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Abstract: TheInvoicingcasestudyisatypicalbusinesssystemproposedby HenriHabriasasacommonexample
for a conteston the capacityof particularformal methodsto capturerequirementsfrom theclient. For this, the
casestudyis informally describedby half a pageof Englishtext. In this report,we usethe formal description
techniqueLOTOS for requirementcapture,formal descriptionandverificationof the Invoicing casestudy. First,
we analyseandinterpretthe informal requirementsof the casestudyusingthe LOTOS approachfor description
of systems. This leadsto a set of twenty questionsabout the informal description. By answeringto these
questions,we obtaina high-level specificationarchitecturethatcanbe formalised. Then,we presentthe formal
descriptionof thecasestudyin LOTOSand,for comparison,in E-LOTOS, thenew versionof LOTOScurrentlybeing
standardized.SinceLOTOS allows a balanceto bestruckbetweenprocess-orientedanddata-orientedmodeling,
descriptionsin bothstylesaregiven. After that,we verify theLOTOS descriptionsby model-checkingusingthe
CADP (CÆSAR/ALDÉBARAN) toolbox. The underlyingLabelledTransitionSystem(LTS) modelscorresponding
to variousscenariosaregeneratedusingtheCÆSARcompiler. We pushfurther theanalysisof thecasestudyby
formalizing in temporallogic six propertiesof the system.We verify thesepropertieson the LTS modelsusing
theXTL model-checker. Finally, we studytheequivalenceof theprocess-orientedanddata-orienteddescriptions
usingtheALDÉBARAN tool.
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∗ VASY, INRIA Rhône-Alpes,France,e-mail: Mihaela.Sighireanu@inria.fr
† Departmentof ComputingScienceandMathematics,Universityof Stirling, Scotland,e-mail: kjt@cs.stir.ac.uk
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Analysedebesoins,description formelle et vérification d’un syst̀emede
gestion: l’ étudede cas“F acturation”

Résuḿe: L’ étudedecas“Facturation”(Invoicing) estunsyst̀emedegestionclassiquepropośeparHenriHabrias
commeunexemplecommunpourundébatcomparatifsurlacapacit́edesdifférentesméthodesformellesàanalyser
les besoinsdesclients. Pourcetteraison,le syst̀emeestdécrit d’une façon informelle, dansunedemi-pagede
texte enanglais. Dansce rapport,nousutilisonsla techniquede descriptionformelleLOTOS pour l’analysedes
besoins,la descriptionformelle et la vérificationde cetteétudede cas. Premìerement,nousanalysonset nous
interpŕetonsla descriptioninformelledesbesoinsenutilisant l’approchepropośeeparLOTOS pour la description
dessyst̀emes. Ceci nousconduit à poservingt questionssur la descriptioninformelle. En répondant̀a ces
questions,nousobtenonsune sṕecificationde hautniveauqui peut être formaliśee. Ensuite,nousprésentons
la descriptionformelle du syst̀emeen LOTOS et, pour comparaison,en E-LOTOS, la nouvelle versionde LOTOS

en coursde normalisation. PuisqueLOTOS offre la possibilit́e d’utiliser plusieursstylesde description,deux
descriptionssont présent́ees: une descriptionorient́ee processuset une descriptionorient́ee donńees. Nous
vérifionslesdescriptionsLOTOS en utilisant l’approchebaśeesur les mod̀eles(model-checking) aumoyende la
bôıte à outils CADP (CÆSAR/ALDÉBARAN). Les mod̀elessyst̀emede transitionsétiquet́ees(STE) correspondant
auxdifférentssćenariossontgéńerésà l’aide du compilateurCÆSAR. Nousavançonsl’analysedel’ étudedecas
enformalisantenlogiquetemporellesix propriét́esdusyst̀eme.Nousvérifionscespropriét́essurlesmod̀elesSTE

aumoyendel’ évaluateurXTL. Finalement,nousétudionsl’ équivalenceentrelesdescriptionsorient́eesprocessus
et lesdescriptionsorient́eesdonńeesaumoyendel’outil ALDÉBARAN.

Mots-clé : E-LOTOS(Enhancementsto LOTOS), Facturation,Logiquetemporelle,LOTOS, Méthodesformelles,
Relation de (bi)simulation, Syst̀emes de transitions étiquet́ees (STE), Techniquesde description formelle,
Vérification.
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1 Intr oduction

A large numberof formal specificationandverificationmethodshave beendevelopedin the last twenty years.
The Formal Methodssite of the Oxford University1 containsseventy-five referencesto suchmethods. Several
casestudieshave beenproposedin orderto testthesuitability of a particularmethodfor formal specificationand
verificationof an engineeringdisciplineor to comparedifferentmethodsfrom a specificpoint of view. Henri
Habriasproposeda casesuchstudy, namelytheInvoicingsystem.

TheInvoicingsystemis a typical businesssystem.We includebelow its informal description,asproposedby
Henri Habrias[AAH98]:

Thesubjectis to invoiceorders. To invoiceis to change thestateof an order (to change it fromthe
state“pending” to “in voiced”).

On an order, we haveoneand oneonly referenceto an orderedproductof a certain quantity. The
quantitycanbedifferent fromotherorders. Thesamereferencecanbeorderedon several different
orders. Thestateof the order will be changed into “in voiced” if the orderedquantityis either less
thanor equalto thequantitywhich is in stock according to thereferenceof theorderedproduct.

You haveto considerthetwo following cases:

Case1: All theordered referencesare referencesin stock. Thestock or the setof orders mayvary
dueto theentryof new ordersor cancelledorders,or dueto havinga new entryof quantitiesof
productsin stock at thewarehouse.
But,wedo not haveto take theseentriesinto account.Thismeansthat youwill not receivetwo
entryflows(orders,entriesin stock). Thestock andthesetof orders are alwaysgivento youin
an up-to-datestate.

Case2: You do haveto take into accounttheentriesof:

• new orders;
• cancellationsof orders;
• entriesof quantitiesin thestock.

Thedeclaredgoalof theInvoicingcasestudyis to evaluatethecapacityof particularformalmethodsto capture
requirementsfrom theclient. Thisevaluationis obtainedby askingthespecifierusinga particularformalmethod
for formal specificationandverificationof thecasestudyto considerthefollowing concerns:

• Whatarethequestionsraisedby theformalizationof theinformal description?

• Whatarethesolutionssuggestedor imposedby themethodto thesequestions?

• How thesesolutionsmaybeverifiedto beconsistent?

In this report,we addressthe Invoicing casestudyusingthe LOTOS [ISO88] andE-LOTOS [Que98] formal
descriptiontechniquesandtheCADP [GJM+97] protocolengineeringtoolbox.

The report is organizedasfollows. Section2 introducesbriefly the LOTOS andE-LOTOS languagesandthe
LOTOS approachfor the requirementcapture. Section3 presentsthe questionsarisenwhentrying to formalize
theInvoicing casestudy, andtherevisedproblemstatementobtainedby answeringto thesequestions.Section4
presentstheLOTOSandE-LOTOSformaldescriptionsof theInvoicingcasestudyusingtheprocess-orientedandthe
data-orientedspecificationstyles. Section5 presentsthe testingandverificationissuesandintroducestheCADP

protocolengineeringtoolbox. Section6 presentsthe generationof the LTS modelscorrespondingto the LOTOS

descriptions.Sections7 and8 describetheverificationsperformedon thesemodelsby meansof temporallogic
andbisimulationequivalences.Section9 givessomeconcludingremarks.

2 The LOTOSApproach

2.1 The ISO LanguageLOTOS

LOTOS [ISO88] is a standardizedFormalDescriptionTechniqueintendedfor thespecificationof communication
protocolsanddistributedsystems.Severaltutorialsfor LOTOSareavailable,e.g.[BB88, Tur93b].

1http://www.comlab.ox.ac.uk/archive/formal -method s.html
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4 M. Sighireanu,K. J. Turner

The designof LOTOS wasmotivatedby the needfor a languagewith a high abstractionlevel anda strong
mathematicalbasis,whichcouldbeusedfor thedescriptionandanalysisof complex systems.As adesignchoice,
LOTOSconsistsof two “orthogonal”sub-languages:

The data part of LOTOSis dedicatedto thedescriptionof datastructures.It is basedonthewell-known theoryof
algebraicabstractdatatypes[Gut77], morespecificallyon theACTONE specificationlanguage[dMRV92].

The control part of LOTOSis basedontheprocessalgebraapproachfor concurrency, andappearsto combinethe
bestfeaturesof CCS2 [Mil89] andCSP3 [Hoa85].

LOTOS hasbeenappliedto describecomplex systemsformally, for example: OSI TP4 [ISO92, Annex H],
MAA5 [Mun91], FTAM6 basicfile protocol [LL95], etc. It hasbeenmostly usedto describesoftwaresystems,
althoughtherearerecentattemptsto useit for asynchronoushardwaredescription[CGM+96].

A numberof toolshavebeendevelopedfor LOTOS, coveringuserneedsin theareasof simulation,compilation,
testgeneration,andformal verification.

Despitethesepositive features,a revision of theLOTOS standardhasbeenundertakenwithin ISO since1993,
becausefeedbackfromusersindicatedthattheusefulnessof LOTOSis limitedbycertaincharacteristicsrelatedboth
to technicalcapabilitiesanduser-friendlinessof thelanguage.Thelastversionof theISOCommitteeDraft [Que98],
appearedin April 1998,proposesarevisedversionof LOTOS, namedE-LOTOS. Comparedto LOTOS, thelanguage
definedin [Que98] introducesnew features,from which we mentiononly thoseusedin this report: modularity,
functional(constructive)types,classicalprogrammingconstructs,acontrolledimperativestyle,gatetyping. Since
E-LOTOSstandardizationisongoing,someof itsconstructshavestill to bestabilised.Therefore,thispaperisbased
on a variantof E-LOTOS, namedLOTOSNT [GS98] definedat INRIA RhôneAlpes. In particular, theauthorshave
assumedthatafully imperativesemanticswill beintroduced.Amongotherthings,thissimplifiesthespecification
of loops.

2.2 RequirementCapture in LOTOS

TheLOTOSPositionTM is to treatasystemasablackbox,andthereforeto concentrateonits boundary, inputsand
outputs.A LOTOS specifierwill try to write a high-level specificationof requirements,avoiding implementation-
orientedconcerns.Theemphasiswill beon specifyingthepartialorderingof (observable)events.Otherfactors
that influencethe approachincludethe balancechosenbetweenprocessesanddatain the specification,andthe
choiceof specificationstyle (if one is explicitly adopted).Variousmethodshave beeninvestigatedfor LOTOS,
e.g.[BLV95, Tur90, GR90], but becausethe casestudywasso small, the authorsfollowedonly generalLOTOS

principles:

• delimit theboundaryof thesystemto bespecified;

• definetheinterfacesof thesystem(inputs,outputs,parameters);

• definethefunctionalityof thesystem(therelationshipamonginputsandoutputs);

• for incompleterequirements,chooseanabstractor simpleinterpretationthatwill give somefreedomlater
for adoptinga morespecificinterpretation.

LOTOSisaconstructivespecificationlanguage:any specificationwill exhibit somestructure(usuallyhierarchic,
thoughamonolithicstyleis alsopossible).Thesubjectof specificationstylehasbeeninvestigatedin considerable
depthfor LOTOS [Cla92, FLS97, Que90, SL93, Tur93a, Tur97a, Tur97b, TS95, Eij89, Sin89, VSS91,VSSB90].
Indeedit might be fairly saidthat LOTOS specifiersarepre-occupiedwith specificationstyle! The choiceof an
appropriatestylefor specifyingrequirementshasabig impactonhow thespecificationis structured.Anotherway
of putting this is to saythatLOTOS specifierscareaboutthehigh-level architecture7 of a system.SeveralLOTOS

workershaveconsideredgeneral“quality” principlesfor specificationarchitecture[Sco93, Tur97c].

