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Abstract The notion of “expressve 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 framevork” andanalyzethe ex-
pressve power of somevariantsof sTrips allowing for conditionaleffectsand
arbitraryBooleanformulaein preconditions Oneinterestingconsequencef this
analysisis thatwe areableto confirm a conjectureby Backstdm that precon-
ditionsin conjunctive normalform addto the expressve power of propositional
sTRIPS. Further wewill show thatsTrips with conditionaleffectsis incompa-
rableto sTr1Ps with Booleanformulaeaspreconditions.Finally, we shav that
preconditionsn conjunctive normalform do notaddary expressve poweronce
we have conditionaleffects.

Keywords:  Actionplanning,sTrips, conditionaleffects,Boolearpreconditionsexpressve-
nesscomputationatompleity

1. INTRODUCTION

The term expressivepower is often usedwhen planning formalismsare
compared. For instance Pednaul({1989)stateghatthe expressvenessf the
formalismheproposeds betweersTrips (FikesandNilsson,1971)andthesit-
uationcalculugMcCarthyandHayes,1969),andmary peopleseento believe
thatconditionaleffectsincreaseéheexpressvenes®f sTrips significantly(An-
dersonretal., 1998;Kambhampatet al., 1997;Koehleretal., 1997). Furthey
Andersonet al. (1998) seemto conjecturethat strips with conditionalef-
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fectsis expressvely equivalentto sTrips with conditionaleffectsandBoolean
preconditions’ However, thereareonly few approachethattry to addresshe
problemof capturingthis termformally.

Backstbm (1995) proposedo measuraghe expressienesf planningfor-
malismsusing his ESP-eductions Thesereductionsare, roughly speaking,
polynomialmary-onereduction$ on planninginstanceshatdo notchangethe
planlength Usingthis notion, heshovedthatall of the propositionalariants
of basicsTrIPs not containingconditionaleffectsor arbitrarylogical formu-
lae canbe considereasexpressvely equivalent. Furthermorehe conjectured
that “disjunctive preconditionamostlikely increasethe expressve power [of
sTrips].”* Backstom's approachhowever, hastwo dravbacks. First, it does
notseemo beintuitiveto defineexpressvenessisingaresource-limiteanap-
ping. Secondjt doesnot seento be possibleto prove negative results.

In orderto addresgheseproblems,we will usethe compilability frame-
work (Nebel,1999a;Nebel,1998), which is inspiredby Backstbm’s (1995)
approachpy the work of GazenandKnoblock (1997)to compileconditional
effectsaway, andby theknowledgesompilationframeavork (CadoliandDonini,
1997). Themainideabehindthis approacthis thatalanguagdeaturedoesnot
increaseheexpressvenessf planningoperatorsontainingthis languageea-
ture can be translatednto operatorghat do not containthis featurewithout
blowing up theoperatordescriptiontoo muchandwithoutenlaging theresult-
ing planstoo much. It differsfrom Backstom’s (1995)ESP-eductionsn that
weonly considesstructuredtransformationshatdo nottranslateheinitial state
or goalspecificationjn thatwe allow for arbitrarycomputationapowerin the
transformationandin thatwe do notrequirethattranslateglanshave exactly
thesameength.

Usingthisapproachyweshow thatBackstom’sconjecturghatpreconditions
in conjunctive normalform (CNF) are more expressve thanbasicsTriprs is
indeedcorrect. We also prove that CNF preconditionsdo not add to the ex-
pressve powerif we have alreadyconditionaleffects— proving aweakversion
of Andersons etal. (1998)conjecture. However, generalBooleanformulae
aspreconditionsareincomparabld¢o conditionaleffects. Fromthatit alsofol-
lows thatGazenandKnoblock’s (1997) preprocessingchemeor conditional
effectsis optimalin the sensehatwe alwaysgeta superpolynomialblowup
whentranslatingconditionaleffectsto basicsTrips, providedwe requirethat
the plansdo notgrow morethanlinearly.

Although theseresultsare purely theoretical,they also have somesignifi-
cancdor designingplanningalgorithms.Providedwe canprovethatalanguage
featurecanbe“compiledaway” easily i.e., thatit canberegardedas“syntactic
sugal” aplanningalgorithmfor theoriginallanguageanbeeasilyextendedo
dealwith thenew feature.Corversely if we canprove thatalanguagdeature
cannotbe compiledaway, we most probablywill have significantproblems
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whenwe wantto extendthe planningalgorithmfor the original languageto
dealwith the new languagdeature.

The restof the paperis structuredasfollows. The next sectionintroduces
generaltterminologyanddefinitions. In Section3. we introducethe notion of
compilability betweerplanningformalisms.Usingthisframewvork, we show in
Section4. thatconditionaleffectscannotbe compiledaway. We thenanalyze
therelationshipbetweersTrips with BooleanpreconditionsandbasicsTrips
in Section5.. We show that DNF preconditionscan be compiledaway and
that Backstbm’s (1995) conjectureholdsin the compilability framewvork. In
Section6. we shav that CNF preconditionscanbe compiledaway if we have
conditionaleffects,but thatgeneraBooleanpreconditionsannote compiled
to conditionaleffects. Finally, in Section7. we summarizeand discussthe
results.

2. PROPOSITIONAL PLANNING FORMALISMS

Let 3 be afinite setof propositiond atomsand?: be the setconsistingof
theconstantsT (denotingtruth) and L (denotingfalsity) aswell asatomsand
negatedatoms,i.e., theliterals, over ¥. Thesetof all Booleanformulaeover
Y is denotedby By. The setof formulaein conjunctivenormal form (CNF)
over ¥ is denotedby Cy, andthe setof formulaein disjunctivenormal form
(DNF) over XX by Dy. Finally, by Ly, we referto the setof formulaethat are
conjunctionsof literals over ¥, andthe setof formulaethat are conjunctions
of atomsis denotedy Ay.. In generalwe will usethesymbolLy, to referto a
possiblyrestrictedanguageover .

