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Abstract

In thispaperwepresenttechniquesfor thereal-time
simulationand renderingof liquids. Appropriate
approximationsto a full 3D simulationareapplied
to reducethe numericalcomplexity. Fluid �o w is
describedby the2D Navier-Stokesequations;wave
effectsarerepresentedaccordingto thewave equa-
tion for shallow waterwaveson a height-�eld. A
novel mechanismfor coupling �o w and wave be-
haviour is introducedto ef�ciently handletransport
alonga�uid �o w andaccuratewavepropagationon
the�uid surface.An additionalnoise-basedanima-
tion of detailed�uid structuresfurtherimprovesthe
realisticappearance.Renderingmakesuseof frag-
mentoperationson consumer-level GPUsto allow
for a physicallyguidedrepresentationof re�ection,
refractionandFresnelblendingof light.

1 Intr oduction

Water is presentin our everydaylives. Therefore
the realism of any virtual environment is greatly
enhancedby including water phenomena,and the
animationandrenderingof liquids is an important
andchallengingtopic in computergraphics.In re-
centyearsmuchprogresshasbeenmadewith the
physicallybasedsimulationof watereffects. Most
techniquesare basedon direct simulation meth-
ods to solve the full 3D Navier-Stokes equations
for incompressible�uids, e.g. [6]. Recentpub-
lications concerning�uids mostly make use of a
semi-Lagrangiantreatmentintroducedto computer
graphicsby Stam[18]. This methodavoidsnumer-
ical oscillationsin convection-dominated�o ws and
allows large time steps.State-of-the-artanimation
andrenderingof waterusing3D Navier-Stokes is

presentedby Enright et al. [4]. The major disad-
vantageof theseaccuratesimulationmethodsare
therequiredcomputationandrenderingtimes.

In this work we do not focus on a physically
correct simulation but rather on real-time anima-
tion andrenderingof realisticlookingwatereffects.
There is a large, commerciallyinterestingmarket
for suchapplications,reachingfrom the gamein-
dustryto visualsimulationapplicationsandinterac-
tive controllingandmodellingof liquids in anima-
tion tools. Typical performanceshouldbesome5–
60 framesperseconddependingon the typeof 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-timeapplicationof a
complete3D liquid simulationseemsto be impos-
sible on PCsin the foreseeablefuture. Therefore
weproposeanapproachthatallows for a restricted,
yet importantclassof waterphenomena.Themain
idea is to reducea full 3D Navier-Stokes simula-
tion to an appropriate2D approximation. A two-
dimensionalcomputationis lessexpensive than a
three-dimensionaland, in particular, scalesmuch
betterwith increasingnumericalgrid resolution.

In this context one class of previous and re-
lated animationapproachesfocuseson a reduced
model representationof �uid surfacesby means
of parametricmodelling [7, 14, 20]. Anotherap-
proach[13], guidedby oceanographicobservations,
is baseduponthe�ltering of anoise�eld by awave
spectrumusing the fast Fourier transform. In re-
centwork [10] anadaptive schemefor 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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Anotherclassof techniquesis basedon 2D ap-
proximationsof the full 3D Navier-Stokes equa-
tions.Theapproachpresentedherefollowsthis line
of reasoningandis closelyrelatedto the following
two papers.KassandMiller [12] obtaina height-
�eld representationof the �uid surfaceby means
of a linearisedform of the 2D shallow waterwave
equations.ChenandLobo [2] usethe 2D incom-
pressibleNavier-Stokesequationsto computea 2D
�o w anddirectlydriveaheight-�eld by thepressure
scalar�eld obtainedfrom the�o w simulation.

