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Abstract. We presenta formalismfor reasoningaboutthe information proper
ties of multi-agentsystemsMulti-agentVSK logic allows usto representvhat
is objectivelytrue of someervironment,whatis visible or accessiblef the en-
vironmentto individual agentswhattheseagentsactually perceive andfinally,
whattheagentsactuallyknowaboutthe ervironment.The semanticof thelogic
aregivenin termsof a generalmodelof multi-agentsystemscloselyrelatedto
theinterpretedsystemf epistemidogic. After introducingthelogic andestab-
lishingits relationshipto the formal modelof multi-agentsystemsyve systemat-
ically investigatea numberof possiblenteractionaxioms,andcharacteris¢hese
axiomsin termsof the propertiesof agentsthatthey correspondo. Finally, we
illustratethe useof the logic througha casestudy anddiscussissuesfor future
work.

1 Intr oduction

Considerthefollowing scenario:

A numberof autonomousnobile robotsare working in a factory, collecting
andmoving variousgoodsaround All robotsareequippedwith sonarswhich
enablethemto detectobstaclesTo ensurehatpotentiallycostly collisionsare
avoided,a numberof crash-aoidancetechniquesreused First, all robotsad-
hereto a corventionthat, if they detecta potentialcollision, they musttake
evasie actioneitherwhenthey detectthat otheragentshave right of way or
whenthey know thatregardles®f the corventionof theright of way thisis the
only way to avoid a collision. Seconda “supervisor’agentC is installedin
the factory which monitorsall datafeedsfrom sonarsin the eventof anim-
pendingcollision, this agentis ableto stepin andoverridethe control systems
of individual agents At sometime, two robots,A andB, aremoving towards
eachotherin anarrow corridor; robot A hastheright of way. RobotB'’s sonar
is faulty, andasa result, B fails to notice the potentialcollision anddoesnot
give way to robot A. RobotA, usingits sonar detectghe presencef robotB.



RobotA recogniseghat B hasnot taken evasive actionwhenit shouldhave
done,andreasonghat B mustbe faulty; asa consequencet takesadditional
evasveaction.Meanwhile thesupervisoagentC, observinghescenarioalso
deduceghat B mustbefaulty, andasa consequencshutsB down.

Theaim of this scenarids notto suggestnarchitecturdor multi-agentrobotics but to

illustratethe utility of reasoningabouttheinformationthatagentscananddo perceve,

their knowledgeabouttheir environment,andthe actionsthat they perform.We argue
thatthe ability to performsuchreasoningwill be of greatvalueif autonomousgents
areto be successfullydeployed.

In this paper we develop a formalismthat will allow usto representind reason
aboutsuchaspect®f multi-agentsystemsWe presenmulti-agentVSK logic, a multi-
agentextensionof VSK logic [9]. Thislogic allows usto representvhatis objectively
true of an ervironment,what is visible, or knowableaboutthe ervironmentto indi-
vidual agentswithin it, what agentsperceive of their ervironment,and finally, what
agentsactually knowabouttheir ervironment.Syntactically VSK logic is a proposi-
tional multi-modallogic, containingthreesetsof indexed unarymodaloperators'V;”,
“S", and“K;", onefor eachagenti. A formulaV;p meansthatthe informationy is
accessibleo agenti; Sip meanghatagenti percevesinformationy; and iy means
thatagenti knows .

An importantfeatureof multi-agentVSK logic is thatits semanticaregivenwith
respectto a generalmodel of agentsandtheir ervironments.We are able to charac-
terisepossibleaxiomsof multi-agentVSK logic with respecto this semanticodel.
Consideyfor example,the VSK formulaVip = S;Vip, which saysthatif information
 is accessibléo agenti, thenagentj sees(perceves)thaty is accessibldo i. Intu-
itively, this formula saysthatagentj is ableto seeat leastasmuchasagenti; we are
ableto shaow thisformally by proving correspondencesultswith respecto asemantic
descriptionof agentsandernvironmentsaswell asthe Kripke framesthey generate.

