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Abstract
In this paperan interactive volumerenderingtechnique

is presentedwhich is basedon a novel visualization
model. We call the basicmethod“bubblemodel” since
iso-surfacesarerenderedasthin semi-transparentmem-
branessimilarly to blownsoapbubbles.Theprimarygoal
is to developa fastpreviewing techniquefor volumetric
datawhich doesnot requirea time-consumingtransfer
functionspecificationto visualizeinternalstructures.Our
approachusesa very simplerenderingmodelcontrolled
by only two parameters.We alsopresentan interactive
rotationtechniquewhichdoesnotrely onany specialized
hardware,thereforeit canbe widely usedeven on low-
endmachines.Dueto theinteractive display, fine tuning
is alsosupportedsincethemodificationof therendering
parametershasanimmediatevisualfeedback.

Key words: Volume rendering, shear-warp projection,
fastpreviewing.

1 Intr oduction

Basically, there are two alternatives for high quality
visualization of volume data sets. One alternative is
iso-surface extraction using the “marching cubes” [1]
surface-reconstructionmethodand the other one is di-
rectvolumerendering[2][3]. Thefirst approachrequires
a time-consumingpreprocessingin order to generatea
polygonalmesh.Althoughsucha meshcanberendered
interactively using conventional3D graphicshardware,
this methodis limited to certainiso-surfacesdefinedby
modality-dependentthresholdparameters.Without any
a priori knowledgeabout the datadistribution it is not
obvious which iso-surfacesrepresentthe contentof the
volumebestwithout significantlossof information.Fur-
thermore,whenever a thresholdvalueis changedtheen-
tire reconstructionprocesshasto berepeated.

Anotheralternative is direct volumerenderingwhich
is a more flexible approach. Theoretically, every sin-
gle voxel contributesto thefinal image,thereforethe in-
ternalstructurescanalsobe rendered.In practice,it is
ratherdifficult andtime-demandingto specifyanappro-

priate transferfunction. Becauseof the exponentialat-
tenuation,the objectswhich arehiddenby several other
semi-transparentobjectsarehardly recognizable.Even
if low opacitiesare assignedto the voxels only a lim-
ited numberof semi-transparentiso-surfacescanberen-
deredat the sametime. Thereare techniquesto deter-
mine optimal thresholdparametersautomatically[12],
and methodsfor effective transferfunction designalso
exist [14][15]. The transferfunction specification,how-
ever, is still data-dependent,andoftenrequiresuserinter-
action[20].

Physics-baseddirect volumerenderingis alsolimited
becauseof the computationalcost. Without using any
specializedhardwaredevice, it is notpossibleto rendera
largevolumedatasetinteractively, althoughit would be
ratherimportantin transferfunctionspecificationto have
animmediatefeedback.

Application orientedvisualizationmodelslike maxi-
mum intensityprojection(MIP)[5], local maximumin-
tensity projection(LMIP)[6], or frequency-domainvol-
ume rendering[7][8] do not needtime-consuminguser
interaction to specify the renderingparameters. Nev-
ertheless,they also suffer from computationalcost and
they arelimited to themedicalimagingapplicationfield.
Using MIP some internal featurescan be hidden by
higherdensityregionsandusingFouriervolumerender-
ing, which is equivalentto densityaccumulation,similar
problemsarise.

Theapplicationof well-known non-photorealisticren-
dering(NPR)techniques[9][11][16] is anew directionin
volumerenderingresearch.Previously, theseNPRmeth-
ods have beenproposedfor polygonalsurfacemodels,
thereforetheir applicationto iso-surfacesextractedfrom
volume dataseemsto be obvious. Interrante[13] uses
principal-directiondriven3D line integralconvolutionfor
illustratingsurfaceshapesin volumedata.Saitoproposes
an NPR techniquefor real-timepreviewing of volumes
[10]. His approachis also restrictedto an iso-surface,
wherethe surfaceis uniformly sampledandthe sample
pointsareprojectedontothe imageplaneasgeometrical



primitiveslikecrosslines.Theorientationof theseprimi-
tivesdependsonthelocalinclinationof thesurface.Ebert
[21] proposesavolumeillustrationframeworkcombining
direct volumerenderingwith NPR techniques.Most of
thefeaturesof theirgeneralmodelaregradientandview-
pointdependent.Currentvolumerenderinghardwarede-
vicesdo not supportthis modelso interactive rendering
is not possible.

