
THE STANFORD HAND-EYE PROJECT 

by 
J.A. Feldman, G.M. Feldman, G. Falk, G. Grape, J. Pearlman, I. Sobel, J.M. Tenebaum 

Computer Science Department 
Stanford Un ivers i ty 
Stanford , Ca l i f o rn ia 

There is a large cont inu ing pro jec t at Stan­
ford A r t i f i c i a l I n t e l l i gence Laboratory aimed t o ­
wards the development of a system capable of i n ­
t e res t i ng perceptual-motor behavior. This paper 
presents a b r i e f ou t l i ne of the cu r ren t l y ac t i ve 
e f f o r t s and suggests references for more de ta i led 
i n fo rma t ion . A more thorough discussion of the 
e f f o r t to organize a v i s u a l percept ion system is 
presented. 
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1 . An Overview 

The work on in tegrated " robo ts " , though wide­
ly discussed, is s t i l l poorly understood even w i t h ­
in the A r t i f i c i a l I n te l l i gence community. Like 
any large research and development e f f o r t , a robot 
p ro jec t is d i f f i c u l t to describe in a way which is 
comprehensive but not s u p e r f i c i a l . 

In t h i s paper we w i l l attempt to provide an 
overview of our cur rent goals and approaches to 
achieving them. These are a number of deta i led 
papers on var ious aspects of the Stanford e f f o r t 
which are re fe r red to here, inc lud ing several 
works in progress. These l a t t e r are included be­
cause they should be ava i lab le from the i r authors 
considerably in advance of t he i r formal pub l ica­
t i o n . 

The o v e r a l l goal of the hand-eye pro jec t is 
to design and implement a system which exh ib i t s 
i n t e r e s t i n g perceptual-motor behavior . An impor­
tant subgoal is that the problems that a r ise in 
the design of system components be solved in ways 
which are s u f f i c i e n t l y general to be s c i e n t i f i c a l ­
ly i n t e r e s t i n g . Thus, for example, we have put 
considerable e f f o r t i n t o understanding depth per­
cept ion although the spec ia l environment we are 
using al lows for ad hoc so lu t i ons . The possible 
app l i ca t ions of our work and i t s relevance to the 
study of animal behavior have been secondary ar ­
eas of i n t e r e s t . 

Our f i r s t hand-eye system used many ad hoc 
so lu t ions and was mainly concerned w i t h the prob­
lems of combining the minimum necessary hardware 
and software components. This p r i m i t i v e , but 
complete system fo r b lock-s tack ing under v i s u a l 
c o n t r o l was completed in May I967, and has been 
described elsewhere [ 2 1 ] . The f unc t i ona l diagram 

of Figure 1 provides a s u f f i c i e n t desc r i p t i on for 
our purposes. Our most recent work has involved 
the redesign of the system con f igu ra t ion and 
more ca re fu l study of each of the component pro­
grams . 

Our attempt to develop an in tegrated hand-
eye system has forced us to confront several AI 
problems which had received l i t t l e previous a t t e n ­
t i o n . The two causes under ly ing the new problems 
are the complexity of the desired behavior and 
the innate pervers i t y of inanimate ob jec ts . Pat­
te rn recogn i t i on , problem so l v ing , modeling, e t c . 
which have been studied in idea l ized contexts take 
on new aspects in the hand-eye system. The most 
s t r i k i n g r e s u l t to date is that t r a d i t i o n a l ap­
proaches to these problems have not proved ade­
quate. We are not yet in a pos i t i on to make de­
f i n i t i v e statements on what is needed, but a com­
mon understanding of the issues is a r i s i n g among 
robot b u i l d e r s . N i l sson 's paper in t h i s volume 
14] contains a good discussion of the general 
s i t u a t i o n . 

The main p r i n c i p l e which has emerged from 
the Stanford work is the dependence of everything 
on every th ing . For example, one might use en­
t i r e l y d i f f e r e n t perceptual s t ra teg ies w i t h a ran­
dom access (image d issec to r ) camera than w i t h a 
scanning (v id icon) device. This i nsepa rab i l i t y 
cont r ibutes to high entrance cost of hand-eye r e ­
search; there i s , as y e t , no way to experiment 
w i t h a part of the program wi thout de ta i led know­
ledge of the other pa r t s . 

