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Abstract

SoLVE (Specificationusingan Object-basedl.oTos-defined,Visual language)s de-
signedto allow formalrequirementsapture particularlyfor reactivesystems.The SOLVE
languages object-basedandformally definedusingLoTos (LanguageOf TemporalOr-
dering Specification). SOLVE is supportedby tools that allow direct visual animationof
systemsspecifiedn this language.Animationis supportedy translatinga SOLVE speci-
ficationautomaticallyinto a LoTos specificationandthengraphicallysimulatingthis. A
furtherapplicationis embodiedn the XDILL tool thatsupportgequirementspecification
and visual animationof digital logic circuits. Severalillustrative SOLVE examplesare
given.

Keywords: animation, formal specification,LoTos (LanguageOf Temporal Ordering
Specification)requirementgapture visualisation

Intr oduction

Requirementsaptureanalysisandspecificatioraredifficult yetveryimportantpartsof system
developmentTheprojectSpLICE| (SpecificatiorandPrototypingfor aLoTos InteractiveCus-
tomerEnvironment- Phasd) wasplannedo showthatrequirementsaptureandspecification
would benefitfrom the useof greaterformality, specificallyLoTos (LanguageOf Temporal
OrderingSpecificatior[6]). SpLICE aimedto developan effective bridgebetweerclients,an-
alysts,designerandprogrammersAn equallyimportantbridgehadto be developedetween
systenrequirementssystemarchitectureandformal representation.

Thegoalis to havethetool userindirectly manipulategheformal representationf require-
mentsvia a familiar interface— a visual representatiof the problem. The approachaken
to visual animationof LoTos specificationdgs called SoLvE (Specificationusingan Object-
basedl oTtos-defined,Visuallanguage) SOLVE usesgraphicalpresentatiomndmanipulation
to conveythe meaningof a specification. SPLICE aimedto developmethodsand prototype
softwaretoolsto supporttheuseof LoTos for requirementsapture analysisandspecification
in a numberof selectedapplicationdomains: OSlI servicesdigital logic specificationneural
networksandreactivesystems.The aim wasto makethe benefitsof formality accessibleo
non-formalists.Visualanimationof Lotos wasoneof thetwo majorthemesn SPLICE; other
researclwasundertakeronformal requirementgaptureusingobject-basednethods.

SOLVE specificationareautomaticallytranslatednto LoTtosspecificationsTheobjectbasis
of SOLVE confersanaturalstyleof modellingthatis appropriatdor requirementspecifications
to beevaluatedy clients. It wasnotanaimto incorporatehefull paraphernaliaf anobject-
orientedmethodandlanguage.The advantageslaimedfor SoLveE stemfrom its formal basis
andgraphicalanimationratherthanits useof objects.

Quick (QuickUserInterfaceConstructiorKit [3]) inspiredthework reportedchere. Quick
allowsnon-programmert constructandexploregraphicalinterfacedy directmanipulation.
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SOLVE alsousegyraphicalpresentatiomndmanipulatiorto conveythe meaningof a specifica-
tion. However unlike QuICK, SOLVE’s primaryconcerns to generatéormal specifications.

Perhapghe bestknownwork on formal modelling of reactivesystemss that embodied
in the STATEMATE tool [5]. Thevisualformalismof statechartsllows compacthierarchical
descriptiondasedn a finite statemachinemodel. The graphicalmodelitself canbe directly
executed. Animation and formal analysisare possiblewith SOLVE, but lessdirectly thanin
the caseof statecharts.SOLVE deliberatelydistancestself from the underlyingformalism of
LoTos, andtakesan object-basediew of the system. A numberof object-orientednethods
including O-MATE [4] usevariantsof statechartso describebehaviour

A graphicalsyntaxfor LoTos hasbeenstandardisedyut merely as an alternativeto the
textualsyntax. GLoOTOs is convenienfor seeingthe structureof a specificationputis notan
analysigool like SoLvVE. Someobject-orientedtyleshavebeendevelopedor LoTos (e.g.[8]).
However objectsappeain the LoTos generatedby SOLVE only asaresultof thetranslation.

