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Figure1: View-dependentrendering of the St. Matthew dataset. The full resolutionmodelcontains373 million trianglesandis inspectedat over 40 fps on a commodityPC
platform. The main imagespresentthe meshrenderedwith Gouraudshadingusing4x GaussianMultisamplingon a 1280x1024window, while the small inset�gures depictthe
adaptive meshstructurewith adifferentcolor for eachpatch.Therightmostimagealsoshows theadaptive triangulation.

Abstract

Wedescribeanef�cient techniquefor out-of-coreconstructionand
accurateview-dependentvisualizationof very large surfacemod-
els. The methodusesa regular conformalhierarchy of tetrahedra
to spatially partition the model. Eachtetrahedralcell containsa
precomputedsimpli�ed versionof theoriginal model,represented
using cachecoherentindexed strips for fast rendering. The rep-
resentationis constructedduring a �ne-to-coarsesimpli�cation of
thesurfacecontainedin diamonds(setsof tetrahedralcellssharing
their longestedge). The constructionpreprocessoperatesout-of-
coreandparallelizesnicely. Appropriateboundaryconstraintsare
introducedin the simpli�cation to ensurethat all conformingse-
lective subdivisionsof the tetrahedronhierarchy lead to correctly
matchingsurfacepatches.For eachframeat runtime,thehierarchy
is traversedcoarse-to-�neto selectdiamondsof theappropriateres-
olutiongiventheview parameters.Theresultingsystemcanintera-
tively renderhigh quality views of out-of-coremodelsof hundreds
of millions of trianglesatover40Hz(or 70M triangles/s)oncurrent
commoditygraphicsplatforms.
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1 Intro duction

The needfor interactively inspectingvery large surfacemeshes,
consistingof hundredsof millions of polygons,arisesnaturallyin
many applicationdomains,including3D scanning,geometricmod-
eling, and numericalsimulation. However, despitethe rapid im-
provementin hardwareperformance,thesemesheslargelyoverload
the performanceand memory capacityof state-of-the-artgraph-
ics andcomputationalplatforms. A wide variety of simpli�cation
methodsanddynamicmultiresolutionmodelshave beenproposed
to facetheproblem,but, unfortunately, noneof themis ableto per-
form both scalablesimpli�cation and interactive view-dependent
visualizationof very large mesheswithout imposinga lossydec-
imation of the original dataset[Lindstrom 2003]. This is mainly
becausecurrentmethods,heavily CPUbound,areunableto gener-
atemodelupdatesatfull GPUspeedandto ef�ciently communicate
themto thegraphicshardwarethroughpreferentialdatapaths.This
CPU/GPUgap is doomedto widen, sinceCPU processingpower
growsatamuchslower ratethanthatof theGPU.

The original contribution of this paperis a solution for inter-
active andaccuratevisualizationof very large surfacemodelson
consumergraphicsplatforms.Theunderlyingideaof theproposed
methodis to departfrom currentpoint- or triangle-basedmultires-
olution modelsandadopta patch-baseddatastructure,from which
view-dependentconformingmeshrepresentationscanbeef�ciently
extractedby combiningprecomputedpatches.Sinceeachpatchis
itself a meshcomposedof a few thousandtriangles,themultireso-
lution extractioncost is amortizedover many graphicsprimitives,
andCPU/GPUcommunicationcanbeoptimizedto fully exploit the
complex memoryhierarchy of moderngraphicsplatforms.

Themethodusesa conformalhierarchy of tetrahedragenerated
by recursive longestedgebisectionto spatiallypartitionthemodel.
Eachtetrahedralcell containsa precomputedsimpli�ed versionof
theoriginal model. The representationis constructedoff-line dur-
ing a �ne-to-coarseparallel out-of-coresimpli�cation of the sur-
facecontainedin diamonds(setsof tetrahedralcells sharingtheir
longestedge).Appropriateboundaryconstraintsareintroducedin
the simpli�cation processto ensurethat all conformingselective
subdivisionsof thetetrahedronhierarchy leadto correctlymatching
surfacepatches.At run-time,selective re�nementqueriesbasedon
projectederror estimationareperformedon the externalmemory



tetrahedronhierarchy to rapidly produceview-dependentcontinu-
ousmeshrepresentationsby combiningprecomputedpatches.The
resultingtechnique,dubbedAdaptiveTetraPuzzles(ATP) sinceit
heavily builds on the compositionpropertiesof conformalhierar-
chiesof tetrahedra,hasthefollowing properties:it is fully adaptive
andis ableto retainall theoriginal topologicalandgeometricalde-
tail evenfor massivedatasets;it is not limited to meshesof apartic-
ular topologicalgenusor with aparticularsubdivisionconnectivity
andpreservesgeometriccontinuityof variableresolutionrepresen-
tationsat no run-timecost;it is stronglyGPUboundandover one
orderof magnitudefasterthanexisting adaptive tessellationsolu-
tionson currentPC platforms,sinceits patchbasedstructuresuc-
cessfullyexploits on-boardcaching,cachecoherentstripi�cation,
compressedout of corerepresentationandspeculative prefetching
for ef�cient renderingon commoditygraphicsplatformswith lim-
ited main memory;high quality simpli�ed representationscanbe
constructedwith adistributedoutof coresimpli�cation algorithm.

