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ABSTRACT 

A b e i i a v i o r a l t heo ry o f i n f o r m a t i o n p r o ­
cess ing based on e t h o l o g i c a l o b s e r v a t i o n s 
has been t e s t e d e x p e r i m e n t a l l y by program­
ming a r o b o t c o n t r o l system. The r e s u l t ­
an t so f twa re has s u c c e s s f u l l y s i m u l a t e d 
r o b o t o p e r a t i o n . Three b a s i c types o f 
so f twa re modules are assumed as e lemen ts . 
These accept i n p u t s t i m u l i and generate 
d e t a i l e d s t r i n g s o f motor response " u n i t s " 
to a t t a i n des ign g o a l s . A complex process 
o f i n t e r a c t i o n between the modules pe rm i t s 
the c o n s i d e r a t i o n o f many a l t e r n a t i v e 
a c t i o n s w h i l e f ocus ing a t t e n t i o n on a 
s e l e c t e d s e t o f i n p u t s i g n a l s . ' The o rgan ­
i z a t i o n i s shown t o have e s p e c i a l l y f l e x ­
i b l e c h a r a c t e r i s t i c s adapted t o robo t con­
t r o l and pe rm i t s a r e c u r s i v e d e f i n i t i o n 
of 3ome of the modules. B r i e f comparisons 
w i t h o t h e r r obo t systems i n be ing i n d i c a t e 
some o f the r e l a t i o n s h i p s between the d i f ­
f e r e n t des ign approaches so f a r p roposed. 

INTRODUCTION 

The so f twa re f o r i n t e g r a t e d r o b o t des ign 
may be f u n c t i o n a l l y d i v i d e d i n t o p a t t e r n 
r e c o g n i t i o n programs and c o n t r o l systems. 
C o n t r o l system programs analyze the e n v i ­
ronmenta l s t a t e da ta f u r n i s h e d by the p a t ­
t e r n r e c o g n i z e r s , i n i t i a t e d e c i s i o n p r o ­
cesses , and i s sue motor commands i n tended 
t o a r r i v e a t goa l s t a t e s . Many d i f f e r e n t 
approaches have c h a r a c t e r i z e d the techn iques 
used t o a r r i v e a t d e c i s i o n s which generate 
sub -goa ls and produce d e t a i l e d motor a c t i ­
v i t y . 

The S t a n f o r d Research I n s t i t u t e and S tan ­
f o r d U n i v e r s i t y groups have s t r e s s e d 
mathemat i ca l and e n g i n e e r i n g schema to 
s o l v e these p r o b l e m s . 1 , 2 A team from MIT 
I n s t r u m e n t a t i o n Labs, have s i m u l a t e d the 
hypotheses of a n e u r o p h y s i o l o g i c a l t h e o r y 3 . 
A c o n t r o l system model based on i n s t i n c t i v e 
b e h a v i o r p r o d u c t i o n p r i n c i p l e s i s d e s c r i b e d 
here t h a t p rov i des s t i l l another v i e w p o i n t 
o f the g e n e r a l problem o f p roduc ing i n t e l l i ­
gen t b e h a v i o r by machine. The r a t i o n a l e f o r 
r e l a t i n g an ima l behav io r t o t h i s model i s 
d e s c r i b e d e l sewhere . 4 E tho logy ( the s tudy 
of an ima l behav io r ) has p r o v i d e d a mass of 
da ta on i n s t i n c t i v e o r preprogrammed an imal 
b e h a v i o r . I t has a l s o i n t r o d u c e d some 
t h e o r e t i c a l concepts t h a t i n d i c a t e t h e r e 
may w e l l be common f e a t u r e s in the o rgan ­

i z a t i o n o f i n f o r m a t i o n p rocess ing a t the 
i n s t i n c t i v e l e v e l th rough much o f the 
an imal kingdom from i n s e c t s to mammals.5 
In any e v e n t , the robo t c o n t r o l model 
p resen ted here has p rocess ing f e a t u r e s 
which are d i v o r c e d f rom the p a r t i c u l a r 
r o b o t des ign i n p u t s ( the sens ing elements) 
o r the ou tpu ts (motor c a p a b i l i t i e s ) . Th is 
pe rm i t s a common system of c o n t r o l o rgan ­
i z a t i o n f o r w i d e l y d i f f e r i n g sensory 
c a p a c i t i e s and motor r e p e r t o i r e . 

A f t e r d e s c r i b i n g the main c h a r a c t e r i s t i c s 
o f the sys tem, i t s o p e r a t i o n w i l l be com­
pared w i t h some of the o the r r obo t systems 
des igns . The gene ra l s t r a t e g y employed 
f o r f i n d i n g a pa th th rough s t a t e space 
from i n i t i a l s t a t e t o goa l w i l l b e d i s ­
cussed. For a c e r t a i n c lass of p rob lems, 
t h i s s t r a t e g y o f f e r s advantages. 

To t e s t the v a l i d i t y and use fu lness o f 
the mode l , a r o b o t s i m u l a t i o n was p ro -
grammed in JOVIAL on a P h i l c o 2000 com­
p u t e r . As p a r t o f the s i m u l a t i o n , a d i s ­
p l ay genera ted an animated ca r toon in 
r e a l t ime o f the robo t moving about i n i t s 
env i ronmen t , s o l v i n g the prob lem s i t u a ­
t i o n s i t encoun te red . I n f a c t , a movie 
has been made of t y p i c a l r o b o t a c t i v i t y . 
The s i m u l a t i o n program i s d i v i d e d i n t o 
two p a r t s . One p a r t s imu la tes the con­
s t a n t l y changing env i ronment ; the o t h e r 
p a r t i s t he r o b o t c o n t r o l p rogram, o rgan ­
i z e d acco rd ing t o the h y p o t h e t i c a l de­
c i s i o n processes assumed i n the b e h a v i o r a l 
t h e o r y 4 . The a r c h i t e c t u r e o f the computer 
program i t s e l f , w h i l e f a i t h f u l l y r e p r e ­
s e n t i n g the behav io r t h e o r y , i n t r o d u c e s 
another assumpt ion hav ing n o t h i n g to do 
w i t h b e h a v i o r ; i . e . , most o f the i n f o r ­
mat ion p rocess ing i s c a r r i e d o n i n i d e n ­
t i c a l modules o r , e q u i v a l e n t l y , i s assumed 
to be r e c u r s i v e . Th is f o r m a l i z a t i o n has 
i m p l i c a t i o n s f o r f u r t h e r development d i s ­
cussed a f t e r the p r i n c i p l e s o f o r g a n i z a ­
t i o n are e x p l a i n e d . 

ELEMENTS OF THE HIERARCHY 

The d e c i s i o n and c o n t r o l f u n c t i o n i s p e r ­
formed by two groups o f i n f o r m a t i o n p r o ­
cess ing modules c a l l e d Re leas ing Mechan­
isms (RM's) and S e l e c t o r s of Re leas ing 
Mechanisms (SRM's). The i n t e r n a l 
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s t r u c t u r e o f e a c h RM and SRM i s n e a r l y 
i d e n t i c a l . * They d i f f e r p r i n c i p a l l y i n 
t h e number and d e s t i n a t i o n s o f t h e i r i n ­
t e r c o n n e c t i o n s ( i n p u t / o u t p u t s ) . The 
b e h a v i o r a l t h e o r y assumes a h i e r a r c h y 
o f many RM's and SRM's f u n c t i o n i n g i n 
p a r a l l e l . C o r r e s p o n d i n g l y t h e s i m u l a t i o n 
p r o g r a m uses a s i n g l e s u b r o u t i n e t o r e p r e ­
s e n t e a c h RM and e a c h SRM, e n t e r e d r e c u r s ­
i v e l y f o r e a c h l e v e l o f t h e h i e r a r c h y . 

