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Abstract. We present�
	 , which extendsthe declarative planninglanguage�
by actioncostsandoptimal plansthat minimize overall actioncosts(cheapest
plans).As shown, thisnovel languageallowsfor expressingsomenontrivial plan-
ningtasksin anelegantway. Furthermore,it flexibly allowsfor representingplan-
ningproblemsunderotheroptimalitycriteriaaswell, suchascomputing“f astest”
plans(with theleastnumberof steps),andrefinementcombinationsof cheapand
fastplans.Our experienceis encouragingandsupportstheclaim thatanswerset
planningmay be a valuableapproachto advancedplanningsystemsin which
intricateplanningtaskscanbenaturallyspecifiedandeffectively solved.

1 Intr oduction

Recently, severaldeclarativeplanninglanguagesandformalismshavebeenintroduced,
which allow for an intuitive encodingof complex planningproblemsincluding rami-
fications,incompleteinformation,non-deterministicactioneffects,or parallelactions
[13,18,17,19,12,4–6].While theseformalismsaredesignedto generateany plansthat
establishtheplanninggoals,in practiceweareusuallyinterestedin particularplansthat
areoptimalwith respectto anobjective functionwhich measuresthequality (or cost)
of a plan. Often, this is just the numberof time stepsto achieve the goal, andmany
systemsaretailoredto computeshortestplans(e.g.CMBP [4] andGPT [2] compute
shortestsequentialplans,while Graphplan[1] computesshortestparallelplans).

However, thereareotherimportantobjective functionsto consider. If executingan
action(suchastravelingfromViennato LameziaTerme)causessomecost,thenwemay
desirea planwhich minimizestheoverall costof theactionsin thatplan.In answerset
planning[18], whereplansarerepresentedby answersetsof a logic program,thiskind
of problemhasnot beenaddressedsofar, to thebestof our knowledge.

In this paper, we addressthis issueandpresentan extensionof the planninglan-
guage� [5, 6], whereonecanassociateactionswith costs.Themaincontributionsare:

– We definesyntaxandsemanticsof a modularextensionto � . Costsareassociated
to anactionby a designated��
������ -clausedescribinga costvalue.

– Action costsmaybedynamic,asthey potentiallydependonthecurrentstageof the
planwhenanactionis consideredfor execution.Dynamicactioncostshavenatural
applications,suchasvariantsof thewell-known TravelingSalespersonexample.�
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– We sketchhow planningwith costscanbe implementedby mappingit to answer
setprogramming,asrealizedin a systemprototypethat we have developed.The
prototype,readyfor experiments,is availableathttp://www.dlvsystem.com/K/.

– Finally, we show thatour languageis capableof easilymodelingoptimalplanning
undervariouscriteria: computing(1) “cheapest”plans(which minimize overall
actioncosts);(2) “f astest”plans(with theleastnumberof steps);andcombinations
of these,viz. (3) fastestplansamongthe cheapest,and(4) cheapestplansamong
thefastest.To ourknowledge,task(3) hasnotbeenaddressedin otherworkssofar.

Theextensionof � by actioncostsprovidesaflexible tool for representingdifferent
problems.Moreover, by � ’s nature,we get the possibility to easilycombinedealing
with incompleteknowledgeandplanquality, which is completelynovel.

Our experienceis encouragingandgivesfurtherevidencethatanswersetplanning,
basedonpowerful logic programmingengines,allowsfor thedevelopmentof advanced
declarativeplanningsystemsin whichintricateplanningtaskscanbenaturallyspecified
anddecentlysolved.

For spacereasons,we provideproofsandmorematerialin anextendedpaper[8].

2 Review of Language �
In this section,we give a brief informal overview of the language� . We assumethat
the readeris familiar with actionlanguagesandthe notionsof actions,fluents,goals,
andplansandreferto [6] for furtherdetails.For illustration,we shallusethefollowing
runningexample,for which a � encodingis shown in Figure1.

Bridge crossing. Fourmenwantto crossariveratnight.It is bridgedby aplankbridge,
which canonly hold up to two personsat a time.Themenhave a lamp,which mustbe
usedin crossing,as it is pitch-darkandsomeplanksaremissing.The lamp mustbe
broughtback;no tricks (like throwing thelampor halfwaycrosses)areallowed. �

A statein � is characterizedby thetruthvaluesof fluents,describingrelevantprop-
ertiesin the universeof discourse.A fluent maybe true, false,or unknown in a state;
formally, astateis any consistentset � of (possiblynegated)legalfluentinstances.Note
that in world-stateplanning,eachfluent is either true or falsein a state(this canbe
easilyemulatedin � ).

An actionis only applicableif somepreconditionholdsin thecurrentstate,andits
executionmaycausea modificationof truth valuesof somefluents.

Backgroundknowledge. Staticknowledgewhich is invariantover time is specifiedasa
disjunction-freeDatalogprogramwhichwerequireto havea totalwell-foundedmodel
(andthereforeauniqueanswerset).1

In ourexample,thebackgroundknowledgeis simply���������! #"%$����'&)(*�'�������! �"%$,+'-/.0&)(1���������! #"3204�5�5,&)(*���������! #"%+!6'�'&)(
1 Thewell-foundedmodelcanbecalculatedin polynomialtime andif it is total it corresponds

to theuniqueanswerset.

