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Abstract

In this papemwe demonstratéhe benefitoof themostcurrentnVidia
graphicschip setfor realisticsimulationandrenderingof dynamic
watersurfacesn real-time.In particularwe emply programmable
vertex shaderdor the simulationof the watersurfaceheightfield
andfor the displacementiransformatiorand lighting of vertices.
To keepbandwidthrequirementdow a superpositiorof NURBS
surfacesgeneratedby the hardware through OpenGL evaluators
andgradientoiseimplementedn theshadeprogramitselfis pro-
posed.Furthermoregnvironmentcube-mappings usedto enable
realisticrendering Our methodcanefficiently simulateeffectssuch
asrefraction,reflectionandthe Fresneltermto modelthe optical
characteristicef water Althoughin this work only the simulation
of acertainclassof haturalphenomena exemplified,theproposed
methodis suitablefor visually representingthereffectsaswell.

1 Introduction and related work

Therealisticsimulationandrenderingof waterlike phenomenin
real-timeis still a challengeto the computergraphicscommunity
Although the modelingand renderingof animatedwater surfaces
hasbeenstudiedextensvely duringthelastdecadesndtheunder
lying physicalmodelsand optical propertiesare well understood,
the compleity of the numericalsolutionmethodsin generalpro-
hibits real-timevisualsimulation.

The proposedtechniquescan be classifiedinto different cate-
gorieswith respecto the algorithmsusedto simulatethe desired
effects. In its mostgeneraform, wave propagationis describedy
thelinear hyperbolicwave equationthat governsthe displacement
of asurfaceundertensionduringsmallvibrations:
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Here,c specifiesvave speedandthedisplacementf surfacepoints
is alongthey-direction.

A closedform solutionto this equationcanbe found by spec-
ifying initial conditionson the surfaceboundariesandon the dis-
placemenbf the surface. The generalksolutioninvolves expensve
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computation®f trigonometricfunctionseriesbut canbe simplified
by usingonly thedominantfrequenciesEvenmoreefficiently, the
continuousequatiorcanbe approximatedy meansof finite differ-
enceswhich resultsin a simpleandlocal schemeto be solved at
eachsurfacepoint[8].

Other approachesely on resultsfrom oceanographywhereit
hasbeenshowvn that oceanwaves canbe simulatedusing statisti-
cal models. The watersurfaceheightfield is composedf a finite
sumof comple sinusoidalswith differentphasesandamplitudes
thatarecomputedoy utilizing an FFT algorithm. A variety of dif-
ferentshapeganbe simulatedquite efficiently usingthis approach
(see[3] for agoodoverview), but the compleity of the emplged
algorithmdoesnt allow for interactve frameratesin general.

Particle models[5, 11], on the otherhand,are baseduponthe
separatadisplacemenbf particleswith respectto physicsbased
constraints.By simulatingthe circular motion of particlesduring
wave propagatioreffects like shorelinewaves or wave loopscan
be modeled. Betasplineswere emplg/ed for wave simulationin
[16]. Usingonly a smallsetof control pointsthe shapeof smooth
wavesthatdoesnt exhibit turbulentfeaturescanbe modeledquite
realistically

A very generalproceduralttechniquefor the simulationof wa-
ter surfacesby meansof stochastidractalswas proposedn [9].
Althoughit hasbeenshownn thatthis particularkind of simulation
processs only well suitedfor avery limited kind of wave phenom-
ena,its easeandefficieng in implementatiorandthe possibilityto
usethis procesdo simulateotherphenomenanale it avery appeal-
ing alternatve. Particularlyin gamesndustrieswherethe demand
for physicalrealismis oftenover-balancedy thedemandor real-
time simulation simplifiedmodelsthatstill exhibit physicalrealism
but alsoguaranteédor the desiredrameratesarefavored.

