Kenneth J. Turner and Ashley McClenaghan. Visual animation of LOTOS using
SOLVE (extended version). In Dieter Hogrefe and Stefan Leue, editors,

Formal Description Techniques VII, Amsterdam, October 1994.

North-Holland.

Visual Animation of Formal Requirements
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SoLVE (Specificationusingan Object-based,L oTos-defined,Visual language)is designed
to allow formal requirementscapture, particularly for interactive systems. The SOLVE
languageis object-based,and formally defined using LoTos (Language Of Temporal
Ordering Specification). SOLVE is also a set of software tools that allow direct visual
animation of systemsspecifiedin this language. Communicating objects control on-
screeniconsthat can be manipulated directly by the user Animation is supported by
translating a SoLVE specification automatically into a LoTos specification, and then
simulating this using standard LoTos tools. A VCR (Video CassetteRecorder) clock
controller is usedto illustrate the SoLvE approach. A further application is embodied
in the XDILL tool that supports requirementsspecificationand animation of digital logic

circuits. The architecture of the SOLVE toolsetis described.

1 Intr oduction

1.1 The Seuice Project

Requirementsapture,analysisand specificationare difficult yet extremely important parts of system
development. Errorsin the top-level specificationhave a majorimpacton later refinements.Significant
work hasbeenundertakeron mostaspect®f usingLoTtos (LanguageOf TemporalOrderingSpecification
[13]) throughouthe softwareengineerindife-cycle. However, onephasehathasreceved little attention

to datehasbeenthe useof Lotosin requirementgapture.Thiswasthebackgroundo theprojectSpLICE |
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(SpecificatiorandPrototypingfor aLoTtos Interactive CustometErvironment— Phasd), calledSpLicEfor
brevity in thefollowing.

SpLICE exploredthecorviction thatrequirementsaptureandspecificatiorwould benefitfrom theuseof
greaterformality — specificallyLotos. However, it wasrecognisedhatthe useof aformallanguagen the
requirementphasecreategotentialproblems. Customersandclientsaregenerallynot trainedin formal
methodsandfind it hardto understandndrelateto formal specification®f requirementsDesignersand
programmersiremorelikely to have trainingin formal methods- atleastto the point of beingableto read
formalspecifications-but thiscannobeassumeof everymembein adevelopmenteam. Analystshaveto
bridgethe gapbetweerthe expectationsaandbackgroundf customers/clientanddesigners/programmers.

Analystsare also facedwith anotherproblem: how to structureand representequirementsjdeally
in a formal way. This is essentiallyan architecturalproblem,and experienceshows that developing a
goodsystemarchitectures difficult. Anotherchallengas representingrchitecturatonceptappropriately
in a chosenformal language. It is frequentlythe casethat mary alternatie formal representationare
possiblefor architecturatonceptssuchthatonly widespreaaxperiencecanshowv the mosteffective ways
of modellingthem(e.g.seg[24] for anapproacho modellingthe OSlarchitecture).

The commonthreadthroughoutSpLICE was thereforedeveloping an effective bridge betweencus-
tomers/clientsanalystsand designers/programmersAn equally importantbridge hadto be developed
betweersystenrequirementssystemarchitectureandformal representations.

Traditional softwareengineeringnethodsfor requirementgapturetendto be informal and may not
be supportedy tools. The SpLICE philosophywasto have the tool userindirectly manipulatethe formal
representatioof the requirementwia a familiar interface(e.g.a visualrepresentatioof the problem).In
this way the usercanproduce,analyseandinteractwith formal requirementsvithout having to learnan
unfamiliarformal notation.

The objective of SpLICE wasto develop methodsand prototypesoftwaretools to supportthe use of
Lortos for requirementsapture analysisand specificationin a numberof selectedapplicationdomains.
The aim wasto makethe benefitsof formality accessibléo non-formalists. Visual animationof LoTos
wasone of the two majorthemesin SPLICE, otherresearchwasundertakeron formal (LoTos-defined)
requirementgaptureusingobject-basednethods.

SpLICE haslookedat four distinctapplicationdomains:OSl servicesdigital logic specificationneural
networksandinteractive systems[21] discussesipproacheso architecturakpecificatiorof OSI services

anddigital logic; the latteris further elaboratedn [23]. Both approachegaresupportedy toolsusingthe



m4 macrolanguagq14, 22]. [9] reportscomplementaryork on specificationof neuralnetworks. Tool
supporthasbeendevelopedfor this usingthe Sathedanguageandthe Sun\Mew windowing environment.
The presentpaperreportson SPLICE work to supportspecificatiorandprototypingof interactive systems

usingLoTos.

