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I f r o b o t s had the c a p a b i l i t y o f s u p p l y i n g ma­
c h i n e s w i t h w o r k p i e c e s w h i c h a r e n o t p r e o r i e n t e d , 
t h e r e w o u l d b e a s u b s t a n t i a l i n c r e a s e i n t h e num­
b e r o f r o b o t s used i n i n d u s t r y . A s i g n i f i c a n t 
c o n t r i b u t i o n to t h i s deve lopmen t w o u l d be a method 
w h i c h y i e l d s a t r a j e c t o r y whereby such a r o b o t 
h e l d w o r k p i e c e can b e t r a n s p o r t e d f r o m i t s r e c e p ­
t a c l e t o a mach ine f i x t u r e w i t h o u t a c o l l i s i o n . 
A n a l g o r i t h m i s d e s c r i b e d t o f i n d such a t r a j e c ­
t o r y . T h i s a l g o r i t h m employs r e f i n e m e n t o f a n i n ­
i t i a l e s t i m a t e o f the p o s i t i o n and o r i e n t a t i o n o f 
a r o b o t h e l d w o r k p i e c e . The r e f i n e m e n t p r o c e d u r e 
uses v i s u a l i n f o r m a t i o n . W i t h the r e f i n e d e s t i ­
mate o f the h a n d - t o - w o r k p i e c e t r a n s f o r m a t i o n , t he 
w o r k p i e c e can be moved t h r o u g h a s a f e t r a j e c t o r y , 
w h i c h was e s t a b l i s h e d d u r i n g a p r i o r i n s t r u c t i o n 
p h a s e . 

The a l g o r i t h m i s based o n l i n e a r p e r t u r b a t i o n 
t h e o r y . T h i s means t h a t t h e change i n a p a r t i c u ­
l a r v i s u a l f e a t u r e o n the w o r k p i e c e can b e a p ­
p r o x i m a t e l y e x p r e s s e d a s a l i n e a r f u n c t i o n o f t h e 
p e r t u r b a t i o n s i n w o r k p i e c e p o s i t i o n and o r i e n t a ­
t i o n ( p o s e ) r e l a t i v e t o a n o m i n a l w o r k p i e c e p £ s e . 
Thus [ B i r k , e t a h , 1 9 7 6 ] , A f - P (Δp) where Δ f = 
change i n v i s u a l f e a t u r e v a l u e s , Ap" = p e r t u r b a ­
t i o n s i n w o r k p i e c e p o s e , and P = J a c o b i a n m a t r i x . 

D u r i n g the i n s t r u c t i o n phase o f t he a l g o ­
r i t h m when s a f e w o r k p i e c e t r a j e c t o r i e s a r e d e ­
f i n e d , t h e J a c o b i a n m a t r i x f o r each n o m i n a l pose 
i s d e t e r m i n e d . F i r s t , t he n o m i n a l pose i s assumed 
b y t h e r o b o t h e l d w o r k p i e c e a s i t i s p r e s e n t e d t o 
two T V c a m e r a s . The r o b o t arm j o i n t v a l u e s , f e a ­
t u r e v a l u e s , and n o m i n a l pose a r e r e c o r d e d f o r f u ­
t u r e u s e . U s e f u l v i s u a l f e a t u r e s i n c l u d e the c e n -
t r o i d , t h e a r e a and the e i g e n v e c t o r s o f the b i n a r y 
w o r k p i e c e image . The w o r k p i e c e c o o r d i n a t e sys tem 
i s t h e n s u b j e c t e d t o a sequence o f known p e r t u r b a ­
t i o n s , w h i c h may be a c c o m p l i s h e d by i n c r e m e n t i n g 
r o b o t arm j o i n t s . For each movement, t he c o r r e ­
s p o n d i n g changes i n f e a t u r e v a l u e s a r e m e a s u r e d . 
T h i s p e r m i t s t h e J a c o b i a n m a t r i x f o r t h a t n o m i n a l 
pose t o b e d e t e r m i n e d . T h i s p r o c e d u r e i s r e p e a t e d 
f o r each s p e c i f i c n o m i n a l pose a l o n g the t r a j e c ­
t o r y . 

