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Abstract

We presenta methodfor the ef cient calculationof multi-resolutionradiosityform factors
usingprogrammablgraphicshardware. MipmappedD texturesareusedo allow for highly re-
ned patchewith themipmappingnechanismvorkingasahardwareacceleratedraclefor the
dynamiclinking of patchhierarchiesTheactualform factorvaluesfor unoccludegatchesre
thencomputedwith the analyticdifferentialareato polygonform factorusingprogrammable
graphicshardware. The resultingmethodallows for the ef cient calculationof radiositysolu-
tionswith re ned patchhierarchiesaswell asform factorvaluesthat are more accuratehan
thosecomputedwith thetraditionalhemicubealgorithm.

1 Intro duction

Theradiositymethodis apopulartechniqugor generatingealisticimagesy solvingtherendering
equationfor Lambertiansurfaces. Radiositymethodsdivide the surfacesin an environmentinto
discretepatcheseachwith anunknavn radiosityB;, andsolve thefollowing enegy balancesequa-
tionsexpressinghe ux leaving patchi asthe sumof its emissve ux (for light sourcesplusthe
re ected ux, computedasalinearcombinationof theradiositiesof all the otherpatches.

ABi = AE + rid AjBjF;
j

A
Bj= Bj+ erjEDBi
J

Herer; isthere ectivity of patchi, E; isits emissvity, andA; isits area.The“form factor”Fj; from
patchj to patchi is the fraction of the ux leaving patchj thatarrivesat patchi. See[Cohenand
Wallace1993]and[Sillion andPuechl1994]for furtherdetails.

FormfactorsareoftencomputedisingthehemicubenethodCohenandGreenbey 1985],which
placesa cubeat the surfaceof oneof the patcheswith its top faceparallelto the surface. Thetop
face,andhalf of eachof the side facesbecomewindows for hardware rendering. All the other
patchesarerenderednto thesewindows with colorsrepresentinginiquepatchlDs. Theimageis
readbackfrom the framebuffer, andthe ux fractionrepresentedy the deltaform factorof each
pixel is summedinto the form factorrepresentedby the pixel's ID value. To avoid the geomet-
ric overheadof using subdvided patchesalonga polygon, Max and Allison [1992] use Gouraud
shadinghardware to interpolatebasisfunctionsalong triangularelements. Similarly, Nielsenet
al.[2001] usetexturesto storepatchid’s for perspectiely correcthardwareacceleratediorm factor
computation.

To allow for the efcient solving of a radiosity solution, Hanrahanret al. [1992] describehow
multilevel patchhierarchiexanbeusedwith sourceandrecever patchedreatedat varyinglevels-
of-detail. They usean oraclefunction for determiningthe linking of nodesthat is basedon an
estimateof unoccludedorm factors.



We presenta methodfor the hardwareacceleratedalculationof hierarchicakadiosityform fac-
torsusingmipmappedexturesasa multiresolutionrepresentationf patchhierarchiesMipmapped
texturesare createdwvhich encodethe patchlDs eachtexel representsEvery patchat eachre ne-
mentlevel is assigned uniquelD. This ID is encodedasa color thatis laterrenderedo theframe
buffer duringthe calculationof form factors.Thus,arny givenRGB color canbe decodedo a spe-
ci ¢ polygon,patchhierarcly level, andpatch. Employing mipmappedexturesenableghe useof
highly re ned patchhierarchiesvhich cancapturesubtleshadingfeatureswithout the geometric
overheadn datastructuresandpolygontransmissiorandset-upof a polygon-basedepresentation.
It alsoactsasa hardware acceleratesracle mechanisnfor the dynamiclinking of patchhierar
chies. Speci cally, mipmappingpermitsthe highestlevel of patchre nementthat avoids aliasing
with respecto patchvisibility, wherepatchesaremissedby hemicubedueto its limited resolution
andsamplingdensity