1.2 RelatedWork

Commerciallyavailable tools to capturerequirementdor interactive systemstend to be sophisticated
graphicseditors. Thesesystemshelp a userto collectand organiseinformationthroughvisual attributes
of the system. However the descriptionsthat thesetools produceare often inadequatemodelsof the
behaioural requirementsgannotbe usedasexecutableprototypesandlack therigour neededor testing
andrefinement. The productionof tractablespecificationdrom requirementss a desirableprecursorto
formal development. Moreover, in a world ever more clutteredby ‘push-tutton’ interactve devices, the
importanceof generatinganalysablenodelsduringrequirementgapturebecomegarticularlysignificant.
[20] demonstrateBow building formal modelsof interactive systemdeadsto early problemidentification
andbetterdesigns.

The Quick system([5] inspired and shapedthe work reportedhere. Quick (Quick User Interface
ConstructiorKit) is atoolkit thatallows non-programmerto construciandexploregraphicalinterfacesy
directmanipulation.SoLVE alsousesgraphicalpresentatiomndmanipulationto corvey the meaningof a
specification.Unlike QuiCck, SOLVE’s primary concernis to dealwith formal specifications Otherrelated
work includesXIT [11] and STATEMENT [10].

SoLVE specificationganbeautomaticallytranslatednto Lotos specificationsAs will beseen SoLvE
is object-based However, the aim wasto generatestandard_oTos so no attemptwasmadeto introduce
object-orientationnto thetranslatedspecification.Theapproachhusoffersa contrasto work on defining
object-oriented_otosvariantsandmethodge.g.[1, 3, 8, 16, 18]).

The object basisof SoLvE confersa naturalstyle of modelling thatis appropriatefor requirements
specificationgo be evaluatedby customers/clientslt wasnotanaim to incorporatehefull paraphernalia
of anobject-orientedanguageandmethodsuchasSvALL TALK, C++ or EIFFEL. The advantageslaimed

for SoLveE stemfrom its formal basisandanimationpossibilitiesratherthanits useof objects.



2 The SoLve Approach

2.1 The Goalsof SoLve

The approachtakento visual animationof LoTos specificationds called SoLvE (Specificationusingan
Object-basedl otos-defined, Visual language). The key conceptsin SoLve are formal specification
(via LoTo9), interactive animationand object-baseanodelling. SoLVE is a languagefor specifyingand
animating(prototyping the requirement®f interactive systems. Theseinclude human-orientedievices
suchasVCRs(VideoCassett&kecorderspndotherdomesticappliances SOLVE is backedup by software
tools runningunderthe X window ervironmentfor manipulatingand animatingspecificationswritten in

the SOLVE language.

SoLVE is designedto be usedby peoplewho are not familiar with formal languagegin particular
LoTtos). SoLvE is a systemfor building formal requirementandfor exploring thesespecificationgising
interactive animation.Thechallengdacedby SoOLVE is helpinguserdo exploretheconsequenceasf formal
specification®f requirementsSoLVE meetghis challengeby allowing a requirementspecificatiorto be
written in astraightforwardbject-basethnguagehatcanbeautomaticallytranslatednto Lotos andthen
visually animated.

The sensein which SoLVE is basedon LoTosS is thatit hasa straightforwarddenotationin termsof
LoTos, the automatidranslationof LOTOS to SOLVE embodieghis denotation.As a result,useof SOLVE
conferghesamebenefitsaasusingLoTos precisionanalysabilityequivalencestools,etc. Theequivalence
of two SoLvE specificationds determinedby the equivalenceof their LoTtos denotations.Nonetheless,
new relationshipsnight be definedfor SoLve specification®nly (e.g.for subclassing)Suchrelationships
would bedefinedusingthe underlyingLotos semanticge.g.the cred andcext relationsof LoTOS). SOLVE
aimsto gainthe advantageof formality at the price of hiding Lotos — from non-specialistat least. A
majorgainis thatoncetherequirementspecificatiorin SOLVE hasbeencheckedthecorresponding.otos
specificatiorcanbeusedasthebasisfor furtherformal development.This mightincludeuseof refinement,
correctness-preservingansformationandformal derivationof tests.

The sensein which SoLVE is object-baseds discussedn Section2.3. It wasdecidednot to build
inheritancento thelanguagebut ratherinto the ervironment. Thatis, SOLVE specificationsvouldindicate
whereclassesvereto beimported. Theervironmentwould maintainli brariesof classesndtheirinheritance
relationships. The resultis a simpler specificationlanguageat the expenseof a more comple support

ervironment. The SOLVE ervironmentdiscussedh this paperdoesnotincludeinheritancemechanismsso
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Fig. 1 VCR Clock System

SoLve presentlylacksfull objectorientation.

The sensdn which SoLvE is visualis discussedn moredetail later Oncea SOLVE specificatiorhas
beentranslatednto LoTos, it canbe visually animated. This allows requirementgo be investigatedby
interactingwith the specificationdirectly (e.g. by clicking or draggingobjecticons). The object-based

approaclof SoLVE leadsto animationof requirementsn auserfriendly way.

