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Abstract. Asynchronousommunicationsrreprominentin distributedandmobilesystemsOftencon-

currentsystemgonsideanabstracpointof view with synchronousommunicationd-Howeverit seems
more realistic and finer to considerasynchronougommunicatingsystemssinceit provides a more

primitive communicatiorprotocolandmaximizethe concurreng. Severallanguagegndmodelshave

beendefinedusingthis communicatiormode:agent,actor mobile computationandso on. Herewe

reconsider previous componenmodelwith full datatypesandsynchronousommunicationsvith an

asynchronoufiavour. The dynamicbehaiour of a components representedsa structuredsymbolic
transitionsystemwith mailboxes.We alsopresentanalgorithmdevotedto ananalysisof the dynamic
behaiour of the system.This algorithmdecidesf the systemhasboundmailboxesandcomputeghe

reachableanailbox contentof the systemThe componenmodelandthe algorithmareillustratedon a

flight systenresenation.

KEYWORDS: Asynchronou€ommunicationComponentArchitecture DynamicBehaviour, Unbound
or BoundMailbox

This is a preliminary versionof our DOA'2003 paper it containsa comprehensk descriptionof the
flight reserationexample.

1 Intr oduction

Architecturesand componentg24,17,16,21,34,6,2,26] are novadaytechnologiesn software develop-
ment.They promotesoftwarearchitecturebasedn communicatingoftwareentities.In this domainpre-
vious experiencesare the actormodel[4, 3,19], concurrentobject-orientedorogramming[10, 9], mobile
computation[32] andthe multi-agentsystemg33]. Actors and agentsare ratherbasedon asynchronous
messageendingwhile often componentsaind objectspromotesynchronousommunicationr Remote
ProcedureCalls.Neverthelessherearefew examplesof object-orientedanguagesvith asynchronousall,
for instanceProActive [1] andPiccola[2].

In the context of distributedcomputing,asynchronisnof communicationshouldbethe default policy,
especiallyin wide areanetworks.[22] present& comprehensiediscussioraboutdistributedcomputingand
its main characteristicsWe may notethatsomeapplicationdik e news or mail arenaturallyasynchronous.
Asynchronougommunicationgresimplerandmoreprimitive thansynchronousne,evenif eachonecan
simulatethe other Asynchronisrris thechoicedoneby severaltheoreticabpproachebut lessoftenby real
platforms,for exampleclient-sener hasgenerallysynchronougommunicationsMany infrastructuresor
componentanguagesave basicallysynchronousommunicationsEJB, CORBA, RMI [17], thisis also



truewith severalclassicmodelsandlanguagedike ADA, CCS,CSPor LOTOS. Asynchronousommuni-
cationsarelessconstrainingfrom a concurreng point of view but the emitterdoesnot know if amessage
will be receved by the recever. Otherimportantfactswith asynchronisrmare the impossibility to differ-
entiatea slow componentrom a stoppedone andthe impactof failures.Thusit implies more complec
descriptionswe needto copewith moreerrorsandit producesomplex dynamicbehaiours.On the other
handthis communicatiormodeis simplerto implement.To the contrarysynchronougommunicationsre
moretime consumingmoreabstracindproducesimplerdynamicbehaiours.

Therearealreadyseverallanguagecateyorieswhich useasynchronousommunicationssomeconcur
rent object-orientedanguagessomecomponentanguagesactorlanguagegnd multi-agentsystemsWe
think thatthis usewill grow conjointly with the emegenceof distributedapplicationsanddistributedlan-
guages.Thusthereis a needto provide analytictools to study or understandehaioural problemswith
asynchronousommunicationsThe ability to computethe global dynamicbehaiour of suchsystemand
to reasomaboultit areimportantbothatthe specificatiorlevel andatthe coding/testindevel. Herewe focus
on asynchronousommunicationsvith safecommunicationswithout realtime aspectandprocesdailure.
Oneclassicway to simulateasynchronisnin a synchronousontext is to usebufferswhich memorizemes-
sageshetweenemittersandrecevers. It introducestwo kinds of entity: the componentsand the buffers.
Furthermorethe resultingdynamicbehaviour is complex andit requiresa similar analysistechniquethan
for pureasynchronismSowe preferto usenative asynchronismwvith buffersinsidecomponentslt is much
moreuniform andsimplerto implementin adistributedcontext.

In this papemwe introducea componenmodelwith asynchronousommunicationslt is basecn some
previous experiencesvith synchronousommunicationsThis model definesinterfacesand protocolsfor
componentsit alsointroducesarchitectureandcommunicatiorschemesWe illustratesomegraphicalno-
tationswith a simpleexampleof flight resenation. Our purposes to studythe globalbehaiour of sucha
systemWe assumehatsentmessagealwaysarrive to therecever, in otherwordswe havereliableor safe
communicationsMessagdost are out of the scopeof our study see[29] for a relatedstudy We provide
meansto have a look at the dynamicbehaiour andto help designergo detectproblems.We briefly de-
scribeadatastructurefor structuredstateandtransitionsystemswith mailboxesto codetheglobaldynamic
behaiour of suchsystems.Thereis a needto know the size of the mailboxesandif thereareboundor
not. Suchinformationsareimportantfor semanticgeasonsut alsofor optimisationsones.We proposea
generalalgorithmto decideif the systemis boundor not and which builds a completesimulationof the
behaiour.

The paperis organisedasfollows. Section2 presentghe principlesof the model, somenotationsfor
behaiouralaspectandanexample Section3 shovs how to computeheglobalbehaiour of suchasystem.
It alsodescribesour algorithmwhich calculatesa view of the dynamicbehaviour taking into accountthe
contentsf the mailboxes.Finally, somechoicesandrelatedworks arediscusse@nda conclusionfinishes
this presentation.