As highlightedin the short overview of relatedwork (sec.2),
while certainotheralgorithmssharesomeof theseproperties,they
typicallydonotmeetthecapabilityof ourmethodin all of theareas.
Thedetailsof theproposeddatastructurearepresentedin section3,
while section4 describesalgorithmsfor view-dependentre�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 numberof
large models,including a massive 373 million polygonmodelof
Michelangelo's St. Matthew (section6).

2 Related Work

Rapidlyrenderingadaptiverepresentationsof largemodelsis avery
active researcharea. In the following, we will discussthe ap-
proachesthataremostcloselyrelatedwith our work. Readersmay
referto recentsurveys(e.g.,[Chiangetal.2003])for furtherdetails.

Out-of-co re mesh simpli�cation. Various techniqueshave
beenpresentedto facethe problemof hugemeshsimpli�cation.
With the exception of memorylessclusteringapproaches[Lind-
strom2000;Lindstrom2003]andstream-basedmethods[Wu and
Kobbelt 2003; Isenburg et al. 2003], most of thesetechniques,
suchas Hoppe's hierarchicalmethodfor digital terrain manage-
ment[1998] andtheoctreebasedstructureOEMM [Cignoni et al.
2003a],are basedon somekind of meshpartitioning and subse-
quentindependentsimpli�cation. Hoppehierarchicallydividesthe
meshin blocks,simpli�es eachblock while freezingbordersand
then traversesthe block hierarchy bottom-upby merging sibling
cells andagain simplifying. In this approachsomeof the borders
remainunchangeduntil the very last simpli�cation step. OEMM
avoidsthis kind of problem,but it doesnot build a multiresolution
structure.On theotherhand,BDAM [Cignoni et al. 2003c]allows
boththeindependentprocessingof smallsub-portionsof thewhole
meshandtheconstructionof amultiresolutionstructure,but is lim-
itedto height�elds. Ourwork generalizesthisapproachto arbitrary
surfaces,andparallelizesthesimpli�cation processin orderto ef�-
cientlybuild amultiresolutionstructurefor very largemeshes.

View-dependent triangulations. The vast majority of view-
dependentsimpli�cation methodsfor generalmeshesare based
on constructinga graph of possiblere�nement/coarseningoper-
ations at the vertex or triangle level. Early methodsusededge
collapse[Xia andVarshney 1996; Hoppe1997] or vertex cluster-
ing [El-Sanaand Varshney 1999; Luebke and Erikson 1997] as
primitive operations,andassumedin-corehierarchy construction,
limiting theirapplicability. Few techniqueshavebeenpresentedfor
both constructionandrenderingfrom externalmemory. Hoppe's

hierarchicalterrainmanagementmethod[1998] was an early ex-
ample,laterextendedto arbitrarymeshes[Prince2000]. More re-
cently, El-SanaandChiang[2000] proposeda techniquefor seg-
mentingthe surfaceand orderingedgecollapsesto handleblock
boundarieswithout explicitly imposedconstraints.Both methods
have only beentestedon modelsof a few million polygons,and
their scalability is unclear. Lindstrom[2003] recentlyproposeda
schemefor out-of-coreconstructionandvisualizationof multires-
olution surfacesbasedon vertex clusteringon a rectilinearoctree.
While it signi�cantly improves over earlier approaches,it is still
unableto retainthe�delity of theoriginalmeshandis heavily CPU
boundatrenderingtime,with apeakperformanceof 2M triangles/s
andasynchronoushierarchy updatesatnomorethan1 frame/s.

E�cient host-to-graphics communication. All adaptive
meshgenerationtechniquesspendagreatdealof renderingtime to
computethe view-dependenttriangulation. For this reason,many
authorshaveproposedtechniquestoalleviatepoppingeffectsdueto
small trianglecounts[Cohen-OrandLevanoni1996;Hoppe1998]
or to amortizeconstructioncostsovermultiple frames[Duchaineau
et al. 1997; Hoppe 1997; Lindstrom 2003]. Our techniquere-
ducesinsteadthe per-triangleworkloadby composingat run-time
pre-assembledoptimized surface patches. The idea of group-
ing togethersetsof trianglesin order to alleviate the CPU/GPU
bottleneckwas presentedalso in the RUSTIC [Pomeranz2000],
CABTT [Levenberg 2002],andBDAM [Cignonietal. 2003c]data
structuresfor terrains,andHLOD [Eriksonet al. 2001]for general
environments.RUSTIC andCABTT areextensionsof theROAM
algorithmin which subtreesof the ROAM bintreearecachedand
reusedduringrendering.BDAM constructsinsteada forestof hier-
archiesof right triangles,in which eachnodeis a generaltriangu-
lation of a small surfaceregion. Thesemethodsproduceadaptive
conformingsurfacesbut arehardto generalizeto surfaceswith ar-
bitrary topology. HLOD improvesinsteadthe classicLOD scene
graphby providing multipleprecomputedlevelsof detailsnotonly
for eachmodelbut also for entiresubtrees.While relatedto our
method,HLOD focusesontherun-timehandlingof a largenumber
of smallunconnectedobjects,typicalof largeCAD assemblies.

