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Abstract

In this papemwe presentechniquegor thereal-time
simulation and renderingof liquids. Appropriate
approximationgo a full 3D simulationareapplied
to reducethe numericalcompleity. Fluid ow is

describedy the2D Navier-Stokesequationswave

effectsarerepresentedccordingto the wave equa-
tion for shallav waterwaveson a height- eld. A

novel mechanisnfor coupling o w and wave be-
haviour is introducedo ef ciently handletransport
alonga uid o w andaccuratevave propagatioron

the uid surface.An additionalnoise-basednima-
tion of detailed uid structuregurtherimprovesthe
realisticappearanceRenderingmalesuseof frag-

mentoperationson consumetevel GPUsto allow

for aphysicallyguidedrepresentationf re ection,

refractionandFresneblendingof light.

1 Intr oduction

Wateris presentin our everydaylives. Therefore
the realismof ary virtual ervironmentis greatly
enhancedy including water phenomenaand the
animationandrenderingof liquids is animportant
andchallengingtopic in computergraphics.In re-
centyearsmuch progresshasbeenmadewith the
physicallybasedsimulationof watereffects. Most
techniquesare basedon direct simulation meth-
odsto solwe the full 3D Navier-Stolkes equations
for incompressibleuids, e.g. [6]. Recentpub-
lications concerning uids mostly male use of a
semi-Lagrangiareatmenintroducedto computer
graphicsby Stam[18]. This methodavoidsnumer
ical oscillationsin convection-dominatedo ws and
allows large time steps. State-of-the-aranimation
andrenderingof waterusing 3D Navier-Stolkesis
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presentedy Enrightetal. [4]. The major disad-
vantageof theseaccuratesimulation methodsare
therequiredcomputatiorandrenderingiimes.

In this work we do not focus on a physically
correctsimulation but rather on real-time anima-
tion andrenderingof realisticlooking watereffects.
Thereis a large, commerciallyinterestingmarket
for suchapplications reachingfrom the gamein-
dustryto visualsimulationapplicationsandinterac-
tive controllingandmodellingof liquids in anima-
tion tools. Typical performanceshouldbe some5—
60 framesper seconddependingon the type of ap-
plication, i.e., betweentwo to threeordersof mag-
nitude fasterthan a full-bodied simulation. Even
with the increasingperformanceof PC hardware
in the yearsto come, a real-time applicationof a
complete3D liquid simulationseemgo beimpos-
sible on PCsin the foreseeablduture. Therefore
we proposeanapproachhatallows for arestricted,
yetimportantclassof waterphenomenaThe main
ideais to reducea full 3D Navier-Stokes simula-
tion to an appropriate2D approximation. A two-
dimensionalcomputationis less expensve than a
three-dimensionahnd, in particular scalesmuch
betterwith increasinghumericalgrid resolution.

In this context one class of previous and re-
lated animationapproachegocuseson a reduced
model representatiorof uid surfacesby means
of parametricmodelling[7, 14, 20]. Anotherap-
proach[13], guidedby oceanographiobserations,
is baseduponthe ltering of anoise eld by awave
spectrumusing the fast Fourier transform. In re-
centwork [10] anadaptve schemdor thereal-time
animationanddisplayof oceanwavesis proposed.
Commonto all above methodsis that they con-
tain no conceptof the uid o w or masstransport,
but only a puredescriptionof the uids surfacebe-
haviour.
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Another classof techniquess basedon 2D ap-
proximationsof the full 3D Navier-Stokes equa-
tions. Theapproactpresentedherefollowsthisline
of reasoningandis closelyrelatedto the following
two papers.KassandMiller [12] obtaina height-
eld representatiorof the uid surfaceby means
of alinearisedform of the 2D shallov waterwave
equations.ChenandLobo [2] usethe 2D incom-
pressibleNavier-Stokesequationgo computea 2D
o w anddirectly drive aheight- eld by thepressure
scalareld obtainedfrom the o w simulation.

