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Summary 

T h i 3 p a p e r d e s c r i b e s a m a n - c o m p u t e r - m a n i n u l a -
t o r s y s t e m f o r d o i n g a v a r i e t y o f e x p l o r a t i o n and 
a s s e m b l y t a s k s f o r s p a c e , u n d e r s e a , h a z a r d o u s t e r -
r e s t i a l e n v i r o n m e n t s , w a r e h o u s i n g and m e d i c a l 
a p p l i c a t i o n s . Emphas is i s p l a c e d upon t h e a l l o c a ­
t i o n o f f u n c t i o n s t o man and mach ine and t h e 
n a t u r e o f t h e i r o n - l i n e i n t e r a c t i o n . The human 
o p e r a t o r t h r o u g h a c o m b i n a t i o n o f a n a l o g i c com­
mands (hand movements t o s p e c i f y d i r e c t i o n , m a g n i ­
t u d e , t i m e r e l a t i v e t o h i s v i e w o f t h e t a s k ) and 
s y m b o l i c commands ( t y p e w r i t t e n a l p h a n u m e r i c c h a r ­
a c t e r s ) , s e t s s u b g o a l s , s u b r o u t i n e s , and s t o p p i n g 
c o n d i t i o n s i n t e r m s o f t h e m a n i p u l a t o r ' s p o s i t i o n 
and t o u c h s e n s o r s . The c o m p u t e r i n t e r p r e t s t h e 
human commands, r e a d s d a t a f r o m t h e m a n i p u l a t o r ' s 
own s e n s o r s , p e r f o r m s g e o m e t r i c t r a n s f o r m a t i o n s 
and e x e c u t e s o p t i m a l o r h e u r i s t i c p r o c e d u r e s t o 
d r i v e t h e m a n i p u l a t o r a c t u a t o r s . L a b o r a t o r y e x ­
p e r i m e n t s w i t h such a s y s t e m a r e d e s c r i b e d , and 
p r o b l e m s o f o r g a n i z i n g command l a n g u a g e s , d e s i g n ­
i n g t o u c h s e n s o r s and m a n i p u l a t o r s a r e d e t a i l e d . 

I n t r o d u c t i o n and P r o b l e m S t a t e m e n t 

Remote m a n i p u l a t i o n U P t o t h e p r e s e n t t i m e 
has been c a r r i e d o u t m a i n l y i n n u c l e a r " h o t c e l l s " 
and t o a l e s s e r e x t e n t u n d e r s e a . G e n e r a l l y i n 
t h e s e a p p l i c a t i o n s a d i r e c t m e c h a n i c a l o r e l e c t r o ­
m e c h a n i c a l l i n k a g e c o n t i n u o u s l v s l a v e s t h e move­
men ts o f t h e m e c h a n i c a l hand t o t h o s e o f a h a n d l e 
g u i d e d by a human o p e r a t o r a r e l a t i v e l y few f e e t 
away . The o n l y e x t r a - t e r r e s t i a l a p p l i c a t i o n has 
been t h e m a n i p u l a t o r o n t h e S u r v e y o r s p a c e c r a f t 
w h i c h was commanded i n v e r y s i m p l e d i s c r e t e move­
ments t o d i g t h e s u r f a c e o f t h e moon and t o p o s i ­
t i o n e x p e r i m e n t a l a p p a r a t u s . G e n e r a l p u r p o s e man­
i p u l a t o r s have r e c e n t l y been emp loyed i n p r o d u c t i o n 
t a s k s , w h e r e i n t h e m a n i p u l a t o r r e p e a t s a s t o r e d 
m o t i o n sequence " t a u g h t " i t b y a human o p e r a t o r who 
moves i t s d e g r e e s o f f r e e d o m t h r o u g h t h e d e s i r e d 
p a t h t o r e c o r d t h e i m p o r t a n t p o i n t s a l o n g i t . None 
o f t h e s e d e v i c e s makes use o f a r t i f i c i a l i n t e l l i ­
gence o r e v e n e n v i r o n m e n t a l s e n s i n g f o r a u t o m a t i c 
c o n t r o l . A n e x t e n s i v e h i s t o r i c a l r e v i e w o f d e v e l ­
opments i n r e m o t e m a n i p u l a t i o n has r e c e n t l v been 
w r i t t e n b y J o h n s e n and C o r l i s s . 1 

