ALGORITHM - . ‘ v

.

3.1 THIN

1 hd - '
This phase thins thj‘briginal binary pattern down to a

skeleton figure of unit thickness. The Thin phase is accomplished by

’

‘four processes, They are executed for several iterations until the

| . .
pattern cannot be thinned any more. The four processes in order are:

\ .

(1) Fill ‘ ' . .
. : . N ,
(2) Delete ' ‘ ‘ ©e
(3) Label ' D
' (4) Sstrip

Following gives a:detailed description of each  of these
four processes. | P

3
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3. THE THINNING ALGORITBH.'

"3.1.1 PILL

purposeg of this progess is. to smooth the binary
: . ' ' . .

It fills in holes in the pattern by changing -the pixel X

i ) fro 6 (white) to ! (black) 4if _it has more than 2 blgck,

-neighbours, For example:

. C
0 0 0 ' 0 0 0
: FILL .
1 0|1 PROCESS 1 1 1
> : .
1 1 1 N ) 1 1 1
\ KN .
. - i
N
o , N 9‘ ° ] . *
DD .\“ é’
"\, 7 ' ¢ ;
) —
. - ¢ \
&
’
B

»
A ey S o v o S

O et 20 Yt gt e -
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3. THE THEMNING ALGORITHM .

3.1.2 DELETE

This process ‘also smooths the binary pattern. It

eliminates isolated black pixels and small bumps of the pattern.* A

pixel X is changed from | (black) to (white) 0 +if the Boolean

[y

function (A+B+D) (E+G+H) + "(B+C+E) (D+F+G) is true and X itself is

{
not a break-point or an end-point.

For example: .
0 1 0 0 0 0
DELETE
1 1 1 PROCESS 1 1 1
> ¥

1 1 I 1 1 1

A B c

D X E 3 x 3 WINDOW

F G H

> ":
- » ) e
9 | .




3. THE THINNING ALGORITHM ' ..

3.1.3 LABEL

« This process l;bels all contour points. There are two
types of contour points, The first t;pe is the 'cofnér-point' and
the other 'trace-point'.

A black p{xef X 18 a corner-point if it has seven black

8-neighbours of ‘'which four of them are 4-neighbours. For example:

0 1 l r
1 x 1 .
1ol 1 1

A black pixel X is a trace-point if it has .three or less

black 4-nehghbours. For example:

g
o of
1 x| )
y [}
| \ . )

1

Contour ' points are - labelled from left to right, top 'to
bottom. Figure 2 shows the contour points of a binary pattern.
Contour points are stripped in the Strip process Lf they

satisfy certain conditions which will be explained in Section 3.1.4.

N . N

t
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3. THBE THINNING ALCORITHM . -
3.1.3 LABEL (Cont'd)
1 -
r ]
® f
&
TITTT
TINCT
Ty .
Tiviar ¢
TNNT
TIVICT .
TinT L
' TINT
- TINT TT
TILET  TCCeY
TCULIICTTTCICT
TTTTTTITICHINI A 101 IICTTT
TCIIIIIIIT I IICTTTT
TTCHI IV I NCTTT .
TYTTTTTCIICT
TIT
Tt
. TCNT TITTIT
~— TINICT  FTITITTITTCIVIICTTITIT
YCUYMICTTCUILICTTTTTITTICI 1ICT ’
A SERERRRRE BRI TCI11CT
' TTTTTTTTCICTTICI 1 11CTY T Y
TTTTTTITICINI 1 1ICTY TiiaT TiieT
TCHIICTTITTTCI T TI1CT N XERRE
TICT TCiT Ti11Y TPt
VT TCIT Ty TIIT
TIT TCT TC1T TIIINT
TCNT TT° TCHICT . TNy
TILT TTTTCI I ICT TV
TINT TTTTTCIIIIIIICTTTY Ty
Ty TTTTITICII1ICT THT
Tt THHICT TICcT -
THICT TUT : Tt
THIIT TINT TTIT TinT
TinT TCHIICTTCIICT Tt .
‘ TYT TCOIIIICTTTY Tt
,oTraT TTTTTTCIIII111CT TnnT
TrT TTTTTTITITCIICTT . TINT
. TV T TicT TINT
‘ TinT THY T
TIAT KT TInT
THIT T™T TINT
TIIT 1T 17 TCHICT
TINT TIT TITTTTICINIT
Trrr¥ TCT TCrILLLNICT
T TC1 ICT
TTTTITT

. FIGURE 2. CONTOUR POINTS OF A BINARY PATTERN

Trace-points are identified by the letter "T"

and corner-points the letter "C".

[y
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3. THE THINNING ALGORITHM . .

3.1.4 STRIP

This process removes contour pointe from the pattern in two
stages. Trace-points are stripped in the first stage, and
corner-points in the second stage.

In the first stage, t}ace—points are traced one by one and
deleted right after if they are not end-points or break-points. To
trace a contour, a 3?3 windbw i3 moved from left to right, top to
bottom of the‘binary plicture to search for the first trace-point X.

