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ABSTRACT

Gaining a comprehensie understandingof turbulent o ws still
posesone of the great challengesin uid dynamics. A well-
establishedpproactto advancethis researchs the analysisof the
vortex structurescontainedn the ow. In orderto be ableto per
form this analysisef ciently, supportingvisualizationtools with
clearly de ned requirementsreneeded.In this paper we present
avisualizationsystemwhich matchegheserequirementso alarge
extent. The systemconsistsof two componentsThe rst compo-
nentanalyzeshe o w by meansof a novel combinationof vortex
coreline detectionandthe | , method. The secondcomponenis
a vortex browserwhich allows for an interactive explorationand
manipulationof the vorticesdetectecandseparateduringthe rst
phase.

Our systemimpravesthereliability andapplicability of existing
vortex detectionmethodsandallows for a moreefcient study of
vortical o wswhichis demonstratedh anevaluationperformedby
experts.

CR Categories: 1.3.3 [Computer Graphics]: Interactve
Rendering—Flw Visualization;

Keywords: Flow Features\Vortex Detection,Interactve Manipu-
lation, 3D VectorField Visualization

1 INTRODUCTION

Numerical o w simulationusingsupercomputerandexperimental
techniquedike PIV (Particle ImageVelocimetry)andLDA (Laser
Doppler Anemometry)are valuableinstrumentsfor the develop-
mentof new productsin the car manuficturingand aerospacén-
dustryandotherresearctareasvhereunderstandingf gaseousr
liquid ows is required. In general,the value of thesenumerical
andexperimental o w simulationsdepend®n theresolutionof the
computationagrid andthenumberof velocity vectorsthatcouldbe
measurediespectrely. Accordingly mucheffort hasbeenputinto
improving thesesimulationand measuremenrtechniquesthereby
pushingthesizeof theresultingdatasetsinto regionswherehuman
cognitionnolongersufces asadataanalysistool for theraw data.
Somesortof o w visualizationis, thereforerequiredfor corverting
theraw datainto a moremeaningfulrepresentationln the follow-
ing, theterm ow visualizationis usedsynorymouslyto numerical
o w visualizationusing streamlinesjsosurfices,etc. in contrast
to physical o w visualization,the processof visualizing physical
o ws of gasesandliquids.

Visualizing the original untransformediata, however, is often
insufcient for obtainingthe desirednsight. Fig. 1, bottom,shavs
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Figure 1: Advanced o w visualization by |, vortices (colored with
velocity magnitude, top) and conventional ow visualization using
isosurfaces, stream ribbons, and cutting planes. Despite the addi-
tional insight gained from vortex visualization, analyzing the ow is
neverthelessdi cult  sincethe structures are neither clearly sepaated
nor is it clear how they interact and evolve.

aturbulent o w visualizedwith the commercial o w visualization
packagePowerVIZ[19]. For this dataset,streamlineecomeal-

mostuselessiueto a dominantvelocity componengtlongthe lon-

gitudinalaxisandtheresearcheis forcedto analyzethe o w based
on the limited informationrevealedby the cutting planesandthe
isosurbcecomputeddn velocity magnitude.

As aresult,recent o w visualizationtechniquesften resortto
visualizing metadata, i.e., datathat is obtainedby transforming
the raw data—here:vector eld—into a differentand often more
compactrepresentation Critical pointsand o w topology [6, 5],
separatiodines andsurfaces[10], shockwaves[11, 14], andvor-
tices[8, 18,22] aresomewell-establishe@xampleof this category
of advancedo w visualizationwhich usedatareductionasameans
for easedow eld analysis.

Of specialimportances the detectionand visualizationof vor-
ticessincethey carrymostof theenegy of vortical o wsand,thus,
contribute considerablyto the o w evolution in future time steps.
Themethodthatis currentlyconsideredo be mosteffective for de-
tecting vortical structuresn incompressibleo ws (maybeexcept
for o ws with strongaxial stretching,see[25]) is the | , method
proposedy JeongandHussair8]. This/ , methodcanalsobeim-



plementedrery ef ciently—evenon programmablegraphicshard-
wareaswasrecentlydemonstratef23]—andis, thus, favored by
mary researcheraorkingon uid dynamics.

Unfortunately in contrasto methodsfor detectingvortex cores
which automatically obtain a segmented visualization, the [ ,
methodonly producesa scalar eld usuallyvisualizedby aniso-
surface. As a result,analyzingvisualizationsof | » vorticesis of-
ten more dif cult than analyzingthe resultsof less reliable but
automaticallysegmentingcore-detectiorapproaches.In fact, for
highly-turkulent o ws a “can of worms” is obtainedwhich hardly
revealsthe importantinformation soughtby uid dynamicsengi-
neers(Fig. 1, top).

