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Abstract. We present®, which extendsthe declaratve planninglanguagelC
by action costsand optimal plansthat minimize overall action costs(cheapest
plans).As shavn, thisnovel languagellows for expressingsomenontrivial plan-
ningtasksin anelegantway. Furthermoreit flexibly allowsfor representinglan-
ning problemsaunderotheroptimality criteriaaswell, suchascomputing‘f astest”
plans(with theleastnumberof steps)andrefinementombinationof cheapand
fastplans.Our experiences encouragin@ndsupportghe claim thatanswerset
planningmay be a valuableapproachto adwancedplanningsystemsin which
intricateplanningtaskscanbe naturallyspecifiedandeffectively solved.

1 Intr oduction

Recently severaldeclaratve planninglanguagesandformalismshave beenintroduced,
which allow for anintuitive encodingof complex planningproblemsincluding rami-
fications,incompleteinformation, non-deterministiaction effects, or parallelactions
[13,18,17,19,12,4—6]. While theseformalismsaredesignedo generatery plansthat
establisitheplanninggoals,in practicewe areusuallyinterestedn particularplansthat
areoptimal with respectto an objective function which measureshe quality (or cost)
of a plan. Often, this is just the numberof time stepsto achieve the goal, and mary
systemsaretailoredto computeshortestplans(e.g. CMBP [4] andGPT [2] compute
shortessequentiaplans,while Graphplar[1] computeshortesparallelplans).
However, thereare otherimportantobjective functionsto considerIf executingan
action(suchastravelingfrom Viennato LameziaTerme)causesomecost,thenwe may
desirea planwhich minimizesthe overall costof the actionsin thatplan.In answerset
planning[18], whereplansarerepresentedly answersetsof alogic program this kind
of problemhasnot beenaddressedofar, to the bestof our knowledge.
In this paper we addresghis issueand presentan extensionof the planninglan-
guagek [5, 6], whereonecanassociatactionswith costs. The maincontributionsare:
— We definesyntaxandsemantic®f a modularextensionto K. Costsareassociated
to anactionby adesignatedhere-clausedescribinga costvalue.
— Action costsmaybedynamic,asthey potentiallydependnthecurrentstageof the
planwhenanactionis consideredor execution.Dynamicactioncostshave natural
applicationssuchasvariantsof thewell-known Traveling Salespersoaxample.
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— We sketchhow planningwith costscanbeimplementedoy mappingit to answer
setprogrammingasrealizedin a systemprototypethat we have developed.The
prototype readyfor experimentsjs availableat http://www.dlvsystem.com/K/.

— Finally, we show thatour languagés capableof easilymodelingoptimal planning
undervariouscriteria: computing(1) “cheapest’plans (which minimize overall
actioncosts);(2) “f astest’plans(with theleastnumberof steps)andcombinations
of theseviz. (3) fastestplansamongthe cheapestand(4) cheapesplansamong
thefastestTo ourknowledge task(3) hasnotbeenaddresseth otherworkssofar.

Theextensionof K by actioncostsprovidesaflexible tool for representinglifferent
problems.Moreover, by K's nature,we get the possibility to easily combinedealing
with incompleteknowledgeandplanquality, which is completelynovel.

Our experiences encouragingndgivesfurtherevidencethatanswersetplanning,
basedn powerfullogic programmingenginesallowsfor thedevelopmenbf advanced
declaratve planningsystemsn whichintricateplanningtaskscanbenaturallyspecified
anddecentlysolved.

For spacereasonsye provide proofsandmorematerialin anextendedpaper8].

2 Review of LanguageKC

In this section,we give a brief informal overview of the languagelC. We assumeéhat
the readeris familiar with actionlanguagesndthe notionsof actions,fluents,goals,
andplansandreferto [6] for furtherdetails.For illustration,we shallusethefollowing
runningexample for whicha X encodings shovn in Figurel.

