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R o b o t s have r e c e i v e d a g r e a t d e a l o f p u b l i c i t y r e c e n t l y .
The m o v i e " S t a r Wars" and s e v e r a l t e l e v i s i o n s e r i e s such a5
"The S i x M i l l i o n D o l l a r Man" and "The B i o n i c Woman " have
r a i s e d t h e consc iousness o f t h e p u b l i c t o t h e SUbJeCt o f
r o b o t s . The enormous i n f l u x o f f o r e i g n c a r s m a n u f a c t u r e d i n
p a r t b y r o b o t s has aroused awareness o f t h e p r e s s and many
p o l i t i c i a n s t o t h e f a c t t h a t r o b o t s can have a p r o f o u n d e f -
f e c t on i n d u s t r i a l p r o d u c t i v i t y . Many p e o p l e t o d a y b e l i e v e
t h a t t h e r o b o t r e v o l u t i o n i s w e l l under way, t h a t f a c t o r i e s
a r e f u l l o f a r m i e s o f h i g h l y i n t e l l i g e n t r o b o t s , and t h a t
human w o r k e r s a r e b e i n g d i s p l a c e d i n droves. The f a c t s a r e
q u i t e d i f f e r e n t .

F i r s t o f a l l , t h e r e a r e o n l y abou t 3000 r o b o t s i n s t a l l e d i n
t h e e n t i r e coun t r y , s e c o n d l y J t h e g r e a t m a J o r i t y o f t hese
a r e q u i t e p r i m i t i v e , w i t h no c a p a c i t y t o see o r f e e l o r
r e s p o n d t o t h e i r e n v i r o n m e n t i n any s i g n i f i c a n t way.

Most p e o p l e t h i n k o f a r o b o t as an andro id , w h i c h wa lks and
t a l k s , sees and f e e l s , and l o o k s much l i k e c3PoJ o r a t l e a s t
R2D2. R e a l r o b o t s a r e much more p r i m i t i v e . I n i t s s i m p l e s t
f o r m a r o b o t i s n o t h i n g m o r e than a mechan i ca l d e v i c e t h a t
can b e programmed t o p e r f o r m some u s e f u l a c t o f m a n i p u l a t i o n
o r l o c o m o t i o n u n d e r a u t o m a t i c c o n t r o l . A n i n d u s t r i a l r o b o t
i s a d e v i c e t h a t can b e programmed t o move some g r i p p e r o r
t o o l t h r o u g h space so as t o - a c c o m p l i s h a u s e f u l i n d u s t r i a l
t a s k .

These r o b o t s a r e t y p i c a l l y p rogrammed b y r e c o r d i n g each t a s k
as a s e r i e s o f p o i n t s i n space. T h i s r e c o r d i n g i s t h e n sim-
p l y r e p l a y e d whenever t h e t a s k i s t o b e p e r f o r m e d .

T h i s s i m p l e p r o c e d u r e i s adequate t o p e r f o r m a s u r p r i s i n g
number o f i n d u s t r i a l tasks, f r o m s p o t w e l d i n g a u t o m o b i l e bo-
d i e s , t e n d i n g d i e c a s t i n g machines, l o a d i n g and u n l o a d i n g
mach ine t o o l s and p r e s s e s , s p r a y pa in t i ng , and p e r f o r m i n g a
w i d e v a r i e t y o f m a t e r i a l s h a n d l i n g tasks .

Even a r c w e l d i n g can b e p e r f o r m e d b y a r o b o t w h i c h can n e i -
t h e r see n o r f e e l , so l o n g as t h e p a r t s t o b e w e l d e d a r e po-
s i t i o n e d i n e x a c t l y t h e r i g h t p l a c e , and t h e w e l d i n g parame -
t e r s a r e c o n t r o l l e d b y some a u t o m a t i c system.

However , t h e g r e a t m a J o r i t y o f i n d u s t r i a l t a s k s a r e b e y o n d
t h e c a p a c i t i e s o f p r e s e n t day r o b o t t e c h n o l o g y . M o s t t a s k s
a r e t o o c o m p l e x and u n s t r u c t u r e d , o r invo lve t o o many
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u n c e r t a i n t i e s , o r r e q u i r e t o o much a b i l i t y t o see and f e e l
and a d a p t t o c h a n g i n g c i r c u m s t a n c e s . B e f o r e r o b o t s can s i g -
n i f i c a n t l y i m p a c t p r o d u c t i v i t y o f t h e economy as a w h o l e ,
t h e y must b e used i n h u n d r e d s o f t h o u s a n d s and even m i l l i o n s
o f a p p l i c t i o n s . T h i s will n o t b e p o s s i b l e b e f o r e a l a r g e
n u m b e r o f t e c h n i c a l p r o b l e m s a r e s o l v e d .

TECHNICAL PROBLEM AREAS

One o f t h e f i r s t p r o b l e m s i s a c c u r a c y . R o b o t p o s i t i o h i n g
a c c u r a c y needs t o b e i m p r o v e d . A l t h o u g h t h e r e p e a t a b i l i t y
o f m o s t r o b o t s i s o n t h e o r d e r o f 0.050 i n c h o v e r i t s w o r k -
i n g volume (and i n some c a s e s as good as .005 i n c h ) , t h e ab-
s o l u t e p o s i t i o n i n g a c c u r a c y may b e o f f a5 much as 0.250
inch , o r even 0. 500 i n c h i n some r e g i o n s o f t h e r e a c h en-
v e l o p e . Thus, it i s n o t p o s s i b l e t o p r o g r a m a r o b o t t o g o
t o an a r b i t r a r y m a t h e m a t i c a l l y d e f i n e d p o i n t i n a c o o r d i n a t e
space and have any assurance t h a t t h e r o b o t will come c l o s e r
than a h a l f o f an i n c h . T h i s c r e a t e s maJor p r o b l e m s i n p r o -
g r a m m i n g a r o b o t f r o m a compu te r t e r m i n a l , o r i n t r a n s f e r -
r i n g p r o g r a m s f r o m one r o b o t t o a n o t h e r . Each r o b o t must b e
t a u g h t i t s p r o g r a m s e p a r a t e l y b y l e a d i n g it p o i n t b y p o i n t
t h r o u g h i t s Job, a t e d i o u s and c o s t l y t ask .

Presumably , t h i s a c c u r a c y p r o b l e m c o u l d b e s o l v e d t h r o u g h
c l o s e r r o b o t manufactur ing t o l e r a n c e s , a l t h o u g h n o t w i t h o u t
c o s t . A l t e r n a t i v e l y , c a l i b r a t i o n p r o c e d u r e s such a5 i l l u s -
t r a t e d i n F i g u r e 1, m i g h t a l l o w each r o b o t t o o f f s e t i t s
o f f - l i n e p r o g r a m p o i n t s t o compensate f o r i t s m e c h a n i c a l
i n a c c u r a c i e s . However, no e f f i c i e n t methods o f r o b o t c a l i -
b r a t i o n have y e t b e e n deve loped , and r o b o t c o n t r o l s o f t w a r e
i s no t p r e s e n t l y d e s i g n e d t o use c a l i b r a t i o n t a b l e s f o r im-
p r o v i n g a b s o l u t e p o s i t i o n i n g a c c u r a c y . Un t i l t h i s a b s o l u t e
p o s i t i o n a c c u r a c y p r o b l e m i s so lved , r o b o t assemb ly i n t h e
sma l l b a t c h envi ronment will b e uneconomica l . T e a c h i n g a
r o b o t eve ry p o i n t i n t h e t r a J e c t o r y o f a c o m p l e x assemb ly
t a s k i s a t i m e consuming Job w h i c h may t a k e many t i m e s
l o n g e r than w o u l d he r e q u i r e d t o p e r f o r m t h e same task b y
hand. Thus, u s i n g a r o b o t f o r s m a l l l o t b a t c h assemb ly can-
n o t b e e c o n o m i c a l u n t i l s o f t w a r e c a n b e e f f i c i e n t l y p r o d u c e d
b y o f f - l i n e p r o g r a m m i n g ( i . e . $ p r o g r a m m i n g f r o m a c o m p u t e r
t e r m i n a l 1.

Second, dynamic p e r f o r m a n c e must b e improved . P r e s e n t day
r o b o t s a r e t o o s l o w and c l u m s y t o e f f e c t i v e l y compe te w i t h
human l a b o r i n assemb ly . Two p o s s i b l e e x c e p t i o n s t o t h i s
a r e i n a r c w e l d i n g where speed i s governed b y t h e w e l d i n g
p r o c e s s i t s e l f , and s p o t w e l d i n g where t h e task c o r r e s p o n d s
t o m o v i n g a heavy w e l d i n g gun t h r o u g h a s i m p l e s t r i n g o f
p o i n t s i n space -- a p r o c e d u r e w h i c h t h e r o b o t i s p a r t i c u -
l a r l y a d e p t a t e x e c u t i n g . However, i f r o b o t s a r e t o p e r f o r m
o t h e r t y p e s o f assemb ly and c o n s t r u c t i o n tasks, t h e y must b e
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a b l e t o e x e c u t e much m o r e c o m p l e x r o u t i n e s w i t h m u c h g r e a t e r
g r a c e , d e x t e r i t y , a n d speed than t h e y a r e now c a p a b l e o f .
C o n t r o l s y s t e m s n e e d t o b e a l t e r n a t e l y s t i f f and c o m p l i a n t
a l o n g d i f f e r e n t axes i n space ( w h i c h do n o t g e n e r a l l y c o i n -
c i d e w i t h J o i n t c o o r d i n a t e s ) . T h i s r e q u i r e s much more so-
p h i s t i c a t e d c r o s s - c o u p l e d s e r v o c o n t r o l c o m p u t a t i o n s than
a r e p r e s e n t l y employed.

F u r t h e r m o r e , r o b o t s t r u c t u r e s a r e t y p i c a l l y q u i t e massive
and u n w i e l d l y . Most r o b o t s can lift o n l y a b o u t one t e n t h o f
t h e i r own w e i g h t . Many c a n n o t even d o t h a t . New m e c h a n i c a l
d e s i g n s u s i n g l i g h t w e i g h t m a t e r i a l s such as c a r b o n f i l a m e n t
e p o x i e s and h o l l o w t u b u l a r c o n s t r u c t i o n a r e needed. Ad-
v a n c e d c o n t r o l s y s t e p s t h a t can t a k e advantage o f such l i g h t
w e i g h t s t r u c t u r e s anu h i g h speeds will be a maJor r e s e a r c h
p r o J ec t.

Much a l s o r e m a i n s t o b e done i n g r i p p e r des ign. T y p i c a l l y ,
r o b o t hands c o n s i s t o f p i n c h - J a w g r i p p e r s w i t h o n l y one de-
g r e e o f f r e e d o m -- open and shut . C o n t r a s t t h i s w i t h t h e
human hand w h i c h has f i v e f i n g e r s , each w i t h f o u r d e g r e e s o f
f reedom. No r o b o t has come c l o s e t o d u p l i c a t i n g t h e d e x t e r -
i t y o f t h e human hand, and it i s n o t l i k e l y t h a t one will i n
t h i s c e n t u r y . C e r t a i n l y , d e x t e r o u s hands w i t h J o i n t e d
f i n g e r s f o r i n d u s t r i a l r o b o t s a r e a l o n g way i n t h e f u t u r e .
The p r o b l e m i s n o t so much i n b u i l d i n g such a m e c h a n i c a l
s t r u c t u r e , b u t i n c o n t r o l l i n g it. No one has any i d e a how
t o d e s i g n c o n t r o l a l g o r i t h m s t o make use o f such c o m p l e x i t y
and v e r y l i t t l e r e s e a r c h i s b e i n g done i n t h i s area.

T h i r d , sensors o f many d i f f e r e n t t y p e s must h e d e v e l o p e d .
R o b o t s must become a b l e t o see, f e e l , and sense t h e p o s i t i o n
o f O b J e C t S i n a number o f d i f f e r e n t ways. P r o c e s s i n g o f
v i s u a l data must become f a s t e r and b e a b l e t o d e t e r m i n e
3- d imens iona l shapes and r e l a t i o n s h i p s . R o b o t g r i p p e r s must
become a b l e t o f e e l t h e p r e s e n c e o f O b J e c t s and sense t h e
f o r c e s d e v e l o p e d on t h o s e ObJeCts. P r o x i m i t y senso rs a r e
needed on r o b o t f i n g e r t i p s t o e n a b l e t h e r o b o t t o measure
t h e f i n a l f e w m i l l i m e t e r s b e f o r e c o n t a c t i n g o b J e c t s . L o n g e r
r a n g e p r o x i m i t y sensors a r e needed on t h e r o b o t a r m t o a v o i d
c o l l i d i n g w i t h u n e x p e c t e d o b s t a c l e s . F o r c e and t o u c h 5en-
s o r s a r e needed t o d e t e c t and measure c o n t a c t f o r c e s . A
v a r i e t y o f a c o u s t i c , e l e c t r o m a g n e t i c , o p t i c a l , x- ray, and
p a r t i c l e d e t e c t o r s a r e needed t o sense t h e p r e s e n c e o f v a r i -
ous m a t e r i a l s such as meta ls , f e r r o m a g n e t i c s , p l a s t i c s ,
F l u i d s , and l i m p goods, and t o d e t e c t v a r i o u s t y p e s o f f l a w s
i n p a r t s and a s s e m b l i e s . B o t h t h e sens ing d e v i c e s and t h e
s o f t w a r e f o r a n a l y z i n g s e n s o r y d a t a r e p r e s e n t r e s e a r c h and
d e v e l o p m e n t p r o b l e m s o f enormous magn i tude .