However, dueto the hugeamountof verticesto be generated
andprocessedo generateealisticwatersurfacesand the numeri-
cal compleity of the operationgo be performedwatersimulation
techniquesn generahbrestill farfrom real-time.Furthermoreeven
if apracticalapproachwould be available,thenumberof graphical
primitivesto be sendthroughthe graphicspipelinemale real-time
renderingof realisticallysizeddomaingdifficult to achieve.

Considerableffort hasbeerspentonthedevelopmenof render
ing techniquegor waterincludingrefraction reflectionandFresnel
terms[4]. Refractionandreflectioncanbe easilysimulatedtaking
into accountray opticsbasedon Snell’s law. A lessaccurateap-
proximationof the Fresnelterm which modelsthe dependencef
thereflectancdrom the incominglight directionandthe surfaces
index of refractionwasgivenin [14]. This approximatiorto the
physicallyaccurateBRDF will be usedin our approachaswell. In
addition, causticghat arebasedon diverging refractionsof wave-
front atwatersurfaceshave beensimulatedyuite pleasantlyn [17].
An approximatie simulationof ray beamgefractedhroughwater
thatilluminatesthegroundwill alsobeaddresseth this work.

The developmentof dedicatedgraphicshardvare, on the other
hand, has spavned a completely nenv classof renderingalgo-
rithms particularly designedto exploit advancedgraphicsopera-



tions throughstandardAPls, i.e,, to simulaterealisticlighting ef-
fectsandthe Fresnelterm[7] andcausticd15] . Anticipatingthe
sametrend in other applicationareaswe are actiely investigat-
ing the possibility to acceleratsimulationalgorithmsby meansof
theseextensions.

Recently a numberof first attemptsto exploit graphicshard-
warefor the real-timerenderingof water surfaceshave beenpro-
posed(see[10, 1]). Here,the wateris assumedo stayin a closed
andopaquecontainerwhich makeservironmentmappinginto pre-
computedexture mapscapturinghe upperandthelower surround-
ing scenaheappropriateehoice. Thesetechniquesireof particular
usein gamesandentertainmenindustriesandcanberunatinterac-
tive speedn consumemarket graphicscards.In generathey rely
on hardware supportfor computingreflectionandrefractionvec-
tors and for the automaticgenerationof texture coordinatesused
to index into the ervironmentmaps.In comparisonpur technique
takesfull adwvantageof vertex shademprogramsfor the simulation
of water it usesonly onecube-magor thereflectve andrefractve
partandit achievesimproved visualquality by addingeffectssuch
asattenuationcolor shiftsandcaustics.

In this paperwe addresghe problemof simulatingand render
ing water surfacesin real-timeon graphicscardssuitablefor the
consumemarlet, i.e. thenVidia GeForce3. We outline anunique
approachhatallows for the simultaneousimulationandrendering
utilizing hardware supportedgraphicsoperations. In this respect
our approachs differentto othersin thatwe emplg graphicshard-
wareto entirely performvisual simulationon chip.

The goal of our approachis twofold: to emphasizehe impact
of affordablestate-of-the-argraphicshardware on currentsimula-
tion techniqguesindto demonstratbow it canbeusedto accelerate
therealisticrenderingof water surfaceheightfields. In particular
we shav thatvertex shadersanbe exploited to interactvely gen-
eratenon-stationarngtochastidractals,which areusedto simulate
the dynamicsof waterin this work. Furthermorewe demonstrate
thatOpenGLevaluatorscanbe usedeffectively to limit bandwidth
requirementsusually inherentto approacheshatrely on the dis-
placemenbf hugenumbersof vertices.

The simulationresultis thenrenderedncluding physicallymo-
tivatedopticalmodels.For botheffects,refractionsandreflections,
we emplg environmentcube-maps&ndautomatictexture coordi-
nate generatiornto appropriatelymap into the pre-computedex-
tures.Both thereflectingandthe undervaterervironmentis repre-
sentedby onecube-mapn our approach.

