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ABSTRACT 
A v i s i o n   s y s t e m   f o r   a u t o m a t e d   p a r t s  

i n s p e c t i o n  i s  proposed.  The  system i s  equip- 
ped w i t h   l e a r n i n g   c a p a b i l i t i e s   s u c h   t h a t  it 
a u t o m a t i c a l l y   s e l e c t s   f r o m  a set of  sample 
p a r t s  a minimum, b u t   e f f e c t i v e   i n s p e c t i o n  
r eg ion   w i th in   t he   camera ' s   f i e ld   o f   v i ew  fo r  
p a r t s   d i s c r i m i n a t i o n .  A b ina ry   t empla t e  is 
formed  wi th in   the   inspec t ion   reg ion   which  i s  
t h e n   u s e d   f o r   p a r t s   i n s p e c t i o n   b y   t e m p l a t e  
matching. The in spec t ion   speed  is enhanced 
by   keeping   the   inspec t ion   reg ion  small and  by 
making  the  matching  task  uncomplicated.  A 
s imple   l ea rn ing   a lgo r i thm  based   on  statist i-  
c a l   p a t t e r n   r e c o g n i t i o n   t h e o r y  i s  employed, 
w h i c h   o n l y   r e q u i r e s   t h e   s y s t e m   t o   b e   t a u g h t  
by a t r a i n i n g  set of good and   de fec t ive  
p a r t s   w i t h o u t   s p e c i f i c   d e f e c t   i d e n t i f i c a t i o n  
o r   l o c a t i o n .  The system is a p p l i c a b l e   t o  
most 2-D i n d u s t r i a l   p a r t s   i n s p e c t i o n .  

- -  1. INTRODUCTION 

The l i m i t a t i o n s   o f   t r a d i t i o n a l  human 
i n s p e c t i o n   i n   i n d u s t r i a l   s i t u a t i o n s  are 
well-known.  Consequently, many au tomat i c  
v i s u a l   i n s p e c t i o n   s y s t e m s   f o r   i n d u s t r i a l   p a r t s  
have  been  proposed  and  developed. 1-8 
The  main  purposes   of   these  systems  include 
i n c r e a s e d   p r o d u c t i o n ,   i n c r e a s e d   i n s p e c t i o n  
accu racy ,   and   r educed   manufac tu r ing   cos t s .  
However,  most  inspection  systems  developed 
t h u s   f a r   a r e  one-of-a-kind,  each  capable  of 
only a s p e c i f i c   i n s p e c t i o n   t a s k .  When t h e  
p a r t   t o   b e   i n s p e c t e d   v a r i e s ,  a new system 
usua l ly   has   t o   be   deve loped .   Th i s   need  arises, 
i n   p a r t ,   b e c a u s e   t h e   s y s t e m  i s  devoid  of 
a u t o m a t e d   l e a r n i n g   c a p a b i l i t i e s .   I n   t h i s  
paper  w e  propose a v e r s a t i l e   a u t o m a t i c   v i s u a l  
inspec t ion   sys tem  which  i s  a d a p t i b l e   t o   v a r i o u s  
p a r t s   i n s p e c t i o n   t a s k s   t h r o u g h   s e l f - l e a r n i n g .  

I n  two-d imens iona l   i ndus t r i a l   pa r t s  
i n s p e c t i o n   t a s k s ,   f r e q u e n t l y ,   t h e   c r i t e r i o n  
f o r   d i f f e r e n t i a t i n g  good  and  bad p a r t s  i s  
t h e   ' p o s i t i o n   a n d   t h e   s i z e   o f  some types   o f  
d e f e c t s .   G e n e r a l l y ,   o n l y   p a r t s   w i t h   f a i r l y  
l a r g e   d e f e c t s  a t  s p e c i f i c   l o c a t i o n s   w i t h i n   t h e  
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t i c s  of human o b s e r v e r s  i n   t h i s   k i n d  of   inspec-  
P a r t s  are r e j e c t e d .  The i n h e r e n t   c h a r a c t e r i s -  

t i o n   t a s k   u s u a l l y   r e s u l t   i n  less t h a n   s a t i s f a c -  
t o ry   accu racy .   Thus ,   t he   h igh   deg ree   o f   p rec i -  
s i o n   o b t a i n a b l e   f r o m   a n a l y s i s   o f   h i g h - r e s o l u t i o n  
images  makes i t  a t t r a c t i v e   t o   c o n s t r u c t   i n s p e c -  
t i on   sys t ems   u s ing   v ideo   cameras .  A c e n t r a l  
i s sue   sur rounding   such   sys tems i s  t h e   q u e s t i o n  
of how t o   t r a i n   t h e   s y s t e m   t o   a s c e r t a i n   i n  
advance,  what,   where,   and how l a r g e  are t h e  
defec ts .   Moreover ,  i t  is h i g h l y   d e s i r a b l e   t o  
equ ip   t he   sys t em  wi th  some d e g r e e   o f   s e l f - t r a i n -  
i n g   ( i . e . ,   a u t o m a t e d   l e a r n i n g ) .  

