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ABSTRACT 
T h i s paper e x p l o r e s some t h e o r e t i c a l i s s u e s o f 

r o b o t sys tem p l a n n i n g f rom t h e p e r s p e c t i v e o f 
p r o p o s i t i o n a l dynamic l o g i c . A g e n e r a l i z e d n o t i o n 
o f " p r o g r e s s i o n " and " r e g r e s s i o n " o f c o n d i t i o n s 
t h r o u g h a c t i o n s I s d e v e l o p e d . T h i s l eads t o a 
b i d i r e c t i o n a l s i n g l e - l e v e l p l a n n i n g a l g o r i t h m t h a t 
I s e a s i l y ex tended t o h i e r a r c h i c a l p l a n n i n g . 
M u l t i p l e p r e - / p o s t c o n d i t i o n p a i r s , complex ( e . g . , 
c o n j u n c t i v e , d i s j u n c t i v e ) g o a l s , g o a l s o f 
ma in tenance and p r e v e n t i o n , and p l a n s w i t h t e s t s 
a r e a l l hand led i n a n a t u r a l way . The l o g i c a l 
f r amwork I s used t o c l a r i f y gaps i n e x i s t i n g 
" n o n l i n e a r " and " h i e r a c h i c a l " p l a n n i n g s t r a t e g i e s . 

I INTRODUCTION 

A l t h o u g h t h e c o n n e c t i o n between t h e 
a r t i f i c i a l - I n t e l l i g e n c e ( A I ) p l a n n i n - o b l e m and 
au tomated p rogram s y n t h e s i s i s w i d e l y edged , 
r e l a t i v e l y l i t t l e p l a n n i n g researc made 
e x p l i c i t use of concep t s f rom t \ c of 
p r o g r a m s . Such l o g i c , however , o f f e r s . e t l c a l 
i n s i g h t i n t o v a r i o u s I ssues i n A I p l a n n i uch a s 
compound g o a l s and l e v e l s o f r a c t l o n 

[ 1 1 , 12, 14, 4 ] . Many o f these i s s u e . r i s e i n 
t h e i r p u r e s t f o r m i n domains d e s c r l b a e i n t he 
p r o p o s i t i o n a l c a l c u l u s ( e . g . s i m p l e b l o c k s w o r l d s ) , 
a s e v i d e n c e d b y t h e l i t e r a t u r e o n the s u b j e c t 

[ 1 3 , 1 1 , 1 5 ] . Thus , f o r c l a r i t y and c o n t i n u i t y , w e 
choose t h e p r o p o s i t i o n a l s e t t i n g t o d e v e l o p a 
u n i f i e d , a b s t r a c t t r e a t m e n t o f t hese issues u s i n g 
p r o p o s i t i o n a l dynamic l o g i c (PDL) as our p r i m a r y 
l o g i c a l t o o l [ 7 , 5 , 8 , 9 , 3 J . 

PDL i s a d e c l d a b l e modal p r o p o s i t i o n a l l o g i c 
f o r r e a s o n i n g abou t b i n a r y s t a t e r e l a t i o n s i nduced 
by p r o g r a m s . I n t h e o r y , t h e e x i s t e n c e o f such a 
l o g i c p r o v i d e s a n immedia te " s o l u t i o n " t o t h e 
p r o p o s i t i o n a l p l a n n i n g p r o b l e m : One c o u l d 
s y s t e m a t i c a l l y s u b s t i t u t e a l l p o s s i b l e p l a n s i n t o a 
schema ( t h e s p e c i f i c a t i o n ) t h a t a s s e r t s t h e d e s i r e d 
p r o p e r t y o f t h e p l a n . The r e s u l t i n g e x p r e s s i o n s 
c o u l d b e t e s t e d f o r v a l i d i t y t o f i l t e r ou t 
n o n - s o l u t i o n s . U n f o r t u n a t e l y , t h i s f a c t i s o f 
l i t t l e p r a c t i c a l consequence , a s such a p r o c e d u r e 
i s c e r t a i n t o b e g r o s s l y i n e f f i c i e n t . The approach 
d e v e l o p e d h e r e imposes a d d i t i o n a l s t r u c t u r e b y ( 1 ) 
c o n s i d e r i n g a c l a s s o f p rob lems t h a t r e q u i r e , i n 
e f f e c t , o n l y nonmodal r e a s o n i n g , and b y ( 2 ) u s i n g 

The r e s e a r c h d e s c r i b e d I n t h i s paper was s u p p o r t e d 
by t h e O f f i c e o f Nava l Research under C o n t r a c t 
Number N00014-80-C-0296 . 

s u i t a b l e " p r o g r e s s i o n " and " r e g r e s s i o n " o p e r a t o r s 
t o s t r u c t u r e t h e s e a r c h f o r a s o l u t i o n and a l l o w 
e a r l y p r u n i n g o f h o p e l e s s p a t h s . 

