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Abstract. Browsing- and querying-orientedschemeshave long served as the
principaltechniquesfor softwaredevelopersto locatesoftwarecomponentsfrom
a componentrepositoryfor reuse.Unfortunately, theproblemremainsthatsoft-
waredeveloperssimply will not actively searchfor componentswhenthey are
unawarethatthey needcomponentsor thatrelevantcomponentsevenexist.Thus,
to assistsoftwaredevelopersin makingfull useof largecomponentrepositories,
informationaccessneedto becomplementedby informationdelivery. Effective
deliveryof componentscallsfor thepersonalizationof thecomponentsto thetask
beingperformedandtheknowledgeof theuserperformingit. Wehavedesigned,
implemented,andevaluatedtheCodeBroker systemto supportpersonalizedcom-
ponentdelivery to increasetheusefulnessof a Java softwarereuseenvironment.

Keywords: Taskmodeling,discoursemodeling,usermodeling,softwarereuse,
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1 Intr oduction

Browsing-andquerying-orientedschemeshave longservedastheprincipaltechniques
for peopleto retrieve informationin many applications,includingsystemsfor locating
softwarecomponentsandfor exploring theWorld Wide Web. However, theseconven-
tional retrieval techniquesdo not scaleup to largeinformationstores.More innovative
schemes,suchasqueryby reformulation[18] and latentsemanticanalysis[10], have
introducednew possibilities.Unfortunately, theproblemremainsthatuserssimplywill
not activelysearch for informationwhenthey are unaware that they needtheinforma-
tion or that relevant informationevenexists.Thus,to assistusersin makingfull useof
large informationrepositories,informationaccessmethodsneedto be complemented
by informationdeliverymethods.

Evidenceexists that the lack of supportfor informationdelivery haslong beena
significantobstacleto thesuccessof softwarereuse[5, 19]. Beforesoftwaredevelopers
canreusecomponents,they haveto eitherknow thecomponentsalreadyor locatethem
quickly andeasily. Componentlocation is often supportedby componentrepository
systems,mostof which, like otherinformationsystems,supportbrowsingandquery-
ing only. They fall shortin helpingsoftwaredeveloperswho makeno attemptto locate
components[5]. Even if softwaredevelopersareawareof the components,they may



not beableto retrieve thembecauseof themismatchbetweenthesituationmodeland
the systemmodel [9]. The situationmodelrefersto the understandingof the taskby
developersor users,andthesystemmodelrefersto thenamesanddescriptionsof com-
ponentsin repositorysystems,which arepredeterminedby systemdesigners.Instead
of passively waiting to be discovered,componentrepositorysystemsneedto bemore
active in supportingreuseby delivering potentially reusablecomponentsto software
developerswhenthey areengagedin developmentactivities.

2 Inf ormation Delivery Systems

High-Functionality Applications.Componentrepositorysystemsarehigh-functionality
applications(HFAs) [3]; they oftenincludethousandsof componentsandevolvequickly.
Thedesignof HFAs mustaddresstwo problems:(1) theunusedfunctionalitymustnot
get in theway, and(2) unknown existing functionalitymustbeaccessibleor delivered
whenit is needed.

Most currentcomponentrepositorysystemsarepassive, meaningusers(software
developers)have to initiate the searchprocessthroughinformationaccessmethods—
either browsing or querying—tolocatecomponents.Thesepassive systemsare de-
signedunderthe assumptionthat usersareawareof their informationneedsandthat
they know how to askfor it. Our empiricalstudieshave shown, however, thata user’s
knowledgeonanHFA doesnotmatchthesystemitself.Typically, auserhasfour levels
of knowledgein anHFA:

– level 1 knowledge(L1): elementsarewell known andregularlyused;
– level 2 knowledge(L2): elementsareknown vaguelyandusedoccasionally;
– level 3 knowledge(L3): elementsarebelievedto exist in thesystem;
– level 4 knowledge(L4): all elementsof thesystem.

