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Abstract. This articleconsidersthe link betweentheoryandpracticein agent-
orientedprogramming.We begin by rigorouslydefininga new formal specifica-
tion languagefor autonomousagents.This languageis the expressive branch-
ing time logic CTL

�
, enrichedby the addition of two further modal connec-

tives,for representingknowledge andseeingto it that (stit). Theseconnectives
aregrounded: given a concretesemanticsin termsof the statesandactionsof
anagent.Thisgroundingmakesit possibleto establishapreciserelationshipbe-
tweenthe specificationlanguageanddeterministicautomata,and in particular,
theautomaticsynthesisof agentsfrom logical specificationsbecomesa possibil-
ity. Thispossibility, andthepotentialproblemsassociatedwith it, arediscussedat
length.Thepapercloseswith asummaryof futureresearchissuesanddirections.

1 Intr oduction

It hasbecomecommonpracticein Artificial Intelligence(AI) to usenon-classicallogics
to characterizedesirablepropertiesof autonomousintelligent agentsandmulti-agent
systems;see[29] for a recentsurvey of suchwork. Thesetheoriesaregenerallyin-
tendedto serve as specificationsfor future autonomousagents.(This point is made
explicitly in [6, p223].)And yet, if oneadoptsthis viewpoint, thenone immediately
runsinto difficulties.It is by nomeansclearhow onemight take evena simplespecifi-
cationexpressedin a logic suchasthatdefinedin [6], andfrom it systematicallyderive
animplementationthatsatisfiesthespecification.Perhapsthekey difficulty is thatsuch
logicsaretypically givenanabstract,ungroundedsemanticsin termsof so-calledpos-
sibleworlds [5]. Thisstyleof semanticsis in many respectsattractive(in particular, the
associatedmathematicsof correspondencetheoryis veryelegant).However, in general,
it is not clearwhatpossibleworldsshouldcorrespondto within anagent,andthereis
thusno clearly definedrelationshipbetweenthe logic andagentsasthey might actu-
ally bebuilt1. If theagent-orientedprogrammingparadigm([22]) is ever to becomea
workadayreality, this issuemustbeaddressed.

In this paper, we hopeto bring the theoryandpracticeof agent-orientedprogram-
mingclosertogether. Wedefineanexpressivebranchingtimelogic for developingagent

1 Theobviousexceptionis thesituatedautomataparadigm[20].



specifications,which containsmodalconnectivesfor representingknowledge andsee-
ing to it that (stit) [3]. This logic providestheagentdesignerwith a rich collectionof
primitivesfor specifyingagents.For example,onecanusethelogic to write formulae
that expressthe senseof ‘if the agentever knows ϕ, then it shouldseeto it that ψ’,
without worrying abouthow theagentbringsaboutψ. However, thesemanticsof this
logic aregrounded: givena preciseinterpretationin termsof thestatesandactionsof
automata-like agents.This groundingallows us to preciselydefinethe circumstances
underwhich anagentcanbesaidto satisfya specification,andsuggeststhepossibility
of automaticallysynthesizingagentsfrom specificationsgivenin the logic. This paper
canthusbeseento build on thesituatedautomataparadigm,whereagentswerein part
synthesizedfrom specificationsgivenin termsof a modallogic of knowledge[20].

The remainderof the paperis structuredas follows. We begin, in the following
section,by rigorouslydefiningthenew logic. In section3, weexaminetherelationship
betweenthis logic andautomata-like agents,anddefinetheconditionsunderwhich an
agentsatisfiesa specification.We alsospeculateon theautomaticsynthesisof agents.
Thepaperends,in section4, with a discussionon therelationshipof thenew logic to
otherwork, andfutureresearchissues.

2 A Logic of Time, Knowledge,and Choice

Wenow introducetheagentspecificationlanguage,whichweshallcall
�

: thislanguage
is a logic of time, knowledge,andchoice.Theremainderof this sub-sectionprovides
anoverview of thekey semanticandsyntacticfeaturesof

�
, andthesub-sectionsthat

follow rigorouslydefinetheseaspects.A discussionon thepropertiesof
�

appearsin
section2.3, anda discussionon the relationshipof

�
to other formalismsappearsin

section4.
It is intendedthat

�
will beusedfor specifying(andultimately, verifying andsyn-

thesizing)systemsthat containanenvironmentpartandan agent part. Intuitively, the
agentpartrepresentsanactive autonomouscomponent,that is ableto perceive theen-
vironment,andchangetheenvironmentstatethroughtheperformanceof actions. It is
theagentthat is theprimaryfocusof studyin this article.Theenvironmentpartof the
systemrepresents‘everythingelse’ in theworld — althoughin reality this ‘everything
else’will containotherobjectsof interest(in particular, otheragents),for ourpurposes
it is acceptableto simply lump theseothercomponentsinto one.Thestateof a system
canthusbecharacterizedasanagentstate/environmentstatepair.�

is a branching time logic: formulaeareinterpretedover tree-like branchingtime
structures,which representall conceivablewaysthat the systemcould evolve. Nodes
in a timestructurecorrespondto systemstates, andarcscorrespondto theperformance
of actionsby the agent.A key notion is that of a path througha time structure.A
pathrepresentsahistory, or courseof events: intuitively, oneway thatthesystemcould
evolve.Notethatapathis associatedwith thenotionof choiceonthepartof theagent:at
eachstatealongthepath,theagentmustselectoneactionto perform,from arepertoire
of alternatives.Theperformanceof this actionconstrainsthepossibleevolution of the
system,andthuscommitsthe agentto somesubsetof the possiblefuturesthat were



availableto it from that state.Thus,we have a senseof a pathencapsulatingchoices
madeby anagent;thisnotionwill turnout to beimportantlaterin thepaper.

