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�
Abstract

In this paperwe addressthe problemof interactively resampling
unstructuredgrids. Threealgorithmsarepresented.They all allow
adaptive resamplingof an unstructuredgrid on a multiresolution
hierarchyof arbitrarily sizedcartesiangridsaccordingto a varying
elementsize. Two of the algorithmspresentedtake advantageof
hardwareacceleratedpolygonrenderingand2D texture mapping.
In exploiting new featuresof modernPCgraphicsadapters,thefirst
algorithmtriesto significantlyminimizethenumberof polygonsto
berendered.Reducingrasterizationrequirementsis themaingoal
of thesecondalgorithm,whichdistributesthecomputationalwork-
loaddifferentlybetweenthemainprocessorandthegraphicschip.
By comparingthemto a new puresoftwareapproach,an optimal
software-hardware balanceis studied. We end up with a hybrid
approachwhich greatly improves the performanceof hardware-
assistedresamplingby involving the main processorto a higher
degreeandthusenablingresamplingat nearlyinteractive rates.

1 Introduction

Over thelastcoupleof yearsgreatadvanceshave beenmadein the
renderingof unstructuredvolumedata.Still theperformanceof all
reportedalgorithmsis below the interactive framerateswhich can
be achieved for high resolutionregular grids using texture based
volumerendering[1, 2] or dedicatedgraphicshardware [6]. Re-
samplingthe unstructuredvolume dataon cartesiangrids seems
thereforeto be onepromisingapproachto achieve interactive vi-
sualization.

Accurateresampling,however, hasto adjustthe resolutionfor
the regulargrid to the sizeof thesmallestelementof the unstruc-
turedgrid, producinghugeamountsof datafor meshesof practical
sizes. Sincecells may vastly vary in size, large elementsof the
grid will lead to regions of only small datavariation. Hardware
assistedvolume renderingof suchreconstructedlarge scaledata
setsis severelyhamperedby thelimited amountof physicaltexture
memoryavailable.Oncetexturepagingis requiredframeratesdrop
significantly.

Adaptive resamplingis thereforehighly indicated. Insteadof a
singleregulargrid amultiresolutionhierarchyis usedfor therecon-
structionof theunstructuredgrid. Methodsfor artifact-freetexture-
basedinteractive renderingof multiresolution3D scalarfieldshave
recentlybeenreported[10]. The resolutionfor a certainareacan
eitherbebasedonstaticcharacteristicsof theunstructuredgrid like�
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the sizeof cells containedin that areaor basedon dynamiccrite-
ria, e.g. the userfocus. As the latter usually is not definedprior
to the visualizationand may changeduring this process,we are
highly interestedin aninteractive resamplingalgorithm,sincestor-
ing a cartesiangrid with the full resolutionis time consumingand
introducesahugememoryoverhead.

Thefastestresamplingalgorithmsthatcanbefoundin theliter-
atureexploit the graphicshardwareandarebasedon slicing. As
suchapproachesrenderahugenumberof polygons,they areheav-
ily limited by the rasterizationperformanceof the graphicschip.
Therefore,a worthwhileobjective is to reducethenumberof poly-
gonsrequiredfor resampling. Hardware acceleratedresampling,
however, hasthe main drawback that the capacityof ever faster
main processorsis not used. The CPU degeneratesto a pure tri-
anglegenerator. High performanceresamplingrequiresto balance
workloadbetweenthemainprocessorandthegraphicschipin order
to minimizethetime for resampling.

This paperaddressesthe problemof workloaddistribution for
the interactive constructionof a resamplinghierarchy. Threedif-
ferentalgorithmsareintroduced.While oneof themusesonly the
CPUtheothertwo alsoexploit graphicshardwarefor optimalper-
formance.Thedifferencebetweenthehardwareacceleratedalgo-
rithms introducedlies in the distribution of certaincomputational
tasksbetweentheCPUandthegraphicsprocessor, therebyallow-
ing theevaluationof theoptimalworkloadbalancing.

Theremainderof thispaperis organizedasfollows. After abrief
lookatrelatedwork wefirst describeahardwareacceleratedresam-
pling algorithmhighly exploiting featuresof modernPC graphics
adaptersin Section3. In contrastto that a puresoftwaresolution
is introducedin Section4. A hybrid hardware-softwarealgorithm
with amuchbetterworkloadbalanceis describedin Section5. We
concludewith someresultsandareasof futureresearch.

2 Related work

Techniquesfor resamplingan unstructuredgrid can be classified
into image order andobjectorder algorithms. Imageorderalgo-
rithmsiterateover theelementsof thedestinationcartesiangrid and
try to figureout thedatavaluefor thesegrid points. This includes
two tasks. The first is to determinethe elementof the unstruc-
turedgrid enclosingthis position,alsoreferedto aspoint location.
Thesecondstepis thedatainterpolationwithin thelocatedelement.
Themajordrawbackof this approachis thecostof thepoint loca-
tion process.Althoughit canbesignificantlyacceleratedby theuse
of anoctree[13], it still dominatesthetime for datainterpolation.
A differentideais to useconnectivity informationof the unstruc-
turedgrid which inducesanadditionaloverheadof memoryandof
computationaleffort for theinitialization.

Objectorderalgorithmson the otherhanditerateover the ele-
mentsof theunstructuredgrid,determiningall cartesiangrid points
enclosedwithin theboundaryof theelement.Eachof thesepoints
is assignedadatavalueinterpolatedfrom thenodesof thecurrently
consideredelement.Onthisaccountobjectorderresamplingisvery



closelycoupledwith the problemof 3D-scanconversionalsoref-
eredto asvoxelization,which hasbeenstudiedfor quite a while.
Besidesthesoftwaresolutions[3], whichfundamentallyextend2D-
scanconversionto the3D case,morerecentlyseveralauthorstried
to exploit graphicshardwarefor fastvoxelization.

