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Abstract

We present parallelmulti-PC volumerenderingsystemusingoff-
the-shelfcommoditycomponentsWe exploit the hardwareaccel-
erated3D texture mappingof the GeForce3graphicsprocessorso
visualizevolumedatasetsThe systemconsistf two parts.Oneis
clientinterfacerunningon Windows andthe otheris the rendering
sener runningon Linux. We alsousethe GeForce3processoin
theclientinterfaceto edit thetransferfunctionsandcolor mapsin-
teractizely usingdecimatediatasetsyhich fit onasinglemachine.
After theclientinterfacerequestdigh qualityimagesrom theren-
deringsener, therenderingsener usesmultiple PCsto renderthe
imageswithin a second. Our implementationaddressethe prob-
lem of the frame buffers lack of precision,which causesrtifacts
whensub-wlumesareblendedndividually, thenblendedogether

1 Introduction

Direct volumerenderingis one of the mostimportantmethodsto
visualizevolume datasetdik e tomographicmagesand computer
simulationdata.As theperformancendmemorysizeof computers
increasethesizeof thevolumedataalsoincreasestacomparably
highrate. For example thesizeof thevisible humanfemaledataset
is around40 gigabytes[Vis n. d.] anda computersimulationdata
sizecouldbe morethana coupleof hundredgigabytesTheability
to visualizethe enormougdatasetss beyond the currentcapabili-
ties of a single-pipegraphicsmachine.Paralleltechniquesnustbe
appliedto achiee interactve renderingof gigabytescaledatasets.
If the datasizeis biggerthanthe total main memoryof a paral-
lel machine thenit canbe visualizedusingout-of-corealgorithms
[Zhangetal. 2001;Chiangetal. 2001]atthe expenseof interactv-
ity. Visualizationis alwaysaccompaniedby transferfunctionsand
viewing parameters.Semi-automatigeneratiormethods[Kindl-
mannandDurkin 1998; Kniss et al. 2001a]andthe contourspec-
trum [Bajaj et al. 1997] have beendevelopedfor transferfunction
generationSincethereis noautomatianethodfor transferfunction
generatiorandthe two approachestill requirefine-tuningby the
user large scaledatavisualizationis time consumingvork without
interactvity.

In this paper we suggesta 3D texture basedparallel volume
renderingsystemusinga PC clusterwith off-the-shelfcomponents
(COTS). The maingoal of our researchs interactie visualization
of large volume datasetswhich are beyond the capabilitiesof a
singlePCor asingle-pipegraphicsmachine usinggeneral-purpose
PC graphicshardware,suchasthe GeForce2 and GeForce3. The
renderingsystemis aninteractve directvolumerenderingsystem,
whichis limited in the sizeof the datait canvisualizeby its avail-
abletexturememory

The VolumeProis a specialpurposegraphicscard designedor
interactive volumerenderingPfisteretal. 1999]. [Lombeydaetal.
2001] parallelizedthe VolumeProhardwarewith Sepia-2blending
hardware and achieved high performance. We suggesta similar
approachto getinteractve renderingperformanceusing cheaper
general-purposkardvare. We also suggesta methodto remove
seanplanesetweerrenderedmagepiecesateachnodein thefinal
compositiorstep.Theseamplanesarecausedy theframehuffer's

precisionwhich hasonly abytefor eachcomponentsf red,green,
blueandalpha(RGR\).

The renderingsystemconsistsof two parts. The first partis a
client interface, which is running on Windows 2000. It adjusts
transferfunctionsandview parametermteractively with decimated
data,which fits into texture memory It sendsviewing information
to the renderingsener. The secondpartis a parallel 3D texture
basedrenderingsener on RedHatLinux Machines.

Therestof thispaperis organizedasfollows: Section2 describes
the previous work. In section3, we explain the parallelrendering
algorithmand seamplanesremaving algorithm. In section4, the
performaceandrenderingresultsarepresentedFinally, we make a
conclusionin section5.

