Overlapping Multi-Pr ocessing and Graphics Hardware Acceleration:
Performance Evaluation

Xavier Cavin*

LaurentAlonso

Jean-Claud@aul

LORIA™ INRIA Lorraine

Abstract

Recently multi-processindhasbeenshavn to deliver goodperfor
mancein rendering. However, in someapplications,processors
spendoo muchtime executingtasksthatcould be moreefficiently
donethroughintensie useof new graphicshardware. We present
in this papera novel solutioncombiningmulti-processingand ad-
vancedgraphicshardware, wheregraphicspipelinesareusedboth
for classicalisualizationtasksandto advantageouslyperformge-
ometriccalculationswvhile remainingcomputationgrehandledby
multi-processorsTheexperiments basednanimplementatiorof
anew parallelwaveletradiosityalgorithm. The applicationis exe-
cutedonthe SGI Origin2000connectedo the SGI InfiniteReality2
renderingpipeline. A performancesvaluationis presentedKeep-
ing in mind thatthe approacttanbenefitall availableworkstations
andsupercomputersfrom smallscale(2 processorand 1 graph-
ics pipeline)to large scale(p processorandn graphicspipelines),
we highlight someimportantbottleneckghatimpedeperformance.
However, our resultsshav thatthis approachcould be a promising
avenuefor scientificand engineeringsimulationandvisualization
applicationghatneedintensve geometriccalculations.

CR Categories: 1.3.1 [Computer Graphics]: Hardware
Architecture—Rrallel processing; 1.3.1 [Computer Graphics]:
Hardware Architecture—Graphicgrocessors 1.3.7 [Computer
Graphics]:Three-DimensionabraphicsandRealism—Radiosity

Keywords:  Parallelism, GraphicsHardware, Hierarchicaland
Multiresolution Algorithm, Wavelet, RealisticRendering Radios-

ity.

1 Introduction

1.1 Motiv ation

RecentcommercialccNUMA supercomputerslike the SGI Ori-
gin2000[15], have beenshavn to perform and scalefor a wide
rangeof scientificand engineeringapplicationg13]. It is impor-
tantto evaluatetheir strengthsandweaknessef®or graphicsrender
ing applicationsRecenpapershave proventhatparallelismmales
it possibleto deal with extremely large geometricalmodelsin a
reasonabléme within somerenderingapplicationssuchasrealis-
tic rendering[19, 20, 4, 18] or volumerendering[1]. Ontheother
hand newly availablegraphicshardwarenow alsoprovide high per
formancefor renderingasks.In someways,sincemulti-processors
speedup renderingcomputationatimes, they createthe needfor
softwarethatreplicateshefunctionalitiesof graphicshardware. In
a previous paper[4], we presentedn efficient parallelizationof a
wavelet radiosity algorithm and we pointedout this limitation of
parallelismfor radiosity-basedendering.
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1.2 Related work

Wavelet radiosity is a very efficient algorithmintroducedby [12]
and[22]. As with all hierarchicaN-Body methodsthis algorithm
has highly irregular and unpredictable data accesspatternsthat
male its parallelizationchallenging[25]. A few paperq11, 17,5]
have proposeda parallelimplementationof hierarchicalradiosity
for large models.Waveletradiosityis alsoa hierarchicalapproach,
but it providesa moreformal mathematicaframework for radios-
ity. Thus, while dealingwith high level order basisfunctions, it
is ableto computehighly preciseradiosity solutions. It is impor
tantto point out that, in orderto get this high precision,it must
performmuchmoreinteractioncalculationsbetweerthefinite ele-
ments,comparedo the classicahierarchicalapproach.

Despite this difficulty, we implementeda parallel radiosity
algorithm, basedon linear wavelet bases,on the SGI Origin2000
and obtained significant speed-ups. For instance,we ran our
applicationon the well-known SodaHall building test modelin
orderto rendera realisticwalk-through. A radiosity solutionwith
1 700 000 patcheqcomparedo the 143 097 initial surfaces)was
computedin 15 hourswith 16 processorswhile it would take
about7 daysonasingleprocessor

As previously pointedout, in our multi-processorgrvironment,
we hadto usesoftware-based¢omputationghatreplicatethe func-
tionalities of available graphicshardware. Thus,we were curious
to evaluatehow a sequentiawavelet radiosity algorithm, benefit-
ing from adwancedcapabilitiesof recentgraphicshardvare - like
phuffers - could perform.

In the radiosity literature, almostall implementedalgorithms
rely on software. Neverthelessone of the first implementations
of the radiosity methoduseda depthbuffer to perform visibility
andform factorscalculationsbetweensurfacesin the iterative ra-
diosity solvingprocessegitherin apre-processingtep[7] or during
computationg6], andthe authorssuggestedhat dedicatedgraph-
ics hardware could be devotedto this task. Recently two papers
have also proposedusing graphicshardware in realistic radiosity
[14, 16], but the useof hardwareis devotedto the ultimaterender
ing passhotto thekernelevaluationof theradiative process.

In [2], we proposedacceleratiortechniguestaking adwantage
of existing graphicshardware, to speed-upthe visibility queries.
Thesetechniquesarealreadyadwantageouslyntegratedinside our
sequentialwavelet radiosity algorithm. For the purposeof the
presentpaper we have testedthis sequentialprogramon a SGI
Onyx machineconnectedo the SGI RealityEngineZandrendered
the SodaHall modelin about34 hours.Theseresultsaresimilar to
thosethat would be obtainedon the SGI Origin2000with 8 pro-
cessorsln otherwords,comparablespeed-upsiave beenobtained
with a sequentialimplementationtaking adwantageof graphics
hardware accelerationthanwith a parallelimplementationwhere
alot of time is spentperformingintensve geometriccalculations.

