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Abstract

We havebeendevelopingan approad for thedistributed
coordination of hetepngeneous,autonomousagents. This
appmoac takes as input (a) agent skeletons,giving com-
pactdescriptionof thegivenagentsin termsof their events
thatare significantfor coodination,aswell as(b) relation-
shipsamongthe eventsoccurringin theseskeletons A nat-
ural questionis how may the skeletonsand relationships
be producedin thefirst place Parunakrecentlyproposed
a methodolgy for designingmultiagent systemsasedon
Dooley graphsfrom discouseanalysis.We showhowwith
a few key modificationsDooley graphscanalsobe usedto
geneatethe skeletonsandrelationshipgequiredfor coor-
dination. Thiscombineghe benefitof anintuitive method-
ology with a formal anddistributedframevork for develop-
ing multiagentsysteméromautonomousgents.

1 Intr oduction

We have initiated a programof researcton interaction-
oriented programming(IOP). IOP seeksto develop tech-
niguesandtoolsfor the constructiorof multiagentsystems
by specifyingtheinteractionamong(usually)autonomous
agents. We lack the spaceto review all of IOP here, but
additionaldetailsmaybefoundelsavhere[9, 10, 11].

Coordinations animportantclassof interactionsyhich
dealswith how differentagentsynchronizeheir actuities.
As part of IOP, we developedan approachfor coordinat-
ing heterogeneougutonomousgentg10]. Ourapproach
specifiesndividualagentsn termsof their skeletonswhich
give coarse(and thereforecompact)descriptionsof their
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behaior that capturethe essentiabspectof their behar-

ior of significanceo their potentialcoordinationwith other
agents.Desiredcoordinationsarespecifiedby statingrela-

tionshipsamongthe eventsof differentagents.Theserela-
tionshipsareexpressedn aformallanguagéasedn event
algebra(a form of temporallogic), and can be automati-
cally processedo yield distributed meansof coordinating
theeventsof differentagents.

Applying this approachrequiresa meango specify co-
ordinationsintuitively and correctly We considerDooley
graphsfrom discourseanalysis[2], which were recently
introducedto the multiagentcommunity by Parunak][7].
Interestingly Dooley graphscan be usedto generatethe
skeletonsandrelationshipghat areinput to our approach.
Thegraphis processedb highlightthe causakelationships
amongactions,andthe structuralpropertiesof the interac-
tionsof agents.

Focus. Therehasbeena large amountof goodwork on
somerelatedareas,especiallyagentcommunicationlan-
guagesand protocols. We shall not be getting into that
subjecthere. For simplicity and easeof presentationye
follow Parunaks classificatiorof speechactsandhis setof
“relationships”amongutterancesHowever, we believe that
our approacikcanbe appliedin othersettingsaswell, pro-
videdthey canidentify the different“characters’playedby
anagentn acorversation(Thequotedtermsareexplained
below.)

Organization. Section2 describesheconcept®f ourco-
ordinationapproach.Section3 presents brief exposition
of Dooley graphs. Section4 shovs how we carry out the
synthesisy working out anexamplefrom [7] to corverta
Dooley graphinto a setof agentskeletons.



2 Coordination

We summarizehekey conceptof our coordinationser
vice. Additional detailsareavailablein [10].

2.1 Coordination Model

Thereare two aspectf the autonomyof agentsthat
concerrus. One theagentaredesignedutonomouslyand
their internal detailsmay be unavailable. Two, the agents
actautonomouslyandmay unilaterallyperformcertainac-
tionswithin their purview. We assumehat, in orderto be
ableto coordinatethemat all, the designerof the multia-
gentsystemhassomelimited knowledgeof the designsof
theindividual agents. This knowledgeis in termsof their
externally visible actions,which are potentially significant
for coordination.We call thesethe significanteventsof the
agents. In otherwords, the only eventswe speakof are
thosepublicly known—therestareof no concerrnto theco-
ordinationservice.

Event Classes Our metamodekonsiderdour classesf
events,which have differentpropertieswith respecto co-
ordination.Eventsmaybe

o flexible, whichtheagentis willing to delayor omit
e inevitable whichtheagentis willing only to delay

e immediatewhichthe agentperformsunilaterally that
is, is willing neitherto delaynorto omit

e triggerable, which the agentis willing to performif
requested.

