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Abstract. This article considerghe link betweentheoryandpracticein agent-
orientedprogrammingWe begin by rigorouslydefininga nen formal specifica-
tion languagefor autonomousagents.This languageis the expressie branch-
ing time logic CTL*, enrichedby the addition of two further modal connec-
tives,for representincknowledg and seeingto it that (stit). Theseconnecties
aregrounded given a concretesemanticsn termsof the statesand actionsof

anagent.This groundingmalesit possibleto establisha preciserelationshipbe-
tweenthe specificationlanguageand deterministicautomataandin particular

theautomaticsynthesiof agentdrom logical specificationdecomes possibil-
ity. Thispossibility andthepotentialproblemsassociatedvith it, arediscusseet
length.Thepapercloseswith asummaryof futureresearclissuesanddirections.

1 Intr oduction

It hasbecomecommonpracticein Artificial Intelligence(Al) to usenon-classicabgics
to characterizalesirablepropertiesof autonomousntelligent agentsand multi-agent
systems;see[29] for a recentsurwey of suchwork. Thesetheoriesare generallyin-
tendedto sene as specificationdor future autonomousagents.(This point is made
explicitly in [6, p223].) And yet, if oneadoptsthis viewpoint, thenoneimmediately
runsinto difficulties. It is by no meansclearhow onemighttake evena simplespecifi-
cationexpressedn alogic suchasthatdefinedin [6], andfrom it systematicall\derive
animplementationthatsatisfieghe specificationPerhapshekey difficulty is thatsuch
logicsaretypically givenanabstractungmoundedsemanticsn termsof so-calledpos-
sibleworlds [5]. This styleof semanticés in mary respectsttractve (in particular the
associatethathematicof correspondenctheoryis very elegant).However, in general,
it is not clearwhat possibleworlds shouldcorrespondo within anagent,andthereis
thusno clearly definedrelationshipbetweenthe logic andagentsasthey might actu-
ally bebuilt®. If the agent-orientedorogrammingparadigm([22]) is ever to becomea
workadayreality, thisissuemustbeaddressed.

In this paper we hopeto bring the theoryandpracticeof agent-orienteghrogram-
ming closertogetherWe defineanexpressie branchingimelogic for developingagent

1 Theobviousexceptionis the situatedautomataparadigm[20].



specificationswhich containsmodalconnectvesfor representingnowled@ andsee-
ing to it that (stit) [3]. Thislogic providesthe agentdesignemith arich collectionof
primitivesfor specifyingagentsFor example,onecanusethelogic to write formulae
that expressthe senseof ‘if the agentever knows ¢, thenit shouldseeto it thatys,
without worrying abouthowthe agentbringsabouty. However, the semanticof this
logic aregrounded givena preciseinterpretationin termsof the statesandactionsof
automata-lile agents.This groundingallows us to preciselydefinethe circumstances
underwhich anagentcanbe saidto satisfya specificationandsuggestshe possibility
of automaticallysynthesizingagentsfrom specificationgjivenin thelogic. This paper
canthusbeseento build on the situatedautomatgaradigmwhereagentsverein part
synthesizedrom specificationgivenin termsof amodallogic of knowledge[20].

The remainderof the paperis structuredas follows. We begin, in the following
section by rigorouslydefiningthe new logic. In section3, we examinetherelationship
betweerthis logic andautomata-like agentsanddefinethe conditionsunderwhich an
agentsatisfiesa specificationWe alsospeculateon the automaticsynthesisof agents.
The paperends,in section4, with a discussioron the relationshipof the new logic to
otherwork, andfutureresearclhissues.

2 A Logic of Time, Knowledge,and Choice

We now introducetheagentspecificationanguagewhichwe shallcall £: thislanguage
is a logic of time, knowledge,andchoice.The remainderof this sub-sectiorprovides
anoverview of the key semanticandsyntacticfeaturesof £, andthe sub-sectionshat
follow rigorouslydefinetheseaspectsA discussioron the propertiesof £ appearsn
section2.3, anda discussioron the relationshipof £ to otherformalismsappearsn
section4.

It is intendedthat £ will be usedfor specifying(andultimately, verifying andsyn-
thesizing)systemghat containan ervironmentpart and an agent part. Intuitively, the
agentpartrepresentan active autonomougsomponentthatis ableto perceve theen-
vironment,andchangethe environmentstatethroughthe performanceof actions It is
theagentthatis the primaryfocusof studyin this article. The ervironmentpartof the
systemrepresent&verythingelse’in theworld — althoughin reality this ‘everything
else’will containotherobjectsof interest(in particular otheragents)for our purposes
it is acceptableéo simply lump theseothercomponentsnto one.The stateof a system
canthusbe characterizedsanagentstate/emironmentstatepair.

