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Abstract

Theclear and meaningfulvisualizationof relationsbe-
tweensoftware entitiesis an invaluabletool for the com-
prehension,evaluation,and reengineeringof the structure
of existingsoftware systems.Thispaperpresentsan inter-
actionandrepresentationschemefor thevisualizationand
exploration of complex hierarchical graphsto analyzere-
lationswithin software systems.Therebyaggregatedparts
of thesoftware systemare representedastreemapsthat vi-
sualizethestructure of thecontainedsoftware entities. An
adaptionofexistingrectangle-basedtreemapalgorithmsfor
layoutswithin convex polygonalboundinggeometriesis in-
troducedto allow for a differentiationof variousentitytypes
in the graph visualization. Furthermore, a visual cluster-
ing methodbasedonimplicit surfacesis presentedto create
meaningfulvisualizationsof distortedhierarchical graphs
of softwaresystems.

1 Intr oduction

Modern software systemsare very complex structures
consistingof thousandsof entitiesandmillions of lines of
code.Theentitiesareorganizedin a hierarchy thatre�ects
the architectureof the software system. Typical hierar-
chy levelsof softwareentitiesarenestedsubsystems,pack-
ages,modules,functions,classes,methods,andattributes,
wherebyin large systemsonemay �nd up to 20 or more
of theselevels. In particular, object-orientedsoftwaresys-
temsare constructedusing an explicit and rich hierarchi-
cal structureprovidedby modellingandprogramminglan-
guageslikeUML andJava/C++.

Among the hierarchy of the entities, the relationsbe-
tweentheentitiesprovide importantinformationaboutthe
structureof a softwaresystem.Examplesfor suchrelations
aremethodcalls,reador write accessesto attributes,andin-

heritanceof classes.In contrastto thehierarchy thatre�ects
theintendedstructureof thesystem,theserelationsprovide
insight into the inner dependenciesof the entitiesas they
ariseduringthedevelopmentandreengineeringprocess.

Softwarevisualizationcanhelp to understandthestruc-
ture of complex software systems. The approachof
treemaps[10] is commonly used for visualizing hierar-
chical structures,and it is also appliedto software struc-
tures[2, 13]. Anothercommonmethodin the�eld of soft-
warevisualizationaregraphs[11, 15, 17]. They areespe-
cially usedfor therepresentationof relationsanddependen-
cieswithin softwarestructures.Additionally, they may be
extendedto hierarchicalgraphs[8, 12], therebyallowing the
visualizationof thehierarchicalstructuresimultaneously.

For thecomprehension,evaluation,andreengineeringof
existing softwaresystems,it is necessaryto provide views
ondifferentlevelsof abstraction.For example,globalviews
illustratingdependenciesbetweenpackages,detailedviews
showing relationsof speci�c methodsor attributes, and
mixed views presentingrelationsbetweensomeselected
classesandotherpackages.In mostof theseviews, parts
of thedatais aggregatedaccordingto thehierarchicalstruc-
ture. This focusandcontext approachis necessaryto �l-
ter theoftenimmenseamountof presentedinformationac-
cording to the user's demand. The challengingtask is to
representtheaggregatedpartsof thesystemwithout losing
informationof their containedstructureandcomplexity.

This paperpresentsa techniquethatcreatesmeaningful
visualizationsof the relationswithin hierarchicalsoftware
structuresby enhancinggraphswith treemaps. Thereby
each aggregated node in the graph is representedby a
treemapthatre�ects thecontainedstructureof thenodethat
is hiddenin the graphlayout. By interactively collapsing
andexpandingthe presentedpartsof the data,the useris
ableto stepwiseexplorethedependenciesevenwithin very
complex softwaresystems.



2 Background

2.1 Hierar chical Graphs

A graphG = (V; E) consistsof a �nite setof nodesV
anda �nite setof edgesE with E � V � V . A directed
graph is a graphwhoseedgespossessa directiongivenby
asourcenodes anda targetnodet with t; s 2 V .

