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Abstract

In this paper, we presenta sort-lastparallel volumerenderingsystembasedon single-passvolumeraycasting
performedin the fragmentshaderunit. Thearchitecture is aimedfor displayingdata setsthat utilize the total
distributedtexture memoryat interactiveframerates.We useuniformtexture bricksthat are distributedby means
of a kd-treeto employobjectspacepartitioning. They are further usedfor implementingempty-space-skipping
anda load balancingmechanism,which alsomakesuseof thekd-tree, to increasetheoverall performanceof the
renderingsystem.Performancenumbersaregivenfor a mid-rangeGPU-clustersystemconsistingof eightrender
nodeswith an In�niband interconnection.

Categoriesand SubjectDescriptors(accordingto ACM CCS): I.3.2 [ComputerGraphics]:Distributed/network
graphicsI.3.3 [ComputerGraphics]:Viewing algorithmsC.2.4[DistributedSystems]:Distributedapplications

1. Intr oduction

The ongoingadvancesin volumetricdataacquisition,e.g.
medialimagingor oil andgasexploration,aswell asin nu-
mericalsimulationgenerateconstantlylarger datasetsthat
posea steadychallengeto volume visualization.Cluster
computershave becomea commonway to addressthis high
demandfor renderingpower asthey canbe scaledaccord-
ing to therequirements.Likewise,graphicshardwaremakes
moreandmoreuseof parallelism,particularlyregardingthe
fragmentshaderunits,andoffersmoreandmore�e xibility .
Wetry to combinebothtypesof parallelismby distributinga
fragment-shader-basedvolumeraycasteronaGPU-cluster.

In detail,ourcontributionsare:First,weextendfragment-
program-basedraycastingfor seamlessbricking without the
needfor additionalrenderpasses.This makestheoverhead
of bricking relatively smallcomparedto otherraycastingor
slice-basedapproachesandthereforeallows for further re-
ducing the size of the bricks. Second,we employ empty-
space-skippingon a perbrick basistakingadvantageof the
pre-integration tableusedfor rendering.Third, a load bal-
ancingapproachbuilt upona kd-tree-baseddatastructurein
objectspaceis appliedto copewith imbalancescausedby
thecharacteristicsof therendereddatasetin connectionwith
empty-space-skippingor causedby inhomogeneousclus-

ter environments.This seemseven more important to us,
sincethe renderingperformanceof GPU-basedraycasting
is solelydependenton thegraphicshardwarefragmentpro-
cessingpower, whichis underrapiddevelopment,increasing
thelikelihoodof inconsistentclustersetups.Finally, wedis-
cussour system's performanceon a mid-rangeGPU-based
cluster systemusing homogeneousas well as inhomoge-
neoussetupsin orderto evaluatethepresentedloadbalanc-
ing technique.

2. RelatedWork

The�eld of distributedvolumerenderingis anactive�eld of
researchanda greatvarietyof publicationscanbefoundin
literaturedealingwith differentaspectsof this issue.Molnar
et al. [MCEF94] provide a taxomony that allows for divid-
ing parallelarchitecturesinto the threecategoriessort-�r st,
sort-middle, andsort-lastdependingon the locationof dis-
tribution in therenderingpipeline.

Early techniques for parallel volume rendering
were mostly built upon CPU-basedraycasting. Ma et
al. [MPHK93] presentedadatadistributedrenderingsystem
introducing the Binary-Swapcompositingscheme.At the
sametime Neuman[Neu93] publisheda parallel volume
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raycastingarchitecturethat used Direct-Sendfor image
compositing.Basedonoff-the-shelfcommodityPC-clusters
equippedwith graphicshardwareMagallón et al. [MHE01]
and Bajaj et al. [BPT02] both presentedparallel volume
renderingsystems.Thesemethodswere later on extended
by theuseof waveletcompression[SMW� 04] andloadbal-
ancingbasedonahierarchicalspace-�llingcurve[WGS04].
More recently, Allard and Raf�n [AR05] presentedthe
shader-based framework FlowVR for parallel rendering
using GPU-Clusters.They presenta sort-�rst distribution
schemefor raycastingas applicationof the framework in
orderto driveamulti-tile projectionwall.

In orderto utilize thegraphicshardwareperformancefor
volumeraycasting,Krügeret al. [KW03] proposeda multi-
passrenderingalgorithm.In eachpass,theintegrationalong
theraysis advancedby asinglesamplinginterval andtheac-
tual positionis storedfor thefollowing passin texturesin a
ping-pongfashion.With theadventof dynamic�o w control
for fragmentshadersit is possibleto evaluatethe complete
integration along a ray in a single pass[Sch05, SSKE05].
Hadwigeret al. [HSS� 05] extendedthesemethodsby using
adaptive texturemapsto includeempty-space-skippingand
save texturememory, but their techniqueis not easilyappli-
cableto bricksspreadacrossvariousclusternodes.

