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Abstract 

This paper reports on the continuing design 

of and experimentation with Jason, the Berkeley 

Robot. Progress has been made in various aspects 

of the hardware (including the chassis, communica

tions c o n t r o l l e r , and onboard microprocessor) and 

software ( i n c l u d i n g problem-solving programs and 

world models). A p a r t i c u l a r experiment, analogous 

to the c l a s s i c a l "Monkey and Bananas" Problem, is 

described. A major feature of the reformulation 

of t h i s problem is the use of Decision Analysis in 

coping wJ th uncertainty. Based on the accimula ted 

expected costs of executing the steps of various 

hypothetical plans, Jason can evaluate the rela

t i v e merits of d i r e c t act ion versus p r i o r 

information-gathering using p o t e n t i a l l y u n r e l i 

able sensors. 

Introduction 

As reported at the last IJCAI Conference,1 

the objective of our current research at the Uni

v e r s i t y of C a l i f o r n i a at Berkeley is the design 

and implementation of a r e l a t i v e l y inexpensive, 

general-purpose, computer-control led, mobile 

robot. The Berkeley robot, dubbed Jason, was i n i 

t i a l l y designed during the Spring of 1973 and 

tested o f f - l i n e the following Summer. Hard-wire, 

blind-mode computer control was successfully ac-

complishcd during January 1974. Unreliable bread

board wiring as well as greater than expected de

mands for on-board power have led to a substant ial 

redesign e f f o r t ; testing of a considerably im

proved version of Jason is now underway. 

Our ultimate goal, as stated e a r l i e r , remains 

the i n v e s t i g a t i o n of the class of problems that a 

robot both encounters and creates while performing 

elementary tasks In a real-world envi ronment in-

eluding act ive human beings. The results of this 

research will hopefully enable us to construct 

better and safer robots at a modest price that are 

s t i l l capable of performing a var i e t y of useful 

tasks such as factory or ware-house work or can 

function as a teaching aid for young children in 

the classroom. 

This paper is divided into f i v e sections. 

The f i r s t b r i e f l y reviews some of the recent im

provements to Jason hardware and software. The 

second section suggests some of the ways that ro

botics research d i f f e r s from conventional Al 

problem-solving research. The t h i r d section pre

sents a decision analysis formulation of the clas

s i c a l "monkey and bananas" problem. The fourth 

section provides the results of the decision anal

ysis. F i n a l l y , the last section summarizes and 

proposes some improvements to Jason hardware and 

software for the future. 

Jason Hardware/Software Improvements 

Figures I and 2a-f provide an overview of the 

current state of Jason. 

A. Hardware 

F i r s t we discuss improvements to the key 

hardware subsystems: the chassi s, the sensors, and 

the communications controller. 

1. Robot Chassis--The Jason chassis con

sists of a half-inch thick aluminum base plate 

with an area of about two square feet with two ad

d i t i o n a l aluminum shelves mounted above for elec

tronic equipment- The three-ball configuration 

o r i g i n a l l y designed to support the front of Jason, 

although conceptually good, did not perform well 

on rough surfaces 1 ike a parking l o t , and conse

quently was replaced by a heavy-duty, 3-inch diam

eter, swivel-castor wheel. To provide additional 

on-board power, the conventional, 83-amp-hour, 

lead storage, auto battery was replaced by a 250-

amp-hour, 150-pound, t r a i n battery. Due to exten

sive two-handed coordination problems, the o r i g i 

nal plan for two simple hands has been reduced to 

one, and a prosthetic arm with jaw gripper has now 

been i n s t a l l e d . A simple two-posi tion-sensor push 

bar has also been i n s t a l l e d : one setting i n d i 

cates s l i g h t pressure contact while the other i n 

dicates too much pressure, i.e., Jason is trying 

to push a nonpushable object. The motor-control 

unit was also r e b u i l t to make i t more rugged. 

2. Sensors--An A-to-D converter to extract 

texture information as well as range data from the 

analog output of the ultrasonic torch has been dc-

signed. An LED proximity sensor has been mounted 

on the arm, and the proximity-sensor interface was 

completed. 

3. Communications Controller--The p r e l i m i 

nary Jason 8-bit character asynchronous communica

tions c o n t r o l l e r was successfully bench tested, re 

fabricated on c i r c u i t cards, and mounted in a new 

card rack and chassis by one of the authors (Robb) 

Previous problems of v i b r a t i o n should now be mini

mized, and c i r c u i t debugging should be greatly fa-

c i l i t a t e d . Because the controller has been de

signed to be teletype-compatible, Jason could in 

p r i n c i p l e be interfaced to any computer wi thout 

special-purpose hardware being i n s t a l l e d at the 

computer side. For example, Jason has already 

been connected to an HP-3000, a CDC-6400, and a 

PDP-10 computer system. Furthermore, we have re

cently demonstrated Jason over the ARPA Net. Fur

ther d e t a i l s on the c o n t r o l l e r can be found in Ref 

2. Our FCC radio-license was renewed, and two-way 

radio telemetry has been successfully bench tested, 
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B. S o f t w a r e 

O n t h e s o f t w a r e s i d e , t h e check o u t o f r e a l 
t i m e i n t e r a c t i v e r o u t i n e s was h a n d i c a p p e d b y t h e 
r e m o v a l o f t h e HP-3000 computer f r o m t h e Lawrence 
H a l l o f S c i e n c e . Thus, a l l i n t e r a c t i v e work w i t h 
Jason d u r i n g t h e l a s t y e a r was s i m u l a t e d o n t h e 
CDC-6400 a v a i l a b l e on t h e B e r k e l e y campus. We 
have r e c e n t l y t r a n s f e r r e d J a s o n s o f t w a r e t o a n i n 
t e r a c t i v e DEC PDP-10 computer system and have suc
c e s s f u l l y t e s t e d J a s o n o v e r t h e ARPA Net. 

I n t h e mean-time t h e Jason s i m u l a t o r , w h i c h 
has p r o d u c e d o u t p u t t a p e s c a p a b l e o f a c t u a l l y 
d r i v i n g Jason i n b l i n d mode, has grown e x t e n s i v e l y 
t o i n c l u d e a much b r o a d e r c o l l e c t i o n o f I n t e r m e d i 
a t e L e v e l O p e r a t o r s ( I L O ' s ) such a s Move, T u r n , 
Face, Goto, Push, P u s h t o , G o t o d o o r , G o t h r u d o o r , 
e t c . , c a p a b l e o f e x e c u t i o n i n a n a r b i t r a r y c o l l e c 
t i o n o f rooms c o n n e c t e d b y doorways and c o r r i d o r s , 
n a v i g a t i n g o p t i m a l l y t h r o u g h an a r b i t r a r i l y com
p l e x c o l l e c t i o n o f boxes i n any room. T h i s work 
i s documented i n t h e Jason R e f e r e n c e Manual, 3 and 
a l t h o u g h i t r e p r e s e n t s t h e work o f many i n d i v i d u 
a l s , two o f t h e a u t h o r s ( S i n c l a i r and Sobek) a r e 
l a r g e l y r e s p o n s i b l e . O u t p u t f r o m t h e s i m u l a t o r 
w i l l be seen i n S e c t i o n I V . 

R e a l - W o r l d Vs. Toy Problems 

E a r l y r e s e a r c h i n a r t i f i c i a l i n t e l l i g e n c e 
t e n d e d to f o c u s on a few w e l l - k n o w n p u z z l e s or 
" t o y " p r o b l e m s , such as t h e Monkey and Bananas, 
M i s s i o n a r i e s and C a n n i b a l s , o r Tower o f Hanoi 
p r o b l e m s ( s e e Ref. 4 f o r t h e s e and o t h e r e x a m p l e s ) . 
A l t h o u g h t o y p r o b l e m s d e m o n s t r a t e t h e i n t e l l e c t u a l 
competence o f computers a l o n g one n a r r o w d i m e n s i o n , 
r e s e a r c h i n r o b o t i c s has broadened c o n s i d e r a b l y 
t h e scope o f t h e p r o b l e m - s o l v i n g e n t e r p r i s e . Our 
e x p e r i e n c e w i t h t h e Jason p r o j e c t p e r m i t s u s t o 
i d e n t i f y a t l e a s t f o u r g e n e r a l c r i t e r i a w h i c h d i s 
t i n g u i s h r e a l - w o r l d r o b o t p r o b l e m s f r o m t o y p r o b 
lems : p r o b l e m - s o l v i n g e n v i r o n m e n t , p r o b l e m f o r m u 
l a t i o n , d a t a r e q u i r e m e n t s , and s o l u t i o n r e q u i r e 
ments. 

