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ABSTRACT 
The dec is ion-making component of a robo t 

t h a t operates in a poo r l y known environment is 
cons idered. The usual p rob lem-so lv ing approach 
to hand l ing a task is not s u i t a b l e when each 
dec i s i on may t u r n ou t in severa l ways, and 
many dec is ions are needed to complete the t a s k . 
An a l t e r n a t i v e approach, which is based on 
maximizing the es t imated u t i l i t y r e s u l t i n g 
from each d e c i s i o n , is i l l u s t r a t e d . The ex­
ample descr ibes the p l a n s , u t i l i t y f unc t i ons 
and dec i s i on procedures of a s imula ted i n s e c t -
l i k e robo t c a l l e d PERCY. I n s p i t e o f i t s 
l i m i t e d a b i l i t y t o perce ive and s to re i n fo rma­
t i o n about the envi ronment , PERCY can achieve 
s a t i s f a c t o r y performance on i t s t a s k . 

1 . I n t r o d u c t i o n 
Robot experiments are c u r r e n t l y c a r r i e d on 

i n l i m i t e d task environments. I n such c i r cum­
stances, i t i s f e a s i b l e t o p rov ide the system 
w i t h comprehensive, i f not p e r f e c t l y accu ra te , 
i n f o rma t i on cover ing those fea tu res o f the en­
vironment t h a t r e l a t e t o i t s t a s k s . But t o 
depend on p lann ing methods t h a t r e q u i r e such 
comprehensive i n f o r m a t i o n w i l l h inder the ex­
tens ion of the work t h a t is now being done. 
Systems w i l l have to be able to operate in en­
vironments where much of the knowledge t h a t 
would help in c a r r y i n g out t h e i r tasks cannot 
be prov ided beforehand, and where the approach 
o f s t o r i n g d e t a i l e d i n f o r m a t i o n a s i t i s r e ­
ce ived is u n s a t i s f a c t o r y , because the re is more 
i n f o r m a t i o n than can be s t o r e d , or because i t 
changes too o f t e n . 

Comprehensive models of the environment are 
needed when p lann ing is based on a problem-
so l v i ng approach. Th is approach makes an ex­
p l o r a t o r y ana l ys i s o f i t s model , and lays out 
an in tended course o f a c t i o n be fore the f i r s t 
a c t i o n i s t aken . But i f i t i s l i k e l y t h a t the 
course o f a c t i o n w i l l not reach i t s in tended 
outcome, because the system's knowledge of i t s 
environment i s incomplete o r i n a c c u r a t e , p l a n ­
n ing as though the outcome were c e r t a i n can be 
a waBte of e f f o r t . 

The p o s s i b i l i t y o f us ing mul t ip le -ou tcome 
opera tors in p lann ing has been discussed by 
Munson5 and by F i k e s , Har t and N i l s s o n 1 . 
However, these d iscuss ions make i t appear t h a t 
m u l t i p l e outcomes do not mesh w e l l w i t h a 
p rob lem-so lv ing approach. Every p lan w i t h a 
des i red goa l s t a t e as one o f i t s poss ib le 
outcomes may have to ass ign low p r o b a b i l i t y 
to t h a t outcome, because the cond i t i ons to be 
met in g e t t i n g t he re are not known, and no t 
because i t i s r e a l l y improbable t h a t the goa l 
w i l l be reached. I t i s no t obvious how to 
formula te the d e c i s i o n process when t h a t case 
i s l i k e l y to come up. 

A d i f f e r e n t approach to the use o f m u l t i p l e -
outcome opera to rs has been descr ibed in a 
se r ies o f a r t i c l e s 2 , 3 , 4 Th is type o f p lann ing 
focuses on i n te rmed ia te o b j e c t i v e s , and uses 
p r o b a b i l i t y es t imates t o take account o f i t s 
i n a b i l i t y to p r e d i c t how a course o f a c t i o n 

w i l l t u r n o u t . The approach has been t e s t e d 
in experiments w i t h a s imu la ted robo t t h a t has 
on l y crude knowledge o f i t s environment. 

The design of the robo t i nvo l ves a h ie ra rchy 
o f c o n t r o l , w i t h s e l e c t i o n o f p lans handled a t 
the h ighes t l e v e l , and the d i r e c t c o n t r o l o f 
pe rcep t i on and a c t i o n de legated to the lowest 
l e v e l . Var ious types o f p lann ing can f u n c t i o n 
w i t h t h i s h i e r a r c h i c a l o r g a n i z a t i o n . I n the 
exper iments , the s e l e c t i o n of p lans has been 
based on a p o l i c y of maximiz ing u t i l i t y . Thus, 
the r o b o t ' s dec is ion-mak ing component has some 
fea tu res o f the " c o s t - e f f e c t i v e execu t i ve " 
descr ibed by Munson. But the re are d i f f e r e n c e s . 
For one t h i n g , u t i l i t y i s assoc ia ted not w i t h a 
s p e c i f i c g o a l , bu t w i t h events t h a t occur i n 
the course o f the t a s k , and c o n t r i b u t e to o r 
d e t r a c t f rom the o v e r a l l measure of the success 
i n per fo rming the t a s k . 

