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Abstract

Thedisplayof realisticnatural sceness oneof the most
importantreseach areasin computelgraphics.Therender
ing of wateris oneof the essentiacomponentsThis paper
proposesn ef cient methodfor renderingimagesof scenes
within water For underwaterscenery the shaftsof light
and causticsare attractive and importantelements.How-
ever, computingheseeffectsis dif cult andtime-consuming
sincelight refractswhenpassinghroughwaves.To address
theproblem,our methodmalesuseof graphicshardware to
acceleatethe computation Our methoddisplaysthe shafts
of light by accumulatingheintensitiesof streaksof light by
usinghardwatre color blendingfunctions.Therenderingof
causticsis acceleated by makinguseof a Z-buffer and a
stencilbuffer. Moreover, by usinga shadowmappingted-
nique our methodcan display shaftsof light and caustics
takingaccountof shadowslueto objects.

Keywords: Water, Shaftsof Light, Caustics, Shadows,
GraphicsHardware, Natural Phenomena

1 Intr oduction

The creationof realisticimagesof naturalsceness one
of themostimportantsubjectsn computemgraphics.Accu-
rate simulationof naturalphenomenas requiredto gener
aterealisticimages.Of all naturalphenomenathe realistic
renderingof water suchasthe seaandlakes,is oneof the
mostessentiacomponentsso mary techniqueave been
developedto representvateraccurately The generatiorof
realisticimagesconcernedwith water can be categyorized
into two classesasfollows: renderingwaterviewed from
above thewatersurfaceandrenderingundervaterscenes.

Many methodsfor renderingwater viewed from above
have beendeveloped. On the otherhand,therehave been
few works focusingon renderingundervaterimages. Un-
derwaterscenerycanbevery attractve, so severalmethods
have beendevelopedto createrealisticundervaterimages.

Thereare several optical effectsthat areimportantin wa-

ter, suchasshaftsof light, causticsandshadevs. Caustics
arethelight patternghatareformedon surfaces.Refracted
light from wavesin thewatercancorvergeanddiverge,and
this effectcreatesausticsandshaftsof light dueto thelight

that getsscatteredrom suspendegbarticles. Scatteringor

absorptiondue to water moleculesand suspendednatter
determinethe color of the water Shadevs dueto objects
within waterarenecessaryo increasaealism.

This paperproposes hew methodfor fastrenderingof
realisticimagesof sceneswithin water Recently highly
ef cient graphicshardwarehasbecomeavailableandthere-
fore severalmethodshave beendevelopedto generateeal-
isticimagesof naturalphenomenél, 2, 6, 19]. Ourmethod
malkesuseof theadvancedgraphicshardware.

Our methodis basedn Nishita's method[11]. We have
improvedhis methodfor usewith graphicshardware. How-
ever, his methodrequiresseveral minutesto createa single
image. Thereforewe have extendedhis methodin order
to acceleratehe computationby using graphicshardware.
Our methodcandisplaythe shaftsof light, causticson ob-
jects,andshadevs dueto objects. The shaftsof light are
renderedy usinghardwarecolorblendingfunctions.Caus-
tics are calculatedby making useof a stencilbuffer. The
shadav maptechniquds usedto createthe shadavs of ob-
jects.

In this paper previouswork is discussedh Section2. In
Section3 we describethe methodof modelingwavesthat
we have adopted. In Section4 we describeour rendering
methodfor shaftsof light using graphicshardware. Sec-
tion 5 dealswith causticsnot only on planesbut also on
comple objects. In Section6 we discusseshe displaying
of shadevs usinggraphicshardware. Thenexamplesanda
conclusionarepresentedn Sections/ and8, respectiely.

2 Previous Work

Theresearclon creatingrealisticimageselatedto water
can be categyorizedinto two types. First, we shall review



thepreviousmethodausedfor renderingwaterviewedfrom
above. Thenthe methodsfor renderingundervaterscenes
arediscussed.

