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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) Venousblood is represented as a blue transfer function coming through the venacava. (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 methodologyandimplementatiorfor
interactive datasetraversalusingmotion-controlledransferfunc-
tions. Datasetiraversalhererefersto the processof translatinga
transferfunctionalongaspeci ¢ path.In scienti ¢ visualization it
is oftennecessaryo manipulateransferfunctionsin orderto visu-
alize datasetsnoreeffectively. This manipulationof transferfunc-
tionsis usuallyperformedglobally, i.e., a new transferfunctionis
appliedto the entire dataset. Our approachallows oneto locally
manipulateransferfunctionswhile controlingits movementalong
atraversalpath. The methodwe proposeallows the userto selecta
traversalpathwithin thedatasetbasedntheshapeof thevolumet-
ric modelandmanipulateatransferfunctionalongthis path. Exam-
plesof datasetraversalincludethe animationof transferfunctions
alonga pre-de nedpath, the simulationof o w in vascularstruc-
tures,andthevisualizationof corvolutedshapesFor example this
type of traversalis often usedin medicalillustration to highlight
o w in bloodvesselsWe presentninteractve implementatiorof
our methodusinggraphicshardware,basedon the decomposition
of thevolume. We shav examplesof our approachusinga variety
of volumetricdatasetsandwe alsodemonstratéhatwith our novel
decompositiontherenderingorocesss faster
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1 INTRODUCTION

Althoughvolumerenderingis a very well researcheceld, the ef-
fective explorationandvisualizationof volumetricdatasetsemains
achallengingarea.Oneof thedif culties of exploringvolumemod-
elsis the simultaneoussisualizationof different structureswhile
preservingthe contet, dueto occlusion,clutterandnoise. In this
paper we presenta techniquefor illustrative visualizationbased
on the exploration of a datasetia a transferfunction that canbe
moved alonga path. We call this datasetraversal, i.e., traversing
adatasetlongaspeci ed path. Thisis commonlyusedin medical
illustrationto produceanimationshighlightfeaturesor enhancéhe
renderingof a dataset.For example,Figure 2 showvs framesfrom
an animationof arteriorenousmalformations [2]. Arterial blood
is highlightedasanimatededarrons duringthe rst framesof the
animation,andthe last framesshav the ow of venousblood in
blue. While this is extremelyillustrative, onecannotrotateor slice
thisimage. In this paper we shov how this type of techniquecan
be implementedn 3D datawith the ability to rotateandslice in-
teractiely.

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 ow 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 enableghe userto explore different
partsof the datasetwhile preservingthe context of the visualiza-
tion. Applicationsof datasetraversalareeffective visualizationof
convolutedstructuressuchasaneurysmsor thesimulationandan-
imationof ow in vasculardatasetslt canalsobe usedfor suigery
andmedicaltreatmenpre-planningpr asateachingtool, to allow
a studentto discover new features.Thereis alsoa basisin cogni-
tion that suggestghat this type of traversalcould aid in compre-
hensiorandshapeunderstandingPsychologicaévidencesuggests
thattraversingacompl dataseseemdo beanessentiapartof un-
derstandin@D shape Thecognitive proces®btainslocal explana-
tionsalongthe objectasonetraversest to nally arrive ataglobal
explanation[21]. Furthermoreskeletonsareessentiahttributesof
geons simpleandprimitive volumeswhich arethe basicelements
of objectrecognition,accordingto Hummeland Biederman[12].
Techniquedor navigation of datasethiave beenproposedor, e.g.,
virtual colonoscop, wheretheusers viewpointis traversedalonga
path. Suchtechniquesanbe describedasinside-out(ego-centric)
visualizationsof the dataset.Herewe proposean outside-in(exo-
centric)visualization,wherethe explorationis enabledby moving
atransferfunction,in additionto independentontrol of the users
viewpoint.

2 RELATED WORK

The methodologypresentedn this paperis relatedto a numberof
technologies$n scienti ¢ visualization.Theseincludespatialtrans-
fer functions[5], focus+contgt visualizations,jnteractve render
ing using commodity hardware and virtual colonoscop [11, 28].
As avisualizationthatcornveys motion, it is relatedto kineticvisu-
alization[18], whereaparticlesystenis animatedalongthesurface
of a staticvolumetricmodelto corvey shape.In our approachwe
help to corvey structurewith the traversalof a transferfunction
alongtheinterior of thevolumetricmodel.

