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A b s t r a c t  from e a c h  o t h e r  ( t h e  s o - c a l l e d  exoske- 

The aim of  t h i s  paper  is t o  p r e s e n t  t h e  
r e s u l t s  o f  a  s t u d y  which was performed 
t o  a s s e s s  t h e  f e a s i b i l i t y  of t h i n n i n g  
methods f o r  document p r o c e s s i n g .  A s  a  
r e s u l t  of t h e s e  i n v e s t i g a t i o n s ,  b o t h  
t h e o r e t i c a l  and numer ica l ,  a  new t h i n -  
n i n g  method i s  d e s c r i b e d  and some of  
i t s  p r o p e r t i e s  a r e  g iven .  

I n t r o d u c t i o n .  When a  document p roces -  
s i n g  system i s  deve loped ,  s p e c i a l  a t -  
t e n t i o n  has  t o  be p a i d  t o  low l e v e l  
p r o c e s s i n g  a l g o r i t h m s .  Even t h e  most 
fundamental  and well-known methodsneed 
p e r i o d i c  r e e v a l u a t i o n  i n  o r d e r  t o a d a p t  
them t o  v a r y i n g  p r a c t i c a l  needs and t o  
c o n t i n u o u s l y  deve lop ing  computer a r c h i -  
t e c t u r e s .  
The aim of t h i s  p a p e r  i s  t o  communica- 
t e  r e s u l t s  of an i n v e s t i g a t i o n  o f  t h i n -  
n i n g  methods i n  t h e  c o n t e x t  o f  document 
p r o c e s s i n g  and t o  p r e s e n t  a  method 
which e x h i b i t s  some f a v o u r a b l e  proper-  
t i es  w h i l e  n o t  s h a r i n g  t h e  d i sadvan-  
t a g e s  o f  o t h e r  known approaches .  The 
method was proposed by Ogawa and Tani- 
guch i  171 and s p e c i f i c a l l y  by Xia 1121. 
I ts  t h e o r e t i c a l  b a i s  was l a i d  by one o f  
t h e  a u t h o r s  12 1 .  
I n  document p r o c e s s i n g  sys tems ,  t h e r e  
a r e  two d i f f e r e n t  a p p l i c a t i o n s  of t h i n -  
n i n g  methods. F i r s t ,  i f  t h e  c o n t e n t  of 
a  (black-and-white)  document is  t h i n -  
ned ,  t h e  amount o f  d a t a  c o n t a i n e d  i n  it 
i s  reduced w h i l e  t h e  i n f o r m a t i o n  con- 
t e n t  i s  ( n e a r l y )  t h e  same a s  b e f o r e .  
T y p i c a l l y ,  a  t h i n n e d  document c o n t a i n s  
o n l y  1 / 2  t o  1/10 a s  much b l a c k  p o i n t s  
a s  t h e  o r i g i n a l .  Th is  d a t a  r e d u c t i o n  is 
e s p e c i a l l y  a t t r a c t i v e  when more complex 
methods f o r  image a n a l y s i s  a r e  cons ide-  
r e d .  We mention h e r e  t h e  Hough-trans- 
form which can be used e .g .  f o r  f i n d i n g  
prominent  d i r e c t i o n s  i n  o r d e r  t o  a l i g n  
a  document. The e f f i c i e n c y  of  t h i s  
t r a n s f o r m  s e v e r e l y  depends on t h e  num- 
b e r  of b l a c k  p o i n t s  i n  t h e  image. 
The second a p p l i c a t i o n  f o r  t h i n n i n g  me- 
t h o d s  i s  t h e  segmenta t ion  o f  o b j e c t s  i n  
t h e  image. Thinning t h e  background 
y i e l d s  c u r v e s  s e p a r a t i n g  t h e  o b j e c t s  

l e t o n  o f  t h e  image) .  Together  w i t h  d i s -  
t a n c e  i n f o r m a t i o n  one g e t s  a  l a r g e  a- 
mount o f  s t r u c t u r a l  knowledge about  t h e  
document. 

