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Abstract. We presentlogic programmingbasedconditionalplannerthatis ca-
pableof generatindgpoth conditionalandsequentiatonformantplansin thepres-
enceof sensingactionsandincompleteinformation.We prove the correctnessf

ourimplementatiorandshaow thatour planneris completewith respecto the 0-

approximatiorof sensingactionsandthe classof conditionalplansconsideredn

this paperwhich s large enoughto cover conditionalplanswith boundedength
andbranchingfactor Finally, we presensomepreliminary experimentalresults
anddiscusgurtherenhancement® the program.

1 Intr oduction

Classicalplanningassumeghat agentshave completeinformation aboutthe world.

For this reasonijt is oftenlabeledasunrealistichecausagentsoperatingin real-world

ervironmentoftendo not have completeinformationabouttheir ervironment.Two im-

portantquestionarisewhenonewantsto removethis assumptionhowto reasorabout
theknowled@ of agentsandwhatis a planin the presencef incompleteinformation.
Thefirst questionled to the developmentof several approacheso reasoningaboutef-

fectsof sensing(or knowledgeproducing)actions[10,15,16,22,24,27]. The second
questionledto the notionsof conditionalplansandconformantplans Theformercon-

tainssensingactionsandconditionalssuchasthe well-known “if-then-else” construct
andthelatteris a sequencef actionswhich leadsto the goalregardlesf the valueof

the unknown fluentsin theinitial state.In this paper we referto conditionalplanning
andconformantplanningasapproacheto planningthatgenerateonditionalplansand
conformantplans,respectiely.

Approachego conditional planning can be characterizedy the techniquesem-
ployedin its searchprocessr by the actionformalismthat supportsts reasoningpro-
cess.Most of the early conditionalplanneramplementa partial-orderplanningalgo-
rithm[8, 9,20,19,28] anduseSituationCalculusor STRIPSasthemainvehiclein rep-
resentingandreasoningboutactionsandtheir effects.Amongtherecentones,CoPlaS



[14] is aregressiomplannerimplementedn SicstusPrologthatusesa high-level action
descriptionlanguageto represenandreasonabouteffects of actions,including sens-
ing actions;andFLUX [26], implementedn constrainiogic programmingjs capable
of generatingandverifying conditionalplans.A conditionalplannerbasedon a QBF
theoremprover, thatdoesnot allow sensingactionswasalsorecentlydeveloped[21].

Conformantplanning([3, 6,2,23] is anotherapproachto dealwith incompletein-
formation.In conformantplanning,asolutionis asequencef actionsthatachievesthe
goal from every possibleinitial state.Recentexperimentalresultshavs [3] that con-
formantplanningbasedon model checkingis computationallycompetitve compared
to otherapproache$o conformantplanningsuchasthoseusingheuristicsto generate
plans[2] or thoseextendingGraphplari23]. While mary conditionalplannerscandeal
with sensingactions,none of the conformantplannersdoes.But mostthe important
differencebetweenthe two is that, for someinitial statesanddomainstheremay not
exist any conformantplans,eventhoughconditionalplansmay exist.

In this paperwe developalogic programmingbasectonditionalplannemwith sens-
ing actionsin the presenc®f incompletanformation.Theideaof usinglogic program-
ming for planningwasfirst introducedn [25]. It hasbecomeamorefeasiblesincethede-
velopmenbf fastandefficientanswelrsetsolverssuchassmodelg17] anddlv [4]. An-
swersetplannerssolve a planningproblemby translatingt into alogic programwhose
stablemodelshave a one-to-onecorrespondencwith the plansof the original prob-
lem. This dividesthe plannerdevelopmentinto two parts:the developmentof answer
setsolversandthe methodologyfor plannerencoding;separatinghe implementation
from the representationetails.While thereare severallogic programmingencodings
for planningwith completeinformation,thereis only oneproposalfor planningunder
incompleteinformation[6] usinglogic programmingln this paper we proposea new
logic programmingencodingfor planningunderincompleteinformation. The novelty
of ourapproacHiesin thatourencodingcandealwith sensingactionsandcangenerate
both conformantplansandconditionalplans.We will prove the soundnessf our im-
plementatiorby proving that eachconditionalplan generatedy the plannerachieses
thegoal.We alsoshaw thatthe planneris completewith respecto the 0-approximation
of sensingactionsandthe classof conditionalplansconsideredn this paperwhichis
large enoughto cover conditionalplanswith boundedengthandbranchingfactor