A. P r o b l e m - S o l v i n g E n v i r o n m e n t 

A r o u g h s p e c t r u m o f p r o b l e m - s o l v i n g e n v i r o n 
ments i n t e r m s o f i n c r e a s i n g c o m p l e x i t y i s i n d i 
c a t e d i n t h e f o l l o w i n g t a b l e : 

I n t h e language o f T a b l e 1 , a l m o s t a l l work 
i n A l was c o n d u c t e d i n a s t e r i l e e n v i r o n m e n t ( E l ) . 
Subsequent e a r l y r o b o t i c s r e s e a r c h began w i t h 
s u r g i c a l l y - c l e a n e n v i r o n m e n t s (E2) and was se
v e r e l y c r i t i c i z e d f o r g i v i n g t h e appearance o f E 3 
t o u n e d u c a t e d o b s e r v e r s , when i n r e a l i t y i t was 
n o t v e r y much of an advance o v e r E l . As more ad
vanced scene a n a l y s i s and p e r c e p t u a l t e c h n i q u e s 
became a v a i l a b l e , emphasis s h i f t e d t o E3 and E4. 
W i t h t h e appearance o f more s o p h i s t i c a t e d h a r d 
ware se n s o r s i n i t i a l f o r a y s a r e b e i n g made i n t o 
b e n e v o l e n t e n v i r o n m e n t s ( E 5 ) . A l l work t o d a t e i n 
N a t u r a l o r H o s t i l e E n v i r o n m e n t s (E6,7) has been 
done w i t h t e l e o p e r a t o r s , where a human is an e s 
s e n t i a l p a r t o f t h e l o o p . 

B. P r o b l e m - F o r m u l a t i o n 

Because o f t h e r e a l - t i m e e x e c u t i o n and 
t r a i n i n g a s p e c t o f r o b o t i c s work, t h e p r o b l e m f o r 
m u l a t i o n must be a c c o m p l i s h e d in human terms 
r a t h e r t h a n m a t h e m a t i c a l l y . Thus, v o i c e - i n p u t , 
r e s t r i c t e d n a t u r a l - l a n g u a g e - p r o b l e m s t a t e m e n t s 
a r e d e s i r e d . O t h e r t e c h n i q u e s t o f a c i l i t a t e man-
machine i n t e r a c t i o n such a s " j o y - s t i c k s , " c u r s o r 
t r a c k i n g b a l l s , o r l i g h t pens a r e a l s o needed. 

C. Data Requirements 

I n f o r m a t i o n t o s o l v e t h e p r o b l e m may e i t h e r 
b e i n a d e q u a t e o r embedded i n a l a r g e q u a n t i t y o f 
s e d u c t i v e b u t m o s t l y s u p e r f l u o u s d a t a , o r some 
c o m b i n a t i o n o f t h e s e . I n s u f f i c i e n t i n f o r m a t i o n 
m i g h t o c c u r f o r a v a r i e t y o f r e a s o n s : ( 1 ) i t may 
n o t b e knowable i n p r i n c i p l e , ( i i ) i t may n o t b e 
known w h e t h e r i t i s knowable i n p r i n c i p l e , ( i l l ) 
t h e n e c e s s a r y i n f o r m a t i o n i s knowable, b u t t h e 
c o s t o f a c q u i r i n g i t may b e p r o h i b i t i v e . (As a 
s p e c i a l case, t h e c o s t may be r e a s o n a b l e , b u t ac
q u i s i t i o n cannot b e a c c o m p l i s h e d w i t h i n s u f f i 
c i e n t t i m e t o b e u s e f u l ) , and ( i v ) i t i s n o t 
known whether t h e c o s t o f i n f o r m a t i o n - g a t h e r i n g 
w i l l p r o v e t o be p r o h i b i t i v e . ( I n t h i s case de
c i s i o n a n a l y s i s may b e u s e f u l . ) 

Once o b t a i n e d , d a t a may s t i l l possess u n c e r 
t a i n t y o r l a c k c r e d i b i l i t y f o r v a r i o u s r e a s o n s : 
( 1 ) t h e d a t a may b e i n c o r r e c t due t o s t a t i s t i c a l 
u n r e l i a b i l i t y i n t h e s e n s o r y p a t h , ( i i ) t h e s o u r c e 
i s known t o b e p r e j u d i c e d , ( i i i ) t h e s o u r c e i s 



known t o b e a n t a g o n i s t i c and may d e l i b e r a t e l y p r o 
v i d e f a l s e l e a d s . F i n a l l y , ( i v ) t h e d a t a may b e 
i n c o n c l u s i v e because o f i n h e r e n t a m b i g u i t i e s w i t h i n 
t h e model upon w h i c h i t i s based and may n o t y i e l d 
a d e f i n i t i v e i n t e r p r e t a t i o n . M e d i c a l o r m e t e o r o 
l o g i c a l d a t a f a l l i n t h i s c a t e g o r y . 

D. S o l u t i o n R e q u i r e m e n t s 

A s d i s t i n g u i s h e d f r o m c o n v e n t i o n a l A I p r o b l e m 
s o l v i n g , a s o l u t i o n i s n o t a s o l u t i o n f o r a r o b o t 
u n t i l I t has been s u c c e s s f u l l y i m p l e m e n t e d as 
a c t i o n i n t h e r e a l w o r l d . There a r e many o p p o r t u 
n i t i e s f o r f a i l u r e a l o n g t h e p a t h t o a s o l u t i o n i n 
t h i s sense: p l a n n i n g f a i l u r e s , e x e c u t i o n f a i l u r e s , 
and d e c i s i o n f a i l u r e s ( a f a i l u r e o f c o m m u n i c a t i o n 
between t h e p l a n n e r and t h e e x e c u t o r ) . 

1 . P l a n n e r F a i l u r e s - - W i t h i n t h e p l a n n e r 
v a r i o u s f a i l u r e modes may o c c u r : E i t h e r a p l a n i s 
f o u n d o r i t i s n ' t . I f n o p l a n i s f o u n d , i t c o u l d 
e i t h e r be due t o t h e f a c t t h a t none e x i s t s ( i . e . , 
t h e t a s k i s t r u l y i m p o s s i b l e ) o r t h e system l a c k e d 
t h e i n t e l l i g e n c e t o f i n d one. I f a p l a n i s f o u n d , 
i t m i g h t s t i l l f a i l f o r a v a r i e t y o f r e a s o n s : ( i ) 
i t n e v e r c o u l d have worked ( i . e . , i t f a i l s i n p r i n 
c i p l e ) ; ( i i ) i t sometimes works ( i . e . , i t f a i l s i n 
p r a c t i c e ) . A p l a n i s s a i d t o b e i n c o m p l e t e 6 ( o r 
s o f t ) i f i t d e l i b e r a t e l y a v o i d s d e a l i n g w i t h a l l 
l o g i c a l l y p o s s i b l e c o n t i n g e n c i e s - A l t h o u g h such 
f r a g m e n t a r y p l a n s a r e g e n e r a l l y u n d e s i r a b l e , t h e y 
a r e sometimes p r e f e r a b l e t o n o p l a n a t a l l . Yet 
even a c o m p l e t e ( o r r o b u s t ) p l a n w i l l o c c a s i o n a l l y 
f a i l a t some p o i n t i n i t s c a p a c i t y t o s u s t a i n v a r i 
a t i o n i n e n v i r o n m e n t a l b o u n d a r y c o n d i t i o n s . I f one 
were t o p l o t t h e p e r f o r m a n c e o f a r o b o t p l a n a s a 
f u n c t i o n o f e n v i r o n m e n t a l c o m p l e x i t y ( E l t o E 7 o f 
T a b l e 1 ) t h e n one c o u l d c h a r a c t e r i z e t h e f a i l u r e 
mode as p r e c i p i t o u s o r c a p a b l e o f g r a c e f u l d e g r a d a 
t i o n i n p r o p o r t i o n a s w h e t h e r t h e shape o f p e r f o r 
mance f e l l o f f s h a r p l y o r s m o o t h l y w i t h c o m p l e x i t y ; 
( i i i ) even t h o u g h q u e s t i o n s o f o p t i m a l i t y a r e 
r a r e l y s t a t e d e x p l i c i t l y i n t h e p r o b l e m f o r m u l a t i o n 
because i t i s n o r m a l l y u n i m p o r t a n t w h e t h e r t h e ab
s o l u t e l y b e s t way o f d o i n g s o m e t h i n g i s p r o p o s e d , 
p l a n s s h o u l d b e p e n a l i z e d a s f a i l u r e s i f t h e y a r e 
l u d i c r o u s l y i n e f f i c i e n t i n a c c o m p l i s h i n g t h e j o b . 