Syntactically,
�

is a propositionalversionof the expressive branchingtime logic
CTL � [8], extendedby theadditionof two furthermodalconnectives:K andS. TheK
connective is usedto representtheagent’s knowledge. Thesemanticsof K aregivenin
thestandardway, by usingpossibleworldssemantics[12]. However, thesemanticsare
grounded, in thewayproposedby Rosenscheinfor hissituatedautomataparadigm[20],
andequivalently,by membersof thedistributedsystemscommunity[9]. Thusaformula
Kϕ representsthefactthattheinformationϕ is implicit within theagent’sstate;ϕ need
notberepresentedwithin theagentatall, andthereis nosenseof theinformationbeing
immediatelyavailableto theagent:

‘In thismodel,knowledgeis anexternalnotion.We don’t imaginea processor
scratchingits headwonderingwhetheror not it knowsa factϕ. Rather, a pro-
grammer. . . would say, from theoutside,that theprocessorknew ϕ because
in all globalstates[indistinguishable]from its currentstate(intuitively, all the
statestheprocessorcouldbein, for all it knows),ϕ is true’. [10, p6]

Thesemanticsof K ensurethatits logic correspondsto thenormalmodalsystemS5 [5],
which is widely acceptedasa logic of idealizedknowledge [12].

TheS connectiveis usedto representanagentseeingto it that (stit) [3, 16, 1, 2]. In-
tuitively, Sϕ representsthefactthatϕ is satisfiedasanecessaryconsequenceof achoice
that theagenthasmade(theformulaschemaSϕ is moreusuallywritten as � i stit ϕ � in
thestit literature,wherei is a termdenotinganagent;sincewe areconsideringonly a
singleagent,wefind it moreconvenientto usetheshortform).Alternatively, onemight
saythatSϕ if ϕ is anecessaryconsequenceof theagent’sdecisionmakingprocess.Our
intentionis that thesemanticsof S shouldcorrespondcloselyto the semanticsof stit
modalitiesasgivenin, for example,[2, p153].However, ratherthanusingthesomewhat
abstractsemanticschemedescribedin [2], we take careto groundthesemanticsof S,
giving it a concreteinterpretationin termsof the statesof the agentandits actions2.
Thus,the semanticsof both K andS areultimately given in termsof automata.This
decisionhassomeadvantageswhenwe use

�
for specification,andin thesynthesisof

automatafrom
�

specifications,anissuewediscussin section3.1.
Turningto theCTL � connectivesof

�
, adistinctionis madebetweenstateformulae

andpathformulae[8, pp156–157].A pathformula,asits namesuggests,is onethat is
interpretedwith respectto a paththrougha branchingtimestructure.Pathscorrespond
to historiesor runsof thesystem.In contrast,astateformulais interpretedwith respect
to a systemstate.If ϕ is apathformula,thentheCTL � pathquantifierA canbeapplied
to ϕ to yield a formula Aϕ that is satisfiedin somestateif ϕ is satisfiedon all paths
originatingfrom thatstate.Intuitively, Aϕ representsthefactthatϕ is inevitable. If ϕ is
apathformula,thentheCTL � connective � canbeappliedto ϕ to yield aformula � ϕ
thatis satisfiedonapathp if f ϕ is satisfiedonthepathobtainedfrom p by removing its
first state.Intuitively, � means‘in thenext state’.If bothϕ andψ arepathformulae,

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



�
prop� :: � any memberof Φ�

path- f mla� :: � � state- f mla�	�
��
path- f mla�	�

path- f mla��� � path- f mla�	����
path- f mla�	�

path- f mla� U � path- f mla��
state- f mla� :: � true	�

prop�	�
��
state- f mla�	�

state- f mla��� � state- f mla�	
A
�
path- f mla�	

K
�
state- f mla�	

S
�
state- f mla��

wf f � :: � � state- f mla�
Fig.1. Syntaxof �

thenthey canbecombinedusingthebinaryCTL � connectiveU to makeaformulaϕUψ
that is satisfiedon a path p if f ϕ is satisfiedat all pointsalong p until ψ is satisfied.
Note that stateformulaearealsopathformula,which canbe interpretedon a path p
by interpretingthemin the first statein p. Finally, we will later introducea number
of otherconnectives,thatwill bederivedfrom thebasicstockdescribedabove.These
connectivescanbeconsideredasabbreviationsfor thosedescribedhere.

The remainderof this sectionis structuredasfollows: section2.1 formally intro-
ducesthesyntaxof

�
, andsection2.2formally introducesthesemantics.In section2.3,

wediscussthepropertiesof
�

.

2.1 Syntaxof
�

Thelogic
�

is anextensionof propositionalCTL � [8], which is in turnanextensionof
classicalpropositionallogic. Formulaeof

�
(moreaccurately, well-formedformulae)

arethusbuilt from a setΦ of primitive propositions, andmaybecombinedusingthe
classicalpropositionalconnectives � (‘or’) and � (‘not’). Theremainingclassicalcon-
nectives( � — ‘and’, � — ‘if . . . then. . . ’, � — ‘if f ’) areassumedto beintroduced
asabbreviations,aswe indicatedabove.We alsoassumethe languagecontainsa log-
ical constanttrue, for truth. In additionto thesesymbols,the alphabetof

�
contains

the CTL � pathquantifierA (‘on all paths’),the temporalconnectives � (‘next’) and
U (‘until’), andfinally themodalconnectivesK (‘knows’) andS (‘seesto it that’). The
syntaxof

�
is thendefinedby thegrammarthatappearsin Figure1.

