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Abstract

The3rdand4thInternationalPlanningCompetitionshaveen-
richedthesetof benchmarksfor classicalpropositionalplan-
ning by a numberof novel andinterestingplanningdomains.
Although they arecommonlyusedfor thepurposeof evalu-
atingplannerperformance,theplanningdomainsthemselves
have not yet beenstudiedin depth. In this contribution, we
prove complexity resultsfor thedecisionproblemsrelatedto
�nding someplan, �nding an optimal sequentialplan, and
�nding an optimal parallel plan in theseplanningdomains.
Our resultsalsoprovide someinsightsinto thequestionwhy
planningis hardfor someof thedomainsunderconsideration.

Intr oduction
It is hard to deny the fact that the InternationalPlanning
Competitions(IPCs),startingfrom their �rst incarnationat
AIPS 1998(McDermott2000),have hada marked impact
on classicalplanningresearchin recentyears. This is true
not justof thecompetitionsthemselves,but alsoof theplan-
ningdomainsusedwithin them.

Evidencefor this is manifold. First, signi�cant work has
beenpublishedthatdiscusspropertiesof, or algorithmsfor,
someof thecompetitiondomains(Slaney & Thiébaux2001;
Thiébaux& Cordier2001;Helmert2003). (Somedomains,
suchasPSR, have only beenusedin thecompetitionsafter
beingthe topic of researchpapers,but this only reinforces
ourpoint thatthey areinterestingin their own right.)

Second,we observe thatmany developmentsin classical
planningare motivatedby weaknessesof earlier planning
approachesin benchmarkdomains.For example,the Goal
AgendaManagementtechniqueusedin IPPandFF(Koehler
et al. 1997;Hoffmann& Nebel2001) is motivatedby the
BLOCKSWORLD domainandtheCG heuristicusedby Fast
Downward(Helmert2004)is inspiredby “transportationdo-
mains”suchasLOGISTICS andMYSTERY.

Finally, it hasbecomea rareoccurrencethata paperdis-
cussingnew techniquesfor classicalplanningis published
withoutpresentingperformanceresultsfor someof thecom-
petition domains. Indeed,in the ICAPS 2005proceedings
(ica 2005), thereare eight paperson domain-independent
deterministicplanning,of which sevenexclusively useIPC
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Figure1: IPC3andIPC4domains.

domainsfor evaluationpurposes,while the remainingone
usestwo competitiondomainsandthetowersof Hanoi.

Whetheror not this focus on the competitiondomains
constitutesa healthytrend is a matterof somedebate. It
canbearguedthatcurrentpracticein classicalplanningre-
searchfocusestoo much on raw benchmarkperformance,
and too little on original ideas. This has led to a cer-
tain uniformity of planningapproaches,with threeof the
� ve best-performingplannersin thenon-optimizingpropo-
sitional trackof IPC4(Hoffmann& Edelkamp2005)being
somevariationof Hoffmann's FF. In any case,it is evident
that thecompetitiondomainshave becomesucha staplein
currentplanningresearchthatit is worthwhileputtingsome
effort into understandingthemwell.

Working towardsthis goal, this paperanalyzesthecom-
putationalcomplexity of planningin thepropositionalplan-
ning domainsof IPC3(Long & Fox 2003)andIPC4(Hoff-
mann& Edelkamp2005), shown in Fig. 1. We focus on
IPC3 andIPC4 becausethe domainsof the �rst two com-
petitionshave alreadybeenaddressed(Helmert2003). We
focuson propositional(i. e., non-numerical,non-temporal)
domainsbecausethey aremorecommonlyusedthan their
non-propositionalcounterparts;indeed,no ICAPS2005pa-
per includesexperimentswith the latter. However, this is
not to say that the non-propositionaldomainsare without
interest,andindeeda follow-up investigationof thoseis un-
derway.

Studiesof decisioncomplexity arecertainlynot the be-
all andend-allof researchon planningdomains.We rather
seethemasa�rst step,whereotherstepsshouldinvolveap-
proximabilityproperties,phasetransitionbehavior, and(asa
referencefor comparison)domain-dependentoptimalplan-
ning algorithms. All thesestepshave beenundertaken for
theBLOCKSWORLD domain(Slaney & Thiébaux2001).To



allow theotherbenchmarkdomainsto catchupa little bit, a
companionpaperdiscussestheapproximabilityof thecom-
petitionbenchmarks(Helmert,Mattmüller, & Röger2006).

Weproceedasfollows. In thenext section,weprovidean
overview of theproblemsaddressedin this paper, andpro-
vide some�rst results.This is followedby four sectionsin-
vestigatingcertainplanningdomainsin depth,namelyA IR-
PORT, PIPESWORLD, PROMELA, andPSR. Finally, we dis-
cussour �ndings andconclude.

The problems
The propositionalplanningdomainsof IPC3 andIPC4 are
shown in Fig.1. Foreachof thesedomains,weareinterested
in thecomplexity of thefollowing decisionproblems:

� Plan existence: Is agivenplanningtasksolvable?

� Boundedplanexistence: Is agivenplanningtasksolvable
usingnomorethanacertainnumberof actions?

Planexistenceis closelyrelatedto theproblemof gener-
ating a plan for the task,while boundedplan existenceis
relatedto generating an optimalplan for a task,i. e.,a plan
consistingof aminimalnumberof actions.If it is hardto de-
cide thedecisionproblem,thentheplanningproblemmust
alsobehard.While theconversedoesnotholduniversally, it
doesholdfor thedomainsweanalyze:All ourproofsof eas-
inessfor thedecisionproblemsareconstructive,providing a
planningalgorithmfor thedomainunderconsideration.

For many planningdomains,plan existencecan be de-
cidedin polynomialtimewhereasboundedplanexistenceis
NP-complete.In thesecases,it is naturalto askhow dif�cult
it is to generateapproximatesolutions, planswhich arenot
muchworsethanoptimal,for somede�nition of “not much
worse.” We answerthis questionfor the competitiondo-
mainsin acompanionpaper(Helmert,Mattmüller, & Röger
2006),which includesclassi�cationsof approximabilityfor
theDEPOT, DRIVERLOG, ROVERS, SATELLITE andZENO-
TRAVEL domains.Becausethatpapercontainsan in-depth
studyof thesedomains,we only discussthemvery brie�y
here.

In all � ve domains,non-optimalplanscanbeeasilygen-
eratedin polynomial time by addressingone subgoalat a
time. NP-hardnessof boundedplan existencefor DEPOT,
DRIVERLOG and ZENOTRAVEL follows becauseeachof
thesedomainsgeneralizesthe M ICONIC-STRIPS domain,
for which boundedplan existence is NP-hard (Helmert
2003). For ROVERS andSATELLITE, we canreducefrom
anNP-hardsetcoveringproblem.Themappingsareshown
in the companionpaper (Helmert, Mattmüller, & Röger
2006), wherethey are usedto show limits of approxima-
bility. Membershipin NP follows becauseshortestplans
areonly polynomially long andhenceguess-and-checkal-
gorithmsareapplicable.