Givenasetof literalsL C X, by pos(L) werefertothepositiveliteralsin L,
by neg(L) we referto the ngyativeliteralsin ., and— L denoteghe element-
wisenegation of theliteralsin .. Opertorsarepairso = (pre, posh. We use
thenotationpre(o) andposi(o) to referto thefirstandsecondartof anoperator
o, respectiely. Thepreconditionpreis anelemenbf Lx. Thesetpost theset
of postconditims, consistof conditionalefectseachhaving theform ¢ = 7,
wherey € Ly is calledeffectconditionandthe elementsf 1. C 3 arecalled
effects If all postcondition®f anoperatothavetheform T = I, thenwe say
thatthe operatoris unconditiond andwe write the postconditiors asa setof
literalscontainingall effects

A state S is a truth-assignmentor the atomsin X, which is represented
by the setof atomsthat aretrue in this state. By 1 we representheillegal
state GivenastateS andanoperator, we definetheactiveeffectsA (S, o) as
follows:

A(S,0) = (L] (0= L) € posto), S k= o).
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Usingthisfunction,theresultof executingoperatom in stateS canbespecified
as:

S — —neg(A(S,0)) U pos(A(S,0)) if S# Land
S E pre(o) and
A(S,0) J L,
1 otherwise

R(S,0) =

A planninginstanceis now atuplell = (=, I, G), where

» = = (¥, O) is thedomainstructure consistingof afinite setof proposi-
tional atomsX. andafinite setof operatorg0,

s I C Y istheinitial state and
= G C ¥ isthegoal specification

Whenwetalk aboutthesizeof aninstance symbolically||I1]|, in thefollowing,
we meanthesizeof a (reasonablegncodingof theinstance.

Let A be afinite sequencef operatorswhich is calledplan. Then||A|]
denoteghesizeof theplan,i.e.,thenumberof operatorsn A. We saythatA
isac-stepplanif ||A|| < ¢. Theresultof applyingA to astates is recursvely
definedasfollows:

Res(5,()) = 5,
Res(S,{01,09,...,0,)) = Res(R(S,01),{02,...,04)).

A sequencef operatorsA is saidto bea planfor IT or a solutionof IT iff
1. Res(I,A) # L and
2. Res(I,A) E G.
c

The mostgeneralplanninglanguageve considerin this paperis sTriPs},
which permitsconditionaleffectsandgeneralBooleanformulaein precondi-
tionsandeffectconditions.Withouttheindex C, wereferto planninglanguages
without conditionaleffects,i.e., all conditionaleffectshave theform T = L.
If we have C', D or I. insteadof B, we referto languageshatpermitonly for
CNF or DNF formulaeor conjunctionsof literalsin preconditionsandeffect
conditions,respectiely. ThelanguagesTriprs (withoutary index), finally, is
identicalto basicsTrips, i.e., it requireghatall preconditionsreconjunctions
of atomsandall effectsareunconditional.In this paper however, we assume
that all formulae may containliterals, i.e., the leastexpressve languagewe
consideris sTriPsy,.” In Figurel.1,the partialorderinducedby the syntactic
restrictionsis shawvn. In the sequelwe saythat X' is a specialization of Y,
written X C ), iff X isidenticalto Y or below Y in thediagramdepictingthe
partialorder
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STRIPSS,
sTRIPSS STRIPS, STRIPS g
STRIPSS STRIPS¢  STRIPSp
STRIPS,

Figure1.1 Partialorderof sTriPs-variantsinducedby syntacticrestrictions

While onewould expectthatplanningin sTripsy, is mucheasietthanplan-
ning in sTRIPSG, it turnsout that this is not the case,provided one takesa
computationatompleity perspectre. Theplanexistenceproblem(prL.ANEX)
is PSPACE-completefor all theformalismswe considerin this paper

Theorem 1 X-pPLANEX iSPSPACE-completéfor all A’ withsTrips;, T A’ T
J¢

STRIPSG.
Proof. PSPACE-hardnes®f stripsy-PLANEX follows from Corollary 3.2
of Bylanders (1994)analysis.Membershipf sTripsG-prLANEX in PSPACE
followsbecausguessing planstepby stepandstoringeachstatecanbedone
in polynomialspace Further eachplanstepcanbeverifiedin polynomialtime.
Hence the problemis in NPSPACE, whichis identicalto PSPACE. u

3. COMPILATION SCHEMES

Wewill consideaplanningformalism” asexpressiveasanotheformalism
Y if planningdomainsand plansformulatedin formalism ) are concisely
expressiblein X'. In orderto saythatsomethingin oneformalism) canbe
expressedn anotherformalism X', theremustexist a mappingfrom Y-objects
to X'-objectsthatpreservesomeimportantproperties.Themappingneedsot
to becomputablethough,becausexpressibilitydoesnot meanthatthereis an
easywayto transformthe objectsfrom oneformalismto another In particular
if wewantto prove nggativeresultswebettershow thatthereexistsnomapping
whatsoeer.

While the computationatesourcesf themappingareirrelevant,thesizeof
theresultisimportant providedwe wantto expresssomethingconcisely In the
following, we will only considermappingswith resultsthat are polynomially
boundedn size

Finally, we have to makeup our mind what this mappingshouldpresere.
Certainly it shouldpresere solutionexistence Moreover, sincewe required
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above thatplanningdomainandplansshouldbe expressedtonciselythemap-
ping shouldpresere the lengthof a plan to a certaindegree. We could, of

courserequiremorethanthat. For instancewe maywantto requirethatthere
is afunctionthatmapsplansin thetargetformalismbackto plansin thesource
formalism. As we will see,however, suchfunctionscanbe constructedn all

casesve areinterestedn.

