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Realistic Water Volumesin Real-Time
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Figure 1: Exampleof renderingof watervolumesAll imagesare 800 600andare geneatedat about30Hz.

Abstract

We presenta real-timetechniqueto renderrealistic water volumesWater volumesare representedas the space
enclosedbetweena ground height eld and an animablewater surfaceheight eld. This representationallows
the application of recentGPU-basedheight eld renderingalgorithms. Our methodis a simpli ed raytracing
approad which correctlyhandlesre ectionsandrefractionsandallowsusto rendercomple effectssud aslight
absorption,refractedshadowsand refractedcaustics.It runs at high framematesby exploiting the power of the
latestgraphiccards,andcouldbeusedin real-timeapplicationslike videogamespr interactivesimulation.

Cateories and SubjectDescriptors(accordingto ACM CCS) 1.3.7 [Computer Graphics]: Three-Dimensional

GraphicsandRealism

1. Intr oduction

Realisticrenderingof wateris oneof thoseeffectsthatcan
highly increasehepercevedrealismof virtual scenestHow-
ever, the appearancef water is causedby mary physi-
cal phenomenahat were typically not affordablein real-
time until recently Indeed theincreasingunctionalitiesand
power offeredby graphicshardwareallow the adaptatiorof
well-known off-line techniquego real-timeapplicationsin
particular ray-tracingis well adaptedo the SIMD natureof
fragmentprocessorgdowever, portinggeneriaay-tracerso
the GPUis quiteinvolved[PBMHO0Z. Hierarchicalacceler
ation datastructurespr genericmesh-rayintersectionrou-
tines, mustbe carrefuly rewritten to t the GPU organisa-
tion. Fortunatelyin speci c situationsthecomputationgan
be greatlysimpli ed andefciently mappedo the GPU.In
particular this is the casefor theray-tracingof height elds.
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The questionis thento identify the classof objectsthatcan
beadequatelyepresentedith thesesimplermodels.

Thecontribution of this paperis to shav thatwaterbasins
andsimilar structurescanbe quite realisicallymodelledby
two height elds, onefor the ground,andonefor the water
surface.Using adaptation®f recenttechniquedor height-

eld renderingcomple effectslike re ections, refractions,
light absorptionrefractedshadevs andcausticscanbe ef -
ciently simulatedn real-time.Exceptfor a partof the caus-
tics computationsit runsentirely on the GPU. The amount
of displayedgeometryis nggligible andthe renderingtime
is proportionalto the numberof pixels occupiedby thewa-
ter on screenThe differentfeaturesaremostlyindependent
andcanbe enabledseparatelyallowing a tradeof between
realismandperformance.
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2. Previouswork

Displaying water surfacesinvolves two orthogonalprob-
lems: simulatingthe movementandrenderingit accurately
Ourwork focusenly onthis latter part,andary animation
methodcanbeused We brie y review existing techniques.

Water Simulation Fluids are governed by the Navier-
Stoles equationswhich have beenusedat different lev-
els of simpli cation. Applying theseequationsto a volu-
metric representatiomf waterleadsto physically accurate
but computationallyintensive simulations[FF01, EMF0Z.
They are requiredfor complex movementslike breaking
wavesor splashingvater The studyof Navier-Stokesequa-
tions in the contt of oceansurfacesmodeling has led
to the Gerstnerand Biesel swell modelwhich decomposes
oceanwaves into a sum of trochoidal wave trains. Real-
istic results[FR86 HNCO0Z have beenobtainedby com-
bining it with models expressingwaves amplitude, fre-
queng and direction spectraderived from measurements
[PM64, HDES8(, andwaves propagtion propertiedike re-
fractionnearcoasty Pea86TB87, Tes99GMO02]. Theseap-
proachegenerallyallow oneto computea height eld rep-
resentatiorof the watersurfacein real-time.In the caseof
boundedwater surfaces,the surface height eld canbe ex-
pressedas the solution of simple partial differential equa-
tions [KM90] which canbe solved numericallyby ef cient
local diffusion schemeqdGom0Q Sta03. The spectralap-
proachegMWM87, Tes99 PAOQ] rst computea Fourier
spectrumof the water surfaceheight eld, using physically
measuredlistributions,beforetransformingit into a height-
eld with aFastFourierTransform.Theresultingheight eld
is boundedbut periodic.

