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Abstract
We introducea tiled 3D MIP maprepresentationof global illumination data.Therepresentationis an adaptive,
sparseoctreewith a “bric k” at each octreenode;each brick consistsof 83 voxelswith sparseirr adiancevalues.
Therepresentationis designedto enableef�cient caching. Combinedwith photontracing and recentadvances
in distribution ray tracingof verycomplex scenes,theresultis a methodfor ef�cient and�exible computationof
global illumination in very complex scenes.Themethodcan handlesceneswith manymore textures,geometry,
and photonsthan could �t in memory. We showan exampleof a CG movie scenethat hasbeenretro�tted with
global illuminationshadingusingour method.

1. Intr oduction

Ourgoalis to makeglobalilluminationapractical,ef�cient,
and�e xible tool for CG movie production.This requiresa
renderingmethodthat canhandlesceneswith hundredsof
light sources,thousandsof texture anddisplacementmaps,
andgeometryconsistingof hundredsof millions of polygons
whentheobjectsarefully tessellated.We want thebene�ts
of full globalilluminationwithoutlimiting scenecomplexity
or shadergenerality.

We introducea tiled 3D MIP maprepresentationfor vol-
ume and surface data. The representationis an adaptive,
sparseoctreewith a brick at eachoctreenode.A brick is
a 3D generalizationof a tile; our bricks contain83 voxels
each.We call our tiled 3D MIP maprepresentationa brick
map. Thebrick mapis designedto enableef�cient caching.

We demonstratethe utility of the brick maprepresenta-
tion by usingit to storeirradiancedatafor an ef�cient and
�e xible global illumination methodable to deal with very
complex scenes.Our methodis an extensionof the photon
mapmethodandconsistsof threesteps.The�rst stepis pho-
ton tracing.Thephotonsarestoredin a collectionof photon
mapsthattogethercovertheentirescene.Wecall thiscollec-
tion of photonmapsa photonatlas. In thesecondstep,the
irradianceis estimatedateachphotonposition,andfor each
photonmapa brick maprepresentationof the irradianceis
constructed.Wecall this collectionof irradiancebrick maps
an irr adianceatlas. The last step is renderingusing �nal

gatheringand irradianceinterpolation,with the irradiance
atlasproviding a roughestimateof theglobalillumination.

In this paperwe focuson multi-bouncesoft global illu-
minationonsurfaces,but thesametiled 3D MIP maprepre-
sentationcanbeusedfor single-bounceglobalillumination,
caustics,participatingmedia,etc.

2. RelatedWork

Our proposedglobal illumination methodextendsthe pho-
ton mapmethodto handlemorecomplex illumination and
geometry. Ourmethodis inspiredby 3D MIP mapsusedfor
volumerenderingandinteractivepaintprograms,andby re-
centadvancesin distribution ray tracingof complex scenes.

2.1. TextureMIP Maps

Peachey [Pea90] introduced a multiresolution texture
cachingschemethatcachestexturetiles from 2D MIP maps
[Wil83]. Eachtextureis representedat multiple resolutions,
and the texture at eachresolution is tiled into 322 pixel
tiles.Peachey's texturetile cacheis highly ef�cient for scan-
line rendering,ray tracing, and distribution ray tracing: a
cachesize of 1% of the total texture size is usually suf�-
cient [CLF� 03]. Our 3D tiling and cachingapproach,in-
troducedin the following, is a natural generalizationof
Peachey's.
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2D MIP mapsareeasilygeneralizedto 3D. Onediffer-
enceis that the 3D dataare often sparse,so the dataare
storedin a sparseoctree.Levoy andWhitaker [LW90] and
Laur andHanrahan[LH91] used3D MIP mapsfor volume
renderingof data setssuch as magneticresonancescans.
Neyret [Ney98] used3D MIP mapsto modelandrenderfo-
liage,hair, andfur.

Bensonand Davis [BD02] and DeBry et al. [DGPR02]
used3D MIP mapsto representtextureson surfaces.This
avoids forcing a 2D parameterizationon surfaceswith no
naturalparameterization— suchas implicit surfaces,sub-
division surfaces,anddensepolygonmeshes.They gener-
atedthe3D MIP mapsin interactive3D paintprograms.The
sparserepresentationeasilyadaptsto changesin detailsuch
astheintricatetexturedetailsatadecal.For texturelookups,
the texture �lter size determineswhich MIP map level is
used.BensonandDavis only brie�y mentionthat they tile
theoctree,andthey donotdescribecachingatall. In ourap-
plication, tiling andcachingareabsolutelyessential,so we
will describethisaspectin detail.

