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Abstract

For volumerenderingof regular gridsthedisplayof view-planealignedsliceshasprovento yield bothgoodquality
and performanceln this paperwe demonstate how to mege the mostimportantextensionf the original 3D
slicing apptoad, namelythe pre-integrationtechnique volumetricclipping, andadvancedighting. Our approach
allowsthesuppessiorof clippingartifactsandachieveshigh qualitywhile offeringthe e xibility to explorevolume
datasetsinteractivelywith arbitrary clip objects We also outline howto utilize the proposedvolumetricclipping
approad for the display of sggmenteddata sets.Moreover, we increasethe renderingquality by implementing
efcient oversamplingwith the pixel shaderof consumemgraphicsacceleators. e give prove that at least4-
timesover-samplingis neededo reconstructhe ray integral with sufcient accumacy evenwith pre-integration.
Asanalternativeto this brute-foice over-samplingapproad we proposea hardware-acceleatedray casterwhich
is able to perform oversamplingonly whee neededand which is able to gain additional speedby early ray

terminationand spaceleaping

CR Category: 1.3.7 [Computer Graphics]: Three-
DimensionalGraphicsandRealism.

1. Intr oduction

The basicprinciple of volume renderingwas describecby
Kajiyal® as early as in 1984. Since then the availability
of graphicshardware hasleadto the establishmenof the
so-called3D slicing method: 3. The ray integral for each
pixel, which Kajiya reconstructedy ray tracing,is calcu-
latedwith graphicshardwareby renderingview-portaligned
slicesthroughthe volume.In this way the emissionandab-
sorptionalongeachviewing ray throughthe volumeis com-
putedby samplingandblendingthevolumefor eachnumer

ical integrationstep. The main adwantageis thatthe entire
taskcanbe performedby the graphicshardwareandis lim-

ited only by the Il rateof thegraphicsaccelerator

A volumeis commonlygiven as a scalarfunction sam-
pled on a uniform grid. The main sourcefor this kind of
volume representatiorare CT (ComputerTomograply) or
MRI (Magnetic Resonancdmaging) scannerswhich are
widely usedin medicalimaging.In orderto associat@pac-
ity andemissiorto thescalavaluesthevolumedensityopti-
calmodelof Williams etal .25 13 is usuallyapplied.lt de nes
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the opacity and the chromaticity vectorto be functions of

the scalarvalues.Whenslicing a volumein a back-to-front
fashion,the opacity and chromaticityare storedin an one-
dimensionalook-up table (often referredto asthe transfer
function)whichis usedto transformthe scalarvalueat each
renderedpixel into an RGBA vector Thenthe ray integral

canbe calculatedoy simplealpha-compositinghe slices.

This basicprinciple of hardware-acceleratedolumeren-
deringof regulargridshasbheenextendedn severalwaysto
increasethe quality of the renderingsin the following we
give a list of the well establishedxtensionsandtheir pur
poses:

Ambient and Diffuse Lighting : Theemissionof thevol-
umeis attenuatedby alighting operatio 24 to give more
visual cluesregardingthe curvatureof detailsin the vol-
ume.

Pre-Integration: Theslicing of the volumeresultsin the
so-calledring artifactswhich aredueto insufcient over-
samplingof highfrequenciesn thetransferfunction.This
issueis resohed by renderingslabsinsteadof slices.The
ray integral of theray sggmentsnsideeachslabis afunc-
tion of the scalarvaluesat the entry and exit points of
theray, andthe thicknessof the slab(seealsoFigure1).
By pre-intggratingz 19 thetransferfunctionfor eachcom-
bination of scalarvaluesthe ray integral can be looked
up easily for eachrenderedpixel using 2D dependent
texturingp.
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Hardware-Accelerated Pre-Integration: Since pre-
integration involves a fair amountof numerical opera-
tions, a changeof the transferfunction leadsto a de-
lay of the volume visualization while the 2D depen-
denttexture hasto be recomputed!f self-attenuations
neglected, interactve updateratesof up to 10 Hertz
are achieved for a transfer function with 256 entries.
However, this introducesartifactsin regions wherethe
transferfunction is very opaque A bettersolutionis to
speedup the computationof the exact ray integral by
using graphicshardwarel8 7. The quantizationartifacts
that normally arisewith an 8-bit frame buffer are over
comeby usingthe oating pointrendertargetof modern
graphicsacceleratorsuchas the ATI Radeon970@ or
NVIDIA GeForceFX18, A 256-stephardware-accelerated
pre-intgration with full oating point precision takes
about50 millisecondsonthe ATI Radeorf700.

Material Properties Besidesthe pre-integration of the
transferfunction,onecanalsopre-integratematerialprop-
ertieswhich describehefractionof ambientdiffuse,and
speculatighting which hasto beappliedto eachrendered
slab4.

Volumetric Clipping: To exploretheinterior of avolume
corvenientlyvolumetricclipping?3 is usedto cut off parts
of the volumewhich otherwisewould hide importantin-
formation. For that purposethe clip geometryis de ned
by aniso-surficeof anadditionalclip volume(whichneed
not necessarilype of the samesizeasthe scalarvolume).
During renderingheopacityof eachpixel is setto zeroin
the pixel shadeiif the correspondinglip valueexceedsa
certainthreshold.

