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Abstract. This paperaddressesthe problemof ensuringthat agents’plansare
epistemicallyfeasiblein multiagentsystemsspecifications.Weproposesomeso-
lutionswithin theCognitive AgentsSpecificationLanguage(CASL). We define
asubjectiveexecutionconstructSubj thatcausestheplanto beexecutedin terms
of theagent’s knowledgestate,ratherthanin termsof theworld state.Thedef-
inition assumesthat the agentdoesnot do planningor lookahead,andchooses
arbitrarilyamongtheactionsallowedby theplan.Wealsodefineanotherdeliber-
ativeexecutionoperatorDelib for smarteragentsthatdoplanning.Weshow how
thesenotionscanbeusedto expresswhethera processis epistemicallyfeasible
for its agent(s)in severaltypesof situations.Moregenerally, thepapershowshow
aformalizationof epistemicfeasibilitycanbeintegratedwith a transition-system
semanticsfor anagentprogramming/specificationlanguage.

1 Intr oduction

In the last few years,variousframeworks have beenproposedto supportthe formal
specificationandverificationof multiagentsystems(MAS) [1,7,8,29]. We have been
involvedin thedevelopmentof sucha framework, theCognitive AgentsSpecification
Language(CASL) [25]. CASL combinesideasfrom agenttheoryandformalmethods,
resultingin anexpressive specificationlanguagethatcanbeusedto modelandverify
complex MAS.

Oneproblemwith CASL and someother MAS specificationframeworks is that
they donotprovidegoodwaysof ensuringthatagents’plansareepistemicallyfeasible,
i.e., that theagentshave enoughknowledgeto beableto executetheir plans.In a real
multiagentsetting,eachagent’s behavior is determinedby its own mentalattitudes,
i.e., its knowledge,goals,etc. At eachpoint in time, agentsmustselectwhat action
to do next basedon their plansandthe knowledgethat they have aboutthe system’s
state.However in CASL (andsomeotherframeworks),thesystem’sbehavior is simply
specifiedasa setof concurrentprocesses.Theseprocessesmayreferto agents’mental
states— CASL includesoperatorsthatmodelagents’knowledgeandgoals— but they
don’t haveto.Thereis norequirementthatthemodelerspecifywhichagentis executing
agivenprocessandthatheensurethattheagenthastheknowledgerequiredto execute
theprocess.

ConsiderthefollowingexampleadaptedfromMoore[18]. Wehaveanagent,
���������	�

,
thatwantsto openasafe,but doesnotknow thesafe’scombination.Thereis alsoasec-



ondagent,
���
���� �	� , thatknowsthesafe’scombination.If we take thesystem’sCASL
specificationto bejust theprimitiveaction:
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thatis,

���������	�
dialsthesafe’scombinationand 
���
��%� �	� doesnothing,thenwehavea

processthatis physicallyexecutableandmustterminatein asituationwherethesafeis
open.1 Thisholdsprovidedthatanappropriatespecificationof theeffectsand(physical)
preconditionsof the

� � 
�� actionandof the initial situationhasbeengiven.However,
this processis not epistemicallyfeasiblebecausethe agentdoesnot know the safe’s
combination.2 Suchaprocessspecificationmaybeadequateif all wewantis to identify
a setof runsof a system.But it doesnotcapturetheinternalcontrolof theagents,how
theirbehavior is determinedby theirown mentalstate.

The fact that in CASL, systemprocessesarespecifiedfrom an outsideobserver’s
(third-person)point of view canhave advantages.In many cases,the internalcontrol
programsof theagentsarenot known. Sometimes,themodelermayonly wanta very
partial modelof the systemcapturingsomescenariosof interest.In the caseof sim-
ple purelyreactive agents,themodelermaynot want to ascribementalattitudesto the
agents.Also, naturaleventsandprocessesarebestspecifiedobjectively. However, this
loosecouplingbetweenspecificationandsystemmeansthat it is easyto write specifi-
cationsthatcouldnot beexecutedby agents.Often,onewould want to ensurethatthe
specificationsareepistemicallyfeasiblefor theagents.

For our example,if we wantto ensurethattheprocessis epistemicallyfeasiblefor
theagents,weshouldusea specificationmorelike thefollowing:
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Here,in thefirst concurrentprocess,
���������	�

waitsuntil it knows what thesafe’s com-
binationis andthendials it, andin thesecondprocess
���
��%� �	� tells

�&���'���	�
whatthe

combinationis — 4�5 / 4$6 representstheconcurrentexecutionof 4�5 and4'6 . Wemightalso
want to requirethateachagentknow that thepreconditionsof its actionsaresatisfied
beforeit doesthem,e.g.,that

�&���'���	�
know that it is possiblefor him to dial a com-

binationon thesafe.This sortof requirementshasbeenstudiedin agenttheoryunder
the labels“knowledgeprerequisitesof action”, “knowing how to executea program”,
“ability to achieve a goal”, “epistemicfeasibility”, etc. [18,19,28,3,12,15,16]. The

1 Formally:

7�8:9�;�<>=%?A@(B�<ACD;'E1E,?GF%H�I1;'JKE1?AL.@�M�?A;'LN<GOP@�Q�F�R'S�H,OP@�Q�F�R'S�H�O.T2H�8'S:UV:8�<A9�;(<>=%?A@�B�<ACD;$E,E1?GF�H�I,;$JWE1?AL.@(M�?A;$LX<GOP@�Q�F%R�S�H,OP@�Q�F�R�S�H�O T HY8$S[Z]\�^*F�LX<GOP@�Q�F�R$H�8'S	S�_
Thenotationis explainedin Section3.