The system t h a t i s s imu la ted , i n the e x p e r i ­
ments w i t h t h i s approach, i s an i n s e c t - l i k e 
robo t c a l l e d PERCY. I t s task is to b u i l d a 
n e s t , and t h a t c a l l s f o r a number o f t r i p s 
about the environment to l oca te m a t e r i a l and 
add i t to the e v o l v i n g nes t . PERCY can com­
p l e t e the nest in a very l a rge number of ways; 
i t s problem i s to f i n d a way t h a t keeps i t 
adequately f e d , and s t i l l does not excess ive ly 
delay the comp le t i on , i n the l a t e s t exper iment , 
PERCY must a lso min imize encounters w i t h an 
enemy — the s t i n g e r ; the r i s k o f p a i n f u l s t i ngs 
can be t o t a l l y e l i m i n a t e d on ly a t the cos t o f 
an unacceptable s lowing of progress on the nes t . 

PERCY has very poor knowledge of i t s e n v i r o n ­
ment. I t s a b i l i t y t o perce ive the ob jec t s o f 
importance i n i t s task i s l i m i t e d , and i t has 
no map of the environment to use in l o c a t i n g 
those o b j e c t s . I t f i n d s i t s way about by means 
o f landmarks, which i t can perce ive a t a d i s ­
tance . These landmarks he lp i t t o l oca te the 
nest s i t e , severa l p laces where m a t e r i a l can 
be found, and the entrances to the area where 
i t s food can be hunted. A diagram of the en­
v i ronment i s shown in F igure 1 . 

In t h i s t a s k , the re i s no exper imenter whose 
commands se t problems f o r the robo t to so l ve . 
The s i t u a t i o n is more l i k e the p l a y i n g of a 
game, i n which the course o f a c t i o n i s l i m i t e d 
by and responsive to the moves of the opponent. 
And in f a c t , dec is ions are t r e a t e d as the 
system's moves in a game p layed aga ins t the 
environment. In t h i s game, the environment 
r e p l i e s to a d e c i s i o n by choosing one of i t s 
poss ib l e outcomes, and t h a t outcome i d e n t i f i e s 
the stage o f the task a t which the nex t d e c i -
s ion must be made. A game t r e e summarizes the 
se t o f complete sequences o f a l t e r n a t i n g d e c i ­
s ions and outcomes; each sequence descr ibes a 
poss ib l e ins tance o f per fo rming the system's 
t a s k . Each such complete sequence has a s s o c i ­
a ted w i t h i t a u t i l i t y v a l u e , which measures 
the q u a l i t y o f performance when the task e f ­
f o r t has f o l l owed the course descr ibed by the 
sequence. A component of the system produces 
the system's s t r a t e g y in the game, and the 
success o f t he s t r a t e g y is measured by the 
average u t i l i t y over a s e r i e s o f performances 
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o f the t a s k . 
The game p layed aga ins t the environment 

d i f f e r s i n impor tan t respects from the usual 
games p layed by programs*. For one t h i n g , the 
environment as opponent is not t r y i n g to w i n . 
There fo re , i t i s no t appropr ia te t o p lan a s 
though the opponent w i l l make the move t h a t is 
l e a s t advantageous to the system. A p o l i c y of 
maximiz ing expected u t i l i t y takes the place o f 
min imaxing. Secondly, the payof fs occur du r ing 
the course o f the task r a t h e r than a t the end. 
PERCY does no t win or l o s e ; i t s u t i l i t y r i s e s 
when t h i n g s go w e l l , and f a l l s in the con t ra ry 
case. And f i n a l l y , i t i s not necessary f o r 
the system to make a new dec is ion each t ime it 
must a c t . Each dec i s i on p i cks an operator t h a t 
c o n t r o l s a course of a c t i o n , and a new d e c i ­
s i on is c a l l e d f o r on ly when the outcome of the 
prev ious one is determined. 

2. The PERCY Simula t ions 
There are th ree types of stages at which 

PERCY must make a d e c i s i o n . The f i r s t type 
occurs when an immediate o b j e c t i v e of a p r e ­
ceding d e c i s i o n has been r e a l i z e d : m a t e r i a l 
has been p icked up, or p laced at the nes t , or 
food has been ea ten . In the second t y p e , new 
i n f o r m a t i o n has been ob ta i ned : food has been 
spot ted w h i l e l ook ing f o r m a t e r i a l , o r m a t e r i a l 
has been seen w h i l e hun t ing food , or the 
S t inger has been s i g h t e d . The t h i r d type of 
d e c i s i o n stage is reached when food is being 
t racked and i s l o s t t o s i g h t . 

TABLE (1) PERCY'S Outcome 
Type of Outcome 

1 . M a t e r i a l added to nes t , task cont inues 

2. M a t e r i a l taken near landmark 1 

3. M a t e r i a l taken near landmark 2 

4. M a t e r i a l taken near landmark 3 

5. Food ea ten , m a t e r i a l not held 

6. Food ea ten , m a t e r i a l he ld 

7. M a t e r i a l seen w h i l e hun t ing food 

8. Food seen w h i l e f i n d i n g m a t e r i a l 

9. S t inger seen 

10. Food l o s t to s i g h t , m a t e r i a l not he ld 

1 1 . M a t e r i a l added to n e s t , task done 
12. Task abandoned 

Decis ions are again of th ree t ypes . PERCY 
can hunt f o r food . I f i t i B c a r r y i n g m a t e r i a l , 
i t can head f o r the nest to p lace the m a t e r i a l . 
And i f i t i s not c a r r y i n g m a t e r i a l , i t can t r y 
to l oca te some. 

