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Abstract

TheSoftwareConcordanceprojectis examininghow hypermediatechnologycanpro-
vide improved tools for managingthe full rangeof documentsproducedby the software
life cycle. The project’s aim is to help softwaredevelopersbettermaintainconformance
betweenthesemany documentsas they andthe software that they describechangeover
time. This researchrequiressolutionsto openproblemsin a numberof areasincluding
documentrepresentationandformatting(especiallyfor programsourcecode),fine-grained
versioncontrol for tree-structureddocuments,the categorizationof relationshipsamong
software documents,and the analysisand visualizationof documentrelationships.The
SoftwareConcordanceprototypewill supportJavaprogramsandXML documentsandwill
provide toolsfor defining,maintaining,andanalyzingdocumentrelationships.

1 Introduction

Much of theadvanceof thehumanconditionis basedon our ability, throughword-of-mouth,
writtendocuments,andotherformsof communication,to makeconnectionsbetweenideas.By
building relationshipsamongideas,we have constructeda complex network of usefulknowl-
edgeaboutengineering,medicine,history, andmany othertopics,whoseexistenceis oneof the
critical foundationsof modernlife.

Bush[6] andNelson’s [29] earlyvisionsof hypermediasystemsrecognizedthecentralim-
portanceof connectionsbetweenideasand foresaw new technologythat would make those
connectionsmoreexplicit andaccessible.Both BushandNelsonsaw clearly thatbettertools
for recordingandmanagingknowledgewould substantiallyenrichour intellectuallives.Early
experimentationwith closedhypermediasystemsdemonstratedthat the technologyto support
thisvisionwasachievable,particularlyfor educationalmaterial.Now, theWorld WideWebhas
shown us,in nouncertainterms,thatthevisionaries’belief in thepotentialimpactof hyperme-
diaon theworld at largewaswell-founded.
�
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1.1 Software Development and Hypermedia

Relationshipsbetweenideasarecritical to theprocessof softwaredevelopment.Thelife cycle
of a softwaresystemproducesa tremendousvarietyof documents— requirementsspecifica-
tions,designdocumentsof many types[17], programsourcecode,testingandbugreports,and
userdocumentationareexamples.Thesedocumentsembodyagreatnumberof ideaswhichare
connectedby a complex network of relationships.Hypermediatechnologyrepresentsanatural
mechanismfor representingthesedocumentsandtheir relationships.

Imagineahypermediaenvironmentthatencompassesall thedocumentsin asoftwareproject.
In this environment,anextensive link structureis usedto representthe relationshipsbetween
softwaredocumentsexplicitly. In thisenvironment,it will beeasyto addressquestionslike the
following:

� If requirementR is changed,how muchof theimplementationandwhichtestingroutines
mightalsohave to bechanged?

� Whatpartsof thesystemhadto bechangedin orderto correcttheproblemidentifiedin
thisbug report?

� Whatnew featuresof thesystemhavenot yetbeendescribedin theuserdocumentation?

Yeteventhoughhypermediais anaturalmechanismfor representingandmanagingsoftware
documents,it doesnot seesubstantialuse,becauseimportantopenproblemsin the designof
bothsoftwaredevelopmentenvironmentsandhypermediasystemsremainto besolved. These
openproblemsinclude:

� Makingprogramsourcecodedocumentsinteroperatewith otherclassesof softwaredoc-
uments;

� Identifying a taxonomyof therelationshipsamongsoftwaredocumentsandcreatinghy-
permedialink representationsthatembodytheserelationships;

� Providing efficient,fine-grainedversioncontrolof tree-structureddocumentsthatis inte-
gratedwith hypermedialink-traversalservices;and

� Developinganalysisandvisualizationtoolsthatallow softwaredevelopersto understand
andexploit therelationshipsamongtheirprojects’documents.

TheSoftwareConcordanceprojectat theUniversityof Wisconsin-Milwaukeeis exploring
solutionsto eachof theseproblems. Its long rangegoal is to improve softwaredevelopment
productivity by providing tools that allow developersto ensurethat their softwaredocuments
conformto eachother. TheSoftwareConcordanceprototypewill supporttheeditingandmain-
tenanceof Java programsandXML documents.Programsourcecodedocumentswill befully
interoperablewith othersoftwaredocuments,sodeveloperswill beableto documenttheircode
with multimediamaterialandwith links to othersoftwaredocuments.