2 The SoLVE Approach

2.1 The Natureof SOLVE

Thekeyconceptsn SoLVE areformalspecificatior{viaL0oTos), graphicaknimationrandobject-
basedmodelling. SoLVE is designedo be usedby peoplewho are not familiar with formal
languagesin particulailLoTos). SOLVE isasystenfor specifyingrequirementsormally andfor
exploringtheseusinginteractiveanimation.SOLVE is alanguagdor specifyingandanimating
(prototyping)the requirement®f reactivesystemshat producefeedbackn responseo user
input. Theseincludehuman-orientedlevicessuchasdomesticappliances.The specification
andanalysisof digital logic circuitshasbeeninvestigatedisinga specialversionof SOLVE.

SOLVE hasa straightforwarddenotationin termsof LoTos, embodiedin the automatic
translatiorfrom SOLVE to LOTOS. As aresult,SOLVE confershesamebenefitof precisionand
analysabilityasLoTos. TheSoLVE userislargelyunawaref LoTtosastheunderlyinglanguage.
It is thereforepossibleto developandvalidatea SoLvE specificationwithout needingto take
advantageof the featuresof LoTOS. Nonetheles®ncea SoLVE specificationis completed
to the satisfactionof the user the power of LoTos can be broughtinto play. The LoTos
specificationprovidesa formal statemenbf requirementshat canbe usedasthe basisof a
contracthetweertheclientandthedevelopersTheLoTosspecificatiorcanbeformally refined
towardsanimplementationCorrectness-preservimgnsformationsanbeusedpr alow-level
specificationin LOTos can be developedand shownto satisfy the high-level requirements.
Conformancdestscan be derivedfrom the high-level specification. Propertiesof a LOTOS
specificationcan be formally checked. Readily availabletools canbe usedto supportthese
activities[1]. Of course,usingthe LoTos specificationderivedfrom SOLVE needssomeone
who is expertin the language.But the importantpoint is that it addsvalueto SoLve-based
developmentvithoutforcing formality onthe ordinaryuser

It wasdecidedo build inheritancanto theenvironmennotinto thelanguage Theresultis
a simplerspecificationanguageat the expensef a morecomplexsupportenvironment.The
SoLVE environmentdiscussedn this paperdoesnot yet include inheritancemechanismsso
SoLVE presentlylacksfull objectorientation. Oncea SOLVE specificatiorhasbeentranslated
into LoTos it can be visually animated. This allows requirementdo be investigatedby



interactingwith the specificatiordirectly (e.g.by clicking or draggingobjecticons).

The SoLVvE notionof objectsreflectsseverabasicaspect®f the object-orientegaradigm.
A simple object hasan icon — a visual representatiorof the object. Interactionwith the
environmenis in termsof messaggassingge.g.clicking on anicon causesa messagéeo be
sentto theappropriatemethodof the objectresponsibldor theicon. Oneof the objectsin an
executingSoLVE specificatioris Interfacethatis automaticallydeclaredanddefined.

An importantfeatureof SOLVE is visualisation. Eachobjectis displayedasanicon —in
fact a bitmapdisplayedon the screen.An objectis responsibldor displayingandmodifying
its own icon, representingan abstractionof its stateor the stateof somepart of the total
system. The objecticonsvisually inform the SoLVE userwhatis happeningn the system
underconsiderationMost objectsaredeclaredexplicitly in the SoLvE specification.Theuser
interactswith the animationof a SOLVE specificationby communicatingwith the Interface
object. This handlesthe screenwindow system,andso is responsibldor displayingobject
iconsandfor acceptingnouseclicks anddrags.

2.2 SOLVE LanguageElements

Objectdeclarationgrovide type informationto checkcorrectuse of definitionsby objects.
Eachobjecthasa list of instanceparametersand a setof methods. Reflectingthe visual
natureof SOLVE, objectshavethreeimplicitly declarednstanceparametersalledxPos yPos
andiconPig all of sortInt. Thesethreeparametersre usedto representhe objects (x,y)
co-ordinatesandthe bitmappictureof its icon. Eachobjectalsohasthreeimplicitly declared
methodscalledlnitialize (setup instancevariablesandicon), lconClicked(handlemouseclick
on icon) and IconMoveRequeghandlemousedrag on icon). Although thesemethodsare
implicitly declaredanexplicit definitionof eachmustbe givenby the specifier

The SOLVE languages object-basedndintentionallyresembles programmindanguage.
However SOLVE specificationcanbe automaticallytranslatednto LoTos specifications Al-
thoughobjectsmay executeconcurrentlybehavioumithin a simpleobjectis sequential.This
meanghatanobjectmayexecuteonly onemethodatatime.

