On the Epistemic Feasibility of Plansin Multiagent
SystemsSpecifications

YvesLesperance

Departmenbf ComputerScienceyork University
Toronto,ON, Canadavi3J 1P3
| esperan@s. yor ku. ca

Abstract. This paperaddressethe problemof ensuringthat agents’plansare
epistemicallyfeasiblein multiagentsystemspecificationsWe proposesomeso-
lutionswithin the Cognitive AgentsSpecificatiorLanguaggCASL). We define
asubjectve executionconstructSubj thatcausesheplanto beexecutedn terms
of the agents knowledgestate ratherthanin termsof the world state.The def-
inition assumeshat the agentdoesnot do planningor lookaheadand chooses
arbitrarilyamongtheactionsallowedby theplan.We alsodefineanotherdeliber
ative executionoperatomDelib for smarteragentgshatdo planning.We shav hov
thesenotionscanbe usedto expresswhethera processs epistemicallyfeasible
for its agent(s)n severaltypesof situationsMore generallythepapershavs how
aformalizationof epistemideasibility canbeintegratedwith atransition-system
semanticgor anagentprogramming/specificatidanguage.

1 Intr oduction

In the last few years,variousframewnorks have beenproposedo supportthe formal
specificatiorandverificationof multiagentsystemgMAS) [1, 7,8,29]. We have been
involvedin the developmentof sucha framework, the Cognitive AgentsSpecification
LanguaggCASL) [25]. CASL combineddeasfrom agenttheoryandformal methods,
resultingin anexpressie specificatiolanguagehat canbe usedto modelandverify
complex MAS.

One problemwith CASL and someother MAS specificationframenorks is that
they do not provide goodwaysof ensuringhatagents’plansareepistemicallyfeasible
i.e., thatthe agentshave enoughknowledgeto be ableto executetheir plans.In areal
multiagentsetting, eachagents behaior is determinedby its own mentalattitudes,
i.e., its knowledge,goals,etc. At eachpointin time, agentsmustselectwhat action
to do next basedon their plansandthe knowledgethat they have aboutthe systems
state Howeverin CASL (andsomeotherframeworks),the systems behaior is simply
specifiedasa setof concurrenprocesseslheseprocessemay referto agents’'mental
states— CASL includesoperatorghatmodelagentsknowledgeandgoals— but they
don't haveto. Thereis norequirementhatthemodelerspecifywhichagents executing
agivenprocesandthathe ensurghattheagenthasthe knowledgerequiredto execute
theprocess.

Considethefollowing exampleadaptedrom Moore[18]. We haveanagent,Robbie,
thatwantsto openasafe, but doesnotknow thesafes combinationThereis alsoa sec-



ondagent,Smartie, thatknows the safes combinationIf we take the systems CASL
specificatiorto bejust the primitive action:

dial( Robbie, combination(Safel), Safel),

thatis, Robbie dialsthe safes combinatiorand Smartie doesnothing,thenwe have a
procesghatis physicallyexecutableandmustterminatein a situationwherethe safeis
open! Thisholdsprovidedthatanappropriatespecificatiorof theeffectsand(physical)
preconditionsof the dial actionand of theinitial situationhasbeengiven. However,
this procesds not epistemicallyfeasiblebecauseéhe agentdoesnot know the safes
combinatior? Sucha processpecificatiormaybeadequatéf all we wantis to identify
asetof runsof asystemBut it doesnot capturetheinternalcontrolof theagentshow
theirbehavior is determinedy their own mentalstate.

Thefactthatin CASL, systemprocesseare specifiedfrom an outsideobsenrer’s
(third-person)point of view canhave advantagesin mary casesthe internal control
programsof the agentsare not known. Sometimesthe modelermay only wanta very
partial model of the systemcapturingsomescenario®f interest.In the caseof sim-
ple purelyreactve agentsthe modelemay not wantto ascribementalattitudesto the
agentsAlso, naturaleventsandprocessearebestspecifiedobjectvely. However, this
loosecouplingbetweerspecificatiorandsystemmeanghatit is easyto write specifi-
cationsthatcould not be executedby agentsOften,onewould wantto ensurehatthe
specification@reepistemicallyfeasiblefor theagents.

For our example,if we wantto ensurethatthe processs epistemicallyfeasiblefor
theagentswe shouldusea specificatiormorelik e thefollowing:

(KRef(Robbie, combination(Safel))?;
dial(Robbie, combination(Safel), Safel))
l

informRef(Smartie, Robbie, combination(Safel)).

Here,in thefirst concurrenprocess Robbie waits until it knows whatthe safes com-
binationis andthendialsit, andin the secondprocessSmartie tells Robbie whatthe
combinatioris— ¢y ||d2 representtheconcurrenexecutionof §; andd.. We mightalso
wantto requirethateachagentknow thatthe preconditionf its actionsaresatisfied
beforeit doesthem,e.g.,that Robbie know thatit is possiblefor him to dial a com-
binationon the safe.This sortof requirementfiasbeenstudiedin agenttheoryunder

the labels“knowledgeprerequisite®f action”, “knowing how to executea program”,
“ability to achieve a goal”, “epistemicfeasibility”, etc.[18,19,28,3,12,15,16]. The

! Formally:

3s Do(dial( Robbie, combination(Safel), Safel), So,s) A
Vs(Do(dial(Robbie, combination(Safel), Safel), So,s) D Open(Safel,s)).

