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Abstract. Thecontinualimprovementin computerperfor
mancetogetherwith the prevalenceof high-speedhetwork
connectionshaving high throughputand moderatdatencies
enableghe deploymentof multimediaapplicationssuchas
collaboratye virtual environments over wide areanetworks.
Theseapplicationscan sene as simulatedervironmentsin
scenariosuchasemegeng responsérainingto catastrophic
disastersmilitary training,andentertainmentMany of these
systemause3D graphicsfor displayandmay be requiredto
distributegeometrianodelson demandetweerparticipants.
Progressiemeshegprovide anattractve mechanisnfor such
distribution. Previous usesof progressie mesheshave sent
datausingreliableprotocols(TCP).However, suchprotocols
have disadwantagesn on-demandsettings,in that they: (1)
useflow control, which limits performancen wide areanet-
works; (2) add additionalbandwidthwhenthereis loss; (3)
treatall lossasan indicationof congestionand (4) require
feature-richmulticastsupportwhich is not alwaysavailable.
In this paper we modify progressie meshmodelsto allow
reconstructiorevenin the eventof pacletloss.We usethese
modificationsin two transmissiorschemesa hybrid trans-
missionthat usesTCP and UDP to sendpacketsanda for-
ward errorcorrectingtransmissiorschemethat usesredun-
dang to decodethe informationsent.We assesshe perfor
manceof thesetransmissiorschemesvhendeployedon net-
work testbedshatsimulatewide-areaandwirelesscharacter
istics.
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1 Introduction

As the Internetexpands,demandis growing for interactve
multimediaapplicationsfrom gamessuchasEverques{14]
to collaboratve virtual environmentsand purely web-based
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applicationsSuchapplicationsisehighresolution3D meshes
to embedpatrticipantsin virtual ervironments.The growing
demandor thesedataintensve meshesntroducesew chal-
lengedor storageandtransmissionTherearetwo traditional
methoddor obtaininghighresolution3D meshesén theseap-
plications:(1) useaclient-sernermodelandassumeheclient
alreadyhasthe model; (2) wait for the modelto be down-
loadedoverthelnternet.

Bothmethod$avedravbacks Thetraditionalclient-sener
model that assumesll the modelsare local is appropriate
for suchapplicationsasgames$ wheremodelsnever change,
but is lessappropriatefor distributedapplicationsvherenewn
modelsmay be createdby usersand incorporatedinto the
ervironmentin real-time.Likewise,downloadingmaybeap-
propriatein somescenarioshut evenif thedatais compressed
the transmissiorof a complex model caninvolve unaccept-
able delays.For example,online video gamestypically use
thefirst methodto obtaingame3D geometrybecausesmooth
navigation andincreasedisersatisactionresultwhenthere
areno delaysin renderingcausedy not having the model.

Geometridatafor multimediaapplicationss usuallystored
and transmittedas a complex of polygons(typically trian-
gles) with sharedvertices.Thesecomplees are known as
polygonal (triangular) meshes. An example of a geometric
objectconstructedrom a triangularmeshis showvn in Fig-
ure 1, whichis amodelof a Cessnaairplaneandis fully de-
scribedin Section5. Accompalying the vertex datain the
meshis oftenadditionalinformationsuchasshadingparam-
etersand normalinformationthat help renderthe geometric
data.Althoughtriangularmeshesirethede facto standardor
computergraphicsthey possesslisadantagesthe mostno-
tableof which is the numberof trianglesrequiredto rendera
high qualityimageof anobject.

Hoppe[20] proposedprogressie meshegPMes)as an
initial solution for the transmissiornof geometricdata over
datanetworks.In thismethodthesenerinitially sendsoarse
shapeinformationto a client that can be reconstructecnd

1 However, mary gamesallow modificationsthat extendthe ini-
tial gameand userdefinedmodelsthatallow for customizationof
thegame.



Fig. 1 An examplerenderingof a triangularmesh,a Cessnaair-
plane.

renderederyquickly. This coarseshapenformationis called
the base mesh. Thenincreasingdetail in the modelis trans-
mittedto the client, allowing theclientto progressiely refine
theinitial modelinto the full resolutionmodel.If, for exam-
ple,theobjectisinitially faraway, thenausercannotperceve
thelossof detailin the modelcauseddy renderingthe initial
model. More generally the useris ableto seeand interact
with the coarsemodelimmediately andthusthe delaywhile
themodelis beingrefinedis notasperceptuallydisturbingas
delayin the actionwhile the modelis fully downloaded.n
its basicform, progressie transmissiordoesnot reduce the
amountof datathatneedgo betransmittedbut it ordersthe
datafrom mostimportantto leastimportant. The PM tech-
niguewasnot intendedto be robustto randomlossesoccur
ring in the transmissiorchannel As a result,encodinga 3D
geometryusingthe PM schemeandtransmittingthefile over
alossynetwork suchasthe InternetusingUDP or Multicast
will resultin datathatcannotbe reconstructedhto the orig-
inal form. Previous papershave beenmore concernedwith
the efficiengy of the compressiortechniquethan robustness
to pacletloss.

Various authors[30,39,26] have combinedmeshcom-
pressiontechniqueswith progressie transmissiorto reduce
theamountof datathatneedgo be sent.Typically, thereis a
trade-of betweencompressiormatio andthe fragility of the
compressednesh.For example,if even one paclet is lost
in a highly compressedneshthenthe entire geometrymay
notbereconstructiblérom whatremainsThis fragility man-
dategheuseof areliable transmissioimethod andthe com-
mon protocolfor suchtransmissioris TCR, which is gener
ally errorfree. TCPhasfour disadvantagesn themultimedia
setting:it (1) usesflow control, (2) increasedandwidth,(3)
treatsall lossascongestionand(4) requiredeature-richmul-
ticast.

TCP’s flow control was designedto avoid sendergthat
senddatafasterthanthe applicationat the recever canhan-
dle thedata[34]. In the caseof 3D geometryover wide-area
networks, it is unlikely thatthe sendemwill sendfasterthan
the recever canreceie. However, if the network lateng is
large, the overall throughputwill be decreasedbecausehe
sener doesnot know if thereis ary available spacefor the
receverto receve the next paclet.
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Whenpacletlossoccurs, TCPrequiresretransmissioiof
lost sggments.The retransmissiorincreaseshe numberof
pacletssentoverthelink. If thelosswascausedy conges-
tion, this retransmissioincreaseshe congestiorproblemin
the network.

Many network endpointsare attachedo networks using
wirelessconnectionsTheseconnectionshave advanceder
ror correctionmechanismsyet areunableto catchall errors
that may occur when transmittinga paclet over a wireless
network. Endpointswill noticethesdostpacletsandassume
that congestiorexists in the network. The sendemwill then
halve therateatwhichit sendglata.

In mary collaboratievirtual ervironment427,17],asin-
gle sendersendsgdatato multiple recipientsover the Internet
Multicast Backbong(MBONE) [9]. This techniqueallows a
hostto scalablytransferinformationto multiple recipients.
However, multicasttcommunicatioroftendoesnotsupportre-
liablecommunicatiorbecaus®f thecomplex andprohibitive
costassociatedvith developingsuchtransport.

Oneway to improve the performancef thetransmission
of PMesis to useanunreliableprotocolthatwill notfacethe
samdimitationsdescribedbose. However, alternatvetrans-
missionprotocolssuchasUDP areunacceptablbecaus¢hey
may not deliver all pacletsto the recever. In this paper we
considerdifferentmechanismshat can be usedto transmit
PMesusingunreliablechannels.

In prior work, we demonstratedhat usingan unreliable
channelcanimprove transmissiortimesby asmuchasforty
percentwith a negligible drop in visual quality [12] andwe
investigatedmechanismdgo improve handlingof lost pack-
etsin the PM representatiofjll]. In this work, we add an
additionaltransmissiorschemethat makes use of forward-
error correctionto transmitportionsof the meshandwe per
form analysisof both previous andnew transmissiormeth-
odsacrosswirelessnetworks. We performadditionalanaly-
sesto determinehow much of the performancedegradation
is causedby congestioncontrol in thesenetworks. We find
thatthe useof unreliabledatatransportmechanismsanim-
prove transmissiortimes acrosswide-areanetworks and/or
networkswith wirelesssggmentsanddecreasé¢he variability
of 3D geometrytransmission.

