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Abstract
We presenta framework for interactivelyvisualizingvolumetricAdaptiveMeshRe�nement(AMR)data.For this
purposewe employcomplex data structuresto mapthe entire AMR datasetto graphicsmemory. This allows to
apply hardware acceleratedvisualizationalgorithmspreviouslyonly operating on uniform cartesiangrids. For
mappingthe data to graphicsmemorywe considertwo approaches,a space-ef�cient, texture-basedoctreeand
a fastmethodbasedon page tableaddresstranslation.We demonstrate theutility of our approach by extending
an existing GPU raycastingimplementationto renderAMR data. As a �r st step to vector �eld visualization
techniqueswesuccessfullyintegratedour framework into a commercial CFD postprocessingtool andvisualized
scalarpropertiesof thevector�eld.

Categories and Subject Descriptors (according to ACM CCS): I.3.3 [Computer Graphics]: Picture/Image
Generation–Viewing Algorithms;I.3.6 [ComputerGraphics]:MethodologyandTechniques–Graphicsdatastruc-
turesanddatatypes;I.3.7 [ComputerGraphics]:Three-DimensionalGraphicsandRealism–Raytracing

1. Intr oduction

AMR is a popular techniquein large scaleCFD simula-
tions. For ef�ciency reasons,AMR data is organizedin a
hierarchicalgrid wherethe resolutionis re�ned adaptively
in regionsof interestor wherethesimulationnecessitatesit
(ColorPlateI).

Runtimesfor CPU-basedalgorithmson AMR datasuch
asisosurfaceextractionarein theorderof minutesfor typi-
caldatasetswith severalmillion cells.Thus,it is desirableto
replacethemwith fastanddirect,GPU-basedvisualization
techniques.However, currentgraphicshardwareis only op-
timizedfor two- or three-dimensionaldataonuniformcarte-
siangrids.Recently, the programmingmodelof GPUshas
beenextendedto supportmodernlanguageconstructswhich
allow to implementmorecomplex datastructures.

Our contributions are methodsof mappingentire AMR
datasetsto graphicsmemoryby employing GPUimplemen-
tationsof complex datastructuresthathave beenpresented
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recently. Two approachesare discussed:an octreetexture
providing a compactrepresentationat thecostof rendering
speed,andanadaptivepagetablethatoffershighframerates
but consumesmoretexturememory. Theseapproachesallow
usto applyGPU-basedsingle-passrenderingalgorithmsfor
the �rst time, which we demonstrateby extendinga single-
passGPU raycasterto operateon adaptive grids and inte-
gratingit into acommercialCFDpostprocessingtool.

Section2 gives an overview of the relatedwork, Sec-
tions 3 and 4 discussthe mappingapproaches.Section5
dealswith AMR datavisualization,followedby adiscussion
of our resultsin Section6. Finally, weconcludethiswork in
Section7 andsketchourplansfor futurework.

2. RelatedWork

First introducedby Berger and Oliger [BO84], AMR has
foundvariousapplicationssuchasin astrophysics,weather
and�uid dynamicssimulationfor engineering.

Kaufmannand Mueller [KM05] give a comprehensive
generaloverview of volumerendering,while P�ster [P�05]
presentshardwareacceleratedtechniques.
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Both Park et al. [PBS02] and Kähler et al. [KH02] vi-
sualizeAMR datainteractively in a multipassapproachby
partitioninginto bricksandtheuseof treedatastructuresfor
brick selectionon the CPU. Park et al. renderbricks with
hardware-acceleratedhierarchicalsplatting,whereasKäh-
ler etal. rely on theclassicalslicing-basedapproach.

Our mappingof adaptive grids to graphicsmemory is
basedon the work of Lefebvre et al. [LHN05], who im-
plementedthe octreetexture [BD02] on the GPU, and of
Lefohn et al. [LKS� 06], who presentedan adaptive multi-
resolutiondatastructurefor theGPU.

