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Abstract

We emphasisehe role of Software Architectureasa mediumfor communicating
aspectof a software systemto the diversespecialistand non-specialisgroupsin-
volvedin thecreationjmplementatioranddeploymentof thesystemThisapproach
forcesus to take carefulaccountof issuessuchasthe domainof application,the
taskthe architecturds supportingandthe representatiomsedfor the architecture.
We presensomepreliminaryresultsof this approactdraving on bothsemanticand
cognitive analysesof Software Architectureand outline someempirical work on
SoftwareArchitecturein practicebasedontheapproactpresentedhere.
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1 INTRODUCTION

Much of the work on Software Architecturehastaken software designasthe main
actiity software architecturels intendedto support.Here we take the view that,
althoughsupportfor designis important,the role of softwarearchitecturas much
broademndthatthis broaderrole requiresa differentemphasisn its study

Ourinterestin softwarearchitecturdeganin the studyof safety-criticalsoftware.
The main standardfor safety-criticalprocess-controsoftwareis IEC 61508 (IEC
1995).This stateghat:
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Froma safetyviewpoint,the Softwae Architectue is whee the basicsafetystrategy is
developedfor the softwae.

Thusthe softwarearchitectureof a softwaresystemis the descriptionof the system
thatwould beusedby theteamresponsibldor thesafetyof thesystemastheprimary
representationf the systemstructure Thatteamwould includesoftware,hardware,
domain,andsafetyexperts.

This view of architectureasa lingua francafor the high-level analysisis com-
monin mary areaf engineeringFor example thenotionsconnectomndcompon-
entoriginatein Fault-treeanalysigVesley 1981).Similarly, HazardandOperability
Analysis (HAZOP) (Kletz 1986) takes the piping andinstrumentatiordiagramof
a plantasthe architecturadescriptionthat representshe sharedview of the plant
usedby the multi-disciplinaryteamcarryingout HAZOP analysisto determinethe
absencef serioushazards.

This changgrom aview centredon the designteamto onewheresoftwarearchi-
tectureis the representationf sharedknowledgebetweera diverseteamof experts
suggestghe a new working definition of software architecturehat we usein this
paper:

Softwae Architectue is a suitablerepresentatiorof someaspectof a softwae system
usedby a potentiallydiversegroup of technical specialistdo read reliable agreemenbn
a shaedtask.

This new definitionsuggestsomeareawf studyfor softwarearchitecture:

Aspectsof systems: this involveslooking at the domain of the system,different
kinds of structurein systemsandat goodrepresentationfor differentaspectof
systems.

Representations: looking at the software architectureasa communicatiordevice
brings representatioiinto focus. We needto study errorsof interpretationthe
immediay of representation$iow well they supportparticulartasks,howv well
they represenparticularaspect®f systems.

Agreement: weareconcernedhatthearchitecturatepresentationontainssnough
informationthatit is possibleto reachagreemenanddemonstrat¢hatagreement
is justified.

Task: differenttasksmayrequirequite differentrepresentationsf differentaspects
of the system.It may be that systemshave mary differentrepresentationshe
consisteng requirementdetweensuchrepresentationare quite weak because
we only needconsisteng of informationassociatavith theintendedtask.

Ourcharacterisationf softwarearchitectureasa communicatiordevice suggests
thatwe needto studyit in atleastthreeways:thelogical analysisof softwarearchi-
tecture cognitive aspectdo take accounof humaninterpretersaandsocialaspect$o
take accounf thewaytheindividualsembedn thesurroundingorganisationsT his
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paperis our first attemptat synthesisingvork reportedin a seriesof papersof the
UnderstandingSoftwae Architecture project. The paperpresentghreestrandsof
researchformal (semantic)modelsof languagesxpressingarchitecturakelements
of specificdomainsognitive-basedheorieof representationgmpiricalstudie of
software architecturess usedin industrial applications.The resultsreportedhere
form the foundationsfor eachof thesethreestrandsof researchWork currentlyin
progresss takinga moredirectapproacho combiningandsynthesisinghesethree
strandsnto a coherentholistic approactio the understandingf softwarearchitec-
tures.