2.2 Applications of SoLve

SOLVE is suitablefor requirementsapturein designdomainswheresystemsareinteractive (producing
feedbackin responséo userinput) andcanberepresentedy visualanimation.SoLve hasbeenappliedto
anumberof simple systemdncludinga VCR on-screerclock controller, a databasaccessnechanisma
light switch,anda messag@assingcommunicationprotocol. The definitionandanalysisof digital logic
circuitshasbeeninvestigatedisingXDiLL — adevelopmenibf SoLVvE for thisapplicationdomain.A VCR
clockandaD-Latch,a simpleone-bitmemory areusedasexampleslaterin the paper

The VCR clock allows the userto setan on-screer24-hourclock usingon-screercursorand control
buttons. The cursorcanbe moved left or right to selectonedigit, but cannotbe moved beyond the digits.
For simplicity, the clock shavs hoursonly, representeés on-screerdigits for tensand units of hours.
Incrementainddecremenbuttonsallow theclockdigit pointedto by thecursorto beadjustedy one,except
thatthe clock cannotbe adjustedoutsidethe range00 to 24 inclusive. Tensandunits of hoursarerelated

(e.g.incrementingd9yields 10). Fig. 1 shavs the appearancef the screerwhile the clock is beingset.



2.3 Objectsin SoLve

The SoLvE notionof objectsreflectsseveral basicaspect®f the object-orientegparadigm.An objectis an
autonomougntity with well-definedinterfacemethodsandcommunicatesvith otherobjectsvia blocking
or non-blockingmessag@assing.An objectcandecideits future behaiour dependenbn internalvalues
andcommunicatiorwith otherobjects.A simpleobjecthasanicon— avisualrepresentationf theobject.
Interactionwith theervironmentis alsoin termsof messag@assinge.g.theuserclicking onaniconcauses
amessagéo be sentto the appropriatanethodfor the objectresponsibldor theicon. A compositeobject
is asetof interworkingobjectswhethersimpleor composite.

An importantfeatureof SOLVE is visualisation. Eachobjectis visualisedas anicon — in fact a
bitmapdisplayedon thescreen An objectis responsibldor displayingandmodifyingits own objecticon,
representingan abstractionof the stateof an objector somepart of the total system. The objecticons
visually inform the SoLVE userwhatis happeningn the systemunderdesign.

Object-orientatiorsometimessupportsclassor type-basedbjects[2] asopposedo the prototypical
objectg5] supportedy SoLve. (Thedistinctionbetweerthesetwo approachess clearestvhenlooking at
how objectsarecoded.)Thekey ideaof class-basethheritances top-dovn specialisatiomywhereashekey
ideaof prototypicalobjectsis bottom-upcompositionof objectsfrom simplerobjects.Eachsimple SoLve
objectis createdwith all the characteristicef a basicprototypicalobject. Onceanobjecthasbeencreated
it may be customisedIn factthe usermay build up akit of predefinedsimpleandcompositeobjects.[5]
pointsoutthatprototypicalobjectssupporthetwo oftenquotedadwantage®f inheritance:abstractiorand
reuse.Prototypicalobjectsmaybe aggr@ated,andthe aggrgatelabelledto form a new abstractclass’ or
‘type’. Objectsmaybeduplicatedthussupportingreuse.

A SOLVE specificatiorconsist®of anumberof objectshatcommunicateia messagesA messageither
invokesan objectmethodor returnsthe resultsof aninvokedmethod. Objectsmay executeconcurrently
Oneof the objectsin anexecutingSoLVvE specificationis called Interface This objectis implicit — it is
declaredanddefinedautomaticallyby SoLvE. In contrast,all the otherobjectsin a SOLVE specification
have to be declaredanddefinedexplicitly by theuser

Fig. 2 shavs partof theVCR clock system.ObjectsGoLeft GoRightandCursoraredeclaredxplicitly
in the SoLvE specification. Potentialmessageommunicatiorpathsare shavn asdottedlinesin Fig. 2,
meaningthat all objectsmay communicatewith one another The userinteractswith the animationof

a SoLvE specificationby communicatingwith the Interfaceobject. Interfacehandlesthe screerwindow
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Fig. 2 CommunicatingObjectsin a SOLVE Specification

systemandsois responsibldor displayingobjecticonsandfor acceptingnouseclick anddragrequests
from the user In anactualinteractionthe usermight click on the GoLeftbuttonicon. The mouseclick
would be handledby a methodwithin Interface which would sendanIconClickedmessagéo GolLeft A
methodin GoLeftwould thensenda Left messagéo Cursor. Cursorin turn would now senda Setlcon
messagéo Interface requestinghe Interface objectto redisplaythe Cursor icon one placeto the left.
Respondindo this request,nterfacewould instructthe window systemto displaythe Cursoricon in its
new position.