A dec i s i on i s f u l l y s p e c i f i e d by g i v i n g the 
l i s t o f t a r g e t s t h a t are o f i n t e r e s t w h i l e the 
d e c i s i o n i s being executed. The l i s t con ta ins 
a pr imary t a r g e t — food , m a t e r i a l , or the 
nes t ; i t usua l l y conta ins one or more secondary 
t a r g e t s . A secondary t a r g e t may be one of the 
landmarks used by PERCY in f i n d i n g i t s way 
around the environment. A l so , e i t h e r food or 
m a t e r i a l may be a secondary t a r g e t when the 
o ther i s the pr imary one, and the S t inger w i l l 
be a secondary t a r g e t when seeing i t w i l l c a l l 
f o r a dec i s ion whether to avo id i t o r n o t . 

The outcomes of these dec is ions have des­
c r i p t i o n s s i m i l a r t o those o f the dec i s ion 
stages t h a t a r i se when the outcomes are reach­
ed. In a d d i t i o n , there are two outcomes t h a t 
end the t a s k ; complet ion of the nes t , or a-
bandonment of the task . Note t h a t in genera l 
a dec i s i on stage can be named by the outcome 
t h a t t r i g g e r s i t , and we w i l l make no d i s t i n c ­
t i o n he rea f te r between outcomes and dec i s i on 
s tages. 

Table (1) g ives a complete l i s t of outcomes 
f o r PERCY'S dec is ions . A l so , f o r each outcome 
t h a t does not end the t a s k , the dec is ions open 
a t t ha t stage are l i s t e d . 

and Decisions 
Decisions Ava i l ab le 

l a . Find m a t e r i a l near landmark 1 
l b . Find m a t e r i a l near landmark 2 
l c . Find m a t e r i a l near landmark 3, watch 

f o r food and S t inger 
I d . Hunt food , watch f o r m a t e r i a l . S t inger 
2a. Add ma te r i a l to nest 
2b. Hunt food v i a landmark 2 
3a. Add m a t e r i a l to nest 
3b. Hunt food 
4a. Add m a t e r i a l to nest 
4b. Hunt food 
5a. Find m a t e r i a l near landmark 2 
5b. Find m a t e r i a l near landmark 3 
6a. Add m a t e r i a l to nest v i a landmark 2 
6b. Add m a t e r i a l to nest v i a landmark 3 
7a. Take m a t e r i a l 
7b. Hunt food 
8a. F ind m a t e r i a l near landmark 3 
8b. Hunt food 
9a. Find m a t e r i a l near landmark 2 
9b. Find m a t e r i a l near landmark 3 
9c. Hunt food v i a landmark 2 
9d. Hunt food v i a landmark 3 

10a. F ind m a t e r i a l near landmark 3 
10b. Hunt food v i a landmark 3 
11a. Wait f o r new task 
12a. Wait f o r new task 
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An impor tan t p o i n t i s brought ou t by t h i s 
t a b l e . There are in f a c t many more d e c i s i o n 
stages in PERCY'S task then are shown, f o r 
each outcome represen ts a c lass of equ i va len t 
dec i s i on s tages. Two stages are equ i va len t 
when they have i d e n t i c a l l i s t s o f d e c i s i o n s , 
and each d e c i s i o n uses the same opera to r in 
both s tages . This does not mean t h a t the same 
dec i s i on w i l l be made at the two s tages , f o r 
equ iva len t stages may d i f f e r in c e r t a i n pa ra ­
meters t h a t en te r i n t o the making o f d e c i s i o n s . 

The use of equiva lence among d e c i s i o n 
stages means t h a t the system is app l y ing gen­
e r a l i z a t i o n o r a b s t r a c t i o n t o i t s t a s k . The 
dec i s i on stage when m a t e r i a l i s f i r s t added to 
the nes t i s e v i d e n t l y d i f f e r e n t from t h a t where 
the a d d i t i o n o f m a t e r i a l leaves the nest n e a r l y 
completed, but PERCY'S dec i s ions are not a f ­
f ec ted b y the d i f f e r e n c e . I n f a c t , i t cannot 
recognize the d i f f e r e n c e . 

A b s t r a c t i o n i s impor tan t because i t can 
g r e a t l y s i m p l i f y the problem of p r o v i d i n g a 
s t r a t e g y . C l e a r l y , t he fewer the d i s t i n g u i s h ­
able outcomes, the less i n f o r m a t i o n w i l l be 
needed in making d e c i s i o n s . The importance 
of t h i s w i l l be ev iden t when the way PERCY 
makes i t s dec is ions i s desc r ibed . A l s o , ab­
s t r a c t i o n a ids l e a r n i n g , as w i l l be seen. On 
the o the r hand, a b s t r a c t i o n may omi t i n fo rma­
t i o n t h a t is r e l e v a n t to d e c i s i o n s , and so may 
adversely a f f e c t performance o f the t a s k . 