B e g i n n i n g w i t h t h e e x p e r i m e n t s o f E r n s t s e v ­
e r a l d e v e l o p m e n t s o f au tonomous r o b o t s have begun 
a t M I T , S t a n f o r d U n i v e r s i t y , and S t a n f o r d R e s e a r c h 
I n s t i t u t e 3 ' 4 ' 5 w h i c h h a v e p o t e n t i a l a p p l i c a t i o n t o 
an unmanned Mars m i s s i o n . C o m p l e t e l y autonomous 
d e v i c e s w i l l s u r e l y b e p r a c t i c a l f o r a w i d e r a n g e 
o f r e c o g n i t i o n and c o n t r o l t a s k s e v e n t u a l l y . I t i s 
t h e a u t h o r s ' c o n t e n t i o n , h o w e v e r , t h a t f o r t h e i m ­
m e d i a t e f u t u r e i t w i l l b e e c o n o m i c a l l y e x p e d i e n t t o 
send a m a n i p u l a t o r o r v e h i c l e h a v i n g a l o w l e v e l o f 
a r t i f i c i a l i n t e l l i g e n c e b u t s u p e r v i s e d b y a human 

o p e r a t o r o n e a r t h . I t w o u l d t r a n s m i t t o h i m r e l a ­
t i v e l y s i m p l e sense d a t a and o t h e r i n f o r m a t i o n f o r 
h i s i n t e r p r e t a t i o n and f o r use a s t h e b a s i s o f f u r ­
t h e r i n s t r u c t i o n s . A t l u n a r and n e a r e r d i s t a n c e s 
t h e t e l e m e t r y r e q u i r e d i s e n t i r e l y w i t h i n t h e p r e s ­
e n t s t a t e - o f - t h e - a r t . 

More g e n e r a l l y i t i s b e l i e v e d t h a t n o n - r o u t i n e 
m e c h a n i c a l h a n d l i n g o r assemb ly t a s k s t o o r e m o t e o r 
t o o h a z a r d o u s o r s c a l e d t o o l a r g e o r t o o s m a l l f o r 
d i r e c t m a n i p u l a t i o n b y man can b e s t b e c o n t r o l l e d 
b y a m i x t u r e o f human and a r t i f i c i a l i n t e l l i g e n c e . 
The p r o b l e m i s how man and compu te r s h o u l d i n t e r a c t . 
T h i s p a p e r d e s c r i b e s l a b o r a t o r y s i m u l a t i o n e x p e r i ­
ments i n v o l v i n g human s u b j e c t s t o g e t h e r w i t h compu­
t e r s i n r e a l - t i m e c o n t r o l o f t w o , t h r e e and seven 
d e g r e e - o f - f r e e d o m m e c h a n i c a l m a n i p u l a t o r d e v i c e s . 
I n t h e s e e x p e r i m e n t s t h e compu te r c o n t i n u o u s l y r e c ­
o g n i z e s s i m p l e p a t t e r n s and e f f e c t s c o n t r o l t r a j e c ­
t o r i e s t o a c h i e v e r e l a t i v e l v n e a r s u b g o a l s , whereas 
t h e man i n t e r m i t t e n t l v o b s e r v e s s y s t e m s t a t e s and 
s e t s s u b g o a l s . The p a p e r a l s o i l l u s t r a t e s b y exam­
p l e t h e ways in w h i c h a human o p e r a t o r and a compu­
t e r can e f f i c i e n t l y complement one a n o t h e r i n p l a n ­
n i n g and e x e c u t i n g t a s k s t r a t e g i e s . 

Loop D e l a y s f r o m S i g n a l T r a n s m i s s i o n , 
C o d i n g and P r o c e s s Dynam ics 

A c o n t i n u o u s c o n t r o l s y s t e m u s u a l l y becomes 
u n s t a b l e when l o o p d e l a v s exceed one h a l f c v c l e a t 
any s i g n a l f r e q u e n c y f o r w h i c h l o o p o a i n exceeds 
u n i t y . I n c o n t r o l f r o m e a r t h t h e speed o f l i g h t 
poses l o o p d e l a y s ( r o u n d t r i p ) o f 1/3 second t o 
s y n c h r o n o u s E a r t h s a t e l l i t e s , 2 . 6 seconds t o t h e 
moon and a t b e s t s e v e r a l m i n u t e s t o M a r s . T o t h i s 
i s added t h e d e l a y f o r s i g n a l c o d i n g and d e c o d i n g 
w h i c h may b e n e a r l y f i v e seconds even f o r h i g h p r i ­
o r i t y s i g n a l s i n comp lex s t a t e - o f - t h e - a r t v e h i c l e s 
l i k e A p o l l o . Low r e s o l u t i o n p i c t u r e s f r o m Mars w i l l 
t a k e s e v e r a l m i n u t e s , h i g h r e s o l u t i o n p i c t u r e s a n 
h o u r o r m o r e . P r o c e s s l a g s o f i n e r t i a and v i s c o s i t y 
can add f u r t h e r d e l a y t o r e m o t e m e c h a n i c a l o p e r a ­
t i o n s . 