P r o p e r t i e s  o f  Thinning Methods. I f  a  
t h i n n i n s  method is  i n t e n d e d  f o r  p r a c t i -  
c a l  use;  it should  be implemented i n  pa- 
r a l l e l  s i n c e  computing t i m e s  become pro-  
h i b i t i v e  w i t h  s e q u e n t i a l  implementat ions  
even f o r  documents of o n l y  moderate 
s i z e  ( s e e  e .g .  191) .  
Any p a r a l l e l  t h i n n i n g  method c o n s i s t s  
of two p a r t s ,  a  t o p o l o g i c a l  c r i t e r i o n  
f o r  f i n d i n g  c a n d i d a t e s  f o r  removal from 
t h e  set of  b l a c k  p o i n t s  and a  mechanism 
f o r  a v o i d i n g  c o l l i s i o n s  when removing 
p o i n t s  i n  p a r a l l e l .  
Assume t h a t  t h e  set o f  b l a c k  p o i n t s  of 
a  b i n a r y  d i g i t a l  p i c t u r e  is  equipped 
w i t h  t h e  8-connect ion topo logy  and t h e  
set o f  w h i t e  p o i n t s  w i t h  t h e  4-topology. 
The most g e n e r a l  c r i t e r i o n  f o r  removing 
a  b l a c k  p o i n t  ( i .e .  changing  i t s  c o l o r  
t o  w h i t e )  was g iven  by Rosenfeld 181 : A 
b l a c k  p o i n t  i s  a  c a n d i d a t e  f o r  removal 
i f  i t s  c o l o r  n e i t h e r  i n f l u e n c e s  t h e  num- 
b e r  of b l a c k  (8-) connec t ion  components 
n o r  t h e  number of w h i t e  ( 4 - )  connec t ion  
components o f  t h e  image. I t  was shown 
by Rosenfeld t h a t  t h e  q u e s t i o n  whether 
a  p o i n t  i s  a  c a n d i d a t e  f o r  removal o r  
n o t  can be d e c i d e d  by i n s p e c t i o n  of  i t s  
3  x 3-neighborhood i n  t h e  d i g i t a l  p lane .  
Any p o i n t  which meets t h i s  c r i t e r i o n  i s  
c a l l e d  a  s imple  p o i n t  181. Some a u t h o r s  
(see e.g .  1141) p r e f e r  t h e  s o - c a l l e d  
s t r i c t  boundary p o i n t s  i n s t e a d  f o r  t h i n -  
n ing .  These a r e  s imple  p o i n t s  hav ing  t h e  
p r o p e r t y  t h a t  i n  a d d i t i o n  a l s o  t h e  num- 
b e r  o f  b l a c k  4-connect ion components is  
p r e s e r v e d  by e l i m i n a t i n g  them. General-  
l y  it is  a c c e p t e d  t h a t  end p o i n t s ,  i . e .  
b l a c k  p o i n t s  having o n l y  one b l a c k  (8-1 
ne ighbor ,  a r e  n o t  removed under  t h i n -  
n ing .  
I n  o r d e r  t o  avo id  c o l l i s i o n s  i n  p a r a l -  
l e l  e l i m i n a t i o n ,  a  number o f  t e c h n i q u e s  
was proposed.  These t e c h n i q u e s  can  be 
a p p l i e d  independent ly  o f  t h e  t o p o l o g i -  
c a l  c r i t e r i o n  used. A l l  t h e s e  methods 
have i n  common t h a t  among t h e  candida-  
tes p a s s i n g  t h e  t o p o l o g i c a l  test  o n l y  a  
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f r a c t i o n  ( t y p i c a l l y  one q u a r t e r  o r  one 
h a l f )  is  a c t u a l l y  e l i m i n a t e d .  The f o l -  
lowing approaches  were p u b l i s h e d  i n  t h e  
l i t e r a t u r e :  
- Four phase  ENWS method. I n  t h e  f i r s t  
(second ... ) p h a s e  of t h i s  approach on ly  
c a n d i d a t e s  a r e  removed hav ing  a  whi te  
d i r e c t  ne ighbor  i n  e a s t -  ( n o r t h -  ... ) 
d i r e c t i o n .  
- Four phase method of K r e i f e l t s  161. 
A l l  p o i n t s  i n  t h e  d i g i t a l  p l a n e  a r e  g i -  
ven numbers 1 t o  4  a c c o r d i n g  t o  t h e  
scheme . . . . . .  

