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Abstract. We presenta formalismfor reasoningaboutthe informationproper-
tiesof multi-agentsystems.Multi-agent 	�
� logic allows us to representwhat
is objectivelytrue of someenvironment,what is visible, or accessibleof theen-
vironmentto individual agents,what theseagentsactuallyperceive, andfinally,
whattheagentsactuallyknowabouttheenvironment.Thesemanticsof thelogic
aregiven in termsof a generalmodelof multi-agentsystems,closelyrelatedto
theinterpretedsystemsof epistemiclogic. After introducingthelogic andestab-
lishing its relationshipto theformal modelof multi-agentsystems,we systemat-
ically investigatea numberof possibleinteractionaxioms,andcharacterisethese
axiomsin termsof thepropertiesof agentsthat they correspondto. Finally, we
illustratetheuseof the logic througha casestudy, anddiscussissuesfor future
work.

1 Intr oduction

Considerthefollowing scenario:

A numberof autonomousmobile robotsareworking in a factory, collecting
andmoving variousgoodsaround.All robotsareequippedwith sonars,which
enablethemto detectobstacles.To ensurethatpotentiallycostlycollisionsare
avoided,anumberof crash-avoidancetechniquesareused.First,all robotsad-
hereto a conventionthat, if they detecta potentialcollision, they must take
evasive actioneitherwhenthey detectthat otheragentshave right of way or
whenthey know thatregardlessof theconventionof theright of way this is the
only way to avoid a collision. Second,a “supervisor”agentC is installedin
the factory, which monitorsall datafeedsfrom sonars.In the eventof an im-
pendingcollision, this agentis ableto stepin andoverridethecontrolsystems
of individual agents.At sometime, two robots,A andB, aremoving towards
eachotherin a narrow corridor; robotA hastheright of way. RobotB’s sonar
is faulty, andasa result,B fails to noticethe potentialcollision anddoesnot
give way to robotA. RobotA, usingits sonar, detectsthepresenceof robotB.



RobotA recognisesthat B hasnot taken evasive actionwhen it shouldhave
done,andreasonsthatB mustbe faulty; asa consequence,it takesadditional
evasiveaction.Meanwhile,thesupervisoragentC, observingthescenario,also
deducesthatB mustbefaulty, andasa consequenceshutsB down.

Theaimof thisscenariois not to suggestanarchitecturefor multi-agentrobotics,but to
illustratetheutility of reasoningabouttheinformationthatagentscananddoperceive,
their knowledgeabouttheir environment,andtheactionsthat they perform.We argue
that the ability to performsuchreasoningwill beof greatvalueif autonomousagents
areto besuccessfullydeployed.

In this paper, we develop a formalism that will allow us to representandreason
aboutsuchaspectsof multi-agentsystems.Wepresentmulti-agent ����� logic, amulti-
agentextensionof ����� logic [9]. This logic allowsusto representwhatis objectively
true of an environment,what is visible, or knowableaboutthe environmentto indi-
vidual agentswithin it, what agentsperceiveof their environment,and finally, what
agentsactuallyknowabouttheir environment.Syntactically, ����� logic is a proposi-
tional multi-modallogic, containingthreesetsof indexedunarymodaloperators“ � i”,
“ � i”, and“ � i”, onefor eachagenti. A formula � i � meansthat the information � is
accessibleto agenti; � i � meansthatagenti perceivesinformation � ; and � i � means
thatagenti knows � .

An importantfeatureof multi-agent����� logic is that its semanticsaregivenwith
respectto a generalmodelof agentsand their environments.We areable to charac-
terisepossibleaxiomsof multi-agent ����� logic with respectto this semanticmodel.
Consider, for example,the ����� formula � i ��� � j � i � , which saysthatif information
� is accessibleto agenti, thenagentj sees(perceives)that � is accessibleto i. Intu-
itively, this formulasaysthatagentj is ableto seeat leastasmuchasagenti; we are
ableto show this formally by proving correspondenceresultswith respectto asemantic
descriptionof agentsandenvironments,aswell astheKripke framesthey generate.

