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Abstract

Theinformal requirementdor the invoicing casestudyareanalysedandinterpreted.This leadsto a high-level
specificatiorarchitectureghatcanbeformalised.Specificationgarepresentedn Lotos (LanguageOf Temporal
OrderingSpecification).For comparisonspecificationsrealsopresentedE-LoTos (Enhancement® LOTOS) —
the new versionof LOTOS currently being standardised.Since LoTos allows a balanceto be struck between
process-orientednddata-orientednodelling,specificationsn bothstylesaregiven. Theresultingspecifications
areevaluatedn the context of LoTtosandformal approachemoregenerally
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1 Intr oduction

This paperpresentsan analysisof the invoicing casestudy proposedoy Henri Habrias(University of Nantes).
The purposeof this casestudyis to seewhatquestionsareraisedby the applicationof formal methodgo a small
but possiblyrealisticexampleof informal requirements.The papergivesspecificationsn Lotos (LanguageOf
TemporalOrderingSpecificatior]5]) andE-Lotos (Enhancement® LoTos[6]). A companiorpapetby Mihaela
Sighireanu[11] investigategpropertiesof thesespecificationdormally. Informal requirementsvere given as
follows,asnumberedy the authorfor laterreferenceRn).

RO. General:
RO.1 Thesubjectis to invoiceorders.
RO0.2 To invoiceis to changehe stateof anorder(to changet from the state'pending’to ‘invoiced’).
R0.3 On an ordet we have one andonly one referenceto an orderedproductof a certainquantity The
guantitycanbe differentfrom otherorders.
RO0.4 Thesamereferencecanbe orderedon several differentorders.
RO0.5 The stateof the orderwill be changedo ‘invoiced’if the orderedquantityis eitherlessthanor equal
to thequantitywhichis in stockaccordingto thereferenceof the orderedproduct.
R1. Casel:
R1.1 All theorderedreferencesrein stock.

R1.2 The stockor the setof theordersmay vary dueto the entry of new ordersor cancelledorders,or due
to having anew 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 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
quantitiesn the stock.



2 ThelLoTtosApproach
2.1 The Lotos Philosophy

TheLotos Position™™ is to treata systemasblackbox, andthereforeto concentraten its boundaryinputsand
outputs.A Lotos specifierwill try to write a high-level specificatiorof requirementsavoiding implementation-
orientedconcerns.Theemphasisvill be on specifyingthe partial orderingof (obsenable)events. Otherfactors
thatinfluencethe approachincludethe balancechosernbetweenprocessesanddatain the specificationandthe
choiceof specificatiorstyle (if oneis explicitly adopted).Methodshave beeninvestigatedor LoTos, e.g.[1, 14],
but becausehe casestudywassosmallthe authorfollowedonly generalLoTos principles:

delimit the boundaryof the systemto be specified

definetheinterfacef the system(inputs,outputs parameters)
definethefunctionality of the system(the relationshipamonginputsandoutputs)

for incompleterequirementschoosean abstracior simpleinterpretatiorthat will give somefreedomlater
for adoptinga morespecificinterpretation.

LoTosisaconstructvespecificatioftanguageary specificatiorwill exhibit somestructurgusuallyhierarchic,
thoughamonolithicstyleis alsopossible).The subjectof specificatiorstylehasbeeninvestigatedn considerable
depthfor LoTtos [2, 4, 9, 13, 15, 16,17, 19, 20, 21, 22, 23]. Indeedit might be fairly saidthatLoTos specifiers
are pre-occupiedvith specificationstyle! The choiceof anappropriatestyle for specifyingrequirementhasa
big impacton how the specificatioris structured.Anotherway of puttingthisis to saythatLoTos specifierscare
aboutthehigh-level architecturé of asystem.Several Lotosworkershave consideredjeneralquality’ principles
for specificatiorarchitecturg10, 18].

Becausé oTos combinesadatatypelanguagevith aprocesslgebrathe specifiermustchooseanappropriate
balancevhenusingthesetwo aspect®f thelanguagd7]. This partlydepend®nthepreferredspecificatiorstyle,
partly ontheintendeduseof the specification(e.g.for analysisor refinement)andpartlyontheapplication.Some
applicationsfocus on the representatiomnd manipulationof data(e.g. a database)and so are more naturally
specifiedusingthedatapartof Lotos. Otherapplicationdocuson dynamic(reactie) behaiour, andsoaremore
naturallyspecifiedusingthe processalgebrapartof LoTos.

A Lotos-basedapproacho requirementgaptureraiseshefollowing kindsof questions:

Environment: Who arethe usersof the system?2Vhatis the context of the systemWhatis the boundaryof the
system?AVhatfunctionscanthesystenrely onin theernvironment?

Interfaces: Whataretheinterfacego theernvironment?Whatarethedataflowsinto andout of thesystem2WVhat
is the structureandcontentof thesedataflows?

Functionality: Whatfunctionsmustthe systenperform?Whatis therelationshipamonginputsandoutputs?
Limitations: Whatlimits applyto systeminputs,outputsandfunctions?

Non-functionality: Whattiming and performanceaspectsnustbe specified?What otherorganisationalssues
shouldbeconsidered?

Specification: How shouldtheformal modelbe developed?Whatspecificatiorstyleis appropriate How should
the specificatiorbe validatedor verified?