2Calculusof CommunicatingSystems
3CommunicatingSequentialProcesses
4DistributedTransactionProcessing
5MessageAuthenticationAlgorithm
6File Transfer, AccessandManagement
7In thesenseof [Tur97c], thearchitectureof aspecificationmeansits structureandstyle.

INRIA



RequirementCapture, FormalDescriptionandVerificationof theInvoicingCase-Study 5

BecauseLOTOScombinesadatatypelanguagewith aprocessalgebra,thespecifiermustchooseanappropriate
balancewhenusingthesetwo aspectsof thelanguage[Led87]. Thispartlydependson thepreferredspecification
style,partlyontheintendeduseof thespecification(e.g.,for analysisor refinement),andpartlyontheapplication.
Someapplicationsfocusontherepresentationandmanipulationof data(e.g.,adatabase),andsoaremorenaturally
specifiedusingthedatapartof LOTOS. Otherapplicationsfocusondynamic(reactive)behaviour, andsoaremore
naturallyspecifiedusingtheprocessalgebrapartof LOTOS.

A LOTOS-basedapproachto requirementcaptureraisesthefollowing kindsof questions:

Envir onment: Whoaretheusersof thesystem?Whatis thecontext of thesystem?Whatis theboundaryof the
system?Whatfunctionscanthesystemrely on in theenvironment?

Interfaces: Whataretheinterfacesto theenvironment?Whatarethedataflowsinto andoutof thesystem?What
is thestructureandcontentof thesedataflows?

Functionality: Whatfunctionsmustthesystemperform?Whatis therelationshipamonginputsandoutputs?

Limitations: Whatlimits applyto systeminputs,outputsandfunctions?

Non-functional aspects: What timing andperformanceaspectsmustbe specified? What otherorganisational
issuesshouldbeconsidered?

Methodology: How shouldthe formal model be developed? Which specificationstyle is appropriate?How
shouldthespecificationbevalidated(by testingand/orverification)?

3 Analysis of Requirements

The actof formalisationtypically raisesmany questionsthat would normallybe discussedwith the client. In a
realisticsituation,thesystemsanalystraisessuchquestionswith theclient. This allows ambiguities,errors,and
omissionsin therequirementsto beresolved.As in thiscasestudy, it is sometimesnotpossibleto approachaclient
with questions.For example,it maybenecessaryto carryout a posthoc formalisationof somethingthatalready
exists(e.g.,a legacy systemor aninternationalstandard).It wasnecessaryfor theauthorsto raisequestionsabout
theinvoicing requirementsandto answerthemthemselvesin a sensiblefashion.

In order to analyseand to interpret the informal descriptionof the Invoicing casestudy presentedin the
introductionsection,weassignto eachinformal requirementareference(Rn) whichwill beusedin theremainder
of this section.Usingthisassignment,theinformaldescriptionbecomes:

R0. General:
R0.1 Thesubjectis to invoiceorders.

R0.2 To invoiceis to changethestateof anorder(to changeit from thestate“pending” to “invoiced”).

R0.3 On an order, we have oneandonly onereferenceto an orderedproductof a certainquantity. The
quantitycanbedifferentfrom otherorders.

R0.4 Thesamereferencecanbeorderedon severaldifferentorders.

R0.5 Thestateof theorderwill bechangedto “invoiced” if theorderedquantityis eitherlessthanor equal
to thequantitywhich is in stockaccordingto thereferenceof theorderedproduct.

RR n˚3575



6 M. Sighireanu,K. J. Turner

R1. Case1:
R1.1 All theorderedreferencesarein stock.

R1.2 Thestockor thesetof ordersmayvary dueto theentryof new ordersor cancelledorders,or dueto
having a new entryof quantitiesof productsin stockat the warehouse.But we do not have to take
theseentriesinto account.

R1.3 This meansthatyou will not receive two entryflows (orders,entriesin stock). Thestockandtheset
of ordersarealwaysgivento you in anup-to-datestate.

R2. Case2:
R2.1 You do have to take into accountthe entry of new orders,cancellationsof orders,and entriesof

quantitiesin thestock.

3.1 Questionson Requirements

Thefollowingquestionsarisewhentrying to formalisetherequirementsfor theInvoicingcasestudy. Thequestions
(Qn) arepresentedaccordingto theclassificationin section2.2,thoughthey did notarisein thisstricthierarchical
order. As will beseen,thevolumeof questionsis muchgreaterthantheinformalproblemstatement!

Envir onment

Q1. How many usershasthe Invoicing system?This is not statedin the informal requirements.If therewere
only oneuser, it wouldnotbenecessaryto identify orders(assumingthatthey wereprocessedin sequence).
If therewereseveralusersandit werenecessaryto issueinvoicesfor users,it wouldbenecessaryto identify
usersor orders.Invoiceswould thenhaveto carryanidentification.Sincetheinformal requirementsdonot
askthe systemto do anything (e.g.,to producean invoiceor to deliver a product),this questiondoesnot
arise.

Interfaces

Q2. For Case1, “the stockandthesetof ordersare[...] given” (R1.3)meansthat thesystemdoesnot directly
acceptstockor orderschangesfrom thewarehouseor user. It alsomeansthat thesystemhasdirectaccess
to thecurrentstockandorders.It follows thatthesemustbemaintainedby someothersub-system.

Q3. At whatpoint is thestatusof ordersupdated:whenthestockor setof orderschanges,or followingaperiodic
check?If theformer, how doesthesystemknow thattherehasbeena change?If thelatter, how frequently
shouldthesystemcheck?Theformerinterpretationis simplerandis thereforepreferred.It followsthatthe
systemmustbetold of new stockor orders.This informationthusbecomesinput to thesystem.Thesystem
mustupdatethestockandorders,which by implicationarestoredwithin thesystem,sinceno outputsare
mentioned.Thesystemto bespecifiedis thusanembeddedsub-systemof somelargersystem.

Q4. Thereis no indicationof whethernew stockor ordersarenotifiedindividually or in batchesto thesystem.
For simplicity it is assumedthatinputsoccurindividually.

Q5. Thereis thequestionof how invoicing is triggered,how theinformationis obtained,andhow thestatusof
ordersis updated.Sincetherequirementsimply thatsomeinternalagency managesthestockandorders,it
is presumedthatthisagency suppliesinformationto thesystemasrequiredandtriggersanupdate.

Q6. How is it possibleto identify anorderto becancelled?Theonly sensiblesolutionis if anordercarriesa
referencethatcansubsequentlybequotedin a cancellation.Otherinformationsuchastheoriginal product
codeor requestedquantity(R0.3)wouldberedundanton cancellationandsoareomitted.

Q7. Who, then, is responsiblefor creatingan orderreference?It could be suppliedby the useror generated
automaticallyby thesystem.In normalorderingpractice,theusergeneratestheordernumber, sothismight
seemto be morenatural. However, it createsa new problem: how to handlea duplicateordernumber?
Solving this would requiremechanismsto forceusersto useuniquenumbers,or to rejecta duplicate. In
fact,it is simplerto adoptamoreabstractapproachthatsimply requiresuniquenumbers,whethergenerated
by theuseror thesystem(or both,in cooperation).

Functionality

Q8. In the context of being able to “changethe stateof an order” (R0.2), it follows that the systemmerely
inspectsthestateof currentordersandadjuststheir statusaccordingto thecurrentstock.

INRIA
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Q9. It is saidthatseveralordersmaymentionthesameproductcode(R0.4).Thisseemsanalmostunnecessary
remark,but it hints that several “simultaneous”ordersneedto be handled. In this case,how shouldthe
stockbe allocatedto orders? This is not a problemfor Case1 (R1.1). However, in Case2, the stock is
limited by implication(R2.1),sothechoiceof allocationstrategy mayleadto differentresults.For example,
thesmallest— or the largest— outstandingorderfor a productmight besatisfiedfirst. In the interestsof
abstractness,it is presumedthatordersaresatisfiedin some“random”manner.8

Q10. Thesystemis saidto “changethestateof anorder” (R0.2). Normally, sucha systemwould actuallyissue
aninvoice. However, thereis no mentionof this in theinformal problemstatement.Theconclusionis that
thesystemoperateson a setof orders(R1.3),whosestatusis updatedby thesystem.If an invoicehadto
begenerated,therewould beotherquestionsaboutwhat it shouldcontain: orderreference,productcode,
quantity, price,etc. However, thesematterscanbeignoredin thecasestudy.

Q11. The systemis able to changethe stateof an order from “pending” to “invoiced” (R0.2). It is not clear
whetherthis meansthatordersshouldbeexplicitly associatedwith a status.It is presumedso,thoughthe
statusof anordermight beimplicit (e.g.,becauseunfulfilled ordersareheldseparately).

Q12. If anordercanbefulfilled from stock,its statemustbechangedto “invoiced” (R0.5). However, nothingis
saidaboutthesituationwhereanordercannotbefulfilled becausethestockis insufficient. In thissituation,
theordermightbeignored,it mightbeexplicitly rejected,or it mightbehelduntil stockbecomesavailable?
Thefirst possibility is ratherunfriendlyandis thereforenot considered.As alreadyconcluded,thesystem
producesno outputs,sothesecondpossibility is rejected.Thethird possibility is thereforeadopted,andis
moreconsistentwith theinformal requirements(R0.2,R0.5,R1.3).

Q13. Adopting this third possibility meansthat,whenthe systemreceivesa new stock,it mustre-examineany
unfulfilled ordersto seeif they canbesatisfied.As discussedabove, thereis thenan issueof how stocks
shouldbeallocated.Again,a “random”algorithmis assumed.

Q14. Therequirementsfor Case1 at first appearto becontradictory(R1.3). It is saidthat therewill beno entry
flows to thesystem,yet “the stockandordersarealwaysgiven[...] in anup-to-datestate”. Being“given”
suchinformationis equivalentto an entry flow. The only interpretationthat begins to make senseis that
theinformationis somehow separatefrom theinvoicingfunctionandis updatedby someotheragency. The
systemcanthenconsultthis informationat any time. Presumably, the information is up-to-dateonly in
respectof currentstockandorderrequests.That is, the orderstatusis presumablynot up-to-dateor the
systemwouldbepointless!

Q15. Whatdoescancellinganordermean(R1.2,R2.1)?Thissuggestsanexplicit requestratherthanjustomitting
anorderfrom theupdatedlist. At whatpointcananorderbecancelled:beforeit is receivedby theinvoicing
system,after receptionbut beforeinvoicing, after invoicing but beforedelivery, after delivery? In a real
system,thesequestionswouldhaveto beansweredconcretely. However, asdiscussedabovethepurposeof
thesystemseemsto bejustmaintainingasetof currentorders.Cancellationmustthereforemeanremoving
anorderfrom thependingset.Trying to cancelanon-existentor invoicedorderis assumedto beforbidden.

Q16. Is any concurrentor distributedprocessingrequired? Thereis nothingexplicit in the requirements,but
someimplicit possibilitiesexist. For example,theprocessingof stockandorderupdatesmight behandled
concurrently. The invoicing systemmight alsobe sub-divided into distributedcomponents.Sincethese
issuesareopen,adecisionshouldnotbeforced,thoughasuchdecisionmaybepermittedbythespecification.

