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Abstract
We presenta �ow visualizationtechniquebasedon renderinggeometryin a dense, uniform distribution. Flow
is integratedusingparticle advection.By adoptingideasfromtexture-basedtechniquesandtakingadvantage of
parallelismandprogrammabilityof contemporary graphicshardware, wegeneratestreamlinesandpathlinesad-
dressingbothsteadyandunsteady�ow. Pipeliningis usedto manageseeding, advection,andexpirationof stream-
lines/pathlineswith constantlifetime. We achieve high numericalaccuracy by enforcing short particle lifetimes
andemployinga fourth-order integration method.Theocclusionprobleminherent to densevolumetricrepresen-
tationsis addressedby applyingmulti-dimensionaltransferfunctions(MDTFs), restrictingparticle attenuation
to regionsof certainphysicalbehavior, or features.Geometryis renderedin graphicshardware usingtechniques
such asdepthsorting, illumination,haloing, �ow orientation,anddepth-basedcolor attenuationto enhancevisual
perception.Weachievedensegeometricthree-dimensional�ow visualizationwith interactiveframerates.

CategoriesandSubjectDescriptors(accordingto ACM CCS): I.3.7[ComputerGraphics]:Three-dimensionalGraph-
icsandRealism

1. Intr oduction

Flow visualizationhasa long tradition in scienti�c datavi-
sualization.Approachesfor 3D vector �elds however have
only recentlyexperienceda boostdueto theintroductionof
programmablegraphicshardware with large texture mem-
ory. Consequently, volumetric �o w visualization has en-
teredmany disciplinesof scienceandengineeringincluding
mechanics,physics, chemistry, meteorology, geology, and
medicine.Many applicationsareconcernedwith steadyor
unsteady�o w over2D or 3D domains.

Flow visualizationapproachescanbecategorizedinto di-
rect,geometric,texture-based,andfeature-basedapproaches
[LHD� 04]. Earlyattemptssuchasarrow andhedgehogplots
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or colorcodingfall into thecategoryof direct�o w visualiza-
tion [PLV� 02]. They provideanintuitiveimageof local �o w
properties.

For a better understandingof global �o w dynamics
with respectto “long-term” behavior, integration-basedap-
proacheshave beenintroduced.Theseintegrate �o w data
leading to trajectoriesof no-massparticles moving over
time.Geometric�o w visualizationapproachesrenderthein-
tegrated�o w usinggeometricobjectssuchas lines, tubes,
ribbons,or surfaces[PLV� 02].

In texture-based�o w visualization,a texture is usedfor
a denserepresentationof a �o w �eld. Thetextureis �ltered
accordingto the local �o w vectorsleadingto a notion of
overall �o w direction [LHD� 04]. The most prominentap-
proachesareline integralconvolution(LIC) [CL93] andtex-
ture advection[MBC93]. The LIC primitive is a noisetex-
ture, which is convolved in the directionof the �o w using
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�lter kernels.In textureadvection,theprimitive is a “mov-
ing” texel, which is advectedin thedirectionof the�o w.

Feature-based�o w visualizationis concernedwith theex-
tractionof speci�c patternsof interest,or features.Various
featuressuchasvortices,shockwaves,or separatriceshave
beenconsidered.Eachof themhasspeci�c physicalproper-
ties,whichcanbeusedto extractthedesiredfeature.Oncea
featurehasbeenextracted,standardvisualizationtechniques
areappliedfor rendering[PVH� 03].

All theseapproacheswork well for 2D vector �elds.
While geometric�o w visualizationapproachesgeneralizeto
volumedata,direct andtexture-basedapproacheshave oc-
clusion issuesin 3D, an inherentproblemfor denserepre-
sentations.Denserepresentationsaredesirable,asthey pro-
vide informationconcerningoverall �o w behavior andserve
asacontext for chosenvisualizationmethods[Wei04].

