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Figure 1: Sequenceof traversal of blood vesselsin the visible human dataset as an illustrative visualization. Here, 
o w of blood is simulated via
a transfer function. (a) Venous blood is represented as a blue transfer function coming through the vena cava. (b) The blood 
o ws through
the pulmonary artery. (c) A secondtransfer function in red representsarterial blood coming out through the aorta (d) Di�erent paths used for
traversal (in green).

ABSTRACT

In this paper, we describea methodologyandimplementationfor
interactive datasettraversalusingmotion-controlledtransferfunc-
tions. Datasettraversalhererefersto the processof translatinga
transferfunctionalongaspeci�c path.In scienti�c visualization,it
is oftennecessaryto manipulatetransferfunctionsin orderto visu-
alizedatasetsmoreeffectively. This manipulationof transferfunc-
tions is usuallyperformedglobally, i.e., a new transferfunction is
appliedto the entiredataset.Our approachallows one to locally
manipulatetransferfunctionswhile controlingits movementalong
a traversalpath.Themethodweproposeallows theuserto selecta
traversalpathwithin thedataset,basedontheshapeof thevolumet-
ric modelandmanipulateatransferfunctionalongthispath.Exam-
plesof datasettraversalincludetheanimationof transferfunctions
alonga pre-de�nedpath,the simulationof �o w in vascularstruc-
tures,andthevisualizationof convolutedshapes.For example,this
type of traversalis often usedin medicalillustration to highlight
�o w in bloodvessels.We presentaninteractive implementationof
our methodusinggraphicshardware,basedon the decomposition
of thevolume.We show examplesof our approachusinga variety
of volumetricdatasets,andwealsodemonstratethatwith ournovel
decomposition,therenderingprocessis faster.
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1 I NTRODUCTI ON

Althoughvolumerenderingis a very well researched�eld, theef-
fectiveexplorationandvisualizationof volumetricdatasetsremains
achallengingarea.Oneof thedif�culties of exploringvolumemod-
els is the simultaneousvisualizationof different structureswhile
preservingthecontext, dueto occlusion,clutterandnoise. In this
paper, we presenta techniquefor illustrative visualizationbased
on the explorationof a datasetvia a transferfunction that canbe
movedalonga path. We call this datasettraversal, i.e., traversing
a datasetalonga speci�edpath.This is commonlyusedin medical
illustrationto produceanimations,highlightfeaturesor enhancethe
renderingof a dataset.For example,Figure2 shows framesfrom
an animationof arteriovenousmalformations [2]. Arterial blood
is highlightedasanimatedredarrows duringthe�rst framesof the
animation,and the last framesshow the �o w of venousblood in
blue. While this is extremelyillustrative,onecannotrotateor slice
this image. In this paper, we show how this typeof techniquecan
be implementedon 3D datawith the ability to rotateandslice in-
teractively.

The methodwe describein this paperusesa skeletonpath,an

Figure 2: Two frames from a medical illustration animation of Arte-
riovenous Malformations. In the left �gure, red arrows are used to
animate 
o w of arterial blood. In the right �gure, blue arrows rep-
resent venous blood (courtesy of Meaghan Brierley. Copyright c
 ,
2000, url: http://brainavm.oci.utoronto.ca/swf/intro.html )



abstractionof the volumetric model, as the control structurefor
traversalof the dataset.This enablesthe userto explore different
partsof the dataset,while preservingthe context of the visualiza-
tion. Applicationsof datasettraversalareeffective visualizationof
convolutedstructures,suchasaneurysms,or thesimulationandan-
imationof �o w in vasculardatasets.It canalsobeusedfor surgery
andmedicaltreatmentpre-planning,or asa teachingtool, to allow
a studentto discover new features.Thereis alsoa basisin cogni-
tion that suggeststhat this type of traversalcould aid in compre-
hensionandshapeunderstanding.Psychologicalevidencesuggests
thattraversingacomplex datasetseemsto beanessentialpartof un-
derstanding3D shape.Thecognitiveprocessobtainslocalexplana-
tionsalongtheobjectasonetraversesit to �nally arrive at a global
explanation[21]. Furthermore,skeletonsareessentialattributesof
geons, simpleandprimitive volumeswhich arethebasicelements
of object recognition,accordingto HummelandBiederman[12].
Techniquesfor navigationof datasetshave beenproposedfor, e.g.,
virtual colonoscopy, wheretheuser'sviewpoint is traversedalonga
path. Suchtechniquescanbedescribedasinside-out(ego-centric)
visualizationsof thedataset.Herewe proposeanoutside-in(exo-
centric)visualization,wheretheexplorationis enabledby moving
a transferfunction,in additionto independentcontrolof theuser's
viewpoint.