In summary the describedextensionshave led to high
quality volumerenderingusingthegraphicshardware.How-
ever, the combinationof the pre-integrationtechniquewith
volumetric clipping hasbeenan unsolhed problem.Hence
our rst goalis to demonstrat¢he combinationof thesead-
vancedechniquesTo increaseheaccuray evenfurther, we
proposea hardware-acceleraterhy casterwhich is ableto
adaptthe samplingfrequeng to the reconstructiorerror of
theray integral.

2. Accurate Volumetric Clipping

In orderto combinepre-integrationwith volumetricclipping
basically three stepsare necessaryLet C; andCy be the
scalarvaluesof theclip volumeattheentryandexit pointsof
theray segmentin the range[0; 1]. We alsoassumehatthe
volumecorrespondingo clip valuessmallerthan0:5 should
beclippedaway:. If bothparameter€s andCy, areabove 0:5,
thenthe slabis completelyvisible andno specialtreatment
is necessaryConsideringhecaseC; < 0:5andC, > 0:5as
depictedin Figurel, only the dark blue part of the volume
hasto berenderedin this casewe rst have to setthefront
scalarvalueS; to thevalues? atentrypointinto theclipped
region. Thuswe performa look-upinto the pre-integration

tablewith the parameter§sy; S,) ratherthanwith (St; ).
In thegenerakaseS; is replacedy 5? accordingo

| =1 NS+

G Ct
The braclets denoteclampingto the range[0; 1]. For the
caseCt > 0:5 andC, < 0:5, thefront scalarvalueneednot
beadjustedwhichis expressedby r = 0. Thesameholdsfor
thecaseCt > 0:5 andCy, > 0:5. Similarily, theparametef,
is replacecby S asfollows:

[05 Cy] . _ )
T G =1 9Si+9% :

If bothclip valuesarebelow 0:5, theray sggmentis clipped
entirely andthusthe scalarvaluesdo not matter

g=1

Y

I si| s sp

Slab

Figure 1: Using slabsinsteadof slicesfor pre-integrated
volumerenderingasintroducedby Engel etal.6. Thescalar
valuesat the entry and the exit point of the viewing ray are
denotedby S¢ and §,, respectivelyThethicknessof theslab
is denotedby |. Thedark blueregion remainsafter volumet-
ric clipping. For this purpose S; hasto be replacecbys?.

Thesecondoroblemwe have to careaboutis thereduced
length 19 of the clipped ray segment. The numerical pre-
integrationdepend®nthethreeparameterss, § andl (see
Figure 1). Using the optical model of Williams and Max2s
with the chromaticityvectork and the scalaroptical den-
sity r, theray integral for eachray segmentis givenasfol-
lows:

SM = S+ (S S
Z
oSSl = O'e @S 1) (S O
ASiSl) = e SO a=1 g

Now we have to distinguishbetweentwo differenttypesof
transferfunctions.For atransferfunctionthatde nesasetof
isosurbceshereduceday segmentiengthl ®hasnoeffecton
the integratedchromaticityC andthe integratedopacitya.
For the other commoncaseof a transferfunction de ned
by alookuptablethethree-dimensionahtegrationproblem
canbereducedo two dimensions.

¢ TheEurographic#ssociation2003.
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The pre-intgyrationis performedfor the constantay seg-
mentlengthl. Let thevisible fraction of the slabbe denoted
by b= 1%, Thenthetransparencq®of theclippedray seg-
mentis the pre-int@ratedtranspareng q raisedto the b-th
power because

Z o Z,
, FEd’=b TS ;
R R b
qO: e bor(SMd = o or(SMd " — qb :
In practicehowever, a rst orderapproximations sufcient
if thethicknesf the slabsis reasonablsmall.

If self-attenuatioiis neglectedtheemissiorof theclipped
ray segmentis given by C9= bC. The computationof the
correctemissioncannotbe expressedin terms of a two-
dimensionalpre-intgration. For accurateresultsa three-
dimensionalpre-integration table hasto be used,but high
orderpolynomialapproximationsdoaremarkablygoodjob
to getrid of the hugethree-dimensiongbre-integrationta-
ble. Asidefrom thatissue the neglectionof self-attenuation
is oftenavery goodassumptionn practice.

Thethird andlastproblemis thelighting of theslah Sam-
pling the gradientat a single point resultsin severe ring
artifact$3. A bettersolutionis to samplethe gradientat the
entryandexit pointsandto adjustthe gradientsn the same
fashionasthe scalarvalues.Thenthe nal light intensityof
theslabis theaverageof bothadjustedight intensitiesThe
operationsnvolved herecanbe expressedasa linearinter
polationof the gradientsWe denotethe interpolationfactor
by a.

Insteadof calculatingthefactorsfor theadjustmenbf the
scalarvalues the emissionthe opacity andthe gradientsn
the pixel shademe pre-computehe factorsfor all combi-
nationsof theclip valuesCs andC,, andstorethemin a2D
dependentexture. The contentof eachR/G/B/A channelof
thedependentextureasdepictedn Figure2 correspondso
theadjustmenfactorswith the samename.

y PN -

Figure 2: 2D dependenttexture containing the adjust-
mentfactors usedfor accuratevolumetricclipping (R/G/B/A
channelsare depictedfromleft to right).

