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Abstract. Inthispapemwe proposetechniqudor resamplingcalaffieldsgiven

onunstructuredetrahedragirids. Thistechniquaakesadwantageof hardwareac-

celerategolygonrenderingand2D texture mappingandthusavoidsary sorting

of the tetrahedraklementsUsing this technique we have built a visualization
tool that enablesus to eitherresamplethe dataonto arbitrarily sizedCartesian
grids, or to directly renderthe dataon a slice-by-slicebasis.Sinceour approach
doesnotrely onary pre-processingf thedata,it canbeutilized efficiently for the

displayof time-dependentnstructuregridswheregeometryaswell astopology

changeovertime.

1 Introduction and related work

Renderingunstructuredrolumedatais still challengingbecauseno existing algorithm
allows for the accuratedisplay of reasonablysizeddatasetsat interactive framerates.
Although considerablefforts have beenmadeduring the last coupleof years,frame
ratesarestill not competitive with thosethatcanbe reachedor high resolutionCarte-
siangrids usingspecializedsoftware solutionsor dedicatedyraphicshardware.In ad-
dition, mary of the proposedechniquedail in practicalapplicationswherememory
issuesplay a major concernand dynamicchangesf geometryas well astopology
happerfrequently

In particulartwo basicproblemshave to be addresseavhendevelopingrendering
algorithmsfor unstructuredyrids. The first oneis to determinethe correctvisibility
orderingof elementsThe secondoneis to implementan appropriatealgorithmthat
allowsoneto rendereachelementn theascertainedrder

Two differentclasse®f algorithmsexist to solve for thelatterproblemasillustrated
in Figurel. Imagespaceechniquesomputefor eachview ray the entry andthe exit
point for every elementthatis hit by that ray. At both pointsthe datais interpolated
betweerthevalueggivenattheelementwertices Finally, takinginto accounenoptical
modelthe integrationalongthe ray is performed.f pre-shadedamplesare usedfor
interpolationit canbeexploitedthattheresampledignalalongtheraydependdinearly
on the valuesat the entry andthe exit point. In post-shadinghowever, the scalarfield
hasto bereconstructedlongtheray by taking anappropriatestepsizewith respecto
theselectedransferfunction.

Objectspacdechniquespnthe otherhand,accomplisitherenderingoy projecting
eachelementonto the viewing plane suchasto approximatethe visual stimulus of
viewing the elementwith regardto the chosenoptical model. Two principal methods
have beenshavn to bevery effectivein performingthistask:slicingandcell projection
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Fig. 1. Differentrenderingtechniquesfor tetrahedal elementsre illustrated.

Using the former method,eachelementgets projectedon a slice-by-slicebasis.
Therefore the crosssectionsof eachelementandthe currentslicing planeare com-
puted.At eachintersectionpoint with one of the elementedgesthe color valueis in-
terpolatedfrom the pre-shadedamplesat cell vertices.The crosssectionsare then
renderecby letting the graphicshardware resamplethe color valuesonto the discrete
pixel buffer during rasterizationThe computatiorof the sectionalpolygonscaneither
be doneexplicitly [19,15], or implicitly on a perpixel basisby taking advantageof
dedicatedyraphicshardwareproviding perfragmentiestsandoperationg§14].

A differentobjectspaceapproachis cell-projection[8]. Basedon the currentview-
ing parametershe projectionof eachtetrahedrons classifiedwith respecto four dif-
ferentclassesand decomposedhto trianglescorrespondinglyFor eachvertex of the
projectedprofilescolor andopacityvaluesarecomputedakinginto accounthe under
lying opticalmodel.Althoughthebi-linearinterpolationof thesevaluesacrosdriangles
doesnt give accurateresultsandis restrictedto the renderingof pre-shadedamples,
it hasbeenestablishedsthe mostprominentrenderingtechniquefor tetrahedratells
dueto its efficiengy. Differentextensionsto the cell-projectionalgorithm have been
proposedn orderto achieve betteraccuray [12,17] andto enablepost-shadingis-
ing arbitrary transferfunctions[7]. The commonmethodhereis to pre-computghe
volumerenderingintegral with regardto the currenttransferfunctionfor a numberof
differentparameteraluesandto codethe resultsin a texture map. Then,ratherthan
colorsampleghe pre-computedaluesareinterpolatecandcomposited.

