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Abstract

We presenta ow visualizationtechnique basedon renderinggeometryin a dense uniform distribution. Flow
is integratedusingparticle advection By adoptingideasfrom texture-basededniquesand taking advantae of
parallelismand programmabilityof contempoary graphicshardware, we geneite streamlinesand pathlinesad-
dressingoothsteadyandunsteadyow. Pipeliningis usedto manage seedingadvectionandexpiration of stream-
lines/pathlineswith constantiifetime We achieve high numericalaccuiacy by enforcing short particle lifetimes
and employinga fourth-order integration method.Theocclusionprobleminherentto densevolumetricrepresen-
tationsis addressedy applying multi-dimensionatransferfunctions(MDTFs), restricting particle attenuation
to regionsof certain physicalbehavior or featues.Geometnys rendeedin graphicshardware usingtechniques
sud asdepthsorting illumination, haloing ow orientation,anddepth-basedolor attenuatiorto enhancevisual
perception.We achieve densegeometricthree-dimensionabw visualizationwith interactiveframerates.

CatayoriesandSubjectDescriptorgaccordingo ACM CCS} 1.3.7[ComputerGraphics]Three-dimensionabraph-
icsandRealism

1. Intr oduction or colorcodingfall into thecategory of direct o w visualiza-
tion [PLV 02]. They provide anintuitiveimageof local o w

Flow visualizationhasa long traditionin scienti ¢ datavi- .
properties.

sualization.Approachedor 3D vector elds however have
only recentlyexperienceda boostdueto theintroductionof
programmablegraphicshardware with large texture mem-
ory. Consequentlyvolumetric ow visualization has en-
teredmary disciplinesof scienceandengineeringncluding
mechanicsphysics, chemistry meteorology geology and time.Geometrico w visualizationapproachegenderthein-

medicine.Mary applicationsare concernedith steadyor tegrated o w using geometricobjectssuchaslines, tubes,
unsteadyo w over 2D or 3D domains. ribbons,or surfaceg PLV 07

For a better understandingof global ow dynamics
with respecto “long-term” behaior, integration-baseép-
proacheshave beenintroduced.Theseintegrate o w data
leading to trajectoriesof no-massparticles moving over

Flow visualizationapproachesanbe cateyorizedinto di-
rect,geometrictexture-basedandfeature-basedpproaches
[LHD 04]. Earlyattemptssuchasarron andhedgehoglots

In texture-basedo w visualization,a texture is usedfor
adenseepresentationf a ow eld. Thetextureis Itered
accordingto the local ow vectorsleadingto a notion of
overall ow direction[LHD 04]. The mostprominentap-

Y {sunpark|bchdge}@ucdsis.edu, proachesreline integral convolution (LIC) [CL93] andtex-
{hamann|jg}@cs.ucdais.edu ture adwection[MBC93]. The LIC primitive is a noisetex-
Z linsen@uni-greifswid.de ture, which is corvolved in the direction of the o w using
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Iter kernels.In texture advection,the primitive is a “mov-
ing” texel, whichis adwectedin thedirectionof the o w.

Feature-based w visualizationis concernedvith theex-
tractionof speci ¢ patternsof interest,or featuresVarious
featuressuchasvortices,shockwaves,or separatricebave
beenconsideredEachof themhasspeci ¢ physical proper
ties,which canbeusedto extractthe desiredfeature Oncea
featurehasbeenextracted standardisualizationtechniques
areappliedfor rendering PVH 03].

All these approachesvork well for 2D vector elds.
While geometrico w visualizationapproachegeneralize¢o
volume data,direct and texture-basedhpproache$ave oc-
clusionissuesin 3D, aninherentproblemfor denserepre-
sentationsDenserepresentationaredesirableasthey pro-
videinformationconcerningoverall o w behaior andsene
asa contet for choservisualizationmethodqWei04.

