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Abstract

Parallel VolumeRenderinghas beenrealizedusingvariousload distribution methodghat subdivideeither the
screen,called image-spacepartitioning, or the volumedataset,called object-spaceartitioning. The major ad-
vantaggesof image-spacepartitioing are load balancingandlow communicatioroverhead but processas require
accesgo thefull volumein order to renderthe volumewith arbitrary viewswithoutfrequentdataredistributions.
Subdividingthe volume on the other hand, providesstorage scalability as more processos are added,but re-
quiresimage compositingandthushighercommunicatiobandwidthfor producingthe nal image. In this paper
wepresent parallel volumerenderingalgorithmthatcombineshebene tsof bothimage-spaceandobject-space
partition schemedasedontheideaof pixelandvolumeinterleaving We r stsubdividetheprocessasinto groups.
Each groupis responsibldor renderinga portion of thevolume Insideof a group, everymembelinterleaveshe
datasamplesf thevolumeandthe pixelsof the screen.Interleavingthe data providesstorage scalabilityandin-
terleavingthe pixelsreducescommunicatioroverhead. Our hybrid object-andimage-spacepartitioning scheme
was able to reducethe image compositingcost,incur in low communicatioroverheadand balancerendering

workloadat the expenseof image quality. Experiment®n a PC-clusterdemonstate encousging results.

1. Intr oduction

Volume renderingis a processthat directly projectsthree-
dimensionakcalardatainto two-dimensionaimageswith-
out generatingntermediategeometry Sincethe amountof
computatiomeededor datasamplingandprojectionis usu-
ally large, it is dif cult to performvolumerenderingat an
interactive rate.Intensve researcthasbeenconductedn the
pastdecaddo accelerate/olumerendering Amongthe ex-
isting techniquesparallel volume renderingis an effective
approachhatcanpotentiallyhandlevery largesizedvolume
dataandgeneratéiigh resolutionimages.

Parallelvolumerenderingalgorithmscanbe generallydi-
videdinto two categyoriesbasedon haw theworkloadis dis-
tributedamongtheprocessorsOneis theimage-spacearti-
tioning schemewhich subdvidesthe screeninto smalltiles
andassignsachprocessooneor multiple tiles. The other
is theobject-spaceartitioningschemeavhich subdvidesthe
volumeinto smallsubvolumesandeachprocessois respon-
sible for renderingone or multiple subvolumes.Generally
speaking,jmage-spaceartitioning techniquesrequireless
communicatiorat theimagecompositingstage.This is be-
causethe screentiles assignedo different processorsisu-
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ally do not overlap, thus no compositingis neededto as-
semblethe nal image.However, image-spacgartitioning
canincur in higher dataredistritution overheadwhenthe
viewer changeosition, becausdlifferent portions of the
volumewill be projectedonto differentimagetiles. If the
entirevolumedatais not replicatedand storedlocally with

eachprocessqmatamustberedistribuitedamongtheproces-
sorswhenthe view is changedMost of image-spacgarti-
tioningvolumerenderingechniqueshooseo replicatedata
to avoid the costly dataredistritution operations.

Comparedo image-spaceartitioningtechniquespbject-
spacepartitioningtechniqueglo not requiredataredistritu-
tion or replicationwhenthe view is changedbecauseeach
processois responsibldor the samedatablocksregardless
of viewing parametersThis allows object-spaceartitioning
schemeto exhibit a betterstoragescalabilitywhenincreas-
ing the size of the datasetand/orthe numberof processors.
However, sincea pixel canreceve color contritutionsfrom
several datablocksassignedo differentprocessorsassem-
bling the nal imagerequirescompositinghepartialimages
from differentprocessorswhich incursin highercommuni-
cationcost.As aresult,thecommunicatioroverheado per
form image compositingin object-spacepartitioning tech-
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niguescanbecomea major bottleneckwhenthe size of the
renderedmageis large.