The reminderof this paperis organizedasfollows. First, we
summarizehefractalBrownianmotion (fBm) methodusedto gen-
eratethe watersurfaceheightfield andwe demonstratéow it can
becomputedncurrentgraphicshardware. In particularwe demon-
stratethe benefitsof evaluatorgo avoid the setupof ahugenumber
of verticesthroughthe API. Next, we presenburtechniqueor ren-
deringthe watersurface,which incorporategherefraction,reflec-
tionandFresneterm. Wefinally concludeour papemwith adetailed
discussiorof ourresultsandwe proposeurtherimprovementsand
applications.

2 Simulation of water surfaces

As summarizedn theintroductionmary differenttechniquesxist
to simulaterealisticwater surfaces. In the currentwork we shift
emphasigowards the developmentof a methodsuitablefor the
implementatioron availablegraphicshardwarethusenablingreal-
time generatiorof watersurfaceheightfields. To reachthis goal
we utilize hardwaresupportedrertex shadersvailableonthe most
currentnVidia chip set. Vertex shadersare supportedn OpenGL
viatheNV _vertex_programextension.Wewill usethetermsvertex
shaderandvertex programsynorymously

Vertex shaderganbe seerassmallfragmentf micro codethat
canbeloadedntotheGPU.Everyverte thatis sentthroughthege-
ometrypipelinebypasseghetraditionaltransform-&-lightingstage
andundegoesthe operationsmplementedn the shadeprogram.
A limited numberf inputandtemporaryregistersareavailablethat
canbe accessetb codeandstorevariablesthatareneededyy the
shader Someconstraintshowever, malke the useof vertex shaders
quiterestrictive:

¢ Vertex shademprogramshave a maximallengthof 128 state-
ments.Thusonly avery limited numberof operationcanbe
implemented.

e The available instruction set is restrictedto a few simple
operationsincluding additions, multiplications, dot product
calculationsand comparisonamongothers. More comple
instructionslike modulo operations trigonometricfunction
evaluationsor branchesrenot supported.

e Verticescanonly betransformedout new verticescannot be
generatedFurthermoreaccesso neighboringverticesis not
possiblein general.

Due to theselimitations a methodfor the simulationof water
surfacesis neededthat can be evaluatedlocally by usingonly a
few simpleoperations Functionalapproacheto the simulationof
stochastidractalssatisfytheserequirements.

2.1 A functional approach

Theuseof time-varyingfractalsfor thevisual simulationof natural
phenomendike clouds,fire, smole or waterhasbeenstudiedex-

tensvely duringthe lastdecadesPerlin[12, 13] first introduceda
functionalsyntheticturbulencemodelasthe basisfor the realistic
simulationof mary differenteffects. It canbe seenasa particular
kind of stochastidractalthatis generatecsa summationof sev-

eral appropriatelyscaledand dilated copiesof a continuousnoise
function. For anexcellentandcomprehense suney of variousap-
proachedo generatdractalsandhow to usethemin naturalimage
synthesidet usreferto [2].

In [9] the suitability of fractaldisplacementsor the visual sim-
ulationof waterhasbeendemonstratedSurprisingly only two oc-
taves of noisewereaddedto generatejuite pleasantandrealistic
results.Althoughit is well known thatwatersurfacesdo not exhibit
afractalshapen generaljn mary particularapplicationse.g. the
simulationof calmwateror waterin narrav containersgorvincing
resultscanbe achieved usingthis approach.

The simplestoisefunction (valuenoise)is generatedhy means
of randomvaluespositionedat eachgrid point of the underlying
domain.To minimizememoryrequirements hash-tablés usually
emplgredfor indexing thegrid. Thediscretescalaffield is extended
to a continuousor even smoothfunctionusinglinear or higheror-
derinterpolation. A moresophisticatedechniquegradientnoise)
for the generationof a stochastidunction was proposedn [12].
In this technique pseudo-randorgradientsarestoredat eachgrid
point and dot productsbetweerthe fractional partsof the sample
positionwith respecto the integer lattice andthesegradientsare
interpolated As aconsequencehenoisefunctionbecomeseroat
every grid point, andit thusexhibits a moreturbulentshapedueto
increasinghigh-frequeng parts.

