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Abstract. Programminghasprovideda rich domainfor Artificial Intelligencein Ed-
ucationand many systemshave beendevelopedto advisestudentsabout the bugs
in their programs,eitherduring programdevelopmentor post-hoc.Surprisinglyfew
systemshave beendevelopedspecificallyto teachdebugging.Learningenvironment
buildershave assumedthat either the studentwill be taughttheseelsewhereor that
they will belearntpiecemealwithout explicit advice.

This paperreportson two experimentson Java debuggingstrategy by novicepro-
grammersanddiscussestheir implicationsfor thedesignof adebuggingtutor for Java
that paysparticularattentionto how studentsusethe variety of programrepresenta-
tions available.The experimentalresultsare in agreementwith researchin the area
that suggeststhat gooddebuggingperformanceis associatedwith a balanceduseof
the available representationsand a sophisticateduseof the debugging stepfacility
which enablesprogrammersto detectandobtaininformationfrom critical moments
in theexecutionof theprogram.A balanceduseof theavailablerepresentationsseems
to be fosteredby providing representationswith a higherdegreeof dynamiclinking
aswell asby explicit instructionabouttherepresentationformalismemployedin the
programvisualisations.

Introduction

Thetaskof comprehendinga pieceof codeis centralto programmingandcomprehensionis
centralto the taskof debugging.Comprehensionitself is multi-facetedandincludesunder-
standingthevariousrelationshipsbetweenthefollowing (verypartial list of) representations
of aproblemandits program:

(i) thecodetext itself asaspecificimplementationof thesolutionto theproblem;

(ii) theinput/outputbehaviour of thecodewhenrun;

(iii) dynamic representationsof different aspectsof the code,e.g. control flow and data-
structurerepresentations,producedby thedebuggingenvironmentandtheincidentalout-
put producedby deliberatelyinsertedprint statementsanderrormessages;

(iv) the representationof therealworld problemdomainthat theprogramis designedto ad-
dress.



In debuggingtheprogrammerwill normallyhaveto reconcilehisor herunderstandingof
thecodeasapieceof text with theotherrepresentationsgivenabove.Whendebuggingwithin
thecontext of modern,multi-representationaldebuggingenvironments,aspecialemphasisis
normallyplacedon therelationsbetweenall of theserepresentationsandtheprogrammer’s
expectationof theinput/outputbehaviour of theprogramin comparisonwith how it actually
behaves.

This paperis in threefurtherparts.Thenext sectionoffersa brief review of theareaof
debuggingasa cognitiveactivity. Thepapercontinuesby describingtwo experimentswhere
computersciencestudentstried to find errorsin Java programsusinga softwaredebugging
environment(SDE) thatprovided themwith concurrentlydisplayed,adjacent,multiple and
linkedrepresentations.Theseprogrammingrepresentationscomprisedtheprogramcode,vi-
sualisationsof it andits output.

Thefirst experimentwasperformedwith a staticSDEwhile thesecondoneemployeda
dynamic,moreinteractive SDE.An importantquestionaddressedin theseexperimentshad
to do with characterisingthedebuggingstrategiesof goodprogrammersasa way to analyse
thecomponentsof thedebuggingskill in thecontext of modern,multi-representationalpro-
grammingenvironments.Finally theexperimentalresultsareusedto mapout designissues
for a tutor for Javadebugging.

1. Teaching debugging

An interestingquestionconcernswhethernovicescanbetaughtto becomebetterdebuggers
by directinstructionratherthansimplyby amassingdebuggingexperiencein anadhocfash-
ion aspartof theirgeneralincreasein programmingskill.

Teachingdebuggingcanbedoneat two levels:teachingdebuggingstrategy or asinstruc-
tion at thelevel of structuralknowledgeof programming.