The way PERCY assigns u t i l i t y va lues w i l l 
now be desc r i bed . Four k inds of payo f f s occur 
du r ing a t r i a l o f i t s t a s k . Each placement 
o f m a t e r i a l a t the nes t , each f e e d i n g , each 
pickup o f m a t e r i a l , and each s t i n g , a l l make 
t h e i r c o n t r i b u t i o n — p o s i t i v e or negat i ve — 
t o the measure o f u t i l i t y f o r the t r i a l . The 
u t i l i t y measure uA( t ) f o r the placement o f 
m a t e r i a l depends on the t ime t t h a t has e l a p s ­
ed s ince the p rev ious placement. One may 
t h i n k of t h i s measure as combining two o f f s e t ­
t i n g f a c t o r s ; a f i x e d increment o f s a t i s f a c t i o n 
when the m a t e r i a l is p l aced , and a smal l f i x e d 
charge aga ins t s a t i s f a c t i o n a t every i n s t a n t 
o f t ime t h a t p l a c i n g o f m a t e r i a l i s de layed. 
S i m i l a r l y , the u t i l i t y measure UE(t) f o r the 
consumption of food depends on how long it has 
been s ince PERCY a te l a s t . The dependence on 
the elapsed t ime is more compl ica ted than in 
the case of placement, because the s a t i s f a c ­
t i o n i n e a t i n g i s smal l i f PERCY i s no t ye t 
hungry, and the d i s s a t i s f a c t i o n o f no t ea t i ng 
increases sharp ly as PERCY gets h u n g r i e r . 
When the elapsed t ime is so g rea t t h a t the 
p leasure o f e a t i n g i s outweighed by the pa ins 
o f hunger be fo re e a t i n g , the net u t i l i t y uE 
i s nega t i ve . F i n a l l y , the p o s i t i v e u t i l i t y 
UM gained when m a t e r i a l is p icked up and the 
negat ive u t i l i t y Ug t h a t accompanies a s t i n g 
are cons tan t . The u t i l i t y f u n c t i o n s are sum­
marized i n F igure 2 . 

The measure o f u t i l i t y f o r a t r i a l o f 
PERCY'S task is t he sum of the u t i l i t i e s f o r 
the e i g h t p ickups o f m a t e r i a l , f o r t h e i r a d d i ­
t i o n s t o the n e s t , f o r the va r ious f eed ings , 
and f o r the s t i n g s r e c e i v e d . The problem of 
ach iev ing good performance is not a t r i v i a l 
one. PERCY w i l l get i t s bes t r e s u l t s by p r o p ­
e r l y spacing i t s f eed ings , and making qu ick 
round t r i p s to t he nes t whenever the t ime 
s ince i t l a s t a te pe rm i t s t h i s . T o compl ica te 
m a t t e r s , when i t sees the S t i n g e r i t may have 
t o decide whether i t i s b e t t e r i n the c i r cum­
stances to accept t he s t i n g and save t i m e , or 

avo id the pa in and i ns tead put up w i t h a sub­
s t a n t i a l de lay . There are two impor tan t para­
meters t h a t d i s t i n g u i s h equ i va len t d e c i s i o n 
s tages . These are the t ime s ince PERCY l a s t 
a t e , and the t ime s ince m a t e r i a l was l a s t 
added to the nes t . They must be i nvo l ved in 
the way dec is ions are made if good performance 
i s t o be a t t a i n e d . 

3. Planning S t r a t e g i e s 
We cons ider s t r a t e g i e s t h a t make dec is ions 

by e x p l o r i n g the game t r e e . E x p l o r a t i o n i n ­
vo lves the e v a l u a t i o n o f p l ans . 

A p lan P at a d e c i s i o n stage D cons i s t s of 
one d e c i s i o n d a v a i l a b l e at D, toge ther w i t h 
some or a l l o f i t s poss ib le outcomes, and per ­
haps f u r t h e r dec is ions and outcomes. In the 
game aga ins t the envi ronment , the p lan is an­
alogous to a p r o t o c o l t h a t beg ins : " I f I make 
t h i s d e c i s i o n , the f o l l o w i n g outcomes may 
occu r ; i f t h i s outcome should happen, I can 
then make one of these d e c i s i o n s ; . . . " I t may 
be f o r m a l l y represented as a subt ree of the 
game t r e e ; t h i s subtree is roo ted at the node 
corresponding to D and i t con ta ins a s i n g l e 
branch from t h a t node — the branch f o r the 
dec i s i on d. The nodes t h a t te rmina te the 
p lans examined at a d e c i s i o n stage D mark the 
l i m i t s o f the p lann ing hor i zon a t t h a t s tage. 
Values o r u t i l i t i e s are es t imated f o r the 
stages o f the task t h a t correspond to these 
t e r m i n a l nodes, and on the bas is of these 
va lues , a value is de r i ved f o r each p lan — 
or e q u a l l y , f o r the d e c i s i o n i m p l i e d by the 
p l a n . 

When a p lann ing s t r a tegy is used, at each 
d e c i s i o n stage D one or more p lans are eva lua t ­
ed , u n t i l a dec i s i on w i t h a s u i t a b l e value is 
ob ta i ned . This may be the d e c i s i o n w i t h the 
h ighes t v a l u e , among those a v a i l a b l e at D; or 
the f i r s t d e c i s i o n w i t h a value exceeding some 
app rop r i a te t h r e s h o l d ; o r even the bes t d e c i ­
s ion found among the f i r s t n eva lua ted , f o r 
some s u i t a b l e n. 

Thus a p lann ing s t r a tegy i nvo l ves fou r e l e ­
ments. There must be a way of p r o v i d i n g a 
se t of p lans f o r each d e c i s i o n s tage. A r u l e 
f o r ass ign ing va lues t o the s i t u a t i o n s t h a t 
te rm ina te a p lan must be p resen t . A way of 
d e r i v i n g from these t e r m i n a l values the value 
o f the d e c i s i o n t h a t i n i t i a t e s the p lan i s 
necessary. And f i n a l l y , t he re must be a r u l e 
f o r s e l e c t i n g a d e c i s i o n at a d e c i s i o n s tage, 
based on the va lues t h a t are ob ta ined f o r the 
i n d i v i d u a l d e c i s i o n s . 

