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Abstract

Increasingsizeof surfacemodelshasleadto a greatdealof researchin progressive multi-resolutionrepre-
sentationof thesemodels.Network streamingvisualizationof largemodelsis particularlyinteresting.Quite
a few existing techniquesusea point basedrenderingsystem.This approachacceleratesrenderingbut suffers
from a degradationin theimagequality. To mitigateimagedegradation,wepresenta hybridpointandtriangle
primitive basedstreamingviewer for triangularmeshes.The advantageof usingsucha mixture of render-
ing primitives is that, while pointscanaccelerateobjectdisplayrendering,renderingselective objectsusing
trianglescancompensatefor thedegradationin imagequalitycauseddueto thepointbasedrendering.

Wehavebasedoursystemonanexistingpointbasedrenderer, QSplat,andextendedit to incorporatetriangle
basedrendering.Theextensionachievesa vastimprovementin thequalityof therenderedimageascompared
to QSplat.LikeQSplat,thesystemis meantto bedeployedin environmentswith moderatenetwork bandwidths
(e.g.LAN).

1 Intr oduction

Sophisticationin scanningtechniqueshasenabledscan-
ning at high resolutions,therebyresulting in a tremen-
dousincreasein thesizeof thegeneratedsurfacemodels
[LPC+ 00] (typically millions of triangles).Downloading
suchlarge modelseven over presentlyavailablenetwork
bandwidthsis time-consuming.It would be infeasibleto
usethesemodelsif they had to be downloadedentirely
beforethey could be viewed. Therefore,streamingthe
modeldatais essentialto permitinteractionwith partially
downloadedmodels.

Many techniques[Hop96, PR00] etc.achievethisgoalby
employing progressivecompression,whereinacoarseap-
proximationof themodelis transmittedinitially followed
by a seriesof �ner corrections.This processallows the
userto get an early graspof the geometryof the model
andinteractwith the it. However, a majority of theseal-
gorithmsare impracticalfor large meshessincea lot of
effort is spentonencoding/decodingconnectivity perver-
tex. Creatingand renderingthe streamableversionsof
thesemodelsis time-consuming.

Many systemsconvert theinputpolygonmeshinto apure
point basedmodel[RL00, PZvBG00] andtake advantage
of this simplicity to speeduprendering.While the point
basedapproachacceleratesrendering,imagequality suf-
fersdueto thedecreasein resolution.Thelackof connec-
tivity in purepoint basedsystemsimplies thereis a loss
of informationneededfor display interpolationbetween
the points. The degradationof imagequality is evident
while observingobjectscloselyand is especiallysevere

for smooth,�at polygon-likeobjects,asover-sizedpoints
prove to be a poor substitutefor polygons. The image
therefore,appearsblocky in eitherof the two above de-
scribedscenarios.

We explore the feasibility of using trianglesalong with
points as renderingprimitives to alleviate imagedegra-
dation. We have extendedan existing point basedren-
derer, QSplat[RL00], to incorporatetrianglebasedren-
dering. StreamingQSplat [RL01] is a networked point
basedviewer which usesthe QSplatimplementationfor
representingandrenderinglarge models. QSplatavoids
trianglesasthey aremoreexpensiveto renderwhile com-
paredto points. As a result it paysa signi�cant penalty
on imagequality. In our system,pointsor trianglesare
chosenduringrenderingtime basedon their screenspace
projectionsize.Usingthis approach,we canimprove im-
agequality, besidesretainingmany desirablepropertiesof
theQSplattechnique.Although,usingtrianglesasrender-
ing primitivesleadsto anincreasein thesizeof themodel
to bestreamed,ourapproachworksfairly well overmod-
eratespeednetworks with hundredsof Kbps bandwidth
(e.gLAN) whereoursystemis meantto bedeployed.

2 Previous Work

Several schemeshave beenproposedfor representing,
renderingandstreamingof largesurfacemodels.

A majority of the schemestransmit low resolutiondata
�rst followedby high resolutiondetailprogressively. Eck
et.al [EDD+ 95] encodecorrectionsto a basemeshus-
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ing wavelets. The model may then be transmittedby
sendingthe basemeshand streamingthe wavelet coef-
�cients in orderof magnitude[KSS00]. Theadvantageof
this approachis thatcolor andgeometrywaveletscanbe
streamedindependentlyof eachother.

