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Figure1: Examplesof renderingof watervolumes.All imagesare800� 600andaregeneratedat about30Hz.

Abstract

We presenta real-timetechniqueto renderrealisticwatervolumes.Water volumesare representedas thespace
enclosedbetweena ground height�eld and an animablewater surfaceheight�eld. This representationallows
the application of recentGPU-basedheight�eld renderingalgorithms.Our methodis a simpli�ed raytracing
approach which correctlyhandlesre�ectionsandrefractionsandallowsusto rendercomplex effectssuch aslight
absorption,refractedshadowsand refractedcaustics.It runs at high frameratesby exploiting the powerof the
latestgraphiccards,andcouldbeusedin real-timeapplicationslikevideogames,or interactivesimulation.

Categories and SubjectDescriptors(accordingto ACM CCS): I.3.7 [ComputerGraphics]:Three-Dimensional
GraphicsandRealism

1. Intr oduction

Realisticrenderingof wateris oneof thoseeffectsthat can
highly increasetheperceivedrealismof virtual scenes.How-
ever, the appearanceof water is causedby many physi-
cal phenomenathat were typically not affordable in real-
timeuntil recently. Indeed,theincreasingfunctionalitiesand
power offeredby graphicshardwareallow theadaptationof
well-known off-line techniquesto real-timeapplications.In
particular, ray-tracingis well adaptedto theSIMD natureof
fragmentprocessors.However, portinggenericray-tracersto
theGPUis quiteinvolved[PBMH02]. Hierarchicalacceler-
ation datastructures,or genericmesh-rayintersectionrou-
tines,mustbe carrefuly rewritten to �t the GPU organisa-
tion.Fortunately, in speci�c situations,thecomputationscan
begreatlysimpli�ed andef�ciently mappedto theGPU.In
particular, this is thecasefor theray-tracingof height�elds.

Thequestionis thento identify theclassof objectsthatcan
beadequatelyrepresentedwith thesesimplermodels.

Thecontributionof thispaperis to show thatwaterbasins
andsimilar structurescanbequite realisicallymodelledby
two height�elds, onefor the ground,andonefor the water
surface.Using adaptationsof recenttechniquesfor height-
�eld rendering,complex effectslike re�ections,refractions,
light absorption,refractedshadows andcausticscanbeef�-
ciently simulatedin real-time.Exceptfor a partof thecaus-
tics computations,it runsentirelyon theGPU.Theamount
of displayedgeometryis negligible andthe renderingtime
is proportionalto thenumberof pixelsoccupiedby thewa-
ter on screen.Thedifferentfeaturesaremostly independent
andcanbe enabledseparately, allowing a tradeoff between
realismandperformance.
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2 1022/ RealisticWaterVolumesin Real-Time

2. Previouswork

Displaying water surfacesinvolves two orthogonalprob-
lems: simulatingthemovementandrenderingit accurately.
Ourwork focusesonly on this latterpart,andany animation
methodcanbeused.Webrie�y review existing techniques.

Water Simulation Fluids are governed by the Navier-
Stokes equationswhich have beenused at different lev-
els of simpli�cation. Applying theseequationsto a volu-
metric representationof water leadsto physically accurate
but computationallyintensive simulations[FF01, EMF02].
They are required for complex movementslike breaking
wavesor splashingwater. Thestudyof Navier-Stokesequa-
tions in the context of oceansurfacesmodeling has led
to the GerstnerandBieselswell modelwhich decomposes
oceanwaves into a sum of trochoidal wave trains. Real-
istic results[FR86, HNC02] have beenobtainedby com-
bining it with models expressingwaves amplitude, fre-
quency and direction spectraderived from measurements
[PM64, HDE80], andwavespropagation propertieslike re-
fractionnearcoasts[Pea86,TB87,Tes99,GM02]. Theseap-
proachesgenerallyallow oneto computea height�eld rep-
resentationof the watersurfacein real-time.In the caseof
boundedwatersurfaces,the surfaceheight�eld canbe ex-
pressedas the solution of simple partial differential equa-
tions [KM90] which canbesolvednumericallyby ef�cient
local diffusion schemes[Gom00, Sta03]. The spectralap-
proaches[MWM87, Tes99, PA00] �rst computea Fourier
spectrumof the watersurfaceheight�eld, usingphysically
measureddistributions,beforetransformingit into a height-
�eld with aFastFourierTransform.Theresultingheight�eld
is boundedbut periodic.

