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1 Intr oduction

The SpLICE | projectwasan 18-monthprojectrunningfrom August1992to March 1994,thoughthe grantwas
availablefrom June1992. The work was undertakerby the principal investigatorand two researchassistants
fundedby the projectfor mostof its lifetime. The projectwasthe initial phaseof the originally plannedproject
thatwould havecontinuedto full-scaletool developmenandapplicationof the method. For brevity, ‘SPLICE in
thefollowing refersto Phasd of the projectasperformedunderthis grant.

The principal aim of the projectwasto bridgethe gapbetweerthe customerthe specifierandthe designein
specifyingrequirementsThe objectivesof SpLICE (summarisedrom the original projectdescription)were:

« to developa methodfor usingthe internationally-sandardisedormal specificationanguagd_oTos (Lan-
guageOf TemporalOrdering Specification[1]) to capturesoftwarerequirementgn a specification

« to designprototypesoftwaretools for turning functionalrequirementsnto formal specificationgvritten in
LoTos

» toinvestigatea methodandprototypetoolsfor explainingformal specificationgo differentlevelsof users,
usinganimationof specificationgandgraphicalinterfaceso communicatehe essencef specifications.

2 Work Undertaken

Thefollowing presentatiomf thework reflectstheworkplansetoutin the original proposal.Of necessityonly an
overviewis givenhere;seethereferenceadlocumentfor moredetails.

2.1 Initial Surveys

Investigationsveremadeof anumberof areasn which requirementgsaptureandanimationcould be undertaken.
Theproblemdomainsstudiedverelayeredcommunicationsystemsdigital logic designneuralnetworksreactive
systemsandplanningin theconstructiorindustry Thelastdomainraisedinterestingquestion®f schedulingand
interactionamongmany processes However it wasdecidedthat this was sufiiciently well tackledby existing
methodsandtoolsin managemergciencdhatit shouldnotbepursuedurther. Work thereforeconcentratednthe
otherfour domains.Relevanttonceptdor requirementgapturein theseareasverestudied leadingto a strategy
for tacklingthemfrom anarchitecturapoint of view. Only with layeredcommunicationsystemawvasit possible
to studya varietyof existingLoTos specificationgor insightinto specificatiorstyle; the otherareasvereentirely
newapplicationof LOTOS

ExistingLoTostoolswerealsostudied.Thetwo toolsetsavailableto theinvestigatorsverethoseproducedy
the ESPRIT SEDOS projectandthe ESPRIT LOTOSPHERE project. Althoughthe LOTOSPHEREtoOIset,calledLITE,
wasmorerecentandmoreadvancedit wasstill beingdevelopediuringthelifetime of SpLICE andwassomewhat
unstable More seriouslytheLITE simulator(calledsmilg is graphicallyoriented.Althoughgraphicakimulation
wasa goal of SpLICE, smile hasits own particularstyle of graphicaloperationthat ran counterto the goalsof
SpLICE. In addition,smilesuffers from the problemsnotedin the original proposalof beingLoTos-orientedand
specifieroriented. Thedecisionwastherefordakento usethe SEbostools. TheSeEpossimulator(calledhippo) has
asimplestandardnput/outputinterface.Thismadeit possibleto incorporatéhippoasa ‘L oTos calculator within
the SPLICE tools. SpLICE couldthenconcentrateon developingan appropriateanimationstrategyandgraphical
interface.



A furtherquestioninitially investigatedvasthemostsuitablewindowingsystento use.The originalintention
wasto exploit the capabilitiesof the NeXTstepenvironmenfor NeXT workstations.Investigationsshowedthat
NeXTstepis a very suitableandcongenialenvironmentn which to specifyandbuild graphicalapplications.In
particular theInterfaceBuildertool offersconsiderableonveniencandproductivitygains.Unfortunately NeXT
Inc. ceasednaking hardwareshortly afterthe projectstartedandthe future of NeXTstepbecameatherunclear
(Currentindicationdor NeXTsteparepositive.) It wasdecidedo concentraten prototypingof graphicainterfaces
usingthe X Window System.AlthoughX is lesssophisticate@ndtoolssuchasX-Designerarelesspowerfulthan
theirNeXT equivalentsX is muchmorewidely usedandoffersa stableenvironment.