Much of our e f f o r t has gone towards recon­
c i l i n g t h i s mutual interdependence of programs 
w i t h the inherent independence of programmers. 
The problem is exacerbated at a un i ve rs i t y by 
the need of graduate students to produce c l e a r l y 
separable con t r ibu t ions to the p ro j ec t . 

These f a c t s , plus the a v a i l a b i l i t y of systems-
or iented students, encouraged us to undertake a 
rather ambit ious system-programming pro jec t i n ­
c luding a submonitor, a h i g h - l e v e l language, and 
a new data s t r uc tu re . The goal of t h i s p ro jec t 
is to produce a hand-eye laboratory in which i t 
w i l l be r e l a t i v e l y easy to experiment w i t h new 
ideas in percept ion, modeling, problem-solv ing 
and c o n t r o l . This laboratory w i l l a l so , hope­
f u l l y , provide a t e s t i n g ground for many re la ted 
a r t i f i c i a l i n t e l l i g e n c e pro jec ts cu r ren t l y under­
way; Section 3 contains a d iscussion of some of 
these. 

The hand-eye laboratory w i l l have to accomo-
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date programs whose t o t a l s ize is severa l t imes 
the s ize of core memory. Fur ther , as we w i l l 
show in Sect ion 2, the order in which these p ro ­
grams are executed cannot be determined in advance. 
These programs must be able to communicate w i t h 
each other and w i t h a common g loba l model which 
represents the system's knowledge of the w o r l d . 
Since many operat ions requ i re moving phys ica l de­
v ices ( l i k e the arm and camera) which e n t a i l long 
de lays , we would l i k e to a l low p a r a l l e l execut ion 
of hand-eye subprograms. A l l of these requirements 
can be met by the a d d i t i o n of one basic f e a t u r e , 
the pseudo- te le type, to the PDP-10 t ime-shar ing 
mon i to r . A pseudo-te letype is simply a b u f f e r 
set up by one job which acts as the c o n t r o l console 
of another j o b . Subprograms are each set up as a 
separate j o b ; a l l a c t i v e , jobs w i l l b e au tomat i ca l ­
ly t ime-shared by the main mon i to r . The submonitor 
is respons ib le fo r handl ing messages, some i n t e r ­
rup ts and changes to the g l o b a l model and w i l l a l so 
be able to record i t s ac t ions as an a id to debug­
g ing the system. 

The language and d a t a - s t r u c t u r e designs are 
c l ose l y t i e d to the submonitor and to each o ther . 
The language is an extens ion of our ALGOL Compiler 
[27] along the l i nes of the assoc ia t i ve language, 
LEAP [ 5 ] . The c e n t r a l concept of LEAP and the 
under l y ing data s t r u c t u r e i s the a s s o c i a t i o n : a t ­
t r i b u t e • ob jec t = va lue . The use of assoc ia t ions 
fo r wor ld-model ing i s descr ibed i n d e t a i l i n [ 1 6 ] . 
An important new concept in t h i s ve rs ion of LEAP 
is the use of l o c a l and g l oba l assoc ia t i ve s t r u c ­
t u r e s . Every atomic ob jec t ( i tem) i s e i t h e r l o c a l 
or g l o b a l ; the assoc ia t i ve s t r uc tu re l o c a l to a 
subprogram may conta in assoc ia t ions i nc l ud ing g l o ­
b a l i tems, but not v i c e - v e r s a . Any attempt to a l ­
t e r the g l o b a l assoc ia t i ve s t r u c t u r e i s trapped 
to the submonitor which determines when the a l t e r ­
a t i o n should be a l lowed. The language contains 
p r i m i t i v e s for l o c a l and g l o b a l assoc ia t i ons , mes­
sage hand l ing and i n t e r r u p t process ing. P r e l i m i ­
nary vers ions of the submonitor, language, and 
d a t a - s t r u c t u r e are c u r r e n t l y in opera t ion and seem 
to be p rov id ing the des i red increase in programming 
ease. 

Work on the hand-eye problem proper has con­
t inued in pa ra l l ed w i t h the system development. 
Much of t h i s work has been d i rec ted toward the 
development of a f l e x i b l e set of v i s i o n programs, 
the subject of Sect ion 2 of t h i s paper. To p ro ­
v ide a sense of d i r e c t i o n and to bound our a s p i r a ­
t i o n s , we proposed a c lass of tasks which we hope 
to have the hand-eye per form. The main task is the 
b u i l d i n g o f f a i r l y complex cons t ruc t ions ( cas t l es ) 
out of simple b locks . The b locks were r e s t r i c t e d 
to being plane-bounded and convex. The cas t l e 
might be e x p l i c i t l y descr ibed by a set of assoc i ­
a t i ons r e l a t i n g i t s sub-parts or we might simply 
be g iven one or more views of i t . Even t h i s task 
i s too d i f f i c u l t fo r the system to solve in gen­
e r a l , but i t has provided a use fu l context fo r the 
development o f var ious r o u t i n e s . 