Bridge crossing Four menwantto crossariveratnight. It is bridgedby a plankbridge,
which canonly hold up to two personsatatime. The menhave alamp, which mustbe
usedin crossing,asit is pitch-darkand someplanksare missing. The lamp mustbe
broughtback;notricks (lik e throwing thelampor halfway crossesareallowed. O

A statein K is characterizetby thetruth valuesof fluents,describingrelevantprop-
ertiesin the universeof discourseA fluent may betrue,false,or unknown in a state;
formally, a stateis any consistensets of (possiblynegated)legal fluentinstancesNote
thatin world-stateplanning,eachfluentis eithertrue or falsein a state(this canbe
easilyemulatedn K).

An actionis only applicableif somepreconditionholdsin the currentstate,andits
executionmay causea modificationof truth valuesof somefluents.

Badgroundknowled@. Staticknowledgewhichis invariantovertimeis specifiedasa
disjunction-freeDatalogprogramwhich we requireto have atotal well-foundedmodel
(andthereforea uniqueanswerset)?!

In our example the backgroundknowledgeis simply

person(joe). person(jack). person(will). person(ave).

! The well-foundedmodelcanbe calculatedn polynomialtime andif it is total it corresponds
to theuniqueanswerset.



(1) actioms: cross2(X, Y) requires person(X), person(Y), X!=Y.

) cross(X) requires person(X).

3) takeLamp(X) requires person(X).

(4) fluents: across(X) requires person(X).

(5) diffSides(X,Y) requires person(X), person(Y).
(6) hasLamp(X) requires person(X).

(7) initially: caused -across(X). hasLamp(joe).

(8) always: executable cross2(X, Y) if hasLamp(X).

9) executable cross2(X, Y) if hasLamp(Y).
(10) nonexecutable cross2(X,Y) if diffSides(X,Y).
(11) executable cross(X) if hasLamp(X).
(12) executable takeLamp(X).
(13) nonexecutable takeLamp(X) if hasLamp(Y), diffSides(X, Y).
(14) caused across(X) after cross2(X,Y), -across(X).
(15) caused across(Y) after cross2(X,Y), -across(Y).

caused -across(X) after cross2(X,Y), across(X).
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17) caused -across(Y) after cross2(X,Y), across(Y).
(18) caused across(X) after cross(X), -across(X).
(19) caused -across(X) after cross(X), across(X).
(20) caused hasLamp(X) after takeLamp(X).
(21) caused -hasLamp(X) after takeLamp(Y), X !=Y, hasLamp(X).
(22) caused diffSides(X,Y) if across(X), -across(Y).
(23) caused diffSides(X, Y) if -across(X), across(Y).
(24) inertial across(X).
(25) inertial -across(X).
(26) inertial hasLamp(X).

(27) noConcurrency.

(28) goal: across(joe), across(jack), across(will), across(ave)? (i)
Fig. 1. K encodingof the Bridge Crossingproblem

TypeDeclarations. Therangesof the agumentof fluentsandactionsmustbe speci-
fied. For instanceline (1) in Figurel1 specifieghe argumentf actioncross2, where
two personscrossthe bridgetogethey while line (4) specifiesa fluent describingthe
factthata specificpersonis ontheothersideof theriver. Theliteralsafter“requires”
in adeclaratiorarefrom I7 or built-in predicatesbLVX [7], ourimplementatiorof K,
currentlysupportsbuilt-in predicates'a < b”, “a <=1b", and“a!=b" with the obvi-

ousmeaningfor stringsandnumberspredicateSa = b + ¢”, “a = b * ¢” for integer
arithmeticsand” #int(X)” whichenumerateall integers(upto alimit setby theuser).

CausationRules. Causatiorrules(“rules” for brevity) aresyntacticallysimilarto rules
of thelanguage® [13,18,17] andareof thebasicform “caused £ if B after A.”
Informally, thisreadsif B holdsin the currentstateandA heldin the previousstate,
thenf is known to betruein the currentstateaswell. Boththeif andafter partsare
optional A ruleis calledstaticif its afterpartis empty anddynamicotherwise.



Rulesareusedto expresseffectsof actionsor ramificationsE.g.,therules(18) and
(19) describethe effectsof a singlepersoncrossingthe bridgein eitherdirection.