Theremainderof thispaperprovidesamorecompletedescriptionof theresearchproblems
beingaddressedby theSoftwareConcordanceproject.
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Figure1: Thisscreendumpof theEnsemblesystemillustrateshow embeddedmultimediadoc-
umentationcouldbeusedto clarify complex algorithms,suchastherotationsusedto balance
AVL trees.A sectionof Java sourcecodeis documentedby a 2D graphicshowing therotation
alongwith an explanatoryparagraph.While Ensemblehasin the pasthadsupportfor video,
thisscreendumpsimulatesanexplanatoryvideoclip with anincludedimage.

2 Background

2.1 Software documents

The many documentsproducedby the softwaredevelopmentprocesscanbe broadlydivided
into two categories:formalandinformal.

Formaldocumentsincludeprogramsourcecodeandformal specifications.Their common
characteristicis that their syntacticandsemanticstructurecanbedeterminedby analysisof a
text stream(with the obvious exceptionof visual programs). Formal documentsarewritten
usingASCII text editorsor specializedenvironments. Even the advancedenvironments(for
example,Ada-Assured[13]) arerestrictedto text, albeitwith font andcolor variations,anddo
not supportdocumentationin othermediaor connectionswith othersoftwaredocuments.The
limitation to textual documentationcanpreventprogrammersfrom expressingimportantideas
abouttheir codethatarebetterexpressedin othermedia.Figure2.1 shows anexamplewhere
anembeddedgraphicfigureclarifiesanalgorithm.Thefactthatprogrammerscannotlink their
sourcecodeto its supportingdocumentsis just asseriousa limitation, sincethecodeis oftena
directexpressionof ideasin thoseotherdocuments.

All othersoftwaredocumentsareinformal. Any syntacticor semanticstructurethey have
is eitherspecifieddirectly by theuser, obtainedfrom a sharedtemplateor form, or is implicit
in the naturallanguagecontentof the document.Examplesincluderequirementsdocuments,
designdocuments,testingandbug reports,anduserdocumentation.Informal documentsare
commonlyproducedusingcommercialoffice softwaresuites,suchasMicrosoft Office [22].
MS Office providesextensive interoperabilitybetweenthedifferenttypesof documentsit sup-
ports:any documentcanincludeactive fragmentsof otherdocuments.Furthermore,MS Office
documentscanimport a wide varietyof multimediaobjects.However, theseinclusionsarenot
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markedwith informationabouttheirsemantics.

2.2 Interoperability

In practice,formal andinformal documentsdo not interoperate.The centralproblemis that,
in formal documents,the text streamis usedboth for analysisandfor presentation[35]. The
lexical analysisphaseof programanalysisrequiresthat thetext streamadhereto thelanguage
specification,which allows only textual comments.Thus,it is not possibleto embedobjects
composedof arbitrarybytestreams(suchascompressedimages)insideprogramsourcecode.
It is possibleto conceiveof programeditorsthatsearchfor specialcommentspointingto pieces
of non-text documentationheldexternally, but therearenoexamplesof suchaneditor. Suchan
editorwouldrequireaspecialformattingmodelto correctlydisplaythenon-text documentation.

This is not to saythatprogrampresentationhasbeenignored.In fact,thereis a largelitera-
tureonprogrampretty-printing.Early work focusedon pretty-printingstandardsfor particular
languages(seeBaecker andMarcusfor a summary[1, p. 18]) andon line-breakingalgorithms
for programstatements[16, 23, 30, 31, 37]. More recentwork hasemphasizedspecification
languagesfor pretty-printing,suchasPPML [15]. All of this work hasfocusedentirely on
programsourcecode.

Theauthor’sdissertationresearch[28] investigatedamoregeneralapproachto presentation.
This researchshowed thereexists a coresetof presentationserviceswhich canbe sharedby
independentmodulesfor differentmediawithin alargersystem.Thiswork producedaportable
style sheetsystem,Proteus[12, 26] that canbe configuredto supportdifferentmedia(text,
graphics,video)andis alsosuitablefor programsourcecode. Configurationof Proteusfor a
new medium(or anotherapplication)is performedby writing a specificationof themedium’s
primitivetypes,dimensions,andpresentationattributes[27]. Proteusis alsodesignedto support
multiple simultaneousviews of the samedocumentin differentstyles,a mechanismthat can
be exploited for the productionof novel userinterfaceswithout requiringseparateformatting
servicesfor eachview. Proteusis portableandhasbeenusedby two systems:the Ensemble
softwaredevelopmentandmultimediadocumentenvironment[11] andMultiple Presentation
Mosaic[18, 20], amultiple-view browserfor theWorld-WideWeb.1

2.3 Document Relationships and Conformance

Thereare many typesof relationshipsbetweensoftware developmentdocuments. Without
claimingto presentacompletetaxonomy, thesearesomeexamples:

� Therequirementsmotivatethedesign.