Limitations

Q17. By implication(R0.3),anordermustcarryaproductcodeandarequestedquantity. Presumably, thequantity
mustbeapositiveinteger. Negativequantitiesmightcorrespondto returnedproducts.A zero-quantityorder
is conceivable,but it doesnot seemvery usefulandshouldbe forbidden. Fractionalquantitiesmight be
meaningfulfor productsthat canbe brokendown into smallerunits,but in the interestsof simplicity this
wasnotallowed. Similarly, stockdepositsareassumedto bestrictly positive integers.

Q18. In Case1, it is saidthatall productsarein stock(R1.1). This is presumablya hint thatstocklevelsshould
not becheckedbeforeanorderis invoiced.However, it is not a realisticassumption,andcouldevencause
thespecificationto behave inconsistently. It is thereforeprudentto checkstocklevels in this case,even if
thecheckprovesto beredundant.(Sometimesit is betterif theanalystdoesnot treatliterally everythingthe
client says!)

8Specifically, theallocationalgorithmis not visible to or influencedby thesystemenvironment,i.e., it is non-deterministic.

RR n˚3575



8 M. Sighireanu,K. J. Turner

Non-functional aspects

Q19. Client requirementswouldnormallyincludenon-functionalaspectssuchascost,deliveryschedule,perfor-
mance,reliability, integrationandtesting. However, non-functionalaspectscanbe ignoredsincetheonly
requirementsavailablearestrictly functional.

Methodology

Q20. Is Case1 asimplificationor anabstractionof Case2? Is Case2 anextensionor refinementof Case1? It is
not clearwhetherconsonantrequirementspecificationsaredesired.However, it seemssensibleto treatthe
first caseasa lessdetailedform of thesecond.

3.2 RevisedProblemStatement

Theinformalproblemstatementin section1wasclarifiedusingtheanswersin section3.1. Therevisedrequirements
statementusedfor specificationis asfollows:

R0. General:
R0.0 You are to specify a sub-systemembeddedin a larger warehousingsystem. You shouldallow for

the possibility of concurrentor distributedprocessing.Ignorenon-functionalaspectssuchascost,
performance,deliveryschedule,andtesting.

R0.1 Thesubjectis to supporttheinvoicingof orders.You arenot responsiblefor actuallyissuinginvoices
or deliveringproducts.

R0.2 To invoiceis to changetheexplicit stateof anorderfrom “pending” to “invoiced” accordingto stock
levels.

R0.3 Onanorder, wehaveoneandonly onereferenceto anorderedproductof acertainquantity(apositive
integer). Thequantitycanbedifferentfrom otherorders.Orderscarryuniquereferencenumbersthat
areagreedbetweenthesub-systemandtheuser.

R0.4 Thesameproductreferencecanappearin severaldifferentorders,someof thatmaybeoutstandingat
thesametime.

R0.5 Thestateof theorderwill bechangedto “invoiced” if theorderedquantityis eitherlessthanor equal
to thequantitywhich is in stockaccordingto thereferenceof theorderedproduct.

R1. Case1:
R1.0 You areto treatthisasa lessdetailedform of Case2.

R1.1 All theorderedreferencesareintendedto bein stock,but youshouldprotectyoursub-systemagainst
thepossibilitythatthis is not actuallyso.

R1.2 Thestockor thesetof theordersmayvary dueto theentryof new ordersor cancelledorders,or due
to having a new entryof quantitiesof productsin stockat thewarehouse.But we do not have to take
theseentriesinto account.

R1.3 This meansthatyou will not receive two entryflows (orders,entriesin stock). Thecurrentstockand
setof ordersareavailableto you,maintainedby anothersub-systemthat informsyou whenthereare
new stocksor orders.

R2. Case2:
R2.0 You shouldtreatthis astheprimarycase,of which Case1 is a simplification.

R2.1 You have to take into accounttheentryof new orders,cancellationsof orders,andentriesof products
in thestock.

R2.2 A cancellationmentionstheoriginal orderreference.It is forbiddento cancelanorderthatdoesnot
exist or hasalreadybeeninvoiced.

R2.3 Ordersthatcannotbefulfilled from stockarehelduntil they canbemetfrom new stock.Thesequence
for satisfyingoutstandingordersfrom new stockis at yourdiscretion.

INRIA
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Order

Case 2:
Process-Oriented

Case 2:
Data-Oriented

Case 1

Request

Cancel

Deposit

Withdraw

Stock

Figure1: Structureof Specifications

4 The LOTOSand E-LOTOSSpecifications

Thecasestudyis mainly data-oriented,sinceit describesa database.For this reason,the correspondingLOTOS

specificationmakessignificantuseof datatypes. However, thereis a modellingchoiceto be madeof whether
to representstocksandordersasprocessesor asdatavalues. For this reason,two specificationapproachesare
presentedlaterin thepaper. Thesegivesomeideaof therangeof stylesopento theLOTOSspecifier.

SinceE-LOTOS is an improved versionof LOTOS, the authorsfelt it would be interestingto seehow its
specificationstyle(s)differedfrom LOTOS. E-LOTOS specificationsarepresentedfirst, followedby specifications
in currentLOTOS. Sincethelanguagesdiffer, eachhasbeenwrittenin nativestyleandthespecificationsarenotjust
syntactictranslationsof eachother. Eachportionof a formalspecificationis precededby aninformalexplanation.
In thespecificationsthat follow, theauthorshave usedtheir own conventionfor thecaseof identifiers(keywords
in bold font, variablesin lowercase,otheridentifierswith aninitial capital).

As arguedin section3.1, Case1 is just an abstractionof Case2. For Case2, the process-orientedstyle
introducessomeinternalstructureto thespecification.Thestructureof thespecificationsto bepresentedcanbe
picturedasin figure1. Case1 hasnoinputs,andthushasnoexternallyobservablebehaviour. Theinputsin Case2
areRequest(placean order),Cancel(remove an order)andDeposit(supplynew stock). The process-oriented
versionof Case2 introducesaninternalcommunicationWithdraw (satisfyanorderfrom stock).

The paperdescribes{Case2, Case1}×{process-oriented,data-oriented}×{E-LOTOS, LOTOS}, i.e., eight
specificationsin total. However, aswill beseenthereis considerablecommonalityin thevariousapproaches.

4.1 Process-OrientedE-LOTOS Specification

Theprocess-orientedspecificationof the invoicing systemmight be regardedasobject-based.Ordersandstock
areindividual objectsthatencapsulatean identity (orderreferenceor productcode),state(orderor stockstatus)
andservices(requestorder, depositstock,etc.). Theidentity of anorderor stockitem allows it, out of thewhole
collection,to synchroniseonmessagesintendedfor it.

Figure2 shows thearchitectureof theprocess-oriented(E-LOTOSandLOTOS) specificationsfor Case2. Note
that, E-LOTOS (like LOTOS) modelsa systemasa collectionof communicatingprocesses.The communication
portsof a processarecalledgatesthat, in E-LOTOS, aretyped,in orderto allow staticcheckingof the kindsof
valuesthatarecommunicated.Processesareparameterisedby their gatesandstatevariables.They make event
offers suchasWithdraw(!prd,?newamt) that may be synchronised(matched)at a gatewith their environment.
Synchronisedoffersbecomeactualevents. A fixedvaluein an eventoffer is precededby “!”, whereasan open
valueto bedeterminedin aneventoffer is precededby “?”.

For convenience,thedatatypesandprocessesarespecifiedherein aseparatemodule.In E-LOTOS, datavalues
domainsaredescribedby constructedtypes,andoperationson thesevaluesaredescribedby functions.
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... ...... ...

...
... ...

Cancel!ref

Orders Stocks

Processes Gates

Order Order Stock Stock

Request(!ref, !prd, !amt) Deposit(!prd, !amt)

Withdraw (!prd, !newamt)

Figure2: Architectureof theProcess-OrientedDescription

For clarity, separatetypes are introducedfor order references,productcodesand productamounts. For
simplicity, thesesimply renamethe naturalnumbertype; library types like this can be usedwithout explicit
importing. If desired,structuredtypescouldbeintroducedlaterfor orderreferencesandproductcodes.

module OrderStockis
type ReferencerenamesNat end type
type ProductrenamesNat end type
type AmountrenamesNat end type

Thestatusof anorderis definedusinganenumeratedtype;Noneis usedfor anorderthat is not current.The
typeof theRequestgateis a recordcontainingthereferenceof theorder, theproduct,andtheamountfields. The
typeof theDepositgateis a recordcontainingtheproductstockedandtheamountfields.

type Statusis enumNone,Pending,Invoicedend type
type Requestis recordRef:Reference,Prod:Product,Amt:Amountend type
type Stockis recordProd:Product,Amt:Amountend type

An Orderobjectrepeatedlyacceptsorderrequestsfrom theenvironment,acceptsordercancellationsfrom the
environment,andmakeswithdrawals from stockobjects. A choice( ) is madefrom thesepossibilities. A new
orderis permitted([condition] aftereventoffer) only if the referenceis unused(statusNone) andthe amountis
positive; theorderthenbecomespending.Cancellationis allowedonly if theorderis pending,at which point it
ceasesto be used. A pendingordermay askfor withdrawal of stock. The stockobjectwith the corresponding
productwill synchroniseon this offer (Withdraw(!prd, !amt)) if thereis sufficient stock. If the order cannot
be currentlysatisfied,the withdrawal requestremainsopenuntil sufficient stockexists. At this point the order
becomesinvoiced.

processOrder[Request:Request,Cancel:Reference,Withdraw:Stock]
(ref:Reference,prd:Product,amt:Amount,sta:Status)is
loop

Request(!ref,?prd,?amt)[(sta== None)and(amt> 0)];
sta : Pending

Cancel(!ref)[sta== Pending];
sta : None

Withdraw(!prd, !amt) [sta== Pending];
sta : Invoiced

end loop
endprocess
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A Stock objectrepeatedlyacceptsdepositsfrom the environmentandwithdrawals from orderobjects. New
stock(of positiveamount)is simply addedto thecurrentstock-holding.Withdrawal is permittedif therequested
amountcanbetakenfrom thecurrentstock.Notethatseveralordersmaycompetesimultaneouslyfor withdrawal
of the samestock. Since theseordersare handledconcurrently, the sequencein which they are satisfiedis
non-deterministic.

processStock[Deposit,Withdraw:Stock](prd:Product,amt:Amount)is
var newamt:Amountin

loop
Deposit(!prd,?newamt)[newamt> 0];
amt : amt+ newamt

Withdraw(!prd, ?newamt)[newamt<= amt];
amt : amt− newamt

end loop
endvar

endprocess
Themoduleconcludesbydefininginfinitesetsof orderandstockprocesses,eachindependentlyin parallel(|||).

Theseareobtainedby explicit recursionover theorderreferenceandstockproductcode. An orderis initialised
with its referenceand“not in use”status.A stockitem is initialisedwith its productcodeandazeroamount.

processOrders[Request:Request,Cancel:Reference,Withdraw:Stock](ref:Reference)is
Order[Request,Cancel,Withdraw] (ref, 0, 0, None)

|||
Orders[Request,Cancel,Withdraw] (ref + 1)

endprocess
processStocks[Deposit,Withdraw:(Product,Amount)](prd:Product)is

Stock[Deposit,Withdraw] (prd,0)
|||

Stocks[Deposit,Withdraw] (prd+ 1)
endprocess

endmodule
The overall systemfor the Case2 importsthe modulefor ordersandstocks. The communicationgates(all

inputsin this case)areintroduced,andthelistsof valuesthey carryarespecified.
specificationInvoicing import OrderStockis

gatesRequest:Request,Cancel:Reference,Deposit:Stock
behaviour

hide Withdraw:Stockin
Orders[Request,Cancel,Withdraw] (0)
|[Withdraw]|

Stocks[Deposit,Withdraw] (0)
endhide

endspecification
Communicationbetweenordersand stocksis via an internal gateWithdraw. The order and stock processes
synchroniseon withdrawal (|[Withdraw]|). As new ordersandstocksarrive, theprocesseswill updatetheir state
andwill communicateto satisfyorders.