1.1 Debuggingstrategy

Researchon debuggingstrategy hasconcentratedon characterisingthestrategiesof experi-
encedprogrammersor/andcomparingtheseto the strategiesemployed by novices,hoping
to obtain in this way a list of good andpoor debuggingstrategies,seee.g. [6, 7, 8, 21].
This researchhasfoundasetof debuggingstrategiesthatcanbeclassifiedroughlyinto those
that reflecteither forward reasoningor backward reasoning[10]. The first category com-
prisesthosestrategies in which programmersstart the bug searchfrom the programcode,
while thesecondinvolvesstartingfrom theincorrectbehaviour of theprogramandreasoning
backwardsto theorigin of theproblemin thecode.Examplesof forwardreasoninginclude
comprehension, wherebugsarefoundwhile theprogrammeris building a representationof
theprogramandhandsimulation, whereprogrammersevaluatethecodeasif they werethe
computer. Backwardreasoningincludesstrategiessuchassimplemappingandprogramslic-
ing [22]. In simplemappingtheprogram’soutputpointsdirectly to theincorrectline of code,
while in programslicing the programmerconcentrateson the outputbehaviour of the pro-
gramandworksbackthroughthecodeto seewhich partsof it would have beenresponsible
for thatoutputandignoringtherest(for themoment).



1.2 Structural knowledge

Comprehensionis centralto debugginganda crucialcharacteristicof comprehensionis that
it involves the coordinationof several, complementaryaspectsof the code[15]. Oneway
to explain the differentstrategiespromotedby programmingexperienceis in termsof the
differencesin the mentalrepresentationsthatprogrammershave built of the programsthey
aretrying to understand[4].

Onewayto improvedebuggingperformancewouldbeto improvethequalityof themen-
tal representationproducedby the programcomprehensionprocess.The questionis there-
fore how to promotea robust,multi-facetedmentalrepresentationof theprogramin hand.A
possibleapproachto promotethis multi-facetedinternalrepresentationwould be to employ
multipleexternalrepresentations.

Work in SoftwareVisualisation(SV) hasstartedto take advantageof multiple external
representationsin programming[3, 5, 13, 14]. In SV, theprogramcodeis complementedby
a representation(normallyagraphicalrepresentation)thathighlightsimportantaspectsof its
execution.The hopeof SV is that if studentscanseethe internalworkingsof the program
then this can serve as instruction,strengtheningtheir mentalrepresentationsand possibly
fixing any misconceptions.However, therearetwo assumptionsmadeby this approach:a)
thatprogrammerswill indeeduse(i.e. see) thevisualisationandb) that they will beableto
decodetheinformationcomprisedin it.

It is notclearhow many of thesefindingsgeneraliseacrosslanguageparadigms.Research
in theareaof programcomprehension,suggests,for example,thatthementalrepresentations
of programmersareaffectedby notationalpropertiesof thelanguage[16]. In thecaseof Java,
for example,oneinfers thebehaviour of a programfrom thecodebut a varietyof language
features(e.g.polymorphismandthreads)make thebalancebetweencomplex inferenceand
surfaceanalysisdifferentcomparedto procedurallanguagessuchasPascal.

1.3 Intelligenttutoringsystemsfor debugging

Programminghasprovidedarich domainfor Artificial Intelligencein Educationsystemsand
many of themhavebeendevelopedto advisestudentsaboutthebugsin theirprograms,either
during programdevelopment[1] or post-hoc[9, 12]. Surprisinglyfew if any systemshave
beendevelopedspecificallyto teachdebugging,andenvironmentbuildershaveassumedthat
eitherthestudentwill betaughttheseelsewhereor thatthey will belearntpiecemealwithout
explicit advice.Someprogresshasbeenmadein Prolog[11, 12,20,23]. In [2] it is reported,
to thebestof our knowledge,theonly attemptto build a tutoringsystemto teachdebugging
skills explicitly. Unfortunately, thescopeof thisprojectwasquitemodestandalsospecificto
Prolog.

Our approachto designinga tutor for debuggingfocuseson bothstrategic andstructural
knowledge.Thesetwo aspectsof programmingknowledgecanbe consideredastwo sides
of the samecoin. Changesin the organisationof programmers’mentalrepresentationscan
promotechangesin their programcomprehensionanddebuggingstrategies[4, 16]. It seems
reasonableto assumean inter-play betweenthesetwo aspectsof programmingknowledge;
for example,changesin thedebuggingenvironmentthatpromotea changein strategy might
producemodificationsin theorganisationof theprogrammers’mentalrepresentations.