Previousdense�o w visualizationmethodshavebeenlim-
ited to texture-basedmethods.Insteadof using texturesas
primitives,we introducea densegeometric�o w visualiza-
tion techniquebasedonstreamlinesfor steady�o w andpath-
lines for unsteady�o w. We take advantageof the modern
graphicsprogrammableunits (GPUs)asa generalpurpose
computingdevice andstoreour geometricprimitivesusing
texturememory. The linesarecomputedusinga trajectory-
basedparticle-advectionmethod.Weadopttheideaof seed-
ing andexpiration from texture-basedmethods.We imple-
mentthelifecyclesof theadvectedparticlesusingapipeline
model. We achieve high numericalaccuracy by enforcing
short particle lifetimes and employing a fourth-orderinte-
grationmethod.By usinggeometricalprimitivesinsteadof
textures,our methodis resolution-independentand allows
for a combinationof denseandsparserepresentationslead-
ing to more comprehensibleimagesand animationswhen
appliedto 3D �o w �elds. Theapproachesfor streamlineand
pathlinegenerationandrenderingaredescribedin Sections
3 and4, respectively. They canbeappliedto 2D and3D data
sets.Usinggraphicshardware,we alsoexploit its speedand
parallelism.

Sincewe proposea dense�o w representation,we must
addressocclusionproblemsin 3D, which we do by ap-
plying multi-dimensionaltransferfunctions(MDTFs)based
on physical �o w properties[PBL� 04]. The applicationof
MDTFs to densegeometric�o w visualizationis described
in Section5.

We displayour linesusingvariousrenderingtechniques,
describedin Section6. Essentialto a correctvisualpercep-
tion is depthsortingof thegeometricobjects.Illumination is
akey techniqueto enhancespatialperception.Addinghalos
clari�es thespatialrelationshipsbetweenoverlappinglines.
To orient lines,we highlight their tips, which increasesthe
perceptionof motion. Depth perceptionis enhancedusing
depth-basedcolor attenuationlike desaturationanddarken-
ing. All renderingfeatureshavebeenimplementedin graph-
icshardwareto achieve interactivity.

2. RelatedWork

Flow visualizationbasedonstreamlinesprovidesanintuitive
geometricapproachfor steady�o w datasets,astheextracted
line geometryrepresenttrajectoriesof mass-lessparticles
moving under the in�uence of the �o w �eld. Streamlines
have a long tradition in visualizationand are usedin var-
ious �o w visualizationsystems[BMP� 90]. The equivalent
of streamlinesfor unsteady�o w �elds arepathlines,where
the�o w �eld inducesthemovementof theparticlechanges
over time [SML04]. When comparedto animatedstream-
lines[JL00], pathlinesbetterconvey changeover time.

Today texture-basedapproachesare more widely used
thanstreamlinesfor �o w �eld visualization,asthey provide
a denserepresentationand can be usedto display the en-
tire discretedomain.Texture-basedapproacheswork well in
2D. For 3D applicationsthedenserepresentationof texture-
basedapproachesleadsto occlusionproblems,which is a
majoradvantageof sparserepresentations.

In [ZSH96], an interactive 3D �o w visualizationusing
streamlineswaspresented.Illumination is usedto improve
thestreamlines'perception.Texture-mappingcapabilitiesof
moderngraphicshardware is exploited. Someapproaches
generalizestreamlinesto streamtubesor evenstreamribbons
[USM96]. In [FG98], animatedopacity-mappedstreamlines
calleddashtubesareused.Theseapproachesonly treat the
visualizationof steady�o w.