The paperis organizedin the following mannerin Sec-
tion 2, we review prior work in this areaandplaceour work
in context. Section3.1 detailsthe modificationsto the basic
PM schemaeededvhendatalosscanoccur Section3.2dis-
cussesurhybridtransmissiomprotocolandtheforwarderror
correctioncodeswe use.Section4 discusseshe experimen-
tal setupusedto conductour tests,and provides details of
the experimentawve ran. Section5 presentghe resultsof ac-
tual transmissiorexperimentsover a lossy network with an
accompayping analysis.Finally, in Section6 we discussour
findingsandfuturework we intendto investigate.

2 Background

Our work evaluatestwo methodsfor transmitting3-D geo-
metric meshesWe take advantageof the underlyingdatabe-
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ing sentto improve bothtransmissiorandtoleratethe lossof
packetswith aslight degradatiorin geometricquality. In this
sectionwe present brief overview of the bulk transmission
andthe progressie meshrepresentatiornwhich we modify to
addtolerancefor pacletlosses.

2.1 Transfer of Bulk Data

Many papersave exploredhow to reliably senddatathrough
unreliablenetworks[34,19,16,38]. Essentiallytherearetwo
approachesutomatiaepeat-reque$ARQ) andforward-error
correctionIn ARQ, oneaddsadditionalinformationto pack-
etssuchthatthe senderandrecever candeterminaf paclets
have beenlost andthe recever canrequesta retransmission
of ary lost data. The dravbacksof usingan ARQ protocol
arethatit increaseshetime of transmissiorof dataanddoes
not scalefor usein multicasttransmissions.

Recentwork [15,23,25] haslooked at modificationsof
TCPR, acommonARQ protocolusedto reliably transmitdata
over the Internet,to improve the transferof bulk datawith
largetransmissionvindows. In particulat theseschemesnod-
ify TCP’s additive increasemultiplicative decreas¢AIMD)
algorithmto increasethe congestionwindow more aggres-
sively and decreaset lessdrasticallywhen the congestion
window is large. We take a differentapproachwe assume
that somepaclets can be lost and thereforedo not needto
be transmittedIn someways,our work is orthogonalto the
abovework in thattheirtechniquegouldbeaddedo control
thesendrateof our UDP transmittedpaclets.

In forward-errorcorrection(FEC) methodspneaddsre-
dundantinformation to paclets suchthat the receving ap-
plication canreconstructost packetsfrom datacontainedn
otherpacletsthatthis applicationhasalreadyrecevved. The
primary disadwantageof FEC is the addition of redundant
datain thetransmission.

The FEC codesusedin our work arethe Vandermonde-
basedReed-Solomorodeq37]. Byersetal. developedTor-
nadoCoded8], aFECtechniquehatprovidesafasterencod-
ing anddecodingspeedByerset al. appliedTornadoCodes
to enableefficient reliable distribution of bulk data. Their
work differsfrom oursin thatthey employ the sameprotec-
tion of all data,they assumea differentmodel of transmis-
sion, andthey do not useinformation aboutthe underlying
databeingtransmitted.

Multimediatransmissiomesearch32,35] hasconsidered
techniqueghat dynamically adjustthe amountof informa-
tion encodedn the multimediastreamo meetthebandwidth
availablebetweernthesendeandthereceier. In mary cases,
theseschemegannotafford to drop pacletsor useforward-
errorcorrectionmechanismsThis approachdiffersfrom the
transmissiorof 3D geometricinformation that we studyin
this paper Alternative researchin multimediadelivery sys-
temshasexploredthe useof transmissiorover partially or-
deredransporprotocolg13] andtheincreasediseof buffers
for supportingong-livedmultimediastreamg2].

Additionalresearctnasinvestigatedhequestiorof whether
onecanguarante¢hequality of network transmissionsGuar
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Fig. 2 Verte split transformation.

anteedquality hasan obviousandimportantimpacton mesh
transmissionSpecificwork includesintegratedanddifferen-
tiated serviceqg40,7,6] within the Internet. Theseproposals
provide mechanismshat could be usedto control the num-
berof pacletslostin thenetwork. As aresult,theuseof these
mechanismsouldeliminateconcern@aboutlostpaclets.Un-
fortunately deploymentand use of integratedor differenti-
atedserviceds notcurrentlyavailable.

2.2 Progressive Mesh Transmission

The PM schemewas devised by Hoppein [20,22], andwe
have implementedthe basicversionswithout the modifica-
tions of laterwork, e.g.,[21,33]. The PM representatiomf
ameshM is storedasa coarsemeshM° anda sequence
of n detail recordscalled vertex splits. Thesevertex splits
indicatehow to incrementallyrefine M° sothat after the n
vertex splitshave beenprocessedheoriginal meshi/ is re-
covered.In fact,the PM representatiodefinesa sequencef
meshesM©, M1, ..., M™ which provide increasinglyaccu-
rateapproximation®f M.

A vertex splitis a basictransformatiorthataddsa vertex
to the mesh.The basicprogressie meshschemeis imple-
mented but for the purpose®f this paper a vertex split does
notcontainnormal texture,or materialinformation.Thissim-
plificationis conserativein thatthelossof a pacletcontain-
ing only vertex splitswill bemoredamagingo visualfidelity
thana packet containingvertex splitsandadditionalinforma-
tion. Eachvertex split is a 30 byte quantity consistingof a
faceindex, flclw, anindex vs_index (0 < vs_index < 2),
anencodingvlr rot, andtwo vertex positiondeltasyad; and
vads. In our experimentsthesevertex splits arepackedinto
1400 byte paclets. Thus, eachpaclet containsroughly 46
vertex splits.

Figure2 illustratesa PM vertex splittransformationEach
vertex split operationintroducesanew vertex vy andtwo new
faces,asshavn. Thelocationof a vertex split is parameter
izedby v, v;, andv,.. By default, the PM datastructuredoes
not include incidenceinformation in the vertex to face di-
rection. The vertex valuesare determinedhroughthe fields
flcdw, vs_index, andvlr_rot. To determinehevertex being
split (vs), the threeverticesof the face flclw are sortedby
theirindex valuesandstoredinto anorderedist. They arein-
dexedby vs_index. Vertex v; is the next vertex clockwiseon
theface flclw. The vertex v, is determinedoy vir_rot, the
numberof clockwiserotationsaboutv, from v; to v,..



Othertechnique$or meshdecompositionwith anideato-
ward robusttransmissiorexist. A morecomplicatedscheme
involving decomposingmeshinto asetof overlappingellip-
soidsandpoint samplingthe shapehasbeenproposecdy by
Bischof andKobbelt[5]. Chenand Nishita [10] have con-
structeda streamingmeshformat for progressie transmis-
sionwith quality of service(QoS)control. This QoScontrol
gives them advantagesn anticipatingnetwork congestion,
but their transmissiortechniqueis still built upon TCP and
suffersthedravbacksof it. Usingforwarderrorcorrectionfor
compressed progressie meshe$30] hasbeeninvestigatedy
Al-Regib andAltunbasal{1]. Conceptuallythiswork is sim-
ilar to our own. However, Al-Regib andAltunbasakconsider
themeshasbeingdecomposed priori into discretdevelsof
detail.If thebit streamof oneof thesdevelsof detailis lost,
thereis anamountof distortionintroducedinto the rendered
meshcorrespondingdo theselevels of detail. Our method,in
contrastjs moreopportunisticn thatit maylosemoredata,
but renderswhatit canat a finer granularity determinedoy
the amountof datalost. An additionaldifferenceis that we
have testedour methodon a wide areanetwork with simu-
latedbackgroundraffic, whereagheir resultscomeentirely
from simulations.

In the context of progressie transmissionmuch of the
work hasfocusedon methodsfor bettercompressiorof ge-
ometricdataratherthanon robusttransmissiorj39,30,26,3,
18]. Thesetechniquesarecomplementaryo our own, in that
they couldfit within thetechniquegproposedereto achieve
highertransmissiomates.

