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Abstract

We presenta frameawork for interactivelyvisualizingvolumetricAdaptiveMeshRe nemenfAMR) data. For this
purposewe employcomplex data structuesto mapthe entire AMR datasetto graphicsmemory This allows to
apply hardware acceleated visualizationalgorithmspreviously only operating on uniform cartesiangrids. For
mappingthe datato graphicsmemorywe considertwo approades,a space-etient, texture-basedoctreeand
a fastmethodbasedon page table addresstranslation.WWe demonstate the utility of our appoad by extending
an existing GPU raycastingimplementatiorto render AMR data. As a r st stepto vector eld visualization
techniqueswe successfullyntegrated our framevork into a commecial CFD postpocessingool and visualized

scalarpropertiesof thevector eld.

Categories and Subject Descriptors (accordingto ACM CCS)

1.3.3 [Computer Graphics]: Picture/Image

Generation-\éwing Algorithms; 1.3.6 [ComputerGraphics]:Methodologyand Techniques—Graphiadatastruc-
turesanddatatypes;l.3.7 [ComputerGraphics]:Three-DimensionaBraphicsandRealism—Raytracing

1. Intr oduction

AMR is a populartechniquein large scale CFD simula-
tions. For ef ciency reasonsAMR datais organizedin a
hierarchicalgrid wherethe resolutionis re ned adaptvely
in regionsof interestor wherethe simulationnecessitatei
(Color Platel).

Runtimesfor CPU-basedlgorithmson AMR datasuch
asisosurhceextractionarein the orderof minutesfor typi-
caldatasetsvith severalmillion cells. Thus,it is desirableo
replacethemwith fastanddirect, GPU-basediisualization
techniquesHowever, currentgraphicshardwareis only op-
timizedfor two- or three-dimensionalataon uniform carte-
siangrids. Recently the programmingmodel of GPUshas
beenextendedo supportmodernlanguageconstructavhich
allow to implementmorecomple& datastructures.

Our contrikutions are methodsof mappingentire AMR
datasets$o graphicsmemoryby emplo/ing GPUimplemen-
tationsof complex datastructureghat have beenpresented
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recently Two approachesre discussedan octreetexture
providing a compactrepresentatiomt the costof rendering
speedandanadaptve pagetablethatoffershighframerates
but consumesnoretexturememory Theseapproacheallow

usto apply GPU-basedingle-passenderingalgorithmsfor

the rst time, which we demonstratdéy extendinga single-
passGPU raycasterto operateon adaptve grids and inte-

gratingit into acommercialCFD postprocessintpol.

Section2 gives an overview of the relatedwork, Sec-
tions 3 and 4 discussthe mappingapproachesSection5
dealswith AMR datavisualizationfollowedby adiscussion
of ourresultsin Section6. Finally, we concludethiswork in
Section7 andsketchour plansfor futurework.

2. RelatedWork

First introducedby Berger and Oliger [BO84], AMR has
found variousapplicationssuchasin astroplysics,weather
and uid dynamicssimulationfor engineering.

Kaufmannand Mueller [KMO5] give a comprehensie
generaloverview of volumerenderingwhile P ster [P 05]
presenthardwareacceleratedechniques.
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Both Park et al. [PBS02 and Kéhler et al. [KHO2] vi-
sualizeAMR datainteractvely in a multipassapproactby
partitioninginto bricksandtheuseof treedatastructuregor
brick selectionon the CPU. Park et al. renderbricks with
hardware-acceleratettierarchicalsplatting, whereaskah-
ler etal. rely ontheclassicaklicing-basedpproach.

Our mappingof adaptve grids to graphicsmemoryis
basedon the work of Lefebvre et al. [LHNO5], who im-
plementedthe octreetexture [BD02] on the GPU, and of
Lefohnetal. [LKS 06], who presentecan adaptve multi-
resolutiondatastructurefor the GPU.

