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Abstract

NetJuggler, an opensource library developedat LIFO,
turnsa commoditycomponentclusterrunning theVRJug-
gler platformon each nodeinto a singleVRJuggler image
cluster. NetJuggler parallelizesrenderingcomputationsfor
immersiveprojectionenvironmentsbut pre-renderingcom-
putationsare redundant. In this paper, we presenthow a
classicalparallelizationof thepre-renderingcomputations
canbedeployedandcontrolled with NetJuggler. Thisap-
proach is demonstratedwith an interactivefluid flow simu-
lation.

1 Introduction

Today, largecomputersbuilt with PCsanda gigabitnet-
work arepowerful enoughto run high performancescien-
tific applications. Suchclusterarchitecturesare now not
unusualin thesupercomputertop 500[1]. Recentsoftware
developmentseasethe useof PC clustersequippedwith
graphicscardsto powerimmersiveprojectionenvironments
wheremultiple videoprojectorsform a high resolutionand
large surfacedisplay[12, 10, 15, 4]. It is thenpossibleto
consideralargePCclusterwith mostof thenodesdedicated
to computationswhile theothernodeshave graphicscards
to poweranimmersiveprojectionenvironment.Sucharchi-
tecturewouldoffer scientiststhepossibilityto visualizeand
control(in real-time)large-scalesimulations.

Computationscan be divided in two classes: pre-
renderingcomputationsandrenderingcomputations.Ren-
dering computationsdependon the viewport while pre-
renderingcomputationsareindependentfrom theviewport
data. For example,in a fluid dynamicssimulationthe res-
olution of the Navier-Stokesequationsis part of the pre-
renderingcomputationswhile theimagerasterizationis part

of the renderingcomputations. Libraries like Net Jug-
gler [4], sizygy [18] or WireGL [15] provide automatic
parallelizationschemesfor renderingcomputations. Pre-
renderingcomputationsgofrom ”simple” scenegraphman-
agementfor walk-throughapplicationsto highly complex
simulationsof earth modelsfor example. This diversity
makes it difficult to develop a generalapproachfor auto-
matic parallelizationof pre-renderingcomputations.Dif-
ferent tools areavailable,providing different levels of ab-
stractionanddifferentperformances.Messagepassingli-
braries(MPI [14]) provide communicationprimitives for
inter-processcommunications.Multi-threadprogramming
requiresappropriatemechanismsto hide the distributed
memory of the PC cluster (OpenMP[11]). Distributed
objectcomputingwith middlewareslike Corbaneedsspe-
cific software architecturesto allow remotemethodinvo-
cations. Higher-level tools are also available for special
purposes,like parallel equationsolvers (ScaLAPACK [9]
or PEMCS[6]). For distributing, couplingandcontrolling
pre-renderingandrenderingparallelcomputationsrunning
on a PCcluster, theuserfacesa lack of adaptedplatforms.
In this paper, we presenthow a classicalparallelizationap-
proachfor pre-renderingcanbecoupledandcontrolledwith
renderingusingtheNetJugglerplatform.

Net Juggler[4, 2], an opensourcesoftware developed
at LIFO, turns a graphicsclusterrunning the VR Juggler
platform [8, 3] on each node into 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-
herency betweeneachcopy. The requirednetwork band-
width is limited due to the small amountof data com-
municated,ensuringhigh performanceeven for complex
and fast changing real-time applications. VR Juggler
applicationsare independentfrom the executionenviron-
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 (thic k lines)

plication accordingto the target execution environment.

To broadcastinput device data,Net Jugglermaintains
a MPI [14] environmentbetweenthe differentVR Juggler
kernelsrunningon eachnode.We reusethis MPI environ-
ment to run a MPI basedparallelizationof pre-rendering
computations.Theuseris responsiblefor parallelizingthe
pre-renderingcomputationsdirectly with MPI or any MPI
basedhigh-level parallel library. Oncethe pre-rendering
computationsareparallelized,Net Jugglerprovidesa con-
venientway to take advantageof the computingpower a
clustercan offer. Extra nodesthat do not have graphics
cardscanbe usedfor pre-renderingcomputations.When
launchingtheapplication,theuserhasto settheconfigura-
tion files so thatNet Jugglerrunsa copy of theapplication
on thesenodesonly activating the pre-renderingcomputa-
tions. It is thenpossibleto havepre-renderingcomputations
executedona largenumberof nodes,while renderingis run
on the nodesdriving the projectorsof the immersive envi-
ronment.

