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Abstract

Increasingsize of surfacemodelshasleadto a greatdealof researchn progressie multi-resolutionrepre-
sentationof thesemodels. Network streamingvisualizationof large modelsis particularlyinteresting. Quite
afew existing techniquesisea point basedrenderingsystem.This approactacceleratesenderingbut suffers
from adegradationin theimagequality. To mitigateimagedegradationwe present hybrid pointandtriangle
primitive basedstreamingviewer for triangularmeshes. The adwantageof using sucha mixture of render
ing primitivesis that, while pointscan acceleratebjectdisplay rendering renderingselectve objectsusing
trianglescancompensatéor the degradationin imagequality causedlueto the pointbasedendering.

We have basedursystenonanexistingpointbasedendererQSplat,andextendedt to incorporateriangle
basedrendering.The extensionachiezesa vastimprovementin the quality of therenderedmageascompared
to QSplat.Like QSplat thesystems meanto bedeplo/edin ervironmentsawith moderatenetwork bandwidths

(e.g.LAN).

1 Intr oduction

Sophisticationn scanningtechniqueshasenabledscan-
ning at high resolutions,therebyresultingin a tremen-
dousincreasdn the sizeof the generatecgurfacemodels
[LPC* 0Q] (typically millions of triangles).Downloading
suchlarge modelseven over presentlyavailable network
bandwidthss time-consuming It would be infeasibleto
usethesemodelsif they hadto be downloadedentirely
beforethey could be viewed. Therefore,streamingthe
modeldatais essentiato permitinteractionwith partially
downloadedmodels.

Many technique$Hop96, PROQ etc. achiere this goalby
employing progressie compressionyhereina coarseap-
proximationof the modelis transmittednitially followed
by a seriesof ner corrections. This processallows the
userto getan early graspof the geometryof the model
andinteractwith theit. However, a majority of theseal-
gorithmsare impracticalfor large meshessincea lot of
effort is spenton encoding/decodingonnectvity perver-
tex. Creatingand renderingthe streamableversionsof
thesemodelsis time-consuming.

Many systemsorverttheinput polygonmeshinto apure
pointbasednodel[RLOO, PZvBG0(Q andtake advantage
of this simplicity to speeduprendering. While the point
basedapproachacceleratesenderingimagequality suf-
fersdueto thedecreasén resolution.Thelack of connec-
tivity in pure point basedsystemamplies thereis a loss
of information neededfor display interpolationbetween
the points. The degradationof image quality is evident
while observingobjectsclosely andis especiallyserere

for smooth, at polygon-like objectsasover-sizedpoints
prove to be a poor substitutefor polygons. The image
therefore,appearslocky in eitherof the two above de-
scribedscenarios.

We explore the feasibility of using trianglesalong with

points as renderingprimitives to alleviate image degra-
dation. We have extendedan existing point basedren-
derer QSplat[RLOQ], to incorporatetriangle basedren-
dering. StreamingQSplat[RLO01] is a networked point
basedviewer which usesthe QSplatimplementatiorfor

representingnd renderinglarge models. QSplatavoids
trianglesasthey aremoreexpensveto rendemwhile com-
paredto points. As aresultit paysa signi cant penalty
on imagequality. In our system,pointsor trianglesare
choserduringrenderingtime basedon their screerspace
projectionsize. Usingthis approachye canimprove im-

agequality, besidegetainingmary desirablepropertieof

theQSplattechnique Although,usingtrianglesasrender

ing primitivesleadsto anincreasen thesizeof themodel
to be streamedour approactworksfairly well over mod-
eratespeednetworks with hundredsof Kbps bandwidth
(e.gLAN) whereour systemis meantto be deployed.

2 Previous Work

Several schemeshave been proposedfor representing,
renderingandstreamingof large surfacemodels.

