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Abstract. Domain-specificontrolinformationis oftenessentiain

solving difficult planningproblemsefficiently. Temporallogics are
adeclaratve andexpressie representatiofor suchcontrolinforma-
tion. In this paperwe investigatethe integration of temporallogic

controlinformationinto planoperatorsFor a given controlformula
® andoperatorg), we produceanew setOgq of operatorghatworks
like O underthe control of ®. We shaw thatfor a subclasof tem-
porallogic formulaethe compilationcausesnly a low-polynomial
increasean the size of the operatorsthatthe length of plansis not
affected, and that the speed-upobtainedis competitve with what
is achieved with temporallogic controlasformulaprogressionThe
translatiorusesoperatorsvith conditionaleffects.An importantben-
efit of our approachs thatthe problemof usingtemporallogic for-

mulae as control informationis solved onceand for all: temporal
logic controlcanbeimplementedsapreprocessingtepfor all kinds
of planningalgorithms.

1 INTRODUCTION

The applicability of automatedplannersin mary applicationsis
highly dependentn the presenceof control information that reli-
ably guidesthe plannerin choosingwhich operatorgo apply In the
pastthecontrolinformationhasbeernvery procedurabnddependent
ontheplanningalgorithmbeingused BacchusandKabanzgropose
temporallogicsasalanguagdor expressingcontrolinformationand
shav thatasimpleforward-chainingplannerthatinterpretghosefor-
mulaecanbe very efficient for planningproblemsthatallow strong
controlstratgies[2]. Thedeclaratvenesof temporallogic malesit
possibleo separat¢he controlinformationfrom theimplementation
technique®f a plannerwhichis agreatbenefit.For exampleHuang
etal. shav how to useBacchusandKabanzas temporalogic control
informationin avery differentkind of planner7].

However, thereare mary different planningalgorithms,andin-
corporatinga temporallogic reasoneto eachandevery onemaybe
complicatedbr otherwiseundesirableConsideringhatbothplanop-
eratorsandtemporallogic have a high expressiity, thereis aredun-
dang in theinput asboththe operatorsandthe controlinformation
couldberepresenteth eitherof the formalisms.Thereforethereis
no compellingneedfor algorithmsthattake input of bothtypes.This
ideasuggestswo non-hybridapproache$o planningwith domain-
specificcontrolinformation:deductve planningin theframework of
temporallogic, and (possiblynon-deductie) planningbasedon al-
gorithmsthatoperateon planoperatoronly with controlembedded
in theoperatorsBoth approacheareworth investigatingbut in this
paperwe take the seconthecausef its directusefulnesgor almost
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ary typeof planning.Oncethecontrolinformationexpressedstem-
porallogic formulaeis compiledinto planoperatorgapreprocessing
step),no planningalgorithmneedso be avareof temporalogic.

In this paperwe shav howv temporallogic control can often be
effectively compiledaway by implicitly representingheformulaein
theplanoperatorsMore preciselyfor arbitrarysetsof planoperators
andfor formulaefrom a subclas®f lineartemporallogic, we shav
how to producesetsof planoperatorghatwork lik e the original sets
underthecontrolof theformulae We assumehatplanoperatorcan
representonditionaleffects;thatis, thesetsof factsthatchangeheir
truth-valuesmaydependnthetruth-valuesof otherfacts.With con-
ditional effectswe alsorepresentlisjunctive preconditionghatalso
appearto be necessaryor encodingcontrol information. This ap-
proachsuggestghat ratherthanaddressinghe problemof control
knowledgefor every planningalgorithmseparatelyit may be more
productve to develop efficient domain-independerglanningalgo-
rithmswith moreexpressie inputlanguages.

To demonstrat¢he feasibility of the approachwe run a seriesof
problemsontwo plannersTLPlan[2] andIPP[10], thatrespectiely
useforward and backward chaining.For the sampleproblemsand
bothplannersve obtaina speed-upf two ordersof magnitude.

2 CONTROL FORMULAE IN TEMPORAL
LOGIC

We considerfinite modelsM = (v1,...,v,) of alineartemporal
logic [6] wherew; arevaluationsy; : A — {T, F'} thatmappropo-
sitionalvariablegto truth values.The sizeof amodel|M | is defined
asthe numbern of valuations We definethe truth of formulaeat a
point: € {1,...,|M|} of amodelrecursiely asfollows.

