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ABSTRACT

Researcherimn Webengineerinchave regularly notedthatexisting
Web applicationdevelopmentenvironmentsprovide little support
for managingheevolution of WebapplicationsKey limitationsof
Webdevelopmentenvironmentsncludeline-orientecchangemod-
elsthatinadequatelyepresentWebdocumensemanticaindinabil-
ity to modelchangego link structureor the setof objectsmaking
up the Web application. Developersmay nd it dif cult to grasp
how the overall structureof the Web applicationhaschangedver
time andmay respondby usingad hoc solutionsthatleadto prob-
lemsof maintainability quality andreliability.

Web applicationsare software artifacts,and as such,canbene-
t from advancedversioncontrolandsoftwarecon guration man-
agemen{SCM) technologiegrom softwareengineeringWe have
modi ed an integrateddevelopmentervironmentto managethe
evolutionandmaintenancef Webapplications Theresultingervi-
ronmentis distinguishedy its ne-grainedversioncontrolframe-
work, ne-grainedWeb contentchangemanagement&ndproduct
versioningcon guration managementin which a Web projectcan
be organizedat the logical level andits structureand components
are versionedin a ne-grained manneraswell. This paperde-
scribesthe motivation for this ervironmentaswell asits userin-
terfacesfeaturesandimplementation.

Categoriesand Subject Descriptors

D.2.9[Software Engineering]: Con gurationmanagement;
H.5.4 [Information Interfaces and Presentatior]: Hypertet /
Hypermedia

General Terms
DocumentationManagement
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Webengineeringyersioncontrol,con gurationmanagement

1. INTRODUCTION

In only adecadethe World Wide Webhasgrown to signi cantly
affectall aspect®f ourlives.Organizationgrom industry govern-
ment, education entertainmentpusinessandservicesall usethe
Webto improve andenhanceheir operations Eventraditionalin-
formationanddatabassystemsave migratedto the Weh

Mary organization$have successfullydevelopedargeandhigh-
quality Web sites,but othershave failed or have struggledto avoid
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major failures. While someof thesefailuresresultfrom alack of
vision or short-sightedgoals, othersresultfrom a awed design
anddevelopmentprocesor poor managemensf developmentef-
forts[21]. Webdeveloperscommonlyuseadhocdevelopmentpro-
cesseshatlackrigor, systemati¢echniquessoundmethodologies,
and quality assuranc&nd may pay little attentionto issuessuch
asrequirementanalysis,quality, performancesvaluation,con g-
urationmanagementnaintainability andscalability[22]. In fact,
Webdevelopmenis oftenseerasbeingprimarily anauthoringtask
ratherthananapplicationdevelopmentask. Therefore systematic,
disciplinedapproachesreonly beginning to be appliedto the de-
velopmenbf high-qualityWeb-basedpplications.

In responsethe disciplineof Web engineerincthasemeged,ad-
vocatingasystemati@pproacho developmenof highquality Web-
basedsystemg39]. It promotegheestablishmerdanduseof sound
scienti ¢, engineeringand managemenprinciplesin the develop-
ment, deployment and maintenancef Web-basedystems.To a
large extent, Web engineeringviews Web developmentas anim-
portantvariantof softwaredevelopment.As a result,mary of the
tools andpracticesalreadyusedto produceothersoftwarearestill
relevant, thoughWeb engineeringdoeshave distinct practiceshat
arisefrom the natureof hypermediaandthe Web[33, 45].

Onetaskthatis importantfor software and for the Web is the
managemenof the evolution and maintenancef Web-basedp-
plications. Dart[10, 11] hasarguedthat Web systemswvould ben-
et greatly from the useof techniquedrom software con gura-
tion managemen{SCM). Web applicationsare software artifacts,
andassuchcanbene t by makinguse of adwancedversioncon-
trol andsoftwarecon gurationmanagemertechnologiesBut Dart
hasalsopointedoutthatthe evolution of Webapplicationgpresents
speciakhallengeshatarenotwell-addresseby existing SCMsys-
tems.For our purposesthe mostimportantof thesechallengesre:

Variety of Types: Websystemsarebuilt from a wide diversity of
objectsincluding documentsn ary of markuplanguages,
documentemplatesstyle sheetsjmages,streamingmedia,
animations applets,andscripts. Unlike software engineer
ing, whereprogramsourcecodeis seemasthecentralartifact,
in Websystemst is dif cult to identify onetypeof objectas
mostimportant. So, an SCM systemfor Web applications
mustbe compatiblewith awide variety of le types,includ-
ing their templatesandtheir correspondingditingtools. A
versioningmodelwhich correspondso the logical structure
of theseobjectswould alsobedesirable.

Intermixed Types: Furthermore,in Web applicationsit is com-
monto intermix differentobjecttypesin the samele. An
examplewould be an HTML le that containsembedded
CSSstyle commandsand JavaScript. A versioningmodel
thatunderstandghis would be helpful.



Transparency: Thesemanticof URLs andbrowsersplacescon-
straintson deplg/ed le locationsthatarelessoftenseenin
traditionalsoftware. It canbe usefulto think aboutthe sys-
tem as having a differentlogical structurethanwhatis im-
posedby theseotherconstraints Thus,an SCM systenthat
canpresentiogical modelsof the systemstructure,in addi-
tion to the structureof the deplo/ed les will provideamore
transpareninterface.

Developers: Websystemsaredevelopedby diverseteamsranging
from graphicartiststo specializedsoftwareengineersThus,
the SCM systems interface needsto be accessibleo less
technicalusersor they will resistits use,leaving important
portionsof the systemoutsidethe control of the SCM tools.

