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Abstract. In our previouswork we definedanapproactbasedon symbolictransitionsystemanddata
type to specify and verify mixed systemsWe appliedthis to componentsandarchitecturesvith full
datatypes,and synchronousommunicationsHowever to fit distributedsystemsijt seemsamorereal-
istic to considerasynchronousommunicationslt providesa more primitive communicatiorprotocol
andmaximizetheconcurreng. To take into accounasynchronousommunicationsve distinguishmes-
sagereceiptfrom messagexecutionandwe addmailboxesin our symbolicsystemsWhenwe tried to
experimentproofsin sucha systema difficulty wasthe presencef buffersandthefactthatthereceipt
instantis distinct from the executioninstant. This complicateshe specificationsand also the proofs.
The main problemis that the logic instantto receie is not simply linked with the executioninstant.
We proposeto useanalgorithmwhich decidesf the systemhasboundedmailboxesandcomputeghe
reachablenailboxcontent®of thesystemThisalgorithmgivesconstraintsvhichareusedto specialised
the dynamicbehaiour of the componentsaccordingto the currentsystemconfiguration.Thenwe are
ableto generatea PVS specificationcopingwith dynamicbehaiour and datatype which is simpler
sinceit removesthe needfor somemailboxes.Thecomponentnodel,thealgorithmsandthe proofsare
illustratedon a simpleflight systemresenration.

KEYWORDS: Asynchronou€ommunicationComponentArchitecture DynamicBehaviour, Unbound
or BoundedMailbox, PVS, Specialisation

1 Intr oduction

In the context of the DISPO project[1] we aim to addsecuritypropertiesto software componentandto
provide meango checkthesepropertiesln [17] the authorsdevelop an axiomaticfirst-ordermodelwhich
introducestemporallogic, real time constraintsand deonticoperators.Yu and Gligor, in [43], consider
only a finite time policy and useslinear temporallogic. Thuswe needa ratherrich contet to expectto
prove somethinguseful, so we chooseto do a first experimentwith the PVS prover. Startingfrom one
simpleexamplewe expectto prove thatthetime durationbetweerarequestaindthereply is boundedThis
documentelatestheseexperimentationsandthe difficultieswe have found.

Software componentsarchitecturesand formal specificationsare importanttrendsin software engi-
neering.Architecturesandcomponent$31,20,19,27,44,4,2,33] arenowadaystechnologiesn software
developmentThey promotesoftwarearchitecturebasen communicatingoftwareentities Architectural



DescriptionLanguagedik e Wright [5], Rapide[30], or KORRIGAN [13] areformallanguagesledicatedo

specificationand verificationof componentandarchitecturesOneimportantdifferencewith component
languagedik e Fractal,ArchJara and industrial proposalss the explicit useof protocolsor dynamicbe-

haviours.We think thatin the future componentanguagesvill promotethe useof dynamicbehaiour asa

partof the publicinterfaceof acomponentThis featureis onewe areinterestedn, andwetry to reuseour

experiencesvith KORRIGAN andGAT [37] here.

In the contet of distributed computing,asynchronismof communicationshouldbe the default pol-
icy, especiallyin wide areanetworks. [29] presentsa comprehensie discussionaboutdistributed com-
puting and its main characteristicsAsynchronouscommunicationsare simpler and more primitive than
synchronousne,evenif eachonecansimulatethe other Asynchronisnis the choicedoneby severalthe-
oreticalapproachesut lessoften by real platforms,for exampleclient-sener hasgenerallysynchronous
communicationsMany infrastructuresor componentanguagesave basicallysynchronousommunica-
tions:EJB,CORRBA, RMI [20], thisis alsotruewith severalclassicmodelsandlanguagesike ADA, CCS,
CSPor LOTOS. Asynchronousommunicationgre lessconstrainingfrom a concurrenyg point of view
but the emitterdoesnot know if a messagevill be receved by the recever. Thusit implies more com-
plex descriptionswe needto copewith moreerrorsandit producesomple< dynamicbehaiours. To the
contrarysynchronousommunicationgre moretime consumingmore abstractand producesimpler dy-
namicbehaiours.Recentlysomeinfrastructuresfor instanceeJBwith IMSandCCM 2.0, introducesome
meango do asynchronousalls. Thusverificationsof asynchronousommunicatingsystemswill become
amandatoryactivity in orderto provide secureandon-the-sheltomponents.

Our currentwork is basedon someprevious experiencesaboutarchitecturesand componentsThe
KORRIGAN model[14,13] is devotedto the structuredformal specificationof mixed systemsthrougha
modelbasedon a hierarchyof views. It allows oneto specifyin a uniform andstructuredway both data
typesandbehaioursusingSymbolicTransitionsSystemgqor STS) andalgebraicspecificationsSymbolic
Transition Systemsare finite statemachineswith guardsand variablesin additionto traditional labels.
KORRIGAN is relevantto describereusablecomponentsarchitecturesand communicatiorschemesThe
GraphicAbstractdataType model[38] providesaneffective way to specifyandto verify mixedsystemsilt
proposes generalapproacho prove propertiesfor the systemwhich is alsosuccessfuto prove temporal
logic propertiesThetechniqud37, 3] usedfirst-orderlogic to write temporalproperties.

We addedasynchronousommunicationgn our modelandwe experimentedvith the PVS proof assis-
tant[35]. But aswe maysuspecitt, formal specification@andproofsareevenmoredifficult thanin thecase
of synchronousystemsThereasoris the needto differentiateemissionandreceiptof messageandalso
the useof buffersto memorizemessagesSuchbuffershave to benon-emptybeforeexecutinganaction,or
they areboundedandcannotreceive messagedt addsconditionsin the specificationsandin the proofs.A
simplebankcomponentill helpusto illustratethis point.

Onceaformal specificatiorwith asynchronousommunicatiorhasbeenwrittenwe mayobsenethatan
abstracinterpretatioraboutthe receved messageis relevant. This abstracinterpretationroperateon the
globaldynamicbehaviour of thesystemReusinganalgorithmdedicatedo thecomputatiorof themailbox
sizesin suchan asynchronousystem[39] we may extract constraintson the subcomponenbehaiours.
From theseconstraintsve automaticallyspecializedhe subcomponensTSs.The size of the new STSs
may evolved, however it removesthe needfor mailboxesandthe relatedguards.This processallows us



to regeneratea simplified formal specification We will illustrate our approacton a simpleflight resera-

tion systemwith four componentsOur approactillustratesthe useof abstracinformation(STS),partial
evaluation(computingthe mailboxcontents)andspecialisatiorfusingconstraintgor STS)conjointly with

a generalproof approachWe think that, in the future, verificationtechniqueswill increasethe needfor

collaborationshetweenautomaticand efficient proof techniquegmodelchecking,abstracinterpretation,
specialisealgorithm)andproof assistants.

The paperis organisedas follows. Section2 presentshe GAT principlesand its translationinside
the PVS prover. Section3 shavs an exampleof a simple asynchronousystemand discussthe difficulty
to specifyandto prove in this context. Section4 presentone solutionwhich is basedon an algorithm
whichautomaticallycomputesonstrainton the systemconfiguration Fromtheseconstraintsa specialised
behaiour for componentan be built andfrom it a simpler PVS specification Finally, relatedwork is
discusse@nda conclusionfinishesthis presentation.

2 The GAT Principles

This Sectionintroducesthe conceptsof SymbolicTransition System(STS)and Graphical Abstiact Data
Type (GAT). A GAT for a componenis a STSandan algebraicspecificationof a datatype. For a GAT
componentve considertwo views: thedynamicview andthefunctionalview. Thedynamicview is aSTS:
a finite setof statesand a finite setof labelledtransitions.Classicfinite transitionsystemsor Labelled
TransitionSystemgLTSs) have labelswhich are closedterms.Unlike LTS, our STSlabelsare operation
calls with variablesand guards.This conceptis relatedto machineswherestatesand transitionsare not
necessariljuniqueobjects.A statemay represent setof eitherfinite or infinite objectsanda transition
collectsseveral statechangesThis kind of statemachinecontrolsthe stateandtransitionexplosionprob-
lemsandmakesdynamicbehaiours morereadableThefunctionalview is analgebraicspecificatiorof a
partial abstractdatatype [11, 12]. We distinguishtwo kinds of GAT componentssequentiacomponents
andconcurrentomponents.

In the GAT processspecificationwe suggesto startfrom the dynamicview of the componentsince
it is the mostabstractview. First, the specifierdeclaresthe operationsthe conditionsand the statesof
the component.Theseinformationsare representedyraphically using a STS. Second,the semanticsof
the operationsis provided (in the functional view) by an algebraicspecification.ln caseof concurrent
and communicatingcomponentsthe synchronougproductof STSsis usedbeforegeneratinghe axioms.
Figurel describesnoverview of the GAT procesandits semanticsAn algebraicspecificatioris extracted
from a STSandits semanticss a partialabstractdatatype. The STSrepresentsa graphicview of a partial
equivalencerelationover thedatatype.