JensenandBuhler[JB02]alsousedanoctreeto represent
irradianceon surfaces(for computationof subsurfacescat-
tering),but they did not tile or cachetheir irradiancedata.

2.2. PhotonMaps

The photon map method for computationof global illu-
mination was introducedby Jensen[Jen96,Jen01].It is a
three-passmethod.First photonsareemittedfrom the light
sources,tracedthroughthe scene,and storedin a photon
mapat every diffusesurfacethey hit; thenthe unorganized
collection of storedphotonsis sortedinto a kd-tree; and
�nally the sceneis renderedusing �nal gathering(a sin-
gle level of distribution ray tracing).The irradianceat �nal
gatherrayhit pointsis estimatedfrom thedensityandpower
of the nearestphotons.Irradianceinterpolation[WH92] is
usedto reducethenumberof �nal gathers.

The �nal gatheringcanbe spedup by a factorof 5 to 7
by augmentingthesecondpassto precomputetheirradiance
at the photonpositions[Chr99]. During rendering,the pre-
computedirradianceof the nearestphotonis looked up at
�nal gatherray hit points,so no densityestimatesarenec-
essaryduringrendering.In this paper, we proposea further
enhancementof the secondpassto be able to handlehuge
numbersof photons(and also improve the �ltering of the
irradianceestimates).

In orderto computesuf�ciently accurateindirect illumi-
nationin largesceneswith intricategeometricdetail,a lot of
photonsarenecessary. Photonscanbe tracedin very com-
plex scenes,andif thephotonsarestreamedto disk thepho-
ton mapsizecanexceedthe memorysizeof the computer.
However, if the photonmapis too large, it cannotbe read
backin! For example,onacomputerwith 1 GB memory, we
typically cannotexpectto havemorethan300MB available

for photonsduringrendering(sincewealsoneedto storethe
scenedescription,etc.); this correspondsto only 10 million
photons.

Final gatherrayshit the scenein very incoherentorder.
Hencethememorycontaininga standardphotonmapis ac-
cessedveryincoherentlyduring�nal gathering.If thephoton
map information is not carefully organized,a limited-size
cacheis of no help. What we needis a tiled, hierarchical
representationof thephotonmapinformation.

Some variations of the photon map method use im-
portance to reduce the number of photons stored in a
scenefor a view-dependentglobal illumination solution
[PP98,SW00, KW00]. But in our applications,we prefer
a view-independentcollectionof photonmapsthat canbe
usedfor �y-through-like animations,so we cannotreduce
thenumberof photonsthisway.

Other methodsstorethe photonson surfacesinsteadof
in a kd-tree[Mys97, TWFP97,WHSG97]. However, those
approachescannothandlevery complex scenessinceeach
(potentiallytiny) surfacehasa separateirradiancerepresen-
tation.In contrast,a singlebrick cancover many smallsur-
facesif theillumination is smooth.

2.3. RenderingComplexScenes

Pharret al. [PKGH97] usedpathtracingto computeglobal
illuminationin complex scenes.They reorderedtherayinter-
sectionteststo increasethecoherency of geometryaccesses.
This reorderingmadeit possibleto renderscenesthatwere
10 times larger than the geometrycachesize,but unfortu-
natelyintroducedshaderlimitations.

In Christensenet al. [CLF� 03], we presenteda method
to performdistribution ray tracingin very complex scenes.
We useda MIP map representationof tessellatedgeom-
etry and a multiresolution geometry cache that is very
similar to Peacheys 2D texture tile cache.Ray differen-
tials [Ige99,SW01] wereusedto determinetherequiredtes-
sellationaccuracy. An insightaboutcachecoherency proper-
tiesenabledef�cient scanlinerendering,raytracing,anddis-
tribution ray tracingof very complex geometry. We demon-
strateddistribution ray tracing in sceneswith full tessella-
tionsover100timeslargerthanthegeometrycachesize.

Our distribution ray tracingmethodcouldbeextendedto
handlefull multi-bounceglobal illumination by usinganir-
radiancecacheasin theRadiancesystem[WRC88,WS98].
However, herewelimit thedistributionraytracingtoasingle
level, andinsteadusephotontracingandanirradianceatlas
to moreef�ciently capturetheeffectof multiplebounces.

