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Abstract. Although mary formalismshave beenproposedor reasoningabout
intelligent agents few of thesehave beensemanticallygroundedin a concrete
computationamodel.This papemresent®’SK logic, aformalismfor reasoning
aboutmulti-agentsystemsin whichthe semanticaregroundedn angeneralfi-
nite statemachine-lile modelof ageng. VSK logic allows usto representwhat
is objectivelytrue of theervironment;whatis visible or knowableabouttheervi-
ronmentwhattheagentperceivesof theernvironment;andfinally, whattheagent
actuallyknowsaboutthe ervironment. VS K logic is anextensionof modalepis-
temiclogic. The possiblerelationshipbetweenwhatis true, visible, perceved,
andknown arediscusse@ndcharacterisedh termsof thearchitecturaproperties
of agentghatthey representSomeconclusionsandissuesarethendiscussed.

1 Intr oduction

Many formalismshave beenproposedor reasoningaboutintelligentagentsandmulti-
agentsystemq16]. However, mostsuchformalismsareungroundedin the sensehat
while they have a mathematicallywell-definedsemanticsthesesemanticsannotbe
givena computationalnterpretation.This throws doubton the claim that suchlogics
canbeusefulfor reasoningaboutcomputationahgentsystems.

One formalism that doesnot fall prey to this problemis epistemiclogic — the
modallogic of knowledge[5]. Epistemiclogic is computationallygroundedn thatit
hasanaturalinterpretatiorin termsof the statesof computerprocesse$pistemidogic
canbe seenasatool with which to represenaindreasoraboutwhatis objectivelytrue
of aparticularervironmentandtheinformationthatagentgopulatingthis ervironment
have aboultit.

Although epistemiclogic hasprovedto be a powerful tool with which to reason
aboutagentsaandmulti-agentsystemsit is notexpressve enoughto capturecertainkey
aspect®f agentsandtheirenvironmentsFirst, thereis in generab distinctionbetween
whatis instantaneouslyrue of anernvironmentandwhatis knowableor visible about
it. To pick anextremeexample,suppose representthefactthatthetemperaturatthe
north pole of Marsis 200K. Now it may be thataswe write, p is true of the physical
world — but the laws of physicspreventusfrom having immediateaccesgo this in-
formation.In this example,somethings true in the environment,but this information



is inaccessibleTraditionalepistemidogics canrepresenp itself, andalsoallow usto

representhe factthatthe agentdoesnot know p. But thereis no way of distinguish-
ing in normalmodallogic betweeninformationthatis both true and accessibleand
statementshat aretrue but not accessibleWhetheror not a propertyis accessiblén

someernvironmentwill have a significanteffect on the designof agentsto operatein

thatervironment.

In a similar way, we candistinguishbetweeninformationthatis accessiblén an
ervironmentstate andthe informationanagentactuallypercevesof thatervironment
state.For example,it may be that a particularfact is knowable aboutsomeenviron-
ment, but that the agents sensorsare not capableof perceving this fact. Again, the
relationshipbetweenwhat is knowable aboutan ervironmentand what an agentac-
tually percevesof it hasanimpacton agentdesign.Finally, we canalsodistinguish
betweertheinformationthatanagents sensorgarryandtheinformationthattheagent
actuallycarriesin its statej.e., its knowledge.

In this paper we presenta formalismcalled VSK logic, which allows us capture
thesedistinctions.VSK logic allows usto representvhatis objectivelytrue of the en-
vironment,informationthatis visible, or knowableaboutthe ervironment,information
theagentperceivesof theervironmentandfinally, whattheagentactuallyknowsabout
the ervironment.VSK logic is an extensionof modalepistemidogic. The underlying
semanticmodelis closely relatedto the interpretedsystemsmodel, which is widely
usedto give a semanticto modalepistemidogic [5, pp103—114]A key contribution
of VSK logic is thatpossiblerelationshipdbetweernwhatis true, visible, perceved,and
known arecharacterisedhodeltheoreticallyin termsof the architectural propertiesof
agentghatthey correspondo.