Elementsfalling in theareaL4 – L3 becomeinformationislands,andpassive systems
cannothelpusersto find thembecausetheirexistenceis notevenknown [19]. Informa-
tion delivery, amethodby whichthesysteminitiatestheinformationsearchprocessand
volunteersinformationto users,canbuild abridgeto theinformationislands.Moreover,
comparedwith passive systems,informationdelivery systemsmake it easierfor users
to locateinformationin L3.

The Limitations of Task- and User-Independent Inf ormation Delivery Systems.
Systemsthat just throw a pieceof decontextualizedinformationat usersareof little
usebecausethey ignoretheworking context. Theworking context consistsof thetask
beingperformedandtheuserperformingit. Thechallengefor informationdeliveryis to
deliver context-sensitive, or personalized, information,relatedto boththetaskat hand
and the backgroundknowledgeof the user. Task- and user-independentinformation
deliverysystems(or “push” systems)suchasMicrosoft’s “Tip of theDay” suffer from
the problemthat conceptsget thrown at usersin a decontextualizedway. Despitethe
possibilityfor interestingserendipitousencountersof information,mostusersfind this
featuremoreannoying thanhelpful.

CodeBroker—An Active ComponentRepository System.We have designed,imple-
mented,andevaluatedanactivecomponentrepositorysystem,namedCodeBroker, that



supportsinformationdelivery[20]. CodeBroker deliverstask-relevantanduser-specific
componentsto Java developersby (1) constructinga task model to capturethe pro-
grammingtaskthroughcontinuouslymonitoringtheprogrammingactivities in a soft-
ware developmentenvironment,(2) identifying the domainof users’currentinterest
by creatinga discoursemodelbasedon theinteractionhistorybetweenthesystemand
the user, and(3) creatinga usermodelto representeachuser’s knowledgeaboutthe
repositoryto assurethatonly unknown componentsaredelivered.

3 Task-Relevant ComponentDelivery

General Approachesto Task Modeling. Taskscanbe modeledthrougheitherplan
recognitionor similarity analysis[4,6]. The plan recognitionapproachusesplansto
specifythelink from aseriesof primitiveuseractionsto thegoalof atask.Whenactions
of ausermatchtheactionpartof aplan,thesystemdeemstheuserto beperformingthe
correspondingtask,andinformationaboutthetaskis delivered.Thesimilarity analysis
approachexaminestheself-revealinginformationin thecontext surroundingthecurrent
focusof usersandusesthatinformationto predicttheirneedsfor new information.The
systemthen delivers information from the repositorythat hashigh similarity to the
contextual circumstance.Planrecognition-basedtaskmodelingsystemsaredifficult to
scaleup becauseit is difficult to createplans.Unlike plan recognition,by which the
systemtriesto infer thetaskgoal,thesimilarity analysisapproachmatchesataskto the
informationsharingthesamecontextualcircumstances.

Task Modeling in CodeBroker. CodeBroker adoptssimilarity analysisto find relevant
components.It utilizesthedescriptiveelementsof programsandfindscomponentsthat
have similar descriptions.A programhasthreeaspects:concept,code,andconstraint.
Theconceptof aprogramis its functionalpurpose,or goal;thecodeis theembodiment
of theconcept;andtheconstraintregulatestheenvironmentin which theprogramruns.

Importantconceptsof a programareoften containedin its informal information,
suchascommentsandidentifier namesthat areimportantbeaconsfor programcom-
prehension[19]. ModernprogramminglanguagessuchasJava furtherenforcethe in-
clusionof self-explaininginformal informationby introducingtheconceptof doccom-
ments. A doccommentbeginswith “/**” andcontinuesuntil thenext “*/”. Contents
insidedoccommentsdescribethefunctionalityof thefollowing module,eithera class
or a method.

Constraintsof a programarecapturedby its signature. A signaturedefinesthesyn-
tactic interfaceof a programby specifyingthe typesof input andoutputdata.For a
componentto beeasilyintegrated,its signatureshouldbecompatiblewith theenviron-
mentin which it will beincorporated.

