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A b s t r a c t 

A v i s u a l i n p u t i s l i k e l y t o p l a y a n i m p o r t a n t r o l e 
i n many f u t u r e m e c h a n i c a l h a n d l i n g and i n s p e c t i o n 
systems. T h i s paper w i l l d e s c r i b e one e x p e r i ­
m e n t a l i m p l e m e n t a t i o n o f a machine o f t h i s t y p e ; 
a n a u t o m a t i c p r i n t e d c i r c u i t b o a r d d r i l l i n g 
machine i n w h i c h a T V camera i s used t o v i e w t h e 
b o a r d and a s m a l l computer i s used t o p r o c e s s t h e 
TV image. The computer c o n t r o l s t h e machine 
u s i n g o n l y t h e i n f o r m a t i o n e x t r a c t e d f r o m t h e 
p i c t u r e . 

I n t r o d u c t i o n 

I t i s becoming i n c r e a s i n g l y d i f f i c u l t f o r 
i n d u s t r y t o f i n d p e o p l e who a r e w i l l i n g t o d o 
d a n g e r o u s or monotonous j o b s . Those who a r e 
p e r f o r m i n g b o r i n g o r r e p e t i t i v e t a s k s a r e l i a b l e 
t o become f r u s t r a t e d and e r r o r p r o n e . Problems 
o f t h i s t y p e t o g e t h e r w i t h t h e i n c r e a s i n g c o s t o f 
manpower p r o v i d e s t r o n g i n c e n t i v e s f o r i n d u s t r y t o 
automate t h e i r p r o d u e t i o n l i n e s . 

W i t h t h e advent o f c o m p u t e r s , t r a d i t i o n a l 
f i x e d a u t o m a t i o n i s b e i n g s e l e c t i v e l y r e p l a c e d b y 
programmable n u m e r i c a l l y cont r o l l e d m a c h i n e s . 
These machines n e v e r t h e l e s s f o l l o w a f i x e d s e t o f 
i n s t r u c t i o n s , and i n g e n e r a l t h e y c a n n o t cope w i t h 
a change i n t h e i r e n v i r o n m e n t . A s c o m p u t e r s have 
become cheaper and more p o w e r f u l i t has become 
p o s s i b l e t o i n t r o d u c e i n t o f a c t o r i e s more i n t e l l i -
g e nt machines ( 1 ) w h i c h a r e aware o f t h e i r 
e n v i ronment and w h i c h a r e c a p a b l e o f r e a c t i n g t o 
changes i n t h a t e n v i r o n m e n t . Examples o f t h i s 
t y p e o f machine i n c l u d e H i t a c h i ' s v i s u a l l y 
c o n t r o l l e d b o l t t i g h t e n e r , and G e n e r a l M o t o r ' s 
system f o r p l a c i n g w h e e l s o n hubs ( 2 , 3 ) . I n 
t h i s paper w e a r e c o n c e r n e d w i t h m a c h i n e s w h i c h 
examine t h e i r e n v i r o n m e n t w i t h v i s u a l s e n s o r s and 
w h i c h we c a l l v i s u a l l y c o n t r o l l e d m a c h i n e s . Much 
o f t h e d i s c u s s i o n however w o u l d a p p l y t o machines 
e q u i p p e d w i t h o t h e r t y p e s o f s e n s o r . 

J u s t i f i c a t i o n f o r V i s u a l l y C o n t r o l l e d A u t o m a t i o n 