We usethelanguagedx andits O-approximatiorasthe languageor representing
andreasoningwith sensingactions[24]. We adoptthe O-approximatiorof Ax asthe
compleity of the planningproblemwith respecto this approximation(underlimited
sensing)is NP-complete[1] which is lower thanthe compleity of the problemwith
respecto the 4Ax semanticsThis allows us to usedifferentsystemscapableof com-
puting stablemodelsof logic programsn our implementationHere,we usesmodels
[17] but we believe thatwith little modificationthattakescareof the syntacticdiffer-
encesbetweersmodelsanddlv [4], the codepresentedn this papercanbe usedwith
div aswell*.

Wewill review thebasicsof actionlanguagevith sensingactionsin thenext section.
Afterward, we presenthe main resultof this paper alogic programmingencodingof

L dlv is usedin [6] to generateonformantplans.



a conditionalplannerwith sensingactions.We thendiscusshe propertiesof our logic
program.Finally, we discusssomedesirableextensionsof the currentwork.

2 Preliminaries

2.1 An Action Languagewith SensingActions

In this sectionwe review thelanguageA k- with its O-approximatiori24]. Ax extends
the high-level action descriptionlanguageA of Gelfond and Lifschitz [7] by intro-
ducingtwo new typesof propositionsthe knowled@ producingpropositionandthe
executabilitycondition

Syntaxof Ak In Ak, anactiontheoryconsistof two finite anddisjointsetsof names
calledactionsandfluentsanda setof propositionsof thefollowing form:

determinega, g) 1
Causeqa: f’ {pli s Jpn}) (2)
executable (a, {p1,-..,pn}) (3)
initially f (4)

whereg is a fluent, f and p;’s are fluent literals (a fluentliteral is eithera fluent

g or its negation —g, written asneg(g)) anda is an action. A k-proposition of the
form (1) statesthat the value of fluent g will be known after a is executed.(2), re-
ferred as ef-proposition representshe (conditional) effect of actiona while (3) (or
ex-proposition) statesa executabilityconditionof a. Propositionsof theform (4), also
calledv-propositionsareusedto describeheinitial situation.An actiontheoryis given
by apair (D, I) whereD consistof propositionsof theform (1)-(3) and consistf
propositionsof the form (4). D and I will be calledthe domaindescriptionandinitial
state respectiely.

Two ef-propositionswith precondition;, - .., p, andqs, - - ., ¢, respectrely are
saidto be contradictoryif they describethe effect of the sameactiona on complemen-
tary f’s,and{pi,...,pn} N{@1, .- -,Gm} = D wheref = -~ f and—f = f for afluent
f. In thefollowing, we will assumeéhatactiontheoriesin consideratiorareconsistent
in thatthey do not containcontradictoryef-propositions.

Actionsoccurringin ef-propositionsandk-propositionsarecallednon-sensingc-
tionsandsensingactions respectiely. In this paper we assumehatthe setof sensing
actionsandthe setof non-sensingctionsaredisjoint. For simplicity, we will alsoas-
sumethateachsensingactionoccursin at mostonek-proposition.

Conditional Plan In thepresencefincompletenformationandknowledgeproducing
actionswe needto extendthenotionof aplanfrom asequencef actionssoasto allow
conditionalstatementsuchasif-then-else while-do, or case-endcagseee.g.[11, 15,
24]). In this paper we limit oursehesto conditionalplanswith only the if-then-else
constructThereasonsaretwofold. First, it is easyto seethatcase-endcasstatements
canbereplacedy if-then-elsestatementsSecondpurintentionis to useananswerset
solverto generateonditionalplans.Thisimpliesthatwe will imposea upperboundon



thelengthof the plan. Underthis condition,conditionalplanscontainingthe while-do
statementsould berepresentedsingtheif-then-elsestatementsswell. Formally, we
considerconditionalplansdefinedasfollows.

