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Abstra
t. While there seems to be a general 
onsensus about the ex-

pressive power of a number of language features in planning formalisms,

one 
an �nd many di�erent statements about the expressive power of dis-

jun
tive pre
onditions. Using the \
ompilability framework," we show

that pre
onditions in 
onjun
tive normal form add to the expressive

power of propositional strips, whi
h 
on�rms a 
onje
ture by B�a
kstr�om.

Further, we show that pre
onditions in 
onjun
tive normal form do not

add any expressive power on
e we have 
onditional e�e
ts.

1 Introdu
tion

There seems to be a general 
onsensus about the expressive power of a number of

language features in planning formalisms. For example, everybody seems to agree

that adding negative pre
onditions does not add very mu
h to the expressive

power of basi
 strips, while 
onditional e�e
ts are 
onsidered as a signi�
ant

in
rease in expressive power [1,5,6,10℄.

For disjun
tive pre
onditions, however, the pi
ture is mu
h less 
lear. One


an �nd many di�erent statements about the expressive power of disjun
tive

pre
onditions. For instan
e, Anderson et al. [1℄ write that \disjun
tive pre
on-

ditions . . . are . . . essential prerequisites for handling 
onditional e�e
ts." This

statement 
ould be understood as stating that implementing disjun
tive pre
on-

ditions would make it easier to handle 
onditional e�e
ts. However, it also 
ould

be read as stating that on
e we are able to handle 
onditional e�e
ts, disjun
tive

pre
onditions 
ome for free. B�a
kstr�om [2℄ 
onje
tures that \disjun
tive pre
on-

ditions most likely in
rease the expressive power [of strips℄." Kambhampati et

al. [6℄ and Gazen and Knoblo
k [5℄, �nally, believe that disjun
tive pre
onditions

are easy to add to basi
 strips.

On top of these di�erent 
onje
tures there is no 
onsensus on what the term

disjun
tive pre
ondition means. B�a
kstr�om [2℄ interprets it as pre
onditions in


onjun
tive normal form (CNF), Gazen and Knoblo
k [5℄ interpret it as pre-


onditions in disjun
tive normal form (DNF), and Anderson et al. [1℄ interpret

it as general Boolean pre
onditions. This means that instead of asking for the



expressive power of disjun
tive pre
onditions (relative to basi
 strips or strips

with 
onditional e�e
ts), we should ask for the expressive power of CNF-, DNF-,

and general Boolean pre
onditions.

In order to address this problem we use the 
ompilability framework [11,12℄,

whi
h is inspired by B�a
kstr�om's [2℄ approa
h to assess the expressive power of

planning formalisms, by the work of Gazen and Knoblo
k [5℄, and by the knowl-

edge 
ompilation framework [4℄. The main idea behind this approa
h is that

a language feature does not in
rease the expressiveness if planning operators


ontaining this language feature 
an be translated into operators that do not


ontain this feature without blowing up the operator des
ription too mu
h and

without enlarging the resulting plans too mu
h. It di�ers from B�a
kstr�om's [2℄

ESP-redu
tions in that we only 
onsider stru
tured transformations that trans-

late the initial state, goal spe
i�
ation, and operators in isolation, in that we

allow for arbitrary 
omputational power in the transformation, and in that we

do not require that translated plans have exa
tly the same length.
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Using this approa
h, we show that B�a
kstr�om's 
onje
ture that CNF pre
on-

ditions are more expressive than basi
 strips is indeed 
orre
t. We also prove

that CNF pre
onditions do not add to the expressive power if we have already


onditional e�e
ts { proving a weak version of Anderson's et al. [1℄ 
onje
ture.

However, general boolean formulae as pre
onditions are in
omparable to 
ondi-

tional e�e
ts as follows from earlier results [11℄.

Although these results are purely theoreti
al, they also have some signi�
an
e

for designing planning algorithms. Provided we 
an prove that a language feature


an be \
ompiled away" easily, i.e., that it 
an be regarded as \synta
ti
 sugar,"

a planning algorithm for the original language 
an be easily extended to deal

with the new feature. Conversely, if we 
an prove that a language feature 
annot

be 
ompiled away, we most probably will have signi�
ant problems when we

want to extend the planning algorithm for the original language to deal with the

new language feature.

