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Abstract

Thispaperdescribesnarchitectuethatenablegheuse
of commodityoff the shelf graphics hardware along with
high speednetworkdevicesfor distributedvolumerender
ing. Sereral PCsdrive a numberof graphic acceleator
boardsusingan OpenGLinterface Theframebuffersof the
cards are read bad and blendedtogetherfor final presen-
tation ona singlePC workingasfrontend.We explain how
theattainableframeratesare limited by thetransferspeeds
over the networkas well as the overheadimplied by hav-
ing to blendseveral imagestogetherlimits . Aninitial im-
plementatiorusingfour graphiccardsachievesframerates
similar to thoseof high performancevisualizationsystems.

1 Introduction
1.1 Maotivation

Theideaof clusteringcommodityoff the shelf (COTS)
componentsn orderto achieve supercomputelik e perfor
mancetook off after it was initially demonstratedht the
Centerof Excellencein SpaceData and Information Sci-
encesat NASA GoddardSpaceFlight Centerand subse-
quentlypublishedby Beckeretal [1]. At thattime,PCclass
hardware hadnot only fallen down to pricesthatmadethe
ideaattractie, but their performancéhadrisenup to levels
thatbalancedutthelateng introducedby usinglow speed
networksasintercommunicatiomedium.

In recentyearsthe market for high endPC graphicsac-
celeratorboardshasgrown explosively, mostly driven by
the computergaming and entertainmenindustry The ca-
pabilities and performanceof this kind of graphicshard-
warehave increaseaxponentially(andfastethanMoore’s
law), bringing it to a position whereit is a viable option
for researcltanddesignof new graphicsalgorithmsandap-
plications,or adaptatiorof existing algorithmsin orderto
exploit new capabilities. As othershave alreadyassessed

[8], interactive volumerenderinghasbecomeaninvaluable
techniqueo visualize3D scalardatafor a variety of appli-
cationsin engineering scienceand medicine. By exploit-
ing the capabilitiesof currentPC graphicshardware,direct
volumerenderingratesof about30 framesperseconchave
beenachievedfor 128x 128x 64 datasetandevenhigher
ratesfor isosurficeextraction. Theseframeratesdrop be-
low 5 for a256° datasetthelimiting factorbeingthe avail-
ableon-boardnemoryfor texturestorageaswell asthelim-
ited memorybandwidth.It hasalreadybeenshavn thatthis
effect canbe counteractedby usingmultiple rasterizerson
sharednemoryarchitecturege.g. Li etal [6]). Thedown-
sideto this solutionis thatthe costof suchhardwareis at
leasttwenty times more expensve when comparedo the
priceof a clusterof PCswith the sameaggrgatedcomput-
ing power. In additionto the betterprice-to-performance
ratio using clustersof PCsis also attractve becauseof a
lower total costof ownership,bettertechnologytracking,
bettermodularityandflexibility andhigherscalability

In thispapemwe exploreanapproacho take advantageof
therasterizatiorspeedf COTS graphicshardware.We are
interestedn the specificcaseof volumerenderingof large
datasets(256° and larger) by meansof off-screenremote
rendering.Ourinitial approachusesa sort-laststratey (af-
ter the classificationdevelopedby Molnar et al [7]) andis
bettersuitedfor objectbasedpartitioning of the sceneto be
renderedput is alsoapplicablein the caseof image based
partitioning.

1.2 Previouswork

The ideaof hardwareaccelerategbarallelrenderingus-
ing standardPCsand graphicshardware hasalreadybeen
consideredy others:

e Samantatal [9] implementeda hybrid sort-first/sort-
lastalgorithmfocusingon parallelpolygonrendering.
They implementboth screenand object basedpar
titioning, which helpsto reducethe communication
overheadmplied by a puresort-lastapproach.



e Humphregs et al [3, 4] have developed a drop-in
OpenGLDLL replacementvhichusesasort-firsttech-
nigue and focuseson scalabledisplaysand leansto-
wardsanexplicit parallelizatiorfor the OpenGLAPI.

In contrastto Samanteaet al, we are (initially) focusingon
volumerenderingandnot polygonrendering In contrastto
Humphreys et al, we pursuevisualizationof large datasets
onasingledisplay. Thegoalis to keepconstanframerates
asafunction of datasesizewithout resortingto a simplifi-
cationof thedataset.