The moredifficult problem,however, is to determinethe correctvisibility orderof
elementsMany algorithmshave beenproposediuringthelastcoupleof yearstrying to
reachinteractive frameratesin completelydifferentways.Probablythe mostefficient
onehasbeenusedin [1,4,18]. Thesetechniquesxploit the fact that for tetrahedral
meshegxhibiting aDelaung propertythecorrectordercanbefoundby sortingthetan-
gentialdistancego circumscribingsphereaisingary customizedalgorithm.Although
quiteimpressveframeratescanbeobtainedisingthisapproachthemostseriousdraw-
backis thatgrids generatedn practicalapplicationsareusuallynot Delaung meshes.
This mightleadto incorrectresultsanddoesnot allow resolvingtopologicalcyclesin
thedata.



A differentalternatve is the sweep-plan@pproacH3, 10,9,13]. In this approach
the coherencevithin cutting planesin objectspaces exploitedin orderto determine
thevisibility orderingof theavailableprimitives.

In addition, muchwork hasbeenspenton acceleratinghe visibility orderingof
unstructurectlementsUsually, the datais first pre-processeih orderto recover topo-
logicalinformation,whichis storedandusedto accelerat¢he sortingprocedureuring
rendering.Mary differentvariantsexist which exploit adjaceng information within
thegrid andconstructhierarchicaldatastructuresallowing for the efficient traversalof
elementsn theright order[16,11,2]

However, two significantproblemsare inherentto approacheghat rely on pre-
computedopologicalinformation.First, a considerabléncreasan memorymight be
introducedby thedatastructureecessaryo allow for efficientvisibility sorting.Sec-
ond, as soon as changesin the geometryor the topology occur the pre-processing
task hasto be repeatedParticularly in numericalsimulationswheretime-dependent
sequenceare generatedjuite commonlytheselimitations prohibit interactve frame
rates.

In this paperwe presentnovel approachor theresamplingf scalardatagivenon
unstructuredetrahedraprids. The goal of this approactis twofold: to emphasizehe
impactof state-of-the-argraphicshardware on currentvisualizationtechniqguesand
to demonstratéhow it can be usedfor the accuraterenderingof large unstructured
grids without the needfor sortingthe elementsxplicitly. As a directimplicationthe
grid doesnt have to be pre-processeth orderto determinetopologicalinformation
thusconsiderablyreducingthe memoryoverhead Moreover, geometricandtopologi-
cal changeslo not implicate expensve re-calculationsParticularly in practicalappli-
cationswherememoryissuesandtopologicalchange®f the gridsareof majorconcern
therealstrengthof our methodcomesnto play:.

The reminderof this paperis organizedasfollows. First, we describethe slicing
procedurefor tetrahedrakells our techniqueis baseduponandwe proposean algo-
rithm in which hardwaresupportedyraphicsoperationsreparamountWe thendiscuss
implementationdetailsand we outline two differentalternatvesfor the renderingof
unstructuredyrids taking advantageof our technique Next, beneficialextensionsus-
ing consumegraphicscardsaredemonstratedie concludethe paperwith a detailed
discussionandwe shaw resultsandtimingsof our approachappliedto realdatasets.

2 Slicingtetrahedron

In the previoussectionwe have outlinedthe generabpproacHor slicingtetrahedrawe
mentionedhatonly if pre-shadedamplesareissuedervertex thegenerateffagments
canbe directly displayedand blendedwith pixel valuesalreadyin the frame buffer.
Unfortunatelythis stratayy prohibitsthe useof arbitrarytransferfunctionsto beapplied
to theoriginal scalardata.Post-shadingynthe otherhand,allows the color distribution
in the interior of eachtetrahedrorto be modified non-linearly This canbe achieved
by interpretingthe scalarmaterialvaluesas one-dimensionatoordinatesnto a linear
texture map. During rasterizatiortexture coordinatesare bi-linearly interpolatedand
thecolorvalueis finally lookedup in a userdefinedtexturelookuptable.



