
ReasoningAbout Actions in Prioritized Default Theory

TranCaoSonandEnricoPontelli

Departmentof ComputerScience
New Mexico StateUniversity�

tson,epontell � @cs.nmsu.edu

Abstract. Thispapershowshow actiontheoryin thelanguage� canbenaturally
encodedusingprioritized default theory. We alsoshow how prioritized default
theorycanbeextendedto expresspreferencesbetweenrulesandformulae. This
extensionprovidesanaturalframework to introducepreferencesover trajectories
in � . We illustratehow thesepreferencescanbeexpressedandhow they canbe
representedwithin extendedprioritizeddefault theory. We alsodiscusshow this
framework canbeimplementedin termsof answersetprogramming.

1 Intr oduction

Researchin reasoningaboutactionandchange(RAC) hasbeenconcentratedon de-
velopingformalismsfor representingandreasoningaboutactionsandtheir effects.In
general,anactiontheoryis a setof propositionswritten in a specializedlanguagesuch
assituationcalculus[12], eventcalculus[7], STRIPS[2], actiondescriptionlanguage
[15,4] etc. that wasdevelopedfor representingandreasoningaboutactionsandtheir
effects.Thesemanticsof anactiontheoryis thendefinedby anentailmentrelationthat
determineswhatwill betrueafteranactionsequenceis executedfrom a givenstate.

For several years,the frame problem[12], the ramificationproblem[6], and the
qualificationproblem[11] havebeenatthecenterof RAC’sresearch.In short,theframe
problemis theproblemof describing,in a conciseway, thenon-effectsof actions,i.e.,
to expresswhatdoesnot change afteranactionis executed.Theramificationproblem
is concernedwith the representationof staticdomainconstraintsor indirecteffectsof
actions.The qualificationproblem,on the otherhand,is concernedwith actionsthat
maynot beexecutablein a certainsituation.To date,solutionsto theseproblemshave
beendiscussedin severalRAC’s approaches.

In this paperwe show thatprioritizeddefault theory[5] providesa naturalframe-
work for representingandreasoningaboutactionsandtheir effects.We show that by
viewing dynamicandstatic causallaws as rulesand the inertial law asdefaults,ac-
tion theories—inthis work we concentrateon the language� [4]— canbe translated
into semanticallyequivalentprioritizeddefault theories.The novelty of this work is a
methodologyof translatingactiontheoriesinto prioritizeddefault theory. Furthermore,
we proposean extensionof prioritized default theory in which preferencesbetween
rulesandformulaecanbeenforcedin theprocessof proving consequences.Theadvan-
tageof this new formalismis that it providesa convenientway to incorporatedifferent
formsof preferencesin theprocessof representingandreasoningabouttrajectories(or
plansin deterministicactiontheories).Conventionallogic-basedapproachesto reason-
ing aboutactionsprovide theability to derive trajectoriesleadingto statessatisfyinga



predefinedgoal.Nevertheless,in many situations,it is desirableto find one,amongsev-
eralpossibletrajectories,thatsatisfiescertainconstraints.Thus,wewould like to allow
theactionlanguageto includeadescriptionof users’preferencesin how to accomplish
the goal. In this work we explore alternative forms of preferencesat the level of the
actionlanguage:(1) preferencesbetweenactions;(2) preferencesbetweenfinal states;
(3) generalpreferencesbetweentrajectories.Thesepreferencescouldbeviewedassoft
constraintson a trajectoryor a plan,thatmayor maynot besatisfieddependingon the
particularsituation.We illustratehow thesedifferentformsof preferencescanberep-
resentedandhandledin thecontext of prioritizeddefault theories.As a consequences,
prioritized default theoryandits implementationin logic programmingautomatically
provideaneffectivemethodologyto derivepreferredtrajectories.

2 Background

2.1 The Action Language �
In this section,we presentthebasicterminologyassociatedto thelanguage� [4]. The
alphabetof � consistsof two nonempty, disjoint sets, � and � , of fluentnamesand
actionnames, respectively. A fluentliteral is a fluentnamepossiblyprecededby � . A
domaindescription(or domain) is a setof propositionsof theforms

� causes 	 if 
���
�������
�
�� (1)

	 if 
���
�������
�
�� (2)� executableif 
���
�������
�
�� (3)

where � is an actionnameand 	 and 
�� ’s arefluent literals.They arecalleddynamic,
staticlaws, andexecutabilityconditionrespectively. Thedynamiclaw (1) representsthe
effectof action � onfluent 	 while thecausallaw (2) statesthatthefluent 	 will betrue
in any statein which 
���
�������
�
�� aretrue.Theproposition(3) representstheconditions
underwhich theaction � canbeexecuted.Axioms in � arepropositionsof theform

initially 	 (4)

where 	 is a fluent literal. This axiomstatesthatthefluentliteral 	 is truein theinitial
state.Finally, a queryin � is of theform

� after � (5)

where � is a fluent formulaand � is a sequenceof actions.Intuitively, thequeryasks
whetherthefluentformula � is truein all thestatesresultingfrom theexecutionof the
actionsequence� from the currentstate.An action theory is a pair ����
�� � , where �
is a collectionof propositionsof the type (1)–(3), calleda domaindescription, while� is a collectionof propositionsof type (4), calleda initial state. The next example
illustratestheuseof thelanguage� in describingasimpledynamicdomain.