L is abrandiingtimelogic: formulaeareinterpretedover tree-like branchingtime
structureswhich representll concevablewaysthat the systemcould evolve. Nodes
in atime structurecorrespondo systenstates andarcscorrespondo the performance
of actionshy the agent.A key notion is that of a path througha time structure.A
pathrepresenta history, or courseof events intuitively, oneway thatthe systemcould
evolve.Notethatapathis associatedith thenotionof choiceonthepartof theagentat
eachstatealongthe path,theagentmustselectoneactionto perform,from arepertoire
of alternatves.The performancef this actionconstrainghe possibleevolution of the
system,andthus commitsthe agentto somesubsetof the possiblefuturesthat were



availableto it from that state.Thus,we have a senseof a pathencapsulatinghoices
madeby anagent;this notionwill turn outto beimportantlaterin the paper

Syntactically £ is a propositionalversionof the expressve branchingtime logic
CTL* [8], extendedby the additionof two furthermodalconnectves:K andS. TheK
connecweis usedto representhe agents knowledg. The semantic®f K aregivenin
thestandardvay, by usingpossibleworldssemantic§12]. However, thesemanticare
groundedin theway proposedy Rosenscheifor hissituatedautomataaradigm[20],
andequialently, by member®f thedistributedsystem&ommunity[9]. Thusaformula
K¢ representthefactthattheinformation¢ is implicit within theagents state;p need
notberepresentedvithin theagentatall, andthereis no sensef theinformationbeing
immediatelyavailableto theagent:

‘In thismodel,knowledgeis anexternalnotion.We don't imaginea processor
scratchingts headwonderingwhetheror not it knows a fact¢$. Rathera pro-
grammer... would say from the outside thatthe processoknewn ¢ because
in all globalstateqindistinguishablefrom its currentstate(intuitively, all the
stategheprocessocouldbein, for all it knows), ¢ is true’. [10, p6]

Thesemantic®f K ensurehatits logic correspondso thenormalmodalsystemS5[5],
whichis widely acceptedisalogic of idealizedknowled@ [12].

ThesS connecteis usedto represenanagentseeingo it that (stit) [3, 16, 1, 2]. In-
tuitively, S¢ representthefactthat¢ is satisfiedasanecessargonsequencef achoice
thatthe agenthasmade(the formulaschemeasé is moreusuallywritten as|i stit ¢] in
the stit literature,wherei is aterm denotingan agent;sincewe areconsideringonly a
singleagentwe find it morecornvenientto usetheshortform). Alternatively, onemight
saythatS¢ if ¢ is anecessargonsequencef theagentsdecisionmakingprocessOur
intentionis thatthe semanticof S shouldcorrespondloselyto the semanticof stit
modalitiesasgivenin, for example,[2, p153].However, ratherthanusingthesomeavhat
abstracsemanticschemedescribedn [2], we take careto groundthe semanticof S,
giving it a concreteinterpretationin termsof the statesof the agentandits actions.
Thus,the semanticof both K andS are ultimately givenin termsof automataThis
decisionhassomeadwantagesvhenwe use L for specificationandin the synthesiof
automatdrom L specificationsanissuewe discusdn section3.1.

Turningto the CTL* connectvesof L, adistinctionis madebetweerstateformulae
andpathformulae[8, pp156—157]A pathformula,asits namesuggestsis onethatis
interpretedvith respecto a paththrougha branchingtime structure Pathscorrespond
to historiesor runsof the systemIn contrasta stateformulais interpretedvith respect
to asystemstate If ¢ is apathformula,thenthe CTL* pathquantifierA canbeapplied
to ¢ to yield a formula A¢ thatis satisfiedin somestateif ¢ is satisfiedon all paths
originatingfrom thatstate Intuitively, A$¢ representthefactthat¢ is inevitable If ¢ is
apathformula,thenthe CTL* connectve O canbeappliedto ¢ toyield aformulaO¢
thatis satisfiedonapathp iff ¢ is satisfiedonthe pathobtainedrom p by removing its
first state.Intuitively, O meansin the next state’.If both¢ andy arepathformulae,

2 Seggerbeg proposeda similar groundingin his logic of bringing it about[21]. However,
Sgyerbeg’s startingpoint was the notion of a program(in the dynamiclogic sense)rather
thanautomata.



(prop) ::= ary memberof ®

{path-fmla) ::= (state-fmla)
| —(pah-fmla)
| (path-fmla) Vv (path-fmla)
| O(path-fmla)
| (pah-fmla)U(path-fmla)

(state-fmla) ::= true

| (prop)

| —(state-fmla)

| (state-fmla) v (state-fmla)
| A(pah-fmla)

| K(state-fmla)

| S(dtate-fmla)

(wf f) i:= (state-fmla)

Fig. 1. Syntaxof L

thenthey canbecombinedusingthebinaryCTL* connectveU to make aformuladpuy
thatis satisfiedon a path p iff ¢ is satisfiedat all pointsalong p until Y is satisfied.
Note that stateformulaeare also path formula, which canbe interpretedon a path p
by interpretingthemin the first statein p. Finally, we will later introducea number
of otherconnectves,thatwill be derivedfrom the basicstockdescribecabove. These
connectescanbe considere@sabbreviationsfor thosedescribedhere.

The remainderof this sectionis structuredasfollows: section2.1 formally intro-
duceghesyntaxof £, andsection2.2formally introducegshesemanticsln section2.3,
we discusghe propertief L.

