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Abstract

Thiswork presentsinteractiveflow visualizationtechniquesspecif-
ically adaptedfor PowerFLOW ��� , a lattice-basedCFDcodefrom
the EXA corporation. Their Digital Physics��� fluid simulation
techniqueis performedon a hierarchyof locally refinedcartesian
grids with a fine voxel resolutionin areasof interestingflow fea-
tures. Among otherapplicationsthe PowerFLOW solver is used
for aerodynamicsimulationsin carbodydevelopmentwherethead-
vantagesof automaticgrid generationfrom CAD modelsis of great
interest.In a joint projectwith BMW andEXA wearedevelopinga
visualizationtool which incorporatesvirtual reality techniquesfor
the interactive explorationof the largescalarandvectordatasets.
In this paperwe describethe specificdatastructuresandinterpo-
lation techniquesandwe reporton fastparticletracingtaking into
accountcollisionswith thecarbodygeometry. An OpenGLOpti-
mizer basedimplementationallows for the inspectionof the flow
with particleprobesandsliceprobesat interactive framerates.

Keywords: Computationalfluid dynamics,interactive flow visu-
alization,locally refinedcartesiangrids,virtual environment

1 Motiv ation and related work

Computationalfluid dynamics(CFD) is becomingincreasinglyim-
portantfor theevaluationof carbodydesignconceptsin thevehicle
developmentprocess.Commonlyusedsimulationapplicationsare
baseduponthe Navier-Stokesequationandusethe finite volume
methodto numericallysolve thepartialdifferentialequations.The
finitevolumesareorganizedin curvilinearorunstructuredgridsthat
fit thecarbodysurface. Theprocessto make thecell facesmatch
thesurfaceis themosttime-consumingproblemin grid generation.
Complex surfacestructuresof vehiclesleadto gridgenerationtimes
of up to severalweeks.

Competition and reducedmodel cycles require the iteration
loopsduringthevehicledevelopmentprocessto beasshortaspos-
sible. Therefore,keepingthesimulationmodelup to datewith the
designedsurfacechangesrequiresa fastgenerationof thesimula-
tion grids.Themorevariantsthedesigneris ableto checkthebetter
shouldbetheresultof theoptimizationsteps.This is in contrastto
the efforts involved in regeneratinga new grid structurefor finite
volumemethodsafteronly smallvehiclesurfacemodifications.

A promisingway to speedup the grid generationis to usethe
LatticeGasor LatticeBoltzmannmethodsto solve theflow prob-
lems.In thiscasetheunderlyinggridsareusuallycartesianwith an
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additionalexplicit descriptionof the vehiclesurface. Thesegrids
can be generatedautomaticallyfrom the CAD representationof
the car geometryand they can be refined in interestingregions.
Thereby, a fastregenerationof thegrid aftersmalldesignchanges
is guaranteed.

PowerFLOW is lattice-basedflow code developed by EXA
which usesa specialsimulationtechnologycalledDigital Physics.
Thegridsof PowerFLOW consistof locally refinedcartesiangrids.
At interestingregions,definedby theengineer, thevoxel sizeis suc-
cessively cut into halvesallowing for afineresolutionof interesting
flow features.BMW is presentlyevaluatingthis software for the
simulationof air flow aroundacarbodyby comparingtheir results
with measurementstaken in a wind tunnel. Introducingthis soft-
wareinto theproductive developmentprocessincreasesthestrong
demandfor aninteractivevisualizationtool.

Advancedinteractivevisualizationtechniquesareneededto ana-
lyze thelargeamountof datageneratedby suchsimulations.How-
ever, existing visualizationtools for curvilinear or unstructured
meshescannotbeusedfor thedatasetsgeneratedby PowerFLOW.
Thus,our goal is to adaptknown visualizationmethodsto thespe-
cial requirementsof thelocally refinedcartesiangrids.Specifically,
we will show how the basicalgorithmsfor cell location and in-
terpolationhave to be modified. Thecombinationof volumedata
andgeometricdataalsorequiresnew techniquesto handleparticle
tracing.Theapplicationdevelopedat theUniversityof Erlangenin
cooperationwith BMW andEXA aimsat interactive performance
in virtual environments.Therefore,specialattentionis paid to the
positioningandmanipulationof visualizationprobesaswell asto
theoptimizationof renderingperformance.

In this respectwe areguidedby thepioneeringwork of Bryson
[1] who demonstratedthe usefulnessof virtual reality techniques
for fluid dynamicvisualizationin the virtual wind tunnelproject.
Furthermore,werelyonresearchresultsfrom theflow visualization
community[4, 3, 6] andwe try to includeexperiencesfrom other
casestudiesdescribingflow visualizationenvironments[7].

