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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 �o w �elds, basedon thegeometryof streamlines.Thefea-
turesof interestin this caseare vortices. Without a formal de�-
nition, existing detectionalgorithmslack the ability to accurately
identify thesefeatures,and the currentmethodfor verifying the
accuracy of their resultsis by humanvisual inspection. Our ver-
i�cation algorithmaddressesthis issueby automatingthevisualin-
spectionprocess.It is basedon identifying theswirling streamlines
that surroundthe candidatevortex cores. We apply our algorithm
to bothnumericallysimulatedandprocedurallygenerateddatasets
to illustratetheef�cacy of ourapproach.

Keywords: featureveri�cation, vortex detection,�o w �eld visu-
alization

1 INTRODUCTION

Large-scalecomputational�uid dynamicssimulationsof physical
phenomenaproducedataof unprecedentedsize.Unfortunately, de-
velopmentof appropriatedatamanagementandvisualizationtech-
niqueshas not kept pacewith the growth in size and complex-
ity of suchdatasets.One paradigmfor large-scalevisualization
is to browseregionscontainingsigni�cant featuresof the dataset
while accessingonly thedataneededto reconstructtheseregions.
Thecornerstoneof thisvisualizationparadigmis arepresentational
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schemethat facilitatesprogressive accessto macroscopicfeatures
in the dataset[10]. In this approach,an automaticfeaturedetec-
tion algorithmis usedto accuratelyidentify andrankcontextually
signi�cant features.

In general,a featurecanbe de�ned asa patternoccurringin a
datasetthatis themanifestationof correlationsamongvariouscom-
ponentsof thedataset.Theswirling featuresin �o w �elds, which
arethecentralsubjectof this paper, arecommonlycalledvortices.
By mostaccounts[9, 12, 13], a vortex is characterizedby swirling
motionof �uid aroundacentralregion. Fromthemorningcoffeeto
theeveningbath,it is perhapsoneof themostcommonandnatural
phenomenaoccurringin everydaylife. Yet, it' s very de�nition still
eludesthosewhoareactive in its pursuit.

Despitethis lack of formalism,variousdetectionalgorithmsex-
ist thatcanidentify, to acertaindegree,theseswirling features.The
mainde�ciency commonto thesealgorithmsis not the falseposi-
tiveswhich they may produce,but rathertheir inability to distin-
guishthefalsepositivesfrom thetrueswirling features.For many,
this is due to their heavy relianceon the velocity gradienttensor
asa local tool for identifying global features,suchasvortices[4].
As notedby Thompsonet al. [19], theselocal techniquesare in-
herentlyproblematicbecausethey donot incorporatethenecessary
informationinto their detectionprocessfor aglobalfeature.

Theability to verify thecorrectnessof a candidatefeatureis es-
sentialfor any feature-basedvisualizationparadigm.Featureveri�-
cationcannotonly improvethequalityof theidenti�cation process,
but alsoimprove its overall performanceby obviating the needto
applycomputationallyexpensive detectionalgorithmsat all points
in the �eld. Inexpensive andlessaccuratetechniquescanbeused
to identify candidatefeatureswhich arethensubjectedto the ver-
i�cation process.By operatingonly on thecandidatefeatures,the
moreexpensive veri�cation processis madecomputationallyef�-
cient.Thismodusoperandi is indispensiblein thecontext of large-
scaledatasets.Further, for featuressuchasvortices,aggregatever-



i�cation techniquescanbedevelopedthatcapturetheglobalnature
of thefeature[19].

In this paper, we presentanautomaticveri�cation algorithmfor
3D swirling featuresin �o w �elds. This work is anextensionfrom
our previouswork [7] on ef�ciently detectingvortex coreregions.
We presenta geometricapproachto verifying vorticesthat is most
consistentwith the notion of a swirling �o w. In the absenceof a
formal de�nition, this is themostlogical approachto take for such
a visually recognizablefeature.Givena candidatevortex core,we
measurecertaindifferential geometrypropertiesof the surround-
ing streamlinesto determinewhetheror not thesestreamlinesare
swirling aroundthe coreregion. If the streamlinessatisfyour 2p
swirling criterion for 3D vortices,thenfrom a geometricperspec-
tive, thecandidatevortex coreis anactualvortex core.