The new algorithm presentedn this paperhasbeendesigned
to take advantageof both multi-processingand graphicshardware
accelerationln theradiosityrenderingorocessgraphicshardware



is commonlyused,similarly to othervisualizationapplications at
the final visualizationstep. We obviously do this also. The key
differenceis that we also use graphicshardware for accelerating
somecostlycomputationatasks- thevisibility queries- duringthe
radiosityequationsolving process.

We mustnote that this idea hasbeenpreviously introducedin
[3]. In this paper the authorshave proposeda methodthat en-
hancesadiosityalgorithmperformancéy usingthe capabilitiesof
a multi-processorgraphicsworkstation: hemicubeitems are pro-
ducedby a mastemprocessousingthegraphicshardware,asin [7],
while the remainingcomputationsare performedin parallelonthe
remainingprocessors Our algorithmdiffers from this solutionin
threeways:

e our wavelet radiosity algorithm more efficiently performs
highly precisesolutionsthantheclassicaklgorithmproposed,;

e usinga clever visibility algorithm, our implementatiordoes
not suffer from all the dravbacksof the standardZ-buffer
hardware;

e we do not usea masterslave schemethusallowing our par
allel implementatiorto scaleanddealwith variouscombina-
tionsof processorandgraphicspipelines.

However, the approactwe proposes very similarin spirit.

1.3 Aims and organization of the paper
In summarytheadvantage®f our new algorithmare:

e our novel waveletradiosityalgorithmis of compleity O(n)
[21], it candeal with high orderbasisfunctionsand render
extremelylarge models;

e our parallelimplementatiorallows both acceptabldoad bal-
ancingandexcellentdatalocality, that permitsthe scalingof
thewaveletalgorithmto alargenumber(64) of processors;

e thegraphicshardwarecomputeghevisibility calculationge-
quiredby thewaveletradiositysolver betweer2 and10 times
fasterthana software packageandmorewer, freesthe multi-
processor$or othercomputationatasks.

The novel algorithmwasimplementedon the SGI Origin2000,
which is a ccNUMA supercomputey with MIPS R10000proces-
sorsandanaggressie, scalabledistributedsharednemory(DSM)
architecture This machinewasconfiguredfor the experimentwith
asingleSGl InfiniteReality2.

To validateour approachthe new algorithmhasbeentestedon
theclassroonreferencdestscenemadeavailableby PeterShirley
for the 5" EurographicsWorkshopon Rendering. Using this
model,we measuredhe performancef our nev scheme We also
highlight the mostimportantbottleneckshat comein the way of
performancekeepingin mind that our newv schemecould benefit
all availablegraphicsworkstationsfrom smallscale(2 processors
and1 graphicspipeline)to large scale(p processorandn graphics
pipelines).Finally, we testecburalgorithmonthe SodaHall model.

In Section2, we briefly recall generalconceptson wavelet ra-
diosity andshav how its structureoffers someinsightto partition-
ing the algorithm acrossmultiprocessorsaand graphicshardware.
Section3 shavs how we advantageouslyiseparallelismto perform
this algorithm,while Section4 presentdiow graphicshardwareac-
celerationcould be successfullyappliedin a sequentialmplemen-
tation. Then,in Section5, we shav how overlappingmultiprocess-
ing and graphicshardvare acceleratiorcan enhanceparallelreal-
istic rendering. Performancesvaluationand resultsare presented
anddiscussedn Section6 anda generaldiscussionis exposedin
Section?. Finally, Section8 concludesandpresentsuturework.

2 Wavelet Radiosity Algorithm Structure

Let usfirst recall,for the sale of clarity, theradiosityequationand
more specificallythe termsinvolved in it andtheir implication to
theparallelizationprocess.

Theradiosity- power perunit area[W/r?] - on a givensurface
is definedasthelight enegy leaving the surfaceperunit area.Let
M denotethe collectionof all surfacesin an ernvironment,andy
beaspaceof real-waluedfunctionsdefinedon M x A; thatis, over
all surfacepointsandall wavelengthgA). Ourgoalis to determine
the surfaceradiosityfunction f € x thatsatisfies:

FO0,2) =g0na) + k) [ GG f ) a0
M
where is thewavelengthat which functionsarecomputed.

2.1 The wavelet radiosity solver
The M, g and k terms

Thesethreetermsrepresentheinput dataof aradiositysimulation
problem:

e M consistsof the setof input surfaces. They canbe either
simpletrianglesor polygons,or morecomplex shapes;

e g(A,x) specifiesthe origin and directional distribution of
emittedlight. It eitherrepresentpoint light sourcesor self-
emittingsurfacesfrom M;

e k() z) isthelocalreflectancdunctionof thesurface.Within
theradiosityassumptionwe supposehatthesurfacesareide-
ally diffuse(i.e. lambertiansurfaces).

The M, andto alesserextent,g andk termsareresponsibldor
theirr egular characteristiof the physicaldomainbeingsimulated.
Theinitial distribution of surfacesandemittedenegy male it dif-
ficult to anticipatehow andwherethe computationapower will be
focused:distributing it in parallelwill be evenmorechallenging.