The casestudydealswith requirementgapture analysisandspecificationof the invoicing system. The act
of formalisationtypically raisesmary questionghatwould normally be discussedvith the client. In arealistic
situation the systemsanalystraisessuchquestionswith the client. This allows ambiguities errorsandomissions
in the requirementgo beresohed. As in this casestudy it is sometimesot possibleto approacha client with
guestions For example,it maybenecessaryo carryoutaposthocformalisationof somethinghatalreadyexists
(e.g.alegag systemor an internationalstandard).It wasnecessaryor the authorto raisequestionsaboutthe
invoicing requirementsindto answerthemhimselfin a sensiblefashion.

1in the sensef [18], thearchitectureof a specificatiormeansts structureandstyle.



2.2

RequirementsQuestions

Thefollowingquestionarosevhentrying toformalisetherequirementsor theinvoicing casestudy Thequestions
(Qn) arepresentedccordingto the classificationin section2.1, thoughthey did not arisein a strict hierarchical
order RequirementgRn) aretakenfrom the informal statementsn sectionl. As will be seenthe volume of

guestiongs muchgreatetthantheinformal problemstatement!

Environment

Q1.

How mary usersarethereof the orderinvoice system?This is not statedin the informal requirements If
therewere only oneuserit would not be necessaryo identify orders(assuminghatthey were processed
in sequence). If therewere several usersand it were necessaryto issueinvoices (or other things for
users),t would be necessaryo identify usersor orders. Invoicesandthe like would thenhave to carryan
identification. Sincethe informal requirementslo not askthe systemto do arything (e.g.to producean
invoiceor to delivera product),this questiondoesnot arise.

Interfaces

Q2.

Qs.

Q4.

Q5.

Q6.

Q7.

For Casel, being‘given stockandthe setof orders’(R1.3) meansthat the first casestudy dealswith a
systemthatdoesnot directly acceptstockor orderchangegrom the warehouser user It alsomeanghat
the systemhasdirect accesgo the currentstockandorders. It follows that thesemustbe maintainedoy
someothersub-system.

At whatpointis thestatusof ordersupdated:whenthestockor setof orderschangesor followingaperiodic
check?If theformer, how doesthe systermknow thattherehasbeena change?f thelatter, how frequently
shouldthe systemcheck? The former interpretationis simplerandis thereforepreferred. It follows that
the systemmustbetold of new stocksor orders. This informationthusbecomesnput to the system.The
systemmustupdatethe stockandorderswhich by implicationarestoredwithin thesystemsinceno outputs
arementioned.The systento be specifieds thusanembeddedub-systenof somelargersystem.

Thereis noindicationof whethemew stocksor ordersarenotifiedindividually or in batchego the system.
For simplicity it is assumedhatinputsoccurindividually.

Thereis the questionof how invoicing is triggered,how theinformationis obtained andhow the statusof
ordersis updated.Sincethe requirementsmply thatsomeinternalagengy manageshe stocksandorders,
it is presumedhatthis ageng suppliesinformationto the systemasrequiredandtriggersanupdate.

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

Who, then,is responsiblgor creatingan orderreference?It could be suppliedby the useror generated
automaticallyby the system.In normalorderingpracticethe usergenerateshe 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
factit is simplerto adopta moreabstractapproactthatsimply requiresuniquenumberswhethergenerated
by the useror the system(or both,in cooperation).

Functionality

Q8.

Qo.

Q10.

In thecontext of beingableto ‘changethe stateof anorder’ (R0.2),it followsthatthesystemmerelyinspects
the stateof currentordersandadjustgheir statusaccordingto the currentstock.

It is saidthat several ordersmay cite the sameproductcode (R0.4). This seemsan almostunnecessary
remark,but it hintsthat several ‘simultaneous’ordersneedto be handled. In this case how shouldstock
be allocatedto orders? This is not a problemfor Casel (R1.1). However in Case2 the stockis limited
by implication (R2.1), so the choice of allocation stratgy may leadto differentresults. For example
the smallest— or the largest— outstandingorderfor a productmight be satisfiedfirst. In the interestsof
abstractnesd, is presumedhatordersaresatisfiedin some‘'random’ mannerf

The systemis saidto ‘changethe stateof an order’ (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 updatedby the system. If aninvoice hadto

2Specifically the allocationalgorithmis not visible to or influencecby the systemervironment,i.e.it is non-deterministic.



Q11.

Q12.

Q13.

Q14.

Q15.

Q16.

be generatedtherewould be otherquestionsaboutwhatit shouldcontain: orderreferenceproductcode,
guantity price, etc. However thesematterscanbe ignoredin the casestudy

Thesystenis ableto changehestateof anorderfrom ‘pending’to ‘invoiced’ (R0.2). It is notclearwhether
this meanghatordersshouldbe explicitly associatedavith a status.It is presumedso, thoughthe statusof
anordermight beimplicit (e.g.becauseanfulfilled ordersareheldseparately).

If anordercanbefulfilled from stock,its statemustbe changedo ‘invoiced’ (R0.5). However, nothingis
saidaboutthe situationwherean ordercannotbefulfilled becausé¢he stockis insufficient. In this situation
theordermight beignored,it mightbeexplicitly rejectedpr it might be helduntil stockbecomeswvailable.
Thefirst possibilityis ratherunfriendly andis thereforenot considered As alreadyconcludedthe system
produceso outputsso the secondoossibility is rejected. The third possibilityis thereforeadopted andis
moreconsistenwith theinformal requirement¢R0.2,R0.5,R1.3).