2.2 Semanticsof
�

Wepresentthesemanticsof
�

in two parts:first, in thefollowing sub-section,wedefine
thebasicsemanticconceptsandstructuresthatunderpin

�
; wethenformally definethe



semanticsof thelanguagewith referenceto thesestructures.

Basicconcepts: Our intentionis that
�

will allow us to representthepropertiesof a
systemcontaininganenvironmentpartandanactive,autonomousagentpart,which is
able to changethe stateof the environmentthroughthe performanceof actions. We
assumethat thesystemis populatedby a singleagentin this paper— in section4, we
commenton themulti-agentcase.

At any instant,it is assumedthattheenvironmentpartof thesystemmaybein any
of a setE ��� e� e���! ! " $# of environmentstates. Similarly, the agentmaybe in any of a
setL �%� l � l ���" ! " $# of local, or agent states. (The internalstructureof an environment
or agentstateis not an issuehere;see[9, pp335–339]for a discussion.)The stateof
a systemat any instantmay thereforebe representedasan orderedpair & e� l ' , where
e ( E andl ( L. Let G � E ) L bethesetof all global, or systemstates. Weuseg � g���! ! " 
to standfor elementsof G. We assumea selectionfunctiones: G * E, which takesa
global stateandreturnsits environmentstatepart,anda similar function ls : G * L,
which takesa globalstateandreturnsits local statepart. (Formaldefinitionsof these
functionsaretrivial.)

Thestateof asystemmaybemodifiedby theperformanceof anactionby theagent.
Let A �+� a � a�,�! ! " $# bethesetof all actionsavailableto theagent.It is assumedthatthe
environmentis non-deterministic, in that the performanceof an action in somestate
mayresultin asetof possibleoutcomes.

Wenow introducetheideaof knowledge. Supposethatg �+& e� l ' andg���-& e��� l �.' are
global states.Underwhat circumstancesdoesthe agenthave the sameinformation in
g andg� ? Clearly, it will implicitly carrythesameinformationin g andg� if f l � l � . In
this case,g andg� aresaidto be indistinguishableto theagent,andarethusknowledge
equivalent[11, pp46–47].

Definition 1. Let /10 G ) G beaknowledgeequivalencerelation, definedby g / g� if f
ls& g'2� ls& g�3' .
It is convenientto definea similar relation 4 for environmentstates.

Definition 2. Let 410 G ) G beanenvironmentequivalencerelation, definedby g 4 g�
if f es& g'2� es& g�3' .
A standardresult is that / is indeedan equivalencerelation[9, pp342–343];it is not
difficult to seethat 4 alsohasthis property. We will lateruse / to give a Kripke-style
semanticsto theK modality.

From any global state,the agenthasavailable a set A of actions,from which it
mustselectjust oneto perform.Choosingoneof theseactionsfor executioncommits
the agentto somesubsetof the futuresthat werepossiblefrom the state.This leads
naturallyto theideaof thepossiblehistoriesof thesystembranchinginfinitely into the
futurefrom eachstate.We assumethatthesystemhassomedefinedstartingpoint (i.e.,
thepastis finite), andlet thetotal treerelationR 0 G ) G representall possiblecourses
of systemhistory. A pair & G � R' , whereG isasetof globalstates,andR 0 G ) G is atotal
treerelationoverG, is knownasabranchingtimestructure. Thus & g � g�.'2( R if f thestate



g couldbetransformedinto thestateg� by theexecutionof anaction.Weusealabeling
functionAct : R * A to associatearcsin R with theactionthearccorrespondsto. We
referto a triple & G � R� Act ' , where & G � R' is a branchingtime structureandAct : R * A
is a labelingfunction,asa labeledbranchingtimestructure.

We now introducesometechnicalapparatusfor manipulatingbranchingtimestruc-
tures.

Definition 3. Let & G � R' be a branchingtime structure.A finite path throughR is a
sequence& g0 � g1 �" ! ! 5� gk ' suchthat 6 u (7� 0 �! " ! "� k 8 1 # , we have & gu � gu9 1 ':( R. Let
f paths& G � R' denotethe setof finite pathsthoughR. An infinite path(or just ‘path’)
throughR is a sequence& gu ; u ( IN ' suchthat 6 u ( IN, we have & gu � gu9 1 '<( R. Let
paths& G � R' be the set of infinite pathsover & G � R' . If p is a (finite or infinite) path
andu ( IN, thenthe uth elementof p is p & u' . (Thus p & 0' is the first elementof p.)
If p ( f paths& G � R' thenthe last elementof p is givenby last & p' . If p is a (finite or
infinite) pathandu ( IN, thenthepathobtainedfrom p by removing its first u elements
is denotedby p = u> . Let root & R' denotetheroot (intuitively, thestartingstate)of R.

A path p througha labeledbranchingtime structure & G � R� Act ' canbe visualizedas
follows:

p : & e0 � l0 ' a08?*@& e1 � l1 ' a08?*@A!A"A ak B 18?*@& ek � lk ' ak8?*@A!A"A
where6 u ( IN, wehave p & u'?��& eu � lu ' , andAct & p & u'C� p & u D 1'"'?� au. It shouldbeclear
that a branchingtime structure & G � R' intuitively representsall possibleexecutionsor
runsof theagentin theenvironment,whereasapaththrough & G � R' representsjustone
possibleexecution/runof theagent.

Choice and determinism: We now discussthe notion of choicewith respectto the
structureswehave just introduced.We begin by defininga choiceequivalencerelation
overglobalstates.Intuitively, wewrite g E g� , for globalstatesg andg� , if f g andg� are
possibleoutcomesof achoicejustmadeby theagent.

