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Figure 1: Visualization of the 
o w �eld of a tornado with: (left) a point-based stream surface; (right) the combination of a stream surface and
texture-based 
o w visualization to show the vector �eld within the surface. Each stream surface is seededalong a straight line in the center of
the respective image.

ABSTRACT

We introducea point-basedalgorithm for computingand render-
ing streamsurfacesandpathsurfacesof a 3D �o w. Thepointsare
generatedby particletracing,andanevendistributionof thosepar-
ticleson thesurfacesis achievedby selective particleremoval and
creation.Texture-basedsurface�o w visualizationis addedto show
inner�o w structureon thosesurfaces.We demonstratethatour vi-
sualizationmethodis designedfor steadyandunsteady�o w alike:
both thepathsurfacecomponentandthetexture-based�o w repre-
sentationarecapableof processingtime-dependentdata. Finally,
we show that our algorithmslend themselvesto an ef�cient GPU
implementationthat allows the userto interactively visualizeand
explorestreamsurfacesandpathsurfaces,even whenseedcurves
aremodi�ed andevenfor time-dependentvector�elds.

CR Categories: I.3.3 [Computer Graphics]: Picture/Image
Generation—; I.3.7 [Computer Graphics]: Three-Dimensional
GraphicsandRealism—

Keywords: �o w visualization,streamsurfaces,path surfaces,
point-basedsurfaces,line integral convolution,GPUmethods

1 I NTRODUCTI ON

Streamsurfacesarea directextensionof streamlines:surfacesthat
areeverywheretangentto thevector�eld. They areeffective in si-
multaneouslydisplayingvariouskindsof informationof a �o w. In
additionto �o w direction,which is alsovisualizedby streamlines,
streamsurfacescanshow torsionof avector�eld andconvey vortex
structure[5]. Despitetheseadvantages,streamsurfacesarenot ex-
tremelycommonin �o w visualization.We believe thatthefollow-
ing issuesmight contributeto sucha lack of popularity: (1) stream

surfacesrequiremoreadvancedalgorithmsthanstreamlines,which
makesthemmoredif�cult to compute;(2) interactive visualization
is not aseasyto achieve as for streamlines;(3) wide streamsur-
faceslack internalvisual structure,leadingto possibleperception
problems;(4) streamsurfaceshave beentraditionally restrictedto
steady�o w.

Weaddresstheseissuesby devisinganew point-basedalgorithm
for streamsurfaceconstructionandrendering.Thereby, anexpen-
sive triangulationof thestreamsurfaceis avoided. Particle tracing
startsatacurveof seedpointsandresultsin acollectionof particles
that representthe streamsurface. More speci�cally, the contribu-
tions of this paperare: (1) a point-basedcomputationof stream
surfacesthatmaintainsanevendensityof particleson thepoint set
surface; (2) point-basedrenderingby meansof splatting; (3) the
extensionto path surfacesof unsteady�o w; (4) the combination
with texture-based�o w visualizationon streamsurfacesandpath
surfacesto show inner �o w structureon thosesurfaces;and(5) a
mappingof all algorithmsto ef�cient GPU implementations.Our
visualizationapproachallows us to interactively generateandren-
der streamsurfacesandpathsurfaces,even while seedcurvesare
modi�ed by the useror time-dependentvector�elds arestreamed
to theGPU.Figure1 illustratesanexampleof streamsurfacesgen-
eratedby our algorithm.On theleft sideonly thestreamsurfaceis
illustrated,without any informationaboutthe �o w on thesurface.
A moredetailedfeedbackaboutthe�o w behavior andtheresulting
shapeof thestreamsurfaceis givenon theright.

2 PREVI OUS WORK

Thispaperaddressesandcombinesmethodsfrom threeresearchar-
eas:therenderingof point-basedsurfacerepresentations,thecom-
putationandextractionof streamsurfaces,andtexture-based�o w
visualizationon thosesurfaces.We discusspreviouswork accord-
ing to thethreeresearchareas.

Point-basedmethodshave drawn quite someattention in the
computergraphicsandvisualizationcommunitiesover thelastfew



years.Thesurvey by KobbeltandBotsch[9] providesanoverview
of the �eld. Our renderingmethodis basedon point setsurfaces
(PPS),whichwereoriginally introducedfor anef�cient representa-
tion andrenderingof point-basedsurfaces[1, 28]. Recently, Wald
et al. [24] have developeda highly optimizedCPU ray tracerfor
renderingPSS,andTejadaetal. [19] havedescribedarelatedGPU-
basedray tracingmethodfor intersectingaprimaryraywith aPSS.
In this paper, we make useof a PSSrepresentation—inparticular
in combinationwith storedconnectivity informationfor a fastac-
cessto neighboringpoints—but we apply splattingfor rendering.
Rusinkiewicz et al. [16] usedsplatting for renderinglarge point
cloudsandZwickeretal. [28] usedsplattingfor renderingPSS.