Example1. Considerthe problemof describingthe functioning of a briefcase[20];
the briefcaseis provided with two clasps,andit will not openunlessboth claspsare



unfastened.Thedomaindescriptionmakesuseof thefluents
open briefcaseis open
fastened �"!#� clasp ! is fastened

We provideasingledomainactionto changethestatusof theclasp:
unfastened ��!#� causes � fastened �"!#�

Finally, a staticcausallaw is usedto propagatetheeffectof unfasteningbothclasps:
open if � fastened ��$&% �(' 
 � �)
*� fastened ��$&% �(' 
,+��

A domaindescriptiongivenin � definesa transitionfunction( - ) from actionsand
statesto asetof states.Intuitively, givenanaction � andastate' , thefunction - defines
the setof states-.� � 
 ' � thatmay be reachedafter executingthe action � in state ' . If-.� � 
 ' � is anemptysetit meansthat � is not executablein ' .

Let � be a domaindescriptionin � . An interpretation / of the fluentsin � is
a maximalconsistentsetof fluent literals from F. A fluent 	 is saidto be true (resp.
false)in / if f 	102/ (resp.�3	102/ ). Thetruth valueof a fluent formula in / is defined
recursively over thepropositionalconnectivesin theusualway. For example, 	5476 is
true in / if f 	 is true in / and 6 is true in / . We saythata formula � holdsin / (or /
satisfies� ), denotedby /98 : � , if � is truein / .

Let ; be a consistentset of fluent literals and < a set of static causallaws. We
say that ; is closedunder < if for every static causallaws “ if �>=?
��@
�������
�
,�,AB
?	C� ”
in < , if =?
��@
�������
�
,�,AEDF; thensodoes 	 . By G %IHJ��;�� we denotethe leastconsistent
set of literals from � that contains ; and is also closedunder < . A stateof � is
an interpretationof the fluentsin F that is closedunderthe setof static causallaws
belongingto � . An action � is executablein astate' if thereexistsa proposition

� executableif 	B�K
������&
*	��
in � suchthat ' 8 :L	 � 4M�����N4O	 � � If P � executableif Q�RKSUTWV V belongsto � , then � is
executablein everystateof � . The immediateeffectof an actiona in state' is thesetX � � 
 ' �Y:Z=�	O8�� containsa dynamicallaw “ � causes	 if 	[�K
�������
?	�� ”

and ' 8 :\	 � for ]3:Z^[
������&
`_aA .
For adomaindescription� , -.� � 
 ' � , thesetof statesthatmaybereachedby executing� in ' , is definedasfollows: if � is executablein ' , then

-.� � 
 ' �b:c= ' V 8 ' V is a stateand ' V :\G %Id3eb� X � � 
 ' �gf#� 'bhi' V ���*A
where�kj is thesetof staticcausallawsin � ; if � is notexecutablein ' , then -.� � 
 ' �Y:l
. Everydomaindescription� in � hasauniquetransitionfunction - , andwesay - is

thetransitionfunctionof � .

For adomain� with transition- , asequence'�m@� � ' � ����� � � ' � where' � ’sarestatesand� � ’sareactionsis calleda trajectoryin � if ' �on � 0i-.� ' �`
 � �pn � � for ]Y02=@qr
������)
`_5st^[A .
A trajectory '�m@� � ' � ����� � � ' � is a trajectoryof a fluentformula u if ' � 8 :\u .

A domaindescription� is consistentif f for every action � andstate' , if � is exe-
cutablein ' , then -.� � 
 ' �wv: l . An actiontheory ���7
�� � is consistentif � is consistent
and ' m :x=K	#8CP initially 	 V V 07�wA is a stateof � . An actiontheory ���7
?�y� is complete
if, for eachfluent 	 , we have thateither“ initially 	 ” or “ initially �3	 ” belongsto � .



' m will becalledtheinitial stateof ���7
?�y� . Finally, for anactiontheory ����
�� � whose
initial state' m andanactionsequence�#: � �K
�������
 � � , wesaythatthequery � after �
is entailedby ����
�� � , denotedby ���7
?�y�z8 : � after � if for every possibletrajectory'�m@� � ' � ����� � � ' � , � holdsin ' � .