� Thedesignrequirestheimplementation.

� A testreportevaluatestheimplementation.

� A bug reportcomplainsabouta mismatchbetweentherequirementsandtheimplemen-
tation.

� A changeto theimplementationrespondsto abugreport.

1Examplesof the output of Multiple PresentationMosaic can be seenon the principle investigator’s Web
pageat http://www.cs.uwm.edu/ multimedia. Thesedemonstratesomeof the usesof multiple-view
technology.
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� Theusermanualdocumentsthedesignandimplementation.

In general,theserelationshipsarepersistent,lastingdays,weeks,or years,but they are not
necessarilypermanent.Becausethe documentsin a systemaredynamicandcanbe created,
altered,andremoved, the setof active relationshipsin a systemis alsolikely to changeover
time.

Let us consideran imaginarysoftwaresystemwhosedocumentsare in perfectharmony
with eachother. We might say that its documentsareconformant, becausethey conformto
eachother. If we thenalter a requirement,suchasthe numberof usersto be supported,but
make no otherchange,it becomespossiblethatthesystemdoesnot meetits requirements.We
might thensaythat thesystem’s documentsarenon-conformant, becausethesystem’s design
doesnotconformto its requirements.

Barringmajoradvancesin naturallanguageprocessingresearch,completelyautomatictest-
ing for conformancebetweensoftwaredocumentswill notbepossiblefor sometime. However,
if therelationshipsbetweensoftwaredocumentswereexplicitly recorded,it might bepossible
to automatedetectionof possiblenon-conformance.Suchautomateddetectioncouldbeusedto
guidedevelopersto potentialproblems.

It is importantto notethatsimilar relationshipsexist amongsourcecodeandspecification
documents.Programminglanguageshave commandslike “include” or “require” thatdescribe
a dependency betweenpairsof files. Thedifferenceis that theserelationshipsbetweenformal
documentscanbefound,without any ambiguity, by automatedanalyses.In fact,relationships
like theseareanimportantinformationsourcefor re-engineeringtools[24].

Eachof theabove documentrelationshipscarrieswith it an implied logical orderingof its
documents.For example,testingandbugreportscannotbeproduceduntil animplementationis
available,andwhile it is notnecessarilythecasethatrequirementdocumentswill bewrittenbe-
foredesigns,thereis certainlya logicalrelationshipbetweenthemthatmakesdesigndependon
requirements.Orderedrelationshipslike thesehavebeenusedfor many yearsto automateeffi-
cientcompilation[7, 9]. However, thesetechniqueshaveyet to beappliedto informalsoftware
documents.

3 The Software Concordance Research Plan

The SoftwareConcordanceprojecthasan ambitiousresearchplan that involvesresearchon
fundamentalsconceptsandrepresentationsaswell asinvolving theconstructionof a working
prototypeenvironment.Thissectiondescribestheseplans.

3.1 Interoperability

TheSoftwareConcordanceprojectwill developrepresentationsthatprovidefor interoperability
amongformalandinformaldocuments.Theserepresentationswill:

� Allow any documentto includeany fragmentof any otherdocument.Theincludedfrag-
mentmaybefrom aparticularversionor maybeactive,changingasthesourcedocument
changes.

� Allow the binding of bi-directional,typed relationshipsto any pair of documentfrag-
ments.
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Figure2: In (a), the relationshipsbetweena sourcecodedocumentanda bug report form a
cycle, becausethe codeis both causeof the bug reportandthe responseto it. However, the
additionof versioninformationin (b) breaksthis cycle by makingclearthat thebug reportis
complainingabouta problemin the version
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of the sourcecode,while version

�
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sourcecodehasbeeneditedandrespondsto thebug report.

� Supportauniformmodelof fine-grainedrevisioncontrol.

� Allow programanalysisandcompilationservicesto operatewithoutmajormodification.

Theapproachtakenby theSoftwareConcordancewill begin with auniformtree-structured
representationfor informal documents,suchasXML [4, 5], thestandardfor World-Wide Web
documents. Interoperabilitybetweentree-structuredinformal documentsis well-understood
andcanbefoundin theEnsemble[21] andGrif/Thot systems[32].