In a certainsense,our methodcanalsobe considered
as an NPR technique,sincewe do not concentrateon
physicallyplausiblerendering.Ourmajorgoalis to avoid
avisualoverloadof thefinal imageandpreferably, to ren-
der interactively all the importantdetails. The next sec-
tion presentsour simplifiedvisualizationmodel. In Sec-
tion 3 the interactive renderingtechniquebasedon the
bubble model is discussed. In Section4 we presenta
simplevolume-previewer applicationandwe alsoshow
somerenderingtime measurements.Finally in Section5
thecontributionof thispaperis summarized.

2 The “Bub ble Model”

Usinga certainvolumerenderingapplication,especially
in themedicalimagingarea,it is ratherimportantto re-
ducethe time of the userinteractionwhich is necessary
to tunetherenderingprocess.For instance,a radiologist
applyinga 3D diagnosticalsystemusuallydoesnot have
too muchtime to find themostappropriatetransferfunc-
tion.

In order to avoid a time-consumingspecificationof
renderingparametersandto developa techniquefor fast
previewing of volumetricdataweuseasimplifiedvisual-
izationmodelcalled“bubblemodel”. Themainideais to
renderseveral iso-surfacesas thin membranessimilarly
to thevisualappearanceof soapbubbles.We do not aim
ataphysicallyplausiblemodel,thereforethelight refrac-
tion effectsareneglected.Themostimportantfeatureof
the model is that suchthin membranesdo not hide too
muchinformationbehindthem. In traditionaldirectvol-
umerendering[4], becauseof theexponentialattenuation
only a limited numberof iso-surfacescanberenderedat
thesametime. Decreasingtheopacityassignedto aniso-
surface,theobjectsbehindit becomemorevisible but its
own visualcontribution is reducedaswell.

Taking theseaspectsinto accountwe proposethe fol-
lowing simplifiedrenderingmodel.The“surfaceness”of
a voxel is characterizedby thegradientmagnitudeat the
voxel position. If the gradientmagnitudeis high then
thevoxel belongsto aniso-surfaceratherthanahomoge-
neousregion. Thegradientvectoris estimatedby calcu-
latingcentraldifferences:
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is thespatialdensityfunction. In or-
derto avoid thestaircaseartifactsof thisapproximationa
moresophisticatedgradientestimationmethod[19] can
also be usedbut it increasesthe preprocessingtime as
well. After having thegradientvectorscalculated,opaci-
tiesproportionalto thegradientmagnitudesareassigned
to thevoxels: . 	�/ �"/ �1032 �������4	��"��5�"�����62 �67 � (2)

where

. 	�/ ��/ �
is the opacity of voxel 8 	�/ �"/ � and 7 is a

constantscalingfactor. Thisideais similarto Levoy’sap-
proach[3], whoproposeda2D opacityfunctionweighted
by the gradientmagnitudesin order to enhancethe iso-
surfaces. In contrast,we useonly a 1D opacity func-
tion dependingon gradientmagnitudesratherthanden-
sity values. This simplification hasa specialvisual ef-
fect and it will be exploited in the interactive rendering
methoddiscussedlater. Unlike the conventional light
transportequation[3] we do not assignown colors to
the voxels. In this sense,the voxels do not have a light
reflectioncontribution. Weassumeonly aconstantambi-
entbackgroundlight, andeachvoxel with non-zerogra-
dient magnitudeattenuatesthis backgroundlight. Thus,
eachpixel intensityis calculatedasanaccumulatedtrans-
parency multipliedby theambientlight.

This so called bubble model can be consideredas a
simplified specialcaseof the generaloptical modelpre-
sentedby Max [4]. We will show that the simplifica-
tion hasseveraladvantages.Due to theopacityfunction
weightedby thegradientmagnitudesthenumberof vox-
elscontributing to theimageis reduced,thereforethevi-
sualoverloadcanbe avoided. Furthermore,the datare-
ductioncanbeexploitedin theoptimizationof therender-
ing procedure.Lastbut not least,theuserinteractionfor
tuningtherenderingparametersis shorterandbecauseof
thefastdisplayanimmediatevisualfeedbackis ensured.