Thenotationis explainedin Section3.

2 combination(Safel) is afluentwhosevaluevariesaccordingto the agents epistemicalter
naties;the situationargumentcanbe madeexplicit by writing combination(Safel, now);
seeSection3.



modelercouldexplicitly includeall theseknowledgeprerequisitesn the processpec-
ification. But it would be betterif therewasa way to simply saythatthefirst process
is going to be subjectivelyexecutedby Robbie andthe secondprocesshy Smartie,
andto have all the knowledgeprerequisitesall out automatically;somethindik e the
following:

systeml e

Subj(Robbie, KRef(Robbie, combination(Safel))?;
dial(Robbie, combination(Safel), Safel)) ||
Subj(Smartie, in formRe f(Smartie, Robbie, combination(Safel))).

In thisprocesspecificatiorwhichwecall system1, weuseanew construcSubj(agt, §),
which meanghatthe processpecificatiory is subjectvely executedby agentagt, that
is, thatd is executedby agt in termsof his knowledgestate .Note thatwe could have
madethe examplemorerealisticby having Robbie requestSmartie to inform him of
the combinationandhaving Smartie respondo suchrequestsasin the examplesof
[25]; but here,we preferto keepthe examplesimple.We returnit in Section3.

In this paper we explore theseissuesand proposean accountof subjectve plan
executionin CASL that ensureghatthe plan canbe executedby the agentbasedon
its knowledge state.Our accountof basic subjectve execution (Subj) assumeghat
the agentdoesnot do planningor lookaheadasit executesits program.We alsode-
velopanaccounibf deliberatve planexecution(Delib) for smarteragentgshatdo plan-
ning/lookaheadThesenotionsaredefinedon top of CASL s transition-systenseman-
tics. In fact, one of the papers contritutionsis shaving how a formalizationof epis-
temic feasibility canbe adaptedor usewith anagentprogramming/specificatiolan-
guagewith a transition-systensemanticsNote thatthe paperfocuseson developinga
reasonablenodelof agenthoodor usein producingbetterspecification®f MAS. This
modelshouldlaterprove usefulfor obtainingmoreaccuratdormal semantic$or agent
programminganguageshatinterleave sensingandcommunicatiorwith planningand
planexecution,e.g.,IndiGolog[5].

2 Overview of CASL

The Cognitive AgentsSpecificationLanguage(CASL) [25] is a formal specification
languagefor multiagentsystemslt combinesa theory of action[22,23] and mental
stateqg24] basedon the situationcalculus[17] with ConGolog[4], a concurrentpon-

deterministicprogrammindanguagehathasa formal semanticsTheresultis a spec-
ification languagethat containsa rich setof operatorgo facilitatethe specificationof

comple multiagentsystemsA CASL specificatiorof a systeminvolvestwo compo-
nents:a specificatiorof thedynamicsof the domainanda specificatiorof the behavior

of theagentsn thesystemLet usdescribehow thesecomponentaremodeled.

2.1 Modeling Domain Dynamics

The domaindynamicscomponenbf a CASL specificatiorstateswhat propertiesand
relationsareusedto modelthe stateof the systemwhatactionsmay be performedby



the agentswhattheir preconditionsand effectsare,andwhatis known aboutthe ini-

tial stateof the system(the specificationmay be incomplete). The modelcaninclude
a specificationof the agents’mentalstatesj.e., what knowledgeandgoalsthey have,
aswell asof the dynamicsof thesementalstatesj.e., how knowledgeandgoalsare
affectedby communicatioractions(e.g.,inform, requestcancel-requesétc.)andper

ceptionactions.This components specifiedn a purelydeclaratve way in thesituation
calculus[17].

Very briefly, the situationcalculusis alanguageof predicatdogic for representing
dynamicallychangingworlds.In this languagea possibleworld history (a sequencef
actions)is representedy afirst orderterm calleda situation The constantS, denotes
theinitial situationandthetermdo(a, s) denoteghesituationresultingfrom actiona
beingperformedin situations. Relations(functions)thatvary from situationto situa-
tion, calledfluents arerepresentetly predicatgfunction)symbolsthattake a situation
term aslast agument.The specialpredicatePoss(a, s) is usedto representhe fact
thatprimitive actiona is physicallypossiblen situations.

We useReiters solutionto the frameproblem,whereeffectsaxiomsarecompiled
into successostateaxioms[22, 23]. Thus,for our example the domaindynamicsspec-
ificationincludesthe successostateaxiom:

Open(z,do(a, 5)) =
Jagt, c(a = dial(agt, ¢, z) A ¢ = combination(z, s)) V Open(z, s),

i.e., the safez is openin the situationthat resultsfrom actiona beingperformedin
situations if andonly if a is the action of dialing z's correctcombinationon z or
if £ was alreadyopenin situations. We also have a successostateaxiom for the
combination fluent,whosevalueis notaffectedby ary action:

combination(z,do(a, s)) = ¢ = combination(z, s) = c.
The specificatioralsoincludesthe actionpreconditionaxiom:
Poss(dial(agt, c,z),s) = True,

i.e.,thatthedial actionis alwaysphysicallypossible We alsospecifythe agentof the
actionby:
agent(dial(agt,c, z)) = agt.

