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Abstract

In computergraphics,bright patternsof light focusedonto matte surfacesare
called“caustics”. We presenta methodfor renderingdynamicsceneswith moving
causticsat interactve rates. This techniquerequiressomesimplifying assumptions
aboutcausticbehaior allowing us to considerit a local spatialpropertywhich we
samplein a pre-processingtage.Storingthe causticlocally limits causticrendering
to asimplelookup. We examinea numberof waysto representhis data,allowing us
to tradebetweeraccuray, storageruntime, andprecomputatioime.



1 Intr oduction

Daily life immersesus in ervironmentsrich in illumination we wish to capturein our
renderings.Unfortunatelyrenderingcomple illumination oftenincursa signi cant com-
putationalcost. Sincemary applicationsrequireinteractve speedsgostly algorithmsfor
globalillumination areofteninfeasible.

Many applicationscould bene t from fastandsimplealgorithmsfor globalillumination.
Suchalgorithmsexist andareusedn various elds rangingfrom researcho entertainment.
Thesetechniquesvary in physical accurag from exact radiosity solutionsto fabricated
lightmapsusedto texturemapsurfacesn mary of today's games.Thesemethodgypically
suffer from a commoncomputergraphicsproblem—poorscalingwith scenecompleity.
Oftentechniquesvhich run quickly on simplescenesogdown whenusedon a comple
ernvironment. Generally too much effort is spentcomputingillumination that hasonly
a minor impacton the image and a negligible perceptuaimpact. In fact, while global
illumination provides humansperceptuacuesasto relative objectlocations,accuray is
notalwaysimportant[l 2].

While global illumination appeardo have a signi cant impactupon how humansview
interactionsbetweerobjects,computinga full globalillumination solutionis oftenunnec-
essary For example,computingthe contrikution of sunlightre ected off awoodenpencil
ontothewall acrossheroomis anacademiaxercise,asthe pencil's contribution on ary
but the nearesbbjectsis small. While someresearchers[3have looked into simplifying
the ervironmentto reduceunnecessargomputationssigni cant questionsremainasto
how muchsimpli cation will compromisehepercevedquality of theglobalillumination.

In this paperwe examinethefocusingof light causedy re ective andrefractve surfaces.
Thisfocusing,known in computergraphicsasa “caustic; potentiallyaffectstheentireen-
vironment.However, in mostcaseausticaareseenn arelatively localizedspacearound
the objectscausingthem. For example,onemight seea causticfrom a glass gurine ona
tableor the causticfrom amirror on anadjacentvall.

Ourtechniquesampleghe causticnearthe focusingobject. This allows usto reducecaus-
tic renderingfrom a globalproblemto a localizedpropertywhich canbe computedwith a
simplelookup. We canperformthis lookup atinteractive frameratesgvenwhenobjectsor
lights move. However samplingtakessigni cant precomputatiomandmemory andaccu-
ratecausticsarelimited to the sampledegion.

The restof the paperis divided asfollows. In Section2, we outline the previous work
in computingand speedingup global illumination. Section3 discusseghe behaior of



Figurel: Our tedniquegenertesthis causticat 2.3 fps on 30 processos while moving
thebunnyor light.

causticsandshavs how we dealwith their complexities. Sectiond discussesariousways
to samplea causticandthetradeofs involvedandsection5 discussesomeissuesnvolved
in renderinga causticfrom sampleddata.Section6 present®ur results.Finally, Section7
present®ur discussiongonclusionsandfuturework.

2 Background

As globalilluminationis importantfor mary scenestesearcherbave proposednary illu-
minationmodels.Many existing techniquegocuson diffuseinteractionsor do not handle
all speculareffects. We focusour attentionin this sectionon techniquesvhich generate
causticsandinteractve techniquesimilar to ours.

Extremelyaccuratecausticchave beengenerategemi-analyticallyfor smoothsurfaces[4],
but that methodis too slow for interactvity. Also, researcherbave investicatedaccurate
interpolationbetweenspecularays[§ 6], but thesetechniqueshave not yet yielded fast
sampling-basethethoddor accuratecausticgeneration.