This leavesus with � ve domainsto investigate.Oneof
these,FREECELL, wasalreadypart of IPC2 andhasbeen
shown to have NP-completeplan existenceand bounded
plan existenceproblems(Helmert2003). We dedicatethe
following sectionsto the remainingfour domains,starting
with A IRPORT.

A I RPORT

The A IRPORT domainmodelsgroundtraf�c on an airport,
i. e., movementof aircraft along taxiways and runways.
Unlike other route planningdomains,A IRPORT tasksare
heavily space-constrained:Not only canany givenlocation
(calleda taxiwaysegment) only beoccupiedby oneaircraft
at a time, thereeven exist mutualexclusionconstraintsbe-
tweensegmentsto theeffect thatat mostoneof themmay
be occupiedat a given time. The purposeof thesecon-
straintsis to modelrealisticsafetyconditions. Indeed,the
A IRPORT domainis �rmly groundedin real-world planning
tasks(Hatzack& Nebel2001),andsomeof theIPC4bench-
marksarefaithful translationsof realisticdatafrom Munich
Airport. (Note that theformulationin HatzackandNebel's
paperis quite different from the IPC4 version, leadingto
differentcomplexity results.)

Planning domain 1 A I RPORT
Thesetof movementmodesfor aircraft is de�nedas
M := f pushing; taxiing; airborne; parkedg.

An A IRPORT taskis givenby thefollowingcomponents:

� �nite setsof aircraft A andtaxiwaysegmentsS,
� a taxiwayrelation, pushback relation andblocking rela-

tion RT ; RP ; RB � S � S,
� an initial modefunction m0 : A ! f pushing; taxiingg

andinitial segmentfunction s0 : A ! S, and
� a goalmodefunction m? : A ! f airborne; parkedg and

goalsegmentfunction s? : A ! S.

ThedigraphsGT = (S;RT ), GP = (S;RP ) andGB =
(S;RB ) are calledthetaxiwaygraph, pushback graphand
blocking graphof thetask.

Thetaskis calledundirectediff RT , RP andRB aresym-
metric, planar iff (S;RT [ RP ) is a planar digraph, and
regularly constrainediff RT = RP = RB .

Statesof thetaskare pairs (m; s) 2 (A ! M ) � (A !
S), where m(a) is called the current mode and s(a) is
called the current segmentof aircraft a 2 A. The initial
stateis (m0; s0), theonlygoal stateis thestate(m?; s?).

Anystate(includinginitial andgoalstate)mustsatisfythe
followingblocking constraints:

� If two aircraft share the samecurrent segment,at least
onemustbeairborne.

� If an aircraft locatedat segmentu is pushingor taxiing
andanotheraircraft locatedat segmentv is pushing, taxi-
ing or parked,then(u; v) =2 RB .

Thereare �ve kindsof actions:

� An aircraft can change its current segmentfrom u to v
if it is taxiing and (u; v) 2 RT (move actions),or if it
is pushingand (u; v) 2 RP (push actions),unlessthe
resultingstateviolatestheblockingconstraints.

� An aircraft canchange its currentmodefrom pushingto
taxiing (start up actions),from taxiing to airborne (take
off actions),andfromtaxiing to parked(park actions).

TheA IRPORT tasksof IPC4obey two furtherrestrictions
not capturedby our de�nition. First, thereare no aircraft
whoseinitial modeis pushingandgoal modeis “parked”.



This would make little senseaspushingmodeis associated
with outboundaircraft only andparked modeis associated
with inboundaircraftonly. Second,thepushbackgraphisal-
waysasubgraphof thetaxiwaygraphwith all arcsreversed.
Neither restrictionhasan impacton the complexity of the
problembecauseour hardnessresultsalreadyhold if there
arenopushingaircraftat all.

We alsomadesomedeviationsfrom thePDDL de�nition
of the domain(Hoffmann & Edelkamp2005) to simplify
presentation.Most importantly, thePDDL de�nition distin-
guishesbetweenthelocationandfacingof anaircraft,while
weonly considerits currentsegment. Compilationsbetween
thesetwo representationsarestraightforward.

Other differencesinvolve the modeling of take-off ac-
tions. In the PDDL de�nition, aircraft “leave the map”
when taking off, and they can only take off from speci�c
runway segments.We ignoreairborneaircraft for blocking
purposes,which amountsto thesamething ashaving them
leave the map,andwhile we allow take-off everywhere,it
nevermakessenseto take off from anon-goalsegment,and
goalsegmentsof outboundaircraftarealwaysrunway seg-
ments.ThePDDL domainalsocontainsa minor modeling
�a w thatallows airplanesto park immediatelybeforetake-
off. However, this is never a useful thing to do andhence
cannotaffect complexity.

Finally, thePDDL domainallows theblockingrelationto
dependon theaircraft (via airplane types), but noneof the
existingbenchmarksmakesuseof this feature.Again,mod-
eling it would not make a differencein complexity, aseven
withoutairplanetypes,we canprovePSPACE-hardness.

Theorem2 A I RPORT planning is PSPACE-complete.
Plan existenceand boundedplan existencefor A IRPORT
tasksare PSPACE-complete. This is true even if we only
allow undirected,planar, regularly constrainedtaskswhere
all aircraft are taxiing initially and mustbe parked in the
goal.
Proof: For a graphG = (V; E) anda setof tokensT, we
de�ne a legal placementof T on G asaninjective function
� : T ! V suchthatno two tokensareplacedon adjacent
vertices.A legal placement� 0 is a successorof anotherle-
gal placement� if f they differ on exactly onetokent 2 T,
for which we have f � (t); � 0(t)g 2 E. In otherwords, to
obtainasuccessorof a legalplacement,moveasingletoken
along an edgeand verify that this resultsin anotherlegal
placement.

We show PSPACE-hardnessof A IRPORT planexistence
by polynomially reducingfrom the following (PSPACE-
complete)variationof theSliding Tokenspuzzle(Hearn&
Demaine2005): Given a planargraphG, setof tokensT
andlegal placements� 0, � ? of T on G, is therea sequence
of legal placements� 1; : : : ; � M suchthat � i is a successor
of � i � 1 for all i 2 f 1; : : : ; M g and� M = � ??1

Wenow describethemappingof puzzleinstancesto A IR-
PORT tasks.GivengraphG = (V; E), tokensT andplace-

1In theoriginalSlidingTokenspuzzle,tokensareindistinguish-
ableandthegoalhasa differentform. Only simpleadjustmentsto
thehardnessproofsareneededfor themodi�ed version;cf. Theo-
rem23andCorollary6 in thereference(Hearn& Demaine2005).

ments� 0 and� ?, we generatean A IRPORT taskwith seg-
mentsetV , aircraftsetT , taxiwaygraphG, pushbackgraph
G and blocking graphG, initial segmentfunction � 0 and
goalsegmentfunction� ?. All aircraftaretaxiing in theini-
tial stateandmustbe parked in the goal state.Clearly, the
mappingcanbecomputedin polynomialtime.

