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Abstract

In this paper we presenta sort-last parallel volumerenderingsystembasedon single-pass/olumeraycasting
performedin the fragmentshaderunit. The architectue is aimedfor displayingdata setsthat utilize the total
distributedtexture memoryat interactiveframetes.We useuniformtexture bricksthat are distributedby means
of a kd-treeto employobjectspacepartitioning. They are further usedfor implementingempty-space-skipping
anda load balancingmedianism which alsomalesuseof the kd-treg to increasethe overall performanceof the
renderingsystemPerformancenumbes are givenfor a mid-range GPU-clustersystentonsistingof eightrender
nodeswith an In niband interconnection.

Cateories and SubjectDescriptors(accordingto ACM CCS) 1.3.2 [Computer Graphics]: Distributed/netvark
graphicd.3.3[ComputerGraphics]:Viewing algorithmsC.2.4[Distributed Systems]Distributedapplications

1. Intr oduction

The ongoingadwancesin volumetric dataacquisition,e.g.
medialimagingor oil andgasexploration,aswell asin nu-
merical simulationgenerateconstantlylarger datasetsthat
pose a steadychallengeto volume visualization. Cluster
computerdave becomea commonway to addresshis high
demandfor renderingpower asthey canbe scaledaccord-
ing to therequirementslLik ewise,graphicshardwaremakes
moreandmoreuseof parallelism particularlyregardingthe
fragmentshaderunits, andoffersmoreandmore e xibility .
We try to combinebothtypesof parallelismby distributinga
fragment-shadédbasedsolumeraycasteon a GPU-cluster

In detail,our contritutionsare:First, we extendfragment-
program-basedaycastingor seamles$ricking withoutthe
needfor additionalrenderpassesThis makesthe overhead
of bricking relatively smallcomparedo otherraycastingor
slice-basedapproacheand thereforeallows for further re-
ducing the size of the bricks. Second,we emplgy empty-
space-skippin@n a per brick basistaking advantageof the
pre-integration table usedfor rendering.Third, a load bal-
ancingapproactbuilt upona kd-tree-basedatastructurein
objectspaceis appliedto copewith imbalancesausedby
thecharacteristicef therenderediatasetin connectiorwith
empty-space-skippingr causedby inhomogeneouglus-
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ter ervironments.This seemseven more importantto us,
sincethe renderingperformanceof GPU-basedaycasting
is solely dependenbn the graphicshardwarefragmentpro-
cessingpower, whichis undemrapiddevelopmentjncreasing
thelikelihoodof inconsistentlustersetupsFinally, we dis-
cussour systems performanceon a mid-rangeGPU-based
cluster systemusing homogeneouss well as inhomoge-
neoussetupsn orderto evaluatethe presentedoad balanc-
ing technique.

2. RelatedWork

The eld of distributedvolumerenderings anactive eld of
researctanda greatvariety of publicationscanbefoundin
literaturedealingwith differentaspect®f thisissue Molnar
et al. [IMCEF94 provide a taxomoly thatallows for divid-
ing parallelarchitecturesnto the threecateoriessort- 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] presentea@ datadistributedrenderingsystem
introducing the Binary-Swapcompositingscheme At the
sametime Neuman[Neu93 publisheda parallel volume
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raycastingarchitecturethat used Direct-Sendfor image
compositing Basedon off-the-shelfcommodityPC-clusters
equippedwith graphicshardware Magallén et al. [MHEO]]
and Bajaj et al. [BPT0Z both presentedparallel volume
renderingsystems.Thesemethodswere later on extended
by the useof waveletcompressiofSMW 04] andload bal-
ancingbasednahierarchicakpace- lling curve [WGS04.
More recently Allard and Rafn [ARO05] presentedthe
shadetbased framevork FlowVR for parallel rendering
using GPU-ClustersThey presenta sort- rst distribution
schemefor raycastingas applicationof the framework in
orderto drive amulti-tile projectionwall.