In this work the displacemenbf verticessimulatingthe water
surfaceheightfield is computedy meanf thewell-known turbu-
lencefunction[12], wherethefractalexponentH; is usedto model
the roughnesf the heightfield and¢ specifiestime in orderto
simulatedynamicbehaior:
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Particularly for the simulationof indoor scenariosor waterin
containersvherelarge wave valleys arenotlikely to occurtheuse
of gradientnoiseleadsto morerealisticresultscomparedo simple
valuenoise.Furthermoreaswill bedescribedelow, thenormalto
ary pointon a gradientnoisefunction canbe efficiently estimated
withoutthe needto evaluateadditionalfunctionsamples.

2.2 Bandwidth requirements

Beforewe startwith adetaileddescriptiorof the procedurave em-
ploy to generatehe watersurfaceheightfield usingvertex shaders
let us briefly outline an efficient techniqueto minimize the band-
width requirementnherentto therenderingof large scaledynamic
heightfields. Usually, the displacementf every grid pointis com-
putedonthe CPUandthedisplacedrerticesaresentto thegeome-
try processinginit. This, however, imposesomelimitationsonthe
numberof verticesthatcanberenderedn real-time.

In orderto circum\ent this dravback we exploit the hardware
to generateverticesby meansof OpenGLevaluators. Evaluators
provide a mechanisnto specify a surfaceusing only a few con-
trol points. Roughlyspeakingthe userspecifieghe degreeof the
polynomialsurfacerepresentatiomo be approximatedthe control
points and the level-of-detail of the approximatinggrid. On the
graphicsunit surfacepointsare thengoing to be generatedt the
desiredresolutionandthe appropriatelytesselatedurfaceapprox-
imationis rendered As a consequencthe numberof primitivesto
besetup by theuseris considerablydecreased.

In ourapproachwe startby generatin@regularmeshusingeval-
uators. On the CPU a low frequeng octave of gradientnoiseis
evaluatedon a 8x8 grid that senesascontrol points. Usingthese
64 control pointsthe grid canbe generatedn ary finer resolution
by thegraphicshardware. All remainingcomputationsi.e. thegen-
erationof the fBm, the superpositiorof the NURBS surfacewith
thefBm andthe computatiorof pervertex normals,arethengoing
to beperformedn the shadeiprogramitself.

2.3 Vertex shaders for gradient noise

Each vertex that is generatedby the evaluatorsfinally passes
throughthe vertex shademprogrambeforeit is sentto the fragment
processinginit. Vertex shadersre programmedisingmicro code
thatonly supportsa limited instructionset.

In the currentimplementationone additional high frequeng
octave of gradientnoiseis calculatedinside the vertex program
andsuperimposeavith the appropriatelytesselatedow frequeng
NURBS surface. Indexing is performedusinga permutatiorfield.
Boththegradientatticeandthe permutatiorfield arestoredaslin-
eararraysin constantregisterseachof length 64 that can be ac-
cessedn the shademprogram. To both tablesthe first entryis ap-
pendedin orderto save two modulo operationghat requirethree
instructionseach.Theentirecodenecessaryo generateneoctave
of 2D gradientoisealreadyrequiresA8instructions.Thisincludes
thegradientookup,the computatiorof the fractionalpartsof each
samplepoint with respecto theinteger lattice andthe dot product
calculationbetweerthe gradientandthesefractions.

Unfortunatelyonly up to 128instructionscanbe codedin asin-
gle shademprogram. This imposesvery stronglimitations on our
approachsinceit prohibitsthegeneratiorof additionaloctavesand
alsorestrictsthe methodto the simulationof stationaryeffectsin
theshader We caneasilyovercomethe latter problemby simulat-
ing dynamiceffectson the CPU. Therefore the time varying gra-
dientfield is generatedy linearly interpolatingthe currentvalues
betweemre-computedaluesatintegerlattices.lt is thenissuedo
the shademprogramwhereindexing is always performedusingthe
staticpermutatiorfield. Advectionby wind or similar effectscan
alsobe simulatedby meanof thistechnique.