The f term

The f(), z) termis the radiosity function we aim to compute. In
orderto make it calculable,f mustbe projectedin afinite dimen-
sion subspace.Let x, € x bea subspacef y of dimensionn
and{¢i};c(;, .,y oneof its baseswe now have to determinethe

{e@i}ieqa,... ny cOeficients,sothat:

f =~ fn = Zai¢i'

The choiceof the basisfunctionsis very important,becauset
greatlyinfluencesboththethe precisionof the approximatedunc-
tion andthe compleity of the computationsHistorically, the first
radiosity algorithmsusedpiecavise constantfunctions. For effi-
cieng/ reasonsmorerecentalgorithmshave introducedhierarchi-
calandwavelet[12, 23] functions.

Using hierarchicalwavelet bases,however, gives to the algo-
rithm a dynamicand unpredictable characteristic. Indeed,input
surfacesf M aresubdiidedasthecomputatiorproceedsmaking
it impossibleto foreseeboth the time neededto computean en-
ergy transferandthe total amountof memoryrequired(i.e. mem-
ory mustbe dynamicallyallocated).Obviously, this becomesven
moreproblematidn parallel.



The [, integral

The integral equationcodesthe interactionsbetweenall surface
pointsof theinput scene Theresolutionprocesssolvingthis equa-
tion is closelyrelatedto the differenttermsof Equationl anduses
themto malke the needeccomputations.

Theresolutioncanbetackledusingtwo mainapproachesalled
gatheringandshooting The two approachesire basedon Gauss
Seideland Southwelliteratve methods,which are very well de-
scribedin [8] or [24]. In the first one, eachstepin an iteration
updateghe coeficient of onebasisfunction, by accumulatinghe
enegy of all othersbasisfunctions. A total iteration consistsof
the setof necessargtepsto updateall basisfunctions.The corver
gencerate canbe acceleratedy the shootingalgorithm, allowing
it to draw intermediateresultsquickly. Eachstepupdatesall ba-
sisfunctionscoeficientsby propagatinghe basisfunctionwith the
mostenegy. Thecorvergenceis faster but the computatiorerrors
arepropagate@longwith theresolution.

Thetwo approachesxhibit commonproblemsconcerningheir
parallelization. First, caremustbe taken whenaccessingnd up-
dating datastructuresin parallel. Then,the work of propagating
enegy betweenbasisfunctionshasto be distributed amongpro-
cessesn awell load-balancedvay. Finally, dataaccessemustbe
doneefficiently in orderto getgooddatalocality.

2.2 The G term
G(z', z) is ageometrytermdefinedby:

c0s 0/ cos 0,
G(e',z)= —2,—"

’
),
wherer is thelengthof thevectorconnectinghetwo surfacepoints
z andz’, andf, andé,, arethe anglesbetweenthe local surface
normalsandthis vector(seeFigurel).

Figurel: Component®f geometrytermG.

The right part of the G termis the visibility functionv(z’, z),
that givesit a global scope. Indeed,the visibility function may
involve ary othersurface,not just the two interactingones. This
function is responsibldor mostof the discontinuitiesin the final
solution f, and so shall be as exact as possible,with respectto
the precisionof f. Visibility accurag hasa costand 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 aninteractingsurfaceelementthe oracle func-
tion, involves point to point visibility computationdbetweensam-
ple pointsontheemitting (z},) andreceving (z},) surfaceelements
(Figure 2): at ead level of a given interaction,we have n. * n,
visibility requestdo evaluate. Visibility calculationsclearly have
to be optimizedin orderto getefficientalgorithms.

Figure2: Visibility requestbetweersurfaceelements.

3 Taking advantage of parallelism

In [4], we presented parallelradiosityalgorithmbasedn thefol-
lowing:

e the f functionis projectedontowaveletbases;

e the f integral is solved usinga progressie shootingalgo-
rithm that doesnot storelinks betweensurfacesfor memory
requirementandprogrammingeaseconsiderations.

This parallelalgorithm can be decomposedhto two succes-
sive parts,directillumination by light sourcedollowed by re-
distribution of enegy betweenrsurfaces thatwill be detailed
belaw;

e thew functionis implementedvith a BSPacceleratingtruc-
ture.

The mosttrivial way to handlea point to point visibility re-
guestis to draw aray betweerthe two pointsandthencheck
all scenesurfacesfor intersection.A straightforvard imple-
mentationof this algorithmsuffersfrom anO(n) complexity,
andcannotbe usedin practice.Fortunatelyalgorithmsbased
on spatialsubdvision are matureenoughto have becomea
standardand are nov being widely usedto acceleratesuch
ray-tracingrequestsWe have chosera Binary SpacePartition
structurg BSP)suggestetdy [10] asanacceleratingtructure.

Resultsof thisimplementatioraregivenin Section6.

3.1 Direct illumination

This phaseis responsibldor directlighting effectsandfor initial
enegy distribution beforetheinter-reflectionscomputation.In our
casewe dealwith C'/~ representationf®] comingfrom industrial
measuresPointlight sourcesareprocessedneby one.Wefirst de-
terminethe setof surfacesvisible from thelight positionwithin its
spatialdistribution of emittedlight. We thenrecursvely illuminate
eachof thesesurfaces subdviding the so createdsurfaceelements
whenthe quality of theapproximatiornasto beimproved.