A p l a n p o s t - p r o c e s s o r m i g h t b e u s e f u l i n o v e r c o m i n g 
t h i s k i n d o f f a i l u r e ; ( i v ) t h e use o f n o n d e t e r m i n -
I s t i c p l a n s w i t h p a r a l l e l s u b s o l u t i o n p a t h s may 
make a p l a n more r o b u s t a t t h e p o s s i b l e expense o f 
i n t r o d u c i n g o t h e r f a i l u r e modes. 

2 . E x e c u t i o n F a i l u r e s - - E x e c u t i o n f a i l u r e s 
come i n two b r o a d c a t e g o r i e s : i n t e r n a l and e x t e r 
n a l . I n t e r n a l f a i l u r e s sometimes c a l l e d c r a s h e s , 
can e i t h e r b e h a r d o r s o f t . A h a r d c r a s h i s n o t 
i m m e d i a t e l y r e c o v e r a b l e , and t h e p l a n must b e r e 
i n i t i a l i z e d . I t may have been t h e r e s u l t o f e i t h e r 
u n r e l i a b l e h a r d w a r e o r s o f t w a r e . B y c o m p a r i s o n , a 
s o f t c r a s h , u s u a l l y due t o a h i g h - l e v e l m o n i t o r 
f a i l u r e , w i l l a l l o w t h e r o b o t t o resume t h e p l a n 
where i t l e f t o f f , a f t e r a d e l a y f o r r e l o a d i n g a 
f r e s h copy o f t h e m o n i t o r . E x t e r n a l f a i l u r e s a r e 
o f t h r e e main t y p e s : ( i ) The r o b o t f a i l e d , and 
knows t h a t i t f a i l e d . T h i s may be due t o e i t h e r 

s y s t e m a t i c o r random e r r o r s i n i t s o p e r a t o r s when 
e x e c u t e d i n t h e r e a l w o r l d , s i n c e a l l a c t i o n s have 
i n h e r e n t u n c e r t a i n t y i n t h e i r outcomes. ( B e t t e r 
c a l i b r a t i o n s h o u l d h o p e f u l l y m i n i m i z e s y s t e m a t i c 
e r r o r s . ) T h e r e may a l s o b e o t h e r l e g a l e r r o r 
modes f o r o p e r a t o r s , such a s " t i m e o u t s " o r 
r e s o u r c e - e x c e e d e d c o n s t r a i n t s ; ( i i ) t h e r o b o t 
f a i l e d , and d i d n ' t know t h a t i t f a i l e d ( s o m e t i m e s 
c a l l e d a m l s s e n s e e r r o r ) . T h i s may b e due t o i n 
f i n i t e l o o p i n g o r o t h e r e r r o r s i n t h e f l o w - o f -
c o n t r o l o r t o s e l f - d e c e p t i o n t h r o u g h i m p e r f e c t 
s e n s i n g o f t h e t r u e s t a t e o f a f f a i r s ; ( i i i ) t h e 
r o b o t succeeded, b u t t h i n k s t h a t i t f a i l e d (some
t i m e s c a l l e d a nonesense e r r o r ) . I l l e g a l e r r o r 
messages o r f a l s e a l a r m s cause t h i s k i n d o f f a i l 
u r e . 

3 . D e c i s i o n F a i l u r e s - - D e c i s i o n f a i l u r e s a r e 
much more s u b t l e . F i v e g e n e r a l t y p e s w i l l be men
t i o n e d : ( i ) t o o l i t t l e o r t o o much t i m e d e v o t e d 
t o p l a n n i n g compared w i t h e x e c u t i o n . T h i s depends 
o n t h e amount o f t i m e s p e n t p l a n n i n g , t h e c o s t o f 
t h i n k i n g , t h e u t i l i t y o f t h e g o a l , t h e p e n a l t y f o r 
i n c u r r i n g u n d e s i r a b l e i r r e v e r s i b l e s t a t e changes 
i n t h e r e a l w o r l d , and so f o r t h . Note t h a t human 
i n t u i t i o n may b e v e r y poor i n t h i s r e g a r d , s i n c e 
most human p l a n n i n g appears t o t a k e p l a c e a t t h e 
s u b c o n s c i o u s l e v e l and t h e r e f o r e c r e a t e s t h e i l l u -
s i o n o f b e i n g c o s t - f r e e . A l s o , human p l a n n i n g and 
e x e c u t i o n can f r e q u e n t l y t a k e p l a c e s i m u l t a n e o u s l y , 
assuming t h a t t h e e x e c u t i o n p r o c e s s i s n o t t o o 
i n t e l l e c t u a l l y - d e m a n d i n g . A r o b o t may n o t a l w a y s 
have t h i s l u x u r y ; ( i i ) t h e f a i l u r e t o c a p i t a l i z e 
o n s e r e n d i p i t y . T u n n e l v i s i o n d u r i n g e x e c u t i o n 
may cause t h e r o b o t t o push t h e s o l u t i o n o u t o f 
t h e way i n o r d e r t o r e c r e a t e t h e s o l u t i o n ac
c o r d i n g t o p l a n ; ( i i i ) f a i l u r e t o a d e q u a t e l y r e -
p a r a m e t e r i z e p l a n s based o n p a s t e x p e r i e n c e . T h i s 
i s sometimes r e f e r r e d t o a s s t r u c t u r a l a s d i s t i n 
g u i s h e d f r o m s t a t i s t i c a l l e a r n i n g ; ( i v ) f a i l u r e t o 
r e o r d e r p r i o r i t i e s d y n a m i c a l l y . M u l t i p l e , p o s s i 
b l y c o n f l i c t i n g g o a l s must b e c o n t i n u a l l y m o n i -
t o r e d d u r i n g e x e c u t i o n . T h i s may l e a d t o seem-
i n g l y anomolous b e h a v i o r f r o m t h e p o i n t o f v i e w o f 
a n o u t s i d e o b s e r v e r , b u t b e p e r f e c t l y c o n s i s t e n t 
w i t h i n t e r n a l o b j e c t i v e s ; ( v ) f a i l u r e t o d i s t i n 
g u i s h l o c a l f r o m g l o b a l f a i l u r e s , i . e . , c a l l i n g 
upon t h e p l a n n e r t o r e p l a n f r o m s c r a t c h , when s a l 
v a g i n g t h e e x i s t i n g p l a n w i t h a m i n o r e l a b o r a t i o n 
o f a n e x i s t i n g c o n t i n g e n c y b r a n c h o f t h e c u r r e n t 
p l a n w o u l d b e a d e q u a t e , o r c o n v e r s e l y , t r y i n g a l 1 
v a r i a t i o n s o f a p l a n t h a t was doomed t o f a i l . I n 
p s y c h i a t r y t h i s k i n d o f p a t h o l o g y i s r e f e r r e d t o 
a s f u n c t i o n a l f i x i t y . 

