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A

Figure 1: Visualization of the ow 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 a3D o w. Thepointsare
generatedby particletracing,andanevendistribution of thosepar

ticleson the surfacesis achieved by selectve particleremoval and
creation.Texture-basedurface o w visualizationis addedto shav
inner o w structureon thosesurfaces.We demonstrat¢hatour vi-

sualizationmethodis designedor steadyandunsteadyo w alike:
boththe pathsurfacecomponentindthe texture-basedo w repre-
sentationare capableof processingime-dependendata. Finally,

we shaw that our algorithmslend themselesto an ef cient GPU
implementatiorthat allows the userto interactvely visualizeand
explore streamsurfacesand path surfaces,even whenseedcurves
aremodi ed andevenfor time-dependentector elds.

CR Categories:  1.3.3 [Computer Graphics]: Picture/Image
Generation—; 1.3.7 [Computer Graphics]: Three-Dimensional
GraphicsandRealism—

Keywords:  ow visualization, streamsurfaces,path surfaces,
point-basedurfacesline integral corvolution, GPU methods

1 INTRODUCTION

Streamsurfacesarea directextensionof streamlinessurfacesthat
areeverywheretangento thevector eld. They areeffectivein si-
multaneoushdisplayingvariouskinds of informationof a o w. In
additionto o w direction,which is alsovisualizedby streamlines,
streanmsurfacescanshaw torsionof avector eld andconvey vortex
structurg]5]. Despitetheseadvantagesstreamsurfacesarenot ex-
tremelycommonin o w visualization.We believe thatthe follow-
ing issuesamight contritute to sucha lack of popularity: (1) stream

surfacesequiremoreadwancedalgorithmsthanstreamlineswhich
malkesthemmoredif cult to computey(2) interactve visualization
is not aseasyto achieve asfor streamlinesy3) wide streamsur
faceslack internalvisual structure leadingto possibleperception
problems;(4) streamsurfaceshave beentraditionally restrictedto
steadyo w.

We addresshesdssuedy devisinganew point-baselgorithm
for streamsurfaceconstructiorandrendering. Thereby an expen-
sive triangulationof the streamsurfaceis avoided. Particletracing
startsatacurve of seecbointsandresultsin acollectionof particles
that representhe streamsurface. More speci cally, the contriku-
tions of this paperare: (1) a point-baseccomputationof stream
surfacesthatmaintainsan evendensityof particleson the point set
surface; (2) point-basedrenderingby meansof splatting; (3) the
extensionto path surfacesof unsteadyo w; (4) the combination
with texture-basedo w visualizationon streamsurfacesand path
surfacesto shav inner o w structureon thosesurfaces;and(5) a
mappingof all algorithmsto ef cient GPU implementations Our
visualizationapproachallows usto interactvely generateandren-
der streamsurfacesand path surfaces,even while seedcurvesare
modi ed by the useror time-dependentector elds arestreamed
to the GPU.Figurel illustratesanexampleof streamsurfacesgen-
eratedby our algorithm. On theleft sideonly the streamsurfaceis
illustrated,without ary informationaboutthe o w on the surface.
A moredetailedfeedbackaboutthe o w behaior andtheresulting
shapeof the streamsurfaceis givenontheright.

2 PREVIOUS WORK

This paperaddresseandcombinesnethoddrom threeresearctar
eas:therenderingof point-basedurfacerepresentationshe com-
putationand extractionof streamsurfaces,andtexture-basedo w
visualizationon thosesurfaces.We discussprevious work accord-
ing to thethreeresearctareas.

Point-basedmethodshave dravn quite someattentionin the
computergraphicsandvisualizationcommunitiesover the lastfew



years.Thesuney by KobbeltandBotsch[9] providesanoverviev
of the eld. Our renderingmethodis basedon point setsurfaces
(PPS)whichwereoriginally introducedor anef cient representa-
tion andrenderingof point-basedurfaceq1, 28]. Recently Wald
et al. [24] have developeda highly optimized CPU ray tracerfor
rendering®SS andTejadaetal. [19] have describedhrelatedGPU-
baseday tracingmethodfor intersectinga primaryray with aPSS.
In this paper we male useof a PSSrepresentation—imarticular
in combinationwith storedconnectiity informationfor a fastac-
cessto neighboringpoints—hut we apply splattingfor rendering.
Rusinkievicz et al. [16] usedsplattingfor renderinglarge point
cloudsandZwicker etal. [28] usedsplattingfor renderingPSS.

