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Abstract. Domain-specificcontrolinformationis oftenessentialin
solving difficult planningproblemsefficiently. Temporallogics are
adeclarativeandexpressive representationfor suchcontrolinforma-
tion. In this paperwe investigatethe integrationof temporallogic
control informationinto planoperators.For a givencontrol formula�

andoperators� , weproduceanew set ��� of operatorsthatworks
like � underthe controlof

�
. We show that for a subclassof tem-

poral logic formulaethecompilationcausesonly a low-polynomial
increasein the sizeof the operators,that the lengthof plansis not
affected,and that the speed-upobtainedis competitive with what
is achievedwith temporallogic controlasformulaprogression.The
translationusesoperatorswith conditionaleffects.An importantben-
efit of our approachis that theproblemof usingtemporallogic for-
mulaeas control information is solved onceand for all: temporal
logiccontrolcanbeimplementedasapreprocessingstepfor all kinds
of planningalgorithms.

1 INTRODUCTION

The applicability of automatedplannersin many applicationsis
highly dependenton the presenceof control information that reli-
ably guidestheplannerin choosingwhich operatorsto apply. In the
past,thecontrolinformationhasbeenveryproceduralanddependent
ontheplanningalgorithmbeingused.BacchusandKabanzapropose
temporallogicsasalanguagefor expressingcontrolinformationand
show thatasimpleforward-chainingplannerthatinterpretsthosefor-
mulaecanbevery efficient for planningproblemsthatallow strong
controlstrategies[2]. Thedeclarativenessof temporallogic makesit
possibleto separatethecontrolinformationfrom theimplementation
techniquesof aplanner, which is agreatbenefit.For exampleHuang
etal. show how to useBacchusandKabanza's temporallogic control
informationin averydifferentkind of planner[7].

However, thereare many different planningalgorithms,and in-
corporatinga temporallogic reasonerto eachandevery onemaybe
complicatedorotherwiseundesirable.Consideringthatbothplanop-
eratorsandtemporallogic have a highexpressivity, thereis a redun-
dancy in theinput asboththeoperatorsandthecontrol information
couldbe representedin eitherof the formalisms.Thereforethereis
nocompellingneedfor algorithmsthattake inputof bothtypes.This
ideasuggeststwo non-hybridapproachesto planningwith domain-
specificcontrolinformation:deductiveplanningin theframework of
temporallogic, and(possiblynon-deductive) planningbasedon al-
gorithmsthatoperateon planoperatorsonly with controlembedded
in theoperators.Bothapproachesareworth investigating,but in this
paperwe take thesecondbecauseof its directusefulnessfor almost
�
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any typeof planning.Oncethecontrolinformationexpressedastem-
porallogic formulaeis compiledinto planoperators(apreprocessing
step),no planningalgorithmneedsto beawareof temporallogic.

In this paperwe show how temporallogic control canoften be
effectively compiledawayby implicitly representingtheformulaein
theplanoperators.Moreprecisely, for arbitrarysetsof planoperators
andfor formulaefrom a subclassof linear temporallogic, we show
how to producesetsof planoperatorsthatwork like theoriginalsets
underthecontrolof theformulae.Weassumethatplanoperatorscan
representconditionaleffects;thatis, thesetsof factsthatchangetheir
truth-valuesmaydependonthetruth-valuesof otherfacts.With con-
ditional effectswe alsorepresentdisjunctive preconditionsthatalso
appearto be necessaryfor encodingcontrol information.This ap-
proachsuggeststhat ratherthanaddressingthe problemof control
knowledgefor every planningalgorithmseparately, it maybe more
productive to develop efficient domain-independentplanningalgo-
rithmswith moreexpressive input languages.

To demonstratethe feasibility of the approachwe run a seriesof
problemsontwo planners,TLPlan[2] andIPP[10], thatrespectively
useforward andbackward chaining.For the sampleproblemsand
bothplannersweobtainaspeed-upof two ordersof magnitude.