Thesecondresearchtopic is �o w visualizationbasedon stream
surfaces.While theconceptof a streamsurfaceis straightforward,
its implementationismorechallengingthanfor streamlinesbecause
a consistentsurfacestructureneedsto bemaintained.Hultquist[7]
describesan algorithmthat geometricallyconstructsa streamsur-
facebasedon streamlineparticle tracing. In particular, his algo-
rithm takesinto accountthestretchingandcompressionof nearby
streamlinesin regionsof high absolute�o w divergence.Garthet
al. [5] show how Hultquist's algorithmcanbe improved in order
to obtain higher accuracy in areasof intricate �o w. An alterna-
tive computationis basedon implicit streamsurfaces[21], which
however cover only a subclassof streamsurfaces. A relatedline
of researchaddressesthe issueof how streamsurfacesare dis-
playedeffectively; for example,they canbe chosenaccordingto
principal streamsurfaces[3], renderedat several depthsby using
ray casting[4], or visualizedthroughsurfaceparticlesto reduce
occlusion[20]. To the authors'knowledge,previous methodsare
restrictedto streamsurfaces—tosteady�o w or instantaneousvec-
tor �elds of unsteady�o w—whereasour approachis designedfor
steadyandunsteady�o w alike.

The third researchareadealswith texture-based�o w visualiza-
tion. Our approachadoptsline integral convolution (LIC) [2], ex-
tendedto tangential�o w on curvedsurfaces.While severalmeth-
odsexist for texture-based�o w visualizationon surfaces(seethe
survey [11] for an overview), we usea hybrid object/imagespace
LIC method[26] becauseit canprocessvector�eld dataextracted
by point-basedrendering. The object/imagespaceLIC is simi-
lar to texture advectionin imagespace[12, 23], but achievesbet-
ter �lter quality andguaranteestemporalcoherenceundercamera
motion. Our basicvisualizationstrategy resemblesrecentwork
by Larameeet al. [10], which combinesmesh-basedstreamsur-
faceswith textureadvectionfor animprovedvisualizationof steady
�o w: by construction,a vector �eld carved out on a streamsur-
faceis alwaystangentialto the surface;therefore,a projectionof
a 3D vector �eld onto a surfaceis avoided. In addition, our vi-
sualizationmethodis designedfor steadyandunsteady�o w alike.
Typically, thetexture-basedvisualizationof unsteady�o w leadsto
smeared-outtexturepatterns,aspresentin textureadvection[8, 22]
or UFLIC [18, 14, 13]. We show in Section6 that our approach
leadsto clearline patternsthatshow a certainchoiceof pathlines.
More backgroundinformationon �o w visualizationin generalcan
befoundin thebookchapter[25].

3 STREAM SURFACES

Streamsurfacesaresurfacesthatareeverywheretangentto a time-
independentvector �eld. They extend the conceptof a stream-
line by replacinga single seedpoint by a curve of seedpoints
for which particlesaretracedalongthevector�eld. Accordingto
Hultquist[7], astreamsurfacecanberepresentedasa2D paramet-
ric surfaceembeddedin a 3D �o w. A naturalchoiceof parameter-
izationusesoneparameter, s 2 [0;1], in orderto label streamlines
accordingto their respective seedpoints. Assuminga parameter-
ized representationof the seedcurve, we bases on that curve pa-
rameterization.Theactualstreamlinesarecomputedby solvingthe
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Figure 2: Generation of a stream surface and a path surface respec-
tively. First, the seedpoints are de�ned followed by the integration
of the particle positions. After each integration step, a particle in-
sertion/removal method is applied, considering the distance between
the neighboring particles.

ordinarydifferentialequationfor particletracing,

dx(t)
dt

= v(x(t);t) ; (1)

wherex is particlepositionandv is thevector�eld at time t. The
seedpointsrepresentthe initial valuesfor theordinarydifferential
equation.Then,the secondparameterof the streamsurfaceis the
time, t 2 [0;tmax], alongthestreamlineintegration. This choiceof
surfaceparameterizationresultsin two meaningfulclassesof isopa-
rametercurves:for constantsandvaryingt, weobtainstreamlines;
for constantt andvarying s, we obtain time lines, which aread-
vectedimagesof theinitial seedline.

For streamsurfaces,we assumea time-independentvector�eld
v. However, the above constructionis alreadydesignedfor time-
dependentvector�elds. In this case,particletracingleadsto path-
linesinsteadof streamlines,whichin turnresultsin theconstruction
of pathsurfacesinsteadof streamsurfaces.

4 GENERATI NG STREAM SURFACES AND PATH SURFACES

In this section,we describeour algorithmfor thefastgenerationof
streamsurfacesandpathsurfaces.As we aim to provide an inter-
active tool for the generationandvisualizationof thosesurfaces,
the algorithm is designedfor a GPU implementation.Due to its
highly parallelarchitecture,the GPU is well suitedfor computing
a large numberof streamlinesby particle tracing. Therefore,the
following discussionfocuseson elementsthat can be mappedto
the GPU programmingmodel. In particular, we restrictourselves
to datastructuresthatcanberepresentedby textures,andto algo-
rithmsthatonly needinformationin a local neighborhoodandcan
beexecutedin parallel. We startwith a descriptionof streamsur-
facecreationandthendiscusstheminor changesrequiredfor path
surfaces.

