
A PVS Experiment with AsynchronousCommunicating Components

DRAFT

JacquesNoyé
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Abstract. In our previouswork we definedanapproachbasedon symbolictransitionsystemanddata

type to specifyandverify mixed systems.We appliedthis to componentsandarchitectureswith full

datatypes,andsynchronouscommunications.However to fit distributedsystems,it seemsmorereal-

istic to considerasynchronouscommunications.It providesa moreprimitive communicationprotocol

andmaximizetheconcurrency. To takeinto accountasynchronouscommunicationswedistinguishmes-

sagereceiptfrom messageexecutionandwe addmailboxesin oursymbolicsystems.Whenwe tried to

experimentproofsin sucha systema difficulty wasthepresenceof buffersandthefactthatthereceipt

instantis distinct from the executioninstant.This complicatesthe specificationsandalsothe proofs.

The main problemis that the logic instantto receive is not simply linked with the executioninstant.

We proposeto useanalgorithmwhich decidesif thesystemhasboundedmailboxesandcomputesthe

reachablemailboxcontentsof thesystem.Thisalgorithmgivesconstraintswhichareusedto specialised

thedynamicbehaviour of thecomponentsaccordingto thecurrentsystemconfiguration.Thenwe are

able to generatea PVS specificationcopingwith dynamicbehaviour anddatatype which is simpler

sinceit removestheneedfor somemailboxes.Thecomponentmodel,thealgorithmsandtheproofsare

illustratedona simpleflight systemreservation.

KEYWORDS: AsynchronousCommunication,Component,Architecture,DynamicBehaviour, Unbound

or BoundedMailbox, PVS,Specialisation

1 Intr oduction

In the context of the DISPOproject[1] we aim to addsecuritypropertiesto softwarecomponentsandto

provide meansto checktheseproperties.In [17] theauthorsdevelopanaxiomaticfirst-ordermodelwhich

introducestemporallogic, real time constraints,anddeonticoperators.Yu andGligor, in [43], consider

only a finite time policy anduseslinear temporallogic. Thuswe needa ratherrich context to expect to

prove somethinguseful, so we chooseto do a first experimentwith the PVS prover. Startingfrom one

simpleexampleweexpectto provethatthetimedurationbetweenarequestandthereply is bounded.This

documentrelatestheseexperimentations,andthedifficultieswehave found.

Softwarecomponents,architecturesand formal specificationsare importanttrendsin software engi-

neering.Architecturesandcomponents[31,20,19,27,44,4,2,33] arenowadaystechnologiesin software

development.They promotesoftwarearchitecturesbasedoncommunicatingsoftwareentities.Architectural



DescriptionLanguageslikeWright [5], Rapide[30], or KORRIGAN [13] areformal languagesdedicatedto

specificationandverificationof componentsandarchitectures.Oneimportantdifferencewith component

languageslike Fractal,ArchJava andindustrialproposalsis the explicit useof protocolsor dynamicbe-

haviours.We think thatin thefuturecomponentlanguageswill promotetheuseof dynamicbehaviour asa

partof thepublic interfaceof a component.This featureis oneweareinterestedin, andwe try to reuseour

experienceswith KORRIGAN andGAT [37] here.

In the context of distributedcomputing,asynchronismof communicationsshouldbe the default pol-

icy, especiallyin wide areanetworks. [29] presentsa comprehensive discussionaboutdistributed com-

puting and its main characteristics.Asynchronouscommunicationsaresimplerandmoreprimitive than

synchronousone,evenif eachonecansimulatetheother. Asynchronismis thechoicedoneby severalthe-

oreticalapproachesbut lessoften by real platforms,for exampleclient-server hasgenerallysynchronous

communications.Many infrastructuresor componentlanguageshave basicallysynchronouscommunica-

tions:EJB,CORBA, RMI [20], this is alsotruewith severalclassicmodelsandlanguageslike ADA, CCS,

CSPor LOTOS. Asynchronouscommunicationsare lessconstrainingfrom a concurrency point of view

but the emitterdoesnot know if a messagewill be received by the receiver. Thus it implies morecom-

plex descriptions,we needto copewith moreerrorsandit producescomplex dynamicbehaviours.To the

contrarysynchronouscommunicationsaremoretime consuming,moreabstractandproducesimplerdy-

namicbehaviours.Recentlysomeinfrastructures,for instanceEJBwith JMSandCCM 2.0,introducesome

meansto do asynchronouscalls.Thusverificationsof asynchronouscommunicatingsystemswill become

a mandatoryactivity in orderto providesecureandon-the-shelfcomponents.

Our currentwork is basedon someprevious experiencesaboutarchitecturesand components.The

KORRIGAN model [14,13] is devotedto the structuredformal specificationof mixed systemsthrougha

modelbasedon a hierarchyof views. It allows oneto specifyin a uniform andstructuredway both data

typesandbehavioursusingSymbolicTransitionsSystems(or STS) andalgebraicspecifications.Symbolic

TransitionSystemsare finite statemachineswith guardsand variablesin addition to traditional labels.

KORRIGAN is relevant to describereusablecomponents,architecturesandcommunicationschemes.The

GraphicAbstractdataTypemodel[38] providesaneffectiveway to specifyandto verify mixedsystems.It

proposesa generalapproachto prove propertiesfor thesystemwhich is alsosuccessfulto prove temporal

logic properties.Thetechnique[37,3] usesfirst-orderlogic to write temporalproperties.

We addedasynchronouscommunicationsin our modelandweexperimentedwith thePVSproof assis-

tant[35]. But aswemaysuspectit, formalspecificationsandproofsareevenmoredifficult thanin thecase

of synchronoussystems.Thereasonis theneedto differentiateemissionandreceiptof messagesandalso

theuseof buffersto memorizemessages.Suchbuffershaveto benon-emptybeforeexecutinganaction,or

they areboundedandcannotreceivemessages.It addsconditionsin thespecificationsandin theproofs.A

simplebankcomponentwill helpusto illustratethis point.

Onceaformalspecificationwith asynchronouscommunicationhasbeenwrittenwemayobservethatan

abstractinterpretationaboutthereceivedmessagesis relevant.This abstractinterpretationoperateson the

globaldynamicbehaviour of thesystem.Reusinganalgorithmdedicatedto thecomputationof themailbox

sizesin suchan asynchronoussystem[39] we may extract constraintson the subcomponentbehaviours.

From theseconstraintswe automaticallyspecializedthe subcomponentSTSs.The sizeof the new STSs

may evolved,however it removesthe needfor mailboxesandthe relatedguards.This processallows us



to regeneratea simplified formal specification.We will illustrateour approachon a simpleflight reserva-

tion systemwith four components.Our approachillustratesthe useof abstractinformation(STS),partial

evaluation(computingthemailboxcontents),andspecialisation(usingconstraintsfor STS)conjointlywith

a generalproof approach.We think that, in the future, verificationtechniqueswill increasethe needfor

collaborationsbetweenautomaticandefficient proof techniques(modelchecking,abstractinterpretation,

specialisedalgorithm)andproof assistants.

The paperis organisedas follows. Section2 presentsthe GAT principlesand its translationinside

the PVS prover. Section3 shows an exampleof a simpleasynchronoussystemanddiscussthe difficulty

to specify and to prove in this context. Section4 presentsonesolutionwhich is basedon an algorithm

whichautomaticallycomputesconstraintsonthesystemconfiguration.Fromtheseconstraintsaspecialised

behaviour for componentscanbe built and from it a simplerPVS specification.Finally, relatedwork is

discussedandaconclusionfinishesthis presentation.

2 The GAT Principles

This Sectionintroducesthe conceptsof SymbolicTransitionSystem(STS)andGraphical Abstract Data

Type (GAT). A GAT for a componentis a STSandan algebraicspecificationof a datatype.For a GAT

componentweconsidertwo views: thedynamicview andthefunctionalview. Thedynamicview is aSTS:

a finite setof statesanda finite setof labelledtransitions.Classicfinite transitionsystems,or Labelled

TransitionSystems(LTSs)have labelswhich areclosedterms.Unlike LTS, our STSlabelsareoperation

calls with variablesandguards.This conceptis relatedto machineswherestatesand transitionsarenot

necessarilyuniqueobjects.A statemay representa setof eitherfinite or infinite objectsanda transition

collectsseveralstatechanges.This kind of statemachinecontrolsthestateandtransitionexplosionprob-

lemsandmakesdynamicbehavioursmorereadable.Thefunctionalview is analgebraicspecificationof a

partial abstractdatatype [11,12]. We distinguishtwo kinds of GAT components:sequentialcomponents

andconcurrentcomponents.

In the GAT processspecificationwe suggestto startfrom the dynamicview of the componentssince

it is the most abstractview. First, the specifierdeclaresthe operations,the conditionsand the statesof

the component.Theseinformationsare representedgraphicallyusing a STS.Second,the semanticsof

the operationsis provided (in the functional view) by an algebraicspecification.In caseof concurrent

andcommunicatingcomponents,the synchronousproductof STSsis usedbeforegeneratingthe axioms.

Figure1 describesanoverview of theGAT processandits semantics.An algebraicspecificationis extracted

from a STSandits semanticsis a partialabstractdatatype.TheSTSrepresentsa graphicview of a partial

equivalencerelationover thedatatype.

2.1 SymbolicTransition System

The finite statemachineformalismis well-known by practitioners.It is well-suitedto the descriptionof

interactionsandcontrols.Oneproblemwith sucha formalismis thegreatnumberof statesandtransitions.

For instance,onecancombinestatesinto super-statesor aggregatestatesas in [24]. However when the

systemhasnot a finite or boundednumberof stateonemustusemorepowerful concepts.It oftenhappens

if onehasa mixedsystemwith bothcontrolanddatatypes.We definedthenotionof finite andsymbolic
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Fig.1. TheGAT Overall Process

transitionsystem.This notionarisesalsofrom theneedof a full semanticsfor languagelike LOTOS [40]

andin theAltaRicaformalism[7].

