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Abstract

In this paperwe addresghe problemof interactvely resampling
unstructuredyrids. ThreealgorithmsarepresentedThey all allow

adaptve resamplingof an unstructuredgrid on a multiresolution
hierarchyof arbitrarily sizedcartesiargridsaccordingto a varying

elementsize. Two of the algorithmspresentedake adwantageof

hardwvare accelerategholygonrenderingand 2D texture mapping.
In exploiting new featureof modernPCgraphicsadaptersthefirst

algorithmtriesto significantlyminimizethenumberof polygonsto

berendered Reducingrasterizatiorrequirementss the main goal

of thesecondalgorithm,which distributesthe computationaork-

load differently betweerthe main processoandthe graphicschip.

By comparingthemto a new pure software approachan optimal

software-hardware balanceis studied. We end up with a hybrid

approachwhich greatly improves the performanceof hardware-
assistedresamplingby involving the main processotto a higher
degreeandthusenablingresamplingat nearlyinteractve rates.

1 Introduction

Overthelastcoupleof yearsgreatadvanceshase beenmadein the
renderingof unstructured/olumedata. Still the performancef all
reportedalgorithmsis below theinteractve framerateswhich can
be achieved for high resolutionregular grids using texture based
volumerendering[1, 2] or dedicatedyraphicshardvare [6]. Re-
samplingthe unstructuredvolume dataon cartesiangrids seems
thereforeto be one promisingapproacho achieve interactve vi-
sualization.

Accurateresamplinghowever, hasto adjustthe resolutionfor
the regulargrid to the size of the smallestelementof the unstruc-
turedgrid, producinghugeamountsof datafor meshe®f practical
sizes. Sincecells may vastly vary in size, large elementsof the
grid will leadto regionsof only small datavariation. Hardware
assistedvolume renderingof suchreconstructedarge scaledata
setsis severelyhamperedy thelimited amountof physicaltexture
memoryavailable.Oncetexturepagingis requiredframeratesdrop
significantly

Adaptive resamplings thereforehighly indicated. Insteadof a
singleregulargrid a multiresolutionhierarchyis usedfor therecon-
structionof theunstructuredjrid. Methodsfor artifact-freetexture-
basednteractve renderingof multiresolution3D scalarfieldshave
recentlybeenreported[10]. Theresolutionfor a certainareacan
eitherbebasedn staticcharacteristicef theunstructuredyrid like
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the sizeof cells containedn thatareaor basedon dynamiccrite-
ria, e.g.the userfocus. As the latter usually is not definedprior
to the visualizationand may changeduring this processwe are
highly interestedn aninteractve resamplingalgorithm,sincestor
ing a cartesiargrid with the full resolutionis time consumingand
introducesahugememoryoverhead.

Thefastestresamplingalgorithmsthatcanbefoundin theliter-
atureexploit the graphicshardware and are basedon slicing. As
suchapproachesendera hugenumberof polygonsthey arehear-
ily limited by the rasterizationperformanceof the graphicschip.
Therefore aworthwhileobjective is to reducethe numberof poly-
gonsrequiredfor resampling. Hardware acceleratedesampling,
however, hasthe main dravback that the capacityof ever faster
main processorss not used. The CPU degenerateso a pure tri-
anglegeneratarHigh performanceesamplingequiresto balance
workloadbetweerthemainprocessoandthegraphicschipin order
to minimizethetime for resampling.

This paperaddresseshe problemof workload distribution for
the interactive constructionof a resamplinghierarchy Threedif-
ferentalgorithmsareintroduced.While oneof themusesonly the
CPUthe othertwo alsoexploit graphicshardwarefor optimal per
formance.The differencebetweerthe hardware acceleratedlgo-
rithms introducedlies in the distribution of certaincomputational
tasksbetweerthe CPU andthe graphicsprocessartherebyallow-
ing the evaluationof the optimalworkloadbalancing.

Theremaindenof this papeiis organizedasfollows. After abrief
look atrelatedwork wefirst describeahardwareacceleratedesam-
pling algorithmhighly exploiting featuresof modernPC graphics
adaptersn Section3. In contrastto thata pure software solution
is introducedin Section4. A hybrid hardvare-softvare algorithm
with amuchbetterworkloadbalances describedn Section5. We
concludewith someresultsandareasf futureresearch.

2 Related work

Techniguedor resamplingan unstructuredyrid can be classified
into image order and objectorder algorithms. Imageorderalgo-
rithmsiterateovertheelement®of thedestinatiorcartesiargrid and
try to figure out the datavaluefor thesegrid points. Thisincludes
two tasks. The first is to determinethe elementof the unstruc-
turedgrid enclosingthis position,alsoreferedto aspointlocation
Thesecondstepis thedatainterpolationwithin thelocatedelement.
Themajordravbackof this approachs the costof the point loca-
tion processAlthoughit canbesignificantlyacceleratethy theuse
of anoctree[13], it still dominateghetime for datainterpolation.
A differentideais to useconnectiity informationof the unstruc-
turedgrid which inducesan additionaloverheadf memoryandof
computationaéffort for theinitialization.
Objectorderalgorithmson the otherhanditerateover the ele-
mentsof theunstructuredrid, determiningall cartesiargrid points
enclosedvithin the boundaryof the element.Eachof thesepoints
is assigned datavalueinterpolatedrom thenodesof thecurrently
considereeélementOnthisaccounbbjectorderresamplings very



closely coupledwith the problemof 3D-scanconversionalsoref-
eredto asvoxelization,which hasbeenstudiedfor quite a while.
Besideghesoftwaresolutiong 3], whichfundamentallyextend2D-
scancorversionto the 3D case morerecentlyseveralauthorsried
to exploit graphicshardwarefor fastvoxelization.

