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ABSTRACT
Researchersin Webengineeringhave regularly notedthatexisting
Web applicationdevelopmentenvironmentsprovide little support
for managingtheevolutionof Webapplications.Key limitationsof
Webdevelopmentenvironmentsincludeline-orientedchangemod-
elsthatinadequatelyrepresentWebdocumentsemanticsandinabil-
ity to modelchangesto link structureor thesetof objectsmaking
up the Web application. Developersmay �nd it dif�cult to grasp
how theoverall structureof theWebapplicationhaschangedover
time andmayrespondby usingadhocsolutionsthat leadto prob-
lemsof maintainability, qualityandreliability.

Web applicationsaresoftwareartifacts,andassuch,canbene-
�t from advancedversioncontrolandsoftwarecon�gurationman-
agement(SCM) technologiesfrom softwareengineering.We have
modi�ed an integrateddevelopmentenvironment to managethe
evolutionandmaintenanceof Webapplications.Theresultingenvi-
ronmentis distinguishedby its �ne-grainedversioncontrol frame-
work, �ne-grainedWebcontentchangemanagement,andproduct
versioningcon�gurationmanagement,in which a Webprojectcan
be organizedat the logical level andits structureandcomponents
are versionedin a �ne-grained manneras well. This paperde-
scribesthe motivation for this environmentaswell as its userin-
terfaces,features,andimplementation.

Categoriesand SubjectDescriptors
D.2.9[Software Engineering]: Con�gurationmanagement;
H.5.4 [Inf ormation Interfaces and Presentation]: Hypertext /
Hypermedia

GeneralTerms
Documentation,Management

Keywords
Webengineering,versioncontrol,con�gurationmanagement

1. INTRODUCTION
In only adecade,theWorld WideWebhasgrown to signi�cantly

affectall aspectsof our lives.Organizationsfrom industry, govern-
ment,education,entertainment,business,andservicesall usethe
Webto improve andenhancetheir operations.Eventraditionalin-
formationanddatabasesystemshave migratedto theWeb.

Many organizationshavesuccessfullydevelopedlargeandhigh-
quality Websites,but othershave failedor have struggledto avoid
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major failures. While someof thesefailuresresultfrom a lack of
vision or short-sightedgoals,othersresult from a �a wed design
anddevelopmentprocessor poormanagementof developmentef-
forts[21]. Webdeveloperscommonlyuseadhocdevelopmentpro-
cessesthatlackrigor, systematictechniques,soundmethodologies,
andquality assuranceandmay pay little attentionto issuessuch
asrequirementsanalysis,quality, performanceevaluation,con�g-
urationmanagement,maintainability, andscalability[22]. In fact,
Webdevelopmentis oftenseenasbeingprimarily anauthoringtask
ratherthananapplicationdevelopmenttask.Therefore,systematic,
disciplinedapproachesareonly beginning to beappliedto thede-
velopmentof high-qualityWeb-basedapplications.

In response,thedisciplineof Webengineeringhasemerged,ad-
vocatingasystematicapproachto developmentof highqualityWeb-
basedsystems[39]. It promotestheestablishmentanduseof sound
scienti�c, engineeringandmanagementprinciplesin thedevelop-
ment,deployment andmaintenanceof Web-basedsystems.To a
large extent, Web engineeringviews Web developmentasan im-
portantvariantof softwaredevelopment.As a result,many of the
toolsandpracticesalreadyusedto produceothersoftwarearestill
relevant, thoughWebengineeringdoeshave distinctpracticesthat
arisefrom thenatureof hypermediaandtheWeb[33, 45].

Onetask that is importantfor softwareand for the Web is the
managementof the evolution andmaintenanceof Web-basedap-
plications.Dart [10, 11] hasarguedthatWebsystemswould ben-
e�t greatly from the useof techniquesfrom software con�gura-
tion management(SCM). Web applicationsaresoftwareartifacts,
andassuchcanbene�t by makinguseof advancedversioncon-
trol andsoftwarecon�gurationmanagementtechnologies.ButDart
hasalsopointedout thattheevolutionof Webapplicationspresents
specialchallengesthatarenotwell-addressedby existingSCMsys-
tems.For ourpurposes,themostimportantof thesechallengesare:

Variety of Types: Websystemsarebuilt from a wide diversityof
objectsincluding documentsin any of markup languages,
documenttemplates,stylesheets,images,streamingmedia,
animations,applets,andscripts. Unlike softwareengineer-
ing,whereprogramsourcecodeisseenasthecentralartifact,
in Websystemsit is dif�cult to identify onetypeof objectas
most important. So, an SCM systemfor Web applications
mustbecompatiblewith a wide varietyof �le types,includ-
ing their templatesandtheir correspondingediting tools. A
versioningmodelwhich correspondsto thelogical structure
of theseobjectswould alsobedesirable.

Intermixed Types: Furthermore,in Web applicationsit is com-
mon to intermix differentobject typesin the same�le. An
examplewould be an HTML �le that containsembedded
CSSstyle commandsand JavaScript. A versioningmodel
thatunderstandsthis would behelpful.



Transparency: Thesemanticsof URLs andbrowsersplacescon-
straintson deployed �le locationsthatarelessoftenseenin
traditionalsoftware. It canbeusefulto think aboutthesys-
tem ashaving a different logical structurethanwhat is im-
posedby theseotherconstraints.Thus,anSCM systemthat
canpresentlogical modelsof the systemstructure,in addi-
tion to thestructureof thedeployed�les will provideamore
transparentinterface.

Developers: Websystemsaredevelopedby diverseteamsranging
from graphicartiststo specializedsoftwareengineers.Thus,
the SCM system's interfaceneedsto be accessibleto less
technicalusersor they will resistits use,leaving important
portionsof thesystemoutsidethecontrolof theSCMtools.