3 Unreliable Channel Distribution

Carefulmodificationof the PM methoddescribedabove can
make the PM representatiotolerantof lost paclkets.Improv-
ing the robustnessllows the useof unreliabletransmission
mechanismsin this sectionwe discusschangesve madeto
the PM representatioto handleloss.We follow this presen-
tationwith adescriptionof a hybrid transmissiorschemeand
a forward error-correctionschemehat make useof the fact
that pacletlosscanbetoleratedwhenthe receving applica-
tion attemptgo reconstructhe original 3D geometry

3.1 PM Extensions to Handle Loss

Whenthetransmissiorchannelis lossy vertex splitswill be
lost when paclets arelost. As a result,the geometryof the
reconstructednodel canbe corrupted.This corruptionmost
often takes the form of surface self-intersectionj.e., parts
of the surfaceintersectingwith the surfaceitself. The self-
intersectionglestry the manifold propertythatthe surfaces
in the original model have and createvisual artifactsin the
reconstructeanodels,asshowvn in Figure3 (a). This figure
shaws a standard3D modelcalled“the happy Buddhd, the
detailsof which aredescribedn Section5. We now discuss
how lostvertex splitscauseself-intersectionto occurandde-
scribemodificationgto thePM datastructurethatimprovethe
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Fig. 4 lllustration of self-intersection occurrence caused by
vs_indez: (a) when thereis no paclet loss, intermediatevertex
splits changethe threeverticesof face fegs to 65, 96 and 114; (b)
whenpaclets containingthe intermediatevertex splitsarelost, the
threeverticesof face fes remainunchange@s65, 20,45.
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Fig. 5 lllustration of self-intersection occurrence caused by
vlr_rot: (a) whenthereis no paclet loss,intermediatevertex splits
changethe numberof facesarounduv; to 8; (b) when pacletscon-
taining the intermediatevertex splits arelost, the numberof faces
aroundv, remainunchangeét6.

situation.Thesechangego the PM datastructuredo not in-
creaseahesizeof theinformationassociateavith eachvertex
split.

First, in additionto a packet containingonly vertex split
information,eachpaclet containsa 4 byte headetthatstores
the index numberof the first faceof the meshthat will be
introducedby the first vertex split in this paclet. The client
rendereuseghis numberasa“poor man's” errorcorrection,
to givefaceggeneratedby vertex splitsafterlost pacletstheir
index numberin thefull resolutionmesh.Thisprocesss done
sothatfuture splitswhosefaceindex, flclw, referencehese
facescanfind them.This headeiis a monotonicallyincreas-
ing numberandcanalsobe usedto detectout-of-orderpack-
ets.

One causeof self-intersectioris thatthe vs_index field
in a vertex split recordis the relative numericalorder of
the index value of the split vertex v, amongthe threever
ticeson flclw (seeFigure 2). When vertex splits are lost,
the index valuesof the verticeson flclw may becomedif-
ferentfrom what they werewhenthe progressie meshwas
generatedThus,the orderingof the verticesmay be wrong.
This changeof orderingmay causethe PM reconstruction
to find the wrong v, which resultsin geometriccorruption.
For example,in Figure4 (a), without pacletloss,intermedi-
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GV (b)

©

Fig. 3 The Buddhamodelaftertransmissiorover a lossynetwork: (a) no changeto PM data;(b) usingabsolutevs_index; (c) usingboth
absolutevs_index andalteredvlr_rot field. Theblackspotsindicateareasvherethetrianglemeshwascorruptedandthusrendersncorrectly

atevertex splits changethe threeverticesof face fgg to 65,
96 and 114. A subsequentertex split with flclw=66 and
vs_index=1 splits vertex 96 becausats index is the second
smallest Whenthe intermediatesplits arelost, asshavn in
Figure4 (b), thethreeverticesof face fgg remainunchanged
as65, 20, 45. Now vertex 45 hasthe secondsmallestindex
amongtheverticesof fg6. Thesamesplitwith flclw=66and
vs_index=1 thensplits vertex 45 and causeghe facescon-
nectedwith the addedvertex to piercethetopright face.

The PM datadoesnot storehow the threeverticesof a
faceto bereconstructedvereorderedn thevertex list of the
facein the original model. Thereforethe orderingof vertices
in the vertex list of a facein the reconstructednodel may
be differentfrom thatin the original model. This factis part
of the reasonwhy the vs_index wasdefinedasa relative
order of index valueratherthanthe absolute placementbf

v in the vertex list of flclw. To alleviate this problem,a
secondpassover the PM datais madethat replaceseach
relative vs_index with the absolute placementof v_s at
the time of the vertex split. The time the secondpasstakes
is neggligible comparedwith the time to generatethe PM.
When this changeis incorporateda significant number of
self-intersectionsanbeeliminated asshavn in Figure3 (b).

Thevir_rot field in a vertex split recordcanalsocause
self-intersectiongo occur The vir_rot field, as originally
defined,is the numberof clockwiserotationsfrom v; to v,
aboutv,. Whenvertex splitsarelost, the numberof rotations
from v; to v, maybedifferentfrom whatit wasin its original
contet, or v, may not exist at all. This differencecancause
thereconstructiorprogramto pick thewronguw,., resultingin
geometriccorruptionasshavn in Figure5b. To helptherecon-
structionprogramdetectthis casewithout changingthe size



Hausdorff Distance vs. Number of Faces in a PM Approximation
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Fig. 6 TheHausdorf distanceof the Cessnanodelfor differentPM
approximationdy numberof facesn themodel.

of thePM datastructurewe modify thewvlr_rot field. Instead
of using 16 bits for the vir_rot field, we use8 bits, anduse
the remaining8 bits to encodea quantity called cycle_size.

The cycle_size field storesthe total numberof facesaround
vs. Thereconstructiorprogramchecksthe cycle_size atrun

time anddiscardssplitswhosecycle_size donotmatchthose
in the partially reconstructedneshesWhen this changeis

incorporated more self-intersectionscan be eliminated,as
showvnin Figure3 (c).

3.2 Transmission Schemes

The progressie meshformatcreatesanalternatve represen-
tation of the 3D geometry Onesignificantadvantageof this
representatiors thatsomepacletscontainingmeshdataare
more importantthan other paclets. An exampleof this dif-
ferencein packet priority appearsin Figure 6. This figure
compareghe Hausdorf distance[24] betweenthe original
3D model and a model derived by performinga subsetof
the vertex splits on the basemodel. We calculatethe surface
deviation using the algorithmdescribedn Aspertet al. [4].
Notice in the graphthatthe initial splits provide significant
improvementsn the Hausdorf metric, while later splits pro-
vide decreasingpenefits.

3.2.1 Hybrid Transmission  Our hybrid techniqudeverages
the inherentdifferencesn the effect that vertex splits have

on the resultingvisual accurag of the reconstructednesh.
Thus,in this schemewe begin by transmittingdatausingthe

TCP protocol.Part-way throughthe transmissionthe hybrid

senderclosesthe TCP connectiorandtransmitsthe remain-
ing datausingUDP. The sendercanthusreliably transferthe

basemeshandsomeof theinitial splitsandthenusea more

aggressie techniqueto transferlessimportantsplits.

TCP controlsthe rate that paclets are sentto maintain
flow controlandminimize congestionAs aresult, TCPdoes
not provide the end-usercontrol of the sendingrate. When
we considerusing UDP for transmissionof data,the end-
userhassignificantinfluenceover the sendrate. Therefore,
ourapplicationmustcarefullyselecthesendrate.If thesend
rateexceedghe capacityof thechannelwe will increasehe
numberof pacletslost. However, if we decreas¢hesendrate,
we will notloseary pacletshbut the transferof information
will take muchlongerthana TCP connectiormighttake. We
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experimentallydetermineUDP sendratesto usein applica-
tions.

An issueof concernin implementingthis ideais thatthe
sendercanbeggin sendingUDP datato the recever while the
recever is still readingdatafrom the TCP connection.This
behaior causesa problemsincethe initial datawill fill up
the operatingsystems buffer for incomingnetwork dataand
startdroppingUDP pacletsthatarrive. Thereforejn the hy-
brid protocol the senderwaits for the recever to closethe
connectiorbeforeit startsto sendthe UDP data.This delay
guaranteeshatthe underlyingTCP stackwill have success-
fully transmittecall data.

3.2.2 FEC Transmission Initial experimentakxperiencewith
the hybrid transmissiorschemeandicatedthateventransmit-
ting the basemodel of the meshusing TCP createssignifi-
cantdelaysandvariability in modeltransmissiorduring net-
work congestionAn alternatveis to sendthe entiregeomet-
ric modelusing only UDP. However, this alternatve alone
wouldbedisastrousvhentransmittingoveranunreliablechan-
nelbecaus¢helossof ary pacletsin thebasemeshresultsin
aninability to reconstructhemesh.To remedythisdravback
we useforward-errorcorrection(FEC) to encoderedundant
informationinto thetransmissiorof someof the pacletssent
to the destination.

