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A b s t r a c t 

A r e p r e s e n t a t i o n f o r r o b o t p lans is p roposed . The 
r e p r e s e n t a t i o n o f a g i ven p l a n r e f l e c t s the s t r u c 
t u r e o f the p rocess which produced the p l a n . T h i s 
i n f o r m a t i o n i s u s e f u l i n b o t h the o r i g i n a l con 
s t r u c t i o n o f the p l a n and i t s subsequent m o d i f i 
c a t i o n i f un fo reseen events cause e x e c u t i o n f a i 
l u r e s . A programmed system t h a t c o n s t r u c t s and 
execu tes ( i n s i m u l a t i o n ) p lans f o r j ou rneys u s i n g 
a l a r g e system o f p u b l i c t r a n s p o r t i s d e s c r i b e d t o 
i l l u s t r a t e the advantages o f the r e p r e s e n t a t i o n . 
I t is a l s o shown how the r e p r e s e n t a t i o n cou ld be 
used f o r more t y p i c a l r o b o t - p l a n n i n g w o r l d s . 

1 . I n t r o d u c t i o n 

S ince most r o b o t s must f u n c t i o n in a w o r l d 
whose behav iou r they cannot hope to p r e d i c t e x a c t 
l y / t hey must be p repared f o r p lans they make to 
f a i l d u r i n g e x e c u t i o n . (As u s u a l , a p l a n is a 
l i n e a r sequence o f a c t i o n s o r o p e r a t i o n s i n t e n d e d 
t o t r a n s f o r m some i n i t i a l s t a t e o f t he r o b o t ' s 
w o r l d i n t o some goa l s t a t e . ) Such f a i l u r e s may 
occur because some a c t i o n i n the p l a n f a i l s t o 
have i t s expec ted e f f e c t o r because o f some unp re 
d i c t a b l e event o u t s i d e the c o n t r o l o f the r o b o t . 
In any case , a f t e r such a f a i l u r e the r o b o t must 
be a b l e t o mod i fy i t s p l a n to cope w i t h the u n 
expec ted t u r n o f e v e n t s . 

Rather than throw away the o r i g i n a l p l a n and 
s t a r t a g a i n f rom s c r a t c h , i t i s c l e a r l y d e s i r a b l e 
t h a t as much as p o s s i b l e o f the work t h a t went i n t o 
c o n s t r u c t i n g the o l d p l a n shou ld b e reused i n p r o 
d u c i n g a m o d i f i e d v e r s i o n . One p r e v i o u s sys tem, 
S T R I P S 1 ' 2 , t h a t d e a l t w i t h r e p l a n n i n g a f t e r exe
c u t i o n f a i l u r e s , t r i e d t o save work b y making 
a r b i t r a r y subsequences o f o p e r a t i o n s f rom the 
o r i g i n a l p l a n a v a i l a b l e t o the r e p l a n n i n g p rocess 
as p r i m i t i v e o p e r a t i o n s . No a t t e n t i o n , however, 
was p a i d to the way in wh ich such subsequences 
were o r i g i n a l l y i n t e n d e d t o c o n t r i b u t e t o t h e f u l 
f i l l m e n t o f t h e g o a l o f t h e p l a n , t h u s , a t t i m e s , 
l e a d i n g to r a t h e r a r b i t r a r y uses o f them. Such a 
scheme does n o t t r y and use any of the prob lem 
a n a l y s i s t h a t went i n t o c o n s t r u c t i n g the o r i g i n a l 
p l a n b u t o n l y i t s r e s u l t s . 

More h i e r a r c h i c a l l y s t r u c t u r e d systems have 
proposed t h a t p l a n s shou ld be ske tched o u t a t some 
l e v e l o f d e t a i l a b s t r a c t e d f rom t h a t o f t he r o b o t ' s 
p r i m i t i v e a c t i o n s , and each s t e p f u l l y d e t a i l e d 
o n l y a s i t i s e x e c u t e d . Such a n approach , w h i l e 
g i v i n g a n i n b u i l t f l e x i b i l i t y w i t h r e g a r d t o 
d e t a i l s , runs t h e r i s k o f d i s a s t e r i f some o f the 
u n e l a b o r a t e d s teps t u r n o u t t o be i m p o s s i b l e b e 
cause o f some c o m p l i c a t i o n a t t he more d e t a i l e d 
l e v e l s . 

The scheme o f p l a n r e p r e s e n t a t i o n p resen ted in 
t h i s paper i s p r i m a r i l y des igned t o f a c i l i t a t e the 
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r e c o n s t r u c t i o n o f d e t a i l e d p lans a f t e r f a i l u r e i n 
e x e c u t i o n . I t does t h i s b y e x p l i c i t l y r e c o r d i n g 
i n the r e p r e s e n t a t i o n o f a p a r t i c u l a r p l a n the 
s t r u c t u r e o f the p rocess which produced t h a t p l a n . 
The i n f o r m a t i o n thus reco rded i n c l u d e s the cho i ces 
made d u r i n g t h e c o n s t r u c t i o n of a p l a n , how they 
advanced the c o n s t r u c t i o n o f the p l a n i n terms o f 
s u b - g o a l i n g and r e f i n e m e n t o f d e t a i l s , and how 
they a re l o g i c a l l y r e l a t e d t o each o t h e r . A f t e r 
f a i l u r e t h i s i n f o r m a t i o n enab les t h a t p a r t o f the 
development o f a p l a n due to d e c i s i o n s i n v a l i d a t e d 
by the c i r cumstances o f f a i l u r e to be p r e c i s e l y 
i d e n t i f i e d and d i s c a r d e d . The r e s u l t i n g d a t a 
s t r u c t u r e rep resen ts t h a t p a r t o f the o r i g i n a l 
p rob lem a n a l y s i s which i s s t i l l a p p l i c a b l e a f t e r 
the f a i l u r e * . Use o f t h i s s t r u c t u r e b y t h e r e 
p l a n n i n g mechanism w i l l a vo i d t h e c o r r e s p o n d i n g 
p a r t o f the o r i g i n a l p l a n n i n g e f f o r t b e i n g d u p l i 
c a t e d d u r i n g r e p l a n n i n g . 

