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1 Intr oduction

Theobjective of ourresearclis to investigatehow to con-
structa high-performancend inexpensve parallel ren-
dering systemleveragingthe aggreate performanceof
multiple commaodity graphicsacceleratorsn PCs con-
nectedby a systemareanetwork.

The main challengeis to develop ef cient partition-
ing andload balancingalgorithmsthat scalewell within
the processingstorage,and communicatiorcharacteris-
tics of a PC cluster As comparedo traditional, tightly-
integratedparallelcomputerstherelevantlimitationsof a
PC clusterarethatthe processorgPCs)do not have fast
accesdo a sharedvirtual addressspace,and the band-
widths and latenciesof inter-processorcommunication
aresigni cantly inferior. Moreover, commoditygraphics
acceleratorsisuallydo not allow ef cient accesghrough
standardAPls to intermediaterenderingdata(e.g.,frag-
ments), and thus the designspaceof practical parallel
renderingstratgiesis severelylimited. The challenges
to develop algorithmsthat partition the workload evenly
amongPCs, minimize extra work dueto parallelization,
scaleasmorePCsareaddedo thesystemyun atinterac-
tive framerates(30 fps), andwork ef ciently within the
constraintof commaoditycomponents.

Over thelastfour years,we have developedsereralal-
gorithmsand systemdor parallelrenderingon PC clus-
ters.Ourinitial systemwasbuilt to driveamulti-projector
displaywall [8] — therewe useda sort- rst stratgy with
dynamiccoarse-grainetbadbalancingalgorithms.More
recently we have investigatechow to usea PC clusterto
drive a singledisplaywithout usingspecialpurposehard-
ware[5, 6, 7]. This papermreviews someof themainideas
behindthis recentwork: sort-twice partitioning[6] and
k-way replication[5]. The following two sectionsde-
scribethesetwo approachesind analyzehow well they
work. The nal two sectionssummarizesxperimentake-
sultsachieved with a working prototypesystemanddis-
cussfutureresearciirections.

2 Sort-Twice Partitioning

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

ter renderinghasgenerallyfocusedon sort- rst andsort-
lastapproached-orinstanceWireGL [1] usesasort- rst
stratgy to distribute renderingprimitivessimultaneously
from multiple clientsto multiple seners. Although this
approachsupportsimmediate-modé\Pls (OpenGL),its
efciency (utilization of the graphicshardware)is poor
becauseahe bandwidthof clusternetworksis at leastan
orderof magnituddessthanthatof graphicscards.Also,
the scalability of sort- rst systemsis limited by the in-
creasingoverheadsf redundantrenderingwhen primi-
tives overlap multiple tiles. Alternatively, sort-lastsys-
temshave beenbuilt for PC clusters[10], but they have
highpixel compositiorbandwidthoverheadshatlimit the
framerateand/orresolutionof the system.

Ourapproachs to usea hybrid parallelrenderingalgo-
rithm thatcombinegeatureof bothsort- rst andsort-last
stratgies[6]. We call this approachsort-twice” Likea
puresort-lastsystemwe partitionthe 3D modelinto dis-
joint groupsof polygons rendereachgrouponadifferent
PC,andusedepthcompositingo mergetheresultingpar
tial imagesinto a nal imagefor display As in ary sort-
last system eachprimitive is renderedexactly once,and
thereareno overheadslueto redundantendering.How-
ever, like a sort- rst system,we partition the 3D model
dynamicallyfor eachframeusinga view-dependenglgo-
rithm that minimizesscreen-spaceverlapsof primitives
renderedn differentPCs.After eachsenerhasrendered
its primitives,we employ apeerto-peemetworkingphase
in whicheachseneris responsibldor compositingpixels
for separateiles of the screen.Sinceboth2D screerand
3D scengpartitionsarecreatedogetherdynamicallyin a
view-dependentontext for every frame,the hybrid load
balancingalgorithm can create2D tiles and 3D groups
suchthattheregion of thescreercoveredby ary groupof
3D polygonsis closelycorrelatedwith the 2D tile of pix-
elsassignedo the samePC. In this case lessprocessing
and network bandwidthis requiredto transferand com-
positepixelsduringeachframe.