Using the pixel shaderversion2.0t5, both scalarvalues
canbeadjustedy asinglelinearinterpolation("Irp" instruc-
tion). The entire pixel shaderperforming pre-integration,
ambientand diffuse lighting, and accuratevolumetricclip-
pingis givenin Appendix8.2.
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A comparisonof the renderingquality betweenour ap-
proachanda naie applicationof the methodby Weiskopf
et al.23 to pre-integrationis depictedin Figure 3 (seeAp-
pendix8.1and8.2for the pixel shaders)A spherehasbeen
cutoutof theBucky Ball datasetsothattheholesof thecar
bonringsarevisible asgreenspots.Both imageshave been
renderedvith only 32 slices.Whereaghe slicesareclearly
visible on the left, our methodreproduceghe clippedvol-
umeaccuratelyThis meanghatour methodis alsoexactin
theviewing direction.

Figure 3: Comparisorof volumetricclipping quality. Left:
Naiveappmoad. Right: Accuate method.

The presentedvolumetric clipping algorithm can also
be extendedto rendersggmentedvolumes$?. In conjunc-
tion with the pre-integrationtechniquethis wasanunsohed
problemaswell. If eachsegmentis de ned asaclip volume,
this problemcanbereducedo volumetricclipping.

For the caseof two segmentedvolumesa clip volumeis
setupto includeoneentiresegment.For thesecondsegment
weuseanadditionaltransferfunction.For thepartof theslab
whichis clippedaway we performanotheidependentexture
lookup into the secondpre-intgrationtable and blend the
two partial slabsdependingon their orientation.For each
additionalsegmentthis procedurehasto berepeated.

3. Over-Sampling

In the last sectionwe have describedthe combinationof
the pre-integration techniquewith volumetric clipping to
improve the quality of volumevisualizations Nevertheless,
even the mentionedadwancedtechniquesare no guarantee
for artifact-freerenderings.

A fundamentahssumptiorof volumerenderings thatthe
scalarvaluesof the volumeareinterpolatedri-linearly. The
pre-intgrationtechniquehaseliminatedmary of therender
ing artifactsthatarisefrom slicing the volume(comparetop
right and bottom left imageof Figure4), but it assumes
linear progressiorof the scalarvaluesinsidethe slabs.This
assumptiordoesnot matchtheactualcubicbehaiour of the
scalarvalues.Furthermorethe scalarfunction may have a
sharpbendif avoxel boundaryis crossednsideaslab This
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non-lineareffectis ampli ed by lighting in regionswith high
seconderivatives.

Consideringpre-intgration alone the exact reconstruc-
tion of the ray integral is a four-dimensionalproblem (for
constantray sggmentlengthl). Includingthe effect of light-
ing it canonly be solvedef ciently with over-sampling.The
top row of Figure4 illustratesthe artifactsthat may occur
without over-sampling.Using 2-timesover-samplinghelps
alot, but thereis still alargedifferencewhensteppingupto
4-times over-sampling. Fortunately 8-times over-sampling
leadsto insigni cant improvementsonly, so that 4-times
over-samplingis alreadya good choicefor highestquality
in practice.

Current graphicshardware allows to perform multiple
blendingstepsat oncein the pixel shaderWe have imple-
menteda pixel shademprogramthat blendsfour slabsinter
nally beforeit writes the resultbackinto the frame buffer
(seeAppendix8.3).As a sideeffect, thefour slabs(seeFig-
ure 1) are blendedwith the high internal precisionof the
pixel shader

For awindow sizeof 512 pixelstherenderingimeis be-
tweenlandl.7secondgor thismulti-steppea@pproachBe-
causeof the increasedcachecoherenceve achieve a speed
up of 70%-120%over the single-steppedersiondepend-
ing on the datasetand viewing parametersWe conclude
that 2-timesover-samplingcomesalmostfor free whenus-
ing multi-stepping.For very high quality requirement®ne
hasto acceptabouttwice therenderingiime asnormal.

4. Hardware-AcceleratedRay Casting

The previously discussedover-sampling approach sup-
pressesartifacts causedby neglecting tri-linear interpola-
tion, thecrossingof voxel boundariesandthenon-linearbe-
haviour of lighting. While this brute-forceapproachs prac-
tically artifact-free jt doesnotexploit ary spatialcoherence
in thedatasetto increaseherenderingperformanceln com-
parisonto brute-forceover-sampling,aray castef: 11 is able
to adaptthe samplingrate to the actualinformationin the
dataset.This oftenleadsto a drasticallyreducechumberof
samplepoints.

Justlike the e xibility of currentgraphicshardware al-
lows hardware-accelerategytracing’ it alsoallowsto per
form ray castingcompletelyin hardware. In the following
we describea smarthardware-acceleraterhy casterwhich
appliesan errordriven samplingschemeand additionally
performsearlyray termination.

Thepre-intgrationtechniques basednapiece-wisdin-
earapproximationof the ray integral, thusall higherorder
frequenciesare neglected.In the optimal caseone would
choosethe steplength suchthat the differenceof the ex-
actray integral andthelinearapproximationis lower thana
pre-de nedthreshold But this solutionis infeasiblesinceit
requiresthe pre-intgrationof the entiredataset.

