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Abstract

In the areaof volumevisualizationthe cell projectiontechniqueis

usedwidely to displayunstructuredetrahedrabrids. In this field,

the pre-intgration of the ray integral hasprovento be a powerful

methodfor the displayof tetrahedragridswith high quality andat

interactve framerates.Besideghe actualperformanceof the pro-

jectedtetrahedralgorithmof Shirley and Tuchman the degreeof

interactvity is alsolimited by the updaterateof the pre-integrated
ray integral andthe performancef thegraphicscardat high screen
resolutions.In orderto widen thosetwo bottleneckswe propose
a hardvare-accelerateg@re-intggration approachand a rendering
methodwhich appliesstandard?D texture mappinginsteadof the

previously used3D texturing. As a result,the updaterate of the

transferfunction is increasecby almosta factor of hundredand
the rasterizationof the tetrahedras spedup by up to a factor of

threewithout degradingaccuray. As a side effect, pre-integrated
unstructuredsolume renderingcan be utilized on a broaderrange
of graphicsplatforms,sincethe supportof 2D texture mappingis

much more common. In summary our two-stepapproachgreatly
increasegshe interactvity of unstructuredpre-integrated volume
renderingallowing for amuchwider areaof application.

1 Introduction and Related Work

In orderto displayunstructuredetrahedragrids,thecell projection
techniqueis usedvery widely in the areaof volumevisualization.
In the literature mary other methodsare known for volume ren-
dering [Drebin et al. 1988] of unstructuredetrahedralgrids such
as ray tracing [Kajiya 1984], scanline algorithms[Westermann
and Ertl 1997; Fariaset al. 2000] or hardware acceleratedarchi-
tecturegKing etal. 2001]. In this paper however, we will concen-
tratesolelyon enhancingheprojectedetrahedrgPT) algorithmof
Shirley and Tuchman[Shirley and Tuchman1990; Wilhelms and
van Gelder1991; Williams et al. 1998], which althoughpublished
morethantenyearsbackstill hasgreatpotentialfor improvement.
The pre-intgrationtechniquelMax et al. 1990; Roettgeret al.
2000] hascontritutedsignificantlyto the PT algorithm. By means

* http://wwwis.informatik.uni-stuttgart.de

of pre-intgrating the three-dimensionatay integral high quality
visualizationsof unstructuredtetrahedralgrids can be achieved.
Previous volumerenderingapproachedasedon the PT algorithm
were only able to supportlinear transferfunctions [Stein et al.
1994] without introducing severe artifacts. Actual pre-intgrated
volumerenderingapproachesancopewith arbitrarytransferfunc-
tions. For this purposethepre-intgratedray integral is storedin a
3D texturewhich canbe mappedefficiently ontothetetrahedrais-
ing graphicshardware[Roettgeret al. 2000] (seealso[Engel et al.
2001]asanexampleof pre-intgratedvolumerenderingon regular
meshes).

However, the numericalpre-intgration of the ray integral con-
sumesa fair amountof preprocessingime. Thus,interactie up-
datesof the transferfunction are not yet possiblein orderto ex-
plore unstructuredtetrahedraldata sets comfortably As a first
steptowardsmoreinteractve volumerenderingof tetrahedragrids,
we presenta new techniquewhich is able to recalculatethe pre-
integratedray integral at interactive rates. In comparisorto stan-
dardsoftwarepre-intgration,a significantspeedupis achieved by
calculatingall the colors and opacitiesof one 3D texture slice in
parallel using the graphicshardware. Therefore,the approachis
calledhardware-accelerategre-integration.

As asecondsteptowardsimprovedinteractvity, we shaw how to
speedip thetherasterizatiorof the projectedtetrahedrawhich be-
comesgthemainlimiting factorat high screerresolutionsThe pre-
viously utilized 3D texturemappingapproactRoettgeretal. 2000]
suffersfrom areducedasterizatiorperformancesincemostgraph-
ics hardwareis optimizedfor 2D texture mappingonly. In orderto
accountfor this, we transformthe three-dimensionatay integral
into a cylindrical coordinatesystem. In this systemthe rasterized
pixels of eachsingletetrahedrorlie on a planegoing throughthe
main cylinder axis. Theseplanescanbe easilyarrangednto a set
of 2D texturesby effectively resamplingthe pre-intgratedray in-
tegral in the cylinder coordinatesystem.Without lossof accurag,
thetetrahedraannow berenderedisingthemuchfaster2D texture
mapping. As a side effect, the methodis compatiblewith almost
every graphicsacceleratorvailabletoday Thus,a muchbroader
rangeof graphicsplatformsis supportedhanwith 3D texturemap-
ping.