2 The AsynchronousModel

Our currentwork is basedn somepreviousexperiencesboutarchitectureesndcomponentsTheseworks
areratherat the specificatiorlevel, sincewe arefirstly interestedn designinggoodarchitecturesThe Ko-
RRIGAN model[13,12] is devotedto the structuredormal specificatiorof mixedsystemghrougha model



basedn a hierarchyof views. It allows oneto specifyin a uniform andstructuredvay both datatypesand
behaioursusingSymbolicTransitionsSystemgor STS)andalgebraicspecificationsSymbolicTransition
Systemsarefinite statemachineswith guardsandvariablesin additionto traditionallabels.The mainin-
terestwith thesesystemsds that (i) they avoid stateexplosionproblems,and (ii) they defineequivalence
classegoneper state)andhencestronglyrelatethe behasioural andthe algebraiaepresentationsf a data
type.STSmayberelatedto Statechart§l8] but they aresimplerandstricteronthe semanticside.KORRI-
GAN is relevantto describereusablecomponentsarchitecturesnd communicatiorschemesThe Graphic
AbstractdataType model[31] improvesthe KORRIGAN modelon specificationmethodand verification.
It proposesa generalway to prove propertiesfor the systemwhich is also successfuto prove temporal
logic properties.The technique[30,5] usesthe synchronouproductof STSandfirst-orderlogic to write
temporalproperties.

In this paperwe reusedsome principles coming from our previous work: componentarchitecture,
symbolicstatemachineandthe synchronouproduct.Notethatin our previouswork we take into account
full descriptionof componeniand systemwith abstractdatatypes.But herewe are mainly interestedn
behavioural descriptionsandwe avoid full datatype descriptionsHowever sometimesve needguardsin
the statemachinedescriptionsSomeof our currentwork may be analysedwith otherconceptdike Petri
Netsor automataHoweverto take into accounthierarchyguardandfull datatypein auniformway would
be moredifficult.

2.1 An Example

We modela simpleexamplewith four concurrenttomponentsa previous versionwith synchronougom-
municationds [27]. Thisis a partof aflight seatresenationsystemwith acomponentor the seatresena-
tion, onefor simulatingthe bank,onefor theflight compary andalastonefor the client. The client gives
its accounnumbemwhenherequesta seatto thecounter The counterasksthe compairy to know if thereis
aseat.This mayfail or succeedin thislastcasethe seatresenationordersthe priceto thebank.Theorder
mayfail or if it succeedshenthe counterprintsaticketandthe compaly bookstheresenation.

2.2 ComponentPrinciples

Strictly speakingwe modeltypesof componentatherthan componentsdut this hasno consequencen
our currentdiscussionAnothercommonchoiceis to consideratomiccomponentandto definecomplec
componentsasanarchitectureof asynchronouslgommunicatingsubcomponents.

Asynchronousommunicatiordistinguishesnessagaendingandits execution.If op is anoperation
call we note>o0p the messageendingandop> its execution. The emitterdoesnot memorizemessages;
thisis doneby thereceverin a specificbuffer. This buffer actsasanasynchronoushannebut it is partof
thecomponengsfor anactor Sometime®peratiormaybe executedbut no messageeceiptis neededwe
call themautonomou®perationsandsimply notethemop.

Thuswe definethefollowing vocatulary:

— Autonomousopetration: op is an actionwhich doesnot needa receiptto be executed.lt takesinto
accounthefactthata componentnayknow sufficientinformationto triggerthis action.



— Receipt>op meanghereceiptof amessagé themailbox.A specificguard[ not f ul | Mai | Box]
is usedto ensurghatthe mailboxis notfull.

— Action: op> denotesan operationwhich will be triggeredwhenthe componentecevesthe corre-
spondingmessageeceipt( >op). Thefactthatthe componentecevedthe messagés denotecby the
guard[ &op] .

Messagesendingis doneduring the executionof an operation.The notationop> standsfor the usual
providedserviceand>op for therequiredserviceof mary othercomponentanguagesAutonomousoper
ationsarenot strictly fundamentalywe may seethemasakind of syntacticsugar Mailboxesarebuffersfor
messagerecevedby acomponent.

Graphicallya componenis a box with input pins correspondingo messageeceiptsand outputpins
correspondingo messagsendinglnput pins(resp.outputpins)areputontheleft of thecomponen{resp.
on theright). An autonomousperationhasonly a right outputpin, otheroperationshave a left input pin
(receipt)and a right outputpin (sending).For examplethe bankis representedh the left part of Fig. 1.
Thereis an operationfor messageeceipt>or der with two argumentsthe accounthumberof the client
(?i : 1 dent ) andthepriceof theticket(?p: Real ). Theoperationd ai | andsuccess areautonomous.
The different pins may be (or may not be) connectedn a given architecturejt expresseghe receiptof
messagefn theleft) or messagsending(ontheright).

>order(?i:ldent, ?p:Real) >order(?i:ldent, ?p:Real)

— ——

fail order>

Bank
success

>order(?i:ldent, ?p:Real)

Fig. 1. The Bank Componenandlts DynamicBehaviour

The previous figure describeghe interfacepart of the bank,we alsotake interestin the dynamicbe-
haviours or protocols.Sucha protocolis representedh the right part of Fig. 1. Note that eachstatehas
transitionloopsfor messageeceipts>or der in thebankexample.A senderdoesnot block exceptif the
buffer is full andnothingelseis possible this is alsotrue for the receiver exceptif the messagéuffer is
emptyandwithout autonomou®peration.Indeedthis behaiour may be computedasthe free concurrent
productof a buffer which recevesmessageanda businesslynamicbehaiour for the bankasillustrated
in Figure2.

In the sequelwe only presenthe simplified dynamicbehaiour of the atomiccomponentsHencea
componentill bedescribedy aboxwith pinsoutsideanda businesslynamicbehaiour inside.



,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

Message Receipt The Business Behaviour of the Bank
Fig. 2. Decompositiorof the DynamicBehaviour of the Bank

2.3 Thecounter ,theclient andthecompany Components

Fig. 3 representshe componenftor the counterandthe meaningof its ports. Thetwo othercomponents:
compary andclientarerespectrely depictedn Fig. 4 and5.

request (?v:Vol, ?c:Client)

— —
— request : it handlesauserrequest, price(?piReal)
. . . . Da— printTicket —
— pri ce : it recevesthepricefrom thecompary, - place
— noPl ace : thereis noplace, > —
—fail :th nkorderingfail success
a thebankordering 5'1 s,
— success : thebankorderingsucceeds noPlace
— printTicket :aticketis deliveredto theuser ™ | L
printTicket
—

Fig. 3. The CounterComponent

2.4 The Ar chitecture

Onekey issuein designinggoodarchitecturess to separatehe communicationgrom thecomponento get
morereusability This hasseveralconsequence$o have alocal namingof operationpercomponenandto
definea gluelanguagedo denotecommunicationsn thearchitectureFigure6 representthearchitectureof
our flight resenationsystem A messagéransmissions graphicallydenotedoy a thin line from an output
pin to an input pin. Somepins like r equest > and book> for the compary, f ai | for the counteror
or der > for thebankarenot connectedincethey do not sendmessagem this configuration.