An important contritution of this paperis to
introducea coupling between o w and wave be-
haviour. In our system, o w propertiescaninduce
wave effectsin orderto consider e.g.,aninow
into a lake that produceshoth streamingandwave
effects. Using a height- eld restrictsthe possible
classesof phenomenahat can be achieved, e.g.,
splashingor pouring cannotbe reproduced.How-
ever, visually important effects of wave propaga-
tion aretakeninto accountandmoreawer, transport
alongthe o w of theliquid is consideredby means
of the ow simulationbaseduponthe 2D Navier-
StokesequationsA typical applicationis the simu-
lation of the o w andwavesfor ariveror alake.

Additional noise-basednimationtechniquesre
usedto furtherimprove the appearancef the uid
surface.Noise-basednimatiorhasbeerfounduse-
ful for approximatinga wide rangeof naturalphe-
nomena.StamandFiume[19] usean FFT method
to add a small scalecomponento turbulent wind

elds. Also, SchneideandWestermanifil 6] gener
atea watersurfaceby completelyrestrictingthem-
selesto noisein the form of fractional Brownian
motion. We usethis approachto add someaddi-
tional detailstructureto our simulateduid surface.

Besidesthe animationof uids the visual repre-
sentationof their surfacesis extremely important
for the realismof a graphicalapplication. There
are mary renderingalgorithmsthat can properly
simulatecomple light transport,but due to their
computationatompleity mostof thesealgorithms
are not suitable for real-time applications. We
proposea hardware-acceleratedpproachto allow
for physics-basede ection and refractioneffects,
which is fasterthan a relatedapproach11]. The
computationsare performedwith perpixel accu-
ragy and exploiting the capabilities of low-cost
graphicshardvare.

2 Numerical
Flow

Description of Fluid

The dynamicbehaiour of aviscous uid, like wa-
ter, is completelydescribedy theso-calledNavier-
Stokes equations. For incompressibleNewtonian
uids they statethat, in every point, the following
conditionsmustbeful lled,

2
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r v=0 ; (1b)
wherew is the uid velocity, p the pressuref™ the
externalbodyforcesandR e the so-calledReynolds
numberwhichaccountdor theoverallbehaiour of
the o w. Foradetailedderivationanddescriptiorof
the Navier-Stokes equationswe refer to textbooks
on uid dynamicssuchasl1, 8].

This systemof partial differentialequationshas
to be solvedfor the velocity ¥ andpressure in ev-
ery point of the computationabdomain. In general
thereis no analyticalsolution, so numericalmeth-
ods have to be emplo/ed. In this work a nite-
differencesapproachbasedon the marker-and-cell
(MAC) methodby Harlon and Welch [9] is fol-
lowed. Spatialderivativesarediscretisedisingcen-
tral differenceon a staggeredyrid.

But emplo/ing centraldifferencesfor discretis-
ing all spatialderivativesleadsto problemsJike nu-
mericaloscillationsfor corvection-dominatec ws
[1, 8]. Thereforewe proposea combinationof
centraldifferencesanda donorcell schemeo dis-
cretisethe convective term (v r )». The donor
cell schemeis well-know in the CFD community
cf. [8], and hasbeenused,in a slightly different
form, for examplein [21].

The qualitatve behaiour of the donokcell
schemecan be comparedto the semi-Lagrangian
methodology [18]. Combining the donorcell
schemeand central differenceshasthe nice prop-
erty, thatit providesauseradjustabldactorthatcan
beusedto nd acompromisebetweerthe numeri-
caldampingdueto rst orderinterpolationandthe
secondrderaccurag of centraldifferences.

The developmentin time due to Eqgns. (1) is
treatedby a standardorojectionmethod[3, 8]. Ac-
cordingto that,the numericalalgorithmfor solving
Eqns.(1) canbesplitinto threemajorsteps First,a
temporaryvelocity eld vt';,% iscomputeddy apply-
ing an explicit Euler method,while negglectingthe
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couplingto the pressure.Seconda Poissonequa-
tion for the pressureeld is derived andsolved by
treatingthe pressurederivatives implicitly in time
and enforcing conseration of massby meansof
Eqn.(1b). Third, thenew velocity eld ¥'** is com-
putedby updatingv{,;ll) usingthenew pressureval-

uesobtainedn the previousstep.