Point rendering approaches. An alternative to mesh re-
�nement is to use multi-resolution hierarchiesof point prim-
itives to render highly complex scenes in output-sensitive
time[Rusinkiewicz andLevoy 2000].Sincecurrentrenderinghard-
wareis optimizedfor trianglerendering,high quality �ltered point
splattingrequiresconsiderableeffort, andhigh visual quality has
oftento besacri�cedfor renderingspeed.Thelatestapproachestry
to solve thisproblemby exploiting theprogrammabilityfeaturesof
modernGPUs,leadingto impressivepeakperformancesthatrange
from 50M points/secondfor low quality renderingwith un�ltered
splats[Dachsbacheret al. 2003] to 10M points/secondfor high-
quality �ltering [BotschandKobbelt2003]for in-coremodelsof a
few million polygons.By usingcachecoherenttrianglestrip prim-
itives,we areableto exceedsuchratesevenfor out of coremodels
thataretwo ordersof magnitudelarger.

Hierarchies of tetrahedra. In the scienti�c visualizationand
�nite element literature, much researchhas been devoted to
nested tetrahedral meshesgeneratedby recursive subdivision
(see[Cignoni et al. 2003b] for a recentsurvey). Our datastruc-
tureis constructedfrom arecursivepartitioningof theinputdataset
guidedby the sameregular tetrahedronbisectionrule that is of-
tenusedfor modelingandviewing regular3D grids. We areinter-
ested,however, in thespacepartitioninginducedby themulti-level
tetrahedralization,ratherthanin extractingvaluesat meshvertices
as in numericalmethods[Maubach1995] or scienti�c visualiza-
tion [Gregorskietal. 2002].



Figure2: Multir esolutionstructur e. Hierarchy of tetrahedrawith associatedpatchhierarchy

3 Multiresolution model

A multiresolutionsurfacemodel supportingview-dependentren-
deringmustencodethe stepsperformedby a meshre�nementor
coarseningprocessin a compactdatastructurefrom which a virtu-
ally continuoussetof variable-resolutionmeshescanbeef�ciently
extracted. Our approachis basedon the ideaof moving the grain
of themultiresolutionsurfacemodelup from pointsor trianglesto
small contiguousportionsof mesh. The bene�ts of this approach
arethattheworkloadrequiredfor aunit re�nement/coarseningstep
is amortizedon a largenumberof triangleprimitives,andthat the
smallpatchescanbeoptimizedoff-line for bestperformance.

To avoid makingassumptionson a particulartopologicalgenus
or subdivision connectivity of theinput mesh,we exploit theparti-
tioning inducedby a recursive volumetricsubdivision of themesh
boundingvolumein a hierarchy of tetrahedra (see�gure 3). The
partitioningconsistsof a binary forestof tetrahedra,whoseroots
correspondto six tetrahedraaround a major box diagonal and
whoseother nodesare generatedby tetrahedronbisection. This
operationconsistsin replacinga tetrahedrons with the two tetra-
hedraobtainedby splittings at themidpointof its longestedgeby
theplanepassingthroughsuchpointandtheoppositeedgein s . To
guaranteethat a conformingtetrahedralmeshis alwaysgenerated
aftera bisection,all the tetrahedrasharingtheir longestedgewith
s aresplit at thesametime. Sucha clusterof tetrahedrais called
diamond.

(a) Initial
partition

(b) Longestedgebisection

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

Thehierarchy of tetrahedrastructurehastheimportantproperty
that,by selectively re�ning or coarseningit on a diamondby dia-
mondbasis,it is possibleto extractconformingvariableresolution
volumetric meshrepresentations.We exploit this propertyto con-
structa level-of-detailstructurefor thesurfaceof the input model.
The basic idea (see�gure 2) is to generatefrom the tetrahedral
structurea hierarchy of surfacerepresentations.We �rst partition
theinputmodeltrianglesamongtheleaf tetrahedra.Wethenrecur-
sively associateto eachnon-leaftetrahedrona simpli�cation, up to
a given trianglecount,of the portion of the meshcontainedin its
two children,alongwith all theinformationrequiredfor evaluating
view dependenterrors.

(a) level i (b) level i � 1
Figure 4: Generating conforming triangulations. The four patchesat the left of
�gure 4(a) arepart of the samediamond,andaresimpli�ed into the two patchesat
the left of �gure 4(b) when coarseningthe mesh. The generationof a conforming
triangulationis ensuredby locking theverticessharedwith theneighboringdiamond
(highlightedin red), andby consistentlysimplifying the verticessharedby different
patchesin thediamond(highlightedin yellow).