I t can b e a r g u e d t h a t t h e r e s h o u l d b e n o need 
f o r v i s u a l l y c o n t r o l l e d m a c h i n e s i n t h e i d e a l 
a u t o m a t i c f a c t o r y . C o n s i d e r f o r example, t h e 
p r o b l e m o f a u t o m a t i c a s s e m b l y . I f t h e o r i e n t a -
t i o n and p o s i t i o n o f a l l components were p r e s e r v e d 
f r o m t h e p o i n t o f i n i t i a l f a b r i c a t i o n , where t h e y 
are w e l l known, t o t h e f i n a l assembly i n t o t h e 
c o m p l e t e d p r o d u c t , t h e n ' b l i n d a u t o m a t i o n ' w o u l d 
b e q u i t e s a t i s f a c t o r y . I n p r a c t i c e however t h e r e 
a r e many r e a s o n s why t h i s d e s i r a b l e g o a l c a n n o t be 
a c h i e v e d . I t may o f t e n b e n e c e s s a r y t o M e t go' 
o f p a r t s , ( f o r example when s m a l l s h e e t m e t a l 
p r e s s i n g s a r e p l a t e d o r d e b u r r e d ) , and t o s t o r e 
t hem between m a n u f a c t u r e and a s s e m b l y . If t h e 
components a r e s t o r e d i n a ' l o o s e ' s t a t e , t h e n 
e i t h e r a p e r s o n o r a machine i s r e q u i r e d t o f e e d 
t h e component t o t h e a u t o m a t i c assembly machine. 
I n many c a s e s , t h i s p r o b l e m i s s o l v e d by i n g e n i o u s 
m e c h a n i c a l d e s i g n s such as bowl f e e d e r s . Some 

components however p r o v i d e h a r d e r p r o b l e m s f o r 
t h e m e c h a n i c a l d e s i g n e r and i t i s i n t h e s e 
c i r c u m s t a n c e s t h a t a v i s u a l l y c o n t r o l l e d machine 
i s u s e f u l . 

Thus v i s u a l l y c o n t r o l l e d machines may b e c o s t 
e f f e r t i v e when i t i s uneconomic t o keep components 
i n j i g s , when f r e q u e n t p r o d u c t changes make 
c o m p l e t e programming e x p e n s i v e , o r when i t i s 
i m p o r t a n t t o d e t e c t d r i f t s i n t h e p r o d u c t o r 
machine ( 2 - 5 ) . 

The A p p l i c a t i o n o f V i s u a l C o n t r o l t o D r i l l i n g 
P r i n t e d C i r c u i t Boards 

The d r i l l i n g o f P r i n t e d C i r c u i t Boards (PCBs) 
under v i s u a l c o n t r o l i s a p r o b l e m i n w h i c h b o t h 
t h e m e c h a n i c s and t h e scene a n a l y s i s a r e r e l a t i v ­
e l y s i m p l e . The s o l u t i o n t o t h e p r o b l e m c o u l d 
however have g e n u i n e p r a c t i c a l a p p l i c a t i o n . 

I n r e s e a r c h l a b o r a t o r i e s and o t h e r e s t a b l i s h ­
ments i n w h i c h PCBs a r e made i n v e r y s h o r t r u n s 
o f s m a l l numbers o f b o a r d s , t h e b o a r d s a r e o f t e n 
d r i l l e d by hand u s i n g a s i n g l e s p i n d l e d r i l l i n g 
machine such a s t h a t i l l u s t r a t e d d i a g r a m m a t i c a l l y 
i n F i g . l a . 