The remainderof this paperis structuredasfollows. We begin in section2 by in-
troducingthe semantidramework thatunderpinanulti-agentVSK logic. We thenfor-
mally introducethe syntaxandsemantic®of VSK logic in section3, andin particular
we shov how the semanticof the logic relateto the formal modelof multi-agentsys-
temsintroducedn section2. In section4, we discussandformally characteris@arious
interaction axiomsof VSK logic. In section5, we returnto the casestudy presented
above,andshav how we canusemulti-agentVSK logic to captureandreasorabout

Finally, in section6, we presensomeconclusions.

2 A SemanticFramework

In this section,we presenta semanticmodelof agentsandthe ervironmentsthey oc-
cupy. Thismodelplaystherolein VSK logic thatinterpretedsystemsglay in epistemic
logic [2, pp103-107].

A multi-agentVSK systenis assumedo becomprisedf acollectionAgy, . . ., At
of agents togethemwith an ervironment We formally defineenvironmentsbelow, but
for themoment,t is assumedhatanervironmentcanbein ary of asetE of instanta-
neousstates We adopta quite generalmodel of agentswhich makesonly a minimal



commitmento anagentsinternalarchitectureOneimportantassumptiorwe do make
is that agentshave an internal state,althoughwe male no assumptionsvith respect
to the actualstructureof this state. Agentsareassumedo be composedf threefunc-
tionalcomponentssomesensoapparatusanactionselectiorfunction,andanext-state
function.

Formally, anagentAg is atuple Ag = (L;, Act, seg,da, 13, i), where:

— L ={I},12,...} is asetof instantaneousocal statesfor agenti.

— Act = {a},a?,...} is asetof actions for agenti.

— see : 2F — Perq; is the perceptionfunctionfor agenti, mappingsetsof environ-
mentstateqVvisibility set$ to perceptsfor agent.
Elementsof the setPerc; will be denotedby pl, p?,... andsoon. If see is an
injectioninto Perc; thenwe saythatseg is perfect otherwisewe sayit is lossy

— do : L = Act is theaction selectionfunctionfor agenti, mappinglocal statego
actionsavailableto agenti.

— 7 : Lj x Perg; — L is thestatetransformerfunctionfor agenti.
We sayr is completaf for any

g= (e7 T1(|17p1)7 .. ;Tn(lnypn))

and
gl = (el77—1(|;_7 pll)a v 77—”(”17 p:1))

we have that
n(li, ) = 7(li,pi) implies  pi = p|.

We say; is local if for any

g= (e, Tl(ll;pl); P ,Tn(ln,pn))

and
gl = (eIaTl(Illa pll)a s aTn(un pA))
we have that
7i(li, pi) = 1(lf, pi)-
We saythatanagenthasperfectrecallif thefunctions is aninjection.
— 1 € Listheinitial statefor agenti.

Perfectperceptionfunctions distinguishbetweenall visibility sets;lossy perception
functionsaresocalledbecaus¢hey canmapdifferentvisibility setsto thesamepercept,
therebylosing information. We saythat an agenthasperfectrecall of its historyif it
changests local stateat every tick of the clock (cf. [2, pp128-131]).

Following [2], we usetheterm“environment”to denoteall thecomponentsf asys-
temexternalto the agentsghatoccupy it. Sometimeservironmentscanberepresented
asjustanotheragentof thesystemmoreoftenthey sene aspecialpurposeasthey can
be usedto modelcommunicatiorarchitecturesetc. We modelanernvironmentasa tu-
ple containinga setof possibleinstantaneoustates avisibility functionfor eachagent,
which characterisetheinformationavailableto anagentin every ervironmentstate a



statetransformerfunction, which characterisethe effectsthatanagents actionshave
ontheervironment,and,finally, aninitial state
Formally, anervironmentEnv is atuple

En\/ = <Ea Visl: e aViS’hTE; Q))
where:

— E={e,e,...} isasetofinstantaneoutocal statesfor theervironment.

— vis : E — 2F is thevisibility functionof agenti. It is assumedhatvis partitions
E into mutually disjoint setsandthate € vis (e), for ary e € E. Elementsof the
codomairof thefunctionvis arecalledvisibility sets We saythatvis is transpaent
if for ary e € E we havethatvis (e) = {e}.

— 7o : Ex Act x - - - x Act, — 2F is atotal statetransformeifunctionfor theenviron-
ment(cf. [2, p154]), which mapservironmentstatesandtuplesof actions,onefor
eachagent o the setof ervironmentstateghatcould resultfrom the performance
of theseactionsin this state.

