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Abstract

The3rdand4thInternationaPlanningCompetitionshave en-
richedthe setof benchmarksor classicapropositionabplan-
ning by a numberof novel andinterestingplanningdomains.
Althoughthey arecommonlyusedfor the purposeof evalu-
ating plannemerformancethe planningdomainsthemseles
have not yet beenstudiedin depth. In this contribution, we
prove compleity resultsfor the decisionproblemsrelatedto
nding someplan, nding an optimal sequentialplan, and
nding an optimal parallel plan in theseplanningdomains.
Our resultsalsoprovide someinsightsinto the questionwhy
planningis hardfor someof thedomainsunderconsideration.

Intr oduction

It is hardto dery the fact that the InternationalPlanning
CompetitiongIPCs), startingfrom their rst incarnationat
AIPS 1998 (McDermott2000), have had a marked impact
on classicalplanningresearchn recentyears. This is true
notjustof thecompetitionghemseles,but alsoof the plan-
ning domainsusedwithin them.

Evidencefor this is manifold. First, signi cant work has
beenpublishedthat discusspropertiesof, or algorithmsfor,
someof thecompetitiondomaingSlang/ & Thieébaux2001;
Thiébaux& Cordier2001;Helmert2003). (Somedomains,
suchasPSR, have only beenusedin the competitionsafter
beingthe topic of researctpapers but this only reinforces
our pointthatthey areinterestingn their own right.)

Secondwe obsene thatmary developmentsn classical
planning are motivated by weaknessesf earlier planning
approache# benchmarkdomains. For example,the Goal
AgendaManagementechniqueausedn IPPandFF (Koehler
etal. 1997;Hoffmann& Nebel2001)is motivatedby the
BLockswoRLD domainandthe CG heuristicusedby Fast
Downward(Helmert2004)is inspiredby “transportatiordo-
mains”suchasL oGIsTICS andM Y STERY.

Finally, it hasbecomearareoccurrencehata paperdis-
cussingnew techniquedor classicalplanningis published
without presentingperformanceesultsfor someof thecom-
petition domains. Indeed,in the ICAPS 2005 proceedings
(ica 2005), there are eight paperson domain-independent
deterministicplanning,of which seven exclusively uselPC
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Figurel: IPC3andIPC4domains.

domainsfor evaluationpurposeswhile the remainingone
usestwo competitiondomainsandthe towersof Hanoi.

Whetheror not this focus on the competitiondomains
constitutesa healthytrendis a matterof somedebate. It
canbe arguedthat currentpracticein classicalplanningre-
searchfocusestoo much on raw benchmarkperformance,
and too little on original ideas. This hasled to a cer
tain uniformity of planningapproacheswith three of the

ve best-performingplannersin the non-optimizingpropo-
sitionaltrack of IPC4 (Hoffmann& Edelkamp2005)being
somevariationof Hoffmann's FF. In ary case,it is evident
thatthe competitiondomainshave becomesucha staplein
currentplanningresearchhatit is worthwhile puttingsome
effort into understandinghemwell.

Working towardsthis goal, this paperanalyzeshe com-
putationalcomplexity of planningin the propositionalplan-
ning domainsof IPC3(Long & Fox 2003)andIPC4 (Hoff-
mann& Edelkamp2005), shavn in Fig. 1. We focuson
IPC3 andIPC4 becauséhe domainsof the rst two com-
petitionshave alreadybeenaddressedHelmert2003). We
focuson propositional(i. e., non-numericalnon-temporal)
domainsbecausehey are more commonlyusedthantheir
non-propositionatounterpartsindeed,no ICAPS 2005pa-
per includesexperimentswith the latter However, this is
not to say that the non-propositionadomainsare without
interestandindeeda follow-upinvestigatiorof thoseis un-
dernay.

Studiesof decisioncompleity are certainly not the be-
all andend-allof researchon planningdomains.We rather
seethemasa rst step,whereotherstepsshouldinvolve ap-
proximability propertiesphaseransitionbehaior, and(asa
referencefor comparisondomain-dependertptimal plan-
ning algorithms. All thesestepshave beenundertalen for
theBLOCKSWORLD domain(Slang & Thiébaux2001).To



allow the otherbenchmarldomainsto catchup alittle bit, a
companiorpaperdiscusseshe approximabilityof the com-
petitionbenchmarkgHelmert,Mattmiller, & Roger2006).

We proceedhsfollows. In the next sectionwe provide an
overview of the problemsaddressedh this paper andpro-
vide some rst results.Thisis followedby four sectiondn-
vestigatingcertainplanningdomainsin depth,namelyAiR-
PORT, PIPESWORLD, PROMELA, andPSR. Finally, we dis-
cussour ndings andconclude.

The problems

The propositionalplanningdomainsof IPC3andIPC4 are
shavnin Fig. 1. For eachof thesedomainswe areinterested
in the compleity of thefollowing decisionproblems:

Plan existence Is a givenplanningtasksolvable?

Boundedlan existence Is agivenplanningtasksolvable
usingno morethana certainnumberof actions?

Planexistenceis closelyrelatedto the problemof gener
ating a plan for the task, while boundedplan existenceis
relatedto genemting an optimal plan for atask,i. e.,aplan
consistingof aminimalnumberof actions.If it is hardto de-
cide the decisionproblem,thenthe planningproblemmust
alsobehard.While thecorversedoesnothold universally it
doeshold for thedomainsve analyze:All ourproofsof eas-
inessfor thedecisionproblemsareconstructve, providing a
planningalgorithmfor thedomainunderconsideration.

For mary planningdomains,plan existencecan be de-
cidedin polynomialtime whereadoundedlanexistences
NP-complete.In thesecasesit 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 acompaniorpaper(Helmert,Mattmiiller, & Roger
2006),whichincludesclassi cationsof approximabilityfor
theDEPOT, DRIVERLOG, ROVERS, SATELLITE andZENO-
TRAVEL domains.Becausdhat papercontainsanin-depth
study of thesedomains,we only discussthemvery brie y
here.

In all ve domainsnon-optimalplanscanbe easilygen-
eratedin polynomialtime by addressingone subgoalat a
time. NP-hardnes®f boundedplan existencefor DEPOT,
DRIVERLOG and ZENOTRAVEL follows becauseeach of
thesedomainsgeneralizeshe MicoNic-STRIPS domain,
for which boundedplan existenceis NP-hard (Helmert
2003). For RoVERS and SATELLITE, we canreducefrom
anNP-hardsetcoveringproblem.The mappingsareshavn
in the companionpaper (Helmert, Mattmiller, & Roger
2006), wherethey are usedto shav limits of approxima-
bility. Membershipin NP follows becauseshortestplans
areonly polynomially long and henceguess-and-checil-
gorithmsareapplicable.

This leavesus with ve domainsto investigate. One of
these,FREECELL, was alreadypart of IPC2 and hasbeen
shavn to have NP-completeplan existenceand bounded
plan existenceproblems(Helmert2003). We dedicatethe
following sectionsto the remainingfour domains,starting
with AIRPORT.