Objectdeclarationprovidesort(‘type’) informationusedo checkcorrectuseof objectswith definitions.
Eachobjecthasalist of instanceparametersnda setof methods. The sortsof instanceparameterare
declaredasarethe namesandsignatureof the methods.

Reflectingthe visual natureof SoLvE, eachobjecthasthreeimplicitly declaredinstanceparameters
calledxPos yPosandiconPic all of sortint. Thesethreeparameterareusedto representheobject’s (x,y)
co-ordinatesindthebitmappictureof its icon. Eachobjectalsohasthreeimplicitly declarednethodsalled
Initialize (initial valuesassigneandicon setup), IconClicked(mouseclick onicon) andlconMoveRequest
(mousedragonicon). Althoughthesemethodsareimplicitly declaredanexplicit definition of eachmust

be givenby the specifier



2.4 Sowve LanguageElements

The SoLvE languagés object-base@ndhopefullyintuitive. It hasbeendeliberatelydesignedo resemble
a programminglanguage avoiding the algebraicfeel of Lotos. However, SOLVE descriptionscan be
automaticallytranslatednto LoTos specifications. Someof the mechanicof SOLVE are automatically
incorporatedn thetranslation. This makesthe LoTtos specificationSoLve-oriented but makesit suitable
for visualanimationandfor subsequentbject-basedevelopment.
Althoughobjectsmayexecuteconcurrentlybehaiour within asimpleobjectis sequential Thismeans
thatanobjectmay only be executingonemethodat ary time. The methoddefinitionsmay useary of the

following SOLVE languagestatements:

—— introducecommenttext up to theendof line.

Variables Name: Sort,... EndVariables allows local variablesto be declaredwith the lifetime of the
enclosingmethoddefinition, and with a scopeconfinedto the following statementsn the method

definition.

Assign(Variable, Value) bindsavariableto avalue. The SoLvE languagesupportssortsint (integer) and
Bool (boolean)with theusualvaluesandoperations SoLVE pre-defineshefour Int constantXMIN,

XMAX YMIN andYMAXasthe boundingcoordinate®f thevisual display
If ConditionThen Statementg&lse Statement&ndIf offerssimpleconditionalbranching.
While ConditionDo Statement&EndWhile supportsa simpleloop.

AskWaitCall ObjectNameMethodNaméParameterList)ResultsList)is usedo invokeaparticularobject
with a particularmethodanda list of parameters.AskWaitCall blocksexecutionin the invoking

objectuntil the call returnsto assigrvaluesto thevariablesin theresultslist.

TellCall ObjectNameMethodNamé¢ParameterList)is usedike AskWaitCall exceptthatit doesnotblock

executionin theinvoking object. Any parameterseturnedby theinvokedmethodareignored.



3 Sowve in Action: A Video CassetteRecorder Clock

3.1 The SoLve Model

The VRC clock will be usedasan exampleof how SoLvE canbe usedto captureand visually animate
requirementsThemappingbetweerinformal requirementsindthe SOLVE specificatioris straightforward.
Table 1 shows the objects,attributesand methodsthat canbe identified from the informal requirements.
Only aspectdglirectly relevantto requirementgandnot just artifactsof the SOLvE specificationjareshovn
here.

The manualoperationof ary of the four push-lutton objectsis representetby the userclicking on its
icon. As anexampleof interactve animation,considerwhat happensvhenthe userwishesto checkthe
effect of moving the cursorright. Theuserwould click the GoRighticon, invokingthelconClickedmethod
of GoRightand causinga Right messagéo be sentto Cursor. This may respondby maving its icon to
theright dependingon the currentposition; if it is alreadyunderthe unitsdigit thenit will not move ary
furtherright. Thevisually animatedSoLVvE specificatiorthusreactsto directmanipulationby the uservia

thegraphicalinterface.

3.2 The Sowve Specification

An outline of the SoLVE specificatioris asfollows; ellipsesmarkwheretext hasbeenomittedfor brevity.
Objects, attributes and methodscorrespondclosely to the analysisgiven in Fig. 1. The full SoLve

specificatioris about160non-commentinesandis givenin [17].

SystemVCRclockls —— systemname
PictureDeclarations ——icondeclarations
leftArrow, rightArrow, ... —— arraw iconfilenames
digitZero,digitOne,... —— digit iconfilenames
cursorPtr —— cursoriconfilename

EndPictureDeclarations

ObjectDeclarations —— objectinterfaces
Object GoLeft() Is —— left buttonobject
EndObject



Object GoRight()Is —— right buttonobject

EndObject

Object Cursor(Bool)ls —— cursordisplayobject
QueryXPos()(Int) —— checkcursorx positionmethod
Left()() —— move cursorleft method
Right()() —— move cursorright method

EndObject

Object Tens()Is —— tensdisplayobject
Inc()() —— incrementmethod
Dec()() —— decrementnethod
Query\alue()(Int) —— checkvaluemethod