CodeBroker modelstasksby extractingdoc commentsandsignaturesof the pro-
gramunderdevelopment.It triesto find relevantcomponentswith similarconceptsand
constraints.Relevanceof componentsto the taskat handis determinedby the com-
binationof conceptsimilarity andconstraint compatibility. Conceptsimilarity is the
similarity existingfrom theconceptof thecurrenttask,revealedthroughcommentsand
identifiers,to the conceptrevealedin the documentsof componentsin the repository.



Constraintcompatibility is the type compatibility existing from the signatureof the
programunderdevelopmentto thesignaturesof repositorycomponents.

Conceptsimilarity is computedby LatentSemanticAnalysis(LSA) [10]. After be-
ing trainedwith a largevolumeof domain-specificdocuments,thesemanticspacecre-
atedby LSA for thatdomaincancapturethelatentsemanticassociationamongwords,
andthusit bridgesthegapbetweenthesituationmodelandthesystemmodel[9]. Con-
straintcompatibility is computedby signaturematching.Two signaturesmatchif their
input typesandoutputtypesareboth in structuralconformance[19]. Figure1 shows

Fig.1. Task-relevant delivery of components.Componentsdeliveredwhen a doc commentis
entered(a) or a signatureis defined(b). The third componentin (a) hasa similar conceptbut
incompatiblesignature(shown in themini-buffer). Thedelivery in (b) is basedon thetaskmodel
includingbothdoccommentsandsignatures,andits first componentmatchesthetask.

an exampleof task-relevant delivery of components.A programmerwantsto create
a randomnumberbetweentwo integers,andexpresseshis task in the doc comment:
Create a random number between two limits. The commentservesas
a taskmodel,basedon which thesystemdeliversseveralcomponents(Fig. 1a).How-
ever, thetaskmodelis not completebecauseit doesnot saythemethodmusttake two
integersasinput.Whenthesignature(int x int -> int) is defined(Fig. 1b),the
systemacquiresamoreprecisetaskmodelcombiningboththeconcept(doccomment)
andtheconstraint(signature),andgivesa betterdelivery. In Fig. 1b, thefirst delivered
componentmatchesthetaskandcanbeimmediatelyused.



Developing a DiscourseModel thr ough Retrieval by Reformulation. The compo-
nentsdeliveredsolely basedon the taskmodelmay not be preciseenough.First, be-
causethetaskmodelis notdirectly represented—adirectrepresentationis theprogram
code—itis partialandbiased.Second,doccommentsdo not alwaysreflectwhatsoft-
waredeveloperswantto do.Similarly, descriptionsof componentsin therepositoryare
not completeandpreciseenough,either.

CodeBroker supportsretrieval by reformulation[18] to complementtheimprecise-
nessof taskmodels.Retrieval by reformulationis a dynamic,interactive information
locationapproachthat allows usersto develop their queriesincrementally[18]. After
evaluatingthedeliveredcomponents,softwaredeveloperscaneitherrefinethequeryor
directlymanipulatethedeliveredcomponents.

Throughdirectmanipulationof eachdeliveredcomponent,softwaredeveloperscan
tell thesystemexplicitly whatdoesnot interestthemcurrently. In CodeBroker, eachde-
liveredcomponentis associatedwith theSkip Components Menu (Fig. 2), which
hasthreeitems:the componentitself, its class,andits package.If the developerdoes
not want to have themethod,or all thecomponentsin theclassor thepackage,deliv-
eredagainin thisdevelopmentsessionbecausethey areirrelevantto thecurrentproject,
the developercanchoosethe appropriateitem andthentheThis Session Only
command.Thenthe systemwill remove the methodor all methodsfrom the classor
thepackagefrom automaticdelivery. Directmanipulationcanincrementallycreate,be-

Userscanselecteither the method,its class,or
its package,and then selectThis Session
Only to addit to thediscoursemodel.TheAll
Sessions commandaddsit to theusermodel.

Fig.2. TheSkip ComponentsMenu

tweenthedeveloperandthesystem,asharedunderstandingof thelargercontext of the
currenttask.Componentsin a repositoryareorganizedin hierarchyaccordingto their
applicationdomains(packages)andinheritancerelationship.Most projectsneedonly
a part of the repository. If the systemknows in which part the developeris currently
interested,it candelivermorerelevantinformation.