Similar to techniquedfor the direct renderingof unstructured
grids[15, 14] slicingis usedtakingadwantageof hardwareacceler
atedpolygonrendering.The cartesiargrid into which the unstruc-
turedgrid is beingresampleds consideredn slicesperpendicular
to the z-axis,oneslice pervoxel layer. For eachslicethe setof in-
tersectiorpolygonsof theslice planewith all unstructuredyrid ele-
mentsis renderedThegraphicshardwarewill theninterpolatedata
during the rasterizationprocesswithout interferenceof the main
processoandtheresultcanbe readbackfrom the framehuffer or
directly loadedinto a texture mapfor visualizationpurpose.

Computingthe intersectionpolygonscaneitherbe doneexplic-
itly [15, 14] or implicitly on a perpixel basisby takingadwantage
of dedicatedgraphicshardware providing perfragmenttestsand
operationd11]. The mostrecentapproachdoing sowasreported
in [12]. Their idea, however, requirescomputingthe decomposi-
tion of theprojectedetrahedroraccordingo the Shirley-Tuchman-
classification(ST) [8]. Besidesintroducing computationalbover
headandtheneedfor renderinghe ST-decompositiotwice for ev-
eryslice,thisapproactalsosufiersfrom theoverall polygoncount,
which significantlyexceedghenumberof elementsn thegrid.

3 Hardware-supported slicing

As statedbeforeour objective is the constructiorof a multiresolu-
tion hierarchyof cartesiargridsfrom unstructuredyrids by resam-
pling. The coreelementof this processs the resamplingof (parts
of) the unstructuredyrid into a single cartesiargrid of predefined
resolution. The first algorithmwe introducemales extensive use
of the graphicshardvareby utilizing a slicing techniquesimilar to

thosereportedin [15, 14]. The destinatiorgrid is consideredn a

slice-by-slicebasis,oneslice pervoxel layeralongthe z-axis. For

eachslicethe setof intersectiorpolygonsof a planein the middle

of the slicewith all elementsof the unstructuredyrid is rendered.
After processing singleslicetheresultcanbereadbackfrom the

framehuffer for renderingor saving theresulton disk.
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Figure 1: Thebasicprinciple of the methodis demonstated. On
theleft, slicing perpendiculartto the view directionis performedby
renderingthe substitutegeometry(silhouetteof the tetrahedon).
Texture mappingand alphatestensuesthat only the fragmentsof
theintersectionpolygonsare actually written into the frameluffer.
On theright a visualizationof the texture coodinate mappingis
demonstated. Thesemitranspaent polygonsshowthe projection
of the substitutegeometryonto the slice plane The barycentric
coominatesof theverticesof that polygonwith respecto thetetra-
hedion are codedastexture coodinatesof therendeed geometry

However, our algorithmneithercomputesntersectiorpolygons
explicitly nor rendersmorethantwo polygonspertetrahedron.n
this point our algorithmis superiorto [12]. In factthe coreideaof

our algorithmis simply to rendera single slightly larger polygon
andlet the rasterizatiorhardware determinethe intersectionwith
the tetrahedrorvia fragmentoperations.As the renderedholygon
doesnot necessarilyneedto consistof tetrahedrafaceswe call it
substitutegeometry

Using texture mappingand programmabldragmentoperations
of moderngraphicsadapterave ensurethat only fragmentsof the
substitutegeometryon the intersectionpolygon will actually be
written into the frameluffer. In additionto thatthe renderingmust
correctlyinterpolatedatavaluesfor eachfragmentwritten into the
framehuffer. Bothcanbeachievedby usingbarycentriccoordinates
astexturecoordinategseeFigurel).

3.1 The substitute geometry

In orderto gain an optimal resamplingperformancehe polygon
renderedor eachtetrahedromasto beselectedjuitecarefullywith

respecto the computationatostof its calculationandthe size of

theareain theframeluffer whichis coveredby thepolygon.Onthe
onehandit mustatleastcoverthesilhouetteof theconsideredetra-
hedron.On the otherhandlarger polygonsresultin higherrasteri-
zationcostsfor thatprimitive, decreasinghe overall performance.

Therefore a triangle strip consistingof eitherthe front facesor
thebackfacesof thetetrahedrons selectedasa substitutegeome-
try. Thedecisionbetweerfront facesandbackfacesis madewith
respectto a minimal numberof polygons. We usually selectthe
frontfacesunlesgshenumberof backfaceds smallerthanthenum-
berof front faces.Thethreedifferentcasesanbeseenin Figure2.
By this schemewe can guarantedhat the projectionof the sub-
stitutegeometryontotheimageplaneis equalto the tetrahedrors
silhouetteandthatit is eithera singletriangleor a setof two trian-
gleswhich—consideredsartristrip— canberenderedvith threeor
four verticesrespectiely.
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Figure2: Thetreedifferent casesof substitutegeometry We ren-
der front facesof the tetrahedon unlessthe numberof front faces
exceedghe numberof bad faces.