This meanghatwhenthe systemis givennew stockit mustre-examineary unfulfilled ordersto seeif they
canbe satisfied. As discussedbove, thereis thenanissueof how stockshouldbe allocated. Again, an
‘random’ algorithmis assumed.

Therequirementgor Casel atfirst appearto be contradictory(R1.3). It is saidthattherewill beno entry
flows to the system yet the systemis ‘given stockand ordersin an up-to-datestate’. Being ‘given’ such
informationis equivalentto anentry flow. The only interpretationthat begins to makesenseis that the
informationis somehw separatdrom the invoicing function andis updatedby someotheragenyg. The
systemcanthen consultthis information at ary time. Presumablythe informationis up-to-dateonly in
respeciof currentstocksandorderrequests.Thatis, the order statusis presumablynot up-to-dateor the
systermwould be pointless!

Whatdoescancellinganordermean(R1.2,R2.1)?Thissuggestsinexplicit requestatherthanjustomitting
anorderfrom theupdatedist. At whatpointcananorderbecancelled:beforeit is recevedby theinvoicing
system,after receptionbut beforeinvoicing, after invoicing but beforedelivery, after delivery? In areal
systemthesequestionsvould have to be answereatoncretely However, asdiscusse@bore the purposeof
thesystemseemso bejustmaintaininga setof currentorders.Cancellatiormustthereforemeanremoring
anorderfrom the pendingset. Trying to cancela non-«istentor invoicedorderis assumedo beforbidden.

Is ary concurrentor distributed processingequired? Thereis nothing explicit in the requirementsput
someimplicit possibilitiesexist. For example,the processingf stockandorderupdatesnight be handled
concurrently The invoicing systemmight alsobe sub-divided into distributedcomponents.Sincethese
issuesareopena decisionshouldnot beforced,thoughthey may be permittedby the specification.

Limitations

Q17.

Q18.

By implication(R0.3),anordermustcarryaproductcodeandarequestedjuantity Presumablyhequantity
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
wasnot allowed. Similarly, stockdepositsaareassumedo bestrictly positiveintegers.

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

Non-functionality

Q19.

Client requirementsvould normally include non-functionalaspectssuchas cost, delivery schedule per
formance reliability, integrationandtesting. Performancespecificationandtestinghave beenstudiedin
Lotosbaseddevelopment. However, non-functionalaspectsan be ignoredsincethe only requirements
availablearestrictly functional.

Specification
Q20. Is Casel asimplificationor anabstractiorof Case2? Is Case? anextensionor refinemenbf Casel? It is

not clearwhetherconsonantequirementspecificationsaredesired.However, it seemsensibleo treatthe
first caseasalessdetailedform of thesecond.



2.3 RevisedProblem Statement

Theinformal problemstatemenin sectionl wasclarifiedusingtheanswerén sectior2.2. Therevisedrequirements
statemenusedfor specificatioris asfollows:

RO. General:

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

RO0.1 Thesubjects to supporbof theinvoicingof orders.Youarenotresponsibldor actuallyissuinginvoices
or deliveringproducts.

RO0.2 To invoiceis to changethe stateof anorder(to changdts explicit statusfrom ‘pending’to ‘invoiced’
accordingo stocklevels).

R0.3 Onanordet we have oneandonly onereferenceo anorderedoroductof acertainquantity(a positive
integer). The quantitycanbe differentfrom otherorders.Orderscarryuniquereferencenumberghat
areagreedbetweernyour sub-systenandthe user

R0.4 The sameproductreferencecanappeain severaldifferentorders,someof which may beoutstanding
atthe sametime.

RO0.5 The stateof the orderwill be changedo ‘invoiced’if the orderedquantityis eitherlessthanor equal
to thequantitywhichis in stockaccordingto thereferenceof the orderedproduct.

R1. Casel:

R1.0 You areto treatthis asalessdetailedform of Case2.

R1.1 All theorderedreferencesreintendedo bein stock,but you shouldprotectyour sub-systenagainst
the possibility thatthis is notactuallyso.

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

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

R2. Case2:
R2.0 You shouldtreatthis asthe primary case of which Casel is a simplification.
R2.1 You do have to take into accountthe entry of new orders,cancellationsof orders,and entriesof
guantitiesin the stock.
R2.2 A cancellatiorcitesthe 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 atyour discretion.

2.4 The (E-)LoTos Specifications

The casestudy is mainly data-orientedsinceit effectively describesa database. For this reason,its LoTtos
specificationmakessignificantuseof datatypes. However, thereis a modelling choiceto be madeof whether
to represenstocksandordersas processe®r asdatavalues. For this reasontwo specificationapproachesire
presentedaterin the paper Thesegive someideaof therangeof stylesopento the LoTos specifier

A new versionof LoTtosis currentlybeingstandardisetly 1ISO asE-Lotos. Amongmary improvementson
currentlLotos, E-LoTosintroducesnodulestypedgatesandbetterdatatyping. SinceE-LoTosis still undegoing
standardisationrsomeof its constructsare still to be stabilised. The authorhasassumedhata fully imperative
semanticsvill beintroducedfollowingthe proposalbf researcheratINRIA Rhdne-Alpes).Amongotherthings,
this simplifiesthe specificatiorof loops. The authorhasalsoassumedhe existenceof anarraytypewhichis not
yetin E-LoTtos but is alikely addition.