Similar to techniquesfor the direct renderingof unstructured
grids[15, 14] slicing is usedtakingadvantageof hardwareacceler-
atedpolygonrendering.Thecartesiangrid into which theunstruc-
turedgrid is beingresampledis consideredin slicesperpendicular
to thez-axis,oneslicepervoxel layer. For eachslicethesetof in-
tersectionpolygonsof thesliceplanewith all unstructuredgrid ele-
mentsis rendered.Thegraphicshardwarewill theninterpolatedata
during the rasterizationprocesswithout interferenceof the main
processorandthe resultcanbe readbackfrom the framebuffer or
directly loadedinto a texturemapfor visualizationpurpose.

Computingtheintersectionpolygonscaneitherbedoneexplic-
itly [15, 14] or implicitly on a per-pixel basisby takingadvantage
of dedicatedgraphicshardware providing per-fragmenttestsand
operations[11]. The mostrecentapproachdoing so wasreported
in [12]. Their idea,however, requirescomputingthe decomposi-
tion of theprojectedtetrahedronaccordingto theShirley-Tuchman-
classification(ST) [8]. Besidesintroducingcomputationalover-
headandtheneedfor renderingtheST-decompositiontwicefor ev-
eryslice,thisapproachalsosuffersfrom theoverallpolygoncount,
whichsignificantlyexceedsthenumberof elementsin thegrid.

3 Hardware-supported slicing

As statedbeforeour objective is theconstructionof a multiresolu-
tion hierarchyof cartesiangridsfrom unstructuredgridsby resam-
pling. Thecoreelementof this processis theresamplingof (parts
of) the unstructuredgrid into a singlecartesiangrid of predefined
resolution. The first algorithmwe introducemakesextensive use
of thegraphicshardwareby utilizing a slicing techniquesimilar to
thosereportedin [15, 14]. Thedestinationgrid is consideredon a
slice-by-slicebasis,oneslicepervoxel layeralongthez-axis. For
eachslicethesetof intersectionpolygonsof a planein themiddle
of the slicewith all elementsof the unstructuredgrid is rendered.
After processinga singleslicetheresultcanbereadbackfrom the
framebuffer for renderingor saving theresultondisk.
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Figure1: Thebasicprinciple of the methodis demonstrated. On
theleft, slicingperpendicularto theview directionis performedby
renderingthe substitutegeometry(silhouetteof the tetrahedron).
Texture mappingandalphatestensuresthat only thefragmentsof
the intersectionpolygonsare actuallywritten into theframebuffer.
On the right a visualizationof the texture coordinate mappingis
demonstrated. Thesemitransparentpolygonsshowtheprojection
of the substitutegeometryonto the slice plane. The barycentric
coordinatesof theverticesof thatpolygonwith respectto thetetra-
hedron are codedastexturecoordinatesof therenderedgeometry.

However, our algorithmneithercomputesintersectionpolygons
explicitly nor rendersmorethantwo polygonsper tetrahedron.In
this point our algorithmis superiorto [12]. In fact thecoreideaof

our algorithmis simply to rendera singleslightly larger polygon
and let the rasterizationhardwaredeterminethe intersectionwith
the tetrahedronvia fragmentoperations.As the renderedpolygon
doesnot necessarilyneedto consistof tetrahedralfaceswe call it
substitutegeometry.

Using texturemappingandprogrammablefragmentoperations
of moderngraphicsadapterswe ensurethatonly fragmentsof the
substitutegeometryon the intersectionpolygon will actually be
written into theframebuffer. In additionto thattherenderingmust
correctlyinterpolatedatavaluesfor eachfragmentwritten into the
framebuffer. Bothcanbeachievedby usingbarycentriccoordinates
astexturecoordinates(seeFigure1).

3.1 The substitute geometry

In order to gain an optimal resamplingperformancethe polygon
renderedfor eachtetrahedronhasto beselectedquitecarefullywith
respectto the computationalcostof its calculationandthe sizeof
theareain theframebuffer whichis coveredby thepolygon.Onthe
onehandit mustatleastcoverthesilhouetteof theconsideredtetra-
hedron.On theotherhandlargerpolygonsresultin higherrasteri-
zationcostsfor thatprimitive,decreasingtheoverall performance.

Therefore,a trianglestrip consistingof eitherthefront facesor
thebackfacesof thetetrahedronis selectedasa substitutegeome-
try. Thedecisionbetweenfront facesandbackfacesis madewith
respectto a minimal numberof polygons. We usuallyselectthe
front facesunlessthenumberof backfacesis smallerthanthenum-
berof front faces.Thethreedifferentcasescanbeseenin Figure2.
By this schemewe can guaranteethat the projectionof the sub-
stitutegeometryontothe imageplaneis equalto thetetrahedron’s
silhouetteandthatit is eithera singletriangleor a setof two trian-
gleswhich– consideredasa tristrip – canberenderedwith threeor
four vertices,respectively.

Figure2: Thetreedifferent casesof substitutegeometry. We ren-
der front facesof the tetrahedron unlessthenumberof front faces
exceedsthenumberof back faces.

Furthermore,no vertex of the tristrip hasto be computedsince
they areall givenby thetetrahedrondatastructure.Thevertex or-
derfor thetristripscanefficiently bedeterminedby a lookup-table
holdingall possiblevertex orderings.The tableis indexed by the
front-back-classificationof thetetrahedron’s faces.

NotethattheST-decompositionrequirestwo moretrianglesand
verticesonaverage.It produceseitherthreeor four triangles,which
mustberenderedusingat leastfiveor six vertices,respectively. At
leastonevertex, the interior vertex, of the ST-triangulationhasto
becomputedfrom theintersectionof two selectededgesprojected
onto the imageplane. Although this calculationis not very ex-
pensive, it introducesa significantoverheadcomparedto thetable
lookup.