Thus,whatis actuallyneededs aneffective methodfor separat-
ing I » vorticesand,furthermore atool—avortex browser—which
allows for an interactize exploration of the o w by manipulating
andexaminingindividual vortices. In this paperwe presensucha
tool andanalgorithmfor vortex separatiorio accomplistthis task.
Thedevelopmentof boththealgorithmandthe customexploration
tool wasdrivenby actualrequirement®f uid dynamicsengineers
cooperatingvith computerscientistan a nation-wideprojectdedi-
catedto thefundamentaftesearchandcomparisorof experimental
andnumericalmethoddor the analysisof turbulent o ws. There-
sultingtool wassuccessfullyevaluatedoy this groupof experts.

Our expositionis organizedaccordingto the component®f the
system. Sec.2 givesrelatedwork; Sec.3 elaborateon the sepa-
ration algorithm, followed by Sec.4 which givesa descriptionof
the vortex browser An evaluationof the systemdemonstratingts
effectivenesss givenin Sec.5. Thepaperconcludesn Sec.6.

2 RELATED WORK

Mostsimilarto whatis accomplishedh thiswork is thevisiometric
approacho visualizationproposedy SilverandZalusky [21] and
Fernandeetal. [4]. In bothworks,systemsrepresentedo visual-
ize,recognizejdentify, classify andautomaticallytrackobsenrable
ow eld featurego give researchersew insightinto whatis hap-
peningin the dataandto allow for the formulationor veri cation

of theoriesdescribingthe visualizedprocess.Objectidenti cation

in thesepaperds doneby a region-graving approache.g.,thresh-
olding onvorticity magnitude This approactwaslaterappliedto a
I » scalareld by Ristetal.[16] to identify andseparateortices.

Noneof theseapproachesake advantageof domainknowledge
andall of themexclusively dependon scalarvalues—forthe clus-
teringalgorithmit makesno differencewhetherthe scalareld has
beenderived from MRI imagesor from the | , methodto detect
vortices.In ary casethe samestructureswill be extracted.Froma
researches point of view it makesa differencesincestructuresn
the ow eld mightactuallybe connectedvhile medicalstructures
might be hinderedfrom meiging by tissue. Thus, the accurag of
featureextractionmaybereducedf domainknowledgeis nottaken
into account.

However, while identifying featuresandproviding meango un-
derstandhesefeaturesarebothimportant,the effectivenesof the
latter depend=on the sophisticationof the former In contrastto
SilverandFernandezvho employ ratherbasicobjectidenti cation
algorithmsandwho lay their foci on the understandingssue,this
paperstrivesto improve thefeatureidenti cation usingacombina-
tion of the I , method(to which the visiometricapproachs only
insufciently applicablelandthealgorithmproposedy Banksand
Singer[2, 22]. In addition,we provide a basicaccompaping o w
exploration tool for illustration purposes. And this differentiates
ourwork from the plethoraof publicationson vortex identi cation.

3 VORTEX SEPARATION

3.1 Basicldea

As motivatedin Sec.1,thel , methods populardueto its reliability
in detectingvorticesandthe simplicity of the operationsnvolved
in the computation. This sectionwill elaborateon this issueand
point out the strengthsandweaknessesf the algorithm. For this
purpose,it is helpful to classify the I , methodaccordingto the
criteriade ned by Jiangetal. [9]. Thetaxonomiesisedare:

1. The numberof grid cells involved in the computationsre-
quiredfor detectinga singlevortex.

2. Thealgorithm's ability to work reliably evenwhena constant
deltais addedo thevelocitiesof theoriginal vector eld, also
referredto asGalileaninvariance

3. Thevortex de nition underlyingthedetectioralgorithm.

Whetheradetectiormethods well-acceptear notdependsargely
on how the algorithmmatcheghe above criteria. For example,an
algorithmthatneedsto examinegrid pointsdistributedall over the
volumein orderto detecta singlevortex will exhibit alarge mem-
ory foot print andthusbe computationallynoreexpensve thanal-
gorithmswhich only have to examineneighboringgrid cells. And
an algorithmwhich will no longerwork whena deltais addedto
thevelocitieswill be unableto detectvorticesin time-varyingdata
whereswirling motionis only seenfrom within amaving reference
frame. Finally, an algorithm which only detectsvortical regions
cannotgeneratea ow eld representatiomscompactasthatpro-
ducedby a methodreturninga list of vortex coresandthusmight
have to bedeclinedwhenvisualizinglarge datasets.

