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Abstract

We presentan adaptve schemefor the interactve animationand
displayof ocearwavesfar from the coast.Relyingon a procedural
wave model,the methodrestrictscomputationgo the visible part
of theocearsurface adaptshe geometriaesolutionto theviewing
distanceand only considergthe visible waves wavelengths. This
yieldsreal-timeperformancesgven whenthe cameramoves. The
methodallows the userto interactizely y overanunboundedni-
matedoceanwhich wasnot possibleusingpreviousapproaches.

Keywords: naturalphenomenaproceduralanimation,adaptve
schemepceanwaves

1 Introduction

Developinginteractive modelsfor naturalphenomengs evenmore
importantnow thatit wasin the past:Peopldik e to beimmersedn

rich andopenspacesGamesghusstartproviding morenatureand
exterior scenesfollowing thespecialeffectandCG Im industries.
However, providing nice looking naturalelementssuchasforests,
cloudsor animatedwaterat interactve ratesis dif cult. Two com-
mon problemsof naturalsceneriess thatthey arebothvery wide

andverydetailed.Thisis especiallytruefor theocearsurface since
wavesexist at several scalesandextendup to the horizon. Most of

therecentocearwavesanimationdeaturedn movieswerecreated

usinga spectralapproact{Areté ImageSoftwaren. d.]. Thelat-
ter restrictcomputationdo a rectangulamarea,which canbe used
asatile for animatinga larger surface. The computationcostonly
allows cruderesolutionwheninteractve ratesarerequired. More-
over, enablingthe userto interactively y overtheoceanis impos-
sible, sinceavoiding ohvious repetitvity would requirethe useof
anextremelylarge simulatedregion.

Thispapempresentanadaptve schemdor theinteractize anima-
tion anddisplayof anunboundedcean.lt relieson a procedural
wave modelwhich expressesurfacepoint displacementassums
of contributionsfrom the active wave-trains,modeledasindepen-
dentanimationprimitives. This modelallows to concentrateom-
putationson the part of the oceansurfaceandon the wavelengths
that are currently visible. Our main contritution is a schemefor
dynamicallyadaptingboth the geometricresolutionandthe setof
animationprimitives: surface samplingis adaptedto the current
viewpoint, while wave trainsthatdo not correspondo visible fre-
quenciesare ltered. This yieldsinteractve rates,evenwhenthe
cameramovesunderthe usercontrol. In additionto enablinginter
active y-o ver, themethodeaseshe additionof extralocal anima-
tion primitivessuchasshipwaves.

The remainderof this paperdevelopsasfollows: Section2 re-
views the existing modelsfor simulatingoceanwaves. Thenwe
presentour proceduralwave model in Section3. The adaptve
schemés detailedin Section4. We shov and discussresultsin
Section5, andconcludein Section6.

2 Previous Work

2.1 Wave theory

Wave generation and frequenc y

Ordinary ocean waves are created by the wind in fetch ar
eas, and can propagte far from theselocations. Several mod-
els have beenproposedto accountfor the amplitude, frequeny
and direction spectrumaccordingto the wind strengthand dura-
tion [Kinsman 1984]. A classicaloneis the Pierson-Moskwitz
Iter giving the amplitudeFpy in function of the frequeny f :
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Fem(f) = WGA 7, whereg is the gravity accelerationa is

the Phillips constant,and f, = % correspondgo the peakin
the spectrum(which hasa Gaussian-lik shape)dependingon the
wind velocity ata 10maltitude. This 1D lter hasbeenextendedn
2D by Hasselmanetal. [Hasselmanmtal. 1980]usingtheformu-
lation F(f;a) = Fpm(f)D(f;a), whereD(f;a) weightsthe Iter

accordingo the propagtiondirectiona.

Velocity and wavelength
In contrastto soundwavesin air, surfacewaterwavesare disper
sive i.e. their velocity depend®n their wavelength.For a wave of

pulsationw = 22 andwave numberk = 22 (whereT is the period
and/ is the wavelength),the relationw? = (gk+ Zk3) tant(kH)
(whereg is thegravity accelerationy thewaterdensity H thewa-
terdepth,andg controlsthe surfacetension)links thetwo variables
(see[Lighthill 1978;Cranford 1977]). The rst termcorresponds
to ordinarygravity waves,andthesecondermcorrespondto capil-
lary waves.As thelatteronly giveswavelengthdowerthan5:4 mm
they areuauallynaglectedor ocearsimulation.Thevelocityis thus

c= %’K—" = %tanr(kH). Thetani(kH) factorcanbe neglectedin

the caseof deepwater Otherwise the wavelengthandthe veloc-
ity of waveswill changewith waterdepth,both decreasingvhen
approachingheshore.