Definition 4. Global statesg andg� aresaid to be choiceequivalentwith respectto
labeledbranchingtimestructure& G � R� Act ' if f F g� �G( G suchthat �H& g� �,� g'I�"& g� �J� g�.'C#K0 R
andAct & g� �,� g'2� Act & g� �,� g�$' .
It is not difficult to seethat E is anequivalencerelation.An illustrationof E appears
in Figure2. In thisfigure,theagentis facedby two choiceswhenthesystemis in state
g0: executeeitheractiona or actiona� . If the agentexecutesa, thenasa result, the
systemwill eitherendup in stateg2 or stateg3. If theagentchoosesto executea� , then
the systemwill eitherendup in stateg1 or stateg4. Clearly, the two choicesthat the
agenthasavailableto it whenthesystemis in stateg0 inducetwo equivalenceclasses
of possibleoutcomes,andsog1 E g4, andg2 E g3, but g1 LE g2, g1 LE g3, g4 LE g2, and
g4 LE g3. The E relationwill beusedto definea semanticsfor thestit modality, ‘S’.

Later in this paper, we find it useful to talk aboutthe notion of choicerelative to
paths(ratherthanstates,as in the E relation).We now introducesomenotationand
terminologythatcapturesthissenseof choice.Supposeonsomepathp, at‘time’ u ( IN,



g0

g1

g2

g3

g4

a’

a’

a

a

Fig.2. ChoiceEquivalence

the agentis in statel , andchoosessomeactiona1. Sometimelater, the agentis once
againin statel , but thistimechoosesactiona2, wherea1 L� a2. Intuitively,onthebasisof
thesameinformation(implicit within its state),theagentis selectingdifferentactions.
This behaviour is non-deterministic. We canmake a similar observationabouttheway
thatanagentchangesits internalstate.Supposethatwe have two statesg andg� such
thatg � g� . Thenwe would expectthat,sincethesestatescarry thesameinformation
in theagent(g / g� ) andtheenvironmentis indistinguishablein thesestates(g 4 g� ),
a deterministicagentwould subsequentlychooseto be in thesameinternalstate,and
hencecarrythesameinformation.

We are interestedin paths,(and in fact models),wherethe agent’s behaviour is
deterministic.Thereasonfor thisinterestin deterministicbehaviour is thatweshalllater
examinethe relationshipbetweendeterministicautomataandthe semanticstructures
thatunderpin

�
. We canformalizethis intuitivenotionof determinismasfollows.

Definition 5. Let & G � R� Act ' bea labeledbranchingtime structure.Then & G � R� Act ' is
saidto bedeterministicif f:

1. 6 g � g� ( G such that g / g� , if & g � g� � 'M( R and & g� � g� � � 'N( R, then Act & g � g� � 'O�
Act & g�,� g� � �.' ; and

2. 6 g � g�P( G suchthatg � g� , if & g � g� �$'Q( Rand & g�,� g� � �.'Q( R, theng� �G/ g� � � .
If p is a(finite or infinite) paththroughadeterministiclabeledbranchingtimestructure,
thenwesayp is alsodeterministic.

Next, we introducethe ideaof a choicefunction. Sucha function is anabstractrepre-
sentationof anagent’sdecision-makingprocess.



Definition 6. A choicefunction, c, hasthesignaturec : L * A, i.e., on thebasisof an
agent’s localstate,it selectsanaction.Let C bethesetof all choicefunctions.

If p is a deterministicpath, then it is possibleto extract from p a choicefunction,
representingthat which hasguidedthe agent’s decisionmakingon that path.(If p is
non-deterministic,thennosuchchoicefunctioncanberecovered,astheactionselected
from a particularlocal statemaynot beuniquelydefined.)We definea function ĉ, that
readsoff a choicefunctionfrom adeterministicpath.

Definition 7. If p is adeterministicpath,thenĉ & p'R( C is thechoicefunctionassociated
with p:

ĉ & p' def�S� l T* a ; F u ( IN suchthat ls& p & u'"'2� l andAct & p & u'I� p & u D 1'!'?� a #H 
Similarly, we definea next statefunctionto beonethatcharacterizestheway anagent
changesstate.

Definition 8. A next statefunction,ns, hasthe signaturens : E ) L * L, i.e., on the
basisof theenvironmentandinternalstate,it selectsaninternalstate.Let NSbetheset
of all next statefunctions.

As for choicefunctions,wedefineafunction Unsthatreadsoff anext statefunctionfrom
adeterministicpath.

Definition 9. If p is a deterministicpath,then Uns& p'V( NS is the next statefunction
associatedwith p:

Uns& p' def�S� g T* l ; F u ( IN suchthat p & u'W� g andls& p & u D 1'"'R� l #P 
Formal semanticsof

�
: We now introducelogical modelsfor

�
.

Definition 10. A model,M, for
�

, is astructure:

M �X& G � R� A � Act � π '
where & G � R� Act ' is a labeledbranchingtime structure(over thesetof actionsA); and
π : Φ ) G *Y� T � F # is a valuationfunction, which saysfor everyprimitiveproposition
p ( Φ, andeveryglobalstateg ( G, whetherp is true(T) or false(F) in g.