Ourpaperis structuredasfollows. We�rst provideabrief review
of existing vortex detectionalgorithmsanddiscusssomeof the is-
suesinvolvedin vortex de�nition. Wethendescribethevortex core
region detectionalgorithmthatwe useto identify candidatevortex
cores.Then,weprovidetheimplementationdetailsbehindourver-
i�cation algorithmandthe resultsthatdemonstratetheef�cacy of
ourapproach.Finally, wedraw conclusionsasto therelativemerits
of our featureveri�cation algorithm.

2 PREVIOUS WORK

To ourknowledge,noattemptshavebeenmadeto addresstheissue
of featureveri�cation asapost-processingstepof featuredetection
in computationaldatasets.AlthoughPeikertandRoth[11,14] have
suggestedusing their parallel vectorsoperatorto corroboratethe
resultsfrom anotherdetectionoperator, their suggestedapproach
lackstheability to exploit the initial detectedresultsfor computa-
tionalef�ciency. Moreimportantly, theirsuggestedapproachoffers
little to addresstheissueof dealingwith falsepositives.

For completeness,webrie�y review severaldetectionalgorithms
in theliterature.Thoughthesereviews arenot meantto beexhaus-
tive, they provide a fairly goodoverview of the stateof the art in
detectingvorticesin �o w �elds. Thedetectionalgorithmchosenfor
veri�cation is basedon our previouswork [7] on ef�ciently detect-
ing vortex coreregions.Wedeferits discussionto a latersection.It
shouldbenotedthateachof thesealgorithmsdescribedbelow may
generatefalsepositivesandmissotherwiseobviousvortices.

The �rst groupof methodsis basedon isosurfacesof a scalar
�eld. Levy et al. [8] developeda methodon the assumptionthat
a vortex coreis locatedin a region wherethe normalizedhelicity
V�(ÑV)
jVjjÑVj approaches� 1. In BerdahlandThompson's [2] method,
theassumptionis that two of theeigenvaluesof thevelocity gradi-
enttensorarea complex conjugatepair in regionsof swirling �o w.
A parametertermedthe “swirl” is de�ned at eachpoint in thedo-
main using the magnitudeof the imaginarypart of the conjugate
pair andthevelocity in theplaneperpendicularto theeigenvector.
Accordingto [2], theswirl is nonzeroin regionscontainingvortices
andattainsa localmaximumin thecoreregion.

JeongandHussian[6] de�ned a vortex basedon thesymmetric
deformationtensorSandtheantisymmetricspintensorW. Accord-
ing to [6], if thesecondlargesteigenvalueof S2 + W2 is negativeat
a point, thatpoint is containedwithin a vortex. Additionally, if the
secondinvariantof the velocity gradienttensor 1
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positiveatapoint, thepoint is containedwithin avortex. Themain
disadvantagewith thesemethodsis theirdif�culty in automatically
distinguishingtheindividual vortices.

Thesecondgroupof methodsis basedon theextractionof vor-
tex corelines.BanksandSinger[1] developedapredictor-corrector
algorithmbasedon theassumptionsthatthevortex coreis avortic-
ity line (a streamlinein thevorticity �eld) andthatpressureshould
beminimumin thecore.SujudiandHaimes[18] describeda line-

basedmethodthat extractsthe vortex coreby locatingpointsthat
satisfythefollowing two conditions:1) thevelocitygradienttensor
hasa pair of complex eigenvaluesand2) thevelocity in theplane
perpendicularto the realeigenvectoris zero. By connectingthese
points,a line segmentrepresentingthe vortex coreis constructed,
thoughit is not alwayspossibleto form a contiguousline. To ad-
dressthis problem,HaimesandKenwright[4] recastthealgorithm
to beface-basedratherthancell-based.

RothandPeikert[15] proposedadifferentapproachfor detecting
corelinesusingtheparallelvectoroperator. Ratherthanperform-
inganeigen-analysisonthevelocitygradienttensor, theiralgorithm
detectsfor parallelalignmentbetweenthe velocity vectorandthe
accelerationvector. Theirapproachwasespeciallydesignedfor tur-
bomachinerydatasets,whichoftencontainweaklyrotatingvortices
with nonnegligible curvature. WhereasSujudi and Haimes' [18]
methodhasdif�culty with curvedvortices,theirs' performsa cor-
rectionfor thecurvatureby takingsecond-orderderivativesinto ac-
count. Themaindisadvantageswith thesemethodsaretheir com-
putationalcomplexity andinability to producecontiguouslines.