A s t h e r e s u l t o f i n t e r a c t i o n s b e t w e e n 
s e n s o r y i n p u t s ( s t i m u l i ) and t h e s e p r o ­
c e s s o r s , a t h i r d g r o u p o f p r o c e s s o r e l e ­
m e n t s i s a c t i v a t e d . These a r e c a l l e d 
M o t o r C o n t r o l U n i t s (MCU's) and a r e p r o ­
grams c o n t r o l l i n g t h e p u r e l y m o t o r f u n c ­
t i o n s s u c h a s t u r n i n g w h e e l s , s t e e r i n g o r 
m o v i n g a r m s . See F i g u r e 1 . C l e a r l y t h e 
i n t e r n a l s t r u c t u r e o f e a c h MCU i s d e p e n d ­
e n t o n t h e s p e c i f i c m e c h a n i c a l d e s i g n o f 
t h e r o b o t f u n c t i o n i t m u s t c o n t r o l . 

I t i s t h e t a s k o f t h e e x e c u t i v e c o n t r o l 
p r o g r a m t o a c t i v a t e i n p r o p e r o r d e r , 
s o m e t i m e s e v e n s i m u l t a n e o u s l y , t h e M C U ' s , 
t h u s f o r m i n g s t r i n g s o f MCU's i n o r d e r t o 
a c c o m p l i s h d e s i r e d c h a n g e s i n t h e e n v i r o n ­
m e n t . The c o n t r o l p r o g r a m has t o p e r f o r m 
v e r y much l i k e a p i a n o p l a y e r , w i t h t h e 
k e y s a n a l o g o u s t o t h e MCU's and t h e m e l o d y 
and c h o r d s t h e d e s i r e d o u t p u t . F o r t h e 
r o b o t s i m u l a t i o n i n t h i s s t u d y , t h e l i s t 
o f t h e s e m o t o r c o n t r o l u n i t s i s n a t u r a l l y 
a s i m p l i f i e d o n e . The f o l l o w i n g MCU's 
h a v e b e e n i m p l e m e n t e d : 

MOVE BY ROTATING DRIVE WHEELS 
CHANGE STEERING WHEEL DIRECTION 
MOVE ARM 
GRASP WITH "HAND-
RELEASE FROM "HAND" 

INTERCONNECTIONS AND OPERATION 

Each RM p o s s e s s e s a s e t o f s e n s o r y i n p u t s 
w h i c h i s p e c u l i a r t o i t . These s t i m u l i 
may be a few s i m p l e s i g n a l s o r compound 
e v e n t s , a s m a l l o r a l a r g e s e t . The R M ' s , 
s u b j e c t e d t o c o m p l e x and o f t e n i r r e l e v a n t 
s t i m u l i , m u s t p r o d u c e g o a l - o r i e n t e d 
r e s p o n s e s , t h e MCU s t r i n g s . The RM's 
c o n s t i t u t e t h e n o d e s o f a s e t o f h i e r ­
a r c h i e s o r t r e e s t r u c t u r e s ( F i g u r e 2 ) . 
I n o r d e r t o p r o d u c e a n o u t p u t , c o n t r o l 
m u s t p a s s t o a n a c t i v a t e d RM. A c t i v a t i o n 
i s a c c o m p l i s h e d b y a s e p a r a t e m e c h a n i s m 
a s s o c i a t e d w i t h e a c h l e v e l o f e v e r y h i e r ­
a r c h y . T h i s i s t h e SRM n e t shown i n 
F i g u r e 3 . RM's may o r may n o t b e e x c i t e d 
b y i n p u t s t i m u l i . I f t h e y a r e , t h e o u t p u t 

* A n e x c e p t i o n i s g o a l s e l e c t i o n and s u b -
g o a l g e n e r a t i o n i n t h e RM. T h i s may b e 
d i f f e r e n t f o r e a c h RM. 

i s s e n t t o t h e SRM a t t h a t l e v e l o f t h e 
h i e r a r c h y . The SRM t h e n p i c k s t h e m a x i ­
m a l l y e x c i t e d R M f o r a c t i v a t i o n . 

RM's a r e o f t w o k i n d s , b r a n c h i n g and 
t e r m i n a t i n g . A b r a n c h i n g RM has c o n t r o l 
o f s e v e r a l s u b o r d i n a t e R M ' s , any o f w h i c h 
c a n t a k e c o n t r o l n e x t . A t e r m i n a t i n g R M 
e i t h e r c o n t r o l s a n MCU d i r e c t l y o r c o n ­
t r o l s t h e e q u i v a l e n t o f a s u b r o u t i n e . 
These s u b r o u t i n e s s o f a r h a v e c o n s i s t e d 
o f c o m p l e t e s u b a s s e m b l i e s o f t h e t h r e e 
e l e m e n t s w i t h a l l b r a n c h e s t e r m i n a t i n g i n 
M C U ' s . T h u s , a g i v e n h i e r a r c h y a l w a y s 
t e r m i n a t e s i n M C U ' s . 

S u b r o u t i n e s have b e e n i n t r o d u c e d b e c a u s e 
many f u n c t i o n s s u c h a s " s e a r c h " p a t t e r n s 
and " g o t o " p e r f o r m a n c e have s u c h w i d e ­
s p r e a d u s e i t w o u l d c l e a r l y b e w a s t e f u l 
t o d u p l i c a t e t hem f o r d i f f e r e n t h i e r a r ­
c h i e s . B e s i d e s b r a n c h i n g and s u b r o u t i n e s , 
l o o p i n g , t h e r e m a i n i n g i m p o r t a n t f a c i l i t y 
o f a p r o g r a m , i s e a s i l y p r o v i d e d a s 
e x p l a i n e d l a t e r . 

CONTROL PROGRAM OPERATION 

Each h i e r a r c h y o r t r e e s t r u c t u r e o f RM's 
i s d e d i c a t e d t o t h e a c c o m p l i s h m e n t o f 
some s p e c i f i c m a j o r g o a l w i t h t h e s e t o f 
h i e r a r c h i e s u n i t e d a t t h e t o p i n t o a 
s i n g l e o v e r a l l h i e r a r c h y , t h e i n s t i n c t 
d r i v e s t r u c t u r e . B i o l o g i c a l e x a m p l e s o f 
m a j o r g o a l s a r e f o o d s e e k i n g , r e p r o d u c ­
t i o n , and d e f e n s e . The i m p l e m e n t e d r o b o t 
s i m u l a t i o n a t p r e s e n t i s c o n c e r n e d w i t h 
o n l y a s i n g l e m a j o r g o a l , " n e s t - b u i l d i n g . " 