2 REL ATED WORK

Themethodologypresentedin this paperis relatedto a numberof
technologiesin scienti�c visualization.Theseincludespatialtrans-
fer functions[5], focus+context visualizations,interactive render-
ing usingcommodityhardwareandvirtual colonoscopy [11, 28].
As a visualizationthatconveys motion,it is relatedto kineticvisu-
alization[18], whereaparticlesystemis animatedalongthesurface
of a staticvolumetricmodelto convey shape.In our approach,we
help to convey structurewith the traversalof a transferfunction
alongtheinterior of thevolumetricmodel.

This work relatesto the spatial transfer functionsde�ned in
Chenet al.[5]. A spatial transferfunction is de�ned as a func-
tion that appliesa geometricaltransformationof every point p in
euclideanspace. A temporal spatial transferfunction is de�ned
asa geometricaltransformationover time. The work herecanbe
thoughtof as a temporalspatial transferfunction, appliedalong
a de�ned path, or a “motion-controlled transfer function”. This
transferfunctionde�nes a scalarvalue,suchopacityandcolor, as
a functionof time andthepositionof a voxel. In contrast,thespa-
tial transferfunction in Chenet al.[5] doesnot move the transfer
function alonga path,but ratherappliesa transferfunction to the
transformedvoxels,accordingto somegeometricaltransformation.

Theexplorationof volumedatasetssometimesrequirestheabil-
ity to visualize a focusedportion of the volume while preserv-
ing someview of the restof the volume(context). This is often
known asfocus+ context visualization. Therearemany waysto
provide this typeof visualization,includingsegmentation[9], cut-
ting planes,importance-driven[27] andselectivevolumerendering
[23], illustrativetechniques[3, 17], featuresmaps[19], andwarping
techniquessuchas�sh-eyeviews [14]. Cuttingplanesarevery im-
portantin 3D visualization,but they canbedif�cult to positionac-
curately, especiallyfor convolutedstructuressuchasananeurysm.
Mueller et al.[19] presentanapproachto modify thetransferfunc-
tion of a segmentedregion by migrating the densityrangeof the
region of interest. Volumeexplorationis possiblethroughfeature
maps, whichassociatea setof interestingfeatureswith a particular
densityrange,sothatthey canbeisolatedsmoothlyfrom othersim-
ilar features.Thisapproachbecomesimpracticalfor theinteractive
traversalof a transferfunction,sincea new region of interestmust
be computedat eachframe. Furthermore,the scalability of this
approachis limited to a few features,becauseof transferfunction

complexity.
Importance-drivenrendering[27] providesanalternative for fo-

cus+context visualizationfor both segmentedandnon-segmented
datasets.Eachvoxel is assignedanimportancevalue,which trans-
latesto a givenvisibility priority duringa two-passrenderingpro-
cess.Onecanthink of ourmethodasawayof de�ning importance
on a portion of the volume. And certainly, importance-basedren-
deringcanbeimplementedon topof thismethod.

In this paper, we decomposea volumeto accessit via a trans-
fer function. There has been work in volume decomposition,
mostof which is for renderingspeed-upandtexture compression
[15, 16,22,13,20]. In ourwork, texturedecompositionhelpusex-
plore advancedrenderingcapabilities.Li andKaufmann[15] and
Li et al. [16] devise a mechanismto speedup the renderingpro-
cessby decomposingthetextureinto axis-alignedboxes.Theparti-
tion enablesemptyspaceskippingandocclusionclipping. Engelet
al.[7] useadifferentapproachto reducethenumberof slicesneeded
for rendering,usingslabsratherthanslices.Pre-integratedclassi�-
cationis usedto improveimagequality. Jankun-Kelly etal.[13]and
Parketal. [20] useak-d treedecompositionof axis-orientedboxes
to speedup visualizationof adaptive meshre�nement data. Un-
like theseapproaches,we decomposethevolumealonga selected
path.Becauseof thegeometrydecompositionalongthebones,our
approachenablesthe traversalof a transferfunction at interactive
rates,for segmentedandnon-segmentedvolumetricdatasets.

Theuseof skeletonpathsto guidetraversalof datasetshasbeen
proposedfor otherapplications,suchasvirtual navigationandvir-
tual colonoscopy [11], alsoreadily availableascommercialprod-
uctssuchasin GE [10], Siemens[25] andViatronix [26]. In such
applications,the pathis a setof connectedcenterlinesthat arelo-
catedat a distancefrom the surfaceappropriatefor collision-free
navigation[29]. Thistypeof traversalcanbedescribedasaninside-
out visualization,wheretheuser's viewpoint is traversedalongthe
volumetricdataset.In contrast,our approachis an outside-invi-
sualization,wherethetransferfunctionis traversedalongthepath,
while theuser'sviewpoint is independentof thetraversal.Although
centerlinealgorithmsareusuallyrequiredfor skeletondetermina-
tion, it is not a requirementfor transferfunction traversal. As an
aid for visualizationthe path for traversalmight be alongcertain
structuresof the volume,e.g.,bones,vascularstructures,andnot
necessarilyalongthecenterlineof thevolume.