Definition 1 (Conditional Plan).

1. A sequencef non-sensin@ctionsay;. . .; ax (k > 0), is a conditionalplan.

2. If ay;...;ax—1 iS@anon-sensin@ctionsequencgay, is a sensingactionthat deter
minesf, and¢; andc, are conditionalplans,thenas;. ..;ag—1; ar;if(f,c1,c2)
is a conditionalplan.

3. Nothingelseis a conditionalplan.

To executeaplanas;...;ar—1;ar;if(f, c1, c2), the agentfirst executesay, . . . ay. It
thenevaluatesf with respecto its knowledge.If it knowsthat f (resp.—f) is trueit
executes; (resp.cz). If neitherf nor—f is true, thenthe planfails andthe execution
of the conditionalplanwhich containsthis conditionalplanalsofails.

0-approximation of Semanticsof Ax In the 0-approximatiorof Ax, ana-state(or
approximatiorstate)is a pair (T, F'), whereT and F' aredisjoint setsof fluents.Intu-
itively, T' (resp.F) is the setof fluentswhich aretrue (resp.false)in (T, F'). A fluent
f istrue (resp.false in ana-states = (T, F) if f € T (resp.f € F); and f is known
(resp.unknown in o if f € TU F (resp.f ¢ T U F). A positve (resp.negative)
fluentliteral f is saidto hold in (T, F) if f € T (resp.f € F). An actiona is exe-
cutablein ana-states if D containsan ex-propositionexecutable (a, {p1,...,pn})
andp;’s hold in o. Executinga non-sensin@gctiona in ana-states will causesome
fluentsto becometrue, somebecomefalse, somemay becometrue, and somemay
becomefalse®. Thesefour setsof fluentsare denotedby e} (o), e; (o)), F (o), and
F; (o), respectiely. Theresultfunction Res of D in the 0-approximatioris defined
by Res(a,(T,F)) = (TUel \ F, ,F Ue, \ F;). Executinga sensing-actiom in
an a-statewill causea fluentto be known. This leadsto the following definition of a
O-transitionfunction:

Definition 2 (Transition Function). Givena domaindescriptionD, the O-transition
function® of D is definedasfollows:

— If a is not executablein o, then®(a,o) = {L} where L denotesan undefined
a-state

— If a is executablén o anda is a non-sensin@ctionthen®(a, o) = { Res(a,0)}.

— If aisexecutablen o anda isa sensingctionthen®(a, o) = {(TU{f}, F),{T, FU
{{H}if f ¢ TUF and &(a,0) = {0} otherwise whee ¢ = (T, F) and
determinega, f) belongsto D 3.

We illustratethis definition by the medicationexamplewith sensingactionfrom [23].

2 Spacdimitation doesnotallow usto includea detailedreview of the O-approximatiorof Ax .
% Recallthatwe assuménerethateachsensingactionoccursin only onek-proposition.



Examplel. In the medicationexample,a patientis infected (inf). He can take the
medicine(med andget curedif he were hydrated(hyd); otherwise,the patientwill
bedead.To becomehydratedthe patientcandrink (dr). Thecheckaction(chk) allows
usto determinef the patientis hydratedor not. Thisdomaincanberepresenteth A g
asfollows.

inatially(inf). causes(dr, hyd, {}).

initially(—~dead). causes(med, dead, {—~hyd}).

determines(chk, hyd). causes(med, —inf, {inf, hyd}).
We assumehat every actionis executablein ary a-statein which —dead holds.The
initial a-statds oo = {{inf}, {dead}). We have that

es(00) = {hyd}, e;(00) =0,
e;ed(ao) = @ e'r_ned(o-o) = @:
Fy(00) = {hyd}, F;.(00) =0,

