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Abstract

In this pape, we present unifiedinfrastructureor parallel out-of-
core isosurhiceextractionand volume renderingof large unstruc-
tured grids on distributed-memoryparallel machines. We paral-
lelize the out-of-coreisosurficeextractionalgorithmof [9] andthe
out-of-coreZSweepechniqug17] for directvolumerenderingus-
ing the meta-celltechniqueasa unified underlyingbuilding block.

Ourone-timepreprocessg first partitionsthe datasetnto meta-
cellsthatarestoredin disk. Fromthe meta-cellswe build a BBIO
treein disk, which canbe usedto speedup isosurfice extraction,
and a boundirg-box file in disk, which is usedfor direct volume
rendering. At run-time, we use a simple self-steduling scheme
[39] to achieve load balancing amongthe processors.

We performseveralexperimenton asixteen-nodelusterof PCs
conneted by a gigabitethernetusingdataset®&slarge as6.6 mil-
lion cells. For the larger datasetswe have found that both our
isosurfice extraction and direct volume renderingapprachesare
perfectlyscalableup to sixteennodes.

Keywords: Isosurfce Extraction, Volume Rendering Parallel
ComputationOut-Of-CoreTechniquesScientificVisualization.

1 Introduction

In recentyears,new challengedor scientificvisualizationemeged
as the size of data generatedfrom simulationsgren exponen-
tially [4]. The sheersize of dataoften makesthe taskof interac-
tive visualizationimpossible asonly a smallportion of datacanfit
into main memoryat a time, andthe computationcostis oftentoo
high for analgorithmto runin real-time.In this pape, we address
both issuesof limited main memorysize andinsufficient compu-
ing speedof the currentgraphicsworkstationsfor processindarge
visualizationapplicationspy propcsinga unifiedinfrastructurefor
parallel out-of-coe isosurficeextractionanddirectvolumerender
ing. Our methodsfocus on the classof unstructued-grid volume
datasetswhich is themostgeneraklassof volumetricdataandhas
beenproposel asan effective meansof represeting disparateield
datathatarisesin abroadspectrunof applicationsncludingstruc-
tural mechanicscomputationafluid dynamics,partial differential
equationsolvers,andshockphysics.

Isosurfce extraction and direct volume renderingare two of
the mostimportantclassef visualizationtechniquesfor volume
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datasetsAlthoughthesetechniqeshave beendevelopedto a high
degreeof sophisticationmostof the algorithmsrequirethe entire
dataseto be kept in mainmemory which is a severelimitation on
their applicability, especiallyfor large scientificapplications.

In this paper we presenta unified infrastructurethat supports
bothisosurficeextractionanddirectvolumerenderingor largeun-
structuredgrids, using out-of-coretechniqueghat are parallelized
for distributed-memoryparallelmachineswith a local disk and a
limited-sizemain memoryavailablefor eachnode. We parallelize
the out-of-coreisosurficeextractionalgorithmof Chiangetal. [9]
andthe out-of-coreZSweeptechniqueof Fariasand Silva [17] for
directvolumerendering usingthe meta-celltechniquefirst devel-
opedin [9] asa unifiedunderlyirg building block.

In the prepro@ssingphasewe partitionthe original datasetnto
clustersof cells, calledmeta-cellswhich arekeptin disk andeach
occupying roughly the samenumberof disk blocks. Similar to
the out-of-coreisosurficeextractiontechnique [9], we build anin-
dexing datastructure ,namelythe binary-blodced I/O interval tree
(BBIO tree),whichis a B-tree-like intenal treeandis entirelykept
in disk, to index the meta-cellssothatgivenanisovaluethe active
meta-cellsthat areintersectedy the isosuricecan be locatedin
anl/O-optimalway. In addition,similar to the out-of-coreZSweep
algorithm[17], we build a boundirg-boxfile, whichis alsokeptin
diskandcontaingheboundingbox andotherauxiliary information
for eachmeta-cellto facilitatethe (in-core)ZSweepalgorithm[16]
(which is basedon sweepinga planein the z-direction)in an1/O-
efficientway. Themeta-cellsthe BBIO tree,andtheboundng-box
file only needto be constructednce,andthis constructiorprocess
canbe performedefficiently even without the needof keepng the
entire datasein main memory; the runningtime for this prepro-
cessings the sameasrunningexternalsortingafew times.

In therun-timephasewe parallelizethebottleneckoperationsn
theout-of-caeisosurficeextractiontechniqueof [9] andin theout-
of-coreZSweepalgorithm[17]: for theformer, theseincluderead-
ing the active meta-cell§rom disk andscanninghroughthe active
meta-cellsto generatdsosurbicetriangles;for the latter, thesein-
cludereadingthemeta-cellfrom diskin adesiredront-to-backor-
derandperformingin-coreZSweepon the meta-cellsead.We de-
velopself-stiedulingschemeg39] for bothour parallelalgorithms,
which ensurdoad balancingamongprocessonodesandarevery
simpleto implement.