A majority of the schemedransmitlow resolutiondata
rst followedby high resolutiondetail progressrely. Eck
et.al [EDD* 95] encodecorrectionsto a basemeshus-



ing wavelets. The model may then be transmittedby
sendingthe basemeshand streamingthe wavelet coef-
cients in orderof magnitudgdKSS0d. Theadwantageof
this approactis that color andgeometrywaveletscanbe
streamedndependentlyf eachother

Hoppe[Hop9§ introducedan algorithmfor progressie
transmissiorstartingfrom a coarsebasemeshand then
progressiely transmittinga seriesof re nementsof the
meshbasedon a vertex split primitive. The granularity
obtainedis optimal (eachvertex collapsecorrespondso

ameshre nement). The disadwantagds thatthe number
of re nementsrequiredis O(n) for ameshwith n vertices
andthereforeexpensve. To reducethe numberof re ne-

mentsin the decimation Pajarolaet.al[PRO(Q groupver-

tex splits into batchegthus amortizingthe costof trans-
missionperre nement.

Progressie ForestSplit (PFS)of Taubinet.al[TGHL98]

is a compactrepresentatiofior any manifold mesh.PFS
decomposes given meshby a low resolutionof detail
anda sequenc®f forestsplit operations.The forestsplit
operationis speci ed by aforestin the graphof vertices
and edgesof the mesh,a sequencef simple polygons,
and a sequencef vertex displacementsin orderto ex-

presseachforestsplit operationforestedgessequencef

simplepolygons,andvertex displacementarecodedinto

compressedatastreams.

In Bajaj et.al[BPZ99 progressie connectvity transmis-
sionis basedon the constructionof multi-resolutionsur

facesof triangularmeshes.For an arbitrary given mesh,
its geometryand connectvity informationis rst orga-
nizedby alayeringstructure.In thelight of thisstructure,
verticesarefurther groupedinto contourswhile triangles
arememedinto stripsor fans. Theselayersconstitutea
multi-resolutionrepresentationf the model.

Alliez et.al[ADO01] introduceda valence-dwendecimat-
ing approach.Patchtiling andretriangulationwere car
ried out after every decimatingconques{vertex removal)
to maintainuniform valeng. The advantageof maintain-
ing aregularvaleng is thatit canbeusedto provide ef -
cientencodingof connectvity.

Traditionalmethodssuchasthe onesdescribedn Hoppe,
Bajaj, Pajarolaspendalot of effort on encoding/decoding
geometryandotherpropertiecolor, texture etc.) of the
mesh. As a resultthey are not practicalfor large mod-
els. Accordingly, therehave beena lot of efforts devoted
towardsspeedinguprendering.

Culling away non-contrilutive primitivesis an effective
methodo speediptherenderingpf themesh.Kumaret.al

[KM96] presenta hierarchicabackfaceculling algorithm
basedon conesof normals. Otherwidely usedvisibil-
ity culling techniquesarefrustumculling to discardprim-
itives not in the viewing frustum, and occlusionculling
[Z197] to discardprimitivesthatarenotvisible asthey are
blockedby closerprimitives.

ArchitecturalwalkthroughlACW* 99] systemsmploy a
potentiallyvisible setanda currentlyvisible setof data,
to performfastprefetching. They explicitly managethe
way datais transferrecbetweendisk andmemory Thus
currentlyoffscreendatais prefetchednto memorybefore
it is displayedonthescreen.

Pointsare fasterto renderwhile comparedo polygons.
This notion hasbeenexploited by a quite a few systems
e.gQSplat[RL0O0, RLO1], Surfel[PZvBG0Qd. In QSplat
connectvity informationis ignoredontheassumptiorthat
large meshmodelsare denseenoughto compensatdor
the loss of information, therebytreatingthe verticesas
the input mesh. It generates quad-treestructurefrom
thesepointsbuilding up a hierarchyof nodes.Nodescor-
respondto a boundingspherearounda point de ned by
the co-ordinate®f the nodewith aradiusspeci edin the
node.Color, normalandthewidth of thenormalconeare
alsorecordedwithin anode.This preprocessetierarchi-
cal nodetree versionof the modelis storedand usedto
renderthe modeldirectly without the needfor decoding.
During rendering,QSplatrecursvely traversesthe hier
archyin depth rst orderandsplattingnon-cullednodes
uptoacertainthresholdscreersize therebyultimatelyde-
scendingdown to theleavesof thetree.

