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Abstract

Thispaperdescribesanarchitecturethatenablestheuse
of commodityoff the shelf graphicshardware along with
high speednetworkdevicesfor distributedvolumerender-
ing. Several PCs drive a numberof graphic accelerator
boardsusinganOpenGLinterface. Theframebuffersof the
cardsare readback andblendedtogetherfor final presen-
tationona singlePCworkingasfrontend.Weexplainhow
theattainableframeratesare limitedbythetransferspeeds
over the networkas well as the overheadimplied by hav-
ing to blendseveral imagestogetherlimits . An initial im-
plementationusingfour graphiccardsachievesframerates
similar to thoseof high performancevisualizationsystems.

1 Introduction

1.1 Motivation

The ideaof clusteringcommodityoff the shelf (COTS)
componentsin orderto achieve supercomputer-like perfor-
mancetook off after it was initially demonstratedat the
Centerof Excellencein SpaceData and Information Sci-
encesat NASA GoddardSpaceFlight Centerand subse-
quentlypublishedby Beckeretal [1]. At thattime,PCclass
hardwarehadnot only fallendown to pricesthatmadethe
ideaattractive, but their performancehadrisenup to levels
thatbalancedout thelatency introducedby usinglow speed
networksasintercommunicationmedium.

In recentyearsthemarket for high endPCgraphicsac-
celeratorboardshasgrown explosively, mostly driven by
the computergamingandentertainmentindustry. The ca-
pabilities and performanceof this kind of graphicshard-
warehave increasedexponentially(andfasterthanMoore’s
law), bringing it to a position whereit is a viable option
for researchanddesignof new graphicsalgorithmsandap-
plications,or adaptationof existing algorithmsin orderto
exploit new capabilities. As othershave alreadyassessed

[8], interactive volumerenderinghasbecomeaninvaluable
techniqueto visualize3D scalardatafor a varietyof appli-
cationsin engineering,scienceandmedicine. By exploit-
ing thecapabilitiesof currentPCgraphicshardware,direct
volumerenderingratesof about30 framespersecondhave
beenachievedfor 128 � 128 � 64 datasetsandevenhigher
ratesfor isosurfaceextraction. Theseframeratesdrop be-
low 5 for a 2563 dataset,thelimiting factorbeingtheavail-
ableon-boardmemoryfor texturestorageaswell asthelim-
itedmemorybandwidth.It hasalreadybeenshown thatthis
effect canbecounteractedby usingmultiple rasterizerson
sharedmemoryarchitectures(e.g. Li et al [6]). Thedown-
sideto this solutionis that the costof suchhardwareis at
leasttwenty timesmoreexpensive whencomparedto the
priceof a clusterof PCswith thesameaggregatedcomput-
ing power. In addition to the betterprice-to-performance
ratio using clustersof PCsis also attractive becauseof a
lower total cost of ownership,bettertechnologytracking,
bettermodularityandflexibility andhigherscalability.

In thispaperweexploreanapproachto takeadvantageof
therasterizationspeedof COTSgraphicshardware.Weare
interestedin thespecificcaseof volumerenderingof large
datasets(2563 and larger) by meansof off-screenremote
rendering.Our initial approachusesasort-laststrategy (af-
ter the classificationdevelopedby Molnar et al [7]) andis
bettersuitedfor objectbasedpartitioningof thesceneto be
rendered,but is alsoapplicablein thecaseof image based
partitioning.

1.2 Previous work

The ideaof hardwareacceleratedparallelrenderingus-
ing standardPCsandgraphicshardwarehasalreadybeen
consideredby others:

� Samantaet al [9] implementeda hybrid sort-first/sort-
lastalgorithmfocusingon parallelpolygonrendering.
They implement both screenand object basedpar-
titioning, which helps to reducethe communication
overheadimpliedby a puresort-lastapproach.
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� Humphreys et al [3, 4] have developed a drop-in
OpenGLDLL replacementwhichusesasort-firsttech-
niqueand focuseson scalabledisplaysand leansto-
wardsanexplicit parallelizationfor theOpenGLAPI.

In contrastto Samantaet al, we are(initially) focusingon
volumerenderingandnot polygonrendering. In contrastto
Humphreys et al, we pursuevisualizationof largedatasets
ona singledisplay. Thegoalis to keepconstantframerates
asa functionof datasetsizewithout resortingto a simplifi-
cationof thedataset.

This paperis organizedasfollows: first we provide an
overview of the different factorsthat limit the rendering
speedwhenusingPCclasshardware.Next, we explainour
partitioningstrategy aswell astheblendingalgorithmswe
haveevaluated.Last,wereportour resultsusingthesystem
on asmallscalecluster.