Thefollowing is anextractfrom the SoLVE specificatiorof the microwaveovendiscussed
in section3.1. Portionsof SOLVE specificatiorarefollowed by their explanation.Ellipses(...)
showpartsof the specificatiorthathavebeenomittedfor brevity.

SystemMicrowavels —— declaresystemname
PicDecls —— declarecons
beep,no_beep, —— audiblealarmstatus
—— declareothericons
EndPicDecls
Theicon picturedeclarationgreactuallythe namesof files containingthe bitmapimages.
ObjectDeclarations —— declareobjects
Object Timer() Is —— declaretimer object
QueryTimer()(Int) —— checktimer method
AddMin()() —— addminutemethod
Reset()() —— resetmethod
EndObiject



—— declareotherobjects
EndObjectDeclarations

An objectdeclaratiorgivesits nameandinstanceparametersThe name parametesortsand
resultsortsof eachmethodarealsogiven. For example QueryTmer hasanemptyparameter
list andaresultlist with justoneinteger

ObjectDefinitions —— defineobjects
Object Timer () Is —— definetimer object
Method Initialize () Is —— initialize timer
Assign(xPos,1) —— seticonx coord.to 1
Assign(yPos,1) —— seticony coord.to 1
Assign(iconPic,digit_0) —— seticonto 0
TellCall Interface.Setlco(xPos,yPos,iconPic) —— displaynewicon
Return () —— noreturnresult
EndMethod
Method IconClicked() Is —— handleclick ontimer
If (iconPicEqi digit_0) —— Istimerzero?
Then —— timer0Q, sonoaction
Else —— timernot0
Assign (iconPic,iconPicMinus 1) —— reducetimer, display
TellCall Interface.SetlcofxPos,yPos,iconPic)
If (iconPicEqi digit_0) —— Istimernow zero?
Then TellCall Powerube.DeEnggise() —— time 0, stopcooking
Else —— not0, keepcooking
EndlIf
EndlIf
Return () —— noreturnresult
EndMethod
Method IconMoveRequedint: a,Int: b)Is —— handletimer move
Return () —— nomove,noresult
EndMethod
Method QueryTimer() Is —— checktimer
Return (iconPic) —— returncurrentvalue
EndMethod
Method AddMin () Is ... —— increasdimer
Method Resef) Is ... —— zeroisdimer
EndObiject
—— defineotherobjects
EndObjectDefinitions
EndSystem

An objectdefinitiondescribesheinnerdetailsof theobject. Thedefinitionmustconformto the
objectdeclaratioranddefinethe declaredmethodsjncludingtheimplicitly declarednethods
Initialize, IconClickedandlconMoveRequestThe Timer objecthasonly the threeimplicitly
declarednstanceparametersxPos yPosandiconPic All theinstancgarametergexplicitand
implicit) maybereferencedr assignedo within theobjects methods An instanceparameter
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maintaingts assignedaluebetweemmethodnvocationauntil it is reassignedomeothervalue.
Methoddefinitionsmayuseany of thefollowing SOLVE languagestatements:

—— introducescommentext up to theendof line.

Variables Name: Sort, ... EndVariables allowslocalvariabledobedeclaredvith thelifetime
of theenclosingmethoddefinition,andwith ascopeconfinedto thefollowing statements
in the methoddefinition.

Assign(Variable, Value) bindsa variableto a value. The SOLVE languagesupportssortsint
(integer)andBool (boolean)with theusualvaluesandoperations SOLVE pre-defineshe
four Int constantsXMIN, XMAX YMIN and YMAXasthe boundingcoordinatesf the
visualdisplay

If Condition Then Statementglse Statement&ndIf offersconditionalbranching.
While Condition Do Statement&ndWhile supportsaconditionalloop.