2



(1) +'-87�4��! 0�:9 -8���'�,��;�"=<?>A@�&B�'��C�D04!�'���E���������8 #"=<�&)>F���������! #"3@�&)>G<IH JK@?(
(2) -8���'�,��"=<'&L�'��C�D048�'���M���������! #"=<'&)(
(3) 7'+8.���N�+PO��#"=<�&F�'��C�D04!�'���E���������8 #"=<�&)(
(4) Q 58D��� '7��:9 +,-!���'�,��"=<�&L�'��C�D�4!�'���I���������! #"=<'&)(
(5) R 4 Q,Q�S 4 R ����"=<?>A@�&��'��C�D048�'���I���������! #"=<�&)>L���������8 #"3@�&)(
(6) T +'�8N�+UO��#"=<�&L�'��C�D04!�'���I�'�������! �"=<�&)(
(7) 48 �4!7�4�+,5�5�VW9 -�+!D0��� R - +'-!���'����"=<�&)( T +'�8N�+UO��#"%$,���'&)(
(8) +,582�+�V��X9 ��Y'��-8D'7'+!Z�5��[-!�'�'�,��;0"=<0>\@�&F4 Q]T +'�8N�+UO��#"=<�&)(
(9) ��Y'��-8D'7'+!Z�5��[-!�'�'�,��;0"=<0>\@�&F4 Q]T +'�8N�+UO��#"3@�&)(

(10)  ��! ���Y'�'-8D'7�+!Z�5��X-!���'�,��;0"=<?>^@�&G4 Q]R 4 Q�Q�S 4 R �'��"=<?>\@�&)(
(11) ��Y'��-8D'7'+!Z�5��[-!�'�'�,��"=<�&_4 Q`T +'�/N�+UO��#"=<'&)(
(12) ��Y'��-8D'7'+!Z�5��
7�+/.���N�+UO��#"=<�&)(
(13)  ��! ���Y'�'-8D'7�+!Z�5��a7�+8.���N�+UO��#"=<�&_4 Q`T +'�/N�+UO��#"3@�&)> R 4 Q,Q�S 4 R ����"=<0>\@�&)(
(14) -�+!D0��� R +'-!���'����"=<�&G+ Q 7,���[-!���,�,��;0"=<?>A@�&)> - +'-!�'�'�,��"=<�&)(
(15) -�+!D0��� R +'-!���'����"3@�&G+ Q 7,���[-!���,�,��;0"=<?>A@�&)> - +'-!�'�'�,��"3@�&)(
(16) -�+!D0��� R - +'-!���'����"=<�&G+ Q 7,���[-!���,�,��;0"=<?>^@�&)>_+'-!�'�'�,��"=<�&)(
(17) -�+!D0��� R - +'-!���'����"3@�&G+ Q 7,���[-!���,�,��;0"=<?>^@�&)>_+'-!�'�'�,��"3@�&)(
(18) -�+!D0��� R +'-!���'����"=<�&G+ Q 7,���[-!���,�,��"=<�&)> - +,-!���'�,��"=<�&)(
(19) -�+!D0��� R - +'-!���'����"=<�&G+ Q 7,���[-!���,�,��"=<�&)>b+,-!���'�,��"=<�&)(
(20) -�+!D0��� R`T +'�8N�+PO��#"=<�&G+ Q 7'���
7�+/.���N�+UO��#"=<�&)(
(21) -�+!D0��� R - T +'�8N�+PO��#"=<�&G+ Q 7'���
7�+/.���N�+UO��#"3@�&)>_<MH Jc@�> T +'�8N�+UO��#"=<�&)(
(22) -�+!D0��� R]R 4 Q,Q�S 4 R ����"=<0>\@�&G4 Q +,-!���'�,��"=<�&)> - +'-!�'�'�,��"3@�&)(
(23) -�+!D0��� R]R 4 Q,Q�S 4 R ����"=<0>\@�&G4 Q - +,-!���'�,��"=<�&)>b+'-!�'�'�,��"3@�&)(
(24) 4/ ����,7�4�+,5a+'-!���,�,��"=<�&)(
(25) 4/ ����,7�4�+,5 - +'-!���,�,��"=<�&)(
(26) 4/ ����,7�4�+,5 T +'�8N�+UO��#"=<�&)(
(27)  ���d'�! 0-8D,�,�'�� 0-8V?(
(28) e ��+,5:9 +,-!���'�,��"%$,���'&)>f+'-8���'�,��"%$�+'-/.0&)>f+'-8���'�,��"32�4�5,5,&)>b+,-!���'�,��"%+�6'�'&^ga"h4�&

Fig.1. � encodingof theBridgeCrossingproblem

TypeDeclarations. Therangesof theargumentsof fluentsandactionsmustbespeci-
fied.For instance,line (1) in Figure1 specifiestheargumentsof action i'�#j�k�k�l , where
two personscrossthe bridgetogether, while line (4) specifiesa fluent describingthe
factthataspecificpersonis ontheothersideof theriver. Theliteralsafter“ ���?m�nGo,����k ”
in a declarationarefrom p or built-in predicates.DLV q [7], our implementationof � ,
currentlysupportsbuilt-in predicates“ rcsut ”, “ rvsXwxt ”, and“ r[y wzt ” with the obvi-
ousmeaningfor stringsandnumbers,predicates“ r{wxt}|~i ”, “ rWw�t��[i ” for integer
arithmetics,and“ �Ko��#�G����� ” whichenumeratesall integers(upto alimit setby theuser).

CausationRules.Causationrules(“rules” for brevity) aresyntacticallysimilar to rules
of thelanguage� [13,18,17] andareof thebasicform “ i�r�nLk��?�[�{o'�X�Wr0�?���0�X�F� ”

Informally, this reads:if � holdsin thecurrentstateand � heldin thepreviousstate,
then � is known to betruein thecurrentstateaswell. Both the o'� and r?�?����� partsare
optional.A rule is calledstatic if its afterpartis empty, anddynamicotherwise.
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Rulesareusedto expresseffectsof actionsor ramifications.E.g.,therules(18)and
(19)describetheeffectsof asinglepersoncrossingthebridgein eitherdirection.