Since E-LoTos is the future form of the language the authorfelt it would be interestingto seehow its
specificationstyle differedfrom Lotos. E-LOTOS specificationsare presentedirst in sections3 and4, followed



Case

Deposit

Figurel: Structureof Specifications

by specificationdn currentLotos.  Sincethe languagedliffer, eachhasbeenwritten in native style andthe
specificationsarenot just syntactictranslationsof eachother Eachportionof a formal specificatioris preceded
by aninformal explanation.In the specificationghatfollow, theauthorhasusedhis own conventionfor the case
of identifiers(variablesin lower case ptheridentifierswith aninitial capital).

The paperdescribe{Case2,Casel} < {process-oriented,data-orienjed{ E-LoToS LOTOS}, i.€. eightspeci-
ficationsin total. However, aswill be seenthereis considerableommonalityin the approactsotheloadon the
readershouldnot betoo high.

As amguedin section2.2, Casel is just an abstractionof Case2. For Case2, the process-orientedtyle
introducessomeinternalstructureto the specification.The structureof the specificationgo be presenteadtanbe
picturedasin figure1. Casel hasnoinputs,andthushasno externallyobsenablebehaiour. Theinputsin Case2
areRequestplacean order), Cancel(remove an order) and Deposit(supply new stock). The process-oriented
versionof Case2 introducesaninternalcommunicationMthdraw (satisfyanorderfrom stock).

3 Case?

SinceCasel is treatedasjust anabstractiorof Case2, the full casestudyis specifiedfirst in this sectionthenan
abstracform is givenin section4.

3.1 Process-OrientedE-L OTOS Specification

Lotos modelsa systemasa collectionof communicatingprocessesyith datavaluesandoperationglescribedy
types.Thecommunicatiorportsof aprocessarecalledgateghat,in E-LOTOS, aretyped. Gatetyping allows static
checkingof thekindsof valuesthatarecommunicatedL OTOS processeareparameterisedy theirgatesandstate
variables.Processemakeeventoffers suchasWithdraw(!product,?amant) thatmay be synchronisedmatched)
at a gatewith their ervironment. Synchroniseffers becomeactualevents. A fixed valuein anevent offer is
precededy ', whereasanopenvalueto bedeterminedn aneventofferis precededy ‘?’. Thesenotationsare
usedmorewidely in thelanguag€or pattern-matchingf expressions.

The process-orientedpecificationof the invoicing systemmight be regardedas object-based.Ordersand
stockareindividual objectsthat encapsulat@n identity (order referenceor productcode),state(order or stock
status)andserviceqrequesbrder depositstock,etc.). Theidentity of anorderor stockitem allowsiit, out of the
whole collection,to synchroniseon messagemtendedor it.

The datatypesandprocessesre specifiedherein a separatanodulefor corvenience. For clarity, separate
typesareintroducedor orderreferencegproductcodesandproductamounts For simplicity, thesesimply rename
the naturalnumbertype; library typeslike this canbe usedwithout explicit importing. If desired structuredypes
couldbeintroducedaterfor orderreferencesndproductcodes.



module OrderStockis
type ReferenceéenamesNat endtype
type ProductrenamesNat endtype
type AmountrenamesNat endtype

The statusof anorderis definedusinganenumeratedype; Noneis usedfor anorderthatis not current. The
completetypefor anordercanbethengivenasarecordcontainingproduct,amountandstatudields. A collection
of ordersis treatedasan associatie arrayindexed by orderreference.A collectionof stocksis similar, but the
arrayis indexed by productcodeandthe valuesareamounts.

type Statuss enum None,Pending/nvoicedendtype

type Orderis record Prod:ProductAmt:Amount, Stat: Statugndtype
type Ordersis array of Order[Reference¢ndtype

type Stocksis array of Amount[Productlendtype

An Order objectrepeatedhacceptrderrequestdrom theenvironment,acceptordercancellationgrom the
ernvironment,and makeswithdravals from stockobjects. A choice([]) is madefrom thesepossibilities. A new
orderis permitted([condition] after eventoffer) only if the referencds unused(statusNong andthe amountis
positive; the orderthenbecomegpending. Cancellatioris allowedonly if the orderis pending,at which point it
ceasedo be used. A pendingordermay askfor withdrawal of stock. The stock objectwith the corresponding
productwill synchroniseon this offer if thereis sufficient stock. If the ordercannotbe currently satisfied,the
withdrawal requestemainsopenuntil sufficient stockexists. At this pointthe orderbecomesnvoiced.

procesOrder[RequestCancel Withdraw]
(ref:Referenceprd:Productamt:Amount,sta: Statusjs
loop
Request(!ref?prd,?amt)[(sta== None)and(amt> 0)]
?sta:= Pending
Cancel(Iref)sta== Pending];
?sta:= None
Withdraw(!prd, lamt) [sta== Pending];
?sta:= Invoiced
endloop
endproc

A Stok objectrepeatedlyacceptdepositsfrom the ervironmentandwithdrawals from orderobjects. New
stock(of positive amount)is simply addedto the currentstock-holding.Withdrawal is permittedif therequested
amountcanbetakenfrom the currentstock. Notethatseveral ordersmay competesimultaneouslyor withdrawal
of the samestock. Sincetheseordersare handledconcurrently the sequencen which they are satisfiedis
non-deterministic.

