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Abstract

In thispaperwedemonstratethebenefitsof themostcurrentnVidia
graphicschipsetfor realisticsimulationandrenderingof dynamic
watersurfacesin real-time.In particularweemploy programmable
vertex shadersfor the simulationof the watersurfaceheightfield
andfor the displacement,transformationand lighting of vertices.
To keepbandwidthrequirementslow a superpositionof NURBS
surfacesgeneratedby the hardware throughOpenGL evaluators
andgradientnoiseimplementedin theshaderprogramitself is pro-
posed.Furthermore,environmentcube-mappingis usedto enable
realisticrendering.Ourmethodcanefficientlysimulateeffectssuch
asrefraction,reflectionandthe Fresnelterm to modelthe optical
characteristicsof water. Althoughin thiswork only thesimulation
of acertainclassof naturalphenomenais exemplified,theproposed
methodis suitablefor visually representingothereffectsaswell.

1 Introduction and related work

Therealisticsimulationandrenderingof water-like phenomenain
real-timeis still a challengeto the computergraphicscommunity.
Although the modelingandrenderingof animatedwatersurfaces
hasbeenstudiedextensively duringthelastdecadesandtheunder-
lying physicalmodelsandoptical propertiesarewell understood,
the complexity of the numericalsolutionmethodsin generalpro-
hibits real-timevisualsimulation.

The proposedtechniquescan be classifiedinto different cate-
gorieswith respectto the algorithmsusedto simulatethe desired
effects.In its mostgeneralform, wave propagationis describedby
thelinearhyperbolicwave equationthatgovernsthedisplacement
of asurfaceundertensionduringsmallvibrations:�������� �
	�� �� �������� ��� �������� �������
Here,� specifieswavespeedandthedisplacementof surfacepoints
is alongthey-direction.

A closedform solutionto this equationcanbe found by spec-
ifying initial conditionson the surfaceboundariesandon the dis-
placementof thesurface.Thegeneralsolutioninvolvesexpensive�
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computationsof trigonometricfunctionseriesbut canbesimplified
by usingonly thedominantfrequencies.Evenmoreefficiently, the
continuousequationcanbeapproximatedby meansof finite differ-
ences,which resultsin a simpleandlocal schemeto be solved at
eachsurfacepoint [8].

Other approachesrely on resultsfrom oceanography, whereit
hasbeenshown that oceanwavescanbe simulatedusingstatisti-
cal models.Thewatersurfaceheightfield is composedof a finite
sumof complex sinusoidalswith differentphasesandamplitudes
thatarecomputedby utilizing anFFT algorithm. A varietyof dif-
ferentshapescanbesimulatedquiteefficiently usingthisapproach
(see[3] for a goodoverview), but thecomplexity of theemployed
algorithmdoesn’t allow for interactive frameratesin general.

Particle models[5, 11], on the otherhand,arebaseduponthe
separatedisplacementof particleswith respectto physicsbased
constraints.By simulatingthe circular motion of particlesduring
wave propagationeffects like shorelinewaves or wave loopscan
be modeled. Betasplineswereemployed for wave simulationin
[16]. Usingonly a smallsetof controlpointstheshapeof smooth
wavesthatdoesn’t exhibit turbulent featurescanbemodeledquite
realistically.

A very generalproceduraltechniquefor the simulationof wa-
ter surfacesby meansof stochasticfractalswas proposedin [9].
Althoughit hasbeenshown that this particularkind of simulation
processis only well suitedfor avery limited kind of wavephenom-
ena,its easeandefficiency in implementationandthepossibilityto
usethisprocessto simulateotherphenomenamakeit averyappeal-
ing alternative. Particularly in gamesindustrieswherethedemand
for physicalrealismis oftenover-balancedby thedemandfor real-
timesimulation,simplifiedmodelsthatstill exhibit physicalrealism
but alsoguaranteefor thedesiredframeratesarefavored.

However, due to the hugeamountof verticesto be generated
andprocessedto generaterealisticwatersurfacesand thenumeri-
cal complexity of theoperationsto beperformedwatersimulation
techniquesin generalarestill far from real-time.Furthermore,even
if apracticalapproachwouldbeavailable,thenumberof graphical
primitivesto besendthroughthegraphicspipelinemake real-time
renderingof realisticallysizeddomainsdifficult to achieve.

