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Abstract The notion of “expressive power” is often usedin the literatureon planning.
However, it is usually only usedin an informal way. In this paper, we will
formalizethis notion usingthe “compilability framework” andanalyzetheex-
pressive powerof somevariantsof ���������	� allowing for conditionaleffectsand
arbitraryBooleanformulaein preconditions.Oneinterestingconsequenceof this
analysisis that we areableto confirm a conjectureby Bäckstr̈om thatprecon-
ditionsin conjunctivenormalform addto theexpressivepowerof propositional���
������� . Further, we will show that ���������	� with conditionaleffectsis incompa-
rableto ���������	� with Booleanformulaeaspreconditions.Finally, we show that
preconditionsin conjunctivenormalform donotaddany expressivepoweronce
we have conditionaleffects.

Keywords: Actionplanning,����������� , conditionaleffects,Booleanpreconditions,expressive-
ness,computationalcomplexity

1. INTRODUCTION

The term expressivepower is often usedwhen planning formalismsare
compared.



For instance,Pednault(1989)statesthattheexpressivenessof the

formalismheproposedisbetween����������� (FikesandNilsson,1971)andthesit-
uationcalculus(McCarthyandHayes,1969),andmany peopleseemto believe
thatconditionaleffectsincreasetheexpressivenessof ����������� significantly(An-
dersonet al., 1998;Kambhampatiet al., 1997;Koehleret al., 1997). Further,
Andersonet al. (1998)seemto conjecturethat ����������� with conditionalef-
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fectsis expressively equivalentto ����������� with conditionaleffectsandBoolean
preconditions.

�
However, thereareonly few approachesthattry to addressthe

problemof capturingthis termformally.
Bäckstr̈om (1995)proposedto measuretheexpressivenessof planningfor-

malismsusing his ESP-reductions. Thesereductionsare, roughly speaking,
polynomialmany-onereductions

�
onplanninginstancesthatdonotchangethe

plan length. Usingthisnotion,heshowedthatall of thepropositionalvariants
of basic ����������� not containingconditionaleffectsor arbitrarylogical formu-
laecanbeconsideredasexpressively equivalent.Furthermore,heconjectured
that “disjunctive preconditionsmost likely increasethe expressive power [of����������� ].” � Bäckstr̈om’s approach,however, hastwo drawbacks.First, it does
notseemto beintuitiveto defineexpressivenessusingaresource-limitedmap-
ping. Second,it doesnot seemto bepossibleto provenegative results.

In order to addresstheseproblems,we will usethe compilability frame-
work (Nebel,1999a;Nebel,1998),which is inspiredby Bäckstr̈om’s (1995)
approach,by thework of GazenandKnoblock(1997)to compileconditional
effectsaway, andbytheknowledgecompilationframework (CadoliandDonini,
1997).Themainideabehindthisapproachis thata languagefeaturedoesnot
increasetheexpressivenessif planningoperatorscontainingthis languagefea-
ture canbe translatedinto operatorsthat do not containthis featurewithout
blowing uptheoperatordescriptiontoomuchandwithoutenlargingtheresult-
ing planstoomuch. It differsfrom Bäckstr̈om’s (1995)ESP-reductionsin that
weonlyconsiderstructuredtransformationsthatdonottranslatetheinitial state
or goalspecification,in thatweallow for arbitrarycomputationalpower in the
transformation,andin thatwedonot requirethattranslatedplanshave exactly
thesamelength.

Usingthisapproach,weshow thatBäckstr̈om’sconjecturethatpreconditions
in conjunctive normal form (CNF) aremoreexpressive thanbasic ����������� is
indeedcorrect. We alsoprove that CNF preconditionsdo not addto the ex-
pressivepower if wehavealreadyconditionaleffects– proving aweakversion
of Anderson’s et al. (1998)conjecture.However, generalBooleanformulae
aspreconditionsareincomparableto conditionaleffects.Fromthatit alsofol-
lows thatGazenandKnoblock’s (1997)preprocessingschemefor conditional
effectsis optimal in thesensethatwe alwaysgeta super-polynomialblowup
whentranslatingconditionaleffectsto basic ����������� , providedwe requirethat
theplansdo notgrow morethanlinearly.

Although theseresultsarepurely theoretical,they alsohave somesignifi-
cancefor designingplanningalgorithms.Providedwecanprovethatalanguage
featurecanbe“compiledaway” easily, i.e.,thatit canberegardedas“syntactic
sugar,” aplanningalgorithmfor theoriginallanguagecanbeeasilyextendedto
dealwith thenew feature.Conversely, if wecanprove thata languagefeature
cannotbe compiledaway, we most probablywill have significantproblems
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whenwe want to extend the planningalgorithmfor the original languageto
dealwith thenew languagefeature.

Therestof the paperis structuredasfollows. Thenext sectionintroduces
generalterminologyanddefinitions. In Section3. we introducethenotionof
compilabilitybetweenplanningformalisms.Usingthisframework,weshow in
Section4. thatconditionaleffectscannotbecompiledaway. We thenanalyze
therelationshipbetween����������� with Booleanpreconditionsandbasic�����������
in Section5.. We show that DNF preconditionscanbe compiledaway and
thatBäckstr̈om’s (1995)conjectureholdsin thecompilability framework. In
Section6. we show thatCNF preconditionscanbecompiledaway if we have
conditionaleffects,but thatgeneralBooleanpreconditionscannotbecompiled
to conditionaleffects. Finally, in Section7. we summarizeanddiscussthe
results.

2. PROPOSITIONAL PLANNING FORMALISMS

Let
�

be a finite setof propositional atomsand
��

be the setconsistingof
theconstants� (denotingtruth) and � (denotingfalsity) aswell asatomsand
negatedatoms,i.e., the literals, over

�
. Thesetof all Booleanformulaeover�

is denotedby  "! . The setof formulaein conjunctivenormal form (CNF)
over

�
is denotedby # ! andthe setof formulaein disjunctivenormal form

(DNF) over
�

by $ ! . Finally, by % ! we referto thesetof formulaethat are
conjunctionsof literals over

�
, andthesetof formulaethat are conjunctions

of atomsis denotedby & ! . In general,wewill usethesymbol ' ! to referto a
possiblyrestrictedlanguageover

�
.

Givenasetof literals (*) �� , by +�,	-/.0(21 wereferto thepositiveliterals in ( ,
by 354�67.8(21 we referto thenegativeliterals in ( , and 9:( denotestheelement-
wisenegationof theliterals in ( . Operatorsarepairs ;=<?> pre@ postA . We use
thenotationpre.0;	1 andpost.0;	1 to referto thefirstandsecondpartof anoperator; , respectively. Thepreconditionpre is anelementof ' ! . Thesetpost, theset
of postconditions, consistsof conditionaleffectseachhaving theform BDCE( ,
where BGFH' ! is calledeffectconditionandtheelementsof (I) �� arecalled
effects. If all postconditionsof anoperatorhave theform �JCE( , thenwesay
that the operatoris unconditional andwe write the postconditionsasa setof
literalscontainingall effects.