M |=; pif andonly if v;(p) = T, wherep € A.

M |, —¢ if andonly if M ~; ¢.

M ki ¢V ¢ if andonlyif M |=; gor M = ¢'.

M E; Q¢ if andonlyif M f=iy1 ¢.

M ; ¢Ug' if andonlyif M |=; ¢ forallj € {i,...
thatM ki ¢ fornok € {i,...,j5}.

We say that a model M satisfiesa formula ¢ if and only if
M |=; ¢ foralli € {1,...,|M|}. Wedefinethe operatoraiwaysby
O¢ =def ¢U L. Theconstantdrue andfalsearerespectiely T and
1. The abore semanticgor until { is only one of several possible
ones.In this papera semanticgor until thatrequiresthat¢’ eventu-
ally becomesrueis alsouseful:M |=; ¢lU>¢' if andonlyif for some
jE{i,...,n} M |E; ¢’ andM =, pforallk € {i,...,5 — 1}.
We definethe operatoreventuallyby Q¢ —def Tu?p.

A maindifferencefrom the temporallogic usedby Bacchusand
Kabanzg2] is thatwe do not have a goal modality This would be
unnecessarigecausénformationconcerninghe goalscanberepre-
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sentedas corventionalfacts. Another differenceis that we assume
thatall propositionsin the control formulaeoccurin the operators;
thatis, we do not have definedpredicateslt is straightforvardto re-
placethe occurrence®f definedpredicatedy their definitions.Of
coursethis mayincreasehesizeof theformula.

3 COMPILATION OF CONTROL INTO PLAN
OPERATORS

It seemsthat representinggomplex control informationin conven-
tional plan operatorgp = e, wherep ande are sets(conjunctions)
of literals,is notin generafeasible A moreexpressie form of plan
operatorsllows conditionaleffectswhich meanghatthe setof facts
changedy theapplicationof anoperatormaydependnthecurrent
truth-valuesof facts.An operatop = e with conditionaleffectsmay
have bothliteralsandrulesc — f in e. Whenp = e is applied,all
literalsin e becomerueandliteralsin f forc - f € e becomdrue
if theliteralsin ¢ weretrue.

Thereare a numberof plannersthat supportconditionaleffects
[10, 1, 2] andincorporatingthemin mary othersis easy Thereare
mary transitionsystemshatcanbe representedxponentiallymore
conciselywith conditional effects than without, and this seemsto
bethecasen encodingcontrolinformationin planoperatorsNotice
thatwe still assumeéheoriginal setsof operatorgo beunconditional,
andthelifted versionof the translationneedsalsouniversalandex-
istentialquantificationover individuals.

For our translationwe considersets® of clausesk V (¢le),
KV (¢U%€), andk vV 6, whereg, e andd areliterals and is a
disjunctionof literals? The modalitiesd and ¢ are reducedto &/
andi/? like mentionecearlier For literals! andsetss of literalswe
write 7 and3 for the complemenbf I andthe setconsistingof the
complementsf literalsin s, respectiely.

Next we give the translation.lt extendseachoperatorso that it
cannotbe appliedif it violatesthe control formulae.If we commit
to the truth of ¢lde for & V (plle) € @ at the currenttime point,
we have to guarante¢hatthefuturetruth-valuesof ¢ ande obey the
semantic®f /. For thiswe useauxiliaryfactsUg . thatbecomerue
whenrespectie formulaex becomefalse,andthey staytrue until
k is trueande is true in the currentor in the precedingime point.
Thetranslationof 22 is like thatof / (the only differenceis in the
definition of the new goal), andthe translationof () is simpleand
doesnotrequireauxiliary variables.

Below, L is afactthatis falsein initial andgoal statesandis not
madefalseby ary operator.L may not be an effect of ary operator
andc mustbefalsefor effectsc —» L.

We incorporate® into P = (I, O, G), wherel is aninitial state,
O is asetof operatorandG is agoal,asFs (P) = (Is,Os,Go)

whereOs = {0'|o € 0,0 = o'} and=2s is definedasfollows.
Letp = e beanoperatoiin O.