F},(00) = {dead}, andF,,,(a0) = {inf}.
Thisimpliesthat Res(dr, o9) = ({inf, hyd}, {dead}), Res(med, oo) = (0,0}, and
Res(chk,00) = ({inf}, {dead}). And, we have
®(dr,o0) = {{{inf, hyd}, {dead})}, ®(med,o0) = {(0,0)}
Q(Chka 00) = {({ana hyd}, {dead})a ({“’lf}: {deada hyd})}
It is easyto seethatfor eachdomaindescriptionD, theO-transitiorfunction is unique.
The extendedtransitionfunction @ which mapspairsof conditionalplansanda-states
into setof a-statess definednext.
Definition 3. 1. &(a,0) = &(a,0),
2. &([],0) = {0},

3. For asequencefactionsay,...,ar, k > 0,
B(las;...;a)0) = |J  Blazs-. s a],0"),
o' ed(a1,0)

4. For aconditionalplanc = axj ..., ak;if(f,c1,c2),
b(c,0) = Ua'eé([al;...,ak],o) S(f(f,c1,¢2),0") whee

&(cy,0) if f holdsin o

B(if(f,c1,2),0) = { $(ca,0) if —f holdsin o
{1} otherwise
5. For everyconditionalplanc, $(c, 1) = {L}.
For anactiontheory(D, I'), ana-stater is calledaninitial a-stateof (D, I) if for ary
fluentliteral £, f holdsin oy iff “initially (f)” € I. It is easyto seethatfor eachaction
theory the initial a-stateis unique.A 0-modelis a pair (o, ¢) wWhereoy is theinitial

a-stateand@ is a O-transitionfunctionof (D, I'). The0-entailmentelationof (D, I) is
definednext.

Definition 4. Let (D, I) beanactiontheoryand (g, ¢) bea 0-modelof (D, I). Letc
bea conditionalplanand f bea fluentliteral, wesayD 9 f after cif L & &(c,00)
and f holdsin everya-states belongingto $(c, o).

Example2. For the actiontheory (D, I) in Examplel, we have thatD E9 —dead A
—inf after cwherec = chk;if(hyd, med, [dr; med)).



3 A Logic Programming BasedConditional Planner

In this section,we presenta logic programmingbasedapproachto conditionalplan-
ning. Givena planningproblem? = (D, I, &), where(D, I) is anactiontheoryand
G is a conjunctionof fluent literals!, we will translateP into a logic programa(P)
whosestablemodelsrepresensolutionsto P. Our intuition behindthis taskrestson
anobsenationthateachconditionalplanc (Definition 1) correspondso alabeledplan
treeT, definedasfollows.

— For ¢ = ay;...;ax, wherea;'s arenon-sensingctions, T is atreewith k£ nodes

labeleday, ..., ag, respectiely, anda;;1 isthechildof a; fori =1,...,k — 1. If
¢ =[], T is thetreewith only onenode whoselabelis nil (theemptyaction).

— Forc = ay;...;ar;if(f,c1,c2), whereay is a sensingactionthat determinesf
andothera;’s arenon-sensingctions,T. is a binary treewhoseroot hasthe label
a1, a; hasachildwith thelabela; , fori =1,..., k—1, ax hastwo childrenwhich
aretherootsof 7., andT,, andthelabelsof thelinks are f and—f, respectiely.

We demonstratéhisin Figurel.

n.zl a a b
1, f
b ¢ d c1 c2 di do
Kl To  Tap Tasbsif(fre,d) Lasif (£,b13if(g,e1,2):b2;

if(h,dy,d2))

Fig. 1. Sampleplantrees

For aconditionalplanc, let m andw betheheightandwidth of T.. It is easyto see
thatwe canassignto eachnodek of T, apair of integers(¢, p), denotedby n(k), such
thatt isthelevelof k,1 < p < w, and

1. for every pairof leafsk; # ko of T, if n(k1) = (t1,p1) andn(ks) = (t2, p2) then

p1 # p2, and
2. if ky,. .., ks arethechildrenof k with n(k;) = (t,p;), thenn(k) = (t—1, min{p, .

It is easyto seethatn(k) = (1, 1) wherek is theroot of thetree®. Oneof the possible
mappingdor thetreesin Figurel is givenin Figure2.

