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Datastructuresandalgorithmsare essentiatopicsin elementarycomputerscienceeduca-
tion. They includeabstracttonceptsaand processessuchasdatatypesandthe procedural
encodingof programswhich peopleoften nd dif cult to understandSoftwarevisualiza-
tion cansigni cantly helpin solvingthe problem.

In this paper we describethe platform independeniMatrix framavork that combinesal-

gorithm animationwith algorithm simulation,wherethe userinteractsdirectly with data
structureshrougha graphicaluserinterface. The simulationprocesscreatedby the user
canbestoredandplayedbackin termsof algorithmanimation.In addition,theusercanuse
existinglibrary routinesto createllustrationsfor advancedabstractiatatypes,or hecanuse
Matrix to animateand simulatehis own algorithms. Moreover, Matrix providesan exten-
sive setof visual conceptdor algorithmanimation. Theseconceptsncludevisualizations
for primitive types,arrays|ists, treesandgraphs.This setcanbe extendedurtherby using
visualizationsestedo anarbitrarylevel.

Furthermoreye presenthreeapplicationsuilt on Matrix framewvork. TRAKLAZ2is aweb-
basedearningervironmentdedicatedo distribute visualalgorithm simulationexercisesin

a Data Structuresand Algorithms course. MatrixPro is a tool for instructorsfor creating
customizablelgorithmanimationsn termsof algorithmsimulation. MVT (Matrix Visual
Teste) is avisualtestingtool to make it easieffor programmerso testanddehug theircode.

Keywords: Softwarevisualization,automaticassessmengjsualalgorithmsimulation,

algorithmanimation
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6 Korhonenetal.: Matrix —a Framework for Interacti ve Software Visualization

1 Intr oduction

Let usassumave canvisualizea datastructureandhave animplementedalgorithmto manipu-
lateit. Obviously, thevisualizationcanbeusedo animatehealgorithmby shaving asequence
of consecutie visualsnapshotsf thedatastructure During theexecutionof thealgorithm,the
stateof the datastructurechangesThesestatesandchangexanbe animatedor theuser one
afteranother In addition,the usermay have somekind of control over the processso he or
shecaninteractwith the systemin orderto stopandcontinueor even stepthroughthe anima-
tion. Theusermay alsohave the optionto changethe valuesof programvariables(or at least
theinput datafor the algorithm),watchthesevaluesat certainbreakpointsandsoforth. This
kind of step-by-ste@nimationandvisualizationof variablescanbecomparedo visualdehug-
ging [44, 60] of analgorithm. Moreover, theseanimationstepscanbe storedin orderto give
theusercontrolovertraversingtheanimationsequencéackandforth. We call suchatraversal
simply algorithmanimation Many systemg®6, 8, 10, 11, 21, 39, 40, 45, 47, 49, 51, 53] have
beendevelopedfor this purpose.Figure1l illustratesthe generalovervien of suchtraditional
algorithmanimationsystems.

Operation Invocations (2)

Control
Interface

Control .
Interaction (1,2)

Customization (1)

Data Structures
Display (1,2,3,4)

@4 | output @4) 0~

Data Structure > Visualization

Direct Manipulation (3)

Change
Input ?4)

Input (4)

Input
Data Structure

- J

Figure 1: 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 structuresby
calling prede ned operationson them, suchasinsertion methodsfor abstract data types. (3) Dir ect manipulation enablesinteraction
betweenthe userand the graphical entities on the display. (4) The algorithm can be executedwith different inputs.

Furthermoreyve canallow the userto performhis or herown operationsThus,insteadof let-
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ting thealgorithmexecuteinstructionsandmanipulatehe datastructurewe canallow theuser
to take control over the manipulationprocess.The usercandirectly changethe datastructure
onthe y throughtheuserinterfaceandbuild analgorithmanimationby demonstation similar

to thatof Animal [51] or Dance[54, 56]. Herethe usernot only hascontrol over the visual
representatiofdirect manipulationin Figure'1), but he or shecanactuallychangethe under

lying datastructurein the run-timeervironment. Thus,the userinvokesactualoperationdy

manipulatingthe graphicaldisplayandthe visualizationis automaticallyupdatedo matchthe
changedstructure.If the userprocessethe datastructureasthe algorithmdid in the previous
example,we saythatthe usersimulateghe algorithm[35, 36]. We referto sucha simulation
processimply asvisualalgorithmsimulationor algorithmsimulation(seeFigure 2).

Operation Invocations (2)

Control
Interface

Control .
Interaction (1,2)

Customization (1)

Output (2,5) Draw (2,4,5) Display (1,2,3,4,5)
Data Structure Visualization
Input (5) Algorithm Simulation (4,5) Direct Manipulation (3,4,5)

FigureZ: General overview of algorithm animation and simulation. Five interaction cyclescanbeidenti 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 structure

can be passedo the algorithm asan input by applying algorithm simulation functionality.

Figure2is asimpli ed versionof Figurel but it still allows moreinteractionbetweertheuser
andthesystem.Thisis becauseve do notdistinguishbetweernnputandoutputstructuresand
allow the userdirectly to interactwith any datastructurevisualization.Thus,anoutputstruc-
turecanbeusedasaninputstructurefor the sameor anotheralgorithm. Thisis afundamental
differencewith directmanipulationof graphicalentitiesthatessentiallyhandleghevisualrep-
resentatiorof structuresonly. Moreover, the simulationprocessanalwaysbe continuedwith
ary datastructure for example,by performingsomeprede nedoperationonit.

Algorithm simulationis a traditional classroomtechnique:the teacherdraws, stepby step,
how analgorithmchangeghe contentsand/orthe structureof a datastructure.Similarly, cor
respondingxerciseswith adequatéeedbaclkcanbe usedasanexcellenttool for teachingand
learningbasicconcept®f datastructuresandalgorithms.Suchexerciseshave the obvious ad-
vantagethatmary implementation-leel detailsareomittedor hidden,which enablesstudents
to work onthe conceptualevel insteadof theimplementatiorievel. Thus,it is easierto grasp
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8 Korhonenetal.: Matrix —a Framework for Interacti ve Software Visualization

the basicideasbehindalgorithms. Suchtraditionaltechniquesreimplementedn the Matrix
system,describedn this paper Moreover, Matrix maintainsthe actualdatastructuresand
thereforeenableghepossibilityto assesautomaticallythe simulationsequencegeneratedy
theuser

Naturally algorithmsimulationincludestheideaof visualdehugging,andit is straightforvard
to applyalgorithmsimulationto producealgorithmanimations However, algorithmsimulation
is amuchmorepowerful concepthan,for example,visualdehugging. Oneway to distinguish
betweenthesetwo is to considerthe sourcecode. Visual dehuggingintrinsically requiresthat
the sourcecodeexists. Algorithm simulation,instead ponly requiresthatthe userhasa mental
modelof thealgorithmto be simulated We arenot only ableto changethe valuesof variables
anddatastructuresut also,for example the orderof the operationghealgorithmperforms.

Anotherway to look at the situationis to think in termsof performedoperations\We cancon-
sideranoperationto beaprimitive operationf we cannotdivideit into lower-level operations.
For example,addingunity into anintegeris a primitive operationin this sense.On the other
hand,the compleity of operationghe usercanperformduringthe simulationprocesshasno
limitations. Complex operationscanbe formedout of primitive onesin termsof algorithms,
andthe simulationcanhandleary level of operations As anexample,considera casewhere
the useris insertinga new key into a searchtree. Oneway to do this is to attacha new node
into the tree. In comparisonhe or shecanactvatethe insertionroutinefor the treeto carry
out the sameoperation. Furthermore a simulationhasno probleminsertinga whole setof
keys into a dictionary or meiging two dictionarieson the y . In visual deluggingthis is not
possiblesinceon-the- y changesn thedatastructuresannotbe carriedoutwithoutchanging
theactualcode.

1.1 Motivation and Reseach Problem

Datastructuresandalgorithmsareimportantcoreissuesn computerscienceeducationln or-
derto learnandunderstandlatastructuresandalgorithms the studenimustunderstananary
complex concepts.Algorithm animation,visual delugging and algorithm simulationare all
attractve approacheso the problemof illuminating dif cult conceptgertainingto datastruc-
turesandalgorithms. The key questionis, however, how we shouldapply thesemethodsin
orderto actually help the studentso copewith the complex conceptshey mustunderstand
andwork with. A lot of researcthasbeencarriedout to identify the greatnumberof rules
thatwe musttake into accountwhile designingandcreatingeffective visualizationsandalgo-
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rithm animationsfor teachingpurposeg3, 12, 17, 19, 43]. See,for example,the techniques
developedfor usingcolorandsound[12] or hand-madelesigng17] to enhancehealgorithm

animations We argue,however, thattheseareonly minor details(albeitimportantones)in the

learningprocessasa whole. In orderto make a real differencehere,we shouldchangethe

point of view andlook at the problemfrom the learners perspectie. How canwe make sure

the learneractuallyunderstandshe conceptsn question?It is not whatthe learnersees but

whatheor shedoes.In addition,we arguethatno matterhow fang/ visualizationgheteacher
has,the tools cannotcompetein effectivenesswith environmentsin which the learnermust

performsomeactionsin orderto becomecorvincedof his or herown understanding.

From the pedagogicapoint of view, for example,a plain tool for viewing the executionof
analgorithmis not goodenough[26]. Even visual deluggingcannotcopewith the problem
becauset is alwaysboundto the actualsourcecode. The systemstill doesall the work and
thelearneronly obsenresits behaior. We shouldat leastensurethat someprogressn learn-
ing hastaken place. This requiresan ervironmentwherewe can give and obtain feedback
on the students performance.Mary ideasand systemshave beenintroducedto enhancehe
interaction,assignmentanark-upfacilities,andsoforth, including[1, 13, 20, 22, 42, 50, 55].
On the otherhand,the vastmasse®f studentsn basiccomputerscienceclassesave led us
into a situationin which giving individual guidanceto a singlestudentis impossiblesvenwith
semi-automatedystemsThus,afully automatianstructorwould be useful,suchaspresented
in[4, 7,9, 16, 25, 27, 28, 50, 52]. Neverthelessthe topicsof datastructuresandalgorithms
are more abstractthanthoseintroducedon basic programmingcourses. Therefore,systems
that gradeprogrammingexercisesare not suitablehere. We are moreinterestedn the logic
andbehaior of analgorithmthanits implementatiordetails. The problemis to nd asuitable
applicationframework for a systenthatis capableof interactingwith the userthroughgeneral
purposedatastructureabstraction®n the logical level (insteadof the implementatiorievel)
andgiving feedbackon his or her performance PILOT [9] comesquite closeto thisidea. In
PILOT, thelearnersolvesproblemsrelatedto graphalgorithmsandrecevesa graphicalillus-
tration of the correctnes®f the solution,alongwith a scoreandan explanationof the errors
made. However, the currenttool coversonly graphalgorithmsandfocuseson the minimum
spanningreeproblem.Hence ourunderstandings thatPILOT doesnotprovideagenerapur-
poseapplicationframewnork thatcaneasilybe extendedo otherconceptsandproblemtypes.

The goal of the Matrix projectis to develop sucha generalpurposeplatform for illustrating
all the commondatastructureabstractiongppliedregularly to illustratethe logic andbeha-
ior of algorithms. Moreover, the platform shouldbe ableto allow userinteractionin terms
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10 Korhonenetal.: Matrix —a Framework for Interacti ve Software Visualization

of algorithmsimulation. As an application,we supporttraining in which automaticallygen-
eratedvisual feedbackis possiblefor algorithmsimulationexercises.We call sucha process
automaticassessmemf algorithm simulationexercises[33].

1.2 RelatedWork

Next, we wantto positionMatrix more generallyin the eld of softwae visualization This
large areaof researchasbeenpolarizedtoward two oppositedomains,algorithm visualiza-
tion which aimsat visualizingthe working of algorithmson a conceptualevel, andprogram
visualizationwherethe executionof the actualalgorithm code can be followed using vari-

ousgraphicaltools. Especially programanimationallows considerablaiserinteractionwith

the displaysof the datastructuredy integratingvisualizationwithin a source-lgel delugger
Moreover, integrationof programanimationandconcep&animationallows visualdeluggingin

suchaway thatthe systemis capableof displayingthe dynamicsof a programandvisualizing
the contect in whichthe changedo datastructuresoccur Thedatastructuresanbe examined
bothin theimplementationaandthe conceptualevel atthe sametime.

AlthoughMatrix (andoneof its applicationsjncludesa numberof programvisualizationfea-
tures,therootsof Matrix belongto the rst domain,the eld of animatingconceptsabstract
datatypes(ADTs), andalgorithms insteadof programs Our beliefis thatunderstandinglgo-
rithmsis easiernf we rst omit the detailsof the actualimplementatiorandguidethe student
to tacklethe codeonly afterbuilding a viable mentalmodelof how the algorithmor the ADT
works. Thus,Matrix supportsa processvherestudentsrst learntheabstraceandthenproceed
to theconcretgimplementation).

In Matrix, the usercan startbuilding animationsby using only the simulationtools without
implementingary code. He or shecantake adwantageof the implementeddatastructures
availablein Matrix, andoperateon themwithin the simulation.In addition,he canimplement
new codethatconformsto specialconcepinterfacesandthusfacilitatevisualization. Thekey
motivationhereis to provide severalmethodgo generatevisualizationdor arbitraryprograms
with minimal effort onthe partof thevisualizer

Thereareothertoolswithoutthesimulationfunctionalitythatarededicatedo theeasycreation
of algorithmanimationsfor example Amethyst[46], Jeliot[21], andUWPI [23]. Thesetools
analyzehegivenJavaor Pascakcodeto producehevisualization.TheJDSL Visualizer{4] tool
usesasimilarinterfaceapproacho generatevisualizationsasMatrix. Moreover, Matrix, Jeliot,
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JDSL Visualizer and UWPI canprovide visualizationsfor high-level conceptualdisplaysas
opposedo theconcietedatastructuesthatappeain theimplementeaode.Finally, it is worth
notingthatboth Matrix andJDSL Visualizerhave the ultimategoal of allowing the systemto
give feedbackaboutstudentsperformanceavhile working with exercises.

In orderto help peoplegain a morethoroughunderstanding@f the working of programcode,
we have developedaMatrix-basedapplicationcalledMatrix Visual Testeror MVT thatincludes
programvisualizationtoolswhichallow theuserto view theexecutionof thecodeconcurrently
with thedatastructureanimationandcontroltheexecution.Theseeaturecanbeseerastools
for visual dehugging thatis highly usefulin implementingandtestingnew algorithms. This
overlapstoolslike DDD [60] andAmethyst[46] thatcanbe considerediehuggerswith added
featuredor visualizingdatastructuresnanipulatedy the program.

Finally, we list somedifferenceshetweenMatrix and other systems.First, we do not know
of ary othersystemthatis capableof algorithm simulationin the senseof direct graphical
manipulationof visualizeddatastructures Astracharet al. discusssimulationexerciseswhile
introducingthe Lambadasystem[1, 2]. However, their context is quite different,because¢he
studentsimulatemodelsof practicalapplicationspartly codedby themseles,andthe system
is usedonly to illustratethe useof primitive datastructuresvithout muchinteractionwith the
user

Secondpur approachs alsoquite differentfrom the works of Stask, KraemerandMukher

jeal44, 53, 55, 57] wherethegeneramethods to generatanimationgy annotatingheactual
algorithmcode.In Jeliot[21] theannotatiormethodhasbeenautomatedbut the startingpoint
is essentiallfthegivenusercode.This enablesasycreationof visualizationfor arbitrarycode,
but still lacksthe simulationfunctionality provided by Matrix.

Third, Matrix is designedor studentsvorking on a higherlevel of abstractiorthan,for exam-
ple,JDSL Visualizer JDSL Visualizeris intendedo helpstudentslelug their own implemen-
tationsof datastructuresyhile Matrix is usedto illustrateandgraspthelogic andconceptsf
datastructuresandalgorithms.Of course both canbe usedwhenteachingdatastructuresand
algorithms.

Fourth, Matrix is implementedn Java, which givesus more e xibility in termsof platform
independengcthanoldersystemsuchasAmethystandUWPI.

Helsinki University of TechnologyLaboratoryof InformationProcessingcience TKO-B 154/04



12 Korhonenetal.: Matrix —a Framework for Interacti ve Software Visualization

1.3 History

At HelsinkiUniversityof Technology(HUT), we have alongtraditionof usingconcepanima-
tion andalgorithmsimulationasthekey techniquedor teachingdatastructuresandalgorithms
(DSA). Theyearlyenrollimenton our DSA courseis over 500-700studentsBecausenly one
third of themstudycomputerscienceastheir major, we have choserto usealgorithmsimula-
tion in this courseandhave setup a smallercontinuationcoursefor the majorsin which they

actuallyimplementalgorithms.