2 Previous Related Work

In this sectionwe review the previous related work in the ar-
easof isosurfice extraction, direct volume renderingfor unstruc-
tured grids, and out-of-coretechniqus; relatedparallelvisualiza-
tion work is reviewed in the context of isosurfice extraction and
directvolumerendering.

2.1 Isosurface Extraction

Thereis a very rich literature on isosurfice extraction; we re-
fer to [31] for an excellent and thoroudh review. In Marching



Cubes[32], all cellsin the volume datasetare searchedor iso-
surfaceintersection. Techniquesavoiding exhaustve scanningin-
clude using an octree[56], identifying a collection of seedcells
andperformingcontourpropagtionfrom theseedcells[3, 26, 53],
NOISE [31], and othernearly optimal isosurficeextraction meth-
ods[41, 42]. Thefirst optimal algorithmwasgiven by Cignoni et
al. [11]. The first out-of-coe isosuriicetechniqie was given by
ChiangandSilva[7]. They follow theideasof Cignonietal. [11],
but use the 1/0-optimal intenal tree of [1] to solve the interval
searchproblem. Later, Chianget al. [9] furtherimproved the disk
spaceoverheadand the preprocasingtime of [7], at the costof
slightly increasingheisosurficequerytime, by developing a two-
level indexing schemethe meta-celltechnique andthe BBIO tree
whichis usedto index themeta-cells We will review this approach
in moredetailin Section3. As for parallelisosurfice extraction,
HansenandHinker [22] describedparallelmethodson SIMD ma-
chines,Ellsiepen[15] gave a parallelalgorithmfor FEM databy
distributing working blocksto a numberof conrectedworkstations,
Shenetal. [41] developeda sequentiahndparallelapproactealled
ISSUE, and Parker et al. [37] presenteda parallel techniqwe us-
ing ray tracing. In addition,Bajaj etal. [2] propcseda paralleland
out-of-coreapproactbasedn contou propayationfrom seeccells.
Sequentialsosuracetechnique for time-varying dataweregiven
by Shen[43] andSuttonandHanser{49].

2.2 Volume Rendering for Unstructured Grids

A numberof efficient algorithmsfor renderingunstructuredgrids
have beendeveloped Oneclassis basedon adaptingray tracing
technique [20, 52, 5]. In generd thesetechniquesrequirerandom
accesgo thecells,connectity information,andin somecasesx-
tramemory(suchas[5]) to optimize the computationof intersec-
tions of rayswith facesof the cell complex. Othertechniquesuse
scan-linealgorithms,which sweepthe datawith a plane perpen-
dicular to theimageplane[58, 6]. Someof them(e.qg.,[48]) are
designedto be memory efficient, but still usethe connedivity of
the mesh. Others(e.qg.,[21, 55]) usediscretebuffersin z to de-
terminethe order of compasiting, and completelyavoid the need
for conrectiity information. However, using discretebuffers has
the potentialto lower the accurag, and canrequirea substantial
amountof main memory The techniqe of [61] samplesthe ir-
regular grid with a fixed number(e.qg.,50 or 100) of planeswhich
are later compositedtogether This algorithm doesnot use con-
nectiity, but the spaceto keepthe planescanbe quite substantial.
Fariaset al. [16] developed ZSweep,also basedon sweepingthe
datawith a planein the z direction. Very recently Fariasand Silva
parallelizedthe ZSweepalgorithmfor distributed shared-mmory
architectureq18], and also developed an out-of-core version of
ZSweep[17]. In [18] atiling ideaandan octreepartition scheme
werepropcsed;in [17] meta-cellandasimilartiling ideawereem-
ployed We will discussZSweepandout-of-coreZSweepin more
detailin Section3.3.

Another approab for renderingirregular grids is the use of
projection (“feed-forward”) method (e.g., [57, 35, 45, 1Q], in
which the cells are projectedonto the screen,one-by-or. Most
of thesetechniquesexploit graphicshardware to computethe vol-
umetriclighting models[45], by first computing a visibility order-
ing [35, 60,12], andincrementallyaccumuatingtheir contrikbutions
to the final image. As for parallel volume renderingof irregular
grids,Ma andCroclett [33] usedtheapprachof comptting all in-
tersectiondbetweereachcastray with all thecells,andperforming
a post-sortingto compue the image. Their techniquedistributes
thecellsamongprocessorin around-robinfashion.To avoid stor
ing avery large numberof ray intersectionsthey cleverly schedule
the computationusing a k-d tree. As shawn in [33, 34], their al-
gorithm s very scalableon message-@ssingmachines.Recently