A state K is a truth-assignmentfor the atomsin
�

, which is represented
by the setof atomsthat aretrue in this state. By � we representthe illegal
state. GivenastateK andanoperator; , wedefinetheactiveeffectsL".0K:@M;	1 as
follows:

L".0K:@M;	1E< NPO�(RQ�.8BSCT(21UF post.0;	1�@MKVQ <JBXW/Y
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Usingthisfunction,theresultof executingoperator; in stateK canbespecified
as:

Z .0K:@[;�1T<
\]]^ ]]_
Ka`a9U354�6�.0Lb.8K:@M;	1c1edf+g,h-i.8Lb.0Kj@M;	1c1 if KIk<J� andKlQ < pre.0;	1 andLb.0Kj@M;	1mkQ <n�"@� otherwise

A planninginstanceis now a tuple oI<p>rqU@[s	@�tuA , where

qa<v> � @�wxA is thedomainstructureconsistingof a finite setof proposi-
tional atoms

�
andafinite setof operatorsw ,

sy) � is the initial state, and

tz) �� is thegoalspecification.

Whenwetalkaboutthesizeofaninstance, symbolically Q{Q|obQ{Q , in thefollowing,
wemeanthesizeof a (reasonable)encodingof theinstance.

Let } be a finite sequenceof operators,which is calledplan. Then Q{Q~}HQ{Q
denotesthesizeof theplan,i.e., thenumberof operatorsin } . We saythat }
is a � -stepplan if Q�Q~}�Q{Qi�l� . Theresultof applying } to astateK is recursively
definedasfollows: Z 4�-/.0K:@
>�Ac1E< K:@Z 4�-/.0K:@
>�; 
 @M; � @�Y
Y�Yc@M;��/Ac1�< Z 4�-i. Z .0K:@M; 
 1�@
>r; � @�Y
Y
Y�@M;��/Ac1�Y
A sequenceof operators} is saidto bea plan for o or a solutionof o if f

1.
Z 4�-/.0s	@M}�1mk<J� and

2.
Z 4�-/.0s	@M}�1�Q <�t .

Themostgeneralplanninglanguagewe considerin this paperis �������������� ,
which permitsconditionaleffectsandgeneralBooleanformulaein precondi-
tionsandeffectconditions.Withouttheindex � , werefertoplanninglanguages
without conditionaleffects,i.e., all conditionaleffectshave theform �pC�( .
If we have � , � or ( insteadof � , we referto languagesthatpermitonly for
CNF or DNF formulaeor conjunctionsof literals in preconditionsandeffect
conditions,respectively. Thelanguage����������� (without any index), finally, is
identicaltobasic����������� , i.e., it requiresthatall preconditionsareconjunctions
of atomsandall effectsareunconditional.In this paper, however, we assume
that all formulaemay containliterals, i.e., the leastexpressive languagewe
consideris ������������� . � In Figure1.1,thepartialorderinducedby thesyntactic
restrictionsis shown. In the sequelwe say that � is a specialization of � ,
written ���G� , if f � is identicalto � or below � in thediagramdepictingthe
partialorder.
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Figure1.1 Partial orderof ���������	� -variantsinducedby syntacticrestrictions

While onewouldexpectthatplanningin ������������� is mucheasierthanplan-
ning in ����������� � � , it turnsout that this is not the case,provided one takesa
computationalcomplexity perspective. Theplanexistenceproblem( �� h¡£¢�¤¦¥ )
is PSPACE-completefor all theformalismswe considerin thispaper.

Theorem 1 � - �� h¡£¢�¤¦¥ isPSPACE-completefor all � with ���7������� � �§�¨������������ � � .

Proof. PSPACE-hardnessof ����������� � - �� 	¡©¢�¤¦¥ follows from Corollary 3.2
of Bylander’s (1994)analysis.Membershipof ����������� � � - �� 	¡£¢�¤¦¥ in PSPACE
followsbecauseguessingaplanstepby stepandstoringeachstatecanbedone
in polynomialspace.Further, eachplanstepcanbeverifiedin polynomialtime.
Hence,theproblemis in NPSPACE, which is identicalto PSPACE.

3. COMPILATION SCHEMES

Wewill consideraplanningformalism� asexpressiveasanotherformalism� if planningdomainsand plansformulatedin formalism � are concisely
expressiblein � . In orderto saythat somethingin oneformalism � canbe
expressedin anotherformalism � , theremustexist a mappingfrom � -objects
to � -objectsthatpreservessomeimportantproperties.Themappingneedsnot
to becomputable,though,becauseexpressibilitydoesnotmeanthatthereis an
easywayto transformtheobjectsfrom oneformalismto another. In particular,
if wewanttoprovenegativeresults,webettershow thatthereexistsnomapping
whatsoever.

While thecomputationalresourcesof themappingareirrelevant,thesizeof
theresultis important,providedwewanttoexpresssomethingconcisely. In the
following, we will only considermappingswith resultsthatarepolynomially
boundedin size.

Finally, we have to makeup our mind what this mappingshouldpreserve.
Certainly, it shouldpreserve solutionexistence. Moreover, sincewe required
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above thatplanningdomainandplansshouldbeexpressedconcisely, themap-
ping shouldpreserve the lengthof a plan to a certaindegree. We could, of
course,requiremorethanthat. For instance,wemaywantto requirethatthere
is a functionthatmapsplansin thetargetformalismbackto plansin thesource
formalism. As we will see,however, suchfunctionscanbeconstructedin all
caseswe areinterestedin.

If we now usemappingsfrom � planninginstancesto � instancesthat (1)
preservesolutionexistence,(2) donotblow uptheplanstoomuch,and(3)have
a polynomiallysizedresult,we get thesomewhatcounter-intuitive resultthat
all theplanningformalismsweintroducedabovehavethesameexpressiveness.
Thereasonis thatthemappingcanbeconstructedasfollows. Becauseit is not
limited in its computationalpower, it cantestwhetherthereexists a plan for
theoriginal � instance.If so,it generatesan � instancethathasa planof the
samelength.Otherwiseit constructsanunsolvable � instance.

This problemcould be circumventedby requiring that the computational
resourcesof themappingarelimited, for instance,to polynomialtime. In this
case,themappingwouldbea variationof Bäckstr̈om’s (1995)ESP-reduction.
However, thenthequestionis whattheright resourceboundis.