Water Rendering Renderingof water surfacesis dif cult
due to comple interactionswith light. As explained by
[PAOQ], the physical study of light-water interactionsis a
full- edged researcheld with a vast litterature. Several
works have focusedon the transcriptionof thesephenom-
enafor computergeneratedmages[Wat9Q PA0O, IDNO3].
Althoughrealistic,theseapproachearecomputationallyin-
tensie. Realtimesolutionsexist, but they generallymale
important simplifying assumptiongNN94, HVT 04]. Re-
ection and refraction are important effects for the real-
ism of virtual water Until recently re ection approaches
would only addressspecial con gurations such as planar
re ectors [FVDFH9(Q or in nitely far re ected objects,or
would be only interactive [HNCO0Z or basedon precompu-
tations[HLCS99 YYMO5]. Recently real-timeapproaches
using GPU-baseday-tracingandimagebasedapproxima-
tionsof there ectedobjectshave beernproposed SKALPO5,
PMDSO04. Refractionalgorithmsusuallyconsideonetrans-
parentobject surroundedby an in nitely far ervironment
representethy an ervironmentmap (see[GLDO6] for are-
centreview of thesemethods).This assumptiorcannot be
usedin thecaseof therefractionof agroundsurfacethrough

awatervolume.Computingtherefractionof nearbyobjects
canbedonewith memorycostlylight- eld precomputations
[HLCS99. Causticsarecausedy the corvergenceof light
dueto re ections andrefractionsThey arecomputationally
expensve to renderandaretraditionally handledby global
illumination algorithmslike photonmapping[Jen0l. Inter
active solutionsexist basedn differentphotonemittingand
gatheringstrat@ies[ EAMJO5WS03WDO06,DS0q butthey
needto reducethe numberof emittedphotongo runin real-
time, therebyproducingnoisy or blurredcausticsWe usea
methodconceptuallyery similar to backward beamtracing
with illumination maps[Arv86].

Height eld rendering Our techniqueis basedon ef cient
height eld rendering Ef cient GPU-basedmplementations
[POCO05Tat06 BDO6] have madeit anadwantageousvay to
rendergeometricdetailswith small computationrand mem-
ory costs.Thesealgorithmssamplethe height eld texture
alongeachviewing ray usingdifferentsamplingstrateies.
[POCO] intersectthe viewing ray with x ed horizontal
planesbeforecomputinga precisentersectiorwith few iter-
ationsof abinary searchThis amountgo anevensampling
in the vertical direction,which can causestairsteppingar
tifactsat grazingangles.This dependencef the sampling
on theview angleis reducedby [Tat0g which chooseghe
numberof samplesbetween x ed boundsaccordingto the
viewing ray direction. The horizontalsamplingmethodde-
scribedby [BD06] usesprecomputednformationto sample
theray optimally. This allowstheaccuratelisplayof height-
elds potentiallycontaining ne features.

3. Our approacch
3.1. Modelling hypothesis

Ourobsenationis that,exceptfor big waves,watersurfaces
aremostly 2.5D. Similarly, becausef gravity, mostterrain
can be representedas a displacemenbver a at surface.
Therefore we chooseto representi watervolumewith two

height elds, the groundsurfaceandthe watersurface,both

encodedas 2D textures(Fig. 2). The texture for the water
surfaceis the outputof a simulationprocedurevhich canbe
procedurale.g.asumof basisfunctions)or numerical(e.g.
aphysical simulation).To renderthe watervolume,we ren-

(@) (b) (c)

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

derits boundingbox andusea fragmentshadetto perform
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ray-tracing.During this, we only considerone level of re-
cursvity : for eachviewing ray, we nd theintersectiorwith
the water surface,thenthe intersectionof the refractedray

with the ground. Avoiding recursionis importantbecause

currentfragmentshadersdo not supportrecursve function
calls. This singlelevel recursionassumptions correctif the

Figure 3: Thesinglelevel recussivity assumptiorgeneally
holds,evenfor large waves.

groundis non-re ective, andif no light-ray crosseshe wa-
tersurfacemorethanonce Dueto theleaningeffectinduced
by refraction,evenin presencef big waves,this hypothesis
generallyholds (Fig.3). Whenit is not the case the visual
differenceinducedby this simpli cation is hardto noticefor
thehumaneye. Therayswe considermareshovn on Figure4.
Thealgorithmoutlineis thefollowing :