2 Cell Projection

In this sectionwe give a brief summaryof the cell projectiontech-
niguewhichis thebasisof ournew proposednethodsBasically an
unstructuredetrahedrameshis visualizedby sortingeachtetrahe-
dralcell with respecto 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 paperit is supposedhatthemesh
is alreadysortedwith respecto visibility. Theneachcell is pro-



jectedinto screerspacecoordinatesesultingin eitherthreeor four
trianglesdependingon the orientationof the tetrahedror(seeFig-
urel). Theseprojectedrianglesareplacedarounda“thick” vertex
in the center They canbe renderedcand composeckfficiently us-
ing standardyraphicshardware,whichis themainadwantageof the
algorithm.

>0

Figurel: Decompositiorof aprojectedetrahedrorinto eitherthree
or four trianglesplacedarounda “thick” vertex in the center(black
dot). The meaningof the parameters, S, andl is illustratedin
Figure2.

Using the volume density optical model of Williams et
al. [Williams and Max 1992] (seealso[Max 1995]) the color and
opacityof eachpixel of theprojectedtetrahedras a functionof the
threeparameterss;, S, andl, which arethe scalarvaluesat the
entry andthe exit point of eachray segmentandthe lengthof the
ray sggment,respectiely (seeFigure 2). For a given scalarden-
sity function f = f(x,y,z), thechromaticityvectork = k(f(x,y,2))
andthescalaropticaldensityp = p(f(x,y, 2)) arethetransferfunc-
tions of this model. The threeparameters;, S,, andl definethe
domainof thethree-dimensionaiay integral which is given asthe
integratedchromaticityCsp andtheintegratedtransparencasp:

S(u)

S+ 1(S%— ) M
Can(Sr,Snl) = /O'e—fo“P@(“))d“K@(v))dv @)

asp(Sr, 1) = l—e‘féP(S(“))du 3)

4[ SfLW—J >

Figure 2: Intersectionof the viewing ray with a tetrahedron:S;
andS, arethescalarvaluesof thefront andbackface respectiely.
Thelengthof theray segmentis denotedby |.

For a constantchromaticity vector and a linear optical density
theray integral simplifiesto thesolutionfoundby Steinetal. [Stein
etal. 1994]. As proposediy Roettgeret al. [Roettgeret al. 2000],
arbitrary transfer functions can be applied by first settingup a
3D texture which containsthe integratedchromaticityCsp andthe
integratediransparencasp. SecondlythethreeparameterSy, S,
andl sene astexturecoordinates, t, andr assignedo eachvertex
of the projectedtriangles. At the silhouetteof a projectedtetra-
hedron,for example,the length of eachray segmentis zero,thus
the texture coordinater is setto zero at the silhouettevertices.
Within eachtetrahedrorthe scalarvaluesareinterpolatedinearly.
For obvious geometricakeasonghe sameis true for the length of
theray segment. Sincethetexture coordinatesreinterpolatedin-
earlywithin eachtetrahedronit is straightforwardto seethateach
pixel is rasterizedwith the correctcolors and opacitiesobtained
from the pre-intgrated3D texture map. For eachcompositingstep
thecolor |’ of a pixel is calculatedrom the previous color | in the
framebuffer usingthefollowing blendoperationwith backto front
sorting:
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3 First Step: Hardware-Accelerated Pre-
Integration

As afirst steptowardsmoreinteractive pre-intgratedvolumeren-
dering,we discusshow to speedup pre-integrationin this section.
Priorto renderingthethree-dimensionahyintegral hasto becom-
putedin a preprocessingtep. Analytical solutionsare known for
simpletransferfunctionssuchasa linear optical density For the
usualdefinitionof thetransferfunctionasalookuptableconsisting
of m entries,atime consumingnumericalintegrationis necessary
Thetime spentby the numericalintegrationdepend®y anorderof
four ontheresolutionof the3D texturesasshavn below. Therefore,
the computationof a pre-integrated3D texture with, for example,
256 voxelsrequiresfar too mary operationgo achieve interactive
updaterateswith standardsoftware integration. As a solutionto
this problem,we proposeto utilize graphicshardwarein orderto
speedup the pre-integrationof theray integral.

