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Datastructuresandalgorithmsareessentialtopicsin elementarycomputerscienceeduca-

tion. They includeabstractconceptsandprocesses,suchasdatatypesandtheprocedural

encodingof programs,which peopleoften�nd dif�cult to understand.Softwarevisualiza-

tion cansigni�cantly helpin solvingtheproblem.

In this paper, we describethe platform independentMatrix framework that combinesal-

gorithm animationwith algorithmsimulation,wherethe userinteractsdirectly with data

structuresthrougha graphicaluserinterface. The simulationprocesscreatedby the user

canbestoredandplayedbackin termsof algorithmanimation.In addition,theusercanuse

existinglibrary routinesto createillustrationsfor advancedabstractdatatypes,or hecanuse

Matrix to animateandsimulatehis own algorithms.Moreover, Matrix providesan exten-

sive setof visualconceptsfor algorithmanimation.Theseconceptsincludevisualizations

for primitive types,arrays,lists, trees,andgraphs.Thissetcanbeextendedfurtherby using

visualizationsnestedto anarbitrarylevel.

Furthermore,wepresentthreeapplicationsbuilt onMatrix framework. TRAKLA2is aweb-

basedlearningenvironmentdedicatedto distributevisualalgorithmsimulationexercisesin

a DataStructuresandAlgorithms course. MatrixPro is a tool for instructorsfor creating

customizablealgorithmanimationsin termsof algorithmsimulation. MVT (Matrix Visual

Tester) is avisualtestingtool to makeit easierfor programmersto testanddebugtheircode.

Keywords:Softwarevisualization,automaticassessment,visualalgorithmsimulation,

algorithmanimation
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1 Intr oduction

Let usassumewecanvisualizeadatastructureandhaveanimplementedalgorithmto manipu-

lateit. Obviously, thevisualizationcanbeusedtoanimatethealgorithmbyshowingasequence

of consecutivevisualsnapshotsof thedatastructure.Duringtheexecutionof thealgorithm,the

stateof thedatastructurechanges.Thesestatesandchangescanbeanimatedfor theuser, one

afteranother. In addition,theusermayhave somekind of controlover theprocess,soheor

shecaninteractwith thesystemin orderto stopandcontinueor evenstepthroughtheanima-

tion. Theusermayalsohave theoptionto changethevaluesof programvariables(or at least

theinput datafor thealgorithm),watchthesevaluesat certainbreakpoints,andsoforth. This

kind of step-by-stepanimationandvisualizationof variablescanbecomparedto visualdebug-

ging [44, 60] of analgorithm. Moreover, theseanimationstepscanbestoredin orderto give

theusercontrolover traversingtheanimationsequencebackandforth. Wecall suchatraversal

simply algorithmanimation. Many systems[6, 8, 10, 11, 21, 39, 40, 45, 47, 49, 51, 53] have

beendevelopedfor this purpose.Figure1 illustratesthegeneraloverview of suchtraditional

algorithmanimationsystems.

Output
Data Structure

Input
Data Structure

VisualizationAlgorithm User

Data Structures

Control

Change

Control
Interface

Interaction (1,2)

Customization (1)

Operation Invocations (2)

Direct Manipulation (3)

Input (4)

Input (4)

(2,4) (2,4)

Display (1,2,3,4)

Figure1: General overview of traditional algorithm animation systems.Four interaction cyclescan be identi�ed. (1) The control

interface allows the user to customizethe layout, changeanimation speed,dir ection, etc., and (2) manipulate the data structur esby

calling prede�ned operationson them, suchasinsertion methodsfor abstract data types. (3) Dir ect manipulation enablesinteraction

betweenthe userand the graphical entitieson the display. (4) The algorithm canbeexecutedwith differ ent inputs.

Furthermore,we canallow theuserto performhis or herown operations.Thus,insteadof let-
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ting thealgorithmexecuteinstructionsandmanipulatethedatastructure,wecanallow theuser

to take controlover themanipulationprocess.Theusercandirectly changethedatastructure

onthe�y throughtheuserinterfaceandbuild analgorithmanimationbydemonstrationsimilar

to that of Animal [51] or Dance[54, 56]. Herethe usernot only hascontrol over the visual

representation(directmanipulationin Figure1), but heor shecanactuallychangetheunder-

lying datastructurein therun-timeenvironment.Thus,theuserinvokesactualoperationsby

manipulatingthegraphicaldisplayandthevisualizationis automaticallyupdatedto matchthe

changedstructure.If theuserprocessesthedatastructureasthealgorithmdid in theprevious

example,we saythat theusersimulatesthealgorithm[35, 36]. We refer to sucha simulation

processsimplyasvisualalgorithmsimulationor algorithmsimulation(seeFigure2).

VisualizationAlgorithm User

Control

Control
Interface

Data Structure

Interaction (1,2)

Customization (1)

Input (5)

Operation Invocations (2)

Output (2,5) Draw (2,4,5) Display (1,2,3,4,5)

Direct Manipulation (3,4,5)Algorithm Simulation (4,5)

Figure2: Generaloverview of algorithm animation and simulation. Five interaction cyclescanbe identi�ed. The Control Interface

(1) and (2) and its functionality remainsthe sameasin Figure 1. (3) In addition, dir ect manipulation is allowed, but (4) the changes

can alsobe delivered into the underlying data structur esin terms of algorithm simulation. Finally, (5) the underlying data structur e

canbepassedto the algorithm asan input by applying algorithm simulation functionality.

Figure2 is asimpli�ed versionof Figure1 but it still allowsmoreinteractionbetweentheuser

andthesystem.This is becausewedonotdistinguishbetweeninputandoutputstructures,and

allow theuserdirectly to interactwith any datastructurevisualization.Thus,anoutputstruc-

turecanbeusedasaninputstructurefor thesameor anotheralgorithm.This is a fundamental

differencewith directmanipulationof graphicalentitiesthatessentiallyhandlesthevisualrep-

resentationof structuresonly. Moreover, thesimulationprocesscanalwaysbecontinuedwith

any datastructure,for example,by performingsomeprede�nedoperationon it.

Algorithm simulationis a traditional classroomtechnique:the teacherdraws, stepby step,

how analgorithmchangesthecontentsand/orthestructureof a datastructure.Similarly, cor-

respondingexerciseswith adequatefeedbackcanbeusedasanexcellenttool for teachingand

learningbasicconceptsof datastructuresandalgorithms.Suchexerciseshave theobviousad-

vantagethatmany implementation-level detailsareomittedor hidden,which enablesstudents

to work on theconceptuallevel insteadof theimplementationlevel. Thus,it is easierto grasp

HelsinkiUniversityof Technology, Laboratoryof InformationProcessingScience,TKO–B154/04



8 Korhonenet al.: Matrix – a Framework for Interacti veSoftware Visualization

thebasicideasbehindalgorithms.Suchtraditionaltechniquesareimplementedin theMatrix

system,describedin this paper. Moreover, Matrix maintainsthe actualdatastructuresand

thereforeenablesthepossibilityto assessautomaticallythesimulationsequencesgeneratedby

theuser.

Naturally, algorithmsimulationincludestheideaof visualdebugging,andit is straightforward

to applyalgorithmsimulationto producealgorithmanimations.However, algorithmsimulation

is amuchmorepowerful conceptthan,for example,visualdebugging.Oneway to distinguish

betweenthesetwo is to considerthesourcecode.Visualdebuggingintrinsically requiresthat

thesourcecodeexists. Algorithm simulation,instead,only requiresthattheuserhasa mental

modelof thealgorithmto besimulated.Wearenotonly ableto changethevaluesof variables

anddatastructuresbut also,for example,theorderof theoperationsthealgorithmperforms.

Anotherway to look at thesituationis to think in termsof performedoperations.We cancon-

sideranoperationto beaprimitiveoperationif wecannotdivide it into lower-level operations.

For example,addingunity into an integer is a primitive operationin this sense.On theother

hand,thecomplexity of operationstheusercanperformduringthesimulationprocesshasno

limitations. Complex operationscanbe formedout of primitive onesin termsof algorithms,

andthesimulationcanhandleany level of operations.As anexample,considera casewhere

theuseris insertinga new key into a searchtree. Oneway to do this is to attacha new node

into the tree. In comparison,he or shecanactivatethe insertionroutinefor the treeto carry

out the sameoperation. Furthermore,a simulationhasno probleminsertinga whole setof

keys into a dictionary, or merging two dictionarieson the �y . In visualdebuggingthis is not

possible,sinceon-the-�y changesin thedatastructurescannotbecarriedoutwithoutchanging

theactualcode.

1.1 Moti vation and Research Problem

Datastructuresandalgorithmsareimportantcoreissuesin computerscienceeducation.In or-

derto learnandunderstanddatastructuresandalgorithms,thestudentmustunderstandmany

complex concepts.Algorithm animation,visual debuggingandalgorithmsimulationareall

attractiveapproachesto theproblemof illuminatingdif�cult conceptspertainingto datastruc-

turesandalgorithms. The key questionis, however, how we shouldapply thesemethodsin

order to actuallyhelp the studentsto copewith the complex conceptsthey mustunderstand

andwork with. A lot of researchhasbeencarriedout to identify the greatnumberof rules

thatwe musttake into accountwhile designingandcreatingeffective visualizationsandalgo-

HelsinkiUniversityof Technology, Laboratoryof InformationProcessingScience,TKO–B154/04



Korhonenet al.: Matrix – a Framework for Interacti veSoftware Visualization 9

rithm animationsfor teachingpurposes[3, 12, 17, 19, 43]. See,for example,the techniques

developedfor usingcolor andsound[12] or hand-madedesigns[17] to enhancethealgorithm

animations.Weargue,however, thattheseareonly minordetails(albeitimportantones)in the

learningprocessasa whole. In order to make a real differencehere,we shouldchangethe

point of view andlook at theproblemfrom the learner's perspective. How canwe make sure

the learneractuallyunderstandstheconceptsin question?It is not what the learnersees,but

whatheor shedoes.In addition,we arguethatno matterhow fancy visualizationstheteacher

has,the tools cannotcompetein effectivenesswith environmentsin which the learnermust

performsomeactionsin orderto becomeconvincedof hisor herown understanding.

From the pedagogicalpoint of view, for example,a plain tool for viewing the executionof

analgorithmis not goodenough[26]. Evenvisualdebuggingcannotcopewith theproblem

becauseit is alwaysboundto the actualsourcecode. The systemstill doesall the work and

the learneronly observesits behavior. We shouldat leastensurethatsomeprogressin learn-

ing hastaken place. This requiresan environmentwherewe cangive andobtain feedback

on the student's performance.Many ideasandsystemshave beenintroducedto enhancethe

interaction,assignments,mark-upfacilities,andsoforth, including[1, 13, 20, 22, 42, 50, 55].

On theotherhand,thevastmassesof studentsin basiccomputerscienceclasseshave led us

into asituationin whichgiving individualguidanceto asinglestudentis impossibleevenwith

semi-automatedsystems.Thus,a fully automaticinstructorwouldbeuseful,suchaspresented

in [4, 7, 9, 16, 25, 27, 28, 50, 52]. Nevertheless,the topicsof datastructuresandalgorithms

aremoreabstractthanthoseintroducedon basicprogrammingcourses.Therefore,systems

that gradeprogrammingexercisesarenot suitablehere. We aremoreinterestedin the logic

andbehavior of analgorithmthanits implementationdetails.Theproblemis to �nd asuitable

applicationframework for asystemthatis capableof interactingwith theuserthroughgeneral

purposedatastructureabstractionson the logical level (insteadof the implementationlevel)

andgiving feedbackon his or herperformance.PILOT [9] comesquitecloseto this idea. In

PILOT, thelearnersolvesproblemsrelatedto graphalgorithmsandreceivesa graphicalillus-

trationof the correctnessof the solution,alongwith a scoreandan explanationof the errors

made. However, the currenttool coversonly graphalgorithmsandfocuseson the minimum

spanningtreeproblem.Hence,ourunderstandingis thatPILOT doesnotprovideageneralpur-

poseapplicationframework thatcaneasilybeextendedto otherconceptsandproblemtypes.

The goal of the Matrix project is to develop sucha generalpurposeplatform for illustrating

all thecommondatastructureabstractionsappliedregularly to illustratethe logic andbehav-

ior of algorithms. Moreover, the platform shouldbe able to allow userinteractionin terms

HelsinkiUniversityof Technology, Laboratoryof InformationProcessingScience,TKO–B154/04



10 Korhonenet al.: Matrix – a Framework for Interacti veSoftware Visualization

of algorithmsimulation. As an application,we supporttraining in which automaticallygen-

eratedvisual feedbackis possiblefor algorithmsimulationexercises.We call sucha process

automaticassessmentof algorithmsimulationexercises[33].

1.2 RelatedWork

Next, we want to positionMatrix moregenerallyin the �eld of software visualization. This

large areaof researchhasbeenpolarizedtoward two oppositedomains,algorithm visualiza-

tion which aimsat visualizingtheworking of algorithmson a conceptuallevel, andprogram

visualizationwherethe executionof the actualalgorithm codecan be followed using vari-

ousgraphicaltools. Especially, programanimationallows considerableuserinteractionwith

thedisplaysof thedatastructuresby integratingvisualizationwithin a source-level debugger.

Moreover, integrationof programanimationandconceptanimationallowsvisualdebuggingin

suchaway thatthesystemis capableof displayingthedynamicsof aprogramandvisualizing

thecontext in which thechangesto datastructuresoccur. Thedatastructurescanbeexamined

bothin theimplementationalandtheconceptuallevel at thesametime.

AlthoughMatrix (andoneof its applications)includesanumberof programvisualizationfea-

tures,the rootsof Matrix belongto the �rst domain,the �eld of animatingconcepts,abstract

datatypes(ADTs), andalgorithms,insteadof programs.Ourbelief is thatunderstandingalgo-

rithmsis easierif we �rst omit thedetailsof theactualimplementationandguidethestudent

to tacklethecodeonly afterbuilding a viablementalmodelof how thealgorithmor theADT

works.Thus,Matrix supportsaprocesswherestudents�rst learntheabstractandthenproceed

to theconcrete(implementation).

In Matrix, the usercanstartbuilding animationsby usingonly the simulationtools without

implementingany code. He or shecan take advantageof the implementeddatastructures

availablein Matrix, andoperateon themwithin thesimulation.In addition,hecanimplement

new codethatconformsto specialconceptinterfaces,andthusfacilitatevisualization.Thekey

motivationhereis to provideseveralmethodsto generatevisualizationsfor arbitraryprograms

with minimaleffort on thepartof thevisualizer.

Thereareothertoolswithoutthesimulationfunctionalitythatarededicatedto theeasycreation

of algorithmanimations,for example,Amethyst [46], Jeliot[21], andUWPI [23]. Thesetools

analyzethegivenJavaorPascalcodetoproducethevisualization.TheJDSLVisualizer[4] tool

usesasimilarinterfaceapproachto generatevisualizationsasMatrix. Moreover, Matrix, Jeliot,

HelsinkiUniversityof Technology, Laboratoryof InformationProcessingScience,TKO–B154/04
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JDSL Visualizer, andUWPI canprovide visualizationsfor high-level conceptualdisplaysas

opposedto theconcretedatastructuresthatappearin theimplementedcode.Finally, it is worth

notingthatbothMatrix andJDSLVisualizerhave theultimategoalof allowing thesystemto

give feedbackaboutstudents'performancewhile workingwith exercises.

In orderto helppeoplegain a morethoroughunderstandingof theworking of programcode,

wehavedevelopedaMatrix-basedapplicationcalledMatrix VisualTesteror MVT thatincludes

programvisualizationtoolswhichallow theuserto view theexecutionof thecodeconcurrently

with thedatastructureanimation,andcontroltheexecution.Thesefeaturescanbeseenastools

for visual debugging that is highly useful in implementingandtestingnew algorithms. This

overlapstoolslike DDD [60] andAmethyst [46] thatcanbeconsidereddebuggerswith added

featuresfor visualizingdatastructuresmanipulatedby theprogram.

