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Analysede besoinsdescription formelle et vérification d’'un sysemede
gestion: I' étudede cas“F acturation”

Résune: L'étudedecas‘Facturation”(Invoicing) estun sysemedegestionclassiqueropos parHenriHabrias
commeunexemplecommunpourundébatcomparatifsurla capacié desdifférentesnéthodedormellesaanalyser
les besoinsdesclients. Pourcetteraison,le sysemeestdécrit d’'une fagn informelle, dansune demi-pagede
texte enanglais. Dansce rapport,nousutilisonsla techniquede descriptionformelle LoTOS pour I'analysedes
besoinsa descriptionformelle et la vérification de cetteétudede cas. Premerementnousanalysonset nous
interpretonsla descriptioninformelle desbesoinsen utilisantl'approcheproposepar LoTos pourla description
dessysemes. Ceci nousconduita poservingt questionssur la descriptioninformelle. En répondanta ces
guestionsnous obtenonsune specificationde haut niveauqui peut étre formalisee. Ensuite,nousprésentons
la descriptionformelle du sysemeen LOTOS et, pour comparaisonen E-LOTOS, la nouwelle versionde Lotos
en coursde normalisation. PuisqueL oTos offre la possibili€ d'utiliser plusieursstylesde description,deux
descriptionssont présenges: une descriptionorien&e processust une descriptionorien€e donrées. Nous
vérifionsles descriptiond_otos en utilisant'approchebase surles modeles(model-tiedking) au moyende la
boite & outils CADP (CASARALDEBARAN). Les mocklessysemede transitionsétiqueées(STE) correspondant
auxdifférentssc@nariossontgénérésa l'aide du compilateurC£sArR Nousavan@nsl’'analysedel’ étudede cas
enformalisantenlogiquetemporellesix proprietesdu syseme. NousvérifionscesproprietessurlesmodlesSTe
aumoyendel’ évaluateuiXTL. Finalementnousétudiond’ équivalenceentrelesdescription®riengesprocessus
etlesdescriptionorientesdonréesaumoyendel'outil ALDEBARAN.

Mots-cle: E-LoTos(Enhancement® LoT0S), FacturationLogiquetemporelle Lotos, Méthodedormelles,
Relation de (bi)simulation, Syseémesde transitions étiquetes (STE), Techniquesde descriptionformelle,
Vérification.
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1 Intr oduction

A large numberof formal specificationand verification methodshave beendevelopedin the last twenty years.
The Formal Methodssite of the Oxford University! containsseventy-five referenceso suchmethods. Several
casestudieshave beenproposedn orderto testthe suitability of a particularmethodfor formal specificatiorand
verification of an engineeringdiscipline or to comparedifferentmethodsfrom a specificpoint of view. Henri
Habriasproposed casesuchstudy namelythe Invoicing system.

ThelInvoicing systemis a typical businessystem.We includebelow its informal descriptionasproposedy
Henri Habrias]AAH98]:

Thesubijectis to invoiceorders. To invoiceis to change the stateof an order (to change it fromthe
state“pending” to “in voiced”).

On an order, we haveone and one only refelenceto an ordered productof a certain quantity The
guantitycan be differentfrom otherorders. Thesamereferencecanbe ordered on several different
orders. Thestateof the order will be changedinto “in voiced” if the ordered quantityis eitherless
thanor equalto the quantitywhich is in stod accoding to the refelenceof the ordered product.

You haveto considerthe two following cases:

Casel: All theorderedrefelencesare refeencesin stok. Thestod or the setof orders mayvary
dueto theentryof new orders or cancelledorders, or dueto havinga new entry of quantitiesof
productsin stok at thewarehouse
But, we do not haveto take theseentriesinto account. Thismeanghatyouwill notreceivetwo
entryflows(orders, entriesin stod). Thestodk andthe setof orders are alwaysgivento youin
an up-to-datestate

Case2: Youdo haveto take into accountthe entriesof:

* new orders;
« cancellationsof orders;
< entriesof quantitiesin the stod.

Thedeclaredjoalof thelnvoicing casestudyis to evaluatethecapacityof particularfformalmethoddo capture
requirementdérom theclient. This evaluationis obtainedby askingthe specifierusinga particularformal method
for formal specificatiorandverificationof the casestudyto considerthefollowing concerns:

« Whatarethequestiongaisedby the formalizationof theinformal description?
» Whatarethe solutionssuggestedr imposedby the methodto thesequestions?
< How thesesolutionsmaybeverifiedto be consistent?

In this report, we addresghe Invoicing casestudy usingthe Lotos [ISO88 and E-LoTos [Que9§ formal
descriptiontechniquesindthe Cabp [GIJM™97] protocolengineeringoolbox.

The reportis organizedasfollows. Section2 introducesbriefly the Lotos andE-LoTos languagesindthe
Lotos approachfor the requirementapture. Section3 presentghe questionsarisenwhentrying to formalize
the Invoicing casestudy andthe revisedproblemstatemenbbtainedby answeringo thesequestions.Section4
presentshelL otrosandE-LoTtosformaldescription®f thelnvoicing casestudyusingthe process-orienteandthe
data-orientedpecificationstyles. Section5 presentghe testingandverificationissuesandintroducesthe Cabp
protocolengineeringoolbox. Section6 presentshe generatiorof the LTs modelscorrespondindo the LoTos
descriptions.Sections7 and8 describethe verificationsperformedon thesemodelsby meansof temporallogic
andbisimulationequivalences Section9 givessomeconcludingremarks.

2 The LOTOSApproach
2.1 ThelSO LanguageLOTOS

Lotos[ISO8Y is a standardizedrormal DescriptionTechniqueintendedfor the specificationof communication
protocolsanddistributedsystems Severaltutorialsfor Lotos areavailable,e.g.[BB88, Tur934.

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

The designof LoTos was motivatedby the needfor a languagewith a high abstractiorlevel and a strong
mathematicabasiswhich couldbe usedfor thedescriptiorandanalysisof complec systems As adesignchoice,
Loros consistof two “orthogonal”’sub-languages:

The data part of LoTtosis dedicatedo thedescriptionof datastructureslt is basednthewell-known theoryof
algebraicabstractlatatypes[Gut77], morespecificallyon the ACTONE specificationanguaggdMRV92].

The control part of LoTosis basedntheprocessalgebraapproachor concurreng, andappearso combinethe
bestfeaturesof Ccs? [Mil89] andCsF [Hoa83.

LoTos hasbeenappliedto describecomplex systemsformally, for example: Osl TP* [ISO92, Annex H],
MaAAS [Mun91], FTam® basicfile protocol[LL95], etc. It hasbeenmostly usedto describesoftware systems,
althoughtherearerecentattemptgo useit for asynchronoukardwaredescriptiofCGM™ 96.

A numberof toolshave beendevelopedior LoTOS, coveringusemeedsn theareaof simulation,compilation,
testgenerationandformal verification.

Despitethesepositive featuresa revision of the LoTos standarchasbeenundertalenwithin 1so since1993,
becauséeedbackrom userdndicatedhattheusefulnessf Lorosis limited by certaincharacteristicselatedboth
totechnicakapabilitiesanduserfriendlinesof thelanguage Thelastversionof thelsoCommitteeDraft[Que94,
appearedn April 1998,proposes revisedversionof Lotos namede-Lotos Comparedo LoOTOS, thelanguage
definedin [Que9§ introducesnew featuresfrom which we mentiononly thoseusedin this report: modularity,
functional(constructve)types classicaprogrammingconstructsacontrolledimperative style,gatetyping. Since
E-Lorosstandardizatiois ongoing,someof its constructhiave still to bestabilised.Thereforethis papelis based
onavariantof E-LoTos, namedLoTOosSNT [GS99 definedat INRIA RhdneAlpes. In particular the authorshave
assumedhatafully imperatve semanticsvill beintroduced.Amongotherthings,this simplifiesthe specification
of loops.

2.2 RequirementCapturein LOTOS

TheLotosPositiof M isto treata systemasa blackbox, andthereforeto concentrat@n its boundaryinputsand
outputs.A Lotos specifierwill try to write a high-level specificatiorof requirementsavoiding implementation-
orientedconcerns.Theemphasiswvill be on specifyingthe partial orderingof (obsenable)events. Otherfactors
thatinfluencethe approachncludethe balancechosenbetweenprocessesanddatain the specificationandthe
choiceof specificationstyle (if oneis explicitly adopted). Variousmethodshave beeninvestigatedor LOTOS,
e.g.[BLV95, Tur90 GR9(Q, but becausehe casestudywasso small, the authorsfollowed only generalLotos
principles:

« delimit theboundaryof the systemto be specified,;
« definetheinterfacesof the system(inputs,outputs,parameters);
« definethefunctionality of the system(therelationshipamonginputsandoutputs);

« for incompleterequirementsgchoosean abstracior simpleinterpretationthatwill give somefreedomlater
for adoptinga morespecificinterpretation.

Lorosisaconstructvespecificatiodanguageary specificatiorwill exhibit somestructurgusuallyhierarchic,
thougha monolithicstyleis alsopossible).The subjectof specificatiorstyle hasbeeninvestigatedn considerable
depthfor Lotos[Cla92 FLS97, Que9Q SL93 Tur93a Tur973 Tur97h TS95 Eij89, Sin89 VSS91,VSSB9O0].
Indeedit might be fairly saidthat LoTos specifiersare pre-occupiedvith specificationstyle! The choiceof an
appropriatestylefor specifyingrequirementfiasabig impacton how the specificatioris structured Anotherway
of puttingthis is to saythat L otos specifierscareaboutthe high-level architecturé of a system.Several LOTOS
workershave consideredyeneral‘quality” principlesfor specificatiorarchitecturgSco93 Tur974.

2Calculusof CommunicatingSystems

SCommunicatingSequentiaProcesses

“4Distributed TransactiorProcessing

5MessageiuthenticationAlgorithm

SFile Transfer AccessandManagement

“In the senseof [Tur97d, thearchitectureof a specificatiormeansts structureandstyle.
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RequiementCapture, Formal Descriptionand \erificationof the Invoicing Case-Study 5

Becausé.otoscombinesadatatypelanguagevith aprocesslgebrathespecifiermustchooseanappropriate
balancevhenusingthesetwo aspect®f thelanguagdlLed87. This partly depend®nthe preferredspecification
style,partly ontheintendeduseof the specificatior(e.g.,for analysisor refinement)andpartly ontheapplication.
Someapplicationdocusontherepresentatioandmanipulatiorof data(e.g.,adatabaseandsoaremorenaturally
specifiedusingthe datapartof Lotos. Otherapplicationfocusondynamic(reactie) behaiour, andsoaremore
naturallyspecifiedusingthe processalgebrapartof LoTos.

A Loros-basedapproacho requirementaptureraisesthe following kinds of questions:

Environment: Who arethe usersof the system?AVhatis the context of the system2Whatis the boundaryof the
system?AVhatfunctionscanthe systenrely onin theervironment?