A majorchallengewhenusingsparserepresentationslike
streamlinesis seedingof startingpointsfor �o w integration.
In [TB96], techniquesfor automatedplacingof seedpoints
weredevelopedto achieve a nearlyuniform,densedistribu-
tion of streamlinesfor 2D �o w �elds. For 3D �o w �elds,
seedingstrategiestypically involve analysisof theunderly-
ing �o w �eld to visualizecertainfeaturesusingsparsedis-
tributions.In [Lar02], userinteractionis involved for seed-
ing andfor interactive controlover theevolution of stream-
lines for 3D �o w �elds. Our approachusesdensestream-
lines,whichalleviatestheproblemof seedingat theexpense
of introducingocclusionproblems.We tackleocclusionby
applyingmulti-dimensionaltransferfunctions[PBL� 04].

A densedistribution of streamlinesinvolves additional
computations.To achieve interactive framerates,we make
extensive use of the programmability of contemporary
graphicshardware.We adoptconceptsfrom texture-based
�o w visualization.Therenderingprimitivefor texture-based
approachesis a texel. In texture-basedapproachesusingline
integral convolution (LIC) [CL93], the texture is �ltered
along the path of a streamline.An orientedversionof the
algorithm was discussedin [WGP97] and an extensionto
unsteady�o w in [SK97]. In texture-basedapproachesusing
textureadvection[JL97], texelsaremovedwhile themotion
is directedby the�o w �eld. In [vW02], a fastalgorithmwas
presentedbasedon advectionanddecayof texels in image
space.Our approachusesparticlesasprimitives insteadof

c
 TheEurographicsAssociation2005.



Park, Budge, Linsen,Hamann& Joy / DenseGeometricFlow Visualization

texels.Theparticlesareadvectedandconnectedoversubse-
quentframesto generatestreamlinesor pathlines.

3. DenseGeometricFlow Visualization

Theconceptof densegeometric�o w visualizationisadopted
from texture-based�o w visualizationapproaches.A render-
ing primitiveis advectedovertimeunderthein�uenceof the
underlying�o w �eld. In eachtime frame,a �o w integration
stepis appliedto determinethe positionof the primitive in
thesubsequentframe.Themotionof theprimitive indicates
local �o w behavior. Themotionof a largenumberof prim-
itives distributed denselyacrossthe domainvisualizesthe
behavior of theentire�o w �eld.

While for texture-basedapproachesa renderingprimitive
is representedby color information,for examplein form of
noise,our approachusesgeometry. Insteadof advectedtex-
els, we advect particlesandconnectthemover subsequent
framesto form streamlinesor pathlines.We �rst describe
the detailsof our methodfor steady�o w, beforewe gener-
alizedensegeometric�o w visualizationto unsteady�o w in
thesubsequentsection.

Let f : D ! R be the functionof a steady�o w �eld with
a 2D or 3D domainD anda vector-valuedrangeR. To visu-
alizesteady�o w we rendera largenumbern of streamlines
distributed denselyand nearly uniformly over the domain
D. At eachpoint in time (after a start-upphase),exactly n
streamlinesexist. Eachstreamlinehasa constantlifetime of
k cycles.The lifetime of a streamlineis divided into three
phases:(i) seeding,(ii) advection,and(iii) expiration.The
seedingandthe expirationphaseslast only onecycle each,
suchthat for the major part of its lifetime, the otherk � 2
cycles,astreamlineis in its advectionphase.

The streamlinesare groupedinto k groups of size n
k ,

wheren is chosento be a multiple of k. All streamlinesof
eachgroupstarttheir life simultaneously. Thecomputation
of all streamlinescanbeprocessedin a pipelinewith k cy-
cles.Figure1 shows theprocessingpipeline.
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Figure1: Processingpipelinefor streamlinerendering. Life-
cycleof streamlinesis dividedinto phasesseeding(S),ad-
vection(A), andexpiration (E).

3.1. Seeding

Our methodmakesuseof quasi-randomnumbersfor a uni-
form seedingacrossthedomain.Uniform seedingis neces-
saryin orderfor all regionsin the �o w to receive attention.
Onereasonto usequasi-randomnumbergenerationis that
their computationis reasonablysimpleto performin graph-
ics hardware. Another reasonis that they tend to provide
a morewell-distributedsetof samplesthanpseudo-random
generators[Nie92].

