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Figure 1: Geometric veri cation algorithm applied to the test tornado dataset from LLNL [3].

ABSTRACT

In this paper we presenta veri cation algorithmfor swirling fea-
turesin ow elds, basedonthegeometryof streamlinesThefea-
turesof interestin this caseare vortices. Without a formal de -
nition, existing detectionalgorithmslack the ability to accurately
identify thesefeatures,and the currentmethodfor verifying the
accuray of their resultsis by humanvisual inspection. Our ver

i cation algorithmaddressethisissueby automatinghevisualin-
spectiormprocessilt is basednidentifying the swirling streamlines
that surroundthe candidatevortex cores. We apply our algorithm
to both numericallysimulatedand procedurallygeneratediatasets
toillustratetheef cacy of ourapproach.

Keywords: featureveri cation, vortex detection,ow eld visu-
alization

1 INTRODUCTION

Large-scalecomputationaluid dynamicssimulationsof physical
phenomenaroducedataof unprecedentesize. Unfortunately de-
velopmentof appropriatedatamanagemerdandvisualizationtech-
nigueshas not kept pacewith the growth in size and comple-
ity of suchdatasets. One paradigmfor large-scalevisualization
is to browse regions containingsigni cant featuresof the dataset
while accessingnly the dataneededo reconstructheseregions.
Thecornerstonef this visualizationparadigmis arepresentational
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schemethat facilitatesprogressie acces4o macroscopideatures
in the datase{10]. In this approachan automaticfeaturedetec-
tion algorithmis usedto accuratelyidentify andrank contetually

signi cant features.

In general,a featurecanbe de ned asa patternoccurringin a
datasethatis themanifestatiorof correlationsamongvariouscom-
ponentsof the dataset.The swirling featuresn ow elds, which
arethe centralsubjectof this paper arecommonlycalledvortices.
By mostaccountg9, 12, 13], avortex is characterizedby swirling
motionof uid aroundacentralregion. Fromthemorningcoffeeto
theeveningbath,it is perhapneof themostcommonandnatural
phenomenaccurringin everydaylife. Yet, it's very de nition still
eludeghosewho areactive in its pursuit.

Despitethis lack of formalism,variousdetectionalgorithmsex-
istthatcanidentify, to acertaindegree theseswirling featuresThe
mainde ciency commonto thesealgorithmsis not the falseposi-
tiveswhich they may produce,but rathertheir inability to distin-
guishthefalsepositivesfrom the true swirling features.For mary,
this is dueto their heavry relianceon the velocity gradienttensor
asa local tool for identifying global features suchasvortices[4].
As notedby Thompsonet al. [19], theselocal techniquesarein-
herentlyproblematidbecausé¢hey do notincorporatehenecessary
informationinto their detectionprocesdgor aglobalfeature.

Theability to verify the correctnessf a candidateeatureis es-
sentialfor ary feature-basedisualizationparadigm Featureveri -
cationcannotonly improvethequality of theidenti cation process,
but alsoimprove its overall performanceby obviating the needto
apply computationallyexpensve detectionalgorithmsat all points
in the eld. Inexpensve andlessaccurateaechniquesanbe used
to identify candidatefeatureswhich arethensubjectedo the ver
i cation process.By operatingonly on the candidatefeaturesthe
more expensve veri cation processs madecomputationallyef -
cient. Thismodusoperandiis indispensiblan the context of large-
scaledatasetsFurther for featuressuchasvortices,aggre@atever



i cation techniqueganbedevelopedthatcapturetheglobalnature
of thefeature[19].

In this paper we presentanautomaticveri cation algorithmfor
3D swirling featuresn ow elds. Thiswork is anextensionfrom
our previouswork [7] on ef ciently detectingvortex coreregions.
We presenta geometricapproacho verifying vorticesthatis most
consistentvith the notion of a swirling ow. In the absencef a
formal de nition, thisis the mostlogical approacho take for such
avisually recognizabldeature.Given a candidatevortex core,we
measurecertaindifferential geometrypropertiesof the surround-
ing streamlinego determinewhetheror not thesestreamlinesare
swirling aroundthe coreregion. If the streamlinessatisfyour 2p
swirling criterion for 3D vortices,thenfrom a geometricperspec-
tive, thecandidatesortex coreis anactualvortex core.

Ourpapetis structuredasfollows. We rst provide abrief review
of existing vortex detectionalgorithmsanddiscusssomeof theis-
suednvolvedin vortex de nition. We thendescribghevortex core
region detectionalgorithmthatwe useto identify candidatevortex
cores.Then,we provide theimplementatiordetailsbehindour ver
i cation algorithmandthe resultsthatdemonstrate¢he ef cacy of
our approachFinally, we draw conclusionssto therelative merits
of ourfeatureveri cation algorithm.