We first give a quick overview of Net JugglerandVR
Jugglerarchitecturesin section2. Section3 exposesNet
juggler contribution to pre-renderingand renderingparal-
lel computationcoupling. We presenta parallelfluid flow
interactive simulationandperformanceresultsin section4
beforeto conclude.

2 VR Juggler and Net Juggler

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

2.1 VR Juggler

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

providesanabstractionof theunderlyingsystem,while giv-
ing directaccessto variousgraphicsAPI for maximumcon-
trol over applications. The applicationis independentof
thedisplays,the input andoutputdevices. Systemcompo-
nentsareconfiguredwith a setof files whenlaunchingthe
application. VR Juggler[8] is organizedarounda kernel
anddifferentcomponentscalled managers(Fig. 1). Each
managerhandlesa setof specificsystemdetails,while the
kernelcontrolstherun-timesystemandbrokerscommuni-
cationsbetweenthedifferentmanagers.Every inputdevice
is controlledby the input manager. When an application
requestsaccessto a device, it contactsa proxy. Theproxy
hidesthe actualdevice andtracksthe mostrecentdatare-
ceivedfrom thedevice. Thedraw managergivesdirectac-
cessto thegraphicsAPI. Thedisplaymanagertakescareof
thewindowsanddisplays.Theconfigurationmanagerhan-
dlesadatabasewith configurationinformation,likewindow
properties,proxy namesandassociateddevices. Theenvi-
ronmentmanageris theuser’s entrypoint to exchangedata
with VR Juggler. With the graphicsutility calledVjCon-
trol, theusercanreconfiguretheapplicationat run-timeor
collectperformancedata.

2.2 Net Juggler

To add cluster support to VR Juggler requires
new functionalities. Following VR Juggler micro-
kernel organization we implemented new managers
(Fig. 1). The Net Juggler kernel, deriving from
the VR Juggler kernel, controls these managers.
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Net Jugglerhas to collect data from eachdevice and
broadcastthemto eachnodeof thecluster. VR Juggleruses
proxiesto hidesthe actualdevices. Net Jugglerreplaces
theseproxiesby client andserver proxies.Thenodewhere
thedevice is connectedrunsaserverproxy while thenodes
requiringthedataruna clientproxy.

VR Jugglerinstantiatestheapplicationaccordingto the
executionenvironmentwith asetof configurationfiles. The
usercanalsorequestreconfigurationsat run-timewith Vj-
Control. Configurationdataareorganizedin chunks,each
chunkhaving informationabouta partof the system.The
samefunctionalitiesareavailablewith Net Juggler. For a
Net Jugglercluster, chunkshave to bemodifiedto include
a hostparameter. Thehostindicatesthenodethechunkis
relatedto. On eachnode,a clusterconfigurationmanager
storesthechunksin a database.Thewholeclusterconfigu-
ration is theneasilyavailablefrom any nodeof thecluster.
Eachnodeselectsthe Net Jugglerchunksit is concerned
with and translatesthem into VR Jugglerchunks. These
chunksare thenprocessedto instantiatethe coderunning
on thatnode.

The classicalstreamparadigmis usedandextendedto
provide an abstractionof the actualdatacommunications.
Thereis onestreamby serverproxyandby clusterenviron-
mentserver. A streamis associatedto aspecificnodesource
andcanhaveseveraldestinationnodes.Eachstreamcanbe
created,deletedor modifiedat run-time. Actual datacom-
municationstakeplaceonly onceperframe.Thenodesalso
executeasynchronizationbarrierjustbeforeswappingtheir
framebuffersto ensuretheconsistency of thedisplayedim-
ages.Communicationsareimplementedwith theMPI stan-
dard[14].

3 Pre-rendering Parallelization

In atransparentwayfor theuser, NetJugglerparallelizes
renderingcomputations. Becausethe application is du-
plicatedon eachnode,pre-renderingcomputationsarere-
peatedon eachnode. Thus,the computationpower avail-
ablefor pre-renderingis at mostthecomputationpower of
onenode.We expectthis to besufficient for a broadrange
of applications.For otherapplications,a parallelizationis
requiredto distributethepre-renderingcomputationsondif-
ferentnodesandthusto obtaina computationpower thatis
(in thebestcase)thesumof thepowerof thenodes.