Figure 4: A leaveof the Bonsa#®. Thedeggradationof ren-
dering quality is displayedfrom top left to bottomright:

with pre-intggration and 4-timesover-sampling with pre-
integration and 2-timesover-sampling with pre-integration
andwithoutover-sampling andneitherwith pre-integration
nor over-sampling In thebottomright cornerof ead image
the zoomof a critical region is depictedwhich shouldshow
a smoothcolor transition.Dueto slicing artifactsin thebot-
tom right image arti cial bandsare visible Theseremain
evenwith 2-timesoversamplingbut almostdisappearwith
4-timesoversampling

Insteadof solving the global problemwe resortto solv-
ing the local problem,which basicallyrequiresthe compu-
tation of the local approximationerror of the scalarfunc-
tion andthe visibility of this error, which is determinecby
thetransferfunction. A naturalstratgy to computethe step
lengthshouldbebasednatleasthesecondlerivative of the
scalarfunction andthe pre-intgratedemissionand opacity
of thetransferfunction. This approachwhich we call adap-
tive pre-integration, automaticallysubsumethewell-known
accelerationechniqueof spacdeaping.

Conceptuallythe procesf ray castingcanbedividedin
threemaintaskswhicharetheray setup thesamplingof the
ray, andthe numericalintegrationof thesamplesin orderto
exploit themassie parallelismof thegraphicshardware,we
computetheintegrationfor all raysin parallel.For eachstep
the front facesof the boundingbox arerenderedo process
all visible raysin afront-to-backfashion(seeFigure5b).

Theray positionis determinedby a oating point render
targetwhich containsthe currentray parameter-or a given
samplingdistancd theray parameters updatedaccordingly

¢ TheEurographic#ssociation2003.



Roettegr etal. / SmartHardware-Acceleated VolumeRendering

andwritten backinto the oating pointrendertamget.Simul-

taneouslythe integratedchromaticityand opacity are writ-

ten to additional oating point rendertamgets (we usetwo

tametfor theRG andBG channels)A so-calledmportance
volumeis usedto extractthe maximumisotropic sampling
distanceaspreviously de ned.

already terminated

actual position
initial position

Screen

q
%@\/
loy

Bounding Box

Figure 5: Ray casting scheme:All viewing rays are pro-
cessedsimultaneouslyFor ead integration step the pre-
integration techniqueis used.After eat stepthe colors are
blendedand the ray parametercorrespondingto the next
samplingpositionis writtenbad into alternatingrendertar-
gets(ping-pongrendering).

A ray is terminatedif it eitherleavesthe volume or if
the integratedopacityis approximatelyone.If aray is ter
minatedwe have to prevent further computation.For this
purpose,we usethe Z-buffer sinceit is testedbefore ary
pixel shadecomputationThis alsoincludestexturereads!f
theray endswe setthe Z-buffer suchthatthe corresponding
pixel is not processedrymore. This requiresan additional
renderingpass.

To nd out whetherall rays have beenterminatedwe
apply an asynchronouscclusionquery In total, we re-
quire2n 1 passewith n beingthe maximumnumberof
sampledor the raysin the generatedmage.The rst pass
is additionallysettingup theinitial ray parametersin order
to allow re-implementatiomf theray castetthe pixel shader
2.0codeis includedin the Appendices3.4,8.5,and8.6.

In contrastto the brute-forceslicing approachthe total
numberof samplesiepend®on the transferfunctionandon
thecoherencef thevolumedata.Also consideringearlyray
termination the numberof samplegseeFigure6) is always
lessthanfor the slicing approachhut the samereconstruc-
tion quality is achieved. In additionto this, all computations
including blending are performedwith full oating point
precision,so that artifactsdueto frame buffer quantization
cannotoccur(compare-igure7).

5. Results

All performancemeasurementiave beenconductedon a
PC equippedwith an ATI Radeon9700graphicsaccelera-

¢ TheEurographic#ssociation2003.

Figure 6: Numberof samplingstepsfor different transfer
functions:On the left the original image is depictedand at
the centerthe correspondingnumberof samplingstepsis
shown(White corresponddo 512 samples)On theright a
more opaquetransferfunctionwas chosento illustrate the
impactof early ray termination.

Figure 7: Quality comparisonbetweenslicing with pre-
integration and 4-timesover-sampling(left) and ray cast-
ing with full oating point accurlacy and adaptive pre-
integration (right). On theleft highly transpaentareasare
neylecteddueto 8 bit framebuffer quantization.

tor. Figure8 shavs a Bonsa? of size256° with andwithout
accuratevolumetric clipping using 4-times over-sampling.
Renderingtimes are approximately2 and 1.5 secondsre-
spectvely. The renderingtimes for the ray-castedoonsai
with opaqueandsemi-transpareritansferfunctionsarebe-
tweenl and 3 secondsper frame (Figures6 and 9). The
smallerNegHIP dataset(Figure7) with a sizeof 128® vox-
elstook 2.2 secondswith a semi-transparertansferfunc-
tion and0.7 secondwvith anopaqueransferfunction.

In comparisonio traditionalslicingthequality of ray cast-
ing is alwayshigher Dependingon thetransferfunctionray
castingmayevenbefasterBy increasingheerrorthreshold,
the renderingtime caneasilybereducedo 0.1 secondper
frame. The artifactsintroducedhere are much lessvisible
thanfor theanaloguecaseof reducingthe numberof slices.