Thevisualeffect is illustratedin Figure1. Thoseview-
ing rays which are nearly tangentialto the iso-surface
havealongerintersectionsegmentwith theregionof high
gradientmagnitudes,thereforethe correspondingaccu-
mulatedtransparency is lower. The raysnearlyperpen-
dicular to the iso-surfacehave minimal attenuationbe-
causeof the short intersectionsegment,thusfrom these
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Figure2: A CT scanof a toothrenderedusingthebubblemodel(a)andthecombinedmodel(b).

image plane

iso-surface

Figure1: Opacityaccumulationin thebubblemodel.

viewing anglesthebackgroundis just slightly occluded.
This model effects sharpsilhouettelines at the object
boundaries.This is similar to thevisualappearanceof a
blown soapbubble,wherealmostjust thesilhouettesare
visible. Nevertheless,thesmoothtransitionat thebound-
ariescharacterizesthe inclinationof thesurfaceimprov-
ing thespatialimpression.Figure2ashows theCT scan
of a tooth renderedusing the bubblemodel. Note that,
you canseeall the importantdetailsthe nervesandthe
completeinternalstructureof thetooth.

The bubble model can be combinedwith traditional
surfaceshadeddisplay. In orderto avoid thevisualover-
load of the generatedimagewe proposeonly oneaddi-
tionalshadediso-surface.Theviewing raysareevaluated
accordingto thefollowing algorithm:

double RayCasting(Volume volume,
Vec3D origin,
Vec3D direction)

{
double transparency = 1.0;
for(int i = 0; i < i_max; i++) {
Vec3D sample = origin + direction * i;
Voxel voxel = volume.Resample(sample);
if(voxel.density > threshold)

return Shading(voxel) * transparency;
else {
double opacity =
voxel.gradient_magnitude *
scaling_factor;

transparency *= 1.0 - opacity;
}

}
return ambient_light * transparency;

}

The upper formal ray-castingroutine resamplesthe
volumealonga viewing ray definedby parametersori-
gin anddirection. In eachsamplepoint thedensityvalue
andthegradientmagnitudearecalculatedfrom theeight
closestvoxels using trilinear interpolation. If the den-
sity is greaterthana predefinedthresholdthenthe light-
ing conditionsareevaluatedandthefunctionreturnsthe
shadedcolorof thehit intersectionpointmultipliedby the
accumulatedtransparency. Otherwisetheopacityof the
currentsampleis multiplied by a scalingfactor (denoted
by 7 in Formula 2) and contributesto the accumulated
transparency. If the ray doesnot have an intersection
point with the iso-surfacedefinedby the thresholdthen
the function returnsthe ambientlight multiplied by the
accumulatedtransparency. This approachassumesthat
theinternalstructureshavehigherdensities,likethebone
in medicalCTdatasets.Generally, wecanalsouseacon-
fidenceinterval [ > #@?6� >,A ? ] aroundthreshold> to define
thevoxelsbelongingto aniso-surface.

The imagein Figure2b hasbeengeneratedusingthe
combinedmodel. The upperpart of the tooth has the
highestdensityvalues,thereforesettingan appropriate
thresholdit canberenderedseparatelyusinganarbitrary
shadingmodel.Theroot of thetoothhasbeenvisualized



applyingthebubblemodel.
Figure3 shows a CT scanof a humanbody rendered

usingthebubblemodel(a) andthecombinedmodel(b).
Theseimagesalsocontainalmostall the internaldetails
like the lungs, the ribs, the spineand the pelvis. Fig-
ure3b illustratesthatoneadditionalshadediso-surfaceis
really a usefulextensionof thebasicmethodsincethere
canbe organswith lessdrasticdensitytransitionsat the
boundaries.For instance,the kidneys representsucha
case,which canbeeasilyrenderedusingsurfaceshaded
display.

3 Interacti veRendering basedon the Bubble Model

In this sectionwe presentan interactive renderingtech-
niquewhich supportsour combinedvisualizationmodel.
This is a puresoftware-onlyaccelerationmethod,there-
fore it doesnot rely on any specializedhardware. The
first stepis a preprocessing,whereat eachvoxel location
a gradientvector is calculated. Afterwards,we extract
thevoxelshaving highergradientmagnitudesthana pre-
definedthresholdvalue.Thisresultsinto asparsevolume
whichis storedin anappropriatedatastructureoptimized
for fastshear-warpprojection.

density
location (x, y)
gradient direction
gradient magnitude

k = 0

k = Z-1

Figure4: Thedatastructurestoringthesparsevolume.

For the sake of clarity but without lossof generality,
we assumethat the principal componentof the viewing
directionis thez-coordinateandtheresolutionof thevol-
umeis BDCFEGCIH . In this case,the sparsevolumeis
storedin adatastructureillustratedin Figure4.