2 CONTROL FORMULAE IN TEMPORAL
LOGIC

We considerfinite models ���
	�� ��
�������
 ����� of a linear temporal
logic [6] where ��� arevaluations������������� 
! #" thatmappropo-
sitionalvariablesto truth values.Thesizeof a model $ �%$ is defined
asthenumber& of valuations.We definethe truth of formulaeat a
point ')(*�,+ 
�������
 $ �-$ " of amodelrecursively asfollows.
�.$����/ if andonly if ���102/435�6� , where/7(*� .
�.$���985: if andonly if �<;$ ���=: .
�.$� � :?>@:BA if andonly if �C$ � � : or �.$ � � :BA .
�.$���9DE: if andonly if �F$ ���HG � : .
�I$���J:LK�:BA if andonly if �I$�NMO: for all PQ(E�R' 
�������
 & " such

that �.$ �TS�: A for no UV(Q�R' 
�������
 P " .
We say that a model � satisfiesa formula : if and only if

�C$ ���=: for all 'W(X�,+ 
�������
 $ �-$ " . WedefinetheoperatoralwaysbyY :QZ def :LKT[ . Theconstantstrueandfalsearerespectively \ and
[ . The above semanticsfor until K is only oneof several possible
ones.In this papera semanticsfor until thatrequiresthat :BA eventu-
ally becomestrueis alsouseful: �F$� � :LKT]�: A if andonly if for some
P@(^�R' 
�������
 & " �_$�NM`:BA and �I$�TS`: for all UQ(a�R' 
�������
 P#bc+ " .
Wedefinetheoperatoreventuallyby d5:eZ def \�KT]�: .

A main differencefrom the temporallogic usedby Bacchusand
Kabanza[2] is thatwe do not have a goal modality. This would be
unnecessarybecauseinformationconcerningthegoalscanberepre-



sentedasconventionalfacts.Anotherdifferenceis that we assume
that all propositionsin the control formulaeoccurin the operators;
thatis, wedonot havedefinedpredicates.It is straightforwardto re-
placethe occurrencesof definedpredicatesby their definitions.Of
course,thismayincreasethesizeof theformula.

3 COMPILATION OF CONTROL INTO PLAN
OPERATORS

It seemsthat representingcomplex control information in conven-
tional planoperators/^f.g , where/ and g aresets(conjunctions)
of literals,is not in generalfeasible.A moreexpressive form of plan
operatorsallowsconditionaleffectswhichmeansthatthesetof facts
changedby theapplicationof anoperatormaydependonthecurrent
truth-valuesof facts.An operator/Vfhg with conditionaleffectsmay
have both literalsandrules iTjlk in g . When/Qf�g is applied,all
literalsin g becometrueandliteralsin k for i�jmk7(*g becometrue
if theliteralsin i weretrue.

Thereare a numberof plannersthat supportconditionaleffects
[10, 1, 2] andincorporatingthemin many othersis easy. Thereare
many transitionsystemsthatcanberepresentedexponentiallymore
conciselywith conditionaleffects than without, and this seemsto
bethecasein encodingcontrolinformationin planoperators.Notice
thatwestill assumetheoriginalsetsof operatorsto beunconditional,
andthe lifted versionof thetranslationneedsalsouniversalandex-
istentialquantificationover individuals.

For our translationwe considersets
�

of clausesno>p0q:LK�r!3 ,
nV>s0q:LK ] r!3 , and nV>tDsu , where : , r and u areliterals and n is a
disjunctionof literals.2 The modalities

Y
and d are reducedto K

and KT] like mentionedearlier. For literals v andsetsw of literalswe
write v and w for the complementof v andthe setconsistingof the
complementsof literalsin w , respectively.