With the upcomingof graphicsacceleratorsuchasthe
NVIDIA GeForce FX, we expect the performanceof a
hardware-acceleratedhy casterto increasenuchmorethan
the performanceof regular multi-steppedslicing. The rea-
sonsare as follows: First, an additional passis no longer
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Figure 8: Bonsaiwith andwithoutvolumetricclipping.

Figure 9: Hardware-acceleatedray casting

neededor ray termination.Secondly multiple stepscanbe
performedat oncebecausef a highermaximuminstruction
count.As buffer writesbetweerthe passesonsumemostof
the renderingtime, this overheadcan be reduceddramati-
cally with theNVIDIA GeForceFX.

The performanceof a software ray castet! is approxi-

matelythe sameasfor our hardware-acceleratedpproach.

However, the software ray casterachieves its bestperfor
manceonly without pre-intgyration,so the resultingquality
is notcomparable.

6. Conclusion

We have combined volumetric clipping with the pre-
integrationtechniqueto achiese high-quality volume visu-
alizations.Since pre-integration doesnot completelysolve
the problemof thereconstructiorof theray integral, we pre-
senteda hardware-acceleratedhy caster By adaptve pre-
integration of the viewing raysthe reconstructiorerror can
beguaranteetb bebelawv thethresholdcontrassensitvity ©.
Theray casteralsoappliespre-intgration,spacdeapingand
earlyray termination.In the future we planto speedup the
ray casterby usinghierarchicalapproachesthatwill allow
thevisualizationof very large datasets.
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8. Appendix

8.1. Naive Volumetric Clipping:

ps_2_0 /I ps 2.0

dcl_volume  sO /I 3D RGBAvolume

dcl_2d sl /I 2D pre-integration table (RGBA)
dcl_volume  s2 /I 3D clip volume (Luminance)

dcl tO.xyz /I texcoord  front

dcl  tl.xyz /I texcoord  back

dcl t2.xyz /I normalized eye vector

def ¢0,0.5,1.0,2.0,0.0 /I constant  definitions

texld r0,t0,s0 /I get front scalar value

texld r1,t1,s0 /I get back scalar value

texld r4,t0,s2 /I get front clip value

mov r2.r,r0.a /I move front scalar value to r2.r
mov r2.g,rl.a /I move back scalar value to r2.g
texld r2,r2,sl /I pre-integration lookup

mul r2.rgh,r2,r2.a /I post-multiply alpha

mad r0.rgb,c0.b,r0,-c0.g /I expand normal

dp3_sat r3,t2,r0 /I calculate light  intensity

mul r2.rgb,r2,r3 /I multiply emission  with intensity
add ra.r,r.r-cO.r /I depending on comparison with 0.5..
cmp r2.a,r4.rr2.a,c0.a /I .set opacity to zero

mov oCO0,r2 /I move to output register

8.2. Accurate Volumetric Clipping:

ps_2 0 /I ps 2.0

dcl_volume  sO /I 3D volume

dcl_2d sl /I 2D pre-integration table
dcl_volume  s2 /I 3D clip volume

dcl_2d s3 /I clip  coefficient table (RGBA)
dcl  tO.xyz /I texcoord  front

dcl tl.xyz /I texcoord  back

dcl  t2.xyz /' normalized eye vector

def ¢0,0.5,1.0,2.0,0.0 /I constant  definitions

texld r0,t0,s0 /I get front scalar value

texld r1,t1,s0 /I get back scalar value

texld r4,t0,s2 /I get front clip value

texld r5,t1,s2 /I get back clip value

mov rd.g,r5.r /I move back clip value to rd.g
texld r4,r4,s3 /I get clip coefficients

Irp r2,r4,rl.a,r0.a /I adjust scalar values

texld r2,r2,s1 /I pre-integration lookup

mul r2.rgb,r2,r2.a /I post-multiply alpha

mad r0.rgb,c0.b,r0,-c0.g /I expand front normal
dp3_sat r3,t2,r0 /I calculate front light intensity
mad rl.rgb,c0.b,r1,-c0.g /I expand back normal
dp3_sat r3.g,t2,r1 /I calculate back light intensity
add_sat r3,c0.r,r3 /I bias light intensities

Irp r5.r,r4.a,r3.9,r3.r /I adjust light intensities
mul r2.rgh,r2,r5.r /I multiply emission  with intensity
mul r2,r2,r4.b /I attenuate emission and opacity
mov 0CO0,r2 /I move to output register

8.3. 4Steps@Once:

ps_2_0 /I ps 2.0

dcl_volume  sO /I 3D volume

dcl_2d s1 /I 2D pre-integration table
dcl  tO.xyz /I texcoord  front

dcl tl.xyz /I texcoord  back

dcl  t2.xyz /I normalized eye vector
del  t3.xyz /I second texcoord front
dcl  td.xyz /I second texcoord back
dcl  t5.xyz /I central  texcoord

¢ TheEurographic#ssociation2003.