Pathtracing[T generatedeautiful global illumination renderingsbut accurag comesat
anextremecomputationatost. Numerousesearcherbave lookedinto speedingip path-
tracingandraytracing[8 9, 10, 11]. Thesemethodstypically rely on storing previously
computedsamplesandreprojectingthemfor a new viewpoint, samplingthe placeswhere
errorsaregreatestUnfortunatelyin the caseof moving causticstheerrorswill behighest
in theareagnostexpensve to recompute—theaustic.

Sendingraysfrom thelight hasbeensuccessfullyappliedto generatecaustics[12 Many
researcherbave sinceusedthis techniqueandit hasbeenextendedo includenon-difuse
surfaces(e.g., photonmapping[13 14]). This givesexcellentcausticswith muchhigher
ef ciency than pathtracing. While the resultsare view-independentthey requirea rea-
sonablyexpensve preprocessvhich mustbe repeatedafter moving a light or an object.
Combinationsof photonshootingand pathtracinghave beenexamined[13. By utilizing
signi cant CPUresourcesthey couldinteractvely renderscenesvith globalillumination,
including simple caustics. Suchtechniquescanonly shoota limited numberof photons
perframe. Sincehigherquality causticsand causticsfor complex objectsrequiresigni -
cantnumbersof photons suchtechniquesannotalwaysquickly recomputecrisplooking
causticdn dynamicscenes.

A numberof extensiondo the basicradiosity[1§ techniqueallow speculaeffectsin static
scenes[1718, 19]. Stochasti@approacheso radiosity[2Q 21] canbe adaptedo generate
causticsthoughlike pathtracingreducingvariancecanbe expensve. A combinationof
hierarchicalradiosity and particletracing[23 proved ableto renderspeculareffects, like
caustics,nteractvely for simple objects. However, like mostparticletracingtechniques
renderingtiakeslongerfor morecomple objects.

Using volume datastructureso encodelighting informationabouta scenehasbeenac-
complishedin the context of static scenesfor diffuse[3 and more generalre ectance
functions[23. It hasbeenshavn that suchdatastructurescanbe usedto illuminate dy-
namicobjectsprovidedthey aresufciently smallto notrequireupdate®f thevolumedata
structure[24 However, noneof thesemethodsallow a movable specularbjectto affect
thelighting of the scenatself.

Graphicshardware hasbeenusedto generateaccuratecaustics[2526]. However, such
techniquesare far from interactve andlimit the useof curved re ectors andrefractors.
Precomputedadianceransferfunctionsallow graphicshardwareto renderglobalillumi-
nationeffectsin real-time[27. While this techniquecanrendercausticsresultsarehighly
blurreddueto the useof low-ordersphericaharmonics.

Ourtechniqueprecomputesall thedatarequiredfor arbitrarily moving causticsn advance,



Figure2: A photagyraphof a realworld caustic.

soa simpletablelookup sufces evenfor complex speculaobjects.No photontracingis
requiredbetweerframes socausticcomputationgrenotdependandn objectcompleity.

3 Caustics

In this sectionwe describethe behaior of causticsaanddiscusshe assumptiongndsim-
pli cations necessaryor our technique. Our goal wasto develop a methodthat locally
approximatesa caustic. We wantedour techniqueto requirelittle or no recomputation
from frameto frame,evenwhenthe objectsandlights move.

3.1 CausticBehavior

Causticsare causedby the focusingof light dueto re ection or refractionoff specular
surfaces[28].Someexamplesof caustican daily life includesunlightre ected off awatch

onto a car ceiling, the cardioid shapeat the bottom of a coffee mug (Figure 2), andthe

focusingof light througha magnifyingglass.