We split the datato be sentinto two segments.The first
segmentconsistsof the basemeshof the PM representation
of themodelbeingsentplusa percentagef thevertex splits,
andthesecondonsistof theremainingvertex splits. We use
FEC codesto transmitthe first sggmentof the data.Specifi-
cally, we usean erasurecodebasedon Vandermondenatri-
ces[37]. The encodingallows us to encodek pacletsasn
paclketswheren > k. As long aswe receve at leastk of the
n encodedpaclkets, we canreconstructhe initial datasent.
Importantly in the encodingthatwe use,thefirst & of then
encodegacletsareidenticalto theoriginal data.Thismeans
thatevenif we receve lessthank paclets,we canstill re-
constructsomeof the pacletssent,but will have lost some
information.

In our prototypeapplication,we mustdecideon the val-
uesof k andn to usein the transmissiorof protecteddata.
We couldsetk equalto thesizeof thebasemeshplusall pro-
tectedvertex splits. However, this would requirethe solution
of a large matrix equationbeforesendingthe data.This ma-
trix solutionwould add significantlyto the time to transmit
andin mary multimediaapplicationsit would be unreason-
ableto assumave could precomputeéhesevalues.Therefore,
we chosek to be sixteenpaclets.We experimentallydeter
mined the amountof protection,the value of n, neededto
reliably transmitthe & original datapaclets.For our experi-
ments,we assumehatwe canusea priori measurement®
determinethe necessaryrotectionrequiredto transmitthe
mesh.Thisis areasonablassumptioror wirelessnetworks.
Losscharacteristicfor a wirelessnetwork will remaincon-
stantas long as wirelessrecevers and transmittersdo not
moveto new locations A priori measurement@reunreason-
ablefor WANSs, which have fluctuatingperformanceWe will
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considerbettermethodsto determinen for WANSs in future
researchAlthoughit is unreasonabléo assumean applica-
tion could usethis mechanismo determinen, our results
canbeusedto determinevhether-ECtransmissiorschemes
have the potentialto improve the performanceof the bulk
transmissiorof 3D geometry

Similar to the hybrid transmissiorschemethe applica-
tion hascontrolover how fastto sendinformationusingUDP.
The UDP sendrate affects the numberof droppedpaclets,
becauséhighertransmissiorspeedsncreasethe congestion
on the network. A fastersendrate will thereforerequirea
largervalueof n to guaranteenoughpaclketsarerecevedto
reconstructhe sentsetof k paclets.

4 Experimental Design

This sectiondescribeghe designof an experimentakestbed

‘ PSnd‘ ‘ NSnd ‘ ‘ NRcw

w ]

e

‘ PRcv ‘ NRcv ‘ NSnct‘

Fig. 7 Configurationof Machinesin the Testbed.

As shavn in Figure7, PSnd,NSnd andNRcv, arecon-
nectedwith SW;. PRcvy NRcv; and NSnd, are connected

with SW,. ThebridgeroutespacletshetweerSW, andSW.

to exploretheuseof TCPandseveralhybridprotocol TCP/UDP), 5 gmulated WAN

to transmit3D geometrief two differentmodelsacrossa
congestedhetwork. We usea network testbedthat allows us

to simulatethenetwork behavior of congestedinks. Thetestbed The setupdescribedabore simulatesa WAN. The WAN is

consistsof a bridgemachineandfour hostsusedto generate
backgrounchoisetraffic acrosghebridge.

4.1 Testbed Setup

Figure7 shavsthesetupof ourtestbedOurtestervironment
consistof two usemachinegPSnd PRcv),four background
load machinegNSnd,, NRcv;, NSnd;, NRcv,), onebridge
maching(BRG) andtwo 100 Mbps switches(SW;, SW,).

| Processor | Memory | OS
PSnd,PRcv 800MHz AMD? 256 MB | Redhat7.3
NSnd, NRcv; | 800MHz AMD 256MB | Redhat7.3
NSnd:, NRcvw, | 800MHz AMD 256 MB | Redhat7.1
BRG 1 GHzPentiumlll | 512MB | FreeBSD4.3

Table1 Specificationgor machinesisedin experiments.

The bridge runs the FreeBSDoperatingsystemand its
kernelis compiledwith optionsBridge,DummynetHZ=1000,
and NMBCLUSTERS=10,000The Bridge and Dummynet
optionsallow the use of this machineto simulatea WAN
characteristic$or packetssentbetweenSW; andSW,. The
HZ optionimprovestheresolutionof the operatingsystems
timer. TheNMBCLUSTERSoptionis setto preventthe ker-
nelfrom runningout of mbuf clusters.

The Linux TCP sendandreceve buffersareinitially al-
located16 KB and85 KB of spacerespectiely. During the
courseof transmissionthe Linux kernel automaticallyad-
juststhe sendbuffer sizebetweera minimumof 4 KB anda
maximumof 128 KB, andthe receve buffer sizebetweerd
KB and170KB, basednactualneeds.

1 AMD/Duron Processor

simulatedsinceit providesan ervironmentin which repeat-
ableexperimentscanbe conductedIf our experimentswere
conductedveratruewide-areanetwork, two differentexper
imentscould have significantly differentamountsof paclet
loss and queuingdelays.An alternative approachwould be
to usea modelto analytically evaluatethe performanceof
differenttransmissiormethods.The analytic techniquesuf-
fersfrom the disadantagethatmary network modelsfail to
adequatelycapturethe underlyingcharacteristicef real net-
worksandtheinteractionsof complex protocolssuchasTCP.

Dummynet[36] providesa standardmplementatiorfor
simulatingWANSs. It allows usersto createpipesof commu-
nicationwith specifiedbandwidthlimits andpropagatiorde-
lays. Thesepipesaredefinedoy matchingheadeinformation
suchassourceanddestinationP addresses.

In all experiments Dummynetlimits the bandwidthand
adds propagationdelaysto paclets sentbetweenswitches
SW; andSW,. Specifically we createtwo pipes,eachwith
a bandwidthlimit of 50Mbpsand a 25ms propagationde-
lay. The traffic from PSnd,NSnd, and NRcv, sharesone
pipe andthetraffic from PRcy NRcv; andNSnd, shareshe
other Two pipesarenecessaryo simulatethe out-boundand
in-boundbandwidthbetweenthe senderandrecever. If the
noisegenerateds not greaterthanthe channekapacity then
pacletswill not be lost on the simulatednetwork. In other
words,acongestedetwork requireamoredatato besentthan
thereis channekapacityavailable.

Our simulatedWAN exhibited someof the samebeha-
iors asactualWANSs. In particular by creatinga bridgewith
a limited bandwidth,it simulatesa bottle-neckrouteron the
Internet.We obsened periodsof burstsperiodswheremulti-
ple pacletswerelostin arow similarto thebehaior of actual
WANSs. The propagatiordelaysusedin our simulationwere
derived from network propagationtimes sampledfrom the
Internet.



4.3 Smulated Wreless Network

Wirelessnetworkstransmitpacketsusingradiosignals These
signalsarevulnerableto noiseandothererrorsin transmis-
sionthatmaycausepacletloss.Typical pacleterrorratesare
2-3%[28] in awirelessLAN.

We experimentallyverifiedthelossratesfoundby Nguyen[28]

by usinga wirelesscomputerandsendingpacletsevery sec-
ondto measurghe lossrate.Distancefrom the basestation
andtopologyof the building hadeffectson thelossrate.We
saw lossratesfrom 1-5%.

We simulatedawirelessnetwork by usingDummynetand
settingthe bandwidthand percentagdossrate for the link.
This resultsin randomlossesratherthanthe burstsof losses
createdwhen the wide-areanetwork was simulated.There
wasno cross-trafic whenrunningexperimentonasimulated
wirelessnetwork.

4.4 Background Load

Thebackgroundoadgeneratoconsistof two UDP compo-
nents,a senderanda recever. The backgroundoad genera-
tor simulateghenetwork characteristicsf alargenumberof
externalapplicationscommunicatingverasharediatalink.
Previousresearclnasestablishedhatthetime betweempack-
etsarriving ataroutermatches Paretodistribution [31]. This
distribution is heavy-tailed, in that mostof the inter-arrival
timesaresmallbut thereareperiodsof significantdelay The
Pareto distribution createsself-similar behaior in the net-
work, i.e., therearetime scaleindependenburstsof paclet
activity.

