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Abstract

e presentan algorithmfor simulatingglobal illumination in scenecomposeaf highly tessellatedbjectswith
diffuseor modeately glossyre ectance Thesolutionmethodis a higher order extensionof the faceclusterra-
diosity technique It combinedaceclustering multiresolutionvisibility, vectorradiosity and higher order bases
with a modi ed progressiveshootingiteration to rapidly producevisually continuoussolutionswith limited mem-
ory requirmentsThe output of the methodis a vectorirr adiancemapthat partitions input modelsinto areas
whee globalilluminationis well approximatedusingthe selecteasis.Theprogrammingcapabilitiesof modern
commoditygraphicsarchitectuesare exploitedto renderilluminatedmodelsdirectly fromthe vectorirr adiance
map, exploiting hardware acceleation for appoximatingview dependentilumination during interactive walk-
throughs.Using this algorithm, visually compellingglobal illumination solutionsfor scenef over onemillion
input polygonscanbe computedn minutesandexaminednteractivelyon commorgraphicspersonalcomputes.

Catgoriesand SubjectDescriptorgaccordingto ACM CCS) 1.3.3 [ComputerGraphics]:PictureandimageGen-
eration;|.3.7 [ComputerGraphics]:Three-DimensionabraphicsandRealism.

1. Intr oduction

Interactve computergraphicssystemdor realisticallyvisu-

alizing geometricallycomple« modelsare essentiacompo-
nentsof anumberof practicalapplicationsincludingevalua-
tion, designandtrainingsystemsThesubtlelighting effects
simulatedby globalillumination areof primaryimportance
to make thevirtual world representatiotook realistic.Finite

elementmethodshave establishedhemselesin the indus-
try asone of the methodsof choicefor simulatingglobal

illumination, mainly becauseheir resultsare well suited,
at leastin the standarddiffuse case for interactive inspec-
tion in virtual reality simulators. The ability to perform
interactive walkthroughf globalillumination solutionsin-

cludinglargetessellateanodelsandglossyeffectsremains,
however, achallengingopenproblem.

In this paper we presenta higherorder extensionof the
faceclusterradiositytechniquethat overcomescertainlim-
itations of previous approacheslt combinesface cluster
ing, multiresolutionvisibility, vector radiosity and higher
order baseswith a modi ed progressie shootingiteration
to rapidly producevisually continuoussolutionswith lim-
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ited memoryrequirementsin particular sincethe method
focuseson smoothly representingvector irradiancerather
thanradiosity its memoryandtime compleity are practi-
cally independenfrom the input modelsize. The outputof
the methodis a vectorirradiancemap that partitionsinput
modelsinto areasvhereglobalilluminationis well approxi-
matedusing the selectedbasis.The programmingcapabil-
ities of moderncommodity graphicsarchitecturesare ex-
ploitedto renderilluminatedmodelsdirectly from thevector
irradiancemap, exploiting hardware acceleratiorfor com-
putingview dependenillumination duringinteractive walk-
throughsUsingthisalgorithm,globalillumination solutions
for sceneof over onemillion input polygonscanbe com-
putedin minutesand examinedinteractvely on common
graphicspersonatomputers.

Therestof the papelis organizedasfollows. An overvien
of the relatedwork is presentedn section2. Then, hier
archicalhigherorderfaceclusterradiosityis introducedin
section3. Section4 discussesur prototypeimplementation
and the preliminary resultsobtained.The paperconcludes
with asummaryanda view of currentandfuturework.
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2. Relatedwork

Volume clustering for hierarchical radiosity. The most
successfulradiosity techniquefor dealing with comple
sceneds currently hierarchicalradiosity 2. The algorithm
constructsa hierarchicalrepresentatiorof the form fac-
tor matrix by adaptvely subdviding planarpatchesaccord-
ing to a usersuppliederror bound.By treatinginteractions
betweendistant patchesat a coarserlevel than thosebe-
tweennearbypatchesthe algorithm reducesthe costfrom
quadratido linearin the numberof sub-patchessed How-
ever, sinceaninitial transportink hasto be computedrom
eachof the original patchesto all others,the costis also
quadratidn thenumberof input polygons whichis thema-
jor bottleneckior highly tessellatedcenesVolumecluster
ing methods3 24 combatthis problemby groupinginput
patchesnto volumeclusters Handlingthelight incidenton
a clusteris, however, a dif cult problemandall presented
solutionsare more suitableto handlingunoganizedsetsof
polygonsthanhighly tessellatednodels® 6 7. It is dif cult
to obtain continuouslyshadedsurfaces,sinceinterpolating
scalarirradiancesacrossvolumesdoesnot leadto goodre-
sultsbecausef the varying orientationsof surfaceswithin
thecluster®. At thesametime, pushingirradiancego leaves
on-the-y 839 makesit dif cult to constructhigherorder
representationsf polygon irradiances makes the method
compleity dependenbn input modelsize,anddrastically
reduceghe memorylocality of the solutionphase.

Hierar chical radiosity on simplied and multir esolution
models. Meshsimpli cation techniquescanbe adoptedto

structurethedataatdifferentlevelsof detail1°. A numberof
authorshave recognizedhepotentialof thesetechniquegor

handlinglargetessellatedurfacesn radiosity Rushmeieet
al. 11 demonstratedhe useof simpli ed modelsin radios-
ity. Greger et al. 19, shaved how to apply the resultsof a
simulationon a simpli ed sceneto a moredetailedversion
of the samescenethroughthe use of irradiancevolumes.
Both methodsforce the userto selectthe compleity of the
modelbeforethe simulation.Dumontand Bouatouch'? re-
centlyimprovedthis result,presentinga hierarchicaradios-
ity algorithmthatworks on multiresolutionmeshespicking
thelevel of simpli cation appropriateéo eachtransferof ra-
diosity betweersolutionelementghroughthe useof macro-
facetsHowever, theirtechniquerequiresouchingall thein-

put polygonsduring the pushphasewhich is prohibitively

memoryandtime expensve for modelswherethegeometric
detailis much ner thantheillumination compleity. Will-

mottandHeckbert® presented hierarchicakradiosityalgo-
rithm that focuseson vector irradianceratherthan radios-
ity. Sincevectorirradianceconseres directionalinforma-
tion, the push-to-leges phaseis avoided, and the method
memory and time compleity are madeindependenfrom

the input meshcompleity. The methodis currentlylimited

to handlingasingleirradiancevectorpercluster whichleads
to “blocky” solutionsor ne subdvisions. As for volume

clustersthe classicsmoothingpost-passs dif cult to apply,

andre-evaluatingvisibility attheinput polygonlevel is pro-
hibitively expensve for highly tessellatedscenesFor this
reasonWillmott 13 proposes nal post-processingtagen
which irradiancevectorsare recomputedat the cornersof

eachnodethroughouthe hierarcty andinterpolatedat each
input model vertex for computingradiosity Our work im-

provesover this methodby usinghigherorderbaseguring
the solution,leadingto bettererror control andreducedre-
nement. The virtual meshapproach!4 is similar to ours,
asit triesto decouplélluminationinformationfrom surface
representatioby usinggeometricabstractionsTheir work,

however, focuseamainly on parametricsurfaceswhile ours
is moretargetedto highly tessellatednodels.