The extracted voxels are stored sorted by their z-
coordinates. The voxels having the samez-coordinate
arestoredin variablelengtharrays,wherethelengthde-
pendson the numberof voxelsextractedin the givenz-
slice. The entriescontainall the informationnecessary
for the renderingprocess,like thedensity, coordinatesx
andy (thez-coordinateis storedimplicitly), thegradient
magnitude,andthe gradientdirection. The gradientdi-
rectionis requiredfor theview-dependentshadingof an
iso-surface.This is representedby twelvebits,wherethe
upperandlower six bits storethe two polar coordinates

of thegradientdirection. This is usedasanaddressinto
a lookup table,which containsthe precalculatedshaded
colors undercertainlighting conditions. Whenever the
viewing directionor thelighting conditionsaremodified
thelookuptablehasto berefreshed.

The addressesof thesearrayscontainingthe voxels
with the samez-coordinatesare stored in a separate
pointerarrayof size H . Theextractedvoxelsaremapped
ontotheimageplaneusinganefficientshear-warpprojec-
tion [17] (Figure5). Theviewing transformationJ$K 	MLON
is factorizedinto a 3D sheartransformationJQPSR LST'U and
a relatively cheap2D warptransformationJ NVT'USW

:

J$K 	MLON@0 J NVT'USW � JIPSR LST'U

parallel projection shear-warp projection

M

M
final image

intermediate image

shear

warp

Figure5: Shear-warp factorizationof the viewing trans-
formation.

The voxels areprojectedonto the intermediateimage
plane in back-to-frontorder. Initially, the pixel values
of the intermediateimageareset to the intensityof the
backgroundor ambientlight. The currentpixel values
aremultipliedby thetransparency of theprojectedvoxel.
Whenever the density of the projectedvoxel is higher
than the densitythreshold(defininga fully opaqueiso-
surfaceto beshaded),thecurrentpixel valueis overwrit-
tenby its shadedcolor. Theshadedcolor is readfrom a
precalculatedlookuptable,usingthetwelve-bitrepresen-
tationof thegradientdirectionasanaddress.

For thesakeof efficiency, ourmethodmapseachvoxel
to onepixel, but in orderto avoid holes,an intermediate
imageof size

� BXAYH � C � EZAYH � is generated,where
theneighboringvoxelsaremappedto neighboringpixels.
This mappingis very simple in shearedspace.To each
voxel location the 2D offset vectorof the given slice is
added.This offsetis calculatedfor eachslicein advance
andonly oncewhenevertheviewingdirectionis changed.
Assumingthattheprincipalcomponentof theviewingdi-
rectionis the z-coordinatethe maximumabsolutetrans-
lation of a boundaryvoxel is H\[�] in thedirectionof the
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Figure3: A CT scanof a humanbodyrenderedusingthebubblemodel(a)andthecombinedmodel(b).

�
-axis or the


-axis. Therefore,all the projectedvoxels

fall ontotheintermediateimage.

The slice offsets are calculated using a sym-
metric DDA line drawing method like Bresenham’s
algorithm[18]. The approximationof viewing rayswith
discrete3D linesproducesthesameresultasray casting
usingnearest-neighborresampling.In orderto compute
moreaccuratepixel valuesbilinearinterpolationcanalso
be appliedtaking into accountthe exact translationsof
theslices.This modificationimprovesthe imagequality
but drasticallydecreasestherenderingspeed.Therefore,
in a practicalimplementationfor continuousrotationthe
fasternearest-neighborresamplingcanbeusedandafter
settingthe appropriateviewing directionthe moreaccu-
ratebilinearinterpolationis applied.

Having the intermediateimagegenerated,it hasto be
mappedontothefinal imageusinga 2D warpoperation.
Thescalingfactorscanbebuilt into thewarpmatrix,thus
thesizeof thefinal imagedoesnotnecessarilydependon
thesizeof theoriginal volume. In fact, the intermediate
imageis usedasa texture map,sincethe final imageis
scannedpixel-by-pixel mappingthe locationsontosam-
plepointsin theintermediateimage.Thesecolorsamples
arecomputedfrom thefour closestpixelsin theinterme-
diateimageusingbilinearinterpolation.

Theupperrenderingtechniquecanbeeasilyextended
toarbitraryviewingdirections,sincefor all thethreeprin-
cipaldirectionsaseparatedatastructurecanbegenerated.

Theappropriatedatastructureis selectedduringtherota-
tion accordingto theprincipal componentof thecurrent
viewing direction.