The remainderof this paperis structuredasfollows. We begin in section2 by in-
troducingthesemanticframework thatunderpinsmulti-agent����� logic. We thenfor-
mally introducethesyntaxandsemanticsof ����� logic in section3, andin particular,
we show how thesemanticsof thelogic relateto theformal modelof multi-agentsys-
temsintroducedin section2. In section4, wediscussandformally characterisevarious
interaction axiomsof ����� logic. In section5, we returnto the casestudypresented
above,andshow how wecanusemulti-agent����� logic to captureandreasonabout

Finally, in section6, we presentsomeconclusions.

2 A SemanticFramework

In this section,we presenta semanticmodelof agentsandthe environmentsthey oc-
cupy. Thismodelplaystherole in ����� logic thatinterpretedsystemsplay in epistemic
logic [2, pp103–107].

A multi-agent ����� systemis assumedto becomprisedof acollectionAg����������� Agn

of agents, togetherwith an environment. We formally defineenvironmentsbelow, but
for themoment,it is assumedthatanenvironmentcanbein any of a setE of instanta-
neousstates. We adopta quitegeneralmodelof agents,which makesonly a minimal



commitmentto anagent’s internalarchitecture.Oneimportantassumptionwedomake
is that agentshave an internalstate,althoughwe make no assumptionswith respect
to theactualstructureof this state.Agentsareassumedto becomposedof threefunc-
tionalcomponents:somesensorapparatus,anactionselectionfunction,andanext-state
function.

Formally, anagentAgi is a tupleAgi ��� Li � Acti � seei � doi �! i �#" i $ , where:

– Li �&% l �i � l 'i �������)( is asetof instantaneouslocal statesfor agenti.
– Acti �*%,+ �i � + 'i �������)( is asetof actions for agenti.
– seei -/. E 0 Perci is theperceptionfunctionfor agenti, mappingsetsof environ-

mentstates(visibility sets) to perceptsfor agenti.
Elementsof the set Perci will be denotedby 1 �i �213'i ������� and so on. If seei is an
injectioninto Perci thenwe saythatseei is perfect, otherwisewe sayit is lossy.

– doi - Li
0 Acti is theactionselectionfunctionfor agenti, mappinglocal statesto

actionsavailableto agenti.
–  i - Li 4 Perci

0 Li is thestatetransformerfunctionfor agenti.
We say  i is completeif for any

g ��5 e�! � 5 l � �21 ��6 ���������! n 5 ln �!1 n 626
and

g7 ��5 e78�2 �� 5 l 7 � �!197� 6 ���������2 n 5 l 7n �2137n 6!6
we havethat

 i 5 l i �21 i 6 �  i 5 l 7i �!1 7i 6 implies 1 i � 1 7i �
We say  i is local if for any

g ��5 e�! � 5 l � �21 ��6 ���������! n 5 ln �!1 n 626
and

g7 ��5 e78�2 �� 5 l 7 � �!197� 6 ���������2 n 5 l 7n �2137n 6!6
we havethat

 i 5 l i �!1 i 6 �  i 5 l 7i �21 i 6 �
We saythatanagenthasperfectrecall if thefunction  i is aninjection.

– " i : L is the initial statefor agenti.

Perfectperceptionfunctionsdistinguishbetweenall visibility sets;lossy perception
functionsaresocalledbecausethey canmapdifferentvisibility setsto thesamepercept,
therebylosing information.We saythat an agenthasperfectrecall of its history if it
changesits local stateat every tick of theclock (cf. [2, pp128–131]).

Following [2], weusetheterm“environment”to denoteall thecomponentsof asys-
temexternalto theagentsthatoccupy it. Sometimes,environmentscanberepresented
asjustanotheragentof thesystem;moreoftenthey serveaspecialpurpose,asthey can
beusedto modelcommunicationarchitectures,etc.We modelanenvironmentasa tu-
plecontainingasetof possibleinstantaneousstates, avisibility functionfor eachagent,
which characterisestheinformationavailableto anagentin every environmentstate,a



statetransformerfunction,which characterisestheeffectsthatanagent’s actionshave
on theenvironment,and,finally, an initial state.