— g € Eistheinitial stateof Env.

Modelling an ervironmentin termsof a setof statesanda statetransformeris quite
cornventional(see.e.g.,[2]). Theuseof thevisibility function,however, requiressome
explanation.Before we do this, let us definethe conceptof global state.The global
statesG = {g,d/, ...} of aVSK systemareasubsebf E x L; x --- X Lp.

Thevisibility functiondefineswhatis in principle knowableabouta VSK system;
the ideais similar to the notion of “partial obserability” in POMDPs [6]. Intuitively,
notall theinformationin an ervironmentstateis in generalaccessibléo anagent.So,
in a global stateg = (e,l4,...,In), vis(e) = {e €, €’'} representshe factthat the
ervironmentstates, €, €' areindistinguishabldo agenti from e. Thisis soregardless
of agenti’s efforts in performingthe obsenation— it representthe maximumamount
of informationthatis in principleavailableto i whenobservingstatee. The conceptof
transpareny, asdefinedabove, capturesperfect” scenariosin which all the informa-
tionin a stateis accessibléo anagentNotethatvisibility functionsarenotintendedo
capturethe everydaynotionof visibility asin “objectx is visible to theagent”.

A multi-agentVSK systenis astructureS = (Env, Ag, - - ., Agh), whereEnvis an
ervironment,andAg;, . .., Ag, areagentsTheclassof VSK systemss denotedoy S.

Although the logics we discussin this papermay be usedto refer to static prop-
ertiesof knowledge,visibility, andperceptionthe semantianodelnaturallyallows us
to accountfor thetemporalevolution of aVSK system.The behaiour of a VSK sys-
temcanbesummarisedsfollows. Eachagent startsin statel;, the ervironmentstarts
in stateey. At this point every agenti “synchronises’with the environmentby per
forming aninitial obsenationthroughthe visibility functionvis, andgenerates per
ceptp? = seg(vis(g)). Theinternalstateof the agentis thenupdated andbecomes
7 (L, p?). The synchronisatiophases now over andthe systemstartsits run from the
initial stategy = (€, 71 (11, 09), - -, (I, p9)). An actiona? = do(ri(1;, p9)) is se-
lectedandperformedby eachagenti on the environment,whosestateis updatednto
e = 7e(&,a,...,al). Eachagententersanothercycle, andsoon.

A run of asystemis thusa (possiblyinfinite) sequencef globalstatesA sequence
(90,91,02, - -.) overG representarun of asystem(Env, Agy, . . . , Agy) iff



— 0o = (&, 71 (l1,s€&(vis (&))), .- -, T(ln, Se&(viss(&)))), and
— forally, if gy = (e 11,...,In) andguy1 = (€,14, ..., 1) then:

e ETe(eUaala""a”) and
I = 7(I;, seg(vis (¢)))

whereq; = do(l;).

Givena multi-agentVSK systemS = (Env, Agy, - - -, Agh), we sayGs C G is the
setof globalstateggenemtedby Sif g € Gs occursin arunof S,

3 Multi-Agent VSK Logic

We now introducea languagel, which will enableus to representhe information
propertiesof multi-agentVSK systemsin particular it will allow usto represenfirst
what s true of the VSK system,thenwhat s visible, or knowableof the systemto
the agentswithin it, thenwhat theseagentsperceive of the system,andfinally, what
eachagentknowsof thesystem.C is a propositionaimulti-modallanguagecontaining
threesetsof indexed unarymodal operatorsfor visibility, perceptionandknowledge
respectiely. Given a setP of propositionalatoms,the languagel of VSK logic is
definedby thefollowing BNF grammar:

(ag) i=1] | n
(wif) ::= true | ary elemenbof P | =(wff) | (wff) A (wff)
| V(ag><Wff) | S(ag) <Wff) | K(ag><Wff)

The modal operator*V;” will allow usto representhe information that is instanta-
neouslyvisible or knowableaboutthe stateof the systemto agenti. Thussupposehe

formulaVy is truein somestateg € G. Theintendedinterpretatiorof this formulais

thatthe property is accessiblgo agenti whenthe systemis in stateg. This means
thatnotonly ¢ is true of the environment,but agenti, if it wasequippedwith suitable
sensompparatuswould beableto perceve ¢. If =V,¢ weretruein somestate thenno

matterhow goodagenti’s sensomapparatusvas,it would beunableto perceve .