No solution to the planningtask canever containpush,
startupor takeoff actions,soweonlyneedto considermove
andparkactions.If theplanningtaskhasasolution,thenthe
sequenceof moveactionsin sucha solutionde�nes a solu-
tion to thepuzzleinstance.Notethatif ataxiingaircraftever
movedto asegmentwhichis adjacentto thecurrentsegment
of another(taxiingor parked)aircraft,thiswouldviolatethe
blockingconstraints.Similarly, from a solutionto thepuz-
zle we canobtaina sequenceof actionsthatmove eachair-
craft to its goal locationwithout violating theblockingcon-
straints,andfrom thatstatethetaskis solvedby parkingall
aircraft.Therefore,themappingis indeeda reduction.

Thus, plan existence for restricted A IRPORT tasks is
PSPACE-hard,whichimpliesthatboundedplanexistenceis
alsoPSPACE-hard. Moreover, bothproblemsmustbelong
to PSPACE becausePDDL planningin any �x ed proposi-
tionaldomainis in PSPACE. This concludestheproof.

Clearly, the result equally appliesto the parallel plan-
ning framework, as all PSPACE-completenessresultsfor
PDDL domainsdo. The result also implies that thereex-
ist A IRPORT tasksfor which the shortestplan consistsof
exponentiallymany actions(or setsof parallelactions).For
example,the shortestsolutionto the puzzlecorresponding
to a QBF formulawith n quanti�er alternationsconsistsof

(2 n ) many steps(Hearn& Demaine2005),leadingto an
A IRPORT taskwith a similarly boundedsequentialsolution
length.Theoptimalparallelsolutioncanonly beshorterby
alinearamount,becauseonly O(n) many actionscanbeex-
ecutedin parallel(oneper aircraft). This also implies that
any A IRPORT planningalgorithmrequiresexponentialtime
for writing down thesolutionfor suchinstances.

We have alsoproved anotherpolynomial reduction(not
includedin thispaper)from thehaltingproblemfor polyno-
mially space-constrainedTuring Machines.This reduction
only generatesdeterministicA IRPORT tasks,whereat most
oneaction is applicableat any time. Therefore,A IRPORT
planningis PSPACE-completeeven if no branchingis in-
volved. However, the tasksgeneratedby this reductionare
notundirected,planar, or regularlyconstrained.

PI PESWORL D

ThePIPESWORLD domainmodelsthe�o w of oil-derivative
liquids throughpipelinesegmentsconnectingareas, andis
inspired by applicationsin the oil industry (Milidi ú, dos
SantosLiporace,& deLucena2003). Liquids aremodeled
asbatchesof a certainunit size. A segmentmust always
containa certainnumberof batches(i. e., it mustalwaysbe
full). Batchescanbepushedinto pipelinesfrom eitherside,
leadingto the batchat the oppositeend “f alling” into the
incidentarea. Batcheshave associatedproduct types, and
batchesof certaintypesmayneverbeadjacentto eachother
in a pipeline.Moreover, areasmayhave constraintson how



many batchesof acertainproducttypethey canhold.

Planning domain 3 PI PESWORL D
P := f lco; gasoline; rat-a; oca1; oc1bg is the set of prod-
ucts. Two productsp;p0 2 P are calledcompatibleunless
p = rat-a andp0 2 f oca1; oc1bg or viceversa.

A PIPESWORLD taskis givenby:
� �nite setsof areasA andpipelinesegmentsS,
� a �nite setof batchesB , eachwithaproducttypebP 2 P,
� for each pipelinessegments 2 S, a start area s� 2 A

andendareas+ 2 A anda segmentlength jsj 2 N1,
� anareacapacityfunction c : A � P ! N0,
� a goal contentsfunction CG : A ! 2B such that for

each batch b 2 B , we haveb 2 CG (a) for at mostone
areaa 2 A, and

� an (arbitrary) initial state,

wherea stateof thetaskis de�nedbyanareacontentsfunc-
tion CA : A ! 2B anda pipelinesegmentcontentsfunc-
tion CS : S ! B � such that
� for each batch b 2 B , eitherb 2 CA (a) for exactly one

areaa 2 A, or b 2 CS (s) for exactlyonesegments 2 S,
� for all areasa 2 A andproductsp 2 P, CA (a) contains

at mostc(a; p) batchesof producttypep, and
� for all pipelinesegmentss 2 S, jCS (s)j = jsj and any

two adjacentbatchesin CS (s) can interface, i. e., have
compatibleproducttypes.
A stateis a goal stateiff CG (a) � CA (a) for all a 2 A.
Theonlyactionsin thetaskarepushactions.If s 2 S is a

pipelinesegmentwith contentsb1 : : : bj sj andb 2 CA (s� ) is
a batch thatcaninterfacewith b1, thenbcanbepushedinto
s. Thisresultsin a statewhere thenew contentsof segment
s are bb1 : : : bj sj� 1, b is no longer in CA (s� ), andbj sj is in
CA (s+ ). Similarly, b 2 CA (s+ ) can be pushedinto s if it
caninterfacewith bj sj , leadingto a statewhere thecontents
of s are b2 : : : bn b, b is no longer in CA (s+ ), and b1 is in
CA (s� ). Pushinga batch into a pipeline segmentis not
allowedif theresultingstatewouldviolatetheareacapacity
constraints.

GeneralPIPESWORLD tasksaresometimesreferredto as
PIPESWORLD-TANKAGE tasks. Note that with our de�ni-
tion (as in the IPC4 benchmarks),the set of productsand
their compatibilityrelationis �x ed.We will seethatwe can
provehardnessalreadyfor this �x edcompatibilityrelation.

Planning domain 4 PI PESWORL D-NOTANK AGE
A PIPESWORLD-NOTANKAGE taskis a PIPESWORLD task
where the area capacityfor each area and product typeis
equalto thetotal numberof batchesof thatproducttype.

Our de�nition of PIPESWORLD faithfully capturesthe
PDDL speci�cationexceptfor onemodeling�a w of thelat-
ter: In somesituations,thePDDL de�nition allows pushing
batchesthrougha pipe even thoughthis violates the area
capacityconstraintson the receiving endof the pipe,mak-
ing someunsolvabletaskssolvable. This minor difference
doesnot affect theapplicabilityof our resultsbecausethese
alreadyhold for the PIPESWORLD-NOTANKAGE domain,
whereareacapacitiescanbeignored.

