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Abstract

In computergraphics,bright patternsof light focusedonto mattesurfacesare
called“caustics”. We presenta methodfor renderingdynamicsceneswith moving
causticsat interactive rates. This techniquerequiressomesimplifying assumptions
aboutcausticbehavior allowing us to considerit a local spatialpropertywhich we
samplein a pre-processingstage.Storingthecausticlocally limits causticrendering
to a simplelookup. We examinea numberof waysto representthis data,allowing us
to tradebetweenaccuracy, storage,run time,andprecomputationtime.



1 Intr oduction

Daily life immersesus in environmentsrich in illumination we wish to capturein our
renderings.Unfortunatelyrenderingcomplex illumination often incursa signi�cant com-
putationalcost. Sincemany applicationsrequireinteractive speeds,costlyalgorithmsfor
globalilluminationareofteninfeasible.

Many applicationscould bene�t from fastandsimplealgorithmsfor global illumination.
Suchalgorithmsexist andareusedin various�elds rangingfrom researchto entertainment.
Thesetechniquesvary in physical accuracy from exact radiosity solutionsto fabricated
lightmapsusedto texturemapsurfacesin many of today'sgames.Thesemethodstypically
suffer from a commoncomputergraphicsproblem—poorscalingwith scenecomplexity.
Oftentechniqueswhich run quickly on simplescenesbogdown whenusedon a complex
environment. Generally, too much effort is spentcomputingillumination that hasonly
a minor impact on the imageand a negligible perceptualimpact. In fact, while global
illumination provideshumansperceptualcuesasto relative object locations,accuracy is
notalwaysimportant[1, 2].

While global illumination appearsto have a signi�cant impact upon how humansview
interactionsbetweenobjects,computinga full global illumination solutionis oftenunnec-
essary. For example,computingthecontribution of sunlightre�ectedoff a woodenpencil
ontothewall acrosstheroomis anacademicexercise,asthepencil's contribution on any
but the nearestobjectsis small. While someresearchers[3]have looked into simplifying
the environmentto reduceunnecessarycomputations,signi�cant questionsremainas to
how muchsimpli�cation will compromisetheperceivedqualityof theglobalillumination.

In thispaper, weexaminethefocusingof light causedby re�ectiveandrefractivesurfaces.
This focusing,known in computergraphicsasa “caustic,” potentiallyaffectstheentireen-
vironment.However, in mostcasescausticsareseenin a relatively localizedspacearound
theobjectscausingthem.For example,onemight seea causticfrom a glass�gurine on a
tableor thecausticfrom amirror onanadjacentwall.

Our techniquesamplesthecausticnearthefocusingobject.Thisallows usto reducecaus-
tic renderingfrom a globalproblemto a localizedpropertywhich canbecomputedwith a
simplelookup. We canperformthis lookupat interactive frameratesevenwhenobjectsor
lights move. However samplingtakessigni�cant precomputationandmemory, andaccu-
ratecausticsarelimited to thesampledregion.

The restof the paperis divided as follows. In Section2, we outline the previous work
in computingand speedingup global illumination. Section3 discussesthe behavior of



Figure1: Our techniquegeneratesthis causticat 2.3 fps on 30 processors while moving
thebunnyor light.

causticsandshows how we dealwith their complexities. Section4 discussesvariousways
to sampleacausticandthetradeoffs involvedandsection5 discussessomeissuesinvolved
in renderingacausticfrom sampleddata.Section6 presentsour results.Finally, Section7
presentsourdiscussion,conclusions,andfuturework.

2 Background

As globalillumination is importantfor many scenes,researchershaveproposedmany illu-
minationmodels.Many existing techniquesfocuson diffuseinteractionsor do not handle
all speculareffects. We focusour attentionin this sectionon techniqueswhich generate
causticsandinteractive techniquessimilar to ours.

Extremelyaccuratecausticshavebeengeneratedsemi-analyticallyfor smoothsurfaces[4],
but thatmethodis too slow for interactivity. Also, researchershave investigatedaccurate
interpolationbetweenspecularrays[5, 6], but thesetechniqueshave not yet yieldedfast
sampling-basedmethodsfor accuratecausticgeneration.



