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Abstract

The clear and meaningfulvisualizationof relationsbe-
tweensoftwae entitiesis an invaluabletool for the com-
prehensiongvaluation, and reengineeringf the structue
of existing softwae systemsThis paperpresentsan inter-
actionandrepresentatiorschemefor the visualizationand
exploration of complex hierarchical graphsto analyzere-
lations within softwae systems.Therebyaggregatedparts
of the softwak systemare representedas treemapghat vi-
sualizethe structuie of the containedsoftwae entities. An
adaptionof existingrectangle-basetteemaplgorithmsfor
layoutswithin corvex polygonalboundinggeometriess in-
troducedo allow for a differentiationof variousentitytypes
in the graph visualization. Furthermoeg, a visual cluster
ing methodbasedonimplicit surfacess presentedo create
meaningfulvisualizationsof distorted hierarchical graphs
of softwae systems.

1 Intr oduction

Modern software systemsare very comple structures
consistingof thousand®f entitiesandmillions of lines of
code. Theentitiesareorganizedin a hierarcly thatre ects
the architectureof the software system. Typical hierar
chy levelsof softwareentitiesarenestedsubsystemsack-
ages,modules functions,classesmethods,andattributes,
wherebyin large systemsone may nd up to 20 or more
of theselevels. In particulayr object-orientedsoftware sys-
temsare constructedusing an explicit andrich hierarchi-
cal structureprovided by modellingand programmindan-
guagedike UML andJava/C++.

Among the hierarcly of the entities, the relationsbe-
tweenthe entitiesprovide importantinformationaboutthe
structureof a softwaresystem.Exampledor suchrelations
aremethodcalls,reador write accesse® attributes,andin-

heritanceof classesln contrasto thehierarcly thatre ects
theintendedstructureof the systemtheserelationsprovide
insight into the inner dependenciesf the entitiesas they
ariseduringthe developmentandreengineeringrocess.

Softwarevisualizationcanhelpto understandhe struc-
ture of complex software systems. The approachof
treemaps[10] is commonly usedfor visualizing hierar
chical structures,andit is also appliedto software struc-
tures[2, 13]. Anothercommonmethodin the eld of soft-
warevisualizationaregraphs[11, 15, 17]. They areespe-
cially usedfor therepresentatioof relationsanddependen-
cieswithin software structures.Additionally, they may be
extendedo hierarchicagraphg8, 12], therebyallowing the
visualizationof the hierarchicaktructuresimultaneously

For thecomprehensiorevaluation,andreengineeringf
existing software systemsit is necessaryo provide views
ondifferentlevelsof abstractionFor example,globalviews
illustratingdependencieketweerpackagesgetailedviews
shawing relationsof speci c methodsor attributes, and
mixed views presentingrelations betweensome selected
classesand other packages.In mostof theseviews, parts
of thedatais aggregjatedaccordingo thehierarchicabtruc-
ture. This focusand context approachis necessaryo |-
ter the oftenimmenseamountof presentednformationac-
cording to the users demand. The challengingtaskis to
representhe aggrgatedpartsof the systemwithout losing
informationof their containedstructureandcomplexity.

This paperpresentsa techniquethat createsneaningful
visualizationsof the relationswithin hierarchicalsoftware
structuresby enhancinggraphswith treemaps. Thereby
each aggregyated node in the graph is representecdy a
treemagphatre ectsthecontainedstructureof thenodethat
is hiddenin the graphlayout. By interactvely collapsing
and expandingthe presentedgartsof the data,the useris
ableto stepwiseaxplorethe dependenciesvenwithin very
compl softwaresystems.



2 Background
2.1 Hierarchical Graphs

A graphG = (V;E) consistof a nite setof nodesV
anda nite setof edgest withE VvV V. A directed
graphis a graphwhoseedgespossess directiongiven by
asourcenodes andatargetnodet witht; s2 V.