Rate of Change: LargeWebsystemsappeato changeasterthan
traditionalsoftwaresystems Somesites,suchasnews sites,
mustshav thousand®f daily contentchanges.While sub-
stantve structuralchangewisible to endusersmay be more
rare on thesesites, they still appearto happenat a faster
rate than in traditional software. Continuous ne-grained
evolution is thusa distinguishingcharacteristiof Web sys-
tems[32, 39]. Thus,Web-orientedSCM musthelpdevelop-
ersunderstand¢hangestavery ne-grainedlevel.

In addition, ne-grainedchangemanagemerin SCMtoolsmust
take into accounthe externalandinternalstructureof a Web sys-
tem [10]. Externalstructue (also called navigationalstructue)
of a Web systemrefersto the structureof a collection of Web
documentswith respectto hyperlinksamongthem. Web docu-
mentsin a Web systemarelogically relatedandconnectedo each
othervia thesehyperlinks. To facilitate the managemenof “dan-
gling” links, the versionsof Web documentsneedto be kept in
synchrory. Thereforethehistoryof networksformedby Webdoc-
umentsand hyperlinksneedsto be recordedasa Web application
evolves. This navigational structureshouldbe distinguishedrom
the Web projects structureandarchitecturg29]. SCM toolsneed
to allow developergo organizetheirWebprojectatthelogical level
accordingto their choiceof designmethodologiesandto support
versioncontrolfor the project’s structureandarchitectureaswell.

A Web document either static or dynamic, hassomeinternal
structue. An HTML documenthasa tree-basedyntacticstruc-
ture, while programsourcecode can be regardedas an abstract
syntaxtree(AST) of syntacticunits. Researchersave beentaking
adwantageof the internal structureof a Web pagein orderto pro-
cessyisualize,searchandretrieve information[23, 25,50]. As the
Internetmovestoward XML [36], it is likely thatWeb documents
will gain structurewith semanticf growving importance. These
structuralsemanticsaredescribedat leastto someextent, by Doc-
umentType De nitions (DTD) or XML Schemaswhich arealso
evolving objects.So,Webcontentmustevolve alongwith its struc-
tural rules. Managingthe evolution of structuresandcontentsof a
Webdocumentwill resultin variousbene tsin processingyisual-
izing, andretrieving Web content. Traditional SCM tools are not
well-suitedto thistaskbecaus¢hey oftenusealine-orientednodel
of internalchangeghatdisregardstheseinternalstructureof Web
documentsAn SCM tool thatcanversiondataobjectsandhandle
changemanagemendtthelogical level is needed.

To investigatethe applicationof SCM technologyto Web en-
gineering,we have modi ed anextensibleintegrateddevelopment
ervironment, the Software ConcordancgSC), to be suitablefor
Web applicationdevelopment. To meetthe requirementsand to
addresghe problemsmentionedabore, SC usesa tree-basedne-
grainedversioncontrol framevork anda productversioningSCM

systemto managethe evolution and maintenanc®f Web applica-
tions. The SC environmenthasbeenextendedto supportmary

typesof WebobjectsincludingHTML andXML documentsaudio
clips,imagesgraphicsandanimationsn Scalablé/ectorGraphics
(SVG) format,andprogramsourcecodein Java, Java Applet, and
JavaScript. The environmentcanbe further extendedto integrate
additionaleditorssupportingothertypesof documents.

A structure-orientecipproachis usedthat representsall Web
documentsas tree-structuredbjectsthat are versionedin a ne-
grainedmanner On top of this ne-grained, tree-structuredrer
sioningframework, a productversioningSCM systemnamedMol-
hadqg hasbeenbuilt that providescon guration managemengup-
port for Web developmentprojectsin which the Web projectis
versionedas a whole entity.  The Web systemcan be structured
andversionedat the logical level, independenbf the physicallo-
cationsof its component®n the le system.A simple graphical
userinterface(GUI) hasbeendesignedo help Web developersin
their versioningandcon guration managemertasks.Networks of
staticWeb documentsandtheir links arealsoversionedn a ne-
grainedmanner A ne-grained contentchangemanagementool
hasbeendeveloped,allowing Web developersto track the history
andchange®f ary structuralandlogical unitin aWebdocument.

The next sectionwill discussrelatedwork on applyingversion
control and con guration managemento Web engineering.Sec-
tion 3 describeshe SCdocumentepresentationOur ne-grained
versioncontrolframenork is presentedh Section4 andits applica-
tion to Webcontentchangemanagemernit discussedn Section5.
Section6 coversthecon gurationmanagemergystenof SCenvi-
ronmentwhile the SC editing systemis describedn Section7 and
thelastsectionpresent®ur conclusions.

2. RELATED WORK

Researcherandvendorsin the con guration managemenarea
aretakingdifferentapproacheto SCMfor theWeh All haveadded
Webfunctionsto their SCM tools by offering accesgo someor all
SCM functionalitythrougha browser[11]. WebSynegy [60] pro-
videsa Web front-endinto all of its existing SCM capabilitiesas
well asWebauthoringtools. Similar to our approachMKS's We-
binteggrity [59] integratesits versioncontrol facilities with an au-
thoring tool, while in Merants PVCS|[35], versioncontrol is the
corepartandis separatdrom authoringsystems.However, both
of themversioncontrol at the le level. Starfeam[51] is Web-
enabledwith the intention of tool integration. TrueChangg57]
provides contentchangemanagemenalong with its versioncon-
trol, but with lessfocuson con guration management.Serenas
eChangeMal6] is focusedon processnanagemenandchange
tracking. Rationals ClearCasg31] provides con guration man-
agementia “tagging” all les in the samecon guration with the
samelabel for later retrieval. ClearQues{7] is a changerequest
managementool of ClearCasecoordinatingmary developersin
changingVebdocumentsContentchangemanagemerih Source-
Safe[49] is line-oriented.ComputerAssociates CCC/Hanest[5]
paysconsiderablattentionto supportingcollaborationamongdis-
tributeddevelopmenteams.Perforcd41] is morelightweightthan
otherSCMtoolsandit hasthe ability to migraterepositoriefrom
otherSCMtoolssuchasCVSandPVCSintoits internalrepository
Although all of theseSCM tools have distinguishedandvaluable
featuresthey arefocusedon versioncontrolof les, ratherthanon
con guration managemenfior a Web projectasa whole. None of
themsupportsne-grainedchangemanagemenrdatthelogicallevel
andall contentchangemanagemeris line-oriented.

