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Abstract

In this paper, we developanaccountof thekind
of deliberationthat an agentthat is doing plan-
ning or executinghigh-level programsunderin-
completeinformation must be able to perform.
Thedeliberator’s job is to produceakind of plan
that doesnot itself requiredeliberationto inter-
pret. We characterizetheseasepistemicallyfea-
sible programs: programsfor which theexecut-
ing agent,at every stageof execution,by virtue
of whatit knew initially andthesubsequentread-
ings of its sensors,always knows what stepto
take next towardsthegoalof completingtheen-
tire program.We formalizethis notionandchar-
acterizedeliberationin the IndiGologagentlan-
guagein termsof it. Wealsoshow thatfor certain
classesof problems,which correspondto con-
formantplanningand conditionalplanning,the
searchfor epistemicallyfeasibleprogramscanbe
limited to programsof a simplesyntacticform.
We alsodiscussimplementationissuesandexe-
cutionmonitoringandreplanning.

1 INTRODUCTION

While alargeamountof work onplanningdealswith issues
of efficiency, a numberof representationalquestionsre-
main.This is especiallytruein applicationswherebecause
of limitationsontheinformationavailableatplantime,and
quite apartfrom computationalconcerns,no straight-line
plan(that is, no linearsequenceof actions)canbedemon-
stratedto achieveagoal.In verymany cases,it is necessary
to supplementwhat is known at plan time by information
thatcanonly beobtainedat run timevia sensing.

In caseslike these,whatshouldwe expecta plannerto do
givena goal? We cannotexpectit to returna straight-line
plan. We could get it to return a more generalprogram

of somesort,but we needto becareful: if theprogramis
generalenough,it maybeaschallengingto figureouthow
to executeit asit wasto achievethegoalin thefirst place.

This is certainlytrue for programsin the Golog family of
high-level programminglanguages[Levesqueet al., 1997,
De Giacomoet al., 2000,Reiter, 2001a].Thoselogic lan-
guagesoffer aninterestingalternative to planningin which
theuserspecifiesnotjustagoal,butalsoconstraintsonhow
it is to beachieved,perhapsleaving small sub-tasksto be
handledby anautomaticplanner. In thatway, a high-level
programservesasa “guide” heavily restrictingthesearch
space.By ahigh-levelprogram,wemeanonewhoseprimi-
tiveinstructionsaredomain-dependentactionsof therobot,
whosetestsinvolve domain-dependentfluentsaffectedby
theseactions,andwhosecodemaycontainnondeterminis-
tic choicepoints. Insteadof looking for a legal sequence
of actionsachieving somegoal,the(planning)tasknow is
to find a sequencethat constitutesa legal executionof a
high-level program.

At its most basic,planningshouldbe a form of deliber-
ation, whosepurposeis to producea specificationof the
desiredbehavior, aspecificationwhichshouldnot itself re-
quiredeliberationto interpret. In [Levesque,1996] it was
suggestedthat a planner’s job was to returna robot pro-
gram, a syntactically-definedstructurethat a robot could
follow while consultingits sensorsto determinea condi-
tional courseof action. Other forms of conditionalplans
havebeenproposed,for example,in [PeotandSmith,1992,
Smithet al., 1998,Lakemeyer, 1999]. Whattheseall have
in common,is that they defineplansas syntacticallyre-
strictedprograms.

In this paper, we considera different and more abstract
versionof plans. We proposeto treat plansas epistemi-
cally feasibleprograms:programsfor which theexecuting
agent,ateverystageof execution,by virtueof whatit knew
initially andthesubsequentreadingsof its sensors,always
knowswhatstepto take next towardsthegoalof complet-
ing theentireprogram.



This paperwill not presentalgorithmsfor generatingepis-
temically feasibleprograms. What we will do, however,
is characterizethenotionformally, provethatcertaincases
of syntacticallyrestrictedprogramsareepistemicallyfeasi-
ble,andthat in somecaseswherethereis anepistemically
feasibleprogram,a syntacticallyrestrictedonethathasthe
sameoutcomecanalsobederived.

To make theseconceptsprecise,it is usefulto considera
framework wherewe cantalk aboutthe planningandex-
ecutionof very generalagentprogramsinvolving sensing
andacting.IndiGolog[De GiacomoandLevesque,1999a]
is a variantof Golog intendedto beexecutedonline in an
incrementalway. Becauseof this incrementalstyleexecu-
tion, an agentprogramis capableof gatheringnew infor-
mationfrom theworld duringits execution.Most relevant
for our purposesis that IndiGolog includesa search op-
eratorwhichallows it to only take a stepif it canconvince
itself thatthestepwill allow it to eventuallycompletesome
user-specifiedsubprogram. In that way, IndiGolog pro-
videsanattractive integratedaccountof sensing,planning,
andaction.However, IndiGologsearchdoesnotguarantee
that it will not getstuckin a situationwhereit knows that
somestepcanbeperformed,but doesnot know which. It
is thissearchoperatorthatwewill generalizehere.

Therestof thepaperis organizedasfollows. First, in Sec-
tion 2 wesetthestageby presentingthesituationcalculus
andhigh-level programsbasedon it. In Section 3, since
we aregoing to make a specificuseof theknowledgeop-
eratorfor characterizingtheprogramreturnedby thedelib-
erator, we introduceepistemicallyaccurate theoriesanda
basicpropertythey havew.r.t. reasoning.In Section 4, we
characterizeepistemicallyfeasibledeterministicprograms,
i.e., the kind of programthat we considersuitableresults
of thedeliberationprocess,andin Section5, westudytwo
notablesubclassesof epistemicallyfeasibledeterministic
programs,thatcanbecharacterizedin termsof syntaxonly.
In Section 6 we discusshow someof theabstractnotions
we have introducedcan be readily implementedin prac-
tice. In Section7, wediscusshow thedeliberatedprogram
couldbemonitoredandrevisedif circumstancesrequireit.
Finally, in Section 8, wedraw conclusionsanddiscussfu-
tureandrelatedwork.

2 THE SITUATION CALCULUS AND
INDIGOLOG

Thetechnicalmachinerywe useto defineprogramexecu-
tion in thepresenceof sensingis basedon thatof [De Gia-
comoandLevesque,1999a,DeGiacomoetal.,2000].The
startingpoint in thedefinitionis thesituationcalculus[Mc-
Carthy and Hayes,1979]. We will not go over the lan-
guagehereexceptto notethefollowing components:there

is a specialconstant��� usedto denotethe initial situa-
tion, namelythatsituationin whichnoactionshaveyetoc-
curred;thereis a distinguishedbinary functionsymbol ���
where ���
	������� denotesthesuccessorsituationto � result-
ing from performingtheaction� ; relationswhosetruthval-
uesvary from situationto situation,arecalled(relational)
fluents, andaredenotedby predicatesymbolstakingasitu-
ationtermastheirlastargument;andthereis aspecialpred-
icate ��������	������� usedto statethataction � is executablein
situation � . To dealwith knowledgeandsensing,we fol-
low [Moore, 1985,ScherlandLevesque,1993,Levesque,
1996]anduseafluent ��	��������� usedto representwhatsitu-
ations��� areconsideredepistemicallypossibleby theagent
in situation � . Know 	���	������ �!!��� is then taken to be an
abbreviation for the formula "#� �%$ ��	�� � ����'&(��	������ )*� � � .
In this paper, we only dealexplicitly with sensingactions
with binary outcomesas in [Levesque,1996]. However,
theresultspresentedherecanbeeasilygeneralizedto sen-
sorswith multiple outcomes.To representtheinformation
providedby a sensingaction,weusea predicate�,+-	%�.���� ,
which holdsif action � returnsthebinarysensingresult /
in situation � . For a sensingaction ��0��1��0�2 thatsensesthe
truth valueof � , we would have 3 �,+-	4�50��1��062
����879��	����;:�
andfor any ordinaryaction � thatdoesnot involvesensing,
wewoulduse 3 �,+-	%�.����<7>=8?�@�0A: $
Within this language,we can formulatedomaintheories
which describehow theworld changesastheresultof the
availableactions.Onepossibilityis anactiontheoryof the
following form [Reiter,1991,2001a]:

B Axiomsdescribingtheinitial situation,� � .B Action preconditionaxioms,one for eachprimitive
action � , characterizing��������	%�.!��� .B Successorstateaxioms,onefor eachfluent + , stating
underwhatconditions+-	5CD E���
	%�.!���F� holdsasa func-
tionof whatholdsin situation��G thesetaketheplaceof
effectaxioms,but alsoprovideasolutionto theframe
problem.B Sensedfluent axioms,one for eachprimitive action� of the form �,+-	%�.!���H7 �JI
	����! characterizing�,+ [Levesque,1996].B The following successorstateaxiom for the knowl-
edgefluent � [ScherlandLevesque,1993]:

�K	���� �%E���
	%�.!���L�M7N ��� $ ���.OP���
	�������Q�#RS��	����������RT��������	%�.��5�U�VR3 �,+-	%�.!���Q�<7P�<+-	%�.!���W:
B Uniquenamesaxiomsfor theprimitiveactions.B Some foundational, domain independent ax-

ioms [Lakemeyer and Levesque, 1998, Reiter,
2001a].