\% viewpoint
for each screen pixel

d direction of the corresponding viewing ray
Py intersection(ground, ray(v, d))
Pw intersection (water, ray(v, d))

if (pg undefined and pw undefined)
do nothing (discard fragment)
else if (pg before pw)
pixel lightedGroundColor(pg, d)
else
o} refractedDirection(d, n(pw), h)
dr reflectedDirection(d, n(pw))
Pg intersection(ground, ray(pw, ¢t))
Pe intersection(ground, ray(pw, dr))
G lightedGroundColor(pg, )
G if (pe undefined)
envMap(dr)
else
lightedGroundColor(pe, dr)
F fresnelReflectivity (d, n(pw), h)
pixel 1 F) G+F C

ThefresnelRe ectivity procedureeomputesheratioF be-
tweenre ected andincidentradiancewith the Fresnelfor-
mula. For a x edrefractionindex h, it is only a function of
the incidentangle,which canbe ef ciently computedwith
the approximatiorgiven by [Sch93 or simply sampledn a
precomputed D texture. ThelightedGroundColor procedure
computeghecolor of a pointon thegroundfrom its coordi-
natestheviewing directionandthelight position.Truecom-
putationsshouldintegrateall rayscomingfrom thelight and
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Figure 4: Four possiblesituationsare handledby the algo-
rithm.

arriving at pw afterrefractionsinsteadwe make a simpli -
cation.We usea simplePhongmodelinvolving theray from
pw to thelight, thenormal,andthe materialatthatpoint (the
lattertwo beingspeci edby texturemaps) Only theamount
of light is computedtakinginto accountthe mary possible
light rays(seeSection4.3 on caustics).

Note that we implicitly supposedhat eachray entering
the waterhits the groundfurther on. This conditionis satis-
ed if thewateris correctlyenclosedy thegroundsurface,
i.e.if ontheborderghegroundheightvaluesarehigherthan
the waterones.This holdsfor a basinor a pond,but not for
anaquarium(Fig.5). In thatlatter case,a dynamicerviron-
mentmap canbe usedto approximatewhatthe ray “sees”

whenexiting thewater
g
S
5
§
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S
¢

Figure 5: Outgoinglight raysfrom an unclosedwater vol-
ume We look up an ervironmentmapto nd out whatthey

¢

see .

3.2. Optimized rendering

Our renderingalgorithm is a tailored version of [BDO06).

We refer the viewer to that paperfor detaileddescription.
In brief, it walks along the ray until a binary searchcan
be safelyrun, i.e. it is guaranteedhat the interval of that
searclcontainsat mostoneintersectiorwith the height eld.

For that,it usesapre-computedafetyradiustexture indicat-
ing for eachtexel the maximumneighboroodn which aray
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above the texel canintersectthe height eld no more than
once.The paperalsodescribesa slower — but still exact—
methodthatdoesnot usethe safetyradiustexture.

In the renderingof water surface,we performintersec-
tionswith two height elds,thegroundandthewatersurface.
As the groundis static,precomputinghe safetytexture can
be doneoff-line. This is not the casefor the water texture
which is dynamic.Fortunately comparedo the ground, it
generallyhasa smallamplitude We thusestimatethe aver-
ageamplitudeandsize of the featuresand computea con-
stantsafetyradiusaccordingly In the worstcase,it givesa
radiusof 1, which boils down to usingthe exact intersec-
tion describedn [BDO06]. To furtheroptimizethe numberof
stepsrequiredto nd theintersectionwe intersectheview-
ing ray with the boundingbox of the water surfaceinstead
of thatof thegroundandwateraltogether

Conceptuallywe run the ray intersectionalgorithmsev-
eraltimes(seepseudo-cod@ Section3). However, in prac-
tice, we can performthe searchalong the ray for the two
height elds at the sametime, therebysaving the computa-
tions of the successie sampledakenon thelight ray. It al-
lows to stopassoonasthe rst of the two surfacesis hit.
Moreover, if thetwo height elds arepacledin a singletex-
ture, this dividesby two the numberof texture lookupsper
formed.Packingthe groundheightswith the wateronescan
be doneduring the precomputingof the watertexture at no
additionalcost.