For avisualreal-timesimulation,aconstantom-
putationtime perframe shouldbe reachedo facil-
itate a constantapplication o w. The computation
time for stepsone andthreeis of O(n), wheren
equalsthe numberof grid cells. However, compu-
tationtime for thesecondstepis ratherproblematic.
A numericalapproacho thePoissorequatiorieads
to a sparsesystemof linear equationswhich could
be solved by a numberof differentmethods.With
respectto performanceijteration methodsare bet-
ter suitedthan direct methodsfor suchsparsesys-
tems. A popularmethodis SORiteration(succes-
sive overrelaxation)[22], for which the numberof
iterationcyclesdepend®ntheerrorlevel andis not
constant.In our approachpon the otherhand,only
a x ednumberof stepsof theiterative algorithmis
computedregardlessof the achieved convergence.
Althoughthis doesnotleadto anaccuratesolution,
becausehe continuity conditionis not completely
satis ed,theachievedaccuray is still sufcient for
a qualitatively correct uid behaiour in a visual
simulation.

Sincethe SORiterationhasa preferreddirection
of iteratingthroughthe solutionvector, artifactscan
occurif the iterationis terminatedbefore corver-
genceis reached. Theseartifacts can be reduced
by alternatingthe direction of updatesn every it-
eration step, which leadsto the symmetric SOR
(SSOR)method[22]. Fromexperiencesix to eight
iterationstepsaresufcient to achieve resultswith
sufcient accurag for typical visual simulationsof

uids. The x ednumberof iterationstepsguaran-
teesa constanexecutiontime.

Anotherissueis numericalstability. Becausave
use a semi-&plicit time integration scheme,our
methodexhibits the inherentinstability associated
with explicit methods. The maximumtime stepis
restrictedby variousfactors jncludingtheReynolds
numberthecell size,thedonorcell dampingfactor
andlast but not leastthe appliedboundarycondi-
tions. We do not present thoroughstability analy-
sisof thesolutionschemetheinterestedeademay
referto the CFD literature,for example[9, 1, 8] for

stability conditionsthat have to be satis ed. But
it shouldbe notedthat dueto our speci ¢ simpli-
cations in the pressurecorrectionstepthesecon-
ditions may not be very reliable. Generallyit can
be saidthatsmalltime stepsJower Reynoldsnum-
bers,smallin o w velocities,high donorcell damp-
ing factorsand good-naturedoundaryconditions
leadto stablesolutions.

3 Shallow Water Waves

For simulatingthe uid surfacewe usea method
proposedby Kassand Miller [12] to computethe
wave propagatioron a height- eld. This methodis
basedon the so-calledshallav water equationsa
simpli ed form of thepreviously describedNavier-
Stokes equations. Introducing several further as-
sumptiongheseequationsanbe reducedo a sin-
glewave equation:

@ = gd @ + @ ;

@2 @2 @2
whereh is thedeviation of thesurfacefrom the uid
atrest,d thewaterdepthandg thegravitationalcon-
stant.

This wave equationcanbe ef ciently solved us-
ing the ADI (alternating-directiomplicit) method
[12]. The adwantageof the ADI methodover a
simpleexplicit methodis its unconditionalktability
whichresultsfrom animplicit discretisationMore-
over, computationakostsare linear to the number
of grid cells. Thereforea constantsimulationtime
canbe achieved for real-timeapplications.We in-
troduceadditionaldampingvia aLax-Wendrof dis-
sipatie interfaceasdescribedn [1] to accountfor
theviscosityof the uid.

