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Abstract

We introducea �e xible, variableresolutiontool for in-
teractive resamplingof computational�uid dynamics
(CFD) simulationdataon versatilegrids. Thetool and
coupledalgorithmafford usersprecisecontrolof glyph
placementduringvector�eld visualizationvia six inter-
activedegreesof freedom.Otherimportantcharacteris-
ticsof thismethodinclude:(1) analgorithmthatresam-
plesany unstructuredgrid ontoany structuredgrid, (2)
handleschangesto underlyingtopologyandgeometry,
(3) handlesunstructuredgridswith holesanddisconti-
nuities,(4) doesnot rely on any pre-processingof the
data,and(5) processeslarge numbersof unstructured
grid cellsef�ciently . We believe this tool to bea valu-
ableassetin theengineer'spursuitof understandingand
visualizingtheunderlying�o w �eld in CFDsimulation
results.

Computers and Graphics Keywords: Interaction
techniques,Applications, Engineering,Graphicsdata
structuresanddatatypes
Additional Keywords: interactive resampling,CFD
simulationdata,vector�eld visualization

1 Intr oduction -Applied Research

The demandfor analysisand visualizationsolutions
for CFD simulationdatahasgrown rapidly in the last
decade.This is due,in part,by theinterestof manufac-
turesin minimizing thetime takenfor their production
cycle. Thisobjectiveis realizedwith theuseof software
simulationtoolsto analyzedesigndecisionsratherthan
constructingreal, heavyweight objects. At the VRVis

Figure1: TheCFDsimulationgridof anintakeport. Theim-
ageillustratesthe versatility of a typical, unstructured,CFD
simulationgrid containinga �o w sourceon theleft, two con-
nectingpipesin themiddle,two intakeportsat theendsof the
pipes,anda combustionchamberon theright.

ResearchCenterwe collaboratewith AVL in order to
providevisualizationsolutionsfor analysisof theirCFD
simulationresultdata. AVL (www.avl.com ) is an in-
ternationallyrecognizedleaderin providing automotive
designandCFD simulationsolutionsto its partnersin
theautomotiveindustry. AVL workswith otherinterna-
tionally recognizedcompaniessuchasToyota, Daim-
lerChrysler– Mercedes-Benz,andPierburg Instruments
GmbH.
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Figure2: A close-upview of thesurfaceof theintake port(s)
shown in Figure1. We canseemany components,features,
andmultiple, adaptive resolutionlevels of unstructuredgrid
cells. This versatilitymotivatesinteractive toolsthathave the
ability to changetheir size,shape,orientation,andresolution
to matchthecomponent(s)of themeshcurrentlyundergoing
useranalysis.

1.1 Flexible Toolsfor VersatileGrids

Figure1 shows two intake ports-small valvesin a car
enginethat allow air into the engine's cylinders. The
sourceof the �o w is the cubical structureon the left.
Flow travels throughthe connectingpipesin the mid-
dle,down throughtheintakeports,andis ignitedin the
combustioncylinder.

Weusethetermversatileto describesuchmeshesfrom
CFD. By versatilewe meanembracinga wide variety
of components,features,andlevelsof resolution.Fig-
ure2, a closeup imageof theintake ports,helpsreveal
theadaptive levelsof resolutioncontainedin themesh.

We identify this aspectof CFD datasetsbecausetheir
versatility requires�e xible analytic and visualization
solutions. Ideally, the tools usedto analyzeandvisu-
alizethesedatasetsshouldbe�e xible enoughto adapt
their size, shape, orientation, and resolutionto �t the
individual componentsof thedatasetseitherautomati-
cally or throughuser-speci�edparameters.Theresam-
pling tool we present,called FIRST (a Flexible and
InteractiveReSamplingTool), meetspreciselythesere-
quirements.