Following thediscussionin section3.1,theCase1 is viewedasanabstractionof theCase2. Specifically, the
gatesfor communicatingwith thesystemaretreatedashiddenandthusthereis noexternallyobservablebehaviour.
Thisaffectsthetop-level behaviour asdetailedin thefollowing; only thechangesrelative to Case2 aregiven.

specificationInvoicing import OrderStockis
behaviour

hide Request:Request,Cancel:Reference,Deposit,Withdraw:Stockin
Orders[Request,Cancel,Withdraw] (0)
|[Withdraw]|

Stocks[Deposit,Withdraw] (0)
endhide

endspecification
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4.2 Process-OrientedLOTOS Specification

Theequivalentprocess-orientedspecificationin LOTOSissimilar, exceptthatmodulesarenotavailable.Thesystem
isacompletespecificationthatisnon-terminating(noexit). Naturalnumbersareselectedfromthestandardlibrary,
andasubtractoperation(not in thelibrary) is introduced.This is givenin anew typethatimportsandextendsthe
standardnaturalnumbertype. An operationis declaredby giving its signature:parameters > result. Equations
aregroupedunderofsort accordingto the returnvalueof the operationsbeingspecified.Whena variablemay
takeany valuein anequation,it is declaredby forall . “−” is aninfix operationthattakestwo naturalsandreturns
a natural. It is definedby characteristingequationsthat usethe successoroperationin the library for producing
consecutivenaturals.Sinceanaturalis non-negative,subtractioncannotleadto lessthan0. Equationsareusually
straightforwardbut tediousto write. Eachdistinctform of anoperation’sparametersleadsto a separateequation.
For this type,theformsarezeroandsuccessorof somenumber.

specificationInvoicing [Request,Cancel,Deposit]: noexit
library NaturalNumberendlib
type Naturalis NaturalNumber

opns − : Nat,Nat > Nat
eqnsforall n1,n2:Nat

ofsort Nat
0− n2 = 0;
n1− 0 = n1;
Succ(n1)− Succ(n2)= n1− n2;

endtype

Orderreferences,productcodes,andproductamountsareagainspecifiedby renamingnaturals.The status
typeis muchasfor E-LOTOS.

type Referenceis Naturalrenamedby
sortnamesReferencefor Nat

endtype
type Productis Naturalrenamedby

sortnamesProductfor Nat
endtype
type Amount is Naturalrenamedby

sortnamesAmount for Nat
endtype
type Statusis

sortsStatus
opnsNone,Pending,Invoiced: > Status

endtype

Theoverallbehaviour for theCase2 is similar to thecorrespondingE-LOTOScase.

behaviour
hide Withdraw in

Orders[Request,Cancel,Withdraw] (0 of Reference)
|[Withdraw]|

Stocks[Deposit,Withdraw] (0 of Product)
where
processOrders[Request,Cancel,Withdraw] (ref:Reference): noexit :

Order[Request,Cancel,Withdraw] (ref, 0 of Product,0 of Amount,None)
|||

Orders[Request,Cancel,Withdraw] (Succ(ref))
endproc
processStocks[Deposit,Withdraw] (prd:Product): noexit :

Stock[Deposit,Withdraw] (prd,0 of Amount)
|||

Stocks[Deposit,Withdraw] (Succ(prd))
endproc
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Exceptfor syntacticdifferences,theOrderandStock objectsaresimilar to theirE-LOTOScounterparts.Loops
mustbeachievedby explicit recursionin LOTOS.

processOrder[Request,Cancel,Withdraw]
(ref:Reference,prd:Product,amt:Amount,sta:Status): noexit :
[sta= None] >

Request!ref ?prd:Product?amt:Amount[amt gt 0];
Order[Request,Cancel,Withdraw] (ref, prd,amt,Pending)

[sta= Pending] >
(

Cancel!ref;
Order[Request,Cancel,Withdraw] (ref, 0 of Product,0 of Amount,None)

Withdraw !prd !amt;
Order[Request,Cancel,Withdraw] (ref, prd,amt,Invoiced)

)
endproc
processStock[Deposit,Withdraw] (prd:Product,amt:Amount): noexit :

Deposit!prd ?newamt:Amount[newamtgt 0];
Stock[Deposit,Withdraw] (prd,amt+ newamt)

Withdraw !prd ?newamt:Amount[newamtle amt];
Stock[Deposit,Withdraw] (prd,amt− newamt)

endproc
endspec

Thespecificationfor Case1 isobtained,asin E-LOTOS, byhidingthegatesfor communicatingwith thesystem.
Thisaffectsthetop-level behaviour asdetailedin thefollowing; only thechangesrelative to Case2 aregiven.

specificationInvoicing : noexit
...
behaviour

hide Request,Cancel,Deposit,Withdraw in
Orders[Request,Cancel,Withdraw] (0)

|[Withdraw]|
Stocks[Deposit,Withdraw] (0)

endspec

4.3 Data-Oriented E-LOTOS Specification

In this approach,ordersandstocksaredefinedby datavaluesratherthanprocesses.Thesystemis describedas
a singleprocessacceptingrequests,cancellations,anddeposits.This processusesfunctionsoperatingon data
typesrepresentingtheinvoicedordersandtheexistingstocks.Figure3 showsthearchitectureof theE-LOTOSand
LOTOSdata-orienteddescriptions.

To describedata,a datatype moduleis used,similar to that for the process-orientedversion. Thecomplete
type for an order is given asa recordcontainingreference,product,amount,andstatusfields. A collectionof
ordersis describedby a list. A collectionof stocksis similar, but theelementof thelist is a stock9. Notethatlist
typedeclarationgeneratesautomaticallytheclassicaloperationson lists likenil, cons, head, etc.

module OrderStockis
type ReferencerenamesNat end type
type ProductrenamesNat end type
type AmountrenamesNat end type
type Statusis enumNone,Pending,Invoicedend type
type Requestis recordRef:Reference,Prod:Product,Amt:Amountend type
type Stockis recordProd:Product,Amt:Amountend type
type Orderis recordRef:Reference,Prod:Product,Amt:Amount,Stat:Statusend type

9Stocksof thesameproductneedto beamalgamated,sostockis notstrictly aset.
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Request !ref !prd !amt Deposit !prd !amtCancel !ref

Invoicing

Orders Stocks

Processes Data types

Gates Operations

Figure3: Architectureof theData-OrientedDescription

type Stocksis list of Stockend type
type Ordersis list of Orderend type

An ordermaybe removedfrom a collectionusingthe RemOrder function. This function is describedusing
the imperative facilities offeredby the variantof E-LOTOS used,i.e., LOTOSNT [GS98]. The parameterords is
modifiedin placeso it is declared“ inout”. A field of a recordis selectedusingthe “.” operator, for example,
ord1.Refselectsthefield Refof theOrder record.StatOrder is introducedto retrieve thestatusof anorderin the
collection.This functionis describedin a functionalstyle,by usingrecursivecalls.

function RemOrder(ref:Reference,inout ords:Orders)is
var newords:Orders: nil, ord1:Orderin

while ords!= nil do
ord1:= head(ords);
ords:= tail (ords);
if ord1.Ref== ref then

break
else

newords:= append(newords,cons(ord1,nil))
end if

endwhile;
ords:= append(newords,ords)
endvar

end function

function StatOrder(ref:Reference,ords:Orders): Statusis
if ords== nil then

return None
elsif (head(ords)).Ref== ref then

return (head(ords)).Stat
else

return StatOrder(ref, tail (ords))
end if

end function

A stockmaybeaddedor removedfrom a collectionusingrespectively AddStock andRemStock procedures.
The assignmentof a recordfield is describedusingthe updateoperatoron records,for example,the expression
stk1.{Amt=> stk1.Amt+ stk.Amt} denotestheactualisationof thefield Amtwith thevaluegivenby stk1.Amt+
stk.Amt. TheStockOf functionis introducedto retrieve theamountof a productin thecollectionof stocks.
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function AddStock(stk:Stock,inout stks:Stocks)is
var newstks:Stocks:=nil,stk1:Stock,found:Bool:=falsein

while stks!= nil do
stk1:= head(stks);
stks:= tail (stks);
if stk1.Prod== stk.Prodthen

newstks:= cons(stk1.{Amt => stk1.Amt+ stk.Amt}, newstks);
break

else
newstks:= cons(stk1,newstks)

end if
endwhile;
if not (found) then newstks:= cons(stk,newstks)end if ;
stks:= append(newstks,stks)

endvar
end function

function RemStock(stk:Stock,inout stks:Stocks)is
var newstks:Stocks:=nil,stk1:Stockin

while stks!= nil do
stk1:= head(stks);
stks:= tail (stks);
if stk1.Prod== stk.Prodthen

newstks:= cons(stk1.{Amt => stk1.Amt- stk.Amt}, newstks);
break

else
newstks:= cons(stk1,newstks)

end if
endwhile;
stks:= append(newstks,stks)

endvar
end function

function StockOf(prd:Product,stks:Stocks): Amount is
if stks== nil then

return 0
elsif (head(stks)).Prod== prd then

return (head(stks)).Amt
else

return StockOf(prd, tail (stks))
end if

end function

Invoicing ordersis carriedout by a procedurethat takescurrentordersandstocks. Eachorder is checked
in a loop, from first orderin the list to the last. Ordersarethusfulfilled in a FIFO (first-in first-out) order, and
not non-deterministicallyasin theprocess-orientedversion.Non-determinismcouldhave beenachieved,but by
complicatingthespecification.Theproductcodeof thecurrentorderis usedto extractthestocklevel. If theorder
is pendingandthereis sufficient stock,theorderis markedasinvoicedandthestocklevel is updated.After all
ordershave beenprocessed,the function exits with updatedvaluesof ordersandstocks. If an ordercannotbe
fulfilled, it maybe satisfiedlaterwheninvoicing is repeatedon receiptof new stock. Thecall of theprocedure
RemStock is prefixedby thekeyword“eval”, andthe“ inout” actualparameterstcks is prefixedby “?”.

function Invoice(inout ords:Orders,inout stks:Stocks)is
var newords:Orders:=nil,ord:Orderin

while ords!= nil do
ord : head(ords);
if (ord.Stat== Pending)and(StockOf(ord.Prod,stks)>= ord.Amt) then
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newords : cons(ord.{Stat=>Invoiced}, newords);
eval RemStock(Stock(ord.Prod,ord.Amt),?stks)

else
newords : cons(ord,newords);

end if
ords : tail (ords);

endwhile
ords : newords;

endvar
end function

endmodule

The systemspecificationfor the Case2 is like that for the correspondingprocess-orientedversionexcept
that local variablesareintroduced.In particular, ordersandstocksareinitialisedasempty. Themainbehaviour
repeatedlyacceptsorderrequests,ordercancellations,andstockdeposits.The logic is asalreadyseen,except
thatexistenceof anorderis checkedagainsttheOrders list. Eachbranchof the loop updatesordersor stocksas
appropriate.The Invoicefunctionis thencalledto scheduleordersandalterstocks.

