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Abstract

In theareaof volumevisualizationthecell projectiontechniqueis
usedwidely to displayunstructuredtetrahedralgrids. In this field,
the pre-integrationof the ray integral hasproven to be a powerful
methodfor thedisplayof tetrahedralgridswith high quality andat
interactive framerates.Besidestheactualperformanceof thepro-
jectedtetrahedraalgorithmof Shirley andTuchman,thedegreeof
interactivity is alsolimited by theupdaterateof thepre-integrated
ray integralandtheperformanceof thegraphicscardathighscreen
resolutions.In order to widen thosetwo bottlenecks,we propose
a hardware-acceleratedpre-integration approachand a rendering
methodwhich appliesstandard2D texture mappinginsteadof the
previously used3D texturing. As a result, the updaterateof the
transferfunction is increasedby almosta factor of hundredand
the rasterizationof the tetrahedrais spedup by up to a factorof
threewithout degradingaccuracy. As a sideeffect, pre-integrated
unstructuredvolumerenderingcanbe utilized on a broaderrange
of graphicsplatforms,sincethe supportof 2D texture mappingis
muchmorecommon. In summary, our two-stepapproachgreatly
increasesthe interactivity of unstructuredpre-integratedvolume
renderingallowing for a muchwider areaof application.

1 Introduction and Related Work

In orderto displayunstructuredtetrahedralgrids,thecell projection
techniqueis usedvery widely in theareaof volumevisualization.
In the literaturemany other methodsare known for volume ren-
dering [Drebin et al. 1988] of unstructuredtetrahedralgrids such
as ray tracing [Kajiya 1984], scanline algorithms[Westermann
andErtl 1997; Fariaset al. 2000] or hardware acceleratedarchi-
tectures[King et al. 2001]. In this paper, however, we will concen-
tratesolelyonenhancingtheprojectedtetrahedra(PT)algorithmof
Shirley andTuchman[Shirley andTuchman1990; Wilhelms and
vanGelder1991;Williams et al. 1998],which althoughpublished
morethantenyearsbackstill hasgreatpotentialfor improvement.

The pre-integrationtechnique[Max et al. 1990; Roettgeret al.
2000]hascontributedsignificantlyto thePT algorithm. By means�
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of pre-integrating the three-dimensionalray integral high quality
visualizationsof unstructuredtetrahedralgrids can be achieved.
Previousvolumerenderingapproachesbasedon the PT algorithm
were only able to support linear transfer functions [Stein et al.
1994] without introducingsevere artifacts. Actual pre-integrated
volumerenderingapproachescancopewith arbitrarytransferfunc-
tions.For this purpose,thepre-integratedray integral is storedin a
3D texturewhich canbemappedefficiently ontothetetrahedraus-
ing graphicshardware[Roettgeret al. 2000](seealso[Engelet al.
2001]asanexampleof pre-integratedvolumerenderingon regular
meshes).

However, the numericalpre-integrationof the ray integral con-
sumesa fair amountof preprocessingtime. Thus, interactive up-
datesof the transferfunction are not yet possiblein order to ex-
plore unstructuredtetrahedraldata setscomfortably. As a first
steptowardsmoreinteractivevolumerenderingof tetrahedralgrids,
we presenta new techniquewhich is able to recalculatethe pre-
integratedray integral at interactive rates. In comparisonto stan-
dardsoftwarepre-integration,a significantspeedup is achievedby
calculatingall the colorsandopacitiesof one3D texture slice in
parallel using the graphicshardware. Therefore,the approachis
calledhardware-acceleratedpre-integration.