Pathtracing[7] generatesbeautifulglobal illumination renderings,but accuracy comesat
anextremecomputationalcost.Numerousresearchershave lookedinto speedingup path-
tracingandraytracing[8, 9, 10, 11]. Thesemethodstypically rely on storingpreviously
computedsamplesandreprojectingthemfor a new viewpoint, samplingtheplaceswhere
errorsaregreatest.Unfortunately, in thecaseof moving caustics,theerrorswill behighest
in theareasmostexpensive to recompute—thecaustic.

Sendingraysfrom the light hasbeensuccessfullyappliedto generatecaustics[12]. Many
researchershavesinceusedthis technique,andit hasbeenextendedto includenon-diffuse
surfaces(e.g.,photonmapping[13, 14]). This givesexcellentcausticswith muchhigher
ef�ciency thanpathtracing. While the resultsare view-independent,they requirea rea-
sonablyexpensive preprocesswhich mustbe repeatedafter moving a light or an object.
Combinationsof photonshootingandpathtracinghave beenexamined[15]. By utilizing
signi�cant CPUresources,they couldinteractively rendersceneswith globalillumination,
including simplecaustics.Suchtechniquescanonly shoota limited numberof photons
per frame. Sincehigherquality causticsandcausticsfor complex objectsrequiresigni�-
cantnumbersof photons,suchtechniquescannotalwaysquickly recomputecrisplooking
causticsin dynamicscenes.

A numberof extensionsto thebasicradiosity[16] techniqueallow speculareffectsin static
scenes[17,18, 19]. Stochasticapproachesto radiosity[20, 21] canbeadaptedto generate
caustics,thoughlike pathtracingreducingvariancecanbe expensive. A combinationof
hierarchicalradiosityandparticletracing[22] proved ableto renderspeculareffects,like
caustics,interactively for simpleobjects. However, like mostparticletracingtechniques
renderingtakeslongerfor morecomplex objects.

Using volumedatastructuresto encodelighting informationabouta scenehasbeenac-
complishedin the context of static scenesfor diffuse[3] and more generalre�ectance
functions[23]. It hasbeenshown that suchdatastructurescanbe usedto illuminate dy-
namicobjectsprovidedthey aresuf�ciently smallto notrequireupdatesof thevolumedata
structure[24]. However, noneof thesemethodsallow a movablespecularobjectto affect
thelighting of thesceneitself.

Graphicshardwarehasbeenusedto generateaccuratecaustics[25,26]. However, such
techniquesare far from interactive and limit the useof curved re�ectors and refractors.
Precomputedradiancetransferfunctionsallow graphicshardwareto renderglobal illumi-
nationeffectsin real-time[27]. While this techniquecanrendercaustics,resultsarehighly
blurreddueto theuseof low-ordersphericalharmonics.

Our techniqueprecomputesall thedatarequiredfor arbitrarilymoving causticsin advance,



Figure2: A photographof a realworld caustic.

soa simpletablelookupsuf�ces evenfor complex specularobjects.No photontracingis
requiredbetweenframes,socausticscomputationsarenotdependantonobjectcomplexity.

3 Caustics

In this sectionwe describethebehavior of causticsanddiscusstheassumptionsandsim-
pli�cations necessaryfor our technique.Our goal was to develop a methodthat locally
approximatesa caustic. We wantedour techniqueto requirelittle or no recomputation
from frameto frame,evenwhentheobjectsandlightsmove.

3.1 CausticBehavior

Causticsare causedby the focusingof light due to re�ection or refractionoff specular
surfaces[28].Someexamplesof causticsin daily life includesunlightre�ectedoff awatch
onto a car ceiling, the cardioidshapeat the bottomof a coffee mug (Figure2), andthe
focusingof light throughamagnifyingglass.