1 . The Manual D r i l l i n g o f P r i n t e d C i r c u i t Boards 

The o p e r a t o r v i e w s t h e b o a r d t h r o u g h t h e e y e ­
p i e c e , w h i c h c o n t a i n s a c r o s s w i r e i n d i c a t i n g t h e 
p o s i t i o n o f t h e d r i l l ( F i g . l b ) . T o d r i l l a h o l e , 
he moves t h e b o a r d u n t i l t h e p o i n t t o be d r i l l e d 
c o i n c i d e s w i t h t h e c r o s s w i r e , and t h e n a c t u a t e s 
t h e d r i l l . The e x p e r i m e n t a l equipment b u i I t a t 
MRL t o aut o m a t e t h i s p r o c e s s and r e p l a c e t h e human 
o p e r a t o r b y a computer v i s i o n s y s t e m , i s i l l u s t r a -
t e d d i a g r a m m a t i c a l l y i n F i g . 2 and b y t h e p h o t o ­
g r a p h i n F i g . 3 . The b o a r d i s v i e w e d , v i a a h a l f -
s i l v e r e d m i r r o r , b y a T V camera w h i c h i s i n t e r ­
f a c e d to a H o n e y w e l l 516 c o m p u t e r . The TV v i d e o 
s i g n a l can b e sampled w i t h a maximum r e s o l u t i o n o f 
300 x 400 p i c t u r e e l e m e n t s ( p i x e l s ) o v e r t h e f i e l d 
o f v i e w o f t h e camera, and each p i x e l can b e 
d i g i t i s e d t o 5 b i t s . 
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The board can be moved over the t a b l e by 
means of s t e p p i n g motors which are a l s o computer 
c o n t r o l l e d . The f u n c t i o n o f the c r o s s w i r e i n the 
manual machine is accomplished by p r o j e c t i n g a 
g r a t i c u l e ( a Maltese cross) i n t o the f i e l d o f the 
TV camera. This a l s o a l l o w s f o r automatic com­
pensation o f any d r i f t i n the T V system. 

The S t r u c t u r e of a P r a c t i c a l V i s u a l l y 
C o n t r o l l e d Machine 

The type o f v i s u a l l y c o n t r o l l e d machine i n 
which we are i n t e r e s t e d ( f i g . 4 ) can be c h a r a c t e r ­
ised b y f o u r main a t t r i b u t e s . F i r s t l y the 
machine is assumed to be working on a d e f i n e d t a s k 
w i t h i n a l i m i t e d r e a l w o r l d environment. A con­
c e p t u a l d e s c r i p t i o n of the task and the e n v i r o n ­
ment is given to the machine as a - p r i o r i i n f o r m a -
t i o n . 

Secondly the machine is equipped w i t h sensors 
which enable it to gather from the environment the 
informat ion i t r e q u i r e s t o perform the t a s k . 
T h i r d l y by u s i n g both the a - p r i o r i and the sensed 
i n i o r m a t i o n , the machine can const ruet i t s own 
i n t e r n a l concept ion o f the r e a l wurId i . e . i t s 
'world model' ( 8 , 9 ) . The model is assumed to be 
dynamic and may be updated by new data from the 
sensors. F o u r t h l y the main c o n t r o l un i t can use 
the w o r l d model to i n t e r p r e t sensed i n f o r m a t i o n 
and as a r e s u l t i n s t r u c t the motor c o n t r o l to take 
a c t i o n s in pursuance of the d e f i n e d t a s k . 

The World Model 

We d i s t i n g u i s h two eategor ies of iniormat ion 
w i t h i n the w o r l d model ( F i g . 5 ) , a set of 
' I n v a r i a n t s ' and a " s t a t e v e c t o r ' ( I t ) ) . The 
I n v a r i a n t s inc hide the as sumptions about the rea 1 
w o r l d s p e c i f i e d by the program d e s i g n e r , e.g. that 
the TV r a s t e r is p a r a l l e l to the X dispIacement of 
the d r i l l i n g machine t a b l e . I t might a l s o s t a t e 
t h a t a l i n e a r r e l a t i o n s h i p e x i s t s between move­
ments in the r e a l world ( t a b l e movements A T B) and 
cor r e s p o n d i n g displacements i n the t e l e v i s i o n 
p i c t u r e (image movements A T V ) . The a c t u a l value 
ol the scale g i v e n by ATB/ATV i s one of the 
elements of the s t a t e v e c t o r . 
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I n g e n e r a l the s t a t e v e c t o r i n c l u d e s those 
model parameters which might be changed when new 
i n f o r m a t i o n i s r e c e i v e d from the sensors. I n the 
case o f the d r i l l i n g machine, s t a t e v e c t o r 
elements i n c l u d e the c u r r e n t l o c a t i o n o f the t a b l e , 
the d r i l l , and the p r o j e c t e d g r a t i c u l e i n the 
f i e l d o f view. A l s o contained w i t h i n the s t a t e 
v e c t o r i s a h i s t o g r a m o f the grey l e v e l s i n the 
p i c t u r e being processed. I f a t any t i m e , the 
machine f a i l s t o c a l c u l a t e a v a l u e f o r any p a r t 
o f the s t a t e v e c t o r , i t may e i t h e r c a l l f o r h e l p 
o r u t i l i s e the ' d e f a u l t v a l u e ' which i s i n c l u d e d 
w i t h i n t h e a - p r i o r i i n f o r m a t i o n g i v e n t o the 
machine by the o p e r a t o r when he s e t s it up. 