This work relatesto the spatial transfer functionsde ned in
Chenet al.[5]. A spatialtransferfunction is de ned as a func-
tion that appliesa geometricaltransformatiorof every point p in
euclideanspace. A tempoal spatial transferfunctionis de ned
asa geometricatransformatiorover time. The work herecanbe
thoughtof as a temporalspatial transferfunction, applied along
a de ned path, or a “motion-contolled transferfunctiorf. This
transferfunction de nes a scalarvalue,suchopacityandcolor, as
afunctionof time andthe positionof a voxel. In contrastthe spa-
tial transferfunctionin Chenet al.[5] doesnot move the transfer
function alonga path, but ratherappliesa transferfunction to the
transformedroxels,accordingo somegeometricatransformation.

The explorationof volumedatasetsometimesequireshe abil-
ity to visualize a focusedportion of the volume while preserv-
ing someview of the restof the volume (context). This is often
known asfocus+ contet visualization. Thereare mary waysto
provide this type of visualization,including segmentation9], cut-
ting planesjmportance-dsien[27] andselectve volumerendering
[23], illustrativetechnique$3, 17], featuresnapg19], andwarping
techniquesuchas sh-eye views[14]. Cuttingplanesareveryim-
portantin 3D visualization but they canbedif cult to positionac-
curately especiallyfor cornvolutedstructuresuchasananeurysm.
Mueller et al.[19] presentanapproacho modify thetransferfunc-
tion of a sggmentedregion by migrating the densityrangeof the
region of interest. Volume explorationis possiblethroughfeatue
maps which associate setof interestingfeatureswith a particular
densityrange sothatthey canbeisolatedsmoothlyfrom othersim-
ilar features This approacthecomesmpracticalfor theinteractve
traversalof a transferfunction, sincea new region of interestmust
be computedat eachframe. Furthermore the scalability of this
approachs limited to a few featuresbecausef transferfunction

compleity.

Importance-diienrendering27] providesanalternatve for fo-
cus+contet visualizationfor both sggmentedand non-sgmented
datasetsEachvoxel is assignedanimportancevalue,which trans-
latesto a givenvisibility priority duringa two-passrenderingpro-
cess.Onecanthink of our methodasaway of de ning importance
on a portion of the volume. And certainly importance-basecen-
deringcanbeimplementedn top of this method.

In this paper we decompose volumeto accesst via a trans-
fer function. There has beenwork in volume decomposition,
mostof which is for renderingspeed-upandtexture compression
[15,16,22,13,20]. In ourwork, texturedecompositiormelpusex-
plore advancedrenderingcapabilities.Li and Kaufmann[15] and
Li etal. [16] devise a mechanismnto speedup the renderingpro-
cessy decomposinghetextureinto axis-alignecdoxes. Theparti-
tion enableemptyspaceskippingandocclusionclipping. Engelet
al.[7] useadifferentapproacho reducehenumberof slicesneeded
for renderingusingslabsratherthanslices.Pre-intgratedclassi -
cationis usedto improve imagequality. Jankun-kelly etal.[13]and
Park etal. [20] useak-d treedecompositiorof axis-orientecboxes
to speedup visualizationof adaptve meshre nementdata. Un-
like theseapproachesye decomposeéhe volumealonga selected
path.Becausef the geometrydecompositioralongthe bones pur
approachenableghe traversalof a transferfunction at interactve
ratesfor sgmentedandnon-sgmented/olumetricdatasets.

Theuseof skeletonpathsto guidetraversalof datasetfiasheen
proposedor otherapplicationssuchasvirtual navigationandvir-
tual colonoscop [11], alsoreadily available ascommercialprod-
uctssuchasin GE [10], Siemend25] andViatronix [26]. In such
applicationsthe pathis a setof connectedtenterlinesthatarelo-
catedat a distancefrom the surfaceappropriatefor collision-free
navigation[29]. Thistypeof traversalcanbedescribedisaninside-
outvisualization wherethe users viewpointis traversedalongthe
volumetric dataset.In contrast,our approachis an outside-invi-
sualizationwherethe transferfunctionis traversedalongthe path,
while theusersviewpointis independentf thetraversal.Although
centerlinealgorithmsare usually requiredfor skeletondetermina-
tion, it is not a requiremenfor transferfunction traversal. As an
aid for visualizationthe path for traversalmight be along certain
structuresof the volume, e.g., bones,vascularstructuresand not
necessarilyalongthe centerlineof thevolume.

Theuseof skeletonshasbeenproposedn SinghandSilver[23]
andSinghetal. [24] to allow interactize manipulationof volumet-
ric models.Singh[23 shavedthatit is possibleto applyadifferent
transferfunctionto a particularbonein theskeleton.Here,we gen-
eralizethatapproachandde ne ary pathasa control structurefor
guidingatransferfunction. Thiscanbecombinedvith theability to
rotateandmanipulatea volumeasanaid to effective visualization.

