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Abstract

e presenta simplepoint-basednultiresolutionstructuse for interactivevisualizationof verylarge point sampled
modelson consumegraphicsplatforms.Thestructue is basedon a hierarchy of precomputeabject-spacgoint
clouds.At renderingtime, the cloudsare combinedcoarse-to- newith a top-downstructuee traversal to locally
adaptsampledensitiesaccoding to the projectedsizein theimage. Sinceead cloudis madeof a few thousands
of samplesthe multiresolutionextraction costis amortizedover manygraphicsprimitives,and host-to-gaphics
communicatioreffectively exploits on-boad cacing and object basedrenderingAPIs. The progressiveblodk
basedre nementnature of the renderingtraversal is well suitedto hiding out-of-coe data accesdatency and
lendsitself well to incorporate backface view frustum,and occlusionculling, as well as compessionand view-
dependenprogressivetransmissionT heresultingsysterallowsrenderingof comple modelsat high framerates
(over 60M splat/second)supportsnetworkstreaming andis fundamentallysimpleto implement.

CatgoriesandSubjectDescriptorgaccordingo ACM CCS) 1.3.3[ComputerGraphics]:Out-Of-CoreAlgorithms,

Level of Detail

1. Intr oduction

Current3D digital photograpl and 3D scanningsystems
male it possibleto acquireat high resolutionbothgeometry
andappearancef comple, real-world objects. At thesame
time, the size and compleity of isosurcesgeneratedoy
numericalsimulationis steadilygrowing, dueto the prolif-
erationand performanceof affordablescalablehigh perfor
mancecomputersDespitethe rapidimprovementin graph-
ics hardvare performancerenderingat interactve speeds
the hugedatasetgieneratedy the acquisitionand simula-
tion pipe-linesremainsa very challengingproblem, since
they still largely overloadthe performanceandmemoryca-
pacity of state-of-the-argraphicsand computationalplat-
forms. For such complex and densemodels, multiresolu-
tion hierarchiesof point primitives have recentlyemepged
asa viable alternatve to the moretraditional meshre ne-
ment[RLO0]. Thesemethodsare basedon the assumption
that model samplingrate is so high that trianglesare pro-
jectedto suchsmallscreerareaghatthe adwantageof scan-
line coherencarelost,andappropriatelyselectegointsam-
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plesaresufcient to accuratelyeproducghe model.Oneof
the major bene ts of this approachis its simplicity, stem-
ming from thefactthatthereis no needto explicitly manage
and maintainmeshconnectity during both preprocessing
andrendering.

Unfortunately current dynamic multiresolution algo-
rithmsfor large modelsarevery CPU intensive: novadays,
consumergraphicshardwareis ableto sustaina rendering
rate of tensof millions of point primitives per second but
currentmultiresolutionsolutionsfall shortof reachingsuch
performanceThis is becausehe CPU is not ableto gener
ate/etract point samplesrom the out-of-corestructureand
sendthemfastenoughto the graphicshardwarein the cor
rectformatandthrougha preferentiadatapath.

Our contritution is a simple point-basedsolution for
high performanceview dependentisualizationof verylarge
static point sampledmodels on consumergraphics plat-
forms. The underlyingidea of the methodis to reducethe
perprimitive structureoverheadby moving the grainof the
multiresolutionmodelfrom ahierarcly of pointsampledo a
hierarcly of precomputeabject-spac@oint clouds.At ren-
deringtime, the cloudsare combinedcoarse-to- newith a
statelessop-davn structureraversalto locally adaptsample
densitiesaccordingto the projectedsizein theimage.Since
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eachcloudis madeof a few thousand®f samplesthe mul-
tiresolutionextractioncostis amortizedover mary graphics
primitives, and host-to-graphiccommunicationcan effec-
tively exploit on-boardcachingand objectbasedrendering
APIs. The progressie block basedre nementnatureof the
renderingtraversalis well suitedto hiding out-of-coredata
accessateng, andlendsitself well to incorporatebackfce,
view frustum,andocclusionculling, aswell ascompression
andview-dependenprogressie transmissionTheresulting
systemallows renderingof local andremotemodelsof hun-
dredsof millions of samplesat high framerates(over 60M
splat/secondsupportsnetwork streamingandis fundamen-
tally simpleto implement.