Knowledgeis representetby adaptinga possibleworld semanticgo the situation
calculus[18,24]. Theaccessibilityrelation K (agt, s', s) representshe factthatin sit-
uations, the agentagt thinksthatthe world could bein situations’. An agentknows
that¢ if andonlyif ¢ is truein all his K-accessiblsituations:

Know(agt, ¢, s) £ Vs' (K (agt, s', s) D ¢[s']).

Here, ¢[s] representshe formula obtainedby substitutings for all instancesf the
specialconstantiow; thusfor e.g.,Know(agt, Open(Safel, now), s) is anabbreia-
tion for Vs'(K (agt, s', s) D Open(Safel, s')). Often,whenno confusionis possible,
we suppressiow altogetherand simply write for e.g.,Know(agt, Open(Safel), s).



We assumehat K is reflexive, transitive, and euclideanwhich ensureghat what is
known is true, andthat the agentsalwaysknow whetherthey know something(posi-
tive andnegative introspection)We alsousethe abbraviationsk Whether (agt, ¢, s) <
Know(agt, ¢,s) V Know(-agt, ¢, s), i.e., agt knows whether ¢ holds in s and
KRef(agt, 0, s) = 3t Know(agt, t = 6, s), i.e.,agt knovswho/whatf is.

In this paper we handlethe following typesknowledge-producingctions:binary
SensingCtionse.g.,senseopen(saser) (agt), Wheretheagentsenseshetruth-valuethe
associategbroposition,non-binarysensingactions,e.g.,readcompination(safe1) (agt),
wherethe agentsenseshe valuethe associatederm,andtwo genericcommunication
actionsgn formW hether(agti, agta, ¢) whereagentagt, informsagentagts of the
truth-valueof the propositiong, andin formRe f (agt1, agts, 8), whereagentagt, in-
formsagentagt, of thevalueof thetermé.2 Following [15], theinformationprovided
by abinarysensingactionis specifiedusingthe predicateS F'(a, s), which holdsif ac-
tion a returnsthe binarysensingesultl in situations. For example we mighthave an
axiom:

SF(senseopen(safet)(agt),s) = Open(Safel,s),

i.e.,theactionsenseppen(safe1) (agt) Wil tell agt whetherSa fel is openin the situ-
ationwhereit is performed.Similarly for non-binarysensingactions,we usetheterm
sf f(a, s) to denotethe sensingvalue returnedby the action;for example,we might
have:

sf f(readcompination(Safe1)(agt), s) = combination(Safel,s),

i.€.,7eadcompination(Safe1) (agt) tellsagt thevalueof Safel’scombination.
We specifythe dynamicsof knowledgewith thefollowing successaostateaxiom:

K(agt, s*,do(a, s)) =

3s'[K (agt, s', 8) A s* = do(a, s') A Poss(a, s') A
(BinarySensingAction(a) A agent(a) = agt D (SF(a,s") = SF(a,s))) A
(NonBinarySensingAction(a) A agent(a) = agt D sff(a,s') = sff(a,s)) A
Vin former, ¢(a = in formW hether(informer, agt, $) D ¢[s'] = J[s]) A
Vin former,8(a = informRef (informer, agt,8) D 0[s'] = 0[s])].

This saysthat that after an action happensgvery agentlearnsthat it hashappened.
Moreover, if the actionis a sensingaction, the agentperformingit acquiresknowl-
edgeof theassociategropositionor term.Furthermoreif theactioninvolvessomeone
informing agt of whetherg holds,thenagt knows this afterwards,andif the action
involvessomeoneanforming agt of who/whaté is, thenagt knows it afterwards([s]
standsfor 8 with s substitutedor now, similarly to ¢[s]) . The preconditionsof the
communicatioractionsaredefinedby the following axioms:

Poss(informW hether(in former, agt, ¢), s) = KWhether (in former, ¢, s),

3 Sincetheactionin formW hether takesaformulaasargumentwe mustencodgormulasas
terms;see[4] for how this is done.For notationalsimplicity, we suppresshis encodingand
useformulasastermsdirectly.



i.e.,informW hether is possibldan situations if andonlyif in former knowswhether
¢ holds,and

Poss(informRef (in former, agt, ), s) = KRef(in former, 0, s),

i.e.,informRef is possiblein situations if andonly if in former knowswho/whatd
is. Therearealsoaxiomsstatingthat the informeris the agentof theseactions.Goals
andrequest@aremodeledn ananalogousvay; see[25] for details.

Thus,the dynamicsof a domaincanbe specifiedin CASL usingan actiontheory
thatincludesthefollowing kindsof axioms:

— initial stateaxioms,which describethe initial stateof the domainandthe initial
mentalstateof theagents;

— actionpreconditionraxioms,onefor eachaction,which characterizePoss;

— successostateaxioms,onefor eachfluent;

— axiomsthatspecifywhich actionsaresensingactionsandwhatfluentsthey sense,
characterizingg F andsf f;

— axiomsthatspecifytheagentof every action;

— uniquenamesaxiomsfor theactions;

— somedomain-independeirfidundationabxioms[10, 23].

