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Abstract

The importanceof formally andincrementallyspecifyingrequirementsis discussed.An approach
basedon LOTOS (LanguageOf TemporalOrderingSpecification)is proposedthat exploits desirable
characteristicsof theconstraint-orientedstyle.Thenatureof constraint-orientedspecificationisdiscussed
atsomelength,andguidelinesfor how to useit effectively with LOTOSarepresented.Smallintroductory
examplesleadto the incrementalspecificationof a file accesssystemusingtheapproachin thepaper.
It is shown how the requirementsfor the file accesssystemcanbe graduallyformalised,leadingto a
completesystemspecification.
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1 Intr oduction

1.1 RequirementsSpecification

Requirementsspecificationis a crucial activity in systemdevelopment,following on from requirements
captureandanalysis.This is thepointatwhich theclient’srequirementsaredefinedasthebasisfor system
specificationandlater development. Experienceteachesthat it is very desirableto specifyrequirements
accuratelyandcompletely[1]. If an error in requirementsis allowed to propagatethroughdevelopment,
it maycosta hundredto a thousandtimesmoreto correcttheerror if it is discoveredonly at a latestage
[2, 3]. A requirementsspecificationmayalsobethebasisof acontractbetweentheclientandthedeveloper.
Failure to meetan inadequatespecificationmay thereforehave legal aswell asfinancial implications;it
maynotbeclearwhethertheclient or thedeveloperis at fault.

It is thereforehardly surprisingthat formal methodshave beenput forward as a valuabletool in
requirementsspecification.Formal methodsoffer precisionof expressionandthe possibility of rigorous
analysis. Whatever the real (or perceived) costof formal methods,the benefitsof catchingerrorsearly
can easily outweighthe cost of applying formal methods[4, 5]. For safety-criticalor quality-critical
applications,thecostof formality maybeonly a minor factor. Indeed,for certaintypesof application(e.g.
in defence[6, 7]), theuseof formalmethodsmaybemandatory.

Unfortunately, formal specificationof requirementssuffers from two majorproblems:the incompre-
hensibilityof a formal specificationto a typical client (or developer!),andtheneedto balancethe rigour
of a formal methodagainstthe inherentlyinformal processof requirementscaptureandanalysis. This
paperdescribesa possiblesolutionusingLOTOS (LanguageOf TemporalOrderingSpecification[8]) to
formally specifyfunctionalrequirements.Non-functionalrequirementssuchasperformancearealsoim-
portant,but they can be dealt with separately(e.g. [9]) andare not part of the methoddescribedhere.
Typically, non-functionalaspectsinfluencethedesignprocess(e.g.atimeconstraintmightaffect thechoice
of algorithm)[10]. Although muchof the complexity in currentsystemdesigndealswith functionality
ratherthanqualitativeaspects,only somedesignsthatarefunctionallycorrectmaymeetthenon-functional
requirements.
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Notation Meaning

(* text *) a comment
stop a behaviour thatdoesnothing(no furtheraction)
exit a behaviour thatimmediatelyterminatessuccessfully
exit (results) successfulterminationwith resultvalues
gate a ‘port’ at which eventoffersmaysynchronise
gate! value anoffer to synchroniseon agivenvalue
gate? variable: sort anoffer to synchroniseon any valueof the givensort,binding

theactualvalueto thegivenvariablename
gate! ... ? ... [predicate] aneventoffer with a predicateon valuessynchronised
processname[gates](parameters):

noexit := behaviour
a namedprocessabstractionwith givengatesandvalueparam-
eters,but no termination(e.g.it repeatsindefinitely)

processname[gates](parameters):
exit (results):= behaviour

aprocessthatterminatessuccessfullywith thegivenresultsorts

name[gates](parameters) aninstantiationof a namedprocess
offer ; behaviour prefixesaneventoffer to somebehaviour (‘follo wedby’)
[guard] > behaviour offersbehaviour only if theguardconditionis satisfied(‘if ’)
behaviour1 behaviour2 offersa choicebetweentwo behaviours(‘or’)
behaviour1>> behaviour2 allows thesecondbehaviour to occurif thefirst behaviour ter-

minatessuccessfully(‘enables’)
exit (results)>> successfulterminationwith export of resultvalues

acceptdeclarationsin behaviour
behaviour1 >behaviour2 allowsthesecondbehaviour to disruptthefirst behaviour unless

this terminatessuccessfullyfirst (‘disabledby’)
behaviour1 || behaviour2 allows two behavioursto run in parallel,but fully synchronised

on theirevents(‘synchronisedwith’)
behaviour1 ||| behaviour2 allows two behaviours to run in parallel,but with independent

occurrenceof their events(‘interleavedwith’)
behaviour1 |[gates]| behaviour2 allows two behaviours to run in parallel,synchronisingon all

eventsat thegivengates(‘synchronisedon gateswith’)

Table1: SelectedLOTOS Syntax

1.2 LOTOS

LOTOS is an internationallystandardisedFDT (Formal DescriptionTechnique). To describebehaviour,
LOTOS usesa processalgebrabasedon CCS(Calculusof CommunicatingSystems[11]) andCSP(Com-
municatingSequentialProcesses[12]). LOTOShasanintegratedabstractdatatypelanguagebasedonACT
ONE [13]. For readersnot familiar with LOTOS, a summaryof selectedsyntaxis provided in table 1.
Tutorialson LOTOS arefoundin [14, 8, 15].

TheLOTOS notationfor processesinvolvesa lot of syntaxsothatpropertype-checkingcanbecarried
out. To avoid suchsyntacticdetailsgettingin the way, a simplified notationis usedin this paper. The
simplifiedsyntaxis incomplete,but thetranslationto full LOTOSsyntaxis straightforward.As anexample,
considera processthat multiplies naturalnumbers(non-negative integers)by a fixed factor given as a
parameter. Theprocessrepeatedlyreadsa numberandthenoutputsthatnumbermultiplied by thefactor.
Thesimplifiedsyntax:

Multiplier (factor) :
read? number: Nat;
write ! number* factor;
Multiplier (factor)

translatesinto full LOTOS syntaxas:

processMultiplier [read,write] (factor: Nat) : noexit :
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read? number: Nat;
write ! number* factor;
Multiplier [read,write] (factor)

endproc

LOTOS is a flexible languagethat canbe usedin many differentways. Considerableeffort hasbeen
expendedon developing specificationstyleswith well-definedcharacteristics(e.g. [16]). SinceLOTOS

containsa datasub-languageanda processsub-language,eitherof thesemaybeemphasisedaccordingto
the natureof a specification(e.g.datafor an informationmodel,or processesfor a behavioural model).
Behavioural stylesareoftencharacterisedby thesetof operatorsusedto combinebehaviour expressions.
An object-basedanalysisprecedesthe approachreportedin this paper. One of the more popularand
successfulLOTOS stylesis constraint-oriented.This is at the heartof the methodreportedhere,and is
discussedin somedetail in section2.1. Otherbehavioural stylesincludethosetermedresource-oriented,
state-orientedandmonolithic.

1.3 RelatedWork

Requirementscaptureandspecificationmethodsrangefrom theinformal (but systematic)to theformal (or
rigorous).Requirementscapturetechniqueshave existedfor sometime in informalanalysismethodssuch
asCORE(ControlledRequirementsExpression[17]) andSADT (SystemsAnalysisandDesignTechnique
[18]). Becauserequirementscaptureis essentiallyanintuitivetask,therehasgenerallybeenlittle formality.
Instead,efforts have beenmadeto systematisetheprocess.Usecases(e.g.[19]), scenarios(e.g.[20, 21])
andviewpoints(e.g.[22, 23,24]) areall popularmethodsfor organisingrequirementscapture.

In thefield of formal methodsthereis surprisinglylittle literaturethatexplicitly mentionsformalising
requirements.This is probablybecauseformal specificationlanguagesare normally at a high level of
abstraction.Formal specificationsarethereforeusuallysuitableasrequirementsspecifications.Popular
formalmethodssuchasB (e.g.[25]), RAISE [26], VDM (e.g.[27]) andZ (e.g.[28]) wouldnodoubtclaimto
tacklerequirementsspecification.Howeverasnotedin [29], thereisagenerallackof guidancefor producing
an initial formal specificationfrom requirements.[30] advocatesformalisingcritical requirementsfirst,
thengraduallyrefining the specificationuntil a high-level languagedescriptioncanbe written. The idea
of scenarioshasbeenusedto help formaliserequirements[31, 32]. A particular issueis how formal
specificationscanbekeptup to datewith changesin requirements[33, 34].

