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Abstract

We presentan adaptive schemefor the interactive animationand
displayof oceanwavesfar from thecoast.Relyingonaprocedural
wave model,the methodrestrictscomputationsto the visible part
of theoceansurface,adaptsthegeometricresolutionto theviewing
distanceandonly considersthe visible waveswavelengths. This
yields real-timeperformances,evenwhenthecameramoves. The
methodallows theuserto interactively �y over anunboundedani-
matedocean,whichwasnotpossibleusingpreviousapproaches.

Keywords: naturalphenomena,proceduralanimation,adaptive
scheme,ocean,waves

1 Intr oduction

Developinginteractivemodelsfor naturalphenomenais evenmore
importantnow thatit wasin thepast:Peoplelike to beimmersedin
rich andopenspaces.Gamesthusstartproviding morenatureand
exteriorscenes,following thespecialeffectandCG�lm industries.
However, providing nice looking naturalelementssuchasforests,
cloudsor animatedwaterat interactive ratesis dif�cult. Two com-
mon problemsof naturalsceneriesis that they areboth very wide
andverydetailed.Thisisespeciallytruefor theoceansurface,since
wavesexist at severalscalesandextendup to thehorizon.Most of
therecentoceanwavesanimationsfeaturedin movieswerecreated

usinga spectralapproach[Areté ImageSoftwaren. d.]. The lat-
ter restrictcomputationsto a rectangulararea,which canbe used
asa tile for animatinga largersurface.Thecomputationcostonly
allows cruderesolutionwheninteractive ratesarerequired.More-
over, enablingtheuserto interactively �y over theoceanis impos-
sible, sinceavoiding obvious repetitivity would requirethe useof
anextremelylargesimulatedregion.

Thispaperpresentsanadaptiveschemefor theinteractiveanima-
tion anddisplayof an unboundedocean.It relieson a procedural
wave modelwhich expressessurfacepoint displacementsassums
of contributionsfrom the active wave-trains,modeledasindepen-
dentanimationprimitives. This modelallows to concentratecom-
putationson the part of the oceansurfaceandon the wavelengths
that arecurrentlyvisible. Our main contribution is a schemefor
dynamicallyadaptingboth thegeometricresolutionandthesetof
animationprimitives: surfacesamplingis adaptedto the current
viewpoint, while wave trainsthatdo not correspondto visible fre-
quenciesare�ltered. This yields interactive rates,even whenthe
cameramovesundertheusercontrol. In additionto enablinginter-
active �y-o ver, themethodeasestheadditionof extra local anima-
tion primitivessuchasshipwaves.

The remainderof this paperdevelopsasfollows: Section2 re-
views the existing modelsfor simulatingoceanwaves. Thenwe
presentour proceduralwave model in Section3. The adaptive
schemeis detailedin Section4. We show anddiscussresultsin
Section5, andconcludein Section6.

2 Previous Work

2.1 Wave theor y

Wave generation and frequenc y
Ordinary ocean waves are created by the wind in fetch ar-
eas,and can propagate far from theselocations. Several mod-
els have beenproposedto accountfor the amplitude,frequency
and direction spectrumaccordingto the wind strengthand dura-
tion [Kinsman 1984]. A classicalone is the Pierson-Moskowitz
�lter giving the amplitudeFPM in function of the frequency f :
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correspondsto the peakin
thespectrum(which hasa Gaussian-like shape),dependingon the
wind velocityata10maltitude.This1D �lter hasbeenextendedin
2D by Hasselmannetal. [Hasselmannetal. 1980]usingtheformu-
lation F( f ;a ) = FPM( f )D( f ;a ), whereD( f ;a ) weightsthe �lter
accordingto thepropagationdirectiona .