A hierarchical graphH = (G; T) consistsof adirected
graphG andarootedtreeT, suchthatthenodesof G area
subsebf thenodesof T. ThetreeT is calledthe hierarcly
treeof H andthedirectedgraphG is calledthe underlying
graphof H . Figurel present@anexampleof a hierarchical
graphwherethe nodesarerepresentedsboxes, the black
edgesrepresenthe directedgraph G and the gray edges
illustratetherootedtreeT.
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Figure 1. Hierarchical graph—b lack edges
represent the directed graph and gray edges
illustrate the rooted hierar chy tree

A view G° = (V%E9 of a hierarchicalgraphH =
(G; T) is adirectedgraphwith a setof nodesv® V that
containsexactly oneancestoof every nodeof the underly-
ing directedgraphG = (V; E) of H accordingo therooted
hierarcly treeT of H. Figure2 presentshreeexamplesfor
views of the hierarchicalgraphin Figurel. In the rst view
all nodesareaggreyatedin nodeA. In the secondview the
nodesG andH areaggreatedin nodeC. Thethird view
presentall leaf nodesof the hierarcly tree.
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Figure 2. Three diff erent views of the hierar -
chical graph in Figure 1

A n-dimensionalayoutof a directedgraphG = (V;E)
is avectorof nodepositions(p,) withv 2 V andp, 2 R".
An enegy modelformalizeswhatis considered goodlay-
out by assigningan enepgy valueto eachlayoutof a given

graph,wherebysmallerenegy valuesindicate betterlay-
outs[5, 7, 12]. For the computatiorof goodlayouts,which
arebasedn agivenenegy model,thereexist ef cient iter-
ative minimizationalgorithms[3, 14].

2.2 Treemaps

Treemaps[10] subdvide a given rectangulardisplay
areaaccordingo anattributedhierarcly without producing
holesor overlappings.Therebythe term “attributed' signi-

es thateachnodein the hierarcly hasa valuethatrepre-
sentsdits sizerelatingto a givenmeasurement.

Theconstructiorof treemapss exempli ed in Figure3.
Eachnodein the hierarcly hasa nameand an associated
size,wherebythe sizeof aninternalnodeis the sumof the
sizesof its containedeafnodes.Thetreemagps constructed
via recursve subdvision of theinitial rectangle Thedirec-
tion of eachone-dimensionadubdvision stepalternateper
level: rst horizontally next vertically, again horizontally
etc. The areasizeof eachsub-rectangleorrespondso the
sizeof therepresentedode.As aresultof its construction,
thetreemapre ects thestructureof thetreeandthe sizesof
its nodes.
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Figure 3. Tree and corresponding Treemap—
each node is labeled with its name and size;
the area sizes in the Treemap correspond to
the node sizes

Besidethis initial Slice-and-Dicemethod,more sophis-
ticatedtreemaplayout algorithmsemeged, which mainly
addressheissueof the badaspecratio betweerwidth and
heightof therectanglesn thetreemarby performingatwo-
dimensionakubdvision in eachrecursionstep. The popu-
lar Squari edtreemapalgorithm[6] sortsthenodesateach
hierarcly level by theirsizesin descendingrderandgener
atedayoutswith anaspectatio corvergingto one.Ordered
treemad16] layoutspresere a given orderof elementdy
also maintaininga good overall aspectratio. In contrast
to all otherexisting treemaplayout algorithms,which are
basedon rectangles\Yoronoitreemapgl] arebasedon the
subdvision of, andinto polygons. They maintaina good
aspectatio of theelementsprovide anon-ambiguouster
pretability of the hierarchicalstructure andenabletreemap
layoutswithin arbitrarypolygons.



3 Contribution

The clearand meaningfulvisualizationof relationsbe-
tweensoftwareentitiesis aninvaluabletool for thecompre-
hension,evaluation,and reengineeringf the structureof
existing softwaresystems A commonmethodfor this task
is theusageof directedgraphvisualizations.Thereforethe
softwareentitiesarerepresentedsnodesof thegraph,and
therelationsbetweerthesesoftwareentitiesarerepresented
asedgedetweertheaccordingnodes.

