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Abstract

The importanceof formally andincrementallyspecifyingrequirementss discussed.An approach
basedon LoTos (LanguageOf TemporalOrdering Specification)is proposedthat exploits desirable
characteristicef theconstraint-orientedtyle. Thenatureof constraint-orientedpecificatioris discussed
atsomelength,andguidelinesfor how to useit effectively with Lotos arepresentedSmallintroductory
examplesleadto the incrementakpecificationof a file accessystemusingthe approachn the paper
It is shavn how the requirementdor the file accessystemcan be graduallyformalised,leadingto a
completesystemspecification.

Keywords constraint,formal method,Lotos (LanguageOf TemporalOrdering Specification),re-
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1 Intr oduction

1.1 RequirementsSpecification

Requirementspecificationis a crucial activity in systemdevelopment,following on from requirements
captureandanalysis.Thisis the pointatwhich theclient'srequirementsredefinedasthebasisfor system
specificationand later development. Experienceeacheghat it is very desirableto specify requirements
accuratelyandcompletely[1]. If anerrorin requirementss allowed to propagatehroughdevelopment,
it may costa hundredto athousandimesmoreto correctthe errorif it is discoseredonly at a late stage
[2, 3]. A requirementspecificatiormayalsobethebasisof acontractbetweertheclientandthedeveloper
Failure to meetan inadequatespecificationmay thereforehave legal aswell asfinancialimplications;it
may not be clearwhethertheclient or thedeveloperis at fault.

It is thereforehardly surprisingthat formal methodshave beenput forward as a valuabletool in
requirementspecification. Formal methodsoffer precisionof expressionandthe possibility of rigorous
analysis. Whatever the real (or perceved) costof formal methodsthe benefitsof catchingerrorsearly
can easily outweighthe cost of applying formal methods[4, 5]. For safety-criticalor quality-critical
applicationsthe costof formality maybeonly a minorfactor. Indeed for certaintypesof application(e.g.
in defencd6, 7]), theuseof formal methodsmay be mandatory

Unfortunately formal specificationof requirementsuffers from two major problems:the incompre-
hensibility of a formal specificatiorto atypical client (or developer!),andthe needto balancethe rigour
of a formal methodagainstthe inherentlyinformal processof requirementsaptureand analysis. This
paperdescribesa possiblesolution using LoTtos (LanguageOf TemporalOrdering Specification8]) to
formally specifyfunctionalrequirementsNon-functionalrequirementsuchasperformancerealsoim-
portant, but they canbe dealtwith separatelye.g.[9]) and are not part of the methoddescribedhere.
Typically, non-functionabspectsnfluencethedesignprocesge.g.atime constrainimightaffectthechoice
of algorithm)[10]. Although much of the compleity in currentsystemdesigndealswith functionality
ratherthanqualitativeaspectsonly somedesigndhatarefunctionallycorrectmaymeetthe non-functional
requirements.



| Notation | Meaning
(* text *) acomment
stop abehaiour thatdoesnothing(no furtheraction)
exit abehaiour thatimmediatelyterminatesuccessfully
exit (results) successfuterminationwith resultvalues
gate a‘port’ atwhich eventoffersmaysynchronise
gate! value anoffer to synchronisenagivenvalue
gate? variable: sort an offer to synchroniseon ary value of the given sort, binding
theactualvalueto the givenvariablename
gate! ... ? ... [predicate] aneventoffer with a predicateon valuessynchronised
processname[gates](parameters) | anamedprocessabstractiorwith givengatesandvalueparam-
noexit := behaiour eters,but no termination(e.g.it repeatsndefinitely)

processname[gates](parameters) | aprocesghatterminatesuccessfullyith thegivenresultsorts
exit (results):= behaiour

name[gates](parameters) aninstantiationof anamedprocess

offer ; behaiour prefixesaneventoffer to somebehaiour (‘follo wedby’)

[guard] = behaiour offersbehaiour only if theguardconditionis satisfied("if *)

behaiourl || behaiour2 offersa choicebetweerntwo behaiours (‘or’)

behaiourl = behaiour2 allows the secondbehaiour to occurif thefirst behaiour ter-
minatessuccessfully(‘enables’)

exit (results)>= successfuterminationwith export of resultvalues

acceptdeclarationsn behaiour

behaiourl = behaiour2 allowsthesecondehaiour to disruptthefirst behaiour unless
this terminatesuccessfullyfirst (‘disabledby’)

behaiourl || behaiour2 allowstwo behaioursto runin parallel,but fully synchronised
ontheirevents(‘synchronisedwith’)

behaiourl ||| behaiour2 allows two behaioursto runin parallel,but with independent
occurrencef their events(‘interleavedwith’)

behaiourl |[gate}| behaiour2 allows two behaioursto run in parallel, synchronisingon all

eventsatthe givengateq‘synchronisecn gateswith’)

Tablel: Selected_oTos Syntax

1.2 LoTos

LoTos is aninternationallystandardised-DT (Formal DescriptionTechnique). To describebehaiour,
LoTtos usesa processalgebrabasedon CCS(Calculusof CommunicatingSystemg11]) andCSP(Com-
municatingSequentiaProcessefl 2]). LoTtos hasanintegratedabstractatatypelanguagéasebn ACT
ONE [13]. For readersnot familiar with Lotos, a summaryof selectedsyntaxis provided in table 1.
Tutorialson Lotos arefoundin [14, 8, 15].

The LoTos notationfor processesvolvesa lot of syntaxsothat propertype-checkingcanbe carried
out. To avoid suchsyntacticdetailsgettingin the way, a simplified notationis usedin this paper The
simplified syntaxis incomplete but the translationto full LoTos syntaxis straightforward As anexample,
considera processthat multiplies naturalnumbers(non-ngative integers) by a fixed factor given asa
parameter The processepeatedlyeadsa numberandthenoutputsthatnumbermultiplied by the factor.
Thesimplified syntax:

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

translatesnto full LoTos syntaxas:

procesdMultiplier [read,write] (factor: Nat) : noexit :=



read? number. Nat;

write ! number* factor;

Multiplier [read,write] (factor)
endproc

Lotos is a flexible languagethat canbe usedin mary differentways. Considerableffort hasbeen
expendedon developing specificationstyleswith well-definedcharacteristicge.g.[16]). SincelLoTos
containsa datasub-languaganda processub-languagegitherof thesemay be emphasisedccordingto
the natureof a specification(e.g. datafor aninformationmodel, or processe$or a behaioural model).
Behavioural stylesareoften characterisethy the setof operatoraisedto combinebehaiour expressions.
An object-basedinalysisprecedeghe approachreportedin this paper One of the more popularand
successfuL oTos stylesis constraint-oriented.This is at the heartof the methodreportedhere,andis
discussedn somedetailin section2.1. Otherbehaioural stylesincludethosetermedresource-oriented,
state-oriente@ndmonolithic.

1.3 RelatedWork

Requirementsaptureandspecificatiormethodsangefrom theinformal (but systematicjo theformal (or
rigorous).Requirementsapturetechniqueave existedfor sometime in informal analysismethodssuch
asCORE(ControlledRequirement&xpressiorf17]) andSADT (SystemdnalysisandDesignTechnique
[18]). Becauseequirementsaptures essentiallyanintuitivetask therehasgenerallybeenlittle formality.
Instead efforts have beenmadeto systematiséhe process.Usecasege.g.[19]), scenarioge.g.[20, 21])
andviewpoints(e.g.[22, 23, 24]) areall popularmethoddor organisingrequirementgapture.