2.1 Syntaxof L

Thelogic L is anextensionof propositionalCTL* [8], whichis in turn anextensionof
classicalpropositionallogic. Formulaeof £ (moreaccuratelywell-formedformulae)
arethushbuilt from a set® of primitive propositions andmay be combinedusingthe
classicapropositionakconnectvesvV (‘or’) and— (‘not’). Theremainingclassicakon-
nectves(A — ‘and’, = — ‘if ... then...’, & — 'iff’) areassumedo beintroduced
asabbreiations,aswe indicatedabove. We alsoassumehe languagecontainsa log-
ical constantrue, for truth. In additionto thesesymbols,the alphabetof £ contains
the CTL* pathquantifierA (‘on all paths’),the temporalconnectves O (‘next’) and
U (‘until’), andfinally the modalconnectvesk (‘knows’) ands (‘seesto it that’). The
syntaxof £ is thendefinedby thegrammarthatappearsn Figurel.

2.2 Semanticsof L

We presenthesemantic®f £ in two partsfirst,in thefollowing sub-sectionywe define
thebasicsemanticonceptandstructureghatunderpin’; we thenformally definethe



semantic®f thelanguagewith referenceo thesestructures.

Basic concepts: Our intentionis that £ will allow usto representhe propertiesof a
systemcontainingan ervironmentpartandanactive, autonomousgent part,which is
ableto changethe stateof the environmentthroughthe performanceof actions We
assumehatthe systemis populateddy a singleagentin this paper— in section4, we
commenibn the multi-agentcase.

At ary instant,it is assumedhatthe environmentpartof the systemmaybein ary
of asetE = {e€,...} of ervironmentstates Similarly, the agentmay bein ary of a
setL = {l,I’,...} of local, or agentstates (The internalstructureof an environment
or agentstateis not anissuehere;see[9, pp335-339for a discussion.)lhe stateof
a systemat ary instantmay thereforebe representeésan orderedpair (e, 1), where
ec Eandl € L. LetG = E x L bethesetof all global, or systenstatesWe useg,d, . ..
to standfor elementof G. We assume selectionfunctiones: G — E, which takesa
global stateandreturnsits ervironmentstatepart, anda similar functionls: G — L,
which takesa global stateandreturnsits local statepart. (Formal definitionsof these
functionsaretrivial.)

Thestateof asystenmaybemodifiedby theperformancef anactionby theagent.
LetA={a,d,...} bethesetof all actionsavailableto theagent.t is assumedhatthe
ervironmentis non-deterministicin that the performanceof an actionin somestate
mayresultin asetof possibleoutcomes.

We now introducetheideaof knowled@. Supposéhatg = (e,|) andd' = (¢,1’) are
global statesUnderwhat circumstancesloesthe agenthave the sameinformationin
g andg'? Clearly it will implicitly carrythe sameinformationin g andg’ iff | =1’. In
thiscaseg andg’ aresaidto beindistinguishablgo theagentandarethusknowledg
equivalen1l, pp46-47].

Definition 1. Let~C G x G beaknowledgeequialencerelation definedby g ~ ¢ iff

Is(g) =1s(g').
It is corvenientto definea similar relations for ervironmentstates.

Definition 2. Let~C G x G beanervironmentequivalencerelation definedby g ~ ¢
iff edg) = eqd).

A standardesultis that ~ is indeedan equivalencerelation[9, pp342—343];t is not
difficult to seethat~ alsohasthis property We will lateruse~ to give a Kripke-style
semanticgo theK modality.

From ary global state,the agenthasavailable a set A of actions,from which it
mustselectjust oneto perform.Choosingone of theseactionsfor executioncommits
the agentto somesubsetof the futuresthat were possiblefrom the state.This leads
naturallyto theideaof the possiblehistoriesof the systembranchingnfinitely into the
futurefrom eachstate We assumeéhatthe systemhassomedefinedstartingpoint (i.e.,
thepastis finite), andlet thetotal treerelationR C G x G represenall possiblecourses
of systerhistory A pair (G, R), whereG is asetof globalstatesandRC G x Gis atotal
treerelationover G, is known asabranchingtimestructue. Thus(g,d') € Riff thestate



g couldbetransformednto the stateg’ by the executionof anaction.We usealabeling
functionAd : R — A to associatarcsin R with the actionthe arc correspondso. We
referto atriple (G,R,Ad), where(G,R) is abranchingime structureandAd : R— A
is alabelingfunction,asalabeledbranchingtime structue.

We now introducesometechnicalapparatugor manipulatingoranchingime struc-
tures.

Definition 3. Let (G,R) be a branchingtime structure.A finite path throughR is a

sequencégp,s,..-,0«) suchthatvu e {0,...,k— 1}, we have (Qy,0u+1) € R. Let

f pathg(G,R) denotethe setof finite pathsthoughR. An infinite path (or just ‘path’)

throughR is a sequencég, | u € IN) suchthatVu € IN, we have (gy,9u+1) € R. Let

pahgG,R) be the setof infinite pathsover (G,R). If p is a (finite or infinite) path

andu € IN, thenthe uth elementof p is p(u). (Thusp(0) is the first elementof p.)

If p e fpathgG,R) thenthe lastelementof p is givenby lag(p). If p is a (finite or

infinite) pathandu € IN, thenthe pathobtainedrom p by remaving its firstu elements
is denotecby p“). Letroat(R) denotetheroot (intuitively, the startingstate)of R.