Thereare two main componentdo createrealisticim-
agesof water One is the modeling of waves. In 1986,
FournierandReevesdisplayedcoastakcene$3] usingGer
stnerswave model[4]. Peachg [13] presente@d new wave
model that could simulatethe behaior of approachinga
sloping beachusinga height eld computedfrom Stokes'
wave model,with quadricsurfaceso introduceasymmetry
In 1987,Ts'o andBarsky proposeda new method"Wave-
Tracing” and modeledwaves using Beta-splineinterpola-
tion [21]. They alsotook wave refractioninto considera-
tion. Their wave modelis basedon Gerstnemwave model.
However, the oceanographiditeraturetendsto dowvnplay
Gerstnewaves as a realisticmodel of waves. Tessendorf
proposeda statisticalwave model which synthesizesine
andcosinewaves[20].

The othercomponenffor renderingwaterimagesis the
calculationof thewatercolor. Kanedaet al. [8] proposech
methodfor renderingrealistic water surfaces,taking into
accountthe radiative transferequationof light in water
Nishitaetal. [10] obtainedananalyticalexpressiorfor cal-
culatingoceancolor taking into accountthe single scatter
ing of light. Premozeand Ashikhmin [14] recently pre-
sentedh light transportapproach.They simulateddifferent
oceandepthsnearislandsand varioustypesof oceansuch
asmuddyoceandeepcoastalbceanandtropicalocean.

Concerningundervater images, methodsfor caustics,
shaftsof light, andthe color of the wateritself have been
developed. Shirya et al. [17] proposedan algorithm for
displayingcaustics. They calculatedthe illumination dis-
tribution on surfacesin adwanceby usinggrid-penciltrac-
ing. Watt [22] developedbackward beamtracing. These
methodsusea kind of ray tracingalgorithm,soit takestoo
muchtime to generatdmages. Stamproposeda method
for generatingausticdextures[18]. His method however,
cannotgeneratecausticson ary objectdirectly. Display-
ing shaftsof light is oneof the mostimportantelementdo
simulatescatteringof light. Thereforemary methodshave
beenproposedRegardingshaftsof light in theatmosphere,
Nishita et al. [9] proposeda shadingmodelfor scattering
andabsorptiorof light. Recently Dobashiet al. presented
amethodfor renderingshaftsof light throughgapsbetween
clouds[1]. They alsoimproved the methodso thatit can
dealwith not only parallellight sourcesout alsopoint light
sourceq?2]. As for shaftsof light within water Jenseret
al. [7] displayedcausticsand shaftsof light using photon
maps. In general,however, the methodof photon maps
takestoo muchtime.

In 1994, NishitaandNakamad11] presentech method
for displaying caustics,shafts of light, and the color of
the water using an accumulatiorbuffer. They subdvided

the water surfaceinto meshesand madeillumination vol-
umes. The illumination volumeis calculatedby sweeping
refractedvectorsateachatticepointof themesh.Thenthey
usedthescanline algorithmfor calculatingtheintensitiesof
illumination volumesandstoredthemin the accumulation
buffer. One of the advantagef this methodis the ability
to handlefree-formsurfaces put it takesseveral minutesto
createanimagesincetheaccumulatiorbuffer usedwasnot
a graphicshardwarebuffer andtheintensitiesof theillumi-
nationvolumesat eachscanplanehave to be calculated.

In recentyears, with increasingthe quality of graph-
ics hardware, mary researcherfiave proposedhardware-
acceleratednethods. Stamproposeda methodfor render
ing smolein realtime using3D texturemapping[19]. Hei-
dritch presentec shadev mapmethodusingthe alphatest
andprojective texturing mappingtechniqug5].

We proposea fastmethodfor renderingoptical effects
within water using advancedgraphicshardware. In our
method,we also useillumination volumesfor displaying
shaftsof light. Theillumination volumeis dividedinto sev-
eral volumesto be suitablefor graphicshardware andthe
intensitiesof shaftsof light canbecalculatedy usinghard-
ware color blendingfunctions. Causticsare alsorendered
by makinguseof illumination volumes. We determinethe
intersectionareabetweentheillumination volume andob-
jectsby usingastencilbuffer. Ourmethodcanhandleshad-
owsdueto objectsby thehardware-accelerateshadev map
method.