In the basiccourse eachstudenthasto submitsome20-25simulationexerciseswvhich cover
most basicalgorithmsin sorting, searchingand graphs. Due to the vast massof submitted
exerciseswe implementedand have beenusingthe TRAKLA system[27] since 1991 until
2003,whenit wasreplacedoy thetotally new systemTRAKLA2, which is basedon Matrix.
TRAKLA generateslgorithm simulationexerciseswith differentinput data(or otherminor
modi cations) for eachstudent,and sendsthem to the studentsby email. They solve the
assignmentby usingmanualalgorithmsimulation,presentheanswersn aprede nedformat,
and submitthe solutionsto TRAKLA via email for automaticassessmentThe automatic
assessmelis basedon comparingof the submittedanswerandthe modelanswergeneratedy
the actualimplementedalgorithm. In 1997,a graphicalWWW-baseduserinterface (WWW-
TRAKLA?Y) for performingthe simulationin termsof direct manipulationwas added[33].
Then,insteadof by manualsimulationandusingsomevhatarti cial formattingcornventions,
the studentscan concentrateon working in the conceptualevel. During this over 10-year
periodwe have obtainedvery goodlearningresults:approximatelyhalf of thestudentgetover
90 percentof maximumpointsandtwo thirds of themgetat least80 percent. The feedback
from the studentausing thesetools hasbeengood andwe have saved enormousamountsof
work by not needingto checkmanuallytensof thousand®f assignmentpercourse.

In spiteof their successTRAKLA andWWW-TRAKLA have reachedheir limits of devel-
opment,becausehe original designhasmary limitations. First, WWW-TRAKLA is justa
one-way front-endto TRAKLA for generatingrisualrepresentationsf datastructuresThere
iS no connectionto the actualimplementeddatastructuresand algorithmsinside TRAKLA.
This has,for example,the disadwantagethat althoughthe studentcan generatean algorithm
simulationsequencen WWW-TRAKLA, he cannotget the correspondingnodel sequence
nor the animationbackto thefront end. SecondsinceWWW-TRAKLA doesnotincludeab-
stractdatatype functionality, it is morelike a guideddrawving tool insteadof a DSA learning

1In someearlydocumentsr paperswe have alsousedthe nameTRAKLA-EDIT.
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ervironment. Third, TRAKLA internally handlesall exercisesas separatanoduleswithout
ary true conceptuaktructure. Thus,addingnew featuresand exerciseshasbeenvery time-
consumingprocessDueto thesdimitationswe setup a projectto write awholly new system
calledMatrix [31, 34] in 1999whichwe will describen thefollowing sections.

1.4 Notesabout Terminology

Algorithm simulationis the higherconceptfor manipulatingdatastructureson the conceptual
level. In caseof performingthe simulationon a paper a blackboard,or someother non-
computerequipmentwe usethe term manualalgorithm simulation As an oppositeto this,
we usethetermvisualalgorithm simulationfor operationsvherethe simulationis carriedout
with a computerprogramwhich truly understandshe contect of the operationsj.e., allows
modi cation of underlyingdatastructures.Betweenthesetwo extremesthereare simulation
methodssuchasin WWW-TRAKLA in whichtheoperationsarecarriedoutin 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 describethe designprinciples
usedin Matrix and,in Section3, we explainthefeaturesof Matrix in moredetail. In Section4,

we describethreeapplications,TRAKLAZ MatrixPro, andMVT thatall usethe Matrix frame-
work. In Section5, we evaluateMatrix in the context setup by Priceetal. in their taxonomy
for softwarevisualization[48]. Finally, in Section6, we summarizethe resultsandpoint out
somefuturedirectionsfor development.

2 Theory and Design

In this section,we presenthe theorybehindMatrix andexplain how it affectsthe designand
structureof the system.We startby brie y describinghow Matrix is linkedto different elds

2Theoriginal working namefor Matrix wasObject-TRAKLA.

Helsinki University of TechnologyLaboratoryof InformationProcessingcience TKO-B 154/04



14 Korhonenetal.: Matrix —a Framework for Interacti ve Software Visualization

of softwarevisualization.After thatwe explain how Matrix modelsdatastructuresyisualizes
them,andallows operationsn themin termsof algorithmsimulation.

In Subsectior?.1, we describehebasicsof the systemandpresensomeconcreteexamplesof
how the systemcould be usedto provide methodsfor algorithmanimationand simulationin
generalln Subsection2.2and2.3, we describenow to createandinteractwith avisualization
for aparticularconceptandwhatkind of objectsareinvolvedduringtheanimationandsimula-
tion processMoreover, in Subsectior?.4, we give moreconcreteexampleshow the different
conceptualizationgrovide toolsfor raisingthelevel of abstractiorwhile working with anAVL
treeexample.

2.1 Software Visualization

Matrix makesuseof mary differentsoftwarevisualizationtechniqueslin this subsectionywe
describehesetechniquesandhow they areappliedby Matrix.

2.1.1 Algorithm Simulation and Animation

The rst key designideain Matrix is that we combinealgorithm simulationand algorithm
animation. Let us considerthis moreclosely In algorithm simulation the usermanipulates
graphicalobjectsaccordingto therulesallowedfor the structurein question(like anarrayor a
binarytree)andcreates sequencef visualizationsteps.Thesestepsncludebasicassignment
operationghatcanbeusedto attacha valueinto akey eld, to changeeferencespr to invoke
userde ned operationsuchasaninsertionor a deletionof akey. The primitive manipulation
operationsarecalledprimitive simulation andthe methodinvocationsconcepisimulation

In algorithmanimation the userwatchesa displayin which the changesn therepresentation
arebasedon the executionof a prede nedalgorithm. Thus, it is the algorithmthat altersthe
datastructure,and the visualizationsrepresentinghe structureare generatecautomatically
Matrix includesbothof thesemethodsandallows themto be combinedseamlessly

2.1.2 Algorithm Visualization

Thesecondkey designissuein Matrix is thatit aimsto work ontheconceptualevel insteadof
the codelevel. Thus,we promoteAlgorithm Visualization The systemautomaticallycreates
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conceptuatlisplaysfor datastructureandallowstheuserto view andmanipulatehestructures
on differentlevels of abstraction.Our objectie is to provide the studentsa broaderview of
the differenttopics on datastructuresand algorithmsthan offered by mosttext booksin the
eld. They provide — asit is feasible— alist of algorithmsanddatastructureslassi ed by
typical applicationareassuchasbasicstructuressorting, searchinggraphmanipulation,and
someothermiscellaneousopics.In additionto this,wewouldlik e to helpthe studentgo build
mentalmodelsin which hierarchieamongdatastructuresexist, for example,amongdifferent
classe®f searchrees.

We stresghedifferencebetweerabstiact datatypes(ADTs) andtheirimplementationi.e., we
distinguishthe semanticmeaningof a datastructureandits actualphysical implementation.
Abstractdatatypesareasetof (abstractjtemswith aprede nedsetof operationsAn example
of anADT is adictionarythatcontainsa setof itemsandhasthreeoperationsinsert remose
andseach.

Fundamentatlatatypes(FDTs9) aredatatypesthatconnectcomponentgwhich may be other
FDTs or primitive valuesin the form of keys) togetherin someway without constraintson
typeor value. ThemostcommonFDTsarearray linkedlist, tree,andgraph. TheseFDTsare
illustratedin Figure3.

Conceptuadatatypes(CDT9, on the otherhand,areimplementationgor ADTs. CDTsare
usually constructedrom FDTs or otherCDTs. A CDT may include constraintson the type
andcontentsof thecomponentdt is constructedrom, aswell asthetypefor the components
it canhold. For example,a binary seach treeis a CDT thatis constructedrom a binary tree
(anFDT). A cleardistinctionamongthe conceptshowever, is required.We have obsenedtoo
oftenthatmary studentsconfusebinarytreeswith binary searchrees.Making the difference
betweenFDTsandCDTs moreexplicit shouldhelpto clarify thisissue.Here,thebinarytree
FDT is areusableeoncepemplo/edby thebinarysearchireeCDT that nally implementghe
operationgle nedin thedictionaryADT.

Theoveralldesignin Matrix for producingautomaticvisualizationdor datastructuress based
ontheideathatthe datastructureto bevisualizedshouldconformto prede nedvisualconcept
interface(s) Matrix producesisualizationsoy calling the interfacemethodgor fundamental
datatypes. Usually the implementatiorof a visual conceptinterfacerequirescodingonly a

few methods. Thus, the actualdatastructureandits visual representation(sare completely
separatedrom eachother asdepictedn Figure?2.
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Figure 3: Fundamental data types, such as arrays, lists, trees,and graphs are important reusableabstractionsregularly usedin

computer science.Theseare printed from the Matrix system.

Fromthe userpoint of view, Matrix operateson a numberof visual concepts Theseinclude
views for arrays linkedlists, binary trees,commontrees,andgraphsasdepictedn Figure/3.
A CDT suchasthe heap,canbe visualizedby employing differentvisual conceptancluding
the binary treeandthe arrayrepresentationMoreover, eachvisual conceptmay have several
layoutswhich controlits visualappearance detail.

Thevisual conceptscanbe nestedo arbitrarycompleity in orderto generatenorecomple
structuressuchas adjaceng lists or B-trees. The usercan manipulatethe structureson the
FDT level, i.e., by assigningnew valuesfor keys, changingeferencesindnodesandsoforth.
He canalsowork onthe CDT level by invoking, for example theinsertanddeleteroutinesfor
thestructures.

2.1.3 Program Visualization

Our primarygoalhasbeenthe developmeniof toolsin thealgorithmvisualizationdomainand
mostof our effort hasbeenput into this. However, the otherdomain,programvisualization,
hasbeenour secondangoalfor alongtime. We have investicgatedprogramvisualization,de-
buggingandtestingin moredetail anddeviseda combinationof methodsthatwe call visual
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Figure4: visual representationassemblyline.

testing[38, 41]. Visualtestingcombinegprogramvisualizationat severallevels of abstraction
with interactionandanimationmethodssimilar to thoseusedin algorithmsimulationandani-
mation.By utilizing Matrix, we have alsodevelopeda prototypevisualtestingtool calledMVT
(Matrix Visual Teste). MVT [41] canbe describedasa visual deluggerwith a con gurable
dataview, executionlogging, datamodi cation throughmanipulationof the dataview, and
graphicalexecutioncontrol. MVT is describedn moredetailin Section4.3.

2.2 Visualization Process

Matrix providesseveralmethoddor creatingvisualizations.Thedegreeof handcodingneeded
to producea visualizationdependon the methodused. First, it is possibleto reusethe Ma-

trix library components Theseinclude several implementationof all supportedconcepts,
calledFundamentaData Types FDTs. Someauthorgeferto this methodasthe probingtech-
nique[39, 40]. SecondeachFDT hasthe correspondingisual conceptinterfacethatcanbe

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

formsto the visual conceptinterface(s). Thereafterthe visualizationof the structureandthe

basicalgorithmanimationpropertiesareautomaticallysupportedy Matrix. It shouldbenoted,
however, that this methodrequiresextra work to gain the possibility to reversethe temporal
directionof theanimation[8, 48]. Finally, it is possibleto producethe visualizationmanually
in termsof visualalgorithmsimulation. Herethe usermanipulateghe datastructurethrough
thegraphicaluserinterface takingsimilar actionsto whatanactualalgorithmwould do. Note,

however, thatthis third methodinvolvesno actualcodingof programs.It is discussedurther
in Section2.3.

The overall assemblyline for producinga representatiomior a datastructureis illustratedin
Figure4. The creationof visualizationis divided into threephaseghat are Adaptation Vali-
dationandLayingout therepresentationn addition,the GUI providesaway to in uence the
functionality of thesephases.
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2.2.1 Adapters

Thesystentriesto treateachof thevisualizeddatastructuresimilarly throughthevisualcon-
ceptinterface. Unfortunately this mayleadto a situationin which it is almostimpossiblefor
theprogrammeto implementherequiredinterfaceef ciently . Thereforethesystemprovides
adapterdor someof the conceptsn orderto make it easierto adapta datastructureto the
concept. This adaptionis transparentor the programmerand allows him to choosefrom a
rangeof visualconcepinterfaces.

Let us considerthe following example. Binary heapis implementedas an array andthe in-
tentionis to visualizethe structureboth with an array representatiomnd with a binary tree
representationT helatterone,however, requiresthe structureto be dynamic,i.e., thereshould
exist a nodeto be visualizedfor eachoccupiedpositionin thearray Thus,the adaptemakes
the cornversionfrom the staticarrayto the dynamicbinarytreeby creatingthe necessarynter-
mediatenodeswhich do notexist in theoriginal structurebut arerequiredfor thevisualization.

2.2.2 Validation

For eachconcepta singlevisual conceptinterfaceexiststhatis usedto preparethe visualiza-
tion. For example,every datastructureD thatshouldhave theoptionto bevisualizedasatree
shouldconformto the correspondingisual conceptinterfaceTree . The next problemis to
ensureghattheprocedurewhich displaystreesasits output,actuallytakesoneasits input. We
shouldthereforevalidateD andremove all cycles. Thus,evenif theinput would be a graph,
we canstill acceptthe original structureandvisualizeit asatree. In practice this meanghat
thevisualizationonly coversthe connectedhodesof the graphstartingfrom a givenrootnode
in depth- rst searchorder All back,forward and crossedgesare visualizedas connections
to specialterminalnodeswhoselayout differs from that of the ordinarynodes. Sincesucha
representatiomay not beintuitive, the usercanmodify the behaior of the validationof trees
in orderto preventthevisualizationof suchedges.

2.2.3 Layout

The nal phaseof creatingtherepresentatioproduceghelayoutfor aconcept.Thelayoutpro-
ceduremayassumehattheinputit recevesreally follows the conceptuaprinciplesdiscussed
abore. Thus,the procedurerecevesan input setof nodesanda setof connectiondetween
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themthatobey the rulesof the concept. The outputis a hierarcly of thesenodesthatshould
be ascloseaspossibleto whatthe userexpectsto seewhile working with the corresponding
metaphar

Unfortunatelythereis no singlelayoutthatis adequatéor, let ussay all trees.At themoment,
thesystenmprovidestwo layoutsfor treesthatdiffer slightly from eachother The GUI provides
away to changehelayoutatruntime. However, we feel thatit shouldbe possibleto addnew
layoutsto the systemin the future. Eventhoughwriting a new layoutis not the sort of basic
operationthatoughtto be doneby anenduser we have takeninto accountthe possibility of
extendingthe setof possibldayoutsfurther.

2.3 UserInterface Entities

In this section,we presenthe userinterfaceconceptghatform the basicsof algorithmsimu-
lationin Matrix. Thedynamicset(the hierarcly) H = (N; R) consistf elementsN (nodes)
andbinaryrelationsR[ N N (connectionbetweemodes).Eachelementtanholdakey K .
In addition,a setmay consistof othersets thusallowing nestedsets.Correspondinglya hier-
archy may consistof nestedstructuredy allowing the key of a nodeto be anotherhierarcly.
By allowing the nestedstructurego be arbitrarily complec the systemalsoallows the possible
hierarchiego bearbitrarily rich in their design.As a consequenceaye canallow visualization
andinteractionwith arbitrarily complex symbolicmodels.

Whenwe considetierarchiesn the contet of the userinterface therearetwo equallyimpor-
tantaspectghatwe shouldrecognize First, the hierarcly hasa conceptuahaturethatallows
it to arrangethenodess suchaway thattherepresentationf the modelappealdo the human
intuition of the correspondingnetaphor The dynamicnatureof the modelleadsto the idea
of algorithmanimation. This is dueto the factthatin algorithmanimationthe challengeis
to visualizethe changesn the datastructuredor the user Secondthe interactionbetween
the visualizationand the userprovides a meaningfulway for explorationand understanding
symbolicmodels,basedon datastructuresin termsof visualalgorithmsimulation. Thereare
four differenttypesof interactve componentsvailablein the GUI. The rst threecomponents
behae similarly to eachother The fourth componentthe binary relationbetweentwo other
componentshassomevhatdifferentbehaior.

Theprinciplesof how theinteractve componentinteractwith eachotherarediscussedbelow.
The interpretationof the semanticmeaningof varioususeroperationsis, however, often a

Helsinki University of TechnologyLaboratoryof InformationProcessingcience TKO-B 154/04



20 Korhonenetal.: Matrix —a Framework for Interacti ve Software Visualization

dif cult orevenambiguougjuestionvhenconsideredn general While building thecurrentset
of datastructuresvithin Matrix we have madethenecessargecisions For futuredevelopment,
we provide thefollowing guidelines.

2.3.1 Hierarchy, Node,and Key

A hierarchy refersto a setof nodes Eachnodehasakey. A key canbe a primitive or some
morecomple structure.If thekey is a primitive, it hasno internalstructure andthereforeit
cannotbe examinedfurther If thekey is amorecomple structureijt is treatedrecursvely as
ahierarcly.

