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Abstract

Tiled displayscanprovidehigh resolutionandlargedis-
play area. Cluster-basedtiled displaysare cost-effective
and scalable. Chromiumis a popular software API used
to build such displays;Chromiumbasedtiled displaystend
to be network-limitedaffectingthe scalability in the num-
ber of nodesand the ability to handle really large envi-
ronmentmodels. We presenta tiled Display Wall setup
basedon a client-serverarchitecture. Our systemusesoff-
the-shelfgraphicshardwareandstandard ethernetnetwork.
High-level scenestructure and hierarchy of a scenegraph
is usedby a central serverto minimizenetworkload. Visi-
ble partsof thescenegraphare transmittedandcachedby
the clients to take advantage of temporal coherence. The
serverexploits the high degree of overlap in the compu-
tation spacefor each renderingnodeto avoid concurrent
redundantcomputations.We usea broadcastorientedpro-
tocol to the clientsmakingthe systemscalable. Geometry
pushphilosophyfrom the serverhelpskeepthe clients in
syncwith oneanotherand facilitatesthe pipelining of the
constituentstages.Distributedrenderingallowsthedisplay
wall to rendersceneswhich areotherwisetoobulky for any
of the individual renderingnodes.No node, including the
server, needsto rendertheentire environment,makingour
systemsuitablefor interactiverenderingof massivemodels.
Weshowperformancemeasuresfor thedifferentunderlying
aspectsof our displaywall consistingof up to 4� 4 tiles.
Studiesshowthat the serverand networkloadsgrow sub-
linearly with the numberof tiles. This makesour scheme
suitablefor the constructionof very large-resolutiondis-
plays.

1. Intr oduction

Thedisplayresolutionfor personalcomputershasgrown
very modestlyover thepasttwo decadeswhereascomput-
ing resourceshave beenfollowing Moore's law. Thereis a

tradeoff betweenresolutionanddisplaysizeon computer
displays. Display resolutionaffects the visible detail and
size affects the visual context. Baudischet al. embedded
high-resolutionportionsin thescreenwhile displayinglow
resolutionsfor therest[9] in aneffort to achieve focusplus
context. Want et al. proposeda focus+context framework
to magnify the featuresof interest[27]. Thesemethods
assumethat the viewer concentratesat a small region on
the screenwhereaspeopletendto move aboutandchange
viewpointsin a largedisplayenvironment[13]. Largedis-
playswith high resolutionarerequiredto convey a feeling
of beingimmersedin anenvironmentin Virtual Realityap-
plications. A tiled, Display Wall is a large displaysystem
for scienti�c andmedicalvisualizationapplicationsandfor
publicdisplays.Generalpurposesystemswith off-the-shelf
graphicsacceleratorscanbe usedin a clusterto provide a
cost-effective and scalablealternative for settingup large
tiled displaywalls.

In this paper, we presentthe designof a cluster-based
displaywall that is built usingcommodityPCsandLAN.
The fundamentaldifferencewith solutionslike Chromium
[18] is that the geometryis cachedat the client nodesand
coordinatedby the server to exploit temporaland spatial
coherence.Our systemis ableto provide high-qualitytiled
display facility to any environmentrepresentedusing the
OpenSceneGraphAPI. A specialfeatureof our systemis
thateventheserver doesnot renderthewholemodel.Net-
work load is minimizedby client-sidecachingandmulti-
castingof objects.Thismakesoursystemscalableto alarge
numberof tilesunlikeexistingsolutionsthatgetconstrained
by network bandwidth.Wepresentthedesignof oursystem
in Section3 andexperimentalresultsfrom it in Section4.
Conclusionsandfuturework arepresentedin Section5.

2. RelatedWork

We presenta critical review of the literaturerelatedto
the constructionof large displaysdivided into thoseusing
specializedhardwareandthoseusingPCclusters.



SpecializedHardware Setups: Large graphicsdisplay
systemshavebeenbuilt usingspecializedhardwareby com-
panieslike Silicon Graphics. High-endcomputersystems
like theOnyx2, with multiple graphicspipelinesandchan-
nelswith eachdriving a projector, areoftenusedfor creat-
ing large displaysfor applications[5]. Suchsolutionsare
expensive andnon-scalable.

