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Abstract

Interactive selectionis a critical componentin exploratoryvisual-
ization,allowing usersto isolatesubsetsof thedisplayedinforma-
tion for highlighting,deleting,analysis,or focussedinvestigation.
Brushing,a popularmethodfor implementingthe selectionpro-
cess,hastraditionallybeenperformedin eitherscreenspaceor data
space. In this paper, we introducetheconceptof a structure-based
brush, which can be usedto perform selectionin hierarchically
structureddatasets.Ourstructure-basedbrushallowsusersto nav-
igatehierarchiesby specifyingfocal extentsandlevel-of-detailon
a visual representationof thestructure.Proximity-basedcoloring,
whichmapssimilarcolorsto datathatarecloselyrelatedwithin the
structure,helpsconvey bothstructuralrelationshipsandanomalies.
We describethedesignandimplementationof our structure-based
brushingtool. We alsovalidateits usefulnessusing two distinct
hierarchicalvisualizationtechniques,namelyhierarchicalparallel
coordinatesandtree-maps.

Keywords: Brushing,hierarchicalrepresentation,interactive se-
lection,exploratorydataanalysis.

1 Intr oduction

A hierarchicalorganizationon a datasetprovidesa framework for
viewing informationat varying levels-of-detail. Therehave been
numerousresearchefforts in �nding effective methodsto present
andexplore hierarchicalinformation,suchas Tree-Maps[7, 12],
Cone-Trees[10] andRecon�gurableDiscTrees[6]. However, most
of thesemethodsprovide only modestmodesof interactionsfor
navigatingthehierarchy. In this paper, theparticularway of repre-
sentingthetreestructureis notof concern;ratherweareinterested
in �nding ways to effectively navigate throughsuchhierarchies.
Navigationplaysanimportantrole in aidingusersto �nd theirway
throughthe complex structure:to seewherethey are,what infor-
mationis availableandhow to accessinformationof interest,while
avoidinggettinglostwanderingin someisolatedsubspace.

Recently, therehasbeenincreasedinterestin visualexploration
of hierarchies[3, 8, 11]. Hierarchyvisualizationsare evident in
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many commercialapplications,suchas Microsoft Windows Ex-
plorer, Norton Commander, and so on. The major disadvantage
of suchinterfacesis thatthereis a limited displayspacefor thetree.
Hence,it is easyto losecontext, for instance,if somesubdirectories
getvery large.

Oftenwe areinterestedin exploringa particularsubspaceof in-
terestbesideshaving anoverview of thehierarchicalstructure.One
way of achieving this is throughbrushing. Brushingis a direct
anddata-drivenmetaphor. It is aninteractive processfor selecting
subsetsof dataor localizinga subspacewithin an � -dimensional
space[9, 13, 16]. Many usefuloperations,suchas highlighting,
deleting,masking,or aggregation,may thenbe performedon el-
ementsthat lie within the brushedsubspace.This paperpresents
a new techniqueto navigate hierarchicalspaceby extendingthe
brushmetaphorto structure.Our structure-basedbrushservesasa
mechanismto selectsubsetsof thehierarchicalstructurefor further
analysisor drill-down/roll-upoperations.

Section2 of thispapergivesanoverview of thebasicsof brush-
ing. Section3 givesa descriptionof structure-basedbrushesand
thecontainmentcriteria. Section4 describesthecreationandma-
nipulationof our brush. Following that in Section5, we illustrate
theusefulnessandgeneralityof our tool by applyingit to two hier-
archicalvisualizationtechniques,namely, hierarchicalparallelco-
ordinates[2] andtree-maps[7, 12]. We concludeby summarizing
ourcontributionsandoutliningplansfor futurework.