1. The operatormay male the non-modalliterals in a clausefalse
andthereforerequirethe satishctionof ¢pie (or beinapplicablef
neither¢ noreistrue.)Let

E, = {F\e» LlgV (¢le) € ®,r =k U {0, €},
eNT#P,enr =0},
E; = {R\e» Uj |V (lUe) € @,

eNkE #0,enk =0}

2 We will oftenidentify disjunctionsor conjunctionsof literals with corre-
spondingsetsof literalssothatunion,intersectiorandsetmembershigan
beusedonthem.

2. The operatormay not be appliedif it falsifiesan active ¢l/e by
makingboth ¢ ande false.The conditionsk N e = () areneeded
for thecasen which k becomegrueande is truein thecurrentor
in the precedingime point: thenthe new valuesof ¢ ande do not
matter Let

By = {Ujé > LlkV(gle) € 2,
E€e,p e nNe=0},

Ey = {Uj.e—» LlkV (flUe) € @,¢ € e,c & e},

By = {U.— LlxV (gUe) €,

{4, Ce,kNe =0}

3. Theoperatormay deactvate Ug . by reachinga statein which
is trueande is truein thecurrentor in the precedingstate Let

Es = {-Uj |kV (¢Ue) € ,ece,kNe#0},
E; = {l—>»-Uj &V (gUe) € ®,LE€ K, I¢e, €€ e},
Es = {e—»Uj |kV (gle) € B, kNe #0}.

4. Forthetranslationof formulaex v O € @, anoperatormaynot
beappliedif it malesé falseandx wasfalseattheprecedingime
point, or if it doesnotmalke 6 truewhenit andx werefalsebefore.

Ef =
E; =

{F—» Llkv (b€ ®,0ce}
{F,0—» Llskv (8 € d,0¢e}

A problemwith E3 is thatfor every k V Q8 € @, every opera-
tor — evenwhenthey do not affect ary of theliteralsin x or 8 —
potentiallyviolatesthis formulaby notmakingé truewhenit was
falsebefore However, oftend € x andtheantecederaf theeffect
from E3 isthereforanconsistenandtheeffectcanbeeliminated.

Now (p =€) = (p = (e U U5, E: UUL, EY)).

An initial stateI is extendedwith a valuationfor auxiliary vari-
ablesto obtain7s: for all k V (¢plhe) € @, Ip |= Ug iff I |= k.
Similarly for 2/2. Of course the controlinformationcontradictshe
initial stateif I = —(k V ¢ V €) for somek V (¢lUe) € @, andthen
thereareno plansthatsatisfy®. For themodaloperatoi/? thegoal
Gas = GU{-U; |k V (¢U’¢) € ®} requiresthate for every ¢id’e
eventuallybecomesrue.

Thereis a polynomialupperboundon thesizeof thetranslation.

Theorem 1 Thesizeof Os is O(n|O| + m) whee n is the sizeof
& andm is thesizeof O.

Proof: Foro € O and¢ € ®, theoperaton’ with o == o’ contains
atmostk + 7 new effects(from E1, ..., Es, E7, E3), wherek is the
numberof literalsin ¢. Thesizesof theeffectsfrom E+, E-, Ef and
E3 areproportionalto thesizeof ¢. Theothereffectsareof constant
size.Hencethedifferenceof thesizesof o' ando is O(n). O

Foragivenplans thereis atemporalogic model(v1, .. ., 4/ 41)
wherev; | I andw;41 is obtainedfrom v; by executingthe ith
operatorin s. By |s| we denotethe lengthof the plan. We saythat
a plan s satisfiesa formula @ if the correspondingemporallogic
modelsatisfiesd.

Theorem 2 P = (I, 0, G) hasa plan that satisfiesthe formula ®
if andonlyif Py = (Is, Os,Go) hasaplan.

Proof: We have a detailedproof but it is 2 pagedong andrelatively
straightforvard. The following arethe factswe establishby induc-
tion. Thefirst two are usedin shaving that plansfor Py satisfy



and hencethereis a plan for P that satisfies®, andthe third for
shawing thatif aplanfor P satisfiesp thenthereis a corresponding
planfor Ps.

