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ABSTRACT

In this paper a simple and efficient solutionfor combiningshear
warp volumerenderingandthe hardware graphicspipelineis pre-
sented. The approachappliesan inversewarp transformationto
the Z-Buffer, containingthe renderedgeometry This information
is usedfor correctlycombininggeometryandvolume dataduring
compositing. We presentapplicationsof this conceptwhich in-
cludehybrid volumerenderingj.e., concurrentenderingof polyg-
onalobjectsandvolumedata,andvolumeclipping on corvex clip-
ping regions. Furthermorejt canbe usedto efficiently definere-
gionswith differentrenderingmodesandtransferfunctionsfor fo-
cus+contgt volumerendering.Empirical resultsshaw thatthe ap-
proachhasminimal impacton performance.

Keywords: sheafwarp,volumerendering hybrid volumerender
ing, volumeclipping, focus+contgt

1 INTRODUCTION

Shea#fWarp factorization[6] is generallyconsideredo be one of
themostefficient methoddor software-base@olumerendering.lt
hasprovento achieve interactve frame-ratecomparableo meth-
odsthatexploit hardwareaccelerationput still maintainsthe flex-
ibility of a software solution. Imagescreatedwith this algorithm
are usuallyrenderedas billboard textureswith graphicAPIs such
asOpenGL[17].

However, a problemariseswhenit is desiredto integrateshear

warp volume renderingwith corventional geometry rendering.

When polygonsintersectthe volume, the "flat” natureof the tex-
ture becomesvisible, which is disturbingand partly destrgs the
three-dimensionaimpression. Moreover, augmentinghe volume
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with text, marlkers,etc. asit is oftenusefulin medicalapplications,
is limited.

In volume visualization, compositingis commonly used to
model emissionand absorptioneffects [9]. This discrete ap-
proximationaccumulategolor contrikutions (emission)which are
weightenedby transluceng (absorption). Compositingallows to
simultaneouslyisualizesurfacesandinterior structures For com-
bining geometryand volume rendering,emissionand absorption
effectsof the geometryhave to be consideredluringthis process.

In this papemwe describea methodto producecorrectrenderings
of intersectedrolume dataand opaguegeometrythrougha simple
modificationof the sheaswarp algorithm. We also shav that our
approachcan be usedto performvolume clipping. Additionally,
afocus+contet volumerenderingapproachcanbe realizedusing
this method.

In Section2, we describeotherapproacheshat have beenpre-
sentedor concurrentenderingof geometryandvolumedata.Sec-
tion 3 describegheinversewarptransformationwhichis the basis
for theapplicationgdiscussedh Sectiond. In Section5, we present
theresultsanddiscusghe performancef our method.Finally, this
paperis concludedn Section6.

2 RELATED WORK

Much work hasbeendoneon renderinggeometryandvolumedata
concurrently The main problemthat hasto be considereds the
differencein representation.While volume datais a setof sam-
ples,geometrydatais analyticallydefined.Volumedatais usually
representean a three-dimensionagirid. Geometrydatais a set
of analytically definedsurfaces. In real-timerenderingtheseare
polygonalmeshes.

Oneideais to convert polygonandvolumedatainto a common
representation.Algorithms such as Marching Cubes[8], extract
surfacesfrom volume data. Thesesurfacescanthenbe rendered
togethemwith the geometryusingthe graphichardware’s Z-Buffer
to ensurecorrectvisibility. However, sinceonly surfacesare ex-
tractedalot of informationis lost duringthis process.

Theprocesf convertinggeometryinto volumedatais referred
to asvoxelization[14]. This approachdoesnot have the problem



thatlarge amountsf informationarelost. However, sinceapplica-
tionsuseahugenumberof polygons,t canbeverytime-consuming
whendonein software.

The drawbacksof theseapproachebave leadto algorithmsthat
simultaneouslyoperateon geometrydataand volumedata[7, 4].
They combinerasterizatiorof the geometryandvolumerendering
to producea hybrid rendering.