Therestof the papelis organizedasfollows: Section3 describes
the theory for this work and the different processesnvolved in
traversalrendering We thendescribalifferentchallenge®f apply-
ing this processsuchasobtainingsmoothtransitionsandapplying
multiple traversals.Section4 shaws resultsof our approactwith a
numberof volumedatasetsaswell asperformanceesults.Section
5 describefiow our approactcanbeusedto provide focus+contst
visualization. Finally, Section6 presentsconclusionsand future
work.

3 THEORY

This paper presentsa methodologyfor datasettraversal using
motion-controlledtransferfunctions. We de ne datasettraveisal
asthe processf traveling alonga given region of the datasefor
the purposeof visualization. This traversalis usually performed
on certainregions or featuresof interest,that may or not be sgy-
mentedfrom therestof the datasetIn orderto guidethis traversal



along certainregions, we make use of a skeletonpath which is
an abstractrepresentationhat captureshe essentiashapeof the
volumetric model, or someof its interestingfeatures. In general,
traversalpathsform anundirectedgraph,whereeachlink is usually
referredto asa bone andeachvertex is calledajoint. An individ-
ual traversalis a walk within that graphfrom a given sourceto a
destinationbone. Alternatively, a traversalmay be de ned asthe
subtreegeneratedy a graphsearchalgorithm, suchasdepth- rst
seach (DFS)or breadth- rstsearch (BFS) At eachstageor frame
of the traversal,a numberof bonesare selectedreferredto asthe
traversedbones

Oncewe apply a differenttransferfunction to the voxelsin the
traversedoonesit is possibleto traversethe entiredataseby mov-
ing alongthe path. For this reasonwe referto suchtransferfunc-
tionsasmotion-contolled transferfunction

The attributesfor color RGB and opacity a of a voxel canbe
computedas Argrs = F(p;t) [5], wherep is the position of the
voxel in euclideanspaceandt is time. Notice thatin this case,
since no geometrictransformationis performed,the function F
mapsfrom R* (euclideanspaceandtime) to a RGBa tuple. We
canextendthis to the casewheregeometricatransformationgan
be appliedto the pointsin the datasetasin Chenet al.[5]. We
discusghis casdaterin section3.5.3

Beforetraversal-renderin@f a dataseta preprocessingtageis
necessaryThe preprocessingtagetakes a volumetricmodeland
computesa texture decompositioralongthe bonesof its skeleton,
or auserspeci ed pathstructure After preprocessinghe usercan
selecta path, either automaticallyor interactively, and rendering
is performedusingstandard3D texture graphics.Rotation,slicing
andanimationof the volumecanbe performednteractiely, while
traversingthetransferfunction. Thesestagesaredescribedurther
below.

3.1 Path structur e speci cation

The rst stepof the preprocessingtageis to determinean overall
pathstructurefrom the volumetricobject,from which the traversal
pathis chosen. This structureis a shapeabstractiorthat de nes
the essentiatopology of anobject. Path structurescanbe de ned
interactively by the useror determinedcautomaticallye.g.,usinga
skeleton. This skeletoncanbe extractedusinga numberof meth-
ods,andary type of skeletonpathis suitablefor this application.
For this paperwe usedthe methodsn Gag\ani[8], whichis avol-
umethinning algorithmthat obtainsa centerlinerepresentatioiof
thevolume,andin Chuand6], whichusespotential elds. Thedif-
ferentparametersontrollingthe skeletonizatiorprocessanaffect
the granularityof the animation.Examplesof skeletonsareshavn
in Figures8(b), 11(a),12(a),and13(a). For the caseof amorphous
data,skeletonsare usuallymoredif cult to obtain. However, it is
still possiblefor the userto selecta pathgiventhe appropriaten-
teractionwidgets. Here,we assumehatary path, skeleton-based
or userde ned, is valid for traversal.