S u r p r i s i n g l y , even o u r r e s t r i c t e d f o r m u l a t i o n 
c o v e r s a more g e n e r a l c l a s s o f p rob lems t h a n a r e 
h a n d l e d by most comparab le A I p l a n n i n g me thods . 
Fo r I n s t a n c e , w e a l l o w g o a l s t o b e a r b i t r a r y w f f s , 
s o t h a t d i s j u n c t i v e g o a l s ( c i t e d a s a n u n s o l v e d 
p r o b l e m b y S a c e r d o t i [ 1 2 ] ) r e q u i r e n o s p e c i a l 
t r e a t m e n t a t a l l . The approach p r o v i d e s a 
t h e o r e t i c a l b a s i s f o r h i e r a r c h i c a l p l a n g e n e r a t i o n 
t h a t t i e s i n d i r e c t l y w i t h c u r r e n t I d eas o n 
h i e r a r c h i c a l p rogram deve lopment ( see S e c t i o n I I I 
C . ) I n a d d i t i o n , t h e use o f program l o g i c 
c o n s t i t u t e s a f o r m a l b a s i s f o r s p e c i f y i n g and 
v e r i f y i n g t h e p l a n - g e n e r a t i n g sys tem I t s e l f . 

A l t h o u g h ou r work can be g e n e r a l i z e d a l o n g 
s e v e r a l d imens ions ( p r o p o s i t i o n a l ax iom schema ta , 
p l a n s w i t h l o o p s , q u a n t i f i e d p r e - / p o 8 t c o n d l t l o n s , 
e t c . ) , t h e s e a r e beyond t h e scope o f t h e c u r r e n t 
p a p e r , w h i c h f ocuses i ns tead o n t h e e s s e n t i a l 
s t r u c t u r e o f t he a p p r o a c h . A t t he same t i m e , i t 
s h o u l d be no ted t h a t t h e use o f ax iom schemata 
seems to be a m i n i m a l r e q u i r e m e n t f o r p r a c t i c a l 
a p p l i c a t i o n . T h i s paper s h o u l d be r ega rded as a 
f o u n d a t i o n a l s t u d y aimed a t deepen ing ou r 
u n d e r s t a n d i n g o f p l a n n i n g ; a s e p a r a t e paper w i l l 
d i s c u s s p rob lems o f i m p l e m e n t a t i o n [ 1 0 ] . 

I I PRELIMINARIES 

T h i s s e c t i o n c o n t a i n s a b r i e f p r e s e n t a t i o n o f 
t h e b a s i c concep t s o f a l o o p - f r e e f r a g m e n t o f 
p r o p o s i t i o n a l dynamic l o g i c ( P D L ) . The I n t e r e s t e d 
r e a d e r I s r e f e r r e d t o [ 7 , 5 , 3 ] f o r a more 
comprehens ive t r e a t m e n t o f dynamic l o g i c . A l t h o u g h 
dynamic l o g i c i s o r d i n a r i l y used t o r eason abou t 
p r o g r a m s , i t i s e q u a l l y a p p r o p r i a t e f o r r e a s o n i n g 
a b o u t p l a n s ( i n the A I s e n s e ) ; t h u s , i n t h i s pape r 
t h e te rms program and p l a n a r e used 
i n t e r c h a n g e a b l y . 

A . Syn tax 

Let (? and Q. denote two symbol se t s : atomic 
propos i t ions and atomic a c t i o n s , r espec t i ve l y . 
Define wf fs Pf * and programs A ^ ^ simultaneously 
( de l e t i ng subscr ip ts f o r convenience): 

1. <?SP 
2. a * A 
3. If p,q€ P, then -*p, p V q € P 
4. If pfc P and *£ A, then <*>p£ P 
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l e f t - h a n d s i d e (F A E ) t h e second d i s j u n c t . These 
two cases exhaus t t h e p o s s i b i l i t i e s f o r g e t t i n g 
( C V D ) . 