In thefield of formal methodghereis surprisinglylittle literaturethatexplicitly mentionsformalising
requirements. This is probably becausdormal specificationlanguagesare normally at a high level of
abstraction. Formal specificationsare thereforeusually suitableas requirementspecifications.Popular
formalmethodssuchasB (e.g.[25]), RAISE[26], VDM (e.g.[27]) andZ (e.g.[28]) wouldnodoubtclaimto
tacklerequirementspecification Howeverasnotedin [29], thereis ageneralackof guidancdor producing
aninitial formal specificationfrom requirements.[30] adwcatesformalising critical requirementdirst,
thengraduallyrefining the specificationuntil a high-level languagedescriptioncanbe written. Theidea
of scenarioshasbeenusedto help formaliserequirementq31, 32]. A particularissueis how formal
specificationganbe keptup to datewith changesn requirement$33, 34.

Little work appearso have beenundertakerspecificallyonrequirementsaptureandspecificatiorwith
Lotos A rigorousobject-orientedapproachusing LoTtos is reportedin [35]. The work on animation
of LoTos specificationg36, 37] is usefulfor evaluatingformalisedrequirementandagreeinghemwith
clients. Thework in [38] is complementanto this papersinceit emphasisesracking the evolution of
requirementsA rangeof specificatiorstyleshasbeendefinedfor LoTos[16]. As arguedin this paperthe
constraint-orientedtyle appearso beparticularlysuitablefor requirementspecification.

1.4 Structur e of the Paper

Sincewriting a requirementsspecificationneedsguidanceand experience the style of this paperis an
expository ‘how to’ guide ratherthan a theoreticaltreatment. Section2 describesand discusseghe
approachproposedin this paper Initially, the two mostrelevant specificationstyles (object-basednd
constraint-orientedredescribedthenthe overallapproachs presentedSection3 illustratestheapproach
by progressiely andincrementallydevelopinga LoTos specification. The exampledescribes file access
system39] suchasmightbefoundin anoperatingsystem.Theinspirationfor thisexamplecamefrom the
EDS (EuropearDeclaratve System)project. In [39], temporallogic is usedto describethe exampleand
offersaninterestingcomparisorwith theapproactreportechere. An informal, object-basedescriptionis
givenfirst in this paperthenthe Lotos specificatioris developedusingthe proposedapproach Although
theexampleis relatively small,it nonethelesesmbodiesnary of theissueghatarisewhenspecifyingmore
realisticsystems.



Figurel: ConstraintsasProjectionsontoPlanesof Abstraction

2 SpecificationApproach

2.1 Constraint-Oriented Specificationin LOTOS
2.1.1 Constraintsin General

The constraint-orientedtylein Lotos [16] hasbeenwidely usedin the specificatiorof standardsThis is
largely becaus¢hestylepermitsfairly abstractpecificationshatfocuson externallyobserablebehaiour.
The constraint-orientedtyle hasperhapdeenusedtoo obsessiely, which is unfortunatesinceit is rather
distantfrom animplementation Nonethelesthestyleis particularlysuitablefor specifyingrequirementin
anincrementahndcompositionalvay. Althoughthe constraintorientedstyle is well known to practitioners,
its philosophyhasnever beenfully elaboratedTheliteraturecontainsexamplesof the constraint-oriented
style,butthereis alackof publishednethodthepaperattemptgofill thisgap. Newcomerdo thestyleoften
find it strange.Somespaceis thereforetakenhereto explain the thinking behindthe constraint-oriented
style.

The high-level behaiour of a systemcan often be describedrom a numberof largely independent
viewpoints. For example the ReferencéModel for ODP (OpenDistributedProcessing40, 41, 42]) adopts
five viewpointsfor the descriptiorof adistributedsystem.At ahighlevel, systembehaiour in aviewpoint
maybecharacterisetly thesetof rulesthatdefineit. Frequentlytheserulescanbeinterpretedasconstraints.
A constraintmay be visualisedasthe projectionof systembehaiour onto someplaneof abstraction.The
overall systembehaiour is specifiedimplicitly by its individual projections. Figure 1 illustratesthis in
ageometricakensejs therea solid objectthat hastheseprojections? A low-level view of behaiour is
usuallyratheroperationahnddoesnotlenditself sowell to definitionby constraintsinsteada state-oriented
or monolithicdescriptionmay be moreappropriate.

A setof constraintscan be imaginedas placing restrictionson otherwisefree behaiour. In fact, a
constrainoftentakestheform:

if someconditionor stateapplies
then behaiour is restrictedaccordingto the constraint
elsebehaiour is unconstrained

Section2.1.3discussesiow constraintsnaybe expressedn LOTOS.

A constrainoftendelimitsvalid behaiour within the spaceof all permissiblebehaiours. Constraints
canthus narrav the rangeof behaiour within their own particularscope. Since constraintsrepresent
differentaspectsof behaiour, the intersectionof thesevalid behaiours representghe allowed overall
behaiour. Thisideais representedh the alternatie graphicalview of constraintggiven by figure 2. Of

1Thereis indeeda solid objectthat projectsonto threeorthogonalplanesasa cross,a squareandacircle. If necessarysee[43,
Puzzlel77]for theanswer
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Figure2: Overall SystemBehasiour astheIntersectiorof Constraints

courseif constraintswere mutually contradictory thenthe intersectionwould be empty and no system
behaiour could satisfythe constraints.Constraintscan prohibit behaiour by explicitly excludingit, or

canpermitbehaiour by explicitly includingit. Notethata constraintannotby itself forcebehaiour since
anotherconstraintmay prohibit it. Behaviour becomesan obligation only whenthe overall constraints
lease noalternatve.

An importantissueis that constraintanust synchroniseand shouldthereforesharea commonevent
structure.Thisis notessentialbut aregulareventstructuremakesdt easietto addin furtherconstraintsand
reducegherisk of inadwertentdeadlock. The event structureto usemay not be evident at first, andmay
in factevolve asthe specificatioris mademoreelaborate.The approactof the papermakesthis explicit,
allowing parameterso be addedo eventsasthe needfor finer distinctionsgrows during elaboratiorof the
specification.

Specifyinga systemthrough parallel compositionof constraintsmay introduceatrtificial or illusory
parallelism.Certainlythereis parallelismamongthe constraintsbut the overall behaiour thatis specified
may actually be sequential. (This is true, for example, of the specificationin the next subsection.)
For this reason,a constraint-orientedpecificationneedsconsiderablaefinementbefore a specification
suitablefor implementatiorcanbe derived. However, the key issueis capturingrequirementeffectively
in a specificationnot producinganimplementatiorstructure. Refining constraint-orientedpecifications
towardsanimplementatiorhasbeenstudiedelsevhere[44, 16].

Although constraintsare often conjoined(intersectedcomposedn parallel),they arealsocommonly
disjoined(unioned composedhroughchoice)wheretherearealternatvebehaiours. Whereagonjunction
maybeusedo progressiely narrav down therequiredbehaiour, disjunctionmaybeusedo extendexisting
behaiour. Theconstraint-orientedtylethusmainly makesusesof ‘and’ and‘or’ combinations.

Thecompositiorof constraintsloesnotguaranteglobalpropertieof thespecificatiorsuchasfreedom
from deadlock. It is necessaryto analysea specificationto determinewhethersuch propertieshold.
However, no specificatiorstyle canensurethatonly correctspecificationsarewritten, soit shouldnot be
surprisinghatsuchanalysids required.A moresubtleproblemisthatthebehaiour of aconstraint-oriented
specificationis in a sensehelargestpossiblej.e. theleastconstrainedAs aresult,undesirabldehaiour
may accidentallybeleft in the specificatiorthroughnotruling it out. However, in the authors experience
it is morelikely that the specificationbe madeoverly restrictive ratherthanoverly loose. Constraining
behaiour too far usuallyleadsto deadlockghatarequickly detectedduringanalysis.