3.2 Texture Decomposition

Traditionaltexture-basedolumerenderingusesview-alignedpoly-
gons, known as proxy geometry to slice the volume. Oncethe
texture coordinatedor the verticesof thoseslicesare computed,
the graphicspipeline nds the correcttexture via 3D interpolation.
This is depictedin Figure 3(a). An improvementto this mecha-
nismis proposedn Li etal.[16, 15], by decomposindhe texture
into axis-alignedsubvolumes,usingoctreesor binary spaceparti-
tioning. A speed-ups obtainedin sparsevolumesbecauset is
possibleto skip empty spaceshat otherwisemust be transferred
into the graphicsmemory As notedin Li et al.[16], an excessie
numberof subvolumesmay hinderthe performancethusit is nec-
essaryto groupa numberof subtexturesinto larger 3D textures.In
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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 spaceremainsasa
single large 3D texture.

ourwork, decompositions possibleby meansf the skeletonpath.
Unlike the approachn Li et al.[15], we decomposéehe proxy ge-
ometry ratherthanthetexture space The slicedgeometryconsists
onasetof cuboidswhoseaxesareorientedalongeachof thebones
(Figure3(b)). Similar to texture decompositionthis improvesthe
renderingrate by skippingempty spaceduring slice compositing.
However, becausehe decompositioris performedalongthe shape
of thevolumetricmodel,this makesit now possibleto createmean-
ingful visualizationsof the dataset.For larger datasetshat do not

t into texture memory or sparsevolumes,it may be desirableto

alsopartitionthetexture space.

In this paperwefollow theapproactof geometrydecomposition
andasingle3D texturefor thecasesvhenthetexture ts into graph-
ics memory In additionto usingcuboids thejoints betweerbones
are modeledusing mid-planegeometry[4]. This type of geome-
try is simpleenoughto supportinteractvity, andpreventspossible
crackingof the datasetvhenmanipulatingthe bonesasdescribed
in Singhetal.[24]. It is importantto notethatfor adjacengeome-
tries, the commonplaneis compositedwice. This resultsin clear
artifactsin therendering.To resol\e this, we usethe stencilbuffer.
Eachslicing planerenderdts own stencilvaluesothatno voxel is
compositedwice in thesameslicing plane.This alsoresolesarti-
factswhencuboidsoverlap,e.g.duringmanipulatiorof themodel.
Furthermoreusingthe stencilbuffer we canachieve focus+contet
views, asdescribedn Section5.

3.3 Selectionof the Traversal Path

After texturedecompositionit is possiblefor the userto determine
the pathfor the transferfunction. This can be doneeither auto-
matically or interactvely. Automatic traversal can be performed
by applyinga recursve searchstratgy on the graphstructurethat
constituteghe skeleton. Depth rst search(DFS)andbreadth- rst
search(BFS) aretwo commonmethods.For example,BFS canbe
usedfor simulating o w of bloodin arteriesandveins. Someuser
interactionmay be neededo selectthe root of the traversal. An-

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



otherstratey is to let the userselecta sourceanddestinatiorbone
and computethe path resultingfrom running a shortestpath dis-
tancealgorithm. Figure4 depictsa screenshootf the VolEdit [24]
applicationfor volumemanipulationasthe userselectsatraversal
path. The bonesarehighlightedasanaid for the userto selectthe
right bonesandthetraversalpathis renderedvith adifferentcolor.

3.4 Standard 3D Texture Rendering

Therenderingstageis an extensionof standardexture-basedol-
umerendering.Insteadf axis-orienteccubeswe samplethebone-
orientedcuboidsalongthe view directionandblendtheslicesin a
back-to-frontfashion.(Figure3(b)).

In orderto correctly compositethe slicesof eachcuboid, it is
necessaryo ensurehatslicesarerenderedackto front alongthe
view direction. Thisis achievedin atwo-passenderingalgorithm
with the aid of a datastructurethatindexespolygonswith respect
to their depthcoordinate. First, the slicesfrom eachcuboid are
storedin the back-to-frontdatastructure. After all cuboidshave
beenprocessedthe polygonsin the datastructurearetraversedin
order and rendered. Sincethe depthboundsare known and the
samplingdistanceis x ed, this canbe donein lineartime. This is
essentiafor interactive volumerendering,sincere-slicingandre-
sortingmustbe performedvhentheviewpointchange®r whenthe
usermanipulateshe bones([24]).

Transferfunctionsare usually appliedas a lookup color table.
This tablede nesthe color andtransparenc associateavith each
density value of the volume. This can be performedwith the
OpenGLcommandylColorTable , butrecentgraphiccardsdonot
supportthis extension,and transferfunctionsare appliedthrough
dependentookups, using texture shadersor fragmentprograms.
Here,we needto apply a differenttransferfunctionto differentre-
gionsof theskeletonpath,asdescribedn thefollowing section.

3.5 TraversalRendering

Onceatraversalpathhasbeenselectedit is necessaryo renderthe
traversedboneswith a differenttransferfunction. Let us consider
agivenboneb, b 2 B, whereB is the setof bonesin the path,as
shawn in Figure5(a). A connectvity functionC : R® 7! B mapsthe
positionof avoxel to aparticularbone,i.e.,C(p) = b.