Cluster-basedDisplays: Cluster-basedsolutionsfor cre-
ating large displays have gained a lot of interest re-
cently[15, 18]. Suchdisplaysareconstructedusinganum-
berof commodityPCsinterconnectedon a LAN or a low-
latency network likeMyrinet, asin [5, 18, 6]. Cluster-based
displaysareeconomical,scalablein performanceandreso-
lution andeasyto maintain;theclustercanalsobeusedfor
computationalpurposes.Li et al. reportedtechniques,soft-
waretoolsandapplicationsthatmake high-resolutiontiled
displaysscalableandeasyto use,for thePrincetonScalable
DisplayWall project[19].

Two approachesarepopularin cluster-baseddisplayse-
tups: master-slaveand client-server[15]. The datasetis
mirrored acrossall the nodesin a master-slave setupand
multiple instancesof a programarerun, oneon eachnode
andthe executionis synchronized.Eachnoderendersthe
entirescenebut displaysonly acertainportion.Themaster-
slave modelis sub-classi�edasSystem-level program syn-
chronized(SSE)or Application-levelprogramsynchronized
(APE). SSEattemptsto synchronizetransparentlywithout
requiringmodi�cation or evenrelinkingof thesourcecode.
In Hypervisor[12], Bressoudet al. proposeda methodthat
treatsanactualsoftwaresystemasrunningonavirtual ma-
chine,which is closeto theactualmicroprocessorarchitec-
ture,resultingin severeslow down. With APE, therespon-
sibility of synchronizinglies with theapplication.This ap-
proachhaslow network bandwidthrequirements.However,
sinceeachnoderunsan instanceof the application,there
is a gain in displayresolutiononly andno gain in perfor-
mance.VR Juggler, a framework for virtual reality appli-
cations,falls underthis category [10]. Net Juggler[8] is
an opensourcelibrary that turnsa commoditycomponent
clusterrunningthe VR Juggler[10] into a singleVR Jug-
gler imagecluster. Themaster-slaveapproachassumesthat
eachnodein theclusterwould beableto rendertheentire
environmentin its entirety. This runscounterto the moti-
vationof load-balancingthatis critical to cluster-baseddis-
plays. It is alsodif�cult to handledynamicenvironments
sincethedatais replicated.It is dif�cult to accessrealtime
datastreamfrom a singleexternalnetwork sourceeven if
thedatasourceis centralized.

Theclient-server modelsstorethedatasetat onecentral
server. Thedatadistribution canfollow thesort-�rst strat-
egy or thesort-laststrategy [21, 20]. Therequirednetwork
bandwidthcanbe high whensendingprimitivesto the ap-

propriaterenderingnode.Samantaet al. investigatedmeth-
ods to improve load balancingby changingthe tiling dy-
namically[22]. Theserver canalsousea DistributedData
Managementframework asin [17]. Theserver distributes
appropriatedatato eachclient nodeandperformsthesyn-
chronizationamongtherendernodes.Onewayto distribute
the datatransparentlyis to interceptfunction calls at the
GraphicsAPI level [18] or at thedisplaymanagerlevel [1].
Thelattercanprovidetiled displayincludingall windowing
featuresincluding menus,toolbarsand decorations. The
former provides the large display facility to any applica-
tion usingthe API andis usedby Chromium,which pow-
ersdisplaywalls suchasthe Hyperwall [23], Viswall [6],
LionEyesDisplay Wall [3] and many others. Chromium
canclusterizeany applicationbuilt over OpenGLtranspar-
ently. It fails however to capturecoherenceof dataacross
framesaseachframeis treatedindependently. Thenetwork
requirementsarethusvery high evenwhenthesceneis un-
changed.It is alsonot ableto take advantageof the high-
level objectsstructureencodedin scenegraphsdue to its
low-level focus.

Datacanalsobe distributedat the 3D object level and
not the primitive level. This allows the systemto exploit
the hierarchicalstructure,if any, in the datasetand take
more informed decisions. This is the approachfollowed
by Syzygy[24] andOpenSG[26] for displaywall render-
ing. The Syzygy software library [24] consistsof tools
for programmingVR applicationson PC clusters.Syzygy
includestwo applicationframeworks: a distributed scene
graphframework for renderingasingleapplication'sgraph-
ics databaseon multiple renderingclients and a master-
slave framework for applicationswith multiple synchro-
nizedinstances.