L a b o r a t o r y e x p e r i m e n t s i n human c o n t r o l o f 
s i m p l e m a n i p u l a t o r s ( t w o - d i m e n s i o n a l t r a n s l a t i o n 
and g r a s p ) have shown t h a t w i t h o n l y v i s u a l f e e d -
back human s u b j e c t s a v o i d t h e s l o w and e r r a t i c move­
ments t h a t d e l a y t e n d s t o i n d u c e b y c o n s i s t e n t l y 
a d o p t i n g a m o v e - a n d - w a i t s t r a t e g y , whe reby l i m i t e d 
open l o o p moves ( w i t h o u t f e e d b a c k ) a r e p u n c t u a t e d 
b y w a i t s o f one l o o p d e l a y t i m e i n o r d e r t o g a i n 
f e e d b a c k and c o n f i r m a t i o n o r r e o r i e n t a t i o n . 6 Task 
c o m p l e t i o n t i m e can b e a c c u r a t e l y p r e d i c t e d f r o m 
c o m p l e t i o n t i m e s and measures o f o p e n - l o o p p e r f o r m ­
ance t a k e n when t h e r r i s n o d e l a y . U n f o r t u n a t e l y , 
t h e m o v e - a n d - w a i t s t r a t e g y t a k e s t i m e and c o m p l e ­
t i o n t i m e i n c r e a s e s l i n e a r l y w i t h d e l a y . O t h e r e x ­
p e r i m e n t s w i t h l o o p d e l a y s i n t a s k s h a v i n g c o n t i n ­
uous f o r c e f e e d b a c k ( o n e - d i m e n s i o n a l c o n t a c t p u s h -
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ing tasks w i thou t v i s ion ) i nd i ca te t h a t h igh feed-
back gain can cause i n s t a b i l i t y and t h a t searching 
movements must be slow to l i m i t impact f o r ces . 

These r e s u l t s suggested t h a t when t i n e delays 
are necessar i ly present the human operator should 
not con t r o l in a continuous closed loop but should 
serve instead as a supervisor or i n t e r m i t t e n t moni­
t o r and s e t t e r of subgoals f o r an automatic or com­
p u t e r - c o n t r o l l o o p . 8 The dynamic movement of the 
manipulator would then be under con t ro l of a l o c a l 
computer e l i m i n a t i n g s t a b i l i t y problems. Moreover, 
the completion time would become f a r less sens i t i ve 
to delay s ince the operator would command r e l a ­
t i v e l y long segments of the t ask , reducinq the 
number of wa i ts f o r co r rec t feedback. 

Such a system is i l l u s t r a t e d in F i o . 1. A 
laboratory s imu la t ion has been implemented cons i s t ­
ing of an American Machine and Foundry Model 8 
master-s lave manipulator d r i ven bv stepping motors 
through an augmented PDP-8 computer. 

Man-Machine Console I n te r face 

The human supervisor may issue h i s commands 
as s t r i n g s of alphanumeric characters through a 
convent ional t e le t ype as in F i g . 2a (such commands 
we c a l l "symbolic commands"). He may also i nd i ca te 
d i r e c t i o n , magnitude, and time through moving a 
mul t i -degree-of - f reedom j o y s t i c k which may even 
have a r t i c u l a t i o n s corresponding to those of the 
manipulator (these we c a l l "analogic commands"). 
Experiments by Verplank9 w i t h a device shown in 
F i g . 2b suggest i t is quicker and c e r t a i n l y more 
na tu ra l f o r the human operator to demonstrate to 
the computer c e r t a i n movements or pos i t i ons by the 
analogic mode than symbo l i ca l l v . This is t rue even 
i f the analogic con t ro l device has only on -o f f 
switches fo r each a r t i c u l a t i o n so t ha t the operator 
must h imsel f ad jus t h i s arm and body to achieve the 
p o s i t i o n correspondence. Conceivably the analogic 
c o n t r o l could a lso take the form of a scaled p h y s i ­
ca l model of the manipulator in a model of the task 
environment. The human operator*s goals could then 
be communicated to the computer bv h i s manual rea r ­
rangement of the model. 

We have experimented w i t h sensinn and d isp lay 
of both v i s u a l and t a c t i l e feedback. As one would 
expect , o rd inary t e l e v i s i o n feedback i s ou i t e sa t ­
i s f a c t o r y provided the human onerator can, a t w i l l , 
c a l l e i t h e r f o r a c lose-up or a comprehensive v iew. 
The c lose-up is needed fo r d e t a i l s of grasp or p o s i ­
t i o n o f t o o l r e l a t i v e to o b j e c t , wh i le the compre­
hensive p lan or p r o f i l e view shows the manipulator 
base or absolute reference frame, the mechanical 
hand and the manipulated ob jec ts a l l in r e l a t i o n 
to one another . 