The rest of the paper is stru
tured as follows. The next se
tion introdu
es

general terminology and de�nitions. In Se
tion 3, we introdu
e the notion of


ompilability between planning formalisms. Using this framework, we analyze

the relationship between strips with disjun
tive pre
onditions and basi
 strips

in Se
tion 4. We show that DNF pre
onditions 
an be 
ompiled away and that

B�a
kstr�om's [2℄ 
onje
ture holds in the 
ompilability framework. In Se
tion 5

we show that CNF pre
onditions 
an be 
ompiled away if we have 
onditional

e�e
ts. Finally, in Se
tion 6 we summarize and dis
uss the results.

2 Propositional Planning Formalisms with Disjun
tive

Pre
onditions and Conditional E�e
ts

Let � be a �nite set of propositional atoms and

b

� be the set 
onsisting of

the 
onstants > (denoting truth) and ? (denoting falsity) as well as atoms and

1

For the rationales behind these requirements see [11℄.



negated atoms, i.e., the literals, over �. The set of all Boolean formulae

over � is denoted by B

�

. The set of formulae in 
onjun
tive normal form

(CNF) over � is denoted by C

�

and the set of formulae in disjun
tive

normal form (DNF) over � by D

�

. Finally, by L

�

we refer to the set of

formulae that are 
onjun
tions of literals over �, and the set of formulae

that are 
onjun
tions of atoms is denoted by A

�

. In general, we will use

the symbol L

�

to refer to a possibly restri
ted language over �.

Given a set of literals L �

b

�, by pos(L) we refer to the positive literals in L,

by neg(L) we refer to the negative literals in L, and :L denotes the element-

wise negation of the literals in L. Operators are pairs o = hpre; posti. We use

the notation pre(o) and post(o) to refer to the �rst and se
ond part of an operator

o, respe
tively. The pre
ondition pre is an element of L

�

. The set post, the

set of post
onditions, 
onsists of 
onditional e�e
ts ea
h having the form

') L, where ' 2 L

�

is 
alled e�e
t 
ondition and the elements of L �

b

� are


alled e�e
ts. If all post
onditions of an operator have the form > ) L, then

we say that the operator is un
onditional and we write the post
onditions as

a set of literals 
ontaining all e�e
ts.

A state S is a truth-assignment for the atoms in �, whi
h is represented

by the set of atoms that are true in this state. By ? we represent the illegal

state. Given a state S and an operator o, we de�ne the a
tive e�e
ts A(S; o)

as follows:

A(S; o) =

[

fL j (') L) 2 post(o); S j= 'g:

Using this fun
tion, the result of exe
uting operator o in state S 
an be spe
i�ed

as:

R(S; o) =

8

>

>

<

>

>

:

S � neg(A(S; o)) [ pos(A(S; o)) if S 6= ? and

S j= pre(o) and

A(S; o) 6j= ?;

? otherwise

A planning instan
e is now a tuple � = h�; I;Gi, where

{ � = h�;Oi is the domain stru
ture 
onsisting of a �nite set of proposi-

tional atoms � and a �nite set of operators O,

{ I � � is the initial state, and

{ G �

b

� is the goal spe
i�
ation.

When we talk about the size of an instan
e, symboli
ally jj�jj, in the follow-

ing, we mean the size of a (reasonable) en
oding of the instan
e.

Let � be a �nite sequen
e of operators from O, whi
h is 
alled plan. Then

jj�jj denotes the size of the plan, i.e., the number of operators in �. We say

that � is a 
-step plan if jj�jj � 
. The result of applying � to a state S is

re
ursively de�ned as follows:

Res(S; hi) = S;

Res(S; ho

1

; o

2

; : : : ; o

n

i) = Res(R(S; o

1

); ho

2

; : : : ; o

n

i):

A sequen
e of operators � is said to be a plan for � or a solution of � i�



1. Res(I;�) 6= ? and

2. Res(I;�) j=G.

The most general planning language we 
onsider in this paper is strips

C;B

,

whi
h permits 
onditional e�e
ts and general Boolean formulae in pre
onditions

and e�e
t 
onditions. Without the index C, we refer to planning languages with-

out 
onditional e�e
ts, i.e., all 
onditional e�e
ts have the form > ) L. If we

have C, D or L instead of B, we refer to languages that permit only for CNF or

DNF formulae or 
onjun
tions of literals in pre
onditions and e�e
t 
onditions,

respe
tively. The language strips (without any index), �nally, is identi
al to ba-

si
 strips, i.e., it requires that all pre
onditions are 
onjun
tions of atoms and

all e�e
ts are un
onditional. In this paper, however, we assume that all formulae

may 
ontain literals, i.e., the least expressive language we 
onsider is strips

L

.

