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Abstract. We presenta logic programmingbasedconditionalplannerthatis ca-
pableof generatingbothconditionalandsequentialconformantplansin thepres-
enceof sensingactionsandincompleteinformation.We prove thecorrectnessof
our implementationandshow thatour planneris completewith respectto the0-
approximationof sensingactionsandtheclassof conditionalplansconsideredin
this paperwhich is largeenoughto cover conditionalplanswith boundedlength
andbranchingfactor. Finally, we presentsomepreliminaryexperimentalresults
anddiscussfurtherenhancementsto theprogram.

1 Intr oduction

Classicalplanningassumesthat agentshave completeinformation about the world.
For this reason,it is oftenlabeledasunrealisticbecauseagentsoperatingin real-world
environmentoftendo nothavecompleteinformationabouttheirenvironment.Two im-
portantquestionsarisewhenonewantsto removethisassumption:howto reasonabout
theknowledgeof agentsandwhat is a plan in thepresenceof incompleteinformation.
Thefirst questionled to thedevelopmentof severalapproachesto reasoningaboutef-
fectsof sensing(or knowledgeproducing)actions[10,15,16,22,24,27]. The second
questionled to thenotionsof conditionalplansandconformantplans. Theformercon-
tainssensingactionsandconditionalssuchasthewell-known “if-then-else”construct
andthelatteris asequenceof actionswhich leadsto thegoalregardlessof thevalueof
theunknown fluentsin the initial state.In this paper, we refer to conditionalplanning
andconformantplanningasapproachesto planningthatgenerateconditionalplansand
conformantplans,respectively.

Approachesto conditionalplanningcan be characterizedby the techniquesem-
ployedin its searchprocessor by theactionformalismthatsupportsits reasoningpro-
cess.Most of the early conditionalplannersimplementa partial-orderplanningalgo-
rithm [8, 9,20,19,28] anduseSituationCalculusor STRIPSasthemainvehiclein rep-
resentingandreasoningaboutactionsandtheireffects.Amongtherecentones,CoPlaS



[14] is a regressionplannerimplementedin SicstusPrologthatusesahigh-level action
descriptionlanguageto representandreasonabouteffectsof actions,including sens-
ing actions;andFLUX [26], implementedin constraintlogic programming,is capable
of generatingandverifying conditionalplans.A conditionalplannerbasedon a QBF
theoremprover, thatdoesnot allow sensingactions,wasalsorecentlydeveloped[21].

Conformantplanning[3, 6,2,23] is anotherapproachto dealwith incompletein-
formation.In conformantplanning,asolutionis asequenceof actionsthatachievesthe
goal from every possibleinitial state.Recentexperimentalresultshows [3] that con-
formantplanningbasedon modelcheckingis computationallycompetitive compared
to otherapproachesto conformantplanningsuchasthoseusingheuristicsto generate
plans[2] or thoseextendingGraphplan[23]. While many conditionalplannerscandeal
with sensingactions,noneof the conformantplannersdoes.But most the important
differencebetweenthe two is that, for someinitial statesanddomainstheremay not
exist any conformantplans,eventhoughconditionalplansmayexist.

In thispaper, wedevelopalogic programmingbasedconditionalplannerwith sens-
ing actionsin thepresenceof incompleteinformation.Theideaof usinglogic program-
mingfor planningwasfirst introducedin [25]. It hasbecomemorefeasiblesincethede-
velopmentof fastandefficientanswersetsolverssuchassmodels[17] anddlv [4]. An-
swersetplannerssolveaplanningproblemby translatingit into a logic programwhose
stablemodelshave a one-to-onecorrespondencewith the plansof the original prob-
lem. This dividesthe plannerdevelopmentinto two parts:the developmentof answer
setsolversandthe methodologyfor plannerencoding;separatingthe implementation
from the representationdetails.While thereareseveral logic programmingencodings
for planningwith completeinformation,thereis only oneproposalfor planningunder
incompleteinformation[6] usinglogic programming.In this paper, we proposea new
logic programmingencodingfor planningunderincompleteinformation.Thenovelty
of ourapproachlies in thatourencodingcandealwith sensingactionsandcangenerate
bothconformantplansandconditionalplans.We will prove the soundnessof our im-
plementationby proving thateachconditionalplangeneratedby theplannerachieves
thegoal.Wealsoshow thattheplanneris completewith respectto the0-approximation
of sensingactionsandtheclassof conditionalplansconsideredin this paper, which is
largeenoughto coverconditionalplanswith boundedlengthandbranchingfactor.

We usethe language��� andits 0-approximationasthe languagefor representing
andreasoningwith sensingactions[24]. We adoptthe 0-approximationof ��� asthe
complexity of theplanningproblemwith respectto this approximation(underlimited
sensing)is NP-complete[1] which is lower thanthe complexity of the problemwith
respectto the � � semantics.This allows us to usedifferentsystemscapableof com-
putingstablemodelsof logic programsin our implementation.Here,we usesmodels
[17] but we believe thatwith little modificationthat takescareof the syntacticdiffer-
encesbetweensmodelsanddlv [4], thecodepresentedin this papercanbeusedwith
dlv aswell1.