Onthe otherhand,someWeb applicationdevelopmenterviron-
mentgqalsocalledWebauthoringervironment®r Webcontentman-



agementervironmenty have realizedthat SCM practicesneedto
be incorporatedinto their tools. FrontRage[19], Macromedias
DreamWeaver [15], and ColdFusion[8] have no built-in version
control support. Othertools, suchas StorySerer [52] and Team-
Site [54], aredesignedo supportmary aspectof Web develop-
ment, with particular strengthin supportingcollaboratve work.
TeamSiteprovides visual differencingtools so that two versions
of the samecontentcan be examinedside by side. Inso's Dyn-
aBase[27] is an integratedcontentmanagemenand publishing
platformfor Webapplications Similar to our approachit is XML-
based,allowing bettermanagemenand reuseof data. In Dyn-
aBasecon guration managementsethe“tagging” techniquealso
seenin ClearCase.Con gurationsact like a bill-of-materialsfor
the Web site, enumeratingvhich itemsareincludedin the siteand
which versionof eachitem is in use. ArticleBase[1] integrates
contentmanagemerdndversioncontrolinto anauthoringandpub-
lishing system. Its versioncontrol supportis on le basisandno
con guration managemeris provided. Noneof thesesystemsal-
lows developerdo structuretheir Web projectandits objectsatthe
logicallevel dependingn their choice.

OOHDM-Web[44], anernvironmentfor thedevelopmenbf Web-
basedapplicationsijs focusedon thehypermedialesignmethodol-
ogy de ned by the OOHDM model [45]. CGlLua[6] is a tool
for developingdynamicHTML pagesandmanipulatinginput data
from forms, which enablesthe use of embeddedtodein normal
HTML les. RMCas€[12] is a CASE tool thatsupportshe com-
plete life cycle of a Web application. Its main goal is to sup-
port the processmodel for developing Web applications. Simi-
larly, the WebCompositiorprocessmodel andits relatedproduct
Eurovictor [20] focusedon open processmodel that allows for
the integration of processesind reuseof components.The JES-
SICA system[2] provides a XML-based modeling languagefor
the automaticmappingfrom the designto Web-resourcesAriad-
neTool [37], a designtoolkit for hypermediaapplications allows
a designerto generatedynamically XML templates. No version
controlsupportis providedin thesesystems.

Mary researchn versionedhypermedig24, 26, 61] commu-
nity have focusedon versioncontrolin the presencef hyperlinks.
However, the main goalsof their versionedhypermediasystems
often do not include supportsfor Web applicationdevelopment.
Therefore supportdor programsourcecodearevery limited. The
GAIA framewvork [30] combinesopen hypermediaand version-
ing paradigms. GAIA builds versioningmechanismsn top of
traditionalopenhypermediaarchitecturgo supportversioningfor
links, documentandanchors RHYTHM [34] is aprototypicaldis-
tributedhypertet systenthattackledproblemsarisingfrom distri-
bution andversioning,both from a structuralandfrom a cognitive
point of view. It is bettersuitedfor hypermedissystemgshanWeb-
basedapplicationsvhereprogramsourcecodeis alsoanimportant
part. Similar to RHYTHM, HyperProp[48] provides versioning
supportsfor hypertext authoringsystemswithout payingmuchat-
tentionto programsourcecode.HyperPrg40] providesversioning
supportsof programobjectsassmall as Pascalprocedures How-
ever, its goalis to mapinternalstructureof a programinto a hyper
text andno programanalysisis supported.In RCS-basedyper
Web[18], thesmallestversionableobjectwasa le.

To improve the authoringand browsing featuresfor versioned
contentsof Web pages,someresearcherfollowed the language-
orientedapproach. They have attemptedio changethe Uniform
Resourcd.ocator(URL) of a Web pageto includea versioniden-
tier [42,46]. They useexisting Webinfrastructuresuchasforms,
Java applets,and plug-insto createa userinterfacefor revision
control systemon the sener. Vitali andDurandproposedvTML

(versionedext markuplanguage]3] to expresschangeoperations
for HTML documentsFor example,they introducedwo new tags
(INS andDEL) to expressinsertionand deletion. The WebDAV
protocol [62] is an extensionof the Hypertext TransferProtocol
(HTTP) to supportdistributedauthoringandversioning.It extends
HTTP to include versioningoperationsfor Web pages. WebDAV
is designedo meetrequirement$47] for distributedauthoringand
versioningon the Webenvironment.

Althoughfunctionalityis not consistenacrosshetools, mostof
existing tools have very little or no supportfor con guration man-
agement.Con guration managemensupportis limited to version
controlof les. Thesimilaritiesamongtheminclude supportsfor
Web and scripting languagestemplatesand stylesheetsyersion-
ing of les, roll-back of completesitesvia backup,auditlogging,
work ow supportfor collaboratve work, commercialdatabasén-
terfaces,and minimal changetracking and managemensupport.
Noneof themcaresabouttheexternalandinternalstructureof Web
contentin thesensalescribedn theprevioussection.Theircontent
changemanagemeris coarse-grainedyith differencingdoneona
line-by-linebasis.Noneof themhave ability to allow developergo
logically structuretheir Web projects.