AIRPORT

The AIRPORT domainmodelsgroundtraf c on anairport,
i.e., movementof aircraft along taxiways and runways.
Unlike other route planning domains,AIRPORT tasksare
heavily space-constraineddot only canary givenlocation
(calledataxiwaysegmenj only be occupiedby oneaircraft
at a time, thereeven exist mutual exclusionconstraintde-
tweensegmentsto the effect thatat mostone of themmay
be occupiedat a given time. The purposeof thesecon-
straintsis to modelrealistic safetyconditions. Indeed,the
AIRPORT domainis rmly groundedn real-world planning
tasks(Hatzack& Nebel2001),andsomeof thelPC4bench-
marksarefaithful translationof realisticdatafrom Munich
Airport. (Notethatthe formulationin HatzackandNebel's
paperis quite differentfrom the IPC4 version, leadingto
differentcompleity results.)

Planning domain 1 AIRPORT
Thesetof movementmodedfor aircraftis de nedas
M := fpushingtaxiing; airborne parked.
An AIRPORT taskis givenby the following components:

nite setsof aircraft A andtaxiway segmentss,
ataxiway relation, pushbad relation andblocking rela-
tionRT;Rp;Rg S S,

an initial modefunction mgy : A ! fpushingtaxiingg
andinitial segmenfunctionsy : A! S, and
agoalmodefunctionm-, : A! fairborne parkedy and
goalsegmenfunctions, : A! S.

ThedigraphsGt = (S;R1), Gp = (S;Rp) andGg =
(S;Rg) are calledthetaxiway graph, pushba& graphand
blocking graph of thetask.

Thetaskis calledundirectediff R+, Rp andRg aresym-
metric, planar iff (S;Rt [ Rp) is a planar digraph, and
regularly constrainediff Rt = Rp = Rg.

Statewf 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. Theinitial
stateis (Mo; Sp), theonly goal stateis the state(m-; s»).

Anystate(includinginitial andgoal state)mustsatisfythe
following blocking constraints

If two aircraft shaie the samecurrent sggment,at least
onemustbeairborne

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

Ther are ve kindsof actions:

An aircraft can change its current sggmentfromu to v
if it is taxiing and (u;v) 2 Ry (move actions),or if it
is pushingand (u;v) 2 Rp (push actions),unlessthe
resultingstateviolatesthe blocking constaints.

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

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



This would male little senseaspushingmodeis associated
with outboundaircraftonly andparked modeis associated
with inboundaircraftonly. Secondthepushbacigraphis al-
waysa subgraplof thetaxiway graphwith all arcsreversed.
Neitherrestrictionhasan impacton the compleity of the
problembecauseour hardnessesultsalreadyhold if there
areno pushingaircraftatall.

We alsomadesomedeviationsfrom the PDDL de nition
of the domain (Hoffmann & Edelkamp2005)to simplify
presentationMostimportantly the PDDL de nition distin-
guishedetweerthelocationandfacingof anaircraft,while
we only consideiits currentsegment Compilationsbetween
thesetwo representationarestraightforvard.

Other differencesinvolve the modeling of take-off ac-
tions. In the PDDL de nition, aircraft “leave the map”
whentaking off, andthey canonly take off from specic
runway segments.We ignoreairborneaircraftfor blocking
purposesyhich amountgo the samething ashaving them
leave the map, andwhile we allow take-off everywhere,it
never makessensdo take off from anon-goalsegment,and
goal sggmentsof outboundaircraftarealwaysrunway seg-
ments. The PDDL domainalso containsa minor modeling

aw thatallows airplanegsto parkimmediatelybeforetake-
off. However, this is never a usefulthing to do andhence
cannotaffect complexity.

Finally, the PDDL domainallows the blockingrelationto
dependon the aircraft (via airplane typeg, but noneof the
existingbenchmarksnakesuseof this feature.Again, mod-
eling it would not make a differencein compleity, aseven
withoutairplanetypes,we canprove PSPACE-hardness.

Theorem?2 AIRPORT planning is PSPACE-complete.
Plan existenceand boundedplan existencefor AIRPORT
tasksare PSPACE-complete Thisis true evenif we only
allow undirected planar, regularly constainedtaskswhele
all aircraft are taxiing initially and mustbe parked in the
goal.

Proof: For agraphG = (V;E) anda setof tokensT, we
de ne alegal placemenbf T on G asaninjective function

: T !V suchthatno two tokensareplacedon adjacent
vertices. A legal placement °is a successoof anothere-
gal placement iff they differ on exactly onetokent 2 T,
for whichwe have f (t); Yt)g 2 E. In otherwords,to
obtaina successoof alegal placementmove a singletoken
along an edgeand verify that this resultsin anotherlegal
placement.

We shov PSPACE-hardnes®f AIRPORT plan existence
by polynomially reducingfrom the following (PSPACE-
complete)variationof the Sliding Tokenspuzzle(Hearn&
Demaine2005): Given a planargraphG, setof tokensT
andlegal placements ¢, » of T onG, is therea sequence

of ; 1 foralli 2f1;:::.;'Mgand M= 7
We now describeéhemappingof puzzleinstanceso AIR-
PORT tasks.GivengraphG = (V;E), tokensT andplace-

1In theoriginal Sliding Tokenspuzzle tokensareindistinguish-
ableandthe goalhasa differentform. Only simpleadjustmentso
thehardnesproofsareneededor the modi ed version;cf. Theo-
rem23andCorollary6 in thereferencgHearn& Demaine2005).

ments o and -, we generatean AIRPORT taskwith seg-
mentsetV, aircraftsetT, taxiway graphG, pushbaclgraph
G andblocking graph G, initial sggmentfunction  and
goalsegmentfunction -. All aircraftaretaxiingin theini-
tial stateandmustbe parkedin the goal state. Clearly, the
mappingcanbe computedn polynomialtime.

No solutionto the planningtask can ever containpush
startuportake off actionssoweonly needto considemove
andparkactions.If theplanningtaskhasasolution,thenthe
sequence®f move actionsin sucha solutionde nes a solu-
tionto thepuzzleinstance Notethatif ataxiingaircraftever
movedto aseggmentwhichis adjacento thecurrentsegment
of another(taxiing or parked)aircraft,thiswould violatethe
blocking constraints.Similarly, from a solutionto the puz-
zle we canobtaina sequencef actionsthatmove eachair-
craftto its goallocationwithout violating the blocking con-
straints,andfrom that statethe taskis solved by parkingall
aircraft. Thereforethe mappingis indeeda reduction.