A hierarchical graphH = (G; T) consistsof a directed
graphG anda rootedtreeT, suchthatthenodesof G area
subsetof thenodesof T. ThetreeT is calledthehierarchy
treeof H andthedirectedgraphG is calledtheunderlying
graphof H . Figure1 presentsanexampleof a hierarchical
graphwherethe nodesarerepresentedasboxes,the black
edgesrepresentthe directedgraphG and the gray edges
illustratetherootedtreeT.

Figure 1. Hierar chical graph—b lack edges
represent the directed graph and gray edges
illustrate the rooted hierar chy tree

A view G0 = (V 0; E 0) of a hierarchicalgraph H =
(G; T) is a directedgraphwith a setof nodesV 0 � V that
containsexactly oneancestorof every nodeof theunderly-
ing directedgraphG = (V; E) of H accordingto therooted
hierarchy treeT of H . Figure2 presentsthreeexamplesfor
viewsof thehierarchicalgraphin Figure1. In the�rst view
all nodesareaggregatedin nodeA. In thesecondview the
nodesG andH areaggregatedin nodeC. The third view
presentsall leafnodesof thehierarchy tree.

Figure 2. Three diff erent views of the hierar ­
chical graph in Figure 1

A n-dimensionallayoutof a directedgraphG = (V; E)
is avectorof nodepositions(pv ) with v 2 V andpv 2 Rn .
An energymodelformalizeswhatis consideredagoodlay-
out by assigninganenergy valueto eachlayoutof a given

graph,wherebysmallerenergy valuesindicatebetterlay-
outs[5, 7, 12]. For thecomputationof goodlayouts,which
arebasedonagivenenergy model,thereexist ef�cient iter-
ativeminimizationalgorithms[3, 14].

2.2 Treemaps

Treemaps[10] subdivide a given rectangulardisplay
areaaccordingto anattributedhierarchy withoutproducing
holesor overlappings.Therebythe term`attributed' signi-
�es that eachnodein the hierarchy hasa valuethat repre-
sentsits sizerelatingto agivenmeasurement.

Theconstructionof treemapsis exempli�ed in Figure3.
Eachnodein the hierarchy hasa nameandan associated
size,wherebythesizeof aninternalnodeis thesumof the
sizesof its containedleafnodes.Thetreemapis constructed
via recursive subdivision of theinitial rectangle.Thedirec-
tion of eachone-dimensionalsubdivisionstepalternatesper
level: �rst horizontally, next vertically, again horizontally,
etc. Theareasizeof eachsub-rectanglecorrespondsto the
sizeof therepresentednode.As a resultof its construction,
thetreemapre�ects thestructureof thetreeandthesizesof
its nodes.

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,moresophis-
ticatedtreemaplayout algorithmsemerged,which mainly
addresstheissueof thebadaspectratio betweenwidth and
heightof therectanglesin thetreemapby performingatwo-
dimensionalsubdivision in eachrecursionstep.Thepopu-
lar Squari�edtreemapalgorithm[6] sortsthenodesat each
hierarchy level by theirsizesin descendingorderandgener-
ateslayoutswith anaspectratioconvergingto one.Ordered
treemap[16] layoutspreserve a givenorderof elementsby
also maintaininga good overall aspectratio. In contrast
to all otherexisting treemaplayout algorithms,which are
basedon rectangles,Voronoi treemaps[1] arebasedon the
subdivision of, and into polygons. They maintaina good
aspectratioof theelements,provideanon-ambiguousinter-
pretabilityof thehierarchicalstructure,andenabletreemap
layoutswithin arbitrarypolygons.



3 Contrib ution

The clearandmeaningfulvisualizationof relationsbe-
tweensoftwareentitiesis aninvaluabletool for thecompre-
hension,evaluation,and reengineeringof the structureof
existing softwaresystems.A commonmethodfor this task
is theusageof directedgraphvisualizations.Therefore,the
softwareentitiesarerepresentedasnodesof thegraph,and
therelationsbetweenthesesoftwareentitiesarerepresented
asedgesbetweentheaccordingnodes.

