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Abstract
Wepresenta simplepoint-basedmultiresolutionstructure for interactivevisualizationof verylargepointsampled
modelsonconsumergraphicsplatforms.Thestructure is basedona hierarchyof precomputedobject-spacepoint
clouds.At renderingtime, thecloudsare combinedcoarse-to-�newith a top-downstructure traversal to locally
adaptsampledensitiesaccording to theprojectedsizein theimage. Sinceeach cloudis madeof a few thousands
of samples,themultiresolutionextractioncostis amortizedover manygraphicsprimitives,andhost-to-graphics
communicationeffectivelyexploits on-board caching and object basedrenderingAPIs. The progressiveblock
basedre�nementnature of the renderingtraversal is well suitedto hiding out-of-core data accesslatency, and
lendsitself well to incorporatebackface, view frustum,andocclusionculling, aswell ascompressionandview-
dependentprogressivetransmission.Theresultingsystemallowsrenderingof complex modelsat high framerates
(over60Msplat/second),supportsnetworkstreaming, andis fundamentallysimpleto implement.

CategoriesandSubjectDescriptors(accordingto ACM CCS): I.3.3 [ComputerGraphics]:Out-Of-CoreAlgorithms,
Level of Detail

1. Intr oduction

Current3D digital photography and 3D scanningsystems
make it possibleto acquireathigh resolutionbothgeometry
andappearanceof complex, real-world objects.At thesame
time, the size and complexity of isosurfacesgeneratedby
numericalsimulationis steadilygrowing, dueto theprolif-
erationandperformanceof affordablescalablehigh perfor-
mancecomputers.Despitetherapid improvementin graph-
ics hardware performance,renderingat interactive speeds
the hugedatasetsgeneratedby the acquisitionandsimula-
tion pipe-linesremainsa very challengingproblem,since
they still largely overloadtheperformanceandmemoryca-
pacity of state-of-the-artgraphicsand computationalplat-
forms. For such complex and densemodels,multiresolu-
tion hierarchiesof point primitives have recentlyemerged
asa viable alternative to the more traditionalmeshre�ne-
ment [RL00]. Thesemethodsarebasedon the assumption
that model samplingrate is so high that trianglesare pro-
jectedto suchsmallscreenareasthattheadvantageof scan-
linecoherencearelost,andappropriatelyselectedpointsam-
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plesaresuf�cient to accuratelyreproducethemodel.Oneof
the major bene�ts of this approachis its simplicity, stem-
ming from thefactthatthereis noneedto explicitly manage
andmaintainmeshconnectivity during both preprocessing
andrendering.

Unfortunately, current dynamic multiresolution algo-
rithms for largemodelsarevery CPU intensive: nowadays,
consumergraphicshardware is able to sustaina rendering
rateof tensof millions of point primitivesper second,but
currentmultiresolutionsolutionsfall shortof reachingsuch
performance.This is becausetheCPUis not ableto gener-
ate/extractpoint samplesfrom theout-of-corestructureand
sendthemfastenoughto the graphicshardwarein the cor-
rectformatandthroughapreferentialdatapath.

Our contribution is a simple point-basedsolution for
highperformanceview dependentvisualizationof verylarge
static point sampledmodels on consumergraphicsplat-
forms. The underlyingideaof the methodis to reducethe
per-primitive structureoverheadby moving thegrainof the
multiresolutionmodelfrom ahierarchy of pointsamplesto a
hierarchy of precomputedobject-spacepointclouds.At ren-
deringtime, the cloudsarecombinedcoarse-to-�newith a
statelesstop-down structuretraversalto locally adaptsample
densitiesaccordingto theprojectedsizein theimage.Since
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eachcloudis madeof a few thousandsof samples,themul-
tiresolutionextractioncostis amortizedover many graphics
primitives,and host-to-graphicscommunicationcan effec-
tively exploit on-boardcachingandobjectbasedrendering
APIs. Theprogressive block basedre�nementnatureof the
renderingtraversalis well suitedto hiding out-of-coredata
accesslatency, andlendsitself well to incorporatebackface,
view frustum,andocclusionculling, aswell ascompression
andview-dependentprogressive transmission.Theresulting
systemallows renderingof localandremotemodelsof hun-
dredsof millions of samplesat high framerates(over 60M
splat/second),supportsnetwork streamingandis fundamen-
tally simpleto implement.