Previousdenseo w visualizationmethodshave beenlim-
ited to texture-basednethods.Insteadof usingtexturesas
primitives, we introducea densegeometric o w visualiza-
tiontechniqueébasednstreamline$or steadyo w andpath-
lines for unsteady o w. We take advantageof the modern
graphicsprogrammablaunits (GPUs)as a generalpurpose
computingdevice and storeour geometricprimitives using
texture memory Thelines arecomputedusinga trajectory-
basedarticle-adectionmethod We adopttheideaof seed-
ing and expiration from texture-basednethods We imple-
mentthelifecyclesof theadvectedparticlesusingapipeline
model. We achieve high numericalaccurag by enforcing
short particle lifetimes and employing a fourth-orderinte-
grationmethod.By usinggeometricaprimitivesinsteadof
textures,our methodis resolution-independergnd allows
for acombinationof denseandsparseaepresentationiead-
ing to more comprehensiblémagesand animationswhen
appliedto 3D ow elds. Theapproachefor streamlineand
pathlinegeneratiorandrenderingaredescribedn Sections
3 and4, respectrely. They canbeappliedto 2D and3D data
sets.Usinggraphicshardware,we alsoexploit its speedand
parallelism.

Sincewe proposea dense 0 w representatiornve must
addressocclusion problemsin 3D, which we do by ap-
plying multi-dimensionatransferfunctions(MDTFs) based
on physical ow properties[PBL 04]. The applicationof
MDTFs to densegeometric o w visualizationis described
in Sectionb.

We displayour lines usingvariousrenderingtechniques,
describedn Section6. Essentiako a correctvisual percep-
tion is depthsortingof thegeometrimbjects llluminationis
akey techniqueo enhancespatialperceptionAdding halos
clari es the spatialrelationshipsdetweeroverlappinglines.
To orientlines, we highlight their tips, which increaseshe
perceptionof motion. Depth perceptionis enhancedising
depth-basedolor attenuatiorlik e desaturatiorand darken-
ing. All renderingeatureshave beenimplementedn graph-
ics hardwareto achieve interactvity.

2. RelatedWork

Flow visualizatiorbasen streamlineprovidesanintuitive

geometri@approachor steadyo w datasets astheextracted
line geometryrepresentrajectoriesof mass-lesarticles
maving underthe in uence of the ow eld. Streamlines
have a long tradition in visualizationand are usedin var

ious ow visualizationsystemgBMP 90]. The equvalent
of streamlinedor unsteadyo w elds arepathlineswhere
the ow eld inducesthe movementof the particlechanges
over time [SMLO4]. When comparedto animatedstream-
lines[JLOQ], pathlinesbetterconvey changeovertime.

Today texture-basedapproachesare more widely used
thanstreamlinegor ow eld visualization,asthey provide
a denserepresentatiorand can be usedto display the en-
tire discretedomain.Texture-basedpproachework well in
2D. For 3D applicationghe densaepresentatioof texture-
basedapproacheseadsto occlusionproblems,which is a
majoradwantageof spars@epresentations.

In [ZSH94, an interactve 3D o w visualizationusing
streamlinesvas presentedlllumination is usedto improve
thestreamlinesperceptionTexture-mappingapabilitiesof
moderngraphicshardware is exploited. Someapproaches
generalizestreamlineso streamtubesr evenstreanribbons
[USM9€]. In [FG9§, animatedpacity-mappedtreamlines
called dashtubesre used.Theseapproachesnly treatthe
visualizationof steady o w.

A majorchallengevhenusingsparseepresentationkk e
streamliness seedingof startingpointsfor o w integration.
In [TB96], techniquedor automatecplacingof seedpoints
weredevelopedto achieve a nearlyuniform, densedistribu-
tion of streamlinedor 2D ow elds. For 3D ow elds,
seedingstratgjiestypically involve analysisof the underly-
ing ow eld to visualizecertainfeaturesusing sparsedis-
tributions.In [Lar0Z], userinteractionis involved for seed-
ing andfor interactive control over the evolution of stream-
linesfor 3D ow elds. Our approachusesdensestream-
lines,which alleviatesthe problemof seedingattheexpense
of introducingocclusionproblems.We tackle occlusionby
applyingmulti-dimensionatransferfunctions[PBL 04)].