Sincethe original hemicubealgorithmcomputedorm factorsweightedby the numberof pixels
eachpatchprojectsto, the highly re ned patchesn ourwork oftendo not projectto enoughpixels
to give sufciently accuratdorm factorvalues.To addresshis problem,in ourwork the hemicube
is usedprimarily for determiningvisibility betweerpatcheswith the actualform factorvaluescal-
culatedusingthe analyticdifferentialareato polygonsolutionexecutedn afragmentprogramthat
is runin graphicshardware. To handlepartially occludedpatchesa hybrid approacthis employed,
wherepartially occludedpatcheshave their form factorscomputedusingthe traditionalhemicube
method.

2 Mipmap Visibility Hierarchies

We have appliedour mipmappingtechniqueto progressie radiosity shootingwith modi cations
to ef ciently accommodat¢he subdvision hierarclty. With shooting,the radiosity B and unshot
radiosityDB for all patchesreinitialized to theemissvity, whichis zeroexceptatthelight sources.
Thena successiomf shootingpatches? arechosenandthe enegy of all patcheds updatedby
shootingunshotenegy from P, to all otherpatchesShootings typically performedby thefollowing
steps:

1. Selectthe shootingpatchP, basedn anunshotpower criterion.
2. Calculate‘column” form factorsfrom thatpatch

3. Updatetheradiosityandunshotradiosityof receving patchesasdescribedy

DB; = DB; + r jFij 2 DB
DB = 0
Bj= Bj+ I’jF,j%DBi

whereB is the patchradiosity DB is the unshotradiosity i is the shootingpatch, j is a
receving patch,rj is the re ectivity of patch j, andF;; is the form factorfrom patchi to
patchj.

In orderto accommodatéhe mipmaphierarcly severalchangesaremadeto thealgorithm. First,
the shootingpatchis selectedisinga greedyheuristic,describedn Section4.2, that delayspush-
pull operationson the hierarchies.The hemicubeis usedwith shootingpatchsize andresolution



adaptedbasedon the unshotenepgy of the patchhierarcly. During the form factor calculation
step,the mipmappedexture IDs are usednot only to calculateform factors,but alsoto provide
linking betweenthe shootingpatchandreceving patchesatadaptedsubdvision levels. Finally, for
the “updateradiosity” step,ratherthanupdatingthe radiosity B and unshotradiosity DB, only an
unpushedadiosityDl is updatedthatis subsequentlysedto updatethe B andDB termsduringthe
delayedoush-pulloperation.Thisis discussedn Sectiord.1.

Therole of mipmappingcanbethoughtof asa multiresolutionpatchlinking oracle,or it canbe
treatedasa simpleantialiasingmechanismFor a patchlinking point of view, mipmappinghasthe
effect of linking a shootingpatchto receving patchesat subdvision levels suchthateachreceving
patchprojectsto a uniform numberof elementson the hemicube.Thosepatcheswith smallform
factorvalue,projectingto sub-piel sizein the hemicubegetmeigedto a coarsemodein the hier-
arcty, while thosepatcheghatprojectto alargenumberof elementsarere ned further. In addition,
we usea lower resolutionhemicubewhenshootinglessunshotpower, resultingin polygonspro-
jecting to lessareaon the screenandthusresultingin coarsermipmaplevels. The overall effect
is thatsourceto recever links have relatively uniform unshotenepy, sothatcomputations evenly
distributedbasedon enegy contritution to theradiositysolution.

Using mipmapscaneliminatealiasingwith respecto visibility by ensuringthat patchesarenot
skippedwhensampledwith a hemicubeof lower resolution. Ratherthanskippinghigh resolution
patchescoarserresolutionpatchesareused.By default, this resultsin approximatelya one-to-one
mappingof hemicubepixel and patchesjn otherwords, mostpatchesappearasa singleelement
on the hemicube.lt is desirableto have patchesnapto several pixels on the hemicubefor more
accuratdorm factorcalculationsparticularlysincetheregularsamplingof the hemicubecombined
with the regularspacingof patchesausesliasingwith respecto the numberof pixels eachpatch
projectsto on the hemicube.This canbe accomplishedy adjustingthe level-of-detail(LOD)bias
of atexture,which hasthe effect of addingan offsetto which mipmaplevel is used.