Currently thesethree strandsintersectin the study of the designof industrial
embeddeaontrollers.This commonlyoccurringclassof systemsspansmary dif-
ferentdomains(e.g. automotve, processcontrol, ASIC design,mobile telephory)
andis a very commoncomponenif critical systems.The approachto designis
quite stable emphasising cleardistinctionbetweerdataandcontrol flow, but suf-
fers from very fragmenteduse of notationsand from languagegied to specific
manufcturers(as with, for example,Programmabld.ogic Controller (PLC) lan-
guageqIEC 1993)).Datarelatingto controllersis particularlyinterestingbecause:
(i) a disciplineddesign/rgiew processgives a detailedview of the evolution of
designs(ii) it is commonto developfamiliesof controllersfor slightly differentcir-
cumstancedn suchcircumstancethe pragmaticbenefitsof architecturareuseare
evidentto designers(ii) embeddedontrollersinvolve diversetechnicalspecialities
in their constructionthusgiving aninsightinto our view of the useof architecture
asalinguafrancafor the designteam);(iv) oneaspecof our investigationis in the
choiceof representationfor designgsee(Gurr 1997)for a discussiorof this). Em-
beddeccontrollersinvolve diverseformsof diagrammati@ndtextual representation
to capturecontrolflow, dataflow andtiming aspect®f systems.

2 SEMANTICVIEW

We have takenthe PLC programminganguagd EC 1131-3(IEC 1993)asa start-
ing pointfor ourinvestigatiorinto the semantic®f SoftwareArchitecture Although
IEC 1131-3is primarily intendedo supporfprogrammingt doeshave mary features
in commonwith Software Architecturenotations We considerit to be a “naturally
occurring”exampleof alanguagentendedo encouraganarchitecturahpproacho
systemdesign.For us,its importantfeaturesnclude:addressing particularapplic-
ationdomain,the extensive useof diagrammatiaiotationsanda stratifiedapproach
to designat threedifferentlevels (thesecorrespondoughlyto viewsin (Perryand
Wolf 1992).) Theselevels are: function blocks (FB), correspondindgo a dataflow
view; sequentiafunctioncharts(SFC),correspondingo a controlview; andconfig-
urationsthatcorrespondo aresourcaiseview.

*We acknavledge the supportof the UK Engineeringand PhysicalResearchCouncil, grant number:
GR/L37953.
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Sofar we have two mainresultsthatwe believe areusefulin the context of IEC
1131-3andpointto a classof resultsthatareimportantfor SoftwareArchitecture:

Faithfulness of notation: In (AndersorandTourlas1997)we explorethe dataflav
representatio IEC 1131-3andcharacteris¢he requiremenplacedon the se-
manticsof the programmingsystemby the use of the diagrammationotation.
The characterisatiorconsistsof a setof equationghat mustbe satisfiedby the
semanticsThis captureshe constraintsplacedon the semanticsy the use of
diagramsWe canseethis asa minimumlevel of agreemenéxpectedof usersof
thenotation.

Diagrammatic support for proof tasks: In (Andersonand Tourlas 1998) we ex-
plorethecontrolrepresentationf IEC 1131-3.Theaim of thiswork is to support
diagrammaticallydriven proofsof a simpleclassof propertieghataredesigned
to be relevant to the classof applicationsdesignedn the system.Herewe are
aimingatcombiningdomaindependengwith thelimited natureof therepresent-
ationto assistwith a particulartaskwhich is difficult in generalbut is consider
ably simplified by restrictingthe classof propertiesandchoosingan appropriate
representation.

Thesewo resultstake therepresentatioasa critical elementin supportinghe ana-
lysis of systemdesigns.One resultlooks down by capturingthe requirementghe
representationf the systemplaceson the semanticof the systemwhile the other
looks upwardstowardsthe supportof complex tasksbasedon the representation.
Both of theseresultsareinterestingnstance®f moregenerakognitive work onthe
useof graphicalrepresentations.