Thefactthatsomethings visible to anagentdoesnot meanthatthe agentactually
seest. Whatanagentdoesseeis determinedy its sensorsThe modaloperator* S;”
will be usedto representhe informationthat agenti “sees”. The ideais asfollows.
Supposegenti’s sensoryapparatugrepresentedby the see functionin our semantic
model)is a video cameraandso the perceptdeingreceved by agenti take the form
of avideo feed.ThenSjp meansthat animpartial obsener would saythat the video
feedcurrentlybeingsuppliedby i’s videocameracarriedtheinformationy — in other
words,y is truein all situationswherei recevedthe samevideofeed.

Finally, we canrepresenthe knowledg possessetly agentswithin a system We
representgenti’s knowledge by meansof a modal operator ;. In line with the
tradition that startedwith Hintikka [4], we write iy to representhe fact that agent
i hasknowledgeof the formula representedy . Our model of knowledgeis that
popularisedy Halpernandcolleague$2]: agent is saidto know ¢ whenin local state



| if ¢ is guaranteedio betruewheneeri is in statel. As with visibility andperception,
knowledgeis anexternalnotion— anagents saidto know ¢ if animpartial,omniscient
obsenrerwould saythatthe agents statecarriedtheinformation.

We now proceedto interpretour formal language We do so with respectto the
equivalenceKripke framesgeneted(see[2]) by VSK systemsGivena VSK system
S=(Env,Adq,...,Ad), theKripke frame

_ v s k v s k
Fs= <W7N17N17N17---:NnaNmNn)

generatedy Sis definedasfollows:

— W = Gg (recallthatGs is the setof globalstateseachabldy systemS),

— Foreveryi = 1,...,n, therelation~?C W x W is definedby: (g 14,...,I,) ~V
(e,lh,..., 1) if € € vis(e),

— Foreveryi = 1,...,n, therelation~’C W x W is definedby: (e 11,...,In) ~F
(€,1],...,1L) if see(vis(e)) = see(vis(¢)),

— Foreveryi = 1,...,n, therelation~fC W x W is definedby: (g 11, ...,I,) ~K
(e, .., 1) if I =1

Theclassof framesgeneratedby a VSK systemS will bedenotedoy Fs. As mightbe
expectedall framesgeneratedby systemsn S areequivalenceframes.

Lemmal. EveryframeF € Fgs is anequivalencdramei.e., all therelationsin F are
equivalenceelations.

We have now built abridgebetweenVSK systemsandKripke frames.In whatfollows,
we assumehe standarddefinitionsof satishctionandvalidity for Kripke framesand
Kripke models— we referthe readerto [5, 3] for a detailedexpositionof the subject.
Following [2] and[7], we definethe concept=of truth andvalidity on Kripke models
thataregeneatedby VSK systems.

Givenaninterpretationr : W — 2P, we saythataformulay € £ is satisfiedata
pointg € GonaVSK systenSif themodelMs = (Fs, 7) built onthegeneratedrame
Fs by useof 7 is suchthatMs |=4 ¢. The propositionakconnectvesareassumedo be
interpretedcasusual andthemodaloperatord/;, S;, andK; areassumedo beinterpreted
in thestandardvay (seefor example[5]) by meanf theequivalencerelations~{, ~7,
and~K respectiely.

We are especiallyinterestedn the propertiesof a VSK systemasa whole. The
notionof validity is appropriatdor thisanalysisA formulay € £ is valid onaclassS
of VSK systemsf for ary systemS € S, we havethatFs = .

4 Interaction Axioms in Multi-Agent VS Logic

In this sectionwe will studysomebasicinteractionaxiomsthatcanbe specifiedwithin
VSK logic. Interactionaxiomsareformulasin which differentmodalitiesare present;
they specify a form of “binding” betweenthe attitudescorrespondingo the modal
operators.