specificationInvoicing import OrderStockis
gatesRequest:TypeReference,Cancel:Reference,Deposit:Stock
behaviour

var ords:Orders: nil, stks:Stocks: nil, ref:Reference,prd:Product,amt:Amountin
loop

(
Request(?ref,?prd,?amt)[(StatOrder(ref, ords)== None)and(amt> 0)];
ords : cons(Order(ref,prd,amt,Pending),ords)

Cancel?ref[StatOrder(ref, ords)== Pending];
eval RemOrder(ref, ?ords)

Deposit(?prd,?amt)[amt> 0];
eval AddStock(Stock(prd,amt),?stks)

);
eval Invoice(?ords,?stks)

end loop
endvar

endspecification

Thespecificationfor Case1 is obtainedby hiding thegatesfor communicatingwith thesystem.This affects
thetop-level behaviour asdetailedin thefollowing; only thechangesrelative to Case2 aregiven.

specificationInvoicing import OrderStockis
behaviour

hide Request:Request,Cancel:Reference,Deposit:Stockin

4.4 Data-Oriented LOTOS Specification

Thespecificationbeginsin muchthesamewayastheprocess-orientedLOTOSversion,exceptthatbooleanequality
for statusvalueshasto be defined. Booleanequalityis definedfor two statusvaluesso that compoundboolean
expressionsinvolving statuscan be written. Following normal LOTOS practice,equality is definedusing an
auxiliary functionOrd (for ordinal)thatmapsvaluesto thenaturalnumbers.

specificationInvoicing [Request,Cancel,Deposit]: noexit
library Boolean,NaturalNumberendlib
type Naturalis NaturalNumber

opns − : Nat,Nat > Nat
eqnsforall n1,n2:Nat

ofsort Nat
0− n2 = 0;
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n1− 0 = n1;
Succ(n1)− Succ(n2)= n1− n2;

endtype
type Referenceis Naturalrenamedby

sortnamesReferencefor Nat
endtype
type Productis Naturalrenamedby

sortnamesProductfor Nat
endtype
type Amount is Naturalrenamedby

sortnamesAmount for Nat
endtype
type Statusis Boolean,NaturalNumber

sortsStatus
opns

None,Pending,Invoiced: > Status
Ord : Status> Nat

eq : Status,Status> Bool
eqnsforall sta1,sta2:Status

ofsort Nat
Ord(None)= 0;
Ord(Pending)= Succ(0);
Ord(Invoiced)= Succ(Succ(0));

ofsort Bool
sta1eqsta2= Ord(sta1)eqOrd(sta2);

endtype

Thereference,product,amountandstatustypesareimportedascomponentsof anorder. Stockis built from
productandamounttypes.SinceLOTOSdoesnot havea recordconstruct,“makerecord”operationsareneeded.

type Orderis Reference,Product,Amount,Status
sortsOrder
opnsMkOrder: Reference,Product,Amount,Status> Order

endtype
type Stockis Product,Amount

sortsStock
opnsMkStock: Product,Amount > Stock

endtype

Ordersandstocksmighthavebeendefinedusingthegenericsettypein thelibrary. However, ordersandstocks
have beenspecifiedfrom scratchsincesetsarenot entirely appropriate10. NoOrders is an emptycollectionof
orders.An ordermaybeaddedto or removedfrom thisusingtheAddOrderandRemOrderoperations.StatOrder
is introducedto retrieve thestatusof anorderin thecollection.Eachoperationis definedby equationsasalready
seen.In this case,thedistinct formsof operationparameterto beconsideredarea collectionwith no ordersand
with at leastoneorder. Conditionalequations(condition=> equation) applyonly if theconditionholds.

type Ordersis Order, Status
sortsOrders
opns

NoOrders: > Orders
AddOrder: Order, Orders > Orders
RemOrder: Order, Orders > Orders
StatOrder: Reference,Orders > Status

eqns
forall ref1,ref2:Reference,prd1,prd2:Product,amt1,amt2:Amount,
sta1,sta2:Status,ords:Orders

10Stocksof thesameproductneedto beamalgamated,sostockis not strictly aset. Identicalordersshouldbeallowed,soabagratherthan
asetis needed.
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ofsort Status
StatOrder(ref1,NoOrders)= None;
ref1 eqref2 =>

StatOrder(ref1,AddOrder(MkOrder(ref2, prd2,amt2,sta2),ords))= sta2;
ref1 neref2 =>

StatOrder(ref1,AddOrder(MkOrder(ref2, prd2,amt2,sta2),ords))= StatOrder(ref1,ords);
ofsort Orders

ref1 eqref2 =>
RemOrder(MkOrder(ref1,prd1,amt1,sta1),
AddOrder(MkOrder(ref2, prd2,amt2,sta2),ords))= ords;

ref1 neref2 =>
RemOrder(MkOrder(ref1,prd1,amt1,sta1),
AddOrder(MkOrder(ref2, prd2,amt2,sta2),ords))=

AddOrder(MkOrder(ref2, prd2,amt2,sta2),
RemOrder(MkOrder(ref1,prd1,amt1,sta1),ords));

endtype

A stockcollectionis definedin a similar way. Theoperationsparticularto stocksareInStock (to checkif a
productis stocked)andStockOf (to checkthestocklevel).

type Stocksis Stock
sortsStocks
opns

NoStocks: > Stocks
AddStock: Stock,Stocks > Stocks
RemStock: Stock,Stocks > Stocks
InStock: Product,Stocks > Bool
StockOf: Product,Stocks > Amount

eqns
forall prd1,prd2:Product,amt1,amt2:Amount,stks:Stocks

ofsort Bool
InStock(prd1,NoStocks)= false;
InStock(prd1,AddStock(MkStock(prd2,amt2),stks))=

(prd1eqprd2)or InStock(prd1,stks);
ofsort Stocks

prd1eqprd2 =>
AddStock(MkStock(prd1,amt1),AddStock(MkStock(prd2,amt2),stks))=

AddStock(MkStock(prd1,amt2+ amt1),stks);
(prd1neprd2)andInStock(prd1,stks)=>

AddStock(MkStock(prd1,amt1),AddStock(MkStock(prd2,amt2),stks))=
AddStock(MkStock(prd2,amt2),AddStock(MkStock(prd1,amt1),stks));

ofsort Stocks
RemStock(MkStock(prd1,amt1),NoStocks)= NoStocks;
prd1eqprd2 =>

RemStock(MkStock(prd1,amt1),AddStock(MkStock(prd2,amt2),stks))=
AddStock(MkStock(prd1,amt2− amt1),stks);

prd1neprd2 =>
RemStock(MkStock(prd1,amt1),AddStock(MkStock(prd2,amt2),stks))=

AddStock(MkStock(prd2,amt2),RemStock(MkStock(prd1,amt1),stks));
ofsort Amount

StockOf(prd1,NoStocks)= 0;
prd1eqprd2 =>

StockOf(prd1,AddStock(MkStock(prd2,amt2),stks))= amt2;
prd1neprd2 =>

StockOf(prd1,AddStock(MkStock(prd2,amt2),stks))= StockOf(prd1,stks);
endtype
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Sincea LOTOS operationcan returnonly one result (unlessresult typesaregroupedin a compositetype),
invoicing is computedby separateoperations:UpdateOrders andUpdateStocks. In bothcases,thecollectionof
ordersis processedoneby one.(Like thedata-orientedE-LOTOSspecification,thismeansthatorderfulfillment is
deterministic,but not in thefixedorderof referencenumbers.)If anorderis pendingandthestocksaresufficient
for therequestedamount,theorderstatusis setto Invoicedandthestocklevel is updated.

type Updatesis Orders,Stocks
opns

UpdateOrders: Orders,Stocks > Orders
UpdateStocks: Orders,Stocks > Stocks

eqns
forall ref:Reference,prd:Product,amt:Amount,sta:Status,ords:Orders,stks:Stocks

ofsort Orders
UpdateOrders(NoOrders,stks)= NoOrders;
(staeqPending)and(StockOf(prd,stks)geamt) =>

UpdateOrders(AddOrder(MkOrder(ref, prd,amt,sta),ords),stks)=
AddOrder(MkOrder(ref,prd,amt,Invoiced),
UpdateOrders(ords,RemStock(MkStock(prd,amt),stks)));

(staeqInvoiced)or (StockOf(prd,stks)lt amt) =>
UpdateOrders(AddOrder(MkOrder(ref, prd,amt,sta),ords),stks)=

AddOrder(MkOrder(ref,prd,amt,sta),UpdateOrders(ords,stks));
ofsort Stocks

UpdateStocks(NoOrders,stks)= stks;
(staeqPending)and(StockOf(prd,stks)geamt) =>

UpdateStocks(AddOrder(MkOrder(ref,prd,amt,sta),ords),stks)=
UpdateStocks(ords,RemStock(MkStock(prd,amt),stks));

(staeqInvoiced)or (StockOf(prd,stks)lt amt) =>
UpdateStocks(AddOrder(MkOrder(ref,prd,amt,sta),ords),stks)=

UpdateStocks(ords,stks);
endtype

Now thedynamicbehaviour of thesystemfor theCase2 is givenasa call of the Invoiceprocess.This takes
thesamegatesastheoverallsystemandstartsoutwith emptyordersandstocks.

behaviour Invoice[Request,Cancel,Deposit](NoOrders,NoStocks)where
Thespecificationis similar to thatfor E-LOTOS, thoughthesyntaxis different.Again,explicit recursionmust

beusedto expressa loop. Eachbranchof thechoiceproducesanupdatedpair of order-stockvalues.Theseare
exportedto thefinal calculationin aconstructof theform: exit(orders,stocks)>> acceptneworders,newstocksin.
This is calledenabling, andallowsaterminatingbehaviour to export its resultsto anotherbehaviour. Therecursive
call to Invoiceupdatestheordersandstocksfollowing invoicing.

processInvoice[Request,Cancel,Deposit](ords:Orders,stks:Stocks): noexit :
(

Request?ref:Reference?prd:Product?amt:Amount[(StatOrder(ref,ords)eqNone)and(amtgt 0)];
exit (AddOrder(MkOrder(ref,prd,amt,Pending),ords),stks)

Cancel?ref:Reference[StatOrder(ref,ords)eqPending];
exit (RemOrder(MkOrder(ref,0, 0, Pending),ords),stks)

Deposit?prd:Product?amt:Amount[amt gt 0];
exit (ords,AddStock(MkStock(prd,amt),stks))

)
>>

acceptnewords:Orders,newstks:Stocksin
Invoice[Request,Cancel,Deposit]
(UpdateOrders(newords,newstks),UpdateStocks(newords,newstks))

endproc
endspec
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Thespecificationfor Case1 is obtainedby hiding thegatesfor communicatingwith thesystem.This affects
thetop-level behaviour asdetailedin thefollowing; only thechangesrelative to Case2 aregiven.

specificationInvoicing : noexit
...
behaviour

hide Request,Cancel,Depositin
Invoice[Request,Cancel,Deposit](NoOrders,NoStocks)where

5 On the Formal Validation of Specifications

SinceE-LOTOSis currentlyunderballotingwithin ISO, thetoolsfor this languagearenotyetsufficiently matureto
provideameanfor verificationof theE-LOTOSdescriptions.TheE-LOTOSspecificationsshouldhenceberegarded
asconceptualat this stage,althoughthey havebeenstaticallycheckedusingtheTRAIAN tool [Viv97].

AsregardstheLOTOSspecifications,afirstanalysisby testinghasbeenundertakenusingtheLITE11 tool [Eij91],
in a form of white-boxtesting:

• Thedatatypedefinitionswerecheckedby evaluatingoperationson testvaluesconformingto eachdistinct
form of parameter.