Formally, anenvironmentEnv is a tuple

Env �;� E � vis�<�������=� visn �! e � e> $
where:

– E �?% e�,� e' �������@( is a setof instantaneouslocal statesfor theenvironment.
– visi - E 0 . E is thevisibility functionof agent i. It is assumedthatvisi partitions

E into mutually disjoint setsandthate : visi 5 e6 , for any e : E. Elementsof the
codomainof thefunctionvisarecalledvisibility sets. Wesaythatvisi is transparent
if for any e : E we havethatvisi 5 e6 �&% e( .

–  e - E 4 Act� 4BA�A�A=4 Actn 0 . E is atotalstatetransformerfunctionfor theenviron-
ment(cf. [2, p154]),which mapsenvironmentstatesandtuplesof actions,onefor
eachagent,to thesetof environmentstatesthatcouldresultfrom theperformance
of theseactionsin thisstate.

– e> : E is the initial stateof Env.

Modelling an environmentin termsof a setof statesanda statetransformeris quite
conventional(see,e.g.,[2]). Theuseof thevisibility function,however, requiressome
explanation.Beforewe do this, let us definethe conceptof global state.The global
statesG �?% g � g7 �������)( of a ����� systemareasubsetof E 4 L � 4CA�A�AD4 Ln.

Thevisibility functiondefineswhat is in principleknowableabouta ����� system;
the idea is similar to the notion of “partial observability” in POMDPs [6]. Intuitively,
not all theinformationin anenvironmentstateis in generalaccessibleto anagent.So,
in a global stateg �E5 e� l � �������=� ln 6 , visi 5 e6 �F% e� e7 � e7 7 ( representsthe fact that the
environmentstatese� e7 � e7 7 areindistinguishableto agenti from e. This is soregardless
of agenti’s efforts in performingtheobservation— it representsthemaximumamount
of informationthat is in principleavailableto i whenobservingstatee. Theconceptof
transparency, asdefinedabove,captures“perfect” scenarios,in which all the informa-
tion in astateis accessibleto anagent.Notethatvisibility functionsarenot intendedto
capturetheeverydaynotionof visibility asin “object x is visible to theagent”.

A multi-agent ����� systemis astructureS �;� Env � Ag����������� Agn $ , whereEnv is an
environment,andAg����������� Agn areagents.Theclassof ����� systemsis denotedby � .

Although the logics we discussin this papermay be usedto refer to static prop-
ertiesof knowledge,visibility, andperception,thesemanticmodelnaturallyallows us
to accountfor thetemporalevolution of a ����� system.Thebehaviour of a ����� sys-
temcanbesummarisedasfollows.Eachagenti startsin state" i , theenvironmentstarts
in statee> . At this point every agenti “synchronises”with the environmentby per-
forming an initial observationthroughthevisibility functionvisi , andgeneratesa per-
cept 1 >i � seei 5 visi 5 e>,6!6 . The internalstateof theagentis thenupdated,andbecomes
 i 5 " i �!1 >i 6 . Thesynchronisationphaseis now overandthesystemstartsits run from the
initial stateg> �G5 e> �2 � 5 " � �21 > � 6 ���������! n 5 " n �!1 >n 6!6 . An action + >i � do5  i 5 " i �21 >i 6!6 is se-
lectedandperformedby eachagenti on theenvironment,whosestateis updatedinto
e� �  e 5 e>H� + > � ��������� + >n 6 . Eachagententersanothercycle,andsoon.