Little work appearsto havebeenundertakenspecificallyonrequirementscaptureandspecificationwith
LOTOS. A rigorousobject-orientedapproachusing LOTOS is reportedin [35]. The work on animation
of LOTOS specifications[36, 37] is usefulfor evaluatingformalisedrequirementsandagreeingthemwith
clients. The work in [38] is complementaryto this papersinceit emphasisestracking the evolution of
requirements.A rangeof specificationstyleshasbeendefinedfor LOTOS[16]. As arguedin thispaper, the
constraint-orientedstyleappearsto beparticularlysuitablefor requirementsspecification.

1.4 Structur eof the Paper

Sincewriting a requirementsspecificationneedsguidanceandexperience,the style of this paperis an
expository ‘how to’ guide rather than a theoreticaltreatment. Section2 describesand discussesthe
approachproposedin this paper. Initially , the two most relevant specificationstyles(object-basedand
constraint-oriented)aredescribed,thentheoverallapproachis presented.Section3 illustratestheapproach
by progressively andincrementallydevelopinga LOTOS specification.Theexampledescribesa file access
system[39] suchasmightbefoundin anoperatingsystem.Theinspirationfor thisexamplecamefrom the
EDS(EuropeanDeclarative System)project. In [39], temporallogic is usedto describetheexampleand
offersaninterestingcomparisonwith theapproachreportedhere.An informal,object-baseddescriptionis
givenfirst in this paper, thentheLOTOS specificationis developedusingtheproposedapproach.Although
theexampleis relatively small,it nonethelessembodiesmany of theissuesthatarisewhenspecifyingmore
realisticsystems.
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Figure1: ConstraintsasProjectionsontoPlanesof Abstraction

2 SpecificationApproach

2.1 Constraint-Oriented Specificationin LOTOS

2.1.1 Constraints in General

Theconstraint-orientedstylein LOTOS [16] hasbeenwidely usedin thespecificationof standards.This is
largelybecausethestylepermitsfairly abstractspecificationsthatfocusonexternallyobservablebehaviour.
Theconstraint-orientedstylehasperhapsbeenusedtooobsessively, which is unfortunatesinceit is rather
distantfromanimplementation.Nonethelessthestyleis particularlysuitablefor specifyingrequirementsin
anincrementalandcompositionalway. Althoughtheconstraint-orientedstyle iswell knowntopractitioners,
its philosophyhasnever beenfully elaborated.Theliteraturecontainsexamplesof theconstraint-oriented
style,but thereisalackof publishedmethod; thepaperattemptstofill thisgap.Newcomersto thestyleoften
find it strange.Somespaceis thereforetakenhereto explain the thinking behindtheconstraint-oriented
style.

The high-level behaviour of a systemcanoften be describedfrom a numberof largely independent
viewpoints.For example,theReferenceModel for ODP(OpenDistributedProcessing[40, 41, 42]) adopts
fiveviewpointsfor thedescriptionof adistributedsystem.At ahighlevel, systembehaviour in aviewpoint
maybecharacterisedby thesetof rulesthatdefineit. Frequentlytheserulescanbeinterpretedasconstraints.
A constraintmaybevisualisedastheprojectionof systembehaviour ontosomeplaneof abstraction.The
overall systembehaviour is specifiedimplicitly by its individual projections. Figure1 illustratesthis in
a geometricalsense;is therea solid objectthat hastheseprojections?1 A low-level view of behaviour is
usuallyratheroperationalanddoesnotlenditself sowell todefinitionbyconstraints;insteadastate-oriented
or monolithicdescriptionmaybemoreappropriate.

A setof constraintscanbe imaginedasplacing restrictionson otherwisefree behaviour. In fact, a
constraintoftentakestheform:

if someconditionor stateapplies
then behaviour is restrictedaccordingto theconstraint
elsebehaviour is unconstrained

Section2.1.3discusseshow constraintsmaybeexpressedin LOTOS.
A constraintoftendelimitsvalid behaviour within thespaceof all permissiblebehaviours. Constraints

can thus narrow the rangeof behaviour within their own particularscope. Sinceconstraintsrepresent
differentaspectsof behaviour, the intersectionof thesevalid behaviours representsthe allowed overall
behaviour. This ideais representedin thealternative graphicalview of constraintsgivenby figure2. Of

1Thereis indeeda solid objectthatprojectsonto threeorthogonalplanesasa cross,a squareanda circle. If necessary, see[43,
Puzzle177] for theanswer.
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Constraint 2

Constraint 3Overall Behaviour

Constraint 1

Figure2: Overall SystemBehaviour astheIntersectionof Constraints

courseif constraintswere mutually contradictory, then the intersectionwould be empty andno system
behaviour could satisfy the constraints.Constraintscanprohibit behaviour by explicitly excluding it, or
canpermitbehaviour by explicitly includingit. Notethataconstraintcannotby itself forcebehaviour since
anotherconstraintmay prohibit it. Behaviour becomesan obligationonly whenthe overall constraints
leave noalternative.

An importantissueis that constraintsmustsynchroniseandshouldthereforesharea commonevent
structure.This is notessential,but aregulareventstructuremakesit easierto addin furtherconstraintsand
reducesthe risk of inadvertentdeadlock.Theevent structureto usemaynot beevident at first, andmay
in fact evolve asthespecificationis mademoreelaborate.Theapproachof thepapermakesthis explicit,
allowing parametersto beaddedto eventsastheneedfor finerdistinctionsgrowsduringelaborationof the
specification.

Specifyinga systemthroughparallel compositionof constraintsmay introduceartificial or illusory
parallelism.Certainlythereis parallelismamongtheconstraints,but theoverall behaviour thatis specified
may actually be sequential. (This is true, for example, of the specificationin the next subsection.)
For this reason,a constraint-orientedspecificationneedsconsiderablerefinementbeforea specification
suitablefor implementationcanbederived. However, thekey issueis capturingrequirementseffectively
in a specification,not producingan implementationstructure.Refiningconstraint-orientedspecifications
towardsanimplementationhasbeenstudiedelsewhere[44, 16].

Althoughconstraintsareoftenconjoined(intersected,composedin parallel),they arealsocommonly
disjoined(unioned,composedthroughchoice)wheretherearealternativebehaviours. Whereasconjunction
maybeusedtoprogressivelynarrow downtherequiredbehaviour,disjunctionmaybeusedtoextendexisting
behaviour. Theconstraint-orientedstylethusmainlymakesusesof ‘and’ and‘or’ combinations.

Thecompositionof constraintsdoesnotguaranteeglobalpropertiesof thespecificationsuchasfreedom
from deadlock. It is necessaryto analysea specificationto determinewhethersuch propertieshold.
However, no specificationstylecanensurethatonly correctspecificationsarewritten, so it shouldnot be
surprisingthatsuchanalysisis required.A moresubtleproblemisthatthebehaviourof aconstraint-oriented
specificationis in a sensethelargestpossible,i.e. theleastconstrained.As a result,undesirablebehaviour
mayaccidentallybeleft in thespecificationthroughnot ruling it out. However, in theauthor’sexperience
it is more likely that the specificationbe madeoverly restrictive ratherthanoverly loose. Constraining
behaviour too far usuallyleadsto deadlocksthatarequickly detectedduringanalysis.

2.1.2 A Simple Constraint-Oriented Example

An everydayexampleis givenbelow to illustratetheconstraint-orientedstyle. Considertheconventional
behaviour associatedwith eatingmeals. Natural languagestatementscanbe misleadingsincethey may
hide otherassumptions.For example,the statement‘breakfastis followedby lunch’ implicitly refersto
all suchmealsandnot just oneof each. A specifiercannotthereforenaively formalisenaturallanguage
requirements;it is necessaryto gobeyondthesurfacemeaning.
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Separateconstraintswill be given for partsof the overall behaviour of eatingmeals. SimpleLOTOS

eventssuchas breakfastwill correspondto eating a meal. The constraintsand their formalisationin
LOTOS are given in the following. Sincethe natural languageformulation implies repeatedbehaviour,
theconstraintsarerecursive. In fact constraintsarenormallydefinedrecursively sincethey usuallyapply
indefinitely. In eachcasebelow, a statementin Englishis followedby its equivalentin LOTOS.