T o make r e s p o n s e s c o r r e s p o n d i n g b o t h t o 
t h e s t a t e o f t h e e n v i r o n m e n t and t h e t a s k , 
t h e c o n t r o l p r o g r a m m u s t f i r s t s e l e c t a n 
a p p r o p r i a t e h i e r a r c h y o f R M ' s . T o a c ­
c o m p l i s h t h i s i n i t i a l s e l e c t i o n , t h e t o p 
o r z e r o l e v e l SRM n e t w o r k ( F i g u r e 3 ) i s 
o r g a n i z e d i n t o a PANDEMONIUM i n t h e f o l ­
l o w i n g m a n n e r 6 . P r o c e s s e d s e n s o r y s i g ­
n a l s f r o m b o t h t h e i n t e r n a l and e x t e r n a l 
e n v i r o n m e n t a r e s e n t t o t h e t o p l e v e l 
R M ' s . D i f f e r e n t s e t s o f s i g n a l s a r e 
d i r e c t e d t o e a c h t o p l e v e l RM. The R M 
node s c a n s i t s s p e c i f i c i n p u t s f r o m t h e 
e n v i r o n m e n t and o u t p u t s a s i g n a l t o t h e SRM. 
A n o u t p u t g r e a t e r t h a n z e r o o c c u r s when 
t h e p a t t e r n o f i n p u t s f r o m t h e e n v i r o n ­
m e n t c o r r e s p o n d s t o t h e a p p r o p r i a t e s i t ­
u a t i o n t o w h i c h t h e g i v e n R M i s s u p p o s e d 
t o r e a c t . T h a t i s , w e h a v e i n e f f e c t 
c o m p a r e d a m o d e l s i t u a t i o n p r e p r o g r a m m e d 
i n t o t h e R M and t h e a c t u a l e n v i r o n m e n t a l 
i n p u t . T h e r e a r e many RM's c o m p e t i n g i n 
p a r a l l e l f o r a c t i v a t i o n b y t h e SRM. The 
SRM r e c e i v e s t h e o u t p u t s i g n a l s f r o m a l l 
t h e R M ' s a t t h e t o p l e v e l , s e l e c t s t h e 
l a r g e s t s i g n a l f r o m t h i s s e t , and 
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a c t i v a t e s the RM from which the l a r g e s t 
s i g n a l came, thus s e l e c t i n g a h i e r a r c h y . 
A concre te example may c l a r i f y t h i s p r o ­
cess . Suppose the e x c i t i n g s i g n a l s f o r 
n e s t b u i l d i n g in F igu re 4 are " tempera tu re 
below t h r e s h o l d " or " d i r e c t command" f rom 
a human c o n t r o l l e r , a n d the e x c i t i n g s i g n a l 
f o r r e f u e l i n g i s " f u e l l e v e l below a 
t h r e s h o l d " . In t h i s ar rangement , we would 
des ign our s i g n a l to the SRM from the 
" R e f u e l i n g " RM to be l a r g e r than the max i ­
mum s i g n a l f rom "Nest B u i l d i n g " b e f o r e a 
dangerous ly low l e v e l o f f u e l was reached . 
Then i f the r o b o t s t a r t e d w i t h a f u l l gas 
tank and a command to c o n s t r u c t a n e s t , 
i t would i n t e r r u p t i t s s t r u c t u r e b u i l d i n g 
to engage in r e f u e l i n g when the analogue 
o u t p u t s i g n a l to the SRM from the " R e f u e l ­
i n g " RM exceeded the co r respond ing s i g n a l 
f rom the "Nest B u i l d i n g " RM. 

The RM's at the top of the h i e r a r c h y are 
never b l ocked from r e c e i v i n g i n p u t s i g n a l s , 
b u t , as F igure 4 shows, each l e v e l of RM's 
below the top i s b locked from r e c e i v i n g 
i n p u t s u n t i l i t s s u p e r o r d i n a t e R M i s a c t i ­
v a t e d . Once i n p u t s are unb locked , however, 
the s e l e c t i o n of an RM at the new l e v e l 
occurs i n a f a s h i o n s i m i l a r t o the t o p -
l e v e l s e l e c t i o n p r o c e s s , thus c o n s t i t u t i n g 
a m u l t i - l a y e r e d PANDEMONIUM. As the a c t i ­
v a t i o n of RM's descends, a l e v e l at a t i m e , 
a new s e t of RM's is p e r m i t t e d to look f o r 
the p a r t i c u l a r p a t t e r n s i n the env i ronment 
to which these RM's are ready to respond. 
I f a l l goes w e l l and the necessary p a t t e r n s 
are found in the p roper sequence, e v e n t u ­
a l l y a t e r m i n a t i n g RM is reached and one 
or more Motor C o n t r o l Un i t s are c a l l e d 
w h i c h , b y t h e i r o p e r a t i o n , w i l l change the 
env i r onmen ta l s t a t e . When t h i s happens, 
the whole process o f sea rch ing through the 
e n t i r e h i e r a r c h y f rom the top l e v e l down 
i s r e p e a t e d , p o s s i b l y a c t i v a t i n g a d i f f e r ­
e n t MCU and s i m u l a t i n g p a r a l l e l o p e r a t i o n 
o f the h i e r a r c h i e s . 

P r o v i s i o n must be made f o r unsuccess fu l 
per formance of an MCU or a f a i l u r e to f i n d 
the necessary env i r onmen ta l s i g n a l s . When 
t h i s o c c u r s , i t i s necessary t o back u p i n 
the h i e r a r c h y to a t tempt a pass th rough a 
d i f f e r e n t p a r t o f the t r e e s t r u c t u r e . 
Th i s backup is accompl ished by a supe ro r ­
d i n a t e RM, m o n i t o r i n g i t s subo rd i na te p r o ­
cessors f o r success o r f a i l u r e . I f a 
f a i l u r e i s d e t e c t e d f rom i t s subo rd ina tes 
a f t e r an RM is a c t i v a t e d , the s u p e r o r d i n a t e 
reduces i t s o u t p u t t o z e r o , r ega rd less o f 
i t s i n p u t s , and a new cho ice is made at 
the s u p e r o r d i n a t e l e v e l i f one i s p o s s i b l e . 
I f n o cho ice i s a v a i l a b l e , t he p r o c e s s i n g 
backs u p s t i l l ano ther l e v e l , c l e a r u p t o 
the t o p i f necessary . The top l e v e l i s 
a r ranged s o t h a t i t always f i n d s a c h o i c e . 
An absence o f e x t e r n a l s i g n a l s c o u l d con­
s t i t u t e a s i g n a l to e n t e r a maintenance 
r o u t i n e , f o r example. An example of such 

a backup may be t r a c e d in F igu re 4 w i t h 
the i n p u t s d e f i n e d i n t he p rev i ous ex ­
ample. Suppose "Nest B u i l d i n g " is com­
manded and "Seek Nest S i t e " has f o r an 
e x c i t i n g s i g n a l "Has a p roper s i t e been 
found?" I f the search s t r a t e g y o f t h i s 
RM is l i m i t e d to a s i n g l e sweep of the 
area (which i s a c t u a l l y the case in our 
imp lementa t ion) t h e r e migh t n o t be any 
s i t e found i n t h i s t ime t h a t met the 
s t o r e d c r i t e r i a be ing sough t . A c c o r d i n g ­
l y , a f a i l u r e would be r e p o r t e d to "Nest 
B u i l d i n g " t h a t would cause i t t o reduce 
the ou tpu t s i g n a l to i t s SRM to z e r o . The 
robo t would then t r y r e f u e l i n g o r ma in -
tenaxro depending on t h e i r r e l a t i v e e x c i ­
t a t i o n s . 