. . 1 3 . .  

. . 4 2 . .  

I n  phase i o n l y  p o i n t s  having number i 
a r e  a l lowed f o r  d e l e t i o n .  
- Two phase checkerboard method. Here,  
a l l  p o i n t s  i n  t h e  d i g i t a l  p l a n e  a r e  g i -  
ven c o l o r s  - e:g.  r e d  and green  - i n  a  
checkerboard- l ike  manner. I n  t h e  f i r s t  
phase  o n l y  r e d  p o i n t s  and i n  t h e  se -  
cond phase o n l y  g reen  p o i n t s  a r e  inves -  
t i g a t e d .  
- Two phase  method o f  R u t o v i t z .  Th is  
method c a n  b e  fo rmula ted  a s  f o l l o w s  
13 1 : I n  t h e  f i r s t  phase o n l y  p o i n t s  
hav ing  a  d i r e c t  whi te  neighbor  i n  e a s t  
o r  n o r t h  d i r e c t i o n  a r e  a l lowed f o r  e l i -  
mina t ion ,  i n  t h e  second phase p o i n t s  
w i t h  w h i t e  d i r e c t  ne ighbors  i n  wes t  o r  
s o u t h  d i r e c t i o n  a r e  c o n s i d e r e d .  
A l l  t h e s e  methods a r e  n o t  i n v a r i a n t  
w i t h  r e s p e c t  t o  t r a n s l a t i o n s  of t h e  d i -  
g i t a l  p l a n e  ( K r e i f e l t s '  and t h e  che- 
ckerbord  methods) o r  w i t h  r e s p e c t  t o  
90 ' - ro ta t ions  o f  t h e  d i g i t a l  p l a n e  
(ENWS and R u t o v i t z '  methods) .  
S t e i n p r e i s  1 10  1 i n v e s t i g a t e d  e l e v e n  me-  
t h o d s  known from t h e  l i t e r a t u r e .  The 
r e s u l t  o f  S t e i n p r e i s '  paper  i s  t h a t  t h e  
main d i f f e r e n c e s  o f  t h e  methods c o n s i -  
d e r e d  i n  h i s  s t u d y  w e r e  a c t u a l l y  d i f f e -  
r e n c e s  i n  t h e  implementat ion o f  more o r  
less t h e  same a l g o r i t h m .  T h i s  a g r e e s  
w i t h  Tamura's f i n d i n g s  11 1 I .  
D e f i n i t i o n  o f  Requirements.  From t h e  
i n v e s t i g a t i o n  of e x i s t i n g  methods f o r  
t h i n n i n g  we a r r i v e  a t  a  c a t a l o g u e  of 
r e q u i r e m e n t s  f o r  an " i d e a l "  t h i n n i n g  
method. Here, t h e  t e r m  " t h i n n i n g  me- 
thod"  i s  used f o r  any combinat ion of an 
e l i m i n a t i o n  c r i t e r i o n  t o g e t h e r  w i t h  a  
mechanism f o r  a v o i d i n g  c o l l i s i o n s  i n  
p a r a l l e l  implementat ion.  These r e q u i r e -  
ments a r e :  
- The method should  be c o r r e c t ,  i .e.  
t h e  s k e l e t o n  o b t a i n e d  by its a p p l i c a -  
t i o n  should  have t h e  same number of 
b l a c k  and w h i t e  connec t ion  components 
a s  t h e  o r i g i n a l  p i c t u r e .  Indeed,  some 
methods p u b l i s h e d  i n  t h e  l i t e r a t u r e  a r e  
n o t  c o r r e c t  (see e .g .  131) .  
- The method should  be w e l l - d e f i n e d ,  
i .e.  any two d i f f e r e n t  implementat ions  
of  it should  y i e l d  i d e n t i c a l  r e s u l t s .  - The method should  be i n v a r i a n t  w i t h  
r e s p e c t  t o  t r a n s l a t i o n s ,  r o t a t i o n s  and 