Theuseof skeletonshasbeenproposedin SinghandSilver [23]
andSinghet al. [24] to allow interactive manipulationof volumet-
ric models.Singh[23] showedthatit is possibleto applyadifferent
transferfunctionto aparticularbonein theskeleton.Here,wegen-
eralizethatapproachandde�ne any pathasa controlstructurefor
guidingatransferfunction.Thiscanbecombinedwith theability to
rotateandmanipulateavolumeasanaid to effectivevisualization.

Therestof thepaperis organizedasfollows: Section3 describes
the theory for this work and the different processesinvolved in
traversalrendering.Wethendescribedifferentchallengesof apply-
ing this process,suchasobtainingsmoothtransitionsandapplying
multiple traversals.Section4 shows resultsof our approachwith a
numberof volumedatasets,aswell asperformanceresults.Section
5 describeshow ourapproachcanbeusedto providefocus+context
visualization. Finally, Section6 presentsconclusionsand future
work.

3 THEORY

This paper presentsa methodologyfor datasettraversal using
motion-controlledtransferfunctions. We de�ne datasettraversal
asthe processof traveling alonga given region of the datasetfor
the purposeof visualization. This traversal is usually performed
on certainregionsor featuresof interest,that may or not be seg-
mentedfrom therestof thedataset.In orderto guidethis traversal



along certainregions, we make useof a skeletonpath, which is
an abstractrepresentationthat capturesthe essentialshapeof the
volumetricmodel,or someof its interestingfeatures. In general,
traversalpathsform anundirectedgraph,whereeachlink is usually
referredto asa bone, andeachvertex is calleda joint. An individ-
ual traversalis a walk within that graphfrom a given sourceto a
destinationbone. Alternatively, a traversalmay be de�ned asthe
subtreegeneratedby a graphsearchalgorithm,suchasdepth-�rst
search (DFS)or breadth-�rst search (BFS). At eachstageor frame
of the traversal,a numberof bonesareselected,referredto asthe
traversedbones.

Oncewe applya differenttransferfunction to thevoxels in the
traversedbones,it is possibleto traversetheentiredatasetby mov-
ing alongthepath. For this reason,we refer to suchtransferfunc-
tionsasmotion-controlled transferfunction.

The attributesfor color RGBandopacitya of a voxel canbe
computedasARGBa = F (p;t) [5], where p is the positionof the
voxel in euclideanspaceand t is time. Notice that in this case,
since no geometrictransformationis performed,the function F
mapsfrom R4 (euclideanspaceand time) to a RGBa tuple. We
canextendthis to thecasewheregeometricaltransformationscan
be appliedto the points in the dataset,as in Chenet al.[5]. We
discussthiscaselaterin section3.5.3

Beforetraversal-renderingof a dataset,a preprocessingstageis
necessary. The preprocessingstagetakesa volumetricmodeland
computesa texturedecompositionalongthebonesof its skeleton,
or a userspeci�edpathstructure.After preprocessing,theusercan
selecta path, either automaticallyor interactively, and rendering
is performedusingstandard3D texturegraphics.Rotation,slicing
andanimationof thevolumecanbeperformedinteractively, while
traversingthetransferfunction. Thesestagesaredescribedfurther
below.

3.1 Path structur especi�cation

The �rst stepof thepreprocessingstageis to determineanoverall
pathstructurefrom thevolumetricobject,from which thetraversal
path is chosen. This structureis a shapeabstractionthat de�nes
theessentialtopologyof anobject. Pathstructurescanbede�ned
interactively by theuseror determinedautomatically, e.g.,usinga
skeleton. This skeletoncanbe extractedusinga numberof meth-
ods,andany type of skeletonpathis suitablefor this application.
For thispaper, weusedthemethodsin Gagvani [8], which is avol-
umethinning algorithmthat obtainsa centerlinerepresentationof
thevolume,andin Chuang[6], whichusespotential�elds. Thedif-
ferentparameterscontrollingtheskeletonizationprocesscanaffect
thegranularityof theanimation.Examplesof skeletonsareshown
in Figures8(b),11(a),12(a),and13(a).For thecaseof amorphous
data,skeletonsareusuallymoredif�cult to obtain. However, it is
still possiblefor theuserto selecta pathgiven theappropriatein-
teractionwidgets. Here,we assumethat any path,skeleton-based
or user-de�ned, is valid for traversal.