In a p lann ing s t r a t e g y t h a t uses the p o l i c y 
o f maximiz ing u t i l i t y i n making i t s d e c i s i o n s , 
the l a s t th ree o f these elements take s p e c i f i c 
forms. A u t i l i t y es t imate i s p rov ided f o r 
every s i t u a t i o n t h a t te rm ina tes a p l a n . A l s o , 
f o r every d e c i s i o n d , a se t o f es t imates o f 
the p r o b a b i l i t i e s {qa (0 ) } o f the poss ib l e o u t ­
comes 0 must be a v a i l a b l e . Then, u t i l i t i e s 
can be ob ta ined by work ing backwards from the 
t e r m i n a l stages o f a p l a n , us ing the f a c t t h a t 
the u t i l i t y assigned to a se t o f u n c e r t a i n o u t ­
comes i s the expected va lue o f t h e i r u t i l i t i e s . 
That i s , 

U(d) -£q d (O*)u(0*> 
0 ' 

where the sum is over a l l outcomes 0 ' o f the 
d e c i s i o n d t h a t have non-zero p r o b a b i l i t i e s . 
And because o f the p o l i c y o f s e l e c t i n g the de-
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c i s i o n t h a t has the h ighest u t i l i t y , 
u(0)*max U(d) 

d 
where the maximum is taken over the dec is ions 
open at the d e c i s i o n stage t h a t corresponds to 
outcome 0. Continued a p p l i c a t i o n of these two 
r u l e s , t o the u t i l i t i e s o f the outcomes t h a t 
end the p l a n , w i l l a r r i v e a t the u t i l i t y o f 
the p lan and i t s d e c i s i o n , and w i l l a lso de­
c ide among the a v a i l a b l e p lans . 

Both p rob lem-so lv ing s t r a t e g i e s and minimax 
p o l i c i e s can be t r e a t e d as spec ia l cases of 
t h i s approach, a l though they are not u s u a l l y 
so cons idered. In problem s o l v i n g , u n c e r t a i n ­
t y i n the environment i s usua l l y i gno red ; t h i s 
means t h a t the most probable outcome of a de­
c i s i o n i s es t imated to have p r o b a b i l i t y 1 , and 
a l l o thers p r o b a b i l i t y 0 . A p p l i c a t i o n o f a 
minimax p o l i c y i s equ i va len t t o es t ima t i ng 
p r o b a b i l i t y 1 f o r the outcome w i t h the lowest 
u t i l i t y , and p r o b a b i l i t y 0 f o r o ther outcomes, 
when work ing back from the s i t u a t i o n s t h a t 
te rmina te a p l a n . 

In a s tab le environment where the p r o b a b i l ­
i t y d i s t r i b u t i o n s { q d ( 0 ) } accura te ly r e f l e c t 
the responses of the environment to the execu­
t i o n o f d e c i s i o n d , t he re e x i s t s a se t o f i -
dea l u t i l i t i e s { u ( 0 ) } f o r every outcome t h a t 
can occur in the course o f hand l ing the task . 
These are de r i ved from the u t i l i t i e s o f the 
payo f fs in the f o l l o w i n g way: Each outcome 
t h a t te rminates the task i s assigned a u t i l i t y 
equal to the sum of the u t i l i t i e s of the pay­
o f f s t h a t occur i n the corresponding t r i a l . 
Then, by repeated a p p l i c a t i o n of the two equa­
t i o n s g iven above, u t i l i t i e s f o r a l l o ther 
outcomes are ob ta ined . In the process, the 
s t r a t e g y t h a t y i e l d s the h ighest expected u t i l ­
i t y aga ins t an environment w i t h the s p e c i f i e d 
p r o b a b i l i t i e s i s a lso determined. 

I n ac tua l systems dea l i ng w i t h tasks i n ­
v o l v i n g f a i r l y l a rge game t r e e s , the p r o b a b i l ­
i t y and u t i l i t y es t imates w i l l a t best crudely 
approximate the i d e a l values j u s t descr ibed . 
In a dynamic envi ronment , a s tab le set of 
p r o b a b i l i t y values need not e x i s t . And even 
when they do, the es t imates of the values a-
v a i l a b l e to the system may be i naccu ra te . In 
a d d i t i o n , the c a l c u l a t i o n o f u t i l i t y est imates 
from the p a y o f f s , in the manner j u s t desc r ibed , 
may be f a r beyond the c a p a b i l i t i e s of the 
system. 

Never the less , g iven such a t a s k , there may 
be no p r a c t i c a l a l t e r n a t i v e to the p o l i c y o f 
maximizing u t i l i t y as a bas is f o r des ign ing a 
s t r a t e g y component f o r the system t h a t must 
dea l w i t h i t . Thus, the experiments w i t h 
PERCY are u s e f u l in showing what can be accom­
p l i s h e d w i t h such a s t r a t e g y , desp i te the r e ­
l i a n c e on approximat ions to p r o b a b i l i t i e s , 
u t i l i t i e s , and o ther parameters t h a t en ter 
i n t o the making o f d e c i s i o n s . 