2.1 Symbolic Transition System

The finite statemachineformalismis well-known by practitionerslt is well-suitedto the descriptionof
interactionsandcontrols.Oneproblemwith sucha formalismis the greatnumberof statesandtransitions.
For instance ,one can combinestatesinto superstatesor aggreatestatesasin [24]. However whenthe
systemhasnot a finite or boundechumberof stateonemustusemorepowerful conceptslt oftenhappens
if onehasa mixed systemwith both control anddatatypes.We definedthe notion of finite and symbolic
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Fig. 1. The GAT Overall Process

transitionsystem.This notion arisesalsofrom the needof a full semanticdor languagdike LOTOS [40]
andin the AltaRicaformalism[7].

A symbolictransitionsystemss afinite setof statesandafinite setof labelledtransitions Theright part
of Figure2illustratesthegraphicalpresentationf suchadescriptionthetermlabelmayhave variablesand
the[ ... ] expressiordenotesaguard.sel f in thisfigure denotesa variableassociatedo the currentsort.
Symbolsandtermsoccurringin the STSmustbeinterpretedn the context of thealgebraicspecificationA
transitioncorrespondso aninternaloperation(a constructorwith aninterpretatiorformulabasedn state
predicatesOur notionis moregenerathanthesymbolictransitiongraphdefinedin [25] or I/O automataas
in [21]. We have moregeneraktategnot only tuplesof conditions)andwe have no restrictionon variables
occurringon transitions.

We alsoneedfinitely generatedialues,i.e every valuescanbe denotedby a finite sequenc®f gener
ators[41]. We assumdhateachT internaloperationis a generatarThusopp (respectiely opg) denotes
a basisinternaloperationlabelling aninitial transition(respectiely a recursve onelabellinga noninitial
transition).

The axiomsfor the definednesspreconditionsand statepredicatesare automaticallycomputedfrom
the STS description.Thus the userhasto manuallycompletethe specificationof the obsenersandthe
guards.

2.2 Concurrentand Communicating GATs

Thecompositiorschemdor componentsn orderto handleconcurreng andcommunicationss described
belown. The synchronizatiodist denoteghe actionswhich arerequiredto synchronizeén eachcomponent.
The semanticof synchronizations obtainedfrom the synchronougroductof STSsin a similar way than
for the synchronougproductof automatd8]. We have defineda notion of structuredSTS[15] whichis a
naturalextensionwith structuredstatesandstructuredransitions A transitionof the productis a tuple of
transitionsandthe associatedjuardis the conjunctionof the componenguards.Firstly, we built the free
productof thetwo STSs.Secondlywe getout the pair of transitionswhich are not allowed by the list of
synchronizationsThisruleis similarto theL OTOS one,otherrulesmaybe possible for examplethe CCS
rule. Last, the synchronizationgre enrichedby communicationsDuring a synchronizationsomevalues



may be emittedor receved. Communicationsnay occurduring synchronizationsve use? to denoteare-
ceiptand! for anemissionA valueis emittedby anobsener andrecevedby the meanof a variable.An
algebraicspecificatioris eventuallybuilt from the computedSTS.Thusbothsynchronizatiormandcommu-
nicationareintegratedin analgebraicstyle.In caseof aconcurrensystemwithout properdatacomputation
attheconcurrennodelevel, the specificatiorcanbe automaticallygenerated.

2.3 PVS Specification

An adequatsemantidramenork for GAT seemdo 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 Larch Prover[37], but recentlywe switchto PVS [35]. The mainreasons
arethat PVS s an up-to-dateand powerful prover with higherorderlogic, facilities for model-checking,
andtype-checkingonstraintgtcc) improve the specificationwriting. We follow the sameway than[3] but
we try to simplify somepartswhenpossible.n shortthe PVStranslationfor a7 atomiccomponentvith
only synchronougommunicationsis thefollowing.

1. Defineatotal datatypewith asconstructorgheT internaloperations.

2. Defineatheoryover this datatype providing: the statepredicatesthe definednesgredicate the pre-
conditions theguardsandthe obseners.

3. Theobsenersmaybe partial,we usepredicatesubtypen this case.

For aconcurrentomponentve haveto :

1. Choosenamedor the globaloperationsvhich actssynchronouslyr asynchronously

2. Computethe synchronougroductof STS.

3. Defineatheoryoverthesubcomponentandwhichintroduceghestatepredicatesthe definednesshe
preconditionsandthe guardsfor the productin the sameway thanfor anatomiccomponent.

4. Definethe obsenersfor the subcomponentwith positive conditionalaxioms,a simpleway is to gen-
erateoneaxiompertransitionin the STSof the product.

Onthesespecificationgxclusiity, complementarandsomeotherpropertiesaaregenerallynottoo difficult
to prove usingmainly termrewriting andinduction.

3 To Specify AsynchronousComponent

In this Sectionwe illustratethe applicationof GAT to anasynchronousomponentWe reusedheideaof
buffersbut they arepartsof our componentsAsynchronousommunicatiordistinguishesnessageending
andits execution.If op is an operationcall we note op_R the messagesendingand op_E its execution.
The emitterdoesnot memorizemessagesghis is doneby thereceverin a specificbuffer. This buffer acts
asanasynchronoushannebut it is partof the componentsfor anactor This buffer (or messagegjueue)
containsthe messageseceved by a componentjt will be calleda mailboxandwe only considera FIFO
policy. Sometime®perationmaybeexecutedbut noreceiptis neededwe call themautonomousperations
andsimply notethemop. An op autonomou®pemtion is an actionwhich doesnot needa receiptto be



executedlt takesinto accounthefactthata componenmayknow sufficientenoughinformationto trigger
this action. A messge receiptdenoteghe receiptof a messagén the mailbox. An action, op_E, means
thattheop operationis triggeredafterthe componentecevedthe correspondingnessageeceipt(op_R).
Thefactthatthe componenteceivedthe messagés denotedy theguard[ &op] . Messageendingoccurs
duringthe executionof anoperation.The notationop _R standsor the usualprovidedserviceandop_E is
linkedto requiredserviceof mary othercomponentanguages.

Synchronisatiorremainsthe basicway to communicateijt is possiblein two forms betweendistinct
components:

— Betweentwo autonomou®perationsit meansusual‘rendez-vwous”with communication.
— Fromoneautonomousgperatioror oneoperatiorexecution(_E) to areceipt(_R), it is messagsending.

Graphicallyacomponents a box with input pinscorrespondingo messageeceiptsandoutputpinscorre-
spondingto messagesending.nput pins (resp.outputpins) are put on the left of the componen{resp.on
theright). An autonomou®perationhasonly a right outputpin, otheroperationshave a left input pin (re-
ceipt)anda right outputpin (actionandsending) For examplethe graphicbhankcomponents represented
in theleft partof Fig. 2. Thereis an operationfor messageeceiptor der _R with two argumentsthe ac-
countnumberof theclient(?c: d i ent ) andthepriceof theticket(?p: Real ). Theoperationd ai | and
success areautonomousThedifferentpinsmaybe (or maynotbe) connectedn a givenarchitectureit
expresseshereceiptof messagefontheleft) or messagsending(on theright).

. _ 1 1:idle !
order_R(?c:Client, 7p:Real) . order_R(?c:Client, ?p:Real) !
order_E } |

S — E— | -—eo |
fail : order_E [&order] |

Bank ! |

success | :

! fail [not ok] |

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

| 2 : process !

Fig. 2. 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. 2. Note that eachstatehas
transitionloopsfor messageeceiptspr der _Rin thebankexample.A sendedoesnotblock exceptif the
buffer is full andnothingelseis possible this is alsotrue for the recever exceptif the mailboxis empty
andwithout autonomou®peration.Herewe avoid a discussioraboutotherpossiblechoices,see[39] for
moredetails.The descriptionof the othercomponentss donein Section4. Fromnow on we assumdwo
hypothesisaboutour flight resenationsystemzthereis only oneclientandthe sizesof the mailbox buffers
arenot boundedWe will relaxlatertheseassumptionin Section4.4.



3.1 The Bank Examplein PVS

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

addthe managemenof the mailboxesandthe associatedjuards.Unfortunately even, for sucha simple
exampleit was a bit complec. In additionto the mailbox managementanotherproblemis that now the

executionof an operationis loosely coupledwith its messageeceipt.For exampleto definethe seman-
tics for the ok operationwe have to find the message&orrespondindo the oldestor der _R. The needto

know the correspondencbetweernthe instantexecution(or der _E( sel f) ) andthe correspondingnes-
sage(order R(self, id, p))appearsalsoif we wantto measurghe time durationbetweerthese
two events.We tried two differentapproachewrhich arereportecbelow.

