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Abstract

In this paperan interactive volumerenderingtechnique
is presentedwhich is basedon a novel visualization
model. We call the basicmethod“bubble model” since
iso-surbcesarerenderedasthin semi-transparennem-
branesimilarly to blown soapbubbles.Theprimarygoal
is to develop a fastpreviewing techniquefor volumetric
datawhich doesnot requirea time-consumingransfer
functionspecificatiorto visualizeinternalstructuresOur
approachusesa very simplerenderingmodelcontrolled
by only two parameters We also presentan interactive
rotationtechniquavhich doesnotrely onary specialized
hardware, thereforeit canbe widely usedeven on low-
endmachinesDueto theinteractve display fine tuning
is alsosupportedsincethe modificationof the rendering
parametertasanimmediatevisualfeedback.

Key words: \olumerendering shearwarp projection,
fastpreviewing.

1 Intr oduction

Basically there are two alternatves for high quality
visualization of volume data sets. One alternatve is
iso-surfice extraction using the “marching cubes” [1]
surface-reconstructiomethodand the other one is di-
rectvolumerendering2][3]. Thefirst approachrequires
a time-consumingpreprocessingn orderto generatea
polygonalmesh. Although sucha meshcanbe rendered
interactvely using corventional 3D graphicshardware,
this methodis limited to certainiso-surficesdefinedby
modality-dependenthresholdparameters.Without ary
a priori knowledge aboutthe datadistribution it is not
obvious which iso-surticesrepresenthe contentof the
volumebestwithout significantlossof information. Fur-
thermore whenerer a thresholdvalueis changedhe en-
tire reconstructiorprocesshasto berepeated.
Anotheralternatve is direct volume renderingwhich
is a more flexible approach. Theoretically every sin-
gle voxel contritutesto thefinal image,thereforethe in-
ternal structurescan also be rendered. In practice,it is
ratherdifficult andtime-demandingo specifyan appro-

priate transferfunction. Becauseof the exponentialat-
tenuation the objectswhich are hiddenby several other
semi-transparembjectsare hardly recognizable.Even
if low opacitiesare assignedo the voxels only a lim-
ited numberof semi-transparernso-surbicescanberen-
deredat the sametime. Thereare techniquedo deter
mine optimal threshold parametersautomatically[12],
and methodsfor effective transferfunction designalso
exist [14][15]. The transferfunction specification how-
ever, is still data-dependendndoftenrequiresuserinter-
action[20].

Physics-basedirect volumerenderingis alsolimited
becauseof the computationalcost. Without using ary
specializechardwaredevice, it is not possibleto rendera
large volumedatasetinteractiely, althoughit would be
ratherimportantin transferfunctionspecificatiorto have
animmediatefeedback.

Application orientedvisualizationmodelslike maxi-
mum intensity projection (MIP)[5], local maximumin-
tensity projection (LMIP)[6], or frequeng-domainvol-
ume rendering[7][8] do not needtime-consuminguser
interactionto specify the renderingparameters. Nev-
erthelessthey also suffer from computationakcostand
they arelimited to the medicalimagingapplicationfield.
Using MIP some internal featurescan be hidden by
higherdensityregionsandusingFourier volumerender
ing, which is equivalentto densityaccumulationsimilar
problemsarise.

The applicationof well-known non-photorealisticen-
dering(NPR)technique$9][11][16] is anew directionin
volumerenderingresearchPreviously, theseNPR meth-
ods have beenproposedfor polygonal surface models,
thereforetheir applicationto iso-surficesextractedfrom
volume dataseemsto be obvious. Interrante[13] uses
principal-directiordriven3D line integral corvolutionfor
illustratingsurfaceshapesn volumedata.Saitoproposes
an NPR techniquefor real-time previewing of volumes
[10]. His approachis alsorestrictedto an iso-surfce,
wherethe surfaceis uniformly sampledandthe sample
pointsareprojectedontothe imageplaneasgeometrical



primitiveslik e crosdines. Theorientationof theseprimi-

tivesdepend®nthelocalinclinationof thesurface.Ebert
[21] proposesvolumeillustrationframenork combining
direct volume renderingwith NPR techniques.Most of

thefeaturesof their generamodelaregradientandview-

pointdependentCurrentvolumerenderinghardwarede-
vicesdo not supportthis model so interactive rendering
is notpossible.