4. How PERCY Makes Decis ions 
In the PERCY exper iments , the p lann ing hor­

i zon extends on l y as f a r as the outcomes of 
each s i n g l e d e c i s i o n . The use of the most 
l i m i t e d poss ib l e e x p l o r a t i o n o f the f u t u r e i n 
d e c i s i o n making i s cons i s ten t w i t h the 
system's crude pe rcep tua l c a p a b i l i t i e s and 
poor knowledge o f i t s environment, i t s lack o f 
memory o f e a r l i e r stages o f a t r i a l , and i t s 
consequent i n a b i l i t y to d i s t i n g u i s h among 

equ i va len t dec i s ion s tages . 
However, when the capac i t y f o r c o g n i t i o n 

t h a t PERCY is g iven is l i m i t e d in these ways, 
i t i s poss ib le to use a very s imple s t r u c t u r e 
and a minimum of data in making i t s dec i s i ons . 
Each dec i s ion becomes a p lan merely by append­
i ng a l i s t of the poss ib le outcomes. Only one 
p r o b a b i l i t y d i s t r i b u t i o n {qa(0)> i s needed i n 
f i n d i n g the u t i l i t y o f the p lan t h a t invo lves 
the dec i s ion d. And a un i form method of es ­
t i m a t i n g the u t i l i t y o f any outcome takes care 
o f the remaining requirement f o r dec is ion 
making. The u t i l i t y est imates g iven by t h i s 
method do not s a t i s f y the t h e o r e t i c a l r e l a ­
t i o n s h i p s s ta ted e a r l i e r f o r i d e a l u t i l i t i e s . 
But in view of the inaccuracy of PERCY'S i n ­
f o rma t i on , they may w e l l be l i t t l e worse than 
those t h a t would r e s u l t from more extens ive 
c a l c u l a t i o n s c a l l i n g f o r a much more compl ica­
ted s t ra tegy component. 

The u t i l i t y est imate i s c l ose l y r e l a t e d t o 
the u t i l i t y f u n c t i o n f o r payof fs descr ibed i n 
sec t i on 2. Suppose PERCY is at the dec i s ion 
stage f o l l o w i n g outcome 0, t h a t a t ime h has 
elapsed s ince i t l a s t a t e , and t h a t a t ime n 
has passed since m a t e r i a l was l a s t added to 
the nes t . PERCY must est imate a u t i l i t y 
u d f ° ' ) fo r outcome 0 ' , when t h a t outcome is 
reached a f t e r making dec i s ion d. The est imate 
is based on the u t i l i t y func t ions uE , uA uM , 
u s g iven in F igure 2, and on th ree t ime 
es t imates : 

td — the est imated t ime to reach o u t ­
come 0' i f dec i s i on d is executec 
and 0' occurs 

te — the est imated t ime between occur­
rence of 0' and the next feed ing 
(0 i f ea t i ng occurs a t 0 ' ) 

ta — the est imated t ime between occur­
rence of 0 ' and the next a d d i t i o n 
to the nest (0 i f placement oc­
curs at 0*) 

Then (see Figure 3 ) : 
u d ( 0 ' ) = u E ( h + t d + t e ) + u A ( n + t d + t a ) + q s u s + e u M 

where q g i s the est imated p r o b a b i l i t y t h a t 
PERCY w i l l be stung in reaching outcome 0 ' , 
a lso e is 1 i f m a t e r i a l i s p icked up a t 0 ' , 
and is 0 o therw ise . 

This u t i l i t y est imate i s an approximat ion 
t o the u t i l i t y o f the payof fs t h a t w i l l take 
place u n t i l the next a d d i t i o n to the nest and 
the next feed ing . The approx imat ion is rough, 
because the values est imated by t e and t a 
depend on h and n and a lso on subsequent de­
c i s i o n s , bu t t e and t a are t r e a t e d as con­
s t a n t s . * 

Since PERCY has est imates of te and ta f o r 
every outcome 0 ' , and a lso has est imates of 
t i , q s and q a fO ' ) fo r every decision-outcome 
p a i r ( d , 0 ' ) , i t can c a l c u l a t e the u t i l i t y o f 
i t s dec is ions d , using the equat ion 

* The method of es t ima t ing u t i l i t i e s descr ibed 
in t h i s sec t i on is the one used in the most 
recent experiments w i t h PERCY. I t d i f f e r s i n 
severa l respects from the method repor ted in 
e a r l i e r a r t i c l e s . 
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0 ' 
A t a d e c i s i o n stage i t makes the c a l c u l a t i o n 
f o r each a v a i l a b l e d e c i s i o n and se l ec t s the 
d e c i s i o n w i t h the h ighes t u t i l i t y . 

Of course, the p r o b a b i l i t i e s and elapsed 
t imes are c h a r a c t e r i s t i c o f the p a r t i c u l a r 
environment in which PERCY f i nds i t s e l f . 
PERCY is no t endowed w i t h good es t imates of 
these q u a n t i t i e s . Rather , i n i t i a l es t imates 
are supposed to have been developed as PERCY 
exp lored i t s environment i n tasks engaged i n 
e a r l i e r ; the es t imates are improved on the 
bas i s o f i t s a c t u a l exper ience i n the n e s t -
b u i l d i n g and r e l a t e d t a s k s . That i s , PERCY 
has a c a p a b i l i t y to l e a r n by deve lop ing b e t t e r 
va lues on which to base i t s d e c i s i o n s . 