def ¢0,0.5,1.0,2.0,0.0 I
texld r0,t0,s0 "
texld r1,t1,s0 I
texid r3,t3,50 "
texid r4,t4,s0 n
texld 16,t5,s0 I
mad r0.rgb,c0.b,r0,-c0.g
dp3_sat r0.r,t2,10 Vi
add_sat r0.r,cO.r,r0.r "
mad r3.rgb,c0.b,r3,-c0.g
dp3_sat r3.rt2,r3 "
add_sat r3.r,cO.r,r3.r I
mad r6.rgb,c0.b,r6,-c0.g
dp3_sat r6.r,t2,r6 I
add_sat r6.r,cO.r,ré.r /i
mad r4.rgb,c0.b,r4,-c0.g
dp3_sat r4.rt2,r4 Vi
add_sat rd.r,cO.r,r4.r "
mov r2.rrd.a I
mov r2.grl.a "
texid r2,r2,s1 I
mul r2.rgh,r2,r2.a "
add r2.a,c0.g,-r2.a I
mul r2.rgh,r2,rd.r "
mov r5.r,r6.a I
mov 15.9,r4.a /i
texid r5,r5,s1 n
mul r5.rgh,r5,r5.a Vi
add r5.a,c0.9,-r5.a "
mul r5.rgb,r5,r6.r I
mad r2.rgh,r2,r5.a,rs "
mul r2.a,r2.a,r5.a "
mov r5.rr3.a "
mov r5.9,16.a I
texld r5,r5,s1 "
mul r5.rgb,r5,r5.a "
add r5.a,c0.g,-r5.a Vi
mul r5.rgb,r5,r3.r "
mad r2.rgh,r2,r5.a,rs Vi
mul r2.a,r2.ar5.a "
mov r5.r,r0.a 1"
mov r5.9,r3.a "
texld r5,r5,s1 I
mul r5.rgh,r5,r5.a "
add r5.a,c0.9,-r5.a 1"
mul r5.rgb,r5,r0.r Vi
mad r2.rgb,r2,r5.a,r5 "
mul r2.a,r2.a,r5.a Vi
add r2.a,c0.g,-r2.a "
mov 0CO0,r2 !
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constant  definitions
get front scalar
get back scalar value
get second front scalar
get second back scalar
get central scalar  value
/I expand front normal
calculate front  light
bias light intensity

/I expand second front
calculate front  light
bias light intensity
/I expand central
calculate front  light
bias light intensity
/I expand second back normal
calculate front light intensity
bias light intensity
move second back scalar
move back scalar value
pre-integration lookup
post-multiply alpha
compute transparency
multiply emission  with intensity
move central  scalar value
move second back scalar
pre-integration lookup
post-multiply alpha
compute transparency
multiply emission
blend operation
accumulate  alpha
move second front value
move central  scalar value
pre-integration lookup
post-multiply alpha
compute transparency
multiply emission
blend operation
accumulate  alpha
move front  scalar
move second front
pre-integration lookup
post-multiply alpha
compute transparency
multiply emission
blend operation
accumulate  alpha
compute opacity
move to output

value
value
value
intensity

normal
intensity

normal
intensity

value

value

with
(1st)

intensity

with
(2nd)

intensity

value

scalar  value

with
(3rd)

intensity

register

8.4. Ray Casting: Ray Setupand First Integration Step

ps_2 0 1
def ¢0,0.0,2.0,63.75,1.0 "
def ¢1,1.0,0.0,0.333,0.5 I
dcl tO.xyz 1
dcl tl.xyz I
dcl t2.xyz "
dcl t3.xyz I
dcl_volume  sO "
dcl_volume sl "
dcl_volume  s2 "
texid r2,t0,s0 n
texld 5,t0,s1 Vi
nrm r0.xyz,t1 "
mul r0.xyz,r0,t2 Vi
add r4.xyz,c2,-t0 "
add r3.xyz,c3,-t0 "
rcp 6.X,r0.x "
rcp r6.y,r0.y 1"
rcp 16.2,r0.z "
mul r3.xyz,r3,ré I
mul r4.xyz,r4,ré Vi
max r6.xyz,r3,r4 "
min r4.x,r6.x,r6.y Vi
min rl.y,r4d.x,r6.z "
mov rl.xzw,c0.x I
mad rl.xz,r5.x,c1,rl.x "
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ps 2.0

constant  definitions

(c2,c3) is the bounding box

first intersection point  with  volume
ray direction (not  normalized)
scaling  of texture  coordinates
direction to light source

3D volume

3D table holding sampling distances
3D pre-integration table

sample volume at first intersection
get distance to next sampling point
normalize  ray direction..

.and  multiply with scaling  factors
calculate signed distances..

.to the bounding box
calculate reciprocal..
..of each component..
.of ray direction

calculate distance  to bounding box..
.in ray direction

get closest..

..non-negative..