Axiom VSK Class
Vi = ¢ none(valid in all systems)

= Vip vis is transparent
Sip = Vip none(valid in all systems)
Vip = Sip seeis perfect

Kip = Si¢ 7 hasperfectrecall
Sip = Kip 7 islocal

Table 1. Single-ageninteractionaxiomsin VSK logic.

Axiom Kripke VSK
Condition Condition
Vig = Vip ~/C~ vis(e) C vis(e)
Vig = Sjp ~C~ sy(e) = sy(€) — vis(e) = vis(€)
Vig = Kjp ~fC~¥ lj =1 — vis(e) = vis(€)

Sp=Vp ~'CP vis(e) = vis(¢) = su(e) = su(€)
Sp=8p ~C su(e) = sy(€) - su(e) = su(€)

Sip = Kip ~C~P lj =1f — su(e) = sv(€)
Kip = Vip ~/C~f vig(e) = vig(e) = li =1
Kip = Sip ~jCf sy(e) = su(é) = li =1

Kip = Kjp ~FC~f =1 —=li=1
Table 2. Somemulti-agentinteractionaxiomsin multi-agentVSK logic. Notethatin thetable
thefunctionsv : E — Perc; standdor seg o vis.

Notethat,in previouswork, we have studiedandgiven semanticcharacterisations
for single-agentinteractionaxioms(i.e.,axiomsin aVSK logic wherethereis only one
V operatoyonly oneS operatorandonly one K operator)[9]. For example,we were
ableto shav thattheaxiomschema/y = S¢ characterised particularpropertyof an
agents perceptiorfunction: namely thatit wasperfect in the senseahatwe definedin
section2. We summariseheseresultsin tablel.

In this paperwe analysesomemulti-agent interactionaxioms. The mostobvious
form thattheseinteractionaxiomsmay have is thefollowing:

Bip = Hjy wheregl; € {S, Vi, Ki}, o € {5, Vi, K} (1)

If we assumd # j (thecasei = j wasdealtwith in [9]), Axiom (1) generatesiine

possibleinteractionaxiomsin total, assummarisedn table 2. The secondcolumn of

table 1 givesthe conditionson Kripke modelsthat correspondin the senseof [1]) to

theaxiom.Thethird columngivesthefirst-orderconditionon VSK systemghatcorre-

sponddo theinteractionaxioms.(Notethatin theseconditionseachvariableis assumed
to be universally quantified:for example,the third axiom Vi = K¢ correspondso

systemsS in which for all g = (e, 14,...,1n) andd’ = (¢,l},...,I}), we have that

lj = If impliesvis (e) = vis(€¢/).)



We beagin our analysiswith the schemawhich saysthatif ¢ is visibleto i, theny is

visibleto]j.

Vip = Vg )
This axiom saysthateverythingvisible to i is alsovisible to j. Notethatthefirst-order
conditioncorrespondingo Axiom 2 impliesthatatleastasmuchinformationis acces-
sibleto agentj asagent.

Vie = Sjp ®3)
Axiom (3) saysthatj seeseverythingvisible to i. It is easyto seethatin systemghat
validatethis schemasincej seeseverythingi seesjt mustbe that everythingvisible
toi is alsovisible to j. In otherwords,VSK systemghatvalidateAxiom (3) will also
validate(2).

Vie = Kip (4)

Axiom (4) saysthateverythingvisibletoi is known toj.

Sip = Vi ()
Axiom (5) saysthat everythingi seesis visible to j. Intuitively, this meansthat the
percepts recevesarepartof theernvironmentthatis visible to j.

Sip = Sy (6)
Axiom (6) saysthatj seesverythingi seesSincewe know from [9] thatary systemS
validatesthe axiomSjp = Vg, it followsthatary VSK systemvalidating Axiom (6)
will alsovalidateAxiom (5). Notethatfrom table2, it follows that

|seg(vig (E))| < [see(vis (E))|

So, sinceagenti hasmore perceptionstatesat its disposalthanagentj, it hasa finer
grainof perception.

Sip = Kjp (7)
Axiom (7) saysthatif i seesp thenj knows ¢; in otherwords,j knows everythingthat
i sees.

Kig = Vi (8)

Axiom (8) saysthatif i knows @, theny is visible to j. Intuitively, this meanghati’'s
local stateis visible to j. Axiom (8) thussaysthatentity j has“readaccess’to the state
of anotherentity .