2 PREVIOUS WORK

To ourknowledge,no attemptshave beenmadeto addressheissue
of featureveri cation asapost-processingtepof featuredetection
in computationatlatasetsAlthoughPeikertandRoth[11, 14] have
suggestedising their parallel vectorsoperatorto corroboratethe
resultsfrom anotherdetectionoperatoy their suggestedipproach
lacksthe ability to exploit the initial detectedesultsfor computa-
tional ef ciency. More importantly their suggestedpproactoffers
little to addressheissueof dealingwith falsepositives.

For completenessyebrie y review severaldetectioralgorithms
in theliterature. Thoughthesereviews arenot meantto be exhaus-
tive, they provide a fairly goodoverview of the stateof the art in
detectingvorticesin ow elds. Thedetectioralgorithmchoserfor
veri cation is basedon our previouswork [7] on ef ciently detect-
ing vortex coreregions. We deferits discussiorto alatersection.It
shouldbe notedthateachof thesealgorithmsdescribedelov may
generatdalsepositvesandmissotherwiseobviousvortices.

The rst group of methodsis basedon isosurficesof a scalar

eld. Levy etal. [8] developeda methodon the assumptiorthat
avortex coreis locatedin a region wherethe normalizedhelicity

X/T(jl% approaches 1. In Berdahland Thompsors [2] method,
the assumptioris thattwo of the eigevaluesof the velocity gradi-
enttensorarea comple conjugatepairin regionsof swirling o w.
A parametetermedthe “swirl” is de ned at eachpointin the do-
main using the magnitudeof the imaginarypart of the conjucate
pair andthe velocity in the planeperpendiculato the eigervector
Accordingto [2], theswirl is honzerdn regionscontainingvortices
andattainsalocal maximumin the coreregion.

JeongandHussian6] de ned a vortex basedon the symmetric
deformatiorntensorS andtheantisymmetricspintensoi. Accord-
ing to [6], if thesecondargesteigevalueof $?+ W2 is negative at
apoint, thatpointis containedwithin a vortex. Additionally, if the
secondinvariant of the velocity gradienttensor% W2 jg2 is
positive ata point, the pointis containedwithin avortex. Themain
disadantagewith thesemethodss their dif culty in automatically
distinguishingtheindividual vortices.

The secondgroupof methodss basedon the extractionof vor-
tex corelines. BanksandSinger[1] developedapredictorcorrector
algorithmbasedn theassumptionshatthevortex coreis avortic-
ity line (astreamlingn thevorticity eld) andthatpressureshould
be minimumin the core. SujudiandHaimes[18] describeda line-

basedmethodthat extractsthe vortex core by locating pointsthat

satisfythefollowing two conditions:1) thevelocity gradientensor
hasa pair of complex eigervaluesand?2) the velocity in the plane
perpendiculato thereal eigervectoris zero. By connectinghese
points,aline sgmentrepresentinghe vortex coreis constructed,
thoughit is not always possibleto form a contiguoudine. To ad-

dressthis problem,HaimesandKenwright[4] recasthe algorithm

to beface-basedatherthancell-based.

RothandPeikert[15] proposedadifferentapproactior detecting
corelines usingthe parallelvectoroperator Ratherthanperform-
ing aneigen-analysisnthevelocity gradientensortheiralgorithm
detectsfor parallelalignmentbetweerthe velocity vectorandthe
acceleratiovector Theirapproactwasespeciallydesignedor tur-
bomachinendatasetswhich oftencontainweaklyrotatingvortices
with nonngligible curvature. WhereasSujudi and Haimes'[18]
methodhasdif culty with curved vortices,theirs' performsa cor-
rectionfor the curvatureby takingsecond-ordederivativesinto ac-
count. The maindisadwantagewith thesemethodsaretheir com-
putationalcompleity andinability to producecontiguoudines.

Thethird groupof methodss basecbn thegeometrigproperties
of streamlines.Portela[12] developeda collectionof mathemati-
cally rigorousde nitions for avortex, usingsettheoryanddifferen-
tial geometry Essentiallyhisde nitions arebasedntheideathata
vortex is comprisedf acentralcoreregion surroundedy swirling
streamlines His 2D methoddetectsvorticesby verifying whether
or not the winding angle of streamlinesarounda grid pointis a
scalarmultiple of 2p. Sadarjoeretal. [16, 17] proposeda simpli-

cation to the 2D winding-anglemethod,by usingthe summation

of signedanglesalonga streamlinénstead . Themaindisadwantage
with thesemethodss thatthey lack aviable 3D counterparto their
2D approach- winding anglesareonly meaningfulin 2D.

3 SWIRLING FEATURES

Withoutaformalde nition, it is notunreasonabl® considemvor-
tex asa swirling feature.Amongthe existing de nitions, the asso-
ciationof swirling motionwith the presencef avortex is themost
commonthread.This associatiorstemsfrom our visual perception
of the swirling phenomenahat are penasie throughouthe natu-
ral world. However, translatingthat perceptualinderstandingf a
vortex into aformal de nition hasbeenquite a challenge . The dif-
culty liesin the generalityof suchde nitions. Lugt [9] proposed
thefollowing de nition for the presencef avortex.