2.2 RequirementsCapture Method
2.2.1 ProblemDomains

As reportedin section2.1 the problemdomainsstudiedin the projectwere layeredcommunicationsystems,
digital logic design,neuralnetworks,andreactivesystems.The original thesisof SpLICE wasthat requirements
capture specificatiorandanalysisvould begreatlyassistedy takinganarchitecturalcomponent-basezpproach
supportedy a specificatiorlibrary.

Somework hadalreadybeenundertakerprior to the projecton layeredcommunicationsystemsuchasOSI
(OpenSystemdnterconnection)This work wasconsolidatediuringthe project,andextendedo servicecreation
in telecommunicationsA languageSAGE (ServiceAttribute Generatorjvasdefinedto allow compacformulation
of servicerequirementgrom a customeipoint of view. SAGE providesthe building blocks (facilities) neededo
defineservicesin a modularand naturalway. In addition, SAGE providesa rangeof combinatordor building
higherlevelservicedrom lower-levelservicesandfacilities. A specificatiorcomponentibrary wasdevelopedor
SAGE, andalsoa translationtool thatturnsa SAGE specificatiorinto a LoTos specification.TheresultingLoTos
specificatiorcanbesimulatedn orderto demonstratés behaviouto the customerequiringthenewservice.The
work on SAGE wasreportedn [13, 14].

Digital logic designoffereda contrastingporoblemdomainin which the sameprinciplesof architecture-driven
requirementsdefinitioncouldbeinvestigatedputatamuchmoreconcretdevel. Hardwaredescriptioris, of course,
a well-investigatedarea. The emphasisn SPLICE wason specificationarchitectureandgraphicalanimation. A
languageDiLL (Digital Logic In LoTos) wasdefinedto allow requirementgor digital logic to be specifiedand
animatedn a component-basef@dshion. At thetime of investigation specificatiorof digital logic in LoTos had
notpreviouslybeenreported. TheDILL approactparallelsthe SAGE approachn havingaspecificatiorcomponent
library, atool to translateDiLL specificationsnto LoTos, andsimulationof the resultingspecifications.Unlike
layeredcommunicationsystemsthecombinatordor digital logic componentsirerathersimple: theycorrespond
towiring upacircuit. Althoughit provedsurprisinglytricky tofind thebestwaysof modellingcomponentandtheir
combinationseffectively, the resultantapproachworkswell. In particular the compositionand synchronisation
featuresof LoTos allow specificatiorcomponents$o be ‘wired up’ very easily Thework onDILL wasreportedn
[12, 14,15].

Neural networkswere selectedor study asa ratherdifferentproblemdomain. Neural networksare highly
concurrenanddynamicsetsof largely similarcomponents;ombinedn ahighly structuredvay. Theyareparallel
distributedorocessingystemshatseenidealasanapplicationof Lotos. Thespecificatiorof neuralnetworksand
theirdesignfrom requirementsireactiveareasf researchanda newapplicationfor LoTos. Library components
weredevelopedo supportspecificatiorof aspectsuchasneurons|ayersof neuronsfan-outunits,etc. Learning
functions,connectivityfunctions,neuralstatesgetc.weremodelledusingthe abstractiatatypefacilities of LoTos.
In manyneuralnetworkstheenvironments atime-varyingstochastiéunctionof inputs. Althoughtherearetimed
(andstochasticextensiongo LoTos thatcould havebeenused,it wasfelt thatthe projectshouldconcentraten
architecturalrequirements-orientegpecificatiorof basicnetworkstructuresPerceptrongsimple,time-invariant
neuralnetworks)werethereforestudiedusingtwo ‘standard’examples:classifyingpairs of bits relatedby xor,
andclassifyingwinning positionsin noughts-and-crossealthoughusefulprogressvasmadeduringthe project,
muchmorework needgo bedone. Thisincludesextensions$o otherkindsof neuralnetwork(in particularto those
thancanlearnwithoutguidance)generatingnetworksautomaticallyanddevelopinguserorientedtool supportfor
evaluatiorof networks.Thework on neuralnetworkswasreportedn [4, 6].