2 Previous Work

Hardware acceleratedparallel volume renderingresearchcan be
divided into two groups. In the first group, parallelmachinesare
usedsuchas SGI and FUZION. Kniss et al. [Kniss et al. 2001b]
developedtexture-basedolumerenderingalgorithmusing16-pipe
SGI Origin 2000 with IR-2 graphicshardware. Sub-wlumesare
loadedinto texturememoryof eachgraphicspipe. Sub-imagesen-
deredby the graphicspipesare composedrom backto front in
software. [Park et al. 2001] suggestegbroportionalbrick assign-
mentalgorithmaccordingo the numberof rastermanagersf each
graphicspipe. They usedSGI Onyx2 machinewith 6 InfiniteReal-
ity2 graphicspipes.[MeiBner et al. 2001] implementeda parallel
ray castingalgorithmusingthe FUZION architecture.In the sec-
ondgroup,PCgraphicshardvareis used suchasGeforceandVol-
umePro[Lombeyda et al. 2001] have achieved high performance
usingspecial-purposeolumerenderinghardware, the VolumePro
for volumerenderinganda Sepi-2boardfor imageblending. They
alsoproved thatthe front-to-backfinal compositionformula of in-
termediatemageswhich arecomposedndividually, is identicalto
the front-to-backcompositionmethodwithout breakingthem up.
[Magallonetal. 2001]Jusedmultiple Geforce2graphicsprocessors
in parallel,which allow only 2D texture mapping.

However, nobodyhasconsideredhe compositionerrorscaused
by the framehuffer’s precision. To usethe texture basedparallel
volumerenderingwe mustusethe frametuffer of eachnode. The
framehuffer’s low precisioncausesoundof errorsthat are most
noticablewhenintermediateémagesare compositednto the final
image.

3 Parallel Algorithm

The renderingsystemconsistsof two parts, the Client Interface
andthe RenderingSener. The Client Interfaceis runningon Win-
dows2000whiletheRenderingSeneris runningon RedHatLinux.
Both of themuseGeforce3processorgxceptthe root nodein fig-
urel. Therootnodeusesa GeforceZnsteadof themoreexpensve
GeForce3, since 2D texture mappingis enoughfor the hardware
acceleratedinal composition,

A very large datasetanbe visualizedin a single PC afterit is
decimatedo fit into the texture memoryof the PC.In thatcasewe
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Figurel: The RenderingSystemDiagram: The transferfunctions
andviewing parametersare edited using the Client Interfaceand
sentto therenderingsener throughCORBA. Therootnodebroad-
castgheinformationto sub-nodesindgetrenderedmageletsrom
thesub-nodesFinally, Theimagesarecomposednto afinal image
by theroot nodeandthefinal imageis sentto the Client Interface.

cangetinteractive visualization but we losedataaccurag. Trans-
fer functionsandviewing parametersanbe editedusingthe deci-
mateddatainteractvely with the ClientInterface.After thetransfer
functionsandviewing parametergresentto the renderingsener,
the sener generatesiccuratemages. The renderingsystempro-
videsinteractvity andaccurag at the sametime for large dataset
while the costof the seneris minimized.

3.1 Parallel Rendering Algorithm

Therearethreestepsto renderimages. First, the Client Interface
loadsdecimatediata. The transferfunctionsandviewing parame-
tersareinteractvely editedusingthe Client Interfacewhich usesa
Geforce3for interactve volume rendering. Thereis sometrade-
off betweenthe image quality and interactvity in the Interface.
In the secondstep, the Client Interfacerequestsa high-resolution
imagesfrom the renderingsener. If the Client Interfacerequests
thefirst executionfrom therenderingsener, theneachnodeof the
sener startto load sub-wlume, which size shouldbe lessthanor
equalto thetexture memorysizeof eachnode.Right afterthe sub-
volumedataare downloadedinto texture memory eachnoderen-
dersit’s sub-wlume. Renderedmagesarereadfrom framehuffer
andsentto therootnode.Therootnodecomposesheimagesusing
hardware-accelerate?D texturemapping.Finally, thesenerreads
the composedmagefrom frameluffer and sendsit to the Client
Interface. The Client Interfacedisplaysthe two images,low and
high resolutionat the sametime. The figure 2 shavs the dataflow
of therenderingsystem.The processod through4 have Geforce3
processorgindthe sener hasa Geforce2processorTheroot node
calculatessiew directionandpositionanddecideshe composition
orderof the renderedmagestaken from the sub-nodesThereare
only 2 waysto composethe images,from the numberl imageto
the numberk imageor from the numberk imageto the numberl
image.

Thehardware-acceleratecbmpositioris fastetthanthesoftware
composition,but it hasa seriousproblem. Sinceeachcomponent
of RGBA hasonly 1 bytein the framehuffer, eachcomponentan
cover only from 0 through255 values.Whenthe alphavalue (0-1)
is lessthan 1/255, nothing would be accumulatedbn the frame-
buffer, sincethe framehuffer tries to omit decimals. Eventhough
tonsof planesaredrawnn to the frameluffer, we canseeonly back-
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Figure2: The Parallel Algorithm of the RenderingSener: In the
first excecution,the eachnode of the renderingsener readsthe
sub-wlumedataanddownloadsthemto the texture memory After
generatingub-imageeachnodesendst to therootnode.Theroot
nodeputstheminto 2D texturememoryandblendstheminto afinal
image.

groundcolor. In thenext sectionwe suggest techniqueto reduce
the blendingerrors. The main idea of our methodis to increase
the alphavaluesto compensat¢he blendingerrors,while decreas-
ing the numberof samplingplanes. The next sectionexplainsthe

detailsof the mathematicatalculation.