A datasetiraversalcan be de ned as a function T that mapsan
instancein time t with a setof bonesin the pathB;. Thatis, a
datasetraversalisde nedas:T : R7! B, suchthatT(t)= B B

Then,thetransferfunctionfor a givenvoxel canbede ned as

(
A; C(P2T()
Ao; otherwise

Aresut(pit) = N}

where A; is the transfer function selectedfor traversali, i 2
f1;2;:::;Mg with M the numberof traversals,and A is the orig-
inal transferfunctionappliedto the dataset.

For hardwarerenderinghowever, we do notsolve Equationl for
eachvoxel. Ratherwe applyit to theindividual cuboidsasthey are
processeihto view-alignedslices.Theback-to-frontdatastructure
for theslicesis extendedo maintainthe sourcebonefor eachslice.
Whenthesliceis beingrenderedapropertransferfunctionis found
accordingo asimplerequation:

(
A b2T(@)
Ap; otherwise

Avesut(b;t) = 2

This equationassignsthe traversaltransferfunction if boneb
correspondgo one of the bonescurrently beingtraversed,or the
original transferfunctionotherwise.

Figure 5: Smooth transitions between transfer functions. (a) Flat
transition between bones b; ; and b; (b) Ideal smoothing using a
gaussianfunction over the fallo bonesb; > and b; ;. (c) Sampled
smoothing of the gaussianfunction (d) Smoothing is improved by
adding virtual bonesto evenout the sampling function

3.5.1 SmoothTransitions

The method describedabore resultsin clear discontinuitiesbe-
tweenthe traversal and the datasettransferfunctions, as seenin
Figure5(a). Althoughthis mayberequiredfor certainapplications,
suchasthe simulationof the o w of a substanceénto the dataset,
otherapplicationsmight requirethe transitionto be smooth. One
may alsowantto smoothalongthe width of the pathsegment,so
thatvoxelscloserto the centerof the boneappeadifferentthanthe
onesin theoutside.

In the rst case,the transitionsalong the direction of the tra-
versedbonescanbe smoothedsia interpolation.Let us denotethe
transferfunctionfor traversali asA; andtheoriginal transferfunc-
tionasAg. Then,for thebonesn aboundaryof thetraversedoones,
called the falloff region, an intermediatetransferfunction A;.5 is
computeds:

Ai;a = aAi + (1 a)A()i (3)

which performslinear interpolation. Gaussiarsmoothingcan be
obtainedby mappingthe interpolanta into 1 gs(5sa), where
2

Os(X) = 72 is azero-meargaussianlter with standardieviation

s. Thebs scalingfactoris usedto approximatehe gaussiarinter

polantto 1 whena = 1. Notethatwhena = 1, thetransferfunction
correspondso A;, andwhena = 0, to Ag. By settingdifferentval-

uesfor the falloff region ands, it is possibleto obtaintraversals
of differentsizeanddifferentvisualizationeffects. For instancea
sufciently largetraversalwith aBFSordercanbeusedto simulate
a ood- Il of adataset.

This solutionworkson apercuboidbasis.Wheneer a cuboidis
processedhepropertransferfunctionis obtaineddependingnthe
positionof thebonein the traversalandappliedto the correspond-
ing slices.Thisresultsin atransferfunctionapplieduniformly to an
entirebone thatis, the voxelswithin eachcuboidwill berendered
with the sametransferfunction. For a sufciently large numberof
bonesthe transitionmay be smooth,but in a close-upview of the
volume,or for largebonesijt resultsin a at transition,asthe sam-
pling of the blendingfunction becomesoticeable(Figure 5(c)).
Furthermorethis approachresultsin poortransitionsfor bonesof
varyinglength.

Someapplicationsmay requirethe smoothtransitionto be of
constantength,regardlessof thelengthof thetraversedoones.For
this purpose we proposethe useof virtual bones which split the
traversalbonesinto smallerbonesof constantength.We call them
virtual bonessincethey arenot partof the original 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 neededor theregion of interest. Splitting the entire
pathinto equallylong boneswould be unnecessargndwould re-
sultin a decreasegberformance.Splitting can be performedjust
beforethe slicing stage. The polyline formedby the bonesin the
falloff region is subdvided into sggmentsof lengthd, whered is
the samplingsize of the blendingfunction usedfor the transition.
Thevirtual bonescreatesmallcuboidsalongthe skeletonpath. Af-

ter the new cuboidsare found, the new virtual bonescanbe ren-
deredwith the samealgorithm describedabove. Figure 5(d) il-

lustratesthe use of virtual bonesto improve the traversalrender
ing. Figure6 shaws theresultof applyingdifferenttechniquedor
the“aneurysm”datasetpver the fall-off region highlightedin Fig-
ure 6(a). Figure 6(b) shavs the at transitionresultingof sam-
pling the blendingfunction at every bone. Figure 6(c)-(e) shavs
the smoothingobtainedby adding15, 30 and60 virtual bonesre-
spectvely.