B u i l d i n g a c a s t l e out of c h i l d r e n ' s b locks is 
a problem in which there is no t e c h n i c a l l i t e r a t u r e . 
Shapiro [30 ] has concerned h imse l f w i t h the deve l ­

opment of op t imal s t r a teg ies fo r doing t h i s w i t h 
our mechanical hand which can only place a b lock 
w i t h l/k inch accuracy. The f i r s t problems 
at tacked were the development of h e u r i s t i c s fo r 
s t a b i l i t y ana lys is and fo r generat ing the proper 
sequence of ac t ions assuming i d e a l placement. 
Subsequent work w i l l remove t h i s r e s t r i c t i o n and 
attempt to develop s t r a t eg i es which compensate fo r 
observed imper fec t ions in the performance of the 
mechanical man ipu la tor . One of the most i n t e r e s ­
t i n g aspects o f t h i s task is the var ious leve ls 
of feedback which can be used in the b u i l d i n g pro­
cess. In some cases, one need only know that a 
b lock i s s t i l l i n place and t a c t i l e feedback i s 
s u f f i c i e n t . I f the s i t u a t i o n i s more c r i t i c a l 
one might v i s u a l l y determine the placement e r ro r 
and a l t e r the remainder of the s t ra tegy accord ing­
l y . F i n a l l y , there i s the p o s s i b i l i t y o f a d j u s t ­
ing the b l ock , under v i s u a l c o n t r o l u n t i l the 
e r ro r is s u f f i c i e n t l y smal l [ 2 9 ] . An important 
par t of the cas t l e b u i l d i n g problem has been 
solved by Pieper [ 17] in h i s development of an 
obstacle avoidance program for the arm. 

The use of v i s u a l feedback in b lock s tack ing 
presents a ra the r d i f f e r e n t problem than those 
normal ly discussed in p i c t u re process ing. The 
v i s i o n rou t i ne has the job of determin ing the 
accuracy w i t h which some b lock was p laced. The 
t o t a l scene may be very complicated and it would 
be absurd to perform a complete scene a n a l y s i s . 
Furthermore, the p roper t ies of the blocks to be 
examined may be known in great d e t a i l and the 
v i s i o n rou t i ne would be able to take advantage 
of t h i s f a c t . One of our major e f f o r t s has 
been d i rec ted toward so lv ing these problems of 
c o n t e x t - s e n s i t i v e v i s u a l pe rcep t ion . The o v e r a l l 
system designed to do t h i s is qu i t e complex and is 
the subject of the next s e c t i o n . 

2. The Organizat ion of a V isua l Percept ion System 

Percept ion, and most p a r t i c u l a r l y v i s u a l 
pe rcep t ion , is a complex process r e q u i r i n g a sys­
tem which is s e n s i t i v e to a l l the var ious leve ls 
of d e t a i l o f the environment. Furthermore, since 
the ava i l ab l e data is p o t e n t i a l l y overwhelming 
(consider the number of d i f f e r e n t v iewpo in ts ) 
the system must have both the mechanisms and 
appropr ia te s t ra teg ies to se lec t what data are 
worthy o f i t s a t t e n t i o n and what l e v e l o f d e t a i l 
i s best su i ted to the cur ren t perceptua l g o a l . 

We w i l l concentrate on these two aspects of 
v i s u a l percept ion - l eve ls of d e t a i l and s t r a t e ­
gies fo r a t t e n t i o n . Data from a scene may be 
s t ruc tu red to vary ing degrees. At the lowest 
l e v e l l i e the i n t e n s i t y and co lo r o f the l i g h t 
a t a p a r t i c u l a r po in t in the v i s u a l f i e l d ; a t a 
h igher l e v e l are those ob jects in the v i s u a l 
scene which we d i g n i f y by the use of nouns; at 
a s t i l l h igher l e v e l one no t i ces i n t e r r e l a t i o n ­
ships and r e l a t i v e motion between o b j e c t s . At 
the h ighest l e v e l one is aware of the t o t a l s i t ­
ua t i on - as "Danger! C o l l i s i o n imminent . " Each 
of these l eve l s of percept ion is necessary and we 
must i n t e g r a t e a l l of them. O r d i n a r i l y , we are 
conscious only of our percept ions of ob jec ts and 
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s i t u a t i o n s , but the fac t that we can learn to 
draw ind i ca tes that lower l e v e l d e t a i l s are 
perceived and can be made accessib le to conscious­
ness. 