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

Themoduleconcludedy defininginfinite setsof orderandstockprocessesachndependentlyn parallel(]|]).
Theseareobtainedby explicit recursionover the orderreferenceandstockproductcode. An orderis initialised
with its referenceand‘not in use’status.A stockitem s initialisedwith its productcodeanda zeroamount.



procesOrders[RequestCancel Withdraw] (ref:Referenceis
Order[RequestCancel Withdraw] (ref, 0, 0, None)
I
Orderg[RequestCancel Withdraw] (Succ(ref))
endproc
processStocks[Deposit, Withdraw] (prd:Product)js
Stock[Deposit,Withdraw] (prd, 0)
Il
Stocks[Deposit,Withdraw] (Succ(prd))
endproc
endmod
Theoverall systemimportsthemodulefor ordersandstocks. Thecommunicatiorgateqall inputsin this case)
areintroducedandthelists of valuesthey carryarespecified.
specificationInvoicing imports OrderStocks
gatesRequest:(ReferencBroduct, Amount), Cancel:Referenc®&eposit:(ProductAmount)
behaviour
Communicatiorbetweenordersand stocksis via aninternalgateWthdraw. The orderandstockprocesses
synchroniseon withdrawal (|[Withdraw]|). As new ordersandstocksarrive, the processewiill updatetheir state
andwill communicateo satisfyorders.
hide Withdraw:(Product Amount)in
Orderg[RequestCancel Withdraw] (0)
[[Withdraw]|
Stocks[Deposit,Withdraw] (0)
endspec

3.2 Process-Oriented_ 0TOS Specification

Theequialentprocess-orientespecificationn LoTosis similar, exceptthatmodulesarenotavailable. Thesystem
is acompletespecificatiorthatis non-terminatingnoexit). Naturalnumbersareselectedrom thestandardibrary,
andasubtractoperation(notin thelibrary) is introduced.This is givenin a new typethatimportsandextendsthe
standarchaturalnumbertype. An operationis declaredby giving its signature:parameters= result Equations
aregroupedunderofsort accordingto the returnvalue of the operationseing specified. Whena variablemay
takeary valuein anequation|t is declaredy forall. ‘=’ is aninfix operationthattakestwo naturalsandreturns
anatural. It is definedby characteristingequationghat usethe successooperationin the library for producing
consecutre naturals.Sincea naturalis non-n@ative, subtractiorcannotieadto lessthan0. Equationsareusually
straightforwardout tediousto write. Eachdistinctform of anoperations parametergeadsto a separatequation.
For this type, theformsarezeroandsuccessoof somenumber
specificationInvoicing [RequestCancel Deposit]: noexit
library NaturalNumbeendlib
type Naturalis NaturalNumber

opns_ — _ : Nat,Nat = Nat
egnsforall n1,n2:Nat
ofsort Nat
0—n2=0;
nl—0=ni,
Succ(nl)- Succ(n2)=nl— n2;
endtype

Orderreferencesproductcodesand productamountsare againspecifiedby renamingnaturals. The status
typeis muchasfor E-LOTOS.
type Referenceés 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 is similar to the E-LOTOS case.

behaviour
hide Withdraw in
Orderg[RequestCancel Withdraw] (0 of Reference)
[[Withdraw]|
Stocks[Deposit,Withdraw] (0 of Product)
where
processOrders[RequestCancel Withdraw] (ref:Reference) noexit :=
Order[RequestCancel Withdraw] (ref, 0 of Product,0 of Amount,None)
Il
Orderg[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

Exceptfor syntacticdifferencesthe Order andStodk objectsaresimilarto their E-LOTOS counterpartsLoops
mustbe achiezed by 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]=
(

Cancellref;

Order[RequestCancel Withdraw] (ref, 0 of Product,0 of Amount,None)

[
Withdraw !prd lamt;

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

endproc

processStock[Deposit,Withdraw] (prd:Productamt:Amount): noexit :=
Deposit!lprd ?nevamt:Amountnewamtgt 0];
Stock[Deposit,Withdraw] (prd,amt+ newamt)

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

3.3 Data-Oriented E-L 0oTOS Specification

In this approachprdersandstocksare definedby datavaluesratherthanprocessesinvoicing thenbecomesan
operationon thesevalues.A datatype moduleis used similarto thatfor the process-orientedersion.