The secondresearctopicis o w visualizationbasedon stream
surfaces.While the conceptof a streamsurfaceis straightforvard,
itsimplementations morechallenginghanfor streamline®ecause
aconsistensurfacestructureneedgo be maintained Hultquist[7]
describesan algorithmthat geometricallyconstructsa streamsur
facebasedon streamlineparticle tracing. In particular his algo-
rithm takesinto accountthe stretchingand compressiorof nearby
streamlinesn regionsof high absolute o w divergence. Garthet
al. [5] shav how Hultquist's algorithm can be improved in order
to obtain higheraccurag in areasof intricate ow. An alterna-
tive computationis basedon implicit streamsurfaces[21], which
however cover only a subclassof streamsurfaces. A relatedline
of researchaddresseshe issueof how streamsurfacesare dis-
playedeffectively; for example,they canbe chosenaccordingto
principal streamsurfaces[3], renderedat several depthsby using
ray casting[4], or visualizedthroughsurface particlesto reduce
occlusion[20]. To the authors'knowledge,previous methodsare
restrictedto streamsurfaces—tcosteady o w or instantaneousec-
tor elds of unsteadyo w—whereasour approactis designedor
steadyandunsteadyo w alike.

Thethird researctareadealswith texture-basedo w visualiza-
tion. Our approachadoptsline integral corvolution (LIC) [2], ex-
tendedto tangential o w on curved surfaces.While several meth-
odsexist for texture-basedo w visualizationon surfaces(seethe
suney [11] for an overview), we usea hybrid object/imagespace
LIC method[26] becausét canprocess/ector eld dataextracted
by point-basedrendering. The object/imagespaceLIC is simi-
lar to texture adwectionin imagespace{12, 23], but achiesesbet-
ter lter quality andguaranteesemporalcoherencaindercamera
motion. Our basic visualizationstratgy resemblesecentwork
by Larameeet al. [10], which combinesmesh-basedtreamsur
faceswith textureadwectionfor animprovedvisualizationof steady
ow: by construction,a vector eld cared out on a streamsur
faceis alwaystangentialto the surface;therefore,a projectionof
a 3D vector eld onto a surfaceis avoided. In addition, our vi-
sualizationmethodis designedor steadyandunsteadyo w alike.
Typically, the texture-basedisualizationof unsteadyo w leadsto
smeared-outexture patternsaspresentn textureadwection[8, 22]
or UFLIC [18, 14, 13]. We showv in Section6 that our approach
leadsto clearline patternghatshaw a certainchoiceof pathlines.
More backgroundnformationon o w visualizationin generalkcan
befoundin thebookchaptef25].

3 STREAM SURFACES

Streamsurfacesaresurfacesthatareeverywheretangento atime-
independentector eld. They extend the conceptof a stream-
line by replacinga single seedpoint by a curve of seedpoints
for which particlesaretracedalongthe vector eld. Accordingto
Hultquist[7], astreamsurfacecanberepresentedsa 2D paramet-
ric surfaceembeddedn a3D o w. A naturalchoiceof parameter
izationusesoneparameters 2 [0;1], in orderto label streamlines
accordingto their respectie seedpoints. Assuminga parameter
ized representationf the seedcurve, we bases on that curve pa-
rameterizationTheactualstreamlinesrecomputeddy 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, consideringthe distance between
the neighboring particles.

ordinarydifferentialequationfor particletracing,
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wherex is particlepositionandv is thevector eld attimet. The
seedpointsrepresentheinitial valuesfor the ordinarydifferential
equation. Then,the secondparametenf the streamsurfaceis the
time, t 2 [0;tmax], alongthe streamlineintegration. This choiceof
surfaceparameterizatioresultsin two meaningfukclasse®f isopa-
rametercunes:for constans andvaryingt, we obtainstreamlines;
for constant andvarying s, we obtaintime lines, which are ad-
vectedimagesof theinitial seedine.

For streamsurfaces we assumea time-independentector eld
v. However, the above constructionis alreadydesignedor time-
dependenvtector elds. In this case particletracingleadsto path-
linesinsteadf streamlineswhichin turnresultsin theconstruction
of pathsurfacednsteadof streamsurfaces.

4 GENERATING STREAM SURFACES AND PATH SURFACES

In this section we describeour algorithmfor the fastgeneratiorof
streamsurfacesandpathsurfaces.As we aim to provide aninter
active tool for the generationand visualizationof thosesurfaces,
the algorithmis designedfor a GPU implementation. Due to its
highly parallelarchitecturethe GPU s well suitedfor computing
a large numberof streamlinedy particletracing. Therefore the
following discussionfocuseson elementsthat can be mappedto
the GPU programmingmodel. In particular we restrictoursehes
to datastructureghat canbe representedby textures,andto algo-
rithmsthatonly needinformationin alocal neighborhoodandcan
be executedin parallel. We startwith a descriptionof streamsur
facecreationandthendiscussghe minor changesequiredfor path
surfaces.