LacrouteandLevoy [6] introducedsheatwarp factorization,an
efficient volume renderingalgorithm. In his thesis[5], Lacroute
suggestedh hybrid algorithm that simultaneouslyperformscom-
positing and rasterizationfor eachscanline. However, this soft-
wareapproaclkcannottompetewith therasterizatiorcapabilitiesof
moderngraphicshardware,availablein every standardC.Further
more,it cannotbeintegratedwith standardyraphicsAPIs.

In thework by ZakariaandZaman[18] andSchmidtet al. [12]
the geometryis rasterizedinto sheaed-objectspace(this means
thatthe sheattransformatiorof the sheatwarpalgorithmis applied
to the geometry).The colorandZ-Buffer establishedluringraster
izationarethenusedin compositingto accountfor geometrycon-
tributionsto therendering Finally, thetwo-dimensionalvarpis ap-
pliedto theintermediatémage. Therasterizatiorcanbeperformed
using graphicshardware, by renderingthe intersectinggeometry
into a non-visiblebuffer andreadingout the color andZ-Buffer.

While theseapproacheexploit the graphicshardwarefor raster
ization, existing systemsneedsomemodificationsfor usingthem.
Intersectingobjectshave to be determinedand excludedfrom the
normalrenderingprocessFor alargenumberof objects this might
requireto performintersectiortestsfor all objectsor the introduc-
tion of advancedspacialdatastructures.

Our methoddoesnot suffer from thesedrawvbacks, making it
more applicablefor integrationinto existing systems.All geome-
try is renderedfirst. Thenthe region of the hardwares Z-Buffer
correspondindo the projectionareaof the volumeis readout. An
inversewarpis appliedto this partial Z-Buffer, to transformit into
sheaed-objectspace As suggestedby Schulzeet al [13], thisin-
verselywarpedZ-Bufferis usedo determinentersectinggeometry

3 METHOD OVERVIEW

In this section,we describethe basicsof our methodfor hybrid

sheaswarp volumerendering.First, we introducethe terminology
of the shearwarpfactorization.We thendescribethe inversewarp

transformatiorof the Z-Buffer, which allows to integrategeometry
into thevolumerenderingalgorithm.

3.1 Shear-Warp Factorization

The basicideaof sheafwarp factorization[5, 6] is that the view
matrix is factorizedinto a shearanda warp matrix. Also a permu-
tation accordingto the principal viewing axis is involved, but for
simplicity we will disregardit here.

Applying the sheartransformationto the volume meanstrans-
forming eachvolumesslice in a way, so thatall viewing raysare
parallelto the principal viewing axis. The coordinatesystemde-
fined by this propertyis calledsheaed-objectspace For parallel
projectionsthis meansatranslatiorof every volumeslice. For per
spectve projections,eachslice hasto be scaledaswell. Sinceall
viewing raysare parallelto the principal viewing axisin sheaed-
objectspace the algorithm can processhe volumein a slice-by-
slice,scanline-by-scanlinmannercompositingnto aso-calledn-
termediatemage. This allows cache-dfcientaccesgo thevolume
dataandis the basisfor severalhigh-level optimizationg5, 6, 10].

After compositinghastaken place,a warpis performedwhich
transformsthe intermediateimage to the final image. However,

/I Input : M (transformation matrix )
1 source (source image)
/[ Output : destination ( destination image )
for 'y =[0 destination  .height -1]
{
for x = [0 destination  .width-1]
{
t=M() * (xy)
destination [XIly 1 = source [tx ][t.y]
}
}

Listing 1: Two-dimensionabackward-mappedvarp

sincethe intermediateimage containscolor information, only the
two-dimensionapartof this transformatiorhasto be considered.

3.2 Inverse Warp Transformation

Todays graphicshardwareusesheZ-Buffer algorithm[15] for dis-
playing polygonswith correctvisibility. In generalfor eachfrag-
ment (a rasterizedportion of a polygon, attributed with location,
color, etc.),thefragmentis only written into the framebuffer if its
distanceto theimageplaneis lower thanthe distancestoredin the
Z-Buffer. If thisis the case the fragments depthvalueis written
into theZ-Buffer, overwritingtheold valueatthatlocation. Graphic
APIs, suchasOpenGL[17], allow to readoutthegraphiccard’s Z-
Buffer into main memory The Z-Buffer establishedvhenrender
ing geometrycan be usedwithin the volume renderingalgorithm
to performseveral operationssuchashybrid volumerenderingor
clipping (seeSectiond).