While causticsarecommon,few peopleknow exactlyhow they shouldlook. For example,
onewouldexpectaglass�gure to castacausticontoa table,but blurred,slightly offset,or
evenmissingdetailsmaygounnoticed.
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Figure3: We want to computethecausticfromobjectO at p. Thiscausticfunctionhas8
dimensions,3 each from ~P and~L, andtwo fromtheorientation� of thereceivingsurface
relativeto ~P.

Flat surfaces,like mirrors,re�ect light without focusingit. However any concave re�ector
focuseslight into bright linesor points. Technically, only curvedsurfacescausecaustics,
but in thispaper, weadoptthecommongraphicsusageandreferto anyspecularlyre�ected
or refractedlight asacaustic,aswewantto handlebotheffects.

Considera transmissive object �x ed relative to a lightsource. The caustic's intensityat
pointp changesbaseduponthepositionof p relative to theobjectandtheorientation� of
the surfaceat p. For �x ed light andobjectpositions,the causticcanbe considereda 5D
function.Allowing thelight (or equivalentlytheobjectO) to movechangesthecausticinto
a8D function,by allowing thevector~L to vary (seeFigure3).

To rendercausticsinteractively, we mustbeableto quickly evaluatethis 8D causticinten-
sity function.Unfortunatelynocurrentmethodsallow theextractionof acaustic'sanalytic
descriptionfrom anarbitraryobject,sowefall backto numericallyapproximatingthefunc-
tion.

3.2 Simplifying the Problem

Oursimpli�cations arebasedon thefollowing observations:

� The directionto the light often hasa greaterimpacton the visible causticthanthe
distanceto thelight.

� Lights locatedrelatively far away generatecausticssimilar to thoseof lights located
in�nitely faraway.

� Most objectsthat focuslight arerelatively far away from thelight. Themostpreva-
lent exception,mirrors in light �xtures, canusuallybe treatedaspart of the light-
source(e.g.CannedLightsources[29]).



� Theareanearbyaobjectgenerallycontainsits mostcomplex causticbehavior.

Usingtheseobservations,we canmake someassumptionsto simplify theproblem.Com-
bining the �rst two observations,we assumethat the distanceto the light sourcecanbe
ignored. This allows us to reducethedimensionalityof theproblemby oneby assuming
thatall lightsaredirectional.

Wefurtherassumethatsome�nite volumeexistsaroundthere�ectiveor refractivesurface
in which its causticcontributessigni�cantly to the illumination of otherobjects.This al-
lows us to sample~P over a �nite region. Outsidethis region, our causticis basedupon
samplesfrom theouterregion of our samplingvolume. Alternately, outsidethesampling
regioncausticcontributionscouldbefaded.Notethatconsideringthecaustica localobject
propertylimits usto castingcausticsontodiffusesurfacesto avoid specularlyre�ecting the
precomputedcaustic.

Finally, we assumewe canprecomputethecausticfor someknown orientation� f ixed . We
canthencomputethecausticintensityat p usingthecosineof thedifferencebetween� p

and� f ixed . Weset� f ixed = � P̂ = � ~P=k~Pk ateachsample.

Using theseassumptions,we cansamplea simpli�ed 5D causticfunction. These� ve di-
mensionsarex, y, z, � , and� , where~P = (x; y; z), and� and� correspondto thedirection
of L̂ .

4 CausticSampling

This sectionoutlinestheapproacheswe have examinedfor samplingandrepresentingthe
� vedimensionalcausticfunctiondiscussedabove. Sinceourcausticsarelocalpropertiesof
anobject,samplingmustbeindependentlyperformedon eachobjectwhich focuseslight.
We discussthe samplingof the volumeover x, y, andz separatelyfrom the samplingof
incominglight directions� and� .

4.1 Sampling the Light

For eachcausticobject,we needto storeinformationaboutthecausticasthe light moves
relative to theobject.Sincewehaveassumeddirectionallighting, samplingthis lighting is



Figure4: A linear change in � and� doesnotcorrespondto a linear change in thecaustic.

equivalentto samplingdirections(�; � ) overaunit sphere.