3 Modeling of Waves

Althoughthepurposeof this paperis notthemodelingof
waves,we discussthe methodsfor the modelingof waves
in this section. Modeling of wavesis very importantsince
shaftsof light resultsfrom the corvergenceanddivergence
of refractedight atthewatersurface. Causticpatternsare
alsodeterminedy the shapeof waves.

The wave modelwhich we have adoptedis a statistical
wave model[20]. Thestatisticalwave modelrepresentshe
wave heightasthedecompositiorof sineandcosinewaves.
Thewave heighth(x;t) attimet canbe calculatedby the
following equation.

X
h(x;t) =
k

f(k;t) exp(ik x); (1)

wherex is the horizontalpositionandk is the wave num-
bervector This equationcanbe calculatecby FastFourier
Transforms.The Fourieramplitudesi(k; t) determinethe
shapeof the wave. fi(k;t) is basedon Phillips spectrum,
whichis calculatedrom thewind speedanddirection.
Oneof the advantageof this modelis that wind-speed
canbehandledby users Althoughthis modelcannotrepre-
sentplungingwavesbecaus®f the limitation of the height



eld, thestatisticalwave modelcangeneratevariouswaves
from calm waveson a sunry day to roughwaveslike the
movie "The PerfectStorm”.

4 Displaying Shaftsof Light

Calculatingshaftsof light within watet whicharisefrom
refractedlight due to waves, is one of the optical effects
within water This is the phenomenorthat refractedlight
gatherssince waves on the water surface act like lenses.
Theincidentlight reachinghewatersurfaceconsistof two
componentsdirect sunlightand skylight. In our method,
we take sunlightinto accountandregardskylight asanam-
bientlight.

4.1 Basicideaof intensity calculation

Here,we describethe methodfor calculatingthe inten-
sity of light reachingthe viewpoint. The scatteringof light
dueto waterparticleshasto betakeninto consideratiorto
displayshaftsof light.

Our method is an improved version of Nishita's
method[11]. So, we explain this methodbrie y. More-
over, to simplify the explanation,we assumehatthereare
no objectswithin thewaterin this section.

viewpoint

Figure 1. Calculation of intensity
viewpoint.

reaching

As shown in Fig. 1, when one's viewpoint is located
within the water the intensity of light I,( ) comingfrom
point Q on the watersurfaceandreachingviewpoint P, is
calculatedby thefollowing equation.

Z L
Iv()=1q( )exp( o( )L)+ 0IP( Jexp( c( )hdl; (2)

wherelL is the distancebetweenP, Q, | is the distance
betweenPP,, c( ) is the attenuationcoefcient of light

within waterand|p representsntensity of light scattered
at point P. If the anglebetweenthe viewing ray andthe

normalto the water surfaceis lessthanthe critical angle,
theintensityl o is expressedy thefollowing equation.

lq =TCi; )sun () Cis t) + Tsky( )); (3)

whereT( j; ) is Fresneltransmittancédrom an angleof
ito { and ( ;; ) isthefunctionwhich hasthevaluel

whenthe directionof the refractedlight is coincidentwith

thedirectionof P, Q, andis 0 whenit is not.

If the anglebetweenthe viewing ray andthe normal of
thewatersurfaceis greaterthanthe critical angle,theinci-
dentlight is the re ected light at a point on the water sur
face. We considerthe light asan ambientlight. Thenwe
multiply the ambientlight andthe attenuatiorratio dueto
water particlesbetweenP, P, andaccumulateby integra-
tion of the scatteredight betweerP, P, .

The intensitiesof shaftsof light are calculatedby the
integrationterm of Eq. (2). Let us denotethe integration
termasl ghar ¢ for simplicity. To calculatel ghas ¢, We make
useof theideaof illumination volumeq11].

water surface

sub-volume
\\:

volume and sub-

illumination volume

Figure 2. lllumination

volumes.

