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ABSTRACT 

The background to t h i s work is the s i m u l a t i o n of a 
p lanne r who o p e r a t e s in a dynamic e n v i r o n m e n t , by 
r e c o g n i s i n g the p l ans o f o t h e r s and p r e d i c t i n g 
f u t u r e e v e n t s . The domain is t h a t of a d r i v e r who 
must n e g o t i a t e a r o u t e , obey ing t r a f f i c 
r e g u l a t i o n s , and t a k i n g account o f and a v o i d i n g 
c o l l i s i o n s w i t h o t h e r v e h i c l e s - The wor ld o f the 
d r i v e r is r e p r e s e n t e d by a changing w o r l d mode l ; 
the channel of communicat ion between p lanner and 
t h i s wo r l d model are a c t i o n s from p lanne r 
( d r i v e r ' s mind) t o w o r l d , and p e r c e p t i o n s from 
wor ld to p l a n n e r . S i m u l a t i n g a dynamic w o r l d 
model has been an i m p o r t a n t aspect of t h i s work , 
and i t i s the imp lemen ta t i on o f t h i s which i s 
d i scussed be low. Some new techn iques of 
s i m u l a t i n g p h y s i c a l processes have been d e v e l o p e d . 

I SCENARIO 

The a c t i v i t i e s of the d r i v e r are model led by a 
p l a n n i n g sys tem, AUTODRIVE, w r i t t e n in PROLOG. 
The s i m u l a t i o n o f p l a n n i n g i s f o r a s i n g l e d r i v e r ; 
however , AUTODRIVE can be c o n s u l t e d f o r any number 
o f d r i v e r s , so i n e f f e c t i t i s a p l a n n i n g system 
f o r m u l t i p l e a g e n t s . The p lanner takes i n t o 
account o t h e r d r i v e r s in the domain when 
c o n s t r u c t i n g p l a n s , as w e l l as road s i g n s , t r a f f i c 
s i g n a l s , lane m a r k i n g s , e t c . , as these a p p l y . For 
such purposes the d r i v i n g domain i s w e l l - d e f i n e d 
( c o n f i n e d to behav iou r which occurs on the road 
and independent o f the a c t o r s t a k i n g p a r t - i . e . 
t h e i r p e r s o n a l i t i e s ) . Th is owes much to i t be ing 
a r e l a t i v e l y e x p l i c i t l y r u l e - b o u n d doma in , w i t h 
' r i g h t s o f way' s p e c i f y i n g l e g a l sequences o f 
movements between a c t o r s , and t r a f f i c laws 
g o v e r n i n g , f o r i n s t a n c e , when we are p e r m i t t e d to 
o v e r t a k e . 

The aim of the p l a n n e r is to c o n s t r u c t a sequence 
o f a c t i o n s which enab le the d r i v e r to reach a 
d e s t i n a t i o n , f o l l o w i n g a s p e c i f i e d r o u t e . The 
d r i v e r ' s movements ( a c t i o n s ) are communicated to 
the w o r l d s i m u l a t o r as changes in l o c a t i o n over a 
s e r i e s o f p o i n t s i n t i m e . For i n s t a n c e : 

Th i s r e p r e s e n t s a green car t r a v e l l i n g n o r t h a l ong 
the Lewes Road ( B r i g h t o n ! ) , one h a l f metre f rom 
the k e r b , a t a r a t e o f 0 .7 metres per u n i t o f 
t i m e . 

The p l a n n i n g system ach ieves i t s goa l - t he d r i v e r 
r e a c h i n g h i s d e s t i n a t i o n - by p l o t t i n g out i n t h i s 
way the s e r i e s of moves the d r i v e r t a k e s . These 
moves mus t , o f c o u r s e , be l e g a l and not r e s u l t in 
c o l l i s i o n s w i t h o t h e r cars o r the v i o l a t i o n o f 
t r a f f i c r e g u l a t i o n s . 