3 COGNITIVEVIEW

Thesemantiaiiew of SoftwareArchitectureprovidessomecontroloverthesafetyof
representationsndthecorrectnessf taskssupportedy aparticularrepresentation.
To asseshow well a particularrepresentatiomeetsthe needf it's userswe need
finertoolsthatconsiderfeaturef representationge.g.compleity, clarity, .. .) that
arenot consideredn thesemanticview.

Froma cognitive point of view to matcha representatioto a task(anddomain),
we mustconsidetthe following threeissues:

Matching: What propertiesdo diagrammatiaepresentationpossessso thatthey
might be matchedto propertiesin the task and domainat hand?Someof our
work (Gurr 1998)developsa generaframeavork basedn the extentto which the
representatiors isomorphicto the representedituation.In our previousstudies
we have looked at representingimple syllogismsand have obsened that close
matchingof representationsidsunderstandingn thecaseof SoftwareArchitec-
turewe mighthopeto obsenethatcertainstructurakelationsarepreseredin the
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diagrammaticepresentation§Ve have achievedthisin therepresentationsedn
ourrepresentationf arestrictedclassof IEC 1131-3SequentiaFunctionCharts.
Furtherwork is neededo seetheextentto whichthisis helpful.

Complexity: Whateffectdoesrepresentatiohave onthe compleity/salienceof a
task?In earlierwork (StenningandOberlandel995)we have obseredthatthe
limited expressvenesof diagrammatiaepresentationseemso help aid some
reasonindasks.The choiceof anappropriatelymatchingrepresentatiowith ex-
pressienesxloselymatchedo the reasoningaskseemdo provide appropriate
supportfor humansundertakinghe task. This work helpedmotivatethe design
of our simpleproof systemfor SequentiaFunctionCharts.Theresulthasbeena
systemfor proving safetypropertiesof systemavheretheindependencef con-
currentcomponentss directly expressedn the graphicalnotation.We believe
this greatlysimplifiesthe taskof reasoningaboutthe systemandit restrictscon-
curreny in SFCsystemgo a casethatis easilyunderstoody non-programmers.

Human variability: thehumanelementwhatmoreis thereto considerbeyondan
analysisof thelogical propertiesof diagrammaticepresentationd® recentwork
(StenningandYule 1997,Stenning CoxandOberlande 995)we have obsenred
significantvariationin the extentto which a particularrepresentationidsreason-
ing tasks.Thesevariationsarisefrom variationsin the subjectscapacityto utilise
therepresentatioeffectively. It seemghatfor somepeoplegraphicalrepresent-
ationscan be a very poor choiceto supportsometasks.We believe this work
is importantin the evaluationof graphicalrepresentationsf Software architec-
ture becausehis variability may maskthe discovery of representationthatvery
effectivefor someclasse®f user We anticipateobservingsimilar effectsfor Soft-
wareArchitecturerepresentations.

We believe all threeof thesecognitive issuescanbe usedto motivatethe designof

Software Architecturerepresentationthat arefinely tunedto supportspecifictasks
effectively. Thesecombinedwith the semanticapproachdiscussedn the previous
sectionoffer gopodmethodgo analysearchitecturatepresentations$n the next sec-
tion we consideisomepreliminaryempiricalinvestigationghataremotivatedby our

semanti@ndcognitive work on representations.

4 EMPIRICAL STUDIES

Having outlinedour theoretical approachedothin theformal modellingof proper
tiessoftwarearchitecturegndin the cognitively-situatedmodelsof (diagrammatic)
designnotationswe now turn to the third strandof our researchthat of our more
pragmaticandpracticallybasedempiricalwork.

Theaim of ourempiricalwork is to developa sharpcharacterisationf therole of
softwarearchitecturén practiceandto gatherconcreteexampleof its use We report
heretheinitial findingsof a studyof thedevelopmenbf designdor software-based,
automotve enginemanagemengystemgthis datahasbeenanorymisedto protect
the confidentialityof the supplier).The analysisof thesedesignss particularlyin-
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terestingn thelight of our work of Section2, asagainherewe areconsideringhe
classof industrialembeddedaontrollers.Indeed the structureandnotationsusedin
thesedesignsarequiteclosein concepto the PLC notationsdiscussedh Section2.