Velocity and wavelength
In contrastto soundwavesin air, surfacewaterwavesaredisper-
sive, i.e. their velocity dependson their wavelength.For a wave of
pulsationw = 2p

T andwave numberk = 2p
l (whereT is theperiod

and l is the wavelength),the relationw2 = (gk+ g
r k3) tanh(kH)

(whereg is thegravity acceleration,r thewaterdensity, H thewa-
terdepth,andg controlsthesurfacetension)links thetwo variables
(see[Lighthill 1978;Crawford 1977]). The �rst termcorresponds
toordinarygravity waves,andthesecondtermcorrespondstocapil-
lary waves.As thelatteronly giveswavelengthslowerthan5:4 mm,
they areusuallyneglectedfor oceansimulation.Thevelocityis thus

c = w
k =

q
g
k tanh(kH). The tanh(kH) factorcanbe neglectedin

the caseof deepwater. Otherwise,the wavelengthandthe veloc-
ity of waveswill changewith waterdepth,both decreasingwhen
approachingtheshore.

Waves shape
Severalmodelscharacterizetheshapeof wavesby studyingeigen-
modesof the Navier-Stokes equationat the water-air interface
(see[Lighthill 1978; Kinsman1984]). A convenientone is the
Gerstnerswell model,which describesthe trajectoryof waterpar-
ticles as circles of radiusequal to the wave amplitudeA around
the location at rest. Two particlesalong the direction of wave
propagation having a distanceat rest of l follow their circular
trajectoriesat angularvelocity w with a phasedifferenceof kl :�

x� x0 = Aekz0 sin(wt � kx0)
z� z0 = Aekz0 cos(wt � kx0)

wheret is the time, z the vertical axis and(x0;z0) the particlelo-
cationat rest. This generatesa trochoid wave shape,similar to a
sinusoidonly for very small amplitudes.For high amplitudesthe
wavesgetchoppy, up to a valuefor which thecurve crossesitself,
which is no longerphysicalsincethewaveshouldbreak.

Othermodels,like StokesandBiesel's ones,take into account
the shallow watercase,for which the circlesturn into ellipses,at
thepriceof morecomplicatedformulas.Sincethedepthvariation
changesthewave velocity, thephasesareno longerlinearwith the
distance. Biesel's model thusevaluatesthe phasesas

Rx0
0 k(x)dx.

Thischangeis responsiblefor therefractionof wavetrains1closeto
theshore.

2.2 Computer Graphics models

Wedonotreview herepapersdedicatedto runningwateror to rivers
suchas[KassandMiller 1990; FosterandMetaxas1996; Foster
andFedkiw2001;NeyretandPraizelin2001;ThonandGhazanfar-
pour 2001],which focuson otherkinds of watersurfacesandare
notadaptedto thesimulationof oceanwaves.

To date,severaloceanwavemodelshavebeendevelopedin CG,
whichcanbeseparatedin two families:

1A wavetrain is a(potentiallyin�nite) setof similarwaveswhosefronts
arenearlyparallelsandevenlyspaced.

The �rst one starts with the work of Fournier and Reeves
[FournierandReeves1986] that simulatea train of trochoids,re-
lying on a mix of Gerstnerand Biesel swell models. Sincethey
solve the directionof propagation andthe phasesof the trainson
the surface, they have to regularly meshthe simulatedregion of
oceansurface. The sameyear, Peachey [Peachey 1986] proposed
a similar idea,with fewer re�nements(e.g.,no trochoids). More
recently, severalmodels[Ts'o andBarsky 1987;GonzatoandSaëc
2000] have proposedmorepreciseways to solve the propagation
(wavetracing). Notethatnoiseis generallyusedin all themodels
abovein orderto avoid thevisualregularitydueto thefactthatonly
oneor two wave trainsaresimulated.