Modernsoftwaresystemsarevery complex andconsist
of thousandsof entitiesandmillions of linesof code.If the
graphvisualizationpresentsthecompletegraph,theuseris
swampedandis not ableto extract the informationhe/she
is looking for. Thus, the presenteddatahasto be �ltered
to views of the completegraph,wherebythe usershould
decidewhat informationis essential.Therefore,thehierar-
chicalstructureof thedatacanbeexploitedby aggregating
partsof the softwaresystemto entitiesof higher levels in
thehierarchy. Thechallengingtaskis to representtheseag-
gregatedpartswithout losinginformationof theircontained
structureandcomplexity.

In the following Section3.1 we presentthe interaction
schemefor handlingcomplex hierarchicalgraphs,and in-
troduceanapproachfor thevisual representationof aggre-
gatedpartsof thegraphbasedon treemaps.In Section3.2
we describethe graphlayout methodthat is usedfor our
visualization,including their properties.In Section3.3 we
introducean adaptionof conventionalrectangulartreemap
layoutalgorithmsfor handlingconvex polygonalbounding
geometries.In Section3.4 we presentan extensionof the
visual representationof hierarchicalgraphsusing implicit
surfaces. Resultsfor software visualizationscreatedwith
our techniquesareshown in Section3.5.

3.1 An Interaction and Representation Scheme
for Hierar chical Graphs

Thestartingpoint for theuserof ourvisualizationof the
softwaresystemasa hierarchicalgraph,is the representa-
tion of the completesystemsolely by the root nodeof the
graphasits simplestview. In thenext steptheuserexpands
this view by expandingtheroot nodeinto its child nodesat
the �rst hierarchy level thatarerelatedto thechild entities
of theroot entity in thesoftwaresystem.Theuseranalyzes
the relationsbetweenthe entitiesand further exploresthe
dependenciesin other views by expandingthe nodesthat
representthe entitieshe/sheis interestedin. Complemen-
tary to the expansionstep, it is also possibleto collapse
partsof the presenteddirectedgraphto entitiesat higher
hierarchy levels. With this interactionschemebetweendif-
ferentviewsof thesamegraph,theuseris ableto reducethe
amountof presentedinformationwith regardto hisanalysis

task,andto stepwiseexplore the relationswithin the soft-
waresystem.

To provide an insight into the aggregatedpartsof the
softwaresystemthat areeachrepresentedjust by a single
nodein theview of thegraph,thesegraphnodesarenotonly
representedassimplegeometricshapes,but rathervisual-
ized astreemaps.Eachtreemaprepresentationof a graph
nodeis generatedaccordingto thehierarchicalstructureof
therepresentedaggregatedpartof thesoftwaresystem.The
sizeof anentityin thetreemapis relatedto thenumberof its
connectedrelations.This enablesthe illustrationof the in-
ternalstructureof theaggregatedpartsof thesoftwaresys-
tem,andthe identi�cation of thedegreeof connectivity of
eachaggregatedentitysimultaneously. For ourtreemaplay-
outsweusetheapproachof Squari�edtreemaps[6], which
sortsthenodesin thetreemapby their sizesallowing a fast
detectionof entitieswith ahighdegreeof connectivity.

Figure4 exempli�es this interactionandrepresentation
schemeby an elementarydataset. The �rst view shows
a single treemapwithin a quad that representsthe root
packageof thesoftwaresystemandrevealsthehierarchical
structureof all containedpackagesandclasses.Large en-
tities in thetreemapindicatea high degreeof connectivity.
In the next stepthis root packageis expandedto the con-
tainedtwo child packages,which eachagain visualizesits
hierarchicalstructureof thecontainedentitiesby atreemap.
In stepsthreeandfour thesetwo packagesareexpandedas
well, �nally revealingall classesof thesoftwaresystemthat
arerepresentedby circles.