Whi le the r e p r e s e n t a t i o n makes as few assump
t i o n s a s p o s s i b l e about p l a n n i n g p r o c e s s e s , i t i s 
b a s i c a l l y o r i e n t e d t o p rocesses based o n h i e r a r 
c h i c a l l e v e l s o f d e t a i l 3 , 4 , ' 5 . B y making i n f o r 
ma t i on about a l l s teps o f a p l a n c o n s t a n t l y a v a i l 
a b l e , t h e r e p r e s e n t a t i o n f a c i l i t a t e s p l a n making 
f o r w o r l d s i n wh ich the e f f e c t s o f o p e r a t o r s t end 
t o i n t e r f e r e w i t h each o t h e r t o a s i g n i f i c a n t e x 
t e n t . I t a l s o p e r m i t s d i f f e r e n t p a r t s o f t he 
e x e c u t i o n sequence to be deve loped in an o r d e r and 
t o r e l a t i v e l e v e l s o f d e p t h , dependent o n l y o n t h e 
c o n s t r a i n t s o f t h e prob lem domain. Such an a b i 
l i t y i s u s e f u l when t h e r e a re d i f f e r e n t c e r t a i n 
t i e s as t o whether the d i f f e r e n t s t eps o f an unde
t a i l e d s k e l e t o n p l a n can be s u c c e s s f u l l y deve loped 
t o a d e t a i l e d l e v e l . 

Use o f t h e r e p r e s e n t a t i o n forms the b a s i s o f 
a w o r k i n g r o b o t p l a n n i n g and ( s imu la ted ) e x e c u t i o n 
system d e s c r i b e d in s e c t i o n 3. Some aspec ts of 
t he system implemented a re a t y p i c a l o f r o b o t p l a n 
n i n g domains in g e n e r a l , and so a d i s c u s s i o n o f 
how t h e r e p r e s e n t a t i o n would be used w i t h a more 
u s u a l r o b o t w o r l d f o l l o w s i n s e c t i o n 4 . 

2. The Rep resen ta t i on 

A p l a n i n t h e proposed r e p r e s e n t a t i o n c o n 
s i s t s o f two i n t e r l i n k e d da ta s t r u c t u r e s : a t r e e 
wh ich r e p r e s e n t s t h e subgoal s t r u c t u r e o f t he p l a n 
and a graph wh ich r e p r e s e n t s t h e l o g i c a l r e l a t i o n 
s h i p s o f the d e c i s i o n s taken i n c o n s t r u c t i n g t h e 
p l a n . T h i s r e p r e s e n t a t i o n and i t s uses a r e des 
c r i b e d below i n gene ra l t e rms ; f o r d e t a i l e d 
examples see s e c t i o n 3. 

* I n f a c t i t does n o t a lways r e p r e s e n t a l l o f i t , 
s i n c e t h e r e can b e d e c i s i o n s t h a t a re s t i l l approp
r i a t e a f t e r f a i l u r e , b u t are d i s c a r d e d because 
they were o r i g i n a l l y based on one o f t h e d e c i s i o n s 
i n v a l i d a t e d b y the f a i l u r e . 
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Each node o f the subgoa l t r e e o f a p l a n ( sub 
s e q u e n t l y jnode) cor responds to a g o a l and t h e 
a c t i o n necessary t o ach ieve i t . (These two c o n 
cep ts a r e s u f f i c i e n t l y c l o s e t h a t i t i s o f t e n use
f u l t o b l u r any d i s t i n c t i o n between them.) Sub-
g o a l i n g i s r e p r e s e n t e d b y t h e b r a n c h i n g o f the t r e e 
( w i t h a l e f t t o r i g h t t ime o r d e r i n g ) . Thus 

would i n d i c a t e t h a t goa l X has been s p l i t 

i n t o subgoa l Y and subgoal Z (or e q u i v a l e n t l y t h a t 
t h e a c t i o n r e q u i r e d t o ach ieve X can be s p l i t i n t o 
an a c t i o n t h a t w i l l ach ieve Y f o l l o w e d by an a c t i o n 
t h a t w i l l ach ieve Z ) . The r o o t o f t he t r e e c o r 
responds t o the t o p - l e v e l goa l o f t he p l a n , w h i l e 
i n a comple te p l a n the t i p s o f t he t r e e co r respond 
to p r i m i t i v e a c t i o n s . For a system u s i n g a h i e r 
a rchy o f l e v e l s o f d e t a i l , p r o g r e s s a l o n g a b ranch 
f rom r o o t t o t i p would t hus b e n a t u r a l l y accompa
n i e d by an i n c r e a s i n g amount o f d e t a i l . 

Bes ides j u s t r e p r e s e n t i n g a goa l o r a c t i o n , 
each jnode can c o n t a i n any o t h e r i n f o r m a t i o n about 
t h a t g o a l o r a c t i o n t h a t i s h e l p f u l t o the p l a n 
c o n s t r u c t i o n p r o c e s s . I n p a r t i c u l a r , i n f o r m a t i o n 
about t h e expec ted s t a t e o f t he w o r l d b e f o r e o r 
a f t e r t h e a c t i o n c o u l d be thus r e p r e s e n t e d . Com
m u n i c a t i o n and c o - o p e r a t i o n between processes c o n 
s t r u c t i n g d i f f e r e n t s t eps in the same p l a n can be 
g r e a t l y f a c i l i t a t e d b y h a v i n g such i n f o r m a t i o n f o r 
eve ry s t e p i n t h e p l a n c o n s t a n t l y a v a i l a b l e . 

The nodes of the d e c i s i o n graph of a p l a n 
(subsequen t l y dnodes) a re in one-one correspondence 
w i t h the d e c i s i o n s made d u r i n g the c o n s t r u c t i o n o f 
t h a t p l a n . The p a r e n t - c h i l d r e l a t i o n o f the graph 
i n d i c a t e s l o g i c a l dependence o f the c h i l d o n t h e 
p a r e n t . L o g i c a l dependence o f one d e c i s i o n on 
ano the r he re means t h a t the p rocess wh ich made t h e 
second d e c i s i o n was i n f l u e n c e d by some d i r e c t c o n 
sequence o f the f i r s t . A graph s t r u c t u r e i s 
necessary t o r ep resen t such l o g i c a l dependenc ies , 
because t h e e f f e c t s o f two q u i t e independent 
d e c i s i o n s can i n f l u e n c e t h e making o f a t h i r d . 