The renderingnodesin the clusterneedto be synchro-
nizedto avoid displaytearingeffectsduringrendering.All
nodesneedto ful�ll threerequirementsfor locking: Gen-
lock, Swap-lock and Data-lock. Genlock provides co-
herency to the display signalsacrossall the nodes. Pure
hardwaresolutionslikeLightning2[25] andMatrox'sASM
[4] or software/hardware solutionslike SoftGenLock[7]
or WinSGL [28] are usedfor this purpose. Swap-Lock
compensatesfor the differential renderingtimes in differ-
entnodes.Data-Lockrefersto application-level coherency
in thesceneto berendered.

Ourapproachof geometrymanagementfor displaywalls
is closesttoSyzygy'sdistributedscenegraphapproach.Our
approachis more speci�c for scalabledisplay walls and
not necessarilyfor generalVR environments. We exploit
thecoherencein computationsrequiredfor eachrendering
node,ratherthantreatingthemindividually. Consequently,
we do not assumethat eachrenderingnode is powerful
enoughto managethe entireenvironment. We cacheob-
jectsat the rendernodesandevict objectsout of thecache



to avoid over�ows. This resultsin betterutilization of the
network andmemoryresourcesfor improvedscalability.

Geometry Server: Our Display Wall effort is an exten-
sion of an earlierwork on a the geometryserver, which is
a high-performance,centralizedstorehousefor massive ge-
ometricdata[16]. Theserver hasa scenegraphbasedrep-
resentationof the virtual environmentwith multiple levels
of detail. It cansimultaneouslyserve a numberof hetero-
geneousclientsadaptively, rangingfrom a graphicswork-
stationon the LAN to a PDA connectedover a wireless
network. Each client gets a visibility-limited portion of
the model that is compatiblewith its renderingcapabili-
ties, computationalresourcesand network characteristics,
with anobjective of providing consistent,interactive frame
rates.Theclientscachepartsof thescenegraphit encoun-
tersduring its walk-throughandemploys a cachemanage-
mentpolicy that is basedon potentialvisibility of cached
objects.Fromtheclient'spointof view, theremotelyserved
geometryis yet anothernodein its scenegraphandcanbe
modi�ed like a local model. Dynamicobjectsarehandled
consistentlyusinga server-pushfor informationandlazy-
downloadfor thegeometrydata.Thesystemcanoptimally
serve modelsloadableontoanOpenSceneGraph[14] sys-
temonawiderangeof clients[16] and�nds readyapplica-
tionsin battle�eld simulation,terrainvisualization,etc.Our
displaywall systemoptimizesthephilosophy of thegeom-
etryserver for a largecluster-baseddisplaysystem.Thege-
ometryserver just maintainsindependentcontexts for each
renderingnode. In a display wall, the viewpoints of the
renderingnodesaretied together, which allows concurrent
computationsto beappliedasawholeratherthanindividu-
ally. Local cachingof thegeometryby theclientsprovides
away to exploit temporalcoherency of theenvironment.

3. Geometry-ManagedDisplay Wall

Our Display Wall systemfollows a client-server archi-
tecture.Theserver hasthewholevirtual environmentasa
scenegraphin its memory. It alsohandlesthe viewpoint
control. Out-of-corerenderingtechniquescan be usedat
the server if the environmentmodeldemandsit. Eachtile
is controlledby aclientnodethatis connectedto theserver
over a standard10/100/1000Mbps LAN. The server is a
mediumto high end machinebut the clients are standard
low to mediumendmachines.

Server Tasks: Theserverdeterminesobjectsin thescene
that arevisible to the sub-frustumof eachrenderingnode
at eachtime instant. Conservative visibility usingfrustum
culling of boundingboxesis preferredoverrealvisibility as
occludedobjectsmaybecomevisible in subsequentframes,

Figure 1. Server-Client contr ol �o w

deriving bene�t from client-sidecaching.Theserverknows
whichobjectsarealreadywith theclientanddeterminesthe
new objectsto be sentto eachclient nodeper frame. The
server �rst sendstheresultsof culling to eachnodeandthe
list of new objects. Then it sendsthe new objectsto the
clientsusinga multicastmode.Multicastingoptimizesthe
useof network bandwidth– which is a critical resourcein
suchclusters– asseveralobjectsmight beneededby mul-
tiple clientsat thesametime. Theserver alsoensuressyn-
chronizedrenderingfor simultaneousupdateof eachdis-
play. Figure1 shows thesestepsin a �o w diagram.