R o b o t senso rs i s an a r e a where t h e r e i s much r e s e a r c h a c -
t i v i t y . R o b o t v i s i o n i s b y f a r t h e m o s t p o p u l a r r e s e a r c h
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t o p i c , and a l s o p r o b a b l y t h e m o s t d i f f i c u l t . A c o m p u t e r
must t r e a t a v i s u a l i m a g e a s an a r r a y o f b r i g h t n e s s d o t s
c a l l e d p i c t u r e e l e m e n t s , o r p i x e l s . A t y p i c a l s c e n e mau
c o n s i s t o f f r o m 16 thousand t o o v e r a m i l l i o n p i x e l s . In-
t e r p r e t a t i o n o f such a l a r g e vo lume o f d a t a i s an enormous
t a s k even f o r a h i g h speed c o m p u t e r . It o f t e n t a k e s m a n y
s e c o n d s t o s e v e r a l m i n u t e s t o a n a l y s e a s i n g l e p i c t u r e b y
c o m p u t e r . T h i s i s f a r t o o s l o w f o r t h e r o b o t t o r e s p o n d i n
a t i m e l y f a s h i o n t o what it sees. Va r ious t r i c k s a r e used
t o speed up t h i s r e s p o n s e t ime . One i s t o i l l u m i n a t e t h e
scene so t h a t t h e O b J e C t S a p p e a r as b l a c k a n d w h i t e
s i1h o u e t t e s . A n o t h e r i s t o assu re t h a t n o t w o O b J e C t S o f
i n t e r e s t t o u c h o r o v e r l a p . However, even under such a r t i f i -
c i a l c i r c u m s t a n c e s r o b o t v i s i o n i s a v e r y c o m p l e x p r o b l e m
and S u b J e c t t o many d i f f i c u l t i e s . Such techn iques o b v i o u s l y
limit t h e use o f r o b o t v i s i o n t o a few s e l e c t a p p l i c a t i o n s .

O t h e r r o b o t s e n s o r y i n p u t s such as t o u c h and f o r c e appear t o
b e s i m p l e r i n p r i n c i p l e , b u t much l e s s work has been done i n
t h e s e areas.

F o u r t h , c o n t r o l sustems a r e needed w h i c h can t a k e advantage
o f s o p h i s t i c a t e d sensory d a t a f r o m a l a r g e number o f d i f -
f e r e n t t y p e s o f sensors s imu l taneous l y . P r e s e n t c a n t r o l
sys tems a r e s e v e r e l y l i m i t e d i n t h e i r a b i l i t y t o m o d i f y a
r o b o t ' s b e h a v i o r i n response t o sensed c o n d i t i o n s . R o b o t
c o n t r o l sys tems need t o b e a b l e t o a c c e p t f e e d b a c k d a t a a t a
v a r i e t y o f l e v e l s o f a b s t r a c t i o n and have c o n t r o l l o o p s w i t h
a v a r i e t y o f l o o p d e l a y s and p r e d i c t i v e i n t e r v a l s . See f o r
example, F i g u r e 2. Sensory d a t a used i n t i g h t s e r v o l o o p s
f o r h i g h speed o r h i g h p r e c i s i o n m o t i o n s must b e p r o c e s s e d
and i n t r o d u c e d i n t o t h e c o n t r o l s y s t e m w i t h d e l a y s o f n o
more than a f e u m i l l i s e c o n d s . Sensory data used f o r d e t e c t -
i n g t h e p o s i t i o n and o r i e n t a t i o n o f O b J e C t S t o b e a p p r o a c h e d
must b e a v a i l a b l e w i t h i n hundreds o f m i l l i s e c o n d s . Sensory
da ta needed f o r r e c o g n i z i n g t h e i d e n t i t y o f o b J e c t s o r t h e
r e l a t i o n s h i p be tween g r o u p s o f O b J e C t S can t a k e seconds.
C o n t r o l sys tems t h a t a r e p r o p e r l y o r g a n i z e d i n a h i e r a r c h i -
c a l f a s h i o n so t h a t t h e y can accommodate a v a r i e t y o f senso -
r y d e l a y s o f t h i o t y p e a r e n o t a v a i l a b l e on any c o m m e r c i a l
r o b o t .

F i f t h , r o b o t c o n t r o l s y s t e m s need t o have much more s o p h i s -
t i c a t e d i n t e r n a l m o d e l s o f t h e env i r onmen t i n w h i c h t h e y
work . Fu tu re r o b o t c o n t r o l sys tems will have da ta bases
s i m i l a r t o t h o s e g e n e r a t e d b y Compu te r - A ided - Des ign (CAD)
sys tems , and used f o r c o m p u t e r g r a p h i c s d i s p l a y s . These can
d e s c r i b e t h e t h r e e d i m e n s i o n a l r e l a t i o n s h i p s o f b o t h t h e
w o r k p l a c e and t h e w o r k p i e c e s . Such d a t a bases a r e n e e d e d t o
g e n e r a t e e x p e c t a t i o n s as t o wha t p a r t s s h o u l d l o o k l i k e t o
t h e v i s i o n system, o r what t h e y s h o u l d f e e l l i k e t o t h e
t o u c h sensors , o r w h e r e h i d d e n o r o c c l u d e d f e a t u r e s a r e
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l o c a t e d . E v e n t u a l l y , such i n t e r n a l m o d e l s m i g h t b e u s e d i n
t h e a u t o m a t i c g e n e r a t i o n o f r o b o t s o f t w a r e i f o r e x a m p l e , b y
d e s c r i b i n g how a f i n i s h e d a s s e m b l y s h o u l d l o o k , o r e v e n how
e a c h s t a g e o f an a s s e m b l y o r c o n s t r u c t i o n t a s k s h o u l d a p p e a r
i n sequence .

S i x t h , t e c h n i q u e s f o r d e v e l o p i n g r o b o t s o f t w a r e must b e
v a s t l y i m p r o v e d . P r o g r a m m i n g - b y - t e a c h i n g i s i m p r a c t i c a l f o r
s m a l l l o t p r o d u c t i o n , e s p e c i a l l y f o r c o m p l e x t a s k s w h e r e
s e n s o r y i n t e r a c t i o n i s i n v o l v e d . Shop f l o o r p e r s o n n e l un-
s k i l l e d i n c o m p u t e r s must b e a b l e t o i n s t r u c t r o b o t s i n what
t o do and what t o l o o k f o r i n m a k i n g s e n s o r y d e c i s i o n s .
E v e n t u a l l y , it will b e n e c e s s a r y t o have a w h o l e r a n g e o f
p r o g r a m m i n g languages and d e b u g g i n g t o o l s a t each l e v e l o f
t h e s e n s o r y - c o n t r o l h i e r a r c h y . The deve lopmen t o f c o m p i l e r s
and i n t e r p r e t e r s and u t h e r s o f t w a r e d e v e l o p m e n t t o o l s , as
w e l l as techn iques f o r m a k i n g use o f k n o w l e d g e o f t h e en-
v i r o n m e n t d e r i v e d f r o m a number o f d i f f e r e n t sensors and CAD
data - bases a r e r e s e a r c h t o p i c s t h a t will r e q u i r e h u n d r e d s o f
p e r s o n - y e a r s o f h i g h l y s k i l l e d sys tems s o f t w a r e ta len t .

Seventh,, i n t e r f a c e s need t o b e d e f i n e d i n some s t a n d a r d i z e d
way, so t h a t l a r g e numbers o f r o b o t s , machine t o o l s , sen-
sors , and c o n t r o l c o m p u t e r s can b e c o n n e c t e d t o g e t h e r i n in-
t e g r a t e d systems. T r e n d s i n t h e f i e l d o f compu te r - a ided -
manu fac tu r i ng a r e t o w a r d d i s t r i b u t e d c o m p u t i n g systems
w h e r e i n a l a r g e number o f compu te rs , r o b o t s , and machine
t o o l s a l l i n t e r a c t and c o o p e r a t e as an i n t e g r a t e d system.
T h i s c r e a t e s enormous s o f t w a r e prob lems . P a r t i c u l a r l y i n
t h e case where senso rs a r e used t o d e t e c t v a r i a t i o n s i n t h e
env iTonment and t o m o d i f y t h e c o n t r o l o u t p u t t o compensate
f o r t h o s e v a r i a t i o n s , t h e s o f t w a r e can become e x t r e m e l y d i f -
f i c u l t t o w r i t e and v i r t u a l l y i m p o s s i b l e t o debug. I n o r d e r
f o r such systems t o w o r k a t a l l , it i s n e c e s s a r y t o p a r t i -
t i o n t h e c o n t r o l p r o b l e m i n t o m o d u l a r componen ts and t h e n
d e v e l o p i n t e r f a c e s tanda rds b y w h i c h t h e v a r i o u s s y s t e m com-
ponen t s c a n commun ica te w i t h each o t h e r . See F i g u r e s 2 and
3.

It i s o f t e n f e l t t h a t s tanda rds a r e an i n h i b i t i n g i n f l u e n c e
o n a n e w l y d e v e l o p i n g f i e l d -- t h a t t h e y impede innova t ion
and s t i f l e c o m p e t i t i o n . I n f a c t , J u s t t h e o p p o s i t e i s t r u e .
W e l l chosen i n t e r f a c e s tanda rds p r o m o t e m a r k e t c o m p e t i t i o n ,
t e c h n o l o g y d e v e l o p m e n t , and t e c h n o l o g y t r a n s f e r . They make
it p o s s i b l e f o r many d i f f e r e n t manu fac tu re rs t o p r o d u c e
v a r i o u s componen ts o f m o d u l a r sys tems . S t a n d a r d i n t e r f a c e s
assure t h a t m u l t i v e n d o r s y s t e m s will f i t - t o g e t h e r and
o p e r a t e c o r r e c t l y . I n d i v i d u a l m o d u l e s c a n b e o p t i m i z e d a,nd
u p g r a d e d w i t h o u t m a k i n g t h e e n t i r e s y s t e m o b s o l e t e . I n t e r -
f a c e s tanda rds a l s o make it p o s s i b l e f o r au tomat ion t o b e
i n t r o d u c e d i n c r e m e n t a l l y -- one modu le a t a t i m e . Sys tems
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can b e made u p w a r d c o m p a t i b l e a n d a u t o m a t e d p i e c e w i s e .
Thus, u s e r s can t e s t t h e a u t o m a t i o n w a t e r s g r a d u a l l y ,
w i t h o u t a l a r g e i n i t i a l c a p i t a l b a r r i e r .

E i g h t h , m a n y p o t e n t i a l r o b o t a p p l i c a t i o n s r e q u i r e r o b o t mo-
bilit y . M o s t r o b o t s t o d a y a r e b o l t e d t o t h e f l o o r o r t o a
t a b l e t o p . Smal l r o b o t s c a n r e a c h o n l y one o r t w o f e e t w h i l e
l a r g e r ones c a n g r a s p o b J e c t 5 n i n e o r t e n f e e t away. H u t
many a p p l i c a t i o n s n e e d r o b o t s w h i c h can maneuver o v e r much
l a r g e r d i s t a n c e s . F o r example, a r o b o t used t o l o a d a
mach ine t o o l t y p i c a l l y spends m o s t of i t s t i m e w a i t i n g f o r
t h e mach ine t o o l t o f i n i s h i t s o p e r a t i o n s . Sometimes a s in -
g l e r o b o t can b e p o s i t i o n e d b e t w e e n t w o o r m o r e m a c h i n e
t o o l s so t h a t it c a n b e more f u l l y u t i l i z e d . However, t h i s
l e a d s t o s e v e r e c r o w d i n g o f t h e w o r k e n v i r o n m e n t and i n many
cases i s s i m p l y n o t p r a c t i c a l . T h e r e a r e a few a p p l i c a t i o n s
i n w h i c h r o b o t s have been mounted o n r a i l s so t h a t t h e y can
s h u t t l e b e t w e e n s e v e r a l mach ines. U n f o r t u n a t e l y , t o d a t e
t h i s has p r o v e n t o o e x p e n s i v e and cumbersome f o r w i d e s c a l e
use.

I n many a p p l i c a t i o n s , p a r t i c u l a r l y i n a r c w e l d i n g o f l a r g e
s t r u c t u r e s l i k e s h i p s o r b u i l d i n g s it i s n o t p r a c t i c a l t o
b r i n g t h e w o r k t o t h e r o b o t ; t h e r o b - o t must go t o t h e w o r k ,
somet imes o v e r d i s t a n c e s o f many t e n s o f f e e t . One examp le
i s i n t h e c o n s t r u c t i o n o f l a r g e mach inery such as r o a d
b u i l d i n g equ ipmen t . A n o t h e r examp le i s i n t h e b u i l d i n g o f
sh ips . A good s h i p b u i l d i n g r o b o t w o u l d b e a b l e t o maneuver
i n s i d e odd shaped compartments, c l i m b o v e r r i b s and b u l k -
heads, s c a l e t h e s i d e o f t h e s h i p ’ s h u l l , and w e l d seams
s e v e r a l hundred f e e t i n l e n g t h . S i m i l a r m o b i l i t y r e q u i r e -
ments e x i s t i n t h e c o n s t r u c t i o n o f b u i l d i n g s . Con struc tion
r o b o t s will need t o b e a b l e t o manuever t h r o u g h t h e c l u t -
t e r e d env i r onmen t o f a b u i l d i n g s i t e . I n some cases t h e y
will n e e d t o c l i m b s t a i r s , and w o r k f r o m s c a f f o l d i n g .

R o b o t s will a l s o b e used i n undersea e x p l o r a t i o n , d r i l l i n g ,
and m i n i n g . R o b o t v e h i c l e s will someday e x p l o r e t h e moon
and p l a n e t s . These a p p l i c a t i o n s will r e q u i r e s i g n i f i c a n t
n e w d e v e l o p m e n t s i n m o b i l i t y mechanisms.