The eight neighbours of X are then examined in a predefined 'Start

Scanning Sequence' to look for the next* trace-point. The 'Start

Scanning Sequence' depends on the type of trace. There are four

types of <trace: (1) outer contour clockwise, (2) outer <contour
' S——

counter-clockwise, (3) inner contour clockwise, and (4) inner contour

counter-clockwise traces. In the odd iterations of the Strip phase,
clockwise is assumed for an cuter contour trace, ° and
counter-clockwise for an inner contour trace. On the other hand; in

even iterations of the Strip phase, counter-clockwise 1s assumed for
. §
an outer contour trace and clockwise for an inner contour trace.
The purpose of alternate inner and outer contour tracing

and stripping is to balance the stripping of points from both the

inside and outside contours of those binary patterns which have

.closed loop(s) like the letter 'B'. The Ffunction of clockwise and

counter-clockwise traces is to avoid stripping points in one specific

o

order. These alternate operations help to strip points symmetrically

from the pattern so that the resulting skeleton will not look biased,.

12 .



3. THE THINNING ALGORITHM

3.1.4 STRIP (Cont'd) L

.
v .

The first contour to be traced is always an outer contour.

However, the type of subsequent contours (inner or outer), if any,
cannot be known when the first trace-point X 1is encou;tered. In the
algorithm, an outer coantour trace is first assumed. Table 1 lists
the 'Start Scanning Sequence' for each type of trace. Once the next

trace-point X has been located, its eight neighbours are then scanned
in another sequeﬁce calledl'Next Scanning Sequence'. The position of
the next trace-point X relative to the previous 3x3 window determines
the 'Next Scanning Sequence' (see Table 2).

For instance, if the position of the next trace-point X is
in position H of the previous window and it 1is an outer contour
clockwise trace, the scanning of its éight neighbours will be in the
sequence of BCEHGFDA. If any black pixel yhich is not“labelle& with
'T' is encountered in the scanning process then the ianer contour
trace sequence will be-used instead because the contour now traced 1s
an inner contour. The steps of scanning and striﬁﬁing are repeated

until the contour is traced back to its starting position. The whole

operation repeats until no more trace-points remain.
. 3]
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3. THE THINNING ALCORITHM

3.1.4 STRIP (Cont'd)

{

- N L .
1y 'I ' A
.- Start Scanning

Type of Trace Sequence '
outer contour, clockwise EHGFDAEBGC
outer contour, anti-clockwise ‘D FGHETCTEBA
inner contour, clockwise G FDABTCEH
inner contour, anti-clockwise ¢ ‘ GHECSBADTF

TABLE 1. START SCANNING SEQUENCE

14
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3. THE THINNING' ALGORITHM ;

3.1.4 B8TRIP (Cont'd) .
, !
- \ - - o .
Position
of X In Outer Contour ’ " Inner Contour
Previous : :
! ) Anti-
' Window . Clockwise Anti~Clockwise Clockwise Clockwise
: A GFDABCEUHECBADTFGH
B . FDABCEMHGSIHETCSBATDTFG
c DABCEHGTPFGHETCBADTF| Same as Same as
D HG FDABG GCE|CBADTFGHE{ outer ‘outer
E ABCEHGT FDIF GHETCBAD| contour contour
F EHGPFDATBCIBADTFGHTE-C|] anti- clockwise
G CEHGFDAZBAD FGHETCB| clockwise
N H" BCEUHGTPFDADF FGHETCTBA
<
L]
TABLE 2. NEXT SCANNING §EQUENCE
. ~
&Y
- L4
{ \
o ' ‘ -
| . u
5 * * . - )
| )
-:‘ 7

A -

.



3. THE THINNING ALGORITHM

3.1.4 STRIP (Cont'd) ' .

After all the trace-points have been processed,
corner-points are then inspected one by one. ‘There are four types of
corner-points as shown in Figure 3. Type | has A being white and the
rest of the 8-neighboures black. Type é has C being white and the
rest of the B8-neighbours black and so on. A corner-point will be
stripped 1if it 1s not a break-point or an end-point and it 1s less
than or equal to 120°. A corner-point of type | is said to be less

than or equal to 120° if in 1ts 5x5 window (Figure 4) both I and J

» AEY

are black or three of I1,J,K,L are bl;ck. The angles for
corner-points of types 2, 3 and 4 are ewaluated in the similar way.

Usually, more pixels are deleted from the outer corners and
bends than the inne: ones. To baL;nce the number of pixels deleted
at corners and bends of the pattern, the corner points are "checked
for deletion. Figure‘S shows an example of this operation. Two.more
pixels will be ldeleted from the inner part of the corner K whi%e
corner-points on the outer:part of the corner K will stilljremafn
after deletion of all 120° corner-points, The reason why we have
chosen 120° instead of 90° (both I and J in Figure 4 must be black)

p
Tan easlly be seen from the example given 1n Figure 5. No
corner-points-will be deleted 1if 90° were chosen.

After all the corner-points are processed, the resulting
picture is checked to see if there is any more point to be stripp;d
in the next iteration, If the resulting picture contains any point
which is not a break-point, an end-point, or a cross—point then the

+
operations described in Sections 3.l.1 through 3.1.4 are repeated;

otherwise, the Thin phase terminates.