Client Tasks: Clientsreceive lists of objectsfrom server
for eachframe. Eachserver listenson a multicastport and
picks all objectsit needsfor the next frame. Client places
the objectsin a local cacheto exploit temporalcoherence
of objectsto reducenetwork bandwidth.It thenrendersall
visible objectsandinformstheserver aboutits readinessto
swap the buffers. The buffer is swappedon getting a go
aheadfrom theserver.

A distinguishingfeatureof our systemis that theserver
doesnot have to renderthe whole model. It computesthe
per tile visibility basedon theobject's boundingboxesus-
ing a novel algorithmdescribedbelow. Client-sidecaching
reducesnetwork bandwidthby exploiting temporalcoher-
ence. Additionally, multicastingthe actualobjectsmini-



mizesthenetwork loadandincreasesthescalabilityin terms
of the numberof tiles. The systemalso achieves better
frame rateson bulky modelsby effective useof parallel
rendering.Therenderingpipelineof our DisplayWall can
be broken into threestages:Visibility determination,data
transmissionandrenderingandsync.Thesearethecritical
operationsthatdirectlydeterminetheoverall performance.

3.1. Visibilit y Determination

It is necessaryto determinethevisibility of eachobject
with respectto eachfrustumsoasto minimizethenetwork
loadandalsoto reducethegeometrysentdown therender-
ing node's GPU pipeline. First, the visibility of different
objectsin the scenewith respectto the overall view frus-
tum is determinedto eliminateobjectsthataretotally non-
visible. Subsequently, weuseahierarchicalfrustumculling
approachto determinevisibility of eachobjectwith respect
to the frusta of eachrenderingnodeor tile. This second
stepusesan approachsimilar to quad-treedecomposition
usingfrustumplanes.The combinedview frustumfor the
display wall consistsof an M � N arrangementof identi-
cal frustaconsistingof (M+1) horizontalplanesand(N+1)
verticalplanes.Eachplanepartitionsthe frustuminto two
half-spaces.If anobjectis foundto beentirelyon oneside
of aplane,it cannotbeontheotherside.Hence,thevisibil-
ity testsfor all frustaon the othersidecanbe safelyelim-
inated. If an objectintersectsthe plane,the processneeds
to repeatedfor both thehalf-spaces.Algorithm 1 givesthe
pseudo-codeof thehierarchicalfrustumculling algorithm.

With N� N tiles whereN = 2k, thehorizontalplanesare
h0, h1 ... hN andthe vertical planesarev0, v1 ... vN. The
hierarchicalculling canbe performedusing the following
steps.

1. Eliminateobjectsoutsidetheouterfrustum.

2. For eachobjectO, markit to bevisible in all frusta.

3. Call cullFrust(0, N, 0, N, O, true)

After this procedure,an objectO needsto be transmitted
only to therenderingnodescorrespondingto thefrustathat
arestill markedasvisible.

This two-stagevisibility algorithmis fastandef�cient.
We cancull a Power plantsceneof 1185objectsto a 4� 4
con�guration at 827 timesper secondusing the above al-
gorithm. We also experimentedwith hardware occlusion
queries[2] on the server's GPU.The samescenecouldbe
culledonly 670 timesper secondusingthis approach,pri-
marily dueto the CPU wait andGPU stalls introducedby
the occlusionqueries. Occlusionquerycan free the CPU
for othertasksandthereforemight actuallybepreferredin
situationswherethedata-generationprocessis CPU-limited
or wheretheCPUwait time canbe furtherutilized to nar-
row down the searchspace[11]. We show resultswithout

Algorithm 1 cullFrust(i, j , m, n, O, �ag)
1: if Frustumcannotbesubdividedthen
2: return
3: end if
4: if �ag then
5: IntersectO with vk wherek = (i + j)=2
6: if O on left of vk then
7: Eliminateall frustumsto right of vk
8: if any frustumremainingthen
9: call cullFrust(i, k, m, n, O, false)