3.2 Identifying the intersection

At this point, we have to ensurethatdatashouldonly bedrawn at
pixels coveredby the intersectionbetweenthe sliceplaneandthe
tetrahedron.Thus we needa suitablecharacterizationfor points
within a tetrahedron.A well known fact is thatevery 3D-pointcan
alsobedefinedby the four componentsof thebarycentriccoordi-
natesystemof a tetrahedron.Thecomponentsareproportionalto
thedistanceof thepoint from onefaceof thetetrahedron.Consid-
eringbarycentriccoordinatesthefollowing statementholds:A 3D-
pointlieswithin atetrahedroniff eachcomponentof thebarycentric
coordinatesof this point with regardto theconsideredtetrahedron
is includedwithin theinterval � 0 � 1� .

This fact pavesan elegantway to refrain fragmentsoutsidethe
intersectionpolygonfrom beingwritten into theframebuffer. Sup-
poseeachfragmentcouldbeequippedwith its barycentriccoordi-
natesaccordingto thetetrahedronunderconsideration.Wecanuse
a texturemapto assignα � 1 only to fragmentsinsidethetetrahe-
dron andα � 1 elsewhere. Thusall fragmentsoutsidewill auto-
maticallyberemovedby enablingtheOpenGLalphatest.

Thisbasicideathoughwould requirea4D-texturemapsincewe
needfour componentsfor barycentriccoordinates.However such
multidimensionaltexturesareonly supportedby highendgraphics
systems.On theotherhanda 4D-texturemapwould beanunnec-
essarywasteof texturememoryaswill beillustratednow.

Fortunately, therelationstatedabove canalsobeconsideredfor
eachcomponentindependently. We startby taking the first com-
ponent. If it is includedin the interval � 0 � 1� , then the fragment
will possiblybeinsidethetetrahedronotherwiseit candefinitelybe
rejected.Thisalsoholdsfor theremainingthreecomponents.Tak-
ing into accountthe definition of the alphavaluesasstatedabove
we canindividually mapeachcomponentof thebarycentriccoor-
dinatesto alphavaluesandcomputethecombinedfragmentclassi-
ficationby multiplying the four alphavalues. Only if eachof the
factorsis equalto 1 the productwill alsobe equalto 1 denoting
that eachcomponentof the barycentriccoordinatesis includedin� 0 � 1� . Thuswecanmakeuseof standardOpenGL1.2multitextures
anda modulateenvironmentwhich will exactly performthe men-
tionedoperationsusinga1D-texturemapasillustratedin Figure3.
However, conceptuallyfour texturestageswouldberequired.

α = 0α = 1α = 0

b
�

i = 0 b
�

i = 1
3/(2N) 1-3/(2N)�

N
�

Figure3: Texture that mapsa singlecomponentof thebarycentric
coordinatesto alphavaluesaccording to inside-outsideclassifica-
tion.

Only thefirstandthelastelementof thetexturemaphasanalpha
valueof 0. Therestof theelementsaresetto α � 1. A simplelinear
mappingfrom barycentriccoordinatesbi to texture coordinatesti
assuresthat bi � 0 and bi � 1 will be mappedto the centersof
the first andlast non transparenttexels at ti � 3��� 2N � andat ti �
1 � 3� � 2N � , respectively:
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This is performedusingtheOpenGLtexturematrix,which is mul-
tiplied with eachof thetexturecoordinates.

Notethatwe alsocouldhave usedthe textureborderfacility of
OpenGLinsteadof defininga surroundingshellof transparenttex-
els, but as this functionality is only availableon certaingraphics
hardwarethiswouldhaveintroducedunnecessaryhardwarerestric-
tions.

Another problemarisesfrom the four texture stagesrequired.
Mostof thegraphicshardwarenowadaysavailabledoeseithersup-
portnotmorethantwo hardwareacceleratedmultitexturesor is op-
timized for two texture stages.Thuswe slightly adaptthe intro-
ducedconceptandtake two 2D-texturesinstead.Thefour compo-
nentsof thebarycentriccoordinatesaredistributedbetweentwo 2D
texture maps,wherethe first mapcovers the components� b0 � b1 �
andthesecondmapuses� b2 � b3 � astexturecoordinates.Thecon-
tent of both mapsis actually the samebuilt conceptuallyby the
orthogonalproductof theformerdescribed1D function,which re-
sultsin a onetexel wide transparentbordersurroundinga block of
elementswith α � 1.

3.3 Rasterization of intersection polygons

With texturingsetupasdescribedwejusthave to renderthesubsti-
tutegeometryof thetetrahedronfor eachslice.Everyvertex of the
substitutegeometryis assignedthesetof four barycentriccoordi-
natesastwo 2D texturecoordinatesfor thefirst andsecondtexture
state,respectively. But insteadof usingthevertex positionsof the
renderedtrianglesto determinethebarycentriccoordinateswetake
the coordinatesof the projectionof thosepointsonto the current
sliceplane.As illustratedin Figure4 this leadsto thecorrectren-
deringof theintersectionpolygon.
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Figure4: Sectionalviews of the threedifferent casesof substitute
geometrysortedby thenumberof front facesfromleft to right. The
gray lines denotethe facesof the tetrahedron to be rendered as a
substitutegeometry. The texture coordinatesassignedto its ver-
ticesare conceptuallydeterminedby projecting the verticesonto
the slice planeand computingthe barycentriccoordinatesof the
projectedpointswith respectto the tetrahedron to besliced. With
texturemappingandalphatestappropriatelysetuponly fragments
arewrittenwhich coincidewith theintersectionpolygonof theslice
planeandthetetrahedronviewedfroma directionperpendicularto
thesliceplane.