To describea run which includesboth actionsand their
sensingresults,we usethe notion of a history, i.e., a se-
quenceof pairs 	%�. D � where � is a primitive action andD is / or X , a sensingresult. Intuitively, the history	%�ZY� D Y5��[ $5$A$ [E	%�]\� D \Z� is onewhereactions�ZY� $A$A$ E�]\ hap-
penstartingin someinitial situation,andeachaction �]^ re-
turnssensingvalue D ^ . We assumethat if ��^ is anordinary
actionwith no sensing,then D ^,O_/ . Noticethattheempty
sequencè is ahistory.

We use 0����J3 aJ: as an abbreviation for the situationterm
called the end situation of history a on the initial situa-
tion �#� , and definedby: 0����.3 `F:VOb��� ; and inductively,0����.3 ac[�	%�. D �W:�O>���
	%�.!05���J3 aJ:U� .
We alsouse �,0��1��0��.3 aJ: as an abbreviation for a formula
of the situationcalculus,the sensingresultsof a history,
and defined by: �,0��1��0��.3 `F:dOe=8?�@�0 ; and inductively,�,0��1��0��.3 a�[f	����/��;:'Og�,0��1��0��J3 aJ:fRd�,+-	���!0����.3 aJ:U� , and�,0��1��0��.3 aS[�	%�.EX��W:<Oh�<05�1��0��J3 aJ:�Rji,�,+-	��.E0����.3 aJ:�� . This
formulauses�,+ to tell uswhatmustbetruefor thesensing
to comeoutasspecifiedby a startingin � � .
Next we turn to programs.Theprogramsweconsiderhere
arebasedon the ConGologlanguagedefinedin [De Gia-
comoetal.,2000].Thisprovidesarich setof programming
constructssummarizedbelow:

k , primitiveaction� ?, wait for aconditionl Y G l5m , sequencel Yon lAm , nondeterministicbranchp D $ l , nondeterministicchoiceof argumentl*q
, nondeterministiciteration

if � then
l Y else

l m
endIf, conditional

while � do
l

endWhile, while loopl Yor l m , concurrency with equalpriorityl Yts s l m , concurrency with
l Y ata higherpriorityl
u u

, concurrentiterationv CDxw �cy l s , interruptz 	 C{ � , procedurecall1

Amongtheseconstructs,wenoticethepresenceof of non-
deterministicconstructs.Theseinclude 	 l Y n l m � , which
nondeterministicallychoosesbetweenprograms

l Y and
l m

,p D $ l , which nondeterministicallypicks a binding for the
variableD andperformstheprogram

l
for thisbindingof D ,

and
l*q

, which performs
l

zeroor moretimes. Also notice
that ConGolog,includesconstructsfor dealingwith con-
currency. In particular 	 l Y r lAm � expressestheconcurrent
execution(interpretedasinterleaving) of the programs

l Y
and

l m
. Beside 	 l YKr l m � ConGologincludesothercon-

structsfor dealingwith concurrency, suchas prioritized

1For thesakeof simplicity, wewill notconsiderproceduresin
thispaper.

concurrency 	 l Y s s l5m � , andinterrupts
v CD|w �}y l s . We

referthereaderto [De Giacomoetal., 2000]for a detailed
accountof ConGolog.

In [De Giacomoet al., 2000], a singlesteptransitionse-
manticsin thestyleof [Plotkin, 1981] is definedfor Con-
Gologprograms.Two specialpredicates=8?6���1� and +o~W���]�
areintroduced.=8?6���1��	 z !�* z �U!���Q� meansthatby executing
programz startingin situation� , onecangetto situation�5�
in oneelementarystepwith theprogramz � remainingto be
executed,thatis, thereis apossibletransitionfrom thecon-
figuration 	 z !��� to the configuration 	 z �%!����� . +o~W�����F	 z !���
meansthatprogramz maysuccessfullyterminatein situa-
tion � , i.e., theconfiguration	 z !��� is final.2

Offline executionsof programs,which are the kind of
executionsoriginally proposedfor Golog and ConGolog
[Levesqueetal., 1997,DeGiacomoetal., 2000],arechar-
acterizedusingthe �V�
	 z !�*!� � � predicate,whichmeansthat
thereis anexecutionof programz thatstartsin situation �
andterminatesin situation��� :
�V�
	 z !�*!� � � defO N z � $ =8?6���1� q 	 z !�* z � !� � �1Rc+o~W���]�L	 z � !� � ��

where=8?6���1� q is thereflexivetransitiveclosureof =�?����1� .
An offline executionof programz from situation � is a se-
quenceof actions� Y  $A$5$ E� \ suchthat:� D ~;����� n OP�V�
	 z !�*!���
	�� \  $A$5$ !���
	�� Y !���L�F� $
Observethatanoffline executoris in factsimilar to aplan-
ner thatgivena program,a startingsituation,anda theory
describingthe domain,producesa sequenceof action to
executein theenvironment.In doingthis, it hasno access
to sensingresults,which will only beavailableat runtime.
See[De Giacomoetal., 2000]for moredetails.

In [De Giacomo and Levesque,1999a], IndiGolog, an
extension of ConGolog that deals with online execu-
tions with sensingis developed. The semanticsdefines
an online executionof an IndiGolog program z starting
from a history a , as a sequenceof (online) configura-
tions 	 z � O z Ea � Oda��! $A$5$ �	 z \J!a�\Z� such that for ~�OX
 $A$5$ F�,�o/ :� D ~;������� � �,0��1��0��.3 a�^�:�� n O=8?6���1��	 z ^�E0����.3 a�^%:4 z ^���Y6E0����J3 a.^���Y!:U��
a�^���Y�O

�� � a�^ if 0����.3 a�^���Y!:�O>0����J3 a.^�:4a�^#[�	%�. D � if 0����.3 a�^���Y!:�O>���
	%�.!05���J3 a�^%:U�
and � returnsD .

2For example,thetransitionrequirementsfor sequenceare�<�A���J���;� �J�F�U�Z�L���F���U�] ��L�! U¡£¢¤t¥��Z�*¦4�§�J�!���5¡Z¨©�<�A���J���§�Z���L���U�   �L�   ¡�ª«�¬  �;�<�A�*�.���§�J�F�L��� ¬  ��L�! �¡
¨®�� 
¯°� ¬  ��U�Z�±¡
i.e., to single-steptheprogram

�§�.�!�U�Z��¡
, either

�J�
terminatesand

we single-step
�Z�

, or we single-step
�.�

leaving some
¬  

, and� ¬   �U� � ¡
is whatis left of thesequence.



An onlineexecutionsuccessfullyterminatesif� D ~;������� � �<05�1��0��J3 a \ :%� n O>+o~W���]�L	 z \ E0����J3 a \ :U� $
There is no automaticlookaheadin IndiGolog. Instead,
a search operator ² 	 z � is introducedto allow the pro-
grammerto specifywhenlookaheadshouldbeperformed.+o~W���]� and =8?6���1� aredefinedfor thenew operatorasfol-
lows. For +o~4���]� , we simply have that 	4² 	 z ��!��� is a final
configurationof theprogramif 	 z !��� itself is, i.e.,

+o~W�����F	4²�	 z �!!���³7 +o~4���]�F	 z ���� $
For =8?6���1� , we have that the configuration 	4² 	 z �!���� can
evolve to 	W² 	%´6�U�!��5�Q� provided that 	 z !��� can evolve to	%´6����5�Q� andfrom 	%´6����5�Q� it is possibleto reacha final con-
figurationin a finite numberof transitions,i.e.,

=�?����1��	4²®	 z �!��* z ����5�Q�µ7N ´6�����¶ $ z �.Ox² 	�´6�U�VR=�?����1��	 z !�*E´6��!���Q��RS�V�
	%´6��!���%!� ¶ � $
This semanticsmeansthat

� D ~;�����T� � �<05�1��0��J3 aJ:%� n O=8?6���1��	4² 	 z �!���±² 	 z ����!����� if f
� D ~W�����o� � �,0��1��0��.3 aJ:%� n O=8?6���1��	 z !0����.3 aJ:� z �%!���Q� and
� D ~W�����·� � �,0��1��0��.3 aJ:�� n ON ��¶ $ �V�
	 z ��!���%!��¶�� . Thus,with this definition, the axioms

entail that a stepof the programcan be performedpro-
vided that they entail that this stepcan be extendedinto
a completeexecution(i.e., in all models).This prunesex-
ecutionsthat are boundto fail later on. But it doesnot
guaranteethattheexecutorwill not getstuckin a situation
whereit knows thatsometransitioncanbeperformed,but
doesnot know which. For example,considertheprogram	%�.G if � then ¸ else¹A� n �� whereactions� , ¸ , ¹ , and � areal-
wayspossible,but wheretheagentdoesnotknow whether� holdsafter � . Therearetwo possiblefirst steps,� which
terminatessuccessfully, and � after which the executoris
stuck. Unfortunately, ² doesnot distinguishbetweenthe
two cases,sinceevenin thelatter, theredoesexist an(un-
known) transitionto a final state.