Each dnode has two-way p o i n t e r s f rom i t t o 
those jnodes c r e a t e d as a d i r e c t consequence o f i t s 
d e c i s i o n . These p o i n t e r s can be used in c o n j u n c 
t i o n w i t h a graph s t r u c t u r e t o p r e c i s e l y i d e n t i f y 
a l l t h e e f f e c t s bo th d i r e c t and i n d i r e c t o f a 
d e c i s i o n on t h e development o f a p l a n . The p r o 
cess o f removing the e f f e c t s ( thus i d e n t i f i e d ) o f 
a d e c i s i o n f rom a p l a n is known as UNDOING the 
d e c i s i o n and c o n s i s t s o f : 

a ) removing the d e c i s i o n f rom t h e graph and a l l 
the jnodes p o i n t e d to by the d e c i s i o n f rom 
t h e t r e e ; 

b ) UNDOING the c h i l d r e n o f the d e c i s i o n i n the 
g r a p h . 

T h i s UNDO mechanism forms the b a s i s of t he 
method f o r r e c o n s t r u c t i n g p l a n s a f t e r f a i l u r e i n 
e x e c u t i o n . The b a s i c i dea i s t o i d e n t i f y the 
most l o g i c a l l y s e n i o r d e c i s i o n s i n a p p r o p r i a t e t o the 
unexpected s i t u a t i o n , UNDO them, and then use what 
i s l e f t o f the o r i g i n a l p l a n r e p r e s e n t a t i o n a s a 
b a s i s f o r p l a n r e c o n s t r u c t i o n . To t h i s end , each 
d e c i s i o n must have a resumpt ion p o i n t o f t h e p l a n 

c o n s t r u c t i o n p rocess a s s o c i a t e d w i t h i t . Use o f 
t h i s resumpt ion p o i n t s h o u l d r e s u l t i n the p l a n 
c o n s t r u c t i o n p rocess b e i n g r e e n t e r e d t o remake t h e 
d e c i s i o n i n t h e l i g h t o f a l l c u r r e n t l y a v a i l a b l e 
i n f o r m a t i o n . 

In more d e t a i l t he r e p l a n n i n g mechanism works 
as f o l l o w s . When an e x e c u t i o n f a i l u r e o c c u r s , 
t he e x e c u t i o n m o n i t o r i n g system i s assumed to d e 
s i g n a t e a s e t o f jnodes as u n e x e c u t a b l e , t hese 
jnodes b e i n g the most s e n i o r t h a t c o u l d be so d e 
s i g n a t e d . Then: 

1 . a l l p o r t i o n s o f t h e subgoa l t r e e s u c c e s s f u l l y 
execu ted are d i s c a r d e d , t o g e t h e r w i t h any 
dnodes d i r e c t l y r e s p o n s i b l e o n l y f o r d i s c a r d e d 
j n o d e s , 

2 . a l l i n f o r m a t i o n i n the t r e e , made i n a c c u r a t e 
a s a r e s u l t o f t he c i r cums tances o f f a i l u r e , 
i s upda ted , 

3 . f o r each j n o d e , A , o f t h e unexecu tab le set 

a) i f A has a l r e a d y been removed f rom t h e 
t r e e n o t h i n g more i s done, o t h e r w i s e 

b) the dnode, D, d i r e c t l y r e s p o n s i b l e f o r A 
is UNDONE, 

c ) the p l a n c o n s t r u c t i o n process i s r e e n t e r e d 
th rough t h e resumpt ion p o i n t o f D , 

d ) i f t h e r e e n t e r e d p l a n c o n s t r u c t i o n p rocess 
t e r m i n a t e s s u c c e s s f u l l y n o t h i n g more i s 
done, o t h e r w i s e 

e ) i f A i s n o t the r o o t o f the t r e e , i t i s 
r e p l a c e d by i t s p a r e n t and s t e p b ) i s 
looped t o , o t h e r w i s e 

f ) r e p l a n n i n g i s assumed t o be i m p o s s i b l e . 

I f t h i s mechanism i s a lways t o p roduce a com
p l e t e p l a n , the resumpt ion p o i n t a s s o c i a t e d w i t h a 
d e c i s i o n must no t o n l y remake i t s own d e c i s i o n , 
b u t a l s o any o t h e r dependent d e c i s i o n s needed to 
p roduce a complete p l a n . Such an arrangement may 
n o t always be f e a s i b l e . In such cases those 
jnodes o n the f r o n t i e r o f t h e subgoal t r e e t h a t 
were n o t p r i m i t i v e a t t he end o f the above p r o c e s s 
would have to be found and deve loped u n t i l t h e y 
we re . T h i s p rob lem does n o t , however, a r i s e w i t h 
t h e system to be d e s c r i b e d i n the nex t s e c t i o n . 

3. A Work ing System 
Based on Use of t h e R e p r e s e n t a t i o n 

The r e p r e s e n t a t i o n d e s c r i b e d above forms t h e 
b a s i s o f a w o r k i n g system f o r the c o n s t r u c t i o n and 
( s imu la ted ) e x e c u t i o n o f p l a n s . The p l a n s c o n 

c e r n t h e j o u r n e y s o f a ( r obo t ) t r a v e l l e r t h r o u g h 
a network o f r a i l , sea and a i r p u b l i c t r a n s p o r t 
s e r v i c e s . The system c o n t a i n s a c o n s i d e r a b l e 
amount o f knowledge in p r o c e d u r a l fo rm about how 
to make p lans i n such a domain . I t i s n o t , how
e v e r , t i e d t o a p a r t i c u l a r n e t w o r k , b u t accep ts 
the d e f i n i t i o n o f such a ne twork i n t a b u l a r f o rm 
a s i n i t i a l d a t a . T h i s d e f i n i t i o n compr i ses l i s t s 
o f c o n n e c t i o n s , t i m e t a b l e s f o r those c o n n e c t i o n s 
and some g e o g r a p h i c a l da ta ( conce rn ing the p o s i 
t i o n s o f towns and the r e l a t i v e p o s i t i o n s o f 
c o u n t r i e s and s e a s ) . 
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The ne twork used f o r example purposes i s e x 
t e n s i v e . I t connects 8 4 European c e n t r e s u s i n g 
43 r a i l s e r v i c e s , 7 sea s e r v i c e s and 55 a i r s e r 
v i c e s g i v i n g i n excess o f 500 town to town con
n e c t i o n s and more than 2000 p r i m i t i v e j ou rneys 
( j o u r n e y s between two c e n t r e s u s i n g one s e r v i c e a t 
a p a r t i c u l a r t i m e ) . The s e r v i c e s used a re a l l 
taken f rom r e a l w o r l d t i m e t a b l e s - The g e o g r a p h i 
c a l area covered by the network i s shown in f i g u r e 
1 . For the sake o f r e a d a b i l i t y , o n l y a sma l l s u b 
s e t o f t h e network i s shown, b u t t h i s subset 
i n c l u d e s a l l the r o u t e s used i n the examples. 

