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ABSTRACT 

W e u s u a l l y t h i n k o f p l a n s a s l i n e a r sequences 
o f a c t i o n s . T h i s i s b e c a u s e p l a n s a r e u s u a l l y e x 
e c u t e d one s t e p a t a t i m e . Bu t p l a n s t h e m s e l v e s 
a r e n o t c o n s t r a i n e d b y l i m i t a t i o n s o f l i n e a r i t y . 
T h i s p a p e r d e s c r i b e s a new i n f o r m a t i o n s t r u c t u r e , 
c a l l e d t h e p r o c e d u r a l n e t , t h a t r e p r e s e n t s a p l a n 
a s a p a r t i a l o r d e r i n g o f a c t i o n s w i t h r e s p e c t t o 
t i m e . B y a v o i d i n g p r e m a t u r e commi tmen ts t o a p a r 
t i c u l a r o r d e r f o r a c h i e v i n g s u b g o a l s , a p r o b l e m -
s o l v i n g s y s t e m u s i n g t h i s r e p r e s e n t a t i o n can d e a l 
e a s i l y and d i r e c t l y w i t h p r o b l e m s t h a t a r e o t h e r 
w i s e v e r y d i f f i c u l t t o s o l v e . 

I INTRODUCTION 

When w e t h i n k o f p l a n s I n o u r e v e r y d a y l i v e s , 
o r c o n c e i v e o f p l a n s f o r a c o m p u t e r t o c a r r y o u t , 
w e u s u a l l y t h i n k o f t hem a s l i n e a r s e q u e n c e s o f 
a c t i o n s . The sequence may i n c l u d e c o n d i t i o n a l 
t e s t s o r l o o p s , b u t t h e b a s i c idea i s s t i l l t o d o 
one s t e p a f t e r a n o t h e r . 

A l t h o u g h t h e e x e c u t i o n o f a p l a n i s e s s e n 
t i a l l y l i n e a r , a p l a n i t s e l f may b e t h o u g h t o f 
a s a p a r t i a l o r d e r i n g o f a c t i o n s w i t h r e s p e c t 
t o t i m e . 

T h i s p a p e r w i l l show how , f o r c e r t a i n c l a s s e s 
o f p r o b l e m s , t h e r e p r e s e n t a t i o n o f p l a n s a s n o n 
l i n e a r sequences o f a c t i o n s e n a b l e s a p r o b l e m s o l 
v i n g s y s t e m t o d e a l e a s i l y and d i r e c t l y w i t h p r o b 
lems t h a t a r e o t h e r w i s e v e r y d i f f i c u l t t o s o l v e . 

I I AN EXAMPLE 

T h e r e i s o n l y one a c t i o n t h a t can b e a p p l i e d 
t o t h e b l o c k s . PUTON ( X , Y ) w i l l p u t B l o c k X o n Y . 
PUTON ( X , Y ) is n o t a p p l i c a b l e u n l e s s X has a c l e a r 
t o p , and u n l e s s Y i s t h e t a b l e o r i t has a c l e a r 
t o p . The p r o b l e m i s t o d e v e l o p a sequence o f a c 
t i o n s t h a t w i l l a c h i e v e t h e g o a l s t a t e . 

T h i s examp le i s p r e s e n t e d b y Sussman ( 1 ) a s 
a n " a n o m a l o u s s i t u a t i o n " f o r w h i c h h i s HACKER 
p r o g r a m c o u l d n o t p r o d u c e a n o p t i m a l s o l u t i o n . 
O t h e r p l a n n i n g p r o g r a m s u s i n g means -ends a n a l y s i s , 
f o r examp le STRIPS ( 2 ) and ABSTRIPS ( 3 ) , a l s o p r o 
duce n o n - o p t i m a l s o l u t i o n s . O p t i m a l s o l u t i o n s t o 
t h e p r o b l e m a r e p r o d u c e d b y p r o g r a m s o f T a t e (A) 
and W a r r e n ( 5 ) , whose a p p r o a c h e s w i l l b e d i s c u s s e d 
i n S e c t i o n V I I b e l o w . 

L e t u s see w h a t a p l a n n i n g s y s t e m u s i n g m e a n s -
ends a n a l y s i s w o u l d d o u n d e r t h e a s s u m p t i o n t h a t 
p l a n s mus t b e l i n e a r . I t w i l l t r y t o a c h i e v e i n 
t u r n e a c h o f t h e c o n j u n c t s d e s c r i b i n g t h e g o a l 
s t a t e . Suppose i t t r i e d t o p u t A o n B f i r s t . 
A f t e r c l e a r i n g A b y d o i n g PUTON ( C , T A B L E ) , t h e 
f i r s t s u b g o a l can b e a c h i e v e d b y d o i n g PUTON 
( A , B ) . But now , i n o r d e r t o p u t B o n C , B w i l l 
have t o b e r e - c l e a r e d , t h u s u n d o i n g t h e s u b g o a l 
i t a c h i e v e d f i r s t . 

O n t h e o t h e r h a n d , t h e s y s t e m m i g h t d e c i d e t o 
p u t B o n C f i r s t . T h i s can b e done i m m e d i a t e l y i n 
t h e i n i t i a l s t a t e . Bu t now when t h e s y s t e m t r i e s 
t o p u t A o n B , i t f i n d s i t i s e v e n f u r t h e r f r o m i t s 
g o a l t h a n i t was i n t h e i n i t i a l s t a t e . 