Finally, we list somedifferencesbetweenMatrix andothersystems.First, we do not know

of any othersystemthat is capableof algorithmsimulationin the senseof direct graphical

manipulationof visualizeddatastructures.Astrachanet al. discusssimulationexerciseswhile

introducingtheLambadasystem[1, 2]. However, their context is quitedifferent,becausethe

studentssimulatemodelsof practicalapplications,partlycodedby themselves,andthesystem

is usedonly to illustratetheuseof primitive datastructureswithout muchinteractionwith the

user.

Second,our approachis alsoquitedifferentfrom theworksof Stasko, KraemerandMukher-

jea[44, 53, 55, 57] wherethegeneralmethodis to generateanimationsby annotatingtheactual

algorithmcode.In Jeliot[21] theannotationmethodhasbeenautomated,but thestartingpoint

is essentiallythegivenusercode.Thisenableseasycreationof visualizationfor arbitrarycode,

but still lacksthesimulationfunctionalityprovidedby Matrix.

Third, Matrix is designedfor studentsworkingonahigherlevel of abstractionthan,for exam-

ple,JDSLVisualizer. JDSLVisualizeris intendedto helpstudentsdebugtheirown implemen-

tationsof datastructures,while Matrix is usedto illustrateandgraspthelogic andconceptsof

datastructuresandalgorithms.Of course,bothcanbeusedwhenteachingdatastructuresand

algorithms.

Fourth, Matrix is implementedin Java, which givesus more�e xibility in termsof platform

independency thanoldersystemssuchasAmethystandUWPI.

HelsinkiUniversityof Technology, Laboratoryof InformationProcessingScience,TKO–B154/04



12 Korhonenet al.: Matrix – a Framework for Interacti veSoftware Visualization

1.3 History

At HelsinkiUniversityof Technology(HUT), wehavealongtraditionof usingconceptanima-

tion andalgorithmsimulationasthekey techniquesfor teachingdatastructuresandalgorithms

(DSA). TheyearlyenrollmentonourDSA courseis over500-700students.Becauseonly one

third of themstudycomputerscienceastheir major, we have chosento usealgorithmsimula-

tion in this courseandhave setup a smallercontinuationcoursefor themajorsin which they

actuallyimplementalgorithms.

In thebasiccourse,eachstudenthasto submitsome20-25simulationexerciseswhich cover

mostbasicalgorithmsin sorting,searchingandgraphs. Due to the vastmassof submitted

exercises,we implementedandhave beenusingthe TRAKLA system[27] since1991until

2003,whenit wasreplacedby the totally new systemTRAKLA2, which is basedon Matrix.

TRAKLA generatesalgorithmsimulationexerciseswith different input data(or otherminor

modi�cations) for eachstudent,and sendsthem to the studentsby email. They solve the

assignmentsby usingmanualalgorithmsimulation,presenttheanswersin aprede�nedformat,

and submit the solutionsto TRAKLA via email for automaticassessment.The automatic

assessmentis basedoncomparingof thesubmittedanswerandthemodelanswergeneratedby

theactualimplementedalgorithm. In 1997,a graphicalWWW-baseduserinterface(WWW-

TRAKLA 1) for performingthe simulationin termsof direct manipulationwas added[33].

Then,insteadof by manualsimulationandusingsomewhatarti�cial formattingconventions,

the studentscan concentrateon working in the conceptuallevel. During this over 10-year

periodwehaveobtainedverygoodlearningresults:approximatelyhalf of thestudentsgetover

90 percentof maximumpointsandtwo thirds of themget at least80 percent.The feedback

from the studentsusingthesetools hasbeengoodandwe have saved enormousamountsof

work by notneedingto checkmanuallytensof thousandsof assignmentspercourse.

In spiteof their success,TRAKLA andWWW-TRAKLA have reachedtheir limits of devel-

opment,becausethe original designhasmany limitations. First, WWW-TRAKLA is just a

one-way front-endto TRAKLA for generatingvisualrepresentationsof datastructures.There

is no connectionto the actualimplementeddatastructuresandalgorithmsinsideTRAKLA.

This has,for example,the disadvantagethat althoughthe studentcangeneratean algorithm

simulationsequencein WWW-TRAKLA, he cannotget the correspondingmodel sequence

nor theanimationbackto thefront end.Second,sinceWWW-TRAKLA doesnot includeab-

stractdatatypefunctionality, it is morelike a guideddrawing tool insteadof a DSA learning

1In someearlydocumentsor papers,wehavealsousedthenameTRAKLA-EDIT.
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environment. Third, TRAKLA internally handlesall exercisesasseparatemoduleswithout

any true conceptualstructure. Thus,addingnew featuresandexerciseshasbeenvery time-

consumingprocess.Dueto theselimitationswe setup a projectto write a wholly new system

calledMatrix [31, 34]2 in 1999whichwewill describein thefollowing sections.

1.4 Notesabout Terminology

Algorithmsimulationis thehigherconceptfor manipulatingdatastructureson theconceptual

level. In caseof performingthe simulationon a paper, a blackboard,or someother non-

computerequipment,we usethe term manualalgorithm simulation. As an oppositeto this,

we usethetermvisualalgorithmsimulationfor operationswherethesimulationis carriedout

with a computerprogramwhich truly understandsthe context of the operations,i.e., allows

modi�cation of underlyingdatastructures.Betweenthesetwo extremestherearesimulation

methodssuchasin WWW-TRAKLA in which theoperationsarecarriedout in termsof direct

manipulation.

Finally, in the following, we usefor simplicity the term algorithmsimulationin the senseof

visualalgorithmsimulation,unlessotherwisestated.

1.5 Organizationof This Paper

Therestof this paperis organizedasfollows. In Section2, we describethedesignprinciples

usedin Matrix and,in Section3, weexplain thefeaturesof Matrix in moredetail. In Section4,

we describethreeapplications,TRAKLA2, MatrixPro, andMVT thatall usetheMatrix frame-

work. In Section5, we evaluateMatrix in thecontext setup by Priceet al. in their taxonomy

for softwarevisualization[48]. Finally, in Section6, we summarizetheresultsandpoint out

somefuturedirectionsfor development.

2 Theory and Design

In this section,we presentthetheorybehindMatrix andexplain how it affectsthedesignand

structureof thesystem.We startby brie�y describinghow Matrix is linkedto different�elds

2Theoriginalworkingnamefor Matrix wasObject-TRAKLA.
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of softwarevisualization.After thatwe explain how Matrix modelsdatastructures,visualizes

them,andallowsoperationson themin termsof algorithmsimulation.

In Subsection2.1, wedescribethebasicsof thesystemandpresentsomeconcreteexamplesof

how thesystemcouldbeusedto provide methodsfor algorithmanimationandsimulationin

general.In Subsections2.2and2.3, wedescribehow to createandinteractwith avisualization

for aparticularconceptandwhatkind of objectsareinvolvedduringtheanimationandsimula-

tion process.Moreover, in Subsection2.4, we give moreconcreteexampleshow thedifferent

conceptualizationsprovidetoolsfor raisingthelevel of abstractionwhile workingwith anAVL

treeexample.

2.1 SoftwareVisualization

Matrix makesuseof many differentsoftwarevisualizationtechniques.In this subsection,we

describethesetechniquesandhow they areappliedby Matrix.

2.1.1 Algorithm Simulation and Animation

The �rst key designidea in Matrix is that we combinealgorithmsimulationand algorithm

animation. Let us considerthis moreclosely. In algorithm simulation, the usermanipulates

graphicalobjectsaccordingto therulesallowedfor thestructurein question(likeanarrayor a

binarytree)andcreatesasequenceof visualizationsteps.Thesestepsincludebasicassignment

operationsthatcanbeusedto attachavalueinto akey �eld, to changereferences,or to invoke

userde�ned operationssuchasaninsertionor a deletionof a key. Theprimitive manipulation

operationsarecalledprimitivesimulation, andthemethodinvocationsconceptsimulation.

In algorithmanimation, theuserwatchesa displayin which thechangesin therepresentation

arebasedon theexecutionof a prede�nedalgorithm. Thus,it is thealgorithmthataltersthe

datastructure,and the visualizationsrepresentingthe structurearegeneratedautomatically.

Matrix includesbothof thesemethodsandallows themto becombinedseamlessly.

2.1.2 Algorithm Visualization

Thesecondkey designissuein Matrix is thatit aimsto work ontheconceptuallevel insteadof

thecodelevel. Thus,we promoteAlgorithmVisualization. Thesystemautomaticallycreates
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conceptualdisplaysfor datastructuresandallowstheusertoview andmanipulatethestructures

on different levels of abstraction.Our objective is to provide the studentsa broaderview of

the differenttopicson datastructuresandalgorithmsthanofferedby most text booksin the

�eld. They provide — asit is feasible— a list of algorithmsanddatastructuresclassi�edby

typical applicationareassuchasbasicstructures,sorting,searching,graphmanipulation,and

someothermiscellaneoustopics.In additionto this,wewould liketo helpthestudentsto build

mentalmodelsin which hierarchiesamongdatastructuresexist, for example,amongdifferent

classesof searchtrees.

Westressthedifferencebetweenabstractdatatypes(ADTs)andtheir implementation,i.e., we

distinguishthe semanticmeaningof a datastructureandits actualphysical implementation.

Abstractdatatypesareasetof (abstract)itemswith aprede�nedsetof operations.An example

of anADT is a dictionarythatcontainsa setof itemsandhasthreeoperations:insert, remove

andsearch.

Fundamentaldatatypes(FDTs) aredatatypesthatconnectcomponents(which maybeother

FDTs or primitive valuesin the form of keys) togetherin someway without constraintson

typeor value.ThemostcommonFDTsarearray, linkedlist, tree,andgraph.TheseFDTsare

illustratedin Figure3.

Conceptualdata types(CDTs), on theotherhand,areimplementationsfor ADTs. CDTsare

usuallyconstructedfrom FDTs or otherCDTs. A CDT may includeconstraintson the type

andcontentsof thecomponentsit is constructedfrom, aswell asthetypefor thecomponents

it canhold. For example,a binary search treeis a CDT that is constructedfrom a binary tree

(anFDT). A cleardistinctionamongtheconcepts,however, is required.Wehaveobservedtoo

oftenthatmany studentsconfusebinarytreeswith binarysearchtrees.Making thedifference

betweenFDTsandCDTsmoreexplicit shouldhelpto clarify this issue.Here,thebinarytree

FDT is areusableconceptemployedby thebinarysearchtreeCDT that�nally implementsthe

operationsde�ned in thedictionaryADT.

Theoveralldesignin Matrix for producingautomaticvisualizationsfor datastructuresis based

ontheideathatthedatastructureto bevisualizedshouldconformto prede�nedvisualconcept

interface(s). Matrix producesvisualizationsby calling the interfacemethodsfor fundamental

datatypes. Usually, the implementationof a visual conceptinterfacerequirescodingonly a

few methods.Thus, the actualdatastructureandits visual representation(s)arecompletely

separatedfrom eachother, asdepictedin Figure2.
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Figure3: Fundamental data types, such as arrays, lists, tr ees,and graphs are important reusableabstractions regularly usedin

computer science.Theseareprinted fr om the Matrix system.

Fromtheuserpoint of view, Matrix operateson a numberof visual concepts. Theseinclude

views for arrays,linkedlists,binarytrees,commontrees,andgraphs,asdepictedin Figure3.

A CDT suchastheheap,canbevisualizedby employing differentvisualconceptsincluding

thebinary treeandthearrayrepresentation.Moreover, eachvisualconceptmayhave several

layoutswhichcontrolits visualappearancein detail.

Thevisualconceptscanbenestedto arbitrarycomplexity in orderto generatemorecomplex

structuressuchasadjacency lists or B-trees. The usercanmanipulatethe structureson the

FDT level, i.e., by assigningnew valuesfor keys,changingreferencesandnodes,andsoforth.

Hecanalsowork on theCDT level by invoking,for example,theinsertanddeleteroutinesfor

thestructures.

2.1.3 Program Visualization

Ourprimarygoalhasbeenthedevelopmentof toolsin thealgorithmvisualizationdomainand

mostof our effort hasbeenput into this. However, theotherdomain,programvisualization,

hasbeenour secondarygoal for a long time. We have investigatedprogramvisualization,de-

buggingandtestingin moredetail anddeviseda combinationof methodsthatwe call visual
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Figure4: Visual representationassemblyline.

testing[38, 41]. Visualtestingcombinesprogramvisualizationat several levelsof abstraction

with interactionandanimationmethodssimilar to thoseusedin algorithmsimulationandani-

mation.By utilizing Matrix, wehavealsodevelopedaprototypevisualtestingtool calledMVT

(Matrix Visual Tester). MVT [41] canbedescribedasa visualdebuggerwith a con�gurable

dataview, executionlogging, datamodi�cation throughmanipulationof the dataview, and

graphicalexecutioncontrol.MVT is describedin moredetail in Section4.3.

2.2 Visualization Process

Matrix providesseveralmethodsfor creatingvisualizations.Thedegreeof handcodingneeded

to producea visualizationdependson the methodused.First, it is possibleto reusethe Ma-

trix library components. Theseinclude several implementationsof all supportedconcepts,

calledFundamentalDataTypes,FDTs. Someauthorsreferto thismethodastheprobingtech-

nique[39, 40]. Second,eachFDT hasthecorrespondingvisualconceptinterfacethatcanbe

implementeddirectly. Thus,it is possibleto implementa datastructurewhich directly con-

forms to the visual conceptinterface(s).Thereafterthe visualizationof the structureandthe

basicalgorithmanimationpropertiesareautomaticallysupportedbyMatrix. It shouldbenoted,

however, that this methodrequiresextra work to gain the possibility to reversethe temporal

directionof theanimation[8, 48]. Finally, it is possibleto producethevisualizationmanually

in termsof visualalgorithmsimulation.Heretheusermanipulatesthedatastructurethrough

thegraphicaluserinterface,takingsimilaractionsto whatanactualalgorithmwoulddo. Note,

however, that this third methodinvolvesno actualcodingof programs.It is discussedfurther

in Section2.3.

The overall assemblyline for producinga representationfor a datastructureis illustratedin

Figure4. Thecreationof visualizationis divided into threephasesthatareAdaptation, Vali-

dationandLayingout therepresentation.In addition,theGUI providesa way to in�uence the

functionalityof thesephases.
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2.2.1 Adapters

Thesystemtriesto treateachof thevisualizeddatastructuressimilarly throughthevisualcon-

ceptinterface.Unfortunately, this mayleadto a situationin which it is almostimpossiblefor

theprogrammerto implementtherequiredinterfaceef�ciently . Therefore,thesystemprovides

adaptersfor someof the conceptsin order to make it easierto adapta datastructureto the

concept. This adaptionis transparentfor the programmerandallows him to choosefrom a

rangeof visualconceptinterfaces.

Let us considerthe following example. Binary heapis implementedasan arrayandthe in-

tention is to visualizethe structureboth with an arrayrepresentationandwith a binary tree

representation.Thelatterone,however, requiresthestructureto bedynamic,i.e., thereshould

exist a nodeto bevisualizedfor eachoccupiedpositionin thearray. Thus,theadaptermakes

theconversionfrom thestaticarrayto thedynamicbinarytreeby creatingthenecessaryinter-

mediatenodeswhichdonotexist in theoriginalstructurebut arerequiredfor thevisualization.