An important contribution of this paper is to
introducea coupling between�o w and wave be-
haviour. In our system,�o w propertiescaninduce
wave effects in order to consider, e.g., an in�o w
into a lake that producesboth streamingandwave
effects. Using a height-�eld restrictsthe possible
classesof phenomenathat can be achieved, e.g.,
splashingor pouringcannotbe reproduced.How-
ever, visually important effects of wave propaga-
tion aretaken into accountandmoreover, transport
alongthe�o w of theliquid is considered,by means
of the �o w simulationbaseduponthe 2D Navier-
Stokesequations.A typicalapplicationis thesimu-
lationof the�o w andwavesfor a river or a lake.

Additional noise-basedanimationtechniquesare
usedto further improve theappearanceof the �uid
surface.Noise-basedanimationhasbeenfounduse-
ful for approximatinga wide rangeof naturalphe-
nomena.StamandFiume[19] useanFFT method
to adda small scalecomponentto turbulent wind
�elds. Also, SchneiderandWestermann[16] gener-
atea watersurfaceby completelyrestrictingthem-
selvesto noisein the form of fractionalBrownian
motion. We usethis approachto add someaddi-
tionaldetailstructureto oursimulated�uid surface.

Besidestheanimationof �uids thevisual repre-
sentationof their surfacesis extremely important
for the realismof a graphicalapplication. There
are many renderingalgorithmsthat can properly
simulatecomplex light transport,but due to their
computationalcomplexity mostof thesealgorithms
are not suitable for real-time applications. We
proposea hardware-acceleratedapproachto allow
for physics-basedre�ection and refractioneffects,
which is fasterthan a relatedapproach[11]. The
computationsare performedwith per-pixel accu-
racy and exploiting the capabilities of low-cost
graphicshardware.

2 Numerical Description of Fluid
Flow

Thedynamicbehaviour of a viscous�uid, like wa-
ter, is completelydescribedby theso-calledNavier-
Stokes equations. For incompressibleNewtonian
�uids they statethat, in every point, the following
conditionsmustbeful�lled,

@~v
@t

+ (~v � r ) ~v = 1
Re r 2~v � r p + ~f ; (1a)

r � ~v = 0 ; (1b)

where~v is the �uid velocity, p the pressure,~f the
externalbodyforcesandRe theso-calledReynolds
number, whichaccountsfor theoverallbehaviour of
the�o w. Foradetailedderivationanddescriptionof
the Navier-Stokesequationswe refer to textbooks
on �uid dynamics,suchas[1, 8].

This systemof partial differentialequationshas
to besolvedfor thevelocity~v andpressurep in ev-
ery point of the computationaldomain. In general
thereis no analyticalsolution,so numericalmeth-
ods have to be employed. In this work a �nite-
differencesapproachbasedon the marker-and-cell
(MAC) methodby Harlow and Welch [9] is fol-
lowed.Spatialderivativesarediscretisedusingcen-
tral differencesona staggeredgrid.

But employing centraldifferencesfor discretis-
ing all spatialderivativesleadsto problems,likenu-
mericaloscillationsfor convection-dominated�o ws
[1, 8]. Thereforewe proposea combinationof
centraldifferencesanda donor-cell schemeto dis-
cretisethe convective term (~v � r ) ~v. The donor-
cell schemeis well-know in the CFD community,
cf. [8], and hasbeenused,in a slightly different
form, for examplein [21].

The qualitative behaviour of the donor-cell
schemecan be comparedto the semi-Lagrangian
methodology [18]. Combining the donor-cell
schemeandcentraldifferenceshasthe nice prop-
erty, thatit providesauser-adjustablefactorthatcan
beusedto �nd a compromisebetweenthenumeri-
cal dampingdueto �rst orderinterpolationandthe
secondorderaccuracy of centraldifferences.

The development in time due to Eqns. (1) is
treatedby a standardprojectionmethod[3, 8]. Ac-
cordingto that,thenumericalalgorithmfor solving
Eqns.(1) canbesplit into threemajorsteps.First,a
temporaryvelocity�eld ~vl +1

tmp is computedby apply-
ing an explicit Euler method,while neglectingthe
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couplingto the pressure.Second,a Poissonequa-
tion for the pressure�eld is derived andsolved by
treatingthe pressurederivatives implicitly in time
and enforcing conservation of massby meansof
Eqn.(1b). Third, thenew velocity�eld ~v l +1 is com-
putedby updating~vl +1

tmp usingthenew pressureval-
uesobtainedin thepreviousstep.