Theabove obsenationsuggestsisto addonemoreparameteto encodeconditional
plans.In our representatiorhesideshe maximallengthof the plan, we have another
parametedenotingits maximalwidth. Thesetwo parametersvill be representedby
variablesof thetypetime andpath, respectiely. Insteadof the predicateholds(F, T)
(seee.q.[5, 12]) thatsaysthatthefluentliteral F holdsatthetimeT', weuseh(F, T, L)
(unknown(F, T, L)) to representhefactthat F is true (unknown) atthenode(T', ).

4 In thesequelwe will shav how morecomplex goalscanbeencoded.
5 We definethe heightof atreeto bethelength(numberof nodes)of thelongestpathin it.
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1,1)

(L, (1,1 @,1) (2,1)
5 f

(2,1) (3,1) (3,3) (3,3) (3,4) (3,1) (3,2)
Ty To  Tasp Tasbsif(fre,d) Lasif(£,b135if(g.e1.¢2).b2;
if(h,dy,d2))

Fig. 2. A possiblemappingfor treesin Figurel

We now describethe programa (P). In our encodings(P) consistsof two setof
rules, a setof domaindependentules and a setof domainindependentules. More
formally,

— The setof domaindependentulesconsistsof rulesdescribingtheinitial statesl,
thegoal G, andthe setof propositionof D;

— Thesetof domainindependentulesconsistof rulesdescribinghetransitionfunc-
tions & and auxiliary rules suchasthosegeneratingaction occurrencesgefining
fluentliterals, contraryof fluentliterals, etc.

We next describethesesetsof rules.We begin with the setof domaindependentules.

3.1 Domain DependentRules

¢ Action theory representation We usetwo predicateset andin to definethesortset
andto representhe setmembershigunction,respectiely. We assigrto eachsetof flu-
entliteralsthatoccursin apropositionof D adistinguishechame.Theconstantil de-
notestheset{}. A setof literals{pi, . . ., pn } Will bereplacedy thesetof atomsY =
{set(s),in(p1, s),...,in(pn, s)} wheres is the nameassignedo {p1, ..., pn}. With
this representatiorpropositionan D and canbe easilytranslatednto a setof facts
of n(P). For example,a propositioncauses(a, f, {p1, - ..,pn}) With n> 0 is encoded
asasetof atomsconsistingof causes(a, f, s) andthesetY (s is the nameassignedo
{p1,...,pn}). For example,the ef-proposition” causegmed, dead, {—hyd}) is en-
codedby thesetof rules

causes(med, dead, setl).

set(setl).

in(neg(hyd), setl).

e Goal representation.For eachfluentliteral F' in G, the setof rulesencodingG
containgthefollowing rule:

finally(F). )

3.2 Domain IndependentRules

Thedomainindependentulesof 7(P) areadaptednainly from [7]. Thekey difference
is therepresentatioof time thathasbeenusedpreviouslyin [5, 12,13] andthe usedof
paths The mainpredicatesn theserulesaré:

5 Somepredicatesuchasthe conventionalabnormalpredicatesb areusedwith their standard
meaning.



— h(L,T, P): L holdsat (T, P),

— possible(A, T, P): actionA is executableat (T, P),

— occ(A, T, P) (nocc(A, T, P)): action A occurs(doesnotoccur)at (7', P),

— hs(S,T, P): S - asetof literals- holdsat (T, P),

— ph(L,T, P): L possiblyholdsat (T, P),

— phs(S,T, P): S - asetof literals- possiblyholdsat (T, P),

— used(T, P): startingfrom T', thereis anodelying onthe path P,

— br(F,T, P, P): node(T, P) hastwo children(T + 1, P) and(T + 1, P1), where
F (afluent)holdsat (T + 1, P) and—F holdsat(T + 1, P;).

Themainrulesaregivennext. In theserules,T is avariableof thesorttime, P, P, are
variablesof the sortpath, F, G arevariablesdenotingfluentliterals (written as F' or
—F for somefluent '), S is avariablesetof thesortset, and A, B arevariablesof the
sortaction. Therulescanbedividedinto differentgroupsasfollows.