A symbolictransitionsystemsis afinite setof statesandafinite setof labelledtransitions.Theright part

of Figure2 illustratesthegraphicalpresentationof suchadescription,thetermlabelmayhavevariablesand

the[...] expressiondenotesa guard.��� �	� in this figuredenotesa variableassociatedto thecurrentsort.

Symbolsandtermsoccurringin theSTSmustbeinterpretedin thecontext of thealgebraicspecification.A

transitioncorrespondsto aninternaloperation(a constructor)with aninterpretationformulabasedon state

predicates.Ournotionis moregeneralthanthesymbolictransitiongraphdefinedin [25] or I/O automataas

in [21]. We havemoregeneralstates(notonly tuplesof conditions)andwehaveno restrictionon variables

occurringon transitions.

We alsoneedfinitely generatedvalues,i.e every valuescanbe denotedby a finite sequenceof gener-

ators[41]. We assumethateach
 internaloperationis a generator. Thus �
��� (respectively �
��� ) denotes

a basisinternaloperationlabellingan initial transition(respectively a recursive onelabellinga non initial

transition).

The axiomsfor the definedness,preconditions,andstatepredicatesareautomaticallycomputedfrom

the STS description.Thus the userhasto manuallycompletethe specificationof the observersand the

guards.

2.2 Concurrent and Communicating GATs

Thecompositionschemefor components,in orderto handleconcurrency andcommunications,is described

below. Thesynchronizationlist denotestheactionswhich arerequiredto synchronizein eachcomponent.

Thesemanticsof synchronizationis obtainedfrom thesynchronousproductof STSsin a similar way than

for thesynchronousproductof automata[8]. We have defineda notionof structuredSTS[15] which is a

naturalextensionwith structuredstatesandstructuredtransitions.A transitionof theproductis a tupleof

transitionsandthe associatedguardis the conjunctionof the componentguards.Firstly, we built the free

productof the two STSs.Secondlywe get out the pair of transitionswhich arenot allowedby the list of

synchronizations.Thisrule is similar to theLOTOS one,otherrulesmaybepossible,for exampletheCCS

rule. Last, the synchronizationsareenrichedby communications.During a synchronization,somevalues



maybeemittedor received.Communicationsmayoccurduringsynchronizationswe use? to denotea re-

ceiptand! for anemission.A valueis emittedby anobserverandreceivedby themeanof a variable.An

algebraicspecificationis eventuallybuilt from thecomputedSTS.Thusbothsynchronizationandcommu-

nicationareintegratedin analgebraicstyle.In caseof aconcurrentsystemwithoutproperdatacomputation

at theconcurrentnodelevel, thespecificationcanbeautomaticallygenerated.

2.3 PVSSpecification

An adequatesemanticframework for GAT seemsto usepartialdatatype([12]) but efficientprovergenerally

supporttotal deduction.However total first-orderlogic is an “universal” logic which may embedvarious

partial logic, see[12] for a precisetranslationsof partial first-orderlogic into total first-orderlogic. We

chooseto first experimentwith LarchProver [37], but recentlywe switch to PVS[35]. Themain reasons

arethat PVS is an up-to-dateandpowerful prover with higher-orderlogic, facilities for model-checking,

andtype-checkingconstraints(tcc) improvethespecificationwriting. We follow thesameway than[3] but

we try to simplify somepartswhenpossible.In shortthePVStranslationfor a 
 atomiccomponentwith

only synchronouscommunications,is thefollowing.

1. Definea totaldatatypewith asconstructorsthe 
 internaloperations.

2. Definea theoryover this datatype providing: thestatepredicates,the definednesspredicate,the pre-

conditions,theguards,andtheobservers.

3. Theobserversmaybepartial,we usepredicatesubtypein thiscase.

For a concurrentcomponentwe have to :

1. Choosenamesfor theglobaloperationswhichactssynchronouslyor asynchronously.

2. Computethesynchronousproductof STS.

3. Definea theoryover thesubcomponentsandwhich introducesthestatepredicates,thedefinedness,the

preconditions,andtheguardsfor theproductin thesameway thanfor anatomiccomponent.

4. Definetheobserversfor thesubcomponentswith positive conditionalaxioms,a simpleway is to gen-

erateoneaxiompertransitionin theSTSof theproduct.

Onthesespecificationsexclusivity, complementaryandsomeotherpropertiesaregenerallynot toodifficult

to proveusingmainly termrewriting andinduction.

3 To SpecifyAsynchronousComponent

In this Sectionwe illustratetheapplicationof GAT to anasynchronouscomponent.We reusedthe ideaof

buffersbut they arepartsof ourcomponents.Asynchronouscommunicationdistinguishesmessagesending

andits execution.If op is an operationcall we noteop R the messagesendingandop E its execution.

Theemitterdoesnot memorizemessages;this is doneby thereceiver in a specificbuffer. This buffer acts

asanasynchronouschannelbut it is partof thecomponentasfor anactor. This buffer (or messagequeue)

containsthe messagesreceivedby a component,it will becalleda mailboxandwe only considera FIFO

policy. Sometimesoperationmaybeexecutedbut noreceiptis needed:wecall themautonomousoperations

andsimply notethemop. An op autonomousoperation is an actionwhich doesnot needa receiptto be



executed.It takesinto accountthefactthatacomponentmayknow sufficientenoughinformationto trigger

this action.A message receiptdenotesthe receiptof a messagein the mailbox.An action, op E, means

that theop operationis triggeredafterthecomponentreceivedthecorrespondingmessagereceipt(op R).

Thefactthatthecomponentreceivedthemessageis denotedby theguard[&op]. Messagesendingoccurs

duringtheexecutionof anoperation.Thenotationop R standsfor theusualprovidedserviceandop E is

linkedto requiredserviceof many othercomponentlanguages.

Synchronisationremainsthe basicway to communicate,it is possiblein two forms betweendistinct

components:

– Betweentwo autonomousoperations,it meansusual“rendez-vous”with communication.
– Fromoneautonomousoperationor oneoperationexecution( E) to areceipt( R), it is messagesending.

Graphicallyacomponentis aboxwith inputpinscorrespondingto messagereceiptsandoutputpinscorre-

spondingto messagesending.Input pins(resp.outputpins)areput on the left of thecomponent(resp.on

theright). An autonomousoperationhasonly a right outputpin, otheroperationshave a left input pin (re-

ceipt)anda right outputpin (actionandsending).For examplethegraphicbankcomponentis represented

in the left partof Fig. 2. Thereis anoperationfor messagereceiptorder R with two arguments:theac-

countnumberof theclient (?c:Client) andthepriceof theticket(?p:Real). Theoperationsfail and

success areautonomous.Thedifferentpinsmaybe(or maynot be)connectedin a givenarchitecture,it

expressesthereceiptof messages(on theleft) or messagesending(on theright).

2

1

success [ok]

fail [not ok]

Bank
fail 

success

order_R(?c:Client, ?p:Real)

order_E [&order]

order_E 
order_R(?c:Client, ?p:Real)

order_R(?c:Client, ?p:Real)

1 : idle

2 : process

Fig.2. TheBankComponentandIts DynamicBehaviour

The previous figure describesthe interfacepart of the bank,we alsotake interestin the dynamicbe-

haviours or protocols.Sucha protocol is representedin the right part of Fig. 2. Note that eachstatehas

transitionloopsfor messagereceipts,order R in thebankexample.A senderdoesnot blockexceptif the

buffer is full andnothingelseis possible,this is alsotrue for the receiver exceptif the mailbox is empty

andwithout autonomousoperation.Herewe avoid a discussionaboutotherpossiblechoices,see[39] for

moredetails.Thedescriptionof theothercomponentsis donein Section4. Fromnow on we assumetwo

hypothesisaboutour flight reservationsystem:thereis only oneclient andthesizesof themailboxbuffers

arenot bounded.We will relaxlatertheseassumptionsin Section4.4.



3.1 The Bank Example in PVS

The PVS translationof the bank componentfollows the generalschemeof Section2. But we have to

addthe managementof the mailboxesandthe associatedguards.Unfortunately, even, for sucha simple

exampleit wasa bit complex. In addition to the mailbox management,anotherproblemis that now the

executionof an operationis looselycoupledwith its messagereceipt.For exampleto definethe seman-

tics for theok operationwe have to find the messagecorrespondingto theoldestorder R. Theneedto

know thecorrespondencebetweenthe instantexecution(order E(self)) andthe correspondingmes-

sage(order R(self, id, p)) appearsalsoif we want to measurethe time durationbetweenthese

two events.We tried two differentapproacheswhich arereportedbelow.

3.2 Version1

Thisversiondoesnotuseanexplicit buffer for messages,thevariousfunctionsareinductivelydefinedonthe

executionsteps.An executionstepis a termbuilt from theeventsof theSTS,it representsthefull historyof

thesystem.With ourFIFOpolicy wehaveto definesomeauxiliaryoperators.Therank operatorcomputes

the rank of theorder R subtermin the expressioncorrespondingto the execution(order E(self)).

Theprinciple is to computethenumberof messageslessthanthe indiceof theconsideredexecution.The

raux operatorextractstheorder R subtermfrom theself expression.Thereceived functiongives

theright subtermcorrespondingto a definedexecution.

received:AXIOM Pdef(orderE(self)) � received(orderE(self)) � raux(self,rank(self, � , � ))
Fromthattheok guardmaybedefinedas:

ok1: AXIOM process?(self)� ok?(orderR(self,id, � )) � ok?(self)

ok2:AXIOM process?(orderE(self)) � ok?(orderE(self)) � IF member(self,PROJ 1(first(buffer(self))))

THEN (PROJ 2(first(buffer(self))) � account(self,PROJ 1(first(buffer(self)))))ELSE FALSE ENDIF

It generatessometccsandwe needsometheoremsto discharge them.One is relatedto an additive

propertyaboutrank andthe otheris the similar propertyfor raux. We have donetheseproofs,even if

they arenot too complex they maydisturbandmake moreheavy thespecifications.Indeedthegeneration

of tcc improvesthesafety, but it forcesus to split thespecificationin threetheoriesonefor eachoperator

(rank, raux, andok). May be it is possibleto simplify a bit thesedefinitionscopingwith someextra

conditionsor specificbuffer policies.However, in mostof thecases,we haveto livewith suchcomplexity.