Theremaindeof this paperis structuredasfollows. First, theformal modelthatun-
derpinsVSK logicis presentedn thesectionghatfollow, thelogic itself is developed,
andsomesystem®f VSK logic arediscussedAn exampleis presented]lustratingthe
formalism.Finally, relatedwork is presentedalongwith someconclusionsandsome
openissuesarebriefly discussedWe begin, in the following section by presentinghe
underlyingsemantianodel.

2 A Formal Model

In this section,we presenta simpleformal modelof agentsandthe ervironmentsthey
occupy — seeFigurel (cf. [6, pp307—313]We startby introducingthe basicsetsused
in our formal model.First, it is assumedhat the ervironmentmay bein ary of a set
E = {e¢,...} of statesandthatthe (single)agentoccuypying this ernvironmentmay
bein ary of asetL = {l,I’,...} of local statesAgentsareassumedo have arepertoire
of possibleactionsavailableto them,which transformthe stateof the ervironment—
welet Ac = {a,a/,...} bethesetof actions We assume distinguishednembemull
of Ac, representinghe“noop” action,which hasno effect on the ervironment.

In orderto representhe effect thatan agents actionshave on an ervironment,we
introducea statetransformeifunction,r : E x Ac — E (cf. [5, p154]).Thust(e, ) de-
notesthe environmentstatethatwould resultfrom performingactiona in ervironment
statee. Note thatour ervironmentsare deterministic thereis no uncertaintyaboutthe
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Fig. 1. An overview of the framework.

resultof performinganactionin somestate .Droppingthis assumptions not problem-
atic, but it doesmake theformalismsomeavhatmoreconvoluted.

In orderto representvhatis knowable aboutthe ervironment,we usea visibility
function v : E = (p(E) \ 0). Theideais thatif the ervironmentis actuallyin state
g, thenit is impossiblefor any agentin the ervironmentto distinguishbetweere and
any memberf v(e). We requirethatr partitionsE into mutually disjoint setsof states,
andthate € v(e), for all e € E. For example,suppose/(e;) = {e,, €3, €, }. Thenthe
intuition is thattheagentwould be unableto distinguishbetweere, andes, or between
e andey. Notethatvisibility functionsarenotintendedo capturetheeverydaynotion
of visibility asin “objectx is visible to theagent”.

We will sayw is transpaentif v(e) = {e}. Intuitively, if v is transparentthenit
will be possiblefor anagentobservingthe ervironmentto distinguishevery different
ervironmentstate.

Formally, anervironmentEnv is a4-tuple(E, 7, v, &), whereE is a setof environ-
mentstatesasabove, 7 is a statetransformerfunction, v is a visibility function, and
g € Eistheinitial stateof Env.

FromFigurel, we canseethatanagenthasthreefunctionalcomponents,epresent-
ing its sensorgthe functionseg, its next statefunction (next), andits actionselection,
or decisionmakingfunction (do). Formally, the perceptionfunctionsee: p(E) — P
mapssetsof ervironmentstatesto percepts— we denotemembersof P by p, o/, . . ..
Theagents next statefunctionnext : L x P — L mapsaninternalstateandpercepto
aninternalstate;andthe action-selectioriunctiondo : L — Ac simply mapsinternal
stateqo actions.

Thebehaiour of anagentcanbe summarisedsfollows. The agentstartsin some
stately. It thenobsenesits environmentstatee, throughthe visibility functionv(e),
andgenerates perceptsedr(g)). The internalstateof the agentis thenupdatedto
next(lp, sedv(ey))). Theactionselecteddy the agentis thendo(next(ly, sedv(ey)))).
This actionis performedandtheagententersanothercycle.