Reactivesystemawvere chosenasthe final areafor studyfrom the point of view of requirementslefinition.
Reactive(or embeddedpystemsare widespreadn modernequipmentof all kinds. Their requirementften
revolvearounduserinterfacesandreal-timeissues It wasfelt thatdealingwith real-timeaspectsvouldbealarge
investigationin its own right, andwould divert the projectfrom its concentratioron requirementgaptureand
animation.Theuserinterfaceaspectsvererelevantto the project,complementinghe otherproblemdomainsand
fitting well with the graphicalorientationof the tools to be developed.A lessarchitecturalandmore pragmatic
approachwastakento definingthe requirementgor reactivesystems.A languageSoLVE (Specificatiorusingan
Object-oriented, oT0S-basedVisuallanguagejvasdefinedn orderto allow requirementsor reactivesystemso



be formulated. SOLVE is an object-orientedyisually-orientedanguagehatis particularlysuitablefor specifying
andanimatinginterfacego reactivesystems.A ratherbasiclibrary of specificationcomponentsvasdeveloped,
andusedto modelrequirementgor systemsuchasa VCR (Video Cassett&kecorderpn-screertlock controller

SoLVE specificationsare translatedautomaticallyinto LoTos and arethenanimatedgraphically A setof tools

supportghis animationin a visual, userorientedfashion. The strengthof SOLVE is thatit actsa bridgebetween
customerrequirement&ndthe underlyingformal specificationin LoT0oS. The samelL oTos specificatiorcanbe

usedfor graphicalanimationaswell asfor furthersystemdesign.Thework on SoLve buildson PhDresearcltby

oneof theinvestigatorgprior to the project[9]. Projectwork wasreportedn [10, 16].

2.2.2 Object-Oriented RequirementsCapture and Analysis

The most promising meansof easingrequirementsaptureand specificationwas felt to lie in formal object-
orientedapproachesApart from thework on SoLve (which wasmoreanimation-orientedgffort wasinvestedn
developinga LoTtos-basedmethodfor requirementgaptureandanalysisusingobject-orientegrinciples. Thisis
themethodcalledORcA (Object-orientedRequirement€onstructiorandAnalysis)that supports/ariouskinds of
staticanalysigbasedn diagrammaticepresentationgnddynamicanalysigthroughanimation).

Requirementgaptureand analysismethodstendto be analyst-orientedallowing only limited customerin-
volvement. The OrRca methodwasdesignedo be customeioriented,allowing full involvementof customersat
all stagesApartfrom customeiorientation,ORCA is object-orientedformal, visualandconstructive.

Customenprientatiorallowsaflexible approacho analysisarigid frameworkwasfelt to discourageustomers
from communicatingheir needseffectively. ORCA alsoavoidsthe traditionalemphasison documentatiorasa
basisfor determiningrequirementswhich canleadto isolationof the customerandthe analyst. Instead,OrRcA
allowsdirect customeitinvolvementin requirementslefinition. In particular OrRca allows customergo alterthe
way in which requirementsirepresentedothattheycanbeinterpretednorereadilyin problemdomainterms.

Objectorientationallowsrequirementso be modelledin a naturalway; i.e. naturalto the customer Although
object-orientedandobject-basedechniquesrewidely used thereis a surprisingvariability in the way thateven
fundamentatonceptsaretreated.Partof theprojectwork wasto developaconsistentrameworkof object-oriented
conceptandto givethesea precisebasis.

ORcaA is alsoformal. The methodis underpinnedy LoTos, suchthatthe endresultof requirementsnalysis
is a requirementsspecificationin Lotos. This offers the expectedbenefitsof precision,analysability and a
foundationfor tool support. Otherwork on the projectconcernedvith animatingrequirementspecificationsn
LoTOS complement©RCA.

