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1 Intr oduction

The SPLICE I projectwasan 18-monthprojectrunningfrom August1992to March1994,thoughthe grantwas
availablefrom June1992. The work was undertakenby the principal investigatorand two researchassistants
fundedby theprojectfor mostof its lifetime. Theprojectwasthe initial phaseof theoriginally plannedproject
thatwould havecontinuedto full-scaletool developmentandapplicationof themethod.For brevity, ‘SPLICE’ in
thefollowing refersto PhaseI of theprojectasperformedunderthisgrant.

Theprincipalaim of theprojectwasto bridgethegapbetweenthecustomer, thespecifierandthedesignerin
specifyingrequirements.Theobjectivesof SPLICE (summarisedfrom theoriginalprojectdescription)were:

• to developa methodfor usingthe internationally-standardisedformal specificationlanguageLOTOS (Lan-
guageOf TemporalOrderingSpecification, [1]) to capturesoftwarerequirementsin a specification

• to designprototypesoftwaretools for turningfunctionalrequirementsinto formal specificationswritten in
LOTOS

• to investigatea methodandprototypetoolsfor explainingformal specificationsto differentlevelsof users,
usinganimationof specificationsandgraphicalinterfacesto communicatetheessenceof specifications.

2 Work Undertaken

Thefollowing presentationof thework reflectstheworkplansetout in theoriginalproposal.Of necessityonly an
overviewis givenhere;seethereferenceddocumentsfor moredetails.

2.1 Initial Surveys

Investigationsweremadeof anumberof areasin which requirementscaptureandanimationcouldbeundertaken.
Theproblemdomainsstudiedwerelayeredcommunicationssystems,digital logicdesign,neuralnetworks,reactive
systems,andplanningin theconstructionindustry. Thelastdomainraisedinterestingquestionsof schedulingand
interactionamongmanyprocesses.However, it wasdecidedthat this wassufficiently well tackledby existing
methodsandtoolsin managementsciencethatit shouldnotbepursuedfurther. Work thereforeconcentratedonthe
otherfour domains.Relevantconceptsfor requirementscapturein theseareaswerestudied,leadingto a strategy
for tacklingthemfrom anarchitecturalpointof view. Only with layeredcommunicationssystemswasit possible
to studya varietyof existingLOTOS specificationsfor insightinto specificationstyle;theotherareaswereentirely
newapplicationsof LOTOS.

ExistingLOTOStoolswerealsostudied.Thetwo toolsetsavailableto theinvestigatorswerethoseproducedby
theESPRITSEDOSprojectandtheESPRITLOTOSPHEREproject. AlthoughtheLOTOSPHEREtoolset,calledLITE,
wasmorerecentandmoreadvanced,it wasstill beingdevelopedduringthelifetime of SPLICE andwassomewhat
unstable.Moreseriously, theLITE simulator(calledsmile) is graphicallyoriented.Althoughgraphicalsimulation
wasa goal of SPLICE, smilehasits own particularstyle of graphicaloperationthat ran counterto the goalsof
SPLICE. In addition,smilesuffers from theproblemsnotedin theoriginal proposalof beingLOTOS-orientedand
specifier-oriented.ThedecisionwasthereforetakentousetheSEDOStools. TheSEDOSsimulator(calledhippo) has
asimplestandardinput/output interface.Thismadeit possibleto incorporatehippoasa ‘L OTOScalculator’ within
the SPLICE tools. SPLICE could thenconcentrateon developingan appropriateanimationstrategyandgraphical
interface.
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A furtherquestioninitially investigatedwasthemostsuitablewindowingsystemto use.Theoriginal intention
wasto exploit thecapabilitiesof theNeXTstepenvironmentfor NeXT workstations.Investigationsshowedthat
NeXTstepis a very suitableandcongenialenvironmentin which to specifyandbuild graphicalapplications.In
particular, theInterfaceBuildertool offersconsiderableconvenienceandproductivitygains.Unfortunately, NeXT
Inc. ceasedmakinghardwareshortlyafter the projectstartedandthe futureof NeXTstepbecameratherunclear.
(Currentindicationsfor NeXTsteparepositive.)It wasdecidedtoconcentrateonprototypingof graphicalinterfaces
usingtheX WindowSystem.AlthoughX is lesssophisticatedandtoolssuchasX-Designerarelesspowerfulthan
theirNeXT equivalents,X is muchmorewidely usedandoffersa stableenvironment.