A run of asystemis thusa (possiblyinfinite) sequenceof globalstates.A sequence
5 g>I� g �,� g' ������� 6 overG representsa runof a system� Env � Ag����������� Agn $ if f



– g> ��5 e>H�! ,� 5 "J�K� see� 5 vis� 5 e> 6!626 ���������! n 5 " n � seen 5 visn 5 e> 6!6!626 , and
– for all u, if gu �?5 e� l �K�������=� ln 6 andguL � �;5 e7 � l 7 � ��������� l 7n 6 then:

e7 :  e 5 eu � + �,��������� + n 6 and
l 7i �  i 5 l i � seei 5 visi 5 e7 626!6

where + i � doi 5 l i 6 .
Givena multi-agent����� systemS �M� Env � Ag� ��������� Agn $ , we sayGS N G is the

setof globalstatesgeneratedby S if g : GS occursin a run of S.

3 Multi-Agent OQPSR Logic

We now introducea languageT , which will enableus to representthe information
propertiesof multi-agent����� systems.In particular, it will allow usto representfirst
what is true of the ����� system,thenwhat is visible, or knowableof the systemto
the agentswithin it, thenwhat theseagentsperceiveof the system,andfinally, what
eachagentknowsof thesystem.T is apropositionalmulti-modallanguage,containing
threesetsof indexedunarymodaloperators,for visibility, perception,andknowledge
respectively. Given a set P of propositionalatoms,the languageT of ����� logic is
definedby thefollowing BNF grammar:

� ag$U-@-V�;WYX A�A�A X n
� wff $Z-@-V� true X any elementof P X<[Z� wff $\XD� wff $�]^� wff $

X �`_ ag a � wff $\X ��_ ag a � wff $bX �c_ ag a � wff $
The modal operator“ � i” will allow us to representthe information that is instanta-
neouslyvisible or knowableaboutthestateof thesystemto agenti. Thussupposethe
formula � i � is truein somestateg : G. Theintendedinterpretationof this formula is
that the property � is accessibleto agenti whenthe systemis in stateg. This means
thatnot only � is trueof theenvironment,but agenti, if it wasequippedwith suitable
sensorapparatus,wouldbeableto perceive � . If [ � i � weretruein somestate,thenno
matterhow goodagenti’s sensorapparatuswas,it wouldbeunableto perceive � .

Thefactthatsomethingis visible to anagentdoesnot meanthattheagentactually
seesit. Whatanagentdoesseeis determinedby its sensors.Themodaloperator“ � i”
will be usedto representthe information that agenti “sees”.The idea is as follows.
Supposeagenti’s sensoryapparatus(representedby the seei function in our semantic
model)is a videocamera,andso theperceptsbeingreceivedby agenti take the form
of a video feed.Then � i � meansthat an impartial observer would saythat the video
feedcurrentlybeingsuppliedby i’s videocameracarriedtheinformation � — in other
words, � is truein all situationswherei receivedthesamevideofeed.

Finally, we canrepresenttheknowledge possessedby agentswithin a system.We
representagenti’s knowledgeby meansof a modal operator“ � i”. In line with the
tradition that startedwith Hintikka [4], we write � i � to representthe fact that agent
i hasknowledgeof the formula representedby � . Our model of knowledgeis that
popularisedby Halpernandcolleagues[2]: agenti is saidto know � whenin localstate



l if � is guaranteedto betruewhenever i is in statel. As with visibility andperception,
knowledgeis anexternalnotion— anagentissaidto know � if animpartial,omniscient
observerwould saythattheagent’sstatecarriedtheinformation � .

We now proceedto interpretour formal language.We do so with respectto the
equivalenceKripke framesgenerated(see[2]) by ����� systems.Givena ����� system
S �;� Env � Ag����������� Agn $ , theKripke frame

FS �;� W �edgf� �hd s� �hd k� ���������hdgfn �ed s
n �ed k

n $
generatedby S is definedasfollows:

– W � GS (recallthatGS is thesetof globalstatesreachableby systemS),
– For every i �MW ��������� n, the relation d fi N W 4 W is definedby: 5 e� l � �������=� ln 6 d fi
5 e7 � l 7 � �������=� l 7n 6 if e7 : visi 5 e6 ,

– For every i �iW ��������� n, the relation d s
i N W 4 W is definedby: 5 e� l � ��������� ln 6 d s

i

5 e7 � l 7 � �������=� l 7n 6 if seei 5 visi 5 e6!6 � seei 5 visi 5 e7 6!6 ,
– For every i �jW �������=� n, the relation d k

i N W 4 W is definedby: 5 e� l � �������=� ln 6 d k
i

5 e7 � l 7 � �������=� l 7n 6 if l i � l 7i .
Theclassof framesgeneratedby a ����� system� will bedenotedby kbl . As mightbe
expected,all framesgeneratedby systemsin � areequivalenceframes.