Avortexis therotatingmotionof a multitudeof material
particlesarounda commorcenter

Theproblemwith thisde nition is thatit is too vague.Although
it is consistentvith visualobsenations,it doesnotlenditself read-
ily to designdor adetectionalgorithm. Termssuchasrotatingmo-
tion andmaterialparticlesareeasyto conceptualizebut dif cult to
implement. In light of this, Robinson[13] attemptedo provide a
more concretede nition of a vortex, by specifyingthe conditions
for detectingrotatingmotionin 3D.

A vortex existswheninstantaneoustreamlinesmapped
ontoa planenormalto thevortex core exhibit a roughly
circular or spiral pattern,whenviewedfroma refelence
framemoving with the centerof the vortex core.

The primary shortcomingof this de nition is that it is self-
referential: the existenceof a vortex requiresknowing the direc-
tion of its core. Additionally, no onehasbeenableto utilize it for
thedevelopmenbf aneffective detectionalgorithm[1]. In general,
it is dif cult to detectthe correctreferenceramesfor all typesof
vortical ows.



More recently Portela[12] developeda collectionof mathemat-
ically rigorousde nitions for avortex, usingelementaryoolsfrom
settheory and differentialgeometry Although his 2D de nitions
arerepletewith pedantriesand subtleties,his 3D de nitions ap-
pearlessnovel and ultimately resemblethoseof Robinsons [13].
However, the intuition behindhis de nitions is quite simple and
general:avortex is comprisedof a centralcoreregion surrounded
by swirling streamlinesHe appealedo the JordanCurve Theorem
to distinguishthe centralcoreregion of a vortex andthe winding
angleconcepto measurehe swirling of streamlinesThewinding
angleof a streamlinemeasureshe rotationof that streamlinewith
respectto a given point. Satisfyingthe swirling criterion means
the streamlinemusthave a winding angleof atleast2p. Notethat
this approachs inherentlylimited to 2D. Whereasn 2D, curvature
alonedictatesthe rotationof a planarcurwe, in 3D, both curvature
andtorisondictatethe bendingandtwisting of the spacecune.

4 DETECTION ALGORITHM

As a pre-processingtepto the veri cation algorithm, mostof the
existing detectionalgorithmswould sufce. Theonly requirement
is that the outputof the detectionalgorithm mustbe vortex cores,
in the form of eitherlines or regions. In the caseof vortex core
lines,thecollectionof grid cellsintersectedy thecoreline is used
asinput to the veri cation algorithm. The necessityof this con-
versionwill becomeclearin the next sectionwhenwe discussthe
veri cation algorithmin detail.

The detectionalgorithmwe chosein this caseis from our pre-
viouswork [7] on ef ciently detectingvortex coreregions. In this
approacha combinatorialabelingschemdas emplo/edto identify
all the grid pointsthat belongto vortex coresand aggr@ate them
into individual regions. Unlike mostof theexisting detectionrmeth-
ods,thislabelingschemads extremelyef cient, andits ef cacy has
beendemonstrateth [7]. Whatmalkesthis approactsoeffective at
detectingvortex coreregionsis its closeresemblencéo Sperners
lemmafrom Fixed Point Theoryin combinatoriatopology
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Figure2: 3D vortex coreregion detectionalgorithm.

The connectionbetweenvorticesand x ed points(i.e. critical
points)arewell known [18]. Whereaghe Sperners lemmalabels
theverticesof a simplex andidenti es the x edpointsof alabeled
subdvision [5], the detectionalgorithmlabelsthe velocity vectors
of the grid pointsandidenti es grid cells that are mostlikely to

containcritical points. Eachvelocity vectoris labeledaccordingo
thedirectionin whichit points. Sincevelocity vectorsaroundcore
regions exhibit certain o w patternsthat are uniqueto vortices, it
is sufcient to examinetheimmediateneighborhooaf a grid point
for theexistenceof those o w patterns This procedures sufcient
for detecting2D vortex coreregions.

In 3D, it is necessaryo approximatethe core direction vector
rst, and then project the neighboringvelocity vectorsonto the
planenormalto it, beforeapplyingthe above procedureo the pro-
jectedvelocity vectors. We refer to this planeasthe swirl plane
becausénstantaneoustreamlinegprojectedontothis planeexhibit
a swirling patternthatis commonlyassociatedvith 2D vortices.
Figure 2 illustratesthe 3D algorithm, along with the swirl plane
and the combinatoriallabeling scheme. Potentialcandidatesor
the coredirectionvectorinclude the vorticity vector[1], which is
one of the leastcomputationallyintensive methods,and the real
eigervector[18], which is oneof the mostcomputationallyinten-
sive methods.What makesthe 3D algorithmuniqueis its relative
insensitvity to coredirectionapproximationsin thedetectionpro-
cess,using the vorticity vectorto approximatethe core direction
vectorcanbejust aseffective asusingtherealeigervector

The adwantageof this approachover other vortex core region
detectionalgorithmsis its ability to segmentthe coreregionsin-
dividually. This would allow the veri cation algorithmto proceed
directly without any extra processing. Its advantageover vortex
coreline detectionalgorithmsis its computationakf ciency, due
to the combinatorialnatureof the detectionalgorithm. Although
avortex coreline canmore preciselyrepresent vortex core, this
doesnotimply its detectiorprocesss moreaccurateThisincrease
in the precisionof representationaneffectanincreasean thecom-
plexity of thedetectiorprocessatradeof thatis unnecessariy the
context of theveri cation algorithm.