All thesethreeentitiescanbemaovedaroundn thedisplay Thesimulationconsistof drag and
drop operationsvhich canbecarriedoutby pickingupthesourceentityandmoving it ontothe
top of thetarget entity. Eachsingleoperatiorperformsthe properactionfor the corresponding
entity, asfollows.

Letusdenotehierarcly, nodeandkey asH, N, andK , respectrely. In addition,theexpression
X 1 Y denotedheoperation'X is draggedanddroppednto Y". For simplicity, we saythat
we"drag X into Y".

Moreover, the simulationoperationgerformedfor a structuredo not changethe structureof
the visual representatioiout carry out actualchangesn the underlyingdatastructure. The
changeis delivered rst to the underlyingdatastructurethatis thenvisualizedagain for the
user

We arenow readyto give thede nitions for thefollowing nine operations:

1. H;! H, (dragacomple structureinto anotherone)

This rst cases veryinterestingoecausedt hasseveralpossiblesub-cases:

(@) If H, andH, are of the sametype, we could give this operationthe meaningof
Join(H,, H,). However, thecaseH; = H, (thestructures draggednto itself) is an
unusuakituationandthis shouldraiseanexception.

(b) If H; andH, areof differenttypes,the operationdependseavily ontheactualdata
structureH,. For example,if anarrayof keysis draggednto a binarysearchree,it
would befeasibleto have eachkey insertedoneatatime into thesearchree.Onthe
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otherhand,if thetargetstructureis justan ordinarybinarytree,we possiblycannot
have ary unambiguou®perationto perform.

Thebottomline is thatit is up to thetargetto determinevhatthis kind of operatiorshould
do. If H, conformsto theinterfaceCDT, we know it hasthe methodinsert  thatcould

beinvoked. The meaningof "Insert" hereis determinedy the persorwho implemented
H,; thusit is up to the programmeto choosewhetherthe structureshoulddo a "Join"

operationor someotheraction.In the caseof probes(prede nedandimplementedstruc-

turesin the Matrix framework) this choiceis alreadymadefor the userandit follows the

way of thinking describedabove.

2.H! N (dragacomple structureinto anode)

ThisoperatiorshouldconnecH tothenodeN if suchanoperations feasible.Otherwise
theold key K 2 N is replacedby the hierarcly H. For example,we canattacha tree
belov a nodein a commontree, but we cannotperformsuchan operationfor a binary
heap.

3. H! K (dragcomplex structureinto key)

This operationreplaceshekey K with thehierarcly H for thenodeN;K 2 N.
4. N;! H (draganodeinto a hierarcly)
5.N; ! Ny (similar)

6. N, ! K (similar)

In thesethreecasesthe nodeN; usually representsomekind of substructureH {N)
thatis draggednsteadof a single nodeandthusthis operationshouldbe treatedasthe
operatiorH®! fH;N,; K gasabove. A new visualizationis createdor thesubstructure
H O thatis initiated by N;. For example,N; could be an internalnodeof somebinary
tree. The operationcreatesa new visualization(a new binarytreerepresentationooted
atN; andthishierarcly is thereforedraggednto thetargetaswe did previously. Another
possibleinterpretatiorfor this operationis to treatthenodeN ; asasinglerepresentae
of thewhole hierarcly it belongsto; thusthe operationis again the very sameasH %!
fH;N,;Kg. In this case,no new visualizationis created.Instead,the whole structure
H%N; 2 H%is moved. This would be the sameoperationasif we chosethe internal
nodeto betherootof thewholetreein the previousexample.This latterform of behaior
is usuallybetterwhenit is hardto de ne whatkind of substructurshouldbemovedalong
with asinglenode.For example, it is notalwaysclearwhich partof anarraytheoperation
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shouldaffect,if we startto draganarraystartingfrom the placepositionedat someindex
i.

. K 1 H (dragakey into a hierarcly)

If H conformsto theinterfaceCDT, the correspondingnsert  methodis invoked with
theparameteK . Otherwise we possiblycannotdeterminghe meaningof the operation
andthis operatiorshouldraiseanexception.

. K'I' N (dragakey into anode)

This operationresembleghe two possibilitiesof case2. In orderto be ableto connect
the new key K to N, however, we have to createa new nodeN ° for the key K before
the connectionbetweenthe entity K of hierarcly H;K 2 N°2 H andN is possible.
Thereis alsothe otheroptionin which the old key of N is replacedwith K. Thechoice
is madeby theactualFDT implementatiorof N (FDT). This is because¢he operationis

completedin the corresponding=DT. This option may turn out to be very confusingif

thedecisionon how thestructureshouldbehae in differentkindsof circumstances not
clear

Unfortunately thereseemdo be no cleardefault behaior, becauseven suchbasiccon-
ceptdiketreesmayturnoutto behae differentlybut still logically. It seemdo benatural,
for example,thatfree treescangrov andanev nodeN %K 2 N?is connectedo some
existing nodeN by operationK ! N. Ontheotherhand,for binarytrees(k'ary trees)
this is ambiguousecausehe operationdoesnot explicitly determinethe positionof the
new, possiblyabsent(sub)treej.e., thereis a needfor visualizationof empty(sub)trees.
In this latter case,|it is corvenientthatthe operationK ! N replacegheold key of N
with thenew key K andno new nodesarecreated.

. K11 K, (dragakey into akey)

This operatiorreplaceshekey of nodeN; K, 2 N with thekey K ;.

2.3.2 ConnectionEntity

The discussionabore excludedthe fourth entity necessaryo fully demonstraténierarchies

andespeciallythe casein which visible connectiondetweenthe nodesin a hierarcly exist.

Naturally someoperationsare necessaryor thesebinary relationentities. Let us denotethe

relationsby R.

Basicallywe couldjust expandthe discussiorabove andallow all operations
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fH;N;K;Rg! fH;N;K;Rg: (2)

Thefunctionalityof theframewnork doesnot, however, supportheoperations H; N; K ; Rg!
R althoughtherecouldbe a meaningfulinterpretatiorat leastfor someof them.However, the
framewnork doessupportthe operations

R! fH;N;Kg: (2)

In all of theseoperationghebinaryrelationis supposedo beadirectededgeandtheoperation
movesthetargetof theedgeto pointto thenew location,eitherto thenewv nodeN; f N jK 2 Ng
or to theheadnodeof H if it is de ned.

2.4 Working with Different Levelsof Abstraction

Onedesignissuein Matrix wasthe separatiorof datastructuresandtheir conceptuahature.
A new datastructurecanbe createdusingfundamentablatatypes(FDTs), which areusedas
building blocksfor constructingconceptuatiatatypes(CDTs)which areusedfor implement-
ing abstracdatatypes(ADTS).

2.4.1 Working onthe FDT Level

An FDT consistf nodeswhich areconnectedo eachotherin aspeci c way. A largenumber
of applicationscanbe coveredby the ve prede nedFDTs: array linkedlist, binarytree,tree,
andgraph. Thus,an FDT is conceptuallya reusabldow-level hierarcly that canbe usedto

implementmore complicatedand sophisticatedlatastructures.Furthermorean FDT canbe
usedasa basisfor anevenmoresophisticatedDT, whichin turn mayimplementan ADT.

The conceptualifferencebetweenthe datatypescanbe demonstrateds follows. We can
chooseto work on the FDT level anddirectly manipulatethe contentsof the nodesandthe
connectiondetweerthemon display Thisis calledprimitive simulation As anexample,the
FDT canbeabinary treg andwe canbuild ananimationby illustratinghow anarrayof keys
is insertedinto a binary seach treg onekey atatime. An insertionis simulatedby dragging
theinsertedkey into an emptybinary tree positionbelov someleaf of the tree (case2.3.1.8,
K ' N). The actualdatastructureis updatedanda new nodeis connectedo it with the
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ExampleArray

Figure5: Binary TreeManipulation Example.

insertedkey asits label. Thereafterthe binarytreerepresentatiogrons by onenev nodeand
two emptypositions.

Similarly, if the userwantsto simulatethe balancingof a tree, he would changereferences
at appropriatenodesto illustraterotations. This is demonstrateih Figure/5 in which frame
(1) shavs the arrayof keys andtheinitially emptybinary (searchtreebeforeinsertionof the
key A. In addition,in frames(2) and(3), thetreeis shavn aftertheinsertionof thekey X and
whenall thekeys have beeninserted.In frame(4), asinglerotationto theright is demonstrated
in thenodeM aftertheuserhasupdatedheappropriatéhreereferencesn the previousstate.

2.4.2 Working onthe CDT level

After learninghow, for example,a binary searchtreeor an AVL treefunctions,the usercan
move on to work on the CDT level andgenerateanimationswhich shav the behaior of the
structurein differentcasessuchasin theworstcase.In this case manipulatingthetreeusing
FDT operationsvould be too clumsy Instead he or shecancontinueon the FDT level and
usetheexisting library routinesfor insertingkeys into abinarysearchreeor into anAVL tree.
Thisis calledconceptuakimulation
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[Treerepresentation

Array representation
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FigureG: Two representationsfor a singlebinary heap.

In Figure6 we shav thevisualizationof aCDT employing two differentrepresentationdleap
operationarebestvisualizedusingthe binarytreeconceptwhereaghe practicalimplementa-
tion is usuallybasedon anarray Both of theserepresentationare shavn simultaneoushas
illustratedin the gure. Moreover, theusercanperformconceptimulationoperationson one
of themandseethe correspondinghangesn the otheroneimmediately

In the caseof conceptsimulation theinterpretatiorfor thedraganddropoperations changed
if theshift key is helddown duringthe operation.Draggingthe sourceentity from its original

locationwith the shift key presseds interpretedasa deletionof the draggedentity from its

original location. The deletionis performedafter the entity hasbeendroppedsomeavhere.
Insertion(dropping)in thetargetentity is performedasdiscusse@bove.

The function of the deleteoperationdependson the draggedentity andits sourceentity. For

example,if thesourceentity conformsto theinterfaceCDT, thenthe sourceentity hasa delete
operationwhich canbecalledafterthedraggeclementhasbeendropped.An exampleof this

is abinarysearchree,which containskeys. Whenakey is draggedrom thebinarysearchree
while holding the shift key down, it is deletedfrom thetree. The key canbe droppedinto an

emptyplaceto deleteit withoutinsertingit anywhere.If the sourceentityis anFDT structure,
thenit doesnt have a deleteoperationandthe draganddrop operationwith the shift key held

down doesnt deleteanything.
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3 The Matrix Framework

In Section2, we discussedheconceptghatthe Matrix framevork mustsupporiandthedesign
andimplementatiorof theframewvork on anabstractevel. In this sectionwe will take acloser
look athow theframavork works.

The Matrix framavork is implementediusingthe Java programminganguage nitial versions
of theframavork usedJavaversionl.1. Now, howvever, theminimumrequirementsreJaval.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
whichis writtenin XML.

3.1 Visualization

Thevisualizationof datastructuresn the Matrix framework is basedon four visualconcepts
visual container visualcomponentvisual refeenceandvisualdata[32]. A visual container
is acomple structure which holdsa numberof variableghodesjndexes,etc.) connectedn a
speci c way. For eachvariablein avisualcontainer thereis avisualcomponenthatis capable
of visualizingthe variable. The connectiondetweenvariablesmay be visualizedusingvisual
refeencedhatarebinaryrelationsbetweertwo visualcomponentsFurthermoreary partof a
visualizationmay have attributesattachedo it. In particular eachvariablehasa key attribute,
whichis areferencdo visualdatathevariablerepresentsThis visualdatamaybea primitive
datatype, or a morecomple structure.A complec key attribute may be representedisinga
visualcontainernestednsidethe visualcomponent

The gure [7 shavs the inheritancehierarcly of the classesusedto implementvisualization
in the Matrix framewvork. The classeson the secondlevel of the hierarcly correspondo
the visual conceptdiscussedbore. VisualContainer correspondso visual container
VisualComponent  to visual componentVisualReference to visual refelence and
VisualPrimitive to visual data (i.e. primitive datatype). However, sinceall objects
requiredfor the visualizationhave a lot of commonfunctionality, the conceptsare inherited
from the abstractsuperclasd/isualType . Functionalityfor dekugging(of the framavork
itself), basic simulation, nestedAWT componenthandling, etc., which are commonto all
visualizations,is implementedn VisualType . The VisualType classis a subclassof
java.awt.Container , the Java AWT toolkit componentthat is capableof containing
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Figure7: Inheritance in visualization classes

otherAWT components.

The genericimplementatiorof eachvisual conceptis not, however, enoughfor efcient and
usefulvisualization. The visualizationof differentdatatypessuchasarrays graphs lists or
treeseachrequiredifferentfunctionality Therefore the classVisualContainer hasfour
subclassesyisualTree |, VisualArray , VisualList , andVisualGraph . Eachof
thesecorrespondso oneof the abore-mentionediatatypes. Theseclassesold the function-
ality speci c for the visualizationand manipulationof a particulardatatype. For example,
theVisualGraph classholdsfunctionalitythatallows the userto addedgedo agraph,and
VisualTree  makessurethatif agraphis visualizedastree,theshowvn structurehasno cross-
or back-edgesisible. Moreover, eachof thefour classesorrespondindgo a speci ¢ datatype
hasoneor moresubclassethatcontainthefunctionalityrequiredfor laying outanddrawing a
certainlayout

Eachdatatypevisualizationhasoneor morelayoutsmentionedn Section2.2. Eachlayoutfor
aparticulardatatypeis containedn its own subclassFor example,the classVisualGraph
hasthreesubclassesVisualLayeredGraph |, VisualKKGraph andVisualFRGraph
VisualLayeredGraph implementsa versionof the directedacyclic graphalgorithmsup-
portingarbitrarygraphsandvariable-sizenodesrom Chapte9 of [5], VisualKKGraph  im-
plementsaversionof theKamada-Kavai graphdraving algorithm[30] andVisualFRGraph
implementsa versionof the Fruchterman-Reingoldraphdrawing algorithm[18]. Figure 8
shavs anexamplegraphin adjaceng list formataswell asits visualizationusingeachlayout.

Similarly, the VisualComponent classhasseveral subclassethathandledifferentkind of
components.The mostfundamentabdivision is betweenstatic and dynamicdatastructures.
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Fruchterman-Reingold

@)

D:BC

4)

FigureS: An examplegraph as (1) Fruchterman—Reingold graph, (2) layered graph, (3) Kamada-Kawai graph, and (4) adjacency
list

Staticstructuressuchasan array have their size (numberof componentsjleterminecat the
time of their creationand cannotbe resizedlater Dynamic structures,on the other hand,
may grow (get more componentspand shrink (remove componentsyuring their existence.
Component$n static structuresnustbe handledratherdifferently from dynamiccomponents.

Theonly staticdatastructuresupportedn Matrix is Array. ThereforeVisualArrayComponent
whichhandlegshecomponentgindexes)of anarrayis directlyinheritedfrom VisualComponent
However, sincethe framevork supportsseveral dynamiccomponentswhich sharea lot of
functionality, the classVisualNode is inheritedfrom VisualComponent , andthevisual
component®f differentdynamicdatatypes(list, graphandtreein Matrix) areinheritedfrom
VisualNode . ThereforetheVisualNode classexistsbecausd is easietto implementhe
systemthatway.

3.2 Structures

The Matrix framewvork usesa numberconceptinterfacesto de ne the differentfundamental
datatypesandabstractdatatypes. The conceptinterfacesareimplementedusing Java inter-
faces.Thehierarcly of theinterfacesis seenin Figure9. The FDT interfaceis the superclass
of all conceptinterfaces. A Java objectthatimplementsthe FDT interfaceis recognizedoy
the Matrix framevork assomethinghatcanbevisualized.A non-FDTelement(a Java object
thatdoesnotimplementthe FDT interface)storedinsidean FDT canbetrivially retrievedand
visualizedasa primitive object(thatis, a stringrepresentationf the correspondinglement).
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Figure9: The inheritance hierarchy of conceptinterfaces

The FDT interfacedoesnot, however, containary informationon howto visualizethe object
implementingit. Therefore,no datastructureshouldimplementonly the FDT interface,but
useoneof its' sub-intercesseenin Figure?9.

The FDT interfacehassix sub-interaces. Four of these(Tree , LinkedList , Array and
Graph) correspondo the four datatypesmentionedn section3.1 The Vertex interface
represents singlevertex of agraph,andthe CDTinterfacemarksconceptuatiatatypes.

The Tree , LinkedList , Array andGraph interfacesalso correspondo the four sub-
classesf VisualContainer shavn in Figure 7. The Matrix Framavork canrecognize
an objectthatimplementsone or more of thesefour interfacesandis capableof visualizing
it using layoutsfor that particularvisualization. The LinkedList interfacealso contains
methodghatallow for primitive simulationof the structureghatimplementghisinterface.

In this context, primitive simulationis the ability to directly modify the variablesof a data
structure. Thatis, to add,remove, and changethe contentsof a variable. Dependingon the
type of the datastructureit may alsobe possibleto modify the referencedetweernvariables
(for exampleadd,remove or move referencesn agraph).