Lemma 1. EveryframeF : kbl is anequivalenceframe, i.e., all therelationsin F are
equivalencerelations.

Wehavenow built abridgebetween����� systemsandKripkeframes.In whatfollows,
we assumethe standarddefinitionsof satisfactionandvalidity for Kripke framesand
Kripke models— we refer thereaderto [5, 3] for a detailedexpositionof thesubject.
Following [2] and[7], we definethe conceptsof truth andvalidity on Kripke models
thataregeneratedby ����� systems.

Givenaninterpretationm - W 0 . P, we saythata formula � : T is satisfiedat a
pointg : G ona ����� systemS if themodelMS �?� FS �2m $ built onthegeneratedframe
FS by useof m is suchthatMS X � g � . Thepropositionalconnectivesareassumedto be
interpretedasusual,andthemodaloperators� i , � i , and� i areassumedto beinterpreted
in thestandardway(seefor example[5]) by meansof theequivalencerelationsd fi , d s

i ,
and d k

i respectively.
We are especiallyinterestedin the propertiesof a ����� systemasa whole. The

notionof validity is appropriatefor thisanalysis.A formula � : T is valid onaclass�
of ����� systemsif for any systemS : � , wehave thatFS X � � .

4 Interaction Axioms in Multi-Agent OQPSR Logic

In thissectionwewill studysomebasicinteractionaxiomsthatcanbespecifiedwithin
����� logic. Interactionaxiomsareformulasin which differentmodalitiesarepresent;
they specify a form of “binding” betweenthe attitudescorrespondingto the modal
operators.



Axiom 	n
� Class
	 i oqpjo none(valid in all systems)
oqp 	 i o visi is transparent

 i orp 	 i o none(valid in all systems)
	 i oqp 
 i o seei is perfect
� i orp 
 i o s i hasperfectrecall

 i orp � i o s i is local

Table1. Single-agentinteractionaxiomsin 	�
t� logic.

Axiom Kripke 	�
t�
Condition Condition

	 i oup 	 j owvbxj y vbxi visj z e{ y visi z e{
	 i oup 
 j o v s

j y v xi svj z e{�| svj z e}~{�� visi z e{n| visi z e}~{
	 i oup � j o�v k

j y v xi l j | l }j � visi z e{/| visi z e}�{

 i oqp 	 j o vbxj y v s

i visj z e{/| visj z e} {�� svi z e{/| svi z e} {

 i oqp 
 j o v s

j y v s
i svj z e{/| svj z e} {�� svi z e{n| svi z e} {


 i oqp � j o�v k
j y v s

i l j | l }j � svi z e{/| svi z e} {
� i oup 	 j o�v xj y v k

i visj z e{�| visj z e} {�� l i | l }i
� i oup 
 j o�v s

j y v k
i svj z e{�| svi z e} {�� l i | l }i

� i oup � j oFv k
j y v k

i l j | l }j � l i | l }i
Table 2. Somemulti-agentinteractionaxiomsin multi-agent	�
t� logic. Note that in the table
thefunctionsvi � E � Perci standsfor seei � visi .

Notethat, in previouswork, we have studiedandgivensemanticcharacterisations
for single-agentinteractionaxioms(i.e.,axiomsin a ����� logic wherethereis only one
� operator, only one � operator, andonly one � operator)[9]. For example,we were
ableto show thattheaxiomschema� �C� � � characterisedaparticularpropertyof an
agent’sperceptionfunction:namely, that it wasperfect, in thesensethatwe definedin
section2. We summarisetheseresultsin table1.