3. REPRESENTING WEB CONTENT

Web contentcan consistof dataobjects,code,and component
libraries. Examplesof dataobjectsaredata les, documentsjm-
ages,audios,andvideos. Codecanbe active controlsand scripts
that canbe embeddednto an HTML page. Componentibraries
are reusablecodessuch as JavaBeansand Microsoft Foundation
Classes.Among Web documentshyperlinksexist that can point
to ary pagein the Weh Templatessuchasstylesheetswhich are
writtenin somelanguagesenableseparatiorf contentandits pre-
sentatiorstyle. To provide ne-grainedversioncontrolandcontent
managemerfor staticdocumentsthe SC ervironmentfollows the
principlethattextualinformationsuchasHTML, XML documents,
andprogramsourcecodearetreatedasstructuredobjectsandver
sionedin a ne-grainedmanneywhile binary informationsuchas
audioclips, videoclips, andcomponentibrariesareconsideredo
have nointernalstructureandareversionena le basis.

The SC'sdocumentepresentationsesa structue-orientedap-
proach whereeachWebdocumenis adocumentreecomposeaf
documennodes(alsoreferredto asstructumal units). Eachdocu-
mentnodecanbe associatedavith multiple pairsof attribute name
andvalue. Thedocumentreesareversionedn a ne-grainedman-
ner, whichis describedater. Structuralunitsin a documentarry
differentlogical senseglependingon the documens type. Pro-
gramsourcecodeandscriptsarerepresentedsASTs,thereforejn
aprogram.astructuralunit is equivalentto a syntacticunit suchas
a class,method,or statement.On the otherhand,in anHTML or
XML documentdependingon the documens DTD, a document
nodemight represent section,paragraphsentenceor phrase.In
eithercase,a documenmnoderepresentshe logical semanticen-
codedby an XML or HTML element. This documentrreerepre-
sentatioris logically equivalentto the structuresupportedy Doc-
umentObjectModel [13], thoughasdescribedn the next section,
theimplementatiordetailsarequitedifferent. A conversionfacility
isimplementedo allow theimportandexport of DOM-compatible
documentsinto the SC's representation. The maturity of XML
technology[63] allows SCto supportawide variety of information
types,including graphicsandanimationwrittenin SVG [53], Uni-

ed ModelingLanguagdUML) [43] diagrams,Java programsand
HTML documentsvith embeddedcripts. Theimplementatiorof
this structure-oriente@pproachusesthe Fluid InternalRepresen-
tation[4], whichis describedn the next section.
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4. FINE-GRAINED VERSION CONTROL

TheSCernvironmentmalkesextensie useof thedataandversion
modelsupportedy the Fluid systen{4]. The primitive datamodel
usedby Fluid is calledthe Fluid InternalRepresentatiodR). The
Fluid IR is basedon two notions: nodesandslots A nodeis the
basicunit of identity andis usedto represenbbjects. A slotis a
locationthat canstorea value, possiblya referenceto a node. A
slot canexist in isolation but moretypically slotsare attachedo
nodesusinganattribute An attributeis a mappingfrom nodesto
slots. An attribute may have particularslots for somenodesand
map all othernodesto a default slot. The Fluid datamodel can
thusberegardedasanattributetablewhoserows correspondo IR
nodesandcolumnscorrespondo attributes. The cells of thetable
aresslots. Oncewe add versioning,the table getsa third dimen-
sion: theversion. Therearethreekinds of slots. A constantslotis
immutable;sucha slot canonly be given a valueonce,whenit is
de ned. A simpleslot may be assignedeven afterit hasbeende-

ned. Thethird kind of slotis theversionedslot, whichmayhave a

differentvaluein differentversions.Nodesare usedto implement
structuralunits (documentnodes)in Web documentswhile slots

andattributesare usedto represenattributesof a documentode
andtheir values. For example,an href attribute hasbeende ned

to represenhyperlinksin anHTML document.Links arecreated
by de ning a valuefor an href attribute thatis a URL. An addi-

tional attribute (anchor) is de ned for anchorswithin documents.
Similarly, links canalsobe de ned in a Java programsinceit is

representetby an AST. Importantly this approacho binding hy-

perlinksto sourcecodedoesnot interferewith programanalyses,
which ignorethesehyperlink attributes. Also, the href attributeis

de ned asversionedslots, therefore the changesccurringto the

href attribute canberecordedbvertime.

In Fluid's versionmodel,aversionis a pointin atree-structured
discretetime abstractionratherthanbeinga particularstateof a
systemcomponentFromtheusers pointof view, auniformglobal
versionspacds maintainedacrosghe entire Fluid IR datamodel.
Thisis aform of productversioning[9], wherethereis oneglobal
versionspacefor the whole Web project, while in le-based ver-
sioning systemssuchas CVS [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, compareandconstructver
sions. The versionmodelis state-basedHowever, revisionsand
variantsare not distinguished.The setof versionsis organizedin

A ! () clud"
@ e O @@

: anchor="c"

erte structure the change

® cléd" @

anchor="b"

~-.A__anchor="c"

erte structure after the change

Figure 2: Versioningfor hypertext structure

atree, calledthe version treg with the root of the tree beingthe
initial versionof the Fluid IR world. The current version is the
versiondesignatinghe currentstateof the Fluid IR world andary

versionmay be madecurrent. Internally, every time a versioned
slotis assignedh (different)value,a new versionis producedde-
rived from andbranchingoff the currentversion. However, from

the users'point of view, a new versionis only recordedif users
issueanexplicit command.

