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Abstract

Recently, multi-processinghasbeenshown to deliver goodperfor-
mancein rendering. However, in someapplications,processors
spendtoo muchtime executingtasksthatcouldbemoreefficiently
donethroughintensive useof new graphicshardware. We present
in this papera novel solutioncombiningmulti-processingandad-
vancedgraphicshardware,wheregraphicspipelinesareusedboth
for classicalvisualizationtasksand to advantageouslyperformge-
ometriccalculationswhile remainingcomputationsarehandledby
multi-processors.Theexperimentis basedonanimplementationof
a new parallelwavelet radiosityalgorithm.Theapplicationis exe-
cutedon theSGIOrigin2000connectedto theSGI InfiniteReality2
renderingpipeline. A performanceevaluationis presented.Keep-
ing in mind thattheapproachcanbenefitall availableworkstations
andsuper-computers,from small scale(2 processorsand1 graph-
ics pipeline)to largescale(� processorsand � graphicspipelines),
wehighlightsomeimportantbottlenecksthatimpedeperformance.
However, our resultsshow thatthis approachcouldbea promising
avenuefor scientificandengineeringsimulationandvisualization
applicationsthatneedintensive geometriccalculations.

CR Categories: I.3.1 [Computer Graphics]: Hardware
Architecture—Parallel processing; I.3.1 [Computer Graphics]:
Hardware Architecture—Graphicsprocessors; I.3.7 [Computer
Graphics]:Three-DimensionalGraphicsandRealism—Radiosity

Keywords: Parallelism, GraphicsHardware, Hierarchicaland
MultiresolutionAlgorithm, Wavelet,RealisticRendering,Radios-
ity.

1 Intr oduction

1.1 Motiv ation

RecentcommercialccNUMA super-computers,like the SGI Ori-
gin2000[15], have beenshown to perform and scalefor a wide
rangeof scientificandengineeringapplications[13]. It is impor-
tantto evaluatetheir strengthsandweaknessesfor graphicsrender-
ing applications.Recentpapershaveproventhatparallelismmakes
it possibleto deal with extremely large geometricalmodelsin a
reasonabletimewithin somerenderingapplications,suchasrealis-
tic rendering[19, 20, 4, 18] or volumerendering[1]. On theother
hand,newly availablegraphicshardwarenow alsoprovidehighper-
formancefor renderingtasks.In someways,sincemulti-processors
speedup renderingcomputationaltimes, they createthe needfor
softwarethatreplicatesthefunctionalitiesof graphicshardware.In
a previous paper[4], we presentedan efficient parallelizationof a
wavelet radiosity algorithmandwe pointedout this limitation of
parallelismfor radiosity-basedrendering.�
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Henri Poincaŕe andUniversit́e Nancy 2.

1.2 Related work

Wavelet radiosity is a very efficient algorithm introducedby [12]
and[22]. As with all hierarchicalN-Body methods,this algorithm
has highly irregular and unpredictabledata accesspatternsthat
make its parallelizationchallenging[25]. A few papers[11, 17,5]
have proposeda parallel implementationof hierarchicalradiosity
for largemodels.Waveletradiosityis alsoa hierarchicalapproach,
but it providesa moreformal mathematicalframework for radios-
ity. Thus,while dealingwith high level order basisfunctions,it
is ableto computehighly preciseradiositysolutions. It is impor-
tant to point out that, in order to get this high precision,it must
performmuchmoreinteractioncalculationsbetweenthefinite ele-
ments,comparedto theclassicalhierarchicalapproach.

Despite this difficulty, we implementeda parallel radiosity
algorithm,basedon linear wavelet bases,on the SGI Origin2000
and obtainedsignificant speed-ups. For instance,we ran our
applicationon the well-known SodaHall building test model in
orderto rendera realisticwalk-through.A radiositysolutionwith� � � � � � �

patches(comparedto the
� 	 
 � � �

initial surfaces)was
computedin

� �
hours with

� 

processors,while it would take

about
�

daysona singleprocessor.

As previously pointedout, in our multi-processorsenvironment,
we hadto usesoftware-basedcomputationsthatreplicatethefunc-
tionalitiesof availablegraphicshardware. Thus,we werecurious
to evaluatehow a sequentialwavelet radiosityalgorithm,benefit-
ing from advancedcapabilitiesof recentgraphicshardware- like
pbuffers - couldperform.

In the radiosity literature, almost all implementedalgorithms
rely on software. Nevertheless,one of the first implementations
of the radiosity methoduseda depthbuffer to perform visibility
andform factorscalculationsbetweensurfacesin the iterative ra-
diositysolvingprocess,eitherin apre-processingstep[7] or during
computations[6], andtheauthorssuggestedthatdedicatedgraph-
ics hardwarecould be devoted to this task. Recently, two papers
have also proposedusinggraphicshardware in realistic radiosity
[14, 16], but theuseof hardwareis devotedto theultimaterender-
ing pass,not to thekernelevaluationof theradiative process.

In [2], we proposedaccelerationtechniques,taking advantage
of existing graphicshardware, to speed-upthe visibility queries.
Thesetechniquesarealreadyadvantageouslyintegratedinsideour
sequentialwavelet radiosity algorithm. For the purposeof the
presentpaper, we have testedthis sequentialprogramon a SGI
Onyx machineconnectedto theSGI RealityEngine2andrendered
theSodaHall modelin about


 	
hours.Theseresultsaresimilar to

thosethat would be obtainedon the SGI Origin2000with 8 pro-
cessors.In otherwords,comparablespeed-upshave beenobtained
with a sequentialimplementationtaking advantageof graphics
hardwareacceleration,thanwith a parallel implementationwhere
a lot of time is spentperformingintensive geometriccalculations.