A path p througha labeledbranchingtime structure(G, R,Ad) canbe visualizedas
follows:

P (€0,10) =% (en,11) =% --- 2 (@ k) =5 -

whereVu € IN, we have p(u) = (ey,ly), andAd (p(u), p(u+ 1)) = ay. It shouldbeclear
thata branchingtime structure(G, R) intuitively representsll possibleexecutionsor
runsof theagentin the ernvironmentwhereas paththrough(G, R) representfustone
possibleexecution/rurof theagent.

Choice and determinism: We now discussthe notion of choicewith respecto the
structuresve have justintroducedWe begin by defininga choiceequivalenceelation
over globalstatesIntuitively, we write g = ¢, for globalstategy andd’, iff g andg’ are
possibleoutcome®f a choicejustmadeby theagent.

Definition 4. Global statesy andg' are saidto be choiceequialent with respectto
labeledbranchingime structurgG, R, Adt) iff 39" € G suchthat{(g",9),(¢",d)} CR
andAd(g",9) = Ad(g",d).

It is not difficult to seethat= is anequivalencerelation.An illustration of = appears
in Figure2. In thisfigure,theagents facedby two choicesvhenthe systemis in state
Jo: executeeitheractiona or actiond'. If the agentexecutesa, thenasa result,the
systemwill eitherendupin stateg, or stategs. If theagentchooseso executea’, then
the systemwill eitherendup in stateg; or stateg,. Clearly, the two choicesthatthe
agenthasavailableto it whenthe systemis in stategy inducetwo equivalenceclasses
of possibleoutcomesandsog; = g4, andg, = g3, but g; Z 92, 91 Z 03, 94 Z go, and
04 Z 03. The= relationwill beusedto definea semanticgor the stit modality, ‘S’
Laterin this paper we find it usefulto talk aboutthe notion of choicerelative to
paths(ratherthan statesasin the = relation). We now introducesomenotationand
terminologythatcaptureshissensef choice. Suppos@nsomepathp, at'time’ u€ IN,



Fig. 2. ChoiceEquialence

the agentis in statel, andchoosesomeactiona;. Sometimdater, the agentis once
againin statd, butthistime choosesctionay, wherea; # a,. Intuitively, onthebasisof

the sameinformation(implicit within its state) theagentis selectingdifferentactions.
This behaiour is non-deterministicWe canmake a similar obsenationaboutthe way
thatan agentchangests internalstate.Supposeahatwe have two statesy andg’ such
thatg = ¢'. Thenwe would expectthat, sincethesestatescarry the sameinformation
in the agent(g ~ ¢') andthe ervironmentis indistinguishablén thesestates(g ~ ¢'),

a deterministicagentwould subsequentlghooseto be in the sameinternal state,and
hencecarrythe sameinformation.

We are interestedn paths,(andin fact models),wherethe agents behaiour is
deterministicThereasorfor thisinterestin deterministidoehaiour is thatwe shalllater
examinethe relationshipbetweendeterministicautomataand the semanticstructures
thatunderpinL. We canformalizethis intuitive notion of determinisrmasfollows.

Definition 5. Let(G,R,Ad) bea labeledbranchingtime structure.Then(G,R,Ad) is
saidto bedeterministiciff:

1. Vg,d € G suchthatg ~ d, if (g,d") € R and(d,d") € R, thenAa(g,d") =
Ad(d,d"”); and
2.Vg,d € G suchthatg=d, if (9,d") € Rand(d',d") € R, theng” ~ ¢".

If p is a(finite or infinite) paththrougha deterministidabeledbranchingime structure,
thenwe sayp is alsodeterministic.

Next, we introducethe ideaof a choicefunction Sucha functionis anabstractepre-
sentatiorof anagents decision-makingprocess.



Definition 6. A choicefunction, c, hasthe signaturec: L — A, i.e., onthe basisof an
agents local state,it selectsanaction.LetC bethe setof all choicefunctions.

If pis a deterministicpath,thenit is possibleto extract from p a choicefunction,

representindhat which hasguidedthe agents decisionmakingon that path. (If p is

non-deterministicthenno suchchoicefunctioncanberecovered astheactionselected
from a particularlocal statemaynot be uniquelydefined.)We definea function¢, that

readsoff achoicefunctionfrom adeterministigpath.

Definition 7. If p is adeterministigpath,thent(p) € C is thechoicefunctionassociated
with p:

é(p) = {I — a| Ju e IN suchthatls(p(u)) = | andAd(p(u), p(u+1)) = a}.

Similarly, we definea next statefunctionto be onethatcharacterizethe way anagent
changestate.

Definition 8. A next statefunction,ns hasthe signaturens: E xL — L, i.e., on the
basisof theenvironmentandinternalstate,it selectsaninternalstate.Let NS betheset
of all next statefunctions.

As for choicefunctions,we defineafunctionisthatreadsoff anext statefunctionfrom
adeterministigpath.

Definition 9. If p is a deterministicpath, thenigp) € NS is the next statefunction
associatedvith p:

def

As(p) = {g— | | Ju € IN suchthatp(u) = g andis(p(u+1)) =1}.

Formal semanticsof £: We now introducelogical modelsfor L.
Definition 10. A model,M, for L, is astructure:
M = (G,R A Ad, )

where(G,R,Ad) is alabeledbranchingtime structure(over the setof actionsA); and
: @ x G — {T,F} is avaluationfunction, which saysfor every primitive proposition
p € ®, andevery globalstateg € G, whetherp is true(T) or false(F ) in g.