AskWaitCall ObjectName.MethodNam@arameterList)(ResultsList) is usedto invoke a
particularobjectwith a particularmethodandal list of parametersAskWaitCall blocks
executionin theinvoking objectuntil the call returnsto assigrvaluesto the variablesn
theresultslist.

TellCall ObjectName.MethodNam@arameterList)is like AskWaitCall exceptthatit does
not block executionin theinvoking object. Any resultsreturnedby theinvokedmethod
areignored.

2.3 Tool Support for SOLVE

TheSoLVE toolsetconsist®f thefollowing mainprograms:editor, parser displayer animator,
a modified versionof the hippo simulator solveandxdill. The tools are built usingthe X
windowsenvironmentandC, thoughsomeof this codeis generatedy yaccand X-Designer
Thecommand-linenterfaceto thetoolsets solveor xdill — Unix shelfmakescriptsthatinvoke
thetoolsin thecorrectorder

Togetherthe analystandthe client may exploreandassesshe animatedbehaviourof the
specificatiorto establishits correctnessand completenesssingthe animatortool. animator
displaysthe stateof the systemgraphically andallows interactionwith it in anintuitive and
visualway. Moreimportantly theanimationsintelligible to ausemwithouta (deepknowledge
of LoTos.

SOLVE specificationsanbe producedusinga standardext editor However the syntax-
directededitor syd was developedwith SoLvE in mind. The approachof sydis to enforce
the syntaxof the languagedown to a specifiedlevel. Low-level languageelementssuchas
expression®r identifierscanbe treatedas purely textual: the usermay enterthemwithout
restriction. Thesyntactidevelatwhichsydoperatesnaybeloweredor raisedaccordingo the
preferredgranularityof editing.

The parsertool makesuseof yacc parseracceptsafile containinga SOLVE specification
andcarriesout syntaxandstaticsemanticehecks.For avalid specificationparserproducesa
LoTosspecificatioraswell asaspeciakcontrolfile for animator. Thetranslatiorfrom SOLVE to



LoTosisreasonablgtraightforwardsed7] for thedetails.Eachobjectcorrespond® aLoTOS
procesghatinteractswith othersvia anintermediatgrocesObjectCommascommunication
medium.Thecommunicatiormodelpermitsdynamicmodificationof communicatiorconnec-
tions, althoughdynamiccreationof objectsandtheir connectionsrenot currently supported
by SOLVE.

The displayertool appearsn its own window. It displaysobjecticons (bitmapsand
identificationtext) in responséo requestfrom animator, andit passe®n mouseclicks and
drags.animatorappearasasetof windowswith pull-downmenughatmanageheinteractive
animationof a SOLVE specification. Whenit is invokedwith a LoTos specificationfile and
an animationcontrolfile, animatorspawngisplayerandhippo aschild processesanimator
communicategia Unix pipesto/fromthe standardnput/outputof displayerandhippo.

The hippo tool is an early LoTos simulator producedby the project SEDOS (Software
Environmentfor the Designof OpenDistributedSystems).Othertoolsin the SEDoOStoolset
are usedto processand checkthe LoTos specification. Simple communicatiorvia pipesis
thereasorthat hippowasusedratherthana later simulatorsuchassmileor the onesupplied
with thetopotoolset. The purposeof hippois to simulatethe behaviourof the given system,
yieldinglistsof possiblesvents.displayerturnsuserinput(i.e. mouseactions)nto eventoffers.
This effectively yields lists of eventsofferedby the environment. To managean interactive
animationanimatorsynchronisesippoeventofferswith displayereventoffers.