R o b o t m o b i l i t y i n t h e f a c t o r y u s i n g r a i l s , c a r t s , o r o v e r -
head c o n v e y o r s i s a r e l a t i v e l y s i m p l e p r o b l e m t h a t u n d o u b t -
e d l y will b e s o l v e d i n t h e decade o f t h e 1980’s. R o b o t mo-
b i l i t y on t h e c o n s t r u c t i o n s i t e , u n d e r t h e sea, and i n o u t e r
s p a c e however , i s a n o t h e r i s s u e e n t i r e l y . The sensor, d a t a
p r o c e s s i n g , and c o n t r o l p r o b l e m s a s s o c i a t e d w i t h t h e s e as-
p e c t s o f r o b o t m o b i l i t y will r e q u i r e y e a r s o f c o n c e n t r a t e d
r e s e a r c h .

F o r t h e m o s t p a r t , t h e s e e i g h t p r o b l e m areas encompass p r o -
f o u n d s c i e n t i f i c i s s u e s and e n g i n e e r i n g p r o b l e m s w h i c h will
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r e q u i r e much m o r e r e s e a r c h and d e v e l o p m e n t . It may b e p o s -
s i b l e t o i m p r o v e t h e m e c h a n i c a l a c c u r a c y o f r o b o t s , and t o
i m p r o v e s e r v o p e r f o r m a n c e w i t h l i t t l e m o r e t h a n c a r e f u l en-
g i n e e r i n g , B u t much m o r e fundamenta l r e s e a r c h and d e v e l o p -
ment will b e r e q u i r e d b e f o r e t h e sensor , c o n t r o l , i n t e r n a l
m o d e l i n g , s o f t w a r e g e n e r a t i u n , s y s t e m s i n t e r f a c e , and m o b i l -
i t y p r o b l e m s a r e s o l v e d . M u c h rema ins t o b e done i n s e n s o r
t e c h n o l o g y t o i m p r o v e t h e p e r f o r m a n c e , r e l i a b i l i t y , and c o s t
e f f e c t i v e n e s s o f a l l t y p e s o f s e n s o r y t r a n s d u c e r s . Even
m o r e r e m a i n s t o b e done i n i m p r o v i n g t h e speed and s o p h i s t i -
c a t i o n o f sensory p r o c e s s i n g a l g o r i t h m s and s p e c i a l p u r p o s e
h a r d w a r e f o r r e c o g n i z i n g f e a t u r e s and a n a l y z i n g p a t t e r n s
b o t h i n s p a c e and t i m e . The c o m p u t i n g power t h a t i s r e -
q u i r e d f o r h i g h speed p r o c e s s i n g o f v i s u a l and a c o u s t i c p a t -
t e r n s will even r e q u i r e n e w t y p e s o f compu te r a r c h i t e c t u r e .

S e n s o r y - i n t e r a c t i v e c o n t r o l s y s t e m s t h a t can r e s p o n d t o
va r i ous k i n d s o f s e n s o r y data a t mapy d i f f e r e n t l e v e l s o f
a b s t r a c t i o n a r e s t i l l v e r y much i n t h e r e s e a r c h phase.
C u r r e n t c o m m e r c i a l r o b o t c o n t r o l sys tems d o n o t even a l l o w
r e a l - t i m e s i x - a x i s i n c r e m e n t a l movements i n response t o sen-
s o r y data. None have c o n v e n i e n t i n t e r f a c e s b y w h i c h s e n s o r y
d a t a o f many d i f f e r e n t k i n d s can b e i n t r o d u c e d i n t o t h e se r -
v o l o o p s on a m i l l i s e c o n d t i m e s c a l e f o r t r u e r e a l - t i m e sen-
s o r y i n t e r a c t i o n . None o f t h e c o m m e r c i a l r o b o t c o n t r o l sys -
tems have a n y t h i n g . a p p r o x i m a t i n g CAD d a t a bases o r c o m p u t e r
g r a p h i c s mode ls o f t h e env i ronment and w o r k p i e c e s . F ina l l y ,
c u r r e n t p r o g r a m m i n g techn iques a r e t i m e consuming and n o t
c a p a b l e o f d e a l i n g w i t h in te rna l know ledge o r s o p h i s t i c a t e d
s e n s o r y i n t e r a c t i o n s .

These a r e v e r y c o m p l e x p r o b l e m s t h a t will r e q u i r e many
p e r s o n - y e a r s o f r e s e a r c h e f f o r t . It i s thus n o t s u r p r i s i n g
t h a t t h e r o b o t a p p l i c a t i o n s a r e still e x t r e m e l y l i m i t e d .

WHAT LIES I N THE FUTURE?

411 o f t h e p r o b l e m s l i s t e d above a r e amenable t o s o l u t i o n .
It i s o n l y a m a t t e r o f t i m e and e x p e n d i t u r e o f r e s o u r c e s be-
f o r e senso rs and c o n t r o l s y s t e m s a r e d e v e l o p e d t h a t c a n p r o -
duce d e x t e r o u s , g r a c e f u l , s k i l l e d b e h a v i o r i n r o b o t s . Even-
t u a l l y , r o b o t s will b e a b l e t o s t o r e and r e c a l l k n o w l e d g e
a b o u t t h e w o r l d t h a t will e n a b l e them t o behave i n t e l l i g e n t -
l y and even t o show a measure o f i n s i g h t r e g a r d i n g t h e spa-
t i a l and t e m p o r a l r e l a t i o n s h i p s i n h e r e n t i n t h e w o r k p l a c e .
H i g h o r d e r languages, c o m p u t e r - a i d e d - i n s t r u c t i o n , and so-
p h i s t i c a t e d c o n t r o l sys tems will e v e n t u a l l y make it p o s s i b l e
t o i n s t r u c t r o b o t s u s i n g much t h e same v o c a b u l a r y and syn tax
t h a t one m i g h t use i n t a l k i n g t o a s k i l l e d w o r k e r .

T h e r e i s n o q u e s t i o n t h a t g i v e n enough t i m e and r e s o u r c e s
r o b o t i c s will e v e n t u a l l y become a s i g n i f i c a n t f a c t o r i n
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i n c r e a s i n g p r o d u c t i v i t y i n i n d u s t r i a l p r o d u c t i o n . The ques -
t i o n i s : How much t i m e and how m a n y r e s o u r c e s will b e r e -
q u i r e d b e f o r e t h i s becomes a r e a l i t y ?

I n my o p i n i o n more t h a n a f e w t e n s o f m i l l i o n s , and l e s s
than a f e w h u n d r e d s o f m i l l i o n s o f d o l l a r s f o r r e s e a r c h and
d e v e l o p m e n t will b e r e q u i r e d t o make r o b o t s c a p a b l e o f p e r -
f o r m i n g a s u f f i c i e n t number o f t a s k s t o make s i g n i f i c a n t
p r o d u c t i v i t y i m p r o v e m e n t s i n i n d u s t r i a l manufac tu r ing . M o r e
than a f e w h u n d r e d and l e s s than a f e w thousand p e r s o n -
y e a r s o f h i g h l e v e l s c i e n t i f i c and e n g i n e e r i n g t a l e n t will
b e n e e d e d b e f o r e r o b o t s o f t w a r e o f s u f f i c i e n t c o m p l e x i t y can
b e g e n e r a t e d e c o n o m i c a l l y f o r s m a l l l o t b a t c h p r o d u c t i o n .
I n o t h e r words, a n a t i o n a l r e s e a r c h and d e v e l o p m e n t e f f o r t
o f a t l e a s t one, and p e r h a p s t W O J o r d e r s o f m a g n i t u d e
g r e a t e r than what has been done t o d a t e will b e r e q u i r e d t o
p r o d u c e a s i g n i f i c a n t i m p a c t on i n d u s t r i a l p r o d u c t i v i t y .
And more than Jus t t o t a l d o l l a r s s p e n t i s i m p o r t a n t . Robo t -
i c s r e s e a r c h i s sys tems r e s e a r c h . A t l e a s t a f e w s t a b l e ,
c o n s i s t a n t l y w e l l f u n d e d r e s e a r c h c e n t e r s o f e x c e l l e n c e will
b e r e q u i r e d .

The que'st ions t h e n a r e :

"How f a s t a r e we p r o g r e s s i n g a l o n g t h e r o a d t o t h e s o l u t i o n s ? "
and

"Who a r e t h e r e s e a r c h e r s t h a t a r e l e a d i n g t h e wag? "

I n t h e U n i t e d S t a t e s t h e r e a r e f o u r t y p e s o f r e s e a r c h l a -
b o r a t o r i e s :

1. U n i v e r s i t y
2. Non - profit
3. P r i v a t e I n d u s t r y
4. Government

UNIVERSITY RESEARCH

Among t h e p r i n c i p a l u n i v e r s i t y l a b s a re :

S t a n f o r d U n i v e r s i t y : The r o b o t i c s e f f o r t a t S t a n f o r d i s o f
l o n g s tand ing . Tom B i n f o r d has b e e n d o i n g p i o n e e r i n g w o r k
i n t h r e e - d i m e n s i o n a l v i s i o n f o r ove r a decade. H i s s t u d e n t s
have d e v e l o p e d one o f t h e most advanced r o b o t p r o g r a m m i n g
languages a v a i l a b l e t o d a y c a l l e d AL, f o r A r m Language. . T h e
S t a n f o r d 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 has p r o d u c e d a l o n g
l i s t o f g r o u n d b r e a k i n g r e s e a r c h p r o ~ e c t s i n m a n i p u l a t i o n ,
hand - eye c o o r d i n a t i o n J and r o b o t assembly . . S t a n f o r d i s
p r e s e n t l y w o r k i n g o n r o b o t v i s i o n , a t h r e e - f i n g e r e d hand,
f o r c e s e n s i n g , r o b o t p r o g r a m m i n g languages, and g e o m e t r i c
m o d e l i n g f o r v i s i o n and prog ramming . They a l s o have a
c o o p e r a t i v e p r o g r a m w i t h Un ima t ion f o r r o b o t m o b i l i t y .

-8-



S t a n f o r d r e c e i v e d a b o u t BZOOK i n FYf31 f r o m NSF. T h e r e a r e
a b o u t 14 g r a d u a t e s t u d e n t s w o r k i n g o n v a r i o u s p r o ~ e c t s .

M I T has h a d a maJor r o b o t i c s e f f o r t a t l e a s t as l o n g as
S t a n f o r d . A t p r e s e n t , Danny H i l l i s and John H o l l e r b a c h a r e
b u i l d i n g r o b o t s k i n made o f t h i n s h e e t s o f r u b b e r l i n e d w i t h
t i n y w i r e s t h a t d e t e c t p r e s s u r e . These a r e b e i n g used t o
g i v e r o b o t s a sense o f t o u c h . M I T a l s o i s a c t i v e i n r o b o t
v i s i o n and p r o g r a m m i n g languages. Tom Sher idan o f M I T i s
w o r k i n g o n S u p e r v i s o r y C o n t r o l o f T e l e o p e r a t o r s . T h i s rirork
i s c u r r e n t l y d i r e c t e d t o w a r d undersea w o r k and i s p a r t i a l l y
f u n d e d b y Naval Ocean Systems C e n t e r i n San D i e g o . T o t a l
M I T f u n d i n g i s around one m i l l i o n p e r year . O f f i c e o f Nava l
Research p r o v i d e s a p p r o x i m a t e l y 700K o f t h i s amount.

C a r n e g i e - M e l l o n U n i v e r s i t y has r e c e n t l y fo rmed a R o b o t i c s
I n s t i t u t e d i r e c t e d b y R a J Reddy w i t h f u n d i n g f r o m West ing -
house, ONR, DARPA and o t h e r i n d u s t r i a l sponsors. The Ins t i -
t u t e has p r o g r a m s i n f l e x i b l e assembly, machin ing, s e n s o r y
sys tems , v i s i o n , m o b i l i t y and i n t e l l i g e n t systems. I n i t s
l e s s t h a n t w o y e a r s o f e x i s t e n c e t h e I n s t i t u t e has r e c o r d e d
s i g n i f i c a n t ach ievements i n t h e expans ion o f sensory capa-
b i l i t i e s o f machines, t h e i n t e g r a t i o n o f s e v e r a l machines
i n t o c e l l s c a r r y i n g o u t complex tasks, t h e a p p l i c a t i o n o f
v i s i o n and o p t i c s t o a w i d e r a n g e 09 i n d u s t r i a l tasks, t h e
d e v e l o p m e n t o f new r o b o t mechanisms, and t h e a p p l i c a t i o n o f
a r t i f i c i a l i n t e l l i g e n c e t o t h e management o f evo l v i ng i n t e l -
l i g e n t t e c h n o l o g i e s . T o t a l f u n d i n g i s o v e r $3 mi l l i on , mak -
i n g it one o f t h e b e s t funded maJor u n i v e r s i t y p r o J e c t s .
O f f i c e o f Naval Research c o n t r i b u t e s a p p r o x i m a t e l y 500K p e r
y e a r t o C a r n e g i e - M e l l o n U n i v e r s i t y .

Rhode I s l a n d U n i v e r s i t y has an i m p r e s s i v e e f f o r t d i r e c t e d b y
John B i r k on g e n e r a l methods t o e n a b l e r o b o t s w i t h v i s i o n t o
a c q u i r e , o r i e n t , and t r a n s p o r t w o r k p i e c e s . The Rhode I s l a n d
r o b o t , was t h e f i r s t t o p i c k p a r t s o u t o f a b i n o f r a n d o m l y
o r i e n t e d p a r t s . Rhode I s l a n d i s a l s o d o i n g w o r k on dex -
t e r o u s r o b o t g r i p p e r s and r o b o t p r o g r a m m i n g languages.
Funding f r o m NSF i s 9210K p e r y e a r and f r o m i n d u s t r i a l a f f i -
l i a t e s , about Q750K p e r y e a r .

U n i v e r s i t y o f F l o r i d a u n d e r D e l Tessar i s d o i n g w o r k i n
t e l e o p e r a t o r s , f o r c e f e e d b a c k , and r o b o t k i n e m a t i c s and
dynamics . Funding f r o m t h e D e p a r t m e n t o f E n e r g y , NSF, and
S t a t e o f F l o r i d a amounts t o a b o u t $1 m i l l i o n p e r y e a r .

