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Abstract

Bright patternsof light focusedvia re�ective or refrac-
tive objectsonto mattesurfacesare called “caustics”. We
presenta methodfor renderingdynamicsceneswith moving
causticsat interactiverates.This techniquerequiressome
simplifyingassumptionsaboutcausticbehaviorallowingus
to considerit a local spatialpropertywhich wesamplein a
pre-processingstage. Storingthecausticlocally limits caus-
tic renderingto a simplelookup.We examinea numberof
waysto representthisdata,allowingusto tradebetweenac-
curacy, storage, run time, andprecomputationtime.

1. Intr oduction

Daily life immersesusin environmentsrich in illumina-
tion we wish to capturein our renderings.Unfortunately
renderingcomplex illumination often incurs a signi�cant
computationalcost.Sincemany applicationsrequireinter-
active speeds,costlyalgorithmsfor global illumination are
ofteninfeasible.

Many applicationscould bene�t from fast and simple
algorithmsfor global illumination. Suchalgorithmsexist
and are used in various �elds ranging from researchto
entertainment.Thesetechniquesvary in physical accuracy
from exact radiositysolutionsto fabricatedlightmapsused
to texture map surfacesin many of today's games.These
methodstypically suffer from a commoncomputergraph-
ics problem—poorscaling with scenecomplexity. Often
techniqueswhich run quickly on simplescenesbog down
whenusedon a complex environment.Generally, muchef-
fort spentis computingillumination with only a minor im-
pacton theimageandnegligible perceptualimpact.In fact,
while global illumination provideshumansperceptualcues
asto relativeobjectlocations,accuracy is notalwaysimpor-
tant[12, 17].

While global illumination appearsto have a signif-
icant impact upon how humans view interactions be-
tween objects, computing a full global illumination
solution is often unnecessary. For example, sunlight re-

Figure 1. This scene runs at 2.3 fps with dy-
namic caustics and 2.6 fps without caustics,
using a raytracer running on 30 CPUs for ren-
dering.

�ected off a wooden pencil onto the wall across the
room contributes little to a sceneand can safely be ig-
nored. While some researchers[26] have looked into
simplifying theenvironmentto reduceunnecessarycompu-
tations,questionsremainasto what level of simpli�cation
compromisesthe perceived quality of global illumina-
tion.

In thispaper, weexaminethefocusingof light causedby
re�ectiveandrefractivesurfaces.This focusing,known asa
“caustic,” potentiallyaffectsthe entireenvironment,yet in
mostcasesappearsin a relatively localizedspacearounda
specularobject.Onemight seea causticfrom a glass�g-
urine on a table,for example,or the causticfrom a mirror
onanadjacentwall.

Our techniquesamplesthecausticnearthefocusingob-
ject. This allows us to reducecaustic renderingfrom a
global problemto a localizedpropertywhich canbe com-
putedwith a simplelookup.We performthis lookupat in-
teractive framerates,evenasobjectsandlightsmove.How-
ever, samplingtakessigni�cant precomputationandmem-



ory andaccuratecausticsarelimited to thesampledregion.
Therestof thepaperis dividedasfollows.Section2,out-

linespreviouswork in computingandspeedingupglobalil-
lumination.Section3 discussesthebehavior of causticsand
shows how we dealwith their complexities. Section4 dis-
cussesvariouswaysto sampleacausticandthetradeoffs in-
volvedandsection5 discussessomeissuesinvolvedin ren-
deringa causticfrom sampleddata.Section6 presentsour
results.Finally, Section7 presentsour discussion,conclu-
sions,andfuturework.

2. Background

As global illumination is importantfor many scenes,re-
searchershave proposedmany illumination models.Many
existing techniquesfocuson diffuseinteractionsor do not
handleall speculareffects.We focus our attentionin this
sectionon techniqueswhich generatecausticsandinterac-
tive techniquessimilar to ours.

Accuratecausticshavebeengeneratedsemi-analytically
for smoothsurfaces[20], albeitat a costtoo high for inter-
activity. Researchershave also investigatedaccurateinter-
polationbetweenspecularrays[2, 5], but thesetechniques
havenotyet yieldedfastsampling-basedmethodsfor accu-
ratecausticgeneration.