4 Limitations

Thebubblemodelassumesthatthevolumecontainsclear
boundariesbetweenadjacentregions,thereforethey can
be easily detectedby gradientthresholding. In caseof
medicalCT scansthis requirementis fulfilled, therefore
the proposedmethodworks well. However, theremight
be volumes,wherea voxel belongingto an iso-surface
doesnotnecessarilyhavehighgradientmagnitudelike in
an electrondensitymapor in a noisy MRI dataset. In
suchcasesour methodcannotbeeffectively applied.

On the otherhand,the appropriatethresholddepends
on the dataset to be visualized. Therefore,one might
considerit adrawback,thatthegradientthreshold,which
strongly influencesthe performance,is a predefinedpa-
rameter. This problemcanbe easilysolved by slightly
increasingthe preprocessingtime. Sinceeachslice is
representedby a voxel list, the voxel elementscan be
sortedby their gradientmagnitudes.Assumingthat the
gradientmagnitudesarequantizedto bytes,sortingcan
be performedvery efficiently basedon the histogramof
the givenslice. In the preprocessing,eachvoxel having
gradientmagnitudequantizedto a non-zerovalueis ex-
tractedfrom thevolume.For eachslicerepresentedby a
voxel list, apointerindicatesthepositionof thefirst voxel



volume resolution datareductionrate framerates

tooth ^6_6`ba�^(_6`badc'`�c 3.48% 14.28- 20.37Hz
body ^=e�^fadc&_(^fa�^(_6_ 16.89% 4.74- 7.14Hz

smallhead c'^6gbadc&^6gbadc(cih 25.19% 14.08- 20.12Hz
big head ^6_6`ba�^(_6`ba�^(^6_ 16.91% 2.44- 3.71Hz

Table1: Datareductionratesandframeratesfor differentdatasets.

having highergradientmagnitudethanthecurrentthresh-
old. During the rendering,eachvoxel list is processed
only from this startingposition. The gradientthreshold
canbe interactively modified,sincethenew startingpo-
sitionscanbedeterminedby a simplelinearsearch.As-
sumingthat the thresholdis changingcontinuously, the
new startingposition is closedto the old one, therefore
only a coupleof voxels needto be checked. By select-
ing anappropriategradientthresholdtheusercanmakea
compromisebetweentherenderingspeedandthelossof
information.

5 Implementation

The presentedinteractive renderingtechniquehasbeen
implementedin C++ underWindows NT and hasbeen
testedon a 800MHz PentiumIII PC with 512M RAM.
The interfaceof the applicationis shown in Figure 6.
Thetwo renderingparameters,theopacityscalingandthe
thresholddefiningashadediso-surface,canbecontrolled
by two sliders. Becauseof thefastrenderingprocedure,
animmediatevisualfeedbackis ensured.Theimagecan
be rotatedby moving the mousepointeron the display
window accordingto thedraganddropconvention.Fig-
ure 7 shows the front and side views of a humanhead
renderedusingthebubblemodel(a,c) andthecombined
model(b, d). Table1 shows theframeratesfor different
datasets.Note that, the renderingspeeddependson the
datareductionrateratherthanthe resolutionof the vol-
ume.For example,in caseof thetoothonly jlk monqp of the
datais extracted. Although the volumesmall headhas
lower resolution,becauseof its worsedatareductionrate
( ]5rlk!s(tqp ) it canberenderedapproximatelyasfastasthe
tooth.

6 Conclusion

In this papera new interactive volume renderingtech-
niquehasbeenpresented.We proposeda simplified vi-
sualizationmodel that we call bubble model, sincethe
iso-surfacesarerenderedasthin semi-transparentmem-
branes. Our opacity function weightedby the gradi-
entmagnitudereducesthenumberof voxelswhich con-
tribute to the final image. Suchan opacitymappinghas
two advantages.On onehandthe visualoverloadof the
imagecanbe avoided,without significantlossof infor-

mation. On the other hand the data reductioncan be
exploited in the optimizationof the renderingprocess.
Weproposeourmodelfor fastvolumepreviewing,which
doesnotrequireatime-consumingtransferfunctionspec-
ification. The renderingprocedureis controlledby only
two parametersanddueto theoptimizationanimmediate
visual feedbackis ensured.Sinceour accelerationtech-
nique is a pure software basedmethodit doesnot rely
on any specializedhardwareto achieve interactive frame
rates.
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Figure7: A CT scanof a humanheadrenderedusingthebubblemodel(a,c) andthecombinedmodel(b, d).