1. GivenmodelMs of aplanfor P, foralli € {1, ...
KV (¢U6) € d My I:z Ug,e or Mg ':Z K.

2. GivenmodelMs of aplanfor Ps, foralli € {1,...,|Ms|} and
KV (¢L{e) € d,if Mg '=z g,e thenMgo |=q, ¢L{e.

3. Given a sequencef operatorsfrom Py thatwas obtainedfrom
aplanfor P thatsatisfies®, for all ¢ € {1,...,|Ms|} andk V
(pUe) € @, Ms = Uj . if andonly if Ms [~ & or thereis
j €{1,...,4—1} suchthatMs =; x andforallk € {j,...,i}
Mgy £k e. Theantecedentsf rulesc — L in the effect of the
operatoratstep: arefalse.

M} and

The correctnes®f the translationfor O is easyandfor /2 it fol-
lows easily from the correctnes®f U4. The proof also shavs that
planlengthis not affected. a

4 LIFTING THE TRANSLATION

Thetranslationsofar addressegroundoperatorsonly. In mary ap-
plicationsoperatorsanbe representednore conciselyasschemata
that correspondo setsof groundoperatorsin the next sectionwe
give an examplethatillustrateshow the translationcanbe lifted to
schematioperators.

5 REPRESENTING CONTROL INFORMATION

We shav how controlinformationis encodedndhow thetranslation
of U workswith thelogisticsdomainandthe controlrulesgiven by
BacchusandKabanzg?2]. Thegoalsareintroducedn theinitial state
asnormalfactswith theprefix G. We alsousefactsGatcity(p, [) that
saythatthe goallocationof packagep is in the samecity aslocation
1. Thevariablesbelov aretypedasfollows: ¢ is atruck, p apackage,
a anairplaneand! alocation.In thefollowing formulaethevariables
areuniversallyquantifiedunlessindicatedotherwise.

The axioms belov respeciiely statethe following. A package
mustbe loadedin atruckiif it is in a wrongcity andnot at an air-
port. A packaganustbeloadedin atruckif it isin awronglocation
of theright city. A packagemustbeloadedin anairplaneif it isin a
wrongcity.

C1 at(t,l) A at(p,l) A ~Gatcity(p, l) A —airport(l)

— at(t, )Uin(p, t)
C2 at(t,l) A at(p, 1) A Gatcity(p, 1) A =Gat(p,1)

—alt(t, 1)Uin(p,t)
C3 at(a,l) A at(p,l) A ~Gatcity(p, I) = at(a, l)U-atl(p, [)

A packageat the goal location may not be moved arywhere. A
packagamay not beloadedin atruck at the airportof a wrongcity.
A packagenaynot beloadedin anairplaneif it is in theright city.

C10 at(p,l) A Gat(p,1) —DOat(p, 1)
C11 at(p,l) A ~Gatcity(p, 1) A airpori(l)

—at(p, ){3ain(p, a)
C12 at(p,l) A Gatcity(p, 1) —O-in(p, a)

We have similar formulaethat say when packagesnustbe un-
loadedand mustnot be unloadedandthat prevent unnecessarye-
hicle movement.They expressthe samerules asBacchusand Ka-
banzasformulae[2]. Thereis nospaceo givethemhere . Theformu-
laethatpreventunnecessaryehiclemovementaremorecomplicated

thanthe onesabove. The sameformulaewerefound problematichy
Huangetal. [7].

All thelogisticscontrolrulescanbe formalizedwith the operator
(O. Theconsequentsf theimplicationsin C1-C3andC10-C12are
respectiely replacedby Qat(t, 1), Qat(t,?), Oat(a,l), Qat(p,1),
O~in(p,t), andO-in(p, a?.

Next we shav how formulaeC1-C3andC10-Cl2areincorporated
into the operatorfor loadinga packagento atruck.