Next we give the translation.It extendseachoperatorso that it
cannotbe appliedif it violatesthe control formulae.If we commit
to the truth of :LK�r for n@>x0q:LK�r!3*( � at the currenttime point,
wehave to guaranteethatthefuturetruth-valuesof : and r obey the
semanticsof K . For thisweuseauxiliaryfactsU yz,{ | thatbecometrue
whenrespective formulae n becomefalse,andthey stay true until
n is true and r is true in the currentor in the precedingtime point.
The translationof K ] is like thatof K (theonly differenceis in the
definition of the new goal),andthe translationof D is simpleand
doesnot requireauxiliaryvariables.

Below, [ is a fact that is falsein initial andgoalstatesandis not
madefalseby any operator:[ maynot beaneffect of any operator
and i mustbefalsefor effects i}j~[ .

We incorporate
�

into �-��	�� 
 � 
�� � , where � is an initial state,
� is a setof operatorsand � is a goal,as  �W0q��3���	��R� 
 ��� 
!� �=�
where � � ����� A $ �*(E� 
 � ���fl� A " and

��=f is definedasfollows.
Let /Vfhg beanoperatorin � .

1. The operatormay make the non-modalliterals in a clausefalse
andthereforerequirethesatisfactionof :�K�r (or beinapplicableif
neither: nor r is true.)Let

� � � � �,��g�jm[�$ n�>t0q:LK�r!3�( � 
 ����n`�7�R: 
 r ",

gJ� �@;��� 
 g)�@�T��� ",
�

] � � n4��g�j U yz,{ | $ n`>Q0q:LK�r�3J( � 

gJ� no;��� 
 gJ�@nV��� "��

] We will often identify disjunctionsor conjunctionsof literals with corre-
spondingsetsof literalssothatunion,intersectionandsetmembershipcan
beusedon them.

2. The operatormay not be appliedif it falsifiesan active :�K�r by
makingboth : and r false.TheconditionsnO�7g#��� areneeded
for thecasein which n becomestrueand r is truein thecurrentor
in theprecedingtimepoint: thenthenew valuesof : and r do not
matter. Let
��� � � U yz,{ | 
 :7j~[�$ n�>Q0q:LK�r�3J( � 


r�(7g 
 :^;(*g 
 n`�@g���� "�
��� � � U yz,{ | 
 rJj~[�$ n�>X0q:�K�r!3�( � 
 :Q(7g 
 r�;(7g "�
��� � � U yz,{ | j~[�$ n�>Q0q:LK�r�3J( � 

� : 
 r "#� g 
 n#�eg���� "��

3. TheoperatormaydeactivateU yz,{ | by reachinga statein which n
is trueand r is truein thecurrentor in theprecedingstate.Let
�}� � ��8 U yz,{ | $ n?>Q0q:LK�r�3�( � 
 r}(eg 
 n#�eg�;��� ",
��� � ��v�j~8 U yz�{ | $ n#>X0q:LK�r!3N( � 
 v�(*n 
 vJ;(7g 
 r�(7g ",
�}  � ��r�jm8 U yz,{ | $ n`>Q0q:LK�r�3J( � 
 n`�Vg�;��� "��

4. For thetranslationof formulaen�>�DEu?( � , anoperatormaynot
beappliedif it makes u falseand n wasfalseattheprecedingtime
point,or if it doesnotmake u truewhenit and n werefalsebefore.

�#¡� � � nVjm[�$ n�>7DEu`( � 
 u#(*g "� ¡
] � � n 
 uTj~[�$ n#>@Dsu`( � 
 ue;(eg "

A problemwith
� ¡
] is that for every n�>tD^uQ( � , every opera-

tor – even whenthey do not affect any of the literals in n or u –
potentiallyviolatesthis formulaby notmaking u truewhenit was
falsebefore.However, often u`(*n andtheantecedentof theeffect
from

� ¡
] is thereforeinconsistentandtheeffectcanbeeliminated.

Now 02/�f~g�3 ��=f¢02/Vf�0qg��e£
 
�H¤ � � ���7£ ]�H¤ � � ¡� 3¥3 .