3 Designand Implementation

Oursystemis basedntheQSplatpointrenderingsystem.
In this sectionwe describehe phaseshatareinvolvedin
processingand streamingan input triangulardatamodel
acrosghenetwork.

3.1 Preprocessing

Theinputmodelto the preprocessinglgorithmis ary tri-
angulamesh.Themaindifferencen preprocessing/hile
comparedo QSplat,is in theconstructiorof leafnodesn
the hierarchicaltreerepresentationf the model. QSplat
usesthe meshverticesdirectly for theleaf nodes.We use
the trianglesof the meshinstead. A boundingsphereis
computedfor this triangle andis storedin the leaf node
alongwith the normaland color of that triangle (Figure
1). In QSplat,the boundingsphereat the leaf nodeis



centeredarounda meshvertex andits radiuscomputed
so thatall the boundingspheresof the neighboringver
ticesoverlap (to avoid holes). In our casethe bounding
spherds the circumcircleof theinputtriangle. Therefore,
the boundingsphereencloseghe triangle and holesare
guaranteedo be absent. Computingthe circumcircleis
expensve, so we do not calculatethe circumcirclein all
caseqQSplatusesa similar trick). Whenthe triangleis
obtuse-angledr right-angledthediameterof thecircleis
longestside.Only for acute-angletriangleswe compute
the circumcircle. The normalis computedby taking the
crossproductbetweertwo sidesof thetriangle. Thecolor
representshe color of thetriangle. Now thatwe have all
theleaf nodeswe usetheusualQSplatalgorithmto build
up therestof thetreehierarchy The algorithmsbuilds up
the tree by splitting the setof verticesalongthe longest
axis of its boundingbox, recursvely computingthe two
subtreesand nding theboundingsphereof thetwo chil-
drenspheres.As the treeis huilt recursvely, pervertex
propertiegsuchasnormalandcolor) atinterior nodesare
setto the averageof thesepropertiesn the subtrees For
amoredetaileddescriptionof the treebuilding algorithm
seeQsplat[RL0OOQ].
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Figurel: BoundingSpherdogic. For obtuse-angleénd
right-angled,the diameterof the sphereis the
longestside. For an acute-angledit is the cir-
cumcircle.

Thenumberof leafnodesn theresultinghierarchytreeis

thenumberof trianglespresentn themodel(roughly2*n

for ann vertex mesh). Therefore,a consciousattemptis

madeto increasaheaveragebranchingactor(roughly4)

to reducethe numberof interior nodes therebyreducing
the storagerequirementgor thetreemodel.

While constructingthe tree all of the propertiesat each
nodearequantizedo save space Thecoloris quantizedo
16 bits, the normalto 14 bits andthe width of thenormal
coneto 2 bits. The normal coneis usedfor backface
culling. Thepositionandradiusof eachspherds encoded
relative to its parentin the treehierarchy At leaf nodes
we needto write out the co-ordinatesof the verticesof
thetrianglealso.Eachco-ordinatds quantizedo 16 bits.
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Figure2: Leaf NodeLayout(notto Scale).This contains

the extra spacdor the quantizedrerticesalso.
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Figure3: InteriornodeLayout(notto Scale).

Thebitsin thetreestructureeld areusedto differentiate
thetypeof nodelayout.

Oncethewholetreeis constructedit is written andstored
ondisk atthesener side.

3.2 Network Streaming

Akin to StreamingQSplat, our systemis meantfor use
in alocal areaernvironmentwherenetwork bandwidthsof
the order of a few hundredsof Kbps (e.gLAN) are not
uncommon.The le containingthe hierarchicakreerep-
resentatiorf themodelis storedonthesener. Thesener
hasno knowledgeaboutthe formatof the le. Thesener
fullls requestdor byterangedrom the le usinganap-
plicationlevel protocolsuchasHTTP/1.1.Hencewe can
useary standardvebsener (e.g. Apache)for the stream-
ing sener. At presentwe usea simple streamingsener
whichlistensfor arequestangefrom a le andtransmits
the appropriatebytes. As the sener is ignorantaboutthe
le format,the onusis on the clientto requesthe appro-
priatebyteranges.