2.2.2 Validation

For eachconcept,a singlevisualconceptinterfaceexiststhat is usedto preparethevisualiza-

tion. For example,everydatastructureD thatshouldhave theoptionto bevisualizedasa tree

shouldconformto thecorrespondingvisual conceptinterfaceTree . Thenext problemis to

ensurethattheprocedure,whichdisplaystreesasits output,actuallytakesoneasits input. We

shouldthereforevalidateD andremove all cycles. Thus,even if the input would bea graph,

we canstill accepttheoriginal structureandvisualizeit asa tree. In practice,this meansthat

thevisualizationonly coverstheconnectednodesof thegraphstartingfrom a givenroot node

in depth-�rst searchorder. All back, forward andcrossedgesarevisualizedasconnections

to specialterminalnodeswhoselayoutdiffers from thatof the ordinarynodes.Sincesucha

representationmaynot beintuitive, theusercanmodify thebehavior of thevalidationof trees

in orderto preventthevisualizationof suchedges.

2.2.3 Layout

The�nal phaseof creatingtherepresentationproducesthelayoutfor aconcept.Thelayoutpro-

ceduremayassumethattheinput it receivesreally follows theconceptualprinciplesdiscussed

above. Thus,the procedurereceivesan input setof nodesanda setof connectionsbetween
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themthatobey the rulesof theconcept.Theoutputis a hierarchy of thesenodesthatshould

beascloseaspossibleto what theuserexpectsto seewhile working with thecorresponding

metaphor.

Unfortunately, thereis nosinglelayoutthatis adequatefor, let ussay, all trees.At themoment,

thesystemprovidestwo layoutsfor treesthatdiffer slightly from eachother. TheGUI provides

a way to changethelayoutat run time. However, we feel thatit shouldbepossibleto addnew

layoutsto thesystemin the future. Even thoughwriting a new layout is not thesortof basic

operationthatoughtto bedoneby anenduser, we have taken into accountthepossibilityof

extendingthesetof possiblelayoutsfurther.

2.3 User Interface Entities

In this section,we presenttheuserinterfaceconceptsthat form thebasicsof algorithmsimu-

lation in Matrix. Thedynamicset(thehierarchy) H = (N; R) consistsof elementsN (nodes)

andbinaryrelationsR [ N � N (connectionsbetweennodes).Eachelementcanholdakey K .

In addition,a setmayconsistof othersets,thusallowing nestedsets.Correspondinglya hier-

archy mayconsistof nestedstructuresby allowing thekey of a nodeto beanotherhierarchy.

By allowing thenestedstructuresto bearbitrarilycomplex thesystemalsoallows thepossible

hierarchiesto bearbitrarily rich in their design.As a consequence,we canallow visualization

andinteractionwith arbitrarilycomplex symbolicmodels.

Whenweconsiderhierarchiesin thecontext of theuserinterface,therearetwo equallyimpor-

tantaspectsthatwe shouldrecognize.First, thehierarchy hasa conceptualnaturethatallows

it to arrangethenodesis suchaway thattherepresentationof themodelappealsto thehuman

intuition of the correspondingmetaphor. The dynamicnatureof the model leadsto the idea

of algorithmanimation. This is dueto the fact that in algorithmanimationthe challengeis

to visualizethe changesin the datastructuresfor the user. Second,the interactionbetween

the visualizationandthe userprovidesa meaningfulway for explorationandunderstanding

symbolicmodels,basedon datastructures,in termsof visualalgorithmsimulation.Thereare

four differenttypesof interactivecomponentsavailablein theGUI. The�rst threecomponents

behave similarly to eachother. The fourth component,thebinary relationbetweentwo other

components,hassomewhatdifferentbehavior.

Theprinciplesof how theinteractivecomponentsinteractwith eachotherarediscussedbelow.

The interpretationof the semanticmeaningof varioususeroperationsis, however, often a
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dif�cult or evenambiguousquestionwhenconsideredin general.Whilebuilding thecurrentset

of datastructureswithin Matrix wehavemadethenecessarydecisions.For futuredevelopment,

weprovide thefollowing guidelines.

2.3.1 Hierar chy, Node,and Key

A hierarchy refersto a setof nodes. Eachnodehasa key. A key canbea primitive or some

morecomplex structure.If thekey is a primitive, it hasno internalstructure,andthereforeit

cannot beexaminedfurther. If thekey is a morecomplex structure,it is treatedrecursively as

ahierarchy.

All thesethreeentitiescanbemovedaroundin thedisplay. Thesimulationconsistsof drag and

dropoperationswhichcanbecarriedoutby pickingupthesourceentityandmoving it ontothe

topof thetargetentity. Eachsingleoperationperformstheproperactionfor thecorresponding

entity, asfollows.

Let usdenotehierarchy, nodeandkey asH , N , andK , respectively. In addition,theexpression

X ! Y denotestheoperation"X is draggedanddroppedinto Y". For simplicity, we saythat

we "dragX into Y".

Moreover, thesimulationoperationsperformedfor a structuredo not changethestructureof

the visual representationbut carry out actualchangesin the underlyingdatastructure. The

changeis delivered�rst to the underlyingdatastructurethat is thenvisualizedagain for the

user.

Wearenow readyto give thede�nitions for thefollowing nineoperations:

1. H1 ! H2 (dragacomplex structureinto anotherone)

This �rst caseis very interestingbecauseit hasseveralpossiblesub-cases:

(a) If H1 and H2 are of the sametype, we could give this operationthe meaningof

Join(H1, H2). However, thecaseH1 = H2 (thestructureis draggedinto itself) is an

unusualsituationandthisshouldraiseanexception.

(b) If H1 andH2 areof differenttypes,theoperationdependsheavily on theactualdata

structureH2. For example,if anarrayof keys is draggedinto a binarysearchtree,it

wouldbefeasibleto haveeachkey insertedoneata time into thesearchtree.On the
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otherhand,if thetargetstructureis just anordinarybinarytree,we possiblycannot

haveany unambiguousoperationto perform.

Thebottomline is thatit is upto thetargetto determinewhatthiskind of operationshould

do. If H2 conformsto theinterfaceCDT, we know it hasthemethodinsert thatcould

beinvoked. Themeaningof "Insert" hereis determinedby thepersonwho implemented

H2; thusit is up to the programmerto choosewhetherthe structureshoulddo a "Join"

operationor someotheraction.In thecaseof probes(prede�nedandimplementedstruc-

turesin theMatrix framework) this choiceis alreadymadefor theuserandit follows the

wayof thinkingdescribedabove.

2. H ! N (dragacomplex structureinto anode)

ThisoperationshouldconnectH to thenodeN if suchanoperationis feasible.Otherwise

the old key K 2 N is replacedby the hierarchy H . For example,we canattacha tree

below a nodein a commontree,but we cannotperformsuchan operationfor a binary

heap.

3. H ! K (dragcomplex structureinto key)

Thisoperationreplacesthekey K with thehierarchy H for thenodeN; K 2 N .

4. N1 ! H (draganodeinto ahierarchy)

5. N1 ! N2 (similar)

6. N1 ! K (similar)

In thesethreecasesthe nodeN1 usually representssomekind of substructureH 0(N1)

that is draggedinsteadof a singlenodeandthusthis operationshouldbe treatedasthe

operationH 0 ! f H; N2; K g asabove. A new visualizationis createdfor thesubstructure

H 0 that is initiated by N1. For example,N1 could be an internalnodeof somebinary

tree. Theoperationcreatesa new visualization(a new binarytreerepresentation)rooted

atN1 andthishierarchy is thereforedraggedinto thetargetaswedid previously. Another

possibleinterpretationfor this operationis to treatthenodeN1 asa singlerepresentative

of thewholehierarchy it belongsto; thustheoperationis again thevery sameasH 00!

f H; N2; K g. In this case,no new visualizationis created.Instead,the whole structure

H 00; N1 2 H 00is moved. This would be the sameoperationasif we chosethe internal

nodeto betherootof thewholetreein thepreviousexample.This latterform of behavior

is usuallybetterwhenit is hardto de�ne whatkind of substructureshouldbemovedalong

with asinglenode.For example,it is notalwaysclearwhichpartof anarraytheoperation
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shouldaffect, if westartto draganarraystartingfrom theplacepositionedatsomeindex

i .

7. K ! H (dragakey into ahierarchy)

If H conformsto theinterfaceCDT, thecorrespondinginsert methodis invokedwith

theparameterK . Otherwise,we possiblycannotdeterminethemeaningof theoperation

andthisoperationshouldraiseanexception.

8. K ! N (dragakey into anode)

This operationresemblesthe two possibilitiesof case2. In orderto be ableto connect

the new key K to N , however, we have to createa new nodeN 0 for the key K before

the connectionbetweenthe entity K of hierarchy H; K 2 N 0 2 H andN is possible.

Thereis alsotheotheroptionin which theold key of N is replacedwith K . Thechoice

is madeby theactualFDT implementationof N (FDT). This is becausetheoperationis

completedin the correspondingFDT. This option may turn out to be very confusingif

thedecisiononhow thestructureshouldbehave in differentkindsof circumstancesis not

clear.

Unfortunately, thereseemsto beno cleardefault behavior, becauseevensuchbasiccon-

ceptsliketreesmayturnoutto behavedifferentlybut still logically. It seemsto benatural,

for example,that free treescangrow anda new nodeN 0; K 2 N 0 is connectedto some

existing nodeN by operationK ! N . On theotherhand,for binary trees(k'ary trees)

this is ambiguousbecausetheoperationdoesnot explicitly determinethepositionof the

new, possiblyabsent,(sub)tree,i.e., thereis a needfor visualizationof empty(sub)trees.

In this lattercase,it is convenientthat theoperationK ! N replacestheold key of N

with thenew key K andnonew nodesarecreated.

9. K 1 ! K 2 (dragakey into akey)

Thisoperationreplacesthekey of nodeN; K 2 2 N with thekey K 1.

2.3.2 ConnectionEntity

The discussionabove excludedthe fourth entity necessaryto fully demonstratehierarchies

andespeciallythe casein which visible connectionsbetweenthe nodesin a hierarchy exist.

Naturally, someoperationsarenecessaryfor thesebinary relationentities. Let us denotethe

relationsby R.

Basicallywecouldjustexpandthediscussionaboveandallow all operations
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f H; N; K ; Rg ! f H; N; K ; Rg: (1)

Thefunctionalityof theframework doesnot,however, supporttheoperationsf H; N; K ; Rg !

R althoughtherecouldbea meaningfulinterpretationat leastfor someof them.However, the

framework doessupporttheoperations

R ! f H; N; K g: (2)

In all of theseoperationsthebinaryrelationis supposedto beadirectededgeandtheoperation

movesthetargetof theedgeto pointto thenew location,eitherto thenew nodeN; f N jK 2 N g

or to theheadnodeof H if it is de�ned.

2.4 Working with Differ ent Levelsof Abstraction

Onedesignissuein Matrix wastheseparationof datastructuresandtheir conceptualnature.

A new datastructurecanbecreatedusingfundamentaldatatypes(FDTs),which areusedas

building blocksfor constructingconceptualdatatypes(CDTs)which areusedfor implement-

ing abstractdatatypes(ADTs).

2.4.1 Working on the FDT Level

An FDT consistsof nodeswhichareconnectedto eachotherin aspeci�c way. A largenumber

of applicationscanbecoveredby the� veprede�nedFDTs: array, linkedlist, binarytree,tree,

andgraph. Thus,an FDT is conceptuallya reusablelow-level hierarchy that canbe usedto

implementmorecomplicatedandsophisticateddatastructures.Furthermore,anFDT canbe

usedasabasisfor anevenmoresophisticatedCDT, which in turnmayimplementanADT.

The conceptualdifferencebetweenthe datatypescanbe demonstratedas follows. We can

chooseto work on the FDT level anddirectly manipulatethe contentsof the nodesandthe

connectionsbetweenthemon display. This is calledprimitive simulation. As anexample,the

FDT canbea binary tree, andwe canbuild ananimationby illustratinghow anarrayof keys

is insertedinto a binary search tree, onekey at a time. An insertionis simulatedby dragging

the insertedkey into anemptybinary treepositionbelow someleaf of the tree(case2.3.1.8,

K ! N ). The actualdatastructureis updatedanda new nodeis connectedto it with the
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Figure5: Binary TreeManipulation Example.

insertedkey asits label.Thereafter, thebinarytreerepresentationgrows by onenew nodeand

two emptypositions.

Similarly, if the userwantsto simulatethe balancingof a tree,he would changereferences

at appropriatenodesto illustraterotations. This is demonstratedin Figure5 in which frame

(1) shows thearrayof keys andtheinitially emptybinary(search)treebeforeinsertionof the

key A. In addition,in frames(2) and(3), thetreeis shown aftertheinsertionof thekey X and

whenall thekeyshavebeeninserted.In frame(4), asinglerotationto theright is demonstrated

in thenodeM aftertheuserhasupdatedtheappropriatethreereferencesin thepreviousstate.

2.4.2 Working on the CDT level

After learninghow, for example,a binary searchtreeor an AVL treefunctions,the usercan

move on to work on the CDT level andgenerateanimationswhich show the behavior of the

structurein differentcases,suchasin theworstcase.In this case,manipulatingthetreeusing

FDT operationswould be too clumsy. Instead,he or shecancontinueon the FDT level and

usetheexisting library routinesfor insertingkeys into abinarysearchtreeor into anAVL tree.

This is calledconceptualsimulation.
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In Figure6 weshow thevisualizationof aCDT employing two differentrepresentations.Heap

operationsarebestvisualizedusingthebinarytreeconceptwhereasthepracticalimplementa-

tion is usuallybasedon anarray. Both of theserepresentationsareshown simultaneouslyas

illustratedin the�gure. Moreover, theusercanperformconceptsimulationoperationson one

of themandseethecorrespondingchangesin theotheroneimmediately.

In thecaseof conceptsimulation,theinterpretationfor thedraganddropoperationis changed

if theshift key is helddown duringtheoperation.Draggingthesourceentity from its original

locationwith the shift key pressedis interpretedasa deletionof the draggedentity from its

original location. The deletionis performedafter the entity hasbeendroppedsomewhere.

Insertion(dropping)in thetargetentity is performedasdiscussedabove.

The functionof thedeleteoperationdependson thedraggedentity andits sourceentity. For

example,if thesourceentityconformsto theinterfaceCDT, thenthesourceentityhasadelete

operation,whichcanbecalledafterthedraggedelementhasbeendropped.An exampleof this

is abinarysearchtree,whichcontainskeys. Whenakey is draggedfrom thebinarysearchtree

while holdingtheshift key down, it is deletedfrom thetree. Thekey canbedroppedinto an

emptyplaceto deleteit without insertingit anywhere.If thesourceentity is anFDT structure,

thenit doesn't have a deleteoperationandthedraganddropoperationwith theshift key held

down doesn't deleteanything.
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3 The Matrix Framework

In Section2, wediscussedtheconceptsthattheMatrix framework mustsupportandthedesign

andimplementationof theframework onanabstractlevel. In thissection,wewill takeacloser

look athow theframework works.

TheMatrix framework is implementedusingtheJava programminglanguage.Initial versions

of theframework usedJavaversion1.1.Now, however, theminimumrequirementsareJava1.2

anda JAXP-compliantXML library, suchasGNU JAXP (includedwith Matrix) or Crimson

(includedwith Java 1.4). The XML library is requiredto parsethe Matrix con�guration �le

which is written in XML.

3.1 Visualization

Thevisualizationof datastructuresin theMatrix framework is basedon four visualconcepts:

visualcontainer, visualcomponent, visual referenceandvisualdata.[32]. A visualcontainer

is acomplex structure,whichholdsanumberof variables(nodes,indexes,etc.)connectedin a

speci�c way. For eachvariablein avisualcontainer, thereis avisualcomponentthatis capable

of visualizingthevariable.Theconnectionsbetweenvariablesmaybevisualizedusingvisual

referencesthatarebinaryrelationsbetweentwo visualcomponents. Furthermore,any partof a

visualizationmayhave attributesattachedto it. In particular, eachvariablehasa key attribute,

which is a referenceto visualdatathevariablerepresents.Thisvisualdatamaybeaprimitive

datatype,or a morecomplex structure.A complex key attributemaybe representedusinga

visualcontainernestedinsidethevisualcomponent.