3. The Brick Map

In this section,we introducethebrick map,a general,tiled
3D MIP map representationfor volume and surfacedata.
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Thebrick mapis a 3D generalizationof Peachey's tiled 2D
texture MIP maps— very similar in spirit to the sparse,
adaptiveoctreesusedby BensonandDavis andDeBryetal.,
but designedwith moreemphasison tiling andcacheability.

3.1. Brick Map Data Structur es

The dataare organizedin a sparse,adaptive octree.Each
nodein the octreehaseight pointersto its children and a
pointerto abrick.A brick hasN3 voxels(wehavechosen83

in our implementation).Eachvoxel canbeemptyor contain
texture datasuchasdiffuseandspecularcolor, specularity,
irradiance,etc. Eachvoxel alsocontainsa weight (“cover-
age”or “alpha”) indicatinghow muchdatahasbeeninserted
in thatvoxel.For surfacedata,wealsostoretheaveragenor-
malfor eachvoxel,anda�ag indicatingwhetherthenormals
areincoherent.For the�nest data(atoctreeleaves),westore
multiple voxels in a linked list at thesamevoxel positionif
thedatain thatpositionhave incoherentnormals.Thevoxel,
brick, andoctreedatastructuresare:

#define N 8

struct Voxel {
float *data;
float weight;
struct Vector averagenormal;
bool incoherentnormals;
struct Voxel *next;

};

struct Brick {
struct Voxel voxel[N*N*N];

};

struct OctreeNode {
struct OctreeNode *child[8];
struct Brick *brick;

};

Figure1 showsthetop threelevelsof abrick mapfor sur-
facedata.Thebrick at theroot of theoctreecontainsa very
coarseapproximationof the3D texture,while bricksat leaf
nodescontainthe most accuraterepresentation.The brick
maprepresentationautomaticallyadaptsto datadensity:the
octreeis only deepin regionswith many datapoints.

Figure1: Sparsebrick mapfor surfacedata.

For the global illumination applicationwe areinterested
in here,we are only concernedwith datathat comefrom

points on surfaces.Hencemany voxels will be empty. In
otherapplications(for examplesolidtextures[Pea85,Per85]
andvolumephotonmaps[JC98]), dataarepresentin theen-
tire volume. This resultsin a full octreewhereall voxels
containdata.Figure2 shows the top threelevels of a brick
mapfor volumedata.

Figure2: Densebrick mapfor volumedata.

3.2. Creatinga Brick Map

Givena setof points(a “point cloud”) with associatednor-
mals,radii, anddata,we want to createa brick maprepre-
sentationof thedata.Wedo this in threesteps.

The �rst stepis to createa sparseoctreestructurebased
on point densityandradii. (Theradiusassociatedwith each
point can for examplebe determinedfrom the local point
density.) First theboundingvolumeof thedatasetis found.
Then the volume is divided evenly into eight subvolumes,
andthe datapointsaredivided accordingto which subvol-
umethey arecontainedin. Theneachsubvolume is recur-
sively dividedagain,etc.This recursive divisionstopswhen
the subvolumecontainsno pointswith smallerradiusthan
half avoxel diagonal(or nopointsatall).

Thesecondstepis to createa linkedlist of thepointsthat
overlapeachleaf node.For eachdatapoint p, we �rst com-
pute a small volumeVp basedon its position and radius.
Then,startingat the root node,we determinewhich child
nodesoverlapVp, andrecursively go to thosenodes.If the
nodeis a leaf,we insertpoint p in a linkedlist at thatnode.
Notethateachpointcanbeinsertedin morethanonelinked
list. The advantageof this strategy is that the information
neededto createeachbrick is now completelylocal.