Considerableeffort hasbeenspentonthedevelopmentof render-
ing techniquesfor waterincludingrefraction,reflectionandFresnel
terms[4]. Refractionandreflectioncanbeeasilysimulatedtaking
into accountray opticsbasedon Snell’s law. A lessaccurateap-
proximationof the Fresnelterm which modelsthe dependenceof
the reflectancefrom the incominglight directionandthesurface’s
index of refractionwasgiven in [14]. This approximationto the
physicallyaccurateBRDF will beusedin our approachaswell. In
addition,causticsthat arebasedon diverging refractionsof wave-
front atwatersurfaceshavebeensimulatedquitepleasantlyin [17].
An approximative simulationof ray beamsrefractedthroughwater
thatilluminatesthegroundwill alsobeaddressedin thiswork.

The developmentof dedicatedgraphicshardware,on the other
hand, has spawned a completely new class of renderingalgo-
rithms particularly designedto exploit advancedgraphicsopera-



tions throughstandardAPIs, i.e., to simulaterealistic lighting ef-
fectsandtheFresnelterm[7] andcaustics[15] . Anticipatingthe
sametrend in other applicationareaswe are actively investigat-
ing thepossibilityto acceleratesimulationalgorithmsby meansof
theseextensions.

Recently, a numberof first attemptsto exploit graphicshard-
warefor the real-timerenderingof watersurfaceshave beenpro-
posed(see[10, 1]). Here,thewateris assumedto stayin a closed
andopaquecontainer, whichmakesenvironmentmappinginto pre-
computedtexturemapscapturingtheupperandthelowersurround-
ing scenetheappropriatechoice.Thesetechniquesareof particular
usein gamesandentertainmentindustriesandcanberunat interac-
tivespeedonconsumermarket graphicscards.In generalthey rely
on hardwaresupportfor computingreflectionandrefractionvec-
tors and for the automaticgenerationof texture coordinatesused
to index into theenvironmentmaps.In comparison,our technique
takes full advantageof vertex shaderprogramsfor the simulation
of water, it usesonly onecube-mapfor thereflective andrefractive
partandit achievesimprovedvisualquality by addingeffectssuch
asattenuation,color shiftsandcaustics.

In this paperwe addresstheproblemof simulatingand render-
ing water surfacesin real-timeon graphicscardssuitablefor the
consumermarket, i.e. thenVidia GeForce3.We outlineanunique
approachthatallows for thesimultaneoussimulationandrendering
utilizing hardware supportedgraphicsoperations. In this respect
ourapproachis differentto othersin thatweemploy graphicshard-
wareto entirelyperformvisualsimulationonchip.

The goal of our approachis twofold: to emphasizethe impact
of affordablestate-of-the-artgraphicshardwareon currentsimula-
tion techniquesandto demonstratehow it canbeusedto accelerate
the realisticrenderingof watersurfaceheightfields. In particular
we show thatvertex shaderscanbeexploited to interactively gen-
eratenon-stationarystochasticfractals,which areusedto simulate
thedynamicsof waterin this work. Furthermore,we demonstrate
thatOpenGLevaluatorscanbeusedeffectively to limit bandwidth
requirementsusually inherentto approachesthat rely on the dis-
placementof hugenumbersof vertices.

Thesimulationresultis thenrenderedincludingphysicallymo-
tivatedopticalmodels.For botheffects,refractionsandreflections,
we employ environmentcube-mapsandautomatictexture coordi-
nategenerationto appropriatelymap into the pre-computedtex-
tures.Both thereflectingandtheunderwaterenvironmentis repre-
sentedby onecube-mapin ourapproach.

The reminderof this paperis organizedas follows. First, we
summarizethefractalBrownianmotion(fBm) methodusedto gen-
eratethewatersurfaceheightfield andwe demonstratehow it can
becomputedoncurrentgraphicshardware.In particularwedemon-
stratethebenefitsof evaluatorsto avoid thesetupof ahugenumber
of verticesthroughtheAPI. Next, wepresentour techniquefor ren-
deringthewatersurface,which incorporatestherefraction,reflec-
tionandFresnelterm.Wefinally concludeourpaperwith adetailed
discussionof our resultsandwe proposefurtherimprovementsand
applications.