3. GPU-basedRaycasting

In orderto approximatelyevaluatethevolumerenderingin-
tegral on a GPUfor eachpixel, discretepositionsalongthe
raygetsampledandtheirassociatedcolorandopacityvalues
derived from classi�cation are accumulated.A commonly
usedtechniqueis to rendertri-linear interpolatedtextured
slicesto accountfor the datasamplingat a given depthfor
all pixels in parallel and set the blending functionality to
matchtheneededaccumulationterm[CCF94]. Theintegra-
tion along the rays is driven by generatingnew fragments
for eachsamplingposition.With theavailability of dynamic
�o w control in the fragmentprocessorof recentGPUsan
alternative approachbecomespossiblethatperformsthein-
tegrationalonga ray completelyinsidetheshaderprogram
[Sch05, SSKE05]. One obvious advantageof suchan ap-
proachis thatlessfragmentsneedto begenerated,sinceone
fragmentperray is suf�cient comparedto onefragmentper
samplepoint in slice-basedapproaches.

For anapplicationto objectspacepartitionedparallelvol-
umerenderingandevenmorein connectionwith additional
accelerationstructuresbasedon further bricking (seesec-
tion 3.2) themostimportantfeatureof GPU-basedraycast-
ing is the very low overheadintroducedfor renderingthe
splitteddataset.Thisoverheaddirectlyaffectsthescalability
of thedistributedarchitectureaswell asthebene�t of includ-
ing brick-basedempty-space-skipping.In a brickeddataset
the total numberof verticesneededfor renderingtheproxy
geometryof a slice-basedapproachhighly increaseson a
perslicebasis,while for raycastingthe requiredamountof

verticessolelydependson thenumberof bricksused,since
only their front facesneedto berenderedto setup therays.
This keepsthe load on the vertex processorvery low and
preventstransformingverticesto becomethelimiting factor
whenusingverysmallbricksizes.In addition,lessCPUtime
is necessary, sincethepositionof theseverticescanbeeasily
derivedfrom abrick's locationinsidethevolume.Compared
to slice-basedapproaches,thatneedto calculateintersection
betweeneachslice and the brick boundinggeometry, this
canbeimplementedmoreef�ciently andkeepstheoverhead
for theCPUvery low.

3.1. BasicConcept

Having the possibility of loops and conditionalsinside a
fragment shaderallows for completely traversing a ray
througha volumesamplingthedatasetat equidistantinter-
valsandevaluatingthevolumerenderingintegral in asingle
renderpass.

As describedin [SSKE05], the actualraycastingis per-
formedin texturespacein orderto avoid costlytransforma-
tionsof texturecoordinatesduring the ray traversal.There-
fore, a mappingfrom objectspaceto texture spaceis nec-
essaryfor settingup the rayscorrectly. The geometricsize
ec of a volume is determinedby the numberof slicesSc
in eachdimensionc 2 f x;y;zg andthe correspondingslice
thicknessDc. Sincein texturespacethevolumeis addressed
completelyindependentlyof the valuesSc andDc usinga
�x ed interval of [0;1], a scalingis necessaryto transforma
geometricpoint insidea volumeto its correspondingposi-
tion in texturespace.For non-uniformvolumesit is signi�-
cantto alsomapvectorsfrom onespaceto theotherto assure
constantsamplingdistancesindependentof thedirectionof
the ray. In orderto allow for thesametransformationto be
appliedto pointsaswell as to vectors,we de�ne the geo-
metricpositionof thevolumeto lie in between(0;0;0)T and
�
Ex;Ey;Ez

� T with

Ec =
ec

maxf ex;ey;ezg

being the normalizedvolume size in eachdimension.The
mappingis theneasilyde�nedasmultiplicationwith afactor
of Fc = 1=Ec for bothpositionsandvectors.

For theray setuponly thefront facesof theboundingge-
ometryof avolumearerenderedwith thetexturecoordinates
setto thecorrespondingpositionof thenormalizedvolume
asdescribedabove.Theinterpolatedtexturecoordinatesaf-
ter transformationserve as�rst samplepositionon eachray
andthe direction is derived from additionallymappingthe
positionof thecamerato texturespace.Thefragmentshader
thentraversesthe ray aslong asthesamplepositionis still
insidethevolume,which is equivalentto checkif theposi-
tion in texture spaceis still locatedin the interval of [0;1].
For eachsamplepoint theassociatedcolor andopacityval-
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uesareobtainedfrom classi�cation andaccumulatedwith
front-to-backblending.

3.2. Bricking

The idea of subdividing a volume data set into a set of
smallerdatablocksis widely usedfor renderingvery large
datasetsthat cannotbe processedas a whole by a single
machine.The object spacesubdivision of the volume al-
lows the distribution of the visualizationtask to multiple
rendernodes.Additionally, it permitstheimplementationof
empty-space-skippingoneachnode,whichcansigni�cantly
increasetheperformanceof thesystem(seeSec.5.1).