The new algorithm presentedin this paperhasbeendesigned
to take advantageof bothmulti-processingandgraphicshardware
acceleration.In theradiosityrenderingprocess,graphicshardware



is commonlyused,similarly to othervisualizationapplications,at
the final� visualizationstep. We obviously do this also. The key
differenceis that we also usegraphicshardware for accelerating
somecostlycomputationaltasks- thevisibility queries- duringthe
radiosityequationsolvingprocess.

We mustnote that this idea hasbeenpreviously introducedin
[3]. In this paper, the authorshave proposeda methodthat en-
hancesradiosityalgorithmperformanceby usingthecapabilitiesof
a multi-processorsgraphicsworkstation:hemicubeitemsarepro-
ducedby amasterprocessorusingthegraphicshardware,asin [7],
while theremainingcomputationsareperformedin parallelon the
remainingprocessors.Our algorithmdiffers from this solutionin
threeways:� our wavelet radiosity algorithm more efficiently performs

highly precisesolutionsthantheclassicalalgorithmproposed;� usinga clever visibility algorithm,our implementationdoes
not suffer from all the drawbacksof the standardZ-buffer
hardware;� we do not usea master-slave scheme,thusallowing our par-
allel implementationto scaleanddealwith variouscombina-
tionsof processorsandgraphicspipelines.

However, theapproachwe proposeis very similar in spirit.

1.3 Aims and organization of the paper

In summary, theadvantagesof our new algorithmare:� our novel wavelet radiosityalgorithmis of complexity � � � �
[21], it candeal with high orderbasisfunctionsand render
extremelylargemodels;� our parallelimplementationallows bothacceptableloadbal-
ancingandexcellentdatalocality, thatpermitsthescalingof
thewaveletalgorithmto a largenumber(


 	
) of processors;� thegraphicshardwarecomputesthevisibility calculationsre-

quiredby thewaveletradiositysolverbetween� and
� �

times
fasterthana softwarepackageandmoreover, freesthemulti-
processorsfor othercomputationaltasks.

The novel algorithmwasimplementedon the SGI Origin2000,
which is a ccNUMA super-computer, with MIPS R10000proces-
sorsandanaggressive, scalabledistributedsharedmemory(DSM)
architecture.This machinewasconfiguredfor theexperimentwith
a singleSGI InfiniteReality2.

To validateour approach,thenew algorithmhasbeentestedon
theclassroomreferencetestscene,madeavailableby PeterShirley
for the

� � �
EurographicsWorkshopon Rendering. Using this

model,we measuredtheperformanceof our new scheme.We also
highlight the most importantbottlenecksthat comein the way of
performance,keepingin mind that our new schemecould benefit
all availablegraphicsworkstations,from smallscale( � processors
and

�
graphicspipeline)to largescale(� processorsand � graphics

pipelines).Finally, wetestedouralgorithmontheSodaHall model.

In Section2, we briefly recall generalconceptson wavelet ra-
diosity andshow how its structureofferssomeinsight to partition-
ing the algorithm acrossmultiprocessorsand graphicshardware.
Section3 showshow weadvantageouslyuseparallelismto perform
thisalgorithm,while Section4 presentshow graphicshardwareac-
celerationcouldbesuccessfullyappliedin a sequentialimplemen-
tation.Then,in Section5, weshow how overlappingmultiprocess-
ing andgraphicshardwareaccelerationcanenhanceparallelreal-
istic rendering. Performanceevaluationandresultsarepresented
anddiscussedin Section6 anda generaldiscussionis exposedin
Section7. Finally, Section8 concludesandpresentsfuturework.

2 Wavelet Radiosity Algorithm Structure

Let usfirst recall,for thesake of clarity, theradiosityequation,and
morespecificallythe termsinvolved in it andtheir implication to
theparallelizationprocess.

Theradiosity- power perunit area[ � � � � ] - on a givensurface
is definedasthelight energy leaving thesurfaceperunit area.Let�

denotethe collectionof all surfacesin an environment,and �
beaspaceof real-valuedfunctionsdefinedon

� � �
; thatis, over

all surfacepointsandall wavelengths(
�

). Ourgoalis to determine
thesurfaceradiosityfunction � � � thatsatisfies:

� �  ! " � # $ �  ! " � % & �  ! " � ' ( ) � " * ! " � � �  ! " * � + " * ! (1)

where  is thewavelengthatwhich functionsarecomputed.

2.1 The wavelet radiosity solver

The
�

, $ and & terms

Thesethreetermsrepresenttheinput dataof a radiositysimulation
problem:� �

consistsof the setof input surfaces. They canbe either
simpletrianglesor polygons,or morecomplex shapes;� $ �  ! " � specifiesthe origin and directional distribution of
emittedlight. It eitherrepresentspoint light sourcesor self-
emittingsurfacesfrom

�
;� & �  ! " � is thelocal reflectancefunctionof thesurface.Within

theradiosityassumption,wesupposethatthesurfacesareide-
ally diffuse(i.e. lambertiansurfaces).

The
�

, andto a lesserextent, $ and & termsareresponsiblefor
the irregular characteristicof thephysicaldomainbeingsimulated.
Theinitial distribution of surfacesandemittedenergy make it dif-
ficult to anticipatehow andwherethecomputationalpower will be
focused:distributing it in parallelwill beevenmorechallenging.

The � term

The � �  ! " � term is the radiosityfunctionwe aim to compute.In
orderto make it calculable,� mustbeprojectedin a finite dimen-
sion subspace.Let � , � � be a subspaceof � of dimension�
and - . / 0 / 1 2 3 4 5 5 5 4 , 6 oneof its bases,we now have to determinethe- 7 / 0 / 1 2 3 4 5 5 5 4 , 6 coefficients,sothat:

� 8 � , # ,9 / : 3 7 / . / ;
The choiceof the basisfunctionsis very important,becauseit

greatlyinfluencesboththetheprecisionof theapproximatedfunc-
tion andthecomplexity of thecomputations.Historically, thefirst
radiosity algorithmsusedpiecewise constantfunctions. For effi-
ciency reasons,morerecentalgorithmshave introducedhierarchi-
calandwavelet[12, 23] functions.