r e f l e c t i o n s  mapping t h e  d i g i t a l  p l a n e  
i n t o  i t s e l f .  Whereas t h e  t o p o l o g i c a l  
c r i t e r i a  e x h i b i t  t h e s e  i n v a r i a n c e s ,  t h e  
methods f o r  c o l l i s i o n  avoidance u s u a l l y  
a r e  n o t  comple te ly  i n v a r i a n t  ( s e e  re -  
marks above) .  
- Davies and Plummer 11 I add t h e  r e q u i -  
rement t h a t  it should be p o s s i b l e  t o  re- 
c o n s t r u c t  t h e  o r i g i n a l  image from t h e  
s k e l e t o n  o b t a i n e d  by t h i n n i n g  i f  t h e  
p o i n t s  of t h e  l a t t e r  a r e  l a b e l e d  s o  t h a t  
t h e y  c a r r y  d i s t a n c e  in format ion .  
I f  a  method is  n o t  we l l -def ined  o r  i f  it 
does  n o t  e x h i b i t  t h e  fundamental  i n v a r i -  
ances  of t h e  d i g i t a l  p l a n e ,  t h e  r e s u l t s  
of i t s  a p p l i c a t i o n  can o n l y  be under- 
s t o o d  and i n t e r p r e t e d  w i t h  r e s p e c t  t o  a  
s p e c i f i c  implementat ion and a  s p e c i f i c  
p o s i t i o n  o f  t h e  b i n a r y  image under con- 
s i d e r a t i o n  w i t h i n  t h e  d i g i t a l  p lane .  So 
any p r a c t i c a l  comparison whi th  o t h e r  m e -  
t hods  is  made d i f f i c u l t  ( i f  n o t  impos- 
s i b l e )  by t h e  s i d e - e f f e c t s  o f  unknown 
magnitude caused by i n s u f f i c i e n t  d e f i -  
n i t i o n  of t h e  method under cons idera -  
t i o n .  
The requ i rement  o f  r e c o n s t r u c t a b i l i t y  
h a s  t o  be handled d i f f e r e n t l y .  On t h e  
one hand, any method w i t h  t h e  p r o p e r t y  
o f  be ing  i n v e r t i b l e  a t  l e a s t  c a u s e s  no 
l o s s  o f  i n f o r m a t i o n ,  and c e r t a i n l y  no 
in format ion  e s s e n t i a l  f o r  unders tand ing  
t h e  image c o n t e n t  i s  d e s t r o y e d  by it. 
On t h e  o t h e r  hand, any method f o r  image 
p r o c e s s i n g  n e c e s s a r i l y  should  reduce  
t h e  raw image d a t a  by e l i m i n a t i n g  i r r e -  
l e v a n t  in format ion  s i n c e  u s u a l l y  t h e  
amount of  d a t a  i s  very  huge. 

An I d e a l  Method. On t h e  b a s i s  o f  t h e  in -  
v e s t i g a t i o n s  mentioned and o f  a  l a r g e  
number of numer ica l  exper iments  a  me- 
thod was chosen having f a v o u r a b l e  pro- 
p e r t i e s  and f u l f i l l i n g  t h e  requ i rements  
mentioned above. Th is  method was propo- 
s e d  by Ogawa and Taniguchi  17 1 and spe- 
c i f i c a l l y  by Xia 1121. I t  was reformu- 
l a t e d  and some p r o p e r t i e s  o f  it were 
roved by t h e  a u t h o r s  ( 12 1 , 13 1 , 14 1 , 

7 5 1 )  . The b a s i c  concep t  of t h e  method i s  
t h e  n o t i o n  of a  p e r f e c t  p o i n t .  A b l a c k  
p o i n t  P i s  termed D-perfect  i f  it has  a  
d i r e c t  ne ighbor  which is  an i n t e r i o r  
p o i n t  of t h e  set of  a l l  b l a c k  p o i n t s  
( i . e .  a l l  i t s  f o u r  d i r e c t  ne ighbors  a r e  
b l a c k )  and i f  t h e  d i r e c t  ne ighbor  oppo- 
s i t e  t o  t h e  i n t e r i o r  p o i n t  is  whi te :  

. X . .  x b l a c k  p o i n t  
x # P o  o whi te  p o i n t  
. x . .  # i n t e r i o r  p o i n t .  