5 GEOMETRIC VERIFICATION

With the existing detectionalgorithms,one of the most effective
meansto ascertairthe accurag of the detectedesultsis through
visualinspection.By seedingstreamlinesiearthe detected/ortex
cores,onecanvisualizethe swirling patternshataregenerallyas-
sociatedwith vortices. Both [15] and[18] utilized this stratey to
build a corvincing agumentfor the validity of their results. The
problemwith visual inspectionis thatit requireshumaninteren-
tion, a processthatis contraryto the automaticnatureof the de-
tectionalgorithm. And in the contet of large-scaledatasetsthe
inspectionprocesecomesighly infeasible.

The geometricveri cation algorithmwe proposeaddressethe
above issueby automatinghevisualinspectionprocessSincefor-
malveri cation is not possiblewithoutaformal de nition, geomet-
ric veri cation is thelogical alternatve. By identifying theswirling
patternssurroundinga candidatevortex core,our veri cation algo-
rithm canarbitratethe presencer absencef a vortex mostcon-
sistentlywith visualscrutiry. Althoughtherearelimitationsto the
visualinspectionprocessit is morepracticalto formalizethatpro-
cess,asaway to addresshe falsepositive issue,thanto propose
yetanotherwortex de nition.

Given a candidatevortex core, the underlyinggoal of our geo-
metricveri cation algorithmis to identify the swirling streamlines
surroundingit, by using elementarydifferential geometryproper
ties of the streamlines.For the 2D case,both[12] and[17] have
presentednethodghataresufcent for identifying planarswirling
streamlines As describedpreviously, thesemethodsinvolve mea-
suring the winding angle of a planar streamlineand checkingif
the winding angleis at least2p, which is a clearindication that
the streamlings swirling. However, bothapproachesannotbe di-
rectly extendedinto 3D, becausehe winding anglemeasurement
they useis inherently2D.



To remedythis problem, Portela[12] proposedreducingthe
problemfrom 3D to 2D by projectingthelocal velocity vectorsonto
the planenormalto the vortex coredirection,the swirl plane.Note
thatthisis similiar to whatRobinsor{13] proposedsthede nition
of avortex. The problemwith this approachs decidingwhich lo-
cal velocity vectorsto projectontothe swirl plane.Not only would
therebe an issuewith the size of the projectedneighborhoodso
that enoughvelocity vectorsare projectedonto the swirl planeto
apply the 2D algorithm, but alsowith the distortioncausedoy the
projectedgrid structure. To our knowledge, no viable algorithm
basecdbn Portelas [12] proposeddeaexists.

Similarly, projectingstreamlinesonto a swirl plane,as Robin-
son[13] hasproposedis alsoproblematichecausehe coredirec-
tion along a vortex core canvary dependingon the cunature of
the vortex core. Like tangentsalong a spacecurwe, the direction
vectorat a particularpoint alonga vortex core only approximates
the coredirectionwithin a smallneighborhoodTherefore assoon
asthe streamlineis tracedoutsideof that neighborhoodthe valid-
ity of the projectedstreamlineon the swirl planebecomesuspect.
Thessituationis exacerbatedy slowly rotatingstreamlinesaround
curvedvortex cores suchasthosein turbomachinaryo w elds de-
scribedby [15]. As BanksandSinger[1] correctlypointedout, this
approacidoesnotlenditself convenientlyto a viablealgorithm.

Measuringthe swirling of a 3D streamlineis a nontrivial prob-
lem. Thedif culty arisesrom streamlineghatswirl aroundcurved
vortex cores. As the de ciency in Robinsons [13] proposalillus-
trates,the measuremenprocessfor 3D swirling hasto take into
accountthe cunvatureof the vortex core. To addresghis issue we
introduceprobevectors,which can be computedalong a stream-
line at eachpoint. As its namesuggestsa probevectorprobesthe
vortex corefor thedirectionvectorat that particularpoint. Sincea
directionvector approximateghe local behaior of a vortex core,
it providesthenecessargurvatureinformationto themeasurement
process.