Thefirst threeclassesare mutually exclusive; eachcanbe
conjoinedwith triggerability The categgory whereanagent
will entertainomitting but not delayingan eventis empty
becausaunlessthe agentperformsthe event unilaterally
theremustbe somedelayin receving a responsdrom the
service.

Agent Skeletons It is usefulto view the eventsasorga-
nizedinto a skeletonto provide a simplemodelof anagent
for coordinationpurposes Skeletonsarewell-known from
logics of program,especiallysinceEmerson& Clarke [3].
The skeletonsaretypically finite stateautomata.However,
they canbeanything asfarasourformal systemandimple-
mentationare concerned—neithdpoks at their structure.
In particular the skeletonsmay be setsof finite stateau-
tomatawhich canbeusedto modelthe differentthreadsof
a multithreadedagent. The setof events,their properties,
andthe skeletonsof the agentsare usually realizedby an
agentand, if so,in anapplication-specifienanner These

canbe viewed asrequirementshat are setby the protocol
in which the designemwishesthe agentgo participate.Ex-
amplel discusseswvo commonskeletons.

start
Not executing
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Figure 2. Example Skeleton for Information
Filtering

Example1 Figuresl and2 showv two skeletonsthat arise
in information search. The skeletonof Figurel is suited
for agentswho perform one-shotqueries. Its significant
eventsare start(acceptan input and begin), error, andre-
spond(producean answerandterminate). he skeletonof

Figure?2 is suitedfor agentawho filter a streamor monitor
a databaselts significanteventsare start(acceptaninput,

if necessatyandbegin), error, end of stream accept(ac-
ceptaninput, if necessary)respondproducean answer),
more (loop backto expectingmoreinput). In both skele-
tons,theapplication-specificomputatiortakesplacein the
nodelabeled“Executing” We mustalso specify the cat-
egoriesof the differentevents. For instance we may state
thaterror, endof streamandrespondareimmediateandall

othereventsareflexible, andstartis in additiontriggerable.

Althoughthe skeletonis not usedexplicitly by the coordi-
nationserviceduring execution,it canbe usedto validate
specifiedcoordinationrequirementsMore importantly the



skeletonis essentiafor understandinghe public behaior
of anagentandfor giving intuitive meaningo its actions.

2.2 Coordination Relationships

Coordinationarespecifiedoy expressingppropriatee-
lationshipsamongheeventsof differentagents Ourformal
languageallows a variety of relationshipsto be captured.
For reason®f spacewe includethe formal syntaxandse-
manticsof thislanguagen AppendixA.

Table 1 presentsomecommonexamples. The events
all carry parametetuples,but we don't shawv thembelov
to reduceclutter. Someof therelationshipsnvolve coordi-
natingmultiple events. For example,R8 capturegequire-
mentssuchasthatif anagentdoessomething(e), but an-
otheragendoesnotmatchit with somethingelse(f), thena
third agentcanperformg. Thisis atypical patternin appli-
cationswith dataupdatesyhereg correspond$o anaction
to restorethe consisteng of the information (potentially)
violatedby the succes®f e andthefailureof f. Hencethe
namecompensation

3 DooleyGraphs

Our presentatiomf Dooley graphsis basecdbn the expo-
sitionin [7]. Thekey ideathatinterestaishereis thatDoo-
ley graphgrovideanaturalwayto presentinactualcorver-
sationasit happenedBy concentratingn specificcorver
sationsPDooley graphscanseparat¢hedifferentcharacters
playedby a single agent. The charactersan correspond
to differentcomponents$n anagent—roughlythis is what
interestsParunak. However, we are alsointerestedn the
structureimposedon an agents skeletonby the characters
it plays.Further theinteractionsaamongthe characteréead
to coordinatiorrelationshipsamongthe skeletons.

Agents act, both communicatiely (i.e., using speech
acts[1]) and physically We areinterestedn the agents’
interactionsvith oneanother Typically, theagents'actions
do not arisein isolation, but as partsof extendedcommu-
nicativeactuities. Theseactvities canbethoughtof aspro-
tocols,dialoguesargumentspr negotiationsamongagents.
Parunakusesthe term corversationfor a specificinstance
of thesecompositeactiities.