Pathtracing[16] generatesbeautifulglobal illumination
renderings,but accuracy comesat extremecomputational
cost.Numerousresearchershave looked into speedingup
pathtracingandraytracing[18, 24, 29, 31]. Thesemethods
typically rely on storingpreviously computedsamplesand
reprojectingthemfor a new viewpoint,samplingtheplaces
whereerrorsaregreatest.Unfortunately, in thecaseof mov-
ing caustics,theerrorswill behighestin theareasmostex-
pensive to recompute—thecaustic.

Sendingrays from the light hasbeensuccessfullyap-
plied to generatecaustics[1]. Many researchershave since
usedthis technique,and it hasbeenextendedto include
non-diffusesurfaces(e.g.,photonmapping[14, 15]). This
gives excellent causticswith much higher ef�ciency than
pathtracing.While the resultsare view-independent,they
requirea reasonablyexpensive preprocesswhich must be
repeatedafter moving a light or an object, and even re-
centwork implementingphotonmappingin hardware[25]
is still far from interactive. Combinationsof photonshoot-
ing andpathtracinghave beenexamined[30]. By utilizing
signi�cant CPU resources,they could interactively render
sceneswith global illumination, includingsimplecaustics.
Suchtechniquescanonly shoota limited numberof pho-
tonsper frame.Sincehigherquality causticsandcaustics
for complex objectsrequiresigni�cant numbersof photons,
such techniquescannot always quickly recomputecrisp
lookingcausticsin dynamicscenes.

A numberof extensionsto the basicradiosity [8] tech-
nique allow speculareffects in static scenes[13, 19, 27].
Stochasticapproachesto radiosity[3, 21] canbeadaptedto
generatecaustics,thoughlike in pathtracing,reducingvari-
ancecan be expensive. A combinationof hierarchicalra-
diosity andparticletracing[9] provedableto renderspec-
ular effects, like caustics,interactively for simpleobjects.
However, like most particle tracing techniquesrendering
takeslongerfor morecomplex objects.

Usingvolumedatastructuresto encodelighting informa-
tion abouta scenehasbeenaccomplishedin thecontext of
staticscenesfor diffuse[26] andmoregeneralre�ectance
functions[6]. Suchvolume datastructurescan illuminate
dynamicobjectsprovidedthey aresuf�ciently small to not
requireupdatesof thevolumedatastructure[10]. However,
noneof thesemethodsallow a movablespecularobjectto
affect thelighting of thesceneitself.

Graphicshardware hasbeenusedto generateaccurate
caustics[7, 22]. Recentwork [32] hasallowed hardware
techniquesto run interactively. However, hardware tech-
niqueslimit the type of objectsusedand multiple passes
compoundslowdowns from increasingscenecomplexity.
Samplingbasedhardwareapproaches[32] only handlefo-
cusingfrom a singlespecularinteraction.Precomputedra-
diancetransferfunctionsallow graphicshardware to ren-
derglobal illumination effectsin real-time[28]. While this
techniquecanrendercaustics,theresultsarehighly blurred
dueto useof low-ordersphericalharmonicsandcausticsare
only castonprede�nedobjects.

Ourtechniqueprecomputesall thedatarequiredfor arbi-
trarily moving causticsin advance,soasimpletablelookup
suf�ces evenfor complex specularobjects.No photontrac-
ing is requiredbetweenframes,so causticscomputations
arenotdependentonobjectcomplexity.

3. Caustics

In this section we describethe caustic behavior and
discussassumptionsandsimpli�cations necessaryfor our
technique.Our goal was to develop a methodthat locally
approximatesacaustic.Wewantedour techniqueto require
little or no recomputationfrom frameto frame,evenwhen
theobjectsandlightsmove.

3.1. CausticBehavior

Causticsarecausedby the focusingof light due to re-
�ection or refractionoff specularsurfaces[23]. Someex-
amplesof causticsin daily life includesunlightre�ectedoff
a watch onto a car ceiling, the cardioid shapeat the bot-
tom of a coffee mug (Figure2), and the focusingof light
throughamagnifyingglass.



Figure 2. A photo of a real world caustic.
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Figure 3. We want to compute the caustic
from object O at point p on surface S. This
caustic function has 8 dimensions, 3 each
from ~D p and ~L , and two from the orientation
~N p of the receiving surface relative to ~D p .

While causticsare common,few peopleknow exactly
how they should look. For example,one would expect a
glass �gure to cast a caustic onto a table, but blurred,
slightly offset,or evenmissingdetailsmaygounnoticed.