We have chosen,for parallelizingthis phase,to decomposet
into a pool of tasks,eachconsistingof an interactionbetweena
light sourceandan initial surface. Thesetasksare distributedto
processesdn the sameorder they would be processedy the se-
guentialalgorithm.Whenareceving surfaceis alreadyhandledby
anotherprocessthe processhasto wait for the enepgy transferto
be completed. We plan to enhancethis stratey in orderto avoid
unnecessarille time.

3.2 Inter-reflections

Oncethedirectillumination phaseis completedwe build a list of
potentialemittingsurfacessortedby decreasingnegy. Wethenit-
erateoverthesurfacesof thislist, choosingateachstepthesurface,
Se, with themostenepgy. We determinethe setof surfacesvisible



from S. andfor eachsurface, S, in it, we recursvely propagate
theemepy, aswasdonein thedirectillumination phasegxceptthat
now, both surfacescan be subdvided into surfaceelementyFig-
ure2). Oncetheenegy transferis computedthe updatedeceving
surface,S,, is insertednto the sortedlist.
Thisphasehasbeenparallelizedn two ways,oneusingtheinner
loop of thesequentiahlgorithm,thatis for agivenemittingsurface,
Se, the loop over the receving surfaces,S,, andthe otherusing
the outerloop, thatis the loop over emitting surfaces,S.. Both
approache$ave their dravbacks(synchronizatiorbarriersfor the
first one, restrictive accesgo the receving surfaceandlower con-
vergenceratefor the secondone),but canbe advantageouslyom-
binedto minimizetheirdravbacks:time consumingnostenegetic
surfacescanbehandledwith theinnerloop parallelizatioratthebe-
ginningof theresolutionwhile thefinal interactionscanbequickly
computedoy the outerloop parallelizationuntil convergence.

4 Taking advantage of graphics hardware

The radiosity algorithmspresentedn Section3 containtwo main
kindsof visibility requests:

e pointto ervironmentor surfaceto ervironmentrequestsi.e.
what surfacesare potentially visible, from a point or a sur
face?Theserequestgonsistof "clipping” the subsebf input
surfacesvisible from the currentemitter;

e point to point requestsj.e. is a point visible from another
point?

Our implementatiorof the BSP-basediisibility algorithmpre-
sentedn Section3 canonly answerpoint to point requestsThus,
all scenesurfacesare potentialrecevers for a given emitter and
mustbe checled for visibility. Evendespitethe spatialaccelerat-
ing structure all thesevisibility queriesarestill responsibldor too
hugea partof thecomputatiortime.

Anothersolutionto speedipvisibility computationss to turnto-
wardprojectve approachesThis canbeachiered by usingthenew
adwancesn bothgraphicsworkstationarchitecturesindgraphicdi-
braries thatallow programmerslirectandfastaccesgo theresults
of graphicsboardscomputationssuchasthe Z-buffer algorithm.

Let usseehow visibility requestsanbeefficiently answeredis-
ing this approachandhow this impactson the computatiortimes,
andconsequentlyn the previously achieved parallelspeed-up A
moredetailedpresentatiorof hardware-basedisibility algorithms
canbe foundin [2]. Resultsof this implementationare given in
Section6.

4.1 Hardware visibility

This methodis inspiredfrom the hemicubemethod,originally de-
votedto computingform factorsin classicakadiosity

The original hemicubemethodstartsby associatingeachinput
surfacewith a uniquecolor', keepingonefor the background. It
then builds a hemicubeof 5 pixmapscenteredover the point of
interest. A renderingof the input sceneusingthe falseassociated
colors, is doneon eachpixmap, using the Z-buffer algorithm for
hiddensurfaceremoval. Figure3 illustratesthis step.

It is thentrivial to approximatelydeterminevhich surfaceis vis-
ible from the point of interestin a given directionby queryingthe
pixel correspondingo thatdirection:its color uniquelydefinesthe
visible surface(or the backgroundf no surfaceis visible).

1This limits to 224 — 1 = 16777215 thenumberof input surfaceson a
classical4 bits color display!

Al Projection of S1
5 Projection of S2
Projection of S3

T @ Point of interest

Figure3: Hemicubeof Z-buffers.

We have developedtwo algorithmsbasedon this technique de-
pendingon whetherwe arein the directillumination phase(point-
basedvisibility requestspr theinter-reflectiongphasgplane-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(Figure 3), but ratherbuild a complete
cubecenteredver the currentpoint light source.We arethusable
to quickly clip the surfacesvisible from the light source(point to

environmentvisibility requestpy building thesetof surfacescorre-
spondingto all pixelsfoundonthe6 pixmaps.It is alsoimmediate
to determindf asurfacepointis visible from thelight source(point
to pointvisibility requestpy finding the pixel intersectedy aray
tracedbetweerthesetwo pointsandcomparingts color to the sur

facefalsecolor.

Plane-based requests

If the point-basedsisibility algorithmis well-adaptedo the direct
illumination phasejt is notthe casefor theinter-reflectionsphase.
Indeed,initializing a hemicubeof pixmapsis not free of computa-
tion time andreally only hasinterestif it canbereusedor several
requests.It doesnot seemreasonabléo usea hemicubefor each
samplepointon the currentemittingsurfaceelement:ithe probabil-
ity of beingreusedmary timeswould betoo low.

Instead,we setup a regular grid on eachinput surface, with
eachgrid point beinga potentialpoint of interestfor a hemicube
of pixmaps. Figure 4 shaws a configurationfor aninput surface,
with somehemicubedeingbuilt andthe othersnot.