Interfaces: Whataretheinterfacego theenvironment?Whatarethedataflowsinto andoutof thesystem2WVhat
is the structureandcontentof thesedataflows?

Functionality: Whatfunctionsmustthe systemperform?Whatis the relationshipamonginputsandoutputs?
Limitations: Whatlimits applyto systeminputs,outputsandfunctions?

Non-functional aspects: What timing and performanceaspectsnust be specified? What other organisational
issuesshouldbe considered?

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

3 Analysisof Requirements

The act of formalisationtypically raisesmary questionghatwould normally be discussedvith the client. In a
realisticsituation,the systemsanalystraisessuchquestionswith the client. This allows ambiguities.errors,and
omissionsn therequirementso beresohed. Asin thiscasestudy it is sometimesiotpossibleto approactaclient
with questions.For example,it maybenecessaryo carryout a posthocformalisationof somethinghatalready
exists(e.g.,alegag systemor aninternationaktandard) It wasnecessarjor theauthorsto raisequestionsabout
theinvoicing requirementsindto answerthemthemselesin a sensiblgashion.

In orderto analyseandto interpretthe informal descriptionof the Invoicing casestudy presentedn the
introductionsectionwe assigrto eachinformal requirementireferencgRn) whichwill beusedin theremainder
of this section.Usingthis assignmenttheinformal descriptionbecomes:

RO. General:
RO0.1 Thesubijectis to invoiceorders.
RO0.2 To invoiceis to changethe stateof anorder(to changst from the state“pending”to “invoiced”).

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

R0.4 Thesamereferencecanbeorderedon severaldifferentorders.

RO0.5 Thestateof theorderwill be changedo “invoiced”if the orderedquantityis eitherlessthanor equal
to thequantitywhichis in stockaccordingo thereferenceof the orderedproduct.

RR n°3575



6 M. Sighireanu,K. J. Turner
R1. Casel:

R1.1 All theorderedreferencesirein stock.

R1.2 The stockor the setof ordersmay vary dueto the entry of new ordersor cancelledorders,or dueto
having a new entry of quantitiesof productsin stockat the warehouse.But we do not have to take
theseentriesinto account.

R1.3 This meanghatyou will notreceve two entryflows (orders,entriesin stock). The stockandthe set
of ordersarealwaysgivento youin anup-to-datestate.

R2. Case2:

R2.1 You do have to take into accountthe entry of new orders, cancellationsof orders,and entriesof
guantitiesin the stock.

3.1 Questionson Requirements

Thefollowing questiongrisewhentrying to formalisetherequirementsor thelnvoicingcasestudy Thequestions
(Qn) arepresente@dccordingo the classificatiorin section2.2,thoughthey did notarisein this strict hierarchical
order As will beseenthevolumeof questionsgs muchgreatetthantheinformal problemstatement!

Environment

Q1.

How mary usershasthe Invoicing system?This is not statedin the informal requirementslf therewere
only oneuser it would notbenecessaryo identify orders(assuminghatthey wereprocesseéh sequence).
If therewereseveralusersandit werenecessaryo issueinvoicesfor usersjt would benecessario identify
usersor orders.Invoiceswould thenhave to carryanidentification. Sincetheinformal requirementslo not
askthe systemto do arnything (e.g.,to producean invoice or to deliver a product),this questiondoesnot
arise.

Interfaces

Q2.

Q3.

Q4.

Q5.

Q6.

Q7.

For Casel, “the stockandthe setof ordersare][...] given” (R1.3)meanghatthe systemdoesnot directly
acceptstockor orderschangesrom thewarehouse@r user It alsomeanghatthe systemhasdirectaccess
to the currentstockandorders.It follows thatthesemustbe maintainedoy someothersub-system.

At whatpointis thestatusof ordersupdated:whenthestockor setof orderschangespr following aperiodic
check?If theformer, how doesthe systenknow thattherehasbeena change?f thelatter, how frequently
shouldthe systencheck?Theformerinterpretatioris simplerandis thereforepreferred.It followsthatthe
systemmustbetold of new stockor orders.This informationthusbecomesnputto thesystem.Thesystem
mustupdatethe stockandorders,which by implication are storedwithin the system sinceno outputsare
mentioned.The systento be specifieds thusanembeddedub-systenof somelargersystem.

Thereis no indicationof whethernew stockor ordersarenotifiedindividually or in batchedo the system.
For simplicity it is assumedhatinputsoccurindividually.

Thereis the questionof how invoicing is triggered,how the informationis obtained andhow the statusof
ordersis updated.Sincetherequirementsmply thatsomeinternalageny manageshe stockandorders,jt
is presumedhatthis ageny suppliesnformationto the systemasrequiredandtriggersanupdate.

How is it possibleto identify an orderto be cancelled?The only sensiblesolutionis if anordercarriesa
referencahatcansubsequentlype quotedin a cancellation.Otherinformationsuchasthe original product
codeor requestedjuantity(R0.3)would be redundanbn cancellatiorandsoareomitted.

Who, then, is responsiblgor creatingan orderreference?It could be suppliedby the useror generated
automaticallyby the system.In normalorderingpractice theusergeneratethe ordernumber sothis might
seemto be more natural. However, it createsa new problem: how to handlea duplicateorder number?
Solving this would requiremechanismso force usersto useuniquenumbersor to rejecta duplicate. In
fact,it is simplerto adoptamoreabstractpproactihatsimply requiresuniquenumberswhethergenerated
by the useror the system(or both,in cooperation).

Functionality
Q8. In the contet of beingableto “changethe stateof an order” (R0.2), it follows that the systemmerely

inspectghe stateof currentordersandadjustgtheir statusaccordingto the currentstock.

INRIA



RequiementCapture, Formal Descriptionand \erificationof the Invoicing Case-Study 7

Q9. It is saidthatseveralordersmay mentionthe sameproductcode(R0.4). This seemsanalmostunnecessary
remark,but it hints that several “simultaneous”ordersneedto be handled. In this case,how shouldthe
stockbe allocatedto orders? This is not a problemfor Casel (R1.1). However, in Case2, the stockis
limited by implication(R2.1),sothechoiceof allocationstrategy mayleadto differentresults.For example,
the smallest— or the largest— outstandingprderfor a productmight be satisfiedfirst. In the interestsof
abstractnes#, is presumedhatordersaresatisfiedn some‘random” mannes

Q10. The systemis saidto “changethe stateof anorder” (R0.2). Normally, sucha systemwould actuallyissue
aninvoice. However, thereis no mentionof this in the informal problemstatementThe conclusionis that
the systemoperaten a setof orders(R1.3), whosestatusis updatedoy the system.If aninvoice hadto
be generatedtherewould be otherquestionsaboutwhatit shouldcontain: orderreferenceproductcode,
guantity price,etc. However, thesematterscanbeignoredin the casestudy

Q11. The systemis ableto changethe stateof an orderfrom “pending” to “invoiced” (R0.2). It is not clear
whetherthis meangshatordersshouldbe explicitly associatedavith a status.It is presumedo, thoughthe
statusof anordermightbeimplicit (e.g.,becausainfulfilled ordersareheld separately).

Q12. If anordercanbefulfilled from stock,its statemustbe changedo “invoiced” (R0.5). However, nothingis
saidaboutthesituationwhereanordercannotbefulfilled becaus¢hestockis insufficient. In this situation,
theordermightbeignored,it mightbeexplicitly rejectedpr it mightbehelduntil stockbecomesvailable?
Thefirst possibilityis ratherunfriendly andis thereforenot considered As alreadyconcludedthe system
producesho outputs,sothe secondpossibilityis rejected. The third possibility is thereforeadoptedandis
moreconsistentvith theinformal requirement$¢R0.2,R0.5,R1.3).

Q13. Adoptingthis third possibility meansthat, whenthe systemrecevesa new stock, it mustre-examineary
unfulfilled ordersto seeif they canbe satisfied. As discussedbove, thereis thenanissueof how stocks
shouldbeallocated.Again, a “random” algorithmis assumed.

Q14. Therequirementgor Casel atfirst appearto be contradictory(R1.3). It is saidthattherewill beno entry
flows to the systemyet “the stockandordersarealwaysgiven|...] in anup-to-datestate”. Being “given”
suchinformationis equivalentto an entry flow. The only interpretationthat begins to make sensds that
theinformationis somehav separatérom theinvoicing functionandis updatedoy someotherageng. The
systemcanthen consultthis informationat any time. Presumablythe informationis up-to-dateonly in
respectof currentstockandorderrequests.Thatis, the order statusis presumablynot up-to-dateor the
systemwould be pointless!

Q15. Whatdoescancellinganordermean(R1.2,R2.1)?Thissuggestanexplicit requestatherthanjustomitting
anorderfrom theupdatedist. At whatpointcananorderbecancelled:beforeit is recevedby theinvoicing
system after receptionbut beforeinvoicing, after invoicing but beforedelivery, after delivery? In areal
systemtheseguestionsvould have to beansweredaoncretely However, asdiscusse@bove the purposeof
thesystemseemso bejust maintaininga setof currentorders.Cancellatiormustthereforemeanremoving
anorderfrom the pendingset. Trying to cancela non-eistentor invoicedorderis assumedo beforbidden.

Q16. Is ary concurrentor distributed processingequired? Thereis nothing explicit in the requirementsput
someimplicit possibilitiesexist. For example,the processingf stockandorderupdatesnight be handled
concurrently The invoicing systemmight also be sub-dvided into distributed components.Sincethese
issuesreopenadecisionshouldnotbeforced thoughasuchdecisiormaybepermittedoy thespecification.

Limitations

Q17. Byimplication(R0.3),anordermustcarryaproductcodeandarequesteduantity Presumablythequantity
mustbeapositiveinteger. Negative quantitiesmightcorrespondo returnedoroducts.A zero-quantityorder
is concevable, but it doesnot seemvery usefuland shouldbe forbidden. Fractionalquantitiesmight be
meaningfulfor productsthat canbe brokendown into smallerunits, but in the interestsof simplicity this
wasnotallowed. Similarly, stockdepositsaareassumedo be strictly positive integers.

Q18. In Casel, it is saidthatall productsarein stock(R1.1). Thisis presumablya hint thatstocklevels should
not be checledbeforeanorderis invoiced. However, it is not a realisticassumptionandcould evencause
the specificatiorto behae inconsistently It is thereforeprudentto checkstocklevelsin this caseevenif
thecheckprovesto beredundant(Sometimest is betterif theanalystdoesnottreatliterally everythingthe
clientsays!)

8Specifically theallocationalgorithmis notvisible to or influencedby the systemervironment,i.e., it is non-deterministic.