Furthermoreno vertex of thetristrip hasto be computedsince
they areall givenby thetetrahedrordatastructure.The vertex or-
derfor thetristrips canefficiently be determinedy alookup-table
holding all possiblevertex orderings. The tableis indexed by the
front-back-classificatioof thetetrahedrors faces.

Notethatthe ST-decompositiomequireswo moretrianglesand
verticesonaverage It produceitherthreeor four triangleswhich
mustberenderedisingat leastfive or six vertices respectiely. At
leastoneverte, theinterior vertex, of the ST-triangulationhasto
be computedrom the intersectiorof two selectededgesprojected
onto the image plane. Although this calculationis not very ex-
pensve, it introducesa significantoverheadcomparedo thetable
lookup.



3.2 Identifying the intersection

At this point, we have to ensurethat datashouldonly be dravn at
pixels coveredby the intersectiorbetweerthe slice planeandthe
tetrahedron. Thus we needa suitablecharacterizatiorior points
within atetrahedronA well known factis thatevery 3D-pointcan
alsobe definedby the four component®f the barycentriccoordi-
natesystemof a tetrahedron.The componentsre proportionalto
the distanceof the point from onefaceof thetetrahedronConsid-
eringbarycentriccoordinateshefollowing statemenholds: A 3D-
pointlieswithin atetrahedroiiff eachcomponenbf thebarycentric
coordinate®f this point with regardto the consideredetrahedron
is includedwithin theinterval 0 1.

This fact pavesan elegantway to refrain fragmentsoutsidethe
intersectiorpolygonfrom beingwritten into the frameluffer. Sup-
poseeachfragmentcould be equippedwith its barycentriccoordi-
natesaccordingo thetetrahedrorunderconsiderationWe canuse
atexturemapto assigna 1 only to fragmentdnsidethetetrahe-
dronanda 1 elsavhere. Thusall fragmentsoutsidewill auto-
maticallyberemovedby enablingthe OpenGLalphatest.

This basicideathoughwould requirea 4D-texturemapsincewe
needfour componentdor barycentriccoordinates.However such
multidimensionatexturesareonly supportedy high endgraphics
systems.On the otherhanda 4D-texture mapwould be an unnec-
essarywasteof texturememoryaswill beillustratednow.

Fortunately therelationstatedabove canalsobe consideredor
eachcomponenindependently We startby taking the first com-
ponent. If it is includedin the internval 0 1, thenthe fragment
will possiblybeinsidethetetrahedromtherwiseit candefinitelybe
rejected.This alsoholdsfor the remainingthreecomponentsTak-
ing into accountthe definition of the alphavaluesas statedabore
we canindividually mapeachcomponenbf the barycentriccoor
dinateso alphavaluesandcomputethe combinedragmentclassi-
fication by multiplying the four alphavalues. Only if eachof the
factorsis equalto 1 the productwill alsobe equalto 1 denoting
that eachcomponenbf the barycentriccoordinatess includedin

0 1. Thuswe canmalke useof standarddpenGL1.2multitextures
anda modulateervironmentwhich will exactly performthe men-
tionedoperationsisinga 1D-texture mapasillustratedin Figure3.
However, conceptuallyfour texture stagesvould berequired.
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Figure3: Texture that mapsa singlecomponenbf the barycentric
coominatesto alphavaluesaccoding to inside-outsidelassifica-
tion.

Only thefirstandthelastelemenbf thetexturemaphasanalpha
valueof 0. Therestof theelementaresettoa 1. A simplelinear
mappingfrom barycentriccoordinatedy; to texture coordinates;
assureghath; 0 andb; 1 will be mappedto the centersof
thefirst andlastnontransparentexelsatt; 3 2N andatt;

1 3 2N, respectiely:

3 3

Thisis performedusingthe OpenGLtexture matrix, which is mul-
tiplied with eachof thetexture coordinates.

Note that we alsocould have usedthe texture borderfacility of
OpenGLinsteadof defininga surroundingshell of transparentex-
els, but asthis functionality is only available on certaingraphics
hardwarethiswould have introducedunnecessaryardvarerestric-
tions.

Another problemarisesfrom the four texture stagesrequired.
Most of the graphicshardvwarenowvadaysavailabledoeseithersup-
portnot morethantwo hardwareacceleratednultitexturesor is op-
timized for two texture stages. Thuswe slightly adaptthe intro-
ducedconceptandtake two 2D-texturesinstead.Thefour compo-
nentsof thebarycentriccoordinatesredistributedbetweertwo 2D
texture maps,wherethe first map coversthe componentsbg by
andthe secondmapuses by bz astexturecoordinatesThe con-
tent of both mapsis actually the samebuilt conceptuallyby the
orthogonaproductof the formerdescribedLD function,which re-
sultsin a onetexel wide transparenbordersurroundinga block of
elementsvitha 1.