Waves shape
Severalmodelscharacterizéhe shapeof wavesby studyingeigen-
modesof the Navier-Stokes equationat the waterair interface
(see]Lighthill 1978; Kinsman1984]). A corvenientoneis the
Gerstnerswell model,which describeghe trajectoryof waterpar
ticles as circles of radiusequalto the wave amplitude A around
the location at rest. Two particlesalong the direction of wave
propagtion having a distanceat rest of | follow their circular
trajectoriesat angularvelocity w with a phasedifferenceof kl:
X X = Ad@sin(wt kxg)
z 7o = AéPcogwt kxg)
wheret is the time, z the vertical axis and (Xg; zp) the particlelo-
cationat rest. This generates trochoid wave shape similar to a
sinusoidonly for very small amplitudes.For high amplitudesthe
wavesgetchoppy, up to avaluefor which the curve crossestself,
whichis nolongerphysical sincethewave shouldbreak.

Othermodels,like Stokes and Biesel's ones,take into account
the shallov watercase for which the circlesturn into ellipses,at
the price of morecomplicatedformulas. Sincethe depthvariation
changeshe wave velocity, the phasesreno longerlinegrwith the
distance. Biesel's modelthus evaluatesthe phasesas 5‘0 k(x)dx.
This changés responsibléor therefractionof wave trains'closeto
theshore.

2.2 Computer Graphics models

We donotreview herepapergledicatedo runningwateror to rivers
suchas[KassandMiller 1990; Fosterand Metaxas1996; Foster
andFedkiw2001;NeyretandPraizelin2001; ThonandGhazandr
pour 2001], which focus on otherkinds of watersurfacesandare
notadaptedo the simulationof oceanwaves.

To date,severaloceanwave modelshave beendevelopedin CG,
which canbe separatedh two families:

1A wavetrainis a (potentiallyin nite) setof similarwaveswhosefronts
arenearlyparallelsandevenly spaced.

The rst one starts with the work of Fournier and Reeves
[Fournierand Reeves 1986] that simulatea train of trochoids,re-
lying on a mix of Gerstnerand Biesel swell models. Sincethey
solwve the direction of propagtion andthe phaseof the trainson
the surface, they have to regularly meshthe simulatedregion of
oceansurface. The sameyear Peachg [Peachg 1986] proposed
a similar idea, with fewer re nements(e.g., no trochoids). More
recently severalmodels[Ts'o andBarsky 1987;GonzatcandSaéc
2000] have proposedmore precisewaysto solve the propagtion
(wavetracing. Notethatnoiseis generallyusedin all the models
abovein orderto avoid thevisualregularity dueto thefactthatonly
oneor two wave trainsaresimulated.

The secondfamily correspondso spectralapproachesyst in-
troducedin CG by Mastin et al. [Mastin et al. 1987]. The basic
ideais to producean height eld having the samespectrumasthe
oceansurface. This canbe doneby ltering a white noisewith
Pierson-Moskwitz's or Hasselmanis' Iter, andthen calculating
its Fast Fourier Transform (FFT). The main bene ts of this ap-
proacharethatmary differentwavesaresimultaneouslgimulated,
with visually pleasingresults. However, animatingthe resulting
oceansurfaceremainschallenging. Moreover, the methodgener
atessinewaves,which only approximaterochoidsin the calmsea
case.TessendorfTessendorfl999]shows thatdispersie propag-
tion canbemanagedn thefrequeng domainandthattheresulting

eld canbemodi ed to yield trochoidwaves. A positive property
of FFTsis the cyclicity: the solutioncanbe usedasa tile, which
allowsto enlagethe usablesurfaceregion aslong astherepetitive-
nessis not obvious. The correspondingnegative aspecof FFTsis
homogeneity:no local propertycanexist, so no refractioncanbe
handled.It shouldbe notedthatthis modelis the oneimplemented
by AretélmageSoftware[Areté ImageSoftwaren. d.] andusedfor
the specialeffectsof mary movies suchasWaterworld or Titanic.