As asecondsteptowardsimprovedinteractivity, weshow how to
speedup thetherasterizationof theprojectedtetrahedra,whichbe-
comesthemainlimiting factorat high screenresolutions.Thepre-
viouslyutilized3D texturemappingapproach[Roettgeretal. 2000]
suffersfrom areducedrasterizationperformance,sincemostgraph-
ics hardwareis optimizedfor 2D texturemappingonly. In orderto
accountfor this, we transformthe three-dimensionalray integral
into a cylindrical coordinatesystem.In this systemthe rasterized
pixels of eachsingletetrahedronlie on a planegoing throughthe
maincylinder axis. Theseplanescanbeeasilyarrangedinto a set
of 2D texturesby effectively resamplingthepre-integratedray in-
tegral in thecylinder coordinatesystem.Without lossof accuracy,
thetetrahedracannow berenderedusingthemuchfaster2D texture
mapping. As a sideeffect, the methodis compatiblewith almost
every graphicsacceleratoravailabletoday. Thus,a muchbroader
rangeof graphicsplatformsis supportedthanwith 3D texturemap-
ping.

2 Cell Projection

In this sectionwe give a brief summaryof thecell projectiontech-
niquewhichis thebasisof ournew proposedmethods.Basically, an
unstructuredtetrahedralmeshis visualizedby sortingeachtetrahe-
dralcell with respectto visibility. After that,thecellsarecomposed
(blended)in a backto front fashion.Efficient visibility sortingal-
gorithmshave beenstudiedin depthin theliterature.As a starting
point, we refer the readerto [Williams 1992] and [Combaet al.
1999].For theremainderof this paper, it is supposedthatthemesh
is alreadysortedwith respectto visibility. Theneachcell is pro-



jectedinto screenspacecoordinatesresultingin eitherthreeor four
triangles� dependingon theorientationof the tetrahedron(seeFig-
ure1). Theseprojectedtrianglesareplacedarounda“thick” vertex
in the center. They canbe renderedandcomposedefficiently us-
ing standardgraphicshardware,which is themainadvantageof the
algorithm.

l>0

l =0
Sf = Sb

Figure1: Decompositionof aprojectedtetrahedroninto eitherthree
or four trianglesplacedarounda “thick” vertex in thecenter(black
dot). Themeaningof theparametersSf , Sb, and l is illustratedin
Figure2.

Using the volume density optical model of Williams et
al. [Williams andMax 1992] (seealso[Max 1995]) thecolor and
opacityof eachpixel of theprojectedtetrahedrais a functionof the
threeparametersSf , Sb, and l , which are the scalarvaluesat the
entry andtheexit point of eachray segmentandthe lengthof the
ray segment,respectively (seeFigure2). For a given scalarden-
sity function f � f � x � y� z� , thechromaticityvectorκ � κ � f � x � y� z���
andthescalaropticaldensityρ � ρ � f � x � y� z��� arethetransferfunc-
tions of this model. The threeparametersSf , Sb, and l definethe
domainof thethree-dimensionalray integral which is givenasthe
integratedchromaticityC3D andtheintegratedtransparency α3D:

Sl � u�	� Sf 
 u
l
� Sb � Sf � (1)

C3D � Sf � Sb � l �	� � l

0
e
�� v

0 ρ � Sl � u��� duκ � Sl � v��� dv (2)

α3D � Sf � Sb � l �	� 1 � e
�� l
0 ρ � Sl � u��� du (3)
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l

Figure 2: Intersectionof the viewing ray with a tetrahedron:Sf
andSb arethescalarvaluesof thefront andbackface,respectively.
Thelengthof theraysegmentis denotedby l .

For a constantchromaticityvectoranda linear optical density
theray integralsimplifiesto thesolutionfoundby Steinetal. [Stein
et al. 1994]. As proposedby Roettgeret al. [Roettgeret al. 2000],
arbitrary transfer functions can be applied by first setting up a
3D texturewhich containstheintegratedchromaticityC3D andthe
integratedtransparency α3D. Secondly, thethreeparametersSf , Sb,
andl serveastexturecoordinatess, t, andr assignedto eachvertex
of the projectedtriangles. At the silhouetteof a projectedtetra-
hedron,for example,the lengthof eachray segmentis zero,thus
the texture coordinater is set to zero at the silhouettevertices.
Within eachtetrahedronthescalarvaluesareinterpolatedlinearly.
For obvious geometricalreasonsthesameis true for the lengthof
theray segment.Sincethetexturecoordinatesareinterpolatedlin-
earlywithin eachtetrahedron,it is straightforwardto seethateach
pixel is rasterizedwith the correctcolors and opacitiesobtained
from thepre-integrated3D texturemap.For eachcompositingstep
thecolor I � of a pixel is calculatedfrom thepreviouscolor I in the
framebuffer usingthefollowing blendoperationwith backto front
sorting:

I � : � C3D 
 � 1 � α3D ��� I (4)

3 First Step: Hardware-Accelerated Pre-
Integration

As a first steptowardsmoreinteractive pre-integratedvolumeren-
dering,we discusshow to speedup pre-integrationin this section.
Priorto rendering,thethree-dimensionalrayintegralhasto becom-
putedin a preprocessingstep. Analytical solutionsareknown for
simpletransferfunctionssuchasa linear optical density. For the
usualdefinitionof thetransferfunctionasalookuptableconsisting
of m entries,a time consumingnumericalintegrationis necessary.
Thetimespentby thenumericalintegrationdependsby anorderof
fourontheresolutionof the3D texturesasshown below. Therefore,
the computationof a pre-integrated3D texture with, for example,
2563 voxelsrequiresfar toomany operationsto achieve interactive
updaterateswith standardsoftware integration. As a solution to
this problem,we proposeto utilize graphicshardware in order to
speedup thepre-integrationof theray integral.

The three-dimensionalray integral is integrated numerically
by iterating over the threeparametersSf , Sb and l in the range�
0 � 1��� � 0 � 1��� � 0 � lmax� . For eachevaluationof theintegralwesam-

ple the transferfunction n times. The numberof necessarysam-
plesshouldbegreateror equalto thenumberof touchedentriesin
the lookup table. Therefore,the total numberof integrationsteps
dependsby an order of four on the resolutionof the 3D texture.
For eachnumericalintegration stepwe usethe approximationof
Steinet al. [Steinet al. 1994]whichassumesthechromaticityvec-
tor to beconstant.Sincethisassumptiondoesnotholdfor alinearly
interpolatedlookuptableweoversampleby a factorof o to achieve
moreaccurateresults.Fromempiricalstudiesanoversamplingfac-
tor of o � 2 is regardedto be sufficient for the describedtype of
transferfunction. Thus,theminimumnumberof samplesper inte-
grationis n ��� 2m�Sf � Sb � � . The emissionandabsorptionof the
light on its way alongeachray segmentis integratednumerically
by repeatedlyevaluatingthe following formulan times. Thefinal
resultingRGBA color vectoris storedin a 3D texturemap,which
is denotedby T3D � Sf � Sb � l ����� C3Dn  1 � α3Dn  1 � with θ � 1 � α:

w � Sb 
 i
n � 1

� Sf � Sb �!� i � 0 ��"�"�"�� n � 1 (5)

C3Di # 1 � C3Di e
 l
n ρ � w� 
 l

n
κ � w�$� C3D0 ��� 0 � 0 � 0� (6)

θ3Di # 1 � θ3Di e
 l
n ρ � w� � θ3D0 � 1 (7)
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Figure3: Hardware-acceleratedpre-integration: First, the transfer
functionis storedin a1D texturemap.Thenn rectanglesaredrawn
andblendedwith the texturecoordinates assignedin thedepicted
fashion.

In orderto speedupthenumericalcalculationof theray integral,
we rearrangethenestingof thefour loops,suchthatthetwo inner-
mostloopsiterateover Sf andSb. Now, texturemappinghardware
canbeusedto substitutethe two inner loops. This leadsto anap-
proachwhich effectively integratesthecolorsandopacitiesof one
3D textureslicein parallel.Sinceall voxelsof asliceareintegrated
simultaneouslywe usethe upperboundn � o " m as the number
of samples.For eachslice with l � const, we needtwo rendering
passesto calculateboth the RGB andthe alphacomponentof the
voxels. For the RGB componentof the voxels, the frame buffer
is initially set to � 0 � 0 � 0� and the transferfunction is storedin a
1D texture:

T1D � s�%�&� l
n

κ � s�!� 1 � e
 l
n ρ � s� � (8)

Thenn rectangleswith a sizeequalto theresolutionof the3D tex-
ture slicesare renderedand blendedinto the frame buffer. The
texture coordinates is setaccordingto Figure3 ensuringthat the
RGBA color of eachrenderedpixel correspondsto thecolor at po-
sition s � w of the transferfunction. For the alphacomponentof
thevoxels,we proceedasdescribedabove, exceptthatwe usethe
primarycolor � 0 � 0 � 0 � 1� to modulatethe1D texture.After initializ-
ing the framebuffer to � 1 � 1 � 1� the transparenciesθ arecalculated
in all threeRGBchannels.If thegraphicshardwaresupportsblend-
ing with a constantcolor thenthetwo passescanbecombinedinto
a singleoneby usingthe constantblendingcolor (1,1,1,0)in the
sourcepath,which resultsin the calculationof the transparencies
in theα-channelof theframebuffer. As thefinal step,thecontents
of theframebuffer aretransferredbackintomainmemoryor copied
directly into a 3D texturemapresidingin dedicatedgraphicsmem-
ory. In orderto illustratetheprogressof thehardware-accelerated
pre-integration (of the RGB component),four intermediatesteps
from anumericalintegrationwith a totalof n � 128samplingsteps
areshown in Figure4. Thefinal resultcanbeseenon theleft side
of Figure5. Theappliedtransferfunctionconsistedof 64 entries,
whichcanbeseenbesidestheimagesin Figure4.

The numberof integrationstepsandthe bit depthof the frame
buffer limit theaccuracy of theintegration.While SGIworkstations
support12bitsperchannelandachievegoodintegrationquality for
transferfunctionsof upto 256entries(seealsoTable1), currentPC
graphicshardwaresupportsa maximumof 8 bits perchannel.Us-
ing thepixel shadersof theNVIDIA GeForce3or theATI Radeon
8500graphicsacceleratorseveralintegrationstepscanbecombined

Figure4: The RGB contentsof the framebuffer after 16, 48, 80,
and112 integrationstepsout of a total of 128 steps.The applied
transferfunctionsκ � S� andρ � S� aredepictedbesidestheimages.

takingadvantageof theincreasedinternalaccuracy of thegraphics
accelerators.In thecaseof theGeForce3,the threeavailablegen-
eralcombinersareutilizedto computethreestepsof theintegration
with 12 bits of internalaccuracy. Thefinal combineris configured
to performanotherintegrationstep.Theprecisiongainis therefore
equivalent to reducingthe numberof integrationstepsby a factor
of 4. Besidestheimprovedaccuracy, this multi-texturing approach
is approximatelytwice asfastassingle-texturing.

The RMS (root mean square) deviation of our hardware-
acceleratedapproachfrom standardnumericalintegrationis given
in Table 1. Framebuffer depthsof 12 bits per channelor mul-
tiple integration stepsat onceallow us to use transferfunctions
of up to 256 or 128 entries,respectively. Beyond that limit the
qualityof thehardware-acceleratedintegrationis not sufficient,be-
causequantizationartifactsbecomevisible. Transferfunctionswith
moreentriesrequirea framebuffer depthof 16 bits per channel,
which currentlyis supportedonly on SGI Octane2andOnyx plat-
forms. Sincethe quality gain achieved by oversamplingis small
comparedto thequality lossof twice thenumberof samplingsteps
we chooseo � 1 for hardware-acceleratedpre-integration. As an
exampleof the quantizationartifactswhich arisewith insufficient
framebuffer depths,theright imagein Figure5 shows theresultof
ahardware-acceleratedpre-integrationusing1024integrationsteps
and12 bitsperchannel.