Initial StateConstaints. Rulescanapplyto all statesor only to theinitial state(which
maynotbeunique).Thisis expressedy thekeywords“always :” and“initially :”
precedingsequencesf rules. For example,line (7) enforcesthefluentacross to be
falsein theinitial statefor all X satisfyingthefluentdeclarationj.e.,for all persons.

Executabilityof Actions. Thisis expressedn K explicitly, asin lines(8) and(9) which
statethattwo personsanjointly crossthebridgeif oneof themhasalamp.Thesame
actionmay have multiple executabilitystatementsDually, “nonexecutable A if B.”

prohibits the executionof actionA if conditionB is satisfied.For example,line (13)
saysthattwo personsannotcrossthe bridgetogetherif they areon differentsidesof
thebridge.In caseof conflicts,nonexecutable A overridesexecutable A.

Parallel Actions. K permits simultaneousexecution of actions.If, ason line (27),
“noConcurrency.” is specifiedthenatmostoneactionat atime canbe executed.

Defaultand StongNegation. K supportsstrongnegation(writtenas*-") whereknowl-
edgeaboutafluentf maybeincompletej.e.,in ary givenstateneitherf nor-f needs
to hold. In addition,weaknegation(“not”), interpretedik e default negationin answer
setsemanticg11], is permittedin rule bodies.This allows for naturalmodelingof in-
ertia,default propertiesanddealingwith incompleteknowledgein general.

Macros. K providesanumberof macrosassyntacticsugarFor example theinertial
statementn line (24) informally statesthat across(X) holdsin the currentstateif
across(X) held at the previous stateunless-across(X) is explicitly known to hold.
Thismacroexpandso “caused across(X) if not -across(X) after across(X).”

Moreover, we can “totalize” the knowledgeof a fluent by declaring“total £.”
whichisashortcuffor apairof rules“caused f if not -f.” and“ caused -f if not f.”
with theintuitive meaninghatunlessatruthvaluefor f canbederived,thecasesvhere
f resp.- f aretruewill bothbeconsidered.

Planningdomainsand problems. In X, a planningdomainPD = (II,{D, R)) hasa
backgrounknowledgell, actionandfluentdeclarationd), andrulesandexecutability
conditionsR; aplanningproblemP = (PD, ¢) hasaplanningdomainPD andaquery

4q=9gi,--->9m,00t gmi1,---,00t g, ? (i)
whereg;, ..., g, aregroundfluentsandi > 0 is the planlength (seeline (28)). An
(optimistic) plan for P is a sequenceP? = (4,,...,A4;) of actioninstanceswith a

supportingtrajectoryT = ((so, A1, 51), {1, A2,82), ..., (s1—1, 41, 1)) to the goal,
i.e.,startingatalegalinitial statesg, theactionsin A;, A, etc.areexecutableandlead
to legal successostatess;, so etc.suchthatall literalsin ¢ aretruein s;.

If, asstatedn Figurel, joe initially carriesthelamp,our problemhassimplefive-
stepplanswherejoe alwayscarriesthelampandbringsall othersacrossge.g.,

P = ( {cross2(joe, jack)}, {cross(joe)}, {cross2(joe,will)},
{cross(joe)}, {cross2(joe,ave)} )



3 Actions with Costs

Using K andDL VX, it is possibleto expressandsolveinvolvedplanningtasks However,
K andDLVX offer no meansfor finding optimal planswith respectio ary criteria. In
particular this appliesto actioncosts,which areneededor the following elaboration
of the bridgecrossingexamplethatis well-known asa brain-teasingiddle.

Quick bridge crossing Thefour guysneeddifferenttimesto crossthe bridge,namely
1,2,5,and10 minutes respectiely. Walking in two impliesmoving atthe slower rate.
Is it possibleto getall of themacrosswithin 17 minutes? m|

On first thought,this is not feasible,sincethe seeminglyoptimal plan where joe,
who is the fastest keepsthe lamp and leadsall the othersacrosstakes 19 minutes.
Surprisingly aswe will see thereis a bettersolution.

In orderto allow for anelegantandcorvenientencodingof suchoptimizationprob-
lems,we extend K to thelanguageC® wherewe canassigncoststo actions.