For avisualreal-timesimulation,aconstantcom-
putationtime per frameshouldbereachedto facil-
itate a constantapplication�o w. The computation
time for stepsoneand threeis of O(n), wheren
equalsthe numberof grid cells. However, compu-
tationtimefor thesecondstepis ratherproblematic.
A numericalapproachto thePoissonequationleads
to a sparsesystemof linearequationswhich could
besolved by a numberof differentmethods.With
respectto performance,iterationmethodsarebet-
ter suitedthandirect methodsfor suchsparsesys-
tems. A popularmethodis SORiteration(succes-
sive over-relaxation)[22], for which thenumberof
iterationcyclesdependsontheerrorlevel andis not
constant.In our approach,on theotherhand,only
a �x ednumberof stepsof theiterative algorithmis
computedregardlessof the achieved convergence.
Althoughthis doesnot leadto anaccuratesolution,
becausethe continuity conditionis not completely
satis�ed,theachievedaccuracy is still suf�cient for
a qualitatively correct �uid behaviour in a visual
simulation.

SincetheSORiterationhasa preferreddirection
of iteratingthroughthesolutionvector, artifactscan
occur if the iteration is terminatedbeforeconver-
genceis reached. Theseartifactscan be reduced
by alternatingthe directionof updatesin every it-
eration step, which leads to the symmetricSOR
(SSOR)method[22]. Fromexperience,six to eight
iterationstepsaresuf�cient to achieve resultswith
suf�cient accuracy for typical visualsimulationsof
�uids. The �x ednumberof iterationstepsguaran-
teesaconstantexecutiontime.

Anotherissueis numericalstability. Becausewe
use a semi-explicit time integration scheme,our
methodexhibits the inherentinstability associated
with explicit methods.The maximumtime stepis
restrictedby variousfactors,includingtheReynolds
number, thecell size,thedonor-cell dampingfactor
and last but not leastthe appliedboundarycondi-
tions.We donot presenta thoroughstabilityanaly-
sisof thesolutionscheme;theinterestedreadermay
referto theCFD literature,for example[9, 1, 8] for

stability conditionsthat have to be satis�ed. But
it shouldbe notedthat due to our speci�c simpli-
�cations in the pressurecorrectionstepthesecon-
ditions may not be very reliable. Generallyit can
besaidthatsmall time steps,lower Reynoldsnum-
bers,smallin�o w velocities,highdonor-cell damp-
ing factorsand good-naturedboundaryconditions
leadto stablesolutions.

3 Shallow Water Waves

For simulatingthe �uid surfacewe usea method
proposedby KassandMiller [12] to computethe
wave propagationon a height-�eld. This methodis
basedon the so-calledshallow water equations,a
simpli�ed form of thepreviously describedNavier-
Stokes equations. Introducingseveral further as-
sumptionstheseequationscanbereducedto a sin-
glewave equation:

@2h
@t2

= gd
�

@2h
@x2

+
@2h
@y2

�
; (2)

whereh is thedeviationof thesurfacefrom the�uid
atrest,d thewaterdepthandg thegravitationalcon-
stant.

This wave equationcanbeef�ciently solvedus-
ing theADI (alternating-directionimplicit) method
[12]. The advantageof the ADI methodover a
simpleexplicit methodis its unconditionalstability
whichresultsfrom animplicit discretisation.More-
over, computationalcostsarelinear to the number
of grid cells. Thereforea constantsimulationtime
canbe achieved for real-timeapplications.We in-
troduceadditionaldampingvia aLax-Wendroff dis-
sipative interfaceasdescribedin [1] to accountfor
theviscosityof the�uid.