Thekey to network streamings the obsenationthatdur-
ing renderingwve canterminaterecursve decentf the hi-
erarchyatarny time. In placeof amissingnode wedisplay
a splatcorrespondingo the parentnodein the hierarchy
We stoptherecursionif the nodehasnot yet beentotally
transmitted.

The propertyof QSplatthatis of greatusein achiezing
inexpensve streamingis the fact that parts of a model
may betransmittedin ary order, subjectonly to the con-
straintthat parentnodesmustbe transmittecbeforechil-
dren. Thusa view dependenstreamings extremely ef-



cient. By contrast,somegeometriccompressiorntech-
niguesrequirethatthemodelbetransmittedn aparticular
order, sincethey representertex positionsandconnectv-
ity by encodingdeltasalonga particularpaththroughthe
verticesof themodel.

To aid network streamingwve usethreecomponents.

1. An availability bitmaskto indicate the regions of
themodelthatarepresentlyavailablelocally onthe
client. While maximum e xibility canbe achieved
by usinga bit for every singlenode,the sizeof the
bitmaskcanbehuge.To saze thememoryspenton
thebitmask,we usealargergranularity We usetwo
bits to representhe availability of a 4K byte block
(if presentlocally or not andif alreadyrequested
from the sener). We intentionallymadethe granu-
larity coarsetthanthatof the streamingQSplatim-
plementatiorbecausén our casewe have a higher
numberof leaf nodesn thehierarchytreeaswe use
trianglesinsteadof verticesasleafnodesandthere-
fore largertreehierarchy les.

. A separatehreadon the client that makesrequests
to asener, listensfor responsesandupdateghehi-
erarchytreeandthe availability maskon receving
data. We usea memorymappedle on the client
sideto storethe model hierarchy This placesthe
burdenof working setmanagementn the operat-
ing systemandsimpli es theimplementation.

. A requestqueuecontainingthe set of regions of
the modelthatthe client would like to receive. As
we traversethe hierarchywhile renderinganden-
counterchunksthat are not presenton the client,
we pushrequestonto the requestqueue. The re-
guestqueueis sharedbetweenthe rendererand
the requestorthread (describedabove). The re-
guestgueuehasto be ushed beforeeveryrendered
frame.Thisensuredimiting thenumberof requests
andthatoutdatedchunkswhicharenow out of view
arenotrequestedIf therequesgueueis emptyaf-
ter renderinga frame we download other parts of
the modelwhich are not yet presentiocally. This
information can be obtainedby scanningthrough
theavailability bitmask.

3.3 Rendering

We recursvely traversethe locally presenthierarchical
tree and display nodes. Recursionis stoppedif a node
is not presentlyavailable or if a nodeis smallerthana
thresholdor if anodeis aleaf.

During recursionwe cull avay nodesthatareoutsidethe

viewing frustum. This is performedby testinga nodes

boundingsphereagainstthe view frustum. If the sphere
lies outsidethe view frustum,recursionis not pursuedon

thatnode.If thespherds entirelyinsidetheview frustum,
no further frustum culling is performedon its children.
Otherwisewe recurseraversingdown the hierarchytree.
Backfaceculling is alsoperformedo testif anodeis back
facing. If the normalconeis completelyaway from the

viewer, the nodeandits subtreesrediscarded.

After successfullypassingthroughthe culling phase the
screenspaceprojection size (splat size) of the nodeis
evaluated.If the splatsizeis largerthana thresholdwe
recurseotherwisewe display a splaton the screen.If a
nodeis a leaf, we draw thetriangle containedn the leaf
node.If anodethathasnotbeenculledawvay andin view
is not presentocally, arequesfor thenodeis pushednto
therequesfjueue.