The slicing of tetrahedraklementscan also be viewed from a different perspec-
tive. As statedearlier alongeachray passinghroughatetrahedrorthe materialvalues
dependinearly on the valuesreconstructe@t the entry andthe exit point. The recon-
structionof the scalarfield on aslicing planeparallelto theviewing planethusinvolves
computinghevaluesatboththefront andthebackfacesof thetetrahedromvith respect
to thecurrentview, andto linearly combinethem.

2.1 Hardwaresupport

In orderto avoid explicitly computingthe sectionapolygonsandthescalarvaluesused
for shadingwe proposea methodthat takes advantageof hardware assistecpolygon
renderingand2D texture mapping.Therefordet usassumehateachtetrahedroro be

projectedhasalreadybeendecomposedhto trianglesbasedon the ST-classification,
namedthe ST-triangulationhereafterWe notethatat theinterior vertex of thetriangu-
lation two scalarvaluesare stored:onefor the point at the front facingedgeandone
for the point at the backfacingedge .We canthusinterpolatethe dataacrosghe front

facesandthe backfacesby scan-cowertingthe ST-triangulationtwice: In the second
passthefunctionvalueat theinterior vertex is exchangedseeFigure?2).
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Fig. 2. Thescalarfunctioncanbereconstructeccrossthe frontandbad facesby renderingthe
STFriangulationtwicewith differentscalarvaluesat theinterior vertex

Although we alreadyemploy graphicshardwareto reconstructhe scalarfield at
eachpixel thatis coveredby the projectionof thetetrahedroniwo problemsstill need
to beaddressedl'he datashouldonly be dravn to thosepixelsthatarecoveredby the
sectionalregionbetweertheslicing planeandthetetrahedrormndvaluesneedto belin-
earlycombinedn orderto obtaintheinterpolatedlatasamplesBoth problemscanbe
solvedefficiently by meansof a 2D texture mapthatstorespre-computedveightsnec-
essaryto performthelinearinterpolation.During rasterizatiorthe scalarvaluesissued
aspolygoncolor are modulatedwith the texture color that representshe appropriate
interpolationweights.

Let Nz, Ny bethe sizeof the texture. Eachtexture elementis describedy a lu-
minanceandanalphavalue.Then,by usingp = 2i/Nz — 1 andg = 2j/Ny — 1 the



luminancevaluesin thetextureT'1 areinitialized asfollows:

T1[i,j]={5-p@ izNz/Q & j>Ny/2

0 otherwise
Alphavaluesaresetto onewherethe luminancevaluesaredifferentfrom zero,other
wisethey aresetto zeroaswell. In additionasecond®D texturemap,T'2, is createdlt
is similarto T'1 but non-zerovaluesT'1[s, j] arereplacedoy 1 — T'1[i, 5].

Before we analyzethe assignmenbf texture coordinatedo verticesof the ST
triangulationin more detail we should note that texture coordinatesare going to be
transformedo the rangeof (0,1) beforerenderingby meansof the OpenGLtexture
matrix. As a consequenctxtureentry (0.5,0.5) is referencedby issuingatexture co-
ordinate(0, 0). Thusonly for positive coordinatesion-zeraexture valuesaremapped.

For every exterior vertex theu coordinatecorrespond$o the signeddistanceof that
vertex to the currentslicing plane.Valuesare positive if a vertex is locatedin front
of theslicing planewith respecto the point of view. Thev coordinatds equalto the
u coordinatebut its signis flipped. At the interior vertex, however, the v coordinate
equalsthe signeddistanceof the front facevertex to the slicing plane,while in the v
coordinatethe negatedsigneddistanceof the backfacevertex to the slicing planeis
kept. Theprincipalassignmenis illustratedin Figure3.
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Fig. 3. Sectionalviews of different SFtriangulationsshowthe principal assignmenbf texture
coordinatesto verticesNotethattexture coodinatesare properlytransformedn orderto address
theappmopriatetexture values.