Constraint1 constraintson eating:

Constraint1A breakfastis followedby lunch:

Constraint1A: breakfast;lunch;Constraint1A

Constraint1B lunchis followedby dinneror (high) tea:

Constraint1B: lunch;(dinner;Constraint1B tea;Constraint1B)

Constraint2 constraintson eatingin relationto beingawake:

Constraint2A wakingis followedby breakfast:

Constraint2A: waking;breakfast;Constraint2A

Constraint2B dinneror (high) teais followedby sleeping:2

Constraint2B: dinner;sleeping;Constraint2B tea;sleeping;Constraint2B

Constraint3 constraintson beingawake:wakingis followedby sleeping:

Constraint3: waking;sleeping;Constraint3

To anticipatethe fuller use of this approachlater in the paper, a mildly hierarchicbreakdown of
constraintsis given in thedescriptionabove. Eachof theconstraintsis a simpleandseparatestatement.
However, theeventsthatthey referto arenot independent– thereis partialoverlapbetweentheconstraints.
Constraintsmaybeput togetherin LOTOS by oneof theparalleloperators:|| for constraintsthat have to
agreefully; ||| for constraintsthatarecompletelyindependent;and|[. . . ]| for constraintsthathave to agree
on thecommonevents(gates)listedin thebrackets.Composingconstraintsis a relatively straightforward
matterof choosingthecorrectparalleloperator. For theconstraintsabove, theoverall behaviour is given
by:

(Constraint1A|[lunch]|Constraint1B)
|[breakfast,dinner, tea]|

(Constraint2A||| Constraint2B)
|[waking,sleeping]|

Constraint3

Theconstraint-orientedstylehasthestrangepropertythatspecificationsaremainlydevelopedtop-down
butunderstoodbottom-up.Thetop-downapproachfollowsfromprogressivelydecomposingtheconstraints
on thesystemuntil they areself-containedandmanageable.However, this may resultin thedefinitionof
behaviour beingspreadout acrossthewholespecificationtext. In generalit is not possibleto takejust one
pieceof suchaspecificationandlearnall thereis to know abouta specificaspectof behaviour. (Of course,
if that aspectis independentof othersthenthis is possiblewith theconstraint-orientedstyle.) Bottom-up
understandingcomesfrom takingthespecificationpiecewiseandconfirmingthemeaningof eachpiece.If
thereisunderstandingof eachpieceandhow thepiecesfit together, thenthereisunderstandingof thewhole.
A holistic view is necessarybecauseconstraintsmight limit eachotherby placingadditionalrestrictions.

At first this mayseema difficult andobscureway to write specifications.However, this veryapproach
is well acceptedin theengineeringdisciplines.Theideamight betermedcomponent-basedandproperty-
basedspecification:a soundsystemcanbestructuredfrom known componentscombinedin known ways.
This ideais elaboratedin [45], whereit is shown how a component-basedmethodfor specificationcanbe

2Alternatively, theEnglishdescriptioncouldbereflectedmoredirectly in LOTOSas:

Constraint2B: (dinner;exit tea;exit) >> sleeping;Constraint2B
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madeto work atanabstractlevel (for telecommunicationsservices)andataconcretelevel (for digital logic
design).

Specificationcomponentsarere-usablefragmentsof specificationthatembodydomain-specificknowl-
edge. For telecommunications,specificationcomponentscould includeservices,serviceaccesspoints,
multiplexersandprotocols.For digital logic,specificationcomponentscouldincludebasiclogic gates,flip-
flops,codeconvertersandadders.Specificationcomponentscanbespecialisedaccordingto therequired
properties. For example,a telecommunicationsservicemight be requiredto offer connections,reliable
delivery andan expediteddatafacility. A digital logic componentmight have to exhibit certaintiming
characteristicsor fan-out.

Notethattheeffect of givencomponentsmaybemodifiedby their combinationwith otherconstraints.
Thismaybeusedasa deliberatemechanismto specialise(i.e. restrict)thebehaviour of givencomponents
or to extendtheir behaviour. Thegivencomponentsstill work asexpected,but aremodifiedin theoverall
context of thesystem.This might beregardedasundesirablesincesupposedlyknown componentscease
to behave asexpected.In fact this situationarisesfrequentlyin engineering.For example,anelectronics
engineermayplacea resistoranda capacitorin parallel. Eachcomponentcontinuesto fulfill its function,
but thecombinationis intentionallyfar from thatof pureresistanceor purecapacitance.

Theconstraint-orientedstyleis reminiscentof axiomaticspecification:eachconstraintis like a logical
statementaboutthe system. Constraintsarecombinedusingthe LOTOS equivalentof logical ‘and’ (the
paralleloperators)andlogical‘or’ (thechoiceoperator).Theeffectof logical‘not’ is achievedusingguards
that forbid certainbehaviour. The constraint-orientedstyle is compositional:the overall specificationis
thehierarchicalcompositionof progressively smallerconstraints.Thehigh-level natureof theconstraint-
orientedstylemakesit very suitablefor specifyingrequirements;the compositionalnaturemakesit very
appropriatefor incrementalspecification.As a matterof specificationphilosophy, it is desirableto avoid
overlapsamongconstraints.This requireseachlogical constraintto appearjustoncein a specification.To
achieve this requiresdisciplineon thepartof thespecifier– eachpartof a specificationshoulddealwith a
distinctaspectof theproblem.

Theconstraint-orientedstyleis ableto accommodateanumberof otherneedsin requirementsspecifica-
tion. Clientsareusuallynot accustomedto formulatingtheir requirementsin a completeandwell-defined
manner. Thesystemsanalystfrequentlyhasto teaseout the requirementsduringa numberof discussions
with theclient. Theintentionof theapproachdescribedin thispaperis thatasaspecificationevolvesit can
beexploredwith theclient. Sincethespecificationsresultingfrom theapproachareexecutable,exploration
meansthat the analystusesthe specificationasa prototypeand‘walks’ the client throughits behaviour.
In particular, executionscenarios(e.g.usecases[19]) areusefulto confirmthatthesystembehavesasthe
client mightexpect.

Evenoncetherequirementshaveapparentlybeenspecified,laterrequestsfor enhancementsmayleadto
changesto thespecification.Theseconsiderationsmeanthatrequirementsareoftenbuilt up graduallyand
incrementally, for which theconstraint-orientedstyle is suitable.Client requirementscanoftenbebroken
down in ahierarchicalwayasin StructuredAnalysis(e.g.[46]), againin sympathywith thisstyle. It is also
commonto find thatrequirementscanbebeframedin situationalterms: ‘in this situation,thatmust(not)
happen’,or ‘when this happens,it is followedby that’. Theconstraint-orientedstyleoffersa naturalway
to reflectsuchcharacteristics.

2.1.3 ExpressingConstraints in LOTOS

As in theexampleof eatingmeals,constraintsmaysimplyrestricttheorderof eventoffersusingonly gates.
More typically, constraintsapplyto structuredeventsandrestrictthevaluesassociatedwith these.

As anexample,supposethatacomputerregisterholdsafixedpoint integerasascalefactor(apowerof
two) anda signedvalue. Operationson theregisterincludescale(to setthescalefactor),add(to increase
thevalue)andsub(to decreasethevalue). For examplepurposesonly, it is requiredthat thescalefactor
andtheamountthatis added/subtractedbenon-zero.

Operationson theregistercouldbemodelledasinteractionsatseparategates:

scale! 1 (* setscaleto 1 *)
add! x (* addx to register*)
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Thereare two difficulties with this approach. If the specificationhasto be extendedto allow multiple
registers,eachwould require its own set of gates: scale1, add1, scale2, add2, etc. Also in order to
decomposethespecification,it would bedesirableto give theconstraintson eachoperationseparately. In
sucha case,eachconstraintwould have to allow otheroperationsto takeplacewithout restriction. This
would requirean explicit list of irrelevantevents. For example,the constrainton settingthescalefactor
mighthave to say:

RegScale:
scale? value: Int [scalene0]; RegScale (* constrainsnon-zeroscale*)

add? value: Int; RegScale (* unconstrained*)

...

If all theregisterconstraintsareto besynchronisedin thefinal specification,RegScalemustbepreparedto
allow eventsunconnectedwith scaling.Thiswouldrapidlybecomeunworkableasthenumberof operations
increased.

Insteadit is betterto treattheoperationasa parameterof events,simply beingnamesin somesortOp.
All registeroperationscanthentakeplaceat somegateReg. A registernumbercaneasilybeaddedat the
sametime,giving eventsof theform:

Reg ! 2 ! scale! 1 (* register2 hasscalesetto 1 *)
Reg ! 5 ! add! x (* register5 hasx added*)

The‘else’ partof aconstraintcannow bewrappedup in a singlecondition:

RegScale:
Reg ? reg : Nat ! scale? value: Int [valuene0]; RegScale (* non-zeroscale*)

Reg ? reg : Nat? op : Op? value: Int [op nescale];RegScale (* unconstrained*)

Sucha specificationis somewhatclumsybecausethe‘else’ partneedsto begivenexplicitly anddoesnot
addmuchto the readability. A neatersolutionis to takeadvantageof thebooleanimplicationoperation.
Thisevaluatesto true if its first conditionis falseandsoplacesno restrictionontheeventoffer:

RegScale:
Reg ? reg : Nat? op : Op? value: Int [(op eqscale)implies(valuene0)]; RegScale

Unfortunatelythis simplification is not alwayspossible,particularlywherethe behaviour following the
eventoffer dependson which operationoccurs.