2 I1;'JKE,?GL.@�M�?A;'LX<GO`@�Q�F�R'S is afluentwhosevaluevariesaccordingto theagent’s epistemicalter-
natives;thesituationargumentcanbemadeexplicit by writing

I1;'JKE1?AL.@�M�?A;'LN<GOP@�Q�F�R2HYL.;'abS
;

seeSection3.



modelercouldexplicitly includeall theseknowledgeprerequisitesin theprocessspec-
ification. But it would bebetterif therewasa way to simply saythat thefirst process
is going to be subjectivelyexecutedby

�����������
andthe secondprocessby 
���
���� �	� ,

andto have all theknowledgeprerequisitesfall out automatically;somethinglike the
following:
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In thisprocessspecificationwhichwecall c$d.c � � � " , weuseanew constructSubj ��
�f�� � 4 # ,
whichmeansthattheprocessspecification4 is subjectively executedby agent
(f*� , that
is, that 4 is executedby 
�f�� in termsof his knowledgestate.Note thatwe couldhave
madetheexamplemorerealisticby having

���������	�
request
���
��%� �	� to inform him of

thecombinationandhaving 
��0
��%� �	� respondto suchrequests,asin theexamplesof
[25]; but here,wepreferto keeptheexamplesimple.We returnit in Section3.

In this paper, we explore theseissues,andproposean accountof subjective plan
executionin CASL that ensuresthat the plan canbe executedby the agentbasedon
its knowledgestate.Our accountof basicsubjective execution(Subj) assumesthat
the agentdoesnot do planningor lookaheadas it executesits program.We alsode-
velopanaccountof deliberativeplanexecution(Delib) for smarteragentsthatdoplan-
ning/lookahead.Thesenotionsaredefinedon top of CASL’s transition-systemseman-
tics. In fact,oneof the paper’s contributionsis showing how a formalizationof epis-
temic feasibility canbeadaptedfor usewith anagentprogramming/specificationlan-
guagewith a transition-systemsemantics.Notethatthepaperfocuseson developinga
reasonablemodelof agenthoodfor usein producingbetterspecificationsof MAS. This
modelshouldlaterproveusefulfor obtainingmoreaccurateformalsemanticsfor agent
programminglanguagesthat interleave sensingandcommunicationwith planningand
planexecution,e.g.,IndiGolog[5].

2 Overview of CASL

The Cognitive AgentsSpecificationLanguage(CASL) [25] is a formal specification
languagefor multiagentsystems.It combinesa theoryof action[22,23] andmental
states[24] basedon thesituationcalculus[17] with ConGolog[4], a concurrent,non-
deterministicprogramminglanguagethathasa formal semantics.Theresultis a spec-
ification languagethatcontainsa rich setof operatorsto facilitatethespecificationof
complex multiagentsystems.A CASL specificationof a systeminvolvestwo compo-
nents:aspecificationof thedynamicsof thedomainandaspecificationof thebehavior
of theagentsin thesystem.Let usdescribehow thesecomponentsaremodeled.

2.1 Modeling Domain Dynamics

Thedomaindynamicscomponentof a CASL specificationstateswhatpropertiesand
relationsareusedto modelthestateof thesystem,whatactionsmaybeperformedby



theagents,what their preconditionsandeffectsare,andwhat is known aboutthe ini-
tial stateof thesystem(thespecificationmaybe incomplete).The modelcaninclude
a specificationof theagents’mentalstates,i.e., whatknowledgeandgoalsthey have,
aswell asof the dynamicsof thesementalstates,i.e., how knowledgeandgoalsare
affectedby communicationactions(e.g.,inform, request,cancel-request,etc.)andper-
ceptionactions.Thiscomponentis specifiedin apurelydeclarativewayin thesituation
calculus[17].

Very briefly, thesituationcalculusis a languageof predicatelogic for representing
dynamicallychangingworlds.In this language,apossibleworld history(asequenceof
actions)is representedby a first ordertermcalleda situation. Theconstant
Pg denotes
theinitial situationandtheterm

� � �Gh � c # denotesthesituationresultingfrom action h
beingperformedin situation c . Relations(functions)thatvary from situationto situa-
tion, calledfluents, arerepresentedby predicate(function)symbolsthattakeasituation
term aslast argument.The specialpredicatei � c�c �Gh � c # is usedto representthe fact
thatprimitiveaction h is physicallypossiblein situationc .

We useReiter’s solutionto theframeproblem,whereeffectsaxiomsarecompiled
into successorstateaxioms[22,23]. Thus,for ourexample,thedomaindynamicsspec-
ification includesthesuccessorstateaxiom:
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i.e., the safe l is openin the situationthat resultsfrom action 
 beingperformedin
situation c if and only if 
 is the action of dialing l ’s correctcombinationon l or
if l was alreadyopenin situation c . We also have a successorstateaxiom for the��� � ����� 
�� �	��� fluent,whosevalueis notaffectedby any action:
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Thespecificationalsoincludestheactionpreconditionaxiom:
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i.e., thatthe

� � 
�� actionis alwaysphysicallypossible.We alsospecifytheagentof the
actionby:
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Knowledgeis representedby adaptinga possibleworld semanticsto the situation

calculus[18,24]. Theaccessibilityrelation vw��
(f*� � c2x � c # representsthefactthat in sit-
uation c , theagent
�f*� thinks that theworld couldbe in situation c x . An agentknows
that y if andonly if y is truein all his v -accessiblesituations:

Know ��
�f�� � y � c # defe{z c x �Gv|�G
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Here, y�~ c � representsthe formula obtainedby substituting c for all instancesof the
specialconstant

�X���
; thusfor e.g.,Know �G
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We assumethat v is reflexive, transitive, andeuclidean,which ensuresthat what is
known is true,andthat the agentsalwaysknow whetherthey know something(posi-
tiveandnegativeintrospection).We alsousetheabbreviationsKWhether �G
�f�� � y � c # defe
Know �G
�f*� � y � c #Kq Know ����
(f*� � y � c # , i.e., 
�f�� knows whether y holds in c and
KRef ��
�f�� �1�*� c # defe o � Know ��
(f*� � � e �.� c # , i.e., 
�f*� knowswho/what

�
is.