Having acloserlook at themappingrevealsthatit doesnotmeasureexpres-
sivenessat all but solvestheplanninginstance.However, whenwe talk about
the expressivenessof planningformalisms,we usuallymeanthe expressive-
nessof the languagethat is usedto specifyoperators.So the right way to go
seemsto beto requirethat thedomainstructureis transformedindependently
from the initial stateandgoal description. And this is, in fact, what we will
do. Mappingsbetweendomainstructurescanbeviewedascompilingthedo-
main structureoff-line andenablingus to usethe compileddomainstructure
for differentpairsof initial statesandgoals.For this reason,wewill call these
mappingscompilationschemataª

A compilationschemamapsa � domainstructureq intoan � domainstruc-
ture q©« , which is only polynomiallylargerthan q . In addition,thecompilation
schemamayintroducesomeauxiliarypropositionalatomsthatareusedto con-
trol the executionof newly introducedoperators. Theseatomsshouldmost
likely haveaninitial valueandmayappearin thegoalspecificationof planning
instancesin thetarget formalism. Finally, it is requiredthattheresultingmin-
imal � -plan }"« for q©« is boundedin lengthby thelengthof theminimal plan} for q (seeFigure1.2).

AlthoughFigure1.2 givesa goodpictureof thecompilationframework, it
is not completelyaccurate. If we want to compilea formalismthat permits
for literals in preconditionsandgoalsto onethat requiresatoms,sometrivial
translationsof theinitial stateandgoaldescriptionarenecessary. Similarly, if
wewanttocompileaformalismthatpermitsustousepartialstatesto aformal-
ismthatrequirescompletestate,atranslationof theinitial statespecificationis
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Figure1.2 Thecompilationframework

necessary. However, sincewe do not dealwith incompletestatespecifications
orplanningformalismsthatallow onlyatomsin theprecondition,wecanignore
this issuehere.±

Let us now defineformally what a compilationschemeis. A compilation
schemefrom � to � is a tuple of functions ²G<�>r³�´
@[³
µ�@M³�¶
A that inducesa
function · from � -instanceso¸<p>rqU@[s	@�t¹A to � -instances·x.0oy1 asfollows:

·x.0oy12<">r³�´�.0q:1�@[s£du³�µc.0q:1�@�tºdH³�¶g.0q:1cA
andsatisfiesthefollowing conditions:

1. thereexistsa planfor o if f thereexistsaplanfor ·x.0oy1 ,
2. andthesizeof theresultsof ³�´�@[³
µ , and ³�¶ is polynomialin thesizeof the

arguments.

Althoughthereareno resourceboundson ³�´	@M³�µ , and ³�¶ in thegeneralcase,
we are also interestedin efficient compilationschemes. We say that ² is a
polynomial-timecompilationschemeif ³�´	@M³�µ , and³�¶ arepolynomial-timecom-
putablefunctions.

In addition to that we measurethe sizeof the correspondingplansin the
target formalism. If a compilationscheme² hasthe propertythat for every
plan } solving an instanceo , thereexists a plan } « solving ·x.0o»1 suchthatQ{Q~} « Q{Qm��Q{Q~}�Q{Q	¼�½ for somepositive integer constant½ , ² is a compilation
schemepreservingplansizeexactly (moduloanadditiveconstant).If Q{Q~} « Q{Q¦��¿¾JQ{Q~}HQ{Q
¼n½ for positive integer constants� and ½ , then ² is a compilation
schemepreservingplan sizelinearly, andif Q{Q~} « Q{Q©�JÀ£.cQ�Q~}�Q{QÁ@	Q{Q obQ�Q~1 for some
polynomialÀ , then² isacompilationschemepreservingplansizepolynomially.
Moregenerally, wesaythataplanningformalism� iscompilableto formalism� (in poly. time,preservingplansizeexactly, linearly, orpolynomially),if there
existsacompilationschemewith theappropriateproperties.Wewrite �¨ÂUÃy�
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in case� is compilableto � or ��ÂUÃÄ � if the compilationcanbe donein
polynomialtime. Thesuper-script Å canbe Æ , � , or À dependingonwhetherthe
schemepreservesplansizeexactly, linearly, or polynomially, respectively.

From a practicalpoint of view, onecould regardcompilability preserving
plan sizeexactly or linearly asan indicationthat the planningformalismwe
useasthe target formalismis at leastas expressiveasthe sourceformalism.
Conversely, if asuper-linear (beit polynomialor super-polynomial)blowupof
theplansin thetargetformalismisrequiredbyanycompilationscheme,thisisan
indicationthatthesourceformalism ismoreexpressivethanthetargetformalism
– sinceit indicatesthataplanningalgorithmfor thetargetformalismwouldbe
forced to generatesignificantly longerplansfor compiledinstances,making
it probablyinfeasibleto try to solve suchinstances.However, compilations
preservingplansizepolynomiallymayneverthelessbeof practicalvalue(see
alsoSection7.).

As is easyto see,all the notionsof compilability introducedabove arere-
flexive andtransitive, i.e., compilability inducesa pre-orderon planningfor-
malisms.

Proposition 2 Therelations ÂUÃ and ÂUÃÄ are transitiveandreflexive.

Furthermore,it is obvious that whenmoving upwardsin the diagramdis-
playedin Figure1.1, thereis alwaysa polynomial-timecompilationscheme
preservingplansizeexactly. If Ç�µ denotestheprojectionto the È -th argument
and É the function that returnsalwaysthe emptyset,the genericcompilation
schemefor moving upwardsin thepartialorderis ²y<p>rÇ 
 @MÉÊ@MÉ�A .
Proposition 3 If �z�*� , then �¨Â 
Ä � .

Now thereis, of course,thequestionwhethertherearemorecompilability
relationshipsthanthoseimplied by thetwo propositions. This is thequestion,
wewill analyzein thenext threesections.

4. COMPILING CONDITIONAL EFFECTS AWAY

Gazenand Knoblock (1997) proposeda particular way of transforming����������� � � domainsto ����������� � domains,whichblowsuptheoperatorsetexpo-
nentially. Thereis, of course,thequestionwhethertherearebettertransforma-
tions. As wewill show, thisis notthecase.A simplecountingargumentshows
thatwith conditionaleffectstherearemoresolvableinitial state/goalpairsthan
therearewhenconditionaleffectsarenotallowed.

In orderto illustratethis point, let usconsideranexample. We startwith a
setof Ë propositionalatoms

� �Ì<vOMÀ 
 @
Y
Y�Yc@rÀÊ��W . Considernow thefollowing����������� � � domainstructure:

;�� < >r�"@�OMÀ�µ�CT9�À�µ�@[9�À�µ�CÍÀ�µ7QÎÀ�µ:F � ��W�A
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wb� < O�;���W/@q©� < > � �e@:w"�/A�Y
Thismeansthattheoperator;�� “inverts”thetruthvalueof all atoms.Fromthat
it is evidentthatthereexist Ï¹.0Ð � 1 pairs .0s	@�t¹1 suchthatthereexistsaone-step
planthatsolves >rq©��@Ms	@�tuA .