2

In Figure 1, the partial order indu
ed by the synta
ti
 restri
tions is shown. In

the sequel we say that X is a spe
ialization of Y, written X v Y, i� X is

identi
al to Y or below Y in the Hasse diagram depi
ting the partial order.

strips

C;L

strips

C

strips

D

strips

L

strips

C;D

strips

C;C

strips

C;B

strips

B

Fig. 1. Partial order indu
ed by synta
ti
 restri
tions

While one would expe
t that planning in strips

L

is mu
h easier than plan-

ning in strips

C;B

, it turns out that this is not the 
ase, provided one takes a


omputational 
omplexity perspe
tive. The plan existen
e problem in all the for-

malisms we 
onsider is PSPACE-
omplete [11, Theorem 3℄. PSPACE-hardness of

plan existen
e in strips

L

follows from Bylander's [3℄ results. Membership is ev-

ident from the fa
t that exponentially many non-deterministi
 operator 
hoi
es

are enough for 
he
king plan existen
e, where the appli
ability of one strips

C;B

operator 
an be veri�ed using an NP-ora
le.

3 Compilation S
hemes

We will 
onsider a planning formalismX as expressive as another formalismY if

planning domains and plans formulated in formalismY are 
on
isely expressible

2

The reason for leaving out basi
 strips is that it has already been shown that

strips and strips

L

as well as strips

C

and strips

C;L

are equivalent with respe
t

to expressiveness [11, Theorem 6 and 9℄. Furthermore, ignoring the 
ase L

�

= A

�

simpli�es some of the proofs.



in X . We formalize this intuition by making use of what we 
all 
ompilation

s
hemes, whi
h are solution preserving mappings with polynomially sized results

from Y domain stru
tures to X domain stru
tures. While we restri
t the size of

the result of a 
ompilation s
heme, we do not require any bounds on the 
ompu-

tational resour
es for the 
ompilation. In fa
t, for measuring the expressibility, it

is irrelevant whether the mapping is polynomial-time 
omputable, exponential-

time 
omputable, or even non-re
ursive. If we want to use su
h 
ompilation

s
hemes in pra
ti
e, they should be reasonably eÆ
ient, of 
ourse. However, if we

want to prove that one formalism is not as least as expressive as another one, we

better prove that there is no 
ompilation s
heme regardless of how many 
ompu-

tational resour
es it might use. For this reason, B�a
kstr�om's [2℄ ESP-redu
tions


ould not be 
lassi�ed as 
ompilation s
hemes be
ause they are 
onstrained to

be 
omputable in polynomial time.

So far, 
ompilation s
hemes restri
t only the size of domain stru
tures. How-

ever, when measuring expressive power, the size of the generated plans should

also play a role. In B�a
kstr�om's ESP-redu
tions [2℄, the plan size must be iden-

ti
al. Similarly, the translation from strips

C;L

to strips proposed by Gazen

and Knoblo
k [5℄ guarantees that the plan length does not 
hange. When 
om-

paring the expressiveness of di�erent planning formalisms, we might, however,

be prepared to a

ept some growth of the plans in the target formalism. For

instan
e, we may a

ept an additional 
onstant number of operators, or we may

even be satis�ed if the plan in the target formalism is linearly or polynomially

larger. This leads to the s
hemati
 pi
ture of 
ompilation s
hemes as displayed

in Figure 2.

GI


ompi-

lation

Y

Planning

X

Planning

�

�

0

�

�

0

Fig. 2. The 
ompilation framework

Although Figure 2 gives a good pi
ture of the 
ompilation framework, it is

not 
ompletely a

urate. A 
ompilation s
heme may introdu
e some auxiliary

propositional atoms that are used to 
ontrol the exe
ution of newly introdu
ed

operators. These atoms should most likely have an initial value and may appear

in the goal spe
i�
ation of planning instan
es in the target formalism. We will

assume that the 
ompilation s
heme takes 
are of this and adds some literals to

the initial state and goal spe
i�
ations.