For usingthe information provided by the Z-Buffer during the
compositingphaseof the sheaswarp algorithm, it hasto be trans-
formedinto sheaed-objectspace This canbe accomplishedy
usingtheinversewarptransformation However, in contrasto the
warp of the intermediateémage, a two-dimensionatransformation
is not sufficient.

Onecaninterpretthe Z-Buffer asa setof point samplesof the
scenegeometry The x andy coordinatesof a samplepoint are
implicitly definedby its locationin the buffer, whilst the z coordi-
nateis storedin thebuffer itself. Performingustatwo-dimensional
warpwould only causeatwo-dimensionatranslatiorof eachpoint,
ratherthancorrectlytransformingit. In the remainderwe will re-
fer to the actualZ-Buffer assource andto theresultof theinverse
warp asdestination treatingboth asimagescontainingdepthval-
ues. This highlightsthe differencebetweera two-dimensionabnd
athree-dimensionalarpandsuggestanimplementation.

Commonmethodsfor image warping use backward-mapping.
In backward-mappedvarping,the destinationpixels areinversely
mappedo the sourceimageandsampledaccordingly asdepicted
in Listing 1. However, sincewe needthedepthvalueateachsample
locationin orderto computehetransformationbackward-mapping
cannotbe used. Instead we usea forward-mappingalgorithm[1]
asdepictedn Listing 2.

This causesomeproblems.Theinversewarpis performedon a
discretesetof samplesThus,properreconstructiomasto bedone.
We usea rectangulafootprint, scaledaccordingto theratio of the
dimensionof the volumes projectionon the imageplaneandthe
dimensionof the intermediateimage. For perspectie projection,
the footprint is scaledaccordingto the depthvalueaswell. This
ensureghatno holesoccurin thetransformedmage. Thoughthis
is arathercoarseapproximationjt hasprovento provide suficient
quality.

Yetanothemproblemremains:Several source locationscanmap



/I Input: M (transformation matrix )
1 source (source image)
/' Output: destination (destination image )
for y = [0 source .height -1]
{
for x = [0 source. width-1]
{
t = M* (xy ,source [x][y])
destination [ t.x][t. y] =tz
}
}

Listing 2: Three-dimensiongbrward-mappedvarp

Z-Buffer final image
image space
inverse image
I3 T I e warp
sheared-object
space

—>

compositing

inversely warped Z-Buffer intermediate image

Figurel: Integrationof geometryandvolumerenderingusingthe
inversewarp transformation

to the samedestinationlocation. Whennot handledcorrectly this
introducesvery disturbingvisibility errors.Wethereforeuseamin-
imumoperatoto combinedestinationvaluesandsouicevaluegthe
destinationis initialized with infinity). This correspondso the Z-
Buffer algorithm- thevalueclosesto thevieweris chosen.

Theresultof theinversewarpis a depthmapin sheaed-object
spacecoordinatesof the samesize as the intermediateimage.
Therefore finding the depthvaluefor a samplelocationcanbeac-
complishedby looking up the depthmap’s value usingthe current
indicesfor theintermediatémage. Negative valuesin thismapcor
respondo geometryin front of the volume,valuesthatexceedthe
volumes dimensionalong the principal viewing axis, correspond
to geometrybehindthe volume. All othervaluescorrespondo ge-
ometrythatintersectgshevolume.Figurel illustratesthe useof the
inversewarp transformatiorfor combiningvolume and geometry
rendering.

Figure2: An exampleof hybrid volumerendering

4 APPLICATIONS

4.1 Hybrid Volume Rendering

Concurrentdisplayof intersectingvolumedataandpolygonsis of-
tendesiredin virtual environments.It allows to displayaugmenta-
tions,markersor labelslocatednext to structureof specialinterest
within thevolume,enablingthe userto perceve this informationin
the correctcontext. Virtual objectsalignedwith real-world props
canbe usedto provide athree-dimensiondhterface[3]. Usingthe
inversewarptransformationhybrid volumerenderingcanbe easily
implemented.