A densedistribution of streamlinesinvolves additional
computationsTo achieve interactve framerates,we make
extensve use of the programmability of contemporary
graphicshardware. We adoptconceptsfrom texture-based
o w visualization.Therenderingprimitive for texture-based
approachess atexel. In texture-base@pproachessingline
integral convolution (LIC) [CL93], the texture is Itered
along the path of a streamline An orientedversionof the
algorithm was discussedn [WGP97 and an extensionto
unsteadyo w in [SK97]. In texture-basedpproachessing
textureadvection[JL97], texelsaremovedwhile themotion
is directedby the ow eld. In [vWO02], afastalgorithmwas
presentedasedon adwectionanddecayof texelsin image
space Our approachusesparticlesas primitives insteadof
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texels. The particlesareadvectedandconnecteaver subse-
guentframesto generatestreamline®r pathlines.

3. DenseGeometric Flow Visualization

Theconcepof densegeometrico w visualizationis adopted
from texture-basedo w visualizationapproachesA render
ing primitive is adwectedovertime underthein uence of the
underlyingow eld. In eachtime frame,a o w integration
stepis appliedto determinethe positionof the primitive in
the subsequerframe.The motion of the primitive indicates
local o w behaior. The motion of a large numberof prim-
itives distributed denselyacrossthe domainvisualizesthe
behaior of theentire ow eld.

While for texture-base@pproachea renderingprimitive
is representedtyy color information,for examplein form of
noise,our approachusesgeometryinsteadof adwectedtex-
els, we adwect particlesand connectthem over subsequent
framesto form streamlinesor pathlines.We rst describe
the detailsof our methodfor steady o w, beforewe gener
alizedensegeometric o w visualizationto unsteadyo w in
thesubsequergection.

Letf: D! Rbethefunctionof asteadyow eld with
a 2D or 3D domainD anda vectorvaluedrangeR. To visu-
alize steady o w we rendera large numbem of streamlines
distributed denselyand nearly uniformly over the domain
D. At eachpointin time (after a start-upphase) exactly n
streamlinegxist. Eachstreamlinehasa constantifetime of
k cycles. The lifetime of a streamlineis divided into three
phases(i) seeding(ii) adwection,and (iii) expiration.The
seedingandthe expiration phasedast only onecycle each,
suchthat for the major part of its lifetime, the otherk 2
cycles,astreamlings in its adwectionphase.

The streamlinesare groupedinto k groupsof size E
wheren is chosento be a multiple of k. All streamlinesof
eachgroupstarttheir life simultaneouslyThe computation
of all streamlinesanbe processedn a pipelinewith k cy-
cles.Figurel shavstheprocessingipeline.

E|S|A|A|A A
AE|S|AAA
A/AIE[S A A
A/A|/AE|S A
AA|AIA|E|S
S|A|/A|A|A|E

Figurel: Processingipelinefor streamlinerendering Life-
cycleof streamliness dividedinto phasesseeding(S), ad-
vection(A), and expiration (E).
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3.1. Seeding

Our methodmakesuseof quasi-randonmumbersfor a uni-
form seedingacrosghe domain.Uniform seedings neces-
saryin orderfor all regionsin the o w to receve attention.
Onereasonto usequasi-randonnumbergeneratioris that
their computationis reasonablysimpleto performin graph-
ics hardware. Another reasonis that they tendto provide
amorewell-distributedsetof sampleghanpseudo-random
generator§Nie92.

Oneof thebestquasi-randonmethodss the Hammesley
sequenceHowever, the Hammerslg sequencés limited in
that the useris restrainedo a x ed numberof points,and
the orderof generatiommatters.Insteadwe usethe closely
relatedHalton sequencéor seedgenerationsincethe Hal-
ton sequencéasa coverageapproachinghe Hammerslg
sequencebut hasthe nice propertythat new seedscanbe
adaptvely generatedKel96, Nie92.

In generaltherearetwo methodsor generatinghe Hal-
ton sequenceThe rst methodis an iterative solutionthat
hasO(logi) compleity for eachelementcalculationwhere
H; is the ith elementof the Halton sequenceThe sec-
ond techniqueinvolves generatingH; from H; 1. This is
ideal sincethe calculationis extremely fast, O(1), andin
mostcasesxceedshe calculationspeeddf pseudo-random
numbergenerationUnfortunately thereis no easyway to
keepstatebetweersuccessie calculationsvhenworking on
graphicshardware.Thus,thesecondmethodis currentlynot
possible.

3.2. Advection

Streamlinesregeneratedby integrating o w overtime. The
approachwe arefollowing is to adwectparticlesovertimein
thedirectioninducedby the o w. Thestreamlinesredeter
minedasthe pathsof the particlesadwectedover time.