The system can c o n s t r u c t p l a n s s u b j e c t t o c e r 
t a i n c o n s t r a i n t s o f t ime and c o s t . These con 
s t r a i n t s can be b o t h g l o b a l ( e . g . on the o v e r a l l 
c o s t o f a j o u r n e y ) and l o c a l ( e . g . on the t i m e o f 
a r r i v a l a t a p a r t i c u l a r p l a c e ) . The system can 
a l s o cope w i t h the o c c u r r e n c e o f " u n e x p e c t e d " 
even ts d u r i n g t h e s i m u l a t e d e x e c u t i o n o f a j o u r n e y . 
I t checks t h e i r r e l evance t o t h e j o u r n e y and i f 
necessary m o d i f i e s t h e p l a n u s i n g t h e r e p l a n n i n g 
mechanism d e s c r i b e d i n the p r e v i o u s s e c t i o n . 

The sys tem uses i t s domain dependent knowledge 
to good e f f e c t and a p l a n n i n g t ime of around 20 
seconds i s t y p i c a l f o r a j o u r n e y i n v o l v i n g s i x p r i 
m i t i v e j o u r n e y s . The p l a n produced i s " reasonab le " 
though no t n e c e s s a r i l y o p t i m a l . The system was 
coded in POP-2 on an ICL 4130 computer . 

F i g u r e 2 shows the subgoa l t r e e and d e c i s i o n 
g raph o f a p l a n produced by t h e system f o r g o i n g 
f rom Manchester t o N i ce b y t r a i n and b o a t . ( T h i s 
p l a n i s , i n f a c t , o p t i m a l w i t h r espec t t o b o t h t ime 
and c o s t f o r a j o u r n e y in t h e example ne twork f rom 
Manchester t o N i ce u s i n g s u r f a c e t r a n s p o r t . ) 

Because o f the n a t u r e o f t he domain , a l l jnodes 
co r respond t o j ou rneys o f v a r y i n g degrees o f spe
c i f i c a t i o n . The correspondence between i nc rease 
i n d e t a i l and i nc rease i n depth o f the t r e e w i l l 
be c l e a r . Times a re r e p r e s e n t e d by a 24-hour 
c l o c k t ime p l u s a day , thus 17:30 2 means 5:30 p.m. 
on day 2 o f the j o u r n e y . The l i s t o f numbers in 
b r a c k e t s a s s o c i a t e d w i t h each dnode i n d i c a t e s wh ich 
jnodes were c r e a t e d as a d i r e c t r e s u l t o f each 
dnode. 

The f u n c t i o n o f each d e c i s i o n shown in f i g u r e 
2 (b) is as f o l l o w s : 

D e c i s i o n 0 is a dummy d e c i s i o n wh ich is n o t i o -
n a l l y r e s p o n s i b l e f o r a l l the unchangeable f e a t u r e s 
o f t he w o r l d . 

D e c i s i o n 1 chooses s u r f a c e t r a n s p o r t as the mode 
o f t r a v e l . Because a sea , the E n g l i s h Channe l , 
l i e s between Manchester and N i c e , i t r e s u l t s i n 
s u b g o a l i n g t h e o r i g i n a l goa l i n t o t h r e e s u b g o a l s : 
t o get t o the Channe l , t o c ross i t , and t o ge t t o 
N i c e . 

D e c i s i o n 2 chooses t h e r o u t e f o r the Channel 
c r o s s i n g and thus r e f i n e s jnodes 7, 3 and 4 i n t o 
the more d e t a i l e d jnodes 6, 5 and 7 r e s p e c t i v e l y . 

D e c i s i o n 3 f i x e s a t ime f o r the sea c r o s s i n g , 
r e f i n i n g jnode 5 s t i l l f u r t h e r . S ince the sea 
c r o s s i n g s a re r a r e r than t h e r a i l c o n n e c t i o n s , u n 
necessary w a i t i n g i s m in im ized i f r a i l t i m e s a r e 
f i t t e d t o sea t i m e s r a t h e r than t h e o t h e r way 
r o u n d . The s i t u a t i o n a f t e r t h i s d e c i s i o n i s a n 
example o f the c o n c u r r e n t use o f d i f f e r i n g l e v e l s 
o f d e t a i l f o r d i f f e r e n t s t eps o f t h e p l a n . 

D e c i s i o n 4 f i x e s the r o u t e f o r the t r a i n j o u r n e y 
as f a r as the Channel c r o s s i n g , b u t i s i ndependen t 
o f d e c i s i o n 3 even though made a f t e r i t . D e c i s i o n 
7 i s s i m i l a r . 

D e c i s i o n 5 f i x e s a t ime f o r the t r a i n j o u r n e y 
immed ia te l y b e f o r e t h e Channel c r o s s i n g . I t d e 
pends on a r o u t i n g d e c i s i o n (4) and a t i m i n g 
d e c i s i o n (3) wh ich a re i ndependen t , b u t an a l t e r 
a t i o n i n e i t h e r would r e q u i r e the r e c o n s i d e r a t i o n o f 
d e c i s i o n 5 . D e c i s i o n 8 i s s i m i l a r . 

D e c i s i o n s 6, 9 and 10 a re o t h e r t i m i n g d e c i s i o n s 
wh ich depend on a r o u t i n g d e c i s i o n and i t s depen
den t t i m i n g d e c i s i o n . 

The domain dependent e x p e r t i s e o f t he p l a n n i n g 
system i s encoded i n a number o f s p e c i a l f u n c t i o n s 
c a l l e d d f u n c t i o n s . Each d f u n c t i o n has i t s own 
s p e c i a l a rea o f knowledge and i s a s s o c i a t e d w i t h 
t h e making o f a p a r t i c u l a r s o r t o f d e c i s i o n . D f u n 
c t i o n s a re p a r a m e t e r l e s s and are expec ted t o e x t r a c t 
a l l t h e knowledge they r e q u i r e f rom the d e c i s i o n 
graph and subgoal t r e e r e p r e s e n t i n g the e x i s t i n g 
s t a t e o f t he p l a n . 