Initial StateConstraints. Rulescanapplyto all statesor only to theinitial state(which
maynotbeunique).This is expressedby thekeywords“ r#����r0�Lk�� ” and“ o��Go��Fo�r#�����{� ”
precedingsequencesof rules. For example,line (7) enforcesthefluent r�i'�#j�k�k to be
falsein theinitial statefor all � satisfyingthefluentdeclaration,i.e., for all persons.

Executabilityof Actions. This is expressedin � explicitly, asin lines(8) and(9) which
statethattwo personscanjointly crossthebridgeif oneof themhasa lamp.Thesame
actionmayhave multiple executabilitystatements.Dually, “ ��j����0�#��i,n#��r�tB�?�`�co,�X�G� ”
prohibits the executionof action � if condition � is satisfied.For example,line (13)
saysthat two personscannotcrossthebridgetogetherif they areon differentsidesof
thebridge.In caseof conflicts, ��j����0����i,n���r�tB�?�]� overrides�0�#��i,n#��r�tB�?�
� .
Parallel Actions. � permitssimultaneousexecutionof actions.If, as on line (27),
“ ��j?��j��Fi,n#�?�����Fi'�L� ” is specified,thenatmostoneactionat a time canbeexecuted.

DefaultandStrongNegation. � supportsstrongnegation(writtenas“-”) whereknowl-
edgeaboutafluent � maybeincomplete,i.e., in any givenstateneitherf nor-f needs
to hold. In addition,weaknegation(“ ��j0� ”), interpretedlike defaultnegationin answer
setsemantics[11], is permittedin rule bodies.This allows for naturalmodelingof in-
ertia,default properties,anddealingwith incompleteknowledgein general.

Macros. � providesanumberof macrosassyntacticsugar. For example,the o����0�?�Fo�r#�
statementin line (24) informally statesthat r�i'��j�k�k������ holds in the currentstateifr�i'��j�k�k#�%��� held at the previous stateunless- r�i'��j�k�k#�%��� is explicitly known to hold.
Thismacroexpandsto “ i�r�nFk��?�Xr�i'��j�k�k�������o'�X��j�� - r�i'��j�k�k������Gr?�?������r�i'�#j�k�k������/� ”

Moreover, we can “totalize” the knowledgeof a fluent by declaring“ �#j0��r#�a�L� ”
whichisashortcutfor apairof rules“ i�r�nFk��?�[�{o'�[��j0� - �L� ” and“ i�r�nFk��?� - �co,�X��j0�:�L� ”
with theintuitivemeaningthatunlessatruthvaluefor f canbederived,thecaseswhere
f resp.-f aretruewill bothbeconsidered.

Planningdomainsand problems. In � , a planningdomain �_��w��%p����h���P���\� hasa
backgroundknowledgep , actionandfluentdeclarations� , andrulesandexecutability
conditions� ; aplanningproblem ¡w��%�_���)¢0� hasaplanningdomain�_� andaquery¢}wx£ � ���!���!�A£�¤W�A��j0��£�¤
¥ � ���!���8�A��j0��£�¦}§¨�h©^�
where £ � ���!�!�!�A£�¦ aregroundfluentsand ©Kª¬« is the plan length(seeline (28)). An
(optimistic) plan for   is a sequence�­w®�%¯ � �!���!���)¯±°%� of action instanceswith a
supportingtrajectory ²³w´�\�h��µ?�)¯ � �P� � � , �h� � �)¯ � �P� � �8� . . . , �h��°=¶ � �P¯±°^�P��°h�)� to the goal,
i.e.,startingat a legal initial state� µ , theactionsin ¯ � , ¯ � etc.areexecutableandlead
to legal successorstates� � , � � etc.suchthatall literalsin ¢ aretruein � ° .

If, asstatedin Figure1, ·?j�� initially carriesthelamp,ourproblemhassimplefive-
stepplanswhere·�j�� alwayscarriesthelampandbringsall othersacross;e.g.,¸ J~¹ � -!���'�,��;0"%$,���0>P$,+,-/.0& � > � -8���'�,��"%$����'& � > � -!�'�'�,��;0"%$����0>A204�5,5�& � >� -!���'�,��"%$,���'& � > � -8���'�,��;�"%$,���0>P+�6'�,& �
º
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3 Actions with Costs

Using � andDLV q , it ispossibleto expressandsolveinvolvedplanningtasks.However,� andDLV q offer no meansfor finding optimal planswith respectto any criteria. In
particular, this appliesto actioncosts,which areneededfor the following elaboration
of thebridgecrossingexamplethatis well-known asa brain-teasingriddle.

Quick bridge crossing. Thefour guysneeddifferenttimesto crossthebridge,namely
1, 2, 5, and10minutes,respectively. Walking in two impliesmoving at theslower rate.
Is it possibleto getall of themacrosswithin 17 minutes? �

On first thought,this is not feasible,sincethe seeminglyoptimalplanwhere ·?j�� ,
who is the fastest,keepsthe lamp and leadsall the othersacrosstakes 19 minutes.
Surprisingly, aswewill see,thereis a bettersolution.

In orderto allow for anelegantandconvenientencodingof suchoptimizationprob-
lems,we extend � to thelanguage��» wherewecanassigncoststo actions.

3.1 Syntaxof ¼K½
Let ¾_¿ »ÁÀ denotethe set of actionnames,and Â À�ÃPÄ the setof literals over predicates
definedin the backgroundknowledgeincluding built-in predicates.Furthermore,let¾GÅ ¿/Æ denotethesetof variablesymbols.�}» merelyextendsactiondeclarationsin � to
expressactioncostsasfollows.