Even the crudest of t a c t i l e sensors such as 
a simple e l e c t r i c a l contact is use fu l f o r automa­
t i c a l l y stopping the arm motion i f an ob jec t i s 
touched. The manipulator arm has s u f f i c i e n t e l a s ­
t i c i t y t o render c o l l i s i o n s w i t h f i xed ob jects 
harmless, and t r a n s i e n t shocks are qu i ck l y damped 
o u t . We have a lso developed a prototype touch sen­
sor having on i t s surface a deformable m i r ro r which 
d i s t o r t s a regu la r g r i d p a t t e r n . The human opera­
t o r observing the r e f l e c t e d image through closed 
c i r c u i t t e l e v i s i o n can i n f e r the po in t by po in t 
pa t t e rn of normal forces on the g r i pp ing surface of 

the manipulator hand. This device is shown in F i g . 
3. 

Command Language 

In order to develop, o n - l i n e , the commands 
appropr ia te to a p a r t i c u l a r task from a small set 
of p r i m i t i v e commands, a simple compiler ca l l ed 
MANTRAN has been w r i t t e n by Barber . 1 0 It accepts 
tvped commands to the manipulator to move at a spec­
i f i e d ra te to a spec i f i ed p o s i t i o n or in a spec i f i ed 
d i r e c t i o n u n t i l c e r t a i n spec i f i ed condi t ions occur, 
a l low ing the operator to combine these i n t o " p r o ­
grams" t ha t can be ca l l ed by name. Such programs 
may have w i t h i n them var ious searching or grasping 
or emergency cond i t i ona l subrout ines. A simple but 
use fu l mode is to be able to assign a name to a g i v ­
en manipulator con f i gu ra t i on (simultaneous set of 
r e l a t i v e pos i t i ons or angles at each a r t i c u l a t i o n ) 
and at some a r b i t r a r y t ime l a t e r to simply type the 
con f i gu ra t i on name and have the manipulator au to­
m a t i c a l l y re tu rn t he re . This r enu i res , o f course, 
t ha t the computer mainta in a s ta te vector f o r the 
cur ren t manipulator con f i gu ra t i on w i th which to com­
pare the stored s ta te vector corresponding to the 
named c o n f i g u r a t i o n . A l t e r n a t i v e l y , the system can 
be commanded to respond to the analogic c o n t r o l l e r 
u n t i l c e r t a i n pos i t i ons are obtained o r u n t i l the 
hand contacts an o b j e c t , at which time the program 
branches out of the analooic mode. An example of 
MANTRAN is shown in F i g . 4. 

Funct ional Organizat ion of the 
Computer-Manipulator System 

I t is convenient to represent the breakdown 
of funct ions in the computer manipulator system as 
in T i g . 5. Whereas F i g . 1 i l l u s t r a t e s the phys ica l 
l oca t ion of major components, F i o . 5 ind ica tes the 
var ious kinds of l o g i c a l processing necessary f o r 
supervisorv c o n t r o l . Most but not a l l o f these 
funct ions are implemented in the labora tory system 
described above. 

Beginnino a t the l e f t , the i l l - d e f i n e d func­
t i o n of eva lua t ing and s e t t i n g subgoals is per form­
ed by the human opera tor . He i n t e r a c t s w i t h the 
symbolic (keyset) and analogic ( l oca l phys ica l mod­
e l ) c o n t r o l l e r s to convey h i s i n t e n t i o n s . A com­
puter element ca l l ed the command i n t e r p r e t e r con­
ver ts these human responses i n t o a unirrue concaten­
a t i on o f commands, o r i f c e r t a i n c r i t e r i a are not 
met, re tu rns to the operator v i a the d isp lay w i t h a 
querv or a reminder. 

The opera tor , and in t u r n the i n t e r p r e t e r , 
can g i ve four k inds of commands to an execut ive 
c o n t r o l l e r ! 1) he can i n s t r u c t the exteroceptors 
(recentors which sense the ex te rna l environment) 
to be pos i t i oned , o r ien ted and focussed in a c e r t a i n 
wav and to t e l l him what thev sensei 2) he can 
request t h a t c e r t a i n "what would happen i f " ex­
periments be conducted w i t h i n an abs t rac t represen­
t a t i o n of the manipulator and task i n t e r n a l to the 
computer; 3) he can request the execut ion of c e r t a i n 
moves—simple ones l i k e move manipulator angle A 
p lus- two degrees, or complex ones l i k e search reg ion 
R f o r p a r t P and assemble i t w i t h 9; 4) he can r e ­
rruest t h a t c e r t a i n t ransformat ions ava i l ab le w i t h i n 
the computer svstem be appl ied to data and t ha t the 
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r e s u l t s then be displayed to h im. 
The block l abe l l ed " task model" is i t s e l f 