In a certainsensepur methodcanalsobe considered
as an NPR technique,sincewe do not concentrateon
physicallyplausiblerendering.Our majorgoalis to avoid
avisualoverloadof thefinalimageandpreferablyto ren-
derinteractvely all the importantdetails. The next sec-
tion presentur simplified visualizationmodel. In Sec-
tion 3 the interactive renderingtechniquebasedon the
bubble modelis discussed.In Section4 we presenta
simple volume-preiewer applicationand we alsoshav
somerenderingtime measurementszinally in Section5
thecontribution of this paperis summarized.

2 The “Bubble Model”

Using a certainvolumerenderingapplication,especially
in the medicalimagingarea,it is ratherimportantto re-
ducethetime of the userinteractionwhich is necessary
to tunethe renderingprocess For instance aradiologist
applyinga 3D diagnosticabystemusuallydoesnot have
too muchtime to find themostappropriateéransferfunc-
tion.

In orderto avoid a time-consumingspecificationof
renderingparametergndto developa techniquefor fast
previewing of volumetricdatawe usea simplifiedvisual-
izationmodelcalled“bubblemodel”. Themainideais to
renderseveral iso-surbicesas thin membranesimilarly
to the visual appearancef soapbubbles.We do notaim
ataphysicallyplausiblemodel,thereforethelight refrac-
tion effectsareneglected. The mostimportantfeatureof
the modelis that suchthin membraneslo not hide too
muchinformationbehindthem. In traditionaldirectvol-
umerendering4], becausef theexponentialttenuation
only alimited numberof iso-surficescanbe renderedat
thesametime. Decreasinghe opacityassignedo aniso-
surface the objectsbehindit becomemorevisible but its
own visualcontributionis reducedaswell.

Taking theseaspectsnto accountwe proposethe fol-
lowing simplifiedrenderingmodel. The “surfacenessbf
avoxel is characterizedby the gradientmagnitudeat the
voxel position. If the gradientmagnitudeis high then
thevoxel belongsto aniso-surficeratherthanahomoge-
neousregion. The gradientvectoris estimatedoy calcu-
lating centraldifferences:

V@i, yj,2k) =
(F(Tiv1, 5, 26) — F(Tio1,Yj,2k)) (1)
(F(xi,yja1,2x) — F(Ti,95-1,28) |,
(f(xi7yjazk+1) - f(xi)yjazkfl))
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where f(z,y, z) is the spatialdensityfunction. In or-
derto avoid the staircasartifactsof this approximatiora
more sophisticatedyradientestimationmethod[19] can
also be usedbut it increaseghe preprocessindgime as
well. After having thegradientvectorscalculatedppaci-
tiesproportionalto the gradientmagnitudesreassigned
to thevoxels:

)

aijr = |Vf(@i,yj,2k)| - s,

wherea; ; x is the opacity of voxel v; ;r ands is a
constanscalingfactor Thisideais similarto Levoy’sap-
proach{3], whoproposed 2D opacityfunctionweighted
by the gradientmagnitudesn orderto enhancehe iso-
surfaces. In contrast,we useonly a 1D opacity func-
tion dependingon gradientmagnitudegatherthanden-
sity values. This simplification hasa specialvisual ef-
fect andit will be exploitedin the interactive rendering
methoddiscussedater. Unlike the corventional light
transportequation[3] we do not assignown colors to
the voxels. In this sensethe voxels do not have a light
reflectioncontribution. We assumenly a constanambi-
entbackgroundight, andeachvoxel with non-zerogra-
dientmagnitudeattenuateshis backgroundight. Thus,
eachpixelintensityis calculatedasanaccumulatedrans-
pareny multiplied by theambientight.