3.1 Syntaxof K¢

Let 0*¢* denotethe setof actionnames,and £y, the setof literals over predicates
definedin the backgroundknowledgeincluding built-in predicatesFurthermore et
o¥?" denotethe setof variablesymbols ¢ merelyextendsactiondeclarationsn X to
expressactioncostsasfollows.

Definition 1. Anactiondeclarationd in K¢ is of theform:

p(X4,...,X,) requires t1,...,ty costs C where c1, ..., Ck. Q)
whee (1) p € o hasarity n > 0, (2) X1,..., X, € 0¥, (3) t1,- -y tm, C1y-- -, Ck
are from L, sud that every X; occuss in t1,...,t,,%2 (4) C is either an integer
constant,a variable from the setof all variablesoccurringin tq,...,tm, ¢1,---,¢k

(denotedby o¥*"(d)), or the distinguishedvariable time, and (5) ¢¥*"(d) C ¢?%" U
{time}, andtime doesnotoccurin 1, ... ty,.

If m = 0, thekeyword'requires’ isomitted;if ¥ = 0, thekeyword' where’ is omitted
and‘costs C" is optional.Planningdomainsandproblemsaredefinedasin K.
Exampleswill begivenin Section3.3.

3.2 Semanticsof K¢

Semantically¢ extendsKC by the costvaluesof actionsat pointsin time. In any plan
P={A,...,A;),atstepl <i <[, i.e.attimei, theactionsin A; areexecuted.

We recallthata groundactionp(zy, - - -, x,,) is alegal actioninstanceof anaction
declaratiord w.r.t. a K planningdomainPD = (II, (D, R)), if agroundsubstitutiord
for ove"(d) existssuchthat X;0 = z;,for 1 <i <mnand{t0,...,t,,0} C M, where
M is the uniqueanswersetof the backgroundknowledgel. Any suchd is calleda
witnesssubstitutionfor p(x1, . .., z, ). Action costsarenow formalizedasfollows.

2 Informally, this meansghatall parametersf anactionmustbe “typed” in therequires part.



Definition 2. Leta = p(x1,...,z,) bea legal actioninstancewith declamtion d of
theform (1), let > 1 beatimepoint,andlet § be a witnessingsubstitutionfor a with
timef = 4. Then

0, if the costs part of d is empty;
costig(p(x1,...,2n)) = < val(CH), if {ci6,...,¢c,0} C M;
undefined otherwise

By involving the variable time it is possibleto definetime-dependenaction costs.
This canbeusedfor complec variantsof Traveling Salespersomwherethe optimaltour
doesnot only dependon the route taken, but alsowhena certainconnectionis used
(e.g.,imaginethetraffic jamson someroadsduringtheweelend,which couldincrease
the costof a connection)We do not elaborateon this applicationheredueto space
restrictions se€[8] or http://www.dlvsystem.com/K/.

Usingcost; ¢, we introducewell-definedlegal actioninstancesindactioncosts:

Definition 3. A legal action instancea = p(zx1,...,x,) is well-definediff for any
time pointi > 1, it holdsthat (i) there is somewitnesssubstitutiond for a sud that
cost; g(a) is aninteger > 0, and(ii) cost; g (a) = cost; g (a) holdsfor anytwowitness
substitution®, ' with defineccosts.Br anywell-defined:, its uniquecostat time point
i > 1isgivenby cost;(a) = cost; s(a) wherd is asin (i).

In this definition,condition(i) ensureshatsomecostvalueexists,whichis aninte-
gernumberandcondition(ii) ensureshatthisvalueis well-defined,.e., differentwit-
nesssubstitution® andé’ for a cannot evaluatethe cost partto differentintegercost
values.In our framework, the semantic®f a £¢ planningdomainPD = (II,{D, R))
is only well-defined f all legalinstance®f actiondeclarationsn PD arewell-defined.
Thiswill befulfilled if, for instancethevariablesXy, ..., X, in (1) in databas¢éerms
functionally determinethe valuesof the othervariablesexcepttime, i.e., ary tuple of
values(z1,...xz,) for X, ..., X, hasauniqueextensionto a tuple of valuesfor all
variablesin d excepttime. In the restof this paper we assumewell-definednessf
K¢ unlessstatedotherwise.Violations of well-definednesgan be easily detectedby
introducingdesignatedluentsandrules,se€[8] for details.Usingcost;, we now define
costsof plans.