Toreducethecommunicatioroverheachttheimagecom-
positingstageandto increasethe algortihm’s scalabilityfor
large scaledatasetsye devise a hybrid image-and object-
spacepartitioningalgorithmto performparallelvolumeren-
dering. Our algorithm rst dividesthe processorénto sev-
eralgroupsandperformsanobjectspaceartitioningto dis-
tributethe volumedataamongthe processogroups.Within
eachprocessogroup,we performimage-spac@artitioning
by interleaving pixels andlet processorsenderalternating
rows and columnsof pixels. To reducethe amountof data
that is requiredby eachprocessqrwe usea volumeinter-
leaving schemeo distributethevolumedataamongthepro-
cessorsithin eachgroupandapproximatehe nal render
ing result. This approximationis directly relatedto the ad-
justingof auserspeci ed parametecalledinterlearing fac-
tor. Basedon this factor the behaior of our algorithmcan
besteeredrom performingpureimage-spaceatrtitioningto
pure object-spacepartitioning. The goalsof our pixel and
volumeinterleaving algorithmare: a) keepcommunication
costaslow asthatof image-spaceartitiontechniquesand
b) maintainlow memoryoverheadn eachprocessosimilar
to object-spaceartition techniquesThe costof our algo-
rithm is a moderateloss of image quality when the inter-
leaving factoris high. We implementedour parallel algo-
rithmsusingbothray castingandhardwaretexture mapping
asthecorerenderingcomponentandhave testedourimple-
mentationon several volume dataset¢o monitor rendering
performanceandimagequality. In addition,we testedsev-
eralscreersizesto studythe costof compositingandof load
balancing.

This paperis organizedasfollows: section2 reviews pre-
vioustechniquessection3 describewuralgorithmin detalil,
sectiond discusseandcomparesheresultsof ourtests sec-
tion 5 presentxonclusionsandsection6 suggestsev di-
rectionsfor extendingour work.

2. RelatedWork

VolumeRenderingasdescribedy Derbint hasbeerrealized
in severalways,of which raytracing? andtexture hardware
3 areat oppositeendswhencomparingrenderingspeed.

Ma etal.presents divide-and-conquealgorithmfor par
allelvolumerendering'. Theirmethods apureobject-space
partitioning schemewhere eachprocessoreceves a par
tition of the volume. Oncerenderingis done on the par
tition, neighboringprocessorsepeatedlyexchangehalf of
theircurrentimagedor compositinguntil all processorkold
a smalltile of the nal image.Scalabilityis a majoradwan-
tageof this algorithm,but loadimbalances a dravback.

Other partition schemesas classi ed by Molnar et al.5
subdvide thescreerinto tiles or contiguousarraysof pixels.
Eachtile is assignedo adifferentprocessoandrenderings

doneaccordingo thattile. However, loadimbalances very
high if the projectedboundingbox of the datasetdoesnot
fall in thetile or hasa small contrikution to thetile. Thisis
a big problemfor eitherobject-spac@r image-spacgarti-
tion schemesEitherdividing the nal imageor the dataset
doesnotguarante¢ghesamerenderingime for every proces-
sorbecausef datacoherenc®r datarandomnesdvolnar?,
Neumanf andLee? agreedhatinterleaving pixelsor block
of pixelsdistributesthe work evenly amongprocessors.

Interleaving hasother usessuchas describedby Keller
andHeidrich8, wheretheideaof interlearing not only pix-
els but also samplingplanesis described.The main idea
was to generatean image with reducedor removed arti-
factsasif renderedvith themethodsproposedy Cullip and
Neuman# or Wilson etal.?, which useeitherimage-aligned
or object-alignecolygonsto renderthe nal imagein back-
to-front order Keller andHeidrich 8 divided the full image
into blocks of pixels, then performedrenderingin a mul-
tipassfashion.Their resultspresentfar betterquality than
traditional3D texture hardwarerendering.

To further increasedata scalability one can use mul-
tiresolutiontechniquesin essencerultiresolutionrender
ing techniquesrst createmultiple levels of detail for the
underlyingdatasetwhereeachlevel is a Itered thensub-
sampledversionof a higher resolutiondata. At run time,
certaincriteria are usedto chooseappropriatdevels of de-
tail for the volumewhenproducingthe nal image.LaMar
10 andWeilder!! areexamplesfor 3D texture hardwareand
Danskin12 for ray tracing. Thesetechniquesangreatlyre-
duce,in thecaseof 3D texture hardware,the bottleneckhat
resultsfrom trasmittingdatainto texture memoryor, in the
caseof ray tracing, the traversalof voxels. Becauseof the
subsamplingat eachlevel, ne datafeaturescanbe missed
in the nal imagewhenlow resolutionof dataareused.