We found that sampling� and � in a �x ed, uniform or near-uniform, patterngenerally
worksaswell asadaptively sampling.Eachlinearchangein � or � correspondsto varying
non-linearchanges(seeFigure4) in thecausticintensityoverthevolume(x; y; z). Because
incoming light often bouncesaroundthe objectmany times, few incomingdirectionsL̂
havea“simpler” causticbehavior thanothers.Thus,adaptivesamplingof thespheretends
to convergeto a relatively uniformsampling.

Currently, we sample� and� on a geodesic.Speci�cally, we subdivide an icosahedron
between3 and6 andprojecttheverticesto theunit sphere.Weeithersampleat thevertices
or centersof the subdivided triangles. This providesa nearlyuniform samplingover the
sphere.We usethis methodsimply becausewe neednot recomputeall sampleswhenwe
subdivide for adensersampling.

4.2 SamplingSpace

Givena light sampleL̂ i , we needto samplethevolumearoundobjectO. If theobjecthas
a boundingvolumeof radiusr , we found in our testswe neededto samplea region with
radius� 3r . However, thisvariesdependingonwherefocalpointsof theobjectlie.

We have sampledthis region using two differentstructures,a uniform grid anda setof
concentricshellssubdivided asa geodesic(seeFigure5). After subdividing the volume,
we samplethe causticfunction usingthe following algorithm. For eachlight sampleL̂ i ,
we shootphotonsfrom the directionallightsourcetowardsthe objectO. Oncea photon
specularlybounces,it contributesto all thenew cells it passesthough(thedashedlinesin
Figure5).
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Figure5: Wesampledspaceeitherona uniformgrid or a setof concentricshells.

A photon's contribution to a cell is computedasif it hit a surfaceat the samplepoint S
with surfacenormal in the directionof Ocenter � S. After shootingphotons,the values
in eachcell must be normalizedby how many photonswould have hit the cell without
objectO present.Theideais thateachgrid cell storesanapproximationof theirradianceat
thecell's center(similar to theIrradianceVolume[24]), with thecaveatthatwe only store
irradiancedueto specularlyre�ectedlight.

Storingdataon a grid hastheadvantageof easyimplementationandfastlookups. How-
ever, a rectangulargrid structuredoesnotcorrespondwell to causticdatabecauseintensity
datachangesin a generallyradial fashion.This meansmuchspaceis wastedstoringdata
whichchangesslowly andnotenoughis concentratedin regionswherethecausticchanges
quickly.

Storingdataon concentricshellsallows non-uniformplacementof the shellsto densely
samplethedataradially in regionswherethecausticvariessigni�cantly. Usingthisallows
us to reducethe samplingof onedimensionof the volumeby up to a factorof 5, either
reducingmemoryusageor allowing a �ner samplingin otherdimensions.We avoid the
dif�culty of indexing into ageodesicby usinga tablelookup.

4.3 Data Representation

Oneof themajorproblemswith samplinga highdimensionalfunction,suchasthecaustic
intensity, is the largestoragerequirement.Usingsuchdatain interactive applicationscan
bedif�cult if signi�cant portionsmustremainin memory. We have examineda numberof



methodsto representthis datawhich reducethememoryoverhead.Eachapproachhasits
advantagesanddisadvantages.

Our �rst implementationstoresthecompletesetof sampleddata,bothondiskandin mem-
ory. Obviously, this requiresa machinewith lots of memory. For instance,naively storing
all sampleddatafor thering images(seeFigure11),requiresaround1 GB of memory. Our
datais storedin colorsof threebyteseach,onebytefor eachred,green,andbluechannels.
Theadvantageof this techniqueis easyimplementationandfastlookups,leadingto faster
framerateswhendatacanbecompletelystoredin mainmemory.

Using a multi-resolutionapproachhelpssave memory. We found multi-resolutiontech-
niquescouldreducememoryusageby up to a factorof 10 with equivalentquality results.
Thetradeoff is that lookupstake longerdueto themoreexpensive datatraversalroutines.
This resultsin moderatelyreducedframerates.Additionally, multi-resolutionapproaches
maynotalwaysreducestoragespace.