The �gure 7 shows the inheritancehierarchy of the classesusedto implementvisualization

in the Matrix framework. The classeson the secondlevel of the hierarchy correspondto

the visual conceptsdiscussedabove. VisualContainer correspondsto visual container,

VisualComponent to visual component, VisualReference to visual reference, and

VisualPrimitive to visual data (i.e. primitive datatype). However, sinceall objects

requiredfor the visualizationhave a lot of commonfunctionality, the conceptsare inherited

from the abstractsuperclassVisualType . Functionalityfor debugging(of the framework

itself), basicsimulation,nestedAWT componenthandling,etc., which are commonto all

visualizations,is implementedin VisualType . The VisualType classis a subclassof

java.awt.Container , the Java AWT toolkit componentthat is capableof containing
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VisualPrimitiveVisualContainer VisualComponentVisualReference

VisualArrayComponentVisualNodeVisualKey

VisualTreeComponent VisualListComponent VisualGraphComponent

VisualTree VisualArray VisualList VisualGraph

VisualType

Various layouts for different visualizations

Figure7: Inheritance in visualization classes

otherAWT components.

The genericimplementationof eachvisual conceptis not, however, enoughfor ef�cient and

usefulvisualization.Thevisualizationof differentdatatypessuchasarrays, graphs, lists or

treeseachrequiredifferentfunctionality. Therefore,theclassVisualContainer hasfour

subclasses,VisualTree , VisualArray , VisualList , andVisualGraph . Eachof

thesecorrespondsto oneof theabove-mentioneddatatypes.Theseclasseshold thefunction-

ality speci�c for the visualizationandmanipulationof a particulardatatype. For example,

theVisualGraph classholdsfunctionalitythatallows theuserto addedgesto a graph,and

VisualTree makessurethatif agraphis visualizedastree,theshown structurehasnocross-

or back-edgesvisible. Moreover, eachof thefour classescorrespondingto aspeci�c datatype

hasoneor moresubclassesthatcontainthefunctionalityrequiredfor layingoutanddrawing a

certainlayout.

Eachdatatypevisualizationhasoneor morelayoutsmentionedin Section2.2. Eachlayoutfor

a particulardatatypeis containedin its own subclass.For example,theclassVisualGraph

hasthreesubclasses:VisualLayeredGraph , VisualKKGraph andVisualFRGraph .

VisualLayeredGraph implementsa versionof thedirectedacyclic graphalgorithmsup-

portingarbitrarygraphsandvariable-sizenodesfrom Chapter9 of [5], VisualKKGraph im-

plementsaversionof theKamada-Kawaigraphdrawingalgorithm[30] andVisualFRGraph

implementsa versionof the Fruchterman-Reingoldgraphdrawing algorithm[18]. Figure8

showsanexamplegraphin adjacency list formataswell asits visualizationusingeachlayout.

Similarly, theVisualComponent classhasseveralsubclassesthathandledifferentkind of

components.The most fundamentaldivision is betweenstatic anddynamicdatastructures.
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Fruchterman-Reingold[ˆ]
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Figure8: An examplegraph as(1) Fruchterman–Reingold graph, (2) layered graph, (3) Kamada-Kawai graph, and (4) adjacency

list

Staticstructures,suchasanarray, have their size(numberof components)determinedat the

time of their creationand cannotbe resizedlater. Dynamic structures,on the other hand,

may grow (get more components)and shrink (remove components)during their existence.

Componentsin staticstructuresmustbehandledratherdifferentlyfrom dynamiccomponents.

Theonlystaticdatastructuresupportedin Matrix isArray. ThereforeVisualArrayComponent

whichhandlesthecomponents(indexes)of anarrayisdirectlyinheritedfromVisualComponent .

However, sincethe framework supportsseveral dynamiccomponents,which sharea lot of

functionality, theclassVisualNode is inheritedfrom VisualComponent , andthevisual

componentsof differentdynamicdatatypes(list, graphandtreein Matrix) areinheritedfrom

VisualNode . Therefore,theVisualNode classexistsbecauseit is easierto implementthe

systemthatway.

3.2 Structur es

The Matrix framework usesa numberconceptinterfacesto de�ne the differentfundamental

datatypesandabstractdatatypes. The conceptinterfacesareimplementedusingJava inter-

faces.Thehierarchy of theinterfacesis seenin Figure9. TheFDT interfaceis thesuperclass

of all conceptinterfaces. A Java object that implementsthe FDT interfaceis recognizedby

theMatrix framework assomethingthatcanbevisualized.A non-FDTelement(a Java object

thatdoesnot implementtheFDT interface)storedinsideanFDT canbetrivially retrievedand

visualizedasaprimitive object(thatis, astringrepresentationof thecorrespondingelement).
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VertexTree Array LinkedList Graph

FDT

BinaryTree SimulationTree

SimulationTree2

StyledArray DoublyLinkedList SimulationGraph SimulationVertex

UndirectedGraph

CDT

Figure9: The inheritance hierarchy of conceptinterfaces

TheFDT interfacedoesnot, however, containany informationon howto visualizetheobject

implementingit. Therefore,no datastructureshouldimplementonly the FDT interface,but

useoneof its' sub-interfacesseenin Figure9.

The FDT interfacehassix sub-interfaces.Four of these(Tree , LinkedList , Array and

Graph ) correspondto the four datatypesmentionedin section3.1. The Vertex interface

representsasinglevertex of agraph,andtheCDTinterfacemarksconceptualdatatypes.

The Tree , LinkedList , Array andGraph interfacesalsocorrespondto the four sub-

classesof VisualContainer shown in Figure 7. The Matrix Framework canrecognize

an object that implementsoneor moreof thesefour interfacesandis capableof visualizing

it using layoutsfor that particularvisualization. The LinkedList interfacealsocontains

methodsthatallow for primitivesimulationof thestructuresthatimplementsthis interface.

In this context, primitive simulationis the ability to directly modify the variablesof a data

structure.That is, to add,remove, andchangethe contentsof a variable. Dependingon the

type of the datastructureit may alsobe possibleto modify the referencesbetweenvariables

(for exampleadd,removeor move referencesin agraph).

For the Tree and Graph interfaces,a sub-interfacecontainingsimulationfunctionality is

requiredfor primitive simulation. For anArray , theconceptof primitive simulationhasno

meaning,sincethenumberof variable(arrayindexes)cannotbechanged.It shouldbenoted,

that a datastructurethat implements,for example,the Array andTree interfaces(but not

SimulationTree , whichis discussedbelow) canbemanipulatedusingprimitivesimulation

only whenit is visualizedasanarray.

The Tree interfacehastwo sub-interfaces,BinaryTree and SimulationTree . The

BinaryTree interface includesfunctionality for binary trees. The interface forceseach
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variableof a datastructureto have a left and a right child, which makes it a binary tree.

Without this interface,a variable's childrenaremarked usingnumbersstartingfrom 0. The

SimulationTree interfacecontainsfunctionalitytoallow primitivesimulationof treestruc-

tures: creationanddeletionof new treenodesandmanipulationof a node's successors.The

SimulationTree interfacehasonesub-interface,SimulationTree2 , which marksse-

manticsfor commontrees.An objectthat implementsthe interfaceSimulationTree has

a �x ed numberof child nodes(including emptyones),makingthe implementingstructurea

k-ary tree. An object implementingSimulationTree2 canhave an arbitrarynumberof

childrenduringthesimulationprocessandis thereforeacommontree.

TheSimulationGraph sub-interfaceof theGraph interfaceissimilartoSimulationTree ,

giving graphsadditionalfunctionality requiredfor primitive simulation. It is possibleto add,

remove,andmodify verticesof aSimulationGraph . TheUndirectedGraph is amere

marker interface. The default visualizationof objectsthat implementUndirectedGraph

hasall edgesdrawn withoutdirection.

The verticesof a grapharede�ned by the Vertex interface,therebymaking it possibleto

separatetheimplementationof a graphasa wholefrom theimplementationof its vertices.Of

course,it is possibleto createaclassthatimplementsbothGraph andVertex interfaces.For

SimulationGraph s, the SimulationVertex sub-interfaceof the Vertex interface

shouldbeused,otherwiseit is notpossibleto connectverticesto eachother.

Treesandgraphshave separateinterfacesfor visualization(markinga particularstructureas

a tree or graphand forcing the implementationof methodsrequiredfor visualization)and

primitive simulationsincein many cases,we might want to visualizetreeor graphstructures

thatshouldnotbechangedby theuser. By leaving out thesimulationfunctionalitywecanboth

simplify the implementationof suchstructures,andprevent the userfrom makingundesired

modi�cations. For Array s,primitive simulationdoesnot exist in thesameway it is possible

for dynamicstructures,andfor List s theseparationwasdeemedunnecessary.

TheArray interfacehasonesub-interface,StyledArray . This interfaceimplementsfunc-

tionality requiredfor arraysthatneedarrayindexesotherthanthetraditionalnumbersstarting

from zero.A classthatimplementsStyledArray canhavearbitrarystringsasarrayindexes.

TheLinkedList interfacealsohasonesub-interface,DoublyLinkedList , which adds

methodsfor makingthelist linkedin bothdirections.

The last sub-interfaceof the FDT interfaceto be coveredhereis the CDTinterface. All Java
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objectsthat implementthe interfaceareconsideredto be abstractdatatypes. An objectthat

implementstheCDTinterfacedoesnot needto implementany of thefour visualizationinter-

facesmentionedabove,aslongasit canreturnanFDTthatcontainsits internalrepresentation.

Of course,it is alsopossibleto createstructuresthatimplementboththeCDTinterfaceaswell

asoneor morevisualizationinterfaces.

3.3 Implementation of the AssemblyLine

Recall the visual representationassemblyline shown in �gure 4. We will now describethe

implementationof theassemblyline,usingabinarysearchtreeasanexample.In thisexample,

wewill assumethatnootherdatastructuresrecognizedby theframework canbeused.

A binarysearchtreeis a treestructurethathasinternalsemanticsguidingthepositionsof the

variablescontainedinsideit. Therefore,it is alsoa conceptualdatatype. Furthermore,each

nodeof a binary searchtreehasat most two children,making it a binary tree. In order to

visualizea binarytreeasconceptualdatatype,we mustimplementat leasttwo visualizations:

BinaryTree andCDT. BinaryTree is a subclassof Tree , andTree is a subclassof

FDT. CDTis alsoa subclassof FDT. Therefore,we mustimplementmethodsof at leastfour

interfaces.Furthermore,if we wish to be ableto useprimitive simulationto manipulatethe

tree,wewill have to implementa �fth interface,SimulationTree .

All in all, these� ve interfaceshave14methodsthatneedto beimplemented:two in FDT, two

in Tree , two in SimulationTree , � ve in BinaryTree andthreein CDT.

Throughconceptinterfaces, theMatrix framework canexamineandmodify agivendatastruc-

ture. In the secondphaseof the assemblyline, the framework examinesthe datastructure

and createsthe requiredinstancesfor visual conceptsin order to visualize the datastruc-

ture. If possible,the validation tries to reuseexisting instancesof visual conceptsin order

to make the validationprocessfasterandmoreef�cient. The basicvalidationcodeis in the

classVisualType . This commoncode,locatedin methodvoid validate() is called

regardlessof thetypeof visualization.It doesthefollowing:

1. removesunusedsubcomponents,

2. if this item is notused,return,

3. checkfor possibleattributesanddecoration,
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4. validateall componentsandsubcomponentsof thisvisualconcept,and

5. repaintthescreen.

Thereis a greatdifferencebetweenvalidatingall componentsandsubcomponentsof a visual

concept.

Validatingthe componentsmeansthat the currentinstanceof VisualType beingvalidated

examinesthedatastructureit representsandmakessurethatfor eachpartof thedatastructure

thereis an instanceof the correspondingvisual concept(a subclassof VisualType ) that

canbeusedto paintthevisualization.Furthermore,if thecurrentVisualType hassomeat-

tributesor othercomponentsthatdonotdirectlycorrespondto any visualconcept(for example,

abuttonthatshowsamenu),thesecomponentsareexamined.

Sinceall instancesusedfor visualizationaresubclassesof VisualType , andthereforesub-

classesof java.awt.Container , eachof themmaycontainotherinstancesof VisualType .

The validation of subcomponentsis the act of recursively going througheachinstanceof

VisualType containedin the instancecurrentlyexamined. The validate() methodis

calledto all visualizationelementscontainedin thecurrentinstance.

The validationof a VisualTree , the classthat handlesthe visualizationof treestructures

(likeabinarysearchtree),goesasfollows. First, thereis aninstanceof VisualTree , which

correspondsto the whole treedatastructure. This is the visual containerthat holds the vi-

sualizationof the tree. The validate() methodis called for this object. To validateall

its components, theVisualTree goesthroughtheTree it represents,creatingtherequired

VisualComponent s andVisualReference s. It alsomakessurethat if therearecross-

or back-edgesin thetree(thetreeis actuallya graphthat is beingvisualizedusinga treecon-

cept),theseareinterpretedaspointersto terminalnodes.

After thecomponentsof theVisualTree have beenvalidatedand,if necessary, new com-

ponentscreated,the VisualTree calls validate() for eachsubcomponentit contains.

Eachsubcomponentvalidatesitself aswell as its componentsandsubcomponents(if it has

any). After thevalidationis done,we have a setof valid instancesof VisualType thatcan

beusedto draw a visualizationof a datastructure.Thelaststepof theassemblyline is to lay

out theseobjectsandto draw theimageonscreen.

Laying out the componentsis donein the speci�c classthat handleslayouts. Trees,for ex-

ample,canbe laid out usingtwo layouts: LayeredTree andLeafTree . The layoutpart
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of theassemblyline calculatesa positionfor eachinstanceof VisualType to bedrawn on

thescreen.How thepositionsarecalculateddependson thelayoutused.TheLayeredTree

layouttriesto minimizetheamountof wastedspacein thetreevisualization:it calculatesthe

amountof spacerequiredby eachnodeof thetree,andpositionsnodessothatthey areasclose

to eachotheraspossible.TheLeafTree layout lays the treeout so thateachleaf nodehas

a its own “slice” of thex-axisof thevisualization.Finally, thevisualizationsaredrawn using

thepaint(Graphics) method,likeall java.awt.Component s.

3.4 Animation

Animation in the Matrix framework is implementedon the data structure level. Animation

doesnot recordchangesin thevisualization, but in theunderlyingdatastructures.

Animationin theMatrix framework canbedividedinto two cases:forwardanimation,where

theframework visualizesthechangesasadatastructureis modi�ed, andbackwardanimation,

wheretheframework is usedto rewind thedatastructureinto anearliercon�guration.

The systemcanautomaticallysupportforward animationfor any datastructurewhich con-

formsto oneor moreof theconceptinterfacesdiscussedin section3.2. Supportfor backwards

animationrequires,however, someextra effort by the programmerof the datastructure.An

animationin theMatrix framework is storedasaseriesof changesin thedatastructure.There-

fore, whenever ananimationis rewound(movedbackwards),thesystemactuallyrestoresthe

relevantdatastructure(s)into anearliercon�guration,insteadof justchangingthevisualrepre-

sentation(s).Unfortunately, it is veryhardto storechangesmadeto arbitraryJavaobjects.For

this reason,theinstancevariables(variableswhich storethecontentsof thestructure)mustbe

storedin specializedMemoryStructure objects.Theseobjects,which includerepresenta-

tionsfor severalJavaprimitives,agenericObject aswell asanarrayof objects,havesupport

for storageandretrieval of their changehistory. Without usingthesespecializedobjects,it is

notpossiblefor theframework to move theanimationbackward.