For the Tree and Graph interfaces,a sub-interice containingsimulationfunctionality is
requiredfor primitive simulation. For an Array , the conceptof primitive simulationhasno
meaning sincethe numberof variable(arrayindexes)cannotbe changedIt shouldbe noted,
that a datastructurethatimplementsfor example,the Array andTree interfaces(but not
SimulationTree , whichis discussedelon) canbemanipulatedisingprimitive simulation
only whenit is visualizedasanarray

The Tree interface hastwo sub-interices,BinaryTree  and SimulationTree . The
BinaryTree interfaceincludesfunctionality for binary trees. The interface forceseach
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variable of a datastructureto have a left and a right child, which makesit a binary tree.
Without this interface,a variables childrenare marked using numbersstartingfrom 0. The
SimulationTree interfacecontaindunctionalityto allow primitive simulationof treestruc-
tures: creationanddeletionof new tree nodesand manipulationof a nodes successorsThe
SimulationTree interfacehasonesub-interfice,SimulationTree2  , which marksse-
manticsfor commontrees. An objectthatimplementshe interfaceSimulationTree has
a x ed numberof child nodes(including empty ones),makingthe implementingstructurea
k-ary tree An objectimplementingSimulationTree2 can have an arbitrary numberof

childrenduringthe simulationprocessandis thereforea commontree.

TheSimulationGraph  sub-interaceof theGraph interfaceis similarto SimulationTree
giving graphsadditionalfunctionality requiredfor primitive simulation It is possibleto add,
remove, andmodify verticesof a SimulationGraph . TheUndirectedGraph  isamere
marker interface. The default visualizationof objectsthatimplementUndirectedGraph
hasall edgesdravn withoutdirection.

The verticesof a grapharede ned by the Vertex interface,therebymakingit possibleto
separateéheimplementatiorof a graphasa wholefrom theimplementatiorof its vertices.Of
courseijt is possibleto createa classthatimplementdbothGraph andVertex interfaces.For
SimulationGraph s, the SimulationVertex sub-interfce of the Vertex interface
shouldbe used otherwiséit is not possibleto connectverticesto eachother

Treesandgraphshave separatenterfacesfor visualization(markinga particularstructureas

a tree or graphand forcing the implementationof methodsrequiredfor visualization)and

primitive simulationsincein mary caseswe might wantto visualizetreeor graphstructures
thatshouldnotbechangedy theuser By leaving outthesimulationfunctionalitywe canboth

simplify the implementatiorof suchstructuresand prevent the userfrom makingundesired
modi cations. For Array s, primitive simulationdoesnot exist in the sameway it is possible
for dynamicstructuresandfor List stheseparatiowasdeemedinnecessary

TheArray interfacehasonesub-interace,StyledArray . Thisinterfaceimplementdunc-
tionality requiredfor arraysthatneedarrayindexesotherthanthetraditionalnumbersstarting
fromzero.A classthatimplementsStyledArray  canhave arbitrarystringsasarrayindexes.

ThelLinkedList interfacealsohasonesub-interice,DoublyLinkedList , Which adds
methodgor makingthelist linkedin bothdirections.

The lastsub-interbceof the FDT interfaceto be coveredhereis the CDTinterface. All Jara
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objectsthatimplementthe interfaceare consideredo be abstractdatatypes. An objectthat
implementghe CDTinterfacedoesnot needto implementary of the four visualizationinter-
facegmentionedabore, aslong asit canreturnan FDT thatcontaingts internalrepresentation.
Of courseijt is alsopossibleto createstructureghatimplementboththe CDTinterfaceaswell
asoneor morevisualizationinterfaces.

3.3 Implementation of the AssemblyLine

Recallthe visual representatiomssemblyline shavn in gure 4. We will now describethe
implementatiorof theassemblyine, usingabinarysearchreeasanexample.In thisexample,
we will assumehatno otherdatastructuresecognizedy theframewnork canbeused.

A binarysearchreeis atreestructurethathasinternalsemanticguiding the positionsof the
variablescontainednsideit. Therefore,it is alsoa conceptuabatatype. Furthermoregach
nodeof a binary searchtree hasat mosttwo children, makingit a binary tree In orderto
visualizea binarytreeasconceptuatatatype,we mustimplementat leasttwo visualizations:
BinaryTree andCDT BinaryTree is a subclassof Tree , and Tree is a subclassof
FDT. CDTis alsoa subclasof FDT. Therefore we mustimplementmethodsof at leastfour
interfaces. Furthermorejf we wish to be ableto useprimitive simulationto manipulatethe
tree,we will havetoimplementa fth interface,SimulationTree

All in all, these veinterfaceshave 14 methodghatneedto beimplementediwo in FDT, two
in Tree , two in SimulationTree , vein BinaryTree andthreein CDT

Throughconcepinterfacesthe Matrix framevork canexamineandmodify a givendatastruc-
ture. In the secondphaseof the assemblyline, the framevork examinesthe datastructure
and createsthe requiredinstancedfor visual conceptsin order to visualize the data struc-
ture. If possible,the validationtries to reuseexisting instancesof visual conceptsn order
to make the validationprocesdasterand moreef cient. The basicvalidationcodeis in the
classVisualType . Thiscommoncode,locatedin methodvoid validate() is called
regardlessof thetype of visualization.It doesthefollowing:

1. removesunusedsubcomponents,
2. if thisitemis notused return,

3. checkfor possibleattributesanddecoration,
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4. validateall componentandsubcomponentsf this visualconceptand

5. repaintthescreen.

Thereis a greatdifferencebetweenvalidatingall componentandsubcomponentsf a visual
concept.

Validatingthe componentsneansthat the currentinstanceof VisualType beingvalidated
examineghedatastructureit representandmakessurethatfor eachpartof the datastructure
thereis an instanceof the correspondingrisual concept(a subclasf VisualType ) that
canbeusedto paintthevisualization.Furthermoreif thecurrentVisualType hassomeat-
tributesor othercomponentghatdo notdirectly correspondo ary visualconcep{for example,
a buttonthatshavs a menu) thesecomponentareexamined.

Sinceall instancesusedfor visualizationaresubclassesf VisualType , andthereforesub-
classe®f java.awt.Container , eachof themmaycontainotherinstance®f VisualType
The validation of subcomponentss the act of recursvely going through eachinstanceof
VisualType containedn the instancecurrentlyexamined. The validate() methodis
calledto all visualizationelementscontainedn the currentinstance.

The validationof a VisualTree , the classthat handlesthe visualizationof tree structures
(likeabinarysearctiree),goesasfollows. First, thereis aninstanceof VisualTree , which
correspondgo the whole tree datastructure. This is the visual containerthat holds the vi-
sualizationof the tree. The validate() methodis calledfor this object. To validateall
its componentghe VisualTree  goesthroughthe Tree it represents;reatingthe required
VisualComponent sandVisualReference s. It alsomakessurethatif therearecross-
or back-edge thetree(thetreeis actuallya graphthatis beingvisualizedusinga treecon-
cept),theseareinterpretedaspointersto terminalnodes.

After the component®f the VisualTree  have beenvalidatedand,if necessarynev com-
ponentscreatedthe VisualTree  calls validate() for eachsubcomponent contains.
Eachsubcomponentalidatesitself aswell asits componentsand subcomponent§f it has
ary). After thevalidationis done,we have a setof valid instance®f VisualType thatcan
be usedto draw a visualizationof a datastructure.The laststepof the assemblyline is to lay
outtheseobjectsandto draw theimageon screen.

Laying out the componentss donein the speci ¢ classthat handledayouts. Trees,for ex-
ample,canbe laid out usingtwo layouts: LayeredTree andLeafTree . Thelayoutpart
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of the assemblyline calculatesa positionfor eachinstanceof VisualType to bedravn on
thescreenHow the positionsarecalculateddepend®onthelayoutused.TheLayeredTree
layouttriesto minimize the amountof wastedspacein the treevisualization:it calculateghe
amountof spacaequiredby eachnodeof thetree,andpositionsnodessothatthey areasclose
to eachotheraspossible.The LeafTree layoutlaysthetreeout sothateachleaf nodehas
aits own “slice” of the x-axis of thevisualization.Finally, the visualizationsaredravn using
the paint(Graphics) method ike all java.awt.Component  s.

3.4 Animation

Animationin the Matrix framavork is implementedon the data structuie level. Animation
doesnotrecordchangesn thevisualization but in theunderlyingdatastructures.

Animationin the Matrix framewvork canbe divided into two casesforward animation,where
theframenork visualizeshe changessa datastructures modi ed, andbackwardanimation,
wherethe frameawork is usedto rewind the datastructureinto anearliercon guration.

The systemcan automaticallysupportforward animationfor any datastructurewhich con-
formsto oneor moreof theconcepinterfacesdiscussedh section3.2 Supportfor backwards
animationrequires,however, someextra effort by the programmerof the datastructure. An
animationin the Matrix framawork is storedasa seriesof changesn thedatastructure. There-
fore, wheneer an animationis rewound(moved backwards),the systemactuallyrestoreghe
relevantdatastructure(s)nto anearliercon guration,insteadof justchanginghevisualrepre-
sentation(s)Unfortunatelyit is very hardto storechangesnadeto arbitraryJava objects.For
thisreasontheinstancevariablegvariableswhich storethe contentsof the structure)mustbe
storedin specializedMemoryStructure  objects.Theseobjects,which includerepresenta-
tionsfor severalJavaprimitives,agenericObject aswell asanarrayof objects have support
for storageandretrieval of their changehistory Without usingthesespecializedbjects,it is
not possiblefor the framewvork to move the animationbackward.

3.5 Simulation

Algorithm simulationin the Matrix framavork is basedon the fact that eachdatastructure
visualizationis composeaf severalvisualizationobjects gachof whichrepresentaninstance
of one of the four visualizationconceptsdiscussedn section2.3. Eachof the conceptsis
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mappedlirectly to adatastructure jts componenhode,edgeor key. It is thereforepossibleto
interpreta users manipulationof the visualizationandre ect thesechangesn theunderlying
datastructure.Eachof the nine operationgiscussedn section2.3.1is implementedandcan
be performedby dragginganddroppinga visualizationinto another

Furthermorethe systemallows operationghatcannotbe implementedy dragginganddrop-
ping a visualizationinto another Theseoperationslike changingthe name(label) of a visu-
alization, changingthe layout or the visualizationconcept,or changingthe color of a node,
canbeimplementedhrougha numberof ways. The mostoften usedmethodfor implement-
ing additionaloperationss througha pop-upmenu. The contentsof the menudependon the
visualization.

Eachsimulationoperationa usermalkesis rst interpretedby the visualization(an instance
of (a subclassf) VisualType ) wherethe operationwasdirectedat. The VisualType
decideshow to interpretthe operation(dependingon the VisualType ). In mostcaseshe
VisualType calls for one of the underlyingdatastructures methods. After the method
has(possibly)modi ed the datastructure,the VisualType marksitself invalid, sincethe
underlyingstructuremay have changed.The systemnoticestheinvalidation,andproceedgo
validateand(possibly)lay outandredrav thestructure.

3.6 Graphical UserInterface

A graphicaluserinterface (GUI) is the main methodof interactionbetweenthe userandan
applicationusingthe Matrix framewvork. The GUI consistof a numberof Panel scontaining
oneor moredatastructue visualizationsand othercomponentsThe Panel s canbe placed
insideotherGUI componentsThe framewvork suppliesa Frame, which canbe usedto hold
oneor morePanel s. Furthermorethefunctionsof theframewnork andthefeaturesof the GUI

canbe customizedisinga con guration le. Thecon guration le canalsobeusedto de ne

andcustomizeall Menus usedin anapplication.

Componentotherthan Panel s caninclude taskbarsstatusor detug windows, etc.. Cur
rently, theframewvork hasoneready-made&omponentthe animationcontrol panel. The basic
functionsof the controlpanelaresimilar to thoseof a slide projector:you canstepbackwards
andforwardsstepby step,goto the rst or lastpositionof theanimation,or play theanimation
asaserieof discretesteps.In additionto these'basic” functions,it is possibleto examinethe
smallermicrostepgdown to themanipulatiorof singlevariablesyandseehow largeoperations
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(for example,aninsertionin ared-blackiree)arecomposeaf severalsmallerones.

A Panel thatholdsdata structule visualizationss the basicbuilding block of a Matrix ap-
plication. An arbitrarynumberof visualizationscanbe placedinsidea singlepanel.However,
the usefulnes®f the visualizationsstartsto suffer whentoo mary datastructuresare shavn
simultaneouslyall visualizationgake up somespaceandthe maximumamountof spacethat
canbeshavn atonetimeis constrictedoy the sizeof the computemonitor.

Themainadwantageof placingseveralvisualizationsnsideasinglePanel isthepossibilityof

interactionbetweerdatastructuresWhenstructuresarevisualizedinsidethe samePanel , it

is possibleto moveitemsfrom avisualizationinto anotheione. The Matrix framavork includes
its own Panel , the StructurePanel class,which is a subclasof java.awt.Panel

The StructurePanel containsthe functionality requiredto implementthe interactionbe-
tweenvisualizationsandthe functionality requiredto interactwith otherpartsof the Matrix

framavork, suchasthe Animator

Several Panel s andothercomponentsanbe includedin a single Frame. Matrix hasits
own Frame class,which containsfunctionality commonto mary applications. Functions
suchasopeningnew datastructuredor visualization,changingthe font, font size,saving the
visualizationon disk, etc. have beenimplementedn the MatrixFrame  class.

Many of the functionsin Panel s or Frames canbe accessethroughMenus. Menusin the
Matrix framewvork arede ned andcustomizedn thecon guration le . Usingthecon guration
le, it is possibleto createmenubardo Frame s or pop-upmenusto ary visualizationcompo-
nent. Becauseof the tree—like structureof menus(a menuor menubamay have sub-menus,
which canhold sub-menuf their own), the menubararede ned usingan XML-syntax.

The con guration le is alsousedto de ne the visualizationsof variousdatastructures.It is
possible for example,to changethe possibleanddefault layoutsof a datastructureusingthe
con guration le. Thecon guration le canalsobeusedto setinitial valuesof variables(for
example,to setthedefault backgrounctolor usedin Panel sandFrames).

4 Applications

In this sectionwe presenthemostimportantapplicationgouilt on Matrix. TRAKLAZ2is aweb-
basedearningenvironmentdedicatedo distribute visual algorithm simulationexercisesin a
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DataStructuresandAlgorithmscourse.ln this paperwe describeonly the simulationexercise
framavork usedin TRAKLA23. MatrixPro is a tool for instructorsfor creatingcustomizable
algorithmanimationan termsof algorithmsimulation.MVT (Matrix Visual Teste)) is avisual

testingtool basedon Matrix.

4.1 TRAKLAZ2

TRAKLAZ [37] is aweb-basedpplicationfor automaticallyassesseuisual algorithmsimu-
lation exercises The systemoffers developersmary waysto modifyexisting exercises create
new exercisesandmodifythe GUI providedfor studentsTherefore the systemitself canalso
beseemsanindependentramenvork. Theexercisesn TRAKLA2 havethefollowing charac-
teristics:

The studentmanipulatesconceptualiews of datastructures simulatingactionsa real
algorithmwould perform.

All manipulationis carriedoutin termsof graphicaluserinterfaceoperations.

The systemrecordsthe sequencef actionspreparedy the studentandsubmitsthemto
thesener.

The sener compareghe submittedsequencedo a sequencegeneratedy therealimple-
mentedalgorithmandprovidesfeedbaclkaboutthe comparison.

Theinitial datafor eachexerciseis personallytailored(e.g.randomlyselectedfor each
student.

TRAKLAZ? is adescendanmyf TRAKLA [27] andTRAKLA-EDIT [33], andwasdesignedo
solvetheproblemsn thosesystemgseesectionl.3). Comparedo theold systemsTRAKLA2
hasthefollowing adwantages:

The evaluationof the submittedansweris basedon comparingthe sequencesf states
of datastructuresnsteadof comparingthe nal statesonly (or a few intermediatestates

only).

The studentcanrequestgradingof the solution unlimited numberof times. However,
after the gradingaction, the studentcannotcontinuesolving the exercisewith the same
data.

3For moreinformationaboutthe learningervironment visit http://www.cs.hut.fi/Research/TRAKLA2/
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After grading,the studentcan decidewhetherhe/shesubmitsthe answerto the course
database.

Studentscan also requestthe model answerfor the personallytailored exercise. This
answers presentedsanalgorithmanimationthatthe studenttanbrowsebackwardand
forward. However— aswith grading— the studenhasto resettheexerciseafterviewing
themodelanswer

The systemlogs someinformation aboutthe userinterfaceactionsfor statisticalanal-
ysis. This dataaidsusin improving the systemitself, tuning individual exercises,and
understandingtudentsiearningbetter

TRAKLAZ2 wasbroughtinto productionusein Spring2003. The systemwasusedin the basic
datastructuresandalgorithmscoursééwith about600studentsTheattitudetowardthesystem
amongstudentsvasvery positive [37] andcurrentlywe areimplementingmoreexercisesso
thatwe cancompletelyabandorold TRAKLA andTRAKLA-EDIT. For alist of thecurrently
implementedxercisesseeAppendixC.