RR n°3575
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Non-functional aspects

Q19. Clientrequirementsvould normallyincludenon-functionalaspectsuchascost,delivery scheduleperfor
mance reliability, integrationandtesting. However, non-functionalaspectsanbeignoredsincethe only
requirementswvailablearestrictly functional.

Methodology

Q20. Is Casel asimplificationor anabstractiorof Case2? Is Case2 anextensionor refinemenbpf Casel? It is
not clearwhetherconsonantequiremenspecification@redesired.However, it seemssensibleo treatthe
first caseasalessdetailedform of thesecond.

3.2 RevisedProblem Statement

Theinformal problemstatemenin sectionl wasclarifiedusingtheanswersn sectior3.1. Therevisedrequirements
statemenusedfor specificationis asfollows:

RO. General:

RO0.0 You areto specify a sub-systemrembeddedn a larger warehousingsystem. You shouldallow for
the possibility of concurrentor distributed processing.lgnore non-functionalaspectsuchas cost,
performancedelivery scheduleandtesting.

RO.1 Thesubjectis to supporttheinvoicing of orders.You arenot responsibldor actuallyissuinginvoices
or deliveringproducts.

RO0.2 To invoiceis to changethe explicit stateof anorderfrom “pending” to “invoiced” accordingto stock
levels.

R0.3 Onanorder, we have oneandonly onereferenceo anorderedoroductof a certainquantity(a positive
integer). Thequantitycanbedifferentfrom otherorders.Orderscarry uniquereferencenumberghat
areagreedbetweerthe sub-systenandtheuser

R0.4 Thesameproductreferencecanappeain severaldifferentorders someof thatmaybe outstandingat
thesametime.

RO0.5 Thestateof theorderwill be changedo “invoiced”if the orderedquantityis eitherlessthanor equal
to thequantitywhichis in stockaccordingo thereferenceof the orderedproduct.

R1. Casel:

R1.0 Youareto treatthis asalessdetailedform of Case?.

R1.1 All theorderedreferencesreintendecdto bein stock,but you shouldprotectyour sub-systenagainst
thepossibilitythatthisis not actuallyso.

R1.2 Thestockor the setof the ordersmayvary dueto the entry of new ordersor cancelledorders,or due
to having a new entry of quantitiesof productsin stockat thewarehouseBut we do not have to take
theseentriesinto account.

R1.3 This meanghatyou will notreceve two entryflows (orders,entriesin stock). The currentstockand
setof ordersareavailableto you, maintainedby anothersub-systenthatinformsyou whenthereare
new stocksor orders.

R2. Case2:
R2.0 Youshouldtreatthis asthe primary case of which Casel is a simplification.

R2.1 You haveto take into accountheentry of new orders,cancellation®f orders,andentriesof products
in the stock.

R2.2 A cancellatiormentionsthe original orderreference.lt is forbiddento cancelan orderthatdoesnot
exist or hasalreadybeeninvoiced.

R2.3 Ordersthatcannotbefulfilled from stockarehelduntil they canbe metfrom new stock. Thesequence
for satisfyingoutstandingordersfrom new stockis at your discretion.

INRIA
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y4

Cancel

Case 2:

Case

Deposit

Figurel: Structureof Specifications

4 The LOTOSand E-LOTOS Specifications

The casestudyis mainly data-orientedsinceit describesa database For this reasonthe corresponding.otos
specificationmakes significantuseof datatypes. However, thereis a modelling choiceto be madeof whether
to represenstocksand ordersasprocesse®r asdatavalues. For this reasontwo specificationapproachesre
presentedaterin the paper Thesegive someideaof therangeof stylesopento the LoTos specifier

Since E-LoTtos is an improved version of LoTos, the authorsfelt it would be interestingto seehow its
specificatiorstyle(s)differedfrom Lotos E-Lotos specificationsare presentedirst, followed by specifications
in currentLotos. Sincethelanguagesliffer, eachhasbeenwrittenin native styleandthespecificationsrenotjust
syntactictranslation®f eachother Eachportionof aformal specificatioris precededby aninformal explanation.
In the specificationghatfollow, the authorshave usedtheir own corventionfor the caseof identifiers(keywords
in bold font, variablesn lower case ptheridentifierswith aninitial capital).

As arguedin section3.1, Casel is just an abstractionof Case2. For Case2, the process-orientedtyle
introducessomeinternalstructureto the specification. The structureof the specificationgo be presented¢anbe
picturedasin figurel. Casel hasnoinputs,andthushasno externallyobsenablebehaiour. Theinputsin Case2
are Requestplacean order), Cancel(remove an order) and Deposit(supply new stock). The process-oriented
versionof Case2 introducesaninternalcommunicationMthdraw (satisfyanorderfrom stock).

The paperdescribes{Case?2, Casel}x{process-orientedjata-orientefi<{E-Loros LoTos}, i.e., eight
specificationsn total. However, aswill beseenthereis considerableommonalityin thevariousapproaches.

4.1 Process-OrientedE-LOTOS Specification

The process-orientedpecificationof the invoicing systemmight be regardedasobject-based Ordersandstock
areindividual objectsthatencapsulatanidentity (orderreferenceor productcode),state(orderor stockstatus)
andserviceqrequesbrder, depositstock,etc.). Theidentity of anorderor stockitem allows it, out of thewhole
collection,to synchroniseon messagemtendedfor it.

Figure2 shavs the architectureof the process-oriente(E-Lotos andL oTos) specificationgor Case2. Note
that, E-LoTos (like LoTos) modelsa systemas a collectionof communicatingorocesses.The communication
portsof a processare calledgatesthat, in E-LoTOS, aretyped,in orderto allow staticcheckingof the kinds of
valuesthatarecommunicated Processeare parameterisetly their gatesandstatevariables. They make event
offers suchas Withdraw(!prd, ?navamt)that may be synchronisedmatched)at a gatewith their ervironment.
Synchronisedffers becomeactualevents. A fixedvaluein an eventoffer is precededy “!”, whereasan open
valueto bedeterminedn aneventoffer is precededy “?”.

For corveniencethedatatypesandprocessearespecifiecherein aseparatenodule.In E-LoTos, datavalues
domainsaredescribedy constructedypes,andoperation®n thesevaluesaredescribedy functions.
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Figure2: Architectureof the Process-OrienteDescription

For clarity, separatetypes are introducedfor order referencesproductcodesand productamounts. For
simplicity, thesesimply renamethe naturalnumbertype; library typeslike this can be usedwithout explicit
importing. If desired structuredypescouldbeintroducedaterfor orderreferencegandproductcodes.

module OrderStockis
type ReferenceaenamesNatend type
type ProductrenamesNatend type
type AmountrenamesNat end type

The statusof anorderis definedusinganenumeratedype; Noneis usedfor anorderthatis notcurrent. The
type of the Requestateis a recordcontainingthe referenceof the order, the product,andthe amountfields. The
type of the Depositgateis arecordcontainingthe productstocked andthe amountfields.

type Statuss enum None,Pendingnvoicedend type
type Requests record Ref:ReferenceRrod:ProductAmt:Amountend type
type Stockis record Prod:ProductAmt:Amountend type

An Orderobjectrepeatedlyacceptorderrequestsrom the ervironment,acceptordercancellationgrom the
ervironment,and makeswithdrawals from stockobjects. A choice([]) is madefrom thesepossibilities. A new
orderis permitted([conditior] after eventoffer) only if the references unused(statusNong andthe amountis
positive; the orderthenbecomespending. Cancellations allowedonly if the orderis pending,at which pointit
ceasedo beused. A pendingordermay askfor withdraval of stock. The stock objectwith the corresponding
productwill synchroniseon this offer (Withdraw(!prd, lamt)) if thereis sufficient stock. If the ordercannot
be currently satisfied the withdrawal requestremainsopenuntil sufficient stockexists. At this point the order
becomesnvoiced.

procesOrder[Request:Requestancel:Referenc#Vithdraw: Stock]
(ref:Referenceprd:Productamt: Amount sta: Statusis
loop
Request(Iref?prd,?amt)[(sta== None)and(amt=> 0)];
sta:= Pending

Cancel(Iref)[sta== Pending];
sta:= None

Withdraw(!prd, lamt) [sta== Pending];
sta:= Invoiced
endloop
end process

INRIA
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A Stok objectrepeatedlyacceptsdepositsfrom the ervironmentandwithdrawals from orderobjects. New
stock(of positve amount)is simply addecto the currentstock-holding.Withdrawal is permittedif therequested
amountcanbetakenfrom thecurrentstock. Notethatseveralordersmay competesimultaneouslyor withdrawal
of the samestock. Sincetheseordersare handledconcurrently the sequencean which they are satisfiedis
non-deterministic.

processStock[Deposit, Withdraw: Stock] (prd:Productamt: Amount)is
var nevamt:Amountin
loop
Deposit(!prd,?nevamt) [newamt=> O];
amt:= amt+ nevamt
[
Withdraw(!prd, ?nevamt) [newamt<= amt];
amt:= amt— nevamt
endloop
endvar
end process

Themoduleconcludedy defininginfinite setsof orderandstockprocessesgachindependentlyn parallel(]||)-
Theseareobtainedby explicit recursionover the orderreferenceandstockproductcode. An orderis initialised
with its referenceand“not in use”status.A stockitemis initialisedwith its productcodeandazeroamount.

procesOrdersRequest:Requestancel:ReferencaVithdraw:Stock] (ref:Referenceis
Order[RequestCancel Withdraw] (ref, 0, 0, None)

Il
Orders[RequestCancel Withdraw] (ref + 1)

end process

processStocks[Deposit, Withdraw: (Product,Amount){prd:Product)s
Stock[Deposit,Withdraw] (prd, 0)

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

end process

endmodule
The overall systemfor the Case2 importsthe modulefor ordersandstocks. The communicatiorgates(all
inputsin this case)areintroduced andthe lists of valuesthey carryarespecified.
specificationlnvoicingimport OrderStockis
gatesRequest:Requedtancel:Referenc&eposit:Stock
behaviour
hide Withdraw:Stockin
Orders[RequestCancel Withdraw] (0)
[[Withdraw]|
Stocks[Deposit,Withdraw] (0)
end hide
end specification
Communicationbetweenordersand stocksis via an internal gate Withdraw. The order and stock processes
synchroniseon withdrawal (|[Withdraw]|). As new ordersandstocksarrive, the processesvill updatetheir state
andwill communicateo satisfyorders.