2.2 RequirementsCaptureMethod

2.2.1 ProblemDomains

As reportedin section2.1 the problemdomainsstudiedin the project were layeredcommunicationssystems,
digital logic design,neuralnetworks,andreactivesystems.Theoriginal thesisof SPLICE wasthat requirements
capture,specificationandanalysiswouldbegreatlyassistedby takinganarchitectural,component-basedapproach
supportedby a specificationlibrary.

Somework hadalreadybeenundertakenprior to theprojecton layeredcommunicationssystemssuchasOSI
(OpenSystemsInterconnection).Thiswork wasconsolidatedduringtheproject,andextendedto servicecreation
in telecommunications.A languageSAGE (ServiceAttributeGenerator)wasdefinedto allow compactformulation
of servicerequirementsfrom a customerpoint of view. SAGE providesthebuilding blocks(facilities) neededto
defineservicesin a modularandnaturalway. In addition,SAGE providesa rangeof combinatorsfor building
higher-levelservicesfrom lower-levelservicesandfacilities. A specificationcomponentlibrarywasdevelopedfor
SAGE, andalsoa translationtool that turnsa SAGE specificationinto a LOTOS specification.TheresultingLOTOS

specificationcanbesimulatedin orderto demonstrateits behaviourto thecustomerrequiringthenewservice.The
work onSAGE wasreportedin [13, 14].

Digital logic designoffereda contrastingproblemdomainin which thesameprinciplesof architecture-driven
requirementsdefinitioncouldbeinvestigated,butatamuchmoreconcretelevel. Hardwaredescriptionis,of course,
a well-investigatedarea. The emphasisin SPLICE wason specificationarchitectureandgraphicalanimation. A
languageDILL (Digital Logic In LOTOS) wasdefinedto allow requirementsfor digital logic to be specifiedand
animatedin a component-basedfashion. At the time of investigation,specificationof digital logic in LOTOS had
notpreviouslybeenreported.TheDILL approachparallelstheSAGE approachin havingaspecificationcomponent
library, a tool to translateDILL specificationsinto LOTOS, andsimulationof theresultingspecifications.Unlike
layeredcommunicationssystems,thecombinatorsfor digital logic componentsarerathersimple: theycorrespond
towiring upacircuit. Althoughit provedsurprisinglytricky tofindthebestwaysof modellingcomponentsandtheir
combinationseffectively, the resultantapproachworks well. In particular, the compositionandsynchronisation
featuresof LOTOS allow specificationcomponentsto be‘wired up’ veryeasily. Thework onDILL wasreportedin
[12, 14,15].

Neuralnetworkswereselectedfor studyasa ratherdifferentproblemdomain. Neuralnetworksarehighly
concurrentanddynamicsetsof largelysimilarcomponents,combinedin ahighly structuredway. Theyareparallel
distributedprocessingsystemsthatseemidealasanapplicationof LOTOS. Thespecificationof neuralnetworksand
theirdesignfrom requirementsareactiveareasof research,anda newapplicationfor LOTOS. Library components
weredevelopedto supportspecificationof aspectssuchasneurons,layersof neurons,fan-outunits,etc. Learning
functions,connectivityfunctions,neuralstates,etc.weremodelledusingtheabstractdatatypefacilitiesof LOTOS.
In manyneuralnetworks,theenvironmentis atime-varyingstochasticfunctionof inputs.Althoughtherearetimed
(andstochastic)extensionsto LOTOS thatcouldhavebeenused,it wasfelt thattheprojectshouldconcentrateon
architectural,requirements-orientedspecificationof basicnetworkstructures.Perceptrons(simple,time-invariant
neuralnetworks)werethereforestudiedusingtwo ‘standard’examples:classifyingpairsof bits relatedby xor,
andclassifyingwinningpositionsin noughts-and-crosses.Althoughusefulprogresswasmadeduringtheproject,
muchmorework needsto bedone.This includesextensionsto otherkindsof neuralnetwork(in particularto those
thancanlearnwithoutguidance),generatingnetworksautomatically, anddevelopinguser-orientedtool supportfor
evaluationof networks.Thework onneuralnetworkswasreportedin [4, 6].