Corversationsaturallyincludenotonly speectacts,but
also somephysicalactionsby meansof which the agents
deliverontheir promisesParunakallows the speeclactsof
Solicit (Requesbr Question)or Assert(Inform, Commit,
andRefuse).He allows two physicalacts: ShipandPay.

In additionto the actsin a corversation,thereis also
knowledgeof certainrelationshipsamongthe speechacts.
Theserelationshipsarerestrictedo be oneof thefollowing.
Here,u; andu; refersto differentutterancesn acorversa-
tion. S; refersto thesendeof u;.

¢ Respond u; responddo u; iff (a) S; previously re-
ceivedu;, (b) u;’simpacton S; causedS; to sendu;,
and(c) u; is thefirst utteranceof S; to satisfy(a) and

(0).

o Reply wu; repliesto u; iff (a) S; previously receved
uj, (0) u;'simpacton S; causedS; to sendu;, and(c)
u; isthefirstutterancef S; directedto S; thatsatisfies
(a) and(b).

o Resolvewu; resohesu; iff u; repliesto u; andw; fol-
lowsthe“rules of engagementtiefinedin w;.

o Complete u; completesy; iff u; is aCommitandu;
eithersatisfieor cancelghe associatedommitment.

Respond,Reply, and Resole are progressiely more re-
strictive. Completeis mutuallyexclusive with Resohe—an
actcannotboth completean utteranceandresole anutter
ance(notevenadifferentone).

Example2 Considemarequesfor proposalfRFP)from A
to B, C, andD. Thefirst actthatarny of themdoesthatwas
causedvy the RFPis a Responséo it. If it is a message
backto A, thenit is alsoa Reply. If theReplyis a Commit
or aRefusethenit is alsoaResole. 1

Example 3 Table 2 shavs an exampleconversationfrom
[7]. The#spartially ordertheutterance$rom earlyto late.
In this corversation A announceanRFPfor 50 widgetsto
B, C, andD. B checkswith C is C is bidding. C saysit is.
B thenrefusesA. C, however, makesa counteroffer of 40
widgets.A acceptandC commits.In themeanwhileD of-
fersto acceptheinitial RFR whichis morepreferabldo A.
A thendeclinesC, who cancelsts commitmentD delivers,
but theorderis short(45only). A informsit. WhenD com-
plies, A pays. Table 2 also shavs the discourserelations
amongthe utterances.

Parunaks exampleis oversimplifiedin thatD commits
to supplyingthe widgetswithout botheringto checkif A
actuallyacceptedts bid. However, this andothersimplifi-
cationswon't affectthe mainthrustof our paperl

A Dooley graphis generatetby analyzingacorversation
in sucha mannetthatthe setsof utteranceshatareclosely
relatedto one anotherare broughtcloser This is usedto
inducea setof characters from eachparticipantin the con-
versation. The characterseflectthe rhetoricalstructureof
thecorversationandbecomeheverticesof thegraph.

Example4 Figure 3 givesthe Dooley graphfor Table 2.
Thenumbereditteranceselatethecharactershatsendand
recevethem.l



| | Name | Description | Formal notation
R1 | eisrequiredby f If f occurse mustoccurbeforeorafterf |eV f
R2 | e disablesf If e occursthen f mustoccurbeforee evfvf-e
R3 | e feedsor enablesf f requirese to occurbefore e-fVvf
R4 | e conditionallyfeedsf If e occursiit feedsf eve-fVvf
R5 | Guaranteeing enablesf f canoccuronly if e hasoccurredor will | eA fVeEAf
occur
R6 | einitiatesf f occursiff e precededt enfVve-f
R7 | eandf jointly requireg If e and f occurin ary order theng must| eV fVv g
alsooccur(in ary order)
R8 | g compensatefor e failing f if e happensand f doesnt, thenperformg | 8V fV g) A (g V e)A
@V
Table 1. Example Relationships
[# |[S|R | Utterance | Respondto | Replyto | Resohe | Complete |
1 | A | B,C,D | RequestRFPfor 50)
2 |B|C Question:bidding? 1
3 |C|B Inform: yes 2 2 2
4 |B|A Refuse 3 1 1
5 | C|A Proposdtake 40) 1 1
6 |A]|C Reques{send40) 5 5 5
7 |C|A Commit(deliver40) 6 6 6
8 |D|A Commit(deliver50) 1 1 1
9 |A|C Assert(decline) 7,8 7
10| C | A Refuse 9 9 7
11| D | A Ship(deliver45) 1 1 8
12| A| D Assert(short)+ Request| 11 11
13| D | A Shipremaindeyi.e.,5 12 12 12
14| A | D Pay 13 13 13
Table 2. Example Conversation
4 Approach 4.1 Inducing Agent Skeletons