1.2 A Wide Variety of Simulation Data
Sets

The toolsusedto analyzeandvisualizethesedatasets
haveto addressnotonly theversatilityof individualge-
ometriesbut alsothewiderangeof simulationdatasets
that undergo analysis.AVL hasa large,variedcollec-
tion of datasetsrangingfrom small geometriessuch
assmall �uid conduitsandcylindersto mid-rangesize
geometriessuchas cooling jackets, intake manifolds,
catalyticconverters,to large geometriessuchasauto-
motive cabin interiors and automotive exteriors. The
geometricsizesof thesegrids, aswell as the sizesof
theunderlyingpolygons,differ by sixor moreordersof
magnitude.Furthermore,we speculatethat this differ-
encewill only increasein thefuture.

The unpredictablenatureof both the datasetsandthe
individualcomponentstheengineermaychooseto ana-
lyzeprovidestrongmotivationfor toolsthatoffer many
optionsand, thus,higher levels of control to the user.
The tools usedto visualizethe simulationresultsalso
needto spanthis rangeof sizescorrespondingly. The
FIRSTtool describedhereofferssix interactivedegrees
of freedom(DoF)with thegoalof addressingthenature
of both thewide rangeof datasetsandthe interestsof
engineers.

1.3 PerceptualProblemsin FlowViz

Whenanalyzingtheresultsof a CFD simulation,engi-
neersare interestedin the option of examiningplanar
vector �elds with normalcomponents[15]. An obvi-
ous approachto this problemis to placeglyphs (e.g.
directedlines, arrows, conesetc.) orientedin the di-
rectionof thevectorcomponents,at selectedpointsof
thevector�eld. Ideally, thelengthof theglyphsshould
be equalto the normalof the vector, but often a scal-
ing constantis addedto improve the visualizationre-
sult. This method(calledhedgehogvisualization)[16]
is illustratedin Figure3.

Therearemultipledrawbacksto thisapproach.Percep-
tual problemssuchasvisualcomplexity andocclusion
can result. Figure 3 shows a 2D slice taken through
the intake port datasetwith the surfacealsoshown as
semi-transparentcontext information.Here,theglyphs
areeithertoobig, resultingin occlusion,or toosmallto
clearly indicatedirectionalinformation. Anotherprob-
lemarisesdueto thenumberandplacementtheglyphs.
Critical points might be missedif they are either oc-
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Figure 3: Visualizing the direction of the �o w, including the normal component,using the classichedgehog
visualizationtechniquecan result in perceptualproblemssuchas visual complexity and occlusion. Here the
problemsareillustratedin a slicethroughtheintakeportdatasetwith semi-transparentcontext information.

cludedby toomany glyphsplacedin thewrongareasor
if an insuf�cient numberof glyphsis chosenin certain
areas.FIRSTsolvesboththeperceptualandplacement
problemsby (1) giving the usercontrol of the resolu-
tion of theglyphsin the imageand(2) giving theuser
precisecontrolof where to placethevectorglyphsfor
viewing the�o w with normalcomponents.

Therestof thepaperis organizedasfollows: Section2
describesrelatedresearchwork. Section3 describesthe
contribution of this work. The resamplingalgorithm
and useroptionsare describedin Section4. Timing
andresultsarepresentedin Section5. Conclusionsare
drawn in Section6.

2 RelatedWork

When describinggrids, we follow the terminologyof
Yagelet al. [20]. Structuredgrids, includingcartesian
grids, regular grids, andrectilineargrids, all maintain
an implicit neighborhoodconnectivity (Figure4(a-d)),
i.e. the position of grid cells canbe computed,rather

thanstoredexplicitly. In contrast,grids whoseneigh-
bors must be explicitly storedare categorizedas un-
structuredgrids.This distinctionis importantin under-
standingour claim that the resamplingtechniquehere
canbeusedto representanyunstructuredgrid with any
structuredgrid. We demonstratethis assertionwith im-
plementationsof the resamplerfrom unstructuredtri-
angulargrids (Figure4(f)) to cartesianandpolar grids
(Figure4(a-d)). Thebasisfor this claim hingeson the
suppositionthatcell positionsin structuredgridscanbe
computed.