12 bitsperchan. RMS error max.error
steps=32 0.1348% 13.9828%
steps=64 0.1515% 13.9661%

steps=128 0.2445% 13.8732%
steps=256 0.4565% 14.4455%
steps=512 0.9102% 19.8741%

steps=1024 1.8131% 24.0693%
8 bitsperchan. RMS error max.error

steps=32 1.1050% 18.5028%
steps=64 2.0477% 27.3640%

steps=128 3.4929% 43.9580%
steps=256 5.0901% 70.5962%

Table 1: Integration accuracy of our hardware-acceleratedpre-
integration approach:The RMS error is given in comparisonto
standardsoftwarepre-integration. The deviationswerecalculated
on a SGI OctaneMXI with 12 bits per channelandon a PC with
NVIDIA GeForce3and8 bits perchannelfor thetransferfunction
depictedin Figure4.

In comparisonto standardnumericalpre-integration our pro-
posedhardware-acceleratedpre-integration techniqueachieves a
speedupof approximately70-100,dependingonthesizeof thecal-
culated3D texture(seeTable2). For a3D texturewith 64 � 64 � 32
voxels theupdaterateis 5.5Hertzon a SGI OctaneMXI with 250
MHz MIPS R10K processor. Two passesfor thecolorsandopaci-
tiesarerequiredon this platform,sincetheSGI OctaneMXI only
supportsan RGB but no RGBA visual with 12 bits per channel.
This limitation is notpresentonSGIOnyx systems.



Figure5: Left: The result of a pre-integration with 128 integra-
tion stepsusing12 bits perchannelon a SGI OctaneMXI. Right:
Quantizationartifactsbecomevisibleat 1024integrationsteps.

64 � 64 � 32 time steps speedup
softwareint. 13.499s 1-64 –
hardwareint. 0.188s 32 71.80
128� 128� 64 time steps speedup
softwareint. 216.204s 1-128 –
hardwareint. 2.859s 64 75.62

256� 256� 128 time steps speedup
softwareint. 3413.444s 1-256 –
hardwareint. 35.550s 128 96.01

Table2: Performancecomparisonof thestandardsoftwareandthe
hardwarepre-integrationapproachon a SGI OctaneMXI with 250
MHz MIPSR10Kprocessor. For comparability, thenumberof inte-
grationstepswaschosensuchthateachmethodperformsthesame
numberof stepson theaverage.

4 Second Step: Cylindrical Mapping of
the Ray Integral

As a secondsteptowardsmore interactive pre-integratedvolume
renderingof unstructuredgrids,we proposeto speedup rasteriza-
tion of thetetrahedraby usinga cylindrical mappingof theray in-
tegral. For high screenresolutionstherasterizationperformanceof
thegraphicscardbecomesalimiting factorfor unstructuredvolume
rendering. Sincethe approachof Roettgeret al. [Roettgeret al.
2000] relies on 3D textureswhich containthe pre-integratedray
integral, actualimplementationsof the algorithmarerestrictedto
graphicshardwarewhichsupports3D texturesefficiently.

However, actualgraphicshardwareperformsmuchslower when
using3D texturesinsteadof standard2D textures. This is dueto
additionaltexturememoryaccessesandareducedtexturecacheco-
herency. In orderto overcomethis restriction,we seekto find a so-
lution whichutilizes2D texturesratherthantheslower3D textures.
Weattainthis goalby first consideringthefollowing observation:

Observation: At thesilhouetteof eachprojectedtetrahedronthe
lengthof theray segmentsis zeroandthescalarvaluesat thefront
andthebackfaceareequal(compareFigure1).

For this reason,the rasterizedpixels of the silhouettelie on
the front diagonalof the pre-integrated3D texture (seeFigure6).
For thesamereason,all rasterizedpixels of the tetrahedronlie on
a planedefinedby the front diagonaland the parametersSf , Sb,
andl ' 0 assignedto thethick vertex of theprojectedtetrahedron.