As shown in Fig. 2, the water surface is subdvided
into triangulatedneshesThentherefractedvectorat each
meshpoint is calculated.The volumewhich is de ned by
sweepingthe refractedvectorat eachpoint of the meshis
calledtheillumination volume(seeFig. 2). In the previous
method[11], illumination volumeswere sliced with each
scanplaneandthe intersectionareabetweenan illumina-
tion volumeandthe scanplanewasde ned asthe caustic
triangle. Theintegrationof scatteredight equalgo thesum
of theintensitiesof caustictriangleswhich the viewing ray
intersects.The seconderm of Eq. (2), | shar t, iS approxi-
matedby thefollowing equation.

Ip()exp( c( )Ndl =

I
wherel ; is theaverageintensityof theith caustictriangle,
di theintersectedengthof ith triangleandtheviewing ray,
li the distancebetweenith caustictriangle and the view-
point. Thescatteredntensityl p ( ) atpointP is calculated
by thefollowing equation.

e ()= (iTCis JFp (5 )exp( c( )ls) + 1a); (5)

wherel; is theintensityof incidentlight ontothewatersur
face,T thetransmittancatpointP3 in Fig. 1, ; and ; are

o diexp( c( )i); (4)



theincidentandtransmittedanglesyespectiely. (; )is
the phasefunction, thedensity |, the ambientlight and
Fp is the ux ratio betweenthe intensity just beneaththe
watersurfaceandat point on the caustictriangle sincethe
enegy of light in a caustictriangleis inverselyproportional
toits area.

Nishitaetal. calculatel shas ¢+ 0N ascanline basis. That
iS, lshaf t Was calculatedby slicing the illumination vol-
umeswith eachscanplaneandsummingthe intensitiesof
caustictriangles. A large numberof illumination volumes
are requiredto createrealisticimages. Therefore,their
methodis computationallyvery expensve. In the follow-
ing subsectionspur methodto acceleratehe computation
of I shas ¢ DY usinggraphicshardwareis described.

4.2 Proposedmethodfor shaftsof light

The basicideato rendershaftsof light is to displaythe
shadedront facesof theilluminationvolume. Theintensity
of theillumination volumeis calculatedby integratingthe
scatteredight alongthe intersectionsggmentof the view-
ing ray with the illumination volume. However, the inter
sectiontestfor eachpixel requiresa greatdeal of compu-
tationalcost. So,asshowvn in Fig. 2, we subdvide eachil-
luminationvolumeinto severalvolumes(we call thesevol-
umessub-volumes Sincetheintensity of sunlight,thatis
refractedat the water surface,is exponentiallyattenuated,
theillumination volumesaresubdvided sothattheintensi-
tiesof scatteredight alongthe sub-wlumescanbe approx-
imatedlinearly. This makesit possibleto displaytheillu-
minationvolumesby usingthe Gouraudshadingfunction.
The sub-wlumeis further subdvided into threetetrahedra
to integrateintensitiesof scatteredight alongthe viewing
ray within the sub-wolume. We renderthe shaftsof light by
drawing thesetetrahedraWe canreducethe computational
time by the approximatecalculationof the tetrahedrorin-
tensitiesasfollows.

As shavnin Fig. 3, let usconsideithesub-wolumewhich
consistof six pointsP; (i = 1;:::; 6). Herewe focusonthe
tetrahedromonsistingof four pointsPy; P; P3 andP,. Ge-
ometrically thetetrahedrgrojectedontothe screencanbe
classi edinto two casegseeFigs.4 and5). Let P% PJ P2
andP{ be the projectedverticesof P;; Py; P3 andPy, re-
spectvely. In casel the point P} is inside the triangle
4 PIPIPY andin casell the point P is outsidethe trian-
gle.

In this section,we explain rst theideabehindthe pro-
posedmethodfor casel. Casell is describedater In the
proposedmethod,shaftsof light arerenderedby display-
ing threetriangles PPIPY 4 POPIPLand4 PPIPand
accumulatingtheir intensitiesinto the frame buffer. The
intensitiesof pixels insidethesetrianglesshouldbe calcu-
lated by integratingthe intensitiesof light scatteredn the

Figure 3. Subdivide sub-volume into three
tetrahedra.

intersectionseggmentsof the viewing ray with the tetrahe-
dron. However, the intersectiontestfor all pixelsis very
time consuming. Thereforewe assumehat the intensities
of neighboringpixels are almostthe same. This assump-
tion is corvincing if theillumination volumeis sufciently
subdvidedinto small sub-wolumes.Then,we calculatethe
intensitiesof four vertices,P2; P2 P2 andP? only andthe
intensitiesof pixelsinsidethe trianglesareinterpolatedby
using Gouraudshadingfunction hardware. The intensities
of theseverticesarecalculatedasfollows.