In orderto utilize the graphicshardware performancedor
volumeraycastingKrugeretal. [KWO03] proposecda multi-
passrenderingalgorithm.In eachpasstheintegrationalong
theraysis advancedy asinglesamplingintenal andtheac-
tual positionis storedfor the following passin texturesin a
ping-pongfashion With theadwentof dynamic o w control
for fragmentshaderst is possibleto evaluatethe complete
integration along a ray in a single pass[Sch05 SSKEO0].
Hadwigeretal. [HSS 05] extendedthesemethodsby using
adaptve texture mapsto include empty-space-skippingnd
save texture memory but their techniquds not easilyappli-
cableto bricks spreadacrossvariousclusternodes.

3. GPU-basedRaycasting

In orderto approximatelyevaluatethe volumerenderingin-

tegral on a GPU for eachpixel, discretepositionsalongthe

ray getsampledandtheirassociatedolorandopacityvalues
derived from classi cation are accumulatedA commonly
usedtechniqueis to rendertri-linear interpolatedtextured
slicesto accountfor the datasamplingat a given depthfor

all pixels in parallel and set the blending functionality to

matchthe needechccumulatiorterm[CCF94. Theintegra-
tion alongthe raysis driven by generatinghen fragments
for eachsamplingposition.With the availability of dynamic
ow control in the fragmentprocessoinof recentGPUsan

alternatve approactbecomesgpossiblethat performsthein-

tegrationalonga ray completelyinside the shademprogram
[Sch05 SSKEO0]. One olvious adwantageof suchan ap-
proachis thatlessfragmentseedto begeneratedsinceone
fragmentperray is sufcient comparedo onefragmentper
samplepointin slice-base@pproaches.

For anapplicationto objectspacepartitionedparallelvol-
umerenderingandevenmorein connectiorwith additional
acceleratiorstructuresbasedon further bricking (seesec-
tion 3.2) the mostimportantfeatureof GPU-basedaycast-
ing is the very low overheadintroducedfor renderingthe
splitteddataset.This overheadlirectly affectsthescalability
of thedistributedarchitectureaswell asthebene t of includ-
ing brick-basedempty-space-skippingn a bricked dataset
the total numberof verticesneededor renderingthe proxy
geometryof a slice-basedapproachhighly increaseson a
per slice basis,while for raycastingthe requiredamountof

verticessolely depend®n the numberof bricksused,since
only their front facesneedto berenderedo setup therays.

This keepsthe load on the vertex processowery low and

preventstransformingverticesto becomethelimiting factor
whenusingverysmallbrick sizesn addition lessCPUtime

is necessarysincethepositionof theseverticescanbeeasily
derivedfrom abrick'slocationinsidethevolume.Compared
to slice-base@dpproachedhatneedto calculateintersection
betweeneachslice and the brick boundinggeometry this

canbeimplementednoreef ciently andkeepsheoverhead
for the CPUvery low.

3.1. BasicConcept

Having the possibility of loops and conditionalsinside a
fragment shaderallows for completely traversing a ray
througha volumesamplingthe datasetat equidistaninter
valsandevaluatingthe volumerenderingintegral in asingle
renderpass.

As describedn [SSKEOQY, the actualraycastingis per
formedin texture spacein orderto avoid costlytransforma-
tions of texture coordinatesiuring the ray traversal. There-
fore, a mappingfrom objectspaceto texture spaceis nec-
essaryfor settingup the rayscorrectly The geometricsize
e; of a volumeis determinedby the numberof slices &
in eachdimensionc 2 f x;y; zg andthe correspondingslice
thicknesDe. Sincein texture spacehevolumeis addressed
completelyindependentlyof the valuesS: and D¢ usinga
x edintenal of [0; 1], a scalingis necessaryo transforma
geometricpoint inside a volumeto its correspondingposi-
tion in texture spaceFor non-uniformvolumesit is signi -
cantto alsomapvectorsfrom onespaceo theotherto assure
constansamplingdistancesndependenof the directionof
theray. In orderto allow for the sametransformatiorto be
appliedto pointsaswell asto vectors,we de ne the geo-
metricpositionof thevolumeto lie in between(0; 0; 0)T and

Ex;Ey,Ez T with

&

maxf ex; ey; €9

being the normalizedvolume size in eachdimension.The

mappingds theneasilyde ned asmultiplicationwith afactor
of Fc = 1=E for both positionsandvectors.