All geometryis renderedirst, thenthe Z-Buffer is readout and
is inverselywarped. During the volumerenderingalgorithm, rays
intersectinggeometryareterminated. A testhasto be performed
at every samplinglocation,comparingthe currentslice index with
theinverselywarpedz-Buffer. If thevalueis equalor higherthan
the currentslice index, no more compositinghasto be performed
for the correspondindgntermediatdmage pixel - theray canbeter
minated. When runlength-encodin@f the intermediateimage is
used,asproposedy Lacroute[5], runsof voxelsonly contrikbuting
to alreadyterminatedayscanbeefficiently skipped.

Listing 3 gives the pseudo-coddor the hybrid shearwarp al-
gorithm. Note that the only changethat is required(depictedin
boldface), is a simple lookup in the inversely warped Z-Buffer.
This techniquecan be appliedto ary existing implementationof
thesheaswarpalgorithm.

The adwantageof this approachs thatno informationaboutthe
geometry apartfrom the Z-Buffer, is neededwithin the volume
renderingalgorithm. This allows hybrid volume renderingto be
integratedvery easilyinto existing geometry-basedystemssuch
asvirtual or augmentedeality ervironments. The only constraint
is, thatthe volumehasto be renderedafter the geometrysincethe
algorithmneedgheinformationstoredin the Z-Buffer.

We have successfullyntegratedour hybrid approachnto the Vi-
sualizationToolkit (VTK), a data-flav basedvisualizationlibrary
and Studierstubd11], a collaboratve augmentedeality erviron-
mentbasedon Openlnventor An exampleimageof hybrid shear
warp volume renderingcan beenseenin Figure 2. It displaysa



/I Input: volume (volume data )
1 depthmap (inv . warped Z-Buffer )
/' Output: final (final image )
for k = [0 volume .dimensions .z - 1]
{
for j =1[0 volume. dimensions .y - 1]
{
for i =1[0 volume .dimensions .x - 1]
{
[u, vl = Shear (i, jk)
[, juvl = Skip (iju, V)

if (depthmap[u][v] >= k)
Term nate(internediate[u][V])
el se

Composite (intermediate [ullv 1,
volume .data [i][j][ K])

if  (intermediate [ullv ].opacity
Terminate (intermediate [ull vl

>= 1.0)

}
}
}

Warp(final

,intermediate );

Listing 3: Hybrid sheaswarpalgorithm

[u, v] = Shear (i, j,k)
[i, juyv] = Skip (i,j,u, V)

if (depthmap_front [u]lv ] < k ||
depthmap_back [u][Vv] > k)
{

Composite (intermediate [ullv 1,
volume .data [i][j][ K])

if  (intermediate [u]lv ].opacity
Terminate (intermediate [ull vl

>= 1.0)

}

Listing 4: Innermostloop of a sheafwarp algorithm supporting
clipping regions

volumerendereddaisy pollen granule(acquiredby laserscanning
confocalmicroscop), intersectedy a polygonalcone.

4.2 Volume Clipping

As presentedby Weislopf et al [16], volume clipping for con-
vex clipping regionscanbe implementecdby testingagainstthe Z-
Buffers establishedy renderingboth, front facesand back faces
separately Samplinglocationsthat lie within the clipping region
aresimply skipped.

This conceptcanbe usedin conjunctionwith the inversewarp
transformationto introducesuchclipping regionsto thesheaswarp
algorithm(seeFigure3, which displaysa MRI datasetlippedwith
apolygonalbox).

Listing 4 depictsthe innermostioop of a sheaswarp algorithm
with supportfor clipping regions.