Finally, PC-clustersare increasinglybeing usedin mas-
sive parallel computationsbecauseof their low cost and
high expandability However, the interconnectiometwork
for communicationdetweenprocessorsthoughbecoming
fasterandfasteris ordersof magnitudeslower thaninternal
CPUandmemorybusesoundin supercomputersherefore,
reducingthe amountof bandwidthneededy global opera-
tionssuchascompositingand nal assemblyf theimageis
paramountSamantds focusedon thesegoalsfor polygons.

In ourwork, we combinethebene tsof Keller®, Ma4 and
LaMar 19, and useraycasting? and texture hardware 3 as
volumerendererdo obtainaninterleavedvolumerenderer

3. Algorithm
3.1. Overview

Our algorithmis basedon a combinedpixel andvolumein-
terleaving scheme Hereafterinterleaving is referredto as
distributing samplesto processorén a round-robinfashion
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with a prede nedpattern.The purposeof usinginterlearing
are twofold: reducecommunicationoverheadamongpro-
cessorgluring the imagecompositingstage andreducethe
amountof dataneededy eachprocessoto performrender

ing.

Given N processorsa screenwith P2 pixels, and a vol-
umewith S sampleswe rst subdvide the processorinto
groups.The numberof processorper groupis determined
basedon a userspeci ed parametercalledinterlearing fac-
tor, which will be explainedlater. Dependingon how mary
groups, the volume is partitioned repeatedlyalong alter
natingdimensionsnto subsolumes.Eachsulvolumeis as-
signedto onegroup.

Insideof agroup,thescreeris subdvidedinto setsof pix-
els.Eachpixel setis assignedo a processowhich becomes
responsibldor computingthe pixels' nal colorsbasedon
theassignedubrolume.Thepixelsareassignedy alternat-
ing rows andcolumns.In addition,the subvolumeis alsoin-
terleavedamongthe processorssothateachprocessoholds
only aportionof thesubvolume.Up to this point, everything
hasbeendoneoff-line. Theon-line partof thealgorithmin-
cludestherenderingandthe global operations.

Renderings performedocally on eachprocessoandits
resultis a partial imagethatwill sene asinput for image
compositingandglobal gatheringlmagecompositingis re-
quiredto compositgartialimagesrom processor differ-
entgroupsthathave pixelscorrespondingo thesamescreen
locations.Insideeachgroup,imagecompositingis not nec-
essarysince no two processorwill attemptto renderthe
samepixelsdueto theinterleaving effect. Oncecompositing
is completedgatheringoperationgyeneratehe nal image.
In the following, we explain eachof theimportantstagesof
our algorithmin detail.

3.2. Interleaving Factor

The combinationof an image-spacepartitioning and an
object-spacgartitioningschemas decidedby aninterlear-
ing factor This factordividesthe workloadinto groupsof
processorsAs this factorincreasesthe numberof groups
decreaseandthe numberof processorpergroupincreases.
The numberof groups(G), the numberof processorgper
group (M) andtheinterleaving factor (i) arerelatedasfol-
lows:

M2 (1)
G NM @)

Choosingd for i yieldsN groupswith 1 memberholdinga
partition of thevolume.Choosingthe highestnumberavail-
ablefor i, ontheotherhandyields1 groupwith N members.
Thelaterwould suggesthateachmemberholdsthefull vol-
umeto generatats pixels, but scalabilityis oneconcerrthat
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is treatedn thenext section.Choosingary othernumberfor
i yields G groupswith 2' members.

It is alsoimportantto mention,thata processoinside of
agroupwill hold anidenti cation numberthatit's local to
the group. This local id is usedto interleave volume and
pixel sampleswhich will determinethe processos work-
load. Theid resultsfrom a simplemodoperation:

locallD = globallD modM

ThegloballDis anumberthata processois assignedni-
tially.