A s i m i l a r process of backup may take 
p lace i f two RM's a t the same l e v e l p r o ­
duce maximal ou tpu ts to the SRM of e x a c t l y 
the same magni tude. I f the ou tpu ts o f the 
two RM's do n o t c o n f l i c t , bo th may be 
chosen f o r a c t i v a t i o n by the SRM. I f 
t h e r e is a c o n f l i c t p o s s i b l e , bo th may be 
suppressed and an a l t e r n a t i v e a c t i v i t y 
sought in the h i e r a r c h i e s . Th is phenom­
enon i s a c t u a l l y observed in an ima l s , and 
the c i rcumstances under which i t a r i s e s 
are d e s c r i b e d i n the e t h o l o g i c a l l i t e r a ­
t u r e r e l a t i n g t o "d i sp lacement a c t i v i t y " . 5 

GOAL SELECTION MECHANISM OPPJRATIQN 

A t e r m i n a t i n g RM, which may be at any 
l e v e l o f the t r e e , c a l l s a Motor C o n t r o l 
U n i t or a t e r m i n a t i n g s u b - r o u t i n e . To do 
so however, the RM must be ab le to s p e c i f y 
a l l the parameters needed to serve as a 
g o a l f o r t he o u t p u t p rocedu re . For ex ­
ample, i f the s u b r o u t i n e is "GO TO de­
s i g n a t e d o b j e c t , " and th ree o r f o u r ob­
j e c t s possess ing some o f the r e q u i r e d a t ­
t r i b u t e s are seen by t he r o b o t , some c r i ­
t e r i o n must be used by the RM to s e l e c t 
j u s t one. The c r i t e r i o n m igh t be " c l o ­
s e s t " o r " l e f t m o s t . " Whatever the c r i ­
t e r i o n , each RM must be ab le to examine 
goa l d e t e r m i n i n g i n p u t s (no t n e c e s s a r i l y 
the same as the e x c i t i n g s t i m u l i wh ich 
caused an o u t p u t to the SRM), and on the 
bas i s o f these i n p u t s , i t must s e l e c t the 
goa l parameters needed t o opera te i t s 
subo rd ina te da ta p r o c e s s o r s . Th i s mechan­
i s m , i n t e r n a l t o an RM, i s c a l l e d the 
Goal S e l e c t i o n Mechanism (GSM). The p r o ­
cess of g e n e r a t i n g subgoals has n o t been 
s t a n d a r d i z e d . Each RM may have a d i f f e r ­
e n t r o u t i n e i n i t s GSM. 

What is meant here may be i l l u s t r a t e d by 
some o f the g o a l s e l e c t i o n processes in 
the GO TO s u b r o u t i n e . The p r imary goa l 
in the GO TO s u b r o u t i n e , once a pr ime t a r ­
g e t has been s e l e c t e d , is a s imp le meas­
u r e . The g o a l i s a t t a i n e d i f d i s t ance t o 
t a r g e t i s l ess than a s t o r e d q u a n t i t y 
(de te rmined by the r obo t s arm l e n g t h ) . 
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I f t h e r e a r e o b s t a c l e s b e t w e e n t h e p r i m e 
t a r g e t and t h e r o b o t , s u b g o a l s a r e g e n e r ­
a t e d u s i n g some f a i r l y c o m p l e x a l g o r i t h m s . 
These s u b g o a l s a r e d i r e c t i o n a l v e c t o r s 
t h a t a r e d e t e r m i n e d b y c a l c u l a t i n g t h e 
s m a l l e s t a n g u l a r d e v i a t i o n p e r m i t t i n g t h e 
r o b o t t o p a s s a r o u n d o r t h r o u g h t h e s e t 
o f o b s t a c l e s i t i s f a c i n g . The d e v i a t i o n 
i s c a l c u l a t e d f r o m t h e p r i m e t a r g e t d i r e c t ­
i o n a t t h e r o b o t s p o s i t i o n and t h e a lgo r -
r i t h m s e l e c t e d depends o n w h e t h e r a " S i n g l e 
O b s t a c l e " RM, "Two O b s t a c l e " RM or " M o r e 
Than Two O b s t a c l e " RM i s e x c i t e d . On t h e 
o t h e r h a n d , t h e g o a l s e l e c t i o n p r e v i o u s l y 
c i t e d , i n v o l v i n g c h o i c e o f a p r i m e t a r g e t 
f r o m a g r o u p o f t h r e e o r f o u r s u i t a b l e 
o b j e c t s , c a n b e i m p l e m e n t e d u s i n g t h e 
PANDEMONIUM a p p a r a t u s w i t h " c l o s e s t " e x ­
c i t i n g t h e l a r g e s t s i g n a l . 

I f t h e R M has b e e n t e n t a t i v e l y s e l e c t e d 
f o r a c t i v a t i o n and c a n n o t f i n d a s u i t a b l e 
g o a l , i t r e p o r t s a f a i l u r e and t h e b a c k u p 
p r o c e s s i s i n i t i a t e d . I n a d d i t i o n t o s p e ­
c i f y i n g g o a l o b j e c t , t h e GSM s p e c i f i e s a 
d e s i r e d g o a l s t a t e . The GSM m o n i t o r s t h e 
e n v i r o n m e n t f o r a d e f i n e d g o a l s t a t e o f 
s u c c e s s o r f a i l u r e and r e l a y s t h e a p p r o ­
p r i a t e s i g n a l t o t h e SRM when s u c h a s t a t e 
i s a t t a i n e d . 

INTERNAL STRUCTURE OF THE RM AND SRM 

F i g u r e 5 i s a b l o c k d i a g r a m t h a t r e p r e s e n t s 
i n s i m p l i f i e d f a s h i o n t h e f l o w o f i n f o r m a ­
t i o n t h r o u g h an RM to an SRM and b a c k . 
I n i t i a l l y , i n p u t s a r e summed. T h e s e i n p u t s 
o r i g i n a t e f r o m any p l a c e e x t e r n a l t o t h e 
g i v e n R M and a r e q u a n t i t i e s w i t h a p o s i ­
t i v e o r n e g a t i v e n u m e r i c a l m a g n i t u d e . The 
i n p u t s r e p r e s e n t h i g h l y p r o c e s s e d p a t t e r n s ; 
i . e . , t h e a n s w e r s t o a t e s t s u c h a s , "Has 
a n e s t s i t e b e e n f o u n d ? " The n e g a t i v e m a g ­
n i t u d e s t e n d t o i n h i b i t a n R M o u t p u t . 
A f t e r t h e i n p u t s a r e summed, a t h r e s h o l d 
q u a n t i t y i s s u b t r a c t e d and t h e r e s u l t a n t , 
r e p r e s e n t i n g d e g r e e o f c o r r e l a t i o n w i t h 
t h e e x p e c t e d s i t u a t i o n f o r t h a t RM, i s 
t r a n s m i t t e d t o t h e SRM. The Maximum 
S e l e c t p r o c e d u r e o f t h e SRM f i n d s t h e R M 
t h a t has s e n t t h e l a r g e s t p o s i t i v e s i g n a l . 
I f t h i s i s a new c h o i c e , t h e SRM s i g n a l s 
t o t h e s e l e c t e d R M t o t r y t o f i n d g o a l 
p a r a m e t e r s . I f t h e R M can f i n d g o a l p a r a ­
m e t e r s , i t i s a c t i v a t e d and t h e p r o c e s s i n g 
d e s c e n d s a n o t h e r l e v e l i n t h e h i e r a r c h y . 
I f a l l t h e p a r a m e t e r s can n o t b e s p e c i f i e d , 
t h e o u t p u t o f t h e t e n t a t i v e l y s e l e c t e d R M 
i s r e s e t t o z e r o and t h e SRM r e p e a t s i t s 
p r o c e s s i n g . I f t h e r e i s n o o u t p u t g r e a t e r 
t h a n z e r o f r o m any o t h e r R M a t t h a t l e v e l , 
a f a i l u r e s i g n a l i s p a s s e d t o t h e SRM a t 
t h e n e x t l e v e l above i n t h e h i e r a r c h y and 
t h e SRM a t t h i s h i g h e r l e v e l s e t s t o z e r o 
t h e o u t p u t o f t h e R M a t i t s l e v e l and i n 
c o n t r o l o f t h e l o w e r l e v e l ; t h e SRM t h e n 
r e e v a l u a t e s . A c o m p l e t e r e e v a l u a t i o n 
t a k e s p l a c e a t t h e c o m p l e t i o n o f e v e r y MCU 

o u t p u t and can a l s o b e made u n d e r p r i ­
o r i t y i n t e r r u p t s . T h i s i s a l i m i t e d 
s i m u l a t i o n o f f u l l p a r a l l e l o p e r a t i o n a t 
t h e t o p l e v e l o f t h e s e t o f h i e r a r c h i e s . 