A ne-grainedtree-basedersioningtechniques developedfor
documentreesaswell asa Web projects structurewhichiis often
hierarchicallyorganized.Treesarerepresentegia nodesslots,at-
tributes,andsequencesA sequencewhich hasauniqueidenti er,
is a containemwith slotsof the samedatatype. Sequencemay be
x edor variablein sizeand sharecommonslotstogether A tree
is de ned with two main attributes: 1) “children” attribute that for
eachnodegivesthesequencef childrenfor thenode,and2) “par-
ent” attribute that for eachnodegivesits parent. The detailsare
illustratedvia an examplein Figure 1. In the example,“content”
attribute is alsode ned to hold string value for eachnodeif ary.
Assumethattherearethreeversions:vl, v2, andv3. Versionsv2
andv3 are branchingoff versionvl. The shapeof the treeat the
threeversionsis shavn. Versionvl has ve nodesnumberedrom
1to 5. Versionv2 hastwo differencedrom the versionvl: node
4 wasdeletedandthe contentof node5 waschanged.Versionv3
hasaninsertednode(node6) andnode3 wasdeleted.The values
of versionedslotsin the attributetablechangedo re ect modi ca-
tionsto the treein theseversions.For example,at the versionv2,
the“content”slot (i.e. theslotde ned by theattribute“content”) of
node5 containsa new value(the string“new”), andthe“children”
slotof node2 containsareferencdo anew sequencebject(seqd.
Seq3hasonly oneslot, which containsa referenceo node5 since
node4 hasbeendeleted.If thereis arequesbn valuesof slotsas-
sociatedwith node4 atv2, arun-timeerrorwill bereported.Note
thatotherattributesmightbede nedfor nodes.

A hypertet structue is the network consistingof a setof Web
documentsand the hyperlinksconnectingthemin a Web system
(external Web pagesare excluded). A hypertet structureis ver
sionedin the samemannerasversioningfor documentrees.Sup-
posethatwe have two documentsdoclanddoc2 connectedasin
Figure2. At versionvl, Alinksto B, Blinksto D, andD links to C.
Supposéahatnown nodeA pointsto nodeC, anda new versionv2 is
created.Thatis, attheversionv2, the valueof the href attribute of
nodeA is “doc2#c”. It meanghatthelink betweenA andB is no
longerpresentatv2, while C canbereachedlirectly from A now.
The links betweenB and D, andbetweenD and C arestill valid.
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Figure 3: History of a section

Dependingonthe currentversion,the correctdestinatiomodeof a
link is implicitly determined.Therefore the shapeof the network
is properlyexposedn the currentversion.

5. CONTENT CHANGE MANAGEMENT

Using the versioningschemedescribedn the previous section,
the SCenvironmentprovides ne-grainedcontentchangemanage-
mentthatallows Web developersto track the history of ary struc-
tural unit (i.e. documennode)in aWebdocumenandto compare
two arbitraryversionsof Webcontentatlevels: 1) structuralunit, 2)
Web document(exceptfor binary data),and3) the Web systemin
both structuredandline-orientedmanners.in Figurel, depending
onthe currentversion,the shapeof a subtreerootedat adocument
nodeis exposed.For example,if thecurrentversionis setto v2, the
subtreeat node?2 containsonly itself andthe child nhode5 whose
“content” slot containsthe new value. Basedon this mechanism,
the SCenvironmentmanagesheevolution of Webcontentata ne
granularity Web developerscanselectary structuml unit in ary
typeof structureddocumen(XML, HTML, Java, SVG, UML) dis-
playedin the SC editor andto view its statein differentversions.
Figure 3 shaws a pastversionof a sectionin an XML document.
Whenusersmove the cursorto a differentversion,the correctcon-
tent of that sectionis shavn in the lower window. Note that the
sectionhasnot beencreatedat the versionvl, therefore,t is “dis-
abled”. Figure4 shaws 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 Trackingthe history of a Web systemasawhole
will bediscussedn Section6.

In orderto trackthe ne-grainedchangedetweertwo arbitrary
versions the SC ernvironmentemplgs a “dirty bit” mechanisnin
Fluid versionengine,called the VersionedUnit Slot Information
(VUSI). With the VUSI mechanismSC cantell whetherthereis
a changen oneor mary attributesof a nodebetweenary two ar
bitrary versions.It canalsodeterminewhetherthe structureof the
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ve = VersionedChunk.getiregion, docTreeBundle);
ve.getDellaiera).loadifloc),
ve.describe(System.out);
Systemn.out.printini'Loading delta far DOCLUMENT ATTRIBUTES ..");
vi = YersionedChunk.getiregion, xmlAtrBundie),
ve.getDelalera).loadfloc);
ve.describe(Systerm. aut); (==

Figure4: History of amethod

subtreerootedat a nodehasbeenmodi ed betweenary two ar
bitrary versions. VUSI has“boolean” versionedslots attachedo
nodesin atree. Thevaluesof slotsaresetto falseinitially, indicat-
ing nothinghaschanged Whenthe valuesof attributesassociated
with anodeor thetreestructureatthe nodearechangedthevalue
of theassociate®/USI slot of the nodewill besetto true. Sincea
VUSI slotis versionedthemechanisnworksfor ary two arbitrary
versions(not necessarilypredecessoor successoof eachother).
The VUSI mechanismis also e xible enoughto enablethe cre-
ation of mary VUSI slot typesfor ary setof attributes(including
childrenandparentattributes)andto supporta variety of behaiors
for markingthe “dirty bits” for nodes. For example,a VUSI slot
typecanbede nedto trackchange®ccurringto the href attribute,
while anothertype keepsan eye on bgcolorandfgcolor of atable.
Anotherexampleis thatwhenan attribute of anodeis modi ed, a
behaior canbe de ned suchthatit marksnot only the VUSI slot
associatedwvith the node, but alsothe VUSI slots of its ancestor
nodes.This behaior allows for the detectionof change®ccurring
in asubtreeunderanode.