EndObject

Object Units() Is —— unitsdisplayobject
Inc()() —— incrementmethod
Dec()() —— decrementnethod

EndObject

EndObjectDeclarations

ObjectDefinitions —— objectinternals
Object GoLeft() Is —— left buttonobject
Method Initialize() Is —— initialisationmethod
Assign(xPos,6) —— initialise x position
Assign(yPos,5) —— initialise y position
Assign(iconPic,leftArrav) —— initialise iconimage

TellCall Interface.Setlcon(xPos,yPos,iconPic) —— asynchronousall to displayicon
Return()

EndMethod
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Method IconClicked()Is
TellCall CursorLeft()
Return()

EndMethod

Method IconMoveRequest(Int:a,Int:0}
Return()

EndMethod

EndObject

Object GoRight()Is ... EndObject

Object Cursor(Bool:flashingOnls

——iconclickedmethod

—— asynchronousall to move left

—— icon move requesteanethod

—— iconmove ignored

—— right buttonobject

—— cursordisplayobject

Method Initialize() Is

Assign(xPos,2) —— initialise x position
Assign(yPos,2) —— initialise y position
Assign(iconPic,cursorPtr) —— initialiseiconimage

TellCall Interface.Setlcon(xPos,yPos,iconPic) —— asynchronousall to displayicon
Return()

EndMethod

Method IconClicked()Is
Return() ——iconclick ignored

EndMethod

Method IconMoveRequest(Int:neXPos,Int:nevYPos)ls ... EndMethod

Method QueryXPos()s —— returncursorx position
Return(xPos)
EndMethod
Method Left() Is —— move cursorleft
If (xPosNei 1) —— positionnot1 (i.e. leftmost)?
Then
Assign(xPos,xPoblinus 1) —— decremenposition

TellCall Interface.Setlcon(xPos,yPos,iconPic} asynchronousall to displayicon
Else —— move attemptignored

EndIf

11



Return()
EndMethod
Method Right() Is ... EndMethod

EndObject

Object Tens()Is ... EndObject —— tensdisplayobject

Object Units() Is ... EndObject —— unitsdisplayobject
EndObjectDefinitions

Theicon picturedeclarationareactuallythe namesof files containingthe bitmapimages. An object
declaratiordescribeghe namesjnstanceparametesortsand methodparametesortsof eachobject. An
objectdefinition describeghe inner detailsof the object. The definition mustconformto the objectdec-
larationanddefinethe declarednethodsjncludingtheimplicitly declarednethoddnitialize, lconClicked
andlconMoveRequest

The parentheseafteran objectnameareusedto declarethe typesof the object’s instanceparameters.
The GoLeftobjecthasonly thethreeimplicitly declarednstanceparametersxPos, yPosandiconPic The
Cursorobjectalsohasoneexplicitly declarednstanceparametenf type Bool.

TheobjectGoLefthasonly theimplicitly declareanethodsinitialize, IconClickedandiconMoveRequest
TheobjectCursoralsohasthreeexplicitly declarednethods:QueryXms, LeftandRight Thetwo paren-
thesisedists aftereachmethoddeclaratiorareusedto givethesortsof parameterandresults. Themethod
QueryXm®@shasoneresultof sortint, while methodd_eft andRighthave neitherparametersorresults.

The cursormay be flashingor not. The variableflashingOnappearsn the instanceparametetfist for
Cursor, matchingheneedor oneinstancegparameteof typeBool. All theinstancegparametergexplicit and
implicit) may be referencedr assignedo within the object’s methods.An instanceparametemaintains

its assignedraluebetweemmethodinvocationsuntil it is reassignedomeothervalue.

3.3 Animating the Specification

The SoLve specificationof the VCR clock is translatecautomaticallyto Lotos by the parsertool. If the

specificationis syntacticallyand static semanticallycorrect,the resultis a Lotos specificationthat can
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be animated. Various SOLVE control files are producedas a byproductof translation. The VCR clock
specificationin SOLVE is translatednto about1300non-commenltinesof LoTos—anexpansiorof roughly
eighttimes,shaving the productvity gainspossiblecomparedo directspecificationin LoTos

Theanalystwill wishto checkthatthe SoLvE specificatiorreflectstheinformal requirementsisingthe
SOLVE toolset. Togetherthe analystand customer/clientnay explore and assesshe animatedoehaiour
of the specificationto establishits correctnessind completenessisingthe animatortool. The animator
displayshestateof thesystengraphtally, andallowsinteractionwithitin anintuitiveandvisualway. More
importantly the animationis intelligible to a customer/clienbr designer/programmevithout knowledge
of LoTos.

Whenanimationbagins,theanimatoranddisplayertoolsopentheirwindows. Theanimatorprovidesa
menuof possiblenext events. Whenanimationof the VCR clock specificatiorstarts seveninternalevents
arepossible.TheseareTellCall invocationsof Initialize methoddn the seven objectsto setuptheiricons.
Beforethesecallsoccur displayershows defaultbitmapsfor the objecticonsat a defaultlocation.