16



AP P4

]

I

3. THINNING ALGORITEM * )
3.1.4 STRIP (Coft'd) I )

Figure 6 illustrates the binary pattern of Figure | pasaing

through the Fill, Delete, Lj.Ql, and Strip procelses.of the Thin

phase at differént iterations. Figure 7 shows the binary pattern

.
upon completion of the Thin phase. .
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3. THE THINNINGC ALGORITHM

3.1.4 STRIP (Cont'd)

L
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.
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3. ‘THE THINNING ALGORITHM
"~
3.1.4 STRIP (Cont'd) .
v " N i 4
' 4
f
JlL k[r .
I[1 {10 T{I{I[K AR
I(I{L]L TNRARE TII11l1 IRAE
K{1[1[1 III{1(L I{1]0 o(1[1
LlJ IIK
Type | Type 2 ' Type 3 Type 4
- ¢
; .
. ,
> . .
\ * .
FIGURE 4. 5x5 WINDOWS .USED TO EVALUATE ANGLES For
Y THE ‘4 TYPES OF CORNER-POINTS .
? ~
o
Y
7 “‘
J "
— - “ /
4 ‘ l:L
. . .~ .
o )
- - g "" ’ 1\%,' l‘
¢ : 19 A ' E ’
, - o~




St \
t
)
3 e
TTTTT “
TiVICT .
@ TH1IT
. : THinT
» T1111T
THUICT *
TINT : -
TAT
STINT TT
' TYIICT  TCCT : +
TCIINICTTTCIICT
TTTTTTTITCI111 1111 1XCTTT -
. TCHITIII 1111 14 11CTTTT
TTCI1 I 1ICTTT
TITTTTTCIICT ,
TIIT
TIT .
TCIVT © TIFTTT
5n . TYricT TTTTITTITTTICOhvieTTTT Corner
TCIIVICTTCNIVICTTTTITITCI11ICT
‘ TI111111011111CT TC111ICT
TYTTTTTTCICTTTCIINICTT ARRRERES K
TTTITTITTICI1VA T 1ICTT T T T1y11CT
TCTVNICTTTTTTICIINT TincT T TI1114T
Ti11CT JCiIT TINT, TiinT
TINT T T TINT Ti1111T *
TI1T TCT TCINT ARRRRAS
TCny TT TCYIILT TANT .
TIIT TTTYCI111ICT TiIinT
THIT TITTTCHI I NNCTTITT LARRRES ) ,
TITY TTTTTTTCY111CT T11117T e
TIIT T111CT TiiCT *
TH1CT TriIT TI11T
TINIT TIIAT  TTTT T
TYUIT TCINICTTC4ICT TIU1T
TiIT TCII11YICTTTT TINT
TIHIIT TTTTTTCI111111CT TIOIT '
TinNT TTTTTTTTTCIICTT "T
TiT TICT TIOIT s
TIT o ™T TI1T
TIIT TCOT TINT
TINT TIT ) Tii1T . L
TiT TCIT TT TC1ICT
TiHT T TITITTTCIIT
TITTT TCT TCI111111CT
° TT TC11111CT
TITTTTT
v
‘ NO. OF PIXELS
- ~ DELETED
*ﬂ* n ! ,
] INNER OUTER
CORNER CORNER
DELETION OF CORNER~POINTS NOT IMPLEMENTED 6 13
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3. THE THINNING ALGORITHM
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3. THE THINNING ALGORITHM

3.2 ADJUST

The skeleton obtained from phase one is already of good

quality, However, there may be some parts of the skeleton that dg/
not sit on the ideal medial line,of the pattern. This Adjust phase

1)
tries to push the skeleton to the medial line, s

There are two major reasons that cause the skeleton to be
away from the mediﬁl.line: (1) most of the contour points deleted
during the Delete process lie mostly ob the outer-contour, (2) if the
input pattern has uneven line thickness, like the letter 'e' shown in
Figure 8, some point between the thin line and the thick line becomes
; break-point during the thinning process. This causes the skeleton
to lean inwards as illustrated in Figure 9.

To deal with the abgve problem, we have implemented part of

Pl

an adjustment scheme. A distance function is applied to the input

L)

pattern to calculate a value for each black pixel. The location of a
point on the skeleton is adjusted if it satisfies the conditions

described in Section 3.2.2.




(Cont'a)

- - ®
- — e - —— . °
— - -
— - e e e - —— - -
e - - e e = .
—— e - —— - -
= e e - o - —— - -
11111111 -— - - N
—— e e -~ ———— - - [v.)
-—— e - —_—— - —_——— - »
- - - —— - - - - - > . ™~
- - - - -
- - e e - - ]
- - °
-
—— - e
. - - - e e -
- —_—— - e -
- e = - e - o e -
- - - — - e - — .
- - - - —— e e -
- - - —_—— - — e - — - - «
e - — - e e -
LRl o o e N la atatl a oT Tr p—
Lot adh ol I el e R  al alal  Syepy— .
T e e e e - e e o -
e e e e S G e - e e e e m -
PR * S
— e - - —

1
1
1
1
|
1
FIGURE 8. INPUT PA{;;RN WITH UNEVEN LINE THICKNESS"

3.

