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Abstract

Parallel VolumeRenderinghasbeenrealizedusingvariousload distribution methodsthat subdivideeither the
screen,called image-spacepartitioning, or the volumedataset,called object-spacepartitioning. Themajor ad-
vantagesof image-spacepartitioing are loadbalancingandlow communicationoverhead,but processors require
accessto thefull volumein order to renderthevolumewith arbitrary viewswithoutfrequentdataredistributions.
Subdividingthe volume, on the other hand,providesstorage scalability as more processors are added,but re-
quiresimage compositingandthushighercommunicationbandwidthfor producingthe�nal image. In this paper,
wepresenta parallel volumerenderingalgorithmthatcombinesthebene�tsof bothimage-spaceandobject-space
partition schemesbasedontheideaof pixelandvolumeinterleaving. We�r stsubdividetheprocessors into groups.
Each groupis responsiblefor renderinga portion of thevolume. Insideof a group,everymemberinterleavesthe
datasamplesof thevolumeandthepixelsof thescreen.Interleavingthedataprovidesstorage scalabilityandin-
terleavingthepixelsreducescommunicationoverhead.Our hybrid object-andimage-spacepartitioning scheme
wasable to reducethe image compositingcost, incur in low communicationoverheadand balancerendering
workloadat theexpenseof image quality. Experimentson a PC-clusterdemonstrateencouraging results.

1. Intr oduction

Volume renderingis a processthat directly projectsthree-
dimensionalscalardatainto two-dimensionalimageswith-
out generatingintermediategeometry. Sincethe amountof
computationneededfor datasamplingandprojectionis usu-
ally large, it is dif�cult to performvolumerenderingat an
interactiverate.Intensive researchhasbeenconductedin the
pastdecadeto acceleratevolumerendering.Amongtheex-
isting techniques,parallelvolumerenderingis an effective
approachthatcanpotentiallyhandlevery largesizedvolume
dataandgeneratehigh resolutionimages.

Parallelvolumerenderingalgorithmscanbegenerallydi-
videdinto two categoriesbasedon how theworkloadis dis-
tributedamongtheprocessors.Oneis theimage-spaceparti-
tioning schemewhich subdividesthescreeninto small tiles
andassignseachprocessoroneor multiple tiles. The other
is theobject-spacepartitioningschemewhichsubdividesthe
volumeinto smallsubvolumesandeachprocessoris respon-
sible for renderingoneor multiple subvolumes.Generally
speaking,image-spacepartitioning techniquesrequireless
communicationat the imagecompositingstage.This is be-
causethe screentiles assignedto differentprocessorsusu-

ally do not overlap, thus no compositingis neededto as-
semblethe �nal image.However, image-spacepartitioning
can incur in higher dataredistribution overheadwhen the
viewer changesposition,becausedifferent portionsof the
volume will be projectedonto different imagetiles. If the
entirevolumedatais not replicatedandstoredlocally with
eachprocessor, datamustberedistributedamongtheproces-
sorswhentheview is changed.Most of image-spaceparti-
tioningvolumerenderingtechniqueschooseto replicatedata
to avoid thecostlydataredistributionoperations.

Comparedto image-spacepartitioningtechniques,object-
spacepartitioningtechniquesdo not requiredataredistribu-
tion or replicationwhenthe view is changedbecauseeach
processoris responsiblefor thesamedatablocksregardless
of viewing parameters.Thisallowsobject-spacepartitioning
schemeto exhibit a betterstoragescalabilitywhenincreas-
ing thesizeof thedatasetand/orthenumberof processors.
However, sincea pixel canreceive color contributionsfrom
severaldatablocksassignedto differentprocessors,assem-
bling the�nal imagerequirescompositingthepartialimages
from differentprocessors,which incursin highercommuni-
cationcost.As aresult,thecommunicationoverheadto per-
form imagecompositingin object-spacepartitioning tech-
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niquescanbecomea majorbottleneckwhenthesizeof the
renderedimageis large.