Therestof thepapetis organizedasfollows. Section2 re-
views relatedworks. The detailsof the proposediatastruc-
turearepresentedn section3, while section4 describesl-
gorithmsfor view-dependente nementandrenderingand
section5 proposea simple out-of-coretechniquefor con-
structing the multiresolutionmodel. The ef ciency of the
approachs demonstratedith theinspectiorof anumberof
very large models,including a massve 234M samplesso-
surfacegeneratedy a compressibléurbulencesimulation,
that exhibits a huge (>100) depthcompleity, anda 167M
samplesnodelof Michelangelos St. Matthew (section6).

2. RelatedWork

Point-base®D graphicstechniquedor processing@ndren-
deringof densemodelsareanold idea[LW85, Gro9g, that
has found mary successfulapplications,including point-
basedmodeling, high quality andinteractve rendering,as
well ascodingandtransmissiorof point-basednodels.

Our focus is the developmentof systemsfor the dis-
tribution and high speedinteractve visual inspection of
very large modelson commodity graphicsplatforms. QS-
plat [RLOQ] is the referencesystemin this particulararea.
The systemis basedon a hierarcly of boundingspheres
maintainedout-of-core thatis traversedat run-timeto gen-
eratepoints. This algorithmis CPU bound,becausell the
computationsaremadeper point,and CPU/GPUcommuni-
cationrequiresa directrenderinginterface,thusthe graphic
boardis never exploited at his maximum performanceln
StreamingQSplat[RLO1], the QSplatdatastructureis sub-
dividedinto chunks thatarehowever only usedfor stream-
ing objectsover networks. Therenderingprocedurgemains
ahierarchicatraversaldoneonthe CPU,with theadditional
book-keepingrequiredto checkthelocal availability of data.
KalaiahandVarshng [KVV03] haverecentlyproposedo im-
prove the geometrybandwidthbottleneckby working on a
compresseg@oint samplegeometrymodelobtainedoy prin-
cipal componentinalysis Evenif they usea large cacheof
40M points,the needto regeneratea large numberof small
pointclustersperframefrom statisticalinformationleadsto
arenderingspeedvhichis roughlyhalf the speedf QSplat.
We exploit insteada partitioningof the modelinto cloudsto

improvetheef ciency of CPU/GPUcommunicatiorthrough
a batchedcommunicationprotocol and to supportconser
vative occlusionculling for high depthcompleity models.
This providesatleastanorderof magnitudemprovementin
renderingrateon currentcommoditygraphicsplatforms.

A numberof authorshave also proposedvarious ways
to pushthe renderingperformancdimits in particularsit-
uations. The randomizedz-buffer [WFP 01] usesa hier
archicaltraversalof a structurewherethe leaf nodescon-
tain arraysof randompoint samplesStammingerlandDret-
takis [SDO] dynamically adjuststhe point samplingrate
for renderingcomple proceduralgeometryat high frame
rates.They requirea parameterizatiomf the model, while
we focus on unstructuredpoint samples.Dachsbacheet
al. [DVSO03 recentlypresenteé hierarchicalLOD structure
for pointsthatis adaptvely renderedoy sequentiaprocess-
ing doneon the GPU. They reporta peakperformanceof
over 50M un ltered points per secondwhich is similar to
ours,but they arelimited in the sizeof the renderednodel,
which must t into the video cardmemory while our work
focusesnsteadon very largelocal andremotemodels.

There is a large body of work that aims at improv-
ing the rendering quality of point-sampledmodels. For
densemodels,theseinclude using sphere§RLOQ], tangen-
tial disks [PZvBGO0Q ZPvBGO01, or high degree polyno-
mials [ABCO 01] insteadof raw point primitives, aswell
asimproving ltering in image space[ZPvBGO0] or ob-
jectspacg RPZ03. Suchwork is orthogonato ours,which
focuseson nding simple ways to improve raw render
ing performanceon very large modelsby amortizingcosts
on groupsof mary graphicsprimitives. Merging thesetwo
directions, possibly by exploiting GPU programmingas
in [BK03], is amainavenuefor futurework.