3 EPISTEMICALL Y ACCURATE
THEORIES

In this paperwe aregoingto look at theoriesthatareepis-
temicallyaccurate, meaningthatwhatis known accurately
reflectswhat the theorysaysaboutthe dynamicsystem.3

Formally, epistemicallyaccuratetheoriesaretheoriesasin-
troducedearlier, but with two additionalconstraints:

B The initial situationis characterizedby an axiom of
the form Know 	4������6� where � is an objectivefor-
mula, i.e., a formula wherethe knowledgefluent �

3In [Reiter, 2001b], a similar notion is used to deal with
knowledge-basedprograms,and reduceknowledgeto provabil-
ity.

doesnot appear, which describesthe initial situation,� � . Notethattherecanbefluentsaboutwhichnothing
is known in theinitial situation.B Thereis an axiom statingthat the accessibilityrela-
tion � is reflexivein theinitial situation,whichis then
propagatedto all situationsby thesuccessorstateax-
iom for � [ScherlandLevesque,1993].

For epistemicallyaccuratetheorieswehaveestablishedthe
following result:

Theorem1 For any objectivesentenceaboutsituation � ,��	���� ( =�?����1� and +o~W���]� mayappearin ��	���� ),� D ~;�����º� � �,0��1��0��.3 aJ:�� n OP��	�05���J3 aJ:U� if andonly if� D ~;�����º� � �,0��1��0��.3 aJ:�� n O Know 	��1E0����J3 aJ:�� .
Proof Sketch: » Follows trivially from the reflexivity of� in theinitial situation,andthefactthatit is preservedby
thesuccessorstateaxiomfor � .¼ Supposethe thesisdoesnot hold, i.e., thereexists a
model ½ of

� D ~;����� � � �,0��1��0��.3 aJ:%� suchthat for some� � , ½ n OP�K	�� � E0����J3 aJ:�� and ½ n Oxi,��	4� � � .
Then take the structure ½_� obtainedfrom ½ by inter-
sectingthe objectsof sort situationwith thosethat arein
the situation tree rooted in the initial ancestorsituation
of �5� , say ���� . ½_� satisfiesall the axioms in

� D ~;�����
except the reflexivity axiom, the successorstateaxiom
for � , and the initial stateaxiom, which is of the form
Know 	W¾¿	������®��!� � � (the otheraxiomsinvolve neither �
nor � � ). Observe that =8?6���1� and +o~W���]� for thesituations
in the treearedefinedby consideringrelationsinvolving
only situationsin thesametree.

Now considerthe ½_� � obtainedfrom ½_� by addingthe
constant��� andmakingit denote���� . Although ½_� and½_� �
do not satisfy Know 	4¾¿	%�����®�!����6� , we have that ½_� � n O¾¿	��#��� . Moreover, thesuccessorstateaxiomfor � implies� D ~;������� � �,0��1��0��.3 a#�À:Z[�	����/��E� n O

Know 	��<+-	%�.F�����®��E0����J3 a#��[�	����/��;:U�� D ~;������� � �,0��1��0��.3 a#�À:Z[�	���!X��E� n O
Know 	�i,�<+-	%�.F�����®��E0����J3 a#�.[�	���!X��;:U�

and the fact that the successorstateaxiom for � holds
in ½ ensuresthat all predecessorsof ��� are � accessi-
ble from predecessorsof 0����.3 aJ: in ½ , imply that ½_� � n O�,0��1��0��.3 aJ: .
Finally let us define ½_� � � by addingto ½_� � the predicate� andmakingit denotetheidentity relationon situations.
Then ½_� � � n O � D ~W�����t� � �,0��1��0��.3 aJ:%� . On theotherhand
since½_� n Oxi,��	����U� , sodoes½_� � � , a contradiction.

Thismeansthatif someobjectivepropertyof thesystemis
entailed,thenit is alsoknown andvice-versa.



4 DELIBERA TION PROGRAM STEPS

We are going to introduceand semanticallycharacterize
the deliberationstepsin the program. The basicidea of
the semanticswe aregoing to develop is that the taskof
thedeliberator(thatperformssearch)is to try to find a de-
terministicprogramthat is guaranteedto be “executable”
andconstitutesa way to executetheprogramprovided,in
the sensethat it always leadsto terminatingsituationsof
thegivenprogram.Anotherway to look at this is that the
deliberatortries to identify a “strategy” for reachinga fi-
nal situationof the suppliedprogram. In sucha strategy,
all choicesmustbe resolved, i.e., the correspondingpro-
gramneedsto bedeterministic,andonly informationthat
is availableto theexecutoris required.In doing this task,
the deliberatorperformsessentiallythe sametask as the
offline executor: it compilesthe original programinto a
simplerprogramthat canbe executedwithout any looka-
head.Theprogramit produceshowever, is not justa linear
sequenceof actions;it canperformsensing,branching,it-
eration,etc. Moreover, the programis checked to ensure
that the executorwill alwayshave enoughinformationto
continuetheexecution.Amongotherthings,thisaddresses
the problemraisedabove concerningthe original seman-
tics of search.Note thatour approachis similar to thatof
[Levesque,1996];however, therethestrategy wasstatedin
a completelydifferentlanguage(robotprograms),herewe
useConGolog,i.e., thelanguageusedto programtheagent
itself.

4.1 EPISTEMICALL Y FEASIBLE
DETERMINISTIC PROGRAMS

The first step in developing this approachis formalizing
thenotionmentionedaboveof a deterministicprogramfor
whichanexecutorwill alwayshave enoughinformationto
continuetheexecution,i.e.,will alwaysknow whatthenext
stepto be performedis. We capturethis notion formally
by definingtheclassof epistemicallyfeasibledeterministic
programs( Á<ÂfÃ Ä s) asfollows:

Á�Â�Ã Ä¿	%� z ���� defO"#� z �U��5� $ =8?6���1� q 	%� z ���!� z ��������º&>Å1Á<ÂfÃ Ä¿	%� z ��!���Q� $
Å�Á<ÂfÃ®Ä¿	�� z !��� defO

Know 	%+o~W���]�L	�� z F�����®��!����ÆN � z � $ Know 	WÇ =8?6���1��	%� z F�����·E� z �%F�����®��!���1ÆN � z ��!� $ Know 	4Ç =8?6���1��	%� z E������E� z �%E���
	%�.F����� �L�!����
Ço=8?6���1��	�� z !�*E� z � !� � � defO=8?6���1��	�� z !�*E� z �%!���Q�VR"�� z � �U��5� � $ =8?6���1��	�� z !�*E� z � �%!��� ���º&°� z � �.O>� z ��Rc��� �JOx���

Thusto bean Á�Â�Ã Ä , aprogrammustbesuchthatall con-
figurationsreachablefrom theinitial programandsituation

involve a locally epistemicallyfeasibledeterministicpro-
gram( Å1Á<ÂfÃ Ä ). A program,is an Å�Á<ÂfÃ®Ä in a situation
if theagentknowsthatit is currently +o~W���]� or knowswhat
uniquetransition(with or withoutanaction)it canperform
next.