In this paper, we handlethe following typesknowledge-producingactions:binary
sensingactions,e.g.,c �2� c ���`�����������'�2� 5�� �G
�f�� # , wheretheagentsensesthetruth-valuethe
associatedproposition,non-binarysensingactions,e.g., � � 
 ���	�1����� ����� ��� �*�����'�2� 5Y� �G
�f�� # ,
wheretheagentsensesthevaluetheassociatedterm,andtwo genericcommunication
actions,
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�f�� 5 � 
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(f*� 5 informsagent
�f*� 6 of the
truth-valueof thepropositiony , and

��� ! � ��� ��� !��G
�f*� 5 � 
�f*� 6 �1��# , whereagent
(f*� 5 in-
formsagent
�f�� 6 of thevalueof theterm

�
.3 Following [15], theinformationprovided

by a binarysensingactionis specifiedusingthepredicate
)���G
 � c # , which holdsif ac-
tion 
 returnsthebinarysensingresult

"
in situation c . For example,wemighthave an

axiom:
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i.e., theaction c �2� c ���P�'�Y�������'�2� 5�� �G
�f*� # will tell 
�f�� whether
)
*! ��" is openin thesitu-
ationwhereit is performed.Similarly for non-binarysensingactions,we usethetermc !`!���
 � c # to denotethe sensingvaluereturnedby the action; for example,we might
have:
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We specifythedynamicsof knowledgewith thefollowing successorstateaxiom:
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This saysthat that after an action happens,every agentlearnsthat it hashappened.
Moreover, if the action is a sensingaction, the agentperformingit acquiresknowl-
edgeof theassociatedpropositionor term.Furthermore,if theactioninvolvessomeone
informing 
�f�� of whether y holds,then 
�f�� knows this afterwards,and if the action
involvessomeoneinforming 
�f�� of who/what

�
is, then 
�f�� knows it afterwards(

� ~ c �
standsfor

�
with c substitutedfor

�X���
, similarly to y[~ c � ) . The preconditionsof the

communicationactionsaredefinedby thefollowing axioms:
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3 Sincetheaction
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takesa formulaasargument,wemustencodeformulasas

terms;see[4] for how this is done.For notationalsimplicity, we suppressthis encodingand
useformulasastermsdirectly.



i.e.,
��� ! � ������� � �Y� � � is possiblein situationc if andonly if

��� ! � ��� � � knowswhether
y holds,and

i � c�c � ��� ! � ��� �&� !�� ��� ! � ��� � � � 
�f�� �1��#�� c #�m KRef � ��� ! � ��� � � �1�*� c #��
i.e.,

��� ! � ��� �&� ! is possiblein situation c if andonly if
��� ! � ��� � � knowswho/what

�
is. Therearealsoaxiomsstatingthat the informer is theagentof theseactions.Goals
andrequestsaremodeledin ananalogousway;see[25] for details.

Thus,thedynamicsof a domaincanbespecifiedin CASL usinganactiontheory
thatincludesthefollowing kindsof axioms:

– initial stateaxioms,which describethe initial stateof the domainandthe initial
mentalstatesof theagents;

– actionpreconditionaxioms,onefor eachaction,whichcharacterizei � c�c ;
– successorstateaxioms,onefor eachfluent;
– axiomsthatspecifywhich actionsaresensingactionsandwhatfluentsthey sense,

characterizing
)� and c !`! ;
– axiomsthatspecifytheagentof everyaction;
– uniquenamesaxiomsfor theactions;
– somedomain-independentfoundationalaxioms[10,23].

2.2 Modeling Agent Behavior

Thesecondcomponentof aCASL modelis aspecificationof thebehaviorof theagents
in thedomain.Becauseweareinterestedin modelingdomainsinvolving complex pro-
cesses,this componentis specifiedprocedurally. For this, we usethe ConGologpro-
gramming/processdescriptionlanguage,which providesthefollowing rich setof con-
structs:

h , primitiveaction
y ?, wait for acondition
4 5 - 4 6 , sequence
4 5�¨ 4 6 , nondeterministicbranch© lr4 , nondeterministicchoiceof argument
4 � , nondeterministiciteration
if y then 4 5 else4 6 endIf, conditional
while y do 4 endWhile, while loop
425 / 4$6 , concurrency with equalpriority
425�ª ª)4'6 , concurrency with 425 ata higherpriority
4*« « , concurrentiteration¬¤­¯® y±°²4rª , interruptk ��³ # , procedurecall.

Thesemanticsof theConGologprocessdescriptionlanguage[4] is definedin terms
of transitions, in the style of structuraloperationalsemantics[21,9]. A transitionis
a singlestepof computation,eithera primitive actionor testingwhethera condition
holdsin thecurrentsituation.Two specialpredicatesareintroduced,� ��� 
�� and

t ��
 � c ,



where� ��� 
��,�G4 � c # meansthatprogram4 maylegally terminatein situationc , andwheret �%
 � c ��4 � c � 4 x � c x # meansthat program 4 in situation c may legally executeonestep,
endingin situation c2x with program4 x remaining.

t �%
 � c and � ��� 
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by axiomssuchas:t �%
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Thefirst axiomsaysthata programinvolving a primitiveaction h mayperforma tran-
sition in situationc providedthat hD~ c � is possiblein c , with theresultingsituationbeing� � ��hn~ c � � c # andtheremainingprogrambeingtheemptyprogram

�`� � ( hD~ c � standsfor h
with c substitutedfor

�X���
, similarly to y�~ c � ). The secondaxiom saysthat a program

with aprimitiveactionremainingcanneverbeconsideredto haveterminated.Thethird
axiomsaysthatonecanperforma transitionfor a sequenceby performinga transition
for thefirst part,or by performinga transitionfor thesecondpartprovidedthatthefirst
parthasalreadyterminated.The lastaxiomsaysthata sequencehasterminatedwhen
bothpartshaveterminated.4

Theaxiomsfor theotherConGologconstructsthatwewill useareasfollows:t ��
 � c ��y +(� c � 4 � c x # m y�~ c � p 4 e �`� � p c x e c �
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����,�G4�5 / 4$6 #�� c #�m � ��� 
�����425 � c #`p � ��� 
�����4'6 � c #��t ��
 � c ����4 5�¨ 4 6 #�� c � 4 � c x #�mst �%
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 � c � if y then 4�5 else4$6 endIf
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� c #nm

y�~ c � p � ��� 
�����425 � c #Xq �)y[~ c � p � ��� 
����G4$6 � c #�3
Notethatto handlerecursiveprocedures,a morecomplex formalizationmustbeused;
see[4] for thedetails.