In thethird step,we insertthepoint data.For eachoctree
node,startingat theleaves,thedatathatoverlapthenodeare
insertedin its brick andthebricksof its parentnodes.When
a point's dataareinsertedinto a brick, we determinewhich
voxel(s) the point volume overlaps,and add the dataval-
uesd̄p to thedatad̄v in thosevoxels.Whenadded,thedata
aremultipliedby aweightthatis determinedby how largea
fractionof thevoxel volumeVv is overlappingthepoint vol-
umeVp. We alsoincreasethe voxel weight,andupdatethe
averagenormalfor eachcoveredvoxel:

d̄v += wvp d̄p

wv += wvp

~nv += wvp~np ;
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with

wvp =
Vp \ Vv

Vv
:

If a point is insertedinto a voxel of an octreeleaf node,
andthepointnormalis verydifferent(for examplemorethan
45 degrees)from theaveragenormalof thevoxel, we allo-
catea new voxel, insertthepoint datain thenew voxel, and
point thepreviousvoxel's next pointerto thenew voxel. At
internalnodes(non-leaves),we do not allocatenew voxels,
but addthedata,weight,andnormalasdescribedaboveand
setthevoxel's“incoherentnormals”�ag. Therearerelatively
few leaf nodevoxelswith incoherentnormals,so this strat-
egy doesnot increasethememoryusesigni�cantly.

Whenall the node's datahave beeninserted,we divide
eachdatavaluein avoxelby theweightof thevoxel.Wethen
determinethe maximumdata(andnormal)variationof all
2� 2� 2 voxel groupsof thebrick. If thevariationis smaller
thanauser-speci�edmaximumerror, weeliminatethebrick.
If the variationis larger, we write the brick to disk. Empty
voxelsarenotwritten;thissavesalot of diskspacefor sparse
brick maps.We don't write theweightseither, sinceall data
havealreadybeendividedby theirweights.

3.3. Looking Up in a Brick Map

Given a position,normal,and �lter size (radius),we want
to �nd the interpolatedvalue of the dataat that point —
smoothedasappropriatefor thegiven�lter size.

We �rst constructa lookup volumeV` from the lookup
point positionand �lter size.Thenwe recursively traverse
the octree,startingat the root andvisiting all childrenthat
the lookupvolumeoverlaps(usuallyjust onechild, but can
be up to eight children).This recursive traversalcontinues
until the nodecontainsvoxels of approximatelythe same
sizeasthe lookupvolumeor a leaf nodehasbeenreached.
If the voxels that overlapV` have the “incoherentnormals”
�ag set,we reducethe sizeof the lookup volumeandlook
deeperin theoctreeto resolvethenormals.Thisresolvespo-
tentialcolor leakingproblemsalongedgesandthroughthin
objects[DGPR02].

When we have reachedthe appropriatelevel in the oc-
tree,we determinewhich voxelsoverlapthelookupvolume
andhavenormalssimilar to thelookupnormal(for example
within 45 degrees).If we areat a leaf node,we mayhave to
follow thelinkedlist of voxelssharingthesamevoxel posi-
tion in the brick. We incrementthe lookup result d̄` by the
voxel datamultipliedby thefractionaloverlapof Vv andV̀ :

d̄` += wv` d̄v

with

wv` =
V̀ \ Vv

Vv
:

(Empty voxels and voxels with inappropriateaveragenor-
malsdonotcontributeto thelookupresults.)

If the lookup volumeoverlapsa neighboroctreebranch
thatdoesnothaveasmuchdetailasthebranchthatcontains
point p itself, we usethe dataat the available resolution.
The weightsof the dataarestill determinedby the ratio of
the overlapvolumeand the (�ne or coarse)voxel volume.
Moreinformationaboutlookupsthatoverlapdifferentlevels
of detailcanbefoundin BensonandDavis [BD02].

Generallythe lookup volumesizewill fall betweentwo
levels in the octree.In this case,we canchooseto look up
in eachof thetwo levelsanddo a linear interpolationof the
resultingvalues;thisensuressmoothtransitionsbetweendif-
ferentresolutions.

3.4. Brick Map Caching

The entireoctreeof a brick mapis readfrom disk the �rst
time the brick map is accessed,and thenkept in memory.
This is acceptablebecauseeachoctreenodeconsistsof only
ninepointers(eightpointersto child nodesandonepointer
to a brick), andtypically theoctreenodesmake up lessthan
half a percentof the total sizeof a brick map.Even for a
collectionof brick mapswith 1 million bricks, the octrees
only use1 million * 9 pointers* 4 bytes= 36MB.