Basedon this mechanismthe SC ervironmentincludesa com-
parison(i.e. diff ) tool which canshawv thedifferencedetweertwo
arbitraryversionsof adocumennode,of aWebdocumentandof
the Web applicationas a whole. SC visually displaysthe differ-
encedn bothstructuralandline-orientedmannersFigure5 shavs
structuralchangesn a Java program.A smalliconis attachedo a
documentodeicon, shaving its changingstatusfrom versionv7
to versionv8: eitherit hasbeenmodi ed (atreeicon), insertedan
“i” icon), deleted(an eraselicon), or moved (a “truck” icon). For
example,the methods‘getRoot” and“setRoot” have beendeleted
(seethe left window), the methods“numcChildren” and “parent”
have beenaddedat versionv8 (seethe right window), while the
body of the method“doAnalysis” hasbeenmodi ed to adda new
expression(seethe right window). Developerscan also selecta
structuralunit and choosean option to display changesof a text
nodein line-by-linefashionsimilarto ViewCVS [58]. A structural
comparisorbetweertwo versionsof anHTML documenis shavn
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Figure6: HTML documentcomparison

in Figure6. Someof documennodeshave beenmodi ed in terms
of both their attributesandstructuresfor example,the “body” of
thedocumentian“a” icon andatreeicon areboth attachedo the
nodeicon). Meanwhile the“table” nodeicon hasonly an“a” icon
sinceonly the color attribute of thetablehasbeenchanged.
Figure 7 shavs the changesn the structureof a Web project
betweentwo versions. As in the documentcomparisortool, the
icon next to adocumens entryshaws thechangen its statusfrom
oneversionto another With this tool, developersareableto track
changesin Web documentsand programsourcecodein a ne-
grainedmanner Therefore,it helpsthemto maintainbettertheir
Web applications. Also, incrementalprogramanalysescan take
adwantageof this ne-grained changetrackingmechanisnto op-
timize processedt is very cumbersoméor existing SCM systems
that heavily dependon line-by-line comparisorbetweenversions

to build this sortof ne-grainedWebcontentchangemanagement.

6. CONFIGURATION MANAGEMENT

Since Web documentsare interrelatedand connectedio each
other via hyperlinksto form a Web application, version control
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Figure 7: Project structur e comparison

for Web contentasindividualsis not sufcient. A con guration
managemensystemis neededo managethe evolution of a Web
applicationasa whole. The SCM systemof the SC ervironment,
Molhado,is built ontop the Fluid versionmodelto provide con g-

urationmanagemenservicesfor developersto managetheir Web
projects.This sectiondescribesheMolhadoSCM systemandhow

aWebprojectcanbelogically structuredandversioned.

6.1 Web project structuring and versioning

6.1.1 Importantabstractions

Molhados threemainabstractionsrecomponentgrojects and
con gurations A components alogical unit thatis namedgcanbe
saredandloaded andexistswithin the versionspaceof a Webap-
plication project (Web projectfor short). A componenimay be a
documenta class,a packagea module,a le, or adirectoryde-
pendingon the developmentframework being used. In SC, the
Web documentslescribedearlier are componentsvhoseinternal
structureis versionedat a ne granularity A projectis a named
entity thatrepresentshe versionhistory of aWeb project. It is not
a versionof the project, but ratheris usedto retrieve the correct
project version (including both structureand components). The
projectcontainswithin itself a treeto representhe projectstruc-
ture. Eachnodein thetreeis associatedvith a slotthatcontainsa
referenceo a componentThe projectstructureis versionedusing
the sametree-basedersioningschemedescribedn Section4. A
con guration is a particularversionof a project.

6.1.2 Webprojectstructuring

Sincea slot associatedvith a nodein a projecttreecancontain
areferencdo ary componentthe Web projectandits components
canbeorganizedogically. Figure8 shavs anexampleof alogical
structureof a Web project. Eachnodein the projects tree hasa
slot referencingo acomponentin this example(the University of
Wisconsin(UW)'s Website), therearedirectorycomponentsja/a
classcomponentsandHTML documentcomponentsThe “root”
directorycomponenbf this Webprojectconsistof directorycom-
ponent‘code” andtwo HTML documentomponentsindex.html”
and“UW.html". Nodesin the subtreeatthe“code” directorycom-
ponentareassociateavith slotscontainingreferenceso Javaclass
componentd\,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 projectare logically struc-
turedaccordingo the UW's campusen the rst level andthento
collegesandschoolsn the secondevel.
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The directory-documenhierarchyand componentshemseles
areall logical. This meansthat directoriesanddocumentsio not
necessarilycorrespondo ary directoriesand les on a le sys-
tem. Thereforejn Figure8, the classcomponentA” (notadocu-
mentor a le ) canbecontainedvithin directorycomponentcode”.
This physical-independertrganizationof Web documentsallows
for accessingo Web contentwithout having to know the actual
physicaladdres®f the les. Thisability is veryimportantfor large-
scaleWebapplicationsvhosedocumentsnaybedistributedacross
mary seners. Figure8 alsoshawvs thatMolhadohasthe ability to
supportmultiple logical organization®f a singleWeb project. For
example,programsourcecodecanbe structuredaccordingto the

developers' choiceof designand implementatiormethodologies.