This sharedunderstandingof a developer’scurrentinterestis capturedin discourse
models.A discoursemodelrepresentsthe previous interactionsbetweenthe userand
thesystemin onedevelopmentsessionandservesasa filter to remove irrelevantcom-
ponentsin laterdeliveriesin thesamedevelopmentsession.It alsoreducesthedelivery
of irrelevantcomponentscausedby polysemy—adifficult problemfor any information
retrieval system—bylimiting searchingdomainsbecausepolysemouswordsoftenhave
differentmeaningsin totally differentdomains.For example,if theprogrammingtaskis
to shuffleadeckof cards,thedevelopermayusetheword“card” in doccomments.That
wouldmakethesystemdelivercomponentsfrom theclassjava.awt.CardLayout,
a GUI classin which “card” meansa graphicalelement.If theprojectdoesnot involve
interfacebuilding, this wholeclassis irrelevant.Developerscanaddthe classor even



the whole package(java.awt) to the discoursemodel to prevent componentsof it
from beingdeliveredin thedevelopmentsession.

Fig.3. A discoursemodel,which is a Lisp list of items with the format: (package-name
(class-name (method-name))). An emptyclass-name or method-name areain-
dicatesthewholepackageor classshouldnotbedeliveredin thisdevelopmentsession.

A discoursemodelin CodeBroker is in theformatof aLisp associationlist (Fig. 3).
Every developmentsessionstartswith anemptydiscoursemodel,andits contentsare
graduallyaddedby developers,duringtheuseof thesystem,throughtheSkip Com-
ponents Menu (Fig. 2).

4 User-SpecificComponentDelivery

Informationdelivery [3] is meantto inform softwaredevelopersof thosecomponents
that they do not know. Therefore,the systemneedsto know what they know already.
We useusermodelsto representsoftwaredevelopers’knowledgeaboutthecomponent
repository. Usermodelsin CodeBroker arebothadaptableandadaptive [2, 17].

User Models in CodeBroker. A usermodel in CodeBroker containsa list of compo-
nentsknown to the softwaredeveloper(Fig. 4). Eachitem in the list is a package,a
class,or amethod.Eachcomponentretrievedfrom thecomponentrepositoryis looked
up in theusermodelbeforeit is delivered.If amethodcomponentmatchesamethodin
the usermodel,andthe usermodelindicatesthat the developerhasusedit morethan
threetimes(adjustableby developers),the systemassumesthedeveloperknows it al-
readyandremovesit from thedelivery. If themethodhasnouse-time, it meansthe
methodwasaddedby thedeveloper, whohadclaimedheor shehadknown it verywell
anddid notwantit delivered.If theclassof themethod(whichhasnomethodlist in the
usermodel),or the packageof the method(which hasno classlist) is includedin the
usermodel,themethodis alsoremoved.

Adaptable User Models.Softwaredeveloperscanexplicitly updatetheir usermodels
throughinteractionswith CodeBroker. If they find oneknown componentis delivered,
they canclick the componentto bring up the Skip Components Menu (Fig. 2),
wherethey canchooseoneabstractionlevel (method,class,or package)andthenselect
theAll Sessions command.Themethod(or its classor package)will beaddedto
theusermodel.User-addedcomponentshavenouse-time field (Fig. 4).

Adaptive User Models. Due to the large volume of componentsand the constantly
evolving natureof repositorysystems,for softwaredevelopersto maintaintheir user
modelsis a time-consumingtask.Therefore,usermodelsin CodeBroker areadaptive.
CodeBroker continuouslymonitorsdevelopers’actionsin the developmentenviron-
ment.Whenever a methodcomponentfrom the repositoryis usedby the developer,



Fig.4. A usermodel,which is a list of items with the format: (package-name (class-
name (method-name use-time use-time ...))). Whentheuseof a componentis
detectedby thesystem,it is addedto thelist with thecurrenttime asuse-time. If thecompo-
nentis addedby theuser, thereis nouse-time. As with discoursemodels,anemptyclass-
name or method-name areameansthewholepackageor classis included.

thesystemaddsthecomponentwith thecurrenttimeasuse-time to theusermodel.
Thesystemaddsonly methodsto theusermodel;it doesnot addclassesor packages
becausethe useof a classor a packagedoesnot meanthat the developerknows the
wholeclassor package.