module OrderStockis
type ReferenceéenamesNat endtype
type ProductrenamesNat endtype
type AmountrenamesNat endtype
type Statuds enum None,Pending)nvoicedendtype
type Orderis record Prod: ProductAmt : Amount, Stat: Statusendtype
type Ordersis array of Order[Referencegndtype
type Stocksis array of Amount[Productlendtype
Invoicing ordersis carriedout by a function thattakescurrentordersandstocks. Eachorderis checkedn a
loop, from first referencenumberto last. The Next function findsthe next arrayindex sincetheremay be gaps
in ordernumbers.Ordersarethusfulfilled in referencenumbersequenceandnot non-deterministicallyasin the
process-orientedersion. Non-determinisntould have beenachiared, but by complicatingthe specification.The
currentreferences usedto extractthe product,amountandstatusof arecord. The productcodeis usedto extract
the stocklevel. If theorderis pendingandthereis sufficient stock,the orderis markedasinvoicedandthe stock
level is updated.After all ordershave beenprocessedhefunctionexits with theupdatedrdersandstocks.If an
ordercannotbefulfilled, it may be satisfiedaterwheninvoicingis repeatedn receiptof new stock.
function Invoice(ords:Ordersstks:Stocks) (Orders,Stocks)is
var ref:Referenceprd:Productamt,stk:Amountsta: Statusn
for (?ref:= First(ords);ref <= Last(ords);?ref := Next(ords,ref)) do
(?prd,?amt,?sta):= Get(ordsyef);
?stk:= Get(stksprd);
if (sta==Pending)and(amt<= stk) then
?ords:= Put(ordsyref, Set Stat(ord,Invoiced));
?stks:= Put(stksprd, stk — amt)
endif
endfor
(ords,stks)
endvar
endfunc
endmod
Thesystemspecifications like thatfor the process-orientedersionexceptthatlocal variablesareintroduced.
In particular ordersandstocksareinitialisedasempty
specificationlnvoicingimports OrderStocks
gatesRequest:(ReferencBroduct, Amount), Cancel:Referenc®&eposit:(ProductAmount)
behaviour
var ords:Orders= Empty, stks:Stocks= Empty; ref:Referenceprd:Productamt:Amountin
The main behaiour repeatedlyacceptsorderrequestsprder cancellationsand stock deposits. The logic is
asalreadyseen exceptthat existenceof an orderis checkedagainstthe Ordersarray Eachbranchof the loop
updatesrdersor stocksasappropriate The Invoicefunctionis thencalledto scheduleordersandalter stocks.
loop
(
Request(?ref?prd,?amt)[Notin(ords,ref) and(amt> 0)];
?ords:= Put(ordsref, Order(prd,amt,Pending))
1
Cancel(?ref]IsIn(ords,ref) andthenGet Stat(Get(ordsief)) == Pending)];
?ords:= Delete(ordsref)
1
Deposit(?prd?amt)[amt > O];
?stks:= Put(stksprd,
if IsIn(stks,prd) then Get(stksprd) + amtelseamtendif)
);
(?ords,?stks):= Invoice(ords,stks)
endloop
endvar
endspec
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3.4 Data-Oriented LoTos Specification

Thespecificatiorbaginsin muchthesameway astheprocess-orientedotosversion,exceptthatboolearequality
for statusvalueshasto be defined. Booleanequalityis definedfor two statusvaluessothat compoundboolean
expressionsinvolving statuscan be written. Following normal LOTOS practice, equality is definedusing an
auxiliary function Ord(inal) that mapsvaluesto the naturalnumbers.

specificationlnvoicing [RequestCancel Deposit]: noexit
library BooleanNaturalNumbeendlib
type Naturalis NaturalNumber

opns_ — _ : Nat,Nat = Nat
egnsforall n1,n2:Nat
ofsort Nat
0—n2=0;
nl—0=n1l;
Succ(nl)- Succ(n2)=nl— n2;
endtype

type Referencés Naturalrenamedby
sortnamesReferencdor Nat
endtype
type Productis Naturalrenamedby
sortnamesProductfor Nat
endtype
type Amountis Naturalrenamedby
sortnamesAmountfor Nat
endtype
type Statuds 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. SinceLoTos doesnot have arecordconstruct;makerecord’ 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

Ordersand stocksmight have beendefinedusing the genericsettype in the library. However, ordersand
stockshave beenspecifiedrom scratchsincesetsarenotentirelyappropriatee. NoOrdersis anemptycollectionof
orders.An ordermaybeaddedo or remored from this usingthe AddOderandRemOder operations StatOder
is introducedto retrieve the statusof anorderin the collection. Eachoperationis definedby equationsaasalready

3Stocksof the sameproductneedto be amalgamatedso stockis not strictly a set. Identicalordersshouldbe allowed, soa bagratherthan
asetis needed.
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seen.In this casethe distinctforms 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: Ordet Orders—= Orders
RemOrder. Ordet Orders—= Orders
StatOrder. ReferenceQrders—= Status
eqns
forall refl,ref2:Referenceard1,prd2:Producamtl,amt2:Amount,
stal,sta2:Statusrds:Orders
ofsort Status
StatOrder(reflNoOrders)= None;
refleqref2 =
StatOrder(reflAddOrder(MkOrder(ref2prd2,amt2,sta2),ords))= sta2;
reflneref2 =
StatOrder(refLAddOrder(MkOrder(ref2prd2,amt2,sta?),ords))= StatOrder(reflords);
ofsort Orders
refleqref2 =
RemOrder(MkOrder(reflprdl,amtl,stal),
AddOrder(MkOrder(ref2prd2,amt2,sta2),ords))= ords;
reflneref2 =
RemOrder(MkOrder(reflprdl,amtl,stal),
AddOrder(MkOrder(ref2prd2,amt2,sta2),ords))=
AddOrder(MkOrder(ref2prd2,amt2,sta2),
RemOrder(MkOrder(reflprdl,amtl,stal),ords));
endtype