Two differentimplementation®f the abose formulationcanbe
realized. The rst oneusesa setof lookup tablesfor eachtraver
sal. Oncetheslicesarerenderedthetransferfunctionis appliedby
enablingtheright texture or lookuptable. Anotherimplementation
can be obtainedwith the useof dependentexturesand fragment
shadersInsteadof having differenttexturesfor eachtransferfunc-
tion, a singletexture canbe used. A dependentookup is usedto
retrieve the appropriatecolor usingthe voxel's density the traver
salitself (normalizedto the intenal [0; 1]) andthe interpolant(a)
astexture coordinatesFor this implementationit is not necessary
toincludevirtual bonessincethea valuecanbeinterpolatechlong
its lengthto achieve the desiredfalloff.

3.5.2 Multiple Traversals

Many applicationsmay require multiple simultaneoudraversals.
This canbeeasilyimplementedy extendingthe above techniques
for looking up into multiple setsof transferfunctions.Having addi-
tionaltransferfunctionsposesanew problem.Whentwo traversals
intersect,an appropriatetransferfunction mustbe appliedto rep-
resenthe desiredeffect of transferfunctionintersection Different
schemeganbe applied. For instance pnemay simply useone of
the transferfunctionsfor the intersectionbones,having the effect
of onetraversalsimply overlappingthe other However, for anima-
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Figure 7: Multiple traversalsof the aneurysmdataset. Transferfunc-
tion T; (blue) is traversed from left to right, while T, (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 maybenecessaro blendtheintersectingransferfunctions.
Oneexampleis theanimationof blood o w. It iscommonto repre-
sentarterialbloodwith aredcolorandvenousbloodin blue. Blood
which containsa mix of both (asit may occurfor certaincardio-
vasculardisorders)areusuallyrepresenteth shade®of purple[1].

One mechanisnto produceblendedtransferfunctionsis to pre-
computeseveralintermediatdransferfunctionsfor 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 transferfunctionsmustberenderedor the samecuboid,
we interlacedhemin theslices.Thatis, we applytransferfunction
A1 to odd-numberedlicesandA, to even-numberedlices.In our
experiments,it turnsout to be asfastas applying a single trans-
fer functionandonly addsa constanbverheadhetherendertime.
However, this approachmay producerenderingartifactsbecause
eachtransferfunctionis appliedto half of the slices. For example,
artifactsmay arisewhenthe transferfunctionsnegatethemseles.
Someof thesegproblemamaybesolvedby over-samplingtheslicing
onthehighlightedbones.Notethatthis strateyy canbe extendedo
the caseof n overlappingtransferfunctions. A transferfunction A;
is appliedto the sliceswhosenumberings equalto i modn.

Multiple traversalsprove to be a usefulmechanisio simulate
o w andrepresentlifferentstagesf a certainprocess For simple
transferfunctions theinterleaving mechanisnprovesto bevery ef-
fective for blendingtwo or moretransferfunctions. For instance,
Figure 7 shavs four framesfrom a traversalof two transferfunc-
tions. Notice the blendingof the colorsin the overlappingregion.
This blendingis a usefultool in animationandillustrationto main-
tain the effect of movementand smoothnavigation of a transfer
functionalonga path. Otherexamplesareshown in Figuresl and
13(b).

3.5.3 RotationandSlicing

As with traditionaltexture-basedolumerenderingpnemayrotate
or clip the entire volumetric dataset. Rotation of the dataset(or
the users viewpoint) requiresthe re-computatiorof view-aligned
slices.Globalclipping of theentiredatasetanbe performedeasily
using the OpenGLcommandglClipPlane . More interestingis
the ability to rotateandslice locally on individual cuboids. The
rotationof asingleboneenablegheuserto manipulateandanimate
thedatasetindto recon gureor re-poséts features Thiscombined
with the traversalof transferfunctionshelpsto visualizecomple
volumetric structures. Note that in the caseof local rotation, re-
slicingis only neededor themodi ed cuboids.Thedecomposition
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Figure 8: Traversal of the aneurysmdataset. (a) Cuboid decompo-
sition (b) Selection of traversal. The bonesin yellow indicate the
selected path (c)-(d) Two frames from the aneurysm traversal of a
red-colored transfer function

of themodelinto cuboidsalsoallows clipping or slicing individual
partsof the dataset.This canalsobe accomplishedisingenabling
the OpenGLclip planeson the desiredcuboids. The clipping of
individual cuboidsis usefulfor renderinghiddenpartsof a dataset
while maintainingthe surroundingeaturesntact.