Thus, plan existencefor restricted AIRPORT tasks is
PSPACE-hard,whichimpliesthatboundedlanexistencds
alsoPSFACE-hard. Moreover, both problemsmustbelong
to PSFACE becauséPDDL planningin ary x ed proposi-
tionaldomainis in PSFACE. This concludegheproof. =

Clearly, the result equally appliesto the parallel plan-
ning framework, as all PSPFACE-completenessesultsfor
PDDL domainsdo. The resultalsoimplies that thereex-
ist AIRPORT tasksfor which the shortestplan consistsof
exponentiallymary actions(or setsof parallelactions).For
example,the shortestsolutionto the puzzlecorresponding
to a QBF formulawith n quanti er alternationsconsistsof
(2 ™) mary steps(Hearn& Demaine2005),leadingto an
AIRPORT taskwith a similarly boundedsequentiakolution
length. The optimal parallelsolutioncanonly be shorterby
alinearamountbecaus®nly O(n) mary actionscanbe ex-
ecutedin parallel (one per aircraft). This alsoimpliesthat
arny AIRPORT planningalgorithmrequiresexponentiatime
for writing down the solutionfor suchinstances.

We have also proved anotherpolynomial reduction(not
includedin this paper)from the halting problemfor polyno-
mially space-constrainetiuring Machines. This reduction
only generatesleterministicAIRPORT tasks,whereat most
oneactionis applicableat ary time. Therefore,AIRPORT
planningis PSRFACE-completeevenif no branchingis in-
volved. However, the tasksgeneratedy this reductionare
notundirectedplanar or regularly constrained.

PIPESWORLD

The PiPESWORL D domainmodelsthe o w of oil-derivative
liquids throughpipeline sgmentsconnectingareas andis
inspired by applicationsin the oil industry (Milidi G, dos
Santod.iporace,& de Lucena2003). Liquids aremodeled
asbatdhesof a certainunit size. A sggmentmust always
containa certainnumberof batchedi. e., it mustalwaysbe
full). Batchescanbe pushednto pipelinesfrom eitherside,
leadingto the batchat the oppositeend “falling” into the
incidentarea. Batcheshave associategroducttypes and
batcheof certaintypesmayneverbeadjacento eachother
in apipeline. Moreover, areagmay have constraintn how



mary batcheof acertainproducttypethey canhold.

Planning domain 3 PIPESWORLD
P := flco; gasolinerat-a; ocal, oclly is the setof prod-
ucts Two productsp;p® 2 P are called compatibleunless
p = rat-aandp®2 focal, oclly or viceversa.

A PIPESWORLD taskis givenby:

nite setsof areasA andpipelinesegmentss,
a nite setofbatchesB, eachwith a producttypeb” 2 P,

for eadh pipelinessggments 2 S, a startareas 2 A
andendareas™ 2 A anda segmentengthjsj 2 Ny,
anareacapacityfunctionc: A P! Ny,

a goal contentsfunction Cg : A ! 2B sud that for
ead batthb 2 B, wehaveb 2 Cg(a) for at mostone
areaa 2 A, and

an (arbitrary) initial state

whele a stateof thetaskis de nedbyanareacontentsfunc-
tionCa : A ! 2B anda pipeline segmentcontentsfunc-
tionCg : S! B sudithat

for each batch b 2 B, eitherb 2 Ca(a) for exactly one
areaa 2 A, or b2 Cg(s) for exactlyonesggments 2 S,
for all areasa 2 A andproductsp 2 P, Ca (@) contains
at mostc(a; p) batchesof producttypep, and

for all pipelinesegmentss 2 S, jCs(s)] = jsj andany
two adjacentbatchesin Cs(s) caninterface i. e, have
compatibleproducttypes.

A stateis a goal stateiff Cg(a) Ca(a) foralla?2 A.

Theonlyactionsin thetaskare pushactions.If s 2 Sisa
pipelinesegmentwith contentdy, :::Bs; andb2 Ca(s )is
a batdch thatcaninterfacewith by, thenb canbepushednto
s. Thisresultsin a statewhete the new contentof sggment
sarebh :::Qs; 1, bisnolongerin Ca(s ), andhg; isin
Ca(s"). Similarly, b 2 Ca(s*) canbe pushednto s if it
caninterfacewith ys;, leadingto a statewhete the contents
of sarehy, :::lhb, bis nolongerin Ca(s*), andby isin
Ca(s ). Pushinga batd into a pipeline sgmentis not
allowedif theresultingstatewouldviolatetheareacapacity
constaints.

GeneralPIPESWORLD tasksaresometimeseferredto as
PIPESWORLD-TANKAGE tasks. Note that with our de ni-
tion (asin the IPC4 benchmarks)the set of productsand
their compatibilityrelationis x ed. We will seethatwe can
prove hardnesalreadyfor this x edcompatibilityrelation.

Planning domain 4 PIPESWORLD-NOTANKAGE

A PIPESWORLD-NOTANKAGE taskis a PIPESWORLD task
whele the area capacityfor ead area and producttypeis
equalto thetotal numberof batchesof that producttype

Our de nition of PIPESWORLD faithfully capturesthe
PDDL speci cationexceptfor onemodeling a w of thelat-
ter: In somesituationsthe PDDL de nition allows pushing
batchesthrough a pipe even thoughthis violatesthe area
capacityconstrainton the receving endof the pipe, mak-
ing someunsohabletaskssolvable. This minor difference
doesnot affectthe applicability of our resultsbecausehese
alreadyhold for the PIPESWORLD-NOTANKAGE domain,
whereareacapacitiecanbeignored.

Theorem5 P1PESWORLD is NP-hard

Plan existenceand boundedplan existencein the domains
PIPESWORLD-TANKAGE and PIPESWORLD-NOTANKAGE

are NP-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 formulaewhere clausescontainat mostfour literals
and eachvariable occursin at mostthree clauses(and at
mostonceperclause).This problemis known to beNP-hard
(Garey & Johnsornl979,L01). (We couldlimit clausego

threeliterals, but thenFig. 3 would look lesssymmetric.)

Let bethe formula, andlet V and C be its variable
andclausesets. Throughoutthe proof, we refer to batches
of type rat-a as white batches,batchesof type ocal as
black batchesandbatchef typegasolineasgray batches.
Obsene that white batchesmay not interface with black
batcheswhile gray batchesnayinterfacewith anything.

The generatedPIPESWORLD-NOTANKAGE instanceis
assembledrom componentshaown in Figs. 2 and3, where
edgeswith differently decoratedendpointsdistinguishbe-
tweendifferentkindsof pipelinesegments.Thekey to these
decorationss shovn in Fig. 4. The rst ve kinds of seg-
mentsall havelength6jV | + 1, while the sixth haslength3.
The rst kind of sgmentis lled with 3jVj blackbatches,
thena gray oneto interfacebetweenblack andwhite, and
then3jVj white batchesThesecondandthird kind arecom-
pletely lled with oneproducttype,andthe fourth and fth
are like the secondand third exceptthat the rst batchis
gray Thesixthkind is likethe fth, but only containgthree
batches.