A New F o r m u l a t i o n of t h e "Monkey and Bananas" 

Problem 

The o r i g i n a l f o r m u l a t i o n o f t h e "Monkey and 

Bananas" p r o b l e m 6 can b e s t a t e d b r i e f l y a s f o l l o w s : 

A monkey is in a room in w h i c h a bunch of 
bananas a r e h a n g i n g f r o m t h e c e i l i n g , j u s t 
o u t o f r e a c h . The monkey's p r o b l e m , o b v i 
o u s l y , i s t o g e t t h e bananas. I n t h e c o r 
ner o f t h e room i s a c h a i r . The s o l u t i o n 
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d e c i d e d o n b y t h e monkey i s t o push t h e 
c h a i r t o a l o c a t i o n under t h e bananas, 
c l i m b o n t o p o f t h e c h a i r , and t h e n e a s i l y 
r e a c h f o r t h e bananas. 

The m a j o r i n t e r e s t o f A I r e s e a r c h e r s i n t h i s p r o b 
lem i s t h a t i t i s c h a r a c t e r i z e d b y one l e v e l o f i n 
d i r e c t n e s s . T h a t i s , t h e s o l u t i o n r e q u i r e s a n aux
i l i a r y d e v i c e o r t o o l ( a c h a i r i n t h i s case) n o t 
o b v i o u s l y needed a t t h e s t a r t o f t h e p r o b l e m . I n 
1970 one o f t h e a u t h o r s ( C o l e s ) succeeded i n f o r m u 
l a t i n g a f a i r l y s t r a i g h t - f o r w a r d t r a n s l i t e r a t i o n o f 
t h e p r o b l e m i n t o t h e w o r l d o f t h e SRI r o b o t . 7 The 
r o l e o f t h e t o o l was p l a y e d b y a ramp t h a t a l l o w e d 
Shakey t o push a box o f f a p l a t f o r m o n t o t h e f l o o r , 
w h i c h h e w o u l d n o t o t h e r w i s e have been a b l e t o do. 
O t h e r s , such a s McDermott, 8 have s o u g h t t o g e n e r a l 
i z e t h e i n f o r m a t i o n - g a t h e r i n g a s p e c t s o f t h e p r o b 
lem. 

In a more r e c e n t paper by Feldman and S p r o u l l 9 

t h i s same p r o b l e m has s e r v e d as t h e b a s i s f o r a 
d e c i s i o n - t h e o r e t i c a p p r o a c h . A l t h o u g h t h e y a r e 
much more c o n c e r n e d w i t h t h e use of a n u m e r i c a l 
u t i l i t y f u n c t i o n d u r i n g p l a n n i n g t o d e v e l o p a more 
e f f i c i e n t s e a r c h s t r a t e g y , w e have i n d e p e n d e n t l y 
r e a c h e d t h e same c o n c l u s i o n r e g a r d i n g t h e p o s i t i v e 
v a l u e o f j o i n i n R d e c i s i o n a n a l y s i s w i t h a s y m b o l i c 
r o b o t p r o b l e m s o l v e r t o f a c i l i t a t e i n t e l l i g e n t de
c i s i o n making under c o n d i t i o n s o f u n c e r t a i n t y . (See 
r e f e r e n c e s 10-12 f o r a n i n t r o d u c e i o n t o d e c i s i o n 
a n a l y s i s . ) I n p a r t i c u l a r , u s i n g t h i s a p p r o a c h w e 
can c r e a t e a d e c i s i o n t r e e t h a t a l l o w s one t o ' V o l l 
back" t h e consequences o f f u r t h e r i n f o r m a t i o n -
g a t h e r i n g o p e r a t i o n s i n c o m p a r i s o n w i t h d i r e c t ac
t i o n . O f c o u r s e , dec i s i o n a n a l y s i s can n e v e r g u a r 
a n t e e a des i r a b l e outcome; i t can on!y p r o v i d e r e a 
sons why one c o u r s e o f a c t i o n w i l l i n g e n e r a l be 
b e t t e r t h a n a n o t h e r . 

Because o f t h e i n h e r e n t u n r e l i a b i l i t y o f 
Jason's u l t r a s o n i c t e x t u r e / r a n g e - f i n d e r , w e s o u g h t 
t o f i n d a r e a l i s t i c r e f o r m u l a t i o n o f t h e monkey and 
bananas p r o b l e m t h a t w o u l d a l s o i l l u s t r a t e t h e 
v a l u e o f d e c i s i o n a n a l y s i s when u s i n g t h i s s e n s o r . 
F i g u r e 3 shows an i n i t i a l p l a n v i e w o f Jason's 
w o r l d . I t c o n s i s t s o f two c o n n e c t i n g rooms, R60 
and R70, c o n t a i n i n g v a r i o u s boxes. Jason, c u r 
r e n t l y i n R60, i s d e s i g n a t e d by the symbol " J " f o l 
lowed b y a n a r r o w i n d i c a t i n g h i s p r i n c i p a l o r i e n t a 
t i o n . The symbol "W" d e s i g n a t e s a w a l l , w h i l e t h e 
n + " s i g n i n d i c a t e s a c l e a r a n c e b o r d e r f o r n a v i g a 
t i o n p u r p o s e s . Jason's o n l y c u r r e n t g o a l i s 
" I N ( J , R 7 0 , 1 0 0 ) , " i . e . , Jason d e s i r e s t o b e i n t h e 
a d j o i n i n g room w i t h a u t i l i t y v a l u e o f 100 e r g s . 
Thus, t h e a c c u m u l a t e d c o s t o f a l l h i s e f f o r t ( b o t h 
p l a n n i n g and e x e c u t i o n ) i n a c c o m p l i s h i n g t h i s g o a l 
s h o u l d n o t exceed 100 e r g s ; o t h e r w i s e Jason w i l l 
have w a s t e d h i s energy. 

Now i n t h i s f o r m u l a t i o n , a l t h o u g h " t h i n k i n g " 
i s assumed t o b e f r e e o f c h a r g e , e v e r y o p e r a t i o n 
Jason can c a r r y o u t i n t h e r e a l w o r l d i s energy con
suming. T a b l e 2 shows t h e a p p r o x i m a t e c o s t of an 
a p p l i c a t i o n o f each o f t h e ILOs r e l e v a n t t o t h i s 

FIGURE 3 PLAN VIEW OF JASON'S WORLD 
prob l e m . Note t h a t i n g e n e r a l t h e y e n t a i l a sub
s t a n t i a l s t a r t - u p c o s t p o s s i b l y p l u s a n amount 
p r o p o r t i o n a l t o d i s t a n c e moved o r t u r n e d . The 
p r o p o r t i o n a l i t y c o n s t a n t , c , i s o n t h e o r d e r o f 
1/10 when d i s t a n c e , d ( x , y ) , i s measured i n f e e t . 
A l s o n o t e t h a t " p u s h i n g " i s t w i c e a s e x p e n s i v e a s 
"moving." The p r e c o n d i t i o n s and p o s t c o n d i t i o n s 
i n d i c a t e d a r e t y p i c a l o f a S T R l P S - l i k e 1 3 s y m b o l i c 
p r o b l e m s o l v e r . 

Under n o r m a l c o n d i t i o n s t h e p r o b l e m s o l v e r 
w o u l d y i e l d t h e p l a n : ( i ) t e s t f o r c l e a r p a t h t o 
door D67 ( c o n n e c t i n g Rooms R60 and R70), ( i i ) Go 
t o Door; ( i i i ) G o t h r o u g h door. T h i s c o u l d b e ac
c o m p l i s h e d f o r about 2 5 e r g s , making i t q u i t e a n 
a t t r a c t i v e p l a n . However, i n t h i s f o r m u l a t i o n 
t h e r e i s a box b l o c k i n g t h e doorway, w h i c h would 
have caused " c l e a r p a t h " t o f a i l . Thus, t h e p r o b 
lem s o l v e r m i g h t i n s t e a d g e n e r a t e t h e p l a n ( i ) G o 
t o box; ( i i ) Push box ( o u t o f t h e way); ( i i i ) G o 
t o d o o r ; ( i v ) G o t h r o u g h door. T h i s p l a n m i g h t 
e x e c u t e d f o r a b o u t 35-40 e r g s , s t i l l making i t " 
q u i t e a t t r a c t i v e . 