It is cur ious that we must learn to draw -
as i f the lower leve ls of v i s u a l pat terns are 
coalesced i n t o objects at a preconscious l e v e l . 
This no t i on gives r i s e to a s i m p l i f i e d theory of 
percept ion held by many workers in percept ion and 
pa t t e rn r e c o g n i t i o n . The theory is embodied in a 
s t ra tegy of percept ion which places a t t e n t i o n 
f i r s t at the lowest l e v e l of d e t a i l and then ex­
t r a c t s successively h igher leve ls u n t i l the o r ­
gan iza t ion of the e n t i r e scene is understood. 
Thus, by processing i n t e n s i t y and co lor d i s t r i ­
but ions one obtains t e x t u r e , edges, and corners . 
From t h i s i n fo rmat ion regions are ex t rac ted and 
these in tu rn are associated i n t o bod ies. Then 
the bodies are i d e n t i f i e d as objects and t h e i r 
var ious i n t e r r e l a t i o n s h i p s are de r i ved . Thus: 

po in ts -> l i nes -> regions -> bodies -> objects -> 

scene 

E s s e n t i a l l y , a l l the ea r l y work on v i s u a l 
pe rcep t ion , i nc l ud ing our own, proceeded along 
these l i n e s . To some ex ten t , the b e a u t i f u l work 
of Guzman [9 ] °n f i n d i n g the d i s t i n c t bodies in 
a pe r fec t l i n e drawing had an undesirable e f f e c t 
on the f i e l d . Guzman's program was so success­
f u l tha t i t sent people on a quest fo r the per­
fec t l i n e drawing program. Although we have had 
considerable success [7 ,11] a t generat ing l i n e -
drawings, i t has become apparent that the s t r i c t 
bo t tom- to - top processing sequence is not op t ima l . 
We w i l l present some general d iscuss ion on the 
o rgan iza t ion of v i s i o n systems and then descr ibe 
our cur ren t e f f o r t s . 

The model of v i s i o n which we f i ne u s e f u l i n ­
volves rou t ines a t var ious l e v e l s , cooperat ing in 
an attempt to understand a scene. There is a 
large body of psycho log ica l evidence [6 ,32 ] i n ­
d i c a t i n g the dependence of percept ion upon g loba l 
i n fo rma t ion and upon preconceived ideas. Many of 
the w e l l known o p t i c a l i l l u s i o n s f a l l i n t h i s 
c l a s s . One can a lso show that there are simple 
scenes which are ambiguous in the absence of g l o ­
b a l i n f o r m a t i o n , but are e a s i l y resolved in con­
t e x t . 

A most s t r i k i n g case of t h i s is the ground 
plane assumption [ 2 3 ] , which has become a corner-
stone of a l l robot perceptua l systems. From a 
monocular image i t i s imposs ib le , i n general to 
ca l cu la te the d is tance of an object from the 
camera. I f , however, the ob ject is l y i n g on a 
known plane (one whose t rans fo rmat ion to image co-
ord inates is a v a i l a b l e ) then the depth of the 
o b j e c t 1 s base v e r t i c e s is known. This p a r t i c u l a r 
piece of g l oba l i n fo rmat ion has been i m p l i c i t l y 
used f o r depth i n f o r m a t i o n , but has many other 
uses. 

Consider the f o l l o w i n g l i n e drawing. 

If one knew that t h i s object were l y i ng on 
the plane determined by ABC which was known, then 
one would know the p r o j e c t i o n of each point in 
the image onto the ABC plane. Each po in t e . g . F 
must be on the l i n e determined by i t s p ro j ec t i on 
onto the ABC plane and the lens center . If the 
l i ne AF is perpendicular to the plane we then 
know the length of AF. 