Oneof thebestquasi-randommethodsis theHammersley
sequence. However, theHammersley sequenceis limited in
that the useris restrainedto a �x ed numberof points,and
theorderof generationmatters.Instead,we usetheclosely
relatedHalton sequencefor seedgeneration,sincetheHal-
ton sequencehasa coverageapproachingthe Hammersley
sequence,but hasthe nice propertythat new seedscanbe
adaptively generated[Kel96, Nie92].

In general,therearetwo methodsfor generatingtheHal-
ton sequence.The �rst methodis an iterative solution that
hasO(logi) complexity for eachelementcalculation,where
Hi is the ith elementof the Halton sequence.The sec-
ond techniqueinvolves generatingHi from Hi� 1. This is
ideal sincethe calculationis extremely fast, O(1), and in
mostcasesexceedsthecalculationspeedof pseudo-random
numbergeneration.Unfortunately, thereis no easyway to
keepstatebetweensuccessivecalculationswhenworkingon
graphicshardware.Thus,thesecondmethodis currentlynot
possible.

3.2. Advection

Streamlinesaregeneratedby integrating�o w over time.The
approachwearefollowing is to advectparticlesover time in
thedirectioninducedby the�o w. Thestreamlinesaredeter-
minedasthepathsof theparticlesadvectedover time.

Let p(t) 2 D be the positionof a particleat time t. The
positionp(0) at timet = 0 denotestheseedlocationfor that
particle.Thepathof theparticleis de�ned as

p(t) = p(0) +
Z t

0
f
�

p(x)
�

dx :

The integral equationmustbe solved usingnumericalinte-
grationmethods.Most commonlya simple�rst-order Euler
methodor asecond-orderRunge-Kuttamethodis used.

TheEulermethodcomputestheparticlepositionp(t + Dt)
at timet + Dt from thepositionp(t) at timet as

p(t + Dt) = p(t) + Dt � f
�

p(t)
�

;

whereDt is asmalltimestep.Thesecond-orderRunge-Kutta
methodcomputesamorepreciseapproximationby utilizing
the Euler approximation,denotedaspE(t + Dt), asa look-
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aheadestimateandde�ning

p(t + Dt) = p(t) + Dt �
f
�

p(t)
�

+ f
�

pE(t + Dt)
�

2
:

Sincekeepingintegrationerror low over time is oneof our
major goals, we use a fourth-orderRunge-Kutta method
basedon thecomputations

x1 = f
�

p(t)
�

;

x2 = f
�

p(t) +
Dt
2

� x1

�
;

x3 = f
�

p(t) +
Dt
2

� x2

�
;

x4 = f
�

p(t) + Dt � x3

�
; and

p(t + Dt) =
x1 + 2(x2 + x3) + x4

6
:

3.3. Expiration

Thelifetime of a streamlineexpiresk cyclesafter its gener-
ationby theseedingprocess.Theparticlediesat this point,
i. e.,it is notadvectedany further. In thenext cycle it will be
replacedby anew particleatanew seedlocation.To achieve
high integrationaccuracy during advection,we favor short
lifetimes.

3.4. Rendering

A streamlineis representedby apolylinede�ne by connect-
ing thesuccessive discretelocationsthat thecorresponding
particletraversesduringadvection.Streamlinesarerendered
usingline primitives.Line primitivesoffer thegreatestsim-
plicity and speed,yet they can provide good visual qual-
ity whencoupledwith appropriaterenderingtechniques(see
Section6).

3.5. Implementation

Since we computeand rendermany streamlinesusing a
higher-orderintegrationmethod,we exploit the parallelism
of contemporarygraphicshardwarefor ef�ciency. To imple-
menttheentireprocessingpipelinein graphicshardware,we
alsohave to exploit the programmabilityof graphicshard-
ware.