Kip = S 9)



Axiom Kripke VSK
Condition Condition
Vipg=>VVip ~/C~/ vis(e) C vis(e)
Vip = S§Vip ~C~P sy(e) = sy(€) — vis(e) = vis(€)
Vip = KVip ~fC~y lj =1 — vis(e) = vis(€)
Sip = ViSip ~/C~ vig(e) = vig(€) — su(e) = su(€)
Sip = §Sip ~C~ sv(e) = sy(€) — sv(e) = su(¢)

Sip = KiSip  ~fCnf i =1j = sv(e) = su(¢)
Kip = ViKip ~}C~f vi(e) = vis(€) =l =1Ii
Kip = §Kip ~PC~f sv(e) =su(é) = li=1
Kip = KiKip ~‘C~f f=l—=li=0k

Table 3. Otherinteractionaxiomsin multi-agentySK logic.

Axiom (9) capturesmoregeneraktasehanthatof (8), whereentityj notonly hasread
accesso thestateof i, but thatit actuallydoesreadthis state Notethatarny systemnthat
validateg(9) will alsovalidate(8).

Kip = Kjp (20)

This final schemasaysthatj knows everythingthati knows. Note thatfrom the corre-
spondingconditionon VSK systemsn table2, it follows that

L] < [Li]

So,sinceagenti hasmorelocal statesjt hasa finer grainof knowledgethanagentj. If
we alsohave thecorverseof (10), thenwe would have Kip < Kjp asvalid; anolbvious
interpretatiorof this schemawvould bethati andj hadthe samestate.

All theseconsiderationteadusto thefollowing:

Theorem1. For anyaxiome of table 2 andany VSK systents we havethat the fol-
lowing are equivalent:

1. ThesystenSvalidatesy, i.e., S |= v,
2. ThegenemtedframeFs satisfieghe correspondind<ripke conditionRy;
3. ThesystenSsatisfieghe corresponding/SK conditionSy,.

Proof (Outline). Givenany axioms in table 2, it is a knownresultthat Fs = ¢ if
andonly if Fs hasthe Kripke property R, shownin table 2 (see[7] for details).But
sincevalidity on a VSK systemS is definedin termsof the geneated frameFs, the
equivalencéetweeritemsl and 2 follows.

For ead line of thetable, the equivalenceébetweer? and 3 can be establishedy
re-writing the relational propertieson Kripke framesin termsof the VSK conditions
onVSK systems.



Other Interaction Axioms Beforeweleave our studyof VSK interactionaxiomsiit is
worth noting thatthereare mary otherpossibleinteractionaxiomsof interest[7]. The
mostimportantof thesehave thefollowing generaform.

By = L Ei ¢ where@; € {Si,Vi,]Ci},Ej € {Sj,Vj,ICj},i #]. (11)

It is easyto seethat schema(11) generatesine possibleinteractionaxioms.We can
provethefollowing generakesultaboutsuchinteractionaxioms.

Lemma 2. For anysystent5, we havethat the genematedframeFs satisfieghe follow-
ing property

Fs = mip = @ @ pif andonlyif ~FC~7
wheem; € {5, i, Ki}, @ € {S},V}, K} and~{ (respectively-[”) is theequivalence
relationcorrespondingo themodaloperator E; (respectivelys;).

Proof. Followsfrom theresultspresentedn [7, LemmaA.11].

Thanksto the above resultwe can prove that the classeof VSK systemsanalysed
above arealsocharacterisedby the axiomsdiscussedn this section.Indeedwe have
thefollowing.

Corollary 1. For any axiom of table 3 and any VSK systemS we havethat the
following are equivalent:

1. ThesystenSvalidatesy, i.e., S|= v;
2. ThegenemtedframeFs satisfieghe correspondind<ripke conditionRy;
3. ThesystenSsatisfieghe corresponding/SK conditionSy.

Proof. FollowsfromLemma2 and Theoem1.

5 A CaseStudy

In orderto illustratethe useof multi-agentVSK logic, we consideragainthe scenario
presentedn sectionl. While the scenariccanbe equally exploredby meansof VSK
semanticsherewe focuson theaxiomaticsideof the formalism.