I n   t h i s   p a p e r  we d e s c r i b e  a l e a r n i n g   p r o -  
cedure  by  which  the  proposed  vis ion  system  can 
au tomat i ca l ly   de t e rmine ,   w i th in   t he   camera ' s  
f i e l d   o f   v i e w ,   u s i n g  a set of  good  and  bad t r a i n -  
i n g   p a r t s ,   a n   i n s p e c t i o n   r e g i o n   w h i c h   b a s i c a l l y  
i n c l u d e s  a l l  t h e   c r i t i c a l   d e f e c t s .  The  procedure 
i s  i n t e l l i g e n t   i n   t h a t  it i s  unnecessa ry   t o  
p r o v i d e   i n f o r m a t i o n   a b o u t   d e f e c t s   a s s o c i a t e d  
w i t h   e a c h   p a r t   i n   t h e   t r a i n i n g   s e t .   T h i s   f r e e s  
t h e   s y s t e m   o p e r a t o r   f r o m   t h e   n e e d   t o   i d e n t i f y  
d e f e c t s   d u r i n g   t h e   t r a i n i n g   s t a g e ,  as long  as 
a l l   t r a i n i n g   p a r t s  are c a t e g o r i z e d   a s  good o r  
bad i n  advance. 

An a p p r o p r i a t e   i n s p e c t i o n   r e g i o n   a l s o   c a n  
be  formed  simply as t h e   u n i o n   o f   a l l   t h e   p o s s i -  
b l e   d e f e c t i v e  areas, as done i n   P e r k i n s . '  The 
present   sys tem  proposes  a t e c h n i q u e   t h a t   r e d u c e s  
t h e   s i z e   o f   t h i s   r o u g h l y - f o r m e d   i n s p e c t i o n   r e g i o n  
t o  a minimum, as l o n g  as t h e  two sets of good 
and   bad   par t s   can  s t i l l  b e   d i s c r i m i n a t e d   w i t h  
t h e  minimum Bayes e r r o r   p r o b a b i l i t y .   T h i s   r e d u -  
c t i o n  is b a s e d   o n   s t a t i s t i c a l   p a t t e r n   r e c o g n i -  
t i on   t heo ry   and  i s  u s e f u l   f o r   i n s p e c t i o n   s p e e d u p .  
There i s  no l i m i t  o n   t h e  number  of d e f e c t s   t h a t  
may appear  on a bad p a r t .  

2. SYSTEM  DESCRIPTION  INSPECTION  PROCEDURE 

The  system i s  d e s i g n e d   t o   i n s p e c t   i n d u s t r i a l  
par ts   using  two-dimensional   views.   Only  binary 
images are p rocessed .  Back l i g h t i n g  i s  adopted 
t o   p r o d u c e   c l e a r   p a r t s   p i c t u r e s   f o r   i m a g e   t a k i n g  
w i t h  a video  camera,   and  s imple  thresholding i s  
used   to   t ransform  gray-va lued   images   in to   b inary  
o n e s .   P i x e l s   r e p r e s e n t i n g   b a c k g r o u n d   i n   t h e  
b ina ry   images   a r e   a s s igned   t he   va lue  0 ,  w h i l e  
t h o s e   r e p r e s e n t i n g   m a c h i n e   p a r t s  are as s igned  
t h e   v a l u e  1, a f t e r   t h r e s h o l d i n g .  
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The s y s t e m ' s   i n s p e c t i o n   p r o c e d u r e  i s  d i v i d -  
e d   i n t o  two s t a g e s :   t h e   t r a i n i n g   s t a g e   a n d   t h e  
o p e r a t i o n   s t a g e .   D u r i n g   t h e   t r a i n i n g   s t a g e ,  
p a r t s   w h i c h   a r e   a l r e a d y   l a b e l l e d  as "good" o r  
"bad," or   which   can   be   de te rmined  s o  by  an 
o p e r a t o r ,  are i n p u t   i n t o   t h e   s y s t e m   f o r  image 
t ak ing   and   ana lys i s .   The re  i s  no  need t o   i n d i -  
ca t e   t ypes ,   numbers ,   l oca t ions ,   and   s i zes ,   o f   t he  
d e f e c t s   a s s o c i a t e d   w i t h   e a c h   i n p u t   p a r t .  The 
r e s u l t  of t h e   t r a i n i n g   s t a g e  is a minimum-sized 
i n s p e c t i o n   r e g i o n   w i t h i n   t h e   i m a g e   f i e l d ,   a c c o r d -  
i n g   t o   w h i c h   a l l   t r a i n i n g   p a r t s   c a n   b e   d i s c r i m i -  
na t ed  as "good" o r  "bad" w i t h  a minimum e r r o r .  
An i n s p e c t i o n   t e m p l a t e  is formed  wi th in   the   ins -  
pec t ion   reg ion   which  w i l l  b e   u s e d   f o r   p a r t s   i n s -  
p e c t i o n  by templa te   matching   in   the   subsequent  
ope ra t ion   s t age .   Based  on t h e   i n s p e c t i o n  t e m -  
p l a t e ,  a match-measure  threshold i s  s e l e c t e d  
f o r  la ter  use i n   t empla t e   ma tch ing .  