Thesizeof thisbankspecificationwithoutrank, raux, andreceived operatorsis abit morelonger

thanthesynchronousbankversion.Thespecificationsof therank, raux, andreceived operatorsdou-

blesthesizeof thebankspecification.In caseof specificationswith severalmessagekindsthesolutionmay

becomecomplex. Theuseof PVShigher-orderconstructionsmaysimplify thesituation.

3.3 Version2

The secondversioncomputesa buffer of messages,this is an instantiationof a genericandclassicdata

structureprovided by PVS. Thebuffer operationdefinition may be generatedautomaticallyfrom the

STS.Thefunctionsmsg order R, ok, ... aresimply definedusingthisdatastructure.Theuseof thisdata

structuredoesnotsolvethedefinitionof thecorrespondencebetweenemissionandreceipt(thereceived

function).Eitherwereusethepreviousway, or weuseanotherdatastructure,or weaddinformationsin the



previousone.In all casesthebenefitsarenotobvious,thespecificationis abit morereadablebut it doesnot

stronglysimplify it.

Theseexperimentsconvinceusthatsuchkindsof specificationswouldbecomplex in arealsystem.The

coreof theproblemis thatwe expectto receivemessagesin thebuffer lessor moreconcurrentlythantheir

execution.Anotherpoint is that with our hypothesisit seemsnot possibleto get boundedtime. Indeedit

is possibleto receive aninfinite numberof messagesbeforeto processthefirst one.Boundedmailboxis a

necessaryconditionto ensurethefinite timeproperty. Howeversuchaspecificationis themostgeneraland

canbeseenasthereferencedescriptionof thecomponent.Thuswetry anotherway, becauseweexpectthat

thenumberof messageshaveto bebounded.

3.4 A SpecialisedSpecification

We maynotethatsometimesthecontext constrainsthedynamicbehaviour of thesystem.For examplein

the bankbehaviour onemay assumethat the allowed languagefor the dynamiceventsis (order R ;

order E)*. In this casewe mayspecialisethebankSTSasin Fig. 3.

B1

success [ok]

fail [not ok]

order_R(?c:Client, ?p:Real)

order_E

B1order

B2

Fig.3. A SpecialisedDynamicBehaviour

Theextractingprocessmaybererunandmanuallycompletedto build anew specificationfor theBank

component.TheBankSpec has:adefinednesspredicate,thestatespredicatesandthepreconditions,which

areautomaticallygeneratedfrom thespecialisedSTS.Thespecificationis of coursesimpler, thedefinition

of ok doesnot needthepreviousrank, andraux functions.Themailboxcomputationmayberemoved

(buffer andmsg order functions)aswell asthe&op, andnot fullMailbox guardsdefinitions.

Thespecificationsof thetwo new observersassociatedto ok? andreceived aredefinedas:

ok1: AXIOM one?(self) � ok?(orderE(orderR(self, id, � ))) � IF member(self,id) THEN (��� ac-

count(self,id)) ELSE FALSE ENDIF

received:AXIOM one?(self)� received(orderE(orderR(self,id, � ))) � orderR(self,id, � )
Thesizeof thespecificationis a bit longerthanthesynchronousversion.Thenext Sectiondescribesan

automaticway to checkandto handlethis simplificationmoresystematically.



4 A BoundedSystem

Wepresenthereamoresystematicapproachof thepreviousidea.As anexamplewemodelasimplesystem

with four concurrentcomponents,a previousversionwith synchronouscommunicationsis [36]. This is a

part of a flight seatreservation systemwith a componentfor the seatreservation,onefor simulatingthe

bank,onefor the flight company anda last onefor the client. The client givesits accountnumberwhen

herequestsa seatto thecounter. Thecounterasksthecompany to know if thereis a seat.This mayfail or

succeed,in this last casetheseatreservationordersthe price to the counterwhich resendsit to the bank.

Theordermayfail or if it succeedsthenthecounterprintsa ticket andthecompany booksthereservation.

A comprehensive descriptionof this examplemay be found in [39]. Fig. 4 representsthe componentfor

thecounterandthemeaningsof its ports.Thetwo othercomponents:company andclient arerespectively

depictedin Fig. 5 and6. Notethat in orderto simplify theSTSdescriptionswe forgettheloopingreceipts

on eachstate.

– request : it handlesa userrequest,

– price : it receivesthepricefrom thecompany,

– noPlace : thereis no place,

– fail : thebankorderingfails,

– success : thebankorderingsucceeds

– printTicket : a ticket is deliveredto theuser. price ?p:Real

price ?p:Real

1

3

2 noPlace

4

success

printTicket

fail

request ?f:Flight ?c:Client

printTicket !Ticket

fail

noPlace

success

request ?f:Flight ?c:Client

Fig.4. TheCounterComponent

– request : therequesthasbeenreceived,

– checkPlace : it checksif thereis someplace,

– noPlace : thereis no place,

– fail : the reservation fails (coming from the

counter),

– book : thereservationsucceeds.

noPlace [not place]
noPlace

2

1

checkPlace [place]
3

checkPlace

fail

request ?f:Flight ?c:Client

request ?f:Flight ?c:Client book ?f:Flight  ?c:Client

book ?f:Flight ?c:Client

fail

Fig.5. TheCompany Component

Figure7 representsthearchitectureof our flight reservationsystem.A messagetransmissionis graphi-

cally denotedby athin line from anoutputpin to aninputpin.To simplify thefiguresweavoid somenames,

theeffectiveargumentsandtheguardsof messages.Somepinslikerequest E andbook E for thecom-

pany, or order E for the bankarenot connectedsincethey do not sendmessagesin this configuration.



– request : theclientasksfor aflight reservation,

– ticket : it getits flight ticket,

– fail : thereservationfails.

1

request !Flight !Client

fail
2

request

fail

ticket ?t:Ticket

ticket ?t:Ticket

Fig.6. TheClient Component

Oneexampleof synchronisationconcernstheemissionof theprice R messageto thecounter by the

fail

fail

fail

success

noPlace

price

book

request

order

fail

sucess

request

checkPlace

noPlace

ticket

request

printTicket

BankCounter

Company

Client

Fig.7. TheSystemArchitecture

checkPlace E operationof thecompany. This line is dottedin thepicture.During this communication

thefirst andthefourth component(theclient andthebank)do nothing,this is a structuredtransitionnoted

(- checkPlace E price R -). Theglobaldynamicbehaviour, a structuredSTS,hasabout50 states

and 300 transitions.This complexity comesthe fact that we have a generalasynchronoussystem.The

similar examplewith synchronouscommunicationmode,see[36], hasnearly10 statesand15 transitions.

However we mustpreciselycompareit with a synchronoussystemsimulatingasynchronouscommunica-

tion. A quick analysisshows thatthenumberof statesandtransitionswould benearlythesame.



Oneinterestingsituationis whenthesystemhasonly boundedmailboxes.This maybedecidedusing

variousways,for instancethecoverability algorithmof Petrinets.In [39] we proposea specificalgorithm

dedicatedto oursymbolicandstructuredsystemsandwhichcomputesthecontentsof themailboxes.In this

algorithmthemailboxesaredictionnariesof messages.Thealgorithmsearchesin thedynamicsystemand

computesthestateswith their mailboxcontents.Whena mailboxhasa possibleinfinite contents,a staris

put to avoid theconstructionof aninfinite setof states.

4.1 Application to the Flight System

HereweconsideraFIFOstrategy for mailbox,andarelatedalgorithmis ableto checkif thesystemhasonly

finite mailboxes.If it is boundedanotheralgorithmcomputesa systemsimulation,theresultof this bound

analysisis donein Fig. 8. We maynotethatmailboxeshaveasizelesserthantwo in this configuration.

Fromthis observationwe suggestthefollowing process:

1. Computetheglobalbehaviour of theasynchronoussystemusingthesynchronousproduct.
2. Usethecheckingandboundanalysisto extractconstraintsfor subcomponents(seeTable1).
3. SpecialisetheSTSof thesubcomponentswith theseconstraints(seeFig. 3, 9, 11,and10).
4. GeneratethePVSspecificationsasin thesynchronouscasewith theseSTSs.

Client CL1 ( � ), CL2 ( � , (fail), (ticket))

Company C1 ( � , (request)), C2 ( � ), C3 ( � , (fail), (book), (request fail),

(request book))

Counter C1 ( � , (request)), C2 ( � , (noPlace), (price)),

C3 ( � , (success), (fail)), C4 ( � )
Bank B1 ( � , (order)), B2 ( � )

Table1. TheSubcomponentDynamicConstraints

Theresultof step2 is a setof allowedstatesfor thesubcomponents,automaticallyextractedfrom the

resultof theboundanalysis.For eachsubcomponentwenotethevisitedstateandthemailboxcontents,for

instance,seeTable1, theCL2 statefor Client is activatedwith anemptybuffer ( � ), with afail or with

aticket message.Fromtheseconstraintsa simplespecialise algorithm,seeTable2, computesthe

minimal STSfor thesubcomponentwhich realisestheconstraints.

TheresultingSTSfor thesubcomponentsaredescribedin Fig. 9, 10,11,and3. Notealsothattheresult

of Fig 8 is isomorphicto thesynchronousproductof thesespecialisedbehaviours(following therulesgiven

by the architecture).This may be explainedfollowing the computationof the synchronousproduct.The

initial stateis a memberof thesetof statesof thetwo results.Let � a statein thespecialisedproductand �
a transitionof theorginalproduct,thecomponenttransitionsverify thesynchronisationrules,their sources

arestatesof thespecialisedbehaviours,thus� is alsoatransitionof thespecialisedproduct.Let � atransition

of both resultsand � its targetstate,the componenttransitionsarein the specialisedbehaviours andthey

verify thesynchronisationrules,hence� is alsoa stateof thespecialisedproduct.Thereverseinclusionis

similar.



specialise(GAT, listState)

stateResult <- [(initial state, [ ])]

result <- newSTS

WHILE (stateResult =/= [ ]) DO

etatCour <- stateResult[0]

etatCorresp <- stateResult[0][0]

stateResult.pop(0)

FOR oTran in self.voisins(etatCorresp):

newTarget <- compute the target of Otran

coping with receipt/emission and buffer

IF (newTarget in listState)

AND oTran executable from etatCour

THEN IF newTarget already in resultat

THEN add (etatCour,oTran,newTarget) in resultat

ELSE add etatCour in resultat

add (etatCour,oTran,newTarget) in resultat

stateResult = stateResult + [newTarget]

ENDIF

ENDIF

ENDFOR

ENDWHILE

RETURN resultat

Table2. Thespecialise algorithm

4.2 Automatic Specialisationof a GAT

The previous algorithmis ableto specialisea componentSTS.The full specificationremainsto provide

with thesameprocessasin Section2.3.