3.3. Object-spacevolume partition

Oncewe determinethe numberof groupsbasedon thein-
terleaving factor we partitionthe volumesothateachgroup
receves one subsolume.We usea Kd partitioning scheme
similar to Ma 4 to subdvide the datasetStartingwith the
longestdimension processorsvith lower globallDsareas-
signedthe lower half of a partition, while processorsvith
highergloblalDsthe upperhalf of a partition. This partition
processs recursvely performedor eachdimensioruntil the
numberof partitionsequalsthe numberof groups.

However, if every memberof the group holdsthe entire
subvolumewith sizeE andthesizeof thefull volumeis §,
the memoryrequirementsvill becomeprohibitively expen-
sive asthe interleaving factori increasesThis is because
the splitting procesaisesthe numberof groupsto createthe
partitions thus:

E SSG 3)

But from (1) and(2)
E S N2 @)
E 2SN (5)

In the extremecasesj 0 givesevery processo§ N,
whichis optimal;whilei logo N givesevery processoa
subvolume with a size equalto S, which is certainly not
optimal. To x this problem,we use a volume interlear-
ing schemeto ensurethat every processoonly holdsS® N
amountof data.We now explain the volume interlearing
scheme.

3.4. Volumeinterleaving

Eachprocessowill accommodata subvolumethatremains
the sameuntil the end of the rendering.To reducethe size
of local volumestoredin eachprocessagrwe interleave the
sulvolume assignedo eachprocessogroupin alternating
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Figure 1: Volumelnterleavingof a subvolumes slice dis-
tributedto 2 processos. Startingfromthe lower left corner
of theslice a processornds its initial sample Processoi0
takeseveryothersamplestartingfromthe corner while pro-
cessorl takeseveryothersamplebut startingat an offsetof
1 fromthecorner

X, Y, or z planesanddistributethe partitionresultsto the pro-

cessorsThe purposeof volumeinterleaving is to keepthe

sizeof datastoredin eachprocessoequalto S$N regard-
lessof theinterleaving factor but attheexpenseof moderate
renderingquality lossesFigure 1 shavs an examplein two

dimensionof how samplesaredividedinto 2 processors.

With nothing else but subsamplingto createthe inter
leavedsulvolumes renderingartifactswill benoticeableTo
solwe this problem,we Iter thevolumebeforeinterleaving.
Filtering effectively distributesthe valueof eachvoxel to its
neighborhoodwhich ensureghatfeaturesrom the original
datawill notbecompletelylostwhenvolumeinterleaving is
performedFiltering alsosmoothegheintermediatesubvol-
umesand reduceshe high frequencieshat can createdis-
continuitiesat rendering.Inevitably, sinceprocessordhiave
different Itered datasamplesit is possiblethat somepro-
cessordit volumefeatureswhile othersmissthe samefea-
turesresultingin discontinuitiesThisis noticeableatedges,
silhouettesandfeatureghatarein the sizeof a few voxels.
However, our experimentaresultsshavedthatthesediscon-
tinuitiesweremoderate.

3.5. Pixel Interleaving

Before renderingstarts, we assign pixels to the proces-
sorswithin eachgroupaccordingto the interleaving factor
This partis view-dependentbecauseave calculatethe pro-
jected boundingbox of the subvolume, then divide along
the longestdimensionuntil the numberof division stages
reaches, theinterleaving factor For instanceif thehorizon-

0,2

Figure 2: Pixel interleavingwith 4 processos that are in
thesamegroup. Startingwith thehorizontaldimensioneven
processas take the left side and odd processos take the
right side Next, the procesgepeatsepaatelyon eat par-
tition but this time the top or bottomsideare distributed. At
this point the splitting terminatessincethere is only 1 pro-
cessolper partition.

tal dimensionof the projectedboundingbox is longer the
pixelsin thecolumnsareinterleaved rst, thentherows,then
the columnsandso on. If the vertical dimensionis longet
thentheinterleaving sequencés rows, columnsyows andso
on. Sinceeachprocessois responsibldor a differentpixel
set,thepartialimageit generatefaslessresolutionthanthe
nal image.