Water Rendering Renderingof watersurfacesis dif�cult
due to complex interactionswith light. As explained by
[PA00], the physical study of light-water interactionsis a
full-�edged research�eld with a vast litterature. Several
works have focusedon the transcriptionof thesephenom-
enafor computergeneratedimages[Wat90, PA00, IDN03].
Althoughrealistic,theseapproachesarecomputationallyin-
tensive. Realtimesolutionsexist, but they generallymake
important simplifying assumptions[NN94, HVT� 04]. Re-
�ection and refraction are important effects for the real-
ism of virtual water. Until recently, re�ection approaches
would only addressspecialcon�gurations such as planar
re�ectors [FvDFH90] or in�nitely far re�ected objects,or
would beonly interactive [HNC02] or basedon precompu-
tations[HLCS99, YYM05]. Recently, real-timeapproaches
usingGPU-basedray-tracingand imagebasedapproxima-
tionsof there�ectedobjectshavebeenproposed[SKALP05,
PMDS06]. Refractionalgorithmsusuallyconsideronetrans-
parentobject surroundedby an in�nitely far environment
representedby anenvironmentmap(see[GLD06] for a re-
centreview of thesemethods).This assumptioncannot be
usedin thecaseof therefractionof agroundsurfacethrough

a watervolume.Computingtherefractionof nearbyobjects
canbedonewith memorycostlylight-�eld precomputations
[HLCS99]. Causticsarecausedby theconvergenceof light
dueto re�ectionsandrefractions.They arecomputationally
expensive to renderandaretraditionally handledby global
illumination algorithmslike photonmapping[Jen01]. Inter-
activesolutionsexist basedondifferentphotonemittingand
gatheringstrategies[EAMJ05,WS03,WD06,DS06] but they
needto reducethenumberof emittedphotonsto run in real-
time, therebyproducingnoisyor blurredcaustics.We usea
methodconceptuallyverysimilar to backwardbeamtracing
with illuminationmaps[Arv86].

Height�eld rendering Our techniqueis basedon ef�cient
height�eld rendering.Ef�cient GPU-basedimplementations
[POC05,Tat06,BD06] havemadeit anadvantageousway to
rendergeometricdetailswith small computationandmem-
ory costs.Thesealgorithmssamplethe height�eld texture
alongeachviewing ray usingdifferentsamplingstrategies.
[POC05] intersect the viewing ray with �x ed horizontal
planesbeforecomputingapreciseintersectionwith few iter-
ationsof a binarysearch.This amountsto anevensampling
in the vertical direction,which cancausestair-steppingar-
tifactsat grazingangles.This dependenceof the sampling
on the view angleis reducedby [Tat06] which choosesthe
numberof samplesbetween�x ed boundsaccordingto the
viewing ray direction.The horizontalsamplingmethodde-
scribedby [BD06] usesprecomputedinformationto sample
therayoptimally. Thisallowstheaccuratedisplayof height-
�elds potentiallycontaining�ne features.

3. Our approacch

3.1. Modelling hypothesis

Ourobservationis that,exceptfor big waves,watersurfaces
aremostly2.5D.Similarly, becauseof gravity, mostterrain
can be representedas a displacementover a �at surface.
Therefore,we chooseto representa watervolumewith two
height�elds, thegroundsurfaceandthewatersurface,both
encodedas2D textures(Fig. 2). The texture for the water
surfaceis theoutputof asimulationprocedurewhichcanbe
procedural(e.g.a sumof basisfunctions)or numerical(e.g.
a physicalsimulation).To renderthewatervolume,we ren-

(a) (b) (c)

Figure 2: The ground (a) and water (b) surfacesheight-
mapsandthecorrespondingwatervolume(c).