To reducethecommunicationoverheadattheimagecom-
positingstageandto increasethealgortihm's scalabilityfor
large scaledatasets,we devise a hybrid image-andobject-
spacepartitioningalgorithmto performparallelvolumeren-
dering.Our algorithm�rst dividesthe processorsinto sev-
eralgroups,andperformsanobjectspacepartitioningto dis-
tributethevolumedataamongtheprocessorgroups.Within
eachprocessorgroup,we performimage-spacepartitioning
by interleaving pixels andlet processorsrenderalternating
rows andcolumnsof pixels. To reducethe amountof data
that is requiredby eachprocessor, we usea volume inter-
leaving schemeto distributethevolumedataamongthepro-
cessorswithin eachgroupandapproximatethe�nal render-
ing result.This approximationis directly relatedto the ad-
justingof a user-speci�edparametercalledinterleaving fac-
tor. Basedon this factor, the behavior of our algorithmcan
besteeredfrom performingpureimage-spacepartitioningto
pure object-spacepartitioning.The goalsof our pixel and
volumeinterleaving algorithmare:a) keepcommunication
costaslow asthatof image-spacepartition techniques,and
b) maintainlow memoryoverheadin eachprocessorsimilar
to object-spacepartition techniques.The costof our algo-
rithm is a moderateloss of imagequality when the inter-
leaving factor is high. We implementedour parallel algo-
rithmsusingbothraycastingandhardwaretexturemapping
asthecorerenderingcomponent,andhave testedour imple-
mentationon several volumedatasetsto monitor rendering
performanceandimagequality. In addition,we testedsev-
eralscreensizesto studythecostof compositingandof load
balancing.

This paperis organizedasfollows: section2 reviews pre-
vioustechniques,section3 describesouralgorithmin detail,
section4 discussesandcomparestheresultsof ourtests,sec-
tion 5 presentsconclusions,andsection6 suggestsnew di-
rectionsfor extendingour work.

2. RelatedWork

VolumeRenderingasdescribedbyDerbin1 hasbeenrealized
in severalways,of which raytracing2 andtexturehardware
3 areatoppositeendswhencomparingrenderingspeed.

Ma etal.presentsa divide-and-conqueralgorithmfor par-
allel volumerendering4. Theirmethodisapureobject-space
partitioning scheme,whereeachprocessorreceives a par-
tition of the volume. Once renderingis done on the par-
tition, neighboringprocessorsrepeatedlyexchangehalf of
theircurrentimagesfor compositinguntil all processorshold
a small tile of the �nal image.Scalabilityis a majoradvan-
tageof this algorithm,but loadimbalanceis a drawback.

Other partition schemesas classi�ed by Molnar et al.5

subdivide thescreeninto tilesor contiguousarraysof pixels.
Eachtile is assignedto adifferentprocessorandrenderingis

doneaccordingto thattile. However, loadimbalanceis very
high if the projectedboundingbox of the datasetdoesnot
fall in the tile or hasa small contribution to the tile. This is
a big problemfor eitherobject-spaceor image-spaceparti-
tion schemes.Eitherdividing the �nal imageor thedataset
doesnotguaranteethesamerenderingtimefor everyproces-
sorbecauseof datacoherenceor datarandomness.Molnar 5,
Neumann6 andLee7 agreedthatinterleaving pixelsor block
of pixelsdistributesthework evenlyamongprocessors.

Interleaving hasother usessuchas describedby Keller
andHeidrich8, wheretheideaof interleaving not only pix-
els but also samplingplanesis described.The main idea
was to generatean image with reducedor removed arti-
factsasif renderedwith themethodsproposedby Cullip and
Neumann3 or Wilsonetal.9, whichuseeitherimage-aligned
or object-alignedpolygonsto 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 texturehardwarerendering.

To further increasedata scalability, one can use mul-
tiresolutiontechniques.In essence,multiresolutionrender-
ing techniques�rst createmultiple levels of detail for the
underlyingdataset,whereeachlevel is a �ltered thensub-
sampledversionof a higher resolutiondata.At run time,
certaincriteria areusedto chooseappropriatelevels of de-
tail for thevolumewhenproducingthe �nal image.LaMar
10 andWeilder11 areexamplesfor 3D texturehardwareand
Danskin12 for ray tracing.Thesetechniquescangreatlyre-
duce,in thecaseof 3D texturehardware,thebottleneckthat
resultsfrom trasmittingdatainto texturememoryor, in the
caseof ray tracing, the traversalof voxels. Becauseof the
subsamplingat eachlevel, �ne datafeaturescanbe missed
in the�nal imagewhenlow resolutionof dataareused.