Togetheranenvironment/agenpair compriseasystemTheglobal stateof asystem
atary time is a pair containingthe stateof the agentandthe stateof the ervironment.
LetG = E x L bethesetof all suchglobalstatesWe useg (with annotationsg, d', . . .)
to standfor memberof G. A run of asystemcanbethoughtof asaninfinite sequence:

[e70] aq ag a3z Qu—1 Qay
9o —0 — % —0——0u—""

A sequencédo, 01,02, - - .) over G represents run of anagent(see next, do, lg) in an
environment(E, 7, v, &) iff:

1. go = (ep, next(lp, sedvis(ey))) and;
2. Yue IN,if g, = (e 1) andg,y1 = (€,1’) then

€ =7(edo(l)) and
I" = next(l, &)

Let Gew,ag C G denotethe setof global stateshatsystemEnv, Ag could enterduring
execution.

In orderto representhe propertiesof systemswe assume set® = {p,q,r,...}
of primitive propositions.In orderto interpret thesepropositionswe usea function
7 : @ x Gagenw — {T,F}. Thusm(p, g) indicateswvhetherpropositionp € & is true(T)
orfalse(F) in stateg € G. Notethatmemberof ¢ areassumedio expresspropertieof
ervironmentstatesonly, andnot the internalpropertiesof agentsWe alsorequirethat
ary two differentstatediffer in thevaluationof atleastoneprimitive proposition.

Wereferto atriple (Env, Ag, 7) asamodel— ourmodelsplaytherole of interpreted
systemsn knowledgetheory[5, p110]. We useM (with annotationsM’, My, ...) to
standfor models.

3 Truth and Visibility

Now thatwe have the formal preliminariesin place,we canstartto considerthe rela-
tionshipsthat we discussedn sectionl. We progresstely introducea logic £, which
will enableusto represenfirst whatis true of the ervironment,thenwhatis visible,
or knowableof the ervironment,thenwhatanagentpercevesof the ervironment,and
finally, whatit knows of theervironment.

We beagin by introducingthe propositionalogic fragmentof £, which allows usto
representvhatis true of theervironment.Propositionaformulaeof £ arebuilt up from
& usingthe classicallogic connectves“A” (and),“Vv” (or), “=" (not), “=" (implies),
and“s” (if, andonly if), aswell aslogical constantdor truth (“true”) and falsity
(“false’). We definethe syntaxand semanticsof the truth constantdisjunction,and
negation,andassumeheremainingconnectvesandconstantgareintroducedasabbre-
viationsin the corventionalway. Formally, the syntaxof the propositionafragmentof
L is definedby thefollowing grammar:

(wif) ::= true | ary elementof & | ~(wif) | (wif) v (wif)

Thesemanticsredefinedvia the satishctionrelation* |=":



E true

Ep iff 7(p,g) =T (wherep € &)
=g iffnot(M,g) = ¢

FEeVvy iff (M,g) Epor{M,g) E¢

We will assumehe corventionaldefinitionsof satisfiability validity, andvalidity in a
model.

We now enrich£ by the additionof a unarymodality“V”, which will allow usto
representheinformationthatis instantaneouslyisible or knowableaboutanerviron-
mentstate. Thus supposehe formula Ve is true in somestateg € G. The intended
interpretationof this formulais that the property ¢ is knowableof the ervironment
whenit is in stateg; in otherwords,thatanagentequippedwith suitablesensoryappa-
ratuswould be ableto percevetheinformatione. If =V weretruein somestate then
no agentno matterhow goodits sensoryapparatusvas,would be ableto perceve .