worthy of fa r more discussion than can be qiven it 
in the present paper emphasizing the nature of the 
human opera to r ' s supervisory c o n t r o l , and i t s i n ­
t e rna l organ izat ion is discussed much more f u l l y 
in a separate paper by Whitney submitted fo r t h i s 
conference.11 In summary, however, one can say 
tha t i f the pos i t i ons i n six-dearees-of-freedom o f 
a l l r i g i d elements of both manipulator and e n v i r ­
onment are represented by a s inq le vec to r , then 
any i n t e r a c t i v e movements of the manipulator w i th 
the environment can be represented by a ser ies of 
vectors or by a t r a j e c t o r y in vector space. In 
theory , then , opt imal con t ro l s t ra teg ies are those 
fo r f i n d i n g minimal cost t r a j e c t o r i e s from i n i t i a l 
s ta te to goal s ta te in the s ta te space.12 

While a f i n e l y r e t i c u l a t e d s ta te space f o r 
a system having many motor s t a tes , many sensor 
s t a t e s , and many environment (manipulated object ) 
s ta tes is c l e a r l y f a r too large to be usefu l f o r 
o v e r a l l c o n t r o l , the s ta te space model provides a 
formal norm or basel ine to which other techniques 
can be compared. State space models of a t rac tab le 
s ize can be used to perform simple manipulat ions, 
or to perform par ts of more complex ones. In anv 
case an important p r a c t i c a l problem concerns the 
d e f i n i t i o n of what are r i g i d elements, what are 
cos ts , and what d i sc re te reso lu t i on is appropr iate 
to represent the rea l world in the s ta te snace 
mode1. 

A simple example of i n t e r a c t i o n of the human 
operator w i th the task model is described in a sub­
sequent sect ion of the paper. 

I t i s important to note tha t the executive 
c o n t r o l l e r oversees manv "automatic" feedback loops 
and i n t e rac t i ons which are not under d i r e c t con t ro l 
by the human superv isor . As ind ica ted by dot ted 
l i nes and l e t t e r s in F i g . 5 , the executive c o n t r o l ­
l e r mediates d i r e c t or s t r a i g h t throuqh remiests 
f o r (a) sensory analys is of the environment or fo r 
(b) task model experiments. Imperative move com­
mands automat ica l ly c a l l f o r , in sequence, (c) 
search and i d e n t i f i c a t i o n of objects in the env i r ­
onment, (d) task model experiments, and f i n a l l v (e) 
manipulator movements. 

The execut ive c o n t r o l l e r mediates ( f ) the 
feedback from the exteroceotor actuators (ac tua l l y 
the in te roceptors of the exteroceptor subsystem, 
analogous to the pos i t i on sensors of the muscles of 
the eyel) and the (g) s igna ls from the task model 
to c o n t r o l where to look nex t . S i m i l a r l y (h) the 
feedback c o n t r o l of the experiments of the task 
model or i n t e r n a l representat ion of the manipula­
t o r as w e l l as ( i ) the feedback con t ro l of the ac tu ­
al manipulator are handled by the execut ive c o n t r o l ­
l e r . 

The task model is updated by ( j ) the sensed 
s ta te of the environment and (k) the sensed s ta te 
of the manipu lator . Knowledge of (1) the sensed 
s ta te of the environment and (m) the resu l t s of the 
task model experiments are automat ica l lv used in 
opt imal or sub-opt imal con t ro l o f the manipulator . 
A s i g n i f i c a n t p a r t o f t h i s l a t t e r func t ion i s the 
dec is ion as to what i n d i v i d u a l angular changes of 
ac tuator movements w i t h i n the manipulator w i l l 
achieve ths f i n a l des i red p o s i t i o n . The reverse 
t ransformat ion from component angles to gross con­

f i g u r a t i o n is easy tr igonometry but the required 
t ransformat ion from j o i r t or hand pos i t i on to com­
ponent angles can reau i re complicated matr ix i nve r ­
s ions , or approximation methods, or worse yet ( in 
the case of redundant degree-of-freedom manipula­
tors) , be undefined. This s p e c i f i c problem has been 
the subject of several previous p a p e r s . 1 3 ' ^ 4 

F i n a l l v the operator can ask fo r a v a r i e t v of 
in format ion (n) to be displayed to him. The orqan-
i z a t i o n of t h i s aspect of the system is probablv 
very important b u t , since as yet no experiments have 
been done emphasizing i t , i t i s l e f t indeterminate. 