Trying to find a ���7��������� or ����������� � domainstructurepolynomiallysized
in Q{Q~q � Q�Q with thesamepropertyseemsto be impossible,even if we allow for� -stepplans. The reasonis that thereareonly polynomially many different� -stepplans.

Theorem 4 ����������� � � kÂmÑ£���7������� � .

Proof. Assumefor contradictionthatthereexistsacompilationscheme² from�������������� to ����������� � preservingplansizelinearly, whichcompilesthe ���7�������[��
domainstructureq©� definedabove into the ����������� � domainstructure

³�´/.0q©�/1:<Jq «� <p> � «� @�w «� A�Y
Let us now considerall pairsof initial statesandgoals .0s	@�tu1 suchthat t is
the“negation”of s , i.e., tÒ<J9:s:dV. � `Rs�1�Y
For thesepairs, there exist obviously one-stepplans. By assumption,the����������� � instance >rq «� @�s:dH³�µÎ.0q©�¦1�@©tÓdH³�¶g.8q©�g1cA
shouldthenhave a � -stepplan. Sincethereareonly Ï¹.�Q�w «� Q~Ñ�1 different � -step
plans,whichis anumberpolynomialin thesizeof q©� , thesameplan } is used
for different .0s	@�t¹1 pairs—provided Ë is sufficiently large.

Supposetheplan } isusedfor thepairs .0s « 
 @�t « 
 1�@	.0s « � @�t « � 1 , whichresultfrom.0s 
 @�t 
 1 and .0s � @�t � 1 . Since s 
 k<zs � , s 
 and s � mustdiffer on at leastone
atom,sayÀ . Without lossof generalityweassumeÀuF�s 
 andÀDkF�s � . Since}
is asuccessfulplanfrom s « 
 to t « 
 , it followsthat

Z 4�-/.0s « 
 @M}x1UQ <º9�À . Similarly,
we have

Z 4�-/.0s « � @[}x1DQ <zÀ . Since } is a plan without conditionaleffects it
alwaysaddsanddeletesthe sameatoms. Further, sincewe assumedÀlFIs 

(hence,ÀHF�s « 
 ), theplanmustdeleteÀ andnot reestablishit. Then,however, it
is impossiblethatwe have

Z 4�-/.0s « � @M}�1�Q <GÀ , which is acontradiction.
This means,our initial assumptionthat thereexists a compilationscheme

from �������������� to ����������� � preservingplansizelinearly mustbewrong. Such
aschemecannotexist.

In otherwords,conditionaleffectsareessentialandthey cannotbecompiled
awayevenif weallow for generalBooleanpreconditionsanda linearincrease
in planlength.
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5. COMPILING BOOLEAN PRECONDITIONS AWAY

Now thequestionis whetherwe cancompileBooleanpreconditionsaway.
We startwith restrictedformsof Booleanpreconditionsandcontinueto move
thepartialorderdisplayedin Figure1.1upwards.

It is folklore in the planningcommunity that DNF preconditionscan be
regardedassyntacticsugar. For eachoperator;x<Ô>M.0� 
£Õ � �2Õ Y
Y�Y Õ ��Ö
1�@[(2A�@
where�[µ£FH% ! and (G) �� , onesimplygenerates½ new operators;
µ�<p>��[µr@M(XA�Y
Thistranslationis obviouslyapolynomial-timecompilationschemepreserving
plansizeexactly.

Proposition 5 ������������×lÂ 
Ä ������������� .

For CNFpreconditionsthesituationismuchlessclear. As mentionedabove,
Bäckstr̈om(1995)conjecturedthatCNFpreconditionsaddtotheexpressiveness
of ����������� � , but hewasnot ableto prove this conjectureusinghis framework
of ESP-reductions.Usingour compilability framework for measuringexpres-
siveness,we can,however, prove his conjecture. In order to do so, we first
introducea variationof theplanningproblem.

The fixedplan-sizeinitial-state existenceproblem( � - Ø¦���
¤¦¥ ) is definedas
follows. Givena domainstructureqR<Ù> � @�wÚA , a goal tÛ) �� , a states=) � ,
anda subsetof the atomscalledchoiceset #Ü) �

, the questionis whether
thereexistsa set ��)n# suchthat >rqU@[s£dÝ�b@�t¹A canbesolvedby a planwith
size � , where � is apositiveconstant.

Althoughthis problemappearsto beslightly harderthantheordinaryplan
existenceproblem,fixing theplan lengthto thepositive constant� makesthe
problemeasy, at leastfor theplanningformalism ������������� .

Theorem 6 ������������� - � - Ø¦����¤¦¥ canbedecidedin polynomialtime.

Proof. Givenan ������������� - � - Ø¦����¤¦¥ instance.0qU@[s	@�tD@�#b1 , thenumberof pos-
sibleoperatorsequencesis Ï¹.cQ�w�Q~Ñ�1 , which is polynomialin theinstancesize.
For eachsuchsequence,we cando aregressionanalysisstartingwith thegoalt computingtheweakestprecondition,which is a setof literals. This canbe
donein polynomial time. Finally, onecaneasilycheckin polynomial time,
whetherthereis a subset�Þ)I# that leadsto aninitial states2df� thatentails
theweakestprecondition.Thismeans,theproblemcanbesolvedin polynomial
time for any fixed � .

If weallow for CNFpreconditions,theproblembecomesharder. Evenif the
planlengthis restrictedto one, ß/��¡�� canbeobviously reducedto the1-Ø/���
¤¦¥
problemin ������������à .

Proposition 7 �����������
à -1-Ø/���
¤¦¥ is NP-complete.
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Fromthatit followsimmediatelythattherecannotexist any polynomial-time
compilationschemefrom �����������
à to ������������� preservingplansizelinearly—
provided ánk<�âUá .ã We will show a strongerresult,namelythat therecannot
exist any compilationschemepreservingplan size linearly by employinga
proof techniquefirst usedby KautzandSelman(1992).

In order to prove this result,we needthe notion of advice-takingTuring
machines. Thesearemachineswith anadviceoracle, whichisa(notnecessarily
recursive) function ä from positive integersto bit strings. On input å , the
machineloadsthe bit string ä�.�Q{Q~å�Q{Q~1 and thencontinuesas usual. Note that
theoraclederivesits bit stringonly from thelengthof the input andnot from
the contentsof the input. An adviceis saidto be a polynomialadviceif the
oraclestring is polynomiallyboundedby the instancesize. Further, if æ is a
complexity classdefinedin termsof resource-boundedmachines,e.g.,P orNP,
then æ2çgè�é�ê ë (alsocallednon-uniformX) is theclassof problemsthat canbe
decidedonmachineswith thesameresourceboundsandpolynomialadvice.