Thebasicalgorithmconsistof threeparts: (1) thegeneratiorof
the seedpoints; (2) the integrationof the particlesalongthe given
vector eld; and(3) insertion/remwal eventsto maintainanevenly
densesamplingof the surfaceby particles.Figure2 shovsthegen-
erationprocedure.The rst partis executedonceonly at the be-
ginning, whereasparts(2) and (3) are repeatedlyexecutedin an
interleavred mannerto incrementallyconstructthe streamsurface.
We seekto maintaina roughly even density of particlesin order
to obtain a good reconstructionof the surface during the point-
basedrenderingprocesgseeSection5). As alreadypointedout
by Hultquist[7], divergenceof the o w canchangethe densityof
particles.Insertionandremoval eventsthatarebasedon a particle-
densitycriterionplay a crucialrolein achiezing agooddistribution
of streamlines.

Theimportantdatastructure®f thealgorithmcanberepresented
as2D textures. Onedatastructureis a particles  texture, which
stores asthe nameimplies, the positionsof the particlesin the ob-
ject spaceof the surface. The organizationof the particles  tex-
ture is rathersimple: the numberof rows standsfor the number
of particles,whereaghe columnsdescribethe numberof integra-
tion steps.Actually, the numberof rows hasto be h timesgreater
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Figure 3: Initialization of the particles texture: only one column is
rendered; the height of the strip represents the number of initial
particles.

thanthe numberof initial particlesto allow for additionalroomfor

particlesinsertedduring surfaceconstruction.From experience a

valueof h = 2 is appropriateor typical visualizations.A second
datastructure—thestates texture—is introducedto store addi-
tional datavalues. The states texture hasthe samesize asthe
particles  texture and providesfour additionaldatachanneldor

eachparticle. Sincewe will needfastaccesgo neighboringparti-

cles,the states textureis usedto storethe connectiity between
streamlinesit containsndicesto theleft andright neighborof the
respectie streamline.The vector eld is heldin a 3D texture that
is not modi ed by the GPU but initialized by transferringthe data
setfrom mainmemoryto texture memory

In the rst stepof the algorithm,the seedpointsaregenerated.

Theuserde nesaseedcune by placingastraightline ata speci ¢
region of interest.Seedpointsaredistributeduniformly alongthis
line; thedistancebetweerseedss determinedy the userspeci ed
numberof initial particles. Seedingis implementedby rendering
only onecolumnof the particles  texture (Figure3). The height
of thequadrilateralisedfor renderingepresentthe numberof ini-
tial particles. Similarly, the states textureis initialized with in-
dicesto streamlineneighbors.

After initialization, theintegrationof particletraceds performed
in step(2) of the algorithm. We apply rst-order Eulerintegration
to solve Eq. (1), but higherorder methodscould be usedaswell.
Particle tracing updategthe particles  texture in a column-wise
manney whereeachcolumn correspondgo a speci ¢ time. The
previouspositionof a particleis obtainedoy atexturelookupusing
thetexture coordinateshatreferto the previouscolumn. Then,the
updatedpositionis written to the currentcolumn. Sincesimultane-
ousreadandwrite accesdo texturesis not supportedin DirectX)
or notspeci ed(in OpenGL),aping-pongrenderingschemes nec-
essaryfor updatingthe particle positions. The states texture is
treatedin the samemannerto maintainconsistentonnecwity in-
formation.

Step(3) of thealgorithmimplementgheinsertionor removal of
particles. This steprelieson criteriathat decidewhethera particle
remains,needsto be added,or hasto be removed. In addition,a
streamsurfacemaytear for examplein regionsof very high diver
genceor whenthe o w hitsaninterior boundary Sincethereexists
no clearde nition whennew particleshave to beinsertedto main-
tain anappropriatesamplingof the surfaceor whenthe surfacehas
to teatr we adoptthe criteriaproposedy Hultquist[7]. Let P+ be
the positionof thei-th particleattimet andq(x;y) bethedistance
betweempointsx andy. Then,apatrticleis insertedf

q(Pixt: Pi+ 1t) > a q(Pj;0: Pi+ 1,0) 2
and

q(Pit;Pi+1:) q(Pix 1:Pi+1t 1)< bgq(Pix 1:Pi): ()

wherea andb areusuallysetto 2. The rst inequalitytestsif the
currentdistanceis largerthana timestheinitial distancebetween
two adjacentparticles. The secondinequality guaranteeshat the
distancebetweentwo neighborsdoesnot grow morethanb times
fastetthanthedistancebetweerits previousandits currentposition.
Thesurfacetearsif Eq.(2) is trueandEq. (3) is notmet. A particle
diesif the distancebetweertwo neighboringparticlesis too small,
for example , whenparticlesentera corvergentareaof the ow. A

