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Abstract

We introducea tiled 3D MIP maprepresentatiorof global illumination data. Therepresentatioris an adaptive
sparseoctreewith a “bric k” at ead octreenode;ead brick consistsof 82 voxelswith sparseirr adiancevalues.
Therepresentationis designedo enableefcient caching. Combinedwith photontracing and recentadvances
in distribution ray tracing of very comple scenesthe resultis a methodfor efcient and e xible computatiorof
globalillumination in very complex scenesThe methodcan handlescenesvith manymore textures,geometry
and photonsthan could t in memoryWe showan exampleof a CG movie scenethat hasbeenretro tted with

globalillumination shadingusingour method.

1. Intr oduction

Ourgoalis to make globalillumination apractical ef cient,
and e xible tool for CG mavie production.This requiresa
renderingmethodthat can handlesceneswith hundredsof
light sourcesthousand®f texture anddisplacemeninaps,
andgeometryconsistingof hundredf millions of polygons
whenthe objectsarefully tessellatedWe wantthe bene ts
of full globalilluminationwithoutlimiting scenecompleity
or shademgenerality

We introduceatiled 3D MIP maprepresentatioffor vol-
ume and surface data. The representations an adaptve,
sparseoctreewith a brick at eachoctreenode.A brick is
a 3D generalizatiorof a tile; our bricks contain8® voxels
each.We call our tiled 3D MIP maprepresentatiom brick
map Thebrick mapis designedo enableef cient caching.

We demonstratehe utility of the brick map representa-
tion by usingit to storeirradiancedatafor an ef cient and
e xible global illumination methodable to dealwith very
complex scenesOur methodis an extensionof the photon
mapmethodandconsistof threestepsThe rst stepis pho-
tontracing.The photonsarestoredin a collectionof photon
mapsthattogetheicovertheentiresceneWe call this collec-
tion of photonmapsa photonatlas In the secondstep,the
irradiance’s estimatecht eachphotonposition,andfor each
photonmapa brick maprepresentationf the irradianceis
constructedWe call this collectionof irradiancebrick maps

an irradianceatlas The last stepis renderingusing nal
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gatheringand irradianceinterpolation,with the irradiance
atlasproviding aroughestimateof the globalillumination.

In this paperwe focus on multi-bouncesoft global illu-
minationon surfaces put the sametiled 3D MIP maprepre-
sentatiorcanbe usedfor single-bouncglobalillumination,
causticsparticipatingmedia,etc.

2. RelatedWork

Our proposedylobalillumination methodextendsthe pho-
ton map methodto handlemore comple illumination and
geometryOur methodis inspiredby 3D MIP mapsusedfor
volumerenderingandinteractize paintprogramsandby re-
centadwancedn distribution ray tracingof comple scenes.

2.1. Texture MIP Maps

Peachg [Pea9( introduced a multiresolution texture
cachingschemehatcachegexturetiles from 2D MIP maps
[Wil83]. Eachtextureis representedt multiple resolutions,
and the texture at eachresolutionis tiled into 32% pixel
tiles. Peachyg'stexturetile caches 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,n-
troducedin the following, is a natural generalizationof
Peachg's.
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2D MIP mapsare easily generalizedo 3D. One differ-
enceis that the 3D dataare often sparse so the dataare
storedin a sparseoctree.Levoy and Whitaker [LW90] and
LaurandHanraharfLH91] used3D MIP mapsfor volume
renderingof data setssuchas magneticresonancescans.
Neyret[Ney98] used3D MIP mapsto modelandrenderfo-
liage,hair, andfur.

Bensonand Davis [BD02] and DeBry et al. [DGPR02]
used3D MIP mapsto representextureson surfaces.This
avoids forcing a 2D parameterizatioron surfaceswith no
naturalparameterizatior— suchasimplicit surfaces,sub-
division surfaces,and densepolygon meshesThey gener
atedthe3D MIP mapsin interactve 3D paintprogramsThe
sparsaepresentatioeasilyadaptso changesn detailsuch
astheintricatetexturedetailsatadecal For texturelookups,
the texture Iter size determineswhich MIP map level is
used.Bensonand Davis only brie y mentionthatthey tile
theoctree andthey donotdescribecachingatall. In ourap-
plication, tiling andcachingare absolutelyessentialsowe
will describethis aspecin detail.