This so called bubble model can be consideredas a
simplified specialcaseof the generaloptical modelpre-
sentedby Max [4]. We will showv that the simplifica-
tion hasseveraladvantagesDue to the opacityfunction
weightedby the gradientmagnitudeshe numberof vox-
elscontributing to theimageis reducedthereforethe vi-
sualoverloadcanbe avoided. Furthermorethe datare-
ductioncanbeexploitedin theoptimizationof therender
ing procedurel astbut not least,the userinteractionfor
tuningtherenderingparameterss shorterandbecausef
thefastdisplayanimmediatevisualfeedbacks ensured.

Thevisualeffectisillustratedin Figurel. Thoseview-
ing rays which are nearly tangentialto the iso-surfice
have alongerintersectiorsegmentwith theregionof high
gradientmagnitudesthereforethe correspondingaccu-
mulatedtranspareng is lower. The raysnearly perpen-
dicular to the iso-surfice have minimal attenuationbe-
causeof the shortintersectionsegment,thusfrom these



Figure2: A CT scanof atoothrenderedisingthe bubblemodel(a) andthe combinedmodel(b).
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Figurel: Opacityaccumulatiorin the bubblemodel.
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viewing anglesthe backgrounds just slightly occluded.
This model effects sharp silhouettelines at the object
boundariesThis is similar to the visualappearancef a
blown soapbubble,wherealmostjust the silhouettesare
visible. Neverthelessthe smoothtransitionat the bound-
ariescharacterizethe inclination of the surfaceimprov-

ing the spatialimpression.Figure2a shons the CT scan
of a tooth renderedusing the bubble model. Note that,
you canseeall the importantdetailsthe nernvesandthe
completeinternalstructureof thetooth.

The bubble model can be combinedwith traditional
surfaceshadedlisplay In orderto avoid the visual over-
load of the generatedmagewe proposeonly one addi-
tionalshadedso-surfice. Theviewing raysareevaluated
accordingto thefollowing algorithm:

doubl e RayCasti ng( Vol une vol une,
Vec3D origin,
Vec3D direction)

{

doubl e transparency = 1.0;

for(int i =0; i <i_max; i++) {
Vec3D sanple = origin + direction * i;
Voxel voxel = volune. Resanpl e(sanpl e);

i f(voxel.density > threshol d)

return Shadi ng(voxel) * transparency;
el se {
doubl e opacity =
voxel . gradi ent _magni tude *
scal ing_factor;
transparency *= 1.0 - opacity;
}
}

return anbient_Iight * transparency;

}

The upper formal ray-castingroutine resampleshe
volume along a viewing ray definedby parameterri-
gin anddirection In eachsamplepoint the densityvalue
andthe gradientmagnitudearecalculatedrom the eight
closestvoxels using trilinear interpolation. If the den-
sity is greaterthana predefinedhresholdthenthe light-
ing conditionsareevaluatedandthe functionreturnsthe
shadedolorof thehit intersectiorpointmultiplied by the
accumulatedranspaency Otherwisethe opacityof the
currentsampleis multiplied by a scalingfactor (denoted
by s in Formula 2) and contributesto the accumulated
transpaency If the ray doesnot have an intersection
point with the iso-suricedefinedby the thresholdthen
the function returnsthe ambientlight multiplied by the
accumulatedranspaency This approachassumeshat
theinternalstructurehave higherdensities|ik e thebone
in medicalCT datasets.Generallywe canalsouseacon-
fidenceinterval [t — €, t + €] aroundthreshold: to define
thevoxelsbelongingto aniso-surfice.