Whenanimationbegins,animatoranddisplayeropentheir windows. animator provides
a menuof possiblenext events. The usermay choosea view option that showsthe event
offersfrom the systemandits environment.displayershowsthe graphicalview of the system
objectsand handleseventsoffered by the uservia this graphicalview. animatorshowsthe
eventsoffered by the systemvia hippo, andthe menuof possibleeventsthat are acceptable
to boththe environmentandthe system.An optionin animatorallows automaticselectionof
events.Althoughtheusercaninteractwith the specificationn a conventionakvent-by-event
simulation,the powerof SOLVE liesin visualanimation. Normally the userwill setanimator
for automaticselectiorof eventsandwill theninteractdirectly with thesystemboy mouseclicks
anddragsonthegraphicaldisplay

3 SomeSoLVE Examples

3.1 ReactiveSystems:A Micr owaveOven

A microwaveovenis a typical reactivesystem. The userinteractswith the oventhrougha
controlpanelcontainingthreebuttons.Thedoor closebuttonis usedto closethe ovenprior to
cooking. The cookingcontrolbuttonis usedto begincooking. By defaultthe cookingperiod
is two minutes butanadditionalminuteis addedfor eachpressof the cookingcontrolbutton.
At anyonetime the cookingperiodis limited to a maximumof nine minutes but the cooking
controlbuttoncanbe usedagainlaterduring cooking. Whenthe periodis up, cookingceases.
Thedooropenbuttonis normally usedto openthe ovenafter cooking. If thedooris opened
duringcooking,thetimeris resetandcookingstops.Theovenalsohasvariousoutputdevices.
A timer showsthe remainingtime to cook. A light is switchedon while the dooris openor
during cooking. A powertubeis usedto heatthe oven. Whencookingfinishes,an audible
‘beep’is sounded.



Ia visualization of the specified system:
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Figurel: SoLveE View of MicrowaveOvenduring Cooking

The usets view of the SOLVE modelduring animationis givenin figure 1. To reachthis
statethe userhasclicked on the door closeand cookingcontrol buttons. The ovendooricon
is in the closedstate. The powertubeandovenlight areshownto be on, andthe ovenstateis
shownto becooking. Thetimeris currentlysetattwo minutes.Theusersimulategshe passage
of time by clicking on the timer icon, reducingits countby oneminutefor eachclick. When
thecountreachezero,the SoLVE displaywill showthatthe powertubeandlight areswitched
off andthatthe ovenstateis nolongercooking. In additiontheaudiodevicewill showa ‘beep’
signal. Thefull SoLvE specificatioris about310non-commenlinesandis givenin [2].

3.2 Simulation: A Petri Net

The examplechoserfor a Petrinetdescribes fan heater The heaterhasa fan anda heating
elementpothcontrolledby switcheswith aninterlock. Thefanalonemaybeswitchedon (just
to blow cool air). If thefanis on, the heatemrmay alsobe switchedon (to blow hot air). The
heatingelementmaynotbeswitchedonalone(sinceit wouldoverheat)If bothfanandheating
elementareon, they may be switchedoff together The userinputsarethusthe settingsof the
two switches.The outputscorrespondo operationof thefan andthe heatingelement.

The Petrinetmodelof the heaters givenin figure 2. The SoLvE modelshowsiconsfor
only the fan, heatingelement,placesand transitions. SOLVE is currently ableto draw only
icons,not to join themup. Theintermediatdinesin the figure havebeenaddedmanuallyto
makesenseof the net. The SOLVE userclicks on transitionsto causethemto fire. As usual,if
the placedeadingto atransitionhavea tokenthenthetransitionmay fire andcausetokensto
betransferredo the outputplaces.The SoLVE animationtakescareof thefiring rulesandthe
graphicaldisplayof tokens.Theapproachalsoallowstransitionswith inhibitions,for example
to preventthe fan from beingswitchedoff while the heatingelements on, andto preventthe
heatingelementbeingswitchedon while the fanis off. In the situationof figure 2, both the
fan and heatingelementareon. The turnheateoff transitionis possible,but the turnfanoff
transitionis inhibited by the tokenin the HeaterOnplace. The turnbothoff transitionis also
possible. Thefull SOLvE specificationis about350non-commenlinesandis givenin [2].
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3.3 Digital Logic: A Data Latch

DiLL (Digital Logicin LoTos[10]) wasdevelopedor thespecificatiorandvalidationof digital
logic componentandcircuitsusingLoTos. The SOLVE approachhasbeenextendedo allow
interactivevisualanimationof DiLL specificationsisingX windows,hencethe nameXDILL.
GivenaDiLL sourcdfile, thexdill tool carriesoutthetranslatiorinto SoLve andLoTosandthen
animatest. Duringanimationof a DiLL specificationthe usermaychangehelogic valueson
theinputsandobserveheresultaniogic valueson the outputs.Animationoptionsfor XDILL
arethe sameasfor SOLVE.