Semanticrules for
�

: We mustdefinethesemanticsof stateandpathformulaesep-
arately. Thesemanticsof pathformulaearegivenvia thepathformulasatisfactionre-
lation ‘ ; � ’, whichholdsbetweenpairsof theform & M � p' (whereM is an

�
-modeland

p is a pathin M), andpathformulaeof
�

. Therulesdefiningthis relationaregivenin
Figure3. The semanticsof stateformulaearegivenvia the stateformulasatisfaction
relation,whichfor conveniencewealsowrite as‘ ; � ’. (Context will alwaysmakeit clear
which relationwemean.)This relationholdsbetweenpairsof theform & M � g' , (where



Z
M [ p\ 	 � ϕ if f

Z
M [ p Z 0\]\ 	 � ϕ (whereϕ is astateformula)Z

M [ p\ 	 � 
 ϕ if f
Z
M [ p\2^	 � ϕZ

M [ p\ 	 � ϕ � ψ if f
Z
M [ p\ 	 � ϕ or

Z
M [ p\ 	 � ψZ

M [ p\ 	 � � ϕ if f
Z
M [ p_ 1̀ \ 	 � ϕZ

M [ p\ 	 � ϕUψ if f a u b IN suchthat
Z
M [ p_ ù \ 	 � ψ andc

v b IN [ if
Z
0 d v e u\![ then

Z
M [ p_ v̀ \ 	 � ϕ

Fig.3. PathFormulaeSemantics

Z
M [ g\ 	 � trueZ
M [ g\ 	 � p if f π

Z
p [ g\f� T (wherep b Φ)Z

M [ g\ 	 � 
 ϕ if f
Z
M [ g\2^	 � ϕZ

M [ g\ 	 � ϕ � ψ if f
Z
M [ g\ 	 � ϕ or

Z
M [ g\ 	 � ψZ

M [ g\ 	 � Kϕ if f
c

gg�b G [ if g h gg,[ then
Z
M [ gg$\ 	 � ϕZ

M [ g\ 	 � Sϕ if f (i)
c

gg b G [ if g i gg then
Z
M [ gg \ 	 � ϕ [ and

(ii) a ggGb G suchthat
Z
M [ gg.\W^	 � ϕZ

M [ g\ 	 � Aϕ if f
c

p b paths
Z
G [ R\![ if p

Z
0\f� g [ then

Z
M [ p\ 	 � ϕ

Fig.4. StateFormulaeSemantics

M is an
�

-modelandg is a globalstatein M), andstateformulae.Therulesdefining
this relationappearin Figure4.

With the exceptionof the rule for S, all of the rules in Figures3 and4 represent
eitherstandarddefinitions,or adaptationsof such.The rule for S, however, requires
furtherexplanation3.

A formula Sϕ is intendedto representthe fact that the agentseesto it that ϕ is
satisfied[3]; moreprecisely, thatϕ is anecessaryconsequenceof achoicemadeby the
agent.Thesemanticrule for S maybeparaphrasedasfollows.Sϕ is satisfiedin some
stateg if f:

1. beforebeingin stateg, thesystemwasin somestateg� , andthechoicemadeby the
agentin stateg guaranteedthatϕ wouldbesatisfiedin subsequentstates;

2. ϕ actually is forced to be satisfiedas a result of the agent’s choice— ϕ could
possiblyhavebeenfalse.

The first part of the semanticrule for S is generallyreferredto asthe positivecondi-
tion, andthe secondas the negativecondition.The semanticaccountpresentedhere
is closelybasedon [30, p334]; the readermay like to comparethis accountwith the
variousotheraccountsof stit semanticsgivenin theliterature:[3, p191],[16, p381],[1,

3 In an earlier versionof this paper, (presentedat the ATAL-95 workshop),we useda more
elaboratesemanticsfor the stit modality, with a very muchmorecomplex formalizationof
choice.The semanticsgiven herecorrespondmoreclosely to ‘standard’stit semantics,and
shouldberegardedasthemoreup-to-dateversion.



p153],[4, p466],[31, p460](moreprecisely, ourS modalityis adeliberativestit, or dstit
connective; thenon-deliberativestit modalitydoesnothavethenegativecondition).

Throughouttheremainderof thepaper, we assumetheusualdefinitionsof satisfia-
bility, validity, validity in amodel,andsoon.

Derivedconnectives: In additionto thebasicconnectivesdefinedabove,it is usefulto
derivesomefurtherconnectives.Thesederivedconnectivesdonotaddto theexpressive
power of the language,but areintendedto make formulaemoreconciseandreadable.
First,we introducetheexistentialpathquantifier, E, which is definedasthedualof the
universalpathquantifierA:

Eϕ def��� A � ϕ  
Thusa formulaEϕ is interpretedas‘on somepath,ϕ’, or ‘optionally ϕ’.

It isalsoconvenientto introducefurthertemporalconnectives.Theunaryconnectivej
means‘sometimes’.Thusthe pathformula

j
ϕ will be satisfiedon somepathif ϕ

is satisfiedat somepoint along the path.The unary connective means‘now, and
always’.Thus ϕ will besatisfiedonsomepathif ϕ is satisfiedatall pointsalongthe
path.Wealsohaveaweakversionof theU connective:aformulaϕWψ is read‘ϕ unless
ψ’.

j
ϕ def� trueUϕ ϕ def��� j � ϕ ϕWψ def�%& ϕUψ 'k� ϕ  

ThusϕWψ meansthateither:(i) ϕ is satisfieduntil ψ is satisfied,or else(ii) ϕ is always
satisfied.It is weakbecauseit doesnot requirethatψ beeventuallysatisfied.

2.3 Propertiesof
�

After introducinga new logic by meansof its syntaxandsemantics,it is usualto il-
lustrateits properties,typically by meansof aHilbert-styleaxiomsystem.However, no
completeaxiomatizationis currentlyknown for CTL � , thelogic thatunderpins

� 4. For
this reason,insteadof attemptinga completeaxiomatization,we simply presentsome
valid formulaeof

�
.

First, observe that the semanticsof
�

generalizethoseof classicalpropositional
logic, andsostandardpropositionalmodesof reasoningcanbeusedin

�
.