T o m o t i v a t e t h e use o f a n o n l i n e a r 
r e p r e s e n t a t i o n , l e t u s d e v e l o p a n e l e m e n t a r y 
e x a m p l e i n a s i m p l e e n v i r o n m e n t t h a t c o n s i s t s o f 
t h r e e b l o c k s and a t a b l e . I n t h e i n i t i a l s t a t e , 
B l o c k C i s on Block A , and B l o c k B is by i t s e l f . 
The g o a l i s t o a c h i e v e a new c o n f i g u r a t i o n o f 
b l o c k s , a s shown i n F i g u r e 1 . I t i s e x p r e s s e d 
as a c o n j u n c t i o n : B l o c k A i s on B l o c k B , and 
B l o c k B i s on B l o c k C . 

So the p lanne r i s in t r o u b l e . I t must p e r 
form a more s o p h i s t i c a t e d a n a l y s i s to pu t the s u b -
goa ls i n the p roper o r d e r . 

But the problem is easy to s o l v e i f p l ans a re 
rep resen ted as p a r t i a l o r d e r i n g s . A p lanner can 
b e g i n w i t h a n o v e r s i m p l i f i e d p l a n t h a t c o n s i d e r s 
the subgoals of p u t t i n g A on B and p u t t i n g B on C 
a s p a r a l l e l , independent o p e r a t i o n s . When i t l o o k s 
a t the subp lans in more d e t a i l , a s imp le a n a l y s i s 
w i l l de te rmine the i n t e r a c t i o n s between them. 
P o t e n t i a l c o n f l i c t s can be r e s o l v e d by i m 
pos ing l i n e a r c o n s t r a i n t s on some o f the d e 
t a i l e d a c t i o n s . 

In subsequent s e c t i o n s we w i l l show how a 
p l anne r t h a t i s f r e e d f rom the assumpt ion o f l i n 
e a r i t y i s ab le t o s o l v e problems o f t h i s t ype d i 
r e c t l y , c o n s t r u c t i v e l y , and w i t h o u t b a c k t r a c k i n g . 
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I l l NOAH 

NOAH (Nets of A c t i o n H i e r a r c h i e s ) is a p rob lem 
s o l v i n g and e x e c u t i o n m o n i t o r i n g system t h a t uses 
a n o n l i n e a r r e p r e s e n t a t i o n o f p l a n s . The system 
is b e i n g used f o r SRI 'a computer based c o n s u l t a n t 
p r o j e c t ( 6 ) , and has many aspec ts t h a t a r e n o t d i 
r e c t l y r e l e v a n t to the p o i n t o f t h i s paper . We 
w i l l p resen t a s i m p l i f i e d e x p l a n a t i o n o f the p r o 
c e d u r a l n e t (NOAH's r e p r e s e n t a t i o n f o r a c t i o n s and 
p l a n s ) o f SOUP ( t h e language f o r g i v i n g the system 
t a s k - s p e c i f i c knowledge) and o f the p l a n n i n g a l 
g o r i t h m . A comple te d i s c u s s i o n o f the system w i l l 
appear e lsewhere ( 7 ) . 

NOAH is implemented in QLISP ( 8 ) , and runs as 
compi led code on a PDP-10 computer under the TENEX 
t i m e - s h a r i n g sys tem. 

A. The P r o c e d u r a l Net 

The s y s t e m ' s p lans a re b u i l t up in a da ta 
s t r u c t u r e c a l l e d the p r o c e d u r a l n e t , wh ich has 
c h a r a c t e r i s t i c s o f bo th p r o c e d u r a l and d e c l a r 
a t i v e r e p r e s e n t a t i o n s . 

B a s i c a l l y , the p r o c e d u r a l n e t i s a network, o f 
nodes, each o f wh ich c o n t a i n s p r o c e d u r a l I n f o r 
m a t i o n , d e c l a r a t i v e I n f o r m a t i o n , and p o i n t e r s t o 
o t h e r nodes. Each node r e p r e s e n t s a p a r t i c u l a r 
a c t i o n a t some l e v e l o f d e t a i l . The nodes a r e 
l i n k e d t o fo rm h i e r a r c h i c a l d e s c r i p t i o n s o f o p e r 
a t i o n s , and t o fo rm p lans o f a c t i o n . 

Nodes a t each l e v e l o f t he h i e r a r c h y a re 
l i n k e d in a p a r t i a l l y o rde red t ime sequence by 
predecessor and successor l i n k s . Each such s e 
quence r e p r e s e n t s a p l a n a t a p a r t i c u l a r l e v e l o f 
d e t a i l . 

The nodes d iscussed i n t h i s paper a re o f f o u r 
t y p e s : GOAL nodes rep resen t a g o a l to be a c h i e v e d ; 
PHANTOM nodes rep resen t goa l s t h a t shou ld a l r e a d y 
be t r u e a t the t ime they a re encoun te red ; SPLIT 
nodes have a s i n g l e p redecessor and m u l t i p l e 
successo rs , and rep resen t a f o r k i n g o f the p a r 
t i a l o r d e r i n g ; JOIN nodes have m u l t i p l e p redeces 
sors and a s i n g l e successo r , and r e p r e s e n t a rew
j o i n i n g o f subp lans w i t h i n the p a r t i a l o r d e r i n g . 

Each node p o i n t s to a body of code. The 
a c t i o n t h a t the node r e p r e s e n t s can be s i m u l a t e d 
by e v a l u a t i n g the body. The e v a l u a t i o n w i l l cause 
new nodes , r e p r e s e n t i n g more d e t a i l e d a c t i o n s , to 
b e added t o the n e t . I t w i l l a l s o update a 
hypo thes i zed w o r l d model t o r e f l e c t the e f f e c t s 
o f the more d e t a i l e d a c t i o n s . 