An initial state � is extendedwith a valuationfor auxiliary vari-
ablesto obtain �R� : for all n?>o0q:LK�r�3�( � , �R�6$ � U yz,{ | if f �Q$ �%85n .
Similarly for KT] . Of course,thecontrol informationcontradictsthe
initial stateif �V$ �p8J0qn?>@:O>er!3 for somen?>t0q:LK�r!3J( � , andthen
therearenoplansthatsatisfy

�
. For themodaloperatorK ] thegoal� � � � ����8 U yz,{ | $ n�>e0q:LKT]�r!3J( � " requiresthat r for every :LKT]�r

eventuallybecomestrue.
Thereis apolynomialupperboundon thesizeof thetranslation.

Theorem 1 Thesizeof � � is �O0�&¦$ ��$�§s¨*3 where & is thesizeof�
and ¨ is thesizeof � .

Proof: For �?(e� and :X( � , theoperator� A with � ��=f~� A contains
atmost U�§*© new effects(from

� � 
�������
 �   
 � ¡� 
 � ¡] ), whereU is the
numberof literalsin : . Thesizesof theeffectsfrom

� � , � ] ,
� ¡� and� ¡

] areproportionalto thesizeof : . Theothereffectsareof constant
size.Hencethedifferenceof thesizesof ��A and � is �O0�&=3 . Y

For agivenplan w thereis atemporallogic model 	�� � 
�������
 �Lª «�ª G � �
where � � $ �~� and �¬�HG � is obtainedfrom ��� by executingthe ' th
operatorin w . By $ w,$ we denotethe lengthof the plan.We saythat
a plan w satisfiesa formula

�
if the correspondingtemporallogic

modelsatisfies
�

.

Theorem 2 ���­	�� 
 � 
!� � hasa plan that satisfiestheformula
�

if andonly if �5�7�®	��R� 
 ��� 
!� ��� hasa plan.

Proof: We have a detailedproof but it is 2 pageslong andrelatively
straightforward.The following arethe factswe establishby induc-
tion. The first two areusedin showing that plansfor �9� satisfy

�



and hencethereis a plan for � that satisfies
�

, and the third for
showing thatif aplanfor � satisfies

�
thenthereis acorresponding

planfor �5� .

1. Givenmodel �o� of aplanfor �5� , for all ')(Q�,+ 
�������
 $ �a�¦$ " and
n#>t0q:LK�r!3�( � , �a�o$ ��� U yz,{ | or �a�o$����n .

2. Givenmodel � � of aplanfor � � , for all ')(Q�,+ 
�������
 $ � � $ " and
n#>t0q:LK�r!3�( � , if �a�o$ ��� U yz,{ | then �a�o$ ���=:LK�r .

3. Given a sequenceof operatorsfrom �5� that wasobtainedfrom
a plan for � thatsatisfies

�
, for all 'T(���+ 
�������
 $ � � $ " and n�>

0q:LK�r!3V( � , � � $ � � U yz,{ | if andonly if � � ;$ � � n or thereis
PO(Q��+ 
�������
 '¯bo+ " suchthat �a�s;$ �NM�n andfor all U@(Q�!P 
�������
 ' "
�a�-;$ �TS7r . The antecedentsof rules iVjF[ in the effect of the
operatoratstep' arefalse.

The correctnessof the translationfor D is easyandfor KT] it fol-
lows easily from the correctnessof K . The proof also shows that
planlengthis notaffected.

Y

4 LIFTING THE TRANSLATION

Thetranslationsofar addressesgroundoperatorsonly. In many ap-
plicationsoperatorscanberepresentedmoreconciselyasschemata
that correspondto setsof groundoperators.In the next sectionwe
give an examplethat illustrateshow the translationcanbe lifted to
schematicoperators.