Sinceconstraintsareusuallysynchronised,it is highly desirableto adoptauniformstructurefor events.
This may force the introductionof dummy parametersfor someoperations. A commonsolution, not
requiredin this example,is to combineanoperationwith its parameters:

Reg ! 2 ! scale(1) (* register2, scale1 operation*)
Reg ! 5 ! add(x) (* register5, addx operation*)

Theconstraintssofar weredesignedto beusedin a context wherethey arefully synchronised:

Reg : RegScale|| RegAdd || ...

However, this requiresevery constraintto synchroniseon every event offer – even thosethat are ‘don’t
care’offersasfar astheconstraintis concerned.Wherepossible,it is betterto decomposetheconstraints
suchthatthey canbeinterleaved:

Reg : RegScale||| RegAdd ||| ...

The freedomto usepureinterleaving is not so commonin practicebecauseconstraintsareoften interde-
pendent.Theidealof interleaving allows eachconstraintto describeonly oneoperationwithout worrying
aboutothers,for example:

RegScale:
Reg ? reg : Nat ! scale? value: Int [valuene0]; RegScale

8



Achieving this dependson a cleanbreakdown of theconstraints.This maynot be possibleif a particular
decompositionstrategy is desired. Theremay alsobe interdependenciesamongconstraintsthat prevent
interleaving.

Difficultiescanarisewhenconstraintsareassociatedwith statevariables.So far only the constraints
on operationshave beengiven,but to specifythefull behaviour requiresstatevariables.For thecomputer
register theseare the currentscalefactor and the currentvalue. Sincetheseare independent,separate
constraintscanbegivenfor thescaleandaddoperations:

Reg : RegScale(0) ||| RegAdd (0) (* interleavedconstraints*)

RegScale(factor) : (* non-zeroscale*)
Reg ? reg : Nat ! scale? value: Int [valuene0]; RegScale(value)

RegAdd (amount): (* non-zeroaddition*)
Reg ? reg : Nat ! add? value: Int [valuene0]; RegAdd (amount+ value)

If a suboperationwerenow introduced,this approachwould no longerbe viablesinceboth addand
sub operateon the samestatevariable(the register value). To solve this problemneedsconstraintsas
terminatingprocessesthatexit with theircurrentvalue.Thesehaveto becombinedusing by acontrolling
process:

Reg : RegScale(0) ||| RegValue(0) (* interleavedconstraints*)

RegScale(factor) : (* non-zeroscale*)
Reg ? reg : Nat ! scale? value: Int [valuene0]; RegScale(value)

RegValue(amount): (* disjoinedconstraints*)
(RegAdd(amount) RegSub(amount))>> acceptnew amt: Int in RegValue(new amt)

RegAdd (amount): (* non-zeroaddition*)
Reg ? reg : Nat ! add? value: Int [valuene0]; exit (amount+ value)

RegSub(amount): (* non-zerosubtraction*)
Reg ? reg : Nat ! sub? value: Int [valuene0]; exit (amount− value)

2.2 An Approachto Incr ementalRequirementsSpecificationwith LOTOS

Theapproachis intentionallyquitegeneralsothatit canbeusedfor avarietyof applications.For example
it is relevant to the specificationof communicationssystems[45], distributedsystems[47], Intelligent
Networkservices[48] anddigital logic [49].

The work on requirementsspecificationto be describedis better termedan approach rather than
a method, since a set of principles rather than a definitive procedureis proposed. The expressionof
constraintsin LOTOS shouldfollow thesuggestionsgiven in section2.1.3. Logical stepsaregivenbelow,
thoughthesearenotappliedin astrictly sequentialway. Of coursethis is to beexpectedsincerequirements
captureis not a linearprocess.Stepsmayhave to bere-appliedasnew requirementsarediscovered.The
stepsarenumbered(Sn) for laterreference.

A high-level descriptionof the stepsis given in figure 3. The client is involved during moststages.
Initially , theanalystusesclient input to build anobjectmodel(stepS1). Informationfrom theclientabout
how thesystemshouldwork allows behavioural constraintsto be defined(stepsS2 andS3). Completion
of thespecification(stepsS4 andS5) is apurelytechnicalactivity thatprobablydoesnotrequiretheclient.
Thecompletespecificationis evaluatedby theclient andanalyst,usingsimulationor prototyping.This is
likely to identify deficienciesin theway therequirementshave beencaptured(stepS6). Thesewill cause
theobjectmodelor thespecificationto bemodified(stepS7).

(S1) Thefirst stepis to createanobjectmodelof thesystem.Virtually any object-basedor object-oriented
analysiscanbeused,providedthatit identifiesobjects,methodsandcommunicationbetweenobjects.
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partial specification

object model

complete specification

specification deficiencies

build object model (S1)

define data types (S4)

evaluate specification
with client (S6)

correct specification (S7)

refine behavioural
constraint (S2)

refine event
structure (S3)

complete constraints (S5)

Figure3: Stepsin RequirementsCaptureandSpecification
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Theanalysistechniqueis not definedby theapproach,andcouldbeany standardonesuchasOMT
(ObjectModellingTechnique[50]).

(S2) The behaviour of the systemis the combinedbehaviour of its objectsasthey communicate.The
rulesfor this communicationshouldbethoughtof asa collectionof constraints.Theaim shouldbe
to limit all permissiblebehavioursto thosethatarevalid for theconstraintunderconsideration.

Constraintsshouldbeidentifiedin atop-down fashion,progressively refiningthemuntil they can
bespecifiedin a self-containedmanner. Note thatdecompositionmaynot meanstrict partitioning,
i.e. separationinto fully independentconcerns.Lower-level constraintsmayeachgiveonly partof a
higher-levelconstraint.Thedifferenttypesof constraintdescribedbelow suggestdifferentrefinement
strategies. A singlestrategy is oftenusedat any onelevel, but thestrategy maychangefrom level
to level. For example,a viewpoint constraintmaydevelop into functionalconstraintsandtheninto
temporalconstraintsasthelevel of detail increases.

In stepS2, theconstraintsto beconsidereddependon thenatureof the system.The following
suggestssometypesof constraintthat might be introducedduring analysisof requirements.The
categoriesof constraintsarenotsharplydefinedandmayoverlap;thetypesof constraintarelettered
for laterreference.

(a) Assertional:Suchconstraintsmakelogical statementsaboutthesystemin anaxiomaticstyle.
For example,it mightbeconvenientto thinkof asortingalgorithmasrespectingtheassertions
‘output is a permutationof input’ and‘outputvaluesarein ascendingorder’.

(f) Functional:Suchconstraintsreflectthebehaviour of individual functionswithin a decompo-
sition of thesystem.A compiler, for example,might bedefinedby constraintson functions
suchaslexical analysis,parsing,codegenerationandoptimisation.

(i) Informational:Suchconstraintsreflect the operationson informationstructuresandtheir in-
variants.A database,for example,mighthave constraintson theintegrity of its data.

(m) Morphological:Suchconstraintsreflectstructuralrelationshipsamongpartsof the system.
Thesemight resemblean object model, but other kinds of structuremay be given. For
example,a digital logic designmighthave constraintson fan-inandfan-outof gates.

(s)Situational:Suchconstraintsmakerule-basedstatementsaboutsystembehaviour in particular
statesor underparticularconditions. A boundedbuffer, for example,might be constrained
whenfull to rejectnew inputuntil somespacehasbecomeavailable.

(t) Temporal:Suchconstraintsreflect phasesof behaviour or relative orderingof events. For
example,separateconstraintscouldbegivenfor thephasesof acommunicationsconnection:
establishment,maintenanceandrelease.

(v) Viewpoint: Suchconstraintsreflectdifferentperspectiveson the system. For examplethey
might dealwith businessaspects(how a managerseesthesystem),distributedcomputation
(how thesystemis networked)andtechnologyissues(how thesystemis implemented)[51].

(S3) Event structuresin the specificationshouldbe allowed to evolve as increasingdetail dictates. In
practicethis meansthatmoreparametersmayberequiredin eventsasthe level of magnificationis
increased.Adoptingthisapproachmeansthata simplifiedview of thesystemcanbetakeninitially .
Suchaview is likely to emphasisethemajorfeaturesof thesystem;dealingtooearlywith detailand
deviationsfrom theidealis likely to divertattentionfrom thekey issues.

In stepS3, eventstructuresmight berefinedto dealwith thefollowing aspects;the refinements
areletteredfor laterreference.