10: end if
11: elseif O on right then
12: Eliminateall frustumsto left of vk
13: if any frustumremainingthen
14: call cullFrust(k, j, m, n, O, false)
15: end if
16: else
17: call cullFrust(i, k, m, n, O, false)
18: call cullFrust(k, j, m, n, O, false)
19: end if
20: else
21: IntersectO with hk wherek = (m+ n)=2
22: if O on topof hk then
23: Eliminateall frustumsbelow hk
24: if any frustumremainingthen
25: call cullFrust(i, j , m, k, O, true)
26: end if
27: elseif O onbottomthen
28: Eliminateall frustumsabove hk
29: if any frustumremainingthen
30: call cullFrust(i, j , k, n, O, true)
31: end if
32: else
33: call cullFrust(i, j , m, k, O, true)
34: call cullFrust(i, j , k, n, O, true)
35: end if
36: end if

hardwareocclusionqueries(Table 2), sincetheamountof
usefulwork thatcanbeinterleavedduringCPU-wait is sub-
jective to anapplication,.

Thehierarchy of frustausedin Algorithm 1 exploits the
highdegreeof overlapin thecomputationspaceof visibility
determinationfor all therenderingnodes.Algorithm 1 can
furtherbeoptimizedto take advantageof objecthierarchy,
if present.It canalsoextendto potentiallyin�nite environ-
mentswhereobjectsaregeneratedon discovery. Also note
that thealgorithmneedsto performobject-intersection-test
with only oneplane(line: 5 or 21) for eachinvocationof
cullFrust(),in contrastwith naiveview-frustumcollisional-
gorithmswhereall the6 planesneedto beconsidered.



3.2. Transmission

Thisstageinvolvesthetransmissionof objectsto theren-
deringnodes. The network transmissionis almostalways
the limiting factor in all cluster-basedrenderingsystems.
Theperformanceof thisstageis determinedby thenetwork
bandwidthand latency. The server optionally compresses
thegeometrybeforetransmitting.This datais packed into
datagramsandassigneda sequenceidenti�er beforebeing
multicasted.Theclientscollectobjectsthataredestinedfor
themandacknowledgethe server. The clientsalsocache
the objectsreceived. This involvesevicting objectsout of
the cacheif it tendsto over�ow. We useLRU eviction to
free spacefor new objects. The server keepstrack of the
objectsin thecacheof theclientsin orderto avoid retrans-
mission. The datagramsfor which the server doesn't re-
ceive an acknowledgmentfrom the client arere-sentafter
a pause. This pausetime is scaledincrementally. Multi-
castingensuresthat thenetwork requirementsdo not scale
linearlywith thenumberof nodesin thecluster. In fact,the
network requirementsremainpracticallyconstantfor varia-
tionsin thenumberof nodesaswill bedemonstratedby the
experimentsreportedin thenext section.

3.3. Rendering and Sync

Theclientsstartrenderingthescenewhenall objectsfor
thenext framearereceived. Thetime takenfor this stepis
proportionalto thegeometrysizewithin theview frustum.
This variesfrom client to client andhencetheswappingof
the renderbuffers is synchronizedby the server. Network
latency is crucialfor theserver to beableperformthis syn-
chronization.Our experimentsshow thata standardether-
net network is suf�cient for synchronizationat interactive
frame-rates.

The clients also cachethe objects received from the
server. Thecacheenablesour systemto exploit inter-frame
coherencein data. Eachclient hasa �x ed cacheanduses
an LRU algorithm to remove objectsfrom it when cache
getsfull. Note that therenderingnodeswill ableto render
environmentsof sizeswell beyond their capabilitydue to
the cachereplacementstrategy. This hasbeenpossibleas
a resultof maintaininghigher-level objectinformationwith
the help of scenegraphsat the server. This is an improve-
mentoversystemsthatstoretheentiresceneoneachclient.
Thepushphilosophy adoptedby theserver freestheclients
of muchloadandhenceeven low-endclientscanbeused.
Theservermanagesmostaspectsof thesystem,leaving the
clientsfreefor datareceptionandrendering.