Figure 3 tells us that « and» sumup to the thicknessof the elementalongthe
viewing direction. Sinceu is just the thicknessminus the distancefrom the slicing
planeto the backfacesfactorsl — u/(u + v) andu/(u + v) exactly correspondo
the weightsneededo modulatethe scalarvaluesat the front and at the back faces,
respectiely. Theseare exactly the factorsthat are pre-computedn the texture maps.
As long asone of the texture coordinateds lessthanzero, both entry point and exit
pointlie eitherbehindorin front of theslicing plane.Sincenegative texturecoordinates
index alphavaluesnot equalto one,the generatedragmentscanbe discardedbefore
they affectthe color buffer by meansf the OpenGLalphatest.As aresultonly those
fragmentsaregoingto be displayedandblendedthatarecoveredby theslicing plane.



In orderto obtainfor eachpixel the accuratelyinterpolatedscalarvaluesthe ST-
triangulationis renderedwice. In thefirst passthe scalarvalueatthefront facingedge
is issuedat the interior vertex and fragmentcolor is modulatedwith the texture 7'2.
Blendingis disabledn this passin theseconasghetrianglesarerenderedisingthe
scalarvalue at the backfacingedgeat theinterior vertex andtexture T'1 is activated.
The blendingfunctionis chosensuchasto addincomingfragmentsto pixels, which
finally resultsin theaccuratelyinterpolatedscalarvalues.

We shouldnoteherethe similarity of our methodto the oneproposedn [7], where
a 2D texturewasemployed to codethe interpolationweightsneededo rendershaded
iso-surficeson a perpixel basis.In [14] a differentalternative using the stenciland
the depthtestwasdemonstratedJsingthis approachhowever, it is necessaryo read
the color buffer for every singleslicing in orderto computethe correctlyinterpolated
values.In the currentimplementatiorthesevaluesare directly obtainedby hardware
acceleratetexturemappingandblending.

3 Tetrahedral grids

Now thatwe know how to exploit hardwareassistedjraphicsoperationgor theresam-
pling of scalarvalueson an arbitraryslice througha singletetrahedrorthe procedure
caneasilybe extendedto tetrahedrabrids. First of all, for eachslice thoseelements
have to bedeterminedhatmayintersecthatslice. For this purposewe take advantage
of anactive elementatastructurg3, 19] thatconsiderablyimits the numberof visited
andprocesse@lementperslice.

3.1 Implementation details

In orderto performtheslicing of tetrahedragrids asefficientaspossiblesomebenefi-
cial extensionshave beenintegratedinto our approachSincein the proposedcenario
elementamight getdravn severaltimesdependingon the numberof slicesthey over-
lap, oneimportantrequirements to optimizethe renderingof eachof the constructed
trianglesets.Thereforejn the currentimplementatiorwe directly createtrianglefans
for eachST-triangulation[18] thusgreatlyimproving the overall performance.

In additionwe exploit coherencebetweerslicing planesghusminimizing thenum-
ber of numericalcalculationsto be performed.Although for a certain elementthe
distanceof eachvertex to the currentslice hasto be computedthe geometryof the
triangulationas well asthe scalarvaluesremainunchangedAs a matterof factthe
STtriangulationfor every tetrahedroronly hasto be determinedonce.As soonasan
elements insertedinto the active elementlist the trianglefan andthe distanceof each
vertex to the currentslice are computedandstored.For every new slice the distances
cannow beupdatedncrementally

In orderto determinethe ST-classificationandto calculatethe resultingtriangu-
lations we strictly avoid storing additionalinformation. In his way we minimize the
memoryoverheadput evenmoreimportantlywe guarante¢hatthedelayis asshortas
possibleoncethegrid is temporallymodified.



3.2 Resamplingvs. rendering

In orderto visualizethe resamplediatawe canreadthe pixel datainto main memory
andrenderit by meansof arny known volumerenderingtechnique However, in order
to avoid the expensie memorytransferwe useOpenGLto directly convert the pixel
datainto a 2D texture mapor into a particularslice of a 3D texture map. This allows
usto successiely constructa stackof 2D texturesor onesingle3D texturethatcanbe
usedlateron for renderingpurposesAlthoughin the currentapproactwe exclusively
exploit 3D texture mapsjmpressveimagequality andperformanceanbeachievedby
meanof 2D textureg[6]. In thiscase however, thedatahasto beresampledhreetimes
in orderto generatehe 2D texture stacksnecessaryo accountor arbitrarychange®f
theviewing direction.