Bricksarereadfrom diskondemandandcachedin mem-
ory. If the �ne lookups are coherent(as they are in our
global illumination method),the cachehasa high hit rate
andcachingis very ef�cient. Note that even thoughthe in-
dividual bricks canbe sparse,the cacheslotsneedto have
spacefor all 83 potentialvoxels in a brick sincethe same
cacheslot may be �lled later with a densebrick. (We dy-
namicallyallocateandfree the “extra” voxelsat leaf nodes
with inconsistentnormals.To avoid fragmentation,weusea
poolof pre-allocatedvoxelsfor this.)Ourcacheusesaleast-
recently-used(LRU) replacementstrategy. In ourimplemen-
tation,thebrick mapcachesizecanbeselectedby theuser.
The default size is 10 MB, correspondingto a capacityof
1280bricks.

We have foundthatin typical applications,lessthan50%
of thevoxels in thebrick cachehave datain them.In other
words,morethanhalf of the voxels areempty. This means
that it would be possibleto compressthe 10MB brick map
cacheto around5MB. However, the cost would be many
free's andmalloc's of voxelsevery time a brick is readinto
thecache.

4. Global Illumination usingBrick Maps

Beforetheglobal illumination computationbegins,theuser
mustselectgroupsof objectsthatshouldshareaphotonmap
�le. (Alternatively, photonmapscouldbeautomaticallyas-
signedbasedon the objecthierarchy andsizes,or divided
along creasesbetweenmajor objects[LC03].) The groups
shouldbe chosensuchthat no singlephotonmapendsup
with morephotonsthancan�t in memoryat onetime. We
have foundthisgroupingeasyandintuitive in practice.
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In the�rst global illumination step,photonsaretracedas
in the standardphotonmap method.When a photonhits
a diffuse object, it is written to that object's photonmap
�le. Then the photonsin eachphotonmap �le are sorted
into a kd-treeandthe irradianceandlocal areais estimated
at eachphotonposition. (The radiusassociatedwith each
photonfollows directly from its areaestimate.)The result
is a collectionof oriented,coloreddisksreminiscentof the
surfelsusedfor surfacerepresentation[PZvBG00].Thena
brick mapis constructedfrom the irradiancedisksfor each
photonmap�le.

Duringrendering,weneedto determinetheradianceat �-
nalgatherrayhit points.Theirradianceatthepoint is looked
up in theirradiancemapof thehit object,andmultiplied by
thelocal diffusecolor at thehit point.Theray differentialis
usedto determinethe�lter sizebothfor the irradiancemap
lookupandthediffusetexturelookup.

Dueto thecoherency propertiesof scanlinerendering,ray
tracing,anddistributionray tracing[CLF� 03], the�ne brick
accessesarecoherent.Thismeansthatit is suf�cient to have
a brick cachewith a capacitymuch smallerthan the total
numberof bricksin theirradianceatlas.

It is interestingto notethat an irradiancemaplookup is
usuallyfasterthancomputingtheillumination (evenjust the
directillumination) if thereareseverallight sourceseachre-
quiringshadow ray tracingor ashadow maplookup.

5. Results

We implementedthis global illumination methodin Pixar's
RenderMan,awidelyusedcommercialrenderer[AG00]. All
ourtestsweredoneonaLinux PCwith a3.4GHzPentium4
processor. Thetestsusedlessthan600MB of memory. The
imageswererenderedat resolution1024� 553.

5.1. TestScene

We testedthemethodonascenefrom theCGmovie “Mon-
sters,Inc.” [DP01].Thescenewasnot modeledwith global
illumination in mind, but we retro�tted it with global illu-
minationshadersfor thesetests.Figure3 shows thescene:a
city block with many individually modeledbuildings,trees,
cars,etc.Thesceneconsistsof 36,000high-level primitives,
mostlyNURBSpatchesandsubdivisionsurfaces.In this im-
age,the sceneis only illuminatedwith direct light (from a
directionallight sourcesimilar to the sun)with ray traced
shadows.Largepartsof thescenearecompletelyblacksince
nodirectlight reachesthem.Therendertimewas6 minutes.

5.2. PhotonTracing

The objectsweremanuallygroupedinto 41 groups.Emit-
ting 300 million photonstook 29 minutesand resultedin
52million photonsbeingstored.(Dueto aratherloosescene

Figure 3: Monstropoliscity block with only directillumina-
tion. ( c
 Disney/Pixar)

boundingbox,themajorityof theemittedphotonsdid nothit
any objects.)Themaximumphotonre�ection depthwasset
to 10to ensurethatthephotonmapscaptureenoughbounces
of indirectillumination.Thephotonswerestoredin 41pho-
ton map�les with a total sizeof 2.2GB. Eachstreet,build-
ing, andcarhasa separatephotonmap�le. Figure4 shows
two of thephotonmaps.Thephotonmapfor thecarcontains
76,000photons(�le size3.2MB) while thephotonmapfor
thebuilding contains3.4million photons(144MB).