We want to emphasizethat various stratgies can be
adoptedhere. Although we use the artifact-freeapproach
of [BDO06], ary othermethodsuchas[POC05Tat0q canbe
used.Onecanalsochooseto usedifferentmethodgbinary
searchhorizontalor vertical x edsteps Amanatidegraver-
sal, constanir texture-basedafetyradius,etc.) depending
on the desiredtradeof betweenspeedand quality, andde-
pendingon possibleconstraint®n particularviewing condi-
tions(distantor nearbywater grazinganglesJ)arge or 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 shawv thatthe availability of thesetechniquesandthe
height eld representatiorfior water basinand alike makes
therenderingof complex effectsachiezablein real-time We
provide imagesand timings of what the programmersan
expect, but the tuning for a particularapplicationremains
their responsibility

Finally, we would like to saya few wordsaboutthe pre-
cision usedfor height eld values.For mostsituations,us-
ing one8 bit channelperheight eld is sufcient. But if the
groundor watersurfacesareto beviewedfrom very close,or
if they have large amplitudesjt will notbesufcient. Even
if the groundis smoothandis correctlysampledthe bilin-
earinterpolationgerformedon 8 bits numberswill produce
stairsartifacts.This canbe avoidedby using16 bits textures

(thetwo heightmapscanbe pacledin a 32 bits texture with
two 16 bits channels)Note also that as wateris likely to
have a smallamplitude it is moreappropriateo storeit in a
normalizedorm by passingwo additionalparametero the
shaders a heightoffset (the meanwaterlevel) andanam-
plitude.Doing soallows usto fully usethe precisionoffered
by thetexture.

3.3. Integration with other objects

For our methodto be integratedwithin a classicallymod-
elled scenewe musthandlecorrectlythe interactionswith

otherobjects.The rst thing to noticeis thatfor eachfrag-
ment,theexact3D intersectiorpoint of theviewing ray with

the rst encounteredurfaceis known. Transformingit into

thecamerdrame,we cantrivially computeanappropriatez-

value(insteadof thatcorrespondingo the boundingbox we

areactuallydrawing). Furthermorefor raysthatdo notin-

tersectary of thetwo surfacesthe correspondingragment
is discardedsoit doesnotinterferewith ary pastor future
valuein the framehuffer. Finally, the currentdepthin the z-

buffer caneasilybe taken into accountduring the intersec-
tion procedureWe juststopthewalk alongtheray whenthis
valueis exceededif it correspond$o apointv; betweerthe
sggment|vp; v1], theonly modi cation to dois to restrictthis
segmentto [vp; V7]). For all thesereasonspur watervolumes
seamlesslyntegratewith the z-buffer, yielding correctoc-
clusionswith otherrenderecprimitives.

This statements however true only for objectsthat do
not entertotally (like shes) or partially (like the legs of
a characterthe water volume. Treatingthesecasess dif-
cult becauseafter undegoing the refraction,the viewing
rays can be scrambledin a way which is dif cult to pre-
dict (Fig.6). Having objectsoccludingviewing raysbetween
thewatersurfaceandthegroundbreakgheorganizationinto
height elds of this speci ¢ volumewhich madetheraytrac-
ing feasible.Note thatthis effectis typically faked with ad-
hochacksin games.

Ve,

part viewed after
[ correct refraction

part viewed after
simply rendering
[~ from viewpoint

Figure 6: Objectsin waterare dif cult to correctly display
becausef refraction.

4. Simulated effects

We now discussalist of effectsthatcanbestraightforvardly
simulatedwith our approachEacheffect canbe turnedon
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or off in theshadersallowing for atradeof betweerrealism
andspeed.

4.1. Underwater light absomtion

Carefulattentionhasto be paidto lighting phenomenac-
curingin water As explainedin [PA0OQ], someof thesephe-
nomenayjlike light scattering,are dif cult to handle.Thus
lighting equationshave to besimpli ed. We usethelighting
modelgivenby [PAOQ] : for agivenwavelengthl , theradi-
ancetransmittedrom a point pg underwaterto a point pw
onthesurfaceis givenby :

Li (pw;w) = & (d;O)Ly (pg;w) + (1 & (d;2))Lg; (1)

wherew is thedirectionfrom pg to pw, L; (p;w) istheoutgo-
ing radiancerom the point p in thedirectionw, d andz are
respectieley the distanceandthe depthdifferencebetween
pg andpw, Lq; is aconstantiffuseradiancecomputedrom

scatteringmeasurementsvolving sky andsuncolors,and
a, (d;2) describesan exponentialattenuatiordependingon

traveleddistanceanddepth:

aj(d;=e 39 b2 @)

whereg; andb, areattenuationgoefcients dependingon
waterpropertiesThe rst termof theequationequatesadi-
ancecomingfrom pg attenuatedvith traveleddistancethe
seconneequateshecontritution of diffusescatteringde-
pendingalsoon depth.

Remembethatduringtherenderingorocesave compute
the precisecoordinatef pg and pw so traveleddepthand
distanceare easyto compute.This makesthe implementa-
tion of this lighting equationcostlesgelative to othercom-
putations.