4.1.1 Point of View of a Student

Let usconsiderthe exercisein Figure 10. The exercisepagecontainsthe following elements:
At the top of the pageis the Textual exercise description (marked with number1l in the

Figure).Thisdescriptioncanalsocontainlinks to theadditionalmaterial(e.g.electronichooks
or realimplementation®f the algorithm). Directly belov the textual exercisedescriptionis

the TRAKLA2 applet.Topmostin the appletis anotherexercisedescription(2), whichis used
to shav informationaboutthe exercisethatchangesvhenthe exerciseis initialized with new

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

navigatebackward andforward throughthe solutionthe students creating.In additionto the

animatorpanelthatthe Matrix framework provides,the panelalsohassomebuttonsrelatedto

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

have a setof visualizeddata structur es(4) thatthe studentmanipulates.

The studentcreateshis solutionthroughalgorithm simulation thatis, direct manipulationof
the datastructuresthroughGUI operationof Matrix. Thereforejn theseexercisesstudents
directly manipulateconceptuavisualizationsof datastructuresn orderto simulatetherunning

40ne courseversionwas for CS majors— http://www.cs.hut.fi/Studies/T- 106.250/ — andonefor studentsof other
engineeringurricula— http://www.cs.hut.fi/Studies/T- 106.253/ .
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of givenalgorithms. In this particularexercise,keys canbe moved from the key arrayto the
heapwith simpledraganddropoperationsTheswapoperatiorthatis neededvhenconstruct-
ing the heapis performedby dragginganddroppinga key in the heapon top of anotherkey
(e.g.dragginganddroppingR on top of the K in Figure/10 will swap thesetwo keys). The
deleteoperationis performedby rst selectingthe target nodeand then pressingthe corre-
spondingpushbutton (5). The animatorpanelcanalsobe usedduringthe simulationprocess
asdescribedn Section3.6.

@J TRAK basic exercise round 1 - Netscape

. File Edit Yiew Go Bookmarks Tools Window Help

il GQ o O G | bt Jivnana, niksila o5, bt Figogi-bingt | [G\Search] 5;0 g
]

Y

1.| 5 Heap operations (4 points)

N
First, insert the Stream of Keys one by one into the Heap below. Second, after the
insertions, perform three deleteMlin operations

Insert a key by drag and dropping it into an empty node of the heap. Delete a key by
clicking it and by pressing the "delete” button. After each operation make sure that the
heap-order property. "the parentis smaller than its child" is preserved.

It should be noted, however, that drag and drop will swap the source and destination
kews with each other,

2=
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Figure10: TRAKLA2 applet pageand the model answerwindow.

Helsinki University of TechnologyLaboratoryof InformationProcessingcience TKO-B 154/04



Korhonenetal.: Matrix —a Framework for Interacti ve Software Visualization 39

hsteps out of 18 correct.

bvour gradeis 1 r4)

Cancel | Submit

I‘Jaw'a Spplet wWindow

Figure 11: TRAKLA2 feedbackwindow. Here, the exerisecan be submitted or onecantry to solve the exerciseagain with new
input data.

After solving the exercise,the studentcan ask for feedbackon his solutionby pressingthe

Grade button. Theansweiis checledandtextualfeedbacks provided(SeeFigure11). When
the gradingis done,the studentcan submithis solutionto the coursedatabasdy usingthe

Submit button. It shouldbe notedthat, if gradinghasbeenrequestedut the answerwas
not submittedthe answercannotbe gradedor submittedany more.However, the exercisecan
be reinitialized with new databy pressingthe Reset button. The binary heapexercise,for

example,isinitialized with 15 alphabetidkeys (Streamof keys), thatdo not containduplicates.
This meanghatthe exercisecanbeinitialized in morethan10'® differentways. The student
canresetthe exerciseat ary time. As a result,the exerciseis reinitializedwith new random
keys. Reinitializationalwaysrestoreghe possibility of gradingandsubmitting.

By pressingheModel answer button,thestudengetsthemodelanswerfor theassignment.
The modelansweris presente@san algorithmanimation(seenumber6 in Figure 10). After

the studentrequestgshe modelanswey he cannotcontinuewith the samedata. In generalan

exercisecanbesolvedanunlimitednumberof times,but eachtime theinputfor thealgorithmic

exerciseis different. However, the algorithmitself remainghe same.

4.1.2 Implementing Exercises

The processof creatingthe a new exerciseconsistsof several steps: writing a manuscript,
implementingthe exercise testingandtakingthe exerciseinto production.

The rst thing to do is to write a textual description,a manuscriptof the exercise. The
manuscripshouldcontainat leastthe nameof the exercise exercisedescriptionandinstruc-
tions givento the user aswell asthe input, auxiliary and outputdatastructuresandthe way
theexerciseis graded.
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Basedon the manuscriptthe the exercisecanbe implementedn Java usingthe featuresand
conceptof TRAKLA2 andthe Matrix framavork. Eachexercisehasa correspondinglava
class,which de nes the elementsof the exerciseby implementingseveral TRAKLA2 inter-
faces.The sourcecodefor the exercisein Figure10is presentedn AppendixA. TRAKLA2
exercisexanbeimplementedy de ning atleastthe following elements:

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

2. Namedor thevisualrepresentation&.g.“Streamof keys”, “Heap”)

3. Methodsfor creatingrandomizednitial valuesfor datastructures.In generalarbitrary
randomdatais not suitableandinput valueshave to betailoredfor the exercise.

4. An algorithmfor creatingthe modelanswer

Thereis oftena needto changethe default GUI behaior provided by the Matrix framework.
This canbe achieved by implementingadditionalinterfaces.For example,by defaultthe drag
anddrop operationgprovided by Matrix canprovide too muchfreedomfor the student. The
Matrix framavork allows mary operation®ntherepresentations hereforejt is importantto
de ne which operationsareenabledandwhich aredisabledfor eachstructurein the exercise.
For example,in the Heapexercise,draggingkeys from thetableis enabledwhereasiropping
a key into the tableis disabled(seethe implementationof the ConfigureVisualType
interfacein AppendixA for moredetails).If hierarchicabtructuregseeSection2.3.1) areused,
it is alsopossibleto de ne differentconstraintdor eachvisualizationtype usedto visualizea
hierarchicaktructure.

Sometimeghe default userinterfaceoperationsarenot adequatdor performingall the opera-
tionsneededn the exercisesandthusaddingnew functionalityto the userinterfaceis needed.
This canalso be achiezed by implementinginterfaces. For example,the dragand drop op-

erationsthat the Matrix framewvork provides are not suitablefor all kinds of datastructure
manipulationsin the heapexercise deletionof atreenodeis performedoy selectinghenode
to be deletedandpressinghe Delete  button. In general buttonscanaddedto the exercise
by implementinghe ButtonExercise interface(seesourcecodefor moredetails).

Testingandtakinginto productionusearenot examinedherecloser sincethey arestraightfor
wardstepsandthusnotinteresting.
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4.1.3 Sewer-side

All TRAKLA2 exercisesare presentedvithin an appletthat is merely a userinterface for
an algorithmic exercise. The appletshouldbe embeddednto a web page,which contains
the actualdescriptionof the exercise. The surroundingweb-baseanvironmenttakes careof
authenticatiorand selectingexercises. Among mary other parametersthe exerciseapplet
takesthe IP addres®f the sener andthe communicatiorbetweernthe appletandthe seneris
carriedout overthe RMI protocol.

Thesenerstoresall thesubmittedanswersandkeepdrackof studentsgrades.Theseneralso
logs dataaboutthe Ul operationghe studentperformsin the applet. All this informationcan
laterbe usedto studystudentslearningandbehaior while usingthe system.

4.1.4 Discussion

We have noticedthattheactualimplementatiorof the exerciseis notthe mostchallengingpart
of makinga new exercise. Theimplementatioris so straightforvard thatthereis no needfor
a deeperunderstandingf the underlyingMatrix framenvork — knowing the basicconcepts
andinterfacesis enough.The work requiredto implementa new exercisehastypically been
2—-3 workdaysfor a competenfprogrammer(if no newv datastructuresor visualizationsare
needed)Now, theeffort shouldbe aimedtowarddesigninggoodmanuscriptgor the exercises
andmakingthe userinterfaceintuitive for thelearner

However, implementinga nev exercisemay requireimplementingnew datastructuresand
algorithms. This will increasethe workload and requiresunderstandingf the framavork.
However, accordingto our experiencejt is quite unlikely thatonewould needto addnew vi-
sualizationgo theframeawork. A list of thedatastructuresandvisualizationsn theframewnork
is representeth AppendixD.

4.2 MatrixPr o

MatrixPro (seeFig./12) is atool for instructorsfor creatingalgorithmanimationsn termsof
algorithmsimulation. The animationscanbe preparedorior to a lectureor on-the- y during
thelecturein orderto demonstratelifferentalgorithmsanddatastructuresat hand. Thus,the
tool allows the instructorto askwhat-if type of questiondn a lecturesituationand make the
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lecturemoreinteractve. Moreover, thereis anoptionto introduceexercisedor studentg 37].

For computersciencestudents MatrixPro canbe a tool for guring out how differentalgo-
rithmswork. Solvingthe exerciseghe studentcantesthis or herknowledgeabouta topic.
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Figure 12: The MatrixPr o main window. The main componentsare the menubar at the top of the window, toolbar on the left and
data structur e visualizationson the right.

4.2.1 Overview

TheMatrixPromainwindow is representedh Figure12. Themaincomponentsf thewindow
arethemenubamtthetop, toolbaron theleft anddatastructurevisualizationson theright.

Themenubarcontainghegeneralle commanddike open,sare, closeandexit. Therearealso
commandgo insertnew datastructuresandto move theanimatorbackwardandforward. One
menucontaingdifferentoptionsandonethe TRAKLA2 exercises.

Thetoolbarcontainscomponentso quickly accesghe mostusedfeaturesandalsosomefea-
turesusedto customizethe animationthat are not available elsavhere. The mostimportant
componenis the topmostvisual animatorthat makesit possibleto move backward andfor-

wardin theanimation.
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4.2.2 Features

Ex tempore usage.Oneof the mostimportantfeatureds the ability to usethe systemon-the-
y basis.MatrixPro offers an easyway to createalgorithmanimationsby eitherapplyingthe
automaticanimationof CDT structuresor by simulatinganalgorithmby hand.All theready-
madeCDT structureanbe animatedon-the- y by invoking operationson them. Moreover,

theusercanfreely modify the datastructuresasan FDT by makingprimitive operations.

Customizedanimations. Thesystemsupportscustomizatiorof animationin two ways. First,

the usercanbuild animationsusingalgorithmsimulation. The secondcustomizatiorfeature
allows controlling the granularityof the visualizedexecutionhistory, i.e., how large stepsare

shavn whenbrowsingtheanimationsequencek-or example primitive FDT modi cationsusu-

ally correspondo a coupleof micro stepsthatform a singleanimatorstep. CDT operations,
however, may consistof mary animatorsteps.Thus,a numberof animatorstepscanbe com-

binedto a macrostepthatis performedwith a singleGUI operation.In generaloneanimator
stepcanhave ary numberof nestedsteps.

User-Made Operations Thesystemaidsthealgorithmsimulationproces$y makingit easyto
invoke operationdor structurefrom thetoolbar Any methodof the underlyingstructurecan
have a correspondingnterfacefunctionality (e.g., pushbutton)thatappeardothin thetoolbar
andin the pop-upmenuof the structure.For example,for AVL treesandRed-Blackireesthe
automaticbalancingafterinsertioncanbe turnedoff andthe rotationsandcolor changesan
be simulatedoy pushbuttonswhenappropriateduringthe simulationprocess.

Automatic labeling of nodesThe nodesin a structurecan be automaticallylabeled,i.e. a
uniquenumberappearsesideeachnode (seeFigure'13 for an example). With this feature
turnedon, one canexplicitly referto a nodewhile explaining or askingsomething. This is
usefulespeciallyin alecturesituationastheinstructorcanaskquestionsoncerninghe view.

Customizableuserinterface. Theuserinterfacecanbecustomizedo t theneedf various
usersasthe initial setof toolbarobjectscaneasilybe modi ed. Componentsanbe moved
up or down in the toolbar or they can be removed from or addedto the toolbar All such
changesanalsobe madeby modifying the con guration le. However, in this case several
otherissuescanbe customizedaswell, e.g., by makingdifferentcon gurationsfor different
usergroups. For example,if the systemis usedin a laboratorysettingsby students they
probablywill not needall the GUI functions,andthusthe correspondingsUl components
couldbeexcludedfrom thetoolbar or eventhewholetoolbarcouldbeleft out. In addition,by
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W Node labeling example

Figure13: Example of the automatic nodelabeling. A unique number appearsbesideeachnode

modifyingthecon guration le, thecontentof themenubaandpop-upmenucanbechanged.
For example thedefaultfont, font size,andbackgrounaolor canbeset. Moreover, thedefault
representatioflayout)for eachdatastructurecanbe changed.

4.2.3 Useof Matrix framework features

MatrixProusesmary of thefeaturegprovidedby the Matrix framawork.

Algorithm simulation and animation The mostimportantof the featuresofferedby the Ma-
trix framavork arethe algorithmsimulationandanimationcapabilities.

User interface The userinterfaceis basedon the userinterfacecomponentsncludedin the
Matrix framework. Althoughthesecomponenthiave beenextendedto addsomebehaior to
the application,usingthemto develop a Matrix-basedapplicationis mucheasierthanstarting
the GUI from scratch.

Con guration MatrixProusesthe Matrix con guration systemto createthe menubamandthe
pop-upmenusaswell asto initialize the application. The availablestructuresyisualizations,
andthedefaultvisualizationdor structuresarecon guredwith the system.
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TRAKLA2 exercisesTheexercisesreatedespeciallyffor TRAKLAZ2 arealsoincludedin the
Matrix framework, andthey canbeusedwithin MatrixProwithoutthepossibilityto submitthe
answersList of theexercisescanbefoundfrom AppendixC.

Library and visualizationsMatrixProincludesalibrary of datastructuresyhichtheusercan
operateon. Thesestructurehave severaldifferentvisualizations Currentselectionis listedin
AppendixD.

Storing and Retrieving Animations. Although the automaticallycreatedanimationsmay
sene asvisualizationsto illustrate an algorithmwithout any modi cations, someinstructors
certainlywantto customizeandsave exampledor lateruse.For this usethe Matrix framework
providesthe possibilityto export andimport the underlyingdata structuesasserializedJava
objects.Thus,the correspondin@nimationscanberecreatedrom this le format. Moreover,
the animationscan also be exportedto ScalableVector Graphics(SVG) [59] form. In the
latter case,the generated5VG animationsalsoinclude a control panelthat enablesmoving
the animationbackward and forward in a similar way asin MatrixPro itself. The speedof
the animationcan also be changed. Furthermore althoughthe animationsin MatrixPro are
discrete(the stepsareintendedto be explainedwhile shavn), the exportedSVG animations
usesmoothanimationto visualizethe changesn the structuresThey areintendedio bemore
self-explanatory andthus canbe inserted,for example,in the courseweb material,possibly
accompanieavith someadditionaltext material.

In somecasedeacherseedto preparesimple gures of datastructureg.g., to illustratetextual

material.Of coursegenerapurposearaving toolsandformatscanbeapplied but they lackthe

ability to automatehe procesof creatingdatastructurerepresentationBy directly executing
the correspondinglgorithmsthat producethe result. For example,the TeXdraw [29] macros
canbe consideredo be sucha formatthatthe useror a tool canproduce.However, creating
a comple conceptualisualization(for example,a red-blacktree with dozensof nodesand
edgesor even a directedgraph)is a very time consumingprocesswithout a tool thatcanbe

automatedi.e., programmedjo producevalid displays.With Matrix this processanbeeasily
automatedandthe producedvisualizationscanbe exporteddirectly in TeXdraw formatto be
includedin LaTeX documents.

Finally, we notethatdatastructurescanalsobeloadedirom ASCII les whichis practical,for
example,for graphs,becausehe adjaceng list representatiofs easyto write usingary text
editor Moreover, thedatastructuresanbesavedinto ASCII les, aswell.
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Onepossibleusefor the ASCII le formatsis importing datageneratedy third party appli-

cations.The currentMatrix framavork, however, cannotimport animationsin ASCII format,
only visualizations.Of course the visualizationloadedfrom a le canbeanimatedurtherin

termsof algorithmsimulation.Neverthelesspneinterestingfuture directioncould beto com-
binethe abilities of severalanimationandvisualizationtoolsthatsharea commonimportand
exportformat. For example, JAWAA [47] hasits own scriptinglanguagehatis capableof de-
termininganimations.The eld, however, lacksmutualagreemenbn usinga generalpurpose
commonanimationdescriptionanguageghatmary systemsouldsupport.

