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Abstract. Programminchasprovidedarich domainfor Artificial Intelligencein Ed-
ucationand mary systemshave beendevelopedto advisestudentsaboutthe bugs
in their programs eitherduring programdevelopmentor post-hoc.Surprisinglyfew
systemshave beendevelopedspecificallyto teachdehugging.Learningernvironment
builders have assumedhat eitherthe studentwill be taughttheseelsavhereor that
they will belearntpiecemealvithout explicit advice.

This paperreportson two experimentson Jasa deluggingstratejy by novice pro-
grammersanddiscussegheirimplicationsfor the designof adehuggingtutorfor Java
that paysparticularattentionto how studentsusethe variety of programrepresenta-
tions available. The experimentalresultsarein agreementvith researchin the area
that suggestshat good detugging performanceds associatedvith a balanceduseof
the available representationand a sophisticateduse of the delugging stepfacility
which enablegprogrammergo detectand obtaininformationfrom critical moments
in theexecutionof theprogram A balancediseof theavailablerepresentationseems
to be fosteredby providing representationg/ith a higherdegreeof dynamiclinking
aswell asby explicit instructionaboutthe representatioformalismemployedin the
programvisualisations.

I ntroduction

Thetaskof comprehendin@ pieceof codeis centralto programmingandcomprehensiors
centralto the taskof delugging. Comprehensioitself is multi-facetedandincludesunder
standingthe variousrelationshipetweernthe following (very partiallist of) representations
of a problemandits program:

(i) thecodetext itself asa specificimplementatiorof the solutionto the problem;
(i) theinput/outputbehaiour of thecodewhenrun;

(i) dynamicrepresentationsf different aspectsof the code, e.g. control flow and data-
structurerepresentationgroducedy thedehuggingervironmentandtheincidentalout-
put producedoy deliberatelyinsertedprint statementanderrormessages;

(iv) therepresentationf the realworld problemdomainthatthe programis designedo ad-
dress.



In dehuggingthe programmewill normally have to reconcilehis or herunderstandingf
thecodeasapieceof text with theotherrepresentationgivenabove. Whendehuggingwithin
the context of modernmulti-representationalehuggingervironmentsa specialemphasiss
normally placedon the relationsbetweerall of theserepresentationandthe programmers
expectationof the input/outputbehaiour of the programin comparisorwith how it actually
behaes.

This paperis in threefurther parts. The next sectionoffers a brief review of the areaof
deluggingasa cognitive actvity. The papercontinuesby describingtwo experimentsvhere
computersciencestudentdried to find errorsin Java programsusinga software delugging
ernvironment(SDE) that provided themwith concurrentlydisplayed,adjacentmultiple and
linkedrepresentationg heseprogrammingepresentationsomprisedhe programcode,vi-
sualisation®f it andits output.

Thefirst experimentwasperformedwith a static SDE while the secondoneemployeda
dynamic,moreinteractve SDE. An importantquestionaddressedh theseexperimentshad
to do with characterisinghe dehuggingstratgyiesof goodprogrammerssa way to analyse
the component®f the deluggingskill in the context of modern,multi-representationgiro-
grammingernvironments Finally the experimentalresultsare usedto mapout designissues
for atutor for Javadehugging.

1. Teaching debugging

An interestingquestionconcernsvhethermovicescanbetaughtto becomebetterdeluggers
by directinstructionratherthansimply by amassinglehuggingexperiencan anadhocfash-
ion aspartof their generaincreasan programmingskill.

Teachingdehuggingcanbe doneattwo levels:teachingdehuggingstratey or asinstruc-
tion atthelevel of structuralknowledgeof programming.