The usermay choosea view option that shawvs the event offers from the systemandits ervironment.
Thisresultsin four windows. Thedisplayershavsthe graphicalview of the systemobjectsandtheevents
offeredby the uservia this graphicalview. The animatorshaows the eventsofferedby the systemvia the
hipposimulator andthe menuof possiblesventsthatareacceptabldothto the environmentandsystem.

An optionin animator allows automaticselectionof events. Althoughthe usercaninteractwith the
specificationn a conventionalevent-by-erentsimulation,the power of SOLVE liesin thevisualanimation.
Normally the userwill setanimatorfor automaticselectionof eventsandwill theninteractdirectly with
the systemby mouseclicks anddragson the graphicaldisplay

As an example, considerthe animationwindows in Fig. 3(a); the windows are numberedfrom the
top in the following description. The userhasjust clicked the GoLeftbuttonin window 2. Theresultis
the event offer Interface! IconClicked! GoLeftfrom the systemenvironment,shovn in window 4. The
animatormatcheshis with theeventscurrentlyofferedby thesystemshavn in window 3, anddisplaysthe
permissibleeventsin window 1. Only oneeventis possibleandanimatorselectghissinceit is in automatic
mode. A chainof eventsis now followedautomatically leadingto the situationshavn in Fig. 3(b). The
ervironmenteventwindow andoverall eventwindow arenow empty waiting for the userto invokeanother
actionin the graphicalwindow. The GoLeftclick hascausedhe cursorto move one placeleft to the
tensposition. Although the operationof all four windows hasbeendiscussedin practicethe usermay

concentrat®n thegraphicalview only.
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;;levent offers from the specified sustem’s envirorment (via displauer?: event offers from the specified system’s environment (wia displaweri:

Interface !lconClicked [Goleft

Fig. 3(a) After Clicking GoLeft Fig. 3(b) After ProcessingsoL eft

4 sSowve In Action: A Digital Latch

DiLL (Digital Logic in Lotos) [23] was developedfor the specificationand validation of digital logic
componentsand circuits using LoTos. DILL provides a library of pre-definedcircuit components—
a catalogueof LoTos specificationfragments. A digital circuit specificationconsistsof a number of
componentcombinedusing a simple macro languageand LoTos operators. A DiLL specificationis
a black-box descriptionof a circuit with input wires and output wires. During animationof a DILL
specificationthe usermay changethe logic valueson theinputsandobsenre the resultantiogic valueson
theoutputs.

The SoLvE approachhasbeenextendedto allow interactive, visual animationof DILL specifications
underthe X window ervironment,hencethe nameXDILL. GivenaDILL sourcefile, thexdill tool carries
outthetranslationinto SoLve andLoTosandthenanimatest. As anexample,consideithespecificatiorof
a D-Latch- a standarchardwarememorycomponentso-calledbecauset latches(stores)onedatabit on

aclock pulse. A D-Latchhastwo inputsandtwo outputsconventionallylabelledD (input data),C (input
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clock), Q (output)andQbar (outputnegated). The xdill tool needshelpto distinguishinputsandoutputs:
the specifiermustbegin input gateswith ‘i’ andoutputgateswith ‘o’. TheDILL specificatiorof a circuit

usingasingleD-Latchis asfollows:

circuit( # circuit declaration
‘DLatch[iD,iC,0Q,0Qbar]’, # circuit functionality
DLatch[iD,iC,0Q,0Qbar] # circuit behaviour
where DLatch Decl # D-Latchlibrary declaration

The circuit declarationdefinesa logic circuit; its parametersre the overall Lotos functionality andthe
LoTtosbehaiour specification.Thecorventionsof DILL requireparameterso bequoted andcommentso
beprecededby ‘#'. Asusualin LoTos, subsidiarydefinitionsareintroducedollowing ‘where’. A D-Latch
is oneof the pre-definedibrary componentsoit canbedeclareddirectly, leadingto a rathersimpleDiLL
specification.

Invoking xdill cause@nimatoranddisplayerwindowsto appeamlsfor SoLvE. Whenanimationof the
D-Latchstarts,several internalandobsenableeventsare possible. The initial internaleventscorrespond
to settlingdown of the circuit. Theinitial obsenable eventscorrespondo the first outputvaluesof the
D-Latch.

Thedisplayerwindow graphicallydepictsthe DILL componentisa box. The numberand positionof
theinputsandoutputsareautomaticallycalculated Inputsareplacedalongtheleft sideof theboxdepicting
theDILL componentandoutputsalongtheright side. Logic valuesT andF (TrueandFalse)aredisplayed
in arrov-shapedoxes. To theleft of eachinputaretwo buttonsmarkedT andF thatmaybeclickedto set
aparticularlogic value.