Additionally, some translations of the initial state and goal spe
i�
ations

may be ne
essary. If we want to 
ompile a formalism that permits for literals

in pre
onditions and goals to one that requires atoms, some trivial translations

are ne
essary. Similarly, if we want to 
ompile a formalism that permits us to

use partial states to a formalism that requires 
omplete state, a translation of

the initial state spe
i�
ation is ne
essary. However, sin
e we do not deal with

in
omplete state spe
i�
ations or planning formalisms that allow only atoms in

the pre
ondition, we 
an ignore this issue here.

A 
ompilation s
heme from X to Y is a tuple of fun
tions f = hf

�

; f

i

; f

g

i

that indu
es a fun
tion F from X -instan
es � = h�; I;Gi to Y-instan
es F (�)

as follows:

3

F (�) =




f

�

(�); I [ f

i

(�);G[ f

g

(�)

�

and satis�es the following 
onditions:

1. there exists a plan for � i� there exists a plan for F (�),

2. and the size of the results of f

�

; f

i

, and f

g

is polynomial in the size of the

arguments.

Although there are no resour
e bounds on f

�

; f

i

, and f

g

in the general


ase, we are also interested in eÆ
ient 
ompilation s
hemes. We say that f is a

polynomial-time 
ompilation s
heme if f

�

; f

i

, and f

g

are polynomial-time


omputable fun
tions.

In addition to that we measure the size of the 
orresponding plans in the

target formalism. If a 
ompilation s
heme f has the property that for every

plan � solving an instan
e �, there exists a plan �

0

solving F (�) su
h that

jj�

0

jj � jj�jj + k for some positive integer 
onstant k, f is a 
ompilation

s
heme preserving plan size exa
tly (modulo an additive 
onstant). If

jj�

0

jj � 
� jj�jj+ k for positive integer 
onstants 
 and k, then f is a 
ompila-

tion s
heme preserving plan size linearly, and if jj�

0

jj � p(jj�jj; jj�jj) for

some polynomial p, then f is a 
ompilation s
heme preserving plan size

polynomially. More generally, we say that a planning formalism X is 
om-

pilable to formalism Y (in poly. time, preserving plan size exa
tly, linearly, or

polynomially), if there exists a 
ompilation s
heme with the appropriate proper-

ties. We write X �

x

Y in 
ase X is 
ompilable to Y or X �

x

p

Y if the 
ompilation


an be done in polynomial time. The super-s
ript x 
an be 1, 
, or p depending on

whether the s
heme preserves plan size exa
tly, linearly, or polynomially, respe
-

tively. From a pra
ti
al point of view, one 
ould regard 
ompilability preserving

plan size exa
tly or linearly as an indi
ation that the planning formalism we use

as the target formalism is at least as expressive as the sour
e formalism. Con-

versely, if a super-linear blowup of the plans in the target formalism is required

by any 
ompilation s
heme, this is an indi
ation that the sour
e formalism is

more expressive than the target formalism.

3

We ignore the issue of state-translation fun
tions as introdu
ed in the de�nition of


ompilation s
hemes in an earlier paper [11,12℄ be
ause they are not needed in this

paper. It should be noted, however, that all results in this paper hold also for those

more general 
ompilation s
hemes.



As is easy to see, all the notions of 
ompilability introdu
ed above are re
exive

and transitive, i.e., 
ompilability indu
es a pre-order on planning formalisms.

Proposition 1. [11℄ The relations �

x

and �

x

p

are transitive and re
exive.

Furthermore, it is obvious that when moving upwards in the diagram dis-

played in Figure 1, there is always a polynomial-time 
ompilation s
heme pre-

serving plan size exa
tly. If �

i

denotes the proje
tion to the i-th argument and ;

the fun
tion that returns always the empty set, the generi
 
ompilation s
heme

for moving upwards in the partial order is f = h�

1

; ;; ;i.

Proposition 2. [11℄ If X v Y, then X �

1

p

Y.

Using (a slight generalization of) the 
ompilation framework des
ribed above,

it has been shown that all formalisms that we 
onsider in this paper 
an be


ompiled to ea
h other in polynomial time preserving plan size polynomially [11,

Corollary 24℄. However, if only linear growth of the plan in the target formalism

is permitted, then for most of the formalisms there does not exist a 
ompilation

s
heme. In parti
ular, we have the following two results.