4 Coupling Flow and WaveBehaviour

Sofar two distinctmethodsthatdescribesomepar-
tial propertiesof the�uid behaviour have beenpre-
sented:Wave propagationon a height-�eld and2D
�o w. The fundamentalproblemoneencountersat
this point is how to couplethe pure2D �o w with
the height-�eld in 3D. Consideringreal �uid mo-
tion oneobservesthat �uid �o w andsurfacewaves
aretwo, althoughnot independent,yet looselycou-
pled �uid properties. Waveshave virtually no ef-
fect on the�o w itself becausethey exhibit no mass
transportation. The underlying �uid �o w instead
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is—apartfrom other sourceslike wind or bodies
falling into or moving throughthe �uid—the main
reasonfor the existenceof surfacewaves. So the
surfacewavescanbe consideredasa minor effect
comparedto the �uid �o w and thereforeone can
focuson a mappingfrom 2D �o w to wave effects
on the height-�eld. In [2] this problemis solved
by linearlymappingpressureto heightvalues.This
approachhasthedrawbackof adirect�o w-to-wave
relationshipthatdoesnot allow for effectslike su-
perposedwavesoriginatingfrom otherlocationsof
the�o w or outsidesources(objectsfalling into the
liquid, wavesre�ected at boundaries,etc.). Instead
we proposean indirect coupling betweenthe 2D
�o w andthe height-�eld. The solutionof the �o w
simulationis utilisedto generateinitial disturbances
in theheight-�eld thatarepropagatedby meansof
thewaveequation.

We use the local divergenceof the temporary
velocity �eld ~vl +1

tmp generatedby the Navier-Stokes
solver to disturb the height-�eld. This follows a
verysimpleheuristic:divergenceindicatesachange
in mass,i.e.,masshasbeenmovedto or from neigh-
bouringcells. This massdivergencemustresult in
a changeof the surfaceheight. If thereis a mass
surplus(negative divergence)in the cell, the �uid
surface has to rise; vice versa if the divergence
is positive, the surfaceheight must fall. The dis-
turbedheight-�eld beforethewavepropagationstep
is thengivenby

~hl +1 = hl + f h (r ~vl +1
tmp ) ;

where the function f h de�nes how the current
height-�eld hl is affectedby additionaldisturbance.
De�ning f h (� ) = s� =(1 +

�
hl

� 2
) hasprovedto be

usefulbecausethis mappingtakesinto accountthat
the greaterthe deviation betweenthe actual �uid
surfaceandthe �uid surfaceat rest is, the smaller
is the effect of any additional disturbance. The
strengthof the perturbationcan be controlledvia
thescalingfactors. Otherchoicesfor themapping
function f h arepossibleaswell. In particular, the
directionof thedeviationcomparedto thedirection
of the newly introduceddisturbancecan be taken
into accountin additionto themagnitudeof devia-
tion. For example,

f h (� ) =

(
s� for sign(� ) = sign(hl )
s�

1+ (h l )2 for sign(� ) 6= sign(hl )

takes into accountthat moving further away from
the equilibrium state is considerablyharder than
moving towardsthe�uid heightat rest.

The combinationof a 2D Navier-Stokes based
�o w simulationanda wave equationdrivenheight-
�eld allows us to bene�t from the advantagesof
both methods. Using the wave equationenables
oneto take advantageof a wide rangeof wave phe-
nomena. This includes,e.g., wave refractiondue
to groundunevennesses,re�ection of wavesat ob-
staclesor superpositionof wavesoriginatingfrom
wind forceor �uid-user interactions.In contrast,the
�o w simulationcanbeemployedfor materialtrans-
port,e.g.,by tracingmasslessparticles—whichcan
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

Thebehaviour of the�uid �o w is mainlycontrolled
by setting boundaryconditions. Three different
typesof boundaryconditionsaresupported:Each
cell on the computationalgrid canbe set to be an
in�o w, anout�ow or anobstaclecell. Thesebound-
ary conditionsare appliedduring eachsimulation
cycle, i.e., valuesfor velocity andpressureareset
accordingto therespective conditions.