Definition 4. Let P be a planning problem.Then,for any plan P = (A;,..., 4;)

for P, its costis definedas costp(P) = Yi_; (X ,ca, costi(a)) . A plan P is opti-

mal for P andfixedplan lengthi, if it hasleastcostamongall plansof lengthi, i.e.,
costp(P) < costp(P') for each plan P’ of lengthi for P. Thecostof P w.r.t. plan
lengthi is the costof an optimalplan for P ands.

Usually one only canestimatesomeupperboundof the planlength,but doesnot
know theexactlengthof anoptimalplan. Althoughwe have only definedoptimality for
afixedplanlengthi, we will seein Section4.1 thatby appropriateencodingshis can
extendedo optimality for planswith lengthat mosti.

3.3 An optimal solution for crossingthe bridge

To modelthe differenttimes the four guys needto crossthe bridge, we extend the
backgroundknowledge where'max’ determinesvhich of two personss faster:
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speed(joe, 1). speed(jack, 2). speed(will, 5). speed(ave, 10).
max(A,B,A) :- speed(_,A), speed(_,B), A >=B.
max(A,B,B) :- speed(-,A), speed(-,B), B > A.
Next, we addcoststo theactiondeclarationgor cross andcross2 (leaving takeLamp
unchangedasthetime to handoverthelampis negligible).
cross(X) requires person(X) costs SX where speed(X,SX).
cross2(X,Y) requires person(X), person(Y), X <Y costs Smax
where speed(X, SX), speed(Y, SY), max(SX, SY, Smax).
As easilyseenthecostof the 5-stepplanconsideredn Section? is 19. However, when
we alsoconsiderdongerplans,we canfind thefollowing 7-stepplan P with cost17:
P = ( {cross2(joe, jack)}, {cross(joe)}, {takeLamp(will)}, {cross2(will, ave)}
{takeLamp(jack)}, {cross(jack)}, {cross2(joe, jack)} )

P hasleastcostoverall trajectorief any lengthestablishinghe goalandthusconsti-
tutesanoptimalsolutionof our problemfor fixedplanlengthi > 7 .

3.4 “Cr ossingthe Bridge” under incompleteknowledge

K is well-suitedto model problemswhich involve qualitatve uncertaintysuchasin-
completeinitial statesor non-deterministi@actioneffects. The extensionof K to £¢ to
include costsgracefullyappliesto so called secure(conformant)plansaswell, which
mustreachthegoalunderall circumstancefs].
For example,assumewe only know that someof the desperatggyuyshasa lamp.
If they now askfor a planto safelycrossthe bridge,we needa (fast)secureplanthat
worksunderall possiblenitial situationsIn K¢, this canbeeasilymodeledoy replacing
“initially: hasLamp(joe).” by the following, wherethe first statementsaysthat
eachguy might have alamp,andthe secondhatat leastoneguy hasone.
initially : total hasLamp(X).
caused false if -hasLamp(joe), -hasLamp(jack),
-hasLamp(will), -hasLamp(ave).

Clearly, the optimal solutionstill takesat least17 minutes,sincethe original case
(whereonly joe hasalamp)is oneof the possibleinitial situations.However, anop-
timal secureplan now takesat least8 steps,sincewe mustassurdn thefirst stepthat
eitherjoe or jack hasthelamp.Onesucha planwith cost17is

P = ( {takeLamp(joe)}, {cross2(joe, jack)}, {cross(joe)}, {takeLamp(will)}
{cross2(will, ave)}, {takeLamp(jack)}, {cross(jack)}, {cross2(joe, jack)} )

4 Applications

4.1 CostEfficient versusTime Efficient Plans

In this sectionwe shov how ourapproacttanbeusedio minimizeplanlengthtogether
with the costsof a planunderparallelactions.In [15, 16] variouscriteriafor optimiza-
tion are proposedor parallelactiondomains,suchasminimizing the total numberof
actions,or the numberof time steps.We will concentraten the following generaliza-
tionsof theseoptimizationcriteriawith arbitraryactioncosts.Finding



(a) planswith minimal costs(cheapesplans)for a givennumberof steps,
(8) planswith minimaltime stepg(shortesplans),

() shortesamongthecheapesplans,and

(6) cheapesamongtheshortesplans.