Animationoptionsfor XDILL arethesameasfor SOLVE. Typically theuserchoosesutomaticselection
of eventsandinteractswith the animationvia the graphicalwindow. As reportedin [23], simulationof
digital logic circuits involves substantialnumbersof internal events. Selectingthesemanuallyis very
tedious sotheautomaticselectionsupportecdby XDILL is areal benefit.

Whenthe userclicksonaT or F button,it momentarilyturnsinto a zig-zagasshown in Fig. 4(a). In
this example,theinput dataline iD hasalreadybeensetFalse. Theinput clock line iC hasjust beenset
False,so changesare propagatedhroughoutthe system. After automaticselectionof eventsthe resultis
thenew stablestateshavn in Fig. 4(b). As expectedthe D-Latchhaslatchedthe new input valueFalseon

thefalling edgeof theclock pulse;the outputandnegatedoutputarecomplementary
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5 Tool Support for SoLve

The SoLvE toolsetconsistof thefollowing mainprograms:editor, parser, displayer, animator, amodified
versionof the hippo simulator[15], solveandxdill. Thetoolsarebuilt usingthe X window ervironment

andC, thoughsomeof this codeis generatedby yaccandX-Designerf12].

5.1 Front-End Tools

SOLVE specificationsare purely textual and so canbe producedusinga standardext editor. However,
the syntax-directeceditor syd [6] was developedwith SoLve in mind. Fig. 5 shavs sydin useto edit
part of the VCR clock specification. syd is a novel compromisebetweena traditional text-editor and a
strict syntax-directeckditor. Puresyntax-directecditing tendsto be ratherawkward for the experienced
languageuser thoughit canbevery helpful for beginners. Syntax-directecediting alsotendsto be very
incorvenientfor entry of expressions.

The approachof sydis to enforcethe syntaxof the languagedown to a specifiedlevel. Low-level
languageclementssuchasexpressionor identifierscanbe treatedaspurely textual: the usermay enter
themwithout restriction. The syntacticlevel at which syd operateamay be loweredor raisedaccording
to requirements. At the highestpossiblelevel, sydis merely a text editor. In fact, sydis completely
configurablesinceit readsthe syntaxof thelanguageo be edited. The meta-syntaxdefinesthe grammar
rules of the languagein termsof its grammaticalelements. Another corvenientfeatureof syd is that

the meta-syntaxmay specifythe corventionaltextual layout of thelanguag€e.g.the useof newlinesand
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Method Inc ¢ <id_decls> » Is
a 'ales Int : hourTensValue EndYariables

thEall Tenzs , OueryValue © <exp> } { hourTensValue 3
Return { <expr }
EndHethod

Fig. 5 The sydEditor beingusedon a SOLVE Specification

indentation).Althoughsydwasdevelopedfor usewith SOLVE, it isreally ageneral-purposgyntax-directed
editor.

The parsertool is built usingyacc parseracceptsa file containinga SOLVE specificationandcarries
out syntaxandstaticsemanticghecks.For avalid specificationparserproducesa LoTos specificatioras
well asa specialcontrolfile for the animatortool.

The translationfrom SOLVE to LoTos is reasonablystraightforward;see[17] for the details. Each
objectcorresponds$o a LoTos procesghatinteractswith othervia anintermediatgroces®©bjectComms
ascommunicatiommedium.Inter-objectcommunications supportedy ObjectCommsatherthandirectly
for two reasons.The mostimportantreasornis that it allows non-blockingTellCall methodinvocations.
Theseareeffectively queuedwithin ObjectCommasintil the targetedprocesgthe sener object)is readyto
receve them. The secondreasonis to allow flexibility in routing messagesThe communicationrmodel
permitsdynamicmodificationof communicationconnectionsalthoughdynamiccreationof objectsand
their connectiongrenot currentlysupportedy SOLVE.

Fig. 6 outlinespart of the LoTos specificationarchitecturefor the SoLve VCR clock specification.
This shavs the actualcommunicatiorpathscomparedo the logical communicatiorpathsin Fig. 2. The
hiddengate Message<arriesinter-objectcommunications. The Interfaceobjectis implicit in a SOLVE
specificationput createdexplicitly in the LoTos translationto handlecommunicatiorwith the uservia a

gateof the samename.
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Fig. 6 Translated_otos SpecificationArchitecture

5.2 Animation Tools

The displayertool appeardn its own window. It displaysobjecticons (bitmapsandidentificationtext)
in responseo requestgrom the animatortool, andit passesiserrequestdo click or dragobjecticonsto
animator.

The animatortool appearsasa setof windows with pull-down menus. Its functionis to managehe
interactive animationof a SOLVE specification.Whenit is invokedwith a LoTos specificatiorfile andan
animationcontrolfile, animatorspavnsdisplayerandhippoaschild processesanimatorcommunicatesia
Unix pipesto/from the standardnput/output of displayerandhippo. This simplemeansf communication
is thereasorthathippowasusedratherthanalatersimulatorsuchassmile[7] or the onesuppliedwith the
topotoolset[4].