The pipe network containsonecopy of the variable gad-
get structureshown in Fig. 2 for eachvariablev 2 V, and
onecopy of the clausegadget structureshavn in Fig. 3 for
eachclausec 2 C. Theopenendsto theright of the vari-
ablegadgetgdotted)are connectedo the openendsto the
left of the clausegadgets.In particular if clausec contains
the positive literal v, thenareav® of the variablegadgetis
connectedo ary of the danglingpipeline segmentsof the
clausegadgeffor c. Similarly, for negative literalsin c, area
: V0is connectedo adanglingpipelinesegmentof theclause
gadget.Becausevery clausecontainsat mostfour literals,
therearesufciently mary pipesto make theseconnections.
Becauseevery variableoccursin at mostthreeclausesat
mostthreenew pipelinesegmentsareconnectedo eitherv®
or: v% Any pipelineseggmentsleft dangling(for clausesof
sizethreeor less)areremoved.

The areasin the variablegadgetdabeled3 arethe only
areasthat are not initially empty eachof themcontaining
threeblackbatchesIn eachclausegadgetthe goalrequire-
mentis to move thelast (rightmost)black batchin the pipe
connectingareasc andG into areaG. We call thesepipeline
segmentsgoal pipes

This completeghe descriptionof the mapping. Clearly,
the PIPESWORLD taskcanbegenerated polynomialtime.
We will now show thatit hasa solutioniff is satis able.

Firstassumehat is satis able,andthat is asatisfying
assignmento V. For eachvariablev 2 V, we pushthe
threeblack batchesn area3 of the correspondingariable



Figure3: Clausegadget.

gadgetinto the pipe leadingto the areadenotedy a literal
| satisedby (i.e.,toareavif (v) = 1andtoarea: v
otherwise).This pusheghreebatchednto this area,one of
which is gray We pushthe gray batch,thenthe two white
batchesnto the pipe leadingto areal®, makingthreeblack
batchesvailablethere.We thenpushonebatchinto eachof
the pipesconnecting ° to clausegadgets.

Dueto the way variablegadgetsare connectedo clause
gadgetsand because satis es , this placesat leastone
batchin oneof theareads, |,, |3 orl4 of eachclausegadget.
In eachclausegadgetwe chooseonesuchbatchandpushit
into the pipeleadingto |1, or 134, placinga batchin oneof
theseareasThisbatchis thenpushednto thepipeleadingto
¢, releasinga batchtherewhichis pushednto thegoalpipe,
satisfyingthe goal for this clause.We thussatisfythe goal
in eachclausegadgetwhich shows thatthetaskis solvable.

Now assumehatthe taskhasa solution. Obviously, this
requiresthatmorebatchesarepushednto eachclausegad-
get than pushedout of them. It is never possibleto push
ary batchout of a clausegadgetunlessthis batchhasbeen

— EEN. _EEREOO0. 000
~ < EEN EEEEEEN EEN
— O0O0. 0000000, 000
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—— mEO0. 0000000000
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Figure4: Key to Figs.2 and3.

previously pushednto the clausegadgetthroughthe same
pipe. This is becauséatchesamovedinto I, from |1 have
the wrong color to be pushedinto I, andvice versa,and
similarly therecannotbe a o w betweenlz andl, via lz4
or between 1, andls, via c. (Notethattherearenot suf-
ciently mary batcheon theleft sideof the network to push
agraybatchout of thepipesleadingto |4, I3 orc.)

We canthustreatthe sgmentsconnectingvariablegad-
getsto clausegadgetsas“one-way pipes”,which simpli es
the analysisbecauseve canconsidereachvariablegadget
in isolation. The importantpropertyfor variablegadgetss
thatwe caneitherpushbatchesnto areav® or into area: V°,
but never both. To seethis, note thatto pusheven a sin-
gle batchinto areav®, we mustpushall three batchesrom
areal3 into areav; otherwisewe obtainonly white batchesn
areav, which cannotbe pushednto the pipe connectingo
v®. Moreover, to pusha batchinto v°, we mustmake useof
the gray batchfrom the pipe between3 andv® andwithout
pushingthatgray batchbackinto v (which requiresempty-
ing areav®), we cannotpusharything backinto area3.

Therefore,if thereis a solution,thenthereis onewhere
for eachvariable only one of the areasv® and : v° ever
containsa batch. De ne the truth assignment so that

(v) := 1if areav® ever containsa batch,and (v) := 0
otherwise.Thena batchcanonly be pushednto the clause
gadgetareal; if satis esl;. Becauseatleastonebatch
mustbe pushednto eachclausegadget, satis esatleast
oneliteral in every clause,andhence is satis able. This
concludeghe proof. u

Obviously, NP-hardnessof plan existencealso implies
thatboundedparallel plan existenceis NP-hard. Also note
that the proof works just as well if batchesof the same
producttype areindistinguishableandhencethe goalis ex-
pressedn term of producttypes not batcheswhich is a
morerealisticmodelof theunderlyingapplicationproblem.

Unfortunately we cannotprovide an NP membershipe-
sult, and indeedthe questionwhetherplan existencefor
PIPESWORLD isin NP is open.

However, we do know that PIPESWORLD-NOTANKAGE
withoutinterfaceconstraintqall producttypesarecompati-
ble) admitspolynomial planningalgorithms(Pesso2004),
althoughboundedplan existenceis still NP-completefor
this PIPESWORLD Vvariant. Dueto spacdimitations, we do
notprovethisresult.

PROMELA

PROMELA (Processor Protocol Meta Languaye) is the
input languageused by the SPIN model checler (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 restrictedsubclasse$PROMELA-PHILOSOPHERS
and PROMELA-OPTICALTELEGRAPH, which were part of
thelPC4benchmarlset.

A PROMELA taskde nesa distributedsystemconsisting
of a setof processesmodelingindividual componentof



a distributed system,and queues usedfor communication
betweenprocesses.The goal is alwaysto nd a deadlo&
state,in which no processs ableto continueits operation.

Planning domain 6 PROMELA
A PROMELA taskis given by nite setsof processesP,
gueuesQ andmessages , a capacityfunctionc: Q! Ny,
andfor eac procesp 2 P:
a nite setof statesS(p),
aninitial statesp(p) 2 S(p),
asetof readingtransitionsR(p)
a setof writing transitionsW (p)

A stateof thetaskde nes:

S(p) Q
S(p) Q

S(p),
S(p)-

for eat processp 2 P, a processstates(p) 2 S(p),
initially s(p) = so(p),

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

Theris only onekind of actionsof the task,applyinglo-
cal transitions Processp 2 P canapply local transition
t=(s;qa;s%) 2 R(p) [ W(p) iff s(p) = s andeithert is
areadingtransitionandthe r stelemenbf C(q) isthemes-
sage a, or t is a writing transitionandjC(q)j < ¢(g). Asa
resultof the action, the local stateof processp changesto
sPandthe r stelemenbf C(q) is remored(if t is a reading
transition),or messge a is appendedo C(q) (if t is a writ-
ing transition). All otherstatecomponentsre unafected.