3.2 TextureDecomposition

Traditionaltexture-basedvolumerenderingusesview-alignedpoly-
gons,known as proxy geometry, to slice the volume. Oncethe
texture coordinatesfor the verticesof thoseslicesare computed,
thegraphicspipeline�nds thecorrecttexturevia 3D interpolation.
This is depictedin Figure 3(a). An improvementto this mecha-
nism is proposedin Li et al.[16, 15], by decomposingthe texture
into axis-alignedsubvolumes,usingoctreesor binary spaceparti-
tioning. A speed-upis obtainedin sparsevolumesbecauseit is
possibleto skip empty spacesthat otherwisemust be transferred
into the graphicsmemory. As notedin Li et al.[16], an excessive
numberof subvolumesmayhindertheperformance,thusit is nec-
essaryto groupa numberof subtexturesinto larger3D textures.In

(a) (b)

Figure 3: Geometryand texture decomposition. (a) Standard 3D tex-
ture (no decomposition). (b) Geometry decomposition into cuboids
along the bonesof a path. Note that the texture spaceremains as a
single large 3D texture.

ourwork, decompositionis possibleby meansof theskeletonpath.
Unlike theapproachin Li et al.[15], we decomposetheproxy ge-
ometry, ratherthanthetexturespace.Theslicedgeometryconsists
onasetof cuboidswhoseaxesareorientedalongeachof thebones
(Figure3(b)). Similar to texturedecomposition,this improvesthe
renderingrateby skippingemptyspaceduring slice compositing.
However, becausethedecompositionis performedalongtheshape
of thevolumetricmodel,thismakesit now possibleto createmean-
ingful visualizationsof thedataset.For largerdatasetsthatdo not
�t into texture memory, or sparsevolumes,it may be desirableto
alsopartitionthetexturespace.

In thispaper, wefollow theapproachof geometrydecomposition
andasingle3Dtexturefor thecaseswhenthetexture�ts intograph-
ics memory. In additionto usingcuboids,thejoints betweenbones
aremodeledusingmid-planegeometry[4]. This type of geome-
try is simpleenoughto supportinteractivity, andpreventspossible
crackingof thedatasetwhenmanipulatingthebones,asdescribed
in Singhet al.[24]. It is importantto notethat for adjacentgeome-
tries, thecommonplaneis compositedtwice. This resultsin clear
artifactsin therendering.To resolve this,we usethestencilbuffer.
Eachslicing planerendersits own stencilvaluesothatno voxel is
compositedtwice in thesameslicingplane.Thisalsoresolvesarti-
factswhencuboidsoverlap,e.g.duringmanipulationof themodel.
Furthermore,usingthestencilbuffer wecanachieve focus+context
views,asdescribedin Section5.

3.3 Selectionof the TraversalPath

After texturedecomposition,it is possiblefor theuserto determine
the path for the transferfunction. This can be doneeither auto-
matically or interactively. Automatic traversalcan be performed
by applyinga recursive searchstrategy on thegraphstructurethat
constitutestheskeleton.Depth�rst search(DFS)andbreadth-�rst
search(BFS)aretwo commonmethods.For example,BFScanbe
usedfor simulating�o w of bloodin arteriesandveins. Someuser
interactionmay be neededto selectthe root of the traversal. An-

Figure 4: Path selection in the VolEdit program. The green lines
highlight the selectedpath.



otherstrategy is to let theuserselecta sourceanddestinationbone
andcomputethe path resultingfrom runninga shortestpathdis-
tancealgorithm. Figure4 depictsa screenshotof theVolEdit [24]
applicationfor volumemanipulation,astheuserselectsa traversal
path. Thebonesarehighlightedasanaid for theuserto selectthe
right bones,andthetraversalpathis renderedwith adifferentcolor.

3.4 Standard 3D TextureRendering

Therenderingstageis anextensionof standardtexture-basedvol-
umerendering.Insteadof axis-orientedcubes,wesamplethebone-
orientedcuboidsalongtheview directionandblendtheslicesin a
back-to-frontfashion.(Figure3(b)).

In order to correctlycompositethe slicesof eachcuboid, it is
necessaryto ensurethatslicesarerenderedbackto front alongthe
view direction.This is achievedin a two-passrenderingalgorithm
with theaid of a datastructurethat indexespolygonswith respect
to their depthcoordinate. First, the slicesfrom eachcuboid are
storedin the back-to-frontdatastructure. After all cuboidshave
beenprocessed,thepolygonsin thedatastructurearetraversedin
order and rendered. Sincethe depthboundsare known and the
samplingdistanceis �x ed, this canbedonein linear time. This is
essentialfor interactive volumerendering,sincere-slicingandre-
sortingmustbeperformedwhentheviewpointchangesor whenthe
usermanipulatesthebones([24]).

Transferfunctionsareusuallyappliedasa lookup color table.
This tablede�nes thecolor andtransparency associatedwith each
density value of the volume. This can be performedwith the
OpenGLcommandglColorTable , but recentgraphiccardsdonot
supportthis extension,andtransferfunctionsareappliedthrough
dependentlookups,using texture shadersor fragmentprograms.
Here,we needto applya differenttransferfunctionto differentre-
gionsof theskeletonpath,asdescribedin thefollowing section.