As we alternatebetweenthe horizontaland vertical di-
mensionf the screenthe processorarerecursvely split-
tedinto two partitions:the rst partition selectsevery other
processorstarting from the rst, while the other partition
takestherest.This way the rst partitiongetseithertheleft
or bottomscreenpartition andthe secondpartition getsei-
ther the right or top screenpartition. The splitting usesthe
locallD to assignpixels, so thatthe samepixel interleaving
patternis followedby oneprocessoim eachgroup.Therea-
sonfor this distribution is to simplify the global operation
gathering,which alternatesbetweendimensionsto collect
data.Figure 2 shavs an example of how 4 processorsare
arrangedo selecttheir pixels.

The number of pixels assignedto a processorequals
P2 2'. However, this is anupperbound,sincethe projected
boundingbox of the sulbvolumeof aprocessors atmostP?.
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In the extremecasesthe upperboundequalgi>2 wheni 0,
andP? N'wheni log, N .

3.6. Rendering

Oncewe have determinedhepixel andvolumeinterleasing

patternsand distributed the dataaccordingly eachproces-
soris readyto performlocal renderingof its assignedsub-
volume. The renderertakes a 3D lattice of scalarvalues,a

transferfunction,a cameraandatransformatiormatrix, and
returnsanarrayof pixels comprisedeachof 4 values:the 3

color channelsred, greenandblue, plus the alphachannel,
which holdsaccumulate@pacity

A couple of considerationsnust be taken into account
whentheinterleaving factoris greateithanO: a) thetransfer
functionmustbe correctedandb) volumesamplesnustbe
renderedattheir original positions.The rst is becausepro-
cessorsnsideof agrouphold a subvolumethathasbeen |-
teredandinterleaved,thereforetherearelesssamplegaken
thanin the original subsolume. As rays traversethesein-
terleaved subsolumes,opacitymustbe compensatetb pro-
ducethe correctcolor. We useLaMar's stratgy 10 to vary
the transferfunction. The secondconsideratiorrestsin the
factthatall volumesampleswill contributeto the nal im-
ageandneedto remainattheiroriginal positions Multireso-
lution techniquesveragesamplesandassigriow resolution
sulvolumesto replaceheoriginal dataatthesameworld po-
sition. In ourcasethatsimplereplacemenill translatento
pixel shifting and extremeblurrinessfor our images there-
fore, we take into accountthe offsetsof the initial positions
whenvolumeinterleaving.

3.7. Compositing and Gathering

After renderings completedwe performabinary-svapim-

agecompositingsimilar to the methodthat Ma 4 proposed.

Accordingto the boundingbox of thefull volume,we start
splitting either horizontally or vertically and alternatebe-
tweenthe screendimensionsfor the next splits. At every
split, processor&xchangehalf their partial imageto com-
positeandrepeatthe procesdog, N i times.Therefore,
in the extremecaseswheni 0, the numberof composit-
ing stagesneededs maximumand equalsthe original bi-
naryswapalgorithm,whichis a pureobject-spaceartition-
ing schemeOn theotherhand,wheni  log> N , nocom-
positingat all takesplacesinceit is a pureimage-spacear
titioning scheme For ary othervalue of i, the numberof
compositingstageglecreaseasi increases.

Inside the groups,eachprocessohasits own local ID.
At the compositingstagethis numbercomesinto play, only
processorsn differentgroupswith the samelocal ID need
to compositesincethey hold the samevolumeandpixel in-
terleaving pattern.

At the end of compositing,the tiles generatedwill re-
semblethe numberingof the pixel interleaving section thus
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Figure 3: Compositinggatheringandrearrangingof 4 pro-

cessos with interleavingfactor 1. Processos 0 and 2 who
are in different groups exchange and compositehalvesto

producecorrect pixelson the evenrows, while at the same
time processos 1 and 3 take care of odd rows. Sinceinter-

leavingfactoris 1, there are only 2 groupsand therefore 1

compositingstage is neededNext all tiles are collectedand

nally rearrangedfor display Thebadkgroundcolors are set
for illustration purposes.

Gathering *

gatheringcanandwill alternatebetweerscreerdimensions.
At eachstage gatheringjoins the tiles andrepeatshe pro-
cessuntil 1 processoholdsall pixels. Finally, if theinter
leaving factoris greaterthan 0, the pixels of the collected
tiles mustberearrangedaincethey do notrepresentontigu-
oussetof pixels but interleaved ones.Figure 3 shavs the
traveling of pixelsbeforethey aredisplayedon screen.