Semanticrules for £: We mustdefinethe semanticof stateandpathformulaesep-
arately The semanticof pathformulaearegivenvia the pathformula satishctionre-
lation‘ =", which holdsbetweerpairsof theform (M, p) (whereM is an L-modeland
p is apathin M), andpathformulaeof L. Therulesdefiningthis relationaregivenin

Figure3. The semanticof stateformulaeare givenvia the stateformula satisaction
relation,whichfor cornveniencevealsowrite as' |='". (Context will alwaysmakeit clear
whichrelationwe mean.)This relationholdsbetweerpairsof theform (M, g), (where
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Fig. 3. PathFormulaeSemantics

(M, 9) [=true

M,9) E p iff (p,g) =T (wherep € @)

(M,g) =—¢  iff (M,g) ~¢

(M,9) |:¢Vw iff (M, g) F¢0r(M 9FY

(M,g9) =EK¢ iffvgd eG,ifg~d, then(M, dE

(M,9) =S¢ iff () V¢ € G, if g= ¢ then(M,d') = ¢, and
(i) 3¢ € G suchthat(M,d') |£ ¢

(M,g) =A¢ iff Vpe pahs(G,R), if p(0) =g, then(M, p) =¢

Fig. 4. StateFormulaeSemantics

M is an L-modelandg is a global statein M), andstateformulae.The rulesdefining
thisrelationappeain Figure4.

With the exceptionof therule for S, all of therulesin Figures3 and4 represent
either standarddefinitions,or adaptation®of such.The rule for S, however, requires
furtherexplanatior.

A formula S¢ is intendedto representhe fact that the agentseesto it that¢ is
satisfied[3]; morepreciselythat¢ is anecessargonsequencef a choicemadeby the
agent.Thesemantiaule for S maybe paraphrasedsfollows. S¢ is satisfiedin some
stateg iff:

1. beforebeingin stateg, thesystemwasin somestateg’, andthechoicemadeby the
agentin stateg guaranteethat¢ would be satisfiedn subsequerdtates;

2. ¢ actuallyis forcedto be satisfiedas a result of the agents choice— ¢ could
possiblyhave beenfalse.

Thefirst part of the semanticule for S is generallyreferredto asthe positivecondi-
tion, andthe secondas the nggative condition. The semanticaccountpresentechere
is closelybasedon [30, p334]; the readermay like to comparethis accountwith the
variousotheraccountf stit semanticgivenin theliterature:[3, p191],[16, p381],[1,

3 In an earlier versionof this paper (presentecat the ATAL-95 workshop),we useda more
elaboratesemanticdor the stit modality with a very much more complex formalizationof
choice.The semanticggiven here correspondnore closely to ‘standard’stit semanticsand
shouldberegardedasthe moreup-to-dateversion.



p153],[4, p466],[31, p460](morepreciselyour S modalityis adelibemtivestit, or dstit
connectve; thenon-deliberatie stit modality doesnot have the negative condition).

Throughoutheremaindeiof the paperwe assumeéhe usualdefinitionsof satisfia-
bility, validity, validity in amodel,andsoon.

Derived connectives: In additionto the basicconnectvesdefinedabove, it is usefulto
derivesomefurtherconnectves.Thesederivedconnectvesdo notaddto theexpressie
power of the languagebut areintendedto make formulaemoreconciseandreadable.
First, we introducethe existentialpath quantifier, E, whichis definedasthedualof the
universalpathquantifierA:
E} s —A-.

Thusaformulagg is interpretedas‘on somepath,¢’, or ‘optionally ¢’.

It isalsocorveniento introducefurthertemporakonnectves.Theunaryconnectve
{> meanssometimes’.Thusthe pathformula<>¢ will be satisfiedon somepathif ¢
is satisfiedat somepoint alongthe path. The unary [] connectve means'now, and
always’. Thus [_]¢ will besatisfiedon somepathif ¢ is satisfiedatall pointsalongthe
path.We alsohave aweakversionof theU connectve:aformula¢wy isread ¢ unless

g
Qo =trueud IO =-O-0  oWP = (ouy) v [

Thus¢wy meandhateither:(i) ¢ is satisfieduntil Y is satisfiedpr else(ii) ¢ is always
satisfiedlt is weakbecausét doesnotrequirethat be eventuallysatisfied.

2.3 Propertiesof L

After introducinga new logic by meansof its syntaxand semanticsit is usualto il-
lustrateits propertiestypically by meansf a Hilbert-styleaxiom systemHowever, no
completeaxiomatizatioris currentlyknown for CTL*, thelogic thatunderpins.?. For
this reasonjnsteadof attemptinga completeaxiomatizationwe simply presensome
valid formulaeof L.

First, obsere that the semanticoof £ generalizethoseof classicalpropositional
logic, andsostandardgropositionamodesof reasoninganbe usedin L.

Lemmall.

1. If ¢ is a substitutioninstanceof a classicaltautolagy, then= ¢.

2. If = ¢ =yYandE ¢, then= .

Next, we turn to the knowledgeconnectve, K. This is essentiallya normalmodalne-
cessityconnectve, with semanticgivenvia the equivalencerelation~. Thusthelogic
of K correspond$o thewell-known normalmodalsystemS5[12].