2 Simulation of water surfaces

As summarizedin theintroductionmany differenttechniquesexist
to simulaterealisticwatersurfaces. In the currentwork we shift
emphasistowards the developmentof a methodsuitablefor the
implementationon availablegraphicshardwarethusenablingreal-
time generationof watersurfaceheightfields. To reachthis goal
weutilize hardwaresupportedvertex shadersavailableon themost
currentnVidia chip set. Vertex shadersaresupportedin OpenGL
via theNV vertex programextension.Wewill usethetermsvertex
shaderandvertex programsynonymously.

Vertex shaderscanbeseenassmallfragmentsof microcodethat
canbeloadedinto theGPU.Everyvertex thatissentthroughthege-
ometrypipelinebypassesthetraditionaltransform-&-lightingstage
andundergoestheoperationsimplementedin theshaderprogram.
A limited numberof inputandtemporaryregistersareavailablethat
canbeaccessedto codeandstorevariablesthatareneededby the
shader. Someconstraints,however, make theuseof vertex shaders
quiterestrictive:� Vertex shaderprogramshave a maximallengthof 128state-

ments.Thusonly avery limited numberof operationscanbe
implemented.� The available instruction set is restrictedto a few simple
operationsincluding additions,multiplications,dot product
calculationsandcomparisonsamongothers. More complex
instructionslike modulo operations,trigonometricfunction
evaluationsor branchesarenotsupported.� Verticescanonly betransformedbut new verticescannot be
generated.Furthermore,accessto neighboringverticesis not
possiblein general.

Due to theselimitations a methodfor the simulationof water
surfacesis neededthat can be evaluatedlocally by using only a
few simpleoperations.Functionalapproachesto thesimulationof
stochasticfractalssatisfytheserequirements.

2.1 A functional approach

Theuseof time-varyingfractalsfor thevisualsimulationof natural
phenomenalike clouds,fire, smoke or waterhasbeenstudiedex-
tensively duringthe lastdecades.Perlin[12, 13] first introduceda
functionalsyntheticturbulencemodelasthebasisfor the realistic
simulationof many differenteffects. It canbeseenasa particular
kind of stochasticfractal that is generatedasa summationof sev-
eral appropriatelyscaledanddilatedcopiesof a continuousnoise
function.For anexcellentandcomprehensive survey of variousap-
proachesto generatefractalsandhow to usethemin naturalimage
synthesislet usreferto [2].

In [9] thesuitability of fractaldisplacementsfor thevisualsim-
ulationof waterhasbeendemonstrated.Surprisingly, only two oc-
tavesof noisewereaddedto generatequite pleasantandrealistic
results.Althoughit is well known thatwatersurfacesdonotexhibit
a fractalshapein general,in many particularapplications,e.g. the
simulationof calmwateror waterin narrow containers,convincing
resultscanbeachievedusingthisapproach.

Thesimplestnoisefunction(valuenoise)is generatedby means
of randomvaluespositionedat eachgrid point of the underlying
domain.To minimizememoryrequirementsahash-tableis usually
employedfor indexing thegrid. Thediscretescalarfield is extended
to a continuousor evensmoothfunctionusinglinearor higheror-
der interpolation.A moresophisticatedtechnique(gradientnoise)
for the generationof a stochasticfunction wasproposedin [12].
In this technique,pseudo-randomgradientsarestoredat eachgrid
point anddot productsbetweenthe fractionalpartsof the sample
positionwith respectto the integer lattice andthesegradientsare
interpolated.As aconsequence,thenoisefunctionbecomeszeroat
every grid point, andit thusexhibits a moreturbulentshapedueto
increasinghigh-frequency parts.

In this work the displacementof verticessimulatingthe water
surfaceheightfield is computedby meansof thewell-known turbu-
lencefunction[12], wherethefractalexponent� � is usedto model
the roughnessof the heightfield and ! specifiestime in order to
simulatedynamicbehavior:"$# %& �('�) *+-,/.103214651798 + �;:=< + �?>@< + � !BA



Particularly for the simulationof indoor scenariosor water in
containersC wherelargewave valleys arenot likely to occurtheuse
of gradientnoiseleadsto morerealisticresultscomparedto simple
valuenoise.Furthermore,aswill bedescribedbelow, thenormalto
any point on a gradientnoisefunctioncanbeefficiently estimated
without theneedto evaluateadditionalfunctionsamples.