4 Note that we useaxiomsratherthanrulesto specify º ¥$@�L¤8 and » ?AL.@(B becausewe want to
supportreasoningaboutpossibleexecutionsof a systemgivenanincompletespecificationof
the initial situation.Sincethesepredicatestake programs(that include testof formulas)as
arguments,this requiresencodingformulasandprogramsasterms;see[4] for thedetails.For
notationalsimplicity, wesuppressthisencodinganduseprogramsastermsdirectly.



Theoverallsemanticsof a ConGologprogramis specifiedby the ¼ � relation:

¼ � ��4 � c � c x # defe o 4 x � t �%
 � c�� �G4 � c � 4 x � c x #Xp � ��� 
�����4 x � c x #,#��t �%
 � c%� ��4 � c � 4 x � c x # defe{z t ~z 425 � c 5 t ��4 � c � 4 � c #¤pz 4 � c � t �%
 � c ��425 � c 5 � 4$6 � c 6 #Xp±t �G4$6 � c 6 � 4'½ � c ½ #�}|t �G4�5 � c 5 � 4$½ � c ½ #�#}£t �G4 � c � 4 x � c x # �
¼ � �G4 � c � c x # holdsif andonly if c x is a legal terminatingsituationof process4 startedin
situation c , i.e.,a situationthatcanbereachedby performinga sequenceof transitions
startingwith program 4 in situation c andwherethe programmay legally terminate.t �%
 � c%� is thereflexivetransitiveclosureof thetransitionrelation

t ��
 � c .5
CASL’sapproachaimsfor amiddlegroundbetweenpurelyintentional(i.e.,mental

attitudes-based)specificationsof agents,which typically allow only veryweakpredic-
tionsaboutthebehavior of agentsto bemade,andtheusualkind of concurrentprocess
specifications,whicharetoo low-level,anddon’t modelmentalstatesatall. Becauseof
its logical foundations,CASL canaccommodateincompletelyspecifiedmodels,both
in the sensethat the initial stateof the systemis not completelyspecified,andin the
sensethat theprocessesinvolvedarenondeterministicandmayevolve in any number
of ways.

Thelatestversionof theCASL framework,whichsupportscommunicationwith en-
cryptedspeechactsandprovidesasimplifiedaccountof goalsis describedin [25]. That
paperalsodescribeshow CASL wasusedto modela complex multiagentsystemfor
featureinteractionresolutionin telecommunicationapplications,asystemthatinvolves
negotiating,autonomousagentswith explicit goals.Earlier versionsof CASL arede-
scribedin [26,13], wheretheuseof theformalismis illustratedwith a simplemeeting
schedulingmultiagentsystemexample.A discussionof how theprocessmodelingfea-
turesof the framework canbeusedfor requirementsengineeringappearsin [11]; this
paperalsodiscussessimulationandverificationtoolsthatarebeingdeveloped.

3 Subjective Execution

We definethe subjective executionconstructSubj �G
�f�� � 4 # introducedin Section1 as
follows:

t �%
 � c � Subj �G
�f�� � 4 #�� c �1¾N� c x # m o 4 x � ¾ e Subj �G
�f*� � 4 x #Xp
~Know �G
�f*� �,t �%
 � c �G4 �1�X���´� 4 x �,�X���&#�� c #Xp c x e c qo 
P� Know �G
�f*� �,t �%
 � c �G4 �1�X���´� 4 x � � � �G
 �1�X����#�#[p 
�f �2� ���G
 # e 
�f*� � c #p c x e � � �G
 � c #�# � #��

� ��� 
��,� Subj �G
�f*� � 4 #�� c # m Know �G
�f�� � � ��� 
��,�G4 �1�X����#�� c #�3
Thismeansthatwhenaprogramis executedsubjectively, thesystemcanmakeatransi-
tion only if theagentknowsthatit canmakethistransition,andif thetransitioninvolves

5 To definetherelationproperly, weusesecond-orderlogic.For automatedreasoning,onecould
useafirst-orderversionto prove some,but not all, consequencesof thetheory.



aprimitiveaction,thenthisactionmustbeperformedby theagenthimself.A subjective
executionmaylegally terminateonly if theagentknowsthatit may.

Let’s go backto theexamplesof Section1. Assumethat in theinitial situation 
Pg ,�&���'���	�
doesnotknow whatthesafe’scombinationis but 
���
��%� ��� does;formally:

� KRef � �&���'���	�(����� � ����� 
�� �	��� ��
)
*! ��"�#�� 
Pg #Np
KRef ��
)�0
��%� �	�(����� � ����� 
�� �	��� ��
)
*! ��"�#�� 
Pg #�3

Then,we caneasilyshow that
���������	�

cannotopenthe by himself, that the program
wherehejustdialsthesafe’scombinationis notsubjectively executable:

� o c ¼ � � Subj � ���������	��� � � 
��,� ���������	���1�'� � ����� 
�� �	��� ��
)
*! ��"2#�� 
)
�! ��"$#�#�� 
Pg � c #�3

To seethis, observe that
���������	�

’s not knowing the combinationinitially amountsto
� o � z c ��vw� ������������� c � 
Pg #D}¿��� � ����� 
�� �	��� ��
 