Wewill review thebasicsof actionlanguagewith sensingactionsin thenext section.
Afterward,we presentthemain resultof this paper, a logic programmingencodingof

1 dlv is usedin [6] to generateconformantplans.



a conditionalplannerwith sensingactions.We thendiscussthepropertiesof our logic
program.Finally, we discusssomedesirableextensionsof thecurrentwork.

2 Preliminaries

2.1 An Action Languagewith SensingActions

In thissection,we review thelanguage��� with its 0-approximation[24]. ��� extends
the high-level action descriptionlanguage� of Gelfond and Lifschitz [7] by intro-
ducing two new typesof propositions,the knowledge producingpropositionand the
executabilitycondition.

Syntaxof �
	 In � � , anactiontheoryconsistsof two finite anddisjointsetsof names
calledactionsandfluentsanda setof propositionsof thefollowing form:

determines�
������� (1)

causes�
����������������������� ��!#"$� (2)

executable �
�����%�&���������'�
��!�"(� (3)

initially � (4)

where ) is a fluent, * and +�, ’s are fluent literals (a fluent literal is either a fluent) or its negation -.) , written as /10()324)�5 ) and 6 is an action. A k-propositionof the
form (1) statesthat the value of fluent ) will be known after 6 is executed.(2), re-
ferred as ef-proposition, representsthe (conditional)effect of action 6 while (3) (or
ex-proposition) statesa executabilityconditionof 6 . Propositionsof theform (4), also
calledv-propositions, areusedto describetheinitial situation.An actiontheoryis given
by a pair 287:9';�5 where 7 consistsof propositionsof theform (1)-(3) and ; consistsof
propositionsof theform (4). 7 and ; will becalledthedomaindescriptionandinitial
state, respectively.

Two ef-propositionswith preconditions+3<=9$>(>$>?9@+�A and BC<D9(>$>$>$9�B$E respectively are
saidto becontradictoryif they describetheeffectof thesameaction 6 on complemen-
tary * ’s,and F'+3<G9(>$>$>(98+&AIHKJ:F BG<C9(>$>(>$9 B(E�HMLON where P*QLR-S* and -S*TLO* for a fluent* . In thefollowing, we will assumethatactiontheoriesin considerationareconsistent
in thatthey do not containcontradictoryef-propositions.

Actionsoccurringin ef-propositionsandk-propositionsarecallednon-sensingac-
tionsandsensingactions,respectively. In this paper, we assumethat thesetof sensing
actionsandthesetof non-sensingactionsaredisjoint. For simplicity, we will alsoas-
sumethateachsensingactionoccursin at mostonek-proposition.

Conditional Plan In thepresenceof incompleteinformationandknowledgeproducing
actions,weneedto extendthenotionof aplanfrom asequenceof actionssoasto allow
conditionalstatementssuchasif-then-else,while-do,or case-endcase(seee.g.[11,15,
24]). In this paper, we limit ourselvesto conditionalplanswith only the if-then-else
construct.Thereasonsaretwofold. First, it is easyto seethatcase-endcasestatements
canbereplacedby if-then-elsestatements.Second,our intentionis to useananswerset
solver to generateconditionalplans.This impliesthatwewill imposeaupperboundon



the lengthof theplan.Underthis condition,conditionalplanscontainingthewhile-do
statementscouldberepresentedusingtheif-then-elsestatementsaswell. Formally, we
considerconditionalplansdefinedasfollows.

Definition 1 (Conditional Plan).

1. A sequenceof non-sensingactions 6 <CU >(>$> U 6�V ( WYX[Z ), is a conditionalplan.
2. If 6 <CU >$>$> U 6�VG\ < is a non-sensingactionsequence, 6�V is a sensingactionthatdeter-

mines * , and ] < and ]?^ are conditionalplans,then 6 <DU >(>$> U 6�VG\ <=U 6�V U�_ *`2a*&9�] < 9�]?^G5
is a conditionalplan.

3. Nothingelseis a conditionalplan.

To executea plan 6 <CU >$>$> U 6�VG\ <DU 6#V U�_ *`2@*&9�] < 9�]$^(5 , the agentfirst executes6 < 9$>(>$>�6�V . It
thenevaluates* with respectto its knowledge.If it knows that * (resp. -S* ) is true it
executes] < (resp. ]?^ ). If neither * nor -S* is true,thentheplanfails andtheexecution
of theconditionalplanwhich containsthis conditionalplanalsofails.

0-approximation of Semanticsof � 	 In the0-approximationof ��� , ana-state(or
approximationstate)is a pair b4cd9'e�f , where c and e aredisjoint setsof fluents.Intu-
itively, c (resp. e ) is thesetof fluentswhich aretrue(resp.false)in b4cd9'e�f . A fluent* is true (resp.false) in ana-stateghLib8cd9�e�f if *kj
c (resp.*ljme ); and * is known
(resp.unknown) in g if *njocRpke (resp. *rqjocRpke ). A positive (resp.negative)
fluent literal * is saidto hold in b8cd9�e�f if *Ojsc (resp. *Ojte ). An action 6 is exe-
cutablein an a-stateg if 7 containsan ex-propositionexecutable 2@6�9$F�+u<C9$>(>$>?9@+�A&HD5
and +�, ’s hold in g . Executinga non-sensingaction 6 in an a-stateg will causesome
fluents to becometrue, somebecomefalse,somemay becometrue, and somemay
becomefalse2. Thesefour setsof fluentsaredenotedby 0Cvwx28g15 , 0 \wK2@g15 ), eyvwY2@g15 , ande \w 28g15 , respectively. The result function z{0D| of 7 in the 0-approximationis defined
by z{0D|�286&9(b8cd9�e�f�5ML}b4csp
0Cvwh~ e \w 9�e�p
0 \wk~ eyvw f?> Executinga sensing-action6 in
an a-statewill causea fluent to be known. This leadsto the following definition of a
0-transitionfunction:

Definition 2 (Transition Function). Givena domaindescription 7 , the 0-transition
function � of 7 is definedasfollows:

– If 6 is not executablein g , then ��286&9'g15TL�FD��H where � denotesan undefined
a-state.