Therestof thepaperis organizedasfollows.Section2 re-
views relatedworks.Thedetailsof theproposeddatastruc-
turearepresentedin section3, while section4 describesal-
gorithmsfor view-dependentre�nementandrendering,and
section5 proposea simple out-of-coretechniquefor con-
structing the multiresolutionmodel. The ef�ciency of the
approachis demonstratedwith theinspectionof anumberof
very large models,including a massive 234M samplesiso-
surfacegeneratedby a compressibleturbulencesimulation,
that exhibits a huge(>100) depthcomplexity, anda 167M
samplesmodelof Michelangelo's St.Matthew (section6).

2. RelatedWork

Point-based3D graphicstechniquesfor processingandren-
deringof densemodelsareanold idea[LW85, Gro98], that
has found many successfulapplications,including point-
basedmodeling,high quality and interactive rendering,as
well ascodingandtransmissionof point-basedmodels.

Our focus is the developmentof systemsfor the dis-
tribution and high speedinteractive visual inspectionof
very large modelson commoditygraphicsplatforms.QS-
plat [RL00] is the referencesystemin this particulararea.
The systemis basedon a hierarchy of boundingspheres
maintainedout-of-core,that is traversedat run-timeto gen-
eratepoints.This algorithmis CPU bound,becauseall the
computationsaremadeperpoint,andCPU/GPUcommuni-
cationrequiresa directrenderinginterface,thusthegraphic
boardis never exploited at his maximumperformance.In
StreamingQSplat[RL01], theQSplatdatastructureis sub-
dividedinto chunks,thatarehowever only usedfor stream-
ing objectsovernetworks.Therenderingprocedureremains
ahierarchicaltraversaldoneontheCPU,with theadditional
book-keepingrequiredto checkthelocalavailability of data.
KalaiahandVarshney [KV03] haverecentlyproposedto im-
prove the geometrybandwidthbottleneckby working on a
compressedpoint samplegeometrymodelobtainedby prin-
cipal componentanalysis.Even if they usea largecacheof
40M points,theneedto regeneratea largenumberof small
point clustersperframefrom statisticalinformationleadsto
arenderingspeedwhich is roughlyhalf thespeedof QSplat.
Weexploit insteadapartitioningof themodelinto cloudsto

improvetheef�ciency of CPU/GPUcommunicationthrough
a batchedcommunicationprotocol and to supportconser-
vative occlusionculling for high depthcomplexity models.
Thisprovidesat leastanorderof magnitudeimprovementin
renderingrateoncurrentcommoditygraphicsplatforms.

A numberof authorshave also proposedvariousways
to pushthe renderingperformancelimits in particularsit-
uations.The randomizedz-buffer [WFP� 01] usesa hier-
archicaltraversalof a structurewherethe leaf nodescon-
tain arraysof randompoint samples.StammingerandDret-
takis [SD01] dynamically adjuststhe point samplingrate
for renderingcomplex proceduralgeometryat high frame
rates.They requirea parameterizationof the model,while
we focus on unstructuredpoint samples.Dachsbacheret
al. [DVS03] recentlypresentedahierarchicalLOD structure
for pointsthat is adaptively renderedby sequentialprocess-
ing doneon the GPU. They report a peakperformanceof
over 50M un�ltered pointsper second,which is similar to
ours,but they arelimited in thesizeof therenderedmodel,
which must�t into thevideocardmemory, while our work
focusesinsteadonvery largelocalandremotemodels.

There is a large body of work that aims at improv-
ing the rendering quality of point-sampledmodels. For
densemodels,theseincludeusingspheres[RL00], tangen-
tial disks [PZvBG00, ZPvBG01], or high degree polyno-
mials [ABCO� 01] insteadof raw point primitives,aswell
as improving �ltering in image space[ZPvBG01] or ob-
ject space[RPZ02]. Suchwork is orthogonalto ours,which
focuseson �nding simple ways to improve raw render-
ing performanceon very large modelsby amortizingcosts
on groupsof many graphicsprimitives.Merging thesetwo
directions, possibly by exploiting GPU programmingas
in [BK03], is amainavenuefor futurework.

3. Multir esolutionmodel

We assumethat the input model is representedby a setof
N samplepointsuniformly distributedover its surface,with
anaveragespacingbetweensamplesequalto r. Eachsample
point is associatedwith a setof surfaceattributes,including
position,normal,andpossiblycolor information.