Becauseof the adviceoracle, the classP/poly appearsto be much more
powerful thanP. However, it seemsunlikely that P/poly containsall of NP.
In fact,onecanprove that âUáD)Já�çgè�é�ê ë impliescertainrelationshipsbetween
uniform complexity classesthatarebelievedto beveryunlikely. In particular,
Karp andLipton (1980)have shown that âUáV)?á�ç¦è	é�ê ë implies thatthepoly-
nomialhierarchycollapsesonthesecondlevel—whichisconsideredto bevery
unlikely.

Theorem 8 ������������àakÂ Ñ ������������� , unlessthepolynomialhierarchycollapses.

Proof. As a first step,we constructfor eachË a ����������� domainstructureq©� ,
a choiceset #¿� , anda goal specificationtf� with sizepolynomial in Ë and
the following properties. Satisfiabilityof an arbitrary3CNF formula B©� of
size Ë is equivalentto Æ -stepplanexistencefor the ����������� à - Æ - Ø¦���
¤¦¥ instance.0q©�5@�tf�5@Ms�ìií/@�#¿�/1 , where s�ìií canbecomputedin polynomialtime from B©� .

Givena setof Ë atoms,denotedby î=� , we definethesetof clauses&f� to
bethesetcontainingall clauseswith threeliteralsthatcanbebuilt usingthese
atoms.Thesizeof &f� is Ï¹.0Ë � 1 , i.e., polynomialin Ë . Let $f� benew atomsÀ¦ï correspondingone-to-oneto the clausesð in & � . Finally, let ñ be a new
atomwhich is not in îò�ódu$f� .

Now we constructa ���7�������
à domainstructureq©�a<ô> � �5@�w"�/A goal tf� ,
andthechoiceset #¿� asfollows:� � < î=�»dH$f�»dDO�ñMW¦@w"� < O�;���W/@;�� < >M.fõï�ö	÷ í .ÁÀ ï Õ ð�1c1�@�O
ñ[W�A�@tÌ� < O
ñ[W/@
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#¿� < î=�5Y
Let ø�ù�.0B:1 bethesetof clausesappearingin B . Basedon thatwedefine s�ì�í as
follows:

s�ì�í < OMÀ ï F�$f�xQ[ðakFaø�ù�.0B©�¦1[W/Y
Now it is easyto seethat B � is satisfiableif f for the ����������� à -1-Ø¦����¤¦¥ instance.0q©�5@�tf�5@Ms�ìií�@�#¿��1 thereexistsasetof choices�?)P#¿� suchthattheresulting
planninginstance>rq©�5@[s�ì í df�"@�tf�hA is solvedby aone-stepplan.

Let us now assumethat thereexists a compilationschemefrom ������������à
to ���7��������� preservingplansizelinearly. Using this compilationscheme,we
compilethe ����������� à domainstructureq � into the ���7������� � domainstructureq «� <p> � «� @�w «� A . Further, t «� , s « ì í , and # «� aredefinedasfollows:

t «� < O
ñ[W�du³ ¶ .0q � 1�@s « ì�í < s�ì í du³�µM.0q©�/1�@# «� < #¿�5Y
Notethatall thesesetscanbecomputedin timepolynomialin Ë , onceweknow
thevaluesof ³�¶5.0q©�/1 and ³�µM.0q©�¦1 .

Fromtheconstruction,it followsthatthefollowingstatementsareequivalent:

1. B©� is satisfiable,

2. for the ������������� -1-Ø¦���
¤¦¥ instance.0q©��@�tf�5@Ms�ìií/@�#¿�/1 , thereexistsa set
of choices�?)I#ú� suchthat oI<p> � �5@�w"�5@[s�ì í d=�"@�tf��A hasaone-step
plan,

3. for the ���7��������� - � - Ø/���
¤¦¥ instance.0q «� @�t «� @[s « ì�í @�# «� 1 , thereexists a set
of choices� « )P# «� suchthat o « <p> � «� @�w «� @Ms « ìií dú� « @�t «� A hasa � -step
plan,

Onecannow constructanadvice-takingTuring machinethaton input of a
formula B©� of size Ë loadsthe polynomialadvice >�q «� @M³�¶g.0q©�/1�@M³�µ�.0q©��1cA and
thendecides������������� - � - Ø¦����¤¦¥ for the instance.0q «� @�t «� @[s « ì�í @�# «� 1 , which by
Theorem6 canbedonein polynomialtime. Sincetheproblem ß/��¡�� , which is
solvedby thisdeterministic,advice-takingmachinein polynomialtimeis NP-
complete,weconcludethat â�áD)�á�çgè�é�ê ë . This impliesby Karp andLipton’s
(1980)resultthatthepolynomialhierarchycollapsesonthesecondlevel,which
provestheclaim.

Theresultabove impliesthataddingCNFpreconditionsto ���7��������� addsto
theexpressiveness.However, it is not immediatelyobviouswhethera further
generalizationfrom CNF formulaeto arbitraryBooleanformulaewould add
anotherlevel of expressiveness.Wewill deferthisquestionto thenext section.
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6. COMPILING BOOLEAN PRECONDITIONS INTO
CONDITIONAL EFFECTS

As mentionedin the Introduction,sometimestheexpressive power of con-
ditionaleffectsandof Booleanpreconditionsareclaimedto berelated.In this
section,we will analyzethisclaimusingthecompilability framework.

As in the caseof unconditionalactions,it is commonlyagreedthat DNF
formulaecanberegardedas“syntacticsugar.” Any operatorcontainingaDNF
preconditionwith ½ disjunctscanbesplit into ½ new operatorscontainingonly
conjunctionsof literals in the precondition. Similarly, any conditionaleffect
with a DNF effect condition � 
7Õ Y
Y
Y Õ �[�xC�( canbeequivalentlyexpressed
by asetof Ë conditionaleffects �[µ�CE( . Obviously, this transformationcanbe
viewedasapolynomial-timecompilationschemepreservingplansizeexactly.

Proposition 9 �����������[�× Â 
Ä �����������[�� .

Interestingly, CNF preconditionsandeffect conditionsdo notappearto add
to theexpressivepoweroncewehaveconditionaleffects—providedweaccept
thattwo formalismshave thesameexpressivepower, if they arecompilableto
eachotherpreservingplan size linearly. The main ideabehindproving this
is that operatorswith conditionaleffectscanbe usedto evaluatethe truth of
clauses.