T r a c i n g t h r o u g h t h e i n f o r m a t i o n f l o w o f 
a " R e f u e l " RM may s e r v e to make F i g u r e 5 
c l e a r e r . F i g u r e 6 b i l l u s t r a t e s s u c h a n 
R M w i t h " D i f f e r e n c e b e t w e e n F u l l and 
P r e s e n t Gas L e v e l " , t h e e x c i t i n g s t i m u l u 
and "Gas S t a t i o n S e e n " a s a n i n p u t t o t h 
G o a l S e l e c t i o n M e c h a n i s m . W i t h s u c h a n 
a r r a n g e m e n t , i f t h e e x c i t i n g s t i m u l u s 
e x c e e d s some p r e - s e t t h r e s h o l d , t h e 
" R e f u e l i n g " R M b e g i n s t o compe te w i t h 
" N e s t B u i l d i n g " and " M a i n t e n a n c e " . I f 
t h i s s h o u l d b e t h e l a r g e s t s i g n a l , t h e R 
w i l l b e t e n t a t i v e l y s e l e c t e d . H o w e v e r , 
i f n o gas s t a t i o n w e r e i n v i e w , i t s o u t ­
p u t w o u l d b e r e s e t t o z e r o and a n o t h e r 
R M s e l e c t e d r e s u l t i n g i n a d i f f e r e n t 
a c t i v i t y d e s p i t e s t r o n g e x c i t a t i o n . 

PROGRAMMING BY HIERARCHY ASSEMBLY 

U s i n g t h i s s y s t e m t o p r o d u c e a p a r t i c u l a 
p a t t e r n o f b e h a v i o r r e q u i r e s t h e p r o g r a m 
d e s i g n e r t o c h a r a c t e r i z e e x p e c t e d s t a t e s 
o f t h e e n v i r o n m e n t b e t w e e n i n i t i a l and 
g o a l s t a t e s b y p a t t e r n s o r cues e x t e r n a l 
t o t h e g i v e n R M and d i s c r i m i n a b l e b y t h e 
r o b o t . Such cues w o u l d i n c l u d e s u c c e s s ­
f u l c o m p l e t i o n o f a p r e v i o u s r o b o t a c t , 
p e r m i t t i n g c h a i n i n g o f m o t o r a c t i v i t y . 
I t i s n o t enough m e r e l y t o f i n d any s e t 
o f c u e s . F o r s u c c e s s f u l o p e r a t i o n , t h e r 
s h o u l d b e i n c l u d e d e n v i r o n m e n t a l s i g n a l s 
t h a t a r e h i g h l y i m p r o b a b l e i n any c o n t e x 
e x c e p t t h e d e s i r e d a c t i v i t y . 

A n i m a l s t h a t r e l y h e a v i l y o n i n s t i n c t i v e 
b e h a v i o r have d e v e l o p e d j u s t s u c h d i s ­
t i n c t i v e cues i n s o c i a l i n t e r a c t i o n . 
F o r e x a m p l e , m a l e s t i c k l e b a c k f i s h e s , 
n o r m a l l y w h i t e - b e l l i e d f o r c a m o u f l a g e , 
show a b r i g h t r e d b e l l y d u r i n g t h e m a t i n 
s e a s o n . O t h e r m a l e s and f e m a l e s r e a c t t 
t h i s c o l o r w i t h c o m p l e x b e h a v i o r e v e n 
when i t a p p e a r s o n r e d - b e l l i e d dummies 
o t h e r w i s e q u i t e u n l i k e a f i s h i n a p p e a r ­
a n c e ! 

A s e t o f i n t e r m e d i a t e g o a l s t a t e s w h i c h 
a r e h i g h l y l i k e l y t o a p p e a r m u s t b e 
i d e n t i f i e d b y t h e s y s t e m d e s i g n e r . I n 
a d d i t i o n , h e m u s t d e c i d e o n t h e p r o p e r 
o p e r a t i o n s upon t h e e n v i r o n m e n t t o b e 
e f f e c t e d b y s e q u e n c e s o f a c t i v a t e d MCU's 
t o p a s s f r o m one i n t e r m e d i a t e g o a l t o 
t l i e n e x t . A h i e r a r c h y o f RM's and SRM's 
w i t h t h e a p p r o p r i a t e cues and c a l l s t o a 
s u c c e s s i o n o f MCU's can t h e n b e m o s t c o n 
v e n i e n t l y s p e c i f i e d i n a c o m p a c t p a r a ­
m e t e r n o t a t i o n . T h i s f o r m a l i z e d n o t a t i o 
i s s u p p l i e d t o a n i n s t i n c t " o p e r a t i n g 
s y s t e m " w h i c h a s s e m b l e s e a c h s e t o f e l e ­
men ts a s t h e e n v i r o n m e n t and h i e r a r c h y 
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s e l e c t s them. Thus, the des igner can spe­
c i f y a n a r b i t r a r y h i e r a r c h y o f s t i m u l u s -
response elements to so lve any d e s i r e d 
problem w i t h i n the c o n s t r a i n t s o f the r o ­
b o t des ign c a p a b i l i t i e s f o r sens ing and 
a c t i n g and he can do t h i s w i t h a minimum 
of i n s t r u c t i o n s . The o p e r a t i n g system or 
e x e c u t i v e w i l l c a l l the a c t i v a t e d se ts 
acco rd ing to these i n s t r u c t i o n s and a u t o ­
m a t i c a l l y p r o v i d e the p a r a l l e l m u l t i - c h o i c e 
PANDEMONIUM h i e r a r c h i e s w i t h o u t f u r t h e r 
cod ing by the des i gne r . 

An example of the k i n d of system des ign 
p o s s i b l e may be shown by two d i f f e r e n t 
arrangements of the " R e f u e l " f u n c t i o n as 
shown in F igures 6a and 6b. The a r range­
ment of F i g u r e 6a means t h a t on l y a s i n g l e 
top l e v e l t h r e s h o l d determines whether the 
r o b o t w i l l engage i n r e f u e l i n g a c t i v i t i e s , 
i n c l u d i n g sea rch ing f o r a gas s t a t i o n . 
The arrangement of F igure 6b pe rm i t s two 
t h r e s h o l d s . A t the h i g h e r l e v e l o f f u e l 
s t a t e the r o b o t w i l l r e f u e l on ly i f a gas 
s t a t i o n happens to be seen w h i l e i t m igh t 
be do ing some t i l i n g e l s e . I f t h i s shou ld 
no t happen and f u e l l e v e l con t inues to 
d r o p , the "Seek Gas S t a t i o n " RM w i l l then 
preempt o t h e r a c t i v i t y . 