Definition 1. AnactiondeclarationÇ in �}» is of theform:È ��É � �!�!���!�)Éc¦������?m0nGo�����kaÊ � ���!�!���\ÊA¤Ëi�j�k'�LkXÌ���
��0�#�¨Í � �!���!���)Í!Î�� (1)

where (1) ÈÐÏ ¾ ¿ »ÁÀ hasarity ÑÒª�« , (2) É � ���!���8�\Év¦ Ï ¾GÅ ¿/Æ , (3) Ê � ���!�!�!�\ÊA¤ , Í � �!���!�8�PÍ!Î
are from Â À�ÃUÄ such that every ÉvÓ occurs in Ê � �!�!���!�)ÊA¤ ,2 (4) Ì is either an integer
constant,a variable from the setof all variablesoccurring in Ê � ���!���!�\ÊA¤ , Í � �!���!�8�PÍ!Î
(denotedby ¾ Å ¿/Æ �hÇ?� ), or the distinguishedvariable �Fo8ÔF� , and (5) ¾ Å ¿/Æ �%Ç��WÕ*¾ Å ¿/Æ±Ö× �Fo8ÔL�#Ø , and �Fo8ÔF� doesnot occurin Ê � �!���!�\ÊA¤ .

If ÙÚwÛ« , thekeyword‘ ���?m0nGo�����k ’ is omitted;if ÜvwÝ« , thekeyword‘ �?
��0��� ’ is omitted
and‘ i�j�k'�Lk
Ì ’ is optional.Planningdomainsandproblemsaredefinedasin � .

Exampleswill begivenin Section3.3.

3.2 Semanticsof ¼K½
Semantically, �}» extends� by thecostvaluesof actionsat pointsin time. In any plan�Ëw��%¯ � �!���!���)¯ ° � , at step Þ¨ßx©Mß~à , i.e. at time © , theactionsin ¯ Ó areexecuted.

We recall thata groundactionÈ ��á � �!���!���\á ¦ � is a legal actioninstanceof anaction
declarationÇ w.r.t. a � planningdomain �_�Úwâ�%p����h���P���)� , if agroundsubstitutionã
for ¾GÅ ¿/Æ �%Ç�� existssuchthat ÉvÓ%ã�w�áLÓ , for Þ}ßx©]ßuÑ and

× Ê � ã��!�!���!�)ÊA¤[ã#Ø}ÕÛä , whereä is the uniqueanswersetof the backgroundknowledge p . Any such ã is calleda
witnesssubstitutionfor È �%á � �!�!���8�\áL¦�� . Action costsarenow formalizedasfollows.

2 Informally, this meansthatall parametersof anactionmustbe“typed” in the �,��C�D04!�,��� part.
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Definition 2. Let åæw È �%á � �!�!���8�\áL¦�� be a legal action instancewith declaration Ç of
theform (1), let ©
ªâÞ bea timepoint,andlet ã bea witnessingsubstitutionfor å with�Lo8ÔF�çã�w�© . Then

Í!è��!ÊAÓ%é ê0� È �%á � �!���!�8�)áB¦��)�Mw
ëì í «�� if the i�j�k,�Lk part of Ç is empty;î å�à\�hÌ:ã?�/� if

× Í � ã��!���!�!�PÍ!Î�ã#Ø}Õ�ä*ï
undefined� otherwise�

By involving the variable �Lo8ÔF� it is possibleto definetime-dependentaction costs.
Thiscanbeusedfor complex variantsof TravelingSalesperson,wheretheoptimaltour
doesnot only dependon the route taken, but alsowhena certainconnectionis used
(e.g.,imaginethetraffic jamsonsomeroadsduringtheweekend,whichcouldincrease
the costof a connection).We do not elaborateon this applicationheredue to space
restrictions,see[8] or http://www.dlvsystem.com/K/.

Using Í!è��!Ê Ó%é ê , we introducewell-definedlegalactioninstancesandactioncosts:

Definition 3. A legal action instance åËw È ��á � �!���!���\áB¦�� is well-definediff for any
time point ©WªÚÞ , it holdsthat (i) there is somewitnesssubstitutionã for å such thatÍ8è���ÊAÓ�é ê0�%å#� is an integer ªx« , and(ii) Í!è��!ÊAÓ%é ê0�%å#�Iw�Í!è��!ÊAÓ%é êPð\�hå�� holdsfor anytwowitness
substitutionsã��)ã�ñ with definedcosts.For anywell-definedå , its uniquecostat timepoint©IªÝÞ is givenby Í8è���ÊAÓP�%å#�Iw�Í!è��!ÊAÓ%é ê0�%å#� where ã is asin (i).

In thisdefinition,condition(i) ensuresthatsomecostvalueexists,which is aninte-
gernumber, andcondition(ii) ensuresthatthisvalueis well-defined,i.e.,differentwit-
nesssubstitutionsã and ã�ñ for å cannot evaluatethe i�j�k'� partto differentintegercost
values.In our framework, thesemanticsof a �}» planningdomain �_�òw¬�%p����h���P���\�
is only well-defined,if all legal instancesof actiondeclarationsin �_� arewell-defined.
This will befulfilled if, for instance,thevariablesÉ � ���!���!�\Év¦ in (1) in databaseterms
functionallydeterminethevaluesof theothervariablesexcept �Lo8ÔF� , i.e., any tupleof
values ��á � ���!�!�)á ¦ � for É � �!�!���!�)É ¦ hasa uniqueextensionto a tuple of valuesfor all
variablesin Ç except �Lo8ÔF� . In the restof this paper, we assumewell-definednessof��» unlessstatedotherwise.Violationsof well-definednesscanbe easilydetectedby
introducingdesignatedfluentsandrules,see[8] for details.Using Í8è���Ê Ó , wenow define
costsof plans.