Rateof Change: LargeWebsystemsappearto changefasterthan
traditionalsoftwaresystems.Somesites,suchasnews sites,
mustshow thousandsof daily contentchanges.While sub-
stantive structuralchangesvisible to endusersmaybemore
rare on thesesites, they still appearto happenat a faster
rate than in traditional software. Continuous�ne-grained
evolution is thusa distinguishingcharacteristicof Websys-
tems[32, 39]. Thus,Web-orientedSCM musthelpdevelop-
ersunderstandchangesata very �ne-grainedlevel.

In addition,�ne-grainedchangemanagementin SCMtoolsmust
take into accounttheexternalandinternalstructuresof a Websys-
tem [10]. External structure (also called navigationalstructure)
of a Web systemrefers to the structureof a collection of Web
documentswith respectto hyperlinksamongthem. Web docu-
mentsin a Websystemarelogically relatedandconnectedto each
othervia thesehyperlinks. To facilitatethe managementof “dan-
gling” links, the versionsof Web documentsneedto be kept in
synchrony. Therefore,thehistoryof networksformedby Webdoc-
umentsandhyperlinksneedsto be recordedasa Webapplication
evolves. This navigationalstructureshouldbe distinguishedfrom
theWebproject's structureandarchitecture[29]. SCM toolsneed
to allow developersto organizetheirWebprojectatthelogical level
accordingto their choiceof designmethodologies,andto support
versioncontrolfor theproject's structureandarchitectureaswell.

A Web document,either static or dynamic,hassomeinternal
structure. An HTML documenthasa tree-basedsyntacticstruc-
ture, while programsourcecodecan be regardedas an abstract
syntaxtree(AST) of syntacticunits.Researchershave beentaking
advantageof the internalstructureof a Web pagein orderto pro-
cess,visualize,searchandretrieve information[23, 25,50]. As the
InternetmovestowardXML [36], it is likely thatWebdocuments
will gain structurewith semanticsof growing importance.These
structuralsemanticsaredescribed,at leastto someextent,by Doc-
umentType De�nitions (DTD) or XML Schemas,which arealso
evolving objects.So,Webcontentmustevolvealongwith its struc-
tural rules.Managingtheevolution of structuresandcontentsof a
Webdocumentwill resultin variousbene�ts in processing,visual-
izing, andretrieving Web content. TraditionalSCM tools arenot
well-suitedto thistaskbecausethey oftenusealine-orientedmodel
of internalchangesthatdisregardstheseinternalstructuresof Web
documents.An SCM tool thatcanversiondataobjectsandhandle
changemanagementat thelogical level is needed.

To investigatethe applicationof SCM technologyto Web en-
gineering,we have modi�ed anextensibleintegrateddevelopment
environment, the Software Concordance(SC), to be suitablefor
Web applicationdevelopment. To meetthe requirementsand to
addresstheproblemsmentionedabove, SCusesa tree-based�ne-
grainedversioncontrol framework anda productversioningSCM

systemto managetheevolution andmaintenanceof Webapplica-
tions. The SC environmenthasbeenextendedto supportmany
typesof WebobjectsincludingHTML andXML documents,audio
clips, images,graphicsandanimationsin ScalableVectorGraphics
(SVG) format,andprogramsourcecodein Java, Java Applet, and
JavaScript. The environmentcanbe further extendedto integrate
additionaleditorssupportingothertypesof documents.

A structure-orientedapproachis usedthat representsall Web
documentsas tree-structuredobjectsthat areversionedin a �ne-
grainedmanner. On top of this �ne-grained, tree-structuredver-
sioningframework,aproductversioningSCMsystem,namedMol-
hado, hasbeenbuilt thatprovidescon�guration managementsup-
port for Web developmentprojectsin which the Web project is
versionedas a whole entity. The Web systemcan be structured
andversionedat the logical level, independentof the physicallo-
cationsof its componentson the �le system. A simplegraphical
userinterface(GUI) hasbeendesignedto helpWebdevelopersin
their versioningandcon�gurationmanagementtasks.Networksof
staticWeb documentsandtheir links arealsoversionedin a �ne-
grainedmanner. A �ne-grainedcontentchangemanagementtool
hasbeendeveloped,allowing Webdevelopersto track thehistory
andchangesof any structuralandlogicalunit in a Webdocument.

The next sectionwill discussrelatedwork on applyingversion
control andcon�guration managementto Web engineering.Sec-
tion 3 describestheSCdocumentrepresentation.Our �ne-grained
versioncontrolframework is presentedin Section4 andits applica-
tion to Webcontentchangemanagementis discussedin Section5.
Section6 coversthecon�gurationmanagementsystemof SCenvi-
ronmentwhile theSCeditingsystemis describedin Section7 and
thelastsectionpresentsour conclusions.

2. RELATED WORK
Researchersandvendorsin thecon�guration managementarea

aretakingdifferentapproachesto SCMfor theWeb. All haveadded
Webfunctionsto their SCMtoolsby offeringaccessto someor all
SCM functionalitythrougha browser[11]. WebSynergy [60] pro-
videsa Web front-endinto all of its existing SCM capabilitiesas
well asWebauthoringtools. Similar to our approach,MKS's We-
bIntegrity [59] integratesits versioncontrol facilities with an au-
thoring tool, while in Merant's PVCS[35], versioncontrol is the
corepart andis separatefrom authoringsystems.However, both
of them versioncontrol at the �le level. StarTeam[51] is Web-
enabledwith the intention of tool integration. TrueChange[57]
providescontentchangemanagementalongwith its versioncon-
trol, but with lessfocuson con�guration management.Serena's
eChangeMan[16] is focusedon processmanagementandchange
tracking. Rational's ClearCase[31] provides con�guration man-
agementvia “tagging” all �les in the samecon�guration with the
samelabel for later retrieval. ClearQuest[7] is a changerequest
managementtool of ClearCase,coordinatingmany developersin
changingWebdocuments.Contentchangemanagementin Source-
Safe[49] is line-oriented.ComputerAssociate's CCC/Harvest[5]
paysconsiderableattentionto supportingcollaborationamongdis-
tributeddevelopmentteams.Perforce[41] is morelightweightthan
otherSCM toolsandit hastheability to migraterepositoriesfrom
otherSCMtoolssuchasCVSandPVCSinto its internalrepository.
Although all of theseSCM tools have distinguishedandvaluable
features,they arefocusedonversioncontrolof �les, ratherthanon
con�guration managementfor a Webprojectasa whole. Noneof
themsupports�ne-grainedchangemanagementat thelogical level
andall contentchangemanagementis line-oriented.