For convenience,we shearthe texture coordinatesystemsuch
that the front diagonalbecomesthe vertical axis of our new co-
ordinatesystemdefinedby thebasevector � Sf � Sb � Sb � l � (seeFig-
ure7). Next, thenew coordinatesystemis transformedinto cylinder
coordinateswith thefront diagonalbeingthecylinderaxisandα (�
0)*� 180)+� beingtherotationalparameter. In this coordinatesystem

Sb

Sf

l

Figure6: The rasterizedpixels (dark grey) of a projectedtetrahe-
dronlie onaplane(light grey) definedby thefront diagonalandthe
parametersSf , Sb, andl assignedto thethick vertex (blackdot).

Sb

Sf-Sb

α

s

t

cylinder axis

l

Figure7: Shearedcylindrical representationof theray integral: All
rasterizedpixelsof a tetrahedronlie onacylinderplane(grey trian-
gle)with α � const.

therasterizedpixelsof a tetrahedronlie ona planewith α � const.
For eachprojectedtetrahedronthethree-dimensionalray integral is
reducedto a two dimensionalintegral in shearedcylinder coordi-
nates.

Insteadof computingatwo-dimensionaltablefor eachprojected
tetrahedron,we resampletheray integral at equidistantvaluesof α
andreconstructtheexactcolorsandopacitiesof eachcylinderplane
by linearinterpolationof thetwo nearestresampledplanes.Eachof
theseresampledplanesis storedasa 2D texturemapin dedicated
graphicsmemory. Thelinearinterpolationof theresampledplanes
canbe performedefficiently by the graphicshardwareusingtwo-
passmulti-texturing.

Sincethe 2D textureshave different sizeandshapefor differ-
ent valuesof α, a lot of texture memory would be wastedby
scaling up to the next power of two. Also, costly trigonomet-
ric evaluationswould be requiredfor the mappingto the cylin-
der coordinatesystem. Instead,we choosea similar “cylindri-
cal” mapping,which producesequallysizedtexturesby orthogo-
nally projectingthecylinder planesonto thenearestplanedefined
by α � 0),� 90) , or 180) . Assumingnormalizedtexture coordi-
nates(α � s� t � Sf � Sb � l ( � 0 � 1� ), the pre-integratedray integral is re-
sampledinto a setof square2D textureswith the sameresolution
asthe3D textureusingthefollowing mapping:



f : � α � s� t �%-. � Sf � Sb � l � (9)

α ( � 0 � 0 / 25� : � t 
 s� t � 4αs�
α ( � 0 / 25� 0 / 5� : � t 
 4 � 0 / 5 � α � s� t � s�
α ( � 0 / 5 � 0 / 75� : � t � 4 � α � 0 / 5� s� t � s�

α ( � 0 / 75� 1� : � t � s� t � 4 � 1 � α � s�
While renderingthetetrahedra,theparametersSf , Sb andl have

to betransformedinto “cylinder” coordinatesin orderto choosethe
appropriatetwo texturesnext to α andto setthe2D texturecoordi-
natess andt at theprojectedvertices.At thesilhouetteverticesthe
texturecoordinatesarejust � 0 � Sb � . Theadditionaloverheadfor the
“thick” vertex is at mostonedivision, onemultiplication,andtwo
subtractions:

f 
 1 : � Sf � Sb � l ��-. � α � s� t � (10)

Sf � Sb '0� 0 1 l 23� Sf � Sb : � l
4 � Sf 
 Sb � � Sf � Sb � Sb �

Sf � Sb '3� 0 1 l ' Sf � Sb : � 0 / 5 � Sf 
 Sb

4l � l � Sb �
Sf � Sb 2 0 1 l '3� Sb � Sf : � 0 / 5 
 Sb 
 Sf

4l � l � Sb �
Sf � Sb 2 0 1 l 2 Sb � Sf : � 1 � l

4 � Sb 
 Sf � � Sb � Sf � Sb �
In order to reconstructthe original pre-integrated3D tableex-

actly, thenumberof “cylinder” planesmustbe four timesthe res-
olution of the 3D texture. In mostcases,however, the numberof
planescanbereducedby afactorof two or four without introducing
visible artifacts. In the lattercasethememoryconsumptionof the
2D texturesis thesameasthememoryconsumptionof theoriginal
3D texture. By combiningtwo of the triangularshapesinto a sin-
glequadrilateralthetexturememoryconsumptioncouldbereduced
further.

