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Abstract

We preseninew algorithmsfor the robusttransmissiorof geomet-
ric datasets,i.e. transmissiorwhich allows therecever to recover
(anapproximatiorof) the original geometricobjectevenif partsof

thedatagetlostontheway. Thesealgorithmscanbe considereds
hintedpointcloudtriangulationschemesincethegeneramanifold
reconstructiorproblemis simplified by addingtagsto the vertices
andby providing a coarseébase—meskwhich determineghe global
surfacetopology Rohusttransmissiortechniquesxploit the geo-
metriccoherencef thedataanddo notrequireredundantransmis-
sionprotocolson lower softwarelayers.As anexampleapplication
scenariove describetheteletext—like broadcastingf 3D models.

Keywords: multimediadatabaseg]igital libraries,videotext, in-
teractive broadcastingpolygonalmeshes

1 Introduction

During the lastyears,multimediaapplicationshave conqueredhe
internet.While onedecadeagoplaintext documentsverethe stan-
dardtypeof datathatwastransferredvertheglobalnetwork, today
mostdigital documentsncludeat leastimagesf notaudioclips or
evenvideofootage.Thenext challengds to extendthis setof stan-
dardmediaby the new datatype of 3D geometry Theinclusionof
3D datainto multimediadocumentsnabledntuitive andrealistic
interactionwith thedisplayedbjectswhich goesfarbeyondeffects
onecanachiere with pre—computedideoanimations.

In the context of digital library applicationsye canthink of ex-
tensive archivesof 3D modelsthatcanbeaccessedndsearchedy
remoteusergor variouspurposeslLargescaledesignandengineer
ing projects,e.g.,canemplo/ suchcentraldatabasedor configu-
rationmanagement— especiallyif somecomponentaredesigned
by distributed teams. Educationalmaterial, presentednline, can
be enhancedaignificantlyby 3D modelsbecausehey enabletruly
interactie learningexperiences.Moreover, broadcastingdD ani-
mationsinsteadof plain videowill openthe doorto new qualities
of servicein digital television.

Consequentlyquite substantiaresearchhasbeendonein this
areawhich is mainly focussedon two major problemcompleces:
compessionand progressivetransmissiorof geometricdatasets.
Both complees are motivated by the fact that 3D datasetsge.g.
polygonalmeshesganbe huge(several megabytesyandhencethe
availabletransmissiorbandwidthseverely limits the compleity of
3D modelsthatcanbeusedin webdocuments.

Geometrycompessionschemeq12, 14, 16] investigatehighly
compactencodingsfor geometricdata sets. We distinguishbe-
tweenloss—lessand lossy compressiordependingon whetherthe
original geometrycan be reproduced=xactly or not. While pow-
erful general-purposeompressioralgorithmsareknown, special-
ized geometrycompressiorschemescan usually achieve higher
compressiorratessincethey exploit the particularcoherenceand
regularity whichis inherentto geometricdatasets.

The mosteffective compressiorscheme®ncodethe connecti-
ity of a polygonalmeshasa setof instructionswhich canbe in-
terpretecby anabstractautomatorthatreconstructshemesh.The

vertex positionsin a meshcanusuallybe reconstructedrom a set
of smallcorrectionvectorsthatareaddedto predictedvertex posi-
tions which arederived from a linear combinationof neighboring
vertices.

Progressivetransmissioril, 6, 8] of geometricdatameanshat
thesener startshy sendingcoarseshapenformationthatcanbere-
constructec@nddisplayedby theclientimmediately Subsequently
more and more detail informationis transmittedwhich allows the
client to refine the coarseinitial model. By this technique,the
amountof datais not reducedbut the orderingof the information
chunksis optimizedsuchthatcrucialshapenformationis sentfirst
andlessimportantdetailinformationis thentransmittedn theorder
of decreasingelevance. Sincethe client userimmediatelycansee
andinteractwith anapproximatiorof thefinal 3D objectthe wait-
ing time is not perceved asdisturbing.Longerwaiting time yields
bettervisual quality andif the geometricdetailsare not required,
thetransmissiorcanbe abortedat anytime.