Flat surfaces,like mirrors,re�ect light without focusing
it. However any concave re�ector focuseslight into bright
lines or points. Technically, only curved surfacescause
caustics,but in this paper, we adoptthe commongraphics
usageandreferto anyspecularlyre�ectedor refractedlight
asacaustic,aswewantto handlebotheffects.

Considera transmissive object �x ed relative to a light-
source,as in Figure 3. The caustic's intensity at point p
changesbaseduponthepositionof p relative to theobject
andthenormal ~N p of thesurfaceat p. For �x ed light and
objectpositions,the causticcanbe considereda 5D func-
tion. Allowing the light (or equivalently the object O) to
move changesthe causticinto a 8D function,by allowing
thevector~L to vary.

Rendercausticsinteractively involvesquickly evaluating
this 8D causticintensityfunction.Unfortunately, analytical
descriptionsof an arbitraryobject's causticcannotbe ob-
tainedusing currentmethods,so we fall back to numeri-
cally approximatingthis function.

3.2. Simplifying the Problem

Our simpli�cations arebasedon the following observa-
tions:

� The directionof incominglight often hasgreaterim-
pacton thevisiblecausticthandistanceto thelight.

� Lights locatedrelatively far away generatecaustics
similar to thoseof lights locatedin�nitely faraway.

� Most objectsthat focus light are relatively far away
from the light. The mostprevalentexception,mirrors
in light �xtures, canusuallybe treatedaspart of the
lightsource(e.g.CannedLightsources[11]).

� The mostcomplex causticbehavior usuallyoccursin
regionsnearthefocusingobject.

Using theseobservations,we canmake someassumptions
to simplify the problem.Combiningthe �rst two observa-
tions,weassumethatthedistanceto thelight sourcecanbe
ignored.Usingdirectionallight sourcesreducesthedimen-
sionalityof theproblemby one.

Wefurtherassumethatsome�nite volumeexistsaround
a re�ective or refractive surfacein which its causticcon-
tributessigni�cantly to the illumination of other objects.
This allows us to sample~D p over a �nite region. Outside
this region, our caustic is basedupon samplesfrom the
outer region of our samplingvolume.Alternately, outside
the samplingregion causticcontributions could be faded.
Notethatconsideringthecausticalocalobjectpropertylim-
its usto castingcausticsontodiffusesurfacesto avoid spec-
ularly re�ecting theprecomputedcaustic.

Finally, we assumewe canprecomputethe causticat p
for someknown surfaceorientation ~N p �xed . We thenap-
proximatethe causticfor an arbitrary orientation ~N p by
multiplying theprecomputedintensityby ~N p � ~N p �xed . We
set~N p �xed = � D̂ p = � ~D p =k~D p k ateachsamplep. Con-
ceptually, thismethodtreatsall causticlight from O ascom-
ing from a point light at O's centerandcomputesthecaus-
tic intensityatp usingacosinefalloff basedon ~N p � � D̂ p .

Usingtheseassumptions,wecansampleasimpli�ed 5D
causticfunction.These� ve dimensionsarex, y, z, � , and
� , where~D p = (x; y; z), and� and� correspondto thedi-
rectionof L̂ .

4. CausticSampling

This sectionoutlinestheapproacheswe have examined
for samplingandrepresentingthe � ve dimensionalcaustic
functiondiscussedabove.Sinceourcausticsarelocalprop-
ertiesof an object, samplingmust be independentlyper-
formedon eachobjectwhich focuseslight. We discussthe
samplingof thevolumeoverx, y, andz separatelyfrom the
samplingof incominglight directions� and� .
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Figure 4. We sampled space either on a uni-
form grid or a set of concentric shells.

4.1. Sampling the Light

For eachcausticobject, we needto store information
aboutthe causticasthe light movesrelative to the object.
Sincewe have assumeddirectionallighting, samplingthis
lighting is equivalent to samplingdirections(�; � ) over a
unit sphere.

We found that sampling� and � in a �x ed, uniform
or near-uniform, patterngenerallyworks aswell asadap-
tively sampling.Eachlinear changein � or � corresponds
to varying non-linearchangesin the causticintensityover
thevolume(x; y; z). Becauseincominglight oftenbounces
aroundthe objectmany times,few incomingdirectionsL̂
have“simpler” causticbehavior thanothers.Whenweadap-
tively sampledthe sphere,it convergedto a relatively uni-
form sampling.