The specialisedSTS is a simulation,in a dynamicsenseas definedin [6], of the original one.The

specialisedspecificationis alsoa simulation/representation,but with theHoaremeaningasdefinedin [34,

9], of theoriginal specification.This is not new thatbothnotionsof simulationcoincide.To disambiguate

someoperatorsthey are prefixed by the theory name,theoryBank for the original specificationand

theoryBankSpec for thenew specialisedone.More preciselywe haveapartialembedding,with the-

oryBankSpec asabstractioninvariant,andcompoundwith anenrichment.

Thebuffer definitionandotherobserversof theoriginal specificationarevalid axiomsin thecontext of

theoryBankSpec. We have alsosometheoremsaboutthe contentsof the mailboxescomingfrom the

boundanalysis.Wehaveprovedthefollowing theorem.It wasabit hard,sincethetheoremswhich link the

original specificationandthesimplifiedonearemutuallydependent.

tout: THEOREM

(theoryBankSpec.Pdef(self) � theoryBank.Pdef(self)) �
((theoryBankSpec.Pdef(self) � theoryBankSpec.oneOrder?(order R(self, id2, � � ))) �

(PROJ 1(first(buffer(orderR(self, id2, � � )))) � id2))

�
((theoryBankSpec.Pdef(self) � theoryBankSpec.oneOrder?(order R(self, id3, ��� ))) �

(PROJ 2(first(buffer(orderR(self, id3, ��� )))) ����� ))
�
(theoryBankSpec.Pdef(self) �



(theoryBankSpec.member(self, id) � theoryBank.member(self, id)))

�
(theoryBankSpec.Pdef(self) �
(theoryBankSpec.account(self, id1) � theoryBank.account(self, id1)))

�
((theoryBankSpec.Pdef(self) � theoryBankSpec.two?(self) � process?(self)) �

(theoryBankSpec.ok?(self) � theoryBank.ok?(self)))

�
(theoryBankSpec.Pdef(self) � one?(self) � (idle?(self) � null?(buffer(self)))) �
(theoryBankSpec.Pdef(self) �

oneOrder?(self) � (idle?(self) � length(buffer(self)) ��� ))
�
(theoryBankSpec.Pdef(self) �

two?(self) � (process?(self) � null?(buffer(self))))

This proof is indeedaninterestingresultbut it is not themostusefulthing from thespecifierpoint of view.

In a componentperspective, it would bebetterto automaticallyspecialisedthegeneralspecificationof the

componentwhenit is needed.Theremainingpart is to automaticallysimplify theobserversandauxiliary

operationscopingwith theprevioustheorems.Several ideasarepossible,oneis to reusetechnicscoming

from codespecialisation.Oneideawe wantto exploreis thefollowing:

– We havea new specificationandwehave to simplify theobserversandguardsdefinitions

– We have a new specialisedSTSwith no needof buffer andthe following propertyholds: if �
� � is

anexecutionthenthereis only onecorresponding�
�  transitionin thespecialisedSTSbetweenthe

initial stateandtheexecution.Of coursethe �
�  occurencedependson themailboxstrategy.

– Thereceivedstateandtheargumentsof thecall correspondingto an �
� � executionareextractedfrom

thespecialisedSTSwithout abuffer computation.

– A givenstatecorrespondsto somewell-definedcall of theconstructors.

– A propertymaybedefinedby asetof positiveconditionalaxiomsof theform:

petat(self) AND someConditions(self, ...) � prop(self)

Thesefacts,which remainsto beproved,ensurethata partof thespecificationmaybeautomaticallysim-

plified. At leastit alsogivesausefulprocessto interactively helpthesimplificationof thespecification.For

examplethesimplificationof theok? observermaybedoneasfollowing:

– To simplify an observer we start from the correspondingtheoremin the representation.We trigger

transitionsin reversedirection,we take into accountconditionsandwe userewriting to simplify ex-

pressions.

– Therepresentationpropertyis: two?(self) � theoryBankSpec.ok?(self) = theory-

Bank.ok?(self)

– We usePVSto transformthis expressionuntil to gettheok simplifiedaxiomof Section3.4.

– We have to trigger, in the oppositeway, startingfrom the two? state,the order E andorder R

transitions.



Themainpartof thePVSscriptis givenin SectionD, it mainlyuserewriting technics.Howeverthis is only

a manualexample,we think thatat leasttheprocessmayhelpthespecifierto simplify somedefinitions.A

deeperstudyis neededhereto getsomesimplificationalgorithms.Onefuturework is to proposesuchan

algorithmandto implementit asa PVSstrategy.

4.3 The Full Specification

DuringthePVSgenerationwehavenoproblemwith bufferandguardsassociatedto message,sincethey are

completelyremovedin thisspecification.Notethatthespecificationpartcorrespondingto thesynchronous

productdoesnot changebetweenthegeneralversionandthesimplifiedone.

We expect to prove the following theorem,that is the time durationbetweena getTicket andthe

correspondingrequest, withoutfail or noPlace actionis bounded.

th: THEOREM

Pdef(getTicket(self)) �!
time

!
getTicket

!
self"#"%$ time

!
received

!
getTicket

!
self"&"#"'"��)(*�

A similar proof maybedonefor therequest, fail pair. Sincewe considerthatevery actionhasa

duration,themailboxescheckingis a necessaryconditionto geta maximumwaiting time policy. We have

to definesometimemeasureassociatedto eachfunctions,howeverweonly consideranumberof tick units

representedby integers.A moreelaboratedapproach,compatiblewith our context is [28]. In this work the

authordescribea classof linear modelsof time which includesboth discreteanddensemodels,with or

without initial instant.

To provetheabovetheoremwe have two ways.Thefirst oneis to defineall thedistinctpathsfrom one

request to agetTicket. It is not toodifficult to definethissetof paths,but it noteasyandnotefficient

to computeandverify them.An efficientandautomaticway is to extractthesepathsdirectly from theSTS.

In our exampleswe have 10 pathsandusingskolemizationandrewriting we verifiedthat thesepathshave

a boundedtime duration.

In somesimplecontexts the time durationsmaybe expressedasvaluationson the edgesot theSTSs.

In this case,theboundedtimecheckingis automaticusinga maximumpathalgorithm.But we mayneeda

prover for two reasons:we mayhave morecomplex time computationsthansimplebounds,or we needa

moreprecisetime boundary.

For an atomiccomponentit is not too difficult to definea time function inductively on the structure

of the events(given by the STS).For a concurrentcomponentthe sameway is also possiblethanksto

the global STS.But anotherapproachconsistsin decomposingthe time function of the global actionsin

moreelementarytime piecesassociatedto sending,receipt,subcomponentactivationsandsoon.We have

checkedbothpossibleapproaches,thelatterleadsto simplerproofs.

Otherpropertieshavebeencheckedon thesimpliedandglobalspecification:

– Thecomplementaryandexclusivity propertiesof statesfor thesubcomponents

– Thecomplementaryandexclusivity propertiesof statesfor theglobalsystem

– Deadlockfrennessof ll thecomponents

– Thedecompositionof compositestatesinto aconjunctionof subcomponentstates



4.4 Discussion

In this sectionwehave to explainhow to relaxsomeassumptionsandhow to extendour experiments.

Wehaveonly oneclient,but wehavecheckedthissystemwith two andthreeclients.Of coursethesize

of the boundsystemgrows. The global systemwith + clientshasalsoboundmailboxes,the reasonsare

explainedbelow. Oneonehand,a client emitsa requestandwaitsa successor a fail action.On theother

hand,thecounterserialisestherequest,it asksthecompany andthebankbeforeto processanotherrequest.

Anotherway to seethatis thefollowing:

– Consideranabstractionof the + clientswith a one-stateSTSandloopingtransitionfor eachevent.

– Build thesynchronousproductandcheckit for boundedmalboxes.

We observe that it is unbound,with FIFO andwith methoddictionnary. However to geta boundsystemit

is sufficient to boundthecountersize.

Our checkingalgorithmis ableto copewith sizeconstraintson themailboxes.Thepreviouschecking

algorithmapplicationconsiderunboundbuffersandoften it shows that buffersarebounded.The reasons

is thatmany usefulsystemssendrequestandwait for responses.However maliciousclientsmayasksfor

an infinite sequenceof requestsandthenavailability of servicemay fail. Note that our approachapplies

to theboundedpartsof a system,even if thesystemis not globally bounded.However it requiresthat the

buffersassociatedwith infinite pathsarecomputable.This is not alwaysthecase,for examplewith FIFO

mailboxes.Indeedreal systemsareboundedsincememoryspaceis not infinite. However the statespace

becomestoo largeeventwith symbolictransitionsystems.

The synchronousproductneedsto know the maximumnumberof clients,a moreseriousproblemis

that it hasanexponentialcomplexity. Oneideais to definemoreefficient algorithmswhich do not needto

computeexplicitly thesynchronousproduct,see[26] for a relatedapproach.

The STSallows us to control the numberof statesand transitions.The hardconstraintsare:at least

onestateandonelooping transitionper event. If the STScomplexity decreasesthenthe associateddata

type complexity increasesandvice versa. Until this complexity is around50 statesand50 transitionsa

humanmaymanuallymanageit. Automatictoolshelpsto enlargethislimit, but timeandspacecomputation

becomesmoreprominent.Oneideato overcomethe scalabilityproblemis the following: Oncewe have

defineda compoundsystemlike our flight systemwe try to changethe STSby a moreabstractone.We

haveto recomputetheassociateddatatypebut weexpectto dothatwith thehelpof algorithms.For example

it is automaticto associatea simplerSTSto aproductof + components.

