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ABSTRACT

In this paper, a simpleandefficient solutionfor combiningshear-
warpvolumerenderingandthehardwaregraphicspipelineis pre-
sented. The approachappliesan inversewarp transformationto
the Z-Buffer, containingthe renderedgeometry. This information
is usedfor correctlycombininggeometryandvolumedataduring
compositing. We presentapplicationsof this conceptwhich in-
cludehybridvolumerendering,i.e.,concurrentrenderingof polyg-
onalobjectsandvolumedata,andvolumeclippingon convex clip-
ping regions. Furthermore,it canbe usedto efficiently definere-
gionswith differentrenderingmodesandtransferfunctionsfor fo-
cus+context volumerendering.Empiricalresultsshow that theap-
proachhasminimal impacton performance.

Keywords: shear-warp,volumerendering,hybrid volumerender-
ing, volumeclipping, focus+context

1 INTRODUCTION

Shear-Warp factorization[6] is generallyconsideredto be oneof
themostefficient methodsfor software-basedvolumerendering.It
hasproven to achieve interactive frame-ratescomparableto meth-
odsthatexploit hardwareacceleration,but still maintainstheflex-
ibility of a softwaresolution. Imagescreatedwith this algorithm
areusuallyrenderedasbillboard textureswith graphicAPIs such
asOpenGL[17].

However, a problemariseswhenit is desiredto integrateshear-
warp volume renderingwith conventional geometry rendering.
Whenpolygonsintersectthe volume,the ”flat” natureof the tex-
ture becomesvisible, which is disturbingandpartly destroys the
three-dimensionalimpression.Moreover, augmentingthe volume
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with text, markers,etc.asit is oftenusefulin medicalapplications,
is limited.

In volume visualization, compositing is commonly used to
model emissionand absorptioneffects [9]. This discreteap-
proximationaccumulatescolor contributions(emission)which are
weightenedby translucency (absorption). Compositingallows to
simultaneouslyvisualizesurfacesandinterior structures.For com-
bining geometryand volume rendering,emissionand absorption
effectsof thegeometryhave to beconsideredduringthisprocess.

In thispaperwedescribeamethodto producecorrectrenderings
of intersectedvolumedataandopaquegeometrythrougha simple
modificationof the shear-warp algorithm. We alsoshow that our
approachcanbe usedto performvolume clipping. Additionally,
a focus+context volumerenderingapproachcanbe realizedusing
thismethod.

In Section2, we describeotherapproachesthat have beenpre-
sentedfor concurrentrenderingof geometryandvolumedata.Sec-
tion 3 describestheinversewarptransformation,which is thebasis
for theapplicationsdiscussedin Section4. In Section5, wepresent
theresultsanddiscusstheperformanceof ourmethod.Finally, this
paperis concludedin Section6.

2 RELATED WORK

Muchwork hasbeendoneon renderinggeometryandvolumedata
concurrently. The main problemthat hasto be consideredis the
differencein representation.While volume datais a setof sam-
ples,geometrydatais analyticallydefined.Volumedatais usually
representedon a three-dimensionalgrid. Geometrydatais a set
of analytically definedsurfaces. In real-timerenderingtheseare
polygonalmeshes.

Oneideais to convert polygonandvolumedatainto a common
representation.Algorithms suchas Marching Cubes[8], extract
surfacesfrom volumedata. Thesesurfacescan then be rendered
togetherwith thegeometry, usingthegraphichardware’s Z-Buffer
to ensurecorrectvisibility. However, sinceonly surfacesareex-
tracted,a lot of informationis lostduringthis process.

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



thatlargeamountsof informationarelost. However, sinceapplica-
tionsuseahugenumberof polygons,it canbeverytime-consuming
whendonein software.

Thedrawbacksof theseapproacheshave leadto algorithmsthat
simultaneouslyoperateon geometrydataandvolumedata[7, 4].
They combinerasterizationof thegeometryandvolumerendering
to producea hybrid rendering.