4 Thesystempresentedh [24] reportedlycontainsanerrorin the proof of completeness.



Lemmal2.

1. AxiomK-K: =K(¢ = W) = ((K) = (KY)).
2. AXiomK-T: =K = ¢.

3. AXiomK-5: = =K = K—K¢.

4. K-necessitationtf = ¢ thenk= K¢.

Turning to the CTL* connectvesin L, the universalpath quantifierA also behaes
ratherlike anormalmodalnecessityconnectve with logic S5 [24].

Lemmal3.

1. AxiomA-K: = A(d = ) = ((Ad) = (AY)).
2. AXiomA-T: EA0 = ¢.

3. AXiIomA-5: |= -Ad = A-AD.

4. A-necessitationtf = ¢ thenk= Ad.

In addition,stateformulaehave anumberof otherpropertieswith respecto pathquan-
tifiers.

Lemmald4. If ¢ is a stateformula,theni= ¢ < Ed < Af.

Next, weturnto theS connectve. Theprooftheoreticpropertieof stit modalitieshave
beeninvestigatedn detailby Xu [30, 31], andthefollowing discussiorborrans freely
from hiswork. Supposéehatthesemanticulefor S did notincludethesecondnegative
condition.ThenS would be a normalmodalconnectve with a semanticgivenvia the
choiceequivalencerelation,=. As we notedabove, the modallogic of equivalence
relationsis S5[5]. However, the negative conditionin the semanticrule for S makes
thelogic of S wealerthanS5.We claimthatthelogic of S hasthefollowing properties:

Lemmals.
1. If E ¢ thenl=—S¢.
2. If &= —¢, thenl= —Sé.
3. AxiomS-K: = S(0 = ) = ((S) = (Su)).
4. AxiomS-T: =S¢ = ¢.
5. AxiomsS-4: = S¢ = SS¢.
6. [~ ~Sd = S-S¢.

Lemmal5(1)is avariantof thenecessitationule from normalmodallogic. To seethat
thisrule is sound,assumehe antecedentThen¢ is valid. Henceit cannotbethe case
that(M,g) = S¢ for any (M, g), asthis would contradictthe negative conditionof the
semantigulefor S. Thustheantecederimpliesthat(M, g) = —S¢ for arbitrary(M, g),
whichis ourresult. Theproofof Lemmal5(2)is obvious:if ¢ isinconsistentit cannot
ever satisfythe positive conditionin the semanticule for S, henceS¢ is inconsistent,
and-S¢ is valid.

Lemmal5(3)correspond® axiomK from normalmodallogic: if oneseedoit that
¢ = P, andonealsoseedo it that¢, thenoneseedo it that. To seethatthisformula



schemas valid, assumehat(M, g) = S(¢ = W) and(M, g) = S¢, for arbitrary(M, g).
We needto shaw thatthis assumptionmplies (M, g) = Sy. This,in turn, requiresusto
provethe positive andnegative conditionsof the semantiaule for S hold. The positive
partis obvious,following exactly the prooffor K in normalmodallogic. Now suppose
that the negative part of the semanticrule for S was not satisfied.Thenit mustbe
thaty is satisfiedin all statesn M. But in this case ¢ = | would alsobe satisfiedin
all statesn M. But thisimpliesthatit could not be the casethat (M, g) = S(¢ = W),
whichis a contradictionHencethe negative partof the semantiaule for S mustalso
be satisfiedandwe have our result.Lemmal5(4)and(5) correspondo axiomsT and
4 from normalmodallogic, respectiely, andthe proofsof thesepropertiesareobvious.

Sincethe stit modality is basedon an equivalencerelation, one might expectto
seeotherS5-like propertiedor S. However, Lemmal5(6) shavs thatthe axiomcorre-
spondingo 5 from normalmodallogic doesnot hold for S. To seewhy, assumet did.
Thenlet ¢ be aninconsistenformula, suchasfalse. For arbitrary (M, g), we would
thushave (M, g) = —S¢. Butit couldnotthenbethecasethat(M,g) = S—S¢, because
thevalidity of =S¢ would contradictthe negative conditionof the S semantiaule. Xu
shavs how onecanobtainawealenedversionof 5 thatholdsfor S modalities by using
a ‘historical necessityconnectve (axiomT4, [30, p336]).

3 On the Specificationand Synthesisof Agents

An importantmotivationfor thework presentedh this paperis thatthereis oftenonly

anintuitive relationshipbetweena formalismostensiblyintendedfor reasoningabout
agentsandagentsasthey might actually be built. A key objectie of this work is to

develop a formalismthat providesusefuland powerful abstractiongor the agentde-

signer while having awell-definedinterpretatiorin termsof realsystemsTo this end,
wefocusin thissectionontherelationshipbetweenZ andagentsWe begin by formally

definingour agentgwhichin factcorrespondo Mooretype sequentiamachines)and
goonto discusghenotionof L-formulaeasspecificationgor agentsandtheautomatic
synthesi®f agentdrom L-specifications.