Note tha t the executive c o n t r o l l e r , the task 
model, the command console i n t e r p r e t e r and also the 
d isp lay boxes must a l l be implemented l a r c e l y by 
d i g i t a l l o g i c . Which computer funct ions belonq to 
the " l o c a l " computer and which belong to the " r e ­
mote" computer are unsolved engineering problems 
and w i l l sure ly depend upon, among other t h i nqs , 
the spec i f i c task contex t , the amount of te lemetry 
processinq reoui red fo r s ignals of the necessarv 
p rec is ion and the l i k e . 

Human In te rven t i on in 
Computer Cont ro l Procedures 

Because of the economic l i m i t s on mul t i -d imen­
s iona l s ta te space or other formal models of whole 
manipulat ion tasks re fe r red to above, a primary 
goal of our research is i d e n t i f i c a t i o n of the ways 
human operators and computers can i n t e r a c t in p l an -
ninq and executing manipulat ion tasks . This w i l l be 
presented bv example. 

F i g . 6 represents a manipulat ion task in a 
r e t i c u l a t e d 10 by 10 u n i t space. The manipulator 
jaws J and J1 and the blocks A and B are each one 
u n i t on a side and a l l moves of b locks and jaws must 
be an in teger number of u n i t s in ex ten t . The qoal 
is to move the jaws so as to get block A to square 
A 1 . Nei ther blocks nor jaws can occupy a cross-
hatched square ( w a l l ) . The jaws move h o r i z o n t a l l v 
as one, and v e r t i c a l l y J* moves r e l a t i v e to J over 
four spaces from closed to wide open (they are i l l u s ­
t r a ted one space open)• The jaws can grasp a block 
or push i t ; in order to grasp a block the jaws must 
f i r s t s t raddle i t w i t h one u n i t space on each s ide . 

Table 1 qives an a r b i t r a r v set of p r i m i t i v e 
funct ions and tes ts which can be concatenated in 
var ious ways to perform tasks such as the one in 
our example. The funct ions and tes ts are organized 
i n t o three subroutines GRASP, MOVE and PUSH. Wi th in 
each subroutine a ser ies of tes ts is madei f o r a 
yes answer the arrow to the r i g h t c a l l s fo r an ac t ion 
and a re tu rn to the previous t e s t or a jump to a d i f ­
fe ren t subrout ine; fo r a no_ answer the downward a r ­
row c a l l s f o r the next ind ica ted t e s t or a c t i o n . 
In moving a block from one p o s i t i o n to another a 
qeneral r u l e is f i r s t to t r y to move bv grasping 
the b lock , and i f there is no room fo r tha t to t r v 
to move by pushing the b lock . 

The task of g e t t i n g A to A» is s t i l l too d i f ­
f i c u l t f o r the subroutines of Table 1 to handle, and 
reauires the human operator to intervene at l eas t 
o f ten enough to break the task i n t o three elemental 
move B to B*, re tu rn jaws to l e f t s ide of w a l l , 
move A to A ' ; by in te rven ing a b i t more o f ten a con­
s iderable saving can be made in use of subrout ines , 

A completely d i f f e r e n t procedure is f o r the 
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human operator to prov ide the d e f i n i n g in fo rmat ion 
f o r a s ta te space, as re fe r red to e a r l i e r in t h i s 
paper and as descr ibed fo rma l l y in a companion 
paper submitted f o r t h i s conference by Whi t ­
ney .11'12 Given three ob jects (two blocks and a 
set of jaws) which can move to any p o s i t i o n on a 
10 x 10 g r i d , a vector space of s ize 1o2.io2.io2 
is r equ i red . Since J' can assume one of four 
s ta tes r e l a t i v e to J we need a t o t a l space of 4-106 

s t a t e s . We assume t h a t an i n i t i a l and te rmina l 
s ta te ( tha t i s , i n i t i a l and te rmina l nos i t i ons o f 
jaws and blocks in the 10 x 10 g r i d ) having been 
s p e c i f i e d , an a lgor i thm e x i s t s f o r g e t t i n g from one 
to the other in opt imal o r a t l eas t s a t i s f a c t o r y 
fash ion , d e t a i l s of which are given by Whitney. 