Theorem5 PI PESWORL D is NP-hard
Plan existenceand boundedplan existencein the domains
PIPESWORLD-TANKAGE and PIPESWORLD-NOTANKAGE
areNP-hard problems.
Proof: We prove that PIPESWORLD-NOTANKAGE hasan
NP-hard plan existenceproblem,so that the other results
follow. Thereductionis from satis�ability of propositional
CNF formulaewhereclausescontainat most four literals
and eachvariableoccursin at most threeclauses(and at
mostonceperclause).Thisproblemis knownto beNP-hard
(Garey & Johnson1979,LO1). (We could limit clausesto
threeliterals,but thenFig. 3 would look lesssymmetric.)

Let � be the formula, and let V and C be its variable
andclausesets. Throughoutthe proof, we refer to batches
of type rat-a as white batches,batchesof type oca1 as
black batches,andbatchesof typegasolineasgraybatches.
Observe that white batchesmay not interface with black
batches,while graybatchesmayinterfacewith anything.

The generatedPIPESWORLD-NOTANKAGE instanceis
assembledfrom componentsshown in Figs.2 and3, where
edgeswith differently decoratedendpointsdistinguishbe-
tweendifferentkindsof pipelinesegments.Thekey to these
decorationsis shown in Fig. 4. The �rst � ve kinds of seg-
mentsall have length6jV j + 1, while thesixthhaslength3.
The �rst kind of segmentis �lled with 3jV j blackbatches,
thena gray oneto interfacebetweenblack andwhite, and
then3jV j whitebatches.Thesecondandthird kind arecom-
pletely�lled with oneproducttype,andthefourth and�fth
are like the secondand third except that the �rst batchis
gray. Thesixth kind is like the�fth, but only containsthree
batches.

Thepipenetwork containsonecopy of thevariablegad-
get structureshown in Fig. 2 for eachvariablev 2 V, and
onecopy of theclausegadget structureshown in Fig. 3 for
eachclausec 2 C. Theopenendsto the right of thevari-
ablegadgets(dotted)areconnectedto theopenendsto the
left of theclausegadgets.In particular, if clausec contains
the positive literal v, thenareav0 of the variablegadgetis
connectedto any of the danglingpipelinesegmentsof the
clausegadgetfor c. Similarly, for negative literalsin c, area
: v0 is connectedto adanglingpipelinesegmentof theclause
gadget.Becauseevery clausecontainsat mostfour literals,
therearesuf�ciently many pipesto maketheseconnections.
Becauseevery variableoccursin at most threeclauses,at
mostthreenew pipelinesegmentsareconnectedto eitherv0

or : v0. Any pipelinesegmentsleft dangling(for clausesof
sizethreeor less)areremoved.

The areasin the variablegadgetslabeled3 are the only
areasthat arenot initially empty, eachof themcontaining
threeblackbatches.In eachclausegadget,thegoalrequire-
mentis to move the last (rightmost)blackbatchin thepipe
connectingareasc andG into areaG. Wecall thesepipeline
segmentsgoalpipes.

This completesthe descriptionof the mapping. Clearly,
thePIPESWORLD taskcanbegeneratedin polynomialtime.
We will now show thatit hasa solutionif f � is satis�able.

Firstassumethat� is satis�able,andthat� is asatisfying
assignmentto V . For eachvariablev 2 V , we pushthe
threeblack batchesin area3 of the correspondingvariable
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Figure2: Variablegadget.
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Figure3: Clausegadget.

gadgetinto thepipe leadingto theareadenotedby a literal
l satis�ed by � (i. e., to areav if � (v) = 1 andto area: v
otherwise).This pushesthreebatchesinto this area,oneof
which is gray. We pushthegraybatch,thenthe two white
batchesinto thepipe leadingto areal 0, makingthreeblack
batchesavailablethere.Wethenpushonebatchinto eachof
thepipesconnectingl0 to clausegadgets.

Due to theway variablegadgetsareconnectedto clause
gadgetsandbecause� satis�es � , this placesat leastone
batchin oneof theareasl1, l2, l3 or l4 of eachclausegadget.
In eachclausegadget,wechooseonesuchbatchandpushit
into thepipe leadingto l12 or l34, placinga batchin oneof
theseareas.Thisbatchis thenpushedinto thepipeleadingto
c, releasingabatchtherewhich is pushedinto thegoalpipe,
satisfyingthegoal for this clause.We thussatisfythegoal
in eachclausegadget,whichshowsthatthetaskis solvable.

Now assumethat the taskhasa solution. Obviously, this
requiresthatmorebatchesarepushedinto eachclausegad-
get than pushedout of them. It is never possibleto push
any batchout of a clausegadgetunlessthis batchhasbeen

3

. . . . . .

. . . . . .

. . . . . .

. . . . . .

. . . . . .

Figure4: Key to Figs.2 and3.

previously pushedinto the clausegadgetthroughthe same
pipe. This is becausebatchesmoved into l12 from l1 have
the wrong color to be pushedinto l2 and vice versa,and
similarly therecannotbe a �o w betweenl3 and l4 via l34
or betweenl12 andl34 via c. (Note that therearenot suf�-
cientlymany batcheson theleft sideof thenetwork to push
agraybatchoutof thepipesleadingto l1, l3 or c.)

We canthustreatthesegmentsconnectingvariablegad-
getsto clausegadgetsas“one-waypipes”,which simpli�es
the analysisbecausewe canconsidereachvariablegadget
in isolation. The importantpropertyfor variablegadgetsis
thatwecaneitherpushbatchesinto areav0 or into area: v0,
but never both. To seethis, note that to pusheven a sin-
gle batchinto areav0, we mustpushall threebatchesfrom
area3 into areav; otherwiseweobtainonly whitebatchesin
areav, which cannotbepushedinto thepipeconnectingto
v0. Moreover, to pusha batchinto v0, we mustmake useof
thegraybatchfrom thepipebetween3 andv0 andwithout
pushingthatgraybatchbackinto v (which requiresempty-
ing areav0), we cannotpushanythingbackinto area3.

Therefore,if thereis a solution,thenthereis onewhere
for eachvariable only one of the areasv0 and : v0 ever
containsa batch. De�ne the truth assignment� so that
� (v) := 1 if areav0 ever containsa batch,and� (v) := 0
otherwise.Thena batchcanonly bepushedinto theclause
gadgetareal i if � satis�es l i . Becauseat leastonebatch
mustbe pushedinto eachclausegadget,� satis�esat least
oneliteral in every clause,andhence� is satis�able. This
concludestheproof.

Obviously, NP-hardnessof plan existencealso implies
thatboundedparallelplanexistenceis NP-hard. Also note
that the proof works just as well if batchesof the same
producttypeareindistinguishable,andhencethegoalis ex-
pressedin term of product types, not batches,which is a
morerealisticmodelof theunderlyingapplicationproblem.