3.5.4 Parametergandusercontrol

A datasetraversalis a multidimensionalobjectde ned in terms
of thefollowing parameterperpath:renderingstyleR (Direct Vol-

umeRenderindVR, VolumeShadingSHD or IsosurficelSO), the
transferfunctionitself T, typeof traversaltt (DFS,BFSor PATH),

startand end points Py and Py, lengthL, length of falloff region

L¢, andspeeds. Otherpossibleparametergnot shavn here)in-

clude width alongthe boneandimportance. Userscontrol these
parametersvith interactionwidgets. Someof theseparameterare
incorporatednto widgets,andwe arecurrentlydevising interaction
widgetsfor the others.In this paperwe focuson the de nition and
implementatiorof datasetraversals.

4 RESULTS

We have experimentedvith our approacton a numberof datasets,
including the “aneurysm”(256%), the “colon” (205x133x261), the
“ponsai” (256%), the “lobster” (2562x64) andthe “visible human”,
atlow resolution(128x512x64). Thetraversalpathswereobtained
from askeletonof 197,47,108,38 and22 bonesrespectiely. Our
testcon gurationconsistof aPentiumé 1.7 GhzPCwith 512MB
RAM, equippedwith a GeForce3 with 64MB. The resultsshavn
here were obtainedwith a 700x600viewport, using 3D textures
with a slice distanceof 0.5 voxel.

Figure 8 shavs an exampletraversalof the aneurysmdataset.
The original datasets highly corvoluted,andit is dif cult to un-
derstandhe 3D structuresvenwhenrotatingthe datasetWhenthe
traversaltransferfunction is applied,the highlightedregion helps
to disambiguatehedifferentbranchesndvascularstructuresFig-
ure 8(a) shavs the cuboid decompositiorresultingfrom our ap-
proach. In this case the cuboidsare of constantwidth, but this is
notthegeneratase Cuboidsareconnectedvith mid-planegeome-
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Figure 9: Framesrate for di erent datasets using various methods:
Our decomposition approach without rotation, decomposition with
rotation, and without geometry decomposition (T raditional)

tries [4], not showvn in the gure. Figure8(b) shavs the different
pathsof the aneurysndatasetwith the traversalpath highlighted
in yellow. Figures8 (b-d) shav several stagef thetraversal(R =
DVR, T=redTF, tt = PATH, L= 10,L; = 3,Py = dart, P, = end),
Thetraversalis renderecht approximatel\20 fps.
Anotherexampleis thetraversalof thehumancolon,asdepicted
in Figure11(b)(R=DVR, T =yellow-ish TF, tt = PATH, L = 11,
L; = 5). The traversalfollows a single path, as depictedin the
rst image. A differenttransferfunction, in yellow, helpsto iden-
tify differentpartsof the volume. Figure 12(b) shavs a traversal
sequence®f the visible maledatase{R = SHD, T = greenbones,
tt = DFS,L = 42,L; = 6). In this case,a DFS traversalis com-
putedfor traversal,asdepictedin the rst frameof the sequence.
A transferfunctionin greenis usedto visualizethe bonesby mak-
ing certainvoxels transparent. Due to smoothing,this sequence
hasthe effect of slow disintegration of the skin andtissuesto re-
veal the bones. Simple phongillumination is obtainedusing the
OpenGLfragmentshadergso computethe modulationof ain nite
light with the volume gradient. Figure 13(a) shows a traversalof
thebonsaidatasetisingmultiple pathsandtransferfunctions.Each
of thesehasdifferentvaluesfor parameters;L;L¢;s, Py and Py,
with R=SHD, andtt= PATH. The overlappingtransferfunctions
areblendedusingthemethoddiscussedh section3.5.2,andresults
in a holiday light effect, asshovn in Figure 13(b). Theseexam-
plescanbe shavn in the video thataccompan this paper and at
http://www.caip.rutgers.edu/~cdcorrea/traversal

4.1 Performance

Oneof theapplicationsf our approachs theimprovementonren-
deringratedueto geometrydecompositioralongthe bones. This
resultsin speedup for sparsedatasetsasshown in Figure9. For

traversalof datasetsit may not be necessaryo changethe view-

point. In fact, traversal of a transferfunction aids to the visu-
alization of corvoluted structureswithout the needto rotate the
dataset.This canbe exploited by the renderingalgorithmto allow

fasttraversalswithout the addedcomputationof re-slicing of the
volume. Figure9 shaws theseresults. We comparethe rendering
ratefor anumberof dataset$or our decompositiorapproactwith-

outrotation(i.e., only traversal) with rotation,andwith nodecom-
position. Renderingof multiple traversalshasa constanoverhead
pertraversal.ln our experimentseachadditionaltraversalincurred
in anoverheadf 1.5t0 2 ms.