Wealsointroducealocalalignmentprocessbasedntheprobed
directionvectors to accommodatgortex coreswith nontriial cur-
vatures. The processindividually rotatesthe direction vectorsto
align with the z-axis, andthenappliesthe sametransformatiorto
thestreamline Fromastreamlines perspectie, thistransformation
would locally straightenary curved vortex cores. Consequently
the transformedstreamlinecan be projectedonto the (x;y)-plane
for the 2D winding angle computation. However, locally trans-
formingthestreamlinecanresultin irregulargeometrybecausehe
alignmentransformations nonuniformfor curvedvortex cores.To
avoid this problem,we transformthe tangentvectorsof a stream-
line instead.In tangentspacethe transformedangentvectorsare
projectedonto the (x;y)-planeto createa tangentpro le. Rather
thancomputingthe winding angleof the projectedstreamlinewe
computethe anglespannedy thetangentpro le to determingf it
satis esthe 2p swirling criterion.

Before discussingthe implementationdetailsof our geometric
veri cation algorithm, we illustrate it usingtwo canonicalexam-
plesfrom the literature: the Rankinevortex and the benthelical
vortex. Thesetwo vorticesareideal for demonstratinghe geomet-
ric veri cation processbecausehe geometryof their streamlines
areuniform.

5.1 Rankine Vortex

A uid motioncomposeadf asolid bodyrotationwith angularve-
locity Wwithin a certainradiusR anda potentialvortex outsideof
this radiusis calleda Rankinevortex [9]. The Rankinevortex is a
goodmodelfor arealvortex becausef the concentratedorticity
in its coreregion andthe decayof the circumferentialvelocity as
the distancefrom the coreis increased For the three-dimensional
vortex, we have addeda constantvelocity U alongthe axis of the

Figure3: 3D Rankinevortex

vortex (in this casethez-axis). Theequationslescribingheveloc-
ity eld of the Rankinevortex aregivenin cylindrical coordinates

(r;q;2) by

Ur = 0
E Wr; r R
u, = (1)
q .
’ w; r>R
Uz = U

Thevelocity eld de ned by Equationl satis esthe continuity
equationfor incompressibleo w andthereforerepresents kine-
maticallypossiblevelocity eld. Figure3illustratesa Rankinevor-
tex with R= 0:1 andW= 10. The velocity eld wasgenerated
ona 128 cartesiargrid. Theyellow region is an extractedisosur
face,representinghe vortex coreregion, andthebluelinesarethe
swirling streamlinesseededearthe vortex coreregion.

@ (b)

(©

Figure4: A streamlineseededheara Rankinevortex: (a) Tangent
vectors,(b) probevectorsand(c) tangentpro le.

Figuredillustratesthetangenwectors probevectorsandtangent
spacecomputedalonga streamline.The dark greenarrons along
the streamlinein Figure 4(a) arethe tangentvectors. The orange
red arrons pointing toward the vortex corein Figure4(b) arethe



Figure 5: Steadyprogressionof the veri cation processfor the
Rankinevortex: (left) one-thirdand(right) two-third of acomplete
spiral.

probevectors. And Figure 4(c) is the tangentspace,n which the
tangentvectorsare projectedonto the (x;y)-planeto generatehe
tangentpro le.

To illustrate the geometricveri cation process,we seededa
streamlinenearthevortex coreandtracedt for one-thirdof aspiral,
andthenfor anotherone-third. This is illustratedin Figure5. Fig-
ure 5(left) illustratesthe rst third andFigure 5(right), the second
third. Notethe steadyprogressiorof thetangentpro le aroundthe
(x;y)-planeasthe streamlinespiralsaroundthe vortex core. Each
completespiral corresponds$o a completerevolution in the (x;y)-
planeof thetangentspace.

5.2 Bent Helical Vortex

The benthelical vortex is animportantmodelfor turbomachinery
ow elds [14]. Themodelconsistof ahelical o w eld built from
arigid rotationin the (x; 2)-plane,a constanimotionin y-direction
andabentof radiusR in the (x;y)-plane.Thevelocity eld for the
benthelicalvortex is givenin the(x;y; z) coordinatesystemby

U = wxzR gy
X = r2 T
- wyzR X
u = VZR | X @
u; = R g w
p
wherer = = X2+ y2,

R is the radiusto which the vortex coreis bent, g is the axial
componenglongthe core,andw is the rotationcomponentabout
thecore.This ow eld haszerodivergence(i.e. it conseresmass
for a incompressiblanedium), but it is not an exact solution of
the Navier-Stolkes equationsandit possessea singularity on the
z-axis. However, in the vortex coreregion thereare no singulari-
tiesor critical points,andsimilar o w patternshave beenfoundin
numericalsolutionsfrom a Navier-Stokessolver [14].

Figure6: Benthelicalvortex [14]

Figure6 illustratesa benthelical vortex with R= 1, w= 6 and
g= 0:5. Thevelocity eld wasgeneratesn a 128 cartesiargrid.
Theyellow regionrepresentthe detectedsortex core,andtheblue
lines, the swirling streamlines.Clearly, the vortex coreis curved
with a nontrivial curvature. To illustrate the ef cacy of our local
alignmenttransformationwe seeda streamlinenear one end of
the bentvortex core and computeits tangentspaceboth with and
withoutthetransformationFigure7(left) illustratesthe streamline,
alongwith its tangentvectorsand probevectors. Figure 7(right)
illustratesboth tangentspaces.The differencebetweenrthe two is
quite clear: without transformationthe tangentvectorscan point
in variousdirectionswithout ary particularorder andwith trans-
formation,thetangentvectorsuniformly revolve aroundthe z-axis,
formingaconeshapewith its apex attheorigin of thetangenspace.