Unfortunately, we cannotprovide anNP membershipre-
sult, and indeed the questionwhetherplan existencefor
PIPESWORLD is in NP is open.

However, we do know that PIPESWORLD-NOTANKAGE
without interfaceconstraints(all producttypesarecompati-
ble) admitspolynomialplanningalgorithms(Pessoa2004),
althoughboundedplan existenceis still NP-completefor
this PIPESWORLD variant. Due to spacelimitations,we do
notprovethis result.

PROM EL A

PROMELA (Processor Protocol Meta Language) is the
input languageused by the SPIN model checker (Holz-
mann1997). The PROMELA planningdomain(Edelkamp
2003) encodesa subsetof PROMELA in PDDL2.2, al-
lowing the application of planning technologyto a cer-
tain class of model-checkingproblems. We �rst intro-
duceanddiscussthe generalPROMELA planningdomain,
then the restrictedsubclassesPROMELA-PHILOSOPHERS
and PROMELA-OPTICALTELEGRAPH, which werepart of
theIPC4benchmarkset.

A PROMELA taskde�nesa distributedsystemconsisting
of a set of processes, modelingindividual componentsof



a distributedsystem,andqueues, usedfor communication
betweenprocesses.The goal is always to �nd a deadlock
state,in whichnoprocessis ableto continueits operation.

Planning domain 6 PROM EL A
A PROMELA task is given by �nite setsof processesP,
queuesQ andmessages� , a capacityfunctionc : Q ! N1,
andfor each processp 2 P:

� a �nite setof statesS(p),
� an initial states0(p) 2 S(p),
� a setof readingtransitionsR(p) � S(p) � Q� � � S(p),
� a setof writing transitionsW (p) � S(p) � Q� � � S(p).

A stateof thetaskde�nes:

� for each processp 2 P, a processstates(p) 2 S(p),
initially s(p) = s0(p),

� for each queueq 2 Q, the queuecontentsC(q) 2 � � ,
initially C(q) = � .

There is onlyonekind of actionsof thetask,applyinglo-
cal transitions. Processp 2 P can apply local transition
t = (s;q; a; s0) 2 R(p) [ W (p) iff s(p) = s andeithert is
a readingtransitionandthe�r stelementof C(q) is themes-
sage a, or t is a writing transitionandjC(q)j < c(q). Asa
resultof the action, the local stateof processp changesto
s0 andthe�r st elementof C(q) is removed(if t is a reading
transition),or messagea is appendedto C(q) (if t is a writ-
ing transition).All otherstatecomponentsare unaffected.

A stateis a goal stateiff noactionis applicable.

Our de�nition of the PROMELA domaindiffers from the
PDDL de�nition in someminor waysthat do not limit the
applicabilityof our results.Thesearediscussedtowardsthe
endof thesection.

Processescanbe naturallydescribedby labeleddirected
graphs,whereverticescorrespondto processstatesandarcs
to transitions. For a transitiont = (s;q; a; s0), the graph
containsan arc from s to s0 with the label q : a? if t
is a readingtransitionand q : a! if t is a writing transi-
tion. Fig. 5 shows an exampleprocessfrom PROMELA-
PHILOSOPHERS. The processcorrespondsto a single
philosopher, thequeuesL andR to theforks to his left and
right. Theintuition behindthemodelis thatwriting a mes-
sagecorrespondsto puttinga fork on thetable,andreading
a messagecorrespondsto picking it up. Initial processstate
1 is a set-upstatein which eachphilosopherputsonefork
on the table. After leaving this state,philosophersfollow a
deterministicstrategy of repeatedlyrequestingthetwo forks
they requirein acertainorder, thenputtingthemdownagain.

Communicatingprocessesarea very expressive formal-
ism for modelingcomputations.This makesplanningfor
generalPROMELA taskshard.

Theorem7 PROM EL A planning is PSPACE-complete.
Plan existenceand boundedplan existencefor PROMELA
tasksare PSPACE-complete. Thisis true evenif all queues
havecapacity1 andthetasksaredeterministic,i. e., at most
oneactionis applicablein anyreachablestate.
Proof: We provide a reductionthat mapsspace-restricted
TuringMachinesto PROMELA taskssuchthatthetaskhasa

solutionif f theTuring Machinehalts(startingfrom a blank
tape).

Let M be a Turing Machinewith statesetZ , including
initial statez0 2 Z andacceptingstatez� 2 Z , tapealphabet
� , including blank symbol � 2 � , andtransitionfunction
� : (Z n f z� g) � � ! Z � � � f� 1; +1 g. We assume
thatthemachinehasn tapecells,startsat theleft-mostone,
andthatattemptsto move pasttheendof the tapein either
direction is an error that terminatescomputation(just like
reachingtheacceptingstate).

ThecorrespondingPROMELA taskhasonetapecell pro-
cesspi andonequeueqi for eachtapecell i 2 f 1; : : : ; ng.
Thesetof messagesis the setof Turing MachinestatesZ .
All queueshavecapacity1, all tapecell processeshavestate
set � [ (� � Z ), andthe initial stateof eachprocessis �
exceptfor processp1 with initial state(� ; z0).

For eachTuring Machinetransition� (z; a) = (z0; a0; �)
and eachtape position i 2 f 1; : : : ; ng where i + � 2
f 1; : : : ; ng, tapecell processpi hasthefollowing transitions:

� A transitionfrom a to (a; z) which readsz from qi .

� A transitionfrom (a; z) to a0 whichwritesz0 to qi +� .

Thereis a straightforwardcorrespondencebetweencon-
�gurations of the Turing Machine and statesof the cor-
respondingPROMELA task. If after k computationsteps,
the Turing Machinereachesstatez with currenttapeposi-
tion i andtapecontentsa1 : : : an , thenafter2k stepsin the
PROMELA task,processpi is in state(ai ; z) andeachpro-
cesspj 6= pi is in stateaj . Moreover, all queuesareempty.

We prove this inductively. Clearly, the statementis true
for k = 0. Assumethat it is truefor k. We canassumethat
z 6= z? and� (z; ai ) = (z0; a0; �) with i + � 2 f 1; : : : ; ng,
sinceotherwisetheTuring Machinecomputationstopsand
thereis nothingto prove. In this case,theonly possiblelo-
cal executionin the PROMELA taskis by processpi , since
all otherprocessesarein statesthat requirereadingfrom a
queue,andall queuesareemptyby the inductive hypothe-
sis. Processpi is in state(ai ; z), which hasonly oneout-
goingtransition,writing z0 to queueqi +� andchangingthe
processstateof pi to a0. In thenext step,all processesare
in a statethat requiresreading,but only processpi +� can
readfrom anon-emptyqueue,sothisprocessactsnext. The
only applicabletransitionis the one that readsmessagez0

andchangesstatefrom ai +� to (ai +� ; z0). After thesetwo
steps,all queuesareemptyagain,andthelocalprocessstates
againcorrespondto theTuringMachinecon�gurationasre-
quired,concludingtheinductiveproof.