For particleseeding,we have implementeda Halton se-
quencegeneratorin thevertex shaderto not reducetheef�-
ciency of the pipeliningprocessusingthe fragmentshader.
As input,westreamasetof vertices,whereeachvertex holds
a 2D index correspondingto a texel in a 2D texture. Each
vertex streamedinto thevertex shadergeneratestwo or three
Haltonnumbersfor 2D or 3D �o w, respectively, andpasses
thefragmentshadervalue.At theendof this stage,theren-
deredtexturecontainsthelocationof a seedparticlein each
texel.

Theadvectioncomponentof thealgorithmtakesasinputa
setof particlepositions,andgeneratesacorrespondingsetof
advectedparticles.We have implementedthe advectionby
passingtwo textures,thevector�eld andtheparticletexture.
Thesetexturesare usedby a fragmentshaderto generate
advectedparticles,whicharewrittento anew rendertexture.

A single advection is performedby �rst samplingeach
texel of thetexturethatholdsthevector�eld at timet in the
fragmentshader. For eachparticle's positionthevector�eld
textureis lookedup.Thevector�eld textureis sampledthree
moretimesat differentlocationsbasedon theparticle's po-
sitionaccordingto thefourth-orderRunge-Kuttaintegration
method.Finally, theadvectedparticlesarewritten to a new
texture,which is usedfor bothrenderingandfurtheradvec-
tion in thefollowing timesteps.

Renderingis performedby connectingparticlepositions
over time using line primitives.We usea buffer that holds
positionsof eachseedin its k cyclesof life. The rendering
componentusesasinput theresultof thelastparticleadvec-
tion. Theadvectedparticlepositionsare�rst extractedfrom
the texture.Then,the particlesareaddedinto the buffer in
its propercycle. Finally, the geometryis renderedfor each
particleup to thelastadvectedposition.

4. UnsteadyFlow

Whenfunction f describesan unsteady�o w �eld with do-
main D being the Cartesianproduct of the two or three
spatial dimensionsand a temporaldimension,we replace
streamlinesby pathlines.Pathlinesare de�ned as pathsof
particlesin a �o w �eld that changesover time, i. e., during
pathlinegeneration(or particleadvection).

We visualize unsteady�o w by renderinga dense,uni-
form distribution of pathlineswith constantlifetime. The
lifetime of apathlineconsistsagainof thethreephasesseed-
ing, advection,andexpiration.Theseedingphase,theexpi-
ration phase,andthe line renderingareperformedasdone
for streamlines.

During advection we have to accountfor the changing
�o w �eld. The �o w integration for unsteady�elds is de-
scribedby

p(t) = p(0) +
Z t

0
f
�

p(x);x
�

dx ;

wherep(t) describesthepositionof a particleat time t and
functionf dependson bothpositionof theparticleandtime.
We usefourth-orderRunge-Kuttaintegration,which is gen-
eralizedfor time-dependent�elds to theequations

x1 = f
�

p(t); t
�

;

x2 = f
�

p(t) +
Dt
2

� x1; t +
Dt
2

�
;

x3 = f
�

p(t) +
Dt
2

� x2; t +
Dt
2

�
;
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x4 = f
�

p(t) + Dt � x3; t + Dt
�

; and

p(t + Dt) =
x1 + 2(x2 + x3) + x4

6
:

For implementationpurposes,weuseatexturefor thevec-
tor �eld attimet + Dt in additionto thetexturesfor thevector
�eld attimet andtheparticletexture.Thenumericalintegra-
tion is performedusingsix texturereads.

5. MDTFs

To capturetheentire�o w �eld weuseadense,uniformseed-
ing strategy for streamlineor pathlinegeneration.For 3D
�elds, densestructurescauseocclusionproblems,which we
tackleby applyingMDTFs [PBL� 04]. MDTFs canbeused
to selectregionsof a certainphysical behavior, calledfea-
tures. Weextractfeatureswith respectto � vephysicalquan-
tities of �o w �elds, thequantitiesbeingvelocity magnitude,
gradientmagnitude,divergence,curl magnitude,andhelic-
ity. We have derived equationsfor eachof the � ve magni-
tudesin [PBL� 04]. We only visualizestreamlinesor path-
lines,respectively, within theextractedfeatures.