Using hierarchicalwavelet bases,however, gives to the algo-
rithm a dynamicand unpredictablecharacteristic. Indeed,input
surfacesof

�
aresubdividedasthecomputationproceeds,making

it impossibleto foreseeboth the time neededto computean en-
ergy transferandthe total amountof memoryrequired(i.e. mem-
ory mustbedynamicallyallocated).Obviously, this becomeseven
moreproblematicin parallel.



The < (
integral

The integral equationcodesthe interactionsbetweenall surface
pointsof theinputscene.Theresolutionprocesssolvingthisequa-
tion is closelyrelatedto thedifferenttermsof Equation1 anduses
themto make theneededcomputations.

Theresolutioncanbetackledusingtwo mainapproaches,called
gatheringandshooting. The two approachesarebasedon Gauss
Seideland Southwell iterative methods,which are very well de-
scribedin [8] or [24]. In the first one, eachstepin an iteration
updatesthecoefficient of onebasisfunction,by accumulatingthe
energy of all othersbasisfunctions. A total iteration consistsof
thesetof necessarystepsto updateall basisfunctions.Theconver-
genceratecanbe acceleratedby the shootingalgorithm,allowing
it to draw intermediateresultsquickly. Eachstepupdatesall ba-
sisfunctionscoefficientsby propagatingthebasisfunctionwith the
mostenergy. Theconvergenceis faster, but thecomputationerrors
arepropagatedalongwith theresolution.

Thetwo approachesexhibit commonproblemsconcerningtheir
parallelization.First, caremustbe taken whenaccessingandup-
datingdatastructuresin parallel. Then, the work of propagating
energy betweenbasisfunctionshasto be distributed amongpro-
cessesin a well load-balancedway. Finally, dataaccessesmustbe
doneefficiently in orderto getgooddatalocality.

2.2 The = term) � " * ! " � is ageometrytermdefinedby:) � " * ! " � # > ? @ A B C > ? @ A BD � �B C B E � " * ! " � !
where� is thelengthof thevectorconnectingthetwo surfacepoints" and " * , and A B and A B C aretheanglesbetweenthe local surface
normalsandthis vector(seeFigure1).
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Figure1: Componentsof geometryterm
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.

The right part of the

)
term is the visibility function E � " * ! " � ,

that gives it a global scope. Indeed,the visibility function may
involve any othersurface,not just the two interactingones. This
function is responsiblefor mostof the discontinuitiesin the final
solution � , and so shall be as exact as possible,with respectto
the precisionof � . Visibility accuracy has a cost and may be
responsiblefor the largest part of the overall computationtime,
especiallyin thewaveletradiosityalgorithm.

We must note that in the wavelet radiosity algorithm, the cri-
teriumfor dividing aninteractingsurfaceelement,theoracle func-
tion, involvespoint to point visibility computationsbetweensam-
plepointson theemitting( " H I ) andreceiving ( " J I ) surfaceelements
(Figure2): at each level of a given interaction,we have � H K � J
visibility requeststo evaluate. Visibility calculationsclearly have
to beoptimizedin orderto getefficientalgorithms.
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Figure2: Visibility requestsbetweensurfaceelements.

3 Taking advantage of parallelism

In [4], we presenteda parallelradiosityalgorithmbasedon thefol-
lowing:� the � functionis projectedontowaveletbases;� the < (

integral is solved usinga progressive shootingalgo-
rithm thatdoesnot storelinks betweensurfacesfor memory
requirementsandprogrammingeaseconsiderations.

This parallelalgorithmcanbe decomposedinto two succes-
siveparts,directilluminationby light sourcesfollowedby re-
distribution of energy betweensurfaces,thatwill bedetailed
below;� the E functionis implementedwith a BSPacceleratingstruc-
ture.

The most trivial way to handlea point to point visibility re-
questis to draw a ray betweenthetwo pointsandthencheck
all scenesurfacesfor intersection.A straightforward imple-
mentationof thisalgorithmsuffersfrom an � � � � complexity,
andcannotbeusedin practice.Fortunately, algorithmsbased
on spatialsubdivision arematureenoughto have becomea
standardand are now being widely usedto acceleratesuch
ray-tracingrequests.WehavechosenaBinarySpacePartition
structure(BSP)suggestedby [10] asanacceleratingstructure.

Resultsof this implementationaregivenin Section6.

3.1 Direct illumination

This phaseis responsiblefor direct lighting effectsandfor initial
energy distribution beforetheinter-reflectionscomputation.In our
case,we dealwith L � M representations[9] comingfrom industrial
measures.Pointlight sourcesareprocessedoneby one.Wefirst de-
terminethesetof surfacesvisible from thelight positionwithin its
spatialdistribution of emittedlight. We thenrecursively illuminate
eachof thesesurfaces,subdividing thesocreatedsurfaceelements
whenthequalityof theapproximationhasto beimproved.

We have chosen,for parallelizingthis phase,to decomposeit
into a pool of tasks,eachconsistingof an interactionbetweena
light sourceandan initial surface. Thesetasksaredistributed to
processesin the sameorder they would be processedby the se-
quentialalgorithm.Whenareceiving surfaceis alreadyhandledby
anotherprocess,the processhasto wait for the energy transferto
be completed.We plan to enhancethis strategy in order to avoid
unnecessaryidle time.