In order to employ the conceptof bricking, the volume
dataaresplit into uniform texture bricks andeachof these
bricksis processedlike a separatevolumefollowing theba-
sic concept,i. e. the front facesof the proxy geometryof
eachbrick aredrawn in depthsortedorder. The�nal image
is computedby alphablendingtheresultingfragments.

As in prior slice-baseddistributedvolumerenderersthis
procedurecausesproblemsat the boundariesof the bricks
dueto thetri-linear interpolationof thetexels.A continuous
interpolationof the volumedatacanbe achieved by repli-
cating the boundaryvoxels in adjacentbricks [SMW� 04].
Additionally, acorrecttransitionbetweenthebricksrequires
the clampingof outboundrays. For the basicconceptus-
ing only one brick the error introducedby endingthe ray
traversalat the last regular samplingpoint within the vol-
ume is neglectibleandcorrespondsto the error alsomade
by slice-basedapproaches.However, if the volumeis split
into multiplebricks,thesebordersarelocatedsomewherein
themiddleof thedatasetandit will thereforecausesignif-
icant artifactslike holesin isosurfaces,if the last sampling
points do not lie on the back faceof the proxy geometry.
The computationof theselast samplingpointscanbe done

MOVscale, 0.0;

# Test for positions outside the extents
SUBC temp.x, volExtentMax, pos;
MOVscale.x (LT), temp.x;
SUBC temp.x, pos, volExtentMin;
MOVscale.x (LT), temp.x;

# Determine correction vector
DIV temp.x, scale.x, offset.x;
ABS temp.x, temp.x;

# Move back to max/min x-axis extent
MAD pos, -temp.x, offset, pos;

Figure 1: Fragmentprogramcodefor clampingthelast ray
samplepositionto thevolumeor brick extents.Onlycodefor
thex-axisis shown.

in a way thatis similar to theSutherland-Hodgmanpolygon
clipping: Eachray is clippedagainst the boundariesof the
volume.Fig. 1 illustrateshow theclippingagainstthex-axis
is donein the fragmentprogram.The resultingpositionof
thisoperationmustthenbeclippedagainstthey- andz-axis
in thesameway, which �nally yieldstheintersectionof the
ray andthe backface.An alternative way of acquiringthe
intersectionbetweentheraysandthebackfacesis anaddi-
tional renderingpass:Krügeret al. [KW03] rendertheback
facesto createa texture holding the exit pointsof the rays.
Suchatexturecouldbeusedto lookuptheintersectionpoint
for eachray. However, we did not choosethis way as ad-
ditional renderpassesintroducehigheroverheadfor small
brick sizes.

Unfortunately, having one voxel overlap betweenthe
bricksandusingthecorrectlastsamplingpoint on theback
faceis notsuf�cient for creatinganartifact-freeimagewhen
usingpre-integration,sincedifferentsamplingdistancesoc-
cur in this case.We usethe techniquefor incrementalpre-
intregation tablespresentedby Weiler et al. [WKME03] to
overcomethisproblem.

4. Parallel SystemAr chitecture

4.1. Viewer

Oursystemis a typical remoterenderingsystemsplit in ren-
der nodes,that are responsiblefor generatingthe images,
anda viewer application.Theviewer shows the�nal image
and handlesuser input events.Basedon the user input, it
createsrenderrequests,whicharesentto theclusterin order
to refreshthe image.Messagesbetweentheviewer andthe
clusteraresentoveraTCP/IPnetwork at themoment.

Thecurrentimplementationof theviewerusestheGLUT
and runs either on Windows or Linux PCs.However, the
only graphicscapabilityrequiredfor the viewer is drawing
pixels into the framebuffer. Hence,the viewer could quite
easilybe portedto deviceswith limited graphicshardware
like PDAs or systemswithout hardwareacceleratedgraph-
icsusingonly GDI or X functionality.

4.2. RenderNodes

TherendernodesimplementtheGPUraycaster. Eachnode
is responsiblefor raycastinga disjunctpart of the dataset
consistingof oneor morebricksthatform a continuousand
convex subvolume.Thenumberof slicesSc(~b) thatbrick~b=
(bx;by;bz)T consistsof is computedfrom the total number
of slicesSc andtheuser-de�nednumberof bricksBc in each
dimensionc:

Sc(~b) =

8
<

:

l
Sc
Bc

m
if bc < Bc � 1

Sc � (Bc � 1) �
l

Sc
Bc

m
otherwise

This createsmostly uniform bricks, but if the numberof
slicescannotbedividedby thenumberof bricks,thebricks
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Figure2: Schematicview of thegenerationof a singleframe.

at the front, right andtop borderof thevolumedatasetare
smallerthantherest.

Theobjectspacesubdivisionof thedatasetis constructed
by assigningbricks to a rendernodeusinga kd-tree,which
guaranteesthatthepartitiononeverynodeis convex regard-
lessof the numberof clusternodesused.The kd-treehas
two otheradvantages:Whena layerof bricksis movedfrom
onerendernodeto anotheralongthe subdivision planesof
the tree,thenew partitionswill alsobeconvex, andthekd-
treecanbeusedto determinethecorrectorderwhenblend-
ing the imagesof the rendernodesto createthe �nal re-
sult [MPHK93].