2.1.2 A Simple Constraint-Oriented Example

An everydayexampleis givenbelow to illustratethe constraint-orientedtyle. Considerthe corventional
behaiour associatedvith eatingmeals. Naturallanguagestatementgan be misleadingsincethey may
hide otherassumptions.For example,the statementbreakfastis followed by lunch’ implicitly refersto
all suchmealsandnot just one of each. A specifiercannotthereforenaively formalisenaturallanguage
requirementsit is necessaryo go beyondthe surfacemeaning.



Separateonstraintswill be givenfor partsof the overall behaiour of eatingmeals. Simple LoTtos
events such as breakfastwill correspondo eatinga meal. The constraintsand their formalisationin
Lotos aregivenin the following. Sincethe naturallanguageformulationimplies repeatecbehaiour,
the constraintarerecursve. In fact constraintarenormally definedrecursvely sincethey usuallyapply
indefinitely. In eachcasebelow, a statemenin Englishis followedby its equivalentin Lotos.

Constraintl constraintson eating:

ConstraintlA breakfasis followedby lunch:
Constraint1A:= breakfastjunch;Constraint1A

Constraint1B lunchis followedby dinneror (high) tea:
Constraint1B:= lunch;(dinner;Constraint1g] tea;Constraint1B)

Constraint2 constraintson eatingin relationto beingawake:

Constraint2A wakingis followedby breakfast:
Constraint2A:= waking; breakfastConstraint2A

Constraint2B dinneror (high) teais followedby sleeping?
Constraint2B:= dinner;sleepingConstraint2B] tea;sleepingConstraint2B

Constraint3 constraintoon beingawake: wakingis followedby sleeping:

Constraint3:= waking;sleeping;Constraint3

To anticipatethe fuller use of this approachlater in the paper a mildly hierarchicbreakdevn of
constraintds givenin the descriptionabose. Eachof the constraintds a simple and separatestatement.
However, theeventsthatthey referto arenotindependentthereis partialoverlapbetweerthe constraints.
Constraintanay be put togetherin LoTos by oneof the paralleloperators:|| for constraintghat have to
agreefully; ||| for constraintghatarecompletelyindependentand|]. . . ]| for constraintghathave to agree
onthe commonevents(gates)istedin the brackets.Composingconstraintds a relatively straightforward
matterof choosingthe correctparalleloperator For the constraintabove, the overall behaiour is given
by:

(Constraint1A[lunch]| Constraint1B)
|[breakfastdinner ted|

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

Constraint3

Theconstraint-orientedtylehasthestrangegpropertythatspecificationgremainly developediop-dovn
but understoodbottom-up.Thetop-davn approachtollowsfrom progressiely decomposingheconstraints
on the systemuntil they areself-containecandmanageableHowever, this may resultin the definition of
behaiour beingspreadut acrosghewhole specificatiortext. In generait is not possibleto takejust one
pieceof sucha specificatiorandlearnall thereis to know abouta specificaspecbf behaiour. (Of course,
if thataspecis independenbf othersthenthis is possiblewith the constraint-orientedtyle.) Bottom-up
understandingomedsrom takingthe specificatiorpiecavise andconfirmingthemeaningof eachpiece. If
thereis understandingf eachpieceandhow thepiecedit togetherthenthereis understandingf thewhole.
A holistic view is necessarpecauseonstraintsmight limit eachotherby placingadditionalrestrictions.

At first this may seema difficult andobscureway to write specificationsHowever, this very approach
is well acceptedn the engineeringlisciplines. Theideamight be termedcomponent-baseandproperty-
basedspecification:a soundsystemcanbe structuredrom known componentgombinedin known ways.
Thisideais elaboratedn [45], whereit is shovn how acomponent-baseehethodfor specificationcanbe

2Alternatively, the Englishdescriptioncould bereflectedmoredirectlyin LoTtosas:
Constraint2B:= (dinner;exit || tea;exit) > sleepingConstraint2B



madeto work atanabstractevel (for telecommunicationservicespndataconcretdevel (for digital logic
design).

Specificatiorcomponentgrere-usabldragmentf specificatiorthatembodydomain-specifi&nowl-
edge. For telecommunicationsspecificationcomponentould include services,serviceaccesoints,
multiplexersandprotocols.For digital logic, specificatiorcomponentsouldincludebasiclogic gatesflip-
flops, codecorvertersandadders.Specificationcomponentganbe specialisediccordingto therequired
properties. For example, a telecommunicationservicemight be requiredto offer connectionsreliable
delivery and an expediteddatafacility. A digital logic componenmight have to exhibit certaintiming
characteristicer fan-out.

Notethatthe effect of givencomponentsnaybe modifiedby their combinatiorwith otherconstraints.
This maybe usedasa deliberatemechanismo specialis€i.e. restrict)the behaiour of givencomponents
or to extendtheir behaiour. The givencomponentstill work asexpected but aremodifiedin the overall
context of the system. This might be regardedasundesirablesincesupposedlijknown componentsease
to behae asexpected.n fact this situationarisesfrequentlyin engineering.For example,an electronics
engineemay placea resistoranda capacitorin parallel. Eachcomponentontinuego fulfill its function,
but the combinationis intentionallyfar from thatof pureresistancer purecapacitance.

Theconstraint-orientedtyleis reminiscenpf axiomaticspecification:eachconstraints like alogical
statementboutthe system. Constraintsare combinedusingthe LoTos equivalentof logical ‘and’ (the
paralleloperatorsandlogical‘or’ (thechoiceoperator).Theeffectof logical‘not’ is achieredusingguards
that forbid certainbehaiour. The constraint-orientedtyle is compositional:the overall specificationis
the hierarchicalcompositionof progressrely smallerconstraints.The high-level natureof the constraint-
orientedstyle makesit very suitablefor specifyingrequirementsthe compositionahaturemakesit very
appropriatefor incrementakpecification.As a matterof specificatiorphilosophyit is desirableto avoid
overlapsamongconstraints This requireseachlogical constrainto appeafust oncein a specification.To
achieve thisrequiresdisciplineon the partof the specifier— eachpartof a specificatiorshoulddealwith a
distinctaspecbf the problem.

Theconstraint-orientedtyleis ableto accommodatanumberof otherneedsn requirementspecifica-
tion. Clientsareusuallynot accustomedo formulatingtheir requirementsn a completeandwell-defined
manner The systemsnalystfrequentlyhasto teaseout the requirementsluringa numberof discussions
with theclient. Theintentionof theapproachdescribedn this paperis thatasa specificatiorevolvesit can
beexploredwith theclient. Sincethe specificationsesultingfrom theapproachareexecutableexploration
meansthat the analystusesthe specificationas a prototypeand ‘walks’ the client throughits behaiour.
In particular executionscenarioge.g.usecased19]) areusefulto confirmthatthe systembehaesasthe
clientmightexpect.

Evenoncetherequirementtave apparenthbeenspecified]aterrequestfor enhancementsayleadto
changedo thespecification.Theseconsiderationsneanthatrequirementsreoftenbuilt up graduallyand
incrementallyfor which the constraint-orientedtyleis suitable.Client requirementganoftenbe broken
downin ahierarchicalway asin StructuredAnalysis(e.g.[46]), againin sympathywith thisstyle. It is also
commonto find thatrequirementganbe be framedin situationalterms: ‘in this situation,that must(not)
happen’,or ‘when this happensit is followedby that’. The constraint-orientedtyle offers a naturalway
to reflectsuchcharacteristics.

2.1.3 ExpressingConstraints in LOTOS

As in theexampleof eatingmeals constraintsnaysimply restrictthe orderof eventoffersusingonly gates.
More typically, constraintsapplyto structuredeventsandrestrictthe valuesassociateavith these.