Theliteraturededicatedto thetopicof resamplingspans
multiple, sometimesdisparate,goals. While we de-
signedour resamplerwith the goal of a high level of
user-control,otherresamplingtechniquesfocuson the
goalsof volumerendering,surfacereconstruction,and
accuratesurfacenormalrepresentation.In contrastwith
theseapproaches,we concentrateon 2D slicesthrough
a 3D meshfrom CFD. We contrastother resampling
goalswith ours.

Resamplingtechniqueswhosegoal is to achieve faster
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(a) (b) (c)

(d) (e) (f)

Figure4: (a) cartesiangrid, (b) regulargrid, (c) generalrec-
tilinear grid, (d) structuredgrid, (e) unstructuredgrid, and(f)
unstructuredtriangulargrid [20]. The FIRSTtechniquede-
scribedin Section4 canresampleany unstructuredgrid onto
any otherstructuredgrid.

volumerenderingspeedsmaymakeuseof thehardware
capabilitiesofferedby moderngraphicscards.

Westermannpresentsa resamplingtechniquefor re-
samplingscalar�elds givenonunstructuredtetrahedral
grids [19]. The goal of this researchis to bring direct
volumerenderingtowardsinteractive framerateswith
the assistanceof graphicshardware. Determiningthe
visibility orderingof grid elementsis amajorchallenge
in this scenario.While thegoalof this approachis dis-
similar to ours, one similarity worthy of note is that
Westermann's techniquecan be usedto display time-
dependentunstructuredgrids with changinggeometry
andtopology.

Weiler andErtl [18] alsopresentthreeresamplingap-
proachesandcontrasttheresultswith thework of West-
ermann[19]. Their goal is to minimize performance
timevia balancingthecomputingworkloadbetweenthe
nativeprocessorandthegraphicsboardprocessor.

In additionto resamplingtechniquesfor volumerender-
ing, someresamplingapproachesaretargetedat repre-
sentingsurfaces.BotchandKobbelt[3] presenta tech-
nique to resamplefeatureregions of a given triangle
meshwith thegoalof reducingaliasingartifactsonsur-
faces,i.e., surfaceanti-aliasing.Similar thework here,
thereis a stronginteractioncomponentto their work.

Theuserchoosestheareason thesurfaceto which the
surfacenormalanti-aliasingalgorithmis applied.To re-
modelthe structureof a sampleCFD grid cantake an
interactivesessionlastingonehour.

Rocchini et al. [14] presentan algorithm whosegoal
is theremoval of small topologicalinconsistenciesand
highfrequency detailsfrom surfaces.Oneof theirgoals
is thesimpli�cation of hugemeshes,i.e., meshescom-
posedof millions of faces.

It is also worthy of note that someresamplingalgo-
rithms from the imageprocessingdomainmagnify or
minify the original imagevia samplingat regular in-
tervals [11]. Our approachsamplesthe original data
irregular intervalsandgeneratesanevenly-spacedrep-
resentation.

3 Interacti ve Visualization and
Analysis

The key distinguishingfeaturesof FIRST stemfrom
the fact that it was speci�cally developedin order to
provide theuserwith a rangeof �e xible interactionsat
multiple resolutions. The reasonwe focuson a com-
binationof usercontrolwith resamplingis becausethe
engineersatAVL requireinteractivevisualizationsolu-
tions. We speculatethat this is dueto a large amount
of time engineersspendsearchingthe datasets. The
analysisof anengineerincludestaskssuchassearching
for areasof extremepressure,looking for symmetries
in the�o w, searchingfor critical points,andcomparing
simulationresultswith measured,experimentalresults.
FIRSThasthefollowing advantages:

1. 6 interactive DoFs: 3 translational,scaling,rota-
tion, andresolution

2. handleschangesto both underlyingtopologyand
geometry, i.e., can be utilized for the display of
time-dependent,unstructuredgrid sliceswherege-
ometry and topology changeover time or space
(Section4)