This shows that if theTuring Machinedoesnot halt, we
cannotreachadeadlockin thePROMELA task.Ontheother
hand,if the Turing Machinehalts, it eitherdoesso by at-
temptingto gopastthetapeboundariesor by reachingstate
z?. In both cases,the PROMELA task reachesa deadlock,
becauseno local executionsare possiblein the statecor-
respondingto the last Turing Machinecon�guration after
reachingz? (or beforegoingpastthetapeboundaries).

Thus, plan existencefor PROMELA tasksis PSPACE-
hard, which implies that boundedplan existenceis also
PSPACE-hard. Moreover, both problemsmust belongto
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PSPACE becausePDDL planningin any �x edpropositional
domainis in PSPACE. Thisconcludestheproof.

Having establishedthe result for the generalPROMELA
domain,wenow turnto thePROMELA-PHILOSOPHERS and
PROMELA-OPTICALTELEGRAPH domains.Thesedomains
arespecialcasesof PROMELA whereeachtaskis character-
izedby a singlenumber. In theformerdomain,this number
de�nesthenumberof philosophersin adining-philosophers
styleproblem.In the latter, it de�nes thenumberof optical
telegraphsin a communicationprotocol.

Planning domain 8 PROM EL A-PHI L OSOPHERS
A PROMELA-PHILOSOPHERS task is given by a natural
numbern � 2 anddenotesa PROMELA taskwith message
setf forkg, processespi andqueuesqi (of capacity1) for all
i 2 f 1; : : : ; ng. Throughoutthis section,processandqueue
indicesof PROMELA-PHILOSOPHERS tasksare considered
modulon. Statesandtransitionsof processpi are givenby
thedirectedgraph in Fig. 5, where the initial processstate
is state1, L denotesthequeueqi , andR denotesthequeue
qi +1 .

Planning domain 9 PROM EL A-OPTI CALTEL EGRAPH
A PROMELA-OPTICALTELEGRAPH taskis givenby a nat-
ural numbern � 2 and denotesa PROMELA task with
message setf att; ctl; data; start; stopg, processespd

i andpu
i

and queuesqc
i , qd

i and qu
i (of capacity 1) for all i 2

f 1; : : : ; ng. Throughoutthis section,processandqueuein-
dicesof PROMELA-OPTICALTELEGRAPH tasksareconsid-
ered modulon. Statesand transitionsof theprocessesare
givenby thedirectedgraphin Fig. 6, where the initial pro-
cessstateis state25. For processpd

i , C denotesthequeue

qc
i , R denotesthe queueqd

i and W denotesthe queuequ
i .

For processpu
i , C denotesthequeueqc

i , R denotesthequeue
qu

i +1 andW denotesthequeueqd
i +1 .

Becauseof their simple scalingstructure,thesebench-
marks are much easierto solve than generalPROMELA
tasks.

Theorem10 PROM EL A-PHI L OSOPHERS is easy.
In the PROMELA-PHILOSOPHERS domain, optimal plans
canbegeneratedin polynomialtime.
Proof: To reacha goalstate,applythetransitionsfrom 1 to
6 to 3 in all processes.Whenall processesare in state3,
they areall blocked,sothis is asolutionof length2n, if n is
thenumberof philosophers.

Wenow proveoptimality. Becausethereis only onemes-
sagetype and queueshave size 1, queuesonly have two
con�gurations,full or empty. We canverify the following
invariant:Queueqi is full if f pi is in state5 or 6 andpi � 1 is
in state1, 3 or 6. Thereforepi cannotbedeadlockedin state
1 or 4 (qi is not full if pi is in state1 or 4) or in state5 (qi +1
is not full if pi is in state5). Therefore,processescanonly
beblockedin states6 or 3. However, if all processesarein
state3 or 6 andpi is in state6, thenqi is not full andhence
pi is notblocked.Therefore,for all processesto beblocked,
all of themmustbein state3. Thegeneratedplanclearly is
theshortestsequenceof actionsachieving this.

Theorem11 PROM EL A-OPTI CALTEL EGRAPH is easy.
In the PROMELA-OPTICALTELEGRAPH domain, optimal
planscanbegeneratedin polynomialtime.
Proof: To reacha goalstate,�rst applythetransitionsfrom
25 to 14 to 15 in all processespd

i , thenthe transitionfrom
25 to 2 in all processespu

i . Clearly, this leadsto a dead-
lock. Optimality canbeprovedby similar argumentsasfor
PROMELA-PHILOSOPHERS (detailsomitted).

All theresultsin this sectioneasilygeneralizeto parallel
planning. Clearly, the generalPSPACE-completenessre-
sultalsoappliesto thatsetting,asPSPACE-completenessof
plan existenceimplies PSPACE-completenessof bounded
parallelplanexistencefor propositionalPDDL domains.In
the restricteddomains,parallelismallows taking the tran-
sitions of each processsimultaneously, so that the opti-
malparallelplanlengthfor any PROMELA-PHILOSOPHERS
task is 2, whereasthe optimal parallelplan length for any
PROMELA-OPTICALTELEGRAPH task is 3. In the latter
case,notethatprocesspu

i canonly transitionto state2 after
pd

i � 1 hastransitionedto state15.
Finally, somecommentson the differencesbetweenour

formalizationandtheactualPDDLdomain.First,thePDDL
de�nition seemsto have a minor �a w in the formalization
of writing to queuesof capacity2 or greater. The hard-
nessproof doesnot requiressuchqueuesand they do not
occurin the competitiondomains,so this doesnot make a
difference. Second,becauseof another�a w in the PDDL
de�nition, processescan only be recognizedas blocked
in stateswith at most one outgoingtransition; reachinga
deadlockin which someprocesshastwo outgoingtransi-
tions in its currentstateis not considereda solution,even
if all thosetransitionsare blocked. This doesnot affect



our proofs for the competitiondomains,but it doesmean
that the PSPACE-hardnessproof is not immediatelyappli-
cable to the PDDL speci�cation. However, it is easyto
adjust to work aroundthe �a w. Finally, due to the dif�-
culty of expressingthequeueupdatesanddead-lockcondi-
tion succinctlyin PDDL, asingleactionin ourmodelcorre-
spondsto a sequenceof four actionsin the PDDL model,
and anotheraction is neededat the end of the plan for
eachblockedprocesswith anoutgoingtransitionin thecur-
rent state. Countingthe numberof PDDL actions,the 2n
plan length for PROMELA-PHILOSOPHERS thus becomes
9n (2n transitions,n processes),andthe3n planlengthfor
PROMELA-OPTICALTELEGRAPH becomes14n (3n transi-
tions,2n processes).Theoptimalparallelplanlengthsin the
PDDL domains,following the PDDL de�nition of concur-
rency, becomes9 for PROMELA-PHILOSOPHERS and11for
PROMELA-OPTICALTELEGRAPH (it is not14sincesomeof
the“subactions”canbeinterleaved).