On theotherhand,someWebapplicationdevelopmentenviron-
ments(alsocalledWebauthoringenvironmentsor Webcontentman-



agementenvironments) have realizedthat SCM practicesneedto
be incorporatedinto their tools. FrontPage[19], Macromedia's
DreamWeaver [15], and ColdFusion[8] have no built-in version
control support. Othertools,suchasStoryServer [52] andTeam-
Site [54], aredesignedto supportmany aspectsof Web develop-
ment, with particular strengthin supportingcollaborative work.
TeamSiteprovides visual differencingtools so that two versions
of the samecontentcan be examinedside by side. Inso's Dyn-
aBase[27] is an integratedcontentmanagementand publishing
platformfor Webapplications.Similar to ourapproach,it is XML-
based,allowing bettermanagementand reuseof data. In Dyn-
aBase,con�gurationmanagementusethe“tagging” techniquealso
seenin ClearCase.Con�gurationsact like a bill-of-materialsfor
theWebsite,enumeratingwhich itemsareincludedin thesiteand
which versionof eachitem is in use. ArticleBase[1] integrates
contentmanagementandversioncontrolinto anauthoringandpub-
lishing system. Its versioncontrol supportis on �le basisandno
con�guration managementis provided. Noneof thesesystemsal-
lows developersto structuretheirWebprojectandits objectsat the
logical level dependingon their choice.

OOHDM-Web[44], anenvironmentfor thedevelopmentof Web-
basedapplications,is focusedon thehypermediadesignmethodol-
ogy de�ned by the OOHDM model [45]. CGILua [6] is a tool
for developingdynamicHTML pagesandmanipulatinginput data
from forms, which enablesthe useof embeddedcodein normal
HTML �les. RMCase[12] is a CASEtool thatsupportsthecom-
plete life cycle of a Web application. Its main goal is to sup-
port the processmodel for developing Web applications. Simi-
larly, the WebCompositionprocessmodeland its relatedproduct
Eurovictor [20] focusedon open processmodel that allows for
the integrationof processesand reuseof components.The JES-
SICA system[2] provides a XML-basedmodeling languagefor
the automaticmappingfrom the designto Web-resources.Ariad-
neTool [37], a designtoolkit for hypermediaapplications,allows
a designerto generatedynamicallyXML templates.No version
controlsupportis providedin thesesystems.

Many researchin versionedhypermedia[24, 26, 61] commu-
nity have focusedon versioncontrol in thepresenceof hyperlinks.
However, the main goalsof their versionedhypermediasystems
often do not include supportsfor Web applicationdevelopment.
Therefore,supportsfor programsourcecodearevery limited. The
GAIA framework [30] combinesopen hypermediaand version-
ing paradigms. GAIA builds versioningmechanismson top of
traditionalopenhypermediaarchitectureto supportversioningfor
links,documentsandanchors.RHYTHM [34] is aprototypicaldis-
tributedhypertext systemthattackledproblemsarisingfrom distri-
bution andversioning,both from a structuralandfrom a cognitive
point of view. It is bettersuitedfor hypermediasystemsthanWeb-
basedapplicationswhereprogramsourcecodeis alsoanimportant
part. Similar to RHYTHM, HyperProp[48] provides versioning
supportsfor hypertext authoringsystemswithout payingmuchat-
tentionto programsourcecode.HyperPro[40] providesversioning
supportsof programobjectsassmall asPascalprocedures.How-
ever, its goalis to mapinternalstructureof aprograminto a hyper-
text andno programanalysisis supported.In RCS-basedHyper-
Web[18], thesmallestversionableobjectwasa �le.

To improve the authoringandbrowsing featuresfor versioned
contentsof Web pages,someresearchersfollowed the language-
orientedapproach. They have attemptedto changethe Uniform
ResourceLocator(URL) of a Webpageto includea versioniden-
ti�er [42, 46]. They useexistingWebinfrastructuresuchasforms,
Java applets,and plug-ins to createa user interfacefor revision
controlsystemson theserver. Vitali andDurandproposedVTML

(versionedtext markuplanguage)[3] to expresschangeoperations
for HTML documents.For example,they introducedtwo new tags
(INS andDEL) to expressinsertionanddeletion. The WebDAV
protocol [62] is an extensionof the Hypertext TransferProtocol
(HTTP) to supportdistributedauthoringandversioning.It extends
HTTP to includeversioningoperationsfor Web pages.WebDAV
is designedto meetrequirements[47] for distributedauthoringand
versioningon theWebenvironment.

Althoughfunctionalityis notconsistentacrossthetools,mostof
existing toolshave very little or no supportfor con�gurationman-
agement.Con�gurationmanagementsupportis limited to version
controlof �les. Thesimilaritiesamongthemincludesupportsfor
Web andscripting languages,templatesandstylesheets,version-
ing of �les, roll-backof completesitesvia backup,audit logging,
work�o w supportfor collaborative work, commercialdatabasein-
terfaces,and minimal changetracking andmanagementsupport.
Noneof themcaresabouttheexternalandinternalstructureof Web
contentin thesensedescribedin theprevioussection.Theircontent
changemanagementis coarse-grained,with differencingdoneona
line-by-linebasis.Noneof themhaveability to allow developersto
logically structuretheir Webprojects.

