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Figurel: View-dependentrendering of the St. Matthew dataset. The full resolutionmodelcontains373 million trianglesandis inspectedat over 40 fps on a commodityPC
platform. The mainimagespresenthe meshrenderedwith Gouraudshadingusing4x GaussiarMultisamplingon a 1280x1024window, while the smallinset gures depictthe
adaptve meshstructurewith adifferentcolor for eachpatch. Therightmostimagealsoshavs the adaptve triangulation.

Abstract

We describeanef cient techniqueor out-of-coreconstructiorand
accurateview-dependenvisualizationof very large surface mod-
els. The methodusesa regular conformalhierarcly of tetrahedra
to spatially partition the model. Eachtetrahedrakell containsa
precomputedimpli ed versionof the original model,represented
using cachecoherentindexed strips for fastrendering. The rep-
resentatioris constructedduringa ne-to-coarsesimpli cation of
the surfacecontainedn diamondgsetsof tetrahedratells sharing
their longestedge). The constructionpreproces®peratesout-of-
coreandparallelizesnicely. Appropriateboundaryconstraintsare
introducedin the simpli cation to ensurethat all conformingse-
lective subdvisions of the tetrahedrorhierarcly leadto correctly
matchingsurfacepatchesFor eachframeatruntime,the hierarcly
is traversedcoarse-to- neto selectdiamondsf theappropriatees-
olution giventheview parametersTheresultingsystencanintera-
tively renderhigh quality views of out-of-coremodelsof hundreds
of millions of trianglesatover 40Hz (or 70M triangles/spn current
commoditygraphicsplatforms.
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1 Intro duction

The needfor interactiely inspectingvery large surface meshes,
consistingof hundred=of millions of polygons,arisesnaturallyin
mary applicationdomainsjncluding3D scanninggeometrianod-
eling, and numericalsimulation. However, despitethe rapid im-
provementn hardwareperformancethesemeshesargely overload
the performanceand memory capacityof state-of-the-argraph-
ics and computationaplatforms. A wide variety of simpli cation
methodsanddynamicmultiresolutionmodelshave beenproposed
to facethe problem,but, unfortunatelynoneof themis ableto per
form both scalablesimpli cation and interactve view-dependent
visualizationof very large mesheswithout imposinga lossy dec-
imation of the original datasefLindstrom 2003]. This is mainly
becauseurrentmethodsheaily CPUbound,areunableto gener
atemodelupdatestfull GPUspeedndto ef ciently communicate
themto thegraphicshardwarethroughpreferentiadatapaths.This
CPU/GPUgapis doomedto widen, since CPU processingpower
grows atamuchslower ratethanthatof the GPU.

The original contrikbution of this paperis a solution for inter-
active and accuratevisualizationof very large surfacemodelson
consumegraphicsplatforms.The underlyingideaof the proposed
methodis to departfrom currentpoint- or triangle-basednultires-
olution modelsandadopta patch-basedatastructure from which
view-dependentonformingmeshrepresentationsanbeef ciently
extractedby combiningprecomputegatches.Sinceeachpatchis
itself ameshcomposedf afew thousandrianglesthe multireso-
lution extractioncostis amortizedover mary graphicsprimitives,
andCPU/GPUcommunicatiortanbeoptimizedto fully exploit the
complex memoryhierarcly of moderngraphicsplatforms.

The methodusesa conformalhierarcly of tetrahedrayenerated
by recursve longestedgebisectionto spatiallypartitionthe model.
Eachtetrahedratell containsa precomputedimpli ed versionof
the original model. The representatiofis constructedff-line dur
ing a ne-to-coarseparallel out-of-coresimpli cation of the sur
facecontainedin diamonds(setsof tetrahedrakells sharingtheir
longestedge). Appropriateboundaryconstraintsaareintroducedin
the simpli cation processto ensurethat all conformingselectve
subdvisionsof thetetrahedromierarcly leadto correctlymatching
surfacepatchesAt run-time,selectve re nementqueriesbasedn
projectederror estimationare performedon the external memory



tetrahedrorhierarcly to rapidly produceview-dependentontinu-
ousmeshrepresentationsy combiningprecomputeghatchesThe
resultingtechnique,dubbedAdaptive TetraPuzzleqATP) sinceit
heavily builds on the compositionpropertiesof conformalhierar
chiesof tetrahedrahasthefollowing propertiesit is fully adaptie
andis ableto retainall the original topologicalandgeometricatle-
tail evenfor massve datasetsit is notlimited to meshe®f apartic-
ulartopologicalgenusor with a particularsubdvision connectvity
andpreseresgeometriccontinuity of variableresolutionrepresen-
tationsat no run-timecost;it is strongly GPU boundandover one
orderof magnitudefasterthan existing adaptve tessellatiorsolu-
tions on currentPC platforms,sinceits patchbasedstructuresuc-
cessfullyexploits on-boardcaching,cachecoherentstripi cation,
compresseaut of corerepresentatiomndspeculatie prefetching
for ef cient renderingon commoditygraphicsplatformswith lim-
ited main memory; high quality simpli ed representationsanbe
constructedvith adistributedout of coresimpli cation algorithm.