A s s o c i a t e d w i t h each node is an add l i s t and 
a d e l e t e l i s t . These l i s t s a re computed when the 
node is c r e a t e d . They c o n t a i n symbol ic e x p r e s 
s ions r e p r e s e n t i n g the changes to the w o r l d model 
caused by the a c t i o n t h a t the node r e p r e s e n t s . 

As an example, l e t us examine a p r o c e d u r a l 
ne t r e p r e s e n t i n g a h i e r a r c h y o f p l ans to p a i n t a 
c e l l i n g and p a i n t a s t e p l a d d e r . The p l a n can be 
r e p r e s e n t e d , in an a b s t r a c t way, as a s i n g l e node 
as shown in F i g u r e 3a. In more d e t a i l , t he 
p l a n Is a c o n j u n c t i o n , and might be rep resen ted 
as in F i g u r e 3b. The more d e t a i l e d subplans to 
ach ieve these two goa ls migh t be "Get p a i n t , ge t 
l a d d e r , then app l y p a i n t t o c e l l i n g , " and "Get 
p a i n t , then app ly p a i n t t o l a d d e r , ' ' a s d e p i c t e d 
in F i g u r e 3c. The p l a n d e p i c t e d in F i g u r e 3d 
w i l l b e e x p l a i n e d be low . 

The p i c t o r i a l r e p r e s e n t a t i o n used he re 
suppresses much o f the i n f o r m a t i o n a s s o c i a t e d 
w i t h each node. The add and d e l e t e l i s t s , f o r 
i n s t a n c e , a re no t i n d i c a t e d in the d iag rams . 
They are n o t ha rd to i n f e r , however. For example , 
"Get l a d d e r " w i l l cause "Has l a d d e r " to be added 
t o the w o r l d mode l , and "App ly p a i n t t o c e i l i n g " 
might d e l e t e "Has p a i n t . " 

P r e c o n d i t i o n - s u b g o a l r e l a t i o n s h i p s a re i n 
f e r r e d b y the system f rom p o i n t e r s t h a t i n d i c a t e 
wh i ch nodes r e p r e s e n t expans ions i n g r e a t e r d e 
t a i l o f o t h e r nodes. These p o i n t e r s a re a l s o 
o m i t t e d i n the p i c t o r i a l r e p r e s e n t a t i o n . The 
system assumes t h a t eve ry a c t i o n b u t the l a s t i n 
such an expans ion is a p r e c o n d i t i o n f o r the l a s t 
a c t i o n . 
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B. T a s k - s p e c i f i c Knowledge 

Knowledge about t h e t a s k domain is g i ven to 
t h e sys tem in p r o c e d u r a l f o r m , w r i t t e n in the 
SOUP (Semant ics of U s e r ' s Problem) language. 
SOUP is an e x t e n s i o n of QLISP (8 ) t h a t is 
i n t e r p r e t e d i n an unusua l f a s h i o n , as desc r i bed 
I n t h e nex t s e c t i o n . 

As an example , l e t us examine the SOUP code 
f o r b l o c k s prob lems such as t h a t p r e s e n t e d in 
S e c t i o n 11 above. The complete semant ics of t he 
a c t i o n s o f t h i s domain a re expressed by two f u n c 
t i o n s , wh i ch a re shown in F i g u r e 4 . The code f o r 
the f u n c t i o n CLEAR s a y s , " I f t he v a r i a b l e X is 
TABLE, then i t i s a l r e a d y " c l e a r . " O t h e r w i s e , 
see i f some b l o c k Y is on X. I f s o , c l e a r Y and 
t hen remove Y by p u t t i n g i t somewhere e l s e . " 

The code f o r the f u n c t i o n PUTON s a y s , "To 
pu t X on Y, f i r s t c l e a r X and Y. Then p lace X on 
Y (and thus Y is no l o n g e r c l e a r ) . " 

C. The P l a n n i n g A l g o r i t h m 

I n i t i a l l y , NOAH is g i ven a g o a l to a c h i e v e . 
NOAH f i r s t b u i l d s a p r o c e d u r a l n e t t h a t c o n s i s t s 
o f a s i n g l e goa l node to ach ieve tha g i v e n g o a l . 
T h i s node has a l i s t o f a l l r e l e v a n t SOUP f u n c 
t i o n s a s i t s body , and r e p r e s e n t s the p l a n t o 
ach ieve the goa l a t a ve ry h i g h l e v e l o f a b s t r a c 
t i o n . T h i s one-s tep p l a n may then be expanded. 

The p l a n n i n g a l g o r i t h m of the NOAH system is 
s i m p l e . I t expands t h e most d e t a i l e d p l a n i n a 
p r o c e d u r a l n e t by expand ing each node o f the p l a n . 
The nodes are expanded i n the o r d e r o f t h e i r p o 
s i t i o n i n the t ime sequence. The expans ion o f 
each node produces c h i l d nodes. Each c h i l d node 
c o n t a i n s a more d e t a i l e d model o f the a c t i o n i t 
r e p r e s e n t s . The d e t a i l e d models a re q u e r i e d d u r 
i n g the c r e a t i o n o f subsequent nodes i n the t ime 
sequence. (Note t h a t they a re not q u e r i e d d u r i n g 
the expans ion o f p a r a l l e l nodes i n p a r a l l e l b r a n 
ches o f the p l a n . ) Thus by c r e a t i n g subp lans f o r 
each node in the p l a n , a new, more d e t a i l e d p l a n 
w i l l b e c r e a t e d . 