�! ��"(� c # e �'#

. Thus,therearev -accessible
situations for

�&���'���	�
in 
 g , say c 5 and c 6 , where

��� � ����� 
�� ����� ��
)
*! ��"�� c 5 #ÁÀe��� � ����� 
�� �	��� ��
 
�! ��"(� c 6 # . It followsby theuniquenameaxiomsfor actionsthat
���������	�

’s
dialing the combinationis a different action in thesesituations,i.e.,

� � 
��,� ���������	������ � ����� 
�� �	��� ��
 
�! ��"(� c 5 #�� 
 
�! ��"�#rÀe � � 
��,� ���������	���1��� � ����� 
�� �	��� ��
)
*! ��"�� c 6 #�� 
)
*! ��"�# ,
andthusthat

�&���'���	�
doesnotknow whatthatactionis in 
 g , i.e.,

� o 
 Know � ���������	��� � � 
��,� ���������	���1�'� � ����� 
�� �	��� ��
)
*! ��"��1�`����#�� 
)
*! ��"�#�� 
Pg #�3

Thus,
���������	�

doesnotknow whattransitionto performin 
 g , i.e.,

� o 
 � 4 Know � ���������	���,t ��
 � c �G¼±Â �,�X���´� 4 � � � �G
 �,�X���&#�� 
`g #��

where¼µÂ defe � � 
���� ����������������� � ����� 
�� �	��� ��
 
�! ��"(�,�X����#�� 
)
*! ��"2# ,andthereis notransi-
tionwheretheprogramissubjectivelyexecuted,i.e., � o 4 � c t �%
 � c � Subj � ������������� ¼µÂ #��

Pg � 4 � c #�3 Sincetheprogramcannotlegally terminate(i.e., is not � ��� 
�� in 
Pg ), thepro-
gramis notsubjectively executable.

If on theotherhand
���
��%� �	� doesinform
���������	�

of whatthecombinationis, asin
the c$d.c � � � " example,thenonecaneasilyshow thattheprocessesinvolvedaresubjec-
tively executable,i.e.,

o c ¼ � � c$d.c � � � "�� 
Pg � c # . Note that the testactionKRef � ���������	������ � ����� 
�� �	��� ��
 
�! ��"�#�#�+ in c$d*c � � � " is redundant,sinceasseenearlier, the
� � 
�� action

cannotmakea transitionunless
���������	�

knowsthecombination.
Theaccountalsohandlescasesinvolving sensingactions.For example,if

�����������
first readsthecombinationof the safe(assumehehasit written on a pieceof paper),
andthendialsit, thentheresultingprocessis subjectively executable,i.e.:

o c ¼ � � Subj � ���������	��� ~ � � 
 ���	�,�b��� ����� ��� ���Ã���$�$� 5Y� � ���������	�%#�-� � 
��,� ���������	���1�'� � ����� 
�� �	��� ��
)
*! ��"2#�� 
)
*! ��"$# � #�� 
Pg � c #�3
To getabetterunderstandingof thisnotion,let’s look atsomeof its properties.First,

for a primitive action h , anagentcansubjectively executetheactionif it knows what
the actionis (including the valueof fluent argumentssuchas

��� � ����� 
�� �	��� ��
 
�! ��"�# )
andknowsthatit is possiblefor him to executeit in thecurrentsituation:



Proposition1.
t �%
 � c � Subj �G
�f*� � h #�� c � 4 � c x # m c x e � � ��hn~ c � � c #[p 4 e Subj �G
�f*� �,�`� � #Ppo 
 Know �G
�f�� � h e 
 p i � c2c ��
 �1�X����#Np 
�f �$� ����
 # e 
�f�� � c #�3

Secondly, for a test/wait actioninvolving a condition y , anagentcansubjectively exe-
cutetheactiononly if it knowsthat y now holds:

Proposition2.
t �%
 � c � Subj �G
�f*� � y +�#�� c � 4 � c x # m c x e c p 4 e Subj ��
�f�� �1�`� � #Pp Know �G
�f�� � y � c #�3

Thirdly, for an if-then-elseprogramwherethe“then” and“else” branchesinvolve dif-
ferentfirst transitions,anagentcansubjectively executeit if it knowsthatthecondition
y is now trueandcansubjectively executethe “then” branch,or knows that y is now
falseandcansubjectively executethe“else” branch:

Proposition3.

� o 4 � c x � t ��
 � c �G4�5 � c � 4 � c x #Xp±t �%
 � c ��4'6 � c � 4 � c x #�#D}
~ t �%
 � c � Subj ��
�f�� � if y then 4�5 else4$6 endIf

� c � 4 � c x # m
Know �G
�f*� � y � c #Xp±t �%
 � c � Subj �G
�f*� � 4�5 #�� c � 4 � c x #`q
Know �G
�f*� � �)y � c #Xp±t �%
 � c � Subj ��
(f*� � 4$6 #�� c � 4 � c x # �

So we seehow with subjective execution,the testsandfluentsthat appearin the pro-
gramaswell asthe preconditionsof the actions,areall evaluatedagainstthe agent’s
knowledgestate,ratherthanagainsttheworld state.

For deterministicsingle-agentprograms,i.e., programswhere ¨ (nondeterministic
branch),© (nondeterministicchoiceof argument),Ä (nondeterministiciteration),and

/
(concurrency) do not occur, we canconsider

o c x ¼ � � Subj ��
�f�� � 4 #�� c � c x # to be anade-
quateformalizationof epistemicfeasibility. In this case,it is sufficient that the agent
know which transition to perform at eachstepand know when he can legally ter-
minate.For nondeterministicprogramson the otherhand,we mustconsiderhow the
agentchooseswhich transitionto performamongthepossiblymany thatareallowed.
Subj canbe viewed ascapturingthe behavior of an agentthat executesits program
in a bold or blind manner. Whenseveral transitionsareallowed by the program,the
agentchoosesthe next transitionarbitrarily; it doesnot do any lookaheadto make a
goodchoice.Soit caneasilyendup in a deadend.For example,considertheprogram
Subj �G
�f*� � �G
 - �´
�� c ��+�# ¨ ��# , in a situationwheretheagentknows thatbothactions
 and�

arepossible.Then,theagentmight chooseto do a transitionby performingaction 

(ratherthan

�
), atwhichpoint theprogram�´
�� c �%+ remains,for whichtherearenopos-

sibletransitionsandwhich cannotsuccessfullyterminate.If we want to ensurethatan
agentcansubjectivelyexecuteanondeterministicprogramsuccessfully, wemustensure
thatevery paththroughtheprogramis subjectively executableandleadsto successful
termination.Note that this blind executionmodeis the default one in the IndiGolog
agentprogramminglanguage[5].