Hofsetzand Ma [23] have developed an efficient shared-memy
version of this algorithm. Hong and Kaufman[24] proposel a
very efficient ray-castingbasedrenderingalgorithm for curvilin-
ear grids, and parallelizedtheir ray casterusing an image-base
taskschedulingscheme.The parallelizationof a ray castingtech-
niguehasalsobeenstudiedby Uselton[52] with very goodresults.
Challinger[6] andWilhelmsetal. [58] proposel scan-linerender
ing algorithms. Both papersreporton parallelizationwhich is the
mainfocusof [6]. Challinger[6] alsousedanimagetiling scheme
for parallelizatiorwith very goodresults.Otherparalleltechnigles
on shared-memorynachinesncludethe resultsby Williams [59],
Nieh andLevoy [36], andLacroute[27, 28].

2.3 Out-Of-Core Techniques

We now briefly review the work on out-of-coretechniques. For

theoreticalresults on out-of-core algorithmsfor graphsand for

computationalgeometry we refer to the recentsuney by Vit-

ter [54]. Teller et al. [50] describeda systemto computeradios-
ity solutionsfor polygonal ervironmerts larger than main mem-
ory, and Funkhotser et al. [19] presentecprefetchingtechniqies
for interactve walk-throughsn large architecturavirtual environ-

ments.More recently Pharret al. [38] gave memory-cderentray-

tracingalgorithms,Cox and Ellsworth [13] presentedapplication-
controlled demanl paging methods,and Ueng el al. [51] pro-

posedout-of-corestreamlinetechniges. As mentioned,Chiang
andSilva[7, 8] andChiangetal. [9] gave a seriesof out-of-coreal-

gorithmsfor isosurfice extraction, and Bajaj et al. [2] presented
parallel and out-of-coreisosuraice techniqus. Leutengge and

Ma [29] and Fariasand Silva [17] developed out-of-corevolume
renderingapproaclks. Shenetal. [44] andSuttonandHansern49]

reportedout-of-corevisualizationfor time-varying datasets. For

surfacesimplification, Hoppe[25] propcsedview-depementsim-

plification methodfor terrainslargerthanmainmemory andLind-

strom[30] gave an out-of-coretechnique to simplify large polyg-

onal models,which canperformsimplificationvery efficiently but

doesnot produceary hierarchicalstructurefor level-of-detailren-

dering. Concurrently El-Sanaand Chiang[14] developed out-of-

core view-depemlent simplification and renderingtechniqueshat

canefficiently performbothsimplificationandview-depementren-

deringfor polygaonal modelslargerthanmainmemory

3 Parallel Out-of-Core
Volume Rendering

Isosurface and

We now presentour unified infrastructurethat supports both iso-
surfaceextractionand direct volume renderingusing parallel out-
of-coretechniques.Our methodis basedon parallelizingthe out-
of-coreisosurficeextractionalgorithmof Chiangetal. [9] andthe
out-of-coreZSweeptechniqueof Fariasand Silva [17] for direct
volumerendering,with the meta-cellsas the underlyingbuilding
block.

Ourtargetcomputingarchitectures very simple,andis basically
aclusterof machineswhich containthe following compments:

— onehostmaching wherea client applicationdrivesthe com-
putationto be performedby the processingiodes;

— oneor more file seners or a directly attachedstorage-area
network (SAN), wherethe relevant datafiles resideand are
dynamicallyfetchedby the processingrodesasneeded

— oneor moreprocessingiodeswhich performcomputatiorby
receving assignmats from the client applicationrunningon
thehostmachine.



Comparedo the PVR systemof Silvaetal [47, 46], our current
systemhasextra functionalitiesof supprting out-of-corevolume
renderingand isosurfice extraction, but doesnot have the PVR’s
high-performace compaiting back-end[40] and thusis not de-
signedto be asflexible. We believe our extensionscould be inte-
gratedinto PVR.

Local storage Often, we assumelarge temporaryfiles (e.g.,

intermediateisosurfice results) can be storedon the processing
nodes. This can either be accomplishecby providing the cluster
machineswith local disk (whichis usuallythe case)or configuring

adirectly attachedstorage-areaetwork (SAN).

3.1 Preprocessing

In our preprocasingphasewe constructhreefilesin disk:
(1) thefile containingall meta-cells,

(2) thefile of BBIO tree,and

(3) theboundng-boxfile.