3. REPRESENTING WEB CONTENT
Web contentcanconsistof dataobjects,code,andcomponent

libraries. Examplesof dataobjectsaredata�les, documents,im-
ages,audios,andvideos. Codecanbe active controlsandscripts
that canbe embeddedinto an HTML page. Componentlibraries
are reusablecodessuchas JavaBeansand Microsoft Foundation
Classes.Among Web documents,hyperlinksexist that canpoint
to any pagein the Web. Templatessuchasstylesheets,which are
writtenin somelanguages,enableseparationof contentandits pre-
sentationstyle.To provide�ne-grainedversioncontrolandcontent
managementfor staticdocuments,theSCenvironmentfollows the
principlethattextual informationsuchasHTML, XML documents,
andprogramsourcecodearetreatedasstructuredobjectsandver-
sionedin a �ne-grainedmanner, while binary informationsuchas
audioclips, videoclips, andcomponentlibrariesareconsideredto
have no internalstructureandareversionedon a �le basis.

TheSC's documentrepresentationusesa structure-orientedap-
proach whereeachWebdocumentis adocumenttreecomposedof
documentnodes(alsoreferredto asstructural units). Eachdocu-
mentnodecanbeassociatedwith multiple pairsof attributename
andvalue.Thedocumenttreesareversionedin a�ne-grainedman-
ner, which is describedlater. Structuralunits in a documentcarry
different logical sensesdependingon the document's type. Pro-
gramsourcecodeandscriptsarerepresentedasASTs,therefore,in
a program,a structuralunit is equivalentto a syntacticunit suchas
a class,method,or statement.On theotherhand,in anHTML or
XML document,dependingon the document's DTD, a document
nodemight representa section,paragraph,sentence,or phrase.In
eithercase,a documentnoderepresentsthe logical semanticsen-
codedby an XML or HTML element.This documenttreerepre-
sentationis logically equivalentto thestructuresupportedby Doc-
umentObjectModel [13], thoughasdescribedin thenext section,
theimplementationdetailsarequitedifferent.A conversionfacility
is implementedto allow theimportandexportof DOM-compatible
documentsinto the SC's representation.The maturity of XML
technology[63] allowsSCto supportawidevarietyof information
types,includinggraphicsandanimationwritten in SVG [53], Uni-
�ed ModelingLanguage(UML) [43] diagrams,Javaprograms,and
HTML documentswith embeddedscripts.Theimplementationof
this structure-orientedapproachusesthe Fluid InternalRepresen-
tation[4], which is describedin thenext section.
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Figure1: Treeversioning

4. FINE­GRAINED VERSION CONTROL
TheSCenvironmentmakesextensiveuseof thedataandversion

modelsupportedby theFluid system[4]. Theprimitivedatamodel
usedby Fluid is calledtheFluid InternalRepresentation(IR). The
Fluid IR is basedon two notions: nodesandslots. A nodeis the
basicunit of identity andis usedto representobjects. A slot is a
locationthat canstorea value,possiblya referenceto a node. A
slot canexist in isolationbut moretypically slotsareattachedto
nodes,usinganattribute. An attributeis a mappingfrom nodesto
slots. An attribute may have particularslots for somenodesand
map all other nodesto a default slot. The Fluid datamodel can
thusberegardedasanattributetablewhoserows correspondto IR
nodesandcolumnscorrespondto attributes.Thecellsof the table
areslots. Oncewe addversioning,the tablegetsa third dimen-
sion: theversion.Therearethreekindsof slots.A constantslot is
immutable;sucha slot canonly be givena valueonce,whenit is
de�ned. A simpleslot maybe assignedeven after it hasbeende-
�ned. Thethird kind of slot is theversionedslot, whichmayhavea
differentvaluein differentversions.Nodesareusedto implement
structuralunits (documentnodes)in Web documents,while slots
andattributesareusedto representattributesof a documentnode
andtheir values. For example,an href attribute hasbeende�ned
to representhyperlinksin anHTML document.Links arecreated
by de�ning a value for an href attribute that is a URL. An addi-
tional attribute (anchor) is de�ned for anchorswithin documents.
Similarly, links canalsobe de�ned in a Java programsinceit is
representedby an AST. Importantly, this approachto binding hy-
perlinksto sourcecodedoesnot interferewith programanalyses,
which ignorethesehyperlinkattributes.Also, thehref attribute is
de�ned asversionedslots,therefore,thechangesoccurringto the
href attributecanberecordedover time.

In Fluid's versionmodel,a versionis a point in a tree-structured
discretetime abstraction,ratherthanbeinga particularstateof a
systemcomponent.Fromtheuser'spointof view, auniformglobal
versionspaceis maintainedacrosstheentireFluid IR datamodel.
This is a form of productversioning[9], wherethereis oneglobal
versionspacefor the whole Web project,while in �le-basedver-
sioningsystemssuchasCVS [38] or RCS[56], each�le hasits
own versionhistory. On the otherhand,the Fluid versionmodel
operatesat a much�ner internalgranularity— the versionedslot
level — to effectively store,retrieve, compare,andconstructver-
sions. The versionmodel is state-based.However, revisionsand
variantsarenot distinguished.The setof versionsis organizedin
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a tree,called the version tree, with the root of the treebeing the
initial versionof the Fluid IR world. The current version is the
versiondesignatingthecurrentstateof theFluid IR world andany
versionmay be madecurrent. Internally, every time a versioned
slot is assigneda (different)value,a new versionis produced,de-
rived from andbranchingoff the currentversion. However, from
the users'point of view, a new versionis only recordedif users
issueanexplicit command.