The r e a s o n t h e f o r m u l a s p /a and a \ q d e f i n e d i n 
t h i s way a r e no t e x a c t l y e q u i v a l e n t t o t h e 
s t r o n g e s t p o s t c o n d i t i o n and t h e weakest 
p r e c o n d i t i o n l i e s I n t h e n a t u r e o f ou r a t o m i c 
a c t i o n s . B r i e f l y s t a t e d , I n t h e c o n t e x t o f 
p rogramming languages one t y p i c a l l y b e g i n s w i t h 
p r i m i t i v e s whose seman t i cs a r e f u l l y c h a r a c t e r i z e d 
and f o c u s e s o n c h a r a c t e r i z i n g t h e d e r i v e d 
o p e r a t i o n s ( s e q u e n c i n g , e t c . ) [ 1 ] . For e x a m p l e , 
t h e weakest p r e c o n d i t i o n f o r t h e ass ignment 
p r i m i t i v e i s g i v e n b y t h e e q u a t i o n : w p ( " x : = E " , 
P ( x ) ) - P ( E ) , w h i c h a s s e r t s t h a t t h e weakest 
p r e c o n d i t i o n f o r c o n d i t i o n P and a c t i o n " x g e t s E " 
i s p r e c i s e l y P w i t h E s u b s t i t u t e d f o r x . 

I n our c a s e , howeve r , t h e p r i m i t i v e a c t i o n s 
a r e s p e c i f i e d o n l y b y axioms s t a t i n g one-way 
i m p l i c a t i o n s . T h u s , u n l e s s we make a s s u m p t i o n s o f 
a " n o n - m o n o t o n l c " n a t u r e , we wou ld g e n e r a l l y be 
a b l e t o c o n s i s t e n t l y add axioms t h a t "weaken1* t h e 
p r e c o n d i t i o n o r " s t r e n g t h e n " t h e p o s t c o n d i t i o n o f 
a n a c t i o n . S ince " p r o v a b l y w e a k e s t " i s 
u n a t t a i n a b l e , we make do w i t h "weakes t p r o v a b l e . " 
T h i s does n o t a f f e c t t h e comp le teness o f t h e s e a r c h 
a l g o r i t h m , s i n c e w e a r e l o o k i n g o n l y f o r programs 
t h a t p r o v a b l y s a t i s f y t h e s p e c i f i c a t i o n s . 

C . H i e r a r c h i c a l P l a n n i n g 

The key o b s e r v a t i o n to be made in e x t e n d i n g 
t h e s i n g l e - l e v e l a l g o r i t h m t o m u l t i l e v e l , 
h i e r a r c h i c a l p l a n n i n g i s t h a t a n a t o m i c a c t i o n a t 
l e v e l k I s a p l a n t o b e s o l v e d f o r a t l e v e l k + 1 . 
T h i s p o i n t o f v iew i s p o s s i b l e because o f the way 
t h e p l a n n i n g p rob lem was f o r m a l i z e d . S p e c i f i c a l l y , 
an a t o m i c a c t i o n i s d e s c r i b e d by a s e t o f dynamic 
ax ioms i n Q . L i k e w i s e , t h e d e s i r e d program i s 
d e s c r i b e d by a s e t o f dynamic axioms in R. S ince 
t h e same f o r m a l o b j e c t s — n a m e l y , s e t s o f dynamic 
a x i o m s — a r e I n v o l v e d i n b o t h c a s e s , i t i s n a t u r a l 
t o assume a s p r i m i t i v e some a c t i o n w i t h g i v e n 
p r o p e r t i e s a t l e v e l k and t h e n to s o l v e f o r a 
p rogram h a v i n g those p r o p e r t i e s a t l e v e l k + 1 . 

O b v i o u s l y , f o r any node k , o n l y t h e s u c c e s s o r 
nodes c o r r e s p o n d i n g t o a c t i o n s a c t u a l l y used i n k ' s 
s o l u t i o n need be s o l v e d . F u r t h e r m o r e , f i n d i n g a 

s o l u t i o n f o r each o f t h e s e nodes g u a r a n t e e s t h a t w e 
have a n o v e r a l l s o l u t i o n . 