As discussedn sectionl, we have threerobotic agentsA, B, C involvedin a co-
ordinationproblemin a navigation scenarioWe supposehe autonomousobotsA, B
to be equippedwith sonarghatcanperfectlyperceve the environment,up to a certain
distanceof, say 1 metre;sotheir visibiliy functionis nottransparenfseeTablel). We
furtheradmitthatwithin 1 metreof distanceof theobjectthepairingsonar/emironment
is perfect;hencewithin this distancethe ervironmentis fully visible. For the easewith
whichwe assumat is possibleto processsignalsfrom sensorsye furtherassumehat
if thesensorareadequatelyvorking, thentheagentshave perfectperceptionj.e. they
aresemanticallydescribedyy a perfectseefunctionasin Tablel1. We alsoassumehat
agentknow everythingthey see,i.e. thattheir r functionis local.



FurtherassumehattherobotsA, B follow thefollowing rule:if they know thatthere
is amoving objectapparentlyaboutto collide with them,thenthey musttake evasie
action eitherwhen this is the only way to avoid a collision, or in casethe objectis
anotherrobot, whenthis hasright of way. This rulesarecommonlyknown, or at least
thatthey hold however nestedn anumberof K operatorsThe superusehasaccesso
the sensorof all the agentq(it thereforeseeswhat the agentsseeandknows whatis
visibleto theagents— seeprevioussection)plussomefixedsensorsn theervironment
they inhabit.Hencewe modelagentC by supposinghatit hasperfectperceptiorof the
ervironment thatthe environmentis completelyvisible to it andthatall its perceptions
areknown by it.

We cannow tailor the specificatiorabove to the scenariccurrentlyin analysis We
have thatagentsA, B arein a collision coursewith A having right of way, thatthis is
visible bothto agentB andto agentA, exceptthatwhile agentA doesseethis, agentB
doesnot. Formally:

F coll A Vacoll A Vgcoll A =Sgcoll A r-o-wa.

Giventhe assumption®n the agentspresentedbove, it is possibleto shav thatit
followsthatagentA will take evasive actionandthatagentB will be shutdown by the
controlleragentC. A proofof thisis asfollows:

1. Vgcoll A =Sgcoll A Vacoll A r-o-wp [Given]
2. Ve(Vacoll A =Sgceoll) = Sc(VecollA

—=Sgcoll) = Kc(Vscoll A =Sgcoll) [PerfectPerception]
3. Kc(Vscoll A =Sgcoll) = shutdown [Given]
4. (Vscoll A =Sgcoll) = Kc(Vscoll A =Sgcoll) [Given]
5. shutdown [1,3,4+ Taut]
6. Ka((—ev-actg A r-o-wp) = —Kgcoll) [Given+ Taut]
7. —ev-aclg = Sa—ev-acts = Ka—ev-ac [PerfectPerception]
8. Ka—-Kgcoll [6,7,K]
9. Ka(coll A =Kgcoll) = ev-act [Given]
10. Vacoll = Sacoll = Kacoll [PerfectPerception]
11. KCAr-0-Wp [1, PerfectPerception]
12. ev-acty [1,8,9,10,11,K]

6 Conclusions

In orderto designor understandhe behaiour of mary multi-agentsystemsit is nec-
essaryto reasonaboutthe information propertiesof the system— what information
theagentawithin it have accesdo, whatthey actuallyperceve,andwhatthey know. In
this paperwe have presented logic for reasoningaboutsuchpropertiesgemonstrated
therelationshipof this logic to an abstractgeneralmodelof multi-agentsystemsand
investigatedvariousinteractionaxiomsof the logic. Many issuessuggesthemseles
as candidatedor future work: chief amongthemis completenesdn [8], we proved
completenestr amono-modafragmentof VSK logic. In particular we provedcom-
pletenessiot simply with respecto anabstractlassof Kripke frames but with respect



to theclassof Kripke framescorrespondingo our modelof agentsandervironmentslt

is reasonabléo expectthe proofto transferto multi-agentsettings However, whenin-

teractionaxiomsof the form studiedin section4 arepresentmattersnaturallybecome
morecomplicatedandananalysisfor eachdifferentsystemis required.This is future
work, asaresuchissuesastemporalextensiongo thelogic, andcompleity results.
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