— Rulesencodingtheinitial situation:

h(F,1,1) < literal(F),initially(F). (6)
used(1,1) « @)

Thefirst rule saysthatif F holdsin the initial state(initially(F) € I) thenit
shouldhold atthe node(1, 1) (h(F,1,1)). The secondrule stateshatwe always
start with the constructionof our conditionalplan (or plan tree) from the node
(1,1).7.

— Rulesfor reasoningaboutthe effectsof non-sensin@ctions:

h(F,T+1, P) < occ(A, T, P),causes(A, F, S),. 8)
hs(S, T, P)
ab(G, T, P) < causes(A,G, S), 9)
occ(A, T, P),phs(S, T, P).
h(F,T+1, P) < h(F,T, P),not ab(G, T, P). (10)

A non-sensingction,saya, changesheworld accordingo the Res function.The
first rule encodeshe effectsof a containingin e} (o) ande;, (o) while thelasttwo
rulescaptureeffectsof removing whatwill possiblybecomefalseF (o) (or true

F}(0)) fromo, thecurrentstate.
— Rulesfor reasoningaboutthe effectsof sensingactions:

new_br(P,P1) < P # P1. (12)

1{br(F,T, P, P1):new.br(P, P;)}1 < (12)
occ(A, T, P),determines(A, F).

« fluent(F), P # P1,br(F,T, P, P1),used(T, P1). (13)

" This works dueto the fact that the root of the plan treewill always hasthe label (1,1), no
matterhow the assignmentor the leavesis made,if the numberof pathsis equalthe number
of leavesof thetreeor thereis aleafwith alabel (¢, 1). We notethatour encodingmakessure
thatoneof theleafswill have thelabel(length,1), thusallowing usto startbuilding thetree
fromthenode(1,1).



3{h(F,T+1, P), h(~F, T+1, P,), used(T+1, P,)}3 (14)
«— P # P, fluent(F),br(F,T, P, P,).

h(G,T+1,P;) < P # Py, br(F, T, P, P), h(G, T, P). (15)

hG,T+1,P) « P # Py, br(F,T, P, P\),h(G, T, P). (16)

Whena sensingactiona thatsenses fluent f occursin ¢ and f is unknownin o,
&(a, o) containgwo state&. In onestate,f is trueandin theother, - f is true. The
two new statewill lie ondifferentbranche®f theplan-tree Rules(11)-(14)encode
just that. We notethattherules(12) and (14) have a differentsyntaxthannormal
logic programmingule. They areintroducedn [18] to easythe programmingwith
smodels (12)is satisfiedn a stablemodelof a programif it containsoneandonly
onememberof theset{br(F, T, P, P, ):new_br(P, P;)}. Rules(15)and(16) make
surewhatever holdsatthenode (T, P) will continueto holdatboth (7+1, P) and
(T'+1, P;) sincesensingactionsdo not changetheworld.
— Rulesfor reasoningaboutwhatis known/unknown:

unknown(F, T, P) « fluent(F),not known(F, T, P). a7
known(F, T, P) + fluent(F),h(F, T, P). (18)
known(F,T,P) « fluent(F),h(~F,T, P). (19)

Rulesof this groupareratherstandardThey saythatif afluentis true (or false)at
(T, P) thenit is known at (T, P). Otherwiseijt is unknawn.
— Rulesfor genemting actionoccurrences:

possible(A, T, P) < used(T, P),hs(S,T, P), (20)
executable(A, S).
occ(A, T, P) < used(T, P),not sgoal(T, P), (21)
possible(A, T, P),nocc(A, T, P).
noce(B, T, P) < used(T, P),not goal(T, P), (22)
A # B,not occ(A, T, P).
— A # B,occ(A,T, P),oce(B, T, P). (23)
« determines(A, F),occ(A, T, P), (24)

known(F, T, P).

Thefirst rule of this groupdefineswhenan actioncanbe executed(21)-(22)are
usedto generat@ctionoccurrencesThey make surethatat leastoneactionoccurs
if the goal hasnot beenachieved. Rule (23) preventsactionsto occurin parallel
while thelastrule doesnotallow a sensingactionthatsenseg to occurwhenf is
known.