P u r d u e U n i v e r s i t y i s d o i n g r e s e a r c h i n r o b o t c o n t r o l sys -
tems, r o b o t p r o g r a m m i n g , l anguages , m a c h i n e v i s i o n , and
m o d e l i n g o f p a r t f l o w t h r o u g h i n d u s t r i a l p l a n t s . T o t a l NSF
f u n d i n g t o P u r d u e i s a b o u t $400K o v e r a f o u r y e a r p e r i o d .

A number o f U n i v e r s i t i e s have s m a l l e r r o b o t i c s e f f o r t s , o r
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e f f o r t s i n r e l a t e d areas .

The U n i v e r s i t y o f M a s s a c h u s e t t s i s d o i n g w o r k i n v i s u a l i n -
t e r p r e t a t i o n o f n a t u r a l s c e n e s and d e s i g n o f p a r t s f o r au-
t o m a t i c assemb ly . ($125K p e r y e a r ) They have ~ u s t r e c e i v e d
an NSF g r a n t f o r $157K t o s t u d y " E c o n o m i c A p p l i c a t i o n s o f
Ass emb 1y Rob ot sI'.

U n i v e r s i t y o f M a r y l a n d C o m p u t e r V i s o n l a b u n d e r A r r i e l
R o s e n f e l d i s d o i n g w o r k on a number o f i m a g e p r o c e s s i n g p r o -
~ e c t si n c l u d i n g r o b o t v i s i o n and methods f o r u s i n g v i s u a l
k n o w l e d g e i n i n t e r p r e t i n g images. ( o v e r $1 M i l l i o n p e r
y e a r )

U n i v e r s i t y o f R o c h e s t e r u n d e r H e r b V o e l c k e r i s d e v e l o p i n g
advanced methods o f r e p r e s e n t i n g t h r e e d i m e n s i o n a l shapes i n
a c o m p u t e r memory . The r e s u l t o f t h i s w o r k i s a c o m p u t e r
g r a p h i c s language c a l l e d PADL w h i c h i s p r o f o u n d l y i n f l u e n c -
i n g t h e way f u t u r e c o m p u t e r g r a p h i c s sys tems a r e b e i n g
d e s i g n e d . Much o f t h i s i s b e i n g done w i t h NSF f u n d i n g .
(985,576 i n F Y 8 1 )

Rensse lear P o l y t e c h I n s t i t u t e u n d e r Herb Freeman i s a l s o
s t u d y i n g t h e g e n e r a t i o n o f c o m p u t e r models f o r t h r e e -
d i m e n s i o n a l cu rved s u r f a c e o b J e c t s . (B98K)

U n i v e r s i t y o f A r i z o n a i s d o i n g t e l e o p e r a t o r w o r k . (C113K)

U n i v e r s i t y o f Wisconsin i s d o i n g w o r k i n mach ine v i s i o n .
( QdOK1

Oh io S t a t e U n i v e r s i t y u n d e r R o b e r t McGhee i s w o r k i n g on
d y n a m i c s and c o n t r o l o f i n d u s t r i a l man ipu la to rs and l e g g e d
l o c o m o t i o n systems. ($125K f r o m NSF) DARPA has r e c e n t l y
funded McGhee t o b u i l d and t e s t a m a n - c a r r y i n g w a l k i n g
mach ine. T h i s p r o J e c t i s f u n d e d a t $250K i n FY81 and $630K
i n Fv82. B a t t e l l e Labs a r e c o o p e r a t i n g w i t h O h i o S t a t e
U n i v e r s i t y i n t h i s e f f o r t .

u n i v e r s i t y o f I l l i n o i s , U n i v e r s i t y o f Pennsylvania, Un ive r -
s i t y o f Washington, and t h e U n i v e r s i t y o f T e x a s a l l have
smal l r e s e a r c h p r o J e c t s i n r o b o t i c s , and r o b o t r e l a t e d w o r k .

T o t a l N a t i o n a l S c i e n c e Founda t i on f u n d i n g f o r u n i v e r s i t y
r e s e a r c h i n r o b o t i c s and r e l a t e d f i e l d s i s o n t h e o r d e r o f
85 m i l l i o n p e r y e a r . A d d i t i o n a l u n i v e r s i t y f u n d i n g f r o m
o t h e r s o u r c e s such as i n d u s t r i a l a f f i l i a t e s and i n t e r n a l
u n i v e r s i t y f u n d i n g may run a n o t h e r $4 m i l l i o n p e r y e a r .
U n i v e r s i t y r e s e a r c h t e n d s t o w a r d s m a l l p r o J e c t s o f one o r
t w o p r o f e s s o r s and a f e w g r a d u a t e s t u d e n t s . The average NSF
g r a n t i n r o b o t i c s and r e l a t e d f i e l d s i s a round %i50K p e r
y e a r .
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A l t h o u g h s u p p o r t o f u n i v e r s i t y r e s e a r c h b y i n d u s t r y i s on
t h e r i s e , it i s s t i l l s m a l l b y E u r o p e a n o r Japanese s tan -
d a r d s . U n i v e r s i t y e f f o r t s t e n d t o b e f r a g m e n t e d , p r o g r e s s
i s s p o r a d i c , and t h e i s s u e s a d d r e s s e d a r e o f t e n u n r e l a t e d t o
t h e p r o b l e m s o f i n d u s t r i a l manufac tu r ing .

NONPROFIT LABS

C. S. D r a p e r Labs w i t h J i m Nevins and Dan W h i t n e y have b e e n
s t u d y i n g p a r t - m a t i n g s c i e n c e and assemb ly s y s t e m d e s i g n f o r
a number o f years . They have p e r f o r m e d a v a r i e t y o f assem-
b l y e x p e r i m e n t s , s t u d i e d t h e use o f f o r c e f e e d b a c k , and
d e v e l o p e d a t h e o r y o f t h e use o f p a s s i v e c o m p l i a n c e i n
p a r t - m a t i n g . D r a p e r has a l s o done economic m o d e l i n g f o r
d e s i g n i n g i n d u s t r i a l systems, and r e a l - t i m e s i m u l a t i o n o f
t h e space s h u t t l e r e m o t e m a n i p u l a t o r s y s t e m f o r NASA. NSF
f u n d i n g i s a b o u t 8200K p e r y e a r . D r a p e r a l s o has a number
o f i n d u s t r i a l c l i e n t s f o r whom it p e r f o r m s d e s i g n and con-
s t r u c t i o n o f advanced assemb ly systems. T o t a l f u n d i n g i s
a b o u t 81 M i l l i o n p e r y e a r .

SRI I n t e r n a t i o n a l has an e x t e n s i v e r o b o t r e s e a r c h p r o g r a m
t h a t d a t e s back t o t h e SHAKEY A r t i f i c i a l I n t e l l i g e n c e p r o -
J e c t t h a t was funded b y ARPA i n t h e l a t e 1960's. P r e s e n t l y
SRI 's p$ogram i s headed b y D a v i d Ni tzan. Emphasis i s o n
mach ine v i s i o n f o r i n s p e c t i o n and r e c o g n i t i o n . Some v e r y
s o p h i s t i c a t e d r o b o t v i s i o n r e s e a r c h i s b e i n g done on o v e r -
l a p p i n g p a r t s u s i n g s t r u c t u r e d l i g h t and a c o m b i n a t i o n oe
b i n a r y and g r a y - s c a l e v i s i o n . Work i s a150 b e i n g done o n
p r i n t e d - c i r c u i t b o a r d i n s p e c t i o n , p rog rammab le assembly,
v i s i o n - g u i d e d a r c w e l d i n g , and s e m i a u t o m a t i c p r o c e s s p lan -
n i n g . F u n d i n g f r o m NSF i s abou t 9350K p e r y e a r w i t h a b o u t
8350K p e r yea r f r o m i n d u s t r i a l a f f i l i a t e s . SRI was t h e
f i r s t r o b o t i c s l a b t o d e v e l o p an i n d u s t r i a l a f f i l i a t e s p r o -
gram. O f f i c e o f Naval Research c o n t r i b u t e s a p p r o x i m a t e l y
250K f o r r e s e a r c h i n c o m m u n i c a t i o n and n e g o t i a t i o n be tween
c o o p e r a t i n g r o b o t s t o d i s t r i b u t e t h e i r w o r k l o a d . A d d i t i o n a l
8250K p e r y e a r f u n d i n g f r o m NSF s t a r t e d i n August 1981 f o r
w o r k on p r i n t e d - c i r c u i t b o a r d i n s p e c t i o n .

PRIVATE INDUSTRIAL RESEARCH LABS

G e n e r a l Mo to rs has e s t a b l i s h e d a maJor r o b o t i c s r e s e a r c h e f -
f o r t a t t h e 0. M. R e s e a r c h Labs i n Warren M ich igan . They
have c o n c e n t r a t e d on v i s i o n and have p r o d u c e d a new r o b o t
v i s i o n s y s t e m c a l l e d "CONSIGHT ". T h i s s y s t e m has a un ique
m e t h o d f o r o b t a i n i n g s i l h o u e t t e images o f p a r t s on a c o n -
v e y o r b e l t t h a t does n o t r e q u i r e b a c k l i g h t i n g and i s n o t
d e p e n d e n t o n c o n t r a s t b e t w e e n t h e p a r t and t h e b e l t . Gen-
e r a 1 M o t o r s i s a l s o i n t e r e s t e d i n s m a l l p a r t s a s s e m b l y b y
r o b o t s and a u t o m a t i c i n s p e c t i o n . S e v e r a l y e a r s ago t h e y
c o n t r a c t e d w i t h U n i m a t i o n t o p r o d u c e t h e PUMA r o b o t ; a
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smal l , a c c u r a t e , c o m p u t e r c o n t r o l l e d r o b o t d e s i g n e d f o r as -
sembly .

G e n e r a l E l e c t r i c i s b e c o m i n g v e r y a c t i v e i n r o b o t r e s e a r c h .
G. E. has a s u b s t a n t i a l r e s e a r c h e f f o r t i n r o b o t a s s e m b l y ,
r o b o t v i s i o n , r o b o t c o n t r o l l e r s and n e w VLSI m i c r o c i r c u i t
t e c h n o l o g y . They have d e s i g n e d a v e r y i m p r e s s i v e l a b o r a t o r y
r o b o t w h i c h embod ies a n u m b e r o f innova t i ve c o n c e p t s . G. E.
a l s o has a r o b o t d e m o n s t r a t i o n f a c i l i t y where t h e y have one
o f a l m o s t e v e r y r o b o t m a n u f a c t u r e d t o d a y . A s a p a r t o f ' t h i s
f a c i l i t y t h e y o f f e r c o u r s e s i n r o b o t p r o g r a m m i n g and a p p l i -
c a t i o n s e n g i n e e r i n g . 6. E. has a l s o announced i n t e n t i o n s o f
m a r k e t i n g t h e I t a l i a n PRAGMA r o b o t i n t h i s c o u n t r y u n d e r t h e
name o f ALLEGRO J as w e l l as t h e H i t a c h i P r o c e s s Robot .

West inghouse has e s t a b l i s h e d a p r o d u c t i v i t y c e n t e r i n P i t t s -
b u r g h u i t h a r o b o t i c s r e s e a r c h l a b c o n t a i n i n g 15 r o b o t s o f
a l l d i f f e r e n t k inds. T h i s c e n t e r s u p p o r t s Ca rneg ie - Me l l on
U n i v e r s i t y w i t h d l m i l l i o n p e r y e a r g r a n t f o r manu fac tu r i ng
r e s e a r c h . West inghouse a l s o has a c a s t shar ing p r o J e c t w i t h
NSF c a l l e d APAS f o r A d a p t a b l e Programmable Assembly System.
T h i s r e s e a r c h p r o J e c t will b e c o m p l e t e i n 1982. It has been
f u n d e d b y NSF a t a b o u t 8500K p e r y e a r . West inghouse a l s o
has a R&D c e n t e r w h i c h i s w o r k i n g w i t h t h e U n i v e r s i t y o f
F l o r i d a t o assess w h a t t e l e o p e r a t o r t e c h n o l o g y i s needed f o r
n u c l e a r power p l a n t s .

IBM has been i n v o l v e d i n r o b o t i c s r e s e a r c h f o r a number o f
years . I B M has d e v e l o p e d r o b o t p r o g r a m m i n g languages c a l l e d
AUTOPASS and E M I L Y and has s t u d i e d t h e p r o b l e m o f r o b o t as-
semb ly . IBM has a l s o d e v e l o p e d i t s own r o b o t w h i c h it uses
i n i t s own manufactur ing o p e r a t i o n s . A l l o f t h e I B M r o b o t -
i c s e f f o r t i s i n t e r n a l l y f u n d e d and d e t a i l s o f t h e p r o J e c t s
a r e n o t a v a i l a b l e .

Texas Instruments a l s o has d e v e l o p e d a r o b o t w h i c h t h e y use
f o r assemb ly and t e s t i n g o f hand c a l c u l a t o r s . No d e t a i l s o f
t h i s e f f o r t a r e a v a i l a b l e .

M a r t i n - M a r i e t t a has a r o b o t i c s e f f o r t d i r e c t e d p r i m a r i l y t o -
ward NASA and DOD i n t e r e s t s . They a r e work ing o n a u t o m a t e d
d i a g n o s i s and c h e c k o u t o f a v i o n i c s J c o c k p i t s i m p l i f i c a t i o n ,
and var ious autonomous d e v i c e s . M a r t i n i s a l s o s t u d y i n g t h e
speed r e q u i r e m e n t s f o r space s h u t t l e m a n i p u l a t o r s , c o o r d i -
n a t e t rans fo rma t ions , and t w o a r m c o o r d i n a t i o n . Fund ing i s
a b o u t $3 m i l l i o n p e r y e a r .