Let p(t) 2 D bethe positionof a particleat timet. The
positionp(0) attimet = 0 denoteghe seedocationfor that
particle.The pathof the particleis de ned as

Zy
p(t) = p(0) + o f p(¥) dx:

The integral equationmustbe solved usingnumericalinte-
grationmethodsMost commonlya simple rst-order Euler
methodor a second-ordeRunge-Kuttamethodis used.

TheEulermethodcomputesheparticlepositionp(t + Dt)
attimet + Dt from the positionp(t) attimet as

p(t+ D) = pt)+ Dt f p(t) ;

whereDt is asmalltime step.Thesecond-ordeRunge-Kitta
methodcomputesa morepreciseapproximatiorby utilizing
the Euler approximationdenotedaspg(t + Dt), asa look-
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aheadestimateandde ning

f p(t) +f pe(t+Dr)
2

Sincekeepingintegrationerror low over time is oneof our
major goals, we use a fourth-order Runge-Kitta method
basedn thecomputations

p(t+ D) = p(t) + Dt

xp = fp(t) ;
Xp = f p(t)+% X1 ;
Xs = fp)+ X xp
2
Xqg = f p(t)+ Dt x3 ; and

X1+ 2(Xo+ X3) + X4
5 :

p(t+ Dx)

3.3. Expiration

Thelifetime of a streamlineexpiresk cyclesafterits gener
ation by the seedingprocessThe particlediesat this point,
i. e.,it is notadwectedary further In thenext cycleit will be
replacedy anew particleatanew seedocation.To achieve
high integrationaccurag during advection, we favor short
lifetimes.

3.4. Rendering

A streamlinds representedly a polyline de ne by connect-
ing the successie discretelocationsthat the corresponding
particletraversesiuringadwection.Streamlinesirerendered
usingline primitives.Line primitivesoffer the greatessim-
plicity and speed,yet they can provide good visual qual-
ity whencoupledwith appropriateenderingechniquegsee
Sectionb).

3.5. Implementation

Since we computeand rendermary streamlinesusing a
higherorderintegrationmethod,we exploit the parallelism
of contemporargraphicshardwarefor ef ciency. To imple-
menttheentireprocessingipelinein graphicshardware,we
alsohave to exploit the programmabilityof graphicshard-
ware.

For particle seedingwe have implementeda Halton se-
guencegeneratoin the vertex shadetto notreducethe ef -
cieng of the pipelining procesausingthe fragmentshader
Asinput,we streamasetof verticeswhereeachvertex holds
a 2D index correspondingo a texel in a 2D texture. Each
vertex streamednto thevertex shadegenerateswvo or three
Haltonnumberdor 2D or 3D o w, respectiely, andpasses
the fragmentshadewalue.At the endof this stage theren-
deredtexture containgthelocationof a seedparticlein each
texel.

Theadwectioncomponenof thealgorithmtakesasinputa
setof particlepositionsandgenerateacorrespondingetof
adwectedparticles.We have implementedhe adwection by
passingwo texturesthevector eld andtheparticletexture.
Thesetexturesare usedby a fragmentshaderto generate
adwectedparticleswhicharewrittento anew rendertexture.

A single adwectionis performedby rst samplingeach
texel of thetexturethatholdsthevector eld attimet in the
fragmentshaderFor eachparticle’s positionthe vector eld
textureis lookedup.Thevector eld textureis sampledhree
moretimesat differentlocationsbasedon the particle's po-
sition accordingo thefourth-orderRunge-Kittaintegration
method.Finally, the adwectedparticlesarewritten to a new
texture,whichis usedfor bothrenderingandfurtheradvec-
tion in thefollowing time steps.

Renderingis performedby connectingparticle positions
over time usingline primitives. We usea buffer that holds
positionsof eachseedin its k cyclesof life. The rendering
componenusesasinputtheresultof thelastparticleadvec-
tion. Theadwectedparticlepositionsare rst extractedfrom
the texture. Then, the particlesare addedinto the buffer in
its propercycle. Finally, the geometryis renderedor each
particleupto thelastadwectedposition.

4. UnsteadyFlow

Whenfunctionf describesan unsteadyow 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 ow eld thatchangesvertime, i. e.,during
pathlinegeneratior(or particleadwection).