Oneissuethat hasnot beenaddressedo far is the robustness
of thetransmissiorof geometricdata,i.e. how is the objectrecon-
structionon the client side affectedby partial loss of dataduring
transmissionThereasorfor thisis thatthe standardnternettrans-
missionprotocol (TCP [7]) which is implementedon somelower
softwarelayer, is usuallytaken responsibldor the error-freedata
transmissioh

In principlethis is true, however, aswe alreadysawv for the ge-
ometry compressiorschemesspecializedalgorithmscanperform
muchbetterif they exploit the specialcoherencen the particular
type of data. This meanghatrobusttransmissiorprotocolsfor ge-
ometrydataarelik ely to requiremuchlessredundang in thetrans-
missioncodecomparedo general—-purposgrotocols.

Shiftingtheresponsibilityfor robustreconstructiounderpartial
loss of geometrydatato somehigher software layer also makes
sensdrom thesystendesignpoint of view sincein todays desktop
computergheresourcef transmissioandwidthis muchstronger
restrictecthanthe computingpower of themain CPU.Hencemore
complicatedyeometricreconstructioralgorithmsareacceptablas
long asthey areableto procesghe incomingdatafasterthanit is
recevedover theinternet.

In broadcastingscenariosvherea centralsener sendghesame
dataoutto amultitudeof clients,individual back—channelareusu-
ally difficult to implement.Hence,evenif the clientscould detect
the loss of dataduring transmissionthey could not reporterrors
to the broadcastingener to trigger re—transmissionAs a conse-
guencerohusttransmissiorbecomesnandatoryfor 3D broadcast-
ing — especiallyin heterogenousetworks with widely varying
bandwidth. In Section4 we will describea 3D broadcastingro-
tocol that allows the recever to tuneinto a running programwith
minimumlateng.

The generalprinciple for the robust transmissiorof geometric
datais to find independenpiecesof informationthatallow to re-
constructa certainpart of the objectevenif otherpiecesgetlost.

1The UDP protocol[7] enablegasterdatatransmissiorthan TCP since
no explicit connectionbetweenthe senderandthe recever is established.
Package®f dataaresentby the sener without having the client acknavl-
edgetheir properreceipt. If a back—channek neverthelessequiredfor a
givenapplication,it hasto be establishedby theapplicationsoftware.



Noticethatfor compressednd/orprogressie meshewvery compli-
catedlocal andglobaldependencielsetweenall piecesof informa-
tion exist. Thesedependenciesclude vertex neighborhoodela-
tions (whathappensdf a neighboris missing? aswell asstrict or-
deringsof theindividual informationpaclets(instructionsequence
for the reconstructionautomatoi. As a consequencehe whole
reconstructiorfails assoonasonesinglebit is lost.

The smallestindependentnit in the context of polygonalmesh
datasetss onesinglevertex. Henceour goalis to find an efficient
algorithmthatis ableto reconstruct polygonalmeshfrom its ver-
ticesalone. Olviously this is not possiblein generalsincea given
setof samplepointsallows alargevariety of possiblemeshconnec-
tivities. Thisis why wefocusonmeshesn normalform, i.e. among
all possiblgriangulationsof aprogressiely transmittec¢pointcloud
wewantto reconstructhe(one)meshthathasacertainnormalizing
property

If exactreconstructioron the client sideis not possibledueto
lossof paclets, the robustnesof the transmissioris measuredy
how goodtheresultapproximateshe original meshfor agivenper
centageof lostdata. ldeally we expecta gradual degradationsuch
thatlosing a few pacletswill not have a strongimpacton there-
sultingshape.

From the literatureon point cloud triangulation[2, 3, 4, 5] we
know thatmanifoldreconstructiorirom a cloudof samplepointsis
adifficult problemin general.In our casehowever, we do nothave
to reconstructhe surfacetopologyfrom scratch.Sincethe sender
(sener) alreadyknows thetopologybeforeit sendsheindependent
vertices,it canadd specialattributesto the verticesthat make the
topologyreconstructioreasier

In this papemwe proposea setof algorithmsfor therobusttrans-
missionof geometry In our casewe simplify the generalmanifold
reconstructiorproblemby first sendinga very coarsebasemeshin
thecorventionalway. Herewe have to rely on correcttransmission
guaranteetby somelower level communicatiorprotocol. Oncethe
basemeshis receved,theremainingverticescanbetransmittedn-
dependentlyia an non-ideal(unsecurexhannel. Sincethe base
meshcompleity is usually much smallerthanthe compleity of
the completedataset, the specialtreatmentof the basemeshdoes
not affectthe overall performancesignificantly

In the context of 3D broadcastindSection4), we achie/e this
redundang for thebasemeshby simply sendingt morefrequently
than the other parts of the geometricdata. As a side effect we
cantherebyreducethelateng for thereconstructiorif therecever
missesa prefix of thedatastream.