particleis removedif thefollowing conditionsareful lled:
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- - - - 1 4
Pt Pioai JPi+1t  Pid @)

and

q(Pit;Pi+1:t) <  99(Pi.0;Pi+ 1,0)
N gPinPio 1) < 99(PiosPi 10); %)

whereg shouldbe lessthanl. Thedot productin Eq. (4) testsfor
collinearity of the particle andits neighbors. If this is true, both
distancesfrom the particle to its neighborsare checled. Eq. (5)
de nes that a particle needsto be removed if the distancedo its
neighborsaresmallerthanthedistancestt = 0, scaledby g.

The computationof the different criteria requiresdata from
the local neighborhoodf a particle. The temporalneighborhood
(i.e., accesdo previous time step)is intrinsically encodedn the
particles  texture becausea row of that texture correspondgo
differenttime stepsof the sameparticle. The spatialneighborhood
is explicitly storedin the states texture, which holdsindicesto
theleft andright neighbors.

Particleremoval is implementedby marking“dead” particlesin
the particles  texture sothatthey arenot processedry further
during particletracingandsurfacerendering.By usingrendertar
getswith oating point precision,no additional color channelis
necessaryThereexist at leasttwo channelscontainingthe neigh-
borswhich cannotbe negative. If the particle dies, one of these
channelds usedto storethis additionalinformation, by negating
its actualvalue. Theimplementatiorof particleinsertionusestwo
additionaltexturesthatstoreintermediateesults.The rst onecon-
tainsthe positionsof the new particles,andthe otheronecontains
the correspondingstates. Both textures have the sameheightas
theoriginal particles  andstates textures. Eachexisting parti-
cle is testedwith its right neighborusingEgs.(2) and(3). If both
inequalitiesaretrue, a new patrticle Pﬁt is createdby linear inter-
polation betweenP;jx and P;+ 1. Then, the particle position and
connecwity arewritten to the additionaltextures. The neighbors
areassignedo the new particleby usingthe coordinatesf Pj;t as
left andPj. 1. asright neighbors.

Theproblemis thattheintermediatéexturesmay containonly a
few particlesthatwereactuallyinserted.In fact, mostof the cells
of thosetextureswill containinactive elementsThereforewe need
to condenseheintermediateexturesby removing all inactive par
ticles andputting the active particlesin a consecutie order Such
areorderingis rathercomplicatedfor a GPU implementation.We
adoptthe histogrampyramidsproposedoy Ziegler et al. [27] and
slightly modify it. The mainideais to meige the positionsof the
new particleswhich aredistributedover the whole texture. Dueto
the factthatwe updatethe particles' positionscolumnby column,
thememing algorithmis restrictedto a 1D domain.In fact,all new
particlesare storedin onecolumn,in which eithera texel is lled
with anew particleor is empty

We build abinarytreeoverthis columnby usinga pyramidstack
of 1D textures,whereeachlevel of the pyramid hasat leasthalf of
theheightof the previouslevel, representingnelevel of thebinary
tree. The nest level n representshe new particleitself. In our
implementationye usea ag to notify atexel if it containsa new
particle(f = 1) ornot(f = 0), which senesasbasisfor 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 areaccumulateénd
storedinto onetexel of level n 1. Thisis continueduntil theroot
level 0 is reachedwhich is representedy one texel containing
the overall numberof new particles(Figure 4). The creationof
thebinarytreerequiresn renderpasseso build thetreelevelsin a
bottom-upmanner

After the binary treeis createdthe new particlesare addedto
theactualparticles texture.Here,thenumberof new particlesis
readbackfrom graphicsmemory Dueto the smalltexture size—
onetexel—the texture readback doesnot affect the performance
signi cantly. Thena quadrilaterals createdwith a heightequalto
the numberof new particles. Accordingto the histogrampyramid
method eachtexel rendereddy the quadrilaterals numberedrom
0to k 1, wherek standsfor the numberof new particles. The
adaptedop-downn traversalalgorithmby Ziegler et al. [27] works
asfollows. Startingfrom the rst level of the binary tree,the key
valueis comparedvith theentryof thecurrentcell. If thekey value
is smallerthanthecell value,thetreeis traverseddownward. If the
key valueis greateror equal,the valueof the currentcell is stored
andthe binarytreeis traverseddownward following the pointerof
the successorThis is repeatedintil the algorithmreachedevel n.
Finally, thevalueof thecurrentcell plusthenumberof predecessors
gatheredduring the traversalis comparedo the key value. If the
key valueis smaller thenew particlecorrespondindgo thekey value
is found, otherwisethe successocell is used. By renderingthe
positionandthe correspondingstatesat the currentfragment,the
new particleis insertedcontainingall the necessarinformationfor
the growing of the streamsurface. In fact, the left neighboris the
particle P;t, which hascreatedthe new particle,andthe right one
is the old neighborof P;t, whichwasP; 1.