The s i m u l a t e d w o r l d o f the d r i v e r is composed of 
roads whose w i d t h is d i v i d e d i n t o one or more 
l a n e s , which i n p l aces are marked , f o r example , 
w i t h g ive -way l i n e s , p e d e s t r i a n c r o s s i n g s , and 
aoub le y e l l o w l i n e s . Along the roads ide are 
t r a f f i c s i g n a l s and v a r i o u s s i g n s , e . g . schoo l 
ahead , n o - e n t r y , n o r i g h t t u r n . O c c a s i o n a l l y 
t h e r e are c r o s s r o a d s , r o u n d a b o u t s , s i d e - t u r n i n g s 
and T - j u n c t i o n s . The w o r l d i s a l s o p o p u l a t e d w i t h 
o t h e r v e h i c l e s moving f r e e l y a b o u t , and 
p e d e s t r i a n s (on c r o s s i n g s o n l y ! ) . These o b j e c t s 
are s e l e c t e d as those most d i r e c t l y r e l e v a n t to 
the task o f d r i v i n g . 

A t each i n s t a n t o f t i m e , t he w o r l d s i m u l a t o r , a l s o 
w r i t t e n in PROLOG p r o v i d e s the d r i v e r w i t h 
i n f o r m a t i o n about the w o r l d a p p r o p r i a t e t o h i s 
l o c a t i o n and the d i r e c t i o n h i s car i s f a c i n g i n -
r a t h e r l i k e a snapshot o f the w o r l d . For 
i n s t a n c e : 

Th is da ta i s expressed i n r e l a t i o n t o the obse rve r 
(g reen c a r ) , i . e . t h e r e a re doub le y e l l o w l i n e s 1 0 
met res ahead o f t h e d r i v e r ; a s i n g l e l e f t lane (6 
met res wide) i n t he d r i v e r ' s d i r e c t i o n and i n the 
o p p o s i t e d i r e c t i o n , d i v i d e d by a broken w h i t e 
l i n e ; t h e r e are t h r e e j u n c t i o n s ahead: o n the l e f t 
I nve rness Road, f rom 25 to 30 m e t r e s ; and on the 
r i g h t Aberdeen Road, 44 to 51 met res f rom the 
d r i v e r ; and Ed inburgh Road, 9 to 17 metres away. 
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II MODELLING DYNAMIC ENVIRONMENTS 

The term ' d y n a m i c ' w o r l d model is used here in 
c o n t r a s t w i t h an env i ronment where no changes 
occur i n d e p e n d e n t l y o f the p l a n n e r , o n l y those 
which a s i n g l e agent b r i n g s about h i m s e l f . Wi th 
an i n c r e a s e in number of agen ts who b r i n g about 
changes in the e n v i r o n m e n t , o r the o c c u r r e n c e o f 
independent even ts ( e . g . r a i n ) , t he env i ronment i s 
' d y n a m i c ' . 

The s i m u l a t e d w o r l d model p l a y s a v i t a l r o l e i n 
p l a n n i n g in such an e n v i r o n m e n t . In the w o r l d o f 
t he s i n g l e a g e n t , a c t i o n s may be r e f l e c t e d by 
' i n s t a n t a n e o u s ' a d d i t i o n s and d e l e t i o n s o f f a c t s 
f rom t h e d e s c r i p t i o n o f the w o r l d . However, i n a 
dynamic e n v i r o n m e n t , t he p l a n n e r cannot depend on 
knowledge of h i s own a c t i o n s and the changes they 
b r i n g about i n t he w o r l d , t o s u c c e s s f u l l y update 
h i s w o r l d m o d e l . Even STRIPS which p lanned in the 
w o r l d of a s i n g l e a g e n t , SHAKEY t h e r o b o t , needed 
PLANEX ( F i k e s , Har t & N i l s s o n , 1972) to p r o v i d e 
feedback on the success o f i t s a c t i o n s . Events 
and a c t i o n s by o t h e r agents b r i n g about changes in 
t h e w o r l d , r e n d e r i n g some p l a n s i n e f f e c t i v e ; t h e 
p l a n n e r t h e r e f o r e r e q u i r e s a c o n s t a n t source o f 
u p - t o - d a t e i n f o r m a t i o n , wh ich an independent 
s i m u l a t i o n o f t he w o r l d can p r o v i d e . 

R e l a t i n g the a c t i o n s o f a number o f agents t h r o u g h 
the medium o f t i m e is a ma jor p rob lem in p r o v i d i n g 
a n a c c u r a t e w o r l d d e s c r i p t i o n o r s i m u l a t i o n o f t h e 
e n v i r o n m e n t . The r e p r e s e n t a t i o n of t i m e becomes a 
\/ery i m p o r t a n t i s s u e . Work i n t h i s a r e a , however . 

i s not advanced. Proposed systems f a l l i n t o two 
c a t e g o r i e s : (a ) u p d a t i n g t h r o u g h p r e d i c t e d 
s i g n i f i c a n t e v e n t s ; (b) u p d a t i n g i n c r e m e n t a l l y 
t h r o u g h some p r e - s p e c i f i e d u n i t o f t i m e . Hendr ix 
(1973) and B i r t w h i s t l e e t a l (1979) use the f i r s t 
a p p r o a c h , w h i l e AUT0DR1VE uses an a l t e r n a t i v e 
a p p r o a c h , s i m i l a r to Wesson (1977) based on the 
second . 