Thonetal. [Thon etal. 2000]usean hybrid approachthe spec-
trum synthesizedising a spectralapproachs usedto control the
trochoidsgeneratedby a Gerstnemodel. Thisis only applicablen
thecalmseacasewheretrochoidsof smallamplitudearevery sim-
ilar to sines. Smallerscalewaves are obtainedby directly tuning
someextra Perlinnoise[Perlin 1985].

For both families of approachesa pre-de ned region of the
oceansurfaceis simulatedandregularly tessellatedwhatever the
camergoosition. Sincethe visible surfaceareais large anda high
resolutionis neededn regions closeto the camera,this requires
very largemeshesyielding costly simulations. Thesemethodscan
only beadaptedo real-timefor very cruderesolutions.

Recently adaptive schemesave successfullbeenusedfor ef-
cient modeling,renderingor animationof complex objects[Stoll-
nitz etal. n. d.; P ster etal. 2000;Delunneetal. 2001]. Theideais
to minimizethesamplingof thegeometryaccordingo criteriasuch
asthelocal variationamplitudeof theparametersf interestor dis-

tancefrom the viewpoint. In particular surfelstechniqueqP s-
ter et al. 2000] directly usediscsor ellipsesto samplethe geom-
etry. In [Stammingerand Drettakis2001] the numberof samples
is proportionalto the size of the screenprojectionof the objects.
Sincethe adaptve samplingis doneonthe y for eachframe,this
ts well with procedurakurfacedisplacementwhich caneasilybe
animated. In the samespirit, we rely on an adaptve samplingof
the oceansurface,dictatedby the camergposition. Moreover, our
animationmodelis also adaptve, sincewe Iter the wave trains
thatcannotbeobsenedfrom the currentviewpoint. Theseadaptve
schemesremadepossibleby the useof a proceduraivave model,
describedhext.



3 Wave Model

We arelooking for a wave modelthatdoesnot constrainusto sim-
ulatea predetermine@ndregularly sampledsurfaceregion. More-
over, we arenotwilling to computea hight eld, which would not
cover the caseof stormy seas. We keepusing a mesh(sincewe
cannotafford pixel size elements)put its locationin world space
will changedynamicallyandits densityvariesin space.This leads
usto theuseof a proceduralvave model,following the rst family
of CG approachementionecabore.

Our modelis basedon the Gerstnerswell modeland simulates
trochoids.However, we wantto take into accounthe combination
of mary differentwaves. To do so, we generatewvave trainsin a
way thatapproachea knowvn wave spectrumjn the samespirit as
Thonetal. [Thon etal. 2000]. Note thatour modelis dedicatedo
deepwaters,andthus doesnot cover wavesrefractionnearshore
norwave breaking.

3.1 Wave trains

Although our methodcanbe appliedto variouskinds of waves(an
experimentwith ship waveswill be shawvn in the Section5), this
paperonly focuseonthemainonesi.e. gravity waves.

We simulategravity wavesusinga seriesof wave trainsthatho-
mogeneouslycover the world. Their amplitudea;, frequeng ‘2”—!',
anddirection J% arechosento reproducea given referencespec-
trum?. They arechosermanuallyin ourimplementationalthough
anautomaticchoicesuchasthe onein [Thon etal. 2000]could be
usedaswell.

3.2 Animation of mesh points

Letusconsidethemeshthatrepresenttheocearsurfaceatagiven
animationstep (the way this meshis generatedrom the current
camergpositionwill beexplainedin Section4).

The meshverticesare considereds particles,and thus follow
thecircle trajectorycorrespondingo the Gerstnemodel:

X = Xo+ &jaigysinwit  KiXo)
z = z+&; g cogwit Ki:Xo)

whereXg = (Xo; Yo) is thelocationof the particleat reston the sur
faceandz, its altitudeatrest.

@)

Note thatthe only informationthat needsto be storedin mem-
ory is the speci cation of the wave trains: particlesare evaluated
onthe y, andcanbe at differentlocationsfrom oneframeto the
other Surfacedisplacemenis thusevaluatedmuchlik e a procedu-
ral function[Ebertetal. 1994].