Themeta-celffile is essentiallythe datafile, while the othertwo
files are auxiliary files and are much smallerin size. The BBIO
treeis usedto index the meta-cellsfor isosurbce extraction, and
theboundirg-boxfile is usedto facilitatethe traversalof meta-cells
for directvolumerendering All threefiles canbe constructeceffi-
ciently without the needof keepingthe entireinput in mainmem-
ory; the entire preprocssingtime is the sameasrunning external
sortinga few times. We referthe interestedreaderto [9] and[17]
for detailson thealgorithmsusedfor preprocessing

We describethe purpcseof meta-cellswhichis a critical feature
of ourwork. Typical input of anunstructureegrid datasehasa list
of verticeswhereeachvertex entrycontainsts z-, y-, z- andscalar
values,andalist of cells,whereeachcell entry containspointersto
its verticesin thevertex list. We referto this asthe “index cell set”
(ICS)format. While thisformatis very compactandvery usefulfor
in-corealgorithms,it is not suitablefor out-of-coreaccessesOb-
senethatrandomaccesses disk by following pointersto thever-
tex list is very inefficient, sincethis involvesa large amourt of disk
headmovemen (thedisk “seeks”). Moreover, sinceeachl/O oper
ation reads/writesan entiredisk block, this alsoresultsin reading
anentiredisk block into mainmemoryin orderto justaccesssin-
gle itemin thatblock (which usually containshundredsof items).
Oneway to avoid suchrandompointeraccessess to replaceeach
vertex pointerby the vertex z-, y-, z- andscalarvaluesin thecell
list, but this causesnary duplicatedvertex informationandis very
inefficientin disk space.

Themeta-celitechniquds usedto optimizebothdiskaccesost
anddisk spacerequiremeh We clusterspatiallyneighboringcells
togetherto form ameta-cell. Eachmeta-cellis roughly of the same
storagesize,usuallyin amultiple of disk blocksandalwaysableto
fit in mainmemory Eachmeta-cellhasself-containednformation
andis alwaysreadasa whole from disk to main memory There-
fore,we canusethecompactiCSrepresentatiofor eachmeta-cell,
namelya local vertex list anda local cell list which containspoint-
erstothelocalvertex list. In thisway, avertex sharedby mary cells
in the samemeta-cellis storedjust oncein thatmeta-cell;the only
duplicationsof vertex informationoccurwhena vertex belongsto
two cellsin differentmeta-cellsjn this casewe let both meta-cells
includethatvertex in their vertex lists to make eachmeta-cellself-
contained

During meta-cellconstruction a cell may lie betweendifferent
meta-cells. For eachsuchcell, we usea voting schemeto assign
thecell to asinglemeta-cellandalsoduplicatethe cell to the other
meta-cellsthat it intersectswith theseadditionalduplicatedcells
marked. Duringisosurficeextraction,we scanthe cellsin eachac-
tive meta-celbut skipthemarkedcells,sothateachpotentialactive

cellis examinedexactly onceto avoid prodwcing duplicatedisosur
facetriangles.During volumerendering all thecellsin the current
meta-cellincludingthemarkedcells, participatetherenderingpro-
cedure sothateachcell makesits correctcontribution to the final
image.

3.2 Parallel Out-of-Core Isosurface Extraction

In the run-time phase we supprt isosurbicequeriesby paralleliz-
ing the bottleneckoperationsin the out-of-coreisosurfice tech-
niqueof [9]. In [9], isosurfice queriesare performedas follows.
Givenanisovalueq, wefirst searchvia the BBIO treein diskto find
all [min, max] meta-interals containirg g. Thesemeta-interals
correspondo active meta-cellghatareintersectedy theisosurfice
of ¢q. Foreachsuchmeta-interal, we useits meta-cellD toreadthe
corresponihg active meta-cellfrom disk to main memory andgo
throughthe cellsin this meta-cellto find theisosurfcetrianglesus-
ing the Marching Cubesalgorithm (actually Marching Tetrahedra
in our case). Finding meta-interals containingg with the BBIO
treeis relatively fast, sincethe intenval searchis performedI/O-
optimally, andtherecordsizeof thereportedmeta-interalsis very
small. The computatioml bottleneckcomesfrom two sourcesof
operations:rreadingthe active meta-cellsfrom disk (an I/O opera-
tion), andscannirg throughactive meta-cellso computeisosurbice
triangles(a CPU operation). We reducethe bottleneckby paral-
lelizing theseoperations.
Our overall algorithmis describedasfollows.

1. Givenanisovaluegq, the hostusesthe BBIO treein the host
disk to find all meta-interals containingg. The hostthen
createsa processqueue( that collectsall active meta-cell
IDs from thesemeta-interals.

2. The hostactsasa processdispatcherto handlejob requests
from all otherprocessonodes. Whena processomnodefin-
ishesits currentjob (or is idle initially), it sendsajob request
to the host; the host, upon receving a job requestremoves
the next available active meta-celllD from @ andgivesthis
meta-celllD to the corresponihg processonodemakingthe
job request.This procedue is repeateduntil all active meta-
cell IDs areremovedfrom Q.

Eachprocessonode aftergettinganactive meta-cellD from
the host,performsthefollowing operatiors.