The secondfamily correspondsto spectralapproaches,�rst in-
troducedin CG by Mastin et al. [Mastin et al. 1987]. The basic
ideais to produceanheight�eld having thesamespectrumasthe
oceansurface. This can be doneby �ltering a white noisewith
Pierson-Moskowitz's or Hasselmann's �lter , and then calculating
its Fast Fourier Transform(FFT). The main bene�ts of this ap-
proacharethatmany differentwavesaresimultaneouslysimulated,
with visually pleasingresults. However, animatingthe resulting
oceansurfaceremainschallenging. Moreover, the methodgener-
atessinewaves,which only approximatetrochoidsin thecalmsea
case.Tessendorf[Tessendorf1999]shows thatdispersive propaga-
tion canbemanagedin thefrequency domainandthattheresulting
�eld canbemodi�ed to yield trochoidwaves. A positive property
of FFTsis the cyclicity: the solutioncanbe usedasa tile, which
allowsto enlargetheusablesurfaceregionaslongastherepetitive-
nessis not obvious. Thecorrespondingnegative aspectof FFTsis
homogeneity:no local propertycanexist, so no refractioncanbe
handled.It shouldbenotedthatthis modelis theoneimplemented
by AretéImageSoftware[AretéImageSoftwaren. d.] andusedfor
thespecialeffectsof many moviessuchasWaterworldor Titanic.

Thonet al. [Thon et al. 2000]useanhybrid approach:thespec-
trum synthesizedusinga spectralapproachis usedto control the
trochoidsgeneratedby aGerstnermodel.This is only applicablein
thecalmseacase,wheretrochoidsof smallamplitudeareverysim-
ilar to sines. Smallerscalewavesareobtainedby directly tuning
someextraPerlinnoise[Perlin1985].

For both families of approaches,a pre-de�ned region of the
oceansurfaceis simulatedandregularly tessellated,whatever the
cameraposition. Sincethevisible surfaceareais largeanda high
resolutionis neededin regions closeto the camera,this requires
very largemeshes,yielding costlysimulations.Thesemethodscan
only beadaptedto real-timefor verycruderesolutions.

Recently, adaptive schemeshave successfullybeenusedfor ef-
�cient modeling,renderingor animationof complex objects[Stoll-
nitz etal. n. d.; P�ster etal. 2000;Debunneetal. 2001].Theideais
to minimizethesamplingof thegeometryaccordingto criteriasuch
asthelocalvariationamplitudeof theparametersof interest,or dis-
tancefrom the viewpoint. In particular, surfelstechniques[P�s-
ter et al. 2000] directly usediscsor ellipsesto samplethe geom-
etry. In [StammingerandDrettakis2001] the numberof samples
is proportionalto the sizeof the screenprojectionof the objects.
Sincetheadaptive samplingis doneon the�y for eachframe,this
�ts well with proceduralsurfacedisplacement,whichcaneasilybe
animated.In the samespirit, we rely on an adaptive samplingof
theoceansurface,dictatedby thecameraposition. Moreover, our
animationmodel is also adaptive, sincewe �lter the wave trains
thatcannotbeobservedfrom thecurrentviewpoint. Theseadaptive
schemesaremadepossibleby theuseof a proceduralwave model,
describednext.



3 Wave Model

We arelooking for a wave modelthatdoesnot constrainusto sim-
ulateapredeterminedandregularly sampledsurfaceregion. More-
over, we arenot willing to computea hight �eld, which would not
cover the caseof stormyseas. We keepusinga mesh(sincewe
cannotafford pixel sizeelements),but its locationin world space
will changedynamicallyandits densityvariesin space.This leads
usto theuseof aproceduralwavemodel,following the�rst family
of CGapproachesmentionedabove.

Our modelis basedon the Gerstnerswell modelandsimulates
trochoids.However, we wantto take into accountthecombination
of many differentwaves. To do so, we generatewave trains in a
way thatapproachesa known wave spectrum,in thesamespirit as
Thonet al. [Thon et al. 2000]. Notethatour modelis dedicatedto
deepwaters,andthusdoesnot cover wavesrefractionnearshore
norwavebreaking.