JenserandBuhler[JB02] alsousedanoctreeto represent
irradianceon surfaces(for computationof subsuraicescat-
tering),but they did nottile or cachetheirirradiancedata.

2.2. Photon Maps

The photon map methodfor computationof global illu-

mination was introducedby Jenser{Jen96,Jen01].1t is a
three-passnethod.First photonsare emittedfrom the light
sourcestracedthroughthe scene,and storedin a photon
map at every diffuse surfacethey hit; thenthe unoganized
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

gatherray hit pointsis estimatedrom the densityandpower
of the nearestphotons.Irradianceinterpolation[WH92] is
usedto reducethenumberof nal gathers.

The nal gatheringcanbe spedup by a factorof 5to 7
by augmentingheseconcdpasso precomputeheirradiance
at the photonpositions[Chr99. During renderingthe pre-
computedirradianceof the nearestphotonis looked up at

nal gatherray hit points,so no densityestimatesare nec-

essaryduring renderingIn this paper we proposea further
enhancementf the secondpassto be ableto handlehuge
numbersof photons(and alsoimprove the ltering of the
irradianceestimates).

In orderto computesufciently accurateéndirectillumi-
nationin largescenesvith intricategeometriadetail,alot of
photonsare necessaryPhotonscanbe tracedin very com-
plex scenesandif the photonsarestreamedo disk the pho-
ton mapsize canexceedthe memorysize of the computer
However, if the photonmapis too large, it cannotbe read
backin! For example,onacomputemwith 1 GB memorywe
typically cannotexpectto have morethan300MB available

for photongduringrendering(sincewe alsoneedto storethe
scenedescription etc.); this correspondso only 10 million
photons.

Final gatherrays hit the scenein very incoherentorder
Hencethe memorycontaininga standargphotonmapis ac-
cessederyincoherentlyduring nal gatheringlf thephoton
map information is not carefully organized,a limited-size
cacheis of no help. What we needis a tiled, hierarchical
representatioof the photonmapinformation.

Some variations of the photon map method use im-
portanceto reduce the number of photons storedin a
scenefor a view-dependentglobal illumination solution
[PP98,SW0Q KWO0Q]. But in our applications,we prefer
a view-independentollection of photonmapsthat canbe
usedfor y-through-like animations,so we cannotreduce
thenumberof photonsthis way.

Other methodsstorethe photonson surfacesinsteadof
in a kd-tree[Mys97, TWFP97 WHSG97. However, those
approachegannothandlevery complex scenessinceeach
(potentiallytiny) surfacehasa separatérradiancerepresen-
tation.In contrasta singlebrick cancover mary small sur
facedf theilluminationis smooth.

2.3. Rendering Complex Scenes

Pharret al. [PKGH97] usedpathtracingto computeglobal
illuminationin complex scenesThey reorderedherayinter
sectionteststo increaseghecohereng of geometryaccesses.
This reorderingmadeit possibleto rendersceneghatwere
10 times larger than the geometrycachesize, but unfortu-
natelyintroducedshadetimitations.

In Christenseret al. [CLF 03], we presenteca method
to performdistribution ray tracingin very complex scenes.
We useda MIP map representatiorof tessellatedgeom-
etry and a multiresolution geometry cache that is very
similar to Peachgs 2D texture tile cache.Ray differen-
tials [lge99,SWO01 wereusedto determineherequiredtes-
sellationaccurag. An insightaboutcachecohereng proper
tiesenableckf cient scanlinerenderingraytracing,anddis-
tribution ray tracingof very complex geometryWe demon-
strateddistribution ray tracingin sceneswith full tessella-
tionsover 100timeslargerthanthe geometrycachesize.