Thethird groupof methodsis basedon thegeometricproperties
of streamlines.Portela[12] developeda collectionof mathemati-
cally rigorousde�nitions for avortex, usingsettheoryanddifferen-
tial geometry. Essentially, hisde�nitions arebasedontheideathata
vortex is comprisedof acentralcoreregionsurroundedby swirling
streamlines.His 2D methoddetectsvorticesby verifying whether
or not the winding angleof streamlinesarounda grid point is a
scalarmultiple of 2p. Sadarjoenet al. [16, 17] proposeda simpli-
�cation to the2D winding-anglemethod,by usingthesummation
of signedanglesalongastreamlineinstead.Themaindisadvantage
with thesemethodsis thatthey lackaviable3D counterpartto their
2D approach– windinganglesareonly meaningfulin 2D.

3 SWIRLING FEATURES

Withoutaformalde�nition, it is notunreasonableto consideravor-
tex asa swirling feature.Amongtheexisting de�nitions, theasso-
ciationof swirling motionwith thepresenceof avortex is themost
commonthread.This associationstemsfrom our visualperception
of theswirling phenomenathatarepervasive throughoutthenatu-
ral world. However, translatingthatperceptualunderstandingof a
vortex into a formal de�nition hasbeenquitea challenge.Thedif-
�culty lies in thegeneralityof suchde�nitions. Lugt [9] proposed
thefollowing de�nition for thepresenceof avortex.

A vortex is therotatingmotionof a multitudeof material
particlesarounda commoncenter.

Theproblemwith thisde�nition is thatit is toovague.Although
it is consistentwith visualobservations,it doesnot lenditself read-
ily to designsfor adetectionalgorithm.Termssuchasrotatingmo-
tion andmaterialparticlesareeasyto conceptualize,but dif�cult to
implement. In light of this, Robinson[13] attemptedto provide a
moreconcretede�nition of a vortex, by specifyingthe conditions
for detectingrotatingmotionin 3D.

A vortex existswheninstantaneousstreamlinesmapped
ontoa planenormalto thevortex coreexhibit a roughly
circular or spiral pattern,whenviewedfroma reference
framemovingwith thecenterof thevortex 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
thedevelopmentof aneffectivedetectionalgorithm[1]. In general,
it is dif�cult to detectthecorrectreferenceframesfor all typesof
vortical �o ws.



More recently, Portela[12] developeda collectionof mathemat-
ically rigorousde�nitions for avortex, usingelementarytoolsfrom
set theoryanddifferentialgeometry. Although his 2D de�nitions
are repletewith pedantriesand subtleties,his 3D de�nitions ap-
pearlessnovel andultimately resemblethoseof Robinson's [13].
However, the intuition behindhis de�nitions is quite simple and
general:a vortex is comprisedof a centralcoreregion surrounded
by swirling streamlines.Heappealedto theJordanCurveTheorem
to distinguishthe centralcoreregion of a vortex andthe winding
angleconceptto measuretheswirling of streamlines.Thewinding
angleof a streamlinemeasurestherotationof thatstreamlinewith
respectto a given point. Satisfyingthe swirling criterion means
thestreamlinemusthave a winding angleof at least2p. Notethat
thisapproachis inherentlylimited to 2D. Whereasin 2D, curvature
alonedictatestherotationof a planarcurve, in 3D, bothcurvature
andtorisondictatethebendingandtwistingof thespacecurve.

4 DETECTION ALGORITHM

As a pre-processingstepto theveri�cation algorithm,mostof the
existing detectionalgorithmswould suf�ce. Theonly requirement
is that the outputof the detectionalgorithmmustbe vortex cores,
in the form of either lines or regions. In the caseof vortex core
lines,thecollectionof grid cellsintersectedby thecoreline is used
as input to the veri�cation algorithm. The necessityof this con-
versionwill becomeclearin thenext sectionwhenwe discussthe
veri�cation algorithmin detail.

The detectionalgorithmwe chosein this caseis from our pre-
viouswork [7] on ef�ciently detectingvortex coreregions. In this
approach,a combinatoriallabelingschemeis employedto identify
all the grid pointsthat belongto vortex coresandaggregatethem
into individual regions.Unlikemostof theexistingdetectionmeth-
ods,this labelingschemeis extremelyef�cient, andits ef�cacy has
beendemonstratedin [7]. Whatmakesthisapproachsoeffectiveat
detectingvortex coreregionsis its closeresemblenceto Sperner's
lemmafrom FixedPointTheoryin combinatorialtopology.
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Figure2: 3D vortex coreregiondetectionalgorithm.