(:action | oad-truck

:paraneters (?0 - obj ?t - truck ?I - location)
:precondition (and (at ?0 ?l) (at 2?2t ?1))
ceffect (and (in ?0 ?t) (not (at 20 ?1))))

Mary of the effectsareredundanandcanbeeliminatedby using
general-purpossimplificationrules:for examplerulesc — e in op-
eratorswith preconditiong canberemovedif pUcUI isinconsistent
(I is asetof invariants[13]). In thelogisticsexamplethis happengo

all effectsfrom E; .
From Es andC1, C2 andC3we obtainthefollowing.

(not (untilCl ?0 ?t ?1))
(not (untilC2 ?0 2?2t ?1))
(forall (?p - airplane) (not (untilC3 ?0 ?p ?1)))

Thefirst two effectsallow the movementof trucksafter packages
have beenloaded.Thethird effectis unnecessary

Theeffectsfrom E; handlethe situationin which k hasbecome
trueagainbeforee becomesrue.Mary of theseeffectscanbeelim-
inated.For example,if x containsa staticfact! (thatis not affected
by ary operator) x's becomingtrue cannotbe causedy I, andthe
respectie rule I —» —Ug  is thereforeunnecessanSimilarly, if

¢ € K, ¢ cannotbecometrue beforee becausehis would violate
¢Ue andis preventedby E4, and¢ —» —=Ug . canthereforebe re-

moved.
From E7; andC1, C2 andC3we obtainthefollowing.

(forall (?12 - location)
(when (not (at ?0 ?12))
(not (untilCl ?20 ?t ?12))))
(forall (?12 - location)
(when (not (at ?0 ?12))
(not (untilC2 ?20 ?t ?12))))
(forall (?12 - location ?p - airplane)
(when (not (at ?o0 ?12))
(not (untilC3 ?0 ?p ?12))))

Also theseeffectsareunnecessaryut we do not have a general-

purposerule for eliminatingthem.
From Eg andC1-C3andC10-C12we obtainthefollowing.

(forall (?t2 - truck)
(when (in ?0 ?t
(not (untilCl ?0 ?t ?1))))
(forall (?t2 - truck)
(when (in ?0 ?t)
(not (untilC2 ?0 ?t ?1))))
(forall (?p - airplane)
(when (not (at 20 ?1))
(not (untilC3 ?0 ?p ?1))))
(when (false) (not (untilCl10 ?0 ?1)))
(when (exists (?p - airplane) (in 2?0 ?p))
(not (untilCl1l ?0 ?1)))
(when (false) (not (untilCl2 2?0 ?1)))

From E4 andC10andC11we obtainthefollowing.

(when (and (until Cl10 ?0 ?1) (not (false))) (false))
(when (and (untilCl1 2?0 ?I)
(not (exists (?p - airplane) (in 2?0 ?p)))
(fal se))



Theseeffectspreventloadingif thepackages in thegoallocation
or waiting for anairplane.

In the lifted versionof the translationuniversalquantificationin
theoperatorss oftenneededFor example operatorsnoving atruck
potentially affect C1 and C2 for every package Sometimesjuan-
tification canbe avoidedbecausef aninvariant[13]. For example,
load-truk malesthe antecedenof the controlformulathatprevents
unloadingthe packagerue. However, this formula preventsunload-
ing at all locationsthatarenot airportsor destinatiorlocations.An
invariantguaranteethatthetruck s atthe currentlocationonly, and
quantificationover otherlocationsis unnecessary

6 EXPERIMENTSAND DISCUSSION

We have solveda numberof logisticsproblemswith TLPlan[2] and
IPP[10] andbothversionsof thecontrolformulae with theoperator
U andwith O only. Theseplannerswere chosenbecauseheir in-
putlanguagesanexpressdisjunctive preconditionsandconditional
effects,andthey do searchin oppositedirections.IPP is animple-
mentationof the Graphplanalgorithm [4]. The logistics problems
seemednterestingbecausémplementation®sf the Graphplaralgo-
rithm have not faredwell in solving them, but control information
very effectively rulesout useles®peratorsequences.