• Thebehaviouralspecificationswerecheckedusingscenariosthatexerciseeachsignificantcase.

– For orderrequeststhescenariosincludedduplicatedreferences,zeroamounts,productsnot currently
in stock,amountslessthanthecurrentstock,amountsexactlyequalto thecurrentstock,andmultiple
ordersfor thesameproduct.

– For ordercancellationsthescenariosdealtwith non-existentreferences,pendingandinvoicedorders.

– For stockdepositsthe scenariosincludednew productcodes,existing productcodes,zeroamounts,
andstocksfor pendingorders.

Theanalysiswasdocumentedby giving thescenariosandthereactionsof thesystemto them.Normally, theclient
would be involved in confirmingthe completenessandcorrectnessof testing,but that wasnot possiblefor this
casestudy. However, testingcannotensurethecorrectnessof thespecificationandtheequivalencebetweenthe
variousspecifications.Suchaimsneedtheanalyseof thestatespaceof thespecificationby formal verification.

To performformalverification,weusedmodel-checking, whichproceedsautonomouslybut is only applicable
to systemswith a finite statespace.We considerfor this theCADP toolbox[FGK+96], which providesstate-of-
the-artverificationfeatures.

TheCADP12 toolboxis dedicatedto thedesignandtheverificationof communicationprotocolsanddistributed
systems. Initiated in 1986, it offers an integratedset of functionalitiesrangingfrom interactive simulationto
exhaustive,model-basedverificationmethods,andcurrentlyincludessophisticatedapproachesto dealwith large
casestudies. In addition to LOTOS, it also supportslower level formalismssuchas finite statemachinesand
networksof communicatingautomata.

In thesequel,we briefly presentonly thetoolsof theCADP toolboxusedthroughoutthis casestudy:

• CÆSAR [GS90] and CÆSAR.ADT [Gar89] are compilersthat translatea LOTOS programinto a Labelled
TransitionSystem(LTS for short)describingits exhaustive behaviour. This LTS canberepresentedeither
explicitly, asa setof statesandtransitions,or implicitly, asa library of C functionsallowing to executethe
programbehaviour in a controlledway.

• ALDÉBARAN [FKM93] is averificationtool for comparingor minimizingLTSswith respectto (bi)simulation
relations[Par81, Mil89]. Initially designedto deal with explicit LTSs producedby CÆSAR, it hasbeen
extendedto alsohandlenetworks of communicatingautomata(for on-the-flyandsymbolicverification).
Several simulationandbisimulationrelationsare implementedwithin ALDÉBARAN, which offers a wide
spectrumfor expressingsuchbehaviouralspecifications.

11LOTOSIntegratedTool Environment
12CÆSAR/ALDÉBARAN DevelopmentPackage
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• XTL (eXecutableTemporal Language) [Mat98, MG98] is a functional-likeprogramminglanguagedesigned
to allow aneasy, compactimplementationof varioustemporallogic operators.Besidestheusualpredefined
types(booleans,integers,etc.) the XTL languagedefinesspecialtypes,suchassetsof states,transitions,
andlabelsof theLTS. It offersprimitivesto accesstheinformationcontainedin statesandlabels,to obtain
the initial state,andto computethe successorsandpredecessorsof statesandtransitions. The temporal
operatorscanbe easily implementedusingthesefunctionstogetherwith recursive user-definedfunctions
workingwith setsof statesand/ortransitionsof theLTS. A prototypecompilerfor XTL hasbeendeveloped,
andseveral temporallogics like HML [HM85], CTL [EH86], ACTL [NV90], andLTAC [QS83] have been
easilyimplementedin XTL.

6 Model Generation

In orderto performverificationof theInvoicingcase-studyby model-checking,we first generate,usingtheCADP

tools,variousLTSs correspondingto theLOTOSdescriptionsproposedin section4.
First,wegivetheformaldefinitionof theLTS model.Then,wepresentourmethodologyandtheexperimental

resultsconcerningthemodelgeneration.

6.1 The LTS Model

According to the operationalsemanticsof LOTOS, LOTOS programscan be translatedinto (possibly infinite)
LTSs, which encodeall their possibleexecutionsequences.An LTS is formally definedas a quadrupleM =
〈Q,A, T, qinit 〉, where:

• Q is thesetof statesof theprogram;

• A is thesetof actionsperformedby theprogram.An actiona ∈ A is a tupleG V1, ..., Vn whereG is agate
andV1, ...,Vn (n ≥ 0) arethevaluesexchanged(i.e.,sentor received)duringtherendezvousatG. For the
silentactionτ , thevaluelist mustbeempty(n = 0);

• T ⊆ Q × A × Q is the transitionrelation. A transition〈q1, a, q2〉 ∈ T (written also“q1
a
−→ q2”) means

thattheprogramcanmovefrom stateq1 to stateq2 by performingactiona;

• qinit ∈ Q is the initial stateof theprogram.

6.2 Methodology

To beableto generatetheLTS of a givendescription,thisLTS mustbefinite andhavea tractablesize.TheLOTOS

descriptionsgiven in the first part of this reportcannotbe useddirectly to generatefinite LTSs with CADP. We
presentbelow themainreasonsandthealternativesolutionswe consider.

• In orderto provideanefficient compilationof thedataoperations,theCÆSAR.ADT compilerneedsto know
the operationswhich are the constructorsof eachsort. Also, the ACTONE equationsare consideredas
rewriting rules(orientedfrom left to right), andequationsbetweenconstructorsarenot allowed. For this
reason,we identify theconstructorsfor eachdeclaredsortandthenwe transform(asdescribedin [Gar89])
someof theequationsgivenin section4.4in ordertoeliminateequationsbetweenconstructors.Forexample,
in thefollowing declaration:

type Ordersis Order, Status
sortsOrders
opns

NoOrders(*! constructor*) : > Orders
AddOrder(*! constructor*) : Order, Orders > Orders
RemOrder: Order, Orders > Orders
StatOrder: Reference,Orders > Status

eqns
...

endtype
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weidentify (by thespecialcomment(*! constructor*) ) theoperationsNoOrdersandAddOrderasbeingthe
constructorsof thesortOrders, becausethereareno equationsdescribingtherewriting of termscontaining
theseoperations.This is not sosimplefor thefollowing declaration:

type Stocksis Stock
sortsStocks
opns

NoStocks: > Stocks
AddStock: Stock,Stocks > Stocks
RemStock: Stock,Stocks > Stocks
InStock: Product,Stocks > Bool
StockOf: Product,Stocks > Amount

eqns
...

ofsort Stocks
prd1eqprd2 =>

AddStock(MkStock(prd1,amt1),AddStock(MkStock(prd2,amt2),stks))=
AddStock(MkStock(prd1,amt2+ amt1),stks);

(prd1neprd2)andInStock(prd1,stks)=>
AddStock(MkStock(prd1,amt1),AddStock(MkStock(prd2,amt2),stks))=

AddStock(MkStock(prd2,amt2),AddStock(MkStock(prd1,amt1),stks));
...

endtype

where the operationAddStock cannotbe identified as a constructorbecausethereexists two equations
describingthe rewriting of termscontainingtheAddStock operation.For this reason,we introducea new
operatorAddStock0 with thesameprofile asAddStock, we mark it asconstructor, andsubstituteAddStock
with AddStock0 in all theplaceswhereAddStock is usedasaconstructor. A new equationfor theAddStock
operationis addedin orderto describeits behaviour if thelist of stocksis empty13. With thesemodifications,
theexampleabovebecomes:

type Stocksis Stock
sortsStocks
opns

NoStocks(*! constructor*) : > Stocks
AddStock0(*! constructor*) : Stock,Stocks > Stocks
AddStock: Stock,Stocks > Stocks
RemStock: Stock,Stocks > Stocks
InStock: Product,Stocks > Bool
StockOf: Product,Stocks > Amount

eqns
...

ofsort Stocks
prd1eqprd2 =>

AddStock(MkStock(prd1,amt1),AddStock0(MkStock(prd2,amt2),stks))=
AddStock0(MkStock(prd1, amt2+ amt1),stks);

(prd1neprd2)andInStock(prd1,stks)=>
AddStock(MkStock(prd1,amt1),AddStock0(MkStock(prd2,amt2),stks))=

AddStock0(MkStock(prd2, amt2),AddStock(MkStock(prd1,amt1),stks));
AddStock(MkStock(prd1,amt1),NoStocks)= MkStock(prd1,amt1);

...
endtype

• Sincewe usemodel-checkingtechniquesto validate the LOTOS descriptions,thesedescriptionsshould
generatea finite model. This is not the casefor the descriptionsgiven in section4.4, since they use

13This is notneededif thealgebraicsemanticsof ACTONE is used,but in theinterpretationof equationsasrewriting rulesits absenceleads
to anincompletespecification.
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(unbounded)natural numbers. To generatefinite LTSs, we restrictedto finite setsthe domainsof all
descriptionparameters.Therefore,in eachexperimentwefixedamaximalvaluefor theReference, Product,
andAmountsortswhich arenotedrespectivelyMr,Mp, andMa.

• Anothersourcefor infinite statespaceis the useof recursionin the parallel compositionoperator. For
example, the following processdeclarationallows to expressthat an infinite numberof Orders can be
generated:

processOrders[Request,Cancel,Withdraw] (ref:Reference): noexit :
Order[Request,Cancel,Withdraw] (ref, 0 of Product,0 of Amount,None)

|||
Orders[Request,Cancel,Withdraw] (Succ(ref))

endproc

To generatefinite LTSs, we restrictedthenumberof Order processesby explicitly instantiatingthem. For
example,if themaximalnumberof ordersis two (i.e.,Mr = 2), thedeclarationabovebecomes:

processOrders[Request,Cancel,Withdraw] (ref:Reference): noexit :
Order[Request,Cancel,Withdraw] (0, 0 of Product,0 of Amount,None)

|||
Order[Request,Cancel,Withdraw] (Succ(0)of Product,0 of Product,0 of Amount,None)

endproc

Despitetheserestrictions,the statespaceof the systemquickly becomesintractable. For this reason,we
consideronly certaincasesof theLOTOSdescriptions.Thesecasesaregivenby thefollowing product:

{Mp = 0,Mp = 1} × {Mr = 1,Mr = 2} × {Ma = 1,Ma = 2}

which gives8 LTSs for eachcaseandeachdescriptionstyle.

6.3 Model Generation Results

For verificationpurposeswe needto know all the actionsperformedby the specifiedsystem. In this sense,the
descriptionsgivenfor thesecondcasecanbeusedfor verification,while thedescriptionsof thefirst casecannot
beusedbecauseall visible actionsaretransformedinto internalactionsin orderto modeltheindependencefrom
theenvironment.For this reasonwe generateonly themodelscorrespondingto thesecondcase.

Theresultsof LTSs generationaregivenin Table1 for theprocess-orienteddescription,andin Table2 for the
data-orienteddescription.For eachexperiment,thetablesgivethesize(in numberof statesandtransitions)of the
LTS andthetime (in hours,minutes,andseconds)requiredfor its generation.

All theexperimentswereperformedonaSunUltra Sparc-1machine(143MHz) with 256Mbytesof memory.

Mp Mr Ma LTS time
states trans.