The three-dimensionatay integral is integrated numerically
by iterating over the three parameterss;, S, and| in the range
[0,1] x [0,1] x [0,Imay. For eachevaluationof theintegral we sam-
ple the transferfunction n times. The numberof necessargam-
plesshouldbe greateror equalto the numberof touchedentriesin
the lookup table. Therefore the total numberof integration steps
dependsby an order of four on the resolutionof the 3D texture.
For eachnumericalintegration stepwe usethe approximationof
Steinetal. [Steinetal. 1994]which assumeshe chromaticityvec-
torto beconstantSincethisassumptiordoesnotholdfor alinearly
interpolatedookuptablewe oversampléby afactorof o to achieve
moreaccurategesults.Fromempiricalstudiesanoversamplingac-
tor of 0 = 2 is regardedto be sufficient for the describedype of
transferfunction. Thus,the minimum numberof samplegerinte-
grationis n = [2m|S; — S,|]. The emissionandabsorptionof the
light on its way along eachray segmentis integratednumerically
by repeatedlyevaluatingthe following formulan times. Thefinal
resultingRGBA color vectoris storedin a 3D texture map,which
is denoteddy Tap (S, S, 1) = (Cap,,_;, 03D, ,) With8=1—a:
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Figure 3: Hardware-accelerategdre-intagration: First, the transfer
functionis storedin a 1D texturemap. Thenn rectanglesredravn
andblendedwith the texture coordinates assignedn the depicted
fashion.

In orderto speedip thenumericalcalculationof theray integral,
we rearrangehe nestingof the four loops,suchthatthetwo inner
mostloopsiterateover Sy andS,. Now, texture mappinghardware
canbe usedto substitutethe two innerloops. This leadsto anap-
proachwhich effectively integratesthe colorsand opacitiesof one
3D textureslicein parallel.Sinceall voxelsof asliceareintegrated
simultaneouslywe usethe upperboundn = o- m as the number
of samples.For eachslice with | = cong, we needtwo rendering
passedo calculateboth the RGB andthe alphacomponenbf the
voxels. For the RGB componentof the voxels, the frame buffer
is initially setto (0,0,0) andthe transferfunction is storedin a
1D texture:

Tin(s) = ('HK(s),l—e—'aMS)) @8)

Thenn rectanglesvith a sizeequalto theresolutionof the 3D tex-
ture slices are renderedand blendedinto the frame buffer. The
texture coordinates is setaccordingto Figure 3 ensuringthatthe
RGRBA color of eachrenderedixel correspondso the color at po-
sition s = w of the transferfunction. For the alphacomponenbf
the voxels, we proceedasdescribedabore, exceptthatwe usethe
primarycolor (0,0,0, 1) to modulatethe 1D texture. After initializ-
ing the framebuffer to (1,1, 1) thetransparencie® arecalculated
in all threeRGB channelslf thegraphicshardwaresupportdlend-
ing with a constantolorthenthetwo passesanbecombinednto
a single one by usingthe constantblendingcolor (1,1,1,0)in the
sourcepath, which resultsin the calculationof the transparencies
in the a-channelof theframebuffer. As thefinal step,the contents
of theframebuffer aretransferredackinto mainmemoryor copied
directlyinto a 3D texture mapresidingin dedicatedyraphicsmem-
ory. In orderto illustratethe progresof the hardware-accelerated
pre-intggration (of the RGB component) four intermediatesteps
from anumericalintegrationwith atotal of n = 128 samplingsteps
areshawn in Figure4. Thefinal resultcanbe seenon theleft side
of Figure5. The appliedtransferfunction consistecf 64 entries,
which canbe seernbesidegheimagesn Figure4.