A �ne-grainedtree-basedversioningtechniqueis developedfor
documenttreesaswell asa Webproject's structure,which is often
hierarchicallyorganized.Treesarerepresentedvia nodes,slots,at-
tributes,andsequences.A sequence, which hasauniqueidenti�er,
is a containerwith slotsof thesamedatatype. Sequencesmaybe
�x ed or variablein sizeandsharecommonslotstogether. A tree
is de�ned with two mainattributes:1) “children” attributethat for
eachnodegivesthesequenceof childrenfor thenode,and2) “par-
ent” attribute that for eachnodegives its parent. The detailsare
illustratedvia an examplein Figure1. In the example,“content”
attribute is alsode�ned to hold string valuefor eachnodeif any.
Assumethat therearethreeversions:v1, v2, andv3. Versionsv2
andv3 arebranchingoff versionv1. The shapeof the treeat the
threeversionsis shown. Versionv1 has� ve nodesnumberedfrom
1 to 5. Versionv2 hastwo differencesfrom the versionv1: node
4 wasdeletedandthecontentof node5 waschanged.Versionv3
hasaninsertednode(node6) andnode3 wasdeleted.Thevalues
of versionedslotsin theattributetablechangedto re�ect modi�ca-
tions to the treein theseversions.For example,at theversionv2,
the“content”slot(i.e. theslotde�nedby theattribute“content”)of
node5 containsa new value(thestring“new”), andthe“children”
slotof node2 containsareferenceto anew sequenceobject(seq3).
Seq3hasonly oneslot,which containsa referenceto node5 since
node4 hasbeendeleted.If thereis a requeston valuesof slotsas-
sociatedwith node4 at v2, a run-timeerrorwill bereported.Note
thatotherattributesmightbede�ned for nodes.

A hypertext structure is the network consistingof a setof Web
documentsand the hyperlinksconnectingthem in a Web system
(externalWeb pagesareexcluded). A hypertext structureis ver-
sionedin thesamemannerasversioningfor documenttrees.Sup-
posethatwe have two documents:doc1anddoc2, connectedasin
Figure2. At versionv1, A links to B, B links to D, andD links to C.
Supposethatnow nodeA pointsto nodeC, andanew versionv2 is
created.That is, at theversionv2, thevalueof thehref attributeof
nodeA is “doc2#c”. It meansthat the link betweenA andB is no
longerpresentat v2, while C canbereacheddirectly from A now.
The links betweenB andD, andbetweenD andC arestill valid.



Figure3: History of a section

Dependingon thecurrentversion,thecorrectdestinationnodeof a
link is implicitly determined.Therefore,theshapeof thenetwork
is properlyexposedin thecurrentversion.

5. CONTENT CHANGE MAN AGEMENT
Using the versioningschemedescribedin the previous section,

theSCenvironmentprovides�ne-grainedcontentchangemanage-
mentthatallows Webdevelopersto track thehistoryof any struc-
tural unit (i.e. documentnode)in a Webdocumentandto compare
two arbitraryversionsof Webcontentatlevels:1) structuralunit, 2)
Webdocument(exceptfor binarydata),and3) theWebsystemin
bothstructuredandline-orientedmanners.In Figure1, depending
on thecurrentversion,theshapeof a subtreerootedat a document
nodeis exposed.For example,if thecurrentversionis setto v2, the
subtreeat node2 containsonly itself andthe child node5 whose
“content” slot containsthe new value. Basedon this mechanism,
theSCenvironmentmanagestheevolutionof Webcontentata �ne
granularity. Web developerscanselectany structural unit in any
typeof structureddocument(XML, HTML, Java,SVG,UML) dis-
playedin theSC editor andto view its statein differentversions.
Figure3 shows a pastversionof a sectionin an XML document.
Whenusersmove thecursorto a differentversion,thecorrectcon-
tent of that sectionis shown in the lower window. Note that the
sectionhasnot beencreatedat theversionv1, therefore,it is “dis-
abled”. Figure4 shows the history of the loadDeltamethodof a
Java program. If developersselectthe root nodeof a document
tree, the history of the documentasa whole will be displayedin
thesamemanner. Trackingthehistoryof a Websystemasawhole
will bediscussedin Section6.

In orderto trackthe�ne-grainedchangesbetweentwo arbitrary
versions,theSCenvironmentemploys a “dirty bit” mechanismin
Fluid versionengine,called the VersionedUnit Slot Information
(VUSI). With the VUSI mechanism,SC cantell whetherthereis
a changein oneor many attributesof a nodebetweenany two ar-
bitrary versions.It canalsodeterminewhetherthestructureof the

Figure4: History of a method

subtreerootedat a nodehasbeenmodi�ed betweenany two ar-
bitrary versions. VUSI has“boolean” versionedslotsattachedto
nodesin a tree.Thevaluesof slotsaresetto falseinitially, indicat-
ing nothinghaschanged.Whenthevaluesof attributesassociated
with a nodeor thetreestructureat thenodearechanged,thevalue
of theassociatedVUSI slot of thenodewill besetto true. Sincea
VUSI slot is versioned,themechanismworksfor any two arbitrary
versions(not necessarilypredecessoror successorof eachother).
The VUSI mechanismis also �e xible enoughto enablethe cre-
ation of many VUSI slot typesfor any setof attributes(including
childrenandparentattributes)andto supportavarietyof behaviors
for markingthe “dirty bits” for nodes.For example,a VUSI slot
typecanbede�ned to trackchangesoccurringto thehref attribute,
while anothertypekeepsaneye on bgcolorandfgcolor of a table.
Anotherexampleis thatwhenanattributeof a nodeis modi�ed, a
behavior canbede�ned suchthat it marksnot only theVUSI slot
associatedwith the node,but also the VUSI slotsof its ancestor
nodes.This behavior allows for thedetectionof changesoccurring
in a subtreeundera node.