There a re seven main d f u n c t i o n s : 
TRYSORP wh ich chooses between a i r and s u r f a c e 

t r a n s p o r t , 
TRAINS, BOATS, and PLANES which choose r o u t e s 

f o r r a i l , sea and a i r j ou rneys r e s p e c t i v e l y , 
TRAINTIME, SEATIME and PLANET1ME which choose 

t imes f o r j ou rneys b y r a i l , sea and a i r r espec 
t i v e l y . 
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Since d f u n c t i o n s t ake a l l t h e i r i n f o r m a t i o n 
f rom the p l a n r e p r e s e n t a t i o n e x i s t i n g a t t he t ime 
they a re c a l l e d , they make i d e a l resumpt ion p o i n t s 
f o r use w i t h t h e r e p l a r m i n g mechanism d e s c r i b e d i n 
the p rev i ous s e c t i o n . Indeed, t h i s i s the reason 
t h e y were so des igned . 

The e n t i r e p l a n n i n g system runs under a s imple 
b a c k t r a c k i n g reg ime. The problems w i t h a u t o m a t i c 
b a c k t r a c k i n g a re w e l l known 6 , and t h i s f e a t u r e o f 
t h e system i s u n d e s i r a b l e . However, s i nce emphasis 
i s p laced on t r y i n g to make good d e c i s i o n s a t t he 
f i r s t a t t e m p t , the bad p o i n t s o f b a c k t r a c k i n g d o 
n o t have as much impact as they m i g h t . See r e f e 
rence 8 f o r a d i s c u s s i o n of how the r e p r e s e n t a t i o n 
can be used to a m e l i o r a t e b a c k t r a c k i n g f o r those 
p l a n c o n s t r u c t i o n processes us i ng i t . The un im-
p lemented scheme proposed t h e r e is based on t h e 
f a c t t h a t the r e p r e s e n t a t i o n enables a d e c i s i o n t o 
be remade w i t h o u t remaking c h r o n o l o g i c a l l y subse
quent b u t l o g i c a l l y independent d e c i s i o n s . 

Use o f the r e p r e s e n t a t i o n can a l s o h e l p the 
p l a n c o n s t r u c t i o n process i n h a n d l i n g the g l o b a l 
c o n s t r a i n t s o f t ime and cos t t h a t can be imposed 
on a j o u r n e y . The system dea l s w i t h these cons 
t r a i n t s by a s s o c i a t i n g w i t h each jnode an e s t i m a t e 
o f t he t ime and cos t o f t he j ou rney i t r e p r e s e n t s . 
The more s p e c i f i e d the j o u r n e y , n a t u r a l l y the more 
accura te the e s t i m a t e . At any t ime the most up -
t o - d a t e e s t i m a t e f o r the whole j ou rney can be o b 
t a i n e d by summing the i n d i v i d u a l e s t i m a t e s o f t h e 
jnodes o n the c u r r e n t f r o n t i e r o f the t r e e , making 
a l lowance f o r w a i t i n g t imes and o v e r n i g h t s t o p s . 
I f t h i s es t ima te i s much o u t s i d e the p r e s c r i b e d 
l i m i t , then the development o f t he p l a n a l o n g t h e 
c u r r e n t l i n e s can be d i s c o n t i n u e d immed ia te l y , thus 
w a s t i n g a s l i t t l e e f f o r t a s p o s s i b l e . Such a n a p 
proach leads t o l i t t l e t ime b e i n g spent o n journeys 
f o r wh ich t h e a l lowance i s g r o s s l y i nadequa te , b u t 
more on j ou rneys f o r wh ich the a l lowance f a l l s j u s t 
s h o r t . 
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The computer o u t p u t produced by a s i m u l a t e d 
e x e c u t i o n o f the example p l a n d e s c r i b e d above i s : 

r e p l a c e d b y d e c i s i o n 1 1 , the cho ice o f t h a t s e r v i c e . 

Dur ing t h i s e x e c u t i o n , f ou r unexpected events 
occur and r e p l a n n i n g i s necessary f o r t h ree o f 
them. Fo l l ow ing the e x e c u t i o n i n d e t a i l w i l l make 
c l e a r the work ings o f the r e p l a n n i n g mechanism 
(s tep numbers r e f e r to the d e s c r i p t i o n in s e c t i o n 2). 

Execu t i on proceeds n o r m a l l y u n t i l 14:00 1 when 
t h e t r a i n f rom M a r s e i l l e s t o Nice a t 08:00 i s w i t h 
drawn. Th i s means t h a t the f i n a l s tep i n the p l a n , 
jnode 18, is unexecutab le and so r e p l a n n i n g com
mences. The s u c c e s s f u l l y executed p a r t o f t he p l a n 
i . e . the j ou rney f rom Manchester to London ( jnodes 
9, 12 and dnode 6) is d i s c a r d e d (s tep 1 ) . The 
s t a r t i n g p o i n t s o f jnodes 1 , 2 , 6 are changed to 
London and the t ime and c o s t l i m i t s f o r the jou rney 
decremented by the amount a l r e a d y used (s tep 2 ) . 
The d e c i s i o n , dnode 10, r e s p o n s i b l e f o r the unexe
c u t a b l e s tep in the p l a n i s UNDONE r e s u l t i n g in the 
removal of jnode 18 and dnode 10 ( s tep 3b) . The 
p l a n c o n s t r u c t i o n process i s then reen te red th rough 
t h e d f u n c t i o n , TRAINTIME, a s s o c i a t e d w i t h dnode 10 
(s tep 3 c ) . TRAINTIME chooses another t ime f o r the 
M a r s e i l l e s - N i c e j ou rney and a complete r e v i s e d p l a n 
r e s u l t s . T h i s new p l a n uses a l l the o r i g i n a l p l a n 
(minus the Manchester-London jou rney ) except t h a t 
jnode 18 is rep laced by jnode 19 , a journey f rom 
M a r s e i l l e s to Nice a t 13:00 3 , and d e c i s i o n 10 is 