EC_

For theray setuponly the front facesof the boundingge-
ometryof avolumearerenderedvith thetexturecoordinates
setto the correspondingpositionof the normalizedvolume
asdescribedabove. Theinterpolatedexture coordinatesf-
tertransformatiorsene as rst samplepositionon eachray
andthe directionis derived from additionally mappingthe
positionof thecamerao texturespaceThefragmentshader
thentraversestheray aslong asthe samplepositionis still
insidethe volume,which is equivalentto checkif the posi-
tion in texture spaceis still locatedin theintenal of [0; 1].
For eachsamplepoint the associate@olor andopacityval-
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uesare obtainedfrom classi cation and accumulatedvith
front-to-backblending.

3.2. Bricking

The idea of subdviding a volume data set into a set of
smallerdatablocksis widely usedfor renderingvery large
datasetsthat cannotbe processeds a whole by a single
machine.The object spacesubdvision of the volume al-
lows the distribution of the visualizationtask to multiple
rendemodes Additionally, it permitstheimplementatiorof
empty-space-skippingn eachnode which cansigni cantly
increasahe performancef the system(seeSec.5.1).

In orderto emplagy the conceptof bricking, the volume
dataare split into uniform texture bricks and eachof these
bricksis processetik e a separaterolumefollowing the ba-
sic concept,i. e. the front facesof the proxy geometryof
eachbrick aredravn in depthsortedorder The nal image
is computedby alphablendingtheresultingfragments.

As in prior slice-basedlistributed volumerendererghis
procedurecausegproblemsat the boundariesof the bricks
dueto thetri-linear interpolationof thetexels.A continuous
interpolationof the volume datacan be achiesed by repli-
cating the boundaryvoxels in adjacentbricks [SMW 04].
Additionally, acorrecttransitionbetweerthebricksrequires
the clamping of outboundrays. For the basic conceptus-
ing only one brick the error introducedby endingthe ray
traversalat the last regular samplingpoint within the vol-
umeis neglectible and correspondgo the error also made
by slice-basedapproachesHowever, if the volumeis split
into multiple bricks,thesebordersarelocatedsomeavherein
the middle of the datasetandit will thereforecausesignif-
icantartifactslike holesin isosuraces,f 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
SUBCtemp.x, VvolExtentMax, pos;
MOVscale.x  (LT), temp.x;

SUBCtemp.x, pos, VolExtentMin;

MOVscalex  (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
MAD pos, -temp.X, offset, pos;

extent

Figure 1: Fragmentprogram codefor clampingthelastray
samplepositionto thevolumeor brick extents Only codefor
the x-axisis shown.
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in away thatis similar to the Sutherland-Hodgmapolygon
clipping: Eachray is clippedagainstthe boundariesof the
volume.Fig. 1 illustrateshow the clipping agrinstthe x-axis
is donein the fragmentprogram.The resultingposition of
this operatiormustthenbe clippedagainstthey- andz-axis
in the sameway, which nally yieldstheintersectiorof the
ray andthe backface.An alternatve way of acquiringthe
intersectiorbetweerthe raysandthe backfacesis anaddi-
tional renderingpassKriigeretal. [KWO03] rendertheback
facesto createa texture holding the exit pointsof therays.
Suchatexturecouldbeusedto lookuptheintersectiorpoint
for eachray. However, we did not choosethis way as ad-
ditional renderpassesntroducehigher overheadfor small
brick sizes.

Unfortunately having one voxel overlap betweenthe
bricksandusingthe correctlastsamplingpoint on the back
faceis notsufcient for creatinganartifact-freeimagewhen
usingpre-intgration,sincedifferentsamplingdistance®c-
cur in this case We usethe techniquefor incrementalpre-
intregation tablespresentedy Weiler et al. [WKMEOQ3] to
overcomethis problem.

4. Parallel SystemAr chitecture
4.1. Viewer

Our systemis atypical remoterenderingsystemsplitin ren-
der nodes,that are responsiblefor generatingthe images,
anda viewer application.The viewer showvs the nal image
and handlesuserinput events.Basedon the userinput, it
createsendemrequestswhich aresentto theclusterin order
to refreshthe image.Messagedetweerthe viewer andthe
clusteraresentover a TCP/IPnetwork atthe moment.