Reactivesystemswerechosenasthe final areafor studyfrom the point of view of requirementsdefinition.
Reactive(or embedded)systemsare widespreadin modernequipmentof all kinds. Their requirementsoften
revolvearounduserinterfacesandreal-timeissues.It wasfelt thatdealingwith real-timeaspectswouldbea large
investigationin its own right, andwould divert the projectfrom its concentrationon requirementscaptureand
animation.Theuserinterfaceaspectswererelevantto theproject,complementingtheotherproblemdomainsand
fitting well with the graphicalorientationof the tools to bedeveloped.A lessarchitecturalandmorepragmatic
approachwastakento definingtherequirementsfor reactivesystems.A languageSOLVE (Specificationusingan
Object-oriented,LOTOS-based,Visuallanguage)wasdefinedin orderto allow requirementsfor reactivesystemsto
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beformulated.SOLVE is anobject-oriented,visually-orientedlanguagethat is particularlysuitablefor specifying
andanimatinginterfacesto reactivesystems.A ratherbasiclibrary of specificationcomponentswasdeveloped,
andusedto modelrequirementsfor systemssuchasa VCR (VideoCassetteRecorder)on-screenclockcontroller.
SOLVE specificationsaretranslatedautomaticallyinto LOTOS andarethenanimatedgraphically. A setof tools
supportsthis animationin a visual,user-orientedfashion. Thestrengthof SOLVE is that it actsa bridgebetween
customerrequirementsandthe underlyingformal specificationin LOTOS. ThesameLOTOS specificationcanbe
usedfor graphicalanimationaswell asfor furthersystemdesign.Thework onSOLVE buildsonPhDresearchby
oneof theinvestigatorsprior to theproject[9]. Projectwork wasreportedin [10, 16].

2.2.2 Object-Oriented RequirementsCapture and Analysis

The most promisingmeansof easingrequirementscaptureand specificationwas felt to lie in formal object-
orientedapproaches.Apart from thework onSOLVE (whichwasmoreanimation-oriented),effort wasinvestedin
developinga LOTOS-basedmethodfor requirementscaptureandanalysisusingobject-orientedprinciples.This is
themethodcalledORCA (Object-orientedRequirementsConstructionandAnalysis)thatsupportsvariouskindsof
staticanalysis(basedondiagrammaticrepresentations)anddynamicanalysis(throughanimation).

Requirementscaptureandanalysismethodstendto be analyst-oriented,allowing only limited customerin-
volvement.TheORCA methodwasdesignedto becustomer-oriented,allowing full involvementof customersat
all stages.Apart from customerorientation,ORCA is object-oriented,formal,visualandconstructive.

Customerorientationallowsaflexibleapproachto analysis;arigid frameworkwasfelt todiscouragecustomers
from communicatingtheir needseffectively. ORCA alsoavoidsthe traditionalemphasison documentationasa
basisfor determiningrequirements,which canleadto isolationof the customerandthe analyst. Instead,ORCA

allowsdirectcustomerinvolvementin requirementsdefinition. In particular, ORCA allowscustomersto alter the
way in which requirementsarepresentedsothattheycanbeinterpretedmorereadilyin problemdomainterms.

Objectorientationallowsrequirementsto bemodelledin a naturalway, i.e.naturalto thecustomer. Although
object-orientedandobject-basedtechniquesarewidely used,thereis a surprisingvariability in theway thateven
fundamentalconceptsaretreated.Partof theprojectworkwastodevelopaconsistentframeworkof object-oriented
conceptsandto givethesea precisebasis.

ORCA is alsoformal. Themethodis underpinnedby LOTOS, suchthat theendresultof requirementsanalysis
is a requirementsspecificationin LOTOS. This offers the expectedbenefitsof precision,analysability, and a
foundationfor tool support. Otherwork on the projectconcernedwith animatingrequirementsspecificationsin
LOTOS complementsORCA.

ORCA is supportedby variousformsof visualisation.Graphicalnotationsin requirementsanalysisarenormal,
butORCA addstheextraingredientof aformalbasisfor its graphicalrepresentations.A numberof graphicalviews
canbepresentedof requirements.Theseincludenavigationaroundlargegraphs,browsingandselectionof classes,
andchoosingdifferentviewsof the samestructure(dynamic/static,hierarchical/flat).Thesameinformationcan
bepresentedwith differinggraphicalemphasis,theintentionbeingto allow thecustomerto seetherequirements
in themostappropriateform. Thisis doneby definingmappingsbetweentheformaldefinitionsof classesandhow
theymightappeargraphically. Therangeof mappingsis providedby theanalystfor selectionby thecustomer.