4 Adaptive Scheme

Ourmaincontributionis theadaptie schemewhichappliesto both
thegeometryandtheprocedurabnimationprocessinsteadof sim-
ulatingaregularly sampledpredeterminedegion of the oceansur
face ,we adaptthe meshsamplingto the projectedsizeof eachsur
faceelementjn thespirit of surfels[P ster etal. 2000;Stamminger

2In this paper we usecapital lettersto denotevectorsand lower case
lettersto denotescalarmparameters.

and Drettakis2001]. We also adaptthe wave modelin spectral
spaceby locally Itering the wavesaccordingto the local geomet-
ric samplingrate. In additionto sazing computationatime, this
reducegieometricaliasing.

4.1 An adaptive surface mesh

The ideais to generatethe meshrepresentinghe oceansurface
suchthatevery elementcovers,atrest,thesameareaonthescreen.
This is doneby subdviding the screeninto a grid of quadswhich
are back-projectedon the plane modeling the oceansurface at
rest. The resultingmeshpoints providesthe particle locationsat
which the proceduralanimationmodel of equationl is evaluated
(seeFigurel).

Using this method,a cameramotion inducesa continuousshift
of the meshover the oceansurface,an adequateesolutionbeing
maintainedeverywherein the computedmage. We cannotethat
this samplingstrateyy is madepossibleby the continuouslymoving
natureof the oceansurface:usinga similar approackor rendering
alandscapefor example,would produceartifactssincethe camera
motion inducesa shift in the samplinglocations. This sampling
artifactactuallytakesplace,but is hiddenby the wavesanimation.

camera
S=———image plane

Eﬂe%nionTon backgrou
efault sampling

aftention on foregroun

surface/at rest

Figure 1: Dynamically adaptedsurface mesh,whoseelementsapproxi-
matelyhave the sameprojectedareaon screen.

The useof quadsallows easyfactorizationsuchasstripping. It
canalsohelprelying on hierarchicalstructuressuchas quad-tree.
Lastly, focusingon a given zoneof interestwould be doneby lo-
cally re ning a givenregion in screerspace suchasaddingmore
bottomrows if the attentionhasto be focussedon the foreground
(respectiely moretop rows for focusingon the background).See
Figurel (topright).

The useof optimally large quadsto approximatethe oceansur
facepreventsfrom relying on nite differenceto estimatethe sur
facenormalsfrom vertex positions. We rathercomputeanalytical
normalsat meshvertices,obtainedfrom the spatialderivatives of
equation(1). SeeFigure?2.

continuous surface, analytical normals
-------- sampled surface, numerical normals

Figure2: Dueto the optimizedmesh,analyticalnormalsgive muchbetter
resultsthannormalscomputedusing nite differences.



attenuation filter

aftenuation
ange

ocegwaves specths

frequency window handled frequency

by the mesh

Figure3: Filtering wave trains. Left adaptingthe setof computedwave trainsto the local meshresolution.Middle & right: whenincreasinghe distance,

smallerwavelengthgin red) areno longersimulated.

4.2 Adapting the set of simulated wave trains

Sincethe grid de nes the highestavailable resolution,we do not
displaywaveswhichappeasmallerthanthegrid quads.In addition
to reducingaliasing,this sssesmuchcomputationatime, sincewe
don't needto simulatethe associateavave trainsfor this frameand
location. For instance a wide surfaceis coveredby the sightnear
the horizon, but the resolutionthereis coarse. Most of the wave
trainsarethusprunedin thisregion.

Simply consideringor rejectingwave trainsat a given location
accordingto their wavelengthwould producepoppingartifacts: a
wave would suddenlyappearor disappeawhenreachinga given
distance. We thus handlea transitionrange,where small wave-
lengthsare ltered in orderto appearor disappeaiprogressiely
with thedistancgseeFigure3).

Sincewe usemary (up to 60 in our examples)wave train prim-
itives, several of them, of differentdirections,useto have similar
wavelengths.In practice thesecould be hierarchicallygroupedin
orderto acceleratevavelength-basegruning,similarly to the hier
archy of boundingboxesusedfor optimizingtherenderingof com-
plex scenes.

Anotherusefulextensionwouldbeto acceleratéheevaluationof
wave trainsof large largewavelengthsby associating quad-tre¢o
the screengrid, assuggestedh the previous section:Gerstneffor-
mulafor agivenwave couldthenbe evaluatedonly attheadequate
level (correspondingdo the scaleof the wavelength),othervalues
beinginterpolated.In practice,only the sumof displacementdue
to the largerwaveswould needto be storedfor interpolation.