3.2 Versionl

Thisversiondoesnotuseanexplicit buffer for messageshevariousfunctionsareinductively definedonthe
executionsteps An executionstepis atermbuilt from the eventsof the STS., it representshefull historyof
thesystemWith our FIFO policy we haveto definesomeauxiliary operatorsTher ank operatorcomputes
the rank of the or der _R subtermin the expressioncorrespondindo the execution(or der _E( sel ) ).
The principleis to computethe numberof messagekessthanthe indice of the consideredxecution.The
r aux operatorextractstheor der _R subtermfrom thesel f expressionTher ecei ved functiongives
theright subtermcorrespondingo a definedexecution.

receved:Ax10M Pdef(orderE(self)) D receved(orderE(self)) = raux(self,rank(self,1, 0))
Fromthatthe ok guardmaybedefinedas:

okl1: Ax10oM process?(selfp ok?(orderR(self,id, p)) = ok?(self)

ok2:Ax10M process?(ordeE(self)) D ok?(orderE(self))= IF member(selfPROJ 1(first(buffer(self))))
THEN (PROJ2(first(huffer(self))) < account(selfPROJ.1(first(buffer(self))))) ELSE FALSE ENDIF

It generatesometccs and we needsometheoremsto dischage them. Oneis relatedto an additive
propertyaboutr ank andthe otheris the similar propertyfor r aux. We have donetheseproofs,evenif
they arenottoo complec they may disturbandmake moreheavy the specificationsindeedthe generation
of tcc improvesthe safety but it forcesusto split the specificationin threetheoriesonefor eachoperator
(rank, r aux, andok). May beit is possibleto simplify a bit thesedefinitionscopingwith someextra
conditionsor specificbuffer policies.However, in mostof the casesye have to live with suchcompleity.

Thesizeof this bankspecificatiorwithoutr ank, r aux, andr ecei ved operatorss abit morelonger
thanthe synchronoudankversion.The specification®f ther ank, r aux, andr ecei ved operatorsiou-
blesthesizeof thebankspecificationln caseof specificationsvith severalmessag&indsthesolutionmay
becomecomplex. Theuseof PVShigherorderconstructionsnay simplify thesituation.

3.3 Version2

The secondversioncomputesa buffer of messagesghis is an instantiationof a genericand classicdata
structureprovided by PVS. The buf f er operationdefinition may be generatecautomaticallyfrom the
STS.Thefunctionsnsg_or der _R, ok, ... aresimply definedusingthis datastructure The useof this data
structuredoesnot solve the definitionof the correspondendeetweeremissionandreceipt(ther ecei ved

function).Eitherwe reusethe previousway, or we useanotherdatastructure or we addinformationsin the



previousone.In all caseshebenefitsarenotobvious,thespecificatioris abit morereadablébut it doesnot
stronglysimplify it.

Thesesxperimentscorvinceusthatsuchkindsof specificationsvould becomplexin arealsystemThe
coreof the problemis thatwe expectto receve messagem the buffer lessor moreconcurrentlythantheir
execution.Another point is that with our hypothesist seemaot possibleto getboundedtime. Indeedit
is possibleto receve aninfinite numberof messagebeforeto procesghefirst one.Boundedmailboxis a
necessargonditionto ensurehefinite time property However sucha specificatioris the mostgenerabnd
canbeseenasthereferencalescriptiorof the componentThuswe try anothemway, becausave expectthat
thenumberof messagebave to bebounded.

3.4 A SpecialisedSpecification

We may notethat sometimeghe context constrainghe dynamicbehaiour of the system.For examplein
the bank behaiour one may assumethat the allowed languagefor the dynamiceventsis ( or der R ;
or der _E) *. In this casewe mayspecialisehebankSTSasin Fig. 3.

Fig. 3. A SpecialisedynamicBehaviour

Theextractingprocessnay bererunandmanuallycompletedo build anew specificatiorfor the Bank
componentTheBank Spec has:adefinednespredicatethestategredicategndthepreconditionsyhich
areautomaticallygeneratedrom the specialised5TS.The specificatioris of coursesimpler, the definition
of ok doesnot needthe previousr ank, andr aux functions.The mailbox computationrmay be removed
(buf f er andnsg_or der functions)aswell asthe &op, andnot ful | Mai | box guardsdefinitions.
Thespecification®f thetwo new obsenersassociatedo ok? andr ecei ved aredefinedas:

okl: Axiom one?(self)D> ok?(orderE(orderR(self, id, p))) = IF member(selfid) THEN (p < ac-
count(selfjid)) ELSE FALSE ENDIF

receved: AxI10M one?(selfD receved(orderE(orderR(self,id, p))) = orderR(self,id, p)

Thesizeof the specificatioris a bit longerthanthe synchronousersion.The next Sectiondescribesan
automatiovay to checkandto handlethis simplificationmoresystematically



4 A BoundedSystem

We presenhereamoresystemati@pproacthof the previousidea.As anexamplewe modela simplesystem
with four concurrenttomponentsa previous versionwith synchronougommunicationss [36]. Thisis a

part of a flight seatresenation systemwith a componentor the seatresenation, onefor simulatingthe
bank,onefor the flight compaly anda lastonefor the client. The client givesits accountnumberwhen
herequests seatto the counter The counterasksthe compaty to know if thereis a seat.This mayfail or

succeedin this last casethe seatresenation ordersthe price to the counterwhich resendst to the bank.
Theordermayfail or if it succeedshenthe counterprintsaticketandthe compaty bookstheresenation.
A comprehensie descriptionof this examplemay be found in [39]. Fig. 4 representshe componenfor

the counterandthe meaningf its ports. The two othercomponentscompaty andclient arerespectiely

depictedin Fig. 5 and6. Notethatin orderto simplify the STSdescriptionave forgettheloopingreceipts
on eachstate.

request ?f:Flight 2c:Client

— —
— request : it handlesauserrequest, price 7piReal
— pri ce : it receivesthe pricefrom the compay, prineicket
noPlace
— noPl ace : thereis noplace, ] —
—fail :thebankorderingfz'ails, success
— success : thebankorderingsucceeds
. . . . . fail
— printTicket : aticketis deliveredto theuser  >— —
success
printTicket !Ticket
Fig. 4. The CounterComponent
request ?f:Flight ?c:Client|
_ — —
— request :therequeshasbeenreceved, checkPlac
— checkPl ace : it checksf thereis someplace, request 2f:Flight 2c:Client book 2fFlight 2c:Client
— noPl ace : thereis noplace, fail
. . p . B [
— fail : the resenation fails (coming from the tal
noPlace
counter),
— book : theresenationsucceeds. book ?f:Flight 2c:Client
] checkPlace [place] F—0

Fig.5. TheCompay Component

Figure7 representthe architectureof our flight resenationsystem A messagéransmissioris graphi-
cally denotedy athin line from anoutputpin to aninputpin. To simplify thefigureswe avoid somenames,
theeffective algumentsandthe guardsof messagessomepinsliker equest _E andbook_E for thecom-
pary, or or der _E for the bankare not connectedincethey do not sendmessages this configuration.



request !Flight !Clien

I

request

— request :theclientasksfor aflight resenation,
— ticket :it getitsflight ticket,
— fail :theresenrationfails.

fail
ticket ?t:Ticket
pu—

ticket ?t:Ticket

fail

Fig. 6. The Client Component

Oneexampleof synchronisatiortoncernghe emissionof the pr i ce_R messagéo thecount er by the

request
ticket
Clent [—>
fail
|
‘ request
request price order
> | fall fail
checkPlact F Counter Bank
fail Company > - succes sucess
ompany
’AnoPlace
 noPlace >
book printTicket
> 3 |
L | ‘

Fig. 7. The SystemArchitecture

checkPl ace_E operationof theconpany. Thisline is dottedin the picture.During this communication
thefirst andthe fourth componen(the clientandthe bank)do nothing,this is a structuredransitionnoted
(- checkPl ace_E price_R -). Theglobaldynamicbehaiour, a structuredSTS, hasabout50 states
and 300 transitions.This compleity comesthe fact that we have a generalasynchronousystem.The
similar examplewith synchronougommunicatiormode,see[36], hasnearly 10 statesand 15 transitions.
However we mustpreciselycompareit with a synchronousystemsimulatingasynchronousommunica-
tion. A quick analysisshavs thatthe numberof statesandtransitionswvould be nearlythe same.



Oneinterestingsituationis whenthe systemhasonly boundedmailboxes. This may be decidedusing
variousways,for instancethe coverability algorithmof Petrinets.In [39] we proposea specificalgorithm
dedicatedo our symbolicandstructuredsystemsandwhich computeghe contentof themailboxes.In this
algorithmthe mailboxesaredictionnariesof messageslhe algorithmsearche@ the dynamicsystemand
computeghe stateswith their mailbox contentsWhena mailbox hasa possibleinfinite contentsa staris
putto avoid the constructiorof aninfinite setof states.

4.1 Application to the Flight System

Herewe considea FIFO stratgy for mailbox,andarelatedalgorithmis ableto checkif thesystemhasonly

finite mailboxes.If it is boundedanotheralgorithmcomputesa systemsimulation,the resultof this bound

analysiss donein Fig. 8. We maynotethatmailboxeshave a sizelesserthantwo in this configuration.
Fromthis obsenationwe suggesthe following process:

1. Computetheglobalbehaiour of theasynchronousystemusingthe synchronougroduct.
2. Usethecheckingandboundanalysisto extractconstraint§or subcomponent&seeTablel).
3. Specialisehe STSof the subcomponentwith theseconstraint{seeFig. 3,9, 11,and10).
4. Generateghe PVSspecificationgsin the synchronougasewith theseSTSs.

