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Abstract

Wepresentaparallelmulti-PCvolumerenderingsystemusingoff-
the-shelfcommoditycomponents.We exploit thehardwareaccel-
erated3D texturemappingof theGeForce3graphicsprocessorsto
visualizevolumedatasets.Thesystemconsistsof two parts.Oneis
client interfacerunningon Windows andtheotheris therendering
server runningon Linux. We alsousethe GeForce3processorin
theclient interfaceto edit thetransferfunctionsandcolor mapsin-
teractively usingdecimateddatasets,whichfit onasinglemachine.
After theclient interfacerequestshighquality imagesfrom theren-
deringserver, therenderingserver usesmultiple PCsto renderthe
imageswithin a second.Our implementationaddressesthe prob-
lem of the framebuffers lack of precision,which causesartifacts
whensub-volumesareblendedindividually, thenblendedtogether.

1 Introduction

Direct volumerenderingis oneof the most importantmethodsto
visualizevolumedatasetslike tomographicimagesandcomputer
simulationdata.As theperformanceandmemorysizeof computers
increase,thesizeof thevolumedataalsoincreasesatacomparably
highrate.For example,thesizeof thevisiblehumanfemaledataset
is around40 gigabytes[Vis n. d.] anda computersimulationdata
sizecouldbemorethana coupleof hundredgigabytes.Theability
to visualizethe enormousdatasetsis beyond the currentcapabili-
tiesof a single-pipegraphicsmachine.Paralleltechniquesmustbe
appliedto achieve interactive renderingof gigabytescaledatasets.
If the datasize is bigger than the total main memoryof a paral-
lel machine,thenit canbevisualizedusingout-of-corealgorithms
[Zhangetal. 2001;Chiangetal. 2001]at theexpenseof interactiv-
ity. Visualizationis alwaysaccompaniedby transferfunctionsand
viewing parameters.Semi-automaticgenerationmethods[Kindl-
mannandDurkin 1998;Knisset al. 2001a]andthecontourspec-
trum [Bajaj et al. 1997] have beendevelopedfor transferfunction
generation.Sincethereis noautomaticmethodfor transferfunction
generationandthe two approachesstill requirefine-tuningby the
user, largescaledatavisualizationis timeconsumingwork without
interactivity.

In this paper, we suggesta 3D texture basedparallel volume
renderingsystemusinga PCclusterwith off-the-shelfcomponents
(COTS). Themaingoalof our researchis interactive visualization
of large volume datasets,which are beyond the capabilitiesof a
singlePCor asingle-pipegraphicsmachine,usinggeneral-purpose
PCgraphicshardware,suchastheGeForce2 andGeForce3. The
renderingsystemis aninteractive directvolumerenderingsystem,
which is limited in thesizeof thedatait canvisualizeby its avail-
abletexturememory.

TheVolumeProis a specialpurposegraphicscarddesignedfor
interactivevolumerendering[Pfisteretal. 1999]. [Lombeydaetal.
2001]parallelizedtheVolumeProhardwarewith Sepia-2blending
hardware and achieved high performance. We suggesta similar
approachto get interactive renderingperformanceusingcheaper,
general-purposehardware. We also suggesta methodto remove
seamplanesbetweenrenderedimagepiecesateachnodein thefinal
compositionstep.Theseamplanesarecausedby theframebuffer’s

precision,whichhasonly abytefor eachcomponentsof red,green,
blueandalpha(RGBA).

The renderingsystemconsistsof two parts. The first part is a
client interface, which is running on Windows 2000. It adjusts
transferfunctionsandview parametersinteractively with decimated
data,which fits into texturememory. It sendsviewing information
to the renderingserver. The secondpart is a parallel 3D texture
basedrenderingserver onRedHatLinux Machines.

Therestof thispaperis organizedasfollows: Section2 describes
theprevious work. In section3, we explain the parallelrendering
algorithmandseamplanesremoving algorithm. In section4, the
performaceandrenderingresultsarepresented.Finally, we make a
conclusionin section5.