Wealsoexaminedusingsphericalharmonicsto compressthesampleddata.For eachcell in
thevolume,insteadof storingacolor for eachlight sampleL̂ i , westoresphericalharmonic
coef�cients approximatingtheirradiancefor theentiresphereof incomingdirections.Al-
ternately, we tried storingonesetof sphericalharmoniccoef�cients to representeachof
theconcentricshellsfor a givenlight sample.Onemainadvantageof sphericalharmonics
is thata largeamountof datacanbeapproximatedby a few coef�cients. Themajorprob-
lem with this approach,however, is that sphericalharmonicseliminatemostof the high
frequency informationin acaustic.Webelievesuchsharpfeaturesareimportantto caustic
rendering.Increasingtheorderof thesphericalharmonicapproximationsigni�cantly in-
creasesprecomputationtimeaswell asthenumberof coef�cients required.As thenumber
of coef�cients increases,renderingtimeslowsaswell.

5 CausticRendering

After samplingour causticfunction,we usea raytracerto interactively renderthe scene.
Note that this techniqueis not limited to raytracers.We simply usea raytracerbecauseit
runs interactively on a large shared-memorymachine,easilyallowing us to accesslarge
amountsof memory. Any rendererwhich canaccessthenecessarydataquickly andper-
form per-pixel operationscoulduseoursampleddatato computecausticintensity.
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Figure6: L̂ intersectsthesphericaltriangle formedby L̂ i , L̂ j , andL̂ k .

5.1 RenderingAlgorithm

Raytracingthesceneproceedsnormallyuntil thedeterminationof thecoloratadiffusesur-
face.At thesesurfaces,insteadof just looking for directillumination,we performlookups
into thesampleddatato determineif they areilluminatedby acaustic.Thisprocesscanbe
describedalgorithmicallyasfollows:

1. Determinethe directionL̂ from the centerof the objectO to the light. Locatethe
nearestlight sampleL̂ i (whereL̂ � L̂ i is maximal). This volumestoresthe closest
approximationto the causticfrom the currentlight position. This stepshouldbe
doneonly onceperframe,sinceit is independentof theintersectionpointp.

2. At eachintersectionpoint p, �nd p's locationin thevolumesampledaroundO and
look up thecausticcontribution. Add this resultto thedirect lighting computedby
theraytracer.

5.2 IssuesRenderingCausticData

Unfortunately, usinga singlelight sampleL̂ i to renderthecausticcausestemporalcoher-
enceissuesasobjectsmove. This is dueto differencesin thecausticfrom onelight sample
to thenext (seeFigure4). Thepoppingcanbereducedby combiningthecausticfrom mul-
tiple light sampleŝL i , L̂ j , andL̂ k (whereL̂ � L̂ i � L̂ � L̂ j � L̂ � L̂ k � L̂ � L̂ m ; 8m =2 f i; j ; kg).



Figure7: Ghostinghappenswhenthe causticchangessigni�cantly betweenneighboring
light sampleŝL i , L̂ j , and L̂ k . Images(left) withoutcaustics,(center)with ghostcaustics,
and(right) a correctcaustic.

L̂ i , L̂ j , andL̂ k form the threeverticesof a sphericaltriangleon theunit spherewhich in-
cludesL̂ (seeFigure6).

Usingthreelight sampleseliminatespoppingbetweencausticsamplesbut introducesanew
problem—ghosting(seeFigure7). GhostinghappensbecauseobjectO'scausticcandiffer
signi�cantly betweenneighboringlight samples,so blendingdatafrom L̂ i , L̂ j , and L̂ k

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

Below, wedescribeatechniquewhichwefoundhelpsreduceghostingfor relativelysmooth
objects.Thisalgorithmreplacesstep2 from therenderingalgorithmdescribedabove:

A. Computethevector~P from Ocenter to p.

B. Find thebarycentriccoordinatesof L̂ in thesphericaltriangleformedby L̂ i , L̂ j , and
L̂ k . Thisgivestherelativecontributionsfrom eachlight sample(Figure6).