The connectionbetweenvorticesand �x ed points (i.e. critical
points)arewell known [18]. WhereastheSperner's lemmalabels
theverticesof a simplex andidenti�es the�x edpointsof a labeled
subdivision [5], thedetectionalgorithmlabelsthevelocity vectors
of the grid points and identi�es grid cells that are most likely to

containcritical points.Eachvelocity vectoris labeledaccordingto
thedirectionin which it points.Sincevelocity vectorsaroundcore
regionsexhibit certain�o w patternsthat areuniqueto vortices,it
is suf�cient to examinetheimmediateneighborhoodof agrid point
for theexistenceof those�o w patterns.Thisprocedureis suf�cient
for detecting2D vortex coreregions.

In 3D, it is necessaryto approximatethe coredirectionvector
�rst, and then project the neighboringvelocity vectorsonto the
planenormalto it, beforeapplyingtheabove procedureto thepro-
jectedvelocity vectors. We refer to this planeas the swirl plane
becauseinstantaneousstreamlinesprojectedontothisplaneexhibit
a swirling patternthat is commonlyassociatedwith 2D vortices.
Figure 2 illustratesthe 3D algorithm, along with the swirl plane
and the combinatoriallabeling scheme. Potentialcandidatesfor
the coredirectionvector includethe vorticity vector[1], which is
one of the leastcomputationallyintensive methods,and the real
eigenvector[18], which is oneof the mostcomputationallyinten-
sive methods.Whatmakesthe3D algorithmuniqueis its relative
insensitivity to coredirectionapproximations.In thedetectionpro-
cess,using the vorticity vector to approximatethe core direction
vectorcanbejustaseffectiveasusingtherealeigenvector.

The advantageof this approachover other vortex core region
detectionalgorithmsis its ability to segmentthe core regions in-
dividually. This would allow theveri�cation algorithmto proceed
directly without any extra processing. Its advantageover vortex
core line detectionalgorithmsis its computationalef�ciency, due
to the combinatorialnatureof the detectionalgorithm. Although
a vortex coreline canmorepreciselyrepresenta vortex core,this
doesnot imply its detectionprocessis moreaccurate.This increase
in theprecisionof representationcaneffectanincreasein thecom-
plexity of thedetectionprocess,atradeoff thatis unnecessaryin the
context of theveri�cation algorithm.

5 GEOMETRIC VERIFICATION

With the existing detectionalgorithms,one of the most effective
meansto ascertainthe accuracy of the detectedresultsis through
visual inspection.By seedingstreamlinesnearthedetectedvortex
cores,onecanvisualizetheswirling patternsthataregenerallyas-
sociatedwith vortices. Both [15] and[18] utilized this strategy to
build a convincing argumentfor the validity of their results. The
problemwith visual inspectionis that it requireshumaninterven-
tion, a processthat is contraryto the automaticnatureof the de-
tectionalgorithm. And in the context of large-scaledatasets,the
inspectionprocessbecomeshighly infeasible.

The geometricveri�cation algorithmwe proposeaddressesthe
above issueby automatingthevisualinspectionprocess.Sincefor-
malveri�cation is notpossiblewithoutaformalde�nition, geomet-
ric veri�cation is thelogicalalternative. By identifyingtheswirling
patternssurroundinga candidatevortex core,our veri�cation algo-
rithm canarbitratethe presenceor absenceof a vortex mostcon-
sistentlywith visualscrutiny. Althoughtherearelimitationsto the
visualinspectionprocess,it is morepracticalto formalizethatpro-
cess,asa way to addressthe falsepositive issue,thanto propose
yetanothervortex de�nition.

Given a candidatevortex core,the underlyinggoal of our geo-
metricveri�cation algorithmis to identify theswirling streamlines
surroundingit, by usingelementarydifferentialgeometryproper-
ties of the streamlines.For the 2D case,both [12] and[17] have
presentedmethodsthataresuf�cent for identifying planarswirling
streamlines.As describedpreviously, thesemethodsinvolve mea-
suring the winding angleof a planarstreamlineand checkingif
the winding angleis at least2p, which is a clear indication that
thestreamlineis swirling. However, bothapproachescannotbedi-
rectly extendedinto 3D, becausethe winding anglemeasurement
they useis inherently2D.