In whatfollows,we will consideronly consistentandcompleteactiontheories.We
will alsoomit thedescriptionof thesetof actionnamesandthesetof fluentnames.

Example2. Let �k{ be the domaindescriptionin Example1 and � be the initial state
containsthethreepropositions

initially � open 

initially � fastened ��$�% �W' 
 � �&
 and
initially � fastened ��$�% �W' 
�+��&�

Theinitial state'�m in thisactiontheoryis

=K� open 
?� fastened ��$&% �W' 
 � �&
?� fastened ��$&% �W' 
�+��)AB�
Theactionunfastened ��$�% �W' 
 � � is executablein '�m . We caneasilycheckthat

if ' 0i-.� unfastened ��$�% �W' 
 � �&
 '�m � then ' 8 :\� fastened ��$&% �W' 
 � �)�
This implies that ���k{�
?�y�|8 :}� fastened ��$�% �W' 
 � � after unfastened ��$&% �(' 
 � � . If
we consideralsotheactionunfastened ��$&% �W' 
�+@� thenwe canobtain

if ' �~0i-.� unfastened ��$&% �(' 
 + �)
 ' + � and ' + 0i-.� unfastened ��$&% �W' 
����)
 ' m �
then ' � 8 : open �

Hence,��� { 
?�y�.8 : open after unfastened ��$&% �W' 
��&�)
 unfastened ��$�% �W' 
 + � .

2.2 Prioritized Default Theory

Prioritizeddefault theoryhasbeendiscussedin [5]. In this paperwe decidedto rely on
prioritizeddefault theorybecauseof two majorreasons.Firstof all, its syntaxis simple
andintuitive.Furthermore,thesemanticsof prioritizeddefaulttheoryis definedin terms
of logic programsandanswersetsemantics[3]. Not only this avoidsthecreationof an
ad-hocsemantics,but this alsoallowsusto reuseexisting inferencesystemsdeveloped
for answersetsemantics(e.g.,smodelsanddlv) to computetheentailmentrelationof
prioritizeddefault theory. In this paperwe begin with thetheoryproposedby Gelfond
andSonin [5]. Wethenextendit to allow new typeof preferencessuchasthosebetween
rulesor formulasto beencoded.

A prioritizeddefault theorycomprisesof facts,defaults,rules,andpreferencesbe-
tweendefaults.Rulesanddefaultsareusedto derivenew conclusions.Nevertheless,the
useof rulesanddefaultsis different.A rule is usedto derivea conclusionwheneverall
its premisesaresatisfied.Ontheotherhand,adefaultcanbeusedto deriveaconclusion
aslong assuchconclusiondoesnot introduceinconsistenciesinto thetheory—evenif



all its premisesaresatisfied.Formally, a default theoryover a multi-sortedlogic lan-
guage� (or adomain) is asetof literalsof theform

� ;�%��(� � 
?% m 
@� %���
������&
�%I���"�)� (6)� ��	 � ;,%��&� � 
�% m 
@� %���
������&
�%I���"�)� (7)


 � �K	�� � � � � 
 � +��)� (8)

where� is arulename,
� 
 � � 
 � + aredefaultnames,% m 
�������
�% � areliteralsof thelanguage� , and ��� is thelist operator. For a rule � , let �)� �B� � � � denotethelist � % � 
������&
�% � � andlet� � � � � � � denotetheliteral % m . Similarnotationwill beusedfor defaults.Weassumethat

default namesandrule namesaretwo disjoint sets.Thesemanticsof a default theory�
is definedby the answersetsemanticsof a logic program,consistingof

�
andthe

following setof independentaxioms:� Rulesfor Infer ence:� ��% � ' �����Y� � ;�%��(����
?��
?��� �B� �&
 � ��% � ����� �[� �)� (9)� ��% � ' �����Y� � ��	 � ;,%��&���7
?��
?��� �B� �&
 � ��% � ����� �[� �)
 (10)

_��K� � ��	�� � ��� � ���9�&
`_��K� � ��% � ' ���a���)�� ��% � �����I�b� (11)� ��% � �`� ��8 � �I�Y� � ��% � ' ���#�)
 � ��% � � � �)� (12)

� Rulesfor DefeatingDefaults:� ��	�� � ��� � ���|�a� � ��	 � ;�%"�&����
���
?��� �B� �)
 (13)� ��% � ' ���a���)�� ��	�� � ��� � ���|�a� � ��	 � ;�%"�&����
���
?��� �B� �)
 (14)� ��	 � ;�%"�&���5��
?���K
?��� �B� �&�&


 � ��	�� � ���5�K
��|�)
� ��% � ����� �B� �&�&

_��K� � ��	�� � ��� � ���5�)�&�

Thiscollectionof axiomsis differentfrom theoriginalonepresentedin [5]:
1. we do not distinguishbetween

� ��% � ' and
� ��% � ' � � � ��	 � ;,%�� , sinceour goal is to

useprioritizeddefault theoriesin reasoningaboutactions;in this context it is not
interestingto know whethera fluentis madetrueby anactionor by inertia1.