However, i n t h i s p a r t i c u l a r w o r l d t h e r e i s a n 
a d d i t i o n a l c o m p l e x i t y r e g a r d i n g t h e p u s h a b i l i t y o f 
boxes. B y d e f i n i t i o n , t h e r e a r e two g e n e r a l t y p e s 
o f boxes: s h o r t and t a l l . S h o r t boxes a r e n o t 
d i r e c t l y p u s h a b l e because Jason's push bar would 
o v e r h a n g them. N e v e r t h e l e s s , a s h o r t box c o u l d be 
pushed by means o f a p u s h a b l e t a l l box as shown i n 
F i g u r e 4. F u r t h e r m o r e , t a l l boxes come i n two 
v a r i e t i e s : smooth and rough. Smooth boxes a r e 

A c t u a l c o s t s a r e a c c u m u l a t e d b y c a l l s t o Low 
L e v e l O p e r a t o r s (LLOs) w h i c h may v a r y d e p e n d i n g 
on t h e c i r c u m s t a n c e s . 
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assymetrlc cost of these o p e r a t i o n s would in gen
e r a l p l a c e a premium on the box c l o s e r to the low 
box. Since both boxes are approximately e q u i d i s 
t a n t to both Jason and the low box, Jason is i n d i f 
f e r e n t according t o t h i s c r i t e r i o n . 

However, I n t h i s case Jason does not know a 
p r i o r i whether n e i t h e r , one, or both t a l l boxes are 
smooth. The a p r i o r i p r o b a b i l i t y d i s t r i b u t i o n o f 
rough and smooth t a l l boxes i s assumed t o be u n i 
form. Jason has a v a l l a b l e through i t s u l t r a s o n i c 
r a n g e - f t n d e r , a t e x t u r e o p e r a t i o n he can perform to 
determine whether a box Is smooth w i t h p r o b a b i l i t y 
p, i . e . , 

Prob(smooth|texture-smooth)=p 
Prob(smooth|texture=rough) -1-p 
Prob(rough |texture=smooth)-1-p 
Prob(rough |texture=rough) =p. 

Using common sense, if p is very close to 1, then a 
cost o f 1 erg to measure t e x t u r e i s l i k e l y t o be a 
w o r t h w h i l e investment compared to the r i s k of going 
to a p o s s i b l y rough box w h i l e the o t h e r one might 
have been smooth. On the o t h e r hand ae p ap
proaches 0.5, the t e x t u r e o p e r a t i o n becomes i n 
c r e a s i n g l y u n r e l i a b l e and the marginal u t i l i t y o f 
the i n f o r m a t i o n o b t a i n e d w i t h respect to the cost 
o f g a t h e r i n g i t becomes s m a l l e r . Beyond some 
s p e c i f i e d p o i n t of i n d i f f e r e n c e as p approaches 
c l o s e r to 0.5, the cost of i n f o r m a t i o n g a t h e r i n g 
becomes p r o h i b i t i v e compared t o I t s value. 
T e s t i n g t e x t u r e would a c t u a l l y be counterproduc
t i v e , and the best s t r a t e g y would be to choose a 
box a t random, g o t o I t , and t r y t o push I t . I n 
the worst case f o r which a s o l u t i o n were p o s s i b l e , 
i . e . , the f i r s t box t r i e d was rough w h i l e the 
o t h e r was smooth, the cost might be between 80 and 
110 ergs, t h e r e f o r e s t i l l worth t r y i n g . 

Now Jason has some e m p i r i c a l s t a t i s t i c s on the 
r e l i a b i l i t y o f h i s range f i n d e r t h a t i n d i c a t e t h a t 
p=0.95. What should he do? Texture o p e r a t i o n s are 
expensive and r i s k y . Yet any a c t i o n may be f r o u g h t 
w i t h p e r i l . Jason turns t o d e c i s i o n a n a l y s i s t o 
p r o v i d e an answer. F i g u r e 5 shows Jason's D e c i s i o n 
Tree f o r the r e l e v a n t p o r t i o n of t h i s problem. The 
r e s u l t s o f the a n a l y s i s are presented l n the next 
s e c t i o n . 

R e s u l t s of the D e c i s i o n A n a l y s i s 

The i n t e r n a l r e p r e s e n t a t i o n of the d e c i s i o n 
t r e e f o r e v a l u a t i o n purposes is as a two-page 
"SEETREE" program14 which i s v e r y s i m i l a r i n ap
pearance to F o r t r a n IV. Each node, whether a d e c i 
s i o n node or a p r o b a b i l i t y node, is d e f i n e d as a 
separate f u n c t i o n w i t h i t s successor designated b y 
the i d e n t i f i e r "NEXT." The SEETREE program i s 
t r a n s l a t e d i n t o a standard FORTRAN IV program by a 
t r a n s l a t o r package o p e r a t i n g over the ARPA Net a t 
UCLA. Upon execut i o n , the system generated a 56 
node t r e e . Table 3 shows the " s e l e c t e d decision*' 
f o r v a r i o u s values of p. The system a l s o a u t o m a t i 
c a l l y provides r o l l b a c k values o f a l l subsequent 
d e c i s i o n s in the t r e e and the minimum, maximum, 
mean, and standard d e v i a t i o n of rewards f o r the 

I n s p e c t i o n of Table 3 reveals Jason's I n d i f 
ference p o i n t to be p=0.9, since the c e r t a i n e q u i v 
alence f o r e i t h e r d e c i s i o n is the same. Since 
Jason's h i s t o r i c a l data suggests a value of p-0.95, 
h i s o p t i m a l s t r a t e g y should be to measure t e x t u r e 
before going t o e i t h e r box. I f the sensor r e p o r t s 
back "smooth," then he should go immediately to 
t h a t box. Otherwise he should go d i r e c t l y to the 
o t h e r box w i t h o u t f u r t h e r measurement, since f u r 
t h e r increase i n the confidence o f i t s t r u e t e x 
t u r e would not make a d i f f e r e n c e i n Jason's subse
quent behavior. 

* 
P r o v i d i n g p < l . O f course, i f p = l and the f i r s t 
box was d i s c o v e r e d to be rough, then t e s t i n g the 
t e x t u r e o f the second box would b e u s e f u l : i f i t 
too were rough, Jason could d e f i n i t i v e l y g i v e up 
w i t h o u t moving. However, i f there i s even the 
s l i g h t e s t p o s s i b i l i t y t h a t the sensor was i n e r 
r o r ( p < l ) , Jason would b e compelled, l a c k i n g 
o t h e r a l t e r n a t i v e s , to v e r i f y a box's roughness 

e m p i r i c a l l y b y going t o i t and t r y i n g t o push i t . 
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Figure 7 shows the form of the plan output by 

the symbolic problem solver (comments inserted be

tween slashes). PIanI is then executed interpre-

ti v e l y . In this case under the assumption that the 

texture of Box62 is reported to be smooth and fur

ther that it is actually smooth, and therefore 

pushahle, the fi na 1 cost of the plan under simu

lated execution is 92.95 ergs. Since this value is 

within the specified u t i l i t y of 100, Jason has 

achieved a net p r o f i t of over 7 ergs. 

Figure 8 shows the i n i t i a l state of R60 with 

the proposed trajectory marked by arrows ("+" signs 

have been suppressed. ). In Figure 10 Jason has 

pushed both B61 and B62 out of the way. Finally, 

Figure 11 shows Jason having executed the Gotodoor/ 

Gothrudoor portion ot his plan- In execution, this 

plan produced a string of 19 individua1 move and 

turn commands, each of which generates i t s own 

motor command or how Level Operator (LLO), re

sulting in a 50-page l i s t i n g of grid positions. 

The simulated execution took approximately 3 sec

onds on the CDC-6400 and 7.6 seconds on the PDP-10. 

Based on prior experience, we expect that actual 

execution in tile real world w i l l take on the order 

of 3 minutes. 

Summary and Future Work 

The major contribution of this paper is a dem

onstration, by means of a we]1 known example, of 

how decision analysi s can be used to improve the 

decision-making capability of a robot under condi

tions ot uncertainty in i t s perceptual inputs. Now 

that Jason has been demonstrated over the ARPA Net, 

our next p r i o r i t y w i l l be to l i n k the decision 

analysis software with the Jason control software 

as an integrated system. We can then experiment 

dynamically with different boundary conditions as 

we 11 as different levels of r e l i a b i l i t y tor texture 

measurements. 