While causticeaarecommon few peopleknow exactly how they shouldlook. For example,
onewould expectaglass gure to casta causticontoatable,but blurred,slightly offset,or
evenmissingdetailsmaygo unnoticed.
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Figure3: We wantto computethe causticfromobjectO at p. Thiscausticfunctionhas8
dimensions3 ead fromP andLC, andtwo fromtheorientation of thereceivingsurface
relativeto P.

Flat surfaces)ike mirrors,re ect light without focusingit. However ary concae re ector

focusedight into brightlines or points. Technically only curved surfacescausecaustics,
but in this paperwe adoptthe commongraphicsusageandreferto anyspecularlyre ected

or refractedight asa caustic,aswe wantto handlebotheffects.

Considera transmissie object x ed relative to a lightsource. The caustics intensity at
point p changedbasediponthe positionof p relative to the objectandthe orientation of
the surfaceat p. For x edlight andobjectpositions,the causticcanbe considereda 5D
function. Allowing thelight (or equivalentlytheobjectO) to move changeshecaustianto
a 8D function, by allowing thevectorC to vary (seeFigure3).

To rendercausticanteractvely, we mustbe ableto quickly evaluatethis 8D causticinten-
sity function. Unfortunatelyno currentmethodsallow the extractionof a caustics analytic
descriptiorfrom anarbitraryobject,sowefall backto numericallyapproximatinghefunc-
tion.

3.2 Simplifying the Problem
Our simpli cations arebasedn thefollowing obsenations:

The directionto the light often hasa greaterimpacton the visible causticthanthe
distanceo thelight.

Lights locatedrelatively far avay generateausticssimilar to thoseof lights located
in nitely faraway.

Most objectsthatfocuslight arerelatively far avay from thelight. The mostpreva-
lent exception,mirrorsin light xtures, canusually be treatedas part of the light-
source(e.g.CannedLightsources[2D.



Theareanearbya objectgenerallycontaingts mostcomplex causticbehaior.

Usingtheseobsenations,we canmake someassumptionso simplify the problem.Com-
bining the rst two obsenations,we assumehat the distanceto the light sourcecanbe
ignored. This allows usto reducethe dimensionalityof the problemby oneby assuming
thatall lights aredirectional.

We furtherassumehatsome nite volumeexistsaroundthere ective or refractive surface
in which its causticcontributessigni cantly to theillumination of otherobjects. This al-
lows usto sampleP over a nite region. Outsidethis region, our causticis basedupon
sampledrom the outerregion of our samplingvolume. Alternately outsidethe sampling
region causticcontribtutionscouldbefaded.Notethatconsideringhecausticalocal object
propertylimits usto castingcausticoontodiffusesurfaceso avoid specularlyre ecting the
precomputeaaustic.

Finally, we assumeve canprecomputehe causticfor someknown orientation ¢ iyeq. We
canthencomputethe causticintensityat p usingthe cosineof the differencebetween |

and fiyeq. Weset g = P = P=kPk ateachsample.

Using theseassumptionsywe cansamplea simpli ed 5D causticfunction. These ve di-
mensionsarex, Yy, z, ,and ,whereP = (x;y;z),and and correspondo thedirection
of .

4 Caustic Sampling

This sectionoutlinesthe approachesve have examinedfor samplingandrepresentinghe

ve dimensionataustidunctiondiscusse@bove. Sinceour causticarelocal propertieof
anobject,samplingmustbe independentlyerformedon eachobjectwhich focusedight.
We discussthe samplingof the volumeover x, y, andz separatelyrom the samplingof
incominglight directions and .

4.1 Samplingthe Light

For eachcausticobject,we needto storeinformationaboutthe causticasthe light moves
relative to the object. Sincewe have assumedlirectionallighting, samplingthis lighting is



Figure4: Alinear changin and doesnotcorrespondo a linear changein thecaustic.

equialentto samplingdirections(; ) overaunitsphere.