1.1 Dehugging strategy

Researclon deluggingstratg)y hasconcentratean characterisinghe stratgies of experi-
encedprogrammeror/andcomparingtheseto the stratgies employed by novices, hoping
to obtainin this way a list of good and poor dehugging stratgjies, seee.g. [6, 7, 8, 21].
Thisresearcthasfoundasetof detuggingstrateiesthatcanbe classifiedroughlyinto those
that reflect either forward reasoningor badkward reasoning[10]. The first category com-
prisesthosestratgiesin which programmersstartthe bug searchfrom the programcode,
while the secondnvolvesstartingfrom theincorrectbehaiour of the programandreasoning
backwardsto the origin of the problemin the code.Examplesof forward reasoningnclude
compehensionwherebugsarefound while the programmeis building a representatiof
the programandhandsimulation whereprogrammergvaluatethe codeasif they werethe
computerBackwardreasoningncludesstratgiessuchassimplemappingandprogramslic-
ing [22]. In simplemappingthe programs outputpointsdirectly to theincorrectline of code,
while in programslicing the programmerconcentratesn the outputbehaiour of the pro-
gramandworks backthroughthe codeto seewhich partsof it would have beenresponsible
for thatoutputandignoringtherest(for the moment).



1.2 Structural knowledg

Comprehensiois centralto delugginganda crucial characteristiof comprehensiors that
it involvesthe coordinationof several, complementanaspectof the code[15]. One way
to explain the different stratgies promotedby programmingexperienceis in termsof the
differencesn the mentalrepresentationthat programmersave built of the programsthey
aretrying to understandd.

Onewayto improve detuggingperformancevould beto improve thequality of themen-
tal representatioproducedby the programcomprehensiomrocess.The questionis there-
fore how to promotea robust, multi-facetednentalrepresentationf the programin hand.A
possibleapproacho promotethis multi-facetednternalrepresentatiomvould be to employ
multiple externalrepresentations.

Work in Software Visualisation(SV) hasstartedto take advantageof multiple external
representationm programming3, 5, 13, 14]. In SV, the programcodeis complementedhy
arepresentatiofnormallya graphicalrepresentationthathighlightsimportantaspect®f its
execution.The hopeof SV is thatif studentscanseethe internalworkingsof the program
thenthis can serne asinstruction, strengtheningheir mentalrepresentationand possibly
fixing any misconceptionsHowever, therearetwo assumptionsnadeby this approacha)
thatprogrammerwill indeeduse(i.e. seg the visualisationandb) thatthey will be ableto
decodeaheinformationcomprisedn it.

It is notclearhow mary of thesdiindingsgeneralisacrosdanguagearadigmsResearch
in theareaof programcomprehensiorsuggestsfor example thatthe mentalrepresentations
of programmersireaffectedby notationalpropertiesof thelanguagg16]. In thecaseof Java,
for example,oneinfersthe behaiour of a programfrom the codebut a variety of language
featureqe.g.polymorphismandthreads)make the balancebetweencomplex inferenceand
surfaceanalysigdifferentcomparedo proceduralanguagesuchasPascal.

1.3 Intelligenttutoring systemsor dehugging

Programmindhasprovidedarich domainfor Artificial Intelligencein Educatiorsystemsand
mary of themhave beendevelopedto advisestudentsaboutthebugsin theirprogramseither
during programdevelopment[1] or post-hoc[9, 12]. Surprisinglyfew if ary systemshave
beendevelopedspecificallyto teachdelugging,andenvironmentbuildershave assumedhat
eitherthestudentwill betaughttheseelsavhereor thatthey will belearntpiecemealvithout
explicit advice.Someprogresshasbeenmadein Prolog[11, 12,20, 23].In [2] it is reported,
to the bestof our knowledge,the only attemptto build a tutoring systemto teachdehugging
skills explicitly . Unfortunately the scopeof this projectwasquite modesiandalsospecificto
Prolog.

Our approacho designinga tutor for detuggingfocuseson both stratgic andstructural
knowledge.Thesetwo aspectf programmingknowledge canbe consideredastwo sides
of the samecoin. Changesn the organisationof programmersmentalrepresentationsan
promotechangesn their programcomprehensioanddehuggingstratgies[4, 16]. It seems
reasonabléo assumean inter-play betweenthesetwo aspectof programmingknowledge;
for example,changesn the deluggingervironmentthat promotea changean stratgyy might
producemodificationsn the organisatiorof the programmersmentalrepresentations.