The u n i t i s a t i o n o f t ime i n the w o r l d s i m u l a t i o n , 
and thus the o u t p u t o f t i m e - r e l a t e d o b s e r v a t i o n a l 
d a t a , i s f u n d a t m e n t a l t o the p l a n n i n g p r o c e s s . 
For from over a s e r i e s of t i m e - r e l a t e d 
o b s e r v a t i o n s , a v e h i c l e ' s speed and d i r e c t i o n , and 
t h e i r r a t e of change , can be deduced. From these 
o b s e r v a t i o n s the p l a n n i n g system d e r i v e s ( t h r o u g h 
h y p o t h e s i s ) bo th ano the r a g e n t ' s i n t e n t i o n , and a 
p r o j e c t i o n o f h i s movement o r a c t i o n s i n a c h i e v i n g 
t h i s g o a l . Th is c o n s t i t u t e s the p l a n n i n g s y s t e m ' s 
" p l a n lookahead" model on which i t may base f u t u r e 
a c t i o n s . 

I l l DESCRIPTION 0F_ THE_ SIMULATION SYSTEM 

The da ta f o r r e p r e s e n t i n g the d r i v i n g env i ronment 
is o b t a i n e d f rom map i n f o r m a t i o n and o b s e r v a t i o n s 
of r e a l r o a d s . Th i s forms a database of 
d e s c r i p t i o n s o f t ask s p e c i f i c road e l e m e n t s , such 
as road m a r k i n g s , s i g n s , e t c . A d r i v e r i s capab le 
o f c o v e r i n g q u i t e a l a r g e d i s t a n c e in a s h o r t 
space o f t i m e , t h e r e f o r e the da ta which i s 
p o t e n t i a l l y a v a i l a b l e i s d i v i d e d i n t o manageable 
' c h u n k s ' . T o e f f e c t t h i s , road and j u n c t i o n areas 
are d i v i d e d i n t o ' s e g m e n t s ' and t r e a t e d as 
s e p a r a t e packages o f d a t a ; where o n l y s e v e r a l 
segments at a t ime c o n s t i t u t e the w o r l d model of 
the d r i v e r . The d e s c r i p t i o n s o f o b j e c t s are 
l i n k e d to the segment in which they a p p e a r , 
s t a t i n g t h e i r p r e c i s e l o c a t i o n w i t h i n i t . 

The l o c a t i o n o f the d r i v e r i s passed to the w o r l d 
s i m u l a t o r . The da ta i tem a s s o c i a t e d w i t h t he car 
- i t s ' c a r d e s c r i p t o r ' - i n f o r m s the s i m u l a t o r o f 
which segment the d r i v e r i s i n , i t s p o s i t i o n 
w i t h i n t h a t segment , i t s d i s t a n c e f rom the k e r b , 
and the d i r e c t i o n i n which i t i s t r a v e l l i n g . 

For each segment t h e r e is a 'segment c o n t r o l l e r ' 
whose takes a v e h i c l e ' s l o c a t i o n and dec ides 
whether i t i s c l o s e enough t o r e c e i v e i n f o r m a t i o n 
about t h a t segment . The segment c o n t r o l l e r p l a y s 
t he p a r t o f i n t e r m e d i a r y , and so does not i t s e l f 
o b t a i n the da ta f o r t he d r i v e r . I n s t e a d , the 
segment c o n t r o l l e r i n e f f e c t ' p l o t s ' t h e l o c a t i o n 
o f t he d r i v e r b y i n f o r m i n g each i tem i n i t s 
segment o f t h a t l o c a t i o n ; each i tem then ' s h o u t s 
o u t ' when i t t h i n k s i t can ' see ' t h e v e h i c l e (and 
t h e r e f o r e t he d r i v e r can see i t ! ) . Thus , a l t h o u g h 
the s i m u l a t e d w o r l d model r e p r e s e n t s a dynamic 
e n v i r o n m e n t , i t i s i t s e l f s t a t i c , where v e h i c l e s 
a re 'mov ing o b j e c t s ' w i t h i n t h a t w o r l d , whose 
l o c a t i o n s are p l o t t e d f o r each snapshot o f t i m e . 