PSR
The PSR (power supply restoration) domain was origi-
nally introducedfor planningunderuncertainty(Thiébaux
& Cordier2001). At the 4th InternationalPlanningCom-
petition, a deterministicand fully observable variant was
oneof the benchmarkdomains.The domainmodelsa sit-
uationwherepartsof a power network, consistingof power
sources(circuit breakers), switchesand power lines, have
turnedfaulty. Circuit breakersor switchescanbe openor
closed,with opendevicesblocking thecurrent. Theobjec-
tive of a PSR taskis to recon�gurethenetwork by opening
andclosingdevicessothatasmany linesaspossiblearefed,
while avoiding to feedany faulty lines (which immediately
opensall powersourcesfeedingthem).

Planning domain 12 PSR
A PSR taskis givenby a �nite setof devicesD, partitioned
into circuit breakersC � D andswitchesD n C, andby a
�nite setof linesL , someof which are faulty lines F � L .

Devicesarelinkedto linesbya connected,bipartitegraph
calledthepower network. In thepowernetwork,each edge
connectsa device to a line. Circuit breakers havea degree
of 1, switchesa degreeof 1 or 2. There is no restrictionon
the degreeof lines. We saythat a line is feedableiff there
exists a path in the power networkleading from a circuit
breaker to that line which doesnot passthroughanyfaulty
lines(includingtheline itself).

For each circuit breaker, thereis a setof linesanddevices
calledits feedertree, includingthecircuit breaker itself. The
subgraphinducedby a feedertreemustbea treewhere all
leavesare devices. Each line andcircuit breaker is part of
exactlyonefeedertree, each switch part of oneor twofeeder
trees.If it is part of twofeedertrees,it mustbea leaf in both
inducedgraphsandis calleda joining switch.

A stateof the taskis givenby a setO � D of opende-
vices;non-opendevicesarecalledclosed. Initially, thejoin-
ing switchesare open,all otherdevicesclosed.We saythat
a line l 2 L is fed by a circuit breaker c 2 C in a given
stateiff there existsa path in thepowernetworkfromc to l
which doesnotpassthroughanyopendevice(includingc it-

self).Wesaythata circuit breaker is affectediff a faulty line
is fedby it. A stateis unsafe iff there is an affectedcircuit
breaker, andsafe otherwise.

Thereare threekindsof actionsin thetask:

� Thewait action is applicableiff the stateis unsafe, and
opensall affectedcircuit breakers.

� Theopenandcloseactionsare applicableiff thestateis
safe. They openor closea singledevice.

A stateis a goal stateiff it is safeandeach feedableline
is fedbysomecircuit breaker.

Differentlyto theoriginalPDDL de�nition, wedonotex-
plicitly model the earth device, which is alwaysopen,but
ratherallow to haveswitcheswith adegreeof 1, whichleads
to thesamesemantics.

Notethatthereis norequirementthata line befedby only
onecircuit breaker, althoughthis is true for the initial state
dueto thefactthatjoining devicesareinitially open.

Somewhatsurprisingly, optimalplansin PSR canbegen-
eratedin polynomialtime.

Theorem13 PSR is easy
In thePSR domain,optimalplanscanbegeneratedin poly-
nomialtime.
Proof: Solving PSR tasks requires maintaining safety
and feeding all feedablelines. The safety property is
monotonouslyincreasingin thesetof opendevices,i. e., if
O � O0 andstateO is safe,thenstateO0 mustalsobesafe.
(Recallthatwe identify stateswith thecorrespondingsetof
opendevices.) The feedingpropertyis monotonouslyde-
creasingin the setof opendevices, i. e., if O � O0 anda
certainline is fed in O0, thenit is alsofed in O. Thus,the
two aspectsof solvinga PSR taskcon�ict in a certainway.
However, aswe shallsee,it is possibleto separatetheseas-
pectsby ensuringsafety�rst, thenfeedingall feedablelines.

Wesaythatacircuit breakeris dangerousiff it is adjacent
to a faulty line, andaswitchis dangerousiff it is adjacentto
a faulty line andto a feedableline.

If the initial stateis a goal state,we return the empty
plan.Otherwise,sinceall linesarefed initially by thecircuit
breaker in their feedertree,the initial statemustbeunsafe,
andthe�rst actionin any planmustbea wait action,which
opensall dangerouscircuit breakers. We thenuseopenac-
tions to openall dangerousswitches. Like the initial wait
action, theseactionsmustoccur in any solution (although
not necessarilyat this point), becauseswitchescanonly be
openedby openactions(ratherthanby waiting, asfor cir-
cuit breakers), and dangerousswitchesmust be openin a
goal state: Assumedangerousswitch d were closedin a
goal state. By de�nition, it is adjacentto a feedableline l
andfaulty line l0. In a goalstate,l mustbefedby somecir-
cuit breaker c, so l0 is alsofed by c, andhencec is affected
andthegoalstateunsafe,a contradiction.It is alsoevident
thatdangerouscircuit breakersmustbeopenin a goalstate
to ensuresafety.

Interestingly, havingall dangerousdevicesopenis notjust
necessaryfor safetyof a goal state,it is alsosuf�cient for
safetyof any state.Assumethat this werenot thecaseand
therewerean unsafestatewhereall dangerousdevicesare



open. By de�nition of safety, in this statetheremustbe a
path� = d1l1 : : : dn ln from circuit breakerd1 to faulty line
ln whereall devicesdi areclosed.We canassumethatln is
theonly faulty line on thepath(if l i for i < n is faulty, we
consider� 0 = d1l1 : : : di l i instead).If n = 1, thenthecir-
cuit breakerd1 is dangerousandthereforenotclosed,acon-
tradiction. If n > 1, thenline ln � 1 is feedableby thepath
d1l1 : : : dn � 1ln � 1, andhencedn connectsa feedableline to
a faulty line and is dangerousand thereforenot closed,a
contradiction.

Therefore,wecansolve thetaskasfollows:

� Wait, thenopenall dangerousswitches.
� Computea setof non-dangerousdevicesD C of minimal

cardinalitysuchthat closingD C leadsto all lines being
fed. Closethesedevices.

Wealreadysaw thatall actionsin the�rst stepmustoccur
in any solution.Moreover, dueto themonotonicityof feed-
ing anddueto thefactthatclosingadevicerequiresasingle
actionperdevice (unlike opening,which canin somecases
bedonemoreef�ciently with thewait action),thegenerated
planis clearlyoptimalprovidedthatsafetyis notviolatedby
any of the closingactions. However this is ensuredby the
fact thathaving all dangerousdevicesopenis suf�cient for
safety.