5 REPRESENTING CONTROL INFORMATION

Weshow how controlinformationis encodedandhow thetranslation
of K workswith thelogisticsdomainandthecontrolrulesgivenby
BacchusandKabanza[2]. Thegoalsareintroducedin theinitial state
asnormalfactswith theprefix ° . Wealsousefacts° atcity02/ 
 v�3 that
saythatthegoallocationof package/ is in thesamecity aslocation
v . Thevariablesbelow aretypedasfollows: ± is a truck, / apackage,² anairplane,and v alocation.In thefollowing formulaethevariables
areuniversallyquantifiedunlessindicatedotherwise.

The axioms below respectively statethe following. A package
mustbe loadedin a truck if it is in a wrong city andnot at an air-
port.A packagemustbeloadedin a truck if it is in a wronglocation
of theright city. A packagemustbeloadedin anairplaneif it is in a
wrongcity.
³ + at0´± 
 v�3�µ at02/ 
 v�3=µ@85° atcity02/ 
 v�3�µe8 airport0qv�3

� at0´± 
 v�3�K in 02/ 
 ±13³T¶
at0´± 
 v�3�µ at02/ 
 v�3=µV° atcity02/ 
 v�3�µe85° at02/ 
 v�3

� at0´± 
 v�3�K in 02/ 
 ±13³�·
at0 ² 
 v�3�µ at02/ 
 v�3�µe85° atcity02/ 
 v�3¬� at0 ² 
 v�3�KT8 at02/ 
 v´3

A packageat the goal locationmay not be moved anywhere.A
packagemaynot be loadedin a truck at theairportof a wrongcity.
A packagemaynot beloadedin anairplaneif it is in theright city.
³ +�¸ at02/ 
 v�3�µ@° at02/ 
 v�3�� Y at02/ 
 v�3³ +¬+ at02/ 
 v�3�µe85° atcity02/ 
 v�3�µ airport0qv´3

� at02/ 
 v�3�KT¹ ² in 02/ 
 ² 3³ + ¶ at02/ 
 v�3�µ@° atcity02/ 
 v�3¬� Y 8 in 02/ 
 ² 3
We have similar formulaethat say when packagesmust be un-

loadedandmustnot be unloadedandthat prevent unnecessaryve-
hicle movement.They expressthe samerulesasBacchusandKa-
banza'sformulae[2]. Thereisnospacetogivethemhere.Theformu-
laethatpreventunnecessaryvehiclemovementaremorecomplicated

thantheonesabove.Thesameformulaewerefoundproblematicby
Huangetal. [7].

All thelogisticscontrolrulescanbeformalizedwith theoperator
D . Theconsequentsof theimplicationsin C1-C3andC10-C12are
respectively replacedby D at0´± 
 v�3 , D at0´± 
 v´3 , D at0 ² 
 v�3 , D at02/ 
 v�3 ,
Ds8 in 02/ 
 ±13 , and Ds8 in 02/ 
 ² 3 .

Next weshow how formulaeC1-C3andC10-C12areincorporated
into theoperatorfor loadingapackageinto a truck.

(:action load-truck
:parameters (?o - obj ?t - truck ?l - location)
:precondition (and (at ?o ?l) (at ?t ?l))
:effect (and (in ?o ?t) (not (at ?o ?l))))

Many of theeffectsareredundantandcanbeeliminatedby using
general-purposesimplificationrules:for examplerules i}jmg in op-
eratorswith preconditions/ canberemovedif /��)i��)� is inconsistent
( � is asetof invariants[13]). In thelogisticsexamplethishappensto
all effectsfrom

� � .
From

�}�
andC1,C2andC3weobtainthefollowing.

(not (untilC1 ?o ?t ?l))
(not (untilC2 ?o ?t ?l))
(forall (?p - airplane) (not (untilC3 ?o ?p ?l)))

Thefirst two effectsallow themovementof trucksafterpackages
havebeenloaded.Thethird effect is unnecessary.