In orderto de�ne an MDTF, we mapeachof the N = 5
scalarmagnitudesto colorchannelsR, G, andB andopacity
valuesa by using1D transferfunctionsT i : IR ! IR4, i =
1; : : : ;N. We combinethe1D transferfunctionsT i to anN-
dimensionaltransferfunctionT : IRN ! IR4, accordingto the
equations

TRGB(x) =
1
N

N

å
i= 1

T i;RGB(xi) � T i;a (xi)

and

Ta (x) =
1
N

N

å
i= 1

T i;a (xi) ;

wherex = (x1; : : : ;xN) 2 IRN. The color valuesT i;RGB as-
signedby the individual 1D transferfunctionsareaveraged
in a weightedfashionto de�ne thecolor TRGB assignedby
the MDTF, wherethe weightsare given by the individual
opacitiesT i;a . The opacityvaluesT i;a assignedby the in-
dividual 1D transferfunctionsareaveragedaswell, to de-
�ne theopacityTa assignedby theMDTF. The functionT
allows oneto visualizeeachcomponentdistinctly, but also
makespossibleblendingof the valuesto extract a feature,
whosebehavior is de�nedby acombinationof the� vephys-
ical quantities/properties.

6. Rendering techniques

We renderline primitiveswhosesimplicity is advantageous
for renderingmany streamlines/pathlinesathighframerates.
But, this qpproachrequiresus to apply certain rendering
techniquesto enhancevisualperceptionin 3D settings.

6.1. Depth Sorting

Most importantly, we needto sort our line primitives ac-
cording to their depthin viewing direction,which is used
to renderlinesin thecorrectorder. Whenreadingdatafrom
theGPU,performinga depthsorton thecentralprocessing
unit (CPU),andpassingthedatabackto theGPU,dataex-
changebecomesthebottleneckof our entirerenderingsys-
tem.Thus,weperformdepthsortingon theGPU.

In a bitonic sort [Bat68], a sequenceof numbers(repre-
sentingdepthin our application)is recursively divided into
two subsequencesof equal length, where the �rst subse-
quenceis beingsortedrecursively in ascendingandthesec-
ondsubsequencein descendingorder. Thetwo subsequences
aremergedby comparing(andpossiblyswitching) the ith
valueof the�rst subsequencewith theith valueof thesecond
subsequencefor all positionsi andperformingthemerging
steprecursively for bothsubsequences.

Thebeautyof thebitonicsortalgorithmis thatits mecha-
nismis independentof thevaluestobesortedandthuscanbe
implementedin hardware.Moreover, it is amenableto paral-
lel architectureslikeGPUs.In [PDC� 03], animplementation
of a bitonic sortalgorithmon a GPUwasproposed.We use
an improvedversionof this implementationasdescribedin
[KSW04]. The depthandindicesof all particlesarestored
in a 2D texture. The sortingalgorithm�rst sortsthe depth
valuesof all therowsof thetexturesimultaneouslyandthen
mergestherows.

6.2. Illumination

Flatshadingalgorithmsof line primitivesimpairspatialper-
ceptionof therenderedgeometry. In [ZSH96], a methodfor
renderingilluminatedlines at interactive frameratesis de-
scribedby utilizing texturemappinghardware.Thelight in-
tensity I (x) at eachpoint x on a line segmentis computed
by applyinga slightly modi�ed Phongmodel.Themodelis
givenby

I(x) = Iambient (x) + Idi f f use(x) + Ispecular(x) ;

where the ambient portion is kept constant, Iambient =
kambient , the diffuse portion is de�ned as Idi f f use =
kdi f f use(l � n) with light directionl andnormalvectorn, and
thespecularcomponentis de�ned asIspecular = kspecular(v �
r )m with viewing directionv andre�ection vectorr . Theil-
lumination coef�cients kambient , kdi f f use, and kspecular and
theexponentmareapplication-speci�c.