2 Grid structure

The Lattice Gassolutionof EXA works on a cartesiangrid with
severallevels(called“VRlevel”) of differentvoxel sizes.A typical
simulationvolumeis acubewith a lengthof about60metersanda
voxel sizeof about5 millimetersin thefinestregions.In eachof the
next higherlevels theedgelengthof thevoxels is doubled.These
regions(called“VRregion”) of a certainVRlevel arespecifiedby
the engineerin a CAD description. Several VRregionscanshare
oneVRlevel. An averagesimulationvolumeconsistsof about20-
25 million voxels. In orderto reducethedisk spacerequirements,
the averagevalueof eight voxels is combinedinto one“measure-
mentcell” which definesthesimulationparametersto beconstant
acrosstheentirecell. A morepracticalview is to definetheparam-
eterat thecell center. An averagedatasetasstoredondiskconsists
of around3 million measurementcells.



Voxels insidethevehiclearenot relevant for thesimulationand
donot
 containany parameters.Thevehiclegeometryintersectssev-
eral voxels,which needspecialhandlingto allow particletracing.
In figure 1 a grid structureexamplewith two VRlevels is shown.
Obviously, noteveryvoxel of anaxisalignedrefinementregionhas
to besplit.
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Figure1: Grid structureof a locally refinedcartesiangrid contain-
ing explicit geometry.

Figure2: Exampledatasetwith locally refinedregions

Figure2 presentsa datasetwith threeVRlevels andnine VR-
regions. The VRlevel with the smallestcell sizeis cut into seven
VRregions. This exampleclarifies the interestingregions for re-
finement.They arelocatedaroundthewheels,in front of thewind-
screenandat thefront andbackof thecar.

Mostvisualizationalgorithmsarebuilt oncell locationandinter-
polationasbasicoperations.Finding theenclosingcell to a given
positionshouldbeasfastaspossiblein orderto achieve interactive
ratesof visualization. For the describedgrid structurethis means
traversingthehierarchyof VRlevels. In orderto speedup this pro-
cess,aconditionbytefor eachcell in eachlevel is usedto storethe
following information:

� thecell containsparameters

� thecell is refinedandwhich is theunderlyingVRregion

� thecell is intersectedby surfacegeometry

This three-dimensionalconditionbytefield is storedin additionto
theothercell parameters.Usingthisbytefield analgorithmcanbe
foundwhich is simpleandfastcomparedto cell locationin curvi-
lineargrids(e.g.stencilwalk) or unstructuredgrids:

start in the highest VRlevel
while(1) �

calculate the cell index of the position in the grid:
index = (position - minimal grid bound) / cell size

if (cell has no parameters)
return no cell found

if (cell is refined)
continue with underlying VRlevel/VRregion

/* cell found */
return this cell


With respectto interpolationthe datamodelwith cell-centered
parameters,which areconsideredto be constantacrossthe voxel
volume,impliesthat“nearestneighbourinterpolation”is sufficient.

3 Partic le tracing and collision detection
Particle tracing in stationarygrids is known in different variants.
Thecommonlyusedintegrationmethodis theRungeKuttascheme
of up to the 4th order. Betterresultsthanwith fixed stepsizecan
beachievedwith adaptive stepsizecontrol,i.e. with theembedded
3(2) or 4(3) RungeKuttamethods[5]. Sincewehave implementa-
tionsof all thesemethodsavailable,welet theuserchoosebetween
the differentintegrationmethodsin orderto get bestperformance
for acertaindesiredaccuracy.

In curvilinearor unstructuredgridsthevehiclesurfaceis implied
in thegrid structure.If a particlehits thesurfaceit just leavesthe
grid. However, the grids consideredin this work have an explicit
descriptionof thevehiclesurface(seefigure1). Particletracesnear
the surfacecould cut throughthe surfaceandappearagainat an-
otherpoint,asshown ontheleft sidein figure3. Sincethisviolates
the surfaceboundarycondition, it would be betterif the particle
pathendson the surfaceor if the particle tracing is continuedin
closerelationshipto thesurface.

Figure3: Particle tracingwithout (left) andwith (right) collision
detectionon thecarsurface.

An averagesurfacegeometryconsistsof about70.000triangles.
Thus,it wouldnotbeefficient to checkeachparticlestepagainstall
trianglesof thevehiclesurface.In thiswork anoctreehasbeenim-
plementedto reducethenumberof trianglesthathaveto bechecked
for aspecificstepto lessthen20.



Theoctreeis built asusualby dividing thewholecubeinto eight
smaller� unitswith half thecell size.Regionswith no geometryare
enclosedby a largeoctreecell, whereascellscontaininggeometry
areasarerefineduntil thenumberof trianglesin theoctreecell falls
shortof aminimumlimit or thecell enclosesonly onevoxel. Since
the octreecuboidssharetheir edgeswith the grid structure,each
measurementcell of the grid is assignedto oneoctreecell. How-
ever, a triangleof thevehiclesurfacecanbepartof differentcells,
becausethetriangleedgesarein generalnot in parallelto thegrid
axis.