Multi-representationaldebuggingenvironmentsseemspeciallysuitabletoexplorethisap-
proach.They normallyincludeprogramvisualisationswhich might helpto promotea multi-



facetedmentalrepresentationof theprogram.On theotherhand,they provide functionality
intendedto supportthe implementationof sounddebuggingstrategies.Unfortunately, most
studiesaboutprogramcomprehensionanddebugginghavenotemployedthesesortsof envi-
ronments.We startedby performingempiricalstudiesin a multi-representationaldebugging
environmentandthenusedthe resultsasdesideratatowardsthe designof a tutor for gen-
eral debuggingskills in Java. A brief descriptionof themethodandresultsof thesestudies
follows.

2. Debugging strategies in Java

The aim of the experimentsreportedherewas to relatedebuggingbehaviour to accuracy.
In the first experiment,the focuswason relatingthe useof the representationsprovided to
debuggingaccuracy while in thesecondonethefocuswason relatingtheuseof thedebug-
gingstepfacility aswell astheavailablerepresentationsto debuggingperformance.Thefirst
experimentwasperformedwith a staticversionof the SDE while the secondemployed a
dynamicversionof this tool. Thefollowing sectionsdescribethis tool andthetwo empirical
studies.

2.1 Thesoftwaredevelopmentenvironment

Figure 1. Thedebuggingenvironmentusedby participants.

In both experimentsparticipantstried to find errors in Java programsusing a multi-
representationalSDE,seeFigure1. This tool enabledthemto seethe programcode,visu-



alisationsof it and its output. It also allowed visual attentionto be tracked by presenting
visualstimuli in ablurredform. Whentheuserclicksonany partof thescreen,asectionof it
aroundthemousepointerbecomesfocused(seetopright portionof Figure1). In thisway, the
programrestrictshow muchof astimuluscanbeseenclearlyastheusermovesanunblurred
‘foveal’ areaaroundthescreen.Useof theSDEenabledmoment-by-momentrepresentation
switchingbetweenconcurrentlydisplayed,adjacentrepresentationsto be capturedfor later
analysis.

2.2 Usinga staticsetof representations

In thefirst experimenttheSDEenabledparticipantsto seetheprogramcode,its outputfor
a sampleexecution,and a visualisationof this executionwhich presentedinformation in
eithergraphicalor textual form. Forty nine computerscienceundergraduatestudentsfrom
theSchoolof Cognitive andComputingSciencesat Sussex University, U.K. participatedin
this experiment.They debuggedseveral Java programspresentedto themin the SDE.This
tool recordedtheir computerinteractions(mousemovementsandkeyboardactions)aswell
astheir verbalisations.For a full descriptionof themethodof this experimentsee[19].

Experimentparticipantswere categorisedpost-hocinto lessand more experiencedin
termsof their backgroundin programming.More experiencedparticipantsweremoresuc-
cessfulthan the lessexperiencedparticipantsin detectingerrorsin the programs.Also, it
seemedthat graphicalvisualisationsweremorehelpful whenprogrammersfaceda debug-
ging taskwith anintermediatedegreeof difficulty.

Additionally, the resultsof this experimentlink programmingexperienceto switching
behaviour, suggestingthatalthoughswitchesbetweenthecodeandthevisualisationarethe
mostcommonones,programmingexperiencemight promotea morebalancedswitchingbe-
haviour betweenthemainrepresentation,thecode,andthesecondaryones.

A qualitative analysisof two contrastingparticipantsof this experiment[17] suggested
thatdebuggingsessionsstartwith aninitial programcomprehensionepisodewhichvariedin
length.Sometimesthis comprehensionepisodewasrelatively short,while at othertimesit
extendedto cover almostall the debuggingsession.Also, this qualitative analysisdetected
two differentstrategiesto locatebugs:by spottingsomethingoddin theprogramcodeandby
comparinginformationfrom thedifferentexternalrepresentationsavailable.

The first strategy to spot errorsis deployed within the initial programcomprehension
episode.Occasionallyparticipantswould discover a suspiciouspieceof codewhile at this
initial comprehensionepisode.Sometimesthisdiscoverywouldpromptparticipantsto report
this pieceof codeascontaininganerror.