D u r i n g   t h e   o p e r a t i o n   s t a g e ,   e a c h   p a r t   t o  
b e   i n s p e c t e d  is passed   th rough  the   camera ' s  
f i e l d  of   v iew  for   image   tak ing   and   th reshold ing .  
The r e s u l t i n g   b i n a r y   p i c t u r e  i s  then  matched 
wi th   t he   i n spec t ion   t empla t e ,   and   t he  number of 
mismatched  pixels  i s  counted  and  compared  with 
the  match-measure  threshold  for   decis ion  making.  
P a r t s   w i t h   t h e   r e s u l t i n g  number  of  mismatched 
p o i n t s   l a r g e r   t h a n   t h e   t h r e s h o l d  are r e j e c t e d  
as b a d .   S i n c e   t h e   i n s p e c t i o n   s t e p s   i n   t h e  
o p e r a t i o n   s t a g e  are s t r a i g h t f o r w a r d ,   i n   t h e  
f o l l o w i n g   s e c t i o n s  we will o n l y   d e s c r i b e   i n  
d e t a i l   t h e   t r a i n i n g   s t a g e .  

3 .  T R A I N I N G  STAGE 

The t r a i n i n g   s t a g e   c a n   b e   d i v i d e d   i n t o  
s e v e r a l   s t e p s :  image r eg i s t r a t ion   and   summat ion ,  
i n s p e c t i o n   r e g i o n  and t empla t e   fo rmula t ion ,  sam- 
p l e   t e s t i n g   a n d   i n s p e c t i o n   r e g i o n   r e d u c t i o n .  

-- 3.1 IMAGE REGISTRATION &NJ SUMMATION- 

A bas ic   requi rement   o f   the   p roposed   sys tem 
i s  t h a t  a l l  p a r t s   t o   b e   a n a l y z e d ,   e i t h e r   i n   t h e  
t r a i n i n g   s t a g e   o r   i n   t h e   o p e r a t i o n   s t a g e ,  
should e p r o p e r l y   r e g i s t e r e d   b e f o r e  image t ak ing .  
Perk ins   p roposed  a s o - c a l l e d   m u l t i s e c t o r   s e a r c h  
t e c h n i q u e   f o r   p a r t s   r e g i s t r a t i o n .   O t h e r   a p p r o a c h -  
es a l s o   a r e   p o s s i b l e .   F o r   e x a m p l e ,   j i g s   w i t h  
t h e i r   p o s i t i o n s   f i x e d   u n d e r   t h e   c a m e r a  may b e  
used .   Each   pa r t   t o   be   ana lyzed   can   be   f ed   i n to  
t h e   j i g   f o r   p o s i t i o n   r e g i s t r a t i o n   b e f o r e  image 
t ak ing .  A s  i t  w i l l  become c l e a r   l a t e r ,   t h e  
p a r t i a l  image of a p o s i t i o n i n g   j i g  w i l l  no t   have  
any e f f e c t  o n   t h e   r e s u l t i n g   i n s p e c t i o n   r a t e .  
N e c e s s a r i l y ,  we assume t h a t   t h e   b o u n d a r i e s   o f  
t r a i n i n g   p a r t s   l a b e l l e d  "bad" a r e   n o t  so s e v e r e l y  
damaged t h a t   t h e y   c a n n o t   b e   p o s i t i o n e d   s t a b l y  
w i t h i n   t h e   j i g .   S h o u l d   s u c h   p a r t s   a p p e a r   d u r i n g  
t h e   o p e r a t i o n   s t a g e ,   t h e y   c a n   b e   d e c l a r e d   s i m p l y  
as "bad."  This  approach i s  a p p r o p r i a t e   f o r   t h o s e  
i n d u s t r i a l   p a r t s  made by c a s t i n g   o r   m o l d i n g .  
Another  approach i s  t o   r e g i s t e r   p a r t s  images  by 
t h e i r   s h a p e s ,   e s p e c i a l l y   t h e i r   b o u n d a r y   s h a p e s .  
T h i s   r e q u i r e s   t h a t   e a c h   b a d   p a r t  be s u f f i c i e n t l y  
undamaged on i t s  boundary  that  i t  s t i l l  can  be 

b 

matched or   reg is te red   by   any   boundary   matching  
methods  with a re ference   shape   boundary   ob ta ined  
through  averaging  the  images of a l l   t h e  good 
t r a i n i n g   p a r t s ,   o r   f r o m   t h e   t e c h n i c a l   d r a w i n g  of 
a good p a r t .   T h i s   a p p r o a c h   n e e d s   f u r t h e r  test- 
i n g .  

9 

Now assume a l l  the  images of t h e   t r a i n i n g  
p a r t s   h a v e   b e e n   t a k e n ,   t h r e s h o l d e d ,   a n d   r e g i s t e r -  
ed.  L e t  t h e   s i z e  of  each  image  be I by J ,  and 
t h e  number of good p a r t s   a n d   b a d   p a r t s   b e  m and 
n ,   r e s p e c t i v e l y .  L e t  M ( i , j )   d e n o t e   t h e   p i x e l  
v a l u e  (0 o r  1) of  an  image M a t  p o s i t i o n   ( i , j ) .  
Each p i x e l   w i t h   v a l u e  1 i s  s a i d   t o   b e   a n   o b j e c t  
p o i n t ; o t h e r w i s e ,  i t  i s  c a l l e d  a background  point .  
Imagine a l l  the   images   a r e  'summed U D '  and  count 
t h e   f o l l o w i n g   v a r i o u s  
l z i 5 1 ,  1 L j Z . J :  

p i x e l   f r e q u e n c i e s   f o r   a l l  

f d b ( i , j )  = t o t a l  
a t   ( i , j )  i n  d e f e c t i v e   p a r t s  
images. 