Figure 7: Differencebetweentangentpro les with (bottom)and
without (top) thelocal alignmenttransformation.

To demonstratehe effectivenessof our geometricveri cation
algorithmonslowly rotating,curvedvortices,we conductedeveral
experimentsusingthe benthelical vortex model,with R= 1, g=
0:5, andw varyingfrom 6 down to 1. Figure8(left) illustratesthe
resultsfor w = 4, and Figure 8(right), the resultsfor w = 2. For
w < 1, thetangentpro les did not satisfythe 2p swirling criterion
(i.e. they did notcompletearevolutionin the (x; y)-plane).



Figure8: Effectivenesof our veri cation algorithmfor slowly ro-
tating,curvedvortices:(left) w = 4 and(right) w = 2.

6 IMPLEMENTATION DETAILS

6.1 Automatic Veri cation

The main premiseof our geometricveri cation algorithmis that
it canautomaticallydeterminethe presencer absencef a vortex
core.Tothisend,thealgorithmmustbeableto performveri cation
without ary userinteraction.Givena candidatesortex core,theal-
gorithmproceedso rst locatethetip of thecore;morespeci cally,
it locatesthe upstreanextentof the vortex core. Oncethe starting
pointis located,t seedstreamlinegroundthatlocationandtraces
themuntil eithertheir tangentpro les satisfythe 2p swirling crite-
rion, or they exit the computationagrid. If noneof the streamlines
satisfythe2p swirling criterion,thenit proceedslovnstreamin the
directionof the core,to a nearbypoint within the coreregion, (e.g.
onegrid cell unit away from the precedingpoint). The algorithm
repeatghe above procedureuntil eitherthe 2p swirling criterionis
satis ed, or the startingpointis locatedoutsidethe boundingbox.

Thesearchdownstreanfor swirling streamliness necessarpe-
causeexisting detectionalgorithmsdo not produceideal candidate
vortex cores.Besideghe falsepositivesthataregeneratedan ac-
tual vortex coremaybe detectedasseveralindividual pieceq4], or
it may be aggrgatedwith othergrid pointsinto a region thatdoes
not swirl everywherd7]. It is for thelatterreasorthatwe perform
an exhaustve searchover the length of the candidatevortex core.
Consequentlydecidingthata candidatesortex coreis notanactual
vortex corerequireshe mostcomputation.

6.2 Starting Point

Dependingon the sgmentationprocessandthe orientationof the
vortex, it is not known a priori wherethe upstreamextent of the
candidatecoreregionis located.Our heuristicfor locatingthestart-
ing pointof theveri cation algorithminvolvestheboundingbox of

thecoreregion. In the procesof computingthe boundingbox, the
six boundarygrid cellsof the coreregion, tangento the six bound-
ing planesareidenti ed automatically For eachgrid cell, compute
theinnerproductbetweerits coredirectionvectorandtheinward-
pointingnormalof its tangentboundingplane.If theinnerproduct
is negative, thenits coredirectionvectormustbe pointing outside
the boundingbox; similarly, if it is positive, its coredirectionvec-
tor mustbe pointinginsidethe boundingbox. Choosethe grid cell

with thelargestpositive innerproductto bethe startingpoint of the
veri cation algorithm. (It shouldbe notedthatthis heuristicis un-
necessaryor candidatecorelines, sinceoneits two endshasto be

thestartingpoint.)

6.3 Seeding Strategy

To furtherexploit the candidatevortex cores,we present feature-
guidedseedingstratgly designedspeci cally for seedingstream-
lines neara vortex core. Givena point within a coreregion, com-
puteits directionvector The seedpointsare placedon the swirl
plane, normal to the direction vectot equidistantfrom the core
point. In otherwords,the seedpointsareuniformly distributedona
circlein the swirl plane.For anidealvortex core,this arrangement
would producethe mostnumberof swirling streamlinesgiventhat
theradiusof thecircleis within theswirl region. In theexperiments
we have conductedthe distancerom the core,beyondwhich most
streamlinestopswirling, variesfrom fty grid cellsfor ahighgrid
resolutionto ve grid cellsfor alow grid resolution.

6.4 Probe Vectors

Theprobevectorsarecomputedor every pointalongastreamline.
Sincethey probe a vortex corefor the directionvectors,it is es-
sentialfor themto point consistentlytoward the coreregion from

the streamline.To accomplishthis, we introducea procedurethat
iteratively computeghe probevectorshasedn therotationsof the
tangentvectorsin tangentspace. For eachstreamline the proce-
dureinitializesthe rst probevectorby subtractingits seedpoint

from the startingpoint. Sincethe seedpointliesin the swirl plane
of thestartingpoint, theinitial probevectorcertainlypointstoward

thecoreregion.