Definition 16. An agentq, is a structure:

a= (La E,Ansc, IO)

where:
— L={l,V,...} isasetof local, or agentstates (asabore);
- E={e#,...} isasetof external or ervironmentstates (asabove), representing
inputsto theagent;

— A={a,d,...} isasetof actions (asabave), representinghosethattheagenimight
perform;

— ns: E x L — L is anext statefunction(asabore);

— c¢: L — Aisachoicefunction(asabore); and

— lg € L isaninitial state



In section2.2,weindicatedthatalabeledbranchingime structures intendedo repre-
sentall possibleexecutions(runs)of anagentin someervironment.We now formally
definethis relationship.

Definition 17. Let(G,R,Ad) bealabeledbranchingiime structureand

a= (L, E,Ansc, IO)
beanagent.Then(G,R Act) representsi, (notationrepresens((G,R Ad),a)) iff:

1. Is(roat(R)) =lo;
2.Vg,d € G, if (g,d) € RthenAd(g,d') = c(Is(g)),; and
3.Vg,d €G, if (g,d) € R, thenngg) = 1s(d').

Thisrelationcanbe extendedo models:.we alusenotationandwrite represems(M, o)
if thelabeledbranchingime structurein M representagenta.

We cannow beggin to considerthe notionof £ asanagentspecificatiorlanguage.
An agentspecificatiorwill be givenasan L-formulad, which will typically take the
form ¢ = AL, Yi, whereeachy;, for 1 < i < n, represents desirablepropertyof the
agent.Thesepropertieswill typically be eitherlivenessproperties(intuitively stating
that ‘'somethinggoodwill eventuallyhappen’),or safetypropertieq(intuitively stating
that‘nothing badever happens’)7]. A specificatioridentifiesa classof models:ithose
in which thespecificatiorformulais valid. We will sayanagenta satisfiesa specifica-
tion ¢ iff ¢ is valid in ary modelthatrepresentst.

Definition 18. An agentu satisfiesspecification (notation{a} = ¢) iff for all deter
ministic modelsM, we haverepresens(M,a) impliesM = ¢.

3.1 On the Automatic Synthesisof Agents

An ohviousproblemis how onegoesfrom anagentspecificatiorto animplementation
thatsatisfieghe specificationIn mainstreansoftwareengineeringthis transformation
is achievedthroughan iterative processf refinementgraduallymoving from a high-
level, abstracrepresentationf a systems desirablepropertiesdown to concretedata
structuresandprogramg14]. However, it is not clearhow this schememight work for
languagesuchas £, which have possibleworlds semanticsSo, insteadof attempting
suchmanualrefinementwe proposeto automaticallysynthesizeagentsfrom specifi-
cations,in theway pioneeredy RosenscheiandKaelblingin their situatedautomata
paradigm[20]. This processhecomedeasiblebecausave have beencarefulin L to
groundthe semantic®f theK andS modalitiesin the statesandactionsof automata.
To seehow theautomaticsynthesisnight be achiesed, first notethat,givenadeter
ministic modelM, it is possibleto readoff anagenta suchthatrepresens(M,a).

Definition 19. LetM = (G,R,A,Ad, ) be a deterministionodel. Thenthe agento =
(L,E,A,ns c,lp) correspondingo M is denotecby agert(M), andis definedby:



L= {Is(g)| g€ G}
E £ {eqg) | g€ G}

def

A = ranAd
ns= | J{ns(p) | p € fpaths(G,R)}
c= | J{&(p) | p€ fpahs(G,R)}

def

lo = Is(roat(R))

Clearly, for all deterministicmodelsM, the relationrepresens(M,agert(M)) holds.
Two pointsto note:

— in generalmodelsmay containinfinitely mary statesandsoit would not be pos-
siblein practiceto readoff anagentfrom anymodel;

— if amodelis non-deterministicthenthe next-stateandchoicefunctionswill notbe
well-defined,meaningthatit is impossibleto readoff anagentfrom suchmodels
(thisis why we focusedon deterministianodels).

We commentbelow on the significanceof thesepoints. The next problemto be ad-
dresseds thatof taking a specificationp andfrom it generatinga modelM suchthat
M = ¢. Theideahereis to useanalgorithmbasedn constructiveheoemproving. In
constructve theoremproving, onedemonstratethe satisfiability of a formulaby sys-
tematicallysearchingor amodelof theformula.lf sucha modelis found,the formula
is satisfiableptherwiseit is unsatisfiableOne popularapproacho constructve theo-
rem proving is the methodof semantidableaux23]. This methodhasbeenappliedto
modalandtemporallogics, (includingthe S51ogic of knowledge[12] anda restricted
form of CTL* known as CTL [7]), aswell ascombinationsof suchlogics[28, 18].
Tableauxmethodsfor temporaland modal logics do not, in fact, return models,but
structuregqoften calledHintikka structuresfrom which modelsmay be extractedin a
systematiovay. Thesestructureswhich generallyresembldabeledgraphsor multi-
graphshave the propertyof beingfinite representation®f models.Thusthefirst point
notedaboveis notlikely to beanissue.

We are currently developing an algorithm, basedon semantictableaux,that will
automaticallygeneratenodels(andhenceagentsfrom L-specifications.

4 Discussion

In this final section,we discussthe relationshipbetweenthe work presentedn this
paper andotherwork in both Al and mainstreancomputerscience We alsoprovide
somepointersto futurework issues.