Ourmultiresolutionapproachcreatesahierarchy over the
samplesof the datasets,simply by reorderingand cluster-
ing them into point cloudsof approximatelyconstantsize
arrangedin a binary tree. In other words, the �nal mul-
tiresolution model has exactly the samepoints of the in-
put model, but groupedinto chunks and organized in a
level of detail representation.The root of the level of de-
tail tree representsthe entiremodelwith a singlecloud of
M0 = M < N uniformly distributedsamples.Theremaining
points are equally subdivided amongthe two subtreesus-
ing a spatialpartition,with, again, M uniformly distributed
points directly associatedto the root of eachsubtree,and
the rest redistributed in the children.The leavesare termi-
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nal clusters,which arefurther indivisible andwhosesizeis
smallerthanthespeci�edlimit M.

Variableresolutionrepresentationsof themodelsareob-
tainedby de�ning a cut of the hierarchy and merging all
nodesabove the cut. This way, eachnodeactsasa re�ne-
mentof a small contiguousregion of the parent.The root
nodeis the coarsestavailablemodel representation,with a

averagesamplespacingof r0 = r
q

N
M0

. Eachnode j, then,
locally re�nes its parentby addingadditionalM j samples
to the representation.That is, the total numberof samples

M(tot)
j extractedin the region associatedto node j is recur-

sively de�ned by

M(tot)
j =

Nj

Nparent( j) � Mparent( j)
M(tot)

parent( j) + M j (1)

whereNk is thetotalnumberof samplesin thesubtreerooted

at k, andfor the root M(tot)
0 = M0. Becauseof our uniform

samplingassumption,the resultingaveragesamplespacing
of theregionof anon-rootnodeis thusdecreasedto

r j = rparent( j)

vu
u
u
t

NjM
(tot)
parent( j)

(Nparent( j) � Mparent( j) )M
(tot)
j

(2)

By storingat eachnode j the valueof r j alongwith its
point cloud, we can thus rapidly obtain a variable accu-
racy representationby traversing top down the hierarchy,
while accumulatingpoint cloudsuntil the desireddensity
is reached(see�gure 1). Sincewe are interestedin view-
dependentrepresentations,we alsoprecomputethe bound-
ing sphereand boundingcone of normalsof eachnode.
Theseareusedfor projectingthe meansampledistanceto
thescreen,aswell asfor view-frustum,backfacing,andoc-
clusionculling (seesection4).

The bene�ts of this approachare that the workload re-
quiredfor a unit re�nement/coarseningstepis amortizedon
a largenumberof point primitives,andthat thesmallpoint
clusterscan be optimizedoff-line for bestperformancein
host-to-graphicsandnetwork communication.By tuningthe
value of parameterM, we can vary the granularityof the
structurefrom a total multi-resolutionmodel (e.g.,QSplat
for M = 1) to a single-resolutionmodel for point render-
ing (M = N). Thechoiceof parameterM is dictatedby per-
formanceconsiderations.In particular, if M is too large,the
modelbecomeslessadaptive, andswitchingfrom a resolu-
tion level to the next leadsto a high latency. On the other
hand,if M is toosmall,themodelis moreadaptivebut CPU
costsbecomenonnegligible. Oncurrentgraphicsplatforms,
we have empirically determinedthat the bestperformance
trade-offs areobtainedfor valuesof M rangingfrom 512to
8192.

(a) level: 0,
clusters: 2,
splats:4K

(b) level: 0+1,
clusters: 6,
splats:12K

(c) pixel tol.:
1, clusters:
1720, splats:
3435K

Figure 1: David 1mm different level representations.The
original modelis madeof 28M points.Theimagesillustrate
how clusters of �ner levelsadd informationto the coarser
representations.

4. The renderingpipe-line

Our adaptive renderingalgorithmworks on a standardPC,
and data is assumedto be either locally storedon a sec-
ondarystorageunit directly visible to the renderingengine
or remotelystoredonanetwork server (see�gure 2).