Multi-representationaleluggingervironmentsseemnspeciallysuitableto explorethis ap-
proach.They normallyincludeprogramvisualisationsvhich might helpto promotea multi-



facetedmentalrepresentationf the program.On the otherhand,they provide functionality
intendedto supportthe implementatiorof sounddeluggingstratgies. Unfortunately most
studiesaboutprogramcomprehensioanddelugginghave notemployedthesesortsof envi-
ronmentsWe startedby performingempiricalstudiesin a multi-representationalelugging
ernvironmentandthenusedthe resultsas desiderataowardsthe designof a tutor for gen-
eraldehuggingskills in Java. A brief descriptionof the methodandresultsof thesestudies
follows.

2. Debugging strategiesin Java

The aim of the experimentsreportedherewasto relate dehugging behaiour to accurag.
In the first experiment,the focuswason relatingthe useof the representationprovided to
deluggingaccurag while in the secondonethe focuswason relatingthe useof the delug-
ging stepfacility aswell asthe availablerepresentation® deluggingperformanceThefirst
experimentwas performedwith a static versionof the SDE while the secondemployed a
dynamicversionof thistool. Thefollowing sectionsdescribethis tool andthe two empirical
studies.

2.1 Thesoftwae developmenervironment
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Figure 1. Thedehuggingernvironmentusedby participants.

In both experimentsparticipantstried to find errorsin Jasa programsusing a multi-
representationgbDE, seeFigure 1. This tool enabledthemto seethe programcode,visu-



alisationsof it andits output. It also allowed visual attentionto be tracked by presenting
visualstimuliin ablurredform. Whentheuserclicks on ary partof thescreena sectionof it
aroundthemousepointerbecomegocusedseetopright portionof Figurel). In thisway, the
programrestrictshow muchof astimuluscanbe seenclearlyastheusermovesanunblurred
‘foveal’ areaaroundthe screenUseof the SDE enablednoment-by-momentepresentation
switching betweenconcurrentlydisplayed,adjacentrepresentations be capturedfor later
analysis.

2.2 Usinga staticsetof representations

In the first experimentthe SDE enabledparticipantsto seethe programcode,its outputfor
a sampleexecution,and a visualisationof this executionwhich presentednformationin
eithergraphicalor textual form. Forty nine computerscienceundegraduatestudentsfrom
the Schoolof Cognitive and ComputingSciencesat Suss& University, U.K. participatedn
this experiment.They deluggedseveral Java programspresentedo themin the SDE. This
tool recordedtheir computerinteractiongmousemovementsandkeyboardactions)aswell
astheirverbalisationsFor afull descriptionof the methodof this experimentseg[19].

Experimentparticipantswere cateyorised post-hocinto less and more experiencedin
termsof their backgroundn programmingMore experiencedoarticipantswere more suc-
cessfulthan the lessexperiencedparticipantsin detectingerrorsin the programs.Also, it
seemedhat graphicalvisualisationsvere more helpful when programmerdaceda dehug-
ging taskwith anintermediatedegreeof difficulty.

Additionally, the resultsof this experimentlink programmingexperienceto switching
behaiour, suggestinghatalthoughswitchesbetweenthe codeandthe visualisationarethe
mostcommonones programmingexperiencemight promotea morebalancedswitchingbe-
haviour betweerthe mainrepresentatiorthe code,andthesecondarynes.

A qualitative analysisof two contrastingparticipantsof this experiment[17] suggested
thatdelhuggingsessionstartwith aninitial programcomprehensioepisodewhich variedin
length. Sometimeghis comprehensiompisodewasrelatively short,while at othertimesit
extendedto cover almostall the dehuggingsessionAlso, this qualitatve analysisdetected
two differentstratayiesto locatebugs:by spottingsomethingoddin theprogramcodeandby
comparingnformationfrom the differentexternalrepresentationavailable.

The first stratgy to spoterrorsis deployed within the initial programcomprehension
episode.Occasionallyparticipantswould discover a suspiciouspieceof codewhile at this
initial comprehensioepisode Sometimeshis discovery would promptparticipantdo report
this pieceof codeascontaininganerror.