der its boundingbox andusea fragmentshaderto perform
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1022/ RealisticWaterVolumesin Real-Time 3

ray-tracing.During this, we only considerone level of re-
cursivity : for eachviewing ray, we�nd theintersectionwith
the watersurface,thenthe intersectionof the refractedray
with the ground.Avoiding recursionis importantbecause
currentfragmentshadersdo not supportrecursive function
calls.This singlelevel recursionassumptionis correctif the

Figure 3: Thesinglelevel recursivity assumptiongenerally
holds,evenfor largewaves.

groundis non-re�ective, andif no light-ray crossesthewa-
tersurfacemorethanonce.Dueto theleaningeffect induced
by refraction,evenin presenceof big waves,thishypothesis
generallyholds(Fig.3). Whenit is not the case,the visual
differenceinducedby thissimpli�cation is hardto noticefor
thehumaneye.Theraysweconsiderareshown onFigure4.
Thealgorithmoutlineis thefollowing :

v  viewpoint
for each screen pixel

d  direction of the corresponding viewing ray
pg  intersection (ground, ray(v , d ) )
pw  intersection (water , ray(v , d ) )
i f ( pg undefined and pw undefined)

do nothing (discard fragment)
else i f ( pg before pw )

pixel  lightedGroundColor( pg , d)
else

dt  refractedDirection (d , n(pw) , h )
dr  reflectedDirection (d , n(pw) )
pg  intersection (ground, ray( pw , dt ) )
pe  intersection (ground, ray( pw , dr ) )
Ct  lightedGroundColor( pg , dt )
Cr  i f ( pe undefined)

envMap(dr )
else

lightedGroundColor( pe , dr )
F  fresnelReflectivity (d , n(pw) , h )
pixel  (1� F) � Ct + F � Cr

ThefresnelRe�ectivity procedurecomputestheratioF be-
tweenre�ected andincidentradiancewith the Fresnelfor-
mula.For a �x edrefractionindex h, it is only a functionof
the incidentangle,which canbe ef�ciently computedwith
theapproximationgivenby [Sch93] or simply sampledin a
precomputed1D texture.The lightedGroundColor procedure
computesthecolorof apointon thegroundfrom its coordi-
nates,theviewing directionandthelight position.Truecom-
putationsshouldintegrateall rayscomingfrom thelight and

environment map

Figure 4: Four possiblesituationsare handledby thealgo-
rithm.

arriving at pw afterrefractions.Instead,we make a simpli�-
cation.WeuseasimplePhongmodelinvolving therayfrom
pw to thelight, thenormal,andthematerialat thatpoint (the
lattertwo beingspeci�edby texturemaps).Only theamount
of light is computed,taking into accountthemany possible
light rays(seeSection4.3oncaustics).

Note that we implicitly supposedthat eachray entering
thewaterhits thegroundfurtheron.This conditionis satis-
�ed if thewateris correctlyenclosedby thegroundsurface,
i.e. if onthebordersthegroundheightvaluesarehigherthan
thewaterones.This holdsfor a basinor a pond,but not for
anaquarium(Fig.5). In that lattercase,a dynamicenviron-
mentmapcanbe usedto approximatewhat the ray “sees”
whenexiting thewater.

en
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t 
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Figure 5: Outgoinglight raysfrom an unclosedwater vol-
ume. We look up an environmentmapto �nd out what they
“see”.

3.2. Optimized rendering

Our renderingalgorithm is a tailored version of [BD06].
We refer the viewer to that paperfor detaileddescription.
In brief, it walks along the ray until a binary searchcan
be safely run, i.e. it is guaranteedthat the interval of that
searchcontainsatmostoneintersectionwith theheight�eld.
For that,it usesapre-computedsafetyradiustextureindicat-
ing for eachtexel themaximumneighboroodin whicha ray
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4 1022/ RealisticWaterVolumesin Real-Time

above the texel can intersectthe height�eld no more than
once.The paperalsodescribesa slower – but still exact –
methodthatdoesnotusethesafetyradiustexture.