2.2 Modeling Agent Behavior

Theseconccomponenbf a CASL modelis aspecificatiorof thebehaviorof theagents
in thedomain.Becausave areinterestedn modelingdomainsnvolving complex pro-
cessesthis componenis specifiedprocedurally For this, we usethe ConGologpro-
gramming/procesdescriptionanguagewhich providesthe following rich setof con-
structs:

Q, primitive action
7, wait for acondition
d1; 02, sequence
01 | b2, nondeterministidranch
Tz, nondeterministichoiceof argument
é*, nondeterministidteration
if ¢ then é; elsed, endlf, conditional
while ¢ do 6 endWhile, while loop
01 || 62, concurreng with equalpriority
01 )) 02, concurreng with 6, atahigherpriority
sl, concurreniteration
(x:90—6), interrupt
p(8), procedureall.

Thesemanticef theConGologprocesslescriptiorlanguagd4] is definedin terms
of transitions in the style of structuraloperationalsemanticq21,9]. A transitionis
a single stepof computationgithera primitive action or testingwhethera condition
holdsin thecurrentsituation.Two specialpredicatesreintroduced Final andTrans,



whereFinal (6§, s) meanghatprogramy maylegally terminaten situations, andwhere
Trans(6,s,d',s') meansthat programd in situations may legally executeone step,
endingin situations’ with programé’ remaining.T'rans and Final arecharacterized
by axiomssuchas:

Trans(a, s, d,s") = Poss(a[s],s) A § = nil A s' = do(a]s], s),

Final(a, s) = False,

Trans([61;02], s,0,8") =
Final(61,5) A Trans(dz,s,0,s')
vV 36 (6 = (6';02) A Trans(61,s,6',s")),

Final([61;62], 8) = Final(é1, s) A Final(d2, s).

Thefirst axiomsaysthata programinvolving a primitive actiona may performartran-
sitionin situations providedthate[s] is possiblen s, with theresultingsituationbeing
do(af[s], s) andtheremainingprogrambeingthe emptyprogramnil (a[s] standsor «
with s substitutedor now, similarly to ¢[s]). The secondaxiom saysthata program
with aprimitive actionremainingcannever be consideredo have terminatedThethird
axiomsaysthatonecanperformatransitionfor a sequencéy performingatransition
for thefirst part,or by performingatransitionfor the secondartprovidedthatthefirst
parthasalreadyterminated The lastaxiom saysthata sequencéasterminatedvhen
bothpartshave terminatedt
Theaxiomsfor the otherConGologconstructghatwe will useareasfollows:

Trans(¢?,s,0,8') = p[s] A6 =nil A s' = s,
Final(¢?,s) = False,

Trans((61]|62), s,0,8") =

361 (6 = (01]|02) A Trans(6:,s,01, ")

V 385(8 = (01]|165) A Trans(6z, 8,05, s')),
Final((61|62), s) = Final(61,s) A Final(ds, s),

Trans((61|62),s,9,s") = Trans(d1,s,0,s') V Trans(ds, s,6,s'),
Final((61]62), s) = Final(d1, s) V Final(62, s),

Trans(mv é,s,8',s") = Iz Trans(62, s, 4", s"),
Final(nv d,s) = Az Final (82, s),

Trans(if ¢ then §; elsed, endlf, s, d,s') =

@[s] A Trans(61,5,6,s') V =d[s] A Trans(dz,s,6,s'),
Final(if ¢ then §; elseds endlf, s) =

@[s] A Final(61,s) V —¢[s] A Final(d2, s).

Notethatto handlerecursve proceduresa morecomplex formalizationmustbe used;
seg[4] for thedetails.

4 Note that we useaxiomsratherthanrulesto specifyTrans and Final becausave wantto
supportreasoningaboutpossibleexecutionsof a systemgiven anincompletespecificatiorof
the initial situation.Sincethesepredicategake programs(that include testof formulas)as
argumentsthis requiresencodingformulasandprogramsasterms;see[4] for the details.For
notationalsimplicity, we suppresshis encodinganduseprogramsastermsdirectly.



Theoverall semantic®f a ConGologprogramis specifiedby the Do relation:

Do(6,s,s') = 3§ (Trans*(5,s,6',s') A Final(¢',s")),

Trans*(6,s,6',s") d:erT[
V61,81 T(d,8,0,5) A
V9, s(Trans(&l, $1,02, 52) N T(52, 82,03, 83) D T(51, $1,03, 83))
D T(4,s,d,s")

Do(6, s,s") holdsif andonlyif s’ is alegalterminatingsituationof process startedn
situations, i.e., asituationthatcanbereachedy performinga sequencef transitions
startingwith program¢ in situations andwherethe programmay legally terminate.
Trans* is thereflexive transitive closureof thetransitionrelationTrans.>

CASL sapproactaimsfor amiddlegroundbetweerpurelyintentional(i.e., mental
attitudes-basedpecification®f agentswhich typically allow only very weakpredic-
tionsaboutthe behaior of agentdo be made andtheusualkind of concurrenprocess
specificationsywhich aretoo low-level,anddon’t modelmentalstatesatall. Becausef
its logical foundations CASL canaccommodatincompletelyspecifiedmodels,both
in the sensahatthe initial stateof the systemis not completelyspecified,andin the
sensdhatthe processefvolved arenondeterministi@ndmay evolve in any number
of ways.