Cient CL1 (L), CL2 (L, (fail), (ticket))
Conpany Cl (L1, (request)), C (1), C (L, (fail), (book), (request fail),
(request book))

Count er ClL (L1, (request)), C2 (L, (noPlace), (price)),
C3 (4L, (success), (fail)), &4 (1)
Bank Bl (L, (order)), B2 (1)

Table 1. The SubcomponeribynamicConstraints

Theresultof step2 is a setof allowed statesfor the subcomponentgutomaticallyextractedfrom the
resultof theboundanalysisFor eachsubcomponenive notethevisited stateandthe mailbox contentsfor
instanceseeTablel, theCL2 statefor Cl i ent is activatedwith anemptybuffer (L), with af ai | orwith
ati cket messagel-romtheseconstraintsaasimplespeci al i se algorithm,seeTable2, computeghe
minimal STSfor the subcomponenwhich realiseghe constraints.

TheresultingSTSfor thesubcomponentaredescribedn Fig. 9, 10,11,and3. Notealsothattheresult
of Fig 8 isisomorphico thesynchronougproductof thesespecialisedehaiours(following therulesgiven
by the architecture) This may be explainedfollowing the computationof the synchronougproduct.The
initial stateis a memberof the setof statesof thetwo results.Let e a statein the specialisegproductandt
atransitionof the orginal product,the componentransitionsverify the synchronisatiomules,their sources
arestatef thespecialisedehaviours,thust is alsoatransitionof thespecialiseghroduct.Let ¢ atransition
of bothresultsande its target state ,the componentransitionsarein the specialisecbehaiours andthey
verify the synchronisatiomules,hencee is alsoa stateof the specialisegroduct. The reverseinclusionis
similar.



speci al i se(GAT, listState)

stateResult <- [(initial state, [ ])]
result <- newSTS
WHI LE (stateResult =/=1[ ]) DO

etat Cour <- stateResult[O]
etat Corresp <- stateResult[0][O0]
st at eResul t. pop(0)
FOR oTran in sel f.voisins(etatCorresp):
newTar get <- conpute the target of Qtran
coping with receipt/em ssion and buffer
IF (newTarget in |istState)
AND oTran executabl e from et at Cour
THEN | F newTarget already in resultat
THEN add (etat Cour, oTran, newTarget) in resultat
ELSE add etat Cour in resultat
add (etat Cour, oTran, newTarget) in resultat
stateResult = stateResult + [newTarget]
ENDI F
ENDI F
ENDFOR
ENDWHI LE
RETURN resul t at

Table2. Thespeci al i se algorithm

4.2 Automatic Specialisationof a GAT

The previous algorithmis ableto specialisea componentSTS. The full specificationremainsto provide
with the sameprocessasin Section2.3.

The specialisedSTS s a simulation,in a dynamicsenseas definedin [6], of the original one.The
specialiseaspecificationis alsoa simulation/representatiobut with the Hoaremeaningasdefinedin [34,
9], of theoriginal specificationThis is not new thatboth notionsof simulationcoincide.To disambiguate
someoperatorsthey are prefixed by the theory name,t heor yBank for the original specificationand
t heor yBank Spec for the new specialisedne.More preciselywe have a partialembeddingwith t he-
or yBankSpec asabstractiorinvariant,andcompoundwith anenrichment.

Thebuffer definitionandotherobsenersof the original specificatiorarevalid axiomsin the context of
t heor yBankSpec. We have alsosometheoremsaboutthe contentsof the mailboxescomingfrom the
boundanalysisWe have provedthefollowing theoremIt wasa bit hard,sincethetheoremswvhichlink the
original specificatiorandthe simplified onearemutually dependent.

tout THEOREM

(theoryBankSpecPdef sel) O theoryBank Pde{ self)) A

( (theoryBankSpecPdef self) A theoryBankSpeconeOrderPorderR(self, id2, p2))) D
( PROJ.A( first( buffer( orderR( self, id2, p2)))) = id2))

A

( (theoryBankSpecPdef self) A theoryBankSpeconeOrderPorderR( self, id3, p3))) D
( PROJ.2( first( buffer( orderR( self, id3, p3)))) = p3))
A
(theoryBankSpecPdef self) D



(theoryBankSpecmembe( self, id) = theoryBank membe(self, id)))
A
(theoryBankSpecPdef self) D
(theoryBankSpecaccounf self, idl) = theoryBank accounfself, id1)))
A
( (theoryBankSpecPdef self) A theoryBankSpectwo? selff A process@sel)) D
(theoryBankSpecok? selffy = theoryBank ok self) ))
A
(theoryBankSpecPdef selff D one?sel) = (idle?A sel) A null?( buffer(sel)))) A
(theoryBankSpecPdef self) >
oneOrderPself) = (idleA self) A length buffer(self)) = 1))
A
(theoryBankSpecPdef self) >
two?A selfy = (process@self) A null?( buffer(self))))

This proofis indeedaninterestingresultbut it is notthe mostusefulthing from the specifierpoint of view.
In acomponenperspectie, it would be betterto automaticallyspecialisedhe generakpecificatiorof the
componenivhenit is neededTheremainingpartis to automaticallysimplify the obsenersandauxiliary
operationscopingwith the previoustheoremsSeveralideasare possible ,oneis to reusetechnicscoming
from codespecialisationOneideawe wantto exploreis thefollowing:

— We have anew specificatiorandwe have to simplify the obsenersandguardsdefinitions

— We have a new specialisedSTSwith no needof buffer andthe following propertyholds:if op_FE is
anexecutionthenthereis only onecorrespondingp_R transitionin the specialised5TSbetweerthe
initial stateandthe execution.Of coursetheop_R occurencalepend®n the mailbox strateyy.

— Therecevedstateandtheargumentf thecall correspondingo anop_E executionareextractedfrom
the specialised5TSwithout a buffer computation.

— A givenstatecorrespondso somewell-definedcall of the constructors.

— A propertymay be definedby a setof positive conditionalaxiomsof the form:
petat (self) AND sonmeConditions(self, ...) D prop(self)

Thesefacts,which remainsto be proved, ensurethata part of the specificatiormay be automaticallysim-
plified. At leastit alsogivesa usefulprocesgo interactively helpthe simplificationof the specificationFor
examplethe simplificationof theok? obsener maybe doneasfollowing:

— To simplify an obsener we start from the correspondingheoremin the representationWe trigger
transitionsin reversedirection,we take into accountconditionsandwe userewriting to simplify ex-
pressions.

— Therepresentatiopropertyis: t wo?(sel f) D theoryBankSpec. ok?(self) = theory-
Bank. ok?(sel f)

— We usePVSto transformthis expressioruntil to getthe ok simplifiedaxiom of Section3.4.

— We have to trigger, in the oppositeway, startingfrom thet wo? state,the or der _.E andor der _R
transitions.



Themainpartof the PVSscriptis givenin SectionD, it mainly userewriting technics Howeverthisis only
amanualexample,we think thatat leastthe processnay help the specifierto simplify somedefinitions.A
deeperstudyis needechereto get somesimplificationalgorithms.Onefuture work is to proposesuchan
algorithmandto implementit asa PVS stratayy.

4.3 The Full Specification

Duringthe PVSgeneratiorwe have no problemwith buffer andguardsassociatetb messagesincethey are
completelyremovedin this specificationNotethatthe specificatiorpartcorrespondingo the synchronous
productdoesnot changebetweerthe generalversionandthe simplified one.

We expectto prove the following theorem thatis the time durationbetweena get Ti cket andthe
corresponding equest , withoutf ai | ornoPl ace actionis bounded.

th: THEOREM
Pdef getTicket( self)) D
(time(getTicket(self)) — time(received getTicket(self)))) < 40

A similar proof may be donefor ther equest , f ai | pair. Sincewe considerthatevery actionhasa
duration,the mailboxescheckingis a necessargonditionto geta maximumwaiting time policy. We have
to definesometime measuressociatetlb eachfunctions,howeverwe only considera numberof tick units
representeddy integers.A moreelaborategpproachcompatiblewith our context is [28]. In thiswork the
authordescribea classof linear modelsof time which includesboth discreteand densemodels,with or
withoutinitial instant.

To prove the above theoremwe have two ways. Thefirst oneis to defineall the distinct pathsfrom one
request toaget Ti cket . It is nottoodifficult to definethis setof paths but it noteasyandnot efficient
to computeandverify them.An efficientandautomatiowvay is to extractthesepathsdirectly from the STS.
In our exampleswe have 10 pathsandusingskolemizationandrewriting we verified thatthesepathshave
aboundedime duration.

In somesimple contets the time durationsmay be expressedasvaluationson the edgesot the STSs.
In this case the boundedime checkingis automaticusinga maximumpathalgorithm.But we mayneeda
prover for two reasonswe may have more complex time computationghansimpleboundsor we needa
moreprecisetime boundary

For an atomiccomponenit is not too difficult to defineat i me functioninductively on the structure
of the events(given by the STS). For a concurrentcomponenthe sameway is also possiblethanksto
the global STS. But anotherapproachconsistsin decomposinghe time function of the global actionsin
moreelementarntime piecesassociatedo sendingreceipt,subcomponerdctivationsandsoon. We have
checledbothpossibleapproacheghelatterleadsto simplerproofs.