3.2 Inter -reflections

Oncethedirect illumination phaseis completed,we build a list of
potentialemittingsurfaces,sortedbydecreasingenergy. Wethenit-
erateover thesurfacesof this list, choosingateachstepthesurface,N H , with themostenergy. We determinethesetof surfacesvisible



from
N H andfor eachsurface,

N J , in it, we recursively propagate
theenerO gy, aswasdonein thedirectilluminationphase,exceptthat
now, both surfacescanbe subdivided into surfaceelements(Fig-
ure2). Oncetheenergy transferis computed,theupdatedreceiving
surface,

N J , is insertedinto thesortedlist.
Thisphasehasbeenparallelizedin two ways,oneusingtheinner

loopof thesequentialalgorithm,thatis for agivenemittingsurface,N H , the loop over the receiving surfaces,
N J , and the otherusing

the outer loop, that is the loop over emitting surfaces,
N H . Both

approacheshave their drawbacks(synchronizationbarriersfor the
first one,restrictive accessto thereceiving surfaceandlower con-
vergenceratefor thesecondone),but canbeadvantageouslycom-
binedto minimizetheirdrawbacks:timeconsumingmostenergetic
surfacescanbehandledwith theinnerloopparallelizationatthebe-
ginningof theresolution,while thefinal interactionscanbequickly
computedby theouterloop parallelizationuntil convergence.

4 Taking advantage of graphics hardware

The radiosityalgorithmspresentedin Section3 containtwo main
kindsof visibility requests:� point to environmentor surfaceto environmentrequests,i.e.

what surfacesarepotentially visible, from a point or a sur-
face?Theserequestsconsistof ”clipping” thesubsetof input
surfacesvisible from thecurrentemitter;� point to point requests,i.e. is a point visible from another
point?

Our implementationof the BSP-basedvisibility algorithmpre-
sentedin Section3 canonly answerpoint to point requests.Thus,
all scenesurfacesare potential receivers for a given emitter and
mustbe checked for visibility. Even despitethe spatialaccelerat-
ing structure,all thesevisibility queriesarestill responsiblefor too
hugea partof thecomputationtime.

Anothersolutionto speedupvisibility computationsis to turnto-
wardprojective approaches.Thiscanbeachievedby usingthenew
advancesin bothgraphicsworkstationarchitecturesandgraphicsli-
braries,thatallow programmersdirectandfastaccessto theresults
of graphicsboardscomputations,suchastheZ-buffer algorithm.

Let usseehow visibility requestscanbeefficiently answeredus-
ing this approach,andhow this impactson thecomputationtimes,
andconsequentlyon thepreviously achieved parallelspeed-up.A
moredetailedpresentationof hardware-basedvisibility algorithms
can be found in [2]. Resultsof this implementationaregiven in
Section6.

4.1 Hardware visibility

This methodis inspiredfrom thehemicubemethod,originally de-
votedto computingform factorsin classicalradiosity.

The original hemicubemethodstartsby associatingeachinput
surfacewith a uniquecolor1, keepingonefor the background.It
then builds a hemicubeof

�
pixmapscenteredover the point of

interest.A renderingof the input scene,usingthe falseassociated
colors, is doneon eachpixmap,using the Z-buffer algorithmfor
hiddensurfaceremoval. Figure3 illustratesthis step.

It is thentrivial to approximatelydeterminewhichsurfaceis vis-
ible from thepoint of interestin a givendirectionby queryingthe
pixel correspondingto thatdirection: its color uniquelydefinesthe
visiblesurface(or thebackgroundif no surfaceis visible).

1This limits to P � Q R S T S U V V V P S W thenumberof inputsurfaceson a
classical24bitscolordisplay!

Projection of S1

Projection of S2

Projection of S3

S2 S3

S1

Point of interest

Figure3: Hemicubeof Z-buffers.

We have developedtwo algorithmsbasedon this technique,de-
pendingon whetherwe arein thedirect illumination phase(point-
basedvisibility requests)or theinter-reflectionsphase(plane-based
requests).

Point-based requests

During the direct illumination phase,all visibility requestsstart
from the samepoint, for a given light source. Sincethe spatial
distribution of emittedlight canbe spreadover all directions,we
no longerusea hemicube(Figure3), but ratherbuild a complete
cubecenteredover thecurrentpoint light source.We arethusable
to quickly clip the surfacesvisible from the light source(point to
environmentvisibility request)by building thesetof surfacescorre-
spondingto all pixelsfoundon the



pixmaps.It is alsoimmediate

to determineif asurfacepoint is visible from thelight source(point
to point visibility request)by finding thepixel intersectedby a ray
tracedbetweenthesetwo pointsandcomparingits color to thesur-
facefalsecolor.

Plane-based requests

If thepoint-basedvisibility algorithmis well-adaptedto thedirect
illumination phase,it is not thecasefor the inter-reflectionsphase.
Indeed,initializing a hemicubeof pixmapsis not freeof computa-
tion time andreally only hasinterestif it canbereusedfor several
requests.It doesnot seemreasonableto usea hemicubefor each
samplepointon thecurrentemittingsurfaceelement:theprobabil-
ity of beingreusedmany timeswouldbetoo low.

Instead,we set up a regular grid on eachinput surface, with
eachgrid point beinga potentialpoint of interestfor a hemicube
of pixmaps. Figure4 shows a configurationfor an input surface,
with somehemicubesbeingbuilt andtheothersnot.

Built hemicube

Point of interest and
its 4 nearest hemicubes

Figure4: Regulargrid of hemicubes.

Clipping thevisible surfacesfrom theemittingsurface(surface
to environmentrequest)maybeachievedin a differentmanner:we
may renderthe input sceneeitheron the centralhemicube,or on
the centralhemicubeandon the 4 corners(the casein Figure4),
or finally on all grid point hemicubes.It clearly dependson the
sizeof thesurface: thenumberof hemicubesmustbehigherfor a
hugebuilding floor thanfor a singlepenon a table! The final set



of visible surfacesis simply theunionof thevisible surfacesof all
hemicubes.