Fur ther , we can o f ten determine whether or 
not AF is perpendicular to the plane from the i n ­
format ion a v a i l a b l e . The lens center , po in t A 
and the p r o j e c t i o n of po in t F determine a p lane, 
which contains the l i n e AF. I f t h i s plane is 
perpendicular to ABC then the l i n e AF is a l so , 
fo r ob jects which are a t a l l regu lar [ 2 6 ] . I f 
one knew the lengths of AF, BG, and CD and t h e i r 
angles w i t h the ABC plane, then the coordinates 
of F, G, and D are computable and assuming F, G, 
D and E are in a plane is s u f f i c i e n t to determine 
E. Thus the ground plane assumptions plus some 
g loba l r e g u l a r i t y cond i t ions al low fo r the com­
p le te d e s c r i p t i o n of an object from a s ing le 
monocular v iew. Of course, these cond i t ions may 
not h o l d , but Falk has some encouraging r e s u l t s 
in object recogn i t i on using these kinds of tech­
niques . 

A somewhat more basic problem ar ises in the 
cons idera t ion of the f o l l ow ing image: 

The i n t e r i o r edges might very w e l l be less 
d i s t i n c t and be missed by the program which f i r s t 
t r i e d to form a l i n e drawing. At some higher 
perceptua l l e v e l , a program could detect the 
ambigui ty and attempt to f i n d the i n t e r i o r edges. 
With the con tex tua l i n fo rmat ion a v a i l a b l e , the 



system could then use h i gh l y spec ia l i zed tes ts to 
determine the presence of an edge. Fur the r , since 
the area invo lved i s r e l a t i v e l y sma l l , i t might a l ­
so be reasonable to apply very sens i t i ve operat ions 
which are too c o s t l y to use on an e n t i r e scene. 
In both cases we see how our system o rgan iza t ion 
f a c i l i t a t e s a perceptua l s t ra tegy i n v o l v i n g se lec­
t i v e a t t e n t i o n . A v i s i o n system which worked s t r i c ­
t l y bo t tom- to - top would have no no t ion of a t t e n ­
t i o n . There would be a standard l i n e f i n d i n g op­
e r a t i o n , fo l lowed by an attempt to f i t i n t e r s e c ­
t i o n s , e t c . These are inherent l i m i t a t i o n s [28 ] 
in any such system ba lanc ing noise s e n s i t i v i t y 
w i t h a b i l i t y t o perceive d e t a i l . The f l e x i b l e 
o rgan iza t ion discussed here a l lows fo r the use 
of d i f f e r e n t hardware and software components in 
d i f f e r e n t contexts and has much greater p o t e n t i a l . 

Those readers u n f a m i l i a r w i t h the f i e l d w i l l 
probably f e e l that we have set up an e laborate 
straw man. Cognoscenti w i l l recognize the man as 
r e a l enough, but w i l l be look ing fo r a way to 
make our grand design o p e r a t i o n a l . The remainder 
of t h i s sec t ion w i l l be devoted to a d iscuss ion 
of how we are a t tempt ing to do t h i s . 

The g o a l , once aga in , is to produce a f l e x ­
i b l e v i s u a l percept ion system capable of se lec­
t i v e a t t e n t i o n and o f i n t e g r a t i n g i n fo rma t ion 
from a l l l eve l s of pe rcep t i on . An obvious p re ­
r e q u i s i t e fo r such a system is a mon i to r , language, 
and data s t r uc tu re capable of i t s suppor t . Our 
proposed design was descr ibed in Sect ion 1. 

A second necessary i ng red ien t of any such 
system is a large set of f l e x i b l e basic v i s i o n 
r o u t i n e s . Among the necessary func t ions a re : 
reading raw da ta , changing the camera p o s i t i o n and 
parameters, edge f i n d i n g , corner f i t t i n g , reg ion 
f i n d i n g , ana lys is i n t o d i s t i n c t bod ies , i d e n t i f i ­
c a t i o n of p a r t i c u l a r ob j ec t s , and complete scene 
a n a l y s i s . Work is under way in a l l these areas 
but we w i l l be content to descr ibe b r i e f l y some 
of the work which seems to be most i n t e r e s t i n g . 