I f the operator intervened and ca l l ed fo r a 
ser ies o f three i n i t i a l t o te rmina l s ta te t r a j e c -
t o r i e s (B to B, , r e t u r n jaws to l e f t , A to A 1 ) , 
then the s ta te space requi red f o r each subtask 
would be considerably smal ler than tha t requi red 
f o r the whole task . For t h i s example B to B' would 
reou i re at most cons idera t ion of a l l jaw s ta tes and 
a l l B s ta tes but no A s t a t e s , thereby reducing the 
s ta te space a f a c t o r of 10 2 . Return of the jaws 
would requ i re no A or B s t a t e s , n e t t i n g a reduct ion 
by 10 4 . A to A' would net a reduct ion by 10 2 . 
C l e a r l y , the sum of these s ta te spaces, even i f a l l 
of the 10 x 10 phys ica l g r i d is al lowed f o r each 
task element, is much smal ler (4-104 ♦ 4-102 + 4. 
104 ■ 8.104) than the 4.106 s ta te space rerruired 
fo r the whole t ask . I f , i n add i t i on t o judgino 
t h a t c e r t a i n ob jects can be e l iminated from c e r t a i n 
subtasks the human operator a lso judges t h a t cer-
t a i n regions of the 10 x 10 g r i d can be e l iminated 
from cons iderat ion ( f o r instance in re tu rn ing jaws 
from the B' neighborhood to the l e f t s ide of the 
wa l l ) then f u r t h e r reduct ion can c e r t a i n l v be made. 

To make our po in t about the computational 
saving which accompanies i n t e l l i g e n t i n t e r ven t i on 
by the human operator permi t us to d igress from our 
example of F i g . 6. Suppose (F ig . 7) tha t f o r a 
10 x 10 g r i d two ob jects X and Y must i n t e r a c t . At 
the outset suppose we (the human operator) know 
tha t A and B must i n t e r a c t in a oeneral wav w i t h i n 
the bounded area 1, then must pass together from 
area one to area two wh i le located w i t h i n the 1-2 
over lap a rea , i n t e r a c t w i t h i n area 2 , s i m i l a r l v 
pass to 3, i n t e r a c t in 3, pass to 4 and i n t e r a c t 
in 4. I t would not be necessary to consider a 
s ta te plane of s ize (10.10) f o r ob jec t A combined 
w i t h (10«10) p o s s i b i l i t i e s f o r B, or 10 4 . This is 
because A and B are never simultaneouslv in d i f f e r ­
ent zones except when together in the over lap areas. 
Thus a s ta te space of (5.5) • (5.5) accomodating 
a l l A-B combinations in zone 1 over lapping a s ta te 
space (6.5) • (6.5) in zone 2 s i m i l a r l y over lapping 
a (6.6) • (6.6) zone 3 s ta te space which in t u rn 
over laps a (5.5) • (5.5) zone 4 s ta te space p ro ­
v ides f o r an op t ima l t r a j e c t o r y to be selected from 
among a l l p o s s i b i l i t i e s . The t o t a l s ta te snace is 
3446, less than 35% of the 104 s ta te space. In 
genera l , a task i n v o l v i n g n o b j e c t s , each of which 
can assume any one of S s t a t e s , requ i res a s ta te 
space of S n . Breaking the task down i n t o m sub-
tasks in the i t h of which only r i o f the ob jects 
can move and each is l i m i t e d to o i s ta tes renu i res 
a s ta te space ofs 

This w i l l , except in unusual circumstances, repre ­
sent a savinqs in both computat ional t ime and 
s torage, since r i = n and 0 i = S , 

I t is our purpose here to compare the savinqs 
in ca l cu la t i on and storaqe; i . e . , the reduct ion in 
the t o t a l number of s t a t e s , r e s u l t i n g from s p e c i f i ­
ca t ion and d e l i m i t a t i o n o f e i t h e r h e u r i s t i c proced­
ures or formal s ta te spaces. We presume tha t a 
human operator is the one who in te rvenes, sets ap­
p ropr ia te qoals and c a l l s appropr iate h e u r i s t i c 
r ou t i nes , or t h a t he bounds the s ta te space—at 
l eas t we do not understand how a hiqher l e v e l com­
puter proqram can do i t . 

Returning to our f i r s t example, Table 2 shows 
var ious elements of the task of F i g . 6. Task e l e ­
ments 1 through 11 are poss ib le par ts of the whole 
task (move A to A1) and are not mutual ly exc lus i ve . 
Task element 1 (move B to B') incomora tes the ru l e 
" t r y movinq by graspinq before t r y i n g Pushing." 
This procedure would automat ica l ly c a l l subrout ines 
in the order 12 12 3 and u t i l i z e 19 moves. For 
comparison, i f the operator saw tha t pushing should 
be t r i e d f i r s t , only h e u r i s t i c 3 would be used and 
remi i re 10 moves. The same objects are reaui red 
fo r the s ta te space procedure in e i t h e r case and we 
al low (conservat ive ly) a 4 .10 2 . 10 2 space. In e i t h e r 
case the s ta te space procedure can be expected to 
ca lcu la te tha t a 10 move nush is the bes t . 

Task elements 3 and 4 are simpler elements, 
so simple tha t a human operator miqht be expected 
to c a l l f o r the ac tua l po in t to po in t move path 
(desiqnated m) instead of c a l l i n g a subrout ine . 
With e i t h e r of these the g r i d space requi red could 
be q rea t l v r e s t r i c t e d . 