Our distribution ray tracingmethodcould be extendedto
handlefull multi-bounceglobalillumination by usinganir-
radiancecacheasin the Radiancesystem{WRC88,WS99.
However, herewelimit thedistributionraytracingto asingle
level, andinsteadusephotontracingandanirradianceatlas
to moreefciently capturethe effect of multiple bounces.

3. The Brick Map

In this section,we introducethe brick map,a generaltiled
3D MIP map representatiorfor volume and surface data.

¢ TheEurographicsAssociation2004.



ChristenserandBatali/ An Irr adianceAtlas

Thebrick mapis a 3D generalizatiorof Peachg's tiled 2D
texture MIP maps— very similar in spirit to the sparse,
adaptve octreesusedby BensorandDavis andDeBry etal.,
but designedvith moreemphasi®ntiling andcacheability

3.1. Brick Map Data Structures

The dataare organizedin a sparseadaptve octree.Each
nodein the octreehaseight pointersto its childrenand a
pointerto abrick. A brick hasN® voxels (we have chosers®
in ourimplementation)Eachvoxel canbe emptyor contain
texture datasuchasdiffuse and specularcolor, specularity
irradiance etc. Eachvoxel also containsa weight (“cover
age”or “alpha”) indicatinghow muchdatahasbeeninserted
in thatvoxel. For surfacedatawe alsostoretheaveragenor-
malfor eachvoxel,anda ag indicatingwhetherthenormals
areincoherentFor the nest data(atoctreeleaves),we store
multiple voxelsin alinkedlist at the samevoxel positionif
thedatain thatpositionhave incoherennormals.Thevoxel,
brick, andoctreedatastructuresare:

#define N 8

struct  Voxel {

float  *data;

float  weight;

struct  Vector averagenormal;
bool incoherentnormals;

struct  Voxel *next;

s

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

h

struct  OctreeNode {

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

h

Figurel shavsthetopthreelevelsof a brick mapfor sur
facedata.Thebrick attheroot of the octreecontainsa very
coarseapproximatiorof the 3D texture,while bricks atleaf
nodescontainthe most accuraterepresentationThe brick
maprepresentatioautomaticallyadaptgo datadensity:the
octreeis only deepin regionswith mary datapoints.

Figure 1: Spasebrick mapfor surfacedata.

For the global illumination applicationwe areinterested
in here,we are only concernedwith datathat comefrom
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points on surfaces.Hencemary voxels will be empty In
otherapplicationgfor examplesolid textures[Pea85Per85
andvolumephotonmaps[JC99), dataarepresentn theen-
tire volume. This resultsin a full octreewhereall voxels
containdata.Figure 2 shawvs the top threelevels of a brick
mapfor volumedata.

Figure 2: Densebrick mapfor volumedata.

3.2. Creatinga Brick Map

Givena setof points(a “point cloud”) with associateahor
mals, radii, and data,we wantto createa brick maprepre-
sentatiorof the data.We do this in threesteps.

The rst stepis to createa sparseoctreestructurebased
on pointdensityandradii. (Theradiusassociatedvith each
point can for example be determinedfrom the local point
density) Firstthe boundingvolumeof the datasetis found.
Thenthe volumeis divided evenly into eight subvolumes,
andthe datapointsaredivided accordingto which subvol-
umethey arecontainedin. Theneachsubvolumeis recur
sively dividedagain, etc. This recursve division stopswhen
the subvolume containsno pointswith smallerradiusthan
half avoxel diagonal(or no pointsatall).

Thesecondstepis to createa linkedlist of the pointsthat
overlapeachleaf node.For eachdatapoint p, we rst com-
pute a small volume Vp basedon its position and radius.
Then, startingat the root node,we determinewhich child
nodesoverlapVp, andrecursiely go to thosenodes.If the
nodeis aleaf, we insertpoint p in alinkedlist atthatnode.
Notethateachpointcanbeinsertedn morethanonelinked
list. The advantageof this stratgy is that the information
neededo createeachbrick is now completelylocal.