The advantageof this hybrid sort-twiceapproactover
puresort- rst andpuresort-lasts motivatedby theexam-
ple in Figure1, which shows visualizationsof the over
headsincurred by different parallel renderingstratgies
while renderinga 3D model of a hand(morelight gray
roughly correspondgo greateroverheads).Figure 1(a)



(a) Sort- rst

(b) Sort-last

(c) Hybrid

Figurel: Visualizationsof overheadsluring parallelrenderingof handwith differentalgorithms.In (a), highlighted
objectboundingboxesspanmultiple tiles andmustbe renderededundantly In (b) and(c), brighterpixel intensities

representnoreimagecompositioroverheads.

shavs a puresort- rst partitionof pixelsinto tiles (white
lines), with primitive groupsoverlappingmultiple screer
tileshighlightedin gray. Figurel(b)shavsapuresort-last
partitionof primitives,with pixelsrequiringcompositior
highlightedin gray Finally, Figure 1(c) shavs a hybrid
sort- rst and sort-lastpartition. Note that primitivesare
renderednly onceandpixel compositioris requiredonly
for thin swathsof pixelsattheboundarie®f tiles.

Duringsimulationswith varyingsystenparametersye
nd that the sort-twice algorithm outperformssort- rst
andsort-lastalgorithmsin almostall tests,ncludingones
with largernumbersof processorandhigherscreerres-
olutions. Figure 2 shovs samplebreakdevns of sener
processindgimesfor eachalgorithm. On theleftmostset
of bars(“Sort-First”), notethe the dark bands(“Overlap
Render”epresentingverheadslueto redundantender
ing of objectsoverlappingmultiple tiles. On the right-
mostsetof bars(“Sort-Last”),notethelight coloredbands
(“Pixel Read”and"Pixel Write") representingverheads
dueto pixel compositionIn bothcasestheoverheadbe-
comea larger percentagef the total sener time with in-
creasingnumbersof processorswhich indicateslimited
scalability The sort-twicealgorithm (“Hybrid”) largely
avoids both typesof overheadstherebyproviding much
betteref ciency andscalability

3 K-way Replication

Although communicationoverheadscan be reducedby

partitioningthe workloadin a view-dependenmanneya
directimplementatiorof the sort-twiceapproactrequires
eitherreplicatingtheentire3D sceneonevery PC[6, 7] or

dynamicallyre-distrituting primitivesin real-timeasthe
users viewpoint changeg4]. Unfortunately neitherap-
proachis practicalfor a PC cluster sincethe memoryof

eachPCis usuallytoo smallto storeall thedatafor avery
large model,andthe network is too slow to transmit3D

primitivesbetweerPCsin real-time.
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Figure2: Senertime breakdevnsfor sort- rst, sort-last,
andthehybridalgorithmsfor screerresolution1280x960.
The height of eachbar representshe time requiredfor

processingn thesener.

Ourapproaclis basednk-wayreplicationof thescene
data[5]. During an off-line phasewe organizethe in-
put 3D model into a multiresolution hierarchy of ob-
jectsandreplicateeachobjecton k out of n sener PCs
(k << n). Then,during an on-line phase we perform
aview-dependenpartitionof the objects(asdescribedn
the previoussection) selectingexactly 1 out of k seners
to rendereachobject. The key ideais to avoid replicat-
ing the entire 3D modelon every PC andto avoid real-
time transmissiorof 3D primitives, while achieving re-
ducedcommunicationoverheadsdue to dynamic view-
dependenpartitioning.

The motivationsfor this k-way replicationstrategy are
evidentin Figure3. Theimageon theleft (Figure3(a))
shavsthepartitionfor a puresort-lastsystemwith 1-way
replication (no copies)—it must compositenearly full-
screenimagesif the primitivesassignedo eachproces-
sor aredistributed uniformly throughoutthe model(pro-
cessomassignmentareindicatedby color). Alternatively,
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Figure3: K-way replication(k = 4) enablewview depen-
dentpartitioningwithout full replication. Color of each
boundingbox indicateswvhich sener renderdts enclosed
triangles.

a systemwith n-way replication(full replication)canre-
ducetheimagecompositioroverhead$®y assigningprim-
itivesto processorslynamicallyfor eachview in orderto
minimizethe sizeof screerregionsrenderedy different
processor§g]. Forinstancejn Figure3(c)),imagecom-
positionis requiredonly for the thin swathsat the seams
betweerprimitivesof differentcolors. Unfortunatelythis
purelyview-dependenpartitioningapproactrequireshe
entire sceneto be replicatedon every processar The k-
way replication approachavoids full replication of the
scenedatabut still can employ a view-dependentoad
balancingalgorithm,sinceevery primitive is availableon
morethanoneprocessarWith k-way replication,we are
ableto construcpartitionssimilarto thoseof n-way repli-
cationbut with storagecostscloserto 1-way replication
(seeFigure3(b)).