The Use of V i s u a l Feedback 

As w e l l as u s i n g sensed i n f o r m a t i o n to 
determine a course of a c t i o n , the sensors can 
a l s o be used to monitor the progress of the 
a c t i o n (11-13). I f the a c t i o n appears t o b e 
i n c o r r e c t , t h i s may be because the motor c o n t r o l 
i s f a u l t y , the mechanism i s i n a c c u r a t e , the 
machine's v i s i o n i s d i s t o r t e d , the w o r l d model 
i s i n c o r r e c t , o r the a — p r i o r i i n f o r m a t i o n was 
f a l s e . 

The machine can p r o b a b l y compensate f o r 
e r r o r s in the motor c o n t r o l or the mechanism by 
o b s e r v i n g the r e s u l t s o f the a c t i o n and g i v i n g 
new i n s t r u c t i o n s . T h i s suggests t h a t machines 
equipped w i t h v i s u a l feedback may r e q u i r e l e s s 
accurate mechanics. I f the c o r r e c t i v e a c t i o n s 
d o not succeed i t i s p r o b a b l y because the w o r l d 
model i s n o longer v a l i d (perhaps the m a g n i f i ­
c a t i o n of a zoom lens hs changed). If the main 
c o n t r o l decides t h a t i t i s the w o r l d model which 
i s a t f a u l t then i t can e n t e r a model u p d a t i n g 
phase s i m i l a r t o the model i n i t i a l i s a t i o n phase 
( S e c t i o n 3.1). False a - p r i o r i i n f o r m a t i o n o r 
d i s t o r t e d v i s i o n are l i k e l y t o b e hard t o cope 
w i t h , and i n p r a c t i c e would probably r e s u l t i n 
c a l l s f o r e x t e r n a l h e l p . 

Hand-Eye Machine in U n i v e r s i t y and I n d u s t r y 

Hand-eye machines of the type d e s c r i b e d 
above developed i n v a r i o u s A r t i f i c i a l I n t e l l i g e n c e 
L a b o r a t o r i e s . In many cases the aim of these 
p r o j e c t s has been the development of i n t e l l i g e n t 
machines f o r t h e i r own sake, a l t h o u g h the ideas 
have sometimes a l s o been a p p l i e d to p r a c t i c a l 
problems i n order t o demonstrate the v e r s a t i l i t y 
of the system (14,15). 

I n i n d u s t r y , the s i t u a t i o n i s r e v e r s e d . W e 
are t r y i n g t o s o l v e r e a l problems a t the minimum 
cost and we o n l y use machine i n t e l l i g e n c e where it 
o f f e r s a r e a l advantage. I n s t e a d o f t r y i n g t o 
make machines solve complex problems, we t r y to 
make the problems and the equipment r e q u i r e d as 
simple as p o s s i b l e . These d i f f e r e n c e s in 
approach w i l l b e i l l u s t r a t e d b y the d e s c r i p t i o n 
o f the v i s u a l l y c o n t r o l l e d d r i l l i n g machine. 

S t r a t e g y and Program 

As mentioned in the i n t r o d u c t i o n , the 
v i s u a l l y c o n t r o l l e d d r i l l i n g machine i s intended 
to r e p l a c e a manually operated machine. 