Light attenuatiorcanvary with wavelength producingvi-
sually compellingchromaticscales.deally the color spec-
trum hasto be discretizedand computationsmustbe done
per wavelength.Using only the three componentsof the
RGB color spacegives an appropriateapproximation.This
is doneby computingthe attenuatiorcolor :

a(d;2) = (ar(d;2);ac(d;2);ags(d;2) (3

and combiningit component-wisewith the incoming and
diffusecolors.Preciselydesiredcolor variations(e.g.physi-
cally measuredfanbeobtainedby usinga precompute@D
colortexture containingsampledvaluesfor a(d; 2).

In practice,the in uence of depth(the b, z term)is sub-
tle andconsideringonly traveled distancecanbe sufcient.
Doing sosimpli es theattenuatiorcoefcient to :

a (d)=e a¢° 4)

which can nowv be sampledin a 1D color texture (Fig.7).
With this simpli cation, L( pw;w) is thesimplelinearblend-
ing betweerl (pg;w) andLy with respecto a(d).

Noticethata, canbeseenasadistancescalingfactor so
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Figure 7: An exampleof color variationsinducedby the ex-
ponentialattenuation.

it canbe scaledaccordingto the scaleof the watervolume.
If this valueis large, it meanghatlight will be quickly ab-
sorbedso the deeppartsof the groundsurfacewill not be
visible. In that caseit is uselesgo keeprunningon the re-
fractedray aftera certainlimit distancedmax This distance
canbe de ned by xing an attenuationthresholde under
which the incoming ground color is consideredo have a
negligible contribution:

8l; e dUmcg (5)

hencesimply computables:

dmax: max |Og(e)

_ log(e)
| a (6)

~ ming

4.2. Self-re ections

Re ectionson the watersurfacecanbe separatedhto three
classes re ectionsof distantobjectsre ectionsof nearob-
jectsandre ectionsof thepartsof thegroundemegingfrom
water(Fig. 8). The rst classcanbeeasilyhandledusingan
ervironmentmapwhereasonly heuristicsexist for the sec-
ond one.We call the third classself-re ection. This caseis
morespeci ¢ : emeging partsof thegroundarerepresented
in thegroundheight eld, which allows usto performarapid
raytracingof the re ected ray, aswe do for refractedrays.
Soto take thesere ectionsinto accountthere ectedray is
intersectedvith thegroundsurface.If anintersectiorexists,
the correspondindightedgroundcolor replaceghe onethat
would be otherwisdooked upin theenvironmentmap.

Figure 8: Re ectedray hitting anemegingrelief

Onecannoticethat,aswith refractedrays,we simpli ed
theexactraytracingalgorithm: there ectedray couldactu-
ally hit the watersurfacebeforereachingthe groundor ex-
iting the box, thussplitting in two nev secondarye ected
andrefractedrays.But it is anindirect, dif cult to witness,
effect which doesnt affect realism,makingthis simpli ca-
tion reasonable.
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4.3. Causticsand shadows

Computingcausticsis hardto carry out in a forward ray-
tracingapproachbecauset requiresusto countthe amount
of incominglight at eachrenderedpoint. Thatis why most
existing causticsalgorithmsarebasedon backward raytrac-
ing : raysarecastfrom thelight sourceinsteadof the view-
point. We use a two-passphoton-mapping-lig algorithm,
involving GPU/CPUtransfersof textures. Fortunately we
only needsmall texturesandthis doesnot impedethe per
formancetoo much.The rst passrenderghewatersurface
from thelight sourcento a photontexture. Thetexelsof this
texture recordthe coordinatesof wherethe corresponding
light rayshits the ground.Sincethe groundis a height eld,
we needonly recordingthe (x;y) coordinateswhich leaves
thethird channelof the texture availableto storethe photon
contrikution, basedntheFresnetransmittancethetraveled
distancetheincidentangleanda ray samplingweight. We
applyarandomijittering to light raysto reducealiasingarti-
facts(seeFigure9). We thengatherthe photonsrecordedn

light frustum

mapped
<«— photons

Figure 9: Photonsare emittedfrom jittered pixel positions
andmappedn the groundsurface

thetexture. Thisboils down to computingatwo-dimensional
histogramof this texture. Unfortunately it cannot be done
efciently onthe GPU becausef thelack of forward map-
ping, sothe photontextureis transferedo CPUwhereit is

processedo constructan illumination texture (by analogy
to illumination mapsof [Arv86]). We traversethe texels of

the photontexture, retrieve the positionandintensity of the

correspondingphoton,and add this intensity to that stored
atthatpositionin theillumination texture. Theillumination

texture is thentransferredto 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-
sian blur would remore noisebut would also blur caustics
patternswhich, by nature presenthigh frequenciesThatis
why edgepreservinglters like anisotropicdiffusion or bi-
lateral Itering [TM98, DD02, WMM 04] are traditionally
usedto lter densitymapsin photonmappingtechniques.
We apply a GPU-basedilateral Iter which givesgoodre-
sultsoncecorrectlytuned.Thewholeprocesss summarized
in Figure10.