@)

4 Coupling Flow and Wave Behaviour

Sofartwo distinctmethodghatdescribesomepar
tial propertiesof the uid behaiour have beenpre-
sented:Wave propagatioron a height- eld and2D
ow. Thefundamentaproblemone encountersat
this point is how to couplethe pure2D o w with
the height- eld in 3D. Consideringreal uid mo-
tion oneobseresthat uid o w andsurfacewaves
aretwo, althoughnotindependentyetlooselycou-
pled uid properties. Waves have virtually no ef-
fectonthe o w itself becausehey exhibit no mass
transportation. The underlying uid ow instead
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is—apartfrom other sourceslike wind or bodies
falling into or moving throughthe uid—the main
reasonfor the existenceof surfacewaves. Sothe
surfacewaves canbe consideredas a minor effect
comparedo the uid ow andthereforeone can
focuson a mappingfrom 2D o w to wave effects
on the height- eld. In [2] this problemis solved
by linearly mappingpressurdo heightvalues.This
approachhasthe dravbackof adirect o w-to-wave
relationshipthat doesnot allow for effectslike su-
perposedvavesoriginatingfrom otherlocationsof
the o w or outsidesourcegobjectsfalling into the
liquid, wavesre ected at boundariesetc.). Instead
we proposean indirect coupling betweenthe 2D
o w andthe height- eld. The solutionof the ow
simulationis utilisedto generaténitial disturbances
in the height- eld that are propagatedy meansof
thewave equation.

We use the local divergenceof the temporary
velocity eld vt';jg generatedy the Navier-Stokes
solver to disturb the height- eld. This follows a
verysimpleheuristic:divergencendicatesachange
in massj.e.,masshasbeenmovedto or from neigh-
bouringcells. This massdivergencemustresultin
a changeof the surfaceheight. If thereis a mass
surplus(negative divergence)in the cell, the uid
surface has to rise; vice versaif the divergence
is positive, the surface heightmustfall. The dis-
turbedheight- eld beforethewave propagatiorstep
is thengiven by

A= h' 4 (W)

where the function f, de nes how the current
height- eld h' is affectedby additionaldisturbance.
Deningfn()=s =1+ h' 2) hasprovedto be
usefulbecausehis mappingtakesinto accounthat
the greaterthe deviation betweenthe actual uid
surfaceandthe uid surfaceat restis, the smaller
is the effect of ary additional disturbance. The
strengthof the perturbationcan be controlledvia
thescalingfactors. Otherchoicesfor themapping
functionf|, arepossibleaswell. In particular the
directionof the deviation comparedo thedirection
of the newly introduceddisturbancecan be taken
into accountin additionto the magnitudeof devia-
tion. For example,

( for sign( ) = sign(h')

fh()= for sign( ) & sign(h")

1+ (Sh')2

takesinto accountthat moving further away from
the equilibrium stateis considerablyharderthan
moving towardsthe uid heightatrest.

The combinationof a 2D Navier-Stokes based
0 w simulationanda wave equationdriven height-
eld allows us to benet from the adwantagesof
both methods. Using the wave equationenables
oneto take advantageof a wide rangeof wave phe-
nomena. This includes,e.g., wave refractiondue
to groundunevennessesg ection of wavesat ob-
staclesor superpositiorof waves originating from
wind forceor uid-user interactions!In contrastthe
0 w simulationcanbeemplo/edfor materialtrans-
port, e.g.,by tracingmasslesparticles—whictcan
be usedfor simulatingleafs o wing on water (cf.
Fig. 4). Anotherapplicationis the interactionbe-
tweenthe uid andrigid bodies o wing within it.