The human o p e r a t o r ' s t a s k of d r i l l i n g the 
board is a p p r o x i m a t e l y described by the f l o w 
c h a r t s of Fig.6a. He f i r s t undergoes an 

' i n i t i a l i s a t i o n ' phase d u r i n g which he e s t a b l i s h e s 
h i s 'world model'. He checks such t h i n g s as the 
accuracy of the correspondence between tho p o s i ­
t i o n o f the d r i l l and the c r o s s w i r e , and the 
r e l a t i o n s h i p between moving the board on the t a b l e 
and the r e s u l t i n g movement of the image of the 
board i n h i s vi e w e r . Once the i n i t i a l i s a t i o n i s 
complete he s y s t e m a t i c a l l y moves the board under 
the viewer, scanning the image f o r d r i l l i n g 
p o i n t s . As soon as he spots something t h a t might 
be a d r i l l i n g p o i n t , he stops moving the board and 
examines the c a n d i d a t e p o i n t more c a r e f u l l y . I f 
he c o n f i r m s i t i s a d r i l l i n g p o i n t , he moves i t t o 
c o i n c i d e w i t h t h e c r o s s w i r e , and d r i l l s a h o l e . 
At t h i s p o i n t he can check whether the d r i l l e d 
h o l e i s e x a c t l y i n the c e n t r e o f the d r i l l i n g 
p o i n t . I f h e notes a c o n s i s t e n t e r r o r i n the 
p o s i t i o n of the h o l e , he may decide to a d j u s t h i s 
'world model' a c c o r d i n g l y . The above sequence of 
o p e r a t i o n s i s repeated u n t i l a l l holes have been 
d r i l l e d . 

The computer program in the H516 f o l l o w s a 
sequence analogous to the human o p e r a t o r ' s , as 
i l l u s t r a t e d i n Fig.6b. I t f i r s t e n t e r s the 
i n i t i a l i s a t i o n phase d u r i n g which t h e sc a l e 
between t a b l e and image movement, the p o s i t i o n of 
the p r o j e c t e d g r a t i c u l e , and the r e l a t i o n s h i p 
between the g r a t i c u l e and a d r i l l e d hole arc 
determined. The main d r i l l i n g phase i s then 
entered d u r i n g which the board i s s y s t e m a t i c a l l y 
searched f o r d r i l l i n g p o i n t s b y scanning a 
sequence of a d j a c e n t sub-areas (each 57 x 57 
p i x e l s ) of the board ( F i g . 7 ) . The TV i n t e r f a c e 
samples the TV v i d e o and converts it i n t o a 
d i g i t a l s i g n a l o f 5 b i t s per p i x e l (32 grey l e v e l s 
i n which 0 is w h i t e and 31 is b l a c k ) . By t h i s 
means, an image such as t h a t i l l u s t r a t e d i n Fig.8 
i s s t o r e d i n t h e computer. 
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The r e g i o n encompassing the candidate is then 
rescanned to o b t a i n a h i g h e r r e s o l u t i o n image. 
T h i s i s t h r e s h o l d e d t o a b i n a r y image which i s 
examined by t r a c i n g the b l a c k w h i t e boundary 
( F i g . 9 ) ( 1 6 ) . I f the shape o f the boundary i s 
c o n s i s t e n t w i t h t h a t o f a d r i l l i n g p o i n t ( i . e . 
i t approximates t o a c i r c l e ) , the t a b l e i s moved 
t o b r i n g the c e n t r e o f the d r i l l i n g p o i n t ( t h e 
c e n t r e o f the c i r c l e ) i n t o coincidence w i t h the 
assumed d r i l l l o c a t i o n , and a hole i s d r i l l e d . 
T h i s process c o n t i n u e s u n t i l a l l sub-areas have 
been scanned and a l l d r i l l i n g p o i n t s have been 
d r i l l e d . 