Definition 4. Let   be a planning problem.Then,for any plan �ówô�%¯ � �!���!���)¯ ° �
for   , its cost is definedas Í!è��!Ê^õX�%�}�Ww�ö °Óø÷ �aù ö ¿,ú�ûGü Í!è��!ÊAÓP�%å#�)ýE� A plan � is opti-
mal for   andfixedplan length © , if it hasleastcostamongall plansof length © , i.e.,Í8è���Ê^õ±�%�}�þßÿÍ!è��!Ê^õ±�h��ñ=� for each plan ��ñ of length © for   . Thecostof   w.r.t. plan
length © is thecostof an optimalplan for   and © .

Usuallyoneonly canestimatesomeupperboundof the plan length,but doesnot
know theexactlengthof anoptimalplan.Althoughwehaveonly definedoptimality for
a fixedplan length © , we will seein Section4.1 thatby appropriateencodingsthis can
extendedto optimality for planswith lengthat most © .
3.3 An optimal solution for crossingthe bridge

To model the different times the four guys needto crossthe bridge,we extend the
backgroundknowledge,where‘ ÔFr0� ’ determineswhich of two personsis faster:
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��&)>��
�`J��?(O�+!Y�"��?>	��>
��& :- �/���,� R " >	��&)>_�8���,� R " >
��&)>������0(
Next, weaddcoststo theactiondeclarationsfor i'��j�k�k and i,��j�k�k�l (leaving ��r������#r,Ô��
unchanged,asthetime to handover thelampis negligible).-!���,�,��"=<�& �'��C�D048�'��� ���������! #"=<�&�-��,�!7�� S <~2 T ���'�Ý�8����� R "=<?> S <'&)(-!�'�'�,��;0"=<0>\@�& �'��C�D048�'��� ���������! #"=<�&)>Ð���������! #"3@�&)>Ð<���@ -��'�!7�� S O?+�Y2 T ���'�Ý�/���,� R "=<0> S <�&)>)�8�'�,� R "3@�> S @�&)>%O�+�Y�" S <?> S @�> S O?+�Y�&)(
As easilyseen,thecostof the5-stepplanconsideredin Section2 is 19.However, when
we alsoconsiderlongerplans,wecanfind thefollowing 7-stepplan � with cost17:¸ J~¹ � -!���'�,��;0"%$,���0>P$,+,-/.0& � > � -8���'�,��"%$����'& � > � 7�+/.���N�+UO��#"3204�5,5�& � > � -!���'�,��;0"3204�5,5�>U+!6'�'& �� 7�+8.���N�+UO��#"%$,+,-/.0& � > � -!���,�,��"%$,+'-U.0& � > � -!���,�,��;0"%$,���0>P$,+'-/.0& �aº� hasleastcostoverall trajectoriesof any lengthestablishingthegoalandthusconsti-
tutesanoptimalsolutionof our problemfor fixedplanlength ©`ª�� .

3.4 “Cr ossingthe Bridge” under incompleteknowledge� is well-suitedto modelproblemswhich involve qualitative uncertaintysuchas in-
completeinitial statesor non-deterministicactioneffects.Theextensionof � to �}» to
includecostsgracefullyappliesto socalledsecure(conformant)plansaswell, which
mustreachthegoalunderall circumstances[5].

For example,assumewe only know that someof the desperateguyshasa lamp.
If they now askfor a plan to safelycrossthebridge,we needa (fast)secureplan that
worksunderall possibleinitial situations.In �}» , thiscanbeeasilymodeledby replacing
“ o��Go��Fo�r#�����{�'
�r�k���r,Ô��_�h·�j����/� ” by the following, wherethe first statementsaysthat
eachguymight havea lamp,andthesecondthatat leastoneguyhasone.48 �4!7�4�+,5�5�V�9[7���7'+,5 T +'�8N�+UO��#"=<�&)(-�+!D���� R�Q +,5,���Ý4 Q - T +,�8N�+UO���"%$,���'&)> - T +'�/N�+UO��#"%$�+'-/.0&)>

- T +,�8N�+UO���"3204�5,5,&)> - T +,�8N�+UO���"%+�6'�'&)(
Clearly, theoptimal solutionstill takesat least17 minutes,sincethe original case

(whereonly ·�j�� hasa lamp) is oneof thepossibleinitial situations.However, anop-
timal secureplannow takesat least8 steps,sincewe mustassurein thefirst stepthat
either ·?j�� or ·�r�i�� hasthelamp.Onesuchaplanwith cost17 is¸ J~¹ � 7�+8.���N�+UO��#"%$,���'& � > � -!���,�,��;0"%$,���0>/$�+'-/.0& � > � -!���'����"%$,���'& � > � 7�+8.���N�+UO��#"3204�5,5,& �� -!���'�,��;0"3204�5,5�>/+�6,�'& � > � 7'+8.���N�+PO��#"%$,+'-U.0& � > � -!���'����"%$,+'-/.�& � > � -!���'����;0"%$,����>U$�+'-/.0& �aº
4 Applications

4.1 CostEfficient versusTime Efficient Plans

In thissection,weshow how ourapproachcanbeusedto minimizeplanlengthtogether
with thecostsof a planunderparallelactions.In [15,16] variouscriteriafor optimiza-
tion areproposedfor parallelactiondomains,suchasminimizing the total numberof
actions,or thenumberof time steps.We will concentrateon thefollowing generaliza-
tionsof theseoptimizationcriteriawith arbitraryactioncosts.Finding
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( � ) planswith minimalcosts(cheapestplans)for a givennumberof steps,
( � ) planswith minimal timesteps(shortestplans),
( � ) shortestamongthecheapestplans,and
(  ) cheapestamongtheshortestplans.