Each car w i t h i n t he d r i v i n g env i ronmen t i s a l s o an 
o b s e r v a b l e o b j e c t ; t h e r e f o r e , some code i s 
c r e a t e d f o r t he d r i v e r , t o enab le i t t o ' s h o u t 
o u t 1 about i t s e l f , a s o t h e r o b j e c t s d o . The lane 
p o s i t i o n o f the car is made a v a i l a b l e by the same 
mechanism. 
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The program i n c o r p o r a t i n g these t echn iques so f a r 
d e s c r i b e d is implemented and runn ing in PROLOG. 
E x t e n s i o n s are p r o p o s e d : The s i m u l a t o r w i l l 
ensure t h a t a l l even ts t a k i n g p l a c e ope ra te w i t h i n 
t he p h y s i c a l c o n s t r a i n t s imposed by the 
e n v i r o n m e n t . Thus a l t h o u g h the p l anne r i n t e n d s to 
be in a c e r t a i n l o c a t i o n a t a p a r t i c u l a r p o i n t in 
t i m e , the w o r l d s i m u l a t o r i n t e r p r e t s a c t i o n s i n 
accordance w i t h such c o n s t r a i n t s . 

C r e a t i n g the car as an i d e n t i f i a b l e o b j e c t a l s o 
p r o v i a e s a ' v e h i c l e ' f o r the feedback mechanism to 
the d r i v e r on h i s own p o s i t i o n ( i . e . "you are 
here . . . " ) , i n accordance w i t h t h i s , a l l o w i n g 
the p l anne r to m a i n t a i n an a c c u r a t e r e p r e s e n t a t i o n 
of the w o r l d . For i n s t a n c e , a car may p i c k up 
speed go ing down h i l l ; t he d r i v e r i s ab le t o 
p e r c e i v e t h i s v i a the feedback he r e c e i v e s . 

S i m i l a r l y , dynamic w o r l d s i m l a t i o n a l s o i n v o l v e s 
m o d e l l i n g i n t e r a c t i o n s between a c t i o n s and even ts 
and the o b j e c t s w i t h i n t h a t w o r l d . Problems 
s u r r o u n d a t t e m p t i n g t o model a c c u r a t e l y the s i d e -
e f f e c t s of even ts and a c t i o n s by agents in a 
r e p r e s e n t a t i o n o f the w o r l d . I n e a r l i e r p rob lem 
s o l v i n g work ( e . g . F i k e s , Hart and N i l s s o n , 1972) 
i t was r e l a t i v e l y easy t o a s c e r t a i n the s i d e -
e f f e c t s of a c t i o n s by a s i n g l e agent when the 
w o r l d i t s e l f was u n c h a n g i n g . For i n s t a n c e , a 
change in l o c a t i o n meant the agent was no longer 
in p l a c e A and was now in p lace B. One cou ld a l s o 
make i n f e r e n c e s : f o r i n s t a n c e , i f o b j e c t X was 
a l s o in p l ace B, the agent was next to o b j e c t X, 
e t c . 

A chang ing env i ronment may a f f e c t our a b i l i t y to 
ach ieve our g o a l s by no longer s a t i s f y i n g 
necessary p r e c o n d i t i o n s . A more s u b t l e e f f e c t o f 
a chang ing e n v i r o n m e n t , however , i s to a l l o w 
a c t i o n s t o take p l a c e but change t h e i r r e s u l t i n g 
s i d e - e f f e c t s , i . e . what they a c t u a l l y a c h i e v e . 
For examp le , one may e s t i m a t e t h a t d r i v i n g at a 
c e r t a i n speed would enab le one to brake w i t h i n a 
c e r t a i n d i s t a n c e ; however , i f w h i l s t e x e c u t i n g 
t h i s a c t i o n , some even ts took p lace - e . g . some 
o i l s p i l t on to the r o a d , the e f f e c t o f b r a k i n g 
w i l l b e d i f f e r e n t ; i . e . the car w i l l t r a v e l a l o t 
f u r t h e r b e f o r e coming to a h a l t . 