5 Controlling the Flow

Thebehaiour of the uid o w is mainly controlled
by setting boundaryconditions. Three different
typesof boundaryconditionsare supported:Each
cell on the computationafgrid canbe setto be an
in o w, anout ow or anobstaclecell. Thesebound-
ary conditionsare appliedduring eachsimulation
cycle, i.e., valuesfor velocity and pressureare set
accordingo therespectre conditions.
Settingboundaryconditionscanbe donein two
differentways. First, the simulationsystemitself
can set obstaclecells automaticallydependingon
the geometryof the simulationenvironment. The
data describingthe geometricalpropertiesof the
simulationenvironmentis speci edin theform of a
3D scenele (in thecurrentimplementatiora sim-
pli ed variantof the AutoDesk3DS le format). It
mustcontainthegeometryof thescenesurrounding
the uid andoneor moreplanarmesheghatde ne
thegeometrie®f the uid surfacesWhenthescene
is loaded,each uid surfacegivesriseto anappro-
priaterectangulagrid whosecellsareclassi ed ei-
therto be uid or obstaclecells. Fig. 1 illustrates
how the grid is generatedrom a triangulated uid
surface. Here, the cells completelycoveredby the
original meshareregardedas uid cells. Theother
possibilityis to setthe cell typeinteractvely before
or evenduringthe simulationrun. For this purpose
our systemprovidesa cell-basedceditorthatcanbe
usedto manipulatehetypesof thegrid cellsandto
settheir propertiesge.g.,time-dependenin o w ve-
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Figurel: Automaticboundaryconditionsetup.

locity. Moreover the editor allows the userto add
sourcesor masslesgarticlesor rigid bodies.

6 Rendering

High-qualityrenderingof the uid surfaceis crucial
for arealisticlooking simulation.Importantoptical
phenomenaelatedto the interactionbetweenrlight
anda uid surfacehave to betakeninto accountoy
aphysicalmodel.

We presentsolutionthatallowsfor effectsof re-
ection, refractionandFresnelblending. All com-
putationsarebasedon the limited perfragmentop-
erationsof today's pixel shaderl.0 compliantcon-
sumer graphicshardware such as the GeForce3.
The geometryof the uid surfaceis built from the
height- eld over the uniform grid thatis calculated
in thesimulationpart.

The calculation of the aforementionedeffects

take placein several different coordinatesystems.

Objectspaceandworld spaceareknown from the
standardrenderingpipeline. We needtwo addi-
tional spaces:surface-localspace[5] and refrac-
tion space.The surface-localspacealsoknown as
tangentspaceor texture spacejs de ned for every
point on the surface suchthat the point lies in the
origin andthe normalvectorpointsalongthe posi-
tivez axis. Thex andy axeslie in thetangenplane
andareorthogonalto eachother The setupof the
refractionspaces illustratedin Fig. 2. They axisis
orientedin away to make theincomingline of sight
V pointalongthengyative y axis.
Fragmenbperationsllow to calculatethere ec-

tion vectorfor a given viewing vectorandsurface
normal. Sincewe apply the normalsper fragment

in surface-localspace we have to transformthem
to world space.The so calculatedre ection vector
pointsinto acubetexture mapto provide there ec-
tion colour accordingto the environmentmapping
approach. Unfortunately refractioncannotbe im-

<i

Figure2: Refractionspace.

plementedn a similar, straightforvard way. The
aforementionedlassof graphicshardwareimposes
rathersharprestrictionsontothe numberandtypes
of possiblefragmentoperations.Due to theselim-
itations, the refractionvector cannotbe computed
andusedfor a lookupin an ervironmentmap. To
overcomethis problemwe proposean approxima-
tion basedon the refractionspaceasillustratedin
Fig. 2.

The negative of the normalvector N, repre-
sentsthe transmissiorvectorfor a refractionindex
of innity; the vector V representghe transmis-
sionvectorfor arefractionindexn = 1 (norefrac-
tion). Thetransmissiowvectorfor arefractionindex
n 2 [1;1) hasto lie between N andV. This
obsenrationleadsto thefollowing qualitatively cor
rect approximationof the transmissiornvector: the
negative normal N is scaleddown in its x andz
componentso yield theapproximatedransmission
vector This non-uniformscaleforcesthe negative
normalto cornverge to thetransmissiorvector The
amountof thescalecorrespondso therefractionin-
dex.