Theeffectsfrom
���

handlethesituationin which n hasbecome
trueagainbefore r becomestrue.Many of theseeffectscanbeelim-
inated.For example,if n containsa staticfact v (that is not affected
by any operator),n 's becomingtruecannotbe causedby v , andthe
respective rule vejº8 U yz�{ | is thereforeunnecessary. Similarly, if
:®(pn , : cannotbecometrue before r becausethis would violate
:LK�r andis preventedby

� �
, and :xj»8 U yz�{ | canthereforebe re-

moved.
From

���
andC1,C2andC3weobtainthefollowing.

(forall (?l2 - location)
(when (not (at ?o ?l2))

(not (untilC1 ?o ?t ?l2))))
(forall (?l2 - location)
(when (not (at ?o ?l2))

(not (untilC2 ?o ?t ?l2))))
(forall (?l2 - location ?p - airplane)
(when (not (at ?o ?l2))

(not (untilC3 ?o ?p ?l2))))

Also theseeffectsareunnecessary, but we do not have a general-
purposerule for eliminatingthem.

From
�  

andC1-C3andC10-C12weobtainthefollowing.

(forall (?t2 - truck)
(when (in ?o ?t)

(not (untilC1 ?o ?t ?l))))
(forall (?t2 - truck)
(when (in ?o ?t)

(not (untilC2 ?o ?t ?l))))
(forall (?p - airplane)
(when (not (at ?o ?l))
(not (untilC3 ?o ?p ?l))))

(when (false) (not (untilC10 ?o ?l)))
(when (exists (?p - airplane) (in ?o ?p))
(not (untilC11 ?o ?l)))

(when (false) (not (untilC12 ?o ?l)))

From
� �

andC10andC11weobtainthefollowing.

(when (and (untilC10 ?o ?l) (not (false))) (false))
(when (and (untilC11 ?o ?l)

(not (exists (?p - airplane) (in ?o ?p)))
(false))



Theseeffectspreventloadingif thepackageis in thegoallocation
or waiting for anairplane.

In the lifted versionof the translationuniversalquantificationin
theoperatorsis oftenneeded.For example,operatorsmoving a truck
potentiallyaffect C1 and C2 for every package.Sometimesquan-
tification canbeavoidedbecauseof an invariant[13]. For example,
load-truck makestheantecedentof thecontrolformulathatprevents
unloadingthepackagetrue.However, this formulapreventsunload-
ing at all locationsthatarenot airportsor destinationlocations.An
invariantguaranteesthatthetruck is at thecurrentlocationonly, and
quantificationoverotherlocationsis unnecessary.

6 EXPERIMENTS AND DISCUSSION

Wehavesolvedanumberof logisticsproblemswith TLPlan[2] and
IPP[10] andbothversionsof thecontrolformulae,with theoperator
K andwith D only. Theseplannerswerechosenbecausetheir in-
put languagescanexpressdisjunctive preconditionsandconditional
effects,andthey do searchin oppositedirections.IPP is an imple-
mentationof the Graphplanalgorithm [4]. The logistics problems
seemedinterestingbecauseimplementationsof theGraphplanalgo-
rithm have not faredwell in solving them,but control information
veryeffectively rulesoutuselessoperatorsequences.

The control formulaewerediscussedin Section5. We replaced
effects v � 
�������
 v � j¼[ by preconditionsv � >t½�½�½¬> v � to allow IPP
to usethemin planninggraphconstruction,andsimplifiedtheoper-
atorsasdiscussedin Section5. Thesetransformationscaneasilybe
performedmechanically.

Table1 givesruntimesof IPP andTLPlan andthe formalization
with theoperatorD onaSunUltra with a360MHz sparcv9proces-
sor. We usedtwo or threeversionsof eachprobleminstance:with-
out control information,with control formulaeembeddedin opera-
tors(/E), andinterpretedwith formulaprogression(/P).IPPdoesnot
interprettemporallogic formulae,so we could make a comparison
betweenformula progression/regressionand embeddedcontrol on
TLPlanonly. The/P runtimesarefor the formalizationof theprob-
lemsin theTLPlansoftwaredistribution.