Following thediscussiorin section3.1,the Casel is viewed asanabstractiorof the Case2. Specifically the
gatedor communicatingvith thesystemaretreatedashiddenandthusthereis no externallyobsenablebehaiour.
This affectsthe top-level behaiour asdetailedin thefollowing; only the changeselative to Case2 aregiven.

specificationlnvoicingimport OrderStockis
behaviour
hide Request:Requedfancel:Referenc®eposit,Withdraw:Stockin
Orders[RequestCancel Withdraw] (0)
[[Withdraw]|
Stocks[Deposit,Withdraw] (0)
end hide
end specification
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4.2 Process-Oriented.OTOS Specification

Theequialentprocess-orientespecificationn LoTosis similar, exceptthatmodulesarenotavailable. Thesystem
isacompletespecificatiorthatis non-terminatingnoexit). Naturalnumbersareselectedrom thestandardibrary,

anda subtractoperation(notin thelibrary) is introduced.This is givenin a new typethatimportsandextendsthe
standarchaturalnumbertype. An operationis declaredby giving its signhature:parametes = result Equations
aregroupedunderofsort accordingto the returnvalue of the operationseing specified. Whena variablemay
take ary valuein anequationjt is declaredby forall. “—" is aninfix operatiorthattakestwo naturalsandreturns
anatural. It is definedby characteristingequationghat usethe successooperationin the library for producing
consecutie naturals.Sincea naturalis non-ngyative, subtractiorcannotieadto lessthan0. Equationsareusually
straightforward but tediousto write. Eachdistinctform of anoperations parametergeadsto a separat@equation.
For thistype,theformsarezeroandsuccessoof somenumber

specificationlnvoicing [RequestCancel Deposit]: noexit
library NaturalNumbeendlib
type Naturalis NaturalNumber
opns_ — _ : Nat,Nat = Nat
egnsforall n1,n2:Nat
ofsort Nat
0—n2=0;
nl—0=n1l,;
Succ(nl)— Succ(n2F nl— n2;
endtype

Orderreferencesproductcodes,and productamountsare againspecifiedby renamingnaturals. The status
typeis muchasfor E-LoTOS.

type References Naturalrenamedby
sortnamesReferencdor Nat
endtype
type Productis Naturalrenamedby
sortnamesProductfor Nat
endtype
type Amountis Naturalrenamedby
sortnamesAmountfor Nat
endtype
type Statuss
sorts Status
opnsNone,Pending/nvoiced: = Status
endtype

Theoverall behaiour for the Case? is similar to the correspondinde-LoTos case.

behaviour
hide Withdraw in
Orders[RequestCancel Withdraw] (0 of Reference)
[[Withdraw]|
Stocks[Deposit,Withdraw] (0 of Product)
where
procesOrders[RequestCancel Withdraw] (ref:Reference) noexit :=
Order[RequestCancel Withdraw] (ref, 0 of Product,0 of Amount,None)
I
Orders[RequestCancel Withdraw] (Succ(ref))
endproc
processStocks[Deposit, Withdraw] (prd:Product} noexit :=
Stock[Deposit,Withdraw] (prd, 0 of Amount)
Il
Stocks[Deposit,Withdraw] (Succ(prd))
endproc

INRIA
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Exceptfor syntacticdifferencesthe Order andStod objectsaresimilarto their E-LoTos counterpartsLoops
mustbe achiezedby explicit recursionin LOTOS.

procesOrder[RequestCancel Withdraw]
(ref:Referenceprd:Productamt:Amount sta:Status) noexit :=
[sta= None] =
Requestref ?prd:ProducPamt:Amounfamtgt 0];
Order[RequestCancel Withdraw] (ref, prd, amt,Pending)
[

[sta= Pending]=

Cancel'ref;
_ Order[RequestCancel Withdraw] (ref, 0 of Product0 of Amount,None)

Withdraw !prd lamt;
Order[RequestCancel Withdraw] (ref, prd, amt,Invoiced)
)
endproc
processStock[Deposit,Withdraw] (prd:Productamt:Amount): noexit :=
Deposit!prd ?navamt:Amountnewamtgt 0];
Stock[Deposit,Withdraw] (prd, amt+ nevamt)

Withdraw !prd ?nevamt:Amountnewamtle amt];
Stock[Deposit,Withdraw] (prd,amt— newvamt)
endproc
endspec

Thespecificatiorfor Casel is obtainedasin E-LoTos by hidingthegatesor communicatingvith thesystem.
This affectsthetop-level behaiour asdetailedin thefollowing; only the changeselative to Case2 aregiven.

specificationlnvoicing: noexit

behaviour
hide RequestCancel Deposit,Withdraw in
Orders[RequestCancel Withdraw] (0)
[[Withdraw]|
Stocks[Deposit,Withdraw] (0)
endspec

4.3 Data-Oriented E-LOTOS Specification

In this approachprdersandstocksaredefinedby datavaluesratherthanprocessesThe systemis describedas
a single processacceptingrequestscancellationsand deposits. This processusesfunctionsoperatingon data
typesrepresentingheinvoicedordersandthe existing stocks.Figure3 shovsthearchitectureof the E-LoTtosand
Lorosdata-orientedlescriptions.

To describedata,a datatype moduleis used,similar to thatfor the process-orientedersion. The complete
type for an orderis given asa recordcontainingreference product,amount,and statusfields. A collection of
ordersis describedy alist. A collectionof stocksis similar, but the elementof thelist is astock. Notethatlist
type declaratiorgeneratesiutomaticallythe classicaloperationn lists lik e nil, cons head etc.

module OrderStockis
type ReferenceaenamesNatend type
type ProductrenamesNat end type
type AmountrenamesNat end type
type Statusis enum None,Pendingnvoicedend type
type Requests record Ref:ReferenceRrod:ProductAmt:Amountend type
type Stockis record Prod:ProductAmt:Amountend type
type Orderis record Ref:ReferenceRrod: ProductAmt:Amount, Stat: Statugnd type

9Stocksof the sameproductneedto be amalgamatedso stockis not strictly a set.
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Figure3: Architectureof the Data-Orientedescription

type Stocksis list of Stockend type
type Ordersis list of Orderendtype
An ordermay be removed from a collectionusingthe RemOder function. This functionis describedusing
theimperatie facilities offeredby the variantof E-LoTos used,i.e., LOTOSNT [GS9]. The parameteordsis
modifiedin placesoit is declared‘inout”. A field of arecordis selectedusingthe“.” operatoyfor example,
ord1l.Refselectghefield Refof the Order record. StatOder is introducedto retrieve the statusof anorderin the
collection. This functionis describedn afunctionalstyle,by usingrecursve calls.

function RemOrdei(ref:Referenceinout ords:Orders)s
var newvords:Orders=nil, ord1:0Orderin
while ords!= nil do
ordl:=head(ords);
ords:=tail (ords);
if ord1.Ref==refthen
break
else
newords:= appendnewords,cons(ordl,nil))
endif
endwhile;
ords:= appendnewords,ords)
endvar
end function

function StatOrdel(ref:Referenceprds:Orders) Statusis
if ords==nil then
return None
elsif (head(ords)).Ref==ref then
return (head(ords)).Stat
else
return StatOrdel(ref, tail (ords))
endif
end function
A stockmay be addedor removed from a collectionusingrespectiely AddStok and RemStok procedures.
The assignmenbf a recordfield is describedusingthe updateoperatoron records for example,the expression
stk1{Amt=> stk1l.Amt+ stk.Am} denoteghe actualisatiorof thefield Amtwith the valuegivenby stk1.Amt+

stk.Amt The Sto&Of functionis introducedto retrieve theamountof a productin the collectionof stocks.
INRIA
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function AddStock(stk:Stock,nout stks:Stocks)s
var newstks:Stocks:=nilstk1:Stockfound:Bool:=falsein
while stks!= nil do
stk1:= head(stks);
stks:= tail (stks);
if stkl.Prod== stk.Prodthen
newstks:= cons(stk1{Amt => stk1.Amt+ stk. Amft}, newstks);
break
else
newstks:= cons(stk1, newstks)
end if
endwhile;
if not (found)then newstks:= cons(stk, nenstks)endif;
stks:= appendnewstks,stks)
endvar
end function

function RemStock(stk:Stock,inout stks:Stocks)s
var newstks:Stocks:=nilstk1:Stockin
while stks!= nil do
stk1l:= 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:= appendnewstks,stks)
endvar
end function

function StockOf(prd:Productstks:Stocks) Amountis
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 takes currentordersand stocks. Eachorderis checled
in aloop, from first orderin thelist to the last. Ordersarethusfulfilled in a FIFO (first-in first-out) order and
not non-deterministicallyasin the process-orientedersion. Non-determinisncould have beenachieved, but by
complicatingthe specification.The productcodeof thecurrentorderis usedto extractthe stocklevel. If theorder
is pendingandthereis sufiicient stock,the orderis marked asinvoicedandthe stocklevel is updated.After all
ordershave beenprocessedthe function exits with updatedvaluesof ordersandstocks. If an ordercannotbe
fulfilled, it may be satisfiedlater wheninvoicing is repeatedn receiptof new stock. The call of the procedure
RemStokis prefixedby thekeyword “eval”, andthe“inout” actualparametestdsis prefixedby “?".

function Invoice(nout ords:Ordersinout stks:Stocks)s
var newords:Orders:=nilprd:Ordern
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=>Irvoiced}, 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
end module

The systemspecificationfor the Case2 is like that for the correspondingprocess-orientegersionexcept
thatlocal variablesareintroduced.In particular ordersandstocksareinitialised asempty The mainbehaiour
repeatedlyacceptorderrequestsprdercancellationsand stock deposits. The logic is asalreadyseen,except
thatexistenceof anorderis checledagainsthe Orderslist. Eachbranchof the loop updatesordersor stocksas
appropriate Thelnvoicefunctionis thencalledto scheduleordersandalter stocks.

specificationInvoicingimport OrderStocks
gatesRequest:ypeReferenceCancel:Referenc&eposit;Stock
behaviour
var ords:Orders= nil, stks:Stocks= nil, ref:Referenceprd:Productamt: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 RemOrdel(ref, ?ords)
[
Deposit(?prdzamt)[amt> O];
eval AddStock(Stock(prd, amt), ?stks)
)i
eval Invoice (?ords,?stks)
endloop
endvar
end specification

The specificatiorfor Casel is obtainedby hiding the gatesfor communicatingwith the system.This affects
thetop-level behaiour asdetailedin thefollowing; only thechangeselative to Case2 aregiven.

specificationlnvoicingimport OrderStockis
behaviour
hide Request:Requedfancel:Referenc@&eposit:Stockn

4.4 Data-Oriented LOTOS Specification

Thespecificatiorbeginsin muchthesameway astheprocess-orienteldlotosversion exceptthatboolearequality
for statusvalueshasto be defined. Booleanequalityis definedfor two statusvaluessothat compoundboolean
expressionsinvolving statuscan be written. Following normal LoTos practice, equality is definedusing an
auxiliary functionOrd (for ordinal)thatmapsvaluesto the naturalnumbers.