Thecurrentimplementatiorof theviewer useshe GLUT
and runs either on Windows or Linux PCs.However, the
only graphicscapabilityrequiredfor the viewer is draving
pixels into the framehuffer. Hence,the viewer could quite
easilybe portedto deviceswith limited graphicshardware
like PDAs or systemswithout hardware acceleratedjraph-
icsusingonly GDI or X functionality

4.2. Render Nodes

Therendemodesimplementthe GPUraycasterEachnode
is responsiblefor raycastinga disjunct part of the dataset
consistingof oneor morebricksthatform a continuousand
corvex subvolume.Thenumberof slicesS:(b) thatbrickb =

(by; by, b,)T consistsof is computedfrom the total number
of slices&; andtheuserde ned numberof bricksB in each

dimensiorc:
81 m
< 2 ifbc< B 1
sm)=, _~ s _
- & (Be ) B otherwise

This createsmostly uniform bricks, but if the numberof
slicescannotbe divided by the numberof bricks,the bricks
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Figure 2: Shematicview of thegenertion of a singleframe

at the front, right andtop borderof the volumedatasetare
smallerthantherest.

Theobjectspacesubdvision of thedatasetis constructed
by assigningoricksto a rendernodeusinga kd-tree,which
guaranteethatthe partitionon every nodeis convex regard-
lessof the numberof clusternodesused.The kd-tree has
two otheradantageswWhenalayerof bricksis movedfrom
onerendernodeto anotheralongthe subdvision planesof
thetree,the new partitionswill alsobe corvex, andthekd-
treecanbe usedto determinethe correctorderwhenblend-
ing the imagesof the rendernodesto createthe nal re-
sult[MPHK93].

The rendernodesbasicallyimplementa sener loop that
waitsfor renderrequestérom theviewerandprocessethem
(seeFig. 2). Theviewer sendgherenderequestontaining
the necessarynformationto setup the volumefor the next
frameto the rst node,which actsassomekind of “mas-
ter node”. The mastemodethenbroadcasts— we useMPI
ascommunicatiommiddlevare— therequesimessagéo all
othernodeswhich hastheadwantagethattheviewer andthe
slow network connectiorbetweertheviewer andthecluster
arerelieved. Eachrendernodethenraycaststs subvolume
independentlyThe nal imageis constructecdby composit-
ing the imagesof all nodesandsentbackto the viewer for
display Compositingis donein software usingthe Direct-
SendcommunicatiorschemgNeu93. To preventblending
empty pixels and to limit the bad performanceimpact of
glReadPixels , weimplementansl-spasesystembased
onthe projectionof boundingboxes.

As we expectonly anarrav-bandconnectiorfor thetrans-
port of the nal imagefrom the clusterto the viewer, it is
possibleto compressthe image using the LZO real time
compressionibrary beforesendingit over this “last mile”.
The computationtime for compressingthe image is ex-
tremelylow andthe size of the compressedmageis nor
mally about10% of theoriginal data.

Besidethepossibilityto compressheimage we have im-
plementedwo differentwaysof sendingheimagefrom the
clusterto theviewer. The rst is collectingthewholeimage
on oneof the clusternodesandsendingit from this nodeto
theviewer. The advantageof this methodis thatthe fastin-
terconnecbetweertheclustemodescanbeusedio combine
the resultsof the compositingon eachnodeandthe trans-
fer of onelarge packageover the possiblyslower network
shouldbe moreef cient thansendingpartialimagesfrom n
nodes.

Sendinghepartialimagesrom thenodethatdid thecom-
positingdirectly to the viewer is the secondmethod.In that
case the viewer recevesn smallerpackagegrom n nodes
oneaftertheother Theadwantageof this methodis, thatthe
clustemodesarenotsynchronizedftercompositingandbe-
cometherefordessidle.

4.2.1. Distrib uted Volume Raycasting

The distributeddatasetis basicallyrenderedy processing
eachbrick in a depthsortedorderlike a separatevolume
following the basicconceptHowever, somesmall changes
in theframevork andthefragmentshaderhave to bedone.