(e)EventOrdering:This definesbehaviour by giving a partialorderingof events.Theeventgate
andselectedevent parametervaluesappearin events. As anexample,additionto a register
wouldrequirebehaviour thataddsthedestinationregisterto thesourceregister.

(g) GateIntroduction:This introducesnew gatesto dealwith constraintsamongprocesses(ob-
jects).Thegatesallow theprocessesto synchronise(communicate).Theanalogyhereis with
identifying theinterfacesbetweencomponents.

(p) ParameterIntroduction:This introducesnew event parameters.The permittedvaluesfor an
event parameterare constrainedirrespective of other behavioural issues. For example,a
registernumbermightalwayshave to bein therange0 to 15 for any registeroperation.

11



(r) RelationshipbetweenParameters:This definesinterdependenciesamongpermittedvaluesfor
eventparameters.A registertransferoperation,for example,maynotbeallowedif thesource
anddestinationregistersarethesame.

(S4) Dataspecificationshouldbedeferredasfaraspossiblein ordertoconcentrateonbehaviouralaspects.
If constraintdecompositionidentifiestheneedfor somedataitem, it shouldbe specifiedin outline
termsinitially . For LOTOS this meansgiving a typedefinition with operationsignaturesonly. The
equationaldefinitionsfor operationscanbedelayeduntil therestof thebehavioural specificationis
complete.Theonly exceptionwouldbea complex operationthatit wouldbewiseto specifybefore
proceedingfurther.

(S5) As requirementsareprogressively identifiedin constraints,it maybe necessaryto modify the def-
inition of constraintsthat have alreadybeenidentified. Usually such retrospective changesare
straightforwardanddo not significantlyaffect thepreviousformulation. Thereis a choiceof updat-
ing thespecificationasit evolvesor applyingall suchchangesasafinal step.Thefollowingkindsof
changemayberequired;they areletteredfor laterreference.

(c) Combinationof Constraints:If the final set of constraintswere specifiedindividually, this
would lead to a ratherflat structurefor the specification. Insteadit may be desirableto
combinerelatedconstraints. This effectively composesconstraintsin the oppositeorder
to which they wereidentifiedduring decompositionof requirements.All constraintsfor a
particularregisteroperation,for example,maybecombinedasamatterof goodspecification
structure.

(n) New EventParameters:Addingnew eventparametersmeansthatthepartialspecificationwrit-
tensofar will have to bereworked.Fortunatelythechangesusuallyinvolve straightforward
additionof ‘don’t care’ event parametersthat areirrelevant at the higherlevels. As an ex-
ample,recognisingthat operationson registersneedto specify the register numberwould
causethisparameterto beaddedto registerevents.Thiswouldaffecthigher-level constraints
throughadditionof aregisternumberthatwasnot initially identified.

(w) Write outSyntax:To makethespecificationsyntacticallycorrect,a certainamountof rubric
hasto be added. For convenience,a simplified processnotationmay have beenusedas
suggestedin section1.2. A fairly mechanicalstepis thenrequiredto write out thefull syntax
of thespecification.

(S6) Oncethespecificationof requirementshasbeencompleted,it canbesubjectedtotheusualchecksand
canbeevaluatedby theclient. SinceLOTOS is usedto createanexecutablespecification,thiscanbe
usedasahigh-level prototype.Simulationmaybeinteractive,or automaticto acertainsearchdepth
(or until recursionor terminationis detected).Usingstandardsimulationtechniquesandscenarios
(e.g.usecases[19]), the analystcantakethe client interactively throughsequencesof operations.
Thegoalof this activity is to checkthattheclient’s requirementshave beenproperlyspecified.The
outcomeis a list of deficienciesin therequirementsspecification.

Simulationis a fairly effective wayof communicatingarequirementsspecificationto aclient (or
developer). It is usefulto individually checktheconstraintscapturedin thespecificationbeforethe
overallsystembehaviour isevaluated.It is oftenconvenienttosetupa‘testharness’– anenvironment
specifiedin LOTOS that exercisesthe restof thesystem. With a little care,simulatingtestscanbe
virtually automatic,producinga simplepass/failverdict.

A disadvantageof standardLOTOSsimulatorsis thatthey areusuallyorientedtowardsthespecifier
andassumedetailedlanguageknowledge.Workhasbeenundertakenby theauthorandhiscolleagues
ontoolsfor visualanimationof requirementstranslatedintoLOTOS[52,53,54,36]. Thereisalsoother
work by otherson animationof LOTOS [55, 37]. Theuniform eventstructurein constraint-oriented
specificationsmakes(visual)animationparticularlyeasy.

The requirementsspecificationis, of course,opento all the standardtechniquesandtools for
formal manipulationandanalysisof LOTOS (e.g.seethecollectedpapersin [56]). LOTOS is rich in
verificationtheoryandtools,muchof which is sharedwith otherprocessalgebras.Checkingspecifi-
cationequivalencesandrelationsis particularlyrelevantwhenthespecificationis to betransformed
intosomemoreimplementation-orientedform. Thismayusecorrectness-preservingtransformations,
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architecturally-driventransformationsthatpreservesomeimplementationrelation,orpre-definedim-
plementationconstructs.Specificationpropertiesmaybeformulatedin somemodallogic so thata
model-checkercanbeusedto checktheir validity.

(S7) Any deficienciesfoundin theformalisedrequirementsareusedto correctthespecification.Thismay
requiretheobjectmodeland/orthebehavioural constraintsto bechanged.Sincethespecificationis
highly structured,changeswill hopefullybe localisedto theconstraintsthatareincorrect.Even if a
moreseriousproblemis found,e.g.a missingobjector interface,it shouldbe possibleto preserve
theconstraintson indirectly relatedpartsof thespecification.

3 An Example of Incr ementalSpecification

3.1 Inf ormation Problem Description

As a realistic exampleof how requirementscanbe incrementallyformalisedin LOTOS, the file system
describedby SaandWarboysin [57, 39] will beused.[58] providesmoreinformationonthemethodology
usedin [39]. In fact this examplemore accuratelyconcernsfile accessmethods;the descriptionand
terminologyof the original will be followedthoughit is not ideal. The specificationstructureherewill
alsofaithfully reflecttheoriginal, thoughtheanalysisis not alwaysconsonantwith theconstraint-oriented
style. A cleanerdecompositionof requirementswouldhave beenpreferable.Still, SaandWarboysclaim
thattheir requirementsareasmightbestatedby aclient. If theanalystre-organisesrequirementsin abetter
way, it may becomedifficult for the client to relateto them. Thereis somemerit in stayingcloseto the
client’sstatementof requirementsevenif it complicatesthespecificationstructure.

Following the descriptionin [57], it is supposedthat applicationprogrammerswish to accessfiles
usinga collectionof pre-definedmethods.Figure4 shows therelationshipbetweenthefile systemobjects
graphically. Thefile handlerFH supportsthebasicmethodsof open, read, write, saveandclose. However,
two further tasks(compositeaccessmethods)areprovidedfor moreconvenientuseby theprogrammers.
TaskT1presentstheprogrammerwith threehigher-level operations:op1opensafile; op2supportsaread-
after-write operationfor reliability, checkingthat the file contentsafter writing aretheprevious contents
with thewrite dataappended;op3closesa file. TaskT2 offersa singleoperationop0 thatmerelywritesto
thefile. Althoughthis secondtaskaddslittle to theexample,it is presumedto bea usefulabstraction.An
applicationprogramis free to call theoperationsof FH, T1 andT2. Sinceconcurrentexecutionof these
operationsis possible,thesystemmustprotectagainstinterferencebetweenthem. Section3.5 describes
theserequirementsin detail.

The objectmodelfor thefile accesssystemis obvious: theapplicationprogram,thefile handlerand
thetwo tasksareall objects,andtheoperationscorrespondto invocationof objectmethods.For simplicity,
thespecificationdealswith only singleinstancesof objects:thereis oneapplicationprogramandonefile,
andthefile is openedjust oncein a singlesession.Theextensionto multiple programs,files andsessions
is straightforwardeven in thepresenceof concurrency. See,for example,theLOTOS specificationsof the
OSI (OpenSystemsInterconnection)SessionServiceandTransportService[59, 60].

In the following sections,the specificationof the file accesssystemwill be developedincrementally.
Constraintson its behaviour will be addedgradually, the aim being to constructthe specificationpro-
gressively. Eachnew constraintis intendedto be a simpleandhopefully obvious statement,thoughits
formalisationmay sometimesbe tricky. As in [39], it is claimedthat this style of specificationreflects
how a client mightelaboratetherequirementsfor a system.Indeedasthespecificationunfolds,onemight
imaginehow thedialoguebetweentheclient andtheanalystleadsto theadditionof suchconstraints.