3.3 Rasterization of intersection polygons

With texturing setup asdescribedve justhave to renderthe substi-
tute geometryof thetetrahedrorior eachslice. Every vertex of the
substitutegeometryis assignedhe setof four barycentriccoordi-
natesastwo 2D texture coordinatedor thefirst andsecondexture
state respectrely. But insteadof usingthe vertex positionsof the
renderedrianglesto determinghebarycentriaccoordinatesve take
the coordinatef the projectionof thosepoints onto the current
sliceplane. As illustratedin Figure4 this leadsto the correctren-
deringof theintersectiorpolygon.
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Figure4: Sectionalviews of the three different casesof substitute
geometrysortedby the numberof frontfacesfromleft to right. The
gray lines denotethe facesof the tetrahedon to be rendeed as a
substitutegeometry The texture coodinatesassignedo its ver
tices are conceptuallydeterminedby projecting the verticesonto
the slice plane and computingthe barycentriccoodinatesof the
projectedpointswith respecto the tetrahedon to be sliced. Wth
texture mappingandalphatestappiopriatelysetup only fragments
are writtenwhich coincidewith theintersectionpolygonof theslice
planeandthetetrahedpnviewedfroma directionperpendiculato
thesliceplane

Considerthe rightmostcasein Figure4. The gray line denotes
the substitutegeometryto be renderedthe slightly shiftedline de-
notesthe fragmentsthat will passthe alphatest. The areaof the
substitutegeometrywhich is not removed by the alphatestexactly
coversthesamepixelsastheblackintersectiorpolygonof theslice
planeandthetetrahedrorwhenprojectedonto the imageplaneby
themodel-viev transformation.

Note that this only works becausehe barycentriccoordinates
vary linearly in the sameway asthe texture coordinatesalongthe
renderedriangles.In orderto handlenegative barycentriccoordi-
natescorrectlywe have to usethe clamptexture ervironment.



We also state that although our implementationuses ortho-
graphicprojectionfor the resamplingon a cartesiargrid this also
worksfor renderingheintersectiorpolygonswith perspectie pro-
jection. It is alsonotrequiredthatthe orientationof the slice plane
is perpendiculato the view direction. So the samemethodcan
be appliedto renderinganarbitraryorientedslice probewithin the
unstructuredyrid asproposedn [9]. We demonstratehis in Fig-
urel4,

Determiningthetexturecoordinatesisstatedseemso beaquite
costly operationsincethe point projectionrequiresthe computa-
tion of a dot productanda vectoraddition. The transformatiorof
theprojectedoointinto barycentriccoordinatesakesfour dotprod-
ucts. We will shaw in Section3.5, hawever, thatthe computations
necessarganactuallybe reducedo a singleproductanda scalar
sum.

3.4 Hardware-supported data interpolation

We have shavn that the restrictionof the fragmentswritten into
theframehuffer to theintersectiorof thetetrahedromwith theslice
planecanbeachiezedvia standarddpenGL1.2functionality This
doesnotapplyto theinterpolationof thedatavalues.Ourapproach
usesheprogrammabléragmentarithmeticprovidedby currentPC
graphicshardwvare,i.e. NVidia’s GeForcefamily of GPUs.Thechip
allows for the flexible combinationof fragmentcolor and texture
samplegiuringrasterizatiorj4].

Using this functionality we additionallyapply a primary anda
secondaryolorto eachsubstitutegeometryon aperelemenbasis.
Eachvertex of thegeometrygetsassignedhe samecolor. Only the
R andG valuesof the colorsareactuallyused,B andA aresetto
zero. The primary color holdsthe datavaluesof the first andthe
secondtetrahedrahode. The R and G channelof the secondary
coloraresetto thedatavaluesof thethird andfourth node.

Taking this into accountthe datainterpolationwithin the tetra-
hedronactuallyconsistof a dot productof the barycentriccoordi-
natesanda vectorbuilt from the non-zerocomponent®f the pri-
maryandsecondargolor.
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In orderto provide thefragmentarithmeticwith thebarycentricco-
ordinateswe have to add further informationto the texture map.
The R and G channelof the texture map is setto the first and
seconccomponendf barycentriccoordinatesthereforeidentically
mappingthe providedtexture coordinateso texturelookupvalues.
Notethatwe do not have to take specialcareof coordinate®utside
thetetrahedronAlthoughclampingof texturevalueswould leadto

incorrectresultsthealphasettingof ourtexturestill guaranteethat
noincorrectlyinterpolatedzaluewill bewrittento theframehuffer.

Therequiredsetupof theregistercombinerds shawvn in Figure5.

3.5 Implementation details

In orderto gainoptimal performanceve usean active-elementist
similar to thatintroducedin [15]. This significantly reducesthe
numberof elementghathave to be consideredor a singleslice.

After theslicedirectionwasstatedhemodelcoordinatespacds
dividedinto a certainpredefinechumberof indexed slabsparallel
to theslice plane.Every elemenbf thegrid is insertednto at most
two slabs. Theseareexactly the slabswith the lowestandhighest
index containingoneof the elements nodes.Note thattheremay
also be elementsonly belongingto a single slabif all nodesare
containedwithin this slab

Eachtime a new resamplingslice hasto be processedve deter
minewhetherthesliceis still coveredby the currentslab If thisis

notthecasetheelementxontainedn thenew slabwill beinserted
into theactive-elementist andthosealreadytherewill beremaoved
instead.After this stepthe active-elementist containsa subsef
all elementswhich are potentially hit by the currentslice andwe
only have to procesgheseelements.Specialcarehasto be taken
of the elementoonly containedn a singleslabsincethey will not
beremoved from the active-elementist by the schemamentioned
above.