3. OctreeTexture

An octreerepresents uniform cartesiangrid at ary depth
andis thereforewell suitedto storeAMR data.The GPU
implementatiorrepresent®achinner nodewith a cube of
2 2 2 texels. Thesetexels representhe eight children
of an octreenodeand are eitherinterpretedas a reference
(“pointer”) to the respectie child if it is aninner nodeor
asa scalarsampleif the child is a leaf. This is achiezed by
usingthe alphacomponento indicatethe nodetype (empty
leaf or inner node)andthe RGB-componentsasreferences
within the octreetexture or as scalarsamplesThe octree
is traversedin a top-davn processon the GPU, detailsare
foundin theoriginal article by Lefebvre etal. [LHNO5].

3.1. Texture Construction

The adaptve grid employedin our target CFD postprocess-
ing tool is organizedasa hierarchicaldatastructurewhere
eachindividual cell of the coarsestesolutioncanbe consid-
eredastheroot of anoctree We constructhe octreetexture
by reconstructing full octreecoveringthe entiredomainof
the grid from thesesubtreegFigure 1) andstorethe octree
nodesin a 3D texturein depth- rstorder

Figure 1: Treeinterpretation of an adaptivelD grid. The
dottedpart hasto bereconstructed.
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As describedabore, one color channelof eachtexel in-
dicatesthe type of the child node.The scalarsamplecon-
tainedin a leaf canthenbe storedin one of the remaining
threechannelsleaving only two channelgo storegradients
for shadingcomputationsTherefore we storethe gradient
in sphericalcoordinatesn the remainingtwo channelsand
corvert it backinto cartesiancoordinatesn the fragment
program.

3.2. Inter polation

Lefebvre etal. [LHNO5] proposea hardwareacceleratedh-

terpolationschemefor the octreetexture which requiresall

leafs of the octreeto be at the samedepth. Bensonand
Davis [BDO2] proposea schemethat constructsa virtual

uniform grid of the desiredresolutionon which trilinear or

tricubicinterpolationcantake place We proposeaninterpo-
lation schememore suitablefor graphicshardware, which

guaranteeontinuousinterpolationwithin octreeleafs of

the samedepth. Strictly speaking.the interpolationacross
differentdepthswill bediscontinuousbut in practicehardly
ary visible artifactswill occuraswe shav in Section6.

For a givensamplingpositionthe octreetraversalreturns
the sampleat the nearesheighborcell. The otherseven of
the eight samplesneededfor trilinear interpolationare re-
trieved by performingtraversalwith the samplingposition
offset by half the size of the nearesneighborcell (depend-
ing ontheoctantin which the samplingpositionlies).

Interpolationof samplesof the samedepthin the treeis
trivial andshallnot befurtherdetailed We performinterpo-
lation of samplesat differentdepthswith the aid of a level
of detail (LOD) approachTogetherwith the octreetexture
we constructan LOD texture containingthe averagedval-
uesof the child nodesfor eachinternalnodeof the octree.
Due to the favorableratio betweenthe numberof internal
nodesandthe numberof leafs(1:7 for afull octree)thead-
ditional storagerequirementsretolerable Assumethat for
a certainsamplingpositionthe samplevalue of the leaf at
depthd containingthis samplingpositionandthe valuesat
thesevenneighboringcellsneededor trilinearinterpolation
have beenretrieved. Then, for eachneighborcell, the fol-
lowing casesnayarise:

1. The neighborcell is at depthd: Its sampleis usedfor
interpolation.

2. Theneighborcell is at depthd + 1: The averagedvalue
atdepthd from the LOD textureis usedfor interpolation
(Figure2a).

3. Theneighborcellis atdepthd 1: Its sampleis usedfor
interpolation,which is equivalentto subdviding the cell
into eightchildrenwith the samevalue(Figure2b).
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Figure 2: Theoctreeinterpolationschemein 2D. Thesam-
pling positionis markedwith a cross,required sampleof a
differentre nementlevel are markedwith a diamond.
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Figure 3: Mappingbetweerthevirtual andphysicaldomain