3. resamplesany unstructuredgrid (Figure4(f)) onto
any structuredgrid (Figure4(a-d))

4. handlesunstructuredgridswith holesanddiscon-
tinuities(Figure11)

5. doesnot rely onany pre-processingof thedata
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case IIcase I

case III

Figure5: The FIRST algorithmhandles3 cases:(I) when
several scalenetriangles in�uence one resamplercell, (II)
whenonetrianglein�uencesseveralresamplercells,and(III)
whenseveral trianglesin�uence oneresamplercell, however,
the resamplercell is not rendered. The resamplercells are
outlinedin blackwhile theoriginalunstructuredgrid is drawn
colored.

6. consistsof a straightforwardimplementation,e.g.,
requiresno neighbor-�nding capabilitiesor com-
plicateddatastructures

7. processeslargequantitiesof unstructured,scalene
trianglesef�ciently

The resamplerwe describe provides �e xible user-
interactioncapabilitiesbeyond thoseoffered by these
previous methods. Also, the algorithm operateson a
per-unstructured-polygon basis,making it suitablefor
parallelization.

4 FIRST: A Flexible and Interac-
tiveReSamplingTool

Becausewearedealingwith unstructured,adaptiveres-
olution grids andbecausethe usersrequirethe option
of �ne resampling,theresamplingalgorithmpresented
here is requiredto handlea minimum of threecases

(Figure5): (I) theunderlyingunstructuredgrid cellsare
generallysmaller than the structuredresamplercells,
(II) theunstructuredgrid cellsaregenerallylargerthan
the resamplercells, and (III) someunstructuredgrid
cells are inside a resamplercell, however, the resam-
pler cell shouldnot be rendered. A resamplercell is
renderedonly if its centeris coveredby theunderlying
unstructuredgrid. In this paperwe usethetermresam-
pler cell to referto astructuredgrid cell thatrepresents,
or summarizes,theoriginaldata.

4.1 Algorithm and Implementation

It is importantto notethat,unlike many otherapplica-
tionswherevector�eld valuesmight bestoredat trian-
gle vertices,thevector�eld hereis associatedwith the
centersof thetrianglesin theslicemesh.By slicemesh,
we meantheuser-de�ned 2D slicethroughtheoriginal
3D mesh. Engineersrequirethe option of visualizing
theoriginal valuesresultingfrom thesimulationrather
thaninterpolatedvaluesat thetrianglevertices.Storing
theCFDsimulationdatavaluesat thecenterof thegrid
cells may result from usinga �nite volumemethodto
solve for the�o w quantities[5].

We have, however, implementedtheoptionof viewing
the interpolatedscalarvaluesat the triangle vertices.
We note that the algorithm hereis easily modi�ed to
handleunstructuredgridswherethescalar�eld is stored
at thevertices.

4.1.1 Algorithm Overview

To describethe algorithm,we introducethe notion of
in�uence, similar to the notion introducedby Rhodes
et al. [12, 13]. A trianglein�uencesa resamplercell if
the trianglecontributesto thesummary(or resampled)
dataof a structuredgrid cell. This happenswhena tri-
angle is in the vicinity of a resamplercell. In short,
theresamplingalgorithmtraversesmultiple loopsof re-
samplercells in theneighborhoodof eachunstructured
cell in orderto seeif they arein�uencedby theoriginal
unstructuredgrid cells. In themostcommoncase(Fig-
ure5, CaseI), we canthink of a resamplercell assum-
marizingmultipleunderlyingunstructuredgrid cells.