I n i t i a l i s a t i o n 

The o b j e c t o f the i n i t i a l i s a t i o n procedure 
i s t o a s s i g n a n i n i t i a l n u m e r i c a l v a l u e t o the 
elements of the s t a t e v e c t o r (XSCALE, YSCALE, 
XDRILL, YDRILL, XGRAT, YGRAT, XTAB, YTAB). The 
d e t e r m i n a t i o n of these values can be e i t h e r 
e n t i r e l y automatic or i n an i n t e r a c t i v e mode i n 
which the user m o n i t o r s each o p e r a t i o n . I f any 
automatic o p e r a t i o n appears to the machine to have 
f a i l e d , the program assigns the d e f a u l t v a l u e t o 
t h a t element of the s t a t e v e c t o r . 

The i n i t i a l i s a t i o n procedure assumes t h a t 
the board c o n t a i n s an 'empty r e g i o n ' w i t h o u t any 
p a t t e r n except a Maltese cross (which may e i t h e r 
have been etched i n t o the copper or stuck on to 
the board by the u s e r ) . The user p o s i t i o n s the 
board s o t h a t t h i s cross i s i n the f i e l d o f view 
of the TV camera and the program l o c a t e s the 
c e n t r e of the cross u s i n g a two pass process. 
I n the f i r s t pass t h e TV p i c t u r e i s c o a r s e l y 
sampled (every 16th p o i n t from the r e c t a n g u l a r 
g r i d ) and a simple o p e r a t o r , d e s c r i b e d in Section 
4.2, i s used t o f i n d 'candidate' l o c a t i o n s f o r the 
c e n t r e of the c r o s s . In the second pass the area 
around each candidate is rescanned at a h i g h e r 
r e s o l u t i o n , and examined w i t h the more e l a b o r a t e 
o p e r a t o r d e s c r i b e d in S e c t i o n 4.3. The c e n t r e 
of the Maltese cross should be d e t e c t e d at one of 
the candidate l o c a t i o n s . The board is then 
s h i f t e d a known d i s t a n c e in X and Y and the new 
p o s i t i o n o f the cross i n the T V p i c t u r e i s 
d etermined. XSCALE and YSCALE can now be 
c a l c u l a t e d (see F i g . 1 0 ) . 
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The purpose o f the p r o j e c t e d g r a t i c u l e i s t o 
act as a secondary datum d e f i n i n g the p o s i t i o n of 
the d r i l l , the p r i m a r y datum be i n g the a c t u a l 
p o s i t i o n o f a d r i l l e d h o l e ( F i g . 1 1 ) . The g r a t ­
i c u l e p r o j e c t o r i s mounted, independently from 
the TV camera, on the main frame of the d r i l l i n g 
machine. T h e r e f o r e , the r e l a t i v e p o s i t i o n s , i n 
the T V p i c t u r e , o f the g r a t i c u l e and the d r i l l 
are u n a f f e c t e d by an mechanical movements or 
e l e c t r o n i c d r i f t s i n the camera. Although by 
p r i o r adjustment t h e c e n t r e o f the Maltese cross 
i s arranged t o correspond t o t h e d r i l l p o s i t i o n , 
mechanical d r i f t s i n the p r o j e c t o r can i n t r o d u c e 
a displacement i n t h e i r r e l a t i v e p o s i t i o n . This 
o f f s e t i s c a l c u l a t e d b y d r i l l i n g a t e s t hole i n 
the board as d e s c r i b e d below. 

11. D e t e r m i n a t i o n of the O f f s e t between the 
P r o j e c t e d G r a t i c u l e and the D r i l l 

I n the next phase of the i n i t i a l i s a t i o n 
procedure the Maltese cross g r a t i c u l e i s switched 
on and appears in the TV p i c t u r e . I t s p o s i t i o n 
i s determined by the same method as t h a t used f o r 
the cross on the board. The p r o j e c t e d g r a t i c u l e 
i s then switched o f f , and the program r e l o c a t e s 
the cross on the board. It then searches f o r a 
s m a l l (20 x 20 p i x e l ) empty area which it 
p o s i t i o n s at XGRAT, YGRAT. The t e s t h o l e , which 
i t i s assumed w i l l f a l l w i t h i n t h e scanned area, 
i s d r i l l e d and i t s p o s i t i o n determined u s i n g the 
method employed t o l o c a t e d r i l l i n g p o i n t s ( S e c t i o n 
3 ) . Since the p o s i t i o n o f the g r a t i c u l e has 
a l r e a d y been found, the o f f s e t between d r i l l and 
g r a t i c u l e can now be c a l c u l a t e d . 