Settingboundaryconditionscanbe donein two
different ways. First, the simulationsystemitself
can set obstaclecells automaticallydependingon
the geometryof the simulationenvironment. The
data describingthe geometricalpropertiesof the
simulationenvironmentis speci�edin theform of a
3D scene�le (in thecurrentimplementationa sim-
pli�ed variantof theAutoDesk3DS�le format). It
mustcontainthegeometryof thescenesurrounding
the�uid andoneor moreplanarmeshesthatde�ne
thegeometriesof the�uid surfaces.Whenthescene
is loaded,each�uid surfacegivesriseto anappro-
priaterectangulargrid whosecellsareclassi�edei-
ther to be �uid or obstaclecells. Fig. 1 illustrates
how thegrid is generatedfrom a triangulated�uid
surface. Here,thecells completelycoveredby the
original meshareregardedas�uid cells. Theother
possibilityis to setthecell typeinteractively before
or evenduringthesimulationrun. For this purpose
our systemprovidesa cell-basededitor thatcanbe
usedto manipulatethetypesof thegrid cellsandto
settheir properties,e.g.,time-dependentin�o w ve-
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Figure1: Automaticboundaryconditionsetup.

locity. Moreover the editor allows the userto add
sourcesfor masslessparticlesor rigid bodies.

6 Rendering

High-qualityrenderingof the�uid surfaceis crucial
for a realisticlookingsimulation.Importantoptical
phenomenarelatedto the interactionbetweenlight
anda �uid surfacehave to betakeninto accountby
a physicalmodel.

Wepresentasolutionthatallowsfor effectsof re-
�ection, refractionandFresnelblending. All com-
putationsarebasedon thelimited per-fragmentop-
erationsof today's pixel shader1.0 compliantcon-
sumer graphicshardware such as the GeForce3.
Thegeometryof the �uid surfaceis built from the
height-�eld over theuniform grid that is 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.Thesurface-localspace,alsoknown as
tangentspaceor texturespace,is de�ned for every
point on the surfacesuchthat the point lies in the
origin andthenormalvectorpointsalongtheposi-
tivez axis.Thex andy axeslie in thetangentplane
andareorthogonalto eachother. Thesetupof the
refractionspaceis illustratedin Fig. 2. They axisis
orientedin awayto make theincomingline of sight
~V pointalongthenegative y axis.

Fragmentoperationsallow to calculatethere�ec-
tion vector for a given viewing vectorandsurface
normal. Sincewe apply the normalsper fragment

in surface-localspace,we have to transformthem
to world space.Thesocalculatedre�ection vector
pointsinto acubetexturemapto provide there�ec-
tion colour accordingto the environmentmapping
approach.Unfortunately, refractioncannotbe im-

-N T

Z

X

Y

V

T

-N

N

Figure2: Refractionspace.

plementedin a similar, straightforward way. The
aforementionedclassof graphicshardwareimposes
rathersharprestrictionsonto thenumberandtypes
of possiblefragmentoperations.Due to theselim-
itations, the refractionvector cannotbe computed
andusedfor a lookup in an environmentmap. To
overcomethis problemwe proposean approxima-
tion basedon the refractionspaceas illustratedin
Fig. 2.

The negative of the normal vector, � ~N , repre-
sentsthe transmissionvectorfor a refractionindex
of in�nity; the vector ~V representsthe transmis-
sionvectorfor a refractionindex n = 1 (no refrac-
tion). Thetransmissionvectorfor arefractionindex
n 2 [1; 1 ) hasto lie between� ~N and ~V . This
observationleadsto thefollowing qualitatively cor-
rect approximationof the transmissionvector: the
negative normal� ~N is scaleddown in its x andz
componentsto yield theapproximatedtransmission
vector. This non-uniformscaleforcesthe negative
normalto converge to thetransmissionvector. The
amountof thescalecorrespondsto therefractionin-
dex.