Figure3: An exampleof volumeclipping

[uv] = Shear (i,j,k)
[i,j,u, vl = Skip (ij ,u,v)

if (depthmap_front [ul]lv] < k ||
depthmap_back [u]] v] > k)
CompositeNormal (intermediate [ull vl
volume .data [i]j  1K])
else
CompositeClipped  (intermediate [ull vl
volume .data [i][ j]lIK])
if ~ (intermediate [u]l v].opacity >= 1.0)
Terminate (intermediate [ull vl

Listing 5: Innermostioop of afocus+contgt sheaswarpalgorithm

4.3 Focus+Context Volume Rendering

Extendinghepreviousapproachtheconcepbf focus+contet well
known in informationvisualizationcanbe appliedto volumevisu-
alization. Ratherthanjust clipping the geometricallydefinedre-
gion, the rendermodeis adjustedinside the region. Hauseret al
introducedtwo-level volumerendering[2], a way to combinedif-
ferentrendemodeswithin asingledataset.

Using geometryto defineregionsof interestfurther extendsthe
useof thisidea. Insteadof assigninglifferentrendermodesgto pre-
segmentedobjectswithin the datasetgeometricregionsof interest
canbe usedto provide tools, suchasmagiclensesthatcanbein-
teractively repositionecanddeformed.An examplecanbe seenin
Figure4, whereaninteractve tool allowsto rendempartsof thedata
setwith differenttransferfunctions.

Listing 5 depictsthe innermostloop of a sheaswarp algorithm
thatsupportdocus+contgt volumerendering.

5 RESULTS AND DISCUSSION

The advantageof our approachis that it is independentf both,
volumesize and geometricakcompleity. The performanceof the
inversewarpis proportionalto the size of the volumes projection



Figure4: An exampleof focus+contgt volumerendering

on theimageplane. Sincethe compleity of the operationds not
very high, its impacton performances very low.

Our testshave shavn that readingthe Z-Buffer tendsto be the
mostcritical partin termsof performanceWhile moderngraphics
hardware hastremendousasterizationand pixel fill capabilities,
transferringdatafrom thegraphiccards memoryto themainmem-
oryis acostlyoperation Especiallyonlow-costgraphicshardvare,
theso-called’2D-path” is notoptimized.Thisresultsin ratherpoor
performancefor readingthe Z-Buffer. However, our testshave
shavn that mid-rangegraphicsadaptergrovide sufiicient perfor
mancefor interactve frame-rates.

Duringthevolumerenderingalgorithmitself only simpletesting
operationshave to be performed.To improve cachecoherenyg, the
inverselywarpedz valuefor eachpixel canbestoredasanelement
of theintermediatdmage, insteadof storingit in a separatduffer.

On our testsystem,an AMD Athlon 600 MHz with a GeForce
4 MX graphicsadapterthe Z-Buffer readandtheinversewarpac-
countedfor lessthanone percentof the total renderingtime of an
256x256x256latase{thefinal imagesizewas512x512).With in-
creasinglatasesize,this percentagéurtherreduces.

Onelimitation is that our methodcanonly be usedfor opaque
geometrysincethereis nowayto restoreoriginalalphavaluesfrom
the frame buffer, after blendinghasbeenperformed. While it is
possibleto introducea limited numberof transparenglevels, e.g.
by renderingranslucenbbjectsseparatelyeasyintegration,oneof
themainfeaturesof our approachseverely sufersfrom this.

It hasbeensuggestedhat a possiblesolutionto this problemis
aZlist-Buffer, which storesz andalphavaluesfor all surfacesseen
throughanimagepixel [18]. If suchabuffer wasto beimplemented
in hardware,ourapproactcouldbe extendedo supporttranslucent
geometryin astraight-forvard manner

6 CONCLUSIONS

The methodwe have presentedallows to combinepolygonsand
sheaswarp volume renderingby applying an inversewarp trans-
formationto the Z-Buffer. We have presentedhreeapplications
of this technique,hybrid volume rendering,volume clipping and

focus+contet volume rendering. Our methodis independenbf
volumesizeandgeometriccomplexity.

Thekey featureof our approachs thatit allowsto integratevol-
umerenderinginto existing geometry-basedystemssinceno in-
formation aboutthe geometryapartfrom the Z-Buffer is needed.
This adwantageenabledus to easily integrate our algorithm into
Studierstubea distributedaugmentedeality ervironment.

Future work will include the developmentof more adwanced
interactiontechniquesand interactize volume visualizationtools
basedn theapproactpresentedn this paper
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