Thethreestagesmentionedabove canalsobepipelined.
For instance,while the server is waiting for orderingthe
swap becausesomeclients haven't �nished rendering,it
can carry out the visibility determinationor transmission

for subsequentframes.Theclient,ontheotherhand,canre-
ceivedatafor subsequentframes,while renderingone.This
essentiallymeansthat theframeratefor renderingthatwall
would be determinedby the slowest stageof the sequen-
tially ordered3 stagepipeline ratherthan the sum of the
timesof individual stages.Figure2 illustratesthis pipelin-
ingbetweenthevariousstagesfor theserverandonerender-
ing node.Interleaving of thestagesfor consecutive frames
allowsthevisibility determinationof framei + 1 to startjust
after thevisibility determinationfor the ith framehascom-
pleted,withoutwaitingfor it to betransmittedandrendered.
The clientssignalback to the server when they are ready
to render. Meanwhile,they startrenderingthe next frame.
Theserver ordersa swapof buffers for all renderingnodes
whenit receivesI'm Readyfrom all of them.All therender-
ing nodessynchronizetheirdisplayat thispoint. Thissame
processis carriedout for all the frames(the �gure shows
this only for framei). Pipeliningmay increasethe latency
but thegain in frameratemorethancompensatesfor it.

Figure 2. Inter -frame pipelining of the 3
stages of Displa y Wall rendering. Vis de-
notes the Visibility Determination Stage, Tx
the geometr y transmission stage, Rx the ge-
ometr y reception stage and R the rendering
stage. The effective FPS of the system gets
increased due to this interlea ving.

4. Experimental Results

We testedour systemfor scalabilitywith respectto sev-
eral metricsfor up to 4� 4 nodes. The sub-lineargrowth
of thenetwork andcomputationrequirementsindicatesthat



Table 1. Time taken to star t a 4� 4 displa y wall.
This involves sending of the initial data to the
clients.

Tile Time taken(in seconds)
Con�guration with TCP with Multicast

2� 2 26:44 26:00
2� 3 32:02 27:29
2� 4 40:54 27:60
3� 3 44:03 27:71
3� 4 56:38 27:72
4� 4 72:10 27:74

thesystemcanbeusedto set-upgiganticdisplaywalls from
a clusterof low-endsystems.Our testsetupconsistsof 15
low-endsystemswith AMD Athlon643000+systemswith
512MB memoryandanon-boardATI RadeonXpress200
graphics.TheGPUuses64MBof thesystemmemoryasthe
video memory. Thesemachinesact asrenderingnodesin
thecluster. Theserver is anAMD Athlon 643200+system
with 3GB RAM andanNvidia 6600GTgraphicsaccelera-
tor. Theservermachinealsohostsonerenderingnode.The
performancegain achievedby usingbetterrenderingnodes
wouldalsotranslatenaturallyto oursystemaswell. The16
systemsareconnectedusinga separate100Mbpsethernet
switch. Someexperimentswereperformedwith higheror
lower speednetworks,asmentioned.We presentresultsof
testsfor scalabilitywith varioustile-con�gurations(2� 2,
2� 3, 2� 4, 3� 3, 3� 4, 4� 4). We currently usea tiled
arrangementof monitorswith no specialattentionpaid to
their alignmentfor the display. Using monitorscausesvi-
sualdistractiondueto thegapsbetweentheadjacenttiles:
straightlinesdon't appearstraightanymoredueto thepar-
allax. We correctedthis by adjustingthe view frustumfor
eachtile. The view frustumof eachtile is clippeda little
alongtheedges.Figure11 shows thePowerplantmodelon
our4� 4 displaywall with theparallaxerrorcompensated.

The server hasto readand initialize large amountsof
dataandsendsomeof it to theclientsto startthewall. Ta-
ble 1 comparesthe startuptime whenusingTCP vs. UDP
multicast for the Powerplantmodel. The startuptime is
virtually independentof the tile-con�guration whenusing
multicastover UDP but increaseslinearly with TCPbased
network transmission.

Table2 shows the time taken to performthe Visibility
Determinationusing Algorithm 1 on UNC's Powerplant
modelwith 483Mof geometryin 1185objects.

In Figure3, we show the variationof the framerate in
fps for different tile-con�gurationsduring a walkthrough.
The sceneconsistsof 5.5 million verticesin 100 objects
scatteredaroundwith anaverageobjectsizeof 2:03M. We

Table 2. Time taken for Visibility Determina-
tion using Hierar chical View Frustum Culling
(Algorithm 1) on UNC's Powerplant model
with 1185objects.