To simplify thefigureswe avoid the effective algumentsandguardsof messageandtransitions.Such
anarchitecturanay be transformednto a componenthowever nestedcomponentgrenot requiredin this
example.



— request :therequeshasbeenreceved,
checkPl ace : it checksif thereis someplace,

noPl ace : thereis noplace,

— fail : the resenation fails (coming from the
fail
counter), |
— book : theresenationsucceeds. book(?\:Flight, 7iIdent
>;

ticket :it getitsflight ticket,
— fail :thereserationfails.

r equest : theclientasksfor aflight resenation,

request(?f:Flight, ?i:ldent)|

%

checkPlace [place]

—

checkPlace

noPlace

Fig. 4. The Compay Component

fail
ticket ticket

fail

request

request(!flight, lident)

—

Fig.5. The Client Component

2.5 SomeAdvancedCommunication Schemes

We provide someothercommunicatingschemesvhich arerepresenteth Fig. 7.

— Broadcasting to broadcasa messaga link is drawvn from the emitterpin to the destinatiorpins.
— Multiple inputs: oneinput pin is linkedwith several outputpins, it obviously denotesxclusive com-

munications.

— Conditional Communicationin somecaseswe needto sendmessagesyndersomeconditions,to
severalpins.For exampleanadvanceddesignof ourarchitecturanayconnectheoutputpinr equest
of thecompauy to theinput pinsf ai | andsuccess of the countercomponentin this casewe add
theguardq noPl ace] and[ pl ace] to controltheexclusiity of thecommunications.

An architecturanaymixedtheseadifferentschemesprovidedthatsomerulesarechecled. Theuseof guards
on links providesdynamicityin communicationsvhich is animportantfeatureof distributed computing.
For instancein our example,guardsin communicationgllows usto geta stablearchitecturerelatively to
thenumberof clients.Thecurrentbehaiour of the counterserializegheclientrequestdut it is possibleto
changet andto allow requesinterleasing.

2.6 To Build the Architecture

To elaboratesuchanarchitecturave briefly recallthemainsteps:

1. To decompos¢he systemandto identify atomiccomponents.
2. To specifyeachatomiccomponents:



request
ticket
Client [—>
fail
—
\ request
request price order
> fail fail
checkPlac Counter Bank %
fail ‘ succes sucess
Company ﬁ
w %——
book printTicket
5 5 |
L \ ‘

Fig. 6. The SystemArchitecture

— to defineits input andoutputpinsandits nameandparameters,
— andto draw the businesslynamicbehaiour with aSTS.
3. To architecturdghe systemwith the subcomponentandtheir communications.

Of coursethisis a simpleview andtherearemary difficulties; afull discussioris out of the scopeof this
papersee[28,11] for moredetails.

We implementedthe flight resenation systemin ProActive [1] which is an asynchronousanguage
basedn Java. Every atomiccomponents mappedo a ProActive componentomposeaf anactive object
andsomeinternalpassie objects.An input pin of acomponents easilytransformednto a public method
of the active objectswith the correctname,type and parameterskor the outputpin of a componentwve
have to implementits actionandthe messagemissionsFor theactionpart,the outputpin is mappedo the
public methodof the correspondingictive object. The messagsendingfrom anoutputpin to aninput pin
is translatednto a methodcall inside the procesof the ProActive componentssociatedo the recever.
Theseexperimentationgonfirmthe feasibility andthe simplicity of suchanimplementatiorandgive usa
first view of translatiorrulesfrom our componentnodelto the ProActive language.

3 To Analysethe Global Behaviour

As explainedin theintroductionasynchronisngivesmorecomple« descriptionandbehaiours.Generally
a synchronousnodel doesnot work if it is embeddedn an asynchronousommunicatiorframenork, it



[Guard]

Broadcasting Multiple inputs

Fig. 7. OtherCommunicatingSchemes

mustbe redesignedarefully. It is often mandatoryto provide a failure associatedo eachbusinessaction,
for examplein someprevious designswe avoid f ai | for the compary andfor the client. Our analysis
shavs somewrong results(deadlocksunboundbuffers, ...) but it was definitively not prominentin the

architecturatdesign.Anotherexampleof problemwasthe occurrencef a deadlockin abuscontrollerdue
to awrongchoicein thebuffer stratgy. Thusoncethe componentandthearchitecturénave beendesigned,
the problemis to getsomeconfidencdn the global behaiour. We first computethe global protocolfrom

thecomponenprotocolsandthe architecture.

3.1 The Concurrentand Communicating Product

There are several ways to expressconcurrenyg, synchronisatiorand communicationMainly thereare:
processlgebraexpressiontemporallogic formulaor statemachine Our semantic®f concurreng is based
on the synchronougroductof STSassociatedo the componentsThe synchronougproductoriginating
from [8] hasbeenadaptedo our STS[31]. Eachstateof the productof STSis a compoundstatewhich
hastwo or more inner statescorrespondingo the componentstates.The transitionsof the productare
also compoundin the way depictedin Fig. 8. To take into accountthe fact that a componentmay act
asynchronouslywe usea specialnil transitionnoted- . A messageending,from thef oo outputpin to
the bar input pin, is representeds a synchronisatiorbetweenthe emitter whenit triggersf oo> and
the (buffer) recever whenit triggers>bar . The messages received in the mailbox of the recever and
asynchronouslgxecutedby the receiver. Thusthe messagsendingf the architecturearetranslatednto
synchronisationandexpressedy the so-calledsyndironousvector.