Dooley graphshighlighttherhetoricalstructureof acon-
versationput hideits causaktructureor, in moremundane
terms,the controlflow amongthe agentswheremorethan
onecharactef anagentis involved. (Parunaks proposed
extensionalso doesnot display the actual causalconnec-
tions,andwe don't consideiit in detailhere.)

Ourapproaclproceedsisfollows. We begin with aDoo-
ley graphdepictingthe corversationbeinganalyzed. We
analyzethis Dooley graphto explicitly identify the causal
relationshipsamongthe various utterances. We separate
outthehistoriesof the differentparticipantsput recordthe
contribution of eachcharacter Table 3 shavs the histories
derived from the Dooley graphof Figure3. The different
charactersrehighlightedin eachhistory,

We usethefollowing corventions.An eventtypenamed
“get...” correspondgo the receiptof an utterance. We
would expectan eventtypein anotheragentcorresponding
to themakingof thatutteranceThereis noassumptiorthat
thetwo eventshapperin synchroly, andusuallythey would
not. In the skeletons,we parentheticallyshov the corre-
spondingutterancenumberfrom Table2. A * indicatesan
actionnotin thegivencorversation.

Figure 4 shavs possibleskeletonsfor B. The first re-
quiresthe agentto consultC before decidingwhetherto
proposelt would beinappropriatén mostsettingspecause
it putsstrongconstraintson B’s design. The secondskele-
ton goeseven fartherandrequiresB’s decisionto depend
on C. TheseskeletonsplaceB's decision-makingublicly
in theprotocol,andareclearlyunacceptableThelastskele-



Figure 3. Example Conversation as a Dooley Graph

| Role [ History

B (A1717Bl);

(32727 C3)7 (03737B2) ‘1 (Bl74aA1)

C (Ala]-acl);

(B2>2a 03)7 (03737B2) ‘;(01755142); (A2a65 Cl)a (Cla 75 A2)7

(A259a02); (025 1a0A2) ‘

D (A1717D1);(D1787A1);(D17117A1);

(Ala 127D2)5 (D27 137A1)7 (A17 147D2) ‘

A (Ala]-aBl);(Ala]-acl);(AlalaDl);(Bla4aA1);

(01353142); (A236301); (Cla 73 AZ) ‘! (DlaSaAl);

‘ (A259a02); (025 ]-OaA?) " (Dla 115A1)7 (A17 125D2)7 (D27 135A1)7 (Ala 14; D2)

Table 3. The Histories of Agents in a Conversation

ton, however, leavesit upto B to decidewhetherto consult
C andhow to useits response.This skeletoncaptureghe
key intuition aboutcharacteB,, whichis thatit engage

asubdialoguevith characterCs. Thisjustifiesselectinghe
lastof the possibleskeletonsfor B.

Notice thatwhenB asksC, C's responsas relevantto
B’s further actions. However, whenB asksC, this query
mayhave no consequencen C's actions(andin this proto-
col doesnt). ConsequentlyFigure5 shavs a skeletonfor C
in which C maygeta queryfrom B, but this queryis struc-
turally independenof how C handlesRFPs.Similarly, the
counterproposalis keptasa separatdoop but attachedo
themainflow. Thistoois anexamplewherea characteis
modeledvith aseparatsubsleleton(physicallyathread)n
the agents skeleton. (For reason®f spaceD is discussed
whenintegratedbelow.)