Con�g Time taken(ms)
2� 2 2:99
2� 3 2:83
2� 4 2:90
3� 3 2:77
3� 4 3:44
4� 4 3:81

steerthe walkthroughin sucha way that freshobjectsbe-
comevisible to all the tiles at once,bringinghigh network
loadsat the sametime. Note that there's almostno vari-
ation in fps with different tile-con�gurationsof the wall.
Thesharptrenchesareseenwhenfreshobjectsbecomevis-
ible to all thetiles at once,wherethedisplayfreezesfor an
instant.Thefps reducesto about12 dueto thevisibility of
moreobjectsuntil someareculledout. Thefpsthenreaches
near20. Thepatternof thewalkthroughis repetitive andso
is the fps variation,demonstratingthe ef�ciency of cache
management.

0 100 200 300 400 500 600
0

5

10

15

20

25

Frame Number

F
P

S

2x2
2x3
2x4
3x3
3x4
4x4

Figure 3. Showing system scalability with re-
spect to the number of nodes. Note that the
perf ormance of the system remains almost
unc hang ed for diff erent tile-con�gurations

Cachingat the clientseliminatesthe dependenceof the
performanceon network bandwidth. Figure 4 shows the
natureof thenetwork utilizationfor theabovewalkthrough.



Figure 4. Network usage vs. time for a 600-
frames walkthr ough. The walkthr ough is
suc h that objects appear in multiple tiles at
once . Multicast mitigates this effect. Due
to caching of objects by the client, the net-
work is used onl y when fresh objects are to
fetched.

Theinitial low network utilizationcorrespondsto theserver
startingup. This is followed by a high-utilization phase
whentheserver is sendingall thestartupdatato theclients.
Figure 5 shows the CPU utilization of the server and a
client. Theinitial highutilizationfor theserver is dueto the
preprocessing.For the rest of the walkthrough,however,
the CPU remainsonly moderatelyloadedand is available
for othercomputations.

In Figure6, weshow theabovewalkthroughbut with the
network bandwidthcappedto 10Mbps. The performance
is not degradedat all with the reducedbandwidthdue to
geometrycachingandthe useof multicasting. The freeze
timesof thedisplaydueto thetransmissionof new objects
arelongerdueto thelowernetwork bandwidth.

In anotherseriesof experiments,we perform a 4300-
frameslong walkthroughin a scenecontaining205objects
totalling to 416MB whereeachobjecthasan averagesize
of 2MB. Figure7 shows the walkthroughfor varioustile-
con�gurationsof the wall. The clientsneedto fetch a lot
of data in the initial phasesof the traversal as they dis-
cover new objectscausingthehugevariationin FPSshown
in the �gure during the initial stages(till 80s). The walk-
throughalmostretracesits pathfor thenext 70 seconds,in
which casethe graphshows a sustainedframe-ratefor all
tile-con�gurations.Thewalkthroughstartsdiscoveringnew
objects(for about30 seconds)nearthe150secondsmark.
After thispoint,alot of thescenehasbeencached.FPSper-
sistsat23FPS.Also notethattheplotscorrespondingto the
varioustile-con�gurationsarecloselysimilar. This shows
thelow dependenceof thesystemon thetile-con�guration,
henceimprovedscalability.

Figure8showstheperformanceof the4� 4con�guration
with 3 differentcachesizes.Thecorrectcachesizedepends
on thedensityof objectsin anenvironmentandvariesfrom
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Figure 5. CPU Usage by the Geometr y Server
and a Rendering Node during a 600 Frame
walkthr ough.

sceneto scene.In this experiment,a 100MB cachesizeis
too large and remainsunderutilizedwhile a 30MB cache
is too small andcausesfrequentre-fetchesresultingin the
largedisturbanceof framerate.The60MB cachesizeseems
optimal.

It shouldbenotedthat theabove experimentswerecar-
ried out on worst-casesceneswherea lot of objectsarein-
troducedat thesametime. In real-life situations,theview-
point changesslowly andthe inter-framecoherenceof ge-
ometryat every client is high. Thegeometrymanagement
strategy will give consistentandhigh performancein such
situationsaswasourexperiencewith normalscenesandin-
teractive walkthroughs.