– If 6 is executablein g and 6 is a non-sensingactionthen ��286&9�g15xL�FCzM0D|�286&9'g15�H .
– If 6 isexecutablein g and 6 isa sensingactionthen��2@6&9�g15�L�F�b8c�p�FC*.H�9�e�f�9Gb4cd9'e�pFC*.HDf�H if *�qj�cop�e and ��286&9�g15�L�FCg�H otherwise, where g�L�b4cd9'e�f and

determines2@6�9�*u5 belongsto 7 3.

We illustratethisdefinitionby themedicationexamplewith sensingactionfrom [23].

2 Spacelimitation doesnotallow usto includeadetailedreview of the0-approximationof ��� .
3 Recallthatwe assumeherethateachsensingactionoccursin only onek-proposition.



Example1. In the medicationexample,a patient is infected (inf ). He can take the
medicine(med) andget curedif he werehydrated(hyd); otherwise,the patientwill
bedead.To becomehydrated,thepatientcandrink (dr). Thecheckaction(chk) allows
usto determineif thepatientis hydratedor not.Thisdomaincanberepresentedin � �
asfollows. �4���
��� ��� ����� �4� ����� ���=�����(�C�
�D�$�%���=�#���("(����4���
��� ��� �����8�3�=��������� ���=�����(�C�
� �?�#�a�=�����#���(�u���=��"(����=� � �?�$� �4� �$�C�
���#¡��%���=�����D���=�����(�C�
� �?�#�%� �8� ���'� �4� �������=��"(���
We assumethat every actionis executablein any a-statein which -`¢�0C6#¢ holds.The

initial a-stateis gI£ML¤b�F _ /¥*.H�9$FG¢�0C6�¢IHCf . We havethat�$¦§'¨ �
©�ª��¬«[�?���=��"D� �C­§�¨ �
©�ª��¬«¯®��� ¦°`± § �
© ª ��«²® � ­°`± § �
© ª ��«¯®��³ ¦§�¨ �
©�ª?��«[�?���=��"D� ³ ­§�¨ �
©�ª?��«¯®��³ ¦°`± § �
© ª ��«[���=������"C� and
³ ­°�± § �
© ª ��«�� �4� ��"D�

This implies that z{0C|�2@¢�´D9'g £ 5{Lµb%F _ /¥*&9'¶I·#¢IH�9$FG¢�0C6�¢IHCf , z{0D|�24¸Q0C¢I9'g £ 5{Lµb@N�9'N�f , andzM0D|�28](¶�W39'g�£C5¹L¤b�F _ /¥*.H�9$FG¢�0G6#¢IHCf . And, we haveº �
�D�$��©�ª?�1«¯�=»@� �4� �������=��"D���?�=���=��"(¼�"D� º �
�½���#��©#ª��.«¯�D»4®���®G¼�"º �
�'�#¡���© ª �1«¯�=»@� �4� �������=��"D�����=�?�=��"$¼���»@� �4� ��"D���?�=���=�#�%������"$¼�"D�
It iseasytoseethatfor eachdomaindescription7 , the0-transitionfunction � isunique.
Theextendedtransitionfunction ¾� which mapspairsof conditionalplansanda-states
into setof a-statesis definednext.

Definition 3. 1. ¾�d286&9'g15¹Lt��2@6�9'g15 ,
2. ¾�d2�¿ À�9�g15ÁL�FGg�H ,
3. For a sequenceof actions 6 < 9$>(>$>(9�6�V , WÃÂ²Z ,¾��2�¿ 6�< U >$>$> U 6 V À�9�g15ÁL ÄÅDÆ4Ç�ÈÉ3Ê w(Ë'Ì ÅDÍ ¾�d2�¿ 6 ^ U >$>(> U 6 V À�9�guÎ
5�9
4. For a conditionalplan ]dLt6 <DU >$>(>$9'6#V U�_ *`2@*&9�] < 9�]$^(5 ,¾�d28]=9�g15¹L�Ï ÅDÆ8Ç�ÈÉ3Ê4Ð w Ë�ÑÓÒÓÒÓÒ Ì w?Ô�Õ�Ì ÅDÍ ¾��2 _ *`2a*&9�] < 9�]?^G5�9'g Î 5 where

¾��2 _ *`2a*&9�](<D9�] ^ 5�9'g15ÁL Ö× Ø ¾��2@](<=9�g15 if * holdsin g¾��2@]?^�9�g15 if -S* holdsin gF=��H otherwise

5. For everyconditionalplan ] , ¾��28]=9��{5¹LoFD��H .

For anactiontheory 2@7:9�;#5 , ana-stateg is calledan initial a-stateof 287
9�;#5 if for any
fluentliteral * , * holdsin g�£ if f “ initially 2@*u5 ” jQ; . It is easyto seethatfor eachaction
theory, the initial a-stateis unique.A 0-modelis a pair 28g £ 9'�¹5 where g £ is the initial
a-stateand � is a 0-transitionfunctionof 2@7:9�;#5 . The0-entailmentrelationof 287:9';�5 is
definednext.