Then,asproposedin theauthor’searlierwork on interoperability[25], a representationthat
intermixessectionsof sourcecodewith othersectionsthat containinformal materialwill be
designed.The informal materialmayeitherbeembeddeddocumentationor maybean inclu-
sionof partof anotherrelevantdocument.This representationwill maintaina clearseparation
betweenthesourcecodeandinformal sectionsof thedocumentsothatprogramanalysisneed
only traversethesourcecodesections.Therepresentationwill allow thepersistentbindingof
theinformalmaterialto therelevantsectionof thesourcecode,sothattheconnectionbetween
themcontinuesfrom oneeditingsessionto another. Furthermore,it will provide for thedefini-
tion of persistentselections[14] thatwill serve asend-pointsfor documentrelationships,that
is, asanchorsfor hypermedialinks.

This sourcecodedocumentswill requirethedevelopmentof a novel formattingmodelthat
properly integratesthe formal and informal material. The centralproblemis that automatic
pretty-printersoperatenot from linesof text, but ratherfrom anabstractsyntaxtree[1, 15]. But
in this new representation,the leavesof theabstractsyntaxtreewill be intermixedwith some
othertree-basedrepresentationfor the informal material.No existing formatteror editormust
coordinatebetweentwo treerepresentations,soanew formattingmodelwill berequired.

TheSoftwareConcordanceprojectwill alsodesignauniform,fine-grainedrevisioncontrol
model for softwaredocuments,becauserevision control is a critical elementof the software
documentenvironmentsenvisionedby theinvestigator. Figure2 illustrateshow apparentcycles
in therelationshipgraphof softwaredocumentsarebrokenwhentherelationshipsaredefined
betweenversionsof thedocuments.

This work will build on researchby Magnusson,Asklund,andMinör [19] on versiontrees
for tree-structuredtext documents.They showed that versiontreesaremoreflexible andse-
mantically correct than the line-orientedrevision systemswidely usedfor programsource
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code[33, 34] andarebettersuitedfor collaborative softwaredevelopment.Wagnerextended
this work to integrateversionmanagementwith programediting and analysisoperationsin
theEnsembleenvironment[36], but did not providea persistentrepresentationof theversions.
TheSoftwareConcordanceprojectwill applyversiontreesto multimediadocumentsandwill
provide thepersistencemissingfrom Wagner’s work.

3.2 Software Document Relationships

Section2.3 listed several typesof relationshipsthat may exist betweensoftwaredocuments.
Thelist is not claimedto becomplete,exhaustive,or minimal; it is simplyasetof examples.

The SoftwareConcordanceprojectis studyingrelationshipsbetweensoftwaredocuments
in orderto definea taxonomyfor them. Thetypesof relationshipsidentifiedby thetaxonomy
will thenbeusedto marklinks betweensoftwaredocuments.

It might bearguedthat a taxonomyof relationshipsis unnecessary, that it would besuffi-
cient to simply mark theexistenceof dependenciesbetweendocumentswithout any informa-
tion aboutthetypeof relationship.This argumentis misguidedbecauserelationshiptypescan
convey importantinformationaboutthesemanticsof theconnectionbetweentwo documents.
Supposethat complainsaboutandcommentson are two relationshiptypes. The fact that �
commentson 
 is essentiallyneutral.In contrast,when � complainsabout � , it is clearthata
problemexists. In mostsystems,complaintsrequirea response,while commentsdonot.

Usingthetaxonomyof documentrelationships,theSoftwareConcordanceprojectwill de-
signa representationfor links betweendocumentsthatmakestheserelationshipsexplicit. This
representationwill have thefollowing characteristics:

� Links will connectpartsof document,ratherthanentiredocuments,sothatrelationships
canbedefinedonafine-grainedbasis.

� Sincechangesto documentelementsalter their relationships,links will connectspecific
versionsof documentelements.Thiswill allow thenetwork of relationshipsto reflectthe
dynamicnatureof softwaredocuments.

� Sincea developermay want to follow a link in eitherdirection,the link representation
will supporttraversalin bothdirections.

� At the sametime, the link representationwill becompatiblewith theWorld-Wide Web
conventionof embeddinglinks in thesourcedocument(whichnormallymakesthemuni-
directional).

� The representationmustallow developersto statewhetheror not the documentsin the
relationshipareconformant.The simplefact that requirementshave changeddoesnot
necessarilymeanthatthedesignis inadequate.It simplymeansthatadeveloperneedsto
inspectbothdocumentsto determinewhetherthereis aproblem.

� Therepresentationmustbereadilyaccessiblefor queryingandanalysis.

Thesecharacteristicswouldbefairly easyto achieve in aclosedhypermediasystemthatstores
links separatelyfrom thedocumentsthey connect.Thechallengeis to providethemin asystem
thatremainscompatiblewith theWorld-WideWeb.
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3.3 Analysis, Visualization, and User Interface Services

Oncethedocumentandrelationshiprepresentationshave beendefined,the SoftwareConcor-
danceprojectwill designandimplementservicesthathelpdevelopersmaintainandunderstand
the relationshipsbetweentheir softwaredevelopmentdocuments.This work will rely on and
enhancetheexperimentaltestbeddescribedin thenext section.