Observe that an epistemicallyfeasibledeterministicpro-
gramis notrequiredto terminate.However, sincetheagent
is guaranteedto know what to do next at every stepin its
execution,it follows that if it is entailedthat the program
canreacha final situation,thenit canbesuccessfullyexe-
cutedonlinewhatever thesensingoutcomesmaybe:

Theorem2 Let � z besuch that
� D ~;�����*� � �,0��1��0��.3 aJ:�� n OÁ<ÂfÃ Ä¿	%� z E0����J3 aJ:�� . Then,

� D ~W�����£� � �,0��1��0��.3 aJ:%� n ON � ¶Z$ �V�
	�� z E0����J3 aJ:4!� ¶ � if andonly if all onlineexecutions
of 	%� z !a�� are terminating.

Proof Sketch: Firstof all weobservethat � z is a determin-
istic programandits possibleonlineexecutionsfrom a are
completelydeterminedby thesensingoutcomes.We also
observethat in eachmodeltherewill bea singleexecution
of � z , sincethe sensingoutcomesarefully determinedin
themodel.¼ If

� D ~;�����8� � �,0��1�50��J3 aJ:%� n O N � ¶
$ �V�
	�� z E0����.3 aJ:4!� ¶ �
thenin every modelof

� D ~;�����o� � �<05�1��0��J3 aJ:%� the only
executionof � z from 0����.3 aJ: terminates.Now since,offline
executionsof � z terminatein all modelsand thesemod-
els cover all possiblesensingoutcomes,an online execu-
tion musteithersuccessfullyterminateor get stuck in an
onlineconfigurationwhereneitherfinal noranothertransi-
tion is entailed.Supposethat thereis suchanonlinecon-
figuration 	�� z ^ !a ^ � wherethe agentis stuck. Sincein all
modelsof

� D ~;�����<� � �,0��1��0��.3 aJ:%� with sensingoutcomes
asdeterminedby a.^ , Å�Á<ÂfÃ®Ä¿	�� z ^�!0����.3 a�^�:U� holds,thenei-
ther the agentknows that the remainingprogramis final
or knows what the uniquenext transition is. By reflex-
ivity of � , the agentis correctaboutthis, so

� D ~;�����o�� �<05�1��0��J3 a.^U:%� eitherentailsthat � z ^ is final or entailsthat
somenext transitioncan be made. If the latter the next
transitionfrom 	%� z ^LEa�^W� mustbethesamein all modelsof� D ~;�����8� � �,0��1��0��.3 a�^�:�� . Indeedif thereweremodelsof� D ~;�����t� � �<05�1��0��J3 a ^ :%� thathaddifferentnext transition
for 	�� z ^ !0����.3 a ^ :U� thentherewouldbeamodelwherethere
are distinct epistemicalternatives correspondingto these
differentmodelsandsotheagentwouldnotknow whatthe
next transitionis in thismodel.Hence,eitherway, theagent
is notstuckin 	%� z ^LEa.^4� , thusgettingacontradiction.» If anonlineexecutionof � z from a terminatesit means
thattheprogram� z , from 0����J3 aJ: , terminatesin all models
of
� D ~;�����®� � �,0��1��0��J3 aJ:�� with the sensingoutcomesas

in theonlineexecution.Sinceby hypothesisall onlineex-
ecutionsterminate,thuscoveringall possiblesensingout-
comes,then � z , from 0����J3 aJ: , terminatesin all models.



4.2 SEMANTICS OF DELIBERA TION STEPS

Wenow givetheformalsemanticsof thedeliberationsteps.
To denotethesestepsin theprogramwe introducea delib-
eration operator È¿É , a new form of the IndiGologsearch
operatordiscussedin Section 2.

Wedefinethe =8?6���1� and +o~W���]� predicatesfor thenew de-
liberationoperatorasfollows:

=8?6���1��	4ÈÊÉ*	 z ��!�*E� z �%!���Q��7N � z $ Á�Â�Ã Ä¿	%� z �����RN � ¶Z$ =8?6���1��	�� z !�*E� z �%!���Q��R�T�
	%� z � !� � !� ¶ �#RS�V�
	 z ����� ¶ � $+o~4���]�F	�È¿É6	 z �!!����7>+o~W�����F	 z !��� $
Thus,theaxiomsentail that thereis a transitionfor È¿É�	 z �
from a situation � if and only if they entail that thereis
someepistemicallyfeasibledeterministicprogram� z that
reachesa +o~W���]� situationof theoriginalprogramz nomat-
ter how sensingturnsout (i.e., in every modelof the ax-
ioms).Notealsothattheremainingprogramafterthetran-
sition, � z � , is what is left of � z ; thus, the agentcommits
to thestrategy/Á<ÂfÃ Ä foundin theinitial deliberationand
executesit.4 Note thatwe do not needto put � z � insideaÈ É block,sinceit is deterministic.

The following theoremshows that our semanticsfor the
deliberationoperatorsatisfiessomebasicrequirements:if
thereis a transitionfor a deliberationblock in a history a ,
then(1) theprogramin thedeliberationblock canreacha+o~W���]� situationin everymodel,and(2) socan È¿É�	 z � , and
moreover (3) È¿É�	 z � can be successfullyexecutedonline
whatever thesensingresultsare(thus,theagentwill never
getto aconfigurationwhereit cannolongerreacha +o~W���]�
situationor doesnotknow whatto donext):

Theorem3 If
� D ~W����� � � �,0��1��0��J3 aJ:�� n O=8?6���1��	�È É 	 z �!!05���J3 aJ:� z �%!����� , then

1.
� D ~;�����º� � �,0��1��0��.3 aJ:%� n O N � ¶
$ �V�
	 z E0����J3 aJ:4!� ¶ �

2.
� D ~;�����º� � �,0��1��0��.3 aJ:%� n ON � ¶
$ �V�
	4ÈÊÉ�	 z �!E0����J3 aJ:4!� ¶ �

3. All onlineexecutionsfrom 	�È¿É�	 z ��Ea�� terminate.

Proof Sketch: 1. and 2. follow immediately from the
definition of =8?6���1� for È É . For 3. consider that by
the definition of =8?6���1� for È É , there exists a � z such
that

� D ~W�����T� � �<05�1��0��J3 aJ:%� n OËÁ<ÂfÃ®Ä¿	�� z E0����J3 aJ:��·RN ��¶ $ =8?6���1��	%� z !05���J3 aJ:� z �%!�����.R£�V�
	 z ��!�������¶�� . Thecondi-
tionsof Theorem2 aresatisfied,thuswehavethatall online
executionsfrom 	�� z Ea�� are terminating. Sincethesein-
cludeall onlineexecutionsfrom 	 z ��!a#�Q� with 0����.3 a#�À:�OP��� ,

4We discusshow this commitmentto a given “strategy” can
berelaxedwhenweaddressexecutionmonitoringin Section7.

all online executionsfrom 	 z ��!a#��� mustalsobe terminat-
ing. Hencethethesisfollows.

5 SYNTAX-BASED ACCOUNTS OFÌ·ÍoÎ�Ï
s

In general,deliberatingtofind awaytoexecuteahigh-level
programcanbeveryhardbecauseit amountsto doingplan-
ning wherethe classof potentialplansis very general.It
is thusnaturalto considerrestrictedclassesof programs.
Two particularlyinterestingsuchclassesare: (i) programs
that do not performsensing,which correspondto confor-
mantplans5 (seee.g., [Smith andWeld, 1998]), and (ii)
programsthat are guaranteedto terminatein a bounded
numberof steps(i.e., do not involve any form of cycles),
which correspondto conditional plans (seee.g., [Smith
et al., 1998]). We will show thatfor thesetwo classes,one
canrestrictone’s attentionto simplesyntactically-defined
classesof programswithout loss of generality. So if for
instance,oneis designinga deliberator/planner, onemight
wantto only considerprogramsfrom theseclasses.

5.1 TREE PROGRAMS

Letusnow definetheclassof (sense-branch) treeprogramsÐ�Ñ Á<Á with thefollowing BNF rule:

� zJÒMw�w O°�#~;� n +��]����06Ó n �.G!� zJÒ Y n =8?�@�0�Ó*G!� zJÒ Y n��05�1��062�G if � then � z.Ò Y else� zJÒ m
where � is any non-sensingaction,and � z.Ò Y and � z.Ò m are
treeprograms.

This classincludesconditionalprogramswhereone can
only test a condition that hasjust beensensed(or trivial
tests— theseare introducedonly for technicalreasons).
Wheneversucha programis executable,it is alsoepistem-
ically feasible— theagentalwaysknowswhatto donext:

Theorem4 Let � zJÒ bea treeprogram,i.e., � zJÒMÔ Ð�Ñ Á�Á .
Then, for all histories a , if

� D ~;�����©� � �<05�1��0��J3 aJ:%� n ON ��¶ $ �V�
	�� zJÒ E0����J3 aJ:4!��¶]� then
� D ~;������� � �,0��1��0��.3 aJ:�� n OÁ<ÂfÃ Ä¿	%� z.Ò E0����J3 aJ:�� .