One important aspect of the general v i s i o n 
system is accomodation, the adapta t ion of the i n ­
put mechanisms to the v i s u a l environment. Selec­
t i v e a t t e n t i o n can then be implemented in the 
v i s i o n hardware by choosing accomodative s t r a t e ­
g ies which r e f l e c t cur ren t perceptua l goa ls . For 
example, the camera could be sens i t i zed to a 
s p e c i f i c co lo r c h a r a c t e r i s t i c of a des i red ob jec t 
( v i a a co lo r f i l t e r ) . This e f f e c t s a gross r e ­
duc t i on in the volume of i n fo rma t ion which must 
be inpu t and subsequently searched to determine 
i t s re levance. 

The camera parameters c u r r e n t l y under computer 
c o n t r o l are the pan and t i l t ang les , focus, magni­
f i c a t i o n and d i g i t i z a t i o n l e v e l . There are two 
hard problems in accomodation which a r i se from the 
need f o r a common wor ld model. When the camera is 
panned, it gets a new v iew. The images of ob jec ts 
in t h i s new view must be placed in correspondence 
w i t h the o ld Images of the same o b j e c t s . An even 
more d i f f i c u l t problem is to compute accura te ly 
the perspect ive t rans fo rma t ion [23 ] app l i cab le 

in the new s i t u a t i o n . Sobel [26 ] has developed 
techniques fo r these problems, r e l y i n g heav i l y on 
the l i t e r a t u r e of photogrammetry. 

A major area of i n t e r e s t at Stanford has been 
the development of l ow - l eve l edge and l i n e f i nders 
The v i s u a l system of the o r i g i n a l system was l i t ­
t l e more than a good edge fo l lower pus a rou t i ne 
which used the ground plane assumption and the 
existance of only cubes to locate o b j e c t s . There 
have been extensive a n a l y t i c a l and p r a c t i c a l s tud ­
ies of var ious s p a t i a l f i l t e r i n g and edge f i n d i n g 
techniques [ 1 1 , 2 8 ] . More r e c e n t l y , we have 
begun to look at feature v e r i f i e r s which w i l l use 
g loba l i n fo rma t ion and a p r e d i c t i o n to help iden­
t i f y a f e a t u r e . 

There are a lso programs which do f a i r l y w e l l 
a t corner f i n d i n g , region e x t r a c t i o n , e t c . These 
are f a i r l y f l e x i b l e and might be incorporated i n ­
to a v i s i o n system organized as we have suggested. 
The r e a l problem is to develop rou t ines for these 
tasks which are sens i t i ve to poss ib le e r ro rs and 
ambigu i t ies and know when to ask for he l p . A 
re la ted issue is the language for communicating 
between v i s i o n programs at var ious l e v e l s . We 
have j u s t begun to se r ious l y conf ront these issues 

We are c u r r e n t l y complet ing an i n t e r a c t i v e 
ve rs ion of our grandiose v i s i o n scheme. Grape is 
extending h i s programs [7 ] to a l low fo r user i n ­
t e r ven t i on at several stages in the scene analy­
s i s process. As in termedia te stages of ana lys is 
are d i sp layed , the user w i l l be able to i n t e r r u p t 
and add in fo rmat ion to the system. Using t h i s 
system and some hard thought , we hope to come up 
w i t h a reasonable f i r s t cut a t the m u l t i - l e v e l 
v i s i o n system. The process of r e f i n i n g t h i s sys­
tem and adding to i t s basic c a p a b i l i t i e s w i l l , 
l i k e the poor, always be w i t h us. 

3 . Related Work in A r t i f i c i a l I n t e l l i g e n c e a t 

Stanford 

The robot problem, in some sense, encompass­
es the e n t i r e f i e l d o f a r t i f i c i a l i n t e l l i g e n c e -
there i s noth ing i n a r t i f i c i a l i n t e l l i g e n c e work 
which would not be u s e f u l in the u l t i m a t e robo t . 
The precise degree to which var ious other e f f o r t s 
should be coordinated w i t h a robot p ro j ec t is un­
c l e a r . T r a d i t i o n a l l y ( f o r the past three y e a r s ) , 
the M. I .T . group has kept qu i t e s t r i c t l y to hand-
eye problems which the S . R . I , group has concen­
t ra ted on combining as much of i t s work as poss­
i b l e . The Stanford group is somewhere between -
there are a large number of a r t i f i c i a l i n t e l l i ­
gence p ro jec ts at va ry ing d is tances from the 
hand-eye e f f o r t . 