— Auxiliary Rules:Rulesin thisgroupdefinethepredicates,phandphsandspecify
whenthegoalis achiezedon a pathsuchassgoal andgoal.

used(T+1, P) < used(T, P). (25)

8 Underthe assumptiorthat a sensenly onefluent f anda doesnot have effects on other
fluents.



nhs(S, T, P) < set(S),in(F,S),not h(F,T, P). (26)

hs(S,T, P) « set(S),not nhs(S, T, P). (27)

nphs(S,T, P) < set(S),in(L, S), literal(L) (28)
contrary(L,G), h(G,T, P).

phs(S, T, P) < set(S), not nphs(S, T, P). (29)

ph(F,T, P) « contrary(F, G),not h(G, T, P). (30)

Rulesin this groupdefinewhena setof fluentsholds (27), whena fluent literal
possiblyholds(30), andwhena setof fluentliterals possiblyholds(29). The next
four rulesdefinefluentliteralsandthe predicatecontrary.

literal(G) « fluent(G). (31)

literal(—G) «+ fluent(QG). (32)
contrary(F,—F) « fluent(F). (33)
contrary(—F, F) < fluent(F). (34)

Finally, to requirethatthe goalmustbe achiezedat every pathof theplan-treewe
addthefollowing rules:

sgoal(T, P) < not not_sgoal(T, P). (35)
not_sgoal(T, P) « finally(F), not holds(F,T, P). (36)
+ used(length, P),not sgoal(length, P). (37)

4 Propertiesof 7 (P)

In previous stablemodel basedplanners[5, 12], reconstructinga plan from a stable
modelof the programencodingthe planningproblemis simple:we only needto col-
lectthe actionoccurrencedelongingto the model,orderthemby thetime they occu,
andwe have a plan,i.e., if the stablemodelcontainsocc(aq,1), ..., occ(a,,n) then
theplanis ay, ..., a,. For 7(P), thereconstructiorprocesss not thatsimplebecause
eachstablemodelof 7(P) represents conditionalplanwhich mig containcondition-
als. Theseconditionals,aswe have discussedefore,arerepresentethy atomsof the
form br(F,T, P, P;). Thuswe have one more dimension(the path number)to deal
with andwe alsoneedto considerthe occurrencesf the branchingliteral of the form
br(F,T,P,P;). LetP = (D, I,G) beaplanningproblemandS be a stablemodelof
«(P), andi, k beintegers.We define:

PE(S) = @is- -5 Qigi—1,k5 Qi k3 1 (F, DE 141 (S), PEL 141 (5))

where0 <, a; i, - - -, ai+1—1, arenon-sensingctions,a;; i is asensingactionthat
determinesf andbr(f,i + 1, k, k1) € S, andocc(as, t, k) € Sfort € {i,...,i+1};
p¥(S) = [] if S doesnot containsomeatomsof the form occ(a, i1, k) for iy > i.
Intuitively, p¥ (S) is aconditionalplanwith therootat (i, k).

We will subsequentlyrove that p} (S) is a solutionto the planningproblem?P.
First, we prove that 7 (P) correctlyimplementsthe O-transitionfunction & (Lemma
1) and no branchingis madewhen non-sensingactionsoccur whereasbranchingis



requiredwhen sensingactionsoccur Assumethat S is a stablemodel of #(P), we
defines; ,, = (T, F) whereT = {f | f isafluent,h(f,i,k) € S}andF = {f| fisa
fluent,h(—f,4,k) € S}.

Lemmal. LetS bea stablemodelof 7(P) whoseinput parametes are length and
level (the maximallengthandwidth of the plan), i, k beintegers,andocc(a, i, k) € S.
Then,
1. if a is a non-sensin@ctionthena is executablen s; i, $(a, s; k) = {Si+1,k}
andbr(f,i,k, k1) &€ S for everypair of a fluentf andaninteger k;; and
2. if a isa sensingactionthatsenses thena is executabldn s; j, and
- unknown(f,i,k) € S,and
- there existssomeinteger k1 < level sudthatused(i, k1) ¢ S, and
bT‘(f, i, k, k1) €S, anddi(a, Sz',k:) = {3i+1,ka Sit1,ke }

With the help of theabove lemmawe canprove thefollowing theorem.