A u t o m a t i x i s a s m a l l new company w i t h a heavy emphas is on
r o b o t i c s r e s e a r c h . R o b o t v i s i o n , m i c r o c o m p u t e r c o n t r o l s y s -
tems, and a p p l i c a t i o n s e n g i n e e r i n g i n a r c w e l d i n g s y s t e m s
a r e t h e i r main t a r g e t areas.
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M a c h i n e I n t e l l i g e n c e C o r p o r a t i o n i s a n o t h e r s m a l l company ,
whose t e c h n i c a l s t a f f i n c l u d e s t h e p r i n c i p a l s who p i o n e e r e d
r o b o t v i s i o n a t S R I I n t e r n a t i o n a l . Mach i n e I nt e11i g enc e
C o r p o r a t i o n manu fac tu res c o m p u t e r v i s i o n s y s t e m s t o b e in -
c o r p o r a t e d i n t o t u r n k e y i n s p e c t i o n , m a t e r i a l - h a n d l i n g and
assembly systems. I n c o o p e r a t i o n w i t h Un ima t i on C o r p o r a -
t i o n , t h e y have d e v e l o p e d t h e U n i v i s i o n sys tem, t h e f i r s t
c ommer cia11y-avai1a b 1e " se eingI' r ob o t, marr ying an a dvan c e d
v i s i o n s y s t e m w i t h t h e PUMA r o b o t , p r o g r a m m a b l e u n d e r a spe -
c i a l language " VAL " . They have an NSF Smal l Bus iness Inov -
n o v a t i o n g r a n t f o r r e s e a r c h on a method o f p e r s o n i r o b o t com-
munica t ion , t o p e r m i t p r o g r a m m i n g a r o b o t w i t h o u t need f o r a
p r o f e s s i o n a l programmer .

ROBOT MANUFACTURERS

The maJor r o b o t manufac tu re rs , o f course, a l s o c o n d u c t a
s u b s t a n t i a l amount o f r e s e a r c h . Un ima t ion i s w o r k i n g on ad-
vanced c o n t r o l systems, c a l i b r a t i o n techn iques , m o b i l i t y
systems, and p r o g r a m m i n g techn iques .

C inc inna t i M i l i c r o n has a r e s e a r c h g r o u p w o r k i n g on new con -
t r o l s y s t e m a r c h i t e c t u r e s , programming languages, and
m e c h a n i c a l d e s i g n .

Prab - Versat ran, A u t o p l a c e , Advunccd R o b o t i c s , D e v i l b i s s ,
Mobat, Nordson, Thermwood, ASEA, KUKA, T r a l f a , U. S. Robo ts ,
and p e r h a p s t e n o t h e r s m a l l new r o b o t companies a r e a l l ag-
g r e s s i v e l y d e v e l o p i n g new and improved p r o d u c t l i n e s .

The l e v e l o f f u n d i n g f o r r e s e a r c h b y t h e r o b o t m a n u f a c t u r e r s
i s p r o p r i e t a r y . However, based on t h e a g g r e g a t e s a l e s o f
abou t 6150 m i l l i o n f o r t h e e n t i r e U. S. r o b o t i n d u s t r y , it
i s p r o b a b l y around 615 m i l l i o n p e r y e a r and s c a t t e r e d ove r
a b o u t t w e n t y companies. One o r t w o o f t h e l a r g e s t manufac -
t u r e r s a r e s p e n d i n g around 65 M i l l i o n p e r y e a r o n r e s e a r c h .
However , i t i s d o u b t f u l i f m o r e than t h r e e manu fac tu re rs a r e
s p e n d i n g more t h a n 61 m i l l i o n p e r y e a r .

GOVERNMENT RESEARCH

The Na t i ona l Bureau o f S tanda rds i s pu rsu ing r e s e a r c h r e l a t -
ed t o i n t e r f a c e s tanda rds , p e r f o r m a n c e measures, and p r o -
g ramming l a n g u a g e s tanda rds f o r r o b o t sys tems and i n t e g r a t e d
computeF - aided - manufac tur ing sys tems. T h i s w o r k f o c u s e s on
advanced c o n c e p t s f o r s e n s o r y - i n t e r a c t i v e c o n t r o l systems,
m o d u l a r d i s t r i b u t e d sys tems, i n t e r f a c e s b e t w e e n modu les , and
s e n s o r i n t e r f a c e s t o t h e c o n t r o l s y s t e m s o f r o b o t s and
m a c h i n e t o o l s . Fund ing f r o m t h e D e p a r t m e n t o f Commerce i s
a b o u t $1.5 m i l l i o n p e r y e a r .

The A i r F o r c e I n t e g r a t e d C o m p u t e r A i d e d Manu fac tu r i ng ( I C A M )
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p r o ~ e c thas f u n d e d s e v e r a l r o b o t d e v e l o p m e n t and i m p l e m e n t a -
t i i o n p r o J e c t s . A c o n t r a c t w i t h G e n e r a l D y n a m i c s i n t r o d u c e d
r o b o t s i n t o d r i l l i n g and r o u t i n g a p p l i c a t i o n s i n a i r c r a f t
manufac tu r ing . A c o n t r a c t w i t h McDonne l l - Doug las r e s u l t e d
i n a r o b o t p r o g r a m m i n g l a n g u a g e based on t h e APT N/C t o o l
language. A c o n t r a c t w i t h L o c k h e e d G e o r g i a p r o d u c e d a s t u d y
o f p o t e n t i a l f u t u r e a e r o s p a c e a p p l i c a t i o n s f o r r o b o t s . TO-
t a l f u n d i n g was abou t $1 m i l l i o n p e r y e a r . T h i s w o r k i s n o w
c o m p l e t e d . T e c h n i c a l M o d e r n i z a t i o n , a r e l a t e d p r o g r a m i s
p r e s e n t l y f u n d i n g G e n e r a l Dynamics t o d e s i g n s e v e r a l a s p e c t s
o f an a u t o m a t e d f a c t o r y . F u n d i n g f o r t h i s i s a b o u t 64 m i l -
l i o n p e r y e a r . T o t a l I C A M f u n d i n g i s $17 m i l l i o n p e r y e a r
f o r c o m p u t e r based i n f o r m a t i o n , p l a n n i n g and c o n t r o l , and
s y s t e m s e n g i n e e r i n g m e t h o d o l o g i e s f o r i n c r e a s e d automat ion .
E s t i m a t e d f u t u r e I C A M f u n d i n g f o r r o b o t i c s i s 92 m i l l i o n p e r
gear .

NASA has a number o f s m a l l r o b o t i c s p r o J e c t s a t s e v e r a l o f
i t s c e n t e r s . JPL has a p r o J e c t i n s t e r e o v is ion , f o r c e
f e e d b a c k g r i p p e r s , and t h e use o f a u t o m a t i c p lann ing p r o -
grams f o r m i s s i o n sequenc ing a p p l i c a t i o n s . L a n g l e y Research
C e n t e r i s d o i n g r e s e a r c h on r o b o t s e r v i c i n g o f s p a c e c r a f t .
Ma rsha l l Space F l i g h t C e n t e r has d e v e l o p e d a p r o t o t y p e r o b o t
arm f o r s a t e l l i t e r e f u r b i s h i n g and i s w o r k i n g on f r e e - f l y i n g
t e1eop e r a t o r 5. Johnson Space C e n t e r i s manag ing t h e
d e v e l o p m e n t o f t h e space s h u t t l e r e m o t e man ipu la to r system.
The t o t a l NASA reseach b u d g e t f o r au tomat ion i s abou t $2
m i l l i o n .

The Naval A i r Rework F a c i l i t y i n San D i e g o i s f u n d i n g t h e
deve lopment o f r o b o t s t o remove r i v e t s and f a s t e n e r s f r o m
a i r p l a n e wings , t o s t r i p and- r e p a i n t a i r c r a f t , and t o p e r -
f o r m w i r e assembly. T o t a l f u n d i n g f o r t h e s e t h r e e p r o J e c t s
i s abou t $3 mi l l ion p e r y e a r .

The Naval Ocean Systems C e n t e r i s c u r r e n t l y e x p l o r i n g v a r i -
ous m i l i t a r y a p p l i c a t i o n s o f r o b o t and t e l e o p e r a t o r sys tems .
T h e r e a r e s p e c i f i c i n t e r e s t s i n t e l e o p e r a t e d and r o b o t sub-
m e r s i b l e s , t e l e o p e r a t e d and r o b o t land v e h i c l e s , t e l e o p e r a t -
ed l i g h t e r than a i r v e h i c l e s , u n d e r w a t e r m a n i p u l a t o r s ,
s t e r e o o p t i c and a c o u s t i c v i s i o n , r e m o t e p r e s e n c e , au to -
nomous r o b o t k n o w l e d g e r e p r e s e n t a t i o n a n d d e c i s i o n m a k i n g
and c o m p l e x r o b o t s y s t e m s p e c i f i c a t i o n and v e r i f i c a t i o n .
These i n t e r e s t s a r e d i s t r i b u t e d among s i x p r o J e c t s funded a t
a t o t a l o f 8650K p e r y e a r .

The t o t a l gove rnmen t f u n d i n g f o r r o b o t i c s i s a b o u t $10 mil-
l i o n p e r year .

OVERSEAS RESEARCH

Overseas r o b o t i c s e f f o r t s a r e c o n s i d e r a b l y b e t t e r f u n d e d .
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A l t h o u g h e x a c t f i g u r e s a r e h a r d t o o b t a i n , m o s t k n o w l e d g e -
a b l e o b s e r v e r s e s t i m a t e t h a t t h e Japanese a r e s p e n d i n g f r o m
t h r e e t o t e n t i m e s as much as t h e U n i t e d S t a t e s o n r o b o t i c s
and r e l a t e d r e s e a r c h . The Western Europeans a r e e s t i m a t e d
t o b e s p e n d i n g f r o m t w o t o f o u r t i m e s as much as t h e U. S.
C e r t a i n l y t h e c o r p o r a t e g i a n t s o f Europe and Japan a r e
h e a v i l y i n v o l v e d . F i a t , Renau l t , O l i v e t t i , and V o l k s w a g o n
have a l l d e v e l o p e d t h e i r own r o b o t s , and many o t h e r E u r o p e a n
f i r m s a r e m a r k e t i n g a w i d e v a r i e t y o f v e r y s o p h i s t i c a t e d
r o b o t s . In Japan, Kawasaki, H i t a c h i , Yasakawa, Fanuc, and
M i s u b i t s h i a l l have m a J o r r e s e a r c h l a b o r a t o r i e s and a r e ag-
g r e s s i v e l y m a r k e t i n g a w i d e v a r i e t y o f i n d u s t r i a l r o b o t s .
Fanuc has teamed up w i t h Siemens o f Germany t o m a r k e t a v e r y
c o m p e t i t i v e l i n e o f r o b o t s u n d e r t h e name Genera l Numeric.

European and Japanese u n i v e r s i t y e f f o r t s a r e h e a v i l y s u b s i -
d i z e d b y t h e r e s p e c t i v e governments and u n i v e r s i t y - i n d u s t r y
c o l l a b o r a t i o n i s v e r y c l o s e . Many u n i v e r s i t y r e s e a r c h l a -
b o r a t o r i e s a r e e l a b o r a t e l y e q u i p p e d w i t h t h e m o s t modern N/C
mach ine t o o l s and t h e b e s t r o b o t s . Many o f t h e s e mach ines
a r e d o n a t e d b y p r i v a t e i n d u s t r y . Government s u p p o r t f o r
s a l a r i e s and o v e r h e a d makes it p o s s i b l e f o r t h e u n i v e r s i t i e s
i n E u r o p e and Japan t o s u s t a i n l a r g e and c o h e r e n t r e s e a r c h
programs. Even i f t h e t o t a l U. S. e f f o r t were equ iva lent ,
t h e l a c k o f U. S. c e n t e r s o f e x c e l l e n c e s u p p o r t e d on a con -
s i s t e n t l o n g t e r m b a s i s w o u l d p u t t h e U. s. a t a s e r i o u s
disadvan t a g e. The f a c t is , U. S. r o b o t i c s r e s e a r c h e f f o r t s
a r e n e i t h e r b e t t e r f u n d e d n o r b e t t e r o r g a n i z e d t h a n t h o s e o f
o u r overseas t r a d i n g p a r t n e r s . The Japanese have made t h e
d e v e l o p m e n t o f t h e a u t o m a t i c f a c t o r y a h i g h p r i o r i t y i t e m o f
nat i .ona1 p o l i c y . European r e s e a r c h i s h e a v i l y s u b s i d i z e d b y
t h e governmen t funds. I n b o t h p l a c e s r o b o t i c s t e c h n o l o g y i s
t r e a t e d as c r u c i a l t o n a t i o n a l economic deve lopmen t .

IMPLEMENTATION

I n t h e U n i t e d S t a t e s a t p r e s e n t , t h e r e a r e o n l y a b o u t 3000
r o b o t s i n s t a l l e d . Tha t ' s l e s s than t h e number o f w o r k e r s
emp loyed i n a s i n g l e f a c t o r y i n many compan ies . T h a t ' s l e s s
t h a n t h e g r a d u a t i n g c l a s s o f some h i g h s c h o o l s i n t h i s coun -
t r y . Today, t h e r e i s a b i g g e r m a r k e t f o r t o y r o b o t s t h a n
f o r r e a l r o b o t s . So a t l e a s t f o r t h e p r e s e n t , r o b o t s a r e
h a v i n g a l m o s t n o e f f e c t one way o r a n o t h e r on o v e r a l l p r o -
d u c t i v i t y i n t h i s c o u n t r y . Today, r o b o t s a r e b e i n g p r o d u c e d
i n t h e U n i t e d S t a t e s a t t h e r a t e o f a b o u t 1500 p e r y e a r .
P r e d i c t i o n s a r e t h a t t h i s will p r o b a b l y g r o w t o b e t w e e n
20,000 and 60,000 r o b o t s p e r y e a r b y t h e year 1990. I n o t h -
e r w o r d s t h e p r o d u c t i o n r a t e i s g r o w i n g a t a b o u t a f a c t o r o f
10 t o 30 p e r decade. A t t h a t r a t e t h e U. S. will b e l u . c k y
t o have a m i l l i o n r o b o t s i n o p e r a t i o n b e f o r e t h e y e a r 2000.
T h i s means t h a t u n l e s s t h e r e i s some d r a s t i c change i n t h e
p r e s e n t l y p r o ~ e c t e d t r e n d s , t h e r e won ' t be enough r o b o t s i n
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o p e r a t i o n t o have a s i g n i f i c a n t i m p a c t o n t h e o v e r a l l p r o -
d u c t i v i t y o f t h e n a t i o n ’ s economy b e f o r e t h e t u r n o f t h e
c e n t u r y .