Linkless hierarchical radiosity. A major problem with
classic hierarchicalradiosity methodsis the necessityto
storeall links becausell of themarereusedn eachgath-
eringiteration,which imposesa considerabl@verheadhat
limits the sizeof sceneghatcanbe handledby the method.
Thisis a particularlysevereproblemwith higherordertech-
nigues sincethe numberof coefcients perlink grows with
thesquareof the numberof elemenbasisfunctions.For this
reasona numberof authorshave proposeda shootingiter-
ation schemeogethemwith hierarchicalradiositywith clus-
tering 15161718 14 Sincethe numberof shootinglinks for
every iteration decreasesxponentially the penaltyfor not
storing, but recomputingsomeof the links is muchsmaller
thanit is in the caseof gathering.We also adoptthis ap-
proach,and proposea modi ed shootingschemethat also
reducesstoragerequirementsat the elementlevel. Particle
tracing and density estimationapproaches® 20 tackle the
compleity problemsy separatingheglobaltransporfrom
the local lighting reconstructionThey are an alternatve to
the nite elementechniquesliscussedhere thatpotentially
provide a moreaccuratesimulationat the expenseof walk-
throughspeed.

Non—diffuse global illumination and interactive walk-
throughs. Theradiositymethodcanbeusedto precompute
view independentadiosity valueswhich canbe viewed in-
teractively. Extensionshave beenproposedor view depen-
dentilluminationin the early 90s2% 22, but they did not pro-
vide interactve rates.Recently interactve walkthroughsof
globalillumination have becomepossibleby cachingof ray-
tracedsamples3 24 2526 or by ef ciently updatingpartially
precomputedadiosity solutions?7: 28 29, Theseapproaches
arevery promising,but visualizationof resultsstill requires
considerableCPU effort, especiallywhenthe view changes
rapidly. They arethereforecurrentlymoreapplicableto in-
teractive lighting designapplicationsthan walkthroughsof
largetessellatedcenesAlternatively, anapproximataepre-
sentatiorof theglobalillumination canbe precomputeénd
viewed interactizely exploiting graphicshardwareaccelera-
tion, asin, e.g.,3031322833 \We also adoptthis approach,
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Figure 1: Facecluster

proposingan approximationof glossy global illumination
well suitedto currentprogrammablgraphicshardware.

3. Hierarchical Higher Order FaceCluster Radiosity
3.1. Hierar chical Data Structure

As in the original faceclusterradiosity algorithm5, highly
tessellatedyeometricmodels are representedvith a face
cluster hierarcly that hasthe original model polygonsas
leaves. Eachclusterin the hierarcly groupsa setof con-
nectedfacesand behaes like a geometricobject on its
own, answeringqueriesregardingits geometry(e.g.bound-
ing volume,normal total area projectedarea)andattributes
(e.g. re ectance,emission).Currently eachface clusteris
representetly anorientedboundingbox (see gure 1) with
thelocal z axisalignedwith the areaaveragedhormalof the
containedsurfaceandthex andy axisassignedy arotating
caliperalgorithmthatminimizesthe box volume.Hierarcly
constructionis donein a preprocessingtepon anobjectby
objectbasisusinga greedyalgorithmbasedon the method
of Garlandet al. 34 thatwe have extendedto handlevertex
attributesasin our earliersimpli cation tool 35.

Sincefaceclustersdo notin generakepresenplanarsur
faceswith constantmaterialattributes,all queriesreturnav-
erage minimum,andmaximumexpectedvalues.In particu-
lar, we employ thefollowing expressionsgueto Willmott 13

Normal-projectedarea of cluster i: Ai(") = k& Axngk
where Ay is surfaceareaof facek andny is the normal
of facek;

inimurrk projected area of clusteri in direction r:
Ai(v's)(r) = Ai(n)(ni r), whereA is the total surface
areaof the clusterandn; is the areaaveragednormal of
thesurface;
Maximum, projected area of clusteri in direction r:

(vis) _ 923 . + 23 .
ATT(r) = aj=1 Uj r+Dj taj=1 Uujr +Dj

whereu; is thej-th local axis of the orientedbox, D}' =
akAc N Uj +andDj = axA« Nk uj , aresamples
of the projectedareaof the clusterin the six principal di-
rectionsof the orientedbox, computedby traversingall
clusterfacesduringhierarcly construction.

¢ TheEurographic#ssociatiorandBlackwell Publisher2003.

3.2. Higher-Order Vector Radiosity Approximation

Theradiancalistribution L(x; z) in anon participatingervi-
ronmentcomposedf generalre ectors andemittersis de-
scribedby thethefollowing integral equation:

L(x2) = K(x2) )
+ ATy LY )V (X y) G(x; y)dAy

where L(x;2) is the radianceat point x re ected towards
point z, L%(x;2) is the emitted radianceat point x re-
ected towards point z, V(x;y) is oneif point x is visi-
ble from pointy andzerootherwise,fr(X;y; z) is the bidi-
rectionalre ectancedistribution function (BRDF) at x for

light incident from y and re ected towards z, G(x;y) =

& 9 S;)X* ((;(k4y) M- s the geometryfactor andthe inte-

gralis overthesurfaceA of all objectsof theernvironment.

For computationaéf ciency reasonsye make thesimpli-
fying assumptiorthatthe overall enegy distribution in the
ervironmentis still well approximatedvhenassuminghat
all surfacesemit andre ect light uniformly in the environ-
ment,i.e., thatthe BRDF f(X;y;z) canbe replacedby an
averagediffusere ectivity r (x), andthat the emittedradi-
anceL®(x; z) is well approximatedy usingan averagedif-
fuseemittanceB®(x). Thisis truefor thediffuseandmoder
atelyglossymaterialscommonin architecturalvalkthrough
applicationswheredirectionaleffectsmostly appeaiin the
form of surface highlights. Under the diffuse assumption,
equationl simpli es to

z
B(x) = B5(X)+r(x) ABOVY)Gy)dAy - (2)

The integrand of this equationrepresentshe irradiance
E(x;y) at point x dueto light emittedat point y, and can
be expressedn termsof two vectorquantities:

E(xy) = (nx E(XY)),

whereE(x;y) is theirradiancevectorat point x on the re-
ceiver dueto pointy on the emitter The irradiancevector
is parallelto the vector connectingx to y andis relatedto
the radiosity of pointy by E(x;y) = m(x;y)B(y), where

thetransportvectorm(x;y) = V(x;y)((:)(kyy%(y X) ex-

presseshegeometriaelationshipbetweerx andy.