To remedythis problem, Portela [12] proposedreducingthe
problemfrom 3D to 2D by projectingthelocalvelocityvectorsonto
theplanenormalto thevortex coredirection,theswirl plane.Note
thatthis is similiar to whatRobinson[13] proposedasthede�nition
of a vortex. Theproblemwith this approachis decidingwhich lo-
cal velocityvectorsto projectontotheswirl plane.Not only would
therebe an issuewith the sizeof the projectedneighborhood,so
that enoughvelocity vectorsareprojectedonto the swirl planeto
apply the2D algorithm,but alsowith thedistortioncausedby the
projectedgrid structure. To our knowledge,no viable algorithm
basedonPortela's [12] proposedideaexists.

Similarly, projectingstreamlinesonto a swirl plane,asRobin-
son[13] hasproposed,is alsoproblematicbecausethecoredirec-
tion along a vortex core can vary dependingon the curvatureof
the vortex core. Like tangentsalonga spacecurve, the direction
vectorat a particularpoint alonga vortex coreonly approximates
thecoredirectionwithin a smallneighborhood.Therefore,assoon
asthestreamlineis tracedoutsideof thatneighborhood,thevalid-
ity of theprojectedstreamlineon theswirl planebecomessuspect.
Thesituationis exacerbatedby slowly rotatingstreamlinesaround
curvedvortex cores,suchasthosein turbomachinary�o w �elds de-
scribedby [15]. As BanksandSinger[1] correctlypointedout,this
approachdoesnot lenditself convenientlyto aviablealgorithm.

Measuringtheswirling of a 3D streamlineis a nontrivial prob-
lem. Thedif�culty arisesfrom streamlinesthatswirl aroundcurved
vortex cores.As the de�ciency in Robinson's [13] proposalillus-
trates,the measurementprocessfor 3D swirling hasto take into
accountthecurvatureof thevortex core. To addressthis issue,we
introduceprobevectors,which canbe computedalonga stream-
line at eachpoint. As its namesuggests,a probevectorprobesthe
vortex corefor thedirectionvectorat thatparticularpoint. Sincea
directionvectorapproximatesthe local behavior of a vortex core,
it providesthenecessarycurvatureinformationto themeasurement
process.

Wealsointroducealocalalignmentprocess,basedontheprobed
directionvectors,to accommodatevortex coreswith nontrivial cur-
vatures. The processindividually rotatesthe directionvectorsto
align with the z-axis, andthenappliesthe sametransformationto
thestreamline.Fromastreamline'sperspective,thistransformation
would locally straightenany curved vortex cores. Consequently,
the transformedstreamlinecan be projectedonto the (x;y)-plane
for the 2D winding anglecomputation. However, locally trans-
formingthestreamlinecanresultin irregulargeometry, becausethe
alignmenttransformationis nonuniformfor curvedvortex cores.To
avoid this problem,we transformthe tangentvectorsof a stream-
line instead.In tangentspace,the transformedtangentvectorsare
projectedonto the (x;y)-planeto createa tangentpro�le. Rather
thancomputingthewinding angleof theprojectedstreamline,we
computetheanglespannedby thetangentpro�le to determineif it
satis�esthe2p swirling criterion.

Beforediscussingthe implementationdetailsof our geometric
veri�cation algorithm,we illustrate it using two canonicalexam-
ples from the literature: the Rankinevortex and the bent helical
vortex. Thesetwo vorticesareidealfor demonstratingthegeomet-
ric veri�cation process,becausethe geometryof their streamlines
areuniform.

5.1 Rankine Vor tex
A �uid motioncomposedof a solid bodyrotationwith angularve-
locity Wwithin a certainradiusR anda potentialvortex outsideof
this radiusis calleda Rankinevortex [9]. TheRankinevortex is a
goodmodelfor a realvortex becauseof theconcentratedvorticity
in its coreregion andthe decayof the circumferentialvelocity as
thedistancefrom thecoreis increased.For the three-dimensional
vortex, we have addeda constantvelocity U alongthe axis of the

Figure3: 3D Rankinevortex

vortex (in thiscase,thez-axis).Theequationsdescribingtheveloc-
ity �eld of theRankinevortex aregiven in cylindrical coordinates
(r;q;z) by

ur = 0

uq =

8
<

:

Wr; r � R

WR2
r ; r > R

uz = U

(1)

Thevelocity �eld de�ned by Equation1 satis�esthecontinuity
equationfor incompressible�o w andthereforerepresentsa kine-
maticallypossiblevelocity �eld. Figure3 illustratesaRankinevor-
tex with R = 0:1 and W= 10. The velocity �eld was generated
on a 1283 cartesiangrid. Theyellow region is anextractedisosur-
face,representingthevortex coreregion,andthebluelinesarethe
swirling streamlines,seedednearthevortex coreregion.