Theabove diamond-by-diamondpropertyis suf�cient for guar-
anteeingconformingtetrahedralmeshes,but, whenswitchingfrom
tetrahedrato thesmallpatchesassociatedto them,thecorrectcon-
nectivity along bordersof patchesat different simpli�cation lev-
elsmustbeguaranteedby imposingappropriateconstraintsduring
simpli�cation. This is ef�ciently doneby carryingout bottom-up
constructionon a diamondby diamondbasis. When building a
simpli�ed representationfor all tetrahedrain a givendiamond,the
bordersof a patchcontainedin a tetrahedronareof threepossible
kinds: (a)diamond-internalborders, i.e.,bordersconnectingit with
other trianglescontainedin tetrahedraof the samediamond; (b)
diamond-externalborders, i.e.,bordersconnectingit with triangles
containedin tetrahedraof otherdiamonds;(c) original borders, i.e.,
bordersof theoriginalmesh.Sinceall tetrahedrain adiamondare,
by de�nition, alwayssplit/mergedat thesametime, handlingbor-
dersof kind (a)justrequiresthatthemeshcontainedin adiamondis
simpli�ed asasingleunit, while bordersof kind (b) needto bekept
�x edto ensureconnectivity with all possibleneighbors,andborders
of type(c) donotneedany specialhandling.Themainideabehind
theserulesis to associateamergeoperationof theinternaledgesof
adiamondwith theoverallsimpli�cation of thepatchstrictly inside
thediamond.Thus,whenwecoarsenourtetrahedralmeshbymerg-
ing the split-edgesinsidea diamond,we cansafelysubstitutethe
patchesinsidethe involvedtetrahedrawith theonesof themerged
diamond:by constructionthey sharethesameborderandtherefore
correctlymatchwith therestof thesurface.In this way, we ensure
thateachmeshcomposedby acollectionof smallpatchesarranged
asacorrecthierarchy of tetrahedrageneratesagloballycorrectsur-
facetriangulation(see�gure 4). It is worthmentioningthat,unlike
otherhierarchicalsimpli�cation approaches[Hoppe1998; Prince
2000], theseconstraintshave little effect on overall simpli�cation
quality, sinceconstrainedverticesalternatefrom diamond-internal
to diamond-externalthroughoutthehierarchy, andarelockedonly
whenin diamond-externalstate.Moreover, the fact that eachdia-
mondis simpli�ed independentlycanbeexploited,seesection5, to
designaparallelout-of-corehighqualitysimpli�cation algorithm.



4 View-dependent rendering

The adaptive renderingalgorithm is basedon a top-down re�ne-
mentof the tetrahedrahierarchy, designedto fully exploit the ren-
deringcapabilitiesof moderngraphicsacceleratorsthroughbatched
primitive rendering.Its maincomponentscanbeconsidereda gen-
eralizationof the BDAM approach[Cignoni et al. 2003c]to arbi-
trarysurfaces.

Data organization. Sincethealgorithmis designedto work in
a standalonePCarchitecture(asopposedto a distributed,network-
basedsolution), we assumethat all data is stored locally on a
secondarystorageunit visible to the renderingengine. Our ap-
proach, similarly to recent large scale terrain visualization ap-
proaches[Lindstrom andPascucci2002;Cignoni et al. 2003c],is
basedonoptimizingthedatalayoutto improve memorycoherency
andon accessingexternalmemorygeometrydatathroughsystem
memorymappingfunctions, demandingto the operatingsystem
the task of loading, when needed,the requesteddata. To maxi-
mizememorylocality, wehave thuschosento representournested
subdivision asa forestof binary trees,and to extract conforming
mesheswithout requiringneighbor�nding we employ a saturation
technique[Ohlberger and Rumpf 1998]. Therefore,eachtree is
storedasamemorymappedlineararray, andeachof its nodes,cor-
respondingto a particulartetrahedron,containsjust the following
information: a referenceto the associatedpatchdata(vertex at-
tributesandconnectivity) in a patchrepository;thetight bounding
sphereandboundingconeof normalsfor the patch;the saturated
modelspaceerror andboundingsphereof the neighborhood;the
index of child nodesin the linear arrays,which correspondto the
two tetrahedrageneratedby bisection.To minimizethenumberof
pagefaults,datastorageorderre�ects traversalorder. All datain
thetreeandin thecorrespondingpatchrepositoryis thereforesorted
by level, thenby geometricproximity, by orderingthe nodesin a
givenlevel by increasingMortoncode[Samet1990]of their center
point. Theexternalsizeof geometricrepresentationis alsoreduced
by storingeachpatchin compressedform (seesection5).

(a) (b) (c)

Figure5: Re�nement and culling. Themodelis re�ned to a screenspaceerrortoler-
anceof onepixel andis culledagainsttheredrectangle.Thespheresusedfor culling
arein sub-�gure5(b),while thesaturatedspheresusedfor re�nementarein �gure 5(c)

Re�nement algorithm. With this structure,variableresolution
renderingis implementedby simplestatelesstop-down traversals
of thebinarytrees,thatcombineview-frustum,backface,andcon-
tributionculling (see�gure 5). As werecursethehierarchy, wetest
if thecurrentnodeis invisible or fully backfacingby checkingthe
tight boundingsphereandconeof normalsof theassociatedpatch
against the currentview volume. If so, we simply stop, culling
away theentirebranchof thetree.If thenodeis potentiallyvisible,
we testwhetherits patchis an accurateenoughrepresentationby
measuringits saturatedscreenspaceerror. If so,we canrenderthe
associatedpatch,otherwisewe continuethe recursive re�nement
with thenode'schildren.