3.5 Simulation

Algorithm simulationin the Matrix framework is basedon the fact that eachdatastructure

visualizationis composedof severalvisualizationobjects,eachof whichrepresentsaninstance

of one of the four visualizationconceptsdiscussedin section2.3. Eachof the conceptsis

HelsinkiUniversityof Technology, Laboratoryof InformationProcessingScience,TKO–B154/04



34 Korhonenet al.: Matrix – a Framework for Interacti veSoftware Visualization

mappeddirectly to adatastructure,its componentnode,edgeor key. It is thereforepossibleto

interpreta user's manipulationof thevisualizationandre�ect thesechangesin theunderlying

datastructure.Eachof thenineoperationsdiscussedin section2.3.1is implemented,andcan

beperformedby dragginganddroppingavisualizationinto another.

Furthermore,thesystemallows operationsthatcannotbeimplementedby dragginganddrop-

ping a visualizationinto another. Theseoperations,like changingthename(label)of a visu-

alization,changingthe layout or the visualizationconcept,or changingthe color of a node,

canbe implementedthrougha numberof ways. Themostoftenusedmethodfor implement-

ing additionaloperationsis througha pop-upmenu.Thecontentsof themenudependon the

visualization.

Eachsimulationoperationa usermakes is �rst interpretedby the visualization(an instance

of (a subclassof) VisualType ) wherethe operationwasdirectedat. The VisualType

decideshow to interpretthe operation(dependingon the VisualType ). In mostcasesthe

VisualType calls for one of the underlyingdatastructure's methods. After the method

has(possibly)modi�ed the datastructure,the VisualType marksitself invalid, sincethe

underlyingstructuremayhave changed.Thesystemnoticesthe invalidation,andproceedsto

validateand(possibly)lay outandredraw thestructure.

3.6 Graphical User Interface

A graphicaluserinterface(GUI) is the main methodof interactionbetweenthe userandan

applicationusingtheMatrix framework. TheGUI consistsof anumberof Panel scontaining

oneor moredatastructure visualizationsandothercomponents.ThePanel s canbeplaced

insideotherGUI components.The framework suppliesa Frame, which canbeusedto hold

oneor morePanel s. Furthermore,thefunctionsof theframework andthefeaturesof theGUI

canbecustomizedusinga con�guration �le . Thecon�guration �le canalsobeusedto de�ne

andcustomizeall Menususedin anapplication.

Componentsother thanPanel s can include taskbars,statusor debug windows, etc.. Cur-

rently, theframework hasoneready-madecomponent,theanimationcontrolpanel.Thebasic

functionsof thecontrolpanelaresimilar to thoseof a slideprojector:you canstepbackwards

andforwardsstepby step,goto the�rst or lastpositionof theanimation,or playtheanimation

asaseriesof discretesteps.In additionto these“basic” functions,it is possibleto examinethe

smallermicrosteps(down to themanipulationof singlevariables)andseehow largeoperations
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(for example,aninsertionin a red-blacktree)arecomposedof severalsmallerones.

A Panel that holdsdatastructure visualizationsis the basicbuilding block of a Matrix ap-

plication.An arbitrarynumberof visualizationscanbeplacedinsidea singlepanel.However,

the usefulnessof the visualizationsstartsto suffer whentoo many datastructuresareshown

simultaneously:all visualizationstake up somespaceandthemaximumamountof spacethat

canbeshown atonetime is constrictedby thesizeof thecomputermonitor.

Themainadvantageof placingseveralvisualizationsinsideasinglePanel is thepossibilityof

interactionbetweendatastructures.WhenstructuresarevisualizedinsidethesamePanel , it

is possibletomoveitemsfromavisualizationintoanotherone.TheMatrix framework includes

its own Panel , the StructurePanel class,which is a subclassof java.awt.Panel .

TheStructurePanel containsthefunctionalityrequiredto implementthe interactionbe-

tweenvisualizationsandthe functionality requiredto interactwith otherpartsof the Matrix

framework, suchastheAnimator .

Several Panel s andothercomponentscanbe includedin a singleFrame. Matrix hasits

own Frame class,which containsfunctionality commonto many applications. Functions

suchasopeningnew datastructuresfor visualization,changingthefont, font size,saving the

visualizationondisk,etc.havebeenimplementedin theMatrixFrame class.

Many of the functionsin Panel s or Frames canbeaccessedthroughMenus. Menusin the

Matrix framework arede�nedandcustomizedin thecon�guration�le . Usingthecon�guration

�le, it is possibleto createmenubarsto Framesor pop-upmenusto any visualizationcompo-

nent. Becauseof the tree–like structureof menus(a menuor menubarmayhave sub-menus,

whichcanholdsub-menusof theirown), themenubarsarede�ned usinganXML-syntax.

Thecon�guration �le is alsousedto de�ne thevisualizationsof variousdatastructures.It is

possible,for example,to changethepossibleanddefault layoutsof a datastructureusingthe

con�guration �le. Thecon�guration �le canalsobeusedto setinitial valuesof variables(for

example,to setthedefault backgroundcolorusedin Panel sandFrames).

4 Applications

In thissection,wepresentthemostimportantapplicationsbuilt onMatrix. TRAKLA2is aweb-

basedlearningenvironmentdedicatedto distributevisualalgorithmsimulationexercisesin a
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DataStructuresandAlgorithmscourse.In thispaper, wedescribeonly thesimulationexercise

framework usedin TRAKLA2 3. MatrixPro is a tool for instructorsfor creatingcustomizable

algorithmanimationsin termsof algorithmsimulation.MVT (Matrix VisualTester) is avisual

testingtool basedonMatrix.

4.1 TRAKLA2

TRAKLA2 [37] is a web-basedapplicationfor automaticallyassessedvisualalgorithmsimu-

lation exercises. Thesystemoffersdevelopersmany waysto modifyexistingexercises, create

new exercisesandmodifytheGUI providedfor students.Therefore,thesystemitself canalso

beseenasanindependentframework. Theexercisesin TRAKLA2 have thefollowing charac-

teristics:

� The studentmanipulatesconceptualviews of datastructures,simulatingactionsa real

algorithmwouldperform.

� All manipulationis carriedout in termsof graphicaluserinterfaceoperations.

� Thesystemrecordsthesequenceof actionspreparedby thestudentandsubmitsthemto

theserver.

� Theserver comparesthesubmittedsequenceto a sequencegeneratedby thereal imple-

mentedalgorithmandprovidesfeedbackaboutthecomparison.

� The initial datafor eachexerciseis personallytailored(e.g.randomlyselected)for each

student.

TRAKLA2 is a descendantof TRAKLA [27] andTRAKLA-EDIT [33], andwasdesignedto

solvetheproblemsin thosesystems(seesection1.3). Comparedto theoldsystems,TRAKLA2

hasthefollowing advantages:

� The evaluationof the submittedansweris basedon comparingthe sequencesof states

of datastructuresinsteadof comparingthe�nal statesonly (or a few intermediatestates

only).

� The studentcan requestgradingof the solutionunlimited numberof times. However,

after the gradingaction,the studentcannotcontinuesolving the exercisewith the same

data.
3For moreinformationaboutthelearningenvironment,visit http://www.cs.hut.fi/Research/TRAKLA2/

HelsinkiUniversityof Technology, Laboratoryof InformationProcessingScience,TKO–B154/04

http://www.cs.hut.fi/Research/TRAKLA2/


Korhonenet al.: Matrix – a Framework for Interacti veSoftware Visualization 37

� After grading,the studentcandecidewhetherhe/shesubmitsthe answerto the course

database.

� Studentscan also requestthe model answerfor the personallytailored exercise. This

answeris presentedasanalgorithmanimationthatthestudentcanbrowsebackwardand

forward.However— aswith grading— thestudenthasto resettheexerciseafterviewing

themodelanswer.

� The systemlogs someinformationaboutthe userinterfaceactionsfor statisticalanal-

ysis. This dataaidsus in improving the systemitself, tuning individual exercises,and

understandingstudents'learningbetter.

TRAKLA2 wasbroughtinto productionusein Spring2003.Thesystemwasusedin thebasic

datastructuresandalgorithmscourses4 with about600students.Theattitudetowardthesystem

amongstudentswasvery positive [37] andcurrentlywe areimplementingmoreexercises,so

thatwecancompletelyabandonold TRAKLA andTRAKLA-EDIT. For a list of thecurrently

implementedexercisesseeAppendixC.

4.1.1 Point of View of a Student

Let usconsidertheexercisein Figure10. Theexercisepagecontainsthefollowing elements:

At the top of the pageis the Textual exercise description (marked with number1 in the

Figure).Thisdescriptioncanalsocontainlinks to theadditionalmaterial(e.g.electronicbooks

or real implementationsof the algorithm). Directly below the textual exercisedescriptionis

theTRAKLA2 applet.Topmostin theappletis anotherexercisedescription(2), which is used

to show informationabouttheexercisethatchangeswhentheexerciseis initialized with new

data. The next elementin the exerciseappletis the Animator panel (3) that canbe usedto

navigatebackwardandforwardthroughthesolutionthestudentis creating.In additionto the

animatorpanelthattheMatrix framework provides,thepanelalsohassomebuttonsrelatedto

submissionandinitialization of the exercise.At the bottomof the applet(andthe page),we

haveasetof visualizeddata structur es(4) thatthestudentmanipulates.

Thestudentcreateshis solutionthroughalgorithmsimulation, that is, directmanipulationof

thedatastructures,throughGUI operationsof Matrix. Therefore,in theseexercises,students

directlymanipulateconceptualvisualizationsof datastructuresin orderto simulatetherunning
4Onecourseversionwasfor CS majors— http://www.cs.hut.fi/Studies/T- 106.250/ — andonefor studentsof other

engineeringcurricula— http://www.cs.hut.fi/Studies/T- 106.253/ .
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of givenalgorithms.In this particularexercise,keys canbemoved from thekey arrayto the

heapwith simpledraganddropoperations.Theswapoperationthatis neededwhenconstruct-

ing theheapis performedby dragginganddroppinga key in theheapon top of anotherkey

(e.g.dragginganddroppingR on top of the K in Figure10 will swap thesetwo keys). The

deleteoperationis performedby �rst selectingthe target nodeand thenpressingthe corre-

spondingpushbutton(5). Theanimatorpanelcanalsobeusedduringthesimulationprocess

asdescribedin Section3.6.

Figure10: TRAKLA2 applet pageand the modelanswerwindow.
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Figure11: TRAKLA2 feedbackwindow. Here, the exercisecan be submitted or onecan try to solve the exerciseagain with new

input data.

After solving the exercise,the studentcanask for feedbackon his solutionby pressingthe

Grade button.Theansweris checkedandtextual feedbackis provided(SeeFigure11). When

the gradingis done,the studentcansubmithis solutionto the coursedatabaseby usingthe

Submit button. It shouldbe notedthat, if gradinghasbeenrequestedbut the answerwas

not submitted,theanswercannotbegradedor submittedany more.However, theexercisecan

be reinitializedwith new databy pressingthe Reset button. The binary heapexercise,for

example,is initializedwith 15alphabetickeys(Streamof keys),thatdonotcontainduplicates.

This meansthat theexercisecanbe initialized in morethan1019 differentways. Thestudent

canresetthe exerciseat any time. As a result,the exerciseis reinitializedwith new random

keys. Reinitializationalwaysrestoresthepossibilityof gradingandsubmitting.

By pressingtheModel answer button,thestudentgetsthemodelanswerfor theassignment.

Themodelansweris presentedasanalgorithmanimation(seenumber6 in Figure10). After

thestudentrequeststhemodelanswer, hecannotcontinuewith thesamedata. In general,an

exercisecanbesolvedanunlimitednumberof times,but eachtimetheinputfor thealgorithmic

exerciseis different.However, thealgorithmitself remainsthesame.

4.1.2 Implementing Exercises

The processof creatingthe a new exerciseconsistsof several steps: writing a manuscript,

implementingtheexercise,testingandtakingtheexerciseinto production.

The �rst thing to do is to write a textual description,a manuscriptof the exercise. The

manuscriptshouldcontainat leastthenameof theexercise,exercisedescriptionandinstruc-

tions given to the user, aswell asthe input, auxiliary andoutputdatastructuresandthe way

theexerciseis graded.
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Basedon themanuscript,the theexercisecanbe implementedin Java usingthe featuresand

conceptsof TRAKLA2 andthe Matrix framework. Eachexercisehasa correspondingJava

class,which de�nes the elementsof the exerciseby implementingseveral TRAKLA2 inter-

faces.Thesourcecodefor theexercisein Figure10 is presentedin AppendixA. TRAKLA2

exercisescanbeimplementedby de�ning at leastthefollowing elements:

1. Datastructuretypesusedin theexercise(e.g.array, binarytree)

2. Namesfor thevisualrepresentations(e.g.“Streamof keys”, “Heap”)

3. Methodsfor creatingrandomizedinitial valuesfor datastructures.In general,arbitrary

randomdatais notsuitableandinputvalueshave to betailoredfor theexercise.

4. An algorithmfor creatingthemodelanswer.

Thereis oftena needto changethedefault GUI behavior providedby theMatrix framework.

This canbeachievedby implementingadditionalinterfaces.For example,by default thedrag

anddrop operationsprovided by Matrix canprovide too muchfreedomfor the student.The

Matrix framework allowsmany operationson therepresentations.Therefore,it is importantto

de�ne which operationsareenabledandwhich aredisabledfor eachstructurein theexercise.

For example,in theHeapexercise,draggingkeys from thetableis enabled,whereasdropping

a key into the table is disabled(seethe implementationof the ConfigureVisualType

interfacein AppendixA for moredetails).If hierarchicalstructures(seeSection2.3.1) areused,

it is alsopossibleto de�ne differentconstraintsfor eachvisualizationtypeusedto visualizea

hierarchicalstructure.

Sometimesthedefault userinterfaceoperationsarenot adequatefor performingall theopera-

tionsneededin theexercisesandthusaddingnew functionalityto theuserinterfaceis needed.

This canalsobe achieved by implementinginterfaces. For example,the draganddrop op-

erationsthat the Matrix framework provides are not suitablefor all kinds of datastructure

manipulations.In theheapexercise,deletionof a treenodeis performedby selectingthenode

to bedeletedandpressingtheDelete button. In general,buttonscanaddedto theexercise

by implementingtheButtonExercise interface(seesourcecodefor moredetails).

Testingandtakinginto productionusearenotexaminedherecloser, sincethey arestraightfor-

wardstepsandthusnot interesting.
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4.1.3 Server-side

All TRAKLA2 exercisesare presentedwithin an applet that is merely a user interfacefor

an algorithmic exercise. The appletshouldbe embeddedinto a web page,which contains

theactualdescriptionof theexercise.Thesurroundingweb-basedenvironmenttakescareof

authenticationand selectingexercises. Among many other parameters,the exerciseapplet

takestheIP addressof theserver andthecommunicationbetweentheappletandtheserver is

carriedoutover theRMI protocol.

Theserverstoresall thesubmittedanswersandkeepstrackof students'grades.Theserveralso

logsdataabouttheUI operationsthestudentperformsin theapplet.All this informationcan

laterbeusedto studystudents'learningandbehavior while usingthesystem.

4.1.4 Discussion

Wehavenoticedthattheactualimplementationof theexerciseis not themostchallengingpart

of makinga new exercise.The implementationis sostraightforward that thereis no needfor

a deeperunderstandingof the underlyingMatrix framework — knowing the basicconcepts

andinterfacesis enough.Thework requiredto implementa new exercisehastypically been

2–3 workdaysfor a competentprogrammer(if no new datastructuresor visualizationsare

needed).Now, theeffort shouldbeaimedtowarddesigninggoodmanuscriptsfor theexercises

andmakingtheuserinterfaceintuitive for thelearner.

However, implementinga new exercisemay requireimplementingnew datastructuresand

algorithms. This will increasethe workload and requiresunderstandingof the framework.