The work presentedn this papermay be seenascontribution to Shohams agent-
orientedprogramming(AOP) paradigm[22]. The key ideaof AOP is that of directly
programmingagentsn termsof mentalisticconstructgsuchasknowledge,belief, de-
sire, intention,and so forth). The rationalefor this approachis that theseconstructs



provide powerful abstractiontoolsfor reasoningaboutcomplex systemsA statedaim

of thisarticlewasto developanagentspecificatiodanguagehatprovidessuchabstrac-
tions. Perhapghe mostobviouswaysin which our work differsfrom thatof Shoham
(and other AOP researcherfl9]) are: (i) the insistenceon groundedsemanticsand

(i) theuseof a stit modality (asopposedo, for example,desiresandintentions).The

useof groundedsemanticsvasjustifiedatlengthin theprecedingsectionlt is therefore
worth focusingon the useof the stit modality.

Thereareatleastthreereasongor choosingo usestit modalities First, they provide
a powerful level of abstractiorfor specifyingagentsWhenwe specifythat the agent
stit ¢, we arenot at all concernedvith howthe agentbringsaboutd, nor needwe be
concernedvith this aspectuntil we cometo implementthe agent.This separatiorof
whatwe wantour agento dofrom howtheagentis to doit is, of courseyerydesirable
from the point of view of softwareengineering.

The secondadwantageto the stit modality is that,aswe have demonstrateéh this
paperit canbegivenagroundedsemanticslt is notsoobvioushow onemightgoabout
grounding,say desiresandintentionsin a BDI logic [18]. (The intuitive groundingof
beliefsanddesireds obvious, but establishinga formal grounding,in the way thatwe
have donefor K ands in this paperseemsnoreproblematic. A final advantages that
slits arenot mentalisticconstructsin theway that, for example,desiresandintentions
are.Wethereforeneednotworry abouttherelationshipbetweerthe S modalityandthe
component®f anagentcognitive makeup. The stit modalityis simply anabstraction
tool: acorvenientway of specifyingdesirablepropertieof agents.

It maynotbeobviousthatthestit modalityactuallyaddsanything to the expressie
power of thelogic. For example,onemight supposehat, ratherthanspecifying)s¢
(eventuallyseeto it that¢), onecould simply specify ¢, (eventuallyd), doing away
with the stit modality completely However, we arguethatthis latter specificationcon-
tainsno notionof agency {¢ doesnotrequirethattheagentbring aboutd, but simply
that ¢ be satisfied.The former specificationthus expresses strongey more explicit
requirement.

We areawareof verylittle otherwork in Al thatusesstit modalitiesitheonly other
work thatcomesmmediatelyto mindis [15], who usesa deontic-stilogic to examine
somelegal issuesassociateavith ageng. Krogh’slogic is not givena model-theoretic
semanticsthoughthis wasnot really anissuein his work. Also, his logic is only in-
tendedas a specificationlanguagein a fairly abstractsense Otherresearcherbave
comequite closeto the notion of stit: Werner for example,hasdevelopeda language
in whichaformular ¢ expresseshefactthat¢ is forcedto comeaboutasa resultof
the ‘strategies’ theagentis following [25]. In earlierwork, we alsouseda similaridea
in anattemptto give a groundedsemantic$o goals[27].

Anotherway of looking atthework presentedh this paperis asanextensionof the
situatedautomatgaradigmthebasicidea(of automaticallysynthesizingagnautomata-
like machinefrom a declaratve, modallogic specification)waspioneeredy Rosen-
scheinandKaelbling [20]. Thisarticleextendstheirwork in severalways,perhapsnost
importantlyby theuseof a branchingime logic andtheintroductionof a stit modality.

Finally, notethattherearesomesimilaritiesbetweerthework programmesketched
outin this paper andthe automaticsynthesiof reactve systemsrom temporallogic



specificationgn mainstreancomputeiscienceFor examplejn [17], PnueliandRosner
shaw thatthesynthesiof an‘V3' reactve modulecanbeviewedasa proof problemin
branchingemporalogic.

Issuesfor Futur e Work

Therearemary obvious waysin which the work presentedn this article needsto be
extended:

Automatic synthesis: We are currentlydevelopingan algorithmto achieve the auto-
maticsynthesigprocesoutlinedin section3. In additionto the developmentof the
basicalgorithm,issuesuchascomputationatompleity andexpressienes®f the
specificationlanguagemustalsobe addressedlemporallogics of knowledgeare
known to have a harddecisionproblem,andour stit modalitywill almostcertainly
addto the complexity [13].

The multi-agent case: Anotherobviousareaof work is the extensionof thelogic pre-
sentedhereto the moregeneraimulti-agentcase While the principlesremainthe
same a key difficulty in extendingthe logic in this way will be dealingwith con-
currency[26].

Example specifications: We have usedthelanguage. to developseveralsmallagent
specificationgomitteddueto spacerestrictions) However, we needto gainexpe-
riencenotonly with largerspecificationshut with multi-agentspecifications.

Acknowledgments: Jorg Milller gave helpful commentsn thefirst draft of this paper
The ATAL-95 attendeeslsogave alot of suggestions.
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