ProofSketch: By inductionon thestructureof � zJÒ .
Basecases. For �#~W� , it is known that �#~;� is +o~W���]� , so� D ~;������� � �,0��1��0��.3 aJ:%� n OÕÁ<ÂfÃ®Ä¿	%�#~W��E0����J3 aJ:�� holds;for+��]����06Ó , theantecedentis false,sothethesisholds.

Inductive cases. Assumethat the thesisholds for � zJÒ Y
and � zJÒ m . Assume that

� D ~;�����'� � �,0��1��0��.3 aJ:�� n ON � ¶Z$ �V�
	�� zJÒ E0����J3 aJ:4!� ¶ � .
5We remind the readerthat conformantplansare sequences

of actionsthat,evenunderincompleteinformationaboutthedo-
main,areguaranteedto reachthedesiredgoal.



For � zJÒ O �.GE� z.Ò Y : � D ~W�����>� � �,0��1��0��.3 aJ:�� n ON � ¶Z$ �V�
	��.GE� z.Ò Y6E0����.3 aJ:4!� ¶ � implies that
� D ~W�����Ö�� �<05�1��0��J3 aJ:%� n O N � ¶
$ �V�
	�� zJÒ Y�!���
	���!0����.3 aJ:U��!� ¶ � . Since� is anon-sensingaction, �,0��1�50��J3 a©[�	��.5/��;:�Ox�,0��1�50��J3 aJ: ,

sowe alsohave that
� D ~;�������j�,0��1��0��J3 a�[�	%�.5/��W: entailsN � ¶Z$ �V�
	�� zJÒ Y�!0����.3 aj[J	%�.5/��W:4!� ¶ � . Thus,by the induction

hypothesis,we have
� D ~;�����·� � �,0��1��0��.3 a×[1	����/��;:�� n OÁ<ÂfÃ Ä¿	%� z.Ò Y6E0����.3 aØ[³	%�.5/��W:�� . It follows that� D ~;�����Ê� � �,0��1�50��J3 aJ:%� n OÙÁ<ÂfÃ®Ä¿	�� zJÒ Y�E���
	%�.!05���J3 aJ:U� .

The initial assumption that
� D ~;�����x� � �<05�1��0��J3 aJ:%�

entails
N ��¶ $ �V�
	%�.G!� zJÒ Y !05���J3 aJ:����¶�� also implies that� D ~;������� � �,0��1��0��.3 aJ:%� n OP��������	%�.E0����J3 aJ:�� andthismust

beknown by Theorem1, i.e.,
� D ~;������� � �,0��1��0��.3 aJ:�� n O

Know 	���������	���E�����®�!!0����.3 aJ:U� . Thus,wehavethat� D ~;������� � �,0��1��0��.3 aJ:%� n O
Know 	�=�?����1��	%�.G!� zJÒ Y F�����·E� z.Ò Y E���
	%�.F�����®�F�!!05���J3 aJ:U�

It is also known that this is the only transition pos-
sible for �.G!� zJÒ Y , So

� D ~;�����9� � �,0��1��0��.3 aJ:%� n OÅ1Á�Â�Ã Ä¿	%�.G!� zJÒ Y�E0����J3 aJ:�� . Therefore,

� D ~;�����M� � �,0��1��0��J3 aJ:�� n OxÁ�Â�Ã Ä¿	%�.G!� zJÒ Y E0����J3 aJ:�� $
For � zJÒ OÚ=�?�@�06Ó*GE� z.Ò Y : theargumentis similar, but sim-
plersincethetestdoesnotchangethesituation.

For � zJÒ Ox��0��1�50 2 G if � then � z.Ò Y else� zJÒ m : Sup-
pose that the sensing action returns 1 and leta Y Odac[�	4�50��1��0 2 �/�� . The initial assumption that� D ~;�����·� � �,0��1��0��.3 aJ:%� entails

N � ¶
$ �V�
	�� zJÒ E0����.3 aJ:4!� ¶ �
implies that

� D ~W�����Ö� � �<05�1��0��J3 a�YE:%� n O N � ¶
$�V�
	�� zJÒ Y�!05���J3 aJYE:4!� ¶ � . Thus, by the induction hy-
pothesis, we have

� D ~;�����³� � �,0��1��0��.3 aJY��;:�� n OÁ<ÂfÃ Ä¿	%� z.Ò Y6E0����.3 aJY!:U� . It follows that� D ~;�����º� � �,0��1��0��.3 aJ:%� n O��	����
	4��05�1��062�E0����J3 aJ:��t&Á<ÂfÃ®Ä¿	�� zJÒ Y�!���
	4�50��1��062�E0����.3 aJ:�� $
By a similar argument,it alsofollows that we musthave
that � D ~;�����º� � �,0��1��0��.3 aJ:%� n Oi,��	����
	4��05�1��062.E0����J3 aJ:��º&Á<ÂfÃ®Ä¿	�� zJÒ m !���
	4�50��1��0 2 E0����.3 aJ:�� $
The initial assumption

� D ~;�����x� � �,0��1��0��J3 aJ:�� n ON � ¶Z$ �V�
	�� zJÒ E0����J3 aJ:4!� ¶ � also implies that
� D ~W�����d�� �<05�1��0��J3 aJ:%� n OÛ��������	4��05�1��062ZE0����.3 aJ:�� andthis mustbe

known by Theorem1, i.e.,
� D ~;�����Ê� � �,0��1�50��J3 aJ:%� n O

Know 	���������	4�50��1��0 2 F�����®��E0����.3 aJ:�� . Thus,wehavethat� D ~;�����º� � �,0��1��0��.3 aJ:�� n O
Know 	�=�?����1��	%� z.Ò E������ if � then � z.Ò Y

else� z.Ò m E���
	���0��1��062
E�����®�L��E0����.3 aJ:�� $

It is also known that this is the only transition
possible for � z.Ò , so

� D ~;�����Ú� � �<05�1��0��J3 aJ:%� n OÅ1Á�Â�Ã Ä¿	%� z.Ò !0����.3 aJ:U� . Thus,
� D ~;�����8� � �<05�1��0��J3 aJ:%� n OÁ<ÂfÃ Ä¿	%� z.Ò E0����J3 aJ:�� .

By Theorem2,wealsohavethatundertheconditionsof the
above theorem,all onlineexecutionsof 	%� z.Ò !a�� aretermi-
nating. Theproblemof finding a treeprogramthat yields
an executionof a programin a deliberationblock is the
analoguein our framework of conditionalplanning(under
incompleteinformation) in the standardsetting[Peotand
Smith,1992,Smithetal., 1998].

Next, we show that treeprogramsaresufficient to express
any strategy wherethereis a known boundon thenumber
of stepsit needsto terminate. That is, for any epistemi-
cally feasibledeterministicprogramfor which this condi-
tion holds,thereis a treeprogramthat producesthesame
executions:

Theorem5 For anyprogram � z that is

1. anepistemicallyfeasibledeterministicprogram,i.e.,� D ~;�����º� � �,0��1��0��.3 aJ:%� n OÕÁ<ÂfÃ®Ä¿	�� z E0����.3 aJ:�� and
2. such that there is a knownboundon the numberof

stepsit needsto terminate, i.e., where there is an �
such that� D ~;������� � �<05�1��0��J3 aJ:%� n ON z �%!����!Ü $ ÜTÝ��-Rc=8?6���1��Þ]	�� z E0����J3 aJ:4 z �%������VR+o~W�����F	 z �U!���Q�

there exists a tree program � zJÒ(Ô Ð�Ñ Á�Á such that� D ~;�����-� � �,0��1��0��.3 aJ:�� n Og"#� ¶
$ �V�
	�� z E0����J3 aJ:4!� ¶ �P7�V�
	�� zJÒ E0����.3 aJ:4!� ¶ � $
Proof Sketch: We construct the tree program � z.Ò O�×	%� z Ea�� from � z usingthefollowing rules:

B �×	%� z !a��µOß+��]�4�506Ó if f
� D ~W�����·� � �,0��1��0��.3 aJ:�� is

inconsistent,otherwiseB �×	%� z !a���Od�#~;� if f� D ~;�����®� � �,0��1�50��J3 aJ:%� n Oà+o~W���]�L	%� z !0����.3 aJ:U� , oth-
erwiseB �×	%� z !a���O>�.GE�'	�� z ��!aT[�	%�.5/��L� if f� D ~;�����M� � �,0��1�50��J3 aJ:%� n O=8?6���1��	�� z E0����J3 aJ:4E� z �%E���
	%�.E0����J3 aJ:��
for somenon-sensingaction � ,B �×	%� z !a���OP��0��1��062
G if � then �'	�� z � !a®[E	���0��1��062Z�/��F�

else�×	%� z �%Eac[�	4��05�1��062ZEX��F� if f� D ~;�����º� � �,0��1��0��.3 aJ:�� n O=�?����1��	%� z !0����.3 aJ:�!� z ��!���
	4��05�1��062ZE0����.3 aJ:��
for somesensingaction �50��1��062 ,



B �×	%� z !a���Od=�?�@�06Ó*GF�×	%� z �U!a�� if f� D ~;�����M� � �,0��1��0��J3 aJ:�� n O=8?6���1��	%� z !05���J3 aJ:�!� z ��!05���J3 aJ:U� $
Let usshow that� D ~;������� � �,0��1��0��.3 aJ:%� n O�V�
	%� z !05���J3 aJ:��� ¶ ��7>�V�
	��×	%� z !a��!E0����J3 aJ:4!� ¶ � $
It turnsout that, underthe hypothesisof the theorem,for
all � z andall a , 	�� z Ea�� is bisimilar to 	%�'	�� z Ea��!!a�� with
respectto onlineexecutions.Indeed,it is easyto checkthat
the relation 3�	�� z Ea����	��×	%� z !a��!!a��W: is a bisimulation,i.e.,
for all � z and a , 3�	%� z Ea����	%�'	�� z Ea��!!a��W: impliesthatB � D ~;�����º� � �,0��1��0��.3 aJ:%� n OP+o~4���]�F	%� z E0����J3 aJ:�� if f� D ~;�����º� � �,0��1��0��.3 aJ:%� n OP+o~4���]�F	��×	%� z Ea���E0����J3 aJ:�� ,B for all � z � , a#� if

� D ~;�����d� � �,0��1��0��.3 aJ:%� n O=8?6���1��	%� z !05���J3 aJ:�!� z ��!05���J3 a#�á:�� with the set� D ~;�����º� � �,0��1��0��.3 a#�§:%� being consistent, then� D ~;�����º� � �,0��1��0��.3 aJ:�� n O=�?����1��	��×	%� z !a��!!05���J3 aJ:�E�'	�� z �%!a#�U�!E0����J3 a#�À:��
and 3�	%� z �%Ea#�U���	��×	%� z ��!a#����Ea#�U�W: ,B for all � z � , a#� if

� D ~;�����d� � �,0��1��0��.3 aJ:%� n O=8?6���1��	��×	%� z !a��!E0����J3 aJ:4F�×	%� z ��!a#�Q��E0����J3 a#�À:U� with� D ~;�����º� � �,0��1��0��.3 a#�§:%� consistent,then� D ~;�����M� � �,0��1��0��J3 aJ:�� n O=8?6���1��	%� z !05���J3 aJ:�!� z ��!05���J3 a#�á:��
and 3�	%� z �%Ea#�U���	��×	%� z ��!a#����Ea#�U�W: .

Now, assume that
� D ~W������� � �,0��1��0��.3 aJ:%� entailsN ��¶ $ �V�
	�� z E0����J3 aJ:4!��¶]� . Then since � z is an Á<ÂfÃ Ä ,

by Theorem2 all online execution from 	�� z Ea�� termi-
nate.Hencesince 	%� z Ea�� and 	%�'	�� z Ea���Ea�� arebisimilar,	��×	%� z !a��!!a�� hasthe sameonline execution(apart from
theprogramappearingin theconfigurations).

Next, observe that given an online executionof 	%� z Ea��
terminating in 	%� z ¶ Ea ¶ � , in all models of

� D ~;�����j�� �<05�1��0��J3 aJ:%� with sensingoutcomesasin a ¶ boththepro-
gram � z and �×	%� z Ea�� reachthe samesituation 0����J3 a ¶ : .
Sincethereareterminatingonlineexecutionsfor all possi-
blesensingoutcomes,thethesisfollows.

This theoremshows that if we restrict our attention toÁ<ÂfÃ Ä s thatterminatein a boundednumberof steps,then
we canfurther restrictour attentionto programsof a very
specificsyntacticform,withoutany lossin generality. This
maysimplify thetaskof comingupwith asuccessfulstrat-
egy for a givendeliberationblock.

5.2 LINEAR PROGRAMS

Let the classof linear programsÅ1âFã�Á be definedby the
following BNF rule:

� z � w�w O>�#~;� n ��G!� z �%Y n =8?�@�0�Ó*G!� z �%Y
where� is any non-sensingaction,and � z �%Y is a linearpro-
gram.

Thisclassonly includessequencesof actionsor trivial tests.
Sowheneversucha planis executable,thenit is alsoepis-
temically feasible— the agentalwaysknows what to do
next:

Theorem6 Let � z � bea linearprogram,i.e., � z � Ô Å1âFã®Á .
Then, for all histories a , if

� D ~;�����©� � �<05�1��0��J3 aJ:%� n ON ��¶ $ �V�
	�� z �;!05���J3 aJ:����¶�� then
� D ~W�����8� � �,0��1��0��J3 aJ:�� n OÁ<ÂfÃ Ä¿	%� z �;!0����.3 aJ:U� .

ProofSketch: This is acorollaryof Theorem4 for treepro-
grams.Sincelinearprogramsaretreeprograms,thethesis
follows immediatelyfrom this theorem.

By Theorem2, we alsohave that underthe conditionsof
theabovetheorem,all onlineexecutionsof 	%� z ��Ea�� areter-
minating.Sincetheagentmayhaveincompleteknowledge,
theproblemof findinga linearprogramthatyieldsanexe-
cutionof a programin a deliberationblock is theanalogue
in our framework of conformantplanningin the standard
setting[SmithandWeld,1998].

Next, weshow thatlinearprogramsaresufficienttoexpress
any strategy thatdoesnotperformsensing.

Theorem7 For any � z that does not include sens-
ing actions, such that

� D ~;�����x� � �,0��1�50��J3 aJ:%� n OÁ<ÂfÃ Ä¿	%� z E0����J3 aJ:�� , thereexistsa linear program � z � such
that

� D ~;�����]� � �,0��1�50��J3 aJ:%� n O�"�� ¶
$ �T�
	%� z E0����J3 aJ:4!� ¶ �<7�V�
	�� z �;E0����J3 aJ:4!� ¶ � .
Proof Sketch: We show this using the sameapproachas
for Theorem5 for tree programs. Since � z cannotcon-
tain sensingactions,the constructionmethodusedin the
proof of Theorem5 producesa treeprogramthatcontains
no branchingandis in facta linearprogram.Then,by the
sameargumentasusedthere,thethesisfollows.

Observe that this implies that if no sensingis possible—
for instance,becausethereareno sensingactions— then
linearprogramsaresufficient to expresseverystrategy.

Let ÈÊä be a deliberationoperatorthat is axiomatizedjust
as È¿É except that we replacethe requirementthat � z be
anepistemicallyfeasibledeterministicprogramby the re-
quirementthatit bealinearprogram,i.e.,whereweusethe
axiom(the Å1âFã®Á predicateis definedin theobviousway):=8?6���1��	�ÈÊäL	 z �!���!� z � � !� � �M7N � z � $ Å1âFã�Á¿	�� z ����RN � ¶
$ =8?6���1��	%� z �;��*E� z �%��!���Q�VR�V�
	%� z ����������� ¶ ��Rc�V�
	 z !�*!� ¶ � $



Then,onecanshow thata programusingthis deliberation
operatorÈ ä 	 z � canmakeatransitionin ahistoryif andonly
if onecanidentifyasequenceof actionsthatis anexecution
of z in all modelsfor thehistory:

Theorem8 Thereexistsa situation � ¶ such that� D ~;�����M� � �,0��1��0��.3 aJ:�� n OP�V�
	 z E0����.3 aJ:4!� ¶ �
if andonly if there is a � z � Ô Å1âFã®Á andan ��� such that� D ~;�����f� � �<05�1��0��J3 aJ:%� n Od=8?6���1��	4È ä 	 z �!E0����J3 aJ:4E� z ��!� � �
Proof Sketch: » By hypothesisthereexists a � z � that is
a Å�âEã�Á . If ���TOå� and then � z ��O Ò ?�@�0�Ó*G!� z �%� and if���ºOæ���
	������� , for someaction � , andthen � z ��Oà�.GE� z �%� .
In both cases� z �%� mustbe a Å1âFã�Á . In every model � z �%�
reachesfrom ��� a final situationof the original programz . Observe that sucha situationwill be the samein ev-
ery model sincethe sequenceof actionsstartingfrom �5�
is fixed by � z �%� . It follows that the sequenceof action
doneby � z � startingfrom � reachesasituation� ¶ suchthat� D ~;�����º� � �,0��1��0��.3 aJ:�� n O>�T�
	 z !0����.3 aJ:����¶�� .¼ If for some ��¶ we have

� D ~;�����©� � �,0��1��0��.3 aJ:%� n O�V�
	 z E0����J3 aJ:4!��¶�� then the sequenceof actions from0����.3 aJ: to ��¶ is a Å�âFã®Á program,which trivially satis-
fies the left-hand-sideof the axiom for ÈÊä . Observe that
if � ¶ O_0����J3 aJ: thenthelinearprogramcanbesimply �#~;� .
Thisprovidesthebasisfor a simpleimplementation.