However, accordingto our experience,it is quiteunlikely thatonewould needto addnew vi-

sualizationsto theframework. A list of thedatastructuresandvisualizationsin theframework

is representedin AppendixD.

4.2 MatrixPr o

MatrixPro (seeFig. 12) is a tool for instructorsfor creatingalgorithmanimationsin termsof

algorithmsimulation. The animationscanbe preparedprior to a lectureor on-the-�y during

the lecturein orderto demonstratedifferentalgorithmsanddatastructuresat hand.Thus,the

tool allows the instructorto askwhat-if typeof questionsin a lecturesituationandmake the
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lecturemoreinteractive. Moreover, thereis anoptionto introduceexercisesfor students[37].

For computersciencestudents,MatrixPro canbe a tool for �guring out how differentalgo-

rithmswork. Solvingtheexercisesthestudentcantesthisor herknowledgeabouta topic.

Figure12: The MatrixPr o main window. The main componentsare the menubar at the top of the window, toolbar on the left and

data structur evisualizationson the right.

4.2.1 Overview

TheMatrixPromainwindow is representedin Figure12. Themaincomponentsof thewindow

arethemenubarat thetop, toolbaron theleft anddatastructurevisualizationson theright.

Themenubarcontainsthegeneral�le commandslikeopen,save,closeandexit. Therearealso

commandsto insertnew datastructuresandto move theanimatorbackwardandforward.One

menucontainsdifferentoptionsandonetheTRAKLA2 exercises.

Thetoolbarcontainscomponentsto quickly accessthemostusedfeaturesandalsosomefea-

turesusedto customizethe animationthat arenot availableelsewhere. The most important

componentis the topmostvisual animatorthat makesit possibleto move backward andfor-

wardin theanimation.
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4.2.2 Features

Ex tempore usage.Oneof themostimportantfeaturesis theability to usethesystemon-the-

�y basis.MatrixProoffersaneasyway to createalgorithmanimationsby eitherapplyingthe

automaticanimationof CDT structuresor by simulatinganalgorithmby hand.All theready-

madeCDT structurescanbeanimatedon-the-�y by invoking operationson them. Moreover,

theusercanfreelymodify thedatastructuresasanFDT by makingprimitive operations.

Customizedanimations. Thesystemsupportscustomizationof animationin two ways.First,

the usercanbuild animationsusingalgorithmsimulation. The secondcustomizationfeature

allows controllingthegranularityof thevisualizedexecutionhistory, i.e., how largestepsare

shown whenbrowsingtheanimationsequence.For example,primitiveFDT modi�cationsusu-

ally correspondto a coupleof micro stepsthat form a singleanimatorstep.CDT operations,

however, mayconsistof many animatorsteps.Thus,a numberof animatorstepscanbecom-

binedto a macrostepthat is performedwith a singleGUI operation.In general,oneanimator

stepcanhaveany numberof nestedsteps.

User-Made OperationsThesystemaidsthealgorithmsimulationprocessby makingit easyto

invoke operationsfor structuresfrom thetoolbar. Any methodof theunderlyingstructurecan

haveacorrespondinginterfacefunctionality(e.g., pushbutton)thatappearsbothin thetoolbar

andin thepop-upmenuof thestructure.For example,for AVL treesandRed-Blacktreesthe

automaticbalancingafter insertioncanbe turnedoff andthe rotationsandcolor changescan

besimulatedby pushbuttonswhenappropriateduringthesimulationprocess.

Automatic labeling of nodesThe nodesin a structurecanbe automaticallylabeled,i.e. a

uniquenumberappearsbesideeachnode(seeFigure13 for an example). With this feature

turnedon, onecanexplicitly refer to a nodewhile explaining or askingsomething.This is

usefulespeciallyin a lecturesituationastheinstructorcanaskquestionsconcerningtheview.

Customizableuser-interface. Theuserinterfacecanbecustomizedto �t theneedsof various

usersasthe initial setof toolbarobjectscaneasilybe modi�ed. Componentscanbe moved

up or down in the toolbar or they can be removed from or addedto the toolbar. All such

changescanalsobemadeby modifying thecon�guration �le. However, in this case,several

otherissuescanbecustomized,aswell, e.g., by makingdifferentcon�gurationsfor different

usergroups. For example, if the systemis usedin a laboratorysettingsby students,they

probablywill not needall the GUI functions,and thus the correspondingGUI components

couldbeexcludedfrom thetoolbar, or eventhewholetoolbarcouldbeleft out. In addition,by
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Figure13: Exampleof the automatic nodelabeling. A unique number appearsbesideeachnode

modifyingthecon�guration�le, thecontentsof themenubarandpop-upmenucanbechanged.

For example,thedefault font, font size,andbackgroundcolorcanbeset.Moreover, thedefault

representation(layout)for eachdatastructurecanbechanged.

4.2.3 Useof Matrix framework features

MatrixProusesmany of thefeaturesprovidedby theMatrix framework.

Algorithm simulation and animation Themostimportantof thefeaturesofferedby theMa-

trix framework arethealgorithmsimulationandanimationcapabilities.

User interface The userinterfaceis basedon the userinterfacecomponentsincludedin the

Matrix framework. Althoughthesecomponentshave beenextendedto addsomebehavior to

theapplication,usingthemto developa Matrix-basedapplicationis mucheasierthanstarting

theGUI from scratch.

Con�guration MatrixProusestheMatrix con�gurationsystemto createthemenubarandthe

pop-upmenus,aswell asto initialize theapplication.Theavailablestructures,visualizations,

andthedefault visualizationsfor structuresarecon�guredwith thesystem.
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TRAKLA2 exercisesTheexercisescreatedespeciallyfor TRAKLA2 arealsoincludedin the

Matrix framework, andthey canbeusedwithin MatrixProwithout thepossibilityto submitthe

answers.List of theexercisescanbefoundfrom AppendixC.

Library and visualizationsMatrixProincludesa library of datastructures,whichtheusercan

operateon. Thesestructureshave severaldifferentvisualizations.Currentselectionis listedin

AppendixD.

Storing and Retrieving Animations. Although the automaticallycreatedanimationsmay

serve asvisualizationsto illustratean algorithmwithout any modi�cations, someinstructors

certainlywantto customizeandsaveexamplesfor lateruse.For thisusetheMatrix framework

providesthepossibility to export andimport theunderlyingdatastructuresasserializedJava

objects.Thus,thecorrespondinganimationscanberecreatedfrom this �le format.Moreover,

the animationscan also be exportedto ScalableVector Graphics(SVG) [59] form. In the

latter case,the generatedSVG animationsalso includea control panelthat enablesmoving

the animationbackward and forward in a similar way as in MatrixPro itself. The speedof

the animationcanalsobe changed.Furthermore,althoughthe animationsin MatrixPro are

discrete(the stepsareintendedto be explainedwhile shown), the exportedSVG animations

usesmoothanimationto visualizethechangesin thestructures.They areintendedto bemore

self-explanatory, andthuscanbe inserted,for example,in the courseweb material,possibly

accompaniedwith someadditionaltext material.

In somecasesteachersneedto preparesimple�gures of datastructure,e.g., to illustratetextual

material.Of course,generalpurposedrawing toolsandformatscanbeapplied,but they lackthe

ability to automatetheprocessof creatingdatastructurerepresentationsby directly executing

thecorrespondingalgorithmsthatproducetheresult. For example,theTEXdraw [29] macros

canbeconsideredto besucha format that theuseror a tool canproduce.However, creating

a complex conceptualvisualization(for example,a red-blacktreewith dozensof nodesand

edgesor even a directedgraph)is a very time consumingprocesswithout a tool that canbe

automated(i.e., programmed)to producevalid displays.With Matrix thisprocesscanbeeasily

automatedandtheproducedvisualizationscanbeexporteddirectly in TEXdraw format to be

includedin LaTeX documents.

Finally, wenotethatdatastructurescanalsobeloadedfrom ASCII �les which is practical,for

example,for graphs,becausetheadjacency list representationis easyto write usingany text

editor. Moreover, thedatastructurescanbesavedinto ASCII �les, aswell.
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Onepossibleusefor theASCII �le formatsis importingdatageneratedby third partyappli-

cations.ThecurrentMatrix framework, however, cannotimport animationsin ASCII format,

only visualizations.Of course,thevisualizationloadedfrom a �le canbeanimatedfurther in

termsof algorithmsimulation.Nevertheless,oneinterestingfuturedirectioncouldbeto com-

binetheabilitiesof severalanimationandvisualizationtoolsthatsharea commonimport and

export format.For example,JAWAA [47] hasits own scriptinglanguagethatis capableof de-

termininganimations.The�eld, however, lacksmutualagreementon usinga generalpurpose

commonanimationdescriptionlanguagethatmany systemscouldsupport.

Figure14summarizestheworkingprocesswhenpreparingexamples.

modifies

Data Structure

Load

Save

File Format

Algorithm Animation

Algorithm Simulation

Algorithm

GUI
manipulates through

User

Export
Visualization Picture Format

Figure14: The processof creatingalgorithm animations in terms of algorithm simulation.

4.2.4 Futur e work and ideas

Futuredevelopmentideasfor thesystem:

1. A layout in which thenodescouldbe freely positionedby theuser. This would make it

possibleto createmorecustomizedpicturesandanimations.

2. More structuresthathave differentoperationswhich helpwith thesimulationof analgo-

rithm.

3. More export formatscould be provided. One importantformat would be an ordinary

pictureformat(for examplePNGor JPEG).

4. Thepossibilityto importvisualizationsmadewith someothervisualizationsystemcould

beveryuseful.In addition,importingsomeof thedevelopedgraphdescriptionlanguages

(for exampleGraphXML[24], or GraX [15]) couldbeimplemented.

5. History view which would show several stepssimultaneouslythus making it easierto

visuallycomparethem.
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6. Thepossibility for creatingvisualizationsfrom thecommandline. It couldbehandyto

beableto createpicturesfrom a structurede�ned in theMatrix ASCII �le format. This

wouldenablescript-basedcreationof visualizations.

4.3 MVT

UnlikeTRAKLA2 andMatrixPro(bothof whicharedesignedto helpteachdatastructuresand

algorithms),MVT (Matrix VisualTester) [41] is intendedfor usein softwaredevelopment.The

goalof MVT (andof visualtestingof software in general)is to make it easierfor programmers

to testanddebug their codeandstudythe executionof codewritten both by themselvesand

others.This hasalsobeenthe long-standinggoalof debuggers suchasFLIT [58] andGDB.

Visual debuggers, suchasDDD [60], Amethyst [46], andLens[44], combineprogramvisual-

izationanddebugging.Visualtesting(introducedin [41]) is similar to visualdebugging,but it

alsoallows theuserto:

� Manipulatedatastructuresof a runningprogramthrougha graphicaluserinterface,asin

user-controlledalgorithmsimulation.

� Invokemethodsgraphicallyor automaticallyto testprogramcodeor extractinformation.

� Stepthroughthepreviousstatesof aprogramasin algorithmanimation.

� Examinetheexecutionhistoryof aprogramusingvariousgraphicalviews.

As its namesuggests,MVT is a visual testingtool basedon Matrix. However, MVT is only a

limited prototype.For example,MVT currentlydoesnotvisualizetheexecutionhistoryin any

otherway thanallowing steppingthroughtheexecutionhistoryasin Matrix.

MVT visualizesthestateof a runningJava program(which we will referto asthedebuggee).

Most of this stateconsistsof the datastructuresof the program. This placesMVT �rmly in

the domainof programvisualizationeven thoughMatrix is primarily designedfor algorithm

visualization.

MVT alsoallows theuserto modify datavaluesin thedebuggee,invoke methods(including

constructors)andstartandstop the executionof the debuggeeandthe individual threadsin

it. In other words, MVT allows the userto manipulatea Java virtual machine(JVM) and

arbitraryJava classesin muchthesameway Matrix on its own allows theuserto manipulate

datastructuresimplementedspeci�cally for Matrix.
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4.3.1 Visualization

The most importantview in MVT is the dataview, which shows the variables(memoryad-

dressesthat containa valuethatcanbe readandwritten by a Java program)in thedebuggee

groupedtogetherin data containers. The variablesare local variables, array elementsand

�elds. Local variablesbelongto frames(eachof which correspondsto an invocationof a

method)on theexecutionstack of a thread. Array elementsform arraysand�elds belongto

classesor objects, which areinstancesof classes.Thedataview in MVT is basedon showing

thedatacontainersastables(similar to thewayMatrix visualizesarrays)andthevariablesthey

containaselementsin thetables.

Primitive valuesaresimply shown astext. Object referencesarerepresentedby nestingthe

referencedobjectinsidethereferringobjector usinganarrow from thereferringvariableto the

objectthatis referredto.

The currentexecutionposition is shown in two ways. Eachstackframeis labeledwith the

currentlyexecutingmethodandline numberin thesourcecode. Also, thecurrentline in the

topmostframein the runningthreadis shown highlightedin thesourcecodeview below the

dataview.

MVT logstheexecutionof thedebuggee.Theusercanstepbackwardandforwardthroughthe

executionhistory usingthe animatorcontrolsabove the dataview. The dataandcodeviews

in the main MVT window show the stateof the programat a speci�ed time. The usercan

alsoeasilyrewind theview to the lastmodi�cation to a variable. Steppingbackandforward

throughthelog doesnotaffect theactualstateof thedebuggee.

4.3.2 Elision and Abstraction

MostJavaprogramscontaina lot of data.Beingableto �nd theimportantpartsof thedataand

presentit asclearlyaspossibleis thereforenecessary. Elision (hiding unwantedinformation)

andabstraction (hiding nonessentialaspectsof informationsuchas implementationdetails)

make it easierfor theuserto �nd andunderstandtheinformationheis interestedin.

MVT ignoresa lot of informationthat is usuallyuninterestingor hardto keeptrack of ef�-

ciently. This includesthevaluesof variablesde�ned in standardlibrary classes,asthis infor-

mationis seldomof interestto theuser. Not monitoringstandardlibrary dataalsoimprovesthe

performanceof MVT by decreasingtheamountof datait mustprocess.
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MVT allows theuserto selecttheinformationto beshown in a varietyof ways.Theusercan

choosewhetherthe threadsof the programandtheir stackframesarevisible. The usercan

alsoshow andhideclassesandtheir instancesindividually, all at once,or all instancesof all

the classesin a packageat once. The usercanchoosewhich �elds of an objectareshown

separatelyfor eachobjector for every instanceof a classor interfaceat once. Referenced

objectsarealwaysshown if avariablecontaininga referenceis visible.

4.3.3 Controlling the Debuggee

WhenMVT hasstartedthe debuggeeJVM, no codeis running in the JVM (asidefrom the

systemanddebuggingthreads).Typically, theuserwill loada classandthenchoosea method

to executefrom thisclass.

Choosinga methodproducesa methodinvocationobject(shown asa table)into which argu-

mentsfor themethodcall shouldbeinserted.Themethodinvocationcanthenbeexecuted.By

stepping,usingbreakpointsor interruptingthedebuggee,theusercansuspendtheexecutionof

themethodandexaminethestateof thedebuggee.Severalmethodinvocationscanbeactive

atoncein separatethreads(eachof whichcanbeseparatelysuspendedandresumed).

MVT allows the userto changethe valuesof variablesby draggingdatavaluesinto them.

New primitive variablevaluescanbe createdby enteringa new valueas text. New objects

canbecreatedby invoking a suitableconstructor. New valuesandvaluesreturnedby method

invocationsarecollectedin aspecialcontainer.

By providing theability to invokemethodsandmodify datavalues,MVT allowstheuserto try

outmethodswith differentargumentswithoutwriting additionaltestcodeandrecompiling.

4.3.4 Implementation

MVT consistsof severalparts.Thepartsandtheir relationshipsto eachotherandothersoft-

wareareshown in Figure15, anddescribedin moredetail in thissubsection.