During the integrationof the particletrace,all cells intersected
by a pathhave to bechecked for intersectionwith thevehiclesur-
face.Without theconditionbytefield eachcell hasto be foundin
theoctree.Checkingthecondition-bytefor geometryinformation
reducesthe necessaryoctreeteststo a minimum (figure 4). Only
thecellsthatareintersectedby geometryhave to besearchedin the
octree. The traversalof the octreereturnsthe trianglesfor inter-
sectiontestingwhich is doneby theGlassneralgorithm[2], known
from raytracingtechniques.Figure3 comparesparticletraceswith
andwithout intersectiontest.In theleft figuremany particletraces
cutthroughthehoodandappearagain,whereastheintersectiontest
stopsthemat thesurface,asshown in theright image.

particle positions�

vehicle surface

intersection test rejected by the condition field

surface intersection test is required

Figure4: Particletraceintersectingthevehiclesurface.

An averageof ten triangleshasto bechecked for onecell. The
high-lightedtrianglesof figure5/7 have beenreferencedfor inter-
sectiontests.Only a very smallnumberof thewholecarsurfaceis
usedfor thetraceof oneparticle.Theexampleof figure5/7clearly
demonstratestherequirementof theintersectiontest.First thepar-
ticle flies closeto thesurfaceandfinally hits thewheelhouse.

Figure5: Thehigh-lightedtriangleshadto becheckedfor collision
duringtheparticletracecalculation.

Evenmoreinterestingis thecollisiondetectionfor particleswith

massesandsize,e.g. dirt particles.Becauseof gravity andaccel-
eration,they hit thevehiclesurfacemoreoftenwhich requiresthe
octreestructurefor a fasthit pointcalculation.

As canbeseenin figure9 oursystemallowsparticletracesto be
visualizedasstreaklines,ribbons,andglyphs.Theribbonsshow the
local rotationof theflow by calculatingtheJacobianof theparticle
velocity. The glyph is constructedas an arrow pointing into the
flow direction. The peak,the shaftandthe stumpcanbe colored
andscaledby differentscalarparameters.Scalingtheshaftby the
vorticity is agoodexamplefor scalarparametermapping.

4 Implementation and measurement
probe interactions

Thevisualizationsystemimplementedin thisprojectis basedupon
SGI’sgraphicsAPI OpenGLOptimizer, which is availablefor SGI,
HP and WindowsNT platforms. The underlyingobject oriented
Cosmo3DscenegraphAPI offersseveraloptimizationtechniques,
e.g. occlusionculling, polygon reductionandaccelereatedmov-
ing of pickedobjects.Thereby, Cosmo3Dallows full accessto the
graphicalobjects,includingOpenGL-calls.

At thecurrentprojectstatususerinputis supportedfor astandard
2D mouseandfor theDLR spacemouse,which allows simultane-
ous input in six degreesof freedomin a precisemanner. In the
futurewe planto supporttrackingdevicesto run theapplicationin
a CAVE or on largescreenstereoprojectionwalls. Usingthesein-
put devicestheusercanmanipulatethepositionandorientationof
theview pointor of oneof themeasurementprobes.

Usingmeasurementprobesgivesthe useran intuitive andeasy
way to analyzethedatasets.Theprobescanbefreely movedand
orientedto definetheinitial positionsfor particletracesor theorien-
tationof slices.Therefore,theshapeof theprobescanbeexpanded
in all threedimensionsand the samplepoints are alignedon the
rakeor insidethecube(seefigure6).

Figure6: Freelymovablemeasurementprobes,asrake, slice and
cube.

In caseof theslicemeasurementprobe,planescanbecoloredby
thescalarvaluecalculatedat thesamplepoints. Using the texture
hardwareallows interactive visualizationof isolineson the slices
(seefigure9). Thedeficit of slicesis therestrictionto two dimen-
sions. Direct volumerenderingis anexpensive way to geta three
dimensionalpresentation.To keepup with interactive rates,we ar-
rangedseveral slicesin a cubicalprobe,avoiding theocclusionby
renderinga specificrangeof the scalarparameterby usingtrans-
parenttextures. For example,in figure8 the slicesarecoloredby
the velocity norm and for large valuesthe texture is transparent.



Thereby, we canseethe shapeof the vortex causedby the wheel
housing.�

5 Results
Thecharacteristicsizeparametersof atypicaldatasetarepresented
in table1 with thecorrespondingvehiclesurfacecontaining70.820
triangles(seefigure 2). While a full cartesiangrid of the finest
resolutionwould have about60 million cells, the locally refined
grid hasjustabout3 million cellscontainingflow parameters.Note
againthatnot every cell in a refinedregion is divided into theun-
derlyingVRlevel. TheexampledatasetcanbevisualizedonaSGI
OctaneSI with a R10000175MHz processorand256MB mem-
ory runningunderIRIX 6.5 usingOpenGLOptimizer1.2. Beinga
typical workstationconfigurationin engineeringenvironmentswe
considerthis to bethetargetplatformfor ourvisualizationsystem.