As an example,considerthe specificationof a D-Latch — a standardhardwarememory
componentso-calledbecauset latches(stores)onedatabit on a clock pulse. A D-Latchhas
two inputsandtwo outputsconventionallylabelledD (inputdata),C (inputclock), Q (output)
andQbar (outputnegated).The xdill tool needshelpto distinguishinputsandoutputs,sothe
namesof inputgatesmustbeginwith ‘I' andthoseof outputgateswith ‘o’. A D-Latchis one
of the pre-definedDiLL library componentso it canbe declareddirectly, leadingto a rather
simpleDiLL specification.

Invoking xdill causesanimator and displayerwindows to appearas for SOLve. When
animationof theD-Latchstarts severalnternalandobservableventsarepossible.Theinitial
internaleventscorrespondo settlingdown of the circuit. Theinitial observableeventscorre-
spondto thefirst outputvaluesof the D-Latch. The displayerwindow graphicallydepictsthe
DiLL componenasabox. Thenumberandpositionof theinputsandoutputsareautomatically
calculated. Inputsare placedalongthe left side of the box, andoutputsalongthe right side.
Logic valuesT and F (True and False)are displayedin arrow-shapeduttonsthat may be
clickedto seta particularlogic value.

Whenthe userclicksonaT or F button,it momentarilyturnsinto a zig-zagas shownin
figure 3(a). In this example the input dataline iD is False. The input clock line iC hasjust
beenclickedto setit False sochangesrepropagatedhroughouthe system.After automatic
selectionof eventsthe resultis the new stablestateshownin figure 3(b). As expectedthe
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D-Latchhasstoredthe newinputvalueFalseon thefalling edgeof the clock pulse;the output
0Qis Falseandthe negatedutputoQbaris True.

4 Conclusions

In designingSoLVE, the aim wasto producea languageanda setof tools that would allow
effective specificationand visual animationof requirements. It was also intendedthat the
systembe accessiblg¢o thosewithout training in formal methods. SOLVE canclaim to have
gonealong way towardsmeetingtheseobjectives.The SOoLVE languageusesfamiliar object-
basednodellingconceptsn aprogrammingstyle. Yetit is translatecautomaticallyinto LOTOS,
ensuringa precisebasisfor any specification.LoTos specialistcanthenusethe specification
to carry out formal verification, validationand refinment. The visual animationrequiresno
knowledgeof LoTOs, andis thussuitablefor non-specialistsuchasendusers.Theavailability
of a SoLVE-specificsyntax-directeeditoris anadvantagdor novices.

However somdurtherinvestigationgrenecessarySoLvE hasbeerpartlyorientedowards
reactivesystemshatlendthemselveso thiskind of approachThisis notanintrinsicrestriction,
aswitnessthe applicationto digital logic designwith XDiLL. The basicconceptsof SOLVE
arequitegenerabndtranslateo LOTOS in anaturalway. Objectsrepresenteactivegraphical
entitieswith which the usermay interact. Many applicationshavea conventionalgraphical
form that could be animated(e.qg. circuit diagramsn electronicstime-sequencdiagramsn
datacommunicationsmimic diagramsn processontrol).

The SoLVE languagewvould benefitfrom someextensions A greatewvariety of datatypes,
particularly records,would be desirable. Inheritancewould permit easierre-useof SOLVE
components.Dynamic creationand deletionof objectswould be useful, aswould dynamic
modificationof objectcommunicatiorpaths.Following thecurrenttrendtowardsmulti-media
systemsthe objectsdisplayedby SoLvE could have other characteristicsuchas soundsor
movingimages.

SoLVE hasstill to be usedon seriousapplicationsputit is believedthatthe approachwill
scaleup satisfactorily Certainly SOLVE fills a gapin the softwareengineerindife-cyle thatis
largely not coveredby existingLoTos-basednethods.
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