Hoppe[Hop96] introducedan algorithmfor progressive
transmissionstartingfrom a coarsebasemeshand then
progressively transmittinga seriesof re�nementsof the
meshbasedon a vertex split primitive. The granularity
obtainedis optimal (eachvertex collapsecorrespondsto
a meshre�nement). Thedisadvantageis that thenumber
of re�nementsrequiredis O(n) for ameshwith n vertices
andthereforeexpensive. To reducethenumberof re�ne-
mentsin thedecimation,Pajarolaet.al[PR00] groupver-
tex splits into batchesthusamortizingthe costof trans-
missionperre�nement.

Progressive ForestSplit (PFS)of Taubinet.al [TGHL98]
is a compactrepresentationfor any manifoldmesh.PFS
decomposesa given meshby a low resolutionof detail
anda sequenceof forestsplit operations.Theforestsplit
operationis speci�ed by a forestin thegraphof vertices
andedgesof the mesh,a sequenceof simple polygons,
anda sequenceof vertex displacements.In order to ex-
presseachforestsplit operation,forestedges,sequenceof
simplepolygons,andvertex displacementsarecodedinto
compresseddatastreams.

In Bajaj et.al[BPZ99] progressiveconnectivity transmis-
sion is basedon theconstructionof multi-resolutionsur-
facesof triangularmeshes.For an arbitrarygivenmesh,
its geometryand connectivity information is �rst orga-
nizedby a layeringstructure.In thelight of thisstructure,
verticesarefurthergroupedinto contourswhile triangles
aremergedinto stripsor fans. Theselayersconstitutea
multi-resolutionrepresentationof themodel.

Alliez et.al[AD01] introduceda valence-drivendecimat-
ing approach.Patch tiling andretriangulationwerecar-
riedoutaftereverydecimatingconquest(vertex removal)
to maintainuniform valency. Theadvantageof maintain-
ing a regularvalency is thatit canbeusedto provideef�-
cientencodingof connectivity.

Traditionalmethodssuchastheonesdescribedin Hoppe,
Bajaj,Pajarolaspenda lot of effort onencoding/decoding
geometryandotherproperties(color, textureetc.) of the
mesh. As a result they are not practicalfor large mod-
els. Accordingly, therehave beena lot of efforts devoted
towardsspeedinguprendering.

Culling away non-contributive primitives is an effective
methodtospeeduptherenderingof themesh.Kumaret.al

[KM96] presentahierarchicalbackfaceculling algorithm
basedon conesof normals. Other widely usedvisibil-
ity culling techniquesarefrustumculling to discardprim-
itivesnot in the viewing frustum, and occlusionculling
[ZI97] to discardprimitivesthatarenotvisibleasthey are
blockedby closerprimitives.

Architecturalwalkthrough[ACW+ 99] systemsemploy a
potentiallyvisible setanda currentlyvisible setof data,
to performfastprefetching. They explicitly managethe
way datais transferredbetweendisk andmemory. Thus
currentlyoffscreendatais prefetchedinto memorybefore
it is displayedon thescreen.

Pointsare fasterto renderwhile comparedto polygons.
This notion hasbeenexploited by a quite a few systems
e.gQSplat[RL00, RL01], Surfel [PZvBG00]. In QSplat
connectivity informationis ignoredontheassumptionthat
large meshmodelsare denseenoughto compensatefor
the loss of information, therebytreating the verticesas
the input mesh. It generatesa quad-treestructurefrom
thesepointsbuilding up a hierarchyof nodes.Nodescor-
respondto a boundingspherearounda point de�ned by
theco-ordinatesof thenodewith a radiusspeci�edin the
node.Color, normalandthewidth of thenormalconeare
alsorecordedwithin anode.Thispreprocessedhierarchi-
cal nodetreeversionof the model is storedandusedto
renderthemodeldirectly without theneedfor decoding.
During rendering,QSplatrecursively traversesthe hier-
archyin depth�rst orderandsplattingnon-cullednodes
uptoacertainthresholdscreensize,therebyultimatelyde-
scendingdown to theleavesof thetree.