Basedon this mechanism,theSCenvironmentincludesa com-
parison(i.e. diff ) tool whichcanshow thedifferencesbetweentwo
arbitraryversionsof a documentnode,of a Webdocument,andof
the Web applicationasa whole. SC visually displaysthe differ-
encesin bothstructuralandline-orientedmanners.Figure5 shows
structuralchangesin a Java program.A small icon is attachedto a
documentnodeicon, showing its changingstatusfrom versionv7
to versionv8: eitherit hasbeenmodi�ed (a treeicon), inserted(an
“i” icon), deleted(anerasericon), or moved (a “truck” icon). For
example,themethods“getRoot” and“setRoot”have beendeleted
(seethe left window), the methods“numChildren” and “parent”
have beenaddedat versionv8 (seethe right window), while the
bodyof themethod“doAnalysis” hasbeenmodi�ed to adda new
expression(seethe right window). Developerscan also selecta
structuralunit andchoosean option to displaychangesof a text
nodein line-by-linefashionsimilar to ViewCVS[58]. A structural
comparisonbetweentwo versionsof anHTML documentis shown



Figure5: Java program comparison

Figure6: HTML documentcomparison

in Figure6. Someof documentnodeshave beenmodi�ed in terms
of both their attributesandstructures,for example,the “body” of
thedocument(an“a” icon anda treeicon arebothattachedto the
nodeicon). Meanwhile,the“table” nodeiconhasonly an“a” icon
sinceonly thecolorattributeof thetablehasbeenchanged.

Figure 7 shows the changesin the structureof a Web project
betweentwo versions. As in the documentcomparisontool, the
iconnext to adocument's entryshows thechangein its statusfrom
oneversionto another. With this tool, developersareableto track
changesin Web documentsand programsourcecode in a �ne-
grainedmanner. Therefore,it helpsthemto maintainbettertheir
Web applications. Also, incrementalprogramanalysescan take
advantagesof this �ne-grainedchangetrackingmechanismto op-
timize processes.It is verycumbersomefor existing SCMsystems
that heavily dependon line-by-line comparisonbetweenversions
to build this sortof �ne-grainedWebcontentchangemanagement.

6. CONFIGURATION MAN AGEMENT
Since Web documentsare interrelatedand connectedto each

other via hyperlinks to form a Web application,versioncontrol

Figure7: Project structur ecomparison

for Web contentas individuals is not suf�cient. A con�guration
managementsystemis neededto managethe evolution of a Web
applicationasa whole. The SCM systemof the SCenvironment,
Molhado,is built on top theFluid versionmodelto providecon�g-
urationmanagementservicesfor developersto managetheir Web
projects.ThissectiondescribestheMolhadoSCMsystemandhow
a Webprojectcanbelogically structuredandversioned.

6.1 Webproject structuring and versioning

6.1.1 Importantabstractions
Molhado's threemainabstractionsarecomponents, projects, and

con�gurations. A componentis a logicalunit thatis named,canbe
savedandloaded,andexistswithin theversionspaceof a Webap-
plication project(Web projectfor short). A componentmay be a
document,a class,a package,a module,a �le, or a directoryde-
pendingon the developmentframework being used. In SC, the
Web documentsdescribedearlierarecomponentswhoseinternal
structureis versionedat a �ne granularity. A project is a named
entity thatrepresentstheversionhistoryof a Webproject.It is not
a versionof the project,but ratheris usedto retrieve the correct
project version (including both structureand components).The
projectcontainswithin itself a treeto representthe projectstruc-
ture. Eachnodein thetreeis associatedwith a slot thatcontainsa
referenceto a component.Theprojectstructureis versionedusing
the sametree-basedversioningschemedescribedin Section4. A
con�guration is a particularversionof a project.

6.1.2 Webprojectstructuring
Sincea slot associatedwith a nodein a projecttreecancontain

a referenceto any component,theWebprojectandits components
canbeorganizedlogically. Figure8 shows anexampleof a logical
structureof a Web project. Eachnodein the project's treehasa
slot referencingto acomponent.In thisexample(theUniversityof
Wisconsin(UW)'sWebsite),therearedirectorycomponents,Java
classcomponents,andHTML documentcomponents.The “root”
directorycomponentof thisWebprojectconsistsof directorycom-
ponent“code” andtwo HTML documentcomponents“index.html”
and“UW.html”. Nodesin thesubtreeat the“code” directorycom-
ponentareassociatedwith slotscontainingreferencesto Javaclass
componentsA,B, C, D, andE. This forms a classhierarchyunder
the “code” directory component. On the right handside part of
Figure 8, the Web pagesof this Web project are logically struc-
turedaccordingto theUW'scampusesin the�rst level andthento
collegesandschoolsin thesecondlevel.
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Figure8: Logical organizationsin a Webproject

The directory-documenthierarchyandcomponentsthemselves
areall logical. This meansthat directoriesanddocumentsdo not
necessarilycorrespondto any directoriesand �les on a �le sys-
tem. Therefore,in Figure8, theclasscomponent“A” (not a docu-
mentor a�le ) canbecontainedwithin directorycomponent“code”.
This physical-independentorganizationof Webdocumentsallows
for accessingto Web contentwithout having to know the actual
physicaladdressof the�les. Thisability isveryimportantfor large-
scaleWebapplicationswhosedocumentsmaybedistributedacross
many servers. Figure8 alsoshows thatMolhadohastheability to
supportmultiple logicalorganizationsof a singleWebproject.For
example,programsourcecodecanbe structuredaccordingto the
developers'choiceof designand implementationmethodologies.
Meanwhile,HTML documentscanbeorganizedinto eithera nor-
maldirectory-documenthierarchybasedona�le system,or a logi-
cal hierarchydependingon thechosendevelopmentmodelsuchas
OOHDM [45] or RMM [28]. Figure9 shows the structureof the
Webprojectof our researchin which Java programsarestructured
asa package-classhierarchyandHTML documentsareorganized
into a directory-documenthierarchy. New componenttypescanbe
easilyaddedinto Molhadoto supportdifferentlogical structures.