The e x e c u t i o n phase a l g o r i t h m i s used t o r e ­
f i n e t he e s t i m a t e o f t h e h a n d - t o - w o r k p i e c e t r a n s ­
f o r m a t i o n ( h T w ) . A f t e r a w o r k p i e c e has been a c ­
q u i r e d f r o m a r e c e p t a c l e , hT w i s assumed to be 
known a p p r o x i m a t e l y . T o v e r i f y t h i s , t h e d i f f e r ­
ences i n image f e a t u r e v a l u e s f r o m t h o s e e x t r a c t e d 
d u r i n g i n s t r u c t i o n a r e compu ted . I f t h e s e d i f f e r ­
ences a r e w i t h i n t h e bounds o f t he l i n e a r r e g i o n 
w h i c h were f o u n d d u r i n g i n s t r u c t i o n , t h e r e f i n e ­
ment a l g o r i t h m can be a p p l i e d . 
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The p e r t u r b a t i o n s i n w o r k p i e c e pose can be 
c a l c u l a t e d f r o m Δp" = P + ( A f ) , where P+ = ( p s e u d o ) 
i n v e r s e o f P . Ap d e f i n e s a c o r r e c t i o n t r a n s f o r m a ­
t i o n m a t r i x , T c , and t h e r e f o r e can b e used t o c o r ­
r e c t t he h a n d - t o - w o r k p i e c e t r a n s f o r m a t i o n ( h T w ) c = 
( h T W ) T C - 1 . To e n s u r e smooth c o n v e r g e n c e , a new 
h a n d - t o - w o r k p i e c e t r a n s f o r m a t i o n can be o b t a i n e d 
by ( h T w>new * « ( h T w > c + ( l - a ) ( h T w ) where 0 * a * 1. 
I f t he r o b o t arm j o i n t v a l u e s were a d j u s t e d t o r e ­
f l e c t t h i s u p d a t e d e s t i m a t e o f n T w , t h e n the w o r k -
p i e c e pose s h o u l d b e c l o s e r t o t h a t s p e c i f i e d d u r ­
i n g i n s t r u c t i o n . 

A f t e r mov ing the w o r k p i e c e to a new pose 
based o n ( b T w ) n e w , v i s u a l i n f o r m a t i o n i s a g a i n e x ­
t r a c t e d . The c o r r e c t i o n p r o c e d u r e i s r e p e a t e d , 
t e s t i n g f o r c o n v e r g e n c e , u n t i l t he d e v i a t i o n s 
w h i c h a re used t o upda te the h a n d - t o - w o r k p i e c e 
t r a n s f o r m a t i o n have been reduced t o a l l f a l l w i t h ­
i n a t o l e r a n c e z o n e . 

To s e r v o the w o r k p i e c e t h r o u g h a s a f e t r a j e c ­
t o r y w h i c h was e s t a b l i s h e d d u r i n g i n s t r u c t i o n , the 
d e v i a t i o n o f ( h T w ) n e w f r o m h J T w , t he h a n d - t o -
w o r k p i e c e t r a n s f o r m a t i o n f o r t he j t n l e g a l way i n 
w h i c h t he w o r k p i e c e was h e l d d u r i n g i n s t r u c t i o n , 
i s f o u n d . I f t h i s d e v i a t i o n i s s m a l l , i t i s a s ­
sumed t h a t the arm s t r u c t u r e s w i l l n o t c o l l i d e 
w i t h the w o r k s t a t i o n . Hence, the f o l l o w i n g equa ­
t i o n can be u s e d . 

( °Thek> - < ° T h j k > ( h j T w ) ( ( ^ n e w ) " 1 

where ^ T ^ g ^ i s the r o b o t b a s e - t o - h a n d t r a n s f o r m a ­
t i o n f o r the k t h t r a j e c t o r y p o i n t d u r i n g e x e c u ­
t i o n . The r o b o t arm j o i n t v a l u e s may b e o b t a i n e d 
f r o m 0Thek. The a r m j o i n t s o l u t i o n p r o c e d u r e i s 
s p e c i f i c f o r d i f f e r e n t k i n e m a t i c c o n f i g u r a t i o n s . 

The s e l e c t i o n o f v i s u a l f e a t u r e s and p r o c e ­
du res t o i n c r e a s e t h e r a t e o f conve rgence o f t h e 
e s t i m a t e o f h T w a re i s s u e s s t i l l t o b e r e s o l v e d . 
The s t a t u s o f e x p e r i m e n t a l r e s u l t s w i l l b e r e p o r t ­
e d a t t he c o n f e r e n c e . 
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