3. Multir esolutionmodel

We assumehat the input modelis representedby a setof

N samplepointsuniformly distributedover its surface,with

anaveragespacingoetweersamplegqualto r. Eachsample
pointis associateavith a setof surfaceattributes,including
position,normal,andpossiblycolorinformation.

Ourmultiresolutionapproackcreatesa hierarcly overthe
samplesof the datasetssimply by reorderingand cluster
ing theminto 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 chunksand organizedin a
level of detail representationThe root of the level of de-
tail tree representshe entire modelwith a single cloud of
Mo = M < N uniformly distributedsamplesTheremaining
points are equally subdivided amongthe two subtreesus-
ing a spatialpartition, with, again, M uniformly distributed
points directly associatedo the root of eachsubtree,and
the restredistritutedin the children. The leaves aretermi-

¢ TheEurographic#ssociation2004.



E. Gobbetti& F. Marton/ Layered Point Clouds

nal clusterswhich arefurtherindivisible andwhosesizeis
smallerthanthe speci edlimit M.

Variableresolutionrepresentationsf the modelsareob-
tainedby de ning a cut of the hierarcly and meiging all
nodesabove the cut. This way, eachnodeactsasa re ne-
mentof a small contiguousregion of the parent.The root
nodeis the coarsestvailable mo&el representationwith a

averagesamplespacingof ro = r Mﬂo Eachnodej, then,

locally re nes its parentby addingadditionalM; samples
to the representationThat is, the total numberof samples

M extractedin the region associatedo nodej is recur
sively de ned by

(tot) _ Nj (tot)
M3 = M At Mo (D)
! Nparert(j) Mparert(j) parert(j) !

whereN is thetotal numberof samplesn thesubtreeooted

atk, andfor the rootMgm) = My. Becauseof our uniform
samplingassumptionthe resultingaveragesamplespacing
of theregion of anon-rootnodeis thusdecreasetb

\'
u
u np(tot)
t NiM parert(j)

I'j = Tparert(j) ) 2

(Nparert() Mparen(i))MJ(

By storing at eachnode j the value of rj alongwith its
point cloud, we can thus rapidly obtain a variable accu-
rag/ representatiorby traversingtop down the hierarcly,
while accumulatingpoint cloudsuntil the desireddensity
is reached(see gure 1). Sincewe areinterestedn view-
dependentepresentationsye also precomputehe bound-
ing sphereand boundingcone of normalsof eachnode.
Theseare usedfor projectingthe meansampledistanceto
the screenaswell asfor view-frustum,backfcing,andoc-
clusionculling (seesectiond).

The bene ts of this approachare that the workload re-
quiredfor a unit re nement/coarseningtepis amortizedon
alarge numberof point primitives,andthatthe small point
clusterscan be optimized off-line for bestperformancen
host-to-graphicandnetwork communicationBy tuningthe
value of parameteM, we can vary the granularity of the
structurefrom a total multi-resolutionmodel (e.g., QSplat
for M = 1) to a single-resolutiormodel for point render
ing (M = N). Thechoiceof parameteM is dictatedby per
formanceconsiderationdn particular if M is too large,the
modelbecomedessadaptve, andswitchingfrom a resolu-
tion level to the next leadsto a high lateng. On the other
hand,if M is too small,the modelis moreadaptve but CPU
costsbecomenonnegligible. On currentgraphicsplatforms,
we have empirically determinecthat the bestperformance
trade-ofs areobtainedfor valuesof M rangingfrom 512to
8192.
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(a) level: 0, (b) level: 0+1, (c) pixel tol.:
clusters: 2, clusters: 6, 1, clusters:
splats:4K splats:12K 1720, splats:

435K
Figure 1: David Imm differentlevel rep?eggntations.'l'he
original modelis madeof 28M points.Theimagesillustrate
how clustes of ner levelsadd informationto the coarser
representations.

4. The rendering pipe-line

Our adaptve renderingalgorithmworks on a standardPC,
and datais assumedo be either locally storedon a sec-
ondarystorageunit directly visible to the renderingengine
or remotelystoredon a network sener (see gure 2).