Theorem 3. [11℄ strips

C;L

6�




strips

B

.

Theorem 4. [11℄ strips

B

6�




strips

C;L

.

These results seem to invalidate the 
onje
ture by Anderson et al. [1℄ that the

expressiveness of 
onditional e�e
ts and disjun
tive pre
onditions in the form of

general boolean formulae are related. However, as we will see below, restri
ting

the pre
onditions to be in CNF, a weak form of their 
onje
ture is provable in

the 
ompilation framework.

4 Disjun
tive Pre
onditions

Although the relative expressiveness of di�erent planning formalisms has been

extensively studied [11℄, synta
ti
ally restri
ted formulae su
h as CNF and DNF

formulae have not been 
onsidered yet.

It is folklore in the planning 
ommunity that DNF pre
onditions 
an be

regarded as synta
ti
 sugar. For ea
h operator o = h(


1

_ 


2

_ : : :_ 


k

); Li; where




i

2 L

�

and L �

b

�, one simply generates k new operators o

i

= h


i

; Li: This

translation is obviously a polynomial-time 
ompilation s
heme preserving plan

size exa
tly.

Proposition 5. strips

D

�

1

p

strips

L

.

For CNF pre
onditions the situation is mu
h less 
lear. As mentioned above,

B�a
kstr�om [2℄ 
onje
tured that CNF pre
onditions add to the expressiveness of

strips

L

, but he was not able to prove this 
onje
ture using his framework of



ESP-redu
tions. Using our 
ompilability framework for measuring expressive-

ness, we 
an, however, prove his 
onje
ture. In order to do so, we �rst introdu
e

a variation of the planning problem.

The �xed plan-size initial-state existen
e problem (
-fisex) is de�ned

as follows. Given a domain stru
ture � = h�;Oi, a goal G �

b

�, a state I � �,

and a subset of the atoms 
alled 
hoi
e set C � �, the question is whether there

exists a set C � C su
h that h�; I [ C;Gi 
an be solved by a plan with size 
,

where 
 is a positive 
onstant.

Although this problem appears to be slightly harder than the ordinary plan

existen
e problem, �xing the plan length to the positive 
onstant 
 makes the

problem easy, at least for the planning formalism strips

L

.

Theorem 6. strips

L

-
-fisex 
an be de
ided in polynomial time.

Proof. Given an strips

L

-
-fisex instan
e (�; I;G;C), the number of possible

operator sequen
es is O(jOj




), whi
h is polynomial in the instan
e size. For

ea
h su
h sequen
e, we 
an do a regression analysis starting with the goal G


omputing the weakest pre
ondition, whi
h is a set of literals. This 
an be done

in polynomial time. Finally, one 
an easily 
he
k in polynomial time, whether

there is a subset C � C that leads to an initial state I[C that entails the weakest

pre
ondition. This means, the problem 
an be solved in polynomial time for any

�xed 
.

If we allow for CNF pre
onditions, the problem be
omes harder. Even if the

plan length is restri
ted to one, 3sat 
an be obviously redu
ed to the 1-fisex

problem in strips

C

.

Proposition 7. strips

C

-1-fisex is NP-
omplete.

From that it follows immediately that there 
annot exist any polynomial-time


ompilation s
heme from strips

C

to strips

L

preserving plan size linearly|

provided P 6= NP.

4

We will show a stronger result, namely that there 
annot

exist any 
ompilation s
heme preserving plan size linearly by employing a proof

te
hnique �rst used by Kautz and Selman [8℄.

In order to prove this result, we need the notion of advi
e-taking Turing ma-


hines. These are ma
hines with an advi
e ora
le, whi
h is a (not ne
essarily

re
ursive) fun
tion a from positive integers to bit strings. On input I, the ma-


hine loads the bit string a(jjIjj) and then 
ontinues as usual. Note that the

ora
le derives its bit string only from the length of the input and not from the


ontents of the input. An advi
e is said to be a polynomial advi
e if the ora
le

string is polynomially bounded by the instan
e size. Further, if X is a 
omplexity


lass de�ned in terms of resour
e-bounded ma
hines, e.g., P or NP, then X=poly

(also 
alled non-uniform X) is the 
lass of problems that 
an be de
ided on

ma
hines with the same resour
e bounds and polynomial advi
e.