To classifythe | , method,oneneedsto examinethe algorithm
in detail. Let
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bea 3D velocity eld from which vorticesareto be extracted.For
everygrid pointof thisvector eld theJacobiaror velocity gradient
tensord = Nu is thencomputecanddecomposethto a symmetric
partS= (J+ JT)=2 andanantisymmetrigpartW= (J J")=2:
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Seenfrom a physical point of view S denoteghe strain-rateensor
andWtherotationtensor Both SandW aresquarecandaddedto
obtainanew 3 3 matrix. This matrix is realand symmetricand
thushasexactly threerealeigervalues.Theseeigervaluesarecom-
putedandsortedn decreasingrder:/ ; 1, |3. Avortexisthen

foreachremainingseedpointpg
if po is notin ary previousvortex
while thevortex skeletoncontinues
(1) determinevorticity w; at positionp;
(2) integratevorticity w; to predictnew positionp, ¢
(3) determinevorticity wis 1 atpredictionp, ¢
(4) pi+1 isthepointof minimumpressure
in theplaneP? w.. 1 (correctionstep)
B) i i+1

Figure 2: The predictor-corrector vortex detection algorithm pro-
posed by Banks and Singer [2, 22].



Figure 3: Comparison of |, isosurface and vortex structures detected and sepaated with the proposed approach. The left image shows the
I » isosurface, the right image the sepaated vortices colored accarding to strength. As seenin the middle image (showing both the isosurface
and the sepaated vortices), signi cant di erences between the two visualizations are only seenin the boundary region. The shape of these
structures, however, indicates that they correctly have not been classi ed as vortices.

de ned asaconnectedegionwheretwo of theeigervaluesareneg-
ative. For visualization—aghe nameof the methodimplies—the
secondargesteigervalueis picked. Sincel , is a scalarandsince
for every grid point a correspondingd » value can be computed,
thel , methodtransformgheoriginal vector eld into a scalarvol-
umewhich canthenbevisualizedby any volumevisualizatiortech-
nigue,mostcommonlyisosurbiceqFig. 1, top). Themorenegative
the chosenisovalue, the strongerthe vorticesthat will be seen.A
zeroisovaluecapturesll vorticescontainedn the dataset.

Ohviously, the computatiorof | , valuesrequiresonly the Jaco-
bianwhich canbe easilycomputedy centraldifferencesrom the
six directneighbors; thus,thealgorithmis local andcomputation-
ally cheap. Furthermoreyelocity is not directly usedto compute
the scalar eld but ratherits derivative (the velocity gradientten-
sor) so constantdeltaswhenaddedto the vector eld canceleach
other i.e., the methodis also Galileaninvariant. And nally, the
outputof the | , methodis a scalar eld ratherthana list of core
linessothatthe methodseesvorticesasregions.

Thelatteris bothgoodandbad: onthe onehandavortex hasno
de nedextentsodiscardingheconcepbf avortex coreis valid; but
onthe otherhand,vortical regionssmoothlymeigeinto eachother
suchthat vorticesin the proximity of othervorticesmay be mis-
leadinglyseenasasinglestructure It becomeglearthatthe major
drawbackof thel , methodis its inability to separaterortices.And
it alsobecomex<learthat thereis a well-justi ed demandfor an
improvedvortex detectiormethodcombiningthebene tsof the/ »
methodwith thebene tsof line-orientedvortex detectiormethods.

Our approachto alleviate this drawvback is to combinethe [ ,
methodwith a coreline detector We chosethe predictorcorrector
approachproposedby Banksand Singer[2, 22]. This methodis
basedntheassumptionhatpressureninimaatvortex coresde ne
seedpointsfor tracingcorelinesandthatvorticity de nesthe cor
respondingvortex coredirectionin theselocations. Accordingly,
by integrating along the vorticity vectora predictionfor the next
vertex alongthe corecanbe madeandthe guessorrectedhy mini-
mizing pressurén the planeperpendiculato thevorticity vectorat
the predictedposition(Fig. 2). In orderto obtaintubular structures,
cross-sectionsanbe determinedy radially samplingthe pressure

eld in the planesperpendiculato the vortex core. Overall, this
vortex detectionapproachis robust (dueto its self-correctingna-
ture) and very intuitive. But it alsohasa dravback: It doesnot
work atlow Reynoldsnumberd8].