After theseinitial code browsing episodesparticipantswould sometimesengagein a
coordinationof representationspisode.Thesewere characterisedby frequentswitchesbe-
tweenthe code and one of the othertwo representationdt seemsthat participantswere
trying to build a morerobustunderstandin@f the programby integratinginformationfrom
differentexternal representationgeasoningoackwardsand forwardsfrom the codeto the
visualisationsand output, combiningthe handsimulationand causalreasoningdehugging
stratgyies[10]. This wasthe secondstrate)y to detecterrors.Sometimesheseepisodesn-
volving coordinationof therepresentationsould help participantgo discover andreportan
error.

Thesestratgjies may be linked to cognitive characteristicof the programmersuchas



level of programmingskill anddisplaymodality preferencelt seemsfor example,thatpro-
grammerswith a high level of verbal ability might preferto work in a uni-modal, textual
ervironmentand thereforeto concentrateon the codefor most of the delugging session.
However, it alsoseemghatthis errorfinding strateyy is not aseffective asusingandtrying
to coordinatehe severalrepresentationavailable.

2.3 Usinga dynamicsetof representations

In the secondexperimentthe SDE enabledparticipantso view the executionof a Java pro-
gramandpresentedn additionto the code,its outputandtwo visualisationf its execution.
Participantswereableto view the executionof the programby steppingbetweerpredefined
breakpointdor a specificsamplenput.

This time forty two computerscienceundegraduatestudentsrom the Schoolof Cog-
nitive and ComputingSciencesat Sussg& University, U.K. participatedin this experiment.
They deluggedseveral Jasa programspresentedo themin the SDE which recordedtheir
computerinteractionaswell astheir verbalisationsFor a full descriptionof the methodof
this experimentsee[18].

The experimentalsettingsfor this experimentwere similar to thoseof the static SDE
experiment;however, oneimportantdifferenceis thatin onepartof this experimentpartic-
ipants performeda dehugging sessionwith the visualisationwindows empty This experi-
mentalconditionwasincludedto explorewhetherthesevisualisationsvereindeedhelpful to
programmersndthereforenfluencedheir deluggingperformance.

The full analysisof this experimentis not yet completebut a preliminary analysisfor
a subgroupof the participantshasshown that participantswho were successfuht spotting
bugsrely more thanlesssuccessfubneson the information provided by the visualisation
representationso performthe dehuggingtask. The empty visualisationscontrol condition
decreasethe dehuggingaccurayg of successfuparticipantswhile it increasedhe accurag
of lesssuccessfubnes.

Theseresultsalsoshow thattherearedifferentpatternsof representatiomnd execution
control usefor programmerswith differentlevels of delugging accurag. In general,suc-
cessfulparticipantsnadeuseof the two supportingvisualisationswhile lesssuccessfubnes
concentratedoo muchon the code.Also, successfuparticipantsexecutedthe programin
stepswhile lesssuccessfubnesexecutedit in onego. By executingthe programin steps,
successfuparticipantsvere ableto detectthe momentin the executionwerethe bug mani-
festeditself by causinginconsistentaluesto appealin oneof the supportingvisualisations.
Participantswho wereableto detectthesecritical momentsandvisualisationsverealsoable
to decodeandmalke useof theinformationin thesevisualisationdo spotthe programerrors.

In summarisinghe resultsof thesetwo experimentst seemghat gooddeluggingper
formanceis associatedvith taking adwvantageof the resourcesvailable in the dehugging
ernvironment.For modernmulti-representationalebuggingernvironmentsfwo importantre-
sourcesarethe supportingvisualisationsandthe facility to executethe programin steps. A
crucial skill in taking advantageof theseresourcess the ability to decodethe information
comprisedn the supportingvisualisationsThis skill might be fosteredby providing repre-
sentationsvith ahigherdegreeof dynamiclinking aswell asby explicit instructionaboutthe
representatioformalismemployedin the programvisualisations.

Although individual differencesand cognitive preferencesnight be behindthe decision



to adoptone delugging strateyy insteadof anothey it seemghat thereare somestratayies
which aremoreeffective thanothers.lt is anopenissuewhetherenrichingthe problemsolv-
ing resource®f studentdy teachingspecificstratgiesmight improve their deluggingper
formance.