Finally, PC-clustersare increasinglybeingusedin mas-
sive parallel computationsbecauseof their low cost and
high expandability. However, the interconnectionnetwork
for communicationsbetweenprocessors,thoughbecoming
fasterandfaster, is ordersof magnitudeslower thaninternal
CPUandmemorybusesfoundin supercomputers,therefore,
reducingtheamountof bandwidthneededby globalopera-
tionssuchascompositingand�nal assemblyof theimageis
paramount.Samanta13 focusedon thesegoalsfor polygons.

In ourwork,wecombinethebene�tsof Keller8, Ma 4 and
LaMar 10, and useraycasting2 and texture hardware 3 as
volumerenderersto obtainaninterleavedvolumerenderer.

3. Algorithm

3.1. Overview

Our algorithmis basedon a combinedpixel andvolumein-
terleaving scheme.Hereafterinterleaving is referredto as
distributing samplesto processorsin a round-robinfashion
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with a prede�nedpattern.Thepurposeof usinginterleaving
are twofold: reducecommunicationoverheadamongpro-
cessorsduringtheimagecompositingstage,andreducethe
amountof dataneededby eachprocessorto performrender-
ing.

Given N processors,a screenwith P2 pixels, anda vol-
umewith S3 samples,we �rst subdivide theprocessorsinto
groups.The numberof processorsper groupis determined
basedon a user-speci�edparameter, calledinterleaving fac-
tor, which will beexplainedlater. Dependingon how many
groups, the volume is partitioned repeatedlyalong alter-
natingdimensionsinto subvolumes.Eachsubvolumeis as-
signedto onegroup.

Insideof agroup,thescreenis subdividedinto setsof pix-
els.Eachpixel setis assignedto aprocessorwhichbecomes
responsiblefor computingthe pixels' �nal colorsbasedon
theassignedsubvolume.Thepixelsareassignedby alternat-
ing rows andcolumns.In addition,thesubvolumeis alsoin-
terleavedamongtheprocessors,sothateachprocessorholds
only aportionof thesubvolume.Up to thispoint,everything
hasbeendoneoff-line. Theon-linepartof thealgorithmin-
cludestherenderingandtheglobaloperations.

Renderingis performedlocally on eachprocessorandits
result is a partial imagethat will serve as input for image
compositingandglobalgathering.Imagecompositingis re-
quiredto compositepartialimagesfrom processorsin differ-
entgroupsthathavepixelscorrespondingto thesamescreen
locations.Insideeachgroup,imagecompositingis not nec-
essarysinceno two processorswill attemptto renderthe
samepixelsdueto theinterleaving effect.Oncecompositing
is completed,gatheringoperationsgeneratethe�nal image.
In thefollowing, we explain eachof theimportantstagesof
ouralgorithmin detail.

3.2. Interleaving Factor

The combinationof an image-spacepartitioning and an
object-spacepartitioningschemeis decidedby aninterleav-
ing factor. This factordivides the workload into groupsof
processors.As this factor increases,the numberof groups
decreasesandthenumberof processorspergroupincreases.
The numberof groups(G), the numberof processorsper
group(M) andthe interleaving factor(i) arerelatedasfol-
lows:

M � 2i (1)

G � N � M (2)

Choosing0 for i yieldsN groupswith 1 memberholdinga
partitionof thevolume.Choosingthehighestnumberavail-
ablefor i, ontheotherhand,yields1 groupwith N members.
Thelaterwouldsuggestthateachmemberholdsthefull vol-
umeto generateits pixels,but scalabilityis oneconcernthat

is treatedin thenext section.Choosingany othernumberfor
i yieldsG groupswith 2i members.

It is alsoimportantto mention,thata processorinsideof
a groupwill hold an identi�cation numberthat it' s local to
the group. This local id is usedto interleave volume and
pixel samples,which will determinethe processor's work-
load.Theid resultsfrom a simplemodoperation:

localID = globalIDmodM

TheglobalID is anumberthataprocessoris assignedini-
tially.