The faceclusterradiositymethodapproximategquation
2 by discretisingthe ervironmentinto faceclustersA; and
by assumingwhencomputingenegy transferthatall points
j within an emitting clusterare closetogetherandfar from
therecever®. Theirradiancevectorat a pointx canthusbe

approximatedy
z
Ex=a N m(x; y)b(y)dAy ®3)

j
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andequation2 thusbecomes:
B(x) = B®(x)+ r ()nx Ex 4)

The derivation of a higherorder nite elementmethodfor
solving this equationfollows closely that of the standard
scalarradiosity? 37. This equationcan be solved approx-
imately by assumingthat the radiosity B(x) on patchi
canbe well approximatedy a linear combinationB(x) =
ai-a Bi:aFi:a(X) of asetof non-overlappingorthogonabasis
functionsF ;5 de ned on patchi. With this approximation,

equatiord becomes:
z

Ex  &Bjp A MOCYIF () dAy - (5)
iib i

ABiaFia(®  @BfaFia()+r(Xnx Ex  (6)
ha ia
Following the Galerkinapproachye take theinnerproduct
of the left andright side of this equationwith eachbasis
functionF .50, obtainingasetof linearequationgromwhich
to computetheunknavn irradiancevectorsandradiosities:

R R
A Fia(¥) o MOGY)F jin(y)dAydAx

Kigoip = R
aijib A Fi:a(X)2dAx
Eia = é Kia:j:bBjib (8)
j:b
Bia = Bie;a+ rini Eia 9)

wherer j istheaveragere ectanceof patchi andn; istheav-

eragenormalof patchi. Theseequationgevertto the scalar
Galerkinradiosity equationsin caseof perfectly planarel-

ementsandrevert to faceclusterradiosity equationsvhen
usingconstanbasedor bothirradianceandradiosity Since
the methodproducesas output an irradiancevector distri-

bution, it is possibleto exploit it to quickly renderillumi-

natedgeometryas the viewpoint changesproviding a vi-

sually compellingapproximationof non-difusere ectance
when generatingoutput colors. This is doneby evaluating
equationl for a viewpoint z andthe singledirectionallight
E(X) = &i.4 Ei:aFi:a(X), whichgives:

L2 L2+ fr(xix+ E(;2)(nx ?ﬁ (10)

This shadingequationis amenableto hardware imple-
mentationon commaodityprogrammablgraphicshardvare.
Eventhoughglossyre ections arelimited to the nal stage
of ary illumination pathandevaluatedfor a singledominant
direction, the approximationquality is sufcient to provide
compellingvisual resultsandto corvey importantinforma-
tion on scendighting andsurface nish.

3.3. Integration and Hierar chical Re nement
3.3.1. Integration and visibility estimation

As for mostcurrentradiosity systemswe computethe cou-
pling coefcients of equation7 by numericalintegration,

usingray tracingto computethe visibility part of the ker
nel. The visibility queriesinvolved in this processare of-
tenthe mosttime consumingpart of a radiositysimulation;
atthe sametime, spatialsubdvision methodsfor accelerat-
ing thosequeriesareoftenrequiringlarge amountsof mem-
ory. In this work, the multiresolutionface clusterstructure
is usedto speed-upvisibility queries,usinga multiresolu-
tion visibility methodsimilar to the one usedfor volume
clustering® 4. The visibility queryroutine startsat the top
faceclusterof eachpotentialoccluderanddescendnto the
faceclusterhierarcly until the queryray is proved outside
the currentorientedbox or the estimatedprojectedshadev
sizeof thecurrentfaceclusteronthereceveris smallerthan
agiventhresholdAt this pointwe estimateheopacityof the
occluderandstopthe recursion.Sincewe are dealingwith
largethin clusterscontainingconnectedcomponentswe do
not use equialent extinction coefcients, but, rather esti-
matethe opacityby theratio of thevisible projectedareaof
the clusterin the directionof the ray andthe projectedarea
of the box. The sizethresholdusedfor stoppingthe recur
sionis choserasafunctionof thedistancebetweercubature
nodesonthereceving cluster This adaptve multiresolution
visibility approachasthe adwantageof contrituting to lim-
iting corememoryused sincefaceclusterswill beaccessed
during visibility testingonly whentheir sizeis comparable
to thatof the solutionelementsBY limiting the precisionof
the computationyve alsoreducememoryneeds.

3.3.2. Transfer error estimation

Insteadof estimatingthe errorson the propagtion coef-
cients,we basere nementon a direct estimationof the er-
ror on the enegy re ected by the recever, using a BFA-
weightedapproachTherationalefor usingaradiositybased
re ner, eventhoughthe algorithmfocuseson vectorirradi-
ance,is thatit is radiositythatis nally displayedandper
ceived by the user We usea numberof samplepoints on
the recever andcompareat eachof thosepointsthe differ-
encebetweenthe expectedboundson the radiosity at the
samplepoint computedby direct integrationandthe value
interpolatedusingthe elementbasis.To ensuresubdvision
of side-onclusters,we distribute samplepoints on the en-
tire cluster(andnot only on the averageplane).After com-
puting the transfercoefcients usingequation?, upperand
lower boundson the BFA factorsareestimatedat eachcon-
trol pointx usingtheboundson the projectedareas:

| m m
BiyV(xy) Ay % A" (x y)

BFAj(X)

max2 a; pky xk¥i K
. Biy)V(xy) A"y %) A™(x y)
BFAj(X) = minya — T

Theseboundsarecomparedvith thevalueobtainedrom the
couplingcoefcients:
!

é Ki;a;j;bFi;a(X)Bj;b
ajb

BFAJ(X) = Ainy
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to estimatethe maximumtransfererrorfactor:

BFAJ(x)  BFA;j(X)
DBFA/j = ma
AP BEAl0  BRAG(
Thetransfererrorusedfor re nementis thenobtainedwith:
di;j = drjeDBFA;;;

3.3.3. Selftransfer error estimation

Sincefaceclustersarenot perfectly planar surfacescannot
be assumedo be perfectly corvex andit is thereforenec-
essaryto handleself interaction.Following Willmott 13, an
upperboundon the self form factor of a faceclustermay
be estimatedby comparingthe total visible external area

")
to the surfaceareaof theclusteri.e. F; =1 AlTand

Fi =1 M. We improve this boundby track-
ing duringtheclusteringprocesswhethera clusteris corvex,
andsettingto zerothe self form factorestimatdn thatcase.
Given an estimateof the self form factor we estimatethe
erroron selftransferby

di; = driedBi(x)e F; Fi A

3.3.4. Push-Pull

A key stepin every hierarchicalradiosity algorithmis the
push-pullphase,in which the information gatheredat the
differentlevels of detail is combinedin a single multires-
olution representationf-or higherorderbasisfunctionsthe
coefcients for the push-pulloperation that dependpurely
ontherelative geometryof the elementandits children,are
computedby taking the productof the basisfunctions.In

the face clusterradiosity method,the relative geometryis

not constantandthe push-pullcoefcient matrix hasto be
recomputedat eachlevel of the hierarcly from the parent-
child transformWhile in our methodirradiancevectorsand
radiosity could be (andin generalwill be) representedis-
ing differentbaseswe assumehatthe setof basisfunctions
usedfor radiosityis asubsebf thesetof basisunctionsused
for irradiancevector We thushave to computeand storea
singlecoefcient matrix of size NZ, whereN is the number
of irradiancevectorcoefcients, sincethe coefcient matrix
for radiosityis a submatrixof the coefcient matrixfor irra-

diance. Thecomputatioris doneatthe sub-elementreation
time.