We determinetheanswerto point to point requestsby approxi-
matingtheorigin of therequest(theemittingsurfaceelementpoint)
by the nearestgrid point. The hemicubeassociatedwith this grid
pointmayeitherbebuilt from previouscomputationsor not. In the
negative case,we initialize it with thegrid point asa pointof inter-
est.Wethenusethishemicubefor queryingthepixel in theoriginal
directionanddeterminevisibility.

4.2 Hybrid visibility

Hardwarevisibility hassomeinherentdrawbacks,due to the dis-
cretizationimplied by thepixmapsof thehemicubes.In particular,
somealiasingphenomenamay appearand small objectsmay be
missed. Moreover, if the hemicubeis composedof X pixels, at
most X scenesurfacesmaybedetectedasvisible. Visibility errors
clearlydependon thepixmapssize(anyway limited to amaximum
sizeof about

� � � � � � � � �
), which mustbe adaptedto the scene

size. In practicehowever, pixmapssizesbetween
� � �

and
� � �

are
usuallyenoughto avoid perceptuallyvisible errorson thefinal re-
sult.

We have definedheuristicsto evaluatethe confidencerateof a
given answerof a hardware visibility request. If we detectthat
this could potentiallybe a falseanswer, we canresortto another
visibility algorithm,suchastheBSP-basedvisibility onepresented
in Section3. In this way we areableto combinethequicknessof
thehardwarevisibility algorithmwith thecorrectnessof theBSP-
basedvisibility algorithm.

We briefly explain herehow the new hybrid algorithmsanswer
point to point visibility requests.

Point-based requests

We start a point-basedhybrid requestas a point-basedhardware
request.The differenceis that we not only querythe pixel in the
givendirection,but alsoits

	
nearestpixels. We thencompute,for

eachcorrespondingsurface(if any), its intersectionwith the ray
joining thetwo points,andwe keepthenearestone. At this point,
if we founda surface,we considerit astheonevisible. In theother
case,wesuspectavisibility problemanddecideto useaBSP-based
visibility requestto retrieve theresult.

This solution leadsto a large numberof BSP-basedvisibility
requestsin problematicplaces.To avoid this,we checkif a signif-
icantpartof thepreviousvisibility requestscouldnot beanswered
usingthehemicube:in this case,we enhancetheresolutionof the
hemicubeby zoomingin on theproblemarea.Wedo thisby build-
ing anew pixmapcenteredon theproblemarea,with thesamesize
asthehemicubepixmaps,but twicetheresolution.Wenow usethis
pixmapaslongasvisibility requestsfall insideit. This processcan
berecursively repeatedonveryproblematicplaces.Onceapixmap
is no longerused,it is deletedandreplacedby thepreviousone.

Plane-based requests

Plane-basedhybridvisibility requestsarea little morecomplicated.
Indeed,sincewe approximatetheorigin pointwith thenearestgrid
pointasthecenterof thehemicude,thepreviouscoherency testand
thezoommechanismhave lessmeaning.

We rathertry to exploit the fact that the origin point is located
on a surface. For that purpose,we determinethe

	
nearestgrid

points- sometimesjust � or even
�

if thepoint lies on thesurface
border- andusetheirassociatedhemicubes,building themif neces-
sary(seeFigure4). Wethenmake acoherency testbetweenpixels,
andassociatedsurfaces,sampledonthesehemicubesanddoaBSP-
basedvisibility requestif it fails. A completedescriptionof thistest
maybefoundin [2].

5 Combining parallelism and hardware
acceleration

We have seenin Section3 that radiosity computationscould be
acceleratedwith multi-processing.Then,in Section4,wehaveseen
thatit couldalsobeaccelerated,in asequentialimplementation,by
usinggraphicshardwareto handlevisibility computations.It seems
naturalto try to combinetheseideasin orderto take advantageof
their respective performancegains.

Weconsiderfor theremainderof thisSectionamulti-processors
andmulti-pipelinesconfiguration.

Basically, the job thatprocessesexecutein parallelcanbesum-
marizedby Algorithm 1, whereY denoteseitherapoint light source
or ascenesurface.

Algorithm 1 Simplifiedalgorithmof a process

1: while Y Z $ Y [ X Y " [ \ ] ^ [ [ Y � � Y � do
2: while � Z $ Y [ X Y " [ _ Y ` Y ^ E Y � � Y � do
3: ` a ] � b [ Y c � [ Y � d ` [ ^ a � � Y ! � �
4: endwhile
5: endwhile

Visibility computationsoccurat two differentstagesof thisshort
algorithm. On onehand,for clipping the subsetof potentialvis-
ible surfaces: when a processgets its next emitter, through the$ Y [ X Y " [ \ ] ^ [ [ Y � � � functiondescribedby Algorithm 2, it maybe
the first one to requestit. In that case,the list of potentialvisi-
ble surfacesassociatedwith that emitter hasto be initialized. If
theemitterrequiresa hardware-basedvisible surfaceclipping, the
processhasto wait for an availablegraphicspipeline to compute
it with theclipping algorithmspresentedin Section4. Otherwise,
it computesthesubsetof visible surfacesthrougha software-based
algorithm2.