As highlightedin the shortovervien of relatedwork (sec.2),
while certainotheralgorithmssharesomeof thesepropertiesthey
typically donotmeetthecapabilityof ourmethodn all of theareas.
Thedetailsof theproposediatastructurearepresentedh section3,
while sectiord describeglgorithmsfor view-dependente nement
andrendering andsection5 introducesanef cient distributedout-
of-core techniquefor constructinga multiresolutionmodel using
a generichigh quality simpli cation algorithm. The ef ciency of
the approachhas beensuccessfullyevaluatedwith a number of
large models,including a massve 373 million polygon model of
Michelangelos St. Matthew (section6).

2 Related Work

Rapidlyrenderingadaptve representationsf largemodelss avery
active researcharea. In the following, we will discussthe ap-
proacheshataremostcloselyrelatedwith ourwork. Readersnay
referto recentsuneys(e.g.,[Chiangetal. 2003])for furtherdetails.

Out-of-core mesh simpli cation.  Various techniqueshave
beenpresentedo facethe problemof huge meshsimpli cation.
With the exception of memorylessclusteringapproachegLind-
strom2000; Lindstrom 2003] and stream-basethethoddWu and
Kobbelt 2003; Isenkurg et al. 2003], most of thesetechniques,
suchas Hoppes hierarchicalmethodfor digital terrain manage-
ment[1998] andthe octreebasedstructureOEMM [Cignoni etal.
2003a], are basedon somekind of meshpartitioning and subse-
quentindependensimpli cation. Hoppehierarchicallydividesthe
meshin blocks, simpli es eachblock while freezingbordersand
then traversesthe block hierarcly bottom-upby memging sibling
cellsandagain simplifying. In this approachsomeof the borders
remainunchangedintil the very last simpli cation step. OEMM
avoidsthis kind of problem,but it doesnot build a multiresolution
structure.Onthe otherhand,BDAM [Cignoni etal. 2003c]allows
boththeindependenprocessingf smallsub-portionf thewhole
meshandtheconstructiorof a multiresolutionstructureput is lim-
itedto height elds. Ourwork generalizeshisapproacho arbitrary
surfacesandparallelizeghe simpli cation processn orderto ef -
ciently build a multiresolutionstructurefor very large meshes.

View-dependent triangulations. The vast majority of view-
dependentsimpli cation methodsfor generalmeshesare based
on constructinga graph of possiblere nement/coarseningper
ations at the vertex or triangle level. Early methodsusededge
collapse[Xia andVarshng 1996; Hoppe1997] or vertex cluster
ing [El-Sanaand Varshng 1999; Luebke and Erikson 1997] as
primitive operationsand assumedn-core hierarcly construction,
limiting theirapplicability Few technique$ave beenpresentedor
both constructionand renderingfrom externalmemory Hoppes

hierarchicalterrain managemeninethod[1998] was an early ex-
ample,later extendedto arbitrarymeshegPrince2000]. More re-
cently, EI-Sanaand Chiang[2000] proposeda techniquefor seg-
mentingthe surface and orderingedgecollapsesto handleblock
boundarieswithout explicitly imposedconstraints.Both methods
have only beentestedon modelsof a few million polygons,and
their scalabilityis unclear Lindstrom[2003] recentlyproposeca
schemeor out-of-coreconstructionandvisualizationof multires-
olution surfacesbasedon vertex clusteringon a rectilinearoctree.
While it signi cantly improves over earlier approachesit is still
unableto retainthe delity of theoriginalmeshandis hearily CPU
boundatrenderingime, with apeakperformancef 2M triangles/s
andasynchronoubierarcly updatesatno morethanl frame/s.

E cient  host-to-graphics communication. All adaptve
meshgeneratiortechniquespenda greatdealof renderingime to
computethe view-dependentriangulation. For this reasonmary
authorshave proposedechniqueso alleviate poppingeffectsdueto
smalltrianglecounts[Cohen-OrandLevanoni1996;Hoppel998]
or to amortizeconstructiorcostsover multiple frames[Duchaineau
et al. 1997; Hoppe 1997; Lindstrom 2003]. Our techniquere-
ducesinsteadthe pertriangle workload by composingat run-time
pre-assembledptimized surface patches. The idea of group-
ing togethersetsof trianglesin orderto alleviate the CPU/GPU
bottleneckwas presentedhlso in the RUSTIC [Pomeranz2000],
CABTT [Levenbeg 2002],andBDAM [Cignonietal. 2003c]data
structuredor terrains,andHLOD [Eriksonetal. 2001]for general
ernvironments.RUSTIC andCABTT areextensionsof the ROAM
algorithmin which subtreef the ROAM bintreeare cachedand
reusedduringrendering. BDAM constructsnsteada forestof hier
archiesof right triangles,in which eachnodeis a generaltriangu-
lation of a small surfaceregion. Thesemethodsproduceadaptve
conformingsurfacesbut arehardto generalizeto surfaceswith ar
bitrary topology HLOD improvesinsteadthe classicLOD scene
graphby providing multiple precomputedevels of detailsnotonly
for eachmodelbut alsofor entire subtrees.While relatedto our
method HLOD focusentherun-timehandlingof alargenumber
of smallunconnectedbjects typical of large CAD assemblies.