The es t imates f o r q d ( 0 ' ) , t d and q s are 
p rov ided by means of a se t of t o t a l s -- one 
se t f o r each d e c i s i o n stage 0 : 

N ( d , 0 ' ) - - the number o f t imes d e c i ­
s ion d has r e s u l t e d in 
outcome O" 

T ( d , 0 ' ) - - the t o t a l t ime elapsed i n 
reach ing outcome 0' on 
these occasions 

S ( d , 0 ' ) — the number of t imes t h a t 
a s t i n g was rece ived in 
reach ing 0 ' 

At a p o i n t where the est imates are needed, 
they are c a l c u l a t e d by means of the r e l a t i o n s 

t d = T ( d , 0 ' ) / N ( d , 0 ' ) , 

qs - s < d , 0 ' ) / N ( d , 0 ' ) , 

qd(O') = r N { d , 0 ' ) + i ] / Z l N ( d , 0 ' ) + l ) ; 
0* 

the sum in the l a s t o f these expressions i s 
over a l l poss ib l e outcomes o f d e c i s i o n d . * 

Est imates o f t e and t a are s to red f o r each 
outcome. When t e ( 0 ) is not zero — i . e . , when 
e a t i n g has not occur red at 0 — i t s va lue is 
rev i sed each t ime a d e c i s i o n d, made at 0, 
a r r i v e s at an outcome 0 ' . The new es t ima te 
is ob ta ined by adding to the o l d one the 
q u a n t i t y 

k [ t ( 0 ' ) + t e ( 0 ' ) - t 6 ( 0 ) ] , 
where t ( O ' ) i s the a c t u a l t ime i t took t o 
reach O' a f t e r d e c i s i o n d, and k is a sma l l 
constant, say . 2 , The corresponding a d j u s t ­
ment f o r t a { 0 ) , when i t s va lue i s not f i x e d 
a t ze ro , i s 

k l t ( 0 ' ) + t a ( 0 ' ) - t a ( 0 ) ] 
The d e r i v a t i o n o f these r e v i s i o n formulas i s 
o m i t t e d . They are approx imat ions , which are 
used i n o rder t o l i v e w i t h the c o n s t r a i n t s o f 
l i m i t e d memory and a b i l i t y t o c a l c u l a t e t h a t 
are assumed f o r PERCY. 

We have now descr ibed how PERCY, in the 
course o f c a r r y i n g o n i t s t a s k , c o n t i n u a l l y 

r ev i ses i t s est imates o f t ime and p r o b a b i l i t y . 
This process o f r e v i s i o n c o n s t i t u t e s 

PERCY'S l e a r n i n g , or adjustment to the e n v i r o n ­
ment. Th is i s the on l y type o f l e a r n i n g p r o ­
v ided i n the s imu la t i ons thus f a r , a l though 
o the r types can r e a d i l y be added to the gener­
a l s t r u c t u r e t h a t u n d e r l i e s PERCY. 

5. PERCY'S Performance 
The s i m u l a t i o n as descr ibed has been run 

w i t h a number o f d i f f e r e n t sets o f u t i l i t y 
parameters. Var ious se ts of values were chosen 
f o r the constants k i i n the u t i l i t y f u n c t i o n s 
g i ven in F igure 2 . The r e l a t i v e weights g iven 
to e a t i n g r e g u l a r l y , making progress on the 
n e s t , and avo id ing s t i n g s were changed the reby . 
Wi th each se t o f v a l u e s , a s e r i e s o f t r i a l s o f 
the n e s t - b u i l d i n g task was r u n . As soon as a 
nest was f i n i s h e d , i t was wiped o u t , and a new 
t r i a l began. The es t imates w i t h which PERCY 
began t h i s new t r i a l were the ones a r r i v e d at 
by the end o f the preceding t r i a l , so t h a t 
the re was an o p p o r t u n i t y to demonstrate l e a r n ­
i ng du r i ng each s e r i e s . A l l se r i es s t a r t e d 
w i t h the same r e l a t i v e l y poor es t ima tes . 

I t was ev iden t a t the s t a r t o f the e x p e r i ­
ment t h a t PERCY'S e f f o r t s were doomed to 
f r u s t r a t i o n i f i t s u t i l i t y f u n c t i o n s were i n ­
compat ib le w i t h the r e a l i t i e s o f the e n v i r o n ­
ment. For example, when bo th k3 and k5 are 
less than the t ime r e q u i r e d f o r a round t r i p 
to get m a t e r i a l and food and b r i n g i t back to 
the n e s t , a success fu l performance of the task 
i s imposs ib le . I d e a l l y , the parameters should 
make more than one s a t i s f a c t o r y s t r a t e g y a v a i l ­
a b l e , so as to t e s t whether the l e a r n i n g f e a ­
t u r e i n the system he lps t o o f f s e t the l i m i t e d 
ho r i zon used in p l a n n i n g . 

