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Abstract

NetJuggler, an opensource library developedat LIFO,
turnsa commoditycomponentlusterrunning the VR Jug-
gler platform on eadh nodeinto a singleVR Juggler image
cluster NetJuggler parallelizesrenderingcomputationgor
immessive projectionenvironmentsut pre-renderingcom-
putationsare redundant. In this paper we presenthow a
classicalparallelization of the pre-renderingcomputations
can be deployedand contolled with NetJuggler. This ap-
proac is demonstatedwith an interactivefluid flow simu-
lation.

1 Introduction

Today large computersuilt with PCsanda gigabitnet-
work are powerful enoughto run high performancescien-
tific applications. Such clusterarchitecturesare now not
unusuain the supercomputetop 500[1]. Recentsoftware
developmentseasethe use of PC clustersequippedwith
graphicscardsto powerimmersie projectionervironments
wheremultiple video projectorsform a high resolutionand
large surfacedisplay[12, 10, 15, 4]. It is thenpossibleto
considemlargePCclusterwith mostof thenodesdedicated
to computationswhile the othernodeshave graphicscards
to poweranimmersve projectionervironment.Sucharchi-
tecturewould offer scientistghepossibilityto visualizeand
control (in real-time)large-scalesimulations.

Computationscan be divided in two classes: pre-
renderingcomputationsaandrenderingcomputations.Ren-
dering computationsdependon the viewport while pre-
renderingcomputationsareindependentrom the viewport
data. For example,in afluid dynamicssimulationthe res-
olution of the Navier-Stokes equationsis part of the pre-
renderingcomputationsvhile theimagerasterizations part

of the renderingcomputations. Libraries like Net Jug-
gler [4], sizygy [18] or WireGL [15] provide automatic
parallelizationschemedor renderingcomputations. Pre-
renderingcomputationgiofrom "simple” scenegraphman-
agementfor walk-throughapplicationsto highly comple

simulationsof earthmodelsfor example. This diversity
malesit difficult to develop a generalapproachfor auto-
matic parallelizationof pre-renderingcomputations. Dif-

ferenttools are available, providing differentlevels of ab-
stractionand different performances.Messagepassingli-

braries(MPI [14]) provide communicationprimitives for

inter-processcommunications.Multi-thread programming
requiresappropriatemechanismsto hide the distributed
memory of the PC cluster (OpenMP[11]). Distributed
objectcomputingwith middlewvareslike Corbaneedsspe-
cific software architecturego allow remotemethodinvo-

cations. Higherlevel tools are also available for special
purposeslike parallel equationsolvers (ScaLARACK [9]

or PEMCSJ6]). For distributing, couplingandcontrolling
pre-renderingandrenderingparallelcomputationsunning
on a PCcluster the userfacesa lack of adaptedplatforms.
In this paper we presenhow a classicalparallelizationap-
proachfor pre-renderinganbecoupledandcontrolledwith

renderingusingthe Net Jugglerplatform.

Net Juggler[4, 2], an opensourcesoftware developed
at LIFO, turns a graphicsclusterrunning the VR Juggler
platform [8, 3] on eachnodeinto a single VR Juggler
image cluster In a transparentway for the user Net
Juggler duplicatesthe VR Juggler application on each
node and broadcastsinput events to guaranty data co-
hereng betweeneachcopy. The requirednetwork band-
width is limited due to the small amountof data com-
municated,ensuringhigh performanceeven for comple
and fast changing real-time applications. VR Juggler
applicationsare independenfrom the execution erviron-
ment. When launchingthe application,the userprovides
configurationfiles containing data to instantiatethe ap-
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Figure 1. VR Juggler (thin lines) and Net Juggler (thick lines)

plication accordingto the target execution ervironment.

To broadcasinput device data, Net Jugglermaintains
a MPI [14] ervironmentbetweenthe differentVR Juggler
kernelsrunningon eachnode. We reusethis MPI environ-
mentto run a MPI basedparallelizationof pre-rendering
computations.The useris responsibldor parallelizingthe
pre-renderingcomputationglirectly with MPI or ary MPI
basedhigh-level parallel library. Oncethe pre-rendering
computationsare parallelized,Net Jugglerprovidesa con-
venientway to take advantageof the computingpower a
clustercan offer. Extra nodesthat do not have graphics
cardscan be usedfor pre-renderingcomputations.When
launchingthe application the userhasto setthe configura-
tion files sothatNet Jugglerrunsa copy of the application
on thesenodesonly activating the pre-renderingcomputa-
tions. It isthenpossibleto have pre-renderingomputations
executedonalargenumberof nodeswhile renderings run
on the nodesdriving the projectorsof the immersve ervi-
ronment.