A b l a c k  p o i n t  P is  termed I - p e r f e c t  i f  
it h a s  an  i n d i r e c t  ne ighbor  which is  an 
i n t e r i o r  p o i n t  and i f  t h e  i n d i r e c t  
neighbor  of P which is  o p p o s i t e  t o  t h e  
i n t e r i o r  p o i n t  i s  whi te  t o g e t h e r  w i t h  
t h e  d i r e c t  ne ighbors  o f  it be ing  a l s o  
d i r e c t  ne ighbors  o f  P: 

" 0 0  
- x P o  
x # x -  
. X . .  
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A p o i n t  i s  p e r f e c t  i f  it i s  e i t h e r  D- 
p e r f e c t  o r  I - p e r f e c t  121. The method 
proposed h e r e  c o n s i s t s  i n  e l i m i n a t i n g  
o n l y  p o i n t s  which a r e  p e r f e c t  and simp- 
l e .  We l i s t  some p r o p e r t i e s  o f  t h e  me- 
t h o d ,  d e t a i l s  can be found i n  t h e  r e f e -  
r e n c e s  c i t e d :  
- The method f o r  p a r a l l e l  t h i n n i n g  con- 
s i s t i n g  i n  e l i m i n a t i o n  o f  a l l  s imple  
and p e r f e c t  p o i n t s  from a  s e t  s i m u l t a -  

i s  c o r r e c t  ( s e e  Xia 11 2  1 ,  Eck- 
;:z1y2 1 , I 4 1 ) . 
- A p p l i c a t i o n  of t h i s  p a r a l l e l  method 
t o  a  b i n a r y  p i c t u r e  l e a d s  t o  a  well-de- 
f i n e d  r e s u l t  12 1 . 
- The method i s  i n v a r i a n t  w i t h  r e s p e c t  
t o  a l l  t r a n s l a t i o n s ,  r o t a t i o n s  and re- 
f l e c t i o n s  l e a v i n g  t h e  d i g i t a l  p l a n e  i n -  
v a r i a n t  121. 
- A s imple  and p e r f e c t  p o i n t  i s  a  
s t r i c t  boundary p o i n t  121. 
- End p o i n t s  a r e  never  p e r f e c t ,  hence 
t h e y  a r e  p r e s e r v e d  by t h e  method. More- 
o v e r ,  c e r t a i n  c r i t i c a l  c o n f i g u r a t i o n s  
d i s c u s s e d  by s e v e r a l  a u t h o r s  ( s e e  e .g .  
Tamura / I1 1 ) a r e  n o t  changed by t h e  me-  
thod : 