In the renderingof water surface,we perform intersec-
tionswith two height�elds,thegroundandthewatersurface.
As thegroundis static,precomputingthesafetytexturecan
be doneoff-line. This is not the casefor the water texture
which is dynamic.Fortunately, comparedto the ground,it
generallyhasa smallamplitude.We thusestimatetheaver-
ageamplitudeandsizeof the features,andcomputea con-
stantsafetyradiusaccordingly. In theworst case,it givesa
radiusof 1, which boils down to using the exact intersec-
tion describedin [BD06]. To furtheroptimizethenumberof
stepsrequiredto �nd theintersection,we intersecttheview-
ing ray with the boundingbox of the watersurfaceinstead
of thatof thegroundandwateraltogether.

Conceptually, we run the ray intersectionalgorithmsev-
eraltimes(seepseudo-codein Section3). However, in prac-
tice, we can perform the searchalong the ray for the two
height�elds at the sametime, therebysaving the computa-
tionsof thesuccessive samplestakenon the light ray. It al-
lows to stopassoonas the �rst of the two surfacesis hit.
Moreover, if thetwo height�eldsarepackedin a singletex-
ture,this dividesby two thenumberof texture lookupsper-
formed.Packingthegroundheightswith thewateronescan
bedoneduring theprecomputingof thewatertextureat no
additionalcost.

We want to emphasizethat various strategies can be
adoptedhere.Although we use the artifact-freeapproach
of [BD06], any othermethodsuchas[POC05,Tat06] canbe
used.Onecanalsochooseto usedifferentmethods(binary
search,horizontalor vertical�x edsteps,Amanatidestraver-
sal,constantor texture-basedsafetyradius,etc.)depending
on the desiredtradeoff betweenspeedandquality, andde-
pendingonpossibleconstraintsonparticularviewing condi-
tions(distantor nearbywater, grazingangles,largeor small
amplitudesof the height�elds, etc.).The only limitation is
that the joint intersectiondescribedin previous paragraph
is applicableonly if the samemethodis usedfor intersect-
ing with the groundand the water. Our goal in this paper
wasto show thattheavailability of thesetechniquesandthe
height�eld representationfor water basinand alike makes
therenderingof complex effectsachievablein real-time.We
provide imagesand timings of what the programmerscan
expect,but the tuning for a particularapplicationremains
their responsibility.

Finally, we would like to saya few wordsaboutthepre-
cision usedfor height�eld values.For most situations,us-
ing one8 bit channelperheight�eld is suf�cient. But if the
groundor watersurfacesareto beviewedfrom veryclose,or
if they have largeamplitudes,it will not besuf�cient. Even
if the groundis smoothandis correctlysampled,thebilin-
earinterpolationsperformedon8 bitsnumberswill produce
stairsartifacts.Thiscanbeavoidedby using16bits textures

(thetwo heightmapscanbepackedin a32bits texturewith
two 16 bits channels).Note also that as water is likely to
haveasmallamplitude,it is moreappropriateto storeit in a
normalizedform by passingtwo additionalparametersto the
shaders: a heightoffset (the meanwaterlevel) andan am-
plitude.Doingsoallowsusto fully usetheprecisionoffered
by thetexture.

3.3. Integration with other objects

For our methodto be integratedwithin a classicallymod-
elled scene,we musthandlecorrectlythe interactionswith
otherobjects.The �rst thing to noticeis that for eachfrag-
ment,theexact3D intersectionpointof theviewing raywith
the �rst encounteredsurfaceis known. Transformingit into
thecameraframe,wecantrivially computeanappropriatez-
value(insteadof thatcorrespondingto theboundingboxwe
areactuallydrawing). Furthermore,for raysthat do not in-
tersectany of the two surfaces,thecorrespondingfragment
is discarded,so it doesnot interferewith any pastor future
valuein the framebuffer. Finally, thecurrentdepthin thez-
buffer caneasilybe taken into accountduring the intersec-
tion procedure.Wejuststopthewalk alongtheraywhenthis
valueis exceeded(if it correspondsto apointvz betweenthe
segment[v0;v1], theonly modi�cation to dois to restrictthis
segmentto [v0;vz]). For all thesereasons,ourwatervolumes
seamlesslyintegratewith the z-buffer, yielding correctoc-
clusionswith otherrenderedprimitives.