Onthecontrary the ! , criterionlacksthe capabilityto produce
alist of separatedorticesbut it is ableto capturethe pressuremin-
imum in a planeperpendiculato the vortex axisfor bothlow and

1We assumainiform gridsfor our discussion.

high Reynoldsnumber o ws. The | , method therefore perfectly
complementshe algorithmproposedy BanksandSingerif pres-
sureis beingreplacedoy the | ; scalar eld. And sincepressuras
hardto computefrom a velocity eld—or even unavailableat all
in mary experimentallyobtaineddatasets—whilel 5 is not, this
combinatiomotonly improvesthereliability of existing vortex de-
tection,it alsowidensthe applicability of the methods.

3.2 Initialization

Thealgorithmproceed$y growing corelinesfrom asetof selected
seedpoints. In orderto obtaina countablenumberof seedpoints,
theseinitial seedpoints mustlie on the grid; thus, the initial set
containsasmary seedpointsastherearegrid points—fortypical
o w datasetsmillions or eventensof millions elements.Check-
ing all of themwould be extremelyexpensve. However, with the
Banks/Singemethodusedn conjunctionwith | , valuestheinitial
setcanbe signi cantly reduced.This reductionde nestheinitial-
izationphase.

Therearethreeclasse®f grid points: Grid pointswith positive
I o values,grid pointswith negative | , valueswhich arenot local
minima,andgrid pointsto which noneof the previousapplies.

The rst group canreadily be discardedsince positive [ , val-
uesindicatenon-vortical regionssono vorticeswill befoundthere.
Thesegrid pointsareassignedo theclassNO_VORTEX

Grid pointswhich do not de ne local minima canalsobe dis-
cardedsincethey will beprocessewhentracingthecore(Sec.3.4).
They areassignedo theclassUNDECIDED

Thus,whatremainsaregrid pointswith negative | ; valuesde n-
ing local minima. Whetherthesegrid pointswill sene asstarting
pointsfor vortex coresis unclearsinceagain they might be elim-
inatedif enclosedn a vortex tube. Thesegrid points, therefore,
de ne theclassPOTENTIAL_SEED

The 229 116 250 data set shawvn in Fig. 3 has a total of
6,641,000grid points. Of these,only 1,335 qualify as potential
seedpoints.273,571grid pointsfall into theclassUNDECIDEDhe
remainingvertices—95.§ercent—carediscarded.

3.3 Growing the Skeleton

The processof growing the vortex coreline is almostidenticalto
the original implementatiorby Banksand Singeranddiffers only
in implementatiordetails. The descriptionis, therefore keptshort.
For eachcoreline, aseedpointhasto bepicked rst. We choose
the seedpoint with the smallest/ , value. Sincemorenegative /
valuesindicatestrongerswirling motionthis stratey in generake-
sultsin strongerandlargervorticesandwill immediatelygenerate



Figure 4: Photograph of actual K-type transition with physical vortex
visualization using smoke inserted into the boundary layer [15]. In
the upstream region of the ow nea the trip wire (bottom), the
L -vortices with the characteristic W-shaped headsare clearly visible.

a list of vorticessortedby strength. The initial seedpointis then
re ned by minimizing / , ontheplanede ned by thevorticity vec-
tor attheoriginal seedpoint. Startingfrom the (re ned) seedpoint,
the skeletonis thengrown in bothdirections.

We rst take astepalongthevorticity vector(or its negative, de-

pendingon the traceddirection). For the new positionwe have to
check, rst, whetherthe positionlies insideary of thevortex tubes
alreadyfoundand,secondwhetherthe positionlies insidethe vor-
tex tube currentlybuilt. In eithercase the skeletonis terminated
andthe vortex just foundis addedto the vortex list. Similarto the
Banks/Singemethodwe next determinethe coredirection at the
predictedpositionandagain minimizethe/ » valuein the planede-
ned by thisdirection. Sincein generathenew positionwill notlie
onagrid point, thequality of thestructureextractionis signi cantly
in uencedby thequality of theinterpolated , valuesandvorticity
vectors. Therefore a four-point Lagrangeinterpolationis usedfor
this purpose The/ » minimizationproblemin turnis solvedwith a
directsearch approach7] sincethis relievesusfrom the burdenof
having to computegradientsusingcomputationallyexpensve La-
grangeinterpolations.