Thedisadwantageof biasingmipmaplevelsis thatit resultsin form factorlinking to lower resolu-
tion patchlevelsandtherefordower resolutionradiositysolutions.Thusthereis a distincttrade-of
betweerthespatialresolutionof thepatchhierarcly usedandtheprecisionof theform factorvalues
computedor eachpatch.In thenext sectionwe describeéhow to avoid thistrade-of with ananalytic
methodthatallows for minimalamountsof LOD biasingwhile still computinghigh precisionform
factorvalues.

3 Analytic Form Factor Computation

Baumetal. [1989] discussa numberof differenttypesof errorsthat exist from the useof the
hemicubencludingtheform factoraliasingproblemdiscussegreviously. Theirwork payspartic-
ularattentionto thehemicubegorm factorerrorsintroducedoy violationsof the “proximity assump-
tion”. This occurswhenthe distancebetweenthe centerof two patchediffers signi cantly from
thedistanceheiredges.To addresshis problem,they proposea hybrid algorithmthatusesanalytic
differentialareato polygonform factorcomputatiorfor light sourcesandpairsof patchesf close
proximity. For computationakf ciency their hybrid methodusesthe original hemicubealgorithm
for patcheghatarefar apart.

3.1 Hardware Implementation

In our work, therelatively small patchesnadepossiblethroughthe useof mipmappedD textures
makesform factoraliasinga signi cant sourceof error, particularlywhenalow level-of-detailbias
is used.To addressheseerrorswe useanalyticdifferentialareato polygonform factorcalculation
for mostpatcheausinga fragmentprogramexecutedin graphicshardware. Thusthe mipmapped
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Figure 1. Differentialareato polygonform factorsare computedanalytically with the geometry
shawvn.

texturesdo not needto be heaily biasedto avoid aliasing,with the hemicubeusedprimarily for
determiningvisibility, andthe actualform factorvaluesreadfrom the alphachannelof a 32-bit
oating pointframebuffer.

The geometryusedfor computinganalyticaldifferentialareato polygonform factorsis shavn
in Figure 1. The differential areais placedat the receving patchsincethe receving patches
are mipmappedexels, and are thustypically small with respecto the shootinghemisphere.The
analyticcomputatiorcanbe expresseds:

Fana = 5- a NiGy

whereN; is the normal of the differential surface,and G is a vectorwith a direction computed
from thecrossproduceof Ry andR(g: 1y004 (Shavnin Figure 1) andamagnitudesqualto theangle
betweerRy andR g+ 194 (@amma)in radians.

The form factorsare computedusing a fragmentprogram. The program rst writes the patch
ID to thered andgreenchannelsandthe polygon|ID is written to the blue channel. The recev-
ing patchcenteris determinecandsubtractedrom the shootingpatchcornerg(which arefragment
programparametersjo computethe normalizedR vectors.Determiningthe anglegammabetween
thesevectorsrequiresan ArcCosoperationwhich is not directly supportedunderARB Fragment
Program.We implementeahis operationusinga 2048entry 16-bit lookup tablewith linearinter-
polationbetweenvalues.Sincethereceving patchis oftenfar from the shootingpatch,thevalueof
ArcCogg) is oftensmall. Thisis alsothepartof this functionthatbehaesleastlinearly andis thus
leastsuitedfor a linearly interpolatedookuptable. To alleviate this problemwe make the entries
of thetablenon-uniformby takingthe ArcCosinputto thefourth power prior to lookupandtaking
the cubedroot of eachvalue when computingthe lookup table. The remainderof the fragment
programrequiresstraightforward usageof crossproductanddot productoperationswith the nal
form factorvaluewritten to the alphachannebf the framebuffer.