Lemma11.

1. If ϕ is a substitutioninstanceof a classicaltautology, then ; � ϕ.
2. If ; � ϕ � ψ and ; � ϕ, then ; � ψ.

Next, we turn to theknowledgeconnective,K. This is essentiallya normalmodalne-
cessityconnective,with semanticsgivenvia theequivalencerelation / . Thusthelogic
of K correspondsto thewell-known normalmodalsystemS5[12].

4 Thesystempresentedin [24] reportedlycontainsanerrorin theproofof completeness.



Lemma12.

1. AxiomK-K: ; � K & ϕ � ψ 'W�l&!& Kϕ '2�m& Kψ '!' .
2. AxiomK-T: ; � Kϕ � ϕ.
3. AxiomK-5: ; �n� Kϕ � K � Kϕ.
4. K-necessitation:If ; � ϕ then ; � Kϕ.

Turning to the CTL � connectives in
�

, the universalpath quantifierA also behaves
ratherlikea normalmodalnecessityconnectivewith logic S5 [24].

Lemma13.

1. AxiomA-K: ; � A & ϕ � ψ 'W�l&!& Aϕ '2�m& Aψ '!' .
2. AxiomA-T: ; � Aϕ � ϕ.
3. AxiomA-5: ; �n� Aϕ � A � Aϕ.
4. A-necessitation:If ; � ϕ then ; � Aϕ.

In addition,stateformulaehaveanumberof otherpropertieswith respectto pathquan-
tifiers.

Lemma14. If ϕ is a stateformula,then ; � ϕ � Eϕ � Aϕ.

Next, weturn to theS connective.Theproof theoreticpropertiesof stit modalitieshave
beeninvestigatedin detailby Xu [30, 31], andthefollowing discussionborrowsfreely
from hiswork.Supposethatthesemanticrulefor S did not includethesecond,negative
condition.ThenS wouldbea normalmodalconnectivewith a semanticsgivenvia the
choiceequivalencerelation, E . As we notedabove, the modal logic of equivalence
relationsis S5 [5]. However, the negative conditionin the semanticrule for S makes
thelogic of S weakerthanS5.Weclaimthatthelogic of S hasthefollowing properties:

Lemma15.

1. If ; � ϕ then ; �� Sϕ.
2. If ; �n� ϕ, then ; �n� Sϕ.
3. AxiomS-K: ; � S & ϕ � ψ 'W�l&!& Sϕ '2�m& Sψ '!' .
4. AxiomS-T: ; � Sϕ � ϕ.
5. AxiomS-4: ; � Sϕ � SSϕ.
6. L; �-� Sϕ � S � Sϕ.

Lemma15(1)is avariantof thenecessitationrule from normalmodallogic.To seethat
this rule is sound,assumetheantecedent.Thenϕ is valid. Henceit cannotbethecase
that & M � g' ; � Sϕ for any & M � g' , asthis would contradictthenegativeconditionof the
semanticrulefor S. Thustheantecedentimpliesthat & M � g' ; �7� Sϕ for arbitrary & M � g' ,
which is our result.Theproofof Lemma15(2)is obvious:if ϕ is inconsistent,it cannot
ever satisfythepositive conditionin thesemanticrule for S, henceSϕ is inconsistent,
and � Sϕ is valid.

Lemma15(3)correspondstoaxiomK fromnormalmodallogic: if oneseesto it that
ϕ � ψ, andonealsoseesto it thatϕ, thenoneseesto it thatψ. To seethatthis formula



schemais valid,assumethat & M � g' ; � S & ϕ � ψ ' and & M � g' ; � Sϕ, for arbitrary & M � g' .
Weneedto show thatthisassumptionimplies & M � g' ; � Sψ. This, in turn,requiresusto
provethepositiveandnegativeconditionsof thesemanticrule for S hold.Thepositive
partis obvious,following exactly theproof for K in normalmodallogic. Now suppose
that the negative part of the semanticrule for Sψ wasnot satisfied.Thenit mustbe
thatψ is satisfiedin all statesin M. But in this case,ϕ � ψ would alsobesatisfiedin
all statesin M. But this implies that it couldnot be thecasethat & M � g' ; � S & ϕ � ψ ' ,
which is a contradiction.Hencethenegativepartof thesemanticrule for Sψ mustalso
besatisfied,andwehaveour result.Lemma15(4)and(5) correspondto axiomsT and
4 from normalmodallogic, respectively, andtheproofsof thesepropertiesareobvious.

Sincethe stit modality is basedon an equivalencerelation,one might expect to
seeotherS5-likepropertiesfor S. However, Lemma15(6)shows thattheaxiomcorre-
spondingto 5 from normalmodallogic doesnothold for S. To seewhy, assumeit did.
Thenlet ϕ be an inconsistentformula,suchas false. For arbitrary & M � g' , we would
thushave & M � g' ; �o� Sϕ. But it couldnot thenbethecasethat & M � g' ; � S � Sϕ, because
thevalidity of � Sϕ would contradictthenegativeconditionof theS semanticrule.Xu
showshow onecanobtainaweakenedversionof 5 thatholdsfor S modalities,by using
a ‘historicalnecessity’connective(axiomT4, [30, p336]).

3 On the Specificationand Synthesisof Agents

An importantmotivationfor thework presentedin this paperis thatthereis oftenonly
an intuitive relationshipbetweena formalismostensiblyintendedfor reasoningabout
agents,andagentsasthey might actuallybe built. A key objective of this work is to
developa formalismthat providesusefulandpowerful abstractionsfor the agentde-
signer, while having a well-definedinterpretationin termsof realsystems.To this end,
wefocusin thissectionontherelationshipbetween

�
andagents.Webeginby formally

definingouragents(which in factcorrespondto Mooretypesequentialmachines),and
goonto discussthenotionof

�
-formulaeasspecificationsfor agents,andtheautomatic

synthesisof agentsfrom
�

-specifications.