Thedecisionwhetherto have a separatéhreador aloop
in asinglethreaddepend®n how we understandheagents
to beactingandinteracting.Clearly, we mustseparatevhat
the agentshappento do from whatis essentiafor coordi-
nationin the givenapplication.Dooley graphsby focusing

on a specificcorversationarein tensionwith this process.
However, in settingssuchasour presentexample,we can
derive moreinformationfrom thegraphby recognizinghat
the samerole is instantiatecoy multiple agents.Here,the
multicastby A is a cluethatB, C, andD areto be treated
alike. In sucha case,we canachiese the correctsolution
by integratingthe skeletons. Figure 6 shavs a composite
skeletonassumingB, C, andD play therole of contractor
By integratingtheskeletonswe canconstrucesinglemore
completeskeletonthanary of the agentsin the givencon-
versationindicates. The ship and get-errorloop refersto
characterD- of Figure3. In this case giving it a separate
loop would have causedhe ship actionto appearon two
differenttransitionsandwould have beenlessclear

Figure 7 shaws the skeletonfor A. The main quirk in
thisis that A performsa multicast,andeffectively keepsa
separatehreadto dealwith eachcontractor Notethatit is
not clearif only onebid canbe acceptedbecausehe bids
may eachbe patrtial. If therewere sucha requirementjt
would be capturedas a disablingrelationship(a la R2 in
Tablel).
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Figure 4. Possible Skeletons for Agent B

ackcancel(10)
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commit(7)

getcancel(9)
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counter(5)

getreques(1)

inform(3
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Figure 5. Possible Skeleton for Agent C

4.2 Inducing Event Classes

With the skeletonsin hand,the propertiesof the events
can be readily inferred. The “get” eventsfor requests,
gueries,or cancelationsreall triggerable becausdhatis
how the agentis informed by others. In particulay unex-
pectedeventsmustconceptuallybe treatedastriggerable.
In somecasesthe agentmay be implementedso thattrig-
gerability is effectedby polling, but thatis a detail thatis
independentf our conceptualinderstanding.

Many of the agents’eventsmay be modeledasimme-
diateor atleastinevitable,becausehe agentswill perform
themif they wish, althoughthey maybewilling to wait. For
example,whenA cancels,t cannotbe told it shouldnot.
Thatis simply its prerogatve asan autonomousgent. In
somecaseshowever, whenwe wish to monitorthe agents
moreclosely we mightrestricteventssuchascancekothey

may occuronly aftera commitmenthasbeencreatedg.g.,
aftera contractorhasrespondedin sucha casethe event
may be modeledasflexible.
4.3 Inducing Relationships

The abore exampledoesnot involve enoughvariety of
relationshipgo exerciseall of our formal language.There
areno importantorderingconstraintsamongthe eventsof
different agents,except for when triggering is involved.

However, thefollowing rulesareeasilyidentified—forcon-
veniencawve referto Tablel below.

e Every Solicit is Repliedto (R1). Repliesmay or may
notberequiredin every protocol,however.

e The Repliesmust be enabledby the utteranceshey
Replyto (R3).
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Figure 6. Integrated Skeleton for All Contractors
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Figure 7. Skeleton for Agent A

e EveryCommitis completedR1).

e Respondss implementedin an application-specific
manner However, input Solicitscanenableassociated
RespondsSometimesywe may not wish to allow this,
e.g.,s0B canaskC aryway.

e Thepresenc®f anon-ReplyRespondo anutterance,
e.g.,(B22C3), indicatesthatthe Replyis not required
right away. Thenon-ReplyRespondtselfis doneuni-
laterallyby theagentandmustbemodeledasimmedi-
ate.

5 Conclusionsand Future Work

We shaoved how we canbegin with Dooley graphsand
with someheuristicsaboutwell-formedskeletonsandsym-
metryacrossagentsn the samerole, comeup with reason-
able skeletonsfor coordination. We can also infer mary
of the desiredrelationshipsamongthe skeletons.The pro-
cesss notautomaticput canhelpahumandesignercreate
a good specification. A large-scaleavaluationhasnot yet
beenperformedhowever.

We strongly believe that the nascenscienceof multia-
gentsystemsis inherentlyinterdisciplinary Accordingly,
researcherf this areashouldbe continually looking for
usefulideasin otherfields. We applaudParunakfor his ef-
forts in recruitingideasfrom appliedlinguistics! For our
part, we have pursuedideasfrom logics of programand
databasem developingour coordinationservice.Herewe
shavedhow we cancombineseparatelborrovedideasto
strengthemultiagentapproachestill further!