VRregion VRlevel child dimensions cell size
regions of cells in cm

0 2 1 309 44 69 5.0
1 1 2 - 8 287 80 125 2.5
2 0 - 87 72 49 1.25
3 0 - 87 72 49 1.25
4 0 - 43 71 189 1.25
5 0 - 191 125 189 1.25
6 0 - 111 67 189 1.25
7 0 - 87 72 49 1.25
8 0 - 87 72 49 1.25

Table1: Grid structureof a typicalexampledataset.

In table2 thecalculationtime for 100particletraces,eachwith
1000steps,with and without geometrycheckis compared.The
time measurementincludesthe interpolation,integrationandgen-
erationof thevisualizationgeometry. The“worstcase”for theal-
gorithmwith geometrycheckisatracenearthevehiclesurfacewith
a polygonintersectiontestfor eachstep.For sucha trace,weneed
for 100particlesabout3.52secondswith and1.67secondswithout
geometrytesting. The“best case”is a tracewith no geometryin-
terferencesat all, wherethe timesare2.12secondswith and1.66
secondswithout surfacetest. This clearly shows the limited over-
headof geometrytesting: while in the worst casewe needabout
twice thetime theincreasefor thebestcaseis only 27 percent.An
averageparticleexhibitsanintersectiontestin lessthan30 percent
of thesteps,sotheaveragetimefor 100particlestracesis around2
seconds.Keepin mind thatall numbersarefor 100particleseach
with 1000calculatedsteps.Reducingthenumberof steps,e.g. by
usingadaptive integrationmethods,speedsup thecalculation.The
effect of the decreasingratio for higherorderintegrationschemes
is causedby theconstanttimefor thegeometrycreation.

Orderof traceneargeometry tracein volume
Runge “worstcase” “bestcase”
Kutta with without ratio with without ratio

scheme check check check check
2. 3.22 1.35 2.38 1.80 1.35 1.33
3. 3.56 1.72 2.07 2.16 1.69 1.27
4. 3.80 1.94 1.96 2.41 1.94 1.24

Table2: Tracingandgeometrygenerationtime in secondsfor 100
particles,eachwith 1000calculatedsteps.

Using a probewith about10 particle tracesallows interactive
explorationof thegivencomplex dataset.Theparticlerake canbe
positionedfreelyandintuitivelywith thespacemouseandthetraces
are updatedinstantaneously. For the engineersthis a significant

progresscomparedto their previousplot-joborientedvisualization
procedures.With respectto thesliceprobeaplaneof thesizeof 70
x 70pointscanbemovedat interactive rates.

Themosttimeconsumingpartin thevisualizationprocessis the
geometryrefresh. The examplemodelof 70.000trianglescanbe
renderedwith 8 framespersecondon thedescribedplatform. Our
goal is to achieve frameratesof morethan10 by geometryopti-
mizationlikeadaptedtri-strippingandpolygonreduction.

6 Conc lusions and future work

Advancedsimulation techniqueslike the Lattice Gas Automata
conceptfor CFD introducecomplex new grid structureswhich re-
quirethemodificationof well-known visualizationalgorithms.We
have shown thatcarefuladaptionto thehierarchyof thelocally re-
finedcartesiangridsof EXA’s PowerFLOW solver allows particle
tracingwith setsof lines, ribbons,andglyphsat interactive frame
rates. Specialeffort is requiredto avoid the penetrationof parti-
clesinto thecarbody, anaspectwhich is not relevantfor geometry
adaptedunstructuredor curvilineargrids. Interactive manipulation
of probesfor particlerakesor sliceplanescanbe driven by space
mice attachedto the graphicsworkstationsor by pointingdevices
in immersive visualizationenvironments.In the futurewe plan to
implementothermappingtechniqueslikeLIC for depictingsurface
flow and iso-surfacesrepresentingscalarvalueslike pressureand
temperature.Furthermore,we continueto improve renderingper-
formanceby reducingandoptimizing the car body geometryand
culling occludedparts. Ultimately, we headfor the interactive ex-
plorationof time-dependentcomputationsandtheintegrationof our
visualizationsysteminto thedevelopmentprocessof BMW.
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Figure7: Thelightedtriangleshadto becheckedfor collisionduringtheparticle
tracecalculation.

Figure 8: Freely movable slicing probe, using texture
hardwareto visualizetheshapeof avortex.

Figure9: Particle tracevisualizationwith streaklines,ribbonsandglyphs. Isolineson the slice arevisualizedinteractively by the texture
hardware.