2 Brush Basics

Selectionis a processwherebya subsetof entitieson a displayare
isolatedfor further operations,suchas highlighting, deleting,or
analysis. Wills [15] de�ned a taxonomyof selectionoperations,
classifyingtechniquesbasedon whethermemoryof previous se-
lectionsis maintainedor not,whethertheselectionis controlledby
theunderlyingdata(wetermthisdata-driven) or not,andwhatspe-
ci�c interactivetool (e.g.,brushing,lassoing)isusedtodifferentiate
an areaof the display. He alsocreateda selectioncalculuswhich
enumeratesall possiblecombinationsof actionsbetweena previ-
ousselectionanda new selection(replace,add,subtract,intersect,
andtoggle)andattemptedto identifycon�gurationsof theseactions
whichwouldbemostuseful.

Brushingis the processof interactively paintingover a subre-
gion of the datadisplayusinga mouse,stylus,or other input de-
vicethatenablesthespeci�cationof locationattributes.It hasbeen
usedas a methodfor performingselectionin graphicsfor many
years. The principlesof brushingwere �rst explored by Becker
andCleveland[1] andappliedto high dimensionalscatterplots.In
thissystem,theuserspeci�edarectangularregion in oneof the2D
scatterplotprojectionsandbasedon themodeof operation,points
in otherviewscorrespondingto thosefalling within thebrushwere
highlighted,deletedor labelled.WardandMartin [13, 9] extended
brushingto permitbrushesto have thesamedimensionalityasthe
data( � -D insteadof � -D). They alsoexploredtheconceptsof mul-



tiple brushes,compositebrushes(formedby logical combinations
of brushes),andfuzzybrushes,which allow pointsto be partially
containedwithin abrush.Haslettet al. [4] introducedtheability to
show theaveragevalueof thepointsthatarecurrentlyselectedby
thebrush.

Onecommonmethodof classifyingbrushingtechniquesis by
identifyingin whichspacetheselectionis beingperformed,namely
screenor dataspace.This canthenbe usedto specifya contain-
mentcriteria (whethera particularpoint is inside or outsidethe
brush).In screenspacetechniques,a brushis completelyspeci�ed
by a � -D contiguoussubspaceon the screen.In data spacetech-
niques,a completespeci�cationconsistsof eitheran enumeration
of thedataelementscontainedwithin thebrushor the � -D bound-
ariesof ahyperboxwhichencapsulatestheselection.In thispaper,
we introducea third category, namelystructure spacetechniques,
which allows selectionbasedon structuralrelationshipsbetween
datapoints.

In addition,brushmanipulationmaybedirector indirect. Direct
manipulationrefersto theability to interactively controlbrushcre-
ationandmanipulationby mouse(or otherlocator)actionson the
datadisplayitself. On theotherhand,indirectmanipulationrefers
to theuseof separatewidgetssuchasslidersto specifyor manipu-
latethebrushcoverage.Direct manipulationis generallypreferred
for data-drivenoperations(suchasisolatinganinterestingsubsetof
the display),while user-driven operations(suchasa rangequery)
areofteneasierto specifywith indirectmethods.

3 Structure-Based Brushes

The structure of a data set speci�es relationshipsbetweendata
points. This structuremay be explicit (e.g.,categoricalgroupings
or time-basedorderings)or implicit (e.g., resultingfrom analytic
clusteringor partitioningalgorithms). Examplesof structuresin-
cludelinearorderings,hierarchies,anddirectedacyclic graphs.In
thiswork, wefocusonhierarchicalrelationshipsof dataasit is one
of the techniquesthat is receiving substantialattentionasa means
for effectively copingwith largedatasets.

A hierarchy or tree is a convenientmechanismfor organizing
large datasets. By recursively clusteringor partitioningdatainto
relatedgroupsand identifying suitablerepresentative information
(summarizations)for eachcluster, wecanexaminethedatasetme-
thodicallyat differentlevelsof abstraction,moving down thehier-
archy(drill-down) wheninterestingfeaturesappearin thesumma-
rizationsandup thehierarchy(roll-up) aftersuf�cient information
hasbeengleanedfrom aparticularsubtree.