3.3. Object-spacevolume partition

Oncewe determinethe numberof groupsbasedon the in-
terleaving factor, wepartitionthevolumesothateachgroup
receivesonesubvolume.We usea Kd partitioningscheme
similar to Ma 4 to subdivide the dataset.Startingwith the
longestdimension,processorswith lower globalIDsareas-
signedthe lower half of a partition, while processorswith
highergloblaIDstheupperhalf of a partition.This partition
processis recursively performedfor eachdimensionuntil the
numberof partitionsequalsthenumberof groups.

However, if every memberof the groupholdsthe entire
subvolumewith sizeE andthesizeof thefull volumeis S3,
thememoryrequirementswill becomeprohibitively expen-
sive as the interleaving factor i increases.This is because
thesplitting processusesthenumberof groupsto createthe
partitions,thus:

E � S3
� G (3)

But from (1) and(2)

E � S3
��� N � 2i � (4)

E � 2iS3
� N (5)

In the extremecases,i � 0 givesevery processorS3
� N,

which is optimal;while i � log2 � N � giveseveryprocessora
subvolume with a size equalto S3, which is certainly not
optimal. To �x this problem,we use a volume interleav-
ing schemeto ensurethatevery processoronly holdsS3

� N
amountof data.We now explain the volume interleaving
scheme.

3.4. Volume interleaving

Eachprocessorwill accommodateasubvolumethatremains
the sameuntil the endof the rendering.To reducethe size
of local volumestoredin eachprocessor, we interleave the
subvolumeassignedto eachprocessorgroup in alternating
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SubVolume

Interleaved
Subvolume 0

Interleaved
Subvolume 1

Figure 1: VolumeInterleavingof a subvolume's slice dis-
tributedto 2 processors. Startingfromthelower left corner
of theslice, a processor�nds its initial sample. Processor0
takeseveryothersamplestartingfromthecorner, whilepro-
cessor1 takeseveryothersamplebut startingat anoffsetof
1 fromthecorner.

x, y, or z planesanddistributethepartitionresultsto thepro-
cessors.The purposeof volumeinterleaving is to keepthe
sizeof datastoredin eachprocessorequalto S3

� N regard-
lessof theinterleaving factor, but at theexpenseof moderate
renderingquality losses.Figure1 shows anexamplein two
dimensionsof how samplesaredividedinto 2 processors.

With nothing else but subsamplingto createthe inter-
leavedsubvolumes,renderingartifactswill benoticeable.To
solve this problem,we �lter thevolumebeforeinterleaving.
Filteringeffectively distributesthevalueof eachvoxel to its
neighborhood,which ensuresthatfeaturesfrom theoriginal
datawill notbecompletelylostwhenvolumeinterleaving is
performed,Filtering alsosmoothestheintermediatesubvol-
umesandreducesthe high frequenciesthat cancreatedis-
continuitiesat rendering.Inevitably, sinceprocessorshave
different�ltered datasamples,it is possiblethat somepro-
cessorshit volumefeatures,while othersmissthesamefea-
turesresultingin discontinuities.This is noticeableatedges,
silhouettesandfeaturesthatarein thesizeof a few voxels.
However, ourexperimentalresultsshowedthatthesediscon-
tinuitiesweremoderate.

3.5. Pixel Interleaving

Before renderingstarts, we assignpixels to the proces-
sorswithin eachgroupaccordingto the interleaving factor.
This part is view-dependent,becausewe calculatethe pro-
jectedboundingbox of the subvolume, then divide along
the longestdimensionuntil the numberof division stages
reachesi, theinterleaving factor. For instance,if thehorizon-

0, 1, 2, 3

0, 2 1, 3

0 1

2 3

Figure 2: Pixel interleavingwith 4 processors that are in
thesamegroup.Startingwith thehorizontaldimension,even
processors take the left side and odd processors take the
right side. Next, theprocessrepeatsseparatelyon each par-
tition but this timethetop or bottomsideare distributed.At
this point the splitting terminatessincethere is only 1 pro-
cessorperpartition.

tal dimensionof the projectedboundingbox is longer, the
pixelsin thecolumnsareinterleaved�rst, thentherows,then
the columnsandso on. If the vertical dimensionis longer,
thentheinterleaving sequenceis rows,columns,rowsandso
on. Sinceeachprocessoris responsiblefor a differentpixel
set,thepartialimageit generateshaslessresolutionthanthe
�nal image.