Figure14 summarizesheworking processvhenpreparingexamples.

modifies manipulates through
GUI

Load Algorithm Animation

Data Structure - Visualization Picture Format

Algorithm Simulation

Figure14: The processf creating algorithm animationsin terms of algorithm simulation.

4.2.4 Futurework and ideas

Futuredevelopmentideasfor the system:

1. A layoutin which the nodescould be freely positionedby the user This would make it
possibleto createmorecustomizedgicturesandanimations.

2. More structureghathave differentoperationsvhich helpwith the simulationof analgo-
rithm.

3. More export formatscould be provided. One importantformat would be an ordinary
pictureformat(for examplePNGor JPEG).

4. Thepossibilityto importvisualizationamadewith someothervisualizationsystemcould
bevery useful.In addition,importingsomeof the developedgraphdescriptionlanguages
(for exampleGraphXML [24], or GraX[15]) couldbeimplemented.

5. History view which would shawv several stepssimultaneousljthus makingit easierto
visually compareghem.
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6. The possibility for creatingvisualizationsrom the commandine. It could be handyto
be ableto createpicturesfrom a structurede ned in the Matrix ASCII le format. This
would enablescript-basedreationof visualizations.

4.3 MVT

Unlike TRAKLA2 andMatrixPro(bothof whicharedesignedo helpteachdatastructureand
algorithms) MVT (Matrix Visual Teste) [4]] is intendedor usein softwaredevelopment.The
goalof MVT (andof visualtestingof softwae in general)s to make it easieffor programmers
to testanddehug their codeandstudythe executionof codewritten both by themselesand
others. This hasalsobeenthe long-standinggoal of dehuggers suchasFLIT [58 andGDB.
Visual deluggers, suchasDDD [60], Amethyst[46], andLens[44], combineprogramvisual-
izationanddehugging.Visualtesting(introducedn [41]) is similarto visualdelugging,but it
alsoallowstheuserto:

Manipulatedatastructuref a runningprogramthrougha graphicaluserinterface,asin
usercontrolledalgorithmsimulation.

Invoke methodgyraphicallyor automaticallyto testprogramcodeor extractinformation.
Stepthroughthe previous statesf a programasin algorithmanimation.

Examinethe executionhistory of a programusingvariousgraphicalviews.

As its namesuggestsMVT is avisualtestingtool basedon Matrix. However, MVT is only a
limited prototype.For example, MVT currentlydoesnotvisualizethe executionhistoryin ary
otherway thanallowing steppinghroughthe executionhistoryasin Matrix.

MVT visualizesthe stateof a runningJava program(which we will referto asthe delugged.
Most of this stateconsistsof the datastructuresof the program. This placesMVT rmly in
the domainof programvisualizationeven thoughMatrix is primarily designedor algorithm

visualization.

MVT alsoallows the userto modify datavaluesin the deluggee,invoke methodg(including
constructorsind startand stop the executionof the deluggeeandthe individual threadsin
it. In otherwords, MVT allows the userto manipulatea Java virtual machine(JVM) and
arbitrary Java classesn muchthe sameway Matrix on its own allows the userto manipulate
datastructuresmplementedspeci cally for Matrix.
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4.3.1 Visualization

The mostimportantview in MVT is the dataview, which shaws the variables(memoryad-
dresseghat containa valuethat canbe readandwritten by a Java program)in the deluggee
groupedtogetherin data containes. The variablesarelocal variables array elementsand
elds. Local variablesbelongto frames(eachof which correspondgo an invocationof a
method)on the executionstak of athread Array elementdorm arraysand elds belongto

classer objects which areinstance®f classesThedataview in MVT is basedon shaving

thedatacontainersastables(similarto theway Matrix visualizesarrays)andthevariableshey

containaselementsn thetables.

Primitive valuesare simply shavn astext. Objectreferencesrerepresentedby nestingthe
referenceabbjectinsidethereferringobjector usinganarrow from thereferringvariableto the
objectthatis referredto.

The currentexecutionpositionis shavn in two ways. Eachstackframeis labeledwith the
currentlyexecutingmethodandline numberin the sourcecode. Also, the currentline in the
topmostframein the runningthreadis shavn highlightedin the sourcecodeview below the
dataview.

MVT logstheexecutionof thedehuggee.Theusercanstepbackwardandforwardthroughthe
executionhistory usingthe animatorcontrolsabove the dataview. The dataandcodeviews
in the main MVT window shawv the stateof the programat a speci ed time. The usercan
alsoeasilyrewind the view to the lastmodi cation to a variable. Steppingbackandforward
throughthelog doesnot affect the actualstateof the dehuggee.

4.3.2 Elision and Abstraction

MostJava programscontainalot of data.Beingableto nd theimportantpartsof thedataand
presenit asclearly aspossibleis thereforenecessaryElision (hiding unwantedinformation)
and abstraction (hiding nonessentiahspectf information suchasimplementationdetails)
male it easierfor theuserto nd andunderstandheinformationheis interestedn.

MVT ignoresa lot of informationthatis usually uninterestingor hardto keeptrack of ef -
ciently. Thisincludesthe valuesof variablesde ned in standardibrary classesasthis infor-
mationis seldomof interestto the user Not monitoringstandardibrary dataalsoimprovesthe
performancedf MVT by decreasinghe amountof datait mustprocess.
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MVT allows the userto selectthe informationto be shavn in a variety of ways. The usercan
choosewhetherthe threadsof the programandtheir stackframesarevisible. The usercan
alsoshav andhide classesandtheir instancesndividually, all at once,or all instanceof all
the classesn a packageat once. The usercanchoosewhich elds of an objectare shavn
separatelyfor eachobjector for every instanceof a classor interfaceat once. Referenced
objectsarealwaysshaovn if avariablecontainingareferencas visible.

4.3.3 Controlling the Debuggee

WhenMVT hasstartedthe deluggeeJVM, no codeis runningin the JVM (asidefrom the
systemanddehuggingthreads).Typically, theuserwill loada classandthenchoosea method
to executefrom this class.

Choosinga methodproducesa methodinvocationobject(shavn asatable)into which argu-
mentsfor the methodcall shouldbeinserted. The methodinvocationcanthenbe executed.By
steppingusingbreakpointor interruptingthedeluggeetheusercansuspendhe executionof
the methodandexaminethe stateof the deluggee.Several methodinvocationscanbe actve
atoncein separatehreadgeachof which canbe separatelsuspendedndresumed).

MVT allows the userto changethe valuesof variablesby draggingdatavaluesinto them.
New primitive variablevaluescanbe createdby enteringa new value astext. New objects
canbe createdby invoking a suitableconstructar New valuesandvaluesreturnedoy method
invocationsarecollectedin a specialcontainer

By providing theability to invoke methodsandmodify datavaluesMVT allowstheuserto try
outmethodswith differentargumentswithout writing additionaltestcodeandrecompiling.

4.3.4 Implementation

MVT consistsof several parts. The partsandtheir relationshipgo eachotherandothersoft-
wareareshovn in Figure15, anddescribedn moredetailin this subsection.

Instrumentation of Debuggee MVT uses]DI (JavaDelugger Interfacg, the high-level API of
JPDA, to connectto the deluggeeand monitor the datain it. However, JDI doesnot provide
ary noti cationsfor changeso arraysandlocalvariables. Also, thereis no easywayto identify
stackframesin JDI, whichmalkesit hardto keeptrackof thelocal variablesn thestackframes.

Helsinki University of TechnologyLaboratoryof InformationProcessingcience TKO-B 154/04



50 Korhonenetal.: Matrix —a Framework for Interacti ve Software Visualization

IHSS1+068 I"HS1%68
v
P ~HHONILZ3- ) o123
63-16/23- |~ ~ N 61:.
- - 4% \
~ =111,
== N >3001-7 \
71 ~ ol *1/:37%I-/+<%!=!-/
>3001-7. 6;1-$! =~ 50— &, ~ ' ! I=1-/.
: 205:101-/1/23-
\ wexﬂs >3001-7. &, ~ \
, 1=b. < — 1 Sob01/1/23 !
1"#5961=1-/. H01-/1/23- y
11
037!
I"H$%I=1-/ /
>3001-7. C1@%71/1 H#$%I=.
| | 17 /
IAI+16/17
=1:#l. 4.1+%5+3$+10 /
637!
11
6]1.7 ’ | [+#6/H+.
- D1B/+%=21@ .
711 5+361..2-$E Ah2a
6:1°$.
_ 7
#2014+ -
2-/1+B16! oL~
X1+ 2AY%TLILY6.+H6/+1%2-/1+B16.

Figure 15: Structure of MVT. In Detugger JVM Data Model logs events from the Detugger JVM, View Model keepstrack of
visualization settingsand user interface visualizesand providesmeansto interact with the View Model.

Monitoring datachangesndtheidenti cation of stackframesaredoneby insertingadditional

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

valuespassedo MVT asparameterso the methodcalls. Unfortunately relying on bytecode
instrumentatiomeanghatMVT cannotproperlydetectdatachangesnadeby uninstrumented
codesuchasstandardibrariesandnative methods.

Theinstrumentatiorrodeis addedo thedehuggeeusingtheinstrumenterwhich shouldberun
beforestartingMVT. TheinstrumenterusesBCEL (Byte CodeEngineeringLibrary) to parse
classles, addinstrumentatiorcodeto the bytecodeandsare theinstrumentedalass les.

BCEL is alsousedto extractfrom theclass les someadditionalinformationrequiredoy MVT
while the deluggeeis runningthatis not availablethroughJDI, suchasthe mappingbetween
local variableslotsin the JVM andtheir names.

DebuggeeConnection ThedeluggeeconnectiorrecevesJDI events(includingthosegenerated
by the instrumentationand convertstheminto a simplerandmore consistenform. The de-

buggeeconnectiorpartalsocircumwentssomeof the limitationsof JDI. For example thelack

of multiple simultaneousisermethodinvocationsis compensatefbr by invoking a method
thatrunsthe usermethodin anew thread.
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Data Model The datamodelusesthe deluggeeconnectiono log the eventsin the deluggee
andcreatea copy that canbe examinedat differentpointsin the executionhistory The data
modellogsthe executedinesof code,the valuesof variables(including valuesrecevedfrom
extractors)andthe contentsof thedatacontainers.

View Model The view modelkeepstrack of visualizationsettings,and usesthesesettingsto
build datastructureghatarevisualizedusingextendedversionsof thearrayandgraphvisual-
izationsof Matrix.

Eachclasshasa setof associategropertieghatdescribehe desiredvisualization(e.g.which
elds of the objectare shavn, whetherthe objectshouldbe nestedinside the referringdata
containerjandlists of extractorsandcornvertersto use.Classesnheritextractorsandcorverters
fromtheirsuperclasseandimplementednterfaces.If aview propertyis notde nedfor aclass,
thecorrespondingropertyof themostsimilar (basedn de ned methodsandproximity in the
inheritancehierarcly) implementednterfaceor ancestoclasswill beused.

User Interface  The user interfaceis basedon the Matrix prototypeUl and extendsit with
additionalAWT userinterfacecomponentso accesshefeaturesof MVT.

The mainwindow is similar to thatof the Matrix prototypeUl. An exampleis shavn in Fig-

ure 16. However, several featuresthatarenot relevantto MVT have beendisabled.Instead,
a sourcecodeview, deluggeeexecutionbuttonsandtwo new menushave beenadded. The
Load menucontainssettingsfor classpath and sourcepath and the option to startthe de-
buggee.Whenthe deluggeehasbeenstarted the Test menuis enabled.This menucontains
executioncontroloptionsfor thedehuggee someglobalview optionsandcommandgo create
new primitive valuesandshaw the primitive arrayclasses.

Thestructurepanelcontainghe packagdree(which shavs the packagesndclassesvailable
to thedelhuggee)andthe dataview (which showvs the datacontainersn the delhuggeeandary
usercreateddata). The packagedreeprovidesaccesdo view settingsfor classeandpackages
andallowstheuserto loadclassesnanually Thevisualizationof individualdatacontainergan
be adjustedusingtheir pop-upmenus.The pop-upmenusalsoprovide accesgo the methods
of classesndobjects.

TheMVT window in Figure16containgfrom topto bottom): menusanimatorcontrolbuttons
andbar, steppingcontrolbuttons,the structurepanelandthe sourceview with the currentline
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Figurel6: A screenshotof MVT. The componentsin the user interface are (from top to bottom): menus,animator control buttons
and bar, steppingcontrol buttons, the structur e paneland the sourceview with the currentline highlighted.

highlighted.

The structurepanelcontainsthe dataview, the packagdreeanda userspeci ed invocationof
setWages thathasnotyetbeenstarted.

The dataview shavs a simple databaseof emplo/ees(implementedas an ArrayList of
Employee s). Theuserhasinvokedamethod(raiseUnionWages ) thatraiseshewagesof
every unionmemberin thedatabaséy 10%by iteratingthroughthelist of employees calling
raiseWages oneveryEmployee thatisaunionmembeywhichcallssetWages tochange
thewages.A breakpointhasbeenusedto interruptsetWages atthepointwherePeterJones
getshisraise.Theexecutionstackframescorrespondingo themethodghatarerunningatthis
point of executionareshavn insidethe representationf the threadto which they belong(the
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innermostcall is atthetop). Eachframeis labeledwith the methodname,a uniqueidenti er
(the numberof the call in chronologicalorder)for the call andthe currentline number Each
frameshavn containssomelocal variables. The dataview alsoshavs the Employee class,
which keepsrack of thelast(unique,increasing)d assignedo anemployee.

The packagdareeshavs theclassesn theroot packageandthe otherpackageswvailableto the
deluggeeVM (thestandardlavalibrary andMVT). All package®xcepttheroot packageare
minimizedto a singlenodefor clarity.

The invocationstructureat the bottom of the structurepanelis a temporarystructureusedto

specifythe agumentsfor a methodcall. Whenthe userchoosesa methodto execute(from

the pop-upmenuof an objector class),aninvocationstructureis shavn. Whenthe userhas
speci edtheargumentgby draggingvaluesinto theinvocationstructure) he cantell MVT to

performthe methodcall speci ed by theinvocationstructure.In this casetheuserhasalready
speci ed the parametefor the setWages call, so he canstartthe methodcall wheneer he
likes.

4.3.5 Conclusion

MVT is avisualtestingtool; it allows aprogrammeto try out Java programcodeandexamine
its executionandthe datait produces.However, MVT doesnot implementall of the ideas
of visualtesting;mostnotably the executionhistory visualizationshave not yet beenimple-
mented Also, MVT is currentlyvery slow, bothin executingthe deluggeeandvisualizingthe
datathatit haslogged.This noticeablyaffectstheusefulnesef MVT, astestrunson nontriial

real-life programamay take hoursto completeinsteadof a few secondsndsteppingthrough
loggeddatais quite slow evenon afastworkstation.

Futuredevelopmentin the eld of visualtestingwill probablyconcentrateon improved per
formancein logging andvisualizationandaddingexecutionhistory views thatsummarizehe
methodcallsandotheroperationgperformedoy the program.The suggeste@xecutionhistory
views (describedn moredetailin [41]) include:

Call treescontainingthe operationgperformedby athreadstructuredasatreeof method
calls. Suchtreesareused for example,in the History view of RetroMue[14).

Adding executionhistoryinformationto thedataview by addingarronvs or annotation$o
indicatevariableaccessegalls, etc.
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Dynamicdependencgraphghatshowv theoperationgxecutedby aprogramandthedata
andcontroldependenciesetweerthe operations.

Performancessuesmayforce usto usea speciallymodi ed JVM insteadof accessing stan-
dardJVM usingJPDA, althoughcompatibility andlegal issuescomplicatethis. We may also
baseour future visualtestingtool on a differentgraphicsor visualizationframewvork thanMa-
trix in orderto producemoresuitablevisualizationsor to improve performance.

5 Evaluation

In this section,we evaluatethe key characteristicof Matrix. We usethe taxonomyde ned
by Price,BaeclerandSmall[48] to classifythe framavork in a numberof cateyories: scope
contenf form and methodused,interaction provided for the user andthe effectivenessThe
taxonomyalsode nes a numberof subcatgoriesandeven moredetailedissues.Most of the
subcatgoriesarecoveredin thistext, andin addition,we have addedsomenew pointsof view
to evaluateMatrix in detail.

5.1 Scopeof the System

Category Scopespeci estherangeof programshatthe systemmay take asinput for visual-
ization. Therearetwo subcatgories: Generality i.e., how wide a rangeof programscanbe
visualized,andScalability i.e., how well the systemscalesup to large examples.