Notethatour conceptof visibility is distinctfrom the everydaynotion of visibility
asin “object o is visible to the agent”.If we wereinterestedn capturingthis notion
of visibility we could usea first-orderlogic predicatealongthe lines of visible(x, y, 0)
to representhefactthatwhenanagentis in position(x, y), objecto is visible. Thear
gumentdo suchvisibility statementareterms whereagheargumentgo the visibility
statemenVy is a proposition

In orderto give a semanticgo the V operatoywe defineabinaryvisibility accessi-
bility relation ~, C Gagen X Gagen asfollows: (g ) ~, (¢,1') iff € € v(e). Since
v partitionsE, it is easyto seethat ~,, is an equivalencerelation. The semanticrule
for theV modalityis givenin termsof the ~,, relationin the standardvay for possible
worlds semantics{M, (e, 1)) = Vo iff (M, (¢,I")) = ¢ for all (¢,]") € Gagen Such
that{e,I) ~, (€,l'). As ~, is anequialencerelation,the VV modality hasa logic of
S5[5]. In otherwords,formulaschemagl)-(5) arevalid in L:

(M, g)
(M, g)
(M, g)
(M, g)

V(e =¢) = (Vo) = (V) 1
Vo = V¢ 2
Vo =@ 3)
Vo = V(Vy) (4)
Vo = V-Vp (5)

We will omit the (by now standardproof of this result— seee.g.,[5, pp58-59].
Formulaschem&(3) capturegshe first significantinteractionbetweerwhatis true
andwhatis visible. However, we canalsoconsiderthe corverseof thisimplication:

o=V (6)

This schemasaysthatif ¢ is true of anervironment,theny is knowable.We canchar
acterisethis scheman termsof the ervironments visibility function: formulaschema
(6) is valid in a modeliff the visibility function of that modelis transparentThusin



transparenernvironments visibility collapsedo truth, sincep < Vo will bevalid in

suchervironmentsln otherwords,everythingtruein atransparenénvironmentis also
visible, andvice versa Note thatwe considerthis a helpful propertyof ernvironments
— in theterminologyof [13], suchernvironmentsare accessibleUnfortunately most
ernvironmentsdo not enjoy this property

4 Visibility and Perception

Thefactthatsomethings visiblein anenvironmentdoesnotmeanthatanagentactually
seest. Whatanagentdoesseeis determinedy its sensorswhichin ourformal model
arerepresentetdy the seefunction. In this section,we extendour logic by introducing
aunarymodaloperatorS”, whichis intendedto allow usto representheinformation
thatanagentseesTheintuitivemeaningpf aformulaSy is thusthattheagentperceves
theinformationy. Notethat,aswith the) operatortheargumento S is aproposition
andnotatermdenotinganobject.

In orderto definethe semanticof S, we introducea perceptionaccessibilityrela-
tion ~sC Gag,env X Gagenv asfollows: (e, 1) ~s (€, 1") iff sedr(e)) = sedv(€)). That
is, g ~s @' iff the agentrecevesthe sameperceptwhenthe systemis in stateg asit
doesin stateg’. Again, it is straightforvardto seethat ~5 is an equivalencerelation.
Notethat,for any of our models,it turnsoutthat~, C ~.

The semantiaule for S is: (M, (g, )) | S iff (M, (€,1')) E ¢ for all {¢,1') €
Gag,env SUChthat (e, 1) ~s (€,1'). As ~s is anequivalencerelation,S will alsovalidate
analogue®f the SSmodalaxiomsKDT45:

Sl = 9¥) = (Sp) = (SY)) (7)
Sp = ~S—p (8)
Sp=¢ 9)
Sy = S(Sy) (10)
Sy = S-Sy (11)

It is worth askingwhethertheseschemasireappropriatdor alogic of perceptionlf we
wereattemptingto developalogic of humanperceptionthenan S5logic would not be
acceptableHumanperceptionis often faulty, for example,thusrejectingschema(9).
We would almostcertainlyreject(11), for similar reasonsHowever, our interpretation
of Sy is thatthe perceptreceivedby the agent carries the information . Underthis
interpretationan S5logic seemsappropriate.

We now turn to the relationshipbetweeny andS. Giventwo unarymodalopera-
tors,O0; andO,, the mostimportantinteractionsbetweerthemcanbe summariseds
follows:

Os¢ (*)

We use(x) asthe basisof our investigationof the relationshipbetween) andS. The
mostimportantinteractionaxiom saysthatif anagentseesp, theny mustbe visible.