4. Adaptive PageTable

Lefohn et al. [LKS 06] presenteda “dynamic adaptie
multi-resolutionGPU datastructure”which performspage
table addresdranslationon the GPU by mappingfrom a
virtual domainto the physical domainof graphicsmemory
Theideais to partitionspacanto pageswith identicalnum-
ber of samplesstoredin a pagetexture (Figure3). A page
table texture handlesthe mapping,accomplishingadaptv-
ity by mappingmultiple virtual pagesto a single physical
page.We implementeda cell-centeredsersionof this data
structureandreferto it as“adaptive pagetable”to simplify
matters.

The mappingof virtual to physical pagesis realizedby
storinga referencen the RGB color channelof eachtexel
of the pagetabletexture. The alphachannektoresa scaling
factordependingon there nementlevel of the pagethatis
addressed.

4.1. Texture Construction

For agivenpagesize p, the adaptve grid is partitionedinto
pagesvithp p psamplesHowever, there nementlevel
of thecellscoveredby apagemayvary. To avoid undersam-
pling, a pageis thenrecursvely subdvided into sub-pages
(eachwith p3 samples)f a highersamplingrate until the
level of re nementmatcheghatof thesmallestcoveredcell.
This leadsto an oversamplingof somecells (Figure 4) and
increasestoragaequirementaswe discusdn Section6.

[
[
before | after
Figure 4: Partitioning of a grid consistingof 126 cellswith
p = 4. Thegrid is representedhy 13 pageswith a total of

208samplesOveisampleccellsare highlightedin red.

Sincethe pagesareequallysizedthereis no needfor any
sophisticategbackingin the pagetexture—it is simply lled
with pagesdn theorderof occurencaluring partitioning.
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Table 1: Overheadhroughsharingbetweermphysicalpages

p 8 16 32 64 128
o(p) 56:225% 26:56% 1289% 6:35% 3:15%

4.2. Inter polation

The adaptve pagetable offers constantaccesscompleity

and canexploit hardware ltering sincephysical pagesare
storedcoherentlyin texture memory However, sinceit is

not guaranteedhat pagesadjacentin the virtual domain
areadjacentn graphicamemory continuousnterpolationis

ensuredby additionally sharingone layer of cells between
physical pages.The numberof samplesthus increasego

(p+ 2)3 in our cell-centeredmplementationDependingon

thepagesize p this producesanoverhead:

6 12 8
=+ =4+ =
p

p>2  pd

+2)3 3
o(p) = PP
Table 1 impliesthatit might be desirableto choosdarge
pagesizesto reducethis overhead However, with increas-
ing size theaforementionedverheadhroughoversampling
carriesmoreweight.In practice theactualbehaior strongly
depend®n the structureof the adaptve grid. Therefore we
suggesto run the partitioningalgorithmfor variousvalues
of p andto selectthebestsizefor the dataset.

5. Visualization

To demonstrate the utility of the presented meth-
ods, we extended the single-pass raycaster by
Stegmaieret al. [SSKEO03J. We have choseraraycastedue
its e xibility andthegreateblendingaccurag.

Differentvisualizationtechniquesreeasilyrealizedwith
theraycastingmethod.As a rst stepto vector eld visual-
izationwe employ directvolumerendering,isosurficeray-
castingandcombinedechniquegColorPlatell) to visualize
scalarpropertiesof the vector eld suchasvelocity magni-
tude,temperaturer pressureResultsdemonstratingmage
quality arepresentedn thefollowing section.