4, Results

We performedexperimentaltestson a 8-node PC-cluster
Eachnodehada Pentiumlll (993.334Mhz)with a GEForce
Il graphicscardanda CLAN 1000 network interfacecard
usingthevirtual interfacearchitecturgVIA). All machines
were connectedto a Fast Ethernetnetwork. The Code
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was written in C++, and it was linked to MPI for par
allel communicationand to OpenGL/GLUT 4 for hard-
ware rendering. Three datasetswere usedin our experi-
ments: Hipip (64x64x64),shockvave (128x128x128)and
skull (256x256x256)Every samplein the datasetvasrep-
resentedby a 8-bit unsignedcharacterThe transferfunc-
tions werelookup tablesof 256 entries,and eachentry has
4 oating-point RGBA values.All renderedpixels were 4-
tuples (RGBA) of 8-bit values,but they became3-tuples
(RGB) of 8-bit valuesbeforegathering.Wheninterleasing

factorwasnotO, every ltered dimensionusedthetent lter
15

4.1. Rendering

We implementedour parallel algorithm using two differ-
ent volume renderingtechniquesOneis a software-based
raytracey andthe otheris a hardware-base@D-texture vol-
umerendererin theraytraceiimplementationthe processor
castsa ray from every pixel to samplethe subsolume. At
every sampletheraytrilinearly interpolateghe eightneigh-
boring samplesto obtainthe sampledensity Normalsare
calculatedat every sample,and usedfor local lighting cal-
culationto generatehe samplecolors. As the ray marches
throughthe subvolume, samplesare blendedin a front-to-
backorder We early terminatethe ray onceit hasaccumu-
lated enoughopacity In our 2D-texture hardware renderer
implementation,subsolume slices are loadedinto texture
memoryandeachtexture is renderedover a simplequadri-
lateral.Renderings donein back-to-frontorderandlighting
is disabled As expectedraycastinglominategherendering
time in the parallelraytracingprogram.Loading datainto
the hardware's texture memoryandreadingpixels from the
hardware's frame buffer into main memoryare the bottle-
necksfor texture hardwarerendering.

Figure4 shavs thespeedupfor renderingoneframewith
varying interleaving factorand numberof processorsThe
chartsshav the resultsobtainedfrom renderingthe skull
datasetat 1024x1024pixel resolution.The behaior is al-
mostidentical for the other datasetsand different resolu-
tions.We noticethatfor raytracing,speedupgo beyondlin-
earaccelerationyhich is an effect of volumeinterleaving.
Even though processordiave the sameamountof datato
render theinterleaved subvolumesarein a way lower reso-
lution versionsof thesulvolumesati 0, thusraystraverse
themfaster

Texture hardware renderingdoes not exhibit the same
superlinear property This is mainly becausethe speedup
gainedfrom rasterizinga slightly smallernumberof poly-
gonsis nggligible comparedo otherfactorssuchasclearing
or readingbacktheframebuffer. FromFigure4, we cansee
thatthe hardwaretexturerenderingime reducedroportion-
ally to the differentnumberof processors.

Other factorsfor texture hardware are texture loading,

Raytracing

15

10

z

1248 1248 1248 1248
i 0 1 2 3

Texture Hardware

N 1248 1248 1248 1248
i 0 1 2 3

Figure 4: Speedupfor raytracingandtexture hardware for
the skull datasetat 1024x1024pixel resolution.The hori-
zontalaxis representdifferentinterleavingfactors, andthe
vertical axis showsspeedupsThemultiple bars for ead in-
terleavingfactor representdifferentnumberof processos

which is affectedby the size of data,and pixel readback,
which is affectedby the sizeof the screenOur volumeand
pixel interleaving schemekeepsprocessorwith the same
amountof dataandreduceghe numberof pixelsreadback
from the framebuffer. Table 1 and 2 shaws timingsfor all
datasetsaand all screensizestested.Both stagesscalewell
with thenumberof processors.

A study involving frames-pessecondis certainly war
ranted.However, sucha study mustbe consideringthe op-
tion of texture color tablelookupsturnedon, sothattransfer
functionscanbechangednthe y withoutreloadingof tex-
tures;otherwise the costof texture loadingwill slow dowvn
renderingperformanceThisfeaturewasnotimplementedn
this study but we ceratinlyconsidetthepossibilityfor future
work.