This paperis organizedas follows: first we provide an
overvien of the different factorsthat limit the rendering
speedvhenusingPCclasshardware. Next, we explain our
partitioningstratgyy aswell asthe blendingalgorithmswe
have evaluated.Last,we reportour resultsusingthe system
onasmallscalecluster

2 VolumeRendering

In direct visualizationof volumetric data,eachpixel is
computedby tracing rays throughthe volume, evaluating
thevolumerenderingntegral

S
I(s) = lpe™ (509 +/ qe—T(S’,S) ds, (1)
S

which representshe intensity on a ray parametrizedy s
which entersthe volumeat 5. In the emission-absorption
model,q representshe emissie color perunit lenghtandt
the opticaldepthof the absorbingmaterial. Both quantities
arederivedfrom theoriginal scalardatavaluesby meansof
transferfunctions. Thefirsttermrepresentthelight coming
from the backgroundattenuatedy the entire volume,and
the secondterm is the contrikution of eachlight emitting
elementin the volume multiplied by the transpareng be-
tweensy ands. This canbediscretisizedandimplemented
by drawing the pixelsin front-to-backor back-to-frontor-
der, usingthe standardbver operatorfor blending.Thepro-
cesss acceleratetby renderingall therayssimultaneously
thuscreatingthe standardimplicitly parallel)texturebased
volumerenderingapproactj2, 10].

Truly interactive volumevisualizationof large datasets
using PC graphicshardwareis currently only possibleby
meansf a 2D texture stack,asRezk-Salamat al [8] have
presentedin this approactpolygonsalignedto the volume
aredrawvn andblendedback-to-frontinto the frame buffer.
The polygonsaretexturedwith a setof 2D textureswhich
representhe volumetric data. This approximatesan im-
plicit sheafwarp decompositiorof the viewing matrix as
proposedy LacrouteandLevoy [5].

As this techniqueworks well only aslong as adjacent
polygonshave a large overlappingregion, the stackof tex-
tureshasto be switchedwhenthe angleof the viewing di-
rectionwith respecto the polygonstackdirectionexceeds

Figure 1. Volume
aligned polygons

rendering using volume

45 dggreeq(Figurel). Becausef this thetexture stackhas
to bereplicatedthreetimes,oncefor eachaxis of thelocal
coordinatesystem.

Therearetwo major factorsthat limit performanceus-
ing this technique:the speedof the pixel pipelineandthe
amountof availabletexture memory On the onehand,for
eachframe several large polygonsare renderedone after
the other with a differenttexture appliedto eachof them.
This meangherasterizatiorunit needgo accesshewhole
areaof memorydedicatedo storetheseexturesin aregular
fashion.For individual pixels,this canbeacceleratedising
cachingandprefetchingbut oncetherenderingof a partic-
ular polygonis done,alreadyaccessegartsof the texture
memorywill notbeneededagain until the next frame. This
meansthat in this casethe speedof the pixel pipelineis
limited by the available memorybandwidthon the graph-
ics card. The speedof the pipelineis only a soft limit, as
the renderingtime scaledinearly with the dataseandim-
agesizes.Onthe otherhand,the availabletexture memory
imposesa hard limit: assoonasthe datasetdoesnot fit
completelyin it, thetextureallocatorstartsto swaptextures
to systemmemory nullifying the higheravailablememory
bandwidthof the graphicscard. The impacton the attain-
able frame rate is much more noticeablethan that of the
limited pixel pipelinespeed.t is necessaryo notethatnot
all threetexture stackshave to fit into graphicsmemoryat
the sametime, sincea smalllag whenswitchingthetexture
stackevery oncein a while is not asdetrimentalasa low
framerate.

Sincetheselimits dependon the size of the datasebe-
ing renderedbothof themcanbeovercomedisingmultiple
renderersn parallel,whereeachof themworks on a sub-
setof the data. It can be seenfrom (1) that this process
is explicitly parallelizable:the integral onther.h.s. canbe
brokenup into several sggmentsthatcanbe addedtogether
atalaterstage As in the serialcasethesesegmentshave to
bekeptin a consistenbrderwhile they arebeingblended.
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Figure 2. General program flow for the con-
trolling and rendering processes.