Built hemicube, @

Point of interest and
its 4 nearest hemicubes

Figure4: Regulargrid of hemicubes.

Clipping the visible surfacesfrom the emitting surface(surface
to environmentrequestynaybeachieredin a differentmanner.we
may renderthe input sceneeither on the centralhemicube,or on
the centralhemicubeand on the 4 corners(the casein Figure4),
or finally on all grid point hemicubes.It clearly dependson the
sizeof the surface: the numberof hemicubesnustbe higherfor a
hugebuilding floor thanfor a single penon a table! Thefinal set



of visible surfacesis simply the union of the visible surfacesof all
hemicubes.

We determinethe answerto pointto point requestsy approxi-
matingtheorigin of thereques{theemittingsurfaceelementpoint)
by the nearesirid point. The hemicubeassociatedvith this grid
pointmay eitherbe built from previous computation®r not. In the
negative casewe initialize it with the grid pointasa pointof inter-
est.Wethenusethis hemicubedor queryingthe pixel in theoriginal
directionanddeterminevisibility.

4.2 Hybrid visibility

Hardware visibility hassomeinherentdravbacks,dueto the dis-
cretizationimplied by the pixmapsof the hemicubesIn particulay
somealiasingphenomenanay appearand small objectsmay be
missed. Moreover, if the hemicubeis composedf N pixels, at
mostN scenesurfacesmaybedetectedasvisible. Visibility errors
clearlydependnthe pixmapssize(anyway limited to amaximum
size of about1000 x 1000), which mustbe adaptedo the scene
size. In practicehowever, pixmapssizesbetweenl00 and500 are
usuallyenoughto avoid perceptuallyvisible errorson the final re-
sult.

We have definedheuristicsto evaluatethe confidencerate of a
given answerof a hardware visibility request. If we detectthat
this could potentially be a falseanswer we canresortto another
visibility algorithm,suchasthe BSP-basedisibility onepresented
in Section3. In this way we areableto combinethe quicknessof
the hardware visibility algorithmwith the correctnes®f the BSP-
basedvisibility algorithm.

We briefly explain herehow the new hybrid algorithmsanswer
pointto pointvisibility requests.

Point-based requests

We starta point-basechybrid requestas a point-basechardware
request. The differenceis that we not only querythe pixel in the
givendirection,but alsoits 4 nearespixels. We thencompute for
eachcorrespondingsurface (if ary), its intersectionwith the ray
joining the two points,andwe keepthe nearesbne. At this point,
if wefounda surface,we consideiit astheonevisible. In theother
casewe suspectvisibility problemanddecideto useaBSP-based
visibility requesto retrieve theresult.

This solution leadsto a large numberof BSP-basedsisibility
requestsn problematicplaces.To avoid this, we checkif a signif-
icantpartof the previousvisibility requestxould notbeanswered
usingthe hemicube:in this case we enhancehe resolutionof the
hemicubeby zoomingin onthe problemarea.We do this by build-
ing anew pixmapcenteredn the problemareawith the samesize
asthehemicubepixmaps but twice theresolution.We now usethis
pixmapaslong asvisibility requestgall insideit. This processan
berecursvely repeatean very problematicplaces.Oncea pixmap
is nolongerused,it is deletedandreplacedy the previousone.

Plane-based requests

Plane-basebybrid visibility requestsrealittle morecomplicated.
Indeed sincewe approximatehe origin point with the nearesgrid

pointasthecenterof thehemicudethe previouscohereng testand
thezoommechanisnhave lessmeaning.

We rathertry to exploit the fact that the origin pointis located
on a surface. For that purpose,we determinethe 4 nearestgrid
points- sometimegust 2 or even1 if the point lies on the surface
border- andusetheirassociatetiemicubesbuilding themif neces-
sary(seeFigure4). We thenmale a cohereng testbetweerpixels,
andassociatedurfacessamplednthesenemicubesinddoaBSP-
basedvisibility requestf it fails. A completedescriptiorof thistest
may befoundin [2].

5 Combining parallelism and hardware
acceleration

We have seenin Section3 that radiosity computationscould be
acceleratedvith multi-processingThen,in Sectiord, we have seen
thatit couldalsobeacceleratedn a sequentiaimplementationby
usinggraphicshardwareto handlevisibility computationslt seems
naturalto try to combinetheseideasin orderto take advantageof
theirrespectre performanceyains.

We consideffor theremaindeof this Sectiona multi-processors
andmulti-pipelinesconfiguration.

Basically the job that processesxecutein parallelcanbe sum-
marizedby Algorithm 1, wheree denotesitherapointlight source
or ascenesurface.

Algorithm 1 Simplifiedalgorithmof aprocess

1: while e < getNextEmitter(e) do
2. while r + getNexztReceiver(e) do

3 computeInteraction(e,r)
4:  endwhile
5: endwhile

Visibility computation®ccurattwo differentstagef this short
algorithm. On one hand, for clipping the subsetof potentialvis-
ible surfaces: when a processgetsits next emitter throughthe
getNext Emitter() functiondescribedy Algorithm 2, it maybe
the first oneto requestit. In that case,the list of potentialvisi-
ble surfacesassociatedvith that emitter hasto be initialized. If
the emitterrequiresa hardware-basedisible surfaceclipping, the
processhasto wait for an available graphicspipelineto compute
it with the clipping algorithmspresentedn Section4. Otherwise,
it computeghe subsebf visible surfacesthrougha software-based
algorithn?.