4

Here the di�eren
e between B�a
kstr�om's [2℄ ESP-redu
tions and 
ompilation s
hemes

should be
ome obvious be
ause the former do not allow us to derive su
h a 
on
lusion.



Be
ause of the advi
e ora
le, the 
lass P/poly appears to be mu
h more

powerful than P. However, it seems unlikely that P/poly 
ontains all of NP.

In fa
t, one 
an prove that NP � P=poly implies 
ertain relationships between

uniform 
omplexity 
lasses that are believed to be very unlikely. In parti
ular,

Karp and Lipton [7℄ have shown that NP � P=poly implies that the polynomial

hierar
hy 
ollapses on the se
ond level,

5

whi
h is 
onsidered to be very unlikely.

Theorem 8. strips

C

6�




strips

L

, unless the polynomial hierar
hy 
ollapses.

Proof. As a �rst step, we 
onstru
t for ea
h n a strips

C

domain stru
ture �

n

and goal spe
i�
ation G

n

with size polynomial in n and the following properties.

Satis�ability of an arbitrary 3CNF formula '

n

of size n is equivalent to 1-step

plan existen
e for the strips

C

-1-fisex instan
e (�

n

;G

n

; I

'

n

;C

n

), where I

'

n


an be 
omputed in polynomial time from '

n

.

Given a set of n atoms, denoted by P

n

, we de�ne the set of 
lauses A

n

to

be the set 
ontaining all 
lauses with three literals that 
an be built using these

atoms. The size of A

n

is O(n

3

), i.e., polynomial in n. Let D

n

be new atoms p





orresponding one-to-one to the 
lauses 
 in A

n

. Finally, let s be a new atom

whi
h is not in P

n

[D

n

.

Now we 
onstru
t a strips

C

domain stru
ture �

n

= h�

n

;O

n

i goalG

n

, and

the 
hoi
e set C

n

as follows:

�

n

= P

n

[D

n

[ fsg;

O

n

= fo

n

g;

o

n

= h(

^


2A

n

(p




_ 
)); fsgi;

G

n

= fsg;

C

n

= P

n

:

Let 
l(') be the set of 
lauses appearing in '. Based on that we de�ne I

'

n

as

follows:

I

'

n

= fp




2D

n

j 
 62 
l('

n

)g:

Now it is easy to see that '

n

is satis�able i� for the strips

C

-1-fisex instan
e

(�

n

;G

n

; I

'

n

;C

n

) there exists a set of 
hoi
es C � C

n

su
h that the resulting

planning instan
e h�

n

; I

'

n

[ C;G

n

i is solved by a one-step plan.

Let us now assume that there exists a 
ompilation s
heme from strips

C

to

strips

L

preserving plan size linearly. Using this 
ompilation s
heme, we 
ompile

the strips

C

domain stru
ture �

n

into the strips

L

domain stru
ture �

0

n

=

h�

0

n

;O

0

n

i. Further, G

0

n

, I

0

'

n

, and C

0

n

are de�ned as follows:

G

0

n

= fsg [ f

g

(�

n

;O

n

);

I

0

'

n

= I

'

n

[ f

i

(�

n

;O

n

);

C

0

n

= C

n

:

5

In fa
t, there exist even stronger 
ollapse results [9℄.



Note that all these sets 
an be 
omputed in time polynomial in n, on
e we know

the values of f

g

(�

n

;O

n

) and f

i

(�

n

;O

n

).

From the 
onstru
tion, it follows that the following statements are equivalent:

1. '

n

is satis�able,

2. for the strips

C

-1-fisex instan
e (�

n

;G

n

; I

'

n

;C

n

), there exists a set of


hoi
es C � C

n

su
h that � = h�

n

;O

n

; I

'

n

[C;G

n

i has a one-step plan,

3. for the strips

L

-
-fisex instan
e (�

0

n

;G

0

n

; I

0

'

n

;C

0

n

), there exists a set of


hoi
es C

0

� C

0

n

su
h that �

0

= h�

0

n

;O

0

n

; I

0

'

n

[ C

0

;G

0

n

i has a 
-step plan,

One 
an now 
onstru
t an advi
e-taking Turing ma
hine that on input of a

formula '