Thelatestversionof the CASL frameawork, which supportcommunicatiomwith en-
cryptedspeectactsandprovidesasimplifiedaccounof goalsis describedn [25]. That
paperalsodescribeshow CASL wasusedto modela complex multiagentsystemfor
featureinteractionresolutionin telecommunicatioapplicationsa systenthatinvolves
negotiating,autonomousgentswith explicit goals.Earlier versionsof CASL arede-
scribedin [26,13], wherethe useof the formalismis illustratedwith a simplemeeting
schedulingnultiagentsystemexample.A discussiorof how the processmodelingfea-
turesof the frameawvork canbe usedfor requirementgngineeringappearsn [11]; this
paperalsodiscussesimulationandverificationtoolsthatarebeingdeveloped.

3 Subjective Execution

We definethe subjectve executionconstructSubj(agt, §) introducedin Sectionl as
follows:

Trans(Subj(agt, d), s,,s") = 38'(y = Subj(agt, ') A
[Know(agt, Trans(d, now, §', now),s) As' = sV
da(Know(agt, Trans(d, now,§', do(a, now)) A agent(a) = agt, s)
As' = do(a, s))]),
Final(Subj(agt, §), s) = Know(agt, Final(8, now), s).
Thismeanghatwhenaprogramis executedsubjectvely, thesystencanmake a transi-
tion only if theagenknowsthatit canmalkethistransition,andif thetransitioninvolves

5 To definetherelationproperly we usesecond-ordelogic. For automatedeasoningpnecould
usea first-orderversionto prove some but not all, consequencesf thetheory



aprimitiveactionthenthisactionmustbeperformedy theagenthimself.A subjectve
executionmaylegally terminateonly if theagentknowsthatit may.

Let's go backto the examplesof Sectionl. Assumethatin theinitial situationSy,
Robbie doesnotknow whatthe safes combinationis but Smartie does;formally:

—KRef(Robbie, combination(Safel), So) A
KRef(Smartie, combination(Safel), Sp).

Then,we caneasily shav that Robbie cannotopenthe by himself, that the program
wherehejustdialsthe safes combinationis not subjectvely executable:

—dsDo(Subj(Robbie, dial (Robbie, combination(Safel), Safel)), So, ).

To seethis, obsere that Robbie’s not knowing the combinationinitially amountsto
—3¢cVs(K (Robbie, s, So) D combination(Safel, s) = c¢). Thus thereareK-accessible
situationsfor Robbie in Sy, say s; and sy, where combination(Safel,s;) #
combination(Safel, sz). It followsby theuniquenameaxiomsfor actionshat Robbie’s
dialing the combinationis a different action in thesesituations,i.e., dial(Robbie,
combination(Safel,s;), Safel) # dial(Robbie, combination(Safel, s2), Safel),
andthusthat Robbie doesnotknow whatthatactionisin Sy, i.e.,

—Jda Know(Robbie, dial (Robbie, combination(Safel, now), Safel), So).
Thus, Robbie doesnotknow whattransitionto performin Sy, i.e.,
—da, § Know(Robbie, Trans(DC, now, 8, do(a, now), Sp),

whereDC = dial(Robbie, combination(Safel, now), Safel),andthereis notransi-
tionwheretheprogramis subjectvely executedi.e.,—34, s Trans(Subj(Robbie, DC),
So, 6, 8). Sincethe programcannotlegally terminate(i.e.,is not Final in Sy), the pro-
gramis notsubjectvely executable.

If ontheotherhandSmartie doesinform Robbie of whatthecombinationis, asin
thesystem1 example thenonecaneasilyshow thatthe processeswolvedaresubjec-
tively executablej.e., 3sDo(systeml, S, s). Note thatthe testactionKRef( Robbie,
combination(Safel))? in systeml is redundantsinceasseerearlier thedial action
cannotmake atransitionunlessRobbie knows the combination.

Theaccountalsohandlescasednvolving sensingactions.For example,if Robbie
first readsthe combinationof the safe(assumehe hasit written on a pieceof paper),
andthendialsit, thentheresultingprocesss subjectvely executablej.e.:

JsDo(Subj(Robbie, [read.ompination(Safe1) (FRobbie);
dial(Robbie, combination(Safel), Safel)]), So, s)-

To getabetterunderstandingf thisnotion,let'slook atsomeof its propertiesFirst,
for a primitive actiona, anagentcansubjectvely executethe actionif it knows what
the actionis (including the value of fluentargumentssuchas combination(Safel))
andknowsthatit is possiblefor him to executeit in the currentsituation:



Proposition 1.

Trans(Subj(agt, a), s, d,s") = s' = do(als], s) A § = Subj(agt, nil) A
JaKnow(agt, @ = a A Poss(a,now) A agent(a) = agt, s).

Secondlyfor atest/wait actioninvolving a condition¢, anagentcansubjectiely exe-
cutetheactiononly if it knowsthat¢ now holds:

Proposition 2.
Trans(Subj(agt, ¢?),s,d,s') = s' = s A § = Subj(agt, nil) A Know(agt, @, s).

Thirdly, for anif-then-elseprogramwherethe “then” and“else” branchesnvolve dif-
ferentfirst transitionsanagentcansubjectvely executeit if it knowsthatthe condition
¢ is now true andcansubjectvely executethe “then” branch,or knows that ¢ is now
falseandcansubjectvely executethe“else” branch:

Proposition 3.

—-36, s'(Trans(d1,s,0,8') A Trans(ds,s,0,5')) D
[Trans(Subj(agt, if ¢ then§; elsed, endlf, s, d,s') =
Know(agt, ¢, s) A Trans(Subj(agt, 61), s,0,s') V
Know(agt, —¢, s) A Trans(Subj(agt, §2), s, 6, s')]

Sowe seehow with subjective execution,the testsandfluentsthat appeatin the pro-
gramaswell asthe preconditionsof the actions,are all evaluatedagainstthe agents
knowledgestate ratherthanagainstheworld state.