Theapproximatedtransmissionvectoris usedfor
lookupin thecubicenvironmentmapto collectthe
refractioncolour. The advantageof this approach
is themissingcomputationof complicatednumeri-
cal termsthat arereplacedby a linear transforma-
tion via a combinationof several matricesM =
(R )(T )(R t )(S). ThematrixS transformsthenor-
malsfrom surface-localspaceto world space.The
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matrix R transformsvectorsfrom refractionspace
to world space.A non-uniformscaleof thenormal
in refractionspaceis performedthroughthematrix
T . The�nal matrixM transformsthesurface-local
normalvectorsto world-spacetransmissionvectors.

A �uid surfacethat is only representedthrough
the height-�eld from a simulationoften missesto
display�ne detailson thesurface.A typical resolu-
tion of the computationalgrid is some1282 cells
for a real-time simulation on a current PC. This
resolutionis roughly one to two ordersof magni-
tudesmallerthana typical screenresolution.How-
ever, �ne surfacedetailscontribute a hugeamount
of realismto theappearanceof the �uid. A realis-
tic andef�cient possibility to adddetail to thesur-
facemakesuseof anoise-basedapproach.Theper-
fragmentnormalsof the�uid surfaceareperturbed,
in order to achieve a realistic appearance. We
choosea turbulencefunctionconsistingof different
frequenciesof Perlin noise[15]. Blendingdiffer-
entscalesof thesameoriginalnoise�eld yieldsthe
different frequencies. This methodis well suited
for a real-timeimplementationbecauseall neces-
sarycomputationalstepsaresupportedby graphics
hardware.

So far only a static perturbationof the �uid
height-�eld is possiblewhichwouldlook totallyun-
realisticin ananimation.To overcomethisproblem
thesurfacedetailis animatedwith atime-dependent
spatial offset for the different frequency patterns.
Thecombinationof thesepatternsis computedfor
eachframe with changingoffset values. The re-
sult is ananimatedrandomsurfacedetailwherethe
viewer is no longerableto recognisea singleran-
dompattern.

Moreover, a computationof the overall noise
texture for eachframe allows us to include time-
dependentlocal distortionsthat only show up in a
spatiallylimited region. For example,a smallgust
of wind canhave a local effect on the appearance
of the �uid surfacebecausewave ripplesareintro-
ducedby wind dragging. Theselocal effectsmas-
sively contribute to a realistic appearanceof the
whole �uid. The local featuresvery often con-
cern high frequency noisethat is modulatedupon
the randomsurfacedetail, as illustratedin Fig. 6.
A static shapeof the local distortionswith sharp
edgeswould leadto an unrealisticimpression.To
circumventthisbehaviour theintensityof theeffect
is fadedout at theborderandtheshapeis animated

usinga weightingfactorrepresentedthrougha 2D
texture. Theposition,size,motionandshapeof lo-
cal effectscaneasilybemanagedby changingthis
texture. An ef�cient approachto animatetheshape
of the effect is to blendseveral static shapeswith
differentblendingfactors.Thereforethesurfaceap-
pearancecan be controlledby outsideeffects and
reactto conditionsof thesurroundingenvironment.

Finally, a lighting termis evaluatedperfragment
to modulatetherefractioncolour. This allows usto
simulatethelightingof thegroundthroughthe�uid.
Afterwardstheblendingof there�ection andrefrac-
tion termsis achieved via a approximatedFresnel
term F = (1 � cos� i )4 , sincean evaluationof
thecorrectFresnelterm usingonly fragmentoper-
ationsis notpossibleon thetargetedgraphicshard-
ware.Thevalue� i describestheanglebetweenthe
surfacenormalandthe viewing direction. In most
cases,the viewer cannotdistinguishthe true solu-
tion of theFresneltermfrom this roughapproxima-
tion, whereasthecalculationof this simpleapprox-
imationusesonly a few fragmentoperations.