In thethird step,we insertthe point data.For eachoctree
node startingattheleaves,thedatathatoverlapthenodeare
insertedn its brick andthe bricks of its parentnodes When
apoint's dataareinsertedinto a brick, we determinewhich
voxel(s) the point volume overlaps,and add the dataval-
uesdp to the datady in thosevoxels. Whenadded the data
aremultiplied by aweightthatis determinedy how largea
fractionof thevoxel volumeV is overlappingthe point vol-
umeVp. We alsoincreasethe voxel weight, and updatethe
averagenormalfor eachcoveredvoxel:

dv += vadp
Wy += Wyp
v += WypTp;
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with
_ W\W,
Wyp = Vo .

If apointis insertedinto a voxel of an octreeleaf node,
andthepointnormalis very different(for examplemorethan
45 degrees)from the averagenormal of the voxel, we allo-
catea new voxel, insertthe point datain the new voxel, and
point the previous voxel's next pointerto the new voxel. At
internalnodes(non-leaes),we do not allocatenew voxels,
but addthe data,weight,andnormalasdescribecabore and
setthevoxel's“incoherentnormals’ag. Therearerelatively
few leaf nodevoxels with incoherentnormals,sothis strat-
egy doesnotincreasehe memoryusesigni cantly.

Whenall the nodes datahave beeninserted,we divide
eachdatavaluein avoxel by theweightof thevoxel. Wethen
determinethe maximumdata(and normal) variation of all
2 2 2voxel groupsof thebrick. If thevariationis smaller
thanauserspeci edmaximumerror, we eliminatethebrick.
If the variationis larger, we write the brick to disk. Empty
voxelsarenotwritten; thissavesalot of diskspacdor sparse
brick maps.We don't write the weightseither sinceall data
have alreadybeendivided by 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 —
smoothedasappropriatdor thegiven lter size.

We rst constructa lookup volume V- from the lookup
point positionand Iter size.Thenwe recursvely traverse
the octree,startingat the root andvisiting all childrenthat
the lookup volume overlaps(usuallyjust onechild, but can
be up to eight children). This recursve traversalcontinues
until the node containsvoxels of approximatelythe same
sizeasthelookupvolumeor aleaf nodehasbeenreached.
If the voxels that overlapV+- have the “incoherentnormals”
ag set,we reducethe size of the lookup volume andlook
deepein theoctreeto resohe thenormals.Thisresohespo-
tential color leakingproblemsalongedgesandthroughthin
objects[DGPRO02].

Whenwe have reachecdthe appropriatelevel in the oc-
tree,we determinewhich voxels overlapthe lookupvolume
andhave normalssimilar to thelookupnormal(for example
within 45 degrees)If we areataleaf node,we mayhave to
follow thelinked list of voxels sharingthe samevoxel posi-
tion in the brick. We incrementthe lookup resultd- by the
voxel datamultiplied by thefractionaloverlapof iy, andV-:

d += wy dy
with
VAW
v T
(Empty voxels and voxels with inappropriateaveragenor-
malsdo not contrikuteto thelookupresults.)

If the lookup volume overlapsa neighboroctreebranch
thatdoesnot have asmuchdetailasthe branchthatcontains
point p itself, we usethe dataat the available resolution.
The weightsof the dataarestill determineday the ratio of
the overlapvolume andthe ( ne or coarse)voxel volume.
More informationaboutlookupsthatoverlapdifferentlevels
of detailcanbefoundin BensonandDavis [BD02].

Generallythe lookup volume size will fall betweentwo
levelsin the octree.In this case we canchooseto look up
in eachof thetwo levelsanddo a linearinterpolationof the
resultingvaluesthisensuresmoothtransitiondetweerdif-
ferentresolutions.

3.4. Brick Map Caching

The entire octreeof a brick mapis readfrom disk the rst
time the brick mapis accessedandthenkeptin memory
Thisis acceptabldecauseachoctreenodeconsistof only
nine pointers(eight pointersto child nodesandone pointer
to a brick), andtypically the octreenodesmale up lessthan
half a percentof the total size of a brick map.Even for a
collectionof brick mapswith 1 million bricks, the octrees
only usel million * 9 pointers* 4 bytes= 36 MB.