As anexample,supposehatacomputerregisterholdsafixedpointintegerasascalefactor(a power of
two) anda signedvalue. Operation®n the registerincludescale(to setthe scalefactor),add (to increase
the value)andsub(to decreasehe value). For examplepurposenly, it is requiredthatthe scalefactor
andtheamountthatis added/subtractele non-zero.

Operationon theregistercouldbe modelledasinteractionsat separategates:

scalel 1 (* setscaleto 1 *)
add! x (* addx to register*)



Thereare two difficulties with this approach. If the specificationhasto be extendedto allow multiple
registers, eachwould requireits own setof gates: scalel addl, scale?2 add2 etc. Also in orderto
decompos¢he specificationjt would be desirableto give the constraintson eachoperationseparatelyin
sucha case,eachconstraintwould have to allow otheroperationgo takeplacewithout restriction. This
would requirean explicit list of irrelevantevents. For example,the constrainton settingthe scalefactor
might have to say:

RegScale:=

scale? value: Int [scalene0]; RegScale (* constraingion-zeroscale®)
I

add? value: Int; RegScale (* unconstrained)

—

If all theregisterconstraintsareto be synchronisedn thefinal specificationReyScalemustbe preparedo
allow eventsunconnectedith scaling. Thiswould rapidly becomeaunworkableasthenumberof operations
increased.

Insteadit is betterto treatthe operationasa parametepf events,simply beingnamesn somesortOp.
All registeroperationcanthentakeplaceat somegateRey. A registernumbercaneasilybeaddedatthe
sametime, giving eventsof the form:

Reg! 2! scale! 1 (* register2 hasscalesetto 1 *)
Rey! 5! add! x (* register5 hasx added*)
The'else’ partof aconstrainttannow be wrappedup in a singlecondition:
RegScale:=
Reg ? reg : Nat! scale? value: Int [valueneO]; RegScale (* non-zeroscale*)
I
Regy?reg: Nat? op: Op? value: Int [op nescale];RegScale (* unconstrained)

Sucha specificationis somavhat clumsybecausehe ‘else’ partneedgo be givenexplicitly anddoesnot
addmuchto thereadability A neatersolutionis to takeadwantageof the booleanimplication operation.
This evaluatedo trueif its first conditionis falseandsoplacesno restrictionon the eventoffer:

ReyScale:=
Reg?reg: Nat? op: Op? value: Int [(op eqgscale)implies (valuene0)]; RegScale
Unfortunatelythis simplificationis not alwayspossible,particularly wherethe behaiour following the
eventoffer depend®n which operationoccurs.
Sinceconstraintareusuallysynchronisedit is highly desirableo adoptauniform structurefor events.
This may force the introductionof dummy parameterdor someoperations. A commonsolution, not
requiredin this example,is to combineanoperationwith its parameters:

Reg! 2! scale(1) (* register2, scalel operatiort)
Rey! 5! add(x) (* register5, addx operatior)
The constraintsofar weredesignedo be usedin a context wherethey arefully synchronised:
Rey := RegScalgl| RegAdd|] ...
However, this requiresevery constraintto synchroniseon every event offer — even thosethat are ‘don’t

care’ offersasfar asthe constraintis concerned Wherepossiblejt is betterto decomposéhe constraints
suchthatthey canbeinterleaved:

Rey := ReggScald||| RegAdd ||| ...
The freedomto usepureinterlearzing is not so commonin practicebecauseonstraintsare ofteninterde-

pendent.Theideal of interleaving allows eachconstrainto describeonly oneoperationwithout worrying
aboutothers for example:

ReyScale:=
Reg ? reg : Nat! scale? value: Int [valueneO]; RegScale



Achieving this depend®n a cleanbreakdavn of the constraints.This may not be possibleif a particular
decompositiorstrateyy is desired. Theremay also be interdependenciesmongconstraintshat prevent
interleaving.

Difficulties canarisewhenconstraintsare associateavith statevariables.So far only the constraints
on operationdhave beengiven, but to specifythefull behaiour requiresstatevariables.For the computer
register theseare the currentscalefactor andthe currentvalue. Sincetheseareindependentseparate
constraintcanbe givenfor the scaleandaddoperations:

Ray := ReggScale(0) ||| RegAdd (0) (* interleaved constraints)

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

RegAdd (amount):= (* non-zercaddition*)

Reg ? reg : Nat! add? value: Int [valuene0]; RegAdd (amount+ value)
If asuboperationwerenow introduced this approachwould no longerbe viable sinceboth add and
sub operateon the samestatevariable (the register value). To solve this problemneedsconstraintsas

terminatingprocessethatexit with their currentvalue. Thesenave to be combinedusing[] by acontrolling
process:

Reg := RegScale(0) ||| RegValue(0) (* interleaved constraints)

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

RegValue(amount):= (* disjoinedconstraints)
(RegAdd (amount)[] RegSub(amount))==> acceptnewv_amt: Intin RegValue(nev_amt)

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

RegSub(amount):= (* non-zerasubtractiort)
Reg ? reg: Nat! sub? value: Int [valueneO]; exit (amount— value)

2.2 An Approachto IncrementalRequirementsSpecificationwith LoTos

Theapproachs intentionallyquite generakothatit canbeusedfor avariety of applications.For example
it is relevant to the specificationof communicationsystemg45], distributed systemg47], Intelligent
Networkserviceqd48] anddigital logic [49].

The work on requirementsspecificationto be describedis better termedan approad ratherthan
a method since a set of principlesratherthan a definitive procedureis proposed. The expressionof
constraintdn LoTtos shouldfollow the suggestiongivenin section2.1.3. Logical stepsaregivenbelow,
thoughthesearenotappliedin astrictly sequentialvay. Of coursehisis to beexpectedsincerequirements
captureis not alinear process.Stepsmay have to bere-appliedasnew requirementsrediscovered. The
stepsarenumberedSy,) for laterreference.

A high-level descriptionof the stepsis givenin figure 3. The client is involved during moststages.
Initially, theanalystusesclientinputto build anobjectmodel(stepS;:). Informationfrom the clientabout
how the systemshouldwork allows behaioural constraintgdo be defined(stepsS, andS3). Completion
of the specification(stepsS, andSs) is apurelytechnicalactiity thatprobablydoesnotrequiretheclient.
The completespecificatioris evaluatedby the client andanalyst,usingsimulationor prototyping. This is
likely to identify deficienciesn the way the requirementhiave beencaptured(stepSg). Thesewill cause
the objectmodelor the specificatiorto be modified(stepS-).

(S1) Thefirst stepis to createanobjectmodelof the system.Virtually ary object-basedr object-oriented
analysisanbeused providedthatit identifiesobjectsmethodsandcommunicatiorbetweerobjects.
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(S2)

(Ss)

Theanalysistechniquds not definedby the approachandcould be ary standarconesuchasOMT
(ObjectModelling Technique50]).

The behaiour of the systemis the combinedbehaiour of its objectsasthey communicate. The
rulesfor this communicatiorshouldbe thoughtof asa collectionof constraints.Theaim shouldbe
to limit all permissiblebehaioursto thosethatarevalid for the constraintunderconsideration.

Constraintshouldbeidentifiedin atop-davn fashion progressiely refiningthemuntil they can
be specifiedin a self-containednanner Note thatdecompositiormay not meanstrict partitioning,
i.e. separationnto fully independentoncernsLower-level constraintsnay eachgive only partof a
higherlevel constraint.Thedifferenttypesof constraindescribedelon suggestifferentrefinement
stratgies. A singlestratgy is often usedat ary onelevel, but the stratgly may changefrom level
to level. For example,a viewpoint constraintmay develop into functionalconstraintsandtheninto
temporalconstraintsasthe level of detailincreases.