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

�
i ����� j � where � i :S% � i �2� i �2� i (3� � j :C% � j �2� j �2� j (3� (1)

If we assumei �� j (the casei � j wasdealtwith in [9]), Axiom (1) generatesnine
possibleinteractionaxiomsin total, assummarisedin table2. The secondcolumnof
table1 givesthe conditionson Kripke modelsthat correspond(in the senseof [1]) to
theaxiom.Thethird columngivesthefirst-orderconditionon ����� systemsthatcorre-
spondsto theinteractionaxioms.(Notethatin theseconditionseachvariableis assumed
to be universallyquantified:for example,the third axiom � i ��� � j � correspondsto
systemsS in which for all g ��5 e� l �K��������� ln 6 andg7 �E5 e7 � l 7 � ��������� l 7n 6 , we have that
l j � l 7j impliesvisi 5 e6 � visi 5 e7 6 .)



We begin our analysiswith theschemawhich saysthatif � is visible to i, then � is
visible to j.

� i �C� � j � (2)

This axiomsaysthateverythingvisible to i is alsovisible to j. Notethat thefirst-order
conditioncorrespondingto Axiom 2 impliesthatat leastasmuchinformationis acces-
sibleto agentj asagenti.

� i �Q� � j � (3)

Axiom (3) saysthat j seeseverythingvisible to i. It is easyto seethat in systemsthat
validatethis schema,sincej seeseverything i sees,it mustbe that everythingvisible
to i is alsovisible to j. In otherwords, ����� systemsthatvalidateAxiom (3) will also
validate(2).

� i �C� � j � (4)

Axiom (4) saysthateverythingvisible to i is known to j.

� i �C� � j � (5)

Axiom (5) saysthat everything i seesis visible to j. Intuitively, this meansthat the
perceptsi receivesarepartof theenvironmentthatis visible to j.

� i �C� � j � (6)

Axiom (6) saysthat j seeseverythingi sees.Sinceweknow from [9] thatany systemS
validatestheaxiom � j ��� � j � , it follows thatany ����� systemvalidatingAxiom (6)
will alsovalidateAxiom (5). Notethatfrom table2, it follows that

X seej 5 visj 5 E 626 X��*X seei 5 visi 5 E 6!6 X
So,sinceagenti hasmoreperceptionstatesat its disposalthanagentj, it hasa finer
grainof perception.

� i �C� � j � (7)

Axiom (7) saysthat if i sees� thenj knows � ; in otherwords,j knowseverythingthat
i sees.

� i �Q� � j � (8)

Axiom (8) saysthat if i knows � , then � is visible to j. Intuitively, this meansthat i’s
local stateis visible to j. Axiom (8) thussaysthatentity j has“readaccess”to thestate
of anotherentity i.

� i ��� � j � (9)



Axiom Kripke 	n
�
Condition Condition

	 i oqp 	 j 	 i o�v xj y v xi visj z e{ y visi z e{
	 i orp 
 j 	 i o�v s

j y vbxi svj z e{/| svj z e} {�� visi z e{n| visi z e} {
	 i orp � j 	 i o�v k

j y vbxi l j | l }j � visi z e{/| visi z e} {

 i oqp 	 j 
 i o�vbxj y v s

i visj z e{�| visj z e} {�� svi z e{�| svi z e} {

 i orp 
 j 
 i o v s

j y v s
i svj z e{�| svj z e}�{�� svi z e{n| svi z e}�{


 i orp � j 
 i o�v k
j y v s

i l j | l }j � svi z e{/| svi z e}~{
� i oqp 	 j � i oFv xj y v k

i visj z e{/| visj z e}�{�� l i | l }i
� i orp 
 j � i o�v s

j y v k
i svj z e{/| svi z e}�{�� l i | l }i

� i orp � j � i o�v k
j y v k

i l j | l }j � l i | l }i
Table3. Otherinteractionaxiomsin multi-agent	n
� logic.