Pushingvectorirradiancecoefcients requiresparticular
care,sincevectorirradianceis valid only in a single half-
spaceTheapproachwe arecurrentlytakingis to pushvector
irradianceonly whenits rst coefcient (relative to thecon-
stantbasis)is in the positive half-spaceof the sub-element.

3.4. A Practical Solution Method

The techniquegiescribedabore male it possibleto extend
faceclusterradiositywith higherorderbasesOur algorithm
aimsatrapidly producingdecentjuality illuminatedmodels

¢ TheEurographic#ssociatiorandBlackwell Publisher2003.

Figure 2: Elementhierarchy and original faceclusterhier-
archy. Thesolveropeiatesonly ontheelemenhierarchy and
ontheclustes directlyrefelencedby them.

with limited memoryfootprint. Our main designdecisions
andtheirrationalearethefollowing:

radiosityandirradiancevectorsmay be representedvith
differentbasesSinceradiositycoefcients areusedby the
methodonly whenelementsactasemitters,while irradi-
ancevectorsare also usedto producelocal illumination
detailwhendisplayingthe result,it makessensedo usea
lower orderbasisfor radiositythanfor irradiancevectors.
This would contributeto reducememoryusagewith little
degradationof visualresults;a minimumstoragesolution
for producingsmoothresultsis thereforeto usea constant
basisfor radiosity(onecoefcient) andanon-productin-
earbasis(threecoefcients) for irradiancevectors;
storingthe coupling coefcients betweentwo patchess
typically extremelymemoryintensve for higherorderra-
diosity. Thisis particularlytrue for vectorradiosity since
eachcouplingcoefcient is a transportvector(andnot a
scalar).For this reasonwe have decidedto avoid storing
links, andthereforeto usea shootingtechnique;
vectorirradiancesreheavier thanradiositiesandareonly
usedfor accumulatingcontributionsfrom otherelements
andattheleavesof thesolutionhierarcly to storetheillu-
minationresult.By carefully orderingenegy exchanges,
we can accumulateirradianceinto a temporaryvector
which would thusbe storedonly at the leaves of the so-
lution hierarcly. This would save 50% of the memoryre-
quiredfor irradiancevectors.

Thealgorithmthatwe have derivedfrom thesedesignde-
cisionsis describedn thefollowing section.

3.4.1. Hierar chical radiosity shootingalgorithm

Eachsolutionelementi storesthe currentunshotradiosity
DB;.a, the next iteration's unshotradiosityDBﬁa, anda list
of potentialshootersi.e.,theelementshatarecandidategor
transferringight to the elementduringthe currentiteration.
The algorithmis structuredin a way that the vectorirradi-
anceE;., needsonly be storedat the leavesof the solution
hierarcly (see gure 2).

At the beginning of the algorithm, a top level solution
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elementis createdfor eachof the top-level face clusters
of the scenewith unshotradiosity initialized to the emit-

tance next iterationunshotradiosityinitialized to zero,and
anemptylist of potentialshootersMultiple instance®f the
samemodelarepossible In thatcase multiple top-level so-
lution elementswould referencethe sameface-clusterAt

eachiterationstep,the algorithm startsby initializing each
of the top level elements list of potentialshooterawith the
othertop-level elementghat have a positive unshotradios-
ity andarefacingtoward the potentialrecever. The list of

potentialshootersis then usedin the multiresolutionlight

transportphase.n this phasethe hierarcly of eachof the
top-level solution elementss traversedtop-davn to trans-
port light from the potential shootersto the recevers. At

eachelementi in the hierarcly, the unshotvector irradi-

anceDE; is computedby summingthe unshotvectorirra-

dianceof the parentwith the unshotvectorirradiancecom-
ing from the potentialshooterdist. Thealgorithmcyclically

extractsa potentialshooterj from the list until the list be-
comesempty The coupling coefcients K., j., andtheer

ror d;;; arecomputedIf the accurayg of the light transport
is consideredacceptablethe unshotvectorirradianceDE;

is incrementeddy 3 j, Kj.a:j:5DBj;p. Otherwise,the algo-
rithm decideso computethe transportata ner resolution.
If the emitteris selectedor re nement,the sub-elementsf

the emitterthat are facing toward the recever areinserted
into the recever's potentialshooterlist andwill be treated
later duringthe sameiteration.Otherwise the emitteris in-

sertednto thelist of potentialshooterf therecever's sub-
elementghat are facingtoward it andwill be treatedlater
duringthe top-dovn elementraversal.Self-link re nement
is handledsimilarly by updatingthe potentialshooterdists
of the sub-element# caseof subdvision. Whenthe poten-
tial shooterdist is exhaustedDE; containsthe unshotvec-
tor irradianceof the environmentthatis transferreddirectly
to elementi or higherup in the solution hierarcly. If ele-
menti is aleaf, thevectorirradianceg; 5 is incrementedy
DE; andthe next iteration’s unshotradiosity DBiO;a is setto

(1 F;rin; DEj4.Otherwiselight transporis recursiely
appliedto the sub-elementsandthe next iteration's unshot
radiosityDB?;a is computedby pulling the unshotradiosity
of the sub-elementsAt the end of eachiteration, the cur

rentDB valuesaresetto thosecollectedinto DB, andDBCis
cleared.The algorithmterminatesvhenthe (in nite) norm
of DB falls belav a userde ned threshold.

The major component®f the methodare summarizedn
algorithm1.