2 Normal forms for meshes

Given a setof vertices,a meshis saidto be in normalform if its
connectiity hasa specificstructureor satisfiesprescribedcondi-
tions. In the2—dimensionasetting,Delaunaytriangulationsarethe
mostprominentexampleof normalforms sincethey are uniquely
defined,optimal with respecto someminimum inner anglecrite-
rion, andthereareefficientalgorithmsto computethemfor agiven
setof points[21].

For 2—dimensionamanifoldsin 3—dimensionaspacethesitua-
tion is morecomplicatecandwe necessarilyosesomeof theideal
propertiesof planarDelaunaytriangulations.The solutionis to ei-
ther be morerestrictive with respecto the distribution of vertices
or to belessrestrictive with respecto theuniquenessf thenormal
form.

The first approachleadsto mesheswith special connectiity
structures.The mostcommonexamplefor sucha specialconnec-
tivity are semi—egular meshes. Thesemeshesonsistof regular
submeshegwith all verticeshaving valences) andisolatedextraor
dinary vertices(with valences# 6). A semi—rgular meshcanbe
thoughtof asbeinggeneratedy taking a coarsebase—meshvith

arbitraryconnectiity andapplyinga uniform refinementoperator
toit [15, 18].

Dueto theregularstructureof thesubdvided patchesevery ver-
tex canbeindexed by areference to the basetrianglefrom which
it wasgenerate@ndbarycentridndices(s, j, k) withi+j+k = 27
which indicatethe relative positionwithin thatregular patch. As-
sociatingevery vertex v with anindex (b, ¢, j, k) enablesa simple
reconstructiorschemavheretheclientcaninserttheincomingver
ticesatthecorrectpositionin theuniformly refinedbasemesh10].

Since geometricdatasetsusually do not come with a semi—
regularstructurethey have to beconvertedinto thisnormalform —
aprocesgalledremeshing11, 9, 17]. Thisrequiresaresampling
of theoriginal geometrywith sampleseingalignedto a piecavise
regulargrid. Althoughtheremesheapproximatiorof the original
meshcanbetunedto meetary prescribedolerancetheresampling
always bringsin alias errors, especiallyif the original shapehas
sharpfeatures.

The otherstratgy to definenormalformsfor trianglemeshess
to be lessrestrictive with respecto the uniquenessinsteadof re-
quiring globaluniquenessye might be satisfiedwith local unique-
ness Typical algorithmsto generatessuchmeshesrebasedn edge
flipping (seee.g.[24]).

Usually somelocal criterion is usedto measurethe quality of
anedgein the mesh.This criterioncanusethe lengthof the edge,
the minimum inner angleof the adjacenttriangles,or the normal
jump acrosshatedgeto rateits quality. In additionwe measurghe
quality of the sameedgeif it wasflipped (Fig. 1). An edgeis then
consideredocally optimalif its quality is betterthanthe quality of
its flippedversion.

Figurel: The edgeflip operationswitchesto the otherdiagonalin
thesurroundingquadrilateral.

By usinga greedyalgorithmthat runs over all edgesandflips
themif they arenot locally optimal, we cangeneratanesheghat
arein normalform with respecto theflipping criterion. Obviously
suchflipping stratgjies tendto get stuckin local minima which
preventsthe normalform from beingglobally unique. Notice that
thereareimportantexceptionalcasesFor exampletherearesimple
edgeflipping algorithmsfor planartriangulationsthat are guaran-
teedto corvergeto the uniqueDelaunaytriangulation[21]. Hence,
in this caselocal uniqguenessmplies global uniqueness.For 2—
dimensionamanifoldsin 3—spacehowever, this convergenceis not
guaranteed.

2.1 Sharp features

Whenwe definedthe normalformswe implicitly assumedhatver-
tices representhe geometriccomponentof a given meshwhile
the connectiity representshe topology Consequentlywe could
changethe connectity to corvert a given meshinto normalform
without significantlychangingts geometricshape.