The control formulaewere discussedn Section5. We replaced
effectsly,...,l, - L by preconditiond; V --- V1, to allow IPP
to usethemin planninggraphconstructionandsimplified the oper
atorsasdiscussedn Section5. Thesetransformationganeasilybe
performedmechanically

Table 1 givesruntimesof IPP and TLPlan andthe formalization
with theoperatorQ) ona SunUltra with a360MHz sparcv9roces-
sor We usedtwo or threeversionsof eachprobleminstance with-
out controlinformation,with control formulaeembeddedn opera-
tors(/E), andinterpretedvith formulaprogressior{/P).IPPdoesnot
interprettemporallogic formulae,so we could make a comparison
betweenformula progression/igressionand embeddedtontrol on
TLPlanonly. The/P runtimesarefor the formalizationof the prob-
lemsin the TLPlansoftwaredistribution.

Tablel. Runtimesof two plannersn seconds.
planner | log-a log-b log-c log-d
TLPlan >1h >1h >1h >1h
TLPlan/E 0.17 0.13 0.17 0.52
TLPlan/P 0.45 0.33 0.54 1.94
IPP 154751 649.69 > 22h > 22h
IPP/E 15.04 5.63 1010.55 30638.03

Without control TLPlan searchesblindly and the chancesof
quickly reachinga goalstatein a searchireewith a depthof dozens
of nodesareextremelysmall. TLPlanwith embeddedtontrolis al-
mostthreetimesfastetthanTLPIlanwith controlformulaeinterpreted
with formula progressionAn explanationfor this differenceis that
formulaprogressiomndtheuseof definedpredicatesausesanover-
headon top of the underlyingforward-chainingplanningalgorithm.
With embeddedontrolthis overheaddisappears.

With TLPlan andthe formalizationwith the operator/ the run-
timesareslightly higher(0.21,0.14,0.21,and0.62secondspecause
of a higher numberof preconditionsand effects. Surprisingly the
correspondingPP runtimesare higherthan with no control at all
(noneof therunsterminatedn 2 hours.)Also on the formalization
with O IPP runtimesare high andit performsa lot of search(10°

operatompplicationdor logistics-b,down from 107 withoutcontrol)
eventhoughthe formulaealmostuniquelytell whatactionsto take.

Searctcannotbe completelyavoidedbecausanairplanemayarrive
to a goal city from several locations:the rulesallow flights A-B-C

andB-A-C if bothA andB containpackageso betransportedo C.

However, asTLPlantraversessearchtreeswith only 50to 80 nodes,
thedifferencds not explainedby this.

A betterexplanationfor IPP's performances the handlingof dis-
junctive subgoalsthat are obtainedfrom effectsy,...,1, —» L.
IPPreducedlisjunctive subgoalgo non-disjunctie subgoalsfirst all
minimal non-disjunctie subgoalghat have at leastoneliteral from
eachdisjunctionareproducedandthenseparatelyor eachminimal
non-disjunctre subgoakll setsof operatorghatproduceit aretried
out. Thereareexamplesn whichthenumberof possiblesetsof oper
atorsis small(constanthbut thenumberof alternatve non-disjunctie
subgoalss high (exponential) andremoving disjunctivity beforeop-
eratorselection— which is not necessary- thereforeincreaseghe
numberof branchesxponentially® The logistics control formulae
with &/ producemary moredisjunctve subgoalghanthe formulae
with O, andthis would explain the IPP runtimes.

7 RELATED WORK

Bacchusand Kabanza[2] pointedout the possibility of efficiently
interpretingtemporallogic formulaefor pruningthe searchreein a
forward-chainingplanner Theformulaeareinterpretedstartingfrom
theinitial state.Assumingthat the formulaearetrue at the current
time point, the truth andfalsity of several otherformulaecanbein-
ferredfor the next time point. Theseformulaerestrictthe possible
choicesof the next operatorsThis processof formula progression
is not theorem-preing but a form of model-checkingandis com-
putationallyinexpensve. Our encodingof temporallogic formulae
canbe seenasanimplicit way of doing progressionAn important
differenceis that our encodingworks with all planningalgorithms,
alsoonesthatarenot basedon forward-chainingThe encodingcan
beautomatedully andit is fairly efficient.

Huangetal. [7] extenda planningalgorithmwith temporallogic
control.Many formulaecanbehandledduringapreprocessinghase
by not producingsomeof the groundinstancesof the operators.
Otherformulaerequireaddingnew clausesin the encodingof the
problemin the propositionalogic.