Bricks arereadfrom disk ondemandandcachedn mem-
ory. If the ne lookups are coherent(as they arein our
global illumination method),the cachehasa high hit rate
andcachingis very ef cient. Note thateventhoughthein-
dividual bricks canbe sparsethe cacheslots needto have
spacefor all 83 potentialvoxels in a brick sincethe same
cacheslot may be lled later with a densebrick. (We dy-
namicallyallocateandfree the “extra” voxels at leaf nodes
with inconsistenhormals.To avoid fragmentationye usea
poolof pre-allocatedoxelsfor this.) Our cacheusesaleast-
recently-usedLRU) replacemenstratey. In ourimplemen-
tation,the brick mapcachesizecanbe selectechy the user
The default sizeis 10 MB, correspondingo a capacityof
1280bricks.

We have foundthatin typical applications|essthan50%
of the voxelsin the brick cachehave datain them.In other
words, morethanhalf of the voxels areempty This means
thatit would be possibleto compresshe 10MB brick map
cacheto around5MB. However, the costwould be mary
free'sandmalloc's of voxels every time a brick is readinto
thecache.

4. Global lllumination using Brick Maps

Beforethe globalillumination computatiorbegins, the user
mustselectgroupsof objectsthatshouldshareaphotonmap
le. (Alternatively, photonmapscould be automaticallyas-
signedbasedon the objecthierarcly and sizes,or divided
along creasedetweenmajor objects[LC03].) The groups
shouldbe chosensuchthat no single photonmap endsup
with morephotonsthancan t in memoryat onetime. We
have foundthis groupingeasyandintuitive in practice.

¢ TheEurographic#Association2004.
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In the rst globalillumination step,photonsaretracedas
in the standardphoton map method.When a photon hits
a diffuse object, it is written to that objects photon map
le. Thenthe photonsin eachphotonmap le are sorted
into a kd-treeandtheirradianceandlocal areais estimated
at eachphotonposition. (The radius associatedvith each
photonfollows directly from its areaestimate.)The result
is a collectionof oriented,coloreddisksreminiscentf the
surfelsusedfor surfacerepresentatiofiPZvBG00]. Thena
brick mapis constructedrom theirradiancedisksfor each
photonmap le.

Duringrenderingwe needto determingheradianceat -
nal gatherray hit points.Theirradianceatthe pointis looked
up in theirradiancemapof the hit object,andmultiplied by
thelocal diffusecolor at the hit point. Theray differentialis
usedto determinethe lIter sizebothfor theirradiancemap
lookupandthediffusetexturelookup.

Dueto thecohereng propertief scanlinerenderingray
tracing,anddistributionraytracing[CLF 03], the ne brick
accessearecoherentThis meanghatit is sufcient to have
a brick cachewith a capacitymuch smallerthan the total
numberof bricksin theirradianceatlas.

It is interestingto notethat an irradiancemaplookup is
usuallyfasterthancomputingtheillumination (evenjustthe
directillumination)if thereareseverallight sourcesachre-
quiring shadaev ray tracingor ashadev maplookup.

5. Results

We implementedhis global illumination methodin Pixar's
RenderManawidely usedcommerciatenderefAGO0Q. All

ourtestsweredoneonalinux PCwith a3.4GHz Pentiumd
processarThetestsusedlessthan600MB of memory The
imageswererenderedatresolution1024 553.

5.1. TestScene

We testedthe methodon a scengrom the CG movie “Mon-

sters,Inc” [DPO1]. The scenevasnot modeledwith global
illumination in mind, but we retro tted it with globalillu-

minationshaderdor thesetests Figure3 shavsthescenea
city block with mary individually modeledbuildings, trees,
cars,etc. Thesceneconsistof 36,000high-level primitives,
mostlyNURBS patchesndsubdvision surfacesin thisim-

age,the sceneis only illuminatedwith directlight (from a
directionallight sourcesimilar to the sun) with ray traced
shadavs. Large partsof thescenearecompletelyblacksince
nodirectlight reacheshem.Therendertime was6 minutes.