Algorithm 2 Gettingthe next emitter
Require: theprevioushandledemitterpreve
1: e + choose Next Emitter()
2: if e # prev. and e — visibleSur faces = 0 then

3:  if e = requiresHardwareClipping then

4 e — lock()

5: if e = visibleSurfaces = () then

6: get AvailableGraphics Pipe()

7: lc + buildVisibilityCubesForClipping(e)

8 releaseGraphicsPipe()

9: (e — visibleSur faces) « (Ic — getSur faces())
10: endif
11: e — unlock()
12:  else
13: (e — visibleSur faces) + getVisibleSur faces()
14:  endif
15: endif

On the other hand, once the process has its new
emitterrecever interaction and is processingit through the
computelInteraction() function, it is likely to have to handle
point to point visibility requeststo achiee the computationas
explainedin Section2. The point to point visibility algorithmis
givenby Algorithm 3.

Thefirst thing a processhasto do beforecomputinga point to
point visibility is to ensurethat all the necessaryisibility cubes
(a single cube in the caseof a point-basedrequest,1, 2 or 4

2In our casewe simply returnthe setof all inputsurfaces.



Algorithm 3 Computingapointto pointvisibility request
Reaquire: two pointspt. andpt.,

1: 1o < getVisibilityCubes(pt.)

2: if ! (I. = wpToDate()) then

3. getAvailableGraphicsPipe()
4:  for eache € I do
5 if ! (¢ = upToDate()) then
6: ¢ — lock()
7: if ! (¢ = upToDate()) then
8: ¢ — build()
9: ¢ — setUpToDate()
10: endif
11: ¢ — unlock()
12: endif
13:  endfor
14:  releaseGraphicsPipe()
15: endif

16: computeVisibility(pte,lc, ptr)

hemicubedor a plane-basedequesthave beenbuilt. If not, it has
to wait for anavailablegraphicspipelinein orderto build themone
by one. It is importantto notethatthe processeepsthe graphics
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
get AvailableGraphicsPipe() function that males the pro-
cessthatcallsit wait for a graphicspipelineto be freein orderto
malke thedesiredoperationnit. In additionto thetwo callsmade
in Algorithms 2 and3, this function canalsobe calledfrom inside
a hybrid point-basedvisibility requestwhich decidedto enhance
its pixmapresolutionover a problematicplace.

In anidealworld whereeachprocessvould have its own graph-
ics pipeline, this would not be problematic. However, in common
configurationsthe numberof availablegraphicspipelinesis lower
thanthe numberof processors.Thus, graphicspipelinesbecome
critical resourceghat must be sharedbetweenprocesses.In the
worstcasessayfor instancel graphicspipelinefor 64 processors,
processesvill cometo spendtheir time waiting for the critical re-
sourcesnsteadof doing worthwhile computationsthuslosingthe
benefitsof hardwareacceleration.

We have felt the needto enhancethe previous algorithmsin
orderto handletheseproblematic,but common,situations. The
ideais very simple: insteadof waiting for an available graphics
pipeline until it is acquired,the get AvailableGraphicsPipe()
function malesa fixed numberof attempts to getoneandreturns
an error codeif it fails. In thosecases,we may eitherretry to
geta graphicspipelineor resortto a software-basedgolution: the
getVisibleSur faces() functionin Algorithm 2 or a BSP-based
visibility requestin the two other cases. A further enhancement
could be to attribute the graphicspipelinesin priority to Algo-
rithm 2 in orderto favor surfaceclipping operations.

6 Results

6.1 Experimental environment
Technical constraints

All the presentedalgorithmshave beenimplementedinside the
CANDELA platform, a researctprojectdesignedo provide botha
flexible architecturdor testingandimplementingnew radiosityand

3In our currentimplementationye usel10 attempts.

radiancealgorithms[26], andto handlereal input data(comple
geometricaburfacesaccuratdight sourcesmodels,real spectrum
modeling)in orderto computephysicallycorrectresults.

The CANDELA software consistsof approximatvely 400 C++
classesand is basedon the Openlnventor library. This enables
us to obtain the requiredflexibility, both on inputsand algorith-
mic combinationsParallelizingC++ algorithmsinsidesuchalarge
platform canseemchallenging.lt will beimportantnot to deviate
toofarfrom thesequentiatodein orderthatwe canstill make valid
comparisongindtake advantageof the codes latestenhancements.

Hardware

Theexperimentsvererun ona SGI Origin2000with 64 processors
organizedn 32 nodes.Eachnodeconsistof two R10000 proces-
sorswith 32 K-Bytes of first level cache(L1) of dataon the chip,
4 M-Bytes of externalsecondevel cache(L2) of dataandinstruc-
tions and 256 M-Bytes of local memory for a total of 8 G-Bytes
of physicalmemory It was connectedo a SGI InfiniteReality2
graphicspipelinewith onerastermanager

Measures

The R10000 hardware performancecounterscombinedwith the
softwaretool perfex allow performancemeasure®f the behaior
of the parallelprogram.This allows usto study amongothers:

e Speed-up This is definedby theratio of the bestsequential
time over the paralleltime obtainedwith n processors.

e Memoryoverhead This is theratio of time spentin memory
overthetotal executiontime.

e L1 cadhehit rate Thisis thefractionof dataaccessewhich
aresatisfiedfrom a cachdline alreadyresidentin theprimary
datacache.

e L2 cadehit rate Thisis thefractionof dataaccessewhich
are satisfiedfrom a cacheline alreadyresidentin the sec-
ondarydatacache.