..intersection point

store intersection 4 ray termination
compute new sampling  position

min r1.x,ri.x,rly
mad r3.xyz,r1.x,r0,t0
texid r4,r3,s0

mad r2.xyz,r2,c0.y,-co.w
nrm r8.xyz,r2

add r6.w,rl.x,-rl.z

Irp r6.xy,c1,r2.w,r4.w
mad r6.z,r6.w,cl.z,-c1.z
texid 17,r6,s2

dp3_sat r8.w,r8,t3

mul r6.x,¢0.2,r6.w
add r7.a,c0.w,-r7.a
pow r10.a,r7.a,ré.x
add r7.a,c0.w,-r10.a
mul r7.rgb,cl.w,r7
mad r7.rgb,r8.w,r7,r7
mul r7.rgh,r7,r7.a
mov r0,r7.b

mov r0.g,r7.a

mov 0CO0,r7

mov oC1,r0

mov oC2,r1

I

/I calculate

I

clamp to volume boundary
second sampling
.and sample volume at this
/I extract  gradient
normalize  gradient
get interval length
/I setup texcoords
/I .including
pre-integration
calculate light
change opacity
..represent the ray segment
.which includes raising it..
.to the power of |
bias color 4 lighting
multiply emission
post-multiply alpha
split  color 4 floating
..into two render targets
output color (RG)
output color (BA)
output ray parameter

point..
position

of current step
4 pre-integration..

ray segment length |
lookup

intensity
to correctly..
length..

with  intensity

point  output..

8.5. Ray Casting: Ray Termination

ps_2 0
def ¢0,-1.0,-1.0,0.0,0.0
def ¢1,0.996,0.0,0.0,0.0

del  t4.xyzw

dcl_2d s3

del_2d s4

dcl_2d s5

texldp rl,t4,s5
mov rl.zw,c0.z
texldp 18,t4,s4
add r0,r1.x,-rl.y
cmp r1,r0,co,r1
add r0,c1.x,-r8.g
cmp r1,r0,r1,cO
mov r0,-r1

texkill r0

texldp 7,t4,s3
mov oCO,r7

mov oC1,r8

ps 2.0
constant
threshold
position
previous
..floating
buffer
get sampling
.and clear
get opacity
calc distance to volume boundary
check if distance equals 0
compare opacity against threshold..
.4 early ray termination
leave shader if the ray..
.is  not being terminated
get remaining parts of color
output  floating point  color
..alternate ping-pong  buffers

definitions
equals
of pixel
ping-pong
point  colors
containing sample positions
position..
unused part

1/256
in screen
buffers

space
holding..

into..

8.6. Ray Casting: One Additional Integration Step

ps_2_0

def ¢0,0.0,2.0,63.75,1.0
def ¢1,1.0,0.0,0.333,0.5
dcl  tO.xyz

dcl tl.xyz

dcl  t2.xyz

dcl t3.xyz

dcl  t4.xyzw

dcl_volume  sO
dcl_volume sl
dcl_volume  s2

dcl_2d s3

del_2d s4

dcl_2d s5

texldp rl,t4,s5

texidp 7,t4,s3

texldp 18,t4,s4

mov 7.2,r8.X

mov r7.w,r8.y

nrm r0.xyz,t1

mul r0.xyz,r0,t2
mad r3.xyz,r1.x,r0,t0
texid r2,r3,s0

texid 5,r3,s1

mad rl.xz,r5.x,c1,r1.x
min rl.x,ri.x,rly
mad r3.xyz,r1.x,r0,t0
texld r4,r3,s0

mad r2.xyz,r2,c0.y,-co.w
nrm r8.xyz,r2

add ré.w,rl.x,-rl.z

"
n
n

n
I
n

n
n

ps 2.0
constant  definitions
(c2,c3) is the bounding box
first intersection point  with
ray direction (not  normalized)
scaling  of texture  coordinates
direction to light  source
position of pixel in screen
3D volume
3D table holding
3D pre-integration
previous  ping-pong
..floating point  colors
buffer  containing sample positions
get sampling position
get color from two..
..floating point render targets
combine the color channels of..
.the two render targets
normalize  ray direction..
.and  multiply with scaling  factors
calculate first sampling  point
sample volume at first sampling
get distance to next sampling
/I compute new sampling position
clamp to volume boundary
calculate second sampling
.and sample volume at this
/I extract  gradient
normalize  gradient
get interval length

volume

space
sampling  distances
table

buffers  holding..

point
point

point..
position

of current step



Irp

mad 16.z,r6.w,cl.z,-c1.z /I .including ray segment length
texid r9,r6,s2 /I pre-integration lookup

dp3_sat r8.w,r8t3 /I calculate light intensity

mul 16.x,c0.2,r6.w /I change opacity to correctly..

add r9.a,c0.w,-r9.a /I ..represent the ray segment length..
pow r10.a,r9.a,r6.x /I .which includes raising it..

add r9.a,c0.w,-r10.a /I .to the power of |

mul r9.rgh,c1.w,r9 /I bias color 4 lighting

mad r9.rgb,r8.w,rg,r9 /I multiply emission  with intensity
mul r9.rgh,r9,r9.a /I post-multiply alpha

add r8.a,c0.w,-r7.a /I blend new color..

mad r7,r9,r8.a,r7 Il ..with the old one

mov r0,r7.b /I split  color 4 floating point  output..
mov r0.g,r7.a /I .into two render targets

mov 0CO0,r7 /I output color (RG)

mov oC1,r0 /I output color (BA)

mov oC2,r1 /I output ray position

References

1. Kurt Akeley. RealityEngineGraphics. Computer

10.

11.

Roettegr etal. / SmartHardware-Acceleated\VolumeRendering

6.xy,c1,r2.w,rd.w /I setup texcoords 4 pre-integration..