It turnsout thatformulaschemg12), which characterisethis relationshipjs valid —
this follows from thefactthat~sC~,,.

Sp =Vyp (12)

Turningto the corversedirection,the next interactionsaysthatif ¢ is visible, theny is
seerby theagent— in otherwords,theagentseesverythingvisible.

Vo = Sp (13)

Intuitively, this axiom characteriseagentswith “perfect” sensoryapparatusi.e., asee
functionthat never losesinformation Formally, we will saya perceptiorfunctionsee
is perfectiff it is aninjection; otherwisewe will sayit is lossy Lossyperceptiorfunc-

tions canmap differentvisibility setsto the samepercept,andhence,intuitively lose
information. It turnsout thatformulaschema13)is valid in a modelif the perception
functionof thatmodelis perfect.

5 Perceptionand Knowledge

We now extend our languagel by the addition of a unary modal operatorkC. The
intuitive meaningof aformulaXy isthattheagenknowse. In orderto giveasemantics
to K, we introducea knowledg accessibilityrelation ~C Gagem X Gag,en in theby-
now corventionalway [5, p111]:{e,1) ~y (&,I") iff | = I'. As with ~, and~s, it is
easyto seethat ~ is anequialencerelation. The semanticaule for £ is asexpected:
(M, (e, ) = Ko iff (M, (€,1")) |= pforall (€,1') € Gagen suchthat(e,l) ~ (¢,1").
Obviously, aswith V andS, the K modality validatesanalogue®f the modalaxioms
KDT45.

Kl = ¢) = ((Kp) = (K4)) (14)
Ko = -K-p (15)
Ky = (16)
Ko = K(Kyp) a7
Ky = K-Ky (18)

We now turnto therelationshipbetweerwhatanagentpercevesandwhatit knows. As
with therelationshipbetweenS andV, the maininteractionsof interestarecapturedn
(). Thefirstinteractionwe considerstateghatwhenanagenteesomethingit knows
it.

Sp = Ky (29)

Intuitively, this propertywill betrue of anagentif its next statefunctiondistinguishes
betweerevery differentpercepteceved.If anext statefunctionhasthis property then
intuitively, it never losesinformationfrom the perceptsWe saya next statefunction



is completeif it distinguishesetweenevery differentpercept.Formally, a next state
function next is completeiff next(l, p) = next(l’, p') impliesp = p’. Formulaschema
(19)is valid in amodeliff the next statefunctionof thatmodelis complete.

Turningto thecorversedirection,we mightexpectthefollowing schemado bevalid:

Ko = Sp (20)

While this schemais satisfiable,it is not valid. To understandvhat kinds of agents
validatethis schemajmaginean agentwith a next statefunctionthatchooseghe next

statesolelyon thebasisof it currentstate.Let us saythatanagents local if it hasthis

property Formally, anagents next-statefunctionis local iff next(l, p) = next(l’, p) for

alllocalstated, |’ € L, andperceptp € P. It is nothardto seethatformulaschemd20)

is valid in amodelif the next statefunction of theagentin this modelis local.

6 Systemsof VSIK Logic

The precedingsectionsidentified the key interactionsthat may hold betweenwhat is
true, visible, seen,and known. In this section,we considersystemsof VSK logic,
by which we meanpossiblecombinationsof interactionsthat could hold for any giv-
en agent-emironmentsystem.To illustrate, considerthe classof systemsin which:
(i) theenvironmentis nottransparent(ii) theagents perceptiorfunctionis perfect;and
(iii) the agents next statefunctionis neithercompletenor local. In this classof mod-
els, the formulaschemag3), (12), and(13) arevalid. Theseformula schemaganbe
understoodas characterising classof agent-emironmentsystems— thosein which
the ervironmentis not transparentthe agents perceptionfunction is perfect,andthe
agents next statefunctionis neithercompletenor local. In this way, by systematically
consideringhe possiblecombinationof VSK formulaschemasye obtaina classifi-
cationschemdor agent-erironmentsystemsAs thebasisof this schemewe consider
only interactionschemasvith thefollowing form.