Theorem 10 ����������� � à ÂmÑÄ ����������� � � .

Proof. Assumethattheoperatorsof the ����������� � à domainstructureqa<p> � @�wxA
contain Ë clausesð 
 @�ð � @�Y
Y�Yc@cð¦� with ð/µ�<Iû�µ 
�Õ Y
Y�Y Õ û�µ{Öcü in preconditionsand
effect conditions. For eachclauseð/µ , a new atom À ï ü is introduced,andthe
setof thesenew atomsis denotedby ý . Now, the operator 4
þ
ÿiù , which will
evaluatethe truth valuesof all the clausesin a given state,canbe definedas
follows: 4�þ
ÿ�ù�<p>r�"@�O�û{µ��2CôÀ ï üÎW�A�Y
If all clausesð/µ in w arereplacedby the new atomsÀ ï ü —leadingto thenew
set

�w —theonly remainingchangesthatarenecessaryarethatwe enforcethat
the 4
þ
ÿiù operatoris alwaysexecutedbeforeanoperatorfrom

�w isexecutedand
thatall operatorsfrom

�w setall theatomsfrom ý to false.
In order to enforcesequencesof operatorsalternatingbetweenoperators

from
�w andthe 4
þ�ÿ�ù -operator, onecanintroducea new atom � that is added

to the initial state. In addition,we modify the 4
þ
ÿiù operatorandall operators�;"F �w asfollows:

4
þ
ÿiù « < >���@ post.�4�þ
ÿ�ù�1�dHO��JC�O	9��	W�W�A; « < >�9���� pre. �;	1�@ post. �;	1�dDO��IC O��	W�W2dHO��JCE9:ý W�A�Y
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Wecannow specifyacompilationschemefrom ���7�������[� à to �����������[�� asfollows:

³�´	�ô> � @�wÚA�
� > � duýÌdHO��	W¦@�O�; « Q �;"F �wfW�dHO/4�þ
ÿ�ù « W�A�@³ µ ��> � @�wÚA�
� O��	W¦@³�¶
�¨> � @�wÚA�
� É�Y
Thisis obviouslyapolynomial-timecompilationschemethatleadsto ���7������� � �
plansthataretwice aslongastheoriginal ���7�������[� à plans.

This resultappearsto berelevantfor practicalplanningalgorithmsbecause
it suggestshow to extendplanningalgorithmsfor conditionaloperatorsto al-
gorithmsfor dealingwith CNF preconditionsandeffect conditions.However,
onemay wonderwhetherwe can improve on this result, coming up with a
compilationschemepreservingplansizeexactly. Interestingly, theredoesnot
appearto beanobviousway to do that. Further, it is completelyunclearhow
to prove thatsucha compilationschemeis impossible.

Having shown thatCNF preconditionscanbecompiledaway whencondi-
tionaleffectsarepresent,onemighthopethatthiscanalsobedonewith general
Booleanpreconditions.Unfortunately, this doesnotwork, though.In orderto
show that,weneedthenotionof Booleancircuitsandfamiliesof circuits.

A Booleancircuit is adirected,acyclic graph�Ó<Ù.��U@��"1 , wherethenodes
� arecalledgates. Eachgate �DF�� hasa type ����+g4�.��¦1¿FPO�9U@ Õ @��U@
Æ�@��¦W dO�Å 
 @MÅ � @�Y
Y
Y|W . Thegateswith ����+�4g.��¦1UFDO/Æi@���@[Å 
 @MÅ � @�Y
Y
Y W havein-degreezero,
thegateswith ����+g45.��¦12F O�9XW havein-degreeone,andthegateswith ���c+�45.��¦12FO��U@ Õ W have in-degreetwo. All gatesexceptonehave at leastoneoutgoing
edge.Thegatewith nooutgoingedgeis calledtheoutputgate. Thegateswith
noincomingedgesarecalledtheinputgates. Thedepthof acircuit is thelength
of the longestpathfrom aninput gateto theoutputgate.Thesizeof a circuit
is thenumberof gatesin thecircuit. Givenavalueassignmentto thevariablesO�Å 
 @MÅ � @�Y
Y
Y|W , thecircuit computesthevalueof theoutputgatein theobvious
way.

Insteadof usingcircuits for computingBooleanfunctions,we canalsouse
themfor acceptingwordsof length Ë in O���@�Æ	W�� . A word �Ô<ÛÅ 
 Y�Y
Y�Å��lFO���@
ÆhW � is now interpretedas a value assignmentto the Ë input variablesÅ 
 @
Y�Y
Y�@MÅÊ� of a circuit. The word is acceptedif f the output gatehasvalue
1 for this word. In orderto dealwith wordsof differentlength,we needone
circuit for eachpossiblelength. A family of circuits is an infinite sequence#º<?.����	@c� 
 @
Y�Y
Y 1 , where�m� hasË inputvariables.Thelanguageacceptedby
sucha family of circuitsis thesetof words � suchthat ��� � !�� � accepts� .

Usually,oneconsidersso-calleduniformfamiliesof circuits, i.e.,circuitsthat
canbegeneratedon a Turing machinewith a "$#&%UË -spacebound.Sometimes,
however, alsonon-uniformfamiliesareinteresting.For example,theclassof
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languagesacceptedby non-uniformfamiliesof polynomially-sizedcircuits is
just theclassP/poly introducedin Section5..

Using restrictionson thesizeanddepthof thecircuits,we cannow define
new complexity classes,which in their uniform variantsareall subsetsof P.
Oneclassthatis importantin thefollowingis theclassof languagesacceptedby
uniformfamiliesof circuitswith polynomialsizeandlogarithmicdepth,named
NC



. Anotherclasswhich provesto beimportantfor usis definedin termsof

non-standardcircuits,namelycircuitswith gatesthathave unboundedfan-in.
Insteadof restrictingthein-degreeof eachgateto betwo atmaximum,wenow
allow anunboundedin-degree.Theclassof languagesacceptedby familiesof
polynomiallysizedcircuitswith unboundedfan-inandconstantdepthis called
AC � .