Axiom (9) capturesamoregeneralcasethanthatof (8),whereentity j notonly hasread
accessto thestateof i, but thatit actuallydoesreadthisstate.Notethatany systemthat
validates(9) will alsovalidate(8).

� i �C� � j � (10)

This final schemasaysthat j knows everythingthat i knows.Note that from thecorre-
spondingconditionon ����� systemsin table2, it follows that

X Lj X9�*X Li X
So,sinceagenti hasmorelocal states,it hasa finer grainof knowledgethanagentj. If
wealsohavetheconverseof (10),thenwewouldhave � i �^� � j � asvalid; anobvious
interpretationof this schemawould bethat i andj hadthesamestate.

All theseconsiderationsleadusto thefollowing:

Theorem1. For anyaxiom � of table2 andany ����� systemSwehavethat the fol-
lowing areequivalent:

1. ThesystemSvalidates� , i.e., S X � � ;
2. ThegeneratedframeFS satisfiesthecorrespondingKripke conditionR� ;
3. ThesystemSsatisfiesthecorresponding����� conditionS� .

Proof (Outline.). Givenany axiom � in table 2, it is a knownresult that FS X � � if
and only if FS hasthe Kripke propertyR� shownin table 2 (see[7] for details).But
sincevalidity on a ����� systemS is definedin termsof the generatedframeFS, the
equivalencebetweenitems1 and2 follows.

For each line of the table, the equivalencebetween2 and3 can be establishedby
re-writing the relational propertieson Kripke framesin termsof the ����� conditions
on ����� systems.



Other Interaction Axioms Beforeweleaveourstudyof ����� interactionaxioms,it is
worth noting that therearemany otherpossibleinteractionaxiomsof interest[7]. The
mostimportantof thesehave thefollowing generalform.

�
i �C��� j

�
i � where � i :S% � i �#� i �!� i (I� � j :C% � j �#� j �!� j (I� i �� j � (11)

It is easyto seethat schema(11) generatesnine possibleinteractionaxioms.We can
provethefollowing generalresultaboutsuchinteractionaxioms.

Lemma 2. For anysystemS, wehavethat thegeneratedframeFS satisfiesthefollow-
ing property.

FS X � � ip ��� j
�

i p if andonly if d��i N d��j
where

�
i :S% � i �2� i �2� i (3� � j :^% � j �2� j �2� j ( and d��i (respectivelyd��j ) is theequivalence

relationcorrespondingto themodaloperator
�

i (respectively� j).

Proof. Follows from theresultspresentedin [7, LemmaA.11].

Thanksto the above result we can prove that the classesof ����� systemsanalysed
above arealsocharacterisedby the axiomsdiscussedin this section.Indeedwe have
thefollowing.

Corollary 1. For any axiom � of table 3 and any ����� systemS we havethat the
following areequivalent:

1. ThesystemSvalidates� , i.e., S X � � ;
2. ThegeneratedframeFS satisfiesthecorrespondingKripke conditionR� ;
3. ThesystemSsatisfiesthecorresponding����� conditionS� .

Proof. FollowsfromLemma2 andTheorem1.

5 A CaseStudy

In orderto illustratetheuseof multi-agent����� logic, we consideragainthescenario
presentedin section1. While the scenariocanbeequallyexploredby meansof �����
semantics,herewe focuson theaxiomaticsideof theformalism.

As discussedin section1, we have threerobotic agentsA � B � C involved in a co-
ordinationproblemin a navigation scenario.We supposethe autonomousrobotsA � B
to beequippedwith sonarsthatcanperfectlyperceive theenvironment,up to a certain
distanceof, say, 1 metre;sotheir visibiliy functionis not transparent(seeTable1). We
furtheradmitthatwithin 1 metreof distanceof theobjectthepairingsonar/environment
is perfect;hencewithin this distancetheenvironmentis fully visible.For theeasewith
which we assumeit is possibleto processsignalsfrom sensors,we furtherassumethat
if thesensorsareadequatelyworking, thentheagentshaveperfectperception,i.e. they
aresemanticallydescribedby a perfectseefunctionasin Table1. We alsoassumethat
agentsknow everythingthey see,i.e. thattheir  functionis local.