THE THINNING ALGORITHM

3.2 ADJUST

- —



<
? ) 4
v
3. TERE TRINNING ALGORITHM >
P B
3.2 ADJUST (Cont'd) S _
- ' ’ ‘
F .
¥ \‘“
: e
~
' L}
o i e s e e e *® . s
. » .. MNMMMMMM . ., .
LoMMM, L, MM
M. CoMLL
. CoM, oML
ML LML
LML LML
LM LML
M. T
ML M.
MMM e M...... *
‘ co ML . MMMMMMMMMMMMMN . . .
M
ML
oML -
LM
LML
' P DS
LML
CMLL .
S ML
oML .
LM, M.
D M,
SN CoUM.
..... M. MM,
e M MM,
..... MMMM, ., ..MM,
....... MMMMMM . . , |
]
1
Y
5 |

FIGURE 9. SKELETON RESULTED FROM UNEVEN LINE THICKNESS

BEFORE THE "ADJUST" PHASE - .
A
, : 27




xmmna... P R

L]

3. THE THINNING ALGORITHM

3.2 ADJUST (Cont'd)

The Adjust phase is done in
Lo (1) Propagate

wiﬁ\ (2) Move

%

two steps:

¢

’

L . Following is a detailed description of each step.
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3. THE THINNING ALGORITHM

3.2.1 PROPAGATE

o

The purpose of this step is to find out how close to' the
medial line a pixel is. It assigns an ianteger value of the digtance
function to each black pixel in'the binary picture, A pixel X with a

distance function value higher than its neighbours means it is closer

to'the medial line, A black pixel is originally éssignéd“a value of
'S u

1. Its windows (3x3, 5x5, 7x7, 9x9 etc.) are then examined one by
one, from small to large, to see if they are enlargeable. A window
is enlargeable if all the pixels in that window are black. The

<

distance function value s incremented by 1 whenever a window 1is

v v

found enlargeable. ;

Figure 10 shows the distance function values of a .binary

¢
<

§

pattern,

| This, Propagate step is used in [26] to ‘mark the local
maxima (defined as a pixel X whose distance function walue }s greaCer
than or equal to all its 8-neighboqrs) of the distance function as
points which -must not be removed in the Slim phase ok its“algorifhm.
The Thin phage thean produces a skeleton of unit thickness. We found
by experiment i%d from the examples given in [26) that this algorithm
often introdyces ‘noise spurs to the resulting skeletons. So we

modified the use of the distance function valueg and apply them to

adjust our skeletons after the Thin phase is complete.

e

29
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3. THE THINNINRG ALGORITHM

3.2.2 MOVE

The skeleton obtained from the Thin pﬁase 1s now denoted by

I's in the binary picture. The Move step looks at every point on the
skeleton. In our case, we tried the left and right neighbours only
to see how well this operation works, If the D and E neighbors of a

skeleton point X are of value O (D and E could be part,of the .input
binary pattern of valug | previously) and if ghe distance function
value of either D [f(D)] or E [f(E)] 1is greater than that of X

[f(X)], then the 3x3 window of X 1is checked against all e&leven

windows shown in Figure 1l. These 1! windows cover the most common

cases found in binary patterns. If a match occurs, the value of the
window is modified according to the directives in the corresponding
entry and a local thinning on the resulting 3x3 window is performed.
Tgip gstep continues until no more points can be adjusted. Frgure 12
sh;ws the skeleton of binary pattern before and after theL Adjust

phase. The circles show the parts of the skeleton that have been

adjusted. In most cases, some points on the skeleton resulted from
the Thin phase are pushed to or 'claser to the medial line. However,

we found that the Adjust phase is not necessary if the limbs of the
input pattern are not ¢thick in which case usually no pixels are

ad justed.
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3. THE THINNING ALGORITHM
3.2.2 MOVE (Cont'd)
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3. THE THINNING ALGORITHM

3.2.2 MOVE (Cont'd)
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4.  EXPERIMENTAL RESULTS : ‘ 4

“

The results of our alg&rithm are first compared with two v

recent results obtained by other resoearch groups [23, 24, 25} and

then with nine other algorithms, A complete set of skeletons
produced fy our algorithm is provided in the Appendix. \
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4. EXPERIMENTAL RESULTS

4.1 COMPARISON WITH RECENT RESULTS FROM OTHER 'RESEARCH GROUPS

The <eft half of Figure 13 shows the input and output
patterns found Ln‘references [23], [24] and [25]. The skeletons
produced in [23] are labelled ZF-1 through ZF-4 while those of {24]
and [25] are identified by NS-1 and NS-2. Since the authors of [23],
[24] and [25] did not put the skeletons produced by their algorithms
on top of the original input patterns, it is\difficuft to see how
good their outputs are. A careful look shows that certain parts of
ZF~-4 and NS-1 are significantly distorted. On the right half of the
figure we show the skeletons obtained from our algorithm overlaid on

top of the inpgt patterns. The skeletons are marked from C-1 to

L .

C-6. As aan be seen from the figure, C-2 is better than ZF-2 because
the néise at:the bottom left corner of 'E' has been eliminated; also
C-4 is better than ZF-4 because our resulting 'X' ﬁa;t of the Chinese
ideggraph appears to be less distorted than the one shown in ZF-4,
Both NS-1 and C-5 suffer from the same weakness of deleting more
points on outer corner than inner corner, but our .partly implemented
ad justment schemé,produces a gmoother Skgleton than NS-1. Also the
skeleton shown in C-6 resembles the original pattern more than that

of NS-2.. In general, the skeletons generated by our algorithm look

smoother and closer to the medial line than the others.
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FIGURE 13.