Data layout and data access.The hierarchicaldatastruc-
tureis split into anindex treeanda point cloud repository
The index tree hasa small footprint, sinceit contains,for
eachnode,justthe datarequiredfor traversal(samplespac-
ing, boundingsphere boundingconeof normals,andindex
of thetwo children),andrefersto theassociategoint cloud
througha 32 bit index that uniquelyidenti es the cloudin
the repository The repositoryis organizedso that the data
storageorderre ects traversalorder whichis coarseto ne
andby physicalpositionin spaceWe thussortpoint clouds
in the repositoryusing as a primary key their tree level,
and as a secondanykey the Morton index of their bound-
ing spherecenter Sam9(. For disk storageanddatatrans-
mission,eachcloud is managedn compressedorm. The
point cloud is spatially sorted,then eachattribute is quan-
tized,deltaencodedandthenentrofy encodedvith theLZO
compressar. Accessto the point cloud repositoryis made
througha dataaccesdayer, that masksto the application
whetherthe repositoryis local or remote.This layer makes
it possibleto asynchronouslynove in-corea point cloud by
fetchingit from therepositoryto testwhethera point cloud
is immediatelyavailable,andto retrieve its representation.
We have implementedwo versionsof this accesdayer: 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/



E. Gobbetti& F. Marton/ LayeredPoint Clouds

rst oneprovidesdirect disk accesshroughmemorymap-
ping functionsandis usedfor local les aswell asremote
NFS mounted les. The secondoneis basedon the HTTP
1.1 protocol and, similarly to StreamingQSplat [RLO1],
fetchesdatafrom a standardHTTP sener using rangere-
guestsandpermanentonnections.

Adaptive
Renderer

CLIENT ¢ "DATA:
Point oeESS
¢ [[ ePu cacne L LAYER  ¢ioug index

Point Set

Tree Layers

,ﬁ k. ﬁ

Network / System Bus

View
Parameters

Figure 2: The rendering pipeline. The client traverisesthe
index tree coarse-to- ne in a view-dependentmanney re-
guestingpoint cloudsto the server To maximizerendering
performanceand minimizetraf c, point cloudsare cached
onboard usinga LRU strategy.

Progressve view-dependentre nement. Thetraversalal-

gorithm,which extractsa view dependentepresentationf

the multiresolutionmodelfrom the currentpoint of view, is

basedon a statelessoarse-to- nere nementof our struc-
ture, that exploits the progressie natureand coarsegranu-
larity of the multiresolutionhierarcly to reduceCPUre ne-

ment costsand to improve repository-to-hosand host-to-
graphicscommunicationin particular asynchronousepos-
itory requesthideout-of-coredataaccessateng, andcom-
municationwith the GPUis madeexclusively throughare-

tainedmodeinterface,which reducesustrafc by manag-
ing a least-recently-usedacheof point cloudsmaintained
on-boardasOpenGL\ertex Buffer Object

The userselectecpixel thresholdis the valuethatdrives
the re nementof the renderingalgorithm:this valuerepre-
sentgherequiredaveragesampledistancebetweeradjacent
splatson the screenandit is usedassplatsize. There ne-
ment algorithm performsa single passrecursve traversal
of the multiresolutionstructure.For eachnode,we useits
boundingsphereandnormalconeto testwhetherthenodeis
totally outsidetheview frustumor totally backfcing.In this
caserecursiorstopsdiscardingheentirebranchof thetree,
otherwisewe canrenderthe nodeand,eventually continue
the re nementwith its children. Sincewe are focusingon
high speedvisualization our currentimplementatiorsimply
useOpenGLhardwaresupportegointsfor pointcloudren-
dering. This factlimits our ability to correctlytreattexture
andtranspareng Using ellipsoidal splatscomputedon the
GPU,asin, e.g,[BK03], would resole theseproblems.