Execu t ion o f the r e v i s e d p l a n i s then resumed, 
bu t has no t c o n t i n u e d f o r l ong when the boat se r 
v i c e t h a t was to be used is c a n c e l l e d . The d e c i 
s i o n r e s p o n s i b l e f o r the cho ice o f t h a t s e r v i c e i s 
d e c i s i o n 3 . A f t e r removing the s u c c e s s f u l l y com
p l e t e d p a r t o f the p l a n , i . e . e v e r y t h i n g i n v o l v e d 
in g e t t i n g as f a r as Dover, dnode 3 is t h e r e f o r e 
UNDONE. I t s UNDOING leads a l s o to the UNDOING of 
dnodes 8 , 9 and 1 1 , i . e . a l l the remain ing t i m i n g 
d e c i s i o n s ( f o r they were chosen t o f i t i n w i t h i t ) 
and consequent ly t o the removing o f a l l the t imed 
jnodes ( 8 , 16, 17 , 1 9 ) . Note t h a t d e c i s i o n 7 , t he 
r a i l r o u t i n g d e c i s i o n , though made c h r o n o l o g i c a l l y 
a f t e r d e c i s i o n 3 i s l o g i c a l l y independent o f i t and 
t h e r e f o r e u n a f f e c t e d . The p l a n n i n g process i s t h e n 
r e e n t e r e d through the resumpt ion p o i n t o f d e c i s i o n 
3, the d f u n c t i o n SEATIME, and produces the r e t i m e d 
p l a n shown in f i g u r e 3 . 

Execu t ion o f t h i s newly r e v i s e d p l a n then con 
t i n u e s w i t h the r e t i m e d Channel c r o s s i n g . The nex t 
e v e n t , even though i t causes a l l boat s e r v i c e s 
ac ross the Channel to be c a n c e l l e d , does n o t a f f e c t 
e x e c u t i o n o f the p l a n s i n c e , b y the t ime i t o c c u r s , 
the Channel has been s u c c e s s f u l l y c rossed . 

The f i n a l event o f the j ou rney (which r e f e r s 
t o the d i r e c t l i n e f rom P a r i s t o M a r s e i l l e s v i a 
Lyons) i s handled s i m i l a r l y t o the f i r s t t w o . T h i s 
t ime ve ry l i t t l e o f the o r i g i n a l p l a n can b e saved 
because the r o u t i n g d e c i s i o n f o r France, dnode 7 , 
i s rendered i n v a l i d , and a l l o f the j ou rney t h a t i s 
l e f t i s the t r i p th rough France. I n v o c a t i o n o f 
TRAINS, the d f u n c t i o n o f dnode 7 , produces t h e p l a n 
which f i n a l l y l eads w i t h o u t f u r t h e r i n t e r r u p t i o n 
f rom P a r i s t o N i c e . 
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The system d e s c r i b e d above is a t y p i c a l o f 
r o b o t p l a n n i n g systems. Most o the r systems a re 
concerned w i t h wor lds in wh ich e . g . a mob i le r o b o t 
pushes b l o c k s around through a network of rooms1 , 3 , 5 , 
or a one-handed robo t moves b l o c k s about on a t a b l e 
t o p . The e s s e n t i a l d i f f e r e n c e between these 
wor lds and the t r a n s p o r t wo r l d l i e s i n the number 
o f f e a t u r e s o f the wo r l d t h a t change or can be 
changed in a p r e d i c t a b l e way. For the t r a n s p o r t 
w o r l d such f e a t u r e s a re few and f i x e d (on ly the 
r o b o t ' s p o s i t i o n and consequent ly the amounts o f 
t ime and money a v a i l a b l e t o i t ) , w h i l e f o r the 
o t h e r wo r l ds they a re numerous and v a r i a b l e ( e . g . 
the p o s i t i o n o f every b l o c k ) . 

The systems ment ioned above t h a t dea l w i t h 
such domains a l l use some s o r t o f da ta base to 
model the changing f e a t u r e s o f t h e i r w o r l d s . Th is 
da ta base con ta i ns a reco rd o f a l l changeable f e a 
t u r e s o f the wo r l d and i s t y p i c a l l y updated i n a 
s i m u l a t i o n o f e x e c u t i o n a s p l a n c o n s t r u c t i o n p r o 
ceeds. I f t he r e p r e s e n t a t i o n i s t o make e x p l i c i t l y 
a v a i l a b l e a t a l l t imes i n f o r m a t i o n about every s tep 
in a p l a n , one da ta base is i n s u f f i c i e n t f o r use 
w i t h i t . There must be s e v e r a l , one f o r each jnode 
in the p l a n . To p r o v i d e f o r each jnode a separa te 
da ta base c o n t a i n i n g ment ion o f a l l changeable f e a 
t u r e s o f the w o r l d i s , however, u n n e c e s s a r i l y waste
f u l . I t i s p o s s i b l e and even advantageous t o use 
one g l o b a l data base p l u s a l i n k e d i nc remen ta l 
system o f a l t e r a t i o n s t o i t . 

I n t h i s scheme, each jnode has a t t ached to i t 
an a l t e r a t i o n , i . e . a reco rd o f the changes expec
t e d to be brought about by the a c t i o n a s s o c i a t e d 

Thus - ( I N ROBOT $) denotes the absence of a l l 
i tems o f t h a t f o rm, i . e . i t cance ls any s p e c i f i 
c a t i o n o f which room the r o b o t i s i n . The p o s i t i v e 
i tems o f an a l t e r a t i o n t ake precedence over i t s 
nega t i ve i tems when c o n f l i c t s a r i s e . 

I n t h i s complete p l a n , the room the r o b o t i s 
expected to be in a f t e r the e x e c u t i o n o f jnode 13 
i s found d i r e c t l y f rom t h e a l t e r a t i o n o f jnode 13 , 
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w i t h i t . The presence o r absence o f any p i e c e o f 
i n f o r m a t i o n i n the da ta base r e p r e s e n t i n g t h e ex 
pec ted s t a t e o f the w o r l d a f t e r the e x e c u t i o n o f 
some jnode can t h e n be found by l o o k i n g back a l o n g 
the f r o n t i e r o f t he t r e e , s t a r t i n g w i t h t h a t j node , 
f o r the f i r s t ment ion o f t h a t i t e m i n a n a l t e r a t i o n . 
An i t e m can be ment ioned as be ing e i t h e r p resen t or 
a b s e n t , bu t the f i r s t ment ion o f i t d i s c o v e r e d d e 
te rm ines i t s s t a t u s . I f t h e i tem i s no t ment ioned 
i n any o f the a l t e r a t i o n s , i t s s t a t u s i s the same 
a s i t s s t a t u s i n the g l o b a l da ta base d e s c r i b i n g 
the i n i t i a l s t a t e o f the w o r l d . A n example w i l l 
make t h i s c l e a r e r . 