Definition 4. Let 2@7:9�;#5 bean actiontheoryand 2@g�£�9��¹5 bea 0-modelof 287:9';�5 . Let ]
bea conditionalplan and * bea fluentliteral, wesay 7}Ù L £Ú * after ] if �Ûqji¾�Ü28]D9'g�£D5
and * holdsin everya-stateg belongingto ¾��28]=9�g�£D5 .
Example2. For the actiontheory 287:9';�5 in Example1, we have that 7ÝÙ L £Ú -`¢�0C6#¢�Þ- _ /¥* after ] where ]dLt]$¶&W U�_ *`2a¶�·�¢�9�¸Q0C¢I9G¿ ¢�´ U ¸Q0G¢�À45 .



3 A Logic Programming BasedConditional Planner

In this section,we presenta logic programmingbasedapproachto conditionalplan-
ning. Givena planningproblem ßµLà2@7:9�;�9�á�5 , where 287:9';�5 is anactiontheoryandá is a conjunctionof fluent literals4, we will translateß into a logic program â¹2
ßã5
whosestablemodelsrepresentsolutionsto ß . Our intuition behindthis taskrestson
anobservationthateachconditionalplan ] (Definition1) correspondsto a labeledplan
tree cuä definedasfollows.

– For ]ãLi6 <CU >(>$> U 6�V , where 6 , ’s arenon-sensingactions,c ä is a treewith W nodes
labeled6 < , . . . , 6�V , respectively, and 6 , v < is thechild of 6 , for _ L¤å�9$>(>$>?9�Wãæ²å . If]dL¤¿ À , c ä is thetreewith only onenode,whoselabelis / _%ç (theemptyaction).

– For ]ÃLè6 <CU >$>$> U 6�V U�_ *`2a*&9�] < 9�]?^G5 , where 6#V is a sensingactionthat determines*
andother 6 , ’s arenon-sensingactions,c ä is a binarytreewhoseroot hasthelabel6 < , 6 , hasachild with thelabel 6 , v < for _ Loå�9$>$>(>?9'W.æ½å , 6�V hastwo childrenwhich
aretherootsof c ä Ë and c ä�é andthelabelsof thelinks are * and -S* , respectively.

We demonstratethis in Figure1.

ê�I� �
ëCì í

êî
ë$ï

êêð
î

ë ï�ñ ò
êê êó ó ôôêõ÷ö�õø §
îð

ë ï�ñ òañ ù ú�ûüú�ý þ�ý ÿ��
êê êê ê ê ê

óó ô ô
���� �

���� �
õ ö�õ

� ö � � ö �ø Ë ø é § Ë § é
îð Ë ð é

ë ï�ñ ù�ú'û ú�ý ò Ë ñ ù ú�û	��ý þ Ë ý þ é �
ý ò é ñù�ú'û�
$ý ÿ Ë ý ÿ é �	�
Fig.1. Sampleplantrees

For aconditionalplan ] , let ¸ and � betheheightandwidth of c ä . It is easyto see
thatwe canassignto eachnode W of c ä a pair of integers 2�
�9@+&5 , denotedby /¹2@WI5 , such
that 
 is thelevel of W , å��h+���� , and

1. for everypairof leafs W < qLOW�^ of c ä , if /¹2@W < 5¹L 2�
 < 98+ < 5 and /¹2@W�^G5¹L 2�
�^�98+�^G5 then+ < qL +�^ , and
2. if W < 9(>$>$>(9'W�� arethechildrenof W with /¹2aW��D5¹L¤2�
�98+��(5 , then/¹2@W�5¹L 2�
�æyå�9������uF�+ < 9$>(>$>$9@+��(HD5 .

It is easyto seethat /¹2@WI5ÁLn2�å�9(åG5 where W is theroot of thetree5. Oneof thepossible
mappingsfor thetreesin Figure1 is givenin Figure2.

Theaboveobservationsuggestsusto addonemoreparameterto encodeconditional
plans.In our representation,besidesthe maximal lengthof the plan,we have another
parameterdenotingits maximalwidth. Thesetwo parameterswill be representedby
variablesof thetype 
 _ ¸T0 and+&6�
�¶ , respectively. Insteadof thepredicate¶! ç ¢#|�28eK9�cM5
(seee.g.[5,12]) thatsaysthatthefluentliteral e holdsat thetime c , weuse¶.28eK9�cd9#"x5
( $&/¥W#/% ��d/¹2@eK9�cd9&"�5 ) to representthefactthat e is true(unknown) at thenode 28cd9#"x5 .