In the longer term we have outlined a number 

of objectives. Our intermediate goals include the 

development of software to handle ( i ) multiple 

(possibly conflicting) time-dependent goals, ( i i ) 

dynamic tracking (of a cooperative agent), and 

( i i i ) dynami c real-t ime c o l l i s i o n avoidance during 

navigation, including the evasion of active agents 

such as slowly moving people in a crowded corridor. 

Our long term goals include the application of a 

Jason-like robot to factory or warehouse work where 

the environment is f a i r l y well controlled. 

The Berkeley robot project is s t i l l in the 

midst of design and construction. Many devices 

have been designed, tested, and installed. A con

siderable amount of software has been written and 

debugged. Other devices and programs are s t i l l in 

the development stage. I t is planned that a f u l l y -

integrated robot vehicle w i l l again be operational 

in the near future. Once operational, Jason will 

be used as a test bed for the development of fu

ture, general-purpose mobile robots wi th even 

greater sophistication and intelligence. 
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ABSTRACT 

AL is an high-level programming system for 
specification of manipulatory tasks such as assembly of 
an object from parts. AL includes an ALGOL-like source 
language, a translator for converting programs into 
runnable code, and a runtime system for controlling 
manipulators and other devices. The system includes 
advanced features for describing the motions of 
manipulators, for using sensory information, and for 
describing assembly algorithms in terms of common 
domain-specific primitives. This paper describes the 
design of AL, which is currently being implemented as a 
successor to the Stanford WAVE system. 

AN OVERVIEW OF AL 

This short paper cannot cover the subject of AL in 
depth; a complete discussion may be found in AL, A 
Programming System Jor Automation, Stanford Artificial 
Intelligence Laboratory Memo AIM-243, Stanford 
University Computer Science Department Report STAN-
CS-74 -456 , by the authors of this paper. 

I N T R O D U C T I O N 
The development of robot manipulators such as 

the "Unimate" has led to the belief that these tools are 
in some way general-purpose devices and that they 
might be programmed like a computer As a general-
purpose programmable device, the robot manipulator 
provides a possible answer to the need for automation 
of assembly in batch manufacturing industries where 
small production runs rule out the use of special-
purpose equipment. 

We are implementing a system called AL for small 
scale batch manufacturing where setup time is the key 
factor. We rely on a symbolic database and previously-
def ined assembly primitives to minimize programming 
time. The system is capable of high-level planning and 
intelligent interpretation of user-defined primitives. The 
principal aim of this work is not to provide a factory 
floor programming system but rather to design a 
language which will be a tool for investigating the 
dif f iculty, necessary programming time, and feasibility of 
wr i t ing programs to control assembly operations. 

PHILOSOPHY OF DESIGN 

D A T A A N D CONTROL STRUCTURES 
The principal mode of input to AL is textual, as 

opposed to spoken or manual (joystick). There are 
levels of complexity which are much more readily 
transmitted from man to machine through an interlace of 

symbolic text, f o r example, simultaneous motions of 
two arms and termination and error conditions are more 
likely to be unambiguously described through the 
medium of text because a textual language can provide 
a consistent framework for such intuitive ideas. Non
textual forms of input for defining target locations and 
suggesting arm trajectories to avoid collisions are most 
useful when applied in conjunction with a program text 
which supplies the overall intent of the programmer. 
The supervisor level of AL is simple enough to allow 
natural teaching by showing; it should be easy to 
interface such devices as joysticks and vocal input into 
AL, although we do not intend to do so at present. 

Experience with languages like SAIL and WAVE 
has shown that text macros are a useful feature; they 
reduce the amount of repetitive typing. AL has a 
general-purpose text macro system interfaced into the 
scanner and parser. 

The datatypes available include those types 
necessary to refer to one-dimensional measures (like 
distance, time, mass) and three-dimensional measures 
(l ike directed distance, locations, orientations). 
Arithmetic operators are available not only for the 
standard scalar operations like multiplication and 
addition, but also for such operations as rotation and 
translation. 

Provision is made for simultaneous execution of 
several processes This allows calculation and arm 
motion to take place simultaneously; several 
manipulators can be in independent or coordinated 
motion. 

M O T I O N SPECIFICATIONS 
Experience with WAVE has shown that calculating 

t ra jector ies for manipulators is desirable but time-
consuming. Trajectory calculations, together with other 
calculations which need only be performed once, are 
done at compile time. This allocation of effort 
drastically reduces the computing load at execution time 
and eliminates wasteful recomputation every time a 
sequence of actions is executed. 

A wide range of exceptional conditions can occur 
during the motion of a manipulator. Appropriate action 
must be taken as soon as any of these occurs, for 
example to start up a new concurrent process or to 
noti fy the user. Therefore, AL allows the flexible 
specification of conditions to be monitored during 
motions (and during execution of blocks of code in 
general) and what to do in the case that a tested 
condition occurs 

USE OF A PLANNING MODEL 
Since locations are not known exactly during the 

planning of a trajectory, there is a clear distinction 
be tween planned values and runtime values. Planned 
values are used for trajectory calculation; at runtime, 
t ra jector ies are modified if necessary to account for 
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any discrepancies. The planned values are therefore a 
database on which trajectory calculations are computed. 

Assembly tasks require that one object be affixed 
to another. We model this by having a semantic 
attachment between objects, if two objects are affixed, 
and one moves, the second one should move 
accordingly, that is, its planning value should be 
proper ly modified. The planning model includes 
information on attachments of objects. The affixment 
concept carries over to the runtime system, which does 
the equivalent modifications of the actual values. This 
saves the user the tedious bookkeeping operations 
requi red to determine where an object is after its base 
has been moved. 

More generally, the compiler maintains a wide 
var iety of information about expected runtime states. 
This includes information like the accuracy within which 
the planning value is known, how heavy an object is, 
how many faces it has on which it can rest, how wide 
the fingers of an arm should open to grasp it. This 
information may come from several sources, including 
explicit assertions by the user and built-in knowledge 
about the system hardware. AL has a general 
framework for representing and using such knowledge. 

USE OP DOMAIN-SPECIFIC 
K N O W L E D G E 

The system will eventually have enough domain-
specific knowledge to allow programs to be written in 
terms of common assembly operations, rather than 
exclusively in terms of detailed single motions. At the 
simplest level, this involves a library of common 
assembly macro-operations that can be conditionally 
expanded to perform particular subtasks. Beyond this, 
we foresee an interactive system that can take a "high 
leve l " description of an assembly algorithm and fill in 
many of the detailed decisions required to produce a 
consistent and efficient output program. 

A user will be able to specify different parts of a 
task at various levels of detail. The system is designed 
to accept explicit advice telling exactly how some 
particular subtask is to be accomplished. This is 
especially important for early versions of AL, which are 
not likely to be very "smart" and will therefore require 
a fair amount of explicit help. Other parts can be 
described by assertions which specify prerequisites and 
effects. The system will then complete the program 
incorporating the advice and satisfying the other 
assertions. The system can show the user how it is 
fil l ing in the details to produce an output program, and 
why. This is very important both for debugging and for 
explaining to the user any requests for advice that it 
must make 

T H E R U N T I M E SYSTEM 
The calculation of trajectories is time-consuming 

but not t ime-crit ical; servoing of devices is time-critical 
but not especially time-consuming. Therefore, the 

compiler is wr i t ten in a high-level language, SAIL, which 
runs on a large timeshared computer (a POP-10) and 
the runtime system is designed to run on a dedicated 
minicomputer (a PDP-11/45). 

The runtime system supports simultaneous 
execut ion of many processes. Several manipulators or 
devices might be running simultaneously, and each motor 
requires a separate process; several condition monitors 
might be active; several code segments (doing, perhaps, 
calculations) might be simultaneously active. Those 
processes which are dealing with real-time devices 
(joint servos and condition checkers) must be 
guaranteed service at regular intervals; the computation 
processes can fill in any time gaps. 