LacrouteandLevoy [6] introducedshear-warp factorization,an
efficient volume renderingalgorithm. In his thesis[5], Lacroute
suggesteda hybrid algorithm that simultaneouslyperformscom-
positing and rasterizationfor eachscanline. However, this soft-
wareapproachcannotcompetewith therasterizationcapabilitiesof
moderngraphicshardware,availablein everystandardPC.Further-
more,it cannotbeintegratedwith standardgraphicsAPIs.

In thework by ZakariaandZaman[18] andSchmidtet al. [12]
the geometryis rasterizedinto sheared-objectspace(this means
thatthesheartransformationof theshear-warpalgorithmis applied
to thegeometry).ThecolorandZ-Buffer establishedduringraster-
izationarethenusedin compositingto accountfor geometrycon-
tributionsto therendering.Finally, thetwo-dimensionalwarpis ap-
pliedto theintermediateimage. Therasterizationcanbeperformed
using graphicshardware, by renderingthe intersectinggeometry
into a non-visiblebuffer andreadingout thecolorandZ-Buffer.

While theseapproachesexploit thegraphicshardwarefor raster-
ization,existing systemsneedsomemodificationsfor usingthem.
Intersectingobjectshave to be determinedandexcludedfrom the
normalrenderingprocess.For a largenumberof objects,thismight
requireto performintersectiontestsfor all objectsor theintroduc-
tion of advancedspacialdatastructures.

Our methoddoesnot suffer from thesedrawbacks,making it
moreapplicablefor integrationinto existing systems.All geome-
try is renderedfirst. Then the region of the hardware’s Z-Buffer
correspondingto theprojectionareaof thevolumeis readout. An
inversewarp is appliedto this partialZ-Buffer, to transformit into
sheared-objectspace. As suggestedby Schulzeet al [13], this in-
verselywarpedZ-Buffer is usedtodetermineintersectinggeometry.

3 METHOD OVERVIEW

In this section,we describethe basicsof our methodfor hybrid
shear-warpvolumerendering.First, we introducethe terminology
of theshear-warpfactorization.We thendescribetheinversewarp
transformationof theZ-Buffer, which allows to integrategeometry
into thevolumerenderingalgorithm.

3.1 Shear-Warp Factorization
The basicideaof shear-warp factorization[5, 6] is that the view
matrix is factorizedinto a shearanda warpmatrix. Also a permu-
tation accordingto the principal viewing axis is involved, but for
simplicity wewill disregardit here.

Applying the sheartransformationto the volume meanstrans-
forming eachvolumeslice in a way, so that all viewing raysare
parallel to the principal viewing axis. The coordinatesystemde-
fined by this propertyis calledsheared-objectspace. For parallel
projections,thismeansa translationof everyvolumeslice.For per-
spective projections,eachslice hasto be scaledaswell. Sinceall
viewing raysareparallelto theprincipal viewing axis in sheared-
objectspace, the algorithmcanprocessthe volumein a slice-by-
slice,scanline-by-scanlinemanner, compositinginto aso-calledin-
termediateimage. This allows cache-efficient accessto thevolume
dataandis thebasisfor severalhigh-level optimizations[5, 6, 10].

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

// Input : M ( transformation matrix )
// source ( source image)
// Output : destination ( destination image )

for y = [0 .. destination .height -1]
{

for x = [0 .. destination .width-1]
{

t = Mˆ(-1) * (x, y)
destination [x][y ] = source [t.x ][t.y]

}
}

Listing 1: Two-dimensionalbackward-mappedwarp

sincethe intermediateimage containscolor information,only the
two-dimensionalpartof this transformationhasto beconsidered.

3.2 Inverse Warp Transformation
Today’sgraphicshardwareusestheZ-Buffer algorithm[15] for dis-
playingpolygonswith correctvisibility. In general,for eachfrag-
ment (a rasterizedportion of a polygon, attributedwith location,
color, etc.),thefragmentis only written into theframebuffer if its
distanceto theimageplaneis lower thanthedistancestoredin the
Z-Buffer. If this is the case,the fragment’s depthvalueis written
into theZ-Buffer, overwritingtheoldvalueatthatlocation.Graphic
APIs,suchasOpenGL[17], allow to readout thegraphiccard’sZ-
Buffer into mainmemory. TheZ-Buffer establishedwhenrender-
ing geometrycanbe usedwithin the volumerenderingalgorithm
to performseveral operations,suchashybrid volumerenderingor
clipping (seeSection4).