If theanglebetweenthe predictedvortex coredirectionandthe
directionatthe/  minimumdoesnot exceeda giventhresholdthe
correctionis accepted.In eithercase,the vortex crosssectionat
thecoreline vertex is thendeterminedy radially sendingout rays
lying in the plane perpendiculato the vortex core and sampling
the ! » volumeuntil the userspeci ed [ , isovalueis exceeded As
proposedby Banksand Singerthe distancego the surfacepoints
are storedin a radii table for ef cient encoding. Sincethis table
represents periodicfunctionit canbe approximatedy a Fourier
serieswhichis anef cient way for storingthe crosssectionswith-
out loosingthe ability to reconstructhemto ary desiredaccurag
for visualization.

If the crosssectionareafalls belov agiventhresholdvery close
to zero)thevortex tubeis consideredo be closedandthe skeleton
growth terminatesThe growth is alsoterminatedf thevortex core
lengthexceedsa pre-de nedvalueto enforcecoreline termination
wherethecorehasruninto a spiral.

3.4 SeedPoint Elimination

A vortex corewill rarelydirectly hit a grid point. It is, therefore,
necessaryo eliminate potential seedpointsin a post-processing
steponcea new vortex hasbeendetected. This is accomplished
by iterating over the individual slabscomposingthe vortex tube
and performingsign testsof potentialseedpointswith respecto
the planesde ned by the trianglescomprisingthe slabsurface.By
computingthe slabboundingbox prior to performingthe test, the
numberof potentialseedpointsrequiringtestingis reduced.

3.5 Results

Fig. 3, right, shaws the resultof the vortex detectionappliedto a

DNS datasetof K-typetransitionexperimentg1]. For comparison,
Fig. 4 shavs a photographof this kind of transitiorf. The photo
was shotduring an experimentin which smole wasinsertedinto

theboundarylayerto physically visualizevortices[15].

2Actual measurementsf physical o ws take several monthsor even
years. Experimentaldataof a ow recordedunderconditionsequivalent
to thoseusedfor the numericalsimulationthat provided the datafor our
systemevaluationarenotyetavailable.

Figure 5: Visualizations obtained using an eigenvecta-based estima-
tion of the core line direction and I , valuesfor determining core ver-
tices. The lower image again shows a comparison of the | , isosurface
and the vortex structures detected with the eigenvecta approach.



While in

Figure 6: Particle trace computed on the velocity eld.
general the trace enclosesthe vortex core, in someregionsit travels
parallel to the core line (see close-ups).

Thecomputationdor this229 116 250datasettook 138sec-
ondson a PC equippedwith an AMD 1.2 GHz processorand
512MB memory Theprogramdetectedhtotal of 331vortices.Red
colorwasassignedo thevortex structurefound rst which—dueto
the seedpoint selectionlooking for the mostnegative | , value—is
alsothe strongestortex. Thewealer a vortex, the greaterthe hue
valueof therespectre colorin HSV space.

When comparingthe resultto a standardl » isosurfice com-
putedfor the sameisovaluethatwaschoserfor determiningcross
sections,it becomesapparentthat the visualizationsmatch very
closely Thereareonly two differencesFirst, somestructureear
thevolumeboundaryaremissingin theseparatedisualizationand,
secondsomeadditionalvery ne structuresvolve from thevortex
tails.

The structuregeferredto in the rst casearecausedy inaccu-
ratederivativesat the volumeboundary However, asthe shapeof
thesestructuresalreadyimplies, it is very improbablethatin these
regions‘“instantaneoustreamlinesnappedonto a planenormalto
the vortex coreexhibit aroughlycircularor spiral pattern”,asone
popularde nition of vorticesdemandq17]. Therefore the struc-
turesshouldnot be classi ed asvortices. And they are not—asis
seenin the image—soerrorsmadeduring the | , computationdo
not nd its way into the nal visualization.

In the secondcase the additional ne structuresarevortex core
linesthathave beenobtainedby settingthe crosssectionareato a
largervalue,allowing for skeletongrowth alsobeyondvortex tails.
This is anotherbene t whenapplyingthe Banks/Singerortex de-
tectionmethodto a / ; scalar eld sinceit enableshe researcher
to identify connectedstructuresithertovisualizedasseparateor-
tices.

If ahigheraccuray is required the systemcanbe con guredto
betterapproximatethe vortex tubecrosssectionsand,accordingly
to bettermatchthe isosurfice,therebyeliminatingisolatedbluish
spotsin thecomparatre visualizationsshaving boththeisosuraice
andthe vortex tubes. For the givenimages,10 rayswere usedfor
samplingthe I, eld, ve coefcients weresaved for the Fourier
seriesand16 samplesvereusedfor displayingthe vortex geome-
try.