2.2 Bandwidth requirements

Beforewestartwith adetaileddescriptionof theprocedureweem-
ploy to generatethewatersurfaceheightfield usingvertex shaders
let us briefly outline an efficient techniqueto minimize the band-
width requirementinherentto therenderingof largescaledynamic
heightfields.Usually, thedisplacementof every grid point is com-
putedon theCPUandthedisplacedverticesaresentto thegeome-
try processingunit. This,however, imposessomelimitationsonthe
numberof verticesthatcanberenderedin real-time.

In order to circumvent this drawback we exploit the hardware
to generateverticesby meansof OpenGLevaluators. Evaluators
provide a mechanismto specify a surfaceusing only a few con-
trol points. Roughlyspeaking,theuserspecifiesthedegreeof the
polynomialsurfacerepresentationto beapproximated,thecontrol
points and the level-of-detail of the approximatinggrid. On the
graphicsunit surfacepointsarethengoing to be generatedat the
desiredresolutionandtheappropriatelytesselatedsurfaceapprox-
imationis rendered.As a consequencethenumberof primitivesto
besetupby theuseris considerablydecreased.

In ourapproachwestartby generatingaregularmeshusingeval-
uators. On the CPU a low frequency octave of gradientnoiseis
evaluatedon a 8x8 grid that servesascontrolpoints. Using these
64 controlpointsthegrid canbe generatedin any finer resolution
by thegraphicshardware.All remainingcomputations,i.e. thegen-
erationof the fBm, the superpositionof the NURBS surfacewith
thefBm andthecomputationof per-vertex normals,arethengoing
to beperformedin theshaderprogramitself.

2.3 Vertex shader s for gradient noise

Each vertex that is generatedby the evaluatorsfinally passes
throughthevertex shaderprogrambeforeit is sentto thefragment
processingunit. Vertex shadersareprogrammedusingmicro code
thatonly supportsa limited instructionset.

In the current implementationone additional high frequency
octave of gradientnoise is calculatedinside the vertex program
andsuperimposedwith theappropriatelytesselatedlow frequency
NURBSsurface. Indexing is performedusinga permutationfield.
Boththegradientlatticeandthepermutationfield arestoredaslin-
eararraysin constantregisterseachof length64 that can be ac-
cessedin the shaderprogram.To both tablesthe first entry is ap-
pendedin order to save two modulooperationsthat requirethree
instructionseach.Theentirecodenecessaryto generateoneoctave
of 2D gradientnoisealreadyrequires48instructions.This includes
thegradientlookup,thecomputationof thefractionalpartsof each
samplepoint with respectto theinteger latticeandthedot product
calculationbetweenthegradientandthesefractions.

Unfortunatelyonly up to 128instructionscanbecodedin asin-
gle shaderprogram. This imposesvery stronglimitations on our
approach,sinceit prohibitsthegenerationof additionaloctavesand
alsorestrictsthe methodto the simulationof stationaryeffects in
theshader. We caneasilyovercomethelatterproblemby simulat-
ing dynamiceffectson the CPU.Therefore,the time varyinggra-
dientfield is generatedby linearly interpolatingthecurrentvalues
betweenpre-computedvaluesat integerlattices.It is thenissuedto
theshaderprogramwhereindexing is alwaysperformedusingthe
staticpermutationfield. Advectionby wind or similar effectscan
alsobesimulatedby meansof this technique.

Oncethe fractaldisplacementhasbeencomputedin the shader
programthecurrentvertex positionis disturbedusingthisdisplace-
ment. It is just usedasa shift towardsthe y-axis thusresultingin
thewatersurfaceheightfield (seecolorplate2).