Usinggeometricpropertiesthemodelis adjustedto

Idi f f use= kdi f f use

� q
1� (l � t)2

� p

and

Ispecular = kspecular

� q
1� (l � t)2

q
1� (v � t)2 � (l � t)(v� t)

� m
:

The surface-speci�cnormal vector n and re�ection vector
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r are replacedby expressionsusing tangentvector t, such
that themodelcanbeappliedto line segments.To compen-
satefor excessive brightness,we raisethediffuseportionto
thepower of anexponentp. We implementtheillumination
algorithmin graphicshardwareusinga 4� 4 texture trans-
formationmatrixfor thecomputationof diffuseandspecular
re�ection asdescribedin [SZH97].

6.3. Haloing

Whenoverlappinglinesoccur, their spatialrelationshipcan
be clari�ed usinghaloing[ARS79]. We rendera dark halo
with a width of six pixelsaroundeachline that is rendered
with a width of 1.5 pixels.The halo of a line obstructsthe
view of any line behindit.

6.4. Flow Orientation

For any �o w visualizationit is importantto indicatetheori-
entationof a �o w direction.In our system�o w directionis
visualizedby motion.In addition,we intuitively emphasize
orientationby highlightingthetip of eachstreamlineor path-
line, respectively. Even in still imagesthe �o w orientation
canbeperceived.

6.5. Depth-basedAttenuation

Althoughdepthsorting,illumination,andhaloingeffectively
supportvisualperception,it maybedesirableto furtheren-
hancedepthperceptionby the useof color attenuation.We
have implementedthetwo attenuationmethodsof desatura-
tion anddarkening[SM02]. Desaturationreducesthesatura-
tion of a color while maintaininghueandbrightness,which
leadsto thevisualimpressionof light beingabsorbedorscat-
teredbyparticles(likesmogor fog) in theatmosphere.Dark-
ening reducesthe brightnessof a color while maintaining
hueandsaturation.Thetwo attenuationmethodscanalsobe
combined.

7. Resultsand Discussion

We tested our approachfor steady and unsteadydata
sets.For steady�o w data, we examined a tornado data
set[CM93] of size1283. For theunsteadycase,weexamined
aCFDsimulationof � ve jetsconsistingof 2000timestepsof
1283 vector�eld data.y

Figure3(a)-(c) shows a densegeometric�o w visualiza-
tion for thetornadodatasetusingstreamlines.In Figure3(a),
we have renderedpolylines using �o w orientation,depth-
basedattenuation,andhaloing.The streamlinesarenot lit

y Datasetcourtesyof Kwan-Liu Ma, IDAV, Universityof Califor-
nia,Davis

# cycles # seeds # activestreamlines framerate

16 64 1024 66 fps
16 256 4096 66 fps
32 256 8192 22 fps
32 1024 32768 6.69fps
64 256 16384 7.43fps
128 64 8192 7,43fps

Table 1: Frameratesfor varying numberof seeds,cycles,
andactivestreamlines.

nor arethey sortedby depth.Figure3(b) shows the impor-
tanceof usingilluminationanddepthsorting.Thevisualper-
ceptionhasincreasedsigni�cantly. In Figure3(c), we have
usedanMDTF thatextractsregionsof high curl (or vortic-
ity) magnitude.The streamlinesareonly drawn within the
vortex area.

In our current implementation,the six pixel-wide halo-
ing linescannotbedepth-sortedin conjunctionwith our 1.5
pixel-widestreamlines/pathlines,asthey representdifferent
typesof geometricobjects.Thus,haloingonly lookscorrect
whenweextractfeatureswith low complexity, i. e.,whenthe
artifactscausedby omittingdepth-sortingareminimal.