If the wave spectrumcoveredanin nite range,theseoptimiza-
tions, resultingin small wavelengthscancelecon the background
andlarge wavelengthscoarselysampledon the foreground,would
resultin a quasi-constanmtumberof computedwavesat ary given
location. In practicevery smalP andverylargegravity wavesdonot
exist. Thus,alarge portionof screeronly requiresa smallnumber
of wave evaluations.

5 Results and Discussion

5.1 Rendering

A detaileddiscussiorof renderingssueds out of the scopeof this

paper We apply an ervironmentmap on the oceansurface, thus
re ecting thesunandthesky. Moreoverwe modulateheamountof

re ection usinganapproximatiorof the Fresneffactor Rendering
anddisplayarethusperformedusingthe graphicshardware.

SRipplesbelongto a differentphysical phenomenaandcannotbe mod-
eledusinggravity waves.

5.2 Results and timing

We implementedhe ltering of waveswith distance but not the

wavelengthdactorizatiomor the quad-treeptimizationsuggested
in Section4.2. The bottleneckis currently in the computation
of mesh-pointpositionsand normalsratherthanin the meshdis-

play, sotheseoptimizationwould probablysigni cantly increase
theframerate.

We renderedsereralanimationswith differentparametewalues,
targeting either real-time or higher quality interactve images,as
illustratedin Figure4: 20 to 30 fps are obtainedwith a 50 50
screen-meshesolution,with the horizonabove the middle of the
image (our test machineis a 800 MHz PentiumlIll PC with a
GeForce2graphicsboard). Good quality imagescan still be ob-
tainedat interactie rate (4,middle). Althoughit wasnot designed
for this purposepur modelcanalsobe usedto computehigh qual-
ity animationsatafew second®y frame(4,right). Otherscenesre
presentean Figurest and?7.

Compromise$iave to bechoserbetweerspeedandquality: 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 Itering thresh-
oldscanbetuneddependindhow muchcontrast-includingabit of
aliasing—is preferredto smoothnessTheworstcaseoccursonthe
horizon: Using large quadssmootheghe wavesat horizon,which
preventsaliasing. On the otherhanda bit of aliasingcanbe pre-
ferred,sincereal oceanhorizonis glittering. In the caseof quality
renderinga solution basedon analyticalintegration of sub-scales
(in the spirit of [Fournier1992]) shouldprobablybe considered.

5.3 Comparison with other approaches

Our modelis dedicatedto the caseof deepwater As compared
to the rst family of modelsmentionedn 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 thatwe can
obtain a large rangeof surfaceaspectgyoing from regular paral-
lel wave trainsto randomlooking surfaces. Extensionto shallov

water simulationcould be doneby replacingthe circular motion

of meshverticesby elliptic motion (following StokesandBiesel's

model)andcombiningour waveswith a precomputedhorerefrac-
tion, similarly to whatis donein [GamitoandMusgrase 2000].

We considerthe secondfamily of approachesi.e, the spectral
methods)asthe referencefor deepwaterwaves generationsince
they have successfullypeernusedn special-efiects. Providing apre-
cisecomparisomwith themis thusessentiafor shaving thebene ts
of ourapproach.



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

primitives.10 seconds.

Thecostof aspectrabceansimulationis mainly dueto the FFT.
Onany ny grid (whereny andny are powers of two), its com-
plexity is nxnylog(nxny). Thegrid resolutionshould t thedesired
amountof detailsin the foreground. In addition,the simulatedre-
gion shouldbe large enoughto avoid obvious cyclicity (notethat
this region cannever extendup to the horizon). Usually, the simu-
latedrectanglds chosenarge enoughsothatthe distantedgecov-
ersthe entirescreersize (seeFigure5). For the easeof compari-
son,let usassumehatthe horizonprojectson thetop of thescreen
(supposedlgquare)andthattherequiredmeshdensityonthefore-
groundyields to n samplesin the rst, closestrow. A simulated
regionof 3n  2n would thenbereasonablegiving acompleity of
6n2log(6n?).

screen

Ot FOTTTITTITY
.

7Awulatéj/grid \

Figure5: Simulatedareafor the spectralapproach.

Figure6: Stormysea.