Firstof all, all extentshave to becomputecon a perbrick
basis.With eE = d:=Bce D beingthe extentof afull size
brick andec(b) = S(b) Dc theextentof abrick®, the nor
malizedvolumesizeof b in eachdimensiornc is

_ ec(b) :
Ec(b) - maxfeQ;e'y);e*gg'

As statedabove, a correcttri-linear interpolationat the
borderof thebrickscanonly beachiezedby having overlap-
ping voxels. We realizethis overlap by replicatingin each
brick oneslice of the brick thatis right, beforeor above the
currentoneandshift the whole texture by half the width of
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atexel. A brick thereforeconsistof

S M+ 1 ifbe<Be 1

S(b) = S(b) otherwise

sliceswith valid data,but only (&(b) 1) of theseslicesare
visible. The fragmentprogrammustbe aware of the repli-
cateddatawhichcanbeachiezedby changinghefactorthat
doesthe transformatiorfrom geometricto texture spacelf
thevolumetextureof b hasanactualdimensiorof T;(b), the
new factor

_ &m 1
Te(D) Ec(b)
incorporateshetransformatioralreadydescribedor theba-

sic conceptaswell asthe removal of the overlappingslice
from therangeof visible slices.

Fe(b)

As the actual raycastinghappensn texture space,i. e.
within [0; 1] for eachbrick, the numberof samplingpoints
per brick is solely dependentn the userde ned sampling
distance Hence the overall numberof samplingpointsin-
creasesvith the numberof bricks used.To overcomethis
undesireableffect, theuserde ned distancemustbescaled
dependingon the numberof bricks.

Texturecoordinategandthegeometrigoositionof avertex
donotmatchin caseof usingmultiple bricks. Thetextureco-
ordinatesmustbe computedby interpolation— especially
if a brick mustbe clipped againstthe nearclipping plane.
As the load on the vertex unit is not very high, we move
this computatiorfrom the CPUto thevertex shaderWe also
move thecomputatiorof theray directionfrom thefragment
to the vertex program which savessomeinstructionsin the
pixel shaderTheresultis passedisanadditionalsetof tex-
ture coordinatesand hencecorrectly interpolatedbetween
the vertices.The fragmentprogramcandirectly accesghe
directionvectorandhasno needfor knowing the geometric
positionof theray entrypointary more.

5. Optimization
5.1. Empty-Space-Skipping

The conceptof empty-space-skippings widely used to

acceleratethe raycastingprocessin CPU-basedenderers
[LevaQ]. While emplgying this techniquedirectly in the

fragmentprogramsof GPU-basedsystemsis quite costly

asit requiresan additionalhierarcly of textures,thatallow

looking up whethera certainpart of the volumewill make

ary contritutionto the nal image,discardingemptybricks

comemearlyfor free.If theframeavork knows theminimum

and maximumscalarvalue of eachbrick, it candetermine
whethera brick will createvisible fragmentsfor isosurtice
anddirectvolumerenderingshadersn advanceandpossibly
skip thewholebrick.

The implementation of the skipping mechanismis
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Figure 3: The aneurismdata set befor (left) and after
(right) load balancing Thecolor codingdenotegheassign-
mentto thedifferentclustercomputes. Seealso g. lll.

straightforvard for isosurficeshadersA brick canbe dis-
cardedjf the currentiso valueis not betweerthe minimum
Smin andmaximumsmax Of this brick. For directvolumeren-
dering shaderghat allow interactvely changingthe trans-
fer functions,a similar decisioncanbe madeusingthe pre-
integration table. The pre-intgration table returnsfor two
scalarvaluess; ands, anapproximation
Z,

a 1 exp o t((1 w)ss+ wsy)ddw 1)
for the opacity of the i-th of uniform ray segmentswith a
lengthof d [EKEOQ]]. A brick canbeskipped|f this opacity
will surelybe zerofor all of its samplingpoints.Thatis the
case,f aj is zerofor s = smin ands, = Smax becauseas
negative opacitiesarenotallowed,equationl canonly yield
zero,if all scalarvaluesbetweers; ands, resultin transpar
entfragments.