. 6]
L] |
Fig. 2. A simpleBlocksWorld instance

(a) Cheapesplansfor givenplanlength. As aguidingexample we referto theblocks
world problemin Figure2, wherewe wantto find the minimal numberof moves(pos-
sibly in parallel)to achieve the goalstate As backgrouncknowledgelTy,,, we use:

block(1). ... block(6). location(table). location(B):- block(B).

andthefollowing K¢ program:

fluents: on(B,L) requires block(B), location(L).
blocked(B) requires block(B).
moved(B) requires block(B).
actions: move(B,L) requires block(B), location(L) costs 1.
always : executable move(B,L) if B!=L.
nonexecutable move(B,L) if blocked(B).
nonexecutable move(B,L) if blocked(L).
nonexecutable move(B,L) if move(B1,L), B!=B1, block(L).
nonexecutable move(B,L) if move(B,L1), L!=L1.
nonexecutable move(B,B1) if move(B1,L).

caused on(B,L) after move(B,L).

caused blocked(B) if on(_,B).

caused moved(B) after move(B,.).

caused on(B,L) if not moved(B) after on(B,L).

initially : on(1,2).on(2,table).on(3,4).on(4, table). on(5,6).on(6, table).

goal : on(1,3), on(3,table), on(2,4), on(4, table), on(6,5), on(5, table) ? (i)
Eachmoveis penalizedwvith costl, minimizingthetotalnumberof moves.Theinstance
hasatwo-stepparallelsolutionwhich involvessix moves:
P = ( {move(1, table), move(3, table), move(5, table)},

{move(1, 3), move(2, 4),move(6,5)} )

However, thereis a sequentiaplanwith only five moves:
P = ( {move(3,table)}, {move(1,3)}, {move(2,4)}, {move(5, table)}, {move(6,5)} )

This plan canbe parallelizedto have 3 steps,but not to have 2 steps.For ary length
> 3, we obtainoptimal plansinvolving 5 actions.Consequentlythe minimal number
of stepsfor amaximally parallelizedplanwith a minimal numberof actionsis 3.
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(8) ShortesPlan. For optimization(3) we assumeéhatno actioncostsarespecifiedn
theoriginal problem,andminimizing time stepss our soletarget. We will shov agen-
eralpreprocessingnethodfor K¢ planningproblemswhich, givenanupperbounds of
time stepsguaranteeplanswith aminimal numberof stepsMany typical applications
have aninherentupperboundfor the planlength.In blocksworld for a configuration
with n Blocks, ary goal configurationcan be reachedwithin at most2n — s; — s,
steps,wheres; ands, representhe numbersof stacksin theinitial andgoal states®
Therefore 6 is anupperboundfor the planlengthof our simpleinstance.

First, we add a new distinct fluent gr and a new distinct action finish to our
domainandextendthealways sectionof the programreplacingthe original goal:

fluents : gr.

actions : finish costs time.

always : executable finish if gi, ..., g, not guyi, ..., not g, notgr.
caused gr after finish.
caused gr after gr.

goal : gr 7 (7)

whereg, ..., gn, not gnyt1,...,n0t gy aretheoriginalgoalliterals.Intuitively, finish
represents final action,which alwayshasto be executedo finishtheplan. Thelaterit
occursthemoreexpensveis theplan. Thefluentgr hasthe meaning’'goal reached”.

Furthermorewe wantthe actionfinish to occurexclusively andary occurrence
of ary otheractionsshouldbeblockedassoonasthegoalhasbeenreachedTherefore,
for any actionA weadd not gr totheif partof any executabilityconditionfor A and
addarule: nonexecutableA if finish.