The i n d i v i d u a l subp lan f o r each node w i l l be 
c o r r e c t , b u t t h e r e i s as y e t no guarantee t h a t the 
new p l a n , taken as a w h o l e , w i l l be c o r r e c t . 
There may be i n t e r a c t i o n s between the new, d e 
t a i l e d s teps t h a t render the o v e r a l l p l a n i n v a l i d . 
For example , the i n d i v i d u a l expans ions i n v o l v e d 
i n g e n e r a t i n g the p l a n i n F i g u r e 3 c f rom t h a t i n 
F i g u r e 3 b a re c o r r e c t , y e t the o v e r a l l p l a n i s 
i n v a l i d , s i n c e i t a l l o w s f o r p a i n t i n g the l a d d e r 
b e f o r e p a i n t i n g the c e i l i n g . 

Before the new d e t a i l e d p lan is presumed to 
wo rk , the p l a n n i n g system must take an o v e r a l l 
l o o k a t i t t o ensure t h a t the l o c a l expans ions 
make g l o b a l sense t o g e t h e r . Th is g l o b a l e x a m i 
n a t i o n i s p r o v i d e d by a s e t o f c r i t i c s . The 
c r i t i c s se rve a purpose somewhat s i m i l a r t o t h a t 
o f the c r i t i c s o f Sussman's HACKER ( 1 ) , except 
t h a t f o r NOAH they a re c o n s t r u c t i v e c r i t i c s , d e 
s igned to add c o n s t r a i n t s to as y e t u n c o n s t r a i n e d 
p l a n s , whereas f o r HACKER they were d e s t r u c t i v e 
c r i t i c s whose purpose was to r e j e c t i n c o r r e c t 
assumpt ions r e f l e c t e d i n the p l a n s . 

The a l g o r i t h m f o r the p l a n n i n g p r o c e s s , t h e n . 
is as f o l l o w s : 

(1) S imu la te the moat d e t a i l e d p l a n i n t h e 
p r o c e d u r a l n e t . Th i s w i l l have the 
e f f e c t o f p r o d u c i n g a new, more d e t a i l e d 
p l a n . 

(2) C r i t i c i z e the new p l a n , p e r f o r m i n g any 
necessary r e o r d e r i n g o r e l i m i n a t i o n 
o f redundant o p e r a t i o n s . 

(3) Go to Step 1. 

C l e a r l y , t h i s a l g o r i t h m i s a n o v e r s i m p l i 
f i c a t i o n , bu t f o r the purposes o f t h i s paper we 
may imag ine t h a t the p l a n n i n g process c o n t i n u e s 
u n t i l n o new d e t a i l s a r e uncovered . ( I n f a c t , 
f o r the complete prob lem s o l v i n g and e x e c u t i o n 
m o n i t o r i n g sys tem, a l o c a l d e c i s i o n must be made 
at every node about whether i t shou ld be expanded. ) 

IV CRITICS 

The c r i t i c s d e s c r i b e d he re a re g e n e r a l -
purpose c r i t i c s , a p p r o p r i a t e t o any p rob lem 
s o l v i n g t a s k . I n a d d i t i o n t o t h e s e , o t h e r t a s k -
s p e c i f i c c r i t i c s may be s p e c i f i e d f o r any p a r 
t i c u l a r domain . 
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A . The "Reso lve C o n f l i c t s " C r i t i c 

The Resolve C o n f l i c t s c r i t i c examines those 
p o r t i o n s o f a p l a n t h a t r ep resen t c o n j u n c t s to 
b e ach ieved i n p a r a l l e l . I n p a r t i c u l a r , i t l ooks 
a t the add and d e l e t e l i s t s o f each node in each 
c o n j u n c t i v e s u b p l a n . I f a n a c t i o n i n one con
j u n c t d e l e t e s an e x p r e s s i o n t h a t i s a p r e c o n d i 
t i o n f o r a subgoa l in ano the r c o n j u n c t , then a 
c o n f l i c t has o c c u r r e d . The subgoa l i s endangered 
because, d u r i n g e x e c u t i o n , i t s p r e c o n d i t i o n migh t 
be negated by the a c t i o n in the p a r a l l e l b ranch 
o f the p l a n . (An i m p l i c i t assumpt ion b e i n g made 
here i s t h a t a l l o f a s u b g o a l ' s p r e c o n d i t i o n s 
must remain t r u e u n t i l the subgoal i s execu ted . ) 
The c o n f l i c t may be r e s o l v e d by r e q u i r i n g the 
endangered subgoal to be ach ieved b e f o r e the 
a c t i o n t h a t would d e l e t e the p r e c o n d i t i o n . 

For example, the p a i n t i n g p l a n d e p i c t e d in 
F i g u r e 3c c o n t a i n s a c o n f l i c t . "App l y p a i n t to 
l a d d e r " w i l l e f f e c t i v e l y d e l e t e "Has l a d d e r , " 
which i ] s on the add l i s t o f "Get l a d d e r . " I n 
such a s i t u a t i o n , a c o n f l i c t would o c c u r , s i nce 
"Has l a d d e r " i s a p r e c o n d i t i o n o f "App l y p a i n t to 
c e l l i n g . " The c o n f l i c t i s denoted i n the p i c t o r 
i a l r e p r e s e n t a t i o n by a p l u s s i g n (+) over the p r o -
c o n d i t i o n and a minus s i g n ( - ) over the s tep t h a t 
v i o l a t e d I t . The c o n f l i c t can b e r e s o l v e d b y r e 
q u i r i n g t h a t the endangered subgoal ( "App ly p a i n t 
t o c e l l i n g " ) be done b e f o r e the v i o l a t i n g s tep 
( "Apply p a i n t t o l a d d e r " ) . 