At noderenderingtime, we projectthe nodes hierarchi-
cal averagesampledistanceto the screerto obtainits splat

size.A consistenupperboundon the projectedsizeis ob-
tainedby measuringheapparensizeof aspherewith diam-
eterequalto the objectspaceaveragesampledistanceand
centeredat the boundingspherepoint closestto the view-
point. If the projectedsplatsizeis lessthanthe threshold,
we renderthe nodes point cloud with the prescribedsplat
size and stop recursion,otherwisea re nementis needed.
In that caseto avoid blocking the renderebecausef data
accesdateng, especiallyin the caseof renderingdataover
wide-areanetworks,we rst checkwhetherthe nodes chil-
drendatais immediatelyavailable,i.e.,if it is alreadyin the
GPU cacheor consideredn-core by the dataaccesdayer
If so,we continuerecursionotherwiserecursionstopsand
the nodeis renderedwith an increasedsplatsize, equalto
its projectedmeansampledistance to cover holesleft by
childrenunavailability. Fetchrequestsarethenpushedn a
priority queue.Similarly to StreamingQSplat[RL0O1], the
requestgueueis traversedin order of priority at the endof
the frame,issuingonly as mary requestsasthoseallowed
by the estimatechetwork bandwidth,andforgettingthe re-
maining ones.Sincethe repositoryis sortedcoarseto ne
andby physical positionin space prioritizing the queueby
nodes index providesa simplecompromisehatis both1/O
efcient andpromiseso dowvnloadthe mostrelevantdataas
soonaspossiblewhile beingenoughspacecoherento min-
imize visualdistraction.

Rendering on a budget. For interactize applicationsit is
oftenusefulto have directcontrolonrenderingime, instead
of the control on renderingquality provided by prescribing
a screenerror tolerancefor the re nement method.In ad-
dition to adjustingerror toleranceper framein a feedback
loop, we canexploit thefactthatour hierarcly is shallaw to
implementa predictive technique Given a desirednumber
of points per frame,we performa binary searchof the as-
sociatedpixel threshold by repeatediytraversingthe index
treewith thesamere nementlogic usedfor renderingwhile
only countingthe numberof generategbrimitives.

Occlusion culling. A numberof comple densemodels,
suchaslargeisosuraicederiving from numericalimulation
of turbulence(e.g.,[GDL 02, MCC 99]) have animportant
depthcomplexity. For thesemodels,ef ciently culling the
invisible portionof therenderednodelis of primaryimpor-
tanceto avoid uploading,re ning, andrenderingunneces-
sarydata(see gure 3). Sinceour structures coarsegrained
andprovidesa spatialpartition,we canadaptto a pointren-
dering framework visibility techniquesdevelopedfor ren-
dering scenescomposedf mary objects.Similarly to the
approachintroducedby Toon et al. [YSMO03] for comple
CAD environmentspurrenderingalgorithmexploits frame-
to-framecoherenceén occlusionculling, by usingthe setof
visible point cloudsfrom the previousframeasthe occluder
setfor the currentframe. At eachframe,we renderthe ob-
jectin threephasesln the rst phasewe performthe usual
re nementalgorithm,but accumulatehe cloudsthatwould
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berenderedn alist of potentiallyvisible objects while only
renderingthe point cloudsthatwerevisible in the previous
frame.In a secondphase we traversethe entirelist of ac-
cumulatecpointsets generatinga hardwareocclusionquery
for theobject's boundingsphergapproximatedy anicosa-
hedron),usingOpenGLARB_occlusion_quergxtensionto
track the numberof fragmentsthat passthe depthtest.In a
third and nal passwe traverseagain thelist of cloudsand
querythe associateacclusionqueryobjectfor the number
of passedragments!f this numberis above a giventhresh-
old, we insertthe cloud index in next frame's occluderlist
and,if the cloud wasnot amongthoserenderedn the rst
passwe proceedenderit. With this method the only addi-
tional costof occlusionculling is the generatiorandtestof
occlusionqueries.This costcanbe furtherreducedby only
checkingonceevery few framesif previousframeoccluders
arestill visible.

Figure 3: Occlusion culling. Closeupview of an isosur
face featue in the mixing interface of two gasesfor a
simulation of a RichtmyerMeshlov instability in a shod
tube[MCC 99| rendeedat 1 pixel toleranceon a 335x335
window Without occlusion culling: 12976 patdces, 24M
splats, 1.7 fps; with occlusionculling: 3490 patdces,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 efcient recursve clus-
tering method, that is implementedwith a single out-of-
core component:a standardC++ array (compatiblewith
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std::vector ), thatencapsulatearesizablele accessed
throughsystemmemorymappingfunctions.The procedure
consistof two phases.