Data layout and data access.The hierarchicaldatastruc-
ture is split into an index treeanda point cloud repository.
The index tree hasa small footprint, sinceit contains,for
eachnode,just thedatarequiredfor traversal(samplespac-
ing, boundingsphere,boundingconeof normals,andindex
of thetwo children),andrefersto theassociatedpoint cloud
througha 32 bit index that uniquely identi�es the cloud in
the repository. The repositoryis organizedso that the data
storageorderre�ects traversalorder, which is coarseto �ne
andby physicalpositionin space.We thussortpoint clouds
in the repositoryusing as a primary key their tree level,
and as a secondarykey the Morton index of their bound-
ing spherecenter[Sam90]. For disk storageanddatatrans-
mission,eachcloud is managedin compressedform. The
point cloud is spatiallysorted,theneachattribute is quan-
tized,deltaencoded,andthenentropy encodedwith theLZO
compressory. Accessto the point cloud repositoryis made
througha dataaccesslayer, that masksto the application
whetherthe repositoryis local or remote.This layermakes
it possibleto asynchronouslymove in-corea point cloudby
fetchingit from therepository, to testwhethera point cloud
is immediatelyavailable,andto retrieve its representation.
We have implementedtwo versionsof this accesslayer: the

y LZO is a data compression library based on a Lem-
pel Ziv variant which is suitable for data decompres-
sion in real-time. The library source is available from
http://www.oberhumer.com/opensource/lzo/
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�rst oneprovidesdirect disk accessthroughmemorymap-
ping functionsandis usedfor local �les aswell asremote
NFS mounted�les. The secondoneis basedon the HTTP
1.1 protocol and, similarly to StreamingQSplat [RL01],
fetchesdatafrom a standardHTTP server using rangere-
questsandpermanentconnections.

GPU Cache

Cloud
Repository

Index
Tree

CLIENT

Cloud Index
Adaptive
Renderer Point Set

Point
Sets

SERVER

Index
Tree

Tree LayersView
Parameters

DATA
ACCESS
LAYER

Network / System Bus

Figure 2: The rendering pipeline.Theclient traversesthe
index tree coarse-to-�ne in a view-dependentmanner, re-
questingpoint cloudsto the server. To maximizerendering
performanceand minimizetraf�c, point cloudsare cached
onboard usinga LRU strategy.

Progressive view-dependentre�nement. Thetraversalal-
gorithm,which extractsa view dependentrepresentationof
themultiresolutionmodelfrom thecurrentpoint of view, is
basedon a statelesscoarse-to-�nere�nementof our struc-
ture, that exploits the progressive natureandcoarsegranu-
larity of themultiresolutionhierarchy to reduceCPUre�ne-
ment costsand to improve repository-to-hostand host-to-
graphicscommunication.In particular, asynchronousrepos-
itory requestshideout-of-coredataaccesslatency, andcom-
municationwith theGPUis madeexclusively througha re-
tainedmodeinterface,which reducesbus traf�c by manag-
ing a least-recently-usedcacheof point cloudsmaintained
on-boardasOpenGLVertex Buffer Object.

The userselectedpixel thresholdis the valuethat drives
the re�nementof the renderingalgorithm:this valuerepre-
sentstherequiredaveragesampledistancebetweenadjacent
splatson thescreen,andit is usedassplatsize.There�ne-
ment algorithm performsa single passrecursive traversal
of the multiresolutionstructure.For eachnode,we useits
boundingsphereandnormalconeto testwhetherthenodeis
totally outsidetheview frustumor totally backfacing.In this
case,recursionstops,discardingtheentirebranchof thetree,
otherwisewe canrenderthenodeand,eventually, continue
the re�nement with its children.Sincewe are focusingon
highspeedvisualization,ourcurrentimplementationsimply
usesOpenGLhardwaresupportedpointsfor pointcloudren-
dering.This fact limits our ability to correctlytreattexture
andtransparency. Using ellipsoidalsplatscomputedon the
GPU,asin, e.g,[BK03], would resolve theseproblems.

At noderenderingtime, we projectthe node's hierarchi-
cal averagesampledistanceto thescreento obtainits splat