I f the c o n f l i c t were r e s o l v e d i n t h i s manner, 
the r e s u l t i n g p l a n would appear as i n F i g u r e 3d. 

A s i m i l a r c o n f l i c t occurs i f a n a c t i o n i n 
one c o n j u n c t d e l e t e s an exp ress ion t h a t Is a 
p r e c o n d i t i o n f o r a f o l l o w i n g s u b g o a l . I n t h i s 
case , the p r e c o n d i t i o n must be r e - a c h i e v e d a f t e r 
the d e l e t i n g a c t i o n . 

D u r i n g t h e course o f p l a n n i n g , NOAH w i l l 
a vo i d b i n d i n g a v a r i a b l e to a s p e c i f i c o b j e c t 
un less a c l e a r b e s t cho i ce f o r the b i n d i n g i s 
a v a i l a b l e . When n o s p e c i f i c o b j e c t i s c l e a r l y 
b e s t , the p l a n n e r w i l l genera te a f o rma l o b j e c t 
t o b i n d t o the v a r i a b l e . The f o r m a l o b j e c t I s 
e s s e n t i a l l y a p l a c e h o l d e r f o r a n e n t i t y t h a t i s 
as y e t u n s p e c i f i e d . The f o rma l o b j e c t s d e 
s c r i b e d he re a re s i m i l a r i n s p i r i t t o those used 
by Sussraan in h i s HACKER program ( 1 ) , and to the 
u n i n s t a n t i a t e d parameters I n r e l e v a n t o p e r a t o r s 
as used by ABSTRIPS ( 3 ) . 

The s t r a t e g y o f a l l o w i n g a c t i o n s w i t h u n 
bound arguments to be i n s e r t e d i n t o a p l a n has 
s e v e r a l advan tages . F i r s t , I t enables the s y s 
tem to a v o i d making a r b i t r a r y , and t h e r e f o r e 
p o s s i b l y w rong , cho ices o n the b a s i s o f i n 
s u f f i c i e n t i n f o r m a t i o n . Fu r t he rmo re , i t a l l o w s 
the system t o d e a l w i t h w o r l d models t h a t a r e 
o n l y p a r t i a l l y s p e c i f i e d b y p roduc ing p l ans t h a t 
a re o n l y p a r t i a l l y s p e c i f i e d . 

However, a f t e r a p l a n has been completed at 
some l e v e l o f d e t a i l , i t may be c l e a r t h a t a 
f o r m a l o b j e c t can be r e p l a c e d by some o b j e c t 
t h a t was ment ioned e lsewhere In the p l a n . The 
Use E x i s t i n g Ob jec t s c r i t i c w i l l r e p l a c e f o r m a l 
o b j e c t s by r e a l ones whenever p o s s i b l e . T h i s 
may i n v o l v e merg ing nodes f rom d i f f e r e n t p o r 
t i o n s o f the p l a n , r e s u l t i n g i n r e o r d e r i n g o r 
p a r t i a l l i n e a r i z a t i o n . 

For example , a more d e t a i l e d expans ion of 
the p a i n t i n g p l a n migh t s p e c i f y p u t t i n g the l a d d e r 
a t P l a c e 0 0 1 t o p a i n t i t , and a t U n d e r - C e i l i n g 
f o r p a i n t i n g the c e i l i n g . The Use E x i s t i n g Ob
j e c t s c r i t i c wou ld o p t i m i z e the p l a n b y r e p l a c i n g 
PlaceOOl w i t h U n d e r - C e i l i n g . 

C. The " E l i m i n a t e Redundant 
P r e c o n d i t i o n s " C r i t i c 

Du r ing the s i m u l a t i o n phase o f the p l a n n i n g 
p rocess , every p r e c o n d i t i o n t h a t i s encoun te red 
i s e x p l i c i t l y s t o r e d i n the p r o c e d u r a l n e t . T h i s 
i s s o t h a t the c r i t i c s w i l l b e a b l e t o ana l yze t h e 
complete p r e c o n d i t i o n - s u b g o a l s t r u c t u r e o f each 
new s u b p l a n . But a f t e r the o t h e r c r i t i c s have 
done t h e i r wo rk , and the p l a n has been a l t e r e d to 
r e f l e c t the i n t e r a c t i o n s o f a l l the s t e p s , the 
a l t e r e d p l a n may w e l l s p e c i f y redundant p r e c o n 
d i t i o n s . 

For I n s t a n c e , i n our p a i n t i n g example , 
"Get p a i n t " appears tw i ce i n the p l a n . T h i s 
c r i t i c recogn izes the redundancy by examin ing the 
same t a b l e o f m u l t i p l e e f f e c t s t h a t was used by 
Resolve C o n f l i c t s . The e x t r a p r e c o n d i t i o n s a r e 
e l i m i n a t e d to conserve s t o r a g e and avo id r e d u n 
dant p l a n n i n g a t more d e t a i l e d l e v e l s f o r 
a c h i e v i n g them. 

C o n f l i c t s o f t h i s type are ve ry easy t o 
s p o t . The c r i t i c s imp l y b u i l d s a t a b l e o f mu l 
t i p l e e f f e c t s . T h i s t a b l e con ta i ns a n e n t r y f o r 
each e x p r e s s i o n t h a t was asse r ted or den ied by 
more than one node in the c u r r e n t p l a n . A con
f l i c t i s recogn ized when a n exp ress ion t h a t i s 
a s s e r t e d at some node is den ied at a node t h a t is 
not the a s s e r t i n g node ' s subgoa l . 