Recursive partitioning . The rst phasepartitionstheinput
dataseinto atreeof pointclouds.Thepartitioningprocedure
takes asinput an external memoryarray of uniformly dis-
tributed point samplestogetherwith its boundingvolume.
If the numberof pointsN is lessthanthe prede nednode
samplecountM, aleafnodeis generatedptherwiseM sam-
plesareextractedby uniform subsamplingandthe remain-
ing samplesaredistributedto the two childrenby bisecting
the boundingbox at the midpoint of its longestaxis, and
recursvely continuingthe partitioningprocedureA simple
andl/O ef cient approacho the subsamplingroblemis to
pick K M;K > 1randomsampledrom the point setusing
a Russianrouletteapproachduring the linear scanrequired
for the partitioning.OncetheK M samplesarein-core,we
randomshufe them,selectthe rst M samplesandredis-
tribute the remaining(K 1) M samplego the two chil-
dren.The techniquedoesnot ensurethat splatsizeis con-
stantper cloud, but maintainsit reasonablycloseto the av-
eragevaluefor complex models.Sincethescreerprojection
operationis very conserative, we have foundthis sufcient
in practiceto produceimageswithout holeswith a quality
comparableo thatof QSplat.

Structur e construction. The endresultof the partitioning
procedures a tree of nodeswhich providesthe layout for

the index tree,and a setof point clouds,that will be part
of the repository In a secondphasewe thus completethe
structureby traversingthe nodesin the orderin which they

arestoredin therepository(i.e., by level andthenby Morton

index), computingthe index nodedata(hierarchicalsample
spacing,boundingsphere and boundingconeof normals),
andcorverting the point cloudto the nal compressedep-
resentation.

6. Results

The proposednethodhasbeenusedto 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 largestmodelis a full resolutionisosurace of
the mixing interface from the Gordon Bell Prize winning
simulationof a RichtmyerMeshlov instability in a shock
tubeexperimenf{MCC 99), thatconsistof over234Msam-
ple pointsextractedfrom a 2048x2048x192@bit grid. This
modelis corvolutedandhasa hugedepthcompleity (>100)
from all viewpoints.The othertestcasesarehigh resolution
scanf the St. Matthewv andDavid statuegrom The Digital
Michelangelarepository

Preprocessing Table1 shavs numericalresultsfor the out-
of-core preprocessin@f our algorithm, relative to all test
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(a) David 2mm(4M samplespnd1mm (28M samples)

(b) St. Matthew 0.25mm(167M samples)

(c) Mixing interfaceisosurfice(234M samples)

Figure4: Testmodels.Themainimagesshowthemodelsaspresentedo the userduringinteractiveinspectionsessionsyhile

theinsetimagesillustratethe subdivisiornstructue.

casesThe preprocessindnasbeenevaluatedon 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 beenconstructedvith M setto 2K sam-
ples/nodeusing 16 bit/normal quantizationand a position
quantizatiorensuringa quantizatiorerrorinferior to half of
theinput samplingdistance Overall processindimesrange
from 18K samples/so 30K samples/sdependingon the
processotoad, andis dominatedby disk accesgimesand
LZO compressionCompressionmatesexceedthoseof QS-
plat (around50bits/samplendothersimilar systemsased
on a point hierarcly, but do not matchthoseof state-of-the-
art compressiorsystemssinceour currentimplementation
hasfavoredeaseof codingthroughthe exploitation of gen-

eralpurposecompressiotiibraries. They couldbeimproved
by exploiting thelocality of eachpatch,quantizingattributes
relative to eachclusters contents.

Lo +eue, |%55 'égzp pe R welis zc’,:*(‘:jﬁ _.,Z&L"’f
e e i@omi| tac| iai| e & al 1d 9
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g ey |esiiari | 1aeo] e| e oo mio| mw|  id
e ot 1ad iwi| e eaif] tan|  ai| i

Table 1. Numerical results for out-of-core construction.
Testsperformedon a singlePC. All timesare in seconds.
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(a)ls

(c) 20s

(b) 10s

(d) 30s

Figure 5: Streaming.Progressivere nementof the mixing interfaceisosurface(234M samples)on a ADSL connectionat
1.25Mbps.Themainimagesshowthe modelas presentedo the user while the insetimagesillustrate progressivere nement.
Yellow patcdhesindicateareaswhere re nementstopsbecausef missingdata.