Therehasbeenmuchresearchinto thegraphicalpresentationof
hierarchicalor tree-structuredinformation[7, 12,10,6]. However,
mosttechniquesfor interactingwith theresultingdisplayshave fo-
cusedon modifying theviewing parametersor distortingthestruc-
tureto helpidentify featuresof interest.Wehave createda suiteof
techniques,whichwetermstructure-basedbrushing, aimedatsup-
portingthe interactive explorationof largedatasetsthatareeither
implicitly or explicitly clusteredinto ahierarchicalstructure.

As mentionedin Section2, brushingrequiresacontainmentcri-
teria. For our �rst containmentcriteria,we augmenteachnodein
thehierarchy, that is eachcluster, with a monotonicvaluerelative
to its parent.This valuecanbe for examplethe level number, the
clustersize/population,or the volumeof the cluster's extents(de-
�ned by the minimum and maximumvaluesof the nodesin the
cluster). This assignedvaluedeterminesthe control for the level-
of-detail.By choosingacontinuouscontrolvariable,suchascluster
size,the traversalof the treethroughdifferentlevels-of-detailcan
besmoothtransitionsinsteadof abruptscreenchanges.In addition,
this conceptcanbe extendedto allow the speci�cation of a sub-
setof levels-of-detail.Hence,insteadof selectinga singlelevel of
detail,we might want to selectmultiple levels-of-detail(which we

termthelevel-of-detailrange). Formally, wede�ne alevel-of-detail
variable
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Our secondcontainmentcriteria for structure-basedbrushingis
basedon the fact that eachnodein a treehasextents,denotedby
the left- and right-mostleaf nodesoriginatingfrom the node. In
addition,it is alwayspossibleto draw a vertically orientedtreein
sucha way that thehorizontalpositionof eachnode(and,in fact,
all of its children)falls betweenits extents. Theseextentsensure
thataselectedsubspaceis contiguousin structurespace.Formally,
we de�ne anextentsvariable � , with range� ����� to � ��	�
 andan
extentrange� ����
������ suchthat � ����� � ��� � ��� � ����	�
 .

Thus a structure-basedbrush is de�ned by a subrange
of the structure extents and level-of-detail variables, namely

� ��	!
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4 Creation and Manipulation of
Structure-Based Brush

Figure 1: Structure-basedbrushing tool. (a) Hierarchical tree
frame; (b) Contour correspondingto current level-of-detail; (c)
Leafcontourapproximatesshapeof hierarchicaltree;(d) Structure-
basedbrush;(e) Interactive brushhandles;(f) Colormaplegendfor
level-of-detailcontour.

Figure1 shows our structure-basedbrushinginterface. Thetri-
angularframedepictsthehierarchicaltree(see(a)). The leaf con-
tour (see(c)) depictsthe silhouetteof the hierarchicaltree. It de-
lineatestheapproximateshapeformedby chainingthe leaf nodes.
Thecoloredboldcontour(see(b)) acrossthetreedelineatesthetree
cut thatrepresentstheclusterpartitioncorrespondingto thespeci-
�ed level-of-detail. We usea proximity-basedcoloring schemein
assigningcolorsto the partition nodes[2]. In this scheme,a lin-
ear order is imposedon the dataclustersgatheredfor display at
a given level-of-detail. This linear order is directly derived from
theorderin which thetreeis traversedwhengatheringtherelevant
nodesfor a given level-of-detail. In our implementation,we adopt
thein-ordertreetraversal.Colorsarethenassignedto eachcluster
by looking up a linear colormaptable(see(f)). The samecolors
areusedfor thedisplayof thenodesin thecorrespondingdatadis-
play. Thetwo movablehandles(see(e))on thebaseof thetriangle,



togetherwith theapex of the triangle,form a wedgein thehierar-
chicalspace(see(d)).