Initialization of User Models. Initial usermodelsarecreatedby analyzingthe pro-
gramsthat software developershave written so far. CodeBroker analyzesthosepro-
gramsto extracteachcomponentused,andif thecomponentis containedin theindexed
componentrepository, it is addedto the initial usermodelwith theprogrammodifica-
tion timeastheuse-time.

5 RelatedWork

CodeBroker buildsuponourpreviousexperiencewith critiquingsystems[4] thatmodel
tasksby plan recognitionto give feedbackto userswho have developeda suboptimal
solution.CodeBroker tries to predict informationneedsandprovide feedforward [16]
for usersso that they canavoid suboptimalsolutions.Someinformationagentsalso
aim to provide feedforward.For example,RemembranceAgent [15] augmentshuman
memoryby autonomouslydisplayingold emailsandnotesrelevant to theemailbeing
written by the user. Letizia [11] assistsusersin browsing the WWW by suggesting
anddisplayingrelevantwebpages.By observingtheprogrammer’sJavaprogramming,
ExpertFinder[11] canrefer theprogrammerto experthelperswho displaysignificant
experiencein theareain which theprogrammeris troubled.

Researchon componentrepositorysystemshas mostly focusedon the retrieval
mechanismonly, aimingto improvetherelevanceof retrievedcomponentsto thequery
submittedby users.Theretrieval mechanismof CodeBroker is similar to thatof those
systemsusingfree-text indexing [12]. Many sophisticatedretrieval mechanismshave
beenproposed,suchasmultifacetedclassification,framesandsemanticnetworks,and
associative networks [13]. Despitetheir sophisticationand the simplicity of free-text



indexing, no significantdifferenceis foundin retrieval effectiveness[14]. CodeBroker
is uniquebecauseit is activeandit strivesto improvetherelevanceto thetaskanduser,
not to thequeryperse.

6 SystemEvaluation

To investigatethe effectivenessof the systemin supportingprogrammersto reuseby
actively deliveringpersonalizedcomponents,andto understandthedistinctiverole that
taskmodels,discoursemodels,andusermodelsplay in achieving this personalization,
we have conducted12 experimentswith 5 subjectswhoseexpertisein Java program-
ming rangedfrom mediumto expert level. In eachexperiment,the subjectwasasked
to implementonepredeterminedprogrammingtaskwith theCodeBroker system.Days
beforethe experiments,CodeBroker createdan initial usermodelfor eachsubjectby
analyzingtheJavaprogramsthatthesubjecthadwritten recently.

Task modelsbasedon similarity analysisin CodeBroker were quite effective in
delivering task-relevantcomponents.In 10 of the 12 experiments,the subjectsreused
componentsdeliveredby thesystem.The12 programscreatedreused57 distinctcom-
ponents(if a componentwas usedmore than oncein a program,it was countedas
one),and20 of themweredeliveredby the system.Of the 20 reusedcomponentsde-
liveredby the system,the subjectshadnot known the existenceof nine components.
In other words, thosenine componentswere from information islands(seeSect.2),
andthey couldnothavebeenreusedwithout thesupportof CodeBroker. Althoughsub-
jectssomehow anticipatedtheexistenceof theother11 components(belongingto L3,
asdiscussedin Sect.2), they hadknown neitherthe namesnor the functionality, and
they hadneverusedthembefore.They might have reusedthose11 componentsif they
could manageto locatethosecomponentsby themselves.In follow-up interviews, all
subjectsacknowledgedthat CodeBroker madelocatingthoseanticipatedcomponents
mucheasierandfaster.