If we now usemappingdrom Y planninginstancego X’ instanceghat (1)
presere solutionexistence(2) donotblow uptheplanstoomuch,and(3) have
a polynomially sizedresult,we getthe somevhat counterintuitive resultthat
all theplanningformalismswe introducedabove have thesameexpressveness.
Thereasoris thatthe mappingcanbeconstructedsfollows. Becausét is not
limited in its computationapower, it cantestwhetherthereexists a plan for
theoriginal Y instance.lf so,it generatean X’ instancethathasa planof the
sameength. Otherwiseit constructanunsohableX” instance.

This problemcould be circumventedby requiring that the computational
resource®f the mappingarelimited, for instanceto polynomialtime. In this
casethe mappingwould bea variationof Backstbm’s (1995)ESP-reduction.
However, thenthe questionis whattheright resourcéboundis.

Having acloserlook atthe mappingrevealsthatit doesnotmeasurexpres-
sivenesat all but solvesthe planninginstance.However, whenwe talk about
the expressvenessf planningformalisms,we usually meanthe expressve-
nessof the languagehatis usedto specifyoperators.Sotheright way to go
seemdo beto requirethatthe domainstructureis transformedndependently
from theinitial stateandgoal description. And this s, in fact, whatwe will
do. Mappingsbetweendomainstructuresanbe viewedascompilingthe do-
main structureoff-line andenablingus to usethe compileddomainstructure
for differentpairsof initial statesandgoals.For thisreasonwe will call these
mappingscompilationschemat&

A compilationschemanapsay domainstructure= intoan X’ domainstruc-
ture=’, whichis only polynomiallylargerthan=. In addition,the compilation
schemanayintroducesomeauxiliary propositionabtomsthatareusedto con-
trol the executionof newly introducedoperators. Theseatomsshouldmost
likely have aninitial valueandmayappeain thegoalspecificatiorof planning
instancesn thetamgetformalism. Finally, it is requiredthatthe resultingmin-
imal X'-plan A’ for =’ is boundedn lengthby the lengthof the minimal plan
A for = (seeFigurel.2).

Although Figure 1.2 givesa goodpicture of the compilationframevork, it
is not completelyaccurate. If we wantto compile a formalismthat permits
for literalsin preconditionsandgoalsto onethatrequiresatoms,sometrivial
translationf theinitial stateandgoaldescriptionarenecessarySimilarly, if
wewantto compileaformalismthatpermitsusto usepartialstateso aformal-
ismthatrequirescompletestate atranslationof theinitial statespecificatioris
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Figure1.2 Thecompilationframewvork

necessaryHowever, sincewe do not dealwith incompletestatespecifications
or planningformalismghatallow only atomsin thepreconditionye canignore
thisissuehere’

Let us now defineformally whata compilationschemes. A compilation
schemefrom X' to Y is a tuple of functionsf = (f¢, f;, f,) thatinducesa
function /" from X' -instancedl = (=, I, G) to Y-instanced’(I1) asfollows:

(L) =(fe(E), IV fi(2), G U f,())
andsatisfieghefollowing conditions:
1. thereexistsa planfor I1 iff thereexistsaplanfor F'(I1),

2. andthesizeof theresultsof f¢, f;, andf, is polynomialin thesizeof the
arguments.

Althoughthereareno resourceboundson f;, f;, and f, in thegenerakase,
we are alsointerestedin efficient compilationschemes We saythatf is a
polynomial-timeompilationschemef f¢, f;, andf, arepolynomial-timecom-
putablefunctions.

In additionto that we measurethe size of the correspondinglansin the
target formalism. If a compilationschemef hasthe propertythat for every
plan A solvinganinstancell, thereexists a plan A’ solving F'(IT) suchthat
[|A]| < ||A|| + & for somepositive integer constantk, f is a compilation
schemepreservingplan sizeexactly (moduloanadditive constant).If [|A’|| <
¢ X ||A]| + k for positive integer constants: and &, thenf is a compilation
schemepreservingplan sizelinearly, andif ||A|| < p(||All, ||1]|) for some
polynomialp, thenf isacompilationschemepreservingplansizepolynomially.
Moregenerallywe saythataplanningformalismX’ is compilableto formalism
Y (in poly. time,preservingplansizeexactly, linearly, or polynomially),if there
existsacompilationschemavith theappropriatg@roperties Wewrite X' <* Y



8

in caseX’ is compilableto Y or X =5 Y if the compilationcanbe donein
polynomialtime. Thesuperscriptz canbel, ¢, or p dependingpnwhetherthe
schemepreseresplansizeexactly, linearly, or polynomially, respectrely.

From a practicalpoint of view, one could regard compilability preserving
plan sizeexactly or linearly asan indicationthat the planningformalismwe
useasthetarget formalismis at leastas expressiveasthe sourceformalism.
Cornverselyif asuperlinear (beit polynomialor superpolynomial)blowup of
theplansin thetargetformalismisrequiredoy any compilationschemethisisan
indicationthatthesourcdormalismis moreexpressivehanthetargetformaliam
—sinceit indicatesthata planningalgorithmfor thetargetformalismwould be
forcedto generatesignificantlylonger plansfor compiledinstancesmaking
it probablyinfeasibleto try to solve suchinstances.However, compilations
preservingplan sizepolynomially may neverthelesse of practicalvalue(see
alsoSection?.).

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

Proposition 2 Therelations<” and <7 are transitiveandreflexive

Furthermorejt is obvious thatwhenmoving upwardsin the diagramdis-
playedin Figure 1.1, thereis alwaysa polynomial-timecompilationscheme
preservingplansizeexactly. If w; denoteghe projectionto the :-th agument
and{ the function that returnsalwaysthe emptyset, the genericcompilation
schemdor moving upwardsin the partialorderis f = (74,0, 0).

Proposition 3 If ¥ C Y, thenX <! V.

Now thereis, of course the questionwhethertherearemorecompilability
relationshipghanthoseimplied by the two propositions This is the question,
wewill analyzein thenext threesections.