Currently, wesample� and� onageodesic.Speci�cally,
we subdivide an icosahedronbetween3 and 6 times and
projecttheverticesto theunit sphere.We eithersampleat
theverticesor centersof thesubdividedtriangles.Thispro-
vides a nearly uniform samplingover the sphere.We use
thismethodsimplybecauseweneednotrecomputeall sam-
pleswhenwesubdivide for adensersampling.

4.2. SamplingSpace

Givena light sampleL̂ i , we needto samplethevolume
aroundobjectO. If theobjecthasaboundingvolumeof ra-
diusr , we foundin our testswe neededto samplea region
with radius� 3r . However, thisvariesdependingonwhere
focalpointsof theobjectlie.

We have sampledthis region usingtwo differentstruc-
tures,a uniform grid anda setof concentricshellssubdi-
vided as a geodesic(seeFigure 4). After subdividing the
volume,we samplethe causticfunction using the follow-
ing algorithm.For eachlight sampleL̂ i , we shootphotons
from thedirectionallightsourcetowardstheobjectO. Once
a photonspecularlybounces,it contributesto all the new
cellsit passesthough(thedashedlinesin Figure4).

A photon'scontributionto acell is computedasif it hit a
surfaceatthesamplepointpS with surfacenormalin thedi-

rectionof Ocenter � pS . At eachsamplepoint pS we want
to store just the causticintensity (i.e. we do not want to
storedirect lighting), sowe ignorecontributionsfrom non-
re�ectedandnon-refractedphotons.Theresultisagridstor-
ing approximateirradianceat eachcell's center(similar to
theIrradianceVolume[10]), with thecaveatthatonly irra-
diancedueto specularlyre�ectedlight is stored.

Storing data on a grid has the advantageof easyim-
plementationandfastlookups.However, a rectangulargrid
structuredoesnot correspondwell to causticdatabecause
intensity datachangesin a generallyradial fashion.This
meansmuch spaceis wastedstoring datawhich changes
slowly andnotenoughis concentratedin regionswherethe
causticchangesquickly.

Storing data on concentricshells allows non-uniform
placementof theshellsto denselysamplethedataradially
in regionswherethecausticvariessigni�cantly. Usingthis
allows us to reducethe samplingof onedimensionof the
volumeby up to a factorof 5, eitherreducingmemoryus-
ageor allowing a �ner samplingin otherdimensions.We
avoid the dif�culty of indexing into a geodesicby usinga
tablelookup.

4.3. Data Representation

Oneof themajorproblemswith samplingahighdimen-
sional function, suchas the causticintensity, is the large
storagerequirement.Usingsuchdatain interactiveapplica-
tionscanbedif�cult if signi�cant portionsmustremainin
memory. We have examineda numberof methodsto repre-
sentthisdatawhich reducethememoryoverhead.Eachap-
proachhasits advantagesanddisadvantages.

Our �rst implementationstoresthecompletesetof sam-
pleddata,bothon disk andin memory. Obviously, this re-
quiresamachinewith lotsof memory. For instance,naively
storingall sampleddatafor thering images(seeFigure11),
requiresaround1 GB of memory. Our datais storedin col-
ors of threebyteseach,onebyte for eachred, green,and
bluechannels.Theadvantageof this techniqueis easyim-
plementationandfastlookups,leadingto fasterframerates
whendatacanbecompletelystoredin mainmemory. Since
causticstypically have a large dynamicrange,we cannot
usethesebytesto storetheusualvaluesin therange[0; 1].
Our examplesrequirevaluesin the [0; 3] range.Using 8-
bit valuesin thiswayobviouslyreducesprecision,but since
we interpolateto get the irradianceat eachpoint we have
notnoticeda reductionin quality.

Using a multi-resolutionapproachhelpssave memory.
We found multi-resolutiontechniquescould reducemem-
ory usageby up to a factor of 10 with equivalent quality
results.The tradeoff is that lookupstake longerdueto the
moreexpensivedatatraversalroutines.This resultsin mod-



erately reducedframerates.Additionally, multi-resolution
approachesmaynotalwaysreducestoragespace.