3 Parallelization
3.1 Partitioning strategy

Figure 2 depictsthe generalpipelineusedto parallelize
the renderingprocess. Sincethe aimeddatasetizeis 64
MB andlarger (i.e. transfertimes of 0.5s and longer for
the MPI/Myrinet implementatiorbeingused),a static par-
titioning in objectspacehasbeenoptedfor, which implies
a sort-last algorithm. A renderingconfiguation is first
createdusing the numberof nodesas the input parame-
ter. Givenn, renderingnodesthe volumeis partitionedin
X x y x zricks, wherexyz= n, andeachrenderingnodeis
assignedne of thesebricks. The factorizationis selected
in a way that matcheshe dimensionsof the dataseto be
renderedascloseaspossiblethatis, if the datasets larger
alongoneof the axes, the correspondindactoris selected
to be larger (figure 3). Using this datapartitioning, careis
takenfor neighboringnodego receve brickswhich overlap
by onevoxel on the correspondindporders.Oncethe data
hasbeentransferedtherenderingoopis entered For each
frame,aprojectionandmodelingmatrixis recomputedgnd
transferedasrequired. The modelingmatrix for eachnode
is correctedsothatthebrick is renderedhtthecorrectscreen
position. Any otherrequiredrenderingparametei(e.g. a
transferfunction) is transferredaswell. As soonaseach
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Figure 3. Above: avolume dataset where one
of the directions is significantl y larger than
the other two. Below: the corresponding par-
titioning (2 x 2x 8) using 32 nodes.

noderecevesthe renderingparametersit startsto render
its subvolumeto the frame buffer usinga preselectediol-
umerenderingalgorithm.

3.2 Blending

As soonasthe subvolumehasbeenrenderedtheimage
is readfrom the framebuffer andtransmittedo be blended
with othersubimagesWe have evaluatedtwo blendingal-
gorithms. The first oneis theoreticallyoptimal: given N
differentnodes,eachof themwith oneout of N imagesto
beblendedgeachimageis splitinto N subimagesvhich are
sentto theN — 1 neighboringnodeswherethey areblended
andthensentto a previously definednode. If t is the cost
of transmittingoneimageover the network andb the cost
of blendingtwo imagestogethery this algorithmhasa total
costof (2t +b) (N— 1) /N (for afull-duplex network). The
drawback with this algorithmis that it requiresa total of
N(N — 1) transmission®ver the network. For the second
algorithmthe N nodesare split into two groups,the first
onerecevesthe dataandthe secondone sendsit, thatis,
N/2 imagesareblendedpairwisewith anotheMN /2 images.



The resultingsetis split again andthe processs repeated
until all theimageshave corvergedinto onenode.This has
atotal costof (t+b)log(N) andthereareatotal of N — 1
network connectiongo be establishedThereferencesolu-
tion for this problemis for N — 1 nodego sendtheirimages
to onenode wherethey areblended.This hasatotal costof
(t+b)(N—1) with N — 1 requiredconnections.It canbe
immediatelyseenthatfor any t andb andary N largerthan
2 thetwo presente@lgorithmsarefasterthanthereference.
In generalthe secondalgorithmhasa highercostthanthe
firstone.

Beforeblendingtheimagesthey aredepthsorted(either
backto front or front to back)usingthe boundingbox of the
datasubsetghey represent.Theimplicit parallelizationof
the graphicshardwareis not exploited becausef the over
headincurredby writing to and readingfrom the color or
depthbuffer of thecard. On currentgraphicshardware,this
overheads notto beneglected asTablel shows. Thelarge
differencedetweerthe timesfor readingfrom andwriting
to the depthbuffer arewith certaintydueto non-optimized
pathsin thecards drivers.

In thecaseof thesecondalgorithm,thelastblendingstep
could be donedirectly in hardware. This is advantageous
becausehedelaycausedy having to wait for bothimages
is compensatelly beingableto startthe blendingearly.

4 Resultsand discussion

The systemhas beenimplementedon the Kepler PC-
Clusteft, which operatesat the University of Tubingen.
This clusterconsistof 96 computinghodescommunicating
over a Myrinet 1.28 + 1.28 Gh/sinterconnect.Eachnode
hastwo Pentiumlll 650 MHz processorend1l GB RAM.
Additionally, therearetwo front-endmachineswith similar
specifications.For testingpurposesfour GeForce2GTS-
basedcardswith 64 MB of dedicatednemoryareinstalled
onthenodeswith anadditional32 similar cardswaiting for
their approval.

The blendingof imageshasprovento be a bottleneck
for large images(1024x 1024 pixels). This problemis
computational-boundand scaleslinearly with CPU and
memoryspeed. Using a C implementationplendingfour
images(BGRA format, one unsignecdbyte per channel)of
this size using floating point arithmetictakes 2208+ 3ms
onthePCscurrentlyrunningin the cluster If integerarith-
metic is usedinstead,this time is reducedto 234+ 2ms.
This aloneimposesan upperlimit of ~ 4fps on the whole
processUsinga MMX implementatiorwe 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, transferringthe blendingpro-
cessto the graphicscardis not feasible,sinceeachnode

Lhttp://keplersfb382-zdwni-tuebingen.de/

thatrecevesimageso beblendedwould have to download
multiple imagesto the card, let the card perform the ac-
tual blending,andthenuploadthe final compositedmage
to transmitit again. Forfourimagessuchaprocessmposes
anupperlimit of ~ 9fps, with the limiting factorbeingthe
availablememorybandwidthandnotthe speedf the GPU.
Currently available CPUswith clock speedsof 1.33 GHz
would nearly halve this time (doublethe maximumframe
rate). Theincreasén memorybandwidthrequiredto reach
andsurpasghesevaluesis not likely to happenn the near
future.