2 Previous Work

Hardware accelerated,parallel volume renderingresearchcan be
divided into two groups. In the first group,parallelmachinesare
usedsuchasSGI andFUZION. Kniss et al. [Kniss et al. 2001b]
developedtexture-basedvolumerenderingalgorithmusing16-pipe
SGI Origin 2000with IR-2 graphicshardware. Sub-volumesare
loadedinto texturememoryof eachgraphicspipe.Sub-imagesren-
deredby the graphicspipesare composedfrom back to front in
software. [Park et al. 2001] suggestedproportionalbrick assign-
mentalgorithmaccordingto thenumberof rastermanagersof each
graphicspipe. They usedSGI Onyx2 machinewith 6 InfiniteReal-
ity2 graphicspipes.[MeiBner et al. 2001] implementeda parallel
ray castingalgorithmusingthe FUZION architecture.In the sec-
ondgroup,PCgraphicshardwareis used,suchasGeforceandVol-
umePro.[Lombeyda et al. 2001] have achieved high performance
usingspecial-purposevolumerenderinghardware,theVolumePro
for volumerenderinganda Sepi-2boardfor imageblending.They
alsoproved that thefront-to-backfinal compositionformulaof in-
termediateimages,whicharecomposedindividually, is identicalto
the front-to-backcompositionmethodwithout breakingthem up.
[Magallonet al. 2001]usedmultiple Geforce2graphicsprocessors
in parallel,whichallow only 2D texturemapping.

However, nobodyhasconsideredthecompositionerrorscaused
by the framebuffer’s precision. To usethe texture basedparallel
volumerendering,we mustusetheframebuffer of eachnode.The
framebuffer’s low precisioncausesroundoff errorsthat are most
noticablewhenintermediateimagesarecompositedinto the final
image.

3 Parallel Algorithm

The renderingsystemconsistsof two parts, the Client Interface
andtheRenderingServer. TheClient Interfaceis runningon Win-
dows2000,while theRenderingServeris runningonRedHatLinux.
Both of themuseGeforce3processorsexcepttheroot nodein fig-
ure1. TherootnodeusesaGeforce2insteadof themoreexpensive
GeForce3,since2D texture mappingis enoughfor the hardware
acceleratedfinal composition,

A very large datasetcanbe visualizedin a singlePC after it is
decimatedto fit into thetexturememoryof thePC.In thatcase,we
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Figure1: TheRenderingSystemDiagram:The transferfunctions
andviewing parametersareeditedusing the Client Interfaceand
sentto therenderingserver throughCORBA. Therootnodebroad-
caststheinformationto sub-nodesandgetrenderedimageletsfrom
thesub-nodes.Finally, Theimagesarecomposedinto afinal image
by therootnodeandthefinal imageis sentto theClient Interface.

canget interactive visualization,but we losedataaccuracy. Trans-
fer functionsandviewing parameterscanbeeditedusingthedeci-
mateddatainteractively with theClient Interface.After thetransfer
functionsandviewing parametersaresentto the renderingserver,
the server generatesaccurateimages. The renderingsystempro-
videsinteractivity andaccuracy at the sametime for large dataset
while thecostof theserver is minimized.