4.1 Case Study: Architecturein Engine Management Systems

Thedatawe areanalysingconsistof sequencesf designreview reportswhich de-

tail thestepwisedevelopmenbf designgor enginemanagemergystemsAny given

project(asingleenginemanagemergystem)consistof a numberof modulestyp-

ically betweerB and12 modulegerproject,with aseparateesignfor eachmodule.
A modulecontainscomponentgarny numberfrom 1 to over 160 permodule)which

are of one of threetypes:‘control flow diagram’(cf); ‘data flow diagram’ (dfd);

and‘code’ (cd). Control flow diagramsare effectively finite stateautomatawhich

indicatethe flow of control throughthe module.The codedefinesfunctionscom-

putedover variablesandthe dfd’s specifyhow thesevariablesare sharedbetween
components.

Thedevelopmenbf designdollowsarigorousdesign/reiew cycle. A design(for
somemodule)is producedby a memberof the designteamandthenreviewed by
two other membersof the team,who recordtheir findingsin a review report. The
reviewersrateeachcomponenaind,give the moduleanoverallrating.

We have collectedthe entire sequencef designreview reportsfor four separate
projects.Intotal, overthefour projectsthereare 39 modules consistingof 852com-
ponents Overall, thesewere subjectedo a total of 169 reviews. This representa
substantiabndrich datacorpus,presentingus with a highly detailedview of the
evolution of thesedesigns.

4.2 Hypothesesand Analysisof Data

Initial examinationof the dataindicateghat,aswith PLC languagesthedevelopers
useddesigndescriptionsn which control flow dominatesFrom this we hypothes-
isedarchitecturastructurewill predominatelyesidein thecontrolflow descriptions,
suggestinghat: (i) partsof the cf (controlflow) componentsvould exhibit signific-
antly greaterstability overthe design/reiew procesgshanwould othercomponents;
(ii) similar controlpatterngecuracrosdifferentprojectsi(iii) designnotationsem-
phasisahe stableaspect®f controlflow.

In our initial analysisof the datawe have testedthe first of thesehypotheseby
determiningthe averagenumberof changesnadeto ary one componentduring a
review, andsortingthe resultsby type of componenti.e. cf, dfd andcd). Figurel
presentgheseresultssummariseaver the four projects.This tableindicatescon-
firmation of our initial hypothesiswith dfd componentdeingchangedn average
0.705timesperreview ascomparedvith the0.493averagefor cf componentsThis
doesindeedconfirmthatdataflow componentsvithin a designarerevisedsignific-
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Figurel Averagechanges/ndew of (from left to right) cf, dfd andcd components.

antly more often thanare control flow componentsNaturally, theseresultshide a
greatdealof detail— detailwhich requiressubstantiafurtheranalysis.

5 CONCLUSIONS

Theconcepbf SoftwareArchitecture we argue,requiresunderstandingn a context
which is wider than simply ‘design’. Our belief is thatit shouldbe analysedasa
communicationmethod.To analysesoftwarearchitecturesvith this view requiresan
understandingroundedn theoriesof formal semanticspf the effect of represent-
ationon humanreasoningandin anempiricallyvalidatedunderstandingf theuse
of softwarearchitecturan practice.In particular empiricalwork is importantasa
checkonhypotheseandontheapplicabilityof thework undertalenin theothertwo
researcltstrandsandin their synthesis.

It is our view thatonerouteto providing a stablebasisfor softwareengineering
is to draw practicein softwareengineeringcloserto that of corventionalengineer
ing. Our researctinto high-intggrity systemgMacKenzie1996,MacKenzie1995)
indicatesthat safetyargumentsin cornventionalengineeringare predicateduponthe
continuityof the concreteartifactbeingdesignedEngineergeusegenericarchitec-
turesand componentdecausdheir propertiesare understoocand agreedupon by
all thedifferenttechnicalspecialitiesnvolvedin the designandoperationof thear
tifact. The architecturds the stablestructurewhich characterisethe artifactduring
detaileddesignand carriesits main characteristicsrom versionto versionof the
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product.We believe thatthe work outlinedin this paperofferssomeprogressn this
direction.
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