Oneexampleof synchronisatiowoncerngheemissiorof the>pr i ce messagéothecount er bythe
checkPl ace> operatiorof theconpany. Duringthis communicatiorthefirst andthefourthcomponent
(theclientandthebank)do nothing.Thisis astructuredransition(- checkPl ace> >pri ce -)which
startsfrom a structuredstateCL2, C2, C2 B1, whichmeanscl i ent in statel, conpany in state2,
count er in state2 andbank in statel. In thisexample( - checkPl ace> >price -) isanelement
of thesynchronousector Thedrawing of theglobalbehaiour, in arealcasestudy becomesoo comple,
but it canbe automaticallycomputedrom thecomponenprotocolsandthearchitecture.

The synchronouwectorcollectsthetuplesof operationwhich areallowedto synchronizeThe general
conformanceule is oneoutputpin andoneor moreinput pins,andif aninput pin recevesmorethanone
messaga guardmustguarantythe exclusiity of themessageshereareseveralpossiblesynchronisation
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Client Company Counter Bank

Fig. 8. CommunicatiorRepresentation

rulesto handleoperationsnot in the synchronousector (asin LOTOS or CCSfor example).Herewe
choosehe sameasin LOTOS [20] sincewe do not have othersynchronisatioror communication.
Fromthearchitectureve built the synchronousectorin thefollowing way:

— Basicallya communicatiorlink from the output pin f 00> to input pin >bar leadsto a tuple with
f 00> and>bar attheright placeand- elsevhere.

— Broadcastingimply extendsthis principleto morethanoneinput pin.

— Multiple inputsexpressa quantificationover outputpins, it is translatednto severalbroadcastingom-
munications,one for eachoutputpin. It mustresultin a legal synchronousvector we assumethat
guardson multiple inputsareexclusive.

— A conditionalcommunications considerecismultiple communicatiorinks with guards.

3.2 SomeRemarks

The global productis a symbolicmachinehowever it may be complex. Thisis partly dueto the complex
natureof asynchronoumodel.We obtaina systemwith 48 statesand296transitionsfrom our architecture
which hasarathersmall size. The similar examplewith synchronousommunicatiormode,see[27], has
nearly 10 statesand 15 transitions.However we must preciselycompareit with a synchronoussystem
simulatingasynchronousommunicationA quick analysisshavs thatthe numberof statesandtransitions
would be nearlythesame This increaseshe needfor analysisools, preferablyautomaticools.

Of coursesomeanalysismay be conductedusing Petri Net tools, model-checkrs,or otherautomata
relatedtools.Generallyour systemsarenotadequatdor this anda preliminarytranslationis neededHow-
everthemainreasorto try anothemway is thatwe have structuredsystemswith datatypesandguardsThus
we needa powerful approachtaking into accountthe full descriptionof the system.From this powerful
approacthit seemgelevantto proposemorespecificbut automatictools.

Oncewe get the global behaviour it is a structuredSTS andit is not really adequatdor tools like
classicmodel-checkrs.However several transformationsnay be doneto geta labelledtransitionsystem,
see[30] for example.The generalideais to simulatethe STS choosingsomelimits for datatypes.Here
we needa similar transformationwe only considerthe [ &op] and[ not ful | Mai | Box] guardsand
the contentsof mailboxes. The [ &p] meanghatthereis at leastone>op messagén the mailboxand
[not full Mail Box] checksf themailboxif full or not.In ourexampleit is obviousthatsomeactions
cannotbetriggeredsincethecorrespondingnessagéasnotbeenreceved.Anotherinterestingactis about
thesizeof themailboxes,it mustbeboundor not.

We think thatit is betterto defineseveral dedicatedalgorithmsto increasethe reusabilityby allowing
the compositionof analysesA first algorithm, calledthew dt h algorithm, producesa simulationof the



systemtaking into accountfixed capacitymailboxes.To handleunboundmailboxesis moresubtle,this is
the goal of the bound algorithm. To have both, fixed capacitymailboxes and unboundmailboxes, may
be donein two ways. Thefirst is to procesghe spl i t algorithmaftera bound analysis.Thespl it
algorithmduplicateshe stateswith fixed capacitymailboxesandthe edgesstartingfrom thesestatesThe
secondway is to definea specificalgorithmmixing thebound andthespl i t algorithms.Sincethe most
originalalgorithmis thebound onewe avoid acomprehensiediscussioraboutthewi dt h andthespl i t
algorithms.

3.3 The Bound Analysis

We have designedabound algorithmwhich is ableto simulatethe behaiiour copingwith unboundmail-
boxes.Thealgorithmsearche# thedynamicsystemandcomputeghe stateswith their mailbox contents.
Whena mailbox hasa possibleinfinite contentsa staris put to avoid the constructionof aninfinite setof
statesWe have experimentedseveralexamplesandthedifferentexperimentationarebasedn dictionaries
which memorizeghe numberof receivedmessages.

The Data Structur es. We briefly give alook atthe datastructuresisedto representhedynamicbehaiour
of our systems.

¢ 2
* :

Transition State
label() : String
[ \ [ \
SimpleTransitidn StructuredTransition SimpleState StructuredStat
label : String identifier : String
guard"Term "
argument : Term ]
*
MailBoxState
m 2 [buffer : MailBox_|
ATransition g | buffer
kind : {A, R, E} —
System
[ \
—@ SimpleSystem StructuredSystel
—® >
AGATSystem

Fig.9. TheUML ClassDiagramfor StructuredSTS

Thesedatastructuresaredescribedvith a UML classdiagramin Fig. 9, but we avoid somespecialisa-
tionsandconstraintgo do not overloadtoo muchthediagram Simplestatesaresimply identifiers,we have
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alsostructuredstateshoth areorganisecalonga compositepattern.A simpletransitionis a sourcestate a
targetstate alabelplusvariousparametersye alsostructuredhemalongacompositepatternmannerThe
ATr ansi ti on classdescribeghreekinds of transitionlabels:aut ononous (A), r ecei pt (R) and
acti on/ em ssi on (E). Thesetransitionshave mailboxesin their sourceandtarget states A labelled
transitionsystemis a setof simplestatesandalist of simpletransitions A structuredsystemis compound
from structuredstatesandstructuredransitions. The AGATSy st emclassis usedto representhe dynamic
behaiour of our architectureandit is theinput andthe outputdatastructureof thebound algorithm.The
AGATSyst emclassdefinesstructuredabelledsystemavheretransitionsarecompoundrom ATr ansi -
t i on instanceslt seemgossibleto have ageneralMai | box classwhich maybespecialisedo codearny
specificbuffer stratgy. Howeverouractualalgorithmonly dealswith dictionariesof thenumberof receved
messages.

