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1 Intr oduction

Theobjectiveof ourresearchis to investigatehow to con-
struct a high-performanceand inexpensive parallel ren-
dering systemleveragingthe aggregateperformanceof
multiple commodity graphicsacceleratorsin PCs con-
nectedby a systemareanetwork.

The main challengeis to develop ef�cient partition-
ing andload balancingalgorithmsthat scalewell within
the processing,storage,andcommunicationcharacteris-
tics of a PC cluster. As comparedto traditional,tightly-
integratedparallelcomputers,therelevantlimitationsof a
PCclusterarethat the processors(PCs)do not have fast
accessto a sharedvirtual addressspace,and the band-
widths and latenciesof inter-processorcommunication
aresigni�cantly inferior. Moreover, commoditygraphics
acceleratorsusuallydo not allow ef�cient accessthrough
standardAPIs to intermediaterenderingdata(e.g., frag-
ments),and thus the designspaceof practical parallel
renderingstrategiesis severely limited. Thechallengeis
to developalgorithmsthat partition the workloadevenly
amongPCs,minimize extra work dueto parallelization,
scaleasmorePCsareaddedto thesystem,runat interac-
tive framerates(30 fps), andwork ef�ciently within the
constraintsof commoditycomponents.

Over thelastfour years,we have developedseveralal-
gorithmsandsystemsfor parallelrenderingon PC clus-
ters.Ourinitial systemwasbuilt to driveamulti-projector
displaywall [8] – therewe useda sort-�rst strategy with
dynamiccoarse-grainedloadbalancingalgorithms.More
recently, we have investigatedhow to usea PCclusterto
driveasingledisplaywithoutusingspecialpurposehard-
ware[5, 6, 7]. Thispaperreviewssomeof themainideas
behindthis recentwork: sort-twicepartitioning[6] and
k-way replication [5]. The following two sectionsde-
scribethesetwo approachesandanalyzehow well they
work. The�nal two sectionssummarizeexperimentalre-
sultsachievedwith a working prototypesystemanddis-
cussfutureresearchdirections.

2 Sort-TwicePartitioning

Parallel renderingalgorithms can be classi�ed by the
stageat which datais sorted[3]. Recentwork in clus-

ter renderinghasgenerallyfocusedon sort-�rst andsort-
lastapproaches.For instance,WireGL [1] usesasort-�rst
strategy to distributerenderingprimitivessimultaneously
from multiple clientsto multiple servers. Although this
approachsupportsimmediate-modeAPIs (OpenGL),its
ef�ciency (utilization of the graphicshardware) is poor
becausethe bandwidthof clusternetworks is at leastan
orderof magnitudelessthanthatof graphicscards.Also,
the scalabilityof sort-�rst systemsis limited by the in-
creasingoverheadsof redundantrenderingwhenprimi-
tives overlapmultiple tiles. Alternatively, sort-lastsys-
temshave beenbuilt for PC clusters[10], but they have
highpixel compositionbandwidthoverheadsthatlimit the
framerateand/orresolutionof thesystem.

Ourapproachis to useahybridparallelrenderingalgo-
rithm thatcombinesfeaturesof bothsort-�rst andsort-last
strategies[6]. We call this approach“sort-twice.” Like a
puresort-lastsystem,we partitionthe3D modelinto dis-
joint groupsof polygons,rendereachgrouponadifferent
PC,andusedepthcompositingto mergetheresultingpar-
tial imagesinto a �nal imagefor display. As in any sort-
lastsystem,eachprimitive is renderedexactly once,and
thereareno overheadsdueto redundantrendering.How-
ever, like a sort-�rst system,we partition the 3D model
dynamicallyfor eachframeusingaview-dependentalgo-
rithm thatminimizesscreen-spaceoverlapsof primitives
renderedondifferentPCs.After eachserverhasrendered
its primitives,weemploy apeer-to-peernetworkingphase
in whicheachserveris responsiblefor compositingpixels
for separatetiles of thescreen.Sinceboth2D screenand
3D scenepartitionsarecreatedtogetherdynamicallyin a
view-dependentcontext for every frame,the hybrid load
balancingalgorithm can create2D tiles and 3D groups
suchthattheregionof thescreencoveredby any groupof
3D polygonsis closelycorrelatedwith the2D tile of pix-
elsassignedto thesamePC.In this case,lessprocessing
andnetwork bandwidthis requiredto transferandcom-
positepixelsduringeachframe.