The imagein Figure 2b hasbeengeneratedisingthe
combinedmodel. The upperpart of the tooth hasthe
highestdensity values, thereforesetting an appropriate
thresholdt canberenderedseparatelysinganarbitrary
shadingmodel. Theroot of thetooth hasbeenvisualized



applyingthe bubblemodel.

Figure 3 showvs a CT scanof a humanbody rendered
usingthe bubblemodel(a) andthe combinedmodel(b).
Theseimagesalsocontainalmostall the internal details
like the lungs, the ribs, the spine and the pelvis. Fig-
ure3billustratesthatoneadditionalshadedso-surgceis
really a usefulextensionof the basicmethodsincethere
canbe organswith lessdrasticdensitytransitionsat the
boundaries. For instance the kidneys represensucha
casewhich canbe easilyrenderedusingsurfaceshaded
display

3 Interacti ve Rendering basedon the Bubble Model

In this sectionwe presentan interactive renderingtech-
niquewhich supportsour combinedvisualizationmodel.
This is a pure software-onlyacceleratiormethod,there-
fore it doesnot rely on ary specializechardware. The
first stepis a preprocessingyhereat eachvoxel location
a gradientvectoris calculated. Afterwards, we extract
thevoxelshaving highergradientmagnitudeghana pre-
definedthresholdvalue. Thisresultsinto asparsesolume
whichis storedin anappropriatedatastructureoptimized
for fastsheaswarpprojection.
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Figure4: Thedatastructurestoringthe sparse/olume.

For the sale of clarity but without loss of generality
we assumehat the principal componenbf the viewing
directionis thez-coordinateandthe resolutionof thevol-
umeis X x Y x Z. 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 voxels extractedin the given z-
slice. The entriescontainall the information necessary
for the renderingprocesslik e the density coordinates
andy (the z-coordinatds storedimplicitly), the gradient
magnitude andthe gradientdirection. The gradientdi-
rectionis requiredfor the view-dependenshadingof an
iso-surbice.Thisis representetly twelve bits, wherethe
upperandlower six bits storethe two polar coordinates

of the gradientdirection. This is usedasan addressnto

a lookup table, which containsthe precalculatedhaded
colorsundercertainlighting conditions. Wheneer the

viewing directionor thelighting conditionsare modified

thelookuptablehasto berefreshed.

The addresse®f thesearrayscontainingthe voxels
with the samez-coordinatesare storedin a separate
pointerarrayof size Z. The extractedvoxelsaremapped
ontotheimageplaneusinganefficientsheaswarpprojec-
tion [17] (Figure5). Theviewing transformationi ;...
is factorizedinto a 3D sheartransformationi/,,.,, and
arelatively cheap2D warptransformatiom/y,rp:

Mview = Maoyarp * MsheaT

M shear

—>

intermediate image

Mwarp
final image

parallel projection shear-warp projection
Figure5: Sheatwarp factorizationof the viewing trans-
formation.

The voxels are projectedonto the intermediatadmage
planein back-to-frontorder Initially, the pixel values
of the intermediateéimageare setto the intensity of the
backgroundor ambientlight. The currentpixel values
aremultiplied by the transparengof the projectedvoxel.
Whenever the density of the projectedvoxel is higher
thanthe densitythreshold(defining a fully opaqueiso-
surfaceto beshaded)the currentpixel valueis overwrit-
tenby its shadectolor. The shadedcolor is readfrom a
precalculatedbokuptable,usingthetwelve-bitrepresen-
tation of thegradientdirectionasanaddress.

For thesale of efficiency, our methodmapseachvoxel
to onepixel, but in orderto avoid holes,anintermediate
imageof size(X + Z) x (Y + Z) is generatedwhere
theneighboringvoxelsaremappedo neighboringpixels.
This mappingis very simplein shearedspace.To each
voxel locationthe 2D offset vector of the givenslice is
added.This offsetis calculatedor eachslicein advance
andonly oncewheneertheviewing directionis changed.
Assumingthattheprincipalcomponenbf theviewing di-
rectionis the z-coordinatehe maximumabsolutetrans-
lation of a boundaryvoxel is Z/2 in the directionof the



Figure3: A CT scanof ahumanbodyrenderedisingthe bubblemodel(a) andthe combinednodel(b).

z-axis or the y-axis. Therefore,all the projectedvoxels
fall ontotheintermediatémage.