Table 1. Runtimesof two plannersin seconds.

planner log-a log-b log-c log-d
TLPlan ¾ 1 h ¾ 1 h ¾ 1 h ¾ 1 h
TLPlan/E 0.17 0.13 0.17 0.52
TLPlan/P 0.45 0.33 0.54 1.94
IPP 1547.51 649.69 ¾ 22h ¾ 22h
IPP/E 15.04 5.63 1010.55 30638.03

Without control TLPlan searchesblindly and the chancesof
quickly reachinga goalstatein a searchtreewith a depthof dozens
of nodesareextremelysmall.TLPlanwith embeddedcontrol is al-
mostthreetimesfasterthanTLPlanwith controlformulaeinterpreted
with formulaprogression.An explanationfor this differenceis that
formulaprogressionandtheuseof definedpredicatescausesanover-
headon top of theunderlyingforward-chainingplanningalgorithm.
With embeddedcontrolthisoverheaddisappears.

With TLPlan andthe formalizationwith the operatorK the run-
timesareslightly higher(0.21,0.14,0.21,and0.62seconds)because
of a higher numberof preconditionsand effects.Surprisingly, the
correspondingIPP runtimesare higher than with no control at all
(noneof the runsterminatedin 2 hours.)Also on the formalization
with D IPP runtimesarehigh andit performsa lot of search( +�¸

�

operatorapplicationsfor logistics-b,down from +�¸
�

withoutcontrol)
even thoughtheformulaealmostuniquelytell whatactionsto take.
Searchcannotbecompletelyavoidedbecauseanairplanemayarrive
to a goal city from several locations:the rulesallow flights A-B-C
andB-A-C if bothA andB containpackagesto betransportedto C.
However, asTLPlantraversessearchtreeswith only 50 to 80 nodes,
thedifferenceis notexplainedby this.

A betterexplanationfor IPP'sperformanceis thehandlingof dis-
junctive subgoalsthat are obtainedfrom effects v � 
�������
 v � j¿[ .
IPPreducesdisjunctivesubgoalsto non-disjunctivesubgoals:first all
minimal non-disjunctive subgoalsthathave at leastoneliteral from
eachdisjunctionareproduced,andthenseparatelyfor eachminimal
non-disjunctive subgoalall setsof operatorsthatproduceit aretried
out.Thereareexamplesin whichthenumberof possiblesetsof oper-
atorsis small(constant)but thenumberof alternativenon-disjunctive
subgoalsis high(exponential),andremoving disjunctivity beforeop-
eratorselection– which is not necessary– thereforeincreasesthe
numberof branchesexponentially.3 The logisticscontrol formulae
with K producemany moredisjunctive subgoalsthanthe formulae
with D , andthiswouldexplain theIPPruntimes.

7 RELATED WORK

Bacchusand Kabanza[2] pointedout the possibility of efficiently
interpretingtemporallogic formulaefor pruningthesearchtreein a
forward-chainingplanner. Theformulaeareinterpretedstartingfrom
the initial state.Assumingthat the formulaearetrue at the current
time point, the truth andfalsity of severalotherformulaecanbein-
ferredfor the next time point. Theseformulaerestrict the possible
choicesof the next operators.This processof formula progression
is not theorem-proving but a form of model-checking,andis com-
putationallyinexpensive. Our encodingof temporallogic formulae
canbe seenasan implicit way of doing progression.An important
differenceis that our encodingworks with all planningalgorithms,
alsoonesthatarenot basedon forward-chaining.Theencodingcan
beautomatedfully andit is fairly efficient.

Huanget al. [7] extenda planningalgorithmwith temporallogic
control.Many formulaecanbehandledduringapreprocessingphase
by not producingsomeof the ground instancesof the operators.
Other formulaerequireaddingnew clausesin the encodingof the
problemin thepropositionallogic.