Note t h a t a p r e c o n d i t i o n may l e g a l l y be 
denied by i t s own s u b g o a l . For example, to put 
B lock A on Block B, B must have a c l e a r t o p . 
Th is p r e c o n d i t i o n w i l l be denied by the a c t i o n o f 
p u t t i n g A on B. 

B. The "Use E x i s t i n g O b j e c t s " C r i t i c 

I n a d d i t i o n t o s p e c i f y i n g the r i g h t a c t i o n s 
in the r i g h t o r d e r , a complete p l a n must s p e c i f y 
the o b j e c t s t h a t the a c t i o n s are t o m a n i p u l a t e . 
For NOAH, t h i s s p e c i f i c a t i o n is accompl ished by 
b i n d i n g the unbound v a r i a b l e s ( those p r e f i x e d by 
a l e f t a r row) In the PGOAL s ta tements of the 
SOUP code. 
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V THE EXAMPLE, AGAIN 

We are now ready to see how NOAH s o l v e s the 
p rob lem posed I n S e c t i o n I I . The I n i t i a l s t a t e 
is expressed to the system as a s e t o f QLISP 
a s s e r t i o n s : 

(ON C A) 
(CLEARTOP B) 
(CLEARTOP C) 

NOAH is Invoked w i t h the g o a l : (AND (ON A B) 
(ON B « ) . 

The system b u i l d s a n i n i t i a l p r o c e d u r a l ne t 
t h a t c o n s i s t s of a s i n g l e GOAL node. The node is 
t o ach ieve the g i ven g o a l ; i t s body i s a l i s t o f 
t h e t a s k - s p e c i f i c SOUP f u n c t i o n s , i n t h i s case 
CLEAR and PUTON. I t t hen a p p l i e s the p l a n n i n g 
a l g o r i t h m t o t h i s one -s tep p l a n , wh i ch i s d e 
p l e t e d i n F i g u r e 5a . 

The c o n j u n c t i o n i s s p l i t u p , s o t h a t each o f 
i t s c o n j u n c t s I s ach ieved i n d e p e n d e n t l y . PUTON 
i s the r e l e v a n t f u n c t i o n f o r a c h i e v i n g b o t h c o n -
J u n c t s , bu t the system does no t immed ia te l y i n 
voke PUTON. R a t h e r , the system b u i l d s a new GOAL 
node I n the p r o c e d u r a l ne t t o r e p r e s e n t each i n 
v o c a t i o n . The nodes a re to ach ieve (ON A B) or 
(ON B C ) , and have PUTON as t h e i r body . The 
o r i g i n a l p l a n has now been comp le te l y s i m u l a t e d 
t o a g r e a t e r l e v e l o f d e t a i l , and so the c r i t i c s 
a re a p p l i e d . A t t h i s l e v e l , they f i n d n o prob lems 
w i t h the p l a n t h a t was g e n e r a t e d . The new p l a n is 
shown in F i g u r e 5b . 

The new p l a n Is now expanded. When the GOAL 
nodes f o r a c h i e v i n g (ON A B) and (ON B C) a re 

s i m u l a t e d , PUTON Is a p p l i e d to each g o a l e x p r e s 
s i o n . PUTON causes the g e n e r a t i o n of a new l e v e l 
of GOAL nodes. When the e n t i r e p l a n has been 
s i m u l a t e d , the r e s u l t i n g new p l a n appears as In 
F i g u r e 5c . The nodes of the p l a n a re numbered to 
a i d i n e x p l a i n i n g the a c t i o n s o f the c r i t i c s . 

The c r i t i c s a re now a p p l i e d to the new p l a n . 
Resolve C o n f l i c t s genera tes a t a b l e o f a l l the 
exp ress ions t h a t were a s s e r t e d or den ied more 
than once d u r i n g the s i m u l a t i o n . The t a b l e i s 
shown i n F i g u r e 6 a . T h i s t a b l e i s then reduced 
by e l i m i n a t i n g f rom c o n s i d e r a t i o n those p r e c o n 
d i t i o n s t h a t a re den ied by t h e i r own subgoa l s . 
For example, (CLEARTOP C) is a p r e c o n d i t i o n f o r 
the subgoal (ON B C ) , so I t i s n o t a c o n f l i c t 
t h a t a c h i e v i n g (ON B C) at Node 6 makes (CLEARTOP 
C) f a l s e . Now, any exp ress ion f o r wh ich t h e r e 
I s o n l y a s i n g l e rema in ing e f f e c t i s removed 
f rom the t a b l e . The r e s u l t i n g t a b l e , shown i n 
F i g u r e 6 b , d i s p l a y s a l l the c o n f l i c t s c r e a t e d b y 
the assumpt ion o f n o n l l n e a r l t y . 

Resolve C o n f l i c t s now r e o r d e r s the p l a n by 
p l a c i n g the endangered subgoal (Node 6 , a c h i e v i n g 
(ON B C)) b e f o r e the v i o l a t i n g s tep (Node 3, a-
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c h i e v l n g (ON A B ) ) . 
i n F i g u r e 5d . 