specificationlnvoicing [RequestCancel Deposit]: noexit

library BooleanNaturalNumbeendlib
type Naturalis NaturalNumber

opns_ — _ : Nat,Nat = Nat

egnsforall n1,n2:Nat

ofsort Nat
0—n2=0;
INRIA
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nl—0=nl;
Succ(nl)— Succ(n2F nl— n2;
endtype

type References Naturalrenamedby
sortnamesReferencdor Nat
endtype
type Productis Naturalrenamedby
sortnamesProductfor Nat
endtype
type Amountis Naturalrenamedby
sortnamesAmountfor Nat
endtype
type Statusis Boolean ,NaturalNumber
sorts Status
opns
None,Pending)nvoiced: = Status
Ord: Status= Nat
_ eq. : StatusStatus—= Bool
egnsforall stal,sta2:Status
ofsort Nat
Ord(None)=0;
Ord(Pending¥ Succ(0);
Ord(Invoiced)= Succ(Succ(0));
ofsort Bool
staleqsta2= Ord(stal)eqOrd(sta2);
endtype

Thereferenceproduct,amountandstatustypesareimportedascomponent®f anorder Stockis built from
productandamounttypes. SinceLoros doesnot have arecordconstruct,'make record” operationsareneeded.

type Orderis ReferenceProduct, Amount, Status
sorts Order
opnsMkOrder: ReferenceProduct Amount,Status= Order
endtype
type Stockis Product, Amount
sorts Stock
opnsMkStock: Product Amount = Stock
endtype

Ordersandstocksmighthave beendefinedusingthegenericsettypein thelibrary. However, ordersandstocks
have beenspecifiedfrom scratchsincesetsare not entirely appropriaté®. NoOrders is an empty collection of
orders.An ordermaybeaddedo or removedfrom this usingthe AddOmderandRemOder operations StatOder
is introducedto retrieve the statusof anorderin the collection. Eachoperationis definedby equationsaasalready
seen.In this case thedistinctforms of operationparameteto be consideredarea collectionwith no ordersand
with atleastoneorder Conditionalequationgcondition= equatior) applyonly if the conditionholds.

type Ordersis Order, Status

sorts Orders

opns
NoOrders: = Orders
AddOrder: Order, Orders—= Orders
RemOrder. Order, Orders—= Orders
StatOrder. ReferenceQrders—= Status

eqgns
forall refl,ref2:Referenceard1,prd2:Producamtl,amt2:Amount,

stal,sta2:Statusyds:Orders

10stocksof the sameproductneedto be amalgamatedso stockis not strictly a set. Identicalordersshouldbe allowed, soabagratherthan
asetis needed.
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ofsort Status
StatOrder(reflINoOrders)= None;
refleqref2 =
StatOrder(reflLAddOrder(MkOrder(ref2prd2,amt2,sta2),ords))= sta2;
reflneref2 =
StatOrder(reflLAddOrder(MkOrder(ref2prd2,amt2,sta2),ords))= StatOrder(reflords);
ofsort Orders
refleqref2 =
RemOrder(MkOrder(reflprdl,amtl,stal),
AddOrder(MkOrder(ref2prd2,amt2,sta?),ords))= ords;
reflneref2 =
RemOrder(MkOrder(reflprdl,amtl,stal),
AddOrder(MkOrder(ref2prd2,amt2,sta2),ords))=
AddOrder(MkOrder(ref2prd2,amt2,sta2),
RemOrder(MkOrder(reflprd1,amtl,stal),ords));
endtype

A stockcollectionis definedin a similar way. The operationgarticularto stocksareInStod (to checkif a
productis stocked)andStodOf (to checkthe stocklevel).

type Stocksis Stock
sorts Stocks
opns
NoStocks. = Stocks
AddStock: Stock,Stocks—= Stocks
RemStock Stock,Stocks—= Stocks
InStock: Product,Stocks—= Bool
StockOf: Product,Stocks—= Amount
eqgns
forall prd1,prd2:Producamtl,amt2:Amountstks:Stocks
ofsort Bool
InStock(prd1NoStocks)- false;
InStock(prd1 AddStock(MkStock(prd2amt?2),stks))=
(prdleqprd2)or InStock(prdlstks);
ofsort Stocks
prdleqprd2 =
AddStock(MkStock(prdlamtl),AddStock(MkStock(prd2amt2),stks))=
AddStock(MkStock(prdlamt2+ amtl),stks);
(prd1neprd2)andinStock(prdlstks) =
AddStock(MkStock(prdlamtl),AddStock(MkStock(prd2amt2),stks))=
AddStock(MkStock(prd2amt2),AddStock(MkStock(prdlamtl),stks));
ofsort Stocks
RemStock(MkStock(prdiamtl),NoStocks)= NoStocks;
prdleqprd2 =
RemStock(MkStock(prdlamtl),AddStock(MkStock(prd2amt2),stks))=
AddStock(MkStock(prdlamt2— amtl),stks);
prdlneprd2 =
RemStock(MkStock(prdlamtl),AddStock(MkStock(prd2amt2),stks))=
AddStock(MkStock(prd2amt2),RemStock(MkStock(prdlamtl),stks));
ofsort Amount
StockOf(prd1 NoStocks)= 0;
prdleqprd2 =
StockOf(prd1 AddStock(MkStock(prd2amt2),stks))= amt2;
prdlneprd2 =
StockOf(prd1 AddStock(MkStock(prd2amt2),stks))= StockOf(prd1 stks);
endtype

INRIA



RequiementCapture, Formal Descriptionand \erificationof the Invoicing Case-Study 19

Sincea LoTos operationcan return only one result (unlessresulttypesare groupedin a compositetype),
invoicing is computedby separat@perations:UpdateOders andUpdateStoks In bothcasesthe collectionof
ordersis processedneby one. (Lik e the data-orientede-LoTos specificationthis meanghatorderfulfillment is
deterministic put notin thefixed orderof referencenumbers.)If anorderis pendingandthe stocksaresuficient
for therequesteé@mountthe orderstatusis setto Invoicedandthe stocklevel is updated.

type Updateds Orders,Stocks
opns
UpdateOrders Orders,Stocks—= Orders
UpdateStocks Orders,Stocks—= Stocks
eqgns
forall ref:Referenceprd:Productamt:Amount,sta:Statusprds:Ordersstks: Stocks
ofsort Orders
UpdateOrders(NoOrderstks)= NoOrders;
(staegPendingland(StockOf(prd stks)geamt) =
UpdateOrders(AddOrder(MkOedl(ref, prd, amt, sta),ords),stks)=
AddOrder(MkOrder(refprd, amt,Invoiced),
UpdateOrders(ord®emStock(MkStock(prdamt), stks)));
(staeqInvoiced)or (StockOf(prd stks)It amt) =
UpdateOrders(AddOrder(MkOedl(ref, prd, amt, sta),ords),stks)=
AddOrder(MkOrder(refprd, amt,sta),UpdateOrders(ordstks));
ofsort Stocks
UpdateStocks(NoOrderstks)= stks;
(staeqPending)and(StockOf(prd stks)geamt) =
UpdateStocks(AddOrder(MkOrdgef, prd, amt, sta),ords),stks)=
UpdateStocks(ord®emStock(MkStock(prdamt), stks));
(staegInvoiced)or (StockOf(prd stks)lt amt) =
UpdateStocks(AddOrder(MkOrdgef, prd, amt, sta),ords),stks)=
UpdateStocks(ordstks);
endtype
Now the dynamicbehaiour of the systemfor the Case2 is givenasa call of the Invoice process.This takes
the samegatesasthe overall systemandstartsout with emptyordersandstocks.
behaviour Invoice[RequestCancel Deposit](NoOrdersNoStocks)where
The specificatioris similar to thatfor E-LoOTOS, thoughthe syntaxis different. Again, explicit recursionrmust
be usedto expressaloop. Eachbranchof the choiceproducesan updatedpair of orderstockvalues. Theseare
exportedto thefinal calculationin a construciof theform: exit(orders,sto&s) == acceptneworders,navstoksin.
Thisis calledenabling andallows aterminatingbehaviour to exportits resultsto anothetehaiour. Therecursve
call to Invoiceupdateghe ordersandstocksfollowing invoicing.
procesdnvoice[RequestCancel Deposit](ords:Ordersstks: Stocks) noexit :=
(
RequesPref:Referenc@prd:ProducPamt:Amoun{(StatOrder(ref,ords@qNone)and(amtgt 0)];
exit (AddOrder(MkOrder(refprd, amt,Pending)ords),stks)
I
Cancel?ref:Referenc§StatOrder(refprds)eqPending];
exit (RemOrder(MkOrder(ref), 0, Pending) ords),stks)
I
Deposit?prd:ProducPamt:Amounfamt gt 0];
exit (ords,AddStock(MkStock(prdamt), stks))
)
=
acceptnewords:Ordersnewstks:Stocksn
Invoice[RequestCancel,Deposit]
(UpdateOrders(neords,newstks),Update Stocks(neords,newnstks))
endproc
endspec
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The specificatiorfor Casel is obtainedby hiding the gatesfor communicatingwith the system.This affects
thetop-level behaiour asdetailedin thefollowing; only the changeselative to Case2 aregiven.

specificationlnvoicing : noexit

behaviour
hide RequestCancel Depositin
Invoice[RequestCancel,Deposit](NoOrders NoStocks)where

5 Onthe Formal Validation of Specifications

SinceE-Lorosis currentlyunderballotingwithin 1so, thetoolsfor thislanguagearenotyet sufficiently matureto
provideameanfor verificationof the E-LoTosdescriptions The E-LoTosspecificationshouldhenceberegarded
asconceptuahtthis stage althoughthey have beenstaticallychecledusingthe TRAIAN tool [Viv97].

AsregardsthelL otosspecificationsafirstanalysisy testinghasbeerundertalkenusingtheLITE!! tool [Eij91],
in aform of white-boxtesting:

< Thedatatypedefinitionswere checled by evaluatingoperationon testvaluesconformingto eachdistinct
form of parameter

« Thebehaioural specificationsverechecledusingscenarioghatexerciseeachsignificantcase.

— For orderrequestshe scenariosncludedduplicatedreferenceszeroamountsproductsnot currently
in stock,amountdessthanthe currentstock,amountsxactly equalto the currentstock,andmultiple
ordersfor thesameproduct.

— For ordercancellationshe scenarioglealtwith non-eistentreferencespendingandinvoicedorders.

— For stockdepositsthe scenariogncludednew productcodes existing productcodes,zeroamounts,
andstocksfor pendingorders.

Theanalysisvasdocumentedby giving thescenariosndthereaction®f thesystemo them. Normally, theclient
would be involvedin confirmingthe completenesand correctnes®f testing,but that wasnot possiblefor this
casestudy However, testingcannotensurethe correctnes®f the specificatiorandthe equivalencebetweenthe
variousspecifications Suchaimsneedthe analyseof the statespaceof the specificatiorby formal verification.

To performformal verification,we usedmodel-tieding, which proceedsautonomouslyut is only applicable
to systemswith a finite statespace.We considerfor this the CADP toolbox[FGK™96], which providesstate-of-
the-artverificationfeatures.