3.1 Wave trains

Althoughour methodcanbeappliedto variouskindsof waves(an
experimentwith ship waveswill be shown in the Section5), this
paperonly focuseson themainones,i.e. gravity waves.

We simulategravity wavesusinga seriesof wave trainsthatho-
mogeneouslycover the world. Their amplitudeai , frequency wi

2p
anddirection Ki

jKi j
arechosento reproducea given referencespec-

trum2. They arechosenmanuallyin our implementation,although
anautomaticchoicesuchastheonein [Thon et al. 2000]couldbe
usedaswell.

3.2 Animation of mesh points

Let usconsiderthemeshthatrepresentstheoceansurfaceatagiven
animationstep(the way this meshis generatedfrom the current
camerapositionwill beexplainedin Section4).

The meshverticesareconsideredasparticles,and thus follow
thecircle trajectorycorrespondingto theGerstnermodel:

�
X = X0 + å i ai

Ki
jKi j

sin(wit � Ki :X0)
z = z0 + å i ai cos(wit � Ki :X0)

(1)

whereX0 = (x0;y0) is thelocationof theparticleat reston thesur-
faceandz0 its altitudeat rest.

Note that the only informationthat needsto be storedin mem-
ory is the speci�cationof the wave trains: particlesareevaluated
on the �y , andcanbe at differentlocationsfrom oneframeto the
other. Surfacedisplacementis thusevaluatedmuchlike a procedu-
ral function[Ebertetal. 1994].

4 Adaptive Scheme

Ourmaincontributionis theadaptivescheme,whichappliesto both
thegeometryandtheproceduralanimationprocess:Insteadof sim-
ulatingaregularlysampled,predeterminedregionof theoceansur-
face,we adaptthemeshsamplingto theprojectedsizeof eachsur-
faceelement,in thespirit of surfels[P�ster etal. 2000;Stamminger

2In this paper, we usecapital lettersto denotevectorsand lower case
lettersto denotescalarparameters.

and Drettakis2001]. We also adaptthe wave model in spectral
spaceby locally �ltering thewavesaccordingto the local geomet-
ric samplingrate. In addition to saving computationaltime, this
reducesgeometricaliasing.

4.1 An adaptive surface mesh

The idea is to generatethe meshrepresentingthe oceansurface
suchthateveryelementcovers,at rest,thesameareaon thescreen.
This is doneby subdividing thescreeninto a grid of quads,which
are back-projectedon the plane modeling the oceansurface at
rest. The resultingmeshpointsprovides the particle locationsat
which the proceduralanimationmodelof equation1 is evaluated
(seeFigure1).

Using this method,a cameramotion inducesa continuousshift
of the meshover the oceansurface,an adequateresolutionbeing
maintainedeverywherein the computedimage. We cannotethat
thissamplingstrategy is madepossibleby thecontinuouslymoving
natureof theoceansurface:usinga similar approachfor rendering
a landscape,for example,wouldproduceartifactssincethecamera
motion inducesa shift in the samplinglocations. This sampling
artifactactuallytakesplace,but is hiddenby thewavesanimation.

image plane

surface at rest

camera

attention on foreground
default sampling

attention on background

Figure 1: Dynamically adaptedsurfacemesh,whoseelementsapproxi-
matelyhave thesameprojectedareaonscreen.

Theuseof quadsallows easyfactorizationsuchasstripping. It
canalsohelp relying on hierarchicalstructuressuchasquad-tree.
Lastly, focusingon a given zoneof interestwould be doneby lo-
cally re�ning a given region in screenspace,suchasaddingmore
bottomrows if the attentionhasto be focussedon the foreground
(respectively moretop rows for focusingon thebackground).See
Figure1 (top right).