ORcA is supportedy variousformsof visualisation.Graphicalnotationsn requirementsnalysisarenormal,
butOrca addstheextraingredieniof aformal basisfor its graphicarepresentationsA numberof graphicalviews
canbepresentedf requirementsThesdancludenavigationaroundargegraphsbrowsingandselectiorof classes,
andchoosingdifferentviews of the samestructure(dynamic/statichierarchical/flat). The sameinformationcan
be presentedvith differing graphicalemphasisthe intentionbeingto allow the customerto seethe requirements
in themostappropriatédorm. Thisis doneby definingmappingdetweertheformal definitionsof classesndhow
theymightappeagraphically Therangeof mappingss providedby theanalystfor selectiorby the customer

Requirementsnodellingwith ORCA might be describedas constructive. The aim is to exploit a library of
classesn thechoserapplicationdomains.Theapproactallowsvariationson thistheme.Whereaclassis selected
from a hierarchyit is possibleto be flexible aboutwhetherits superclasseandsubclassefigure explicitly in the
model. To promotecomponente-use,new classesan be aliasedto old classes. Classesan be modified by
extension/restrictioand specialisation/generalisatioWariousforms of classcompositionare permitted: union,
sharingandinternalconnection A templatemechanisnalsoallowsclassego be built from their component#n a
moreflexible manneithantheseformsof composition.

Thework on ORcA builds on PhD researctby oneof theinvestigatorgrior to the project[5]. Projectwork
wasreportedn [3, 7].

2.3 Communication of Specifications

Commerciakoolsto captureanddisplayrequirementsendto be sophisticatedraphicseditors. The descriptions
thattheseoolsproduceareofteninadequatenodelsof thebehaviouratequirementssannotbeusedasexecutable
prototypesandlacktherigour neededor testingandrefinement.The projectthereforecarriedout pilot studiego
addressheseproblems.The SoLvE approaclusesgraphicalpresentatiomndmanipulatiorto conveythemeaning
of aspecification.Unlike otherapproachesSoLvE’s primary concernis to dealwith formal specifications.

The key conceptsn SOLVE areobjectorientation,interactiveanimation,andformal specification(in LOT0S).
SoLvE is alanguagdor specifyingandanimatingthe requirementsf reactivesystems Thesearetypically human
interfacesystemdo devicessuchasVCRsandotherdomesticappliances.



SoLVE is designedo be usedby peoplewho arenot familiar with formal languagegin particularLoTos). It
allowsformalrequirementspecificationso bewritten usingasimpleobject-orientedanguageandto beexplored
usinginteractiveanimation. SOLVE is suitablefor requirementgapturein problemdomainswheresystemsare
interactive(producingfeedbackn responseo userinput) andcanberepresentedy visualanimation.SoLvE has
beentried out on anumberof simplesystemsuchasa VCR controllet

SoLvEe allowstheanalystto write a requirementspecificatiorin anintuitive, object-orientedanguagehatis
thenautomaticallytranslatednto LoTtos. ThelLoTos translationis graphicallyanimated allowing the customer
analystor designerto explorethe requirementspecificationby interactingwith it directly (e.g. by clicking or
draggingobjecticons).

A key featureof SOLVE is visualisation. Eachobjectis visualisedasanicon. An objectis responsibldor
displayingandmodifying its own icon. An objecticon canchangeto representan abstractiorof the stateof an
objector somepartof the total system. The objecticonsvisually inform the SoLvE userof whatis happeningn
the system.Eachsimple SOLVE objectis createdwith all the characteristicef a basicprototypicalobject. Once
anobjecthasbeencreatedt maybe customisedln factthe specifiermay build up a kit of predefinecgsimpleand
compositeobjects.

A SoLVvE specificationconsistsof a numberof objectsthat communicatevia messages.A messageither
invokesan objectmethodor returnsthe resultsof aninvokedmethod. Objectsmayexecuteconcurrently Object
declarationgrovidesort (‘type’) informationusedto checkcorrectuseof objectsagainstheir definitions. Each
objecthasallist of instanceparameteranda setof methods.The sortsof instanceparametersredeclaredasare
thenamesandsignatureof themethods.

The SoLvE languages object-orientedindhopefullyintuitive. It hasbeendeliberatelydesignedo resemble
programmindanguageavoidingthealgebraideel of LoT0S However a SOLVE descriptioncanbeautomatically
translatednto aL otos specification Someof themechanic®f theSoLvE object-orientedystemareautomatically
incorporatedn thetranslation.Thismakeghe L otosspecificatiorSoLvE-oriented butmakest suitablefor visual
animationandfor subsequertbject-orientedievelopment.