The Algorithm. The goalof thebound algorithmis to computethe completesimulationof a structured
systemandto put* whenthe mailbox capacitypecomesinboundIn thealgorithmpagel2:[, ] arelists,
(,) tuples,and<- assignmentsThe algorithmtakesasinputasel f : AGATSyst emandproducesan-
otherAGATSyt eminstancewith, aslabels thelabelsof theinput systemandthe contentf themailboxes.
Mailboxesaredictionariescountingthe numberof recevedmessagest may containstarwhich represents
aninfinite numberof messagesA mailbox overlapsanotheroneif the formerhasthe samevaluesexcept
somestars.Thealgorithmensureghefollowing invariant:for all labelof sel f , andfor all reachablemail-
box contentsijt exists a single outputstatewith the samestatelabel anda mailbox which is the sameor
anoverlappingone.In otherwordsit computesa finite accessibilitygraphassociatedo the input system.
Basicallythis algorithmyvisits the state,the | i st St at e containsthe new statesto visit. Thehi st ory
andl i st Hi st ory arevariablesusedto detectcyclesin theinputsystemThehi st or y variabledenotes
thelist of visited statedrom theinitial oneto cur r ent St at e. newSt at e denotesreachabldabelwith
anew mailboxcontentsTherearefour exclusive cases:

1. newSt at e alreadyexistsin thecurrentresultor it existsanoverlappingstate{(over | ap function);in
this casewe simply adda new transition.

2. newsSt at e existsin hi st or y but with alessemailboxcontentgsuperi or function),in this case
we have acycle andwe mustpropagatestarsin thegraph.pr opagat eSt ar propagatestarsandalso
retuilds thegraphsinceto addstarsmay collapseseveralexisting states.

3. If thereis no cycle theremay be existing statesin the currentresultwhich are overlappedby new-
St at e. In this casewe considerone of them and we propagatestarsand collapsestatesasin the
previouscase.

4. Thelastcaseis the simplestsinceit addsthe new stateanda new transitionin theresultinggraph.

Careful attentionmust be paid in alreadyexisting statesand loops which complicatesa little the man-
agemenbf histories.This algorithmneedso defineseveral operationdo comparemailboxes, mainly the
over | ap andthesuperi or functions.

—overlap(dl, d2):dl != d2andforallmsg,dl[msg] = * ordl[nsg] = d2[ nsg]
— superior(dl, d2):dl1 != d2andforallnsg,dl][ nsg] => d2[ ns(g]

whered[ msg] is thenumberof recevedmessagesf namensg in thed dictionary
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Thealgorithmlookslik e this:

bound : sel f: AGATSystem ----> AGATSystem
BEG N

listState <- [initial of self]
historyList <- [[ 1]

history <- [ ]

newAGAT <- init the resulting Atag

WH LE listState != enpty DO
currentState <- first listState

stateLabel <- identifier(currentState)
mai | box <- buffer(currentState)
history <- add currentState in historyList.pop()

|'i st Nei ghbours <- nei ghbours of statelabel
WHI LE | i st Nei ghbours != enpty DO
transition <- |istNeighbours. pop()

IF transition is possible frommail box THEN
newMai | Box <- apply transition to mail box
target <- target(transition)
| abel | abel (transition)
newSt ate <- createState(target, newMail Box)
IF newState already exists in newAGAT

THEN

newAGAT. addTr ansi ti on(| abel ,
ELSE

config <- find the mailbox <= newMail Box in history

I F config exists

in self

<-

current State, newState)

# list of states to visit

# main loop on states to visit

# current state of newAGAT

# visit the neighbours of the currentState

# the state already exists

THEN
i ndi ces <- newMai | Box. di col ndi ces(confi g)
newAGAT. addTransi ti on(l abel, currentState, config)
renoveSt ates <- newAGAT. propagat eSt ar (newSt at e, i ndi ces)
renoveStates fromhistory, listH story, listState
ELSE
config <- newAGAT. fi ndl nf (newsSt at e) # finds an overlapped state
IF config exists
THEN
newAGAT. addTr ansi ti on(l abel, currentState, config)
confi g. copyNot Onega( newTabl e)
renovesSt at es <- newAGAT. propagat eSt ar (newSt at e, newTabl e. fi ndOnega())
renoveStates fromhistory, listH story, listState
IF not config in listState
THEN
add newState in listState
add newState in historyList
ENDI F
ELSE
newAGAT. addSt at e( newSt at e) # sinple addition
newAGAT. addTransi ti on(l abel, currentState, newState)
add newState in listState
add newState in historyList
ENDI F # overl apped config exists
ENDI F # config exists in history
ENDI F # newSt ate exi st
ENDI F # transition
renmove currentState fromlistState
ENDVWHI LE # |i st Nei ghbours
ENDWHI LE

END
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Application Examples. We have processedeveral examplesof protocols,communicatiorpatternsand
somesimpleapplicationsThe bound algorithmgivessomerelevantinformationsaboutthe dynamicbe-
haviour andhelpsto improve thearchitecturedesign.

A fictitious exampleis describedn Fig. 10 andtheresultshavs the mailbox contentsvhich aredictio-
nariesof thenumberof recevedmessagedt demonstrateadeadlockn state( 2, 1, 1) afterthereceiptof
ac messag®n thethird componentStateq 3, 1, 1), (3, 1, 2) and( 3, 2, 2) have starsin their mail-
boxessincethey arepartsof cyclesin thegraph(aloop anda 2-statexycle) which accumulateeceipts.