Theseuserinterfaceserviceswill allow the creation,inspection,andremoval of links be-
tweendocuments.Developerswill alsobe ableto mark links with informationaboutconfor-
manceof the documentsthat eachlink connects.Otherinterfaceserviceswill allow the user
to constructqueriesfor typesof relationshipsandlevelsof conformance.For example,a user
maywantto find all pairsof non-conformingdocumentshaving therequiresrelationship.The
responsesto thesequeriescaneitherbereportedto theuservia a textual interfaceor by high-
lighting matchingdocumentsections.

In contrastto the userinterfaceservices,which will primarily provide informationabout
localrelationships,theanalysisserviceswill computepropertiesof thegraphof relationshipsas
a whole. Becausethis informationmaybecomplex andhardto understand,visualizationtools
will be designedand developed,building build on prior researchon graphicalpresentations
of large software systemsusing graphs[24] and compactvisual summariesof sourcecode
files [2, 8].

Theanalysisandvisualizationserviceswill allow developersto answerquestionslike the
following:

� If requirement� is changed,whichotherdocumentsmayrequirechanges?

� Whenrequirement� changed,whatchangesto otherdocumentshadto bemade?

� Whatfeaturesof thedesignhavebeencomplainedaboutthreeor moretimes?

� How oftenaredesignandrequirementschangesmadein responseto bug reports?

� How often do bug reportscomplainaboutdocumentsthat test reportsalsocomplained
about?

3.4 The Software Concordance Prototype

Theconceptsexploredby theSoftwareConcordanceprojectwill beevaluatedby implementa-
tion in anexperimentaltestbed:anenvironmentfor Javaprogramsandtheirassociatedinformal
documents.Theenvironmentwill usea tool-baseddesign,ratherthantrying to createa mono-
lithic program,but will includea fairly largeeditorsupportingall typesof documents.Further-
more,theenvironmentwill beimplementedin Javaitself, sothatovertime,theresearcherswill
beableto useandevaluatethetoolsthey arecreating.

TheJava languagewill beusedbecauseit hasa cleansyntacticdesignthateasesprogram
analysisandbecauseof its importanceto the WWW. Focusingon a singleprogramminglan-
guagewill simplify thesystemby allowing theuseof special-purposecodeto handleany tricky
problemswith incrementalprogramanalysis.

Informal documentswill be representedusingXML [5], an evolving standardfor WWW
documents.Unlike the HTML standard[3], which definesa singletype of document,XML
providesa mechanismfor definingnew typesof documents.Furthermore,XML’s designis
intendedto supportbi-directionallinks,but thispartof its designis notyetcomplete[4]. Unlike
SGML [10], onwhich it is based,XML is designedfor usein interactivesystems.
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Thecoreof theenvironmentwill beaneditorfor JavaprogramsandXML documents.The
editor’s featureswill include:

� Full interoperabilitybetweenall documenttypes,

� Integratedparsingandtype-checkingof Javaprograms,

� Userinterfacefeaturesfor managingdocumentrelationships,

� World-WideWebcompatibility, and

� Integrationwith theenvironment’s revisioncontrolsystem.

All othertoolsandservices,includingrevision control, relationshipanalysis,andrelationship
visualization,will beimplementedasindependentprograms.

4 Conclusion

TheSoftwareConcordanceprojectenvisionsanew kind of softwaredevelopmentenvironment
that integrateselementsdrawn bothfrom currentprogrammingenvironmentsandfrom hyper-
mediasystems.My hopeis thatit will demonstratethatprogramsourcecodecanbebroughtout
of thedatedworld of eight-bitcharacterstreamsandintegratedwith themany informal,natural
languagedocumentsthatarealsoproducedby any qualitysoftwareproject.

It is, of course,ridiculousto think thatsuchintegrationcanmagicallytransformthepractice
of softwaredevelopmentfrom its chaoticcurrentpracticeto thatof a utopianfuture.However,
it is not unreasonableto seethiswork asanimportantsteptowardbetterconformancebetween
therequirements,design,andimplementationaspectsof thesoftwarelife cycle. Furthermore,
softwaredevelopmentis only oneof many professionsthat involve the creationof networks
of interrelateddocuments— thelegal anddiplomaticprofessionsareexamplesof others.The
toolsandtechniquesdevelopedfor theSoftwareConcordanceprototypeshouldbeapplicable
to theseandotherdomains.
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