The hippotool is an early LoTtos simulatorproducedby the SEDOS project[25]. Othertoolsin the
Sepostoolsetareusedto processaandcheckthe LoTos specification.The purposeof hippois to simulate
the behaiour of the given system yielding lists of possibleevents. displayerturnsuserinput (from the
graphicalinterface)into eventoffers. This effectively yieldslists of eventsofferedby the environment. To
managean interactive animation,animator synchroniseshe hippo eventsoffers andthe displayerevent
offers. Thisis possiblebecausdoth parseranddisplayergenerateonly (a smallnumberof) predefined
LoTos eventstructures.The interfacesbetweendisplayer, animatorandhippo areshavn in Fig. 7. The

sequencef animationeventsis shovn in Fig. 8.
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Fig. 7 Interfacesetweermnimation Tools

Thehippo simulatorusedby SoLVE is somavhatold in design.Minor changesveremadeto facilitate
communicationvia standardinput/output. Unfortunately the versionof hippo available to the authors
continually allocatesmemory during simulation without freeingit. The consequencés that realistic
simulationscannotbe takenfar without exceedingvirtual memorylimits.

During ananimationtheremay be a choiceof possibleevents. A menuoption allows eitheranimator
or the userto resole a choice betweenpossibleevents. For automaticchoice, animator gives highest
priority to internalevents,theneventsthatdisplayicons,andthenotherobsenableeventsin the orderin
thatthey areoffered. This prioritisationmakessensdor theobject-basedatureof theLoTos specifications
generatedyy SOLVE.

The command-linenterfaceto the toolsetis solveor xdill — Unix shell/makescriptsthatinvoke the

toolsin thecorrectorder

7 Conclusions

In designingSoLvE, the aim was to producea languageand set of tools that would allow effective
specificationand visual animationof requirementsit wasalsointendedthat the systembe accessiblé¢o
thosewithout training in formal methods. SoLve can claim to have gonea long way towardsmeeting
theseobjectives. The SoLvE languageusesfamiliar object-basednodelling conceptsn a programming

style. Yetit is translatedautomaticallyinto LOTOS, ensuringa precisebasisfor ary specifications.The
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visualanimationrequiresno knowledgeof Lotos, andis equallyusableby customers/clientgnalystsand
designers/programmerd.he availability of a SoLve-specificsyntax-directededitor is a boonto novices
wishingto useSoLVE.

However, somefurtherinvestigationsarenecessarySoLVE hasbeenpartly orientedtowardsinteractive
systemsthat lend themseles to this kind of approach. This is not an intrinsic restriction, as withess
the applicationto digital logic designwith XDiLL. The basicconceptof SOLVE are quite general,and
translateto LOTOS in a naturalway. Objectsrepreseninteractive graphicalentities,and could be used
in a variety of other applicationdomains. Many applicationshave a corventionalgraphicalform that
could be animated(e.qg. circuit diagramsin electronicstime-sequenceiagramsn datacommunications,
entity-relationdiagramsn databases).

The SoLvE languagevould benefitfrom someextensions.A greatervariety of datatypes,particularly
records,would be desirable. Inheritancewould permit easierre-useof SOLVE components. Dynamic
creationanddeletionof objectswould be useful,aswould dynamicmodificationof objectcommunication
paths. Following the currenttrend towardsmulti-mediasystemsthe objectsdisplayedby SoLve could
have othercharacteristicsuchassoundsor moving images.

SoLvE hasstill to be usedon seriousapplications,but it is believed that the approachwill scaleup
satisfactorily Certainly SoLVE fills agapin thesoftwareengineerindife-cyle thatis presentlynotcovered

by Lotos.
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Fig. 2 CommunicatingObjectsin a SOLVE Specification
Fig. 3 (a) After Clicking GoLeft
Fig. 3 (b) After ProcessingsoLeft
Fig. 4 (a) After Falsifying Clock Input
Fig. 4 (b) After Processinglock Input
Fig. 5 The sydEditor beingusedon a SOLVE Specification
Fig. 6 Translated_otos SpecificationArchitecture
Fig. 7 Interfacesetweermnimation Tools

Fig. 8 Sequencef Animation Events

25



Tables

Tablel Object-OrientecdAnalysisof VCR Clock

Object  Category Attrib utes Methodsprovided Methodscalled
Units Display Digit Value Inc TensDigit.Query#&lue
Dec

Tens Display Digit Value Inc
Dec
Query\lue
Cursor  Display X Position Left
Right
QueryXm@s
GoLeft  Button IconClicked CursorLeft
GoRight Button IconClicked CursorRight
IncNum  Button IconClicked CursorQueryX®s
Tens.Inc
Units.Inc
DecNum Button IconClicked CursorQueryX®s
Tens.Dec
Units.Dec
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