4 In thesequel,we will show how morecomplex goalscanbeencoded.
5 Wedefinetheheightof a treeto bethelength(numberof nodes)of thelongestpathin it.
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Fig.2. A possiblemappingfor treesin Figure1

We now describetheprogramâ¹2
ßã5 . In our encoding,â¹2
ßã5 consistsof two setof
rules,a setof domaindependentrulesanda setof domainindependentrules.More
formally,

– Thesetof domaindependentrulesconsistsof rulesdescribingthe initial states; ,
thegoal á , andthesetof propositionsof 7 ;

– Thesetof domainindependentrulesconsistsof rulesdescribingthetransitionfunc-
tions � andauxiliary rulessuchasthosegeneratingactionoccurrences,defining
fluentliterals,contraryof fluentliterals,etc.

We next describethesesetsof rules.We begin with thesetof domaindependentrules.

3.1 Domain DependentRules
0 Action theory representation.Weusetwo predicates|(01
 and _ / to definethesortset
andto representthesetmembershipfunction,respectively. Weassignto eachsetof flu-
entliteralsthatoccursin apropositionof 7 adistinguishedname.Theconstant/ _%ç de-
notestheset F�H . A setof literals F�+u<G9$>(>$>$9@+�A&H will bereplacedby thesetof atoms2¤LFC|G01
?2@|C5�9 _ /¹2 +3<G9�|C5 ,. . . ,_ /¹2 +&A39'|C5�H where | is the nameassignedto F�+u<C9$>(>$>?9@+�A&H . With
this representation,propositionsin 7 and ; canbeeasilytranslatedinto a setof facts
of â¹2
ßã5 . For example,a proposition]?6�$3|G0D|�286&9'*&9$F�+u<(9$>$>(>$9@+�A&HC5 with /SÂ[Z is encoded
asa setof atomsconsistingof ]?6�$u|G0C|�2@6�9�*&9'|C5 andtheset 2 ( | is thenameassignedtoF�+3<D9$>(>$>?9@+�A&H ). For example,the ef-proposition“ causes28¸T0C¢�9�¢�0C6�¢�9?FD-S¶�·�¢IHC5 is en-
codedby thesetof rules ]?6�$u|(0D|�24¸Q0C¢I9'¢�0C6#¢�9'|G01
�åG5�>|G01
?2@|G01
�åG5�>_ /¹24/10()u2@¶I·#¢#5�9�|G03
�åC5�>0 Goal representation.For eachfluent literal e in á , thesetof rulesencodingá
containsthefollowing rule: * _ /16 ç@ç ·u28e�5?> (5)

3.2 Domain IndependentRules

Thedomainindependentrulesof â¹2
ßã5 areadaptedmainly from [7]. Thekey difference
is therepresentationof time thathasbeenusedpreviously in [5,12,13] andtheusedof
paths.Themainpredicatesin theserulesare6:

6 Somepredicatessuchastheconventionalabnormalpredicate�54 areusedwith their standard
meaning.



– ¶¥2+"d9�cd9#6�5 : " holdsat 24cÜ9#6�5 ,
– +! =|C| _�7�ç 0#2�8�9�cd9&6�5 : action 8 is executableat 24cÜ9#6�5 ,
–  D]?]=2+8�9�cÜ9#6�5 ( /% D]?]�2�8�9�cd9#6�5 ): action 8 occurs(doesnotoccur)at 24cÜ9#6�5 ,
– ¶�|�2:9`9�cd9&6�5 : 9 - a setof literals- holdsat 28cd9#6�5 ,
– +&¶.2�"Ü9�cd9&6�5 : " possiblyholdsat 24cd9&6�5 ,
– +&¶&|�2+9`9�cd9#6�5 : 9 - a setof literals- possiblyholdsat 28cd9#6�5 ,
– $3|G0C¢&24cd9&6�5 : startingfrom c , thereis a nodelying on thepath 6 ,
– 7 ´�28eK9�cd9#6K9&6 < 5 : node 28cd9#6�5 hastwo children 28c�;Oå�9&6�5 and 24c<;tå�9#6 < 5 , wheree (afluent)holdsat 24c=;tå�9#6�5 and -`e holdsat 28c=;så�9#6 < 5 .

Themainrulesaregivennext. In theserules, c is a variableof thesort 
 _ ¸Q0 , 6K9#6S< are
variablesof the sort +&6�
�¶ , eK9�á arevariablesdenotingfluentliterals (written as e or-`e for somefluent e ), 9 is a variablesetof thesort |G03
 , and 8�9&> arevariablesof the
sort 6�]?
 _  C/ . Therulescanbedividedinto differentgroupsasfollows.

– Rulesencodingtheinitial situation:�&� ³ �A@(�B@?�DC�� �4� ���(���a� ³ ��� �8���
��� ��� ����� ³ ��� (6)���������E@G�&@?�DC (7)

The first rule saysthat if e holds in the initial state( _ / _ 
 _ 6 ç8ç ·u28e�5½j�; ) then it
shouldhold at the node 2�å�9(åG5 ( ¶.28eK9$å�9$åC5 ). The secondrule statesthat we always
start with the constructionof our conditionalplan (or plan tree) from the node2�å�9$åG5 . 7.