O f c o u r s e l t h e r e will b e some s p e c i f i c a reas w h e r e t h e i m -
p a c t o f r o b o t s will b e l a r g e . I n a r e a s l i k e a u t o m o b i l e
s p o t - w e l d i n g , r o b o t s have a l r e a d y had some e f f e c t . By t h e
m i d 1980’s t h e r e may b e a s i g n i f i c a n t e f f e c t on p r o d u c t i v i t y
i n a r c w e l d i n g .

A r c w e l d i n g i s a h o t , d i r t y , unp leasant Job where t h e w e l d e r
must wear heavy p r o t e c t i v e c l o t h i n g and must w o r k i n t h e
p r e s e n c e o f a shower o f h o t s p a r k s and c h o k i n g smoke. T y p i -
c a l l y a human w e l d e r c a n n o t keep h i 5 t o r c h on t h e w o r k more
than 30% o f t h e t i m e . A r o b o t w e l d e r , on t h e o t h e r hand can
keep i t s t o r c h on t h e w o r k a b o u t ’?Ox o f trhe t i m e . Thusl
even though t h e r o b o t c a n n o t w e l d a n y f a s t e r than a human,
it can turn o u t a b o u t 3 t i m e s as much work .

U n f o r t u n a t e l y , p r e s e n t day r o b o t s cannot s e t up t h e i r own
w o r k . Tha t r e q u i r e s a human ass i s tan t . So t h i s r e d u c e s t h e
p r o d u c t i v i t y advantage. A lso , t h e r o b o t must b e programmed
t o p e r f o r m t h e w e l d i n g t a s k . T y p i c a l l y t h i s t a k e s much
l o n g e r than w o u l d b e r e q u i r e d t o a c t u a l l y p e r f o r m a w e l d .
Thus, un less t h e r o b o t i s used t o p e r f o r m many r e p e t i t i o n s
o f t h e same w e l d i n g t a s k t h e r e i s n o p r o d u c t i v i t y ga in .

O f cou rse , once r o b o t s become i n t e l l i g e n t enough t o assemble
and s e t up t h e i r own w o r k , p r o d u c t i v i t y will improve. Once
r o b o t s become c l e v e r enough t o l o o k a t t h e Job and f i g u r e
o u t where t o p u t t h e weld , p r o d u c t i v i t y will i m p r o v e even
more. Even tua l l y , w e l d i n g r o b o t s will b e s u f f i c i e n t l y so-
p h i s t i c a t e d t o w o r k f r o m plans s t o r e d i n c o m p u t e r memory and
t o c o r r e c t e r r o r s w h i c h may o c c u r d u r i n g a j o b . W e l d i n g
r o b o t s will t h e n b e a b l e t o w o r k n i g h t s and weekends ( f o u r
s h i f t s p e r week ) c o m p l e t e l y w i t h o u t human s u p e r v i s i o n . A t
t h a t p o i n t p r o d u c t i v i t y i m p r o v e m e n t s o v e r p r e s e n t me thods o f
m a n y h u n d r e d s o f p e r c e n t become p o s s i b l e . U n f o r t u n a t e l y , we
a r e a l o n g way f r o m t h a t t o d a y . T h e r e a r e many d i f f i c u l t
r e s e a r c h and d e v e l o p m e n t p r o b l e m s t h a t must b e s o l v e d f i r s t .
Un less t h e l e v e l o f e f f o r t i n s o f t w a r e d e v e l o p m e n t i s in -
c r e a s e d many f o l d , t h e s e improvemen ts will n o t b e r e a l i z e d
f o r many years .

L e t ’ s l o o k a t ano the r i n d u s t r y , t h e m e t a l c u t t i n g i n d u s t r y ,
w h e r e r o b o t s a r e a l r e a d y b e i n g used t o l o a d a n d un load
m a c h i n e t o o l s . T h i s i s a r e l a t i v e l y s i m p l e task, so l o n g as
t h e p a r t s a r e p r e s e n t e d t o t h e r o b o t i n a known p o s i t i o n and
o r i e n t a t i o n . D u r i n g t h e 1980’s, r o b o t s e n s o r y and c o n t r o l
c a p a b i l i t i e s will i m p r o v e t o t h e p o i n t where r o b o t s can f i n d
and l o a d u n o r i e n t e d p a r t s , o r i n some cases, even p i c k p a r t s
o u t o f a b i n f i l l e d w i t h r a n d o m l y o r i e n t e d p a r t s l y i n g o n
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t o p o f e a c h o t h e r . T h i s may i m p r o v e p r o d u c t i v i t y b y hun -
d r e d s o f p e r c e n t b e c a u s e i t will make it p o s s i b l e t o i n s t a l l
r o b o t s i n many e x i s i t i n g p l a n t s w i t h o u t m a J o r r e - e n g i n e e r i n g
o f p r o d u c t i o n me thods . F o r example , i n c o n v e n t i o n a l N/C
m a c h i n e shops a s i n g l e m a c h i n i s t c o u l d s e t up s e v e r a l
mach ines w h i c h c o u l d t h e n run f o r e x t e n d e d p e r i o d s una t tend -
ed. I n some c a s e s r o b o t t e n d e d m a c h i n e s may run o v e r n i g h t
and on weekends w i t h o u t human i n t e r v e n t i o n .

By 1990 r o b o t s may b e g i n t o have a s i g n i f i c a n t i m p a c t on
m e c h a n i c a l assembly . T h e r e has been a g r e a t d e a l o f
r e s e a r c h e f f o r t s p e n t on r o b o t assemb ly . U n f o r t u n a t e l y , t h e
r e s u l t s have n o t been s p e c t a c u l a r - - y e t . On t h e one hand,
r o b o t s cannot compete w i t h c l a s s i c a l s o - c a l l e d " h a r d automa -
t i o n " i n assemb ly o f mass p r o d u c e d p a r t s . G e n e r a l p u r p o s e
machines l i k e r o b o t s a r e s t i l l t o o s l o w and t o o expens i ve t o
b e e c o n o m i c a l f o r mass p r o d u c t i o n assembly tasks. O n t h e
o t h e r hand, r o b o t s cannot y e t compe te w i t h human assembly
w o r k e r s i n sma l l l o t assembly . Humans a r e i n c r e d i b l y a d a p t -
a b l e , d e x t e r o u s , as w e l l as f a s t , s k i l l e d , and r e l a t i v e l y
cheap compared t o r o b a t s . A human has t w o hands and t e n
f i n g e r s w i t h arms, and s h o u l d e r s mounted on a m o b i l e p l a t -
f o r m e q u i p p e d w i t h a t o t a l o f 58 d e g r e e s o f f reedom. The
human has a f a n t a s t i c a l l y s o p h i s t i c a t e d v i s i o n s y s t e m and
can b e programmed t o p e r f o r m a w i d e v a r i e t y o f tasks q u i t e
e a s i l y . Even i n a r e l a t i v e l y r o u t i n e t a s k such as t h e as-
semb ly o f an a u t o m o b i l e a l t e r n a t o r ( p e r f o r m e d a t t h e C.S.
D r a p e r Lab, Cambr idge , MA), t e s t r e s u l t s i n d i c a t e d t h a t
r o b o t assembly w o u l d b e o n l y m a r g i n a l l y e f f e c t i v e economi -
c a l l y even a f t e r e v e r y phase o f t h e task had b e e n o p t i m i z e d .

N e v e r t h e l e s s , p r o g r e s s i s b e i n g made and will c o n t i n u e .
R o b o t c a p a b i l i t i s s will g r a d u a l l y i nc rease . Sensory systems
will become more s o p h i s t i c a t e d and l e s s e x p e n s i v e . The c o s t
o f c o m p u t i n g hardware i s d r o p p i n g r a p i d l y and s t e a d i l y w i t h
no s i g n o f b o t t o m i n g o u t . S o f t w a r e c o s t s a r e l i k e l y t o b e
t h e ' m a J o r imped imen t t o r o b o t d e v e l o p m e n t f o r t h e f o r e s e e -
a b l e f u t u r e , b u t even t h e s e a r e s l o w l y y i e l d i n g t o t h e t e c h -
niques o f s t r u c t u r e d p r o g r a m m i n g and h i g h l e v e l languages.

Eventua l ly , e x t r e m e l y f a s t , a c c u r a t e , d e x t e r o u s r o b o t s will
b e programmed us ing d e s i g n g r a p h i c s d a t a bases w h i c h
d e s c r i b e t h e shape o f t h e p a r t s t o b e made and t h e c o n f i -
g u r a t i o n o f t h e assemb l i es t o b e c o n s t r u c t e d . Even tua l l y ,
r o b o t s will b e a b l e t o r e s p o n d t o a w i d e v a r i e t y o f s e n s o r y
cuest t o l e a r n b y e x p e r i e n c e and t o a c q u i r e s k i l l s b y s e l f
o p t i m i z a t i o n . Such s k i l l s can t h e n b e t r a n s f e r r e d t o o t h e r
r o b o t s so t h a t l e a r n i n g can b e p r o p a g a t e d r a p i d l y t h r o u g h o u t
t h e r o b o t l a b o r f o r c e .

D u r i n g t h e 1990's r o b o t s will p r o b a b l y e n t e r t h e c o n s t r u c -
t i o n t r a d e s . U n d e r t h e t u t e l a g e o f a human m a s t e r -
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c r a f t s m a n , a p p r e n t i c e r o b o t s will c a r r y b u i l d i n g m a t e r i a l s ,
l i f t and p o s i t i o n w a l l and f l o o r p a n e l s , c u t b o a r d s t o s i z e ,
and l a y b r i c k , b l o c k , and e v e n t u a l l y s t o n e . I n t h e n e x t
c e n t u r y , l a b o r i n t e n s i v e b u i l d i n g t e c h n i q u e s ( u s i n g r o b o t
l a b o r ) may o n c e a g a i n become p r a c t i c a l . Homes, s t r e e t s ,
b r i d g e s , g a r d e n s and f o u n t a i n s may b e c o n s t r u c t e d o f s c u l p t -
e d s tone , q u a r r i e d , c u t , and assemb led b y r o b o t s . Eventual -
l y , r o b o t s will m i n e t h e seabed, and fa rm t h e s u r f a c e s o f
t h e oceans f o r f o o d and f u e l . And, o f c o u r s e r r o b o t s will
p l a y a maJor r o l e i n o u t e r space, -- i n t h e c o n s t r u c t i o n o f
l a r g e s p a c e s t r u c t u r e s , i n space manufac tu r ing , a n d i n
p l a n e t a r y e x p l o r a t i o n .

Sometime, p e r h a p s a round t h e t u r n o f t h e c e n t u r y , r o b o t
t e c h n o l o g y will deve lop t o t h e d e g r e e necessary t o p r o d u c e
t h e t o t a l l y au tomated f a c t o r y . I n such f a c t o r i e s r o b o t s
will p e r f o r m most, i f n o t a l l , o f t h e o p e r a t i o n s t h a t now
r e q u i r e human s k i l l s . The re will b e t o t a l l y a u t o m a t i c in-
v e n t o r y and t o o l management, a u t o m a t i c mach in ing , assembly,
f i n i s h i n g , and i n s p e c t i o n systems. A u t o m a t i c f a c t a r i e s will
even b e a b l e t o r e p r o d u c e themse lves . T h a t i s , a u t o m a t i c
f a c t o r i e s will make t h o components f o r o t h e r a u t o m a t i c f a c -
t o r i es.

Once t h i s occurs , p r o d u c t i v i t y i m p r o v e m e n t s will propaga te
f r o m g e n e r a t i o n t o g e n e r a t i o n . Each g e n e r a t i o n o f machines
will p r o d u c e machines l e s s e x p e n s i v e and more s o p h i s t i c a t e d
than themselves. T h i s will b r i n g abou t an e x p o n e n t i a l de-
c l i n e i n t h e c o s t o f r o b o t s and a u t o m a t i c f a c t o r i e s wh i ch
may equal t h e c o s t / p e r f o r m a n c e r e c o r d o f t h e c o m p u t e r indus -
t r y : F o r t h e p a s t 30 years c o m p u t i n g c o s t s have s p i r a l e d
downward b y 2oX p e r year . Th i s , a t l e a s t i n p a r t , i s due t o
t h e f a c t t h a t c o m p u t e r s a r e used t o d e s i g n , c o n s t r u c t , and
t e s t o t h e r compu te rs . O n c e a u t o m a t i c f a c t o r i e s b e g i n t o
manufac tu re t h e components f o r a u t o m a t i c f a c t o r i e s , t h e c o s t
o f manufactur ing equ ipmen t will a l s o f a l l e x p o n e n t i a l l y .
T h i s , o b v i o u s l y , will r e d u c e t h e c o s t o f goods p r o d u c e d i n
t h e a u t o m a t i c f a c t o r i e s . Even tua l l y , p r o d u c t s p r o d u c e d i n
a u t o m a t i c f a c t o r i e s may c o s t o n l y s l i g h t l y more than t h e r a w
m a t e r i a l s and e n e r g y f r o m w h i c h t h e y a r e made.