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

ating systemndependentMoreover, it is capableof visualizingdatastructuresandanimating
algorithmswritten in Java (assuminghe datastructuresconformto the interfacesin Matrix;

our prototypevisualtestingtool MVT (describedn Section4.3) removesthis restriction). It

should be noted, however, that Matrix is also “programminglanguageindependent’in the
sensehatit is capableof visualizingandanimatingalgorithmsin termsof usercontrolledsim-
ulation. Thus,the actual“implementation”of the visualizedalgorithmis irrelevantandcould
be expressedy usingary programminganguageor evensomekind of pseudocodeFinally,

by supportinghe combinationof languagendependengcandordinaryanimationfacilitieswe
give the uservery wide possibilitiesfor creatingvisualizations.

The secondsubcatgory, Scalabilitycanalsobe ranked high. The designof Matrix doesnot
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placeary restrictionson programanddatasesize. However, someimplementatiordecisions
and limitations may limit the usefulnesf Matrix with large datasets.For example,there
arent very goodlayoutsfor large datastructures.

5.2 Content of Visualization

The contentof visualizationde nes what subsetf informationaboutthe softwareis visual-
ized. The two main subcatgoriesare the supportfor algorithmanimationandfor program
visualization.An additionalaspecis how accuratelythe visualizationre ects the actualcon-
ceptsandbehaior of theunderlyingvirtual machine.

Matrix is primarily intendedo supportworking onthe conceptualevel. We want,however, to
remove the burdenof laboriouscreationof conceptvisualizations.Anotherimportantaspect
is to provide pedagogicallysounddefault visualizationdor basicdatastructures.This hasled
to theideaof having a systemin which the representationsorrespondo the visualizationsa
teachemight drav on a blackboardn class. Becausehe visualizationcanbe manipulated,
eitherby analgorithmor by theuser the naturalextensionto this hasbeento includealgorithm
animation.We referto this approachasdynamicconceptanimation

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 dueto the fact that the usercaninteractvely specify the datasetsising the
graphicaluserinterface. Secondthe chosenvisual conceptandits layoutcanbeinteractvely
changeduringthesimulation.Third, therecanbe multiple synchronizedvindows simultane-
ously opento visualizea datastructureor portionsof it by usingsomeothervisual concepts,
thusproviding adeepelinsightto whatis goingon.

Dueto the primarygoal of supportingconceptvisualizationandconceptanimation visualiza-
tionsin Matrix do not concentraten illustrating the accuratenformation aboutthe stateof

theunderlyingvirtual machine.ln generalwe do notwantto blur thedefault visualizationgy

includingvery detaileddataaboutthe variables However, we have implementedanadditional
visual detugger(Matrix Visual Tester seeSection4.3) thatallows the userto examinethese
variablesjf required.
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Figurel7: Visualizationof 2-3-4tree.

5.3 Form

Category Form describeghe characteristic®f the systemoutput. It hasa numberof subcat-
egoriesof which we cover Medium, Presentatiorstyle, Granularityand Supportof multiple
views.

The primarytargetmediumof Matrix is the monitorbut the systemis alsocapableof printing
coloredstill picturesor seriesof picturesthatcouldbeusedasordinaryslides.Thesystemcan
alsobeusedfor exportingoneanimationstepasa TeXdraw pictureor thewholeanimationasa
ScalablevectorGraphicSVG) animation.Thegraphicalvocalulary usedn thepresentations
consistsof arrays,lists, trees,andgraphs,which canbe nestedo arbitrarydepthto produce
moreadwancedvisualconcepts.

For example,an adjaceng list is shavn asan arraywith nestedinked lists, anda B-treeis
atreewith arraysin its nodes(Figure'17). The elementof ary visual conceptcanbe of ary
type, sincethe systemusesarecursve algorithmto visualizethe elements.

The animationsgeneratedy Matrix are sequencesf snapshot®f the datastructures. We
have notincludedsmoothanimationj.e.,smoothtransitiondrom stateto anotheyrsinceMatrix
providesothermeandior highlighting the changesn the stateof the structure. The exported
SVG animation however, usesmoothanimationin additionto the highlighting.

Thesystemcanvisualize ne-graineddetailsto arbitraryleve in amannersimilarto thatof a
deluggerandit is upto thevisualizerto determinehow muchof thedetailsshouldbevisible at
atime. If thevisualconcepistoobigto t into theframe,it is still possibleto Iter outdetails
to getthebig picture. Thisis becaus¢he systemprovidesfacilitiesfor eliding information.

5Down to the primitivesthatreferto ary objectsin whichinternalstructureis not a subjectof examination.
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As mentionedbefore,Matrix providestoolsfor generatingnultiple synchronizediiews of the
samedatastructure.Multiple views canalsobe usedfor focusingon somesubstructuref a
dynamicdatastructurdik e asearchree.

5.4 Method

Methodde nes how the visualizationis speci ed. It hastwo aspectsFirst, whatis the style
of visualizationused,andsecondhow thevisualizedsoftwareandthe actualvisualizationare
connected.

Matrix provides several methodsfor specifyinga visualization. First, the usercan design
andimplementa newv applicationby reusingthe existing FDT classegprobes)available in
Matrix. Secondthe usercanstartfrom his own Java classimplementingthe algorithmsand
the datastructures:To enablethe animationin this case the datastructuresave to implement
the appropriatevisual conceptinterfacesspeci ed in Matrix. Of course,the structurecan
implementseveralinterfacesthushaving several possiblevisualizations.In Matrix, ary data
structurethat conformsto somevisual conceptinterfacecanbe visualizedasthe appropriate
visual concept.The systemchoosesutomaticallythe visual conceptbasedon the type of the
datastructure allocatesspacan thewindow anddisplaysthevaluesandtherelationsof single
datastructureobjects(nodes).

In bothmethodsabove thecodehasto belinkedto Matrix eitherby compilingthewholesystem
or by usingthe dynamicclassloader The visualizationis thereaftegeneratecdutomatically
In thethird methodno codeis neededht all andthe userbuilds the whole animationin terms
of usercontrolledsimulation. This methodis thereforebasednoreon interactionbetweerthe
systemandtheuser(seeb.5).

Moreover, the usercantailor the visualizationin differentways. First, the systemincludes
particulardecoation interfaces thatcanbe usedto make additionalinformationvisible, such
asextralabels,coloring etc. Secondthe Matrix GUI canbe usedto changethe layoutof the
visual concept,becauseaherecanexist several layoutsfor onesingle concept. For example,
therearetwo differentkindsof treelayoutsin the systemat the moment.Oneis moresuitable
for representindarge treesbecausef its moreeconomicalayout andthe otherhasthe spe-
cialty to shav all leavesorderedhorizontallyfrom the left to theright. Third, the layoutcan
be rotated,so that mostvisual conceptscan be shavn in differentorientations for example,
top-downor left-to-right In addition,the displaycanbe customizedy renaming resizingor
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minimizing anentity.

Thevisualizationof Matrix is looselycoupledwith the algorithmcode. Theideawasto sep-
aratethe codeandits presentation.The implementatiorcould be describedy sayingthatit
follows the Hollywood principle: “Don't call us. We'll call you”. Thisis achievedby offering
thevisualconceptinterfacesdescribedabove.

5.5 Interaction

The catgyory Interactionincludestopicslike how commandsaregiven,how the usercannav-
igatethrougha visualizationandis it possibleto managehe recordingandreplayingof ani-
mations.We adda new subcatgory, not mentionedn thetaxonomyof Priceet. al. [48]: the
possibilityto manipulatehe datastructureslirectly in orderto simulatealgorithms.

Matrix is usedthrougha graphicaluserinterface basedon menutechniquesand graphical
interactionfor manipulatingthe structuresvisualizedon the screen.The users own codecan
beloadedascompiledJava classesnto the system.

Theusercancontrolthevisualizationin differentways. As mentionedhe cansimulatealgo-
rithms by directly modifying the contentsof nodesandthe connectiondbetweernthem,or by
usingexisting CDT methodgo performdesiredoperations.

A Matrix animationis asequencef statef thedatastructureregardlessof how thissequence
is generated.The usercanreplaythe animationeitherstep-by-ster continuously In addi-
tion, the temporaldirectionof the animationcanbe reversed. This facility is very important,
particularlyin classroonsituationsvheredemonstrationarerequired.

The usermay also createcustomvisualizationsby using the existing prede neddatastruc-
tures.For eachvisualconceptthereis at leastoneactualimplementation An instanceof the
datastructurecanbe constructedrom the menu,andwhenappropriatethe structurecanbe
visualizedwith severalvisual concepts.For example,the binary heapimplementatiorcanbe
visualizedbothasanarrayandasatree.Moreover, thesupportediatastructurecanbenested
to createcustomvisualizationgo arbitrarylevel.

Finally, the level of interactionis not restrictedonly to the control over the animationprocess
but alsoreal-timemodi cation of the actualdatastructureds possiblein termsof usercon-
trolled simulation.Theinteractionwith therepresentationffersanexperimentatechniqueor
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exploring “possibleworlds” throughsimulationprocess.Any explorationof the statesof the
datastructureunderthe chosensetupis a simulationexperimentin this sense.This kind of
simulationexperimentmay sere asa vehicleto gain betterunderstandingf the underlying
conceptghataresubjectof examination.

5.6 Effectiveness

By Effectivenesave meantheability to communicatenformationto theuser

Matrix is designedo illustratedatastructuresandalgorithmsfor educationapurposesthusit
isimportantthatthesystems easyto use.Theusercan,for example displaythevisualizations
of basicdatastructuresimply by selectingproperconceptdrom the menusandmanipulating
themin termsof usercontrolledsimulation.However, the appropriatenessndclarity of these
representationarehighly dependenonindividual examples.

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
coursesandtherewere 14 different TRAKLAZ2 exercises.The attitudeto the systemamong
the studentswvasvery positve: 94% of the studentghoughtthatthe systemwasvery easyto
use.In addition,they consideredhe TRAKLA2 exercisedo beagoodlearningaid.

6 Conclusion

In this paper we have presentedhe Matrix framework for visualizingdatastructuresandfor

animatingalgorithms.Matrix providesnew e xibility for creatingvisualizations.t combines
ordinarycode-basedlgorithmanimationwith algorithmsimulation,in whichtheuserdirectly

manipulateslatastructuresy usingthe graphicaluserinterfacefacilities without writing ary

code.

Matrix hasbeendesignedo supporteasybuilding of concepvisualizationandconcepanima-
tions similar to textbook examples.Our experiencefrom the TRAKLA system[27] supports
our view that this approachgspeciallyalgorithm simulationexercises,mprove the learning
curne. The studentcanachieve a clearunderstandingf datastructuresandalgorithmswith-
out ponderingsometimedlurring implementatiordetails.
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Matrix, however, alsosupportsautomaticgeneratiorof algorithmanimationfor usein classes
thatconcentraten implementationssues.The userscanwrite codewhich reuseghe funda-
mentaldatatypesavailablein the systemthat canvisualizethemselesautomatically Alter-
natively, their own datastructureclassecanimplementoneor morevisual conceptinterfaces
which provide the automaticvisualizationfor the visual concepts.Suchcodecanbe dynami-
cally importedinto Matrix, afterwhich it canbe simulatedust like the standardsystemcom-
ponents.Thus,theusercanimplementadatastructureof his own andsurwey its behaior using
the simulationtools.

In additionto this functionality, therearecertainfeaturesn Matrix which we considerimpor-
tantbecausehey clarify the relationsbetweenthe conceptof datastructuresandalgorithms.
First, onedatastructurecanhave mary visualizations.For example,a binary heapimplemen-
tationcanberepresentetiothasatreeandasanarray Secondpnevisualizationcanbe used
for displayingmary differentdatastructures.The designof the systemis basedon reusable
visual conceptghat canbe mappedio any properdatastructureto be visualized. Third, the
visual conceptscanbe nestedto arbitrarylevel. Thus,the systemprovidesthe possibility to
constructarbitrarily comple structuredy reusingthesevisualconcepts.

After describingthe differentdetailsof the framework andits overall structurewe presented
alsoseveralapplicationghatmalke useof this framevork andits functionalities.

TRAKLAZ2 [37] is a web-basedpplicationfor automaticallyassessesisual algorithm sim-
ulation exercises.The studentscando numberof algorithmanddatastructureexerciseswith
it by directly manipulatingconceptualiews of datastructuresandin this way simulatingthe
actionsof a real algorithm. The systemis alsocapableof evaluatingthe students submitted
answerby comparinga sequencef statesof theanswerto thesequencef stateswvhichis pro-
ducedby the actualalgorithm,so thatthe studentcanbe given animmediatefeedbackabout
theanswer

MatrixProis atool for instructorsto createalgorithmanimationsn termsof algorithmsimu-
lation to be usedasexamplesduringthelectures.Theanimationscanbe preparedorior to the
lectureor on-the- y duringthelecture.For computersciencestudentsMatrixProcanbeatool
for guring out how differentalgorithmswork by, for example,manipulatingthe ready-made
structuref the Matrix framewvork. MatrixProincludesa numberof usefulfeaturedike cus-
tomizedanimationsautomaticdabelingof nodesandcustomizablaiserinterfacebesideghe
featuresof the Matrix framework.
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Third applicationMVT (Matrix Visual Tester),is differentfrom thetwo previousapplications
which aredesignedo helpteachdatastructuresandalgorithms.Instead MVT is intendedfor

usein softwaredevelopment.Thegoalof MVT isto makeit easieffor programmerso testand
delug their code. This visual testingallows usersto manipulatedatastructuresn a running
programthrougha graphicaluseinterface,asin usercontrolledalgorithmsimulation. It also
makesit possible for example,to invoke methodsgraphicallyand stepthroughthe previous

statesof aprogramasin algorithmanimation.

6.1 FutureDirections

Matrix currentlyincludesthe propertiesdescribedabore. However, mary new ideasandfea-
turesarestill underdevelopment.in the future releasesit leastsomeof the following aspects
shouldbe developedfurther:

1. establishmenof globallibrary of exercisesanddemonstrationgrequirespossiblya web
le system),

2. implementatiorof internalpseudo-programmin@nguagenterpreter(in orderto provide
on-line programmingwithout compilation),

3. combiningthe abilities of several animationand visualizationtools in termsof shared
commonimport and export format (possiblyby sharingan XML format de nition for
commondatastructures),

4. furthercustomizatiorof representations,

5. includingsmoothanimationin the Matrix to presenmoreclearlythechangesn thestruc-
turesduringtheanimation,and

6. moreresearclon programanimationcapabilities.

Helsinki University of TechnologyLaboratoryof InformationProcessingcience TKO-B 154/04



62

Korhonenetal.: Matrix —a Framework for Interacti ve Software Visualization

References

[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

O. Astrachanand S. H. Rodger Animation, visualization,and interactionin CS1 as-
signments.In The proceedingf the 29th SIGCSETednical Symposiunon Computer
ScienceEducation pages317—321 Atlanta, GA, USA, 1998.ACM.

O. AstrachanT. Selby andJ.Unger An object-orientedapprenticeshippproacho data
structuresusing simulation. In Proceedingof Frontiers in Education pagesl130-134,
1996.

R. M. Baecler. SortingOut Sorting: A CaseStudyof Softwae Visualizationfor Teading
ComputerSciencechapter4, pages369—-381.TheMIT PressCambridgeMA, 1998.

R. S. Baker, M. Boilen, M. T. Goodrich,R. TamassiaandB. A. Stibel. Testersand
visualizersfor teachingdatastructures. In Proceedingsf the 30th SIGCSETednical
Symposiunon ComputerScienceEducation pages261-265,New Orleans,LA, USA,
1999.ACM.

G. D. Battista,P. EadesR. Tamassiaandl. Tollis. Graph Drawing: Algorithmsfor the
Visualizationof Graphs PrenticeHall, UpperSaddleRiver, NJ, 1999.

R. Ben-Bassakevy, M. Ben-Ari, andP. A. Uronen. The Jeliot2000programanimation
system.Computes & Education 40(1):1-152003.

S. Benford, E. Burke, E. Foxley, N. Gutteridge,andA. M. Zin. Ceilidh: A coursead-
ministrationandmarkingsystem.In Proceeding®f the 1stInternational Confeenceof
ComputeBased_earning Vienna,Austria,1993.

C. M. Boroni, T. J. Eneboe F. W. Gooss, J. A. Ross,andR. J. Ross. Dancingwith
Dynalab In 27th SIGCSETednical Symposiunon ComputerScienceEducation pages
135-139ACM, 1996.

S.BridgemanM. T. Goodrich,S. G. Kobourw, andR. TamassiaPILOT: An interactve
tool for learningandgrading. In Theproceeding®f the 31stSIGCSETechnical Sympo-
siumon ComputerScienceEducation pagesl39-143ACM, 2000.

[10] M. H. Brown. AlgorithmAnimation MIT PressCambridgeMassachusset3988.

[11] M. H. Brown. Zeus: a systemfor algorithmanimationandmulti-view editing. In Pro-

ceedingof IEEE Workshopon Visual Languayes pagesA—9,Kobe,JapanOct. 1991.