To restorethe consisteng of the particle system,the old parti-
clesneedto beupdatedaswell. Whena new particleis createdijts
index in theparticles textureis yetunknovn becausef the par
ticle meiging mechanism.To build the connecwity information,
the binary tree usedto obtainthe relation of the new particlesto
their old predecessordNow, thetreeis traversedbottom-up,from
theleavesto theroot. The particle Pio;t storedin thetemporarytex-
ture senesasbasisof the traversal(notethatit representshe leaf
level n of the binary tree). While the binary treeis traversedup-
wards,eachcellis testedf it buildsthe rst orthesecondentryof a
tuple. If it hasapredecessothepredecessasVvalueis accumulated
beforethe algorithmascendso the next treelevel. Whentheroot
nodeis reachedthe gatheringalgorithmstopsandtheaccumulated
valuerepresentshe numberof predecessors hisinformationand
the texture coordinate®f the new particlesaresufcient for reas-
signingthe new neighbors. Pleasenotethat this algorithmhasto
be executedfor 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 areaswith red lines at the left and bottom-right parts
of the image show regions with many new streamlines.

asfor their former right neighbors becausdhey alsoneedto be
informed abouttheir new left neighbors. After this is done,the
particleinsertionandremoval stageis nished.

The completestreamsurfaceis constructedy applyingparticle
insertion/remwal and particle integration several times. Figure5
illustratesthe lifetime of the individual particles. Color encodes
anincreasinglifetime of particlesby red to green. New particles
areidenti ed asred areassurroundecdby greenstreamlines.The
maximumintegrationlengthis userspeci ed.

Our algorithmallows usto createstreamsurfacesandpathsur
facesalike. The only modi cation for path surfacesof unsteady

ow is that the vector eld needsto be updatedeachtime step,
which slightly affects performancebut leavesthe restof the algo-
rithm unchanged.

For the subsequenttIC calculation,which is discussedn Sec-
tion 6, thevector eld is neededdnthesurface.We usetheremain-
ing threechannelsprovided by the particles  and states  tex-
turesto storethe attachedrectorof the o w. Regardlesof whether
steadyor unsteadyo w is visualized,only the vectorusedfor the
integrationof the currenttime stepis stored.

5 SURFACE RENDERING

Thefactthatwe addparticlesvhendivergencen the o w is present
ensuressufciently densesamplingto covertheimagespacecon-

sistently This way, we only have to generateenoughparticlesand
renderthemassmall point spritesin orderto obtaina closedsur

face. However, in orderto obtainlit surfaces,the normalvectors
at eachpositionon the surfacemustbe determined.Therefore we

rst estimatethe normal vectorsat the particlespositions,which

canbe performedby mean=f covarianceanalysig6].

the surface(the particle positions),the 3 3 weightedcovariance
matrix C is givenby
)" q(kpi  ak) ; 6)

a (i ap

Pi2N(q)

C(q) =

whereN(q) ( Sisthesetof neighborsf q andq is anon-ngative
monotonicallydecreasindunction. A typical choiceis the Gaus-
sianfunctionof theform g(r) = exp(r2=h?), whereh is a smooth-
ing factor Oncethe matrix C is calculatedthe normal vector at



g is estimatedasthe eigervectorof C correspondindo the small-
esteigervalue. To nd this eigervectorwe usethe inverse power
method[15].

Given the layout of the texture holding the particles,this pro-
cessingcan be performedin onerenderpass. For a given parti-
cle positionq, we de ne the setN(q) asthe p; correspondingo
the particlesof the previous and next time stepsin the neighbor
ing streamlinesTheseparticlespositionscanbeaccessedsingthe
connectwity informationstoredin theparticles andstates tex-
tures.Then,the computatiorof C(q) is straightforvardandcanbe
implementedn a singlefragmentshadertogethemwith theinverse
power methodto obtainthenormalvectorat eachparticleposition.
This processs performedby renderinga singlequadrilaterabf the
samesize asthe particlestexture. The input to the fragmentpro-
gramarethetexturesparticles andstates . Theformeris used
to fetchthe particles'positionsandthelatterto fetchthe neighbor
ing particles'texturecoordinatesTheresultsof thisrendempassare
storedin thetexturenormals.