SKELETONS PRODUCED BY (23], [24], ([253]"

AND ALTERNATE SHOOTHING'AND THINNING

“
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4. EXPERIMENTAL RESULTS

4.2 COMPARISON WITH NINE OTHER ALGORITHMS

The results of our algorithm are compared with nine other
algorithms presented in Ma's report [22]. These algorithms were
chosen because the majority of them have been quoted widely in the

literature. They are authored by:

I. E.S. Deutsch o [16]

2. C.&. Hilditch L4}

3. R. Stefanelli and A. Rosenfeld E17] )
N .

4. * D. Rutovitz . f14]

5, H. Tamura L [18]

6. S. Tsuruoka [19] )

7. T.Y. 2hang and C.Y. Suen {20]
. 8. C. Arcelli . (21]

9. H. Ma [22]

&

As Ma's method is not readily available, the following
gives a summary of her algorifhm.
TERMINOLOGY:

Contour tracing -- find the leftmost black point(p). A

scanning spot moves point - by point, from bottom to top of the
4 ‘ . )
leftmost column and slbccessively repeats the procedure on the column

-

immediately to the right of the column previously scanned until a

black point(p) is found,
\

Two preprocessing steps were done before the thinning

process. One of them eliminates all isolated points which are black
/7
elements with no neighbour. The other step fills a gap or eliminates

LN

a nptch on an edge.

.40



4. EXPERIMENTAL RESULTS

4.2 COMPARISON WITH NINE OTHER ALGORITHMS (Cont'd)

DESCRIPTION OF ALGORITHM:

"The thinning operation traces the contour of the image. It
scans the image horizontally by passing a 3 x 3 window over each
contour point and perfofms the tests described below.

[1]\P will be retained if it ¥atisfies any of the following
conditions:-

1. BREAK POANT TEST

13
point of interest is considered as a break point if there
exists one or more black points in the positions covered with

symbol "X" in a 3 by 3 window and match one of the following

patterns:
"(A) (B) (c)
x| x| x x| x| x 41 o] x
ol P |o ofrp| x p | p| x
x | x| «x 1 Fol x x | x [ x
(D) : (E) (F)
x| ol x x| o1 x | x| x
x [ p | x x| e o x | p]o
\ [x[o[x x| x| x x [ o] 1
2. LOOP POINT TEST \ .

A point of interest is considered as a loop point if there
exists a 3 by 3 window that matches one of the following

patterns with symbol "X" representing a don't care point.

(a) (b)
X 1 X 1 X 1
1 ep {1 x| P x ,
X 1 X 1 X 1 N

41
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4. EXPERIMENRTAL RESULTS

4.2 COMPARISON WITH NINE OTHER ALGORITHMS (Cont'd)
3. CORNER POINT TEST .
A point of interest is’considered as a corner point Lf
. there exists a 3 by 3 window that matches one of the following

patterns with symbol "X" representing a don't care point and

symbol "*" representing a contour point,

X X X X * X X * X X * X

* P ; * P * W P o X P *

X * X X X X X * X X * X
(&) . (B) Yo (D)

[1I] P will be removed if it satisfies at least one of the
following conditions:-
l. ISOLATED POINT

A point of interest is considered as an isolated point if

all 8 neitghbours in a 3 by 3 window -are zeros.

0 0 0
0 P 0
- o] 0 0

2. EXCESSIVE EROSION TEST

ol ol o ol o] o
o} p | P& ————p olo}| 1
0 * * 0 * *

P will be removed and point P4 will be changed to a black

point.



4. EXPERIMENTAL RESULTS

¢

4.2 COMPARISON WITH NINE OTHER ALGORITHMS (Cont'd) c

3. END POINT TEST

N

If the sum of the ei'ght lneighbours is 1, call this point B,
and the 8 neighbours of p;)int B will be examined., If the sum of
all neighbour points of point B‘is equal to 2 then it will not
be removed.

4, TESTS IN I.l to 1.3 ARE NOT SAT[SFVIED

This process of contour tracing and subsequent thinning are

’repeal:ed until the pattern 1s nowhere lmore than one unit wide.

Each algorithm was tested on a data set of 183 binary
pictures. The data set contains different types of patterns such as
English alphabets, numerals, Chinese ideographs, line-like particles
and chromosome etc., as shown in the Appendix. To give an 1ntuitive
feeling on the types of skeletons produced by the different
algorithms, some illustrative examples are presented in Figure 14,
AllL skeletons are printed on top of the input patterns for ease of
comparison, Table 3 provides a summary of the computation
requirement of these algorithms.

Tsuruoka's algorithm proved to use the least CPU time while
Stefanelli and Rosenfeld's used the most. Arcelli's. method required
the least memory space while ours required the most. ' However, (the
skeletons obtained from Tsuruoka's and Arcelli's algorithm always
contalin nolse sSpurs. The skeletons generated: by Stefanelli' and

Rosenf'el(d's algorithm do not contain much noise but some of the

skeletons are not connected. Zhang and Suen's algorithm and Ma's
also produced noise spurs. Tamura's method and Deutsch's do not have
noise spurs but they yielded excessive erosions.. The remaining

43
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4. EXPERIMENTAL RESULTS L . } -

4.2 COMPARISON WITH NINE OTHER ALGORITHMS (Cont'd)

£

algérithms produced good skeletons but they are usually not as close

”
-

"to the medial line as ours. Moreover, Rutovitz's method. is slower
L] .