– Rulesfor reasoningabouttheeffectsof non-sensingactions:��� ³ �:FHGI@(��Jd�DCLK$�'�(��MÜ�EF¹��Jd���a�'�=�����$�D��Md� ³ �#N1����� (8)�#�D��N3�EF¹��Jd��O4(��P��EF¹��Jd�DCµ���=�����(�C��Md� P���N1��� (9)

K$�'�(��MÜ�EF¹��Jd���������C��Nu�:FÁ�)Jd������ ³ �:FHGI@(��Jd�DC���� ³ �:FÁ��Jd��� � K � �54G� P��:FÁ�)Jd��� (10)

A non-sensingaction,say 6 , changestheworld accordingto the z{0D| function.The
first ruleencodestheeffectsof 6 containingin 0CvwK28g15 and 0 \w�28g15 while thelasttwo
rulescaptureeffectsof removing whatwill possiblybecomefalse e \w 2@g15 (or trueeyvw 28g15 ) from g , thecurrentstate.

– Rulesfor reasoningabouttheeffectsof sensingactions:� �?Q 4'����JS�)J � �%CRJTS«UJ � � (11)

@$�B4'��� ³ �)F¹��J`��J¥���#V � �BQ 4�����J`��J.����"�@WC (12)

K(���G��Md�EF¹��Jd�����=� � ���$� �4� �(�C��Md� ³ ���
Cµ�#���#� ��� � ³ ����JTS«XJ � �)4'��� ³ �EF¹��J`��J � ���%���������YF¹��J � ��� (13)

7 This works dueto the fact that the root of the plan treewill alwayshasthe label �E@G�A@�� , no
matterhow theassignmentfor theleavesis made,if thenumberof pathsis equalthenumber
of leavesof thetreeor thereis a leafwith a label � � �A@�� . Wenotethatourencodingmakessure
thatoneof theleafswill have thelabel �4� � � � � ���#@?� , thusallowing usto startbuilding thetree
from thenode �E@(�A@?� .



Z �?�&� ³ �)FHGI@(��Jd�����&�8� ³ �EF[GI@G�)J � ���%���������YF[G\@G��J � ��" Z (14)

CRJTS«UJ.�����#���#� ��� � ³ ���)4'��� ³ �EF¹��J`��J.������&��P��)F[G]@G�)J.���%CRJTS«UJ.���)4'��� ³ �EF¹��J`��J.����������P��)FÁ�)Jd��� (15)�&��P��)F[G]@G�)Jd�^C_JTS«XJ¥���)4'��� ³ �EF¹��J`��J.�������&��P��)F¹��Jd��� (16)

Whena sensingaction 6 thatsensesafluent * occursin g and * is unknown in g ,��286&9�g15 containstwo states8. In onestate,* is trueandin theother, -S* is true.The
two new stateswill lie ondifferentbranchesof theplan-tree.Rules(11)-(14)encode
just that.We notethat the rules(12) and(14) have a differentsyntaxthannormal
logic programmingrule.They areintroducedin [18] to easytheprogrammingwith
smodels. (12) is satisfiedin astablemodelof aprogramif it containsoneandonly
onememberof theset F 7 ´�28eK9�cÜ9#6K9#6S<(5B` /103� 7 ´�2�6K9#6S<G5�H . Rules(15)and(16)make
surewhateverholdsat thenode 24cÜ9#6�5 will continueto holdat both 28ca;�å�9&6�5 and24ca;�å�9#6 < 5 sincesensingactionsdo not changetheworld.

– Rulesfor reasoningaboutwhatis known/unknown:� � ¡ � KbQ � � ³ ��FÁ�)Jd�DC}�#����� ��� � ³ ��� � K � ¡ � KbQ � � ³ �)F¹��Jd��� (17)¡ � K3Q � � ³ �)FÁ�)Jd�DC}�#����� ��� � ³ ���%�&� ³ �EF¹��Jd��� (18)¡ � K3Q � � ³ �)FÁ�)Jd�DC}�#����� ��� � ³ ���%�&�8� ³ �)F¹��Jd��� (19)

Rulesof this groupareratherstandard.They saythatif afluentis true(or false)at24cd9&6�5 thenit is known at 24cd9&6�5 . Otherwise,it is unknown.
– Rulesfor generatingactionoccurrences:�cKG�?� � 4'� �D��MÜ�:F¹��Jd�dCµ���������YFÁ�)Jd�������C��Nu�:FÁ�)Jd��� (20)�Be����'� � �O4'� �D��MÜ�EN1���

K$�'�(��MÜ�EF¹��Jd�dCµ���������YFÁ�)Jd��� � K � �'�5K$���a�YF¹�)Jd��� (21)�cKG�$� � 4����=��Md�:F¹��Jd��� � K$�'�(��MÜ�)F¹��Jd���� K$�'�(��f��)F¹��Jd�dCµ���������YFÁ�)Jd��� � K � �5K$���a�YF¹��Jd��� (22)

MgS«Uf�� � K � K$�'�G��Md�EF¹��Jd���
ChMgS«Uf��EK(���G��MÜ�:FÁ��Jd���EK(���G��fy�EF¹��Jd��� (23)

Cµ�=� � ���(� �4� �$�C��MÜ� ³ ���)K$�'�(��MÜ�EF¹��Jd��� (24)¡ � KbQ � � ³ ��F¹��Jd���
Thefirst rule of this groupdefineswhenanactioncanbeexecuted.(21)-(22)are

usedto generateactionoccurrences.They makesurethatat leastoneactionoccurs
if the goal hasnot beenachieved.Rule (23) preventsactionsto occur in parallel
while thelastrule doesnot allow a sensingactionthatsenses* to occurwhen * is
known.