3 Designand Implementation

Oursystemis basedontheQSplatpointrenderingsystem.
In thissection,wedescribethephasesthatareinvolvedin
processingandstreamingan input triangulardatamodel
acrossthenetwork.

3.1 Preprocessing

Theinputmodelto thepreprocessingalgorithmis any tri-
angularmesh.Themaindifferencein preprocessingwhile
comparedto QSplat,is in theconstructionof leafnodesin
thehierarchicaltreerepresentationof themodel. QSplat
usesthemeshverticesdirectly for theleaf nodes.We use
the trianglesof the meshinstead. A boundingsphereis
computedfor this triangleandis storedin the leaf node
alongwith the normalandcolor of that triangle (Figure
1). In QSplat, the boundingsphereat the leaf node is
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centeredarounda meshvertex and its radiuscomputed
so that all the boundingspheresof the neighboringver-
ticesoverlap(to avoid holes). In our casethe bounding
sphereis thecircumcircleof theinput triangle.Therefore,
the boundingsphereenclosesthe triangleandholesare
guaranteedto be absent.Computingthe circumcircleis
expensive, so we do not calculatethe circumcirclein all
cases(QSplatusesa similar trick). Whenthe triangleis
obtuse-angledor right-angled,thediameterof thecircleis
longestside.Only for acute-angledtriangles,wecompute
the circumcircle. The normal is computedby taking the
crossproductbetweentwo sidesof thetriangle.Thecolor
representsthecolor of thetriangle.Now thatwe have all
theleafnodes,weusetheusualQSplatalgorithmto build
up therestof thetreehierarchy. Thealgorithmsbuildsup
the treeby splitting the setof verticesalongthe longest
axis of its boundingbox, recursively computingthe two
subtrees,and�nding theboundingsphereof thetwo chil-
drenspheres.As the tree is built recursively, per-vertex
properties(suchasnormalandcolor)at interiornodesare
setto theaverageof thesepropertiesin thesubtrees.For
a moredetaileddescriptionof thetreebuilding algorithm
seeQsplat[RL00].

Right Acute Obtuse
Angled Angled Angled

Figure1: BoundingSpherelogic. For obtuse-angledand
right-angled,the diameterof the sphereis the
longestside. For an acute-angled,it is the cir-
cumcircle.

Thenumberof leafnodesin theresultinghierarchytreeis
thenumberof trianglespresentin themodel(roughly2*n
for an n vertex mesh).Therefore,a consciousattemptis
madeto increasetheaveragebranchingfactor(roughly4)
to reducethenumberof interior nodes,therebyreducing
thestoragerequirementsfor thetreemodel.

While constructingthe tree all of the propertiesat each
nodearequantizedtosavespace.Thecolorisquantizedto
16 bits, thenormalto 14 bits andthewidth of thenormal
coneto 2 bits. The normal coneis usedfor back face
culling. Thepositionandradiusof eachsphereis encoded
relative to its parentin the treehierarchy. At leaf nodes
we needto write out the co-ordinatesof the verticesof
thetrianglealso.Eachco-ordinateis quantizedto 16bits.
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Figure2: Leaf NodeLayout(not to Scale).This contains
theextraspacefor thequantizedverticesalso.
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Figure3: InteriornodeLayout(not to Scale).

Thebits in thetreestructure�eld areusedto differentiate
thetypeof nodelayout.

Oncethewholetreeis constructed,it is writtenandstored
ondiskat theserverside.

3.2 Network Streaming

Akin to StreamingQSplat,our systemis meantfor use
in a localareaenvironmentwherenetwork bandwidthsof
the orderof a few hundredsof Kbps (e.g LAN) arenot
uncommon.The�le containingthehierarchicaltreerep-
resentationof themodelis storedontheserver. Theserver
hasnoknowledgeabouttheformatof the�le. Theserver
ful�lls requestsfor byterangesfrom the�le usinganap-
plicationlevel protocolsuchasHTTP/1.1.Hence,wecan
useany standardwebserver(e.g.Apache)for thestream-
ing server. At present,we usea simplestreamingserver
which listensfor a requestrangefrom a �le andtransmits
theappropriatebytes.As theserver is ignorantaboutthe
�le format,theonusis on theclient to requesttheappro-
priatebyteranges.