than our algorithm. v

44




. * o
o v
©x " o
v
‘ v
s 1
. 2 4
° e ] N M
. o
o

AT
s
oo
o
Yo
:
w
&
[N
. e
e
sL
s
F s .
f
" .
4

5
N
3
¢
¥
1
'
N\

[}

«

‘4. . EXPERIMENTAL RESULTS - (Gont'd)
Not.ati;)ng foranigixtje, 114 -
, CA - ¢. Arcelli’ :
' YC - Y.K. ctl\uk'“ .
gD SiE.s. Deutsch B .
, : QH?—W‘.C.J; Hilditch RN _
| MY - WM
‘ SR - R. Stefanelli dnd A. Rosenfeld
' u : DR - D.l Rutovitz k .
| .,'u'r,_‘d- H. Tamura . "
r ° ST - 8. Tsuruoka )
of o : e
‘ .Z8 - T.Y. Zhang and C.Y. Suen
ﬁa/f R ——e e e ,.r‘
‘ i
, | P
[} ° ®

N RTS

,
.
b
.
v
.
Ca
ﬂ_‘
« o
v
.
P
&
.
. b
[1

et e s

s
. 3
¢ «
Q2
. P
o
o
. v
1
.
3
I
o
K
LY
ye
PR
PRI |
o
o
‘i
.
a
,
n
o
i
~
f
e
'
°
'
9
o
.
¥
y
-
\
»

weme e e feren o



SULTS kCont'd)

o

EXPERIMENTAL RE

4.

.
]
,
P, |
lll'_
:
]
L1 ] .
"ee 1
Il
III
Il-
:
.

lll.lll'l'ill'lll

° n-—-
tuone - _
ferrennes,

snanes
ser
.
.
o .
»"sun L]
LI 1 o
.y K 1
1.. ]
.
-—
PTenses sssessenn,,
s — H
[TLH ¥
.
. ¥
- . .,
s
o, - as
] sTusaa®e0®
asssse
« s
-o

.

&
5
- e '
* . L — ! —
.

— oot
] rmunet

LT EY a ]

e M

Lacution Tim ¢

19008 82y

mecution W o

L

[CICITORT i

1

tn

...--.- .
-— N
faey -
]
I
I.
ot -- -—“--.-.- o’
. -- — —
| 1Y
[P |
1
..._ . _........_
LI
°
l.....l.lll.l.ll.l
ten |
e, 1
- ,-—- -— .
..,
[ ]
» |
slesssnganianniegy
I.I. -
"ae
%aa _ _ —
.
I S
P B
-..-.-.--.-.-.:......
.
..
| .
- --u.-- -- --
-llll ' -
L]
i
td-n -.._--—---.u- .
. ]
ST | .—
San
-nu -tun--.ou-
HIH

|

e b4cy

v

AUt 1o timg .

“aade secs

MIVTIO e o

e o >

Lasiotiom tian »

vessuseduennnaces

l—lll. aNNssenes
]

i LY _ _.

vud |
YL T LU

— _ ‘ )

ot MCY

sties sect

AaCuIIen e o

AemcuTion e o

@AMuiion Tiee o ¢ BISEE Mect

4

SKELETONS PRODUCED BY blFFERENT ALGORITHMS

FIGURE 14,

¢

46



EXPERIMENTAL RESULTS

(Cont'd)

5.

3

N ]
v
—-
oals
LI LYY I 2at" *tana®
l.-.'.
-
. --—-.-
© rea®® s,
l.......-
~
~ .
K
1
.-
L1 b } ]
L TT T TN genavas asne
o .a
N N
s L}
wsss® "aass
s
....l.l... R :
.
-
-I
..-
- -.u
»
sen’s
(1] dosan susse
ssans ,--:_- " )
.-I
-..II.I'I-I l‘....
ssd -

”,

“ese Me

[ TR T

o e MCs

aacution Tim o

sreme Wit

Saeviies t1a

[ ]
ol
-
| sseswsp, IEYPPRLL L] P
N bt I
S -—
2 ereeriaeet I
AT
_..Jaw
-'
. :
I~
.
. »»
[N —-
» sma II...'II'.
an -.". .l aeex
- [l
s gganenaznas®® bt YT
.
TN
.
s Lt .
a
.
’
- L]
.
R
v
aste
LRLLL PR --l-ul *Puns
*
-
et
. aea®"? 1%,
-..'WI..I P
Rh ?
: ! T
B
B

> BASCUTIOR i & 4 10000 iC3

<
.-..--..-:l- ---.
.
T
~
-
...
1 ]
. . 8
!-0-..----_ -.ll--- 9---
e
o--Llu---n- Caass
.
a
.
= 1
o 1 .
§
. ”
]
H N
= a
2 —-
31 . a
hd , « .-u---n-o- on-a-u-.. Touse
. @
‘ o8,
/ -n-l----l-- LTS ‘
.
t ]
H » "
< . :
LA
kS ]
H --.
i crswannas TS AT T
. .--
. ﬁ R -
1
7 oFns
] --..-.---- g, R
3 -- A !
1 I
PO |
i
- - v

s

q

[ T

Bacetion 1ims -

21000 ucs

AUV tim o

Saasution Timg o 1 SmMee sar)

NAECUtIOn TOEN 1 eeeee tact
.