As well asusewith reactivesystemsSoLVE wasalsodevelopedo allow requirementsor digital logic circuits
to bespecifiedandanimatedin this form theapproachs knownasXDiLL (X-basedDigital Logic In LoToS). The
work on SoLvE wasreportedn [10, 16] andthaton XDiLL in [11, 16]. Preliminarywork wasreportedn [8, 9].

2.4 Tool Design

In the original proposalit wasanticipatedhattool designratherthandevelopmenivould be undertakenln fact,
theprojectmadebetterprogresghanexpectedn tool developmentthoughit shouldbe saidthatthetoolsareonly
limited prototypes.Nonethelesst hasbeenpossibleto underpinmostof the projectapproactwith demonstration
versionsof tools.

Both SaGE (for layeredcommunicationsystemsandDiLL (for digital logic) aresupporteddy specification
componentibraries. Thereis a tool for eachlanguagethat translatest into LoTos so that specificationscan
be animated. The specificationlibraries are actually complexmacro packageswritten in the m4 languageand
translatednto LoTos by the m4 macroprocessar The approachs simple but surprisinglypowerful. Compact
requirementsleclarationsn SAGE or DILL aretranslatednto LOTOS specificationghatare20 to 40 timeslarger.
This givessomeideaof the productivity gainspossiblein producingformal requirementspecificationsThetool
librariesalsosupporispecificatiorcomponente-useandallow theuserto work atamorearchitecturalevelduring
requirementslefinition.

Preliminaryinvestigationsverecarriedout into supportinghe ORCA approactwith toolswrittenin the Sather
languageunningunderSunTools. However this work hasnot progressetheyondinitial feasibility studies.

SoLve (for reactivesystemsypnd XDiLL (for digital logic) aresupportediy a rangeof tools: editor, parser,
displayer animator, a modifiedversionof the hippo simulator solveandxdill. Thetoolsusethethe X Window
environmentandaremainly writtenin C, thoughsomeof the codeis generatedby yaccandX-Designer

SoLVE specificationsare purely textualand so can be producedusing a standardext editor. However the
syntax-directeeditorsyd[2] wasdevelopedvith SoLvE in mind. The sydeditoris a novelcompromisebetween
a traditionaltext editor and a strict syntax-directeceditor. The approachof sydis to enforcethe syntaxof the
languagedownto a specifiedevel. The syntactidevel at which sydoperatesnay beloweredor raisedaccording
to therequirement®f theuser Anotherconvenienfeatureis thatthe meta-syntaxnay specifythe conventional
textuallayoutof thelanguagde.g.theuseof newlinesandindentation).Althoughsydwasdevelopedor usewith
SOLVE, it is really a general-purposayntax-directeeditor.

The parsertool wasbuilt usingyacc For a valid specificationthe parsemproducesa LOTOS specificatioras
well asaspecialcontrolfile for theanimator. Thetranslatiorfrom SOLVE to LOTOS is reasonablgtraightforward.
Objectscorrespondgo LoTOS processeghat communicatevia an intermediateprocessas a communication



medium. The communicationmodel permits dynamic modification of communicationconnectionsalthough
dynamiccreationof objectsandtheir connectiongrenot currentlysupportedy SOLVE.

The displayertool displaysobjecticonsin responsdo requestdrom the animatortool, andit passesiser
requestso click or dragobjecticonsto theanimatortool.

Theanimatortool manageshe interactiveanimationof a SOLVE specificationspawningdisplayerandhippo
aschild processesThe animatorcommunicatesia Unix pipesto/from the standardnput/outputof displayerand
hippo. This simple meansof communicatioris why the SEDOS simulatorhippo was usedratherthanthe later
simulatorsmile which is moredifficult to interworkwith. The purposeof hippois to simulatethe behaviourof
the given systemyielding lists of possibleevents. The displayerturnsuserinput (from the graphicalinterface)
into eventoffers. This effectively yields lists of eventsoffered by the environment. To managean interactive
animation the animatorsynchroniseshe hippo eventoffers andthe displayereventoffers. During ananimation
theremay be a choiceof possibleeventsithe animatormay be setto resolvetheseautomaticallyor the usermay
chooseo do so.