An additional speeduphas beenachiezed by the incremental
computationof the barycentriccoordinates.For eachtetrahedron
insertednto theactive-elementist, theincrementf the barycen-
tric coordinateslongtheslicedirectionarecomputed Thesdncre-
mentsspecifyhow thebarycentriccoordinatesf apointchangsf it
is movedperpendiculariypntothenext sliceplane.For afixedslice
distanceanda specifictetrahedrorthesevaluesareconstant.They
canbecomputedrom the partial derivativesof the barycentricco-
ordinatetransformalongtheslice direction. Usingtheincrements,
computingthe barycentriccoordinate®f the elements nodespro-
jectedontothe new slice planeis straightforward. We just have to
addtheincrementgo the coordinatesisedon theformerslice.

Evenfor thefirst slicehitting theelementanexplicit computation
of the barycentriccoordinatedor projectednodescanbe avoided
asis illustratedin Figure6. We take the barycentriccoordinates
of thetetrahedrorverticesasa referenceandaddthe computedn-
crementsscaledby the distanceof the vertex form the slice plane
normalizedby thesliceplanedistance Thebarycentriccoordinates
of the tetrahedrahodesare given by a vector with a single 1 as
the componentvith the sameindex asthenode. All othercompo-
nentsarezero. E.g.the barycentriccoordinatef the 0" nodeare

1000 andthecoordinatesf the2" nodeare 0010 .

The barycentriccoordinatef the projectednodescanthusbe
computedwithout knowing the positionof the projectednodes.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 addthe scaledbarycentriccoodinateincrementto

the barycentriccoodinatesof the nodes. The scalefactor is the

distanceof eath nodedividedby the slice planedistance

4 Software-resampling

As we statedbeforehardware acceleratedoxelizationandresam-
pling algorithmssuffer from the limited memory bandwidthbe-

tweenthe graphicschip andits associateanemory Anotherprob-

lem of usingthe graphicshardvarefor resamplings thattheaccu-
ragy of theresultis limited by theframeluffer depthandthenumber
of bitsin thehardwarefor compositingheRGBa channelsOnPC

graphicscardsfragmentoperationsandframeluffer deptharetyp-

ically 8 bits per channel,on high endgraphicssometimesl 2 bits

canbefound. Softwareresamplingcanbe performedwith float or

doubleprecisioninstead. In orderto investigatethis combination
of circumstancei moredetail we wantto compareour hardvare
acceleratedpproactwith apuresoftwaresolution.
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Figure5: Theregister combinersetupfor correctdatainterpolation. The RGB-portioncomputeghe interpolatedvalue the alpha portion

simulateghe multitexture modulateervironment.

We utilize acell orderratherthananimageorderalgorithmsince
this hasprovento be the superiorapproacHollowed by mary au-
thorsbefore[7, 3]. For eachtetrahedromf theunstructuredyrid we
determinethe voxels of the resamplinggrid coveredby that tetra-
hedron. Datavaluesare interpolatedrom the scalarvaluesgiven
at the nodesof the tetrahedron.The resultsare written to the ap-
propriatelocationof the resamplinggrid. The main advantagef
this approacharethat voxels of the unstructuredyrid not covered
by ary tetrahedrordo not have to be touchedand that the voxel
processingvithin the tetrahedracantake advantageof spatialand
datacoherence.

Following this idea,eachtetrahedrorof the unstructuredyrid is
processedhdividually. After determiningthe boundingbox of the
tetrahedrorwithin the resamplinggrid, it is processewn a per
scanlinebasis.Theorientationof thescanlines selectedaccording
to the size of the boundingbox. We choosethe orientationof the
largestextentof theboundingbox, maximizingtheaveragescanline
lengthandthustakingmostbenefitfrom thedatacoherenceFor the
restof this sectionthe scanlinesareconsideredo be parallelto the
x-axiswithoutlossof generality

4.1 Scanline processing

Looking at a singlescanlinewithin the boundingbox of a tetrahe-
dronit canbe noticedthatonly a smallportion of the line actually
lies within thetetrahedronStartingoutside the scanlineentershe
tetrahedrorat a certainvoxel. After leaving thetetrahedrorat the
socalledexit voxel, the scanlineendsoutsideagain. Sinceoutside
voxels do not contritute to the resamplingresultfastresampling
requiresefficient skippingof thesevoxels. This is even moreim-
portantasthe numberof outsidevoxels within the boundingbox
exceedsthe numberof insidevoxels by an averagefactorof 5-6.
We thereforeexplicitly computethe indicesof the entry and exit
voxel for every scanlineemplgying barycentriccoordinates.