Consider the s imp le w o r l d shown in f i g u r e 4 
w i t h a r o b o t , two boxes , f ou r rooms and f o u r c o n 
n e c t i n g d o o r s . F i g u r e 5 shows the t r e e and graph 
o f a p l a n t o t r a n s f o r m i t f rom the c o n f i g u r a t i o n 
shown in f i g u r e 4 to one in which the two boxes a r e 
n e x t to each o t h e r . The p r i m i t i v e a c t i o n s shown 
in the p l a n a re s i m i l a r to those used by STRIPS1 

f o r a s i m i l a r w o r l d . No assumpt ions a re made, how
e v e r , about the t ype o f p rocess which produced the 
p l a n o r about the o r d e r i n wh ich i t s s e v e r a l s t e p s 
were e l a b o r a t e d . 

The g l o b a l da ta base r e p r e s e n t i n g the i n i t i a l 
s t a t e o f the wo r l d migh t c o n t a i n the f o l l o w i n g 
i t e m s : 

( IN ROBOT R0OMI) ( IN BOXl R00M2) ( IN B0X2 ROOM3) 

(CLOSED DO0R1) (OPEN D00R2) (OPEN DOOR3) 
(OPEN D00R4) 

p l u s o the r i n f o r m a t i o n d e s c r i b i n g s t a t i c f e a t u r e s 
of t he wo r l d such as D00R1 connects ROOMl and 
R00M2 or t h a t the two boxes a re pushab le . 

The a l t e r a t i o n s a s s o c i a t e d w i t h each jnode 
migh t be as f o l l o w s : 



s i n c e i t c o n t a i n s ( IN ROBOT ROOM3). For jnode 1 1 , 
however, i t i s necessary t o f o l l o w the f r o n t i e r 
back u n t i l j node 7 , t o f i n d t h i s i n f o r m a t i o n , s i nce 
the a l t e r a t i o n s of n e i t h e r jnode 11 nor jnode 8 
c o n t a i n an i t em of the form (IN ROBOT room). S i m i 
l a r l y the expected p o s i t i o n o f B0X2 a f t e r the exe
c u t i o n o f every jnode w i l l a lways be found from the 
g l o b a l da ta base s i nce no ment ion o f i t i s made in 
any a l t e r a t i o n e i t h e r p o s i t i v e l y o r n e g a t i v e l y . 

Using such a scheme w i t h p r e d i c a t e s which g i v e 
e s s e n t i a l l y the same i n f o r m a t i o n a t d i f f e r i n g 
l e v e l s o f d e t a i l can lead t o d i f f i c u l t i e s when 
d i f f e r e n t s teps o f a p l a n are a t d i f f e r e n t l e v e l s 
o f d e t a i l . Suppose, f o r example, t h a t jnode 8 was 
f u r t h e r deve loped to s p e c i f y (AT ROBOT X ) , X be ing 
the p o s i t i o n the r o b o t must be in to push B0X1 in 
the proper d i r e c t i o n . Then the da ta bases o f a l l 
subsequent jnodes in the execu t i on sequence would 
c o n t a i n t h i s ( f o r them) erroneous i n f o r m a t i o n . One 
s o l u t i o n is to ensure t h a t whenever a new pe ice of 
i n f o r m a t i o n i s e s t a b l i s h e d , a l l o t h e r i n f o r m a t i o n 
bo th a t the same and lower l e v e l s o f d e t a i l t h a t 
cou ld c o n f l i c t shou ld be erased. Thus i n c l u d i n g 
( IN ROBOT room) in an a l t e r a t i o n would a l s o e n t a i l 
t he i n c l u s i o n of - ( I N ROBOT $) , -(NEXTO ROBOT $) 
and - (AT ROBOT $) in the same a l t e r a t i o n . 

An impo r tan t advantage of t h e i nc remen ta l 
scheme i s r e l a t e d t o t h i s p rob lem. Any d e t a i l s 
f i l l e d in about one s t e p o f a p l a n become immedi
a t e l y a v a i l a b l e i n the da ta bases o f a l l subsequent 
s teps o f the p l a n , p r o v i d i n g , o f cou rse , n o i n t e r 
ven ing a l t e r a t i o n c o n t r a d i c t s the d e t a i l . Thus the 
da ta base of one jnode can be updated by deve lop 
ment o f a comp le te l y d i f f e r e n t s tep o f t he p l a n . 
For example, in the above p l a n , jnode 14 is a l r e a d y 
i n ex i s t ence immedia te ly a f t e r d e c i s i o n 1 i s made. 
(CLOSED DOOR1) is p resen t in i t s da ta base , s ince 
the i t em i s p resen t i n the o r i g i n a l da ta base and 
n o i n t e r v e n i n g a l t e r a t i o n e x i s t i n g a t t h a t t ime 
ment ions i t . However, a f t e r d e c i s i o n 3 has been 
made, jnode 6 is p resen t on the f r o n t i e r o f the 
t r e e and i t s a l t e r a t i o n removes (CLOSED DOORl) 
f rom the da ta base of jnode 14 and i n s e r t s (OPEN 
DOORl) i n i t s p l a c e . 

T h i s da ta base scheme makes the c o n s t r u c t i o n 
o f the d e c i s i o n graph s t r a i g h t f o r w a r d . A d e c i s i o n 
d i r e c t l y depends e x a c t l y on those o t h e r d e c i s i o n s 
which f i r s t e s t a b l i s h e d the i n f o r m a t i o n i n f l u e n c i n g 
i t s f o r m a t i o n . Thus i f i n f o r m a t i o n from the a l 
t e r a t i o n o f a jnode i n f l u e n c e s a d e c i s i o n , t h a t 
d e c i s i o n depends on the d e c i s i o n r e s p o n s i b l e f o r 
the c r e a t i o n o f t he e l d e s t ances tor o f t h a t jnode 
whose a l t e r a t i o n c o n t a i n s the same i n f o r m a t i o n . 