Definition 16. An agent,α, is a structure:

α �S& L � E � A � ns� c � l0 '
where:

– L �+� l � l �J�! " ! 3# is a setof local, or agentstates, (asabove);
– E �S� e� e�,�! " ! 3# is a setof external, or environmentstates, (asabove), representing

inputsto theagent;
– A �o� a � a�,�! " ! .# is asetof actions, (asabove),representingthosethattheagentmight

perform;
– ns: E ) L * L is a next statefunction(asabove);
– c : L * A is a choicefunction(asabove);and
– l0 ( L is an initial state.



In section2.2,weindicatedthata labeledbranchingtimestructureis intendedto repre-
sentall possibleexecutions(runs)of anagentin someenvironment.We now formally
definethis relationship.

Definition 17. Let & G � R� Act ' bea labeledbranchingtimestructure,and

α �S& L � E � A � ns� c � l0 '
beanagent.Then & G � R� Act ' representsα, (notationrepresents&"& G � R� Act 'I� α ' ) if f:

1. ls& root & R'"'2� l0;
2. 6 g � g�P( G, if & g � g�.'�( R thenAct & g � g�$'p� c & ls& g'!' ; and
3. 6 g � g�P( G, if & g � g�.'�( R, thenns& g'W� ls& g�3' .

This relationcanbeextendedto models:weabusenotationandwrite represents& M � α '
if thelabeledbranchingtimestructurein M representsagentα.

We cannow begin to considerthenotionof
�

asanagentspecificationlanguage.
An agentspecificationwill be givenasan

�
-formula ϕ, which will typically take the

form ϕ ��q n
i r 1 ψi , whereeachψi , for 1 s i s n, representsa desirablepropertyof the

agent.Thesepropertieswill typically be either livenessproperties(intuitively stating
that ‘somethinggoodwill eventuallyhappen’),or safetyproperties(intuitively stating
that‘nothingbadeverhappens’)[7]. A specificationidentifiesa classof models:those
in which thespecificationformulais valid. We will sayanagentα satisfiesa specifica-
tion ϕ if f ϕ is valid in any modelthatrepresentsα.

Definition 18. An agentα satisfiesspecificationϕ (notation � α # ; � ϕ) if f for all deter-
ministicmodelsM, wehave represents& M � α ' impliesM ; � ϕ.

3.1 On the Automatic Synthesisof Agents

An obviousproblemis how onegoesfrom anagentspecificationto animplementation
thatsatisfiesthespecification.In mainstreamsoftwareengineering,this transformation
is achievedthroughan iterative processof refinement, graduallymoving from a high-
level, abstractrepresentationof a system’s desirableproperties,down to concretedata
structuresandprograms[14]. However, it is not clearhow this schememight work for
languagessuchas

�
, which have possibleworldssemantics.So,insteadof attempting

suchmanualrefinement,we proposeto automaticallysynthesizeagentsfrom specifi-
cations,in theway pioneeredby RosenscheinandKaelblingin their situatedautomata
paradigm[20]. This processbecomesfeasiblebecausewe have beencareful in

�
to

groundthesemanticsof theK andS modalitiesin thestatesandactionsof automata.
To seehow theautomaticsynthesismightbeachieved,first notethat,givenadeter-

ministicmodelM, it is possibleto readoff anagentα suchthatrepresents& M � α ' .
Definition 19. Let M ��& G � R� A � Act � π ' bea deterministicmodel.Thentheagentα �& L � E � A � ns� c � l0 ' correspondingto M is denotedby agent & M ' , andis definedby:



L
def�t� ls& g' ; g ( G #

E
def�t� es& g' ; g ( G #

A
def� ranAct

ns
def��u�� Uns& p' ; p ( f paths& G � R'v#

c
def� u � ĉ & p' ; p ( f paths& G � R'v#

l0
def� ls& root & R'!'

Clearly, for all deterministicmodelsM, the relation represents& M � agent & M '!' holds.
Two pointsto note:

– in general,modelsmaycontaininfinitely many states,andsoit would not bepos-
siblein practiceto readoff anagentfrom anymodel;

– if amodelis non-deterministic,thenthenext-stateandchoicefunctionswill notbe
well-defined,meaningthat it is impossibleto readoff anagentfrom suchmodels
(this is why wefocusedondeterministicmodels).

We commentbelow on the significanceof thesepoints.The next problemto be ad-
dressedis thatof takinga specificationϕ andfrom it generatinga modelM suchthat
M ; � ϕ. Theideahereis to useanalgorithmbasedonconstructivetheoremproving. In
constructive theoremproving, onedemonstratesthesatisfiabilityof a formulaby sys-
tematicallysearchingfor a modelof theformula.If suchamodelis found,theformula
is satisfiable;otherwiseit is unsatisfiable.Onepopularapproachto constructive theo-
remproving is themethodof semantictableaux[23]. This methodhasbeenappliedto
modalandtemporallogics,(includingtheS5logic of knowledge[12] anda restricted
form of CTL � known as CTL [7]), as well as combinationsof suchlogics [28, 18].
Tableauxmethodsfor temporalandmodal logics do not, in fact, returnmodels,but
structures(oftencalledHintikka structures)from which modelsmaybeextractedin a
systematicway. Thesestructures,which generallyresemblelabeledgraphsor multi-
graphs,have thepropertyof beingfinite representationsof models.Thusthefirst point
notedabove is not likely to beanissue.