The wide range of conceivable tasks implies that 
pure hardware servoing does not in general suffice. 
The reason for this is that hardware servoing restricts 
use to one of a small number of servo modes (typically 
posit ion, velocity, or force), and has no provision for 
motions of accommodation or motions whose modes 
might change in midstream due to some software-
detectable condition. Pure hardware servoing could not 
be readily modified to account for new feedback 
devices or methods. A philosophy of software servoing 
has these advantages; It is possible to program the 
manner in which feedback is to be used, to interface 
new types of sensors, to modify the servo while the 
arm is in motion, to supply the driving program with 
information concerning the success of the motion as well 
as to keep it up-to-date on the arm status. It also 
allows coordination of several arms, with one acting as 
a master and the others following. Hardware servoing 
would not save computation since the computer would 
need to perform an equivalent servo calculation in 
order to understand what the manipulator is doing. 

G E N E R A L SYSTEM OUTLINE 

H A R D W A R E 
Currently two Stanford Electric Arms, built by 

Victor Scheinman [Scheinman], are available. They are 
called YELLOW and BLUE. Each has six joints and a 
hand that can open and close. The joints are controlled 
by electric motors; each joint has both position and 
veloci ty feedback. Motor drives are sent from the 
computer to the arm via a digital-to-analog converter 
(D- to -A) ; feedback signals are routed through an 
analog-to-digit at converter (A-to-D) back to the 
computer. 

Various other devices are designed and 
implemented as needed. We use tools, jigs and special 
markings for several purposes: to render a task 
possible (an example is the arm itself), to improve 
eff iciency (a mechanical screwdriver), and to overcome 
some of our sensory and mechanical limitations (a screw 
dispenser) 
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SOFTWARE 
See figure I for a picture of the system, 

The SUPERVISOR is the top level of AL ft runs on 
the timesharing computer and provides an interface 
between the user and the other parts of the system: 1) 
listening to the user's console and interpreting simple 
command language input; 2) controlling the compiler, 
starting it and relaying its error messages back to the 
user; 3) signalling the loader when it is necessary to 
place compiled code into the mini; 4) handling the 
runtime interface to the mini. 

The USER sits at a console and makes requests of 
AL. These fall into several categories; compilation, 
loading, execution of programs, debugging of code, 
requesting of status information, asking for immediate 
arm motion, saving and restoring the state of the world 
at safe points, requesting explanation of certain 
compiler decisions. There are two different consoles at 
which a user can sit: one is connected to the 
timesharing computer, through which he can speak to 
the supervisor and all the parts of AL residing on the 
timesharing computer; the other is connected to the 
mini, and through it the user can investigate the runtime 
system and cause modifications. 

The COMPILER reads AL programs from files (or, 
optionally, directly from the user's console) and 
produces load modules, The compiler is divided into 
three phases: The PARSER, which produces parse trees 
of the program, the EXPANDER, which expands those 
parse trees by replacing high-level primitives with low-

' level primitives, and the TRAJECTORY CALCULATOR 
and CODE GENERATOR, which creates the output files 

The LOADER takes the load modules prepared by 
the compiler and enters them into the mini's runtime 
system. Address relocation and linking are done at this 
t ime. The loader also sets up the data area in the 
runtime interface in the timesharing computer; these 
data include output strings, procedure linkages, and 
information necessary for diagnostic purposes during 
runtime. Loading is often done in a partially incremental 
fashion, installing new code following previously loaded 
code. 

The RUNTIME INTERFACE, which resides in the 
timesharing computer, is charged with initiating the mini 
program, fielding procedure calls from the running 
program to procedures on the timesharing machine, 
returning values from these procedures, and fetching 
values from the mini for debugging purposes. The 
interface has the power to interrupt the execution of 
the program and to modify the status of the runtime 
system, for example, by patching in additional programs 
or modifying the values of some variables. This allows 
the user to control the program through the timesharing 
computer. 

The RUNTIME SYSTEM is the set of programs 
which reside in the mini. This system includes kernel 
programs for time-slice cpu sharing and process control 
and a set of dynamically created processes. These are 
of three basic types: a) An INTERPRETER examines the 
code prepared by the compiler and executes the 
numeric computations requested. When a move is to 
be started, the interpreter creates a servo for each 
joint and waits until all these servos are finished, b) A 
SERVO handles the motion of one moving joint, c) A 
CONDITION-MONITOR repeatedly examines certain 
conditions (whatever the programmer has specified). If 
it should discover that its condition has occurred, it 
creates an interpreter to take appropriate action. The 
runtime system also includes routines for communication 
w i th the runtime interface in the timesharing computer. 
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AN EXAMPLE 

A simple task dealing with the objects shown in 

Figure 2 il lustrates some of the features of AL; 
1. Pick up the bracket with the YELLOW 

arm and position it next to the beam so 
that the holes line up, 

2 Pick up the bolt with the BLUE arm, 

3. Fasten the bracket to the beam by 
inserting the bolt in the holes, 

4. Return the arms to their park positions. 
Some of the features to be demonstrated are: the affix 
s t ruc ture , reference frames, dimensions, and multi
processing. We demonstrate these capabilities by 
present ing a highly commented AL program to 
accomplish the task stated above. Except for the 
missing macro bodies, this program is complete; it could 
per fo rm as indicated. 

AL is a multi- level programming language; at one 
ex t reme the user can write detailed, system-like 
programs and at the other he can describe the tasks 
and any partial ordering among them and let the system 
determine 'necessary details. Our example is written in 
an intermediate level. In particular, it assumes that 
the re are several general-purpose macros and routines 
which understand how to GRASP and RELEASE things 

and carry out a NORMAL_SEARCH to insert something 
\nVo a hole 

Capitalized words in the example are key words 
w i lh in AL. Lower case words are user-defined 
identi f iers. Comments are surrounded by curly 
brackets. 

whole_task B E G I N 

{First declare the necessary FRAMEs and describe how 
they are initially related A FRAME is a coordinate 
system It has two components, the location of the 
origin (a distance VECTOR) and the orientation of the 
axes (a ROT) Frames are typically used to describe 
objects and important features of objects. There are 
several predeclared frames in AL. STATION is the 
frame which represents the work station's frame of 
reference Each hand available to the system also has 
a frame variable, whose value (continually updated) is 
the position of that hand. Currently there are two 
such frames YELLOW and BLUE 

The attach structure representing the initial world is 
shown in Figure 3 The arrows indicate how the 
movement of a frame affects other frames If a frame 
at the tail of an arrow is moved (by the arm, visually 
updated, etc ) the frame at the head of the arrow will 
be automatically updated The double arrows are the 
results of RIGIDLY AFFlXmg one frame to another) 

F R A M E beam, beam_hole, F R A M E bolt, 
FRAME bracket, bi acketjiole, bracket_grasp; 
b e a m - F R A M E ( R O T ( Z , 90*DEC), VECTOR(I0.6,0)>; 

{The beam is expected to be positioned at (WjSP) in 
the station'^ coordinate system (the default unit for 
distance measurements is centimeters) and rotated 90 
degrees about the station's Z vector AL knows about 
dimensions like DEC for degrees. Dimensions are 
adjuncts to variable types, new ones can be defined in 
terms of old ones } 

beam_hole *- b e a m * T R A N S ( R O T ( X , 90*DEG). 
VECTORO.O,?) ) , 

{The TRANS represents the position of the beam_hole 
with respect to the beam. The premultiplication by the 
frame beam positions the beam^hde in the station's 
coordinate system) 

AFFIX beam^hole TO beam, 

{As shown in figure 3) 

A S S E R T F O R M ( D E P R O A C H , beamjiole . 
T R A N S ( N I L R O T , V E C T O R ( 0 , 0 , - 3 ) ) ; 