X X 

X X 
X X 

- I t  i s  p o s s i b l e  t o  o r g a n i z e  t h e  e l i m i -  
n a t i o n  o f  s imple  and p e r f e c t  p o i n t s  i n  
such  a  way t h a t  o n l y  boundary informa- 
t i o n  i s  used.  Simple and p e r f e c t  p o i n t s  
can be c h a r a c t e r i z e d  by t h e  f a c t  t h a t  
t h e y  belong t o  r e g u l a r  p i e c e s  o f  t h e  
boundary o f  a  s e t  141. 
- I f  a  p o i n t  i s  s imple  b u t  n o t  p e r f e c t  
t h e n  it i s  n o t  e l i m i n a t e d  by t h e  method 
proposed h e r e .  I t  can be shown t h a t  i n  
t h i s  s i t u a t i o n  two c a s e s  a r e  p o s s i b l e  
141: E i t h e r  such  a  p o i n t  remains  s imple  
and n o t  p e r f e c t  u n t i l  t h e  end of  t h e  
e l i m i n a t i o n .  Then t h e  d e c i s i o n  whether  
t h e  g iven  p o i n t  shou ld  be e l i m i n a t e d  o r  
n o t  can be postponed t o  a  p o s t p r o c e s s i n g  
phase ( s e e  below) . Otherwise  t h e  p o i n t  
becomes s imple  and p e r f e c t  a t  some s t a -  
ge of t h e  e l i m i n a t i o n  p r o c e s s .  Then 
t h e r e  e x i s t s  a  ne ighbor  Q of t h e  g iven  
p o i n t  P  such  t h a t  Q i s  s imple  and P  i s  
no l o n g e r  s imple  i f  Q i s  e l i m i n a t e d  and 
v i c e  v e r s a .  Hence P and Q cannot  be re- 
moved s i m u l t a n e o u s l y  ( c o l l i s i o n ) .  I n  
t h i s  s i t u a t i o n  an a r b i t r a r y  d e c i s i o n  
whether  P  o r  Q should  be e l i m i n a t e d  i s  
n e c e s s a r y .  Th is  d e c i s i o n  i s  made au to-  
m a t i c a l l y  by o u r  method when P  becomes 
p e r f e c t .  Hence, when t h e  s i t u a t i o n  a- 
r i s e s  t h a t  any o t h e r  method f o r  t h i n -  
n i n g  c a u s e s  a  p o i n t  P  t o  be e l i m i n a t e d  
which i s  n o t  e l i m i n a t e d  by o u r  method, 
t h e n  e i t h e r  t h i s  d e c i s i o n  can  a s  w e l l  
be postponed o r  e l s e  t h e  e l i m i n a t i o n  i s  
made a r b i t r a r i l y  and e s p e c i a l l y  it can- 
n o t  be j u s t i f i e d  by i n f o r m a t i o n  t a k e n  
from t h e  neighborhood of P. 
- The c o n n e c t i o n  number of a  p o i n t  is 
t h e  number of 8-connect ion components 

c o n t a i n e d  i n  i t s  neighborhood. The con- 
n e c t i o n  number of a  set i s  t h e  sum o v e r  
t h e  connec t ion  numbers of a l l  p o i n t s  
c o n t a i n e d  i n  t h e  set.  When t h e  method 
d e s c r i b e d  h e r e  i s  a p p l i e d  t o  a  d i g i t a l  
s e t ,  t h e  connec t ion  number i s  s t r i c t l y  
i n c r e a s e d .  Th is  i s  n o t  n e c e s s a r i l  t h e  
c a s e  w i t h  o t h e r  t h i n n i n g  methods 7 4  1 . 
- The s k e l e t o n  o b t a i n e d  from a  set  by 
any t h i n n i n g  methodcan c o n t a i n  i n t e r i o r  
p o i n t s .  Under a  v e r y  s imple  and n a t u r a l  
c o n d i t i o n  it can be guaran teed  t h a t  i n  
t h e  s k e l e t o n s  o b t a i n e d  by t h e  method de- 
s c r i b e d  h e r e  t h e  maximal s i z e  f o r  a  
c l u s t e r  o f  i n t e r i o r  p o i n t s  connected t o -  
g e t h e r  is  12 15 1 .  
Implementation. The method can  e a s i l y  be 
implemented by a p p l y i n g  a  s u i t a b l e  l abe-  
l i n g  scheme f o r  keeping t r a c k  of i n t e r i -  
o r  p o i n t s  d u r i n g  t h l n n i n g  ( s e e  Xia 
11 2  1 ) . The s o - c a l l e d  pseudo-ske le tons  
o b t a i n e d  by a p p l i c a t i o n  of t h e  method do 
c o n t a i n  s imple  p o i n t s .  Hence t h e y  can be 
f u r t h e r  reduced by any c o n v e n t i o n a l  
t h i n n i n g  method. T h i s ,  however, w i l l  de- 
s t r o y  t h e  p r o p e r t i e s  o f  t h e  method men- 
t i o n e d  above. S i n c e  t h e  number o f  remai- 
n i n g  s imple  p o i n t s  i s  u s u a l l y  n o t  v e r y  
h i g h ,  it i s  n o t  n e c e s s a r y  t o  u s e  a  f a s t  
method f o r  p o s t p r o c e s s i n g ,  i n s t e a d  a  
thorough i n v e s t i g a t i o n  of e a c h  s imple  
p o i n t  is  p o s s i b l e .  Even i f  a  n a i v e  m e -  
thod f o r  p o s t p r o c e s s i n g  i s  a p p l i e d ,  t h e  
e r r o r  imposed by it can be e a s i l y  con- 
t r o l l e d .  I t  i s ,  however, a l s o  p o s s i b l e  
t o  t a k e  t h e  pseudo-skeleton w i t h o u t  any 
f u r t h e r  p o s t p r o c e s s i n g .  The a d d i t i o n a l  
d a t a  r e d u c t i o n  ach ieved  by p o s t p r o c e s -  
s i n g  i s  compara t ive ly  s m a l l  s o  t h a t  it 
d o e s  n o t  outweigh t h e  a d d i t i o n a l  e f f o r t  
and t h e  l o s s  of f  a v o u r a b l e  p r o p e r t i e s  
mentioned above. 
The method was implemented i n  an e x p e r i -  
mental  v e r s i o n  i n  PASCAL on t h e  VAX 7800 
of t h e  Siemens Research L a b o r a t o r i e s  i n  
Munchen-Perlach and on t h e  SIEMENS 7.882 
a t  t h e  U n i v e r s i t y  of Hamburg. A v e r y  
l a r g e  number of t e s t s  was performed and 
s t a t i s t i c a l  d a t a  were g a t h e r e d  f o r  jud- 
g i n g  t h e  p r o p e r t i e s  of t h e  method under  
d i f f e r e n t  c o n t e x t s .  The method now r u n s  
i n  a  s t a b l e  way a n d . a  l a r g e  number of 
t h e o r e t i c a l  r e s u l t s  e x i s t s  t o  a s s e s s  
t h e i r  p r o p e r t i e s  under  p r a c t i c a l  condi-  
t i o n s .  