There are a numberof topics for future investigation.
One is the considerationof corversationsthat are effec-
tively nonterminatinglf thesearespecifiableasfinite state
machineswe shouldbe ableto generalizeDooley graphs
to accommodatehem. Repeatednteractionsamongthe
agentscan help identify more of the branchesf the pos-
siblecorversationsbut caremustbetakensothatunneces-
sarycausakonnectiongarenotinferred.Anotherchallenge
is to usenggative examplesj.e., graphsthatdescribeailed
corversationor corversationghat do not meetsomede-
siredcriteria. Thesetaskscouldbefacilitatedby a tool that
incorporatesomemachindearningideas.

We areintriguedby the distributedcomputingliterature

1t is interestingthat Dooley graphsdont featurein [6], which is a
revisedversionof [5], soonewonderdf thediscourseanalysiscommunity
foundDooley graphsnot souseful.



on potentialcausality andspeculatehatit will bearafruit-
ful relationto the presentsubject[4]. Potentialcausality
is the ideathat wherethereis an informationflow across
eventswithin anagentor acrosseventsin differentagents
(throughmessag@assing) theremay be a causalconnec-
tion. A problemis that there can be far more potential
causeghanreal causeq8]. An analysisof a numberof
corversationsnay helprestrictthe notion, however. Also,
if we can use potential causality we needreducedinput
from the designeror analyzer This would not only sim-
plify theirtask,but morereadilyincorporateheterogeneous
agentsge.g.,producedby differentvendorswhoseinternal
detailsarenotknown.
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A Formal Syntaxand Semantics

We formalizeinteractionsn an event-basedineartem-
porallogic. Z, our specificationanguageijs propositional
logic augmentedvith the before (-) temporaloperator The

literalsdenoteeventtypes,andcanhave parametersA lit-
eral with all constantparameterglenotesan event token.
Crucially, 7 can expressa remarkablevariety of interac-
tions,yetbecompiledandexecutedn a distributedmanner
The syntaxof Z follows. = includesall event literals
(with constanbr variableparameters)' C = containsonly
constantiterals. A dependencis anexpressiorin Z.

Syntaxl =C7T
SyntaXZ Il,IQ €eT=>1 VIQ,Il /\IQ,Il el

Our formal semanticss basedon traces,.e., sequences
of events.Ouruniverses Uz, which containsall consistent
tracesinvolving eventtokensfrom I'. Consistentracesare
thosein which an eventtoken and its complemendo not
occur andin which event tokensare not repeated.[] :
T — $(Uz) givesthedenotatiorof eachmembeiof Z. The
specificationsn Z selectthe acceptabléraces—specifying
I meanghattheservicemayacceptary tracein [I].

Let constanparameterbewrittenasc; etc.;variablesas
v; etc.;andeithervarietyasp; etc. ec; . .. ¢, ] meanghat
e occursappropriatelyinstantiated.

Semanticsl [efc ...cn]] = {7 € Uz : efc1 ... cm) OC-
cursont}

e refersto the complementf e. Since[] yields setsof
traces,complementatiolis strongerthannegationin other
temporallogics. Intuitively, €[c; . . . ¢p] is establisheanly
whenit is definitethate[c; . . . ¢, ] Will never occur Com-
plementediterals areincludedin = and needno separate
syntaxor semanticsule.

I(v) refersto anexpressiorfreein variablev. I(v ::= ¢)
refersto the expressiorobtainedfrom I(v) by substituting
every occurrenceof v by ¢. Variableparametersireeffec-
tively universallyquantifiedby:

Semantics2 [I(v)] = N ccl(v == )]

I, v I, meansthateither; or I, is satisfied. I; A I
meanghatbothI; andl; aresatisfiedin ary interleaving).
I, - I, meansthat I; is satisfiedbefore I, (thusboth are
satisfied).

Semantics3 [I; V L] = [I1] U [I2]
Semantics4 [I1 A L] = [I1] N[I2]

Semanticss [I; - I5]
72 € [I2]}

Elsavhere[10], we presentisetof equationghatenable
symbolicreasoningon 7 to determinewhena certainevent
may be permitted prevented or triggered.

{nm € Uz : » € [I1] and