3.1 Parallel Rendering Algorithm

Therearethreestepsto renderimages.First, the Client Interface
loadsdecimateddata.Thetransferfunctionsandviewing parame-
tersareinteractively editedusingtheClient Interfacewhich usesa
Geforce3for interactive volume rendering. Thereis sometrade-
off betweenthe image quality and interactivity in the Interface.
In the secondstep,the Client Interfacerequestsa high-resolution
imagesfrom the renderingserver. If the Client Interfacerequests
thefirst executionfrom therenderingserver, theneachnodeof the
server startto load sub-volume,which sizeshouldbe lessthanor
equalto thetexturememorysizeof eachnode.Right afterthesub-
volumedataaredownloadedinto texture memory, eachnoderen-
dersit’ s sub-volume. Renderedimagesarereadfrom framebuffer
andsentto therootnode.Therootnodecomposestheimagesusing
hardware-accelerated2D texturemapping.Finally, theserver reads
the composedimagefrom framebuffer and sendsit to the Client
Interface. The Client Interfacedisplaysthe two images,low and
high resolutionat thesametime. Thefigure2 shows thedataflow
of therenderingsystem.Theprocessor1 through4 have Geforce3
processorsandtheserver hasa Geforce2processor. Theroot node
calculatesview directionandpositionanddecidesthecomposition
orderof therenderedimagestaken from thesub-nodes.Thereare
only 2 waysto composethe images,from the number1 imageto
thenumberk imageor from thenumberk imageto the number1
image.

Thehardware-acceleratedcompositionis fasterthanthesoftware
composition,but it hasa seriousproblem. Sinceeachcomponent
of RGBA hasonly 1 byte in the framebuffer, eachcomponentcan
cover only from 0 through255values.Whenthealphavalue(0-1)
is lessthan 1/255, nothing would be accumulatedon the frame-
buffer, sincethe framebuffer tries to omit decimals.Even though
tonsof planesaredrawn to theframebuffer, we canseeonly back-
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Figure2: The Parallel Algorithm of the RenderingServer: In the
first excecution,the eachnodeof the renderingserver readsthe
sub-volumedataanddownloadsthemto thetexturememory. After
generatingsub-image,eachnodesendsit to therootnode.Theroot
nodeputstheminto 2D texturememoryandblendstheminto afinal
image.

groundcolor. In thenext section,we suggesta techniqueto reduce
the blendingerrors. The main idea of our methodis to increase
thealphavaluesto compensatetheblendingerrors,while decreas-
ing the numberof samplingplanes.Thenext sectionexplainsthe
detailsof themathematicalcalculation.

3.2 Removing Seam Planes Algorithm

Therearetwo methodsto blendtexture-mappedplanesinto anim-
age. One is back-to-frontcompositionmethodand the other is
front-to-backcompositionmethodwhich areusedin [Kniss et al.
2001b]and [Lombeyda et al. 2001] respectively. The following
equations(1) are usedfor back-to-frontcomposition[Porter and
Duff 1984]:

Cd � αsCs
� �

1 ! αs " Cd

αd � αs
�#�

1 ! αs " αd (1)

whereCd and αd are the accumulatedcolor and alpha value in
framebuffer respectively andCs and αs are the sourcecolor and
alphavaluecomposedinto theframebuffer respectively.

Thenext equations(2) arefor front-to-backcomposition.



Cd � Cd
� �

1 ! αd " αsCs

αd � αd
�#�

1 ! αd " αs (2)

Both of them can be used for intermediateimage blending
methodin eachsub-node.In thecaseof back-to-frontcomposition,
we canusethesamefunction(1) for thefinal imageblending,but
in thecaseof thefront-to-backcomposition,thefollowing formula
shouldbeused:

Cd � Cd
� �

1 ! αd " Cs

αd � αd
�#�

1 ! αd " αs (3)

We use the back-to-front composition method with pre-
multiplied αs $ Cs values,since it doesnot needthe destination
alphavaluesandthefront-to-backcompositionmethodis moresus-
ceptibleto roundoff errors. If αs $ Cs is lessthan 1% 255 in (1),
whereeachvalue of αs andCsis from 0 to 1, then nothing will
beaccumulatedin framebuffer, even thoughvery many planesare
blended.For example,if Cd is initialized with black color, 0 and
αs � 0 & 35 andCs � 0 & 01, thenCd � αs $ Cs � 0 & 0035,which will
be0 afterit is accumulatedinto framebuffer, whichhasonly 1 byte
for eachcomponentof RGBA values.After theblendingis repeated
450times,we shouldgetCd � 0 & 3462andαs � 0 & 9891.However,
if they areaccumulatedinto theframebuffer, whichhasonly 1 byte
precision,thenthevalueswill beCd � 0 & 0% 255andαs � 155% 255.
Wewill seeonly blackbackgroundcolor. Oneor two colorsamong
red,greenandblue(RGB)coulddisappear. Thefigure7(a)shows
the problem. Unexpectedplanesarevisible in the final imageaf-
ter thefinal blending.Thesameproblemhappensin front-to-back
blendingformula(2).