Th i s method of s i m u l a t i o n o f f e r s new scope f o r 
h a n d l i n g t h i s p r o b l e m . The w o r l d s i m u l a t o r 
med ia tes the a c t i o n s o f a g e n t s , r a t h e r than 
a l l o w i n g them to d i r e c t l y change the wo r l d mode l . 
C o n s e q u e n t l y , t he s i m u l a t o r i s ab l e t o c o n s t r a i n 
t hose a c t i o n s ; f o r i n s t a n c e , the c u r r e n t v e l o c i t y 
o f a v e h i c l e w i l l d e t e r m i n e the minimum d i s t a n c e 
i t can p o s s i b l y cover i n a s p e c i f i e d t i m e , even a t 
maximum d e c e l e r a t i o n . F u r t h e r , the w o r l d 
s i m u l a t o r i s a l s o i n a p o s i t i o n t o model i n d i r e c t 
s i d e - e f f e c t s o f even ts i n the w o r l d , which 
c o n s e q u e n t l y r e f l e c t s o n the q u a l i t y o f 
i n f o r m a t i o n a v a i l a b l e t o each d r i v e r . For 
i n s t a n c e , i t i s not p a r t o f the act o f d r i v i n g 
down a road t h a t a l a r g e l o r r y or bus is a c t u a l l y 
making any changes to what t h e r e is to see . 
However, i t may w e l l be the case t h a t a s i d e -
e f f e c t o f a sma l l car be i ng c l ose beh ind a b u s , 
means t h a t o b j e c t s i t would o t h e r w i s e be ab le to 
see are o b s c u r e d . So a l t h o u g h a l o r r y d r i v e r does 

not h i m s e l f e f f e c t any such changes in the w o r l d , 
these s i d e - e f f e c t s must be r e f l e c t e d in the 
q u a l i t y o f i n f o r m a t i o n a v a i l a b l e t o the d r i v e r o f 
the c a r . 

From t h i s p o i n t o f v i e w , segmen ta t i on is a 
p o w e r f u l i d e a . By m o n i t o r i n g a l l t h a t goes on 
w i t h i n a f i x e d area or segment , segment 
c o n t r o l l e r s are i n a p o s i t i o n t o m o n i t o r f o r 
i n t e r a c t i o n s between a g e n t s , and between t h e i r 
a c t i o n s and v a r i o u s s t a t e s o f the w o r l d . They are 
then ab le t o model t h i s by e x e r c i s i n g c o n t r o l over 
what i n f o r m a t i o n ge ts t h r o u g h to the p l a n n e r . 

IV CONCLUSION 

A w o r l d s i m u l a t o r f o r m o d e l l i n g a dynamic 
env i ronment has been d e s c r i b e d . The method of 
s i m u l a t i o n i s based o n the p r i n c i p l e t h a t i t i s 
e a s i e r t o o p e r a t e w i t h a f i x e d r e p r e s e n t a t i o n o f 
p a r t o f the dynamic w o r l d , than w i t h a 
r e p r e s e n t a t i o n whose d e f i n i n g c h a r a c t e r i s t i c s are 
a l s o c h a n g i n g . 

Some t e c h n i q u e s of m o d e l l i n g p h y s i c a l p rocesses 
have been deve loped under the g e n e r a l heading of 
segment c o n t r o l . Because the process o f 
s i m u l a t i o n r e s i d e s w i t h i n d i v i d u a l o b j e c t s over 
which the segment c o n t r o l l e r p r e s i d e s , m o n i t o r i n g 
f o r i n t e r a c t i o n s between agents and o b j e c t s i s 
l o c a l i s e d and can be r e f l e c t e d in the o u t p u t 
a l l o w e d by the segment c o n t r o l l e r . 

Segment c o n t r o l l e r s c o u l d p o t e n t i a l l y b e q u i t e 
s o p h i s t i c a t e d , h a n d l i n g the e f f e c t s o f c o n d i t i o n s 
such as fog on the o u t p u t , e . g . a l l i tems at a 
d i s t a n c e g r e a t e r than known v i s i b i l i t y are v e t o e d . 
H o p e f u l l y , the per fo rmance o f the p l anne r would 
degrade g r a c e f u l l y w i t h the d i m i n i s h i n g q u a l i t y o f 
i n f o r m a t i o n ( j u s t l i k e human p l a n n e r s ) , r a t h e r 
than mere ly g r i n d i n g t o a h a l t . 
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