Our structure-basedbrushingtool supportsboth direct and in-
directmanipulation.Setsof elementsmaybedirectly selectedby
positioningthe wedgehandlesso asto boundthe rangeof colors
spannedby the elements.This is madepossibledueto the direct
color correspondencebetweenthe datadisplay and the structure
display. Moreover, similar elementsareselectedasa group,since
by our coloringcriteria,similar elementsaredrawn in similar col-
ors. The wedgehandlescan be adjustedat eitherend or simply
translatedto boundthedesiredsetof elements.Indirectmanipula-
tion is provided throughtheuseof slidersfor the rangeof extents
andvalues,in casetheuserpreferssuchmodeof interaction.

Figure2: Structure-basedbrushingat two differentlevels-of-detail.

In a hierarchicalorganization,drill-down androll-up operations
arecommonlyusedto explore the hierarchy. Our tool supportsa
globaldrill-down androll-up operation,thatis, thecurrentlevel-of-
detail canbe adjustedby draggingthe coloredcontourvertically.
Thedatadisplaychangesto re�ect moredetailswhenthecontour
is adjustedverticallydownwardswhile showing moreandmoreab-
stractviews of thedatawhenthecontouris adjustedvertically up-
wards.

Besidesa global drill-down/roll-up operation,our tool alsoal-
lows the user independentcontrol of the level-of-detail of the
brushedandunbrushedregion. That is, thecoloredcontourin the
brushedregion canbe adjustedindependentlyof the contourseg-
mentsoutsidethe brushedregion, andvice versa(Seeexamplein
Figure2). We termthis selectivedrill-down/roll-up. This separate
modeof controlgivestheuserthe�e xibility toview thehierarchical
structureat two differentlevels-of-detailat thesametime.

It is importantto contraststructure-basedbrushingwith tradi-
tional data-basedbrushing. In a traditional user-driven brushing
operation,to specifya region of interestin a multivariatedatadis-
play, theusersetsupperandlower boundsfor eachdimension.In
data-driven brushing,theuserpaintsover groupingsof interesting
data.Neitherof theseapproachesis suitablefor isolatingdataele-
mentswhich arestructurally related.Rather, their focusis on the
valuesof thedata.Clearly, structure-basedbrushingprovidesnew,
andpotentiallyinvaluable,functionalitybeyonddata-basedbrush-
ing.

5 Case Studies

We illustrate the usefulnessand generalapplicability of our tool
by applyingit to two hierarchicalvisualizationtechniques:hierar-
chicalparallelcoordinates[2] andtree-maps[7]. Thesecasestudies
demonstratethefunctionalitiesof ournew brush,its usefulness,and
differencefrom alternative techniques.

Weusea5-dimensional16,000elementdatasetformedby com-
bining SPOT, magnetics,andradiometrics(threechannels)remote
sensingdatasetsfrom the Grant's Patch region of WesternAus-
tralia. The hierarchicalclusteringwasachieved by processingthe
datawith theBIRCH algorithm[17], which canhandlelargescale
datasetsef�ciently .

5.1 Interacting with Hierarchical Parallel Coordi-
nates using Structure-Based Brushes

Parallel coordinatesis a multivariatevisualizationtechniquepio-
neeredin the1980'swhichhasbeenappliedtoadiversesetof prob-
lems[5, 14]. In this technique,eachdatadimensionis represented
asa (horizontalor) vertical axis,andthe � axesareorganizedas
uniformly spacedlines.A dataelementin an � -dimensionalspace
is mappedto a polyline that traversesacrossall of the axes, in-
tersectingeachaxis at a positionproportionalto its valuefor that
dimension.

Hierarchicalparallelcoordinates[2] is a new extensionthatwe
have developedfor visualizing large datasetson parallelcoordi-
nates.In hierarchicalparallelcoordinates,thedatais structuredas
ahierarchyof clusters,andthedisplayshowssummarizationsof the
clustersat a certainlevel of detail. Many displayoptionsexist, in-
cludingshowing clustercenters(which look identicalto traditional
parallelcoordinatedisplays),extents(which manifestthemselves
as variablewidth bandsencasingthe centers),population(map-
ping to opacity),andotherclusterstatistics.Distortiontechniques,
structure-basedcoloring, and selective fade-in/fade-outare avail-
ableto helpreduceclutterandexposestructure.