Otherpropertieshave beenchecledon the simpliedandglobal specification:

— Thecomplementanandexclusivity propertieof statedor the subcomponents
— Thecomplementanandexclusivity propertiesof statefor theglobalsystem

— Deadlockfrennesf Il thecomponents

— Thedecompositiorof compositestatesnto a conjunctionof subcomponerdtates



4.4 Discussion

In this sectionwe have to explain how to relaxsomeassumptionandhow to extendour experiments.

We have only oneclient, but we have checledthis systemwith two andthreeclients.Of coursethe size
of the boundsystemgrows. The global systemwith n clientshasalsoboundmailboxes,the reasonsare
explainedbelon. Oneonehand,a client emitsa requestandwaits a succesr afail action.On the other
hand.thecounterserialisegsherequestit asksthe compaly andthebankbeforeto procesanotherequest.
Anotherway to seethatis thefollowing:

— Consideranabstractiorof then clientswith aone-state&STSandloopingtransitionfor eachevent.
— Build thesynchronougroductandcheckit for boundednalboes.

We obsenre thatit is unboundwith FIFO andwith methoddictionnary However to geta boundsystemit
is sufficientto boundthe countersize.

Our checkingalgorithmis ableto copewith sizeconstrainton the mailboxes. The previous checking
algorithmapplicationconsiderunboundbuffers and oftenit shows that buffers arebounded The reasons
is that mary usefulsystemssendrequestandwait for responsesdowever maliciousclients may asksfor
aninfinite sequencef requestsaandthenavailability of servicemay fail. Note that our approachapplies
to the boundedpartsof a system.evenif the systemis not globally boundedHowever it requiresthatthe
buffers associateavith infinite pathsare computableThis is not alwaysthe case for examplewith FIFO
mailboxes.Indeedreal systemsare boundedsincememoryspaceis not infinite. However the statespace
becomedoo large eventwith symbolictransitionsystems.

The synchronougproductneedsto know the maximumnumberof clients,a more seriousproblemis
thatit hasan exponentialcomplexity. Oneideais to definemoreefficient algorithmswhich do not needto
computeexplicitly the synchronougroduct,se€[26] for arelatedapproach.

The STSallows usto control the numberof statesand transitions.The hard constraintsare: at least
one stateand one looping transitionper event. If the STS complexity decreasethenthe associatedlata
type compleity increasesand vice versa Until this complexity is around50 statesand 50 transitionsa
humanmaymanuallymanaget. Automatictoolshelpsto enlagethislimit, buttime andspacecomputation
becomeanore prominent.Oneideato overcomethe scalability problemis the following: Oncewe have
defineda compoundsystemlike our flight systemwe try to changethe STSby a more abstractone. We
have to recomputeheassociatedatatypebut we expectto do thatwith thehelpof algorithms For example
it is automaticto associate simplerSTSto a productof n components.

Note alsothat our simplificationtechniqueis relevant with any systemassoonasits boundanalysis
shavs thatsomecomponenthiave boundedmailboxes.We expectto useit to optimizethe deploymentof
componentsThis way seemalsopossiblewith otherproving techniquesfor examplewith I/O automata
asin [22] it will beratherimmediatelt will be harder but feasible with otherspecificatiortechniquegor
mixedsystems.

To summarisehe specificatiorandsimplificationprocess:

— Specifythesystemwith GAT andPVS.

— Analyzethe mailboxeswith the checkingandboundalgorithms.
— Extracttheconstraintandspecialisghe STS.

— Simplify the GAT specification®f the subcomponents



In thegeneraktasethemainpartsof theverificationprocessareautomaticthe partswhich arehand-written
are:

— Thespecificatiorof the obsenersof the subcomponents.
— Theultimatesimplificationof the subcomponenmbsenersandguards.

5 RelatedWork

It is impossibleto be exhautif heresinceour approactoverlapsseveralimportantfields of researches.

Several approachegor mixed systemshave beenstudiedin the areaof algebraicspecificationd10,
23,40,16]. Someproposalsseparatehe processcalculi from the datacalculi, othershave a two layered
algebraicspecification.We will compareour approachwith the [18] rewriting logic approachand with
formal architecturatlescriptionanguages.

Of coursesomeanalysismay be conductedusing Petri Net tools, model-checkrs,or otherautomata
relatedtools.Generallyour systemsarenotadequatdor this anda preliminarytranslationis neededHow-
ever the main reasonto try anotherway is that we have structuredsystemswith datatypesandguards.
Thuswe needa powerful approachakinginto accountthe full descriptionof the system Fromthis pow-
erful approacht seemselevantto proposemorespecificbut automatictools. Our approachcomputesall
the mailbox contentswithout hypothesison the arrival rate of events.To the contrary queuingnetworks
and various stochastidechniquesare able to calculatethe averagesize of buffers coping with message
probabilities.

Ourcomponengandarchitecturalescriptioris relatedto architecturaescriptionanguage¢ADL), see
[31] for agoodsuney. We have atomicandcomplex componentsvith interfacesanddynamicbehaviours.
Our approachyivesaway to specifymixedsystems.e. with bothfull datatypesanddynamicbehaiours.
Herewe only presenta graphicalrepresentationf the architecturaldescriptionlanguagethis is not gen-
erally sufiicient for automaticprocessingandfull codegenerationA main differenceis the useof both
synchronousindasynchronousommunicationsvhile mostof thetime ADLs only promotessynchronous
communications.

In [18] the authorsproposesewriting logic as an executablespecificationformalism for protocols.
Reawriting logic is ableto modelobject-orientednessag@assingyariousconcurreng modeandreflectve
aspectsThey usethe Mauderewrite engineto analyseall configurationsof a system.However, aswith
model-checkingthis works well if the systemconfigurationis finite. The authorsimprove this with the
narraving techniquewhich allowsto starttheanalysiswith severalinitial statesWe have alessflexible ap-
proachwhich maybeembeddedhto rewriting logic. But it is alsomorereadableandcloseto programming
practice.In this context we have alsoexperimentedhe useof provers(LP and PVS) andan extensionof
the CTL* logic with datatypes.

At this stageit is interestingto compareour approachwith WRIGHT [5,4]. WRIGHT is a formal ar
chitecturaldescriptionlanguagewith first classcomponentsand connectorsA componenthasa set of
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 coordinatedThe 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 connectorconsisteny, configurorconsistenyg, andattachmentonsisteng usingmainly techniquego

prove deadlockfreedomandbehaioural refinementWe improve readabilityby graphicnotations this is

importantfor large scaleapplicationsIn our approachwe considetbothdynamicandfunctionalproperties
notonly dynamicpropertieswith restricteddatatypes.Thisis afirstimportantdifferencebut othersarethe

useof symbolictransitionssystemsandasynchronousommunications.

The useof PetriNet andthe reachability/ceerability algorithms[32] may solve our mailbox contents
analysis,but it needsat least,a translationinto the Petri Net world. Our algorithmis differentsincewe
have bufferswith variouspolicies.

Theboundedime propertyis relatedto realtime constraintandquality of service Quoting[?] we have
doingastaticanalysisbhasecn pathssearchingHoweverwe arefar from trueandstrict realtime sincewe
considerabstracspecification.

Thework of [42] is arelatedto our approactbut with LTS systemsn placeof STS,anotherimportant
differenceis the synchronousemanticsThe relatedsectionof this papercontainsalso a set of useful
remarks.

6 Conclusion

We provide anapproactio designcomponentandarchitecturevith asynchronousommunicationsnddy-
namicbehaiours.To handleasynchronousommunicationsve distinguishemissiorandreceiptoperations
ratherthanthe useof specificbuffersto memorizemessageOur approactprovidesa uniform andformal
way to expresssynchronousind asynchronougsommunicationsit seemseadableand closeto software
engineermractices.We shov how to computethe global behaviour of an architectureandto representt
withoutlost of information.

In the caseof asynchronousommunicationghe specificationandthe proofsbecomehardersincewe
haveto copewith thebuffer management&ut anothedifficulty is thatthereceiptinstantsarenotstraightly
linkedwith the executioninstantsWe proposea procesgo simplify the specificationandthe proofsin this
case.This processanalyseghe mailboxesof the architectureandif they are boundedit computessome
constraintawhich are usedto simplify the dynamicbehaiour andthe specificationof the components.
The processhasseveral automaticpartsand may be supporteday tools. In the caseof maximumwaiting
timetheapproachremainsgenerakinceboundednailboxis a necessargondition.