3.5 TraversalRendering

Onceatraversalpathhasbeenselected,it is necessaryto renderthe
traversedboneswith a differenttransferfunction. Let usconsider
a given boneb, b 2 B, whereB is the setof bonesin the path,as
shown in Figure5(a).A connectivity functionC : R3 7! B mapsthe
positionof avoxel to aparticularbone,i.e.,C(p) = b.
A datasettraversalcan be de�ned as a function T that mapsan
instancein time t with a set of bonesin the path Bt . That is, a
datasettraversalis de�ned as:T : R7! B, suchthatT(t) = Bt � B

Then,thetransferfunctionfor agivenvoxel canbede�ned as

Aresult (p;t) =

(
Ai ; C(p) 2 T(t)
A0; otherwise

(1)

where Ai is the transfer function selectedfor traversal i, i 2
f 1;2; :::;Mg with M the numberof traversals,andA0 is the orig-
inal transferfunctionappliedto thedataset.

For hardwarerendering,however, wedonotsolveEquation1 for
eachvoxel. Rather, weapplyit to theindividualcuboidsasthey are
processedinto view-alignedslices.Theback-to-frontdatastructure
for theslicesis extendedto maintainthesourcebonefor eachslice.
Whenthesliceis beingrendered,apropertransferfunctionis found
accordingto asimplerequation:

Aresult (b;t) =

(
Ai ; b 2 T(t)
A0; otherwise

(2)

This equationassignsthe traversal transferfunction if boneb
correspondsto oneof the bonescurrentlybeing traversed,or the
original transferfunctionotherwise.

Figure 5: Smooth transitions between transfer functions. (a) Flat
transition between bones bi� 1 and bi (b) Ideal smoothing using a
gaussianfunction over the fallo� bones bi� 2 and bi� 1. (c) Sampled
smoothing of the gaussian function (d) Smoothing is improved by
adding virtual bones to even out the sampling function

3.5.1 SmoothTransitions

The methoddescribedabove results in clear discontinuitiesbe-
tweenthe traversaland the datasettransferfunctions,as seenin
Figure5(a).Althoughthismayberequiredfor certainapplications,
suchasthe simulationof the �o w of a substanceinto the dataset,
otherapplicationsmight requirethe transitionto be smooth. One
may alsowant to smoothalongthe width of the pathsegment,so
thatvoxelscloserto thecenterof theboneappeardifferentthanthe
onesin theoutside.

In the �rst case,the transitionsalong the direction of the tra-
versedbonescanbesmoothedvia interpolation.Let usdenotethe
transferfunctionfor traversali asAi andtheoriginal transferfunc-
tion asA0. Then,for thebonesin aboundaryof thetraversedbones,
called the falloff region, an intermediatetransferfunction Ai;a is
computedas:

Ai;a = a Ai + (1� a )Ao, (3)

which performslinear interpolation. Gaussiansmoothingcan be
obtainedby mappingthe interpolanta into 1 � gs (5s a ), where

gs (x) = e
� x2

2s 2 is azero-meangaussian�lter with standarddeviation
s . The5s scalingfactoris usedto approximatethegaussianinter-
polantto 1 whena = 1. Notethatwhena = 1, thetransferfunction
correspondsto Ai , andwhena = 0, to A0. By settingdifferentval-
uesfor the falloff region ands , it is possibleto obtaintraversals
of differentsizeanddifferentvisualizationeffects. For instance,a
suf�ciently largetraversalwith aBFSordercanbeusedto simulate
a �ood-�ll of adataset.

Thissolutionworksonaper-cuboidbasis.Wheneveracuboidis
processed,thepropertransferfunctionis obtaineddependingonthe
positionof thebonein thetraversalandappliedto thecorrespond-
ing slices.Thisresultsin atransferfunctionapplieduniformly to an
entirebone,that is, thevoxelswithin eachcuboidwill berendered
with thesametransferfunction. For a suf�ciently largenumberof
bones,the transitionmaybesmooth,but in a close-upview of the
volume,or for largebones,it resultsin a �at transition,asthesam-
pling of the blendingfunction becomesnoticeable(Figure 5(c)).
Furthermore,this approachresultsin poor transitionsfor bonesof
varyinglength.

Someapplicationsmay requirethe smoothtransitionto be of
constantlength,regardlessof thelengthof thetraversedbones.For
this purpose,we proposethe useof virtual bones,which split the
traversalbonesinto smallerbonesof constantlength.Wecall them
virtual bonessincethey arenot part of theoriginal pathstructure,
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Figure 6: Smooth Transfer function transition for the aneurysm
dataset. (a) Fallo� region (b) Flat transitions (c)-(e) smoothing
with 15, 30 and 60 virtual bones

andareonly neededfor the region of interest.Splitting the entire
pathinto equallylong boneswould beunnecessaryandwould re-
sult in a decreasedperformance.Splitting canbe performedjust
beforethe slicing stage.The polyline formedby the bonesin the
falloff region is subdivided into segmentsof lengthd, whered is
the samplingsizeof the blendingfunction usedfor the transition.
Thevirtual bonescreatesmallcuboidsalongtheskeletonpath.Af-
ter the new cuboidsare found, the new virtual bonescanbe ren-
deredwith the samealgorithm describedabove. Figure 5(d) il-
lustratesthe useof virtual bonesto improve the traversalrender-
ing. Figure6 shows theresultof applyingdifferenttechniquesfor
the“aneurysm”dataset,over thefall-off region highlightedin Fig-
ure 6(a). Figure 6(b) shows the �at transitionresultingof sam-
pling the blendingfunction at every bone. Figure6(c)-(e)shows
thesmoothingobtainedby adding15, 30 and60 virtual bones,re-
spectively.