Saturatedscreenspaceerror is the quantity that guidesre�ne-
ment.Weobtainaconsistentupperboundby measuringtheappar-
entsizeof aspherewith diameterequalto thesaturatedobjectspace
errorsandcenteredatthesaturatedboundingspherepointclosestto

theviewpoint. There�nementcondition,oncethepoint closestto
theviewpoint is found,requiresonly onemultiplicationto checkif
theratio of errorsphereradiusto distanceis larger thanthescreen
spacethreshold.Theextractionof a consistentmeshis ensuredby
constructingthe saturatedobjectspaceerrors/spheresso that they
areequalfor all thetetrahedrain a diamondandmonotonicallyde-
creasingwhen descendingthe hierarchy. Sincethe projectionto
screenspaceis alsomonotonic,thediamondcompositionproperty
ensuresthatwe alwaysextracta conformingvolumetricmesh,and
ourpatchconstructionrulesensurethatwegenerateagloballycor-
rectsurfacetriangulation.

Host to graphics processing unit communication. To take
advantageof spatialandtemporalcoherency, it is worth spending
time to build an optimal renderingrepresentationfor eachpatch,
thatcanbeef�ciently reusedon subsequentframes,insteadof us-
ing directrenderingeachtime. This is theonly way to harnessthe
power of currentgraphicsarchitectures,thatheavily rely on exten-
siveonboarddatacaching.Wehave thuscombinedour re�nement
methodwith a memorymanagerbasedon a simpleLRU strategy,
that explicitly managesgraphicsboardmemory, using OpenGL's
Vertex Buffer Objectsextension. Eachtime we needto rendera
patch,we reusethe cachedversionif present,otherwisewe ren-
der it andcacheits representationin placeof the oldestone. The
transformationfrom compressedexternal memoryrepresentation
to an ef�cient graphicsformat happensonly at cachefaults. The
primitive geometricelementis a patchcomposedof multiple trian-
gles,that is heavily optimizedduring pre-processingusingcache-
coherenttri-stripping. Sincewe useanindexedrepresentation,the
post-texture-and-lightingcacheof currentGPUsis fully exploited.

Speculative prefetching. Sincethe disk is by far the slowest
hardwarecomponent,we can further hide dataaccesslatency by
prefetchingfrom compressedexternalmemorythe geometrythat
will soonbe accessed.The prefetchingroutine,that may be exe-
cutedin parallel to the renderingthreador sequentiallyasan idle
task,executesthe samere�nementalgorithmasthe adaptive ren-
deringcode,taking asinput the predictedcamerapositioninstead
of thecurrentone.Whenthere�nementterminates,insteadof ren-
deringthepatches,it simply checkswhethertherequiredgraphics
objectsare in pagesalreadyin core. If not, it advisesthe oper-
ating systemkernel that the pagescontainingtheir representation
will likely be accessedin the nearfuture andthat it would be ad-
vantageousto asynchronouslyreadthemahead.This techniqueis
easyto implementon Linux with the mincore/madvise system
calls.Furthermore,themainrenderingneedsnot to beawareof the
prefetchingcomponent,andwe exploit theextensive performance
optimizationsof the operatingsystem's virtual memorymanager,
suchasreorderingof requeststo reduceseekaccesstime andover-
lappingof computationanddiskaccess.

5 Construction

Theoff-line componentof ourmethodconstructsa multiresolution
structurestartingfrom a high resolutionmesh. As input, we as-
sumethat the meshis representedas a triangle soup, i.e., a �at
list of triangleswith direct vertex information, and that a list of
boundaryverticesis also available. This representationis com-
monly employed for out-of-coremethods,and can be derived in
a I/O ef�cient way from themorecommonindexedmeshrepresen-
tation using standardexternal memorygraphtechniques[Chiang
etal. 1995].



5.1 Mesh Partitioning

The �rst phase– meshpartitioning– generatesa binary forestof
tetrahedra,whoserootspartitionthemeshboundingboxandwhose
leavescontainlessthanaprede�nednumberof meshtriangles.

Theforestis built in atop-down fashion,throughrecursiveinser-
tion of meshtrianglesby startingfrom aninitial subdivision of the
meshboundingbox into six tetrahedraarounda majorbox diago-
nal. Whenanew triangleis inserted,welocatetheleafthatcontains
its centerpoint and,if thenumberof trianglesalreadycontainedin
it doesnot exceedthe maximum,we simply insert the new one
into theassociatedtrianglebucket. Otherwise,were�ne thehierar-
chy by tetrahedronbisectionandrecursively continuetheinsertion
procedure.Eachtime a tetrahedronis split, all the trianglesin the
associatedbucket arereassignedto its childrenby a recursive ap-
plicationof theinsertionprocedure.Theendresultis a tetrahedron
graph,thatdescribesthesubdivision structureusinga DAG of di-
amonds[Pascucci2002], anda setof trianglebucketsassociated
with leaf tetrahedrathat cover the mesh. The graph,rathersmall
sinceeachnodetypically containsa few thousandtriangles,is for
ef�ciency reasonsmaintainedin mainmemory, while trianglebuck-
etsarestoredin secondarymemory.

This simple partitioning scheme,that clusterstrianglessolely
basedon the locationof their centerpoint, doesnot adaptto sur-
facefeatures,and,asfor all spatialclusteringmethods,could lead
to patcheswith exceedinglycomplex boundaries.Eventhoughwe
have not found this to be a problemin practice,we plan to im-
prove partitioningin a secondpass,thatadaptively reassignstrian-
glesamongleaf tetrahedraafter the �rst partitioning. This kind of
approachdemonstratedits ef�ciency in recentout-of-coresimpli�-
cationmethods(e.g.,[Shaffer andGarland2001]).