Besides b ranch ing and s u b r o u t i n e s , the 
o t h e r programming e lement , l o o p i n g , i s 
r e a d i l y accompl ished by an a p p r o p r i a t e 
h i e r a r c h i c a l arrangement of RM's. A s u -
p e r o r d i n a t e RM can s p e c i f y a goa l s t a t e 
no t n e c e s s a r i l y immedia te ly a t t a i n a b l e by 
the a c t i o n o f i t s subo rd ina te RM's and 
MCU's. N e v e r t h e l e s s , a cha in of events 
can be s p e c i f i e d at the subo rd ina te l e v e l 
des igned to accompl ish p a r t o f the task a t 
each pass and such t h a t i t i s a c i r c u l a r 
c h a i n ; i . e . , a c t i o n s a t the end o f the 
cha in r e t u r n the d i s c r i m i n a b l e env i ronment 
t o the same s t a t e i t was i n a t the b e g i n ­
n i ng o f the pass . For example, i f the 
task i s t o p i l e o b j e c t s a t a p a r t i c u l a r 
p l a c e , the s u p e r o r d i n a t e e x c i t i n g c o n d i ­
t i o n may be " l e s s than 6 o b j e c t s at ( x , y ) " . 
Th is wou ld cause subo rd ina te RM's Lo a c t i ­
va te f i r s t a seek ing behav io r p a t t e r n i n 
the env i ronment and then f e t c h i n g opera­
t i o n s t o ( x , y ) f o r a f i r s t found o b j e c t . 
Once t h i s o b j e c t was p l a c e d , the RM f o r 
i n i t i a t i n g search would be e x c i t e d a g a i n , 
as " l e s s than 6 o b j e c t s a t ( x , y ) " i s s t i l l 
t r u e . A c t i o n would con t inue t i l l the goa l 
s t a t e o f s i x o b j e c t s p laced was reached. 
Note t h a t a c t i o n i s a u t o m a t i c a l l y d i s c o n ­
t i n u e d once the r o b o t has sensed t h a t the 
goa l s t a t e i s a t t a i n e d even i f the r o b o t 
d i d n o t p l ace t h e o b j e c t s i t s e l f . 

A LANGUAGE FOR HIERARCHY ASSEMBLY 

The p r e s e n t s t a t u s o f the system is such 
t h a t the program des igne r must i n s e r t RM 
d e s i g n a t i o n s i n a t a b l e p r o v i d e d , s p e c i f y 
which RM's are s u b o r d i n a t e to which by 

o the r t a b u l a r v a l u e s , e t c . The whole p r o ­
cess is now fo rma l enough to p e r m i t the 
c o n s t r u c t i o n o f a s p e c i a l h i e r a r c h y as­
sembly language w i t h commands exp ress ing 
concepts such as : 

ADD INPUT STIMULUS xx TO RM y y . 
RM £ REPORTS TO RM a7 
MCU bb REPORTS TO RM c. 
RM dd GOAL PARAMETERS GO TO 

SUBROUTINE RM ee, e t c . 

Such a s p e c i a l i z e d language is of course 
p o s s i b l e in any computer a p p l i c a t i o n 
whenever the use j u s t i f i e s the e f f o r t o f 
w r i t i n g a t r a n s l a t o r , and the fo rma l s yn ­
tax can be s p e c i f i e d . Jus t such a use is 
foreseen i n adding l e a r n i n g c a p a b i l i t i e s 
to the p resen t system. 

AN APPLICATION TO LEARNING 

Var ious forms of l e a r n i n g have been p r o ­
posed to make programs behave i n t e l l i ­
g e n t l y . Samuel 's method7 of changing 
we igh ts has been the most s u c c e s s f u l to 
d a t e , b u t i t s u f f e r s from one d e f e c t 
common t o a l l t he r e a l l y p o w e r f u l a r t i ­
f i c i a l i n t e l l i g e n c e programs s o f a r im ­
p lemented. Namely, t he f e a t u r e s or cues 
from the env i ronment to which ad jus ted 
we igh ts are a p p l i e d must be recogn ized 
and s u p p l i e d by the human program d e s i g n ­
e r . 

Suppose a l e a r n i n g program devo ted , among 
o the r t h i n g s , t o d e t e r m i n i n g p r e v i o u s l y 
unknown cues f rom the env i ronment can be 
designed to opera te i n c o n j u n c t i o n w i t h a 
s u b s t r a t e o f " i n s t i n c t i v e " s t a r t i n g capa­
b i l i t i e s . I n o t h e r words , the r o b o t has 
enough b u i l t i n c a p a b i l i t y t o g i ve i t a 
chance to l e a r n . Once the l e a r n i n g 
mechanism had determined a new cue , i t 
would have the task o f m o d i f y i n g the i n ­
s t i n c t s t r u c t u r e t o i n c o r p o r a t e t h i s new 
i n p u t s i g n a l . I f the l e a r n i n g mechanism 
had a h i e r a r c h y assembly language a v a i l a ­
b l e and a t r a n s l a t o r i n o p e r a t i o n f o r 
e x e c u t i n g a chosen assembly command, such 
f a c i l i t i e s would p e r m i t e f f i c i e n t hand­
l i n g o f t h i s p a r t o f the t o t a l l e a r n i n g 
t a s k . 

There remains the d i f f i c u l t j ob o f s e ­
l e c t i n g the r i g h t command. I t shou ld n o t 
be necessary to r e s o r t to random mechan­
isms such as F r i e d b e r g used to do t h i s . 8 

The con tex t in which a new cue is i s o l a ­
ted w i l l f u r n i s h h e u r i s t i c p o i n t e r s i -
d e n t i f y i n g w i t h some l i k e l i h o o d the RM 
to which i t m igh t be a s s o c i a t e d . For 
example, l e t us assume t h a t a cons tan t 
a s s o c i a t i o n i n t ime takes p lace between 
a p r e v i o u s l y unknown cue and one t h a t is 
known because i t i s a l ready used t o ex ­
c i t e an RM. Such an a s s o c i a t i o n makes 
t h a t RM a l i k e l y cand ida te f o r adding on 
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t h e n e w l y d i s c o v e r e d c u e . I n s h o r t , c o n ­
s t r a i n t s a r e s o u g h t i n s y n t a c t i c r e l a t i o n ­
s h i p s be tween t h e unknown and v a r i o u s 
e l e m e n t s o f t h e e x i s t i n g h i e r a r c h y a s d e ­
t e r m i n e d b y i n t e r a c t i o n s w i t h t h e e n v i r o n ­
m e n t . On ly s e l e c t i o n o f such commands 
w i l l b e a t t e m p t e d a s can b e r e a s o n a b l y 
c o n s t r a i n e d t o a l i m i t e d s e t o f p o s s i b i l i ­
t i e s . 

PRESENT STATUS 

A t p r e s e n t , m i n i m a l use i s made b y t h e i n ­
s t i n c t s y s t e m o f u p d a t e d i n t e r n a l memory. 
O n t h e o t h e r hand t h e s t a t e o f t h e e x ­
t e r n a l e n v i r o n m e n t i t s e l f i s used a s a 
k i n d o f memory o f w h a t t h e n e x t a c t i o n 
s h o u l d b e . T h i s f e a t u r e i s r e f l e c t e d i n 
i n s t i n c t i v e a n i m a l b e h a v i o r and was l o n g 
ago n o t e d b y t h e e t h o l o g i s t s 9 . I t o b v i o u s ­
l y r e s u l t s i n a g r e a t economy o f memory. 