Theuseof optimally largequadsto approximatetheoceansur-
facepreventsfrom relying on �nite differenceto estimatethesur-
facenormalsfrom vertex positions.We rathercomputeanalytical
normalsat meshvertices,obtainedfrom the spatialderivativesof
equation(1). SeeFigure2.

sampled surface, numerical normals
continuous surface, analytical normals

Figure2: Dueto theoptimizedmesh,analyticalnormalsgive muchbetter
resultsthannormalscomputedusing�nite differences.
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attenuation filter

ocean waves spectrum

attenuation
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frequency

Figure3: Filtering wave trains. Left: adaptingthesetof computedwave trainsto the local meshresolution.Middle & right: whenincreasingthedistance,
smallerwavelengths(in red)areno longersimulated.

4.2 Adapting the set of sim ulated wave trains

Sincethe grid de�nes the highestavailable resolution,we do not
displaywaveswhichappearsmallerthanthegrid quads.In addition
to reducingaliasing,this savesmuchcomputationaltime,sincewe
don't needto simulatetheassociatedwave trainsfor this frameand
location. For instance,a wide surfaceis coveredby thesightnear
the horizon,but the resolutionthereis coarse.Most of the wave
trainsarethusprunedin this region.

Simply consideringor rejectingwave trainsat a given location
accordingto their wavelengthwould producepoppingartifacts: a
wave would suddenlyappearor disappearwhenreachinga given
distance. We thus handlea transitionrange,wheresmall wave-
lengthsare �ltered in order to appearor disappearprogressively
with thedistance(seeFigure3).

Sincewe usemany (up to 60 in our examples)wave train prim-
itives,several of them,of differentdirections,useto have similar
wavelengths.In practice,thesecouldbehierarchicallygroupedin
orderto acceleratewavelength-basedpruning,similarly to thehier-
archy of boundingboxesusedfor optimizingtherenderingof com-
plex scenes.

Anotherusefulextensionwouldbetoacceleratetheevaluationof
wavetrainsof largelargewavelengthsby associatingaquad-treeto
thescreengrid, assuggestedin theprevioussection:Gerstnerfor-
mulafor agivenwavecouldthenbeevaluatedonly at theadequate
level (correspondingto the scaleof the wavelength),othervalues
beinginterpolated.In practice,only thesumof displacementsdue
to thelargerwaveswouldneedto bestoredfor interpolation.

If thewave spectrumcoveredan in�nite range,theseoptimiza-
tions, resultingin small wavelengthscanceledon the background
andlargewavelengthscoarselysampledon the foreground,would
resultin a quasi-constantnumberof computedwavesat any given
location.In practiceverysmall3 andverylargegravity wavesdonot
exist. Thus,a largeportionof screenonly requiresa smallnumber
of waveevaluations.

5 Results and Discussion

5.1 Rendering

A detaileddiscussionof renderingissuesis out of thescopeof this
paper. We apply an environmentmapon the oceansurface,thus
re�ecting thesunandthesky. Moreoverwemodulatetheamountof
re�ection usinganapproximationof theFresnelfactor. Rendering
anddisplayarethusperformedusingthegraphicshardware.

3Ripplesbelongto a differentphysicalphenomena,andcannotbemod-
eledusinggravity waves.

5.2 Results and timing

We implementedthe �ltering of waveswith distance,but not the
wavelengthsfactorizationnor thequad-treeoptimizationsuggested
in Section4.2. The bottleneckis currently in the computation
of mesh-pointpositionsandnormalsratherthan in the meshdis-
play, so theseoptimizationwould probablysigni�cantly increase
theframerate.

Werenderedseveralanimationswith differentparametervalues,
targeting either real-timeor higher quality interactive images,as
illustratedin Figure 4: 20 to 30 fps are obtainedwith a 50� 50
screen-meshresolution,with the horizonabove the middle of the
image (our test machineis a 800 MHz PentiumIII PC with a
GeForce2graphicsboard). Good quality imagescan still be ob-
tainedat interactive rate(4,middle). Although it wasnot designed
for this purpose,our modelcanalsobeusedto computehigh qual-
ity animationsatafew secondsby frame(4,right).Otherscenesare
presentedonFigures6 and7.