As Figure7 illustrateswe considetthestartvoxel j© andtheend
voxel j3 of eachscanline We computethepositionsxs andxe of the
centersof this voxelsin the coordinatesystemof the unstructured

grid. Usingthecorrespondingparycentriccoordinatevectorsb® and
b® of thatpointswe definecomponent-wisdistancevectorsAS and
A® asfollows:
b 1 if b 1
o 0 if 0 b 1
b? otherwise

The distancevectorsconsistof four componentsA components
setto zeroif the correspondingomponentf thebarycentriccoor
dinatess includedwithin theintenal 0 1. Otherwisethe compo-
nentof AS measurethedistanceo thisintenal. Thevalueof Af is
definedanalogously
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Figure 7: Thefigure illustratesthe computationof the indicesof
entryandexit voxelwithin a boundingboxscanline
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barycentriccoordinateransformfor thatparticulartetrahedrorthe

indicesj! andj2 of theentryandexit voxel canbeeasilycomputed.
Notethatin the following equationghe partial derivativeshave to

be scaledwith respecto the grid spacingalongthe scanlineaxis.

Given the partial derivatives of the

P - AP
max -z~ ic i max 5
0X 0X
So we canlimit the processingf eachscanlineto thosevoxels
betweenj? and j3 includingbothbordervoxels.

Notethatfor a pointonthescanlineto theleft of thetetrahedron
the following canbe shavn: If acomponenbf the distancevector
AS of that point is negative, thenthe correspondingomponenbf
the partial derivative will be positive andvice versa.For a pointto
the right of the tetrahedrorthe component®f the directionvector
A® andthecorrespondingartialderivative sharethe samesign.

Thedatainterpolationof eachvoxel alongthe scanlinecanben-
efit from the linearvariationof datavalueswithin the tetrahedron.
Thus,theinterpolateddatavaluesof two adjacenwoxelsalongthe
scanlinediffer by a constantincrementd. It canbe precomputed
pertetrahedrorasfollows:

by b, dbp Abg

ox O0x O0x O0Xx % 51 %2 %

Ouralgorithmneedso computeaninterpolateddatavalueonly
onceat the baginning of eachscanline.For the following voxelsit
justaddsd.



4.2 Optimization

Onedrawvbackof thescanlineprocessin@sintroducedabore is the
computationabverheador theinitialization of eachscanline.Es-
peciallycomputingthe barycentriccoordinate®f the startandend
voxel of thescanlings aquitetime consumingperation However,
this canbereducedyy exploiting incrementatoordinatecomputa-
tion. In the sameway aswe usepartialderivativesalongthe x-axis
for fastskipping of empty voxels, we can usethe partial deriva-
tivesalongy- andz-axisfor incrementallyupdatingthe barycentric
coordinatesof the startand end point of eachscanline. Explicit
computatiorof the barycentriccoordinatess only performedonce
for thefirst scanlineof thetetrahedrors boundingbox.

5 Hybrid resampling

As thehardware-assistetksamplingechniqueproposedn this pa-
per tries to shift as much of the computationakxpenseonto the
graphicschip, thepuresoftwaresolutiondenotesheotherextreme.
We thereforeproposea hybrid techniquefor optimally exploiting
bothCPUandGPUto gainbestperformancén resampling.

In Section3 we statedthat hardware-assiste@pproachesre
mainly rasterizationbound, which is influencedby the memory
bandwidthbetweerthe graphicgprocessoandits associatedhem-
ory. Thisencouragesvo optimizationsof our approach.

Reduce memory bandwidth requirementsof rasterization
by rendering color shaded polygons instead of using

(multi-)textures. The needfor texture lookupsand bilinear

texture interpolationis thuscompletelyomitted. This signifi-

cantlydecreasethe compleity of rasterization.

Reducehetotal numberof fragmentgo beprocessety lim-
iting therenderegolygonsto theareafor which actuallypix-
elsarewritteninto theframetuffer.

Thelattermeanghatwe have to explicitly computetheintersec-
tion polygonof the tetrahedrorwith every consideredslice plane.
Note that this polygoncanalsobe interpretedas an isosurfice of
a scalarfield mappingeachnodeof the tetrahedrorio its distance
fromthesliceplane.Takingthisinto accountve utilize anadaption
of themarchingcubed5] classificatiorschemeo tetrahedrao de-
terminethe numberandthelocationof the verticesof theintersec-
tion polygon. For eachedgeof the tetrahedrorihatis identifiedto
beintersectedy theisosurfce,the actualpositionanddatavalue
arelinearly interpolatedrom the endpointof theedge.

In orderto minimize the numberof tetrahedrao be processed
for a certainslice planeour implementatiorof the hybrid slicing
methodalsomalesuseof the active-elementist describedabove.
Thedistanceof eachnodefrom aslicebaseplanewhichis usedfor
insertingelementsnto thelist cannow be reusedor optimization
purposes.Subtractinghe distanceof the currentslice planefrom
the baseplanegivesus a signedvaluefor eachnode. The sign of
thesevaluescanbeusedastheinside-outside-classificatioreeded
for thelookupof the correcttrianglesetup.In additionto thatthese
valuesalsodefinethecorrectinterpolationweightsfor theintersec-
tion of the edgeswith theisosurficeandthelinearinterpolationof
datavalues.

We thus renderthe intersectionpolygonswith the datavalues
colormappedhtthetrianglevertices.With thetrianglesetupasde-
scribedthe graphicshardwarecomputeghetrilinearly interpolated
datavaluesontheslice planeintersectiorinto the frametuffer.