Note alsothat our simplification techniqueis relevant with any systemassoonasits boundanalysis

shows thatsomecomponentshave boundedmailboxes.We expectto useit to optimizethedeploymentof

components.This way seemsalsopossiblewith otherproving techniques,for examplewith I/O automata

asin [22] it will beratherimmediate.It will beharder, but feasible,with otherspecificationtechniquesfor

mixedsystems.

To summarisethespecificationandsimplificationprocess:

– Specifythesystemwith GAT andPVS.

– Analyzethemailboxeswith thecheckingandboundalgorithms.

– ExtracttheconstraintsandspecialisetheSTS.

– Simplify theGAT specificationsof thesubcomponents



In thegeneralcasethemainpartsof theverificationprocessareautomatic,thepartswhicharehand-written

are:

– Thespecificationof theobserversof thesubcomponents.

– Theultimatesimplificationof thesubcomponentobserversandguards.

5 RelatedWork

It is impossibleto beexhautifheresinceour approachoverlapsseveralimportantfieldsof researches.

Several approachesfor mixed systemshave beenstudiedin the areaof algebraicspecifications[10,

23,40,16]. Someproposalsseparatethe processcalculi from the datacalculi, othershave a two layered

algebraicspecification.We will compareour approachwith the [18] rewriting logic approachand with

formalarchitecturaldescriptionlanguages.

Of coursesomeanalysismay be conductedusingPetri Net tools,model-checkers,or otherautomata

relatedtools.Generallyoursystemsarenotadequatefor thisandapreliminarytranslationis needed.How-

ever the main reasonto try anotherway is that we have structuredsystemswith datatypesandguards.

Thuswe needa powerful approachtaking into accountthe full descriptionof thesystem.Fromthis pow-

erful approachit seemsrelevant to proposemorespecificbut automatictools.Our approachcomputesall

the mailbox contentswithout hypothesison the arrival rateof events.To the contraryqueuingnetworks

andvariousstochastictechniquesare able to calculatethe averagesize of buffers coping with message

probabilities.

Ourcomponentandarchitecturedescriptionis relatedto architecturaldescriptionlanguages(ADL), see

[31] for a goodsurvey. We haveatomicandcomplex componentswith interfacesanddynamicbehaviours.

Our approachgivesa way to specifymixedsystemsi.e. with bothfull datatypesanddynamicbehaviours.

Herewe only presenta graphicalrepresentationof the architecturaldescriptionlanguage,this is not gen-

erally sufficient for automaticprocessingand full codegeneration.A main differenceis the useof both

synchronousandasynchronouscommunicationswhile mostof thetimeADLs only promotessynchronous

communications.

In [18] the authorsproposesrewriting logic as an executablespecificationformalism for protocols.

Rewriting logic is ableto modelobject-orientedmessagepassing,variousconcurrency modeandreflective

aspects.They usethe Mauderewrite engineto analyseall configurationsof a system.However, aswith

model-checking,this works well if the systemconfigurationis finite. The authorsimprove this with the

narrowing techniquewhichallowsto starttheanalysiswith severalinitial states.Wehavea lessflexible ap-

proachwhichmaybeembeddedinto rewriting logic. But it is alsomorereadableandcloseto programming

practice.In this context we have alsoexperimentedtheuseof provers(LP andPVS)andan extensionof

theCTL* logic with datatypes.

At this stageit is interestingto compareour approachwith WRIGHT [5, 4]. WRIGHT is a formal ar-

chitecturaldescriptionlanguagewith first classcomponentsand connectors.A componenthasa set of

portsanda behaviour part.A connectordefinesa setof rolesanda gluespecification.Rolesareexpected

to describethe local behaviour of the interactingparts.The glue describeshow the local activities of the

differentpartsarecoordinated.The semanticsof theseconstructionsis definedby a translationinto CSP.



Thishastheadvantagesto geteffectivemodelcheckingfor CSPandrelatedwork aboutbehavioural refine-

ment.However, mostof theseverificationsarelimited by thestateexplosionproblemandconsidersimple

datatypes.WRIGHT proposesa deepanalysisaboutautomaticcheckingfor architecturallanguages.It al-

lowsconnectorconsistency, configurorconsistency, andattachmentconsistency usingmainly techniquesto

prove deadlockfreedomandbehavioural refinement.We improve readabilityby graphicnotations,this is

importantfor largescaleapplications.In ourapproachweconsiderbothdynamicandfunctionalproperties

notonly dynamicpropertieswith restricteddatatypes.This is afirst importantdifferencebut othersarethe

useof symbolictransitionssystemsandasynchronouscommunications.

Theuseof PetriNet andthereachability/coverabilityalgorithms[32] maysolve our mailboxcontents

analysis,but it needs,at least,a translationinto the Petri Net world. Our algorithmis differentsincewe

havebufferswith variouspolicies.

Theboundedtimepropertyis relatedto realtimeconstraintsandqualityof service.Quoting[?] wehave

doingastaticanalysisbasedonpathssearching.Howeverwearefar from trueandstrict realtimesincewe

considerabstractspecification.

Thework of [42] is a relatedto our approachbut with LTS systemsin placeof STS,anotherimportant

differenceis the synchronoussemantics.The relatedsectionof this papercontainsalso a set of useful

remarks.

6 Conclusion

Weprovideanapproachto designcomponentandarchitecturewith asynchronouscommunicationsanddy-

namicbehaviours.To handleasynchronouscommunicationswedistinguishemissionandreceiptoperations

ratherthantheuseof specificbuffersto memorizemessages.Our approachprovidesa uniform andformal

way to expresssynchronousandasynchronouscommunications,it seemsreadableandcloseto software

engineerpractices.We show how to computethe global behaviour of an architectureandto representit

without lost of information.

In thecaseof asynchronouscommunicationsthespecificationsandtheproofsbecomehardersincewe

haveto copewith thebuffermanagements.But anotherdifficulty is thatthereceiptinstantsarenotstraightly

linkedwith theexecutioninstants.Weproposeaprocessto simplify thespecificationsandtheproofsin this

case.This processanalysesthe mailboxesof the architectureand if they areboundedit computessome

constraintswhich areusedto simplify the dynamicbehaviour andthe specificationsof the components.

The processhasseveralautomaticpartsandmay be supportedby tools. In the caseof maximumwaiting

time theapproachremainsgeneralsinceboundedmailboxis a necessarycondition.

Onetrendof futureresearchesis to extendour approachto copewith otheranalysis,for examplewith

guardsin communications.Anotheroneis to considera variablenumberof components.Theseareimpor-

tantfeaturesto fit with morerealisticsystems.We have to improveoursetof algorithmsto automatewhen

possiblethevariouscheckingor specialisations.Oneusefulaspectof PVSwill be thehiger-orderfacility,

it mayhelpusto automaticallygeneratedefinedness,statepredicateandpreconditions.



A Fourre-tout

– Pourl’aspect“dispo” c’estjusteunepropriét́esimpledugenre: je veuxprouverquele tempsestbornee

entredeuxrequetes.Il y’a aumoinstrois façonsd’exprimerça :
, Utiliser prefixe et desconditionsannexes,moyentrèsgéńeralmaispastrèsopérationnelsurle

composantglobal,voir surl’exemplelimit é dela banque.
, Utiliser l’opérateurreceived, ça donnedesrésultatsmais il y’a encoredesdifficultés sur le

syst̀emeglobal
, Calculerlescheminscandidats: possibleuniquementsi ceux-cisontexplicitesetc’estcequeper-

metla techniquedebound+sṕecialisation.Si ongardelesbufferstel quelssûrementplusdifficile.

– Y’a un problèmede“scalability”.
, L’utilisation desSTSpermetd’avoir un contr̂ole précisdu nombred’état(au moins1, le collage

desétatsnesemblepasposerdeproblème).
, Le nombreminimaledetransitionsestcelui desévénementsobservables.
, La compexitédu produitestdirectementdépendantedela complexitédescomposants...
, Enpratiqueau-delade30X50cadevientdélicatà la main,l’utilisation d’outils estun plusmaisne

résoudpascompĺetementlesdifficultésdelisibilit é.
, Une idéeà explorerestle changementde STS: à partir d’un syst̀emedéjà sṕecifié je peuxavoir

unedescriptionplussimplequi sefocalisesurdesévénementsouconditionsparticulìeres.Engros

ressemblèa unchangementderepŕesentation/abstraction,peut-̂etreunepistesérieuse.

– Pourla preuve du thèor̀emeglobalun problèmed’expressionet depreuve (chemininfini et induction

pasdansle bonsens.Unetechniquead-hocsemblepossiblemaispeut-onfairemieux?

– STS= LTScompactifíe,outilsdesimulationdiversà voir.