The l o n g range p o t e n t i a l o f t o t a l l y automated manufac tur ing
i s l i t e r a l l y beyond o u r c a p a c i t y t o p r e d i c t . It may change
e v e r y a s p e c t o f i n d u s t r i a l s o c i e t y . A u t o m a t i c f a c t o r i e s
t h a t c a n o p e r a t e w i t h o u t human labo r , and r e p r o d u c e them-
s e l v e s , c o u l d l e a d t o an e n t i r e l y new e r a i n t h e h i s t o r y o f
c i v ilizat ion .

Now, i n t h e l i g h t o f t h e u n p r e c e d e n t e d economic p o t e n t i a l o f
r o b o t s , I suppose I s h o u l d comment o n why t h e i m p l e m e n t a t i o n
o f t h i s t e c h n o l o g y i s p r o c e e d i n g so s l o w l y .



F i r s t , a t l e a s t i n t h e U .S . , f u n d i n g f o r r o b o t i c s R&D has
b e e n v e r y modes t . E v e r y i n d i c a t i o n i s t h a t i n t h e f u t u r e ,
s u p p o r t will grow, b u t n o t d r a m a t i c a l l y . C e r t a i n l y , t h e r e
i s n o t h i n g t o s u g g e s t t h a t a c rash d e v e l o p m e n t p r o g r a m o n
t h e s c a l e o f t h e Manhattan P r o J e c t o r t h e A p o l l o Moon P r o -
g r a m i s imminen t . C e r t a i n l y , t h e r e a r e n o p l a n s f o r t h e
f e d e r a l g o v e r n m e n t t o launch such an e f f o r t and p r i v a t e in -
v e s t m e n t f unds a r e n o t l i k e l y t o b e c o m m i t t e d on a m a s s i v e
s c a l e because o f t h e l o n g t i m e t o p a y back . R o b o t i c s i s
s t i l l a l o n g t e r m r e s e a r c h t o p i c . We a r e a long , l ong way
f r o m a s o p h i s t i c a t e d sensory i n t e r a c t i v e , i n t e l l i g e n t , h i g h -
l y s k i l l e d , d e x t e r o u s , e c o n o m i c a l l y f e a s i b l e , and commer -
c i a l l y manu fac tu rab le r o b o t . Research i n t h i s area i s l o n g
t e r m , t i m e consuming, and r i s k y . A l s o , t h e r e i s n o c e r t a i n -
t y t h a t invent ions can b e k e p t p r o p r i e t a r y . T h e r e i s t h e r e -
f o r e , n o guarantee t h a t t h e f i r m s w h i c h make t h e inves tments
can c a p t u r e enough o f t h e b e n e f i t s t o m a k e t h e r i s k
wor thuhil e .

S e c o n d l y , e v e n a f t e r t h e r e s e a r c h and deve lopment p r o b l e m s
a r e s o l v e d , s e v e r a l decades and many hundreds o f b i l l i o n s o f
d o l l a r s will b e r e q u i r e d t o c o n v e r t t h e p r e s e n t i n d u s t r i a l
base t o r o b o t t e c h n o l o g y . T h i s enormous i n v e s t m e n t will
s e v e r e l y tax a v a i l a b l e sources o f c a p i t a l . The trans9orma -
t i o n o f t h e e n t i r e i n d u s t r i a l p l a n t a9 a c o u n t r y s i m p l y can-
n o t b e ach ieved e x c e p t ove r an e x t e n d e d t i m e p e r i o d .

T h i r d l y , and p e r h a p s m o s t i m p o r t a n t l y , many v o t e r s q u e s t i o n
t h e d e s i r a b i l i t y o f r a p i d , massive d e p l o y m e n t o f r o b o t t ech -
n o l o g y . D e s p i t e t h e o b v i o u s b e n e f i t s f r o m p r o d u c t i v i t y i m -
provemen t , t h e r e w o u l d be s e r i o u s s o c i a l and e c o n o m i c ad-
~ u s t m e n t snecessary as a r e s u l t o f such a r a p i d p r o d u c t i v i t y
g r o w t h . P r o d u c t i v i t y improvement b y i t s v e r y na tu re r e d u c e s
t h e amount o f human l a b o r needed t o p r o d u c e a g i v e n p r o d u c t .
Thus, an obv ious, b u t I b e l i e v e i n c o r r e c t c o n c l u s i o n i s t h a t
a r a p i d i n c r e a s e i n p r o d u c t i v i t y w o u l d l e a d t o unemployment.
T h e r e i s a w i d e sp read p e r c e p t i o n t h a t r o b o t s pose a t h r e a t
t o Jobs. The f e m i s t h a t i f r o b o t s w e r e i n t r o d u c e d a t t h e
r a t e t h a t i s t e c h n o l o g i c a l l y p o s s i b l e , unemplayment w o u l d
become a s e r i o u s prob lem.

However, w i d e s p r e a d unemployment i s n o t t h e i n e v i t a b l e
r e s u l t o f r a p i d p r o d u c t i v i t y g r o w t h . T h e r e i s n o t a f i x e d
amount o f w o r k ! More w o r k can a lways b e c r e a t e d . A l l t h a t
i s needed i s a way t o mee t t h e p a y r o l l . M a r k e t s a r e n o t sa-
t u r a t e d . The p u r c h a s i n g p o w e r o f consumers can a lways b e
i n c r e a s e d a t t h e same r a t e t h a t m o r e p r o d u c t s f l o w o u t o f
t h e r o b o t f a c t o r i e s . A t p r e s e n t , t h e r e i s p l e n t y o f demand.
The m e r e f a c t o f i n f l a t i o n i s p r i m a f a c i e e v i d e n c e t h a t con -
sumer demand exceeds t h e a b i l i t y o f p r e s e n t p r o d u c t i o n t e c h -
n iques and f a c i l i t i e s t o s u p p l y g o o d s and s e r v i c e s a t c o n -
s t a n t p r i c e s . Work i s easy t o c r e a t e . So i s demand. What
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i s h a r d t o p r o d u c e i s goods and s e r v i c e s t h a t can b e s o l d
f o r a p r o f i t , a t , ( o r b e l o w ) t h e c u r r e n t m a r k e t p r i c e .

N e v e r t h e l e s s , t h e a v e r a g e c i t i z e n i s u n c o n v i n c e d t h a t ad-
v a n c e d a u t o m a t i o n w o u l d n e c e s s a r i l y p u t i n c r e a s e d s p e n d i n g
power i n t o h i s o r h e r p o c k e t b o o k . The quest ion i s -- If t h e
r o b o t s have m o s t o f t h e Jobs, how will average p e o p l e g e t
t h e i r income? I n o r d e r f o r m o s t p e o p l e t o b e c o n v i n c e d t h a t
r o b o t s a r e g o i n g t o b r i n g m o r e b e n e f i t s than p r o b l e m s it
will b e n e c e s s a r y t o demons t ra te t h a t a v a r i e t y o f a l t e r n a -
t i v e income p r o d u c i n g o c c u p a t i o n s will be c r e a t e d t o fill
t h e v o i d l e f t b y t h o s e Jobs w h i c h a r e t a k e n o v e r b y r o b o t s .
F o r t u n a t e l y , t h i s i s n o t d i f f i c l t t o do.

Perhaps, t h e most o b v i o u s s o u r c e o f new Jobs i s i n t h e in -
d u s t r i e s wh i ch must b e c r e a t e d i n o r d e r t o c o n v e r t t o a
r o b o t based economy. C e r t a i n l y if r o b o t s a r e t o b e manufac -
t u r e d i n l a r g e enough q u a n t i t i e s t a make a s i g n i F i c a n t i m -
p a c t on t h e e x i s t i n g i n d u s t r i a l system, e n t i r e l y new r o b o t
manufactur ing, sa les , and s e r v i c e i n d u s t r i e s will emerge and
m i l l i o n s of e x c i t i n g new Jobs will be c rea ted . A t y p i c a l
i n d u s t r i a l r o b o t c o s t s f r o m 930,000 t o 980,000 and somet imes
more b y t h e t i m e it i s i n s t a l l e d and o p e r a t i n g . T h i s means
t h a t e v e r y r o b o t i n s t a l l e d c r e a t e s f r o m 2 t o 4 p e r s o n - y e a r s
o f w o r k somewhere i n t h e economy. The r o b o t m a r k e t i s
p r e s e n t l y g r o w i n g a.t abou t 35% p e r year , wh ich means i t dou-
b l e s abou t e v e r y 3 y e a r s . As l o n g as t h i s g r o w t h r a t e con -
t inues, r o b o t p r o d u c t i o n will add Jobs t o t h e economy a b o u t
as F a s t as r o b o t i n s t a l l a t i o n t a k e s t h e m away.

It will be many years , p e r h a p a many decades, b e f o r e r o b o t s
c a n des ign, manu+acturc, m a r k e t , i n s t a l l ' program, and
r e p a i r themselves w i t h l i t t l e o r no human i n t e r v e n t i o n . I n
t h e meantime, t h e manufac tu re and s e r v i c i n g o f r o b o t s will
p r o d u c e an enormous demand - f o r mechan i ca l e n g i n e e r s , t e c h n i -
cians, compu te r programmers, e l e c t r o n i c d e s i g n e r s , r o b o t in-
s t a l l a t i o n and r e p a i r persons. New r o b o t compan ies will r e -
q u i r e s e c r e t a r i e s , s a l e s persons, accountants, and bus iness
managers. It seems l i k e l y t h a t t h e r o b o t i n d u s t r y will
e v e n t u a l l y employ a t l e a s t as many p e o p l e as t h e c o m p u t e r
and a u t o m o b i l e i n d u s t r i e s do t o d a y .

C o n v e r t i n g t h e w o r l d ' s e x i s t i n g i n d u s t r i a l p l a n t s f r o m man&'
a1 t o r o b o t l a b o r will r e q u i r e many decades and will c o s t h s
much as t h e t o t a l e x i s t i n g s t o c k o f i n d u s t r i a l w e a l t h . T h i s
i s a H e r c u l e a n t a s k w h i c h will p r o v i d e emp loymen t t o m i l -
l i o n s o f w o r k e r s f o r s e v e r a l g e n e r a t i o n s . F o r a c o u n t r y
l i k e t h e U n i t e d S t a t e s w h i c h has a s t r o n g t e c h n o l o g i c a l
base, t h e w o r l d m a r k e t i n r o b o t s c o u l d e a s i l y c r e a t e t w i c e
as many Jobs i n r o b o t p r o d u c t i o n as w e r e l o s t t o r o b o t l a -
b o r . Need less t o say, t h e e x p o r t o f r o b o t sys tems ( a s w e l l
as p r o d u c t s made b y them) c o u l d have a s t r o n g p o s i t i v e
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e f f e c t on t h e b a l a n c e o f t r a d e and t h e s t r e n g t h o f t h e d o l -
l a r o n t h e i n t e r n a t i o n a l m a r k e t .

I n g e n e r a l , i n d u s t r i e s t h a t use t h e m o s t e f f i c i e n t p r o d u c -
t i o n t e c h n i q u e s g r o w and p r o s p e r , and h i r e m o r e w o r k e r s .
M a r k e t s f o r t h e i r p r o d u c t s e x p a n d and t h e y d i v e r s i f y i n t o
new p r o d u c t l i n e s . Worke rs d i s p l a c e d b y a u t o m a t i o n a r e sim-
p l y t r a n s f e r r e d i n t o new g r o w t h a reas o r r e t r a i n e d f o r d i f -
f e r e n t o c c u p a t i o n s . It i s i n t h e i n d u s t r i e s t h a t f a l l
b e h i n d i n p r o d u c t i v i t y t h a t Job l a y o f f s a r e p r e v a l e n t .
I n e f f i c i e n t i n d u s t r i e s l o s e m a r k e t - s h a r e t o c o m p e t i t o r s ,
sh r ink , and e v e n t u a l l y d i e . Thus, t h e b i g g e s t t h r e a t t o
~ o b s i s n o t i n i n d u s t r i e s t h a t a d o p t t h e l a t e s t r o b o t t e c h -
n o l o g y , b u t i n those w h i c h do n o t .

F o r example, t h e r e a r e a lmos t one - half m i l l ion JObleSS w o r k -
e r s t o d a y i n t h e A m e r i c a n a u t o m o b i l e i n d u s t r y . T h i s i s n o t
because o f a c o u p l e thousand r o b o t s . It i s because o f t h e
e n e r g y c r i s i s and because o f f o r e i g n c o m p e t i t i o n . U. S.
a u t o w o r k e r s a r e s u f f e r i n g unemployment more because o f
r o b o t s i n Japan than because o f r o b o t s i n D e t r o i t . If Amer -
i c a c o n t i n u e s t h e p r e s e n t l o w r a t e o f p r o d u c t i v i t y g r o w t h ,
we c a n n o t h e l p b u t have even g r e a t e r unemployment. F o r e i g n
t r a d i n g p a r t n e r s a r e m o d e r n i z i n g a t a r a p i d r a t e . If we do
n o t innovate, o u r p r o d u c t s c a n n o t compete, and our w o r k e r s
will f i n d t h e i r Jobs b e i n g t a k e n away b y f o r e i g n c o m p e t i -
t i o n .