Sujudi and Haimesproposeto usethe eigervectorcorrespond-
ing to the real eigervalue of the Jacobianinsteadof vorticity for
estimatingcore directions[24]. The eigervector however, is not
uniquelyde ned with respecto signandthuscannotbe usedas-is

Figure 7: Manipulating the vortex set. Top: Hiding the three central
L -vortices and selecting a single vortex for closer examination. Bot-
tom: Inverting the selection. Using the colored buttons individual
hidden vortices can be temporarily or permanently re-inserted.

for following the vortex core. We proposea simplesolutionto this
problemin that we re-orientthe eigervector basedon the sign of
the dot productof the eigervectorandthe vorticity vector Fig. 5
shavsvisualizationbtainedwith thisapproachTheresulthardly
differs from whatis obtainedwith a vorticity-basedestimatorand
thereis only asmalldiscrepang in thenumberof detectedortices:
309vs. 331.In consideratiomf thehigh compleity involvedin the
computationof eigervectors,usingvorticity still seemsa valid al-
ternative.

To further verify the quality of the presentedapproachFig. 6
shaws a singleL -vortex extractedfrom the K-type transitiondata.
For theimage,a particleprobewasplacednearthe detected/ortex
coreandatracecomputedy integratingthevelocity eld. Ideally
the resultingtraceshouldexactly encloseandfollow the coreline
detectedduring the vortex sggmentationprocess.In the example,
this requirementis essentiallyful lled and inaccuraciesare only
seenon a shortcore sggmentwherethe particletravels parallelto
thevortex core(seeclose-up).The particleleavesthe corethrough
the appendixshavn in the upperright cornernearthe W-shaped
vortex sggment. This is correctbehaior andmustbe accountedo
the strongvelocity componentlongthe longitudinalaxis. As for
theinterpolationsnvolvedin tracingthe coreline anddetermining
the vortex tubecrosssections a four-point Lagrangeinterpolation



Figure 8: Use of slices. Slices can be usedto display vector plots
of the velocity eld and to clip unwanted regions (top) and to ob-
tain denserepresentations of assaiated scala elds like velocity or
vorticity magnitude, /» values, orlas shown in the image|shea r
stress.

(in contrastto a lesscostly trilinear interpolation)is requiredin
orderto obtainaccurateesults.

4 THE VORTEX BROWSER

The vortex setshavn in Fig. 3 comprises331 vortices. This in-
cludesweakandstrongvortices,vorticeswith shortandlong cores,
andvorticeswhich cover small andlarge regionsof the simulation
volume. Obviously, some Itering mustbe appliedbeforethe data
canbe thoroughlyandef ciently analyzed.This is accomplished
with theseconccomponenbf our systemthevortex browser

4.1 Aims

Theresearclof uid dynamicsengineerss directedtowardsanin-
creasedinderstandingf uid dynamics.Thisunderstandingefers
to both fundamentalquestionsas well asto speci ¢ applications
wherethe o w aroundanactualdevice (automobile airplanewing,
etc.) hasto be examinedin orderto, e.g.,improve ef ciency or
to reducenoise generation. To gain this insight, uid dynamics
engineerdike to studythe interactionsof different uid ow en-
tities andto view andtake into consideratiormetadata. Typical

questionsarisingin practiceare: Whatis the volume of a certain
structure?Whatis its swirling strength circulation,andvorticity?
How aboutinducedvelocity, vortex stretchinganddissipation?

4.2 Vortex Manipulation

Noneof theabore questioncanbeansweredvhenconsideringhe
vortex setin its entirety;thus,meansarerequiredto manipulatehe
vortex. For this purpose the individual vorticesare insertedinto
a customscengraphwhich allows for simple manipulationdike
picking andtransformationsThis, however, is insufcient sincere-
searchergitherwantto seea certainvortex or do not wantto see
certainvorticesbeingirrelevant for the specialapplicationor ob-
scuringtheregion of interest.Our system therefore provideshid-
ing andinversionfunctionality (Fig. 7). In thetop image,the cen-
tral L -vorticeshave beenhidden. Anothervortex—onethatwould
have beenvisualizedastwo separatestructureswith standard »
isosurbces—hadbeendraggedout of the o w andis shavn (with
aselectionbox) in thefront. Its volumeis shavn in thelower right
corner In thebottomimagethe selectiorhasbeeninvertedin order
to allow for a closerexaminationof exactly the hiddenvortices.In
eithercasefor eachhiddenvortex a buttoncoloredwith therespec-
tive vortex coloris inserted.By moving the mousecursorover ary
of thesebuttons,the correspondingortex is shavn atits original
location. By clicking the buttons,the correspondindpiddenvortex
is permanentlye-insertednto thevisualizedvortex set. Of course,
thebuttonscanbedisabledf desired.