Meanwhile,HTML documentsanbe organizednto eithera nor
mal directory-documertiierarchybasedna le systempralogi-
cal hierarchydependingn the choserdevelopmentmodelsuchas
OOHDM [45] or RMM [28]. Figure9 shaws the structureof the
Web projectof our researchn which Jaza programsarestructured
asa package-claskierarchyandHTML documentsreorganized
into adirectory-documenhierarchy New componentypescanbe
easilyaddednto Molhadoto supportdifferentlogical structures.

6.1.3 Webprojectversioning

Our projectversioningapproachwherea Web projectis ver-
sionedasa whole, implies thatversioningof a componenis sub-
sidiaryto thatof the projectto which the componenbelongs.This
is in contrastto the compositionmodel [17] in most of existing
SCM systemswherethe projectversion(i.e. con guration)is de-
pendenton the versionsof eachof its components.This project
versioningapproachalways assureghe constructionof a consis-
tent con guration sincewhen a project versionis chosenas the
current,the projects treewill be correctlyretrieved andversioned
slotsassociatedvith nodesn thetreewill referto appropriat&eom-
ponentsat the currentversionaswell. Then, the internal struc-
ture of eachcomponentand contentsof slotswill alsobe deter
mined at the currentversionas mentionedin Section4. This ap-
proachalsoavoidsthe compleity of usingversionselectionrules
in composition-base@&CM systemsandtraditional versionedhy-
permediasystemg61], whichareusedo selecthecorrectversions
of componentso beincludedin aversionof a Web project.
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6.2 The operational model

This sectiondiscusseshe operationamodelfor a userduringa
transaction.Via GUIs, the usercanopenan existing Web project.
Theusercanview thehistoryof theWebprojectin aprojecthistory
window. After selectingthe working version,the SC systemdis-
playsthe project’s structureandits componentsn a projectstruc-
turewindow (seeFigure9). The versionthatis initially displayed
in the projectstructurewindow is calledthe baseversion

Viathiswindow, theusercanmanipulatehe projectstructure.If
ary modi cation is madeto the projectstructureor its components
at this baseversion,a new internalversionin Fluid is temporarily
createdasabranchfrom thebaseversion(theword “modi ed” will
be attachedo the baseversions name),andthe projectstructure
window will now shav informationaboutthis derivedversion.The
usercanchooseto discardary derived version(i.e. ary changedo
the baseversion),or to issuea commandto captue the projects
statein aparticularversion.Intermediaténternalversiondrom the
baseversionto thenewly capturedversionarediscardedA unique
namewithin theWebprojectversionspaces assignedo thenewly
capturedversioneitherby the useror by the system.Bookkeeping



informationsuchasdatesauthorsanddescriptionganbeattached
to thenew versionfor laterretrieval. Thecapturedrersionplaysthe
role of acheckpointersionwhichtheusercanretrieve andreferto
andbecomeghenew baseversionof the projectstructurewindow.
However, no datais saved aftera capture.

While working on one versionof a Web project, the usercan
always switch to work on ary otherversion. Switchingto work
or to view a differentversioncanbe doneexplicitly or implicitly,
whetheror not the currentworking versionhasbeencaptured. If
the usermovesthe mousefocusto a componentediting window,
or to a projectstructurewindow, the working versionis automat-
ically setto the versionthat the window is displaying. The user
canalsoexplicitly selecta differentversionfrom the projecthis-
tory window andopenit. Any windows shaving the old version
are still available shouldthe userwantto do additionalwork on
thatversion.It impliesthattheremayexist mary windows display-
ing differentversions(captureddr uncaptured)n the sameediting
session.The useris not only allowed to view, but alsoto modify
thenew workingversion.In thiscaseanadditionalderivedversion
will bebranchedff from the new working version.This switching
featureallows the userto work on mary versionsat the sametime
duringonesession.

Theusermaycommitchangeso theprojectatary time. Commit
is thecommandvith which the usersavesall changesnadeduring
an editing sessiorsincethe previous commitment. Upon issuing
this commandtheuseris asked which uncapturedrersionsshould
be sared andthe chosenversionsarethensavedto a le system.
Only the differencesare stored. The usermay alsosave complete
versionsnapshotsyhich canimprove versionaccesgime. In cur-
rent system,eachusercanstorehis/herown data les for a Web
projectarywherein a le system.Eachuserdoesnot seechanges
from others. Therefore,no locking mechanisnis needed.Users
cansharethe data les andusingmeging toolsto collaborate.A
bettercollaborationmechanisnis beingimplementedisinga cen-
tral versioningrepositorysimilar to CVS [38] with an “of cial”
versiongraph.To branchfrom aversion theuserjustneedgo copy
data les for thatversionto his/herown workspace.The usercan
createmary “private” versions. Finally, the usercancopy mean-
ingful versionsbackto the centralrepository

7. SCEDITING SYSTEM

This sectiondescribeshe detailsof the SC editing systemfor
Web content. The editing systemis an integrationof a structured
documenteditor for XML, HTML, and plain text documentsa
syntax-recognizinglara programeditor, an SVG graphicandan-
imationeditor, anda UML editor The SCervironmentis compat-
ible with XML-baseddocumengditing ervironmentssinceit sup-
portsthe integrationof editorsfor nev documentypeswhosein-
ternalrepresentatiois XML-compatible. For example,the Thorn
UML editor[55] and DravnSWF SVG editor [14] were easilyin-
tegratedinto the SC editorbecausé¢heir documentepresentations
are XML-based. Integrationrequiresonly that a new editor fol-
lows a simpleplug-in protocol. The SC ervironmentusesa Docu-
mentObjectModel (DOM) [13] parselto import XML-baseddoc-
umentscorvertsthe DOM treesinto the SC documentreerepre-
sentationandthenversioncontrolsthemasdescribedearlier

All Web documentsand their versionsmentionedin Section3
are storedaccordingto the Fluid's persistencenodel[4]. In the
Fluid's persistencanodel, a persistententity is the basicunit of
information that can be storedand thenloaded. The persistence
modelusesthe forward direct deltatechniqueto storedifferences
betweerversions.The data les for versionedpersistencareim-
mutableandmay be freely duplicatedor distributedusingary le
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sharingprotocol.At ary version,developerscanimportandexport
a Web project’s documentgstoredin the Fluid persistenceepre-
sentation)including programsourcecode, UML diagrams,SVG
images,animationsandgraphicsfrom andto XML format. This
featureis olbviously importantsinceit helpsuserswork with tools
outsidethe SCenvironment.