Movement S t r a t e g y and the R e g i s t r a t i o n of 
Sub-Areas 

An i m p o r t a n t f e a t u r e of t h e c o n t r o l program 
i s i t s a b i l i t y t o e x p l o r e the whole board w i t h o u t 
m i s s i n g o r r e p r o c e s s i n g any r e g i o n s . T h i s i s 
accomplished by s t a r t i n g in one corner of the 
board and by s y s t e m a t i c a l l y p r o c e s s i n g successive 
sub-areas in a b o u s t r o p h e d a l r o u t e as shown in 
Fig.12. 

For each sub-area being processed f o r 
d r i l l i n g a n area f o u r times the s i z e o f the sub-
area i s scanned, the o t h e r t h r e e sub-areas b e i n g 
concerned w i t h the r e g i s t r a t i o n between one 
d r i l l e d sub-area and the n e x t . One of these 
t h r e e w i l l b e the next t o b e d r i l l e d and t h i s 
sub-area i s a l s o inspected f o r candidate d r i l l i n g 

p o i n t s whose l o c a t i o n s are s t o r e d . When the 
board i s s h i f t e d t o process t h i s next sub-area 
f o r d r i l l i n g a new l i s t o f candidates i s o b t a i n e d 
whose p o s i t i o n s could be checked against the l i s t 
o b t a i n e d i n the p r e v i o u s s t o p . Any m i s r e g i s t r a ­
t i o n which may have occurred could be computed 
and c o r r e c t e d . 

P i c t u r e Processing Operators 

A Simple Blob D e t e c t i o n Operator 

During the e x e c u t i o n of the program as 
d e s c r i b e d above, the computer has to recognise 
'blobs' d e f i n e d as dark o b j e c t s surrounded by a 
closed r i n g o f p i c t u r e elements which are l i g h t e r 
than the o b j e c t i t s e l f . The shape of t h i s r i n g 
i s not d e f i n e d , but i t s dimension must b e s m a l l e r 
than D, where D is the s i z e of the o p e r a t o r used 
to recognise the b l o b . (D is an odd number). 
The o p e r a t o r (Fig.13) is a square template 
composed of e i g h t r a d i a t i n g limbs. 
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A More E l a b o r a t e Local Operator f o r L o c a t i n g 
a Maltese Cross 

This o p e r a t o r i s designed t o i n s p e c t the 
area s u r r o u n d i n g the candidate l o c a t i o n of the 
cross determined b y the simple o p e r a t o r . I t 
checks whether a cross i s r e a l l y present and i f 
s o determines i t s exact p o s i t i o n . The o p e r a t o r 
is based on r e c o g n i s i n g a s e r i e s of i n c r e a s i n g l y 
long v e r t i c a l and h o r i z o n t a l dark bars on a l i g h t 
background ( F i g . 1 4 c ) . F i r s t , a square search 
path of s i z e D is d e f i n e d , and a histogram of 
the d e n s i t y of the D p i x e l s along each s i d e of 
the square is computed. A b i n a r y p a t t e r n is 
o b t a i n e d b y t h r e s h o l d i n g a t the d e n s i t y l e v e l 
d e f i n e d by the f i r s t minimum i n the h i s t o g r a m . 
The b i n a r y p a t t e r n i s 'accepted' o n l y i f i t 
c o n t a i n s a b l a c k bar whose l e n g t h is of the o r d e r 
o f D/2 ( w i t h i n say 5 0 % o f t h i s v a l u e ) . I f the 
p a t t e r n i s r e j e c t e d a second t h r e s h o l d v a l u e 
( g i v e n by the next minimum in the histogram) is 
t r i e d , and s o on. I f the p a t t e r n i s accepted i t s 
c e n t r e C 1 is found and recorded. The procedure 
is repeated to f i n d C2, C3, C 4 on the o t h e r s i d e s 
of the square. A t e n t a t i v e c e n t r e C D f o r the 
cross is found by the i n t e r s e c t i o n of C 1 C 3 w i t h 
C 2 C 4. The c e n t r e of the c l u s t e r of successive 
t e n t a t i v e c e n t r e s C D o b t a i n e d f o r i n c r e a s i n g 
values of D is taken as the c e n t r e of the c r o s s . 