Eachof the two pairsof backgroundoad machineshas
a noisesenderand a noiserecever. The noisesendersends
UDP paclets of size 1400 bytesto the the noiserecever,
sleepingor arandomamountof time beforesendinghenext
paclket. The randomtime it waits follows a Paretodistribu-
tion, which favors shorterwait times. This effect causeghe
pacletsto have a higherprobability of being sentin bursts
thanevenly spaced.

5 Experimental Results

The network testbeddescribedn the previous sectionpro-
vided a platform that can evaluatethe performanceof 3D
geometricmodeltransmissionWhile consideringPM trans-
missionwe focusedon several questionsaboutthe different
schemes:

1. Whatis thelateng costof transmission?

2. DoesTCPtransmissiofincreasahevariability of thetime
requiredto transmita dataset?

3. How much additionalbandwidthis requiredto transmit
the meshwith differentschemes?

4. Is TCPcongestioroneof the primarylimitations of TCP
transmission?

Z. Chenetal.

vs. Channel Capacity with UDP send rate = 11777 M

Fig. 8 Theaveragdime of transmissiomf theBuddhamodelversus
noisein thechannefor the hybrid transmissiorscheme.

5. Whenpacletlossoccursandsomedatais lost, haw well
doesthereconstructiormatchthe original mesh?
. Do thetransmissiorschemespplyto differentmeshes?
7. Do the transmissiorschemegerformsimilarly in wire-
lesservironments?

(o]

In therestof this sectionwe will answerthesequestions.

We reportresultsfor two models,the “happy Buddha”
and a model of a Cessnaairplane.The Buddhamodel con-
tains1.08Mfacesn its full modeland1998facesn its base
mesh.The Cessnanodelhas13546facesand338in its base
mesh.Experimentsinvolving the Buddhamodel consistof
six runsof theexperiment Experimentsnvolving the Cessna
modelconsistof tenrunsof the experiment.The resultsare
discussedn termsof the averagevaluesacrossa setof runs.
Someexperimentgimed out, i.e., they did not complete so
the averageis the averageof the experimentghatcompleted
in under200 secondsln the experimentswe measurethe
time takento transmitthe progressie mesh the actualnum-
ber of vertex splitsreceved by the recever, andthe number
of facesin the final meshreconstructedby the recevver. The
numberof facedssimportantbecaussomeof thevertex splits
thatarrive maybe unusablébecausef a previously dropped
paclet. We alsocomputethe Hausdorf distancerom there-
constructedanesheso theoriginalfull mesh Finally, thesuite
of experimentsvasrunusingdifferentsendratesfor the UDP
portion of the modeltransmission.

5.1 Performance of Transmission Schemes

Theprimarymethodto measurgerformancdor meshtrans-
missionin a multimediasystemis thetime to transferthe ge-
ometricmodel.If too muchtime is required,the application
will nothavethemodelsuficiently soonenoughto renderthe
modelwhenneededIn this section,we evaluatethe hybrid
andFEC schemesindcontrasthemwith the performancef
aTCPtransmission.

Figure8 shovs thesemeasurement®r the hybrid trans-
missionschemeThe graphdisplaysresultswhen TCP was
usedto transferthe basemeshand0, 12.5,25,50,and100%
of the vertex splits. In thesefigures,the UDP sendratewas
11.777Mbps.This sendratewaschoserbecausé providesa
goodtrade-of betweerperformancandvisualquality of the
final mesh.Obsene thatthelinesin the graphhave different
lengths,becaussomeexperimentrunsat a givennoiselevel
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may have timed out. The importantresultin Figure8 is that
using TCP solelyto transmitthe Buddhamodeltakeslonger
thanthe hybrid transmissiorschemesMoreover, asthe per
centageof pacletssentby TCP decreaseghe transmission
time improvesfor all givenlevelsof noise.

The time of transmissiorfor the 0% TCP fluctuatessig-
nificantly whenthe backgroundchoiseapplicationsconsume
morethan110%of thecapacity Only a singlerun completed
at 100%noise,whichis why thatvalueis noticeablyoutside
thecurve. Thefluctuationis causecentirelyby thebasemesh
that was sentvia TCR This resultshouldnot be surprising
becausexperimentgd29] have foundthatwhenlossratesex-
ceed10% TCP communicatiommay incur significantdelays
andmayfail.

Using TCPtakeslongerbecausef flow control,increased
useof bandwidth,andcongestiorcontrol. Thelongerlateng
betweersendeandrecever combinedwith the64 KB maxi-
mumreceizewindow placesamaximumon achiezedthrough-
put. In this case the theoreticalimit is 10.486Mbps, which
meansthe fastestthe Buddhamodel can be transmittedis
12.476secondsTCP’s reliability meandost pacletswill re-
quireretransmissioby TCPthatwill increaseahetotalamount
of datatransmittedover the link. Congestioncontrol might
alsoplayalimiting factorin performanceHowever, typically
congestiorcontrolis consideredh usefulattribute sothatthe
congestedink doesnotsuffer congestiorcollapse.

5.2 Variability of Transmission

Of particularconcernin interactive and multimediaapplica-
tionsis how muchijitter, or variance,occursin transmission
times.Thelower thevariance the moreaccuratelythe appli-
cationcanpredictat whattime the full modelwill be avail-
able.In this section,we considerthe distribution of running
timesfor thehybridandTCPtransmissiorof geometrianod-
els.

Table 2 provides information aboutthe mean,standard
deviation, minimum, maximum, and medianof 10 experi-
mentalruns, usingthe samenoiseand sendratesasin Sec-
tion 5.1.In this setof experimentswe waitedfor completion
of all transmissionsOur resultsshav thatthereis significant
variability in just transmittingthe basemesh.However, the
UDP portion of the transmissioroccurswith low variability,
whichis to beexpectedsincetheonly changen transmission
timesbetweerpacketswill befrom queuingdelays.Further
more,if a pacletis delayedit will not affect whenthe next
pacletis sent.

5.3 FEC Performance

Using TCP to transmitthe basemeshcan be a significant
componenbf thetransmissioriime asshown in the previous
section.This variability led usto explore the FEC transmis-
sionschemehateliminatesTCP entirely.

Time (s)

B 0 95 w0 05 10 15 10 1% I
Average Channel Capacity Used by Noise (expressed as % of total)

Fig. 9 Theaveragdime of transmissiomf theBuddhamodelversus
noisein the channefor the FECtransmissiorscheme.

“Total Bytes Sent by TCP and UDP (as % of bytes in mesh)

0 £l 3 o
Average Channel Capacity Used by Noise of total)

Fig. 10 Total bytessentby TCP versusnoisein the channel Note
that the numberof bytessentby TCP increasessit mustresend
datadueto lost paclets.

Figure 9 shaws the time to transferthe Buddhamodel
using the FEC scheme.The graphdisplayslines for vary-
ing percentagesf the modelprotectedusingFEC. The send
ratewas 11.777Mbps for all runs. The importantresult of
this experimentis thatfor high noiselevelsthe FEC scheme
significantly decreaseshe time to sendthe Buddhamodel
ascomparedo full TCP or the hybrid transmissiorscheme
(compareFigure8). Furthermoreall experimentafunscom-
pletedwithin 200 secondsvhenusingthe FEC schemeThe
time to transmitthe Buddhamodelincreasesasthe capacity
of the network usedby noiseincreasedecauseave areusing
more packetsto provide protectionfrom paclet loss. How-
ever, the benefitsprovided by the FEC transmissiorscheme
comeatthe costof additionalbandwidthrequiredto sendthe
full mesh.In the next sectionwe considerthe amountof ad-
ditional bandwidthrequiredfor transmission.