The numberof integration stepsandthe bit depthof the frame
buffer limit theaccurag of theintegration. While SGlworkstations
supportl2 bits perchannebndachiere goodintegrationquality for
transferfunctionsof upto 256 entries(seealsoTablel), currentPC
graphicshardware supportsa maximumof 8 bits perchannel.Us-
ing the pixel shaderof the NVIDIA GeForce3or the ATl Radeon
8500graphicsacceleratoseveralintegrationstepscanbecombined

Figure4: The RGB contentsof the frame buffer after 16, 48, 80,
and 112 integration stepsout of a total of 128 steps. The applied
transferfunctionsk(S) andp(S) aredepictedbesidegheimages.

takingadwantageof theincreasednternalaccurag of the graphics
acceleratorsin the caseof the GeForce3,the threeavailablegen-
eralcombinerareutilized to computethreestepsof theintegration
with 12 bits of internalaccurag. Thefinal combineris configured
to performanothelintegrationstep.The precisiongainis therefore
equivalentto reducingthe numberof integration stepsby a factor
of 4. Besidegheimproved accurag, this multi-texturing approach
is approximatelytwice asfastassingle-texturing.

The RMS (root mean square) deviation of our hardware-
accelerate@pproacHrom standarchumericalintegrationis given
in Table1. Framebuffer depthsof 12 bits per channelor mul-
tiple integration stepsat onceallow us to usetransferfunctions
of up to 256 or 128 entries,respectiely. Beyond that limit the
quality of thehardware-accelerateititegrationis not sufficient, be-
causegjuantizatiorartifactsbecomevisible. Transferfunctionswith
more entriesrequire a frame buffer depthof 16 bits per channel,
which currentlyis supportednly on SGI OctaneZandOnyx plat-
forms. Sincethe quality gain achieved by oversamplingis small
comparedo the quality lossof twice the numberof samplingsteps
we chooseo = 1 for hardware-accelerategre-integyration. As an
exampleof the quantizationartifactswhich arisewith insuficient
framebuffer depthstheright imagein Figure5 shavs the resultof
ahardware-accelerategre-intgyrationusing1024integrationsteps
and12 bits perchannel.

12bitsperchan. || RMSerror | 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. || RMSerror | 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 accurag of our hardware-accelerategre-
integration approach: The RMS error is given in comparisonto

standardsoftware pre-integration. The deviationswere calculated
on a SGI OctaneMXI| with 12 bits per channelandon a PC with

NVIDIA GeForce3and8 bits perchanneffor the transferfunction
depictedn Figure4.

In comparisonto standardnumericalpre-inteyration our pro-
posedhardware-accelerategre-intgration techniqueachieves a
speedupf approximately70-100,dependingnthesizeof thecal-
culated3D texture(seeTable2). For a3D texturewith 64 x 64 x 32
voxelstheupdaterateis 5.5 Hertzon a SGI OctaneMXI| with 250
MHz MIPS R10K processaorTwo passedor the colorsandopaci-
tiesarerequiredon this platform, sincethe SGI OctaneMXI only
supportsan RGB but no RGBA visual with 12 bits per channel.
Thislimitation is not presenbn SGI Onyx systems.



Figure5: Left: Theresultof a pre-intgrationwith 128 integra-
tion stepsusing12 bits perchannelon a SGI OctaneMXI. Right:
Quantizatiorartifactsbecomevisible at 1024integrationsteps.

64x64x 32 time | steps | speedup
softwareint. 13.499s| 1-64 —
hardwareint. 0.188s| 32 71.80
128x128x 64 time | steps | speedup
softwareint. 216.204s| 1-128 —
hardwareint. 2.859s| 64 75.62
256x256x128 time | steps | speedup
softwareint. 3413.444s| 1-256 —
hardwareint. 35.550s| 128 96.01

Table2: Performanceomparisorof the standardsoftwareandthe

hardware pre-intggrationapproacton a SGI OctaneMXI with 250

MHz MIPS R10K processorFor comparabilitythenumberof inte-

grationstepswvaschosersuchthateachmethodperformsthe same
numberof stepsonthe average.