6.1.3 Webprojectversioning
Our project versioningapproach,wherea Web project is ver-

sionedasa whole, implies thatversioningof a componentis sub-
sidiaryto thatof theprojectto which thecomponentbelongs.This
is in contrastto the compositionmodel [17] in most of existing
SCM systems,wheretheprojectversion(i.e. con�guration) is de-
pendenton the versionsof eachof its components.This project
versioningapproachalways assuresthe constructionof a consis-
tent con�guration sincewhen a project version is chosenas the
current,theproject's treewill becorrectlyretrievedandversioned
slotsassociatedwith nodesin thetreewill referto appropriatecom-
ponentsat the currentversionas well. Then, the internal struc-
ture of eachcomponentand contentsof slots will also be deter-
minedat the currentversionasmentionedin Section4. This ap-
proachalsoavoids thecomplexity of usingversionselectionrules
in composition-basedSCM systemsandtraditionalversionedhy-
permediasystems[61], whichareusedto selectthecorrectversions
of componentsto beincludedin a versionof a Webproject.

Figure9: Project structur ewindow

6.2 The operational model
This sectiondiscussestheoperationalmodelfor a userduringa

transaction.Via GUIs, theusercanopenanexisting Webproject.
Theusercanview thehistoryof theWebprojectin aprojecthistory
window. After selectingthe working version,the SC systemdis-
playstheproject's structureandits componentsin a projectstruc-
turewindow (seeFigure9). Theversionthat is initially displayed
in theprojectstructurewindow is calledthebaseversion.

Via thiswindow, theusercanmanipulatetheprojectstructure.If
any modi�cation is madeto theprojectstructureor its components
at this baseversion,a new internalversionin Fluid is temporarily
createdasabranchfrom thebaseversion(theword“modi�ed” will
be attachedto the baseversion's name),andthe projectstructure
window will now show informationaboutthisderivedversion.The
usercanchooseto discardany derivedversion(i.e. any changesto
the baseversion),or to issuea commandto capture the project's
statein aparticularversion.Intermediateinternalversionsfrom the
baseversionto thenewly capturedversionarediscarded.A unique
namewithin theWebprojectversionspaceis assignedto thenewly
capturedversioneitherby theuseror by thesystem.Bookkeeping



informationsuchasdates,authors,anddescriptionscanbeattached
to thenew versionfor laterretrieval. Thecapturedversionplaysthe
roleof acheckpointversionwhichtheusercanretrieveandreferto
andbecomesthenew baseversionof theprojectstructurewindow.
However, nodatais savedafteracapture.

While working on one versionof a Web project, the usercan
always switch to work on any other version. Switching to work
or to view a differentversioncanbedoneexplicitly or implicitly,
whetheror not the currentworking versionhasbeencaptured.If
the usermoves the mousefocusto a componentediting window,
or to a projectstructurewindow, the working versionis automat-
ically set to the versionthat the window is displaying. The user
canalsoexplicitly selecta differentversionfrom the projecthis-
tory window andopenit. Any windows showing the old version
are still available shouldthe userwant to do additionalwork on
thatversion.It impliesthattheremayexist many windowsdisplay-
ing differentversions(capturedor uncaptured)in thesameediting
session.The useris not only allowed to view, but alsoto modify
thenew workingversion.In thiscase,anadditionalderivedversion
will bebranchedoff from thenew workingversion.Thisswitching
featureallows theuserto work on many versionsat thesametime
duringonesession.

Theusermaycommitchangesto theprojectatany time. Commit
is thecommandwith which theusersavesall changesmadeduring
an editing sessionsincethe previous commitment. Upon issuing
this command,theuseris askedwhich uncapturedversionsshould
be saved andthe chosenversionsarethensaved to a �le system.
Only thedifferencesarestored.Theusermayalsosave complete
versionsnapshots,which canimprove versionaccesstime. In cur-
rent system,eachusercanstorehis/herown data�les for a Web
projectanywherein a �le system.Eachuserdoesnot seechanges
from others. Therefore,no locking mechanismis needed.Users
cansharethedata�les andusingmerging tools to collaborate.A
bettercollaborationmechanismis beingimplementedusinga cen-
tral versioningrepositorysimilar to CVS [38] with an “of�cial”
versiongraph.To branchfrom aversion,theuserjustneedsto copy
data�les for thatversionto his/herown workspace.Theusercan
createmany “private” versions.Finally, the usercancopy mean-
ingful versionsbackto thecentralrepository.

7. SCEDITING SYSTEM
This sectiondescribesthe detailsof the SC editing systemfor

Web content. Theediting systemis an integrationof a structured
documenteditor for XML, HTML, and plain text documents,a
syntax-recognizingJava programeditor, an SVG graphicandan-
imationeditor, anda UML editor. TheSCenvironmentis compat-
ible with XML-baseddocumenteditingenvironmentssinceit sup-
portsthe integrationof editorsfor new documenttypeswhosein-
ternalrepresentationis XML-compatible. For example,theThorn
UML editor [55] andDrawSWF SVG editor [14] wereeasily in-
tegratedinto theSCeditorbecausetheir documentrepresentations
are XML-based. Integration requiresonly that a new editor fol-
lows a simpleplug-in protocol.TheSCenvironmentusesa Docu-
mentObjectModel (DOM) [13] parserto importXML-baseddoc-
uments,convertstheDOM treesinto theSCdocumenttreerepre-
sentation,andthenversioncontrolsthemasdescribedearlier.