4.1.2 Algorithm Detail

The following high level pseudo-codesummarizesthe
resamplingalgorithm(Figure6):
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Figure6: A schematicof theresamplingalgorithm. A loop
of structuredgrid cells is testedfor in�uence by theunstruc-
turedgrid cell.

resample():
FOR each scalene triangle,

�

compute center point, � , of
�

compute resampler cell index, ��� �����
	

int �
� = 0
bool influence = FALSE
do

influence = computeInfluence(
�

, ��� )
�
� ++

while (influence == TRUE)

The resamplingalgorithmrequiresexactly onevisit to
eachunstructuredgrid cell. In theresample()method,
�rst the resamplercell, ����� � in Figure 6, surrounding
thetrianglecenteris computed.Next, a loop of resam-
pler cells is traversedclockwise,startingwith cell, ��� .
Thesizeof the loop traversedis determinedby a topo-
logical radius, ��� , startingwith a loop radiusof 0, and
incrementeduntil the triangle, � , is found to have no
in�uence on theloopof resamplercells.

computeIn�uence(triangle
�

, index �
� ):
compute resampler cell index, �������
��	

bool triangleInfluence = FALSE
FOR each resampler cell in loop

IF (testInfluenceOfTriangle(
�

, �
� ))

triangleInfluence = TRUE
return triangleInfluence

In thecomputeIn�uence() method,eachresamplercell
in theloopis testedfor in�uenceby thecurrenttriangle,

� , in theunstructuredgrid. A sampletraversalloop is
shown in Figure6. A trianglein�uencesa loop when
any resamplercell in the loop testspositive for in�u-
ence.

testIn�uenceOfTriangle(triangle
�

, cell ��� ):
bool influence = FALSE
IF �! 
"$#� 
�%�����&	 bounded by

�

influence = TRUE // Cases I & III
render ��� = TRUE
add ')( to � �

IF �! 
"$#� 
�%�

�

	 bounded by � �

influence = TRUE // Case II
add ')( to � �

return influence

In the testIn�unceOfT riangle() method, two simple
testsareperformed:(1) if the resamplercell centeris
boundedby thetrianglecell and,(2) if thetrianglecen-
ter is boundedby the resamplercell. If the resampler
cell centeris boundedby thetriangle,thevelocity vec-
tor of theunstructured,scalenetriangle, *,+ is addedto
theresamplercell's summaryvectorandtheresampler
cell is rendered(during the renderingpass). By ren-
dered,we meansimply thata vectorglyph is drawn at
the centerof the resamplercell. If the trianglecenter
is boundedby theresamplercell, thevelocity vectorof
theunstructured,scalenetriangle, *

+ is addedto there-
samplercell's summaryvector;however, theresampler
cell is not necessarilyrendered.Thesetwo testscover
all threecasesshown in Figure5. It is helpful to note
that a trianglecell, � , may in�uence a resamplercell,

�.- , without ��- beingrendered.

In the actual implementation,the test to seeif a re-
samplercell centerfalls within the boundsof an un-
structured,scalenetriangle includesan explicit testof
whethertheresamplercell centerfalls preciselyon the
edgeof a triangle. This is becauseoften, the triangles
in themesharederivedfrom highly structuredportions
of CFD components–suchasthe�o w sourceshown in
theleft of Figure1.

Theresamplingalgorithmgeneralizesto othertypesof
unstructuredgrids,not just thosecomposedof scalene
triangles. The reasonis two-fold. First, the algorithm
operateson a per-unstructured-grid-cell basismaking
any searchfor unstructuredgrid cellsunnecessary. Sec-
ond, given any location in space,such as the center
point of anunstructuredgrid cell, it is easyto compute
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Figure7: FIRSTis a6 DoFtool: (1-3) threetranslations,(4)
a rotation,(5) a scale,and(6) resolution.

a shell of regular grid cells aroundthat location. The
positionof regulargrid cellscanbecomputedby de�-
nition.

Somenice consequencesof the algorithmare that (1)
no specialboundaryconditionsarecheckedduring the
computationand (2) no knowledgeof the underlying
grid's resolutionis required. In other words, FIRST
doesnothaveto makeany distinctionbetweenthethree
casesshown in Figure5. This laysthegroundwork for
theclaim thatthealgorithmis characterizedby easeof
implementation.