Finally, to avoid ary inconsistenciefrom staticor dynamiceffects,assoonasthe
goal hasbeenreachedwe add not gr to the if part of arny causatiorrule of the
original programexceptnonexecutable rules?

If now P' = (Ay,...,A;,Aj41,...,4;) is anoptimal costplanfor the modified
K¢ planningproblemPmin for planlengthl where A; = {finish}, thenP" =
(A1,...,A4;_1) is aminimal length plan for the original planning problemand all
Ajyn = ... = A = 0. Using this method,we obtainall 2-stepparallel plansfor
our blocksworld example.

Note thatthis approactfor minimizing planlengthis only efficient, if we know an
upperboundcloseto the optimum. Searchingfor a minimum length plan by simply
iteratively increasingthe plan length could be more efficient when no suchboundis
known, asthe searchspacemight explodewith aweakupperbound.

(v) and (6) In the last section,no costswere specifiedin the original program.If
we wantto find the shortestamongthe cheapesplanswith arbitraryactioncosts,we
have to setthe costsof all actionshigherthanthe highestpossiblecostvalueof action
finish. Obviously, the highestcostfor finish is the planlengthi. Thus,we simply
modify all actiondeclarationdy multiplying the original costsC with factors:

3 We cantrivially solve ary blocksworld problemsequentiallyby first unstackingall blocks
(n — s; stepsjandthenbuilding up the goal configuration(n — s, steps).

4 Thereis no needto rewrite nonexecutable rulesbecausehe respectie actionsarealready
“switchedoff” by rewriting of the executabilityconditions.



A requires B costs C; where C; =i*C, D.

Thisletsall otheractioncoststake priority overthecostof f inish andwe cancompute
planssatisfyingcriterion (). Applying this rewriting to our blocksworld example,a
possibleplanfor lengthi = 7 is
P = ( {move(3,table)}, {move(1,3),move(5,table)},

{move(2, 4), move(6,5)}, {finish}, 0, 0, 0)

As mentionedabove, 6 is an upperboundfor the planlength, but planlength: = 7
is neededor thefinal finish action. Analogouslyin orderto computethe cheapest
amongthe shortestplans,the costfunctionof finish hasto be adaptedsuchthatthe
costsof finish take priority overall otheractionscosts.To thisend,we setthesecosts
high enough by multiplying themwith a factorhigherthanthe sumof all costsof all
legal actioninstancesi.e. the costsof all actionsexecutedn parallelin i stepsWe thus
cancomputesolutionsfor optimizationcriterion (9).

In our example,thereare 36 possiblemoves;theoretically we would have to set
the costsof actionfinish to time * 36 * 4. Though,at most6 blockscanbe moved
in parallel,andit is sufficient to setthe costsof finish to time * 6 x i = time % 42.
Accordingly, the actiondeclarationaremodifiedasfollows:

actions: move(B,L) requires block(B), location(L) costs 1.

finish costs C where C = time % 42.

An optimal plan for the modified programfor plan length (at most) 7 which in fact
amountdo atwo-stepplan,is:
P = ( {move(1, table), move(3, table), move(5, table)},

{move(1,3), move(2,4),move(6,5)}, {finish}, 0, 0, 0, 0 )

5 Implementation

We briefly describehow planningunderactioncostscanbeimplementedisingatrans-
lation to answerset programming.We will definean extensionip¥(P) of the logic
programip(P) asdefinedin [7], suchthatits optimal answersets(i.e., thoseminimiz-
ing weak constraintviolation, see[10, 3]) correspondo the optimal costplansfor a
planningproblem®P.

Werecallthatin ip(P) fluentandactionliterals areextendedby anadditionaltime
parameterandexecutabilityconditionsaswell ascausatiorrulesare modularlytrans-
latedinto correspondingrogramrulesandconstraintsgisjunctionis usedfor guessing
ateachpointin time theactionswhich shouldbe executedn theplan.