2. in rule (14)we do not require � and �7^ to beconflictingdefaults.

3 Action TheoriesasPrioritized Default Theories

We will show now how eachactiontheorycanbe representedby a prioritizeddefault
theory, whosesemanticscoincideswith the action theory’s entailmentrelation. The
languageto representanactiontheory ����
�� � in prioritizeddefault theoriesconsistsof

1 Thereareotherapproachesin reasoningaboutactionsthatdoemphasizethispoint,but weare
not interestedin this distinctionat thispoint in time.



� atomsof theform 	a� � � ( 	 is trueat thetime moment
�

),� atomsof theform 
�� 'K' ]>�&%��(� � 
 � � ( � is executableat thetime moment
�

),� atomsof theform ��$&$N����
 � � (action � occursat thetimemoment
�

),� rule namesof theform
�B� _ �B� ]>$N��	,
 � 
 � � ,� rule namesof theform $ � ; '@� %���	,
 � � ,� rule namesof theform �@���K$);,� � �)%��(� � 
 � � ,� default namesof theform ]�_�� � �>] � %���	,
 � � ,

where 	 is a fluent literal, � is anaction,and
�

is anintegerrepresentingunitsof time
along a history. The translationof an action theory ���7
?�y� into a prioritized theory  ���7
?�y� is asfollows2:� For eachdynamiclaw “ � causes	 if 
 � 
������&
�
 � ” in � ,

  ���7
?�y� containstherules

� ;,%��¡� �[� _ �¡� ]�$[��	,
 � 
 � �)
*	a� �y¢ ^K�)
�� 
���� � �)
������&
�
��C� � �)
�
�� 'K' ]>�&%��(� � 
 � ���"�U�£��$�$N� � 
 � �
(15)� For eachexecutabilitycondition“ � executableif 6@�N
������&
?6�� ”,

  ���7
?�y� contains

� ;�%��(���@���K$);,� � �)%��(� � 
 � �)
�
�� 'K' ]��)%��(� � 
 � �)
@� 6K�*� � �&
������&
?6��J� � �>�I� (16)

� For eachstaticcausallaw “ 	 if 
 � 
������&
�
 � ”,
  ���7
�� � containsthesetof rules

� ;�%��(��$ � ; '@� %`��	,
 � �&
?	a� � �)
�� 
 � � � �)
�������
�
 � � � ���"� (17)

� Theinertial axiomis representedby thesetof defaults� �K	 � ;�%"�&��]�_�� � �>] � %`��	,
 � 
 � �&
?	a� �#¢ ^@�&
�� 	a� � �>�I� (18)

where 	 is a fluentliteral, � is anaction,and
�

is asequenceof actions.� Finally, for eachaxiom“ initially 	 ” in � ,
  ���7
�� � containsthefact� ��% � ' ��	a��q¡�`�)� (19)

For eachaction theory ���7
�� � , let
 #¤ ���7
?�y� be the logic programconsistingof (i)

Thesetof independentrules(9)-(14);(ii) Thesetof rules(15)-(18)in which
�

ranges
betweenq and _ , and(iii) Thesetof factsof theform (19). In thenext two theorems,
we prove thecorrectnessof

 O¤ ���7
�� � . That is, we prove that the semanticsprovided
by theprioritizeddefault theorycoincideswith theactiontheorysemantics.Let ¥ be
ananswersetof

 O¤ ���7
�� � . Let ' � ��¥c��:F=K	M8 � ��% � ' ��	a��]��`�.0O¥¦A¡� We begin with the
soundnessof

 O¤ ���7
�� � .
Theorem1. Let ���7
?�y� be a completeand consistentaction theory. Then,for every
sequenceof actions � �K
�������
 � ¤ such that thereexistsa trajectory ' m � � ' �U����� � ¤ ' ¤ ,� for everyanswerset ¥ of #¤ ���7
?�y��fO=K��$&$N� � �`
`]gs§^@�.8�]a:Z^B
������&
*¨,AB
' �on � ��¥c��0i-.� � 
 ' �?��¥c��� for every ] , qJ©ª]b©«¨�s§^ ;� for everytrajectory ' m � � ' V � ����� � ¤ ' V ¤ thereexistsananswerset ¥ of  ¤ ���7
?�y�CfO=@��$�$N� � � 
�]gs§^@�.8K]3:c^B
������&
*¨,AB


such that ' � ��¥c�b: ' V� for every ] , ^ ©§]Y©¬¨ .
2 In all of therulesanddefaults, ­ is anintegerrepresentingtimeunits.