(Cont'd)

SKELETONS PRODUCED Bt DIFFERENT ALGORITHMS
47,

1
4

FIGURE l4.



v L - .
¢

4. EXPERIMENTAL RESULTS

I
-
LI
L] ] L)
- L Ll
» -,
- -
. .,
” o
-,
[ ]
-
LI
1]
L.
L]
»
L
-
-, Y
<.
L]
-,
..
-,
»,
-
-
. n -
. n . . -
. " L]
----- )
»
"
’
EALCUTION TiWE «  $7908 secs
[
— "y
-~ - ')
- o w— 4
-
-
o
-
-
-
»
-
-
L]
-
° "
L
L]
-
L]
»
-
L
.
-
-
’ L]
Ll .
»
- .
aaagy
.22400 83"

GRECUTION TIME o

.o,
'
/ ba
i "y
.

o
! -
' ——
 man— . "
o . "I mmeed MBI
— -
" -
M »
»
-
-
¢ -
- HD)
- [
-
(]
-
-
.
»
]
.
)
[l
-
»
-
-
A-) -
]
)
]
oooe

AXECUTION TIWE & B77D8 SKES

EXECUTION Time o

(Cont'd)l

v

ERECOTION Timg »

0

B
®
[

ERECUTTON Timk o

. | -
- C)
- —— N
. - -
-
[
»
-
"
-
-
-,
-
.,
-
-
ICH
)
-
-
.
.
)
“
[
]
.-
..
.
'_—' K
ry
[N
58004 saCs

48000 38Cs

ARECUTION Timd =

.
« .8
..
< e “
<. O
) *
[
-
.
»
, )
-
v ' .
[ .
» .
- “
L " 1
o
- engcurion 'l- = Ireee sec
[
v
—
———— O
) - e on
o —
v
.,
"
-
-
-
-
»
oe -
»
ot -
-
]
-.
¢ -
A
]
-
.
-
"
T
.
-
. maum
-
*
ERECUTION Time o S4%00 BaCH
il
s
-
- e
» e ~ 4w
Y - ASe—
- [ )
A . .,
4 .
. . -
. »
H .
"] * "
. “
HE )
' n
o 0]
», *
LI .
»
. .
-
.
« n
o -
-
]
»
-
L]
. [ -
" o
. M —
) s Wesaney
Ll -
. .
’
10000 $ACS !llh"l- Tist » 17600 38Cs

FIGURE l14. SKELETONS PRODUCED BY DIFFERENT 'ALGORITHMS (Cont'd)

°

48



& °

4. EXPEEKIMENTAL RESULTS (Cont'd) ‘ \ .«

£y

* .
[x ) vC My
- M LM, W u . LI .
LM LML, - M. o.M
M, “ ... ', ] ]
- M % ‘M » "
.. " -~ N . [ [ o
M M, . w. M : . Y "
" LM, N " . ™ -, )
u . . K SRR TN L. .
- u w e WA
r - A :-u N ::r'"‘:';, : LA
. R ‘. ol r IS .
. . . e .
P " u . " i , .. N
: . ™ » : : .
M - . S J
.. . N by "3N L.
. _ oL <
.
T 18400 SeCs EXECUTION TIME =+ 12900 SEC
ENECUTION TIME » 17200 SETS EXECUTION TIME =
! )
- [ 4
e * ED f SR
o L
- —
B 'y " “w oL
", " U " . -
» M * » “ o, L]
- L. " " u o
an " ' ~ » - -
- " » " ", -
* -~ M [ .. . ot
Lo, M, ] .. » -
N MM, L .M : “:
"“‘“‘ :. § .. .‘u N
. o » '
™ " . M, "
' ~ - v M [] ™ s
N, . " (] " . . -
PR . “ "] : ’:
- " .
LN Vad . . o .
, 1] . : . -
N\ K A - . .
. 2
- . N . -
o
. - *
I
»
.
EXECUTION TIME = .07400 SECS T
e EXECUTION TINE o
o * 8700 seCs EXECUTION TiME = 14500 SECS
* @
LR , g - . » °
* " st 33
‘ M ‘ ‘
¢ e, - —
™ - . « P PRON ] ™ .
- - * b " * [ ~
s " u L] L . u ™
u 'R “ It » -
. ‘m : : u ]
", il “ . ~ ~y L]
: : . ' . : : : - :
WL — a . o ¥ »
o - M AL M- . —— Y,
w, M .- . -, M TR
. - " : , . ‘om
. ™ - el ol
" ", . " - “
. LM, M L AL . » . N
. . - e e "
(‘ “ . [ ™ »
™. . .
. S ™ .
~ L & ,?‘
¥ [Y N
L} - . - -
f .
L)
n .
, .
Exe L] .
Cution TiME = 30000 $ECS EXECUTION TIME . 12700 Secs AXECUTION TimE = oa7gg secs EAECUTION TIME o o1e00 secs
3 , . '
- .
L]
e .

v - o

FIGURE 14. - SKELETONS PRODUCED BY DIYFERENT ALGORITHMS ' (Cont'd)

- 49



(Cont'd)

EXPERIMENTAL RESULTS

4.

CA

—..—-.....--.....-......-.........“........-
. | |
Lo

o

>
b

[N

' vC

~N .
¥

o

| S
__=._ . __. .

A

1 09800 SEC€S

TIME

. 71200 sec

TIME =

.