Thekey to network streamingis theobservationthatdur-
ing renderingwecanterminaterecursivedecentof thehi-
erarchyatany time. In placeof amissingnode,wedisplay
a splatcorrespondingto theparentnodein thehierarchy.
We stoptherecursionif thenodehasnot yet beentotally
transmitted.

The propertyof QSplatthat is of greatusein achieving
inexpensive streamingis the fact that partsof a model
maybetransmittedin any order, subjectonly to thecon-
straintthatparentnodesmustbe transmittedbeforechil-
dren. Thusa view dependentstreamingis extremelyef-
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�cient. By contrast,somegeometriccompressiontech-
niquesrequirethatthemodelbetransmittedin aparticular
order, sincethey representvertex positionsandconnectiv-
ity by encodingdeltasalonga particularpaththroughthe
verticesof themodel.

To aid network streamingweusethreecomponents.

1. An availability bitmaskto indicatethe regions of
themodelthatarepresentlyavailablelocally onthe
client. While maximum�e xibility canbeachieved
by usinga bit for every singlenode,thesizeof the
bitmaskcanbehuge.To save thememoryspenton
thebitmask,weusealargergranularity. Weusetwo
bits to representtheavailability of a 4K byteblock
(if presentlocally or not and if alreadyrequested
from theserver). We intentionallymadethegranu-
larity coarserthanthatof thestreamingQSplatim-
plementationbecausein our casewe have a higher
numberof leafnodesin thehierarchytreeasweuse
trianglesinsteadof verticesasleafnodesandthere-
fore largertreehierarchy�les.

2. A separatethreadon theclient thatmakesrequests
to aserver, listensfor responses,andupdatesthehi-
erarchytreeandtheavailability maskon receiving
data. We usea memorymapped�le on the client
sideto storethe modelhierarchy. This placesthe
burdenof working setmanagementon the operat-
ing systemandsimpli�es theimplementation.

3. A requestqueuecontainingthe set of regions of
themodelthat theclient would like to receive. As
we traversethe hierarchywhile renderinganden-
counterchunksthat are not presenton the client,
we pushrequestsonto the requestqueue. The re-
quest queueis sharedbetweenthe rendererand
the requestorthread(describedabove). The re-
questqueuehasto be�ushedbeforeeveryrendered
frame.Thisensureslimiting thenumberof requests
andthatoutdatedchunkswhicharenow outof view
arenot requested.If therequestqueueis emptyaf-
ter renderinga framewe downloadother partsof
the modelwhich arenot yet presentlocally. This
information can be obtainedby scanningthrough
theavailability bitmask.

3.3 Rendering

We recursively traversethe locally presenthierarchical
tree and display nodes. Recursionis stoppedif a node
is not presentlyavailable or if a nodeis smallerthan a
thresholdor if a nodeis a leaf.

During recursion,we cull awaynodesthatareoutsidethe
viewing frustum. This is performedby testinga node's
boundingsphereagainstthe view frustum. If the sphere
lies outsidetheview frustum,recursionis not pursuedon
thatnode.If thesphereis entirelyinsidetheview frustum,
no further frustum culling is performedon its children.
Otherwise,werecursetraversingdown thehierarchytree.
Backfaceculling is alsoperformedto testif anodeis back
facing. If the normalconeis completelyaway from the
viewer, thenodeandits subtreesarediscarded.

After successfullypassingthroughtheculling phase,the
screenspaceprojectionsize (splat size) of the node is
evaluated.If the splatsizeis larger thana threshold,we
recurseotherwisewe displaya splaton the screen. If a
nodeis a leaf, we draw the trianglecontainedin the leaf
node.If anodethathasnotbeenculledawayandin view
is notpresentlocally, a requestfor thenodeis pushedinto
therequestqueue.

4 Results

We have implementedour systemon a 2.4 GHz Pentium
IV with 384MB memoryandannVIDIA GeForce2GTS
graphiccard. We have obtainedtheQSplatimplementa-
tion from theauthorsandhave usedit extensively in our
code.Thisalsohelpsin provideanapplesto applescom-
parisonof ourapproachwith QSplat.