The rendernodesbasicallyimplementa server loop that
waitsfor renderrequestsfromtheviewerandprocessesthem
(seeFig. 2). Theviewer sendstherenderrequestcontaining
thenecessaryinformationto setup thevolumefor thenext
frame to the �rst node,which actsassomekind of “mas-
ter node”.Themasternodethenbroadcasts— we useMPI
ascommunicationmiddleware— therequestmessageto all
othernodes,whichhastheadvantagethattheviewerandthe
slow network connectionbetweentheviewerandthecluster
arerelieved.Eachrendernodethenraycastsits subvolume
independently. The �nal imageis constructedby composit-
ing the imagesof all nodesandsentbackto theviewer for
display. Compositingis donein softwareusingthe Direct-
Sendcommunicationscheme[Neu93]. To preventblending
empty pixels and to limit the bad performanceimpact of
glReadPixels , we implementansl-sparsesystembased
on theprojectionof boundingboxes.

Asweexpectonlyanarrow-bandconnectionfor thetrans-
port of the �nal imagefrom the clusterto the viewer, it is
possibleto compressthe image using the LZO real time
compressionlibrary beforesendingit over this “last mile”.
The computationtime for compressingthe image is ex-
tremely low and the size of the compressedimageis nor-
mally about10% of theoriginaldata.

Besidethepossibilityto compresstheimage,wehaveim-
plementedtwo differentwaysof sendingtheimagefrom the
clusterto theviewer. The�rst is collectingthewholeimage
on oneof theclusternodesandsendingit from this nodeto
theviewer. Theadvantageof this methodis that thefastin-
terconnectbetweentheclusternodescanbeusedto combine
the resultsof the compositingon eachnodeandthe trans-
fer of one large packageover the possiblyslower network
shouldbemoreef�cient thansendingpartial imagesfrom n
nodes.

Sendingthepartialimagesfromthenodethatdid thecom-
positingdirectly to theviewer is thesecondmethod.In that
case,the viewer receivesn smallerpackagesfrom n nodes
oneaftertheother. Theadvantageof thismethodis, thatthe
clusternodesarenotsynchronizedaftercompositingandbe-
comethereforelessidle.

4.2.1. Distrib uted VolumeRaycasting

Thedistributeddatasetis basicallyrenderedby processing
eachbrick in a depthsortedorder like a separatevolume
following the basicconcept.However, somesmall changes
in theframework andthefragmentshadershave to bedone.

Firstof all, all extentshave to becomputedonaperbrick
basis.With eb

c = dSc=Bce� Dc beingtheextentof a full size
brick andec(~b) = Sc(~b) � Dc theextentof a brick~b, thenor-
malizedvolumesizeof~b in eachdimensionc is

Ec(~b) =
ec(~b)

maxf eb
x;eb

y;eb
zg

:

As statedabove, a correct tri-linear interpolationat the
borderof thebrickscanonly beachievedby having overlap-
ping voxels. We realizethis overlapby replicatingin each
brick onesliceof thebrick that is right, beforeor above the
currentoneandshift thewhole textureby half thewidth of
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a texel. A brick thereforeconsistsof

S̃c(~b) =
�

Sc(~b) + 1 if bc < Bc � 1
Sc(~b) otherwise

sliceswith valid data,but only (S̃c(~b) � 1) of theseslicesare
visible. The fragmentprogrammustbe awareof the repli-
cateddata,whichcanbeachievedby changingthefactorthat
doesthe transformationfrom geometricto texturespace.If
thevolumetextureof~b hasanactualdimensionof Tc(~b), the
new factor

Fc(~b) =
S̃c(~b) � 1

Tc(~b) � Ec(~b)

incorporatesthetransformationalreadydescribedfor theba-
sic conceptaswell asthe removal of the overlappingslice
from therangeof visibleslices.

As the actual raycastinghappensin texture space,i. e.
within [0;1] for eachbrick, the numberof samplingpoints
per brick is solely dependenton the user-de�ned sampling
distance.Hence,the overall numberof samplingpointsin-
creaseswith the numberof bricks used.To overcomethis
undesireableeffect,theuser-de�ned distancemustbescaled
dependingon thenumberof bricks.

Texturecoordinatesandthegeometricpositionof avertex
donotmatchin caseof usingmultiplebricks.Thetextureco-
ordinatesmustbe computedby interpolation— especially,
if a brick mustbe clippedagainst the nearclipping plane.
As the load on the vertex unit is not very high, we move
thiscomputationfrom theCPUto thevertex shader. Wealso
movethecomputationof theraydirectionfrom thefragment
to thevertex program,which savessomeinstructionsin the
pixel shader. Theresultis passedasanadditionalsetof tex-
ture coordinatesand hencecorrectly interpolatedbetween
the vertices.The fragmentprogramcandirectly accessthe
directionvectorandhasno needfor knowing thegeometric
positionof therayentrypointany more.