Graphics(SIGGRAPH93 Proceedings)27:109-116,
1993.

ATI. ProgrammabilityFeature®f GraphicsHardware.
SIGGRAPHO02 CourseNotes 2002.

Brian Cabral,Nang/ Cam,andJim Foran. Accelerated
Volume Renderingand TomographicReconstruction
Using Texture Mapping Hardware. In Proc. Sympo-
siumon VolumeVisualization'94, pages91-98.ACM
SIGGRAPH,1994.

JohnDanskinand Pat Hanrahan. Fast Algorithms for
VolumeRay Tracing. In Proc. Symposiunon \olume
Visualization'92, page91-98.ACM, 1992.

R. A. Drebin, L. CarpenterandP. Hanrahan.Volume
Rendering.ComputerGraphics 22(4):65-741988.

K. Engel, M. Kraus, and Th. Ertl.  High-Quality
Pre-Intgrated Volume Rendering Using Hardware-
AcceleratedPixel Shading.In EurographicsWorkshop
on Graphics Hardware '01, pages9-16. ACM SIG-
GRAPH,2001.

S.Guthe,S.RoettgerA. SchieberW. StrasserandTh.
Ertl. High-Quality Unstructured/olumeRenderingon
the PC Platform. In Proc. EG/SIGGRAPHGraphics
Hardware Workshop'02, pagesl 19-1252002.

S. Guthe,M. Wand,J. GonserandW. Strasser Inter-
active Renderingof Large VolumeDataSets. In Proc.
Visualization'02, pages3-60.IEEE ComputerSoci-
ety Press2002.

R.F Hessand E.R. Howell. The ThresholdContrast
Sensitvity Functionin StrabismicAmblyopia. Vision
Researh, 17:1049-10551977.

JamesT. Kajiya. Ray Tracing Volume Densities. In
Proc. SIGGRAPH84, pagesl65-174ACM, 1984.

GuntherKnittel. The ULTRAVIS System. In Proc.
VisualizationSymposiun'00, pages/1-79,2000.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

N. L. Max, P HanrahanandR. Craw s. AreaandVol-
umeCoherencdor Ef cient Visualizationof 3D Scalar
Functions. ComputerGraphics(SanDiego Workshop
on\olumeVisualization) 24(5):27—-331990.

NelsonL. Max. OpticalModelsfor DirectVolumeRen-
dering. IEEE Transactionn Misualizationand Com-
puterGraphics 1(2):99-1081995.

M. Meissner S. Guthe,and W. Strasser Interactve
Lighting Modelsand Pre-Intgrationfor Volume Ren-
deringon PCGraphicsAcceleratorsin Proc. Graphics
Interface'02, pages209-2182002.

Microsoft. Next Generatior3-D GamingTechnology
UsingDirectX 9.0. Proc. GameDevelopes Confeence
'02, 2002.

NVIDIA. CineFXArchitecture.Proc. SIGGRAPHO02,
2002.

T. Purcell,l. Buck, W. Mark, and P Hanrahan. Ray
Tracing on ProgrammablésraphicsHardware. ACM
Transactionon Graphics 21(3):703-7122002.

S.RoettgerandTh. Ertl. A Two-StepApproachfor In-
teractive Pre-IntgratedVolumeRenderingof Unstruc-
tur ed Grids. In Proc. IEEE Symposiunon Volume\i-
sualization'02, page23-28.ACM Press2002.

S. Roettger M. Kraus, and Th. Ertl.  Hardware-
AcceleratedvVolume and Isosurfice RenderingBased
on Cell-Projection. In Proc. Visualization'00, pages
109-116IEEE, 2000.

S. Roettgerand B. Thomandl. Three little Bonsais
that did survive CT scanningand contrastagent but not
the graphixlab conditions http://wwwvis.informatik.uni-
stuttgart.de/"oettger/data/Bonsai2000.

U. Tiede, T. Schiemannand K. H. Hohne. High-
Quality Renderingof AttributedVVolumeData. In Proc.
\isualization'98, pages255-262IEEE, 1998.

Allen Van Gelderand KwansikKim. Direct Volume
Renderingwith Shadingvia Three-Dimensionallex-
tures. In Proc. IEEE Symposiunon VolumeMsualiza-
tion '96, page23-30,1996.

D. Weiskopf, K. Engel,andTh. Ertl. VolumeClipping
via PerFragmenDperationsn Texture-Based/olume
VisualizationIn Proc.Visualization'02, page®9©3-100,
2002.

R. WestermanrandTh. Ertl. Ef ciently Using Graph-
ics Hardware in Volume RenderingApplications. In

ComputerGraphics Annual ConferenceSeries pages
169-177ACM, 1998.

P. L. Williams andN. L. Max. A VolumeDensityOp-
tical Model. In ComputerGraphics(Workshopon Vol-
umeVsualization'92), page1-68.ACM, 1992.

¢ TheEurographic#ssociation2003.



Roettegr etal. / SmartHardware-Acceleated VolumeRendering

Top left: Naive volumeclipping approachrenderedBucky Ball shavs slicing artifacts).Top right : Accuratevolumeclipping
method Bottom: Hardware-acceleratedhy casting(Bonsairenderedvith ATI Radeorf700).
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