Because no p l a n n i n g p rog rams have been 
i m p l e m e n t e d a s y e t , t h e s t r a t e g i e s a v a i l ­
a b l e t o t h e p r e s e n t s y s t e m a r e s e q u e n t i a l ; 
i . e . , t h e r o b o t t a c k l e s t h e e n v i r o n m e n t a l 
s t a t e i n i t s i m m e d i a t e n e i g h b o r h o o d , a c t s 
o n i t , c o n s i d e r s t h e r e s u l t a n t s t a t e , e t c . 
The re i s a l m o s t no l o o k - a h e a d . On t h e 
o t h e r h a n d , t h e s y s t e m e x h i b i t s c o n s i d e r ­
a b l e f l e x i b i l i t y and a d a p t a b i l i t y c o n ­
s i d e r i n g t h e r i g i d s t r a t e g i e s i t must now 
e m p l o y . For e x a m p l e , t h e r o b o t f i l m 
shows a s e a r c h - f e t c h sequence i n w h i c h 
ADROIT* s e t s o u t t o p i c k u p a n e s t -
b u i l d i n g o b j e c t . When a s i m i l a r o b j e c t 
i s p l a c e d d i r e c t l y i n f r o n t o f i t , 
ADROIT changes g o a l s , s t o p s mov ing 
t o w a r d s t h e p r e v i o u s t a r g e t o b j e c t and 
i m m e d i a t e l y p i c k s u p t h e n e w l y p r e s e n t e d 
o n e . T h i s happens because a l l g o a l o b ­
j e c t s i n t h e f i e l d o f v i e w a re b e i n g r e ­
v i e w e d f o r o p t i m a l i t y and t h e c l o s e s t b e ­
comes t h e p r i m e t a r g e t . S i m i l a r l y any 
g o a l s t a t e s s p e c i f i e d i n t h e R M h i e r a r c h y 
and i n a " s t a t e - o f - b e i n g " b e f o r e m o t o r 
a c t i o n i s i n i t i a t e d a r e d e t e c t e d and 
m o t o r a c t i o n t o g e t t o t h o s e s t a t e s i s 
s u p p r e s s e d a c c o r d i n g l y . T h i s r e s u l t s i n 
" b e h a v i o r " most u n l i k e t h a t o f a n o r d i ­
n a r y m a c h i n e , and o f t h e k i n d n o r m a l l y 
a s s o c i a t e d w i t h a n i m a l s . 

T h i s s u p p r e s s i o n o f m o t o r a c t i o n u s u a l l y 
t a k e n b y t h e p r o g r a m i s a n example o f 
" u n p l a n n e d " b r a n c h i n g w h i c h i s t y p i c a l o f 
ADROIT's f u n c t i o n i n g . We may r e g a r d t h e 
s u b o r d i n a t e RM's i n t h e t r e e s t r u c t u r e 
and t h e MCU sequences t h e y p r o d u c e as 
p l a n n e d b r a n c h e s o r jumps f r o m a s u p e r -
o r d i n a t e RM. Any t i m e t h e p r o g r a m d e ­
p a r t s f r o m a n o r m a l s t r i n g o f MCU's and 
i n s t e a d p r o d u c e s an MCU s t r i n g a s s o c i a t e d 
w i t h a h i g h e r o r l o w e r l e v e l o f t h e g i v e n 
h i e r a r c h y o r a c o m p l e t e l y d i f f e r e n t h i e r ­
a r c h y , t h i s may be d e n o t e d as " u n p l a n n e d " . 

* Acronym f o r t h e r o b o t 

I t i s c h a r a c t e r i s t i c o f t h e p rog ram i n 
o p e r a t i o n t h a t i t s a c t i o n i s f u l l o f such 
j u m p s . I t has been o u r e x p e r i e n c e t h a t 
once t h e p r o g r a m i s debugged , t h e s e jumps 
appear a p p r o p r i a t e l y n a t u r a l and " l i f e -
l i k e " . 

ASSUMPTIONS ABOUT PATTERN RECOGNITION 

The mos t a m b i t i o u s o f t h e r o b o t c o n s t r u c t ­
i o n p rog rams t o d a t e i s t h e SRI p r o j e c t . 
The p r o j e c t has f o c u s e d o n a c t u a l h a r d w a r e 
r a t h e r t h a n s i m u l a t i o n and has a l r e a d y 
a c h i e v e d n o t a b l e p r o g r e s s . I t has d e ­
v e l o p e d some e l a b o r a t e p a t t e r n r e c o g n i t i o n 
p r o g r a m s , p a r t i c u l a r l y f o r t h e v i s u a l 
s e n s e . T a b l e 1 shows a c o m p a r i s o n be tween 
t h e s e n s o r y and m o t o r sys tems d e v e l o p e d by 
SRI and t h e a s s u m p t i o n s a b o u t p a t t e r n 
r e c o g n i t i o n c a p a b i l i t i e s o f t h e s i m u l a t e d 
ADROIT s y s t e m s . 

The McCar thy p r o j e c t a t S t a n f o r d U n i v e r ­
s i t y and t h e M i n s k y - P a p e r t arm and eye 
p r o j e c t a t MIT have made c o n s i d e r a b l e p r o ­
g r e s s i n v i s u a l p a t t e r n r e c o g n i t i o n p r o ­
b l e m s , as w e l l as arm c o o r d i n a t i o n s e n s i n g 
and m o t o r a d j u s t m e n t . A g r e a t e r p a t t e r n 
r e c o g n i t i o n c a p a b i l i t y t h a n assumed f o r 
ADROIT's arm has been i m p l e m e n t e d by t h e s e 
teams . 

CONVERGENCE OF TECHNIQUES 

The SRI p r o j e c t has a l r e a d y made use o f 
p o w e r f u l mapp ing and p l a n n i n g t e c h n i q u e s 
w i t h g r e a t s u c c e s s . N e v e r t h e l e s s , SRI has 
i n t r o d u c e d p rog rams u s i n g u n p l a n n e d s e ­
q u e n t i a l a c t i o n t e c h n i q u e s s i m i l a r t o 
ADROIT1s f o r t h e case o f l a r g e l y unknown 
e n v i r o n m e n t s , i n o r d e r t o a v o i d e x c e s s i v e 
compute r p r o c e s s i n g a s s o c i a t e d w i t h p l a n ­
n i n g . O n t h e o t h e r h a n d , t h e t o t a l l a c k 
o f p l a n n i n g even when t h e i n f o r m a t i o n i s 
a v a i l a b l e i s c l e a r l y a d e f e c t o f ADROIT*s. 
P l a n n i n g w i l l b e i n t r o d u c e d i n t o t h e 
ADROIT sys tem a t t h e e a r l i e s t o p p o r t u n i t y . 

The MIT I n s t r u m e n t a t i o n L a b o r a t o r y p r o j e c t 
w h i c h i s d e s i g n i n g a r o b o t f o r unmanned 
e x p l o r a t i o n o f M a r s , has . s i m u l a t e d a 
n e u r o p h y s i o l o g i c a l t h e o r y o f o p e r a t i o n o l : 
t h e r e t i c u l a r f o r m a t i o n f o r i t s d e c i s i o n 
m a k i n g s y s t e m . T h i s mode l appears t o 
s e r v e t h e same f u n c t i o n as c h o o s i n g a 
m a j o r g o a l h i e r a r c h y i n t h e ADROIT b e ­
h a v i o r a l m o d e l . 

The r e t i c u l a r f o r m a t i o n s i m u l a t i o n a r r i v e s 
a t i t s c h o i c e b y s t a t i s t i c a l r a t h e r t h a n 
d e t e r m i n i s t i c means. A l t h o u g h e x p l o r i n g 
i n g r e a t d e t a i l how such a c h o i c e o f mode 
i s made, t h e p u b l i s h e d d e s c r i p t i o n s o f t h e 
s i m u l a t i o n d o n o t d i s c u s s methods t o 
a r r i v e a t a p p r o p r i a t e m o t o r a c t i o n . 3 

N o t h i n g i s known t o u s a b o u t how t h e p r o ­
j e c t p l a n s t o a c h i e v e d e t a i l e d and c o o r ­
d i n a t e d m o t o r b e h a v i o r . 
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LANGUAGE LEVELS 

The ADROIT p r o g r a m uses a k i n d o f o p e r ­
a t i n g s y s t e m e x e c u t i v e t o p r o v i d e t h e 
p o i n t e r s f o r t h e f u l l y r e c u r s i v e c a p a b i l i ­
t y n o t a v a i l a b l e i n JOVIAL and t o assemb le 
t h e h i e r a r c h y s t i p u l a t e d b y t h e p r o g r a m 
d e s i g n e r . T h i s e x e c u t i v e i s i t s e l f 
w r i t t e n i n J O V I A L , a s a r e a l l t h e o t h e r 
n o n - d i s p l a y r o u t i n e s , t h u s a v o i d i n g 
l a n g u a g e i n c o m p a t i b i l i t y p r o b l e m s f a c e d 
b y t h e SRI S y s t e m . 