2 Volume Rendering

In direct visualizationof volumetricdata,eachpixel is
computedby tracing rays throughthe volume, evaluating
thevolumerenderingintegral

I
�
s��� I0e� τ � s0 � s	�

� s

s0

qe� τ � s� � s	 ds��� (1)

which representsthe intensityon a ray parametrizedby s
which entersthe volumeat s0. In the emission-absorption
model,q representstheemissivecolorperunit lenghtandτ
theopticaldepthof theabsorbingmaterial.Both quantities
arederivedfrom theoriginalscalardatavaluesby meansof
transferfunctions.Thefirst termrepresentsthelight coming
from the backgroundattenuatedby the entirevolume,and
the secondterm is the contribution of eachlight emitting
elementin the volumemultiplied by the transparency be-
tweens0 ands. This canbediscretisizedandimplemented
by drawing the pixels in front-to-backor back-to-frontor-
der, usingthestandardoveroperatorfor blending.Thepro-
cessis acceleratedby renderingall therayssimultaneously,
thuscreatingthestandard(implicitly parallel)texturebased
volumerenderingapproach[2, 10].

Truly interactive volumevisualizationof largedatasets
usingPC graphicshardware is currentlyonly possibleby
meansof a 2D texturestack,asRezk-Salamaet al [8] have
presented.In this approachpolygonsalignedto thevolume
aredrawn andblendedback-to-frontinto the framebuffer.
Thepolygonsaretexturedwith a setof 2D textureswhich
representthe volumetric data. This approximatesan im-
plicit shear-warp decompositionof the viewing matrix as
proposedby LacrouteandLevoy [5].

As this techniqueworks well only as long as adjacent
polygonshave a largeoverlappingregion, thestackof tex-
tureshasto beswitchedwhentheangleof theviewing di-
rectionwith respectto thepolygonstackdirectionexceeds

Figure 1. Volume rendering using volume
aligned pol ygons

45 degrees(Figure1). Becauseof this thetexturestackhas
to bereplicatedthreetimes,oncefor eachaxisof the local
coordinatesystem.

Thereare two major factorsthat limit performanceus-
ing this technique:the speedof the pixel pipelineandthe
amountof availabletexturememory. On theonehand,for
eachframe several large polygonsare renderedone after
the other, with a differenttexture appliedto eachof them.
This meanstherasterizationunit needsto accessthewhole
areaof memorydedicatedto storethesetexturesin aregular
fashion.For individualpixels,thiscanbeacceleratedusing
cachingandprefetching,but oncetherenderingof a partic-
ular polygonis done,alreadyaccessedpartsof the texture
memorywill notbeneededagainuntil thenext frame.This
meansthat in this casethe speedof the pixel pipeline is
limited by the availablememorybandwidthon the graph-
ics card. The speedof the pipelineis only a soft limit, as
the renderingtime scaleslinearly with the datasetandim-
agesizes.On theotherhand,theavailabletexturememory
imposesa hard limit: as soonas the dataset doesnot fit
completelyin it, thetextureallocatorstartsto swaptextures
to systemmemory, nullifying thehigheravailablememory
bandwidthof the graphicscard. The impacton the attain-
able frame rate is much more noticeablethan that of the
limited pixel pipelinespeed.It is necessaryto notethatnot
all threetexturestackshave to fit into graphicsmemoryat
thesametime,sinceasmall lagwhenswitchingthetexture
stackevery oncein a while is not asdetrimentalasa low
framerate.

Sincetheselimits dependon the sizeof the datasetbe-
ing rendered,bothof themcanbeovercomedusingmultiple
renderersin parallel,whereeachof themworks on a sub-
set of the data. It can be seenfrom (1) that this process
is explicitly parallelizable:the integral on ther.h.s. canbe
brokenup into severalsegmentsthatcanbeaddedtogether
ata laterstage.As in theserialcasethesesegmentshave to
bekeptin a consistentorderwhile they arebeingblended.
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Figure 2. General program flo w for the con-
trolling and rendering processes.

3 Parallelization

3.1 Partitioning strategy

Figure2 depictsthegeneralpipelineusedto parallelize
the renderingprocess.Sincethe aimeddatasetsize is 64
MB and larger (i.e. transfertimes of 0 � 5s and longer for
theMPI/Myrinet implementationbeingused),a staticpar-
titioning in objectspacehasbeenoptedfor, which implies
a sort-last algorithm. A renderingconfiguration is first
createdusing the numberof nodesas the input parame-
ter. Givennr renderingnodes,thevolumeis partitionedin
x � y � z ricks, wherexyz � nr andeachrenderingnodeis
assignedoneof thesebricks. The factorizationis selected
in a way that matchesthe dimensionsof the datasetto be
renderedascloseaspossible,that is, if thedatasetis larger
alongoneof the axes,the correspondingfactoris selected
to be larger (figure3). Using this datapartitioning,careis
takenfor neighboringnodesto receivebrickswhichoverlap
by onevoxel on the correspondingborders.Oncethedata
hasbeentransfered,therenderingloop is entered.For each
frame,aprojectionandmodelingmatrix is recomputedand
transferedasrequired.Themodelingmatrix for eachnode
is correctedsothatthebrick is renderedatthecorrectscreen
position. Any other requiredrenderingparameter(e.g. a
transferfunction) is transferredas well. As soonas each