Thereareacoupleof solutionsto remove theseamplanes.Soft-
warehigh precisionblendingis left asa resortbecauseof it’ s low
performace.First, onesolutionis to increasethe precisionof the
framebuffer. However it is not possibleon theGeForce3.Second,
the seamplanesaregenerateddueto the framebuffer’s precision,
which would omit decimals.We canblendtexturemappedplanes
twice usingthe scaledtrimed numbers.After rescalingthe image
andwecanaddit to thefinal image.Thismethodwill cut theblend-
ing performancein half, sinceit blendstwice. Finally, we suggest
the following method:We canincreasethealphavaluesto reduce
the blendingerrors,while the numberof texture mappingplanes
decreases.The blendingerrorsusuallyhappenwhen the αs $ Cs
valueis toosmall.Wedonotchangecolorvalues,Cs, to recoverthe
roundingoff errors,sincetherenderingservershouldgive thesame
coloredimagesto theclient. Thefollowing formularepresentsthe
relationshipbetweenαs andthenumberof mappingplanes[Kniss
et al. 2001b]:

αnew � 1 ! � 1 ! αold " srold
srnew (4)

wheresrold is thesamplerateusedwith αold andsrnew is thenew
samplerateusedwith αnew. Whenαs is increased,thenumberof
mappingplanesshouldbedecreasednonlinearly. After we decided
thenew αs value,thenumberof planescanbecalculatedusing(5).

srnew � srold $ log
�
1 ! αold "

log
�
1 ! αnew " (5)

However, it is noteasyto decidethenew αs valueto recover the
roundingoff errorswheninteger calculationis used,sinceαs and
Cs arenot constantandround-off errorshappenat every blending
step. Fortunately, the weird final blendingof 7(a) happen,only

whenwe usenearlytransparentplanesin mostcases.So, we can
make assumptionthat αs is small valuesandCs is a constantto
make it easyto calculate.TheCd is initialized with blackcolor, 0,
soafterthefirst blending,we cangetCd like following:

Cd � αs $ Cs
�#�

1 ! αs " $ αs $ Cs (6)

Cd shouldbegreaterthan1% 255to preventdrawing nothing.αs
shouldbebetweenthetwo values:

'
1 !)( 1 ! 1

255Cs * 1
� ( 1 ! 1

255Cs + (7)

(7) is a restrictionfor thenew αs value.After blendingaenough
numberof planesusingrealnumbers,Cd areequaltoCs in (1). The
following equationis trueat somepoint:

αsCs � αsCd & (8)

However, if weusetheintegerprecision,thentheCd valueis less
thentheCs value. For example,if αs � 0 & 04 andCs � 0 & 35, then� αs $ Cs $ 255" � 3 & 57. After we omit decimals,the

� αs $ Cs $
255" valuewill be3. In our program,sincewe usepre-multiplied� αs $ Cs " values,theCd valuesof (8) is lessthanwhatit shouldbe.
If theαs valueis increasedby 0 & 01,then

� αs $ Cs $ 255" � 4 & 4625.
Integer value of

� αs $ Cs $ 255" is 4, which is bigger than 3 & 57,
but morethan0 & 43valuesaretrimedby thelow precisionblending.
Hereis theC likealgorithmto decidethenew αs valueandthenew
samplerate:

Calculating_New_As_&_SR_Values() {
As = Average of the Alpha Values;
Cs = Average of the Color Value;
AsCs = As*Cs;
Cd = (double)((int)(AsCs*255))/(As*255);
do {