4 Computing the Entailment Relation ® ¯
Theprogram

  ���7
?�y� canbeimplementedusingsmodels[14]. To makethispossible,
we needto introducea collectionof predicatesto overcomethelimitationsof theinput
language;in particular, smodelsdoesnot supportthe list operatorandrequiresfinite
domainsanddomainpredicatesto performgrounding.

Let uscall thesmodelsprogram°b¥L���7
?�y� . It is similar to theimplementationsof
answersetplanningproposedin the literature[8,18]. It makesuseof a time variable
representingtime instantsalongatrajectory. In all rulesdescribedbelow, wedenotethe
timevariablewith

�
. Theprogram°b¥L���7
?�y� makesuseof thefollowing predicates3:� for eachaction� andfor eachfluent 	 weintroducethefacts� $)�>]>�K_Y� � � and 	�%";��@_C�&��	C� .� eachrule of theform

� ;,%��¡� �[� _ �¡� ]�$[��	,
 � 
 � �)
*	a� �y¢ ^K�)
�� 
���� � �)
������&
�
��C� � �)
�
�� 'K' ]>�&%��(� � 
 � ���"�U� ��$&$N� � 
 � �)�
is encodedasthesmodelsrule

� ;�%��(� �B� _ �B� ]>$N��	,
 � 
 � �&
`� � ;,�(��	,
 �2¢ ^@�&
�
 � �K$&�K_ � ]��>]��K_ ' �@�&� � 
 � �`�
� ��$&$[� � 
 � �&� (20)

where the predicate� � ;��¡��	,
 � � representsthe truth value of the fluent literal 	
at time

�
(if
� ��% � ' �"� � ;��¡��	,
 � ��� is true, then 	 is true at time

�
). The predicate
 � �K$&�K_ � ]��>]>�K_ ' �@�&� � 
 � � is definedby thefollowing rules:

]�_Y�"� � ;��¡�±
 � 
 � �&
�
 � �K$&�K_ � ]��>]��K_ ' �@�&� � 
 � �`�)�²�²�²
]�_Y�"� � ;��(�³
���
 � �)
�
 � �K$&�K_ � ]��>]>�K_ ' �@�&� � 
 � ���)�

]�_Y�"� � ;��(�³
�� 'K' ]��)%��(� � 
 � �`�&
�
 � �K$&�K_ � ]��>]>�K_ ' �@�&� � 
 � ���)�
Similarencodingis usedfor therulesof theform (16)-(18).� Thetwo rules(11)-(12)arereplacedby therules

' �@�&�"_C]>%��Y� (21)

_��K� � ��% � ' ' �@�&��°b�Y� ' ���&��°Y�)
�]�_Y��´µ
?°b�)
`_��K� � ��% � ' ��´w�)� (22)� ��% � ' ' �@�&��°b�Y� ' ���&��°Y�)
�_��K�¶_��K� � ��% � ' ' �@�&��°Y�)� (23)

Theserulesstatewhena set(thebodyof a rule or a default is true).Thefirst rule
definedtheconstant_C]>% representingtheemptyset.� Thepredicate_ �¡� � is usedto definethenamesof rulesanddefaults,e.g.,_ �¡� �(� �B� _ �¡� ]>$N� � 
*	,
 � ��� is introducedfor thedynamiclaw “ � causes	 if 
C�K
�������
�
,� .”� Thepredicate$��K_C� �K�¡� � , definedby therule $&�K_C� ���¡� � �"� � ;,�(����
 � �)
`� � ;��(���a��
 � �`� ,
is introducedto derive the negation of a literal in the prioritized default theory
language.This is usedto facilitate the applicationof defaults and rules, i.e., to
implementtherules(10), (13),and(14).

3 smodelscodesfor someexamplesandthedomainindependentrulescanbefoundat
www.cs.nmsu.edu/tson/preferences.



Let ���7
?�y� beacompleteandconsistentactiontheory, andlet �2: � ��
�������
 � � bea
sequenceof actions.With °Y¥ � ����
�� � we denotetheabovesmodels-rulesfor ����
�� �
in whichthetimevariablerangesfrom q to _ . With °Y¥c·C���7
�� � wedenotetheprogram
containing°Y¥L¸ · ¸o���7
�� � andthesetof actionoccurrences=@��$�$N� � � 
?qB�&
������&
���$�$N� � � 
�_�s^@�*A . Following the resultfrom [10,18] we canshow that °Y¥ · ���7
?�y� and

  · ����
�� �
have “equivalent”answersets—eachanswersetof °Y¥ · ���7
?�y� canbeconvertedinto
ananswersetof

  · ���7
?�y� andviceversa.