Tool supportfor SoLve and XDILL is essentiallythe same differing largely in the command-linenterface:
solveor xdill. Thewholetoolsetwasreportedn [10, 11, 16].

3 ResourcesUsed

In theoriginal proposalt wasintendedo employoneseniorresearcheHowever for circumstantiahndtechnical
reasonst wasdecidedo employtwo morejunior researcherwith expertiseén thetwo mainaspect®f theproject
(object-orientedequirementanalysisgraphicatool development)Thischangen stafing wasagreedvith SERC
beforethe startof the project. ThreetaughtMSc studentson specialistconversionrcoursesverealsoinvolvedin
projectwork aspartof their studies.

In the original proposalit wasintendedto actively involve British Telecomand Hewlett-Packardn project
discussionspoth companieshad expressedin interestin this at the proposalstage. However changesn the
organisationanddirection of the Hewlett-Packardaboratorieaneantthat the projectwas muchlessrelevantto
themthanbefore;in factalmostnodiscussionsookplace.British Telecommaintainedaninteresin theproject,but
the numberof discussionsvaslessthanexpected.The principalinvestigatompresentedhe work of the projectat
thePSTVXIIIl (ProtocolSpecificationTesting,and\erification) andFORTE VI (FormalDescriptionTechniquek
conferencesSomeDepartmentairavelfundingwasprovidedfor the PSTV conferenceThenetresultof all these
changesvasanunderspendn travelbudget.

As anticipatedin the original proposal,an existing SUN 4 workstationwas usedon the project. A NeXT
workstationwasalsoboughtasanticipatedandusedfor investigatiorinto graphicaluserinterfaces As expected,
the NeXTstepsystemshowedconsiderablg@romisefor developinggraphicalinterfaces.However asreportedn
section2.1it wasdecidedto makeuseof the X Window SystemratherthanNeXTstep. A third workstation(an
HP 9000series300machine)wasprovidedby the DepartmentLoTostoolsandX softwarewereusedonall three
workstationgo ensurea commondevelopmenénvironment.

4 Deliverables

The tangibleresultsof the projectare papersand prototypetools. The main papersproducedby the projectare
listedin the referencesConsideringhatthe projecthadvery shorttime-scalesthe productivity of the projectin
writing paperds good. The projectwasintendedto focusmoreon the designthanconstructiorof tools. In fact,
bettermprogresghananticipatedvasmade andworkingtools(thoughstill prototypeseredevelopedSection?2.4
surveyshetoolsthatwereproduced.

5 FutureWork and Exploitation

Theprojecthasdeliveredsatisfactorynterimresults.As anticipatedn theoriginalproposaljt wouldbeproductive
to developthesefurtherin aPhasdl project. Thiswould takethemethodandtoolsdevelopedofar andturnthem
into practicallyusableform.

Formalrequirementgapture specificatiorandanalysisusing ORCA looks promising;the furtherwork to be
undertakerwould beto ‘industrialise’ this asa methodthat could be usedby engineersn real-life development.
Architecture-basespecificatiorusingli brariesof specificatiorcomporentsin variousfieldshasalsobeenvalidated.
Theexistinglibrarieswouldneedo beextendedo dealwith therangeof conceptsequiredby therelevanindustrial
sector The mostfruitful future applicationswould seemto be in the designof reactivesystemsandin service
creationandfeatureanalysisfor telecommunications.



The existingprototypetoolswould needto be developedurtherbeforetheycould beregardedasindustrially
usable.A majorlimitation atthe momentis in the simulationcapabilitiesof the LoTos tools used. Furtherwork
mightfocuson exploitingmorerecentsimulatorssuchassmile or in developinghewandmorepracticalsimulation
strategiesMoreeffort wouldberequiredongraphicainterfacedor creatiorandanimatiorof specificationsvritten
in SOLVE.

Overall, the projectis felt to haveproducedimely andworthwhile results. Productivityhasbeengood,and
reflectseffective useof theresourceswvailable.
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