4. COMPILING CONDITIONAL EFFECTS AWAY

Gazenand Knoblock (1997) proposeda particular way of transforming
sTrIPSS domaingo sTripsz, domainswhich blows up the operatorsetexpo-
nentially. Thereis, of coursethequestionwhethertherearebettertransforma-
tions. Aswewill shaw, thisis notthe case.A simplecountingargumentshavs
thatwith conditionaleffectstherearemoresolvableinitial state/goapairsthan
therearewhenconditionaleffectsarenotallowed.

In orderto illustratethis point, let us consideran example. We startwith a
setof n propositionalatomsy:,, = {pi, ..., p.}. Considemow thefollowing
sTRIPSS domainstructure:

on, = (T, {pi= —pi,=pi = pi|pi € Xn})
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0, = {on},
=, = (S, O,).

Thismeanghattheoperatomw,, “inverts”thetruthvalueof all atoms.Fromthat
it is evidentthatthereexist O (2") pairs(I, G) suchthatthereexistsaone-step
planthatsolves(=,, I, G).

Trying to find asTriprsy, or sTripsg domainstructurepolynomially sized
in ||=,|| with the samepropertyseemgo beimpossible gvenif we allow for
c-stepplans. The reasonis that thereare only polynomially mary different
c-stepplans.

Theorem 4 STRIPSS A° STRIPSR.

Proof. Assumefor contradictiorthatthereexistsa compilationschemef from
STRIPSS tOSTRIPS g preservinglansizelinearly, whichcompileghesTrips¢
domainstructure=,, definedabove into thesTriPsg domainstructure

fe(Bn) = B, = (X5, 0).

Let usnow considerall pairsof initial statesandgoals(I, G) suchthatG is
the“negation”of 1, i.e.,
G=-IU(X-T1).

For thesepairs, there exist obviously one-stepplans. By assumptionthe
STRIPS g instance

(En, TU fi(En), GU f4(En))
shouldthenhave a c-stepplan. Sincethereareonly O(|O/,|°) differentc-step
plans,whichis anumberpolynomialin thesizeof =,,, thesameplan A is used
for different(I, G) pairs—praidedn is sufficiently large.

Suppos¢heplanA isusedor thepairs(I}, GY), (I3, G%), whichresultfrom
(I, G1) and(Iz, Gg). Sincel; # I,, I, andI, mustdiffer on atleastone
atom,sayp. Withoutlossof generalitywe assume € I, andp ¢ I,. SinceA
isasuccessfuplanfrom I} to G, it followsthat Res(I}, A) = —p. Similarly,
we have Res(I), A) E p. SinceA is a plan without conditional effectsit
alwaysaddsand deletesthe sameatoms. Further sincewe assumeg € I,
(hencey € 1)), theplanmustdeletep andnotreestablisht. Then,however, it
is impossiblethatwe have Res(I,, A) = p, whichis acontradiction.

This means,our initial assumptiorthat thereexists a compilationscheme
from sTRIPSS to STRIPSE preservingplansizelinearly mustbewrong. Such
aschemecannotexist. [

In otherwords,conditionaleffectsareessentiahndthey cannotecompiled
away evenif we allow for generaBooleanpreconditionsandalinearincrease
in planlength.
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S. COMPILING BOOLEAN PRECONDITIONS AWAY

Now the questionis whetherwe cancompile Booleanpreconditionsaway.
We startwith restrictedforms of Booleanpreconditionsandcontinueto move
thepartialorderdisplayedn Figurel.1lupwards.

It is folklore in the planningcommunity that DNF preconditionscan be
regardedassyntacticsugar For eachoperatoro = ((¢; V ea V...V ¢g), L),
wherec; € Ly and/, C 3, onesimply generates new operators); = (c;, ).
Thistranslationis obviously apolynomial-timecompilationschemepreserving
plan sizeexactly.

Proposition 5 sTRIPSp <) STRIPS],.

For CNF preconditionghesituationis muchlessclear As mentionedbore,
Backsttm(1995)conjecturedhatCNFprecomlitionsaddto theexpressieness
of sTrIPST,, but he wasnot ableto prove this conjectureusinghis framewvork
of ESP-reductionsUsing our compilability framewvork for measuringexpres-
sivenesswe can, however, prove his conjecture. In orderto do so, we first
introducea variationof the planningproblem.

The fixed plan-sizeinitial-state existenceproblem (e-F1sEx) is definedas
follows. Givenadomainstructure= = (¥, 0), agoal G C S, astatel C ¥,
anda subsetof the atomscalled choicesetC C 3, the questionis whether
thereexistsasetC' C C suchthat(=,IU ', G) canbesolvedby a planwith
sizec, wherec is apositive constant.

Althoughthis problemappeargo be slightly harderthanthe ordinaryplan
existenceproblem,fixing the planlengthto the positive constant: makesthe
problemeasyat leastfor the planningformalismsTripsy,.

Theorem 6 sTRIPS,-c-FISEX canbedecidedn polynomialtime

Proof. GivenansTRrIPsy-c-FISEX instance(=, I, G, C), the numberof pos-
sible operatorsequencess O(|O|°), whichis polynomialin the instancesize.
For eachsuchsequenceye cando aregressionanalysisstartingwith thegoal
G computingthe weakesipreconditionwhich is a setof literals. This canbe
donein polynomialtime. Finally, onecaneasily checkin polynomialtime,
whetherthereis asubset” C C thatleadsto aninitial statel U C' thatentails
theweakesprecondition.Thismeanstheproblemcanbesolvedin polynomial
time for ary fixedec. [

If we allow for CNF preconditionsthe problembecomesarder Evenif the
planlengthis restrictedo one,3sAT canbeobviously reducedo the 1-F1sEx
problemin sTriPS(.