42
31

3 4
21

6
5

5
6

Fig.2. A simpleBlocksWorld instance

( � ) Cheapestplansfor givenplan length. As aguidingexample,wereferto theblocks
world problemin Figure2, wherewe wantto find theminimal numberof moves(pos-
sibly in parallel)to achievethegoalstate.As backgroundknowledgep"!$# , we use:Z�5��'-/.�"	�8&)(�(U(U(LZ�5,�'-/.�"&%,&)( 5,�,-�+�7�4��8 #"=7�+!Z�5��'&)(¬5,�'-�+�7�4��! �"'��& :- Z�5��'-/.�"'��&)(
andthefollowing �}» program:Q 58D��� '7��:9 �! #"'�?> N�& �'��C�D04!�'���uZ�5��'-/.�"'��&)>�5��'-�+�7�4��! #"3N�&)(Z�5,�,-/.�� R "'��&z�,��C�D04!�,���uZ�5,�'-/.#"'��&)(O���6,� R "'��& �'��C�D04!�'��� Z�5,�'-/.�"'��&)(+'-87�4��! 0�:9 O���6,�?"'��>^N�& �'��C�D04!�'�'� Z�5,�'-/.#"'��&)>�5,�'-�+!7�4��! #"3N�&æ-��,�!7��(��(+,582�+�V��:9 ��Y'�'-8D'7�+!Z�5�� O���6'�?"'�?>^N�&Ð4 Q �IH JvN�( ��! '��Y'��-8D,7�+!Z�5��uO���6,�?"'��>^N�&Ð4 Q Z�5,�'-/.�� R "'��&)( ��! '��Y'��-8D,7�+!Z�5��uO���6,�?"'��>^N�&Ð4 Q Z�5,�'-/.�� R "3N�&)( ��! '��Y'��-8D,7�+!Z�5��uO���6,�?"'��>^N�&Ð4 Q O���6'�?"'�)��>^N�&)>*�IH J+�,��> Z�5,�'-/.�"3N�&)( ��! '��Y'��-8D,7�+!Z�5��uO���6,�?"'��>^N�&Ð4 Q O���6'�?"'�?>^N,�8&)> NIH JvN,��( ��! '��Y'��-8D,7�+!Z�5��uO���6,�?"'��>	�,�8&Ð4 Q O���6'�0"'�,��>^N�&)(-�+!D���� R �! #"'�?>^N�&z+ Q 7'��� O���6'�0"'��>AN�&)(-�+!D���� R Z�5,�,-/.�� R "'��&�4 Q �! #" >
��&)(-�+!D���� R O���6,� R "'��&Ð+ Q 7,��� O���6'�0"'��> &)(-�+!D���� R �! #"'�?>^N�&Ð4 Q  ��!7 O���6'� R "'��&Ð+ Q 7'���Ý�! #"'��>^N�&)(48 �4!7�4�+,5�5�V�9:�! #"	��>\;,&)()�! #"%;�>^7�+!Z�5��'&)()�! #"&-0>/.'&)(\�! #"�.?>A7'+!Z�5��'&)()�8 #"0��>1%'&)(\�8 #"&%0>A7�+!Z�5��'&)(e ��+,5:9Û�! #"	��>1-'&)>#�8 #"&-0>^7�+8Z�5��'&)>#�! #"%;�>/.�&)>��! #"�.0>A7�+!Z�5��,&)>��! #"&%�>1�,&)>��! #"0��>A7�+8Z�5��'&�gb"h4�&
Eachmoveis penalizedwith cost1,minimizingthetotalnumberof moves.Theinstance
hasa two-stepparallelsolutionwhich involvessix moves:¸ J~¹ � O���6'�?"	��>A7�+!Z�5��,&)> O?��6'�?"&-0>A7'+!Z�5��'&)>hO?��6'�?"0��>A7'+!Z�5��'& � >� O���6'�?"	��>1-'&)>hO���6'�0"%;�>/.�&)>%O��!6'�?"&%0>2�,& �
º
However, thereis a sequentialplanwith only fivemoves:¸ J~¹ � O���6'�?"&-�>A7�+!Z�5��,& � > � O���6,�?"	��>2-'& � > � O���6'�?"%;�>/.�& � > � O?��6'�?"0��>\7�+8Z�5��'& � > � O���6'�?"&%�>2�,& �
º
This plan canbe parallelizedto have 3 steps,but not to have 2 steps.For any lengthª43 , we obtainoptimalplansinvolving 5 actions.Consequently, theminimal number
of stepsfor a maximallyparallelizedplanwith a minimalnumberof actionsis 3.
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( � ) ShortestPlan. For optimization( � ) weassumethatnoactioncostsarespecifiedin
theoriginalproblem,andminimizing timestepsis oursoletarget.We will show agen-
eralpreprocessingmethodfor � » planningproblemswhich,givenanupperbound© of
timesteps,guaranteesplanswith aminimalnumberof steps.Many typicalapplications
have an inherentupperboundfor the plan length.In blocksworld for a configuration
with Ñ Blocks, any goal configurationcan be reachedwithin at most 5�Ñ76 � Ó 6Ý�98
steps,where � Ó and �98 representthe numbersof stacksin the initial andgoal states.3

Therefore,6 is anupperboundfor theplanlengthof our simpleinstance.
First, we add a new distinct fluent :�� and a new distinct action �Lo��Go?k�
 to our

domainandextendthe r#����r0�Bk sectionof theprogramreplacingtheoriginalgoal:Q 58D��� '7��:9 e �?(+'-87�4��! 0�:9 Q 48 04�� T -��'�!7��u7�4PO?�0(+,582�+�V��:9ò��Y'��-/D'7�+!Z�5�� Q 48 04,� T 4 Qxe�; >Ò(U(U(U> e=< >  ���7 e=</>�; >æ(U(U(U>  ���7 e9? >  ���7 e �?(-�+!D0�!� R�e �Ý+ Q 7,��� Q 48 04�� T (-�+!D0�!� R�e �Ý+ Q 7,��� e �?(e ��+,5:9 e �Ýg~"�@h&
where:�A!�!���!���1:�B��A��j0��:�BP¥CA��!���!�8�\��j��D:FE aretheoriginalgoalliterals.Intuitively, �Lo��Go0k,

representsafinal action,whichalwayshasto beexecutedto finish theplan.Thelaterit
occurs,themoreexpensiveis theplan.Thefluent :�� hasthemeaning”goal reached”.