Dl(p DQ(’O

<~
GiventhethreeVSK modalitiestherearesix suchinteractionschemas(6), (3), (13),

(12), (19), and (20). This in turn suggestghereshouldbe 64 distinct VSK systems.
However, as(3) and(12) arevalid in all VSK systemstherearein factonly 16 distinct

systemssummarisedn Tablel.

In systemsVSK-8 to VSK-15 inclusive, visibility andtruth areequivalent,in that
everythingtrueis alsovisible. Thesesystemsarecharacterisetly transparentisibility
relations.Formally, theschemap < Vy is avalid formulain systema/SK-8 to VSK-
15. TheV modalityis redundanin suchsystems.

In systemsVSK-4to VSK-7 andVSK-12to VSK-15, everythingvisible is seen,
andeverythingseenis visible. Visibility andperceptiorarethusequialent:theformula
schemaVy < Sy is valid in suchsystemsHenceone of the modalitiesV or S is
redundantn systemsVSK-4 to VSK-7 andVSK-12 to VSK-15. Models for these
systemsaarecharacterisethy agentswith perfectperception(sed functions.



FormulaSchemas

System (6) ?3) (13) 12) (29) (20)
Name ¢=>V¢o Ve=>¢ Ve=>S¢ Spe=>V¢ Spe=>Kp Kp=S8Sp
VSK-0
VSK-1
VSK-2
VSK-3
VSK-4
VSK-5
VSK-6
VSK-7
VSK-8
VSK-9
VSK-10
VSK-11
VSK-12
VSK-13
VSK-14
VSK-15

X

X X

X X X X X X X X

XX XXX XX XXX XXX XXX
X X X X

XX XX X XX X XXX X X X XX

X X X X

X X

Table 1. Thesixteenpossible)VSK systemsA cross(x) indicateshattheschemas valid in the
correspondingystemall systemsnclude(3) and(12).

In systems/SK-3, VSK-7,VSK-11,andVSK-15, knowledgeandperceptiorare
equialent:an agentknows everythingit seesand seeseverythingit knows. In these
systemsSy & Ky is valid. Modelsof suchsystemsare characterisedhy complete,
local next statefunctions.

In systema/SK-12 to VSK-15, we find thattruth, visibility, andperceptioraree-
quivalent:theschemap & V¢ < Syisvalid. In suchsystemsthe )V andS modalities
areredundant.

An analysiof individual VSK systemsdentifiesanumberof interestingproperties,
but spacelimitations preventssuchan analysishere.We simply note thatin system
VSK-15, the formulaschemay & Vy & Sy & Ky is valid, andhenceall three
modalitiesV, S, andK areredundantSystemVSK-15 thuscollapsedo propositional
logic.

7 RelatedWork

Sincethe mid 1980s,Halpernandcolleaguehave usedmodalepistemidogic for rea-
soningaboutmulti-agentsystemg5]. In thiswork, they demonstratetiow interpreted
systemgould be usedasmodelsfor suchlogics. Interpretedsystemsarevery closeto
our agent-emironmentsystemsthe key differencesarethatthey only recordthe state
of agentswithin a system,andhencedo not representhe perceptseceved by an a-
gentor distinguishbetweenwhatis true of an ervironmentandwhatis visible of that
environment.Halpernandcolleaguesiave established rangeof significantresultsre-
lating to suchlogics,in particular categorisationf thecomplexity of variousdecision



problemsin epistemiclogic, the circumstancesinderwhich it is possiblefor a group
of agentgo achievze “commonknowledge”aboutsomefact,andmostrecently theuse
of suchlogicsfor directly programmingagentsComparatiely little effort hasbeende-
votedto characterisingarchitectural’propertieof agentsTheonly obviousexamples
arethe propertiesof nolearning,perfectrecall,andsoon|[5, pp281-307].