After theseinitial codebrowsing episodes,participantswould sometimesengagein a
coordinationof representationsepisode.Thesewerecharacterisedby frequentswitchesbe-
tweenthe codeand one of the other two representations.It seemsthat participantswere
trying to build a morerobustunderstandingof theprogramby integratinginformationfrom
differentexternal representations,reasoningbackwardsand forwardsfrom the codeto the
visualisationsandoutput,combiningthe handsimulationandcausalreasoningdebugging
strategies[10]. This wasthe secondstrategy to detecterrors.Sometimestheseepisodesin-
volving coordinationof therepresentationswouldhelpparticipantsto discoverandreportan
error.

Thesestrategiesmay be linked to cognitive characteristicsof the programmersuchas



level of programmingskill anddisplaymodalitypreference.It seems,for example,thatpro-
grammerswith a high level of verbalability might prefer to work in a uni-modal,textual
environmentand thereforeto concentrateon the codefor most of the debugging session.
However, it alsoseemsthat this errorfinding strategy is not aseffective asusingandtrying
to coordinatetheseveralrepresentationsavailable.

2.3 Usinga dynamicsetof representations

In thesecondexperimenttheSDEenabledparticipantsto view theexecutionof a Java pro-
gramandpresented,in additionto thecode,its outputandtwo visualisationsof its execution.
Participantswereableto view theexecutionof theprogramby steppingbetweenpredefined
breakpointsfor aspecificsampleinput.

This time forty two computerscienceundergraduatestudentsfrom the Schoolof Cog-
nitive andComputingSciencesat Sussex University, U.K. participatedin this experiment.
They debuggedseveral Java programspresentedto themin the SDE which recordedtheir
computerinteractionaswell astheir verbalisations.For a full descriptionof the methodof
this experimentsee[18].

The experimentalsettingsfor this experimentwere similar to thoseof the static SDE
experiment;however, oneimportantdifferenceis that in onepartof this experimentpartic-
ipantsperformeda debuggingsessionwith the visualisationwindows empty. This experi-
mentalconditionwasincludedto explorewhetherthesevisualisationswereindeedhelpful to
programmersandthereforeinfluencedtheir debuggingperformance.

The full analysisof this experimentis not yet completebut a preliminaryanalysisfor
a subgroupof the participantshasshown that participantswho weresuccessfulat spotting
bugsrely more than lesssuccessfuloneson the informationprovided by the visualisation
representationsto performthe debugging task.The emptyvisualisationscontrol condition
decreasedthedebuggingaccuracy of successfulparticipantswhile it increasedtheaccuracy
of lesssuccessfulones.

Theseresultsalsoshow that therearedifferentpatternsof representationandexecution
control usefor programmerswith different levels of debuggingaccuracy. In general,suc-
cessfulparticipantsmadeuseof thetwo supportingvisualisationswhile lesssuccessfulones
concentratedtoo muchon the code.Also, successfulparticipantsexecutedthe programin
stepswhile lesssuccessfulonesexecutedit in onego. By executingthe programin steps,
successfulparticipantswereableto detectthemomentin theexecutionwerethebug mani-
festeditself by causinginconsistentvaluesto appearin oneof thesupportingvisualisations.
Participantswhowereableto detectthesecritical momentsandvisualisationswerealsoable
to decodeandmakeuseof theinformationin thesevisualisationsto spottheprogramerrors.

In summarisingthe resultsof thesetwo experimentsit seemsthat gooddebuggingper-
formanceis associatedwith taking advantageof the resourcesavailable in the debugging
environment.For modern,multi-representationaldebuggingenvironments,two importantre-
sourcesarethesupportingvisualisationsandthe facility to executetheprogramin steps.A
crucial skill in taking advantageof theseresourcesis the ability to decodethe information
comprisedin thesupportingvisualisations.This skill might be fosteredby providing repre-
sentationswith ahigherdegreeof dynamiclinking aswell asby explicit instructionaboutthe
representationformalismemployedin theprogramvisualisations.

Although individual differencesandcognitive preferencesmight bebehindthedecision



to adoptonedebuggingstrategy insteadof another, it seemsthat therearesomestrategies
whicharemoreeffective thanothers.It is anopenissuewhetherenrichingtheproblemsolv-
ing resourcesof studentsby teachingspecificstrategiesmight improve their debuggingper-
formance.