5.4 Bandwidth Overhead

Transmittingthe meshrequiresmorebandwidththanthe ac-
tual size of the mesh.The additionalbandwidthis required
for IP headersTCP or UDP headersandapplicationhead-
ers.Reliableprotocolsuseadditionalbandwidthfor retrans-
missionsof lost dataandacknavledgmentsof whendataar
rived. Figure 10 contraststhe overheadof transmittingthe
meshwith TCPversughehybridtransmissiorschemavhere
noneof the vertex splits aresentvia TCP. As the bottleneck
link becomescongestedTCP incurs increasingoverheads,
mostly causedby lost paclet retransmissionsThis resultis
not surprising,but senesto reinforcethe point thatalternate
forms of robustnesshouldbe considered.
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ExperimenfType Mean Std.Dev. Min Max Median
Full TCPtime (s) 642.7591| 33.3770 | 591.9140| 692.3270| 636.9105
0% TCPR, TCPtime (s) 9.4525 13.8711 0.7151 39.1077 2.7756
0% TCP, UDPtime(s) | 11.3319 | 0.0014 11.3300 | 11.3349 | 11.3317

Table 2 Variability of transmissiortimes.The noiselevel wasat 104.6%o0f channekapacity

Total Bytes Sent by FEC for different UDP Send Rates (as % of bytes in mesh)

mesh

Number of Bytes (MB) as a % of byes in

0 %0 00 ) 20 0
Average Channel Capacity Used by Noise (expressed as % of total)

Fig. 11 Total bytessentby the FEC transmissionschemeversus
noisein the channel.Overheadis causedby additionalprotection
includedin the FEC.

Comparison of Transmission Speed With and Without C

sion Speed (Mbis)

Transmiss

0 5 ® 7
Percent (%) Packet Loss Rate

Fig. 12 Effective averagesendspeecbeforeandafterkernelmodi-
ficationsareappliedto remove congestiorcontrolfrom TCP.

Figure 11 shows the overheadof the FEC transmission
schemeln particular we shav theworstcasewherel00%of
the vertex splitsaretransmittedwith FEC protection.In this
case,protectionrequiressignificantly more bandwidththan
the TCPor hybrid schemesHowever, if only 25%o0f thever-
tex splits are protectedwith a FEC,the overheads reduced
to 121.75% approximatelythe sameasthe TCP overheadf
122.38%(at105%link capacitywith 11.777MbpsUDP send
rate).

5.5 Considering Congestion

Oneof our concerngegardingthe hybrid and FEC schemes
washow muchof theimprovemenin transmissiorspeedvas
dueto alack of congestiorcontrol. Congestiorcontrolis an
importantcomponenibf the TCP protocol that ensureghat
multiple TCP flows will sharebandwidthover a congested
link in afair manner

We evaluatedthe effects of congestioncontrol by mod-
ifying the Linux kernel's TCP stack.We modified the ker-
nel to remove the congestiorwindow constrainton whether
a paclet could be sent.We thenuseDummynetto introduce
paclet loss and measuredhe throughputwith and without
congestiortontrol. Dummynetalsoaddeda 25 msdelay Fig-

e ot g ety o et ey
Fig. 13 The numberof facesof the Buddhamodelreceved versus
channekapacityfor the hybrid transmissiorscheme.

ure 12 shaws the resultsof this experiment.The graphin-
dicatesthat disablingcongestiorcontrol doesprovide some
improvemenin thetransmissiorspeedvhenpacletsarelost.
However, regardles®f whethercongestions enabledhecurves
resemblezachother Thus,congestiorcontrolis not the pri-
mary causeof the decreasen performanceFlow control’s
limit on performanceshouldnotbeaffectedby pacletlosson
thenetwork. Thereforewe believe thatthe costof retransmit-
ting pacletsthathave beenlostsignificantlycontributeto the
performancealegradatiorof TCP over congestechetworks.

5.6 Visual Accuracy of Unreliable Transmission

The previous experimentsconsideredime andbandwidthas
the measuref performance However, we could achiese
low transmissiortimes and low bandwidthif nothing was
sent. For our application,a transmissionschemethat may
lose pacletsmusttrade-of performancdor visualaccurag.

In this section,we considerthe visual quality of the Buddha
modelwhentransmittedusingthe hybrid andFEC schemes.

Figures13 illustratesthis trade-of. The figure plots the
numberof receivedfacesin the reconstructednodelfor dif-
ferentpercentagesf TCPtransmissionObsenethatfull TCP
reconstructsll facesbecausét is areliableprotocol. Whena
portion of the paclketsare sentusing UDP, significantpaclet
losscanoccur, andthis lossbecomesvorseasthe noisein-
creasesWhen a paclet is lost, all splits describedin that
paclet arelost. Also splitsthataretransmittedater may de-
pendon the lost split andthereforeend up beingdiscarded.
StartingtheUDPtransmissiorearlierwill resultin fewerfaces
reconstructed.

Figure 14 shaws the visual quality of the FEC transmis-
sion schemeTheresultsaresimilar to the resultsof the hy-
brid transmissioschemdrecausenostpacketssentwith FEC
protectionwill bein the reconstructionTherefore Josswill
only occurfor unprotecteghaclets.In Figurel4, moreresults
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Fig. 15 The Buddhamodel after transmissiorover a lossy network: (a) the full modelas sentby TCP; (b) model receved when 50%
transmittecby TCP; (c) modelwhen25%sentby TCP; (d) modelwhen12.5%sentby TCP;(e) modelwhenfully sentvia UDP.

Average Number of Faces in Received Model vs. Channel Capacily for UDP send rate = 11.7
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1ge Channel Capacity Used by Noise (expressed as % of total)

Fig. 14 The numberof facesof the Buddhamodelreceved versus
channekapacityfor the FEC transmissiorscheme.

areavailablebecaus¢he FEC schemealoesnothavethe TCP
time-outproblemduringthe experimentakuns.

All facesn theBuddhamodeldo nothave anequaleffect
on the userperceved quality of the output. Any considera-

tion of visualquality mustevaluatethevisualrepresentations.

Figure15 shavsthevisualdegradationin the Buddhamodel
for the hybrid transmissiorscheme Thesefigureswere ob-
tainedby transmittingacrossthe network testbedwhenthe
crosstalknoiseapplicationconsume®8.9% of the channel
capacityon average(UDP sendratewas11.777Mbps).Only
the transmissiorof the modelwith 0% of the splits sentby
TCP appeardlawed, thereforeusing 12.5%would transmit
anacceptablenodelyetrequireonly 28.089secondsnstead
of thefull 142.941secondsequiredto sendusingTCP. Sim-
ilar resultswould be foundif we looked at the resultsfor the

FEC transmissiorschemesince both schemesave similar
numbersf facesn thereconstruction.

How importantis the lossy transmissionof data using
TCP?Figure 16 comparegransmittingonly the first 12.5%
of vertex splitsreliably, shovnin Figure16 (b), with thesitu-
ationwherethelast87.5%o0f vertex splitshave beensentus-
ing UDP, showvn in Figure16 (c). Using UDP to transmitthe
remainingvertex splitsimprovesthe detail of the meshsig-
nificantly. However, the lossof paclketsmeanshatonedoes
notreceve asmuchdetailastheoriginalmesh shavnin Fig-
urel6(a).

5.7 Different Geometric Models

This experimentaddressewhetherthe transmissiorscheme
performssimilarly for differentgeometricmodels.We con-

siderthe Cessnanodel,which hasfewer facesasa contrast.
TheCessnanodelshouldtake significantlylesstimeto trans-
mit. Whenusinglossytransmissiorschemeslossmay have

amoresignificanteffect onthevisualresults.

Figure 17 shows the averagetransmissiortime for the
Cessnamodelwhen using the hybrid transmissiorscheme.
Figure 18 shaws the numberof facesin the reconstructed
modelfor the sameexperiment.Theseresultsare similar to
the resultsfound for the Buddhamodel. However, thereis
considerablymore variancein the results. This varianceis
largely dueto the significantlysmallernumberof TCP pack-
etstransmittedpecausehe Cessnanodelis roughlytwo or-
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Fig. 16 Close-upwireframeview of the Buddhamodel: (a) the full modelas sentby TCP; (b) model reconstructedafter receving the
beginning 12.5%o0f the vertex splitsby TCP;(c) modelreconstructedftertherest87.5%of the splitsaresentby UDP.

Average Time of Transmission vs. Channel Capacity with UDP send rate = 11.777 M
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Fig. 17 Theaveragetime of transmissiorof the Cessnanodelver-
susnoisein the channefor the hybrid transmissiorscheme.