We presentthe results for two large models - Happy
Buddha(1,087,716triangles,543,652vertices)andHand
(654,666triangles,327,323vertices). The averagepre-
processingtimesare 20.9 secondsfor Buddhaand 11.6
secondsfor Hand(ordersof magnitudefasterthanmost
contemporarymeshdecimationalgorithms).This is a di-
rectconsequenceof usingQSplatfor thepoint rendering
system.

4.1 Discussion

As shown in �gure 4 we achieve superiorimagequality
while comparedto QSplat.This is becauseQSplatworks
bestfor large,densemodelscontainingrelatively regular,
uniformly-spaceddatapoints. At high zoom,wherethe
spacingof samplesis largecomparedto pixel size,points
proveto bea poorsubstitutefor polygonsespeciallynear
sharpedgesandcorners.Accordingly, QSplatimagesbe-
comeblocky.

Presently, in the leaf nodelayout,quantizedtrianglever-
tex coordinatesw.r.t theboundingspherecenterareused
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QSplat

Our System

Figure4: A comparison of the images produced by
our techniquewith QSplat.Qsplathas543652
spheresand we have 1087716spheres. Note
that the numberof spheresis nearly double,
asthenumberof trianglesis roughly twice the
numberof vertices.

Stitching Effect

Stitching Effect

Figure5: Stitching Effect: At very high zoom - Black
dotsappearon the boundarybetweenadjacent
triangles. This is becausethe triangle coordi-
natesare quantizedw.r.t the leaf nodecenter.
Sowhile rendering,adjacenttrianglesaredrawn
suchthatthesharedverticeshaveslightly differ-
entcoordinatesin thetwo triangles.
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to display the triangle. Therefore,a vertex sharedby
adjacenttriangleswill have slightly differentcoordinates
whenrenderingtheadjacenttriangles.This is dueto the
�oating point error introducedduring quantization.This
resultsin a“stitchingeffect” in therenderedmesh(Figure
6) at very high zoomfactors.But for mostpracticalpur-
poses,it is asgoodastheoriginal model.This effect can
be counteredby numberingthe verticesof the meshand
passingthevertex numbersandco-ordinatesseparately.

(a)

(b)

Figure6: View DependentStreaming:In (a) we zoomed
into Buddha's Face. In (b) whenwe zoomout,
informationcorrespondingto thefacehasbeen
streamed,but the lower portionsof themodel-
base,legsetc.areyet to bestreamed.

Figure7: The HandModel: At variousstagesof stream-
ing
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6 Conclusionand Futur e Work

We have presenteda hybrid point and triangle based
renderingsystemwhich hasbeendesignedfor network
streamingovermoderatenetwork speeds.Wetakeadvan-
tageof thesimplicity of a point basedapproachto speed
up renderingand the correctnessof a trianglebasedap-
proachto improveimagequalityduringrendering.

At present,duringstreamingwe pushtherequirednodes
onto a requestqueue.Thereis no speci�c priority func-
tion assignedto a node. As a result, somepartsof the
model may have a higher resolutionwhile comparedto
theothers.Priority functionsbasedon thenode's screen
sizecanbeusedto provideuniformresolutionthroughout
themodel.

The per-nodestoragerequirementin our systemis high
comparedto other traditional compressiontechniques.
Wecanreducethisby usinghuffmancodingto reducethe
storagerequirementsfor the normalfrom the present14
bits to perhaps3-5 bits. Similar huffmancodingcouldbe
usedto reducethe storagerequirementsof the color and
vertex coordinates.Adding extra compression,however,
wouldslow down therenderingperformanceasCPUtime
is requiredfor decompression.

As discussedearlier, quantizingthecoordinatesof thetri-
angleverticesw.r.t thecenterof theleaf boundingsphere
leadsto a stitching effect at very high zoom. This can
beavoidedby usingan index to a linear list of quantized
vertices[Dee95] in theleafnode.
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Horn,andFrancisLazarus.Progressive for-
est split compression. ComputerGraph-
ics, 32(AnnualConferenceSeries):123–132,
1998.

[ZI97] HansongZhang and KennethE. Hoff III.
Fast backfaceculling using normal masks.
In Symposiumon Interactive3D Graphics,
pages103–106,189,1997.

8