(@) Readthecorrespodingmeta-cellM fromthemeta-cell
file in disk to its local mainmemory

(b) PerformMarching Cubes/Marcing Tetrahedraon the
meta-cellM to computethe subsedf theisosurfcetri-
anglesthatis contributedby M. As describedn Sec-
tion 3.1,whenscanninghroughthecellsof M, skipthe
marked cells to avoid generatingduplicatedisosuraice
triangles.

(c) Savethegenergedisosurfcetrianglesin local storage,
deallocatethe main memoryspacefor M, andsenda
job reques andajob completionmessagéo the host.

3. Whenthehostrecevesjob-competionmessagesomall pro-
cessorsit knows theisosuricecomputatioris finished.

Post-processings requiredfor actualrendering— in certain
systemse.g. PVR, the datacould be streamedlirectly from
the processingnodesto therenderingnodes.

Our algorithm parallelizesthe original bottleneck operations
very well. In particular the schemeof using the processqueue
@ to dynamicallydispatchthejobsto availableprocessonodesen-
suresa load balancingamongall nodes: a nodethat finishesits



currentjob earlierwill continueto processanothe job, sothatall
nodesarekeptbusy Moreover, this parallelschemds very simple
to implement.

Similar to the original out-of-coreisosurficetechniqe [9], we
only needa very smallamountof mainmemoryfor eachprocessor
node. For the hostnode, this includesthe main memoryspaceto
hold onedisk block thatis the currentnodeof the BBIO treebeing
visitedfor the interval searchthe spaceto keepthereportedmeta-
intervals andthe active meta-celllDs in @, andfinally the spaceto
retainthe completesetof isosurficetriangles. For otherprocessor
nodeswe only needthe main memoryspacefor the currentmeta-
cell beingprocessd. Theisosuricetrianglesgenerged from this
meta-cellaredirectly dumpedto disk (eitherlocal, NFS mounted
file systemor SAN).

3.3 Parallel Out-of -Core Volume Rendering

In therun-timephasewe supportdirectvolumerenderingoy paral-
lelizing the bottleneckoperationdn the out-of-coreZSweepalgo-
rithm [17]. Wefirst give anoverview for thein-coreZSweeptech-
nique[16], which is the basicbuilding block. ZSweepis basedon
sweepingthe datasetith a planeparallelto the viewing plane,in
theorderof increasing: (i.e.,front-to-back).As theverticesareen-
counterecby the sweepplane thefacesof cellsthatareincidentto
theencainteredverticesare projected During faceprojection,one
simply computegheintersectiorbetweerthe faceandtheray em-
anatingfrom eachpixel, andstoresits z-valueand otherauxiliary
information,in sortedorder, into alist of ray-faceintersectionsor
the given pixel. In orderto avoid the lists gettingarbitrarily large,
a schemecalledtarget-zis employedto enableearly compasiting.
Figure3 demonstratetheseideas.

We now briefly review the out-of-coreZSweepalgorithm[17],
which usesmeta-cellsand the bourding boxes of the meta-cells.
First, the imageplaneis divided into rectanglar tiles. The meta-
cells, after viewing transformationare assignedo the buckets of
the tiles onto which the meta-cellsproject (calculatedusing the
boundng box of eachmeta-cell). For eachtile, its final imageis
renderedndependently from othertiles. The meta-cellsassigned
to the sametile aresortedin front-to-backorder(usingthe bound-
ing boxes). They arethenreadfrom disk to main memory oneby
oneasthey areencounteredby the sweepplaneof thetile in front-
to-backorder andrenderedand compositedusingthe ZSweepal-
gorithm[16].

We obsenre thatin the above out-of-coreZSweepapprach,the
computatiosinvolving bourdingboxesarerelatively fast,sincethe
recordof eachbounding box is very smallandthe only I/O opera-
tions neededn the boundng-boxfile is linearly scanninghrough
the file once. The actual compuational bottleneckcomesfrom
two sources:readingthe meta-cellsfrom disk in a desiredfront-
to-backorder(l/O operations)andperformingin-coreZSweepon
themeta-cellsead(CPUoperatiors). We reducethe bottleneckby
parallelizingtheseoperatiors.

A completedescriptionof our parallel out-of-corevolumeren-
deringalgorithmis givenbelow.

1. Thehostperformsthefollowing operations.

(a) Partition the final imageinto a numberof rectanglar
tiles, andcreatea bucket for eachtile.

(b) CreateaprocessjueueP, in which eachprocessorre-
spondgo atile.

2. The hostactsasa processdispatche to handlejob requests
from all otherprocesor nodes. Whena processo nodefin-
ishesits currentjob (or is idle initially), it sendsajob request
to the host; the host, uponreceving a job requestremores

thenext availabletile T from P andgivesT to the processor
nodemakingthejob request.This procedireis repeatedintil
all tilesareremovedfrom P.