Point rendering approaches. An alternatve to mesh re-
nement is to use multi-resolution hierarchiesof point prim-
itives to render highly comple« scenesin output-sensitie
time[Rusinkievicz andLevoy 2000]. Sincecurrentrenderinghard-
wareis optimizedfor trianglerendering high quality Itered point
splattingrequiresconsiderableeffort, and high visual quality has
oftento besacri cedfor renderingspeed Thelatestapproachegy
to solve this problemby exploiting the programmabilityfeatureof
modernGPUs leadingto impressie peakperformanceshatrange
from 50M points/secondor low quality renderingwith un ltered
splats[Dachsbacheet al. 2003] to 10M points/secondor high-
quality ltering [BotschandKobbelt2003]for in-coremodelsof a
few million polygons.By usingcachecoherentrianglestrip prim-
itives,we areableto exceedsuchratesevenfor out of coremodels
thataretwo ordersof magnituddarger

Hierarchies of tetrahedra. In the scienti c visualizationand
nite element literature, much researchhas been devoted to
nested tetrahedral meshesgeneratedby recursve subdvision
(see[Cignoni et al. 2003b]for a recentsurvey). Our datastruc-
tureis constructedrom arecursve partitioningof theinput dataset
guidedby the sameregular tetrahedrorbisectionrule that is of-
tenusedfor modelingandviewing regular 3D grids. We areinter
estedhowever, in the spacepartitioninginducedby the multi-level
tetrahedralizatiomsatherthanin extractingvaluesat meshvertices
asin numericalmethods[Maubach1995] or scienti ¢ visualiza-
tion [Gregorskietal. 2002].



Figure2: Multir esolutionstructur e. Hierarcly of tetrahedravith associategatchhierarcly

3 Multiresolution model

A multiresolutionsurface model supportingview-dependenten-
dering mustencodethe stepsperformedby a meshre nementor
coarseningrocessn acompactatastructurefrom which a virtu-
ally continuoussetof variable-resolutioomeshesanbe ef ciently
extracted. Our approachs basedon the ideaof maving the grain
of the multiresolutionsurfacemodelup from pointsor trianglesto
small contiguousportionsof mesh. The bene ts of this approach
arethattheworkloadrequiredfor aunit re nement/coarseningtep
is amortizedon a large numberof triangle primitives,andthatthe
smallpatchesanbe optimizedoff-line for bestperformance.

To avoid makingassumption®n a particulartopologicalgenus
or subdvision connectvity of theinput meshwe exploit the parti-
tioning inducedby a recursve volumetricsubdvision of the mesh
boundingvolumein a hierarchy of tetrahedi (see gure 3). The
partitioning consistsof a binary forestof tetrahedrawhoseroots
correspondto six tetrahedraarounda major box diagonaland
whoseother nodesare generatedy tetrahedrorbisection. This
operationconsistsin replacinga tetrahedrors with the two tetra-
hedraobtainedby splitting s atthe midpointof its longestedgeby
theplanepassinghroughsuchpointandtheoppositeedgein s. To
guaranteahat a conformingtetrahedrameshis always generated
afterabisection,all the tetrahedrasharingtheir longestedgewith
s aresplit at the sametime. Sucha clusterof tetrahedras called
diamond

(a) Initial
partition

(b) Longestedgebisection

(c) Diamondtypes
Figure3: Hierarchy of tetrahedra for spacepartitioning . Thelongestedgeis high-
lightedin red,while next level edgesarelight-dashed.

Thehierarcly of tetrahedrastructurehasthe importantproperty
that, by selectvely re ning or coarseningt on a diamondby dia-
mondbasisiit is possibleto extractconformingvariableresolution
volumetric meshrepresentations.gv/exploit this propertyto con-
structa level-of-detailstructurefor the surfaceof theinput model.
The basicidea (see gure 2) is to generatefrom the tetrahedral
structurea hierarcly of surfacerepresentationsWe rst partition
theinput modeltrianglesamongtheleaftetrahedraWe thenrecur
sively associatéo eachnon-leaftetrahedrora simpli cation, up to
a giventriangle count, of the portion of the meshcontainedn its
two children,alongwith all theinformationrequiredfor evaluating
view dependengrrors.

(a) leveli (b) leveli 1
Figure 4: Generating conforming triangulations. The four patchesat the left of
gure 4(a) arepart of the samediamond,andare simpli ed into the two patchesat
the left of gure 4(b) when coarseninghe mesh. The generationof a conforming
triangulationis ensuredy locking the verticessharedwith the neighboringdiamond
(highlightedin red), and by consistentlysimplifying the verticessharedby different
patchesn the diamond(highlightedin yellow).