(a) (b)

(c)

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

Figure4 illustratesthetangentvectors,probevectorsandtangent
spacecomputedalonga streamline.The dark greenarrows along
the streamlinein Figure4(a) arethe tangentvectors. The orange
red arrows pointing toward the vortex core in Figure4(b) are the



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

probevectors. And Figure4(c) is the tangentspace,in which the
tangentvectorsareprojectedonto the (x;y)-planeto generatethe
tangentpro�le.

To illustrate the geometricveri�cation process,we seededa
streamlinenearthevortex coreandtracedit for one-thirdof aspiral,
andthenfor anotherone-third.This is illustratedin Figure5. Fig-
ure5(left) illustratesthe �rst third andFigure5(right), thesecond
third. Notethesteadyprogressionof thetangentpro�le aroundthe
(x;y)-planeasthestreamlinespiralsaroundthevortex core. Each
completespiral correspondsto a completerevolution in the (x;y)-
planeof thetangentspace.

5.2 Bent Helical Vor tex

The benthelical vortex is an importantmodelfor turbomachinery
�o w �elds [14]. Themodelconsistsof ahelical�o w �eld built from
a rigid rotationin the(x;z)-plane,a constantmotion in y-direction
anda bentof radiusR in the(x;y)-plane.Thevelocity �eld for the
benthelicalvortex is givenin the(x;y;z) coordinatesystemby

ux = � w x zR
r2 � g y

r

uy = � w y zR
r2 + g x

r

uz =
�

R � R2
r

�
w

(2)

wherer =
p

x2 + y2.

R is the radiusto which the vortex core is bent,g is the axial
componentalongthecore,andw is the rotationcomponentabout
thecore.This �o w �eld haszerodivergence(i.e. it conservesmass
for a incompressiblemedium),but it is not an exact solution of
the Navier-Stokesequations,andit possessesa singularityon the
z-axis. However, in the vortex coreregion thereareno singulari-
tiesor critical points,andsimilar �o w patternshave beenfoundin
numericalsolutionsfrom aNavier-Stokessolver [14].

Figure6: Benthelicalvortex [14]

Figure6 illustratesa benthelicalvortex with R= 1, w = 6 and
g = 0:5. Thevelocity �eld wasgeneratedon a 1283 cartesiangrid.
Theyellow region representsthedetectedvortex core,andtheblue
lines, the swirling streamlines.Clearly, the vortex core is curved
with a nontrivial curvature. To illustrate the ef�cacy of our local
alignmenttransformation,we seeda streamlinenearone end of
the bentvortex coreandcomputeits tangentspaceboth with and
without thetransformation.Figure7(left) illustratesthestreamline,
alongwith its tangentvectorsandprobevectors. Figure7(right)
illustratesboth tangentspaces.The differencebetweenthe two is
quite clear: without transformation,the tangentvectorscanpoint
in variousdirectionswithout any particularorder, andwith trans-
formation,thetangentvectorsuniformly revolve aroundthez-axis,
formingaconeshapewith its apex attheoriginof thetangentspace.

Figure 7: Differencebetweentangentpro�les with (bottom) and
without (top) thelocalalignmenttransformation.

To demonstratethe effectivenessof our geometricveri�cation
algorithmonslowly rotating,curvedvortices,weconductedseveral
experimentsusingthe benthelical vortex model,with R = 1, g =
0:5, andw varyingfrom 6 down to 1. Figure8(left) illustratesthe
resultsfor w = 4, andFigure8(right), the resultsfor w = 2. For
w < 1, thetangentpro�les did not satisfythe2p swirling criterion
(i.e. they did not completea revolution in the(x;y)-plane).



Figure8: Effectivenessof 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 algorithm is that
it canautomaticallydeterminethepresenceor absenceof a vortex
core.To thisend,thealgorithmmustbeableto performveri�cation
without any userinteraction.Givena candidatevortex core,theal-
gorithmproceedsto �rst locatethetip of thecore;morespeci�cally,
it locatestheupstreamextentof thevortex core. Oncethestarting
point is located,it seedsstreamlinesaroundthatlocationandtraces
themuntil eithertheir tangentpro�les satisfythe2p swirling crite-
rion, or they exit thecomputationalgrid. If noneof thestreamlines
satisfythe2p swirlingcriterion,thenit proceedsdownstream,in the
directionof thecore,to a nearbypoint within thecoreregion, (e.g.
onegrid cell unit away from the precedingpoint). The algorithm
repeatstheabove procedureuntil eitherthe2p swirling criterionis
satis�ed,or thestartingpoint is locatedoutsidetheboundingbox.