Thebasicalgorithmconsistsof threeparts:(1) thegenerationof
theseedpoints;(2) the integrationof theparticlesalongthegiven
vector�eld; and(3) insertion/removal eventsto maintainanevenly
densesamplingof thesurfaceby particles.Figure2 showsthegen-
erationprocedure.The �rst part is executedonceonly at the be-
ginning, whereasparts(2) and (3) are repeatedlyexecutedin an
interleaved mannerto incrementallyconstructthe streamsurface.
We seekto maintaina roughly even densityof particlesin order
to obtain a good reconstructionof the surfaceduring the point-
basedrenderingprocess(seeSection5). As alreadypointedout
by Hultquist [7], divergenceof the �o w canchangethedensityof
particles.Insertionandremoval eventsthatarebasedon a particle-
densitycriterionplayacrucialrole in achieving agooddistribution
of streamlines.

Theimportantdatastructuresof thealgorithmcanberepresented
as2D textures. Onedatastructureis a particles texture,which
stores,asthenameimplies,thepositionsof theparticlesin theob-
ject spaceof thesurface.Theorganizationof theparticles tex-
ture is rathersimple: the numberof rows standsfor the number
of particles,whereasthe columnsdescribethe numberof integra-
tion steps.Actually, thenumberof rows hasto beh timesgreater



Figure 3: Initialization of the particles texture: only one column is
rendered; the height of the strip represents the number of initial
particles.

thanthenumberof initial particlesto allow for additionalroomfor
particlesinsertedduringsurfaceconstruction.From experience,a
valueof h = 2 is appropriatefor typical visualizations.A second
datastructure—thestates texture—is introducedto storeaddi-
tional datavalues. The states texture hasthe samesize as the
particles textureandprovidesfour additionaldatachannelsfor
eachparticle. Sincewe will needfastaccessto neighboringparti-
cles,the states texture is usedto storethe connectivity between
streamlines:it containsindicesto theleft andright neighborsof the
respective streamline.Thevector�eld is held in a 3D texture that
is not modi�ed by theGPUbut initialized by transferringthedata
setfrom mainmemoryto texturememory.

In the �rst stepof the algorithm,the seedpointsaregenerated.
Theuserde�nesaseedcurveby placingastraightline ataspeci�c
region of interest.Seedpointsaredistributeduniformly alongthis
line; thedistancebetweenseedsis determinedby theuser-speci�ed
numberof initial particles. Seedingis implementedby rendering
only onecolumnof theparticles texture(Figure3). Theheight
of thequadrilateralusedfor renderingrepresentsthenumberof ini-
tial particles. Similarly, the states texture is initialized with in-
dicesto streamlineneighbors.

After initialization,theintegrationof particletracesis performed
in step(2) of thealgorithm. We apply �rst-order Euler integration
to solve Eq. (1), but higher-ordermethodscould be usedaswell.
Particle tracingupdatesthe particles texture in a column-wise
manner, whereeachcolumncorrespondsto a speci�c time. The
previouspositionof aparticleis obtainedby a texturelookupusing
thetexturecoordinatesthatreferto thepreviouscolumn.Then,the
updatedpositionis written to thecurrentcolumn.Sincesimultane-
ousreadandwrite accessto texturesis not supported(in DirectX)
or notspeci�ed(in OpenGL),aping-pongrenderingschemeis nec-
essaryfor updatingthe particlepositions. The states texture is
treatedin thesamemannerto maintainconsistentconnectivity in-
formation.

Step(3) of thealgorithmimplementstheinsertionor removal of
particles.This steprelieson criteria thatdecidewhethera particle
remains,needsto be added,or hasto be removed. In addition,a
streamsurfacemaytear, for examplein regionsof very high diver-
genceor whenthe�o w hitsaninteriorboundary. Sincethereexists
no clearde�nition whennew particleshave to beinsertedto main-
tainanappropriatesamplingof thesurfaceor whenthesurfacehas
to tear, we adoptthecriteriaproposedby Hultquist [7]. Let Pi;t be
thepositionof thei-th particleat timet andq(x;y) bethedistance
betweenpointsx andy. Then,aparticleis insertedif

q(Pi;t ;Pi+ 1;t ) > a q(Pi;0;Pi+ 1;0) (2)

and

q(Pi;t ;Pi+ 1;t ) � q(Pi;t� 1;Pi+ 1;t� 1) < b q(Pi;t� 1;Pi;t ) ; (3)

wherea andb areusuallysetto 2. The�rst inequalitytestsif the
currentdistanceis larger thana timesthe initial distancebetween
two adjacentparticles. The secondinequalityguaranteesthat the
distancebetweentwo neighborsdoesnot grow morethanb times
fasterthanthedistancebetweenitspreviousandits currentposition.
Thesurfacetearsif Eq.(2) is trueandEq.(3) is notmet.A particle
diesif thedistancebetweentwo neighboringparticlesis too small,
for example,whenparticlesentera convergentareaof the�o w. A
particleis removedif thefollowing conditionsareful�lled:

�
Pi;t � Pi� 1;t

jPi;t � Pi� 1;t j

�
�
�

Pi+ 1;t � Pi;t

jPi+ 1;t � Pi;t j

�
� 1 (4)

and

q(Pi;t ;Pi+ 1;t ) < gq(Pi;0;Pi+ 1;0)
^ q(Pi;t ;Pi� 1;t ) < gq(Pi;0;Pi� 1;0) ; (5)

whereg shouldbe lessthan1. Thedot productin Eq. (4) testsfor
collinearity of the particleand its neighbors. If this is true, both
distancesfrom the particle to its neighborsare checked. Eq. (5)
de�nes that a particleneedsto be removed if the distancesto its
neighborsaresmallerthanthedistancesat t = 0, scaledby g.

The computationof the different criteria requiresdata from
the local neighborhoodof a particle. The temporalneighborhood
(i.e., accessto previous time step)is intrinsically encodedin the
particles texture becausea row of that texture correspondsto
differenttime stepsof thesameparticle.Thespatialneighborhood
is explicitly storedin the states texture, which holds indicesto
theleft andright neighbors.

Particleremoval is implementedby marking“dead” particlesin
the particles texture so that they arenot processedany further
duringparticletracingandsurfacerendering.By usingrendertar-
getswith �oating point precision,no additionalcolor channelis
necessary. Thereexist at leasttwo channels,containingtheneigh-
bors which cannotbe negative. If the particledies, one of these
channelsis usedto storethis additionalinformation,by negating
its actualvalue. Theimplementationof particleinsertionusestwo
additionaltexturesthatstoreintermediateresults.The�rst onecon-
tainsthepositionsof thenew particles,andtheotheronecontains
the correspondingstates. Both textureshave the sameheight as
theoriginal particles andstates textures.Eachexisting parti-
cle is testedwith its right neighborusingEqs.(2) and(3). If both
inequalitiesaretrue, a new particleP0

i;t is createdby linear inter-
polationbetweenPi;t andPi+ 1;t . Then, the particlepositionand
connectivity arewritten to the additionaltextures. The neighbors
areassignedto thenew particleby usingthecoordinatesof Pi;t as
left andPi+ 1;t asright neighbors.

Theproblemis thattheintermediatetexturesmaycontainonly a
few particlesthatwereactuallyinserted.In fact,mostof thecells
of thosetextureswill containinactiveelements.Therefore,weneed
to condensetheintermediatetexturesby removing all inactive par-
ticlesandputting theactive particlesin a consecutive order. Such
a reorderingis rathercomplicatedfor a GPUimplementation.We
adoptthe histogrampyramidsproposedby Ziegler et al. [27] and
slightly modify it. The main ideais to merge the positionsof the
new particles,which aredistributedover thewholetexture. Dueto
the fact thatwe updatetheparticles'positionscolumnby column,
themergingalgorithmis restrictedto a1D domain.In fact,all new
particlesarestoredin onecolumn,in which eithera texel is �lled
with anew particleor is empty.

Webuild abinarytreeoverthiscolumnby usingapyramidstack
of 1D textures,whereeachlevel of thepyramidhasat leasthalf of
theheightof thepreviouslevel, representingonelevel of thebinary
tree. The �nest level n representsthe new particle itself. In our
implementation,we usea �ag to notify a texel if it containsa new
particle(f = 1) or not (f = 0), whichservesasbasisfor thebinary
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Figure 4: Creation of the binary tree: the new particles build the
highest level. The contents are summed up until the root contains
the overall number of particles to be inserted.

treegeneration.If we arenow renderinglevel n� 1 of the binary
tree,for example,alwaystwo texelsof level n areaccumulatedand
storedinto onetexel of level n� 1. This is continueduntil theroot
level 0 is reached,which is representedby one texel containing
the overall numberof new particles(Figure 4). The creationof
thebinarytreerequiresn renderpassesto build thetreelevels in a
bottom-upmanner.

After the binary tree is created,the new particlesareaddedto
theactualparticles texture.Here,thenumberof new particlesis
readbackfrom graphicsmemory. Due to thesmall texturesize—
onetexel—the texture readbackdoesnot affect the performance
signi�cantly. Thena quadrilateralis createdwith a heightequalto
thenumberof new particles.Accordingto thehistogrampyramid
method,eachtexel renderedby thequadrilateralis numberedfrom
0 to k � 1, wherek standsfor the numberof new particles. The
adaptedtop-down traversalalgorithmby Ziegler et al. [27] works
asfollows. Startingfrom the �rst level of the binary tree,the key
valueis comparedwith theentryof thecurrentcell. If thekey value
is smallerthanthecell value,thetreeis traverseddownward. If the
key valueis greateror equal,thevalueof thecurrentcell is stored
andthebinarytreeis traverseddownwardfollowing thepointerof
thesuccessor. This is repeateduntil thealgorithmreacheslevel n.
Finally, thevalueof thecurrentcell plusthenumberof predecessors
gatheredduring the traversalis comparedto the key value. If the
key valueis smaller, thenew particlecorrespondingto thekey value
is found, otherwisethe successorcell is used. By renderingthe
positionandthe correspondingstatesat the currentfragment,the
new particleis insertedcontainingall thenecessaryinformationfor
thegrowing of thestreamsurface. In fact, the left neighboris the
particlePi;t , which hascreatedthenew particle,andthe right one
is theold neighborof Pi;t , whichwasPi+ 1;t .