Algorithm 2 Gettingthenext emitter
Require: theprevioushandledemitter� � Y E H

1: Y Z ` e a a f Y X Y " [ \ ] ^ [ [ Y � � �
2: if Y g# � � Y E H and Y h E ^ f ^ i j Y N b � � d ` Y f # k then
3: if Y h � Y l b ^ � Y f m d � + n d � Y L j ^ � � ^ � $ then
4: Y h j a ` & � �
5: if Y h E ^ f ^ i j Y N b � � d ` Y f # k then
6: $ Y [ o E d ^ j d i j Y ) � d � e ^ ` f p ^ � Y � �
7: j q Z i b ^ j + r ^ f ^ i ^ j ^ [ s L b i Y f t a � L j ^ � � ^ � $ � Y �
8: � Y j Y d f Y ) � d � e ^ ` f p ^ � Y � �
9: � Y h E ^ f ^ i j Y N b � � d ` Y f � Z � j q h $ Y [ N b � � d ` Y f � � �

10: end if
11: Y h b � j a ` & � �
12: else
13: � Y h E ^ f ^ i j Y N b � � d ` Y f � Z $ Y [ r ^ f ^ i j Y N b � � d ` Y f � �
14: end if
15: end if

On the other hand, once the process has its new
emitter-receiver interaction and is processing it through the` a ] � b [ Y c � [ Y � d ` [ ^ a � � � function, it is likely to have to handle
point to point visibility requeststo achieve the computationas
explainedin Section2. The point to point visibility algorithm is
givenby Algorithm 3.

The first thing a processhasto do beforecomputinga point to
point visibility is to ensurethat all the necessaryvisibility cubes
(a single cube in the caseof a point-basedrequest,

�
, � or

	
2In ourcase,wesimply returnthesetof all input surfaces.



Algorithm 3 Computinga point to point visibility request
Requiru e: two points� [ H and� [ J

1: j q Z $ Y [ r ^ f ^ i ^ j ^ [ s L b i Y f � � [ H �
2: if v � j q h b � w a x d [ Y � � � then
3: $ Y [ o E d ^ j d i j Y ) � d � e ^ ` f p ^ � Y � �
4: for each̀ � j q do
5: if v � ` h b � w a x d [ Y � � � then
6: ` h j a ` & � �
7: if v � ` h b � w a x d [ Y � � � then
8: ` h i b ^ j + � �
9: ` h f Y [ y � w a x d [ Y � �

10: end if
11: ` h b � j a ` & � �
12: end if
13: end for
14: � Y j Y d f Y ) � d � e ^ ` f p ^ � Y � �
15: end if
16: ` a ] � b [ Y r ^ f ^ i ^ j ^ [ s � � [ H ! j q ! � [ J �
hemicubesfor a plane-basedrequest)have beenbuilt. If not, it has
to wait for anavailablegraphicspipelinein orderto build themone
by one. It is importantto notethat theprocesskeepsthegraphics
pipeline until all visibility cubesare completed. Onceall these
visibility cubesare up to date, the visibility computationcan be
done.

The key point in these algorithms is obviously the$ Y [ o E d ^ j d i j Y ) � d � e ^ ` f p ^ � Y � � function that makes the pro-
cessthat calls it wait for a graphicspipelineto be free in orderto
make thedesiredoperationson it. In additionto thetwo callsmade
in Algorithms2 and3, this functioncanalsobecalledfrom inside
a hybrid point-basedvisibility requestwhich decidedto enhance
its pixmapresolutionover a problematicplace.

In anidealworld whereeachprocesswouldhave its own graph-
ics pipeline,this would not beproblematic.However, in common
configurations,thenumberof availablegraphicspipelinesis lower
than the numberof processors.Thus,graphicspipelinesbecome
critical resourcesthat must be sharedbetweenprocesses.In the
worstcases,sayfor instance

�
graphicspipelinefor


 	
processors,

processeswill cometo spendtheir time waiting for thecritical re-
sourcesinsteadof doingworthwhilecomputations,thuslosingthe
benefitsof hardwareacceleration.

We have felt the needto enhancethe previous algorithmsin
order to handletheseproblematic,but common,situations. The
idea is very simple: insteadof waiting for an available graphics
pipeline until it is acquired,the $ Y [ o E d ^ j d i j Y ) � d � e ^ ` f p ^ � Y � �
functionmakesa fixednumberof attempts3 to getoneandreturns
an error code if it fails. In thosecases,we may either retry to
get a graphicspipelineor resortto a software-basedsolution: the$ Y [ r ^ f ^ i j Y N b � � d ` Y f � � function in Algorithm 2 or a BSP-based
visibility requestin the two other cases. A further enhancement
could be to attribute the graphicspipelines in priority to Algo-
rithm 2 in orderto favor surfaceclippingoperations.

6 Results

6.1 Experimental envir onment

Technical constraints

All the presentedalgorithmshave beenimplementedinside the
CANDELA platform,a researchprojectdesignedto provide botha
flexiblearchitecturefor testingandimplementingnew radiosityand

3In our currentimplementation,we use S z attempts.

radiancealgorithms[26], and to handlereal input data(complex
geometricalsurfaces,accuratelight sourcesmodels,realspectrum
modeling)in orderto computephysicallycorrectresults.

The CANDELA softwareconsistsof approximatively
	 � �

C++
classesand is basedon the OpenInventor library. This enables
us to obtain the requiredflexibility , both on inputs and algorith-
mic combinations.ParallelizingC++algorithmsinsidesuchalarge
platformcanseemchallenging.It will be importantnot to deviate
toofarfrom thesequentialcodein orderthatwecanstill makevalid
comparisonsandtake advantageof thecode’s latestenhancements.

Hardware

TheexperimentswererunonaSGIOrigin2000with 64processors
organizedin 32 nodes.Eachnodeconsistsof two _ � � � � �

proces-
sorswith 32 K-Bytes of first level cache(L1) of dataon the chip,
4 M-Bytesof externalsecondlevel cache(L2) of dataandinstruc-
tions and256 M-Bytes of local memory, for a total of 8 G-Bytes
of physicalmemory. It was connectedto a SGI InfiniteReality2
graphicspipelinewith onerastermanager.