3.2 Partial Occlusion

The analyticcomputationusedby the fragmentprogramis only accuraten the absencef occlu-
sion. With the original hemicubealgorithm, partially occludedpatchegrojectto fewer pixels on
the hemicube which hasthe propereffect of reducingform factorvaluesfor thosepatches. By
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Figure2: Examplesof the differentways partially occludedpatchescanbe dealtwith. In (b) the
hemicubeis usedfor binary visibility determinationn (c) a hybrid approachis appliedwith the
original hemicubeusedfor partially occludedpatchesNotice the bright patcheqpointedto by the
arrons) causedby errorsfrom countingpixelsonthehemicubeln (d) thesebright patcheave had
their form factorvaluesclampedby the analyticallycomputedvalues.

ignoring partial occlusionandonly usingthe hemicubefor binary visibility determinatiorandun-
occludedanalytically computationfor form factor values,sharpshadev aliasingis exhibited as
shawvn in Figure 2(b). We thustake a hybrid approacho form factorcalculation,whereanalytic
form factorcomputationis usedfor mostpatchesandthe original hemicubemethodis usedfor
selectpatcheghat are estimatedo be partially occluded. A patchis estimatedo be partially oc-
cludedif it neighborsapatchthatis fully occludedrom theshootingpatch.Thisis implementedy
settinga ag for all patcheghatfor all visible patchegeadfrom the hemicubdD buffer, andthen
usingthetraditionalhemicubealgorithmfor thosepatcheghatneighbora patchwherethis ag not
set. With this techniquepartially occludedpatchesareproperlyanti-aliasedvith accurag equalto
the original hemicubealgorithmasshown in Figure 2(c). This same gure alsoillustratesseveral
bright patcheswvherethe original hemicubemethodover estimateghe form factorfor that patch.
Theseartifactscanberemoved by usingthe analyticallycomputediorm factorvaluesto clampthe
maximumform factorvalueasshown in Figure 2(d).

4 Implementation Details

A numberof algorithmvariationsmustalsobe madeto ef ciently accommodat¢he mipmapped
patchhierarchiesisedin ourwork. Theserelateto the operationgequiredfor keepingthedifferent
patchlevels up to date,and the properselectionof shootingpatcheswhen theseoperationsare
avoided.

4.1 Hierarchy Updating

For eachpolygon a quadtreepatchhierarcly is stored. Eachpatchcontainsthe radiosity B, the
unshotradiosityDB, andthe unpushedadiosityDI. During shootingonly the DI partof eachnode
is updatedwhich is usedlater during the delayedpush-pulloperationdHanrahanet al. 1992]. In
additionto the hierarcly, for eachpolygonthe total unshotpower is storedand kept up-to-date
duringthe shootingprocessin orderto guidethe choiceof the next shootingpolygon,asdescribed
in the next section.

Thepush-pulloperatiorconsistof pushingtherecevedradiosityDl to theleavesof thehierarcly
by addingradiosityreceved at higherlevels andthenpulling enepgy toward the root by averaging
there ectedradiosityfrom lower levels. Beforeshooting,a push-pullmustoccursothatthe push-
pull DI valuescanbeaddedo the B andDB partsof all nodesn thehierarcly. Applying apush-pull
to all polygonscanbe expensve sincethe costof the operationis proportionalto the total number



of patchessothe numberof push-pullsshouldbe minimized.