One c l ose l y r e l a ted development is concerned 
w i t h improvements in the devices used fo r the 
mechanical hand and eye. The research or, v i s i o n 
devices has been l a rge l y a n a l y t i c a l [3] but 
cons ide ra t ion is being g iven to b u i l d i n g a laser 
system which w i l l d i r e c t l y produce a three-d imen­
s i o n a l image. The work on arms and hands is con­
ducted l a rge l y by the mechanical eng ineer ing de­
partment and has been ra ther more a c t i v e . This 
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e f f o r t has produced one d i s s e r t a t i o n [ 1 7 ] , two 
complete arm systems, and a v a r i e t y of proposals 
fo r others [ 2 5 ] . In the v i s u a l percept ion area, 
there are attempts to solve such problems as face 
and person r e c o g n i t i o n . There is a lso a s i g n i f i ­
cant e f f o r t underway to operate a motorized ca r t 
under computer c o n t r o l . The ca r t and i t s sensing 
devices are opera t i ona l and the programming fo r 
t h i s task has begun. Although the ca r t p ro jec t 
w i l l use some of the v i s i o n rou t ines developed in 
the hand-eye e f f o r t , i t s goals are qu i t e d i f f e r e n t . 
The main problems being at tacked in the ca r t p ro ­
j e c t are v i s i o n from a moving object and the r e ­
la ted problems o f c o n t r o l . This p ro jec t is ex­
pected to grow considerably in the near f u t u r e . 

The most re levan t of the many t h e o r e t i c a l 
e f f o r t s is the work on the use of automatic 
theorem proving methods as a technique for b u i l d i n g 
s t r a teg ies [ 1 2 ] . Some such mechanisms w i l l even­
t u a l l y be par t of the hand-eye system and there 
are e f f o r t s to ax iom i t i ze some hand-eye tasks . 
However, there are very d i f f i c u l t t h e o r e t i c a l and 
p r a c t i c a l problems to be solved before a theorem 
prover w i l l be able to develop s t ra teg ies as 
f l e x i b l e as the one for cas t l e b u i l d i n g descr ibed 
i n Sect ion 1 . 

The work on systems programming discussed 
b r i e f l y in Sect ion 1, contains a number of i n t e r ­
es t i ng problems in i t s own r i g h t . The use of 
many p a r a l l e l programs operat ing on a s ing le g l o ­
ba l data s t r uc tu re is a problem of considerable cur ­
rent i n t e r e s t . Even more i n t r i g u i n g is the poss­
i b i l i t y o f problem-di rected resource a l l o c a t i o n . 
The c o n t r o l program for a p a r t i c u l a r hand-eye 
task w i l l attempt to choose an opt imal sequence of 
v i s i o n , manipu la t ion and computation rou t ines fo r 
ach iev ing i t s g o a l . I t seems reasonable that such 
a c o n t r o l program could a l l o c a t e resources (core , 
processor, e t c . ) b e t t e r than a b l i n d schedul ing 
a l g o r i t h m ; we are designing the system to a l low 
fo r exper imentat ion along these l i n e s . 

Ce r ta i n l y one would l i k e the u l t ima te robot 
to communicate w i t h people in n a t u r a l language. 
There is a large e f f o r t under Colby [ 3 ] to develop 
models of human b e l i e f s t ruc tu res and programs 
which can cons t ruc t these b e l i e f s t ruc tu res from 
n a t u r a l language statements. Another important 
con t inu ing e f f o r t is that of Reddy [ 2 2 , 3 I ] on 
speech r e c o g n i t i o n . This work has been qu i t e 
successfu l and has a c t u a l l y been combined w i t h the 
o r i g i n a l hand-eye system in a demonstrat ion p ro­
gram. Much more e laborate n a t u r a l language com­
municat ion systems fo r hand-eye could be produced 
i f there were a s c i e n t i f i c advantage to be gained. 

One p r o j e c t in n a t u r a l language processing 
which seems p a r t i c u l a r l y re levan t is that of Becker 
[ 1 ] . He is developing a model of human cogn i t i ve 
s t r u c t u r e which attempts to encompass both per­
cep tua l and ve rba l behaviour . Cur ren t l y in i t s 
e a r l y stages of development, t h i s model may become 
a ser ious contender fo r the basis of 
the genera l problem so lver in the next generat ion 
r o b o t . 

As these p ro jec ts and the hand-eye system 
develop, we expect them to have an increas ing 
e f f e c t on one another. The remaining problems 
are immense, but the e n t i r e approach seems more 
sound and r e a l i s t i c than was the case a few years 
back. 
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