TheCappr*? toolboxis dedicatedo the designandtheverificationof communicatiorprotocolsanddistributed
systems. Initiated in 1986, it offers an integratedset of functionalitiesrangingfrom interactve simulationto
exhaustie, model-basederificationmethodsandcurrentlyincludessophisticatedpproacheso dealwith large
casestudies. In additionto LoTos, it also supportslower level formalismssuchasfinite statemachinesand
networksof communicatingautomata.

In the sequelwe briefly presenbnly thetools of the CADP toolboxusedthroughouthis casestudy:

e CESAR[GS9( and CESARADT [Gar89 are compilersthat translatea LOTos programinto a Labelled
TransitionSystem(LTs for short)describingits exhaustve behaviour. This LTS canberepresenteaither
explicitly, asa setof statesandtransitionsor implicitly, asalibrary of C functionsallowing to executethe
programbehaiour in a controlledway.

= ALDEBARAN [FKM93] is averificationtool for comparingor minimizing LTsswith respecto (bi)simulation
relations[Par81 Mil89]. Initially designedo dealwith explicit LTss producedby C£SAR it hasbeen
extendedto also handlenetworks of communicatingautomata(for on-the-flyand symbolic verification).
Several simulationand bisimulationrelationsare implementedwithin ALDEBARAN, which offers a wide
spectrunfor expressingsuchbehavioural specifications.

11 OTOSIntegratedTool Ervironment
12CesARALDEBARAN DevelopmentPackage
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e XTL (eXecutabl@dempoal Languaye) [Mat98, MG99] is afunctional-like programmindanguagedesigned
to allow aneasy compacimplementatiorof varioustemporalogic operators Besideghe usualpredefined
types(booleansjntegers,etc.) the XTL languagedefinesspecialtypes,suchassetsof statestransitions,
andlabelsof theLTs. It offersprimitivesto accesgheinformationcontainedn statesandlabels,to obtain
theinitial state,andto computethe successorand predecessorsf statesandtransitions. The temporal
operatorscan be easilyimplementedusing thesefunctionstogetherwith recursve userdefinedfunctions
working with setsof statesand/ortransitionsof theLTs. A prototypecompilerfor XTL hasbeendeveloped,
and several temporallogics like HML [HM85], CtL [EH86], ACTL [NV90], andLTAC [QS83 have been
easilyimplementedn XTL.

6 Model Generation

In orderto performverificationof the Invoicing case-studyy model-checkingye first generateyusingthe CAbp
tools, variousLTss correspondingo the LoTos descriptiongroposedn sectiond.

First,we give theformal definitionof the LTS model. Then,we presenbur methodologyandthe experimental
resultsconcerninghe modelgeneration.

6.1 The LTS Model

According to the operationalsemanticsof LoTos, LoTos programscan be translatedinto (possiblyinfinite)
L1ss, which encodeall their possibleexecutionsequences.An LTs is formally definedas a quadrupleM =

@, A, T, gjnjt Lwhere:
« Qisthesetof statesof theprogram;

< Alisthesetof actionsperformedby theprogram.An actiona [CAlisatupleG Vy, ..., V, whereG is agate
andVy, ..., Vn (n = 0) arethevaluesexchangedi.e., sentor receved)duringtherendezousat G. For the
silentactiont, thevaluelist mustbeempty(n = 0);

« T CQIx A x Q is thetransitionrelation A transition[di, a, g, CL_T1 (written also“g; —— ¢.") means
thatthe programcanmove from stateq; to stateq, by performingactiona;

e ginit Qs theinitial stateof theprogram.

6.2 Methodology

To beableto generateheLTs of a givendescriptionthis LTS mustbefinite andhave atractablesize. TheLoTos
descriptionggivenin the first part of this reportcannotbe useddirectly to generatdinite LTss with CADP. We
presenbelow themainreasonandthe alternatve solutionswe consider

< In orderto provide anefficient compilationof the dataoperationsthe CE£SARADT compilerneedgo know
the operationswhich are the constructorsof eachsort. Also, the ACTONE equationsare consideredas
rewriting rules (orientedfrom left to right), and equationsbetweenconstructorsare not allowed. For this
reasonwe identify the constructorgor eachdeclaredsortandthenwe transform(asdescribedn [Gar89)
someof theequationgiivenin sectiord.4in orderto eliminateequationdetweerconstructorsFor example,
in thefollowing declaration:

type Ordersis Order, Status

sorts Orders

opns
NoOrders(*! constructor) : == Orders
AddOrder(*! constructor) : Order Orders—== Orders
RemOrder. Order, Orders—= Orders
StatOrder. ReferenceQrders—= Status

eqgns

endtype
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weidentify (by thespecialcommen{*! constructor)) theoperationdNoOrdersandAddOder asbeingthe
constructor®f the sortOrders, becausghereareno equationsilescribingthe rewriting of termscontaining
theseoperations.Thisis notsosimplefor thefollowing declaration:

type Stocksis Stock

sorts Stocks

opns
NoStocks = Stocks
AddStock: Stock,Stocks—= Stocks
RemStock Stock,Stocks—= Stocks
InStock: Product,Stocks—= Bool
StockOf: Product,Stocks= Amount

egns

ofsort Stocks
prdleqprd2 =
AddStock(MkStock(prdlamtl),AddStock(MkStock(prd2amt2),stks))=
AddStock(MkStock(prdlamt2+ amtl),stks);
(prd1lneprd2)andinStock(prdl1stks) =
AddStock(MkStock(prdlamtl),AddStock(MkStock(prd2amt2),stks))=
AddStock(MkStock(prd2amt2),AddStock(MkStock(prdlamtl),stks));

endtype

where the operationAddSto& cannotbe identified as a constructorbecausehere exists two equations
describingthe rewriting of termscontainingthe AddSto& operation. For this reasonwe introducea new
operatorAddSto&0 with the sameprofile asAddStok, we markit asconstructorandsubstituteAddSto&
with AddSto&0in all the placeswhereAddSto& is usedasa constructor A new equationfor the AddSto&

operatioris addedn orderto describéts behaviour if thelist of stocksis empty*3. With thesemodifications,
theexampleabove becomes:

type Stocksis Stock

sorts Stocks

opns
NoStockg(*! constructor) : = Stocks
AddStockO(*! constructor*) : Stock,Stocks—= Stocks
AddStock: Stock,Stocks—= Stocks
RemStock Stock,Stocks—= Stocks
InStock: Product,Stocks—= Bool
StockOf: Product,Stocks—= Amount

eqgns

ofsort Stocks
prdleqprd2 =
AddStock(MkStock(prdlamtl),AddStockO(MkStock(prd2amt2),stks))=
AddStockO(MkStock(prdlamt2+ amtl),stks);
(prd1lneprd2)andinStock(prdlstks) =
AddStock(MkStock(prd1lamtl),AddStockO(MkStock(prd2amt2),stks))=
AddStockO(MkStock(prdZzamt2),AddStock(MkStock(prdlamtl),stks));
AddStock(MkStock(prdlamtl),NoStocks)y MkStock(prd1,amtl);

endtype

< Sincewe use model-checkingechniquesto validate the Lotos descriptions thesedescriptionsshould
generatea finite model. This is not the casefor the descriptionsgiven in section4.4, sincethey use

13Thisis notneededf thealgebraicsemanticof ACTONE is used but in theinterpretatiorof equationsasrewriting rulesits absencéeads
to anincompletespecification.
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(unbounded)naturalnumbers. To generatefinite LTss, we restrictedto finite setsthe domainsof all
descriptiorparametersThereforejn eachexperimentwe fixedamaximalvaluefor the Refeence Product,
andAmountsortswhich arenotedrespectiely My, M, andM,.

< Anothersourcefor infinite statespaceis the useof recursionin the parallel compositionoperator For
example, the following processdeclarationallows to expressthat an infinite numberof Orders canbe
generated:

procesOrdersRequestCancel Withdraw] (ref:Reference) noexit :=
Order[RequestCancel Withdraw] (ref, 0 of Product,0 of Amount,None)
1]
Orderg[RequestCancel Withdraw] (Succ(ref))
endproc

To generatdinite LTss, we restrictedthe numberof Order processedy explicitly instantiatingthem. For
example,if themaximalnumberof ordersis two (i.e., M, = 2), thedeclaratiorabose becomes:

procesOrdersRequestCancel Withdraw] (ref:Reference) noexit :=
Order[RequestCancel Withdraw] (0, 0 of Product,0 of Amount,None)
1]
Order[RequestCancel Withdraw] (Succ(0)of Product,0 of Product,0 of Amount,None)
endproc

Despitetheserestrictions,the statespaceof the systemquickly becomesntractable. For this reason,we
consideronly certaincase®f the Lotos descriptions.Thesecasesaregivenby thefollowing product:

My =0,Mp, =1} < {M; =1, M; =2} x {Ma = 1,M, = 2}

which gives8 L1ss for eachcaseandeachdescriptionstyle.

6.3 Model Generation Results

For verification purposesve needto know all the actionsperformedby the specifiedsystem. In this sensethe
descriptiongyivenfor the secondcasecanbe usedfor verification,while the descriptionof thefirst casecannot
be usedbecausall visible actionsaretransformednto internalactionsin orderto modelthe independencéom
the ervironment. For this reasonwe generatenly themodelscorrespondingo thesecondcase.

Theresultsof LTss generatioraregivenin Tablel for the process-orientedescriptionandin Table2 for the
data-orientedescription.For eachexperimentthetablesgive thesize(in numberof statesandtransitions)of the
LTs andthetime (in hours,minutes,andsecondsjequiredfor its generation.

All theexperimentsvereperformedon a SunUltra Sparc-Imaching(143MHz) with 256 Mbytesof memory

Mp | My | Ma LTS time
states | trans.
0 1 1 5,890 16,130 0: 00'66™
0 1 2 39,371 170,754 0: 00729™
0 2 1 25,846 96,430 0:0023™
0 2 2 323,459 1,826,512| 0:0551™
1 1 1 7,698,453 35,655,750] 2 : 12'50™
1 1 2 | >6,531,532| >49,232,000| 2 : 44729™
1 2 1| > 8,213,739 > 49,896,000] 6 : 23'62™
1 2 2 | >4,524,531] > 43,904,000] 3:5740™

Tablel: Resultsof LTss Generatiorfor the Process-Oriente8tylefor Case2

The experimentsdonefor the process-orientedescriptionsare limited by the stateexplosionof the model:
thethreelastrows of tablel give the sizesof theincompleteLTss generatedbeforethe computingresourcehiave
beenexhausted.Thereasorof the stateexplosionis the high degreeof interleaving for this description:the only
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synchronizatiorbetweerthe Order andthe Stok processes by meansof the Withdraw gate. For the sameclass
of experimentsnotethatthe LTs modelincreasesvith one orderof magnitudewhenM, (maximalnumbersof
orders)or M, (maximalnumbersof amountsireincrementedMoreover, it increasesnoresharplywith M, than
with M.