All Web documentsand their versionsmentionedin Section3
arestoredaccordingto the Fluid's persistencemodel [4]. In the
Fluid's persistencemodel, a persistententity is the basicunit of
information that can be storedand then loaded. The persistence
modelusesthe forward directdelta techniqueto storedifferences
betweenversions.Thedata�les for versionedpersistenceareim-
mutableandmaybefreely duplicatedor distributedusingany �le

Figure10: Intermixing object types

sharingprotocol.At any version,developerscanimportandexport
a Web project's documents(storedin the Fluid persistencerepre-
sentation)including programsourcecode,UML diagrams,SVG
images,animations,andgraphicsfrom andto XML format. This
featureis obviously importantsinceit helpsuserswork with tools
outsidetheSCenvironment.

A usereditsXML, HTML andJava programsin thesameman-
ner. Theuserinteractswith thesystemusingamenubar, atool bar,
andcontextualpopupmenus.WhenauserselectsaWebdocument
from theprojectstructurewindow, anappropriateeditoris invoked
for thedocument.To displaya document,a default CSS-like style
sheetis selectedby thesystemfor thedocumentunlessit hasone.
The presentationof the documentis built basedon the document
treeandthestyle information.Theusercanchooseto opena doc-
umentwith any appropriatestyle sheet. To edit a document,the
usermovesthe mouseandselectsany structuralunit of thedocu-
mentthatneedsto be edited. Then,via thecommandsin the pop
up menu,theusercanchooseto edit thecontentof thatstructural
unit presentedin theselectedportionof thepresentation,or to edit
thedocumentationassociatedwith thatunit. TheSCeditorinvokes
the nodeeditor, which is a simpleASCII text editor. The editor
unparsesthenodeanddisplaystheresultingtextual representation
of thenodeto beedited.Theusereditsthe text andreturnsto the
documentwindow. Dependingon the type of the documentthat
is beingedited,the editor invokes eitheran XML, HTML parser
or a Java parserto incrementallyparsethemodi�ed text, andthen
createsnew nodesandattachesthemto thedocumenttree.If there
existsany errorsin themodi�ed text, errormessagesaredisplayed
andtheusercan�x them.

TheSCeditingenvironmentalsoallows a userto edit imageor
graphicdocumentation,andthento associatethemwith any struc-
tural unit in a Java program. This featureallows for intermixing
differentobject typesin the samedocument,which is very com-
monin Webcontent.Figure10 shows a Java programintermixing
with graphics,texts, andaudioclips. The userinvokesan image
andgraphiceditor. Whentheuser�nishes with his images,theSC



Figure11: HTML documenteditor

editoraddstheresultingimagesinto thedocumentwindow. To as-
sociateaudiodocumentationwith astructuralunit, theuserinvokes
an audio selectiondialog to choosean audio �le. Image,audio,
andgraphicdocumentation�le namesarecontainedin specialat-
tributesof documentnodes. In addition,the usercancreate,edit
a hyperlink,andattachit to any structuralunit in a Java program
usingstepssimilar to the onesneededto edit the documentation.
Theusercanentera URL or choosea �le from a selectiondialog.
Similarto HTML documents,hyperlinksin programsaresupported
via thehref attributeasdescribedearlier. Thisapproachto binding
multimediaannotationsandhyperlinksto sourcecodedoesnot in-
terferewith programcompilationprocesssinceit ignorestheslots
thatsupportmultimediadocumentationandhyperlinks.

For an HTML document,the user is also able to preview the
document's appearanceasif it weredisplayedvia a Webbrowser.
Figure11displaysthecontentsof anHTML documentfor two dif-
ferentversions.Similarly, Figure12showstwoversionsof theSC's
architecturedescriptiondocumentin SVG format.All graphic,im-
age,andanimationobjectsin SVGformatareversionedin thesame
mannerasXML documents.To edit a UML diagram,theuserin-
vokestheUML diagrameditor, which is a specializedgraphicedi-
tor for classdiagrams,usecasediagrams,sequencediagrams,and
activity diagrams.

8. CONCLUSION
Systematicapproachesto Webengineeringarebecomingincreas-

ingly necessaryas Web applicationsgrow and have longer life-
times.Theresearchpresentedhereis basedin thebelief thatman-
agingtheevolution of Webapplicationsis a taskthat requiresso-
phisticatedcon�guration managementtools. As recentlyas the
year2000,it wasassertedthat very few companieswith mission-
critical Web systemwere using SCM tools [11], and that others
weredevelopingtheir own CM toolsandtechniquesbecausethey
werenot fully awareof the stateof the art in SCM. At the same
time,researchersin theSCMareahavepaidlittle attentionto bring-
ing advancedtechnologiesto Webengineering.MostexistingSCM
andversioncontroltools thatareusedarefocusedon versioncon-
trol of individual �les with limited supportsfor contentchangeand
con�gurationmanagementof a Webproject.

We have describeda �ne-grainedversioncontrolandstructured
con�guration managementsystem(Molhado) anddiscussedhow
it is well-suitedto managingthe evolution of a Web application
project. Molhadois a corepart of the SoftwareConcordanceen-

Figure12: SVG graphic and animation editor

vironment,which was modi�ed by this researchto supportWeb
development.Its versioningschemesupportscontentchangeman-
agementthathelpsWebauthorsmanagetheevolutionof theirWeb
projectat thelogical level andat �ne granularity. Thecon�guration
managementserviceshelp Web developersto logically structure
andmanagea Web projectand its components.Multiple logical
organizationsof a Webprojectcanexist in thesameversion.The
SCeditorprototypeprovidesa GUI-basedenvironmentfor brows-
ing andeditingversionsof aprojectandits components.A usercan
work onmultipleversionssimultaneously. SCis �e xibleandexten-
sibleto supportmany othertypesof Webcontent.An experimental
study is beingconductedto evaluatethe performance,ef�ciency,
andusabilityof thesystem.
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