Manually de ning the vortex setmay becometediousif there
aredozensor evenseveralhundredof vortices.However, sincethe
o w dynamicsis dominatedby thelargestvortices thistaskcanbe
partially automatedin the systemthis functionalityis providedby
meanf alength Iter which canbeusedto eliminatesmallerand
wealer vortices.

4.3 Visualization Techniques

Fromaninformationvisualizationpointof view theabove function-
ality de nesthefocus. Thevortices,however, have beenextracted
froma ow eld andthis contet shouldnot belost. Onesoftware
featureto provide contet information hasalreadybeenshowvn in
Fig. 6. Theusercanfreely positiona particleprobeinsidethe sim-
ulation volume andintegrateboth alongthe velocity eld andthe

Figure 9: Combined visualization of sepaated vortices and slices
showing both scala eld data (shea stress)and a LIC representation
of the velocity eld.



vorticity eld.

Regardingthe former one, it shouldbe notedthat no real parti-
clewill actuallyfollow thepresenstreamlinedecaus¢hevelocity
eld changeswith time. However, the deviation of instantaneous
streamlinegrom pathlines of real particlesdependon thetempo-
ral rateof changeof the o w. Thelatteris smallernearthe “legs”
of theL -vortex andhigherwheremary “tangled” vorticesinteract.
Therefore the interactve streamlinetool is still usefulin the rst
partof thedata eld to geta qualitative understandingf the ow
but dangerousr evenmisleadingn thesecond.Thus,a morereli-
ableprobelik e thevorticity line probeis needed.

So-called“vorticity lines”, i.e. eld lines of the instantaneous
vorticity eld, are(by de nition) everywhereparallelto the vor-
ticity vector This meansthat they shouldfollow the vortex axis
andshearayerseverywherein the o w. However, usingvorticity
linesaloneasa meanof visualizationwould not be advantageous,
becausehey have the disadantagethatno distinctionis madebe-
tweenvorticesandsheatayers,andthatregionswith smallvortic-
ity cannotbe distinguishedrom regionswith large vorticity. On
the otherhand,whenusedin aninteractve mannertogetherwith
theextractedvortices,they provide a usefultool to checkthe phys-
ical accurag of ourvortex identi cation andextraction.In contrast
to eld linesof theinstantaneousgelocity eld (streamlinesyortic-
ity linesareGalileaninvariantsuchthatthey canbe usedwith more
con dencein anunsteadyo w situation,asthe onediscussedhere.
Therefore,using the particle probewith the velocity eld can,at
best,shaw regionsof strongattraction(lik e the strongvortex tubes)
in a qualitatve mannetin contrasto anintegrationof the vorticity
eld whichis quantitatvely accurate.

Sinceparticletracesgive only meaningfulinformationwhenpo-
sitioned carefully—which, in particular also appliesto vorticity
lines [13]—a more intuitive techniqueis neededto visualizethe
velocity andvorticity elds. For this purposemovablesliceswith
vector plots of variableresolutionshave beenintegratedinto the
system.Althoughthis visualizationis simpleanddated,it is nev-
erthelesghe mostoften usedtechniquen physical o w visualiza-
tion. Fig. 8, top, shavs a screenshoof the visualizationtechnique
appliedto K-typetransitiondata. As seenin theimagestheslices
canalsobe usedto clip unwantedpartsof the visualizationandto
obtainadenseaepresentatioof ary scalareld associateavith the
vector eld, like, e.g.,shearstress. Whenvector plots are insuf-
cient, denserepresentationsf the original vector eld areoften

Figure 10: Combined visualization of sepaated vortices, particle
probe integrating the velocity eld, semi-transpaent slice showing
a vector plot of the velocity eld, and shea layers.