Theorem1. LetP = (D, I,G) be a planningproblemand S be a stablemodelof
7(P). Thenpi(S) is a conditionalplan satisfyingthat D =9 G after pi(S).

Theoreml shaws the soundnessf 7(P). The next theoremshaws thatx(P) is com-
pletein the sensehatit cangeneratall conditionalplanswhich aresolutionsto P.

Theorem?2. Let? = (D, I,G) bea planningproblemand p be a conditional plan
restrictedto the syntaxdefinedn Definition 1. If p is a solutionto P thenthere existsa
stablemodelS of 7(P) suc thatp = pi (9).

5 Experiments and Discussions

We have tested our programwith a numberof domainsfrom theliterature generating
conformantplans|[3, 2,23] aswell asgeneratingconditionalplansfor domainsgiven

in ftp.cs.washington.edu/pub/ai/daamspddl.tgz. The first collectionis the setof do-

mainswithout sensingactionsbut theinitial statesareincomplete.On the otherhand,
domainsin the secondcollectioncontainsensingactions.We describen shortthere-

sultsbelow.

Generating Conformant Plans. Conformantplanscanbe generatedy 7 (P) by set-
ting the numberof brancheof the plan equalsone,i.e., path = 1. In thatcase,each
plangeneratedy «(P) is aconformantplan,i.e.,anactionsequenc¢hatachiezesthe
goalfrom everypossibldnitial state Thisis whatplannersvith incompleteanformation
in [3,2,23] do. We have doneexperimentswith the toilet domains[2] andthe results
shav that our programperformsreasonablywell. For example,the runningtime for

the BT problemwith 9, 10,and11 packagesthe runningtime of our programis 2.92,
3.141,and9.6s,respectiely. Therunningtime for theBTC problemwith 5, 6, 7, 8, and
9 packagess 0.30,1.372,0.630,11.045,and90.570srespectiely. We omit herethe
detailsdueto thelimited space.

9 All experimentswererun on a OmniBook6000Laptopwith 130544Kb RAM, usingLparse
version0.99.52(Windows 2000),April 2000andSMODELSversion2.25.



Generating Conditional Plans. For the medicationproblem(Examplel-2), we run
our examplein smodelswith path = 2 andlength = 4. We obtaineda stablemodel
with thefollowing actionoccurrencesoce(chk, 1,1), occ(med, 2, 1), occ(dr,2,2), and
oce(med, 3,2) andthebranchingditeral br(hyd, 1,1, 2). Thisrepresentsheplan

chk;if (hyd, med, [dr;med]) in Example2.

We tried the programwith somebenchmarksn planningwith incompleteinfor-
mationandsensingactionssuchasthetravelandthe montlale domain.In both cases,
«(P) wasableto generateconditionalplansfor the goal of the problemin lessthana
few minutes.In theseconddomain,it wasableto solve acomplec goalthatthe planner
CoPlag14] wasnotableto find a solutionfor.

Final Remarks. We presenta soundand completelogic programmingencodingof

the planningproblemwith sensingactionsin the presencef incompleteinformation.
Our encodingshaws that model-base@pproacho planningcanbe extendedto plan-

ning with sensingactionsandincompleteinformation.\We are not aware of ary other
model-basegblannerthat dealswith sensingactions.In this paper we concentraten

therepresentatiorssueof theproblem.We arecurrentlyworking ona detailedcompar

isonwith otherplannerghatdealwith sensingactions[8,9,20,19,28]. Sofarwe have

noticedthatmostof theseplannersdo nothave formal correctnesgroofs(unlike ours).

In the future we plan to extendthe logic programmingencodingso that static causal
laws, representingstateconstraintscan be added.We would alsolike to investigate
methodssuchasuseof domainknowledgeto speedup the planningprocess.
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