In casel, thelengthof theintersectiorsggmentbetween
theviewing ray andthetetrahedroris the longestwhenthe
viewing ray passegoint P; (seeFig. 4). We calculatel ¢
which is theintegratedof the scatteredight arriving at the
viewpointfor thislongestcase.Ontheotherhand,sincethe
intersectiorsggmentbetweernthetetrahedrorandthe view-
ing raysfor P2, P andPJ is equalto 0, integrationof the
scatteredight alsogives0. Therefore we setthe intensity
of thevertex P2 to | ¢ describedbefore,andthe intensities
of the otherverticesaresetto 0. This methodproducesvi-
sually corvincing resultsif theillumination volumeis sub-
dividedinto smallsub-wlumes.

In casell, asshavn in Fig. 5, let point P? be the in-
tersectionpoint betweensegmentsPP£ and PJPJ. The
lengthof theintersectiorsggmentis longestwhentheview-
ing ray passegoint PY. So, we calculatethe integrated
valuel ¢ alongthat segment. The intensity of point P2 is
setto | ¢ andthe intensitiesof otherverticesaresetto 0.
Thenthesefour triangles4 PIPIPY, 4 PIPIPY, 4 PIPIPY
and4 PIPJPJ aredisplayed.

In this way, we canreducethe computationatime since
our methoddoesnot requirethe intersectiontest between
the viewing rays(or scanplanes)andthe illumination vol-
umesusedin the previous methods[11, 22]. Moreover,
sinceour methodrendersshaftsof light by displayingtri-
angleswe canmale useof graphicshardwareto accelerate
thecomputation.

The outline of the procesdor renderingshaftsof light is
asfollows.



1. Initialize the framebuffer.

2. Repeathefollowing procesdor eachilluminationvol-
ume.

(a) Subdvide the illumination volume into sub-
volumes.

(b) Repeatthe following processfor each sub-
volume.

i. Subdvide eachsub-wlumeinto threetetra-
hedra.

ii. Projecteachtetrahedrorontothescreen.

ii. Classifythetetrahedrorinto two cases.

iv. Calculateheintensitiesof theverticesof the
triangles.

v. Displaythetrianglesandaccumulateéhein-
tensitiesn theframebuffer.

Theclassi cationof thetetrahedrons performedby in-
vestigatingthe geometricrelation betweenthe projected
verticesof thetetrahedronln the next sectionwe describe
thecalculationof | .

4.2.1 Intensity calculation of tetrahedra of sub-wolume

The value of the integration, | ¢, describedabore is cal-

culated as follows. First, we calculatethe intersection
pointsbetweerthetetrahedrorandthe viewing ray passing
throughP? (casel) or P? (casell). Therearetwo intersec-
tion points. Let thesetwo intersectiorpointsbe P, andPy,

respectiely. Let usdenotethe intensitiesat pointsP, and
Py asl, andly, respectiely. In generalthe lengthof the
segmentP, Py is very short, so we assumehat the inten-
sity in this segmentP, Py, varieslinearly. Then,lc canbe
expressedy thefollowing equation.

Zy
lp | I+ |
lc = b_qt4g,dt= 2P

T; (6)

whereT is the distancebetweenP, P, andt the distance
betweerP, andapointonthesggmentP,Py,. | , andl, can
be calculatedy interpolatingthe intensitiesof the vertices
of the sub-wlume. We explain the calculationmethodfor

|2 andly in the following sections.First, we describethe

calculationof theintensityateachsub-wlumevertex. Then
we presentthe calculationof the intensitiesl , andl, for

casel andcasell, respectiely.