5 FOCUS+CONTEXT VIEWS

Traversalpathsdo not needto be connectedr non-overlapping.In

fact, multiple (disconnectedpathstructuredor the samevolumet-
ric model,canbe usedto highlight differentfeaturesof the dataset
while providing contet. Considerthe caseof the visible human



heart,asdepictedin Figurel. This datasets a portion of thevisi-
ble humandatasetA skeletonhasbeenfoundfor theheartandthe
arteriesafter sgmentatiorandusedasthe pathstructure,in order
to simulate o w of blood (focug. Theresultingcuboidscanberen-
deredfrom this skeleton(only the heartandvesselsarerendered).
However, onemaywantto alsorenderthetorso,in orderto provide
contet. Applying a secondskeletonpathto theremainingfeatures
accomplishethis. A transferfunctionfor this new pathcanbecho-
sensoasto allow thevisualizationof the vesselsnside. Traversals
areusedto illustratethe o w of venousblood throughthe inferior
and superiorvenacava into the heartand throughthe pulmonary
arteries.Similarly, anothersetof pathsguidetheanimationof arte-
rial blood o wing throughthe aorta.Becausdhe cuboidsfrom the
two skeletonsoverlapalongthe arteriesandveins,the correspond-
ing voxels will be compositedtwice. Oneway to prevent this is
by choosingcarefullythetransferfunctionssoasto avoid the over
lapping. Anothermechanismis to usethe OpenGLstencilbuffer.
After slicing the cuboids,every slice is testedagainstthe stencil
buffer suchthatthetestfails wheneer anotherslicealongthesame
Z depthwasrenderedrst. This effectively avoids compositingthe
overlappingslices. For properrenderingof thetraversal,the slices
from the contet traversalshouldberenderedeforethe others(fo-
cus).Thisis trueif thesortingalgorithmfor the back-to-frontcom-
positingprocesss stable Figure10(a)shows the processof slice
interleaving for a setof two skeletons. Figures10(b) and 10(c)
shawv theresultsof interleaving with andwithout the stencilbuffer.
We canachieve animportance-dsienstylerendering27], by leav-
ing the stencilbuffer on for all slicesbetweenthe viewer andthe
selectedbonegFigure10(d)).

6 CONCLUSIONSAND FUTURE WORK

We presente@ methodologyfor interactive traversalof volumetric
datasetsia amotion-controlledransferfunction. Datasetraversal
refersto theexplorationof asetof featuresn adatasetalongapath.
This is commonin medicalillustration to represento w, enhance
interestingpartsandimprove visualization.In this paperwe move
the transferfunction along a path, by applying the transferfunc-
tion to the voxels connectedo the bonesin the path.© malke this
interactve, we decomposéhe volume along a pathinto cuboids.
We have shavn that this decompositiorhelpsto obtaina render
ing speedugomparedo traditionaltexture-based/olumerender
ing. Furthermoretraversalrenderingprovidesa mechanisnto vi-
sualizecornvolutedstructuresithout the needto rotatethe dataset,
which.resultdn a higherrenderingspeedup.We have alsoshavn
that our approachcan be usedto obtainfocus+contgt visualiza-
tions. This is possibleby traversingmultiple overlappingskeleton
pathsat the sametime, andcombiningthe resultsin the rendering
pipelinewith the stencil buffer. Our resultspresentechereshov
thattraversalrenderingcanproducemprovedvisualizationdor in-
teractive exploration. As partof the future work, we planto incor
porateour approachwith the framework for spatialtransferfunc-
tionsin Chenetal.[5]. Otherdirectionsfor futurework arethe ex-
tensionof our decompositiorapproacho supportmassve datasets
andfutherimprovementso the renderingprocess.We planto ex-
tendour methodto enablethetraversalof importancealonga path,
in asimilar fashionto the methodfor transferfunctions.
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Figure 10: Juxtaposition of skeletonsand volumesfor focus+context
visualization of the visible human heat. (a) Two di erent skeletons
(one for veinsand arteries, one for the torso) are usedto merge slices
from dierent features. (b) Correct compositing using the stencil
buer in (a) (¢) Compositing without the stencil buer. (d) Cut-
away view of the vesselsusing the stencil bu er along the entire view
direction.
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