n o .   o f   o b j e c t   p o i n t s   a t  
i n  good pa r t s   images ;  
no.  of  background  points a t  
i n  good pa r t s   images ;  
no. of o b j e c t   p o i n t s  a t  
i n   d e f e c t i v e   p a r t s   i m a g e s ;  
no.  of  background  points 

f ( i , j )  = m a n d   f d o ( i , j )  + fd, ,( i , j)  = n .  
gb 

A s  an   example ,   t he   pa r t s  shown i n   F i g .  1 a r e  
u s e d   t o   i l l u s t r a t e  how good p a r t s  and  bad p a r t s  
are determined.  The r e s u l t  of t h e   p r e v i o u s  
summation  step i s  shown i n   F i g .  2 .  This  example 
w i l l  b e   c o n t i n u e d   t h r o u g h   t h i s   p a p e r   t o   i l l u s -  
t ra te  t h e   s t e p s   o f   t h e   t r a i n i n g   s t a g e .  

3.2 INSPECTION REGION AND TEMPLATE  FORMULATION __ 

The  main  purpose  of t h i s   s t e p  i s  t o   s e l e c t  
o n e   b y   o n e ,   t h o s e   ' f e a t u r e   p o i n t s '   u s e f u l   f o r  
d i s c r i m i n a t i n g  good p a r t s   f r o m   b a d   p a r t s  and t h e n  
t o   g e n e r a t e  a t empla t e   fo r   t he   ma tch ing   ope ra t ion .  
Obviously,  a t  a po in t   ( i , j ) ,   where   t he   background  
o r   o b j e c t   p o i n t  is found i n   a l l   t h e  good p a r t s  
images  and  the  bad  par ts   images,   the   information 
a t  t h i s   p o i n t   ( i , j )  becomes u s e l e s s   f o r   p a r t s  
d i scr imina t ion   and   should   be   ignored .   That  i s ,  
we e x c l u d e   a n y   p o i n t   ( i , j )   w i t h   t h e   f r e q u e n c i e s  
s a t i s f y i n g  

o r   e q u i v a l e n t l y ,  

f r o m   f u r t h e r   c o n s i d e r a t i o n  as a p o i n t   i n   t h e  
d e s i r e d   i n s p e c t i o n   r e g i o n .  

Conversely,  w e  may c o n s i d e r   e a c h   ( i , j )   o f  
t he   r ema in ing   po in t s  as a c a n d i d a t e   p o i n t   i n   t h e  
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d e s i r e d   i n s p e c t i o n   r e g i o n   i f   t h e   f r e q u e n c y  
v a l u e s  a t  t h i s   p o i n t   c o n t a i n  enough  information 
f o r  good  and  bad p a r t s   d i s c r i m i n a t i o n .   i f  w e  
r e g a r d   t h e   b i n a r y   v a l u e   a t   ( i , j )  as t h e   o n l y  
f e a t u r e   f o r   d i s c r i m i n a t i o n ,   a c c o r d i n g   t o  

s t a t i s t i c a l   p a t t e r n   r e c o g n i t i o n  theory'', t hen  
the   fou r   t e rms   i n   Eqs .  (1) and (2) are j u s t   t h e  
c o n d i t i o n a l   p r o b a b i l i t y   v a l u e s   w i t h   r e s p e c t   t o  
t h e  good  and t h e   d e f e c t i v e   p a r t s   " c l a s s e s "  
(denoted as g   and   d ,   respec t ive ly) ,  i. e . ,  

m 

p ( x .  = 1"jd) = f d ~ ( i 7 j )  , p(xij=Old)= 
I j  n 

If we a s s i g n   t h e   v a l u e  0 t o   t h i s   p o i n t   ( i , j )   f o r  
use i n   t h e   t e m p l a t e   ( i . e . ,   t h e   i n s p e c t i o n  t e m -  
p l a t e   h a s   t h e   v a l u e  0 a t   ( i , j ) )  a n d   r e c l a s s i f y  
a l l  t h e   t r a i n i n g   p a r t s ,  good o r   d e f e c t i v e ,  
a c c o r d i n g   t o   t h e   v a l u e  a t  t h i s   p o i n t   ( i . e . ,  we 
cons ide r  a p a r t  as "good" i f  i t  h a s   t h e  
v a l u e  0 a t  ( i , i ) ) ,   t h e n   e x a c t l y  f ( i , j )   o f   t h e  

o r i g i n a l l y - l a b e l l e d  good p a r t s  w i l l  be m i s -  
c l a s s i f i e d  as "de fec t ive"   and   fdb   ( i , j )  of t h e  

o r i g i n a l l y - l a b e l l e d   d e f e c t i v e   p a r t s  w i l l  be  
m i s c l a s s i f i e d  as " g o o d . "   T h i s   r e s u l t s   i n   t h e  
f o l l o w i n g   p r o b a b i l i t y  of e r r o r :  

go 

where  P(g)  and  P(d) are t h e  a p r i o r i   p r o b a b i l i -  
t ies  o f   t h e  two c l a s s e s ,   r e s p e c t i v e l y .  Similar- 
l y ,   i f  w e  a s s i g n   t h e   v a l u e  1 t o   t h e   t e m p l a t e  a t  
p o s i t i o n   ( i , j ) ,   t h e n   t h e   p r o b a b i l i t y   o f   e r r o r  
w i l l  be :  

I f   E . . (O)  < E i j ( l ) ,   o b v i o u s l y  we s h o u l d   s e l e c t  

0 as t h e   t e m p l a t e   v a l u e  a t  p o s i t i o n   ( i , j ) ,  and 
then  Eij  (0) i s  t h e  Bayes e r r o r   p r o b a b i l i t y .  