We also examinedusing sphericalharmonicsto com-
pressthesampleddata.For eachcell in thevolume,instead
of storinga color for eachlight sampleL̂ i , we storespheri-
cal harmoniccoef�cients approximatingthe irradiancefor
the entire sphereof incoming directions.Alternately, we
tried storing one set of sphericalharmoniccoef�cients to
representeachof theconcentricshellsfor agivenlight sam-
ple. One main advantageof sphericalharmonicsis that a
large amountof datacanbe approximatedby a few coef-
�cients. The major problemwith this approach,however,
is that sphericalharmonicseliminatemostof the high fre-
quency informationin acaustic.Webelievesuchsharpfea-
turesareimportantto causticrendering.Increasingthe or-
der of the sphericalharmonicapproximationsigni�cantly
increasesprecomputationtimeaswell asthenumberof co-
ef�cients required.As thenumberof coef�cients increases,
renderingtimeslowsaswell.

5. CausticRendering

After samplingourcausticfunction,weusearaytracerto
interactively renderthescene.Notethatthistechniqueis not
limited to raytracers.We simply usea raytracerbecauseit
runsinteractively on a largeshared-memorymachine,eas-
ily allowing us to accesslarge amountsof memory. Any
rendererwhich canaccessthe necessarydataquickly and
performper-pixel operationscoulduseour sampleddatato
computecausticintensity.

5.1. RenderingAlgorithm

Raytracingthesceneproceedsnormallyuntil thedeter-
minationof thecoloratadiffusesurface.At thesesurfaces,
insteadof just looking for direct illumination, we perform
lookupsinto thesampleddatato determineif they areillu-
minatedby a caustic.This processcanbe describedalgo-
rithmically asfollows:

1. Determinethe direction L̂ from the centerof the ob-
ject O to the light. Locatethenearestlight sampleL̂ i

(whereL̂ � L̂ i is maximal).Thisvolumestorestheclos-
estapproximationto thecausticfrom thecurrentlight
position.Thisstepshouldbedoneonly onceperframe,
sinceit is independentof theintersectionpointp.

2. At eachintersectionpoint p, �nd p's location in the
volumesampledaroundO andlook upthecausticcon-
tribution. Add this result to the direct lighting com-
putedby therenderer.

� j

� i

� k

L̂ k L̂

Light

L̂ i

~L j

O

Figure 5. L̂ inter sects the spherical triangle
formed by L̂ i , L̂ j , and L̂ k .

Figure 6. Ghosting happens when the caus-
tic chang es signi�cantl y between neighbor -
ing light samples L̂ i , L̂ j , and L̂ k . Images (left)
without caustics, (center) with ghost caus-
tics, and (right) a correct caustic.

5.2. IssuesRenderingCausticData

Unfortunately, using a single light sampleL̂ i to ren-
derthecausticcausestemporalcoherenceissuesasobjects
move.Thisis dueto differencesin thecausticfrom onelight
sampleto thenext.Thepoppingcanbereducedby combin-
ing thecausticfrom multiple 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).
L̂ i , L̂ j , andL̂ k form the threeverticesof a sphericaltrian-
gleon theunit spherewhich includesL̂ (seeFigure5).

Combiningthreelight samplesusingbarycentriccoordi-
nates[4] eliminatespoppingbetweencausticsamplesbut
introducesanew problem—ghosting(seeFigure6). Ghost-
ing happensbecauseobjectO's causticcandiffer signi�-
cantlybetweenneighboringlight samples,soblendingdata
from L̂ i , L̂ j , andL̂ k resultsin threeseparatefaint caustics.
Unfortunately, thebestwayto eliminateghostingis to sam-
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Figure 7. Find the cell to use in the average by
rotating ~D p around the axis ~R i (whic h points
into the page at Ocen ter ) by angle � i .

ple the causticfor morelight directions.This signi�cantly
increasesmemoryconsumption.

Below, we describea techniquewhich we found helps
reduceghostingfor relatively smoothobjects.This algo-
rithm replacesstep 2 from the renderingalgorithm de-
scribedabove:

A. Computethevector ~D p from Ocenter to p.

B. Find thebarycentriccoordinatesof L̂ in thespherical
triangleformedby L̂ i , L̂ j , andL̂ k . Thisgivestherela-
tivecontributionsfrom eachlight sample(Figure5).

C. Computetheangles� i , � j , and� k between̂L andthe
threenearestsampledlight directionsL̂ i , L̂ j , andL̂ k .

D. Calculaterotationaxes ~R i , ~R j , and ~R k by taking the
crossproductbetween~L and~L i , ~L j , and~L k , respec-
tively.