The t rans fo rmed p l a n i s shown T h e c o n j u n c t i v e goa l i s s p l i t i n t o p a r a l l e l goa l s 

Since no f o r m a l o b j e c t s were genera ted at 
t h i s l e v e l o f d e t a i l , Use E x i s t i n g Ob jec t s does 
no t t r a n s f o r m t h e p l a n f u r t h e r . E l i m i n a t e Re
dundant P r e c o n d i t i o n s i s now a p p l i e d , and the r e 
s u l t i n g p lan i s shown in F i g u r e 5e . Note t h a t the 
major r e s t r i c t i o n i n the s o l u t i o n t o the p rob lem, 
t h a t B must be p laced on C b e f o r e A is p laced on 
B, has been i n c o r p o r a t e d i n t o the p l a n . T h i s has 
been accompl ished d i r e c t l y , c o n s t r u c t i v e l y , and 
w i t h o u t b a c k t r a c k i n g . 

The c r i t i c s hav ing been a p p l i e d , the system 
s i m u l a t e s the new p l a n . Th i s r e s u l t s i n the 
g e n e r a t i o n of a new, ye t more d e t a i l e d p l a n , shown 
in F i g u r e 5 f . The c r i t i c s a re then a p p l i e d . An 
a n a l y s i s s i m i l a r t o t h a t desc r i bed above enables 
Resolve C o n f l i c t s to d i s c o v e r t h a t (CLEARTOP C) 
migh t be v i o l a t e d when a c h i e v i n g (ON B C ) . Thus, 
the p l a n is r e a r r a n g e d , as shown in F i g u r e 5g, so 
t h a t (ON C O b j e c t l ) , t he endangered s u b g o a l , is 

ach ieved b e f o r e (ON B C ) , 

Use E x i s t i n g Ob jec t s aga in f i n d s no f o rma l 
o b j e c t s t h a t can he u n i f i e d w i t h e x i s t i n g ones. 
A f t e r E l i m i n a t e Redundant P r e c o n d i t i o n s c leans 
up the p l a n , i t appears as in F igu re 5h . The 
f i n a l p l a n i s : Put C on Objec t 1; Put B on C; Put 
A on B. E s s e n t i a l l y , the p l a n is now comp le te l y 
l i n e a r i z e d . The p l a n n i n g system has chosen the 
c o r r e c t o r d e r i n g f o r the subgoa l s , w i t h o u t back 
t r a c k i n g or wasted c o m p u t a t i o n . By a v o i d i n g a 
p remature commitment to a l i n e a r p l a n , the s y s 
tem never had to undo a random cho ice made on the 
b a s i s o f i n s u f f i c i e n t i n f o r m a t i o n . 

VI OTHER EXAMPLES 

In t h i s s e c t i o n a number o f o t h e r 
b l o c k s w o r l d examples w i l l be p r e s e n t e d . The 
problems and t h e i r s o l u t i o n s w i l l b e d i s p l a y e d 
g r a p h i c a l l y , and o n l y p o i n t s o f s p e c i a l i n t e r e s t 
w i l l b e d i scussed i n the t e x t . 
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V I I DISCUSSION 

We have seen how a v a r i e t y of problems wh ich 
can be rep resen ted as c o n j u n c t i v e goa l s have s i m 
p l e , s t r a i g h t f o r w a r d s o l u t i o n s i n NOAH. There 
are a number of o t h e r prob lem s o l v i n g systems 
t h a t use a l t e r n a t i v e approaches t o so l ve s i m i l a r 
p rob lems. Among these are Sussman's use of d e 
bugging ( 1 , 9 ) , T a t e ' s search i n a space o f " t i c k 
l i s t s " ( 4 ) , and the approach o f pass ing a c t i o n s 
backward over a p a r t i a l p l a n , which Is used by 
Manna and Wald inger (10) and Warren ( 5 ) . 

The approach p resen ted i n t h i s paper i s i n 
many ways a n t i t h e t i c a l to t h a t o f Sussman's 
HACKER. HACKER a t t a c k s c o n j u n c t i v e goa ls by 
making a " l i n e a r " assumpt ion . That i s , con 
j u n c t i v e goa ls a re assumed to be independent and 
a d d i t i v e , and so to ach ieve the o v e r a l l goa l each 
c o n j u n c t may be ach ieved in sequence. The system 
i s e x p l i c i t l y aware o f t h i s assumpt ion . I f the 
d e v e l o p i n g p l a n f a i l s , i t can be debugged by com
p a r i n g the prob lem t h a t occu r red w i t h the known 
types of problems genera ted by the assumpt ion of 
l i n e a r i t y . As bugs are encountered and s o l v e d , a 
c o l l e c t i o n o f c r i t i c s i s deve loped , each o f wh ich 
n o t i c e s t h a t a c e r t a i n type o f bug has occu r red in 
a p l a n . 

HACKER does a l o t of wasted work . Whi le the 
prob lem s o l v e r w i l l e v e n t u a l l y produce a c o r r e c t 
p l a n , i t does so i n many cases by i t e r a t i n g 
th rough a c y c l e o f b u i l d i n g a wrong p l a n , then 
a p p l y i n g a l l known c r i t i c s t o suggest r e v i s i o n s o f 
the p l a n , then b u i l d i n g a new ( s t i l l p o t e n t i a l l y 
wrong) p l a n . 

NOAH makes no rash assumpt ions , bu t p rese rves 
a l l the freedom o f o r d e r i n g t h a t i s i m p l i c i t i n 
the s ta temen t o f a c o n j u n c t i v e g o a l . I t assumes 
the c o n j u n c t s a re i ndependen t , bu t the n o n l i n e a r 
r e p r e s e n t a t i o n f r e e s i t f rom w o r r y i n g about a d -
d i t i v i t y . I t a p p l i e s i t s c r i t i c s c o n s t r u c t i v e l y , 
to l i n e a r i z e the p l a n o n l y when necessary . By 

w a i t i n g u n t i l i t knows the n a t u r e o f the c o n 
j u n c t s ' i n t e r a c t i o n s , NOAH i s sure to p lace a c t i o n s 
in the c o r r e c t o r d e r , and thus needs never undo 
the e f f e c t s o f a f a l s e assumpt ion . 