Proposition 7 sTRIPS-1-FISEX is NP-complete
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Fromthatit followsimmediatelythattherecannotexist ary polynomial-tine
compilationschemdrom sTripsq to sTRIPS, preservinglansizelinearly—
providedP # NP.® We will shav a strongermresult,namelythattherecannot
exist any compilation schemepreservingplan size linearly by employinga
prooftechniqudirst usedby KautzandSelman(1992).

In orderto prove this result, we needthe notion of advice-takingTuring
madines Thesearemachinesvith anadviceoracle whichisa(notnecessarily
recursve) function ¢ from positive integersto bit strings. On input 7, the
machineloadsthe bit string «(||||) and then continuesas usual. Note that
the oraclederivesits bit stringonly from the length of the inputandnot from
the contentsof the input. An adviceis saidto be a polynomialadviceif the
oraclestringis polynomially boundedby the instancesize. Further if X is a
compleity classdefinedn termsof resource-boundadachinese.g.,P or NP,
thenX/poly (alsocallednon-uniformX) is the classof problemsthatcanbe
decidedon machineswvith the sameresourceboundsandpolynomialadvice.

Becauseof the adviceoracle, the classP/poly appeargo be much more
powerful thanP. However, it seemsaunlikely that P/poly containsall of NP.
In fact, onecanprove thatNP C P/poly impliescertainrelationshipsetween
uniform compleity classeghatarebelievedto be very unlikely. In particular
Karp andLipton (1980)have shavn thatNP C P/poly impliesthatthe poly-
nomialhierarchycollapse®nthesecondevel—whichis consideredo bevery
unlikely.

Theorem 8 sTRIPS¢ A° STRIPST,, unlesghepolynomialhierarchy collapses.

Proof. As afirst step,we constructfor eachn asTripPs domainstructure=,,,
achoicesetC,,, anda goal specificationG,, with size polynomialin » and
the following properties. Satisfiability of an arbitrary 3CNF formula ¢,, of
sizen is equivalentto 1-stepplanexistencefor thesTripPsc-1-FISEX instance
(En, Gn, I, Cy), wherel,  canbecomputedn polynomialtime from ¢,,.

Givenasetof n atoms,denotedoy P,,, we definethe setof clausesA , to
bethesetcontainingall clauseswvith threeliteralsthatcanbe built usingthese
atoms.Thesizeof A, is O(n?), i.e., polynomialin n. Let D,, benew atoms
p~ correspondingne-to-oneto the clausesy in A,,. Finally, lets be a new
atomwhichisnotin P, UD,,.

Now we constructa sTRIPS domainstructure=,, = (3,,,0,) goal G,,,
andthechoicesetC,, asfollows:

¥, = P,UuD,U({s},

0, = {ou},

on = (( N\ (pyV7),{s}),
YEA,

GTL = {5}7
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c, = P,

Let cl(¢) bethesetof clausesappearingn ¢. Basedonthatwe definel,,, as
follows:

L, = {py€Dn|v¢cllen)}

Now it is easyto seethat,, is satisfiabldff for thesTriPs-1-FISEX instance
(En, Gn, I, C,) thereexistsasetof choices”' C C,, suchthattheresulting
planninginstance(=,, I,, U C, G,) is solvedby aone-stefplan.

Let us now assumethat thereexists a compilationschemefrom sTri1Ps
to sTRIPSy, preservingplansizelinearly. Using this compilationschemewe
compilethesTripss domainstructure=,, into the stripsy, domainstructure
= =(X,0!). FurtherG/, I , andC/, aredefinedasfollows:

n1 on?
G, = {s}Ufy(En),
Iipn = I<Pn U fi (En)a
Cfn = C,.

Notethatall thesesetscanbecomputedn time polynomialin », oncewe know

thevaluesof f,(Z,) andf;(=Z,).
Fromtheconstructionit followsthatthefoll owingstatementsrreequivalent:

1. ¢, is satisfiable,

2. for thesTrIPsy-1-FISEX instance(=,, G,, 1, C,), thereexists a set
of choices” C C,, suchthatll = (>,, 0,,I,, UC, G,) hasaone-step
plan,

3. for thesTrIPS,-c-FISEX instance(=],, G/, T, , C}), thereexists a set
of choicesC” C C7, suchthatll’ = (X7, 07, I/, UC’, G;) hasac-step
plan,

Onecannow constructan advice-takingTuring machinethat on input of a
formula ¢,, of size n loadsthe polynomialadvice(=!,, f,(Z,), fi(Z,)) and
thendecidessTriPs -c-FISEX for theinstance(=],, G/, I/, , C; ), which by
Theorem6 canbe donein polynomialtime. Sincetheproblem3sat, whichis
solvedby this deterministicadvice-takingnachinein polynomialtime is NP-
completewe concludethatNP C P/poly. Thisimpliesby Karp andLipton’s
(1980)resultthatthepolynomialhierarchycollapse®nthesecondevel, which
provestheclaim. [

Theresultabore impliesthataddingCNF preconditiongo sTriPs, addsto
the expressveness.However, it is notimmediatelyobvious whethera further
generalizatiorfrom CNF formulaeto arbitrary Booleanformulaewould add
anothetlevel of expressvenessWe will deferthis questiorto thenext section.
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6. COMPILING BOOLEAN PRECONDITIONSINTO
CONDITIONAL EFFECTS

As mentionedn the Introduction,sometimeghe expressve power of con-
ditional effectsandof Booleanpreconditionsareclaimedto berelated.In this
sectionwe will analyzethis claim usingthe compilability framevork.

As in the caseof unconditionalactions,it is commonlyagreedthat DNF
formulaecanberegardedas“syntacticsugar’ Any operatorcontaininga DNF
preconditiorwith & disjunctscanbesplitinto £ new operatorsontainingonly
conjunctionsof literals in the precondition. Similarly, ary conditionaleffect
with a DNF effectconditione; vV ...V ¢, = L canbeequialentlyexpressed
by asetof n conditionaleffectsc; = .. Obviously, thistransformatiorcanbe
viewedasa polynomial-timecompilationschemepreservingplansizeexactly.

iti ¢ <1 ¢
Proposition 9 sTRIPS}, <, STRIPSY.