Considerthe rightmostcasein Figure4. Thegray line denotes
thesubstitutegeometryto berendered,theslightly shiftedline de-
notesthe fragmentsthat will passthe alphatest. The areaof the
substitutegeometrywhich is not removedby thealphatestexactly
coversthesamepixelsastheblackintersectionpolygonof theslice
planeandthetetrahedronwhenprojectedonto the imageplaneby
themodel-view transformation.

Note that this only works becausethe barycentriccoordinates
vary linearly in thesameway asthe texturecoordinatesalongthe
renderedtriangles.In orderto handlenegative barycentriccoordi-
natescorrectlywehave to usetheclamptextureenvironment.



We also state that although our implementationusesortho-
graphic' projectionfor the resamplingon a cartesiangrid this also
worksfor renderingtheintersectionpolygonswith perspectivepro-
jection. It is alsonot requiredthattheorientationof thesliceplane
is perpendicularto the view direction. So the samemethodcan
beappliedto renderinganarbitraryorientedsliceprobewithin the
unstructuredgrid asproposedin [9]. We demonstratethis in Fig-
ure14.

Determiningthetexturecoordinatesasstatedseemsto beaquite
costly operationsincethe point projectionrequiresthe computa-
tion of a dot productanda vectoraddition. Thetransformationof
theprojectedpoint into barycentriccoordinatestakesfour dotprod-
ucts. We will show in Section3.5,however, that thecomputations
necessarycanactuallybe reducedto a singleproductanda scalar
sum.

3.4 Hardware-supported data interpolation

We have shown that the restrictionof the fragmentswritten into
theframebuffer to theintersectionof thetetrahedronwith theslice
planecanbeachievedvia standardOpenGL1.2functionality. This
doesnotapplyto theinterpolationof thedatavalues.Ourapproach
usestheprogrammablefragmentarithmeticprovidedby currentPC
graphicshardware,i.e.NVidia’sGeForcefamilyof GPUs.Thechip
allows for the flexible combinationof fragmentcolor andtexture
samplesduringrasterization[4].

Using this functionality we additionallyapply a primary anda
secondarycolor to eachsubstitutegeometryonaper-elementbasis.
Eachvertex of thegeometrygetsassignedthesamecolor. Only the
R andG valuesof thecolorsareactuallyused,B andA aresetto
zero. The primary color holdsthe datavaluesof the first andthe
secondtetrahedralnode. The R andG channelof the secondary
coloraresetto thedatavaluesof thethird andfourthnode.

Taking this into accountthe datainterpolationwithin the tetra-
hedronactuallyconsistsof a dot productof thebarycentriccoordi-
natesanda vectorbuilt from the non-zerocomponentsof thepri-
maryandsecondarycolor.
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In orderto providethefragmentarithmeticwith thebarycentricco-
ordinateswe have to add further information to the texture map.
The R and G channelof the texture map is set to the first and
secondcomponentof barycentriccoordinates,thereforeidentically
mappingtheprovidedtexturecoordinatesto texturelookupvalues.
Notethatwedonothave to takespecialcareof coordinatesoutside
thetetrahedron.Althoughclampingof texturevalueswould leadto
incorrectresults,thealphasettingof ourtexturestill guaranteesthat
no incorrectlyinterpolatedvaluewill bewritten to theframebuffer.
Therequiredsetupof theregistercombinersis shown in Figure5.

3.5 Implementation details

In orderto gainoptimalperformancewe useanactive-elementlist
similar to that introducedin [15]. This significantly reducesthe
numberof elementsthathave to beconsideredfor asingleslice.

After theslicedirectionwasstatedthemodelcoordinatespaceis
divided into a certainpredefinednumberof indexed slabsparallel
to thesliceplane.Everyelementof thegrid is insertedinto atmost
two slabs.Theseareexactly theslabswith the lowestandhighest
index containingoneof theelement’s nodes.Note that theremay
alsobe elementsonly belongingto a singleslab if all nodesare
containedwithin thisslab.

Eachtime a new resamplingslicehasto beprocessedwe deter-
minewhetherthesliceis still coveredby thecurrentslab. If this is

not thecasetheelementscontainedin thenew slabwill beinserted
into theactive-elementlist andthosealreadytherewill beremoved
instead.After this steptheactive-elementlist containsa subsetof
all elementswhich arepotentiallyhit by the currentslice andwe
only have to processtheseelements.Specialcarehasto be taken
of theelementsonly containedin a singleslabsincethey will not
beremoved from theactive-elementlist by theschemementioned
above.

An additional speeduphas beenachieved by the incremental
computationof the barycentriccoordinates.For eachtetrahedron
insertedinto theactive-elementlist, theincrementsof thebarycen-
tric coordinatesalongtheslicedirectionarecomputed.Theseincre-
mentsspecifyhow thebarycentriccoordinatesof apointchangeif it
is movedperpendicularlyontothenext sliceplane.For afixedslice
distanceanda specifictetrahedronthesevaluesareconstant.They
canbecomputedfrom thepartialderivativesof thebarycentricco-
ordinatetransformalongtheslicedirection.Usingtheincrements,
computingthebarycentriccoordinatesof theelement’s nodespro-
jectedontothenew sliceplaneis straightforward. We just have to
addtheincrementsto thecoordinatesusedon theformerslice.

Evenfor thefirst slicehitting theelementanexplicit computation
of the barycentriccoordinatesfor projectednodescanbe avoided
as is illustratedin Figure6. We take the barycentriccoordinates
of thetetrahedronverticesasa referenceandaddthecomputedin-
crementsscaledby the distanceof the vertex form the sliceplane
normalizedby thesliceplanedistance.Thebarycentriccoordinates
of the tetrahedralnodesare given by a vector with a single 1 as
thecomponentwith thesameindex asthenode.All othercompo-
nentsarezero.E.g. thebarycentriccoordinatesof the0th nodeare� 1 � 0 � 0 � 0� andthecoordinatesof the2nd nodeare � 0 � 0 � 1 � 0� .