Compromiseshave to bechosenbetweenspeedandquality: us-
ing smallerquadsallows for �guring thinnerdetailswith a higher
cost. If the quadsare large, the oceansurface might look too
smooth. As for the MIP-mappingtechnique,the �ltering thresh-
oldscanbetuneddependinghow muchcontrast– includingabit of
aliasing– is preferredto smoothness.Theworstcaseoccurson the
horizon: Using largequadssmoothesthewavesat horizon,which
preventsaliasing. On the otherhanda bit of aliasingcanbe pre-
ferred,sincerealoceanhorizonis glittering. In thecaseof quality
renderinga solutionbasedon analyticalintegrationof sub-scales
(in thespirit of [Fournier1992])shouldprobablybeconsidered.

5.3 Comparison with other appr oaches

Our model is dedicatedto the caseof deepwater. As compared
to the �rst family of modelsmentionedin Section2.2, it doesnot
handlewaves refractionoccurringcloseto the shore(the models
of the secondfamily have the samelimitation). But it allows the
combinationof a large numberof differentwaves,so that we can
obtaina large rangeof surfaceaspectsgoing from regular paral-
lel wave trainsto randomlooking surfaces.Extensionto shallow
water simulationcould be doneby replacingthe circular motion
of meshverticesby elliptic motion(following StokesandBiesel's
model)andcombiningourwaveswith aprecomputedshorerefrac-
tion, similarly to whatis donein [GamitoandMusgrave2000].

We considerthe secondfamily of approaches(i.e, the spectral
methods)asthe referencefor deepwaterwavesgeneration,since
they havesuccessfullybeenusedin special-effects.Providingapre-
cisecomparisonwith themis thusessentialfor showing thebene�ts
of ourapproach.



Figure4: Left: Meshresolution50� 50. 15 fps. Middle: Meshresolution100� 100; 30 primitives. 3 to 5 fps. Right: Meshresolution500� 500; 60
primitives.10seconds.

Thecostof aspectraloceansimulationis mainlydueto theFFT.
On a nx � ny grid (wherenx andny arepowersof two), its com-
plexity is nxny log(nxny). Thegrid resolutionshould�t thedesired
amountof detailsin the foreground. In addition,thesimulatedre-
gion shouldbe large enoughto avoid obvious cyclicity (notethat
this region cannever extendup to thehorizon).Usually, thesimu-
latedrectangleis chosenlargeenoughsothatthedistantedgecov-
ersthe entirescreensize(seeFigure5). For the easeof compari-
son,let usassumethatthehorizonprojectson thetopof thescreen
(supposedlysquare),andthattherequiredmeshdensityonthefore-
groundyields to n samplesin the �rst, closestrow. A simulated
regionof 3n� 2n would thenbereasonable,giving acomplexity of
6n2 log(6n2).

screen

simulated grid

Figure5: Simulatedareafor thespectralapproach.

Figure6: Stormysea.

In thesamecase,our algorithmwould consistin evaluatingtro-
choidsat eachgrid point4, for a grid only coveringthevisible por-
tionof theimage.If aregulargrid isusedin screenspace,thisyields

4We do not explicitly mentiontheanalyticalnormalsevaluation,which
simplydoublestheamountcomputationfor bothmethods.

Figure7: Calmsea.Left: real-time.Right: realistic.

n� 3
4n� mtrochoidevaluations,wheremis theaveragenumberof

wavetrainsthatouradaptivemethodevaluatesby meshvertex. The
algorithmis thuslesscomplex thanthereferenceone,i.e. O(n2) in-
steadof O(n2 logn2).