4 Second Step: Cylindrical Mapping of
the Ray Integral

As a secondsteptowards more interactve pre-intgratedvolume
renderingof unstructuredyrids, we proposeto speedup rasteriza-
tion of the tetrahedraby usinga cylindrical mappingof theray in-
tegral. For high screerresolutiongherasterizatiorperformancef
thegraphicscardbecomeslimiting factorfor unstructuredrolume
rendering. Sincethe approachof Roettgeret al. [Roettgeret al.
2000] relieson 3D textureswhich containthe pre-intgratedray
integral, actualimplementation®f the algorithm are restrictedto
graphicshardwarewhich supports3D texturesefficiently.

However, actualgraphicshardwareperformsmuchslowver when
using 3D texturesinsteadof standard2D textures. This is dueto
additionaltexturememoryaccesseandareducedexturecacheco-
hereng. In orderto overcomethis restriction,we seekto find a so-
lution which utilizes 2D texturesratherthantheslower 3D textures.
We attainthis goalby first consideringhe following obseration:

Observation: At thesilhouetteof eachprojectedetrahedrorhe
lengthof theray segmentsis zeroandthe scalarvaluesat the front
andthebackfaceareequal(compareFigurel).

For this reason,the rasterizedpixels of the silhouettelie on
the front diagonalof the pre-intgrated3D texture (seeFigure6).
For the samereason all rasterizedpixels of the tetrahedrorie on
a planedefinedby the front diagonaland the parameterss;, S,
andl 0 assignedo thethick vertex of the projectectetrahedron.

For corvenience,we shearthe texture coordinatesystemsuch
that the front diagonalbecomeshe vertical axis of our new co-
ordinatesystemdefinedby thebasevector(S; — S, S, 1) (seeFig-
ure7). Next, thenew coordinatesystenis transformednto cylinder
coordinatesvith thefront diagonalbeingthe cylinder axisanda
[0 ,180 ] beingtherotationalparameterin this coordinatesystem

Sh
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Figure6: Therasterizedpixels (dark grey) of a projectedtetrahe-
dronlie onaplane(light grey) definedby thefront diagonalandthe
parameterss, S, andl assignedo thethick vertex (blackdot).

> cylinder axis
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Figure7: Shearedaylindrical representatioof theray integral: All
rasterizegixelsof atetrahedrorie onacylinder plane(grey trian-
gle)with a = cong.

therasterizecpixels of a tetrahedrorie ona planewith a = cong.
For eachprojectedetrahedrornihethree-dimensionahy integralis
reducedto a two dimensionalintegral in shearectylinder coordi-
nates.

Insteadof computinga two-dimensionatablefor eachprojected
tetrahedronwe resampleheray integral at equidistantaluesof o
andreconstructheexactcolorsandopacitiesf eachcylinderplane
by linearinterpolationof thetwo nearestesampleglanes.Eachof
theseresampledglanesis storedasa 2D texture mapin dedicated
graphicsmemory Thelinearinterpolationof theresampleglanes
canbe performedefficiently by the graphicshardware usingtwo-
passmulti-texturing.

Sincethe 2D textureshave different size and shapefor differ-
ent valuesof a, 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 producesequally sizedtexturesby orthogo-
nally projectingthe cylinder planesonto the nearesplanedefined
by a = 0,90, or 180 . Assumingnormalizedtexture coordi-
nates(a, s,t,Sf,S,|  [0,1]), the pre-intggratedray integral is re-
samplednto a setof square2D textureswith the sameresolution
asthe 3D texture usingthefollowing mapping:



fi(a,st) (St,S,1) 9)
a [0,025: (t+st,4as)

a [02505: (t+4(05—a)st,s)

a [05075: (t—4(a—05)st,s)
a [0751: (t—st,4(1—0a)s)

While renderingthetetrahedrathe parameter$;, S, andl have
to betransformednto “cylinder” coordinatesn orderto choosehe
appropriatewo texturesnext to a andto setthe 2D texture coordi-
natess andt attheprojectedvertices.At thesilhouetteverticesthe
texturecoordinatesirejust (0, S,). Theadditionaloverheador the
“thick” vertex is at mostonedivision, onemultiplication,andtwo
subtractions:

(S S (a,5) (10)
Si-% =01 =S5-%: (5-5)5 59
Si-% =01 S-%:  (05-T3215)
S-% 01 =%-§ 05+ 2% 1,5
S—% 01 S-S (175575 5%

In orderto reconstructhe original pre-intggrated3D table ex-
actly, the numberof “cylinder” planesmustbe four timestheres-
olution of the 3D texture. In mostcaseshowever, the numberof
planescanbereducedy afactorof two or four withoutintroducing
visible artifacts. In the latter casethe memoryconsumptiorof the
2D texturesis the sameasthe memoryconsumptiorof the original
3D texture. By combiningtwo of the triangularshapesnto a sin-
gle quadrilaterathetexturememoryconsumptiorcouldbereduced
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
Ragel128M3 - 5.5fps -
Radeori7200 13.0fps 30.6fps 235%
Radeor8500 33.8fps 38.2fps 13%
SGl 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: Performancemeasurements3D texturing versustwo-
pass2D multi-texturing (single 2D texture with nearesneighbour
interpolationon SGl platforms).

For eachrenderedtetrahedrorthe a-parametelis usually dis-
tinct. Switching to the appropriatetexturesfor eachtetrahedron
causessignificantoverheadfor texture statemanagement.A so-
lution to minimize this overheadis to arrangethe resampledex-
turesinto onelargetiled texture. In Figure9 eightslicesof a pre-
integrated3D texturearedisplayedor anexampletransferfunction
which consistedof four interleaved orangeand blue regions with
constantopacity The correspondingiled 2D texture is given in
Figurel0.

Figure9: Eightsliceswith increasingay sggmentlengthl from a
pre-intgyrated3D texturewith 64° voxels. Thetransferfunctionis
shavn besidegheimages.

Figure10: Tiled “cylindrical” representatiof the pre-intgrated
3D textureshavn in Figure9 using64 “cylinder” planeswith atile
size of 642 pixels. Thetile in the left bottom cornercorresponds
toa =0 andthetile in therighttop cornerto a = 180 .

By meansof the describedtwo-passmulti-texturing approach
pre-intggratedunstructuredsolumerenderingcan be utilized on a
muchbroademrangeof graphicsplatforms. For example,it canbe
utilized on an Apple iBook with Rage128 Mobility M3 graphics
chip which hasno supportfor 3D texturing (seeFigure 12 which
shaws abonsai[Roettgerand ThomandI2000]renderecn an Ap-
pleiBook).

On platformsthat support3D texturing the rasterizatiorperfor
manceis improved by up to an factor of three. The experimen-
tal measurements Table 8 have beenconductedby renderinga
sphericaldistancevolume (depictedin Figure 11) with both the
3D texture from Figure 9 andthe two-dimensionabnaloguerom
Figure10. The distancevolumeconsistedf only 2560tetrahedra
sothattherasterizatiorof the tetrahedravasthe mainlimiting fac-
tor. This wastrue even for the comparablysmall window size of
512x 384 pixels.

5 Conclusion

The describedenhancementwiden the two main bottlenecksof
pre-integgratedvolumerenderingof unstructuredyrids, namelythe
slow updaterateof the pre-integratedray integral andthe poorren-
deringperformancethigh screemresolutions As aconsequencef
the proposedhardvare-acceleratedumericalpre-intgration, the
transferfunction can be manipulatedinteractvely to explore un-
structureddata setscomfortably In comparisonto previous ap-
proacheghe updaterate was spedup by a factor of almost100.



Figure1l: Sphericaldistancevolumerenderedvith aninterleaved
orangeandbluetransferfunctionwhichis shavn besides.

The rasterizationperformance,which is the main bottleneckat
high screenresolutions,was increasedsignificantly by utilizing
2D multi-texturing insteadof the previously applied3D texturing.
As a welcomeside effect, a muchbroaderrangeof graphicsplat-
formsis supportedby our 2D multi-texturing approach.This is an
importantimprovementfor the practicalapplicationandthe inter-
active usability of pre-intggratedunstructuredrolumerendering.
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