To restorethe consistency of the particlesystem,the old parti-
clesneedto beupdatedaswell. Whena new particleis created,its
index in theparticles textureis yetunknown becauseof thepar-
ticle merging mechanism.To build the connectivity information,
the binary treeusedto obtain the relationof the new particlesto
their old predecessors.Now, the treeis traversedbottom-up,from
theleavesto theroot. TheparticleP0

i;t storedin thetemporarytex-
tureservesasbasisof the traversal(notethat it representsthe leaf
level n of the binary tree). While the binary tree is traversedup-
wards,eachcell is testedif it buildsthe�rst or thesecondentryof a
tuple.If it hasapredecessor, thepredecessor'svalueis accumulated
beforethealgorithmascendsto thenext treelevel. Whentheroot
nodeis reached,thegatheringalgorithmstopsandtheaccumulated
valuerepresentsthenumberof predecessors.This informationand
the texturecoordinatesof thenew particlesaresuf�cient for reas-
signingthe new neighbors.Pleasenotethat this algorithmhasto
beexecutedfor all particleswhich have createda new one,aswell

Figure 5: Lifetime of the individual particles. The color gradient
is de�ned from red (at t=0) to green and illustrates the increasing
lifetime. The areas with red lines at the left and bottom-right parts
of the image show regions with many new streamlines.

as for their former right neighbors,becausethey also needto be
informed about their new left neighbors. After this is done, the
particleinsertionandremoval stageis �nished.

Thecompletestreamsurfaceis constructedby applyingparticle
insertion/removal andparticle integrationseveral times. Figure5
illustratesthe lifetime of the individual particles. Color encodes
an increasinglifetime of particlesby red to green. New particles
are identi�ed as red areassurroundedby greenstreamlines.The
maximumintegrationlengthis user-speci�ed.

Our algorithmallows us to createstreamsurfacesandpathsur-
facesalike. The only modi�cation for path surfacesof unsteady
�o w is that the vector �eld needsto be updatedeachtime step,
which slightly affectsperformancebut leavesthe restof the algo-
rithm unchanged.

For the subsequentLIC calculation,which is discussedin Sec-
tion 6, thevector�eld is neededonthesurface.Weusetheremain-
ing threechannelsprovided by the particles and states tex-
turesto storetheattachedvectorof the�o w. Regardlessof whether
steadyor unsteady�o w is visualized,only thevectorusedfor the
integrationof thecurrenttimestepis stored.

5 SURFACE RENDERI NG

Thefactthatweaddparticleswhendivergencein the�o w is present
ensuresasuf�ciently densesamplingto cover theimagespacecon-
sistently. This way, we only have to generateenoughparticlesand
renderthemassmall point spritesin orderto obtaina closedsur-
face. However, in order to obtain lit surfaces,the normalvectors
at eachpositionon thesurfacemustbedetermined.Therefore,we
�rst estimatethe normal vectorsat the particlespositions,which
canbeperformedby meansof covarianceanalysis[6].

Given a point q in R3 anda setof pointsS= f pi ; : : : ;png on
the surface(the particlepositions),the 3� 3 weightedcovariance
matrixC is givenby

C(q) = å
pi2N(q)

(pi � q)(pi � q)Tq(kpi � qk) ; (6)

whereN(q) ( Sis thesetof neighborsof q andq is anon-negative
monotonicallydecreasingfunction. A typical choiceis the Gaus-
sianfunctionof theform q(r) = exp(r2=h2), whereh is a smooth-
ing factor. Oncethe matrix C is calculated,the normalvectorat



q is estimatedastheeigenvectorof C correspondingto thesmall-
esteigenvalue. To �nd this eigenvectorwe usethe inversepower
method[15].

Given the layout of the texture holding the particles,this pro-
cessingcan be performedin one renderpass. For a given parti-
cle positionq, we de�ne the setN(q) as the pi correspondingto
the particlesof the previous andnext time stepsin the neighbor-
ing streamlines.Theseparticlespositionscanbeaccessedusingthe
connectivity informationstoredin theparticles andstates tex-
tures.Then,thecomputationof C(q) is straightforwardandcanbe
implementedin a singlefragmentshader, togetherwith theinverse
powermethodto obtainthenormalvectorateachparticleposition.
Thisprocessis performedby renderingasinglequadrilateralof the
samesizeasthe particlestexture. The input to the fragmentpro-
gramarethetexturesparticles andstates . Theformeris used
to fetchtheparticles'positionsandthelatterto fetchtheneighbor-
ing particles'texturecoordinates.Theresultsof thisrenderpassare
storedin thetexturenormals .