Interestingly CNF preconditionsaindeffect conditionsdo not appeato add
to theexpressve power oncewe have conditionaleffects—proidedwe accept
thattwo formalismshave the sameexpressve power, if they arecompilableto
eachotherpreservingplan sizelinearly. The mainideabehindproving this
is that operatorswith conditionaleffects canbe usedto evaluatethe truth of
clauses.

Theorem 10 sTRIPS, <¢ STRIPSY.

Proof. Assumehattheoperator®f thesTripsé, domainstructures = (32, O)
containn clausesyy, va, . . ., v, With v; = 1;1 V... V l;x, in preconditionsand
effect conditions. For eachclausey;, a new atomp., is introduced,andthe
setof thesenew atomsis denotedby I'. Now, the operatoreval, which will

evaluatethe truth valuesof all the clausedn a given state,canbe definedas
follows:

eval = (T, {li; = px })-

If all clausesy; in O arereplacedoy the new atomsp.,—leadingto the new
setO—theonly remainingchangeshatarenecessargarethatwe enforcethat
the eval operatoiis alwaysexecutecbeforeanoperatofrom O is executedand
thatall operatorfrom O setall theatomsfrom I to false.

In orderto enforcesequence®f operatorsalternatingbetweenoperators
from O andthe eval-operatoy onecanintroducea new atome thatis added
to theinitial state. In addition,we modify the eval operatorandall operators
o € O asfollows:

evall = (e, pos{eval) U{T = {—e}})
o' = (—eApre(o), pos{(o) U{T = {e}} U{T = —I'}).



14

Wecannow specifyacompilatonschemdromstripsé, tosTrips§ asfollows:

Thisis obviouslya polynomial-timecompilationschemethatleadsto sTrips§
plansthataretwice aslong astheoriginal sTrIps¢, plans. n

This resultappeargo berelevantfor practicalplanningalgorithmsbecause
it suggesthow to extend planningalgorithmsfor conditionaloperatorgo al-
gorithmsfor dealingwith CNF preconditionsandeffect conditions.However,
one may wonderwhetherwe canimprove on this result,coming up with a
compilationschemepreservingplansizeexactly. Interestingly theredoesnot
appeatro be anobviousway to do that. Further it is completelyunclearhow
to prove thatsucha compilationschemes impossible.

Having shavn that CNF preconditionscanbe compiledawvay whencondi-
tionaleffectsarepresentpnemighthopethatthis canalsobedonewith general
Booleanpreconditions Unfortunately this doesnotwork, though. In orderto
shaw that,we needthe notionof Booleancircuitsandfamiliesof circuits.

A Booleancircuit is adirected,agclic graphC' = (V, E), wherethenodes
V arecalledgates Eachgatev € V hasatype type(v) € {—,V,A, 1,0} U
{21, 29,...}. Thegateswith type(v) € {1,0, 21, 24, .. .} havein-degreezero,
thegateswith type(v) € {—} havein-degreeone,andthegateswith type(v) €
{A,V} have in-degreetwo. All gatesexceptone have at leastone outgoing
edge.Thegatewith nooutgoingedgeis calledtheoutputgate Thegateswith
noincomingedgesarecalledtheinputgates Thedepthof acircuitis thelength
of the longestpathfrom aninput gateto the outputgate. The sizeof a circuit
is thenumberof gatesin the circuit. Givenavalueassignmento thevariables
{1, z3, ...}, thecircuit computeghe value of the outputgatein the obvious
way.

Insteadof usingcircuits for computingBooleanfunctions,we canalsouse
themfor acceptingwordsof lengthn in {0,1}*. Awordw = z,...2, €
{0,1}" is now interpretedas a value assignmento the n input variables
z1,..., 2, Of acircuit. The word is acceptedff the outputgate hasvalue
1 for thisword. In orderto dealwith wordsof differentlength,we needone
circuit for eachpossiblelength. A family of circuits is an infinite sequence
C = (Cy, Ch, .. .), whereC,, hasn inputvariables.Thelanguageacceptedy
suchafamily of circuitsis the setof wordsw suchthatC),,, | acceptso.

Usually, oneconsiderso-calleduniformfamiliesof circuits i.e.,circuitsthat
canbegeneratean a Turing machinewith alog n-spacebound. Sometimes,
however, alsonon-uniformfamilies areinteresting. For example,the classof
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languagescceptedy non-uniformfamilies of polynomially-sizedcircuitsis
justtheclassP/poly introducedn Sections..

Usingrestrictionson the sizeand depthof the circuits, we cannow define
newv compl«ity classeswhich in their uniform variantsare all subsetsf P.
Oneclasghatisimportantin thefollowingistheclassof languageacceptedby
uniformfamiliesof circuitswith polynomialsizeandlogarithmicdepth,named
NC'. Anotherclasswhich provesto beimportantfor usis definedin termsof
non-standaraircuits, namelycircuits with gatesthat have unboundedan-in.
Insteadof restrictingthein-degreeof eachgateto betwo atmaximum,wenow
allow anunboundedn-degree. The classof languagescceptedy families of
polynomiallysizedcircuitswith unboundedan-in andconstantlepthis called
ACP,

Fromthedefinition, it follows almostimmediatelythatACY C NC!. More-
over, it hasbeenshavn thatthereare somelanguagesn NC' thatarenotin
the non-uniformvariantof AC®, which impliesthatAC® # NC! (Furstetal.,
1984).

Inorderto provethatwecannotompileBoolearpreconditiongo conditional
effects,we will view families of domainstructureswith fixed goalsandfixed
sizeplansas“machines’thatacceptianguagessimilar to families of circuits.
For all wordsw consistingof n bits, let

Ep = <En U {g}a On>-

Assumethat the atomsin ¥,, are numberedfrom 1 to . Thena word w
consistingof n bits couldbeencodedy aninitial state

I, = {p; | iff theithbit of wis 1}.