n

of size n loads the polynomial advi
e h�

0

n

; f

g

(�

n

;O

n

); f

i

(�

n

;O

n

)i

and then de
ides strips

L

-
-fisex for the instan
e (�

0

n

;G

0

n

; I

0

'

n

;C

0

n

), whi
h by

Theorem 6 
an be done in polynomial time. Sin
e the problem 3sat, whi
h is

solved by this deterministi
, advi
e-taking ma
hine in polynomial time is NP-


omplete, we 
on
lude that NP � P=poly. This implies by Karp and Lipton's [7℄

result that the polynomial hierar
hy 
ollapses on the se
ond level, whi
h proves

the 
laim.

The result above implies that adding CNF pre
onditions to strips

L

adds

to the expressiveness. However, it is not immediately obvious whether a further

generalization from CNF formulae to arbitrary boolean formulae would add an-

other level of expressiveness. We will defer this question to the next se
tion.

5 Compiling Disjun
tive Pre
onditions into Conditional

E�e
ts

As mentioned in the Introdu
tion, sometimes the expressive power of 
onditional

e�e
ts and of disjun
tive pre
onditions are 
laimed to be related. In this se
tion,

we will analyze this 
laim using the 
ompilability framework.

As in the 
ase of un
onditional a
tions, it is 
ommonly agreed that DNF

formulae 
an be regarded as \synta
ti
 sugar." Any operator 
ontaining a DNF

pre
ondition with k disjun
ts 
an be split into k new operators 
ontaining only


onjun
tions of literals in the pre
ondition. Similarly, any 
onditional e�e
t with

a DNF e�e
t 
ondition 


1

_ : : :_ 


n

) L 
an be equivalently expressed by a set

of n 
onditional e�e
ts 


i

) L. Obviously, this transformation 
an be viewed as

a polynomial-time 
ompilation s
heme preserving plan size exa
tly.

Proposition 9. strips

C;D

�

1

p

strips

C;L

.

Interestingly, CNF pre
onditions and e�e
t 
onditions do not appear to add

to the expressive power on
e we have 
onditional e�e
ts|provided we a

ept

that two formalisms have the same expressive power, if they are 
ompilable to

ea
h other preserving plan size linearly. The main idea behind proving this is that

operators with 
onditional e�e
ts 
an be used to evaluate the truth of 
lauses.

Theorem 10. strips

C;C

�




p

strips

C;L

.



Proof. Assume that the operators of the strips

C;C

domain stru
ture � =

h�;Oi 
ontain n 
lauses 


1

; 


2

; : : : ; 


n

with 


i

= l

i1

_ : : : _ l

ik

i

in pre
ondi-

tions and e�e
t 
onditions. For ea
h 
lause 


i

, a new atom p




i

is introdu
ed,

and the set of these new atoms is denoted by � . Now, the operator eval, whi
h

will evaluate the truth values of all the 
lauses in a given state, 
an be de�ned

as follows:

eval = h>; fl

ij

) p




i

gi:

If all 
lauses 


i

in O are repla
ed by the new atoms p




i

|leading to the new set

b

O|the only remaining 
hanges that are ne
essary are that we enfor
e that the

eval operator is always exe
uted before an operator from

b

O is exe
uted and

that all operators from

b

O set all the atoms from � to false.

In order to enfor
e sequen
es of operators alternating between operators from

b

O and the eval-operator, one 
an introdu
e a new atom e that is added to the

initial state. In addition, we modify the eval operator and all operators bo 2

b

O

as follows:

eval

0

= he; post(eval) [ f> ) f:eggi

o

0

= h:e ^ pre(bo); post(bo) [ f>) fegg [ f> ) :�gi:

We 
an now spe
ify a 
ompilation s
heme from strips

C;C

to strips

C;L

as follows:

f

�

: h�;Oi 7! h� [ � [ feg; fo

0

jbo 2

b

Og [ feval

0

gi;

f

i

: h�;Oi 7! feg;

f

g

: h�;Oi 7! ;:

This is obviously a polynomial-time 
ompilation s
heme that leads to strips

C;L

plans that are twi
e as long as the original strips

C;C

plans.