A singlecubic environmentmapis usedfor the
re�ection and refraction computations. This en-
vironment map has to be updatedwhenever the
viewer'spositionis changed.Otherwisespatialdis-
tortions may becomeapparentif the position of
the viewer is not equalto the positionfrom where
the environmentmap was created. Note that this
dynamic environment map is generatedonce per
frameandcanbere-usedfor otherrenderingeffects
of a 3D 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 useof the CPU only. Rendering
is basedon a GeForce3GPU usingOpenGLwith
severalextensions.This separationleadsto a paral-
lelisationwheretheCPU calculatesthe simulation
while theGPUrendersthepreviousstep.

Therenderingpartis dividedinto four steps.The
�rst stepfor every frameis to updatethe dynamic
environmentmap.For fastupdatesof dynamictex-
turesany datatransferbetweenthe GPU and the
CPU should be avoided. Since the functionality
to directly renderinto texturesis only availablefor
someoperatingsystems,weuseaPBuffer to ren-
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derinto anoffscreenarea.

In the secondstep the surface detail texture is
updated. Two stagesof the static noise texture
are blendedwith different scalingand offset val-
ues. With two additionalstagesa spatially limited
changeof thedetail textureis introduced.The�rst
of thesetwo texture stagesis setupto blend three
staticshapesof a local featurewhich areencoded
in the colour channelsof a texture. The following
stageusestheblendedshapeto maskthehigh fre-
quency noisetexture for the local effect. The sur-
facedetail now containsperturbationsof the nor-
mals for eachfragmentof the �uid surface. This
normal texture is usedin the following rendering
passesfor re�ectionsandrefraction.

The re�ection and refraction renderingpasses
usevertex programmesto ef�ciently calculatethe
normalsof theheight-�eld. OpenGLsvertex point-
ers provide a fast accessto the scalarheight-�eld
in order to evaluatecentraldifferencesat the ver-
tices. The x, y and z componentsin the vertex
pointershold three,shiftedversionsof the height-
�eld, suchthat the y componentsof the �rst and
third pointerandthex andz componentsof thesec-
ondrepresenttheheightvaluesfor thedirectneigh-
boursof thecurrentvertex. They componentof the
secondpointerprovidestheheightof thevertex it-
self. Thus,thevertex programmeshaveaccessto all
datathat is required. In both programmesthenor-
malvector, in combinationwith thetangentandthe
binormalvector, is usedto calculatethe appropri-
atetransformationmatrix that is thenappliedto the
surface-detailnormalin thefragmentoperations.

For re�ections four texture shaderstagesare
setup to perform a transformationof eachdetail
normal from surface-localspaceto world coordi-
nates. The normalizationof the transformednor-
mal is achievedby a lookupin anormalisationcube
map. The texture stagesalso computethe re�ec-
tion vectorbasedon the transformednormal. This
re�ection vector points into the environmentmap
to obtainthere�ection colour. A registercombiner
setupevaluatestheFresnelapproximationbasedon
thenormalisednormalandstorestheresultin the�
portionof theframebuffer.

For refractionsthenormalsof theheight-�eld are
calculatedidentically to there�ection case,but the
transformationmatrix is set to the matrix M. The
textureshaderstransformthenormalfrom surface-
local spaceinto theapproximatetransmissionvec-

tor with respectto world coordinates.Thetransmis-
sion colour is obtainedby a texture lookup in the
environmentmap. Sinceall texture stagesare al-
readyconsumed,the surfacenormalvectorcannot
be transformed.Thereforethe lighting calculation
hasto takeplacein surface-localspace,utilising the
registercombiners.

Fig. 3 shows theresultsof differentrenderingef-
fects.Fig. 3 (a) displaysre�ectionsonly. Image(b)
showsrefractionsof the�uid surface.Thefabricon
thepoolgroundappearsdistortedthroughthewaves
on the �uid surface. The Fresnelblending in (c)
clearlyexhibits that,in theareacloseto theviewer,
onecanonly seetherefractionswhile furtheraway
from the viewer the re�ections play a major role.
Fine detailsof the �uid surface,introducedby the
per fragmentsurfacedetail, providesa naturalap-
pearanceof thesurface,asshown in (d).