Instrumentation of Debuggee MVT usesJDI (JavaDebugger Interface), thehigh-level API of

JPDA, to connectto thedebuggeeandmonitor thedatain it. However, JDI doesnot provide

any noti�cationsfor changesto arraysandlocalvariables.Also, thereis noeasywayto identify

stackframesin JDI,whichmakesit hardto keeptrackof thelocalvariablesin thestackframes.
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Figure 15: Structur e of MVT. In Debugger JVM Data Model logs events fr om the Debugger JVM, View Model keepstrack of

visualization settingsand user interface visualizesand providesmeansto interact with the View Model.

Monitoringdatachangesandtheidenti�cation of stackframesaredoneby insertingadditional

methodcalls in the bytecode. Thesemethodcalls can be observed using JDI and the data

valuespassedto MVT asparametersto themethodcalls. Unfortunately, relying on bytecode

instrumentationmeansthatMVT cannotproperlydetectdatachangesmadeby uninstrumented

codesuchasstandardlibrariesandnativemethods.

Theinstrumentationcodeis addedto thedebuggeeusingtheinstrumenter, whichshouldberun

beforestartingMVT. The instrumenterusesBCEL(ByteCodeEngineeringLibrary) to parse

class�les, addinstrumentationcodeto thebytecodeandsave theinstrumentedclass�les.

BCEL is alsousedto extractfrom theclass�les someadditionalinformationrequiredby MVT

while thedebuggeeis runningthat is not availablethroughJDI, suchasthemappingbetween

local variableslotsin theJVM andtheirnames.

DebuggeeConnection ThedebuggeeconnectionreceivesJDI events(includingthosegenerated

by the instrumentation)andconvertstheminto a simplerandmoreconsistentform. The de-

buggeeconnectionpartalsocircumventssomeof thelimitationsof JDI. For example,thelack

of multiple simultaneoususermethodinvocationsis compensatedfor by invoking a method

thatrunstheusermethodin anew thread.
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Data Model Thedatamodelusesthedebuggeeconnectionto log theeventsin thedebuggee

andcreatea copy that canbeexaminedat differentpointsin theexecutionhistory. Thedata

modellogstheexecutedlinesof code,thevaluesof variables(includingvaluesreceivedfrom

extractors)andthecontentsof thedatacontainers.

View Model The view modelkeepstrack of visualizationsettings,andusesthesesettingsto

build datastructuresthatarevisualizedusingextendedversionsof thearrayandgraphvisual-

izationsof Matrix.

Eachclasshasa setof associatedpropertiesthatdescribethedesiredvisualization(e.g.which

�elds of the objectareshown, whetherthe objectshouldbe nestedinsidethe referringdata

container)andlistsof extractorsandconvertersto use.Classesinheritextractorsandconverters

fromtheirsuperclassesandimplementedinterfaces.If aview propertyisnotde�nedfor aclass,

thecorrespondingpropertyof themostsimilar (basedonde�ned methodsandproximity in the

inheritancehierarchy) implementedinterfaceor ancestorclasswill beused.

User Interface The user interfaceis basedon the Matrix prototypeUI and extendsit with

additionalAWT userinterfacecomponentsto accessthefeaturesof MVT.

Themainwindow is similar to thatof theMatrix prototypeUI. An exampleis shown in Fig-

ure 16. However, several featuresthat arenot relevant to MVT have beendisabled.Instead,

a sourcecodeview, debuggeeexecutionbuttonsandtwo new menushave beenadded.The

Load menucontainssettingsfor classpath and sourcepath and the option to start the de-

buggee.Whenthedebuggeehasbeenstarted,theTestmenuis enabled.This menucontains

executioncontroloptionsfor thedebuggee,someglobalview optionsandcommandsto create

new primitive valuesandshow theprimitive arrayclasses.

Thestructurepanelcontainsthepackagetree(whichshows thepackagesandclassesavailable

to thedebuggee)andthedataview (which shows thedatacontainersin thedebuggeeandany

user-createddata).Thepackagetreeprovidesaccessto view settingsfor classesandpackages

andallowstheuserto loadclassesmanually. Thevisualizationof individualdatacontainerscan

beadjustedusingtheir pop-upmenus.Thepop-upmenusalsoprovide accessto themethods

of classesandobjects.

TheMVT window in Figure16contains(from topto bottom):menus,animatorcontrolbuttons

andbar, steppingcontrolbuttons,thestructurepanelandthesourceview with thecurrentline
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Figure16: A screenshotof MVT. The componentsin the user interface are (fr om top to bottom): menus,animator control buttons

and bar, steppingcontrol buttons, the structur epaneland the sourceview with the curr ent line highlighted.

highlighted.

Thestructurepanelcontainsthedataview, thepackagetreeanda user-speci�ed invocationof

setWages thathasnotyetbeenstarted.

The dataview shows a simple databaseof employees(implementedas an ArrayList of

Employee s). Theuserhasinvokedamethod(raiseUnionWages ) thatraisesthewagesof

everyunionmemberin thedatabaseby 10%by iteratingthroughthelist of employees,calling

raiseWages oneveryEmployee thatis aunionmember, whichcallssetWages to change

thewages.A breakpointhasbeenusedto interruptsetWages at thepointwherePeterJones

getshisraise.Theexecutionstackframescorrespondingto themethodsthatarerunningat this

point of executionareshown insidetherepresentationof thethreadto which they belong(the
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innermostcall is at thetop). Eachframeis labeledwith themethodname,a uniqueidenti�er

(thenumberof thecall in chronologicalorder)for thecall andthecurrentline number. Each

frameshown containssomelocal variables.Thedataview alsoshows theEmployee class,

whichkeepstrackof thelast(unique,increasing)id assignedto anemployee.

Thepackagetreeshows theclassesin therootpackageandtheotherpackagesavailableto the

debuggeeVM (thestandardJava library andMVT). All packagesexcepttheroot packageare

minimizedto asinglenodefor clarity.

The invocationstructureat thebottomof thestructurepanelis a temporarystructureusedto

specifythe argumentsfor a methodcall. Whenthe userchoosesa methodto execute(from

thepop-upmenuof anobjector class),an invocationstructureis shown. Whentheuserhas

speci�ed thearguments(by draggingvaluesinto theinvocationstructure),hecantell MVT to

performthemethodcall speci�edby theinvocationstructure.In thiscase,theuserhasalready

speci�ed theparameterfor thesetWages call, sohecanstartthemethodcall whenever he

likes.

4.3.5 Conclusion

MVT is avisualtestingtool; it allowsaprogrammerto try outJavaprogramcodeandexamine

its executionand the datait produces.However, MVT doesnot implementall of the ideas

of visual testing;mostnotably, the executionhistory visualizationshave not yet beenimple-

mented.Also, MVT is currentlyveryslow, bothin executingthedebuggeeandvisualizingthe

datathatit haslogged.Thisnoticeablyaffectstheusefulnessof MVT, astestrunsonnontrivial

real-life programsmaytake hoursto completeinsteadof a few secondsandsteppingthrough

loggeddatais quiteslow evenona fastworkstation.

Futuredevelopmentin the �eld of visual testingwill probablyconcentrateon improved per-

formancein loggingandvisualizationandaddingexecutionhistoryviews thatsummarizethe

methodcallsandotheroperationsperformedby theprogram.Thesuggestedexecutionhistory

views (describedin moredetail in [41]) include:

� Call treescontainingtheoperationsperformedby a threadstructuredasa treeof method

calls.Suchtreesareused,for example,in theHistoryview of RetroVue[14].

� Addingexecutionhistoryinformationto thedataview by addingarrowsor annotationsto

indicatevariableaccesses,calls,etc.
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� Dynamicdependencegraphsthatshow theoperationsexecutedby aprogramandthedata

andcontroldependenciesbetweentheoperations.

Performanceissuesmayforceusto usea speciallymodi�ed JVM insteadof accessinga stan-

dardJVM usingJPDA, althoughcompatibilityandlegal issuescomplicatethis. We mayalso

baseour futurevisualtestingtool on a differentgraphicsor visualizationframework thanMa-

trix in orderto producemoresuitablevisualizationsor to improve performance.

5 Evaluation

In this section,we evaluatethe key characteristicsof Matrix. We usethe taxonomyde�ned

by Price,Baecker andSmall [48] to classifytheframework in a numberof categories:scope,

content, form andmethodused,interaction provided for the user, andthe effectiveness. The

taxonomyalsode�nes a numberof subcategoriesandevenmoredetailedissues.Most of the

subcategoriesarecoveredin this text, andin addition,wehaveaddedsomenew pointsof view

to evaluateMatrix in detail.

5.1 Scopeof the System

Category Scopespeci�estherangeof programsthat thesystemmaytake asinput for visual-

ization. Therearetwo subcategories: Generality, i.e., how wide a rangeof programscanbe

visualized,andScalability, i.e.,how well thesystemscalesup to largeexamples.

Matrix canberankedhigh in Generality. It is written in Java andthusit is platformandoper-

atingsystemindependent.Moreover, it is capableof visualizingdatastructuresandanimating

algorithmswritten in Java (assumingthe datastructuresconformto the interfacesin Matrix;

our prototypevisual testingtool MVT (describedin Section4.3) removesthis restriction). It

shouldbe noted,however, that Matrix is also “programminglanguageindependent”in the

sensethatit is capableof visualizingandanimatingalgorithmsin termsof usercontrolledsim-

ulation. Thus,theactual“implementation”of thevisualizedalgorithmis irrelevantandcould

beexpressedby usingany programminglanguageor evensomekind of pseudocode. Finally,

by supportingthecombinationof languageindependency andordinaryanimationfacilitieswe

give theuserverywidepossibilitiesfor creatingvisualizations.

The secondsubcategory, Scalabilitycanalsobe ranked high. Thedesignof Matrix doesnot
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placeany restrictionson programanddatasetsize. However, someimplementationdecisions

and limitations may limit the usefulnessof Matrix with large datasets.For example,there

aren't verygoodlayoutsfor largedatastructures.

5.2 Content of Visualization

The contentof visualizationde�nes what subsetof informationaboutthe softwareis visual-

ized. The two main subcategoriesare the supportfor algorithmanimationandfor program

visualization.An additionalaspectis how accuratelythevisualizationre�ects theactualcon-

ceptsandbehavior of theunderlyingvirtual machine.

Matrix is primarily intendedto supportworkingon theconceptuallevel. Wewant,however, to

remove theburdenof laboriouscreationof conceptvisualizations.Anotherimportantaspect

is to provide pedagogicallysounddefault visualizationsfor basicdatastructures.This hasled

to the ideaof having a systemin which therepresentationscorrespondto thevisualizationsa

teachermight draw on a blackboardin class. Becausethe visualizationcanbe manipulated,

eitherby analgorithmor by theuser, thenaturalextensionto thishasbeento includealgorithm

animation.Wereferto thisapproachasdynamicconceptanimation.

Dynamic conceptanimationallows several importantfeatures. First, the graphicaluserin-

terfaceincludesexamplesof datastructureswith prede�neddatathat canbe visualizedand

animatedeasily. Moreover, the usercanadddataof his own to simulatethe exampleeven

further. This is due to the fact that the usercan interactively specify the datasetsusing the

graphicaluserinterface.Second,thechosenvisualconceptandits layoutcanbeinteractively

changedduringthesimulation.Third, therecanbemultiplesynchronizedwindowssimultane-

ouslyopento visualizea datastructureor portionsof it by usingsomeothervisualconcepts,

thusproviding adeeperinsightto whatis goingon.

Dueto theprimarygoalof supportingconceptvisualizationandconceptanimation,visualiza-

tions in Matrix do not concentrateon illustrating the accurateinformationaboutthe stateof

theunderlyingvirtual machine.In general,wedonotwantto blur thedefaultvisualizationsby

includingverydetaileddataaboutthevariables.However, wehave implementedanadditional

visualdebugger(Matrix VisualTester, seeSection4.3) thatallows theuserto examinethese

variables,if required.
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2-3-4Tree[ˆ]
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Figure17: Visualizationof 2-3-4tree.

5.3 Form

Category Form describesthecharacteristicsof thesystemoutput. It hasa numberof subcat-

egoriesof which we cover Medium, Presentationstyle, GranularityandSupportof multiple

views.

Theprimarytargetmediumof Matrix is themonitorbut thesystemis alsocapableof printing

coloredstill picturesor seriesof picturesthatcouldbeusedasordinaryslides.Thesystemcan

alsobeusedfor exportingoneanimationstepasaTEXdraw pictureor thewholeanimationasa

ScalableVectorGraphics(SVG) animation.Thegraphicalvocabularyusedin thepresentations

consistsof arrays,lists, trees,andgraphs,which canbe nestedto arbitrarydepthto produce

moreadvancedvisualconcepts.

For example,an adjacency list is shown asan arraywith nestedlinked lists, anda B-treeis

a treewith arraysin its nodes(Figure17). Theelementsof any visualconceptcanbeof any

type,sincethesystemusesa recursivealgorithmto visualizetheelements.

The animationsgeneratedby Matrix aresequencesof snapshotsof the datastructures.We

havenotincludedsmoothanimation,i.e.,smoothtransitionsfrom stateto another, sinceMatrix

providesothermeansfor highlighting thechangesin thestateof thestructure.Theexported

SVG animation,however, usesmoothanimationin additionto thehighlighting.

Thesystemcanvisualize�ne-graineddetailsto arbitrarylevel5 in amannersimilar to thatof a

debuggerandit is upto thevisualizerto determinehow muchof thedetailsshouldbevisibleat

a time. If thevisualconceptis toobig to �t into theframe,it is still possibleto �lter outdetails

to getthebig picture.This is becausethesystemprovidesfacilitiesfor eliding information.
5Down to theprimitivesthatreferto any objectsin which internalstructureis notasubjectof examination.
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As mentionedbefore,Matrix providestoolsfor generatingmultiplesynchronizedviewsof the

samedatastructure.Multiple views canalsobeusedfor focusingon somesubstructureof a

dynamicdatastructurelikeasearchtree.

5.4 Method

Methodde�nes how thevisualizationis speci�ed. It hastwo aspects.First, what is thestyle

of visualizationused,andsecond,how thevisualizedsoftwareandtheactualvisualizationare

connected.

Matrix provides several methodsfor specifyinga visualization. First, the usercan design

and implementa new applicationby reusingthe existing FDT classes(probes)available in

Matrix. Second,theusercanstartfrom his own Java classimplementingthealgorithmsand

thedatastructures.To enabletheanimationin this case,thedatastructureshave to implement

the appropriatevisual conceptinterfacesspeci�ed in Matrix. Of course,the structurecan

implementseveral interfaces,thushaving severalpossiblevisualizations.In Matrix, any data

structurethat conformsto somevisual conceptinterfacecanbevisualizedastheappropriate

visualconcept.Thesystemchoosesautomaticallythevisualconceptbasedon thetypeof the

datastructure,allocatesspacein thewindow anddisplaysthevaluesandtherelationsof single

datastructureobjects(nodes).

In bothmethodsabovethecodehasto belinkedto Matrix eitherby compilingthewholesystem

or by usingthedynamicclassloader. Thevisualizationis thereaftergeneratedautomatically.

In thethird methodno codeis neededat all andtheuserbuilds thewholeanimationin terms

of usercontrolledsimulation.This methodis thereforebasedmoreon interactionbetweenthe

systemandtheuser(see5.5).

Moreover, the usercan tailor the visualizationin differentways. First, the systemincludes

particulardecoration interfaces, thatcanbeusedto make additionalinformationvisible,such

asextra labels,coloringetc. Second,theMatrix GUI canbeusedto changethe layoutof the

visual concept,becausetherecanexist several layoutsfor onesingleconcept.For example,

therearetwo differentkindsof treelayoutsin thesystemat themoment.Oneis moresuitable

for representinglarge treesbecauseof its moreeconomicallayoutandtheotherhasthespe-

cialty to show all leavesorderedhorizontallyfrom the left to the right. Third, the layoutcan

be rotated,so that mostvisual conceptscanbe shown in differentorientations,for example,

top-downor left-to-right. In addition,thedisplaycanbecustomizedby renaming,resizingor
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minimizinganentity.