This statementis however true only for objectsthat do
not enter totally (like �shes) or partially (like the legs of
a character)the water volume.Treatingthesecasesis dif-
�cult becauseafter undergoing the refraction,the viewing
rays can be scrambledin a way which is dif�cult to pre-
dict (Fig.6). Having objectsoccludingviewing raysbetween
thewatersurfaceandthegroundbreakstheorganizationinto
height�eldsof this speci�c volumewhich madetheraytrac-
ing feasible.Notethat this effect is typically fakedwith ad-
hochacksin games.

part viewed after
correct refraction

part viewed after
simply rendering
from viewpoint

Figure 6: Objectsin waterare dif�cult to correctlydisplay
becauseof refraction.

4. Simulatedeffects

Wenow discussalist of effectsthatcanbestraightforwardly
simulatedwith our approach.Eacheffect canbe turnedon
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1022/ RealisticWaterVolumesin Real-Time 5

or off in theshaders,allowing for a tradeoff betweenrealism
andspeed.

4.1. Underwater light absorption

Carefulattentionhasto be paid to lighting phenomenaoc-
curingin water. As explainedin [PA00], someof thesephe-
nomena,like light scattering,are dif�cult to handle.Thus
lighting equationshave to besimpli�ed. Weusethelighting
modelgivenby [PA00] : for a givenwavelengthl , theradi-
ancetransmittedfrom a point pg underwaterto a point pw
on thesurfaceis givenby :

Ll (pw;~w) = a l (d;0)Ll (pg;~w) + (1� a l (d;z))Ldl (1)

where~w is thedirectionfrom pg to pw, Ll (p;~w) is theoutgo-
ing radiancefrom thepoint p in thedirectionw, d andz are
respectiveley thedistanceandthedepthdifferencebetween
pg andpw, Ldl is aconstantdiffuseradiancecomputedfrom
scatteringmeasurementsinvolving sky andsuncolors,and
a l (d;z) describesan exponentialattenuationdependingon
traveleddistanceanddepth:

a l (d;z) = e� al d� bl z (2)

whereal andbl areattenuationscoef�cients dependingon
waterproperties.The�rst termof theequationequatesradi-
ancecomingfrom pg attenuatedwith traveleddistance,the
secondoneequatesthecontributionof diffusescattering,de-
pendingalsoondepth.

Rememberthatduringtherenderingprocesswe compute
the precisecoordinatesof pg and pw so traveleddepthand
distanceareeasyto compute.This makesthe implementa-
tion of this lighting equationcostlessrelative to othercom-
putations.

Light attenuationcanvarywith wavelength,producingvi-
sually compellingchromaticscales.Ideally the color spec-
trum hasto be discretizedandcomputationsmustbe done
per wavelength.Using only the three componentsof the
RGB color spacegivesan appropriateapproximation.This
is doneby computingtheattenuationcolor :

a(d;z) = (aR(d;z);aG(d;z);aB(d;z)) (3)

and combining it component-wisewith the incoming and
diffusecolors.Preciselydesiredcolor variations(e.g.physi-
cally measured)canbeobtainedby usingaprecomputed2D
color texturecontainingsampledvaluesfor a(d;z).

In practice,the in�uence of depth(the bl z term) is sub-
tle andconsideringonly traveleddistancecanbesuf�cient.
Doingsosimpli�es theattenuationcoef�cient to :

a l (d) = e� al d (4)

which can now be sampledin a 1D color texture (Fig.7).
With thissimpli�cation, L(pw;~w) is thesimplelinearblend-
ing betweenL(pg;~w) andLd with respectto a(d).