E. Rotatevector ~D p aroundthe axes ~R i by angle� i to
�nd anew vector~D p 0

i
. Similarly �nd ~D p 0

j
and~D p 0

k
by

rotatingaround~R j and ~R k by angles� j and� k (Fig-
ure7).

F. Findpointsp0
i , p0

j , andp0
k . Wherep0

i = Ocenter + ~D p 0
i
.

G. Performcausticlookupsasif p0
i , p0

j , andp0
k werethe

intersectionpoints(insteadof p). Weightthecontribu-
tionsfrom thesepointsbasedon thebarycentriccoor-
dinatescomputedin stepB.

Theprocessperformsaninterpolationbetweensamples.
Unfortunately, suchan interpolationis not generallyvalid,
asit assumesthecausticchangeslinearly in spacefor a lin-
earchangein light direction.Wefoundfor relativelysmooth
objects,likethesphereandbunny, such“interpolation”gen-
erallyallowsusto usefewer light samples.For objectssuch
asthe cubeandprism which have sharpangles,we found
thatthisapproachdoesnotsigni�cantly reduceghosting.

Sphere Cube Prism Ring Building Bunny
Grid Caustics(fps) 15.2 12.1 12.7 9.3 1.94 2.16
ShellCaustics(fps) 17.3 12.6 13.2 9.5 2.01 2.30
Multi-Resolution 15.0 10.8 11.0 8.8 1.90 2.25

Caustics(fps)
5thOrd.Sph.Harm. 8.1 6.1 6.5 5.2 1.48 1.80

Caustics(fps)
No Caustics(fps) 26.9 20.2 20.3 12.9 2.29 2.55

ShootPhotons
(persample) 1.7 2.4 2.0 1.3 4.5 25.0

(sec)on1 CPU

Table 1. Framerates are for thir ty 400 MHz
R12000 processor s rendering a 3602 windo w.
Times for shooting photons are for a single
400 MHz R12000 processor .

Whenusingsphericalharmoniccoef�cients, which es-
sentially �lter over the sampledlight directions,we can
avoid this renderingprocessand insteadrenderusing the
approachoutlinedin Sloanet al. [28]. Thedownsideto this
approachis blurredcaustics.

6. Results

We implementedour algorithmon an interactive paral-
lel raytracerrunning on an SGI Origin 3800 with thirty-
two 400 MHz R12000processors.This is a sharedmem-
ory machinewhich easilyholdsour entiresceneandcaus-
tic datasetsin mainmemory. However, our approachis not
limited to suchapplications.Any rendererwhich hasper-
pixel lighting controlcouldimplementour techniquegiven
enoughmemory. Existingsystems(e.g.[9, 24, 29, 31, 30])
could easily incorporateour methodto avoid the cost of
reshootingphotonseachframe.

Table 1 containstimings for the imagesgeneratedfor
Figures1, 8, and9. We incur a 10–45%speedpenaltyfor
displayingcaustics,dependingon the relative costsof the
causticlookups to the raytracingcostsof the scene.The
costof our photonshootingpreprocessrangesfrom 1.3 to
25 secondsper light sampleusinga singleCPU.Shooting
photonsfor a photonmaptakesa similar amountof time,
thoughadditionaloverheadis neededto createtherequired
kd-tree.Frameratesarefor a 360x 360window runningon
thirty processors.

Figure8 comparesa photonmapwith our techniqueus-
ing both the grid andconcentricshell storagetechniques.
Thecomparisonsarebetweengridsandshellsusingroughly
the samememory. We show data compressedusing 5th
and15thordersphericalharmonics.Theadvantagesof the
sphericalharmonicrepresentationaretheability to usearea
lights (seeFigure10) andits high temporalcoherenceand
low memoryconsumption.For comparison,these5thorder
representationsusenearly10 MB memory, aboutasmuch
as the uncompresseddatausedfor Figure 11a.Sincethe
numberof coef�cients increasesquadraticallywith order,



Figure 8. From left to right: Images generated with a photon map, our concentric shell appr oach, our
grid technique , and 5th and 15th order spherical harmonic representations.

Figure 9. Caustics can also be dynamicall y
cast on comple x terrain.

computationcostsquickly becomethe bottleneck.All our
scenesrun at lessthan1 framepersecondwith 15thorder
sphericalharmonics.