5.2. Photon Tracing

The objectswere manuallygroupedinto 41 groups.Emit-
ting 300 million photonstook 29 minutesand resultedin
52million photonsheingstored(Dueto aratherloosescene

¢ TheEurographic#ssociation2004.

Figure 3: Monstiopoliscity blodk with only directillumina-
tion. ( ¢ Disnegy/Pixar)

boundingbox,themajority of theemittedphotongid not hit
ary objects.)The maximumphotonre ection depthwasset
to 10to ensurahatthephotonmapscaptureenoughbounces
of indirectillumination. The photonswerestoredin 41 pho-
ton map les with atotal sizeof 2.2 GB. Eachstreet,build-
ing, andcarhasa separatghotonmap le. Figure4 shavs
two of thephotonmaps Thephotonmapfor thecarcontains
76,000photong( le size3.2MB) while the photonmapfor
thebuilding contains3.4 million photong(144MB).

Figure 4: Photonmapfor car andbuilding.

For anoverview of theilluminationin thescene,gure 5
shaws a coarsephotonatlasof the entirescene This gure
only shawvs 0.1%o0f the photonsin thefull photonatlas.

Figure 5: Coarsephotonatlasfor entire scene
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5.3. Generatingthe Irradiance Atlas

Theirradianceandarea(radius)wasestimatecht eachpho-
ton position;thistook 18 minutesfor all photonmaps.Each

irradiancevalue and areawas estimatedusing the nearest

50 photons.

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

Figure6 shaws thetop four levels of theirradiancebrick
mapsfor the carandbuilding. The car's irradiancemaphas
959bricks( le size69MB); theirradiancemapof thebuild-
ing has31,700bricks (190 MB). Thetotal sizeof all their-
radiancebrick map les is 2.4 GB. Theirradianceatlashas
253,000bricksin total — nearly200timesthedefault brick
cachecapacity

Figure 6: Irr adiancebrick mapsfor the car and building.

Figure 7 shaws the car and building shadedwith irradi-
ancefrom their respectie irradiancemaps.

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

Figure8 shaws the entirescenerenderedwith irradiance
from the irradianceatlas.Note the color bleedingfrom the
redcarontothe streetandbetweerthelearesonthetrees.

Figure 8: Entire sceneshadedwith irr adiancefromtheir-
radianceatlas.( ¢ Disneg/Pixar)

Figure 9 shavs the scenewith the objectsshadedby the
irradiancetimesthe local diffuse color. This imageclearly
illustrateswhy the irradiancemapsshouldnot be rendered
directly — they aresimply too noisyandblurry.

Figure 9: Irradiancetimes local diffuse color. (¢ Dis-
ney/Pixar)

¢ TheEurographicsAssociation2004.
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Figure 10: Globalilluminationin a productionscenewvith 237million (unique non-instancedirianglesand52 million photons.
Photontracing took 29 minutes,computingan irr adianceatlas took 43 minutes,and renderingtook 3.8 hours on a 3.4 GHz
CPU. Withouttheirr adianceatlasrepresentationthe 52 million photonswouldnot t in memoryandit wouldbeimpossibleo

rendertheglobalillumination efciently. ( ¢ Disney/Pixar)

5.4. Rendering

FigurelOshovsa nal gatherrenderingof theentirescene.
Note the high quality of the indirect illumination in the
shadedareasfor examplethe housesn the left sideof the
streetThereis alsoavery subtlecolor bleedingfrom thered
carontothe street.Renderinghis imagetook 3.8 hoursand
required73 million nal gatherraysand4 million shadev
rays.During rendering the scenewasdivided into 463,000
surfacepatcheswhich corresponds$o 237 million triangles
at maximumtessellatiorrate. The 2D texture andtessella-
tion cachesizesweresetto 10 MB and30 MB, respectiely.
Therewere215million brick cachelookups.Tablel shavs
cachestatisticsfor differentbrick cachesizes.As it canbe
seenour default cachesizeof 10 MB is areasonableom-
promisebetweersizeandspeed.