Noticethatal canbeseenasa distancescalingfactor, so

Figure7: Anexampleof color variationsinducedby theex-
ponentialattenuation.

it canbescaledaccordingto thescaleof thewatervolume.
If this valueis large, it meansthat light will bequickly ab-
sorbedso the deeppartsof the groundsurfacewill not be
visible. In that caseit is uselessto keeprunningon the re-
fractedray aftera certainlimit distancedmax. This distance
can be de�ned by �xing an attenuationthresholde under
which the incoming groundcolor is consideredto have a
negligible contribution :

8l ; e� al dmax < e (5)

hencesimplycomputableas:

dmax= max
l

�
�

log(e)
al

�
=

log(e)
minal

(6)

4.2. Self-re�ections

Re�ectionson thewatersurfacecanbeseparatedinto three
classes: re�ectionsof distantobjects,re�ectionsof nearob-
jectsandre�ectionsof thepartsof thegroundemergingfrom
water(Fig. 8). The�rst classcanbeeasilyhandledusingan
environmentmapwhereasonly heuristicsexist for the sec-
ond one.We call the third classself-re�ection. This caseis
morespeci�c : emergingpartsof thegroundarerepresented
in thegroundheight�eld, whichallowsusto performarapid
raytracingof the re�ected ray, aswe do for refractedrays.
Soto take thesere�ections into account,there�ected ray is
intersectedwith thegroundsurface.If anintersectionexists,
thecorrespondinglightedgroundcolor replacestheonethat
wouldbeotherwiselookedup in theenvironmentmap.

pw

pe

Figure8: Re�ectedrayhitting anemerging relief.

Onecannoticethat,aswith refractedrays,we simpli�ed
theexactraytracingalgorithm: there�ectedray couldactu-
ally hit thewatersurfacebeforereachingthegroundor ex-
iting the box, thussplitting in two new secondaryre�ected
andrefractedrays.But it is an indirect,dif�cult to witness,
effect which doesn't affect realism,makingthis simpli�ca-
tion reasonable.
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6 1022/ RealisticWaterVolumesin Real-Time

4.3. Causticsand shadows

Computingcausticsis hard to carry out in a forward ray-
tracingapproachbecauseit requiresusto counttheamount
of incominglight at eachrenderedpoint. That is why most
existing causticsalgorithmsarebasedon backwardraytrac-
ing : raysarecastfrom thelight sourceinsteadof theview-
point. We usea two-passphoton-mapping-like algorithm,
involving GPU/CPUtransfersof textures.Fortunately, we
only needsmall texturesandthis doesnot impedethe per-
formancetoo much.The�rst passrendersthewatersurface
from thelight sourceinto aphotontexture. Thetexelsof this
texture recordthe coordinatesof wherethe corresponding
light rayshits theground.Sincethegroundis a height�eld,
we needonly recordingthe(x;y) coordinates,which leaves
thethird channelof thetextureavailableto storethephoton
contribution,basedontheFresneltransmittance,thetraveled
distance,the incidentangleanda ray samplingweight.We
applya randomjittering to light raysto reducealiasingarti-
facts(seeFigure9). We thengatherthephotonsrecordedin

light frustum
mapped
photons

Figure 9: Photonsare emittedfrom jittered pixel positions
andmappedon thegroundsurface.

thetexture.Thisboilsdown to computingatwo-dimensional
histogramof this texture.Unfortunately, it cannot be done
ef�ciently on theGPUbecauseof thelack of forward map-
ping, so thephotontexture is transferedto CPUwhereit is
processedto constructan illumination texture (by analogy
to illumination mapsof [Arv86]). We traversethe texels of
thephotontexture,retrieve thepositionandintensityof the
correspondingphoton,andaddthis intensity to that stored
at thatpositionin theillumination texture.Theillumination
texture is then transferredto the GPU whereit is usedfor
lighting in the�nal renderpass.

The illumination texture can be very noisy due to the
crudesamplingof our approach.Applying a simple gaus-
sianblur would remove noisebut would alsoblur caustics
patternswhich, by nature,presenthigh frequencies.That is
why edgepreserving�lters like anisotropicdiffusionor bi-
lateral �ltering [TM98, DD02, WMM � 04] are traditionally
usedto �lter densitymapsin photonmappingtechniques.
We applya GPU-basedbilateral�lter which givesgoodre-
sultsoncecorrectlytuned.Thewholeprocessis summarized
in Figure10.

(a) (b)

(c) (d)

Figure10: To computecausticsandshadows(a), werender
a photontexture from the light (b) and “in vert it” into an
illumination texture (c) which is bilaterally �lter ed(d).