Oncewe have the estimatednormals,we performthreefurther
renderpasses.The�nal resultof this processconsistsof threetex-
tures: (1) the intersections texturewith the intersectionpoints
on thesurface;(2) the lit surface texture,which holdsthepro-
jectedandlit surface;and(3) vectors textureswith the interpo-
latedvectorof the�o w ateachpositionon theprojectedsurface.

Theprocessis started,for the �rst renderingpass,by rendering
aquadrilateralfor eachparticlecenteredat theparticlepositionand
perpendicularto the normal vector correspondingto the particle.
Thequadrilateralsaretrimmedin the fragmentprogramby means
of clipping operationsto obtain discsof radiusb, where0:5h <
b < 1. For this, in thevertex program,we attachto theverticesof
thedisc its positionandthepositionof theparticlein object-space
coordinates(sincethenormalvectorswerealsocomputedin object-
spacecoordinates).Thefragmentprogramwritesthepositionof the
fragment(if not clipped)to thetextureintersections .

This textureandthetexturenormals aretheinput to thesecond
renderpass.Discscenteredat eachparticlepositionarerendered
as in the previous pass. The vertex programin this casefetches
the normalvectorcorrespondingto the particleandattachesit to
thevertex in additionto thepositionsof thevertex andtheparticle
in objectspace.Eachfragmentthusgeneratedwrites the normal
vectorto theRGBchannelsandw(kx j � qik;kx j � zkk) to thealpha
channelof a �rst target texture weighted normals . The x j and
qi are the positionsof the fragmentand of the particle in object
spacerespectively, andzk is theintersectionpoint from thetexture
intersections , storedin thetexel correspondingto thefragment
positionin clippingspace.Thefunctionw is de�ned

w(r;s) = exp
�

�
r2

h2 �
s2

m2h2

�
;

wheretheparametermcontrolsthein�uence of thefragmentsthat
arebehindtheintersectionpoint. Thisparameteris chosento avoid
thein�uence in theresultof fragmentsthatarenot in the2D neigh-
borhood(surface)of the intersectionpoint. Also, to obtainsharp
intersectionsas in Figure 8, it is important to test if the texture
coordinates(along the x-axis in the texture) correspondingto qi
are in the neighborhoodof the texture coordinatesof the particle
correspondingto zk. This is done to ensurethat only particles
in the neighboringtime stepsareconsideredto calculatethe nor-
mal and velocity vectors. A secondtexture weighted vectors
is attachedto a secondrendertarget,wherethe fragmentprogram
writes, in the RGB channels,the velocity vector at the particle
position and, in the alphachannelw(kx j � qik;kx j � zkk). By
using alphablendingwe obtain, for eachray (pixel), the vectors
å x j

w(kx j � qik;kx j � zkk)ni , andå x j
w(kx j � qik;kx j � zkk)vi ,

whereni andvi arethenormalandvelocityvectorsatqi , andtheset

f x jg is thesetof fragmentsprojectedontothepixel. By normaliz-
ing thesetwo vectors,we obtainsmoothlyinterpolatednormaland
velocityvectorsfor eachprojectedpositionon thesurface.

Thisfactisusedin thethird renderpass,whereasinglequadrilat-
eralcoveringtheviewport is rendered,andeachfragmentgenerated
fetchestherespectiveweightedsumof normalandvelocityvectors
from the textures weighted vectors and weighted normals .
Thenormalizedinterpolatednormalvectoris usedto computethe
lit surface, which is written to the texture lit surface . The
normalizedinterpolatedvelocity vector is written to the texture
vectors . The lit surfacecanbe thendisplayed,or thesetwo tex-
tures,togetherwith thetextureintersections canbeinput to the
processdescribedin thenext section,whereLIC is addedto thelit
surface.

6 SURFACE L I C

Thepoint-basedrenderingprocessof theprevioussectionprovides
a projectionof the streamor path surfaceonto the imageplane,
alongwith informationaboutthe 3D positionon the surfaceand
theattachednormalandvelocityvectors.OurLIC computationcan
beconsideredaG-buffer algorithm[17] becauseit relieson image-
spaceinformation to performparticle tracingandconvolution. It
is importantto distinguishbetweenthe dimensionalityof the do-
mainandthedimensionalityof theattacheddata.An image-space
or G-buffer methodalwaysusesa 2D domain(the imageplane),
but the attacheddata(i.e., the G-buffer attributes)canbe of other
dimensionality.