0 1 1 5,890 16,130 0 : 00′06′′

0 1 2 39,371 170,754 0 : 00′29′′

0 2 1 25,846 96,430 0 : 00′23′′

0 2 2 323,459 1,826,512 0 : 05′51′′

1 1 1 7,698,453 35,655,750 2 : 12′50′′

1 1 2 > 6,531,532 > 49,232,000 2 : 44′29′′

1 2 1 > 8,213,739 > 49,896,000 6 : 23′02′′

1 2 2 > 4,524,531 > 43,904,000 3 : 57′10′′

Table1: Resultsof LTSs Generationfor theProcess-OrientedStylefor Case2

The experimentsdonefor the process-orienteddescriptionsarelimited by the stateexplosionof the model:
thethreelastrowsof table1 give thesizesof theincompleteLTSsgeneratedbeforethecomputingresourceshave
beenexhausted.Thereasonof thestateexplosionis thehigh degreeof interleaving for this description:theonly
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synchronizationbetweentheOrder andtheStock processesis by meansof theWithdrawgate.For thesameclass
of experiments,notethat theLTS modelincreaseswith oneorderof magnitudewhenMr (maximalnumbersof
orders)orMa (maximalnumbersof amounts)areincremented.Moreover, it increasesmoresharplywithMa than
with Mr.

Mp Mr Ma LTS time
states trans.

0 1 1 14,975 20,195 0 : 00′27′′

0 1 2 88,023 165,792 0 : 03′58′′

0 2 1 82,403 117,386 0 : 05′33′′

0 2 2 848,067 1,603,478 2 : 45′19′′

1 1 1 > 5,236,886 > 9,761,401 532 : 15′23′′

Table2: Resultsof LTSs Generationfor theData-OrientedStylefor Case2

Theexperimentsdonefor thedata-orienteddescriptionsarelimited by thegenerationtime: thelastexperiment
(caseMp,Mr, andMa equalto 1) doesnot terminateafteroneweekbut doesnot explode.Thereasonis thatthe
interleaving of thefirst descriptionis transformedherein datacomputations.Thefunctionsusedby theInvoicing
process(seefigure3) performseveraltraversalsoverthelistscontainingtheordersandthestocks,whicharelarge
structures.It is interestingto notethattheLTS modelincreaseswith oneorderof magnitudewhenMr orMa are
incremented.Contraryto theprocess-orientedstyle,theLTSmodelincreasesmoresharplywithMr thanwithMa.

7 Verification usingTemporal Logic

After generatingtheLTSs correspondingto thedescriptions,we performverificationusingtemporallogic. More
precisely, weusethisapproachto formalizethefive informalstatementsgivenin thedescriptionof thecasestudy
andalsoto obtainotherformal requirements.

As the dynamicsemanticsof LOTOS is action-based,it is natural to expressthe propertiesof the LOTOS

descriptionsin a temporallogic interpretedover theactionsof LTSs. We usedherea simplified fragmentof the
ACTL (Action CTL) temporallogic definedin [NV90], whichis sufficiently powerful to expresssafetyandliveness
properties.Thefragmentof ACTL thatweusehassixprimitivetemporaloperators(besidesusuallogicconnectors):

ϕ ::= EXαϕ | AXαϕ | E [ϕαUϕ′] | A [ϕαUϕ′] | A [ϕαUα′ϕ′] | E [ϕαUα′ϕ′]

whereα is a setof transitionlabels. Informally, EXαϕ (resp.AXαϕ) means“some(resp.every)pathreachesϕ
throughanα step”,E [ϕαUϕ′] (resp.A [ϕαUϕ′]) means“some(resp.every)pathstaysin ϕ throughα stepsuntil
it reachesϕ′”, andE [ϕαUα′ϕ′] (resp. A [ϕαUα′ϕ′]) meansthat “some(resp. every) pathstaysin ϕ throughα
stepsuntil it reachesϕ′ throughanα′ step”.

For commodity, we usethe classical“diamond” and “box” modal operators,definedby 〈α〉ϕ = EXαϕ
and [α]ϕ = ¬EXα¬ϕ respectively. We alsousethe derivedoperatorsEFαϕ for E [trueαU ϕ′] andAGαϕ for
¬EFα ¬ϕ.

Also, we introducethefollowing shorthandnotations:

• “ INEV (α1, α2) = A [trueα1Uα2 true]”, meaningthattheprogrameventuallyperformsanactionsatisfying
α2, possiblyprecededonly by actionssatisfyingα1. Informally, “ INEV (α1, α2)” ensuresthereachability
of α2 independentlyfrom the(fair or unfair) schedulingpolicy of actions.

• “FAIR (α1, α2) = AG¬α2 ∧ α1 EFα1 〈α2〉 true”, meaningthat every sequenceof actionswhich do not
satisfyα2, butsatisfyα1, leadstoastatefromwhichit ispossibletoreachanactionsatisfyingα2. Informally,
“FAIR (α1, α2)” meansthat,assuminga fair schedulingof actions,the programwill eventuallyreachvia
actionssatisfyingα1 anactionsatisfyingα2.

Thelast two operatorsaretheaction-basedtranslationsof thecorrespondingstate-basedoperatorsdefinedin
theLTAC temporallogic [QS83].

Therestof thissectiongivesanoverview of XTL [Mat98, MG98], describesthepropertiesthatwewrite using
theACTL library of XTL, andfinally, discussestheverificationresultsobtained.
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7.1 Overview of XTL

Thoughprimarily intendedfor evaluationof temporallogic formulas,XTL is in full generalitya compiler for a
functional languageappliedto a labelledtransitionsystem. The XTL languageis equippedwith datatypesfor
states,transitionsandlabels,andsetsthereof,andfunctionsfor manipulatingthem(e.g.,initial state,incoming
andoutgoingtransitionsof a state,sourceand target statesof a transition). It canalsodeconstructthe labels
of structuredtransitionsandthusaccessthe individual attributesof LOTOS events. Resultsarereportedusinga
side-effectprint function.

For example,thetwo following XTL expressionscomputethesetof all nondeterministicstatesandsearchfor
sometransitionon Depositwith anamountlargerthan10,respectively:

{S : statewhere
existsT1 : edgeamongout(S), T2 : edgeamongout(S) where

(T1<> T2) and (label(T1)=label(T2))
end exists

}
existsT : edgein

T→ [DEPOSIT ?amt: integer whereamt> 10]
end exists

The notation“ ” is usedto representa wild-card offer. Temporaloperatorsaredefinedasfunctionsand/or
macrosusingtheseprimitives;definitionsfor standardlogicsareprovidedaslibrariesof temporaloperators.

7.2 The Corr ectnessProperties

In the informal descriptionthereareno formal requirementsagainstwhich the invoicing descriptionsmight be
verified.

In orderto obtainsuchproperties,we considertherevisedstatementsgivenin section3.2. Thesestatements
canbesplit in three(nondisjoint) classes:

• thefirst classcontainsstatementswhich cannotbeusedto obtainformal requirements:R0.0,R0.1,R2.0,
andR2.1.

• thesecondclasscontainsstatementswhichareobviouslyverifiedby theLOTOSdescriptions:R0.2,thefirst
partof R0.3,R0.4,R0.5,thefirst partof R2.2,andR2.3.

• thethird classcontainsstatementswhich leadto correctnessproperties:R0.3,R2.2,andR2.3.

Wecanalsocheckclassicalproperties(likedeadlockfreeandliveness).In thefollowing wepresenttheproperties
obtainedandtheproblemsraisedby their formalizationor verification.

FromthestatementR0.3,we canformalizetwo properties.Thefirst oneis a safetyproperty14 andexpresses
thatthequantitycarriedby anordershouldbeapositive integer:
Property 1.All theRequestactionshavestrictlypositiveamounts.TheXTL formulabelow expressesthisproperty.

not existsL : label in
L→ [REQUEST ?amt: integer whereamt≤ 0]

end exists

Thesecondpropertyextractedfrom thestatementR0.3isalsoasafetypropertyandsaysthatanorderreference
is unique.This is expressedby checkingthatduplicatereferencesto anorder(i.e.,morethanoneactionRequest
with the sameparameterref) appearif andonly if the orderhasnot beeninvoiced(i.e., a Cancelactionfor the
orderref hasbeenaccepted):
Property 2. Betweentwo subsequentRequestactionswith thesamereferenceref (0 ≤ ref ≤Mr − 1), a Cancel
actionwithparameterref mustoccur. TheXTL formulabelow (whichusesACTL operators)expressesthisproperty.

forall ref : integer among0 ... Mr − 1
[REQUEST!ref ...] AG¬(CANCEL !ref) [REQUEST!ref ...] false

end forall

14Informally, safetypropertiesspecifythat“somethingbadnever happens”.

RR n˚3575



26 M. Sighireanu,K. J. Turner

Thenotation“...” in thelabel“REQUEST!ref ...” is usedto representa list of wild-cardoffers.
FromthestatementR2.2,we canformalizea safetypropertywhich statesthatonly cancellationsof existing

ordersareaccepted:
Property 3. A Cancelactionwith theparameterref (0 ≤ ref ≤ Mr − 1) canappearonly if a Requestactionof
referenceref hasbeendone.

init =⇒ forall ref : integer among0 ... Mr − 1
AG¬(REQUEST!ref ...) [CANCEL !ref] false

end forall

The“ init ” operatorof XTL characterizestheinitial stateof anLTS. It is usefulin orderto expressmorenaturally
certainproperties(e.g.,past-tenseproperties).

FromthestatementR2.3,we canformalizea livenessproperty15 statingthatanorderwhich is not cancelled
will be eventually invoiced. We remarkthat this propertyexpressesrequirementson the statevariablesof the
LOTOSdescription:in theprocess-orienteddescription,this is equivalentto testingthestaparameterof theOrder
process,in the data-orienteddescriptionthis is equivalentto testingthe ords parameterof the Invoiceprocess.
Becausethe underlyingmodelof LOTOS is the LTS model(i.e., doesnot containinformation in the states),we
cannotdirectly testthestatevariables,but we canaccessthemonly by meansof transitions.For this reason,we
addin the initial descriptionssometransitionssignalingthe changeof the statusof anorder. We presentbelow
only themodificationof theprocess-orienteddescription,which is simpler;themodificationof thedataoriented
descriptionneedsmorecomplex changes.Themodificationconsistsin introducinganInvoiceactionin theprocess
Order beforetherecursivecall of theprocesswhichchangesthestaparameterin Invoiced:

processOrder[Request,Cancel,Invoice,Withdraw]
(ref:Reference,prd:Product,amt:Amount,sta:Status): noexit :
[sta= None] >

Request!ref ?prd:Product?amt:Amount[amt gt 0];
Order[Request,Cancel,Withdraw] (ref, prd,amt,Pending)

[sta= Pending] >
(

Cancel!ref;
Order[Request,Cancel,Withdraw] (ref, 0 of Product,0 of Amount,None)

Withdraw !prd !amt;
Invoice!ref; (* addedtransition*)
Order[Request,Cancel,Withdraw] (ref, prd,amt,Invoiced)

)
endproc

Then,thepropertycanbewrittenasfollows:
Property 4. After a Requestactionwith thereferenceref (0 ≤ ref ≤ Mr − 1), if a Cancelactionwith thesame
parameterref doesnot execute, theneventuallyan Invoiceactionwith parameterref will bereached.
In orderto ignoreunfair executions(e.g.,thosein which anorderis alwayscancelledbeforeinvoicing),we must
use“FAIR ” insteadof “ INEV ” to expressthereachabilityof theInvoiceaction.

init =⇒ forall ref : integer among0 ... Mr − 1
[REQUEST!ref ...] FAIR (¬(CANCEL !ref), INVOICE!ref)

end forall

In theinformal requirementsnothingis saidaboutthesafetyandthe livenessof thegeneralsystem.For this
reasonwe addthe following two properties.Thefirst oneis a livenesspropertyandchecksif theexecutioncan
advanceinfinitely, i.e., thereareno deadlocks.
Property 5. Thesystemis deadlock free.