size.A consistentupperboundon the projectedsizeis ob-
tainedby measuringtheapparentsizeof aspherewith diam-
eterequalto the objectspaceaveragesampledistanceand
centeredat the boundingspherepoint closestto the view-
point. If the projectedsplat size is lessthan the threshold,
we renderthe node's point cloud with the prescribedsplat
size and stop recursion,otherwisea re�nement is needed.
In thatcase,to avoid blocking the rendererbecauseof data
accesslatency, especiallyin thecaseof renderingdataover
wide-areanetworks,we �rst checkwhetherthenode's chil-
drendatais immediatelyavailable,i.e., if it is alreadyin the
GPU cacheor consideredin-coreby the dataaccesslayer.
If so,we continuerecursion,otherwiserecursionstopsand
the nodeis renderedwith an increasedsplatsize,equalto
its projectedmeansampledistance,to cover holesleft by
childrenunavailability. Fetchrequestsarethenpushedin a
priority queue.Similarly to StreamingQSplat[RL01], the
requestqueueis traversedin orderof priority at the endof
the frame,issuingonly asmany requestsas thoseallowed
by the estimatednetwork bandwidth,andforgettingthe re-
mainingones.Sincethe repositoryis sortedcoarseto �ne
andby physicalpositionin space,prioritizing thequeueby
node's index providesa simplecompromisethat is bothI/O
ef�cient andpromisesto downloadthemostrelevantdataas
soonaspossiblewhile beingenoughspacecoherentto min-
imizevisualdistraction.

Rendering on a budget. For interactive applications,it is
oftenusefulto havedirectcontrolonrenderingtime,instead
of thecontrol on renderingquality providedby prescribing
a screenerror tolerancefor the re�nement method.In ad-
dition to adjustingerror toleranceper frame in a feedback
loop,we canexploit thefactthatour hierarchy is shallow to
implementa predictive technique.Given a desirednumber
of pointsper frame,we performa binary searchof the as-
sociatedpixel threshold,by repeatedlytraversingthe index
treewith thesamere�nementlogic usedfor rendering,while
only countingthenumberof generatedprimitives.

Occlusion culling. A numberof complex densemodels,
suchaslargeisosurfacesderiving from numericalsimulation
of turbulence(e.g.,[GDL� 02, MCC� 99]) haveanimportant
depthcomplexity. For thesemodels,ef�ciently culling the
invisible portionof therenderedmodelis of primaryimpor-
tanceto avoid uploading,re�ning, andrenderingunneces-
sarydata(see�gure 3). Sinceourstructureis coarsegrained
andprovidesa spatialpartition,we canadaptto a point ren-
dering framework visibility techniquesdevelopedfor ren-
dering scenescomposedof many objects.Similarly to the
approachintroducedby Toon et al. [YSM03] for complex
CAD environments,our renderingalgorithmexploits frame-
to-framecoherencein occlusionculling, by usingthesetof
visiblepoint cloudsfrom thepreviousframeastheoccluder
setfor the currentframe.At eachframe,we renderthe ob-
ject in threephases.In the�rst phase,we performtheusual
re�nementalgorithm,but accumulatethecloudsthatwould
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berenderedin a list of potentiallyvisibleobjects,while only
renderingthepoint cloudsthatwerevisible in theprevious
frame.In a secondphase,we traversethe entire list of ac-
cumulatedpointsets,generatingahardwareocclusionquery
for theobject'sboundingsphere(approximatedby anicosa-
hedron),usingOpenGLARB_occlusion_queryextensionto
track thenumberof fragmentsthatpassthedepthtest.In a
third and�nal pass,we traverseagain the list of cloudsand
querytheassociatedocclusionqueryobjectfor thenumber
of passedfragments.If this numberis above a giventhresh-
old, we insert the cloud index in next frame's occluderlist
and,if the cloud wasnot amongthoserenderedin the �rst
pass,we proceedrenderit. With this method,theonly addi-
tional costof occlusionculling is thegenerationandtestof
occlusionqueries.This costcanbe further reducedby only
checkingonceevery few framesif previousframeoccluders
arestill visible.

Figure 3: Occlusion culling. Closeupview of an isosur-
face feature in the mixing interface of two gasesfor a
simulation of a Richtmyer-Meshkov instability in a shock
tube[MCC� 99] renderedat 1 pixel toleranceon a 335x335
window. Without occlusion culling: 12976 patches, 24M
splats,1.7 fps; with occlusionculling: 3490patches,6.3M
splats,5.5fps.

5. Construction

The multiresolution point-cloud structure is constructed
off-line starting from a generic point cloud model. We
have implementeda simple I/O ef�cient recursive clus-
tering method,that is implementedwith a single out-of-
core component:a standardC++ array (compatiblewith

std::vector ), thatencapsulatesa resizable�le accessed
throughsystemmemorymappingfunctions.Theprocedure
consistsof two phases.