5 Finding a Trajectory using ¹9º¼» ½@¾À¿�ÁªÂ
Thediscussionin theprevioussectionshows that °Y¥ � ����
�� � canbeusedto compute
theentailmentrelationof ���7
?�y� . In this section,we discusstheuseof °Y¥ � ���7
?�y� in
findinga trajectory '�m�� � ����� � � ' � thatsatisfiesthefollowing properties:

1. ' �i8 : � for somegivenfluentformula � —this meansthatthetrajectoryis a possi-
bleplanto accomplishthegoal � ;

2. the trajectory ' m � �U����� � � ' � satisfiessomesoft constraintsthat are expressedas
preferencesbetweenactions,betweenfluentformula,or betweenthetrajectories.

5.1 Finding A Trajectory for Ã
Let ���7
�� � beanactiontheoryand � beaconjunctionof fluentliterals 	 � 4~�����I4µ	 ¤ 4. We
areinterestedin finding a trajectory '�mK�Bm ����� � � ' � for � . As it is customaryin answer
setplanning,weaddto °Y¥ � ���7
?�y� thesetof rulesto generateactionoccurrencesand
to representthegoal.Thissetof rulesconsistsof:

Ä � � %`� � �3�Å�>] � �(� � �)
 � ��% � ' �"� � ;��¡��	 � 
 � �`�&
 (24)

������
� ��% � ' ��� � ;��(��	 ¤ 
 � ���)�
�Å_��K� Ä � � %`��%��@_ Ä � � �&� (25)

^N=@��$�$N����
 � ��Æ � $)�>]>�K_Y���~�*A¡^��Å�>] � �(� � �)
 �\Ç %��@_ Ä � � � (26)

Let °Y¥ZÈCÉoÊ �(Ë � ���7
?�b
 � � betheprogramconsistingof therulesof °b¥ � ���7
�� � andthe
setof rules(24)-(26),in which time variabletakesvaluesfrom q to _ . It is easyto see
thatthefollowing holds:

1. If ' m � �U����� � � ' � is a trajectoryfor � then °Y¥ ÈCÉoÊ �(Ë � ���7
?�b
 � � hasananswerset ° 5

suchthat
(a) ��$&$N� � � 
�]gs§^@��07° for every integer ] , ^z©ª]b©ª_ , and
(b) ' � :c=K	O8 � ��% � ' �"� � ;��(��	,
`]�����0i°�A .

2. If °Y¥ZÈCÉpÊ �(Ë � ����
���
 � � hasananswerset ° suchthat
(a) ��$&$N� � � 
�]gs§^@��07° for every integer ] , ^z©ª]b©ª_ , and
(b) ' � :c=K	O8 � ��% � ' �"� � ;��(��	,
`]�����0i°�A
then ' m � �U����� � � ' � is a trajectoryfor � .

4 Fluentformulacanbedealtwith asin [18].
5 Observe that Ì is actuallya stablemodel.



5.2 Finding a PreferredA Trajectory

A trajectoryfor a fluent formula � is a possibleplanto achieve � . In many situations,
it is desirableto find one,amongseveralpossibletrajectories,thatsatisfiescertaincon-
straints.For example,riding a bus and � � ��] aretwo alternativesto go to the airport.
An agentmight chooseto take thebusbecausehedoesnot like taxi drivers.But he is
willing to takethetaxi if thebusdoesnot run.Here,theagenthasapreferencebetween
theactionshecanexecuteandhewould liketo choosethetrajectorythatsuitshim best.
We will call this a preferencebetweentrajectoriesanddiscusshow we cangenerate
trajectoriessatisfyinganagent’spreferencesusing °Y¥ZÈCÉoÊ �WË � ���7
?�b
 � � . In theprocess,
we extendtheprioritizeddefault theoryfor representingthepreferencesbetweenrules
andliterals.We will discusspreferencesbetweenactions,formulas,andtrajectories.

PreferencesBetweenRules.To saythatwedonotpreferarule � meansthatwedonot
wantto use� . It doesnotnecessarilymeanthat � cannotbeapplied,but it meansthatif� canbereplaced,thenwe shoulddo so.For this reason,weuseliteralsof theform

�&%���$�¨C� � 
�� %��@
�������
�%I���I�&� (27)

to describeconditionsunderwhich a rule � shouldnot be used.In particular, literals
of this typecanbeusedto representpreferencesbetweentherules.For example,if we
wantto expressthefactthatif two rules � � 
 � + havethesameconsequenceandweprefer
to use� + insteadof � � , thenwe canwrite �)%���$�¨C� � � 
*�)� �B� � � +K�`�&�

To implementthenew typeof rulesin prioritizeddefault theory, wereplacerule (9)
by thefollowing rule:� ��% � ' �����Y� � ;,%��(���J
���
���� �B� �)
 � ��% � ����� �B� �&
`_��K�a�)%���$�¨r� � ���z�&� (28)

andaddthenext rule to
  ����
�� � :

�&%���$�¨W� � ���z�Y�Í�)%���$�¨C����
?��� �B� �)
 � ��% � ����� �[� �&� (29)

Thisis usedto blocktheapplicationof therule � . Observethatblockingaruleis differ-
entthandefeatingadefault;arulecanbeblockedonly at theexplicit will of thedomain
specifier, while adefault canbedefeatedif its applicationintroducesinconsistencies.