Modernsoftware systemsarevery complex and consist
of thousand®f entitiesandmillions of linesof code.If the
graphvisualizationpresentshe completegraph,the useris
swampedandis not ableto extractthe informationhe/she
is looking for. Thus, the presentediatahasto be Itered
to views of the completegraph, wherebythe usershould
decidewhatinformationis essential Therefore the hierar
chicalstructureof the datacanbe exploited by aggrejating
partsof the software systemto entitiesof higherlevelsin
thehierarcly. Thechallengingaskis to representheseag-
gregatedpartswithoutlosinginformationof their contained
structureandcomplexity.

In the following Section3.1 we presentthe interaction
schemefor handlingcomplec hierarchicalgraphs,andin-
troducean approacHor the visual representationf aggre-
gatedpartsof the graphbasedon treemapsin Section3.2
we describethe graphlayout methodthat is usedfor our
visualization,including their properties.In Section3.3we
introducean adaptionof cornventionalrectangulatreemap
layoutalgorithmsfor handlingcornvex polygonalbounding
geometries.In Section3.4 we presentan extensionof the
visual representatiorf hierarchicalgraphsusingimplicit
surfaces. Resultsfor software visualizationscreatedwith
ourtechniguesreshavn in Section3.5.

3.1 An Interaction and Representation Scheme
for Hierar chical Graphs

The startingpoint for the userof our visualizationof the
software systemasa hierarchicalgraph,is the representa-
tion of the completesystemsolely by the root nodeof the
graphasits simplestview. In thenext stepthe userexpands
this view by expandingtheroot nodeinto its child nodesat
the rst hierarcly level thatarerelatedto the child entities
of theroot entity in the softwaresystem.The useranalyzes
the relationsbetweenthe entitiesand further exploresthe
dependencies otherviews by expandingthe nodesthat
representhe entitieshe/sheis interestedn. Complemen-
tary to the expansionstep, it is also possibleto collapse
partsof the presentedirectedgraphto entitiesat higher
hierarcly levels. With this interactionschemebetweendif-
ferentviews of thesamegraph theuseris ableto reducethe
amountof presentedhformationwith regardto his analysis

task,andto stepwiseexplore the relationswithin the soft-
waresystem.

To provide an insight into the aggreated parts of the
software systemthat are eachrepresentegust by a single
nodein theview of thegraph theseggraphnodesarenotonly
representeds simple geometricshapeshut rathervisual-
ized astreemaps.Eachtreemaprepresentationf a graph
nodeis generatedccordingto the hierarchicalstructureof
therepresentedggrejatedpartof thesoftwaresystem.The
sizeof anentityin thetreemaps relatedio thenumberof its
connectedelations. This enablegheillustration of thein-
ternalstructureof the aggreyatedpartsof the softwaresys-
tem, andthe identi cation of the degreeof connectvity of
eachaggr@atedentity simultaneouslyFor ourtreemapay-
outswe usethe approactof Squari edtreemapg6], which
sortsthe nodesin thetreemapby their sizesallowing afast
detectionof entitieswith a high degreeof connectvity.

Figure 4 exempli es this interactionand representation
schemeby an elementarydataset. The rst view shovs
a single treemapwithin a quad that representshe root
packageof the softwaresystemandrevealsthe hierarchical
structureof all containedpackagesnd classes.Large en-
tities in the treemagndicatea high degreeof connectvity.
In the next stepthis root packageis expandedto the con-
tainedtwo child packageswhich eachagain visualizesits
hierarchicabtructureof thecontainedentitiesby atreemap.
In stepsthreeandfour thesetwo packagesreexpandedas
well, nally revealingall classe®f thesoftwaresystenthat
arerepresentedy circles.
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Figure 4. Stepwise exploration of a hierar-
chical graph—aggregated nodes are repre-
sented as treemaps illustrating their con-
tained structure; the size of the entities in-
dicate their degree of connectivity
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3.2 Hierarchical Graph Layouts

The essentiarequirementor graph-basedoftware vi-
sualizationsis the generationof meaningful graph lay-
outs. Existing visualizationspresenttwo-dimensionalas
well as three-dimensionalgraph layouts. The results
of empirical studiesthat comparethe effectivenessof
two-dimensionaland three-dimensionagraphlayoutsare
mixed: In somestudies 3D visualizationoutperforme®D
visualizations[18], other studiesyielded the oppositere-
sult[19]. In ourexperiencewith 3D layoutsof largegraphs,
individual objectsare often occludedand thereforebarely
recognizablealsoorientationis oftenintricate. For thisrea-
son,we are usingtwo-dimensionagraphlayoutsto avoid
visual clutterandto betterpresere the users mentalmap.