5.2 Level-of-detail hierarchy construction

Thesecondand�nal phase– simpli�cation – completesthevolu-
metric structurewith a hierarchy of surfacerepresentationsby re-
cursively associatingto eachnon-leaftetrahedrona �x ed triangle
countsimpli�cation of theportionof themeshcontainedin its two
children,alongwith all theinformationrequiredfor evaluatingview
dependenterrors.Thisis ef�ciently doneby carryingoutbottom-up
constructionon a diamondby diamondbasis. For leaf diamonds,
we retainall the �delity of theoriginal meshanddirectly produce
anoptimizedrepresentationfor eachtetrahedronfrom thestoredtri-
anglebuckets. For non-leafdiamonds,we retrieve from therepos-
itory the trianglesassociatedto the childrenof all involved tetra-
hedra,merge themin a singlemesh,that is thensimpli�ed so that
eachinvolved tetrahedroncontainslessthana prede�nednumber
of triangles.Therepositoryis thenupdatedby erasingthebuckets
associatedto child tetrahedrabeforesaving parentones.

Diamond simpli�cation. As explainedin section3, to ensure
that thepatchescontainedin thediamond's tetrahedramatchwith
all thepossibleneighborsatdifferentsimpli�cation levels,we lock
all theverticeson thediamondexternalboundary. Theseareeasily
identi�ed, withoutmaintainingspecialconnectivity information,as
the endpointsof all edgessharedby only onetriangleof the dia-
mondpatch,which werenot 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 any simpli�cation techniquecanbe adoptedas long as it al-
lows thechoiceof thenumberof trianglesfor differentregionsof
the outputmeshand the speci�cation of vertex constraints.This
meansfor examplethat, if neededby a particularapplication,it is
possibleto exactly preserve theoriginal meshtopologyandthere-
fore preserve any existing parametrization.On the otherhand,it
is alsopossibleto decideto simplify moreaggressively by closing

holesor clusteringvertices. In our case,we have implementeda
variationof Hoppe's methodfor simplifying mesheswith appear-
anceattributes[Hoppe1999],thatcombinesa quadricerrormetric
with regularizationpenaltiesfor improving samplingregularityand
meshquality in regionsof null quadricerror. Moreover, to ensure
that eachtetrahedronin 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 thetetrahedronswhereit removesatriangle.Duringiter-
ative simpli�cation, collapsesaretaken in orderof increasingcost
from the queuesof the tetrahderathat still needto be simpli�ed,
andall queuesaremaintainedup-to-dateafter eachsimpli�cation
step.

Errors and bounds. After simpli�cation, model spaceerrors,
boundingspheresandnormalconeshave to becomputedandsatu-
ratedfor eachtetrahedronto completethestructure.For errors,we
have currentlytaken the commonapproachof deriving the model
spaceerrore directly from thequadricmetriceq (see,e.g.,[Lind-
strom2003]). We employ the simpleformula e = s 3

p
eq, wheres

is anempiricalscalefactorfor convertingto world units(see,e.g.,
[Lindstrom2003]). Thescalefactoris determinedprior to render-
ing time by �nding thesmallestvalueof s leadingto no imagedif-
ferencein a �x ednumberof randomviews,whensettingthescreen
spacetolerancebelow 1 pixel. Boundingspheresandnormalcones,
are, instead,computedandsaturatedusingoptimal methodsfrom
computationalgeometryfor �nding theminimumenclosingball of
points(for leafs)andminimumenclosingball of balls(for all other
nodes)[FischerandGärtner2003].

Conversion into �nal format. Eachpatchis storedon disk in
a compressedrepresentationfrom which a versionoptimizedfor
ef�cient renderingcanbe rapidly extracted. On currentgraphics
architectures,the most ef�cient meshrepresentationis the cache
coherent indexed stripi�cation. In this representation,vertex at-
tributesare storedin vertex arrays,and triangulationtopology is
speci�ed with a generalizedtriangle strip orderedsuchthat ver-
tex cachemiss rate is minimized. We greedily computethis or-
deringby �rst decomposingthemeshinto stripsof lengthapproxi-
matelyequalto vertex cachesize,and,then,startingwith thestrip
with themaximumnumberof bordervertices,incrementallyadding
theotherstrips,alwayschoosingtheonewith theminimumcache
missto strip lengthratio. For disk storage,topologyis compressed
usinga meshencodingschemepreservingstripi�cation [Isenburg
2001],while vertex attributesareoptionallyquantizedandentropy
encoded.For this paper, thatemphasizestheability of our method
to preserve all the original details,we chosea 3x24 bits/position
and32bit/normalquantization,whichcorrespondto no loss.

Network parallel construction. The hierarchy construction
phasedominates,by far, the overall processingcost. The whole
processis however inherentlyparallel,becausethegrainof the in-
dividualdiamondprocessingtasksis very �ne andsynchronization
is requiredonly at thecompletionof eachlevel. In a network par-
allel implementation,the coordinatorprocesstraversesall the di-
amondsbottomup andby geometricproximity, distributesthedi-
amondprocessingjob to a numberof workers, which executeit
andsendtheresultbackto thecoordinatorfor updatingtherepos-
itory andgeneratingoutput �le. Load balancingis ensuredif the
coordinatorinitially seedseachworker with a singlediamondand
subsequentlyalwayssendsa new job requestto thework thatsent
backa result.Thegenerationof theoutput�le in thecorrectorder
can be ensuredwith a small buffer for handlingout-of-syncout-
put requests.In this solution,the main memoryrequiredfor each
worker is that requiredfor processinga singlediamond,while the
coordinatorsimply needsto reserve enoughmemoryfor holding
out-of-syncrequests.