We now show thatthis modificationallowsusto dealwith preferencesbetweenac-
tions.Weassumethatwehaveanirreflexivepartialorderbetweenactions,
 � ��	�� � � � 
*�&� ,
to representthepreferencesbetweenactions.Intuitively, thismeansthataction � is pre-
ferredto action � andwe would like to considerall the trajectoriescontaining� in the
placeof � beforeconsideringthosecontaining� . Moreprecisely:

Definition 1 (PreferredTrajectory). A trajectory �1: '�m�� � ' � ������
 � � ' � is saidto be
preferredto a trajectory ÎÏ: '�m � � ' V � �����&
?� � ' V� with respectto a setof preferencesÐ ,
denotedby �tÑ È Î , if

1. thereexistsan integer ] , ^ ©§]b©ª_ , such that 
 � ��	�� � � � ��
?�)���µ0EÐ , and
2. for everyinteger Ò , ^z©MÒ Ç ] , 
 � ��	�� � ����Ó[
 � Ó@�~v07Ð .

Definition 2 (Most Preferred Trajectory). A trajectory �«: � �K
�������
 � � is said to be
a most preferredtrajectory with respectto a set of preferencesÐ if there exists no
trajectory Î such that ÎMÑ È � .



Remark1. Ñ È is anantisymmetric,transitive,andirreflexiverelation.

Let usnow encodethepreferencesbetweenactionsasrulesof °Y¥ZÈ�ÉoÊ �(Ë � ����
�� � . For
simplicity, insteadof translatingthesetof preferencesbetweenactionsinto literalsof
theform (27)wewill encodeit directly into logic programming.For each
 � ��	�� � � � 
?�&� ,
andfor eachdynamiccausallaw P � causesÄ if 
���
�������
�
 V V� , we definea rule

Ô*ÕoÖ�×?ØÚÙIÛ�ÜNÝrÞNßJà"×@Ù"áaâ�Ô�â ­µã â?ä å�æ�çWè�Ùêé,ë*â ­�ã â?ì)ì?ì*â�å�æ�çWè�ÙêéWí.â ­�ã âîé(Ö@ï&ï)à"Ô?Õîè�ÙIÞrâ ­�ã�ðîãñóò Ö�Þ[Õ�Ù"Õîè)Ý ò å>ô ã ì (30)

Intuitively, this rule saysthat if (at the time moment
�

) it is possibleto executethe
action � andthegoalis achievable,thenaction � shouldnotbeexecuted.Let ���7
�� � be
anactiontheoryand Ð beasetof preferencesonactionsin � . Let °b¥ZÈ�õ?ö`÷ Ë � ���7
?�b
 � �
be the programconsistingof (1) the program °Y¥ZÈCÉpÊ �(Ë � ����
���
 � � , and (2) the setof
rules(30) with the time variablerangingbetweenq and _ . It is easyto seethat,when
 � ��	�� � � � 
*�&� is presentandbothactionsareexecutableandleadto thegoal,then � will
beusedfirst. However, the rulesof the form (30) do not warrantcompleteness,i.e., it
doesnot guaranteethata trajectoryis foundif theproblemhasa solution.6

On the otherhand,if we usethesmodelsconstructmaximize, the mostpreferred
trajectorycanalwaysbe found, by addingthe following optimal rule to the program°Y¥ZÈ�õ*ö�÷ Ë � ���7
?�b
 � � : for each
 � ��	�� � � � 
?�&� andfor eachtime point �ø1ùWú�û�ø�û�ü TÚ� ��$&$[� � 
`�`�b:c^[
?��$&$N����
`�`�Y:¬qN���
In ourfuturework,weplanto investigatewhetherasoundandcompleteimplementation
in theprioritizeddefault theorycanberealized.