4.2.2 Intensity calculation of sub-volume

Let's considera sub-wlumeshaown in Fig. 3. Firstwe cal-
culatethe scatteredntensity | 5. at sub-\wolume vertex P;

(i = 1;::1;3) by Eq. (5). The ux ratioin Eq. (5) is cal-
culatedby F, = Sy =S, whereS;s is the areaof triangle

Ps

P
(@) (b)

Figure 4. Geometric relation of tetrahedr on in
case |.

4 P1P,P3 (seeFig. 3) andS, is the correspondingreaof
the illumination volume at the water surface. Theninten-
sity I p, atpoint P; of the sub-wlumeis computedby the
following equation.

Ip (1) =18, ( )exp( c()h); (7)

wherel; is thedistancebetweerP; andthe viewpoint. The
intensitiesof P4; Ps andPg canbe calculatedin the same
way.

4.2.3 Intensity calculation in casel

First, the two intersectionpoints, P, and Py, betweenthe
viewing ray andthetetrahedrorarecalculatedIn casd, P,

is equalto P; . Py, is obtainedby calculatingtheintersection
of the ray with the triangle 4 P,P3P, (seeFig. 4). The
intensity | 5, of point P, is givenby Eq. (7). Theintensity

I, Of point Py, is calculatedby interpolatingthe intensities
of verticesP,, P3; andP,4. Theintensitiesof thesevertices
arealsogivenby Eq. (7).

4.2.4 Intensity calculation in casell

In casell, thetwo intersectionpoints,P, andPy, between
the viewing ray andthe tetrahedrorare calculatedas fol-

lows. Clearly, P, is on segmentP; P, andPy, on P,P3 (see
Fig. 5). Therefore P, is obtainedby calculatingtheinter-

sectionpoint betweerthe ray andthe sggmentP1P4. Sim-
ilarly, Py is obtainedby P,P3. Then,theintensity | 5, of

point P, is obtainedby interpolatingthe intensitiesof ver-

ticesP; andP4. Theintensity I, of point Py, is obtained
from theintensitiesof verticesP, andPs.

5 Displaying Caustics
5.1 Intensity calculation for caustics

To rendercausticsye make useof illumination volumes
again. Causticspatternson objectsaredisplayedby draw-



Py
(@) (b)

Figure 5. Geometric relation of tetrahedra in
case |l.

ing intersectiortriangles(caustictriangles)betweerillumi-
nationvolumesandtheobjects.Theintensityateachvertex
of the caustictriangle, | p, , is calculatedby the following
equation.

Ip, = LiT(Ciis v)exp( c )l + I,)FpKopj cos ; (8)

wherel; is theintensityof the incidentlight, T( ii; ) is

the transmittancet point P® (seeFig. 6) on thewatersur

facewhich correspondso P;, I; is thedistancebetweerP;®

andP; (seeFig. 6), Fy is the ux ratio which canbe cal-
culatedby the ratio of the areaof the caustictriangle to

the correspondingireaof the watersurface,K op; is there-
ectance of the object, is the angle betweenthe object
normalandthe incidentray, andl, is thedistancebetween
P; andtheviewpoint.

In the next section,we proposetwo methodsfor ren-
deringcaustics:causticson planesandcausticson objects.
Both methodscanbe acceleratedy graphicshardware.

Figure 6. Intensity calculation of caustics on
object.

5.2 Causticson at planes

Let's considerthat the bottom of the wateris at as
shawvn in Fig. 7. Causticcanbedisplayedby thefollowing
steps.

1. Calculatethe intersectionpoints P;; P, and P3 be-
tweeneachillumination volumeandthe plane.

2. Calculatethe intensityof eachintersectiortriangleby
Eq.(8).

3. Draw theintersectiortriangle4 P,P,P3; andaccumu-
late its intensity into the frame buffer by using hard-
warecolor blendingfunctions.

Figure 7. Caustics on at plane.

5.3 Causticson objects

The methodfor causticson objectsis not soeasyasthat
for causticson a plane. In this case,we have to investi-
gatewhichillumination volumeintersectgheobject.In the
previousmethod[11], the caustictrianglebetweertheillu-
minationvolumeandthescanplaneis calculatedrst. Then
thecalculationpointontheobjectis checledto seewhether
the pointis locatedwithin the caustictriangleor not. If the
calculationpoint is within the triangle, the intensity of the
calculationpointis obtainedby Eqg. (8). To detectthe points
includedin the caustictriangle,the depthof thetriangleis
comparedvith the depthof the objects.