The above diamond-by-diamongropertyis sufcient for guar
anteeingconformingtetrahedrameshesbut, whenswitchingfrom
tetrahedrao the smallpatchesassociatedio them,the correctcon-
nectvity alongbordersof patchesat different simpli cation lev-
elsmustbe guaranteetby imposingappropriateconstraintsiuring
simpli cation. This is ef ciently doneby carryingout bottom-up
constructionon a diamondby diamondbasis. When building a
simpli ed representatiofor all tetrahedran a givendiamond,the
bordersof a patchcontainedn a tetrahedrorare of threepossible
kinds: (a) diamond-internaborders, i.e.,bordersconnectingt with
othertrianglescontainedin tetrahedraof the samediamond; (b)
diamond-&ternalborders, i.e., bordersconnectingt with triangles
containedn tetrahedraf otherdiamonds(c) original borders, i.e.,
bordersof the original mesh.Sinceall tetrahedran a diamondare,
by de nition, alwayssplit/megedat the sametime, handlingbor
dersof kind (a) justrequireghatthemeshcontainedn adiamonds
simpli ed asasingleunit, while bordersof kind (b) needto bekept
x edto ensureonnectvity with all possibleneighborsandborders
of type(c) do not needary specialhandling.Themainideabehind
theserulesis to associat@ meige operationof theinternaledgeof
adiamondwith theoverall simpli cation of the patchstrictly inside
thediamond.Thus,whenwe coarserourtetrahedraineshby meig-
ing the split-edgesnside a diamond,we can safely substitutethe
patchesdnsidethe involvedtetrahedrawith the onesof the meiged
diamond:by constructiorthey sharethe sameborderandtherefore
correctlymatchwith therestof the surface.In this way, we ensure
thateachmeshcomposedy a collectionof smallpatchesarranged
asacorrecthierarcly of tetrahedrayenerates globally correctsur
facetriangulation(see gure 4). It is worth mentioningthat, unlike
other hierarchicalsimpli cation approachegHoppe 1998; Prince
2000], theseconstraintshave little effect on overall simpli cation
quality, sinceconstrainedrerticesalternatefrom diamond-internal
to diamond-&ternalthroughouthe hierarcly, andarelocked only
whenin diamond-&ternal state. Moreover, the factthat eachdia-
mondis simpli ed independentlganbeexploited,seesections, to
designa parallelout-of-corehigh quality simpli cation algorithm.



4 View-dependent rendering

The adaptve renderingalgorithmis basedon a top-davn re ne-

mentof thetetrahedrénierarcly, designedo fully exploit theren-
deringcapabilitiesof moderngraphicsacceleratorthroughbatched
primitive rendering.lts maincomponentganbe considered gen-
eralizationof the BDAM approacHCignoni et al. 2003c]to arbi-

trary surfaces.

Data organization. Sincethe algorithmis designedo work in
astandalonéCarchitecturgasopposedo adistributed,network-
basedsolution), we assumethat all datais storedlocally on a
secondarystorageunit visible to the renderingengine. Our ap-
proach, similarly to recentlarge scale terrain visualization ap-
proachegLindstrom and Pascucci2002; Cignoni et al. 2003c],is
basedn optimizingthe datalayoutto improve memorycohereng
andon accessingxternalmemorygeometrydatathroughsystem
memory mappingfunctions, demandingto the operatingsystem
the task of loading, when needed the requesteddata. To maxi-
mize memorylocality, we have thuschoserto represenbur nested
subdvision as a forestof binary trees,andto extract conforming
mesheswvithout requiringneighbor nding we employ a saturation
technigue[Ohlbelger and Rumpf 1998]. Therefore,eachtree is
storedasamemorymappedineararray andeachof its nodesgcor
respondingo a particulartetrahedroncontainsjust the following
information: a referenceto the associategatchdata (vertex at-
tributesandconnectwity) in a patchrepository;the tight bounding
sphereand boundingconeof normalsfor the patch;the saturated
model spaceerror and boundingsphereof the neighborhoodthe
index of child nodesin the linear arrays,which correspondo the
two tetrahedrageneratedy bisection. To minimize the numberof
pagefaults, datastorageorderre ects traversalorder All datain
thetreeandin thecorrespondingatchrepositoryis thereforesorted
by level, thenby geometricproximity, by orderingthe nodesin a
givenlevel by increasingvlorton code[Samet1990] of their center
point. Theexternalsizeof geometriarepresentatiois alsoreduced
by storingeachpatchin compressefbrm (seesection5s).

@ (b) ()
Figure5: Re nement and culling. Themodelis re ned to ascreerspaceerrortoler-

anceof onepixel andis culled againstthe redrectangle The spheresisedfor culling
arein sub- gure5(b), while thesaturatedpheresisedfor re nementarein gure 5(c)

Re nement algorithm.  With this structure variableresolution
renderingis implementedby simple statelessop-dowvn traversals
of the binarytrees thatcombineview-frustum,backfice,andcon-
tribution culling (see gure 5). As werecursethehierarcly, we test
if the currentnodeis invisible or fully backfcingby checkingthe
tight boundingsphereandconeof normalsof the associateghatch
againstthe currentview volume. If so, we simply stop, culling
away the entirebranchof thetree.If thenodeis potentiallyvisible,
we testwhetherits patchis an accurateenoughrepresentatioiy
measuringts saturatedcreerspaceerror. If so,we canrenderthe
associategatch, otherwisewe continuethe recursve re nement
with thenodes children.

Saturatedscreenspaceerror is the quantity that guidesre ne-
ment.We obtaina consistentipperboundby measuringhe appar
entsizeof aspherawith diameterequalto thesaturateabjectspace
errorsandcenteredatthesaturatedboundingspherepointclosesto

theviewpoint. There nementcondition,oncethe point closestto

theviewpointis found, requiresonly onemultiplicationto checkif

theratio of error sphereradiusto distances largerthanthe screen
spacethreshold.The extractionof a consistenmeshis ensurecy

constructingthe saturatedbjectspaceerrors/sphereso that they

areequalfor all thetetrahedran adiamondandmonotonicallyde-
creasingwhen descendinghe hierarcly. Sincethe projectionto

screerspacds alsomonotonic the diamondcompositionproperty
ensureghatwe alwaysextracta conformingvolumetricmesh,and
our patchconstructiorrulesensurehatwe generate globally cor-

rectsurfacetriangulation.