6 Results and analysis

In this sectionwe analyzethe performanceof the different re-
samplingalgorithmsintroducedin this paper All testswere per

formedon a Linux PCwith an AMD Athlon 900 MHz processar
anNVidia GeForce2GTSgraphicsadaptewith 32MB DDR RAM

and256 MB mainmemory Thegraphicsadaptewasconnectedo
themainboardvia AGP4x. The experimentausedthe bluntfin data
setconvertedto 220K elementsanda finite elementdatasetcon-
sistingof 120K elements.

We directly comparedour hardware acceleratealgorithm us-
ing multitexturesandregistercombinerdMultiComb ) andthe hy-
brid resamplingalgorithm(Hybrid ) with areimplementatioof the
mostrecentlypublishedapproactby Westermaniil2]. As canbe
seenin Figures8 —10ourreimplementatiomchiezedtimingscom-
parableo thosepublishedn [12]. In thetablesWestSingledenotes
to thealgorithmwhichrenderghe ST-triangulationof eachtetrahe-
dron two timeswith a singletexture, the improved versionusing
multitexturesandregistercombinersve namedWestM/C.

The tablesshawv the total time (ToT) for renderingwhich can
bedividedinto thetime neededor building the active-elementist
(Ael) andthetime the graphicssubsystentonsumedgor rendering
theelementgRnd).

Note thatwe did not take into accountthe time for readingthe
interpolatedcslicesfrom theframeluffer nor thetime to definea 2D
or 3D texturevia directcopy from the frameluffer. Whencompar
ing the hardwareacceleratedpproachethistime canbe neglected
sinceall algorithmsrequirethe samereadoperationsaandtherefore
thesametime. We statethough thatresamplingime is dominated
by therendering It took 0.12sto readthe 64 slicesof the heat-sink
datasetat resolution64® into main memoryand0.72sto readthe
256 slicesat resolution256°. The copy operationfrom the frame-
buffer to a stackof 2D texture mapswasaboutthreetimesfaster

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: Comparisnof timings(in secondspetweerdifferentre-
samplingalgorithmsfor the heat-sinkdata setat varying resolu-
tions.

Takingalook at Figure9 thefirst noticeablepoint is that West-
ermanns resamplingalgorithm alreadysufers from rasterization
limits. This canbe seenfrom thefactthatthe multitexture version
only gainsa speedugdactorof approximatelyl.2 althoughit ren-
dersonly half of the polygonsof the singletexture version. This
speedugactorimprovesslightly with increasinghumberof resam-
pling slicesasthetime for constructinghe active-elementist re-
mainsnearlyconstant.

Ourhardvareacceleratedlgorithm(MultiComb ) requiresonly
aboutone third of the polygonsand half of the verticesusedby
WestM/C for the sameresamplingesult. 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| 156 | 1.67 | 921K
WestSingle 0.49 | 2.68 | 3.17 | 5440K
WestM/C 0.49 | 2.08 | 2.57 | 2720K

Figure9: Comparisnof timings(in secondspetweerdifferentre-

samplingalgorithmsfor thebluntfindatasetat varyingresolutions.

we renderl.5 polygonsper slice andtetrahedrorwhereagshe ST-
decompositiomsedn [12] produce$8.5polygonsonaverage Note
thatfor smallresolutionsour algorithmis significantlyfasterthan
WestM/C. The performancéenefitresultsfrom the savedtime for
ST-decompositionwhich canbe seerfrom the Ael columnsin Fig-
ures 8 and9 including the time of decomposition.However, the
Rnd columnsindicatethatrenderingis alsosignificantlyfasteral-
thoughthe samepolygonalareahasto berasterized.

double bluntfin

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| 460 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 secondshetweendifferent
resamplingalgorithmsfor the doublebluntfin data setat varying
resolutions Thedatasetwasconstructedromtheoriginal bluntfin
by mirroring all cellsat a planeperpendiculato they-axis.

Applied to a high resolutioncartesiangrid the performanceof

our hardvwareacceleratedesamplingalgorithmsignificantlydrops.

Olviously it is even morerasterizatiorboundthan WestM/C due
to the quite expensve fragmentoperationaused. In reducingonly
thex- andy-resolutiorandleaving thenumberof slicesconstantve
have verified that slice processingandtriangle compositionis not

thelimiting factor However, this is no restrictionfor the construc-
tion of a multiresolutionhierarchyof cartesiangrids for adaptve

renderingof unstructuredyrids. This hierarchywill notconsistof a

singlelarge cartesiargrid into which the unstructuredyrid will be

resampled A numberof smallsizedcartesiargrids only covering

partsof theunstructuredyrid will ratherbeusedinstead.

The hybrid resamplingalgorithm achieves speedugfactorsbe-
tween1.5 and 2.5 comparedo WestM/C for the testeddatasets.
Thepuretimefor renderingcouldbereducedy afactorof 1.4-1.8.
Theremainderesultsfrom a significantlyfasterper frameinitial-
ization (Ael). Comparedo the hardvwareacceleratedlgorithmwe
alsosave the computatiorof the partial derivativesof the barycen-
tric coordinatdransformalongtheslicedirection.With thetimings
presentethererealtimeresamplingactuallycomesnto reachbased
onthehybridapproach.