3. OctreeTexture

An octreerepresentsa uniform cartesiangrid at any depth
and is thereforewell suitedto storeAMR data.The GPU
implementationrepresentseachinner nodewith a cubeof
2 � 2 � 2 texels. Thesetexels representthe eight children
of an octreenodeandareeither interpretedasa reference
(“pointer”) to the respective child if it is an inner nodeor
asa scalarsampleif thechild is a leaf. This is achievedby
usingthealphacomponentto indicatethenodetype(empty,
leaf or inner node)andthe RGB-componentsasreferences
within the octreetexture or as scalarsamples.The octree
is traversedin a top-down processon the GPU, detailsare
foundin theoriginalarticleby Lefebvreetal. [LHN05].

3.1. TextureConstruction

Theadaptive grid employedin our targetCFD postprocess-
ing tool is organizedasa hierarchicaldatastructurewhere
eachindividualcell of thecoarsestresolutioncanbeconsid-
eredastherootof anoctree.Weconstructtheoctreetexture
by reconstructinga full octreecoveringtheentiredomainof
thegrid from thesesubtrees(Figure1) andstoretheoctree
nodesin a3D texturein depth-�rst order.

Figure 1: Tree interpretationof an adaptive1D grid. The
dottedpart hasto bereconstructed.

As describedabove, onecolor channelof eachtexel in-
dicatesthe type of the child node.The scalarsamplecon-
tainedin a leaf canthenbe storedin oneof the remaining
threechannels,leaving only two channelsto storegradients
for shadingcomputations.Therefore,we storethe gradient
in sphericalcoordinatesin the remainingtwo channelsand
convert it back into cartesiancoordinatesin the fragment
program.

3.2. Inter polation

Lefebvre et al. [LHN05] proposea hardwareacceleratedin-
terpolationschemefor theoctreetexturewhich requiresall
leafs of the octreeto be at the samedepth. Bensonand
Davis [BD02] proposea schemethat constructsa virtual
uniform grid of the desiredresolutionon which trilinear or
tricubic interpolationcantakeplace.Weproposeaninterpo-
lation schememore suitablefor graphicshardware,which
guaranteescontinuousinterpolationwithin octreeleafs of
the samedepth.Strictly speaking,the interpolationacross
differentdepthswill bediscontinuous,but in practicehardly
any visibleartifactswill occurasweshow in Section6.

For a givensamplingpositiontheoctreetraversalreturns
the sampleat the nearestneighborcell. The otherseven of
the eight samplesneededfor trilinear interpolationare re-
trieved by performingtraversalwith the samplingposition
offsetby half thesizeof thenearestneighborcell (depend-
ing on theoctantin which thesamplingpositionlies).

Interpolationof samplesof the samedepthin the treeis
trivial andshallnotbefurtherdetailed.Weperforminterpo-
lation of samplesat differentdepthswith the aid of a level
of detail (LOD) approach.Togetherwith the octreetexture
we constructan LOD texture containingthe averagedval-
uesof the child nodesfor eachinternalnodeof the octree.
Due to the favorableratio betweenthe numberof internal
nodesandthenumberof leafs(1:7 for a full octree),thead-
ditional storagerequirementsaretolerable.Assumethat for
a certainsamplingposition the samplevalueof the leaf at
depthd containingthis samplingpositionandthevaluesat
thesevenneighboringcellsneededfor trilinear interpolation
have beenretrieved. Then, for eachneighborcell, the fol-
lowing casesmayarise:

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

2. The neighborcell is at depthd + 1: The averagedvalue
atdepthd from theLOD textureis usedfor interpolation
(Figure2a).

3. Theneighborcell is atdepthd � 1: Its sampleis usedfor
interpolation,which is equivalentto subdividing thecell
into eightchildrenwith thesamevalue(Figure2b).