Average Number of Faces in Received Model vs. Channel Capacily for UDP send rate = 11.7
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Fig. 18 The numberof facesreceved of the Cessnanodelversus
channekapacityfor the hybrid transmissiorscheme.

dersof magnitudesmallerthanthe Buddhamodel.As a re-
sult, the basemeshfor the Cessnamodel only consistsof
threeor four paclets. Therefore,if the initial SYN? request
is lost, the resultscanbe significantly skewed. This skewing
occursbecauséhe Linux TCP implementationsignificantly
increaseshepaclkettime-outvalueif oneof theSYN paclets
is lost. Thus,whenan additionalpaclet is lost during trans-
mission,a long time-out occurs(on the order of five to fif-
teenseconds}hat significantly affectsthe results.If theini-
tial packetis notlost, thetime-outwill only beontheorderof
400ms.Notethatwe do not countthe connectiorsetuptime
in our results;therefore our resultsdo not includethe SYN
time-outs.

2 TCP usesthe SYN pacletsto initiate a requestusinga three-
way handshad.

Average Time of Transmission vs. Channel Capacity with UDP send rate = 11.777 M
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Fig. 19 Theaveragetime of transmissiorof the Cessnanodelver-
susnoisein the channefor the FECtransmissiorscheme.

Average Number of Faces in Received Model vs. Channel Capacily for UDP send rate = 11.7
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Fig. 20 The numberof facesreceved of the Cessnanodelversus
channekapacityfor the FECtransmissiorscheme.

The resultsfor the FEC transmissiorschemeappearin
Figure19and20. Thesignificantdifferenceds thatsinceTCP
is not usedin this situation, the initial fluctuationand in-
creasedransmissiortime do not occut The numberof re-
constructedacesds similarto thatfor thehybridtransmission
scheme.

5.8 Wireless: Visual Accuracy

Sinceweervisionedusingthetransmissioschemeslescribed
in this paperfor a variety of networkedtopologieswe need
to considethow alternative network conditionswill affectthe
transmissiorschemesin this section,we configuredthe ex-
perimentaltestbedo behave similar to wirelessnetworks. In
particular the round-triptime betweensenderand recever
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Fig. 21 The averagetime of wirelesstransmissiorof the Buddha

model versusthe set paclet loss rate for the hybrid transmission
schemeThe UDP sendratewas10.098Mbps.
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Fig. 22 The averagetime of wirelesstransmissiorof the Buddha
model versusthe set paclet loss rate for the hybrid transmission
schemeThe UDP sendratewas10.098Mbps.

will besignificantlydecreasedandinsteadof pacletlossoc-
curringin burstsit will be uniformly distributed.

Thedifferencein lossdistributionsmay causesignificant
differencesn theability to reconstructhemeshWefirst con-
siderthevisualquality of thereconstructetheshesvhensent
over the emulatedwirelessnetwork. Theseexperimentsare
run without network crosstalkwith an assumptiorthat the
bandwidthsupportedy the network is 11.000Mbps.

Figure 21 shaws resultswhenusingthe hybrid transmis-
sionschemesWe usea sendrate of 10.098Mbps, which is
92%o0f theavailablebandwidthoverthewirelesdink. There-
sultsaresimilarto thosefor wide areanetworks,with slightly
greaterfacesreconstructedAs long as12.5%or moreof the
vertex splitsaresentvia TCR, a visually accuratemodelcan
bereconstructedThevisualquality for the FECtransmission
schemas similar becaus¢hesamenumberof pacletswill be
unprotectedrom pacletloss.

5.9 Wireless: Performance

In this experiment,we evaluatedthe performanceas mea-
suredin thetime to transmitthe Buddhamodelover a wire-
lessnetwork. The sameparametersvereusedin this experi-
mentasin theprevioussection Figure22 shavsthetransmis-
siontime for the hybrid transmissiorschemewhen0, 12.5,
25, 50, and 100% of the vertex splits are sentvia TCP If
thelossrateis below 2% of paclets,thenTCP outperforms
the hybrid transmissiorschemebecausét usesall the avail-
able bandwidthon the wirelessnetwork. As lossincreases,
TCPtakesincreasinglylongerto transmitthe modelandus-

o015 % oo 005
Average Channel Capacity Used by Noise (expressed as % of otal)

Fig. 23 The averagetime of wirelesstransmissiorof the Buddha
model versusthe set paclet loss rate for the FEC transmission
schemeThe UDP sendratewas10.098Mbps.

ing UDP to transmitsomeof the vertex splits canreducethe
transmissionime.

Theresultsfor the FEC schemeappeaiin Figure23. As
the paclet lossrateincreasesinore protectionis neededor
eachpaclet, which increaseshetime requiredto receie the
model.

6 Conclusions and Future Work

This paperassessetivo methodsor handlingthe transferof
3D geometryacrosswide areaand wirelessnetworks. Hy-
brid andFEC mechanismganimprove transmissiorperfor
mancewhentransmittinggeometryoverlossychannelsThis
improvementin performancecomesat the costof lost pack-
ets.The progressie meshrepresentatioallowed usto mini-
mizethevisualimpactwhenpacletsarelost, althoughsome
surfacecorruptionis visible.

We presentedesultsfrom experimentshatcompareand
contrastusingTCPR ahybridtransmissiorschemeanda FEC
transmissiorschemeo transmit3D geometryWe foundthat
reducingthe amountof datatransmittedoy TCP cansignif-
icantly reducetransmissiortime andvariability. Using FEC
requiressignificantlymoreoverheadhanTCPto transmitthe
meshin the worst casewherewe encodethe entire mesh.
Protectingonly a portion of the meshwith FECtransmission
reduceghe overheadsso that the bandwidthusedis similar
to TCP A concernis thatusing UDP eliminatescongestion
control. We found that TCP beharespoorly evenwhencon-
gestioncontrolis disabled We alsoinvestigatedvhetherthe
techniguewasgenerallyapplicableandfound similar results
whenusedwith differentmodelsandin differentnetwork sit-
uations.In futurework, we will look into deploying the UDP
transmissiomwith supportfor the DatagranCongestiorCon-
trol Protocol.

The FECandhybrid transmissiorschemepresentedise
the progressie meshschemeand do not optimize for the
paclet groupingthat occurswhentransmittingusing TCP or
UDP As aresult,theschemegresentedheredo not provide
the optimal leastnumberof vertex splits discardeddueto a
lossof a paclet.

Another limitation of theseschemess the requirement
that the applicationselectthe transmissionspeed.This re-
quireshand-tunindor differentervironmentsThehand-tuning
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should selectan appropriateUDP sendrate relative to the
available bandwidth.Futurework will look at waysto de-
terminethe properUDP sendrate.

Thereremainseveral openquestionsand challengedor
future work. One potentialproblemof the hybrid and FEC
transmissiorschemess that UDP is usedto transfera por-
tion of the geometricmodel.Using UDP avoids the conges-
tion controlprovidedby TCP. Extendingthe hybrid andFEC
transmissiormechanismgo handlecongestionwould be a
valuableenhancementThe work in this paperdoesnot at-
temptto determinewhetherthe causeof paclet lossis con-
gestionin abottlenecknetwork link or betweerawirelessde-
vice anda wirelessaccesgoint. An additionalmodification
of thealgorithmis to incorporatefeedbackirom the recever
to conditionallyresendpacletsthat will force the algorithm
to discardfuture pacletsthat will be sent,or even alterna-
tively, avoid sendinghesepacletsthatwill bediscardedany-
ways.

References

1. Al-Regib, G. andY. Altunbasak:2002,'An unequalerror pro-
tection methodfor paclet loss resilient 3-D Mesh Transmis-
sion’. In: Proceedings of INFOCOM 2002.

2. Allen, A. D.: 2001,'Optimal Delivery of Multi-Media Content
over Networks’. In: Ninth ACM Multimedia Conference. Ot-
tawa, Ontario,Canadapp. 79-88.

3. Alliez, P.andM. Desbhrun2001,'Progressie Compressiofiior
LosslessTransmissiorof TriangleMeshes'.In: Proceedings of
ACM SIGGRAPH 2001. pp.195-202.

4. Aspert,N., D. Santa-Cruzand T. Ebrahimi: 2002, ‘MESH:
MeasuringErrors Betweensurfacesusing the hausdorff dis-
tance’. In: Proceedings of the IEEE International Con-
ference in Multimedia and Expo (ICME). pp. 705-708.
http://mesh.epfl.ch.

5. Bischof, S. andL. Kobbelt: 2002, ‘Streaming3D Geometry
over LossyCommunicationChannels’.In: Proceedings of the
IEEE International Conference on Multimedia and Expo.