Theapproximatedransmissiomvectoris usedfor
lookupin the cubicenvironmentmapto collectthe
refractioncolour The adwantageof this approach
is the missingcomputatiorof complicatechumeri-
cal termsthat arereplacedby a linear transforma-
tion via a combinationof several matricesM =
(R)(T)(RY)(S). Thematrix S transformshe nor-
malsfrom surface-localspaceto world space.The
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matrix R transformsvectorsfrom refractionspace
to world space.A non-uniformscaleof the normal
in refractionspaces performedthroughthe matrix
T. The nal matrixM transformghesurface-local
normalvectorsto world-spacdransmissioivectors.

A uid surfacethatis only representedhrough
the height- eld from a simulationoften missesto
display ne detailsonthesurface.A typicalresolu-
tion of the computationalgrid is some128 cells
for a real-time simulation on a current PC. This
resolutionis roughly one to two ordersof magni-
tudesmallerthana typical screerresolution.How-
ever, ne surfacedetailscontribute a hugeamount
of realismto the appearancef the uid. A realis-
tic andefcient possibilityto adddetail to the sur
facemalesuseof anoise-basedpproachTheper
fragmentormalsof the uid surfaceareperturbed,
in order to achieve a realistic appearance. We
chooseaturhulencefunctionconsistingof different
frequencief Perlin noise[15]. Blending differ-
entscalesof the sameoriginal noise eld yieldsthe
different frequencies. This methodis well suited
for a real-timeimplementationbecauseall neces-
sarycomputationaktepsaresupportecy graphics
hardware.

So far only a static perturbationof the uid
height- eld is possiblewhichwouldlook totally un-
realisticin ananimation.To overcomethis problem
thesurfacedetailis animatedvith atime-dependent
spatial offset for the different frequeny patterns.
The combinationof thesepatternsis computedfor
eachframe with changingoffset values. The re-
sultis ananimatedandomsurfacedetailwherethe
viewer is no longerableto recognisea single ran-
dompattern.

Moreover, a computationof the overall noise
texture for eachframe allows us to include time-
dependentocal distortionsthat only shaw up in a
spatiallylimited region. For example,a smallgust
of wind canhave a local effect on the appearance
of the uid surfacebecausevave ripplesareintro-
ducedby wind dragging. Theselocal effects mas-
sively contribute to a realistic appearancef the
whole uid. The local featuresvery often con-
cernhigh frequeng noisethat is modulatedupon
the randomsurface detail, asillustratedin Fig. 6.
A static shapeof the local distortionswith sharp
edgeswould leadto an unrealisticimpression. To
circumentthis behaiour theintensityof theeffect
is fadedout atthe borderandthe shapds animated

usinga weightingfactorrepresentetdhrougha 2D
texture. The position,size,motionandshapeof lo-
cal effectscaneasilybe managedy changingthis
texture. An ef cient approacho animatethe shape
of the effect is to blend several static shapeswith
differentblendingfactors.Thereforehesurfaceap-
pearancecan be controlled by outsideeffects and
reactto conditionsof the surroundingervironment.

Finally, alighting termis evaluatedperfragment
to modulatethe refractioncolour This allows usto
simulatethelighting of thegroundthroughthe uid.
Afterwardstheblendingof there ection andrefrac-
tion termsis achiered via a approximatedrresnel
termF = (1 cos ;)% sincean evaluation of
the correctFresnelterm usingonly fragmentoper
ationsis not possibleon the targetedgraphicshard-
ware.Thevalue ; describesheanglebetweerthe
surfacenormalandthe viewing direction. In most
casesthe viewer cannotdistinguishthe true solu-
tion of the Fresnekermfrom this roughapproxima-
tion, whereaghe calculationof this simpleapprox-
imationusesonly afew fragmentoperations.

A single cubic environmentmapis usedfor the
re ection and refraction computations. This en-
vironment map has to be updatedwheneer the
viewer's positionis changedOtherwisespatialdis-
tortions may becomeapparentif the position of
the viewer is not equalto the positionfrom where
the ervironmentmap was created. Note that this
dynamic ervironment map is generateconce per
frameandcanbere-usedor otherrenderingeffects
of a3D engine.