For deterministicsingle-agenprogramsj.e., programswhere| (nondeterministic
branch); (nondeterministichoiceof agument) x (nondeterministigteration),and||
(concurreng) do not occur, we canconsiderds’ Do(Subj(agt, 8), s, s') to be anade-
quateformalizationof epistemicfeasibility. In this case,it is sufficient thatthe agent
know which transitionto perform at eachstep and know when he can legally ter
minate.For nondeterministigprogramson the otherhand,we mustconsiderhow the
agentchoosesvhich transitionto performamongthe possiblymary thatareallowed.
Subj canbe viewed as capturingthe behaior of an agentthat executesits program
in a bold or blind manner When several transitionsare allowed by the program,the
agentchooseghe next transitionarbitrarily; it doesnot do ary lookaheado make a
goodchoice.Soit caneasilyendupin a deadend.For example,considerthe program
Subj(agt, (a; False?)|b), in asituationwherethe agentknows thatbothactionsa and
b arepossible Then,the agentmight chooseto do a transitionby performingactiona
(ratherthanbd), atwhich pointtheprogramF'alse? remainsfor whichthereareno pos-
sibletransitionsandwhich cannotsuccessfulljerminate If we wantto ensurethatan
agentcansubjectvely executeanondeterministiprogramsuccessfullywe mustensure
thatevery paththroughthe programis subjectvely executableandleadsto successful
termination.Note that this blind executionmodeis the default onein the IndiGolog
agentprogrammingdanguagg5].

Sofor nondeterministiprogramsthe existenceof somepaththroughthe program
(Do) thatis subjectvely executablds not sufiicient to guaranteepistemidfeasibility.
We mustensurehatall pathsthroughthe programaresubjectvely executableWe can



capturethisformally by defininganew predicateAllDo (4, s) thatholdsif all executions
of programé startingin situations eventuallyterminatesuccessfully:

AllDo (6, s) £ VR[
Vél,sl(Final(él,sl) D R(51,81)) A
Vé1, 81 (352, So Trcms(él, $1, 02, Sz) A
V52,Sz(TT'aTLS(51,81,52,82) D R(52, 82))
D R(51,51))
S R(6, 9)).

AllDo (4, s) holdsif andonlyif (4, s) isin theleastrelationR suchthat(1)if (61, s1) can
legally terminatethenit is in R, and(2) if sometransitioncanbeperformedn (61, s1)
andevery suchtransitiongetsusto a configurationthatis in R, then(é:, s1) is alsoin
R.% It is easyto seethatif all executionsof § in s eventuallyterminatesuccessfullhen
someexecutioneventuallyterminatesuccessfullyi.e.:

AllDo (4, s) D 3s'Do(4, s, s').

So,weformalizeepistemideasibilityfor single-agenprogramsavheretheagentex-
ecutegheprogramblindly by thepredicateKknowHowSubj(agt, 4, s), whichis defined
asfollows:

KnowHowSubj(agt, 8, s) = AllDo (Subj(agt, 8), s)

i.e., every subjectve executionof § by agt startingin s eventuallyterminatesuccess-
fully. For systemsnvolving two agentsigt, andagt» thatblindly executeprogramsi,
andd, concurrentlywe candefineepistemideasibility asfollows:

KnowHowSubj(agt:, 81, agts, 62, , s) = AllDo (Subj(agt:, 61 )||Subj(agtz, 82), s).-
Sincethe agentsare not doing ary lookaheadto guaranteahat the processwill be
executedsuccessfullywe must ensurethat no matterhow the agents’programsare
interleaved and no matterwhich transitionsthey choose the executionwill terminate
successfullyThis canbe generalizedor processeshatinvolve morethantwo agents
and/orusecompositionmethodsotherthan concurrenyg. Again, if the agentsareall
executingtheir programblindly, thenwe mustrequirethatall executiongerminatesuc-
cessfully So for a multiagentprocessd whereagentsare all blind executors— the
agents’programsn § mustall be inside Subj operators— we defineepistemicfeasi-
bility asfollows:

KnowHowSubj(s, s) = AlIDo (4, s).

Subj is very similar to the notion called“dumb knowing how” DKH (4, s) formal-
izedin [12] for §s thatare Golog programsj.e., ConGologprogramswithout concur
reng or interrupts For ary deterministicsingle-agenGologprograms, we believe that
Subj andDKH areessentiallyequivalent,in the sensehat:

3s' Do(Subj(agt, §), s,s') = DKH (4, s).

8 AllDo is somavhatsimilarto theoperatorAF¢ in the branchingime logic CT L* [2]. Prop-
ertiesof processebke AllDo areoftenspecifiedn the u-calculug20]; se€[6] for adiscussion
in the contet of thesituationcalculus.



We alsobelieve thatfor nondeterministisingle-agenGologprogramsj, we have that:
AlIDo (Subj(agt, §), s) = DKH (4, s).

(We hopeto provetheseconjecturesn futurework.) But notethatSubj is considerably
more generalthan DKH ; Subj can be usedto specify systemsnvolving concurrent
processeandmultiple agentsasin the system1 example.