The barycentriccoordinatesof the projectednodescanthusbe
computedwithout knowing thepositionof theprojectednodes.A
projectionactuallynever hasto take placewhich savesmuchcom-
putationaleffort. (referto Section3.3).
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Figure6: Thebarycentriccoordinatesof the nodesof an element
projectedonto the slice plane can be computedwithout actually
projecting. We addthescaledbarycentriccoordinateincrementto
the barycentriccoordinatesof the nodes. Thescalefactor is the
distanceof each nodedividedby thesliceplanedistance.

4 Software-resampling

As we statedbeforehardwareacceleratedvoxelizationandresam-
pling algorithmssuffer from the limited memorybandwidthbe-
tweenthegraphicschip andits associatedmemory. Anotherprob-
lemof usingthegraphicshardwarefor resamplingis thattheaccu-
racy of theresultis limitedby theframebuffer depthandthenumber
of bits in thehardwarefor compositingtheRGBα channels.OnPC
graphicscardsfragmentoperationsandframebuffer deptharetyp-
ically 8 bits per channel,on high endgraphicssometimes12 bits
canbefound. Softwareresamplingcanbeperformedwith float or
doubleprecisioninstead. In orderto investigatethis combination
of circumstancesin moredetailwe want to compareour hardware
acceleratedapproachwith apuresoftwaresolution.
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Figure5: Theregistercombinersetupfor correctdata interpolation. TheRGB-portioncomputesthe interpolatedvalue, thealphaportion
simulatesthemultitexturemodulateenvironment.

Weutilize acell orderratherthananimageorderalgorithmsince
this hasproven to be thesuperiorapproachfollowedby many au-
thorsbefore[7, 3]. For eachtetrahedronof theunstructuredgrid we
determinethe voxels of the resamplinggrid coveredby that tetra-
hedron. Datavaluesareinterpolatedfrom the scalarvaluesgiven
at the nodesof the tetrahedron.The resultsarewritten to the ap-
propriatelocationof theresamplinggrid. Themainadvantagesof
this approacharethat voxels of the unstructuredgrid not covered
by any tetrahedrondo not have to be touchedand that the voxel
processingwithin the tetrahedracantake advantageof spatialand
datacoherence.

Following this idea,eachtetrahedronof theunstructuredgrid is
processedindividually. After determiningtheboundingbox of the
tetrahedronwithin the resamplinggrid, it is processedon a per-
scanlinebasis.Theorientationof thescanlineis selectedaccording
to thesizeof the boundingbox. We choosetheorientationof the
largestextentof theboundingbox,maximizingtheaveragescanline
lengthandthustakingmostbenefitfromthedatacoherence.For the
restof thissectionthescanlinesareconsideredto beparallelto the
x-axiswithout lossof generality.

4.1 Scanline processing

Looking at a singlescanlinewithin theboundingbox of a tetrahe-
dronit canbenoticedthatonly a smallportionof theline actually
lies within thetetrahedron.Startingoutside,thescanlineentersthe
tetrahedronat a certainvoxel. After leaving thetetrahedronat the
socalledexit voxel, thescanlineendsoutsideagain.Sinceoutside
voxels do not contribute to the resamplingresult fast resampling
requiresefficient skippingof thesevoxels. This is even moreim-
portantas the numberof outsidevoxels within the boundingbox
exceedsthe numberof insidevoxels by an averagefactorof 5–6.
We thereforeexplicitly computethe indicesof the entry andexit
voxel for every scanlineemploying barycentriccoordinates.

As Figure7 illustratesweconsiderthestartvoxel j0 andtheend
voxel j3 of eachscanline.Wecomputethepositions (xs and (xe of the
centersof this voxels in thecoordinatesystemof theunstructured
grid. Usingthecorrespondingbarycentriccoordinatevectors (bs and(be of thatpointswedefinecomponent-wisedistancevectors (∆s and(∆e asfollows:

∆s
i �546 7 bs

i � 1 if bi 8 1 �
0 if 0 9 bi 9 1
bs

i otherwise

Thedistancevectorsconsistof four components.A componentis
setto zeroif thecorrespondingcomponentof thebarycentriccoor-
dinatesis includedwithin theinterval � 0 � 1� . Otherwisethecompo-
nentof (∆s measuresthedistanceto this interval. Thevalueof ∆e

i is
definedanalogously.

∆
:

∆
:

Figure7: Thefigure illustratesthe computationof the indicesof
entryandexit voxelwithin a boundingboxscanline.

Given the partial derivatives
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barycentriccoordinatetransformfor thatparticulartetrahedronthe
indicesj1 and j2 of theentryandexit voxel canbeeasilycomputed.
Notethat in thefollowing equationsthepartialderivativeshave to
bescaledwith respectto thegrid spacingalongthescanlineaxis.

j1 � j0 #<; max
i

� ∆s
i

∂bi
∂x = j2 � j3 � ; max

i

∆e
i

∂bi
∂x =

So we can limit the processingof eachscanlineto thosevoxels
betweenj2 and j3 includingbothbordervoxels.

Notethatfor apointon thescanlineto theleft of thetetrahedron
thefollowing canbeshown: If a componentof thedistancevector(∆s of that point is negative, thenthe correspondingcomponentof
thepartialderivative will bepositive andvice versa.For a point to
theright of the tetrahedronthecomponentsof thedirectionvector(∆e andthecorrespondingpartialderivative sharethesamesign.

Thedatainterpolationof eachvoxel alongthescanlinecanben-
efit from the linearvariationof datavalueswithin thetetrahedron.
Thus,theinterpolateddatavaluesof two adjacentvoxelsalongthe
scanlinediffer by a constantincrementδ. It canbe precomputed
pertetrahedronasfollows:

δ � !
∂b0

∂x
� ∂b1

∂x
� ∂b2

∂x
� ∂b3

∂x ">* � s0 � s1 � s2 � s3 �
Our algorithmneedsto computeaninterpolateddatavalueonly

onceat thebeginningof eachscanline.For thefollowing voxels it
justaddsδ.