Otherwise,  i f  Eij  (0) > Eij ( l ) ,  we  s e l e c t  1 as 

t h e   t e m p l a t e   v a l u e  a t  ( i , j )  and t h e  Bayes e r r o r  
p r o b a b i l i t y   i n s t e a d  is E . . ( l ) .   A g a i n ,   f o r  
po in t s   where  E (0) = E i i J  ( 1 ) ,   o r   e q u i v a l e n t l y ,  

a c c o r d i n g   t o  E q s .  (3) and ( 4 ) ,  

1 2  

14  

f ( i , j )  + f d b ( i , j )  = f ( i , j )  + f d o ( i , j ) , ( 5 )  go 
we may ignore  them ( i .e . ,   exc lude   them  f rom  the  

gb 

f i n a l   i n s p e c t i o n   r e g i o n )   b e c a u s e   t h e y  are n o t  
u s e f u l   f o r   p a r t s   d i s c r i m i n a t i o n .   A c t u a l l y ,   e i t h e r  
(1) o r  (2)  i m p l i e s   ( 5 ) .   I n   s h o r t ,  w e  can   p rec i se -  
l y   s p e c i f y   a n   i n s p e c t i o n   r e g i o n  R a n d   t h e   p i x e l  
T ( i , j )  o f   t he   co r re spond ing   i n sgec t ion   t empla t e  

T a t   e a c h   p o i n t   ( i , j )   a s   f o l l o w s :  

and f o r   a l l   ( i , j )  E R n ,  

T o ( i , j )  = 0 if f ( i , j )  + f d b ( i , j )  c fgb  ( i , j ) +  
go 

f d o   ( i  , j )  . 
go 

= 1 i f  f ( i , j )  + f d b ( i , j )  > f g b ( i , j )  + 
f d 0 ( i , j ) .  (7) 

Also, d e f i n e  Eij  t o   b e  

'ij = min  (Eij ( O ) ,  Eij (1)) ( 8 )  
which w e  c a l l   t h e   p o i n t   e r r o r   p r o b a b i l i t y  a t  
( i , j ) .  

( l e f t -hand   s ide   o f  (5)) and 
frrb the + sums fdo  ' (KPght- + and  s ide  of  ( 5 ) ) ,  i n   F i g .  3. 

C o n t i n u i n g   t h e   i l l u s t r a t i v e   e x a m p l e ,  w e  show 

Values   for  (0) and Ei j  (1) are shown i n   F i g .  4 ,  

a n d   t h e   p o i n t   e r r o r   p r o b a b i l i t i e s  E . .  are shown i n  
F ig .  5. The i n s p e c t i o n   r e g i o n  Ro ai%! t empla t e  
T are shown i n   F i g .  6 .  

-- ______ 3.3 SAMPLE TESTING AND INSPECTION REGION REDUCTION 
The i n s p e c t i o n  t e m p l a t e  T-,  o b t a i n e d   i n   t h e  

las t  s t e p ,   c a n   b e   u s e d   t o   m a t z h  a l l  t h e   t r a i n i n g  
p a r t s   t o   a s c e r t a i n  its u t i l i t y .  We c a l l   t h i s  
s t e p   s a m p l e   t e s t i n g   w i t h i n   t h e   i n s p e c t i o n   r e g i o n  
Ro. The  match-measure we use  i s  s imply   t he  . 
number  of mismatched  points .   For  a g i v e n   t r a i n i n g  
sample  image M ,  t h i s  may be   s imply   and   prec ise ly  
de f ined  as 

Matching  each  training  sample  image M wi th  T 
r e s u l t s   i n  a y value,   which  can  be  considered 
as a f e a t u r e   e x t r a c t e d   o u t   o f  M.  T h e r e f o r e ,   a f t e r  
a l l  matchings   a re   done ,  we  can  compute the   p rob -  
a b i l i t y   d e n s i t i e s  p (y I g)  and p  (y I d )   f o r  a l l  y 
v a l u e s   f o r   b o t h   c l a s s e s  (good  and d e f e c t i v e )   ( s e e  
F ig ,  7 f o r   a n   i l l u s t r a t i o n ) .  From t h e s e   f u n c t i o n s  
a n d   a c c o r d i n g   t o   s t a t i s t i c a l   p a t t e r n   r e c o g n i t i o n ,  
we can   de t e rmine   an   op t ima l   dec i s ion   va lue  y wi th  
minimum Bayes e r r o r   p r o b a b i l i t y  E which w e  g a l l  
t h e   p i c t u r e   e r r o r   p r o b a b i l i t y .  Eo is j u s t   t h e  
ove r l app ing   po r t ion   o f   t he  two c o g d i t i o n a l   d e n s i t y  
f u n c t i o n s   a s  shown i n   F i g .  7 .  T h i s   e r r o r   r e s u l t s  
f rom  the  use  of  R and T o b t a i n e d   i n   t h e   l a s t   s t e p .  
Can t h i s   e r r o r  be'reducgd  by  changing R 
c o n c r e t e l y ,  by r e d u c i n g   t h e   s i z e   o f  R so t h a t  
templa,te  matching is enhanced?   Fur thgr   cons idera-  
t i o n   r e v e a l s   t h i s  is i n d e e d   p o s s i b l e ,   a l t h o u g h   n o t  
always. 