Today, no satisfactory solution exists to automatically
and efficiently parallelize any sequential code. Pre-
renderingcoversawiderangeof applicationsandunlesswe
restrict ourselves to a well-definedclassof pre-rendering
computations,it seemsunrealistic to develop a generic
and high performanceparallelizationscheme. Therefore,
we expect the userto provide the parallelizationthat best
fits its pre-renderingcomputationrequirements.Oncepre-
renderingcomputationsareparallelized,difficultiesremain
for coupling pre-renderingand renderingparallelizations.
We show in this paperhow Net Jugglercanconveniently
help theuserto achieve this goalandhow VR/Net Juggler
configurationfiles areusedto distribute the computations
on theclusternodes.

Net Jugglercommunicatesinput eventsandconfigura-
tion databetweennodesusingMPI [14]. MPI is a message



Figure 3. The NjFluid Application.

passingstandardthat hasbeenportedto a wide rangeof
platformsfrom CrayT3Esto Linux andWindowsPCclus-
ters. On top of user-level protocols[7, 16, 13] for gigabit
networks like Myrinet, someMPI implementationsreach
performancelevels that competewith proprietarysuper-
computers[17]. Themessagepassingprogrammingmodel
doesnotgenerateanimportantuncontrollednetwork traffic,
in oppositeto virtually sharedmemoryimplementationsfor
example.This is essentialto achievehighperformanceona
PCclusterwherenodesarelooselycoupled.BecauseMPI
hasbeenusedfor several years,many programmershave
MPI skills, many scientificcodesareparallelizedwith MPI
andseveral librarieson top of MPI implementhighly opti-
mizedparallelalgorithms(ScaLAPACK [9] or PEMCS[6]
for example).In thiscontext, MPI appearsasagoodcandi-
dateto parallelizepre-renderingcomputationson PC clus-
ters.

Once pre-renderingcomputationsare parallelizeddi-
rectly with MPI or any MPI basedhigh-level parallel li-
brary, thecodeis insertedin theVR Jugglerrenderingloop
like we would do with any sequentialpre-renderingcode.
Whenthe applicationis launched,eachnodeshouldiden-
tify its role in the computation(pre-rendering,rendering
or both). To includethe nameof the nodesandtheir role
in the codewould compromisescalabilityandportability.
NetJugglerarchitectureprovidesanelegantsolutionto that
problem. Eachnoderunsa Net Jugglerclusterconfigura-
tion managerstoringthewholeclusterconfiguration.Thus,
eachnodecanaccesslocally this databaseto know what it
hasto do. This databaseis alsouseful to identify the role
of the othernodes. Becausesomedataaredistributedby
thepre-renderingparallelization,pre-renderingnodeshave
to sendsomedatato renderingnodes.Thetargetrendering
nodesareidentifiedby thedatastoredin theclusterconfig-
urationmanager.

The applicationis launchedlike any VR juggler appli-
cation including only sequentialpre-renderingcode. The
role of the differentnodesis specifiedin the configuration

files (Fig. 2).
VR Jugglertools are still available. VjControl can be

usedto modify the clusterconfigurationat run-time. Vj-
Controlcanalsobeusedto retrieve performancedatafrom
any givennode.

4 The NjFluid Application

To test our approachwe developedan interactive fluid
flow simulation. When the applicationstarts,no fluid is
presentin thesimulationspace.As time goes,a bluefluid
andaredfluid areejectedfrom two differentsources.These
fluids spread,collide and mingle with eachother. The
usercan interactively move a virtual stick to mix the flu-
ids (Fig 3). To simulatefluids we implementedtheNavier-
Stokesequationsolver proposedby Stamin [19, 20]. The
primarygoalof thissolveris to exhibit all thevisualcharac-
teristicsof arealfluid, suchasswirlingflowsaroundbodies.
The speedof the simulatoris crucial too, sincewe want a
real time feedbackin a virtual environment.This solver is
a typical exampleof intensive pre-renderingcomputations.
To reachtherequiredperformancelevel we implementeda
parallelversionof thissolverthatweintegratedin aVR Jug-
glerapplication.Executedwith Net juggleronaPCcluster,
the solver is parallelizedon somenodes,while rendering
computationsaredistributedongraphicsnodesto poweran
immersiveprojectionenvironment.

Stam’s solver operateson a grid of cellsdiscretizingthe
spacewherethefluid canflow. Eachcell holdsafluid veloc-
ity vectorandascalarfluid density. Thesedatacharacterize
the fluid presentin a givencell. Stam’s solver updatesthe
fluid velocity andnext thedensity. Thesecomputationsre-
quiresimplematrixcomputations,aconjugategradientand
aPoissonsolver. For moredetailsreferto [19, 20].