The slice offsets are calculated using a sym-
metric DDA line drawing method like Bresenhans
algorithm[1§. The approximationof viewing rayswith
discrete3D lines produceghe sameresultasray casting
usingnearest-neighbaiesampling.In orderto compute
moreaccuratepixel valuesbilinearinterpolationcanalso
be appliedtaking into accountthe exact translationsof
theslices. This modificationimprovestheimagequality
but drasticallydecreasetherenderingspeed.Therefore,
in a practicalimplementatiorfor continuousotationthe
fastemearest-neighbaesamplingcanbe usedandafter
settingthe appropriateviewing directionthe moreaccu-
ratebilinearinterpolationis applied.

Having the intermediatamagegeneratedit hasto be
mappedonto the final imageusinga 2D warp operation.
Thescalingfactorscanbebuilt into thewarpmatrix, thus
thesizeof thefinalimagedoesnotnecessarilylepencbn
the sizeof the original volume. In fact, theintermediate
imageis usedasa texture map, sincethe final imageis
scannedixel-by-pixel mappingthe locationsonto sam-
plepointsin theintermediatémage.Thesecolorsamples
arecomputedrom thefour closestixelsin theinterme-
diateimageusingbilinearinterpolation.

The upperrenderingtechniquecanbe easilyextended
toarbitraryviewing directions sincefor all thethreeprin-

cipaldirectionsaseparatélatastructurecanbegenerated.

Theappropriatadatastructureis selectediuringtherota-
tion accordingto the principal componenbf the current
viewing direction.

4 Limitations

Thebubblemodelassumethatthevolumecontainsclear
boundariedbetweenadjacentregions,thereforethey can
be easily detectedby gradientthresholding. In caseof

medicalCT scansthis requirements fulfilled, therefore
the proposedmethodworks well. However, theremight

be volumes,wherea voxel belongingto an iso-surfice
doesnotnecessarijhave highgradientmagnituddike in

an electrondensitymapor in a noisy MRI dataset. In

suchcasesur methodcannotbe effectively applied.

On the otherhand,the appropriatethresholddepends
on the datasetto be visualized. Therefore,one might
considelit adravback,thatthegradientthresholdwhich
strongly influencesthe performanceijs a predefinedoa-
rameter This problemcan be easily solved by slightly
increasingthe preprocessindime. Since eachslice is
representedy a voxel list, the voxel elementscan be
sortedby their gradientmagnitudes.Assumingthat the
gradientmagnitudesare quantizedto bytes, sorting can
be performedvery efficiently basedon the histogramof
the givenslice. In the preprocessinggachvoxel having
gradientmagnitudequantizedto a non-zerovalueis ex-
tractedfrom the volume. For eachslicerepresentethy a
voxellist, apointerindicateghepositionof thefirst voxel



volume || resolution datareductionrate framerates
tooth 256 x 256 x 161 3.48% 14.28- 20.37Hz

body 202 x 152 x 255 16.89% 4.74-7.14Hz
smallhead || 128 x 128 x 113 25.19% 14.08- 20.12Hz

bighead || 256 x 256 x 225 16.91% 2.44- 3.71Hz

Tablel: Datareductionratesandframeratesfor differentdatasets.

having highergradientmagnitudethanthecurrentthresh-
old. During the rendering,eachvoxel list is processed
only from this startingposition. The gradientthreshold
canbe interactizely modified,sincethe new startingpo-
sitionscanbe determinedby a simplelinear search.As-
sumingthat the thresholdis changingcontinuously the
new startingpositionis closedto the old one, therefore
only a coupleof voxels needto be checled. By select-
ing anappropriatggradienthresholdheusercanmake a
compromisebetweerthe renderingspeedandthelossof
information.