3.2 Removing Seam Planes Algorithm

Therearetwo methodgo blendtexture-mappeghlanesinto anim-
age. Oneis back-to-frontcompositionmethodand the other is
front-to-backcompositionmethodwhich are usedin [Kniss et al.
2001b]and [Lombeyda et al. 2001] respectiely. The following
equations(1) are usedfor back-to-frontcomposition[Porter and
Duff 1984]:

Cd:

Oq

0sCs+ (1—0as)Cy
as+ (1—0s)0g 1)

whereCy and ay are the accumulateccolor and alphavalue in
framehuffer respectiely and Cs and as are the sourcecolor and
alphavaluecomposednto the framehuffer respectiely.

Thenext equationg2) arefor front-to-backcomposition.



Ci = Cyg+(1-ag)asCs
o0g = 0g+(l—ag)as )]

Both of them can be used for intermediateimage blending
methodin eachsub-nodeln the caseof back-to-frontcomposition,
we canusethe samefunction (1) for the final imageblending,but
in the caseof the front-to-backcompositionthefollowing formula
shouldbeused:

Ci = Cy+(1-0ag)Cs
ag = Og+(1-ag)as ©))

We use the back-to-front composition method with pre-
multiplied as x Cs values, sinceit doesnot needthe destination
alphavaluesandthefront-to-backcompositiormethods moresus-
ceptibleto roundof errors. If as x Cs is lessthan1/255in (1),
where eachvalue of as andCsis from 0 to 1, then nothing will
be accumulatedn framehuffer, eventhoughvery mary planesare
blended. For example,if Cq is initialized with black color, 0 and
as = 0.35andCs = 0.01, thenCy = a5 x Cs = 0.0035,which will
be 0 afterit is accumulatednto framehuffer, which hasonly 1 byte
for eachcomponenof RGBA values.After theblendingis repeated
450times,we shouldgetCy = 0.3462andas = 0.9891. However,
if they areaccumulatednto the frametuffer, which hasonly 1 byte
precision thenthevalueswill beCyq = 0.0/255andas = 155/255.
We will seeonly blackbackgroundolor. Oneor two colorsamong
red, greenandblue(RGB)could disappear The figure 7(a) shavs
the problem. Unexpectedplanesarevisible in the final imageaf-
ter thefinal blending. The sameproblemhappensn front-to-back
blendingformula(2).

Therearea coupleof solutionsto remove the seanplanes.Soft-
warehigh precisionblendingis left asa resortbecausef it's low
performace.First, one solutionis to increasethe precisionof the
frameluffer. However it is not possibleon the GeForce3. Second,
the seamplanesare generatedlueto the frametuffer’s precision,
which would omit decimals.We canblendtexture mappedplanes
twice usingthe scaledtrimed numbers.After rescalingthe image
andwe canaddit to thefinalimage.Thismethodwill cuttheblend-
ing performancen half, sinceit blendstwice. Finally, we suggest
the following method: We canincreasethe alphavaluesto reduce
the blendingerrors, while the numberof texture mappingplanes
decreasesThe blendingerrorsusually happenwhenthe as x Cs
valueis too small. We donotchangecolorvalues Cs, to recoverthe
roundingoff errors,sincetherenderingsener shouldgive thesame
coloredimagesto the client. Thefollowing formularepresentshe
relationshipbetweerns andthe numberof mappingplanegKniss
etal. 2001b]:

Sfold

Onev = 1— (1 —0g|g) Sew 4)

wheresrqq is the samplerateusedwith agq andsrey is the new
samplerateusedwith aney. Whenas is increasedthe numberof
mappingplanesshouldbe decreasedonlinearly After we decided
thenew as value,thenumberof planescanbecalculatedusing(5).

lOg(l_a0|d) (5)

Slhew = Slold X
new old |09(1*aneN)

However, it is noteasyto decidethe new as valueto recover the
roundingoff errorswheninteger calculationis used,sinceas and
Cs arenot constantandround-of errorshappenat every blending
step. Fortunately the weird final blendingof 7(a) happen,only

whenwe usenearlytransparenplanesin mostcases.So, we can
make assumptiorthat as is small valuesand Cs is a constantto
male it easyto calculate.TheCy is initialized with blackcolor, 0,
soafterthefirst blending,we cangetCy like following:

Cd:asXC3+(1fas)Xas><CS (6)

Cq shouldbe greaterthan1/255to preventdrawing nothing.as
shouldbe betweerthetwo values:

(17\/17ﬁ, 1+\/17ﬁ) ©)

(7) is arestrictionfor thenew as value. After blendingaenough
numberof planesusingrealnumbersCy areequalto Csin (1). The
following equationis true at somepoint:

asCs = asCy. (8)

However, if we usetheintegerprecisionthentheCy valueis less
thenthe Cs value. For example,if as= 0.04 andCs = 0.35, then
(as x Cs x 255 = 3.57. After we omit decimals,the (as x Cs X
255) valuewill be 3. In our program,sincewe usepre-multiplied
(as x Cs) values theCy valuesof (8) is lessthanwhatit shouldbe.
If theas valueis increasedvy 0.01,then(as x Cs x 255) = 4.4625.
Integer value of (as x Cs x 255) is 4, which is biggerthan 3.57,
but morethan0.43 valuesaretrimedby thelow precisionblending.
Hereis theC like algorithmto decidethenew as valueandthenew
samplerate:

Cal cul ating_New As_& SR Val ues() {
As = Average of the Al pha Val ues;
Cs = Average of the Col or Val ue;
AsCs = As*Cs;
Cd = (double)((int)(AsCs*255))/(As*255);
do {
Cd = (double)((int)(AsCs*255))/(As*255);
if (Cd > Cs) break;
el se AsCs += 0.001;
} while(l1);
As_new = AsCs/Cs + Estimated_Error
if (As_new > 1—/1— ot~ )
Shaw = Sfoig* 1 0g( 1- As) /1 og( 1- As_new) ;
if (Stew> shog) {
/* Do not change the values */
Snev = Slold;
As_new = As;
}
}

The do-while loop compensatesor the errors causedby the
pre-multiplicationas x Cs andthe Est i mat ed_Er r or addsthe
roundof errorsof thelow precisionblendingin eachsub-nodeThe
Esti mat ed_Er r or dependon the numberof texture mapping
planes. In our implementation the real numbersfrom 1/255 to
2/255aregoodvaluesfor theEst i mat ed_Err or .

4 Implementation and Results

Ourimplementatiorplatformis a clusterof CompagPCs,eachof

which has800MHZ Pentiumlll processorandGeForce3graphics
processorsvith 256M main memory Oneof themhasa GeForce
2 processorThe Client Interfaceis runningon Windowvs2000and



the renderingsener is runningon RedHat7.2 Linux. The Client
Intefacecommunicatesvith therenderingsenerthroughCORBA.

The root nodeand sub-nodef the renderingsener talk to each
other using MPI. All thesemachinesare connectedoy 100Mb/s
Ethernet.

4.1 The Client Interface and The Rendering Server

Fie B Yen Yome fimation Servec b
[D@H| s =8 (&8 2R

Figure 3: The Client Interface: The usermanipulateghe transfer
functionusingthe graphicalcontrolontheright.

The Client Interfacerunson Windows2000. It is implemented
usingthe MFC. The usermanipulateghe transferfunction using
the graphicalcontrol on theright. After chosingthe transferfunc-
tion and view orientation,the usercan requesta high resolution
imagefrom the renderingsener. The renderingsener is imple-
mentedusingC++. The OpenGLandGLUT librariesareusedfor
rendering.Oneproblemwe encounteredn our implementatioris
thatthe CORBA is not compatiblewith GLUT library, sinceboth
of themusethe infinite eventloop. We solved the problemby re-
moving the GLUT eventloop. The sub-nodesf the sener use
GeForce3processorso do 3D texturemappingwhile therootnode
usesGeForce2for final imageblendingusing2D texture. Both of
the GeForce2andGeForce3have 64MB graphicsmemory

4.2 Scalability and Performance

We presenexperimentakesultsof the parallelrenderingsystemin
termsof performanceandimagequality. Table 1 shows the two
datasetsve usedfor our experiments.

| Name | DataDimension| Size |
VisibleHumanMale | 512x512x512 | 128MB
Visible HumanFemale | 512x 512x 512 | 128MB

Tablel: Thesizesof our testdatasets

We alsouseddecimatediataset$or the ClientInterface.Thedi-
mensionof thedecimatediataset$s 128x 128x 128. Theoriginal
datasetsarelargerthantable 1, but we resizethe original datasets
to fit theminto our renderingsystem Both of the datasetsirefrom
thevisible humanprojectof the NationalLibrary of Medicine.