In the presencef sharpfeatureshowever, this assumptiordoes
not hold. Heretrianglesand edgesrepresentictualgeometryand
cannoteflipped(Fig. 2). In thecontext of robustshapeaeconstruc-
tion we thereforetreatsharpfeaturedik e curveson the meshsur



faceandlocally disallon the edgeflipping to presere their topol-
ogy. This canbe implementedby attachinga flag to eachvertex
indicatingif it is partof afeaturecurve or not.

Figure 2: Edgeflipping at sharpfeaturesleadsto significantand
disturbingchangesn the surfacegeometry

3 Robust transmission

Rolusttransmissioris implementedby a geometricreconstruction
algorithmontheclientsidethatis ableto recosertheoriginal shape
from a coarsebasemeshanda sequencef surfacesamplepoints.
No explicit connectvity informationis attachedo thesepointsand
the algorithmmustbe ableto reconstrucen approximationof the
original shapeevenif someof the pointsgetlost during transmis-
sion. Thefinal resultis ameshin normalform basednthereceved
portionof thevertices.

3.1 Semi-regular meshes

For semi-rgular meshesevery vertex v has a unique index
(b,1, 7, k). Hereb indicateghebasetrianglefrom which this vertex
wasgeneratedby refinementFrom

I = logy(i+j+k) — log,(q)

with ¢ beingthe greatestommondivisor of ¢, j, andk we can
derive therefinementevel onwhich v wasgenerated.

For every incoming vertex, the reconstructionalgorithm has
to refine the currentmeshadaptvely until the vertex with index
(b,1, j, k) becomesxistent. Thenthe positionof thatvertex is set
to v. The positionsof all the verticesthat have beengeneratedn
thevicinity of v to keepthe adaptvely refinedmeshbalancedgcan
be predictedby somestationarysubdvision schemeseee.g.[10]).

In the semi—rgular setting,every point canbe considerecasa
coeficient to somesubdvision basisfunction (seee.g.[18]). The
supportof thesebasis—functionslependsn the refinementevel
which impliesthatcoeficientsfrom coarsdevelscanencoddarge
deformation®f themesh.To propagaté¢heinsertionof coarsdevel
coeficientsto theneighboringneshverticesonehasto runapush—
pull algorithmthatre—evaluatesthe predictedvertex positions[10].

3.2 Irregular meshes

Forirregularmesheso globalindexing schemas availablein gen-
eral. Hencethe only globalrelationbetweensurfacepointsis ge-
ometricproximity. In this casethe reconstructioralgorithmworks
asfollows:

If theincomingvertex is nofeaturevertex, welocatethattriangle
of the currentmeshwith the smallestEuclideandistanceandinsert
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Figure3: 1-to—3split: Insertinga vertex into atriangleresultsin 3
new triangles.

NN

Figure4: Featureedgesplit: The two edgesarisingfrom splitting
thefeatureedgearealsotaggedasfeatureedges.

the vertex into this triangle by a 1-to—3split operation(seeFig-

ure3). Thethreeedgeof thistrianglearepushednaFIFO queue.
To re—establistthe local normal form we usea greedyapproach
for flipping the edgesn the queue.Eachedgeis testedagainstan

edgeflipping criterion (seebelow). If theedgeis flipped,theedges
in its vicinity arealsoinsertedinto the queue.The algorithmruns
until the queueis empty sincethis indicatesthat all edgesin the
local vicinity satisfythe normalform criterion. Note however, that
featureedgesmustnever beflipped.

Featurepoints are treateddifferently In this casewe have to
find the nearestfeatureedgein the currentmesh. Thesefeature
edgeshave to betaggedn the basemeshandthetagsareinherited
during refinement: splitting a featureedgeyields two new ones.
Thefeaturevertex is theninsertednto thefeatureedgeasshavn in
Figure4. As before,non—featureedgesin the vicinity are pushed
onagueue.

3.3 Implementation details

Thealgorithmictasksof our reconstructiorschemecanroughlybe
divided into two parts: Thefirst is to createandmaintaina spatial
datastructurefor thefastlocationof trianglesandfeatureedgesn
themesh.The seconds to evaluatetheflipping criterion.