Mp | My | Ma LTS time
states | trans.
0 1 1 14,975 20,195 0:0027™
0 1 2 88,023 165,792 0:03'B88™
0 2 1 82,403 117,386 0:0533™
0 2 2 848,067 1,603,478 2:4549™
1 1 1] >5,236,886] > 9,761,401] 532 : 15723™

Table2: Resultsof LTss Generatiorfor the Data-Orientedtyle for Case2

Theexperimentslonefor thedata-orientedlescriptionsarelimited by thegeneratiortime: thelastexperiment
(caseMp, M, andM, equalto 1) doesnotterminateafteroneweekbut doesnot explode. Thereasoris thatthe
interleaving of thefirst descriptionis transformecherein datacomputationsThefunctionsusedby the Invoicing
procesgseefigure 3) performseveraltraversalsoverthelists containingthe ordersandthe stocks which arelarge
structureslt is interestingto notethatthe LTs modelincreasesvith oneorderof magnitudevhenM, or M, are
incrementedContraryto theprocess-orientestyle,theLTs modelincreasesnoresharplywith M, thanwith M.

7 Verification using Temporal Logic

After generatinghe LTss correspondingdo the descriptionsyve performverificationusingtemporallogic. More
preciselywe usethis approacho formalizethefive informal statementgivenin the descriptionof the casestudy
andalsoto obtainotherformal requirements.

As the dynamic semanticsof LOTOS is action-basedit is naturalto expressthe propertiesof the Lotos
descriptionsn atemporallogic interpretedover the actionsof LTss. We usedherea simplified fragmentof the
AcTL (Action CTL) temporalogic definedin [NV90], whichis sufficiently powerful to expresssafetyandliveness
properties.Thefragmentbf ACTL thatwe usehassix primitivetemporalbperatorgbesidesisuallogic connectors):

¢ = EXad | AXad | E[(I)cxuqﬁl | A[d)cxuqﬁl | A[‘bauambqj | E[¢chch¢q

wherea is a setof transitionlabels. Informally, EXq¢ (resp. AX o) means'some(resp. every) pathreachesp
throughana step”,E [dqUdT (resp.A [doUdT) means'some(resp.every) pathstaysin ¢ througha stepsuntil
it reachesh™, andE [dqUa®'T (resp. A [daUadT) meansthat “some (resp. every) pathstaysin ¢ througha
stepsuntil it reachesh“throughanatstep”.

For commodity we usethe classical“diamond” and “box” modal operators,definedby [dl[d = EXy
and[a] ¢ = -EXy—¢ respectiely. We alsousethe derived operatorsEF ¢ for E [trueqU ¢ and AGq¢ for
-EFq —¢.

Also, we introducethefollowing shorthanchotations:

* “INEV (01, 02) = A [trueq, U, true]”, meaninghatthe programeventuallyperformsanactionsatisfying
o, possiblyprecedednly by actionssatisfyinga;. Informally, “INEV (g, a2)” ensureghereachability
of a, independentlyrom the (fair or unfair) schedulingoolicy of actions.

e “FAIR(01,02) = AG_q, ray EFq, [@[true”, meaningthat every sequencef actionswhich do not
satisfya,, butsatisfya, , leadso astatefromwhichit is possibleo reachanactionsatisfyinga,. Informally,
“FAIR (a1, 02)” meansthat, assuminga fair schedulingof actions,the programwill eventuallyreachvia
actionssatisfyinga; anactionsatisfyingas.

Thelasttwo operatorsarethe action-basedranslationof the correspondingtate-basedperatorgdefinedin
theLTAC temporallogic [QS83.

Therestof this sectiongivesanoverview of XTL [Mat98, MG98], describeshepropertieghatwe write using
the AcTL library of XTL, andfinally, discusseshe verificationresultsobtained.

INRIA



RequiementCapture, Formal Descriptionand \erificationof the Invoicing Case-Study 25

7.1 Overview of XTL

Thoughprimarily intendedfor evaluationof temporallogic formulas,XTL is in full generalitya compilerfor a
functionallanguageappliedto a labelledtransitionsystem. The XTL languages equippedwith datatypesfor
statestransitionsandlabels,and setsthereof,andfunctionsfor manipulatingthem (e.g.,initial state,incoming
and outgoingtransitionsof a state,sourceand target statesof a transition). It canalsodeconstructhe labels
of structuredtransitionsandthusaccesghe individual attributesof LoTos events. Resultsarereportedusinga
side-efectprint  function.

For example thetwo following XTL expression€omputethe setof all nondeterministicstatesandsearcHor
sometransitionon Depositwith anamountlargerthan10, respectiely:

{S: statewhere
existsT1: edgeamongout(S), T2 : edgeamongout(S) where
(T1 <> T2) and (label(T1)=label(T2))
end_exists
}
existsT : edgein
T - [DEPOSIT_ ?amt: integer where amt=> 10]
end_exists

The notation“ " is usedto represent wild-card offer. Temporaloperatorsare definedas functionsand/or
macrosusingtheseprimitives;definitionsfor standardogicsareprovidedaslibrariesof temporaloperators.

7.2 The CorrectnessProperties

In the informal descriptionthereare no formal requirementsagainstwhich the invoicing descriptionamight be
verified.

In orderto obtainsuchpropertieswe considerthe revisedstatementgiivenin section3.2. Thesestatements
canbesplitin three(nondisjoint) classes:

« thefirst classcontainsstatementsvhich cannotbe usedto obtainformal requirementsR0.0,R0.1,R2.0,
andR2.1.

» thesecondlasscontainsstatementsvhich areobviously verified by the Lotos descriptionsR0.2,thefirst
partof R0.3,R0.4,R0.5,thefirst partof R2.2,andR2.3.

 thethird classcontainsstatementsvhich leadto correctnesgroperties:R0.3,R2.2,andR2.3.

We canalsocheckclassicapropertieqlik e deadlockreeandliveness)In thefollowing we presentheproperties
obtainedandthe problemsaisedby their formalizationor verification.

Fromthe statemenR0.3,we canformalizetwo properties.Thefirst oneis a safetyproperty* andexpresses
thatthe quantitycarriedby anordershouldbe a positive integer:
Property 1. All theRequesactionshavestrictly positiveamounts.The XTL formulabelow expresseshisproperty

not existsL : labelin
L - [REQUEST_ _ ?amt: integer where amt< 0]
end.exists

Thesecondpropertyextractedfrom thestatemenRO0. 3is alsoa safetypropertyandsaysthatanorderreference
is unique. This is expressedy checkingthatduplicatereferences$o anorder(i.e., morethanoneactionRequest
with the sameparameteref) appeatif andonly if the orderhasnot beeninvoiced(i.e., a Cancelactionfor the
orderref hasbeenaccepted):

Property 2. Betweertwo subsequeriRequesactionswith thesamerefeenceref (0 < ref < M, — 1), a Cancel
actionwith parameterref mustoccur TheXTL formulabelov (whichusesACTL operatorsgxpressethisproperty

forall ref : integeramongO ... M — 1
[REQUEST ref ..] AGﬁ(CANCEL Iref) [REQUEST ref ..] false
end_forall

4nformally, safetypropertiesspecifythat“somethingbadnever happens”.
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Thenotation“...” in thelabel“REQUEST Iref ...” is usedto represent list of wild-card offers.

Fromthe statemenR2.2,we canformalize a safetypropertywhich stateshat only cancellationof existing
ordersareaccepted:
Property 3. A Cancelactionwith the parameterref (0 < ref < M, — 1) canappearonly if a Requeshction of
refeenceref hasbeendone

init =[_fbrall ref: integeramong0... My — 1
AG—.(REQJEST!ref ) [CANCEL !ref] false
endforall

The“init” operatorof XTL characterizetheinitial stateof anLTs. It is usefulin orderto expressmorenaturally
certainpropertiege.g.,past-tens@roperties).

Fromthe statemenR2.3,we canformalizea livenesgroperty”® statingthatan orderwhich is not cancelled
will be eventuallyinvoiced. We remarkthat this propertyexpressesequirementn the statevariablesof the
Lorosdescription:in the process-orientedescriptionthisis equivalentto testingthe staparametef the Order
process,n the data-orientedlescriptionthis is equivalentto testingthe ords parametef the Invoice process.
Becausehe underlyingmodel of Lotos is the LTs model(i.e., doesnot containinformationin the states) we
cannotdirectly testthe statevariables but we canaccesgshemonly by meansof transitions.For this reasonwe
addin the initial descriptionssometransitionssignalingthe changeof the statusof anorder We presentbelow
only the modificationof the process-orientedescriptionwhich is simpler; the modificationof the dataoriented
descriptiomeedsnorecomplex changesThemodificationconsistsn introducinganinvoiceactionin theprocess
Order beforetherecursve call of the processvhich changeghe staparametem Invoiced

procesOrder[RequestCancel Invoice, Withdraw]
(ref:Referenceprd:Productamt:Amount sta:Status) noexit :=
[sta= None] =
Requestref ?prd:ProducPamt:Amounfamtgt 0];
Order[RequestCancel Withdraw] (ref, prd,amt,Pending)
I

[sta= Pending]=

Cancel'ref;
. Order[RequestCancel Withdraw] (ref, 0 of Product,0 of Amount,None)

Withdraw !prd lamt;

Invoice!ref; (* addedransition*)

Order[RequestCancel Withdraw] (ref, prd, amt,Invoiced)
)

endproc

Then,the propertycanbewritten asfollows:

Property 4. After a Requesactionwith therefeeenceref (0 < ref < M, — 1), if a Cancelactionwith thesame
parameterref doesnot execute theneventuallyan Invoiceactionwith parameterref will bereaded.

In orderto ignoreunfair executions(e.g.,thosein which anorderis alwayscancellecbeforeinvoicing), we must
use“FAIR” insteadof “INEV " to expressthereachabilityof the Invoiceaction.

init =[_forall ref: integeramong0... M, —1
[REQUEST !ref ..] FAIR (=(CANCEL !ref), INVOICE !ref)
end.forall

In theinformal requirementsiothingis saidaboutthe safetyandthe livenesf the generalsystem.For this
reasorwe addthe following two properties.Thefirst oneis a livenesgpropertyandchecksif the executioncan
adwanceinfinitely, i.e.,thereareno deadlocks.

Property 5. Thesystenis deadlo free
= [true]false

The secondpropertyis imposedby the existenceof theinternalactions(noted“i”) in theLoTosdescriptions.
Theinternalactionsappeain the LTs modelsof the process-orientedescriptiorfrom the hiding of the Withdraw

15Informally, livenesspropertiesspecifythat“somethinggoodeventuallyhappens”.
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gate. In the dataorienteddescription,internalactionsare generatedy the enablingoperator'>>". The safety
propertybelon checksthatthereareno livelocks(cyclesof internalactions),.e., every pathconsistingof internal
actionseventuallyreaches visible action.