5.2. Load Balancing

For a maximumoverall systemperformancethe work load
should be well-balancedbetweenthe rendernodes.How-
ever, asymmetricabatasetscancausea loadimbalance—
especiallyin conjunctionwith empty-space-skippingyhich
canleadin the worst caseto nodesthat needto raycastno
brick at all, while othernodeshave all the relevant partsof
thedataset.An inhomogenouslusterervironmentcanalso
bethereasorfor apoorly balancedsystemjf somecomput-
ersjust do not have the capabilityto nish their taskin the
sametime asthe fastestcando. Finally, our kd-tree-based
constructiorof thepartitionshastheinherentproblemof as-
signingvery differentnumbersof bricksto thenodes|f the
numberof clustercomputerss nota paower of two.

The systemthereforetriesto rebalancehe work load be-
tweenthe nodesdynamically Basedon the assumptiorthat
the rendertime will not changevery quickly, the render
time of the currentframeis usedasa referenceand bricks
are moved from nodeswith heary load to nodesthat n-
ishedtheframeearlier However, the possibilitesfor moving
bricks from onenodeto anotherarelimited by severalcon-
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straints.First of all, theload balancingmustensurethatthe

partitionson all nodesalwaysform a continuousand con-

vex subvolume,which canbeguaranteetly moving awhole

slice of bricks only alongthe subdvision planesin the kd-

tree.Secondlytheloadbalancingmustbe fastasit mustbe

donein the samethreadas the raycastingdue to the lack

of thread-avareMPI implementationgor mostinterconnec-
tions. Finally, the systemshouldonly move bricks over the

network, if theexchangewill surelyimprovethesituation,as
thetransferof bricksandthe uploadinto thegraphicsmem-

ory of thetamgetmachinetakesa signi cant amountof time.

Mostimportantly thesystenmustavoid moving bricksfrom

onesideto the otherin oneframeandthe otherway around
in thenext.

Thebasefor all load balancingoperationss alocal copy
of the kd-treethat de nes the volume partitions.The leave
nodesof thistreerepresena clustercomputerandthebricks
that areresidenton this computer After the timesfor ren-
deringthe currentframe have beencommunicatedetween
thenodesthedifferencebetweertherendertimesof thetwo
halfspacesle ned by ary inner nodeof the kd-treecanbe
computedndependentlyn eachnode.

Whendeterminingheneedfor loadbalancingjt mustbe
takeninto accounthatanodethatis neartheroot of thekd-
treerepresentsnuch more bricks thannodesdeepetin the
tree.Let s bethe numberof bricksthataredirectneighbors
of asubdvision planeon oneside,i. e.thenumberof bricks
thatmustbe movedwhenbricksshouldbe exchangedalong
this plane.Additionally, lett) bethetotal rendertime for the
left subtreeandb; thenumberof bricksin thissubtreet; and
b, accordinglyfor theright subtreeTheaveragerendertime
for abrick in thetreerepresentedly the currentsubdvision
treenodethenis T = (t + t;)=(b; + by). Assumingt, > t,,
moving bricksalongthis subdvision planemalessenseif

it & G+shi<y te @
Whenrewriting inequation2 asjt; t 28j<t t and
usingthepriorassumptiotthatt; t; 0andthefactthatthe

rendertime & mustalsobe positive, the lower limit for 25t
is 0 andthe upperlimit 2(t; t;). Therefore moving bricks
alonga subdvision planeimprovesthe balanceif

<t ®)

holds true. However, this condition doesnot take into ac-
countthatmoving bricks from onenodeto the otheris very
time consumingwhich resultsin a performancealecreasas
bricks are moved too often. Let thereforec be the average
time it takesto move a brick from onenodeto anotherThe
systencanmeasure while it is running.Applying c directly
ontheleft sideof inequatior3 is notveryusefulasc is prob-
ably a quite high valueandwill consequentlyreventmost
load balancingoperationsTherefore ¢ is weightedwith an
additionalfactor f. For computingthis weightingfactoras

fioify >t

f= fr  otherwise

eachnodein the kd-treestorestwo valuesf| and f;, which
model the obsenation that it is an undesiredbehaior if
bricks are moved backfrom the right to the left subtreef
they have beenmoved from the left to theright in the last
frame.If thesystemis e.g. moving bricksfrom left to right,
the factor f; for moving bricks into the oppositedirection
is increaseddy a userde ned amountf, andthe factor f|
for moving bricks into the samedirectionis decreasedy
fs. By modifying thesetwo valuesthe usercancontrolhow
aggressiely the load balancingis moving bricks. Including
the averagecostc for moving a brick andthe factor f, the
conditionfor moving a sliceof bricks nally is

g+ sfe<jfy  tj: (4)