Open Ques t ions .  I n  s p i t e  of t h e  t h e o r e -  
t i c a l  and numer ica l  r e s u l t s  known and 
p u b l i s h e d  i n  t h e  l i t e r a t u r e  c i t e d  t h e r e  
remain some open q u e s t i o n s .  We g i v e  a  
l i s t  of some of them: 
- There d o e s  n o t  e x i s t  a  v a r i a n t  of t h e  
method f o r  t h e  foreground-4- topology.  
Such a  v a r i a n t  would be v e r y  d e s i r a b l e  
f o r  c a l c u l a t i n g  e x o s k e l e t o n s  ( i - e .  ske-  
l e t o n s  o f  t h e  set  of  w h i t e  p o i n t s ) .  The- 
se can  be used v e r y  e f f i c i e n t l y  f o r  seg-  
menta t ion  of o b j e c t s  i n  t h e  image. 
- Thinning procedures  a r e  known t o  be 
u n s t a b l e ,  i .e .  s m a l l  d i s t u r b a n c e s  i n  
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the original picture will cause large 
changes in the associated skeletons. 
This phenomenon is certainly not desi- 
rable since it can cause difficulties 
in the recognition process. Yu 1131 
gave a method for regularization of the 
medial axis transform. In the present 
context, it would be desirable to have 
a similar regularization concept also 
for thinning. 
- The method described here can be for- 
mulated as a labeling procedure which 
is related to the distance transform in 
the 4-metric. This formulation is very 
attractive as well from the theoretical 
as from the practical point of view. 
Details of it will be given elsewhere. 
We only mention here that the require- 
ment of reconstructability formulated 
by Davies and Plummer 11 I can be ful- 
filled by our method. 
- The skeletons obtained from a set by 
any thinning method do not always ex- 
hibit a "graph-like" structure as re- 
quired e.q. by Davies and Plummer 11 I .  
Even if it can be guaranteed that iaige 
clusters of interior oints do not oc- 
cur in the skeleton (75 1 , see above) , 
this does not imply that the latter is 
indeed graph-like, i.e. that it con- 
sists of digital curves which can be 
represented by a chain-code and are 
connected together by only few points 
having a connection number higher than 
two. A theoretical analysis of the ske- 
letons obtained by our method is neces- 
sary to clarify the situation. 
- A theoretical investigation of the 
postprocessing process seems necessary 
in order to get a clearer picture of 
what can be achieved and to what extent 
postprocessing will retain the invari- 
ance properties mentioned. 
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