3.5. Hardware AcceleratedSolution Display

Theoutputof themethodis avectorirradiancemapthatpar
titionsinputmodelsin areasvhereglobalillumination hasa
goodapproximatiorusingthe selectedrradiancebasis.Us-
ing equationlO, this mapcanbe usedto quickly renderillu-
minatedgeometryasthe viewpoint changestakinginto ac-

SOLVE():
for eachtop-level faceclusteri
createa top-level elemeni
DBia  (BS:0;0;:50)DB%, OEi, O
repeat '
for eachtop level element
for eachtoplevel elementj 6 i
ASSIGN-SHOOTER(i, j)
TRANSPORT-LIGHT(i,0)
for eachtop level elemeni
DB, DB, DBY, O
until corvergence

ASSIGN-SHOOTER(i, j):
if DB; 6 0and element is facingelementj
pushj into shoders;

TRANSPORT-LIGHT(i,DEyp):
DEtmp pushcoé ficients(DEyp)
while shoders; notempty
pop j from shoders;
computecouplingcoefcients Kj., ., anderrord;;;
switch ORACLE(I, j,dj-x)
casesubdvidei: for eachchild k of i:
ASSIGN-SHOOTER(K, j)
casesubdvide j: for eachchild k of j:
ASSIGN-SHOOTER(i,K)
caseelse DEtmp;a
if SELF-ORACLE(i)
for eachchild j of i
for eachchildkof i, k & j
ASSIGN-SHOOTER(j,k)

DEtmpa + & b Ki:a:i;bDBJ:b

if i isaleaf
DBi[?a (1 F;rini DEtmpa Eia Ei:a + DEtmpa
else
oBY, ©
for eachchild j of i
TRANSPORT-LIGHT(j,DEtmp)
o8,  DBY, + pullcoefficieris(DB?;a)

Algorithm 1: Hierarchical Higher Order Viector Radiosity

countnon-difusere ectancewhengeneratingutputcolors.
This techniquerequiringonly local dataanda x ed small
numberof instructions)endsitself well to currentcommod-
ity programmabl@raphicshardware.

Given the accurag and programcompleity limitations
of currentpixel pipelineswe have implementedrectorirra-
dianceto color corversionin a vertex program.The con-
versionincludesradiancecomputationusing the modi ed
PhongBRDF 3° and simple tone mappingbasedon Rein-
hard's photographi¢donereproductioroperator®. Thisver
tex shadingapproachis high quality enoughfor highly tes-
sellatedobjectswhich usuallyhase moreverticesthanpix-
els for most viewpoints. The completevertex programto
implementthis approachexpressedn the Cg languaget?,
is provided in AppendixA. As you cansee,for efciency
reasonsyertex shaderarespecializedy basis.

4. Implementation and Results

An experimentalsoftware library and a rendererapplica-
tion supportingthe hierarchicahigherorderfaceclusterra-
diosity algorithm describedin this paperhasbeenimple-
mentedand testedon Linux, Silicon GraphicsIRIX and

¢ TheEurographic#ssociatiorandBlackwell Publisher2003.
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Figure 3: Higher orderfaceclusterradiositysolutionsfor a testsceneof 1.5Minput polygons Solutiontime (10 iterationswith
10 ° relativetransferaccuracy)is in all casesundertwo minutes Fir st column:solutionleaf clustes; secondcolumn:diffuse
BRDF; third column:glossyBRDF Firstrow: constantasis;secondow: linear basis;third row: quadiatic basis.

Windows NT machines.The software supportscombina-
tionsof constantlinear, bilinear, quadraticandcubicbases
for representingadiosity and vector irradiancefunctions.
The basesusedwere obtainedby Gram-Schmidtorthog-
onalizationof the functions 1; u; v; uv, u%; v2; u%; u?v; uv%; v
on the horizontalplaneof the clusters boundingbox. On
machineswith graphics boards supportingthe OpenGL
ARB_Vertex_Program  extension, global illumination
solutionswith glossyre ection effectscanbe examinedin
real-timethanksto hardwareacceleration.

Eachmultiresolutionmodel is storedusing a faceclus-
ter table, a triangle table (with threevertex indicesper tri-
angle),anda vertex tablewith threecoordinateger entry.
Materialsare storedat the level of clustersin the form of
minimum, maximum,and areaaveragedemittanceand re-
ectivity. Face clustersand trianglesare sortedto permit
directsequentiabccessUsing our currentimplementation,
that doesnot employ particularcompressiorschemesthe
memoryrequiredfor afaceclusternodeis 110bytes,while
atriangle and a vertex require 12 byteseachusing 32 bits
integer and oating point values.The memoryrequiredfor
a clusteredgeometricmodel of N facesis thus, assuming

¢ TheEurographic#ssociatiorandBlackwell Publisher2003.

2N clustersandN=2 verticesof about238N bytes.Only the
partsof the modelthat participateto the solutionwill need
to beswappednto corememory To supporttheshootingal-
gorithm, a solutionelementhasto storea push-pullmatrix,
two unshotradiositiesandthe referenceso the two subele-
mentsandto the associatedacecluster Vectorirradiances
arestoredonly attheleafelementsThesizeof asolutionel-
ementis thus12+ 24Ny, + 4Ne2 bytesfor aninternalelement
and12+ 24N, + 4NZ + 36N, for a leaf elementwhere Np
is thenumberof radiositycoefcients perelementandNe is
thenumberof irradiancecoefcients perelement.

In the test casediscussedhere, global illumination is
computedfor an indoor scenetypical of thoseseenin the
globalillumination literature(see gure 3). The scenerep-
resentsa closedrectangularoom (6m 5m 4m)lit by a
single arealight (power = 10925W) and containingthree
high resolutionscannednodelswith subtle geometricde-
tailsanda polygonizedmplicit surface(thepedestal)Using
the quadric-basedurfacesimpli cation method?*2 we pro-
ducedmultiple versionsof the scenewith the samematerial
propertiesand polygoncountsrangingfrom 160K to 1.5M
faces.The statuesexhibit glossysurface properties(Phong
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Figure 4: Left: Performanceof hierarchical radiositywith volumeclusteringand higher order faceclusterradiosityas model
compleity increasesCenter:Numberof enegy transfes for hierarchical constant)inear, and quadmtic faceclusterradiosity
asmodelcompleity increasesRight: Memoryrequirementdor inputworld, facehierarchy, andsolutionhierarchy.

exponent=10)while the restof the modelis madeof pure
Lambertre ectors. The averagescenere ectivity is 0:67.
Much of thelight in the room derivesfrom secondaryllu-
minationandshadavs arecastfrom andontofaceclustered
models providing a goodtestof comple interre ection.

We comparedhe performancef thetechniquepresented
in this paperwith the standardhierarchicalradiosity with
volume clusteringbasedon the Gauss-Seideiteration, as
implementedn the widely available Renderparksoftware.
Theseresultswere collectedon a Linux PC with a AMD
Athlon XP 1600MHz,2GB RAM, andaNVIDIA GeForce4
Ti4600 graphicsboard. A common parameterizatiorwas
usedfor all simulationruns:in particular we useda 10 °
relativetransfererrorthresholdadegree5 (7 nodes)ntegra-
tion rule on recevers,a degree4 (6 nodes)integrationrule
ontheemitter andavisibility in quadratureechniqueSim-
ulation wasstoppedafter 10 iterations.In our software,we
alwaysusedaconstanbasisfor theemitterandvariedthere-
ceiver basisfrom constant(1 function/element}o linear (3
functions/elementsfo quadratic(6 functions/element)An
extendedanalysiss availableelsevhere3.