PreferencesbetweenFormula. The secondtype of preferencesthat we consideris
betweenformulae.Unlike preferencesbetweenrules,this typeof preferenceis oftena
softconstraintor asecondarygoalthatanagenthasin mindwhenselectingatrajectory
for hisgoal.Considerfor exampleouragentin theprevioussection.Hemightpreferto
take thebusbecauseit is cheap( '@�¡ý � � �K_�� � ). Here,theprimarygoalof theagentis
to beat theairportandhis soft constraintis to savemoney. Thetrivial choicewould be
to takethebus.Takingataxi wouldbeusedasthelastresource.This typeof preference
canbeaddedto aprioritizeddefault theoryby introducingpreferencesof theform

� � Ñ � +N� (31)

Again, we assumethat Ñ is an irreflexive partialorder. Thus,for a finite setof prefer-
encesof theform (31), thereexistsafinite numberof maximallengthsequencesof for-
mulas� �zÑ\�����rÑ �gþ . To implement(31), for eachmaximalsequence� �yÑx�����ÚÑ �gþ ,
we addtheoptimalrule [13]

ø1ùWú�û�ø�û�ü T�� � �.:ÿqr
�������
 �gþ :t
r� (32)

to °Y¥ZÈCÉoÊ �(Ë � ���7
?�y� . We areassumingthat the computationof the answersetsmaxi-
mizeseachrule of type(32).Observe thatthecurrentimplementationof smodelsdoes

6 For instance,whentwo actions
Þ

and
Ô

arepossible,and
Þ

is preferredto
Ô

but doesnot lead
to thefinal goal,thentheprogrammayfail to producea trajectory.



not guaranteethis behavior7. If wewantto usethecurrentversionof smodels, thenwe
needto additionallyrequirethatthepreferencerelation Ñ is totalorder.

GeneralPreferencesBetweenTrajectories. In general,anagentcanhaveseveralpref-
erenceson a trajectory. For example,hemight preferto useanaction � over anaction� , hemightalsopreferthatwheneverhehasto executeanaction $ then

�
shouldbethe

next action,etc.It hasbeendiscussedin [1] thatmany preferencesor constraintof this
typecanbeconvenientlyexpressedasa temporallogic formula.Sincethe truth value
of a temporallogic formulacanbeeasilycheckedgivena trajectory, this featurecanbe
addedto our framework by� addingrules for checkingthe truth value of temporallogic formulae,that asso-

ciate eachtemporallogic formula, say � , to a new booleanvariable ��� , whose
truth valuein thefinal statecorrespondsto thesatisfiabilityof � w.r.t. thechosen
trajectory(asillustratedin [18]),� addinganoptimalrule ø1ùrú�û�ø1û�ü Tr� ��� :Z^B
`_��K� ��� :ÿq��
to theprogram°Y¥ZÈ�ÉoÊ �(Ë � ���7
�� � , thatallowsusto find trajectoriessatisfying� be-
fore consideringthosenot satisfyingit.

6 Conclusions

In this paperwe presenta formalismfor reasoningaboutactionsin thecontext of pri-
oritizeddefault theory. In this process,we provide anencodingof an actiontheoryin
prioritized default theory, whoseanswerset semanticscoincideswith the entailment
relationof theactiontheory. In addition,prioritizeddefault theoryarevery expressive
andcanbe usedto modeldynamicdomainsthat cannotbe expressedusing,e.g.,the
language� ; for example� domainswith non-inertialfluents(e.g.,a spring-loadeddoor is openimmediately

after the pushaction is performed,but it will automaticallyrevert to closeat the
next momentof time).� domainswith exogenousactions(e.g.,a domainwherea driver agentstopsat the
traffic light, andexpectsthelight to changecolor; i.e., thedriveragentexpectsthe
changecoloractionto occur(exogenously)).

Ourfocusin thiswork is onusingprioritizeddefault theoryto encodedifferentformsof
preferencesbetweentrajectories.In theprocess,weextendprioritizeddefault theoryto
allow preferencesbetweenrulesandformulae.Weshow how thesefeaturescanbeeas-
ily implementedin answersetprogramming.We alsoemploy thesenew featuresto di-
rectlyexpressthreedifferenttypesof preferencesbetweentrajectories,i.e.,preferences
betweenactions,betweenfinal states,andgeneralpreferencesbetweentrajectories.

The preliminary experimentsperformedhave provided encouragingresults,and
work is in progressto establishthefull rangeof capabilitiesof thisapproach.In particu-
lar, weintendtousetheproposedframework in thedesignof bioinformaticsapplications—
i.e., softwareagentsin charge of mappinghigh-level biological processdescriptions

7 Currentlysmodelsmaximizesonly thelastoptimalrule in theprogram.



into a predefinedcollectionof softwareservices[16]—andin thedevelopmentof Web
accessibilityagentsfor visually impairedindividuals[17].

Severalotherapproachesto dealingwith preferencesbetweenlogic programming
ruleshave beenproposed.8 In our future work we plan to investigatethe useof these
methodsin representingandreasoningwith preferencesamongactions.
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