6 IMPLEMENT ATION

Let usnow examinehow thedeliberationconstructcanbe
implementedaccordingto the specificationgiven above,
i.e.,by having theinterpreterlook for anepistemicallyfea-
sible deterministicprogramof a certaintype, linear, tree,
etc. We alsorelatetheseimplementationsto earlierimple-
mentationproposalsfor IndiGolog.

Thesimplesttypeof implementationis onethatonly con-
siderslinearprogramsaspotentialstrategiesfor executing
the programin the deliberationblock, asin the specifica-
tion of ÈÊä above. This will work if thereis a solutionthat
doesnotdosensing.Hereis thecodein Prolog:

/* implementation using linear programs */
trans(delib_l(P),H,DPL1,H1):-

buildLine(P,DPL,H), trans(DPL,H,DPL1,H1).
buildLine(P,[],H):- final(P,H).
buildLine(P,[(true)?|DPL],H):-

trans(P,H,P1,H), buildLine(P1,DPL,H).
buildLine(P,[A|DPL],H):- /* A is not */
trans(P,H,P1,[(A,1)|H]), /* a sensing */
buildLine(P1,DPL,[(A,1)|H]). /* action */

Insteadof situations,thiscodeuseshistories,whicharees-
sentiallylistsof pairsof actionsandsensingoutcomessince
theinitial situation.ThebuildLine(P,DPL,H) predicate
basicallylooks for a sequenceof transitionsthat the pro-
gram can perform and that that is guaranteedto lead to
a final configurationwithout performingsensing(sensing
outcomesfor non-sensingactionsare assumedto be 1).
This approachto implementingdeliberationis essentially
thatusedin [De Giacomoetal., 1998,LesṕeranceandNg,
2000,DeGiacomoetal.,2001],astheseassumethatdelib-
erationblocksdonotcontainsensingactions.

A more generaltype of implementationis one that con-
siderstree programsas potentialstrategies for executing
theprogramin thedeliberationblock,assumingthatbinary
sensingactionsareavailable.This canbeimplementedby
generalizingtheaboveasfollows:

/* implementation using tree programs */
trans(delib_t(P),H,DPT1,H1):-

buildTree(P,DPT,H), trans(DPT,H,DPT1,H1).
buildTree(P,[],H):- final(P,H).
buildTree(P,[(true)?|DPT],H):-
trans(P,H,P1,H), buildTree(P1,DPT,H).

buildTree(P,[A,if(F,DPT1,DPT2)]):-
trans(P,H,P1,[(A,_)|H]), senses(A,F),
buildTree(P1,DPT1,[(A,1)|H]),
buildTree(P1,DPT2,[(A,0)|H]).

buildTree(P,[A|DPT],H):-
trans(P,H,P1,[(A,_)|H]), not senses(A,_),
buildTree(P1,DPT,[(A,1)|H]).

buildTree(P,(false)?,H):- inconsistent(H).

inconsistent([(A,1)|H]):- inconsistent(H) ;
senses(A,F), holds(neg(F),H).

inconsistent([(A,0)|H]):- inconsistent(H) ;
senses(A,F), holds(F,H).

A transitionis performedonaprogramsearch t(p) only
if it is alwayspossibleto extendit into a completeexecu-
tion of p. To ensurethis, whenever a binary sensingac-
tion is encountered,thecodeverifiestheexistenceof com-
pleteexecutionsfor bothpotentialsensingoutcomes0 and
1 (3rdclauseof buildTree). For non-sensingactions,the
sensingoutcomeis assumedto be1, andthe existenceof
an executionis verified in this single case(4th clauseof
buildTree). This implementationis similar to that of
[De Giacomoand Levesque,1999a]. Both of the above
implementationsaresoundbut notcomplete.6

6The incompletenesscomesfrom the fact that they stick to
the form of the programwhile the semanticsdoesnot. Oneex-
amplethat bringsthis out is: ç�è �;é è �;�Tê�ë ç�è �Lë�é è ��� , whereit
is known that ç ¢Öé

. For our semantics,the LINE program�<�5ì]í è �;�<�Aì
í è �W� is astrategy for executingit, but theimplemen-
tationsfail to find it.



7 DELIBERA TION WITH EXECUTION
MONIT ORING

Sofar, wehaveprovideda formalaccountof plansthatare
suitablefor an agentcapableof sensingthe environment
duringtheexecutionof a high-level program.We have not
addressed,though,anotherimportantfeatureof complex
environmentswith whicha realisticagentneedsto copeas
well: exogenousactions. Intuitively, anexogenousaction
is anactionoutsidethecontrolof theagent,perhapsa nat-
ural eventor anactionperformedby anotheragent.Tech-
nically, theseareprimitive actionsthatmayoccurwithout
beingpartof the user-specifiedprogram. It is not hardto
imaginehow onewould slightly alter thedefinitionof on-
line executionof Section2 soasto allow for theoccurrence
of exogenousactionsaftereachlegal transition.Nonethe-
less,an exogenousactioncanpotentiallycompromisethe
online executionof a deliberationblock. This is due to
the fact that È¿É commitsto a particularEFDPwhich can
turnout to beimpossibleto executeaftertheoccurrenceof
someinterferingoutsideaction. If thereis anotherEFDP
thatcouldbeusedinsteadto completetheexecutionof the
deliberationblock,wewould like theagentto switchto it.

To addressthis problem, the searchoperatordefinedin
[LesṕeranceandNg,2000]implementsanexecutionmoni-
toringmechanism.Theideais to recomputeasearchblock
wheneverthecurrentplanhasbecomeinvaliddueto theoc-
currenceof exogenousactionsduringtheincrementalexe-
cution. The new searchstartsfrom the original program
andsituation(this is importantbecauseoftencommitments
are madeearly on in the program’s execution,and these
mayhaveto berevisedwhenanexogenouschangeoccurs)
andensuresthat theplanproducedis compatiblewith the
alreadyperformedactions.

Basedon[De Giacomoetal.,1998],onecancomeupwith
a cleanandabstractformalizationof executionmonitoring
andreplanningfor ourepistemicversionof deliberationde-
scribedin Section4.2. The idea is to avoid permanently
committingto a particularEFDP. Instead,we definea de-
liberationoperatorÈ É�î thatmonitorstheexecutionof the
selectedEFDP and replanswhen necessary, possiblyse-
lecting an alternative EFDP to follow. The semanticsof
thismonitoreddeliberationconstructgoesasfollows:

=�?����1��	�È É�î 	 z �!��� z �%!���Q��7N � z !� z � $ Á<ÂfÃ Ä£	%� z ����#R z �.Od�S� Ò 	%� z �%!���% z !����RN ��¶ $ =�?����1��	%� z ��*E� z �%!�����#R�V�
	�� z �%��������¶���RS�V�
	 z !�*���¶�� $+o~W���]�L	4È¿É�î©	 z �!�����7d+o~W���]�L	 z !��� $
The main differenceis in the remainingprogramwhich
containsnot only the epistemicallyfeasiblestrategy cho-
sen,but also the original programz , original situation � ,

andnext expectedsituation�5� . Thesecomponentsarepack-
agedusinganew languageconstruct�S� Ò , whichbasically
meansthat the agentshouldmonitor the executionof the
selectedstrategy � z usingthe original programandsitua-
tion to replanwhennecessary.