Figure 11: Stereo visualization of vortex setto help in understanding
and identifying complex interwoven structures. To be viewed with
red/cy an anaglyph glasses.

moreuseful. Therefore line-integral—cowolution (LIC) visualiza-
tionsof the o w projectedontoany movableslicecanbeshavn [3].
Fig. 9 givesanotherexampleof movableslicesandthe useof LIC.
Shearstressis of specialimportancefor the understandingf
vortices.A uid volume o wing alonganobjectboundaryis non-
uniformly deceleratedy friction with thewall. Thisin turninduces
shearstressand nally swirling motion. Oncethe rotating uid
volumeseparatefrom thewall, a new vortex is born. The system
allows the researcheto mix the visualizationof separatedortices
with anisosurficevisualizationof thisimportantphenomenonAn
exampleis shavnin Fig. 10. Therequiredsheatayercomputations
arebasedn thesecondnvariantl, of the strain-rate¢ensorS[12]:
|2 =

1
E(Sisjj SjSj)
SSo+ oS+ SuSss S S s

Sincethe strain-ratetensoris requiredfor computingthe/ , scalar
eld, aryway, computingthe shearayer is virtually a by-product
which comedfor free.

As the visualizationsin Figs. 3 might suggestyisualizing vor-
tical o ws resultsin very complex geometries.Dependingon the
chosenisovalue,the meshof interwoven structuresnay be hardto
analyze.Dissectingthe setusingthe tools describedabove canal-
leviatethe situationbut it failsto ease¢heunderstandingtthevery
beginning. Therefore,a red/qyan anaglyphmodecan be enabled
making it easierfor the researcheto mentally visualizethe ow

eld andto performhiswork. Fig. 11 givesa screenshot.

5 EVALUATION

The presentwork was developedin close cooperationwith uid
dynamicsengineerandhasbeenevaluatedby this groupof experts
andpractitioners.Both, bene ts andproblemsof the systemwere
found.

The mainbene t turnedout to be the novel combinationof re-
liable vortex detection(shaving also connecteccomponentspand
selectve visualization,a combinationallowing for a greatcom-
plexity reductionnecessaryor analyzingcurrentsimulationdata.
Oncevortices have beenextracted,the structurescan be picked,
hidden, extracted,and freely moved and rotated. Of course,the
latter is standardfunctionality alsofound in more generalvisual-
ization packagesisedso far (Tecplot, COVISE) and, indeed,the



vortex detectionpartcanbe decoupledrom the systemto provide
a setof vorticesto be visualizedwith standardools. However, in
contrasto standardoolsour systenis problem-orientegindmeta-
data—orientedthus,analyzing o ws with our tool wasfoundto be
signi cantly moreef cient thanwith generatools,bothfrom aus-
ability point-of-view (intuitive, adapteduserinterface)anda tech-
nical point-of-view (speed).

Furthermore the programdoesnot require advancedgraphics
hardware featureslike programmablevertex or fragmentproces-
sorsor speci ¢ operatingsystemsand can be usedwith virtually
ary workstation—apropertynot to be underratedn ervironments
where most computationsare performedon supercomputerand
local computinghardwareis predominantlyacquiredfor computa-
tionally cheappost-processingiccordingly, thepossibilityto view
thevisualizationsn stereousinginexpensve red/gsanglassesvas
preferredover moresophisticatedtereaechnologyrequiringmore
expensve andlessubiquitoustechnology

On the otherhand,albeitthe systemcanhelpto make the work
of uid engineersnoreefcient, it wasalsofoundthatmoremeta
datawasneededndthattheamountof dataandstructuresvasstill
too largefor a straightforvardanalysis.

6 CONCLUSION

We have presented novel algorithmfor detectingand separating
vorticesfrom 3D vector elds. The resultingvortex setcan be
Itered to concentraten the mostrelevant structuresand the ex-
tractedvorticescan be manipulatedndividually. Variousvisual-
izationtechniquesverecombinedin orderto improve the analysis
possibilities. The systemhasbeenfound by a groupof expertsto
be of greatvaluefor analyzingvortical o ws but it fails to reduce
theoriginal datato alevel makingprocessingrivial.
Sinceunsteadyo ws mustcurrentlybe analyzedby processing

the differenttime stepsseparatelyincorporatingautomaticfeature
trackingasproposedy Silver andWang[20] will beanimportant
steptowardsa moreusefultool. Furthermoreadditionalvisualiza-
tion techniquesshouldbe evaluated—lile, e.g., texture adwection
which, however, currentlyfails to producesatisfyingvisualizations
whenappliedto 3D data—aswvell asadditionalquanti cationfunc-
tionality to distracttheresearcherfom fang/ imagesandlet them
concentrat@gain onthe physics.
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