In stepS,, the constraintdo be considerediependon the natureof the system. The following
suggestsometypesof constraintthat might be introducedduring analysisof requirements.The
catgoriesof constraintarenot sharplydefinedandmay overlap;thetypesof constraintarelettered
for laterreference.

(a) Assertional:Suchconstraintsnakelogical statementsiboutthe systemin anaxiomaticstyle.
For example, it mightbecorvenientto think of asortingalgorithmasrespectingheassertions
‘outputis a permutatiorof input’ and‘output valuesarein ascendingrder’.

(f) Functional:Suchconstraintgeflectthe behaiour of individual functionswithin a decompo-
sition of the system.A compiler, for example,might be definedby constrainton functions
suchaslexical analysis parsing,codegeneratiorandoptimisation.

(i) Informational: Suchconstraintgeflectthe operationson information structuresandtheir in-
variants.A databasefpr example,might have constrainton theintegrity of its data.

(m)Morphological: Suchconstraintseflect structuralrelationshipsamongparts of the system.
Thesemight resemblean object model, but other kinds of structuremay be given. For
example,a digital logic designmight have constrainton fan-in andfan-outof gates.

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

(t) Temporal: Such constraintsreflect phasesof behaiour or relative ordering of events. For
example,separateonstraintcouldbegivenfor the phase®f acommunicationgonnection:
establishmentnaintenancandrelease.

(v) Viewpoint: Suchconstraintsreflect different perspecties on the system. For examplethey
might dealwith businessaspectghow a manageiseeshe system) distributedcomputation
(how the systemis networked)andtechnologyissueghow the systemis implemented]51].

Event structuresin the specificationshouldbe allowed to evolve asincreasingdetail dictates. In
practicethis meanghat moreparametersnay berequiredin eventsasthe level of magnificationis
increased Adoptingthis approachmeanghata simplified view of the systemcanbe takeninitially .
Suchaview is likely to emphasis¢he majorfeaturesof the system;dealingtoo earlywith detailand
deviationsfrom theidealis likely to divertattentionfrom thekey issues.

In stepSs, eventstructureanight be refinedto dealwith the following aspectsthe refinements
areletteredfor laterreference.

(e) EventOrdering: This definesbehaiour by giving a partial orderingof events. The eventgate
andselectedevent parameteraluesappealin events. As an example,additionto a register
wouldrequirebehaiour thataddsthe destinatiorregisterto the sourceregister

(g) Gatelntroduction: This introducesnew gatesto dealwith constraintsamongprocessesgob-
jects). Thegatesallow theprocesse® synchronis§communicate) Theanalogyhereis with
identifying theinterfacesbetweercomponents.

(p) Parameteitntroduction: This introducesnewn event parameters.The permittedvaluesfor an
event parameterare constrainedrrespectve of other behaioural issues. For example, a
registernumbemight alwayshave to bein therange0 to 15 for ary registeroperation.
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(r) RelationshipbetweerParametersThis definesnterdependenciemmongpermittedvaluesfor
eventparametersA registertransferoperationfor example,maynotbeallowedif thesource
anddestinatiorregistersarethe same.

(S4) Dataspecificatiorshouldbedeferredasfar aspossiblan orderto concentratenbehaiouralaspects.
If constraintdecompositiondentifiesthe needfor somedataitem, it shouldbe specifiedin outline
termsinitially. For LoTos this meansgiving a type definition with operationsignatureonly. The
equationabefinitionsfor operationscanbe delayeduntil therestof the behaioural specificationis

complete.The only exceptionwould be a complex operatiornthatit would bewiseto specifybefore
proceedindurther.

(Ss) As requirementsre progressiely identifiedin constraintsjt may be necessaryo modify the def-
inition of constraintsthat have alreadybeenidentified. Usually such retrospectie changesare
straightforwardanddo not significantlyaffect the previous formulation. Thereis a choiceof updat-
ing the specificatiorasit evolvesor applyingall suchchangessafinal step. Thefollowing kinds of
changemayberequired;they areletteredfor laterreference.

(c) Combinationof Constraintsif the final setof constraintswere specifiedindividually, this
would lead to a ratherflat structurefor the specification. Insteadit may be desirableto
combinerelatedconstraints. This effectively composesconstraintsin the oppositeorder
to which they wereidentified during decompositiorof requirements.All constraintsfor a
particularregisteroperationfor example,maybe combinedasamatterof goodspecification
structure.

(n) New EventParametersAdding new eventparametermeanghatthepartialspecificatiorwrit-
tensofar will have to bereworked. Fortunatelythe changeaisuallyinvolve straightforward
additionof ‘don’t care’ event parametershatareirrelevantat the higherlevels. As an ex-
ample,recognisingthat operationson registersneedto specify the register numberwould
causehis parameteto beaddedo registerevents. Thiswould affecthigherlevel constraints
throughadditionof aregisternumberthatwasnotinitially identified.

(w) Write out Syntax: To makethe specificationsyntacticallycorrect,a certainamountof rubric
hasto be added. For convenience,a simplified processnotationmay have beenusedas
suggesteih sectionl.2. A fairly mechanicastepis thenrequiredto write outthefull syntax
of the specification.

(Se) Oncethespecificatiorof requirementiasbeencompletedit canbesubjectedo theusualchecksand
canbeevaluatedby theclient. SinceLoTosis usedto createan executablespecificationthis canbe
usedasa high-level prototype.Simulationmaybeinteractive, or automaticto a certainsearctdepth
(or until recursionor terminationis detected).Using standardsimulationtechniquesandscenarios
(e.g.usecased19]), the analystcantakethe client interactvely throughsequencesf operations.
Thegoalof this activity is to checkthatthe client’s requirementfiave beenproperlyspecified. The
outcomeis alist of deficienciesn therequirementspecification.

Simulationis afairly effective way of communicatingarequirementspecificatiorto aclient (or
developer). It is usefulto individually checkthe constraintapturedn the specificatiorbeforethe
overallsystembehaiour is evaluated.t is oftencorvenientto setupa‘testharness-anervironment
specifiedin LOTOS that exercisesthe restof the system. With alittle care,simulatingtestscanbe
virtually automatic producinga simplepass/failverdict.

A disadantageof standard_otossimulatords thatthey areusuallyorientedowardsthespecifier
andassumeletailedanguag&nowledge.Work hasbeerundertakery theauthorandhiscolleagues
ontoolsfor visualanimation of requirementsranslatednto Lotos[52, 53,54, 36]. Thereis alsoother
work by otherson animationof Lotos [55, 37]. Theuniform eventstructurein constraint-oriented
specificationsnakegqvisual)animationparticularlyeasy

The requirementspecificationis, of course,opento all the standardechniquesandtools for
formal manipulationandanalysisof LOTOS (e.g.seethe collectedpaperdn [56]). LoTos s richin
verificationtheoryandtools, muchof which is sharedwith otherprocessalgebras Checkingspecifi-
cationequivalencesandrelationsis particularlyrelevantwhenthe specificatioris to betransformed
into somemoreimplementation-orientefbrm. Thismayusecorrectness-preservitigansformations,
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architecturally-dwentransformationghatpresere someimplementatiorrelation,or pre-definedm-
plementatiorconstructs.Specificationpropertiesmay be formulatedin somemodallogic sothata
model-checkecanbe usedto checktheir validity.

(S7) Any deficienciesoundin theformalisedrequirementareusedto correctthespecification.Thismay
requirethe objectmodeland/orthe behaioural constraintdo be changed Sincethe specificationis
highly structuredchangeswill hopefullybe localisedto the constraintshatareincorrect. Evenif a
more seriousproblemis found, e.g.a missingobjector interface,it shouldbe possibleto presere
the constrainton indirectly relatedpartsof the specification.