Load imbalanceis a major concernfor parallel process-
ing. Raytracingexhibit major load imbalancesfor purely
object-spacepartition, when interleaving factor equalsto
0. Most of our resultsindicated that as interleaving in-
creasedpadimbalancelecreaseddowever, Figure5 shavs
achangen this pattern Hipip andShockvave couldbecon-
sideredsymmetricdata,thatis top andbottomview aresim-
ilar, left andright view aresimilar andfront andbackview
aresimilar; Skull, on the otherhand,is not. This meanshat
volume interleaving might generatesubvolumesthat have
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Dataset Num. of Processors Interleaving factor
1 2 3
Hipip 1 0.069042
(64x64x64) 2 0.036717 0.036425
4 0.019623 0.020353 0.019646
8 0.009849 0.011388 0.011471 0.009802
Shockvave 1 0.538468
(128x128x128) 2 0.273060 0.270793
4 0.138192 0.141305 0.138130
8 0.069262 0.072650 0.072881 0.069118
Skull 1 4.327917
(256x256x256) 2 2.173000 2.167407
4 1.076563 1.082972 1.075233
8 0.538956 0.541802 0.541316 0.537077

Table 1: Timingsfor loadingdataslicesinto texture memory(in seconds)

Image Num. of Processors Interleaving factor
Size 1 2 3
256x256 1 0.005373
2 0.003560 0.002403
4 0.002084 0.001773 0.001390
8 0.001329 0.001267 0.001096 0.000908
512x512 1 0.021043
2 0.014088 0.010232
4 0.007948 0.006498 0.005034
8 0.004471 0.003764 0.003212 0.002396
1024x1024 1 0.067127
2 0.042891 0.022831
4 0.020285 0.013864 0.011250
8 0.009063 0.003810 0.006876 0.000848

Table 2: Timingsfor readingpixelsfromthe hardware's framebuffer ontomemory(in seconds)

unequalcontritutionsto the nal image.Figure6 shows vi-
suallythe skull's case.

4.2. Compositing and Gathering

Operationsn this stageinclude compositingof partialim-
ages,conversionfrom 4-tuples(RGBA) to 3-tuples(RGB)
of 8-bit values,gatheringof tiles, andrearrangingof pixels
into their respectre positionsin the nal image.The com-
municationcostincurredby imagecompositingandgather
ing are affectedby the interleaving factor Figure 7 shaws
a generalbreakdavn of the four stagesinvolved to gener
atethe nal image.We can see,startingfrom the top, the
fully interleavedschemes, e.,when2' equalsto thenumber
of availableprocessorsno compositingwasneededandthe
corversionof partialimagesinto tiles is optimal sincepar
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tial imagesarenon-overlappingportionsof thescreenWhen
theinterleaving factoris small, our algorithmbehaesmore
like a purely object-spacepartitioning algorithm, and thus
hashighercommunicationcostsdueto largerimagetrans-
fer time. Figure 7 presentsthe resultsof Hipip datasetat
one of the resolutionstested.Table 3 shavs that the com-
positingtime reducesvhentheinterlearing factorincreases.
The samebehaior wasobtainedfrom the otherscreerres-
olutions. Theseresultsprovide the answerto our goals.As
interleaving increasestheamountof compositingdecreases
fasterwith respecto gathering This achievesbehaior sim-
ilar to pureimage-spaceartitioningschemeskurthermore,
thefactthatprocessorsnly allocatea portionof thevolume,
which remainsthe sameregardlesf interleaving, achieves
behaior similarto pureobject-spacgartitioningschemes.