2.4 Normal estimation

In order to calculaterefractions,reflectionsand the Fresnelterm
the normal of the water surfaceheight field at any grid point is
needed.The normalat any point of the gradientnoisefield is the
crossproductof thepartialderivativeswith respectto x andz. The
partialderivatives,however, canbeestimatedquiteefficiently using
forwarddifferences.Therefore,let usrecallthatthecontributionof
thegradient( D ) ataparticularlatticepointto theinterpolatednoise
sampleis E�FHG6I1JLK D MON�P3QSRTD UVN�P3WXRYD Z[N�P3\
whereP3Q3]BP3W and P3\ arethefractionalpartsof thesampleposition
with respectto the integer lattice. Thepartialderivativescanthen
beapproximatedby forwarddifferencingasfollows:^ E3F1G6IHJ^ Q K E3F1G6IHJH_ Q`RTa I ]B\@]cbBdfe E3FHG6I1J9_ Q=]g\@]Bbgda I^ E3F1G6IHJ^ \ K E3F1G6IHJH_ Q3]h\LRYa I ]cbBdfe E3FHG6I1J9_ Q=]g\@]Bbgda I
Insteadof calculatingthreedifferentnoise-values,weperformthe

gradientlookupfor i E3F1G6I1J9_ Q=]g\�]jbgd asusualandwe shift theinter-
polationweightby a I alongthex andz-directions.This,in general,
yieldsa goodapproximation,andasa consequenceit is sufficient
to accessthegradientlatticeonceto derive thepartial derivatives.
At eachsamplepoint the contributions from adjacentgrid points
involved in theinterpolationprocedurearefinally summarizedand
usedto derive the normalvector. Note that discontinuitiesin the
surfacenormalsare introducedif different lattice patchesareac-
cessedto computeforwarddifferences.

Thequestionthat remainsto beansweredis how to reconstruct
thenormalsof thesurfacethatis generatedby thesuperpositionof
the fBm andOpenGLevaluators.Recognizingthat for Bernstein-
polynomials ^^ blk`mn _ bgd K�Eo_ k`mlp�qn _ bgdfe k`mlp�qn p�q _ bgdcd
thepartialderivativesof theNURBSsurfacecanbeobtainedby us-
ing a 7x7 grid of discretedifferencesascontrolpointsfor two new
evaluatorsthatgeneratethepartialderivativeswith respectto u and
v. All threeevaluatorscanbeissuedsimultaneously, andtheresults
canbeaccessedin theshaderprogramfrom differentregisters.The
initial evaluatorthat is responsiblefor generatingthe surfacetrig-
gerstheexecutionof theshaderprogram.Thevertex shaderinter-
facetakescareof theevaluationorder, suchthatall otherevaluators
areprocessedin advanceto the initial evaluator. Sinceall evalua-
torsarerequestedto tesselatethesamegrid, thepartialderivatives
exactly correspondto thederivativesat thevertex positions.Vertex
normalsarecomputedby superpositionof thepartialderivativesof
theevaluatedmeshandtheperturbedmesh.A crossproductis fi-
nally performedalongwith a normalizationto yield anunit-length
normal r .

Up to thispoint theshaderprogramperformsall necessarytasks
to computethe watersurfaceheightfield and its normalat every
grid point. What remainsto bedoneis the renderingof the water
surfaceincorporatingrealisticopticaleffects.



3 Efficient Rendering using OpenGL

In theshaderprogramweproceedby calculatingtheview vector s
ateveryvertex pointusingthecurrentmodelview matrixwhichcan
betrackedby thevertex program.Thereflectionvectoriscalculated
as tvuxw�y{z s}|B~�� y ~��Ys
and forced to the upper hemicubeby performing a re-mapping
alongthey-component:tL��Xu��w y�t ��� �w

In this way we only needto useonecube-mapasillustratedin
Figure1 thatrepresentsboththereflective andtherefractive part.

Figure1: Thecube-mapweusefor thereflectiveandtherefractive
part of theenvironment.

This stepeffectively halves the samplingratio along the sides
of the cube-mapthusaddingdistortions. While this effect canbe
reducedby prefilteringit is hardlynoticeablein practicesinceliquid
surfacesin motion do not show sharpreflections. The modified
reflectionvectoris thenissuedastexture coordinateusedto fetch
valuesfrom texture unit 1. This unit storesthe environmentmap
containingthereflective andtheunderwaterenvironment,but only
thereflective partis accessed.