Discoursemodels(Fig. 3) improvedthetask-relevancewhenthey werecreatedby
subjects.In five experiments,subjectsusedtheSkip Components Menu (Fig. 2)
to creatediscoursemodels,whichremovedatotalof 10%of retrievedcomponentsfrom
the deliveries.All the componentsremovedby discoursemodelswerenot relevant to
theprogrammingtasks.Theprogrammingtasksof theseexperimentswererathersmall,
andeachdevelopmentsessionwasshort.We expectdiscoursemodelsto improve the
task-relevanceof deliveredcomponentsevenfurther in realprogrammingtasks,which
requiremoreinteractionsbetweenprogrammersandthesystem.

Usermodels(Fig. 4), however, removedonly 2% of theretrievedcomponents.The
following two reasonsmight have belittledtherole of usermodelsin theexperiments:
(1) initial usermodelsof subjectswerenot completebecausemany of the programs
thatthesubjectshadwritten for companieswerenot availablefor thecreationof initial
usermodels;(2) to observe the effectivenessof taskmodels,subjectswereassigned
tasksthatinvolvedthepartof therepositorythatthey did notknow well, andasaresult,
mostretrievedcomponentswerenotknown to themandwerenot includedin theiruser
models.Nonetheless,in follow-up interviews,subjectssaidthatthey did not noticethe
delivery of too many componentsthey alreadyknew. A carefulexaminationof those



componentsremoved by usermodelsshowed that thoseremoved componentscould
not bereusedin thetasks.Usermodelshelpedandareneededto reducethenumberof
irrelevantcomponentsto bedelivered,althoughmoreexperimentaldatabasedon long-
termuse[8] of thesystemareneededto investigatethecontributionsof usermodels.

Overall, the subjectsratedthe systeman averageof 6.9 on a scalefrom 1 (totally
useless)to 10 (extremelyuseful).

7 Summary and Future Research

Thispaperpresentsanew approach—componentdelivery—toassistsoftwaredevelop-
ersin reusingcomponentsfrom largerepositories.Theapproachcombinestaskmodels,
discoursemodels,andusermodelsto improve thecontext relevanceof deliveredcom-
ponents.Task-relevant componentsare first retrieved basedon task models,and the
retrieval resultsarethesamefor all developersanddevelopmentsessions.Thetaskrel-
evanceis further improvedby discoursemodelsto reflectthe differenceof the larger
context. Moreover, usermodelsmake the delivery specificto usersso that different
usersmay be given different information,dependingon their particularexperiences.
Evaluationsof the CodeBroker system,developedbasedon this approach,have illus-
tratedeachmodel’scontribution to thecontext relevance.

The challengein an information-richworld (wherehumanattentionis the most
valuableandscarcestcommodity)is not only to make informationavailableto people
at any time,at any place,andin any form, but to reduceinformationoverloadby mak-
ing informationrelevant to the task-at-handandto the backgroundknowledgeof the
users[3]. Informationdelivery methodswill be successfulandadoptedby usersonly
if they areableto achieve theright balancebetweenthecostsof intrusive interruptions
andthelossof context-sensitivity of deferredalerts[7].

Currently, the repositoryis locatedin the samemachineas the developmenten-
vironmentof developersandis createdstaticallybeforeits usebecausemostcurrent
repositoriesareclosedandproprietary. As themovementof OpenSourceSystemsat-
tractsmoreandmoredevelopers,we canexpectmoresoftwarecomponentsto become
open-source,for example,theJunsystem(a3D Smalltalk/Java library) [1]. It will then
becomeincreasinglydifficult for softwaredevelopersto know newly availableopen-
sourcecomponents.We envision a distributedCodeBroker systemrunningon several
computerswheresoftwaredeveloperscontributeopen-sourcecomponents.Thesystem
will dynamically index componentsfrom thoseconstantlyevolving repositoriesand
thenwill deliver componentsthroughnetworks to otherdevelopers.Throughthe me-
diation of CodeBroker, softwaredeveloperscan thus benefitfrom eachother’s work
andimprove the productivity of softwaredevelopmentthroughavoiding unnecessary
repetitionof work.
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