The secondbottleneckis to be expected: since multi-
ple imagesarebeingsentalmostat the sametime over the
network resourcecontentionbecomesoticeable.Figure4
shavs thetotal transfertime andthe attainedransferspeed
for N imagesbetweenN nodesfor eachof the algorithms
explainedin section3.2, labeledopt (for optimal) andlog
(for logarithmig). It canbe seenthat for four nodesand
large imagesthe logarithmic algorithmhasslightly shorter
transfertimesthanthe optimal one. For four 1024x 1024
BGRA imagesthetotaltimeto transferthemfrom theorig-
inal four nodesto the final one usingthe logarithmic algo-
rithm is 69.6 + 0.1msand80.3+ 0.1msfor the optimal al-
gorithm.

When combining these two results, transferringand
blendingfour imagesfrom their original nodesto their fi-
nal destinationtakes 1053 + 0.1ms using the logarithmic
algorithm and 93.3 + 0.1ms using the optimal one. This
imposesanupperlimit of ~ 10fpsfor thewhole rendering
processlt is notevorthy thatthislimit is largely dominated
by the network speedput it canbe raiseda little by using
fasterCPUsfor the blendingpart. Also notavorthy is the
factthattheactualrenderingtime perframeis almostcom-
pletely containedwithin the time requiredto transferthe
dataoverthenetwork, which allows for theimplementation
of a pipeline,whereimagesarerenderecn the cardwhile
previously renderedmagesarebeingblended.

Usingthis method we canrendera 256° datasetsinga
viewportof size1024x 1024in ~ 240msperframe,which
correspondgo = 4.2fps. This resultcompareswell with
the one reportedby Rezk-Salamaet al [8], who have ob-
tained4.3fps using a 600 x 600 viewport. Using a simi-
larly sizedviewportwe canachieve frameratesof ~ 12fps,
whichcompare$avorablywith respecto theframeratesre-
portedby the sameauthorswhenusinga high performance
visualizationsystem. At the momentonly a rudimentary
front-endhasbeenimplementedwhich doesnotexploit the
pipelining possibility mentionedbefore,which would pro-
vide asmallperformanceéncrease.

We have shavn that using commodity off the shelf
graphicshardwarein combinationwith high speedchetwork
devicesby meanf off-screerremoterenderingnakesthe
directvolumevisualizationof largedatasetss notonly pos-



color buffer depthbuffer

rgp | rgba | bgra | abgr float | int | uint |  ushort
draw* | 16 49|24 33|35 22|25 31|14 56| 060s 13s |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
drawv™ | 42 19|41 19|49 16|43 18| 21 37| 050s 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
drav* [ 20 39|25 31[40 20|31 25|/ 16 49|070s 11s |12 65| — —
read | 26 30|26 30|31 25|33 24|17 46| 1.1s 0.71s| 25 31| — —

*GeForce/Intel440BX/PIIl 500MHz/Linux 2.4.1

TGeForce2/VIA Apollo KT133/Athlon900MHz/Linux 2.4.1

tGeForce2/Inted40BX/PIIl 650 MHz/Linux 2.2.16

Table 1. Read and write times for color and depth buffers 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 x 768 region (in ms, unless otherwise stated), respectivel y. The GPU, chipset, CPU and

OS kernel are indicated.

Total transfer time [ms]

100
)
10
14t
2 nodes, log ——
4 nodes, log ——
2 nodes, opt ]
4 nodes, opt

0‘1 1 1
16 32 64 128 256 512 1024

Image size [kPixels]

1 2 4 8

Transfer speed [MB/s]

128 +
64 -
32
2 nodes, log ——
4 nodes, log ——
2 nodes, opt - !
4 nodes, opt

1 6 1 1 1
1 2 4 8

16 32 64 128 256 512 1024
Image size [kPixels]

Figure 4. Transfer time (top) and transfer
speed (bottom) as a function of image size
using two diff erent algorithms and diff erent
number of CPUs.

siblebut alsopractical,asthe performances comparabléo
that of high endequipmentat a fraction of the cost. In the
future we want to attemptrenderingreally large datasets
(severalthousand®f samplesalongone of the axes). This
will requirea differentblending approach,asthe current
one scalesalmostlinearly with the numberof rendering
nodesnvolved.
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