We found that sampling and in a x ed, uniform or nearuniform, patterngenerally
worksaswell asadaptvely sampling.Eachlinearchangan or correspond$o varying
non-linearchangegseerigure4) in thecaustiantensityoverthevolume(x; y; z). Because
incoming light often bouncesaroundthe objectmary times, few incomingdirections(t
have a“simpler” causticbehaior thanothers.Thus,adaptve samplingof thesphereends
to convergeto arelatively uniform sampling.

Currently we sample and on a geodesic.Speci cally, we subdvide anicosahedron
betweer3 and6 andprojecttheverticesto theunit sphere We eithersampleatthevertices
or centersof the subdvided triangles. This providesa nearly uniform samplingover the
sphere.We usethis methodsimply becausave neednot recomputeall samplesvhenwe
subdvide for adensesampling.

4.2 Sampling Space

Givenalight samplel;, we needto samplethe volumearoundobjectO. If the objecthas
a boundingvolume of radiusr, we foundin our testswe neededo samplea region with
radius 3r. However, this variesdependingon wherefocal pointsof the objectlie.

We have sampledthis region usingtwo differentstructuresa uniform grid and a set of
concentricshellssubdvided asa geodesiqseeFigure5). After subdviding the volume,
we samplethe causticfunction usingthe following algorithm. For eachlight samplel’;,
we shootphotonsfrom the directionallightsourcetowardsthe object O. Oncea photon
specularlybouncesit contributesto all the new cellsit passeshough(the dashedinesin
Figureb).
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Figure5: We sampledspaceeitheron a uniformgrid or a setof concentricshells.

A photons contritution to a cell is computedasif it hit a surfaceat the samplepoint S

with surfacenormalin the directionof Ogener  S. After shootingphotons,the values
in eachcell mustbe normalizedby how mary photonswould have hit the cell without
objectO presentTheideais thateachgrid cell storesanapproximatiorof theirradianceat
the cell's center(similar to the IrradianceVolume[24), with the caveatthatwe only store
irradiancedueto specularlyre ectedlight.

Storingdataon a grid hasthe advantageof easyimplementatiorandfastlookups. How-
ever, arectangulagrid structuredoesnot correspondvell to causticdatabecauseéntensity
datachangesn a generallyradial fashion. This meansmuchspaces wastedstoringdata
which changeslowly andnotenoughis concentrateih regionswherethecausticchanges
quickly.

Storing dataon concentricshellsallows non-uniformplacementf the shellsto densely
samplethe dataradially in regionswherethe causticvariessigni cantly. Usingthis allows
us to reducethe samplingof one dimensionof the volume by up to a factorof 5, either
reducingmemoryusageor allowing a ner samplingin otherdimensions.We avoid the
dif culty of indexing into ageodesidy usingatablelookup.

4.3 Data Representation

Oneof themajor problemswith samplinga high dimensionafunction,suchasthe caustic
intensity is the large storagerequirement.Using suchdatain interactve applicationscan
bedif cult if signi cant portionsmustremainin memory We have examineda numberof



methodgo representhis datawhich reducethe memoryoverhead.Eachapproachasits
advantagesnddisadwantages.

Our rst implementatiorstoreghecompletesetof sampleddata,bothondiskandin mem-

ory. Obviously, this requiresa machinewith lots of memory For instancepawely storing

all sampleddatafor thering imagegseeFigurell), requiresaroundl GB of memory Our

datais storedin colorsof threebyteseach,onebytefor eachred,green andbluechannels.
The advantageof this techniquds easyimplementatiorandfastlookups,leadingto faster
frameratesvhendatacanbe completelystoredin mainmemory

Using a multi-resolutionapproachhelpssarze memory We found multi-resolutiontech-
niquescould reducememoryusageby up to a factorof 10 with equivalentquality results.
Thetradeof is thatlookupstake longerdueto the moreexpensve datatraversalroutines.
This resultsin moderatelyreducedframerates.Additionally, multi-resolutionapproaches
may not alwaysreducestoragespace.