Measures

The _ � � � � �
hardware performancecounterscombinedwith the

software tool perfex allow performancemeasuresof the behavior
of theparallelprogram.This allows usto study, amongothers:� Speed-up. This is definedby the ratio of the bestsequential

timeover theparalleltime obtainedwith � processors.� Memoryoverhead. This is theratio of time spentin memory
over thetotalexecutiontime.� L1 cachehit rate. This is thefractionof dataaccesseswhich
aresatisfiedfrom a cacheline alreadyresidentin theprimary
datacache.� L2 cachehit rate. This is thefractionof dataaccesseswhich
are satisfiedfrom a cacheline alreadyresidentin the sec-
ondarydatacache.

Moreover, wehaveinstrumentedtheCANDELA librariesin order
to monitor locksandsynchronizationtimesandto get information
abouttheapplicationbehavior, in termsof handledsurfacesor vis-
ibility requests.

6.2 Performance evaluation

For thepurposeof performanceevaluation,wehaveperformedsev-
eral experimentson a singletestscene:theclassroommodelpro-
videdby PeterShirley. Thissceneconsistsof


 � � 

initial surfaces

and
	

light sources.Wehave chosento consider:� thehybridhardware-basedvisibility algorithm,

– with visible surfacesclipping either enabledor dis-
abled,

– with differentpixmapssizes:
	 �

,
� � �

, � � �
;� theBSP-basedvisibility algorithmfor comparison;� �

to

 � processors;� a convergencerate4 of about

� � {
;� the inner loop parallel shootingalgorithm: at eachstepthe

most energetic surfaceis shot by all processes,with a syn-
chronizationbarrierat theend.

4Computedas | S R } ~ � � � � � � � ~ � ~ } � � � � � � � � � � � ~ � ~ } � � .



(a) BSP. (b) Hardware. (c) Hybrid.

Figure5: Classroomimageswith our



visibility algorithms.

Results

Figure5 presentsfinal imagesof the radiositysimulationfinal re-
sults with our threedifferent visibility algorithms. The solution
shown in Figure5-a hasbeencomputedwith the BSP-basedvisi-
bility algorithm. Aliasing effectsclearlyappearwith thehardware
visibility algorithm(Figure5-b), despitethe high pixmapssizeof� � �

beingused.On theotherhand,thehardware-basedhybridvis-
ibility algorithm,with a pixmapssizeof only

� � �
, yields a result

verysimilar to thesoftware-basedone(Figure5-c). Thefinal result
is composedof approximately


 � � � �
meshelements.

The execution times for the different visibility parametersare
shown on Figures6-aand6-b asa functionof thenumberof pro-
cessors.Figure6-c shows the speed-upcurvesfor the BSP-based
algorithmandfor the hybrid hardware-basedonewith a pixmaps
sizeof

� � �
(the othercurves for differentpixmapssizesarevery

similar).
Thespeed-upthatwe have achievedis not soimpressive. In or-

der to analyzethis performancedegradation,we have studiedsev-
eral indicatorsof the applicationbehavior. As for the samealgo-
rithm usingBSP-basedvisibility, the � �

and � � cachehits (Fig-
ure 6-d) remain very high (between

� � {
and

� � {
for � �

and
between� � {

and
� � {

for � � ). The total time lost on locks for
accessingthegraphicspipelineandothercritical partsof thealgo-
rithms(suchasthelist of tasksor theOpenInventordatastructures)
canalsonot explain thedegradation,althoughit is slowly increas-
ing with thenumberof processors(Figure6-e).

Wealsohavetriedtounderstandhow theconcurrentaccessto the
graphicspipelineimpactson ourvisibility algorithm.For instance,
Figure6-f shows the ratio of visibility requeststhat could not be
doneby hardwarefor thedifferentvisibility parameters.

In orderto understandthesecurves,we alsogive thetotal num-
berof visibility requeststhathave beeninvolvedby eachparame-
terizationof thevisibility algorithms(seeTable1). It is clearthat
thevisible surfacesclipping stepdecreasesthenumberof handled
interactionsbetweeninput surfaces,and thus the total numberof
visibility requests.This phenomenumis amplifiedasthepixmaps
sizedecreases.Indeed,the useof smallerpixmapssizestendsto
leadto themissingof thin surfaces,thusdecreasingboth thenum-
berof handledinteractionsbetweeninput surfacesandthenumber
of subdivisionswhena smallblocker falls betweentwo surfaces.

Finally, it canbenotedthatthenumberof totalvisibility requests
for theBSP-basedvisibility approachis very similar to thatof the

hardware-basedhybrid visibility approachwith a pixmapssizeof� � �
. However, thedifferenceis muchgreaterfor a pixmapssizeof� � �
, evenif theresultsarevisuallynotdifferent(seeFigure5).

Visibility Handledsurfaces Requests

EV � � � � � � � � � � � � � �
AGL200OFF � � � � � � � � � � � � � �
AGL200ON � � � � � � � � � � � � �
AGL100ON � � � � � � � � � � � � � �
AGL100OFF � � � � � � � � � � � � �
AGL40ON � � � � � � � � � � � � � �
AGL40OFF � � � � � � � � � � � � �

Table1: Handledsurfacesandvisibility requests.

Discussion

Wecanfirst notethatusinghardwareaccelerationgreatlydecreases
the time neededto computethe radiositysolution,by a factorof
two or three,for thesamenumberof processors,up to

� 

. Using

moreprocessors,thehardwareuseis lessinteresting,but it is notso
surprisingbecausetheachievedtimebecomesvery low (lessthan

	
minutesfor thewholesimulation):it is notclearthatthesequential
partdoesnotbecomedominant!

The ccNUMA architectureof the SGI Origin2000 appearsto
comfortablysupportour application.Indeed,the � �

and � � cache
hit ratesremain very high and the ratio of time spent in mem-
ory over the total execution time decreaseswith the numberof
processors.Moreover, the visible surfacesclipping option of our
hardware-basedalgorithmseemsto enhancethenaturaldatalocal-
ity exhibited by the wavelet radiosity (Figure 6-d). Indeed,this
allows us to quickly restrict the subsetof surfacesto handle,that
arelikely to belocatedin a samesmallpartof thememory.