3 An Example of Incremental Specification

3.1 Information Problem Description

As a realistic example of how requirementsan be incrementallyformalisedin LoTtos, the file system
describedy SaandWarboysin [57, 39 will beused.[58] providesmoreinformationonthe methodology
usedin [39]. In fact this example more accuratelyconcernsfile accesanethods;the descriptionand
terminologyof the original will be followedthoughit is not ideal. The specificationstructureherewill
alsofaithfully reflectthe original, thoughthe analysiss not alwaysconsonantvith the constraint-oriented
style. A cleanerdecompositiorof requirementsvould have beenpreferable.Still, SaandWarboysclaim
thattheirrequirementsireasmightbestatedoy aclient. If theanalystre-olganisesequirementi abetter
way, it may becomedifficult for the client to relateto them. Thereis somemerit in stayingcloseto the
client’'s statemenof requirementgvenif it complicateshe specificatiorstructure.

Following the descriptionin [57], it is supposedhat applicationprogrammerswish to accesdiles
usingacollectionof pre-definednethods.Figure4 shows therelationshipbetweerthefile systemobjects
graphically Thefile handler=H supportghebasicmethod=f open read write, saveandclose However,
two furthertasks(compositeaccessnethods)are provided for more convenientuseby the programmers.
TaskT1 presentsheprogrammemwith threehigherlevel operationsiopl opensafile; op2supportsaread-
afterwrite operationfor reliability, checkingthatthe file contentsafter writing arethe previous contents
with thewrite dataappendedpp3closesafile. TaskT2 offersasingleoperationopOthatmerelywritesto
thefile. Althoughthis secondaskaddslittle to theexample,it is presumedo be a usefulabstraction An
applicationprogramis free to call the operationf FH, T1 andT2. Sinceconcurrentexecutionof these
operationds possible the systemmust protectagainstinterferencebetweenthem. Section3.5 describes
theserequirementén detail.

The objectmodelfor thefile accessystemis obvious: the applicationprogram,thefile handlerand
thetwo tasksareall objects andthe operationsorrespondo invocationof objectmethods For simplicity,
the specificatiordealswith only singleinstance®f objects:thereis oneapplicationprogramandonefile,
andthefile is openedust oncein a singlesession.The extensionto multiple programsfiles andsessions
is straightforwardavenin the presencef concurreng. See,for example,the LoTos specificationf the
OSI (OpenSystemdnterconnectionBessiorServiceand TransportService[59, 60].

In the following sectionsthe specificationof the file accessystemwill be developedincrementally
Constraintson its behaiour will be addedgradually the aim beingto constructthe specificationpro-
gressvely. Eachnew constraintis intendedto be a simple and hopefully obvious statementthoughits
formalisationmay sometimede tricky. As in [39], it is claimedthatthis style of specificationreflects
how a client mightelaborateherequirementdor a system.Indeedasthe specificationunfolds,onemight
imaginehow the dialoguebetweerthe clientandtheanalystieadsto theadditionof suchconstraints.

Theapplicationprogramis externalto thesystem.Theprimarybreakdaevn of thespecificatiortherefore
reflectsthe threemain objectsidentifiedin the system:the file handlerandthe two tasks. Thesewill be
specifiedin isolation. Finally, system-lgel constraintswill bind the partsof the specificatiorto yield the
requiredoverall behaiour. Most requirementsvill introducenew constraintsput somewill requirenewv
parameters$o beintroducedinto events. A simple Englishstatemenbf eachrequiremenasa constraint
will begiven(Cp), followedby its formulationin Lotos. Whereappropriatea discussiorof thiswill also
follow.
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Figure4: ObjectModel of File AccessSystem

Thefile accessystenstudiedn thissectioris arificial inthatit did notreflectrequirementspecification
for anactualclient. However, the requirementsveretakenasinformal statementfrom the separatevork
of SaandWarboys,who claim that the statementsretypical of what might be encounteredn practice.
Figure5 providesa ‘route map’ describinghow constraintsareintroducedn thefollowing subsectionsin
severalplaceghestepSgz,, introducesanew eventparameterThis necessitatestepS, (definedatatypefor
parameterandstepSsy, (retrospectiely addnew eventparameter)S, andSs,, maybetakeninto account
immediatelyduringspecificatioror attheendin orderto completehespecification.To simplify thefigure,
stepsS, andSs areshovn only onceasthe laststageof specification.

3.2 Incremental Specificationof the File Handler
3.2.1 Communication Constraints

(C1) Thefile handlerepeatedlycommunicatesvith 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
communicatiorto onegate. More importantly it lays the foundationfor whatfollows; eventparameters
will laterbeaddedo thestructureof eventsat th.

3.2.2 Operation Constraints
(C2) Thefile handlemeeddo betold which operationto invoke. An operatiomnameis thereforeadded
asaparameteto events:
fh! op
Operatiomameswill simplybeconstant®f anenumeratetiype(in theprogrammindanguagesense)with

equalityegandinequalityne This could be quickly specifiednow, but is deferredsinceit is soobvious.
(C3) Thefile handlerengagesn open read write, saveandcloseoperations:
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FHOpname= fh ? op: Op; FHOpname

Theoperationghatthefile handlersupportanustbelimited by a constraint.Theabove doesthisimplicitly
sinceall operationgnustbelongto thesortOp. It is now necessaryo introduceconstraintontheordering
of theseoperations.

(C4) Thefirst operatiormustbe open andthisis performedonly once:

FHOpen:= fh ! open;FHOpenl1

FHOpenl:= fh ? op: OpJ[op neopen];FHOpenl

As with anumberof otherconstraintsbehaiour thatdepend®n stateis specifiedusingaseparat@rocess
to represenstateimplicitly . Thisis anauxiliary process=HOpen1to indicatethatthefile hasbeenopened,
soopenis nolongerallowed.

(Cs) Thelastoperatiormustbeclose

FHClose:=
fh ! close;stop

[
fh ? op: Op[op neclose];FHClose

In otherwords,the occurrencef closeprohibitsotheroperationgrom following.
(Cs) A write mustbefollowedby savebeforeclose(to ensurghatchangedo afile arenotlost):

FHSae =
fh ! write; FHSavel

[
fh ? op: Op[op newrite]; FHSare

FHSael =
fh ! save; FHSare

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

In [39], theoperationconstrainton thefile handlersaythatsavemustbeissuedustbeforeclose however,
this is too strong (e.g. it shouldbe permissibleto executesavéreadclosg. Instead,[39] imposesthe
requirementhatsavebe precededy write aspartof the overall systemconstraints.This correctlymeans
thatafile shouldnotbesaredunlesst hasbeenwrittento. However, thisis misplacedhsasystentonstraint.
The specificationabove correctlyhandlesthis constraintas part of the file handler;after a write, closeis
forbiddenuntil saveoccurs.Thespecificatiorabore is somavhatindirectsinceit is not possibleto usethe
simplificationsfor constraintsuggestedh section2.1.3.
(C7) Theoperationconstraintsvork together:

FHOper:= FHOpnamdg| FHOpen|| FHClose|| FHSare

3.2.3 Call Constraints
(Cg) The file handlerneedsto distinguishbetweenthe invocationof an operationandits return. A
directionparametefor inv(ocation)or ret(urn)is thereforeaddedto events:
fh! op! dir
This refinesevents,which arenow split into two lowerlevel eventscorrespondo a singleoperationat a
higherlevel. For dir(ection) a simpleenumeratedype suficesand neednot be consideredurther at the

moment.
(Co) An invocationis followedby areturnfor the sameoperation:

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

Thisimpliesthatfile handleroperationsannotbe executedconcurrentlythoughit will befoundlaterthat
taskoperationamight executeconcurrentlywith file handleroperations.
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3.2.4 Data Constraints

(C10) Someoperationsareassociatedvith a datavalue. Thestructureof aneventis thereforeextended

to carryadataparameter:
fh! op! dir! octs

For simplicity andgenerality thedatavaluecanbetakenasa string of octets(bytes). This canmakedirect
useof library type OctetStringandso doesnot requirefurther specification.Wherean operationdoesnot
makeuseof data,the null string <> is usedto representa dummy or missingvalue. As suggestedn
section2.1.3,a betteralternatve would beto combineoperationswith their parametersThis would give a
simplereventstructureatthe expenseof morecomplex datatypes. In the casesvherea dummyparameter
is usedin this specificationa future usecould be foundfor sucha parametefe.g.specifyinga file name
onopen. For simplicity, dummyparametertave beenused.