Figure6: Testmodels. Themain imagesshow themodelsaspresentedto theuserduring interactive inspectionsession,while the insetimagesillustratethemeshstructure.Left:
Bonsaiisosurface(6.4M triangles);Middle: David 2mm(8.3M triangles)and1mm(56M triangles);Right: St. Matthew 0.25mm(373Mtriangles).

6 Results

An experimentalsoftwarelibrary anda renderingapplicationsup-
portingthetechniquehave beenimplementedon Linux usingC++
with OpenGLandtheMPICH MPI implementation.We have ex-
tensively testedour systemwith a numberof largesurfacemodels.
Thequantitativeandqualitativeresultsdiscussedherearerestricted
to thefreelyavailablemodelsof �gure 6.
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Table1: Numerical resultsfor out-of-core construction. Testsperformedon a net-
work of PCs.All timesarein seconds.

Preprocessing. Table 1 lists numericalresultsfor our out-of-
core preprocessingmethodfor a numberof runs on all the test
datasets.Thetestswereexecutedon a moderatelyloadednetwork
of PCsrunningLinux 2.4. EachPC hastwo CPU Athlon 2200+
CPUs,1GB DDR memory, a 70GBATA 133harddisk,anda Eth-
ernet100Mb/s network connection.We constructedall multireso-
lution structureswith aprescribedmaximumleafsizeof 4000trian-
gles/tetrahedronfor thepartitioningphaseandanaveragenon-leaf
size of 2000 triangles/tetrahedronfor the bottom-upconstruction
phase.To testparallelperformance,all testswererepeatedwith 1,
4, 8, and14 workers. Overall processingtimesrangefrom about
3K-4K triangles/sfor 1 CPU to 15K-30K triangles/sfor 14 CPU.
As apointof reference,currentstate-of-the-arthighqualityout-of-
coresimpli�cation methodsachieve simpli�cation ratesup to 70K
triangles/s[Chiangetal. 2003].Ourspeedis currentlyslower. This
is mainly becausewe generatea full multiresolutionstructure,as
opposedto a singlesmall model,andsimpli�cation is only a sin-
gle stepof diamondprocessing,that alsoincludescache-coherent
stripi�cation, meshcompression,andoptimalboundcomputation,
eachcostingasmuchassimpli�cation. As thenumberof CPUsin-
creases,constructiontime,initially dominatedby diamondprocess-
ing, startsto bedominatedby raw I/O. Thealmostlinearreduction
in processingtimeshowstheef�ciency of thedistributedapproach.
ThelargeI/O overheadis dueto therepeatedaccessto thetempo-
rary trianglerepositoryduringbottom-upconstruction,storedon a
slow IDE disk. Similarly to competingmethods[Lindstrom2003],

temporarystoragesizeis aconstantmultiple (roughlya factorof 3)
of input size,sincewe needto storeat mostthepartitioningof the
input in the leavesof thetetrahedrahierarchy. Our currentversion
usesa pessimistic�x ed-sizebucket perleaf,andstorestrianglesin
raw uncompressedform. Weanticipatethatreducingthesizeof the
repositorywith compresseddynamicallysizedbucketswould radi-
cally decreaseI/O cost. Not includedin the tableis themaximum
residentmemoryusageof the method,which is low andconstant
for workers(26 MB each)andvariablefor themasterprocess,due
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 inspectionsequenceson all test
datasets,usinga Linux PCwith a Intel Xeon2.4GHz,2GB RAM,
aSeagateST373453LW 70GBULTRA SCSI320harddrives,AGP
8x andNVIDIA GeForceFX 5800Ultra graphics.Thequantitative
resultspresentedherein detailswerecollectedduringa45seconds
inspectionof the largestmodel(the373M trianglesreconstruction
of Michelangelo's St. Matthew). The session,performedusinga
window size of 800x600pixels, hardware full sceneantialiasing
(4x GaussianMultisampling), and a screentoleranceof � 2 pix-
els(i.e., a re�nementepsilonof 4), wasdesignedto berepresenta-
tive of typical meshinspectiontasksandto heavily stressthesys-
tem, andincludesrotationsandrapid changesfrom overall views
to extremeclose-ups.To furtheremphasizethequalityof theview-
dependentsimpli�cation, we usedglossymaterialpropertiesanda
singleoff-centerpositionallight placedslightly above and to the
right of the camera.The qualitative performanceof our adaptive
rendereris also illustratedin an accompanying video, that shows
live recordingsof theanalyzed�ythrough sequence,andof similar
sequenceswith theotherdatasets.In all cases,duringlive sessions
therewere practicallyno visible artifactsdue to adaptive render-
ing, sincethe error measure,even thoughempirically derived, is
very conservative. To fully testour out-of-coredatamanagement
components,thebenchmarkswerestartedwith all dataoff coreand
diskbuffers�ushed. Duringtheentirewalkthrough,theresidentset
sizeof the applicationis maintainedat roughly 144 MB, i.e. less
than3% of out-of-coredatasize,demostratingtheeffectivenessof
out-of-coredatamanagement.Figure7(a) illustratestherendering
performanceof theapplication,bothwith andwithout speculative
prefetching.Thespeculative prefetchingversionexecutedanaddi-
tional re�nementstepperframeto prefetchpagesthatarelikely to
beaccessedin thenearfuture,usinga linearpredictionof camera
positionwith ahalf asecondlook-ahead.Theprefetchingversionis
smoother, dueto thesuccessof prefetchingin hidingthelatency due
to pagefaults.Theonly noticeablejitters with theprefetchingver-
sion(visible in thegraphneartheendof thesequence)correspond
to rapid accelerationsof the pathwhile zooming. In the prefetch-
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Figure7: RenderingPerformanceEvaluation. To fully testourout-of-coredatamanagementcomponents,benchmarkswerestartedwith all dataoff coreanddiskbuffers�ushed.