Sofor nondeterministicprograms,theexistenceof somepaththroughtheprogram
( ¼ � ) that is subjectively executableis not sufficient to guaranteeepistemicfeasibility.
We mustensurethatall pathsthroughtheprogramaresubjectively executable.We can



capturethisformallyby defininganew predicateAllDo ��4 � c # thatholdsif all executions
of program4 startingin situation c eventuallyterminatesuccessfully:

AllDo �G4 � c # defe{z � ~z 4�5 � c 5��G� ��� 
����G4�5 � c 5 #D}£� ��425 � c 5 #�#Npz 4�5 � c 5�� o 4$6 � c 6 t �%
 � c ��425 � c 5 � 4$6 � c 6 #`pz 4$6 � c 6(� t �%
 � c ��425 � c 5 � 4'6 � c 6 #�}£� ��4'6 � c 6 #,#}|� �G4 5 � c 5 #�#}¿� ��4 � c # � 3
AllDo ��4 � c # holdsif andonly if ��4 � c # is in theleastrelation

�
suchthat(1) if ��425 � c 5 # can

legally terminate,thenit is in
�

, and(2) if sometransitioncanbeperformedin �G425 � c 5 #
andeverysuchtransitiongetsusto a configurationthat is in

�
, then ��425 � c 5 # is alsoin�

.6 It is easyto seethatif all executionsof 4 in c eventuallyterminatesuccessfullythen
someexecutioneventuallyterminatessuccessfully, i.e.:

AllDo ��4 � c #D} o c x ¼ � ��4 � c � c x #�3
So,weformalizeepistemicfeasibilityfor single-agentprogramswheretheagentex-

ecutestheprogramblindly by thepredicateKnowHowSubj ��
(f*� � 4 � c # , whichis defined
asfollows:

KnowHowSubj ��
�f�� � 4 � c # defe AllDo � Subj �G
�f�� � 4 #�� c #
i.e.,every subjective executionof 4 by 
(f*� startingin c eventuallyterminatessuccess-
fully. For systemsinvolving two agents
�f�� 5 and 
�f�� 6 thatblindly executeprograms4 5
and 4 6 concurrently, wecandefineepistemicfeasibilityasfollows:

KnowHowSubj �G
�f*� 5 � 4 5 � 
(f*� 6 � 4 6 �$� c # defe AllDo � Subj �G
�f*� 5 � 4 5 # / Subj ��
(f*� 6 � 4 6 #�� c #�3
Sincethe agentsarenot doing any lookahead,to guaranteethat the processwill be
executedsuccessfully, we must ensurethat no matterhow the agents’programsare
interleavedandno matterwhich transitionsthey choose,the executionwill terminate
successfully. This canbegeneralizedfor processesthat involve morethantwo agents
and/orusecompositionmethodsother thanconcurrency. Again, if the agentsareall
executingtheirprogramblindly, thenwemustrequirethatall executionsterminatesuc-
cessfully. So for a multiagentprocess4 whereagentsare all blind executors— the
agents’programsin 4 mustall be insideSubj operators— we defineepistemicfeasi-
bility asfollows:

KnowHowSubj ��4 � c # defe AllDo ��4 � c #�3
Subj is very similar to thenotioncalled“dumb knowing how” DKH ��4 � c # formal-

ized in [12] for 4 s thatareGologprograms,i.e., ConGologprogramswithout concur-
rency or interrupts.For any deterministicsingle-agentGologprogram4 , webelievethat
Subj andDKH areessentiallyequivalent,in thesensethat:

o c x ¼ � � Subj ��
(f*� � 4 #�� c � c x # m DKH ��4 � c #�3
6 AllDo is somewhatsimilar to theoperatorÅWÆ)Ç in thebranchingtime logic ÈDºnÉ�Ê [2]. Prop-

ertiesof processeslikeAllDo areoftenspecifiedin the Ë -calculus[20]; see[6] for adiscussion
in thecontext of thesituationcalculus.



Wealsobelievethatfor nondeterministicsingle-agentGologprograms4 , wehavethat:

AllDo � Subj �G
�f*� � 4 #�� c # m DKH �G4 � c #�3
(Wehopeto provetheseconjecturesin futurework.)But notethatSubj is considerably
moregeneralthanDKH ; Subj can be usedto specifysystemsinvolving concurrent
processesandmultipleagents,asin the c$d.c � � � " example.

4 Deliberative Execution

In theprevioussection,we developedanaccountof subjective executionthattook the
agentto beexecutingtheprogramblindly, withoutdoingany lookaheador deliberation.
In this section,we proposeanotheraccountthatcaptureswhena smartagentthatdoes
deliberationknows how to executea program.We usethe notationDelib ��
�f�� � 4 # for
thisnotionof deliberativeexecution. It is formalizedasfollows:t �%
 � c � Delib �G
�f*� � 4 #�� c �,¾[� c x # m o 4 x � ¾ e Delib �G
�f�� � 4 x #Np
~Know ��
�f�� �1t �%
 � c ��4 �,�X���´� 4 x �1�X����#Xp KnowHowDelib ��
(f*� � 4 x �,�X���&#�� c #Xp c x e c qo 
P� Know ��
�f�� �1t �%
 � c ��4 �,�X���´� 4 x � � � ��
 �,�X����#,#Np 
�f �2� ���G
 # e 
(f*�p