Two differentimplementationsof theabove formulationcanbe
realized.The �rst oneusesa setof lookup tablesfor eachtraver-
sal.Oncetheslicesarerendered,thetransferfunctionis appliedby
enablingtheright textureor lookuptable.Anotherimplementation
canbe obtainedwith the useof dependenttexturesand fragment
shaders.Insteadof having differenttexturesfor eachtransferfunc-
tion, a singletexture canbe used. A dependentlookup is usedto
retrieve theappropriatecolor usingthevoxel's density, the traver-
sal itself (normalizedto the interval [0;1]) andthe interpolant(a )
astexturecoordinates.For this implementation,it is not necessary
to includevirtual bones,sincethea valuecanbeinterpolatedalong
its lengthto achieve thedesiredfalloff.

3.5.2 Multiple Traversals

Many applicationsmay requiremultiple simultaneoustraversals.
This canbeeasilyimplementedby extendingtheabove techniques
for lookingupinto multiplesetsof transferfunctions.Having addi-
tional transferfunctionsposesanew problem.Whentwo traversals
intersect,an appropriatetransferfunction mustbe appliedto rep-
resentthedesiredeffect of transferfunctionintersection.Different
schemescanbeapplied. For instance,onemaysimply useoneof
the transferfunctionsfor the intersectionbones,having the effect
of onetraversalsimply overlappingtheother. However, for anima-

(a) (b)

(c) (d)

Figure 7: Multiple traversalsof the aneurysmdataset. Transfer func-
tion T1 (blue) is traversed from left to right, while T2 (red) is tra-
versedin the opposite direction (a). The two traversals overlap and
are blended(purple region) (b) The two traverals continue their path
(c) until they no longer overlap (d).

tion it maybenecessaryto blendtheintersectingtransferfunctions.
Oneexampleis theanimationof blood�o w. It is commonto repre-
sentarterialbloodwith aredcolorandvenousbloodin blue.Blood
which containsa mix of both (as it may occurfor certaincardio-
vasculardisorders),areusuallyrepresentedin shadesof purple[1].
One mechanismto produceblendedtransferfunctions is to pre-
computeseveral intermediatetransferfunctionsfor differentlevels
of overlapping. However, this is impracticalwhenthe numberof
traversalsgrow.

Here, we proposea solution that requiresno additional pre-
processingof the transferfunctionsand runs at interactive rates.
Whentwo transferfunctionsmustberenderedfor thesamecuboid,
we interlacedthemin theslices.Thatis, weapplytransferfunction
A1 to odd-numberedslicesandA2 to even-numberedslices.In our
experiments,it turnsout to be as fastas applyinga single trans-
fer functionandonly addsa constantoverheadthetherendertime.
However, this approachmay producerenderingartifactsbecause
eachtransferfunctionis appliedto half of theslices.For example,
artifactsmay arisewhenthe transferfunctionsnegatethemselves.
Someof theseproblemsmaybesolvedby over-samplingtheslicing
on thehighlightedbones.Notethatthisstrategy canbeextendedto
thecaseof n overlappingtransferfunctions.A transferfunctionAi
is appliedto thesliceswhosenumberingis equalto i modn.

Multiple traversalsprove to be a usefulmechanismto simulate
�o w andrepresentdifferentstagesof a certainprocess.For simple
transferfunctions,theinterleaving mechanismprovesto beveryef-
fective for blendingtwo or moretransferfunctions. For instance,
Figure7 shows four framesfrom a traversalof two transferfunc-
tions. Notice theblendingof thecolorsin theoverlappingregion.
Thisblendingis ausefultool in animationandillustrationto main-
tain the effect of movementand smoothnavigation of a transfer
functionalonga path. Otherexamplesareshown in Figures1 and
13(b).