Theresolutionsfor thetwo intermediatetexturesmustbe
adjustedto balancethe desiredquality and framerate.The
resolutionof thephotontexturedirectlydeterminesthenum-
berof photons.Themorephotonsareused,themoreaccu-
ratethe causticswill be.The illumination mapcanbe seen
asa lighting texture directly mappedon the ground,so its
resolutionaffectsthe�nenessof thereproducedcausticpat-
terns.Note however that thesetwo resolutionsare linked :
if too few photonsareemitted,a largecausticsmapwill be
noisy. Theresolutionsarelimited by thecostof their transfer
betweenGPUandCPUmemory. Usinga 256� 256photon
textureanda 128� 128 illumination texturegivesgoodre-
sultsin practice.

This approachfor computingcausticsalso accountsfor
shadows castby the groundon itself, with refractionshan-
dled.Shadows of otherobjectsin thesceneontotheground
cannot be castthat easily. Onceagain, the dif�culty is to
handle the refraction of rays. However, one could use a
shadow mapapproachasa coarseapproximation.It would
integratedirectly with our algorithmby performinga pro-
jective texturelookupinto theshadow map,usingtheworld
positionwheretherayhits theground.

5. Resultsand discussion

We implementedtheproposedalgorithmusingGLSL shad-
ing language,andran the exampleon a GeForce7800FX.
We implementedanimation using [Gom00] with forces
speci�ed by randomrain-dropsor by mouseinteractions
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1022/ RealisticWaterVolumesin Real-Time 7

(seeaccompanying videos).Table1 indicatesperformance
measurments.The cost is highly dependenton the number

coverage refraction + auto-re�ection + caustics
100% 26Hz 20Hz 15Hz
50% 45Hz 36Hz 23Hz
25% 87Hz 69Hz 34Hz

Table 1: Framerates obtainedat 800� 600 for different
screencoveragesandwith variouseffectsturnedon succes-
sively(rightmostcolumncombinesall effects).

of fragmentsrasterized.For our tests,thedisplayedvolume
coversa largepartof a 800� 600window, yet it rendersin
real-time.Anotherinterestof themethodis that its memory
requirementsarelow: only acoupleof texturesarerequired.
In all examplesshown, we used128� 128 texturesfor the
groundandwatersurfaces,yet they look appealing.

Figure1 andFigure11 show the kind of effectswe can
simulate.We believe the accompanying videosshouldalso
convince that a high level of realismis achieved with this
technique.In particular, relevant effectsaresimulated,and
theillusion of wateris convincing.

6. Conclusionand futur ework

In this paper, we show how theencodingof watervolumes
with two height�eldsallows for real-timerenderingof real-
istic water. Usinganef�cient ray-tracingapproachfor such
a representation,we show that many effects can be com-
bined: singleboundrefractionsandre�ections, fresnelef-
fect, light absorption,causticsandshadows. Noneof these
effectsarenew; thecontribution of this paperis to validate
theamenabilityandsuitabilityof height�eldsin thiscontext.
Eacheffectcanbeturnedonor off dependingon thedesired
tradeoff betweenspeedandquality. Themethodis basedon
simpli�cations of the underlyingphysical phenomena,yet
givesvery appealingresults.The renderingcost is directly
proportionalto thescreenoccupancy of thedisplayedwater.
Thus,we believe it canbeof greatinterestfor renderingel-
ementsof a virtual world suchasaquariums,ponds,muddy
puddles,fountains,etc. in a much more realistic way that
previously. Yet, even at large resolutions,it is still fastand
mayalsoproveusefulfor seaandlake rendering.

In thefuture,we would like to investigatea coupleof op-
timizations(we plan to releasethe shadersand a detailed
descriptionof the formulaeused).We also want to gener-
alize theapproachto otherobjectsthatcombinea transpar-
ent layer in front of an opaqueone,suchaswindows in a
city walkthrough.We also want to tackle the problemof
geometry-basedobjectsthat penetratethe water, for which
weinvestigateapproachesthatdynamically“project” thege-
ometryontotheheight�elds.

Figure 11: Examplesof renderingsobtainedwith our tech-
nique.
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