6. Blake,S.,D. L. Black, M. A. CarlsonE. Davies,Z. Wang,and
W. Weiss:1998,‘An Architecturefor DifferentiatedServices'.
Requestor CommentsRFC2475.

7. Braden,R., D. Clark, and S. Shenler: 1994, ‘IntegratedSer
vicesin the InternetArchitecture:an Overvien'. Requesfor
CommentsRFC1633.

8. Byers,J. W., M. Luby, M. MitzenmacherandA. Rege: 1998,
‘A Digital FountainApproachto ReliableDistribution of Bulk
Data’. In: ACM SSIGCOMM' 98 Conference. Applications, Tech-
nologies, Architectures and Protocols for Computer Communi-
cation., Vol. 28(4) of Computer Communication Review. Van-
couwer, BC, Canada.

9. CasnerS. andS. Deering: 1992, ‘First IETF InternetAudio-
cast’. ACM Computer Communication Review 22(3), 92-97.

10. Chen,B.-Y. and T. Nishita: 2002, ‘Multiresolution Streaming
Mesh with ShapePreservingand QoS-like Controlling’. In:
Proceeding of the 7th International Conference on 3D Web
Technology. pp.35—42.

11. Chen,Z., B. Bodenheimerand J. F. Barnes,'Extending Pro-
gressve Meshedor Useover UnreliableNetworks'. To appear
atICME 2003.

12.

13.

14.
15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Z. Chenetal.

Chen, Z., B. Bodenheimerand J. F. Barnes:2003, ‘Robust
Transmissiorof 3D Geometryover LossyNetworks'. In: Pro-
ceedings of the 8th International Conference on 3D Web Tech-
nology. St. Malo, Francepp.161-173.

Conrad,P. T., A. Caro,and P. Amer: 2001, ‘ReMDoR: Re-
moteMultimediaDocumeniRetrieval over Partial OrderTrans-
port’. In: Ninth ACM Multimedia Conference. Ottava, Ontario,
Canadapp.169-180.
Everquesthttp://everquest.station.sgrcom.

Floyd, S.: 2003, ‘HighSpeedTCP for Large Congestior\in-
dows'. Internetdraft.

Floyd, S.,V. JacobsonC.-G. Liu, S.McCanneandL. Zhang:
1997,'A ReliableMulticast Framavork for Light-weight Ses-
sionsand Application Level Framing’. |[EEE/ACM Transac-
tions on Networking 5(6).

Fréecon,E., C. Greenhalghand M. Stenius:1999, ‘The Di-
VEBONE — An Application-Level Network Architecturefor
Internet-Base®@VES'. In: Proceedings of the ACM Symposium
on Virtual Reality Software and Technology (VRST). London,
UK, pp.58-65.

Gandoin,P-M. and O. Devillers: 2002, ‘Progressie Lossless
Compressiomf Arbitrary Simplicial Complees’. ACM Trans-
actions on Graphics 21(3), 372—-379. ISSN 0730-0301(Pro-
ceedingof ACM SIGGRAPH2002).

Garlick, L. L., R. Rom,andJ. B. Postel:1977,‘Reliable host-
to-hostprotocols:Problemsind techniques’. In: Proceedings
of the Fifth Data Communications Symposium. Applications,
Technologies, Architectures, and protocols for Computer Com-
munication. Snawbird, Utah, USA.

Hoppe, H.: 1996, ‘Progressie Meshes’. In: Proceedings of
S GGRAPH 96. New Orleans,Louisiana,pp. 99-108. ISBN
0-201-94800-1.

Hoppe,H.: 1997,'View-DependenRefinemenbf Progressie
Meshes'.In: Proceedings of S GGRAPH 97. Los Angeles Cal-
ifornia, p. 1198. ISBN 0-89791-896-7.

Hoppe, H.: 1998, ‘Efficient implementationof progressie
meshes’. Computers & Graphics 22(1), 27-36. ISSN 0097-
8493.

Jin,C.,D. Wei, S.H. Low, G. BuhrmasterJ.Bunn,D. H. Choe,
R.L. A. Cottrell,J.C. Doyle, W. Feng,O. Martin, H. Newman,
F. Paganini,S. Ravot, and S. Singh: 2003, ‘FAST TCP: From
Theoryto Experiments’. Submitted to IEEE Communications
Magazine, April 1, 2003.

Kelley, J.L.: 1955,General Topology, No. 27 in GraduateTexts
in MathematicsNew York: SpringerVerlag.

Kelly, T.: 2002, ‘Scalable TCP: Improving Performance
in Highspeed Wide Area Networks'. Submitted for
publication. See http://www-  Ice.eng.cam.ac.uk/
“ctk21/scalable/#publications .

Khodalovsky, A., P. Schibder and W. Sweldens2000, ‘Pro-
gressve GeometryCompression’. In: Proceedings of ACM
S GGRAPH 2000. pp.271-278.ISBN 1-58113-208-5.
MacedoniaM. R.,M. J.Zyda,D. R. Pratt,D. P. Brutzmanand
P.T. Barham:1995,'Exploiting Realitywith MulticastGroups’.
IEEE Computer Graphics and Applications 15(5), 38—45.
Nguyen,G. T., R. H. Katz, B. Noble,andM. Satyanarayanan:
1996,'A Trace-Based\pproachfor Modeling WirelessChan-
nel Behavior’. In: Proceedings of the Winter Smulation Con-
ference. CoronadoCanada.

PadhyeJ., V. Firoiu, D. Towsley, andJ. Kurose:1998,'‘Model-
ing TCP Throughput:A Simple Model andits Empirical Val-
idation’. In: ACM SSGCOMM'’ 98 Conference. Applications,



Hybrid andForward Error CorrectionTransmissiomechniquegor UnreliableTransporiof 3D Geometry

Technologies, Architectures and Protocols for Computer Com-
munication., Vol. 28(4) of Computer Communication Review.
Vancouer, BC, Canada.

30. Pajarola,R. andJ. Rossignac2000,‘Compressedrogressie
Meshes’. |EEE Transactions on Visualization and Computer
Graphics 6(1), 79-93.1ISSN1077-2626.

31. Park, K., G. Kim, and M. Crovella: 1996, ‘On the Relation-
ship BetweenFile Sizes,TransportProtocols,andSelf-Similar
Network Traffic’. In: Proceedings of the Fourth International
Conference on Network Protocols (ICNP’ 96).

32. Pejhan,S., T. hao Chiang,and Y.-Q. Zhang:1999, ‘Dynamic
FrameRateControlfor Video Streams’.In: Seventh ACM Mul-
timedia Conference. Orlando,FL, USA.

33. Popwit, J.andH. Hoppe:1997,‘Progressie Simplicial Com-
plexes’. In: Proceedings of SGGRAPH 97. Los Angeles,Cali-
fornia, pp.217—224.1SBN 0-89791-896-7.

34. Postel,J.: 1981, ‘TransmissionControl Protocol’. RFC 793,
http://www.rfc- editor.org/rfc/rfc793.tx t.

35. Rejaie,R., M. Handlg/, and D. Estrin: 1999, ‘Quality Adap-
tation for CongestionControlledVideo Playbackover the In-
ternet’. In. ACM SSGCOMM Conference. Applications, Tech-
nologies, Architectures and Protocols for Computer Communi-
cations., Vol. 29(4) of Computer Communication Review. Cam-
bridge,MA, USA.

36. Rizzo,L.: 1997a,Dummynet:asimpleapproacho the evalua-
tion of network protocols’. ACM SGCOMM Computer Com-
munication Review 27(1).

37. Rizzo,L.: 1997b,'Effective ErasureCodesfor ReliableCom-
puterCommunicatiorProtocols’. ACM Computer Communica-
tion Review 27(2), 24—36.

38. Sinha,P, T. NandagopalN. VenkitaramanR. Sivakumar and
V. Bhagharan: 2002, WTCP: A Reliable TransportProtocol
for WirelessWide-areaNetworks’. Wireless Networks 8(2/3).

39. Taubin,G., A. Gueziec,W. Horn, andF. Lazarus:1998, ‘Pro-
gressve ForestSplit Compression’. In: Proceedings of SG-
GRAPH 98. Orlando, Florida, pp. 123-132. ISBN 0-89791-
999-8.

40. Zhang,L., S. Deering,D. Estrin, S. Shenler, andD. Zappala:
1993,'RSVP: A New ResourceReSer\ation Protocol’. IEEE
Network 7(5), 8—18.