As a streamlineswirls arounda vortex core, the probevectors
mustrotatealongwith it in orderto maintainits focuson the vor-
tex core. Therotationbetweerthe probevectorsis identicalto the
rotation betweenthe tangentvectors. Therefore,after computing
theinitial tangentvector and probevector computethe next tan-
gentvector determinethe rotationin tangentspacebetweenthe
two tangentvectors,andapplytherotationto theinitial probevec-
tor to generatehe next probevector And the procedurdteratesby
alternatelycomputingthe tangentvectorandthe probevector

7 RESULTS

Besidesthe Rankinevortex and the bent helical vortex, we also
testedour geometricveri cation algorithmon threeotherdatasets.
The rst dataseis the testtornadodatasefrom LLNL [3], illus-
tratedin Figure1l. The dataseis de ned on a 483 cartesiangrid.
Theonly vortex coredetectedn this datasets curvedattwo places
in themiddle andis illustrated,alongwith its swirling streamlines,
in Figure1(middle). Our veri cation algorithmwasableto iden-
tify swirling streamlineghroughoutthe extent of the vortex core.
Figure 1(left) illustratesone suchstreamline spanningthe entire
lengthof thevortex core,alongwith its tangentvectorsandcoredi-
rectionvectors,coloredin purple. To demonstratéhe veri cation
processn moredetail, we seeded streamlinenearoneof thetwo
cuned portionsof the core. Figure 1(right) illustratesthe tangent
vectorsandthe probevectorsalongthis streamline Dueto thehigh
rotationalvelocity aroundthe core, the tangentvectorsare nearly
coplanarwith the (x;y)-planein tangentspace. In this case,the
tangentpro le readilysatis esthe2p swirling criterion.

The next datasetve testedis the blunt n datasetde ned ona
40x32x32 curvilineargrid. Therearethreevortex coresdetectedn
this dataset:one alongthe oor andtwo alongthe n. They are
illustratedFigure 9 alongwith their swirling streamlines.For the
vortex corealongthe oor, its rotationalvelocity is relatively low,
andits swirling streamlinedadequickly downstreamfrom its tip.



Figure9: Blunt n dataset

Upon a closerinspectionin Figure 10(topleft), both the corere-
gion andthe streamlinesxhibit a at shapehatdoesnotresemble
the cylindrical shapeof anidealvortex. In the at regionsin Fig-
ure 10(topright), the tangentvectorsare nearly colinear creating
two clustersin tangentspacethatareoppositeof eachother Even
in this casethetangentpro le satis esthe2p swirling criterion.

The last datasetwe testedwas the delta wing datasetfrom
NASA, de ned on a 67x20%49 curvilineargrid, with an angleof
attackat 30 . With this datasetwe candemonstrateot only the
veri cation procesdor vortex coresbut alsothe elimination pro-
cessfor falsepositives. In total, thereare fourteendetectedvor-
tex coresin this datasetpf which six exhibit swirling motionand
the othereight do not. We attribute theseeight false positivesto
be artifactsof the detectionalgorithm. Figure 11(left) illustrates
the six vortex coresin yellow andthe eightfalsepositivesin light
green.Figure11(middle)illustratesthe six vortex coresalongwith
their swirling streamlinesFor thetwo wing-edgevortices,our ver
i cation algorithmdid not identify ary swirling streamlinequntil
reachingthe middle portion of their vortex cores.Figure11(right)
illustratesthe tangentvectorsand probe vectorsalong a swirling
streamlineof the vortex coreon the left wing. Thetangentpro le
clearlysatisi esthe 2p swirling criterion.

Figurel2illustratesthe differencein tangentpro les betweera
vortex core and a false positive. Whereashe top tangentpro le
clearly satis esthe 2p swirling criterion, the bottomonedoesnot.
The bottomtangentpro le is typical of streamlinedrom the false
positive: the anglespanneds lessthanonequadraniof the (x;y)-
planein tangentspace.The slight bentin the streamlinesaccount
for mostof thevariationsin thetangentpro le.

8 CONCLUSION

We have presentedh geometricveri cation algorithmfor vortical
featuresin ow elds. This algorithmaddressethe needto deal
with falsepositivesthatareinevitably generatedrom existing de-
tectionalgorithms. It automateghe visual inspectionprocesghat
hasbecomehedefactomethodfor verifying detectedesults.With-
outaformalde nition, ourveri cation algorithmproceedso iden-
tify theswirling streamlineshatarecommonlyassociateavith 3D
vortices. Given a candidatevortex core,our veri cation algorithm
automaticallysearche$or the swirling streamlinesurroundinghe
coreregion, wherethe measurdor swirl is de ned in termsof the
differential geometrypropertiesof the streamline. We have suc-
cessfullydemonstratedhe ef cacy of our approachusing several

Figure 10: Despitethe atness of the vortex core region andits
swirling streamlinesits tangenpro le still satis esthe2p swirling
criterion.

standardexamplesanddatasets.