Figure 3. Abo ve: a volume dataset where one
of the directions is significantl y larger than
the other two. Belo w: the corresponding par-
titioning (2 � 2 � 8) using 32 nodes.

nodereceives the renderingparameters,it startsto render
its subvolumeto the framebuffer usinga preselectedvol-
umerenderingalgorithm.

3.2 Blending

As soonasthesubvolumehasbeenrendered,theimage
is readfrom theframebuffer andtransmittedto beblended
with othersubimages.We have evaluatedtwo blendingal-
gorithms. The first one is theoreticallyoptimal: given N
differentnodes,eachof themwith oneout of N imagesto
beblended,eachimageis split into N subimageswhichare
sentto theN � 1 neighboringnodeswherethey areblended
andthensentto a previously definednode. If t is the cost
of transmittingoneimageover the network andb the cost
of blendingtwo imagestogether, this algorithmhasa total
costof

�
2t 
 b� � N � 1��� N (for a full-duplex network). The

drawback with this algorithm is that it requiresa total of
N
�
N � 1� transmissionsover the network. For the second

algorithm the N nodesare split into two groups,the first
onereceivesthe dataandthe secondonesendsit, that is,
N � 2 imagesareblendedpairwisewith anotherN � 2 images.



The resultingset is split again andthe processis repeated
until all theimageshaveconvergedinto onenode.This has
a total costof

�
t 
 b� log

�
N � andtherearea total of N � 1

network connectionsto beestablished.Thereferencesolu-
tion for thisproblemis for N � 1 nodesto sendtheir images
to onenode,wherethey areblended.Thishasatotalcostof�
t 
 b� � N � 1� with N � 1 requiredconnections.It canbe

immediatelyseenthatfor any t andb andany N largerthan
2 thetwo presentedalgorithmsarefasterthanthereference.
In generalthe secondalgorithmhasa highercostthanthe
first one.

Beforeblendingtheimages,they aredepthsorted(either
backto front or front to back)usingtheboundingboxof the
datasubsetsthey represent.The implicit parallelizationof
thegraphicshardwareis not exploitedbecauseof theover-
headincurredby writing to and readingfrom the color or
depthbuffer of thecard.Oncurrentgraphicshardware,this
overheadis not to beneglected,asTable1 shows. Thelarge
differencesbetweenthetimesfor readingfrom andwriting
to thedepthbuffer arewith certaintydueto non-optimized
pathsin thecard’sdrivers.

In thecaseof thesecondalgorithm,thelastblendingstep
could be donedirectly in hardware. This is advantageous
becausethedelaycausedby having to wait for bothimages
is compensatedby beingableto starttheblendingearly.

4 Results and discussion

The systemhasbeenimplementedon the Kepler PC-
Cluster1, which operatesat the University of Tübingen.
Thisclusterconsistsof 96computingnodescommunicating
over a Myrinet 1.28+ 1.28Gb/s interconnect.Eachnode
hastwo PentiumIII 650MHz processorsand1 GB RAM.
Additionally, therearetwo front-endmachines,with similar
specifications.For testingpurposes,four GeForce2GTS-
basedcardswith 64 MB of dedicatedmemoryareinstalled
onthenodes,with anadditional32similarcardswaitingfor
their approval.

The blendingof imageshasproven to be a bottleneck
for large images(1024 � 1024 pixels). This problem is
computational-boundand scaleslinearly with CPU and
memoryspeed.Using a C implementation,blendingfour
images(BGRA format,oneunsignedbyte per channel)of
this sizeusingfloating point arithmetictakes 2208 � 3ms
on thePCscurrentlyrunningin thecluster. If integerarith-
metic is usedinstead,this time is reducedto 234 � 2ms.
This aloneimposesan upperlimit of � 4fps on the whole
process.Usinga MMX implementationwe canreducethis
time to about95� 1 � 0 � 1ms ( � 10fps). Using two CPUs
per node, this is reducedeven further, to 50� 4 � 0 � 1ms
( � 19fps). Giventhis figure,transferringtheblendingpro-
cessto the graphicscard is not feasible,sinceeachnode

1http://kepler.sfb382-zdv.uni-tuebingen.de/

thatreceivesimagesto beblendedwould have to download
multiple imagesto the card, let the card perform the ac-
tual blending,andthenuploadthe final compositedimage
to transmitit again. For four images,suchaprocessimposes
anupperlimit of � 9fps,with the limiting factorbeingthe
availablememorybandwidthandnot thespeedof theGPU.
CurrentlyavailableCPUswith clock speedsof 1.33 GHz
would nearlyhalve this time (doublethe maximumframe
rate).Theincreasein memorybandwidthrequiredto reach
andsurpassthesevaluesis not likely to happenin thenear
future.