We arecurrentlydevelopingan algorithm,basedon semantictableaux,that will
automaticallygeneratemodels(andhenceagents)from

�
-specifications.

4 Discussion

In this final section,we discussthe relationshipbetweenthe work presentedin this
paper, andotherwork in both AI andmainstreamcomputerscience.We alsoprovide
somepointersto futurework issues.

Thework presentedin this papermaybeseenascontribution to Shoham’s agent-
orientedprogramming(AOP) paradigm[22]. The key ideaof AOP is that of directly
programmingagentsin termsof mentalisticconstructs(suchasknowledge,belief,de-
sire, intention,andso forth). The rationalefor this approachis that theseconstructs



providepowerful abstractiontools for reasoningaboutcomplex systems.A statedaim
of thisarticlewasto developanagentspecificationlanguagethatprovidessuchabstrac-
tions.Perhapsthemostobviouswaysin which our work differs from thatof Shoham
(and other AOP researchers[19]) are: (i) the insistenceon groundedsemantics,and
(ii) theuseof a stit modality(asopposedto, for example,desiresandintentions).The
useof groundedsemanticswasjustifiedatlengthin theprecedingsection.It is therefore
worth focusingon theuseof thestit modality.

Thereareatleastthreereasonsfor choosingtousestitmodalities.First,they provide
a powerful level of abstractionfor specifyingagents.Whenwe specifythat theagent
stit ϕ, we arenot at all concernedwith how theagentbringsaboutϕ, nor needwe be
concernedwith this aspectuntil we cometo implementthe agent.This separationof
whatwewantouragentto dofrom howtheagentis to doit is, of course,verydesirable
from thepointof view of softwareengineering.

Thesecondadvantageto thestit modality is that,aswe have demonstratedin this
paper, it canbegivenagroundedsemantics.It is notsoobvioushow onemightgoabout
grounding,say, desiresandintentionsin a BDI logic [18]. (The intuitive groundingof
beliefsanddesiresis obvious,but establishinga formal grounding,in theway thatwe
havedonefor K andS in thispaper, seemsmoreproblematic.)A final advantageis that
slits arenot mentalisticconstructs,in theway that,for example,desiresandintentions
are.Wethereforeneednotworry abouttherelationshipbetweentheS modalityandthe
componentsof anagentscognitive makeup.Thestit modalityis simply anabstraction
tool: a convenientway of specifyingdesirablepropertiesof agents.

It maynotbeobviousthatthestit modalityactuallyaddsanythingto theexpressive
power of the logic. For example,onemight supposethat,ratherthanspecifying

j
Sϕ

(eventuallyseeto it thatϕ), onecouldsimply specify
j

ϕ, (eventuallyϕ), doingaway
with thestit modalitycompletely. However, we arguethatthis latterspecificationcon-
tainsnonotionof agency:

j
ϕ doesnot requirethattheagentbringaboutϕ, but simply

that ϕ be satisfied.The former specificationthusexpressesa stronger, moreexplicit
requirement.

We areawareof very little otherwork in AI thatusesstit modalities;theonly other
work thatcomesimmediatelyto mind is [15], whousesa deontic-stitlogic to examine
somelegal issuesassociatedwith agency. Krogh’s logic is not givena model-theoretic
semantics,thoughthis wasnot really an issuein his work. Also, his logic is only in-
tendedas a specificationlanguagein a fairly abstractsense.Other researchershave
comequitecloseto thenotionof stit: Werner, for example,hasdevelopeda language
in which a formula w ϕ expressesthefactthatϕ is forcedto comeaboutasa resultof
the‘strategies’ theagentis following [25]. In earlierwork, we alsouseda similar idea
in anattemptto givea groundedsemanticsto goals[27].

Anotherwayof lookingat thework presentedin thispaperis asanextensionof the
situatedautomataparadigm:thebasicidea(of automaticallysynthesizinganautomata-
like machinefrom a declarative,modallogic specification),waspioneeredby Rosen-
scheinandKaelbling[20]. Thisarticleextendstheirwork in severalways,perhapsmost
importantlyby theuseof abranchingtime logic andtheintroductionof astit modality.

Finally, notethattherearesomesimilaritiesbetweenthework programmesketched
out in this paper, andtheautomaticsynthesisof reactive systemsfrom temporallogic



specificationsin mainstreamcomputerscience.For example,in [17], PnueliandRosner
show thatthesynthesisof an‘ 6RF ’ reactivemodulecanbeviewedasaproofproblemin
branchingtemporallogic.

Issuesfor Futur eWork

Therearemany obviouswaysin which thework presentedin this articleneedsto be
extended:

Automatic synthesis: We arecurrentlydevelopingan algorithmto achieve the auto-
maticsynthesisprocessoutlinedin section3. In additionto thedevelopmentof the
basicalgorithm,issuessuchascomputationalcomplexity andexpressivenessof the
specificationlanguagemustalsobeaddressed.Temporallogicsof knowledgeare
known to havea harddecisionproblem,andourstit modalitywill almostcertainly
addto thecomplexity [13].

The multi-agent case: Anotherobviousareaof work is theextensionof thelogic pre-
sentedhereto themoregeneralmulti-agentcase.While theprinciplesremainthe
same,a key difficulty in extendingthe logic in this way will bedealingwith con-
currency[26].

Examplespecifications: We have usedthelanguage
�

to developseveralsmallagent
specifications(omitteddueto spacerestrictions).However, we needto gainexpe-
riencenotonly with largerspecifications,but with multi-agentspecifications.

Acknowledgments: Jörg Müller gavehelpfulcommentsonthefirst draftof thispaper.
TheATAL-95 attendeesalsogavea lot of suggestions.
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