We alsoexaminedusingsphericaharmonicgo compresshesamplediata.For eachcell in
thevolume,insteadof storinga colorfor eachlight samplel’;, we storesphericaharmonic
coefcients approximatingheirradiancefor the entiresphereof incomingdirections.Al-
ternately we tried storingone setof sphericalharmoniccoefcients to represeneachof
the concentricshellsfor a givenlight sample.Onemainadwantageof sphericaharmonics
is thata large amountof datacanbe approximatedy afew coefcients. The majorprob-
lem with this approachhowever, is that sphericalharmonicseliminate mostof the high
frequeng informationin a caustic.We believe suchsharpfeaturesareimportantto caustic
rendering.Increasinghe orderof the sphericalharmonicapproximationsigni cantly in-
creaseprecomputationime aswell asthe numberof coefcients required.As thenumber
of coefcients increasesienderingtime slows aswell.

5 CausticRendering

After samplingour causticfunction, we usea raytracerto interactvely renderthe scene.
Notethatthis techniques not limited to raytracers.We simply usea raytracerbecauset
runsinteractvely on a large shared-memorynachine,easily allowing us to accesdarge
amountsof memory Any renderemwhich canaccesshe necessaryglataquickly andper
form perpixel operationould useour sampleddatato computecausticintensity



Figure6: [ intersectsthe sphericaltriangle formedby C;, C;, and (.

5.1 RenderingAlgorithm

Raytracinghescengroceedsiormallyuntil thedeterminatiorof thecoloratadiffusesur
face.At thesesurfacesjnsteadof justlooking for directillumination, we performlookups
into thesampleddatato determinef they areilluminatedby a caustic.This processanbe
describedalgorithmicallyasfollows:

1. Determinethe direction* from the centerof the objectO to the light. Locatethe
neareslight samplel’; (where( (; is maximal). This volume storesthe closest
approximationto the causticfrom the currentlight position. This stepshouldbe
doneonly onceperframe,sinceit is independentf theintersectiorpointp.

2. At eachintersectiorpointp, nd p'slocationin the volumesampledaroundO and
look up the causticcontribution. Add this resultto the directlighting computedby
theraytracer

5.2 IssuesRendering Caustic Data

Unfortunately usinga singlelight samplel’; to renderthe causticcausesemporalcoher
enceissuesasobjectsmove. Thisis dueto differencesn the causticfrom onelight sample
to thenext (seeFigure4). Thepoppingcanbereducedoy combiningthe causticfrom mul-
tiple light sampled’;, C;, andC (where C; C C; € Cx C Cn;8m2fi;j;kg).



Figure7: Ghostinghappensvhenthe causticchangessigni cantly betweemeighboring
light sampled’;, (;, and (. Images (left) withoutcaustics (center)with ghostcaustics,
and(right) a correctcaustic.

L, Cj, and(, form thethreeverticesof a sphericaltriangleon the unit spherewhich in-
cludesl (seeFigures).

Usingthreelight samplesliminatepoppingbetweercausticsamplesut introducesaanev

problem—ghostingseeFigure7). Ghostinghappendecaus@bjectO's causticcandiffer
signi cantly betweenneighboringlight samplesso blendingdatafrom (;, Cj, and

resultsin threeseparatdaint caustics.Unfortunately the bestway to eliminateghosting
is to samplethe causticfor more light directions. This signi cantly increasesmemory
consumption.

Below, we describeatechniquevhichwe foundhelpsreduceghostingfor relatively smooth
objects.This algorithmreplacesstep2 from therenderingalgorithmdescribedabove:

A. ComputethevectorP from Ocenter tO p.

B. Findthebarycentriccoordinatesf [ in the sphericatriangleformedby (;, (;, and
(.. This givestherelative contritutionsfrom eachlight sample(Figure6).

C. Computetheangles , j, and between andthe threenearessampledight
directions(;, C;, and(y.

D. CalculaterotationaxesR;, Rj, andR by takingthe crossproductbetweenC and
Ci, C;, andCy, respectiely.

E. RotatevectorP aroundtheaxesR; by angle ; to nd anew vectorP?. Similarly
nd PP andP} by rotatingaroundR; andRy by angles ; and  (Figure8).