Requirementsmodellingwith ORCA might be describedasconstructive. The aim is to exploit a library of
classesin thechosenapplicationdomains.Theapproachallowsvariationsonthistheme.Whereaclassis selected
from a hierarchy, it is possibleto beflexible aboutwhetherits superclassesandsubclassesfigureexplicitly in the
model. To promotecomponentre-use,new classescanbe aliasedto old classes.Classescan be modifiedby
extension/restrictionandspecialisation/generalisation.Variousformsof classcompositionarepermitted:union,
sharingandinternalconnection.A templatemechanismalsoallowsclassesto bebuilt from their componentsin a
moreflexiblemannerthantheseformsof composition.

Thework on ORCA buildson PhDresearchby oneof the investigatorsprior to theproject[5]. Projectwork
wasreportedin [3, 7].

2.3 Communication of Specifications

Commercialtoolsto captureanddisplayrequirementstendto besophisticatedgraphicseditors.Thedescriptions
thatthesetoolsproduceareofteninadequatemodelsof thebehaviouralrequirements,cannotbeusedasexecutable
prototypes,andlack therigourneededfor testingandrefinement.Theprojectthereforecarriedoutpilot studiesto
addresstheseproblems.TheSOLVE approachusesgraphicalpresentationandmanipulationto conveythemeaning
of a specification.Unlike otherapproaches,SOLVE’s primaryconcernis to dealwith formalspecifications.

Thekey conceptsin SOLVE areobjectorientation,interactiveanimation,andformal specification(in LOTOS).
SOLVE is a languagefor specifyingandanimatingtherequirementsof reactivesystems.Thesearetypically human
interfacesystemsto devicessuchasVCRsandotherdomesticappliances.
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SOLVE is designedto beusedby peoplewho arenot familiar with formal languages(in particularLOTOS). It
allowsformalrequirementsspecificationsto bewrittenusingasimpleobject-orientedlanguage,andto beexplored
usinginteractiveanimation. SOLVE is suitablefor requirementscapturein problemdomainswheresystemsare
interactive(producingfeedbackin responseto userinput)andcanberepresentedby visualanimation.SOLVE has
beentriedout onanumberof simplesystemssuchasa VCR controller.

SOLVE allowstheanalystto write a requirementsspecificationin anintuitive, object-orientedlanguagethatis
thenautomaticallytranslatedinto LOTOS. TheLOTOS translationis graphicallyanimated,allowing thecustomer,
analystor designerto explorethe requirementsspecificationby interactingwith it directly (e.g.by clicking or
draggingobjecticons).

A key featureof SOLVE is visualisation. Eachobject is visualisedasan icon. An object is responsiblefor
displayingandmodifying its own icon. An objecticon canchangeto representanabstractionof thestateof an
objector somepartof the total system.Theobjecticonsvisually inform theSOLVE userof whatis happeningin
thesystem.EachsimpleSOLVE objectis createdwith all thecharacteristicsof a basicprototypicalobject. Once
anobjecthasbeencreatedit maybecustomised.In fact thespecifiermaybuild upa kit of predefinedsimpleand
compositeobjects.

A SOLVE specificationconsistsof a numberof objectsthat communicatevia messages.A messageeither
invokesanobjectmethodor returnstheresultsof an invokedmethod.Objectsmayexecuteconcurrently. Object
declarationsprovidesort (‘type’) informationusedto checkcorrectuseof objectsagainsttheir definitions. Each
objecthasa list of instanceparametersanda setof methods.Thesortsof instanceparametersaredeclared,asare
thenamesandsignatureof themethods.

TheSOLVE languageis object-orientedandhopefullyintuitive. It hasbeendeliberatelydesignedto resemblea
programminglanguage,avoidingthealgebraicfeelof LOTOS. However, aSOLVE descriptioncanbeautomatically
translatedintoaLOTOSspecification.Someof themechanicsof theSOLVE object-orientedsystemareautomatically
incorporatedin thetranslation.ThismakestheLOTOSspecificationSOLVE-oriented,butmakesit suitablefor visual
animationandfor subsequentobject-orienteddevelopment.