Figure3 shows the displayof hierarchicalparallelcoordinates
at a given level-of-detail. Eachpolyline acrossthe axesdisplays
the meanvalueof its cluster. The numberof polylinesspanning
acrossthescreencorrespondsto thenumberof clustersat thegiven
level-of-detail. The lines in the datadisplayarepaintedwith the
correspondingcolor of the structure-baseddisplaywith the color
red reserved asa highlighting color. With our brushingtool, the
usersimply adjuststhe handlesat the baseof the trianglewedge
to boundtheextentsof interest.Theselectedclustersaredrawn in
bold red,indicatingthey arebeingbrushed.Next, we demonstrate
theusefulnessof theselective drill-down/roll-upoperations.

Figures4 and 5 show two imagesof hierarchicalparallel co-
ordinatesat different levels-of-detail.Figure4 displaysthe initial
state,with all clustersat thesamelevel-of-detail.Theusercanthen
brushthecluster(s)of interestby adjustingthehandlesat thebot-
tom of thewedgeon thestructure-basedbrushinterface.Next, by
“pulling” the brushedcontourvertically downwards,we canview
the selectedclustersat a higher level-of-detailwhile maintaining
thesamelevel-of-detailfor theunselectedclusters.This resultsin
thedisplayshown in Figure5. Wehave turnedoff theredencoding
of the brushedclustersto convey the actualcolorsof the clusters
that correspondto the coloredcontour. The usefulnessof the se-
lective drill-down/roll-up featureis evident here– usershave the
�e xibility to seeanisolatedview or to manipulatetheregionof in-
terestwhile minimizing the distractionfrom datalines not falling
in thatregion.



Figure3: A hierarchicalparallelcoordinatesdisplayof a remotesensingdatasetwith theselectedclusterpaintedin bold redto re�ect thatit
is currentlybeingbrushedin thestructure-basedtool. Theimageontheright showsthecorrespondinglevel-of-detailindicatedby thecolored
contourin thestructure-basedbrushwith thebrushedregion indicatedby thewedge.In thiscase,weobserve thattheselectedclustersshare
thesamemeanvaluefor magneticsanduraniumcontents,andhavehighSPOT contents.(SeeColorPlates).

Figure4: A hierarchicalparallelcoordinatesdisplayof a remotesensingdatawith theselectedandunselectedclustersat thesamelevel-of-
detail. Notice that the selectedclusterwhich is drawn in bold red hasrelatively low meanlevels of magneticsandthorium contents.The
coloredcontourin thestructure-basedbrushindicatesthecurrentlevel-of-detail.(SeeColorPlates).



Figure5: A hierarchicalparallelcoordinatesdisplayof a remotesensingdatasetwith the selectedclusterdrawn at a higherlevel-of-detail
comparedto theunselectedclusters.Theleft imageshowstheeffectontheselectedcluster(indicatedby thebold redlinesin Figure4) when
it expandsto show moredetail. In this case,we displaytheoriginal colorsof theselectedlinesratherthanpaintingthembold red in order
to reveal the actualcolorsencodedfor the clusters.Moreover, in orderto displaythe lines clearer, we reducethe bandsaroundthe lines
via extentscaling[2]. Theseclustersexhibit trendssimilar to their parentcluster, that is having relatively low meanlevelsof magneticsand
thoriumcontents.Thecorrespondinglevels-of-detailareindicatedby thestructure-basedbrushon theright. (SeeColorPlates).

Figure6: A tree-mapdisplayof theremotesensingdatasetwith theselectedclusterspaintedwith thecolorof thedependentvariable,uranium.
By mappingthevalueof thedependentvariableto agreyscalecolormapwherehighvaluesaremappedto darker colors,weobserve thatthe
selectedclustershave relatively low meanlevelsof uraniumcontent.