Property 6. Thedescriptiondoesnot diveme, i.e., there are no cyclesof internal actions.

AGjA [truejU_jtrue]

7.3 Verification Results

Thesix formulasgivenin section7.2 areevaluatedon the LTss modelscompletelygeneratedbeforeandafterthe
introductionof the Invoiceaction)usingthe XTL [Mat98, MG98] prototypemodel-checkr.

It is worth noticingthat,sincethe X TL languageallows the definitionof macro-notationgfor actionpredicates
aswell asfor temporaloperators)the ACTL formulasgivenin section7.2 arealmostidenticalto thosewrittenin
the XTL sourcecode.

Theverificationswereperformedor all theLTss producedy modelgeneratior(seesection6) andminimized
modulo strongequivalence. For eachLTs, the time neededor evaluatingthe five formulaswaslessthanone
minute.

Thepropertiesl-3and5-6aretrueonall LTss describedn section6. The six propertiesarealsotrueonthe
LTss obtainedaftertheintroductionof the Invoiceaction.

7.4 Questionson Requirements

In conclusionto the formalisationof the verification properties,we may raisethree nev questionsaboutthe
informal requirements:

Q21. Isanuncancelledrdereventuallysatisfied?Thisis notstatedn theinformalrequirementgivenin sectionl
or in therevisedinformal requirementgjivenin section3.1. The changeof the stateof aninvoicedorder
may be infinitely delayedby the system.In our case thisis possibleif the systemis not fair, which is not
areasonablassumption.Whenthe systemis fair, we verify on a slightly modifiedversionof the LoTtos
descriptionghatanorderis eventuallysatisfied.

Q22. May the systemdeadlock?Thisis presumablynot a desiredporopertyof the system.In our casewe choose
thenegative answerandwe verify it onthe LTS modelsgenerated.

Q23. May the systemdivergein Case2? Thatis, maythe systemdo only internalactionswithout acceptingary
interactionwith theervironment?For the Casel, theanswelis givenin therequiremenR1.2. For theCase
2, we choosethe nggative answerandverify it ontheLTs models.

8 Verification using Bisimulations

As an alternatve to verification using temporallogics, we also performedverification using bisimulationsby
meansof the ALDEBARAN tool.

Our goal wasto prove that process-oriente@nd data-oriented_oTos descriptionswhere “equivalent” by
checkingthe equivalencebetweerthe corresponding Tss.

The ALDEBARAN tool providesa lot of bisimulationequialences: strong equivalence[Par81 (noted [,
branchingequivalence[vGW89] (noted=y), delay equivalence[vGW89] (noted=y), obsenational equiva-
lence [Mil89] (noted=,), T"d equivalence[FM90] (noted=+rg), and safety equivalence[Rod88 BFG*91]
(noted=s). Figure4 givesthelattice (the upperrelationbeingfiner) of theseequivalencerelations.

We tried to checkthe equivalenceof the two correspondind-Tss modulo all the equivalencesoffered by
ALDEBARAN. Sincethe LTss of thetwo descriptionsontaininternalactions the branchingandthe obsenational
equivalencesannotbe usedbecause¢hey needthatatleastoneof two LTS doesnot containinternalactions.

We foundthatthe LTs of the data-orientedrersionis includedin but not equivalento the correspondind.Ts
of the process-orientestylemodulothesafetyrelation. Theequialences brokenbecausén theprocess-oriented
descriptionsa Cancelactioncanbe doneaftera Depositactionif the orderis not yet treated,i.e., the following
sequencés avalid one:
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Request Iref Iprd lamt ~ Cancel !ref Deposit !prd lamt

Invoicing

o T
T P

I:I Processes Data typeo

_ » Gates Operations. _ g

Figure4: Thelattice of the equivalencesupportedy the ALDEBARAN tool
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REQUEST!IO !0 !1
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DEPOSIT 10 1
CANCEL!0O

In the data-orientedpecificatiorthis sequencef actionsis not possiblebecausehelist of ordersis updatedafter
eachDepositactionattherecursve call of the Invoiceprocesgseesectior4.4).

In orderto obtainthe samebehaiour for the data-orienteddescription,we modify the processinvoice as
follows: (1) by eliminatingthe updateof stocksandordersatits recursve call and(2) by introducingan explicit,
internalaction(the fourth caseof the choicebelow) which explicitly updateghelists of stocksandorders.

procesdnvoice[RequestCancel Deposit](ords:Ordersstks:Stocks) noexit :=
(

Requestref:Referenc@prd:ProducPamt:Amoun{(StatOrder(refprds)eqgNone)and(amtgt 0)];

. exit (AddOrder(MkOrder(refprd, amt, Pending) ords),stks)
Cancel?ref:ReferencgStatOrder(refprds)eqPending];
exit (RemOrder(MkOrder(ref), 0, Pending) ords),stks)

I
Deposit?prd:ProducPamt:Amoun{amt gt O];
exit (ords,AddStock(MkStock(prdamt),stks))

I
exit (UpdateOrders(ordstks),UpdateStocks(ordstks))

)

>
acceptnewords:Ordersnewstks:Stocksn
Invoice[RequestCancel Deposit](newvords,newnstks)
endproc
This modificationintroduceslivelocksin the LTss of the data-orientedlescription. Theselivelocksappear
whenthe updatingis choseralthoughneitherthe setof orders,nor the setof stocksaremodified(by a Requesta
Cance] or a Depositaction). In this case theinternalactiongeneratedby the enableoperator(>=>) loopsin the
samestate. That meansthat the sixth propertygivenin section7.2 is invalidatedon theselL. Tss. However, this
allows usto obtaina data-orientedlescriptionwhich is safetyequivalentto the process-orientedne. This means
thatthe two descriptionsare equivalentfor all safetypropertiesandall actionsexecutedby onedescriptionare
correctwith respecto the otherdescription.
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9 Conclusion

In thisreport,we demonstratbow LoTos, E-LoTos, andthe CADP toolboxmaybeusedfor requiremengnalysis,
formal descriptionandverification,by applyingthemto the Invoicing casestudy

This experienceconductusto formulatetwenty-threequestionson the informal descriptionof the Invoicing
systemAAH98]. Thesequestionsariseeitherfrom theformal descriptionof the systemor from the verification
of thedescription.

Concerningformalisation the Lotos philosophybasedon the “black box” principleis very usefulto obtain
a high-level specificationof requirements.For the Invoicing casestudy twenty questionsarisewhentrying to
formalisethe informal requirements.

Also, Lotos sharedts behaioural approachwith processalgebrassuchas Ccs [Mil89] and Csp [Hoa85.
Therearethusa numberof languageshatmight be usedin the samekind of style. However, Lotosis relatively
unusualin having an integration of behaviour with dataspecification(ACTONE [EM85]). This is corvenient
for specificationsince differentaspectsof a problemcan be treatedas processor data. The process-oriented
specificationsn this reportshow thatthis canbe aneffective mix.

Of thefour Case2 descriptionsthe authorsaremostsatisfiedwith the E-LoTos process-orientedescription.
It is clearthatE-LoTos offersa muchcleanermndmorecompacttyle of specificatiorcomparedo currentLoTtos.
In particular modularity, typedgates andfunctionaldatatypesarefelt to bemuchpreferable Thedatatypesused
in LoTos (basedon ACTONE) have beenratherdisliked for the verbositythatis evidentin the specificationof
thisreport. TheLotosdatatypelibrary is alsosomevhatdistantfrom conventionalprogrammingpractice.Some
syntacticL otos datatyping shorthand$iave beendevelopedfor thesereasongPec93.

The process-orientednd data-orientedspecificationanalke an interestingcomparison.In E-LoTos thereis
little to choosebetweerthemregardingclarity or compactnessHoweverin LoTos, thedata-orientedpecification
is tediousto readbecaus®f theverboselatapart. In generaltherearegoodreasonso prefertheprocess-oriented
approachlt takesanobject-basediew, andthusis closerto currentanalysispractice. Theapproactalsohintsat
possibleconcurrenbr distributedimplementationandthusmaybe closerto engineeringpractice.

Concerningverification the CADP toolbox offers for LoTos the state-of-the-arwerificationtechniques:to
the bestof our knowledge,the C£SAR[GS9(Q and CE£SARADT [Gar89 compilersarethe only modelcheclers
supportingdynamicdatastructuregsuchaslists). Two mainforms of verificationare supported:bisimulations
andtemporallogics. Thus,for the Invoicing casestudywe generatehe LabelledTransitionSystemgLTss) of
the LoTtos descriptionausingthe C£sArR and CESARADT compilers. Then,we performverificationby the two
approachesf CADP:

< temporallogics, usingthe ACTL [NV90] library of the XTL [Mat98, MG98] model-checkr. For this, we
establishsix formal properties: absenceof deadlocksandlivelocks,and four logical orderingproperties
betweervisible actions. Thesepropertieshave beenextractedfrom threeof therevisedinformal statements
resultedrom formalisationexpressedn XTL (usingthe ACTL operators)andthenchecledonthegenerated
models.

= bisimulations,usingthe ALDEBARAN [Mou92] tool. Firstly, we usestrongbisimulation[Par8]] to reduce
the LTss generatedvith CE£SAR Secondlywe show thatthe LTss correspondindo theinitial description
cannotbe equivalentmodulothe equivalencerelationsofferedby ALDEBARAN. However, by performinga
slightmodificationof thedata-orientedescriptionwe obtainthe safetyequivalenceof thetwo descriptions.

Using model-checkingrerification,we have to copewith its mainlimitation, the stateexplosionproblem. In
orderto generatdinite LTss of tractablesize,we have to modify theinitial descriptionsn thefollowing points:

< Wetransformthe ACTONE typesto obtainconstructve definitionsfor sorts. Thisis notareal problemsince
thenew versionof LOTOS, E-LOTOS, supportsconstructve (ML-lik e) type declarations.

< Welimit theunboundegarallelismto afinite numberof parallelprocesses.
< Werestrictthe userdefineddatadomaingo finite domains.

Theserestrictionsdo not suffice to avoid stateexplosionfor the model. Thereasorfor this explosionis the high
degreeof non-determinisnin the process-orientedescriptionsandthe large datastructuresn the data-oriented
descriptions.We hopethat the ongoingresearchin the group of CADP toolboxwill allow usto avoid this state
explosionby producingreduced_Tss.
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We also have to modify the initial descriptionsn orderto be ableto verify propertieshasedon the stateof
variablesor to obtain(safety)equivalentdescriptions.

It would not bewiseto claim thatany formal methodwas“better” thanary other However, it is hopedthat
thisreporthascorvincedaboutthesuitability of our formalmethodsandtoolsfor therequiremenanalysisformal
descriptionandverification.
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