Additionally our methodcanbe employedto directly renderthevolumedata.Each
sliceis first renderednto atemporarybuffer. Thentheresultsarecopiedinto the color
buffer wherethey areblendedappropriatelyPre-shadingr post-shadingvorksequally
well usingthis approachPre-shadedolorsaredirectly issuedaspolygoncolor atthe
trianglevertices Post-shadingyn theotherhand,is achieved by selectinganappropri-
atelookuptablethataffectspixel valuesoncethey arecopiedinto the color buffer.

Note that perspectie projectionscannot be realizedsincetexture coordinatesare
computedwith respecto anorthographigrojection.Evenif two differentST-triangu-
lationsare computedepresentinghe front facesandthe backfacesrespectiely, and
perspeciiely correctedexturemappingis performedwronginterpolationweightswill
be computeddueto the perspectie distortion.

4 Texturecombiners

Our approachcan be improved considerablyby exploiting the functionality of cur
rentPCgraphicshardware,i.e. the Nvidia GeForcefamily GPUs.On thesechipspro-
grammabldragmentarithmeticis availablethat allows oneto computecombinations
betweerthe color of incomingfragmentsandtexture samplegiuring rasterizatior5].
The hardwareis capableof simultaneouslperformingcomponent-wis@roductsand
dot-productbetweerthefragmentcolor, texturesample®r userdefinedconstanRGB
values.Oneof the key featuresof this chip is thattwo texture units are available that
allow for the simultaneousnappingof differenttexturesto onesingletriangle.At first
glancethis functionalitydoesnt seemto bedifferentto whatwe canachieve with mul-
titexturesas provided in the OpenGL 1.2 function set. In addition, however, texture
combinersoffer the possibility to multiply texture sampleswith differentpolygoncol-
orsbeforethey arecombined.

In orderto take advantageof this functionalitytextures'1 andT'2 arebecominghe
multitexturesto becombinedduringrasterizationAt eachvertex of the ST-triangulation
a primary anda secondanycolor is issuedwhich only differ at the interior vertex. At
thisvertex thescalavalueatthefront facingedgeandat the backfacingedgeis coded.
In the first register combinertexture samplesare simply modulatedwith the primary
andthe secondarnycolor, respectiely, andthe resultsare addedin orderto obtainthe
interpolatedscalarvalues.The correctlyinterpolatedscalarvaluesare thus generated
andrenderednto the color buffer in onesinglerenderingpass.
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Obviously the sameprocedurecanbe employed usingpre-shadedolor samplesas
primary andsecondaryolor. Sincetheinterpolationis performedin the texture com-
binerresultscanbedirectly blendedwith pixelsalreadyin thecolorbuffer. Neitherdoes
the pixel datahasto be copiednor do we have to useary additionalbuffer.

5 Results

In this sectionwe analyzethe main modulesandfeatureof our systemAll testswere
runonaSGIOnyx IR2 equippedvith oneR12000,300MHz processqi64 MB texture
memoryand256 MB mainmemory

Two tetrahedratlatasetswereused:A finite-elementlatasetof 180K elementsand
the bluntfin datasetcorvertedto 225K elementslin our first testboth datasetswere
resampleantodifferentlysizedCartesiargrids.

Wedistinguistbetweerthetime neededo initialize andsetuptheactive elementist
(Ad), the elapsedime consumedy the graphicssubsystentRnd), thetime it took to
readthe pixel datainto mainmemory(ToR) andthetime usedto readandbuild the3D
texture(ToT). Sincein all our exampleswve exclusively use3D texturebasedendering
thetotal time is the sumof Ael, Rnd andToT. Notethatby usingour approactor the
directrenderingof unstructuredyridsthe overall timeswill be slightly fastersincethe
color buffer only hasto becopiedandthepixel datadoesnt have to be corvertedinto a
texturemap.