First,wetestedherenderingoerformanceWe useda512x 512
draving window andmadethe objectbig enoughto fit thewindow.
Figure4 shavs the the minimum frameratesthat we achiezed. X
axisof figure4 representshedatasizeandthe Y axisis theframe
rates.

10

Frames Per Second

0 | | |
0 2 4 6 8

Data Size
X | DimensionandDataSize | FPS]
1 512x512x 8 (2MB) 8.68
2 | 512x512x16(4MB) | 6.92
3 512x 512x 32 (8 MB) 6.73
i
5
6
7

512x 512x 64 (I6MB) | 6.47
512x 512x 128(32MB) | 6.22
512x 512x 256 (64MB) | 5.74
512x 512x 512 (128MB) | 4.01

Figure4: The Performanceand Scalability Accordingto the Data
Size: The performancencludesthe network delay renderingtime,
and hardvare acceleratedinal blendingtime. We use GeForce3
processorgor the renderingintermediatemagesand a GeForce2
processofor thefinal blending.

Whenthe datasizeis from 4MB to 64MB, the performanceof
our renderingsystenremainsalmostconstantput the performance
dropsdown at128MB. Thereasoris that,asthedatasizegrows, the
3D renderingtime takesthe larger partof whole generatiortime.

Figure5 shav the speedup for multi-PCs. The texture meme-
ory allows only the power of two datasize,sowe cangetenough
speedupvhenthe numberof processorsiredoubled. The2 and3
processorfave no big difference put we cansaythatthe4 proces-
sorsarefasterthanthe 2 and3 processors.

The Client Interfaceachieves 10-12FPSwith the 128x 128x
128 dataset.We exploit the GeForce3processoto getinteractve
visualizationin the Client Interface.

5 Conclusion and Future Work

In this paperwe present parallelmulti-PC volumerenderingsys-
tem usingoff-the-shelfcommoditycomponentsuchas GeForce2
andGeFoce3graphicsprocessorsWe exploit the hardware accel-
erated3D texture mappingof the GeForce3processorin boththe
Client Interfaceandthe renderingsystem.A single GeForce3pro-
cessolis good enoughfor visualizationof small volume datasets.
However, whenmultiple GeForce3processorareusedfor parallel
renderingwe encountered coupleof problems First, thefinal per
formancds affectedby network delayandfinal compositiortimein
additionto therenderingime. We couldnotguarante¢hattheper
formaceincreasegontinuously aswe usemore GeForce3proces-
sors. The framerateswe got using multiple GeForce3processors
in parallelwasbelow interactive framerates.However, our parallel
multi-PCrenderingsystencansolve theproblem.TheClientInter
faceprovidestheinteractive visualizationusingdecimatediatasets
andit request$igh qualityimagesrom therenderingsener. Since
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the Number of Processors
| #Processod DataDimensionof EachProcessor| FPS |

2 512x 512x 128 (32 MB) 5.63
3 512x 512x 128 (32 MB) 5.78
7 512x 512x 64 (16 MB) 6.46

Figure5: Speedugdor Multiple-PCs:

therenderingsener genetatesigh quality imageswithin asecond,
we canachieve bothof interactvity andhigh qualityimages.

We alsopresenttechniqueto reducethe blendingerrorson the
final images. The errorsare not noticeableon the framehuffer of
eachnode, but after the intermediatemagesare blendedinto an
image theblendingerrorsresultin seamplanes.lt is impossibleto
remove the seamplanesperfectlybecausef thelack of the frame-
buffer’s precision,but our techniquecan reducethe effect of the
blendingerror.

We alsoportedour parallelrenderingsenerto a PCclusterusing
software-base@D texturemapping.ThePCclustethas32 Compaq
PCseachof which has256 MB mainmemory They areconnected
by 100 MB/s Ethernet. The performaceof the software-based
sener is definitely lower thanthe hardware-acceleratesglener, but
the software-basedener candealwith larger datasets Whenwe
testedit usingonly 32 PCs, it was able to render4GB volume
datasets.

TheGeForce3processorprovide perpixel volumeshadingech-
niqgues.We havetestedhetechniqueontheClientInterface.In near
future,we will addthevolumeshadingto therenderingsener.
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(e) Composedrinal Image

Figure6: Theimagesbeforeandafterapplyingthe seamplanere-

moving algorithm. (a) shavs theimagewith seamplanes,and(b)

shawvs animageafterthe seamplaneshave beenremoved. Figure 7: The Visible Human FemaleDataset. The sub-images
have the samesize asthe final image. The back-to-frontblending
methodis usedfor theintermediatémagesandthefinal image