5. Optimization

5.1. Empty-Space-Skipping

The conceptof empty-space-skippingis widely used to
acceleratethe raycastingprocessin CPU-basedrenderers
[Lev90]. While employing this techniquedirectly in the
fragmentprogramsof GPU-basedsystemsis quite costly
asit requiresanadditionalhierarchy of textures,thatallow
looking up whethera certainpart of the volumewill make
any contribution to the�nal image,discardingemptybricks
comesnearlyfor free.If theframework knowstheminimum
andmaximumscalarvalueof eachbrick, it candetermine
whethera brick will createvisible fragmentsfor isosurface
anddirectvolumerenderingshadersin advanceandpossibly
skip thewholebrick.

The implementation of the skipping mechanism is

Figure 3: The aneurismdata set before (left) and after
(right) loadbalancing. Thecolor codingdenotestheassign-
mentto thedifferentclustercomputers.Seealso�g . III .

straightforward for isosurfaceshaders:A brick canbe dis-
carded,if thecurrentiso valueis not betweentheminimum
smin andmaximumsmaxof thisbrick. For directvolumeren-
dering shadersthat allow interactively changingthe trans-
fer functions,a similar decisioncanbemadeusingthepre-
integration table.The pre-integration table returnsfor two
scalarvaluessf andsb anapproximation

a i � 1� exp
�

�
Z 1

0
t ((1� w)sf + wsb)ddw

�
(1)

for the opacityof the i-th of uniform ray segmentswith a
lengthof d [EKE01]. A brick canbeskipped,if this opacity
will surelybezerofor all of its samplingpoints.That is the
case,if a i is zero for sf = smin andsb = smax, becauseas
negativeopacitiesarenotallowed,equation1 canonly yield
zero,if all scalarvaluesbetweensf andsb resultin transpar-
entfragments.

5.2. Load Balancing

For a maximumoverall systemperformance,thework load
shouldbe well-balancedbetweenthe rendernodes.How-
ever, asymmetricaldatasetscancausea load imbalance—
especiallyin conjunctionwith empty-space-skipping,which
canleadin the worst caseto nodesthat needto raycastno
brick at all, while othernodeshave all the relevantpartsof
thedataset.An inhomogenousclusterenvironmentcanalso
bethereasonfor apoorlybalancedsystem,if somecomput-
ersjust do not have thecapabilityto �nish their taskin the
sametime as the fastestcando. Finally, our kd-tree-based
constructionof thepartitionshastheinherentproblemof as-
signingvery differentnumbersof bricksto thenodes,if the
numberof clustercomputersis notapowerof two.

Thesystemthereforetriesto rebalancethework loadbe-
tweenthenodesdynamically. Basedon theassumptionthat
the render time will not changevery quickly, the render
time of the currentframeis usedasa referenceandbricks
are moved from nodeswith heavy load to nodesthat �n-
ishedtheframeearlier. However, thepossibilitesfor moving
bricksfrom onenodeto anotherarelimited by severalcon-
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straints.First of all, the loadbalancingmustensurethat the
partitionson all nodesalways form a continuousandcon-
vex subvolume,whichcanbeguaranteedby moving awhole
slice of bricks only alongthe subdivision planesin the kd-
tree.Secondly, theloadbalancingmustbefastasit mustbe
donein the samethreadas the raycastingdue to the lack
of thread-awareMPI implementationsfor mostinterconnec-
tions.Finally, thesystemshouldonly move bricksover the
network, if theexchangewill surelyimprovethesituation,as
thetransferof bricksandtheuploadinto thegraphicsmem-
ory of thetargetmachinetakesasigni�cant amountof time.
Mostimportantly, thesystemmustavoidmovingbricksfrom
onesideto theotherin oneframeandtheotherway around
in thenext.

Thebasefor all loadbalancingoperationsis a local copy
of the kd-treethat de�nes the volumepartitions.The leave
nodesof this treerepresentaclustercomputerandthebricks
that areresidenton this computer. After the timesfor ren-
deringthecurrentframehave beencommunicatedbetween
thenodes,thedifferencebetweentherendertimesof thetwo
halfspacesde�ned by any inner nodeof the kd-treecanbe
computedindependentlyoneachnode.