View-dependent re nement. We evaluated the perfor
manceof our view-dependente nement techniqueon a
numberof inspectionsequencesver the testcasemodels.
Theresultswerecollectedon a Linux PCwith a Intel Xeon
2.4GHz,2GBRAM, two SeagteST373453M/ 70GB UL-
TRA SCSI320harddrives,AGP 8x andNVIDIA GeForce
FX 5800Ultra graphics During the entirewalkthrough the
residentsetsize of the applicationfor the largesttestcase
never exceeded242MB, i.e. lessthan 27% of the out-of-
core data size, demonstratinghe effectivenessof out-of-
core datamanagementThe qualitatve performanceof our
view-dependente nementisillustratedin anaccompaning
videothatshaws recordedive sequencées As demonstrated
in thevideosonthe 3D scanningnodelsthatdo notemploy
occlusionculling, we cansustainan averagerenderingrate
of around40M splat/s,with peaksexceeding68M splat/s.
By comparisonpnthesamemachinethepeakperformance
of QSplat,wasmeasuredt roughly 3.6M splats/svhenus-
ing the GL_POINTSrenderingprimitive. For theinspection
of the 234M samplesisosurice, which hasa huge depth
complity, we have enabledocclusionculling. On average

Z The video is available from:

http://www.crs4.it/vic/multimedia/
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50%o0f thepatchesredetectedsoccludedstronglydimin-
ishingdataaccesandrenderingtimes.The averagerender
ing ratedropsin this caseto around30M splat/s,which is
still aboutan orderof magnitudefasterthanthat of QSplat.
For the sameview, and with the samescreenspacetoler
ancewe have measuredhatour methodrenderaup to 10%
more points than QSplat. This is becausegrouping points
into cloudsfor all operationsforcesus to be more conser
vative in the projection.Theincreasén numberof pointsis
however compensatetly a muchlargerincreasen 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 connectionsAs illustrated in the
video,renderingateremainghesameasthatof thelocal le

version butupdatessynchronouslgrrive with increaseda-
teng. The effectis illustratedin gure 5, which shows the
progressie re nement of the largestdataseton a machine
connectedhroughADSL to amoderatelyjoadedLinux box
runninga Apachewebsener. EventhoughtheHTTP 1.1is
far from beingoptimal for the task,the applicationremains
usableeven for very large modelson consumeievel net-
work connectionsThe rst imagesn theprogressiere ne-
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mentsequencalsoillustrate that a heary subsamplingon
coarserscalescanleadto strongaliasingartifactsfor very
complesmodels,as the averagesamplingdistanceis sig-
ni cantly belov Nyquist frequeng. Our static sampleran-
domizationreplacesnissingdatawith randominformation
whichis stableover time, thusthevisualeffect of aliasingis
lessnoticeableasit would be for aregularsamplingat sim-
ilarly coarseresolutionsNeverthelessfor somemodelsthe
occurringaliasingcouldnotablydiminishvisualquality. Im-
proving this aspecis animportantavenuefor futurework.

7. Conclusions

We have presenteda simple point-basedmultiresolution
structurefor interactve out-of-core visualization of very
largepointmodelsonconsumegraphicsplatforms Thesys-
temis comparablén both implementationcompleity and
imagequality to (Streaming)QSplat.Despiteits simplicity,
it is ableto handlemodelsof muchhigherdepthcompleity
andis atleastanorderof magnituddasterin termsof render
ing speedThe currentmajor limitation is in imagequality.
Sincewe arefocusingon high speedvisualization we sim-
ply useOpenGLhardware supportecpointsfor point cloud
renderinganddo notuseapersamplesplatsize,whichlim-
its our ability to correctlytreattextureandtranspareng The
integrationwith more advanced Itering techniquesmple-
mentedon the GPU would resole theseproblemswithout
compromisingoo muchrenderingspeedGivenits simplic-
ity, themethodis of immediatepracticalinterestandinserts
itself in the currentstreamof techniquesvherethe power
of currentgraphicsarchitecturess exploitedthroughcoarse
grainedmultiresolutionstructures.
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