Figure 11 illustratesthe effect of samplingdensityon
memory consumptionand caustic quality. For relatively
smoothobject,like the bunny (seeFigure1), we used162
light samples.For objectswhereour rotationalalignment

Figure 10. The caustic of a prism in St. Peter' s
cathedral using 5th order spherical harmon-
ics. Note there are no shado ws in this image.

techniquefrom Section5.2 doesnot work well (like the
cubeandprism),weneededup to 2500light samples.Note
thatnumberof light samplesdoesnot affect framerate,as-
sumingthedatacanall �t into memory.

Obviously, with symmetricobjectsoneneednot sample



Figure 11. Sharper caustics come at the expense of denser sampling. The images sho wn use 5.7,
22.5, 90.1, 360, and 1440 kB of memor y per light sample using the concentric shell representation.
Similar quality with the multiresolution appr oach requires 4.8, 12.6, 29.5, 70.4, and 179 kB of memor y
per light sample .

theentiresphereof incominglight directions.For a sphere,
asinglesamplesuf�ces. For themetallicring, wefoundbe-
tween50and100light samplesaresuf�cient for goodtem-
poral coherence.Many commonobjectshave symmetrical
propertieswhichcouldbeusedto simplify sampling.

7. Conclusions

We have presenteda novel techniquefor renderingap-
proximatecausticsinteractively by localizing the problem
to thevicinity of thefocusingobject.This approachavoids
therecurringcostof photonshootingwhich existing meth-
ods require to generatedynamic caustics.Becauseparti-
cle tracingin not necessarybetweenframes,this technique
couldbeappliedto otherinteractivesystemsthatcannottra-
ditionally performsuchcomputations(e.g.hardwarebased
renderers).Additionally, therenderingcostsof our method
are independentof object complex. We examineda num-
berof waysof samplingthedataandrepresentingthesam-
plesin memory. Sinceour methodgeneratescausticsusing
tablelookups,memorybecomesthebottleneck.

We have found that storing a highly sampledcaustic
function in memoryproducesthebestlooking results.Un-
fortunately, the memoryrequirementsmake the technique
dif�cult to useunlessobject symmetriesor other simpli-
fying conditionsexist. Multi-resolutionapproachescansig-
ni�cantly reducememoryoverheadby storingdenselysam-
pled dataonly wherenecessary. In exchangelookupsare
morecostly.

Storing datausing sphericalharmonicsgenerallyblurs
causticsextensively. We believe that the resultslook un-
convincing, though memory requirementsare modest
enoughto allow implementationon currentgraphicshard-
ware. Higher order approximationsimprove results at
the expenseof additionalcoef�cients. We plan on exam-
ining other bases,such as sphericalwavelets, to see if

they result in sharpercausticswith similar memorysav-
ings.

Scenesthat lend themselves well to our techniquein-
clude outdoorssceneswherethe sun effectively actsas a
constantdirectionallightsource.Suchascenerequiresasin-
gle light sample.Leveragingobjectsymmetriesalsocanre-
ducesomeof the memoryburden.Many commonobjects
have suchsymmetries,soour samplingtechniquesmaybe
feasiblefor suchobjects.

Ourwork hasanumberof limitations,including:

� Expensive memoryrequirementsfor generalenviron-
mentswhentheentiresampleddatasetmustbeavail-
able.

� Poorrealignmentof neighboringlight samplescauses
ghosting when � and � are not sampleddensely
enough.

� Area light sourcesare not handledwithout spherical
harmonics.Sincetheshapeof a light cansigni�cantly
affect thecaustics,thisproblemneedsto beaddressed.

� Ourassumptionsruleoutusingthismethodfor scenes
with re�ective or refractiveobjectsnearthelights.

We believe that thealignmentof light samplespresents
aseriousproblem,particularlyfor objectswith largeplanar
surfaces.We plan on examiningways of representingthe
entire 5D datasetinsteadof simply consideringthe func-
tion as a 2D array of 3D volumes.Sucha representation
mayallow us to performa true interpolationbetweenlight
samples.Suchinterpolationwould eliminatetheneedfor a
densesamplingof � � � space.

Current graphicshardware has extensive pixel shader
hardware which could apply our sampleddatain interac-
tive OpenGLor DirectX applications.We planon examin-
ing thedetailsinvolvedwith suchanapproach.

We believe that global illumination gives importantin-
formationto usersof interactive systemsandcannotbe ig-



nored.Our resultsindicatethat viable techniquesexist for
includingspeculareffectsin additionto diffuseglobal illu-
minationin theseapplications.
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