3.3.1 Triangle and feature edge location

In orderto quickly locatetrianglesandfeatureedgesve usea sim-
ple spacepartitioningtechnique.An appropriateboundingbox of
theoriginalmodelis subdvidedinto ng x n1 X na voxels. For each
voxel we storealist of thetrianglesthatintersecthatvoxel. When
anew triangleis generatedluring vertex insertion,we “voxelize”
it into the spacepartitionin the following way: For eachvoxel in
the boundingbox of the triangle we testwhetherit intersectsthe
triangleor not(seee.g.[22]). Thiscanbedoneveryfastby exploit-
ing theseparatingxistheoremasdescribedor examplein [20]. If
thereis an intersectionwe addthe triangle to the voxel’s triangle
list. Thismightseeminefficientatthefirst glance but especiallyin
later stagef the transmissiorprocesamosttriangleswill bevery
smallandthereforethey will occupy only few voxels (or evenjust
onevoxel) which canbedetectedjuickly. Whenwe remove atrian-
gle from the meshwe remove thetrianglefrom the spacepartition
accordingly

In orderto locatethenearestriangleto apointp, we checkall the
trianglesthatarewithin a ball of radiusd aroundp. Thesetriangles



Figure5: Minimum anglecriterion: An edgeshouldbe flipped if
the minimum angleof the adjacentrianglesis maximized.In this
casewe would decidefor theright configuration.

Figure6: Areacriterion: If theratio of triangleareads very small
or very large, the smallertriangleis probablynot relevant for the
geometry

canbe locatedquickly by examiningthe voxels that intersectthat
ball. If we do notfind a trianglewithin the ball, we iteratively try
theradii 2d, 3d, . . . andsoon.

For locatingthe nearesfeatureedgeto a point, we notethat if
an edgeintersectsa voxel, the trianglesadjacentto the edgewiill
alsointersectthat voxel. Hence,we canusethe samedatastruc-
turefor locatingthe nearesteatureedgeto a point. The computa-
tional overheadcomparedo a dedicatediatastructurefor locating
edgesis only minimal. Furthermore most3D modelshave only
few featureedgescomparedo the overall numberof edgessothis
operationwill only be usedoccasionally

3.3.2 Edge flipping criterion

Whenre—establishinghe normalform afterinsertinga new vertex

into themesh we useanedgeflipping criterionto decideif anedge
is locally optimalor not. We have testeddifferentgeometriccriteria
andeventuallydecidedto usea combinationof them.

Minimum angle criterion

Ourmainintentionwasto generatevisually appealingneshesFor

two dimensionamesheshis canbeachievedby usingtheso-called
Delaunaytriangulation. Briefly, a triangulationof a point set P

is called Delaunayif the circumcircleof eachtrianglea, b, ¢ con-
tainsonly the verticesa, b, c. Unfortunately this criterion cannot
be readily generalizedo two dimensionaimanifoldsembeddedn

thethreedimensionabpacegseee.q.[21]).

However, for the planarcasethereis anequivalentDelaunaycri-
terionwhich bettermatche®ur normalform definition. Firstcreate
anarbitrarytriangulationof thepointset. Secondflip edgesaslong
astheminimumangleof the adjacentrianglesgetsbigger Thisis
illustratedin Figure5. The criterion caneasily be generalizedo
threedimensionakpace.However, its useis strictly justified only
in “almost” planarregionsof themesh.

Ratio of areas

If the ratio of the areasof two adjacentrianglesis very small or
very large (seeFigure6), the smallertriangleobviously hasalmost
no geometricrelevance. Consequentlythe edgeflipping stratgy
shouldavoid the generatiorof such“slivers”, i.e. smalltriangles
with largeneighbors.

Creaseangle
Thecreaseanglecorrespondingo anedgeis definedto betheangle

Figure7: Creaseanglecriterion: The creaseangleassociatedavith
anedgeis theanglebetweerthe normalsof the adjacentriangles.

Figure 8: Normal variationcriterion: The normalvariationof the
left configurationis zero while the normal variation of the right
configurationis positive. This is percevable as “ripples” in the
surface.

betweenthe normalsof the two adjacentriangles(seeFigure 7).
If the pointsare sampledfrom a smoothsurfacethe creaseangles
shouldconverge to zerowith increasingsamplingdensity Hence
anedgeshouldnot beflippedif theresultingcreaseangleexceeds
somethreshold. Note that this obsenration is not true for feature
edgeswvherelargecreaseanglesmightbeintended.

Normal variation

In orderto avoid “ripples” we try to minimize the normalvariation
aroundthe edge,i.e. the sumof creaseanglesto the adjacentrian-
gles(seeFigure8). Note however, thatwe don't measurenormal
variationacrosdeatureedges.