A stockcollectionis definedin a similar way. The operationgarticularto stocksare InStok (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
eqns
forall prdl,prd2:Produceamtl,amt2:Amountstks:Stocks
ofsort Bool
InStock(prd1 NoStocks)= false;
InStock(prd1 AddStock(MkStock(prd2amt2),stks))=
(prdleqgprd2)or InStock(prdl stks);
ofsort Stocks
prdleqprd2 =
AddStock(MkStock(prdlamtl),AddStock(MkStock(prd2amt2),stks))=
AddStock(MkStock(prdlamt2+ amtl),stks);
(prd1lneprd2)andinStock(prd1stks) =
AddStock(MkStock(prdlamtl),AddStock(MkStock(prd2amt2),stks))=
AddStock(MkStock(prd2amt2),AddStock(MkStock(prd1lamtl),stks));
RemStock(MkStock(prdiamtl),NoStocks)y= NoStocks;
prdleqprd2 =
RemStock(MkStock(prdlamtl),AddStock(MkStock(prd2amt2),stks))=
AddStock(MkStock(prdlamt2— amtl),stks);
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prdlneprd2 =
RemStock(MkStock(prdlamtl),AddStock(MkStock(prd2amt2),stks))=

AddStock(MkStock(prd2amt2),RemStock(MkStock(prdiamtl),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
Sincea LoTos operationcan return only one result (unlessresulttypesare groupedin a compositetype),
invoicing is computedby separat@perations:UpdateOdersand UpdateStoks In both casesthe collectionof
ordersis processe@neby one. (Like thedata-orientedE-LoTos specificatiorthis meanghat orderfulfillment is
deterministic put notin thefixed orderof referencenumbers.)If anorderis pendingandthe stocksaresuficient
for therequesteédmounttheorderstatuss setto invoicedandthe stocklevel is updated.

type Updateds Orders,Stocks
opns
UpdateOrders Orders,Stocks—= Orders
UpdateStocks Orders,Stocks—= Stocks
eqns
forall ref:Referenceprd:Productamt:Amount sta:Statusprds:Ordersstks: Stocks
ofsort Orders
UpdateOrders(NoOrderstks)= NoOrders;
(staeqPendingland(StockOf(prd stks)ge amt) =
UpdateOrders(AddOrder(MkOrder(rgfi,d, amt, sta),ords),stks)=
AddOrder(MkOrder(refprd, amt, Invoiced),
UpdateOrders(ord®emStock(MkStock(prdamt), stks)));
(staeqInvoiced)or (StockOf(prd stks)It amt) =
UpdateOrders(AddOrder(MkOrder(rgfi,d, amt,sta),ords),stks)=
AddOrder(MkOrder(refprd, amt,sta),UpdateOrders(ordstks));
ofsort Stocks
UpdateStocks(NoOrderstks)= stks;
(staegPending)and(StockOf(prd stks)ge amt) =
UpdateStocks(AddOrder(MkOrder(rgkd, amt, sta),ords),stks)=
UpdateStocks(ord®emStock(MkStock(prdamt), stks));
(staeqInvoiced)or (StockOf(prd stks)It amt) =
UpdateStocks(AddOrder(MkOrder(rgkd, amt, sta),ords),stks)=
UpdateStocks(ordstks);
endtype
Now the dynamicbehaiour of the systemis givenasa call of the Invoiceprocess.This takesthe samegates
astheoverall systemandstartsout with emptyordersandstocks.
behaviour Invoice[RequestCancel Deposit](NoOrders NoStockswhere
Thespecificationis similar to thatfor E-LOTOS, thoughthe syntaxis different. Again, explicit recursiormust
be usedto expressa loop. Eachbranchof the choiceproducesan updatedpair of orderstockvalues. Theseare
exportedto thefinal calculationin a construcof theform: exit(orders,stoks)>> acceptneworders,ng/stoksin.
Thisis calledenabling andpermitsaterminatingoehaiour to exportits resultgo anothebehaiour. Therecursve
call to Invoiceupdateghe ordersandstocksfollowing invoicing.
procesdnvoice[RequestCancel Deposit](ords:Ordersstks:Stocks) noexit :=
(
RequesPref:Referenc@prd:ProducPamt:Amoun{(StatOrder(refprds)eqgNone)and (amtgt 0)];
exit (AddOrder(MkOrder(refprd, amt,Pending)ords),stks)
Cancel?ref:ReferencgStatOrder(refords)eqPending];
exit (RemOrder(MkOrder(ref), 0, Pending) ords),stks)

I
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Deposit?prd:ProducPamt:Amounfamt gt 0J;
exit (ords,AddStock(MkStock(prdamt), stks))

)

—
acceptnewords:Ordersnewstks: Stocksn
Invoice[RequestCancel Deposit]
(UpdateOrders(iveords,newstks), UpdateStocks(iveords,newstks))
endproc
endspec

4 Casel

Following the discussionn section2.2, thefirst caseis viewed asan abstractiorof the second.Specifically the
gatedor communicatingvith thesystemaretreatedashiddenandthusthereis no externallyobsenablebehaiour.
This affectsthetop-level behaiour asdetailedin thefollowing; only the changeselative to Case2 aregiven.