As expected pur methodis constantime, taking103sto
115sfor acompletesimulation while thevolumeclustering
methodcompleity grows linearly from 1h37 to 15h50 with
the input model polygon count (see gure 4 left). Prepro-
cessingime for thefaceclusteringmethodrangesdrom 45s
to 464s. It is negligible with respecto thevolumeclustering
solutiontimesandmay, moreo/er, beamortizedamongmul-
tiple solutionrunsandmultiple reuseof the sameclustered
model. The betterresultsof the faceclusteringmethodare
largely dueto thefactthatvolumeclustersdo not provide a
good t for orientedsurfaceregions,forcing the algorithm
to transferlight betweenelementsfar down in the cluster
treeto reachacceptableaccurag. Moreover, the needof a
push-to-lesesphaseheaily impactson the memorylocal-
ity of thescalaradiositymethod By contrastthenumberof
leavesthat participatein the solutionfor the faceclustering
methodis smallandindependentrom input datasize (from

5800 leaf elementsfor the quadraticsolutionto 6200 leaf
elementsfor the constantone). The memoryrequirements
for themethodareillustratedin gure 4 right. Theclustered
modelfootprintgrows linearly with theinput polygoncount,
while solutionmemorystaysconstantThequadratidasisis
the morecostly, but still requireslessthan3.5MB for stor
ing the solutionhierarcly. The requiredworking setfor the
simulationis in all casesinderlOMB. Figure4 centercom-
paresthe numberof enegy transferso computea globalil-
luminationsolutionwith the threeirradiancebaseausedfor
the test. As you can see,much as the leaf elementcount,
the numberof enepy transferss independenfrom the ge-
ometriccompleity andsigni cantly diminishesasthebasis
orderincreasesUsing higher order basesduring the solu-
tion processandnot only for smoothingout the solutionin
a post-processingtepasin 13, is thereforeperformanceef-
fective.

Figures3 and 5 shav the computedsolutions,that can
be inspectedn realtime on standardgraphicsPC. The ac-
comparying video furtherillustratesthe quality and perfor
manceof the methodwith interactve solutionandinspec-
tion sequencesThe importanceof view dependenglossy
re ection effectsfor perceving both materialtype andsur
faceshapeis evident. Notice,in particular the comple in-
directre ectionsfrom the coloredwalls on the statues.

5. Conclusionsand Futur e Work

We have presentedn algorithmfor simulatingglobalillu-

minationin scenescomposedf highly tessellatedbbjects
with diffuse or moderatelyglossyre ectance.The solution
methodis a higher order extensionof the faceclusterra-
diosity technique. Our benchmarkslemonstratéhat, using
this algorithm, visually compellingglobal illumination so-
lutionsfor scene®f over onemillion input polygonswith a
goodrangeof glossyBRDF canbecomputedn minutesand
examinedinteractively on commongraphicspersonakcom-
puters.While the displayedsolutionis not the resultof a

¢ TheEurographic#ssociatiorandBlackwell Publisher2003.
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Figure 5: Selectedtlose-upframesfroman interactiveren-
dering sessionwith constantradiosity basisand linear ir-
radiancebasis.Notice shadowcastingand view-dependent
effectsdueto glossyre ection of indirectincominglight.

full globalillumination simulation,sinceglossyre ections
arelimited to the nal stageof ary illumination path,its vi-
sualqualityis notveryfarfrom whatprovidedby ray-tracing
post-processinglgorithmscommonlyin usein state-of-the-
art architecturalighting systemsWe thus believe that our
approachasgreatpromise sinceit canbe usedto generate
low to moderatequality solutionsfor glossyernvironments,
thataresuitablefor interactive viewing. A detailedanalysis
of the approximationerror introducedby our methodis an
importantareafor futurework.

Our currentwork is concentratingon improving the im-
plementationof the prototypesolver and rendererand on
evaluatingthe effect of the variousaccurag and material
parameter®n renderingquality and speed By decoupling
visibility from transfercoefcient computationasin visi-
bility maskandadaptve shadev samplingapproachesye
expectto take further advantageof the approximationca-
pabilities of higher orderbasesln orderto further extend
the rangeof BRDF, we also plan to evaluate more accu-
raterepresentationsf incominglight thanthe compactuni-
directionalvectorrepresentatioemplaoyedin thispaperThe
announcedwvailability for the nearfuture of next genera-
tion graphicsboardswith programmabldull oating point
pixel pipelineswill enablethe evaluationof local shading
per pixel. By moving vertex computatiorto the pixel level,
we expectaspeedmprovementfor highly tessellatedcenes
andincreasedjuality for objectswith low polygoncounts.

Acknowledgments

Theauthorswvould lik e to thankCyberwareandthe Stanford
GraphicsGroupfor makingthe scannednodelsavailableto
theresearcltommunity Thisresearclis partially supported
by the DIVERCITY project(EU-IST-13365),fundedunder
the EuropeanFP5/IST program.We also acknavledgethe
contrikution of Sardiniarregionalauthorities.

¢ TheEurographic#ssociatiorandBlackwell Publisher2003.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

A. ScheelM. StammingerandH.-P. Seidel,“Grid basednal gatherfor radiosity
in complex ervironments” ComputeiGraphicsForum (Proceeding®f Eurograph-
ics2002) 21(3), (2002). 1

F. Sillion, G. Drettakis,andC. Soler “A ClusteringAlgorithm for RadianceCalcu-
lationin GeneraErnvironments”,in Renderingfechniques95 (Proceeding®f the
SixthEurographicsWorkshopon RenderinglP. M. HanraharandW. Puigathofer
eds.),(New York, NY), pp. 196—205(1995). 2

B. Smits,J. Arvo, andD. Greenbag, “A clusteringalgorithmfor radiosityin com-
plex ervironments”,in Proceedingsf the 21stannual confeenceon Computer
graphicsandinteractivetechniques pp. 435-442(1994). 2

S. GibsonandR. J. Hubbold,“Ef cient hierarchicale nementandclusteringfor
radiosityin complex ervironments”,ComputerGraphicsForum, 15(5), pp. 297—
310(1996). 2,4

A. J.Willmott, P. S.HeckbertandM. Garland,‘Faceclusterradiosity”,in Render
ing Techniques99 (D. LischinskiandG. W. Larson,eds.) Eurographicspp. 293—
304,(1999). 2,3

J. M. HasenfratzC. Damez,F. Sillion, and G. Drettakis,“A practical analysis
of clusteringstrat@ies for hierarchicalradiosity”, in ComputerGraphicsForum
(Proc. Eurographics'99), pp. C—221-C-232(Sept.1999). 2