{Trajectories consist of a path from the current 
position, through a departure point, possibly through 
some via points, through an approach point, and 
finally to the destination The primary use of via 
points is to avoid collisions during the motion All 
FRAMEs have a DEPROACH TRANS associated with 
them TRANSes are essentially the same as FRAMEs 
Whenever leaving (or moving to) a FRAME the 
standard departure (or approach) used is that 
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FRAMEs DEPROACH TRANS The station has a 
DEPROACH TRANS which is three inches above it 
Whenever one FRAME is AFFlXed to another, by 
default the former takes on the latter's DEPROACH 
The result of this ASSERT is that the arms will 
approach the beam hole from the side instead of from 
above.} 

bracket - F R A M E ( R O T ( Z . 4 5 * D E G ) . 
V E C T O R ( 2 0 , 1 4 0 ) ) ; 

b r a c k e t „ h o l e - bracket* 
T R A N S < R O T ( X . 1 8 0 * D E G ) . V E C T O R ( 3 , 3 , 0 ) ) ; 

A F F I X bracke t .ho le T O bracket; 
bracket_grasp <-- bracket* 

T R A N S ( R O T ( X , 1 8 0 * D E G ) I V E C T O R ( 0 , 3 , 3 ) ) ; 
A F F I X bracket_grasp T O bracket R I G I D L Y ; 

{The RIGID A FFIX ment insures that a change of 
bracket_grasp will automatically change bracket, which 
in turn will automatically change bracket-hole. This is 
quite convenient if the position of the whole 'object' is 
being updated by one grasping position (ie. 
bracket_grasp) ) 

b o l t - F R A M E ( R O T ( Z . 9 0 * D E G ) * 
R O T ( X , I 8 0 * D E G ) , V E C T O R ( 1 6 . 3 0 , 0 ) ) ; 

{The rotation portion of the FRAME has been 

specified as a composition of two primitive rotations.) 

D E F I N E O Z - "72.007789*DYNES" 
DEFINE INCHES - "254*CM", 

{Some of the standard macros are defined next} 

D E F I N E grasp 
( T R A N S speciaLdeparture.speciaLapproach, 
F R A M E A T O M the .arm ( D E F A U L T Y E L L O W ) . 
FRAME object,grasp_point, 

thing_object_af fixed _to; 
D I S T A N C E S C A L A R opening_before_departure, 

o p e n m g J o r _ a p p r o a c h ( D E F A U L T 15*CM), 
t h i ckne$$(DEFAULT O.UINCHES)) 

- " {body of macro goes here) ", 

{The expansion of such a macro can depend upon the 
supplied arguments, the DEFAULT arguments, and 
any values in the current planning model.) 

D E F I N E release 
( F R A M E A T O M the_a rm(DEFAULT Y E L L O W ) ; 
F R A M E the_object,the_new_parent, 
D I S T A N C E S C A L A R the.openmg 

( D E F A U L T I5*CM)) 
- M {body of macro goes here) "; 

D E F I N E normal_search 
( F R A M E A T O M t h e _ a r m ( D E F A U L T Y E L L O W ) ; 
D I S T A N C E S C A L A R mcremem(DEFAULT .3*CM), 
d is tance_iwd, 
F O R C E S C A L A R stoppingjorce, 
S C A L A R number_of_ tnes (DEFAULT 9)) 
• " {body of macro goes here) "; 

{This would include some automatic error recovery and 
a call to the operator if something drastic goes wrong.} 
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C O B E G I N 

{This COBEGIN-COEND construction describes two 
independent subtasks (one for YELLOW and one for 
BLUE) which can be executed in any order determined 
by the runtime system, in parallel or serially. This, of 
course, assumes that the two arms work in completely 
separate parts of the workstation so there is no 
possibility of a collision} 

y p i c k u p B E G I N {pick up the bracket with yellow} 
graspOobject- bracket ,grasp_point-bracket_gr asp, 

o p e n i n g _ f o r _ a p p r o a c h - 3 * C M ) ; 

{Only the necessary parameters need to be 
specified. By default the YELLOW arm will be 
used and there will be no special approaches or 
departures. One effect of grasp is to AFFIX the 
object to the arm) 

M O V E bracke t .ho le T O beam.hole + 
V E C T O R ( 0 , 0 , - 3 ) W R T beam.hole, 

{The YELLOW arm (since it holds the bracket to 
which bracket_hole is AFFlXed) positions itself so 
that the bracket_hole lines up with the beam_hote, 
but is 3 cm away from the beam_hole The WRT 
operator is one way of describing a vector within a 
frame of reference other than the stations.} 

M O V E Y E L L O W T O • • 
V E C T O R ( 0 , 0 , 6 ) W R T beam.hole 

O N F O R C E ( Z W R T beam_hole)>50*OZ D O 
S T O P Y E L L O W 

O N A R R I V A L D O 
A B O R T ( " * E R R O R * bracket went too far"); 

{The • represents the current position of the arm 
The arm moves 6 cm in Z relative to the 
beam_hole's frame The purpose of this move is 
to push the bracket up against the beam If the 
beam is there, the arm toill sense an opposing 
force. If not, the arm will succeed in moving 
forward the prescribed 6 cm. In order to check 
for these possibilities, two condition monitors have 
been included with the MOVE statement. The 
first one monitors the force and stops the arm if 
the force exceeds 50 ounces (which means 
everything is ok). The second one is an interrupt 
type condition If the arm successfully carries out 
the complete MOVE, this monitor is awakened, the 
message is printed, and control is given to an 
pperator.) 

E N D yp ickup ; 
b p i c k u p . B E G I N {pick up the bolt with blue] 
grasp( the_arm-BLUE, the_objec t -boU,gra ip_poin t -bo l t , 

open i n g _ f o r a p p r o a c h = 3 * C M ) ; 
E N D b p i c k u p , 

C O E N D ; 

{Figure 3 shows the world after the parts have been 

picked up.) 

M O V E bolt TO beamjiole+ 
V £ C T O R ( 0 , 0 , - 5 . 3 ) W R T beam_hole, 

{The BLUE arm positions itself so that the bolt is 
lined up with the beam_hole and its tip is 3 cm away 
from Che outside of the bracket_hole J 

n o r m a U e a r c M B L U E , 2 * C M , l . 6 * C M , 60#OZ. 9); 

{This pushes the bolt through the bracket _hole and 
partly into the beam_hole If control continues past 
this statement the bolt is assumed to be partly in the 
hole) 

M O V E B L U E T O * * 
F R A M E ( R O T ( Z , 9 0 * D E C ) , V E C T O R ( 0 , 0 , 4 ) ) 

O N F O R C E ( Z W R T B L U E ) > 60*OZ D O 
S T O P B L U E , 

{This pushes and twists the bolt into the hole When 
the force exceeds 60 ounces, the bolt is assumed to be 
completely seated in the hole There is no check to 
make sure the bolt seats properly) 

C O B E G I N 
p a r k y B E G I N prelease the bracket and park) 
reIea$e(the_object-bracket, 

the_opening-3!i :CM,the_new_parent-beam); 
M O V E Y E L L O W T O Y P A R K , 
END parky. 
p a r k b B E G I N {release the bolt and park} 
released he_a rm-BLUE. the_ob j ec t -bo l t , 

the_opening-3*CM.the_new_parent -beam); 
M O V E B L U E T O B P A R K . 
E N D p a r k b . 

C O E N D . 
E N D w h o l e a a s k 
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CONCLUSIONS B I B L I O G R A P H Y 

AL is important for several reasons. It shows 
what sort of considerations are necessary for flexible 
control of mechanical manipulation. It demonstrates the 
feasibi l i ty of programmable assembly. It provides a 
research tool for investigation of new modes of 
sof tware servoing, assembly primitives, arm-control 
pr imi t ives, and interactive real-time real-world systems. 

AL is currently limited by the lack of certain 
features which would make it more competent. Many of 
these have to do with the fact that feedback is used 
only in a threshold way; either a monitor triggers or it 
does not. Fine control of the arm would be enhanced 
by more sensitive force-sensing elements on the hand 
and a means of programming accommodating, non-
threshold response to this sensory input. Visual 
feedback should be implemented to provide better 
posit ioning capability, error detection, and error 
recovery Moving assembly lines imply that AL should 
be able to understand motions which it does not cause 
d i rect ly through manipulation; objects should have a 
dynamic capablility. Collision detection and avoidance 
remain difficult issues. AL would be more error-free if 
the t ra jec tory calculator could ensure that the arms 
ne^er in ter fere wi th each other or with objects in the 
current world. 