.89300 SECS

TIME

/_P_. L -

-:.‘Cﬁl...'l.l‘.llll.b'..l...- —l

x
n

ED

LI N
Secavesssavsnssesssasansses®®

|
| |
_._. _ - _.

sensacsese®®® ‘ysnsonnnresse®®

CH

.88100 SECS

TIME

.56100 SECS

TIME

.41900 SECS

TIME

ST

HT

DR

esnasasseas® “coceversrsenes ttua

XTI YT VT TR LT YA LTI I T II T T

esaesg gonssssassnssotnsenssasennay, o5
»

L - __

o
oanaterrnnseling s qpannsal®  Vor

"

.53900 SECS

TIME

TIME = .30800 SECS

= -91600 SECS

TIME

.36300 SECS

= 1

TIME

$

DIFFERENT ALGORITHMS

(Cont'd)

f

FIGURE 14. -

SKELETONS RRODUCED BY

50



: o
4. EXPERIMENTAL RESULTS (Cont'd)
(£} . e L4 4
. -
...
- e -
LI | NN LR B
, - LI ] .. .
-, - ", .u L] [ ]
. " » . " "I .. "
L] - ) » L] N
- " N - -8 -
- - - . " ]
- [ '] . .- L]
[ ] [] [ ] » L ]
M " “ » - N
M LI} . “ s ]
] - ~ .- - -
- MR [ B Q™ v
[ .M - [ ']
™ " . oM
™ ™ M
" ™ -,
» - L]
L] L] .
] '] L]
- N ] K]
' -
-
Ll
EXECUTION T » 24400 SECY EXECUTION TIME = 24700 SECS . ““”’Lr Tive o 17600 sec
B
. 3
o Lo sn
il - .
. .. T .y
. i - L] L] -
» - v ] - L]
" ™ . ..., - n
. . “. .» .- ..
- M . " " - R
- M R “ -~ -
» L] . " N ] ®
L] - “ y - ]
& L} oM L] L]
3 [] .. ‘u M - L]
» L]
- e o L. - L]
- u. MR o, P L]
- . .- . AR
- L) L]
- M [ ]
- . . o
. v » L]
N i . ] []
L]
i - " »
- .
. 10000 SECS -
Execution Time 00 EXECUTION TImE » 11800 secs
N EXECUTION Timt = 16900 SECS
on ]
LAd s . 2s
- N LN B . - ]
- w L) N - - om
M “ (] " LA » "
- - LI * - " .- ~
K] » ... ] L] - L '}
» - ] '} LJ L] [ ] ]
... » " - ) - - -
- . N » [ " " [ u
N - - , K" L - - N ]
~ ] - [ ] “ .., “
" » L] . " " ... L .oW..
- - " N , » e [] M.
o M manene - M ¢ T W wmamsm———— WRENanens ¥
] .- - ——— - » . ) . " ow
- - . . - 1
" ' » L] » ]
- » "
L] - LN -
» » - . "
- " Lot N -
[ L] o « "
- L]
- L]
. o
L]
< .
EXELUTION YIWE & ADSOD SECS EXRCUTION TIME ¢ . 17900 SECS EXECUTIOW TIME = 07600 3€Cs EXBCUTION Tiwe = 10900 secs

FIGURE 14. SKELETONS PRODUCED BY DIFFERENT ALGORITHMS (Cont'd)

51



TABLE 3

A

" COMPUTATION REQUIREMENT

ALGORITHM CPU TIME (SEC.) * MEMORY (WORDS) **
Arcell: 84.209 26,048
Chu 846.060 50,564
Deutsch 38.734 26,240
Hilditch 32.246 26,496
Ma 67.261 26,752
Stefanelli and 340.286 29,696
Rosenfeld ~
Rutovitz 123.851 28,096
Tamura 58.046 26,688
Tsuruoka 30.711 26,624
Zhang and Suen ) 38.220 26,176

* %

CDC CYBER/835 fORTRAN, the CPU time refers to the total amount
seconds required by the computer to process all

of time in
patterns.

Memory requirement includes the two 2-dimensional
17600 words to store the

(110 x 80)

]

thinned pattern, the program itself,

operations.
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S. CONCLUDING REMARKS

An algérithm which incorporates alternate smoothing,
AN

stripping and pixel adjustment for thinning digital hinary patteras
has been devéloped and implemented. A large set of’binary patterns
has been used to test the algorithm. The results are compared with
numerous other algorithms. In general, our algorithm produces better
and smbother skeletons. The algorithm shows good resistance to noise
and produces skeletons which bear close resemblance to the original
patterns. We note that the 1mplementation of a partigl ADJUST
operation improves Fhe skeletons, we expect still better skeletouns
can be achieved once the Adjustment program is fully implemented in
other directions. Although our algorithm 1s not the slowest, it does
use a lot of CPU time. This is mainly due to the complexity of the
program and the smoothing process applied at each iteration. OQur
algorithm also wuses a considerable amount of memory. The major
reasons are twofold: a) an extra matrix is required to store the
distance Eunction valuestand b) the program is more complex than the
others. However, with the capacity of hardware 1improving and the
price dropping everyday, we think we have proposed a practical and

vPable algorithm for thinning digital binary patterns which can be
8 P g

implemented on microcomputers such as the IBM PC AT/XT, and dthers.
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