(C11) Otherconstraintsarerespectedor operationghatdo not concerninput-output

FHNotlO =
fh? op: Op? dir: Dir ? octs: OctetString/(op neread)and(op newrite)]; FHNotlO

The dataconstraintconcernonly read andwrite operations.lt is thereforepreferableto dealwith these
in isolation. However, other constraintamustbe respectedhroughsynchronisation.The processabove
allowstheseto happerwithout restriction.

(C12) A readisinvokedwith nodataparameterandreturnssomestring of octets:

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

(C13) A write is invokedwith somenon-emptydataparameterandreturnsno dataresult:

FHWrite :=
fh ! write ! inv ? octs: OctetStringoctsne<=>]; fh! write! ret! <>; FHWrite

(C14) A readreturnsthecharactergreviously storedby write:
FHFile (octs):=
fh ! write ! inv ? octs1: OctetString;FHFile (octs++ octs1)

I

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

In accordancevith [39], areadis definedasretrieving the entirecontentof a file; blocksandrecordsare
unimportanttthislevel of specification.Notethatthisis thefirst time thata statevariable(the datawritten
sofar) hashadto beintroducednto the specification.The ++ operatiorabore is stringconcatenationjsed
to appenchewly written datato the currentfile contents.

(C15) Thedataconstraintsvork together:

FHData:= FHNotlO ||| (FHRead||| FHWrite) || FHFile (<>))

This combinationreflectsthe extent to which the constraintshandleonly certainkinds of operation. The
<> parametemeanghatthefile startsoutempty

3.2.5 Overall Constraints

(C16) Thecommunicationpperationcall anddataconstraintavork together:
FH:= FHComm|| FHOper|| FHCall || FHData

Constraintonthefile handlerhave beenseparatelyuilt up on communicationpperationspperationcalls
andoperationdata.
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3.3 Incremental Specificationof Task 1

(C17) Task1 requiresto communicateseparatelywith the applicationprogram. An event gatetl is
thereforeintroduced:
t1! op! dir! octs
Communicationwith taskl1 takesheform shavn above for consisteng with theeventstructuresntroduced
sofar. Now therelationshipbetweertask1 andthefile handlercanbe considered.
(C18) Operationoplof taskl callsopenin thefile handler:
T10pl:=
t1! opl!inv! <>;
fh ! open! inv ? octs: OctetStringfh ! open! ret? octs: OctetString;
t1! opl! ret! <>;
T10pl
Noticethatthereareno constraintdhereon the dataparametergor open theseareproperlydefinedby the
file handler(thoughit doesnotactuallycare).
(C10) Invokingop2 of taskl takesa string,andreturnsthefile contentsafterappendinghe datausing
thefile handler:
T10p2:=
t1! op2! inv ? octsl: OctetString;
fh ! read! inv ? octs: OctetStringfh ! read! ret? octs2: OctetString;
fh ! write! inv! octsl;fh | write! ret? octs: OctetString;
fh ! read! inv ? octs: OctetStringfh ! read! ret? octs3: OctetString;
t1! op2! ret! octs3—— octs2;
T10p2
Again, the constrainton dataparameter$or readandwrite areleft to thefile handlerandarenot part of
taskl. Theconstrainimposedabove is thatop2returnsthefile contentsafterwriting, having removedthe
prefix of whatwasalreadythere. The result,which shouldbe the string written, is returnedto the caller
of op2for checking.Thestring subtractioroperation—— usedabove is anadditionto the standardibrary
andshouldbe specifiedater.
(C20) Operationop3of taskl callsclosein thefile handler:
T10p3:=
t1! op3!inv! <>;
fh ! close! inv ? octs: OctetStringfh ! close! ret? octs: OctetString;
t1! op3! ret! <>;
T10p3
Any constrainton the dataparameteof closemustbe part of the file handler(thoughit doesnot actually
care).
(C21) Theconstraintontaskl work together:
T1 := T1O0p1||] T1Op2||| T1Op3

3.4 Incremental Specificationof Task 2

(C22) Task?2 requiresto communicateseparatelywith the applicationprogram. An event gatet2 is
thereforeintroduced:
t2! op! dir! octs
Communicationwith task2 takesheform shavn above for consisteng with theeventstructuresntroduced
sofar. Now therelationshipbetweertask? andthefile handlercanbe considered.
(C23) OperationopOof task?2 takessomecharactestringandcallswrite:
T2 =
t21 op0! inv ? octs: OctetString;
fh ! write! inv! octs;fh ! write! ret? octs: OctetString
t2! op0! ret! <>;
T2
The relationshipbetweertask2 andthefile handlerconcerngust one operation,so no final combination
of constraintds necessary
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3.5 Overall SystemSpecification

(C24) Theoriginatorof arequesto 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 simpleenumeratedype andcanbeleft for later specification.The new (and

final) eventstructurecanbe usedto expresstherelationshipbetweerthefile handlerandthetwo tasks.
(C25) Theopenoperationin thefile handleris calledonly by task1:

SysOpen=
fh? op: Op? dir: Dir ? octs: OctetString? orig : Orig [(op eqopen)implies(orig eqtl)];
SysOpen
(C26) Thecloseoperationin thefile handleris calledonly by task1:
SysClose=
fh? op: Op? dir: Dir ? octs: OctetString? orig : Orig [(op eqgclose)implies(orig eqtl)];
SysClose
(C27) Theread/write/eadinvokedby op2in taskl is atomic:
SysWrite:=
fh ! read! inv ? octs: OctetString t1;fh ? op: Op? dir : Dir ? octs: OctetString! t1;
SysWritel
[

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

SysWritel:=
fh ! read! ret? octs: OctetString t1;
_ SysWrite

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

This is the mostdifficult constraintof all to formalisebecausdt makesa fairly global statement. The
constraintis formulatedby sayingthat the invocationof task 1's first readis followed by one or more
operationgrom taskl until thereturnof task1’'ssecondead Operationsnvokedby othersourcesrenot
permittedduring this period. Notethatit is deliberatelynot saidthatop2 doesreadwrite/read Thisis to
avoid overlapwith T1Op2which statesexactly this constraint.

(C2s) Theoverall systemconstraintavork together:

SysGen:= SysOperj| SysClosd| SysWrite
(C29) Theapplicationprogramworkswithin thecompletesetof constraintgoverall systemfile handler
andtasks):
Sys:= SysGen[th]| FH |[fh]| (Appl |[t1,t2]| (T1 ||| T2))

Notice that the applicationprogram(which is not specifiedhere)hasto be embeddedwithin the final
composition. This is a consequencef the way it synchronisesvith the file handlerandtwo tasks. In
particular synchronisatiorbetweenthe applicationand the file handleris distinct from synchronisation
betweerataskandthefile handler
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3.6 Completing RequirementsCapture

The essentiatletailsof the specificatiorhave now beenworkedout. The remainingsteps,S4 (definedata
types)andSs (completeconstraints)canbe performedin eitherorder For the file systemexample,the
(trivial) specificatiorof four datatypesis addedn stepS,. In stepSs ary remainingtidying upis done.In

theexample,constraintaverealreadycombinedafterthey hadbeenidentified(stepSsc) thoughthis might
have beendeferred.Eventparameterintroducedduring the refinemenif constraintshave to be addedto

earlierconstraintgstepSsy). Finally, in stepSs,, ary syntacticabbreviationsarewritten outin full andthe
necessargpecificatiorrubric is added.The completespecificatiorof dataandbehaiour is notgivenhere
in theinterest=of brevity, but it is availableon-line [61].