Oncethe fractal displacemenhasbeencomputedn the shader
programthecurrentvertex positionis disturbedusingthis displace-
ment. It is just usedasa shift towardsthe y-axis thusresultingin
thewatersurfaceheightfield (seecolor plate?2).

2.4 Normal estimation

In orderto calculaterefractions,reflectionsand the Fresnelterm
the normal of the water surface heightfield at any grid point is
needed.The normalat ary point of the gradientnoisefield is the
crossproductof the partial derivativeswith respecto x andz. The
partialderiatives,however, canbeestimatedjuiteefficiently using
forwarddifferencesTherefore]et usrecallthatthe contritution of
thegradient(V) ataparticulardattice pointto theinterpolatechoise
samples

noise =V, -fx+V, - fy+ V..  fz
wherefz, fy andfz arethefractionalpartsof the sampleposition

with respecto the integer lattice. The partial derivatives canthen
be approximatedy forwarddifferencingasfollows:

Onoise _ noise(z + ds, z,t) — noise(zx, z,t)
dz ds

Onoise _ noise(z, z + ds,t) — noise(zx, z,t)
8z ds

Insteadof calculatingthreedifferentnoise-walues we performthe
gradientiookupfor gnoise(z, z, t) asusualandwe shift theinter-
polationweightby ds alongthex andz-directions.This,in general,
yields a goodapproximationandasa consequenck is sufficient
to accesghe gradientlattice onceto derive the partial derivatives.
At eachsamplepoint the contributions from adjacentgrid points
involved in theinterpolationprocedurearefinally summarizecind
usedto derive the normalvector Note that discontinuitiesin the
surfacenormalsare introducedif differentlattice patchesare ac-
cessedo computeforwarddifferences.

The questionthatremainsto be answereds how to reconstruct
thenormalsof the surfacethatis generatedby the superpositiorof
thefBm andOpenGLevaluators.Recognizinghatfor Bernstein-
polynomials

DBt =n(B!

thepartialderivativesof the NURBSsurfacecanbeobtainedby us-
ing a 7x7 grid of discretedifferencesascontrol pointsfor two new
evaluatorghatgeneratehe partialderivativeswith respecto u and
v. All threeevaluatorscanbeissuedsimultaneouslyandtheresults
canbeaccesseth theshadeprogramfrom differentregisters.The
initial evaluatorthatis responsibldor generatinghe surfacetrig-
gersthe executionof the shadeprogram. The vertex shadeiinter
facetakescareof theevaluationorder suchthatall otherevaluators
areprocessedh adwanceto theinitial evaluator Sinceall evalua-
torsarerequestedo tesselatehe samegrid, the partial derivatives
exactly correspondo thederiativesatthevertex positions.Vertex
normalsarecomputecdby superpositiorof the partialderivativesof
the evaluatedmeshandthe perturbedmesh. A crossproductis fi-
nally performedalongwith a normalizationto yield anunit-length
normalV.

Up to this pointtheshadeprogramperformsall necessartasks
to computethe water surface heightfield andits normalat every
grid point. Whatremainsto be doneis the renderingof the water
surfaceincorporatingealisticoptical effects.



3 Efficient Rendering using OpenGL

In theshadeprogramwe proceedy calculatingtheview vectorV
atevery vertex pointusingthecurrentmodelviev matrixwhichcan
betracledby thevertex program.Thereflectionvectoris calculated
as

R=2-<V,N>-N-V

and forced to the upper hemicubeby performinga re-mapping
alongthey-component:

1 1
By =5 Ryt

In this way we only needto useone cube-mapasillustratedin
Figurel thatrepresentboththereflective andtherefractie part.