Onetrendof futureresearcheis to extendour approacho copewith otheranalysis for examplewith
guardsin communicationsAnotheroneis to considera variablenumberof componentsTheseareimpor-
tantfeaturego fit with morerealisticsystemsWe have to improve our setof algorithmsto automatevhen
possiblethe variouscheckingor specialisationsOneusefulaspeciof PVSwill bethe higerorderfacility,
it may helpusto automaticallygeneratalefinednessstatepredicateandpreconditions.
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B The Bank Specificationin PVS

theoryBank THEORY

BEGIN

IMPORTING Bank

self:

VAR Bank

id, pi1: VAR nat

la: VAR list[[ nat naf ]

idle?, process? [ Bank — bool

Pdet [ Bank — bool

P_ordetE, P_success P-fail: [Bank — bool



PorderR: [[Bank nat naf — bool
msgorder [ Bank — bool
ok? [ Bank — bool
idle_.newBank Axiom idle? newBank la) )
idle_orderR: Axiom idleX orderR(self, id, pi)) = idle? self)
idle_orderE: Axiom - idle? orderE( self) )
idle_success AXIOM

idle? succesgself)) =

IF process@self) THEN ok?A selfy ELSE FALSE ENDIF
idle_fail: Axiom

idle? fail(self)) =

IF process@self) THEN - ok? selff ELSE FALSE ENDIF
processnevBank AXIOM — process@nevBani( 1a) )
processorderR: Axiom processforderR(self id, pi)) = process@sell)
processorderE: AXIOM

process@ordecE( self)) =

IF idle sel) THEN msgordel selff ELSE FALSE ENDIF
processsuccess AXIOM - process@succestself) )
procesdfail: Axiom - processfail( self) )

PdefnewBank axiom Pdef nevBank la))

PdeforderR: AXxiom
Pdef{ orderR( self, id, pi1)) = Pde{self) A P.orderR(self id, p1)

PdeforderE: Axiom Pdef ordecE(self)) = Pdefself) A P.orderE( self)
Pdefsuccess axiom Pdef succestself)) = Pdef{selff A P_succeskself)
Pdeffail: Axiom Pdef fail(self)) = Pdefself) A P-fail( self)

P_orderR: AxioMm
P_orderR(self, id, pi1) = (idleX self) Vv processPself) )



PorderE: Axiom P.orderE(sel) = (idle sel) A msgorde( self))

P_success AXIOM P_succesgselff = (process@self) A ok? self))

Pfail: axiom P-fail(sel) = (process@sel) A - ok? self))

msgordecnevBank AXIOoM - msgorde nevBank la) )

msgordecorderR: AXIOoM msgordel ordecR( self, id, pi1))

msgordecordetE_nevBank Axiom — msgorde ordecE( nevBank( 1a) ) )

msgorderorderE_orderR: AXIOM
msgordel ordetE( ordetR( self, id, pi1))) = msgorde( self)

msgorderorderE_success AXIOM
msgordel ordetE( succeskself) )) = msgorde( self)

msgordetrorderE fail: AXiom
msgordel ordetE( fail( self)y)) = msgorde( self)

msgordersuccess AxIOM msgordeK successself)) = msgorde( self)
msgordercfail: Axiom msgorde( fail( sel)) = msgorde( self)
exclu: THEOREM — (idle? selff A process@self))
comp THEOREM Pdef{ self = (idle? sel) VvV process(seli))
impl: THEOREM (idleXsel) D Pde{self)) A (process@self) O Pdefself))
noblk THEOREM
VY (self Bank id: nat pi: nad:
(Pdefsel) >
(P.ordecR( self, id, pi) V

P_orderE( self) v P-fail(selffy Vv P_succestself)))

END theoryBank

theoryRank THEORY
BEGIN

IMPORTING theoryBank



self, self2 tmp. VAR Bank

id, p1, 4, j, e, r VAR nat
la: VAR list[[ nat naf ]

rank [[Bank nat nal — naf

ranknevBank AXIOM
(e >0A 7 >0 DranknevBankla), e, r) = r—e

rankordetR: AXIOM
Pdef ordetR(self, id, pi1)) A (e >0 AT >0 D
rani ordetR( self, id, p1), e, r) = rankself e, 1+47)

rankordetE: AXIOM
Pdef ordetE(self)) A (e > 0 A r > 0) D
ranik ordetE(self), e, r) = rankselff 1+e, 7)

ranksuccess AXIOM

Pdef succesgsel)) A (e > 0 A r > 0) D

rank( succesself), e, r) = rank(self, e, 1)
rankfail: AxioMm

Pdef fail(sel)) A (e > 0 A 7 >0 D

rani( fail(self), e, r) = rank(self, e, r)
thRank THEOREM

Pde{self A (¢ >0 A 35 >0 D

rank(self, 7, j)—1 = rank(self, i, j—1)

END theoryRank

theoryRaux THEORY
BEGIN

IMPORTING theoryRank

self, self2 tmp. VAR Bank
id, p1, ¢, e, 7. VAR nat
raux [[Bank nafl — Bani

rauxorderR: AXIOM
Pdef ordetR( self, id, pi1)) D



raux orderR( self, id, p1), i) =
IFi =20

THEN ordetR( self, id, pi1)
ELSE raux self, ¢—1)
ENDIF

rauxordecE: AXIOM
Pdef ordetE(self)) D raux ordetE(self), i) = raux self, i)

raux.success AXIOM
Pdef succestself)) O raux succesself), i) = raux self 1)

rauxfail: Axiom Pdef fail(self)) D raux fail(sel), i) = raux self, )

thRaux THEOREM Pdef orderE(sel)) A (¢ > 0) D ordetRY raux self, 1))

END theoryRaux

theoryReceied THEORY
BEGIN

IMPORTING theoryRaux

la: VAR list[[ nat naf ]

self, self2 tmp. VAR Bank

id, idl, pi1, %, e, r: VAR nat

searclila: listf[nat naf], id: nad: bool =
somé X (¢: [nat naf): PROJ1(c¢) = id)(la)

find(la: listf[nat naf], id: na): RECURSIVE nat =

CASES la
oF null: 0,
cong conslvar, cons2var :
IF (PROJ1(conslva) = id) THEN PROJ2(conslvar) ELSE find( cons2var,
ENDCASES

MEASURE length( |a)
receved [ (processf — Bani
member [[Bank naf — bool

account [[Bank naf — naf

id) ENDIF



membermenBank AxioMm membe¢ nevBani(la), id) = searckla, id)

memberorderR: AXIOM
membe¢ orderR( self, idl, p;), id) = membe(self, id)

memberordecE: Axiom membe¢ordecE( self), id) = membe¢self, id)
membersuccess AxIOoM membef successself), id) = membef self, id)
memberfail: AxioM membe(fail( self), id) = membefself, id)

accountnevBank AxioM accounfnenvBank(la), id) = find(la, id)

accountordetR: AXIOM
accountorderR( self, idl, pi1), id) = accountself, id)

accountorderE: Axiom accounforderE( self)y, id) = accountself id)
accountsuccess AXIOM accountsuccesgself), id) = accountself, id)
accountfail: Axiom accountfail( self)y, id) = accountself, id)
receved AXIOM

Pdef ordetE(self)) D

receved orderE( self)) = raux self, rank(self, 1, 0))
okl AXIOM

Pdef ordetE(self)) D

ok orderE(self)) =

( membef received orderE(self)), id) A

(p1 < accountreceved ordecE(self)), id)))

ok2 AXIoM
Pdef orderR(self, id, pi1)) D ok orderR(self, id, pi1)) = ok? sel

END theoryReceied

C The SpecialisedBank Specificationin PVS

theoryBankSpec THEORY
BEGIN

IMPORTING Bank

IMPORTING listNat



self VAR Bank

la: VAR list[ [ nat naf ]

id, idl, pi: VAR nat

one? oneOrder? two? [ Bank — bool

Pdef [ Bank — bool

P_ordetE, P_success P-fail, P.init: [ Bank — bool

PorderR: [[Bank nat naj — bool

ok? [(two? — bool

member [[Bank naj — bool

account [[Bank naj — naf

onenevBank Axiom one? nevBank la))

oneordetR: AxioM - one?TordecR(self id, pi))

oneordetE: Axiom — one? orderE( self))

onesuccess AXIOM
one? succeskself)) = IF two selff THEN ok? selff ELSE FALSE ENDIF

onefail: AXiom
one?fail(sel)) = IF twoAself THEN — ok selfy ELSE FALSE ENDIF

oneOrdemenBank AxIOM - oneOrderPnenvBank( la) )

oneOrderorderR: AxioM oneOrderforderR( self, id, pi)) = one?self

oneOrderorderE: AXIOM - oneOrderforderE( self) )

oneOrdersuccess AXIOM - oneOrder@succestself) )

oneOrderfail: AxXIOM — oneOrder@fail( self) )

two_nevBank AxioM - two? nevBank la))



two_orderR: AXIoM = two? orderR( self, id, p1))
two_orderE: Axiom two?A ordetE(self)) = oneOrder@self)
two_success AXIOM - two?q successself) )

two_fail: Axiom - twoX fail( self))

PdefnewBank axiom Pdef newBank la))

PdeforderR: AXxioMm
Pdef{ orderR(self, id, pi1)) = (Pdefselff A P.ordetR(self id, p1))

PdeforderE: Axiom Pdef orderE(self)) = (Pdefself) A P-orderE(self))
Pdefsuccess axiom Pdef succestself)) = (Pdefsel) A P_succesself))
Pdeffail: Axiom Pdef fail(self)) = (Pdef{self) A P-fail( self))
P_init_nevBank Axiom P.init( nevBank la))

P.init_ordetR: AxioM — P.nit( ordecR( self, id, p1))

P_init_ordetE: Axiom - P.init( ordecE( self) )

P_init_success Axiom = P.init( successself) )

P_init_fail: aAxiom - P.nit( fail( self))

P_ordertR: Axiom P.orderR(self, id, pi) = one?self

P_ordetE: Axiom P.orderE( selff = oneOrderself)

P_success AXIOM P_successsel) = (two?A sel) A ok¥ self))