4 Results

We have implementedur systemon a 2.4 GHz Pentium
IV with 384MB memoryandannVIDIA GeForce2GTS

graphiccard. We have obtainedthe QSplatimplementa-
tion from the authorsand have usedit extensvely in our

code.Thisalsohelpsin provide anapplesto applescom-

parisonof our approactwith QSplat.

We presentthe results for two large models- Happy

Buddha(1,087,71@riangles,543,652vertices)andHand
(654,666triangles,327,323vertices). The averagepre-
processingimesare 20.9 secondgor Buddhaand 11.6
seconddor Hand (ordersof magnitudefasterthan most
contemporaryneshdecimationalgorithms).This is a di-

rectconsequencef usingQSplatfor the point rendering
system.

4.1 Discussion

As showvn in gure 4 we achieve superiorimagequality
while comparedo QSplat. Thisis becaus&®Splatworks
bestfor large,densemodelscontainingrelatively regular,
uniformly-spaceddatapoints. At high zoom, wherethe
spacingof sampless largecomparedo pixel size,points
proveto bea poorsubstitutefor polygonsespeciallynear
sharpedgesandcorners.Accordingly, QSplatimagesbe-
comeblocky.

Presentlyin the leaf nodelayout, quantizedrianglever
tex coordinatesw.r.t the boundingspherecenterare used



QSplat

Our System

Figured: A comparisonof the images produced by
our techniquewith QSplat.Qsplahas 543652
spheresand we have 1087716spheres. Note
that the numberof spheresis nearly double,
asthe numberof trianglesis roughly twice the
numberof vertices.

Figure5: Stitching Effect: At very high zoom - Black
dotsappearon the boundarybetweenadjacent
triangles. This is becausehe triangle coordi-
natesare quantizedw.r.t the leaf node center
Sowhile renderingadjacentrianglesaredravn
suchthatthesharederticeshave slightly differ-
entcoordinatesn thetwo triangles.



to display the triangle. Therefore,a vertex sharedby
adjacentriangleswill have slightly differentcoordinates
whenrenderingthe adjacentriangles. This is dueto the
oating point errorintroducedduring quantization.This
resultsin a“stitching effect” in therenderednesh(Figure
6) at very high zoomfactors. But for mostpracticalpur-
posesit is asgoodastheoriginal model. This effect can
be counteredby numberingthe verticesof the meshand
passinghevertex numbersandco-ordinateseparately

(G

(b)

Figure6: View Dependenttreaming:In (a) we zoomed
into Buddhas Face. In (b) whenwe zoomout,
informationcorrespondingo the facehasbeen
streamedbut the lower portionsof the model-
baselegsetc. areyetto be streamed.

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

We have presenteda hybrid point and triangle based
renderingsystemwhich hasbeendesignedfor network

streamingover moderatenetwork speedsWe take advan-

tageof the simplicity of a point basedapproacho speed
up renderingand the correctnes®f a triangle basedap-

proachto improve imagequality duringrendering.

At presentduring streamingwe pushthe requirednodes
onto a requestqueue. Thereis no speci ¢ priority func-

tion assignedo a node. As a result, somepartsof the

model may have a higherresolutionwhile comparedto

the others. Priority functionsbasedon the nodes screen
sizecanbeusedto provide uniformresolutionthroughout
themodel.

The pernodestoragerequirementn our systemis high
comparedto other traditional compressiontechniques.
We canreducehis by usinghuffmancodingto reducethe
storagerequirementgor the normalfrom the presentl4
bits to perhaps3-5 bits. Similar huffmancodingcouldbe
usedto reducethe storagerequirement®f the color and
vertex coordinates.Adding extra compressionhowever,
would slow down therenderingperformancasCPUtime
is requiredfor decompression.

As discussecebarlier quantizingthe coordinate®f thetri-
angleverticesw.r.t the centerof theleaf boundingsphere
leadsto a stitching effect at very high zoom. This can
be avoidedby usinganindex to alinearlist of quantized
vertices[Dee9] in theleafnode.
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