0 '  Or more 

R e c a l l   t h a t   e a c h   p o i n t   ( i , j )   i n  R h a s  a p o i n t  
e r r o r   p r o b a b i l i t y  E which  can  be  cgnsidered as 
the e f f e c t i v e n e s s   o g j l s i n g   ( i , j )   f o r   c l a s s  
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d i s c r i m i n a t i o n .  I n  f a c t ,   t h e   s m a l l e r   t h e  
va lue   o f   E i . ,   the  more e f f e c t i v e   t h e   p o m t   ( i , j )  
f o r   d i s c r i m i n a t i o n .   T h e r e f o r e ,   i f  we d e l e t e  
t h o s e   p o i n t s   w i t h   l a r g e  E . .  v a l u e s ,  i t  i s  
p o s s i b l e   t h a t   t h e   r e m a i &   p o i n t s   c o u l d   b e  made 
more e f f e c t i v e   f o r   d i s c r i m i n a t i n ,  o r  equ iva len t -  
l y ,   t h e   c o r r e s p o n d i n g   p i c t u r e   e r r o r   p r o b a b i l i t y  
E would become s m a l l e r   a f t e r   t e m p l a t e   m a t c h i n g .  

S ince   the   f requency   va lues   o f  f ( i , j ) ,   f g b ( i , j )  , 
f ( i , j ) ,  and f d b ( i , j )  are d i s c r e t e   w i t h  known 
maximums of m o r   n ,   t h e  number  of p o s s i b l e  E i j  
v a l u e s  , which  can  be  computed  from  the  frequency 
v a l u e s ,  w i l l  b e   f i n i t e .   T h e r e f o r e ,  w e  can 
success ive ly   pe r fo rm a sequence   of   inspec t ion  
r eg ion   r educ t ions ,   each  t i m e  s i m p l y   d e l e t i n g  
f rom  the   former   inspec t ion   reg ion  R ( wi th  R 

as t b e   i n i t i a l   o n e ) ,   t h o s e   p o i n t s   w i t h   t h e  
l a r g e s t   b u t   i d e n t i c a l  E v a l u e s ,   u n t i l   a l l  i j  
p o i n t s   i n  R a r e   d e l e t e d .   W i t h i n   t h e   r e s u l t i n g  
in spec t ion   Feg ion   s equence ,   t he re  must e x i s t  
one   r eg ion ,  %, w i t h   t h e  minimum corresponding 
p i c t u r e   e r r o r   p r o b a b i l i t y  EN. Th i s  means t h a t  
% can  be  regarded as a set o f   po in t s   wh ich   a r e  
m o s t   e f f e c t i v e  f o r  p a r t s   d i s c r i m i n a t i o n .   L e t  
T be  the  corresponding  template   and  yN  the 
opt imal   dec is ion   va lue   (match-measur ing   th re-  
s h o l d ) ,   t h e n   d u r i n g   t h e  la ter  o p e r a t i o n   s t a g e ,  
t h e  image   o f   each   i npu t   pa r t   t o   be   i n spec ted  
is matched  with  template  TN j u s t   w i t h i n   t h e  
Region s. The p a r t  i s  accep ted  as good i f   t h e  
r e su l t i ng   mi sma tch   po in t s   a r e   f ewer   t han  y 

A s  a c o n t i n u a t i o n   o f   t h e   i l l u s t r a t i v e  

go 

do 

i 

N 

N' 

example,   the  sequence of i n s p e c t i o n   r e g i o n s  
R t o  R (non "X" p o i n t s )   w i t h   r e d u c i n g   s i z e s ,  
t g g e t h e r   w i t h   t h e i r   i n s p e c t i o n   t e m p l a t e s  To t o  

T5, a n d   p r o b a b i l i t y   d e n s i t y   f u n c t i o n   ( p d f )  

d i a g r a m s   ( i n c l u d i n g   t h e   o p t i m a l   d e c i s i o n   v a l u e s   y i  

and p i c t u r e   e r r o r   p r o b a b i l i t i e s   E . )   a r e  shown i n  

F igs .  7-12. As  can   be   s een   f rom  th i s   s equence  
o f   i l l u s t r a t i o n s ,  when R is u s e d   a s   t h e  

i n s p e c t i o n   r e g i o n ,  some p i c t u r e   e r r o r   p r o b a b i l i t y  
E # 0 i s  produced. A s  R is r e d u c e d   t o  R 4 ,  which 

i n c l u d e s   o n l y   t h e   f o u r   c e n t r a l   p o i n t s   i n   t h e  4 x 
4 p i c t u r e ,   t h e  two sets of p a r t s   c a n   b e   f u l l y  
d i s c r i m i n a t e d   w i t h o u t   a n y   e r r o r  (E4 = 0) a t  t h e  
d e c i s i o n   v a l u e   y 4  =1. The f a c t   t h a t   t h e   f o u r  
m i d d l e   p o i n t s   a l o n e   a r e   s u f f i c i e n t   f o r   p a r t s  
d i sc r imina t ion   can   be   ve r i f i ed   by   check ing   t he  
good p a r t s   o n e  by  one.   Each  of  the  good  parts 
i n c l u d e s  a l l  four   middle   po in ts ,   bu t   none   of   the  
bad p a r t s   i n c l u d e  a l l  f o u r   m i d d l e   p o i n t s .  How- 
e v e r ,   t h i s   f a c t  is not   obvious a t  t h e   b e g i n n i n g  
o f   t h e   l e a r n i n g   s t a g e .  