We now saythatther-bit word w is acceptedvith a one-stepor c-stepplan
by =, iff thereexistsa one-stepor c-stepplan,respectiely, for theinstance

I, = <<zn U {g}a On>aIw U {_'g}’ {g}>

Similarly to families of circuits, we alsodefinefamilies of domainstructures,
E = (Z0,Z1,...). Thelanguageacceptedy sucha family with a one-step
(or c-step)planis the setof wordsacceptedisingthedomainstructure=,, for
wordsof lengthn. Borrowing the notion of uniformity aswell, we saythata
family of domainstructuress uniformif it canbe generatedy a log n-space
Turing machine.
Papadimitriou(1994)haspointedoutthatthelanguageacceptedby uniform
polynomially-sied Booleanexpressionss identicalto (uniform) NC!. Asis
easyto see,a family of sTriPsg domainstructuresis nothingmorethana
family of Booleanexpressionsprovidedwe useone-steplansfor acceptance.
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Proposition 11 The class of languagesacceptedby uniform families of
sTRIPS g domainstructuresusingone-steplanacceptancésidenticaltoNC!.

If we now have a closerlook at whatthe power of c-stepplanacceptance
for familiesof sTrips§ domainstructuress, it turnsoutthatit is lesspowerful
thanNC!. In orderto show that,we will first prove the following lemmathat
relatesc-stepsTrips$ plansto circuitswith gatesof unboundedan-in.

Lemmal2 Let= = (X, O) beastrips§ domainstructure,let G C 5, and
let A bea c-stepplan over=. Thenthere existsa polynomiallysizedBoolean
circuit C' with unboundedan-in and depth7¢ + 2 sud that A is a plan for
(2,1, G) iff thecircuit C' hasvaluel for theinput wy.

Proof. Thegeneraktructureof acircuit for ac-stepsTrips§ planis displayed
in Figure 1.3. For eachplan step(or level) ; and eachatom p;, thereis a

Figure1.3 Circuit structureandgoaltestingfor ac-stepsTrips$ plan

connectionp!. The connectionon level 0 aretheinput gates,i.e., p! = z;.
Thegoaltestis performedoy an A-gatethatcheckghatall thegoalsaretrueon
level ¢, in ourcaseG = {pi, —p2, p»}. Furtherusingthe v-gate,it is checked
thatnoinconsisteng wasgenerateadvhenexecutingthe plan.

Foreaclplanstepy, it mustbecomputedvhetheitheprecondiionis satidfied
andwhatthe resultof the conditionaleffectsare. Figure 1.4 (a) displaysthe
preconditiontestfor the precondition{py, p2, =p3}. If the conjunctionof the
preconditionliteralsis not true, |, becomedrue, which is connectedo the
V-gatein Figurel.3.

Without lossof generality(usinga polynomialtransformation)we assume
thatall conditionaleffectshavetheform I. = I. Whethettheeffect/ isactivated
onlevel 5 is computedoy acircuit asdisplayedn Figurel.4 (b), which shows
thecircuitfor {py, —=ps} = —p;.

Finally, all activated effects are combinedby the circuit shovn in Fig-
ure 1.4 (c). For all atomsp;, we checkwhetherboth p; and —p; have been
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J+1

1 -p; p%

A - B A - T TR SR

(@) (b) ()

Figure1.4 Circuit structurefor preconditiontesting(a), conditionaleffects(b), andthe com-
putationof effects(c) for sTrips$ operators

activated whichwouldset L, true. Thisis againoneof theinputsof thev-gate
in Figurel.3. If neitherp; nor—p; have beenactivated thevalueof p; onlevel
j + 1is determinedy thevalueof p; onlevel j. Otherwisethevalueof p; on
level j + 1 is determinedby the valueof p;”, i.e., the activationvalueof the
positiveeffect p; onlevel j.

Thedepthsof thecircuitsin Figurel.4(b) and(c) dominatethe depthof the
circuitnecessarto represenpvneplanstepleadingto theconclusionthataplan
stepcanberepresentedsingacircuit of depth7. Adding thedepthof thegoal
testingcircuit, theclaimfollows. n

ThelemmaimpliesthatsTrips§ c-stepplanacceptances indeedesspow-
erful thansTrirsg 1-stepplan acceptancewhich meansthat a compilation
schemdrom sTRIPS 5 to STRIPSS preservingplansizelinearly is impossible.

Theorem 13 sTRIPSg A° STRIPSS .

Proof. Assumefor contradictionthat sTrRiPSg <° sTRIPSS. Let E =
(20, Z1,...) be a uniform family of sTripsp domainstructuresand &' =
(Z4,Z4,...) bethe sTripsé domainstructuresgeneratecby a compilation
schemd thatpreseresplansizelinearly. By Lemmal2weknow thatfor each
sTRIPSS domainstructure=;, = (3!, O',) andgivengoal G’ we cangener
atea polynomially sized,unboundedan-in circuit with depth7¢ + 2 thattests
whetheraparticularc-stepplanachievesthegoal. In orderto decidec-stepplan
existence we musttestO(]O/,|°) differentplans,which is polynomialin the
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sizeof =,, becausd is a compilationscheme For eachplan,we cangenerate
onetestcircuit, andby addinganotherv-gatewe candecidec-stepplan exis-
tenceusinga circuit with depth7¢ 4+ 3 andsizepolynomialin the sizeof =,,.
Sinceby Propositionl1all languagesn NC' areacceptedby uniformfamilies
of sTrIPS g domainstructuresisingone-steplanacceptancegurassumption
sTRIPS g <° sTRIPSS impliesthatwe canaccepiall languageén NC! by (pos-
sibly non-uniform)AC? circuits, which is impossibleby the resultof Furstet
al. (1984). u

Usingthetwo resultsabore, cannow easilygive an answerto the question
posedin the end of the previous section,namely whethergeneralBoolean
preconditionsaaremoreexpressve thanCNF preconditions.