A stateis a goal stateiff no actionis applicable

Our de nition of the PROMELA domaindiffers from the
PDDL de nition in someminor waysthatdo not limit the
applicability of our results.Thesearediscussedowardsthe
endof thesection.

Processesanbe naturallydescribedby labeleddirected
graphswhereverticescorrespondo processtatesandarcs
to transitions. For a transitiont = (s;q; a;s%, the graph
containsan arc from s to s° with the label q : a? if t
is a readingtransitionandq : a! if t is a writing transi-
tion. Fig. 5 shovs an example processfrom PROMELA-
PHILOSOPHERS. The processcorrespondsto a single
philosopherthe queued. andR to theforksto hisleft and
right. Theintuition behindthe modelis thatwriting a mes-
sagecorrespondso puttingafork onthetable,andreading
amessageorrespondso pickingit up. Initial processstate
1 is a set-upstatein which eachphilosophemutsonefork
onthetable. After leaving this state,philosopherdollow a
deterministicstrateyy of repeatedlyequestinghetwo forks
they requirein acertainorder, thenputtingthemdown again.

Communicatingorocessesire a very expressve formal-
ism for modelingcomputations. This makes planningfor
generalPROMELA taskshard.

Theorem7 PROMELA planning is PSFACE-complete.
Plan existenceand boundedplan existencefor PROMELA
tasksare PSPACE-complete Thisis true evenif all queues
havecapacityl andthetasksare deterministicj. e., at most
oneactionis applicablein anyreadtablestate

Proof: We provide a reductionthat mapsspace-restricted
Turing Machineso PROMELA taskssuchthatthetaskhasa

solutioniff the Turing Machinehalts(startingfrom a blank
tape).

Let M be a Turing Machinewith statesetZ, including
initial statezg 2 Z andacceptingstatez 2 Z,tapealphabet

, including blank symbol 2, andtransitionfunction

:(Znfzg 4 f 1;,+1g. We assume
thatthe machinehasn tapecells, startsat theleft-mostone,
andthat attemptgo move pastthe endof thetapein either
directionis an error that terminatescomputation(just like
reachingheacceptingstate).

Thecorrespondind®PROMELA taskhasonetapecell pro-

The setof messagess the setof Turing MachinestatesZ .
All queuesave capacityl, all tapecell processebave state
set [ ( Z), andtheinitial stateof eachprocesss
exceptfor process; with initial state( ; zp).

For eachTuring Machinetransition (z;a) = (z%a% )
and eachtape positioni 2 f1;:::;ng wherei + 2

A transitionfrom a to (a; z) whichreadsz fromg; .
A transitionfrom (a; z) to a® which writesz°to ¢ .

Thereis a straightforvard correspondencbetweencon-
gurations of the Turing Machine and statesof the cor
respondingPROMELA task. If after k computationsteps,
the Turing Machinereachestatez with currenttapeposi-
tioni andtapecontentsa; ::: a,, thenafter 2k stepsin the
PROMELA task,process; is in state(a;; z) andeachpro-
cessp; 6 p; isin statea; . Moreover, all queuesareempty

We prove this inductively. Clearly, the statements true
for k = 0. Assumethatit is truefor k. We canassumehat
26 z,and (z;a) = (z%a% ) withi+ 2f1;:::;ng,
sinceotherwisethe Turing Machinecomputationstopsand
thereis nothingto prove. In this case the only possiblelo-
cal executionin the PROMELA taskis by process;, since
all otherprocessearein statesthatrequirereadingfrom a
queue,andall queuesareemptyby the inductive hypothe-
sis. Process; is in state(a;; z), which hasonly one out-
goingtransition,writing z°to queueg.+ andchangingthe
processstateof p; to a% In the next step,all processeare
in a statethat requiresreading,but only process;. can
readfrom anon-emptyqueue sothis processactsnext. The
only applicabletransitionis the one that readsmessage®
andchangestatefromaj.  to (a+ ;z9. After thesetwo
stepsall queuesareemptyagain,andthelocal processtates
againcorrespondo the Turing Machinecon gurationasre-
quired,concludingtheinductive proof.

This shaws thatif the Turing Machinedoesnot halt, we
cannotreachadeadlockin the PROMELA task.Ontheother
hand,if the Turing Machinehalts, it either doesso by at-
temptingto go pastthe tapeboundarie®r by reachingstate
Z-». In both casesthe PROMELA taskreachesa deadlock,
becauseno local executionsare possiblein the state cor-
respondingto the last Turing Machine con guration after
reachingz, (or beforegoingpastthetapeboundaries).

Thus, plan existencefor PROMELA tasksis PSPACE-
hard, which implies that boundedplan existenceis also
PSPACE-hard. Moreover, both problemsmust belongto



L: fork?
O L: fork! @/—\
R: fork! R: fork?
L: fork!

Figure5: PROMELA-PHILOSOPHERS transitiongraph.
Statenumberdollow the PDDL speci cation.

Figure6: PROMELA-OPTICALTELEGRAPH transition
graph.Statenumberdollow the PDDL speci cation.

PSPACE becaus®DDL planningin ary x edproposmonal
domainis in PSFACE. This concludeghe proof.

Having establishedhe resultfor the generalPROMELA
domain,we now turnto the PROMELA-PHILOSOPHERS and
PROMELA-OPTICALTELEGRAPH domains.Thesedomains
arespecialcase®f PROMELA whereeachtaskis character
ized by a singlenumber In theformerdomain this number
de nesthenumberof philosophersn adining-philosophers
style problem. In the latter, it de nesthe numberof optical
telegraphsn a communicatiorprotocol.

Planning domain 8 PROMELA-PHILOSOPHERS

A PROMELA-PHILOSOPHERS task is given by a natural

numbern 2 anddenotesa PROMELA taskwith messge
setf forkg, processep; andqueuesy (of capacityl) for all

i 2 f1;:::;ng. Throughoutthis section processand queue
|nd|cesof PROM ELA-PHILOSOPHERS tasksare consideed
modulon. Statesandtransitionsof processp; are givenby
thedirectedgraphin Fig. 5, whete theinitial processstate
is statel, L denoteghe queueq;, and R denoteghe queue

Gi+1 -

Planning domain 9 PROMELA-OPTICALTELEGRAPH

A PROMELA-OPTICALTELEGRAPH taskis givenby a nat-
ural numbern 2 and denotesa PROMELA task with

messge setf att; ctI; data start stopg, processeg? and p}'

and queuesc®, ¢ and ¢ (of capacity 1) for all i 2

f1;:::;ng. Throughoutthis section,processand queuein-

dlcesof PROMELA-OPTICALTELEGRAPH tasksare consid-
ered modulon. Statesand transitionsof the processesre
givenby the directedgraphin Fig. 6, where theinitial pro-

cessstateis state25. For processp?, C denoteshe queue

¢, R denotesthe queueq® and W denotesthe queueg.
For proces9}', C denoteshequeuey’, R denoteshequeue

g, andW denoteghequeueq?,; .