Thetransmissionvectoris a lot moreexpensive to computethan
the reflectionvector. Accordingto Snell’s law (see[4]) it canbe
calculatedasfollows:� u ���� y�� � ���� y{z�� |B~�� y ~ �� � � ��3�� y�� � � z�� |B~�� �H� y ~
where:�

: Incidencevectorfrom camerato vertex. Noticethat
�Su �Ls� � : Relative refractionindex. Waterhasa refractionindex of ��9� �-�

For eachrefractionvectora ray-hemicubeintersectiontestis per-
formedthatexploits thegeometryof a hemicubecorrespondingto
the watercontainer. If we assumeonly singlerefractionsandre-
flections,andif ��� is assumedto be greaterthanone,all raysare
going to intersectthe baseplaneif they arenot occludedby one

of the otherfaces.This, however, is only true for a viewer above
thesurface.Thebaseplaneintersectionis calculatedseparately, the
intersectiontestswith all otherfacescanbe performedin parallel
usinga singleregister. From all possibleintersectionswe choose
theonewith theminimumdistancegreaterthanzeroandwerecon-
structtheintersectionpoint. A new vectorpointingfrom theorigin
of thecubeto thatpointis thenissuedastexturecoordinateinto tex-
tureunit 0. This unit storesthe sameenvironmentmapastexture
unit 1, but now only theunderwaterenvironmentis accessed.

To producea morenaturallook texture valuesfrom unit 0 and
unit 1 areblendedusinga reflectivity term � . An accurateapproxi-
mationof � canbeobtainedasafunctionof thesurfacenormaland
theview vectorasproposedin [14]:� �?�H� |B~�|Bs � � �H� � � � � �1� � y{z ~�|Bs����
where � � u � � ������ � �� � � �� � � �� �

is the reflectivity at incidentangle,which is � w9¡ for water.
However, by choosingthis value the surfacemight look lessre-
flective thanreal waterbecausethe refractive index is essentially
a complex valuedentity. Thecomplex part is calledtheextinction
coefficient andwill be usedlater on to modelabsorption.By ad-
justing

�1�
othereffects like dispersingmineralsor otherparticles

canbesimulatedaswell. Notice that the refractive index is alsoa
functionof wavelength,but we treatit asa constantwhencomput-
ing reflectivity in orderto fit ourprograminto 128instructions.The
reflectivity is thensetupastheprimarycolor’s alphavalue.

Outside the vertex program we use the
EXT texture env combine extension to interpolate linearly
betweenthetexturevaluesfetchedfrom textureunits0 and1 using
thealphavalueasinterpolationcoefficient.

While on theGeForce3chipper-vertex computationof theFres-
nel termcouldbereplacedby a1D tablelookup,usingthreetexture
unitsat a time resultsin a significantdrop in performance.More-
over, only threeadditionalinstructionsareneededto calculatethe
reflectivity insidethevertex shader.

Finally, anadditionallightingcalculationis performed.Wetry to
approximatethevisualsensationproducedby causticseventhough
weknow thatacorrectsimulationof thisphenomenonis ratherdif-
ficult to achieve andwould notfit into our vertex program.To sim-
ulatethis effect a modifiedBlinn-Phonglighting modelis applied
asproposedin [6]:� � u£¢@¤ � ¢@¥9y�z§¦ |h~�� � ¢9¨�y�zª©S¨ |B~�� ¨ �
where« � �

is theintensity.« ¢ ¤ | ¢ ¥ | ¢ ¨ arecoefficients for ambient,diffuseandtransmis-
sive lighting.« ¦

is thenormalizedlight vector.« © ¨
is thenormalizedtransmissivehalf vector, seebelow.«T¬j

is thetransmissive exponent.

Thetransmissivehalf vector
© ¨

canbecalculatedby:©S¨�u�¦ � ���� y s
where s is theview vector.

As mentioned before, the absorption of light beams due to



the physicalpropertiesof watershouldbe simulatedaswell. We
do so® by computinga ¯H°3±³² drop-off of the light intensitywhena
beamis traveling thedistancé underwater. Theproblemin doing
sois to accuratelycalculaté , andasaconsequenceweonceagain
benefitfrom acompactapproximation.