Oncewe have the estimatechormals,we performthreefurther
renderpassesThe nal resultof this processonsistof threetex-
tures: (1) theintersections  texturewith the intersectiorpoints
onthesurface;(2) thelit _surface texture,which holdsthe pro-
jectedandlit surface;and(3) vectors textureswith theinterpo-
latedvectorof the o w ateachpositionon the projectedsurface.

The processs startedfor the rst renderingpassby rendering
aquadrilaterafor eachparticlecenteredatthe particlepositionand
perpendiculato the normalvector correspondingo the particle.
The quadrilateralsaretrimmedin the fragmentprogramby means
of clipping operationsto obtain discsof radiusb, where 0:5h <
b < 1. For this, in the vertex program,we attachto the verticesof
thediscits positionandthe positionof the particlein object-space
coordinategsincethenormalvectorswerealsocomputedn object-
spacecoordinates)Thefragmentprogramwritesthepositionof the
fragment(if not clipped)to thetextureintersections

Thistextureandthetexturenormals aretheinputto thesecond
renderpass. Discscenteredat eachparticle positionarerendered
asin the previous pass. The vertex programin this casefetches
the normal vector correspondingo the particle and attachest to
thevertex in additionto the positionsof the vertex andthe particle
in objectspace. Eachfragmentthus generatedvrites the normal
vectortotheRGB channelandw(kx; qik;kx; zK) tothealpha
channelof a rst target texture weighted _normals. The x; and
g; arethe positionsof the fragmentand of the particlein object
spacerespectrely, andzy is theintersectiorpoint from the texture
intersections , storedin thetexel correspondingo thefragment
positionin clipping space Thefunctionw is de ned

w(r;s) = ex r? N ;
C=exp 15 —om
wherethe parametemcontrolsthein uence of the fragmentghat
arebehindtheintersectiorpoint. This parameteis choserto avoid
thein uence in theresultof fragmentghatarenotin the 2D neigh-
borhood(surface)of the intersectionpoint. Also, to obtainsharp
intersectionsasin Figure 8, it is importantto testif the texture
coordinateqalong the x-axis in the texture) correspondingo q;

arein the neighborhoodf the texture coordinatesof the particle
correspondingo z,. This is doneto ensurethat only particles
in the neighboringtime stepsare consideredo calculatethe nor
mal and velocity vectors. A secondtexture weighted _vectors

is attachedo a secondrendertamget, wherethe fragmentprogram
writes, in the RGB channels,the velocity vector at the particle
position and, in the alphachannelw(kx; qik;kx; zKk). By
using alphablendingwe obtain, for eachray (pixel), the vectors
ax; wikxj aikikxj  zk)ni, and@y, w(kx; gikikxj  zk)vi,
wheren; andv; arethenormalandvelocity vectorsatq;, andtheset

fx;g is the setof fragmentsprojectedontothe pixel. By normaliz-
ing thesetwo vectors,we obtainsmoothlyinterpolatechormaland
velocity vectorsfor eachprojectedpositionon the surface.

Thisfactis usedn thethird rendepasswhereasinglequadrilat-
eralcoveringtheviewportis renderedandeachfragmentgenerated
fetchestherespectie weightedsumof normalandvelocity vectors
from the textures weighted _vectors and weighted _normals.
The normalizedinterpolatedhormalvectoris usedto computethe
lit surface, which is written to the texture lit _surface . The
normalizedinterpolatedvelocity vector is written to the texture
vectors . Thelit surfacecanbethendisplayed,or thesetwo tex-
tures,togethemwith thetextureintersections  canbeinputto the
processiescribedn the next sectionwhereLIC is addedto thelit
surface.

6 SURFACELIC

The point-basedenderingprocessf the previous sectionprovides
a projectionof the streamor path surface onto the imageplane,
along with information aboutthe 3D position on the surfaceand
theattachedhormalandvelocity vectors.Our LIC computatiorcan
be considered G-huffer algorithm[17] becausét reliesonimage-
spaceinformationto perform particle tracing and convolution. It
is importantto distinguishbetweenthe dimensionalityof the do-
main andthe dimensionalityof the attacheddata. An image-space
or G-huffer methodalways usesa 2D domain(the imageplane),
but the attacheddata(i.e., the G-buffer attributes)canbe of other
dimensionality

Thehybrid object/imagespacemethod[26] needghefollowing
G-huffer attributes: (1) the 3D position of the respectie pixel in
object space(in texture intersections ) and (2) the 3D vector
eld in objectspacein texturevectors ). Theonly otherdatathat
is usedfor LIC is aninput noise. This noiseis modeledasa 3D
solid texture to ensuretemporalcoherencaindercameramotion.
Accordingto Weislopf etal. [26], theLIC texturel is computeddy

Z
102 =kt toM(ro(t  toxyP)dt;  (7)

wherethesubscripf denotegparametergivenin imagespacethe
subscripty denotegparametergivenin objectspacet is integra-
tiontime, M isthe3D noise kis the Iter kernel,andr g represents
positionsalonga pathline.The pathlineis determinedy theinitial
image-spacposition(x,o; y,o), which hasacorrespondingnitial 3D
object-spac@ositionon the surfaceatinitial time t .