Thesearchdownstreamfor swirling streamlinesis necessarybe-
causeexisting detectionalgorithmsdo not produceidealcandidate
vortex cores.Besidesthe falsepositivesthataregenerated,anac-
tualvortex coremaybedetectedasseveralindividualpieces[4], or
it maybeaggregatedwith othergrid pointsinto a region thatdoes
not swirl everywhere[7]. It is for thelatterreasonthatwe perform
an exhaustive searchover the lengthof the candidatevortex core.
Consequently, decidingthatacandidatevortex coreis notanactual
vortex corerequiresthemostcomputation.

6.2 Star ting Point
Dependingon the segmentationprocessandthe orientationof the
vortex, it is not known a priori wherethe upstreamextent of the
candidatecoreregionis located.Ourheuristicfor locatingthestart-
ing pointof theveri�cation algorithminvolvestheboundingboxof
thecoreregion. In theprocessof computingtheboundingbox, the
six boundarygrid cellsof thecoreregion,tangentto thesix bound-
ing planes,areidenti�ed automatically. For eachgrid cell, compute
theinnerproductbetweenits coredirectionvectorandtheinward-
pointingnormalof its tangentboundingplane.If theinnerproduct
is negative, thenits coredirectionvectormustbepointingoutside
theboundingbox; similarly, if it is positive, its coredirectionvec-
tor mustbepointinginsidetheboundingbox. Choosethegrid cell
with thelargestpositive innerproductto bethestartingpointof the
veri�cation algorithm. (It shouldbenotedthat this heuristicis un-
necessaryfor candidatecorelines,sinceoneits two endshasto be

thestartingpoint.)

6.3 Seeding Strategy
To furtherexploit thecandidatevortex cores,we presenta feature-
guidedseedingstrategy designedspeci�cally for seedingstream-
linesneara vortex core. Givena point within a coreregion, com-
pute its directionvector. The seedpointsareplacedon the swirl
plane, normal to the direction vector, equidistantfrom the core
point. In otherwords,theseedpointsareuniformly distributedona
circle in theswirl plane.For anidealvortex core,this arrangement
wouldproducethemostnumberof swirling streamlines,giventhat
theradiusof thecircle is within theswirl region. In theexperiments
wehaveconducted,thedistancefrom thecore,beyondwhichmost
streamlinesstopswirling, variesfrom �fty grid cellsfor ahighgrid
resolutionto � vegrid cellsfor a low grid resolution.

6.4 Probe Vector s
Theprobevectorsarecomputedfor everypointalongastreamline.
Sincethey probea vortex core for the directionvectors,it is es-
sentialfor themto point consistentlytoward the coreregion from
the streamline.To accomplishthis, we introducea procedurethat
iteratively computestheprobevectorsbasedon therotationsof the
tangentvectorsin tangentspace.For eachstreamline,the proce-
dure initializes the �rst probevectorby subtractingits seedpoint
from thestartingpoint. Sincetheseedpoint lies in theswirl plane
of thestartingpoint, theinitial probevectorcertainlypointstoward
thecoreregion.

As a streamlineswirls arounda vortex core, the probevectors
mustrotatealongwith it in orderto maintainits focuson thevor-
tex core.Therotationbetweentheprobevectorsis identicalto the
rotationbetweenthe tangentvectors. Therefore,after computing
the initial tangentvectorandprobevector, computethe next tan-
gent vector, determinethe rotation in tangentspacebetweenthe
two tangentvectors,andapplytherotationto theinitial probevec-
tor to generatethenext probevector. And theprocedureiteratesby
alternatelycomputingthetangentvectorandtheprobevector.