C. Computethe angles� i , � j , and � k betweenL̂ andthe threenearestsampledlight
directionsL̂ i , L̂ j , andL̂ k .

D. Calculaterotationaxes ~R i , ~R j , and ~R k by taking thecrossproductbetween~L and
~L i , ~L j , and~L k , respectively.

E. Rotatevector ~P aroundtheaxes ~R i by angle� i to �nd a new vector ~P0
i . Similarly

�nd ~P0
j and~P0

k by rotatingaround~R j and~R k by angles� j and� k (Figure8).

F. Find thepointsp0
i , p0

j , andp0
k . Wherep0

i = Ocenter + ~P0
i .
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Figure8: Find the cell to usein the weightedaverage by rotating ~P aroundthe axis ~R i

(which pointsinto thepageat Ocen ter ) byangle� i .

G. Performcausticlookupsasif p0
i , p0

j , andp0
k weretheintersectionpoints(insteadof

p). Weight thecontributionsfrom thesepointsbasedon thebarycentriccoordinates
computedin stepB.

Theprocessperformsaninterpolationbetweensamples.Unfortunately, suchaninterpola-
tion is not generallyvalid, asit assumesthecausticchangeslinearly in spacefor a linear
changein light direction.Wefoundfor relatively smoothobjects,likethesphereandbunny,
such“interpolation”generallyallowsusto usefewer light samples.For objectssuchasthe
cubeandprismwhich have sharpangles,we foundthat this approachdoesnot reducethe
ghosting.

6 Results

We implementedour algorithmon aninteractive parallelraytracerrunningon anSGI Ori-
gin 3800 with thirty-two 400 MHz R12000processors.This is a sharedmemoryma-
chinewhich easilyholdsour entiresceneandcausticdatasetsin mainmemory. However,
our approachis not limited to suchapplications.Any rendererwhich hasper-pixel light-
ing controlcould implementour techniquegivenenoughmemory. Existingsystems(e.g.
[22, 9, 10,11,15]) couldeasilyincorporateour methodto avoid thecostof reshootingthe
photonscausingcausticseachframe.

Table1 containstimingsfor theimagesgeneratedfor Figures1, 9, and10. Weincurra10–
45% speedpenaltyfor displayingcaustics,dependingon the relative costsof the caustic
lookupsto the raytracingcostsof the scene.The costof our photonshootingpreprocess



Figure9: From left to right: Imagesgeneratedwith a photonmap,our concentricshell
approach, our grid technique, anda 5thordersphericalharmonicrepresentation.

rangesfrom 1.3to 25secondsperlight sample.Shootingphotonsfor aphotonmaptakesa
similaramountof time,thoughadditionaloverheadis neededto createtherequiredkd-tree.
Frameratesarefor a360x 360window runningon thirty processors.

Figure9 comparesaphotonmapwith ourtechniqueusingboththegrid andconcentricshell
storagetechniques.Thecomparisonsarebetweengridsandshellsusingroughlythesame
memory. Weshow a5thordersphericalharmonic,whichrunsatroughlythesamespeedas
indexing into sampleddata.Theadvantageof thesphericalharmonicrepresentationis its
high temporalcoherenceandlow memoryconsumption.For comparison,these5th order
representationsrequireasmuchmemoryasthedatausedfor Figure11a.Sincethenumber
of coef�cients increasesquadraticallywith order, computationcostsquickly becomethe
bottleneck.

Figure11 illustratesthe effect of samplingdensityon memoryconsumptionandcaustic
quality. For relatively smoothobject, like the bunny (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
Bunny 2.16 2.30 2.25 2.55 25.0

Table1: Timesfor shootingphotonsare for a single400MHz R12000processor. Framer-
atesare for thirty 400MHzR12000processors renderinga 3602 window.

Figure10: This“b uilding” candynamicallycastcausticsonsurroundingterrain basedon
thesun'sposition.

samples.For objectswhereour rotationalalignmenttechniquefrom Section5.2 doesnot
work well (likethecubeandprism),weneededupto 2500light samples.Notethatnumber
of light samplesdoesnotaffect framerate,assumingthedatacanall �t into memory.