4.1 Process-OrientedE-LoTOS Specification

The externalgatesof Case2 aredeclaredandhiddenalongwith theinternalgate.

behaviour
hide Request:(ReferencBroduct, Amount), Cancel:Referenc®eposit:(ProductAmount),
Withdraw:(Product, Amount)in

4.2 Process-Oriented. oT0s Specification
The externalgatesof Case2 areremovedfrom the specificatiorheadingandhiddenalongwith theinternalgate.

specificationlnvoicing : noexit

behaviour
hide RequestCancel Deposit,Withdraw in

4.3 Data-Oriented E-L0TOS Specification

The externalgatesof Case2 aredeclaredandhidden.
hide Request:(ReferencBroduct, Amount),Cancel:Referenc®eposit:(ProductAmount)in

4.4 Data-Oriented LoTos Specification

The externalgatesof Case2 areremovedfrom the specificatiorneadingandhidden.
specificationlnvoicing : noexit

behaviour
hide RequestCancel Depositin

5 Validation and Verification

SinceE-LoTosis currentlybeingstandardisedpolsfor thelanguagearestill underdevelopmeniandcouldnotbe
used.TheE-LoTos specificationshouldhenceberegardedasconceptuaht this stage.However they aresimilar
to theLoTos specificationandhave beenindependentlyeviewed,sothereis a degreeof confidencen them.
The Lotos specificationshave beenvalidatedusing standardools (LITE, CADP) in a form of white-box
testing. Thedatatypedefinitionswerecheckedy evaluatingoperation®n testvaluesconformingto eachdistinct
form of parameter The behaioural specificationavere checkedusing scenarioghat exerciseeachsignificant
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case. For orderrequestghe scenariodncludedduplicatedreferenceszero amounts productsnot currentlyin
stock,amountdessthancurrentstock,amountsexactly equalto currentstock,andmultiple ordersfor the same
product. For ordercancellationghe scenarioglealtwith non-eistentreferencespendingandinvoiced orders.
For stock depositsthe scenariosncludednew productcodes,existing productcodes,zeroamountsand stocks
for pendingorders. Validationwasdocumentedy giving the scenariosandthe reactionsof the systemto them.
Normally the clientwould beinvolvedin confirmingthe completenesandcorrectnessf testing,but thatwasnot
possiblefor this casestudy

Therewere no formal requirementsagainstwhich the specificationgmight have beenverified. Verification
might have beenundertakerin the sensethat the statespaceof the specificationamight have beenanalysed.
Equivalencemight alsohave beencheckedetweerthe variousspecifications lt is claimedthatthe four Case2
specificationsiretestingequivalentto eachother Formalpropertieof thespecificationgrenot, however, analysed
here.A companiorpaperby MihaelaSighirean11] investigateshe specificationsisingmodel-checking.

6 Discussion

Of thefour Case2 approacheghe authoris mostsatisfiedwith the E-LoTOS process-orientedpecification.It is

clearthatE-LoTtos offersa muchcleanerandmorecompactstyle of specificationcomparedo currentLoToS. In

particularmodularity typedgatesandfunctionaldatatypesarefelt to be muchpreferable The datatypesusedin

Lotos (basedon AcT ONE [3]) have beenratherdisliked for the verbositythatis evidentin the specificationf

this paper The Lotos datatypelibrary is alsosomevhat distantfrom corventionalprogrammingpractice.Some
syntacticL otos datatyping shorthand$iave beendevelopedfor thesereason$8].

The process-orientednd data-orientedspecificationanakean interestingcomparison.In E-LoTos thereis
little to chooseébetweerthemregardingclarity or compactnessHoweverin LOTOS, thedata-orientedpecification
is tediousto readbecausef theverboselatapart. In generaltherearegoodreasonso prefertheprocess-oriented
approachlt takesanobject-basediew, andthusis closerto currentanalysispractice. The approactalsohintsat
possibleconcurrenpr distributedimplementationandthusmaybe closerto engineeringpractice.

Lotos sharedts behaioural approachwith processalgebrassuchas CSP(CommunicatingSequentiaPro-
cessesandCCS(Calculusof Communicatingsystems) Therearethusa numberof languageshatmightbeused
in the samekind of style. However, LoTos is relatively unusualin having anintegrationof behaiour with data
specification(ACT ONE in LOTOS, ML in E-LoTtos). Thisis convenientfor specificatiorsincedifferentaspectof
aproblemcanbetreatedasprocessr data. The process-orientesgpecificationsn this papershaw thatthis canbe
aneffective mix.

Comparedo model-basedanguagedike B, VDM andZ, Lotos offersconcurreng andanoperationaliew.
LoTos lacksthe corvenienceof standardnathematicamodelssuchassetsandrelations.However, the E-LoTos
library is being extendedin this direction. The authorhasexperienceof usingboth Lotos and Z to describe
the sameproblemdomain(the referencemodel for OpenDistributed Processing12]). As might be expected,
both languagesave somethingto offer. To oversimplify, LOTOS is more appropriatefor specifyingdynamic,
processing-orientedspect®f a systemwhereas is moreappropriateor static,data-orientecspects.

It would notbewiseto claimthatary specificatiodanguagevas‘better’ thanary other However, it is hoped
thatthe paperhasshovn how LoTtos raisesinterestingguestionsaandoffersbenefitsfor theinvoicing casestudy
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