A s w i t h o t h e r h i e r a r c h i c p l a n n e r s , t h e ma in 
b e n e f i t o f l e v e l s I n o u r approach i s h e u r i s t i c : 
The s e l e c t i o n o f I n t e r m e d i a t e v o c a b u l a r i e s and 
domain ax ioms c o n s t i t u t e s a c h o i c e o f " p l a n n i n g 
i s l a n d s . " Any a l g o r i t h m t h a t t r i e s t o s o l v e a 
p r o b l e m b y s o l v i n g t h e nodes i n t he h i e r a r c h y i s , 
i n e s s e n c e , s e a r c h i n g f o r a p l a n c o n s t r a i n e d t o g o 
t h r o u g h t h e s t a t e s d e f i n e d b y t h e domain 
c o n s t r a i n t s o f t h e i n t e r m e d i a t e a c t i o n s . The m a i n 
b e n e f i t o f l o g i c he re i s t o d e f i n e a r e a s o n a b l e 
r e l a t i o n between t h e l e v e l s , namely t h e r e l a t i o n : 
" c o r r e c t l y Imp lements • ' * 

Fo r a f i x e d d e t e r m i n a t i o n o f l e v e l s and a 
s m a l l number o f a c t i o n s i t w o u l d b e p o s s i b l e t o 
p recompute s o l u t i o n s t o t h e s u b p r o b l e m s , i n w h i c h 
c a s e , a f t e r s o l v i n g t h e p rob lem a t t h e t o p l e v e l , 
t h e sys tem wou ld a c t more l i k e a c o m p i l e r t h a n a 
p r o b l e m s o l v e r . I n dynamic s i t u a t i o n s i n w h i c h t h e 
l o w e r - l e v e l a c t i o n s ( i n e f f e c t , t h e " t o o l s " f o r 
s o l v i n g t h e p r o b l e m ) a r e c h a n g i n g o r when few 
a c t i o n s a r e e v e r a c t u a l l y u s e d , i t seems more 
n a t u r a l t o s o l v e subprob lems a s t h e y a r i s e . 

IV DISCUSSION 

A # M o d e l i n g A c t i o n s : The Legacy o f STRIPS 

Much o f t h e r e s e a r c h i n t o t h e c o n t r o l o f 
p l a n n i n g has been c a r r i e d o u t i n the STRIPS 
p a r a d i g m ( 2 , 6 J . I n t h i s a p p r o a c h , a c t i o n s a r e 
r e g a r d e d n o t a s mappings f r om s t a t e s t o s t a t e s , b u t 
r a t h e r a s s y n t a c t i c t r a n s f o r m a t i o n s o f s t a t e 
d e s c r i p t i o n s t o o t h e r s t a t e d e s c r i p t i o n s , where 
s t a t e d e s c r i p t i o n s a r e l o g i c a l f o r m u l a s . One 
consequence I s t h e o f t - c i t e d advan tage o f n o t 
h a v i n g t o m e n t i o n t he v a r i o u s " f r a m e c o n d i t i o n s , " 
i . e . , t h e p r o p e r t i e s t h a t a r e i n v a r i a n t unde r a n 
a c t i o n . U n f o r t u n a t e l y , t h e need f o r o p e r a t o r s t o 
b e s e n s i t i v e t o t h e s y n t a x o f s t a t e d e s c r i p t i o n s 
l e d r e s e a r c h e r s t o c o n s i d e r o n l y v e r y s i m p l e s t a t e 
d e s c r i p t i o n s ( e . g . s e t s o f a t o m i c p r o p o s i t i o n s ) and 
v e r y s i m p l e t r a n s f o r m a t i o n s ( e . g . , a d d l i s t s and 
d e l e t e l i s t s ) . 

These p o s s i b i l i t i e s n o t w i t h s t a n d i n g , many 

However , t h e s e i n v a r i a n t s need n o t be as l a r g e 
a n o b s t a c l e t o p r a c t i c a l i m p l e m e n t a t i o n a s i s 
commonly supposed ( s e e [ 1 0 ] ) . 
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planning systems do make the assumption that the 
t r u t h of a g iven atomic p ropos i t i on In the s ta te 
r e s u l t i n g from apply ing a sequence of operators is 
a determinate, ca lcu lab le t h i n g . Techniques that 
r e l y c r i t i c a l l y on these assumptions are sometimes 
d i f f i c u l t to adapt to less cons t ra in ing 
assumptions. We o f f e r two i l l u s t r a t i o n s from NOAH 

[ 1 1 ] . 

B. Nonl inear Planning: 
Orders and Shuf f les 

Problems w i t h P a r t i a l 

The basic idea behind nonl inear p lanning is 
the f o l l o w i n g . To solve a con junct ive goal Gl & 
G2, f i n d a sequence SI = a ; b ; . . . ; c that achieves Gl 
and another sequence S2 • d ; e ; . . . ; f t ha t achieves 
G2. Represent the o v e r a l l p lan as a network of 
p a r t i a l l y ordered act ions w i t h SI and S2 as 
p a r a l l e l branches* Now use the " r e s o l v e - c o n f l i c t s 
c r i t i c " to detect in te r fe rence between the plans 
and impose a d d i t i o n a l order ing cons t ra in t s upon the 
ac t ions to e l im ina te the i n t e r f e r e n c e . The network 
encodes the subset of the possib le shu f f l es of S1 
w i t h S2 tha t are bel ieved to achieve the o v e r a l l 
goal Gl & G2. 