As partof a start-upinitialization, eachprocessonode scans
the boundng-boxfile, projectseachboundng box to theim-
agespaceandputsthe projectedboundng box to the bucket
of atile if the projectedboundng box intersectshis tile. If
theprojectedbourding boxintersectseveraltiles, putit to all
the corresponihg buckets. Doing this onceavoids having to
recomputesuchinformation every time a new renderingjob
is receved. An alternatve design(which alsoworks fine in
mostcasesould be to have the hostdo this one-timecom-
putation.

Eachprocessonode,aftergettingatile T from the host,per
formsthefollowing operations.

(a) Sortthe projectedbounding boxesstoredin the bucket
of T into front-to-back order Let the correspod-
ing meta-celldn the sortedorderbe M;, Ms, - - -, M.
Theseare all the meta-cellsthat may potentially have
contributionsto the tile T in the final image,in front-
to-backorder

(b) Processneta-cellsM;, M, -- -, M, oneby onein this
order astheir boundingboxes are encounteredy the
sweepplaneof thetile T'. Usuallythereis only oneor
two suchworking meta-cellsat a time, but sometimes
thereareafew moreworking meta-cells For eachsuch
working meta-cellM;, performthefollowing steps.

i. ReadM; (usingits meta-cellD thatis storedwith
its boundingbox) from themeta-celffile in disk to
thelocal mainmemory

ii. Transformthe verticesof M; into image space,
andsortthemin the z-direction. Merge thesever-
ticeswith the sortedverticesof the original work-
ing meta-cellsalreadyin main memory Continue
to runZSweep(or startto runZSweepf M; isthe
first working meta-cellfor T') on the sortedver
tices and the cells of the currentworking meta-
cells, now including M;. As describedin Sec-
tion 3.1, all cellsin M;, marked or not, partici-
patethe processso that eachcell malesits cor
rectcontritution to the final image. When M; is
completelyprocesseddeallocatethe main mem-
ory spaceor M; to make roomfor anext working
meta-cell.

(c) When meta-cellsM1, Ms, ---, M, are all processed,
the renderingof the tile T is complete. Sendthe im-
ageof T aswell asajob requesto the host.

3. When P is emptyand all processomodes finish their jobs,
the hostcombinesthe completedimagesof all tiles together
to malke up thefinal image.

The abore algorithmeffectively parallelizesthe original bottle-
neckoperatiors. The self-schedulingschemds similar to the one
in our parallelout-of-coreisosurficeextractionalgorithmdescribed
in Section3.2,andagainis very simpleto implement.Obsere that
differenttiles may have very differentnumberof meta-cellspro-
jectedto them,andhene the time to renderthemmay differ sig-
nificantly. With our schemethe processonodesarekeptbusyand
thusaneffective loadbalancirg amongthenodess achieved. Also,
eachtile is completelyrenderedby a single processonodeusing
thefront-to-backordering,andthusoptimizationssuchasearly ray
terminationcould potentiallybe usedto speedup the computation.
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Figurel: Summaryof performancef parallelisosuracecompua-
tion. Eachdatapointis an averageof severalisosuraices.For the
Delta datasetve compued ten differentisosurfices;for the Blunt
datasetyve computedive differentisosuraces.

Similar to the original out-of-coreZSweepmethod, our algo-
rithm essentiallyusesa small, fixed amountof local mainmemory
spacefor eachprocessonode. This includesthe spacefor holding
afew working meta-cellsheingprocessd, the spacefor smalllists
of ray-faceintersectiondor eachpixel in a tile, andthe spacefor
theimagefootprintfor atile.

4 Experimental Results and Analysis

We implementedthe techniqwes presentedn this paperusing a
combinationof C/C++, Vtk for the isosurfice computation and
MPI for the communicgion betweenprocessors. The task dis-
patchingcodewasimplementedusing a portion of the PVR code
describedn [46].

Our experimentswere performedon a small PC cluster com-
posedof 16 client machinesand one sener machine All the ma-
chinesareequippdwith anAMD Athlon runningat 900MHz and
512 MB of main memory(the sener has784 MB of main mem-
ory). Theclientshave IDE harddisks,while the sener hasa 400
GB disk arraycomposedaf eight SCSldisks,but configuredastwo
200GB stripeddisks.Our communicatiorayeris a switchedgiga-
bit ethernet.All the machinesarerunningvanilla RedHat7.0. We
usedVtk 3.2andMPI/Pro1.6.3(runningon top of TCP/IP)for our
experiments.

The sener machinewas usedfor two purpcses: (1) it wasthe
hostnodewhich sened up work andcollectedinformationfor the
client machinesand (2) it wasalsoan NFS sener, which sened
largefiles to the clientmachines Our setupis very simpleto repli-
cate,andis fairly inexpersive sinceour clusteris puttogethercom-
pletely out of commodty partsandcommodty software (asfar as
possible— clearly, we wrote the querypartof theisosuracecom-
putationandthevolumerenderingalgorithm).