B The Bank Specificationin PVS

theoryBank: THEORY

BEGIN

IMPORTING Bank

self: VAR Bank

id, - � : VAR nat

la: VAR list[[nat, nat]]

idle?, process?: [Bank . bool]

Pdef: [Bank . bool]

P order E, P success, P fail: [Bank . bool]



P order R: [[Bank, nat, nat] . bool]

msgorder: [Bank . bool]

ok?: [Bank . bool]

idle newBank: AXIOM idle?(newBank(la))

idle orderR: AXIOM idle?(orderR(self, id, - � )) / idle?(self)

idle orderE: AXIOM 0 idle?(order E(self))

idle success: AXIOM

idle?(success(self)) /
IF process?(self) THEN ok?(self) ELSE FALSE ENDIF

idle fail: AXIOM

idle?(fail(self)) /
IF process?(self) THEN 0 ok?(self) ELSE FALSE ENDIF

processnewBank: AXIOM 0 process?(newBank(la))

processorderR: AXIOM process?(order R(self, id, - � )) / process?(self)

processorderE: AXIOM

process?(order E(self)) /
IF idle?(self) THEN msg order(self) ELSE FALSE ENDIF

processsuccess: AXIOM 0 process?(success(self))

processfail: AXIOM 0 process?(fail(self))

PdefnewBank: AXIOM Pdef(newBank(la))

PdeforderR: AXIOM

Pdef(order R(self, id, - � )) / Pdef(self) 1 P orderR(self, id, - � )

PdeforderE: AXIOM Pdef(order E(self)) / Pdef(self) 1 P orderE(self)

Pdefsuccess: AXIOM Pdef(success(self)) / Pdef(self) 1 P success(self)

Pdef fail: AXIOM Pdef(fail(self)) / Pdef(self) 1 P fail(self)

P order R: AXIOM

P orderR(self, id, - � ) / (idle?(self) 2 process?(self))



P order E: AXIOM P order E(self) / (idle?(self) 1 msgorder(self))

P success: AXIOM P success(self) / (process?(self) 1 ok?(self))

P fail: AXIOM P fail(self) / (process?(self) 130 ok?(self))

msgorder newBank: AXIOM 0 msgorder(newBank(la))

msgorder orderR: AXIOM msgorder(order R(self, id, - � ))

msgorder orderE newBank: AXIOM 0 msgorder(order E(newBank(la)))

msgorder orderE orderR: AXIOM

msg order(order E(orderR(self, id, - � ))) / msgorder(self)

msgorder orderE success: AXIOM

msg order(order E(success(self))) / msgorder(self)

msgorder orderE fail: AXIOM

msg order(order E(fail(self))) / msgorder(self)

msgorder success: AXIOM msg order(success(self)) / msg order(self)

msgorder fail: AXIOM msgorder(fail(self)) / msgorder(self)

exclu: THEOREM 0 (idle?(self) 1 process?(self))

comp: THEOREM Pdef(self) / (idle?(self) 2 process?(self))

impl: THEOREM (idle?(self) 4 Pdef(self)) 1 (process?(self) 4 Pdef(self))

noblk: THEOREM5
(self: Bank, id: nat, - � : nat):

(Pdef(self) 4
(P orderR(self, id, - � ) 2

P orderE(self) 2 P fail(self) 2 P success(self)))

END theoryBank

theoryRank: THEORY

BEGIN

IMPORTING theoryBank



self, self2, tmp: VAR Bank

id, - � , 6 , 7 , 8 , 9 : VAR nat

la: VAR list[[nat, nat]]

rank: [[Bank, nat, nat] . nat]

rank newBank: AXIOM

( 8;:=<>139�?@< ) 4 rank(newBank(la), 8 , 9 ) /A9CBD8

rank order R: AXIOM

Pdef(order R(self, id, - � )) 1 ( 8;:=<�1E9�?@< ) 4
rank(order R(self, id, - � ), 8 , 9 ) / rank(self, 8 , FHGI9 )

rank order E: AXIOM

Pdef(order E(self)) 1 ( 8>:@<;1E9�?@< ) 4
rank(order E(self), 8 , 9 ) / rank(self, FHGJ8 , 9 )

rank success: AXIOM

Pdef(success(self)) 1 ( 8;:=<;1K9�?@< ) 4
rank(success(self), 8 , 9 ) / rank(self, 8 , 9 )

rank fail: AXIOM

Pdef(fail(self)) 1 ( 8;:=<>1E9L?@< ) 4
rank(fail(self), 8 , 9 ) / rank(self, 8 , 9 )

thRank: THEOREM

Pdef(self) 1 ( 6M:=<;1N7O:@< ) 4
rankP selfQM6RQS7UTVBJFW/ rank(self, 6 , 7XBJF )

END theoryRank

theoryRaux: THEORY

BEGIN

IMPORTING theoryRank

self, self2, tmp: VAR Bank

id, - � , 6 , 8 , 9 : VAR nat

raux: [[Bank, nat] . Bank]

raux order R: AXIOM

Pdef(order R(self, id, - � )) 4



raux(order R(self, id, - � ), 6 ) /
IF 6Y/Z<

THEN orderR(self, id, - � )
ELSE raux(self, 6�BJF )
ENDIF

raux order E: AXIOM

Pdef(order E(self)) 4 raux(order E(self), 6 ) / raux(self, 6 )

raux success: AXIOM

Pdef(success(self)) 4 raux(success(self), 6 ) / raux(self, 6 )

raux fail: AXIOM Pdef(fail(self)) 4 raux(fail(self), 6 ) / raux(self, 6 )

thRaux: THEOREM Pdef(orderE(self)) 1 ( 6M?=< ) 4 order R?(raux(self, 6 ))

END theoryRaux

theoryReceived: THEORY

BEGIN

IMPORTING theoryRaux

la: VAR list[[nat, nat]]

self, self2, tmp: VAR Bank

id, id1, - � , 6 , 8 , 9 : VAR nat

search(la: list[[nat, nat]], id: nat): bool =

some( [ ( \ : [nat, nat]): PROJ 1( \ ) / id)(la)

find(la: list[[nat, nat]], id: nat): RECURSIVE nat =

CASES la

OF null: < ,
cons(cons1var, cons2var):

IF (PROJ 1(cons1var) / id) THEN PROJ 2(cons1var) ELSE find(cons2var, id) ENDIF

ENDCASES

MEASURE length(la)

received: [(process?) . Bank]

member: [[Bank, nat] . bool]

account: [[Bank, nat] . nat]



membernewBank: AXIOM member(newBank(la), id) / search(la, id)

memberorder R: AXIOM

member(order R(self, id1, - � ), id) / member(self, id)

memberorder E: AXIOM member(order E(self), id) / member(self, id)

membersuccess: AXIOM member(success(self), id) / member(self, id)

memberfail: AXIOM member(fail(self), id) / member(self, id)

accountnewBank: AXIOM account(newBank(la), id) / find(la, id)

accountorderR: AXIOM

account(order R(self, id1, - � ), id) / account(self, id)

accountorderE: AXIOM account(order E(self), id) / account(self, id)

accountsuccess: AXIOM account(success(self), id) / account(self, id)

accountfail: AXIOM account(fail(self), id) / account(self, id)

received: AXIOM

Pdef(order E(self)) 4
received(order E(self)) / raux(self, rank(self, F , < ))

ok1: AXIOM

Pdef(order E(self)) 4
ok?(order E(self)) /
(member(received(order E(self)), id) 1

(- �^] account(received(order E(self)), id)))

ok2: AXIOM

Pdef(order R(self, id, - � )) 4 ok?(order R(self, id, - � )) / ok?(self)

END theoryReceived

C The SpecialisedBank Specificationin PVS

theoryBankSpec: THEORY

BEGIN

IMPORTING Bank

IMPORTING listNat



self: VAR Bank

la: VAR list[[nat, nat]]

id, id1, - � : VAR nat

one?, oneOrder?, two?: [Bank . bool]

Pdef: [Bank . bool]

P order E, P success, P fail, P init: [Bank . bool]

P order R: [[Bank, nat, nat] . bool]

ok?: [(two?) . bool]

member: [[Bank, nat] . bool]

account: [[Bank, nat] . nat]

onenewBank: AXIOM one?(newBank(la))

oneorder R: AXIOM 0 one?(order R(self, id, - � ))

oneorder E: AXIOM 0 one?(order E(self))

onesuccess: AXIOM

one?(success(self)) / IF two?(self) THEN ok?(self) ELSE FALSE ENDIF

onefail: AXIOM

one?(fail(self)) / IF two?(self) THEN 0 ok?(self) ELSE FALSE ENDIF

oneOrdernewBank: AXIOM 0 oneOrder?(newBank(la))

oneOrderorderR: AXIOM oneOrder?(order R(self, id, - � )) / one?(self)

oneOrderorderE: AXIOM 0 oneOrder?(order E(self))

oneOrdersuccess: AXIOM 0 oneOrder?(success(self))

oneOrderfail: AXIOM 0 oneOrder?(fail(self))

two newBank: AXIOM 0 two?(newBank(la))



two orderR: AXIOM 0 two?(order R(self, id, - � ))

two orderE: AXIOM two?(order E(self)) / oneOrder?(self)

two success: AXIOM 0 two?(success(self))

two fail: AXIOM 0 two?(fail(self))

PdefnewBank: AXIOM Pdef(newBank(la))

PdeforderR: AXIOM

Pdef(order R(self, id, - � )) / (Pdef(self) 1 P orderR(self, id, - � ))

PdeforderE: AXIOM Pdef(order E(self)) / (Pdef(self) 1 P orderE(self))

Pdefsuccess: AXIOM Pdef(success(self)) / (Pdef(self) 1 P success(self))

Pdef fail: AXIOM Pdef(fail(self)) / (Pdef(self) 1 P fail(self))

P init newBank: AXIOM P init(newBank(la))

P init orderR: AXIOM 0 P init(orderR(self, id, - � ))

P init orderE: AXIOM 0 P init(orderE(self))

P init success: AXIOM 0 P init(success(self))

P init fail: AXIOM 0 P init(fail(self))

P order R: AXIOM P order R(self, id, - � ) / one?(self)

P order E: AXIOM P order E(self) / oneOrder?(self)

P success: AXIOM P success(self) / (two?(self) 1 ok?(self))