Sincewe have alreadycalculatedthe lengthof the transmitted
ray we cantreatit asif it wasreflectedperpendicularto themesh
surfaceat the intersectionpoint. However, we still have to inte-
gratealongthe way backto the surface,which is too costly to be
performedin the shaderprogram. Thusthe secondlengthis sim-
ply approximatedby thedepthof thepool, which is not correctin
generalbut producesagoodvisualappearancein practice.Theap-
proximatedlength ´ of theunderwaterray is thenusedto simulate
wavelengthdependentabsorption:µ�¶·g¸c¹jº1» ¼o½ µ�¶@¾/¿ ¯ °�±jÀÁ²¯ °�± ÂÃ²¯ °3± Äh²oÅ
For thepurposeof absorptiontheextinction coefficient is split into
threecolor-bandsaccordingto the rgb-paradigmato simulatethe
blueshift generallyexpectedwhenlooking into water. Theresult-
ing color is thensetastheprimarycolor’s RGBcomponents.

With texture unit 0’s environmentset to modulateand texture
unit 1’s environmentset to interpolate, we finally obtain the fol-
lowing blendingequation:Æ ·gÇBÈ·g¸c¹jº1» ¼ ½ÊÉcË�Ì ÆÎÍÏ/Ð ¾ Æ ·BÇBÈÑ ¸ ² Ï ¾ Æ ·BÇgÈÏÓÒ ÆÎÍÏ ¾ Æ ·gÇBÈÑ ¸ ²ÃÔ
whereÕ Æ ·BÇgÈÑ ¸ ² Ï thefragment’s color from textureunit 0 (transmission)Õ Æ ·BÇgÈÑ ¸ ²�Ô thefragment’s color from textureunit 1 (reflection)Õ Æ ÍÏ alphacomponentof primarycolor (reflectivity)Õ Æ ·BÇgÈÏ RGB-componentof primarycolor (lighting result)

4 Results and Conc lusion

In thiswork we have emphasizeda generalapproachfor thevisual
simulationof dynamicwatersurfaceheightfields. In particularwe
have shown thatbothsimulationandrenderingcanentirelybeper-
formedon theGPUthusminimizing bandwidthrequirementsand
reducinglessefficientRAM access.Themajorcontribution hereis
thatdynamicwatersurfacescanberenderedin real-timeby means
of hardwareacceleratedvertex generation,vertex perturbationand
texturemapping.

We have demonstratedthat evaluatorsand vertex shaderpro-
gramscanbe usedefficiently for the generationandthe displace-
mentof vertex positionsaccordingto an approximationfor water
surfaces. Multi-texturesand environmentmapshave beenincor-
poratedto correctlymodelrefractionsandreflectionsthusexploit-
ing the rasterizationperformanceof currentgraphicshardwarear-
chitectures.We spentsomeeffort on the visual improvementby
integratingcaustics,attenuationandcolor effects. Quite realistic
renderingof watersurfacecouldbeachievedin thisway.

By exploiting thefunctionalityof thenVidia GeForce2chipset,
which emulatesvertex shaderin software,we wereableto render
all examplesshown in the color platesbelow at 20 fps. The grid
resolutionwas 64x64 in all our examples,dynamiceffects were
computedasdescribedandadditionalmovementdueto wind was
addedon theCPU.On theGeForce3,vertex shadersarehardware
accelerated.Hereweachievedupto 100fps,whichallowsustoadd
additionaleffectsor to increasethegrid resolution.In this context
it is quiteinterestingto notethat theperformanceof our technique

is not boundby therasterizationunit but only by thevertex shader
program.

However, dueto the limitationsof the shaderprogramwith re-
spectto functionality and the numberof instructionsthat can be
codedonly two octavesof gradientnoisecouldbedirectly imple-
mented.In this respectwe arecurrentlyinvestigatingnew methods
for the generationof realisticwatermovement,which canbe im-
plementedusingtheprovidedfunctionality.
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Figure2: First, thewatersurfacegeneratedby meansof OpenGLevaluators is shown.Next, oneoctaveof a gradientnoisefBmis superim-
posed.Ontheright thewire framerepresentationis shown.

Figure3: Theseimagesdemonstratethesimulationof reflectionandrefraction.

Figure4: Theleftmostimage showthe fBm with high magnitude. In the middle image deepvalleys were simulatedby superimposingan
appropriatelyscaledNURBSsurface. Therightmostimage illustratesthecausticsapproximationweimplemented.