3.5.3 RotationandSlicing

As with traditionaltexture-basedvolumerendering,onemayrotate
or clip the entire volumetric dataset. Rotationof the dataset(or
the user's viewpoint) requiresthe re-computationof view-aligned
slices.Globalclippingof theentiredatasetcanbeperformedeasily
using the OpenGLcommandglClipPlane . More interestingis
the ability to rotateand slice locally on individual cuboids. The
rotationof asingleboneenablestheuserto manipulateandanimate
thedatasetandto recon�gureor re-poseits features.Thiscombined
with the traversalof transferfunctionshelpsto visualizecomplex
volumetricstructures.Note that in the caseof local rotation, re-
slicing is only neededfor themodi�ed cuboids.Thedecomposition
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Figure 8: Traversal of the aneurysm dataset. (a) Cuboid decompo-
sition (b) Selection of traversal. The bones in yellow indicate the
selected path (c)-(d) Two frames from the aneurysm traversal of a
red-colored transfer function

of themodelinto cuboidsalsoallows clippingor slicing individual
partsof thedataset.This canalsobeaccomplishedusingenabling
the OpenGLclip planeson the desiredcuboids. The clipping of
individual cuboidsis usefulfor renderinghiddenpartsof a dataset
while maintainingthesurroundingfeaturesintact.

3.5.4 Parametersandusercontrol

A datasettraversal is a multidimensionalobject de�ned in terms
of thefollowing parametersperpath:renderingstyleR(DirectVol-
umeRenderingDVR, VolumeShadingSHDor IsosurfaceISO),the
transferfunctionitself T, typeof traversaltt (DFS,BFSor PATH),
start and end points P0 and P1, length L, length of falloff region
L f , andspeeds. Otherpossibleparameters(not shown here)in-
cludewidth along the boneand importance. Userscontrol these
parameterswith interactionwidgets.Someof theseparametersare
incorporatedinto widgets,andwearecurrentlydevisinginteraction
widgetsfor theothers.In this paperwe focuson thede�nition and
implementationof datasettraversals.

4 RESULTS

We have experimentedwith our approachon a numberof datasets,
including the “aneurysm”(2563), the “colon” (205x133x261), the
“bonsai” (2563), the“lobster” (2562x64) andthe“visible human”,
at low resolution(128x512x64). Thetraversalpathswereobtained
from askeletonof 197,47,108,38and22bones,respectively. Our
testcon�gurationconsistsof aPentium4 1.7GhzPCwith 512MB
RAM, equippedwith a GeForce3 with 64MB. The resultsshown
herewere obtainedwith a 700x600viewport, using 3D textures
with aslicedistanceof 0.5voxel.

Figure 8 shows an exampletraversalof the aneurysmdataset.
The original datasetis highly convoluted,andit is dif�cult to un-
derstandthe3D structureevenwhenrotatingthedataset.Whenthe
traversaltransferfunction is applied,the highlightedregion helps
to disambiguatethedifferentbranchesandvascularstructures.Fig-
ure 8(a) shows the cuboid decompositionresultingfrom our ap-
proach. In this case,the cuboidsareof constantwidth, but this is
notthegeneralcase.Cuboidsareconnectedwith mid-planegeome-
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Figure 9: Frames rate for di�erent datasets using various methods:
Our decomposition approach without rotation, decomposition with
rotation, and without geometry decomposition (Traditional)

tries [4], not shown in the �gure. Figure8(b) shows the different
pathsof the aneurysmdataset,with the traversalpathhighlighted
in yellow. Figures8 (b-d) show severalstagesof thetraversal(R =
DVR, T=redTF, tt = PATH, L = 10,L f = 3, P0 = start, P1 = end),
Thetraversalis renderedatapproximately20 fps.

Anotherexampleis thetraversalof thehumancolon,asdepicted
in Figure11(b)(R = DVR, T = yellow-ish TF, tt = PATH, L = 11,
L f = 5). The traversal follows a single path, as depictedin the
�rst image.A differenttransferfunction, in yellow, helpsto iden-
tify differentpartsof the volume. Figure12(b) shows a traversal
sequenceof the visible maledataset(R = SHD, T = greenbones,
tt = DFS,L = 42, L f = 6). In this case,a DFS traversalis com-
putedfor traversal,asdepictedin the �rst frameof the sequence.
A transferfunctionin greenis usedto visualizethebonesby mak-
ing certainvoxels transparent.Due to smoothing,this sequence
hasthe effect of slow disintegrationof the skin andtissuesto re-
veal the bones. Simple phongillumination is obtainedusing the
OpenGLfragmentshadersto computethemodulationof a in�nite
light with the volumegradient. Figure13(a)shows a traversalof
thebonsaidatasetusingmultiplepathsandtransferfunctions.Each
of thesehasdifferent valuesfor parametersT;L;L f ;s;P0 and P1,
with R=SHD, and tt= PATH. The overlappingtransferfunctions
areblendedusingthemethoddiscussedin section3.5.2,andresults
in a holiday light effect, asshown in Figure13(b). Theseexam-
plescanbe shown in the video that accompany this paper, andat
http://www.caip.rutgers.edu/~cdcorrea/traversal

4.1 Performance

Oneof theapplicationsof ourapproachis theimprovementonren-
deringratedueto geometrydecompositionalongthe bones.This
resultsin speedup for sparsedatasets,asshown in Figure9. For
traversalof datasets,it may not be necessaryto changethe view-
point. In fact, traversal of a transferfunction aids to the visu-
alization of convoluted structureswithout the needto rotate the
dataset.This canbeexploitedby therenderingalgorithmto allow
fast traversalswithout the addedcomputationof re-slicingof the
volume. Figure9 shows theseresults. We comparethe rendering
ratefor anumberof datasetsfor ourdecompositionapproachwith-
out rotation(i.e.,only traversal),with rotation,andwith nodecom-
position. Renderingof multiple traversalshasa constantoverhead
pertraversal.In our experimentseachadditionaltraversalincurred
in anoverheadof 1.5to 2 ms.