Theoriginal implementatiorf26] wasdesignedor older Shader
Model 2.0 GPUsandusesmultiple rendemasseso stepalongpar
ticle pathsandto discretizethe LIC integral. CurrentGPUswith

/] Object-spaceositionat currentpixel:
oat3 pos.obj = tex2D(intersections, pos_fragment)
oat accum= 0
/I Loopalongforward streamlinedirection:
for i=0 to imax
/I Accumulatecontributionto LIC integral:
accum = accum + k_weight(i) * tex3D(noise, pos_obj)
/I Currentimage-spaceposition:
oat2 pos.img = trafo_to_image_space(pos_obj)
/I Correspondingpbject-spaceector:
oat3 velocity = tex2D(vectors, pos.img)
/I Euler integration:
pos.obj = pos.obj + delta_t * velocity
endfor
/I Loopalongbadkward streamlinedirection:

Figure 6: Shader-inspiredpseudo code for surface LIC.
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(b)

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

@

(b)

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

ShadeModel 3.0 supportallow for asingle-pas&.IC implementa-
tion usingloops. Figure 6 shavs the pseudocodefor this single-
pasdIC computationThetwo G-buffer texturesintersections
(object-spacepositions)and vectors (object-spacevector eld)
areinitialized by the point-basedrenderingprocessdescribedin
Section5. The actualparticletracingis donein 3D objectspace
coordinatesn orderto achieve higheraccurag thanpureimage-
spaceadwectionmethods.Beforethevector eld canbeaccessed,
the current3D objectspacepositionis transformedo imagespace
by applyingthe model,view, andprojectionmatrices.

LIC improvesthe visualizationon streamor path surfacesbe-
causea LIC texture providesadditionalinformationthatcannotbe
encodedy asurfacealone.Figure7 shavs anexample:thestream
surfaceis quite wide andwithout LIC lines (Figure7 (a)) the ow
structurewithin thestreanmsurfaceis notdisplayedjn contrastFig-
ure 7 (b) shavs the streamsurfacewith LIC, corveying theinter
nal ow structureandthe o w direction. Here,the LIC textureis
combinedwith theregularlyrenderedndilluminatedsurface(from
lit _surface texture)in orderto shov the ow andthe surface
shapeatthesametime.

The above LIC algorithmworks for steadyand unsteady o w
alike. Sincethe steadycases rathersimple,we would lik e to focus
thefollowing discussioron the unsteadyscenariowhich generally
is challengingfor texture-basedo w visualization. Typically, the
texture-basedsisualizationof unsteadyo w leadsto smeared-out
texture patterns.For example,texture adwvection[8, 22] constructs
anoverlay of streaklineqor inversestreaklines).Sincestreaklines
may intersecteachother the weightedaverageof noiseinput from
thosestreaklinescould resultin a convolution thatis not restricted
toacurvedline. Thereforetexturepatternsouldbesmeareautin
a 2D area.Similarly, the feedforward andvaluedepositingmech-
anismsof UFLIC [18, 14, 13] canleadto changingwidths of line
patterns.

The fundamentalproblemis that thereis not a single, unique
vectorfor asinglespatialpositionin atime-dependenb w. In fact,
the vectordependn how far in time the integrationalonga par
ticle tracehasprogressedThe above texture-basednethodsmix,
atthesameposition,vector elds of differenttime. In contrastour
surfaceLIC obtainsthevector eld from pathsurfaceconstruction
(Section4), which usuallyyields a singlevectorfor a certainspa-



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

tial positionbecaus¢hatspatialpositionis linkedto aspeci c time.

Figure8 (a) shavs a color codingof thistime. Still, a pathsurface
couldintersecttself, which correspondso two differenttimesand
two differentvectorvaluesat anintersectiorpoint. Figure8 illus-

tratessucha selfintersection Fortunately thoseintersectiorpoints
typically form only a zeroset(i.e.,a 1D line on a 2D surface)and
leadto different o w regionsin imagespacethatareclearly sepa-
ratedby theintersectiorlines. Asillustratedin Figure8 (b), surface
LIC is capableof generatingerisp, line-like LIC texturesfor those
different o w regions.