FurtherassumethattherobotsA � B follow thefollowing rule: if they know thatthere
is a moving objectapparentlyaboutto collide with them,thenthey musttake evasive
action eitherwhen this is the only way to avoid a collision, or in casethe object is
anotherrobot,whenthis hasright of way. This rulesarecommonlyknown, or at least
thatthey hold howevernestedin a numberof � operators.Thesuperuserhasaccessto
the sensorsof all the agents(it thereforeseeswhat the agentsseeandknows what is
visibleto theagents— seeprevioussection)plussomefixedsensorsin theenvironment
they inhabit.HencewemodelagentC by supposingthatit hasperfectperceptionof the
environment,thattheenvironmentis completelyvisible to it andthatall its perceptions
areknown by it.

We cannow tailor thespecificationabove to thescenariocurrentlyin analysis.We
have that agentsA � B arein a collision coursewith A having right of way, that this is
visible bothto agentB andto agentA, exceptthatwhile agentA doesseethis,agentB
doesnot.Formally:

�
coll ] � Acoll ] � Bcoll ] [ � Bcoll ] r-o-wA �

Giventheassumptionson theagentspresentedabove, it is possibleto show that it
follows thatagentA will take evasive actionandthatagentB will beshutdown by the
controlleragentC. A proofof this is asfollows:

W ��� Bcoll ] [ � Bcoll ] � Acoll ] r-o-wA [Given]
. ��� C 5 � Bcoll ]¡[ � Bcoll 6 � � C 5 � Bcoll ]
[ � Bcoll 6 � � C 5 � Bcoll ] [ � Bcoll 6 [PerfectPerception]¢ �£� C 5 � Bcoll ]¡[ � Bcoll 6 � shutdownB [Given]¤ � 5 � Bcoll ]¡[ � Bcoll 6 � � C 5 � Bcoll ]¡[ � Bcoll 6 [Given]¥ � shutdownB [1,3,4+ Taut]¦ �£� A 5!5§[ ev-actB ] r-o-wA 6 � [ � Bcoll 6 [Given+ Taut]¨ � [ ev-actB � � A [ ev-actB � � A [ ev-actB [PerfectPerception]© �£� A [ � Bcoll [6, 7, K]ª �£� A 5 coll ]¡[ � Bcoll 6 � ev-actA [Given]

W�« �<� Acoll � � Acoll � � Acoll [PerfectPerception]
WHW �K� Ar-o-wA [1, PerfectPerception]
W�. � ev-actA [1, 8, 9, 10,11,K]

6 Conclusions

In orderto designor understandthebehaviour of many multi-agentsystems,it is nec-
essaryto reasonaboutthe informationpropertiesof the system— what information
theagentswithin it haveaccessto, whatthey actuallyperceive,andwhatthey know. In
thispaper, wehavepresenteda logic for reasoningaboutsuchproperties,demonstrated
the relationshipof this logic to anabstractgeneralmodelof multi-agentsystems,and
investigatedvariousinteractionaxiomsof the logic. Many issuessuggestthemselves
ascandidatesfor future work: chief amongthemis completeness.In [8], we proved
completenessfor amono-modalfragmentof ����� logic. In particular, weprovedcom-
pletenessnotsimplywith respectto anabstractclassof Kripkeframes,but with respect



to theclassof Kripkeframescorrespondingto ourmodelof agentsandenvironments.It
is reasonableto expecttheproof to transferto multi-agentsettings.However, whenin-
teractionaxiomsof theform studiedin section4 arepresent,mattersnaturallybecome
morecomplicated,andananalysisfor eachdifferentsystemis required.This is future
work, asaresuchissuesastemporalextensionsto thelogic, andcomplexity results.
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