KnowHowDelib �G
�f*� � 4 x � � � �G
 �,�X����#,#�� c #[p c x e � � �G
 � c #,# � #��
KnowHowDelib �G
�f*� � 4 � c # defewz � ~z 4 5 � c 5 � Know �G
�f*� � � ��� 
�����4 5 �,�X���&#�� c 5 #�}|� ��4 5 � c 5 #,#Xpz 4 5 � c 5 � o 4 6 Know �G
�f*� �,t �%
 � c �G4 5 �,�X���´� 4 6 �,�X����#Xp0� �G4 6 �1�X����#�� c #}£� �G4 5 � c 5 #�#Xpz 4 5 � c 5 � o 
 � 4 6 Know �G
�f*� �,t �%
 � c �G4 5 �,�X���´� 4 6 � � � �G
 �,�X���&#�#Np 
�f �$� ����
 # e 
�f��p0� �G4'6 � � � �G
 �,�X���&#�#�� c 5 #D}¿� �G4�5 � c 5 #�#}£� �G4 � c # � �
� ��� 
���� Delib �G
�f*� � 4 #�� c # m Know �G
�f�� � � ��� 
��,�G4 �1�X����#�� c #�3
This meansthat the systemcanmake a transitiononly if the agentknows that it can
make this transitionandalsoknows how to deliberatively executethe restof the pro-
gramall thewayto afinal situation.Theagentknowshow to deliberativelyexecute4 inc , KnowHowDelib �G
�f�� � 4 � c # , if andonly if ��4 � c # is in theleastrelation

�
suchthat(1)

if theagentknowsthat �G4�5 � c 5 # canlegally terminate,thenit is in
�

, and(2) if theagent
knows that it canperforma transitionin �G425 � c 5 # to get to a configurationthat is in

�
,

then �G4�5 � c 5 # is alsoin
�

. Thesystemmaylegally terminateonly if theagentknowsthat
it may. We take KnowHowDelib �G
�f*� � 4 � c # to beour formalizationof epistemicfeasi-
bility for thecaseof single-agent(deterministicor nondeterministic)programswhere
theagentdoesdeliberation/lookahead.

Letuslookatanexample.Considerthefollowingprogram,whichwecall c$d.c � � ��Ì :
c$d*c � � ��Ì defe

Subj ��
��0
��%� �	��� © � ~ � � 
��,��
���
���� �	���1�%� 
)
*! ��"2#�- jDk �2� ��
)
*! ��"�#�+ � #�3
Here,
��0
��%� �	� mustnondeterministicallychooseacombination,dial it, andthenverify
thatthesafeis open.An agentthatchoosestransitionsarbitrarilywithout doinglooka-
headis likely to chooseanddial thewrongcombination,sinceit doesnot considerthe



needto satisfythetestthat thesafeis openwhenit choosesits first transition.That is,
wecanshow that:

o 4 x ��� � �WÀe ��� � ����� 
�� �	��� ��
 
�! ��"(� 
Pg #Xpt �%
 � c � c'd.c � � ��Ì � 
Pg � 4 x � � � � � � 
��,��
���
���� �	���1�%� 
)
*! ��"2#�� 
Pg #,#�#�3
But a deliberative agentthat doeslookaheadwould be ableto determinethat it must
dial the right combination.For c$d.c � � ��Ì x which is just like c$d.c � � ��Ì , but with Subj
replacedby Delib, the only possibletransitionis that wherethe agentdials the right
combination.Thus,wecanshow that:

o 4 x � c x t �%
 � c � c$d*c � � ��Ì x � 
 g � 4 x � c x #Xpz 4 x � c x � t ��
 � c � c$d.c � � ��Ì x � 
 g � 4 x � c x #D}c x e � � � � � 
�����
���
��%� �	���1��� � ����� 
�� �	��� ��
)
*! ��"2#�� 
)
*! ��"2#�� 
 g #�#�3
Let’s look atsomeof thepropertiesof Delib andcompareit to Subj. First,wehave

that:

Proposition4. Thepropertiesof propositions1, 2, and3 alsohold for Delib.

To seewhereDelib andSubj differ, considera programh - 4 involving a sequencethat
startswith a primitiveaction.Then,wehave that:

Proposition5.

t �%
 � c � Subj �G
�f�� � h - 4 #�� c � 4 x � c x # m c x e � � ��hn~ c � � c #Np 4 x e Subj ��
�f�� �1�`� � - 4 #`po 
 Know ��
(f*� � h e 
 p i � c�c �G
 �1�X����#Xp 
�f �2� ���G
 # e 
(f*� � c # andt �%
 � c � Delib ��
(f*� � h - 4 #�� c � 4 x � c x # m c x e � � �GhD~ c � � c #Xp 4 x e Delib �G
�f�� �1�`� � - 4 #`po 
 Know ��
(f*� � h e 
 p i � c�c �G
 �1�X����#Xp 
�f �2� ���G
 # e 
(f*�p
KnowHowDelib �G
�f*� � ~ �`� � - 4 � � � � �G
 �1�X����#�#�� c #�3

That is, with Delib, the agentmustnot only know what transition/actionto perform
next, but alsoknow thathewill know how to completetheexecutionof whatremains
of theprogramafterthattransition.Clearly, Delib putsmuchstrongerrequirementson
theagentthanSubj. Thefact thatwe cancounton anagentthatdeliberatesto choose
his transitionswisely meansthat for a nondeterministicprogramto be epistemically
feasible,wenolongerneedto requirethatall executionsleadto successfultermination;
it is sufficient that theagentknow thatno matterhow his sensingactionsturn out, he
will beableto getto somefinal configurationof theprogram.