The specificationis evaluatedduring step Sg using standardsimulation, analysisand verification
techniques.Thefile accessystemspecificationis highly constraint-orientedyith over 20 synchronised
processes.However, standardLoTOS tools can copewithout problems. For this example, a range of
applicationprogrambehaiour canbe specifiedin testscenarios.A practicaldifficulty in dealingwith
constraint-orientedpecificationgs thatit is fairly easyto introducedeadlockdnadwertently Sometimes
thisis dueto aninappropriatearalleloperatorbut oftenthe problemariseshecausaconstrainis toostrict.
Becauseirtually all processesynchronisenevents,aflaw like thisusuallyleadsdirectly to deadlock.As
aresult,errorsin the specificationare generallyvery noticeableduring checking. LoTos simulatorsvary
in thehelpgivento trackdown the sourceof deadlockput atleastthey shouldindicatewhich eventoffers
arefailing to synchronise.

In thefinal step,S7, ary deficienciesotedin the requirementspecificationare usedto modify the
objectmodelor thebehaioural constraintasappropriate.

3.7 Comparisonwith the Work of Saand Warboys

Theintentionof theapproachn this paperis broadlysimilar to thatof SaandWarboys.Yetthedifferences
in approachave a profoundinfluence. For this paper the notationis that of Lotos usedin a constraint-
orientedstyle. SaandWarboysuse pre/post-conditionsn VDM fashionto define operations,coupled
with temporallogic to relatethe executionof operations.Both approacheslevelop a formal specification
incrementallywith an outwardly similar structure. Although [39] doesnot talk aboutconstraints the

predicatest usesactin muchthe sameway asL oTOS constraints.

A major differencebetweenthe two approachess thata LoTos specificationcan take advantageof
thebuilt-in languageconstructdor communicationsynchronisationsequencingchoiceandconcurreny.
LoTtos alsooffersanintegratedframework for specificatiorof dataandbehaiour. In contrastthework of
SaandWarboys:

« usesacombinatiorof two notationgderivedfrom VDM andtemporalogic), whichresultsin amore
compl« specificationanguage

« givesamorecomple definition of operationsaasanaccepievent,a call patternanda returnevent
« introducedistoryvariablego keeptrackof operatiorinvocationsparametevaluesandreturnvalues
« usegemporalorderingoperatorghataredefinedusinga morebasictemporallogic

« definesparalleloperatoraisingstatevariables sincesynchronisations not primitive to the specifi-
cationlanguagaused

« doesnot have theability to definearbitrarydatatypes

The notationof [39] is too extensive to give anexamplehere,but asa roughcomparisorit takesabout20
lines of this notationto expressa constraintike Ci».

Although thesedifferencesfavour Lotos, the use of temporallogic in [39] confersan important
adwantage.Whenit comesto assessingpecificationpropertiessuchassafetyandlivenessthesecanbe
formulatedand evaluatedwithin the sametemporallogic framevork as usedfor specification. LOTOS
per sedealsonly with specificatioraspects A separat€but well-known) theoryis usedto formulateand
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evaluatepropertieof LotosspecificationsFromthespecifiers pointof view, it is amatterof tastewhether
verificationis performedwithin the languagdramevork or usinga separateéheory It is claimedthatthe
approactof this papemakest easietto write arequirementspecificationandthata clientcanrelatemore
easilyto sucha specification. As the exampleshave hopefully demonstratedt is practicableto develop
specificationgncrementally In particulay it is reasonablystraightforwardo turn individual requirements
into formal statements.

4 Conclusion

Theimportanceof requirementspecificatiorandthe desirabilityof formal, incrementabpecificatiorhave
beennoted. The intentof this work is broadly similar to that of SaandWarboys,thoughdetailsof the
approachand the languagediffer considerably The integratedfeaturesof LoTos for describingdata,
communicatiorandbehaiour arevery cornvenientfor requirementspecification.

An approachthatexploitsthe constraint-orientedtylefor Lotos hasbeenpresentedysingafile access
systemasthe mainexample. Althoughthis exampleis relatively small,it hashighlightedthekey features
of theapproach:

» It wasremarkedhatengineeringracticebuilds on known componentsindknown combinationsin
the proposedapproachor capturingrequirementsthe constraintsactlike componentshatarebuilt
into the overall specificationstructure. Even if somerequirementsubsequentlyhangemary of
the componentgconstraintsshouldbe re-usable.Althoughthefile accessystemdid notillustrate
it, somecomponent&ndtheir combinationscanbe commonto specificationof the sameclassof
system.Forexample LoTtosspecificationsf OSlservicezsommonlysharespecificéion components
andcombinationsuchasserviceprimitives,serviceaccesgoints,connectionsexpediteddataand
multiplexing.

« Theapproaclyieldsaformal specificatiorin LoTOS, andsois amenabléo variousformsof analysis
like simulation,verificationof equivalencesandproof of properties.

» Thefile accessystemhasshavn how requirementganbeincrementallyaddedto a specification,
moving from apartialspecificatiorto thecompletespecification Requirementmaybeprogressiely
introducedrom thecontinuingdialoguebetweertheanalystandtheclient. Forthefile accessystem,
therequirementsveredravn oneatatime from the sourcedocument.

« Specificationgesultingfrom this approachare compositional easingunderstandingln particular
eachconstrainton the file accesssystemcan be evaluatedin its own right for completenessind
correctnessTheintentionis thatthe clientbeinvolvedin this evaluation.

« A categyorisationof typesof constrainhasbeenpresentedMary constraint®onthefile accessystem
takethe form ‘in this situationthe systemshoulddo that'. It is felt thatthis style of constraintis
appropriatdor capturingclient requirements.

« Onea specificationhasbeendevelopedusingthe approachof the paper thereare possibilitiesfor
developingit further. For example,it canbetransformednto alower-level specificatiorandthence
into an implementation.This could exploit separatevork on style transformatiorsuchas[44, 16].
Implementationcould make use of LoTos refinementand compilationtools like CADP (Ceaesar
AldébararDevelopmentPackagd62]) or LITE (LoTos IntegratedTool Environment[63]).

It wasnotedin sectionl.1 that formal specificationsare incomprehensibléo a typical client. The
approachof the papertries to solve this problemby relating the structureand behaiour of the formal
specificationclosely to how the client might understandequirementsnformally. Since the resulting
specificationis executableijt is possibleor theanalysto animatetherequirementandthusto demonstrate
specificatiorbehaiour to a client without requiringknowledgeof theformallanguage.

It wasalsonotedin sectionl.1 that thereis a needto balancethe rigour of a formal specification
againstthe inherentlyinformal natureof requirementsapture. The paperpresentsa systematiqthough
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not mechanicallapproachthat nonetheles¢eadsto a formal specification. Sincethe approachcaptures
informal requirementsas constraintghat are thenformalised,it is believed thatit strikesanappropriate
balance . Throughanimation the client canbe madeawareof whathasbeenspecified.

In summarythe approachs formal, incrementabndsuitablefor specifyingrequirementslt is hoped
thatit will prove of valuein realisticsituations.
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