Thevisualizationof Matrix is looselycoupledwith thealgorithmcode.The ideawasto sep-

aratethe codeandits presentation.The implementationcould be describedby sayingthat it

follows theHollywoodprinciple: “Don' t call us.We'll call you”. This is achievedby offering

thevisualconceptinterfacesdescribedabove.

5.5 Interaction

Thecategory Interactionincludestopicslike how commandsaregiven,how theusercannav-

igatethrougha visualizationandis it possibleto managethe recordingandreplayingof ani-

mations.We adda new subcategory, not mentionedin thetaxonomyof Priceet. al. [48]: the

possibilityto manipulatethedatastructuresdirectly in orderto simulatealgorithms.

Matrix is usedthrougha graphicaluser interfacebasedon menutechniquesand graphical

interactionfor manipulatingthestructuresvisualizedon thescreen.Theuser's own codecan

beloadedascompiledJavaclassesinto thesystem.

Theusercancontrol thevisualizationin differentways. As mentioned,hecansimulatealgo-

rithmsby directly modifying thecontentsof nodesandtheconnectionsbetweenthem,or by

usingexistingCDT methodsto performdesiredoperations.

A Matrix animationis asequenceof statesof thedatastructureregardlessof how thissequence

is generated.Theusercanreplaytheanimationeitherstep-by-stepor continuously. In addi-

tion, the temporaldirectionof theanimationcanbereversed.This facility is very important,

particularlyin classroomsituationswheredemonstrationsarerequired.

The usermay alsocreatecustomvisualizationsby using the existing prede�neddatastruc-

tures.For eachvisualconcept,thereis at leastoneactualimplementation.An instanceof the

datastructurecanbe constructedfrom the menu,andwhenappropriate,the structurecanbe

visualizedwith severalvisualconcepts.For example,thebinaryheapimplementationcanbe

visualizedbothasanarrayandasatree.Moreover, thesupporteddatastructurescanbenested

to createcustomvisualizationsto arbitrarylevel.

Finally, thelevel of interactionis not restrictedonly to thecontrolover theanimationprocess

but alsoreal-timemodi�cation of the actualdatastructuresis possiblein termsof usercon-

trolledsimulation.Theinteractionwith therepresentationoffersanexperimentaltechniquefor
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exploring “possibleworlds” throughsimulationprocess.Any explorationof thestatesof the

datastructureunderthe chosensetupis a simulationexperimentin this sense.This kind of

simulationexperimentmay serve asa vehicleto gain betterunderstandingof the underlying

conceptsthataresubjectsof examination.

5.6 Effectiveness

By Effectivenesswemeantheability to communicateinformationto theuser.

Matrix is designedto illustratedatastructuresandalgorithmsfor educationalpurposes,thusit

is importantthatthesystemis easyto use.Theusercan,for example,displaythevisualizations

of basicdatastructuressimply by selectingproperconceptsfrom themenusandmanipulating

themin termsof usercontrolledsimulation.However, theappropriatenessandclarity of these

representationsarehighly dependenton individualexamples.

The Matrix-basedapplicationTRAKLA2 [37] wasin productionusefor the �rst time in the

basicdatastructuresand algorithmscoursesat HUT in spring 2003. The exerciseswere a

gradableand compulsorypart of the courses. In total, some600 studentsparticipatedthe

coursesandtherewere14 differentTRAKLA2 exercises.The attitudeto the systemamong

thestudentswasvery positive: 94%of thestudentsthoughtthat thesystemwasvery easyto

use.In addition,they consideredtheTRAKLA2 exercisesto beagoodlearningaid.

6 Conclusion

In this paper, we have presentedtheMatrix framework for visualizingdatastructuresandfor

animatingalgorithms.Matrix providesnew �e xibility for creatingvisualizations.It combines

ordinarycode-basedalgorithmanimationwith algorithmsimulation,in whichtheuserdirectly

manipulatesdatastructuresby usingthegraphicaluserinterfacefacilitieswithout writing any

code.

Matrix hasbeendesignedtosupporteasybuildingof conceptvisualizationsandconceptanima-

tionssimilar to textbookexamples.Our experiencefrom theTRAKLA system[27] supports

our view that this approach,especiallyalgorithmsimulationexercises,improve the learning

curve. Thestudentscanachieve a clearunderstandingof datastructuresandalgorithmswith-

outponderingsometimesblurring implementationdetails.
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Matrix, however, alsosupportsautomaticgenerationof algorithmanimationfor usein classes

thatconcentrateon implementationissues.Theuserscanwrite codewhich reusesthefunda-

mentaldatatypesavailablein the systemthat canvisualizethemselvesautomatically. Alter-

natively, their own datastructureclassescanimplementoneor morevisualconceptinterfaces

which provide theautomaticvisualizationfor thevisualconcepts.Suchcodecanbedynami-

cally importedinto Matrix, afterwhich it canbesimulatedjust like thestandardsystemcom-

ponents.Thus,theusercanimplementadatastructureof hisown andsurvey its behavior using

thesimulationtools.

In additionto this functionality, therearecertainfeaturesin Matrix which we considerimpor-

tantbecausethey clarify therelationsbetweentheconceptsof datastructuresandalgorithms.

First,onedatastructurecanhave many visualizations.For example,a binaryheapimplemen-

tationcanberepresentedbothasa treeandasanarray. Second,onevisualizationcanbeused

for displayingmany differentdatastructures.The designof the systemis basedon reusable

visual conceptsthat canbe mappedto any properdatastructureto be visualized. Third, the

visual conceptscanbe nestedto arbitrarylevel. Thus,the systemprovidesthe possibility to

constructarbitrarilycomplex structuresby reusingthesevisualconcepts.

After describingthe differentdetailsof the framework andits overall structurewe presented

alsoseveralapplicationsthatmakeuseof this framework andits functionalities.

TRAKLA2 [37] is a web-basedapplicationfor automaticallyassessedvisual algorithmsim-

ulationexercises.Thestudentscando numberof algorithmanddatastructureexerciseswith

it by directly manipulatingconceptualviews of datastructuresandin this way simulatingthe

actionsof a real algorithm. The systemis alsocapableof evaluatingthe student's submitted

answerby comparingasequenceof statesof theanswerto thesequenceof stateswhich is pro-

ducedby theactualalgorithm,so that thestudentcanbegivenan immediatefeedbackabout

theanswer.

MatrixPro is a tool for instructorsto createalgorithmanimationsin termsof algorithmsimu-

lation to beusedasexamplesduringthelectures.Theanimationscanbepreparedprior to the

lectureor on-the-�y duringthelecture.For computersciencestudents,MatrixProcanbeatool

for �guring out how differentalgorithmswork by, for example,manipulatingtheready-made

structuresof theMatrix framework. MatrixPro includesa numberof usefulfeatureslike cus-

tomizedanimations,automaticlabelingof nodes,andcustomizableuser-interfacebesidesthe

featuresof theMatrix framework.
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Third application,MVT (Matrix VisualTester),is differentfrom thetwo previousapplications

which aredesignedto helpteachdatastructuresandalgorithms.Instead,MVT is intendedfor

usein softwaredevelopment.Thegoalof MVT is to makeit easierfor programmersto testand

debug their code. This visual testingallows usersto manipulatedatastructuresin a running

programthrougha graphicaluseinterface,asin user-controlledalgorithmsimulation. It also

makesit possible,for example,to invoke methodsgraphicallyandstepthroughthe previous

statesof aprogramasin algorithmanimation.

6.1 Futur eDir ections

Matrix currentlyincludesthepropertiesdescribedabove. However, many new ideasandfea-

turesarestill underdevelopment.In thefuturereleasesat leastsomeof thefollowing aspects

shouldbedevelopedfurther:

1. establishmentof global library of exercisesanddemonstrations(requirespossiblya web

�le system),

2. implementationof internalpseudo-programminglanguageinterpreter(in orderto provide

on-lineprogrammingwithoutcompilation),

3. combiningthe abilities of several animationandvisualizationtools in termsof shared

commonimport andexport format (possiblyby sharingan XML format de�nition for

commondatastructures),

4. furthercustomizationof representations,

5. includingsmoothanimationin theMatrix to presentmoreclearlythechangesin thestruc-

turesduringtheanimation,and

6. moreresearchonprogramanimationcapabilities.
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A SourceCodefor the HeapExercise

This is thesourcecodefor theheapexercisediscussedin Section4.1.

package content.exercises;
import matrix.util.*;
import matrix.structures.FDT.*;
import matrix.structures.FDT.probe.*;
import matrix.structures.CDT.probe.*;
import matrix.animation.Animator;
import matrix.simulation.VisualTypeConf;
import matrix.structures.memory.*;

public class Heap_Insert_Delete extends AbstractSimulationExercise
implements SimulationExerciseModel, ModelAnswerNames,

ButtonExercise, ConfigureVisualType {

private ExerHeap studentHeap;
private String randomInput;

public Heap_Insert_Delete() {}

from the SimulationExerciseModel interface

// Initializes and returns all the structures that are provided for
// the student. Creates a new random input for the exercise and
// stores this random input, so the model solution can be later
// created. Uses the inherited field: ``seed'' to initialize the random
// number generator.
public FDT[] init() {

randomInput =
RandomKey.createNoDuplicateUppercaseRandomKey(

new java.util.Random(seed),15);
studentHeap = new ExerHeap(15);

return new FDT[] { new Table(randomInput), studentHeap };
}

// Gives the titles for the structures that init() returns.
public String[] getStructureNames() {

return new String[] { "Stream of keys", "Heap" };
}

// Returns an array of structures returned by init(). If all
// structures are not needed when assessing the answer only a subset
// of those structures are provided. Length of the array has to be same
// as in the model answer returned by solve().
public FDT[] getAnswer() {

return new FDT[] { studentHeap };
}

// Returns additional textual information that can be included in the
// exercise. There is no additional information in this specific exercise.
public String getDescription() {

return "";
}
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// Returns the model solution (array of matrix structures) for
// this exercise. Animator is used to separate steps that are going
// to be graded - normally one point is given for each step
// found in the model answer.
public FDT[] solve() {

ExerHeap modelAnswer = new ExerHeap(15);
Animator animator = Animator.getActiveAnimator();
Table tbl = new Table(randomInput);

// First we insert all keys to the heap
for(int i = 0; i < tbl.size(); i++) {

animator.startOperation();
modelAnswer.insert(tbl.getObject(i));
animator.endOperation();

}

// Then we perform 3 deleteMin/Max operations to the heap
for(int i = 0; i < 3; i++) {

animator.startOperation();
modelAnswer.delete(null);
animator.endOperation();

}

return new FDT[] { modelAnswer };
}

from the ModelAnswerNames interface

// Just like getStructureNames() but these are titles for model
// answer structures
public String[] getModelAnswerNames() {

return new String[] { "Binary Heap" };
}

from the ButtonExercise interface

// Button labels
public String[] buttonNames() {

return new String[] {"Delete"};
}

// We call deleteRoot method for the currently selected structure
// if the button is pressed
public String[] buttonCommands() {

return new String[]
{"reflectSelectedVisualType(reflectEDT(deleteRoot))"};

}

from the ConfigureVisualType interface

// Some restrictions to structures that were returned by the
// init(). e.g. VisualKeys can be dragged and dropped - but you
// dragging is not allowed for other structures.
public VisualTypeConf[] conf() {

VisualTypeConf tabl = new VisualTypeConf();
tabl.enable("matrix.visual.VisualKey",

VisualTypeConf.HIGHLIGHT_OPERATION);
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tabl.enable("matrix.visual.VisualKey",
VisualTypeConf.DRAG_OPERATION);

VisualTypeConf tre = new VisualTypeConf();
tre.enable("matrix.visual.VisualKey",

VisualTypeConf.HIGHLIGHT_OPERATION);
tre.enable("matrix.visual.VisualKey",

VisualTypeConf.DROP_OPERATION);
tre.enable("matrix.visual.VisualKey",

VisualTypeConf.DRAG_OPERATION);
tre.enable("matrix.visual.VisualKey",

VisualTypeConf.POP_UP_MENU_OPERATION);
tre.enable("matrix.visual.VisualLayeredTreeComponent",

VisualTypeConf.HIGHLIGHT_OPERATION);
tre.enable("matrix.visual.VisualLayeredTreeComponent",

VisualTypeConf.DROP_OPERATION);

return new VisualTypeConf[] { tabl, tre };
}

// Trick how to handle version problems in serialization
static final long serialVersionUID = -7671756502477641250L;

}
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B Exampleof the ASCII �le format

Hereisashortexampleof theASCII �le format.Figure18presentsthecorrespondingstructure

afterimportingtheASCII �le into MatrixPro.

#matrix structures //heading of the file
example#1 //name of the main structure
#matrix graph adjacency-list //type of the structure is graph
example#1_1:example#1_2 example#1_3 example#1_4 example#1_5 //nodes in adjacency-list
#EOS //end of structure -character

example#1_1 //description of the first inner structure
#matrix array //type of structure is array
Cjn //first key of the array
TvG
q7C
#EOS //end of the inner structure
example#1_2 //another inner structure
#matrix array
4D2
'
'
#EOS
example#1_3
#matrix array
K51
TC0
'
#EOS
example#1_4
#matrix array
bJf
'
'
#EOS
example#1_5
#matrix array
rzI
toA
u1Q
#EOS

2-3-4Tree[ˆ]

u1QtoArzIbJfTC0K514D2

q7cTvGCjn

Figure18: Visualizationof thestructuredescribedin theASCII �le.
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C List of TRAKLA2 exercises

Search algorithms: Binarysearch,Interpolationsearch

Treetraversal: Preordertraversal,Inordertraversal,Postordertraversal,Levelordertraver-

sal

Sorting algorithms: Quicksort,RadixExchangeSort

Search tr ees:Binarysearchtreeinsertion,Binarysearchtreedeletion,Digital searchtree

insertion,Radixsearchtrie insertion,Singlerotation,Doublerotation,AVL treeinsertion,

Red-black-treetreeinsertion

Priority queues:Heapbuilding, HeapdeleteMin

Hashing: Linearprobing,Quadraticprobing,Doublehashing

Graph algorithms: BFS,DFS,Prim'salgorithm,Dijkstra's algorithm
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D List of structur esand visual representations

Structur e Default representation Possiblerepresentations
Fundamentaldatatypes
Array array array
Linkedlist list list
Binary tree layeredtree layeredtree,leaf tree,array
Commontree layeredtree layeredtree,leaf tree,layeredgraphvertex
Undirectedgraph Fruchterman-Reingoldgraph layered graph, Kamada-Kawai graph,

Fruchterman-Reingoldgraph, dummy graph,
array

Directedgraph Fruchterman-Reingoldgraph layered graph, Kamada-Kawai graph,
Fruchterman-Reingoldgraph, dummy graph,
array

Conceptualdatatypes
Queue list list
Stack array, list6 array, list
Binaryheap layeredtree array, layeredtree,leaf tree
Binarysearchtree layeredtree array, layeredtree,leaf tree,layeredgraphvertex
AVL tree layeredtree array, layeredtree,leaf tree,layeredgraphvertex
Red-blacktree layeredtree array, layeredtree,leaf tree,layeredgraphvertex
2-3-4tree layeredtree layeredtree,leaf tree
Digital searchtree layeredtree layeredtree,leaf tree
Radixsearchtrie layeredtree array, layeredtree,leaf tree,layeredgraphvertex
Splaytree layeredtree array, layeredtree,leaf tree,layeredgraphvertex
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