Oneof thelimitationsof ourapporoachis thatit doesnotaddress
the frameof referenceassuethatis centralto unsteadyo ws. Our
veri cation approachmay encountedif culty with vorticesin un-
steady o ws. In our opinion, thisis a dif cult problemthathasnot
beenaddresseddequatelyWe planto addresghis issueformally
in future work, alongwith trackingswirling featuresrobustly and
efciently in unsteadyo ws.

9 ACKNOWLEDGMENTS

We would like to thankProf. Han-Wei Shenfrom The Ohio State
Universityfor providing uswith the deltawing dataset.This work

is partially fundedby the NSF underthe Large Dataand Scienti ¢

Software VisualizationProgram(ACI1-9982344),the Information
TechnologyResearctProgram(ACS-0085969)a grantfrom the
Army ResearctOf ce (DAA D19-00-1-0155)and an NSF Early
CareerAward (ACI-9734483). We alsothank the anorymousre-
viewersfor mary usefulsuggestions.

REFERENCES

[1] D. C.BanksandB. A. Singer A PredictorCorrectorTech-
niguefor VisualizingUnsteadyFlow. IEEE Trans.on Visual-
izationand ComputerGraphics 1(2):151-1631995.

[2] C. H. BerdahlandD. S. Thompson. Eductionof Swirling
Structure Using the Velocity Gradient Tensor AIAA J.,
31(1):97-103Januaryl993.

[3] R.Cravs andN. Max. Texture Splatsfor 3D Vector and
ScalarField Visualization. In Proc. IEEE Msualization'93,
pagex261-2660ctoberl993.

[4] R.HaimesandD. Kenwright. Onthe Velocity GradientTen-
sorandFluid FeatureExtraction.In AIAA 14thComputational
Fluid DynamicsConfeence Paper99-3288 June1999.



Figure11: The deltawing dataset:(left) vortex coresin yellow andfalsepositivesin light green,(middle) vortex coresandtheir swirling
streamlinegnd(c) veri cation procesdor theright wing vortex.

Figure12: Differencein tangenipro les betweeravortex coreand
afalsepositive.

(5]

(6]

(7]

(8]

9]
[10]

M. Henle. A Combinatoriallntroductionto Topolagy. Dover,
1979.

J.JeongandF. Hussain.Ontheldenti cation of a Vortex. J.
Fluid Medhanics 285:69-941995.

M. Jiang, R. Machiraju, and D. Thompson. A Novel
Approach to Vortex Core Region Detection. In Joint
Eurographics-IEEE TCVG Symposiumon Misualization
page217-225May 2002.

Y. Levy, D. Degani,andA. Sgginer GraphicalVisualization
of Vortical Flows by Meansof Helicity. AIAAJ., 28(8):1347—
1352,August1990.

H. Lugt. Vortex Flow in Nature and Technolagy. Wiley, 1972.

R. Machiraju,J. Fowler, D. S. ThompsonW. Schroederand
B. K. Soni. EVITA - Ef cient VisualizationandInterrogation

(11]

(12]

(13]

(14]

(15]

(16]

(17]

(18]

(19]

of Tera-ScaleData. In Data Mining for Scienti ¢c and En-
gineeringApplications pages257-279.R. Grossmaret al.,
eds. Kluwer AcademicPublisher2001.

R. PeilertandM. Roth. The"Parallel Vectors”Operator- a
VectorField VisualizationPrimitive. In Proc. IEEE Msual-
ization'99, page263-2700ctober1999.

L. M. Portela.ldenti cation and Characterizationof \ortices
in the TurbulentBoundaryLayer. PhD thesis,StanfordUni-
versity, 1997.

S.K. Robinson.CoherentMotionsin the TurbulentBoundary
Layer. Ann.Rev. Fluid Medchanics 23:601-6391991.

M. Roth. Automatic Extraction of Vortex Core Lines and
Other Line-Type Featues for Scienti ¢ Visualization PhD
thesis,SwissFederalnstituteof Technology2000.

M. RothandR. Peilert. A HigherOrderMethodfor Finding
Vortex CorelLines. In Proc. IEEE Misualization'98, pages
143-1500ctober1998.

I. A. Sadarjoen.Extraction and Visualizationof Geometries
in Fluid Flow Fields. PhD thesis,Delft University of Tech-
nology 1999.

I. A. SadarjoenF. H. Post,B. Ma, D. C. Banks,andH. G.
Pagendarm.Selectve Visualizationof Vorticesin Hydrody-
namic Flows. In Proc. IEEE Msualization'98, pages419—
422,558 0ctober1998.

D. SujudiandR. Haimes. Identi cation of Swirling Flow in
3D VectorFields.In AIAA12thComputationaFluid Dynam-
ics Confeence Paper95-1715 Junel995.

D. Thompson,R. Machiraju, M. Jiang,J. Nair, G. Craciun,
andS.Venkata Physics-BasedreatureMining for LargeData
Exploration. IEEE Computingin Scienceand Engineering
4(4):22-30,July 2002.