For usingthe informationprovided by the Z-Buffer during the
compositingphaseof theshear-warpalgorithm,it hasto be trans-
formed into sheared-objectspace. This can be accomplishedby
usingtheinversewarptransformation.However, in contrastto the
warpof the intermediateimage, a two-dimensionaltransformation
is not sufficient.

Onecaninterpretthe Z-Buffer asa setof point samplesof the
scenegeometry. The x and y coordinatesof a samplepoint are
implicitly definedby its locationin thebuffer, whilst thez coordi-
nateis storedin thebuffer itself. Performingjustatwo-dimensional
warpwouldonly causeatwo-dimensionaltranslationof eachpoint,
ratherthancorrectlytransformingit. In theremainder, we will re-
fer to theactualZ-Buffer assourceandto theresultof the inverse
warpasdestination, treatingbothasimagescontainingdepthval-
ues.This highlightsthedifferencebetweena two-dimensionaland
a three-dimensionalwarpandsuggestsanimplementation.

Commonmethodsfor imagewarping usebackward-mapping.
In backward-mappedwarping,the destinationpixels areinversely
mappedto thesourceimageandsampledaccordingly, asdepicted
in Listing 1. However, sinceweneedthedepthvalueateachsample
locationin ordertocomputethetransformation,backward-mapping
cannotbeused. Instead,we usea forward-mappingalgorithm[1]
asdepictedin Listing 2.

Thiscausessomeproblems.Theinversewarpis performedona
discretesetof samples.Thus,properreconstructionhasto bedone.
We usea rectangularfootprint, scaledaccordingto theratio of the
dimensionsof thevolume’s projectionon the imageplaneandthe
dimensionsof the intermediateimage. For perspective projection,
the footprint is scaledaccordingto the depthvalueaswell. This
ensuresthatno holesoccurin thetransformedimage.Thoughthis
is a rathercoarseapproximation,it hasprovento provide sufficient
quality.

Yet anotherproblemremains:Severalsource locationscanmap



// Input: M (transformation matrix )
// source (source image )
// Output: destination (destination image )

for y = [0 .. source .height -1]
{

for x = [0 .. source. width-1]
{

t = M * (x,y ,source [x][y])
destination [ t.x][t. y] = t. z

}
}

Listing 2: Three-dimensionalforward-mappedwarp

inverse
warp

image space

Z-Buffer final image

inversely warped Z-Buffer intermediate image

compositing

image
warp

sheared-object
space

Figure1: Integrationof geometryandvolumerenderingusingthe
inversewarptransformation

to thesamedestinationlocation. Whennot handledcorrectly, this
introducesverydisturbingvisibility errors.Wethereforeuseamin-
imumoperatorto combinedestinationvaluesandsourcevalues(the
destinationis initialized with infinity). This correspondsto theZ-
Buffer algorithm- thevalueclosestto theviewer is chosen.

Theresultof the inversewarp is a depthmapin sheared-object
spacecoordinatesof the samesize as the intermediateimage.
Therefore,finding thedepthvaluefor a samplelocationcanbeac-
complishedby looking up thedepthmap’s valueusingthecurrent
indicesfor theintermediateimage. Negativevaluesin thismapcor-
respondto geometryin front of thevolume,valuesthatexceedthe
volume’s dimensionalong the principal viewing axis, correspond
to geometrybehindthevolume.All othervaluescorrespondto ge-
ometrythatintersectsthevolume.Figure1 illustratestheuseof the
inversewarp transformationfor combiningvolumeandgeometry
rendering.

Figure2: An exampleof hybridvolumerendering

4 APPLICATIONS

4.1 Hybrid Volume Rendering
Concurrentdisplayof intersectingvolumedataandpolygonsis of-
tendesiredin virtual environments.It allows to displayaugmenta-
tions,markersor labelslocatednext to structuresof specialinterest
within thevolume,enablingtheuserto perceive this informationin
the correctcontext. Virtual objectsalignedwith real-world props
canbeusedto provide a three-dimensionalinterface[3]. Usingthe
inversewarptransformation,hybridvolumerenderingcanbeeasily
implemented.