The advantages of hav ing i n f o r m a t i o n about the 
e n t i r e p l a n c o n s t a n t l y a v a i l a b l e a re more apparen t 
in a wo r l d where d i f f e r e n t s teps of the same p l a n 
a re more l i k e l y t o i n t e r f e r e w i t h each o t h e r . An 
example of such a wo r l d is the w e l l known BLOCKS 
w o r l d o f Winograd 7 . The robo t i n t h i s w o r l d c a n 
n o t l i f t up a b l o c k which has o the r b locks on t o p 
o f i t . T o man ipu la te such a b l o c k , i t must f i r s t 
c l e a r o f f i t s t o p b y p u t t i n g the suppor ted b l o c k s 
somewhere e l s e , u s u a l l y on the t a b l e . Such t a c 
t i c s can lead to problems when one b lock occup ies 
the space needed f o r ano ther . Such problems are 
r eso l ved r a t h e r i n e f f i c i e n t l y b y b a c k t r a c k i n g i n 
Winograd 's system. I f the above r e p r e s e n t a t i o n 
were used, a p l a n cou ld be developed as f a r as pos 
s i b l e down each branch o f i t s t r e e u n t i l i t was 
necessary to choose d e f i n i t e p laces on the t a b l e 
in which to p u t the b l o c k s . A p l a c e f o r each 
b l o c k cou ld then be chosen us i ng the i n f o r m a t i o n in 
the t r e e about a l l the o the r o b j e c t s which had t o 
b e f i t t e d i n , thus e l i m i n a t i n g the need f o r t r i a l 
and e r r o r b a c k t r a c k i n g sea rch . 
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The method o f p l a n r e c o n s t r u c t i o n a f t e r execu
t i o n f a i l u r e , baaed on use o f the r e p r e s e n t a t i o n 
and d e s c r i b e d i n s e c t i o n 2 , works i n e x a c t l y the 
same manner as i l l u s t r a t e d in s e c t i o n 3. For 
example, suppose i n the e x e c u t i o n o f t he p r e s e n t 
p l a n , the r o b o t d i scove red when i t go t to DO0R1 
t h a t i t was not o n l y CLOSED bu t LOCKED. I t would 
a p p l y the r e p l a n n i n g procedure to jnode 5 , as t h e 
most s e n i o r unexecutab le ances to r o f jnode 6 , the 
unexecutab le p r i m i t i v e a c t i o n o f opening D00R1. 
F i r s t l y , jnode 4 would be d i s c a r d e d s i nce i t had 
a l r e a d y been s u c c e s s f u l l y execu ted . Then the g l o 
b a l da ta base would be updated w i t h the c u r r e n t 
p o s i t i o n o f t h e r o b o t and the f a c t t h a t D00R1 i s 
LOCKED. Dnode 2 , the cho ice o f t h e r o b o t ' s r o u t e 
f rom ROOH1 to R0OM2, is the d e c i s i o n d i r e c t l y r e s 
p o n s i b l e f o r jnode 5, so i t would be UNDONE, 
removing jnodes S, 6 and 7 f rom the t r e e and dnodes 
2 and 3 f rom the g raph . Since the knowledge t h a t 
D0OR1 i s locked i s a v a i l a b l e , r e e n t e r i n g t h e p l a n 
n i n g process shou ld then r e s u l t i n the r o u t e f rom 
ROOM1 to R00M2 v i a R00M4 be ing chosen. In the new 
p l a n , thus p roduced , the t r e e r e p r e s e n t i n g the 
r o b o t ' s go ing from R00M1 to ROOM2 would grow f rom 
the o r i g i n a l jnode 3 . A l l the r e s t o f the p l a n 
about push ing B0X1 th rough DOOR2 w o u l d , of c o u r s e , 
remain i n t a c t th roughou t t h i s p rocess . 

5 . Conc lus ion 

A r e p r e s e n t a t i o n f o r r o b o t p l a n s has been p r e 
sented which can a s s i s t i n bo th t h e c o n s t r u c t i o n 
and e x e c u t i o n o f such p l a n s . Use o f t h e r e p r e s e n 
t a t i o n was i l l u s t r a t e d by a d e s c r i p t i o n of a work
i n g p l a n n i n g and e x e c u t i o n system concerned w i t h 
the j o u r n e y i n g s o f a robo t t r a v e l l e r in a network 
o f p u b l i c t r a n s p o r t s e r v i c e s . The problem domain 
o f t h i s system i s a t y p i c a l o f r o b o t p l a n n i n g sy 
stems in g e n e r a l , bu t i t was a l s o shown how the 
r e p r e s e n t a t i o n cou ld be used f o r more t y p i c a l 
w o r l d s . The examples o f the use o f the r ep resen 
t a t i o n i n d i c a t e d a number o f f e a t u r e s o f i t : 

When a f a i l u r e occurs d u r i n g e x e c u t i o n , the 
r e p r e s e n t a t i o n enables the d i s c a r d i n g o f those 
p a r t s o f the p l a n i n v a l i d a t e d by t h e f a i l u r e and 
thus r e c o n s t r u c t i o n o f t he p l a n based on the s e l e c 
t i v e reuse o f the a n a l y s i s made by the o r i g i n a l 
p l a n n i n g p rocess . 

T h e s t r u c t u r e o f the r e p r e s e n t a t i o n i s o r i e n t e d 
towards p l a n n i n g systems u s i n g h i e r a r c h i c a l l e v e l s 
o f d e t a i l , and enables d e t a i l s t o b e f i l l e d i n i n 
a n o r d e r u n r e l a t e d t o e x e c u t i o n o r d e r . I t a l s o 
f a c i l i t a t e s the use o f i n f o r m a t i o n about one p a r t 
o f a p l a n in c o n s t r u c t i n g o t h e r p a r t s o f t he same 
p l a n . 

The r e p r e s e n t a t i o n makes these c o n t r i b u t i o n s 
to p l a n c o n s t r u c t i o n and e x e c u t i o n , because, f o r a 
p a r t i c u l a r p l a n , i t r e f l e c t s t h e s t r u c t u r e o f t he 
process wh ich produced the p l a n . The p r e s e n t r e p 
r e s e n t a t i o n i s ab le t o r e f l e c t the s t r u c t u r e s o f 
c u r r e n t l y t y p i c a l p l a n n i n g p rocesses . For more a d 
vanced processes w i t h more s t r u c t u r e a r ep resen 
t a t i o n capable o f r e f l e c t i n g the e x t r a s t r u c t u r e 
would p robab ly g i v e f u r t h e r b e n e f i t s s i m i l a r t o the 
ones ment ioned above. 
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