Figure4: Photonmapfor car andbuilding.

For anoverview of theillumination in thescene,�gure 5
shows a coarsephotonatlasof theentirescene.This �gure
only shows0.1%of thephotonsin thefull photonatlas.

Figure5: Coarsephotonatlasfor entirescene.
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5.3. Generating the Irradiance Atlas

Theirradianceandarea(radius)wasestimatedat eachpho-
tonposition;this took18minutesfor all photonmaps.Each
irradiancevalue and areawas estimatedusing the nearest
50photons.

Next, irradiancebrick mapswerecomputedfrom theirra-
diancepoint clouds;this computationtook 25 minutes.For
brick elimination,wesetthemaximumerrorto 0.03andthe
normaldeviation thresholdto 45degrees.

Figure6 shows thetop four levelsof the irradiancebrick
mapsfor thecarandbuilding. Thecar's irradiancemaphas
959bricks(�le size69MB); theirradiancemapof thebuild-
ing has31,700bricks(190MB). Thetotal sizeof all the ir-
radiancebrick map�les is 2.4 GB. The irradianceatlashas
253,000bricksin total — nearly200timesthedefault brick
cachecapacity.

Figure6: Irr adiancebrick mapsfor thecar andbuilding.

Figure7 shows the car andbuilding shadedwith irradi-
ancefrom their respective irradiancemaps.

Figure 7: Car and building shadedwith irr adiancefrom
their irr adiancebrick maps.

Figure8 shows theentirescenerenderedwith irradiance
from the irradianceatlas.Note the color bleedingfrom the
redcarontothestreetandbetweentheleaveson thetrees.

Figure 8: Entire sceneshadedwith irr adiancefrom the ir-
radianceatlas.( c
 Disney/Pixar)

Figure9 shows the scenewith the objectsshadedby the
irradiancetimesthe local diffusecolor. This imageclearly
illustrateswhy the irradiancemapsshouldnot be rendered
directly— they aresimply toonoisyandblurry.

Figure 9: Irr adiance times local diffuse color. ( c
 Dis-
ney/Pixar)
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Figure10:Globalilluminationin a productionscenewith 237million (unique, non-instanced)trianglesand52million photons.
Photontracing took29 minutes,computingan irr adianceatlas took43 minutes,and renderingtook3.8 hours on a 3.4 GHz
CPU. Without theirr adianceatlasrepresentation,the52million photonswouldnot �t in memoryandit wouldbeimpossibleto
rendertheglobal illuminationef�ciently. ( c
 Disney/Pixar)

5.4. Rendering

Figure10 shows a �nal gatherrenderingof theentirescene.
Note the high quality of the indirect illumination in the
shadedareas,for examplethehouseson the left sideof the
street.Thereis alsoaverysubtlecolorbleedingfrom thered
carontothestreet.Renderingthis imagetook 3.8hoursand
required73 million �nal gatherraysand4 million shadow
rays.During rendering,thescenewasdivided into 463,000
surfacepatches,which correspondsto 237million triangles
at maximumtessellationrate.The 2D texture andtessella-
tion cachesizesweresetto 10MB and30MB, respectively.
Therewere215million brick cachelookups.Table1 shows
cachestatisticsfor differentbrick cachesizes.As it canbe
seen,our default cachesizeof 10 MB is a reasonablecom-
promisebetweensizeandspeed.

cachesize misses hit rate rendertime

0 215M 0% 6.7h
1MB 21M 90.3% 4.1h

10MB 2.3M 99.0% 3.8h
100MB 0.9M 99.6% 3.7h

Table1: Brick cachestatistics.

6. Discussionand Futur eWork

6.1. Brick Map Creation

Our algorithm for generatinga brick map minimizes the
numberof bricksthatarekeptin memoryatonetime— only
O(logn) bricksareneeded,wheren is thenumberof octree
nodes.This is usuallyonly 10–20bricks.In our �rst imple-
mentation,weusedasimpleralgorithmthatstoredall bricks
in memoryduringbrick mapgeneration,andonly eliminated
andwrotebricks in theend.However, storingall thebricks
in memoryturnedout to beasigni�cant memorybottleneck.