5 Implementation

The presentednteractive renderingtechniquehasbeen
implementedn C++ underWindows NT and hasbeen
testedon a 800MHz Pentiumlll PC with 512M RAM.
The interface of the applicationis shown in Figure 6.
Thetwo renderingparametergheopacityscalingandthe
thresholddefininga shadedso-surfice,canbecontrolled
by two sliders. Becauseof the fastrenderingprocedure,
animmediatevisualfeedbackis ensured.Theimagecan
be rotatedby moving the mousepointer on the display
window accordingto the draganddrop corvention. Fig-
ure 7 shows the front and side views of a humanhead
renderedisingthe bubblemodel(a, ¢) andthe combined
model(b, d). Table1 shows the frameratesfor different
datasets. Note that, the renderingspeeddependsn the
datareductionrateratherthanthe resolutionof the vol-
ume. For example,in caseof thetoothonly 3.48% of the
datais extracted. Although the volume small headhas
lower resolution becausef its worsedatareductionrate
(25.19%) it canberenderedapproximatelyasfastasthe
tooth

6 Conclusion

In this papera new interactive volume renderingtech-
nique hasbeenpresented We proposecda simplified vi-

sualizationmodel that we call bubble model, sincethe
iso-surbicesarerenderedasthin semi-transparennem-
branes. Our opacity function weighted by the gradi-
entmagnitudereduceghe numberof voxelswhich con-
tribute to the final image. Suchan opacity mappinghas
two advantages.On onehandthe visual overloadof the
image canbe avoided, without significantloss of infor-

mation. On the other handthe datareductioncan be

exploited in the optimization of the renderingprocess.
We proposeour modelfor fastvolumepreviewing, which

doesnotrequireatime-consumingransferfunctionspec-
ification. The renderingprocedures controlledby only

two parameteranddueto theoptimizationanimmediate
visual feedbackis ensured.Sinceour acceleratiortech-
nigueis a pure software basedmethodit doesnot rely

on ary specializechardwareto achieve interactve frame
rates.

Acknowledgements

This work has been funded by the Vismed
project (http://ww. vi sned. at). Vispmed
is supported by Tiani Medgmaph  Vienna
(http://www. tiani.com), and by the
Forschungsbrderungsfond fir  die  gewerbliche

Wirtschaft The CT scansof the human head was
obtainedfrom the ChapelHill Volume RenderingTest
Dataset. The datawas taken on the GeneralElectric
CT scannerand provided courtesyof North Carolina
Memorial Hospital. The CT scanof the humanbody
was provided by Tiani Medgraph The industrial CT
scan of the tooth was downloaded from web site:
http://visual.nl mnih. gov/evc/.

References

[1] W.E. LorenserandH. E. Cline. Marchingcubes:A highresolu-
tion 3D surfaceconstructioralgorithm. ComputerGraphics 21,
4,pagesl63-169,1987.

[2] R.A. Drebin, L. Carpenterand P. Hanrahan. Volume rendering.
ComputeiGraphics(SIGGRAPHS88 Proceedings)22,pagess5—
74,1988.

[3] M. Levoy. Display of surfacesfrom CT data. IEEE Computer
Graphicsand Application 8(5):29-37,1988.

[4] N. Max. Optical Modelsfor Direct Volume Rendering.Journal
IEEE Transactionn Visualizationand ComputeiGraphics Vol.
1,No. 2, pages99-108,1995.

[5] G.SakasM. Grimm, andA. Savopoulos. OptimizedMaximum
Intensity Projection(MIP). Wborkshopon RenderingTechniques
pages51-63,1995.