As well asusewith reactivesystems,SOLVE wasalsodevelopedto allow requirementsfor digital logic circuits
to bespecifiedandanimated;in this form theapproachis knownasXDILL (X-basedDigital Logic In LOTOS). The
work onSOLVE wasreportedin [10, 16] andthatonXDILL in [11, 16]. Preliminarywork wasreportedin [8, 9].

2.4 Tool Design

In theoriginalproposalit wasanticipatedthat tool designratherthandevelopmentwould beundertaken.In fact,
theprojectmadebetterprogressthanexpectedin tool development,thoughit shouldbesaidthatthetoolsareonly
limited prototypes.Nonetheless,it hasbeenpossibleto underpinmostof theprojectapproachwith demonstration
versionsof tools.

Both SAGE (for layeredcommunicationssystems)andDILL (for digital logic) aresupportedby specification
componentlibraries. Thereis a tool for eachlanguagethat translatesit into LOTOS so that specificationscan
be animated. The specificationlibrariesareactuallycomplexmacropackageswritten in the m4 languageand
translatedinto LOTOS by the m4 macroprocessor. The approachis simplebut surprisinglypowerful. Compact
requirementsdeclarationsin SAGE or DILL aretranslatedinto LOTOS specificationsthatare20 to 40 timeslarger.
This givessomeideaof theproductivitygainspossiblein producingformal requirementsspecifications.Thetool
librariesalsosupportspecificationcomponentre-use,andallowtheusertowork atamorearchitecturallevelduring
requirementsdefinition.

Preliminaryinvestigationswerecarriedout into supportingtheORCA approachwith toolswrittenin theSather
languagerunningunderSunTools. However, this work hasnot progressedbeyondinitial feasibilitystudies.

SOLVE (for reactivesystems)andXDILL (for digital logic) aresupportedby a rangeof tools: editor, parser,
displayer, animator, a modifiedversionof thehipposimulator, solveandxdill. The toolsusethe theX Window
environmentandaremainlywritten in C, thoughsomeof thecodeis generatedby yaccandX-Designer.

SOLVE specificationsarepurely textualandso can be producedusinga standardtext editor. However, the
syntax-directededitorsyd[2] wasdevelopedwith SOLVE in mind. Thesydeditoris a novelcompromisebetween
a traditional text editor anda strict syntax-directededitor. The approachof syd is to enforcethe syntaxof the
languagedownto a specifiedlevel. Thesyntacticlevelat whichsydoperatesmaybeloweredor raisedaccording
to therequirementsof theuser. Anotherconvenientfeatureis that themeta-syntaxmayspecifytheconventional
textuallayoutof thelanguage(e.g.theuseof newlinesandindentation).Althoughsydwasdevelopedfor usewith
SOLVE, it is reallya general-purpose,syntax-directededitor.

Theparsertool wasbuilt usingyacc. For a valid specification,theparserproducesa LOTOS specificationas
well asaspecialcontrolfile for theanimator. Thetranslationfrom SOLVE to LOTOSis reasonablystraightforward.
Objectscorrespondsto LOTOS processesthat communicatevia an intermediateprocessas a communication
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medium. The communicationmodel permitsdynamicmodificationof communicationconnections,although
dynamiccreationof objectsandtheirconnectionsarenotcurrentlysupportedby SOLVE.

The displayertool displaysobject icons in responseto requestsfrom the animator tool, andit passesuser
requeststo click or dragobjecticonsto theanimatortool.

Theanimatortool managestheinteractiveanimationof a SOLVE specification,spawningdisplayerandhippo
aschild processes.Theanimatorcommunicatesvia Unix pipesto/fromthestandardinput/outputof displayerand
hippo. This simplemeansof communicationis why the SEDOS simulatorhippo wasusedratherthanthe later
simulatorsmile, which is moredifficult to interworkwith. Thepurposeof hippo is to simulatethe behaviourof
the givensystem,yielding lists of possibleevents.Thedisplayerturnsuserinput (from thegraphicalinterface)
into eventoffers. This effectively yields lists of eventsofferedby the environment. To managean interactive
animation,theanimatorsynchronisesthehippoeventoffersandthedisplayereventoffers. During ananimation
theremaybea choiceof possibleevents;theanimatormaybesetto resolvetheseautomaticallyor theusermay
chooseto doso.