Tables (2) and (3) g ive i n f o r m a t i o n about 
the k i n d of behavior PERCY e x h i b i t e d in these 
exper iments . They descr ibe the f i r s t t r i a l o f 
a s e r i e s , and the seventh t r i a l of the same 
s e r i e s , by which t ime the behavior had converg­
ed to a l o c a l l y op t ima l s t r a t e g y which was 
q u i t e good, though not the bes t a v a i l a b l e . I n 
the i n i t i a l t r i a l , PERCY o f t e n made dec is ions 
t h a t exposed i t t o the r i s k o f a s t i n g , and 
w i t h r a t h e r baa luck Buf fe red a t o t a l o f f i v e 
s t i n g s • By the seventh t r i a l , i t had substan­
t i a l l y reduced the l i k e l i h o o d o f a s t i n g . I t 
d i d t h i s by going the long way round to ge t 
m a t e r i a l and food , and r e t u r n i n g the s h o r t 
way. Whenever i t got back s u f f i c i e n t l y q u i c k ­
l y , i t made a r a p i d round t r i p t o the nearby 
m a t e r i a l l o c a t i o n be fore going a f t e r food 
aga in . 

The convergence a f t e r a h a l f dozen or so 
t r i a l s t o a r a t h e r r i g i d p a t t e r n o f dec i s i ons 
occur red w i t h each se t o f u t i l i t y parameters 
used. I t appears t h a t a d j u s t i n g the es t imates 
t a and t . , when t h i s i s done as i f the va lues 
be ing es t imated are cons tan t s , cannot f u l l y 
make up f o r the l i m i t a t i o n s PERCY has in i t s 
a b i l i t y t o p l a n . One o f the seve ra l d i r e c -
t i o n s f o r f u r t h e r work i s to see whether these 
c h a r a c t e r i s t i c s o f i t s d e c i s i o n making can be 
improved w i t h o u t an apprec iab le increase in 
PERCY'S memory and a b i l i t y to c a l c u l a t e . 

* Th is is the s o - c a l l e d Bayes es t imate f o r 
t he p r o b a b i l i t y o f O ' . I t g ives a non-zero 
es t ima te f o r the p r o b a b i l i t y o f events t h a t 
are p o s s i b l e b u t no t y e t observed. 
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6. Concluding Remarks 

The way PERCY makes dec is ions has now been 
exp la ined in d e t a i l . This account completes 
the se r ies o f a r t i c l e s t h a t have descr ibed the 
PERCY s i m u l a t i o n as an example of the purpo­
s ive system. The term r e f e r s to a genera l 
s t r u c t u r e f o r i n t e g r a t e d systems, w i t h a l o g i ­
c a l o r g a n i z a t i o n t h a t r e f l e c t s the game aga ins t 
the environment. The s t r u c t u r e disengages the 
making o f dec i s ions from t h e i r execu t i on . I t 
bases d e c i s i o n making on u t i l i t y e v a l u a t i o n s . 
I t c l a r i f i e s the r o l e o f g e n e r a l i z a t i o n i n 
hand l ing t a s k s . And above a l l , i t s way o f op­
e r a t i n g faces square ly the problem of incom­
p l e t e knowledge of the task environment. 

Each o f these po in t s is i l l u s t r a t e d by the 
PERCY s i m u l a t i o n . The present a r t i c l e , which 
t r e a t s the problem and the process of dec i s ion 
making w i t h o u t concern f o r the course of a c t i o n 
touched o f f by a d e c i s i o n , r e f l e c t s the sepa­
r a t i o n of these two aspects of system opera­
t i o n . PERCY'S u t i l i t y eva lua t i ons are based 
e x p l i c i t l y on the payof fs assoc ia ted w i t h 
f eed ing , progress on the n e s t , and meetings 
w i t h the S t i n g e r ; they are the on ly f a c t o r s 
i n f l u e n c i n g i t s dec i s i ons . And g e n e r a l i z a t i o n 
in dea l i ng w i t h the task takes the form o f 
equiva lences among dec i s i on stages t h a t s e l e c t 
the same set o f t a r g e t s f o r immediate a t t e n ­
t i o n . 

In consequence of t h i s des ign , PERCY a-
chieves good performance in a task c a l l i n g f o r 
a long se r i es o f d e c i s i o n s . Moreover, i t s 
success i s r e a l i z e d i n s p i t e o f i t s very l i m ­
i t e d capac i t y t o ob ta i n o r s to re i n f o r m a t i o n 
about the envi ronment , o r to exp lo re the im­
p l i c a t i o n s o f the l i t t l e i n f o r m a t i o n i t 
possesses. 

To t u r n t h i s l a s t p o i n t around, the s imu la ­
t i o n shows how an organism w i t h a r a t h e r p r i m ­
i t i v e Cen t ra l Nervous System can operate pu r ­
p o s e f u l l y in an environment even though the 
program i t i s born w i t h cannot con ta i n s p e c i f i c 
i n f o r m a t i o n about t h a t environment. Thus the 
s i m u l a t i o n may be t r e a t e d as a theory of how 
c rea tu res t h a t are r e l a t i v e l y low in the evo­
l u t i o n a r y scale can show s e l e c t i v e behavior on 
tasks o f moderate complex i ty . U t i l i t y func­
t i o n s based on payof fs can r e a d i l y account f o r 
the " d r i v e s " t h a t are assumed to guide animal 
— and sometimes human — behav ior . 

Indeed, the way people t a c k l e w e l l under­
stood tasks may be c lose r to the PERCY approach 
than to the p rob lem-so lv ing framework t h a t 
u n d e r l i e s much of the work on robots. A r t i f i ­
c i a l i n t e l l i g e n c e , l i k e human i n t e l l i g e n c e , 
undoubtedly ought to i n c o r p o r a t e bo th ways of 
p l ann ing . 
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