Many further questionssuggestthemselves.For example:is it possibleto get any mea-
sureof the distancebetweensymptomandbug andhow this affectsthe successof various
strategies?Are therefurtherdimensions(e.g.learningstyle)thataffecta learner’spreference
for individualor particularmixesof representation?

3. Towards a Debugging Tutor for Java

In teachingdebuggingwecandistinguishbroadlybetweengeneraldebuggingheuristicsand
program-specificinterventions.Thegeneralheuristicsincludesensibleuseof debuggerstep
facility, choiceof appropriaterepresentationsandsensiblesearchspacereductionheuristics.
While program-specifictacticsincludenoticingparticulardiscrepantvaluesin outputor the
exact natureof an error message.Thereis an areaof overlapbetweenthe generalandthe
program-specific,in thateachprogram-specificinterventioncanbegeneralised.

In thinking aboutthedesignof a debuggingtutor, we concentrateon generalheuristics,
andonthebestuseof representations.Justin thesamewaythatourexperimentalSDEcould
monitorwhich window theuserhasin focus,socoulda potentialdebuggingtutor. It could
embodyanumberof monitoringrulesthatkeptdynamictrackof bothfocusof attentionand
switching behaviour to guide the studentto pay attentionin more sensibleplaces.In this
way onecould imaginea tutor for debuggingthat wastrying to teachaboutthe processof
debuggingin generalthroughguidanceonhow to debug aparticularprogram.

Justasit is difficult from anexperimentalpoint of view to determineexactly why a par-
ticular studentis payingmoreattentionto a particularrepresentationratherthananother, so
it is alsodifficult from the point of view of a tutoring system.It may well needto employ
specificdiagnostictestsor indeedaskthestudent,having detectedan‘unbalanced’patternof
representation,whetherthis usereflects:

1. A lack of familiarity with the representationalforms on offer, in which caseoffering
exercisein theinterpretationof therepresentationsmight bethebeststrategy, or

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

3. The studentis familiar with the representationsandis experienced,but is a ‘unimodal’
personwho preferscodeandoutputonly ratherthana ‘transmodal’personwho likesto
switcharoundalot. In thiscasethebeststrategydependsonhighereducationalobjectives
to dowith whetherthesystemshouldattemptto movethestudenttowardsamoreversatile
transmodalinteraction,or simplysupportthemin their unimodalinteraction.

Dependingon thesystem’s decision,windows couldbeoffered/withdrawn andtheSDE
couldbedynamicallyre-configured.Moreover familiarity with thevisualisationscouldalso
be improvedby enhancingthe dynalinksbetweenthe availablerepresentations.With more
analysis,our existing dynamicexperimentaldata(pretestandprocessdata)mayallow usto
identify peopleasfalling into thethreecategoriesabove to someextentand,with luck, there



maybedetectabledifferencesin SDEusagepatternassociatedwith theseunderlyingfactors
whichmight beexploitablein a tutor.

In termsof program-specificinterventions,thetutor couldalsopayattentionto stepping
behaviour. If thestudentis spendingtoo long in thefirst breakpointor/andif sheis executing
theprogramin onegosheis probablymissingthecritical breakpointandvisualisation.If the
tutor knows what is theerror it couldeven, if this is necessary, leadthestudentto discover
this critical breakpointandvisualisation.

4. Conclusion

This paperdiscussesa possibledesignfor a tutor for debugging.This designis basedon the
experimentalresultsof two debuggingempiricalstudieswhich arebriefly reportedhere.

Thesestudiessuggestthatgooddebuggingperformanceis associatedwith takingadvan-
tageof theresourcesavailablein thedebuggingenvironment.Formodern,multi-representational
debuggingenvironments,two importantresourcesarethe supportingvisualisationsandthe
facility to executetheprogramin steps.A crucialskill in takingadvantageof theseresources
is theability to decodetheinformationcomprisedin thesupportingvisualisations.

Theseexperimentalresultshavebeenusedasdesideratatowardsthedesignof a tutor for
generaldebuggingskills in Java thatpaysparticularattentionto representationuse.
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