As we alternatebetweenthe horizontaland vertical di-
mensionsof thescreen,theprocessorsarerecursively split-
ted into two partitions:the �rst partitionselectsevery 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
localID to assignpixels,so that thesamepixel interleaving
patternis followedby oneprocessorin eachgroup.Therea-
sonfor this distribution is to simplify the global operation
gathering,which alternatesbetweendimensionsto collect
data.Figure 2 shows an exampleof how 4 processorsare
arrangedto selecttheir pixels.

The number of pixels assignedto a processorequals
P2

� 2i . However, this is anupperbound,sincetheprojected
boundingboxof thesubvolumeof aprocessoris atmostP2.
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In theextremecases,theupperboundequalsP2 wheni � 0,
andP2

� N wheni � log2 � N � .

3.6. Rendering

Oncewe have determinedthepixel andvolumeinterleaving
patternsanddistributed the dataaccordingly, eachproces-
sor is readyto performlocal renderingof its assignedsub-
volume.The renderertakesa 3D lattice of scalarvalues,a
transferfunction,a cameraanda transformationmatrix,and
returnsanarrayof pixelscomprisedeachof 4 values:the3
color channels,red,greenandblue,plus thealphachannel,
whichholdsaccumulatedopacity.

A coupleof considerationsmust be taken into account
whentheinterleaving factoris greaterthan0: a) thetransfer
functionmustbecorrected,andb) volumesamplesmustbe
renderedat theiroriginalpositions.The�rst is because,pro-
cessorsinsideof agroupholdasubvolumethathasbeen�l-
teredandinterleaved,therefore,therearelesssamplestaken
than in the original subvolume. As rays traversethesein-
terleavedsubvolumes,opacitymustbecompensatedto pro-
ducethe correctcolor. We useLaMar's strategy 10 to vary
the transferfunction.The secondconsiderationrestsin the
fact thatall volumesampleswill contribute to the �nal im-
ageandneedto remainat theiroriginalpositions.Multireso-
lution techniquesaveragesamplesandassignlow resolution
subvolumesto replacetheoriginaldataatthesameworldpo-
sition.In ourcase,thatsimplereplacementwill translateinto
pixel shifting andextremeblurrinessfor our images,there-
fore,we take into accounttheoffsetsof theinitial positions
whenvolumeinterleaving.

3.7. Compositing and Gathering

After renderingis completed,weperformabinary-swapim-
agecompositingsimilar to themethodthatMa 4 proposed.
Accordingto theboundingbox of the full volume,we start
splitting either horizontally or vertically and alternatebe-
tween the screendimensionsfor the next splits. At every
split, processorsexchangehalf their partial imageto com-
positeandrepeatthe processlog2 � N ��� i times.Therefore,
in theextremecases,wheni � 0, the numberof composit-
ing stagesneededis maximumandequalsthe original bi-
naryswapalgorithm,which is a pureobject-spacepartition-
ing scheme.On theotherhand,wheni � log2 � N � , no com-
positingat all takesplacesinceit is a pureimage-spacepar-
titioning scheme.For any other value of i, the numberof
compositingstagesdecreasesasi increases.

Inside the groups,eachprocessorhasits own local ID.
At thecompositingstagethis numbercomesinto play, only
processorsin differentgroupswith the samelocal ID need
to compositesincethey hold thesamevolumeandpixel in-
terleaving pattern.