We first give a quick overview of Net Jugglerand VR
Jugglerarchitecturesn section2. Section3 exposesNet
juggler contribution to pre-renderingand renderingparal-
lel computationcoupling. We presenta parallelfluid flow
interactve simulationand performanceaesultsin section4
beforeto conclude.

2 VR Juggler and Net Juggler

We first presentVR Jugglermain conceptsand archi-
tecturebeforeto exposeNet Jugglerandhow it allows VR
Jugglerto supportclusters.

21 VR Juggler

The opensourceVR Jugglerlibrary [8] definesa exe-
cution platformfor virtual reality applications.VR Juggler

providesanabstractiorof theunderlyingsystemwhile giv-

ing directaccesso variousgraphicsAPI for maximumcon-
trol over applications. The applicationis independenbf
the displays,theinput andoutputdevices. Systemcompo-
nentsare configuredwith a setof files whenlaunchingthe
application. VR Juggler[8] is organizedarounda kernel
and differentcomponentsalled managerqFig. 1). Each
managehandlesa setof specificsystemdetails,while the
kernelcontrolsthe run-time systemandbrokerscommuni-
cationsbetweerthedifferentmanagersEveryinputdevice
is controlledby the input manager When an application
requestsaccesso a device, it contactsa proxy. The proxy
hidesthe actualdevice andtracksthe mostrecentdatare-
ceivedfrom the device. Thedrav managegivesdirectac-
cesdo thegraphicsAPI. Thedisplaymanagetakescareof

thewindows anddisplays.The configurationrmanagehan-
dlesadatabasith configuratiorinformation,like window
properties proxy namesandassociatedlevices. The ervi-

ronmentmanageis the users entry pointto exchangedata
with VR Juggler With the graphicsutility called VjCon-

trol, the usercanreconfigurethe applicationat run-timeor
collectperformancelata.

2.2 Net Juggler

To add cluster support to VR Juggler requires
newv functionalities.  Following VR Juggler micro-
kernel organization we implemented newv managers
(Fig. 1). The Net Juggler kernel, deriving from
the VR Juggler kernel, controls these managers.
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Figure 2. Pre-rendering and rendering parallel computations on a Net Juggler PC Cluster

Net Jugglerhasto collect datafrom eachdevice and
broadcasthemto eachnodeof thecluster VR Juggleruses
proxiesto hidesthe actualdevices. Net Jugglerreplaces
theseproxiesby clientandsener proxies. Thenodewhere
thedevice is connectedunsa sener proxy while thenodes
requiringthedatarun a client proxy.

VR Jugglerinstantiateghe applicationaccordingto the
executionervironmentwith asetof configuratiorfiles. The
usercanalsorequesteconfigurationst run-timewith Vj-
Control. Configurationdataare organizedin chunks,each
chunkhaving informationabouta part of the system.The
samefunctionalitiesare available with Net Juggler For a
Net Jugglercluster chunkshave to be modifiedto include
a hostparameter The hostindicatesthe nodethe chunkis
relatedto. On eachnode,a clusterconfigurationmanager
storesthe chunksin a databaseThewhole clusterconfigu-
rationis theneasilyavailablefrom ary nodeof the cluster
Eachnodeselectsthe Net Jugglerchunksit is concerned
with andtranslategheminto VR Jugglerchunks. These
chunksare then processedo instantiatethe coderunning
onthatnode.

The classicalstreamparadigmis usedand extendedto

provide an abstractiorof the actualdatacommunications.

Thereis onestreamby sener proxy andby clustererviron-

mentsener. A streams associatetb aspecificnodesource
andcanhave severaldestinatiomodes.Eachstreancanbe
createddeletedor modifiedat run-time. Actual datacom-
municationgake placeonly onceperframe.Thenodesalso
executeasynchronizatiorbarrierjustbeforeswappingtheir

framebuffersto ensurgheconsistenyg of thedisplayedm-

ages.Communicationsireimplementeadvith the MPI stan-
dard[14].

3 Prerendering Parallelization

In atransparentvay for theuser NetJugglemarallelizes
renderingcomputations. Becausethe applicationis du-
plicatedon eachnode, pre-renderingcomputationsare re-
peatedon eachnode. Thus,the computationpower avail-
ablefor pre-renderings at mostthe computationpower of
onenode. We expectthis to be sufficient for a broadrange
of applications.For otherapplicationsa parallelizationis
requiredo distributethepre-renderingomputation®ndif-
ferentnodesandthusto obtaina computatiorpower thatis
(in the bestcase)he sumof the power of thenodes.