Many further questionssuggesthemseles.For example:is it possibleto getarny mea-
sureof the distancebetweensymptomandbug and how this affectsthe succes®f various
stratgjies?Are therefurtherdimensionge.g.learningstyle)thataffectalearners preference
for individual or particularmixesof representation?

3. Towardsa Debugging Tutor for Java

In teachingdeluggingwe candistinguishbroadlybetweergeneraldeluggingheuristicsand
program-specifienterventions.The generalheuristicsinclude sensibleuseof deluggerstep
facility, choiceof appropriateepresentationandsensiblesearchspacereductionheuristics.
While program-specifi¢acticsinclude noticing particulardiscrepantaluesin outputor the
exact natureof an error messageThereis an areaof overlap betweenthe generalandthe
program-specifidn thateachprogram-specifiinterventioncanbe generalised.

In thinking aboutthe designof a deluggingtutor, we concentraten generalheuristics,
andonthebestuseof representationgustin the sameway thatour experimentalSDE could
monitor which window the userhasin focus,so could a potentialdehuggingtutor. It could
embodya numberof monitoringrulesthatkeptdynamictrack of bothfocusof attentionand
switching behaiour to guide the studentto pay attentionin more sensibleplaces.In this
way one could imaginea tutor for deluggingthat wastrying to teachaboutthe processof
deluggingin generathroughguidanceon how to delug a particularprogram.

Justasit is difficult from anexperimentalpoint of view to determineexactly why a par
ticular studentis payingmoreattentionto a particularrepresentatiomatherthananothey so
it is alsodifficult from the point of view of a tutoring system.It may well needto employ
specificdiagnostidestsor indeedaskthe studenthaving detectedan ‘unbalancedpatternof
representationyhetherthis usereflects:

1. A lack of familiarity with the representationdiorms on offer, in which caseoffering
exercisein theinterpretatiorof the representationsight bethe beststrateyy, or

2. The studentis attemptingto minimise cognitive load just becauses/heis a novice, in
which casegentleencouragemerandpatiencemight bethe beststrateyy, or

3. The studentis familiar with the representationandis experiencedput is a ‘unimodal’
personwho preferscodeandoutputonly ratherthana ‘transmodal’personwho lik esto
switcharoundalot. In this casethebeststrategy depend®nhighereducationabbjectves
to dowith whetherthesystemshouldattempto movethe studentowardsamoreversatile
transmodalnteraction,or simply supportthemin their unimodalinteraction.

Dependingon the systems decision,windows could be offered/withdravn andthe SDE
could be dynamicallyre-configuredMoreover familiarity with the visualisationscould also
be improved by enhancinghe dynalinksbetweenthe available representationdith more
analysisour existing dynamicexperimentaldata(pretestand processlata)may allow usto
identify peopleasfalling into the threecateyoriesabove to someextentand,with luck, there



may be detectablalifferencesn SDE usagepatternassociatedavith theseunderlyingfactors
which might be exploitablein atutor.

In termsof program-specifitnterventions the tutor could alsopay attentionto stepping
behaiour. If the students spendingoo longin thefirst breakpointor/andif sheis executing
the programin onego sheis probablymissingthecritical breakpointandvisualisationlf the
tutor knows whatis the errorit could even, if thisis necessaryleadthe studentto discover
this critical breakpointandvisualisation.

4. Conclusion

This paperdiscusses possibledesignfor atutor for detugging. This designis basedon the
experimentakesultsof two dehuggingempiricalstudieswhich arebriefly reportedhere.
Thesestudiessuggesthatgooddehuggingperformances associatedavith takingadwan-
tageof theresourcesvailablein thedeluggingenvironment.For modernmulti-representational
deluggingervironments two importantresourcesrethe supportingvisualisationsandthe
facility to executetheprogramin stepsA crucialskill in takingadwantageof theseresources
is the ability to decodetheinformationcomprisedn the supportingvisualisations.
Theseexperimentakesultshave beenusedasdesideratdaowardsthe designof a tutor for
generadehuggingskills in Java thatpaysparticularattentionto representationse.
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