P fail: AXIOM P fail(self) / (two?(self) 130 ok?(self))

membernewBank: AXIOM member(newBank(la), id) / search(la, id)

memberorder R: AXIOM

one?(self) 4 member(order R(self, id1, - � ), id) / member(self, id)

memberorder E: AXIOM

oneOrder?(self) 4 member(order E(self), id) / member(self, id)



membersuccess: AXIOM

(two?(self) 1 ok?(self)) 4
member(success(self), id) / member(self, id)

memberfail: AXIOM

(two?(self) 130 ok?(self)) 4 member(fail(self), id) / member(self, id)

accountnewBank: AXIOM account(newBank(la), id) / find(la, id)

accountorderR: AXIOM

one?(self) 4 account(order R(self, id1, - � ), id) / account(self, id)

accountorderE: AXIOM

oneOrder?(self) 4 account(order E(self), id) / account(self, id)

accountsuccess: AXIOM

(two?(self) 1 ok?(self)) 4
account(success(self), id) / account(self, id)

accountfail: AXIOM

(two?(self) 130 ok?(self)) 4
account(fail(self), id) / account(self, id)

ok1: AXIOM

one?(self) 4
ok?(order E(orderR(self, id, - � ))) /

IF member(self, id) THEN (- � ] account(self, id)) ELSE FALSE ENDIF

received: [Bank . Bank]

received: AXIOM

one?(self) 4
received(order E(orderR(self, id, - � ))) / orderR(self, id, - � )

exclu: THEOREM

0 (one?(self) 1 oneOrder?(self)) 1
0 (one?(self) 1 two?(self)) 130 (oneOrder?(self) 1 two?(self))

comp: THEOREM Pdef(self) / (one?(self) 2 oneOrder?(self) 2 two?(self))

impl: THEOREM

(one?(self) 4 Pdef(self)) 1
(oneOrder?(self) 4 Pdef(self)) 1 (two?(self) 4 Pdef(self))

noblk: THEOREM



5
(self: Bank, id: nat, - � : nat):

(Pdef(self) 4
(P orderR(self, id, - � ) 2

P orderE(self) 2 P fail(self) 2 P success(self)))

P init1: THEOREM P init(self) 4 one?(self)

P init2: THEOREM P init(self) 4 Pdef(self)

th order: THEOREM

oneOrder?(self) 4
( _ (avant: Bank, ia: nat, pa: nat):

(one?(avant) 1 (orderR(avant, ia, pa) / self)))

END theoryBankSpec

theoryTime: THEORY

BEGIN

IMPORTING theoryBankSpec

self, self2: VAR Bank

la: VAR list[[nat, nat]]

id, - � : VAR nat

time: [Bank . nat]

duration: [[Bank, Bank] . nat]

time newBank: AXIOM time(newBank(la)) /A`

time order R: AXIOM time(order R(self, id, - � )) /�FHG timeP selfT

time order E: AXIOM time(orderE(self)) /bacG timeP selfT

time success: AXIOM time(success(self)) /Z`dG timeP selfT

time fail: AXIOM time(fail(self2)) /fegG timeP selfT

th: THEOREM

Pdef(order E(self)) 4
P timeP orderE P selfTRThB timeP receivedP order E P selfTRTRTRT ] `

END theoryTime



D The Simplification UsingPVS

In the following proof we start from a generaldefinition of ok? andwe simplify it accordingto the new bankSTS

definition.Thecontext of theproof is thetheoryBank2 (theversionwith anexplict buffer computation)andsome

theoremscomingfrom therepresentation.

abspdef: AXIOM theoryBankSpec.Pdef(self) 4 theoryBank2.Pdef(self)

absone: AXIOM

theoryBankSpec.Pdef(self) 4
one?(self) / (idle?(self) 1 null?(buffer(self)))

absoneOrder: AXIOM

theoryBankSpec.Pdef(self) 4
oneOrder?(self) / (idle?(self) 1 length(buffer(self)) /�F )

abstwo: AXIOM

theoryBankSpec.Pdef(self) 4
two?(self) / (process?(self) 1 null?(buffer(self)))

END essai

Themainrulesareshown, theotherstepsareeithertrivial or simplerewriting.

simpok :

|-------i
1 j FORALL (self: Bank):

theoryBankSpec.two?(self) IMPLIES

(theoryBankSpec.ok?(self) = theoryBank2.ok?(self))

Skolemizing and flattening, then

Applying th_two and then

Instantiating quantified variables,

this simplifies to:

simpok :

i
-1 j two?(self!1) IMPLIES

(EXISTS (avant: Bank):

(oneOrder?(avant) AND (order_E(avant) = self!1)))i
-2 j theoryBankSpec.two?(self!1)

|-------i
1 j (theoryBankSpec.ok?(self!1) = theoryBank2.ok?(self!1))

Splitting conjunctions,



we get 2 subgoals:

simpok.1 :

i
-1 j EXISTS (avant: Bank): (oneOrder?(avant) AND (order_E(avant) = self!1))

[-2] theoryBankSpec.two?(self!1)

|-------

[1] (theoryBankSpec.ok?(self!1) = theoryBank2.ok?(self!1))

Skolemizing and flattening, then

Replacing using formula -2, and then

Applying theoryBankSpec.impl where

self gets order_E(avant!1),

this simplifies to:

simpok.1 :

i
-1 j (one?(order_E(avant!1)) IMPLIES Pdef(order_E(avant!1))) AND

(oneOrder?(order_E(avant!1)) IMPLIES Pdef(order_E(avant!1))) AND

(two?(order_E(avant!1)) IMPLIES Pdef(order_E(avant!1)))i
-2 j oneOrder?(avant!1)i
-3 j (order_E(avant!1) = self!1)i
-4 j theoryBankSpec.two?(order_E(avant!1))

|-------i
1 j (theoryBankSpec.ok?(order_E(avant!1)) =

theoryBank2.ok?(order_E(avant!1)))

Applying disjunctive simplification to flatten sequent, then

Hiding formulas: -2, -1,

this simplifies to:

simpok.1 :

i
-1 j (two?(order_E(avant!1)) IMPLIES Pdef(order_E(avant!1)))

[-2] oneOrder?(avant!1)

[-3] (order_E(avant!1) = self!1)

[-4] theoryBankSpec.two?(order_E(avant!1))

|-------

[1] (theoryBankSpec.ok?(order_E(avant!1)) =

theoryBank2.ok?(order_E(avant!1)))

Splitting conjunctions,

we get 2 subgoals:

simpok.1.1 :

i
-1 j Pdef(order_E(avant!1))

[-2] oneOrder?(avant!1)

[-3] (order_E(avant!1) = self!1)



[-4] theoryBankSpec.two?(order_E(avant!1))

|-------

[1] (theoryBankSpec.ok?(order_E(avant!1)) =

theoryBank2.ok?(order_E(avant!1)))

Rewriting using abs_two, matching in *, then

Rewriting using theoryBank2.ok2, matching in *, and then

Applying th_order

this simplifies to:

simpok.1.1 :

i
-1 j FORALL (self: Bank):

oneOrder?(self) IMPLIES

(EXISTS (avant: Bank, ia: nat, pa: nat):

(one?(avant) AND (order_R(avant, ia, pa) = self)))

[-2] Pdef(order_E(avant!1))

[-3] oneOrder?(avant!1)

[-4] (order_E(avant!1) = self!1)i
-5 j (process?(order_E(avant!1)) AND null?(buffer(order_E(avant!1))))

|-------i
1 j (theoryBankSpec.ok?(order_E(avant!1)) =

IF member(avant!1, PROJ_1(first(buffer(avant!1))))

THEN (PROJ_2(first(buffer(avant!1))) <=

account(avant!1, PROJ_1(first(buffer(avant!1)))))

ELSE FALSE

ENDIF)

Instantiating quantified variables,

this simplifies to:

simpok.1.1 :

i
-1 j oneOrder?(avant!1) IMPLIES

(EXISTS (avant: Bank, ia: nat, pa: nat):

(one?(avant) AND (order_R(avant, ia, pa) = avant!1)))

[-2] Pdef(order_E(avant!1))

[-3] oneOrder?(avant!1)

[-4] (order_E(avant!1) = self!1)

[-5] (process?(order_E(avant!1)) AND null?(buffer(order_E(avant!1))))

|-------

[1] (theoryBankSpec.ok?(order_E(avant!1)) =

IF member(avant!1, PROJ_1(first(buffer(avant!1))))

THEN (PROJ_2(first(buffer(avant!1))) <=

account(avant!1, PROJ_1(first(buffer(avant!1)))))

ELSE FALSE

ENDIF)



Splitting conjunctions,

we get 2 subgoals:

simpok.1.1.1 :

i
-1 j EXISTS (avant: Bank, ia: nat, pa: nat):

(one?(avant) AND (order_R(avant, ia, pa) = avant!1))

[-2] Pdef(order_E(avant!1))

[-3] oneOrder?(avant!1)

[-4] (order_E(avant!1) = self!1)

[-5] (process?(order_E(avant!1)) AND null?(buffer(order_E(avant!1))))

|-------

[1] (theoryBankSpec.ok?(order_E(avant!1)) =

IF member(avant!1, PROJ_1(first(buffer(avant!1))))

THEN (PROJ_2(first(buffer(avant!1))) <=

account(avant!1, PROJ_1(first(buffer(avant!1)))))

ELSE FALSE

ENDIF)

Skolemizing and flattening, then

Replacing using formula -2, and then

Applying theoryBankSpec.impl where

self gets order_R(avant!2, ia!1, pa!1),

this simplifies to:

simpok.1.1.1 :

i
-1 j (one?(order_R(avant!2, ia!1, pa!1)) IMPLIES

Pdef(order_R(avant!2, ia!1, pa!1)))

AND

(oneOrder?(order_R(avant!2, ia!1, pa!1)) IMPLIES

Pdef(order_R(avant!2, ia!1, pa!1)))

AND

(two?(order_R(avant!2, ia!1, pa!1)) IMPLIES

Pdef(order_R(avant!2, ia!1, pa!1)))i
-2 j one?(avant!2)i
-3 j (order_R(avant!2, ia!1, pa!1) = avant!1)

[-4] Pdef(order_E(avant!1))i
-5 j oneOrder?(order_R(avant!2, ia!1, pa!1))

[-6] (order_E(avant!1) = self!1)i
-7 j process?(order_E(avant!1))i
-8 j null?(buffer(order_E(avant!1)))

|-------i
1 j (theoryBankSpec.ok?(order_E(order_R(avant!2, ia!1, pa!1))) =

IF member(order_R(avant!2, ia!1, pa!1),

PROJ_1(first(buffer(order_R(avant!2, ia!1, pa!1)))))



THEN (PROJ_2(first(buffer(order_R(avant!2, ia!1, pa!1)))) <=

account(order_R(avant!2, ia!1, pa!1),

PROJ_1(first(buffer

(order_R(avant!2, ia!1, pa!1))))))

ELSE FALSE

ENDIF)