4.2 Selection of Shooting Patch

Typically, the shootingpatchselecteds the patchwith the highestunshotenegy. Theuseof patch
hierarchieamakesthis muchmoredif cult becausef the sheemumberof patchesaswell asthe
factthe unshotpower is not necessarilyknown” for a given patch,sincethe push-pulloperation
may not have occurred.To avoid a push-pulloperationon all patchesthe shootingpatchis chosen
usinganapproximategreedyselectiorcriteriaasfollows:

1. Selectthe polygonwith greatestinshotpower andapply push-pull

2. Recursiely traversedown the patchhierarcly from the root in a greedymanney following
the patchwith the greatestinshotpower

3. Stopjustbeforetheunshotpower or sizeof child patcheseachedelow thresholdandshoot

Althoughthis methoddoesnot nd theoptimalshootingpatch,in practicewe have foundit to work
well, andit only requiresone push-pulloperationper shootingpolygon. Furtherpush-pullscanbe
avoidedby selectingpatchedrom the samepolygonfor consecutie shootingiterations.

4.3 Texture Encoding

Sincetexturememoryis limited, it canbeimpracticalto createa high resolutionmipmaplD texture
for every polygonin a scene. Fortunatelythis can be avoided by storing the patchID within a
polygonin a mipmappedexture usedfor all polygons.Then,whenID renderings performedthe
positionpatchlD andhierarcly level within thatpolygonis writtento theredandgreenchannelsn
16-bit precisionwhile the polygonID is storedin the bluechannein 16-bitprecision.If morethan
65,536polygonsweredesiredtheredandgreenchannekouldalsobeusedfor storingpolygonIDs
or higherprecisionframetuffer readbackgould be performed.

5 Results and Conclusion

We evaluatedour techniqueusinga PCwith an AMD Athlon-64 FX 2.2 GHz processgnwo giga-
bytesof memory andNvidia GeForceFX5900Ultra graphicscard. Hemicubefaceswererendered
oneatatimeto differentpartsof theframebuffer andreadbackin asingleoperation.Theradiosity
solutionseenin Figure 3(a) wasgeneratedn 2.7 secondswith 16 shootingiterations. The scene
consistof 402polygonsandover47,000patchesNoticethewell de ned shadevs underthechairs,
aswell asredhueonthelight sourcere ectedfrom thenearbyredwall from wall light re ections.

The scenein Figure 3(b) contains3138 polygons,andjust over 90,000patches.The radiosity
solutionshavn wascomputedn 9.0 secondsvith 32 shoaotingiterations.Sinceour techniqueuses
shootingtheradiositysolutioncanbe viewed progressiely for betterinteractiity.

For eachshootingoperatiorapproximatelytwo-thirdsof thetime is spentcomputingform factors
while therestof thetime is usedto addradiosityto the softwarepatchhierarchiesOf thetime spent
computingform factors half thetime is spentperformingframebuffer readbacks while the restof
thetime is spentrasterizingpolygonsto the hemicubeframe buffer runningthe analyticfragment
program.

Our work focuseson the problemof form factorcomputation. Our timing resultssuggesthat
furtherperformanceémprovementouldbegainedby mappingtheremainingoperationsiecessary
for radiositycomputatiornto the GPU. In contrastto our work, for example,Carretal. [2003] cal-
culateform factorsin a preprocessingtep,andusegraphicshardwareto computematrix radiosity
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Figure3: Theradiositysolutionshavn in (a) wascalculatedn 2.7 secondsfter 16 shootingiter-
ationsusingover 47,000patches.Sinceour techniqueusesshooting,the radiositysolutioncanbe
viewed progressiely for betterinteractvity. This radiositysolutionshovn in (b) wascalculatedn
9.0secondsfter 32 shootingiterationswith over 90,000patches.

solutions.Coombeetal. [2004], ontheotherhand maptheentireradiositymethodto the GPU.The
key innovation of our work is thatthe methodwe describesupportshierarchicalradiosity without
geometricoverheadand performson the GPU adaptve linking of sourceanddestinationpatches
at differentlevels-of-detailfor the ef cient computationof radiosity solutions. We are obviously
interestedn mappingthe remainingpartsof the radiosityalgorithmto graphicshardvare.
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