In the proposedmethod,the intersectiontestis acceler
ated by using the graphicshardware Z-buffer and stencil
buffer.

5.3.1 Rendering causticsby using sub-wlumes

First,we make sub-volumesby slicing theillumination vol-
umeswith n scanplanest a certaininterval, s. We call
thesescanplanesampleplanes Thatis, sampleplanei
(i = 1;::1;n) correspondso scanlinei  s. Fig. 8(a)shavs
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Figure 8. Rendering caustics by using sub-volumes.

the geometricrelationbetweerthe sub-wlumeandthe ob-
ject. To explainthe proposeddeaclearly, we shawv theren-
deringprocesson a scanplangseeFigs. 8(b), (c) and(d)).
Thedrawing procesf causticds asfollows.

1. Initialize theframebuffer andstorethe z valuesof ob-
jectsin the Z-buffer (seeFig. 8(b)).

2. Draw the backfacesof the sub-wlume viewed from
theviewpoint (seeFig. 8(c)). We donotdraw thefaces
of the sub-wlumein the framebuffer. We write 1 in
thestencilbuffer wherethez valuesof the sub-wlume
arelargerthanthe valuesof Z-buffer. In this step,we
do notupdatethe Z-buffer.

3. Draw thefront facesof the sub-wolume(seeFig. 8(d)).
We accumulatehe intensityin the framebuffer if the
value of the stencil buffer equalsl and the z values
of the sub-wolume are smallerthanthe valuesof the
Z-buffer. In this step,we do not updatethe Z-buffer
either

Step3 of the above procedures asfollows. First, we cal-
culatethe intensitiesof the two caustictriangleswhich are
theintersectiorareashetweertheillumination volumeand
sampleplanesi andi + 1 (seeFig. 8(a)). Next, we inter-

polatethesetwo intensitiesby using the Gouraudshading

functionwhich canbeacceleratethy graphicshardware.In
this step,weresetthe stencilbuffer to 0 whenwe draw front
facesn orderto returnthe stencilbuffer to theinitial state.

The above processcreatesan imageof causticson the
objects. The value of eachpixel representshe intensity of
incidentlight on the objects. We call this imagea caus-
tic image. The nal imageis createdby multiplying the
pixel value by the surfacere ectanceandthe cosineterm
(Kopj cos in Eqg.(8)). To take into accountthis approxi-
mately we calculatetherefractedsunlightby assuminghat
the water surfaceis horizontal. The refractedsunlightis
consideredsa parallellight source.Then,animageof ob-
jectsilluminatedby this parallelsourceis createdby using
graphicshardvare.

The nal imageis obtainedby multiplying this image
andthe causticimage. The multiplication of theseimages
is doneby usinggraphicshardware.

6 Shadowswithin Water

In this sectionwe proposea methodfor renderingshad-
ows dueto objectswithin water Thereare two typesof
shadavs: shadavs on the objectssuchasthe ocean oor
andshadavs of shaftsof light. In the proposednethod we
display both of two typesof shadavs by the shadav map



method[15].

First,we assumehatthewatersurfaceis at. We calcu-
latetherefractionvectorof sunlight. Secondlywe generate
atexturewhich is a depthimagefrom the light's point-of-
view (i.e. adepthimageviewedfrom thelight source).The
directionof thelight is thatof therefractedsunlight. Thirdly
werenderascendrom theeye's point-of-view andstorethe
depthvaluesasatexture. Finally, we comparethevaluesof
the two texturesand determinewhetherthe corresponding
pixel is shadevedor not.

Applying the shadev mapto displayingshaftsof light
andcausticanrendershadavs on objectsandon shaftsof
light. Theshadev mapmethodcanbeacceleratetly graph-
icshardware.However, theshadev mapmethodhasseveral
disadwantages.The precisionof the depthvalue storedin
the shadev mapis only 8-bit on a standardPC. It is not
enoughto rendercomplex scenes. So we have adopted
a 16-bit precisionshadev map methodby using a multi-
digit comparisorj12]. Althoughthis methodworksonly on
somegraphicshardware,we aresurethatthis extensionwill
in future be supportedby muchmoregraphicshardwares.