In all experimentsthe z-coordinateof the Cartesiargrids correspondo the num-
berof slicesthatwereprocessedNo connectity informationwasusedandspacevas
partitionedinto 40 slabsin orderto minimize the numberof elementgo bevisited per
slice.Tablel shavs explicit timingsusinghardwareassisteaolorinterpolationand2D
texturemapping All imagesonthecolor pagebelov shov theresamplediatasetsren-
deredvia 3D textures.In all caseghe frameratewasfasterthan8 fps. As canbe seen,
thetime neededo renderthe tetrahedraklementgdlominateghe overall performance.
Sinceeachelementasto berenderedwice for every sliceit overlapsthe overall poly-
gon countincreasesonsiderablyln total, the numberof trianglesrenderedor both
datasetswasof abouta factorof 24-39timeshigherthanthe numberof elementsOn
the otherhand,asour timings shav the additionaloverheacthatis introducedcanbe
absorbed/ery effectively by the graphicshardware.Sincewe swap expensve calcula-
tionsinto the graphicssubsystenmwe reachimpressie frameratesthatarecompetitive
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Fig. 5. Timings(secondsjor the heat-sink(left) and the bluntfin (right) data setand differently
sizedCartesiangrids.

to thosepresentedn the literature.Although our timings are slower thanthosepro-
posedn [18], ourmethodkeepsthememoryoverheadow andallowsfor topologically
correctrenderingof unstructuredrids.

Comparedo the mostrecentlypublishedapproacH2] we arefasterandwe need
lessmemoryandentirely avoid expensve pre-processingf the data.Particularly for
time-dependerdatasetswe expectourmethodo besuperiotto othersbecauseonstant
frameratesareguaranteedvenif large partsof the grid aremodified.

We have alsoimplementedthe proposedmethodon the nVidia GTS 2 graphics
GPU. Using pre-shadegamplest took 2.3 secondgo directly renderthe heat-sink
dataseton a 512x512pixel rasterusing 256 slices.We didn’t realizethe resampling
into 2D texturesdueto theimmenseamountof texturememorynecessarjo storethree
copiesof thevolume.

6 Conclusion

In this papemwe have emphasized novel approacho achieveinteractve displayof un-
structuredyrids. Themajorcontribution hereis thatwe efficiently exploit standardAPls
like OpenGLto performhardwareassistedesamplinganddirectvolumerendering.

In particularwe have shavn thatour resamplingapproachn combinatiorwith tex-
ture basedvolume renderingallows for interactive exploration of large unstructured
grids. For direct volume renderingarbitrary transferfunctionscan be appliedto the
scalarfield.

Our resultshave shavn that the presentednethodis asfastasary othermethod
that allows for the topologically correctrenderingof unstructuredyrids. Particularly
for time-dependentdatasetswe expectour methodto be superiorbecauseat doesnot
rely on ary pre-computedopologicalinformation.Any updateof the grid cansimply
be realizedby insertingnew elementsinto the edgelist and by remaving non-valid
elementdrom thislist.

Furthermorethe usercanspecifyarbitrarily sizedregionsto be resampledn ary
desiredresolution.This allows oneto selecttheresolutionthatcanjustberesampledt
interactive rates.Oncethe datahasbeencorvertedinto a 3D Cartesiargrid interactive
renderingcanbe achieved usingary known algorithm.

We have alsoshavn how to efficiently exploit consumegraphicscardsfor theren-
deringof unstructuredyrids. Taking advantageof perfragmentarithmeticand multi-
texturesdirect renderingof tetrahedralgrids using pre-shadedolor samplescan be
achieved. Our timings have shavn thatwe comecloseto the performancehatcanbe
reachedusingCellFast[18]. Althoughwe considerablyraisetheloadin the geometry



unit, at the sametime we reducethe load in the CPU and minimize memoryaccess.
Overall, this leadsto a very efficient alternatie for the topologicallycorrectrendering
of largetetrahedragrids.
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Fig. 6. The heat-sinkdata setwas resamplecbn a 128% (left) and on a 2562 (right)
Cartesiangrid andrendeedvia 3D textures.

Fig. 7. Bothimagesshowthe bluntfindatasetresampledn a 256x128x64left) anda
512x256x12&right) Cartesiangrid andrendeedvia 3D textures.

Fig. 8. On the left the bluntfin data set was resampledon a 512x256x128rid. On
the right our methodwas employedo resamplethe data on an arbitrary slice The
resamplingimewas0.18seconds.