Today no satishctory solution exists to automatically
and efficiently parallelize ary sequentialcode. Pre-
renderingcoversawide rangeof applicationsandunlesswve
restrictoursehesto a well-definedclassof pre-rendering
computations,it seemsunrealisticto develop a generic
and high performanceparallelizationscheme. Therefore,
we expectthe userto provide the parallelizationthat best
fits its pre-renderinggomputatiorrequirementsOncepre-
renderingcomputationsareparallelized difficultiesremain
for coupling pre-renderingand renderingparallelizations.
We shaow in this paperhow Net Jugglercan conveniently
helpthe userto achieve this goalandhow VR/Net Juggler
configurationfiles are usedto distribute the computations
ontheclusternodes.

Net Jugglercommunicatesnput eventsand configura-
tion databetweemodesusingMPI [14]. MPI is amessage



Figure 3. The NjFluid Application.

passingstandardthat hasbeenportedto a wide rangeof

platformsfrom Cray T3Esto Linux andWindows PCclus-
ters. On top of userlevel protocols[7, 16, 13] for gigabit
networks like Myrinet, someMPI implementationseach
performancelevels that competewith proprietary super
computerg17]. Themessagg@assingorogrammingmnodel
doesnotgenerat@nimportantuncontrollechetwork traffic,

in oppositeto virtually sharednemoryimplementationsor

example.Thisis essentiato achieve high performancena
PC clusterwherenodesarelooselycoupled.BecauseéMPI

hasbeenusedfor several years,mary programmersave
MPI skills, mary scientificcodesareparallelizedwith MPI

andseverallibrarieson top of MPI implementhighly opti-
mizedparallelalgorithms(ScaLAFRACK [9] or PEMCS|6]

for example).In this context, MPI appearsasagoodcandi-
dateto parallelizepre-renderinggcomputationsn PC clus-
ters.

Once pre-renderingcomputationsare parallelized di-
rectly with MPI or ary MPI basedhigh-level parallel li-
brary, the codeis insertedn the VR Jugglerrenderingoop
like we would do with ary sequentiapre-renderingcode.
Whenthe applicationis launched,eachnodeshouldiden-
tify its role in the computation(pre-rendering rendering
or both). To include the nameof the nodesandtheir role
in the codewould compromisescalability and portability.
NetJugglerarchitecturgprovidesanelegantsolutionto that
problem. Eachnoderunsa Net Jugglerclusterconfigura-
tion managestoringthewhole clusterconfiguration.Thus,
eachnodecanaccesdocally this databasé¢o know whatit
hasto do. This databasés alsousefulto identify therole
of the othernodes. Becausesomedataare distributed by
the pre-renderingparallelization pre-renderingrodeshave
to sendsomedatato renderingnodes.Thetargetrendering
nodesareidentifiedby the datastoredin the clusterconfig-
urationmanager

The applicationis launchedike ary VR juggler appli-
cationincluding only sequentialpre-renderingcode. The
role of the differentnodesis specifiedin the configuration

files (Fig. 2).

VR Jugglertools are still available. VjControl canbe
usedto modify the clusterconfigurationat run-time. Vj-
Control canalsobe usedto retrieve performancealatafrom
ary givennode.

4 The NjFluid Application

To testour approachwe developedan interactive fluid
flow simulation. When the applicationstarts, no fluid is
presenin the simulationspace.As time goes,a blue fluid
andaredfluid areejectedrom two differentsourcesThese
fluids spread,collide and mingle with eachothet The
usercan interactvely move a virtual stick to mix the flu-
ids (Fig 3). To simulatefluids we implementedhe Navier-
Stokesequationsolver proposecby Stamin [19, 20]. The
primarygoalof this solveris to exhibit all thevisualcharac-
teristicsof arealfluid, suchasswirling flowsaroundbodies.
The speedof the simulatoris crucial too, sincewe wanta
realtime feedbackin a virtual environment. This solver is
atypical exampleof intensve pre-renderinggomputations.
To reachthe requiredperformancdevel we implementeca
parallelversionof thissolverthatweintegratedn aVR Jug-
glerapplication.Executedwith NetjuggleronaPCcluster
the solver is parallelizedon somenodes,while rendering
computationgredistributedon graphicsnodesto power an
immersve projectionernvironment.

Stams solver operatesn a grid of cellsdiscretizingthe
spacevherethefluid canflow. Eachcell holdsafluid veloc-
ity vectoranda scalarfluid density Thesedatacharacterize
thefluid presentin a givencell. Stams solver updateghe
fluid velocity andnext the density Thesecomputationse-
quiresimplematrix computationsa conjugategradientand
aPoissorsolver. For moredetailsreferto [19, 20].