Figure7: A tree-mapdisplayof a remotesensingdatasetwith the selectedclustersat a higherlevel-of-detailcomparedto the unselected
clusters.In this case,we color the selectedrectangularregionswith the correspondingcolor on thestructuredisplay. The structure-based
brushis shown on theright. (SeeColorPlates).

5.2 Interacting with Tree-Maps using Structure-
Based Brushes

A tree-map[7, 12] is a space-�lling methodfor presentinghierar-
chical,univariatedata.It is formedby takinga rectangulardisplay
areaandrecursively subdividing it basedonthetreestructure,alter-
natingbetweenhorizontalandvertical subdivision, and�lling the
terminal rectangularregionswith a color basedon the dependent
variable.In ourmodi�ed versionof thetree-map,wecanchooseto
�ll thecolorof therectangularregionbasedonadependentvariable
or with its correspondingcolor on thestructuredisplay(structure-
basedcoloring).

Figure6showsthedisplayof atree-mapatagivenlevel-of-detail
asindicatedby thecoloredcontourin thestructure-basedbrush.As
in the hierarchicalparallel coordinatesdisplay (Section5.1), the
clustersof interestcanbeselectedby boundingthecorresponding
color on the structure-basedbrushinterface. The color of the se-
lectedclusterson the tree-mapthenchangeto re�ect the valueof
thedependentvariableof thetree-map.

Next, theusercanview theselectedclusteron thetree-mapat a
higherlevel of resolutionby “pulling down” thebrushedsegmentof
thecoloredcontourin thestructure-basedbrush.Theresultingstate
of the structure-basedbrushand the clusterdisplayareshown in
Figure7. In thiscase,wechooseto paintthenodesusingstructure-
basedcoloring.Wecanobserve therelativesizesof eachsubcluster
from furthersubdivisionsof therectangle.Sinceall theseobserva-
tionsareisolatedfrom theunselectedclusters,it givestheuseran
unclutteredview of theregionsof interest.To make similar obser-
vationsfor otherclusters,theuserscansimplytranslatethewedgeif
they desirethesamebrushsize,or adjustthehandlesat thecorners
of thewedgeto de�ne a totally new brush.

6 Conc lusion and Future Work

This paperpresentsa new techniquefor navigating hierarchies,
called structure-basedbrushing,that is an extensionof the data-
basedbrushmetaphor. With structure-basedbrushing,it is possible
to selecta subsetof a hierarchyandexplore the selectedspacein
varyinglevels-of-detailusingthedrill-down/roll-upoperationspair.
In addition,we demonstratethe usefulnessof our tool with case
studiesontwo hierarchicalvisualizationtechniques,namelyhierar-
chicalparallelcoordinatesandtree-maps.Examplesof its usecan
befoundathttp://davis.wpi.edu/� xmdv.

Our currentstructure-basedbrushingtool hasa few limitations.
First, the extent-basedsubrangingassumesthat the order of the
branchesis �x ed. With a differentorderof the clusters,the color
assignmentwill bedifferent,andhencetheselection.Second,for
verywidehierarchiesit mightbedif�cult to selectnarrow substruc-
tures. Third, with our coloring strategy, adjacentclustersmay be
assignedindistinguishablecolorsif the numberof clustersis very
large.

Our future work will be aimedat addressingtheselimitations,
as well as to perform extensive testing of the tool over differ-
entdomainsandwith otherhierarchicalmultiresolutionvisualiza-
tion techniques. In particular, we are interestedin using zoom-
ing/distortiontechniquesin both structurespaceand color space
to facilitate preciseoperationsin densestructures. We are also
planningto investigatemethodsfor dynamicallyreorderingcluster
branches(whenorderingisn't data-driven) to moreeasilyenable
thecomparisonof multiple, isolatedbranches.While this couldbe
accomplishedusingmultiplecompositebrushes[9], dynamicreor-
ganizationmayleadto simplerexploratoryinteractions.
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