>a- -

Fig. 10. A Fictitious AGAT SystemExampleandits ResultingAnalysis

Figure 11 shows the simulationof theflight resenationsystenwith dictionariesof messagesNow the
systemis reducedto 22 statesand 31 transitionsand representshe global behaiour of the systemin a
more conciseform. We have a boundsystemand we may usemodel-checkingo analyseits properties.
It alsoshaws that we canoptimisethe datastructurefor buffers sincewe have at mosttwo message
eachbuffer. In this exampletheresultis simplerin termsof stateandtransition thatis not alwaysthe case.
Howeverthebound algorithmsimplifiesthe globalbehaiour in thesensehatit remosessomeimpossible
transitionsandit providesa compactdescriptionfor infinite mailboxes. Note that in this simulationwe
have only oneclient, thenit is importantto extendit to any numberof clients. Of courseit is possibleto
computethis simulationwhenthe maximumnumberof clientis known. For examplewith 3 clientswe geta
global systemwith 192 states2048transitions the boundanalysisgivesa resultwith 1174statesand3809
transitionsBut if themaximumnumberof clientsis notknown our currentapproachs notableto compute
theglobalbehaiour of thesystemIn this caseonesolutionis to extendour symbolicmachinego take into
accounin-arystateandtransition.Anotherway would beto useanalgebraioor atemporallogic description
of thedynamicbehaiour. Thisis a pointwhich needdutureresearches.

The datasand the algorithm have beenimplementedn Python[23] andalsoin Java. Two different
versionsof the algorithm (a breadth-firstanda depth-firsttraversal)have beenchecled. We are currently
proving thealgorithmandanalysingts complexity. At first glancethe compleity seemdesserthanO(n x
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m? x maz#™*9) wheren andm arethe numberof edgesandthe numberof statesof the input system,
maz is the maximumcapacityof the boundmailboxesand #msg the numberof operationreceipts.We

expectto improve efficiengy, onerelatedandfeasibleoptimisationis to computedirectly this analysisfrom

thearchitecturewithout calculatingexplicitly theglobalproduct.

4 RelatedWork

We first briefly commentsomeother possiblechoicesaboutour model. Onefirst choicewasto explicit
receiptandaction/emissionA finer approachwould beto distinguishreceipt,actionandemissionIn fact
we think thatemissionor receiptneedto be associatedvith actionelsewe cannotgeta right modelwhere
eventsresultfrom someactiities relatedto the componentsAnother point is aboutthe associatiorof
receiptsand actionsin the dynamicbehaiour. We have at leastthree main possibilities. The first is to
sequentializéhemessageeceipt>0p andits executionop>, but thisblocksthesenderaswith synchronous
communicationA lessblockingpolicy isto haveareceiptioop oneachsourcestatefor op>. A moreliberal
thanthelatterone,whichis usedhere,is to receve a messagén eachstate Notesthatthesethreechoices
changeneitherour overall modelnor our algorithms,it only impactsthe dynamicbehaiour of the atomic
components.

We assumeheresafecommunicatiorbut unsafeonesmay be simply simulatedby emissiontransition
without synchronisatiorandreception We have alsoan approachwhich providessynchronousommuni-
cationswithout difficulty in a uniform context. Lastly, it is possibleto take into accountnon-determinism
in communicatiorby the useof guards.

Our componentand architecturedescriptionis relatedto architecturaldescriptionlanguagegADL),
see[24] for a good surey. We have atomic and complex componentswith interfacesand dynamicbe-
haviours. Our approachgivesa way to specify mixed systemd.e. with both full datatypesanddynamic
behaiours.Herewe only presenta graphicalrepresentationf the architecturadescriptionlanguagethis
is notgenerallysufficientfor automatigprocessingndfull codegenerationA maindifferenceis theuseof
asynchronousommunicationsvhile mostof thetime ADLs promotessynchronougommunications.

At this stageit is interestingto compareour approachwith WRIGHT [7,6]. WRIGHT is a formal ar
chitecturaldescriptionlanguagewith first classcomponentsand connectorslt may be seenasrelook of
CSR sincethe notationsandthe semanticareinspiredby this processalgebra A componenhasa setof
portsanda behaiour part. A connectordefinesa setof rolesanda glue specification Rolesareexpected
to describethe local behaviour of the interactingparts. The glue describesow the local actiities of the
differentpartsare coordinated The semanticof theseconstructionss definedby a translationinto CSP
This hastheadwantageso geteffective modelcheckingfor CSPandrelatedwork aboutbehaioural refine-
ment.However, mostof theseverificationsarelimited by the stateexplosionproblemandconsidersimple
datatypes.WRIGHT proposes deepanalysisaboutautomaticcheckingfor architecturalanguagesilt al-
lows connectorconsisteng, configurorconsisteng, andattachmentonsisteng usingmainly techniqueso
prove deadlockfreedomandbehaioural refinementWe improve readabilityby graphicnotationsthis is
importantfor large scaleapplicationsWRIGHT is not really adequatdor this dueto several reasonsno
graphicpresentationsndno-arycomposition.In our approachwe considerboth dynamicandfunctional
propertiesnot only dynamicpropertieswith restricteddatatypes.This is a first importantdifferencebut
othersarethe useof symbolictransitionssystemsandasynchronousommunications.
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Onerelatedwork to our communicatingcomponents [15]. This paperpresent& modelfor concurrent
distributed object with asynchronougsommunicationsThe semanticof the modelis basedon labelled
eventstructuresanda nev communicatiorrelationthatexpressessynchronousbjectinteraction.

Exceptquotedwork aboutPetri Nets,we have not yet found a relatedmailboxesanalysis.The useof
Petri Net andthe reachability/ceerability algorithms[25] may solve our mailbox contentsanalysis,but
it needsat least,a translationinto the Petri Net world. However we have a structuredsystemswith data
andguardsandwe wantto definenot only this boundanalysisbut otherin the future. Thenwe think more
appropriateo definea specificapproachOur algorithmis alsodifferenton several point: we have abstract
buffers (not only marks),we have a completesimulation(all the statesof theresultarereachable)andwe
do notcomputea treebut directly thereachabilitygraph.We have analgorithm,limited to our specialcase,
which representshe reachabilitygraph,evenif the systemis not bound,usingstarsasin the coverability
algorithm.