Our approachachie/es the essentiallyone-to-onecorrespon-
dencebetweenspatial positionsand vectorsby xing the initial
time for seedinga pathsurface. In otherwords, the advantageof
clearline patternscomesat the costof beinglimited to a tempo-
rally andspatiallyrestrictedregion of path-surbceseeding.There-
fore, a real-time constructionand renderingof LIC pathsurfaces
is requiredin orderto give the userthe opportunityto interactively
changeheseedingparameters.

7 RESULTS

We have testedour methodona PCwith AMD Athlon 64 X2 Dual
4400+ (2.21 GHz) CPU and 2 GB of RAM. We have usedtwo
different GPUs: an NVIDIA GeForce 8800 GTX GPU with 768
MB of graphicsmemoryandanNVIDIA GeForce7900GTX GPU
with 512 MB of graphicsmemory The completealgorithmis im-
plementedn DirectX 9.0 usingHLSL andShadeModel 3.0. For
the performanceest,we usedan unsteadydataset,simulatingthe
0 w arounda cylinderwith 17 time steps.Figure9 shavs avisual-
ization of the testdataset. For the steadymeasurementgnly the
rst time stepis used.Thevector eld is givenonauniformgrid of
size256 128 256. Tablel shaws theresultsof a measurement
with 256 particlesthat areintegratedalong 256 time steps.In the
unsteadycase,the vector eld is updatedeach256=17 15time
steps.The performancdor renderingthe plain surfacemainly de-
pendson the sizeof the projectedsurface,which canbe explained
by the fragment-basedurface approximation. Applying the sur
faceLIC reducegherenderingspeedby a factorof 2:5. This can
be ascribedto the additionalrenderpassesandthe numberof in-
tegrationsusedfor solving Eq. (7). Sincethe currentdriver of the
new NVIDIA GeForce8800doesnot provide thefull power of the
architecture particularywhenrenderingto texture is applied,we
have replacedhe GPUwith its predecessothe NVIDIA GeForce
7900GTX for measurementhat needrenderto-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 ow eld and can be consideredsimilar for both steady
and unsteady ow. While the rst two entries of the table consider
only the rendering of the surface, the performance of the particle
integration is given sepaately.

Computation Steady Unsteady
Surfaceonly 1 63.9

Surfacewith LIC * 26.4

Integrationonly 2 6.5 5.5

1 Measuredwith anNVIDIA 8800GTX GPU
2 Measuredvith anNVIDIA GeForce7900GTX GPU
Therenderingspeeddoesnot differ from the steadycase.

ality. With that GPU, we measuredrameratesof 6:5 and5:5 fps,
respectiely, for integratingparticlesin a steadyandunsteadyo w,
respectiely. Furtherexperimentsshaved thatthe performanceof
particletracingstronglydependon the sizeof thevector eld and
the numberof time stepswhich correspondso the numberof tex-
tureuploads.

8 CONCLUSION AND FUTURE WORK

We have presenteda real-timemethodfor creatingandrendering
streamsurfacesandpathsurfacesthatenableghe userto manipu-
late seedcurvesinteractvely, evenfor unsteadyo w. The stream-
lines andpathlinesare generatedy a GPU-basedarticletracing
algorithm. We dealwith local o w divergenceby insertingandre-
moving particlesaccordingto a particle-densitycriterion. Based
on the particle traces,the correspondingurfacesare createdand
displayedby point setsurfaces.The vector eld, whichis already
accessedor particleintegration, is storedand later reusedby an
image/objectspaceLIC methodto compute o w textureson the
streamsurfacesandpathsurfaces.Only this additionalsurfacetex-
turegivesadetailedimpressiorof the o w behaior within thesur
face,facilitating theidenti cation of o w divergenceandvortices,
and supportingthe perceptionof the surface shape. Streamsur
facesandpathsurfaceshave the adwantagethat they, by construc-
tion, “carve” atangentialector eld outof theunderlying3D o w.
Therefore a projectionof thevector eld andcorrespondingnter-
pretationproblemsare avoided. Finally, we have shovn that our
novel combinedpath surface/LIC approachallows for clearly de-
ned, texture-basegbathlines—whichs notpossiblewith previous
methods.

In future work, the visualizationmethodof this papercould be
enrichedby featureextraction to (semi) automaticallyguide the
userin specifyingseedcurvesor locally adaptthe resolutionof the
visualization. Anotherfuture extensioncould be the modi cation
of our algorithmfor o w datagiven on unstructuredyrids, which
would requirechangesn the particletracingpart.
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