Obviously, with symmetricobjectsoneneednotsampletheentiresphereof incominglight
directions. For a sphere,a single samplesuf�ces. For the metallic ring, we found be-
tween50and100light samplesaresuf�cient for goodtemporalcoherence.Many common
objectshavesymmetricalpropertieswhichcouldbeusedto simplify thesamplingspace.



Figure11: Sharpercausticscomeat the expenseof densersampling. Theimagesshown
require 5.7, 22.5,90.1,360,and1440kilobytesof memoryper light sample. Thedata is
storedusingtheconcentricshellrepresentation.Usinga multiresolutionapproach, similar
resultsrequire4.8,12.6,29.5,70.4,and179kilobytesof memoryper light sample.

7 Conclusions

We have presenteda novel techniquefor renderingapproximatecausticsinteractively by
localizing the problemto the vicinity of the focusingobject. This approachavoids the
recurringcostof photonshootingexisting methodsrequireto generatedynamiccaustics.
Becauseparticletracingin not necessarybetweenframes,this techniquecouldbeapplied
to otherinteractivesystemsthatcannottraditionallyperformsuchcomputations(e.g.hard-
warebasedrenderers).Additionally, therenderingcostsof our methodareindependantof
objectcomplex. We examineda numberof waysof samplingthe dataandrepresenting
thesamplesin memory. Sinceourmethodgeneratescausticsusingtablelookups,memory
becomesthebottleneck.

We have found that storing a highly sampledcausticfunction in memoryproducesthe
bestlooking results.Unfortunately, thememoryrequirementsmake thetechniquedif�cult
to useunlessobject symmetriesor other simplifying conditionsexist. Multi-resolution
approachescan signi�cantly reducememoryoverheadby storing denselysampleddata
only wherenecessary. In exchangelookupsaremorecostly.

Storingdatausingsphericalharmonicsgenerallyblurs causticsextensively. We believe
thattheresultslook unconvincing. Higherorderapproximationswill improveresultsat the
expenseof additionalcoef�cients. We plan on examiningotherbases,suchasspherical
wavelets,to seeif they resultin sharpercausticswith similarmemorysavings.

Scenesthat lend themselveswell to our techniqueincludeoutdoorssceneswherethesun
effectively actsasa constantdirectionallightsource.Sucha scenerequiresa singlelight
sample.Leveragingobjectsymmetriesalsocanreducesomeof thememoryburden.Many
commonobjectshave suchsymmetries,so our samplingtechniquesmay be feasiblefor



suchobjects.

Ourwork hasanumberof limitations,including:

� Expensive memoryrequirementsfor generalenvironmentswhentheentiresampled
datasetmustbeavailable.

� Poorrealignmentof neighboringlight samplescausesghostingwhen� and� arenot
sampleddenselyenough.

� Arealight sourcesarenothandled.Sincetheshapeof a light cansigni�cantly affect
thecaustics,thisproblemneedsto beaddressed.

� Our assumptionsrule out usingthis methodfor sceneswith re�ective or refractive
objectsnearthelights.

We believe thatthealignmentof light samplespresentsa seriousproblem,particularlyfor
objectswith largeplanarsurfaces.We planon examiningwaysof representingtheentire
5D datasetinsteadof simply consideringthefunctionasa 2D arrayof 3D volumes.Such
a representationmayallow usto performa trueinterpolationbetweenlight samples.Such
interpolationwouldeliminatetheneedfor adensesamplingof � � � space.

Currentgraphicshardware hasextensive pixel shaderhardware which could apply our
sampleddatain interactive OpenGLor DirectX applications.We plan on examiningthe
detailsinvolvedwith suchanapproach.

Webelieve thatglobalilluminationgivesimportantinformationto usersof interactivesys-
temsandcannotbeignored.Our resultsindicatethatviabletechniquesexist for including
speculareffectsin additionto diffuseglobalillumination in theseapplications.
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