Performance and Conclusions 

A l t h o u g h f a i r l y complex at f i r s t s i g h t , the 
program r e q u i r e s o n l y the core s i z e of a small 
m i n i computer (16K words of 16 b i t s ) . The 
a d d i t i o n of more s o p h i s t i c a t i o n would r e q u i r e at 
l e a s t one l e v e l of o v e r l a y . The program is 
w r i t t e n i n F o r t r a n I V w i t h s i n g l e p r e c i s i o n 
i n t e g e r o p e r a t i o n s and machine code d e v i c e d r i v e r s . 
A l though the speed of the program has not been 
o p t i m i s e d , the machine can d r i l l holes at approx­
i m a t e l y 1 every 6 seconds. T h i s is slower than 
can be achieved by a human o p e r a t o r or when the 
machine is c o n t r o l l e d from a punched tape. In 
t h i s l a t t e r mode the speed of the machine i s 
a p p r o x i m a t e l y 1 h o l e every 2.5 seconds. The 
comparison w i t h n u m e r i c a l l y c o n t r o l l e d o p e r a t i o n 
leads one towards an a l t e r n a t i v e use f o r the 
v i s u a l l y c o n t r o l l e d machine. I n s t e a d o f d r i l l i n g 
the board, it could be used to prepare a punched 
tape f o r f u t u r e n u m e r i c a l c o n t r o l . One can a l s o 
consider e x t e n s i o n s o f t h i s type o f machine t o 
o t h e r problems o f automatic d i g i t i s a t i o n . 

I n i t s present s t a t e , the machine can almost 
d r i l l complete boards. The program s t i l l needs 
to b e improved s l i g h t l y t o prevent a few d r i l l i n g 
p o i n t s being missed. T h i s i s p a r t i c u l a r l y 
i m p o r t a n t as the p r a c t i c a l use of the machine in 
the l a b o r a t o r y workshop is now being c o n s i d e r e d . 

As d e s c r i b e d , the machine t r e a t s each h o l e 
as an i n d i v i d u a l i t e m . In p r a c t i c e however, the 
r e l a t i v e p o s i t i o n of holes in a PCB is o f t e n as 
i m p o r t a n t as the l o c a t i o n of an i n d i v i d u a l h o l e 
a t the c e n t r e o f a d r i l l i n g p o i n t . For example, 
the p i t c h o f the p a t t e r n o f h o l e s f o r a d u a l - i n ­
l i n e IC must be r e g u l a r to ensure easy i n s e r t i o n 
of the d e v i c e i n the board. The d r i l l i n g machine 
could be made i n t e l l i g e n t enough t o recognise such 
p a t t e r n s o f d r i l l i n g p o i n t s and t o d r i l l the h o l e s 
a c c o r d i n g l y . 
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Other f e a t u r e s which could be added to the 
program i n c l u d e the r e c o g n i t i o n of other shapes 
a s d r i l l i n g p o i n t s and a n a b i l i t y t o check t h a t 
the holes are a c t u a l l y d r i l l e d i n the r i g h t place 
w i t h respect t o the copper p a t t e r n . I f the 
machine d i s c o v e r e d t h a t the holes were misplaced, 
procedures f o r u p d a t i n g the c o n t e n t s o f the s t a t e 
v e c t o r could be invoked. 
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