5 FOCUS+CONTEXT V I EWS

Traversalpathsdonotneedto beconnectedor non-overlapping.In
fact,multiple (disconnected)pathstructuresfor thesamevolumet-
ric model,canbeusedto highlight differentfeaturesof thedataset
while providing context. Considerthe caseof the visible human



heart,asdepictedin Figure1. This datasetis a portionof thevisi-
ble humandataset.A skeletonhasbeenfoundfor theheartandthe
arteriesaftersegmentationandusedasthepathstructure,in order
to simulate�o w of blood(focus). Theresultingcuboidscanberen-
deredfrom this skeleton(only theheartandvesselsarerendered).
However, onemaywantto alsorenderthetorso,in orderto provide
context. Applying a secondskeletonpathto theremainingfeatures
accomplishesthis. A transferfunctionfor thisnew pathcanbecho-
sensoasto allow thevisualizationof thevesselsinside.Traversals
areusedto illustratethe �o w of venousbloodthroughthe inferior
andsuperiorvenacava into the heartand throughthe pulmonary
arteries.Similarly, anothersetof pathsguidetheanimationof arte-
rial blood�o wing throughtheaorta.Becausethecuboidsfrom the
two skeletonsoverlapalongthearteriesandveins,thecorrespond-
ing voxels will be compositedtwice. Oneway to prevent this is
by choosingcarefullythetransferfunctionssoasto avoid theover-
lapping. Anothermechanismis to usethe OpenGLstencilbuffer.
After slicing the cuboids,every slice is testedagainst the stencil
buffer suchthatthetestfailswheneveranotherslicealongthesame
Z depthwasrendered�rst. This effectively avoidscompositingthe
overlappingslices.For properrenderingof thetraversal,theslices
from thecontext traversalshouldberenderedbeforetheothers(fo-
cus).This is trueif thesortingalgorithmfor theback-to-frontcom-
positingprocessis stable. Figure10(a)shows theprocessof slice
interleaving for a set of two skeletons. Figures10(b) and 10(c)
show theresultsof interleaving with andwithout thestencilbuffer.
Wecanachieveanimportance-drivenstylerendering[27], by leav-
ing the stencilbuffer on for all slicesbetweenthe viewer andthe
selectedbones(Figure10(d)).

6 CONCL USI ONS AND FUTURE WORK

Wepresentedamethodologyfor interactive traversalof volumetric
datasetsvia amotion-controlledtransferfunction.Datasettraversal
refersto theexplorationof asetof featuresin adatasetalongapath.
This is commonin medicalillustration to represent�o w, enhance
interestingpartsandimprove visualization.In this paper, we move
the transferfunction alonga path,by applying the transferfunc-
tion to thevoxelsconnectedto thebonesin thepath.To make this
interactive, we decomposethe volumealonga path into cuboids.
We have shown that this decompositionhelpsto obtaina render-
ing speedupcomparedto traditionaltexture-basedvolumerender-
ing. Furthermore,traversalrenderingprovidesa mechanismto vi-
sualizeconvolutedstructureswithout theneedto rotatethedataset,
which.resultsin a higherrenderingspeedup.We have alsoshown
that our approachcan be usedto obtain focus+context visualiza-
tions. This is possibleby traversingmultiple overlappingskeleton
pathsat thesametime, andcombiningtheresultsin therendering
pipelinewith the stencil buffer. Our resultspresentedhereshow
thattraversalrenderingcanproduceimprovedvisualizationsfor in-
teractive exploration.As partof thefuturework, we planto incor-
porateour approachwith the framework for spatialtransferfunc-
tionsin Chenet al.[5]. Otherdirectionsfor futurework aretheex-
tensionof our decompositionapproachto supportmassive datasets
andfuther improvementsto therenderingprocess.We plan to ex-
tendourmethodto enablethetraversalof importancealongapath,
in asimilar fashionto themethodfor transferfunctions.
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(a)
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Figure 10: Juxtaposition of skeletonsand volumesfor focus+context
visualization of the visible human heart. (a) Two di�erent skeletons
(one for veinsand arteries, one for the torso) are usedto mergeslices
from di�erent features. (b) Correct compositing using the stencil
bu�er in (a) (c) Compositing without the stencil bu�er. (d) Cut-
away view of the vesselsusing the stencil bu�er along the entire view
direction.
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