4.2 Interacti ve ResamplingOptions

FIRST providesthe userwith 6 interactive degreesof
freedom(Figure7): (1-3)translationalongthreedimen-
sions,(4) rotationaboutthecenter, (5) scaling,and(6)
theresolutionof resamplingcells,i.e.,cells/�

�

.

The resamplerfeaturesare associatedwith a user-
de�ned, 2D slice througha 3D meshfrom CFD. Engi-
neerstakea sliceof thedataandslidetheslicethrough
the geometryin order to �nd featuresof the simula-
tion data,e.g.,areasof extremepressureandvortices.
As the usermovesthe slice throughthe 3D mesh,the
resamplerautomaticallyresizesitself aroundthe slice
boundary, handlingchangesto both theunderlyingge-
ometryandtopology. This is importantwith respectto
addressingtheversatilityaspectof our CFDsimulation
datasets.Furthermore,requiringtheuserto manually
adjustthesizeof theresamplinggrid would slow down

C  tr Cs

traversal path

trianglecenter

starting cell

Figure8: The resamplingalgorithm appliedto a polar re-
samplinggrid. Polar resamplingis a naturalapplicationfor
many of thecylindrical componentscommonin CFDsimula-
tion models.

thevisualizationandanalysisprocessconsiderably.

In additionto theability to de�ne slicesparallelto the
X-Y, X-Z, andY-Z coordinateplanes,theusermayalso
de�ne arbitrarycutting planesin 3D space. The user
may click on any threelocationson the CFD grid and
the threepointsareusedto de�ne an interactive slice.
For thiscapability, theunstructuredgrid cellsaresorted
into an octreeso coordinatesearchingis fast. All re-
samplingoptionsareavailablefor arbitraryslices.

4.3 DiscretePolar Resampling

TheFIRSTalgorithmdetailedin Section4.1easilygen-
eralizesto any structuredgrid. Figure6 illustratesthe
algorithmappliedto a cartesiangrid while Figure8 il-
lustratesthesamealgorithmappliedto apolargrid. The
only differenceis theuseof polarcoordinatesinsteadof
cartesiancoordinates.Thetraversalpathis afunctionof
bothradiusanddegrees.And, theresolutionof thepo-
lar grid is speci�edin termsof slicesandrings.

Wehaveimplementedbothcartesianandpolarversions
of thealgorithm,bothwith identicaluseroptions.The
reasonfor offering polar resamplinglies in the cylin-
drical structureof many of thecomponentsfrom com-
monCFDsimulationmodels.Thecombustionchamber
shown in Figure1 is acommonexampleof suchacom-
ponent.
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4.4 Interacti ve Visualization Options

Multiple visualization options are associatedwith
FIRSTincluding: (1) theability to togglewire-frameor
semi-transparentcontext information, i.e., the 3D grid
from which slicesarede�ned and (2) several interac-
tive glyph options. This includesany combinationof
glyph shapes,e.g.,conesvs.arrowswith renderingop-
tions,e.g.,wire-framevs. solid. The useralsode�nes
theglyph scalingoptionsthatmaybeusedto avoid the
“visualizationlie” [17]. SeveralotherFlowViz options
areprovideddirectlyonunstructuredgrids[6, 7].