I m p r o v i n g p r o d u c t i v i t y i s n o t easy. It r e q u i r e s r e s e a r c h ,
deve lopmen t , e d u c a t i o n , c a p i t a l i nves tment , and i n c e n t i v e s
t o d o b e t t e r . The new t e c h n o l o g y o f advanced au toma t i on i s
n o t a q u i c k f i x . It i s a long r a n g e s o l u t i o n . R o b o t s have
much p r o m i s e b u t a l o n g way t o go. We a r e o n l y b e g i n n i n g t o
unders tand some o f t h e t e c h n i c a l p rob lems . We a r e many
years , p e r h a p s s e v e r a l decades f r o m m a k i n g t r u l y i n t e l l i -
gen t , h i g h l y s k i l l e d r o b o t s . B u t t e c h n i c a l s o l u t i o n s will
come. It i s o n l y a m a t t e r o f t i m e , money l and i n t e l l e c t u a l
r e s o u r c e s . The r e a l q u e s t i o n i s whe ther we can e v o l v e a so-
c i e t y i n w h i c h r o b o t s will comp lemen t , n o t c o m p e t e w i t h , hu-
mans f o r t h e i r l i v e l i h o o d . I f t h i s p r o b l e m can b e s o l v e d ,
t h e n t h e p r o s p e c t s f o r t h e f u t u r e may b e v e r y b r i g h t i n d e e d .
R o b o t s and au toma t i c f a c t o r i e s have t h e p o t e n t i a l t o in-
c r e a s e p r o d u c t i v i t y v i r t u a l l y w i t h o u t limit. T h i s p o t e n -
t i a l , i f b r o u g h t t o r e a l i t y , c o u l d c r e a t e a m a t e r i a l abun-
d a n c e and s tanda rd o f l i v i n g w h i c h f a r e x c e e d s t h e h o r i z o n
o f t o d a y ' s e x p e c t a t i o n s . Ove r t h e n e x t t w o c e n t u r i e s t h e
t e c h n o l o g y o f r o b o t i c s and advanced au toma t i on c o u l d make
e v e r y o n e r i c h . R o b o t s someday c o u l d p r o v i d e t h e e c o n o m i c
f o u n d a t i o n f o r an " e v e r y p e r s o n s ' a r i s t o c r a c y . " However , t h i s
will r e q u i r e t h a t we f i n d a way t o m a k e t h e m w o r k f o r us,
and n o t i n c o m p e t i t i o n w i t h us. To p r o t e c t t h e human
w o r k e r ' s l i v e l i h o o d i n t h e c o m i n g decades t h e r e a r e s e v e r a l
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s t e p s w h i c h can and s h o u l d b e t a k e n .

F i r s t , we must p r o v i d e r e t r a i n i n g f o r w o r k e r s d i s p l a c e d b y
r o b o t s f o r new and b e t t e r o c c u p a t i o n s .

Second, ( a f t e r a d e c a d e o r s o when r o b o t s b e g i n t o make a
s i g n i f i c a n t i m p a c t o n p r o d u c t i v i t y ) we c a n d e c r e a s e t h e
w o r k w e e k . It i s nowhere w r i t t e n i n s t o n e t h a t humans must
w o r k 40 hou rs p e r week. As r o b o t s t a k e ove r more and more
w o r k , humans can i m p r o v e t h e i r w o r k env i r onmen t and ' de-
c rease t h e i r w o r k p e r i o d s t o 3 0 r 20, o r even 10 hou rs p e r
week. E d u c a t i o n and l e i s u r e a c t i v i t i e s can b e i n c r e a s e d
v i r t u a l l y w i t h o u t limit. Even tua l l y , a l l " w o r k " c o u l d be
v o l u n t a r y .

However, i n o r d e r t o a c h i e v e t h i s we will need t o e x p l o r e a
w i d e v a r i e t y o f mechanisms f o r b r o a d e n i n g o u r ownersh ip o f
r o b o t s and a u t o m a t i c f a c t o r i e s . Employee s t o c k ownersh ip
plans, i n d i v i d u a l r o b o t - o w n e r e n t r e p r e n e u r s , and even semi -
p u b l i c mutual fund o w n e r s h i p p lans m i g h t b e d e v e l o p e d i n t h e
fu tu re . If e v e r y o n e c o u l d own t h e e q u i v a l e n t o f one o r t w o
r o b o t s , e v e r y o n e w o u l d b e f i n a n c i a l l y i n d e p e n d e n t J r e g a r d -
l e s s o f whether t h e y w e r e emp loyed o r no t .

F i n a l l y , i n t h e n e x t f e w y e a r s and decades,, w 0 must r e c o g -
n i z e t h a t it i s p rema tu re t o w o r r y about i n s u f f i c i e n t w o r k
t o g o around. T h e r e i s v i r t u a l l y an u n l i m i t e d amount o f
w o r k t h a t needs t o b e done i n e l i m i n a t i n g p o v e r t y , hunger ,
and d isease , n o t o n l y i n America, b u t t h r o u g h o u t t h e w o r l d .
We need t o d e v e l o p r e n e w a b l e e n e r g y r e s o u r c e s r c l e a n up t h e
env i ronment , r e b u i l d ou r c i t i e s , e x p l o i t t h e oceans, e x p l o r e
t h e p l a n e t s , and c o l o n i z e o u t e r space. The new a g e o f
r o b o t i c s will open many new p o s s i b i l i t i e s . What w e humans
can do i n t h e f u t u r e i s l i m i t e d o n l y b y o u r imag ina t ion t o
5ee t h e o p p o r t u n i t i e s and o u r courage t o a c t o u t o u r be-
l i e f s .
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E x p l a n a t i o n o f Figure 2.

The command and con t ro l s t ruc tu re for successful organiza -
t ions of g rea t complexi ty i s i nva r i ab l y hierarchical ,
where in goals, or tasks, se lec ted a t the highest l e v e l are
decomposed i n t o sequences of subtasks which are passed t o
one or more operat iona l uni ts a t the n e x t lower l e v e l i n the
hierarchy. Each of these lower l e v e l un i ts decomposes i t s
input command i n the context o f feedback information ob-
ta ined f r o m other un i ts a t t h e same or lower levels , o r . f r om
the e x t e r n a l environment, and issues sequences of sub-
subtasks t o a s e t o f subordinates a t the n e x t lower leve l .
This same procedure i s repeated a t each successive hierarch -
i c a l l e v e l u n t i l a t the bottom o f t h e hiexarchy there i s
generated a s e t o f sequences of p r im i t i ve actions which
d r i ve indiv idual actuators such as motors, servo valves, hy-
drau l ic pistons, or i nd i v i dua l muscles. This basic scheme
can be seen i n the organizat iona l hierarchy on the l e f t o f '
Figure 2.

A s ing le chain o f command through t h e organ izat iona l h ierar -
chy on tbe l e f t i s shown as the computational hierarchy i n
the center o f Figure 2. This computational hierarchy con-
s i s t s of t h r e e p a r a l l e l h ierarch ies : a task decomposition
hierarchy, a sensory processing hierarchy, and a world model
hierarchy. The sensory processing hierarchy consists of. a
ser ies o f coxputat iona l un i ts , each o f which e x t r a c t the
pa r t i cu l a r f ea tu res and information patterns nee3ed by the
task decom2osition un i t a t t h a t l e v e l . Feedback f r o m the
sensory processing hierarchy en te rs each l e v e l OE t h e task
decomposition hierarchy. This feedback information comes
f r o m t h e Sam2 or l o w e r l e v e l s o f t h e hierarchy or f r o m the
e x t e r n a l environment. It i s used by the modules i n t h e task
decomposition hierarchy t o sequence the i r outputs and t o
modify t h e i r decomposition function so as t o accomplish the
higher l e v e l g o a l i n s p i t e of perturbations and unexpected
events i n the environment.

The world model hierarchy Consists o f a se t of knowledge
bases t h a t genera te expec ta t ions aga ins t which the sensory
processing modules can compare the observed sensory data
stream. Expectat ions a r e based on stored information which
is accessed by t h e task be ing executed a t any par t icu lar
t i m e . The sensory processing u n i t s can use t h i s information
to s e l e c t t h e p a r t i c u l a r processing algor i thms t h a t a re ap-
p rop r i a te t o t h e expected sensory data and can inform the
task decom?osi t ion un i t s of whatever d i f f e rences , or er ro rs ,
e x i s t between the observed and expt?cted data. The task
decomposition u n i t can t.hen respond, e i t h e r by a l t e r i n g t h e
ac t ion so as t o br ing t h e observed sensory data in to
correspondence with the expectat ion, or by a l t e r i n g t h e in-
pu t t o the wor ld model so as to b r ing t h e expecta t ion in to



correspondence wi th t h e observation.

Each computat ional uni t i n t h e task decomposition, sensory
processing, and world modeling h i e r a r c h i e s can be represent -
ed as a f i n i t e - s t a t e machine. A t each t i m e i n c r e m e n t , each
un i t reads i t s input and based on i t s present internal st.ate
computes an output with a very short t i m e delay.

If the output o f each unit i n the task decomposition h i e r a r -
chy i s described as a vector, and p l o t t e d versus t i m e i n a
vector space, a behavioral h ierarchy such as i s shown on the
r i gh t s ide a€ Figure 2 r e s u l t s - I n t h i s i l l u s t r a t i o n a high
l e v e l goal, or task, (BUILD SUBASSEHJ3LY ABCD) i s input to
the h ighest l e v e l i n a robot contro l hierarchy. The H5 task
decomposition uni t breaks this task dofm in to a ser ies o f
subtasks, o f which (ASSEMBLE AB) i s the first ' . This "corn-.
p lex " subtask comxtand i s then sent t o the H4 task decomposi -
t ion uni t - H4 decomposes t h i s "complex " subtask into a se-
quence o f " simple " subtasks (FETCH A) , (FETCH B), (P€ATE B to
A) , FASTEN B t o A) . The H3 unit, subsequently decomposes
each of the "simple " subtasks in to a s t r i ng of " e lemen ta l
moves" of t h e f o r m (REACH TO A), (GRASP), (r40VE t o X),
(REALEASE), etc . The H2 decomposition uni t t h e n computes a
s t r i ng o f t r a j e c t o r y segments i n a coordinate system f i x e d
i n the work space; or i n t h e robot hand, o r i n t h e work

' L.;6 iece i t s e l f . These t r a j e c t o r y segments may i.sclude ac-
ce le ra t ion , Veloci ty, and dece le ra t i on prof i les : ' f o r the
robot motion. I n H l , each o f these t ra jec to ry segments are
transformed i n t o j o i n t angle novements and the jo in t actua -
tors a r e servoed t o execute t h e commanded motions -

A t each l e v e l , t h e G un i ts s e l e c t t h e appropr ia te f e e d b x k
information needed by t h e H modules i n the task decomposi -
t ion hierarchy. The M uni ts generate predict ions, or ex-
pected values, of t h e sensory data based on the stored
knowledge about t h e environment i n the context of t h e task
being executed.
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Exp lanat ion of Figure 3.

The computing a rch i t ec tu re shown i n Figure 3 i s intended as
a gener ic system t h a t can be appl ied t o a wide v a r i e t y o f
automatic manufacturing f a c i l i t i e s and can be extended to
much l a r g e r appl icat ions. The bas ic s t ruc ture i s h ierarch i -
cal , w i th t h e computational load d is t r ibu ted evenly over t h e
various computational un i ts a t the various d i f f e r e n t l e v e l s
o f the hierarchy. A t t h e l o w e s t l e v e l i n t h i s hierarchy are
t h e i n d i v i d u a l robots, N/C machining centers , smart sensors,
robot car ts, conveyors, and automatic storage systems, each
of which may have i t s own in te rna l h ie rarch ica l con t ro l sys-
tem. These ind i v idua l machines a re organized into work sta-
t ions under the cont ro l o f a work s t a t i o n cont ro l unit.
S e v e r a l work s ta t ion cont ro l uni ts are organized under, and
r e c e i v e input commands f r o m a c e l l contro l unit. Severa l
c e l l cont ro l uni ts may be organized under and rece ive input
commands f r o m a shop cont ro l unit, e tc . This h i e r a r c h i c a l
s t ructure can be extended t o as many l e v e l s with as many
modules pe r l e v e l as a re necessary, depending on the com-
p l e x i t y o f the factory.

O n the r i gh t s ide o f Figure 3 i s shown a data base which
contains t h e p a r t programs for t h e machine tools, t h e p a r t
handling prograzs f o r t h e robots, t h e m a t e r i a l s . . requ i re -
ments, dinensions, and to lerances d e r i v e d from the p a r t
des ign data base, and the algor i thms and process plans re -
quired .for routing, scheduling, tool ing, and f i x tu r i ng .
This data i s generated by a Computer -Aided -Design (CAD) sys-
t c m and . a Computer -Aided -Process -Planning (CAPP) system.
This data base i s h i e r a r c h i c a l l y s t ruc tu red so that the in-
formation r e q u i r e d a t the d i f f e r e n t h i e r a r c h i c a l l e v e l s i s
r e a d i l y a v a i l a b l e when needed.

O n the l e f t i s a second d a t a base which contains the current
s ta tus o f the factory. Each p a r t i n process i n t h e fac to ry
has a f i l e i n t h i s data base which contains informat ion as
t o what i s the pos i t i on and or ien ta t i on of tha t part , i t s
stage o f completion, t h e batch of pa r t s t h a t it i s with, and
qua l i t y con t ro l information. This data base i s a lso
h i e r a r c h i c a l l y st ructured. A t t h e lowest l e v e l , t h e posi -
t i o n o f each p a r t i s re fe renced to a p a r t i c u l a r t r a y or
t a b l e top. A t t he n e x t higher l e v e l , t h e work s t a t i o n , the
p o s i t i o n o f each p a r t r e f e r s t o which t ray t h e p a r t i s i n -
A t t h e c e l l l e v e l , pos i t i on r e f e r s to which work s t a t i o n the
p a r t i s in. The feedback processors on the l e f t scan each
l e v e l of t h e d a t a base and e x t r a c t t h e informat ion o f in-
t e r e s t t o t h e n e x t higher l e v e l . A management information
system makes it poss ib le t o query t h i s da ta base a t any l e v -
e l and d e t e r n i n e t h e s t a t u s of any par t or job i n t h e shop.
It can a l s o s e t or a l t e r p r i o r i t i e s on various jobs.