Theinteractionbetweengraphicshardwareaccelerationandthe
behavior of ourvisibility algorithmexecutedin parallelis verysen-
sitive to the parameters.Indeed,we would have suspectedlarger
pixmapssizesto be responsiblefor a larger ratio of hardwarevis-
ibility requeststo be reroutedto software-basedvisibility, due to
their longerconstructiontime. However, Figure6-f shows thecon-
trary! Actually, small pixmapssizescausea lower total number
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Figure6: Classroomexperimentationresults



of visibility requests.Thus,the time neededto build the pixmaps
becomes� importantcomparedto the visibility computationstime,
anda largerproportionof hardwarevisibility requestsareblocked.
Large pixmapssizesleadto a large numberof visibility requests,
andthusto abetterreuseof alreadybuild pixmaps.

Thegranularityweusedfor theparallelizationis surelythemost
problematicaspectof this experimentation.Indeed,theinner loop
parallelizationhastwo drawbacks: first, the preparation(i.e. the
push/pullof theenergy at eachlevel) of thesurfacewith themost
energy thatwill behandledin parallelhasto bedonesequentially.
Second,a synchronizationbarrieris neededbeforethenext surface
to behandled.The time lost at thesetwo points,asthenumberof
processorsincrease,maybelargelyresponsiblefor theperformance
degradation.

7 General discussion

Graphicshardwareaccelerationgreatlyincreasesthe efficiency of
our waveletradiosityalgorithm,andevenmoresowhencombined
with multi-processing.Indeed,the high computationalresources
requiredby wavelet radiosity are mainly devoted to visibility re-
questswhichcanbeefficiently solvedby hardwareusingdedicated
graphicspipelines. Moreover, our hardware-basedvisibility algo-
rithms greatly benefit from the spatialcoherency of the involved
visibility requests,thus allowing a large reuseof structuresbuilt
with hardware.

An efficient hardware acceleration, however, can only be
achieved if the applicationhasdirect accessto the resultsof the
computationsmadeby thegraphicspipelines.Recentadvancesin
graphicsarchitecturesnow allow sucha directconnection5: on the
SGIsystems,this is donethrougha pixel buffer (pbuffer for short).
If no directconnectionis available,it is certainlybetterto turn to-
warda software-basedsolution!

Combineduseof graphicshardwareandmulti-processingintro-
duceanew bottleneckin algorithmsrelyingonthisscheme.Indeed,
a givengraphicspipelinecannotbeaccessedin parallelby several
processes.During our tuning phase,we have noticedthatwaiting
for the graphicspipeline to be free can be very time-consuming.
In thosecases,it is better, whenpossible,to resortto anequivalent
software-basedalgorithm.Whentasksof differingimportancehave
to beperformedby hardware,it couldalsobe interestingto intro-
ducea priority system.In our case,clipping visible surfacesmust
be donein priority beforeother visibility computations,because
otherprocessesmay bewaiting for the resultof this computation.
Of course,usinga multi-pipelinesconfiguration,theseaccesscon-
flicts will bereduced.In anidealworld, wecouldhaveonepipeline
for oneprocessor!Our experimentsseemto show thatonepipeline
for

	
or � processorscouldbesufficient.

Finally, in order to fully benefit from the graphicshardware
acceleration,the load-balancingof our parallelradiosityalgorithm
hasto be improved in orderto avoid unnecessaryidle time (when
waiting for a surface to be free) and synchronizationbarriers.
Indeed, these phenomenaare mainly responsiblefor our bad
speed-upcurves,whicharestill not really convincing.

Despitetheearlystateof our work on this new promisingcom-
bination,we wereableto computea radiositysolutionof theSoda
Hall building within

� �
minutesfor the direct illumination of the� � point light sourcesandabout � hoursfor both the


 �
emitting

surfacesand
� � �

shootingiterations,on
� 


processorsanda sin-
gle graphicspipeline. Figure7 and8 show imagesof theobtained
result.

5Actually, youmayhaveto decreasethescreenresolutionin orderto get
apbuffer visualfor � � computations.

8 Conc lusion and future work

We have presentedin this papera new parallelwavelet algorithm
that usesa novel combinationof multi-processorsand graphics
hardware. The solution proposedconsistsof using the capabil-
ities of graphicshardware for performing the costly geometric
calculations,while the remainingcomputationsare performedin
parallel on the processors. Executing this programon the SGI
Origin2000with


 � processorsand the SGI InfiniteReality2,we
computea highly preciseradiosity solution in a near reasonable
time. Moreover, our algorithm also benefitsfrom the graphics
pipelinefor renderinginteractive visualizationat every stepof the
iterative resolutionprocess.In a multi-processors/multi-pipelines
environment,someprocessorscouldhave a read-onlyaccessto the
computationresultsin progressandhave their own pipeline(s)for
interactively displayingintermediateresults.As a result,we think
that our new schemeis a promisingavenueto make 3D realistic
renderingfrom geometricmodelstractable,at last, for real world
applications.We alsothink that the combinationthat we propose
could be usedin someother applications. Physicalsimulation,
suchas heat transfer, acousticsimulation,N-body methods,etc,
mayalsobenefitfrom thecombinedmulti-resolutionapproachand
graphicshardwareacceleration.

More performanceevaluations are neededfor tailoring our
schemeto work well at different scales. Our goal in future ex-
perimentsis to extendourapproachfrom smallscale( � processors
and

�
graphicspipeline)to largescale(� processorsand � graphics

pipelines)systems.
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[26] ChristopheWinkler. Exṕerimentationd’algorithmesdecalcul
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Figure7: SodaHall final image.

(a)Final image(no texture). (b) Finite elementdecomposition.

(c) Final image(with texture).

Figure8: SodaHall corridorview.