T h i s i s a somewhat m i s l e a d i n g c o m p a r i s o n , 
h o w e v e r , because t h e m o t o r c o n t r o l u n i t 
r o u t i n e s i n t h e s i m u l a t i o n a r e m e r e l y 
s i m p l e a l g o r i t h m s d e t e r m i n i n g u p d a t e d 
p o s i t i o n o f t h e a f f e c t e d p a r t i n o b e y i n g 
a commanded movement , whe reas in a h a r d ­
ware s y s t e m , t h e r a p i d a c t i o n r e q u i r e d 
demands assemb ly l a n g u a g e as i m p l e m e n t e d 
i n t h e SRI s y s t e m . F u r t h e r m o r e , n o t h i n g 
i n t h e ADROIT Sys tem c o r r e s p o n d s t o t h e 
SRI p l a n o f a n e n g l i s h l a n g u a g e communi ­
c a t i o n s y s t e m b e t w e e n man and r o b o t , w i t h 
s u b s e q u e n t r o b o t p r o c e s s i n g b y f i r s t -
o r d e r p r e d i c a t e c a l c u l u s . T h i s has been 
programmed b y t h e SRI team i n LISP 1 . 5 . 
I t i s p r e m a t u r e a s y e t t o make a d e c i s i o n 
a b o u t t h e b a s i c l a n g u a g e t o b e used f o r 
ADROIT's l e a r n i n g mechan i sms . 

SUMMARY 

The e f f o r t t o s i m u l a t e a t h e o r y t o a c ­
c o u n t f o r t h e p r o d u c t i o n o f i n s t i n c t i v e 
a n i m a l b e h a v i o r has l e d t o t h e d e v e l o p ­
men t o f i n f o r m a t i o n p r o c e s s i n g modu les 
u s e f u l i n r o b o t c o n t r o l d e s i g n . T o c r e ­
a t e a w o r k i n g s y s t e m , t h e modu les a r e 
assemb led i n t o l a r g e r s t r u c t u r e s p o s s e s s ­
i n g t h e p r o p e r t i e s o f any p r o g r a m ; v i z ; 
b r a n d l i n g , s u b r o u t i n e s , and l o o p i n g . I n 
t h i s r e g a r d , t h e t e c h n i q u e i s s i m i l a r t o 
t h e b i o l o g i c a l p r o c e s s e s o f e v o l u t i o n 
w h e r e b y v a r i o u s s t a n d a r d m o d u l e s , t h e 
s p e c i a l i z e d c e l l s , a r e assemb led i n t o 
o r g a n s . I n o u r a n a l o g y , t h e g e n e t i c and 
d e v e l o p m e n t a l p r o c e s s e s l e a d i n g t o o r g a n 
a s s e m b l y t a k e t h e p l a c e o f t h e p r o g r a m 
d e s i g n e r and o p e r a t i n g s y s t e m e x e c u t i v e 
l e a d i n g t o h i e r a r c h y a s s e m b l y . 

T h e r e a r e c e r t a i n a d v a n t a g e s t o t h i s 
f o r m o f o r g a n i z a t i o n . Many o f t h e d e ­
s i r e d s t r u c t u r a l f e a t u r e s o f t h e p r o g r a m 
can b e w r i t t e n i n a compact n o t a t i o n 
s t i p u l a t i n g o n l y a few p a r a m e t e r s such 
as modu le i n t e r c o n n e c t i o n s . An a l m o s t 
u n i f o r m f o r m a l s t r u c t u r e has t h u s been 
e s t a b l i s h e d f o r a c c o m p l i s h i n g any r o b o t 
c o n t r o l t a s k amenab le t o p r o g r a m m i n g . 
T h i s p a r t i c u l a r s t r u c t u r e has a u t o m a t i c ­
a l l y b u i l t i n t o i t c e r t a i n i n t e r a c t i o n s 
n o t s t a n d a r d t o p r o g r a m m i n g . Among 
t h e s e a r e a c o r r e l a t i n g p r o c e s s f o r e s ­
t a b l i s h i n g t h e mos t a p p r o p r i a t e b r a n c h i n g 
a c t i o n , g i v e n t h e p r e s e n t s t a t e o f t h e 

e n v i r o n m e n t . The b r a n c h i n g a c t i o n a u t o ­
m a t i c a l l y w o r k s i n b a c k i n g u p i n t h e 
h i e r a r c h y t o a h i g h e r l e v e l o f d e c i s i o n 
when e n c o u n t e r i n g f a i l u r e s , a s w e l l a s 
m o v i n g down t o m o t o r a c t i o n w i t h s u c c e s s . 
T h e r e i s a n e f f e c t i v e " f o c u s o f a t t e n t i o n " 
a c t i o n s o t h a t f r e q u e n t l y i r r e l e v a n t i n ­
p u t s w i l l b e i g n o r e d . A t t h e same t i m e , 
a l l t h e s t i m u l i known t o b e r e l e v a n t t o 
a g r o u p o f t h e t a s k s - a t - h a n d a r e a c t i v e l y 
s o u g h t and p r o c e s s e d . Goa l s t a t e s t h a t 
n o r m a l l y r e q u i r e m o t o r a c t i o n t o a t t a i n 
w i l l b e d e t e c t e d i f t h e y e x i s t b e f o r e h a n d 
s o t h a t u n n e c e s s a r y m o t i o n i s s u p p r e s s e d 
and c o r r e c t s u b s e q u e n t a c t i o n a u t o m a t ­
i c a l l y i s c h o s e n . 

A l e a r n i n g s y s t e m a t a h i g h e r l e v e l i s 
p l a n n e d , t o o p e r a t e i n c o n j u n c t i o n w i t h 
t h e assemb ly o f h i e r a r c h i e s c o n s t i t u t i n g 
t h e a c t u a l r o b o t c o n t r o l . No t t h e l e a s t 
o f t h e a d v a n t a g e s o f a u n i f o r m f o r m a l 
r e p r e s e n t a t i o n o f t h i s c o n t r o l s y s t e m i s 
t h a t i t p e r m i t s t h e i n t r o d u c t i o n o f a 
h i e r a r c h y assemb ly l a n g u a g e and t r a n s l a ­
t o r . The l e a r n i n g s y s t e m may t h e n use 
such a l a n g u a g e to add to and i m p r o v e on 
t h e wo rk o f t h e p r o g r a m d e s i g n e r i n 
a d a p t i n g t h e c o n t r o l s y s t e m t o p a r t i c u l a r 
e n v i r o n m e n t s . 
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TABLE 1 

SRI rOBOT SYSTEM ADROIT 

Sensory 
A b i l i t i e s 

Develops o u t l i n e s of o b j e c t edges 

Range measured by o p t i c a l ranqe 
f i n d e r 

T a c t i l e sense developed 

No Arm. 

Edge sensing assumed 

Range sensing assumed 

T a c t i l e sense assumed 

Dis tance from arm t i p to 
t a r g e t measured. Shoulder 
and elbow angle sensing 
assumed 

Motor 
A b i l i t i e s 

Dr ive wheels 

S t e e r i n g wheels 

No Arm. 

Dr ive wheels 

S t e e r i n g wheels 

Arm p ickup a b i l i t y 

-535-



-536-