7 RESULTS

Besidesthe Rankinevortex and the bent helical vortex, we also
testedour geometricveri�cation algorithmon threeotherdatasets.
The �rst datasetis the test tornadodatasetfrom LLNL [3], illus-
tratedin Figure1. The datasetis de�ned on a 483 cartesiangrid.
Theonly vortex coredetectedin thisdatasetis curvedat two places
in themiddleandis illustrated,alongwith its swirling streamlines,
in Figure1(middle). Our veri�cation algorithmwasableto iden-
tify swirling streamlinesthroughoutthe extent of the vortex core.
Figure 1(left) illustratesone suchstreamline,spanningthe entire
lengthof thevortex core,alongwith its tangentvectorsandcoredi-
rectionvectors,coloredin purple. To demonstratetheveri�cation
processin moredetail,we seededa streamlinenearoneof thetwo
curved portionsof the core. Figure1(right) illustratesthe tangent
vectorsandtheprobevectorsalongthisstreamline.Dueto thehigh
rotationalvelocity aroundthe core,the tangentvectorsarenearly
coplanarwith the (x;y)-planein tangentspace. In this case,the
tangentpro�le readilysatis�esthe2p swirling criterion.

Thenext datasetwe testedis theblunt �n dataset,de�ned on a
40x32x32 curvilineargrid. Therearethreevortex coresdetectedin
this dataset:onealongthe �oor andtwo alongthe �n. They are
illustratedFigure9 alongwith their swirling streamlines.For the
vortex corealongthe �oor , its rotationalvelocity is relatively low,
andits swirling streamlinesfadequickly downstreamfrom its tip.



Figure9: Blunt �n dataset

Upon a closerinspectionin Figure10(top left), both the corere-
gionandthestreamlinesexhibit a �at shapethatdoesnot resemble
thecylindrical shapeof an ideal vortex. In the �at regionsin Fig-
ure 10(topright), the tangentvectorsarenearlycolinear, creating
two clustersin tangentspacethatareoppositeof eachother. Even
in thiscase,thetangentpro�le satis�esthe2p swirling criterion.

The last datasetwe testedwas the delta wing datasetfrom
NASA, de�ned on a 67x209x49 curvilineargrid, with an angleof
attackat 30� . With this dataset,we candemonstratenot only the
veri�cation processfor vortex coresbut also the eliminationpro-
cessfor falsepositives. In total, thereare fourteendetectedvor-
tex coresin this dataset,of which six exhibit swirling motion and
the othereight do not. We attribute theseeight falsepositives to
be artifactsof the detectionalgorithm. Figure 11(left) illustrates
thesix vortex coresin yellow andtheeight falsepositivesin light
green.Figure11(middle)illustratesthesix vortex coresalongwith
their swirling streamlines.For thetwo wing-edgevortices,ourver-
i�cation algorithmdid not identify any swirling streamlinesuntil
reachingthemiddleportionof their vortex cores.Figure11(right)
illustratesthe tangentvectorsand probevectorsalong a swirling
streamlineof thevortex coreon the left wing. The tangentpro�le
clearlysatisi�esthe2p swirling criterion.

Figure12 illustratesthedifferencein tangentpro�les betweena
vortex coreanda falsepositive. Whereasthe top tangentpro�le
clearlysatis�esthe2p swirling criterion,thebottomonedoesnot.
Thebottomtangentpro�le is typical of streamlinesfrom the false
positive: theanglespannedis lessthanonequadrantof the (x;y)-
planein tangentspace.Theslight bentin thestreamlinesaccount
for mostof thevariationsin thetangentpro�le.

8 CONCLUSION

We have presenteda geometricveri�cation algorithmfor vortical
featuresin �o w �elds. This algorithmaddressesthe needto deal
with falsepositivesthatareinevitably generatedfrom existing de-
tectionalgorithms. It automatesthevisual inspectionprocessthat
hasbecomethedefactomethodfor verifyingdetectedresults.With-
outa formalde�nition, ourveri�cation algorithmproceedsto iden-
tify theswirling streamlinesthatarecommonlyassociatedwith 3D
vortices.Givena candidatevortex core,our veri�cation algorithm
automaticallysearchesfor theswirling streamlinessurroundingthe
coreregion, wherethemeasurefor swirl is de�ned in termsof the
differential geometrypropertiesof the streamline. We have suc-
cessfullydemonstratedthe ef�cacy of our approachusingseveral

Figure 10: Despitethe �atness of the vortex core region and its
swirling streamlines,its tangentpro�le still satis�esthe2p swirling
criterion.

standardexamplesanddatasets.
Oneof thelimitationsof ourapporoachis thatit doesnotaddress

the frameof referenceissuethat is centralto unsteady�o ws. Our
veri�cation approachmayencounterdif�culty with vorticesin un-
steady�o ws. In our opinion,this is a dif�cult problemthathasnot
beenaddressedadequately. We planto addressthis issueformally
in future work, alongwith trackingswirling featuresrobustly and
ef�ciently in unsteady�o ws.
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