5 

- 4 .  LEARNING ALGORITHM 

The f o l l o w i n g   l e a r n i n g   a l g o r i t h m  i s  p resen ted  
t o   c o n s o l i d a t e   d e s c r i p t i o n   o f   t h e   p r o p o s e d   l e a r n -  
i n g   a n d   t o   f a c i l i t a t e   u n d e r s t a n d i n g   a n d   p r o g r a m -  
ming.  The n o t a t i o n s   h a v e   a l r e a d y   b e e n   d e f i n e d   i n  
t h e   p r e v i o u s   s e c t i o n s ,  

Algorithm LEMNING 
Inpu t  Sample good p a r t s  images G 

G and Dad p a r t s  images D1,D 2 . . . D  wi-ch 

s i z e  I x J .  A l l  images a r e  assumed t o   h e  
r e g i s t e r e d   a n d   t h r e s h o l d e d .   M ( i , j )  i s  t h e   b i n a r y  
value  of  image M a t  ( i ,  j )  . 

4, G* ' . . . ,  

m n 

Output Xinimum i n s p e c t i o n   r e g i o n  % wi th  
cor responding   templa te  TN and  optimal  match- 
measure  threshold y N .  

S t eps  (1) "Sum up" a l l  good p a r t s  images 
and   count   the   f requencies  f ( i ,   j )  and f ( i ,  j) 
as fo l lows  f o r  a l l  1 5 i < '?,I 5 j 5 J ? ~  - m 

f ( i , j )  = X G i ( i , j ) ,  
go i=l 

gb  go 
f ( i , j )  = m - f ( i , j ) .  

(2) "Sum up" a l l  bad pa r t s   images  

do and   coun t   t he   f r equenc ie s  f ( i , j )  a n d   f d b ( i , j )  

as f o l l o w s   f o r   a l l  1 5  i 5 1,1 z j 5 J: 
n 

f (5  5 3  e )  = C D i ( i , j ) ,  
do i=l 

( 3 )  Se t  up i n t i a l   i n s p e c t i o n   r e g i o n  
R and  template  T a c c o r d i n g   t o  E q s .  (6 )  and ( 7 ) ,  

r e s p e c t i v e l y .  

each  sample  image M w i t h  T w i t h i n  R and  compute 
t h e  number  of  mismatches  yoaccording  to  Eq. ( 9 ) .  

y a n d   p i c t u r e   e r r o r   p r o b a b i l i t y ,  E by t h e  

fo l lowing   subs t eps :  

(4)   Perform  sample  tes t ing  by  matching 

(5) Compute o p t i m a l   d e c i s i o n   v a l u e  

(5.1) Le t  Y = {y y g , . . . , y g l   b e   t h e  

s e t  of a l l  y v a l u e s   f o r  good p a r t s  and l e t  #y 

d e n o t e   t h e   t o t a l  number  of yk v a l u e s ,  1 < k < K .  
Note t h a t  

1 2  K 
g g' k 

8 

8 

k= 1 

( 5 . 2 )   S i m i l a r l y ,   l e t  Yd = 
1 7 .  L 

d .  . i yd,  yd ... y 1 b e   t h e  set of a l l  y v a l u e s   f o r  

bad p a r t s   w i t h  y1 < l y i   i f  i < j ,  1 < i, j 5 L. 

Le t  Y = Y U Yd = i y  , y2 .   . . , y  1 with   y l<  yJ' i f  

i < j .  

Note t h a t  

Q 
- . .  

g 

q = l  
(5 .3)   For   each 1 5 q f Q ,  compute a 

c o r r e s p o n d i n g   p i c t u r e   e r r o r   p r o b a b i l i t y  Eq which 

r e s u l t s   f r o m   u s i n g  yq as t h e   d e c i s i o n   v a l z e   ( i . e . ,  
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r e j e c t  a p a r t  as bad i f  i t s  corresponding y 
v a l u e  i s  n o t  less t h a n   y q ) :  

( 5 . 4 )   S e t   t h e   d e s i r e d   p i c t u r e   e r r o r   p r o b -  
a b i l i t y  E a s  

and t h e   o p t i m a l   d e c i s i o n   v a l u e ,   y o   a s   y r .  

(6)   Per form  inspec t ion   reg ion   reduct ion  
by t h e   f o l l o w i n g   s u b s t e p s :  

(6.1) Compute p o i n t   e r r o r   p r o b a b i l i t i e s ,  
E .  . f o r   a l l   ( i , j )  E Ro a c c o r d i n g   t o   e q s .  ( 3 ) ,  

( 4 ) ,  and  (8).   Let E = { E l ,  E'.. . ,E 1 denote  
t h e   r e s u l t i n g  set o f   s u c h   p r o b a b i l i t i e s   w i t h  Ei 

13  P 

(6.2 
r e g i o n  RP 

Rp = 

Tp ( i  

< j ,  l ~ i ,  j ( P .  