G. Miller, S. SchaferandW. D. Fellnet “Automaticcreationof objecthierarchies
for radiosityclustering”,in ComputeiGraphicsForum(D. Duke, S. Coquillart,and
T. Howard,eds.),vol. 19(4),pp. 213-221 Eurographic#ssociation(2000). 2

F. X. Sillion, “A Unied Hierarchical Algorithm for Global lllumination with
Scattering/olumesandObjectClusters” IEEE Transactionn Misualizationand
ComputerGraphics 1(3), pp. 240-254(1995). 2

P. H. Christensenp. Lischinski, E. J. Stollnitz, and D. H. Salesin,“Clustering
for glossyglobalillumination”, ACM Transactionson Graphics 16(1), pp. 3-33
(1997). 2

G.Greger, P. Shirley, P. M. HubbardandD. P. Greenbeg, “The irradiancevolume”,
|EEE ComputerGraphicsand Applications 18(2), pp. 32—43(1998). 2

H. E. RushmeierC. PattersonandA. Veerasamy‘Geometricsimpli cation for
indirectillumination calculations”,in Proc. Graphicsinterface'93, (Toronto,On-
tario), pp. 227-236(May 1993). 2

R. DumontandK. Bouatouch;'‘Combining hierarchicalradiositywith LODs", in
Proc.|ASTEDInternationalConfeenceon GraphicsandImaging, (Nov. 2000). 2

A. J. Willmott, Hierarchical Radiositywith MultiresolutionMeshes PhD thesis,
Carngjie Mellon University, Pittshurgh, PA, (Nov. 2000). 2, 3,5, 8

L. Alonso, F. Cury, S. Petitjean,J.-C.Paul, S. Lazard,andE. Wies, “The virtual
mesh:A geometricabstractiorfor ef ciently computingradiosity”, ACM Transac-
tionson Graphics 20(3), pp. 169-201(2001). 2

M. StammingerH. SchirmacherP SlusallekandH.-P. Seidel,‘Gettingrid of links
in hierarchicalradiosity”, in ComputerGraphicsForum (D. Duke, S. Coquillart,
andT. Howard, eds.),vol. 17(3), pp. 165-174 EurographicsAssociation,(1998).
2

R.Dumont,K. BouatouchandP. Gosselin;'A progressie algorithmfor threepoint
transport”,in ComputerGraphicsForum (D. Duke, S. Coquillart,and T. Howard,
eds.)vol. 18(1),pp.41-56,EurographicsAssociation(1999). 2

X. Granierand G. Drettakis, “Controlling memory consumptionof hierarchical
radiositywith clustering”,in Proceeding®f the Confeenceon Graphicsinterface
(GI-99(l. S.MacKenzieandJ. Stewart, eds.),(Toronto,Ontario),pp. 58—65,(June
2-41999). 2

F. Cury, L. Alonso, and N. Holzschuch,"A novel approachmales higher order
waveletsreally ef cient for radiosity”,in ComputeiGraphicsForum(Eurographics
2000)(M. GrossandF. R. A. Hopgood eds.),vol. 19(3),pp.99-108,2000). 2

B. Walter, P. M. Hubbard,P. Shirley, and D. F. Greenbeg, “Global illumina-
tion usinglocal lineardensityestimation”, ACM Transactionson Graphics 16(3),
pp.217-2591997). 2

H. W. JensenRealisticimage SynthesigJsing PhotonMapping Natick, MA: A.
K. Peters(2001). 2

L. AupperleandP. Hanrahan;'A hierarchicalillumination algorithmfor surfaces
with glossyre ection”, in ComputerGraphics ProceedingsAnnual Confeence
Series 1993 pp.155-162(1993). 2



22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

Gobbetti,Spancand Agus/ Higher Order FCR

S.E. Chen,H. E. RushmeierG. Miller, andD. Turner “A progressie multi-pass
methodfor globalillumination”, ComputerGraphics 25(4), pp. 165-174(1991).
2

B. Walter, G. Drettakis,andS. Parker, “Interactive renderingusingrendercache”,

in Renderingfechniques99 (D. LischinskiandG. W. Larson,eds.) Eurographics,

pp. 19-30,(1999). 2

M. SimmonsandC. H. Séquin,“Tapestry:A dynamicmesh-basedisplayrepre-

sentationfor interactie rendering”,in RenderingTechniques'00, Eurographics,

pp. 329-340(2000). 2

M. StammingerJ. Haber H. SchirmacherandH.-P. Seidel,“Walkthroughswith
correctve texturing”, in Renderinglfechniques2000 (Proceedingf the Eleventh
EurographicsWorkshopon Rendering)B. PerocheandH. Rushmeiereds.),(New
York, NY), pp.377-388(2000). 2

P. Tole, F. Pellacini,B. Walter, andD. P. Greenbey, “Interactive globalillumination
in dynamicscenes” ACM Transactionson Graphics 21(3), pp. 537-546(2002).
2

G. Drettakisand F. X. Sillion, “Interactive updateof globalillumination usinga
line-spacehierarcly”, ComputeiGraphics 31(Annual ConferenceSeries)pp.57—
64(1997). 2

W. StiirzlingerandR. Bastos; Interactive renderingof globally illuminatedglossy
scenes”jn EurographicsRenderingWorkshop1997 (J. Dorsey and P. Slusallek,
eds.),(New York City, NY), pp.93-102 Eurographics(June1997). 2

X. GranierandG. Drettakis,“Incrementalupdatesfor rapid glossyglobalillumi-
nation”, ComputerGraphicsForum, 20(3), (2001). 2

M. Stamminger P. Slusallek,and H.-P. Seidel, “Interactive walkthroughsand
higherorderglobalillumination”, in Modeling Virtual Worlds, DistributedGrapics
(D. W. Fellner ed.),pp. 121-128 Gesellschaftir Informatik, (1995). 2

B. Walter, G. Alppay, E. P. F. Lafortune,S. FernandezandD. P. Greenbeg, “Fit-
ting virtual lights for non-difuse walkthroughs”,in SIGGRAPH97 Confeence
ProceedingqT. Whitted, ed.), Annual ConferenceSeries pp. 45-48,ACM SIG-
GRAPH, (Aug. 1997). 2

M. StammingerA. Scheel X. Granier F. Perez-CazorlaG. Drettakis,andF. X.
Sillion, “Ef cient glossyglobalillumination with interactie viewing”, Computer
GraphicsForum, 19(1), pp. 13-25(2000). 2

P-P. Sloan,J. Kautz, andJ. Sryder, “Precomputedadiancetransferfor real-time
renderingin dynamic,low-frequeng lighting ervironments”,ACM Transactions
on Graphics 21(3), pp. 527-536(2002). 2