4.2 Optimization

Onedrawbackof thescanlineprocessingasintroducedabove is the
computationaloverheadfor the initialization of eachscanline.Es-
peciallycomputingthebarycentriccoordinatesof thestartandend
voxel of thescanlineis aquitetimeconsumingoperation.However,
thiscanbereducedby exploiting incrementalcoordinatecomputa-
tion. In thesameway aswe usepartialderivativesalongthex-axis
for fast skippingof empty voxels, we canusethe partial deriva-
tivesalongy- andz-axisfor incrementallyupdatingthebarycentric
coordinatesof the start and end point of eachscanline. Explicit
computationof thebarycentriccoordinatesis only performedonce
for thefirst scanlineof thetetrahedron’s boundingbox.

5 Hybrid resampling

As thehardware-assistedresamplingtechniqueproposedin thispa-
per tries to shift as much of the computationalexpenseonto the
graphicschip,thepuresoftwaresolutiondenotestheotherextreme.
We thereforeproposea hybrid techniquefor optimally exploiting
bothCPUandGPUto gainbestperformancein resampling.

In Section3 we statedthat hardware-assistedapproachesare
mainly rasterizationbound, which is influencedby the memory
bandwidthbetweenthegraphicsprocessorandits associatedmem-
ory. Thisencouragestwo optimizationsof our approach.? Reduce memory bandwidth requirementsof rasterization

by rendering color shaded polygons instead of using
(multi-)textures. The needfor texture lookupsand bilinear
textureinterpolationis thuscompletelyomitted.This signifi-
cantlydecreasesthecomplexity of rasterization.? Reducethetotalnumberof fragmentsto beprocessedby lim-
iting therenderedpolygonsto theareafor whichactuallypix-
elsarewritten into theframebuffer.

Thelattermeansthatwehave to explicitly computetheintersec-
tion polygonof the tetrahedronwith every consideredsliceplane.
Note that this polygoncanalsobe interpretedasan isosurfaceof
a scalarfield mappingeachnodeof the tetrahedronto its distance
from thesliceplane.Takingthis into accountweutilize anadaption
of themarchingcubes[5] classificationschemeto tetrahedrato de-
terminethenumberandthelocationof theverticesof theintersec-
tion polygon. For eachedgeof thetetrahedronthat is identifiedto
be intersectedby the isosurface,theactualpositionanddatavalue
arelinearly interpolatedfrom theendpointsof theedge.

In orderto minimize the numberof tetrahedrato be processed
for a certainslice planeour implementationof the hybrid slicing
methodalsomakesuseof theactive-elementlist describedabove.
Thedistanceof eachnodefrom aslicebaseplanewhich is usedfor
insertingelementsinto the list cannow bereusedfor optimization
purposes.Subtractingthe distanceof the currentslice planefrom
thebaseplanegivesus a signedvaluefor eachnode. Thesignof
thesevaluescanbeusedastheinside-outside-classificationneeded
for thelookupof thecorrecttrianglesetup.In additionto thatthese
valuesalsodefinethecorrectinterpolationweightsfor theintersec-
tion of theedgeswith theisosurfaceandthelinearinterpolationof
datavalues.

We thus renderthe intersectionpolygonswith the datavalues
color-mappedat thetrianglevertices.With thetrianglesetupasde-
scribedthegraphicshardwarecomputesthetrilinearly interpolated
datavalueson thesliceplaneintersectioninto theframebuffer.

6 Results and analysis

In this sectionwe analyzethe performanceof the different re-
samplingalgorithmsintroducedin this paper. All testswereper-

formedon a Linux PC with anAMD Athlon 900MHz processor,
anNVidiaGeForce2GTSgraphicsadapterwith 32MB DDR RAM
and256MB mainmemory. Thegraphicsadapterwasconnectedto
themainboardvia AGP4x.Theexperimentsusedthebluntfin data
setconvertedto 220K elementsanda finite elementdatasetcon-
sistingof 120Kelements.

We directly comparedour hardware acceleratedalgorithm us-
ing multitexturesandregistercombiners(MultiComb ) andthehy-
brid resamplingalgorithm(Hybrid ) with areimplementationof the
mostrecentlypublishedapproachby Westermann[12]. As canbe
seenin Figures8 – 10ourreimplementationachievedtimingscom-
parableto thosepublishedin [12]. In thetablesWestSingledenotes
to thealgorithmwhichrenderstheST-triangulationof eachtetrahe-
dron two timeswith a single texture, the improved versionusing
multitexturesandregistercombinerswenamedWestM/C.

The tablesshow the total time (ToT) for renderingwhich can
bedividedinto thetimeneededfor building theactive-elementlist
(Ael) andthetime thegraphicssubsystemconsumesfor rendering
theelements(Rnd).

Note that we did not take into accountthe time for readingthe
interpolatedslicesfrom theframebuffer nor thetimeto definea2D
or 3D texturevia directcopy from theframebuffer. Whencompar-
ing thehardwareacceleratedapproachesthis timecanbeneglected
sinceall algorithmsrequirethesamereadoperationsandtherefore
thesametime. We statethough,thatresamplingtime is dominated
by therendering.It took0.12sto readthe64slicesof theheat-sink
datasetat resolution643 into mainmemoryand0.72sto readthe
256slicesat resolution2563. Thecopy operationfrom theframe-
buffer to astackof 2D texturemapswasaboutthreetimesfaster.

heat-sink

64 @ 64 @ 64 Ael Rnd ToT #Poly
MultiComb 0.17 0.40 0.57 286K
Hybrid 0.07 0.36 0.43 337K
WestSingle 0.29 0.81 1.10 1621K
WestM/C 0.29 0.64 0.93 810K

128 @ 128 @ 128 Ael Rnd ToT #Poly
MultiComb 0.17 0.82 0.99 578K
Hybrid 0.06 0.72 0.78 680K
WestSingle 0.29 1.58 1.87 3160K
WestM/C 0.30 1.29 1.59 1580K

256 @ 256 @ 256 Ael Rnd ToT #Poly
MultiComb 0.17 3.75 3.92 1161K
Hybrid 0.06 1.47 1.53 1367K
WestSingle 0.29 3.11 3.40 6383K
WestM/C 0.29 2.54 2.83 3191K

Figure8: Comparismof timings(in seconds)betweendifferent re-
samplingalgorithmsfor the heat-sinkdata setat varying resolu-
tions.