Whendeterminingtheneedfor loadbalancing,it mustbe
takeninto accountthatanodethatis neartherootof thekd-
treerepresentsmuchmorebricks thannodesdeeperin the
tree.Let s bethenumberof bricksthataredirectneighbors
of asubdivisionplaneononeside,i. e. thenumberof bricks
thatmustbemovedwhenbricksshouldbeexchangedalong
thisplane.Additionally, let tl bethetotal rendertime for the
left subtreeandbl thenumberof bricksin thissubtree,tr and
br accordinglyfor theright subtree.Theaveragerendertime
for a brick in thetreerepresentedby thecurrentsubdivision
tree nodethen is t = (tl + tr )=(bl + br ). Assumingtl > tr ,
moving bricksalongthissubdivisionplanemakessense,if

j(tl � st) � (tr + st)j < tl � tr : (2)

When rewriting inequation2 as jtl � tr � 2stj < tl � tr and
usingthepriorassumptionthattl � tr � 0 andthefactthatthe
rendertime st mustalsobepositive, the lower limit for 2st
is 0 andtheupperlimit 2(tl � tr ). Therefore,moving bricks
alongasubdivisionplaneimprovesthebalance,if

st < jtl � tr j (3)

holds true. However, this condition doesnot take into ac-
countthatmoving bricksfrom onenodeto theotheris very
timeconsuming,which resultsin aperformancedecreaseas
bricks aremoved too often. Let thereforec be the average
time it takesto move a brick from onenodeto another. The
systemcanmeasurec while it is running.Applyingc directly
ontheleft sideof inequation3 is notveryusefulasc is prob-
ably a quitehigh valueandwill consequentlypreventmost
loadbalancingoperations.Therefore,c is weightedwith an
additionalfactor f . For computingthisweightingfactoras

f =
�

fl if tl > tr
fr otherwise

eachnodein thekd-treestorestwo valuesfl and fr , which
model the observation that it is an undesiredbehavior if
bricks aremoved backfrom the right to the left subtree,if
they have beenmoved from the left to the right in the last
frame.If thesystemis e.g. moving bricksfrom left to right,
the factor fr for moving bricks into the oppositedirection
is increasedby a user-de�ned amount fo and the factor fl
for moving bricks into the samedirection is decreasedby
fs. By modifying thesetwo valuestheusercancontrolhow
aggressively the loadbalancingis moving bricks.Including
the averagecostc for moving a brick andthe factor f , the
conditionfor moving asliceof bricks�nally is

st + sf c < jtl � tr j : (4)

In orderto addresstheproblemof thevery limited com-
putationtimethatcanbeusedfor loadbalancing,thesystem
doesnottry to balancethewholetree,but incrementallypro-
cessesonly onenodea frame.For that,inequation4 is eval-
uatedfor the root nodeof the kd-tree.If it holds true, i. e.
theimbalancebetweenthetwo subtreesis solargethatmov-
ing a slice of bricks is very likely to improve the situation,
onesliceof bricksis transferredalongthesubdivisionplane
representedby therootnode.Theloadbalancingis then�n-
ishedfor thecurrentframeandstartsagain at theroot node
after the next imagehasbeenrendered.If the imbalanceis
not that large, the othernodesof the kd-treearetestedin a
preordertraversal,andafterthe�rst sliceof brickshasbeen
moved,theloadbalancingis suspendeduntil thenext frame.
Fig. 3 illustratesthe rearrangementof bricks madeby the
loadbalancingmechanism.

Despiteall our efforts to prevent the systemfrom alter-
natelymoving bricks alongonesubdivision plane,it is not
possibleto completelystop this behavior, mainly for two
reasons:First, choosing fo and fs and an appropriateini-
tial valuefor fl and fr is quitedif�cult asit dependson the
datasetitself, thenumberof bricks thatarecreatedandthe
hardwarethatis used.Second,if thevaluesaretoohigh, the
systemmight not reachthe bestpossiblestateof balancing
becausethe transfercostshave increasedso muchthat the
last iterationsof the loadbalancingseemto beuseless.The
systemmight theneven get stuckin a con�guration that is
worsethantheinitial partitioning.Wehavethereforeaddeda
brick cachingmechanismthatmakesit fasterto movebricks
backto the original node.If a nodeis moving a brick to a
neighboringnode,it keepsa copy of this brick in its main
memory. We currentlyusea simpleleastrecentlyusedap-
proachasreplacementstrategy. If thesystemthendecidesto
move a cachedbrick backto theinitial node,it is not trans-
ferredover thenetwork but thelocalcopy is reactivated.The
cachingmechanismrequiresadditionalmessagesto besent,
becausethetwo nodesmustnegotiatewhichbricksmustac-
tually be sentandwhich arestill cached.However, sucha
messageis muchsmallerthanawholebrick.Hence,thesys-
tem performsbetterwith cachingand it is possibleallow
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Figure4: Frameratesfor theaneurismdataset.

a moreaggressive load balancingthat can�nally achieve a
betterbalancebetweenthenodes.

6. Resultsand Discussion

Weconductedperformancetestsonourclusterof eightdual
2.1 GHz OpteronPCswith 4 GB RAM. The nodeshave a
GeForce6800Ultra with 256MB of graphicsmemoryand
areconnectedwith an In�niband network. If not stateddif-
ferently, the testshave beenperformedusing a 512� 512
viewport anda samplingdistanceassuringthat eachvoxel
is sampledat leastonce.We useda 5123 aneurismandthe
5122 � 999Christmastreedatasetfor testing.