Figurel: Thecube-mapveusefor thereflectiveandtherefractive
part of the ervironment.

This stepeffectively halves the samplingratio alongthe sides
of the cube-mapthusaddingdistortions. While this effect canbe
reducedy prefilteringit is hardlynoticeabléen practicesinceliquid
surfacesin motion do not shav sharpreflections. The modified
reflectionvectoris thenissuedastexture coordinateusedto fetch
valuesfrom texture unit 1. This unit storesthe ernvironmentmap
containingthereflectve andthe undervaterenvironment,but only
thereflective partis accessed.

Thetransmissiomvectoris alot moreexpensve to computethan
thereflectionvector Accordingto Snell's law (see[4]) it canbe
calculatechsfollows:

1 1
=—. -— < ,N>-N+
1
1-—-1-< ,N> -N
where:
. Incidencevectorfrom camerao vertex. Noticethat = —V

. Relatve refractionindex. Waterhasa refractionindex of
1

For eachrefractionvectora ray-hemicubeéntersectiortestis per
formedthatexploits the geometryof a hemicubecorrespondingo
the water container If we assumeonly singlerefractionsandre-
flections,andif is assumedo be greaterthanone, all raysare
going to intersectthe baseplaneif they are not occludedby one

of the otherfaces. This, however, is only true for a viewer abore
thesurface.Thebaseplaneintersectioris calculatecseparatelythe
intersectiontestswith all otherfacescanbe performedin parallel
usinga singleregister Fromall possibleintersectionave choose
theonewith theminimumdistancegreateithanzeroandwe recon-
structtheintersectiorpoint. A new vectorpointingfrom the origin
of thecubeto thatpointis thenissuedastexture coordinatento tex-
tureunit 0. This unit storesthe sameervironmentmap astexture
unit 1, but now only theundervaterervironmentis accessed.

To producea more naturallook texture valuesfrom unit 0 and
unit 1 areblendedusingareflectvity term . An accurateapproxi-
mationof canbeobtainedasafunctionof thesurfacenormaland
theview vectorasproposedn [14]:

, N,V

+1- <NV>

where
1— —

1+ —

is the reflectvity at incidentangle,whichis 2 for water
However, by choosingthis value the surface might look lessre-
flective thanreal water becausehe refractive index is essentially
acomple valuedentity. Thecomple partis calledthe extinction
coeficientandwill be usedlater on to modelabsorption.By ad-
justing  othereffectslike dispersingmineralsor other particles
canbe simulatedaswell. Noticethattherefractve index is alsoa
functionof wavelength but we treatit asa constanivhencomput-
ing reflectvity in orderto fit ourprograminto 128instructions.The
reflectvity is thensetup asthe primarycolor's alphavalue.

Outside the  vertex program  we use the
EXT texture.erv_combine extension to interpolate linearly
betweerthetexturevaluesfetchedfrom texture units0 and1 using
thealphavalueasinterpolationcoeficient.

While onthe GeForce3chip pervertex computatiorof the Fres-
neltermcouldbereplacedy a 1D tablelookup,usingthreetexture
unitsat a time resultsin a significantdropin performance More-
over, only threeadditionalinstructionsare neededo calculatethe
reflectvity insidethevertex shader

Finally, anadditionallighting calculationis performed Wetry to
approximatehevisualsensatiomproducedy causticeventhough
we know thata correctsimulationof this phenomenors ratherdif-
ficult to achieve andwould notfit into our vertex program.To sim-
ulatethis effect a modified Blinn-Phonglighting modelis applied
asproposedn [6]:

!

= 4 < ,N>+ < ,N>
where
"is theintensity
, , arecoeficientsfor ambient,diffuseandtransmis-
sive lighting.

is thenormalizedight vector
is the normalizedransmissie half vector seebelaw.
is thetransmissie exponent.