(a) (b)

Figure 2: Theoctreeinterpolationschemein 2D. Thesam-
pling positionis markedwith a cross,requiredsamplesof a
differentre�nementlevelaremarkedwith a diamond.
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Figure3: Mappingbetweenthevirtual andphysicaldomain

4. AdaptivePageTable

Lefohn et al. [LKS� 06] presenteda “dynamic adaptive
multi-resolutionGPU datastructure”which performspage
table addresstranslationon the GPU by mappingfrom a
virtual domainto thephysicaldomainof graphicsmemory.
Theideais to partitionspaceinto pageswith identicalnum-
ber of samples,storedin a pagetexture (Figure3). A page
table texture handlesthe mapping,accomplishingadaptiv-
ity by mappingmultiple virtual pagesto a single physical
page.We implementeda cell-centeredversionof this data
structureandrefer to it as“adaptive pagetable” to simplify
matters.

The mappingof virtual to physical pagesis realizedby
storinga referencein theRGB color channelsof eachtexel
of thepagetabletexture.Thealphachannelstoresa scaling
factordependingon the re�nementlevel of thepagethat is
addressed.

4.1. TextureConstruction

For a givenpagesizep, theadaptive grid is partitionedinto
pageswith p� p� p samples.However, there�nementlevel
of thecellscoveredby apagemayvary. To avoid undersam-
pling, a pageis thenrecursively subdivided into sub-pages
(eachwith p3 samples)of a highersamplingrateuntil the
level of re�nementmatchesthatof thesmallestcoveredcell.
This leadsto anoversamplingof somecells (Figure4) and
increasesstoragerequirementsaswediscussin Section6.

before after

Figure 4: Partitioning of a grid consistingof 126cellswith
p = 4. Thegrid is representedby 13 pageswith a total of
208samples.Oversampledcellsarehighlightedin red.

Sincethepagesareequallysizedthereis no needfor any
sophisticatedpackingin thepagetexture– it is simply �lled
with pagesin theorderof occurenceduringpartitioning.

Table1: Overheadthroughsharingbetweenphysicalpages

p 8 16 32 64 128
o(p) 56:25% 26:56% 12:89% 6:35% 3:15%

4.2. Inter polation

The adaptive pagetable offers constantaccesscomplexity
andcanexploit hardware�ltering sincephysical pagesare
storedcoherentlyin texture memory. However, since it is
not guaranteedthat pagesadjacentin the virtual domain
areadjacentin graphicsmemory, continuousinterpolationis
ensuredby additionallysharingonelayer of cells between
physical pages.The numberof samplesthus increasesto
(p+ 2)3 in ourcell-centeredimplementation.Dependingon
thepagesizep thisproducesanoverhead:

o(p) =
(p+ 2)3 � p3

p3 =
6
p

+
12
p2 +

8
p3

Table1 implies that it might bedesirableto chooselarge
pagesizesto reducethis overhead.However, with increas-
ing size,theaforementionedoverheadthroughoversampling
carriesmoreweight.In practice,theactualbehavior strongly
dependson thestructureof theadaptive grid. Therefore,we
suggestto run the partitioningalgorithmfor variousvalues
of p andto selectthebestsizefor thedataset.

5. Visualization

To demonstrate the utility of the presented meth-
ods, we extended the single-pass raycaster by
Stegmaieret al. [SSKE05]. We have chosena raycasterdue
its �e xibility andthegreaterblendingaccuracy.

Differentvisualizationtechniquesareeasilyrealizedwith
theraycastingmethod.As a �rst stepto vector�eld visual-
izationwe employ direct volumerendering,isosurfaceray-
castingandcombinedtechniques(ColorPlateII) tovisualize
scalarpropertiesof thevector�eld suchasvelocity magni-
tude,temperatureor pressure.Resultsdemonstratingimage
qualityarepresentedin thefollowing section.