Tool supportfor SOLVE andXDILL is essentiallythe same,differing largely in the command-lineinterface:
solveor xdill. Thewholetoolsetwasreportedin [10, 11, 16].

3 ResourcesUsed

In theoriginalproposalit wasintendedto employoneseniorresearcher. However, for circumstantialandtechnical
reasonsit wasdecidedto employtwo morejunior researcherswith expertisein thetwo mainaspectsof theproject
(object-orientedrequirementsanalysis,graphicaltool development).Thischangein staffingwasagreedwith SERC
beforethestartof theproject. ThreetaughtMSc studentson specialistconversioncourseswerealsoinvolvedin
projectwork aspartof their studies.

In the original proposalit wasintendedto actively involve British TelecomandHewlett-Packardin project
discussions;both companieshad expressedan interestin this at the proposalstage. However, changesin the
organisationanddirectionof the Hewlett-Packardlaboratoriesmeantthat the projectwasmuchlessrelevantto
themthanbefore;in factalmostnodiscussionstookplace.BritishTelecommaintainedaninterestin theproject,but
thenumberof discussionswaslessthanexpected.Theprincipal investigatorpresentedthework of theprojectat
thePSTVXIII (ProtocolSpecification,Testing,andVerification) andFORTE VI (FormalDescriptionTechniques)
conferences.SomeDepartmentaltravelfundingwasprovidedfor thePSTVconference.Thenetresultof all these
changeswasanunderspendon travelbudget.

As anticipatedin the original proposal,an existingSUN 4 workstationwas usedon the project. A NeXT
workstationwasalsoboughtasanticipated,andusedfor investigationinto graphicaluserinterfaces.As expected,
theNeXTstepsystemshowedconsiderablepromisefor developinggraphicalinterfaces.However, asreportedin
section2.1 it wasdecidedto makeuseof theX Window SystemratherthanNeXTstep. A third workstation(an
HP9000series300machine)wasprovidedby theDepartment.LOTOStoolsandX softwarewereusedonall three
workstationsto ensurea commondevelopmentenvironment.

4 Deliverables

The tangibleresultsof the projectarepapersandprototypetools. Themain papersproducedby the projectare
listed in thereferences.Consideringthat theprojecthadvery shorttime-scales,theproductivityof theprojectin
writing papersis good. Theprojectwasintendedto focusmoreon thedesignthanconstructionof tools. In fact,
betterprogressthananticipatedwasmade,andworkingtools(thoughstill prototypes)weredeveloped.Section2.4
surveysthetoolsthatwereproduced.

5 Futur eWork and Exploitation

Theprojecthasdeliveredsatisfactoryinterimresults.Asanticipatedin theoriginalproposal,it wouldbeproductive
to developthesefurtherin aPhaseII project.Thiswouldtakethemethodandtoolsdevelopedsofar andturnthem
into practicallyusableform.

Formalrequirementscapture,specificationandanalysisusingORCA lookspromising;the furtherwork to be
undertakenwould beto ‘industrialise’ this asa methodthatcouldbeusedby engineersin real-life development.
Architecture-basedspecificationusinglibrariesof specificationcomponentsinvariousfieldshasalsobeenvalidated.
Theexistinglibrarieswouldneedtobeextendedtodealwith therangeof conceptsrequiredbytherelevantindustrial
sector. The mostfruitful futureapplicationswould seemto be in the designof reactivesystems,andin service
creationandfeatureanalysisfor telecommunications.
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Theexistingprototypetoolswould needto bedevelopedfurtherbeforetheycouldberegardedasindustrially
usable.A major limitation at themomentis in thesimulationcapabilitiesof theLOTOS toolsused.Furtherwork
mightfocusonexploitingmorerecentsimulatorssuchassmile, or in developingnewandmorepracticalsimulation
strategies.Moreeffort wouldberequiredongraphicalinterfacesfor creationandanimationof specificationswritten
in SOLVE.

Overall, the projectis felt to haveproducedtimely andworthwhile results.Productivityhasbeengood,and
reflectseffectiveuseof theresourcesavailable.
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