4 Deliberative Execution

In the previous section we developedan accountof subjectie executionthattook the
agentto be executingtheprogranmblindly, withoutdoingany lookaheadr deliberation.
In this sectionwe proposeanotheraccounthatcapturesvhena smartagentthatdoes
deliberationknows how to executea program.We usethe notationDelib(agt, &) for

this notionof delibeative execution It is formalizedasfollows:

Trans(Delib(agt, §), s,7,s') = 36'(y = Delib(agt, ') A
[Know(agt, Trans(d, now, §', now) A KnowHowDelib(agt, ', now),s) A s' = sV
Jda(Know(agt, Trans(d, now, §', do(a, now)) A agent(a) = agt
A KnowHowDelib(agt, §’, do(a, now)), s) A s' = do(a, s))]),

KnowHowDelib(agt, 6, s) £ VR[
Vé1, s1(Know(agt, Final(d1,now), s1) O R(d1,81)) A
V81, s1(362 Know(agt, Trans(d1, now, 82, now) A R(d2, now), s)
D R(51 , 81 )) A
Vd1, s1(3a, 62 Know(agt, Trans(61, now, ds, do(a, now)) A agent(a) = agt
A R(d2, do(a, now)), s1) D R(d1, 51))
D R(d,s)],

Final(Delib(agt, ), s) = Know(agt, Final(, now), s).

This meansthat the systemcanmale a transitiononly if the agentknows thatit can
malke this transitionandalsoknows how to deliberatvely executethe restof the pro-
gramall thewayto afinal situation.Theagentknows how to deliberatvely executes in
s, KnowHowDelib(agt, 4, s), if andonly if (4, s) isin theleastrelationR suchthat(1)
if theagentkknowsthat(d;, s1) canlegally terminatethenit isin R, and(2) if theagent
knows thatit canperforma transitionin (41, s1) to getto a configurationthatis in R,
then(d1, s1) isalsoin R. Thesystenmaylegally terminateonly if theagentknowsthat
it may. We take KnowHowDelib(agt, 6, s) to be our formalizationof epistemicfeasi-
bility for the caseof single-agen{deterministicor nondeterministicprogramswvhere
theagentdoesdeliberation/lookahead.

Letuslook atanexample Considethefollowing programwhichwe call sy stem2:

system?2 e
Subj(Smartie, w c[dial(Smartie, c, Safel); Open(Safel)?]).

Here,Smartie mustnondeterministicallghoosea combinationgdial it, andthenverify
thatthe safeis open.An agentthatchoosedransitionsarbitrarily without doinglooka-
headis likely to chooseanddial thewrongcombination sinceit doesnot considerthe



needto satisfythe testthatthe safeis openwhenit choosests first transition.Thatis,
we canshaw that:

38, e(c # combination(Safel, Sp) A
Trans(system2, Sy, d', do(dial(Smartie,c, Safel), Sp))).

But a deliberative agentthat doeslookaheadwould be ableto determinethatit must
dial the right combination.For system2’ which is just like system?2, but with Subj
replacedby Delib, the only possibletransitionis that wherethe agentdials the right
combination.Thus,we canshow that:

36, s' Trans(system?2', Sy, 8", s') A
V§', s'(Trans(system?2',Sy,8',s') D
s' = do(dial(Smartie, combination(Safel), Safel), Sp)).

Let'slook at someof thepropertieof Delib andcomparet to Subj. First,we have
that:

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

To seewhereDelib andSubj differ, considera programe; é involving a sequencéhat
startswith a primitive action.Then,we have that:

Proposition 5.

Trans(Subj(agt, a;d),s,8',s') = s' = do(a]s], s) A &' = Subj(agt, nil; é) A
Ja Know(agt, @ = a A Poss(a,now) A agent(a) = agt,s) and

Trans(Delib(agt, a;6),s,8',s') = s' = do(a]s], s) A §' = Delib(agt, nil; §) A
Ja Know(agt, o = a A Poss(a,now) A agent(a) = agt
A KnowHowDelib(agt, [nil; 6], do(a, now)), s).

Thatis, with Delib, the agentmustnot only know what transition/actiorto perform
next, but alsoknow thathewill know how to completethe executionof whatremains
of theprogramafterthattransition.Clearly Delib putsmuchstrongerequirement®n
theagentthanSubj. The factthatwe cancounton anagentthatdeliberatego choose
his transitionswisely meansthat for a nondeterministigorogramto be epistemically
feasiblewe nolongerneedto requirethatall executiondeadto successfulermination;
it is sufiicient thatthe agentknow thatno matterhow his sensingactionsturn out, he
will beableto getto somefinal configurationof the program.

The deliberative executionmodemodeledby Delib is similar to that usedby the
IndiGologagentprogrammindanguagg5] for programghatareenclosedn a“search
block”. It is alsosimilar to a notion of ability calledCan, thatis formalizedin [12].
Essentiallythe agentmustbe ableto constructa strategy (a sortof conditionalplan)
suchthatif the programis executedaccordingo the stratey, theagentwill know what
actionto performat every stepand be ableto completethe programs executionin
someboundechumberof actions.In [12], we shav thatCan, is notasgeneralsone
might wish andthatthereareprogramsthatonewould intuitively think a deliberatve
agentcanexecutefor whichCan_ . doesnothold. Thesearecaseghatinvolveindefinite



iterationandwheretheagentknowsthathewill eventuallycompleteheprogramsexe-
cution,but cannothoundthenumberof actionsghathaveto beperformed[12] proposes
anaccounbf ability thatalsohandlegshesecasesHowever, thetypeof deliberatiorre-
quiredfor thisis hardto implementithe Delib accountcorrespondsorecloselyto that
implementedn IndiGolog[5].