The deliberative executionmodemodeledby Delib is similar to that usedby the
IndiGologagentprogramminglanguage[5] for programsthatareenclosedin a“search
block”. It is alsosimilar to a notionof ability calledCanÍ that is formalizedin [12].
Essentially, the agentmustbe ableto constructa strategy (a sort of conditionalplan)
suchthatif theprogramis executedaccordingto thestrategy, theagentwill know what
action to perform at every stepand be able to completethe program’s executionin
someboundednumberof actions.In [12], we show thatCanÍ is not asgeneralasone
might wish andthat thereareprogramsthatonewould intuitively think a deliberative
agentcanexecutefor whichCanÍ doesnothold.Thesearecasesthatinvolveindefinite



iterationandwheretheagentknowsthathewill eventuallycompletetheprogram’sexe-
cution,but cannotboundthenumberof actionsthathavetobeperformed.[12] proposes
anaccountof ability thatalsohandlesthesecases.However, thetypeof deliberationre-
quiredfor this is hardto implement;theDelib accountcorrespondsmorecloselyto that
implementedin IndiGolog[5].

For the multiagentcase,we don’t yet have a satisfactorygeneralformalizationof
epistemicfeasibility for agentsthat deliberate.The problemis that if the processes
involvetrueinteractionsandtheagents’choiceof actionsmustdependon thatof other
agents,theneachagenthasto modeltheotheragents’deliberation.Moreover, onemust
take into accountwhetherthe agentsare cooperative, competitive, or indifferent.A
simpleexampleof this kind of systemis onewhere

�&���'���	�
wantsto openthesafeand

sinceit doesnot thecombinationis whenit startsto deliberate,plansto ask 
���
���� �	�
for it, expectingto get an answer. A mechanismto supporta simpleversionof this
kind of deliberationin IndiGolog hasbeenproposedin [14] (wherethe deliberating
agentmodelsother agentsas deterministicprocesses).We would like to extendour
formalizationto handlethisandothercases.

5 Conclusion

In thispaper, wehavedealtwith theproblemof ensuringthatagents’plansareepistem-
ically feasiblein formal specificationsof multiagentsystems.Theproblemis tied with
thatof capturinganadequatenotionof agenthoodwhereanagent’s choiceof actions
is determinedby its local state.Thepaperdealswith this in thecontext of the CASL
specificationlanguage,but theproblemarisesin otherframeworksbasedonspecifying
multiagentsystemsasa setof concurrentprocesses.We have proposedanaccountof
subjectiveplanexecution(Subj) thatensuresthattheplanis executedin termsof what
the agent’s knows ratherthan in termsof is true in the world. This accountassumes
thattheagentdoesnot deliberateor do lookaheadasit executesits plan.We have also
proposedanaccountof deliberativeplan execution(Delib) for smarteragentsthatdo
planning/lookahead.Finally, in termsof these,wehavedevelopedtwo formalizationsof
epistemicfeasiblilty:onethatcaptureswhetherany setof multiagentprocessesis epis-
temically feasiblewhenthe agentsdo not deliberate/dolookahead(KnowHowSubj),
andanotherthat captureswhethera processinvolving a singleagentis epistemically
feasiblewhere the agentdoesdeliberate/dolookahead(KnowHowDelib). The case
of multiagentprocesseswherethe agentsdeliberateremainsopen.Our formalization
showshow anaccountof epistemicfeasibilitycanbeintegratedwith atransition-system
semanticsfor anagentprogramming/specificationlanguage.

Let’sexaminewhereothermultiagentsystemsspecificationsframeworksstandwith
respectto this problemof ensuringthatplansareepistemicallyfeasible.In vanEijk et
al.’s MAS specificationframework [29], which is inspiredfrom standardconcurrent
systemsprogrammingformalismsand addsan accountof agents’belief states,pro-
gramsareexecutedin asubjectivemanner. Testsareevaluatedin termsof theexecuting
agent’s beliefsandprimitive actionsaretreatedasbelief updateoperations.However,
thereis no representationof theagents’externalenvironmentandit is not possibleto
modelagents’interactionswith their externalenvironment(e.g.,to talk aboutthe re-



liability of their sensorsor effectors).Onecanof courserepresenttheenvironmentas
anagent,but this is not completelysatisfactory;for instance,theworld is alwayscom-
pleteandnever wrong.As well, thereis no accountof deliberative execution;agents
areassumednot to doany lookaheadin executingtheirplans.

TheMAS specificationframeworkof Engelfrietetal. [7] is amodallogic with tem-
poralandepistemicmodalities.It is harderto specifysystemswith complex behaviors
in this type of formalismthan in procedurallanguageslike CASL or [29]. If agents
arespecifiedaccordingto the proposedmethodology, their choiceof actionswill de-
pendonly on their local state.But asin [29], agentsdon’t do any lookaheadandthere
is no accountof deliberative execution.Engelfrietet al. [7] describea compositional
verificationmethodologybasedon their framework.

Noneof thesepapersreally discusstheconditionsunderwhich plansareepistemi-
cally feasible.In thecaseof deterministicsingle-agentprocesses,epistemicfeasibility
reducesto theexistenceof a successfulsubjective execution,soboth frameworkscan
beviewedashandlingtheproblem.But thereis no treatmentfor othercases.Neither
framework supportstheobjectiveexecutionof processes(thedefault in CASL).

Thework describedin this paperis ongoing.In particular, we still needto make a
moresystematiccomparisonwith earlierwork on epistemicfeasibility andto develop
adequatedefinitionsof epistemicfeasibility for thecasesof multiagentsystemswhere
agentsdeliberate.We alsointendto useouraccountto producea moreaccurateformal
semanticsfor the IndiGologagentimplementationlanguage[5,14], accountingfor its
on-lineexecutionmechanism,wheresensing,planning/deliberation,andplanexecution
areinterleaved.Wewouldalsolikeexaminehow ouraccountof subjective/deliberative
executioncanbeadaptedto themoregeneraltreatmentof epistemicattitudesof [27],
which allows falsebeliefsandsupportstheir revision. This would allow us to model
caseswheretheagentexecutesa processin a way thatit thinksis correct,but thatmay
in fact be incorrect.Casesof uninformedor insincerecommunicationcould also be
handled.
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