Applying disjunctive simplification to flatten sequent, then

Hiding formulas: -3, -1,

this simplifies to:

simpok.1.1.1 :

i
-1 j (oneOrder?(order_R(avant!2, ia!1, pa!1)) IMPLIES

Pdef(order_R(avant!2, ia!1, pa!1)))

[-2] one?(avant!2)

[-3] (order_R(avant!2, ia!1, pa!1) = avant!1)

[-4] Pdef(order_E(avant!1))

[-5] oneOrder?(order_R(avant!2, ia!1, pa!1))

[-6] (order_E(avant!1) = self!1)

[-7] process?(order_E(avant!1))

[-8] null?(buffer(order_E(avant!1)))

|-------

[1] (theoryBankSpec.ok?(order_E(order_R(avant!2, ia!1, pa!1))) =

IF member(order_R(avant!2, ia!1, pa!1),

PROJ_1(first(buffer(order_R(avant!2, ia!1, pa!1)))))

THEN (PROJ_2(first(buffer(order_R(avant!2, ia!1, pa!1)))) <=

account(order_R(avant!2, ia!1, pa!1),

PROJ_1(first(buffer

(order_R(avant!2, ia!1, pa!1))))))

ELSE FALSE

ENDIF)

Splitting conjunctions,

we get 2 subgoals:

simpok.1.1.1.1 :

i
-1 j Pdef(order_R(avant!2, ia!1, pa!1))

[-2] one?(avant!2)

[-3] (order_R(avant!2, ia!1, pa!1) = avant!1)

[-4] Pdef(order_E(avant!1))

[-5] oneOrder?(order_R(avant!2, ia!1, pa!1))

[-6] (order_E(avant!1) = self!1)

[-7] process?(order_E(avant!1))

[-8] null?(buffer(order_E(avant!1)))

|-------



[1] (theoryBankSpec.ok?(order_E(order_R(avant!2, ia!1, pa!1))) =

IF member(order_R(avant!2, ia!1, pa!1),

PROJ_1(first(buffer(order_R(avant!2, ia!1, pa!1)))))

THEN (PROJ_2(first(buffer(order_R(avant!2, ia!1, pa!1)))) <=

account(order_R(avant!2, ia!1, pa!1),

PROJ_1(first(buffer

(order_R(avant!2, ia!1, pa!1))))))

ELSE FALSE

ENDIF)

Rewriting using abs_oneOrder, matching in *, then

Rewriting using idle_order_R, matching in *, and then

Rewriting using buffer_order_R, matching in *,

this simplifies to:

simpok.1.1.1.1 :

[-1] Pdef(order_R(avant!2, ia!1, pa!1))

[-2] one?(avant!2)

[-3] (order_R(avant!2, ia!1, pa!1) = avant!1)

[-4] Pdef(order_E(avant!1))i
-5 j (idle?(avant!2) AND length(cons((ia!1, pa!1), buffer(avant!2))) = 1)

[-6] (order_E(avant!1) = self!1)

[-7] process?(order_E(avant!1))

[-8] null?(buffer(order_E(avant!1)))

|-------i
1 j (theoryBankSpec.ok?(order_E(order_R(avant!2, ia!1, pa!1))) =

IF member(order_R(avant!2, ia!1, pa!1),

PROJ_1(first(cons((ia!1, pa!1), buffer(avant!2)))))

THEN (PROJ_2(first(cons((ia!1, pa!1), buffer(avant!2)))) <=

account(order_R(avant!2, ia!1, pa!1),

PROJ_1(first(cons

((ia!1, pa!1), buffer(avant!2))))))

ELSE FALSE

ENDIF)

Applying disjunctive simplification to flatten sequent, then

Rewriting using length, matching in -6, and then

Simplifying with decision procedures,

this simplifies to:

simpok.1.1.1.1 :

[-1] Pdef(order_R(avant!2, ia!1, pa!1))

[-2] one?(avant!2)

[-3] (order_R(avant!2, ia!1, pa!1) = avant!1)

[-4] Pdef(order_E(avant!1))



i
-5 j idle?(avant!2)i
-6 j length(buffer(avant!2)) = 0

[-7] (order_E(avant!1) = self!1)

[-8] process?(order_E(avant!1))

[-9] null?(buffer(order_E(avant!1)))

|-------

[1] (theoryBankSpec.ok?(order_E(order_R(avant!2, ia!1, pa!1))) =

IF member(order_R(avant!2, ia!1, pa!1),

PROJ_1(first(cons((ia!1, pa!1), buffer(avant!2)))))

THEN (PROJ_2(first(cons((ia!1, pa!1), buffer(avant!2)))) <=

account(order_R(avant!2, ia!1, pa!1),

PROJ_1(first(cons

((ia!1, pa!1), buffer(avant!2))))))

ELSE FALSE

ENDIF)

Applying th_list4 where

la gets buffer(avant!2),

this simplifies to:

simpok.1.1.1.1 :

i
-1 j (length(buffer(avant!2)) = 0) IMPLIES (buffer(avant!2) = null)

[-2] Pdef(order_R(avant!2, ia!1, pa!1))

[-3] one?(avant!2)

[-4] (order_R(avant!2, ia!1, pa!1) = avant!1)

[-5] Pdef(order_E(avant!1))

[-6] idle?(avant!2)

[-7] length(buffer(avant!2)) = 0

[-8] (order_E(avant!1) = self!1)

[-9] process?(order_E(avant!1))

[-10] null?(buffer(order_E(avant!1)))

|-------

[1] (theoryBankSpec.ok?(order_E(order_R(avant!2, ia!1, pa!1))) =

IF member(order_R(avant!2, ia!1, pa!1),

PROJ_1(first(cons((ia!1, pa!1), buffer(avant!2)))))

THEN (PROJ_2(first(cons((ia!1, pa!1), buffer(avant!2)))) <=

account(order_R(avant!2, ia!1, pa!1),

PROJ_1(first(cons

((ia!1, pa!1), buffer(avant!2))))))

ELSE FALSE

ENDIF)

Splitting conjunctions,

we get 2 subgoals:

simpok.1.1.1.1.1 :



i
-1 j (buffer(avant!2) = null)

[-2] Pdef(order_R(avant!2, ia!1, pa!1))

[-3] one?(avant!2)

[-4] (order_R(avant!2, ia!1, pa!1) = avant!1)

[-5] Pdef(order_E(avant!1))

[-6] idle?(avant!2)

[-7] length(buffer(avant!2)) = 0

[-8] (order_E(avant!1) = self!1)

[-9] process?(order_E(avant!1))

[-10] null?(buffer(order_E(avant!1)))

|-------

[1] (theoryBankSpec.ok?(order_E(order_R(avant!2, ia!1, pa!1))) =

IF member(order_R(avant!2, ia!1, pa!1),

PROJ_1(first(cons((ia!1, pa!1), buffer(avant!2)))))

THEN (PROJ_2(first(cons((ia!1, pa!1), buffer(avant!2)))) <=

account(order_R(avant!2, ia!1, pa!1),

PROJ_1(first(cons

((ia!1, pa!1), buffer(avant!2))))))

ELSE FALSE

ENDIF)

Replacing using formula -1, then

Rewriting using first_cons_null, matching in 1, and then

Simplifying with decision procedures,

this simplifies to:

simpok.1.1.1.1.1 :

[-1] (buffer(avant!2) = null)

[-2] Pdef(order_R(avant!2, ia!1, pa!1))

[-3] one?(avant!2)

[-4] (order_R(avant!2, ia!1, pa!1) = avant!1)

[-5] Pdef(order_E(avant!1))

[-6] idle?(avant!2)

[-7] length(buffer(avant!2)) = 0

[-8] (order_E(avant!1) = self!1)

[-9] process?(order_E(avant!1))

[-10] null?(buffer(order_E(avant!1)))

|-------i
1 j (theoryBankSpec.ok?(order_E(order_R(avant!2, ia!1, pa!1))) =

IF member(order_R(avant!2, ia!1, pa!1), ia!1)

THEN (pa!1 <= account(order_R(avant!2, ia!1, pa!1), ia!1))

ELSE FALSE

ENDIF)



Rewriting using member_order_R, matching in *, then

Rewriting using account_order_R, matching in *, and then

Hiding formulas: -1, -2, -4, -5, -6, -7, -8, -9, -10,

this simplifies to:

simpok.1.1.1.1.1 :

[-1] one?(avant!2)

|-------i
1 j (theoryBankSpec.ok?(order_E(order_R(avant!2, ia!1, pa!1))) =

IF member(avant!2, ia!1) THEN (pa!1 <= account(avant!2, ia!1))

ELSE FALSE

ENDIF)

Merging and generalizing,

we get 3 subgoals:

simpok.1.1.1.1.1.1 :

|-------i
1 j FORALL (avant_1: Bank, ia_1, pa_1: nat):

one?(avant_1) IMPLIES

(theoryBankSpec.ok?(order_E(order_R(avant_1, ia_1, pa_1))) =

IF member(avant_1, ia_1) THEN (pa_1 <= account(avant_1, ia_1))

ELSE FALSE

ENDIF)

References

1. http://www.irisa.fr/lande/jensen/dispo.html.

2. FranzAchermannandOscarNierstrasz.Applications= Components+ Scripts– A Tour of Piccola. In Mehmet

Aksit, editor, Software ArchitecturesandComponentTechnology, pages261–292.Kluwer, 2001.

3. Michel Allemand andJean-ClaudeRoyer. Mixed Formal Specificationwith PVS. In Proceedingsof the 15th

IPDPS2002Symposium,FMPPTA. IEEEComputerSociety, 2002.

4. RobertAllen, RemiDouence,andDavid Garlan.SpecifyingandAnalyzingDynamicSoftwareArchitectures.In

Proceedingsof the 1998Conferenceon FundamentalApproachesto Software Engineering(FASE’98), volume

1382of Lecture Notesin ComputerScience, pages21–37.Springer-Verlag,1998.

5. RobertAllen and David Garlan. A formal basisfor architecturalconnection. ACM Transactionson Software

EngineeringandMethodology, 6(3):213–249,July1997.
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