Eventhoughiit is possibleo implementherenderingunit



Garcia and Shen' An InterleavedParallel VolumeRendeer With PC-Clustes

Image Interleaving factor
Num. of Processors 0 1 2 3
1 0.000002
2 0.088542 0.000002
4 0.133079 0.043364 0.000003
8 0.115259 0.068798 0.022516 0.000003

Table 3: Compositingimesasinterleavingincreasedor 1,2,4and 8 processos

%

12
wu
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8
\‘Sﬂ:kwave \
6 Hipip
.—_—‘——I—____
2 -"—\—‘___\_‘_\-'
0
0 1 2 3

Interleaving factor

Figure 5: Loadimbalancepercentgiesfor the 3 datasetsat
1024x1024ixel resolution,8 processos andvaryinginter-
leavingfactor

Figure 6: SinceSkullconcentatesits dataon oneside pro-
cessos renderingon that side terminatetheir rays faster
while thoseon other side continuetravesing until they exit
thevolume Theeforg, traveisal of voxelsis slower Further
more, the amountof emptyspacetraversedis greaterat b)
withi 2thanata)withi 1.

suchthat partial imagesare comprisedof two separatear-
rays:onefor color channelsandtheotherfor opacity sothat
before gatheringwe can simply drop the array of opacity
andhave no conversion;it is alsopossibleto combinegath-
eringandrearrangingnto onestage suchthatthey overlap

sec

0.20

0.15

0.10

0.05

i 0 1 2 3

[J Gathering
[l Rearranging

O Compositing

[l Conversion

Figure7: Timebreakdowrof compositingconversion,gath-
eringandrearrangingfor Hipip at 1024x1024Themultiple
barsfor ead interleavingfactors represendifferentnumber
of processacs.

in time. We chosecontiguousdataarrangementfor simplic-
ity andef ciency of network communication.

4.3. Image Quality

Although most featuresare still presentin the rendering,
even the small onessuchas thosein skull, minor image
quality degradationsareindeednoticeable The degradation
mostlyhappensittheedgesndsilhouettebecauséeatures
canbe missedby samplingraysasa resultof volumeinter-
leaving. For small datasetsuchas Hipip 64°, artifactsare
morenoticeableput for largedatasetsve seethatit becomes
lessof a problem.Seethe imageson Figure 8, whereeach
datases nal imageis shavn side-by-sidewith interleaved
counterpartsThe projectionsize of the voxels determines
howv muchtheartifactsappeain the nal image.Thesmaller
their sizesthe lessprocessorinterleave the feature.Hence,
artifactswill belessnoticeable.

¢ TheEurographic#ssociation2002.
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5. Conclusionand Futur e Work

We presentan algorithmthat combineshe bene ts of scal-
ability from object-spacepartitioning schemesand low-

communicatiorfrom image-spacpartitioningschemesOur
interleaving factor controls the combinationof thesetwo

schemesndaccordingto our results,low interleaving fac-
torscaneffectively reducethe costof compositingandkeep
quality closeto thatof a purelyobject-spaceartition.

In theimplementatiorof our parallelalgorithm,we have
intentionally left out several known techniquesto acceler
atetherenderingprocesssothatwe canconcentrat®n the
effectsof the interlearing factor Neverthelessye feel that
thosetechniqueganbeincorporatednto ouralgorithmwith
no majorchangesespecialljthosethatcanskip regionsthat
donotcontritutemuchto the nal imageeitherbecaus¢hey
have low opacityor becausehey aretotally occludedby the
accumulatedpartialimage.We suspecthattechniqueghat
are data-dependenwill incur in more load imbalance but
interleaving in conjunctionwith heuristicsto betterpartition
thedatacanpresenbetterloadbalancing.

Multiresolutiontechniquesuchasthoseby LaMar 10 and
Danskin12 with their correspondingcceleratioriechniques
arealsogoodcandidategor extendingour algorithm.

Volumeinterleaving remainsan opentopic for enhance-
ment. The betterinterleared subvolumesresemblehe orig-
inal subvolumes,the lessartifactswill be presentat edges
andsilhouettesFiltering provideduswith betterresultsthan
simplesubsamplinghowever, betterapproximationsequire
furtherstudy

Finally, the study of time varying volume datain paral-
lel ervironmentsis an areathat will certainlybene t from
ouralgorithm,speciallyin thereductionof globaloperations
overhead.
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Figure 8: Datasets:Left: Hipip(64x64x64) Middle: Sho&wave (128x128x128)Right: Skull (256x256x256)The r st row
representheoriginal images,the secondrow goesasfollows: Hipip withi 1, sho&wavewithi 2 andskullwithi 3.
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