7 Implementation and Results

A key elementof the implementationis the parti-
tioning into simulation and renderingparts. The
implementationof the simulationpart is basedon
C++ and makes use of the CPU only. Rendering
is basedon a GeForce3GPU using OpenGLwith
severalextensionsThis separationeadsto a paral-
lelisationwherethe CPU calculateshe simulation
while the GPUrendergheprevious step.
Therenderingpartis dividedinto four steps.The
rst stepfor every frameis to updatethe dynamic
ervironmentmap. For fastupdatef dynamictex-
turesary datatransferbetweenthe GPU and the
CPU should be avoided. Since the functionality
to directly renderinto texturesis only availablefor
someoperatingsystemswe useaPBuffer toren-
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derinto anoffscreenarea.

In the secondstepthe surface detail texture is
updated. Two stagesof the static noise texture
are blendedwith different scaling and offset val-
ues. With two additionalstagesa spatially limited
changeof the detailtextureis introduced.The rst
of thesetwo texture stagess setupto blendthree
static shapesf a local featurewhich are encoded
in the colour channelsof a texture. The following
stageusesthe blendedshapeto maskthe high fre-
queng noisetexture for the local effect. The sur
facedetail nov containsperturbationsof the nor
malsfor eachfragmentof the uid surface. This
normal texture is usedin the following rendering
passegor re ectionsandrefraction.

The re ection and refraction rendering passes

usevertex programmedgo ef ciently calculatethe
normalsof the height- eld. OpenGLsvertex point-
ers provide a fastaccesgo the scalarheight- eld
in orderto evaluatecentraldifferencesat the ver-
tices. The x, y andz componentdn the vertex
pointershold three, shifted versionsof the height-
eld, suchthatthey componentf the rst and
third pointerandthex andz componentsf thesec-
ondrepresenthe heightvaluesfor thedirectneigh-
boursof thecurrentvertex. They componenbf the
secondpointerprovidesthe heightof the vertex it-
self. Thus,thevertex programmesiave accesso all
datathatis required. In both programmeghe nor
mal vector in combinatiorwith thetangentandthe
binormalvector is usedto calculatethe appropri-
atetransformatiommatrix thatis thenappliedto the
surface-detaihormalin the fragmentoperations.

For re ections four texture shaderstagesare
setupto perform a transformationof each detail
normal from surface-localspaceto world coordi-
nates. The normalizationof the transformednor
malis achievedby alookupin anormalisatiorcube
map. The texture stagesalso computethe re ec-
tion vectorbasedon the transformechormal. This
re ection vector points into the ervironmentmap
to obtainthere ection colour. A registercombiner
setupevaluateghe Fresnelpproximatiorbasedn
thenormalisechormalandstoresheresultin the
portionof theframebuffer.

For refractionghenormalsof the height- eld are
calculateddentically to the re ection case but the
transformationmatrix is setto the matrix M. The
texture shadergransformthe normalfrom surface-
local spaceinto the approximateransmissiorvec-

tor with respecto world coordinatesThetransmis-
sion colour is obtainedby a texture lookup in the

ervironmentmap. Sinceall texture stagesare al-

readyconsumedthe surfacenormalvectorcannot
be transformed. Thereforethe lighting calculation
hasto take placein surface-locakpaceutilising the

registercombiners.

Fig. 3 shavs theresultsof differentrenderingef-
fects.Fig. 3 (a) displaysre ectionsonly. Image(b)
shavs refractionsof the uid surface.Thefabricon
thepoolgroundappearslistortedthroughthewaves
on the uid surface. The Fresnelblendingin (c)
clearly exhibits that,in the areacloseto theviewer,
onecanonly seetherefractionswhile furtheraway
from the viewer the re ections play a major role.
Fine detailsof the uid surface,introducedby the
per fragmentsurfacedetail, provides a naturalap-
pearancef thesurface,asshavnin (d).