Model checkingis a techniqueto verify automaticallytemporalpropertiesof finite statesystemsTool
examplesare CADP, MEC, VIS, see[8, 14] for more details.Model checkingis usefulto quickly prove
deadlockor other relatedproperties.The stateexplosion problemof model checkingcan be limited by
using BDD coding. This techniqueis called symbolicmodelcheding, althoughit doesnot addresshe
worst-caseompleity of theproblem.In practiceit is usefulandallowstheverificationof very big systems
with morethanonemillion of stateslt is possibleto computethe setof the reachablestateswvhich verify
somepropertiedike: one>op mustalwaysoccurbeforeanop>. Butit is moredifficult to copewith guards
like[ not full Mai | Box] . However model-checkingnay be helpful to quickly prove someproperties
of thefinite systemforgettingguardsandvariables For example,to known if thefinite statemachinehasa
deadlockor if therearetransitionsstartingfrom a givenstate,andsoon. Therearetwo main pointswhich
aregenerallynot coveredby classicalmodel checkingandtemporallogic. Thefirst is the useof guards,
variablesandfull datatypes.The seconds thatwe do not deal,generallywith a boundlabelledtransition
system.Thereare several differentapproachesvhich introducevariablesand guardsin modelchecking.
Amongstthemthe uCRL languages relevantto our problem.Thetemporallogic proposedeemsomplex
to readandto understandWe have not yet investigatedhe comparisorin depth,but clearly our approach
is more suitedto engineeringpractice(first-orderlogic framavork). We also have more readablestate-
transitionssystemsanda morepowerful framework.

In [29] the authorsproposea notion of stucknessthatis to eliminateprogramswaiting to receie or
trying to sendmessages vain. Thatis a moreformal but complementaryvork in the contet of unsafe
communications.

5 Conclusion

We provide anapproactio designcomponentindarchitecturavith asynchronousommunicationganddy-
namicbehaiours.To handleasynchronousommunicationsve distinguishemissiorandreceiptoperations
ratherthantheuseof specificbuffersto memorizenessagedVe shov how to computetheglobalbehaiour
of anarchitectureandto represenit withoutlost of information.We proposeanalgorithmwhich simulates
sucha dynamicsystemandcomputeghe reachableonfigurationof the mailboxes.The algorithmis able
to decideif a mailbox hasa boundsize or not. The resultmay be usedto verify the dynamicbehaiour
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but alsoto optimisethe architecturedeployment. This alsomay be usedasa generalframework for other
classof systemdik e actors multi-agent,synchronougommunicationpr channebasedcommunications.
We have donesensiblechoiceswhich arenot too constrainingandour currentmodelis ableto copeeasily
with extensiongo unsafeandnon-determinisnof communicationsThis approachmay be generalisean
themailboxpolicy.

Onetrendof futureresearcheis to extendour approacho copewith otheranalysis for examplewith

guardsin communicationsAnotheroneis to considera variablenumberof componentsTheseareimpor-
tantfeaturego fit with morerealisticsystems.

References
1. ProActive.http://ww«sop.inria.fr/oasis/ProActive/.
2. FranzAchermannand OscarNierstrasz. Applications= Components Scripts— A Tour of Piccola. In Mehmet

10.

11.

12.

13.

Aksit, editor, Softwae Architectuesand Componenfednolay, page261-292Kluwer, 2001.

. Gul Agha. ConcurrentObject-OrientedProgramming. Communicatiorof the ACM, 33(9):125-141September

1990.

. Gul AghaandCarl Hewitt. Concurrenprogrammingusingactors:Exploiting large-scaleparallelism.In S.N. Ma-

heshvari, editor, Foundationsof Softwae Tedhnolagy and Theoetical ComputerSciencevolume206 of Lecture
Notesin ComputerSciencepagesl 9—40.SpringerVerlag,Berlin-Heidelbeg-New York, 1985.

. Michel Allemand and Jean-Claud&koyer. Mixed Formal Specificationwith PVS. In Proceedingf the 15th

IPDPS2002SymposiumEMPPTA. IEEE ComputerSociety 2002.

. RobertAllen, RemiDouenceandDavid Garlan. SpecifyingandAnalyzing Dynamic Software Architectures.In

Proceedingof the 1998 Confeenceon FundamentalAppmoadcesto Softwae Engineering(FASE’98) volume
13820f Lecture Notesin ComputerSciencepage21-37.SpringefVerlag,1998.

. RobertAllen and David Garlan. A formal basisfor architecturalconnection. ACM Transactionson Softwae

Engineeringand Methodolay, 6(3):213—-249July 1997.

. André Arnold. Finite Transition Systems InternationalSeriesin ComputerScience Prentice-Hall, 1994. ISBN

0-13-092990-5.

. DenisCaromel. ObjectBasedConcurreng: Ten LanguageFeaturego Achieve Reuse. In Workshopon Object

BasedConcurencyand ReuseUtrecht,the NetherlandsJunel992.ECOOP’92.

Denis Caromel. Toward a methodof object-orientedconcurrentprogramming. Communication®f the ACM,

36(9):90-102Septembel 993.

ChristineChopyy, PascaPoizat,andJean-Claud®oyer. Frominformal Requirementto COOP:aConcurrenAu-

tomataApproach.In J.M. Wing andJ. WoodcockandJ. Davies, editor, FM’99 - Formal MethodsWorld Congess
onFormalMethodsn the Developmenbf ComputingSystemssolume1709of Lectue Notesn ComputeiScience
page939-962 SpringefVerlag,1999.

ChristineChopyy, PascalPoizat,and Jean-Claud&oyer. Formal Specificationof Mixed Componentsvith Ko-

rrigan. In Proceedingof the 8th Asia-PacificSoftwae EngineeringConfeence APSEC’2001 pagesl69-176.
IEEE, 2001.

ChristineChopyy, PascalPoizat,and Jean-Claud®oyer. Specificationof Mixed Systeman KORRIGAN with

the Supportof a UML-Inspired GraphicalNotation. In Heinrich Hussmanneditor, FundamentaAppmoacdesto

Softwae Engineering4th InternationalConfeence FASE2001, volume20290f LNCS pagesl24-139Springer
2001.

16



14.

15.

16.

17.

18.

19.

20.

21.

22.

23.
24.

25.
26.

27.

28.

29.

30.

31.

32.
33.

34.

EdmundM. Clarke, OrnaGrumbeg, and David E. Long. Verificationtools for finite-stateconcurrentsystems.
In A Decadeof concurency— Reflectionsand Perspectivesvolume 603 of Lectue Notesin ComputerScience
SpringerVerlag,1994.