Moreover, we have instrumentedhe CANDELA librariesin order
to monitor locks andsynchronizatioriimesandto getinformation
aboutthe applicationbehaior, in termsof handledsurfacesor vis-
ibility requests.

6.2 Performance evaluation

Forthepurposeof performancevaluation,we have performedser-

eral experimentson a singletestscene:the classroonmodel pro-
videdby PeterShirley. This sceneconsistf 3 153 initial surfaces
and4 light sourcesWe have choserto consider:

o thehybrid hardware-basedisibility algorithm,

— with visible surfacesclipping either enabledor dis-
abled,

— with differentpixmapssizes:40, 100, 200;

the BSP-basedisibility algorithmfor comparison;

1 to 32 processors;

acorvemencerate' of about90%;

e the innerloop parallel shootingalgorithm: at eachstepthe
most enegetic surfaceis shotby all processeswith a syn-
chronizatiorbarrierattheend.

4Computedas(1 — remaining energy) /initial energy.



(a)BSP

(b) Hardware.

(c) Hybrid.

Figure5: Classroonimageswith our 3 visibility algorithms.

Results

Figure5 presentdinal imagesof the radiosity simulationfinal re-
sults with our three different visibility algorithms. The solution
shawn in Figure 5-a hasbeencomputedwith the BSP-basedisi-
bility algorithm. Aliasing effectsclearly appeamwith the hardware
visibility algorithm (Figure 5-b), despitethe high pixmapssize of
500 beingused.Ontheotherhand,the hardware-basedhybrid vis-
ibility algorithm, with a pixmapssize of only 100, yields a result
very similarto the software-basedne(Figure5-c). Thefinal result
is composeaf approximately60 000 meshelements.

The executiontimes for the different visibility parametersare
shawvn on Figures6-aand 6-b asa function of the numberof pro-

cessors.Figure 6-c shavs the speed-upurvesfor the BSP-based

algorithmandfor the hybrid hardware-basedne with a pixmaps
size of 100 (the othercurvesfor differentpixmapssizesare very
similar).

The speed-ughatwe have achiezedis not soimpressve. In or-
derto analyzethis performancelegradation we have studiedser-
eral indicatorsof the applicationbehaior. As for the samealgo-
rithm using BSP-basediisibility, the L1 and L2 cachehits (Fig-
ure 6-d) remainvery high (between97% and 99% for L1 and
between89% and95% for L2). The total time lost on locks for
accessinghe graphicspipelineandothercritical partsof the algo-
rithms(suchasthelist of tasksor theOpeninventordatastructures)
canalsonot explain the degradation,althoughit is slowly increas-
ing with the numberof processorgFigure6-e).

Wealsohavetriedto understandhow theconcurrenticcesso the
graphicspipelineimpactson our visibility algorithm.For instance,
Figure 6-f shavs the ratio of visibility requestghat could not be
doneby hardwarefor thedifferentvisibility parameters.

In orderto understandhesecurves,we alsogive thetotal num-
ber of visibility requestshathave beeninvolved by eachparame-
terizationof the visibility algorithms(seeTablel). It is clearthat
the visible surfacesclipping stepdecreasethe numberof handled
interactionsbetweeninput surfaces,and thus the total numberof
visibility requests.This phenomenunis amplifiedasthe pixmaps
sizedecreasesIndeed,the useof smallerpixmapssizestendsto
leadto the missingof thin surfaces thusdecreasindpoth the num-
berof handledinteractionsbetweennput surfacesandthe number
of subdvisionswhenasmallblocker falls betweerntwo surfaces.

Finally, it canbenotedthatthenumberof total visibility requests
for the BSP-basedisibility approachis very similar to thatof the

hardware-basedhybrid visibility approachwith a pixmapssize of
200. However, the differenceis muchgreaterfor a pixmapssizeof
100, evenif theresultsarevisually not different(seeFigure5).

[ \Visibility [ Handledsurfaces | Requests |
[ EV [ 157 600 [ 27758156 |
AGL2000FF 157 600 28 602 421
AGL2000ON 54 558 26 568 847
AGL1000N 157 600 22 333 004
AGL1000FF 47 100 19 994 829
AGL400ON 157 600 16 132 843
AGL40OFF 33314 12793 748

Tablel: Handledsurfacesandvisibility requests.

Discussion

We canfirst notethatusinghardwareacceleratiorgreatlydecreases
the time neededto computethe radiosity solution, by a factor of
two or three,for the samenumberof processorsyp to 16. Using
moreprocessorghehardwareuseis lessinterestingput it is notso
surprisingbecaus¢heachievedtime becomewery low (lessthan4
minutesfor thewholesimulation):it is notclearthatthesequential
partdoesnotbecomedominant!