M. Garland,A. Willmott, and P. S. Heckbert,“Hierarchical face clusteringon
polygonalsurfaces”,in ACM Symposiunen Interactive 3D Graphics pp. 49-58,
(2001). 3

E.BouvierandE. Gobbetti,'TOM —Totally OrderedMesh:amultiresolutionstruc-
ture for time-critical graphicsapplications”,International Journal of Image and
Graphics 1(1), pp. 115-134(2001). 3

H. R. Zatz, “Galerkin radiosity: A higher order solution methodfor globalillu-
mination”, in SIGGRAPH93 ConfeenceProceedinggJ. T. Kajiya, ed.), Com-
puter GraphicsProceedingsAnnual ConferenceSeries pp. 213-220 ACM SIG-
GRAPH, (Aug. 1993). 4

P. Bekaertand Y. D. Willems, “HIRAD: A hierarchicalhigher order radiosity
code”, in 12th Spring Confeenceon ComputerGraphics (W. Pumgathofer ed.),
pp. 213-227 ComeniudJniversity, Bratislaza, Slovakia, (Junel996). 4

F. Sillion andG. Drettakis,“Feature-Base@ontrolof Visibility Error: A Multires-
olution ClusteringAlgorithm for Globallllumination”, in ComputeiGraphicsPro-
ceedings Annual ConfeenceSeries, 1995 (ACM SIGGRAPH95 Proceedings)
pp.145-152(1995). 4

R.R. Lewis, “Making shadersnorephysically plausible”,ComputeiGraphicsFo-
rum, 13(2), pp. 109-120(1994). 6

E.ReinhardM. Stark,P. Shirley, andJ. Ferwerda;Photographidonereproduction
for digital images”,ACM Transactionn Graphics 21(3), pp.267-276(2002). 6

NVIDIA CorporationCg Toolkit User's Manual 1.0ed.,(Dec.2002). 6

M. GarlandandP. S. Heckbert,“Surfacesimpli cation using quadricerror met-
rics”, in SIGGRAPHD7 ConfeenceProceedinggT. Whitted,ed.),Annual Confer
enceSeriespp.209-216 ACM SIGGRAPH,(Aug. 1997). 7

43.

L. Spanoand E. Gobbetti,“An empirical evaluationof hierarchicalhigherorder
faceclusterradiosity”, Tech.Rep.CRS4TR/, CRS4,Centerfor AdvancedStudies,
ResearchandDevelopmentin Sardinia,Cagliari, Italy, (Feb 2003). 8

Appendix A: Cgvertex shader

struct  a2v: application2vertex {
float4  Position: POSITION;
float3 Normal : NORMAL;
float4 K : TEXCOORDO;// rgb = diffuse refl., a = alpha
float4 Ks : TEXCOORD1;// rgb = specular refl, a = shininess
) float3  Ke : TEXCOORDZ2;// rgb = emittance
struct  v2f: veneforagmem {
float4  HPOS : HPOS;
float4  COLO : COLO
/I Interpolation bases
float f 1 (float2 uv) { return 1; }
float fu (float2 uv) { return  1.7320508*(2*uv.x-1); }
float fv (float2 uv) { return 1. 7320508*(2*uv y-1); }
float f uv (float fu, float fv) { return fu*fy;
float fu2 (float fu) { return 11180340*(fu*fu 1) }
float fv2 (float { return  1.1180340*(fv*fv-1,
float f u3 (float fu, float fu2){ return  1.1385501*(fu*(fu2-( 0. 8944272));

float  f_u2v(float fu2, float fv}
float  f_uv2(float fu, float fv2){

return - fu2*fv;
return  fu*fv2; }
1.1385501%(fv*(fv2-0.8944272));

float fv3 (float fv, float fv2){ return
Il return  x~q if x>0, O otherwise
float  specular(float x, float @) { return lit(x,x,q).z; }
float4 radiance(float3 position,
float3 normal,
float3  eye,
float3  Ke, float4 Kd, float4 Ks,
float3 Er, float3 Eg, float3 Eb) {
float4  result;
float3 r = reflect(normahze(posmon - eye), normal);

result.rgb
Ke +

float3(max(dot(normal,Er),0.0f),

max(dot(normal,Eg),0.0f),
max(dot(normal,Eb),0.0f)) *

(Kd.rgb  + Ks.rgb  * float3(specular(dot(r,normalize(Er)),Ks.a),
specular(dot(r,normalize(Eg)),Ks.a),
specular(dot(r,normalize(Eb)),Ks.a)));

result.a = Kd.a;
return  result;
}
float4  tone_map(floatd c,
float key_over_Lw_avg,
float Lw_white_squared) {
float4  result;
float Lw_c =027 * cr + 067 * cg + 0.06 * cb;
result.rgb =

key over_Lw_avg *

(1.0 + key over_Lw_avg * Lw_c / Lw_white_squared) !

(1.0 + key_over_Lw_avg * Lw_c)

c.rgb;

result.a = c.a;
return  result;
}
v2f hhovr_constant_shader(a2v IN,
uniform  float4x4 ~ PVM,
uniform  float4x4 ~ M2E,
uniform  float3 eye,
uniform  float3 Er1],
uniform  float3 Eg[1],
uniform  float3 Eb[1],
uniform  float2 tonemap_params)  {
v2f OUT,;
float3 Er uv = Er[0];
float3 Eg_uv = Eg[0];
float3 Eb_uv = EbO
OUT.COLO = tone map(rad\ance(lN Position.xyz, IN.Normal, eye,
IN.Ke, IN.Kd, INKs,
Er_uv, Eg_uv, Eb_uv),

tonemap_params|[0],
tonemap_params[1]);

OUT.HPOS= muI(PVM IN.Position);
return  OUT,
v2f hhovr_linear_shader(a2v IN,
uniform  float4x4 PVM,
uniform  float4x4 M2E,
uniform  float3 eye,
uniform  float3 Er[3],
uniform  float3 Eg[3],
uniform  float3 Eb[3],
uniform  float2 tonemap_params)  {
v2f OUT;
float2 uv = mul(M2E, IN.Position).xy;
float fu = f_u(uv);
float fv = f v(uv)
float3  Er_uv = Er[0] + fu*Er[1] + fVEr[2];
float3 Eg_uv = Eg[0] + fu*Eg[l] + F*Eg[2];
float3 Eb_uv = Eb[0] + fu*Eb[1 + fv*Eb[2];
OUT.COLO = tone_map(radiance(IN.Position.xyz, IN.Normal, eye,
IN.Ke, IN.Kd, INKs,
Er_uv, Eg_uv, Eb_uv),
tonemap_params[0],
tonemap_paramsl[1]);
OUT.HPOS = mul(PVM, IN.Position);
return  OUT,
}
/I And so on for bilinear, quadratic, and cubic shader...
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