Host to graphics processing unit communication. To take
adwantageof spatialandtemporalcohereny, it is worth spending
time to build an optimal renderingrepresentatiotior eachpatch,
thatcanbe ef ciently reusedon subsequenframes,insteadof us-
ing directrenderingeachtime. Thisis the only way to harnesghe
power of currentgraphicsarchitecturesthatheavily rely on exten-
sive on boarddatacaching.We have thuscombinedour re nement
methodwith a memorymanagetbasedon a simple LRU stratey,
that explicitly managegraphicsboardmemory using OpenGLs
\ertex Buffer Objectsextension. Eachtime we needto rendera
patch,we reusethe cachedversionif presentotherwisewe ren-
derit andcacheits representatioimn placeof the oldestone. The
transformationfrom compressedxternal memory representation
to an efcient graphicsformat happensonly at cachefaults. The
primitive geometricelements a patchcomposeaf multiple trian-
gles,thatis heaily optimizedduring pre-processingisingcache-
coherentri-stripping. Sincewe useanindexed representatiorthe
post-texture-and-lightingcacheof currentGPUSis fully exploited.

Speculative prefetching. Sincethe disk is by far the slowest
hardware componentwe canfurther hide dataaccesdateny by
prefetchingfrom compresse@xternal memorythe geometrythat
will soonbe accessedThe prefetchingroutine, that may be exe-
cutedin parallelto the renderingthreador sequentiallyasanidle
task, executesthe samere nementalgorithmasthe adaptve ren-
deringcode,taking asinput the predictedcamerapositioninstead
of the currentone. Whenthere nementterminatesinsteadof ren-
deringthe patchesit simply checkswhetherthe requiredgraphics
objectsarein pagesalreadyin core. If not, it advisesthe oper
ating systemkernelthat the pagescontainingtheir representation
will likely be accessedh the nearfuture andthatit would be ad-
vantageouso asynchronouslyeadthemahead.This techniques
easyto implementon Linux with the mincore/madvise system
calls. Furthermorethemainrenderingneedshotto be awareof the
prefetchingcomponentandwe exploit the extensie performance
optimizationsof the operatingsystems$ virtual memory manager
suchasreorderingof requestdo reduceseekaccesdime andover
lappingof computatioranddisk access.

5 Construction

Theoff-line componenbf our methodconstructsa multiresolution
structurestartingfrom a high resolutionmesh. As input, we as-
sumethat the meshis representeds a triangle soup i.e., a at
list of triangleswith direct vertex information, and that a list of
boundaryverticesis also available. This representatioris com-
monly employed for out-of-coremethods,and can be derived in
al/O ef cient way from themorecommonindexedmeshrepresen-
tation using standardexternal memory graphtechniqueqChiang
etal. 1995].



5.1 Mesh Partitioning

The rst phase- meshpartitioning— generates binary forest of
tetrahedrawhoserootspartitionthemeshboundingboxandwhose
leavescontainlessthana prede nednumberof meshtriangles.

Theforestis built in atop-davn fashion throughrecursve inser
tion of meshtrianglesby startingfrom aninitial subdvision of the
meshboundingbox into six tetrahedraarounda major box diago-
nal. Whenanew triangleis insertedwe locatetheleafthatcontains
its centerpointand,if the numberof trianglesalreadycontainedn
it doesnot exceedthe maximum, we simply insertthe new one
into theassociatedrianglebucket. Otherwisewe re ne thehierar
chy by tetrahedrorbisectionandrecursvely continuetheinsertion
procedure.Eachtime a tetrahedrornis split, all the trianglesin the
associatedbucket arereassignedo its childrenby a recursve ap-
plicationof theinsertionprocedureThe endresultis atetrahedron
graph,thatdescribeghe subdvision structureusinga DAG of di-
amonds[Pascucci2002], and a set of triangle buckets associated
with leaf tetrahedrahat cover the mesh. The graph,rathersmall
sinceeachnodetypically containsa few thousandriangles,is for
ef ciency reasonsnaintainedn mainmemory while trianglebuck-
etsarestoredin secondarynemory

This simple partitioning scheme that clusterstrianglessolely
basedon the location of their centerpoint, doesnot adaptto sur
facefeaturesand,asfor all spatialclusteringmethodsgcouldlead
to patcheswith exceedinglycomplex boundariesEventhoughwe
have not found this to be a problemin practice,we plan to im-
prove partitioningin a secondpassthatadaptvely reassigngrian-
glesamongleaf tetrahedraafterthe rst partitioning. This kind of
approachdemonstrateds ef ciency in recentout-of-coresimpli -
cationmethodge.qg.,[Shafer andGarland2001]).