Figure 4. Stepwise exploration of a hierar ­
chical graph—a ggregated nodes are repre­
sented as treemaps illustrating their con­
tained structure; the size of the entities in­
dicate their degree of connectivity



3.2 Hierar chical Graph Layouts

The essentialrequirementfor graph-basedsoftwarevi-
sualizationsis the generationof meaningful graph lay-
outs. Existing visualizationspresenttwo-dimensionalas
well as three-dimensionalgraph layouts. The results
of empirical studies that compare the effectivenessof
two-dimensionaland three-dimensionalgraphlayoutsare
mixed: In somestudies,3D visualizationsoutperformed2D
visualizations[18], other studiesyielded the oppositere-
sult [19]. In ourexperiencewith 3D layoutsof largegraphs,
individual objectsareoften occludedandthereforebarely
recognizable,alsoorientationis oftenintricate.For thisrea-
son,we areusingtwo-dimensionalgraphlayoutsto avoid
visualclutterandto betterpreserve theuser's mentalmap.

The quality of graph layouts is directly relatedto the
propertiesof the usedenergy model and its appropriate-
nessfor a given visualizationtask. For our visualization
weadaptedtheenergy modelof NoackandLewerentz[12]
that wasdevelopedparticularly for softwarevisualization.
This modelhasseveral advantages:Firstly, it offers three
parameters(clustering,hierarchicalness,distortion) to in-
�uence thecharacteristicsof thelayouts,wherebyeachpa-
rameterhasa clear interpretation.Especiallythe variable
degreeof hierarchicalnessallows to directly in�uence the
importanceof the hierarchicalstructureversusthe impor-
tanceof the relationsin the generatedlayouts. Secondly,
thenodesizesin thegraphlayoutdirectlycorrespondto the
numberof connectededgesof or within eachnode.Thereby
thesenodesizesarenotindependentof thegraphlayout,but
they areratherdirectly relatedto a repulsionforcefor each
node,which resultsin energy minimized layoutswithout
any overlappingof the nodes.Thirdly, clustersareclearly
separatedin theenergy minimizedlayouts.

To generatelayoutswith minimizedenergy values,we
use an enhancementof the Barnes-Hutalgorithm [3] by
Quigley and Eades[14]. The combinationof the energy
modelandthis minimizationalgorithmallows us to gener-
ateour layoutsat interactive rates.

3.3 Rectangular Treemap Layouts for Convex
PolygonalBounding Shapes

Softwaresystemscontaindifferenttypesof entities,and
relationsoften occurbetweenthesedifferententity types.
Thus,thegraphnodeshaveto berepresenteddifferentlyfor
eachentity type. Here it is mostappropriateto usewell-
de�ned geometricshapes.Theseshapesarealsothebound-
ing geometriesfor ourtreemaprepresentationsof theaggre-
gatednodes,which impliesthatwe needa methodfor gen-
eratingtreemaplayoutswithin diverseshapes.Onepossi-
bility is to useVoronoitreemaps[2], which enabletreemap
layoutswithin arbitrary polygons. However, this method

is not appropriatefor our interactive visualizationtaskbe-
causeof its time expensive computation.Insteadwe adapt
theexisting rectangle-basedtreemaplayoutsto a largerset
of boundinggeometries.

Theprinciplemechanismof all rectangle-basedtreemap
algorithmsis to split a given areainto two subareasby a
straighthorizontalor vertical line accordingto a given ra-
tio betweenthe subareasizes.To achieve this, we have to
restricttheboundinggeometriesto convex polygons,since
the split of non-convex polygonsmay result in more than
two subareas.This restrictionis acceptableas the set of
convex polygonsoffers a suf�cient numberof distinguish-
ableshapes.

Thehorizontalor verticalsplit of rectanglesis trivial. For
thesplit of arbitraryconvex polygons,we �rst have to �nd
the trapezoidin which thesplit occurs.We usea scanline
parallel to the splitting direction that allows us to test for
eachvertex in the polygonwhetherthe split occursbefore
or afterthecurrentscanline position.If thesplit hasto oc-
cur beforethecurrentposition,we determinethetrapezoid
formedby the scanlines at the currentand the foregoing
position,andthe edgesegmentsof the initial polygonthat
arepositionedbetweenthesetwo scanline positions.Then
theexactsplit of this trapezoidis calculated.This split al-
gorithmis applicableto all treemaplayoutalgorithmsbased
on rectangles.