Takinga look at Figure9 thefirst noticeablepoint is thatWest-
ermann’s resamplingalgorithmalreadysuffers from rasterization
limits. This canbeseenfrom thefact that themultitextureversion
only gainsa speedupfactorof approximately1.2 althoughit ren-
dersonly half of the polygonsof the singletexture version. This
speedupfactorimprovesslightly with increasingnumberof resam-
pling slicesasthe time for constructingthe active-elementlist re-
mainsnearlyconstant.

Ourhardwareacceleratedalgorithm(MultiComb ) requiresonly
aboutone third of the polygonsand half of the verticesusedby
WestM/C for thesameresamplingresult.This reflectsthefactthat



bluntfin

128 @ 64 @ 32 Ael Rnd ToT #Poly
MultiComb 0.30 0.39 0.69 239K
Hybrid 0.10 0.37 0.41 319K
WestSingle 0.49 0.67 1.16 1392K
WestM/C 0.49 0.54 1.03 696K

256 @ 128 @ 64 Ael Rnd ToT #Poly
MultiComb 0.30 0.82 1.12 457K
Hybrid 0.10 0.74 0.84 457K
WestSingle 0.49 1.28 1.77 2654K
WestM/C 0.49 1.03 1.52 1327K

512 @ 256 @ 128 Ael Rnd ToT #Poly
MultiComb 0.29 3.28 3.57 921K
Hybrid 0.11 1.56 1.67 921K
WestSingle 0.49 2.68 3.17 5440K
WestM/C 0.49 2.08 2.57 2720K

Figure9: Comparismof timings(in seconds)betweendifferentre-
samplingalgorithmsfor thebluntfindatasetat varyingresolutions.

we render1.5 polygonsperslice andtetrahedronwhereastheST-
decompositionusedin [12] produces3.5polygonsonaverage.Note
that for small resolutionsour algorithmis significantlyfasterthan
WestM/C. Theperformancebenefitresultsfrom thesavedtimefor
ST-decomposition,whichcanbeseenfrom theAel columnsin Fig-
ures 8 and9 including the time of decomposition.However, the
Rnd columnsindicatethatrenderingis alsosignificantlyfasteral-
thoughthesamepolygonalareahasto berasterized.

doublebluntfin

128 @ 64 @ 32 Ael Rnd ToT #Poly
MultiComb 0.61 0.82 1.43 450K
Hybrid 0.21 0.75 0.96 600K
WestSingle 0.93 1.37 2.37 2786K
WestM/C 0.93 1.03 1.96 1393K

256 @ 128 @ 64 Ael Rnd ToT #Poly
MultiComb 0.61 0.87 1.48 457K
Hybrid 0.21 0.84 1.05 609K
WestSingle 0.93 2.66 3.59 5484K
WestM/C 0.93 1.99 2.92 2742K

512 @ 256 @ 128 Ael Rnd ToT #Poly
MultiComb 0.61 3.99 4.60 1842K
Hybrid 0.22 3.29 3.51 2456K
WestSingle 0.94 5.33 6.27 10968K
WestM/C 0.94 3.98 4.92 5484K

Figure 10: Comparismof timings (in seconds)betweendifferent
resamplingalgorithmsfor the doublebluntfin data setat varying
resolutions.Thedatasetwasconstructedfromtheoriginal bluntfin
bymirroring all cellsat a planeperpendicularto they-axis.

Applied to a high resolutioncartesiangrid the performanceof
ourhardwareacceleratedresamplingalgorithmsignificantlydrops.
Obviously it is even morerasterizationboundthanWestM/C due
to thequiteexpensive fragmentoperationsused.In reducingonly
thex- andy-resolutionandleaving thenumberof slicesconstantwe
have verified that slice processingandtrianglecompositionis not

thelimiting factor. However, this is no restrictionfor theconstruc-
tion of a multiresolutionhierarchyof cartesiangrids for adaptive
renderingof unstructuredgrids.Thishierarchywill notconsistof a
singlelargecartesiangrid into which theunstructuredgrid will be
resampled.A numberof smallsizedcartesiangridsonly covering
partsof theunstructuredgrid will ratherbeusedinstead.

The hybrid resamplingalgorithmachieves speedupfactorsbe-
tween1.5 and2.5 comparedto WestM/C for the testeddatasets.
Thepuretimefor renderingcouldbereducedby afactorof 1.4–1.8.
Theremainderresultsfrom a significantlyfasterper frameinitial-
ization(Ael). Comparedto thehardwareacceleratedalgorithmwe
alsosave thecomputationof thepartialderivativesof thebarycen-
tric coordinatetransformalongtheslicedirection.With thetimings
presentedhererealtimeresamplingactuallycomesinto reachbased
on thehybridapproach.