5.2 Level-of-detail hierarchy construction

The secondand nal phase- simpli cation — completeshe volu-
metric structurewith a hierarcly of surfacerepresentationby re-
cursively associatingo eachnon-leaftetrahedrora x ed triangle
countsimpli cation of the portion of the meshcontainedn its two
children,alongwith all theinformationrequiredfor evaluatingview
dependengrrors.Thisis ef ciently doneby carryingoutbottom-up
constructionon a diamondby diamondbasis. For leaf diamonds,
we retainall the delity of the original meshanddirectly produce
anoptimizedrepresentatiofor eachtetrahedrorfirom thestoredkri-
anglebuckets. For non-leafdiamondsye retrieve from the repos-
itory the trianglesassociatedo the children of all involved tetra-
hedra,megethemin asinglemesh,thatis thensimpli ed sothat
eachinvolved tetrahedrorcontainslessthana prede nednumber
of triangles.Therepositoryis thenupdatedby erasingthe buckets
associatedo child tetrahedrdeforesaving parentones.

Diamond simpli cation.  As explainedin section3, to ensure
thatthe patchescontainedn the diamonds tetrahedramatchwith
all the possibleneighborsat differentsimpli cation levels,we lock
all theverticeson the diamondexternalboundary Theseareeasily
identi ed, withoutmaintainingspecialconnectity information,as
the endpointsof all edgessharedby only onetriangle of the dia-
mond patch,which were not part of the original modelboundary
To avoid introducingnew boundarypointsandsimplify bookkeep-
ing, we also constrainoriginal boundaryverticesto be removed
only by a collapsewith anotheroriginal boundaryvertex. Note
that ary simpli cation techniquecan be adoptedaslong asit al-
lows the choiceof the numberof trianglesfor differentregionsof
the output meshand the speci cation of vertex constraints. This
meansfor examplethat, if neededoy a particularapplication,it is
possibleto exactly presere the original meshtopologyandthere-
fore presere ary existing parametrization.On the otherhand, it
is alsopossibleto decideto simplify moreaggressiely by closing

holesor clusteringvertices. In our case,we have implementeda
variationof Hoppes methodfor simplifying mesheswith appear
anceattributes[Hoppe1999],thatcombinesa quadricerror metric
with regularizationpenaltiefor improving samplingregularity and
meshquality in regionsof null quadricerror. Moreover, to ensure
that eachtetrahedrorin the diamondis simpli ed to a prede ned
numberof triangles,the simpli er maintainsa separatecollapse
queuefor eachtetrahedron.We put a edgecollapsein the queue
of eachof thetetrahedronsvhereit removesatriangle.Duringiter-
ative simpli cation, collapsesaretakenin orderof increasingcost
from the queuesof the tetrahderahat still needto be simpli ed,
andall queuesare maintainedup-to-dateafter eachsimpli cation
step.

Errors and bounds. After simpli cation, model spaceerrors,
boundingspheresandnormalconeshave to be computedandsatu-
ratedfor eachtetrahedrorio completethe structure.For errors,we
have currentlytaken the commonapproachof deriving the model
spaceerror e directly from the quadricmetric g; (seg,e.g.,[Lind-
strom2003]). We employ the simpleformula e = s &, wheres
is anempiricalscalefactorfor corvertingto world units (see.e.g.,
[Lindstrom 2003]). The scalefactoris determinecdprior to render
ing time by nding the smallestvalueof sleadingto no imagedif-
ferencein a x ednumberof randomviews, whensettingthescreen
spacdolerancebelow 1 pixel. Boundingspheresndnormalcones,
are,instead,computedand saturatedusing optimal methodsfrom
computationagjeometryfor nding the minimumenclosingball of
points(for leafs)andminimumenclosingball of balls (for all other
nodes)FischerandGartner2003].

Conversion into nal format. Eachpatchis storedon diskin
a compressedepresentatioirom which a version optimized for
efcient renderingcan be rapidly extracted. On currentgraphics
architecturesthe most ef cient meshrepresentatioris the cache
coheent indexed stripi cation. In this representationyertex at-
tributesare storedin vertex arrays,and triangulationtopology is
speci ed with a generalizedriangle strip orderedsuchthat ver
tex cachemissrateis minimized. We greedily computethis or-
deringby rst decomposinghe meshinto stripsof lengthapproxi-
matelyequalto vertex cachesize,and,then,startingwith the strip
with themaximumnumberof borderverticesjncrementallyadding
the otherstrips,alwayschoosingthe onewith the minimumcache
missto strip lengthratio. For disk storagetopologyis compressed
usinga meshencodingschemepreservingstripi cation [Isenhurg
2001],while vertex attributesareoptionally quantizedandentroyy
encoded For this paper thatemphasizethe ability of our method
to presere all the original details,we chosea 3x24 bits/position
and32 bit/normalquantizationwhich correspondo noloss.

Network parallel construction. The hierarcly construction
phasedominates by far, the overall processingcost. The whole
processs however inherentlyparallel,becausehe grain of thein-
dividual diamondprocessindasksis very ne andsynchronization
is requiredonly at the completionof eachlevel. In a network par
allel implementationthe coordinatorprocessraversesall the di-
amondshottomup andby geometricproximity, distributesthe di-
amondprocessingob to a numberof workers, which executeit
andsendthe resultbackto the coordinatorfor updatingthe repos-
itory andgeneratingoutput le. Load balancingis ensuredf the
coordinatorinitially seedsachworker with a singlediamondand
subsequenthalwayssendsa new job requesto the work thatsent
backa result. The generatiorof the output le in thecorrectorder
can be ensuredwith a small buffer for handling out-of-syncout-
put requests.In this solution,the main memoryrequiredfor each
worker is thatrequiredfor processing singlediamond,while the
coordinatorsimply needsto resere enoughmemoryfor holding
out-of-syncrequests.