7 Examples

Fig. 9 shaws simple examplesof a teapotwithin watet
Figs.9(a) and (b) shav the teapotwithout andwith shad-
ows, respectiely. Comparedvith Fig. 9(a),theshadavson
thebottomof thewateraddreality in Fig. 9(b). Fig. 10 (see
color plate) shavs several examplesof undervateroptical
effects.As shavnin Fig. 10(a),shaftsof light areobstructed
by theteapotandshadaevs onthebottomof thewatercanbe
seen.Fig. 10(b)shawvs causticoon asubmarineThisimage
indicatesthat our methodcan calculatecausticson objects
with comple shapes.Figs. 10(c) and (d) are examplesof
a dolphin. Fig. 10(d) shavs the dolphin viewed from the
bottomof the water Figs.10(e)and(f) arestills from the
animationof two dolphins.

We createdtheseimageson a desktopPC (Pentiumlll
1GHz)with Geforce2UDTRA. Theimagesizesof theseg-
uresareall the same,640x480. The meshsize of the wa-
ter surfaceis alsoall the same,512x512. The numberof
illumination volumesis about18,000. The numberof sub-
volumesof oneillumination volumeis 20. The computa-
tional time for each gure is shavn in Table1. The com-
putationaltime of Fig. 9(a) using softwareis 64 seconds.
Thatis, the methodusing hardwareis 22 timesfasterthan
the methodusingsoftware. The motion of the dolphinsin
theanimationis calculatedy Free-Form Deformation16].
Theseexamplesdemonstrat¢hatthe proposednethodcan
createrealisticundervaterimagesef ciently .

Table 1. Computation times

FigureNo. | Time[sec](usincghardware)
Fig.9(a) 2.92

Fig. 9(b) 4.07

Fig. 10(a) 4.45

Fig. 10(b) 5.81

Fig. 10(c) 4.34

Fig. 10(d) 4.55

Fig. 10(e) 5.10

Fig. 10(f) 5.37

8 Conclusion

In this paper we have proposeda methodfor rendering
optical effects within water suchas shaftsof light, caus-
tics on objectsand shadevs dueto objects. The proposed
methodutilizesgraphicshardwarethathasrecentlybecome
highly ef cient. We adoptedOpenGLasa graphicdibrary.
Theadwantage®f the proposednethodareasfollows.

1. Shaftsof light are efciently displayedby rendering
illumination volumeswhich are subdvided into sub-
volumes. Sub-wlumesare further divided into tetra-
hedra.Then,the shaftsof light aredisplayedby draw-
ing thevisible trianglesof the tetrahedraandaccumu-
lating their intensities. This procesds acceleratedy
hardwarecolor blendingfunctions.

2. Ourmethodcandisplaycausticsiotonly on at planes
but alsoon ary object. To rendercausticson objects,
theintersectiortestbetweerillumination volumesand
the objectis required. We detectthe intersectionre-
gionsby usinga Z-buffer anda stencilbuffer.

3. Shadavsdueto objectswithin waterarealsotakeninto
consideration.Therearetwo typesof shadevs: shad-
ows on the objectsandshadwvs dueto shaftsof light.
We displaybothtypesof shadev by usingthe shadev
map techniquewhich can be acceleratedby graphics
hardware.

In future work, we will improve the following subjects.
First,we wantto accelerat¢he proposednethodin orderto
achieve real-timeanimations Next, our shadaving method
still hasaroomfor improvement.Sincewe assumehatthe
watersurfaceis at whencalculatingshadevs, the bound-
ariesof the shadavs aresharp.Objectswithin water how-
ever, areilluminatedfrom variousdirections,sothe bound-
ariesof the shadavs are not always sharp. Thereforewe
planto rendersoft shadavs.
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(a) teapotwithout hadovs

ot

(b) teapotwith sadavs

Figure 9. Examples of a teapot within water.
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Figure 10. Examples of underwater scene.