Recursive partitioning . The�rst phasepartitionstheinput
datasetintoatreeof pointclouds.Thepartitioningprocedure
takesas input an externalmemoryarrayof uniformly dis-
tributedpoint samples,togetherwith its boundingvolume.
If the numberof pointsN is lessthanthe prede�nednode
samplecountM, a leafnodeis generated,otherwiseM sam-
plesareextractedby uniform subsampling,andtheremain-
ing samplesaredistributedto the two childrenby bisecting
the boundingbox at the midpoint of its longestaxis, and
recursively continuingthepartitioningprocedure.A simple
andI/O ef�cient approachto thesubsamplingproblemis to
pick K � M;K > 1 randomsamplesfrom thepoint setusing
a Russianrouletteapproachduring the linearscanrequired
for thepartitioning.OncetheK � M samplesarein-core,we
randomshuf�e them,selectthe �rst M samples,andredis-
tribute the remaining(K � 1) � M samplesto the two chil-
dren.The techniquedoesnot ensurethat splatsize is con-
stantpercloud,but maintainsit reasonablycloseto theav-
eragevaluefor complex models.Sincethescreenprojection
operationis very conservative,we have foundthis suf�cient
in practiceto produceimageswithout holeswith a quality
comparableto thatof QSplat.

Structur e construction. The endresultof the partitioning
procedureis a treeof nodes,which providesthe layout for
the index tree,and a set of point clouds,that will be part
of the repository. In a secondphase,we thuscompletethe
structureby traversingthenodesin theorderin which they
arestoredin therepository(i.e.,by level andthenby Morton
index), computingthe index nodedata(hierarchicalsample
spacing,boundingsphere,andboundingconeof normals),
andconverting thepoint cloud to the �nal compressedrep-
resentation.

6. Results

The proposedmethodhasbeenusedto develop a C++ ap-
plication which makes use of OpenGL on a Linux plat-
form. Several testshave beenperformedon preprocessing
and renderingof a numberof very large models(see�g-
ure 4). The largestmodel is a full resolutionisosurfaceof
the mixing interface from the GordonBell Prize winning
simulationof a Richtmyer-Meshkov instability in a shock
tubeexperiment[MCC� 99], thatconsistsof over234Msam-
ple pointsextractedfrom a 2048x2048x19208bit grid. This
modelis convolutedandhasahugedepthcomplexity (>100)
from all viewpoints.Theothertestcasesarehigh resolution
scansof theSt.Matthew andDavid statuesfrom TheDigital
Michelangelorepository.

Preprocessing. Table1 showsnumericalresultsfor theout-
of-core preprocessingof our algorithm, relative to all test
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(a)David 2mm(4M samples)and1mm(28M samples)

(b) St.Matthew 0.25mm(167Msamples)

(c) Mixing interfaceisosurface(234Msamples)

Figure4: Testmodels.Themainimagesshowthemodelsaspresentedto theuserduring interactiveinspectionsessions,while
theinsetimagesillustratethesubdivisionstructure.

cases.The preprocessinghasbeenevaluatedon a PC run-
ning Linux 2.4, with two Athlon 2200+CPUs,1GB DDR
memory, a 70GB ATA 133 harddisk. All the multiresolu-
tion modelshave beenconstructedwith M set to 2K sam-
ples/node,using16 bit/normalquantizationanda position
quantizationensuringa quantizationerror inferior to half of
theinput samplingdistance.Overall processingtimesrange
from 18K samples/sto 30K samples/sdependingon the
processorload,andis dominatedby disk accesstimesand
LZO compression.Compressionratesexceedthoseof QS-
plat (around50bits/sample)andothersimilar systemsbased
on a point hierarchy, but do not matchthoseof state-of-the-
art compressionsystems,sinceour currentimplementation
hasfavoredeaseof codingthroughtheexploitationof gen-

eralpurposecompressionlibraries.They couldbeimproved
by exploiting thelocality of eachpatch,quantizingattributes
relative to eachcluster's contents.
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Table 1: Numerical results for out-of-core construction.
Testsperformedona singlePC.All timesare in seconds.
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(a)1s (b) 10s

(c) 20s (d) 30s
Figure 5: Streaming.Progressivere�nementof the mixing interfaceisosurface(234M samples)on a ADSL connectionat
1.25Mbps.Themainimagesshowthemodelaspresentedto theuser, while theinsetimagesillustrateprogressivere�nement.
Yellowpatchesindicateareaswhere re�nementstopsbecauseof missingdata.