In their “situatedautomata’paradigm KaelblingandRosenscheidirectly synthe-
sisedagentq(in fact,digital circuits)from epistemicspecification®f theseagentd12].
While this work clearly highlightedthe relationshipbetweenepistemictheoriesof a-
gentsandtheirrealisationijt did notexplicitly investigateaxiomaticcharacterisationsf
architecturahgentpropertiesFinally, recentwork hasconsideredknowledge-theoretic
approacheto robotics[2].

Marny otherformalismsfor reasoningaboutintelligentagentsand multi-agentsys-
temshave beenproposedver the pastdecadg16]. Following the pioneeringwork of
Moore on theinteractionbetweerknowledgeandaction[9], mostof theseformalisms
have attemptedo characteris¢the“mentalstate”of agentsengagedn variousactuities.
Well-known examplesof this work include Cohen-L&esques theory of intention[4],
andtheongoingwork of Rao-Geogeff on the belief-desire-intentioifgsDI) modelof a-
geng [10]. Theemphasisn this work hasbeenmoreon axiomaticcharacterisationsf
architecturapropertiesfor example,in [11], Rao-Geogeff discusshow variousaxioms
of BDI logic canbe seento intuitively correspondo propertiesof agentarchitectures.
However, thiswork is specificto BDI architecturesandin addition,thecorrespondence
is anintuitive one:they establismoformal correspondencén thesensef VSK logic.

A numberof authorhave consideredhe problemof reasoningaboutactionsthat
maybe performedn orderto obtaininformation.Again building onthework of Moore
[9], the goal of suchwork is typically to develop representationsf sensingactions
thatcanbe usedin planningalgorithms[1]. An exampleis [14], in which Scherland
Levesqualeveloparepresentationf sensingactionsin thesituationcalculug8]. These
theoriedocuson giving anaccounpf how theperformancef asensingactionchanges
anagentsknowledgestate Suchtheoriesarepurelyaxiomaticin nature— noarchitec-
tural, correspondencis establishedetweenaxiomsandmodelsthatthey correspond
to.

Finally, it is worth notingthatthereis now a growing body of work addressinghe
abstractogical propertiesof multi-modallogics,of which VSK is anexample[3]. Lo-
muscioand Ryan, for example,investigatesaxiomatizationsoof multi-agentepistemic
logic (epistemidogicswith multiple K operators]7]. Thework in this papercanclear
ly benefitfrom suchwork.

8 Conclusions

In this paper we have presentedh formalismthat allows us to representseveral key

aspect®f therelationshiphetweeranagentandthe environmentin whichit is situated.
Specifically it allows usto distinguishbetweenwvhatis trueof anervironmentandwhat
is visible, or knowableaboutit; whatis visible of an ervironmentandwhat an agent
actually percevesof it; andwhat an agentpercevesof an ervironmentand actually
knows of it. Previousformalismsdo not permitusto make suchdistinctions.



For futurework, a numberof obviousissuegpresenthemseles:

— Completeness
First, completenesgesultsfor the formalismwould be desirable multi-modallog-
ics area burgeoningareaof researchfor which generalcompletenessesultsare
beginningto emepe.

— Multi-agentextensions
Anotherissueis extendingthe formalismto the multi-agentdomain.It would be
interestingto investigatesuchinteractionsask; V¢ (agent knowsthaty is visible
to agent).

— Tempoal extensions
The emphasidn this work hasbeenon classifyinginstananeouselationshipsn
VSK logic. Muchwork remainsto bedonein consideringhetemporalextensions
tothelogic, in muchthesamewaythatepistemidogic is extendednto thetemporal
dimensionin [15].

— Knowledg-basegrograms
The relationshipbetweenVSK logic andknowledge-basegrogramg5, Chapter
7] would alsobe aninterestingareaof future work: VSK logic hassomethingo
sayaboutwhensuchprogramsareimplementable.
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