Putting it all together

We primarily would preferto applythe minimumanglecriterion
alone,asthis leadsto visually pleasingmeshesn the planarand
almostplanarcase.However, this is justified only in caseswhere
a) the local configurationis approximatelyflat andb) thereareno
exterior constraintgo befulfilled.

As aconsequenceefirst applytheareacriterion,the creasean-
gle criterionandthe normalvariationcriterion (in this order)with
certainthresholds.If ary of thethresholdds exceededwve initiate
the correspondingedgeflip right away. If noneof the thresholds
would be exceededeven afteranedgeflip we assumea locally flat
configurationanddecideaboutthe flipping accordingto the mini-
mumanglecriterion.

3.4 Geometry decomposition on the server side

For creatingthe basemeshon the sener sidewe usea customde-
signedmeshdecimationalgorithm. We testedvariousalgorithms
basedon quadricerror metricsand on Hausdorf distances. Our
specificmodificationsto the standardalgorithmswerethreefold:

e We trim the decimationprocessto prefer “round triangles”,
i.e. triangleswhich are almostequilateral. This is donebe-
causgheminimalanglecriterionexplainedaborve alsoprefers
roundtriangles.Hence if the basemeshhadlots of badtrian-
gles,thereconstructiommightbe proneto failure.

e In generalavertex removal duringdecimationieadsto ahole
in the meshwhich subsequentlys retriangulated.We mod-
ified the decimationalgorithm suchthat a vertex removal is



Figure9: DecompositionLeft: Meshbeforevertex removal. Mid-
dle: Meshaftervertex removal. Right: Immediatereinsertiorof the
vertex leadsto awrongtriangulation.Hencethe vertex removal is
prohibitedaltogether

only executed,if the closesttriangleto the vertex afterretri-
angulationis oneof thesenew triangles.This guaranteethat
verticeswill beinsertednto thetopologicallyright partof the
meshduring reconstructionFigure9 illustratesthis in a uni-
variateexample.Thedecimatiorstopswhenno morevertices
canberemoveddueto thistest.

e Univariatefeaturesj.e. sequencesf featureedgesarepro-
motedfrom theoriginalmeshto thebasemesh.Thisis canbe
doneanalogouslyto the MAPS algorithm(cf. [11]): Theend-
verticesof thepathsaremarkedasunremaableandwheneer
avertex v onafeaturepathis removedwe ensurehatthe sub-
sequentetriangulatiordoesnot breakthis path,i.e. if v and
v arewv’s neighborson the path we retriangulatesuchthat
vo, v1 becomesnedgeandtagthis edgeasfeatureedge.

4 3D broadcasting

As atypical applicationscenariovhererobusttransmissiorof ge-
ometrydatamatterswe considerthe broadcastingf (maybeani-
mated)3D models.Dueto the compleity of 3D datasetswe cer
tainly needsomekind of progressie transmissioro quickly shav
anapproximatanodelwhile waiting for the geometricdetailinfor-
mationto bereceved.

Thevery natureof broadcastingommunicatiorimpliesthatthe
sendercannotreactto specificrequestf a singlerecever. The
sendercontinuouslytransmitsits datato a multitudeof clientsand
theonly interactionfor clientsis to switchchannels.

One of the mostimportantrequirementsn this scenariois to
guaranteghatthe clientsseesat leastan approximationof the 3D
modelswithout significantdelay Standardprogressie transmis-
sion doesnot performvery well in this contet sincethe sender
doesnot knon whenthe recever switchesto a particularchannel.
Hence,if therecever switchesto a particularchannelshortly after
thebasemeshhasbeenbroadcastedt hasto wait acompletecycle
beforethenext basemeshis sent.

Aswewill shawv in Sections, ourrobusttransmissiortechniques
allow to sendthe detail informationin an almostarbitrary order
Thiscanbeexploitedby sendinghebasemeshmorefrequentlyand
interleavredwith the streanmof surfacepoints. Then,whenarecever
switchesto anew channeljt only hasto wait for the next repetition
of thebasemeshandcaninsertall subsequentlyransmittedpoints.
In analogyto the teletext system(seee.g.[23]) wheretext datais
broadcasteth parallelto atv-signal,we canconsidetthebasemesh
as sometype of index-pagewhich is sentmore often than other
pages.

Supposewe are given a meshmodel with n verticesthat we
decimatedown to a coarsebasemeshwith m verticessuchthat
n = km. Groupingsequencesf m successiely removedvertices
togetherwe obtaina setof k£ “chunks” C; eachrepresentin@ part
of thegeometridnformation.