[12] M. H. Brown andJ. Hershbeger. Color andsoundin algorithmanimation. Computey

25(12):52—631992.

Helsinki University of TechnologyLaboratoryof InformationProcessingcience TKO-B 154/04



Korhonenetal.: Matrix —a Framework for Interacti ve Software Visualization 63

[13] M. H. Brown andR. Raisamo.JCAT: Collaboratve active textbooksusingJavza. Com-
puter NetworksandISDN Systems29(14):1577-15861997.

[14] J.Callavay. Visualizationof threadsn arunningJava program.Masters thesis,Univer-
sity of California,June2002.

[15] J. Ebert,B. Kullbach,andA. Winter. Grax: Graphexchangeformat. In Workshopon
Standad Exdhange Formats(WoSEF)at (ICSE'00) Limerick, Ireland,2000.

[16] J.EnglishandP. Siviter. Experiencewnith anautomaticallyassessedourse.In Proceed-
ings of The 5th Annual SIGCSE/SIGCUE onfeenceon Innovation and Technolagy in
ComputerScienceeducation | TICSE'0Q pagesl68—171Helsinki, Finland,2000.ACM.

[17] R. FleischerandL. Kucera. Algorithm animationfor teaching.In S. Diehl, editor, Soft-
ware Visualization: International Seminar pagesl113-128,Dagstuhl,Germaiy, 2001.
Springer

[18] T. M. J. FruchtermarandE. M. Reingold. Graphdrawing by force-directedolacement.
Softwae — Practiceand Experiment21(11):1129-11641991.

[19] P. A. Gloor. Userinterfaceissuedfor algorithmanimation chapterll, pagesl45-152.
TheMIT PressCambridgeMA, 1998.

[20] O. Grillmeyer. An interactve multimediatextbook for introductorycomputerscience.
In The proceedingof the thirtieth SIGCSEtechnical symposiunon Computerscience
educationpage286-290ACM Press;1999.

[21] J.HaajanenM. Pesoniusk. SutinenJ. Tarhio, T. TerasvirtaandP. Vanninen Animation
of useralgorithmsontheWeh In Proceeding®f Symposiunon Visual Languajes pages
360-367]sle of Capri,ltaly, 1997.IEEE.

[22] S.R.HansenN. H. NarayananandD. SchrimpsherHelpinglearnerssisualizeandcom-
prehendalgorithms. Interactive Multimedia Electronic Journal of ComputerEnhanced
Learning 2(1), May 2000.

[23] R. R. Henry, K. M. Whaley, andB. Forstall. The University of Washingtonillustrating
compiler In Proceedingof the ACM SIGPLAN'90Confeenceon ProgrammingLan-
guage Designand Implementationpages223-233,1990.

[24] I. HermanandM. S.Marshall. GraphXML - an XML-basedgraphdescriptionformat. In
GraphDrawing page$2-62,2000.

Helsinki University of TechnologyLaboratoryof InformationProcessingcience TKO-B 154/04



64 Korhonenetal.: Matrix —a Framework for Interacti ve Software Visualization

[25] C. Higgins, P. Symeonidis,and A. Tsintsifas. The marking systemfor CourseMaster.
In Proceedingof the 7th annualconfeenceon Innovation and technolagy in computer
scienceeducation pagesA6-50.ACM Press2002.

[26] C. D. HundhausenS$. A. Douglas,andJ. T. Stask. A meta-studyof algorithmvisual-
ization effectiveness.Journal of Visual Languages& Computing 13(3):259-290June
2002.

[27] J.HyvbnenandL. Malmi. TRAKLA —asystemfor teachingalgorithmsusingemailand
agraphicaleditor In Proceeding®f HYPERMEDIAN Vaasg pagesl41-1471993.

[28] D. JacksorandM. Usher GradingstudentorogramsusingASSYST. In Proceedingof
28th ACM SIGCSETedh. Symposiunon ComputerScienceEducation pages335—-339,
SanJose California,USA, 1997.ACM.

[29] P Kabal. TpXdraw — PostScript drawings from  TpX. Web page, 1993.
http://www.tau.ac.il/cc/pages/docs/tex- 3.1415/texdraw\protect\T 1\textunderscore

[30] T. KamadaandS. Kawai. An algorithmfor drawing generalundirectedyraphs.Informa-
tion Processind.etters, 31(1):7-15,1989.

[31] A. Korhonen AlgorithmAnimationand Simulation Licenciates thesis Helsinki Univer
sity of Technology2000.

[32] A. KorhonenMsual Algorithm Simulation Doctoralthesis Helsinki Universityof Tech-
nology, 2003.

[33] A. KorhonenandL. Malmi. Algorithm simulationwith automaticassessmentln Pro-
ceeding®f The5th AnnualSIGCSE/SIGCUE onfeenceon Innovationand Technolagy
in ComputerScienceEducation pagesl60-163Helsinki, Finland,2000.ACM.

[34] A. KorhonenandL. Malmi. Proposediesignpatternfor objectstructurevisualization.
In Proceeding®f the Fir st ProgramVisualizationWbrkshop pages89—-100,Ponoo, Fin-
land,2001.University of Joensuu.

[35] A. Korhonenand L. Malmi. Matrix — Conceptanimationand algorithm simulation
system.In Proceeding®f the Working Confeenceon Advancedvisual Interfaces pages
109-114 Trento,ltaly, May 2002.ACM.

[36] A. Korhonen,L. Malmi, J. Nikander and P. Silvasti. Algorithm simulation— a novel
way to specifyalgorithmanimations.In M. Ben-Ari, editor, Proceedingf the Second
Program\isualizationWorkshop pages28—-36,HorstrupCentretDenmark June2002.

Helsinki University of TechnologyLaboratoryof InformationProcessingcience TKO-B 154/04


http://www.tau.ac.il/cc/pages/docs/tex-3.1415/texdrawprotect T1	extunderscore toc.html

Korhonenetal.: Matrix —a Framework for Interacti ve Software Visualization 65

[37] A. Korhonen,L. Malmi, and P. Silvasti. TRAKLAZ2: a frameavork for automatically
assessedisual algorithmsimulationexercises.In Proceeding®f Kolin Kolistelut/ Koli
Calling — Third AnnualBaltic Confeenceon ComputerScienceEducation pages48-56,
JoensuukFinland,2003.

[38] A. KorhonenE. SutinenandJ. Tarhio. Understandinglgorithmsby meanf visualized
pathtesting. In S. Diehl, editor, Softwae Visualization: International Seminay pages
256268 Dagstuhl,Germar, 2002.Springer

[39] J. F KorshandR. Sangvan. Animating programsand studentsin the laboratory In
Proceeding®f Frontiersin Education pagesl139-11441998.

[40] P. LaFollette, J. Korsh,andR. Sangvan. A visual interfacefor effortlessanimationof
C/C++programs.Journal of Visual Languagjesand Computing 11(1):27-482000.

[41] J.Lonnbeg. Visualtestingof software. Masters thesis,Helsinki University of Technol-
ogy, Oct.2003.

[42] D. V. MasonandD. M. Woit. Providing mark-upandfeedbackio studentswith online
marking. In Theproceeding®f thethirtieth SIGCSEednical symposiunon Computer
scienceeducation pages3—6,New OrleansL A, USA, 1999.ACM.

[43] B. P. Miller. Whatto drav? Whento drav? An essayon parallelprogramvisualization.
Journal of Parallel and DistributedComputing 18(2):265-2691993.

[44] S.MukherjeaandJ.T. Stask. Towardvisualdelugging: Integratingalgorithmanimation
capabilitieswithin a sourcelevel delhugger Transactionson ComputerHumaninterac-
tion, 1(3):215-2441994.

[45] B. A. Myers. Incense:A systemfor displayingdatastructures. ComputerGraphics
17(3):115-125July 1983.

[46] B. A. Myers,R. ChandhokandA. SareenAutomaticdatavisualizationfor novice Pascal
programmersln IEEE Workshopon Visual Languajes pagesl92—-198IEEE, Oct.1988.

[47] W. Piersonand S. Rodger Web-basednimationof datastructuresusing JAWAA. In
Proceeding®of the 29th SIGCSETechnical Symposiunon ComputerScienceEducation
page67-271Atlanta, GA, USA, 1998.ACM.

[48] B. A. Price,R. M. Baecler, andl. S. Small. A principledtaxonomyof softwarevisual-
ization. Journal of Visual Languayesand Computing 4(3):211-2661993.

Helsinki University of TechnologyLaboratoryof InformationProcessingcience TKO-B 154/04



66 Korhonenetal.: Matrix —a Framework for Interacti ve Software Visualization

[49] R. Rasala. Automatic array algorithm animationin C++. In The Proceedingsof the
30thSIGCSETechnical Symposiunan Computeiscienceeducationpage57-260New
OrleansL A, USA, 1999.ACM.

[50] K. A. Reek. The TRY systemor how to avoid testingstudentprograms.In Proceedings
of SIGCSE'1989pagesl 12-116 ACM, 1989.

[51] G. R6RBling. The ANIMAL algorithmanimationtool. In Proceeding®f the 5th Annual
SIGCSE/SIGCUE onfeenceon Innovation and Technolagy in ComputerScienceEdu-
cation,ITICSE'0Q pages37—40,Helsinki, Finland,2000.ACM.

[52] R. Saikkonen,L. Malmi, andA. Korhonen.Fully automaticassessmerdf programming
exercisesIn Proceeding®f The6th AnnualSIGCSE/SIGCUE onfeenceon Innovation
andTedhnolagy in ComputerScienceeducation |TICSE'0], pagesl33—-136 Canterlory,
UnitedKingdom,2001.ACM.

[53] J.T. Stask. TANGO: A framework andsystenfor algorithmanimation|EEE Computey
23(9):27-391990.

[54] J.T. Stask. Usingdirectmanipulationto build algorithmanimationsoy demonstration.
In Proceedingsof Confeenceon HumanFactors and ComputingSystemspages307—
314,New Orleans] ouisiana,USA, 1991.ACM, New York.

[55] J.T. Stask. Usingstudent-hilt algorithmanimationsaslearningaids. In TheProceed-
ings of the 28th SIGCSETednical Symposiunon ComputerScienceEducation pages
25-29,SanJoseCA, USA, 1997.ACM.

[56] J.T. Stask. Building Softwae VisualizationsthroughDirect Manipulationand Demon-
stration, chapterl4, pagesl03-118.MIT PressCambridgeMA, 1998.

[57] J.T. Staslo andE. Kraemer A methodologyfor building application-speci cvisualiza-
tions of parallelprograms. Journal of Parallel and Distributed Computing 18(2):258—
264,1993.

[58] T. G. StockhamandJ. B. Dennis. FLIT — Flexowriter Interrogation Tape: A symbolic
utility programfor the TX-0. Memo5001-23 MIT, July 1960.

[59] W3C. Scalable Vector Graphics (SVG) 1.0 specication.
http://www.w3.0rg/TR/SVG , Sept.2001.

[60] A. Zeller. Animatingdatastructuresn DDD. In Theproceedingsf the First Program
VisualizationWbrkshop- PVW200Q pages$9—78,Ponoo, Finland,2001.University of
Joensuu.

Helsinki University of TechnologyLaboratoryof InformationProcessingcience TKO-B 154/04


http://www.w3.org/TR/SVG

Korhonenetal.: Matrix —a Framework for Interacti ve Software Visualization

67

A SourceCodefor the Heap Exercise

Thisis the sourcecodefor theheapexercisediscussedn 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_lInsert_Delete extends AbstractSimulationExercise
implements  SimulationExerciseModel, ModelAnswerNames,
ButtonExercise, ConfigureVisualType {

private ExerHeap studentHeap;
private String  randominput;

public  Heap_Insert_Delete() {
from the SimulationExerciseModel interface
/I Initializes and returns all the structures that are provided for

/I the student. Creates a new random input for the exercise and
/I stores this random input, so the model solution can be later

/I number generator.
public  FDT[] init() {

randomlinput =
RandomKey.createNoDuplicateUppercaseRandomKey(
new java.util.Random(seed),15);

/I as in the model answer returned by solve().
public FDT[] getAnswer() {
return new FDT[] { studentHeap };

/I created. Uses the inherited field: “seed" to initialize the random

studentHeap = new ExerHeap(15);
return new FDT[] { new Table(randominput), studentHeap };
}
/I Gives the titles for the structures that init() returns.
public  String[] getStructureNames() {
return  new String[] { "Stream of keys", "Heap" }
}
/I Returns an array of structures returned by init(). If all
/I structures are not needed when assessing the answer only a subset
/I of those structures are provided. Length of the array has to be same

}
/I Returns additional textual information that can be included in the
Il exercise. There is no additional information in this specific exercise.
public  String  getDescription() {
return
}
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/I Returns the model solution (array of matrix  structures) for
/Il this  exercise. Animator is used to separate steps that are going
/I to be graded - normally one point is given for each step

/I found in the model answer.

public FDT[] solve() {
ExerHeap modelAnswer = new ExerHeap(15);
Animator animator = Animator.getActiveAnimator();
Table thl = new Table(randominput);

/I First we insert all keys to the heap

for(int i =0; i < tblsize(); i++)
animator.startOperation();
modelAnswer.insert(tbl.getObject(i));
animator.endOperation();

}

/I 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
/I Just like getStructureNames() but these are titles for model

/I answer structures

public  String]] getModelAnswerNames() {
return  new String[] { "Binary Heap" };

}

from the ButtonExercise interface

/Il Button labels

public  String]] buttonNames() {
return  new String[] {"Delete"};

}

/I Wecall deleteRoot method for the currently selected  structure
/I if the button is pressed
public  String]] buttonCommands()  {
return  new String[]
{"reflectSelectedVisualType(reflectEDT(deleteRoot))"};

}
from the ConfigureVisualType interface
/I Some restrictions to structures that were returned by the
Il init(). e.g. VisualKkeys can be dragged and dropped - but you

/I 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 }

/I Trick how to handle version problems in serialization
static final  long serialVersionUID = -7671756502477641250L;
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B Exampleof the ASCII le format

Hereis ashortexampleof theASCII le format. Figurel8presentshecorrespondingtructure
afterimportingthe ASCII le into MatrixPro.

#matrix  structures /Iheading of the file
example#1 /Iname of the main structure
#matrix — graph adjacency-list /itype  of the structure is graph
example#1_1:example#l 2 example#l 3 example#l 4 example#l 5 //nodes in adjacency-list
#EOS /lend  of structure -character
example#l_1 //description of the first inner  structure
#matrix  array lltype  of structure is array
Cjn [ffirst key of the array
TvG
q7C
#EOS /lend of the inner structure
example#l_2 /lanother inner  structure
#matrix  array
4D2
#EOS

example#l_3
#matrix  array
K51

TCO

#EOS
example#l_4
#matrix  array
bJf

#EOS
example#l 5
#matrix  array
rzl

toA

ulQ

#EOS

[]

CiniTv@arc
—
4D2|[ | |Ksrca] | o]

\

Figure18: Visualizationof the structuredescribedn the ASCII le.

rzI|toAlulQ

—
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C List of TRAKLA2 exercises

Search algorithms: Binary search]nterpolationsearch

Treetraversal: Preordetraversal Inordertraversal Postordetraversal Levelordertraver-
sal

Sorting algorithms: Quicksort,Radix Exchangesort

Search tr ees:Binary searchreeinsertion,Binary searchreedeletion,Digital searchree
insertion,Radixsearchtrie insertion,Singlerotation,Doublerotation,AVL treeinsertion,
Red-black-tred¢reeinsertion

Priority queues:Heapbuilding, HeapdeleteMin
Hashing: Linearprobing,Quadratigprobing,Doublehashing

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

Structure Default representation Possiblerepresentations

Fundamentatatatypes

Array array array

Linkedlist list list

Binarytree layeredtree layeredtree,leaftree,array

Commontree layeredtree layeredtree,leaftree,layeredgraphvertex

Undirectedgraph Fruchterman-Reingoldraph | layered graph, Kamada-Kavai  graph,
Fruchterman-Reingoldgraph, dummy graph,
array

Directedgraph Fruchterman-Reingoldraph | layered  graph, Kamada-Kavai  graph,
Fruchterman-Reingoldgraph, dummy graph,
array

Conceptuabatatypes

Queue list list

Stack array list® array list

Binary heap layeredtree array layeredtree,leaftree

Binary searchree layeredtree array layeredtree,leaftree,layeredgraphvertex

AVL tree layeredtree array layeredtree,leaftree,layeredgraphvertex

Red-blackiree layeredtree array layeredtree,leaftree,layeredgraphvertex

2-3-4tree layeredtree layeredtree,leaftree

Digital searchree layeredtree layeredtree,leaftree

Radixsearchrie layeredtree array layeredtree,leaftree,layeredgraphvertex

Splaytree layeredtree array layeredtree,leaftree,layeredgraphvertex
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