The next step, then, is to define the semanticsfor the
new “monitoring” construct �S� Ò . With that objec-
tive, we first introducetwo auxiliary relations. Relationz 0�? Ò @J?6¸±0��J	��S� Ò 	%� z ���É� z ^;!��^4�!!��� stateswhetherthe strat-
egy � z hasjust beenperturbedin situation � by someex-
ogenousaction.Thereareobviouslyseveralwaysto define
whena strategy hasbeenperturbed.A sensibleoneis the
following: a strategy hasbeenperturbedif theexogenous
actionsthat just occurredrule out a successfulexecution
for boththestrategy andtheoriginalprogramof thedelib-
erationblock.

z 0�? Ò @J?�¸�0��.	%�c� Ò 	�� z !��É� z ^����^��!����<7��ÉÊïO>�ºRci N � ¶�$ 3 �T�
	%� z !�*�� ¶ ��RS�V�
	 z ^�r z ÉLð
!��^L!� ¶ �W:

Notice that we make use of the special programz ÉLð defO¿	 p � $§ñ D �
	��
�LÓ*GE�
� q , see[De Giacomoet al., 2000],to
allow for a legal sequenceof exogenousactions.Also, ob-
serve thata strategy canbeperturbedonly if anactionout-
sidethe strategy occurred,in which casethe actualsitua-
tion � woulddiffer from theexpectedsituation ��É . Thusin
practice,thereis no needto checkfor perturbationunless
anexogenousactionor anactionotherthanthatperformed
by thechosenstrategy occurs.

Thenext auxiliary relationis usedto calculatea recovered
strategy � zJò whenthecurrentone � z wasperturbedin sit-
uation � . A sensibledefinitionfor it is:

?60�¹±��ó]0�?]	%�c� Ò 	�� z !� É  z ^ !� ^ ��!�*E� z ò �<7N z �^ $ =8?6���1� q 	 z ^<r z ÉLð
!��^� z �^ r z É�ð
����TRñ +��T�-	%� z.ò ����TR N � ¶
$ �V�
	�� zJò ����� ¶ ��RS�V�
	 z �^ !�*!� ¶ � $

Observe that theabove definitionmayendup choosingan
alternativeepistemicallyfeasiblestrategy thantheonecho-
senbefore. In a nutshell,a new recovered strategy is an
epistemicallyfeasibleonethat is ableto “solve” theorigi-
nal programz ^ while accountingfor everyactionexecuted
sofar, eitherby thedeliberationblockor not,sincethebe-
ginningof thedeliberationblock.

Wenow haveall themachineryneededtodefinetheseman-
tics for themonitoringconstruct�S� Ò :



=8?6���1��	��S� Ò 	�� z !� É  z ^ �� ^ ��!�* z ����5�Q�<73 i z 0�? Ò @J?�¸�0��.	%�c� Ò 	�� z !��É6 z ^�!��^���!���TRN � z � $ =8?6���1��	�� z !�*E� z �%!���Q�VRz � O>�c� Ò 	�� z � �� �  z ^;��5^W�W:
Æ3 z 0�? Ò @J?�¸�0��.	%�c� Ò 	�� z !��É� z ^;���^4��!���TRN � zJò $ ?�0�¹±��ó]0�?
	��S� Ò 	%� z !��É� z ^�!��^���!�*E� z.ò �TRN � z � $ =8?6���1��	�� zJò ���!� z ��������VRz �.O>�c� Ò 	�� z ������� z ^;���^4�;:
+o~W���]�L	%�c� Ò 	%� z ���É� z ^;!��^W�!����F�µ73 i z 0�? Ò @.?�¸�0��J	��S� Ò 	%� z !� É  z ^ !� ^ ��!���TR�+o~W���]�L	�� z !���W:Æ³3 z 05? Ò @J?�¸�0��.	%�c� Ò 	�� z !� É  z ^ �� ^ �!����VR�V�
	 z ^ r z É�ð !� ^ !���W:

For =8?6���1� , we have two possibilities: (i) if the strategy
hasnot beenperturbed,thenwe continueits executionby
performingonestepandupdatingthenext expectedsitua-
tion; (ii) if thestrategy hasjustbeenperturbed,arecovered
new strategy � z ò is computedandtheexecutioncontinues
with respectto this alternative strategy. It is importantto
notethattheoriginalprogramandsituationarealwayskept
throughoutthewholeexecutionof a deliberationblock. In
that way, the recovery processcan be as generalas pos-
sible. The casefor +o~W���]� is simpler: (i) if the strategy
hasnotbeenperturbed,thenwecheckwhetherthestrategy
is final in the actualsituation;(ii) if the strategy hasbeen
perturbed,thenthereis a chancethat theoriginal program
might beterminatingin thecurrentsituationandwecheck
for this.

Summarizing,deliberationcanbenaturallyintegratedwith
executionmonitoringin orderto copewith exogenousac-
tionsthatmakethechosenstrategy unsuitable.

8 CONCLUSION

In this paper, we developedan accountof the kind of de-
liberationthatanagentthat is doingplanningor executing
high-level programsmustbeableto perform.Thedeliber-
ator’s job is to producea kind of plan that doesnot itself
requiredeliberationto interpret. We characterizedthese
as epistemicallyfeasibleprograms: programsfor which
theexecutingagent,at every stageof execution,by virtue
of what it knew initially and the subsequentreadingsof
its sensors,alwaysknowswhat stepto take next towards
thegoalof completingtheentireprogram.We formalized
this notionandcharacterizeddeliberationin theIndiGolog
agentlanguagein termsof it. We have also shown that
for certainclassesof problems,which correspondto con-
formantplanningandconditionalplanning,thesearchfor
epistemicallyfeasibleprogramscanbelimited to programs
of a simplesyntacticform.

Therehasbeena lot of work in thepaston formalizingthe
notion of epistemicallyfeasibleplan, e.g. Moore [1985],

Davis [1994], Lesṕeranceet al. [2000], Levesque[1996],
and our accountsbuilds on this. One its distinguishing
featuresis that it is integratedwith the transitionsystem
semanticsof our programminglanguage. In Lesṕerance
[2001],a similar approachis usedto formalizea notionof
epistemicfeasibility for multiagentsystemspecifications.
In McIlraith and Son [2001], a notion of “self-sufficient
program” very similar to Á<ÂfÃ Ä s is formalized; but this
accountis moresensitive to thesyntaxof theprogramthan
ours.

In this paper, we have only dealtwith binary sensingac-
tions. However, the accountof deliberationdevelopedin
Section4 andits extensionto provide executionmonitor-
ing in Section7 do not rely on this restrictionandapply
unchangedto theorieswith sensingactionsthathave even
an infinite numberof possiblesensingoutcomes.7 This
comesfrom thefactthatourcharacterizationof “goodexe-
cutionstrategies” throughthenotionof Á<ÂfÃ®Ä is not syn-
tactic, only requiring the agentto know what action to
do next at every step. The resultsof Section5.1 show-
ing that tree programsare sufficient to solve any plan-
ning/deliberationproblemwherethereis somestrategy that
solves the problem in a boundednumberof stepsalso
generalizeto domainsinvolving sensingactionswith non-
binarybut finitely many outcomes;this is easyto seegiven
thatany suchsensingactioncanbeencodedasa sequence
binary sensingactionsthat readthe outcomeonebit at a
time(onecouldof courseextendtheclassof treeprograms
with anon-binarybranchingstructureto avoid theneedfor
suchanencoding).Whethera similar characterizationcan
beobtainedfor sensingactionswith an infinite numberof
possibleoutcomesis an openproblem. While the above
holdsin principle, assoonasthe numberof sensingout-
comesis more thana few, conditionalplanningbecomes
impracticalwithoutadvicefromtheprogrammerasto what
conditionsthe plan shouldbranchon [Lakemeyer, 1999,
Thielscher,2001]. In [Sardĩna,2001], a searchconstruct
for IndiGolog that generatesconditionalplans involving
non-binarysensingactionsby relyingonsuchprogrammer
adviceis developed.Thisapproachseemsverycompatible
with oursand it would be interestingto formalize it asa
specialcaseof our accountof deliberation.Therearealso
moregeneraltheoriesof sensing,suchasthatof [De Gia-
comoandLevesque,1999b]which dealswith online sen-
sorsthat always provide valuesand situationswherethe
law of inertia is not always applicable. In [De Giacomo
et al., 2001], a searchoperatorfor suchtheoriesis devel-
oped.It would beworthwhileexaminingwhetherthis set-
ting couldalsobehandledwithin our accountof delibera-
tion. Aswell, onecouldlook for syntacticcharacterizations
for certainclassesof epistemicallyfeasibledeterministic

7Onecanintroducenon-binarysensingactionsin our frame-
work asin [ScherlandLevesque,1993].



programsin thissetting.
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