Becauseof their simple scaling structure,thesebench-
marks are much easierto solve than general PROMELA
tasks.

Theorem 10 PROMELA-PHILOSOPHERS is easy

In the PROMELA-PHILOSOPHERS domain, optimal plans
canbegenertedin polynomialtime

Proof: To reacha goalstate applythetransitionsfrom 1 to
6 to 3 in all processesWhenall processesrein state3,
they areall blocked,sothisis asolutionof length2n, if n is
thenumberof philosophers.

We now prove optimality. Becausehereis only onemes-
sagetype and queueshave size 1, queuesonly have two
con gurations, full or empty We canverify the following
invariant: Queuey is full iff p; isin state5 or 6 andp; ; is
in statel, 3 or 6. Thereforep; cannotbedeadlocledin state
lor4 (g isnotfull if p; isin statel or4) orin state5 (¢+1
is notfull if p; is in state5). Therefore processesanonly
beblockedin states5 or 3. However, if all processesarein
state3 or 6 andp; is in state6, theng is notfull andhence
pi is notblocked. Thereforefor all processet beblocked,
all of themmustbein state3. Thegenerateghlanclearlyis
theshortessequencef actionsachieving this. u

Theorem1l PROMELA-OPTICALTELEGRAPH is easy
In the PROMELA-OPTICALTELEGRAPH domain, optimal
planscanbegenematedin polynomialtime

Proof: To reacha goalstate, rst applythetransitionsfrom
25t0 14to 15in all processeg!, thenthe transitionfrom
25t0 2 in all processeg}'. Clearly this leadsto a dead-
lock. Optimality canbe provedby similar agumentsasfor
PROMELA-PHILOSOPHERS (detailsomitted). u

All theresultsin this sectioneasilygeneralizeto parallel
planning Clearly, the generalPSFACE-completenesse-
sultalsoappliesto thatsetting,asPSPACE-completenessf
plan existenceimplies PSFACE-completenessf bounded
parallelplanexistencefor propositionalPDDL domains.In
the restricteddomains,parallelismallows taking the tran-
sitions of each processsimultaneously so that the opti-
mal parallelplanlengthfor ary PROMELA-PHILOSOPHERS
taskis 2, whereaghe optimal parallel plan length for any
PROMELA-OPTICALTELEGRAPH taskis 3. In the latter
casenotethatprocesg' canonly transitionto state? after
pd ;| hastransitionedo statel5.

Finally, somecommentson the differencesbetweenour
formalizationandtheactualPDDL domain.First,thePDDL
de nition seemgo have a minor aw in the formalization
of writing to queuesof capacity2 or greater The hard-
nessproof doesnot requiressuchqueuesandthey do not
occurin the competitiondomains,so this doesnot make a
difference. Second,becausef another aw in the PDDL
de nition, processesan only be recognizedas blocked
in stateswith at mostone outgoingtransition; reachinga
deadlockin which someprocesshastwo outgoingtransi-
tionsin its currentstateis not considered solution, even
if all thosetransitionsare blocked. This doesnot affect



our proofs for the competitiondomains,but it doesmean
thatthe PSPACE-hardnesgroof is not immediatelyappli-
cableto the PDDL speci cation. However, it is easyto
adjustto work aroundthe aw. Finally, dueto the dif -
culty of expressinghe queueupdatesanddead-lockcondi-
tion succinctlyin PDDL, asingleactionin our modelcorre-
spondsto a sequencef four actionsin the PDDL model,
and anotheraction is neededat the end of the plan for
eachblocked processwith anoutgoingtransitionin the cur-
rent state. Countingthe numberof PDDL actions,the 2n
plan length for PROMELA-PHILOSOPHERS thus becomes
9n (2n transitionsn processesyndthe 3n planlengthfor
PROMELA-OPTICALTELEGRAPH becomesl4n (3n transi-
tions,2n processes)rheoptimalparallelplanlengthsin the
PDDL domains,following the PDDL de nition of concur
reng/, become® for PROMELA-PHILOSOPHERS and11 for
PROMELA-OPTICALTELEGRAPH (it is not14 sincesomeof
the“subactions’canbeinterleaved).

PSR

The PSR (power supply restoation) domain was origi-

nally introducedfor planningunderuncertainty(Thiébaux
& Cordier2001). At the 4th InternationalPlanningCom-
petition, a deterministicand fully obsenable variant was
one of the benchmarlkdomains. The domainmodelsa sit-

uationwherepartsof a paower network, consistingof power
sources(circuit brealers), switchesand power lines, have
turnedfaulty. Circuit brealersor switchescanbe openor

closed,with opendevicesblockingthe current. The objec-
tive of a PSR taskis to recon gurethe network by opening
andclosingdevicessothatasmary linesaspossiblearefed,

while avoiding to feedary faulty lines (which immediately
opensall power sourcedeedingthem).

Planning domain 12 PSR

A PSR taskis givenby a nite setof devicesD, partitioned
into circuit breakersC D andswitchesD nC, andbya
nite setoflinesL, someof which arefaulty linesF L.

Devicesarelinkedto linesbya connectedbipartite graph
calledthe power network. In the powernetwork,eac edge
connectsa deviceto a line. Circuit brealers havea degree
of 1, switdhesa degreeof 1 or 2. Ther is no restrictionon
the dggreeof lines. We saythat a line is feedableiff there
exists a path in the power networkleading from a circuit
brealer to that line which doesnot passthroughany faulty
lines(includingtheline itself).

For ead circuit brealer, thereis a setof linesanddevices
calledits feedettreg includingthecircuit brealeritself. The
subgaphinducedby a feedertreemustbe a treewhele all
leavesare devices. Each line and circuit brealer is part of
exactlyonefeedertreg ead switch part of oneor twofeeder
trees.If it is part of twofeedertreest mustbea leafin both
inducedgraphsandis calleda joining switch.

A stateof thetaskis givenby a setO D of opende-
vices;non-operdevicesare calledclosed Initially, thejoin-
ing switchesare open,all otherdevicesclosed.We saythat
alinel 2 L isfedby a circuit brealerc 2 C in a given
stateiff there existsa pathin the powernetworkfromc to |
which doesnot passthroughanyopendevice (includingc it-

self). We saythata circuit brealer is affectedff a faultyline
is fed by it. A stateis unsatfe iff there is an affectedcircuit
brealer, andsafe otherwise

Ther are threekindsof actionsin thetask:

Thewait actionis applicableiff the stateis unsafe and
opensall affectedcircuit brealers.

Theopenand closeactionsare applicableiff the stateis
safe They openor closea singledevice

A stateis a goal stateiff it is safeand each feedabldine
is fed by somecircuit brealer.

Differentlyto theoriginal PDDL de nition, we donotex-
plicitly modelthe earth device, which is always open, but
ratherallow to have switcheswith adegreeof 1, whichleads
to thesamesemantics.