Table 1 shaws the datasetsve usedin our experiments.For the
purposeof comparisonwe alsoexperimeried with two modelsof
dataaccess(1) centralized-datanodel,in whichwe only have one
copy of the meta-celffile residingin the sener disk, and(2) local-
datamodel,in which thereis one copy of the meta-celffile in the
local disk of eachprocessonode sothateachnodecanreadthe
desireddatafrom its local disk.

500

—— spx (remote)
— - spx (local)
—=&— spx1 (remote)
— #— spxl (local)
—e— spx2 (remote)

400

ﬁ 300 — -o— spx2 (local)
o —— spx3 (remote)
E — -4— spx3 (local)
-g_ 200
T

100

number of worker nodes

Figure2: Summaryof performanceof the volumerenderingcom-
putation.Eachdatapointis anaverageof six views, eachof which
correspondto anadditionalf rotationof theobjectfrom the previ-

ousview. Theimageswerecomputedwith a512-by-5P resolution
using 256 tiles for task subdvision. A curve labeled“(remote)”
meansthe centralized-datanodel is used, while a curve labeled
“(local)” meanghelocal-datamodelis used.

Isosurface Computat ion

We have computedisosurfaces for both the Blunt and Delta
datasetsA samplamageof ourisosurficesextractedfrom the SPX
datasefs givenin Figure4. We computedfive isosurfces for the
Blunt datasetandtenisosuracesfor the DeltadatasetWe spread
the isovaluesin a wide rangethat hasanisosurficein eachcase.
Figurel summarizesurfindings. Our I/O-efficient quenjing tech-
nigue coupledwith the self-schedulingschemeworked togetherto
generatanexcellentperformance.

We reportresultsin two differentways. Oneway is to simply
averagethetime of eachisosurbicecompuation. This doesnot ac-
countfor thefactthatdifferentisosurfceshave differentcomple-
ities andthustake differentrunningtimes. Measuringperformarne
this way givesus anoverall speedupf 15.77for the Blunt dataset
and 15.86for the Delta dataset. Anotherway to measurewvould
beto weightthemeasurementsy takingthe numberof active cells
into accownt. We definetheweightedimeastheusualrunningtime
multiplied by the numkber of active cellsin eachstep,andthendi-
vided by the total numberof active cells. For this, we measured
perfectspeedp of 16 for the Blunt datasetand an almostperfect
15.8for the Deltadataset.

Wewouldlike to point outthateachprocessonodefetchesonly
thedatait needsandonly once.In fact,the amountof datamove-
mentis quitelow. Thisis themainreasorwe did not careto exper
imentwith copying the datato the local disk of eachnode,aswe
would not expectary changen performance.

Volume Rendering

We compuedvolumerenderingdor all thedatasetsA summaryof

the performancaes givenin Figure2 andTable2; Figure5 shovs a
sampleimageof ourresults.In generalyolumerenderingrequires
a considerablemountof datamovemen. In fact,for eachimage,
thewhole datasehasto be movedto the processonodes. Thisis

in sharpcontrastto isosurfice computatiors, whereonly a small
portionof the datasehasto move.



| Dataset I nformation |

# of vertices | #of cells || meta-celldata | BBIO tree || bourding-boxfile
Dataset
Blunt Fin 41K 187K 27MB 31.8KB 40KB
DeltaWing 212K 1005K 212MB 224KB 254KB
SPX 2.9K 13K 1MB 4.1KB 1KB
SPX1 20K 103K 12MB 17.7KB 23KB
SPX2 150K 830K 65MB 18.1KB 27KB
SPX3 1150K 6620K 453MB 44KB 56 KB

Table 1: Main datasetsusedfor benchmaking. The first two are tetrahedralizedrersionsof the well-known NASA datasets. SPX is
an unstructuredgrid composedof tetrahedra.For the last threeversionsof SPX, eachversionis obtainedfrom the previous version by
subdviding eachtetrahedrorinto 8, thatis, SPX3is 512 timesaslarge as SPX. We list the numter of vertices(in thousauls), numberof
tetrahedra(in thousands), the size of the meta-celldatafile (in megabytes)the size of the BBIO tree (in kilobytes), and the size of the

boundng-boxfile (in kilobytes).

| Par allel Out-Of-Core Volume Rendering Times (Sec) |

Num. Processors SPX2 SPX3 Blunt Fin DeltaWing
Local | Remote| Local [ Remote| Local | Remote| Local | Remote
1 98.4 96.5| 446.6 438.1 43 44.7 177 177
2 50.0 47.8 | 230.9 220.3 20 21 88 86
4 25.9 23.5] 116.9 109.0] 105 10.9 44 42
8 11.8 11.7| 60.7 53.9 5.5 5.6 30 26
16 9.1 6.1] 417 28.1 35 3.7 28 28

Table 2: The timesshawvn are the averageover the running timesfor six rotationalviews. SeeFigure 2 for details. “Local” meansthe
local-datamodelis used,and“Remote” meanshe centralized-datanodelis used.