– Auxiliary Rules:Rulesin thisgroupdefinethepredicateshs,phandphsandspecify
whenthegoalis achievedon a pathsuchas |$)� D6 ç and )� D6 ç .

���������YF[G\@(��Jd�DCµ���������YF¹�)Jd��� (25)

8 Under the assumptionthat � sensesonly onefluent � and � doesnot have effectson other
fluents.



� ���C��N3�EF¹��Jd�DC}��� � ��N1��� �4� � ³ �#N¥��� � K � �&� ³ �)F¹��Jd��� (26)���C��Nu�+F¹��Jd�DC}��� � ��N1��� � K �u� ���C��Nu�)F¹��Jd��� (27)� �����C��Nu�+F¹��Jd�DC}��� � ��N1��� �4� ��i¹�#N1����� �4� ���(���a��i.� (28)�&K ��� �$�=�(����iS��P������&��P��)F¹��Jd��������C��Nu�+F¹��Jd�DC}��� � ��N1��� � K �u� �����C��Nu�:FÁ��Jd��� (29)����� ³ �+F¹��Jd�DCµ�&K ��� �$�=�(��� ³ ��P���� � K � �&��P��EF¹��Jd��� (30)

Rulesin this groupdefinewhena setof fluentsholds(27), whena fluent literal
possiblyholds(30), andwhena setof fluent literalspossiblyholds(29).Thenext
four rulesdefinefluentliteralsandthepredicate]? C/j
%´D6�´G· .� �4� ���(���a��P��^C}�#����� ��� ��P���� (31)� �
� ���(���a�8�%P��^C}�#����� ��� ��P���� (32)�#K ��� �(�=�$�I� ³ �%� ³ �dC}�#����� ��� � ³ ��� (33)�#K ��� �(�=�$�I�8� ³ � ³ �^C}�#����� ��� � ³ ��� (34)

Finally, to requirethatthegoalmustbeachievedateverypathof theplan-tree,we
addthefollowing rules:�'�5K(���a�YF¹�EJd�DC � K �3� K � �'�5K(���a�YF¹�)Jd��� (35)� K � �'�5K(���a�YF¹�EJd�DC}� �4� ��������� ³ ��� � K � ��K(�����C� ³ �EF¹��Jd��� (36)

Cµ���������4� � � � � ���EJd��� � K � �'�5K$���a�4� � � � � ���EJd��� (37)

4 Propertiesof kml?npo
In previous stablemodel basedplanners[5, 12], reconstructinga plan from a stable
modelof the programencodingthe planningproblemis simple:we only needto col-
lect theactionoccurrencesbelongingto themodel,orderthemby thetime they occur,
andwe have a plan, i.e., if the stablemodelcontains D]$]=286 < 9(åG5 , >(>$> ,  D]$]=286 A 9�/¥5 then
theplanis 6 < 9(>$>(>$9�6 A . For â¹24ßã5 , thereconstructionprocessis not thatsimplebecause
eachstablemodelof â¹24ßã5 representsa conditionalplanwhich mig containcondition-
als.Theseconditionals,aswe have discussedbefore,arerepresentedby atomsof the
form 7 ´�2@eK9�cd9&6K9#6S<(5 . Thus we have one more dimension(the path number)to deal
with andwe alsoneedto considertheoccurrencesof thebranchingliteral of the form7 ´�28eK9�cÜ9#6K9#6S<G5 . Let ßÛL 2@7:9�;�9�á�5 bea planningproblemand 9 bea stablemodelofâ¹2
ßã5 , and _ 9'W beintegers.We define:

+ V, 2+9¹5ÁLt6 , Ì V U >$>(> U 6 , vjq \ < Ì V U 6 , vjq Ì V U if 2a*&98+ V, vjqüv < 2:9¹5�9@+ V Ë, vjq v < 2+9Á5�5
where Zr� ç , 6#, Ì V 9$>(>$>?9'6#, vjq \ < Ì V arenon-sensingactions,6�, vjq Ì V is a sensingactionthat
determines* and 7 ´�2@*&9 _ ; ç 9�W39'W#<�5Kj�9 , and  D]$]=286�s Ì V 9#
�9'W�5xj�9 for 
�j F _ 9(>$>$>�9 _ ; ç H ;+ V, 2:9¹5:L ¿ À if 9 doesnot containsomeatomsof the form  D]?]�286&9 _ <C9�W�5 for _ <¯X _ .
Intuitively, + V, 2+9¹5 is aconditionalplanwith therootat 2 _ 9'W�5 .

We will subsequentlyprove that + << 2:9¹5 is a solution to the planningproblem ß .
First, we prove that â¹2
ßã5 correctly implementsthe 0-transitionfunction � (Lemma
1) and no branchingis madewhen non-sensingactionsoccur whereasbranchingis



requiredwhensensingactionsoccur. Assumethat 9 is a stablemodel of â¹24ßã5 , we
define | , Ì V�Lnb4cd9'e�f wherecOLoFC*
ÙC* is a fluent, ¶.2@*&9 _ 9'W�5Kjt9xH and e¤L¤FC*:ÙC* is a
fluent, ¶¥2a-S*&9 _ 9'WI5xju9xH .