Figures3(d) and2 show densegeometric�o w visualiza-
tion for thejetsdataset.In Figure3(d), wehaveuseddepth-
sortingandillumination in conjuctionwith depth-basedat-
tenuationto renderstreamlinesat time step1500.MDTFs
areusedto extractregionswith highcurl magnitudeandhigh
velocity magnitude.Figure 2 shows threestepsof an ani-
mationof unsteady�o w usingpathlines.The pictureshave
beencapturedat time steps1120,1400and1800.The im-
ageshave beenrenderedusing haloing, illumination, �o w
orientation,anddepth-basedattenuation.

The computationtimes for our renderingdependon the
renderingtechniquesusedandon thenumberof streamlines
or pathlines,respectively. Table1 lists frameratesfor steady
datawhenrenderingilluminatedstreamlines.Whenapply-
ing depthsorting frame ratesdecreaseby a factor � ve to
ten. For unsteadydatawhen renderingpathlines,we have
achievedframeratesupto tenframespersecond.Contraryto
texture-based�o w visualizationapproaches,theframerates
achievedwhenusingdensegeometric�o w visualizationare
(almost)independentof the size of the dataset.Thus, for
larger datasetsthat still �t in the texture memory, frame
ratesarecloseto the oneslisted above. For unsteadydata,
datatransfer, i. e. copying the individual time stepsto the
GPU,becomesabottle-neck.

Anothernicepropertyof our densegeometric�o w visu-
alizationapproachwhencomparedto texture-basedmethods
is thatnospatial-temporalcoherenceproblemsoccur. When
coupling dye advection with texture-based�o w visualiza-
tion techniques,blurring basedon numericaldiffusionarti-
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factscanbeobserved,whichhasonly been�x edrecentlyin
[Wei04]. As ouradvectionprimitivesarepathlines,i. e.,geo-
metricobjects,ouradvectionstepis notsubjectto diffusion.

8. Conclusionsand Futur eWork

We have presenteda �o w visualizationapproachbasedon
renderinggeometryin a dense,uniform distribution. We
have integrated �o w using particle advection to generate
streamlines(for steady�o w) and pathlines(for unsteady
�o w). Ideasfrom texture-based�o w visualizationhavebeen
adopted.Pipelining is usedto manageseeding,advection,
and deathof streamlines/pathlineswith constantlifetime.
Ourmethodusesafourth-orderRunge-Kuttamethod,which
has beenef�ciently implementedin hardware by exploit-
ing parallelismandprogrammabilityof graphicshardware.
We have addressedtheocclusionprobleminherentto dense
volumetric representationsby applying MDTFs restricting
particleattenuationto regionsof certainphysical behavior,
features.Geometryis renderedusingseveral techniquesto
enhancevisual perception.We have appliedour approach
to steadyandunsteady3D �o w �elds achieving interactive
framerates.

Future researchefforts will be directedat employing a
depth-sortedhaloingstrategy, usingadaptive time stepsfor
�o w integration,experimentingwith different typesof ge-
ometry(requiresprogrammabilityof thegraphicscard's ge-
ometryengine),andextendingtheapproachto unstructured
andirregularlygrid-structureddata.
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(a)

(b)

(c)

Figure 2: Animationwith densegeometric�ow visualiza-
tion appliedto unsteady�ow of jets data set.Pathlinesare
renderedat timesteps1120,1400,and1800.
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(a) (b)

(c) (d)

Figure 3: Densegeometric�ow visualizationapplied to steady�ow. Tornadodata set: Streamlinesare rendered using (a)
haloingand�ow orientationor (b) depthsortingandillumination in conjuctionwith depth-basedattenuation.MDTFsareused
for feature extraction,e.g., regionsof high curl magnitude(c). Timestep1500of jetsdataset:MDTFsextract regionsof high
curl magnitudeandhighvelocitymagnitude(d).
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