At the end of compositing,the tiles generatedwill re-
semblethenumberingof thepixel interleaving section,thus

Group 0

Group 1

Even
Rows

Odd
Rows

GlobalID 0
LocalID 0

GlobalID 1
LocalID 1

GlobalID 2
LocalID 0

GlobalID 3
LocalID 1

Compositing

Gathering

Rearranging

Figure3: Compositing, gatheringandrearrangingof 4 pro-
cessors with interleavingfactor 1. Processors 0 and 2 who
are in different groupsexchange and compositehalvesto
producecorrect pixelson the evenrows,while at the same
timeprocessors 1 and3 take care of odd rows.Sinceinter-
leavingfactor is 1, there are only 2 groupsand therefore 1
compositingstage is needed.Next all tilesare collectedand
�nally rearrangedfor display. Thebackgroundcolorsareset
for illustrationpurposes.

gatheringcanandwill alternatebetweenscreendimensions.
At eachstage,gatheringjoins the tiles andrepeatsthepro-
cessuntil 1 processorholdsall pixels. Finally, if the inter-
leaving factor is greaterthan0, the pixels of the collected
tilesmustberearrangedsincethey donot representcontigu-
ous set of pixels but interleaved ones.Figure 3 shows the
travelingof pixelsbeforethey aredisplayedonscreen.

4. Results

We performedexperimentaltestson a 8-nodePC-cluster.
Eachnodehada PentiumIII (993.334Mhz)with a GEForce
II graphicscardanda CLAN 1000network interfacecard
usingthevirtual interfacearchitecture(VIA). All machines
were connectedto a Fast Ethernet network. The Code

c
�

TheEurographicsAssociation2002.



Garcia andShen/ An InterleavedParallel VolumeRenderer With PC-Clusters

was written in C++, and it was linked to MPI for par-
allel communicationand to OpenGL/GLUT 14 for hard-
ware rendering.Three datasetswere used in our experi-
ments:Hipip (64x64x64),shockwave (128x128x128)and
skull (256x256x256).Every samplein thedatasetwasrep-
resentedby a 8-bit unsignedcharacter. The transferfunc-
tionswerelookup tablesof 256entries,andeachentry has
4 �oating-point RGBA values.All renderedpixels were4-
tuples (RGBA) of 8-bit values,but they became3-tuples
(RGB) of 8-bit valuesbeforegathering.Wheninterleaving
factorwasnot0, every �ltered dimensionusedthetent�lter
15.

4.1. Rendering

We implementedour parallel algorithm using two differ-
ent volume renderingtechniques.One is a software-based
raytracer, andtheotheris a hardware-based2D-texturevol-
umerenderer. In theraytracerimplementation,theprocessor
castsa ray from every pixel to samplethe subvolume. At
everysample,theray trilinearly interpolatestheeightneigh-
boring samplesto obtain the sampledensity. Normalsare
calculatedat every sample,andusedfor local lighting cal-
culationto generatethe samplecolors.As the ray marches
throughthe subvolume,samplesareblendedin a front-to-
backorder. We early terminatethe ray onceit hasaccumu-
latedenoughopacity. In our 2D-texture hardware renderer
implementation,subvolume slices are loadedinto texture
memoryandeachtexture is renderedover a simplequadri-
lateral.Renderingis donein back-to-frontorderandlighting
is disabled.As expected,raycastingdominatestherendering
time in the parallel raytracingprogram.Loading datainto
thehardware's texturememoryandreadingpixels from the
hardware's framebuffer into main memoryare the bottle-
necksfor texturehardwarerendering.

Figure4 showsthespeedupsfor renderingoneframewith
varying interleaving factorandnumberof processors.The
chartsshow the resultsobtainedfrom renderingthe skull
datasetat 1024x1024pixel resolution.The behavior is al-
most identical for the other datasetsand different resolu-
tions.Wenoticethatfor raytracing,speedupsgobeyondlin-
earacceleration,which is an effect of volumeinterleaving.
Even thoughprocessorshave the sameamountof data to
render, the interleavedsubvolumesarein a way lower reso-
lution versionsof thesubvolumesat i � 0, thusraystraverse
themfaster.

Texture hardware renderingdoesnot exhibit the same
super-linear property. This is mainly becausethe speedup
gainedfrom rasterizinga slightly smallernumberof poly-
gonsis negligible comparedto otherfactorssuchasclearing
or readingbacktheframebuffer. FromFigure4, we cansee
thatthehardwaretexturerenderingtimereducedproportion-
ally to thedifferentnumberof processors.