Fromthedefinition,it followsalmostimmediatelythatAC � ) NC


. More-

over, it hasbeenshown that therearesomelanguagesin NC



that arenot in
thenon-uniformvariantof AC � , which implies thatAC � k< NC



(Furstet al.,

1984).
InordertoprovethatwecannotcompileBooleanpreconditionstoconditional

effects,we will view familiesof domainstructureswith fixed goalsandfixed
sizeplansas“machines”thatacceptlanguages,similar to familiesof circuits.
For all words � consistingof Ë bits, let

q©�x<p> � �»dHO�'�W/@�w"��A�Y
Assumethat the atomsin

� � are numberedfrom 1 to Ë . Then a word �
consistingof Ë bits couldbeencodedby aninitial state

s ! <�OMÀÊµ7Q if f the È th bit of � is Æ	W/Y
Wenow saythatthe Ë -bit word � is acceptedwith a one-stepor � -stepplan

by q©� if f thereexistsa one-stepor � -stepplan,respectively, for theinstance

o �b<p>c> � �»dDO('�W/@�wb�	A�@Ms ! d O�9)'�W¦@�O�'�W�A�Y
Similarly to familiesof circuits,we alsodefinefamiliesof domainstructures,* <Û.0q���@[q 
 @�Y
Y
Y 1 . The languageacceptedby sucha family with a one-step
(or � -step)planis thesetof wordsacceptedusingthedomainstructureq©� for
wordsof length Ë . Borrowing thenotionof uniformity aswell, we saythata
family of domainstructuresis uniform if it canbegeneratedby a "+#,%�Ë -space
Turingmachine.

Papadimitriou(1994)haspointedoutthatthelanguagesacceptedbyuniform
polynomially-sizedBooleanexpressionsis identicalto (uniform) NC



. As is

easyto see,a family of ����������� � domainstructuresis nothingmore than a
family of Booleanexpressions,providedweuseone-stepplansfor acceptance.
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Proposition 11 The class of languagesacceptedby uniform families of����������� � domainstructuresusingone-stepplanacceptanceis identicaltoNC


.

If we now have a closerlook at what the power of � -stepplanacceptance
for familiesof ����������� � � domainstructuresis, it turnsoutthatit is lesspowerful
thanNC



. In orderto show that,we will first prove thefollowing lemmathat

relates� -step���7������� � � plansto circuitswith gatesof unboundedfan-in.

Lemma 12 Let qG<Ù> � @�wÚA bea ���7������� � � domainstructure,let tÛ) ��
, and

let } bea � -stepplan over q . Thenthere existsa polynomiallysizedBoolean
circuit � with unboundedfan-in and depth -��X¼JÐ such that } is a plan for>rqU@Ms	@�t¹A iff thecircuit � hasvalue1 for theinput ��. .
Proof. Thegeneralstructureof acircuit for a � -step����������� � � planis displayed
in Figure 1.3. For eachplan step(or level) / and eachatom ÀÊµ , thereis a
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Figure1.3 Circuit structureandgoaltestingfor a < -step�r�������	��� � plan

connectionÀ � µ . The connectionson level � arethe input gates,i.e., À �µ <�Å�µ .
Thegoaltestis performedbyan � -gatethatchecksthatall thegoalsaretrueon
level � , in ourcasetÒ<�O[À 
 @[9�À � @rÀ���W . Further, usingthe Õ -gate,it is checked
thatno inconsistency wasgeneratedwhenexecutingtheplan.

Foreachplanstep/ , it mustbecomputedwhetherthepreconditionissatisfied
andwhat the resultof the conditionaleffectsare. Figure1.4 (a) displaysthe
preconditiontestfor thepreconditionO[À 
 @�À � @M9�À � W . If theconjunctionof the
preconditionliterals is not true, �=Ö becomestrue, which is connectedto theÕ -gatein Figure1.3.

Without lossof generality(usinga polynomialtransformation),we assume
thatall conditionaleffectshavetheform (aCTû . Whethertheeffect û isactivated
on level / is computedby acircuit asdisplayedin Figure1.4(b), whichshows
thecircuit for OMÀ 
 @[9�À � W=CE9�À�µ .

Finally, all activated effects are combinedby the circuit shown in Fig-
ure 1.4 (c). For all atomsÀÊµ , we checkwhetherboth ÀÊµ and 9�À�µ have been
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Figure 1.4 Circuit structurefor preconditiontesting(a), conditionaleffects(b), andthecom-
putationof effects(c) for ����������� � � operators

activated,whichwouldset�IH true. Thisisagainoneof theinputsof the Õ -gate
in Figure1.3. If neitherÀ µ nor 9�À µ havebeenactivated,thevalueof À µ on level
/»¼JÆ is determinedby thevalueof À�µ on level / . Otherwisethevalueof À�µ on
level /¿¼�Æ is determinedby thevalueof ÀKJML �µ , i.e., theactivationvalueof the
positiveeffect ÀÊµ on level / .

Thedepthsof thecircuitsin Figure1.4(b) and(c) dominatethedepthof the
circuit necessaryto representoneplanstepleadingto theconclusionthataplan
stepcanberepresentedusingacircuit of depth7. Adding thedepthof thegoal
testingcircuit, theclaim follows.

Thelemmaimpliesthat �������������� � -stepplanacceptanceis indeedlesspow-
erful than ����������� � 1-stepplan acceptance,which meansthat a compilation
schemefrom ����������� � to �����������[�� preservingplansizelinearly is impossible.

Theorem 13 ����������� � kÂ Ñ ����������� � � .

Proof. Assumefor contradictionthat ����������� � ÂmÑu���7������� � � . Let
* <.0q � @Mq 
 @
Y�Y
Y 1 be a uniform family of ����������� � domainstructuresand
* « <.0q «� @Mq « 
 @
Y�Y
Y 1 be the ����������� � � domainstructuresgeneratedby a compilation

scheme² thatpreservesplansizelinearly. By Lemma12weknow thatfor each����������� � � domainstructureq «� <¨> � «� @�w «� A andgivengoal t « we cangener-
ateapolynomiallysized,unboundedfan-incircuit with depth -��©¼GÐ thattests
whetheraparticular� -stepplanachievesthegoal. In ordertodecide� -stepplan
existence,we musttest Ï¹.�Q�w «� Q~Ñ�1 differentplans,which is polynomial in the
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sizeof q©� because² is a compilationscheme.For eachplan,we cangenerate
onetestcircuit, andby addinganotherÕ -gatewe candecide� -stepplanexis-
tenceusinga circuit with depth -��2¼ON andsizepolynomialin thesizeof q©� .
Sinceby Proposition11all languagesin NC



areacceptedby uniformfamilies

of ����������� � domainstructuresusingone-stepplanacceptance,ourassumption����������� � ÂmÑ����7������� � � impliesthatwecanacceptall languagein NC



by (pos-
sibly non-uniform)AC � circuits,which is impossibleby the resultof Furstet
al. (1984).

Usingthetwo resultsabove,cannow easilygiveananswerto thequestion
posedin the end of the previous section,namely, whethergeneralBoolean
preconditionsaremoreexpressive thanCNF preconditions.

Theorem 14 ����������� � kÂ Ñ �����������
à .