F. Findthepointsp?, p{, andpg. Wherep? = Ocenter + P?.



Figure8: Find the cell to usein the weightedaverage by rotating P aroundthe axis R;
(which pointsinto the page at O center ) by angle ;.

G. Performcausticlookupsasif p?, pJQ, andp? weretheintersectiorpoints (insteadof
p). Weightthe contributionsfrom thesepointsbasedon the barycentriccoordinates
computedn stepB.

TheprocesgerformsaninterpolationbetweersamplesUnfortunately suchaninterpola-
tion is not generallyvalid, asit assumeshe causticchangedinearly in spacefor a linear
changen light direction. We foundfor relatively smoothobjects ik e thesphereandbunry,

such“interpolation” generallyallows usto usefewer light samplesFor objectssuchasthe
cubeandprismwhich have sharpangleswe foundthatthis approachdoesnot reducethe
ghosting.

6 Results

We implementedur algorithmon aninteractve parallelraytracerunningon an SGI Ori-
gin 3800 with thirty-two 400 MHz R12000processors.This is a sharedmemory ma-
chinewhich easilyholdsour entiresceneandcausticdatasetsn mainmemory However,
our approachis not limited to suchapplications.Any renderemwvhich hasperpixel light-
ing control couldimplementour techniquegiven enoughmemory Existing systemge.g.
[22, 9, 10,11, 15]) couldeasilyincorporateour methodto avoid the costof reshootinghe
photonscausingcausticseachframe.

Tablel containgimingsfor theimagesgeneratedor Figuresl, 9,and10. Weincurra 10—
45% speedpenaltyfor displayingcausticsdependingon the relative costsof the caustic
lookupsto the raytracingcostsof the scene.The costof our photonshootingpreprocess



Figure9: From left to right: Imagesgenelatedwith a photonmap, our concentricshell
approad, our grid technique anda 5th order sphericalharmonicrepresentation.

rangedrom 1.3to 25 secondperlight sample.Shootingphotonsfor a photonmaptakesa
similaramountof time, thoughadditionaloverheads neededo createherequiredkd-tree.
Frameratesrefor a360x 360window runningon thirty processors.

Figure9 compares photonmapwith ourtechniquausingboththegrid andconcentricshell
storagetechniquesThe comparisongarebetweergridsandshellsusingroughlythe same
memory We showv a5th ordersphericaharmonicwhichrunsatroughlythesamespeedas
indexing into sampleddata. The adwantageof the sphericalharmonicrepresentatiors its
high temporalcoherenceandlow memoryconsumption.For comparisonthese5th order
representationsequireasmuchmemoryasthe datausedfor Figurella.Sincethenumber
of coefcients increasegjuadraticallywith order computationcostsquickly becomethe
bottleneck.

Figure 11 illustratesthe effect of samplingdensityon memoryconsumptiorand caustic
quality. For relatively smoothobiject, like the bunry (seeFigure 1), we used162 light



Object Grid Shell MultiRes No ShootPhotons
Caustics Caustics Caustics Caustics| (persample)
(fps) (fps) (fps) (fps) (sec)
Sphere 15.2 17.3 15.0 26.9 1.7
Cube 12.1 12.6 10.8 20.2 2.4
Prism 12.7 13.2 11.0 20.3 2.0
Ring 9.3 9.5 8.8 12.9 1.3
Building 1.94 2.01 1.90 2.29 4.5
Bunry 2.16 2.30 2.25 2.55 25.0

Tablel1: Timesfor shootingphotonsare for a single400 MHz R12000processarFramer
atesare for thirty 400MHz R12000processos renderinga 363 window

Figurel0: This“b uilding” candynamicallycastcausticson surroundingterrain basedon
thesun's position.

samples.For objectswhereour rotationalalignmenttechniquefrom Section5.2 doesnot
work well (likethecubeandprism),we neededipto 2500light samplesNotethatnumber
of light samplesioesnot affect framerateassuminghedatacanall t into memory

Obviously, with symmetricobjectsoneneednot sampletheentiresphereof incominglight
directions. For a sphere,a single samplesufces. For the metallic ring, we found be-
tween50and100light samplesresufcient for goodtemporalcoherenceMany common
objectshave symmetricabropertiesvhich could be usedto simplify the samplingspace.