Task element 5 could be included as par t of 
6, 7 or 8 thouqh here i t is given separa te ly . E le ­
ment 6 a c t u a l l y i l l u s t r a t e s a cascade of four sub-
tasks (move A to A1, then to A2, then to A3, then 
to A ' ) . The subgoals are achieved at the slash 
marks in the subrout ine sequence. This ser ies of 
h e u r i s t i c s would r e s u l t i f a human operator i n i ­
t i a l l y thought a shor tes t path was A to A1, then to 
A2, then d i r e c t l y to A* . But a f t e r g e t t i n a to (or 
committ ing the program to) A2 he would r e a l i z e (or 
have to have pointed out to him) t ha t w i t h A at A2 
he has not l e f t room f o r regrasping A and w i l l have 
to set a new subgoal A3 to which A can be pushed and 
then grasped or pushed to A*. If the human operator 
had thought ahead he would have set A4 and A5 as 
subgoals, and as ind ica ted a shor ter s t r i n g or 
h e u r i s t i c s would be necessary. Again, by s ta te 
space procedure, the same (but a verv larae) s ta te 
space would qet from A to A' au toma t i ca l l y . 

As a f u r t he r example of how the operator can 
d e l i m i t the s ta te space, suppose fo r task element 8 
he recognized tha t from A1 or A4 to A2 or A5 the 
jaws would have to be c losed. Then the s ta te space 
f o r t h i s po r t i on of the task need consider only 
block A over a 7.2 g r i d and the jaws J over a 7.1 
q r i d . Let the jaws and A operate open or c losed-
jawed over the g r i d B wide and ten h igh at the l e f t 
f o r the A to A1 or A4 subtask and a over a g r i d 
f i v e wide and ten h igh a t r i g h t f o r the l a s t p a r t . 
This then renui res a s ta te space (4»3*10*3-10) + 
(7.2.7*1) + (4.5.10.5.10) - 13698 in s i z e . This 
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compares w i t h the 40000 s ta te space otherwise need­
ed. The s i t u a t i o n is s i m i l a r to tha t o f F i g . 7 . 

The task elements 10, 1 1 , 12 and 13 provide 
a f i n e r breakdown of the A to A' subtask. 

Below the double l i n e in Table 2 are shown 
severa l ways of accomplishing the whole task; in 
each case are shown the t o t a l s t r i n q or h e u r i s t i c 
subrout ines and impl ied moves using tha t procedure; 
the t o t a l s ta te space is also ind icated w i th the 
impl ied moves f o r t ha t method. 

Indices o f e f f i c i e n c y fo r h e u r i s t i c or s ta te 
space techniques such as these can be formed by 
making a r a t i o of the number of moves, number of 
rou t ines c a l l e d , or s ize of s ta te space fo r a qiven 
procedure, to the corresponding number f o r a norma­
t i v e h e u r i s t i c or bru te force procedures such as 
the f i r s t whole task procedure g iven . Note tha t 
the l a s t and most e f f i c i e n t procedure reaui res the 
human operator to observe tha t block B may be push­
ed out of the way by block A wi thout need to modify 
the A to A' procedure. Much more dramatic e f f i c i e n ­
cies can be demonstrated fo r human in te rven t ion in 
the s ta te space techniques when the nhvs ica l space 
is more f i n e l y r e t i c u l a t e d due to the 

r u l e s tated above. Heur i s t i c techniques are by 
nature context dependent and not much genera l iza­
t i o n can be made. 

Conclusion 

A laboratory s imula t ion and some empi r i ca l 
evidence have been described which demonstrate the 
advantages of havinq human operators operate as 
supervisory c o n t r o l l e r s of remote computer-manipu­
l a t o r s , where the man sets subqoals and sets p ro ­
cedural cons t ra in ts and the machine does the res t 
au tomat i ca l l y . Many p r a c t i c a l advantages of such 
man-machine i n t e r a c t i v e systems are foreseen to 
speed UD remote or monotonous tasks , avoid the costs 
and r i s k s of support ing man in hazardous env i ron­
ments, and provide a t rue f l e x i b i l i t v of exp lora­
t i o n and manipulat ion not near to achievement by 
completely autonomous machines. 
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Fig. 2. Symbolic and Analogic Control lers. Above (a) 
human subject controll ing mechanical hand to pick 
up coffee cup through use of symbolic commands, 
Below (b) in each of seven degrees of freedom 
(which correspond to manipulator) operator can 
operate a three positional (plus, zero, minus) 
switch. Knobs on the shoulder piece are for 
switching computer modes (increment, rates, etc.)* 

-489-