Pfail: axiom P-fail(sel) = (twoAselff A — ok¥A self))
membernenBank AxioMm membef newBank(la), id) = searclila, id)

memberorderR: AXIOM
one?self) D membeforderR(self, idl, pi), id) = membe¢self, id)

memberorderE: AXIOM
oneOrder@sel) D membe¢orderE(self), id) = membefself, id)



membersuccess AXIOM
(twosel) A okAself)) D
membe¢ successself) , id) = membe¢self, id)

memberfail: AX10M
(twosel) A - okAself)) DO membe¢fail( self), id) = membefself id)

accountnevBank AxioM accounfnenvBankla), id) = find(la, id)

accountorderR: AXIOM
one?selffy D accountorderR(self, idl, pi), id) = accountself, id)

accountordetE: AXIOM
oneOrder@self) D accountordecE(self), id) = accountself, id)

accountsuccess AXIOM
(two?sel) A okAsel)) D
accounfsuccesgself)y, id) = accountself, id)

accountfail: AXxIom
(twosel) A — okAself)) D

accoungfail( self), id) = accounfself, id)
okl AXIoM
one?sel) D

ok ordecE( orderR( self, id, p1))) =
IF membefself, id) THEN (p: < accountself, id)) ELSE FALSE ENDIF

receved [ Bank — Bani
receved AXIOM

one?sel) D

receved orderE( orderR( self, id, pi1))) = orderR(self id, pi)
exclu: THEOREM

- (oneTself) A oneOrderfself)) A

- (one?self) A twoAself)) A — (oneOrderPself) A two? self))
comp THEOREM Pdef{self) = (oneTself) Vv oneOrderfsel) Vv two? self))
impl: THEOREM

(one?self) D Pdefsel)) A

(oneOrder@sel) D Pde{sel)) A (twoA sel) D Pdefself))

noblk THEOREM



V (self Bank id: nat p:: nad:
(Pdefsel) D
(P-ordetR(self, id, pi) V
P_ordetE(self) Vv P-fail(self Vv P-succesgsell)))
P.initl: THEOREM P.init(selffy O one? self)
P.init2: THEOREM P.init(selfy O Pdef self)
th_order THEOREM
oneOrder@sel) D
(3 (avant Bank ia: nat pa naj:

(oneTavan) A (ordetR(avant ia, pa = sel))))

END theoryBankSpec

theoryTme: THEORY
BEGIN

IMPORTING theoryBankSpec
self, self2 vaRrR Bank
la: VAR list[ [ nat naf ]
id, pi1: VAR nat
time: [ Bank — naf
duration [[Bank Bank — naf
time.nevBank Axiom time( nevBankla)) = 3
time_orderR: Axiom time( ordetR(self, id, p1)) = 1+ time(self)
time_ordecE: Axiom time( ordecE(self)) = 2+ time(self)
time_success AXIOM time( successself)) = 3 + time(self)
timefail: Axiom time( fail(selfd ) = 4 + time(self)
th: THEOREM

Pdef ordetE(self)) D

(time(orderE(self)) — time(receved(ordecE(self)))) < 3

END theoryTime



D The Simplification Using PVS

In the following proof we startfrom a generaldefinition of ok? andwe simplify it accordingto the new bankSTS
definition. The context of the proofis thet heor yBank2 (the versionwith anexplict buffer computationjandsome
theoremsomingfrom therepresentation.

abspdef Axiom theoryBankSpedPdef self) > theoryBank2 Pdef self)

absone AXIOM
theoryBankSpedPdef self) D
one?sel) = (idleqsel) A null buffer( self)))

absoneOrder AXIOM
theoryBankSpedPdef self) D
oneOrder@self) = (idleXself) A length( buffer(self)) = 1)

abstwo: AXIOM
theoryBankSpecdPdef self) >
twoA sel) = (process@self) A null? buffer( self)))

END essai

Themainrulesareshavn, the otherstepsareeithertrivial or simplerewriting.

si mpok :

{1} FORALL (self: Bank):
t heor yBankSpec. t wo?(sel f) | MPLIES
(theoryBankSpec. ok?(sel f) = theoryBank2. ok?(self))

Skol em zing and flattening, then
Applying th_tw and then
Instantiating quantified variables,
this sinplifies to:

si npok :

{-1} two?(self!l) I MPLIES
(EXI STS (avant: Bank):
(oneOrder?(avant) AND (order_E(avant) = self!1)))
{-2} theoryBankSpec.two?(sel f!1)
{1} (theoryBankSpec. ok?(sel f!1) = theoryBank2. ok?(self!1))

Splitting conjunctions,



we get 2 subgoal s
sinpok. 1 :

{-1}
[-2]

[1]

EXI STS (avant: Bank): (oneOrder?(avant) AND (order_E(avant)
t heor yBankSpec. t wo?(sel f11)

(theoryBankSpec. ok?(sel f! 1) = theoryBank2. ok?(self!1))

Skol em zing and flattening, then

Repl aci ng using fornula -2, and then

Appl yi ng t heoryBankSpec.inpl where
sel f gets order_E(avant!1),

this sinplifies to:

sinmpok.1 :

{-1}

(one?(order_E(avant!1)) | MPLIES Pdef (order_E(avant!1))) AND

selfll))

(oneOrder?(order _E(avant! 1)) | MPLIES Pdef (order_E(avant!1))) AND

(two?(order_E(avant! 1)) | MPLIES Pdef (order_E(avant!1)))
oneOrder ?(avant! 1)
(order_E(avant!1l) = self!1)
t heor yBankSpec. t wo?(order_E(avant!1))

(t heoryBankSpec. ok?(order_E(avant!1)) =
t heor yBank2. ok?(order _E(avant!1)))

Applying disjunctive sinplification to flatten sequent, then
H ding formulas: -2, -1,

this sinplifies to:

sinmpok.1 :

{-1}
[-2]
[-3]

(two?(order_E(avant!1)) | MPLIES Pdef (order_E(avant!1)))
oneOrder?(avant! 1)

(order_E(avant!1l) = self!1)

t heor yBankSpec. t w?(order _E(avant!1))

(theoryBankSpec. ok?(order _E(avant!1)) =
t heor yBank2. ok?(order _E(avant!1)))

Splitting conjunctions,
we get 2 subgoal s
sinmpok.1.1 :

{-1}
[-2]
[-3]

Pdef (order_E(avant!1))
oneOrder ?(avant! 1)
(order_E(avant!1l) = self!1)



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

[1] (t heoryBankSpec. ok?(order_E(avant!1)) =
t heor yBank2. ok?(order _E(avant!1)))

Rewiting using abs_two, matching in *, then

Rewriting using theoryBank2.o0k2, matching in *, and then
Appl yi ng th_order

this sinplifies to:

sinmpok. 1.1 :

{-1} FORALL (self: Bank):
oneOrder ?(sel f) | MPLI ES
(EXI STS (avant: Bank, ia: nat, pa: nat):
(one?(avant) AND (order_R(avant, ia, pa) = self)))
[-2] Pdef(order_E(avant!1))
[-3] oneOrder?(avant!l)
[-4] (order_E(avant!1l) = selfl1l)
{-5} (process?(order_E(avant!1)) AND null ?(buffer(order_E(avant!1))))

{1} (theoryBankSpec. ok?(order_E(avant!1)) =
I F menmber (avant!1, PRQI_1(first(buffer(avant!1))))
THEN (PRQJ_2(first(buffer(avant!l))) <=
account (avant!1, PRQI_1(first(buffer(avant!1)))))
ELSE FALSE
ENDI F)

Instantiating quantified vari abl es,
this sinplifies to:
sinmpok. 1.1 :

{-1} oneOrder?(avant!1) | MPLIES
(EXI STS (avant: Bank, ia: nat, pa: nat):
(one?(avant) AND (order_R(avant, ia, pa) = avant!1l)))
[-2] Pdef(order_E(avant!1))
[-3] oneOrder?(avant!l)
[-4] (order_E(avant!1l) = selfl1l)
[-5] (process?(order_E(avant!1)) AND null ?(buffer(order_E(avant!1))))

[1] (t heoryBankSpec. ok?(order _E(avant!1)) =
I F menmber (avant!1, PRQI_1(first(buffer(avant!1))))
THEN (PRQJ_2(first(buffer(avant!l))) <=
account (avant!1, PRQI_1(first(buffer(avant!1)))))
ELSE FALSE
ENDI F)



Splitting conjunctions,
we get 2 subgoal s:
sinpok.1.1.1 :

{-1} 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!1l)
[-4] (order_E(avant!1l) = selfl1l)
[-5] (process?(order_E(avant!1)) AND nul |l ?(buffer(order_E(avant!1))))

[1] (t heoryBankSpec. ok?(order_E(avant!1)) =
| F menber (avant! 1, PRQI_1(first(buffer(avant!1))))
THEN (PRQI_2(first(buffer(avant!l))) <=
account (avant!1, PRQI_1(first(buffer(avant!1)))))
ELSE FALSE
ENDI F)

Skol em zing and flattening, then
Repl acing using fornmula -2, and then
Appl yi ng t heoryBankSpec.inpl where
self gets order_R(avant!2, ial!l, pal!l),
this sinplifies to:
sinpok.1.1.1 :