This result appears to be relevant for pra
ti
al planning algorithms be
ause

it suggests how to extend planning algorithms for 
onditional operators to algo-

rithms for dealing with CNF pre
onditions and e�e
t 
onditions. However, one

may wonder whether we 
an improve on this result, 
oming up with a 
ompila-

tion s
heme preserving plan size exa
tly. Interestingly, there does not appear to

be an obvious way to do so. Further, it is 
ompletely un
lear how to prove that

su
h a 
ompilation s
heme is impossible.

Using the above result and Theorem 4, we 
an now easily give an answer to

the question posed in the end of the previous se
tion, namely, whether general

boolean pre
onditions are more expressive than CNF pre
onditions.

Theorem 11. strips

B

6�




strips

C

.

Proof.Assume for 
ontradi
tion that there is a 
ompilation s
heme from strips

B

to strips

C

preserving plan size linearly. Sin
e by Proposition 2 we have strips

C

�




strips

C;C

and by Theorem 10 we have strips

C;C

�




strips

C;L

, we 
an 
on-


lude strips

B

�




strips

C;L

using Proposition 1 twi
e. This, however, 
ontra-

di
ts Theorem 4.



This leaves us with the question whether general boolean pre
onditions and

e�e
t 
onditions are more expressive than CNF pre
onditions and e�e
t 
ondi-

tions. However, assuming that strips

C;B

�




strips

C;C

leads immediately to the


on
lusion that strips

C;B

�




strips

C;L

(using Theorem 10 and Proposition 1),

whi
h is impossible be
ause of Theorem 4.

Proposition 12. strips

C;B

6�




strips

C;C

.

6 Summary and Dis
ussion

Using the 
ompilability framework [11℄, we analyzed the expressive power of

disjun
tive pre
onditions and 
onditional e�e
ts. In general, our results provide

a 
omplete 
lassi�
ation of the relative expressiveness of strips-like languages

with restri
ted formulae and 
onditional e�e
ts { provided that literals are always

allowed and states are always 
omplete. Table 1 gives an overview of the results.

6

The \v" entries mark synta
ti
 spe
ialization relationships (see Figure 1). For

�

x

strips

L

strips

D

strips

C

strips

B

strips

C;L

strips

C;D

strips

C;C

strips

D

�

1

p

(5) = �

1

p

(5) v �

1

p

(5) v �

1

p

(5)

strips

C

6�




(8) 6�




(8,5) = v �




p

(10) �




p

(10) v

strips

B

6�




(11) 6�




(11,5) 6�




(11) = 6�




(4) 6�




(4,9) 6�




(4,10)

strips

C;L

6�




(3) 6�




(3) 6�




(3) 6�




(3) = v v

strips

C;D

6�




(3) 6�




(3) 6�




(3) 6�




(3) �

1

p

(9) = �

1

p

(9)

strips

C;C

6�




(3) 6�




(3) 6�




(3) 6�




(3) �




p

(10) �




p

(10) =

strips

C;B

6�




(3) 6�




(3) 6�




(3) 6�




(3) 6�




(4) 6�




(4,9) 6�




(12)

Table 1. Results

all other entries we give the strongest 
ompilation result or impossibility result.

The number indi
ates the theorem from whi
h the result has been derived. If

the number is in bold fa
e, it is just the statement of the theorem. Otherwise,

the result 
an be derived from the theorem and the appli
ation of Propositions 1

and 2.

Two parti
ular interesting results are

1. CNF pre
onditions add to the power of basi
 strips, 
on�rming an earlier


onje
ture by B�a
kstr�om [2℄;

2. CNF pre
onditions and CNF e�e
t 
onditions do not add anything to the

expressive power if we already have 
onditional e�e
ts, 
on�rming a weak

version of a 
onje
ture by Anderson et al. [1℄.

In parti
ular the latter result may have pra
ti
al value for the design of planning

algorithms. It suggests that when normalizing pre
onditions and e�e
t 
onditions

6

Note that we have left out the strips

L

row and the strips

C;B


olumn be
ause

strips

L

is a spe
ialization of all formalisms and all formalisms are spe
ializations of

strips

C;B

.



it is not ne
essary to 
onvert them to disjun
tive normal form, but 
onjun
tive

normal form is another option that 
an be easily dealt with. This option may

sometimes help to avoid ex
essive spa
e 
onsumption, provided the formulae are

already almost CNF.
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