In orderto addresgshe problemof the very limited com-
putationtime thatcanbeusedfor loadbalancingthesystem
doesnottry to balancghewholetree,butincrementallypro-
cesse®nly onenodea frame.For that,inequatiord is eval-
uatedfor the root nodeof the kd-tree.If it holdstrue,i. e.
theimbalancebetweerthetwo subtreess solargethatmov-
ing a slice of bricksis very likely to improve the situation,
oneslice of bricksis transferrecalongthe subdvision plane
representedy therootnode.Theloadbalancings then n-
ishedfor the currentframeandstartsagain at the root node
afterthe next imagehasbeenrenderedlf the imbalanceis
not thatlarge, the othernodesof the kd-treearetestedin a
preordettraversal,andafterthe rst sliceof brickshasbeen
moved,theloadbalancings suspendedntil thenext frame.
Fig. 3 illustratesthe rearrangementf bricks madeby the
loadbalancingmechanism.

Despiteall our efforts to prevent the systemfrom alter
natelymoving bricks alongone subdvision plane,it is not
possibleto completelystop this behaior, mainly for two
reasons¥First, choosingf, and fs and an appropriateini-
tial valuefor f; and f; is quitedif cult asit dependonthe
datasetitself, the numberof bricksthatarecreatedandthe
hardwarethatis used.Secondjf thevaluesaretoo high, the
systemmight not reachthe bestpossiblestateof balancing
becausehe transfercostshave increasedso muchthat the
lastiterationsof theload balancingseemto be uselessThe
systemmight theneven get stuckin a con guration thatis
worsethantheinitial partitioning.We have thereforeaddeca
brick cachingmechanisnthatmalesit fasterto move bricks
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 simple leastrecentlyusedap-
proachasreplacemenstratey. If thesystenthendecidego
move a cachedbrick backto theinitial node,it is not trans-
ferredoverthenetwork butthelocal copy is reactvated.The
cachingmechanismequiresadditionalmessaget besent,
becausé¢hetwo nodesnustnegotiatewhich bricksmustac-
tually be sentandwhich arestill cached However, sucha
messagés muchsmallerthanawholebrick. Hence thesys-
tem performsbetterwith cachingandit is possibleallow
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Figure 4: Framemtesfor theaneurismdataset.

a moreaggressie load balancingthatcan nally achiere a
betterbalancebetweerthe nodes.

6. Resultsand Discussion

We conductecperformanceestson our clusterof eightdual
2.1 GHz OpteronPCswith 4 GB RAM. The nodeshave a
GeForce6800Ultra with 256 MB of graphicsmemoryand
areconnectedvith anIn niband network. If not stateddif-
ferently the testshave beenperformedusinga 512 512
viewport and a samplingdistanceassuringthat eachvoxel
is sampledat leastonce.We useda 512 aneurismandthe
512 999 Christmadreedatasetfor testing.

The framerateswere measuredby the viewer applica-
tion while the volumewasrotatedaroundthey-axis.Unless
denoteddifferently, eachrendernode sentits own part of
theimagedirectly to the viewer aftercompressionSending
compressedtripsdirectly provedto befastestn mostcases,
soall furthertestsusethis transfermethod.

Fig. 4 shavstheresultsof theaneurisndatasetfor aniso-
surfaceand a DVR shader Without empty-space-skipping
— no brickscanbe skippedwith only 23 bricks—, thedata
setdoesnot t into the graphicsmemorywhenusingless
than four nodes.It also becomesbvious, that nodenum-
bersthat are powers of two generallyperform better be-
causethe partitioningmadeusingthe kd-treeis muchmore
balanced.Isosurfice shadersare normally faster because
they canstopsamplingafterthe rst isosurbicewasfound,
andmorebricks canbe discardedvhenusingempty-space-
skipping.E.g. 808brickscanbediscardedor theisosurfice
display but only 596for theDVR shaderTheChristmadree
datasetshows avery similar scalingbehaior. Usingfour to
seven nodesthe framerateis around? fps, on eight nodes
11.6fpsareachieved.