Furthermore,we want theaction �Lo��Go?k,
 to occurexclusively andany occurrence
of any otheractionsshouldbeblockedassoonasthegoalhasbeenreached.Therefore,
for any action � weadd ��j0��:�� to the o'� partof any executabilityconditionfor � and
addarule: ��j���������i,n#�#r�tB�?�`�{o'�¨�Lo��Fo?k,
G�

Finally, to avoid any inconsistenciesfrom staticor dynamiceffects,assoonasthe
goal hasbeenreached,we add ��j0��:�� to the o,� part of any causationrule of the
originalprogramexcept ��j����0����i,n���r�tB�?� rules.4

If now ��ñIwÚ�%¯ � ���!�!���)¯HG��)¯IG ¥ � ���!�!���)¯ ° � is an optimal costplan for the modified� » planningproblem  XÙ © Ñ for plan length à where ¯HGxw × �Lo��Go?k,
�Ø , then � ñ ñ w�%¯ � �!���!�8�P¯ G ¶ � � is a minimal length plan for the original planningproblemand all¯ G ¥ � w­�!�!�[w ¯±°KwKJ . Using this method,we obtain all 2-stepparallel plansfor
ourblocksworld example.

Notethat this approachfor minimizing planlengthis only efficient, if we know an
upperboundcloseto the optimum.Searchingfor a minimum lengthplan by simply
iteratively increasingthe plan lengthcould be moreefficient whenno suchboundis
known, asthesearchspacemightexplodewith aweakupperbound.

( � ) and (  ) In the last section,no costswere specifiedin the original program.If
we want to find the shortestamongthe cheapestplanswith arbitraryactioncosts,we
have to setthecostsof all actionshigherthanthehighestpossiblecostvalueof action�Bo��Go?k,
 . Obviously, thehighestcostfor �Bo��Go?k,
 is theplan length © . Thus,we simply
modify all actiondeclarationsby multiplying theoriginal costs� with factor © :

3 We cantrivially solve any blocksworld problemsequentiallyby first unstackingall blocks
( LNM*O�P steps)andthenbuilding up thegoalconfiguration( LDMQOSR steps).

4 Thereis no needto rewrite  ��! ���Y'��-8D'7'+!Z�5�� rulesbecausetherespective actionsarealready
“switchedoff ” by rewriting of theexecutabilityconditions.
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�~�'��C�D04!�'�'�T� -��'�!7��xd ; 2 T ���'��d ; J 4VU�d0>*W�(
Thisletsall otheractioncoststakepriority overthecostof �Lo��Fo?k,
 andwecancompute
planssatisfyingcriterion ( � ). Applying this rewriting to our blocksworld example,a
possibleplanfor length ©�wX� is¸ J~¹ � O���6'�?"&-�>A7�+!Z�5��,& � > � O���6,�?"	��>2-'&)>%O��!6'�?"0��>A7�+8Z�5��'& � >� O���6'�?"%;�>/.�&)>hO���6'�0"&%0>2�,& � > � Q 48 04,� T0� >ZY�>CY�>CY º
As mentionedabove, 6 is an upperboundfor the plan length,but plan length ©�w[�
is neededfor thefinal �Lo��Go?k�
 action. Analogously, in orderto computethecheapest
amongtheshortestplans,thecostfunctionof �Lo��Go0k,
 hasto beadapted,suchthat the
costsof �Lo��Go0k,
 takepriority overall otheractionscosts.To thisend,wesetthesecosts
high enough,by multiplying themwith a factorhigherthanthesumof all costsof all
legalactioninstances,i.e. thecostsof all actionsexecutedin parallelin © steps.Wethus
cancomputesolutionsfor optimizationcriterion(  ).

In our example,thereare36 possiblemoves;theoretically, we would have to set
the costsof action �Lo��Go0k,
 to �Fo/ÔF���\3F]��[© . Though,at most6 blockscanbe moved
in parallel,andit is sufficient to setthecostsof �Lo��Go?k,
 to �Lo8ÔF�¨�H]:�a©
w �Fo/ÔF�¨�I^)5 .
Accordingly, theactiondeclarationsaremodifiedasfollows:+'-87�4��! 0�:9 O���6,�?"'��>^N�& �'��C�D04!�'�'� Z�5,�'-/.#"'��&)>�5,�'-�+!7�4��! #"3N�&æ-��,�!7��(��(Q 48 �4,� T -��'�87��xdu2 T ���'��d±J 7�4PO?�_UC.�;�(
An optimal plan for the modified programfor plan length (at most) � which in fact
amountsto a two-stepplan,is:¸ J~¹ � O���6'�?"	��>A7�+!Z�5��,&)> O?��6'�?"&-0>A7'+!Z�5��'&)>hO?��6'�?"0��>A7'+!Z�5��'& � >� O���6'�?"	��>1-'&)>hO���6'�0"%;�>/.�&)>%O��!6'�?"&%0>2�,& � > � Q 48 �4,� T0� >`Y�>CY�>aY�>CY º
5 Implementation

Webriefly describehow planningunderactioncostscanbeimplementedusinga trans-
lation to answerset programming.We will definean extension à È # �= �� of the logic
programà È �= �� asdefinedin [7], suchthat its optimalanswersets(i.e., thoseminimiz-
ing weakconstraintviolation, see[10,3]) correspondto the optimal costplansfor a
planningproblem  .