We visualize unsteady o w by renderinga dense,uni-
form distribution of pathlineswith constantlifetime. The
lifetime of apathlineconsistsagain of thethreephaseseed-
ing, adwection,andexpiration. The seedingphasethe expi-
ration phaseandthe line renderingare performedasdone
for streamlines.

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

z

PO= PO+ T POx dx;

wherep(t) describeghe positionof a particleattimet and
functionf depend®n both positionof the particleandtime.
We usefourth-orderRunge-Kuttaintegration,whichis gen-
eralizedfor time-dependentlds to theequations

xp1 = f p)t ;
X = f PO+ O it D
x3 = f p(t)+% x2;t+% :
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X4 f p(t)+ Dt x3;t+ Dt ; and

X1+ 2(X2+ X3) + X4 .

p(t+ Dt) 6

Forimplementatiopurposesye useatexturefor thevec-
tor eld attimet+ Dt in additionto thetexturesfor thevector
eld attimet andtheparticletexture. Thenumericalintegra-
tion is performedusingsix texturereads.

5. MDTFs

To captureheentire ow eld weuseadenseuniformseed-
ing strat@y for streamlineor pathline generationFor 3D
elds, densestructuresauseocclusionproblemswhichwe
tackleby applyingMDTFs [PBL 04]. MDTFs canbe used
to selectregions of a certainphysical behaior, calledfea-
tures We extractfeatureswith respecto ve physicalquan-
titiesof ow elds, thequantitiesbeingvelocity magnitude,
gradientmagnitude divergence curl magnitude and helic-
ity. We have derived equationdor eachof the ve magni-
tudesin [PBL 04]. We only visualizestreamlinesor path-
lines,respectiely, within the extractedfeatures.

In orderto de ne an MDTF, we mapeachof theN = 5
scalamagnitudego color channelsR, G, andB andopacity
valuesa by using 1D transferfunctionsT; : R! R% i=

dimensionatransferfunctionT : RN | R4, accordingothe
equations

1y
Tree(X) = N & Ti:ree(X) Tia(X)
i=1
and
1y
Ta(X)= = a Tialx);
Ny

signedby the individual 1D transferfunctionsareaveraged
in a weightedfashionto de ne the color Trgg assignedy

the MDTF, wherethe weightsare given by the individual

opacitiesTj:a. The opacity valuesT;.; assignedy thein-

dividual 1D transferfunctionsare averagedaswell, to de-
ne the opacityTa assighedy the MDTF. ThefunctionT

allows oneto visualizeeachcomponendistinctly, but also
males possibleblendingof the valuesto extract a feature,
whosebehaior is de ned by acombinatiorof the ve phys-

ical quantities/properties.

6. Renderingtechniques

We renderline primitiveswhosesimplicity is advantageous
for renderingnary streamlines/pathlinesthighframerates.

But, this gpproachrequiresus to apply certainrendering

techniguego enhancevisual perceptiorin 3D settings.

¢ TheEurographic#ssociation2005.

6.1. Depth Sorting

Most importantly we needto sort our line primitives ac-
cordingto their depthin viewing direction, which is used
to renderlinesin the correctorder Whenreadingdatafrom
the GPU, performinga depthsorton the centralprocessing
unit (CPU),andpassinghe databackto the GPU, dataex-
changebecomeghe bottle neckof our entirerenderingsys-
tem. Thus,we performdepthsortingonthe GPU.

In a bitonic sort[Bat6g, a sequencef numbers(repre-
sentingdepthin our application)is recursvely divided into
two subsequencesf equallength, wherethe rst subse-
guencsds beingsortedrecursvely in ascendingandthe sec-
ondsubsequende descendingrder Thetwo subsequences
are meged by comparing(and possibly switching) the ith
valueof the rst subsequencsith theith valueof thesecond
subsequencfor all positionsi and performingthe meiging
steprecursvely for bothsubsequences.

Thebeautyof the bitonic sortalgorithmis thatits mecha-
nismis independendf thevaluesto besortedandthuscanbe
implementedn hardware.Moreover, it isamenabléo paral-
lel architecturetike GPUs.In [PDC 03], animplementation
of abitonic sortalgorithmon a GPUwasproposedWe use
animproved versionof this implementatiorasdescribedn
[KSWO04. The depthandindicesof all particlesare stored
in a 2D texture. The sorting algorithm rst sortsthe depth
valuesof all therows of thetexture simultaneouslandthen
meigestherows.