3dfx 3D texture 2D multi-texture speedup
Voodoo32000 – 8.9fps –
NVIDIA 3D texture 2D multi-texture speedup
GeForce2MX – 33.8fps –
GeForce3 47.6fps 79.0fps 66%
ATI 3D texture 2D multi-texture speedup
Rage128M3 – 5.5fps –
Radeon7200 13.0fps 30.6fps 235%
Radeon8500 33.8fps 38.2fps 13%
SGI 3D texture 2D texture speedup
OctaneMXI 8.5fps 12.7fps 49%
Octane2V8 11.4fps 32.2fps 282%
Onyx 3000 11.3fps 24.1fps 213%

Figure 8: Performancemeasurements:3D texturing versustwo-
pass2D multi-texturing (single2D texturewith nearestneighbour
interpolationonSGIplatforms).

For eachrenderedtetrahedronthe α-parameteris usually dis-
tinct. Switching to the appropriatetexturesfor eachtetrahedron
causessignificantoverheadfor texture statemanagement.A so-
lution to minimize this overheadis to arrangethe resampledtex-
turesinto onelargetiled texture. In Figure9 eightslicesof a pre-
integrated3D texturearedisplayedfor anexampletransferfunction
which consistedof four interleaved orangeandblue regionswith
constantopacity. The correspondingtiled 2D texture is given in
Figure10.

Figure9: Eight sliceswith increasingray segmentlength l from a
pre-integrated3D texturewith 643 voxels. Thetransferfunctionis
shown besidestheimages.

Figure10: Tiled “cylindrical” representationof the pre-integrated
3D textureshown in Figure9 using64 “cylinder” planeswith a tile
sizeof 642 pixels. The tile in the left bottomcornercorresponds
to α � 0) andthetile in theright top cornerto α � 180) .

By meansof the describedtwo-passmulti-texturing approach
pre-integratedunstructuredvolumerenderingcanbe utilized on a
muchbroaderrangeof graphicsplatforms.For example,it canbe
utilized on an Apple iBook with Rage128 Mobility M3 graphics
chip which hasno supportfor 3D texturing (seeFigure12 which
shows a bonsai[RoettgerandThomandl2000]renderedon anAp-
ple iBook).

On platformsthatsupport3D texturing the rasterizationperfor-
manceis improved by up to an factor of three. The experimen-
tal measurementsin Table8 have beenconductedby renderinga
sphericaldistancevolume (depictedin Figure 11) with both the
3D texture from Figure9 andthe two-dimensionalanaloguefrom
Figure10. Thedistancevolumeconsistedof only 2560tetrahedra
sothattherasterizationof thetetrahedrawasthemainlimiting fac-
tor. This wastrue even for the comparablysmall window sizeof
512 � 384pixels.

5 Conclusion

The describedenhancementswiden the two main bottlenecksof
pre-integratedvolumerenderingof unstructuredgrids,namelythe
slow updaterateof thepre-integratedray integralandthepoorren-
deringperformanceathighscreenresolutions.As aconsequenceof
the proposedhardware-acceleratednumericalpre-integration, the
transferfunction can be manipulatedinteractively to explore un-
structureddatasetscomfortably. In comparisonto previous ap-
proachesthe updateratewas spedup by a factor of almost100.



Figure11: Sphericaldistancevolumerenderedwith aninterleaved
orangeandbluetransferfunctionwhich is shown besides.

The rasterizationperformance,which is the main bottleneckat
high screenresolutions,was increasedsignificantly by utilizing
2D multi-texturing insteadof thepreviously applied3D texturing.
As a welcomesideeffect, a muchbroaderrangeof graphicsplat-
formsis supportedby our 2D multi-texturing approach.This is an
importantimprovementfor thepracticalapplicationandthe inter-
active usabilityof pre-integratedunstructuredvolumerendering.
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