To implementa parallel version of Stams solver we
usedthe PETSC[6, 5] parallellibrary. Thislibrary includes



30 T T T

25

20

15

10

Frames per seconde

One rendering node —+— —
Four rendering nodes ---x---

Figure 4. Performance results for the NjFluid application.

parallellinear and nonlinearequationsolvers, supportfor
distributedarrays parallelmatrix andvectorassemblyou-
tines.PETSds basedn MPI, thusit naturallyfits our MPI
basedapproach.Using PETScwe avoid managingexplic-
itly datadistribution anddatacommunications.

Our applicationusesone velocity field andtwo density
fields,onefor eachfluid. A 2D grid discretizeghehorizon-
tal planewherethe fluids flow. This 2D grid is divided in
2D blocksof cellsthat PETScdistributeson a 2D array of
processesStams solverrequireseachcell to know thedata
of its four neighbors.For the parallelversionof the solver
thisimplies communicationdetweemeighbors’blocksto
exchangethe dataof their bordercells. Thesecommunica-
tionsarehandledby PETCs. The only communicatiorthe
userhasto explicit is to sendthe densityvaluescomputed
onthepre-renderingnodego therenderinghodes.Thecells
arethencoloredaccordingo their density Becauseender
ing computationsare limited and mainly executedon the
graphicscardswefavoredamorebalancedCPUusagéhav-
ing renderingnodesto executepre-renderingomputations
too.

NjFluid was testedwith 6 dual Pentiumlll 800 MHz
nodesconnectedvith a 100 Mbit/s FastEthernetetwork.
Four nodeswere equippedwith GeForce 2 GTS 64 MB
DDR graphicscards. On eachnodewe installeda Man-
drake 7.2 linux distribution. Fluids flowed on a 1282128
grid (Fig 4). NjFluid wasfirst testedwith one rendering
nodedriving asingledisplay Theframerateincreasesvith
the numberof pre-renderinghodesto reach23 framesper
second. In this case,thereis no renderingparallelization
(only onedisplay). The performancémprovementis only
dueto the pre-renderingparallelization. NjFluid was next
testedwith four renderingnodesdriving four displays.Net
Jugglersynchronizeghe four displaysthat shav comple-

mentarypartsof the scene. Becausesachrenderingnode
alsoexecutere-renderinggomputationsthe framerateis

closeto 20 framesper secondspnly one frame lessthan
with one renderingnode and three pre-renderingnodes.
With asequentiaVersionof thesolverwhereeachrendering
nodewould executeall the pre-renderinggcomputationsthe

frameratewould be closeto 8 framespersecondnsteadof

20. Adding two pre-renderingnodesdoesnot significantly
increasethe framerate. At this point, the performancds

closeto themaximumavailablewith this configuration.The
communicatioroverheadbecomegoo important.

From our point of view, the developmentof this appli-
cationwasnot significantlymoredifficult thanto developa
sequentialersionthatwould only runonasinglePC.Most
of theparallelismis hiddeneitherby PETCsor by Net Jug-
gler. The resultingapplicationis scalableandportable. It
leadsto efficientexecutionsona PCcluster

5 Conclusion

Today PCsare assembledo build low costsupercom-
puters.SuchPC clusterscanrun intensive applicationghat
theusercancontrolin real-timethroughanimmersie pro-
jection ervironmentalso powered by somenodesof the
cluster To favor applicationscalability and portability it
is desirableto have software platformsthat definean ab-
stractionof the executionervironmentandthatallow high
performancexecutions.

To achieve this goalwe proposeto useVR Juggler Net
Jugglerand MPI. In this paper we presentedur early ex-
periencesn usingtheselibrariesto combinehigh perfor
mancepre-renderingandrenderingparallelexecutionson a
PC cluster For pre-renderingparallelization,the usercan



electary MPI basedool thatfits his computationrequire-
ments. VR JugglerandNet Jugglerensurethe paralleliza-
tion of renderingcomputationspre-renderingand render
ing codecoupling,andthe controlof therolesof thenodes.
The resultingapplicationis scalableand portable. We in-
troducedan examplewherea paralleINavier-Stokessolver
wasimplementedntop of thePETCslibrary. Theapplica-
tion waseasilyandefficiently executedon differentcluster
configurations.

Becausere-renderingomputationgretriggeredoy the
VR Jugglerrenderingloop, they aresynchronizedvith the
framerate,i.e. a new frame cannotbe renderedf a new
pre-renderingcomputationstephasnot ended. Slow pre-
renderingcomputationsanlimit theframerateandimpact
theimmersionillusion. Futureresearctworkswill focuson
extendingNet Jugglerto definea programmingandexecu-
tion modelto handleasynchronisnbetweenpre-rendering
and renderingcomputationsand more generally between
tasksexecutedon differentnodes.
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