To implementa parallel version of Stam’s solver we
usedthePETSc[6, 5] parallellibrary. This library includes
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Figure 4. Performance results for the NjFluid application.

parallel linear andnonlinearequationsolvers,supportfor
distributedarrays,parallelmatrix andvectorassemblyrou-
tines.PETScis basedonMPI, thusit naturallyfits ourMPI
basedapproach.Using PETScwe avoid managingexplic-
itly datadistributionanddatacommunications.

Our applicationusesonevelocity field andtwo density
fields,onefor eachfluid. A 2D grid discretizesthehorizon-
tal planewherethe fluids flow. This 2D grid is divided in
2D blocksof cells thatPETScdistributeson a 2D arrayof
processes.Stam’ssolverrequireseachcell to know thedata
of its four neighbors.For theparallelversionof thesolver
this impliescommunicationsbetweenneighbors’blocksto
exchangethedataof their bordercells. Thesecommunica-
tionsarehandledby PETCs.Theonly communicationthe
userhasto explicit is to sendthe densityvaluescomputed
onthepre-renderingnodesto therenderingnodes.Thecells
arethencoloredaccordingto theirdensity. Becauserender-
ing computationsare limited and mainly executedon the
graphicscards,wefavoredamorebalancedCPUusagehav-
ing renderingnodesto executepre-renderingcomputations
too.

NjFluid was testedwith 6 dual PentiumIII 800 MHz
nodesconnectedwith a 100Mbit/s FastEthernetnetwork.
Four nodeswere equippedwith GeForce 2 GTS 64 MB
DDR graphicscards. On eachnodewe installeda Man-
drake 7.2 linux distribution. Fluids flowed on a

�������������

grid (Fig 4). NjFluid was first testedwith one rendering
nodedriving asingledisplay. Theframerateincreaseswith
the numberof pre-renderingnodesto reach23 framesper
second. In this case,thereis no renderingparallelization
(only onedisplay). The performanceimprovementis only
dueto the pre-renderingparallelization.NjFluid wasnext
testedwith four renderingnodesdriving four displays.Net
Jugglersynchronizesthe four displaysthat show comple-

mentarypartsof the scene.Becauseeachrenderingnode
alsoexecutespre-renderingcomputations,theframerateis
closeto 20 framesper seconds,only one frame lessthan
with one renderingnode and three pre-renderingnodes.
With asequentialversionof thesolverwhereeachrendering
nodewouldexecuteall thepre-renderingcomputations,the
frameratewouldbecloseto 8 framespersecondinsteadof
20. Adding two pre-renderingnodesdoesnot significantly
increasethe framerate. At this point, the performanceis
closeto themaximumavailablewith thisconfiguration.The
communicationoverheadbecomestoo important.

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

5 Conclusion

Today, PCsareassembledto build low costsupercom-
puters.SuchPCclusterscanrun intensiveapplicationsthat
theusercancontrolin real-timethroughanimmersivepro-
jection environmentalso powered by somenodesof the
cluster. To favor applicationscalability and portability it
is desirableto have software platformsthat definean ab-
stractionof the executionenvironmentandthatallow high
performanceexecutions.

To achieve this goalwe proposeto useVR Juggler, Net
JugglerandMPI. In this paper, we presentedour earlyex-
periencesin using theselibraries to combinehigh perfor-
mancepre-renderingandrenderingparallelexecutionsona
PC cluster. For pre-renderingparallelization,the usercan



electany MPI basedtool thatfits his computationrequire-
ments.VR JugglerandNet Jugglerensurethe paralleliza-
tion of renderingcomputations,pre-renderingandrender-
ing codecoupling,andthecontrolof therolesof thenodes.
The resultingapplicationis scalableandportable. We in-
troducedanexamplewherea parallelNavier-Stokessolver
wasimplementedontopof thePETCslibrary. Theapplica-
tion waseasilyandefficiently executedon differentcluster
configurations.

Becausepre-renderingcomputationsaretriggeredby the
VR Jugglerrenderingloop, they aresynchronizedwith the
framerate, i.e. a new framecannotbe renderedif a new
pre-renderingcomputationstephasnot ended. Slow pre-
renderingcomputationscanlimit theframerateandimpact
theimmersionillusion. Futureresearchworkswill focuson
extendingNet Jugglerto definea programmingandexecu-
tion modelto handleasynchronismbetweenpre-rendering
and renderingcomputationsand more generallybetween
tasksexecutedondifferentnodes.
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