The ccNUMA architectureof the SGI Origin2000 appearsto
comfortablysupportour application.Indeedthe L1 and L2 cache
hit ratesremainvery high and the ratio of time spentin mem-
ory over the total executiontime decreasesvith the number of
processors.Moreover, the visible surfacesclipping option of our
hardware-basea@lgorithmseemso enhancehe naturaldatalocal-
ity exhibited by the wavelet radiosity (Figure 6-d). Indeed,this
allows usto quickly restrictthe subsetof surfacesto handle,that
arelikely to be locatedin a samesmallpartof the memory

Theinteractionbetweergraphicshardwareacceleratiorandthe
behaior of our visibility algorithmexecutedn parallelis very sen-
sitive to the parameters.Indeed,we would have suspectedarger
pixmapssizesto be responsibldor a largerratio of hardware vis-
ibility requestgo be reroutedto software-basedisibility, dueto
theirlongerconstructiortime. However, Figure6-f shavs the con-
trary! Actually, small pixmapssizescausea lower total number
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of visibility requests.Thus, the time neededo build the pixmaps
becamesmportantcomparedo the visibility computationgime,
anda largerproportionof hardwarevisibility requestsareblocked.
Large pixmapssizesleadto a large numberof visibility requests,
andthusto abetterreuseof alreadybuild pixmaps.

Thegranularitywe usedfor the parallelizationis surelythe most
problematicaspecbf this experimentation.Indeed,theinnerloop
parallelizationhastwo drawbacks: first, the preparation(i.e. the
push/pullof the enegy at eachlevel) of the surfacewith the most
enegy thatwill be handledin parallelhasto be donesequentially
Seconda synchronizatiorbarrieris neededeforethe next surface
to be handled.Thetime lost at thesetwo points,asthe numberof
processorgicreasemaybelargelyresponsibldor theperformance
degradation.

7 General discussion

Graphicshardware acceleratiorgreatlyincreaseshe efficiengy of
our waveletradiosityalgorithm,andevenmoresowhencombined
with multi-processing.Indeed,the high computationakesources
requiredby wavelet radiosity are mainly devoted to visibility re-
questswhich canbeefficiently solved by hardwareusingdedicated
graphicspipelines. Moreover, our hardware-basedisibility algo-
rithms greatly benefitfrom the spatialcohereng of the involved
visibility requeststhusallowing a large reuseof structuresbuilt
with hardware.

An efficient hardware acceleration, however, can only be
achieved if the applicationhasdirect accesgo the resultsof the
computationsnadeby the graphicspipelines. Recentadwancesn
graphicsarchitecturesiow allow sucha directconnectior: onthe
SGl systemsthisis donethrougha pixel buffer (pbuffer for short).
If nodirectconnectioris available, it is certainlybetterto turn to-
warda software-basedolution!

Combineduseof graphicshardwareandmulti-processingntro-
duceanew bottleneckin algorithmsrelyingonthisschemelndeed,
a given graphicspipelinecannotbe accesseth parallelby several
processesDuring our tuning phase we have noticedthat waiting
for the graphicspipeline to be free can be very time-consuming.
In thosecasesit is better whenpossibleto resortto anequivalent
software-basedlgorithm.Whentasksof differingimportancehave
to be performedby hardware, it could alsobe interestingto intro-
ducea priority system.In our caseclipping visible surfacesmust
be donein priority before other visibility computationspecause
otherprocessesnay be waiting for the resultof this computation.
Of course usinga multi-pipelinesconfiguration theseaccesson-
flicts will bereducedIn anidealworld, we couldhave onepipeline
for oneprocessorOur experimentsseemnto shav thatonepipeline
for 4 or 8 processorsouldbesuficient.

Finally, in orderto fully benefitfrom the graphicshardware
accelerationthe load-balancingf our parallelradiosityalgorithm
hasto beimprovedin orderto avoid unnecessaridle time (when
waiting for a surface to be free) and synchronizationbarriers.
Indeed, these phenomenaare mainly responsiblefor our bad
speed-ugurves,which arestill notreally corvincing.

Despitethe early stateof our work on this nev promisingcom-
bination,we wereableto computea radiositysolutionof the Soda
Hall building within 15 minutesfor the directillumination of the
98 point light sourcesandabout8 hoursfor both the 65 emitting
surfacesand 100 shootingiterations,on 16 processor&nda sin-
gle graphicspipeline. Figure 7 and8 shav imagesof the obtained
result.

5Actually, you mayhave to decreas¢hescreerresolutionin orderto get
aphuffer visualfor 3D computations.

8 Conclusion and future work

We have presentedn this papera nev 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 32 processorsand the SGI InfiniteReality2, we
computea highly preciseradiosity solutionin a nearreasonable
time. Moreover, our algorithm also benefitsfrom the graphics
pipelinefor renderinginteractive visualizationat every stepof the
iterative resolutionprocess.In a multi-processors/multi-pipelines
ervironment,someprocessorsould have aread-onlyaccesgo the
computatiorresultsin progressand have their own pipeline(s)for
interactvely displayingintermediateresults. As a result, we think
that our new schemes a promisingavenueto malke 3D realistic
renderingfrom geometricmodelstractable,at last, for real world
applications. We alsothink that the combinationthat we propose
could be usedin someother applications. Physicalsimulation,
suchas heattransfer acousticsimulation, N-body methods,etg
may alsobenefitfrom the combinedmulti-resolutionapproachtand
graphicshardwareacceleration.

More performanceevaluations are neededfor tailoring our
schemeto work well at different scales. Our goal in future ex-
perimentds to extendour approactfrom smallscale(2 processors
and1 graphicspipeline)to largescale(p processorandn graphics
pipelines)systems.
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Figure7: SodaHall final image.

(a) Finalimage(no texture). (b) Finite elementdecomposition.

(c) Finalimage(with texture).

Figure8: SodaHall corridorview.