Figure 4 shaws resultsof simulationsaimedat evalu-
ating the trade-ofs of k-way replicationin a sort-twice
parallelrenderingsystem. As the replicationfactor (k)
increasesthe systems efciency increasesput so too
do the storagerequirements.However, note that the ef-
ciency improvements non-linearwith mostof theben-
e ts of replicationoccurringfor small valuesof k. As
aresult,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 useit to
conductexperimentsto evaluateperformance. We use
thesystems ef ciency (usefulpolygonrenderingime di-
vided by total frametime) at interactve frame rates(15
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Figure4: Plotof parallelrenderingef ciency with varying
replicationfactorgk). Notethatthe Y-axisbeginsat50%.

frames/secondsour primarymetricfor success.

Our experimentationplatform is a PC clusterwith a
client PC, 24 sener PCs,anda display PC. EachPC s
a Dell PrecisionWorkstation420 with a 733Mhz Pen-
tium 1ll CPU, an Intel 840 chipsetwith 133Mhz front-
sidebus, 256MB of dual-channeRDRAM memory and
a nVidia GeForce-ll chip basedgraphicscard. EachPC
runsMicrosoft Windows 2000. The communicatiomet-
work is Myrinet. EachPC usesa previous-generation,
32-bit 33Mhz PCI network interfacecardthat has2MB
of SDRAM and a 33Mhz LANai-4 network processor
The 26 PCsarenetworkedtogethemwith a 32-portswitch
whichisimplementedvith eight8-portcrossbaswitches.
We have usedthe GM driver for Windows 2000provided
by Myricom. Thetotal costof thesystems around$50K.

We report resultsof experimentswith the three test
modelsshawn in Figure5. They were selectedbased
on their complities and details. Eachone containstoo
muchdatato t into the memoryof asinglePC,andthey
have surfacedetailsthat motivate a userto zoomin and
examinethemodelsclosely

In every experiment,we loggedperformancestatistics
while the systemrenderedmagesfor a cameramoving
alonga simulatedusers viewing path. Eachpathstarted
with the cameraramingthe 3D model. It rotatedaround
the model(1/2), zoomedup closeto the surface,panned
for awhile (1/2), andthenzoomedbackout. Exceptfor
our nal speedupesults(in thelastsubsection)the mul-
tiresolutionscenegraphtraversalwassetto renderaround
100,000polygonsperframeon eachsener.

Figure6 shavs theresultsof anexperimenttestingthe
scalabilityof our systemaswe addmoreseners. We see
thatthe systemis ableto achieze betweerB80M and48M
triangles/setor thethreetestmodelsn ourmaximumtest
con guration(k = 6 andn = 24). The performancen-
cludesthe overheadof softwareimagecompositionand



(a)Michelangelas “David” [2]
(8,254,150riangles, 800MB)

(b) Faceof Michelangelas “St. Matthev” [2] (c) Visible Man Skeleton(withoutfeet)[9]
(6,755,412riangles, 700MB)

(2,432,528riangles, 250MB)

Figure5: Testmodelsusedin our experiments.

the overheadto sendresult pixels to the display This
performanceepresentaibout52.1%,65.3%,and 73.9%
ef ciencies for St. Matthew, David, andVisible Man, re-
spectvely, while executingat 12.9,16.25,20.0framesper
second.
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Figure6: Plotof millions of polygonspersecondendered
by ourrealsystemduringtestswith threelargemodels.

5 Conclusion

This paper describessort-twice and k-way replication
stratgyies for parallelrenderingwith a PC cluster The
key ideasbehindsort-twiceis to performview-dependent
partitionsof boththe 3D modeland 2D screenspacein
orderto reducethe overheadsf pixel compaositionin a
sort-lastsystem.Thekey ideabehindk-way replicationis
to provide adynamicloadbalancingalgorithmsomeabil-
ity to performview-dependempartitioningwhile avoiding
full replicationof the scenedataon every PC.

While theseideasmay be promising,mary problems

remainopenfor future study and discussion. First, the
methodsproposedwork only for static scenes.Second,
the network requirementsre currently suitableonly for

single screenresolutions. Third, the k-way replication
stratgly hasnot yet beenimplementfor out-of-coreren-
dering. Extendingthe proposednethodsto handlethese
moredif cult situationds atopic for futureresearch.
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