We recall thatin à È �= �� fluentandactionliteralsareextendedby anadditionaltime
parameter, andexecutabilityconditionsaswell ascausationrulesaremodularlytrans-
latedinto correspondingprogramrulesandconstraints;disjunctionis usedfor guessing
at eachpoint in time theactionswhich shouldbeexecutedin theplan.

Thetranslationà È # �� ¨� for �}» problem   includesall rulesof à È �= Wñø� from [7] for
the � problem Wñ whichresultsfrom   by omittingall costpartsof actiondeclarations.
In addition,for any actiondeclarationÇ of theform (1) with nonemptyi�j�k'�Lk part,the
following two statementsareincluded(let É w�É � �!�!���8�\É ¦ ):Í8è���Ê Ä � É �\²[�PÌ�� :- È � É �\²:�/�#Ê � ���!���!�\ÊA¤��)Í � �!���!�8�PÍ!Î���bzwK²W| Þ0� (2)�dc Í8è���Ê Ä � É �)²±�PÌ��8��e Ì�� f (3)

In statement(2), ² and b arenew variablesandeachoccurrenceof �Fo/ÔF� is re-
placedby b . Statement(3) is a weakconstraint. Intuitively, a weakconstraintdenotes
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a propertywhich shouldpreferablyhold, andstatement(3) associatesa cost Ì to the
weakconstraint,which canbe interpretedas a penaltyto be consideredif the weak
constraintis not satisfied.An optimalanswersetis ananswersetfor which thesumof
the penaltiesof violatedweakconstraintsis minimal (We refer to [10,3] for details).
For example,the i'��j�k�k actiondefinedin Section3.3 is translatedto:-��,�!7�g'h0i$j&j�"=<0>	k?> S <'& :- -8���'�,��"=<0>2k'&)>L���������! #"=<�&)>b�8���,� R "=<?> S <�&)>�l�J�knm7��(9 o -��,�!7 g'h0i$j&j "=<?>/k?> S <'&)(�p S <}9 q
As shown in [7], theanswersetsof à È �= �� correspondto trajectoriesof optimisticplans
for   . We havesimilar resultsfor planswith actioncosts.

Theorem1 (answer set correspondence).Let   w´�%�_���)¢�� be a (well-defined)�}»
planningproblem.Then,for each optimisticplan � w��h¯ � �!�!���!�P¯ ° � of   andsupport-
ing trajectory ²Úw �)�h��µ0�P¯ � �P� � � , . . . , �h��°=¶ � �P¯±°A�U�!°%�)� of � , there existsan answersetr

of à È # �= �� representingthis trajectorysuch that thesumof weightsof violatedweak
constraintsequalsÍ8è���Ê^õ±�%�}� , andvice-versa.

Corollary 1 (optimal answersetcorrespondence).For anywell-defined� » planning
problem   , the(trajectories²Ýw1�\�Á�!µ?�)¯ � �U� � � , . . . , �Á�!°�¶ � �)¯±°^�U��°%�\� of) optimalplans �
for   correspondto theoptimalanswersets

r
of à È # �� ¨� .

Usingtheseresults,wehaveimplementedanexperimentalprototypefor planningin��» , which canbe downloadedfrom http://www.dlvsystem.com/K/.Furtherdocumen-
tationon techniquesandusageof theprototypeis availablethereandin [7]. For amore
detaileddiscussionof thetranslationandtheprototypewereferto [8].

6 RelatedWork and Conclusion

We havepresentedanextensionof thelanguage� which allows for theformulationof
variousoptimality criteria of desiredplansby meansof variableactioncosts,andwe
sketcheda translationto answersetprogrammingwith weakconstraints.In fact, our
implementationalsosupportscomputingadmissibleplans,i.e.,plansthecostsof which
staywithin a givenlimit (see[8]).

In thelastyears,it hasbeenwidely recognizedthatplanlengthaloneis only onecri-
terionto beoptimizedin planning.Severalattemptshavebeenmadeto extendheuristic
searchplannersto allow for specialheuristicsrespectingactioncosts,e.g.[9, 14].

A powerful approachis given in [20], whereplanningwith resourcesis described
asa structuralconstraintsatisfactionproblem(SCSP).The problemis solved by lo-
cal searchcombinedwith global control. However, [20] promotesthe inclusion of
domain-dependentknowledge;thegeneralproblemhasanunlimitedsearchspace,and
no declarative high-level languageis provided.Among otherrelatedapproaches,[15]
generalizesthe “PlanningasSatisfiability” approachto useintegeroptimizationtech-
niquesfor encodingoptimalplanningunderresourceproduction/consumption.In [16]
anextensionof theactionlanguage� is mentionedwhichallowsfor anintuitiveencod-
ing of resourcesandcosts,but optimizationis not consideredin thatframework.

A crucialdifferencebetweenresource-basedapproachesandoursis thattheformer
build on fluentvalues,while our approachhingeson actioncosts.This is a somewhat

11



differentview of thequality of a plan.We plan to generalizeour framework suchthat
dynamicfluent valuesmay contribute to actioncosts.Furtherpossibleextensionsin-
cludenegativeactioncosts,whichareusefulfor modelingproducer/consumerrelations
amongactionsandresources,anddifferentpriorities(costlevels)to increasetheflexi-
bility andallow for optimizingdifferentcriteriaat once.Anotheraspectto beexplored
is thecomputationalcomplexity of �}» , complementingtheresultsin [6].
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