Theapplicationprogramisexternalto thesystem.Theprimarybreakdownof thespecificationtherefore
reflectsthe threemainobjectsidentifiedin the system:thefile handlerandthe two tasks. Thesewill be
specifiedin isolation. Finally, system-level constraintswill bind thepartsof thespecificationto yield the
requiredoverall behaviour. Most requirementswill introducenew constraints,but somewill requirenew
parametersto be introducedinto events. A simpleEnglishstatementof eachrequirementasa constraint
will begiven(Cn), followedby its formulationin LOTOS. Whereappropriate,a discussionof thiswill also
follow.
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Figure4: ObjectModel of File AccessSystem

Thefile accesssystemstudiedin thissectionisartificial inthatit didnotreflectrequirementsspecification
for anactualclient. However, therequirementsweretakenasinformal statementsfrom theseparatework
of SaandWarboys,who claim that the statementsaretypical of whatmight be encounteredin practice.
Figure5 providesa ‘route map’describinghow constraintsareintroducedin thefollowingsubsections.In
severalplacesthestepS3p introducesanew eventparameter. ThisnecessitatesstepS4 (definedatatypefor
parameter)andstepS5n (retrospectively addnew eventparameter).S4 andS5n maybetakeninto account
immediatelyduringspecificationor at theendin orderto completethespecification.To simplify thefigure,
stepsS4 andS5 areshown only onceasthelaststageof specification.

3.2 Incr ementalSpecificationof the File Handler

3.2.1 Communication Constraints

(C1) Thefile handlerrepeatedlycommunicateswith otherobjects:

FHComm: fh; FHComm

The file handlerrequiresto communicatewith the applicationprogramand with the other tasks. An
event gatefh is thereforeintroduced. The above constraintis almostvacuous,but it doesat leastlimit
communicationto onegate. More importantly, it lays the foundationfor what follows; eventparameters
will laterbeaddedto thestructureof eventsat fh.

3.2.2 Operation Constraints

(C2) Thefile handlerneedsto betold whichoperationto invoke.An operationnameis thereforeadded
asa parameterto events:

fh ! op

Operationnameswill simplybeconstantsof anenumeratedtype(in theprogramminglanguagesense),with
equalityeqandinequalityne. Thiscouldbequickly specifiednow, but is deferredsinceit is soobvious.

(C3) Thefile handlerengagesin open, read, write, saveandcloseoperations:
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Figure5: RouteMapfor Developmentof File AccessSystemSpecification
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FHOpname: fh ? op : Op; FHOpname

Theoperationsthatthefile handlersupportsmustbelimited by aconstraint.Theabovedoesthis implicitly
sinceall operationsmustbelongto thesortOp. It is now necessaryto introduceconstraintsontheordering
of theseoperations.

(C4) Thefirst operationmustbeopen, andthis is performedonly once:

FHOpen: fh ! open;FHOpen1

FHOpen1: fh ? op : Op [op neopen];FHOpen1

As with anumberof otherconstraints,behaviour thatdependsonstateis specifiedusingaseparateprocess
to representstateimplicitly . Thisis anauxiliaryprocessFHOpen1to indicatethatthefile hasbeenopened,
soopenis no longerallowed.

(C5) Thelastoperationmustbeclose:

FHClose:
fh ! close;stop

fh ? op : Op [op neclose];FHClose

In otherwords,theoccurrenceof closeprohibitsotheroperationsfrom following.
(C6) A write mustbefollowedby savebeforeclose(to ensurethatchangesto afile arenot lost):

FHSave :
fh ! write; FHSave1

fh ? op : Op [op newrite]; FHSave

FHSave1 :
fh ! save; FHSave

fh ? op : Op [(op nesave) and(op neclose)];FHSave1

In [39], theoperationconstraintsonthefile handlersaythatsavemustbeissuedjustbeforeclose; however,
this is too strong(e.g. it shouldbe permissibleto executesave/read/close). Instead,[39] imposesthe
requirementthatsavebeprecededby write aspartof theoverall systemconstraints.This correctlymeans
thatafile shouldnotbesavedunlessit hasbeenwrittento. However, thisis misplacedasasystemconstraint.
Thespecificationabove correctlyhandlesthis constraintaspartof thefile handler;after a write, closeis
forbiddenuntil saveoccurs.Thespecificationabove is somewhatindirectsinceit is notpossibleto usethe
simplificationsfor constraintssuggestedin section2.1.3.

(C7) Theoperationconstraintswork together:

FHOper: FHOpname|| FHOpen|| FHClose|| FHSave

3.2.3 Call Constraints

(C8) The file handlerneedsto distinguishbetweenthe invocationof an operationand its return. A
directionparameterfor inv(ocation)or ret(urn) is thereforeaddedto events:

fh ! op ! dir

This refinesevents,which arenow split into two lower-level eventscorrespondto a singleoperationat a
higherlevel. For dir(ection)a simpleenumeratedtypesufficesandneednot be consideredfurtherat the
moment.

(C9) An invocationis followedby a returnfor thesameoperation:

FHCall : fh ? op : Op ! inv; fh ! op ! ret; FHCall

This impliesthatfile handleroperationscannotbeexecutedconcurrently, thoughit will befoundlaterthat
taskoperationsmightexecuteconcurrentlywith file handleroperations.
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3.2.4 Data Constraints

(C10) Someoperationsareassociatedwith a datavalue.Thestructureof anevent is thereforeextended
to carrya dataparameter:

fh ! op ! dir ! octs

For simplicity andgenerality, thedatavaluecanbetakenasastringof octets(bytes).Thiscanmakedirect
useof library typeOctetStringandsodoesnot requirefurtherspecification.Whereanoperationdoesnot
makeuseof data,the null string<> is usedto representa dummy or missingvalue. As suggestedin
section2.1.3,a betteralternativewouldbeto combineoperationswith theirparameters.Thiswouldgivea
simplereventstructureat theexpenseof morecomplex datatypes.In thecaseswherea dummyparameter
is usedin this specification,a futureusecould befound for sucha parameter(e.g.specifyinga file name
on open). For simplicity, dummyparametershave beenused.

(C11) Otherconstraintsarerespectedfor operationsthatdo notconcerninput-output:

FHNotIO :
fh ? op : Op? dir : Dir ? octs: OctetString[(op neread)and(opnewrite)]; FHNotIO

Thedataconstraintsconcernonly readandwrite operations.It is thereforepreferableto dealwith these
in isolation. However, otherconstraintsmustbe respectedthroughsynchronisation.The processabove
allows theseto happenwithout restriction.

(C12) A readis invokedwith nodataparameter, andreturnssomestringof octets:

FHRead:
fh ! read! inv ! <>; fh ! read! ret ? octs: OctetString;FHRead

(C13) A write is invokedwith somenon-emptydataparameter, andreturnsno dataresult:

FHWrite :
fh ! write ! inv ? octs: OctetString[octsne<>]; fh ! write ! ret ! <>; FHWrite

(C14) A readreturnsthecharacterspreviously storedby write:

FHFile (octs) :
fh ! write ! inv ? octs1: OctetString;FHFile (octs++ octs1)

fh ! read! ret ! octs;FHFile (octs)

In accordancewith [39], a readis definedasretrieving theentirecontentsof a file; blocksandrecordsare
unimportantat this level of specification.Notethatthis is thefirst timethatastatevariable(thedatawritten
sofar) hashadto beintroducedinto thespecification.The++ operationabove is stringconcatenation,used
to appendnewly writtendatato thecurrentfile contents.

(C15) Thedataconstraintswork together:

FHData: FHNotIO ||| ((FHRead||| FHWrite) || FHFile (<>))

This combinationreflectstheextent to which theconstraintshandleonly certainkindsof operation.The
<> parametermeansthatthefile startsoutempty.

3.2.5 Overall Constraints

(C16) Thecommunication,operation,call anddataconstraintswork together:

FH: FHComm|| FHOper|| FHCall || FHData

Constraintsonthefile handlerhavebeenseparatelybuilt uponcommunication,operations,operationcalls
andoperationdata.

17



3.3 Incr ementalSpecificationof Task 1

(C17) Task1 requiresto communicateseparatelywith the applicationprogram. An event gatet1 is
thereforeintroduced:

t1 ! op! dir ! octs
Communicationwith task1 takestheform shownabovefor consistency with theeventstructuresintroduced
sofar. Now therelationshipbetweentask1 andthefile handlercanbeconsidered.

(C18) Operationop1of task1 callsopenin thefile handler:
T1Op1 :

t1 ! op1! inv ! <>;
fh ! open! inv ? octs: OctetString;fh ! open! ret? octs: OctetString;
t1 ! op1! ret ! <>;
T1Op1

Noticethatthereareno constraintshereon thedataparametersfor open; theseareproperlydefinedby the
file handler(thoughit doesnotactuallycare).