Baioletti et al. [3] considera generalizednotionof goalsthatare
expressedasformulaewith modaloperators

Y
and d andothers.The

formulaeareencodedinto planoperatorslike in our work. Baioletti
et al. do not useoperatorsD or K that seemto be necessaryfor
formalizingcontrolinformation.

Many formsof planningcanbeviewedasspecializedproblemsof
programsynthesis–classicalplanningfor exampleis synthesisof se-
quentialnon-branchingprogramsfrom atomicprogramsthatconsist
of assignmentstatementsonly – andhencethecurrentwork canbe
comparedto work in thatarea.Temporallogic hasbeenproposedas
a framework for programsynthesis[12], andit wouldbein principle
possibleto doplanningcompletelyin thetemporallogic framework.
Ourapproachis complementary:in thispaperwe areaddressingap-
proachesto planningthat arenot essentiallybasedon reasoningin
temporallogics,andthereforereducingtemporallogic to the basic
planningframework is beneficial.

The currentwork alsohasconnectionsto specializingandtrans-
forming programs[8]. Programspecializationtypically attemptsto�
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make a given programmoreefficient by taking into accountinfor-
mationconcerningthepossibleinput values.Programspecialization
hasbeenperformedfor exampleby folding/unfolding transforma-
tions [5, 14, 11]. In our case,specializationis not basedon restric-
tionson input valuesbut on formulaethatcharacterizethestructure
of the desiredprograms.Also, we do not startfrom a programthat
shouldbe specialized.Instead,we transforma given programsyn-
thesisproblemto a differentonethatcanhopefullybesolved more
efficiently andfrom which a solutionto theoriginal problemcanbe
easilyextracted.

8 CONCLUSION

We have shown how to encodea classof temporallogic controlfor-
mulaeinto plan operatorsso that explicit handlingof formulaein
planningalgorithmsis avoided.Theclassof formulaeandthetrans-
lation are interesting:control rules caneasilybe represented,plan
sizeis not affected,andthesizesof operatorsincreaserelatively lit-
tle. Ourexperimentsshow thatour techniquespeedsup abackward-
chainingplannersubstantiallyandcanbe competitive with formula
progressionasproposedby BacchusandKabanza[2].

Thetranslationhassyntacticrestrictionsbut they arenot violated
for exampleby theformulaeproposedby BacchusandKabanza(as-
suminga transformationto CNF.) A differencethat may affect the
formalizationof control rulesis the lack of definedpredicates.Ex-
tendingthetranslationto definedpredicatesis possible,but we have
not pursuedthis questionfurther in this work. Becauseof the com-
pleteindependenceof our approachof any planningalgorithm,it is
directly applicableto many kindsof algorithms.It maybepossible
anddesirableto extendthetranslationto cover moregeneralclasses
of formulae.It is notclearin whatextentthis is possiblewithoutsac-
rificing thegoodpropertiesthecurrenttranslationhas.By inspecting
thetranslationit would seempossibleto allow disjunctionsof liter-
alsin thesubformulaeof K , KT] and D . Furthermore,now thereis an
asymmetrybetweenthe sourceandtarget languagesthe sourceop-
eratorsmaynot have conditionaleffects.Removing this asymmetry
wouldbedesirable.

In additionto theproblemof usingtemporallogic controlformu-
lae,thereis alsotheproblemof automaticallyverifying thatcontrol
formulaepreserve theexistenceof (shortest)plans,andmoregener-
ally, theproblemof synthesizingcontrol formulaeautomatically. A
restrictedbut widely applicabletypeof controlformulaeis obtained
by recognizingsymmetriesin planningproblems[9]. Forcontrolfor-
mulaein general,alreadytheproblemof verifying whetheracontrol
formula preservesexistenceof plansis computationallyvery com-
plex, PSPACE-hardin thepropositionalcase,but it is likely thatthere
areusefulincompletepolynomialtimealgorithms– likefor invariant
synthesis[13], anotherPSPACE-hardproblem– that may increase
theefficiency andapplicabilityof automatedplanningsubstantially.
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