In the samecase our algorithmwould consistin evaluatingtro-
choidsat eachgrid point*, for agrid only coveringthe visible por-
tion of theimage.If aregulargridis usedn screerspacethisyields

“We do not explicitly mentionthe analyticalnormalsevaluation,which
simply doublesthe amountcomputatiorfor bothmethods.

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

n %n mtrochoidevaluationswheremis the aveiage numberof
wave trainsthatour adaptve methodevaluatesy meshvertex. The
algorithmis thuslesscomple thanthereferencene,i.e. O(n?) in-
steadof O(n?logn?).

Let's discussthe value of the constantm comparedwith the
maximumnumberm of simulatedwave trains: Sincethe size of
grid quads andthusthe minimal consideredvavelength decreases
whenthedistancencreasesmis roughly %m, assuminganin nite
rangeanda uniform repartitionof the gravity wavesspectrum.In
practice gravity wavesdo notcover theentirefrequeng spectrum,
asexplainedin Section4.2. Therearethuslesswave train to eval-
uatewhen approachinghe horizon or the foreground,i.e. at the
top andthe bottom of the image. Using the suggestedjuad-tree
optimizationwould, accordingto our estimations, decreaseén to
about{>min this example.Of coursethis constanfactordoesnot
changethe theoreticalcompleity, but it illustratesthat optimiza-
tionscansave anorderof magnitude.

In additionto increasingef ciency, our methodprovides more
e xibility than the spectralapproach: The meshdensity on the
screencan be tunedto increaseresolutionin regions of interest.
Tuningthenumbem of wave trainsprovidesanalmostcontinuous
control of the quality/costratio. Sinceour schemes procedural,
we can evaluatethe oceansurfaceat ary desiredlocation. This
canbeusefulfor incorporatingextra effectssuchasthe interaction

5We estimatethe proportionof non- Itered wave trains by integrating
overtheimagerange.



with a oating objector to ray-traceimages. Otherwave models
canbeeasilyincorporatednto the model(e.g. shipwaves,ripples,
obstaclesseeFigure8) aslong asthey canbe expressedn a pro-
ceduralmanney while the spectralapproachesanonly dealwith
homogeneouphenomenan the surface. Moreover, we cansimu-
late arbitraryoceansurfaceswithout shaving cyclicity®: theratios
betweerwavelengthgusthave to beirrationalnumbersLastly, our
methodworksatnoextracostwhate/erthecamea motion thusen-
ablingthe userto interactvely y overanunboundedcean.This
is illustratedby oneof the animationsequencesubmittedwith the
paper

Figure8: Adding otherkindsof wave is easy:here,shipwaves.

6 Conclusion and Future Work

We have proposedinadaptve schemdor theinteractie animation
anddisplay of oceansurfaces: relying on a proceduralapproach,
it adaptsboth the geometricsamplingof the surface and the set
of simulatedwave trainsaccordingto the distance.All computa-
tionsareexclusively concentratedntothevisible partof theocean,
which yields real-timeperformancewith a relatively goodimage
quality, evenin our non-optimizedmplementation.

Oneof the bene ts of our approachis its e xibility: the useof
trochoidsenablesto model a wide rangeof oceansurfaces,from
calmto stormyseas. Sincethe displacemenbf a samplepoint is
computedasa sumof wave contrikutions,addingextra effect such
asshipwavesis easy Thecamergositioncanbearbitrarily chosen
without changinghe amountof computatiomor theimagequality
(no cyclicity will appear). As a consequenceahe usercaninter
actively y over an unboundedoceansurface, which makes the
methodpromisingfor video gameapplications. Lastly, the qual-
ity/costratio is tunable,so higherquality imagescanbe computed
usingthe samemodel.

Concerninduturework, we planto implementheoptimizations
suggestedn Section4.2, to include otherkinds of wavessuchas
ripplesor shipwaves,andto studyhow wavesre ection andrefrac-
tion couldbeintroduced.We alsoplanto simulatethe glittering of
theoceanvavesnearthehorizondueto themultiplicity of normals.
This could be doneby implementinga speci ¢ shaderin the spirit
of [Fournier1992].
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51f necessaryve couldalsoachieve cyclicity by choosingrationalratios
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Interacti ve Animation of OceanWaves: DamienHinsinger FabriceNeyret, Marie-Paule Cani

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

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

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