T a t e ' s INTERPLAN per forms a search f o r a 
c o r r e c t l i n e a r o r d e r i n g b y us i ng b o t h debugging 
and b a c k t r a c k i n g . INTERPLAN does t h i s no t by 
c r e a t i n g a l t e r n a t i v e sequences o f a c t i o n s , b u t 
r a t h e r by examin ing a t a b u l a r r e p r e s e n t a t i o n o f 
the i n t e r a c t i o n s between c o n j u n c t i v e g o a l s . Ta te 
demonst ra ted t h a t a p lanne r can p e r f o r m r e a s o n i n g 
about p l ans by d e a l i n g w i t h I n f o r m a t i o n t h a t i s 
much s i m p l e r than the p l a n i t s e l f . T h i s concept 
has been used e x t e n s i v e l y by the c r i t i c s in NOAH, 
wh ich do much of t h e i r a n a l y s i s on the t a b l e s o f 
m u l t i p l e e f f e c t s r a t h e r than on the p lans them
s e l v e s . 

Manna and Wald inger and Warren b u i l d l i n e a r 
p lane i n n o n - s e q u e n t i a l o r d e r . They r e q u i r e t h a t 
the p a r t i a l p l a n a t every s tage be a l i n e a r one . 
However, they a l l o w a d d i t i o n s t o the p l a n b y i n 
s e r t i o n o f new a c t i o n s i n t o the body o f the p l a n , 
r a t h e r than r e s t r i c t i n g new a c t i o n s to appear a t 
the end . T h i s approach has the advantage o f b e i n g 
c o n s t r u c t i v e . In the sense t h a t when the p l a n n e r 
adds each s tep t o the p l a n , I t takes i n t o account 
a l l the i n t e r a c t i o n s between c o n j u n c t s t h a t i t 
knows abou t . But by f o r c i n g the p l a n to be l i n e a r 
a t a l l i n t e r m e d i a t e s t a g e s , these p l anne rs must 
do unnecessary search w i t h b a c k t r a c k i n g , o r s o 
p h i s t i c a t e d p l a n o p t i m i z a t i o n t o f i n d the c o r r e c t 
o rde r i n wh ich t o a t t a c k the c o n j u n c t s . 

V I I FURTHER WORK 

Th i s paper dea l s w i t h a d e c e p t i v e l y s i m p l e 
i d e a : a p l a n may have the s t r u c t u r e of a p a r t i a l 
o r d e r i n g . The p l a n n i n g system desc r i bed here i s 
p r i m i t i v e and i n c o m p l e t e , and a more complete 
one w i l l b e r e q u i r e d t o f u l l y e x p l o r e the i m p l i 
c a t i o n s o f t h i s r e p r e s e n t a t i o n o f p l a n s . The 
system does not now d e a l w i t h d i s j u n c t i v e sub-
goa ls ( f o r example, t o p a i n t the c e i l i n g , get 
p a i n t and e i t h e r a l adde r or a t a b l e ) . 
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The c u r r e n t system a l s o f a i l s t o d e a l w i t h 
what might be termed " n o n - l i n e a r l z a b l e i n t e r a c 
t i o n s " These are i n t e r a c t i o n s between subgoa ls 
where no s imp le o r d e r i n g o f the a c t i o n s t h a t 
ach ieve each subgoal i ndependen t l y w i l l ach ieve 
the o v e r a l l g o a l . A n example o f t h i s a r i s e s 
i n the problem o f exchang ing the c o n t e n t s o f two 
r e g i s t e r s . 

The most s e r i o u s d e f i c i e n c y i n t h e c u r r e n t 
system i s i t s l a c k o f awareness about the a u x i l 
i a r y computa t ions s p e c i f i e d I n the p r o c e d u r a l 
semant ics ( the SOUP code) of a t ask domain . The 
p r o c e d u r a l ne t r e p r e s e n t a t i o n l e t s the system be 
aware o f the goa l s and subgoa ls t h a t the p l anne r 
has dec ided t o t a c k l e , bu t i t does n o t p r e s e r v e 
any i n f o r m a t i o n about the computa t ion t h a t r e 
s u l t e d i n those d e c i s i o n s . I n some cases , a r e 
o r d e r i n g o f subgoals might a l t e r the s t a t e i n 
which one of these computa t ions would be c a r r i e d 
o u t . Then the computa t ion migh t produce d i f f e r e n t 
r e s u l t s . 

Space does not pe rm i t adequate d i s c u s s i o n of 
these issues h e r e . The I n t e r e s t e d reader w i l l 
f i n d i t e lsewhere ( 7 ) . I t i s w o r t h n o t i n g , how
e v e r , t h a t the system as I t now s tands has been 
used s u c c e s s f u l l y f o r SR I ' s Computer Based 
C o n s u l t a n t , where i t c r e a t e s f o r the casua l 
obse rve r a s u r p r i s i n g sense o f r i c h n e s s . Th i s 
suggests no t t h a t NOAH is ve ry s o p h i s t i c a t e d , 
but t h a t the mechanisms of i n t e l l i g e n c e may not 
be as complex as we t h i n k . 
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