Lemma 1. Let 9 be a stablemodelof â¹2
ßã5 whoseinput parameters are ç 0G/3)c
�¶ andç 01v�0 ç (themaximallengthandwidthof theplan), _ 9�W beintegers,and  D]?]=286&9 _ 9�W�5xj�9 .
Then,

1. if 6 is a non-sensingaction then 6 is executablein |G, Ì V , ��286&9�|(, Ì V 5�L�FC|G, v < Ì V H ,
and 7 ´�2@*&9 _ 9�W39'W#<(5�qju9 for everypair of a fluent * andan integer W�< ; and

2. if 6 is a sensingactionthatsenses* then 6 is executablein | , Ì V and
- $&/¥W#/% ��d/¹2@*&9 _ 9'W�5xj�9 , and
- there existssomeinteger W < � ç 03v#0 ç such that $u|G0C¢�2 _ 9�W < 5�qjt9 , and7 ´�2@*&9 _ 9'W39�W < 5xju9 , and ��286&9�| , Ì V=5ÁL�FC| , v < Ì V�9'| , v < Ì V Ë H .

With thehelpof theabove lemmawe canprovethefollowing theorem.

Theorem1. Let ßÝL�2@7:9�;�9�á�5 be a planningproblemand 9 be a stablemodelofâ¹2
ßã5 . Then+ << 2+9Á5 is a conditionalplan satisfyingthat 7}Ù L £Ú á after + << 2:9¹5 .
Theorem1 shows thesoundnessof â¹2
ßã5 . Thenext theoremshows that â¹2
ßã5 is com-
pletein thesensethatit cangenerateall conditionalplanswhicharesolutionsto ß .

Theorem2. Let ß L 2@7:9�;�9�á�5 be a planningproblemand + be a conditionalplan
restrictedto thesyntaxdefinedin Definition1. If + is a solutionto ß thenthereexistsa
stablemodel 9 of â¹2
ßã5 such that +ÃLl+ << 2:9¹5 .
5 Experiments and Discussions

We have tested9 our programwith a numberof domainsfrom theliterature,generating
conformantplans[3, 2,23] aswell asgeneratingconditionalplansfor domainsgiven
in ftp.cs.washington.edu/pub/ai/domainspddl.tgz.Thefirst collectionis thesetof do-
mainswithout sensingactionsbut the initial statesareincomplete.On theotherhand,
domainsin thesecondcollectioncontainsensingactions.We describein shortthe re-
sultsbelow.

Generating Conformant Plans.Conformantplanscanbegeneratedby â¹2
ßã5 by set-
ting the numberof branchesof the plan equalsone,i.e., +�6�
�¶lLµå . In that case,each
plangeneratedby â¹24ßã5 is a conformantplan,i.e.,anactionsequencethatachievesthe
goalfrom everypossibleinitial state.Thisis whatplannerswith incompleteinformation
in [3, 2,23] do. We have doneexperimentswith the toilet domains[2] andthe results
show that our programperformsreasonablywell. For example,the running time for
theBT problemwith 9, 10,and11 packages,therunningtime of our programis 2.92,
3.141,and9.6s,respectively. Therunningtimefor theBTC problemwith 5, 6,7, 8, and
9 packagesis 0.30,1.372,0.630,11.045,and90.570s,respectively. 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(Example1-2), we run
our examplein smodelswith +�6�
�¶ Lxw and ç 0G/3)�
�¶hLzy . We obtaineda stablemodel
with thefollowing actionoccurrences: D]?]=2@]$¶&W39$å�9$åG5 ,  D]$]=24¸Q0C¢I9Aw�9$åC5 ,  D]?]=2@¢�´D9Aw�9&w�5 , and D]?]=24¸Q0C¢I9&{�9Aw�5 andthebranchingliteral 7 ´#2a¶�·�¢�9$å�9$å�9Aw�5 . This representstheplan]$¶�W U�_ *`2@¶I·�¢I9�¸T0C¢�9(¿ ¢�´ U ¸Q0C¢=À45 in Example2.

We tried the programwith somebenchmarksin planningwith incompleteinfor-
mationandsensingactionssuchasthe travelandthemontlake domain.In bothcases,â¹2
ßã5 wasableto generateconditionalplansfor thegoalof theproblemin lessthana
few minutes.In theseconddomain,it wasableto solveacomplex goalthattheplanner
CoPlas[14] wasnot ableto find a solutionfor.

Final Remarks. We presenta soundand completelogic programmingencodingof
theplanningproblemwith sensingactionsin thepresenceof incompleteinformation.
Our encodingshows thatmodel-basedapproachto planningcanbe extendedto plan-
ning with sensingactionsandincompleteinformation.We arenot awareof any other
model-basedplannerthatdealswith sensingactions.In this paper, we concentrateon
therepresentationissueof theproblem.Wearecurrentlyworkingonadetailedcompar-
isonwith otherplannersthatdealwith sensingactions[8,9,20,19,28]. Sofarwe have
noticedthatmostof theseplannersdonothaveformalcorrectnessproofs(unlikeours).
In the future we plan to extendthe logic programmingencodingso that staticcausal
laws, representingstateconstraints,canbe added.We would also like to investigate
methodssuchasuseof domainknowledgeto speedup theplanningprocess.
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