cachesize misses hitrate rendertime
0 215M 0% 6.7h

1MB 2IM  90.3% 4.1h
10MB 2.3M  99.0% 3.8h
100MB  0.9M 99.6% 3.7h

Table 1: Brick cadche statistics.
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6. Discussionand Futur e Work
6.1. Brick Map Creation

Our algorithm for generatinga brick map minimizes the
numberof bricksthatarekeptin memoryatonetime— only
O(logn) bricksareneededwheren is the numberof octree
nodes.Thisis usuallyonly 10—20bricks.In our rst imple-
mentationwe usedasimpleralgorithmthatstoredall bricks
in memoryduringbrick mapgenerationandonly eliminated
andwrote bricksin the end.However, storingall the bricks
in memoryturnedoutto beasigni cant memorybottleneck.

With ourcurrentwork o w, eachphotonmapis sortedinto
akd-treeto estimatetheirradiancesandtheirradiancesare
thencorvertedto a brick map.It maybe possible(andmore
ef cient) to combinethesetwo steps,i.e. computingthe ir-
radianceglirectlyin the brick maponcethe brick mapstruc-
turehhasbeendeterminedrom the photonpositions.

Another possibleoptimizationis to computefewer pho-
tonirradianceestimatesn regionswith fairly uniform pho-
ton density Currentlysuchuniformirradianceestimatesre
deletedin step3 of the brick mapcreation,but it would be
moreef cient to notcomputethematall.
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6.2. Brick Map Lookups

Comparedo the original photonmapmethod,we often get
thebene tof Itered (lessnoisy)irradiancesstimateswhile
theoriginal photonmapmethodalwaysusesa x ednumber
of photonsto estimatethe irradianceat nal gatherray hit
points, we usethe ray differentialto determinethe lookup
levelin thebrick map.This meanghatwe getthe averageof
severalirradianceestimatesvhenappropriate.

Our brick map lookups currently use quadrilinearinter
polation (trilinear interpolation betweenneighbor voxels;
linear interpolationbetweentwo levels) and a single Iter
size(radius)to determinghe MIP maplevel. Interestingfu-
tureimprovementswould be higherorderinterpolationand
anisotropicltering.

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 mapscan be used
asfollows: skip the photontracingpassbut renderthescene
with directilluminationandstore(“bake”) theresultingradi-
ancedataas3D point clouds.Thencorvert the point clouds
to brick maps,anddo a nal gatherrendering.The multi-
resolutioncachingpropertiesof brick mapsareequallyuse-
ful in this application More detailscanbefoundin [Pix04].
The brick maprepresentatiocanalso be usedfor caustics
andfor participatingmedia.

Our approachis very e xible in thatthe irradiancemaps

canbe manipulatedndependenthafter they aregenerated.

If, for example we wantmorecolorbleedingfrom anobject,
we could load the brick mapinto an interactive 3D paint
packageandincreasesomeor all of theirradiancevalues.

During nal gatherrenderingthe high-quality3D global
illumination resultscanbe storedasanother3D texture and
reusedn subsequentenderingof the samesceneThis can
amortizethe computationcost over mary imagesand also
givesalot of e xibility to mix andmatchglobalillumination
solutions If accurateglobalillumination hasbeencomputed
for theentirescenerenderingthe samescengrom a differ-
ent cameraangletakesonly a few minutes(approximately
thesametime asto renderdirectilluminationalone).A sim-
pli ed versioncouldevenberendereditinteractie speed.

We believe thatour methodis particularlywell suitedfor
parallelexecution.For very complex scenesthe bottleneck
for parallelray tracingandglobalilluminationis usuallythe
geometryandtextureaccessegndwith our multiresolution
cacheghis bottleneckis eliminated.

7. Conclusion

We have introducedthe brick map, a tiled 3D MIP map
format for efcient representatiorand cachingof general

surfaceand volume data. We usethe brick map format to

improve the photonmap methodwith ef cient cachingof

global illumination irradiancedata. The resulting method
enablesefcient and e xible computationof multi-bounce
globalillumination in very comple sceneslt is our hope
thatthis will leadto morewidespreadiseof globalillumi-

nationin CG movie production.
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