All geometryis renderedfirst, thentheZ-Buffer is readout and
is inverselywarped.During the volumerenderingalgorithm,rays
intersectinggeometryareterminated.A testhasto be performed
at every samplinglocation,comparingthecurrentslice index with
theinverselywarpedZ-Buffer. If thevalueis equalor higherthan
the currentslice index, no morecompositinghasto be performed
for thecorrespondingintermediateimage pixel - theraycanbeter-
minated. When runlength-encodingof the intermediateimage is
used,asproposedby Lacroute[5], runsof voxelsonly contributing
to alreadyterminatedrayscanbeefficiently skipped.

Listing 3 gives the pseudo-codefor the hybrid shear-warp al-
gorithm. Note that the only changethat is required(depictedin
boldface), is a simple lookup in the inversely warpedZ-Buffer.
This techniquecan be appliedto any existing implementationof
theshear-warpalgorithm.

Theadvantageof this approachis thatno informationaboutthe
geometry, apart from the Z-Buffer, is neededwithin the volume
renderingalgorithm. This allows hybrid volume renderingto be
integratedvery easily into existing geometry-basedsystems,such
asvirtual or augmentedreality environments.Theonly constraint
is, that thevolumehasto berenderedafter thegeometry, sincethe
algorithmneedstheinformationstoredin theZ-Buffer.

Wehavesuccessfullyintegratedourhybridapproachinto theVi-
sualizationToolkit (VTK), a data-flow basedvisualizationlibrary
andStudierstube[11], a collaborative augmentedreality environ-
mentbasedon OpenInventor. An exampleimageof hybrid shear-
warp volume renderingcan beenseenin Figure 2. It displaysa



// Input: volume (volume data )
// depthmap (inv . warped Z-Buffer )
// Output: final (final image )

for k = [0 .. volume .dimensions .z - 1]
{

for j = [0 .. volume. dimensions .y - 1]
{

for i = [0 .. volume .dimensions .x - 1]
{

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

if (depthmap[u][v] >= k)
Terminate(intermediate[u][v])

else
{

Composite (intermediate [u][v ],
volume .data [i][j][ k])

if (intermediate [u][v ].opacity >= 1.0)
Terminate (intermediate [u][ v])

}
}

}
}

Warp(final ,intermediate );

Listing 3: Hybrid shear-warpalgorithm

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

if (depthmap_front [u][v ] < k ||
depthmap_back [u][v] > k)

{
Composite (intermediate [u][v ],

volume .data [i][j][ k])

if (intermediate [u][v ].opacity >= 1.0)
Terminate (intermediate [u][ v])

}

Listing 4: Innermostloop of a shear-warp algorithm supporting
clipping regions

volumerendereddaisypollen granule(acquiredby laserscanning
confocalmicroscopy), intersectedby a polygonalcone.

4.2 Volume Clipping

As presentedby Weiskopf et al [16], volume clipping for con-
vex clipping regionscanbe implementedby testingagainsttheZ-
Buffers establishedby renderingboth, front facesandback faces
separately. Samplinglocationsthat lie within the clipping region
aresimplyskipped.

This conceptcanbe usedin conjunctionwith the inversewarp
transformation,to introducesuchclippingregionsto theshear-warp
algorithm(seeFigure3, whichdisplaysaMRI datasetclippedwith
a polygonalbox).

Listing 4 depictsthe innermostloop of a shear-warp algorithm
with supportfor clipping regions.