For the resolve c o n f l i c t s c r i t i c t o f i l t e r 
i n te r fe rence c o r r e c t l y , i t must know what is t rue 
at each node of the network. Un fo r tuna te ly , f o r 
nodes that occur a f t e r j o i n s , what is t rue depends 
c r i t i c a l l y on the u l t ima te l i n e a r i z a t i o n of the 
p a r a l l e l branches. In the general case, the best 
that can be done is to represent the d i s j u n c t i o n of 
the st rongest oostcondi t ions of the a l t e r n a t i v e 
l i n e a r i z a t i o n s . This requi res consider ing the 
a l t e r n a t i v e s , of which there are ("Jj11)* where m and 
n represent the lengths of the ac t i on sequences In 
the two p a r a l l e l branches. Since I t is easy to 
imagine cases in which r e s o l v e - c o n f l i c t s c r i t i c i s m 
would be an expensive ope ra t i on , the b e l i e f that 
us ing a nonl inear s t ra tegy is computat ional ly 
e f f i c i e n t seems to be grounded in the emp i r i ca l 
hypothesis that operators encountered in p rac t i ce 
w i l l permit easy de tec t ion o f c o n f l i c t s . 

C. H ie ra rch i ca l Planning: Problems w i th 
Heur i s t i c Decompositions 

The j u s t i f i c a t i o n f o r p a r t i a l order ings i n 
NOAH is l i nked w i t h a des i re not to commit the 
system prematurely to a p a r t i c u l a r l i nea r order of 
ac t ions which, though seemingly co r rec t at one 
l e v e l , may expand i n to incor rec t plans at lower 
l e v e l s . This p o s s i b i l i t y can a r i s e , o f course, 
only i f the r e l a t i o n between leve ls ( "Plan A 
achieves the same e f f e c t as Act ion a") is not 
exact . However, such Inexactness undermines the 
o r i g i n a l r a t i ona le fo r h i e r a r c h i c a l p lann ing— 
namely, reducing complexity by means of 
f a c t o r i z a t i o n — s i n c e i t destroys compos l t l ona l l t y 
and requires that we check complex l ower - l eve l 
plans f o r "unexpected" g loba l i n t e r a c t i o n s . Here 
t o o , an emp i r i ca l hypothesis is presumably invoked, 
namely, tha t by some su i tab le metr ic the p lan comes 

" c l ose " t o implementing the abs t rac t a c t i o n . ( I t 
is not Immediately obvious, though, what metr ic 
could be meaningful f o r the space in ques t ion . ) 

D. Some Benef i ts of Bigresslon 

Some of the benef i t s of regression were f i r s t 
discussed by Waldinger [15] and appreciated by 
Warren [ 1 6 ] . These bene f i t s accrue dua l l y by 
Inc lud ing progress ion, which completes the l o g i c a l 
symmetry and al lows b i d i r e c t i o n a l search. As we 
have described them, the progression and regression 
operat ions handle a r b i t r a r y Boolean formulas, thus 
so l v ing con junct ive and d i s j u n c t i v e goals as 
p a r t i c u l a r app l i ca t ions of a more general s t r a t egy . 
Goals of maintenance and prevent ion can be 
incorporated i n t o the a lgor i thm as w e l l by 
expressing as (nonmodal) wf fs the cond i t i on to be 
maintained (m) and the cond i t i on to be prevented 
( v ) . Since the planning a lgor i thm ac tua l l y 
develops a desc r i p t i ve wff (d) f o r each s ta te 
reachable dur ing plan execut ion, i t i s 
s t ra igh t fo rward to add a check to the procedures 
LiveForward, LiveBackward, and NonTrlv e l im ina t i ng 
paths through states where Q t » d : > - i m V v • 
This simple approach w i l l work in s i t u a t i o n s in 
which no dynamic replanning is a n t i c i p a t e d ; goals 
of maintenance and prevent ion i nvo l v i ng execut ion 
mon i to r i ng , feedback, and replanning requi re more 
complex s t r a t e g i e s . Further research should be 
d i rec ted at these problems as we l l as at e f f i c i e n c y 
issues , espec ia l l y c l a r i f i c a t i o n of the ro le of 
h e u r i s t i c s and the compi la t ion of deduct ive 
processes. 
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