ing version,we wereable to sustainan averagerenderingrateof
over 70 millions of trianglespersecond,with peaksexceeding78
millions. By comparison,on similar machines,Lindstrom's [2003]
multiresolutionvertex clusteringmethod's peakperformancewas
measuredat roughly 3 millions of trianglesper second,with a
representationupdatelatency of up to 1s, even thoughthe model
wasradicallydownsampledduringpreprocessingto only 3M poly-
gons. The increasedperformanceof our approachis due to the
larger granularityof the structure,that amortizesstructuretraver-
sal costsover many graphicsprimitives, reducesAGP datatrans-
fers throughon-boardmemorymanagementandfully exploits the
post-transform-and-lightingcachewith optimizedindexedtriangle
strips.This favorablycomparesalsowith thelatestpoint rendering
approaches,that renderin-coremodelsof a few million polygons
at 10M-50M points/seconddependingon �ltering quality [Dachs-
bacheret al. 2003; Botschand Kobbelt 2003]. The overheadof
theprefetchingandrenderingcode,measuredby repeatingthetest
without executingOpenGLcalls, is only about30%of total frame
time (Fig. 7(c)), andis mostlydueto externaldataaccess(mainly
I/O wait andpatchdecompression).This demonstratesthatwe are
GPU boundeven whenhandlingextremelylarge out-of-coredata
sets.Renderedscenegranularityis illustratedin �gure 7(b): even
thoughthe peakcomplexity of the renderedscenesexceeds1.8M
trianglesperframe,thenumberof renderedgraphicsprimitivesper
frameremainsrelatively small, never exceeding1240patchesper
frame,which aremaintainedon graphicsmemory. Sincewe are
ableto rendersuchcomplex scenesat high framerates,it is possi-
bleto useverysmallpixel thresholds,virtually eliminatingpopping
artifacts,without theneedto resortto costlygeomorphingfeatures.
Figure8 is anexampleof theextremelydetailedrepresentationthat
canbeinspectedin real-timeusingour technique.

7 Conclusions

Wehavepresentedanef�cient techniquefor end-to-endout-of-core
constructionandview-dependentvisualizationof verylargesurface
modelson commoditygraphicsplatforms. The proposedsolution
consistsin an innovative combinationof volumetric subdivision,
meshcompressionand simpli�cation, out-of-coredata manage-
ment,andbatchedrenderingtechniques,resultingin an unprece-
dentedspatiotemporalquality in the interactive renderingof mas-
sivemodels.

Besidesimproving the proof-of-conceptimplementation,we
plan to extend the presentedapproachin a numberof ways. In
particular, we plan to exploremoreaggressive andlossycompres-
siontechniquesandto investigateerrormetricstakinginto account
the effect of simpli�cation on the shadingof the surface. We are
also currently incorporatingocclusionculling techniques,useful
for datasetswith a high depthcomplexity, and we plan to intro-
ducemoresophisticatedshading/shadowing techniques.Giventhe

Figure8: David 1mm hand close-up. Model renderedat � 1 pixel screentolerance
with 841patchesand1172Ktrianglesat50fpsona1280x1024window with 4x Gaus-
sianMultisampling,onepositionallight andglossymaterial.Note thevery �ne geo-
metricandilluminationdetails.

performanceof themethod,wearecon�dent thatmulti-passor ver-
tex/fragmentprogramtechniqueswill becomereadilyapplicableto
giganticdatasets.

The proposedapproach,as well as recently introducedtech-
niquessuchas BDAM [Cignoni et al. 2003c], can be seenas a
stepin alargereffort of adaptingtheclassicgeneralmultiresolution
modelsto modernGPUs,by moving thegranularityof theatomic
operationsof multiresolutionmodelsfrom triangles/pointsto small
surfaceportions. In our opinion, this is the mostpromisingway
to harnessthepower of currentgraphicsarchitectures,thatheavily
rely on extensive on boardcachingof indexed primitives. More-
over, our resultsdemonstratethat this approachblendsalso well
with otherimportantlarge modeloptimizations,suchascompres-
sion and prefetchingtechniques.We envision an entire breedof
multiresolutionmeshrenderingalgorithmsadaptedto this kind of
meshrepresentation,andwearecurrentlyde�ning ageneralframe-
work for experimentingwith them.
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