Let's discussthe value of the constantm comparedwith the
maximumnumberm of simulatedwave trains: Sincethe size of
grid quads,andthustheminimalconsideredwavelength,decreases
whenthedistanceincreases,m is roughly 1

2m, assuminganin�nite
rangeanda uniform repartitionof thegravity wavesspectrum.In
practice,gravity wavesdonotcover theentirefrequency spectrum,
asexplainedin Section4.2. Therearethuslesswave train to eval-
uatewhenapproachingthe horizonor the foreground,i.e. at the
top and the bottomof the image. Using the suggestedquad-tree
optimizationwould, accordingto our estimations5, decreasem to
about 1

12min thisexample.Of course,thisconstantfactordoesnot
changethe theoreticalcomplexity, but it illustratesthat optimiza-
tionscansaveanorderof magnitude.

In additionto increasingef�ciency, our methodprovidesmore
�e xibility than the spectralapproach: The meshdensity on the
screencan be tunedto increaseresolutionin regions of interest.
Tuningthenumbermof wave trainsprovidesanalmostcontinuous
control of the quality/costratio. Sinceour schemeis procedural,
we can evaluatethe oceansurfaceat any desiredlocation. This
canbeusefulfor incorporatingextra effectssuchastheinteraction

5We estimatethe proportionof non-�ltered wave trainsby integrating
over theimagerange.



with a �oating objector to ray-traceimages. Otherwave models
canbeeasilyincorporatedinto themodel(e.g.shipwaves,ripples,
obstacles;seeFigure8) aslong asthey canbeexpressedin a pro-
ceduralmanner, while the spectralapproachescanonly dealwith
homogeneousphenomenaon thesurface.Moreover, we cansimu-
latearbitraryoceansurfaceswithout showing cyclicity6: theratios
betweenwavelengthsjusthaveto beirrationalnumbers.Lastly, our
methodworksatnoextracostwhateverthecamera motion, thusen-
abling theuserto interactively �y over anunboundedocean.This
is illustratedby oneof theanimationsequencessubmittedwith the
paper.

Figure8: Addingotherkindsof wave is easy:here,shipwaves.

6 Conc lusion and Future Work
Wehaveproposedanadaptiveschemefor theinteractiveanimation
anddisplayof oceansurfaces:relying on a proceduralapproach,
it adaptsboth the geometricsamplingof the surfaceand the set
of simulatedwave trainsaccordingto the distance.All computa-
tionsareexclusively concentratedontothevisiblepartof theocean,
which yields real-timeperformancewith a relatively good image
quality, evenin ournon-optimizedimplementation.

Oneof the bene�ts of our approachis its �e xibility: the useof
trochoidsenablesto modela wide rangeof oceansurfaces,from
calm to stormyseas.Sincethe displacementof a samplepoint is
computedasa sumof wave contributions,addingextra effect such
asshipwavesis easy. Thecamerapositioncanbearbitrarilychosen
withoutchangingtheamountof computationnor theimagequality
(no cyclicity will appear). As a consequence,the usercan inter-
actively �y over an unboundedoceansurface, which makes the
methodpromisingfor video gameapplications. Lastly, the qual-
ity/costratio is tunable,sohigher-quality imagescanbecomputed
usingthesamemodel.

Concerningfuturework,weplanto implementtheoptimizations
suggestedin Section4.2, to includeotherkinds of wavessuchas
ripplesor shipwaves,andto studyhow wavesre�ection andrefrac-
tion couldbeintroduced.We alsoplanto simulatetheglittering of
theoceanwavesnearthehorizondueto themultiplicity of normals.
This couldbedoneby implementinga speci�c shaderin thespirit
of [Fournier1992].
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Interacti veAnimation of OceanWaves: DamienHinsinger, FabriceNeyret,Marie-PauleCani

Figure4: Left: Meshresolution50� 50. 15 fps. Middle: Meshresolution100� 100;30primitives.3 to 5 fps.
Right: Meshresolution500� 500;60primitives.10seconds.

Figure6 and8: Left& middle:Stormysea. Right: Addingotherkindsof wave is easy:here,shipwaves.

Figure7: Calmsea.Left: real-time.Middle& right: realistic.