Thetranslationp® (P) for K¢ problemP includesall rulesof Ip(P") from [7] for
the K problemP’ whichresultsirom P by omitting all costpartsof actiondeclarations.
In addition,for ary actiondeclarationd of theform (1) with nonemptycosts part,the

following two statementareincluded(let X = X1,..., X,):
costy(X,T,C) :- p(X,T), t1,-.-stmyC1,--.,ck, U=T+1. (2)
i~ costy(X,T,C). [C ] (3)

In statemen{(2), T andU are new variablesand eachoccurrenceof time is re-
placedby U. Statemen(3) is aweakconstaint. Intuitively, a weakconstraintdenotes
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a propertywhich shouldpreferablyhold, and statemen(3) associates costC' to the
weak constraint,which can be interpretedas a penaltyto be consideredf the weak
constraints not satisfied An optimalanswersetis ananswersetfor which the sumof
the penaltiesof violatedweak constraintds minimal (We referto [10, 3] for details).
For example the cross actiondefinedin Section3.3is translatedo:

cOoSteross (X, T, SX) : - cross(X, T), person(X), speed(X,SX), U=T+ 1.

i~ COSteross (X, T, SX). [SX ]

As showvnin [7], theanswersetsof [p(P) correspondo trajectoriesof optimisticplans
for P. We have similar resultsfor planswith actioncosts.

Theorem1 (answer setcorrespondence)Let P = (PD,q) be a (well-defined)X¢
planningproblem.Then for eac optimisticplan P = (A4, ..., A;) of P andsupport-
ing trajectoryT = ({so, A1, 51), ..., {si—1, A, s1)) of P, there existsan answerset
S of lp¥(P) representinghis trajectorysud that the sumof weightsof violatedweak
constaintsequalscostp(P), andvice-vesa.

Corollary 1 (optimal answersetcorrespondence)ror anywell-definedCe planning
problemP, the (trajectoriesT’ = ({sg, A1, 1), ..., (si—1, 41, 51)) of) optimalplansP
for P correspondo the optimalanswersetsS of [p* (P).

Usingtheseresultswe haveimplementednexperimentaprototypefor planningin
K¢, which canbe downloadedfrom http://www.dlvsystem.com/K/Furtherdocumen-
tationontechniquesandusageof the prototypeis availablethereandin [7]. For amore
detaileddiscussiorof thetranslationandthe prototypewe referto [8].

6 RelatedWork and Conclusion

We have presentedn extensionof thelanguageC which allows for the formulationof
variousoptimality criteria of desiredplansby meansof variableaction costs,andwe
sketcheda translationto answersetprogrammingwith weak constraintsin fact, our
implementatioralsosupportcomputingadmissibleplans,i.e., plansthe costsof which
staywithin agivenlimit (see[8]).

In thelastyearsjt hasbeenwidely recognizedhatplanlengthaloneis only onecri-
terionto beoptimizedin planning.Severalattemptshave beenmadeto extendheuristic
searchplannergo allow for specialheuristicsrespectingactioncosts,e.g.[9, 14].

A powerful approacthis givenin [20], whereplanningwith resourcess described
asa structuralconstraintsatistiction problem (SCSP).The problemis solved by lo-
cal searchcombinedwith global control. However, [20] promotesthe inclusion of
domain-dependeminowledge;the generalproblemhasanunlimited searctspaceand
no declaratve high-level languages provided. Among otherrelatedapproacheq15]
generalizeghe “Planningas Satisfiability” approacho useinteger optimizationtech-
niquesfor encodingoptimalplanningunderresourceproduction/consumptiontn [16]
anextensionof theactionlanguage’ is mentionedvhichallows for anintuitive encod-
ing of resourcegndcosts but optimizationis not consideredn thatframework.

A crucialdifferencebetweernresource-baseapproacheandoursis thattheformer
build on fluentvalues,while our approachhingeson actioncosts.This is a somavhat
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differentview of the quality of a plan. We planto generalizeour framewvork suchthat
dynamicfluent valuesmay contribute to action costs.Furtherpossibleextensionsin-
cludenggative actioncosts which areusefulfor modelingproducer/consumeelations
amongactionsandresourcesanddifferentpriorities (costlevels)to increasehe flexi-

bil

ity andallow for optimizing differentcriteriaat once.Anotheraspecto be explored

is thecomputationatomplexity of K¢, complementingheresultsin [6].
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