In order to visualisethe �o w of the �uid, parti-
clesandotherobjectscanbeinsertedin the�uid. In
Fig. 4 thestreamis visualisedthroughleafs�oating
in thewater. Fig. 5 shows anexamplefor thecou-
pling between�o w and wave excitation. Fluid is
streaminginto thesimulationgrid from thetop-left
border. Behind the rectangularpillar the �o w ex-
hibits the typical vorticesforming thewake behind
anobstaclein the�o w. Furthermaterialin theform
of videosis availablefor download1.

Theachievedframeratesdependon theCPUfor
thesimulationpartandon theGPUfor therender-
ing part. Table1 shows resultsfor anAthlon 1200
systemwith a GeForce3 graphicscard. All test
sceneswere renderedin full quality. The bottom
row of the tablerepresentsthemererenderingper-
formancewithout any simulation. The casewhere
theCPUtendsto bethelimiting factorcanbeseen
in the �rst row. Herethe frameratesincreaseonly
a few framesby decreasingthe percentageof the
displayed�uid. Gridsaboutthesize642 provide a
goodtrade-off betweentheloadof theCPUandthe
loadof theGPU.

8 Conclusionand Futur eWork

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

1http://wwwvis.informatik.uni-stuttgart.de/˜weiskopf/�uid
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simulation screenareaof displayed�uid
grid size 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

Table1: Performance(fps) for anAthlon 1200with
aGeForce3ata resolutionof 800� 600pixels.

tionsof realisticlooking �uid behaviour arepossi-
ble. Our methodis well suitedfor modellinggen-
tle motionsof water in riversor lakes. The high-
quality renderingof the �uid surfacesupportsre-
�ections, refractionsandFresnelblendingat frag-
mentlevel. We have presenteda methodto exploit
currentconsumer-level graphicshardwareto evalu-
atetheseeffectscompletelywithin theGPU.Since
our hardware requirementsareextremely low, we
serve a wide rangeof systemsandprovide a very
goodcompromiseof speedversusqualityandporta-
bility.

To further enhancethe visual apperanceof the
rendered�uid surface,otherpropertiesof �uid light
interactioncouldbeconsidered.This includes,e.g.,
addingcausticsto the renderingusinga simpli�ed
modelsuchasby Stam[17] which is alsoappropri-
atefor consumer-level graphicshardware.

Additionally several enhancementsare possible
for thesimulationpart. E.g., thecouplingbetween
�o w andwave propagationcanbeextendedby ad-
vectingtheheightvalueswith the�o w. This would
producea morerealistictransportof waves. Simi-
larly themotionof thesurfacedetail textureshould
beaffectedby thevelocity �eld. Textureadvection
couldbeusedto implementthis featureongraphics
hardware.

Also an approachto automaticallysamplethe
depthof the �uid from the surroundingscenege-
ometryshouldbeinvestigated.In therenderingpart
the obtaineddepthinformationwill help to atten-
uatethe light throughthe �uid, leadingto a more
sophisticatedlighting model. The simulationpart
could also take advantageof theseautomatically
generateddepthinformation. For examplethe re-
fractionof wavesdueto therealshapeof theunder-
lying scenegeometrycouldbemodelled.
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(a)

(c)

(b)

(d)

Figure3: Comparisonof renderingeffects.Image(a)showsre�ectionsonly, (b) refractionsonly, (c) Fresnel
blendingof re�ectionsandrefractions,(d) all renderingeffectsincludinga noise-basedsurfacedetail.

Figure 4: Visualisationof the streamthrough
leafsin the�uid.

Figure5: The typical wake, forming behindan
obstaclein the�o w.

Figure6: Modulatingthesurfacedetailwith a localeffectsmask.
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