Figure6: Testmodels. The mainimagesshav the modelsaspresentedo the userduringinteractve inspectionsessionwhile the insetimagesillustratethe meshstructure. Left:
Bonsaiisosurice(6.4M triangles);Middle: David 2mm (8.3M triangles)and1mm (56M triangles);Right: St. Matthev 0.25mm(373Mtriangles).

6 Results

An experimentalsoftwarelibrary anda renderingapplicationsup-
portingthe techniquehave beenimplementecn Linux usingC++
with OpenGLandthe MPICH MPI implementation.We have ex-
tensvely testedour systemwith a numberof large surfacemodels.
Thequantitatve andqualitatve resultsdiscussedherearerestricted
to thefreely availablemodelsof gure 6.
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Tablel: Numerical resultsfor out-of-core construction. Testsperformedon a net-
work of PCs.All timesarein seconds.

Preprocessing. Table 1 lists numericalresultsfor our out-of-
core preprocessingnethodfor a numberof runs on all the test
datasetsThetestswereexecutedon a moderatelyloadednetwork
of PCsrunningLinux 2.4. EachPC hastwo CPU Athlon 2200+
CPUs,1GB DDR memory a 70GB ATA 133 harddisk, anda Eth-
ernet100Mb/s network connection.We constructedll multireso-
lution structurewvith aprescribednaximumleafsizeof 4000trian-
gles/tetrahedrofor the partitioningphaseandan averagenon-leaf
size of 2000 triangles/tetrahedrofor the bottom-upconstruction
phase.To testparallelperformanceall testswererepeatedvith 1,
4, 8, and 14 workers. Overall processingimesrangefrom about
3K-4K triangles/sfor 1 CPU to 15K-30K triangles/sfor 14 CPU.
As apoint of referencecurrentstate-of-the-arhigh quality out-of-
coresimpli cation methodsachieve simpli cation ratesup to 70K
triangles/dChiangetal. 2003]. Our speeds currentlyslower. This
is mainly becauseve generatea full multiresolutionstructure,as
opposedo a single small model,and simpli cation is only a sin-
gle stepof diamondprocessingthat alsoincludescache-coherent
stripi cation, meshcompressionandoptimal boundcomputation,
eachcostingasmuchassimpli cation. As thenumberof CPUsin-
creasesgonstructiortime, initially dominatedby diamondprocess-
ing, startsto bedominatedoy raw I/O. Thealmostlinearreduction
in processindime shavs theef ciency of thedistributedapproach.
Thelarge /O overheads dueto therepeatediccesgo the tempo-
rary trianglerepositoryduring bottom-upconstruction storedon a
slow IDE disk. Similarly to competingmethodgLindstrom2003],

temporarystoragesizeis a constanmultiple (roughlyafactorof 3)
of input size,sincewe needto storeat mostthe partitioningof the
inputin theleavesof thetetrahedraierarcly. Our currentversion
usesa pessimisticx ed-sizebucket perleaf, andstorestrianglesin
raw uncompressefbrm. We anticipatethatreducingthesizeof the
repositorywith compressedynamicallysizedbucketswould radi-
cally decreasd/O cost. Not includedin the tableis the maximum
residentmemoryusageof the method,which is low andconstant
for workers(26 MB each)andvariablefor the masterprocessdue
to thein-coregraphlayoutdatastructureandto disk buffer caches
usedby the operatingsystem(for a maximumof 280 MB on all
runs).

Adaptive rendering. We evaluatedthe renderingperformance
of the techniqueon a numberof inspectionsequencesn all test
datasetsysingaLinux PCwith aIntel Xeon2.4 GHz,2GB RAM,
aSea@teST373453MW 70GB ULTRA SCSI320harddrives, AGP
8xandNVIDIA GeForceFX 5800Ultra graphics.Thequantitatve
resultspresentedherein detailswerecollectedduringa 45 seconds
inspectionof the largestmodel(the 373M trianglesreconstruction
of Michelangelos St. Matthew). The sessionperformedusinga
window size of 800x600pixels, hardware full sceneantialiasing
(4x GaussianMultisampling), and a screentoleranceof 2 pix-
els(i.e.,are nementepsilonof 4), wasdesignedo berepresenta-
tive of typical meshinspectiontasksandto heaily stressthe sys-
tem, andincludesrotationsandrapid changedrom overall views
to extremeclose-upsTo furtheremphasizéhe quality of the view-
dependensimpli cation, we usedglossymaterialpropertiesanda
single off-centerpositionallight placedslightly above andto the
right of the camera. The qualitatve performanceof our adaptve
rendereris alsoillustratedin an accompanping video, that shavs
live recordingsof theanalyzedythrough sequenceandof similar
sequencewith the otherdatasetslin all casesduringlive sessions
therewere practically no visible artifactsdue to adaptve render
ing, sincethe error measuregven thoughempirically derived, is
very conserative. To fully testour out-of-coredatamanagement
componentshebenchmarksverestartedwith all dataoff coreand
disk buffers ushed. Duringtheentirewalkthroughtheresidentset
size of the applicationis maintainedat roughly 144 MB, i.e. less
than3% of out-of-coredatasize,demostratinghe effectivenessof
out-of-coredatamanagementfigure 7(a) illustratesthe rendering
performanceof the application,both with andwithout speculatie
prefetching.The speculatie prefetchingversionexecutedan addi-
tional re nementstepperframeto prefetchpageghatarelikely to
be accesseih the nearfuture, usinga linear predictionof camera
positionwith ahalf asecondook-aheadTheprefetchingversionis
smootherdueto thesuccessf prefetchingn hidingthelatengy due
to pagefaults. The only noticeablgitters with the prefetchingver
sion(visible in the graphnearthe endof the sequencegorrespond
to rapid acceleration®f the pathwhile zooming. In the prefetch-
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Figure7: Rendering PerformanceEvaluation. To fully testour out-of-coredatamanagementomponentshenchmarksverestartedwith all dataoff coreanddisk buffers ushed.