Thetransmissie half vector ~ canbecalculateddy:

whereV is theview vector

As mentioned before, the absorptionof light beamsdue to



the physicalpropertiesof water shouldbe simulatedaswell. We
do so by computinga drop-of of thelight intensitywhena
beamis traveling thedistance undervater The problemin doing
sois to accuratelycalculate , andasaconsequencee onceagain
benefitfrom a compaci@approximation.

Sincewe have alreadycalculatedthe length of the transmitted
ray we cantreatit asif it wasreflectedperpendiculato the mesh
surfaceat the intersectionpoint. However, we still have to inte-
gratealongthe way backto the surface,which is too costly to be
performedin the shademprogram. Thusthe secondengthis sim-
ply approximatedy the depthof the pool, which is not correctin
generabut produces goodvisualappearanci practice.Theap-
proximatedength of theundervaterray is thenusedto simulate
wavelengthdependenabsorption:

For the purposeof absorptiorthe extinction coeficient is splitinto
threecolorbandsaccordingto the rgb-paradigmdo simulatethe
blue shift generallyexpectedwhenlooking into water Theresult-
ing coloris thensetasthe primarycolor's RGB components.

With texture unit 0’s ervironmentsetto modulateand texture
unit 1's environmentsetto interpolate we finally obtainthe fol-
lowing blendingequation:

where

thefragments color from textureunit 0 (transmission)

thefragments color from texture unit 1 (reflection)

alphacomponenbf primary color (reflectiity)

RGB-componenof primarycolor (lighting result)

4 Results and Conclusion

In this work we have emphasized generabpproactor thevisual
simulationof dynamicwatersurfaceheightfields. In particularwe
have shavn thatboth simulationandrenderingcanentirelybe per
formedon the GPU thus minimizing bandwidthrequirementsnd
reducinglessefficient RAM accessThe majorcontritution hereis
thatdynamicwatersurfacescanberenderedn real-timeby means
of hardware acceleratedertex generationyertex perturbatiorand
texture mapping.

We have demonstratedhat evaluatorsand vertex shaderpro-
gramscan be usedefficiently for the generatiorandthe displace-
mentof vertex positionsaccordingto an approximationfor water
surfaces. Multi-textures and ervironmentmapshave beenincor
poratedto correctlymodelrefractionsandreflectionsthusexploit-
ing the rasterizatiorperformanceof currentgraphicshardvare ar-
chitectures. We spentsomeeffort on the visual improvementby
integrating caustics attenuationand color effects. Quite realistic
renderingof watersurfacecouldbeachievedin thisway.

By exploiting the functionality of the nVidia GeForce2chip set,
which emulatesrertex shadelin software,we wereableto render
all examplesshown in the color platesbelov at 20 fps. The grid
resolutionwas 64x64 in all our examples,dynamiceffects were
computedasdescribedand additionalmovementdueto wind was
addedon the CPU.On the GeForce3,vertex shadersarehardvare
acceleratedderewe achiered upto 100fps, whichallows usto add
additionaleffectsor to increasehe grid resolution.In this context
it is quiteinterestingto notethatthe performancef our technique

is not boundby the rasterizatiorunit but only by the vertex shader
program.

However, dueto the limitations of the shademprogramwith re-
spectto functionality and the numberof instructionsthat canbe
codedonly two octaves of gradientnoisecould be directly imple-
mented In thisrespectve arecurrentlyinvestigatingnev methods
for the generatiorof realisticwater movement,which canbe im-
plementedisingthe providedfunctionality
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Figure2: First, thewater surfacegeneatedby meansf OpenGLevaluatos is shown.Next, oneoctaveof a gradientnoisefBmis superim-
posed Ontheright thewire framerepresentations shown.

Figure3: Theseémagesdemonstate the simulationof reflectionandrefraction.

Figure4: Theleftmostimage showthe fBm with high magnitude In the middleimage deepvalleys were simulatedby superimposingn
appropriatelyscaledNURBSsurface Therightmostimage illustratesthe causticsapproximationweimplemented.