This procedureis further illustratedby Figure 5: The
givenpolygonAB CDE hasto behorizontallysubdivided
into two polygonsp1 andp2 accordingto their desiredarea
sizes.Thetwo verticesbetweenwhich thesplit occurshave
to be found. Thesetwo verticesB andD and the corre-
spondingtwo verticesat the oppositesideof the polygon
H1 andH2 form a trapezoid. The split pointsS1 andS2

are computedwithin this trapezoid,which is mathemati-
cally trivial.

Figure 5. Example for a horizontal split oper ­
ation of a convex pol ygon used for the subdi­
vision step in treemap layouts



3.4 Implicit Surfacesfor Visual Graph Clustering

Therepresentationof thehierarchicalstructureof nodes
in ahierarchicalgraphis ratherdif�cult, becauseof thedis-
tortionoriginatedby therelationsbetweendifferentpartsof
the hierarchy. An obvious andappropriatemethodfor our
softwarevisualizationis to color eachnodeby its member-
ship in a package,which meansthat eachpackageandits
containedentitiesareassignedto anindividual color. Nev-
ertheless,it isdif�cult to locateall entitiesthatarecontained
in a speci�c packagedueto thedistortionof thegraph.To
furthersupporttheuser, we additionallyimplementeda vi-
sualclusteringtechniquebasedon implicit surfaces[4] fol-
lowing the approachpresentedin [9]. We generatea two-
dimensionalimplicit surfacefor eachpackagein thegraph
thatenclosesall nodesthatrepresententitiesof thispackage
with acolorsimilar to thecolorof thepackage.Theadvan-
tageof this implicit surfacetechniquein comparisonwith
theusageof simpleboxesor circles,is thattheareashighly
adapttheir shapeto the distribution of the nodesresulting
in anindividual characteristicshapefor eachcluster. These
shapesmay alsobe madeup of two or threeindependent
areasfor eachcluster, which is a meaningfulindicationof
thedisruptionof theaccordingpackage.

3.5 Results

Finally, we presentthreeexemplary resultsof our vi-
sualization:Figure6 presentsthe completecall graphbe-
tweenclassesof two mainpackagesof thesoftwaresystem
`JFree'.In Figure7 theinvolvedentitiesof unwantedwrite
accessesof attributesbetweentwo packagesin `JFree'are
worked out, wherebyuninvolved entities are aggregated.
Figure8 visualizestheinheritancerelationsbetweenthetop
level packagesof the`JavaDevelopmentKit 1.4.2'.

Nodesin thegraphvisualizationthatrepresentpackages
aredrawn asquads,classesascircles,methodsastriangles,
andattributesasdiamonds.Thecolor of a noderepresents
its packagemembership.The directionof an edgeis indi-
catedby a gradientfrom dark to bright. The width of an
edgesindicatesthenumberof representedrelations.

4 Conclusion

We presenteda new interaction and representation
schemefor the visualizationand exploration of complex
hierarchicalgraphsto analyzerelations within software
systems. Therebyaggregated parts of the software sys-
tem are representedas treemapsthat visualize the struc-
ture of the containedsoftware entities. To adaptexist-
ing rectangle-basedtreemaplayout algorithmsto convex
polygonalboundinggeometries,we introducedanalterna-
tive methodfor the horizontaland vertical subdivision of

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

convex polygons. This methodallows the usageof differ-
ently shapedtreemapboundinggeometriesin orderto dif-
ferentiatebetweentheentity typesin thehierarchicalgraph.
Furthermore,we implementeda visualclusteringbasedon
implicit surfacesto createmeaningfulvisualizationsof dis-
tortedhierarchicalgraphs.

The presentedtechniquesenablethe stepwiseexplo-
ration of relationshipssuchas inheritances,methodcalls
or attributeaccessesevenwithin complex softwaresystems.
Theuserdrivengenerationof viewsof asoftwaresystemal-
lows to work out singledependenciesof entitiesor subsys-
temsof the softwareaswell asto createoverviews of the
relationswithin the completesoftwaresystemor its parts.
With theseviews, it is possibleto validatethearchitecture,
to identify problemareas,andto analyzereengineeringal-
ternatives.



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

Figure 8. Inheritance relations between the
top level packages of the `JDK 1.4.2'
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