For the multiagentcase we don't yet have a satishctory generalformalizationof
epistemicfeasibility for agentsthat deliberate.The problemis thatif the processes
involve trueinteractionsandthe agents'choiceof actionsmustdependon thatof other
agentstheneachagenthasto modelthe otheragents'deliberationMoreover, onemust
take into accountwhetherthe agentsare cooperatie, competitve, or indifferent. A
simpleexampleof this kind of systemis onewhere Robbie wantsto openthe safeand
sinceit doesnot the combinationis whenit startsto deliberateplansto askSmartie
for it, expectingto getan answer A mechanisnto supporta simple versionof this
kind of deliberationin IndiGolog hasbeenproposedn [14] (wherethe deliberating
agentmodelsother agentsas deterministicprocesses)We would like to extend our
formalizationto handlethis andothercases.

5 Conclusion

In this paperwe have dealtwith the problemof ensuringhatagents’plansareepistem-
ically feasiblein formal specification®f multiagentsystemsThe problemis tied with
thatof capturingan adequatanotion of agenthoodvherean agents choiceof actions
is determinedby its local state.The paperdealswith this in the context of the CASL
specificatiodanguagebut the problemarisesn otherframavorksbasedn specifying
multiagentsystemsasa setof concurrenprocessesiVe have proposedan accountof
subjectiveplan execution(Subj) thatensureshattheplanis executedn termsof what
the agents knows ratherthanin termsof is true in the world. This accountassumes
thatthe agentdoesnot deliberateor do lookaheadhsit executests plan.We have also
proposedan accountof deliberative plan execution(Delib) for smarteragentshatdo
planning/lookaheadkinally, in termsof thesewe have developedwo formalizationsof
epistemideasiblilty: onethatcapturesvhetherary setof multiagentprocessess epis-
temically feasiblewhenthe agentsdo not deliberate/ddookahead KnowHowSubj),
and anotherthat captureswhethera processnvolving a single agentis epistemically
feasiblewhere the agentdoesdeliberate/ddookahead(KnowHowDelib). The case
of multiagentprocessesvherethe agentsdeliberateremainsopen.Our formalization
shavshow anaccounbf epistemideasibility canbeintegratedwith atransition-system
semanticdor anagentprogramming/specificatiolanguage.
Let'sexaminewhereothermultiagentsystemspecificationsrameavorksstandwith
respecto this problemof ensuringthatplansareepistemicallyfeasible.In vanEijk et
al.’s MAS specificationframawork [29], which is inspiredfrom standardconcurrent
systemsprogrammingformalismsand addsan accountof agents’belief states pro-
gramsareexecutedn asubjectve mannerTestsareevaluatedn termsof the executing
agents beliefsand primitive actionsaretreatedasbelief updateoperationsHowever,
thereis no representationf the agents’externalervironmentandit is not possibleto
modelagents’interactionswith their externalernvironment(e.g.,to talk aboutthe re-



liability of their sensorsr effectors).Onecanof courserepresenthe ervironmentas
anagentut thisis not completelysatishctory;for instancetheworld is alwayscom-
pleteand never wrong. As well, thereis no accountof deliberatve execution;agents
areassumedhotto do ary lookaheadn executingtheir plans.

TheMAS specificatiorframenork of Engelfrietetal. [7] is amodallogic with tem-
poralandepistemianodalities.It is harderto specifysystemsawvith comple« behaiors
in this type of formalismthanin proceduralanguagedike CASL or [29]. If agents
are specifiedaccordingto the proposednethodologytheir choiceof actionswill de-
pendonly on theirlocal state.But asin [29], agentsdon't do ary lookaheadandthere
is no accountof deliberatve execution.Engelfrietet al. [7] describea compositional
verificationmethodologybasedon their framework.

Noneof thesepapergeally discusghe conditionsunderwhich plansare epistemi-
cally feasible.In the caseof deterministicsingle-agenprocessespistemicfeasibility
reducedo the existenceof a successfusubjectie execution,so both frameworks can
be viewed ashandlingthe problem.But thereis no treatmentfor othercasesNeither
framework supportghe objective executionof processeéthedefaultin CASL).

Thework describedn this paperis ongoing.In particular we still needto malke a
more systematicomparisorwith earlierwork on epistemicfeasibility andto develop
adequatelefinitionsof epistemicfeasibility for the casef multiagentsystemsavhere
agentdeliberateWe alsointendto useour accounto producea moreaccuratdormal
semanticdor the IndiGolog agentimplementatiolanguagd5, 14], accountingor its
on-lineexecutionmechanismywheresensingplanning/deliberatiorgndplanexecution
areinterleaved.We would alsolik e examinehow our accounbf subjectve/deliberatie
executioncanbe adaptedo the moregeneratreatmenof epistemicattitudesof [27],
which allows falsebeliefsand supportstheir revision. This would allow us to model
casewheretheagentexecutesa processn away thatit thinksis correct,but thatmay
in fact be incorrect. Casesof uninformedor insincerecommunicationcould also be
handled.
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