Cd = (double)((int)(AsCs*255))/(As*255);
if (Cd > Cs) break;
else AsCs += 0.001;

} while(1);
As_new = AsCs/Cs + Estimated_Error

if (As_new > 1 !), 1 ! 1
255- Cs )

srnew = srold*log(1-As)/log(1-As_new);
if (srnew . srold) {

/* Do not change the values */
srnew � srold;
As_new = As;

}
}

The do-while loop compensatesfor the errors causedby the
pre-multiplicationαs $ Cs andtheEstimated_Error addsthe
roundoff errorsof thelow precisionblendingin eachsub-node.The
Estimated_Error dependson thenumberof texturemapping
planes. In our implementation,the real numbersfrom 1/255 to
2/255aregoodvaluesfor theEstimated_Error.

4 Implementation and Results

Our implementationplatform is a clusterof CompaqPCs,eachof
whichhas800MHZ PentiumIII processorsandGeForce3graphics
processorswith 256M mainmemory. Oneof themhasa GeForce
2 processor. TheClient Interfaceis runningon Windows2000and



the renderingserver is runningon RedHat7.2 Linux. The Client
Interf/ acecommunicateswith therenderingserverthroughCORBA.
The root nodeandsub-nodesof the renderingserver talk to each
other using MPI. All thesemachinesare connectedby 100Mb/s
Ethernet.

4.1 The Client Interface and The Rendering Server

Figure3: The Client Interface: The usermanipulatesthe transfer
functionusingthegraphicalcontrolon theright.

The Client Interfacerunson Windows2000. It is implemented
using the MFC. The usermanipulatesthe transferfunction using
thegraphicalcontrolon theright. After chosingthe transferfunc-
tion and view orientation,the usercan requesta high resolution
imagefrom the renderingserver. The renderingserver is imple-
mentedusingC++. TheOpenGLandGLUT librariesareusedfor
rendering.Oneproblemwe encounteredin our implementationis
that the CORBA is not compatiblewith GLUT library, sinceboth
of themusethe infinite event loop. We solved theproblemby re-
moving the GLUT event loop. The sub-nodesof the server use
GeForce3processorsto do3D texturemapping,while therootnode
usesGeForce2for final imageblendingusing2D texture. Both of
theGeForce2andGeForce3have 64MB graphicsmemory.

4.2 Scalability and Performance

We presentexperimentalresultsof theparallelrenderingsystemin
termsof performanceand imagequality. Table 1 shows the two
datasetswe usedfor our experiments.

Name DataDimension Size
VisibleHumanMale 512 $ 512 $ 512 128MB

VisibleHumanFemale 512 $ 512 $ 512 128MB

Table1: Thesizesof our testdatasets

Wealsouseddecimateddatasetsfor theClient Interface.Thedi-
mensionof thedecimateddatasetsis 128 $ 128 $ 128. Theoriginal
datasetsarelarger thantable1, but we resizetheoriginal datasets
to fit theminto our renderingsystem.Bothof thedatasetsarefrom
thevisiblehumanprojectof theNationalLibrary of Medicine.

First,wetestedtherenderingperformance.Weuseda512 $ 512
drawing window andmadetheobjectbig enoughto fit thewindow.
Figure4 shows the theminimumframeratesthatwe achieved. X
axisof figure4 representsthedatasizeandtheY axis is theframe
rates.
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X DimensionandDataSize FPS
1 512 $ 512 $ 8 (2 MB) 8.68
2 512 $ 512 $ 16 (4 MB) 6.92
3 512 $ 512 $ 32 (8 MB) 6.73
4 512 $ 512 $ 64 (16 MB) 6.47
5 512 $ 512 $ 128 (32MB) 6.22
6 512 $ 512 $ 256 (64MB) 5.74
7 512 $ 512 $ 512(128MB) 4.01

Figure4: ThePerformanceandScalabilityAccordingto theData
Size:Theperformanceincludesthenetwork delay, renderingtime,
andhardware acceleratedfinal blendingtime. We useGeForce3
processorsfor the renderingintermediateimagesanda GeForce2
processorfor thefinal blending.