G. Denlker andJ. KusterFilipe. Towardsa Model for AsynchronouslyCommunicatingObjects.In Proc. 2ndInt.
Baltic Workshopon Databasesnd InformationSystemspagesl 82—193,1996.

Wolfgang Emmerich. Distributed componentechnologiesandtheir software engineeringmplications. In Pro-
ceedingof the 24th Confeenceon Softwae Engeneering(ICSE02), pagess37-546 ACM Press2002.
WolfgangEmmerichandNima Kaveh. F2: ComponentechnologiesJava beansCOM, CORBA, RMI, EJBand
the CORBA componenmodel.In Volker Gruhn,editor, Proceeding®f the Joint 8th EuropeanSoftwae Engeneer
ing Confeenceand 9th ACM SIGSOFTSymposiunon the Foundationof Softwae Engeneering(ESEC/FSE-01)
volume26,5 of SOFTWAREENGINEERINGNOTES pages311-312ACM Press2001.

David Harel. StatechartsA visualformulationfor complex systemsSciencesf ComputeProgramming 8(3):231—
274,3Junel987.

KoheiHondaand Mario Tokoro. An objectcalculusfor synchronouommunication.In PierreAmerica,editor,
EuropeanConfeenceon ObjectOrientedProgramming(ECOOP’91) volume512 of Lecture Notesin Computer
ScienceGenea, Switzerland 1991.Springer\Verlag.

ISO/IEC.LOTOS:A FormalDescriptionTechniquebasednthe TemporalOrderingof ObsenrationalBehaviour.
ISO/IEC8807,InternationalOrganizatiorfor Standardization1989.

MichaelJacksorandPamelaZave. Distributedfeaturecomposition’A virtual architecturdor telecommunications
services|EEE Transaction®n Softwae Engineering 24(10):831-8470ctober1998.

Leslie Lamportand Nang/ Lynch. Distributed Computing:Modelsand Methods pages1156-1199. Elsevier
SciencePublishers1990.

Mark Lutz. ProgrammingPython O’Reilly & Associates1996.

NenadMedvidovic andRichardN. Taylor. A classificationand comparisorframenork for softwarearchitecture
descriptionanguageslEEE Transaction®n Softwae Engineering 26(1):70—-932000.

T. Murata. Petrinets:propertiesanalysis andapplications.Proceeding®f the IEEE, 77(4):541-580April 1989.
OMG. CORBA ComponentModel Specification,v3.0. Technicalreport, Object ManagemenGroup, 2002.
www. ong. or g/ t echnol ogy/ docunent s/ .

Liang Peng,Annya RomanczukandJean-Claud®oyer. A Translationof UML Componenténto Formal Speci-
fications. In TheoD’Hondt, editor, TOOLSEastEurope2002 pages60-75.Kluwer AcademicPublishers2003.
ISBN: 1-4020-7428-X.

PascalPoizat,ChristineChoppy, andJean-Claud®oyer. Concurreng andData Types:a SpecificationMethod.
An Examplewith LOTOS. In J. Fiadero,editor, RecentTrendsin Algebraic Developmenflechniques,Selected
Papers of the 13th Workshopon Algebraic Developmenflechniques WADT’98, volume 15890f Lecture Notesin
ComputerSciencepages276—291 SpringerVerlag,1999.

SriramK. RajamaniandJalob Rehof. Conformanceheckingfor modelsof asynchronousnessaggassingsoft-
ware. Lecture Notesin ComputerScience2404:166—1792002.

Jean-Claud®oyer. Formal Specificatiorand TemporalProof Techniquedor Mixed Systems.In Proceeding®f
the 15thIPDPS2001SymposiunkEMPPTA, SanFranciscoUSA, 2001.IEEE ComputerSociety
Jean-Claud®oayer. The GAT Approachto SpecifyMixed Systemslinformatica 27(1):89-1032003.

T. Thorn. Programmindanguage$or mobilecode. ACM ComputingSurves 29(3):213—-239Septembef 997.
Mike WooldridgeandP. Ciancarini. Agent-OrientedSoftware EngineeringThe Stateof the Art. In P. Ciancarini
andM. Wooldridge editors,Fir stint. Workshopon Agent-OrientedSoftwae Engineering volume1957of Lectue
Notesin ComputerSciencepagesl—28.SpringerVerlag,Berlin, 2000.

PamelaZave andMichaelJackson A component-baseabproacho telecommunicatiosoftware. IEEE Softwag,
15(5):70-78,1998.

17



- book> -
— >request request> - — >request request> -
2 CL2Cc3cC1B1 » 19 CL2C3C2B1 21 CL2C3C2Bl1 |«—{ 12 CL2C3C1B1
= book book  request request fail fail e |
request - - request
— book> — - — fail> - - - fail> - -
- request> - — Y \
20 CL2C3C3B1 6 CL2C2C2Bl | 3 CLz2cic2B1 7 CLz2ciciBl
- - - — | —
- - request - |—
success - - request
A B Pﬁ >noPl B - >request request> -, f = >r -
— — >success succiss - checkPlace >price | noPlace >noPlace eques equest - |
———
11 CL2C3C3B2 ) CL2 C3C2B1 22 ClL2cC3cCiB1 1 CL1C3C1B1
- - - ] ticket - |
- - . book fail
- price - -
— _ >fail fai - — price> >ord i - _fail> — —
Sfail fail price> >order ticket> fail> request - >request|
request - >request -y \ \ - book> - - Y
4 CL2 C3C3B1 10 CL2C3C3B1 18 CL1cC3C1B1 13 CLlciciB1l
- - book - .
fail - - - -
_ order _ - |
>fail >fail fail> - - - - order> >ticket — printTicket — :
Y
16 CL2C3ClB1 17 CL2cic2Bl | | 9 CL2C3C4B1 15 CL2C1C4B1
] fail - - -
fail - book -
- noPlace - -
- fail> - 1 >fail — noPlace> — - book> - -
Y
14 CL2C1C1B1 CL2C1C1B1 - book> - -
fail ticket . -
- _ >ticket - printTicket +
. l ticket> — - -
fail> - - - -
- fail> - -

- >book success>
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