Thus,weonlyneedto show how to calculatethesetD C in
polynomialtime. For this purpose,we applysometransfor-
mationto thepowernetwork. First,weremoveall dangerous
devicesalongwith all linesanddevicesthatbecomediscon-
nectedfrom thecircuit breakersby this operation.Clearly,
sinceall dangerousdevicesareopenandwearenotgoingto
closethem,this is a valid operation.This resultsin a graph
whereall linesarefeedableandnodevicesaredangerous,so
wecanignorewait or openactionsin thefollowing. Second,
we introduceanew (closed)maincircuit breaker, connectit
to a new main line, andconnectthat line to all original cir-
cuit breakersin thenetwork,whichchangestatusto switches
(note that their degreeis now 2 due to the edgefrom the
mainline). Again, this doesnot changethesemanticsof the
fed predicate.It doeschangethesemanticsof affectedness
for our network, but this is not a problembecauseour net-
work containsnofaulty lines.Third,weremoveall switches
with degree1 (they areno usefor solving the task)andre-
placeall other switcheswith colored(i. e., labeled)edges
connectingtheir two neighboringlines,usingrededgesfor
openswitchesandgreenedgesfor closedswitches.Closing
aswitchthuscorrespondsto changingthecolorof anedgeto
green.A line is fed if f it is reachedby a pathfrom themain
circuit breaker thatdoesnot passthroughany redlines,and
henceall lines arefed iff the subgraphobtainedby remov-
ing all red lines is connected.To achieve this with a min-
imal numberof closeactions,we cancomputea spanning
tree with a minimal numberof red edges,or equivalently
a minimal spanningtreein theweightedgraphobtainedby
assigningweight1 to all rededgesandweight0 to all other
edges.Computinga minimal spanningtreeis a polynomial
timeoperation.

Somecommentsare in order at this point. First, if we
usePrim's algorithm(Cormen,Leiserson,& Rivest1990)

for computingminimumspanningtrees,it is easyto verify
that the completePSR planningalgorithmamountsto the
following quitesimplegreedystrategy:

1. If theinitial stateis asolutionstate,returntheemptyplan;
otherwisecontinue.

2. Wait.

3. Openall dangerousswitches.

4. Until a goalis reached,closesomenon-dangerousdevice
suchthat closing this device leadsto at leastone addi-
tional line beingfed.

Second,theproofcritically reliesonthefactthatswitches
areconnectedto atmosttwo lines,andcircuit breakersonly
to one line. Eliminating the degreerestrictionfor devices
indeedleadsto a moredif�cult domain,for which bounded
plan existenceis NP-complete.However, we do not prove
this resulthere.

Finally, the problemremainseasyin a parallelplanning
framework. In fact,accordingto thePDDL de�nition of the
domain,no two PSR actionsare concurrentlyexecutable,
dueto theconservativede�nition of mutexesin thepresence
of derivedpredicates(Hoffmann& Edelkamp2005).Under
a lessstrict notion of concurrency, it makessenseto allow
openingseveral devices in parallelandclosingseveral de-
vicesin parallelif thatdoesnot leadto any circuit breakers
beingaffected. Using this notion, it is obvious that theop-
timal parallelsolutionlengthfor any PSR taskis 3, where
the�rst stepconsistsof a wait action,thesecondof a num-
ber of openactions,andthe third of a numberof closeac-
tions.Thisconcludesourdiscussionof PSR, andof theIPC
benchmarksin general.

Summary and discussion
Fig. 7 summarizesour results. Comparingthese�ndings
to the complexity propertiesof the earlier benchmarkdo-
mains(Helmert2003),onenotabledevelopmentis the ad-
ventof PSPACE-equivalentplanningdomainsat IPC4. We
believe that this is an effect of the competitionorganizers'
focusonactively seekingfor realisticandstructurally inter-
estingdomains.Indeed,they mentionincludingaPSPACE-
equivalentbenchmarkasoneof thedesideratafor theIPC4
benchmarksuite (Edelkamp& Hoffmann2003). Another
notabledevelopmentis theadventof a non-trivial planning
domainin which optimal solutionscan be computedef�-
ciently, namely PSR. We considertheoreticallytractable,
but non-trivial domainsan import addition to the toolset
of plannerevaluation, and indeedsolving PSR taskshas
proven to be very challengingfor state-of-the-artplanning
systems.

Realismandinterestingnesscomewith acostin complex-
ity, andthis is not limited to decisioncomplexity. In three
outof thefour IPC4domains(ordomaingroups)westudied,
thePDDLmodelsare�a wed,PSR beingtheonly exception.
Moreover, two of thesethree(PIPESWORLD andPROMELA)
aremodeledunnaturallyin the sensethat an atomicactiv-
ity in the modeleddomain(suchaspushinga batchinto a
pipe,or takinga transitionin a process)correspondsto sev-
eralactionsin themodel. A similar needfor splitting con-



optimalplanningin P:
PROMELA-OPTICALTELEGRAPH,
PROMELA-PHILOSOPHERS, PSR

planningin P, optimalplanningNP-equivalent:
DEPOT, DRIVERLOG, ROVERS, SATELLITE,
ZENOTRAVEL

planningNP-hard:
PIPESWORLD (bothvariants)

planningPSPACE-equivalent:
A IRPORT, PROMELA (generalcase)

Figure7: Planningcomplexity for the IPC3 andIPC4 do-
mains.

ceptuallyatomicactivities into severalPDDL operatorshas
beenidenti�ed in anapplicationdomaindevisedby Boddy
et a. (2005). From theseobservations,we concludethat it
would be useful to extendPDDL to allow modelingcom-
plex operatorsmorenaturally. Allowing operatorsto bede-
�ned assequentialcompositionsof other(not independently
applicable)suboperatorscould go a long way towardsad-
dressingtheseissues,while still allowing for compilation
techniquesto currentPDDL.

Apart from an increaseof complexity, anotherinterest-
ing trendin the competitiondomainsis the lack of a com-
mon themeor patternin the IPC4 benchmarksuite. Many
of the IPC1 andIPC2 domainscanbe subsumedunderthe
headingtransportationdomains(Helmert2001). Many of
thedomainsof IPC3havea transportationor route-planning
aspect,but exceptfor ZENOTRAVEL, eachof themsigni�-
cantlydivergesfrom the themein someway. For the IPC4
domains,no centralthemecanbe identi�ed at all. This is
clearlya healthydevelopmentif we wantplanningtechnol-
ogy to applyto a widespectrumof applicationdomains.

In the introduction,we mentionedhow the competition
benchmarkshave in�uenced the developmentof proposi-
tional planningsystemsin the past. Our resultsshow that
the IPC4 domainspresentconsiderabledif�culties from a
complexity point of view. It will be interestingto seehow
planningtechnologywill riseto this challenge.
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