Thehybrid object/imagespacemethod[26] needsthefollowing
G-buffer attributes: (1) the 3D positionof the respective pixel in
object space(in texture intersections ) and (2) the 3D vector
�eld in objectspace(in texturevectors ). Theonly otherdatathat
is usedfor LIC is an input noise. This noiseis modeledasa 3D
solid texture to ensuretemporalcoherenceundercameramotion.
Accordingto Weiskopf etal. [26], theLIC textureI is computedby

I(x0
I ;y0

I ) =
Z

k(t � t 0)M(rO(t � t 0;x0
I ;y0

I )) dt ; (7)

wherethesubscriptI denotesparametersgivenin imagespace,the
subscriptO denotesparametersgiven in objectspace,t is integra-
tion time,M is the3D noise,k is the�lter kernel,andr O represents
positionsalongapathline.Thepathlineis determinedby theinitial
image-spaceposition(x0

I ;y0
I ), whichhasacorrespondinginitial 3D

object-spacepositionon thesurfaceat initial time t 0.
Theoriginal implementation[26] wasdesignedfor olderShader

Model2.0GPUsandusesmultiple renderpassesto stepalongpar-
ticle pathsandto discretizethe LIC integral. CurrentGPUswith

// Object-spacepositionat currentpixel:

oat3 pos obj = tex2D(intersections, pos fragment)

oat accum = 0
// Loopalongforward streamlinedirection:
for i=0 to imax

// Accumulatecontribution to LIC integral:
accum = accum + k weight(i) * tex3D(noise, pos obj)
// Currentimage-spaceposition:

oat2 pos img = trafo to image space(pos obj)
// Correspondingobject-spacevector:

oat3 velocity = tex2D(vectors, pos img)
// Euler integration:
pos obj = pos obj + delta t * velocity

endfor
// Loopalongbackward streamlinedirection:
...

Figure 6: Shader-inspiredpseudocode for surface LIC.



(a) (b)

Figure 7: Stream surface of a 3D tornado data set: (a) without LIC texture, (b) with LIC texture.

(a) (b)

Figure 8: Path surface of an unsteady 
o w: (a) shows the time of the unsteady 
o w �eld by colors (red for for early times, green for later
times); (b) illustrates the combination of the path surface and time-dependent LIC.

ShaderModel3.0supportallow for asingle-passLIC implementa-
tion usingloops. Figure6 shows the pseudocodefor this single-
passLIC computation.Thetwo G-buffer texturesintersections
(object-spacepositions)and vectors (object-spacevector �eld)
are initialized by the point-basedrenderingprocessdescribedin
Section5. The actualparticle tracing is donein 3D objectspace
coordinatesin order to achieve higheraccuracy thanpure image-
spaceadvectionmethods.Beforethevector�eld canbeaccessed,
thecurrent3D objectspacepositionis transformedto imagespace
by applyingthemodel,view, andprojectionmatrices.

LIC improves the visualizationon streamor pathsurfacesbe-
causea LIC textureprovidesadditionalinformationthatcannotbe
encodedby asurfacealone.Figure7 showsanexample:thestream
surfaceis quitewide andwithout LIC lines(Figure7 (a)) the �o w
structurewithin thestreamsurfaceis notdisplayed;in contrast,Fig-
ure 7 (b) shows the streamsurfacewith LIC, conveying the inter-
nal �o w structureandthe �o w direction. Here,the LIC texture is
combinedwith theregularlyrenderedandilluminatedsurface(from
lit surface texture) in order to show the �o w and the surface
shapeat thesametime.

The above LIC algorithm works for steadyand unsteady�o w
alike. Sincethesteadycaseis rathersimple,wewould like to focus
thefollowing discussionon theunsteadyscenario,whichgenerally
is challengingfor texture-based�o w visualization. Typically, the
texture-basedvisualizationof unsteady�o w leadsto smeared-out
texturepatterns.For example,textureadvection[8, 22] constructs
anoverlayof streaklines(or inversestreaklines).Sincestreaklines
mayintersecteachother, theweightedaverageof noiseinput from
thosestreaklinescouldresultin a convolution that is not restricted
to acurvedline. Therefore,texturepatternscouldbesmearedout in
a 2D area.Similarly, thefeedforwardandvaluedepositingmech-
anismsof UFLIC [18, 14, 13] canleadto changingwidthsof line
patterns.

The fundamentalproblemis that thereis not a single, unique
vectorfor asinglespatialpositionin atime-dependent�o w. In fact,
thevectordependson how far in time the integrationalonga par-
ticle tracehasprogressed.The above texture-basedmethodsmix,
at thesameposition,vector�elds of differenttime. In contrast,our
surfaceLIC obtainsthevector�eld from pathsurfaceconstruction
(Section4), which usuallyyieldsa singlevectorfor a certainspa-



Figure 9: Path surface of the unsteady 
o w around a cylinder.

tial positionbecausethatspatialpositionis linkedto aspeci�c time.
Figure8 (a) shows a color codingof this time. Still, a pathsurface
couldintersectitself, which correspondsto two differenttimesand
two differentvectorvaluesat an intersectionpoint. Figure8 illus-
tratessuchaself intersection.Fortunately, thoseintersectionpoints
typically form only a zeroset(i.e., a 1D line on a 2D surface)and
leadto different�o w regionsin imagespacethatareclearlysepa-
ratedby theintersectionlines.As illustratedin Figure8 (b), surface
LIC is capableof generatingcrisp, line-like LIC texturesfor those
different�o w regions.