The framerateswere measuredby the viewer applica-
tion while thevolumewasrotatedaroundthey-axis.Unless
denoteddifferently, eachrendernodesent its own part of
theimagedirectly to theviewer aftercompression.Sending
compressedstripsdirectlyprovedto befastestin mostcases,
soall furthertestsusethis transfermethod.

Fig.4 showstheresultsof theaneurismdatasetfor aniso-
surfaceand a DVR shader. Without empty-space-skipping
— nobrickscanbeskippedwith only 23 bricks—, thedata
setdoesnot �t into the graphicsmemorywhenusing less
than four nodes.It also becomesobvious, that nodenum-
bers that are powers of two generallyperform better, be-
causethepartitioningmadeusingthekd-treeis muchmore
balanced.Isosurface shadersare normally faster, because
they canstopsamplingafter the �rst isosurfacewasfound,
andmorebrickscanbediscardedwhenusingempty-space-
skipping.E.g.808brickscanbediscardedfor theisosurface
display, but only 596for theDVR shader. TheChristmastree
datasetshowsaverysimilarscalingbehavior. Usingfour to
seven nodesthe framerateis around7 fps, on eight nodes
11.6fpsareachieved.

We tested our load balancing mechanismusing the
aneurismdatasetwith 103 bricks(seeFig. 5). Loadbalanc-
ing can, to a certaindegree,resolve the problemof a bad
initial partitioningcausedby the kd-tree,provided that the
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Figure5: Loadbalancingresultwith theaneurismdataset.

transfercostparametersaresetappropriately. Findingthese
parametervaluesprovedto beverydif�cult. In fact,wehave
severalcasesin which theperformancewasworseafterload
balancingthanbefore,becausethe transfercostsgrew too
fast.With an increasingnumberof clusternodes,the load
balancingseemsto work better, probablybecausetheslices
of bricks thathave to bemoved from onenodeto theother
becomesmaller. To simulateanheterogenouscluster, were-
ducedtheGPUclockspeedononeof ournodesto 100MHz.
The framerateof the isosurfaceshaderdroppedto 6.2 fps,
but increasedagain to 11.3 fps after load balancing.When
usingtheDVR shaderwith thesameloadbalancingparam-
eters,theloadbalancinghadnearlynoeffect.

In orderto usethetotal texturememoryof 2 GB, weused
the512� 512� 1877Visible Male dataset,which requires
includingpre-computedgradientsabout1,83GB of texture
memory. Using6� 6� 12 bricks,we reach19.9fps for the
isosurfaceand20.5 fps for the DVR shader. Empty-space-
skippingworks quitewell with the isosurfaceshader:Only
40% of thebricksmustberenderedwhichresultsin a fram-
erateof 48.5fps.With 15� 15� 50 bricks,only 16% must
berendered,but theremaining1837causea lot of overhead,
sothattheframerateonly increasesfrom 3.1fps to 12.6fps.
A goodcompromiseregardingthe numberof bricks there-
fore seemsto be very important.Fig. I on the color plate
showsanimage,whichhasbeenrenderedusingacombined

Empty-Space- fps
Skipping

12603 no 2.8
12603 yes 4.4
12603, half samplingrate yes 8.1
10753 yes 4.9
10753, 1024� 768viewport yes 3.2

Table1: Frameratesof thelargeaneurismdatasets.
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isosurface/DVR shaderon a 768� 1024 viewport. When
samplingtwicepervoxel, 0.5fpsarereached.

As DVR shadersdo not needgradients,we additionally
testedtwo resampledversionsof theaneurismdatasetwith
10753 and12603 slices.We used103 bricks,which of 692
must be renderedwhen empty-space-skippingis enabled.
Tab. 1 shows theresultsoneightclusternodes.

7. Conclusionand Futur eWork

We presenteda distributedGPU-basedraycastingarchitec-
ture for renderinguniformly bricked datasets.This brick
structureis the basisfor two optimizationmethods.First,
an empty-space-skippingis applied to single-passvolume
raycastingwithout theneedfor additionalrenderpassesand
without introducingvisible artifacts.Second,we addressed
the problem of imbalancedwork load acrossthe cluster
nodescausedby dataset characteristicsor inhomogenous
cluster layouts with an object spacebalancingtechnique
built upon a kd-tree.With the presentedsystemit is pos-
sible to visualizedatasetsthat make useof the complete
distributedtexturememoryat2.8framespersecond.

For futurework we planto furtherutilize thebrick struc-
turefor adaptivesamplingon theraysbasedon thestandard
deviationof thescalarvalueswithin a brick. To improve the
loadblancingweintendtoextendthebrickstructurefor non-
uniform bricks.Usingsmallerbrick sizesat the likely loca-
tionsof dataexchangeduringloadbalancingwoulddecrease
thetransfercostsaswell asallow for moreaccurateadaption
of thework load.