In orderto visualisethe o w of the uid, parti-
clesandotherobjectscanbeinsertedn the uid. In
Fig. 4 thestreamis visualisedthroughleafs oating
in the water Fig. 5 shavs anexamplefor the cou-
pling between o w and wave excitation. Fluid is
streamingnto the simulationgrid from the top-left
border Behindthe rectangulapillar the ow ex-
hibits the typical vorticesforming the wake behind
anobstaclan the o w. Furthermaterialin theform
of videosis availablefor download.

Theachiezedframeratesdependonthe CPUfor
the simulationpartandon the GPU for the render
ing part. Table 1 shaws resultsfor an Athlon 1200
systemwith a GeForce3 graphicscard. All test
sceneswererenderedn full quality The bottom
row of the tablerepresentshe mererenderingper
formancewithout ary simulation. The casewhere
the CPUtendsto bethelimiting factorcanbeseen
in the rst row. Herethe frameratesincreaseonly
a few framesby decreasinghe percentagef the
displayed uid. Gridsaboutthesize64® provide a
goodtrade-of betweertheloadof the CPUandthe
loadof theGPU.

8 Conclusionand Futur e Work

We have introducesa novel techniquefor real-time
simulation and renderingof uids for computer
graphicsapplications.Combininga Navier-Stokes
based2D ow computationwith a wave propaga-
tion techniqueon a height- eld, very fastsimula-

Lhttp:/Avwwvis.informatik.uni-stuttgart.de/ weisif/ uid
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simulation screerareaof displayed uid
gridsize 100% 75% 50% 25% 0%
128x128 15 16 16 17 18
64x64 40 45 52 61 62
16x16 50 56 70 99 130
none 50 56 70 100 131

Tablel: Performancéfps) for anAthlon 1200with
aGefForce3ataresolutionof 800 600 pixels.

tions of realisticlooking uid behaiour arepossi-
ble. Our methodis well suitedfor modellinggen-
tle motionsof waterin riversor lakes. The high-
quality renderingof the uid surfacesupportsre-
ections, refractionsand Fresnelblendingat frag-
mentlevel. We have presentech methodto exploit
currentconsumeievel graphicshardwareto evalu-
atetheseeffectscompletelywithin the GPU. Since
our hardware requirementsare extremely low, we
sene a wide rangeof systemsand provide a very
goodcompromisef speedrersuguality andporta-
bility.

To further enhancethe visual apperanceof the
rendereduid surface otherpropertieof uid light
interactioncouldbeconsideredThisincludese.g.,
addingcausticsto the renderingusinga simpli ed
modelsuchasby Stam[17] whichis alsoappropri-
atefor consumetevel graphicshardvare.

Additionally several enhancementare possible
for the simulationpart. E.g.,the couplingbetween
o w andwave propagatiorcanbe extendedby ad-
vectingthe heightvalueswith the o w. Thiswould
producea morerealistictransportof waves. Simi-
larly the motion of the surfacedetail texture should
be affectedby the velocity eld. Texture advection
couldbeusedto implementthis featureon graphics
hardvare.

Also an approachto automaticallysamplethe
depthof the uid from the surroundingscenege-
ometryshouldbeinvestigatedln therenderingpart
the obtaineddepthinformationwill help to atten-
uatethe light throughthe uid, leadingto a more
sophisticatedighting model. The simulationpart
could also take advantageof theseautomatically
generatedlepthinformation. For examplethe re-
fractionof wavesdueto therealshapeof theunder
lying scenegeometrycouldbe modelled.
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Figure3: Comparisorof renderingeffects.Image(a) shavsre ectionsonly, (b) refractionsonly, (c) Fresnel
blendingof re ectionsandrefractions(d) all renderingeffectsincludinga noise-basedurfacedetail.

Figure 4: Visualisationof the streamthrough Figure5: Thetypical wake, forming behindan
leafsin the uid. obstacldan the ow.

Figure6: Modulatingthe surfacedetailwith alocal effectsmask.
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