ing version,we were ableto sustainan averagerenderingrate of

over 70 millions of trianglesper secondwith peaksexceeding78
millions. By comparisonpn similar machinesLindstrom’s [2003]
multiresolutionvertex clusteringmethods peakperformancevas
measuredat roughly 3 millions of trianglesper second,with a
representatiomipdatelateng of up to 1s, even thoughthe model
wasradicallydownsamplediuring preprocessingp only 3M poly-

gons. The increasedberformanceof our approachis dueto the
larger granularityof the structure,that amortizesstructuretraver

sal costsover mary graphicsprimitives, reducesAGP datatrans-
fersthroughon-boardmemorymanagemerandfully exploits the
post-transform-and-lightingachewith optimizedindexedtriangle
strips. This favorably compareslsowith thelatestpoint rendering
approacheghat renderin-core modelsof a few million polygons
at 10M-50M points/secondlependingon ltering quality [Dachs-
bacheret al. 2003; Botschand Kobbelt 2003]. The overheadof

the prefetchingandrenderingcode,measuredby repeatinghe test
without executingOpenGLcalls, is only about30% of total frame
time (Fig. 7(c)), andis mostly dueto externaldataaccesgmainly
1/0 wait andpatchdecompression)This demonstratethatwe are
GPU boundeven whenhandlingextremely large out-of-coredata
sets. Renderedscenegranularityis illustratedin gure 7(b): even
thoughthe peakcompleity of the renderedscenesexceedsl.8M

trianglesperframe,the numberof renderedyraphicsprimitivesper
frameremainsrelatively small, never exceeding1240 patcheger
frame, which are maintainedon graphicsmemory Sincewe are
ableto rendersuchcomplex scenesat high frameratesiit is possi-
bleto usevery smallpixel thresholdsyirtually eliminatingpopping
artifacts,without the needto resortto costlygeomorphindeatures.
Figure8 is anexampleof the extremelydetailedrepresentatiothat
canbeinspectedn real-timeusingourtechnique.

7 Conclusions

We have presenteénef cient techniqudor end-to-enaut-of-core
constructiorandview-dependentisualizationof verylargesurface
modelson commoditygraphicsplatforms. The proposedsolution
consistsin an innovative combinationof volumetric subdvision,
mesh compressionand simpli cation, out-of-core data manage-
ment, and batchedrenderingtechniquesresultingin an unprece-
dentedspatiotemporatjuality in the interactive renderingof mas-
sive models.

Besidesimproving the proof-of-conceptimplementation,we
plan to extend the presentedapproachin a numberof ways. In
particular we planto explore moreaggressie andlossycompres-
siontechniquesndto investigateerrormetricstakinginto account
the effect of simpli cation on the shadingof the surface. We are
also currently incorporatingocclusionculling techniques,useful
for datasetswith a high depth compleity, andwe plan to intro-
ducemoresophisticateghading/shadeing techniquesGiventhe

Figure8: David 1Imm hand close-up. Model renderedat 1 pixel screertolerance
with 841patchesand1172Ktrianglesat50fpsona1280x1024vindow with 4x Gaus-
sianMultisampling,one positionallight andglossymaterial. Note the very ne geo-
metricandillumination details.

performancef themethodwe arecon dentthatmulti-passor ver-
tex/fragmentprogramtechniquesvill becomereadilyapplicableto
giganticdatasets.

The proposedapproach,as well as recently introducedtech-
niguessuchas BDAM [Cignoni et al. 2003c], can be seenas a
stepin alargereffort of adaptingheclassicgeneramultiresolution
modelsto modernGPUs,by moving the granularityof the atomic
operationof multiresolutionmodelsfrom triangles/pointdo small
surfaceportions. In our opinion, this is the most promisingway
to harnesshe power of currentgraphicsarchitecturesthatheavily
rely on extensve on boardcachingof indexed primitives. More-
over, our resultsdemonstratehat this approachblendsalso well
with otherimportantlarge modeloptimizations,suchascompres-
sion and prefetchingtechniques. We ervision an entire breedof
multiresolutionmeshrenderingalgorithmsadaptedo this kind of
meshrepresentatiorgndwe arecurrentlyde ning ageneraframe-
work for experimentingwith them.
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