Theadvantageof this hybrid sort-twiceapproachover
puresort-�rst andpuresort-lastis motivatedby theexam-
ple in Figure1, which shows visualizationsof the over-
headsincurredby different parallel renderingstrategies
while renderinga 3D modelof a hand(more light gray
roughly correspondsto greateroverheads).Figure 1(a)
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(a)Sort-�rst (b) Sort-last (c) Hybrid

Figure1: Visualizationsof overheadsduringparallelrenderingof handwith differentalgorithms.In (a), highlighted
objectboundingboxesspanmultiple tiles andmustberenderedredundantly. In (b) and(c), brighterpixel intensities
representmoreimagecompositionoverheads.

shows a puresort-�rst partitionof pixelsinto tiles (white
lines),with primitive groupsoverlappingmultiple screen
tileshighlightedin gray. Figure1(b)showsapuresort-last
partitionof primitives,with pixelsrequiringcomposition
highlightedin gray. Finally, Figure1(c) shows a hybrid
sort-�rst andsort-lastpartition. Note that primitivesare
renderedonly onceandpixel compositionis requiredonly
for thin swathsof pixelsat theboundariesof tiles.

Duringsimulationswith varyingsystemparameters,we
�nd that the sort-twicealgorithm outperformssort-�rst
andsort-lastalgorithmsin almostall tests,includingones
with largernumbersof processorsandhigherscreenres-
olutions. Figure 2 shows samplebreakdowns of server
processingtimesfor eachalgorithm. On the leftmostset
of bars(“Sort-First”), notethe the dark bands(“Overlap
Render”)representingoverheadsdueto redundantrender-
ing of objectsoverlappingmultiple tiles. On the right-
mostsetof bars(“Sort-Last”),notethelight coloredbands
(“Pixel Read”and“Pixel Write”) representingoverheads
dueto pixel composition.In bothcases,theoverheadsbe-
comea largerpercentageof thetotal server time with in-
creasingnumbersof processors,which indicateslimited
scalability. The sort-twicealgorithm(“Hybrid”) largely
avoids both typesof overheads,therebyproviding much
betteref�ciency andscalability.

3 K-way Replication

Although communicationoverheadscan be reducedby
partitioningtheworkloadin a view-dependentmanner, a
directimplementationof thesort-twiceapproachrequires
eitherreplicatingtheentire3D sceneoneveryPC[6, 7] or
dynamicallyre-distributing primitivesin real-timeasthe
user's viewpoint changes[4]. Unfortunately, neitherap-
proachis practicalfor a PCcluster, sincethememoryof
eachPCis usuallytoosmallto storeall thedatafor avery
largemodel,andthe network is too slow to transmit3D
primitivesbetweenPCsin real-time.
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Figure2: Server time breakdownsfor sort-�rst, sort-last,
andthehybridalgorithmsfor screenresolution1280x960.
The height of eachbar representsthe time requiredfor
processingin theserver.

Ourapproachis basedonk-wayreplicationof thescene
data[5]. During an off-line phase,we organizethe in-
put 3D model into a multiresolutionhierarchyof ob-
jectsandreplicateeachobjecton k out of n server PCs
(k << n). Then,during an on-line phase,we perform
a view-dependentpartitionof theobjects(asdescribedin
theprevioussection),selectingexactly 1 out of k servers
to rendereachobject. The key ideais to avoid replicat-
ing the entire3D modelon every PC andto avoid real-
time transmissionof 3D primitives,while achieving re-
ducedcommunicationoverheadsdue to dynamicview-
dependentpartitioning.

Themotivationsfor this k-way replicationstrategy are
evident in Figure3. The imageon the left (Figure3(a))
showsthepartitionfor apuresort-lastsystemwith 1-way
replication (no copies)–it must compositenearly full-
screenimagesif the primitivesassignedto eachproces-
soraredistributeduniformly throughoutthe model(pro-
cessorassignmentsareindicatedby color). Alternatively,
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(a)k = 1
(puresort-last)

(b) k = 4
(partialreplication)

(c) k = 16
(full replication)

Figure3: K-way replication(k = 4) enablesview depen-
dentpartitioningwithout full replication. Color of each
boundingbox indicateswhich server rendersits enclosed
triangles.

a systemwith n-way replication(full replication)canre-
ducetheimagecompositionoverheadsby assigningprim-
itivesto processorsdynamicallyfor eachview in orderto
minimizethesizeof screenregionsrenderedby different
processors[6]. For instance,in Figure3(c)), imagecom-
positionis requiredonly for the thin swathsat theseams
betweenprimitivesof differentcolors.Unfortunately, this
purelyview-dependentpartitioningapproachrequiresthe
entiresceneto be replicatedon every processor. The k-
way replication approachavoids full replicationof the
scenedata but still can employ a view-dependentload
balancingalgorithm,sinceeveryprimitive is availableon
morethanoneprocessor. With k-way replication,we are
ableto constructpartitionssimilarto thoseof n-wayrepli-
cationbut with storagecostscloserto 1-way replication
(seeFigure3(b)).