6.2. lllumination

Flatshadingalgorithmsof line primitivesimpair spatialper

ceptionof therenderedyeometryin [ZSH9€§, a methodfor

renderingilluminated lines at interactve frameratesis de-
scribedby utilizing texture mappinghardware. Thelight in-

tensity 1 (x) at eachpoint x on a line sggmentis computed
by applyinga slightly modi ed Phongmodel. The modelis

givenby

[(X) = lambien(X) + ldif fuselX) + lspecutr(X) ;

where the ambient portion is kept constant, |gmpien =
Kambien, the diffuse portion is de ned as lgiffuse =
kgiffusdl n) with light directionl andnormalvectorn, and
thespeculaicomponents de ned aslspecuar = Kspeculr(V
r)™ with viewing directionv andre ection vectorr. Theil-
lumination coefcients Kambien, Kaiffuse @nd Kspecuar and
theexponentm areapplication-speci c.

Usinggeometrigpropertieshe modelis adjustedo

—— 0
lgitfuse= Kdiffuse 1 (I )2

and
q

1 002 1 (vi2 (oWt

Ispecur = kspecuhr

The surface-speci cnormal vector n andre ection vector
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r arereplacedby expressionsusingtangentvectort, such
thatthe modelcanbe appliedto line sgments.To compen-
satefor excessve brightnessye raisethe diffuseportionto
the power of anexponentp. We implementtheillumination
algorithmin graphicshardwareusinga4 4 texture trans-
formationmatrix for thecomputatiorof diffuseandspecular
re ection asdescribedn [SZH97.

6.3. Haloing

Whenoverlappinglines occur their spatialrelationshipcan

be clari ed usinghaloing[ARS79. We rendera dark halo

with awidth of six pixels aroundeachline thatis rendered
with awidth of 1.5 pixels. The halo of a line obstructsthe

view of ary line behindit.

6.4. Flow Orientation

Forary ow visualizationit is importantto indicatethe ori-
entationof a o w direction.In our system o w directionis
visualizedby motion. In addition,we intuitively emphasize
orientationby highlightingthetip of eachstreamlineor path-
line, respectrely. Evenin still imagesthe o w orientation
canbeperceved.

6.5. Depth-basedAttenuation

Althoughdepthsorting,illumination,andhaloingeffectively
supportvisual perceptionjt may be desirableto furtheren-
hancedepthperceptiorby the useof color attenuationWe
have implementedhe two attenuatiormethodsf desatura-
tion anddarkening[SM0Z. Desaturatiomeduceghesatura-
tion of a color while maintaininghueandbrightnesswhich
leadsto thevisualimpressiorof light beingabsorbear scat-
teredby particles(like smogor fog) in theatmosphereDark-
ening reducesthe brightnessof a color while maintaining
hueandsaturationThetwo attenuatiormethodscanalsobe
combined.

7. Resultsand Discussion

We tested our approachfor steady and unsteadydata
sets. For steady ow data, we examined a tornado data
set[CM93] of size128’. Fortheunsteadyasewe examined
aCFDsimulationof vejetsconsistingof 2000timestepof
128° vector eld dataY

Figure 3(a)-(c) shavs a densegeometric o w visualiza-
tion for thetornadadatasetusingstreamlinesin Figure3(a),
we have renderedpolylines using o w orientation,depth-
basedattenuationand haloing. The streamlinesare not lit

Y Datasetcourtesyof Kwan-Liu Ma, IDAV, University of Califor-
nia, Davis

#cycles #seeds #activestreamlines framerate

16 64 1024 66 fps
16 256 4096 66ps
32 256 8192 221ps
32 1024 32768 6.69fps
64 256 16384 7.43fps
128 64 8192 7,43fps

Table 1: Frameratesfor varying numberof seedscycles,
andactivestreamlines.

nor arethey sortedby depth.Figure 3(b) shavs theimpor-
tanceof usingilluminationanddepthsorting.Thevisualper
ceptionhasincreasedsigni cantly. In Figure 3(c), we have
usedan MDTF thatextractsregionsof high curl (or vortic-
ity) magnitude.The streamlinesare only drawvn within the
vortex area.