Althoughour currentimplementatiorof thesoftwareresampling
algorithm can still be optimizedthe achieved timings shavn in
Figure 11 are quite noticeable. As we expectedthe software ap-
proachis slower thanhardware and hybrid resampling.However,
in mary casesgspeciallyfor smallresamplingesolutionst beats
WestSingleandWestM/C. Notethatwhencomparinghemto one
of the hardware approacheshe time for readingthe interpolated
slicesbackfrom the framehuffer hasto betakeninto account.

heat-sink bluntfin
Resolution Time Resolution Time
32 32 32 0.45s
64 64 64 0.69s 128 64 32 0.80s

128 128 128 | 1.58s
256 256 256 | 5.03s
512 512 512 | 20.93s

256 128 64 1.23s
512 256 128 3.01s
1024 512 256 | 12.13s

double bluntfin (450K cells)  quad bluntfin (900K cells)

Resolution Time Resolution Time
128 64 32 1.50s 128 64 32 2.79s
256 128 64 1.96s 256 128 64 3.52s
512 256 128 4.08s 512 256 128 6.07s
128 128 32 1.66s 128 128 64 3.17s
256 256 64 254s 256 256 128 5.09s

512 512 128 6.07s 512 512 256 | 12.11s

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

Unexpectedly switchingthe scanlinedirectionaccordingto the
largestdimensiorof thetetrahedra boundingoox hasprovento be
akey featurefor goodperformanceEspeciallyfor thebluntfindata
setthe averagelength of incrementalvoxel processingwithin the
tetrahedrorcould bedramaticallyincreasede.g.from 2.95to 7.38
voxelsfor resamplingpn a 256° grid andfrom 5.00to 14.41voxels
for a512. Processinghe cartesiargrid in y- or z-directionnor-
mally shouldbeslower dueto theavkwardmemoryaccesscheme
with a high probability of cachemisses. However, in our imple-
mentationtheincreasedcanlinelengthseemso over-compensate



this fact,atleastonthe AMD Processor

Furthertestshave shawvn thatfor smallsizesof thecartesiargrid
theruntimeof ouralgorithmis nearlylinearwith the numberof el-
ementssincetheinitializationtime for eachtetrahedromlominates
thetime for traversingthe scanlinesFor cartesiargridslargerthan
256° we obsere a morelinearbehaiour with the numberof vox-
els. Still themainadwantagesemain: Softwareresamplingallows
higherorderinterpolationrandprovideshigherresamplingaccurag.

7 Conclusions and future work

In thiswork we have studieddifferentalgorithmsfor resamplingun-
structuredyrids. We demonstratethreedifferentapproachesying
to estimatewhichis mostpromisingfor (nearly)interactize resam-
pling.

Our hardvare acceleratedesamplingapproachhas proven to
be asfastasrecentlyreportednearly interactive resamplingalgo-
rithms. Ouralgorithm,however, requires2—4timesfewer polygons
for the sameresult. Performancémprovementshave beenbelon
our expectationspecauseslicing algorithmsare mainly rasteriza-
tion bound. Thoughsufering from lower accurag dueto thelim-
ited framehuffer and pixel-pathresolution,the hardware approach
is significantlyfasterthanour softwaresolution.

We have demonstratethat exploiting graphicshardwareto the
maximumextent may not resultin optimal performance.Instead
subtleworkloadbalancindeaving morecomputationaéffort to the
main processorcangain muchbetterresults. We have shawn this
with our hybrid algorithm.

Currentlywe areinvestigatingour algorithmson differentplat-
forms including PC and graphicsworkstations. The performance
of software resamplingmay hearily dependon hardware charac-
teristicslike integeror floating point performancegachesizesand
cachingstrat@ies. The timings of our hybrid approactwill surely
dependon the rasterizationperformanceand the computational
power of the CPU.

Additional time shouldbe spenton optimizing softwareresam-
pling. Anotherproblemthatshouldbeaddressed theaccurag of
hardwareacceleratedechniques.

With afastresamplingalgorithmfor unstructuredyridsavailable
we nowv canusean adaptve multiresolutionhierarchyof regular
grids for interactive renderingof unstructuredyrids. Futurework
will concentratenthedynamicconstructiorof this hierarchy The
adaptionof this hierarchyto the characteristicef the unstructured
grid like the elementsize andto visualizationparameterdik e the
userfocuswill beof furtherinterest.
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Figure12: Bothimagesshowthe bluntfin data setresamplecdbn a 256 128 64 (left) anda 512 256 128 (right) cartesiangrid and
rendeed via texture basedvolumerendering

Figure13: Bothimagesshowthe heat-sinkdatasetresampledn a 128 (left) anda 256 (right) cartesiangrid rendeedwith texture based
volumevisualization.We chosea nonlinear transferfunctionin order to emphasighedifferences.

Figurel4: Anarbitrary orientedcut planeis rendeedwithin the bluntfindatasetandthe heat-sinkdatasetwith perspectiveprojection. The
planeis rendeed usingour hardware acceleatedslicing algorithm. We usean octreefor determiningthe tetraheda hit by the cut plane
and renderthe front facesof this tetraheda only. Theactual intersectionpolygonsand the interpolatedscalar valuesare determinedoy
the graphicshardware via fragmentopemtions. In both casesthe framerate wasfasterthan 8 fps on an AMD Athlon 900 processomith

GeForce2GTSgraphicsadapter