Baioletti et al. [3] considera generalizedhotion of goalsthatare
expresseéasformulaewith modaloperator$] and¢ andothersThe
formulaeareencodednto planoperatordike in our work. Baioletti
et al. do not useoperators)) or U that seemto be necessaryor
formalizingcontrolinformation.

Many formsof planningcanbeviewedasspecializegroblemsof
programsynthesis- classicaplanningfor exampleis synthesiof se-
guentialnon-branchingrrogramdrom atomicprogramshatconsist
of assignmenstatement®nly — andhencethe currentwork canbe
comparedo work in thatarea.Temporallogic hasbeenproposeds
aframework for programsynthesig12], andit would bein principle
possibleto do planningcompletelyin thetemporalogic framevork.
Ourapproachs complementaryin this papemwe areaddressin@p-
proachego planningthat are not essentiallypasedon reasoningn
temporallogics, andthereforereducingtemporallogic to the basic
planningframework is beneficial.

The currentwork alsohasconnectiondo specializingandtrans-
forming programg8]. Programspecializatiortypically attemptsto

3 For (a1 V b1) A --- A (an V by) andoperatorgespectiely with effects
a1 A---Aaypandby A --- A by theincreasds from 3to 2.



male a given programmore efficient by taking into accountinfor-
mationconcerninghe possibleinput values.Programspecialization
hasbeenperformedfor exampleby folding/unfolding transforma-
tions[5, 14, 11]. In our case specializatioris not basedon restric-
tionson input valuesbut on formulaethat characterizehe structure
of the desiredprograms Also, we do not startfrom a programthat
shouldbe specializedInstead ,we transforma given programsyn-
thesisproblemto a differentonethat canhopefully be solved more
efficiently andfrom which a solutionto the original problemcanbe
easilyextracted.

8 CONCLUSION

We have shavn how to encodea classof temporallogic controlfor-
mulaeinto plan operatorsso that explicit handlingof formulaein
planningalgorithmsis avoided.The classof formulaeandthetrans-
lation are interesting:control rules can easily be representedplan
sizeis not affected,andthe sizesof operatorsncreaseelatively lit-
tle. Our experimentsshav thatour techniquespeedsip a backward-
chainingplannersubstantiallyand canbe competitve with formula
progressiorasproposedy BacchusaandKabanzg2].

Thetranslationhassyntacticrestrictionsbut they arenot violated
for exampleby theformulaeproposedy BacchusandKabanzgas-
suminga transformatiorto CNF) A differencethat may affect the
formalizationof controlrulesis the lack of definedpredicatesEx-
tendingthetranslationto definedpredicatess possible put we have
not pursuedhis questionfurtherin this work. Becauseof the com-
pleteindependencef our approactof ary planningalgorithm,it is
directly applicableto mary kinds of algorithms.It may be possible
anddesirableo extendthetranslationto cover moregeneraklasses
of formulae.lt is notclearin whatextentthisis possiblewithoutsac-
rificing thegoodpropertieghecurrenttranslatiorhas.By inspecting
thetranslationit would seempossibleto allow disjunctionsof liter-
alsin thesubformulaef ¢/, 4> and(). Furthermorenow thereis an
asymmetrybetweenhe sourceandtargetlanguageshe sourceop-
eratorsmay not have conditionaleffects. Remaing this asymmetry
would bedesirable.

In additionto the problemof usingtemporallogic controlformu-
lae, thereis alsothe problemof automaticallyverifying that control
formulaepresere the existenceof (shortestplans,andmoregener
ally, the problemof synthesizingcontrol formulaeautomatically A
restrictecbut widely applicabletype of controlformulaeis obtained
by recognizingsymmetriesn planningproblemq9]. For controlfor-
mulaein generalalreadythe problemof verifying whethera control
formula preseres existenceof plansis computationallyery com-
plex, PSRACE-hardn thepropositionatasehutit is likely thatthere
areusefulincompletepolynomialtime algorithms- lik e for invariant
synthesiq13], anotherPSRACE-hardproblem- that may increase
theefficiengy andapplicability of automateglanningsubstantially
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