(C19) Invoking op2of task1 takesa string,andreturnsthefile contentsafterappendingthedatausing
thefile handler:

T1Op2 :
t1 ! op2! inv ? octs1: OctetString;
fh ! read! inv ? octs: OctetString;fh ! read! ret? octs2: OctetString;
fh ! write ! inv ! octs1;fh ! write ! ret? octs: OctetString;
fh ! read! inv ? octs: OctetString;fh ! read! ret? octs3: OctetString;
t1 ! op2! ret ! octs3−− octs2;
T1Op2

Again, theconstraintson dataparametersfor readandwrite areleft to thefile handlerandarenot partof
task1. Theconstraintimposedabove is thatop2returnsthefile contentsafterwriting, having removedthe
prefix of whatwasalreadythere. The result,which shouldbe thestring written, is returnedto thecaller
of op2 for checking.Thestringsubtractionoperation−− usedabove is anadditionto thestandardlibrary
andshouldbespecifiedlater.

(C20) Operationop3of task1 callsclosein thefile handler:
T1Op3 :

t1 ! op3! inv ! <>;
fh ! close! inv ? octs: OctetString;fh ! close! ret ? octs: OctetString;
t1 ! op3! ret ! <>;
T1Op3

Any constrainton thedataparameterof closemustbepartof thefile handler(thoughit doesnot actually
care).

(C21) Theconstraintson task1 work together:
T1 : T1Op1||| T1Op2||| T1Op3

3.4 Incr ementalSpecificationof Task 2

(C22) Task2 requiresto communicateseparatelywith the applicationprogram. An event gatet2 is
thereforeintroduced:

t2 ! op! dir ! octs
Communicationwith task2 takestheform shownabovefor consistency with theeventstructuresintroduced
sofar. Now therelationshipbetweentask2 andthefile handlercanbeconsidered.

(C23) Operationop0of task2 takessomecharacterstringandcallswrite:
T2 :

t2 ! op0! inv ? octs: OctetString;
fh ! write ! inv ! octs;fh ! write ! ret ? octs: OctetString
t2 ! op0! ret ! <>;
T2

Therelationshipbetweentask2 andthefile handlerconcernsjust oneoperation,sono final combination
of constraintsis necessary.
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3.5 Overall SystemSpecification

(C24) Theoriginatorof a requestto thefile handlermustbeknown. An additionaloriginatorparameter
is thereforeaddedto eventssinceanapplicationprogramcancall thefile handlerdirectly or via oneof the
tasks:

fh ! op ! dir ! octs! orig
t1 ! op! dir ! octs! orig
t2 ! op! dir ! octs! orig

Onceagain,orig(inator) is a simpleenumeratedtypeandcanbeleft for laterspecification.Thenew (and
final) eventstructurecanbeusedto expresstherelationshipbetweenthefile handlerandthetwo tasks.

(C25) Theopenoperationin thefile handleris calledonly by task1:

SysOpen:
fh ? op : Op? dir : Dir ? octs: OctetString? orig : Orig [(op eqopen)implies(orig eqt1)];
SysOpen

(C26) Thecloseoperationin thefile handleris calledonly by task1:

SysClose:
fh ? op : Op? dir : Dir ? octs: OctetString? orig : Orig [(op eqclose)implies(orig eqt1)];
SysClose

(C27) Theread/write/readinvokedby op2in task1 is atomic:

SysWrite:
fh ! read! inv ? octs: OctetString! t1; fh ? op : Op? dir : Dir ? octs: OctetString! t1;
SysWrite1

fh ? op : Op? dir : Dir ? octs: OctetString? orig : Orig
[(op neread)or (dir neinv) or (orig net1)];

SysWrite

SysWrite1:
fh ! read! ret? octs: OctetString! t1;
SysWrite

fh ? op : Op? dir : Dir ? octs: OctetString! t1 [(op neread)or (dir neret)];
SysWrite1

This is the mostdifficult constraintof all to formalisebecauseit makesa fairly global statement.The
constraintis formulatedby sayingthat the invocationof task 1’s first read is followed by oneor more
operationsfrom task1 until thereturnof task1’ssecondread. Operationsinvokedby othersourcesarenot
permittedduringthis period. Notethat it is deliberatelynot saidthatop2doesread/write/read. This is to
avoid overlapwith T1Op2which statesexactly thisconstraint.

(C28) Theoverall systemconstraintswork together:

SysGen: SysOpen|| SysClose|| SysWrite

(C29) Theapplicationprogramworkswithin thecompletesetof constraints(overallsystem,file handler
andtasks):

Sys : SysGen|[fh]| FH |[fh]| (Appl |[t1, t2]| (T1 ||| T2))

Notice that the applicationprogram(which is not specifiedhere)has to be embeddedwithin the final
composition. This is a consequenceof the way it synchroniseswith the file handlerandtwo tasks. In
particular, synchronisationbetweenthe applicationand the file handleris distinct from synchronisation
betweena taskandthefile handler.
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3.6 Completing RequirementsCapture

Theessentialdetailsof thespecificationhave now beenworkedout. Theremainingsteps,S4 (definedata
types)andS5 (completeconstraints),canbe performedin eitherorder. For the file systemexample,the
(trivial) specificationof four datatypesis addedin stepS4. In stepS5 any remainingtidying up is done.In
theexample,constraintswerealreadycombinedafterthey hadbeenidentified(stepS5c) thoughthismight
have beendeferred.Eventparametersintroducedduringtherefinementof constraintshave to beaddedto
earlierconstraints(stepS5n). Finally, in stepS5w any syntacticabbreviationsarewrittenout in full andthe
necessaryspecificationrubric is added.Thecompletespecificationof dataandbehaviour is notgivenhere
in theinterestsof brevity, but it is availableon-line[61].

The specificationis evaluatedduring stepS6 using standardsimulation, analysisand verification
techniques.Thefile accesssystemspecificationis highly constraint-oriented,with over 20 synchronised
processes.However, standardLOTOS tools can copewithout problems. For this example,a rangeof
applicationprogrambehaviour canbe specifiedin testscenarios.A practicaldifficulty in dealingwith
constraint-orientedspecificationsis that it is fairly easyto introducedeadlocksinadvertently. Sometimes
thisisduetoaninappropriateparalleloperator, butoftentheproblemarisesbecauseaconstraintis toostrict.
Becausevirtually all processessynchroniseonevents,aflaw like thisusuallyleadsdirectly to deadlock.As
a result,errorsin thespecificationaregenerallyvery noticeableduringchecking.LOTOS simulatorsvary
in thehelpgivento trackdown thesourceof deadlock,but at leastthey shouldindicatewhich eventoffers
arefailing to synchronise.

In the final step,S7, any deficienciesnotedin the requirementsspecificationareusedto modify the
objectmodelor thebehavioural constraintsasappropriate.

3.7 Comparisonwith the Work of Saand Warboys

Theintentionof theapproachin thispaperis broadlysimilar to thatof SaandWarboys.Yet thedifferences
in approachhave a profoundinfluence.For this paper, thenotationis thatof LOTOS usedin a constraint-
orientedstyle. Sa andWarboysusepre/post-conditionsin VDM fashionto defineoperations,coupled
with temporallogic to relatetheexecutionof operations.Both approachesdevelopa formal specification
incrementallywith an outwardly similar structure. Although [39] doesnot talk aboutconstraints,the
predicatesit usesactin muchthesamewayasLOTOSconstraints.

A major differencebetweenthe two approachesis that a LOTOS specificationcantakeadvantageof
thebuilt-in languageconstructsfor communication,synchronisation,sequencing,choiceandconcurrency.
LOTOSalsooffersanintegratedframework for specificationof dataandbehaviour. In contrast,thework of
SaandWarboys:

• usesacombinationof two notations(derivedfrom VDM andtemporallogic),whichresultsin amore
complex specificationlanguage

• givesa morecomplex definitionof operationsasanacceptevent,a call patternanda returnevent

• introduceshistoryvariablesto keeptrackof operationinvocations,parametervaluesandreturnvalues

• usestemporalorderingoperatorsthataredefinedusinga morebasictemporallogic

• definesparalleloperatorsusingstatevariables,sincesynchronisationis not primitive to thespecifi-
cationlanguageused

• doesnot have theability to definearbitrarydatatypes

Thenotationof [39] is too extensive to give anexamplehere,but asa roughcomparisonit takesabout20
linesof thisnotationto expressa constraintlike C12.