Our approachachieves the essentiallyone-to-onecorrespon-
dencebetweenspatialpositionsand vectorsby �xing the initial
time for seedinga pathsurface. In otherwords,the advantageof
clear line patternscomesat the costof being limited to a tempo-
rally andspatiallyrestrictedregion of path-surfaceseeding.There-
fore, a real-timeconstructionandrenderingof LIC pathsurfaces
is requiredin orderto give theusertheopportunityto interactively
changetheseedingparameters.

7 RESULTS

Wehave testedourmethodonaPCwith AMD Athlon 64X2 Dual
4400+ (2.21 GHz) CPU and 2 GB of RAM. We have usedtwo
differentGPUs: an NVIDIA GeForce8800GTX GPU with 768
MB of graphicsmemoryandanNVIDIA GeForce7900GTX GPU
with 512MB of graphicsmemory. Thecompletealgorithmis im-
plementedin DirectX 9.0 usingHLSL andShaderModel 3.0. For
theperformancetest,we usedanunsteadydataset,simulatingthe
�o w aroundacylinderwith 17 timesteps.Figure9 showsavisual-
izationof the testdataset. For thesteadymeasurements,only the
�rst timestepis used.Thevector�eld is givenonauniformgrid of
size256� 128� 256. Table1 shows theresultsof a measurement
with 256 particlesthat areintegratedalong256 time steps.In the
unsteadycase,the vector �eld is updatedeach256=17 � 15 time
steps.Theperformancefor renderingtheplain surfacemainly de-
pendson thesizeof theprojectedsurface,which canbeexplained
by the fragment-basedsurfaceapproximation. Applying the sur-
faceLIC reducesthe renderingspeedby a factorof 2:5. This can
be ascribedto the additionalrenderpassesandthe numberof in-
tegrationsusedfor solvingEq. (7). Sincethecurrentdriver of the
new NVIDIA GeForce8800doesnot provide thefull power of the
architecture,particularywhenrenderingto texture is applied,we
have replacedtheGPUwith its predecessor, theNVIDIA GeForce
7900GTX for measurementsthatneedrender-to-texture function-

Table 1: Performance using a 256� 128� 256 unsteady data set with
17 time steps (in fps). Rendering speed does not depend on the
underlying 
o w �eld and can be considered similar for both steady
and unsteady 
o w. While the �rst two entries of the table consider
only the rendering of the surface, the performance of the particle
integration is given separately.

Computation Steady Unsteady

Surfaceonly 1 63.9 �

Surfacewith LIC 1 26.4 �

Integrationonly 2 6.5 5.5

1 Measuredwith anNVIDIA 8800GTX GPU
2 Measuredwith anNVIDIA GeForce7900GTX GPU
� Therenderingspeeddoesnotdiffer from thesteadycase.

ality. With thatGPU,we measuredframeratesof 6:5 and5:5 fps,
respectively, for integratingparticlesin asteadyandunsteady�o w,
respectively. Furtherexperimentsshowed that the performanceof
particletracingstronglydependson thesizeof thevector�eld and
thenumberof time steps,which correspondsto thenumberof tex-
tureuploads.

8 CONCL USI ON AND FUTURE WORK

We have presenteda real-timemethodfor creatingandrendering
streamsurfacesandpathsurfacesthatenablestheuserto manipu-
lateseedcurvesinteractively, evenfor unsteady�o w. Thestream-
lines andpathlinesaregeneratedby a GPU-basedparticletracing
algorithm.We dealwith local �o w divergenceby insertingandre-
moving particlesaccordingto a particle-densitycriterion. Based
on the particle traces,the correspondingsurfacesarecreatedand
displayedby point setsurfaces.Thevector�eld, which is already
accessedfor particle integration, is storedand later reusedby an
image/objectspaceLIC methodto compute�o w textureson the
streamsurfacesandpathsurfaces.Only thisadditionalsurfacetex-
turegivesadetailedimpressionof the�o w behavior within thesur-
face,facilitatingthe identi�cation of �o w divergenceandvortices,
and supportingthe perceptionof the surfaceshape. Streamsur-
facesandpathsurfaceshave theadvantagethat they, by construc-
tion, “carve” atangentialvector�eld outof theunderlying3D �o w.
Therefore,a projectionof thevector�eld andcorrespondinginter-
pretationproblemsareavoided. Finally, we have shown that our
novel combinedpathsurface/LICapproachallows for clearly de-
�ned, texture-basedpathlines—whichis notpossiblewith previous
methods.

In future work, the visualizationmethodof this papercould be
enrichedby featureextraction to (semi) automaticallyguide the
userin specifyingseedcurvesor locally adapttheresolutionof the
visualization. Anotherfuture extensioncould be the modi�cation
of our algorithmfor �o w datagiven on unstructuredgrids, which
would requirechangesin theparticletracingpart.
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