A usereditsXML, HTML andJasa programsn the sameman-
ner. Theuserinteractswith the systemusingamenubar, atool bar,
andcontextual popup menus.WhenauserselectsaWebdocument
from the projectstructurewindow, anappropriateeditoris invoked
for thedocument.To displaya documenta default CSS-like style
sheets selectedy the systemfor the documenunlessit hasone.
The presentatiorof the documentis built basedon the document
treeandthe styleinformation. The usercanchooseto opena doc-
umentwith ary appropriatestyle sheet. To edit a documentthe
usermovesthe mouseandselectsary structuralunit of the docu-
mentthatneedsto be edited. Then,via the commandsn the pop
up menu,the usercanchooseto edit the contentof that structural
unit presentedn the selectecportion of the presentationor to edit
thedocumentatiomssociateavith thatunit. The SCeditorinvokes
the nodeeditor, which is a simple ASCII text editor The editor
unparseshe nodeanddisplaysthe resultingtextual representation
of thenodeto be edited. The usereditsthe text andreturnsto the
documentwindow. Dependingon the type of the documentthat
is being edited, the editor invokes eitheran XML, HTML parser
or aJava parserto incrementallyparsethe modi ed text, andthen
createsnev nodesandattacheshemto thedocumentree.If there
existsary errorsin themodi ed text, errormessagearedisplayed
andtheusercan x them.

The SC editing ervironmentalsoallows a userto editimageor
graphicdocumentationandthento associatéhemwith ary struc-
tural unit in a Java program. This featureallows for intermixing
differentobjecttypesin the samedocumentwhich is very com-
monin Web content.Figure10 shavs a Java programintermixing
with graphics,texts, andaudioclips. The userinvokesanimage
andgraphiceditor Whenthe user nishes with hisimagestheSC
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editoraddsthe resultingimagesinto thedocumenwindow. To as-
sociateaudiodocumentationvith astructuralunit, theuserinvokes
an audio selectiondialog to choosean audio le. Image,audio,
andgraphicdocumentationle namesarecontainedn specialat-
tributesof documentnodes. In addition, the usercan create edit
a hyperlink, andattachit to ary structuralunit in a Jaza program

using stepssimilar to the onesneededo edit the documentation.

Theusercanentera URL or choosea le from a selectiondialog.
Similarto HTML documentshyperlinksin programsaresupported
via the href attributeasdescribeckarlier This approactto binding
multimediaannotationsandhyperlinksto sourcecodedoesnotin-
terferewith programcompilationprocesssinceit ignoresthe slots
thatsupportmultimediadocumentatiomndhyperlinks.

For an HTML document,the useris also ableto preview the
document appearancasif it weredisplayedvia a Webbrowser
Figurelldisplaysthe contentoof anHTML documenfor two dif-
ferentversions Similarly, Figure12 shavstwo versionsof the SC's
architecturedescriptionrdocumenin SVG format. All graphic,im-
age,andanimationobjectsin SVG formatareversionedn thesame
manneras XML documents.To edita UML diagram,the userin-
vokesthe UML diagrameditor, whichis a specializedyraphicedi-
tor for classdiagramsusecasediagramssequenceliagramsand
actvity diagrams.

8. CONCLUSION

Systemati@approache® Webengineeringarebecomingncreas-
ingly necessaryas Web applicationsgrov and have longer life-
times. Theresearctpresentedhereis basedn thebelief thatman-
agingthe evolution of Web applicationsis a taskthatrequiresso-
phisticatedcon guration managementools. As recently as the
year2000,it wasassertedhat very few companiesvith mission-
critical Web systemwere using SCM tools [11], and that others
weredevelopingtheir own CM tools andtechniquedecausehey
werenot fully aware of the stateof the artin SCM. At the same
time, researchers theSCMareahave paidlittle attentionto bring-
ing advancedechnologieso WebengineeringMostexisting SCM
andversioncontroltoolsthatareusedarefocusedon versioncon-
trol of individual les with limited supportdor contentchangeand
con guration managemenf a Web project.

We have describedh ne-grainedversioncontrolandstructured
con guration managemensystem(Molhado) and discussechow
it is well-suitedto managingthe evolution of a Web application
project. Molhadois a core part of the Software Concordancen-

Figure 12: SVG graphic and animation editor

vironment, which was modi ed by this researchto supportWeb
development.Its versioningschemesupportsontentchangeman-
agementhathelpsWebauthorsmanageheevolution of their Web
projectatthelogicallevel andat ne granularity Thecon guration
managemenserviceshelp Web developersto logically structure
and managea Web projectandits components.Multiple logical

organizationsf a Web projectcanexist in the sameversion. The
SCeditorprototypeprovidesa GUI-basedervironmentfor brows-

ing andeditingversionsof aprojectandits componentsA usercan
work onmultiple versionssimultaneouslySCis e xible andexten-
sibleto supportmary othertypesof Webcontent.An experimental
studyis being conductedo evaluatethe performancegf ciency,

andusability of the system.
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