Although thesedifferencesfavour LOTOS, the use of temporal logic in [39] confersan important
advantage.Whenit comesto assessingspecificationpropertiessuchassafetyandliveness,thesecanbe
formulatedand evaluatedwithin the sametemporallogic framework as usedfor specification. LOTOS

per sedealsonly with specificationaspects.A separate(but well-known) theoryis usedto formulateand
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evaluatepropertiesof LOTOSspecifications.Fromthespecifier’spointof view, it is amatterof tastewhether
verificationis performedwithin the languageframework or usinga separatetheory. It is claimedthat the
approachof thispapermakesit easierto write arequirementsspecification,andthataclientcanrelatemore
easilyto sucha specification.As theexampleshave hopefullydemonstrated,it is practicableto develop
specificationsincrementally. In particular, it is reasonablystraightforwardto turn individual requirements
into formal statements.

4 Conclusion

Theimportanceof requirementsspecificationandthedesirabilityof formal, incrementalspecificationhave
beennoted. The intent of this work is broadlysimilar to that of SaandWarboys,thoughdetailsof the
approachand the languagediffer considerably. The integratedfeaturesof LOTOS for describingdata,
communicationandbehaviour areveryconvenientfor requirementsspecification.

An approachthatexploits theconstraint-orientedstylefor LOTOShasbeenpresented,usingafile access
systemasthemainexample.Althoughthis exampleis relatively small, it hashighlightedthekey features
of theapproach:

• It wasremarkedthatengineeringpracticebuildsonknown componentsandknown combinations.In
theproposedapproachfor capturingrequirements,theconstraintsactlike componentsthatarebuilt
into the overall specificationstructure. Even if somerequirementssubsequentlychange,many of
thecomponents(constraints)shouldbere-usable.Althoughthefile accesssystemdid not illustrate
it, somecomponentsandtheir combinationscanbe commonto specificationsof the sameclassof
system.Forexample,LOTOSspecificationsof OSIservicescommonlysharespecificationcomponents
andcombinationssuchasserviceprimitives,serviceaccesspoints,connections,expediteddataand
multiplexing.

• Theapproachyieldsaformalspecificationin LOTOS, andsois amenableto variousformsof analysis
like simulation,verificationof equivalencesandproofof properties.

• Thefile accesssystemhasshown how requirementscanbe incrementallyaddedto a specification,
moving fromapartialspecificationto thecompletespecification.Requirementsmaybeprogressively
introducedfromthecontinuingdialoguebetweentheanalystandtheclient. For thefile accesssystem,
therequirementsweredrawn oneata time from thesourcedocument.

• Specificationsresultingfrom this approacharecompositional,easingunderstanding.In particular,
eachconstrainton the file accesssystemcan be evaluatedin its own right for completenessand
correctness.Theintentionis thattheclientbeinvolvedin thisevaluation.

• A categorisationof typesof constrainthasbeenpresented.Many constraintsonthefile accesssystem
takethe form ‘in this situationthe systemshoulddo that’. It is felt that this style of constraintis
appropriatefor capturingclient requirements.

• Onea specificationhasbeendevelopedusingthe approachof the paper, therearepossibilitiesfor
developingit further. For example,it canbetransformedinto a lower-level specificationandthence
into an implementation.This couldexploit separatework on style transformationsuchas[44, 16].
Implementationcould makeuseof LOTOS refinementand compilation tools like CADP (Cæsar
AldébaranDevelopmentPackage[62]) or LITE (LOTOSIntegratedTool Environment[63]).

It wasnotedin section1.1 that formal specificationsare incomprehensibleto a typical client. The
approachof the papertries to solve this problemby relating the structureandbehaviour of the formal
specificationclosely to how the client might understandrequirementsinformally. Since the resulting
specificationis executable,it is possiblefor theanalystto animatetherequirementsandthusto demonstrate
specificationbehaviour to a client without requiringknowledgeof theformal language.

It was also notedin section1.1 that there is a needto balancethe rigour of a formal specification
againstthe inherentlyinformal natureof requirementscapture. Thepaperpresentsa systematic(though
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not mechanical)approachthat nonethelessleadsto a formal specification. Sincethe approachcaptures
informal requirementsasconstraintsthat are thenformalised,it is believed that it strikesan appropriate
balance.Throughanimation,theclient canbemadeawareof whathasbeenspecified.

In summary, theapproachis formal, incrementalandsuitablefor specifyingrequirements.It is hoped
thatit will prove of valuein realisticsituations.

Acknowledgements

Theauthoris gratefulto Dr. RobertG. ClarkandDarenA. Reed,Universityof Stirling, for theirperceptive
commentson a draft of the paper. The constructive criticisms of the anonymousreviewers were also
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DescriptionTechniquesVI, pages467–482.North-Holland,Amsterdam,Netherlands,1994.

[10] KeesBogaards.LOTOS supportedsystemdevelopment. In KennethJ. Turner, editor, Proc. Formal
DescriptionTechniquesI, pages279–294.North-Holland,Amsterdam,Netherlands,1989.

[11] A. J.RobinG. Milner. CommunicationandConcurrency. Addison-Wesley, Reading,Massachusetts,
USA, 1989.

[12] C. Anthony R. Hoare.CommunicatingSequentialProcesses. Prentice-Hall,EnglewoodClif fs, New
Jersey, USA, 1985.

22



[13] HartmutEhrig andB. Mahr. Fundamentalsof Algebraic Specification1, volume6 of EATCSMono-
graphson Theoretical ComputerScience. Springer-Verlag,Berlin, Germany, 1985.

[14] TommasoBolognesiandEdBrinksma.Introductionto theISO specificationlanguageLOTOS. Com-
puterNetworksandISDNSystems, 14(1),January1988.

[15] KennethJ.Turner, editor. UsingFormalDescriptionTechniques—AnIntroductiontoESTELLE, LOTOS

andSDL. Wiley, New York, January1993.

[16] ChrisA. Vissers,GiuseppeScollo,andMartenvanSinderen.Architectureandspecificationstyle in
formaldescriptionsof distributedsystems.Theoretical ComputerScience, 89:179–206,1991.

[17] G. P. Mullery. CORE– A Methodfor ControlledRequirementsSpecification. Institutionof Electrical
andElectronicEngineersPress,New York, USA, 1979.

[18] D. T. Ross.Applicationsandextensionsof SADT. Computer, 18(4):25–34,1985.

[19] I. Jacobson.Object-OrientedSoftwareEngineering—AUseCaseDrivenApproach. Addison-Wesley,
Reading,Massachusetts,USA, 1992.

[20] K. Benner, M. Feather, W. L. Johnson,andL. Zorman.Utilizing scenariosin thesoftwaredevelopment
process.In Proc. Working Conferenceon InformationSystemsDevelopmentProcess, Amsterdam,
Netherlands,1993.North-Holland.

[21] C. Pottsand K. Takahashi. An Active Hypertext Model for SystemRequirements. Institution of
ElectricalandElectronicEngineersPress,New York, USA, 1993.

[22] JulioCesarSampaiodoPradoLeiteandPeterA. Freeman.Requirementsvalidationthroughviewpoint
resolution.IEEE Transactionson SoftwareEngineering, 17(12):1253–1269,December1991.

[23] Anthony Finkelstein,J. Kramer, and J. K. Goedicke. Viewpoint-OrientedSoftware Development.
Institutionof ElectricalandElectronicEngineersPress,New York, USA, December1990.

[24] GeraldKotonyaandIanSommerville.Viewpointsfor requirementsdefinition.SoftwareEngineering
Journal, 7(6):175–187,November1992.

[25] Jean-RaymondAbrial. TheB-Book: AssigningProgramsto Meanings. CambridgeUniversityPress,
UK, 1996.

[26] C. George, P. Haff, K. Havelund,A. E. Haxthausen,R. Milne, C. B. Nielsen,S. Prehn,andK. R.
Wagner. TheRAISESpecificationLanguage. Prentice-Hall,EnglewoodClif fs,New Jersey, USA,1992.

[27] Clif ford B. Jones.SystematicSoftware DevelopmentusingVDM. Prentice-Hall,Englewood Clif fs,
New Jersey, USA, secondedition,1990.

[28] J. Michael Spivey. TheZ Notation: A ReferenceManual. Prentice-Hall,Englewood Clif fs, New
Jersey, USA, secondedition,1992.

[29] NicoPlat,JanvanKatwijk, andHansToetenel.Applicationandbenefitsof formalmethodsin software
development.SoftwareEngineeringJournal, 7(5):335–347,September1992.

[30] RichardA. Kemmerer. Integrating formal methodsin the developmentprocess. IEEE Software,
7(5):37–50,September1990.

[31] V. Kelly andU. Nonnenmann.ReducingtheComplexity of Formal SpecificationAcquisition, pages
41–64.MIT Press,Boston,USA, 1991.
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