Assoc ia te   each  Ep E E w i t h  a sub- 
and a sub templa t e  Tp: 

(6.3)  For t = 1 t o  P - 1, perform  Substeps 
(6.4)  and  (6.5)  below. 

(6.4) Compute Rt = - R as t h e  new 
Rt - 1 

t 

inspec t ion   r eg ion   w i th   co r re spond ing  new t empla t e  
T ( i , j )  = T o ( i , j )   f o r   a l l   ( i , j )  E R t .  
t 

(6.5) Compute new o p t i m a l   d e c i s i o n   v a l u e  
y t   a n d   p i c t u r e   e r r o r   p r o b a b i l i t y  Et a cco rd ing  

to   Step  (5)   above.  

(6.6)  Find E s u c h   t h a t  Es = 
min an8 set 

o c t i p - 1  

t h e   d e s i r e d   o u t p u t s  as fo l lows :  

- 5.  SUMMARY AND DISCUSSION 

We have   descr ibed  a computer   vis ion  system 
w i t h   l e a r n i n g   a b i l i t y   f o r   a u t o m a t e d   p a r t s  
i n s p e c t i o n   a p p l i c a t i o n s .  The l e a r n i n g   a l g o r i t h m ,  
a s   i l l u s t r a t e d  by example ,   has   t he   capab i l i t y   o f  
s e l e c t i n g   t h e  smallest b u t   m o s t   e f f e c t i v e  

i n s p e c t i o n   r e g i o n   w i t h i n   t h e  image f i e l d   f o r  
p a r t s   d i s c r i m i n a t i o n .   T h i s  i s  accomplished  by 
c o n s i d e r i n g   e a c h   p i x e l   v a l u e   a s  a f e a t u r e ,   a n d  
through a f e a t u r e   s e l e c t i o n   p r o c e s s   t h a t   r e d u c e s  
t h e   v i a b l e   i n s p e c t i o n   r e g i o n .  The system is 
v e r s a t i l e   a n d   d o e s   n o t   r e q u i r e   a n   o p e a r t o r   t o  
i d e n t i f y   d e f e c t s   i n   t h e   i n p u t   p a r t s   d u r i n g   t h e  
learn ing   s tage .   Because   the   approach  i s  based  on 
s t a t i s t i c a l   p a t t e r n   r e c o g n i t i o n   t h e o r y ,  a 
s u f f i c i e n t  number o f   p a r t s   s h o u l d   b e   s u p p l i e d  
f o r   l e a r n i n g  s o  t h a t   t h e   f i n a l   i n s p e c t i o n  
r e g i o n  i s  r e l i a b l e .  The i n s p e c t i o n   p r o c e d u r e  
d u r i n g   t h e   o p e r a t i o n   s t a g e  is r e l a t i v e l y  
un t roub lesome   i n   t ha t   on ly   t empla t e   ma tch ing   o f  
b i n a r y   p i c t u r e s  i s  r e q u i r e d .   T h i s   g r e a t l y  en- 
hances  the  speed of i n spec t ion ,   one  of the   most  
i m p o r t a n t   c o n c e r n s   i n   a u t o m a t e d   i n d u s t r i a l  
i n s p e c t i o n   a p p l i c a t i o n s .  

I t  s h o u l d   b e   e m p h a s i z e d   t h a t   i n   a d d i t i o n  
t o   s i m p l i f i e d   s y s t e m   o p e r a t i o n s ,   t h e   p r o p o s e d  
v i s u a l   i n s p e c t i o n   s y s t e m   p r o m i s e s   t o   e n h a n c e   t h e  
inspec t ion   accuracy   and   product ion   , th roughout .  
Moreover, the system is s u f f i c i e n t l y   g e n e r a l   t o  
b e   a d a p t a b l e   t o  a w i d e   r a n g e   o f   i n d u s t r i a l   p a r t s  
i n s p e c t i o n   t a s k s .  The p r o p o s e d   l e a r n i n g   a l g o r i -  
thm should  be  extendable   to   gray-valued  images 
a s   w e l l .  
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FIG.l  Sample P a r t s  Used For   Learning - In  Tra in ing   S t age  

(A)No. of o b j e c t   p o i n t s  (B)No. of  background (C)No, of o b j e c t   p o i n t s  (D)No. of background  points  
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FIG. 2 Summation R e s u l t s  
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(A) Sum o f  V a l u e s   i n  
FIG. 2(A) & 2(D) 
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(B) Sum of Values  i n  
FIG.  2(B) & 2 ( C )  

F ig .  3 Sums For   D i sc r imina t ion  
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(B) Eij  (1) Values 

F i g .  4 P r o b a b i l i t i e s  of E r ro r   Va lues  

F i g .  5 P o i n t   E r r o r   P r o b a b i l i t y   V a l u e s  

0 0 x 0  

O i l (  

0 1 1 0  
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(A) BO With One P o i n t  (B) To Values  
(marked X) Excluded 

F i g .  6 I n i t i a l   I n s p e c t i o n   R e g i o n  & Template 
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