Figure4 shows resultsof simulationsaimedat evalu-
ating the trade-offs of k-way replicationin a sort-twice
parallel renderingsystem. As the replicationfactor (k)
increases,the system's ef�ciency increases,but so too
do the storagerequirements.However, note that the ef-
�ciency improvementis non-linear, with mostof theben-
e�ts of replicationoccurringfor small valuesof k. As
a result, we �nd that moderatereplicationfactors(e.g.,
k � 4) provide almostall the bene�t of full replication
withoutall thecost.

4 Experimental Results

We have developeda prototypesystemthat implements
the methodsdescribedin this paper, and we use it to
conductexperimentsto evaluateperformance. We use
thesystem'sef�ciency (usefulpolygonrenderingtimedi-
vided by total frametime) at interactive framerates(15
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Figure4: Plotof parallelrenderingef�ciency with varying
replicationfactors(k). NotethattheY-axisbeginsat50%.

frames/second)asourprimarymetricfor success.
Our experimentationplatform is a PC clusterwith a

client PC, 24 server PCs,anda displayPC. EachPC is
a Dell PrecisionWorkstation420 with a 733Mhz Pen-
tium III CPU, an Intel 840 chipsetwith 133Mhz front-
sidebus,256MB of dual-channelRDRAM memory, and
a nVidia GeForce-II chip basedgraphicscard. EachPC
runsMicrosoft Windows 2000. Thecommunicationnet-
work is Myrinet. EachPC usesa previous-generation,
32-bit 33Mhz PCI network interfacecard that has2MB
of SDRAM and a 33Mhz LANai-4 network processor.
The26 PCsarenetworkedtogetherwith a 32-portswitch
whichis implementedwith eight8-portcrossbarswitches.
We haveusedtheGM driver for Windows2000provided
by Myricom. Thetotalcostof thesystemis around$50K.

We report resultsof experimentswith the three test
modelsshown in Figure 5. They were selectedbased
on their complexities anddetails. Eachonecontainstoo
muchdatato �t into thememoryof a singlePC,andthey
have surfacedetailsthat motivatea userto zoomin and
examinethemodelsclosely.

In every experiment,we loggedperformancestatistics
while the systemrenderedimagesfor a cameramoving
alonga simulateduser's viewing path. Eachpathstarted
with thecameraframingthe3D model. It rotatedaround
themodel(1/2), zoomedup closeto thesurface,panned
for a while (1/2), andthenzoomedbackout. Exceptfor
our �nal speedupresults(in thelastsubsection),themul-
tiresolutionscenegraphtraversalwassetto renderaround
100,000polygonsperframeoneachserver.

Figure6 shows theresultsof anexperimenttestingthe
scalabilityof our systemaswe addmoreservers.We see
thatthesystemis ableto achieve between30M and48M
triangles/secfor thethreetestmodelsin ourmaximumtest
con�guration(k = 6 andn = 24). Theperformancein-
cludesthe overheadof software imagecompositionand
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(a)Michelangelo's “David” [2]
(8,254,150triangles,� 800MB)

(b) Faceof Michelangelo's “St. Matthew” [2]
(6,755,412triangles,� 700MB)

(c) VisibleManSkeleton(without feet)[9]
(2,432,525triangles,� 250MB)

Figure5: Testmodelsusedin ourexperiments.

the overheadto sendresult pixels to the display. This
performancerepresentsabout52.1%,65.3%,and73.9%
ef�ciencies for St. Matthew, David, andVisible Man, re-
spectively, while executingat12.9,16.25,20.0framesper
second.
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Figure6: Plotof millionsof polygonspersecondrendered
by our realsystemduringtestswith threelargemodels.

5 Conclusion

This paper describessort-twice and k-way replication
strategies for parallel renderingwith a PC cluster. The
key ideasbehindsort-twiceis to performview-dependent
partitionsof both the 3D modeland2D screenspacein
order to reducethe overheadsof pixel compositionin a
sort-lastsystem.Thekey ideabehindk-wayreplicationis
to provideadynamicloadbalancingalgorithmsomeabil-
ity toperformview-dependentpartitioningwhileavoiding
full replicationof thescenedataoneveryPC.

While theseideasmay be promising,many problems

remainopenfor future study and discussion.First, the
methodsproposedwork only for staticscenes.Second,
the network requirementsarecurrentlysuitableonly for
single screenresolutions. Third, the k-way replication
strategy hasnot yet beenimplementfor out-of-coreren-
dering. Extendingtheproposedmethodsto handlethese
moredif�cult situationsis a topic for futureresearch.
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