4.5 Speedvs.Accuracy

If we take a closer look at the resamplingalgorithm,
we note that we make a trade-off betweenspeedand
accuracy. A straightforwardaveragingschemeis used
to summarizethe vectorsin�uencing a resamplercell.
Whentheresolutionof theresamplinggrid approaches
or exceedsthat of the underlying, unstructuredgrid,
our algorithm amountsto nearestneighborinterpola-
tion scheme,or a box �lter whendescribedin the fre-
quency domain[1, 2]. Reconstructingthe �o w �eld at
a higherresolutionthanthe original simulationresults
is orthogonalto the goal of this tool. Usersmake this
trade-off for interactivity becauseof their tasksrelated
to searchingthe �o w �eld. Engineersspendtime vi-
suallysearchingfor areasof extremepressure,symme-
tries in the vector �eld, andcritical points. We spec-
ulatethat usersrequiresearchingtasksto be asfastas
possible. Only after the featuresof interestare found
is moredetail required.We offer 3 optionsto usersre-
quiringhigheraccuracy: (1) Theusermayinteractively
increasethe resolutionof the resamplinggrid, thusin-
creasingits accuracy. (2) Usersmayview theunstruc-
turedgrid directly, displayingonly the original values
resultingfrom thesimulation.(3) We have alsoimple-
menteda dynamicallyannotateduser dialog not dis-
similar to thatof LoughlinandHughes[8]. This feature
allows theuserto click anywhereon thesliceof inter-
est. Thena dialogwill automaticallydisplaytheorigi-
nal simulationresultvaluesof eachvariate(e.g.veloc-
ity, pressure,temperature,etc.).

5 Resultsand Discussion

Figures9, 10,and11illustrateanexampleof viewing a
vector �eld with normal componentusing the resam-

pler. 1 We can compareFigure 9 with Figure 3 and
seethat viewing the normal componentsof the vec-
tor �eld is easierusing summaryvectorsrather than
the brute force hedgehogtechnique.Perceptualprob-
lemssuchasocclusionandvisualcomplexity havebeen
greatlyreduced.Furthermore,visualizationalgorithms
operatingon regular grids aregenerallyfasterthanon
unstructuredgrids becauseparticle tracing algorithms
no longer requireneighbor-�nding techniquesandthe
morecostly�o w reconstructionmethodology.

Figure11 illustratesour techniqueon a meshwith dis-
continuities. The discontinuitiesare two gapsin the
shapeof rings. Visualizationof �o w with normalcom-
ponentsis shown using both the hedgehogtechnique
versusthe glyphs onto a resampledgrid. A close-up
view of oneof thediscontinuitiesis provided.

In orderto achieve our goalof implementinga �e xible

numberof resolutionof frames
polygons resamplercells persecond

1,552 5 � 5 10.0-11.0
10 � 10 5.0-6.0
50 � 50 1.0-6.0

100 � 100 0.2-0.3
3,157 5 � 5 6.0-7.0

10 � 10 5.0-6.0
50 � 50 1.0-3.0

100 � 100 0.2-1.0
14,085 5 � 5 1.0-2.0

10 � 10 0.7-1.3
50 � 50 0.17-0.30

100 � 100 0.07-0.10

Table1: Sampleframe ratesfor the resamplingalgo-
rithm. Performancewasevaluatedon a machinerun-
ning RedHat Linux 7.2with a 1 GHz PentiumIII dual
processorand512Mbytesof RAM. Notethattheframe
ratealsovariesasa resultof caching.

andinteractive resampler, interactive frameratesmust
be achievable. We have testedour algorithmon typi-
cal slicesof CFD simulationdata. Somesampleper-
formancetimes (measuredin framesper second)are
shown in Table1. The performancetimesdependon
both the numberof scalenetrianglescomposingthe

1Supplementaryanimationsof the resamplercan be found at
http://www.VRVis.at/ar3/pr2/resampler/
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Figure9: Visualizingthe directionof the �o w, including the normalcomponent,usingFIRST. (Comparewith
Figure3) Theresamplinggrid is outlinedin white.

slice and the numberof resamplercells. We can see
from thetablethat this resamplingalgorithmdoessup-
port interactiveframerateswith severalframespersec-
ond. We notethat in our applicationa resamplinggrid
of 10,000cells is not practicaldueto perceptualprob-
lemsaswell aspixel resolutionlimits. In this casevec-
tor glyphstypically coveronly oneor two pixels.Also,
a resamplinggrid with sucha high resolutiondefeats
one purposefor which it was intended,to provide a
structuredsummaryof the underlyingdata. This grid
sizeis evaluatedherein orderto show theupperlimits
of the resamplingalgorithm. Grid sizesbetween10 �

10 (like thatof Figure9) and50 � 50 aremuchmore
likely in ourcase.In practicewe�nd thatrenderingthe
geometryis oftentheperformancebottleneck.