The quality of graphlayoutsis directly relatedto the
propertiesof the usedenegy model and its appropriate-
nessfor a given visualizationtask. For our visualization
we adaptedhe enegy modelof NoackandLewerentz[12]
that was developedparticularly for software visualization.
This modelhasseveral advantages:Firstly, it offers three
parametergclustering, hierarchicalnessglistortion) to in-

uence the characteristicef the layouts,wherebyeachpa-
rameterhasa clearinterpretation. Especiallythe variable
degreeof hierarchicalnesallows to directly in uence the
importanceof the hierarchicalstructureversusthe impor

tanceof the relationsin the generatedayouts. Secondly
thenodesizesin thegraphlayoutdirectly correspondo the
numberof connecteeddgef or within eachnode.Thereby
thesenodesizesarenotindependenof thegraphlayout,but

they areratherdirectly relatedto arepulsionforce for each
node, which resultsin enegy minimized layoutswithout
ary overlappingof the nodes. Thirdly, clustersareclearly
separateth theenegy minimizedlayouts.

To generatdayoutswith minimized enegy values,we
use an enhancementf the Barnes-Hutalgorithm [3] by
Quigley and Eades[14]. The combinationof the enegy
modelandthis minimizationalgorithmallows usto gener
ateour layoutsat interactve rates.

3.3 Rectangular Treemap Layouts for Convex
Polygonal Bounding Shapes

Softwaresystemgontaindifferenttypesof entities,and
relationsoften occur betweenthesedifferent entity types.
Thus,thegraphnodeshave to berepresentedifferentlyfor
eachentity type. Hereit is mostappropriateto usewell-
de ned geometricshapesTheseshapesrealsothebound-
ing geometriegor ourtreemapgepresentationsf theaggre-
gatednodeswhich impliesthatwe needa methodfor gen-
eratingtreemaplayoutswithin diverseshapes.One possi-
bility is to useVoronoitreemapg2], which enabletreemap
layoutswithin arbitrary polygons. However, this method

is not appropriatefor our interactve visualizationtask be-
causeof its time expensve computation.Insteadwe adapt
the existing rectangle-basetteemapayoutsto a larger set
of boundinggeometries.

The principle mechanisnof all rectangle-basetleemap
algorithmsis to split a given areainto two subareadby a
straighthorizontalor vertical line accordingto a givenra-
tio betweenthe subareasizes. To achieve this, we have to
restrictthe boundinggeometriego convex polygons,since
the split of non-comvex polygonsmay resultin morethan
two subareas.This restrictionis acceptableas the set of
convex polygonsoffersa sufcient numberof distinguish-
ableshapes.

Thehorizontalor verticalsplit of rectangless trivial. For
the split of arbitrarycorvex polygons,we rst haveto nd
thetrapezoidin which the split occurs. We usea scanline
parallelto the splitting directionthat allows us to testfor
eachvertex in the polygonwhetherthe split occursbefore
or afterthe currentscanline position. If the split hasto oc-
cur beforethe currentposition,we determinethe trapezoid
formed by the scanlines at the currentand the foregoing
position,andthe edgesegmentsof the initial polygonthat
arepositionedbetweerthesetwo scanline positions.Then
the exact split of this trapezoidis calculated.This split al-
gorithmis applicableto all treemagayoutalgorithmsbased
onrectangles.