Notethatthereis norequirementhataline befed by only
onecircuit brealer, althoughthis is true for the initial state
dueto thefactthatjoining devicesareinitially open.

Somavhatsurprisingly optimalplansin PSR canbegen-
eratedn polynomialtime.

Theorem13 PSR is easy

In the PSR domain,optimalplanscanbegeneatedin poly-
nomialtime

Proof: Solving PSR tasks requires maintaining safety
and feeding all feedablelines. The safety property is

monotonouslyincreasingn the setof opendevices,i. e., if

O OPandstateO is safe thenstateO° mustalsobe safe.
(Recallthatwe identify stateswith the correspondingetof

opendevices.) The feedingpropertyis monotonouslyde-
creasingin the setof opendevices,i.e.,if O 0%anda
certainline is fed in OF, thenit is alsofedin O. Thus,the
two aspect®f solvinga PSR taskcon ict in a certainway.

However, aswe shallsee,it is possibleto separateheseas-
pectsby ensuringsafety rst, thenfeedingall feedabldines.

We saythatacircuit brealeris dangerousiff it is adjacent
to afaultyline, andaswitchis dangerou#f it is adjacento
afaulty line andto afeedabldine.

If the initial stateis a goal state,we returnthe empty
plan.Otherwisesinceall linesarefedinitially by thecircuit
brealerin their feedertree,theinitial statemustbe unsafe,
andthe rst actionin ary planmustbe a wait action,which
opensall dangerougircuit brealers. We thenuseopenac-
tionsto openall dangerouswitches. Like the initial wait
action, theseactionsmustoccurin ary solution (although
not necessarilat this point), becauseswitchescanonly be
openedby openactions(ratherthanby waiting, asfor cir-
cuit brealers), and dangerouswitchesmust be openin a
goal state: Assumedangerousswitch d were closedin a
goal state. By de nition, it is adjacento a feedabldine |
andfaulty line I° In agoalstate,| mustbe fed by somecir-
cuit brealer c, sol®is alsofed by ¢, andhencec is affected
andthe goal stateunsafe a contradiction.lt is alsoevident
thatdangerougircuit brealersmustbe openin a goal state
to ensuresafety

Interestinglyhaving all dangerouslevicesopenis notjust
necessaryor safetyof a goal state,it is alsosufcient for
safetyof ary state. Assumethatthis werenot the caseand
therewere an unsafestatewhereall dangerouglevicesare



open. By de nition of safety in this statetheremustbe a
path = dil;:::d,l, from circuit brealerd; to faultyline
I, whereall devicesd; areclosed.We canassumehatl,, is
the only faulty line on the path(if I; fori < n is faulty, we
consider 9= dil; :::dil; instead).If n = 1, thenthecir-
cuit brealerd; is dangerousindthereforenot closed,acon-
tradiction. If n > 1, thenline I,, ; is feedableby the path
dil1:::dy 1lh 1, andhenced,, connectsafeedabldine to
a faulty line andis dangerousand thereforenot closed,a
contradiction.
Thereforewe cansolve thetaskasfollows:

Wait, thenopenall dangerouswitches.

Computea setof non-dangeroudevicesD ¢ of minimal
cardinality suchthat closingD ¢ leadsto all lines being
fed. Closethesedevices.

We alreadysaw thatall actionsin the rst stepmustoccur
in ary solution. Moreover, dueto the monotonicityof feed-
ing anddueto thefactthatclosinga device requiresasingle
actionper device (unlike opening,which canin somecases
bedonemoreef ciently with thewait action),thegenerated
planis clearlyoptimalprovidedthatsafetyis notviolatedby
ary of the closingactions. However this is ensurecby the
factthathaving all dangerousievicesopenis sufcient for
safety

Thus,weonly needo shav how to calculatehesetD ¢ in
polynomialtime. For this purposewe apply sometransfor
mationto thepowernetwork. First,weremoveall dangerous
devicesalongwith all linesanddevicesthatbecomediscon-
nectedfrom the circuit brealersby this operation.Clearly,
sinceall dangerouslevicesareopenandwe arenotgoingto
closethem,thisis a valid operation.This resultsin a graph
whereall linesarefeedableandno devicesaredangerousso
we canignorewait or openactionsin thefollowing. Second,
weintroduceanew (closed)maincircuit brealer, connecit
to anew mainline, andconnectthatline to all original cir-
cuit brealersin thenetwork, whichchangestatugo switches
(note that their degreeis now 2 dueto the edgefrom the
mainline). Again, this doesnot changehe semantic®f the
fed predicate.lt doeschangethe semanticof affectedness
for our network, but this is not a problembecauseur net-
work containgnofaultylines. Third, we removeall switches
with degreel (they areno usefor solvingthe task)andre-
placeall other switcheswith colored(i. e., labeled)edges
connectingheir two neighboringlines, usingred edgesfor
openswitchesandgreenedgedor closedswitches.Closing
aswitchthuscorrespondso changinghecolorof anedgeto
green.A line is fediff it is reachedy a pathfrom the main
circuit brealerthatdoesnot passthroughary redlines,and
henceall lines arefed iff the subgraphobtainedby remov-
ing all red linesis connected.To achieve this with a min-
imal numberof closeactions,we cancomputea spanning
tree with a minimal numberof red edges,or equivalently
aminimal spanningreein the weightedgraphobtainedby
assigningveight1 to all rededgesandweightO to all other
edges.Computinga minimal spanningreeis a polynomial
time operation. u

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

for computingminimum spanningtrees,it is easyto verify
that the completePSR planningalgorithm amountsto the
following quite simplegreedystrateyy:

1. If theinitial stateis asolutionstate returntheemptyplan;
otherwisecontinue.

2. Wait.
3. Openall dangerouswitches.

4. Until agoalis reached¢losesomenon-dangeroudevice
suchthat closing this device leadsto at leastone addi-
tionalline beingfed.

Secondtheproofcritically reliesonthefactthatswitches
areconnectedo at mosttwo lines,andcircuit brealersonly
to oneline. Eliminating the degreerestrictionfor devices
indeedleadsto a moredif cult domain,for which bounded
plan existenceis NP-complete. However, we do not prove
thisresulthere.

Finally, the problemremainseasyin a parallelplanning
framawork. In fact,accordingo the PDDL de nition of the
domain,no two PSR actionsare concurrentlyexecutable,
dueto theconsenrativede nition of mutexesin thepresence
of derivedpredicategHoffmann& Edelkamp2005).Under
a lessstrict notion of concurreng, it malkessenseo allow
openingseveral devicesin paralleland closing several de-
vicesin parallelif thatdoesnotleadto ary circuit brealers
beingaffected. Usingthis notion, it is obviousthatthe op-
timal parallelsolutionlengthfor any PSR taskis 3, where
the rst stepconsistof await action,the secondf a num-
ber of openactions,andthe third of a numberof closeac-
tions. This concludeur discussiorof PSR, andof the|PC
benchmarkén general.