{-1} (one?(order_R(avant!2, iall, pa!l)) |MLIES
Pdef (order_R(avant!2, iall, pall)))
AND
(oneOrder?(order_R(avant!2, ia!'l, pa!l)) I MLIES
Pdef (order _R(avant!2, iall, pall)))
AND
(two?(order _R(avant!2, iall, pa!'l)) |MLIES
Pdef (order_R(avant!2, ia!l, pall)))
{-2} one?(avant!?2)
{-3} (order_R(avant!2, iall, pall) = avant!1)
[-4] Pdef(order_E(avant!1))
{-5} oneOrder?(order_R(avant!2, iall, pa!l))
[-6] (order_E(avant!1l) = selfll)
{-7} process?(order_E(avant!1))
{-8} null?(buffer(order_E(avant!1)))

{1} (theoryBankSpec. ok?(order_E(order_R(avant!2, iall, pall))) =
| F menber (order_R(avant!2, iall, pa!l),
PROJ_1(first(buffer(order_R(avant!2, iall, pall)))))



THEN (PRQJ_2(first(buffer(order_R(avant!2, iall, pall)))) <=
account (order_R(avant!2, iall, pa!'l),
PRQJ_1(first(buffer
(order_R(avant!2, iall, pall))))))
ELSE FALSE
ENDI F)

Appl ying disjunctive sinplification to flatten sequent, then
H ding formulas: -3, -1,

this sinplifies to:

sinpok.1.1.1 :

{-1} (oneOrder?(order_R(avant!2, iall, pall)) |IMPLIES
Pdef (order _R(avant!2, ia!l, pall)))

[-2] one?(avant!?2)

[-3] (order_R(avant!2, ia!'l, pall) = avant!1l)

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

[-5] oneOrder?(order_R(avant!2, iall, pall))

[-6] (order_E(avant!1l) = selfl1l)

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

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

[1] (t heoryBankSpec. ok?(order_E(order_R(avant!2, iall, pall))) =
| F menber (order_R(avant!2, iall, pa!l),
PROJ_1(first(buffer(order_R(avant!2, iall, pall)))))
THEN (PRQJ_2(first(buffer(order_R(avant!2, iall, pall)))) <=
account (order_R(avant!2, iall, pa!'l),
PRQJ_1(first(buffer
(order_R(avant!2, iall, pa'l))))))
ELSE FALSE
ENDI F)

Splitting conjunctions,
we get 2 subgoal s:
simpok.1.1.1.1 :

{-1} Pdef(order_R(avant!2, iall, pall))

[-2] one?(avant!?2)

[-3] (order_R(avant!2, iall, pa!l) = avant!1l)
[-4] Pdef(order_E(avant!1))

[-5] oneOrder?(order_R(avant!2, ial!l, pall))
[-6] (order_E(avant!1l) = selfll)

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

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



[1] (theoryBankSpec. ok?(order _E(order_R(avant!2, iall, pall))) =
| F menber (order_R(avant!2, iall, pal'l),
PRQJ_1(first(buffer(order_R(avant!2, iall, pall)))))
THEN (PRQJ_2(first(buffer(order_R(avant!2, iall, pall)))) <=
account (order_R(avant!2, iall, pa!l),
PROJ_1(first(buffer
(order_R(avant!2, iall, pall1))))))
ELSE FALSE
ENDI F)

Rewriting using abs_oneOrder, matching in *, then
Rewiting using idle_order_R matching in *, and then
Rewriting using buffer_order_R, matching in *,

this sinplifies to:
sinmpok.1.1.1.1 :

[-1] Pdef(order_R(avant!2, iall, pa!'l))

[-2] one?(avant!?2)

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

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

{-5} (idle?(avant!2) AND |l ength(cons((ia'l, pa!l), buffer(avant!2))) = 1)
[-6] (order_E(avant!1l) = selfll)

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

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

{1} (theoryBankSpec. ok?(order_E(order_R(avant!2, iall, pall))) =
| F menber (order_R(avant!2, iall, pa!'l),
PRQJ_1(first(cons((ia!l, pall), buffer(avant!2)))))
THEN (PRQJ_2(first(cons((ia!ll, pa!'l), buffer(avant!2)))) <=
account (order_R(avant!2, iall, pal'l),
PRQJ_1(first(cons
((ial'l, pa!l), buffer(avant!2))))))

ELSE FALSE
ENDI F)

Appl ying disjunctive sinplification to flatten sequent, then
Rewiting using length, matching in -6, and then
Sinplifying with decision procedures,

this sinplifies to:

simpok.1.1.1.1 :

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

[-2] one?(avant!?2)

[-3] (order_R(avant!2, iall, pa!l) = avant!1l)
[-4] Pdef(order_E(avant!1))



{-5} idle?(avant!?2)

{-6} length(buffer(avant!2)) =0
[-7] (order_E(avant!1l) = selfl1l)
[-8] process?(order_E(avant!1))

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

[1] (theoryBankSpec. ok?(order _E(order_R(avant!2, iall, pall))) =
| F menber (order_R(avant!2, iall, pa!l),
PRQJ_1(first(cons((ia!l, pall), buffer(avant!2)))))
THEN (PRQJ_2(first(cons((ia!ll, pa!l), buffer(avant!2)))) <=
account (order_R(avant!2, iall, pa!'l),
PRQJ_1(first(cons
((iall, pall), buffer(avant!2))))))

ELSE FALSE
ENDI F)

Applying th_list4 where
la gets buffer(avant!2),
this sinplifies to:

sinmpok.1.1.1.1 :

{-1} (length(buffer(avant!2)) = 0) I MPLIES (buffer(avant!2) = null)
[-2] Pdef(order_R(avant!2, iall, pa!l))

[-3] one?(avant!?2)

[-4] (order_R(avant!2, ia!'l, pall) = avant!1l)

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

[-6] idle?(avant!?2)

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

[-8] (order_E(avant!1l) = selfll)

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

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

[1] (t heoryBankSpec. ok?(order_E(order_R(avant!2, iall, pall))) =
| F menber (order_R(avant!2, iall, pa!l),
PROJ_1(first(cons((iall, pall), buffer(avant!2)))))
THEN (PRQJ_2(first(cons((iall, pa!l), buffer(avant!2)))) <=
account (order_R(avant!2, iall, pa!'l),
PRQJ_1(first(cons
((iall, pall), buffer(avant!2))))))

ELSE FALSE
ENDI F)

Splitting conjunctions,
we get 2 subgoal s:
simpok.1.1.1.1.1 :



{-1} (buffer(avant!2) = null)

[-2] Pdef(order_R(avant!2, iall, pa!l))

[-3] one?(avant!?2)

[-4] (order_R(avant!2, iall, pa!l) = avant!l)
[-5] Pdef(order_E(avant!1))

[-6] idle?(avant!?2)

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

[-8] (order_E(avant!1l) = selfll)

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

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

[1] (t heoryBankSpec. ok?(order_E(order_R(avant!2, iall, pall))) =
| F menber (order_R(avant!2, iall, pa!l),
PRQJ_1(first(cons((ia!ll, pall), buffer(avant!2)))))
THEN (PRQJ_2(first(cons((iall, pa!l), buffer(avant!2)))) <=
account (order_R(avant!2, iall, pa!'l),
PRQJ_1(first(cons
((iall, pall), buffer(avant!2))))))

ELSE FALSE
ENDI F)

Repl aci ng using fornula -1, then
Rewiting using first_cons_null, matching in 1, and then
Sinplifying with decision procedures,
this sinplifies to:
simpok.1.1.1.1.1 :

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

[-2] Pdef(order_R(avant!2, iall, pa!'l))

[-3] one?(avant!?2)

[-4] (order_R(avant!2, ia!'l, pall) = avant!1l)
[-5] Pdef(order_E(avant!1))

[-6] idle?(avant!?2)

[-71 length(buffer(avant!2)) =0

[-8] (order_E(avant!1l) = selfll)

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

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

{1} (theoryBankSpec. ok?(order_E(order_R(avant!2, iall, pall))) =
I F menber (order_R(avant!2, iall, pall), iall)
THEN (pa! 1 <= account (order_R(avant!2, ia!l, pall), iall))
ELSE FALSE
ENDI F)



Rewriting using nenber_order R, matching in *, then
Rewriting using account_order_R, matching in *, and then
H ding formulas: -1, -2, -4, -5, -6, -7, -8, -9, -10,
this sinplifies to:

sinmpok.1.1.1.1.1 :

{1} (theoryBankSpec. ok?(order_E(order_R(avant!2, iall, pall))) =
| F menber (avant!2, ia!l) THEN (pa!l <= account(avant!2, iall))
ELSE FALSE
ENDI F)

Mer gi ng and generali zi ng,
we get 3 subgoal s:
simpok.1.1.1.1.1.1 :

{1} FORALL (avant_1: Bank, ia_l, pa_1: nat):
one?(avant _1) | MPLIES
(theoryBankSpec. ok?(order _E(order_R(avant_1, ia_1, pa_1))) =
| F menber (avant _1, ia_1) THEN (pa_1l <= account(avant_1, ia_1))
ELSE FALSE
ENDI F)
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