View-dependent re�nement. We evaluated the perfor-
manceof our view-dependentre�nement techniqueon a
numberof inspectionsequencesover the testcasemodels.
Theresultswerecollectedon a Linux PCwith a Intel Xeon
2.4GHz,2GBRAM, two SeagateST373453LW 70GB UL-
TRA SCSI320harddrives,AGP8x andNVIDIA GeForce
FX 5800Ultra graphics.During theentirewalkthrough,the
residentsetsizeof the applicationfor the largesttestcase
never exceeded242MB, i.e. less than 27% of the out-of-
core data size, demonstratingthe effectivenessof out-of-
coredatamanagement.The qualitative performanceof our
view-dependentre�nementis illustratedin anaccompanying
videothatshowsrecordedlivesequencesz. As demonstrated
in thevideosonthe3D scanningmodels,thatdonotemploy
occlusionculling, we cansustainanaveragerenderingrate
of around40M splat/s,with peaksexceeding68M splat/s.
By comparison,onthesamemachine,thepeakperformance
of QSplat,wasmeasuredat roughly3.6M splats/swhenus-
ing theGL_POINTSrenderingprimitive.For theinspection
of the 234M samplesisosurface,which hasa hugedepth
complexity, we have enabledocclusionculling. On average

z The video is available from:
http://www.crs4.it/vic/multimedia/

50%of thepatchesaredetectedasoccluded,stronglydimin-
ishingdataaccessandrenderingtimes.Theaveragerender-
ing ratedropsin this caseto around30M splat/s,which is
still aboutanorderof magnitudefasterthanthatof QSplat.
For the sameview, and with the samescreenspacetoler-
ance,we have measuredthatour methodrendersup to 10%
more points than QSplat.This is becausegroupingpoints
into cloudsfor all operationsforcesus to be moreconser-
vative in theprojection.Theincreasein numberof pointsis
however compensatedby a muchlarger increasein render-
ing speed.

Network streaming. Somenetwork testshave beenper-
formed on all test models, on a local area network at
100Mbpsand on a ADSL at 1.2M bps, using both NFS
mountsand HTTP 1.1 connections.As illustrated in the
video,renderingrateremainsthesameasthatof thelocal�le
version,butupdatesasynchronouslyarrivewith increasedla-
tency. The effect is illustratedin �gure 5, which shows the
progressive re�nement of the largestdataseton a machine
connectedthroughADSL to amoderatelyloadedLinux box
runninga Apachewebserver. EventhoughtheHTTP 1.1 is
far from beingoptimal for the task,theapplicationremains
usableeven for very large modelson consumer-level net-
work connections.The�rst imagesin theprogressivere�ne-
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mentsequencealso illustrate that a heavy subsamplingon
coarserscalescan lead to strongaliasingartifactsfor very
complesmodels,as the averagesamplingdistanceis sig-
ni�cantly below Nyquist frequency. Our staticsampleran-
domizationreplacesmissingdatawith randominformation
which is stableover time,thusthevisualeffectof aliasingis
lessnoticeableasit would befor a regularsamplingat sim-
ilarly coarseresolutions.Nevertheless,for somemodelsthe
occurringaliasingcouldnotablydiminishvisualquality. Im-
proving thisaspectis animportantavenuefor futurework.

7. Conclusions

We have presenteda simple point-basedmultiresolution
structurefor interactive out-of-core visualization of very
largepointmodelsonconsumergraphicsplatforms.Thesys-
tem is comparablein both implementationcomplexity and
imagequality to (Streaming)QSplat.Despiteits simplicity,
it is ableto handlemodelsof muchhigherdepthcomplexity
andisatleastanorderof magnitudefasterin termsof render-
ing speed.Thecurrentmajor limitation is in imagequality.
Sincewe arefocusingon high speedvisualization,we sim-
ply useOpenGLhardwaresupportedpointsfor point cloud
rendering,anddonotuseaper-samplesplatsize,whichlim-
its ourability to correctlytreattextureandtransparency. The
integrationwith moreadvanced�ltering techniquesimple-
mentedon the GPU would resolve theseproblemswithout
compromisingtoomuchrenderingspeed.Givenits simplic-
ity, themethodis of immediatepracticalinterest,andinserts
itself in the currentstreamof techniqueswherethe power
of currentgraphicsarchitecturesis exploitedthroughcoarse
grainedmultiresolutionstructures.
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