The secondbottleneckis to be expected: sincemulti-
ple imagesarebeingsentalmostat thesametime over the
network resourcecontentionbecomesnoticeable.Figure4
shows thetotal transfertime andtheattainedtransferspeed
for N imagesbetweenN nodesfor eachof the algorithms
explainedin section3.2, labeledopt (for optimal) and log
(for logarithmic). It can be seenthat for four nodesand
large imagesthe logarithmicalgorithmhasslightly shorter
transfertimesthanthe optimal one. For four 1024 � 1024
BGRA images,thetotal timeto transferthemfrom theorig-
inal four nodesto thefinal oneusingthe logarithmicalgo-
rithm is 69� 6 � 0 � 1msand80� 3 � 0 � 1msfor theoptimalal-
gorithm.

When combining these two results, transferring and
blendingfour imagesfrom their original nodesto their fi-
nal destinationtakes 105� 3 � 0 � 1ms using the logarithmic
algorithm and 93� 3 � 0 � 1ms using the optimal one. This
imposesanupperlimit of � 10fpsfor thewhole rendering
process.It is noteworthy thatthis limit is largelydominated
by the network speed,but it canbe raiseda little by using
fasterCPUsfor the blendingpart. Also noteworthy is the
factthattheactualrenderingtime perframeis almostcom-
pletely containedwithin the time requiredto transferthe
dataover thenetwork, whichallowsfor theimplementation
of a pipeline,whereimagesarerenderedon thecardwhile
previously renderedimagesarebeingblended.

Usingthis method,we canrendera 2563 datasetusinga
viewportof size1024 � 1024in � 240msperframe,which
correspondsto � 4 � 2fps. This result compareswell with
the one reportedby Rezk-Salamaet al [8], who have ob-
tained4 � 3fps using a 600 � 600 viewport. Using a simi-
larly sizedviewportwecanachieve frameratesof � 12fps,
whichcomparesfavorablywith respectto theframeratesre-
portedby thesameauthorswhenusinga high performance
visualizationsystem. At the momentonly a rudimentary
front-endhasbeenimplemented,whichdoesnotexploit the
pipeliningpossibility mentionedbefore,which would pro-
videasmallperformanceincrease.

We have shown that using commodity off the shelf
graphicshardwarein combinationwith highspeednetwork
devicesby meansof off-screenremoterenderingmakesthe
directvolumevisualizationof largedatasetsis notonly pos-



color buffer depthbuffer
rgb rgba bgra abgr float int uint ushort

draw � 16 49 24 33 35 22 25 31 14 56 0.60s 1.3s 11 71 0.60s 1.3s
read� 23 34 21 37 29 27 27 29 17 46 0.90s 0.87s 27 29 27 29
draw† 42 19 41 19 49 16 43 18 21 37 0.50s 1.6s 17 46 0.50s 1.6s
read† 35 22 35 22 37 21 36 22 23 34 1.2s 0.65s 37 21 41 19
draw‡ 20 39 25 31 40 20 31 25 16 49 0.70s 1.1s 12 65 — —
read‡ 26 30 26 30 31 25 33 24 17 46 1.1s 0.71s 25 31 — —� GeForce/Intel440BX/PIII 500MHz/Linux 2.4.1
†GeForce2/VIAApollo KT133/Athlon900MHz/Linux 2.4.1
‡GeForce2/Intel440BX/PIII 650MHz/Linux 2.2.16

Table 1. Read and write times for color and depth buff ers without blending or depth test enabled. The
number on the left is the transf er rate (in MPixels/s) and the number on the right is time required to
read a 1024 � 768 region (in ms, unless otherwise stated), respectivel y. The GPU, chipset, CPU and
OS kernel are indicated.
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Figure 4. Transf er time (top) and transf er
speed (bottom) as a function of image size
using two diff erent algorithms and diff erent
number of CPUs.

siblebut alsopractical,astheperformanceis comparableto
thatof high endequipmentat a fractionof thecost. In the
future we want to attemptrenderingreally large datasets
(several thousandsof samplesalongoneof theaxes). This
will requirea different blendingapproach,as the current
one scalesalmost linearly with the numberof rendering
nodesinvolved.
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