Other factors for texture hardware are texture loading,

0 1 2 3i

Raytracing

Texture Hardware

5

10

15

1 2 4 8 1 2 4 8 1 2 4 8 1 2 4 8N

0 1 2 3i

2

4

6

1 2 4 8 1 2 4 8 1 2 4 8 1 2 4 8N

Figure4: Speedupsfor raytracingandtexture hardware for
the skull datasetat 1024x1024pixel resolution.The hori-
zontalaxisrepresentsdifferent interleavingfactors, andthe
vertical axisshowsspeedups.Themultiplebars for each in-
terleavingfactor representdifferentnumberof processors

which is affectedby the sizeof data,andpixel readback,
which is affectedby thesizeof thescreen.Our volumeand
pixel interleaving schemekeepsprocessorswith the same
amountof dataandreducesthenumberof pixels readback
from theframebuffer. Table 1 and 2 shows timingsfor all
datasetsandall screensizestested.Both stagesscalewell
with thenumberof processors.

A study involving frames-per-secondis certainly war-
ranted.However, sucha studymustbe consideringthe op-
tion of texturecolor tablelookupsturnedon,sothattransfer
functionscanbechangedonthe�y withoutreloadingof tex-
tures;otherwise,thecostof texture loadingwill slow down
renderingperformance.Thisfeaturewasnot implementedin
thisstudy, but weceratinlyconsiderthepossibilityfor future
work.

Load imbalanceis a major concernfor parallelprocess-
ing. Raytracingexhibit major load imbalancesfor purely
object-spacepartition, when interleaving factor equalsto
0. Most of our results indicated that as interleaving in-
creased,loadimbalancedecreased.However, Figure5 shows
achangein thispattern.Hipip andShockwavecouldbecon-
sideredsymmetricdata,thatis topandbottomview aresim-
ilar, left andright view aresimilar andfront andbackview
aresimilar; Skull, on theotherhand,is not.This meansthat
volume interleaving might generatesubvolumesthat have
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Dataset Num.of Processors Interleaving factor
0 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

Shockwave 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 0 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 readingpixelsfromthehardware's framebuffer ontomemory(in seconds)

unequalcontributionsto the�nal image.Figure6 shows vi-
suallytheskull's case.

4.2. Compositing and Gathering

Operationsin this stageincludecompositingof partial im-
ages,conversionfrom 4-tuples(RGBA) to 3-tuples(RGB)
of 8-bit values,gatheringof tiles, andrearrangingof pixels
into their respective positionsin the �nal image.The com-
municationcostincurredby imagecompositingandgather-
ing areaffectedby the interleaving factor. Figure7 shows
a generalbreakdown of the four stagesinvolved to gener-
ate the �nal image.We can see,startingfrom the top, the
fully interleavedschemes,i.e.,when2i equalsto thenumber
of availableprocessors,no compositingwasneededandthe
conversionof partial imagesinto tiles is optimal sincepar-

tial imagesarenon-overlappingportionsof thescreen.When
theinterleaving factoris small,our algorithmbehavesmore
like a purely object-spacepartitioning algorithm,and thus
hashighercommunicationcostsdueto larger imagetrans-
fer time. Figure 7 presentsthe resultsof Hipip datasetat
oneof the resolutionstested.Table3 shows that the com-
positingtimereduceswhentheinterleaving factorincreases.
Thesamebehavior wasobtainedfrom theotherscreenres-
olutions.Theseresultsprovide the answerto our goals.As
interleaving increases,theamountof compositingdecreases
fasterwith respectto gathering.Thisachievesbehavior sim-
ilar to pureimage-spacepartitioningschemes.Furthermore,
thefactthatprocessorsonly allocateaportionof thevolume,
which remainsthesameregardlessof interleaving, achieves
behavior similar to pureobject-spacepartitioningschemes.

Eventhough,it ispossibleto implementtherenderingunit

c
�

TheEurographicsAssociation2002.