[6] Y. Sato, N. Shiraga,S. Nakajima, S. Tamura,and R. Kikinis.
LMIP: Local Maximum Intensity Projection. Journal of Com-
puterAssistedlomayraphy, Vol. 22,No. 6, 1998.

[7] T. TotsukaandM. Levoy. Frequeng Domain Volume Render
ing. Proceeding€omputerGraphics,AnnualConfeenceSeries
page71-2781993.



8]

[0

(10]

[11]

(12]

(13]

[14]

[15]

[16]

& CT Viewer

~ Rezolution

X:lﬁ

Y:Iﬁ

Z:lﬁ

head256.den

— Rendering parameters

opacity scaling:l 1282

threshald: I

55 |

- Statistics

frames/second: |3. 824

IU.'IBSTI

Data reduction rate:

Histogram:

Figure6: Thegraphicsinterfaceof the application.

L. LippertandM. H. Gross.FastWaveletBasedvVolumeRender
ing by Accumulationof TransparenfTexture Maps. Computer
Graphics Forum (ProceedingsEUROGRAPHICS'95), pages
431-4431995.

T. Saito and T. Takahashi. ComprehensibleRenderingof 3-
D Shapes. ComputerGraphics (SIGGRAPH90 Proceedings)
pagesl97-206,1990.

T. Saito. Real-timepreviewing for volumevisualization. Sympo-
siumon VolumeVisualization pages99-106,1994.

J.Lansdovn andS. Schofield. Expressie Rendering:A Review
of Non-PhotorealistidechniqueslEEE ComputerGraphicsand
Applications Vol. 15, No. 3, page29-37,1995.

G. KindlmannandJ. W. Durkin. SemiAutomatic Generatiorof
TransferFunctionsfor Direct Volume Rendering. IEEE Sympo-
siumon VolumeMsualization'98, pages79-86,1998.

V. L. Interrrante. lllustrating Surface Shapein Volume Datavia
Principal Direction-Driven 3D Line Integral Convolution. Com-
puter Graphics (SIGGRAPH97 Proceedings)pages109-116,
1997.

S. Fang, T. BiffecomeandM Tuceryan. Image-Basedransfer
FunctionDesignfor Data Explorationin Volume Visualization.
IEEE Misualization'98, pages319-326,1998.

I. Fujishiro, T. AzumaandY. Takeshima. Automating Transfer
Function Designfor Comprehensiblé/olume RenderingBased
on 3D Field Topology Analysis. |IEEE VMisualization'99, pages
467-470,1999.

G. Elber Interactve Line Art Renderingof FreeformSurfaces.
ComputerGraphicsForum (Proceeding€EUROGRAPHICS99),
pagesl—12,1999.

[17]

(18]

[19]

[20]

[21]

PhilippeLacrouteandMarcLevoy. Fastvolumerenderingusinga
sheaswarpfactorizatiorof theviewing transformationComputer
Graphics(SIGGRAPH94 Proceedings)pagest51-457,1994.
L. Szirmay-Kalos(editor). Theoryof Three DimensionalCom-
puterGraphics AkademiaKiadd, Budapest1995.

L. NeumannB. Csbfalvi, A. Konig, E. Groller. GradientEsti-
mationin Volume Datausing4D Linear Regression. Computer
Graphics Forum (ProceedingsEUROGRAPHICS2000) pages
351-3582000.

A. Konig andE. Groller. MasteringTransferFunctionSpecifica-
tion by using VolumeProTechnology Tecnical ReportTR-186-
2-00-07,Institute of ComputerGraphicsand Algorithms,Vienna
University of Technolagy, 2000.

D. Ebert and P Rheingans. Volume lllustration: Non-
PhotorealistidRenderingof Volume Data. Proceedingf IEEE
Visualization200Q pagesl95-2022000.



Figure7: A CT scanof ahumanheadrenderedisingthe bubblemodel(a, c) andthe combinedmodel(b, d).
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