Althoughourcurrentimplementationof thesoftwareresampling
algorithm can still be optimized the achieved timings shown in
Figure11 arequite noticeable.As we expectedthe software ap-
proachis slower thanhardwareandhybrid resampling.However,
in many cases,especiallyfor small resamplingresolutionsit beats
WestSingleandWestM/C. Notethatwhencomparingthemto one
of the hardware approachesthe time for readingthe interpolated
slicesbackfrom theframebuffer hasto betakeninto account.

heat-sink

Resolution Time
32 @ 32 @ 32 0.45s
64 @ 64 @ 64 0.69s
128 @ 128 @ 128 1.58s
256 @ 256 @ 256 5.03s
512 @ 512 @ 512 20.93s

bluntfin

Resolution Time

128 @ 64 @ 32 0.80s
256 @ 128 @ 64 1.23s
512 @ 256 @ 128 3.01s
1024 @ 512 @ 256 12.13s

doublebluntfin (450K cells)

Resolution Time

128 @ 64 @ 32 1.50s
256 @ 128 @ 64 1.96s
512 @ 256 @ 128 4.08s

128 @ 128 @ 32 1.66s
256 @ 256 @ 64 2.54s
512 @ 512 @ 128 6.07s

quad bluntfin (900K cells)

Resolution Time

128 @ 64 @ 32 2.79s
256 @ 128 @ 64 3.52s
512 @ 256 @ 128 6.07s

128 @ 128 @ 64 3.17s
256 @ 256 @ 128 5.09s
512 @ 512 @ 256 12.11s

Figure11: Timingsfor software resamplingof the heat-sinkdata
setand the bluntfin data setat different resolutions. The double
and quadbluntfin data setare usedas testsamplesfor large cell
counts. They havebeengeneratedfrom the original bluntfindata
setby mirroring all cells at planesperpendicularto the y-axisor
they-axisandz-axis,respectively.

Unexpectedly, switchingthescanlinedirectionaccordingto the
largestdimensionof thetetrahedra’sboundingboxhasprovento be
akey featurefor goodperformance.Especiallyfor thebluntfindata
set the averagelengthof incrementalvoxel processingwithin the
tetrahedroncouldbedramaticallyincreased,e.g.from 2.95to 7.38
voxelsfor resamplingona2563 grid andfrom 5.00to 14.41voxels
for a 5123. Processingthe cartesiangrid in y- or z-directionnor-
mally shouldbeslowerdueto theawkwardmemoryaccessscheme
with a high probability of cachemisses.However, in our imple-
mentationtheincreasedscanlinelengthseemsto over-compensate



this fact,at leaston theAMD Processor.
FurtherA testshaveshown thatfor smallsizesof thecartesiangrid

theruntimeof ouralgorithmis nearlylinearwith thenumberof el-
ements,sincetheinitializationtimefor eachtetrahedrondominates
thetimefor traversingthescanlines.For cartesiangridslargerthan
2563 we observe a morelinearbehaviour with thenumberof vox-
els. Still themainadvantagesremain:Softwareresamplingallows
higherorderinterpolationandprovideshigherresamplingaccuracy.

7 Conclusions and future work

In thisworkwehavestudieddifferentalgorithmsfor resamplingun-
structuredgrids.Wedemonstratedthreedifferentapproachestrying
to estimatewhich is mostpromisingfor (nearly)interactive resam-
pling.

Our hardware acceleratedresamplingapproachhasproven to
be asfastasrecentlyreportednearly interactive resamplingalgo-
rithms.Ouralgorithm,however, requires2–4timesfewerpolygons
for the sameresult. Performanceimprovementshave beenbelow
our expectations,becauseslicing algorithmsaremainly rasteriza-
tion bound.Thoughsuffering from lower accuracy dueto thelim-
ited framebuffer andpixel-pathresolution,the hardwareapproach
is significantlyfasterthanoursoftwaresolution.

We have demonstratedthatexploiting graphicshardwareto the
maximumextent may not result in optimal performance.Instead
subtleworkloadbalancingleaving morecomputationaleffort to the
main processorcangainmuchbetterresults.We have shown this
with ourhybridalgorithm.

Currentlywe areinvestigatingour algorithmson differentplat-
forms including PC andgraphicsworkstations.The performance
of software resamplingmay heavily dependon hardware charac-
teristicslike integeror floatingpoint performance,cachesizesand
cachingstrategies. Thetimingsof our hybrid approachwill surely
dependon the rasterizationperformanceand the computational
power of theCPU.

Additional time shouldbespenton optimizingsoftwareresam-
pling. Anotherproblemthatshouldbeaddressedis theaccuracy of
hardwareacceleratedtechniques.

With afastresamplingalgorithmfor unstructuredgridsavailable
we now canusean adaptive multiresolutionhierarchyof regular
grids for interactive renderingof unstructuredgrids. Futurework
will concentrateon thedynamicconstructionof thishierarchy. The
adaptionof this hierarchyto thecharacteristicsof theunstructured
grid like the elementsizeandto visualizationparameterslike the
userfocuswill beof furtherinterest.
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Figure12: Both imagesshowthe bluntfindatasetresampledon a 256 @ 128 @ 64 (left) anda 512 @ 256 @ 128 (right) cartesiangrid and
renderedvia texturebasedvolumerendering.

Figure13: Bothimagesshowtheheat-sinkdatasetresampledon a 1283 (left) anda 2563 (right) cartesiangrid renderedwith texture based
volumevisualization.Wechosea nonlinear transferfunctionin order to emphasisthedifferences.

Figure14: Anarbitrary orientedcutplaneis renderedwithin thebluntfindatasetandtheheat-sinkdatasetwith perspectiveprojection.The
planeis rendered usingour hardware acceleratedslicing algorithm. We usean octreefor determiningthe tetrahedra hit by the cut plane
and renderthe front facesof this tetrahedra only. Theactual intersectionpolygonsand the interpolatedscalar valuesare determinedby
thegraphicshardware via fragmentoperations. In bothcasesthe framerate wasfasterthan8 fpson an AMD Athlon900processorwith
GeForce2GTSgraphicsadapter.