In our currentimplementationthe six pixel-wide halo-
ing lines cannotbe depth-sortedn conjunctionwith our 1.5
pixel-wide streamlines/pathlinessthey representlifferent
typesof geometricobjects.Thus,haloingonly looks correct
whenwe extractfeatureswith low complity, i. e.,whenthe
artifactscausedy omitting depth-sortingareminimal.

Figures3(d) and2 shov densegeometric o w visualiza-
tion for thejetsdataset.In Figure3(d), we have useddepth-
sortingandillumination in conjuctionwith depth-basedat-
tenuationto renderstreamlinesat time step1500. MDTFs
areusedto extractregionswith high curl magnitudeandhigh
velocity magnitude Figure 2 shavs three stepsof an ani-
mationof unsteadyo w usingpathlines.The pictureshave
beencapturedat time steps1120,1400and 1800.The im-
ageshave beenrenderedusing haloing, illumination, ow
orientation,anddepth-basedttenuation.

The computationtimesfor our renderingdependon the
renderingechniquesisedandon the numberof streamlines
or pathlinesyespectiely. Tablel lists frameratesfor steady
datawhenrenderingilluminated streamlinesWhen apply-
ing depthsorting frame ratesdecreasedy a factor ve to
ten. For unsteadydatawhen renderingpathlines,we have
achiezedframeratesupto tenframespersecondContraryto
texture-basedo w visualizationapproacheshe framerates
achiezedwhenusingdensegeometric o w visualizationare
(almost)independenbf the size of the dataset. Thus, for
larger datasetsthat still t in the texture memory frame
ratesare closeto the oneslisted above. For unsteadydata,
datatransfer i. e. copying the individual time stepsto the
GPU,becomes bottle-neck.

Anothernice propertyof our densegeometric o w visu-
alizationapproaclwhencomparedo texture-basednethods
is thatno spatial-temporatoherencgroblemsoccur When
coupling dye adwection with texture-basedo w visualiza-
tion techniquesblurring basedon numericaldiffusion arti-
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factscanbeobsered,which hasonly been x edrecentlyin
[Wei04]. As ouradwectionprimitivesarepathlinesij. e.,geo-
metricobjectsour adwectionstepis not subjectto diffusion.

8. Conclusionsand Futur e Work

We have presentedh o w visualizationapproachbasedon
renderinggeometryin a dense,uniform distribution. We
have integrated o w using particle adwection to generate
streamlines(for steady o w) and pathlines(for unsteady
o w). Ideasfrom texture-basedo w visualizationhave been
adopted Pipeliningis usedto manageseedingadwection,
and deathof streamlines/pathlinewith constantlifetime.
Ourmethodusesafourth-ordeRunge-Kittamethodwhich
hasbeenefciently implementedin hardware by exploit-
ing parallelismand programmabilityof graphicshardware.
We have addressethe occlusionprobleminherentto dense
volumetric representationdy applying MDTFs restricting
particle attenuatiorto regionsof certainphysical behaior,
features Geometryis renderedusing several techniquego
enhancevisual perception.We have applied our approach
to steadyandunsteady3D ow elds achieving interactive
framerates.

Futureresearchefforts will be directedat emplg/ing a
depth-sortechaloing stratey, usingadaptve time stepsfor
o w integration, experimentingwith differenttypesof ge-
ometry(requiresprogrammabilityof the graphicscard's ge-
ometryengine),andextendingthe approacho unstructured
andirregularly grid-structurediata.
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Figure 2: Animationwith densegeometric ow visualiza-
tion appliedto unsteadyow of jets data set.Pathlinesare
rendeedat timesteps1120,1400,and 1800.
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(a) (b)

© (d)

Figure 3: Densegeometric ow visualizationappliedto steady ow. Tornado data set: Streamlinesare rendeed using (a)
haloingand ow orientationor (b) depthsortingandilluminationin conjuctionwith depth-basedttenuationMDTFsare used
for featue extraction, e. g., regionsof high curl magnitude(c). Time step15000f jetsdataset: MDTFs extract regionsof high
curl magnitudeand high velocitymagnitude(d).
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