8. Acknowledgements

Theaneurismdatasetis providedby MichaelMeißner, Vi-
atronix Inc., theChristmastreeby theUniversityof Vienna
andViennaUniversityof Technology. TheVisibleMaledata
setis courtesyof theNationalLibrary of Medicine.

References

[AR05] ALLARD J., RAFFIN B.: A Shader-BasedParallel
RenderingFramework. In Proceedingsof IEEE Visual-
izationConference'05 (2005),pp.127–134. 2

[BPT02] BAJAJ C., PARK S., THANE A.: Parallel Multi-
PCVolumeRenderingSystem. CS& ICESTechnicalRe-
port,Universityof TexasatAustin,2002. 2

[CCF94] CABRAL B., CAM N., FORAN J.: Accelerated
VolumeRenderingandTomographicReconstructionus-
ing TextureMappingHardware.In VVS'94: Proceedings
of the 1994Symposiumon VolumeVisualization(1994),
pp.91–98. 2

[EKE01] ENGEL K., KRAUS M., ERTL T.: High-Quality
Pre-Integrated Volume Rendering Using Hardware-
AcceleratedPixel Shading.In Eurographics/ SIGGRAPH
WorkshoponGraphicsHardware'01 (2001),pp.9–16. 5

[HSS� 05] HADWIGER M., SIGG C., SCHARSACH H.,
BÜHLER K., GROSS M.: Real-Time Ray-Castingand
AdvancedShadingof DiscreteIsosurfaces. In Proceed-
ingsof Eurographics'05 (2005),pp.303–312. 2

[KW03] KRÜGER J., WESTERMANN R.: Acceleration
Techniquesfor GPU-basedVolumeRendering. In Pro-
ceedingsof IEEE Visualization'03 (2003),pp. 287–292.
2, 3

[Lev90] LEVOY M.: Ef�cient Ray Tracing of Volume
Data. ACM Transactionson Graphics9, 3 (1990),245–
261. 5

[MCEF94] MOLNAR S., COX M., ELLSWORTH D.,
FUCHS H.: A sortingclassi�cationof parallelrendering.
IEEE ComputerGraphicsandApplications14, 4 (1994),
23–32. 1

[MHE01] MAGALLÓN M., HOPF M., ERTL T.: Parallel
volume renderingusing PC graphicshardware. In Pa-
ci�c ConferenceonComputerGraphicsandApplications
(2001),pp.384–389. 2

[MPHK93] MA K. L., PAINTER J. S., HANSEN C. D.,
KROGH M. F.: A DataDistributed,Parallel Algorithm
for Ray-TracedVolume Rendering. In PRS'93: Pro-
ceedingsof the 1993 Symposiumon Parallel Rendering
(1993),pp.15–22. 1, 4

[Neu93] NEUMANN U.: Parallel Volume-RenderingAl-
gorithm Performanceon Mesh-ConnectedMulticomput-
ers. In PRS'93: Proceedingsof the1993Symposiumon
Parallel Rendering(1993),pp.97–104. 1, 4

[Sch05] SCHARSACH H.: AdvancedGPURaycasting.In
Proceedingsof CESCG'05 (2005),pp.67–76. 2

[SMW� 04] STRENGERT M., MAGALLÒN M.,
WEISKOPF D., GUTHE S., ERTL T.: Hierarchical
VisualizationandCompressionof LargeVolumeDatasets
Using GPU Clusters. In Eurographics Symposiumon
Parallel GraphicsandVisualization(EGPGV04)(2004),
pp.41–48. 2, 3

[SSKE05] STEGMAIER S., STRENGERT M., KLEIN T.,
ERTL T.: A Simple and Flexible Volume Rendering
Framework for Graphics-Hardware–basedRaycasting.In
Proceedingsof the International Workshopon Volume
Graphics'05 (2005),pp.187–195. 2

[WGS04] WANG C., GAO J., SHEN H.-W.: ParallelMul-
tiresolutionVolume Renderingof Large Data Setswith
Error-GuidedLoad Balancing. In EurographicsSympo-
siumon Parallel GraphicsandVisualization(EGPGV04)
(2004),pp.23–30. 2

[WKME03] WEILER M., KRAUS M., MERZ M., ERTL

T.: Hardware-BasedRayCastingfor TetrahedralMeshes.
In Proceedingsof IEEE Visualization Conference '03
(2003),pp.333–340. 3

c
 TheEurographicsAssociation2006.



C. Müller & M. Strengert & T. Ertl / OptimizedVolumeRaycastingfor Graphics-Hardware-basedClusterSystems

Figure I: TheVisibleMaledatasetrenderedusing
a combinedisosurface/DVRshader.

Figure II: Combinedisosurface/DVRimage of theupper5123

part of theVisibleMale.

Figure III: Theaneurismdatasetbefore (left) andafter (right)
loadbalancing. Thecolor codingdenotestheassignmentto the
differentclustercomputers.
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