6. Resultsand Discussion

Table 2 lists the footprintsfor threedatasetslt shavs that
the octreeapproachs notablymore memory-eftient. The
pagetableapproacltonsumesoughlythreeandahalftimes
more memorydue to the previously addresseaverheads.
An interestingconclusioncan be dravn from Table 3: the
octreetexture shavs a roughly constantoverheadof about
20%for representingheadaptve grid, whereagheadaptve
pagetable revealsa muchlarger variance.This provesour
previous statementhatthe behaior of this datastructureis
stronglydependenon the structureof the adaptve grid.
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Table 2: MemoryRequiementf 3 differentAMR grids

Model Audi BMW Motorbike
Re nementlevels 4 5 6
Numberof Cells 2338083 3346309 5146028
Octreelevels 11 13 13
Octreesize(MB) 10.89 15.26 23.39
LOD size(MB) 1.02 1.43 2.19
Numberof pages 1606 2621 3467
Pagesize(MB) 37.02 60.07 80.09
Index size(MB) 0.07 1.25 2.5

Table 3: Ratioof numberof texelsand original grid cells

Model Audi BMW  Motorbike
octreetexture  1.22 1.19 1.19
adaptve pagetable 4.01 4.57 3.93

Table 4 shawvs performanceneasurementsn a 3.4 GHz
PentiumlV machinewith a GeForce 7800GTX cardin a
5007 viewport. Obviously, the adaptve pagetable dramat-
ically outperformeghe octreetexture dueto its betterac-
cesscomplity and native hardware ltering. Altogether
threeto four timeslargermemoryrequirementgor up to 40
timesmore performancewith the adaptve pagetable must
be considered fair deal.Neverthelessfor very large AMR
datasetshe octreetexture maybetheonly viableapproach.

Theinterpolationschemeor the octreetexture produces
image=of higherquality comparedo theadaptve pagetable
(ColorPlatelll), mainly becauseve currentlyemploy acell-
centeredmplementationof the adaptve pagetable which
produceamore visible artifacts.Secondly our octreeinter-
polation schemebene ts from a propertyof the grids em-
ployedthe CFD postprocessintpol: thelevel of re nement
for two adjacentellsnever differsby morethanone.

7. Conclusionand Futur e Work

We have discussedwo methodsof mappingentire AMR
datasetsto graphics memory and visualized them using
single-passGPU algorithms.The octreeapproachoffers a
compactrepresentatiorat the cost of logarithmic access

Table 4: Performancein frames/secondAbbreviations:
OCT = Octree Texture, APT = AdaptivePage Table DVR
= directvolumerendering ISO = isosurfacerendering

Audi BMW Motorbike
OCT APT OCT APT OCT APT

DVvVR 0.7 237 08 273 0.7 935
ISO 04 149 04 175 027 7.0

complity and a quite costly interpolation. The adaptve
pagetable consumegoughly 3:5 times more memory but
offersconstantaccessompleity in exchangeWe have ex-

tendedan existing GPU raycasterto operateon both data
structuresandintegratedit into a commercialCFD postpro-
cessingool to performdirectvolumeandisosurficerender

ing of scalarpropertiesf thevector eld.

The next stepis to implementthe node-centeregageta-
ble from which we expectboth an improved interpolation
and reducedstoragerequirementsThen, we plan to store
andvisualizeAMR vector eld datausingthedescribedlata
structuresandto applythemto time-varyingdata.
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Color Platel: Anadaptivegrid for CFD simulationwhich is re ned in thevicinity of surfacegeometry
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Color Plate lI: (a) directvolumerenderingof the velocitymagnitude (b) opaquevelocity magnitudeisosurface (c,e) semi-
transpaentvelocitymagnitudeisosurfacecolored by static pressue, (d) combineddirectvolumerenderingand isosurfaceof
thevelocitymagnitude (f) velocitymagnitudeisosurfacedor two differentisovalues.

Color Platelll: Interpolationartifactswith the octreetexture (left) andtheadaptivepage table (right). Notethatthe magni ed
artifacts of the adaptivepage table havebeencontrastenhancedor purposef clari cation.
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