Whenthe datasizeis from 4MB to 64MB, the performanceof
our renderingsystemremainsalmostconstant,but theperformance
dropsdown at128MB.Thereasonis that,asthedatasizegrows,the
3D renderingtime takesthelargerpartof wholegenerationtime.

Figure5 show the speedup for multi-PCs. The texture meme-
ory allows only thepower of two datasize,so we cangetenough
speedupwhenthenumberof processorsaredoubled.The2 and3
processorshavenobig difference,but wecansaythatthe4 proces-
sorsarefasterthanthe2 and3 processors.

The Client Interfaceachieves10-12FPS,with the 128 $ 128 $
128dataset.We exploit the GeForce3processorto get interactive
visualizationin theClient Interface.

5 Conclusion and Future Work

In this paper, we presenta parallelmulti-PCvolumerenderingsys-
tem usingoff-the-shelfcommoditycomponentssuchasGeForce2
andGeFoce3graphicsprocessors.We exploit thehardwareaccel-
erated3D texturemappingof theGeForce3processorsin both the
Client Interfaceandtherenderingsystem.A singleGeForce3pro-
cessoris goodenoughfor visualizationof small volumedatasets.
However, whenmultiple GeForce3processorsareusedfor parallel
rendering,weencounteredacoupleof problems.First,thefinalper-
formanceisaffectedbynetwork delayandfinal compositiontimein
additionto therenderingtime. Wecouldnotguaranteethattheper-
formaceincreasescontinuously, aswe usemoreGeForce3proces-
sors. The framerateswe got usingmultiple GeForce3processors
in parallelwasbelow interactive framerates.However, ourparallel
multi-PCrenderingsystemcansolvetheproblem.TheClient Inter-
faceprovidestheinteractive visualizationusingdecimateddatasets
andit requestshighquality imagesfrom therenderingserver. Since
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# Processos DataDimensionof EachProcessor FPS
2 512 $ 512 $ 128 (32MB) 5.63
3 512 $ 512 $ 128 (32MB) 5.78
4 512 $ 512 $ 64 (16MB) 6.46

Figure5: Speedupfor Multiple-PCs:

therenderingserver genetateshighquality imageswithin asecond,
we canachieve bothof interactivity andhigh quality images.

We alsopresenta techniqueto reducetheblendingerrorson the
final images. The errorsarenot noticeableon the framebuffer of
eachnode,but after the intermediateimagesare blendedinto an
image,theblendingerrorsresultin seamplanes.It is impossibleto
remove theseamplanesperfectlybecauseof thelack of theframe-
buffer’s precision,but our techniquecan reducethe effect of the
blendingerror.

Wealsoportedourparallelrenderingserver to aPCclusterusing
software-based3D texturemapping.ThePCclusterhas32Compaq
PCseachof whichhas256MB mainmemory. They areconnected
by 100 MB/s Ethernet. The performaceof the software-based
server is definitely lower thanthehardware-acceleratedserver, but
thesoftware-basedserver candealwith largerdatasets.Whenwe
testedit using only 32 PCs, it was able to render4GB volume
datasets.

TheGeForce3processorsprovideperpixel volumeshadingtech-
niques.WehavetestedthetechniqueontheClientInterface.In near
future,we will addthevolumeshadingto therenderingserver.
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Figure6: Theimagesbeforeandafterapplyingtheseamplanere-
moving algorithm. (a) shows the imagewith seamplanes,and(b)
shows animageaftertheseamplaneshave beenremoved.

(a) (b)

(c) (d)

(e)ComposedFinal Image

Figure 7: The Visible HumanFemaleDataset. The sub-images
have thesamesizeasthefinal image. Theback-to-frontblending
methodis usedfor theintermediateimagesandthefinal image