Further, to demonstratetheloaddistribution capabilities
of our displaywall renderingcluster, we choseanenviron-
mentwith a lot of small-in-sizebut heavy-on-renderingob-
jects.In Figure9, the4� 4 con�gurationoutperformedboth
3� 3 and2� 2. Therenderingloadis heavy with fewernum-
berof nodesin theclusterbut betterdistributedwith more
nodesasin 4x4. With lessnumberof nodesin thecluster,
the renderingload is heavy, but with morenodes,the load
is betterdistributed,asin 4� 4.

Even thoughwe have shown the above resultson ren-
deringnodeswith low-endgraphics,oursystemscaleswell
to performload distribution andhigh-performancerender-
ing onsystemswith goodgraphicsaswell. Figure10shows
theperformanceof oursystemonaclusterof 4systemswith
thesamecon�guration asour server. They have anNvidia
6600GTgraphicsacceleratoreach. We performthe above
walkthroughon thePowerplantmodelfrom UNC, with 13
million trianglesspreadover 1185objects.A 2� 2 cluster
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Figure 6. Showing system scalability with
respect to the number of nodes with net-
work band width capped at 10 Mbps. Due
to caching, the netw ork requirement doesn't
degrade the perf ormance except at times of
data-f etch.

rendersit at23 fps. Thetrenchobservedatnear160sis due
to hugedatafetchesasnew partsof thesceneis beingdis-
covered,at which time the network is still the bottleneck.
The FPSstabilizesback to 23 FPSthereafter. Thereis a
naturalstartup-timelagdueto thenetwork factor. Thepow-
erplantmodel runs at 1:5 FPSon our 4� 4 clusterwhere
thepoor renderingcapabilityof our renderingnodesis the
limiting factor.

Comparison with Chromium: Chromium is very
network-intensive and sendsthe OpenGL primitives for
each frame independently. Use of display lists with
Chromium has issues. The full Powerplant model runs
at about 0.5 FPS on the server machine (with Nvidia
6600GT and 3GB of RAM). Sending it to the display
wall using Chromium further slows down the rendering.
The application node experiencesbursts of high CPU
activity, followed by high network transmission,for every
frame. The performancewith Chromiumworsensas the
numberof tiles in theclusterincreases.With our geometry
managementtechniques,we achieve a framerateof 23 on
a2� 2 cluster(eachwith Nvidia 6600GT). Thepowerplant
performs at 1.5 FPS on our 4� 4 display wall, which
is due to the poor renderingcapability of the rendering
nodesused.The loaddistribution over 16 renderingnodes
however makesthis con�gurationperformevenbetterthan
asinglesystemwith Nvidia 6600GT, asreportedabove.

0 50 100 150 200 250
0

5

10

15

20

25

Time (s)

F
P

S
 (

1s
 a

vg
)

2x2
2x3
2x4
3x3
3x4
4x4

Figure 7. A 4300-frames walkthr ough in a jun-
gle of 416M scene spread over 205objects.

5. Conclusionsand Futur eWork

In this paper, we presenteda geometry-managed,tiled-
displaysystemthatusescommoditycomputers.Thesystem
usesa client-server architecturethatworkswith evenmod-
estclients.Thelocal cachingof thegeometryandthemul-
ticastmodeof transmissionof geometrykeepsthenetwork
requirementsmoderateandprovide excellentscalabilityof
thearchitecturein contrastwith priorwork. Wealsodemon-
stratedthescalabilityandparallelrenderingcapabilitiesof
oursystemon thePowerplantmodelfrom UNC.

We arecurrentlyworking on combiningthe thedisplay
wall with an out-of-corerenderingsystemto renderex-
tremely large resolutions. Viewpointscanbe predictedat
theserver in suchsystemsanddatacanbesentto theclients
speculatively.

Swap-lockandgen-lockof the display is an important
areathatneedsfurtherresearch.Sincetheuseof commod-
ity graphicscardsis a designgoalof our system,hardware
gen-lock is not an option. We are working on a camera
basedschemeto bring the displaysinto perfectsynchro-
nization.This is similar to thecamera-basedapproachesfor
color-balancingandgeometrycorrectionfollowedby multi-
projectordisplaysystems.
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times of hug e data fetch.