Comparinghesingleprocessotimes,we seethatour new paral-
lel codeis abou twice asslow asthesequentiabut-of-coreZSweep
algorithm[17].

In ary casepur parallelvolumerenderingesultsarequitegood
As datain Table 2 indicates,our speedupsvere excellentfor all
versionsof SPX— for SPX3,with over 6.6 million cells,we gota
speedupf 15.6(a parallelefficiencgy of 98%). We alsoseethatthe
speedup werevery goodfor Blunt (over 12), andonly about 6 or
sofor Delta. We believe the limited imagesizeis the main cause
of the problemfor the Delta dataset.We had similar poor results
for our shared-mmory versionof ZSweepwvhentheresolutionwas
low (see[18]). More interestingly andsomeavhat surprisingly we
seethatreadingdatafrom local disksresultedn no betteror some-
times even worseperformarte thanreadingdatafrom the remote
disk sened by a singlemachine.This might be dueto thefactthat
thelocal disksarejust IDE disks,while the sener hasfasterSCS
stripeddisks. In addition,the gigabitetherneseemso have plenty
of capacityto handleour traffic, andthe amountof datamovemen
is notenoughto overloadthe sener.

Evenfor the Deltadatasetywe wouldlik e to pointoutthatourap-
proachis quite competitive in the sensethateachnodeonly needs
to have a smallamourt of main memory thusallowing for render
ing very large dataseefficiently. In addition,sinceeachnodeonly
readsthe small portion of the datasethat is neede to renderits
currenttile, thisis quite efficient. Usingthe original ZSweepcode
[16], it would take over 20 seconddo simply readthe dataset.In
thattime, our appro@h would be closeto finishingtherendering.

5 Conclusions

We have presenteda unified infrastructurethat supports both iso-
surface extraction and direct volume renderingfor large unstruc-
tured grids, using out-of-coretechniqueghat are parallelizedfor

distributed-memoryparallel machineswith a local disk and a
limited-size main memory available for eachnode. Our experi-
mentsdemastrateda perfector nearperfectspeedp for bothiso-
surfaceextractionanddirectvolumerendering

Ourself-schedulingchemes especiallyadvartageouslt is very
simpleto implement,andit enablesur algorithmsto achieve load
balancingvery effectively. Although our currentexperimentsvere
performedonly on a clusterof machineghatareof the sameplat-
form, we believe that this self-schedulingschemecan achieve a
similarloadbalancingn aheterogeneaservironmert. Thiswould
enableusto fully utilize the computingpower of theentiresite.

Ourout-of-coretechnigesarealsoof specialinterest.A central
themeof the techniqueds that eachprocessomnode only fetches
the small portion of the datasethatis neeadfor the currentcom-
putation.This notonly minimizesthe datamovementbetweerdisk
and main memory (/O communicaions), but also minimizesthe
datamovemer in the network (network communicéions). It is
clearthatminimizing the datadistribution costis the key to design-
ing efficient visualizationalgorithms,especiallyfor large datasets.
In addition, our efficient client-serer visualizationmodelimplies
an efficient remotevisualization: our meta-celldatarepresentation
seemgo beableto live out of thevisualizationmachineswith little
disk spaceoverheadjn additionto the large visualizationspeedp
it bringsto us.

In conclusion our work of integrating out-of-coretechniqles
with parallelapproaclksdecaiplesthe size of a visualizationtask
from the amountof compuational resourcesavailable, and indi-
catesa promising direction towards resolving the big challenges
posedby large-scalerisualizationproblems.
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Figure3: lllustrationof theZSweepalgorithm.In thetopfigure,the
sweepingplaneis shavn in blue andthe planedeterminedoy the
target-zis shavn in light gray. The sweepinglirectionis from right
to left. Facesto be projectedareshown in yellow, which lie ahead
of thesweepingplane. Themiddleandthebottomfiguresshow the
shapshts beforeandafterthe sweepingplanehits thetarget-z, and
theimageplaneis shovn in blue. Thelengthof theintersectiorists
over eachpixel is representetly the heightof the columns colored
with the following scheme:greenis usedfor lists with fewer than
six intersectionsyellow from sevento 12, andredfrom 13to 18.

Figure4: A few isosuricesextractedfrom the SPX dataseteach
renderedvith a distinctsemi-transparertolor. The upperleft cor-
nershaws thebourding surfaceof thedataset.

Figure5: A 512 x 512imageof Blunt Fin.