¬ [true] false

Thesecondpropertyis imposedby theexistenceof theinternalactions(noted“ i”) in theLOTOSdescriptions.
Theinternalactionsappearin theLTS modelsof theprocess-orienteddescriptionfrom thehidingof theWithdraw

15Informally, livenesspropertiesspecifythat“somethinggoodeventuallyhappens”.
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gate. In thedataorienteddescription,internalactionsaregeneratedby theenablingoperator“>>”. Thesafety
propertybelow checksthatthereareno livelocks(cyclesof internalactions),i.e.,everypathconsistingof internal
actionseventuallyreachesa visibleaction.
Property 6. Thedescriptiondoesnot diverge, i.e., there areno cyclesof internalactions.

AGiA [trueiU¬i true]

7.3 Verification Results

Thesix formulasgivenin section7.2areevaluatedon theLTSsmodelscompletelygenerated(beforeandafterthe
introductionof theInvoiceaction)usingtheXTL [Mat98, MG98] prototypemodel-checker.

It is worthnoticingthat,sincetheXTL languageallowsthedefinitionof macro-notations(for actionpredicates
aswell asfor temporaloperators),theACTL formulasgivenin section7.2arealmostidenticalto thosewritten in
theXTL sourcecode.

Theverificationswereperformedfor all theLTSsproducedby modelgeneration(seesection6) andminimized
modulostrongequivalence. For eachLTS, the time neededfor evaluatingthe five formulaswas lessthanone
minute.

Theproperties1–3and5–6aretrueon all LTSs describedin section6. Thesix propertiesarealsotrueon the
LTSs obtainedaftertheintroductionof the Invoiceaction.

7.4 Questionson Requirements

In conclusionto the formalisationof the verification properties,we may raisethreenew questionsabout the
informal requirements:

Q21. Isanuncancelledordereventuallysatisfied?Thisisnotstatedin theinformalrequirementsgivenin section1
or in the revisedinformal requirementsgiven in section3.1. Thechangeof the stateof an invoicedorder
maybeinfinitely delayedby thesystem.In our case,this is possibleif thesystemis not fair, which is not
a reasonableassumption.Whenthe systemis fair, we verify on a slightly modifiedversionof the LOTOS

descriptionsthatanorderis eventuallysatisfied.

Q22. May thesystemdeadlock?This is presumablynotadesiredpropertyof thesystem.In ourcase,wechoose
thenegativeanswerandwe verify it on theLTS modelsgenerated.

Q23. May thesystemdivergein Case2? Thatis, maythesystemdo only internalactionswithout acceptingany
interactionwith theenvironment?For theCase1, theansweris givenin therequirementR1.2.For theCase
2, wechoosethenegativeanswerandverify it on theLTS models.

8 Verification usingBisimulations

As an alternative to verification using temporallogics, we also performedverification using bisimulationsby
meansof theALDÉBARAN tool.

Our goal was to prove that process-orientedand data-orientedLOTOS descriptionswhere“equivalent” by
checkingtheequivalencebetweenthecorrespondingLTSs.

The ALDÉBARAN tool provides a lot of bisimulationequivalences:strongequivalence[Par81] (noted∼),
branchingequivalence[vGW89] (noted≈b), delay equivalence[vGW89] (noted≈d), observational equiva-
lence [Mil89] (noted≈o), τ∗a equivalence[FM90] (noted≈τ∗a), and safetyequivalence[Rod88, BFG+91]
(noted≈s). Figure4 givesthelattice(theupperrelationbeingfiner) of theseequivalencerelations.

We tried to checkthe equivalenceof the two correspondingLTSs modulo all the equivalencesoffered by
ALDÉBARAN. SincetheLTSs of thetwo descriptionscontaininternalactions,thebranchingandtheobservational
equivalencescannotbeusedbecausethey needthatat leastoneof two LTS doesnot containinternalactions.

We foundthat theLTS of thedata-orientedversionis includedin but not equivalentto thecorrespondingLTS

of theprocess-orientedstylemodulothesafetyrelation.Theequivalenceis brokenbecausein theprocess-oriented
descriptionsa Cancelactioncanbedoneaftera Depositactionif theorderis not yet treated,i.e., the following
sequenceis a valid one:
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Request !ref !prd !amt Deposit !prd !amtCancel !ref

Invoicing

Orders Stocks

Processes Data types

Gates Operations

Figure4: Thelatticeof theequivalencessupportedby theALDÉBARAN tool

i*
REQUEST!0 !0 !1
i*
DEPOSIT !0 !1
CANCEL !0

In thedata-orientedspecificationthissequenceof actionsis notpossiblebecausethelist of ordersis updatedafter
eachDepositactionat therecursivecall of theInvoiceprocess(seesection4.4).

In order to obtain the samebehaviour for the data-orienteddescription,we modify the processInvoiceas
follows: (1) by eliminatingtheupdateof stocksandordersat its recursivecall and(2) by introducinganexplicit,
internalaction(thefourth caseof thechoicebelow) which explicitly updatesthelists of stocksandorders.

processInvoice[Request,Cancel,Deposit](ords:Orders,stks:Stocks): noexit :
(

Request?ref:Reference?prd:Product?amt:Amount[(StatOrder(ref,ords)eqNone)and(amtgt 0)];
exit (AddOrder(MkOrder(ref,prd,amt,Pending),ords),stks)

Cancel?ref:Reference[StatOrder(ref,ords)eqPending];
exit (RemOrder(MkOrder(ref,0, 0, Pending),ords),stks)

Deposit?prd:Product?amt:Amount[amt gt 0];
exit (ords,AddStock(MkStock(prd,amt),stks))

exit (UpdateOrders(ords,stks),UpdateStocks(ords,stks))
)

>>
acceptnewords:Orders,newstks:Stocksin

Invoice[Request,Cancel,Deposit](newords,newstks)
endproc

This modificationintroduceslivelocksin the LTSs of the data-orienteddescription. Theselivelocksappear
whentheupdatingis chosenalthoughneitherthesetof orders,nor thesetof stocksaremodified(by aRequest, a
Cancel, or a Depositaction). In this case,theinternalactiongeneratedby theenableoperator(>>) loopsin the
samestate. That meansthat the sixth propertygiven in section7.2 is invalidatedon theseLTSs. However, this
allowsusto obtaina data-orienteddescriptionwhich is safetyequivalentto theprocess-orientedone.Thismeans
that the two descriptionsareequivalentfor all safetyproperties,andall actionsexecutedby onedescriptionare
correctwith respectto theotherdescription.
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9 Conclusion

In this report,wedemonstratehow LOTOS, E-LOTOS, andtheCADP toolboxmaybeusedfor requirementanalysis,
formaldescriptionandverification,by applyingthemto theInvoicingcasestudy.

This experienceconductus to formulatetwenty-threequestionson the informal descriptionof the Invoicing
system[AAH98]. Thesequestionsariseeitherfrom theformaldescriptionof thesystem,or from theverification
of thedescription.

Concerningformalisation, theLOTOS philosophybasedon the“black box” principle is very usefulto obtain
a high-level specificationof requirements.For the Invoicing casestudy, twenty questionsarisewhentrying to
formalisetheinformal requirements.

Also, LOTOS sharesits behavioural approachwith processalgebrassuchasCCS [Mil89] andCSP [Hoa85].
Therearethusa numberof languagesthatmight beusedin thesamekind of style. However, LOTOS is relatively
unusualin having an integration of behaviour with dataspecification(ACTONE [EM85]). This is convenient
for specificationsincedifferent aspectsof a problemcan be treatedas processor data. The process-oriented
specificationsin this reportshow thatthis canbeaneffectivemix.

Of thefour Case2 descriptions,theauthorsaremostsatisfiedwith theE-LOTOSprocess-orienteddescription.
It is clearthatE-LOTOSoffersamuchcleanerandmorecompactstyleof specificationcomparedto currentLOTOS.
In particular, modularity, typedgates,andfunctionaldatatypesarefelt to bemuchpreferable.Thedatatypesused
in LOTOS (basedon ACTONE) have beenratherdisliked for the verbositythat is evident in the specificationsof
this report.TheLOTOSdatatypelibrary is alsosomewhatdistantfrom conventionalprogrammingpractice.Some
syntacticLOTOSdatatypingshorthandshavebeendevelopedfor thesereasons[Pec93].

The process-orientedanddata-orientedspecificationsmake an interestingcomparison.In E-LOTOS thereis
little to choosebetweenthemregardingclarity or compactness.Howeverin LOTOS, thedata-orientedspecification
is tediousto readbecauseof theverbosedatapart. In general,therearegoodreasonsto prefertheprocess-oriented
approach.It takesanobject-basedview, andthusis closerto currentanalysispractice.Theapproachalsohintsat
possibleconcurrentor distributedimplementation,andthusmaybecloserto engineeringpractice.

Concerningverification, the CADP toolbox offers for LOTOS the state-of-the-artverification techniques:to
the bestof our knowledge,the CÆSAR [GS90] andCÆSAR.ADT [Gar89] compilersarethe only modelcheckers
supportingdynamicdatastructures(suchaslists). Two main formsof verificationaresupported:bisimulations
andtemporallogics. Thus,for the Invoicing casestudywe generatethe LabelledTransitionSystems(LTSs) of
the LOTOS descriptionsusingtheCÆSAR andCÆSAR.ADT compilers. Then,we performverificationby the two
approachesof CADP:

• temporallogics,usingthe ACTL [NV90] library of the XTL [Mat98, MG98] model-checker. For this, we
establishsix formal properties:absenceof deadlocksand livelocks,and four logical orderingproperties
betweenvisibleactions.Thesepropertieshavebeenextractedfrom threeof therevisedinformalstatements
resultedfrom formalisation,expressedin XTL (usingtheACTL operators),andthencheckedonthegenerated
models.

• bisimulations,usingtheALDÉBARAN [Mou92] tool. Firstly, we usestrongbisimulation[Par81] to reduce
theLTSs generatedwith CÆSAR. Secondly, we show that theLTSs correspondingto the initial description
cannotbeequivalentmodulotheequivalencerelationsofferedby ALDÉBARAN. However, by performinga
slightmodificationof thedata-orienteddescription,weobtainthesafetyequivalenceof thetwo descriptions.

Usingmodel-checkingverification,we have to copewith its mainlimitation, thestateexplosionproblem. In
orderto generatefinite LTSs of tractablesize,we haveto modify theinitial descriptionsin thefollowing points:

• WetransformtheACTONE typesto obtainconstructivedefinitionsfor sorts.This is notarealproblemsince
thenew versionof LOTOS, E-LOTOS, supportsconstructive(ML-lik e) typedeclarations.

• We limit theunboundedparallelismto afinite numberof parallelprocesses.

• We restricttheuser-defineddatadomainsto finite domains.

Theserestrictionsdo not suffice to avoid stateexplosionfor themodel. Thereasonfor this explosionis thehigh
degreeof non-determinismin theprocess-orienteddescriptionsandthe largedatastructuresin thedata-oriented
descriptions.We hopethat the ongoingresearchin the groupof CADP toolbox will allow us to avoid this state
explosionby producingreducedLTSs.
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We alsohave to modify the initial descriptionsin orderto be ableto verify propertiesbasedon the stateof
variablesor to obtain(safety)equivalentdescriptions.

It would not bewise to claim thatany formal methodwas“better” thanany other. However, it is hopedthat
thisreporthasconvincedaboutthesuitabilityof our formalmethodsandtoolsfor therequirementanalysis,formal
description,andverification.
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