6. Resultsand Discussion

Table2 lists the footprints for threedatasets.It shows that
the octreeapproachis notablymorememory-ef�cient. The
pagetableapproachconsumesroughlythreeandahalf times
more memorydue to the previously addressedoverheads.
An interestingconclusioncanbe drawn from Table 3: the
octreetexture shows a roughly constantoverheadof about
20%for representingtheadaptivegrid,whereastheadaptive
pagetablerevealsa muchlarger variance.This provesour
previousstatementthat thebehavior of this datastructureis
stronglydependenton thestructureof theadaptivegrid.
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Table2: MemoryRequirementsof 3 differentAMRgrids

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

Table3: Ratioof numberof texelsandoriginal grid cells

Model Audi BMW Motorbike

octreetexture 1.22 1.19 1.19
adaptivepagetable 4.01 4.57 3.93

Table4 shows performancemeasurementson a 3.4 GHz
PentiumIV machinewith a GeForce7800GTX card in a
5002 viewport. Obviously, the adaptive pagetabledramat-
ically outperformesthe octreetexture due to its betterac-
cesscomplexity and native hardware �ltering. Altogether,
threeto four timeslargermemoryrequirementsfor up to 40
timesmoreperformancewith the adaptive pagetablemust
beconsidereda fair deal.Nevertheless,for very largeAMR
datasetstheoctreetexturemaybetheonly viableapproach.

The interpolationschemefor theoctreetextureproduces
imagesof higherqualitycomparedto theadaptivepagetable
(ColorPlateIII), mainlybecausewecurrentlyemploy acell-
centeredimplementationof the adaptive pagetable which
producesmorevisible artifacts.Secondly, our octreeinter-
polationschemebene�ts from a propertyof the grids em-
ployedtheCFD postprocessingtool: thelevel of re�nement
for two adjacentcellsneverdiffersby morethanone.

7. Conclusionand Futur eWork

We have discussedtwo methodsof mappingentire AMR
datasetsto graphicsmemory and visualized them using
single-passGPU algorithms.The octreeapproachoffers a
compactrepresentationat the cost of logarithmic access

Table 4: Performance in frames/second.Abbreviations:
OCT = OctreeTexture, APT = AdaptivePage Table, DVR
= directvolumerendering, ISO= isosurfacerendering.

Audi BMW Motorbike
OCT APT OCT APT OCT APT

DVR 0.7 23.7 0.8 27.3 0.7 9.35
ISO 0.4 14.9 0.4 17.5 0.27 7.0

complexity and a quite costly interpolation.The adaptive
pagetable consumesroughly 3:5 times more memorybut
offersconstantaccesscomplexity in exchange.We have ex-
tendedan existing GPU raycasterto operateon both data
structuresandintegratedit into a commercialCFD postpro-
cessingtool to performdirectvolumeandisosurfacerender-
ing of scalarpropertiesof thevector�eld.

Thenext stepis to implementthenode-centeredpageta-
ble from which we expect both an improved interpolation
and reducedstoragerequirements.Then,we plan to store
andvisualizeAMR vector�eld datausingthedescribeddata
structuresandto applythemto time-varyingdata.
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Color Plate I: Anadaptivegrid for CFD simulationwhich is re�ned in thevicinity of surfacegeometry.

(a) (b)

(c) (d)

(e) (f)

Color Plate II: (a) direct volumerenderingof the velocitymagnitude, (b) opaquevelocitymagnitudeisosurface, (c,e)semi-
transparentvelocitymagnitudeisosurfacecoloredby staticpressure, (d) combineddirectvolumerenderingand isosurfaceof
thevelocitymagnitude, (f) velocitymagnitudeisosurfacesfor twodifferentisovalues.

Color Plate III: Interpolationartifactswith theoctreetexture(left) andtheadaptivepagetable(right). Notethat themagni�ed
artifactsof theadaptivepage tablehavebeencontrastenhancedfor purposesof clari�cation.

c
 TheEurographicsAssociation2006.