Garcia andShen/ An InterleavedParallel VolumeRenderer With PC-Clusters

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

Table3: Compositingtimesasinterleavingincreasesfor 1,2,4and8 processors

0 1 2 3
0

2

6

8

10

12

Hipip

Shockwave

Skull

%

Interleaving factor

Figure 5: Loadimbalancepercentagesfor the3 datasetsat
1024x1024pixel resolution,8 processors andvaryinginter-
leavingfactor

a)

b)

Figure6: SinceSkullconcentratesits dataononeside, pro-
cessors renderingon that side terminatetheir rays faster,
while thoseon othersidecontinuetraversinguntil they exit
thevolume. Therefore, traversalof voxelsis slower. Further-
more, the amountof emptyspacetraversedis greaterat b)
with i � 2 thanat a) with i � 1.

suchthat partial imagesarecomprisedof two separatear-
rays:onefor colorchannelsandtheotherfor opacity, sothat
beforegatheringwe can simply drop the array of opacity
andhave no conversion;it is alsopossibleto combinegath-
eringandrearranginginto onestage,suchthat they overlap

0.05

0.10

0.15

0.20

sec

Compositing

Conversion

Gathering

Rearranging

0 1 2 3i

Figure7: Timebreakdownof compositing, conversion,gath-
eringandrearrangingfor Hipip at 1024x1024.Themultiple
bars for each interleavingfactorsrepresentdifferentnumber
of processors.

in time.Wechosecontiguousdataarrangementsfor simplic-
ity andef�ciency of network communication.

4.3. ImageQuality

Although most featuresare still presentin the rendering,
even the small onessuch as thosein skull, minor image
quality degradationsareindeednoticeable.Thedegradation
mostlyhappensattheedgesandsilhouettesbecausefeatures
canbemissedby samplingraysasa resultof volumeinter-
leaving. For small datasetssuchasHipip 643, artifactsare
morenoticeable,but for largedatasetsweseethatit becomes
lessof a problem.Seethe imageson Figure8, whereeach
dataset's �nal imageis shown side-by-sidewith interleaved
counterparts.The projectionsize of the voxels determines
how muchtheartifactsappearin the�nal image.Thesmaller
their sizesthe lessprocessorsinterleave the feature.Hence,
artifactswill belessnoticeable.
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5. Conclusionand Futur eWork

We presentanalgorithmthatcombinesthebene�ts of scal-
ability from object-spacepartitioning schemesand low-
communicationfrom image-spacepartitioningschemes.Our
interleaving factor controls the combinationof thesetwo
schemesandaccordingto our results,low interleaving fac-
torscaneffectively reducethecostof compositingandkeep
qualitycloseto thatof a purelyobject-spacepartition.

In the implementationof our parallelalgorithm,we have
intentionally left out several known techniquesto acceler-
atetherenderingprocess,sothatwe canconcentrateon the
effectsof the interleaving factor. Nevertheless,we feel that
thosetechniquescanbeincorporatedinto ouralgorithmwith
nomajorchanges,especiallythosethatcanskip regionsthat
donotcontributemuchto the�nal imageeitherbecausethey
have low opacityor becausethey aretotally occludedby the
accumulatedpartial image.We suspectthat techniquesthat
aredata-dependentwill incur in more load imbalance,but
interleaving in conjunctionwith heuristicsto betterpartition
thedatacanpresentbetterloadbalancing.

Multiresolutiontechniquessuchasthoseby LaMar 10 and
Danskin12 with their correspondingaccelerationtechniques
arealsogoodcandidatesfor extendingouralgorithm.

Volumeinterleaving remainsan opentopic for enhance-
ment.Thebetterinterleavedsubvolumesresembletheorig-
inal subvolumes,the lessartifactswill be presentat edges
andsilhouettes.Filteringprovideduswith betterresultsthan
simplesubsampling,however, betterapproximationsrequire
furtherstudy.

Finally, the studyof time varying volumedatain paral-
lel environmentsis an areathat will certainlybene�t from
ouralgorithm,speciallyin thereductionof globaloperations
overhead.
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Figure 8: Datasets:Left: Hipip(64x64x64),Middle: Shockwave(128x128x128),Right: Skull (256x256x256).The �r st row
representtheoriginal images,thesecondrowgoesasfollows:Hipip with i � 1, shockwavewith i � 2 andskull with i � 3.
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