We tested our load balancing mechanismusing the
aneurisndatasetwith 103 bricks (seeFig. 5). Loadbalanc-
ing can,to a certaindegree,resole the problemof a bad
initial partitioning causedby the kd-tree,provided that the

¢ TheEurographic#ssociation2006.
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Figure 5: Loadbalancingresultwith theaneurismdataset.

transfercostparametersresetappropriatelyFinding these
parametevaluesprovedto beverydif cult. In fact,wehave
severalcasesn whichtheperformancevasworseafterload
balancingthan before,becausehe transfercostsgrew too
fast. With anincreasingnumberof clusternodes,the load
balancingseemgo work better probablybecausehe slices
of bricksthathave to be moved from onenodeto the other
becomesmaller To simulateanheterogenousluster we re-
ducedtheGPUclockspeednoneof ournodeso 100MHz.
The framerateof the isosurfice shaderdroppedto 6.2 fps,
but increasedagain to 11.3fps after load balancing.When
usingthe DVR shademith the sameloadbalancingparam-
eters theloadbalancinghadnearlyno effect.

In orderto usethetotal texturememoryof 2 GB, we used
the512 512 1877 Visible Male dataset,which requires
including pre-computedyradientsabout1,83 GB of texture
memory Using6 6 12 bricks,we reach19.9fps for the
isosurhiceand 20.5 fps for the DVR shader Empty-space-
skippingworks quite well with the isosurficeshader:Only
40% of the bricksmustberendereadvhich resultsin afram-
erateof 48.5fps. With 15 15 50 bricks,only 16% must
berenderedbut theremainingl837causealot of overhead,
sothattheframerateonly increase$rom 3.1fpsto 12.6fps.
A goodcompromiseregarding the numberof bricks there-
fore seemsto be very important.Fig. | on the color plate
shavs animage,which hasbeenrenderedisinga combined

Empty-Space- fps

Skipping
1260 no 2.8
1266 yes 4.4
126@, half samplingrate yes 8.1
1078 yes 4.9
1075, 1024 768viewport yes 3.2

Table 1: Frameatesof thelarge aneurismdatasets.
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isosurbice/D/R shaderon a 768 1024 viewport. When
samplingtwice pervoxel, 0.5fps arereached.

As DVR shaderglo not needgradientswe additionally
testedtwo resampled/ersionsof the aneurismdatasetwith
1075 and126@ slices.We used10® bricks, which of 692
must be renderedwhen empty-space-skippings enabled.
Tah 1 shavstheresultson eightclusternodes.

7. Conclusionand Futur e Work

We presentedh distributed GPU-basedaycastingarchitec-
ture for renderinguniformly bricked datasets. This brick
structureis the basisfor two optimization methods.First,
an empty-space-skipping appliedto single-pass/olume
raycastingvithout the needfor additionalrenderpassesnd
without introducingvisible artifacts.Secondwe addressed
the problem of imbalancedwork load acrossthe cluster
nodescausedby dataset characteristicor inhomogenous
cluster layouts with an object spacebalancingtechnique
built upon a kd-tree.With the presentedsystemit is pos-
sible to visualize datasetsthat make use of the complete
distributedtexturememoryat 2.8 framespersecond.

For future work we planto further utilize the brick struc-
turefor adaptve samplingon theraysbasedn the standard
deviation of the scalarvalueswithin a brick. To improve the
loadblancingwe intendto extendthebrick structurefor non-
uniform bricks. Using smallerbrick sizesat the likely loca-
tionsof dataexchangeaduringloadbalancingvould decrease
thetransfercostsaswell asallow for moreaccurateadaption
of thework load.
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Figurel: TheVisible Male datasetrendeedusing
a combinedsosurface/lYR shader
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Figurell: Combinedsosurface/I¥Rimage of the upper5123
part of the isible Male.

Figurelll: Theaneurismdatasetbefoee (left) andafter (right)
load balancing Thecolor codingdenotegheassignmento the
differentclustercomputes.