Theorem 14 STRIPSg A€ STRIPS:.

Proof. Assumefor contradictionthat thereis a compilation schemefrom
STRIPSg 10 STRIPS preservingplansizelinearly. Sinceby Proposition3 we
havesTrIPS <° sTrRIPSS, andby TheoremlOwe havesTRIPsE, <° STRIPSS
we canconcludesTRIPS g <¢ STRIPSS usingProposition2 twice. This, how-
ever, contradictsTheorem13. [

This leaves us with the questionwhethergeneralBooleanpreconditions
andeffect conditionsare more expressve than CNF preconditionsand effect
conditions.However, assuminghatsTripsg <¢ sTripsS, leaddmmediatelyto
theconclusiorthatsTrips§ <¢ sTR1PSS (usingTheorentOandPropogion?2),
whichis impossiblebecausef Theoreml3.

Proposition 15 sTripsS A° sTRIPSS,.

7. SUMMARY AND DISCUSSION

Usingthe compilability frameavork (Nebel,1998),we analyzedhe expres-
sive power of disjunctive preconditionsand conditionaleffects. In general,
our resultsprovide a completeclassificationof the relative expressvenessof
sTrIPs-like languagesvith restrictedformulaeandconditionaleffects— pro-
videdthatliteralsarealwaysallowedandstatesarealwayscomplete.Tablel.1
givesan overview of the results(without the trivial sTrips$ column). The
“C" entriesmarksyntacticspecializatiomelationshipgseeFigurel.1). For all
otherentrieswe give the strongestompilability resultor impossibility result.
The numberindicatesthe theoremfrom which theresulthasbeenderived. If
thenumberis in bold face, it is justthe statemenof the theorem.Otherwise,
theresultcanbederivedfrom thetheoremandtheapplicationof Proposition®
and3. Two particularinterestingresultsare
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< | sTRIPS;, | STRIPSp | STRIPSc | STRIPSp | STRIPSG | sTRIPSG, | sTRIPSE |
STRIPS[, = C C C C C C
STRIPS =, = =5 (5 C =5 (5) c =5 (5)
STRIPS A< (8) 4 (8,5) = C =5 (10) =5 (10)

= C
STRIPSp | £°(14) | £°(14,5) | £°(@14) £°(13) | £°(13,9) | £° (13,10)

STRIPsg £ (4) 2°(4) 2°(4) 24 c C
STRIPSS, £ (4) 2¢ (4) 2°(4) 2°4) A ) = =5 (9
STRIPS% A< (4) £¢ (4) 2¢ (4) 24 =5 (10) =5 (10) =

STRIPSE | 2% (4) 2“4 2“4 2904 | 2°(13) | 2°(139) | £°(19)

Tablel.1 Compilability betweersTriPS variants

1. CNF preconditionsadd to the power of basicsTrips, confirming an
earlierconjectureby Backstom (1995);

2. Conditionaleffectscannobecompiledaway evenif weallow for general
Booleanpreconditionsanda linear growth of the resultingplans. This
resultshows that we cannotimprove on the preprocessingchemefor
conditionaleffectsasproposedy GazerandKnoblock (1997).

3. CNF preconditionsand CNF effect conditionsdo not add arything to
the expressve power if we alreadyhave conditionaleffects,confirming
aweakversionof a conjectureby Andersoretal. (1998).

In particularthe latter resultmay have practicalvaluefor the designof plan-
ning algorithms. It suggestghat when normalizingpreconditionsand effect
conditionsit is not necessaryo corvert themto disjunctive normalform, but
conjunctive normalform is anotheroption thatcanbe easilydealtwith. This
option may sometimeshelp to avoid excessve spaceconsumption provided
theformulaearealreadyalmostCNFE

Is this all onecansayregardingpracticalissues?As hasbeenpointedout
in Section3., insteadof consideringonly compilationschemesvhich presere
plansizelinearly, we mightalsobeinterestedn compilationschemeshatpre-
sene plansizepolynomially. Whatdo we getin this case?nterestinglyfrom
this point of view all the formalismsconsideredn this paperareexpressvely
equivalent (even if we restrictoursehesto polynomial-timecompilations)(
Nebel, 1998). However, it shouldbe notedthata polynomial blowup of the
plansizeimpliesthata planningalgorithmhasto copewith a potentiallymuch
largersearchspace- which limits the practicalvalueof this result.
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Notes

1. Thispaperis arevisedandextendedsersionof a paperfirst presentect ECP-99(Nebel,1999b).

2. Actually the statemenis that“disjunctive preconditions . . are. . . essentiaprerequisitegor han-
dling conditionaleffects”

3. We assumehatthe readerhasa basicknowledgeof complexitytheory(GareyandJohnson1979;
Papadimitriou1994),andis familiar with thenotionof polynomialmany-oneeductionsindthecompleity
classed, NP, coNP, andPSPACE. All othernotionswill beintroducedn the paperwhenneeded.

4. BackstdmmeantCNF preconditionsvhenwe wrotedisjunctivepreconditions

5. Thereasorfor leaving out basicsTRIPs is thatit hasalreadybeenshavn thatsTrips andsTrIPs,
aswell assTRIPSC ands"rn.n:si areequialentwith respecto expressreness(Nebel,1998). Furthermore,
ignoring the caseLy, = Ay, simplifies someof the technicalproblemswhen specifying compilation
schemes.

6. Note thatthesecompilationschemataarevery similar to knowledgecompilations which compile
thefixedpart of a problemin orderto speedup theoverallprocessingCadoliandDonini, 1997).

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

8. Herethe differencebetweenBackstom'’s (1995) ESP-reductionand compilationschemeshould
becomeobviousbecaus¢heformerdo notallow usto derive sucha conclusion.
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