This procedureis further illustrated by Figure5: The
given polygonAB CDE hasto be horizontallysubdvided
into two polygonsp; andp, accordingto their desiredarea
sizes.Thetwo verticesbetweerwhich thesplit occurshave
to be found. Thesetwo verticesB andD andthe corre-
spondingtwo verticesat the oppositeside of the polygon
H1 andH, form atrapezoid. The split pointsS; and S,
are computedwithin this trapezoid,which is mathemati-
cally trivial.
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Figure 5. Example for a horizontal split oper-
ation of a convex polygon used for the subdi-
vision step in treemap layouts



3.4 Implicit Surfacesfor Visual Graph Clustering

Therepresentationf the hierarchicalkstructureof nodes
in ahierarchicabraphis ratherdif cult, becaus®f thedis-
tortion originatedby therelationsbetweerdifferentpartsof
the hierarcly. An obvious andappropriatemethodfor our
softwarevisualizationis to color eachnodeby its member
shipin a packagewhich meansthat eachpackageandits
containedentitiesareassignedo anindividual color. Nev-
erthelessit isdif cult tolocateall entitiesthatarecontained
in a speci ¢ packagedueto thedistortionof the graph. To
furthersupportthe user we additionallyimplementeda vi-
sualclusteringtechniquébasedon implicit surfaceq4] fol-
lowing the approaclpresentedn [9]. We generatea two-
dimensionaimplicit surfacefor eachpackagen the graph
thatenclosesll nodeghatrepreseneéntitiesof this package
with a color similarto thecolor of the package Theadwan-
tageof this implicit surfacetechniquein comparisorwith
theusageof simpleboxesor circles,is thattheareashighly
adapttheir shapeto the distribution of the nodesresulting
in anindividual characteristichapefor eachcluster These
shapesmay also be madeup of two or threeindependent
areasfor eachcluster which is a meaningfulindication of
thedisruptionof theaccordingpackage.

3.5 Results

Finally, we presentthree exemplaryresultsof our vi-
sualization: Figure 6 presentghe completecall graphbe-
tweenclasse®f two mainpackage®f the softwaresystem
“JFree'.In Figure7 theinvolved entitiesof unwantedwrite
accessesf attributesbetweentwo packagesn "JFree'are
worked out, wherebyunirnvolved entities are aggreated.
Figure8 visualizegheinheritanceaelationsbetweerthetop
level package®f the "Java Developmentit 1.4.2'.

Nodesin thegraphvisualizationthatrepresenpackages
aredravn asquadsgclasseascircles,methodsastriangles,
andattributesasdiamonds.The color of a noderepresents
its packagemembership.The directionof an edgeis indi-
catedby a gradientfrom dark to bright. The width of an
edgesdndicateshe numberof representedelations.

4 Conclusion

We presenteda new interaction and representation
schemefor the visualizationand exploration of comple
hierarchicalgraphsto analyzerelations within software
systems. Therebyaggreated parts of the software sys-
tem are representeds treemapshat visualize the struc-
ture of the containedsoftware entities. To adaptexist-
ing rectangle-basetteemaplayout algorithmsto corvex
polygonalboundinggeometriesyve introducedan alterna-
tive methodfor the horizontaland vertical subdvision of

Figure 6. Call graph between classes of two
main packages of the software system “JFree'

convex polygons. This methodallows the usageof differ-
ently shapedreemapboundinggeometriesn orderto dif-
ferentiatebetweertheentity typesin thehierarchicabraph.
Furthermorewe implementeda visual clusteringbasedon
implicit surfacesto createmeaningfulvisualizationsof dis-
tortedhierarchicalgraphs.

The presentedtechniquesenablethe stepwiseexplo-
ration of relationshipssuchas inheritancesmethodcalls
or attributeaccessesvenwithin comple softwaresystems.
Theuserdrivengeneratiorof views of asoftwaresystemal-
lows to work out singledependenciesf entitiesor subsys-
temsof the software aswell asto createoverviews of the
relationswithin the completesoftware systemor its parts.
With theseviews, it is possibleto validatethe architecture,
to identify problemareasandto analyzereengineeringl-
ternatves.



Figure 8. Inheritance

Figure 7. Entites that are involved in unwanted write accesses between two packages in “JFree'

relations between the

top level packages of the "JDK 1.4.2'
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