Summary and discussion

Fig. 7 summarizeour results. Comparingthese ndings
to the complexity propertiesof the earlier benchmarkdo-
mains(Helmert2003), one notabledevelopmentis the ad-
ventof PSPACE-equialentplanningdomainsat IPC4. We
believe thatthis is an effect of the competitionorganizers'
focusonactively seekingfor realisticandstructurlly inter-
estingdomains.Indeedthey mentionincludinga PSFACE-
equialentbenchmarlasoneof the desideratdor the IPC4
benchmarksuite (Edelkamp& Hoffmann 2003). Another
notabledevelopments the adventof 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
provento be very challengingfor state-of-the-arplanning
systems.

Realismandinterestingnessomewith acostin complex-
ity, andthis is not limited to decisioncompleity. In three
outof thefour IPC4domaingor domaingroups)ve studied,
thePDDL modelsare a wed,PSR beingtheonly exception.
Moreover, two of thesethree(PIPESWORLD andPROMELA)
are modeledunnaturallyin the sensethat an atomic activ-
ity in the modeleddomain(suchas pushinga batchinto a
pipe,or takingatransitionin a processyorrespondso sev-
eralactionsin the model. A similar needfor splitting con-



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

planningin P, optimal planningNP-equialent:
DEPOT, DRIVERLOG, ROVERS, SATELLITE,
ZENOTRAVEL

planningNP-hard:
PIPESWORLD (bothvariants)

planningPSPACE-equivalent:
AIRPORT, PROMELA (generakase)

Figure 7: Planningcompleity for the IPC3 and IPC4 do-
mains.

ceptuallyatomicactiities into several PDDL operatordas
beenidenti ed in anapplicationdomaindevisedby Boddy
et a. (2005). From theseobsenations,we concludethat it
would be usefulto extend PDDL to allow modelingcom-
plex operatorsmorenaturally Allowing operatordo bede-
ned assequentiatomposition®f other(notindependently
applicable)suboperatorgould go a long way towardsad-
dressingtheseissues,while still allowing for compilation
techniquego currentPDDL.

Apart from an increaseof compleity, anotherinterest-
ing trendin the competitiondomainsis the lack of a com-
mon themeor patternin the IPC4 benchmarksuite. Many
of the IPC1 andIPC2 domainscanbe subsumedinderthe
headingtransportationdomains(Helmert2001). Many of
thedomainsof IPC3have atransportatioror route-planning
aspectput exceptfor ZENOTRAVEL, eachof themsigni -
cantly divergesfrom thethemein someway. For the IPC4
domains,no centralthemecanbeidenti ed atall. Thisis
clearlya healthydevelopmentf we wantplanningtechnol-
ogy to applyto awide spectrunof applicationdomains.

In the introduction,we mentionedhow the competition
benchmarkshave in uenced the developmentof proposi-
tional planningsystemsn the past. Our resultsshav that
the IPC4 domainspresentconsiderabldif culties from a
compleity point of view. It will beinterestingto seehow
planningtechnologywill riseto this challenge.

Acknowledgments

Many thanksto Sylvie Thiébauxfor identifyinganumberof
mistalesin anearlierversionof this paper

References

Boddy, M.; Gohde,J.; Haigh, T.; and Harp, S. 2005.
Courseof actiongeneratiorfor cybersecurityusingclassi-
calplanning.In Proc.ICAPS2005(2005),12—-21.
Cormen,T. H.; LeisersonC. E.; andRivest,R. L. 1990.
Introductionto Algorithms TheMIT Press.

Edelkamp S.,andHoffmann,J. 2003. Quovadis,|IPC-4?
— Proposaldor the classicalpart of the 4th International
PlanningCompetition.In Proc. ICAPS2003Workshopon
the Competition

Edelkamp,S. 2003. Limits andpossibilitiesof PDDL for
modelcheckingsoftware. In Proc. ICAPS2003Workshop
onthe Competition

Garg, M. R.,andJohnsonD. S. 1979.Computes andIn-
tractability — A Guideto the Theoryof NP-Completeness
Freeman.

Hatzack,W., andNebel,B. 2001. The operationalkrafc
controlproblem:Computationatompleity andsolutions.
In Proc. ECP 2001, 49-60.

Hearn, R. A., and Demaine,E. D. 2005. PSHACE-
completenessf sliding-blockpuzzlesandotherproblems
through the nondeterministicconstraintlogic model of
computation.Theoetical ComputerScience343(1-2):72—
96.

Helmert, M.; Mattmiller, R.; andRoger G. 2006. Ap-
proximationpropertief planningbenchmarksTechnical
Report224, Albert-Ludwigs-Unversitt Freikurg, Institut
fur Informatik.

Helmert,M. 2001.0nthecompleity of planningin trans-
portationdomains.In Proc. ECP 2001, 349-360.

Helmert, M. 2003. Complity results for standard
benchmarkdomainsin planning. Articial Intelligence
143(2):219-262.

Helmert,M. 2004. A planningheuristichasedon causal
graphanalysis.In Proc.ICAPS2004 161-170.

Hoffmann,J., andEdelkamp,S. 2005. The deterministic
partof IPC-4: An overview. JAIR 24:519-579.

Hoffmann,J.,andNebel,B. 2001. The FF planningsys-
tem: Fastplan generatiorthroughheuristicsearch. JAIR
14:253-302.

Holzmann,G. J. 1997. The modelchecler SPIN. IEEE
Transaction®on Softwae Engineering23(5):279-295.

2005.Proc.ICAPS2005

Koehler J.; Nebel,B.; Hoffmann,J.; and Dimopoulos,Y.
1997. Extendingplanninggraphsto an ADL subset. In
Proc.ECP-97 273-285.

Long, D., andFox, M. 2003. The 3rd InternationalPlan-
ning Competition:Resultsandanalysis.JAIR 20:1-59.

McDermott,D. 2000.The1998Al PlanningSystemsom-
petition. Al Magazine21(2):35-55.

Milidi 0, R. L.; dosSantod.iporace,F.; andde Lucena,C.
J.P. 2003. Pipesvorld: Planningpipelinetransportatiorof
petroleumderivatives. In Proc. ICAPS2003Workshopon
the Competition

PessoaA. A. 2004.Planningthetransportatiorof multiple

commoditiesin bidirectionalpipeline networks. In Fleis-
cher R., and Trippen,G., eds.,Algorithmsand Computa-
tion, 15thInternationalSymposiunfiISAAC 2004) volume
3341of LectureNotesn ComputelScience766—777 New

York: SpringefVerlag.

Slang, J.,andThiébaux,S. 2001. BlocksWorld revisited.

Arti cial Intelligencel25:119-153.

Thiébaux,S.,andCordier M.-O. 2001. Supplyrestoration
in power distribution systems— abenchmarkor planning
underuncertainty In Proc. ECP 2001, 85-95.