Let s be the time that we needto transmitall £ chunks. In the
worst caseof asynchronougprogressie transmissionwe would
have to wait the whole cycle s if we just missedthe basemesh.
In averagewe have to wait for s/2. With our robusttransmission
techniguewe caneasilyreduceheexpectedateng by sendinghe
basemeshmoreoften.

Let ¢ bethe maximumacceptabldateny with s = j¢ thenwe
re-groupthechunksC; into sub-sequencesichthatC; andC; be-

longto thesamesub-sequendéi = i modj. Obviously we obtain
7 differentsub-sequencesherethe individual chunkswithin each
sub-sequencpresere their original ordering.

Now we alternatethe transmissionof the basemeshand the
transmissionof thosesub-sequenceis a way that we start with
thebasemeshthensendthefirst sub-sequenc& henthebasemesh
againfollowedby the secondsub-sequencandsoon.

It is ohvious that this reducesthe expectedlateny from s to

= s/j. Sincetherobusttransmissiorcandealwith partial loss
of data,thereare no difficulties in insertingary sub-sequencef
verticessincethis simply correspondso a lossof the otherj — 1
sequencesAs the transmissiorcontinues the recever caninsert
moreandmoresub-sequenceshile ignoringtheredundantijtrans-
mittedbasemeshes.

The overall redundang of this progressie transmissiorproce-
durecanbeboundedby (j — 1)/k sincethisis the numberof ad-
ditional basemesheghat have to be sentin one completecycle.
Figure10shavs anexampleof theasynchronouprogressie trans-
mission.

5 Results and Conclusions

In Fig. 11 we shav someresultsobtainedwith our robusttransmis-
siontechniquédor irregularmeshesTheverticesof thehorsemodel
have beentransmittedvithout connectvity information. Theclient
insertedtheseverticesinto a basemeshthatinitially had1000tri-
angles.Reconstructiomesultsareshavn for no datalossand50%
lossof data.

In all our experimentsthe currentimplementatiorproved suffi-
cientlyrobust. Startingwith amoderatel\decimatedneshijt turned
outthattheverticescanbere—insertedn practicallyary orderand
theedge—flippingaftereveryinsertionwill alwaysgenerateaneshes
in local normalform. Moreover, the hierarchicahatureof progres-
siverefinementypically seemdo guidethegreedyedge—flippingo
theglobaloptimum. Besidegohustnessgainsiossof data thisal-
lows onthe onehandto generaterertex transmissiororderswhich
aresuitedfor progressie broadcastingas describedn section4.
Onthe otherhandwe canexploit this flexibility to refinethe mesh
only locally in regionsof interest(seeFigure11),i.e. we mightin-
tentionallydiscardverticeswhich arenot relevantfrom the current
viewpoint.

Usingaspace—patrtitionintechniqueontheclientsideto quickly
identify the closestrianglefor agivenpointin spacewe caninsert
up to severalthousandrerticespersecondon a standardPC.Non—
robustvertex insertionbasedon globalindexing is obviously more
efficientbut the differenceis mainly dueto the pointlocationstep.

In orderto guaranteehe preseration of featureedgesin the
model, edgesin the basemeshaswell asthe subsequentlyrans-
mitted verticesaretaggedaccordingly Fig. 12 shavs an example
of thistechnique.
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Figure10: Broadcasting8D geometry:On the left the situationfor standarcprogressie transmissioris shovn. If therecever listensfrom
thebeginning of the currentcycle, it candisplaya sequencef meshewwith increasingquality. However, if it missesventhe smallestprefix
of the streamjt hasto wait until the next cycle. Ontheright we depicttheteletet typetransmissiorwherewe repeatthe basemeshseveral
timesandinterleave its transmissiomwith therestof thegeometrydata.Hencethe client canstartthereconstructiorseveraltimesduringone
cycle. This significantlyreduceghelateng while notintroducingmuchredundang
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Figurell: RolustgeometryreconstructionTopleft: Thebasemeshthatis usedby theclientto inserttheincomingvertices(1000triangles).
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Figurel2: Featurgoreserationduringrobusttransmissions achiezed by vertex tagginganddisalloving to flip featureedges Thebasemesh
is shavn on theleft while thereconstructioris shavn ontheright.