Figure11: Sharpercausticscomeat the expenseof densersampling Theimagesshown
require 5.7,22.5,90.1, 360, and 1440kilobytesof memoryper light sample Thedatais
storedusingtheconcentricshellrepresentationlUsinga multiresolutionapproac, similar
resultsrequire 4.8,12.6,29.5,70.4,and 179kilobytesof memoryper light sample

7 Conclusions

We have presented novel techniquefor renderingapproximatecausticsinteractvely by
localizing the problemto the vicinity of the focusingobject. This approachavoids the
recurringcostof photonshootingexisting methodsrequireto generatedynamiccaustics.
Becauseatrticletracingin not necessarypetweerframes,this techniquecould be applied
to otherinteractve systemghatcannotraditionally performsuchcomputationge.g. hard-
warebasedenderers)Additionally, therenderingcostsof our methodareindependanof
objectcomplex. We examineda numberof ways of samplingthe dataandrepresenting
thesamplesn memory Sinceour methodgeneratesausticuusingtablelookups,memory
becomeshebottleneck.

We have found that storing a highly sampledcausticfunction in memory producesthe
bestlooking results.Unfortunately the memoryrequirementsnake the techniquedif cult
to useunlessobject symmetriesor other simplifying conditionsexist. Multi-resolution
approachegan signi cantly reducememoryoverheadby storing denselysampleddata
only wherenecessaryin exchangdookupsaremorecostly

Storing datausing sphericalhnarmonicsgenerallyblurs causticsextensvely. We believe
thattheresultslook uncorvincing. Higherorderapproximationsvill improve resultsatthe
expenseof additionalcoefcients. We plan on examiningotherbasessuchas spherical
wavelets,to seeif they resultin sharpeicausticsvith similar memorysavings.

Sceneghatlend themseleswell to our techniqueinclude outdoorsscenesvherethe sun
effectively actsasa constantdirectionallightsource.Sucha scenerequiresa singlelight
sample Leveragingobjectsymmetriesalsocanreducesomeof the memoryburden.Many
commonobjectshave suchsymmetries so our samplingtechniquesnay be feasiblefor



suchobjects.

Ourwork hasa numberof limitations,including:

Expensve memoryrequirementgor generalervironmentswhenthe entiresampled
datasetnustbeavailable.

Poorrealignmenbf neighborindight samplesauseghostingwhen and arenot
sampleddenselyenough.

Arealight sourcesarenot handled.Sincethe shapeof alight cansigni cantly affect
the causticsthis problemneeddo beaddressed.

Our assumptionsule out usingthis methodfor sceneswith re ective or refractve
objectsnearthelights.

We believe thatthe alignmentof light samplegresentsa seriousproblem particularlyfor
objectswith large planarsurfaces.We plan on examiningwaysof representinghe entire
5D datasetnsteadof simply consideringhe functionasa 2D arrayof 3D volumes.Such
arepresentatiomayallow usto performatrueinterpolationbetweerlight samplesSuch
interpolationwould eliminatethe needfor a densesamplingof space.

Currentgraphicshardware has extensve pixel shaderhardware which could apply our
sampleddatain interactve OpenGLor DirectX applications.We plan on examiningthe
detailsinvolvedwith suchanapproach.

We believe thatglobalillumination givesimportantinformationto usersof interactve sys-
temsandcannotbeignored.Our resultsindicatethatviable techniquesxist for including
speculaeffectsin additionto diffuseglobalilluminationin theseapplications.
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