Anotherresultof theresamplingalgorithmis theability
to visualizeunsteady�o w with the normalcomponent
of the slice throughwhich the �o w is passing.In our
review of the �o w visualizationliterature[9, 10], we
seeseveral �o w visualizationsolutionsfor 2D, steady-
state,vector �elds. However, we seeno unsteadyso-
lutions that include all threevector �eld components
at interactiveframerates.In thecaseof Scheuermann

et. al. [15], theirsis a visualizationsolutionfor steady-
state�o w, i.e., instantaneous�o w from onetime step.
In our case,we visualizethe�o w, with normalcompo-
nent,over time,alsoat interactive framerates.

We have implementedananimationcontrolthatallows
the userto load several time stepsof CFD simulation
resultdata,and“play themback”at user-speci�edtime
intervals. The user is allowed to pause,rewind, for-
ward, andstopthe animationusingcontrolssimilar to
any homemediaplayer. We combinethis animation
control with the resamplingfeaturefor an intuitive vi-
sualizationof unsteady�o w with normalcomponents.

6 Conclusionsand Futur e Work

We believe FIRST to be a valuableassetin the engi-
neer'spursuitof understandingtheunderlying�o w �eld
in their CFD simulationmodels. FIRST reducesper-
ceptualproblemssuchasocclusionandvisualcomplex-
ity whenvisualizinga vector�eld, steadyor unsteady,
with all threevector �eld components.Searchingfor
�o w featuresby sliding a slice throughthe3D volume
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Figure10: (left) Visualizingthe directionof the �o w througha cylindrical slice from CFD usinga bruteforce
hedgehogtechnique.(right) Visualizingthedirectionof the�o w, includingthenormalcomponent,usingthepolar
resamplingoptionof FIRST.

is alsohastened.

Futurework cantake multiple directionsincluding the
addition of more user-interactioncontrols, extending
thealgorithmto 3D, andporting thealgorithmto Java
for inclusioninto theVisAD opensource,scienti�c vi-
sualizationlibrary [4].

Future work includes the addition of more user-

resampler

handle
grid

Figure12: Userinteractioncanincludehandlesthatareat-
tachedto theresamplinggrid. Thesehandles,while attached
to the grid, may be placedarbitrarily via the commonclick-
and-dragparadigmresultingin user-speci�edgrid placement
or user-speci�edscaling.

interactiontechniques. One such techniqueinvolves
theadditionof handlesattachedto theresamplinggrid

(Figure12). The usercanclick-and-draga handleand
changethelocationor sizeof theresamplinggrid. Two
differentstrategiesarepossible:(1)wheretheothercor-
nersof theresamplinggridareheld�x edwhile onehan-
dle is draggedresultingin achangeof sizeor (2) where
the other cornersmove with the grid retaininga con-
stantsizebut specifyinga new location.

Oneof goalsis to extend the algorithmto handle3D
simulationdata.We believe thatthealgorithmoutlined
in Section4 canbe extendedto 3D in a very straight-
forwardmanner. Theonly differencewould bea modi-
�cation to thetraversalpartof thealgorithmto include
multiple layers.We realize,however, thatperformance
timewill bebiggestchallengein realizingthis goal.
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Figure11: (top, left) A slice meshwith discontinuities-two gapsin the shapeof rings, usinghedgehogvisu-
alization(top, right) The sameslice resampledonto a regulargrid, (bottom,left) a close-upview of oneof the
ringscausingadiscontinuity, with hedgehogvisualization(bottom,right) thesameclose-upview with resampling
enabled
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