Proof. Assumefor contradictionthat there is a compilationschemefrom����������� � to ���7�������
à preservingplansizelinearly. Sinceby Proposition3 we
have ������������àuÂmÑ������������ � à andbyTheorem10wehave ����������� � à ÂmÑ5����������� � � ,
we canconclude����������� � Â Ñ �����������[�� usingProposition2 twice. This,how-
ever, contradictsTheorem13.

This leaves us with the questionwhethergeneralBooleanpreconditions
andeffect conditionsaremoreexpressive thanCNF preconditionsandeffect
conditions.However,assumingthat ���7�������[��uÂ Ñ ������������� à leadsimmediatelyto
theconclusionthat �������������� Â Ñ �����������[�� (usingTheorem10andProposition2),
which is impossiblebecauseof Theorem13.

Proposition 15 ����������� � � kÂ Ñ ���7������� � à .

7. SUMMARY AND DISCUSSION

Usingthecompilability framework (Nebel,1998),we analyzedtheexpres-
sive power of disjunctive preconditionsand conditionaleffects. In general,
our resultsprovide a completeclassificationof the relative expressivenessof����������� -like languageswith restrictedformulaeandconditionaleffects– pro-
videdthatliteralsarealwaysallowedandstatesarealwayscomplete.Table1.1
givesan overview of the results(without the trivial ����������� � � column). The
“ � ” entriesmarksyntacticspecializationrelationships(seeFigure1.1). For all
otherentrieswe give thestrongestcompilability resultor impossibility result.
Thenumberindicatesthe theoremfrom which theresulthasbeenderived. If
thenumberis in bold face,it is just thestatementof thetheorem.Otherwise,
theresultcanbederivedfromthetheoremandtheapplicationof Propositions2
and3. Two particularinterestingresultsare
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PRQ S�T�U�VXWAS � S�T�U�VXW>S � S�T�U�VXWAS � S�T�U�VXW>S � S�T�U�VXW>S � � S�T�U�VXWAS � � S�T�U�VXW>S � �
S�T�U�VXW>S � Y Z Z Z Z Z ZS�T�U�VXW>S � P 4[ (5) =

P 4[ (5)
Z P 4[ (5)

Z P 4[ (5)S�T�U�VXW>S � \P 7 (8) \P 7 (8,5)
Y Z P 7[ (10)

P 7[ (10)
ZS�T�U�VXW>S � \P 7 (14) \P 7 (14,5) \P 7 (14) = \P 7 (13) \P 7 (13,9) \P 7 (13,10)S�T�U�VXW>S � � \P 7 (4) \P 7 (4) \P 7 (4) \P 7 (4) =

Z ZS�T�U�VXW>S � � \P 7 (4) \P 7 (4) \P 7 (4) \P 7 (4)
P 4[ (9) =

P 4[ (9)S�T�U�VXW>S � � \P 7 (4) \P 7 (4) \P 7 (4) \P 7 (4)
P 7[ (10)

P 7[ (10) =S�T�U�VXW>S �� \P 7 (4) \P 7 (4) \P 7 (4) \P 7 (4) \P 7 (13) \P 7 (13,9) \P 7 (15)

Table1.1 Compilability between����������� variants

1. CNF preconditionsadd to the power of basic ����������� , confirming an
earlierconjectureby Bäckstr̈om (1995);

2. Conditionaleffectscannotbecompiledawayevenif weallow for general
Booleanpreconditionsanda lineargrowth of the resultingplans. This
resultshows that we cannotimprove on the preprocessingschemefor
conditionaleffectsasproposedby GazenandKnoblock(1997).

3. CNF preconditionsandCNF effect conditionsdo not addanything to
theexpressive power if we alreadyhave conditionaleffects,confirming
aweakversionof a conjectureby Andersonetal. (1998).

In particularthe latter resultmay have practicalvaluefor thedesignof plan-
ning algorithms. It suggeststhat whennormalizingpreconditionsandeffect
conditionsit is not necessaryto convert themto disjunctivenormalform, but
conjunctivenormalform is anotheroption thatcanbe easilydealtwith. This
option may sometimeshelp to avoid excessive spaceconsumption,provided
theformulaearealreadyalmostCNF.

Is this all onecansayregardingpracticalissues?As hasbeenpointedout
in Section3., insteadof consideringonly compilationschemeswhichpreserve
plansizelinearly, wemightalsobeinterestedin compilationschemesthatpre-
serveplansizepolynomially. Whatdo wegetin thiscase?Interestingly, from
this point of view all theformalismsconsideredin this paperareexpressively
equivalent (even if we restrict ourselves to polynomial-timecompilations)(
Nebel,1998). However, it shouldbe notedthat a polynomialblowup of the
plansizeimpliesthataplanningalgorithmhasto copewith apotentiallymuch
largersearchspace– which limits thepracticalvalueof this result.

Acknowledgments

Theresearchreportedin thispaperwasstartedandpartlycarriedoutwhile theauthorenjoyed

beinga visitor at theAI departmentof theUniversityof New SouthWales.Many thanksgo to



20

NormanFoo,MauricePagnucco,andAbhayaNayakandthe restof theAI departmentfor the

discussionsandcappuccinos.

Notes

1. Thispaperis a revisedandextendedversionof apaperfirst presentedatECP-99(Nebel,1999b).

2. Actually thestatementis that “disjunctive preconditions]�]G] are ]E]G] essentialprerequisitesfor han-
dling conditionaleffects.”

3. We assumethat thereaderhasa basicknowledgeof complexitytheory(GareyandJohnson,1979;
Papadimitriou,1994),andis familiar with thenotionof polynomialmany-onereductionsandthecomplexity
classesP, NP, coNP, andPSPACE. All othernotionswill beintroducedin thepaperwhenneeded.

4. Bäckstr̈ommeantCNF preconditionswhenwewrotedisjunctivepreconditions.

5. Thereasonfor leaving out basic
S�T�U�VXW>S

is thatit hasalreadybeenshown that
S�T�U�VXW>S

and
S�T�U�VXW>S �

aswell as
S�T�U�VXW>S � and

S�T�U�VXWAS � � areequivalentwith respectto expressiveness(Nebel,1998).Furthermore,
ignoring the case ^R_ Y ÷ _ simplifies someof the technicalproblemswhen specifyingcompilation
schemes.

6. Note that thesecompilationschemataarevery similar to knowledgecompilations,which compile
thefixedpart of a problemin orderto speedup theoverallprocessing(CadoliandDonini, 1997).

7. This means,we do not needthe state-translationfunctionsas introducedin the definition of a
compilationschemein anearlierpaper(Nebel,1998).

8. Herethe differencebetweenBäckstr̈om’s (1995)ESP-reductionsandcompilationschemesshould
becomeobviousbecausetheformerdo not allow usto derivesuchaconclusion.
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