With ourcurrentwork�o w, eachphotonmapis sortedinto
a kd-treeto estimatetheirradiances,andtheirradiancesare
thenconvertedto abrick map.It maybepossible(andmore
ef�cient) to combinethesetwo steps,i.e. computingthe ir-
radiancesdirectly in thebrick maponcethebrick mapstruc-
turehasbeendeterminedfrom thephotonpositions.

Anotherpossibleoptimizationis to computefewer pho-
ton irradianceestimatesin regionswith fairly uniform pho-
ton density. Currentlysuchuniform irradianceestimatesare
deletedin step3 of thebrick mapcreation,but it would be
moreef�cient to not computethematall.
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6.2. Brick Map Lookups

Comparedto theoriginal photonmapmethod,we oftenget
thebene�t of �ltered (lessnoisy)irradianceestimates.While
theoriginalphotonmapmethodalwaysusesa �x ednumber
of photonsto estimatethe irradianceat �nal gatherray hit
points,we usethe ray differential to determinethe lookup
level in thebrick map.Thismeansthatwegettheaverageof
severalirradianceestimateswhenappropriate.

Our brick map lookupscurrentlyusequadrilinearinter-
polation (trilinear interpolationbetweenneighborvoxels;
linear interpolationbetweentwo levels) and a single �lter
size(radius)to determinetheMIP maplevel. Interestingfu-
ture improvementswould behigher-orderinterpolationand
anisotropic�ltering.

6.3. Variations and Extensions

In this paper, we have focusedon the applicationof brick
mapsin a multi-bounceglobal illumination solution. For
single-bounceglobal illumination, brick mapscanbe used
asfollows: skip thephotontracingpassbut renderthescene
with directilluminationandstore(“bake”) theresultingradi-
ancedataas3D point clouds.Thenconvert thepoint clouds
to brick maps,anddo a �nal gatherrendering.The multi-
resolutioncachingpropertiesof brick mapsareequallyuse-
ful in thisapplication.Moredetailscanbefoundin [Pix04].
The brick maprepresentationcanalsobe usedfor caustics
andfor participatingmedia.

Our approachis very �e xible in that the irradiancemaps
canbe manipulatedindependentlyafter they aregenerated.
If, for example,wewantmorecolorbleedingfrom anobject,
we could load the brick map into an interactive 3D paint
packageandincreasesomeor all of theirradiancevalues.

During �nal gatherrendering,thehigh-quality3D global
illumination resultscanbestoredasanother3D textureand
reusedin subsequentrenderingsof thesamescene.Thiscan
amortizethe computationcostover many imagesandalso
givesalot of �e xibility to mix andmatchglobalillumination
solutions.If accurateglobalilluminationhasbeencomputed
for theentirescene,renderingthesamescenefrom a differ-
ent cameraangletakesonly a few minutes(approximately
thesametimeasto renderdirectilluminationalone).A sim-
pli�ed versioncouldevenberenderedat interactivespeed.

We believe thatour methodis particularlywell suitedfor
parallelexecution.For very complex scenes,thebottleneck
for parallelray tracingandglobalillumination is usuallythe
geometryandtextureaccesses,andwith ourmultiresolution
cachesthisbottleneckis eliminated.

7. Conclusion

We have introducedthe brick map, a tiled 3D MIP map
format for ef�cient representationand cachingof general

surfaceand volume data.We usethe brick map format to
improve the photonmap methodwith ef�cient cachingof
global illumination irradiancedata.The resulting method
enablesef�cient and �e xible computationof multi-bounce
global illumination in very complex scenes.It is our hope
that this will leadto morewidespreaduseof global illumi-
nationin CGmovie production.
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Figure 3: Monstropoliscity block with only directillumina-
tion. ( c
 Disney/Pixar)

Figure 8: Entire sceneshadedwith irr adiancefrom the ir-
radianceatlas.( c
 Disney/Pixar)

Figure 9: Irr adiance times local diffuse color. ( c
 Dis-
ney/Pixar)

Figure 10: Global illumination in a productionscenewith
237million triangles,52million photons.( c
 Disney/Pixar)
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