Figure3: An exampleof volumeclipping

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

if (depthmap_front [u ][v] < k ||
depthmap_back [u][ v] > k)

CompositeNormal (intermediate [u][ v],
volume .data [i][j ][k])

else
CompositeClipped (intermediate [u][ v],

volume .data [i][ j][k])

if (intermediate [u][ v].opacity >= 1.0)
Terminate (intermediate [u][ v])

Listing 5: Innermostloop of a focus+context shear-warpalgorithm

4.3 Focus+Context Volume Rendering
Extendingthepreviousapproach,theconceptof focus+context well
known in informationvisualizationcanbeappliedto volumevisu-
alization. Ratherthan just clipping the geometricallydefinedre-
gion, the rendermodeis adjustedinsidethe region. Hauseret al
introducedtwo-level volumerendering[2], a way to combinedif-
ferentrendermodeswithin a singledataset.

Usinggeometryto defineregionsof interestfurtherextendsthe
useof this idea.Insteadof assigningdifferentrendermodesto pre-
segmentedobjectswithin thedataset,geometricregionsof interest
canbeusedto provide tools,suchasmagiclenses,thatcanbe in-
teractively repositionedanddeformed.An examplecanbeseenin
Figure4, whereaninteractive tool allowsto renderpartsof thedata
setwith differenttransferfunctions.

Listing 5 depictsthe innermostloop of a shear-warp algorithm
thatsupportsfocus+context volumerendering.

5 RESULTS AND DISCUSSION

The advantageof our approachis that it is independentof both,
volumesizeandgeometricalcomplexity. The performanceof the
inversewarp is proportionalto thesizeof thevolume’s projection



Figure4: An exampleof focus+context volumerendering

on the imageplane. Sincethecomplexity of theoperationsis not
veryhigh, its impactonperformanceis very low.

Our testshave shown that readingthe Z-Buffer tendsto be the
mostcritical part in termsof performance.While moderngraphics
hardware hastremendousrasterizationand pixel fill capabilities,
transferringdatafrom thegraphiccard’smemoryto themainmem-
ory is acostlyoperation.Especiallyonlow-costgraphicshardware,
theso-called”2D-path” is notoptimized.Thisresultsin ratherpoor
performancefor readingthe Z-Buffer. However, our testshave
shown that mid-rangegraphicsadaptersprovide sufficient perfor-
mancefor interactive frame-rates.

Duringthevolumerenderingalgorithmitself only simpletesting
operationshave to beperformed.To improve cachecoherency, the
inverselywarpedz valuefor eachpixel canbestoredasanelement
of the intermediateimage, insteadof storingit in a separatebuffer.

On our testsystem,an AMD Athlon 600MHz with a GeForce
4 MX graphicsadapter, theZ-Buffer readandtheinversewarpac-
countedfor lessthanonepercentof the total renderingtime of an
256x256x256dataset(thefinal imagesizewas512x512).With in-
creasingdatasetsize,this percentagefurtherreduces.

Onelimitation is that our methodcanonly be usedfor opaque
geometry, sincethereis nowayto restoreoriginalalphavaluesfrom
the framebuffer, after blendinghasbeenperformed. While it is
possibleto introducea limited numberof transparency levels,e.g.
by renderingtranslucentobjectsseparately, easyintegration,oneof
themainfeaturesof ourapproach,severelysuffersfrom this.

It hasbeensuggestedthata possiblesolutionto this problemis
a Zlist-Buffer, which storesz andalphavaluesfor all surfacesseen
throughanimagepixel [18]. If suchabuffer wasto beimplemented
in hardware,ourapproachcouldbeextendedto supporttranslucent
geometryin a straight-forwardmanner.

6 CONCLUSIONS

The methodwe have presentedallows to combinepolygonsand
shear-warp volume renderingby applying an inversewarp trans-
formation to the Z-Buffer. We have presentedthreeapplications
of this technique,hybrid volume rendering,volume clipping and

focus+context volume rendering. Our methodis independentof
volumesizeandgeometriccomplexity.

Thekey featureof ourapproachis thatit allows to integratevol-
umerenderinginto existing geometry-basedsystems,sinceno in-
formationaboutthe geometryapartfrom the Z-Buffer is needed.
This advantageenabledus to easily integrateour algorithm into
Studierstube,adistributedaugmentedrealityenvironment.

Future work will include the developmentof more advanced
interactiontechniquesand interactive volume visualizationtools
basedon theapproachpresentedin this paper.
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