@ (b)

© ©)

Figure 10: To computecausticsandshadowga), werender
a photontexture from the light (b) and “in vertit” into an
illumination texture (c) which is bilaterally Iter ed(d).

Theresolutiondor thetwo intermediateexturesmustbe
adjustedto balancethe desiredquality and framerate.The
resolutionof thephotontexturedirectly determineshenum-
berof photons.The morephotonsareused,the moreaccu-
ratethe causticswill be.Theillumination mapcanbe seen
asa lighting texture directly mappedon the ground,so its
resolutionaffectsthe nenessof thereproduceatausticpat-
terns.Note however that thesetwo resolutionsare linked :
if too few photonsareemitted,a large causticamapwill be
noisy Theresolutionsarelimited by thecostof theirtransfer
betweenrGPUandCPUmemory Usinga256 256photon
textureanda 128 128illumination texture givesgoodre-
sultsin practice.

This approachfor computingcausticsalso accountsfor
shadaevs castby the groundon itself, with refractionshan-
dled. Shadavs of otherobjectsin the sceneontothe ground
cannot be castthat easily Onceagnin, the dif culty is to
handlethe refraction of rays. However, one could use a
shadav mapapproachasa coarseapproximationlt would
integratedirectly with our algorithm by performinga pro-
jective texturelookupinto the shadev map,usingtheworld
positionwheretheray hits theground.

5. Resultsand discussion

We implementedhe proposedalgorithmusingGLSL shad-
ing language andran the exampleon a GeForce 7800FX.
We implementedanimation using [Gom0(Q with forces
speci ed by randomrain-dropsor by mouseinteractions
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(seeaccompaying videos).Table 1 indicatesperformance
measurmentsThe costis highly dependenbn the number

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

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

of fragmentgasterizedFor our tests the displayedvolume
coversalarge partof a800 600window, yetit rendersn

real-time.Anotherinterestof the methodis thatits memory
requirementarelow: only acoupleof texturesarerequired.
In all examplesshaovn, we used128 128 texturesfor the
groundandwatersurfacesyetthey look appealing.

Figure 1 and Figure 11 shav the kind of effectswe can
simulate.We believe the accompaying videosshouldalso
corvince that a high level of realismis achieved with this
techniqueln particular relevant effects are simulated,and
theillusion of wateris corvincing.

6. Conclusionand futur e work

In this paper we shov how the encodingof watervolumes
with two height elds allows for real-timerenderingof real-
istic water Usingan ef cient ray-tracingapproachor such
a representationwe shav that mary effects can be com-
bined: singleboundrefractionsandre ections, fresnelef-

fect, light absorptioncausticsand shadavs. None of these
effectsare new; the contritution of this paperis to validate
theamenabilityandsuitability of height eldsin this context.

Eacheffect canbeturnedon or off dependingnthedesired
tradeof betweerspeedandquality. The methodis basedn

simpli cations of the underlying physical phenomenayet
givesvery appealingresults.The renderingcostis directly
proportionalto the screeroccupanyg of the displayedwater

Thus,we believe it canbe of greatinterestfor renderingel-

ementof avirtual world suchasaquariumsponds,muddy
puddles,fountains,etc. in a much more realistic way that
previously. Yet, even at large resolutionsit is still fastand
may alsoprove usefulfor seaandlake rendering.

In thefuture,we would lik e to investigatea coupleof op-
timizations (we plan to releasethe shadersand a detailed
descriptionof the formulae used).We alsowant to gener
alizethe approacho otherobjectsthatcombinea transpar
entlayerin front of an opaqueone, suchaswindows in a
city walkthrough.We also want to tackle the problem of
geometry-basedbjectsthat penetratehe water for which
weinvestigateapproachethatdynamically‘project” thege-
ometryontotheheight elds.
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Figure 11: Exampleof renderingsobtainedwith our tech-
nique
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