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Abstract. Thecontinualimprovementin computerperfor-
mancetogetherwith the prevalenceof high-speednetwork
connectionshaving high throughputandmoderatelatencies
enablesthe deploymentof multimediaapplications,suchas
collaborativevirtual environments,overwide areanetworks.
Theseapplicationscan serve as simulatedenvironmentsin
scenariossuchasemergency responsetrainingto catastrophic
disasters,military training,andentertainment.Many of these
systemsuse3D graphicsfor displayandmayberequiredto
distributegeometricmodelsondemandbetweenparticipants.
Progressivemeshesprovideanattractivemechanismfor such
distribution. Previous usesof progressive mesheshave sent
datausingreliableprotocols(TCP).However, suchprotocols
have disadvantagesin on-demandsettings,in that they: (1)
useflow control,which limits performancein wide areanet-
works; (2) addadditionalbandwidthwhenthereis loss; (3)
treatall lossasan indicationof congestion;and(4) require
feature-richmulticastsupport,which is not alwaysavailable.
In this paper, we modify progressive meshmodelsto allow
reconstructionevenin theeventof packet loss.We usethese
modificationsin two transmissionschemes,a hybrid trans-
missionthat usesTCP andUDP to sendpacketsanda for-
ward error-correctingtransmissionschemethat usesredun-
dancy to decodethe informationsent.We assessthe perfor-
manceof thesetransmissionschemeswhendeployedon net-
work testbedsthatsimulatewide-areaandwirelesscharacter-
istics.

Key words: Lossytransport– 3D geometry– Progressive
mesh

1 Introduction

As the Internetexpands,demandis growing for interactive
multimediaapplications,from gamessuchasEverquest[14]
to collaborative virtual environmentsandpurely web-based
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applications.Suchapplicationsusehighresolution3Dmeshes
to embedparticipantsin virtual environments.The growing
demandfor thesedataintensivemeshesintroducesnew chal-
lengesfor storageandtransmission.Therearetwo traditional
methodsfor obtaininghighresolution3D meshesin theseap-
plications:(1) useaclient-servermodelandassumetheclient
alreadyhasthe model; (2) wait for the model to be down-
loadedover theInternet.

Bothmethodshavedrawbacks.Thetraditionalclient-server
model that assumesall the modelsare local is appropriate
for suchapplicationsasgames1 wheremodelsneverchange,
but is lessappropriatefor distributedapplicationswherenew
modelsmay be createdby usersand incorporatedinto the
environmentin real-time.Likewise,downloadingmaybeap-
propriatein somescenarios,butevenif thedataiscompressed
the transmissionof a complex modelcaninvolve unaccept-
abledelays.For example,online video gamestypically use
thefirst methodto obtaingame3D geometry, becausesmooth
navigation andincreasedusersatisfactionresultwhenthere
areno delaysin renderingcausedby not having themodel.

Geometricdatafor multimediaapplicationsisusuallystored
and transmittedas a complex of polygons(typically trian-
gles) with sharedvertices.Thesecomplexes are known as
polygonal (triangular)meshes. An exampleof a geometric
object constructedfrom a triangularmeshis shown in Fig-
ure1, which is a modelof a Cessnaairplaneandis fully de-
scribedin Section5. Accompanying the vertex data in the
meshis oftenadditionalinformationsuchasshadingparam-
etersandnormalinformationthathelp renderthe geometric
data.Althoughtriangularmeshesarethede facto standardfor
computergraphics,they possessdisadvantages,themostno-
tableof which is thenumberof trianglesrequiredto rendera
high quality imageof anobject.

Hoppe[20] proposedprogressive meshes(PMes)as an
initial solution for the transmissionof geometricdataover
datanetworks.In thismethod,theserverinitially sendscoarse
shapeinformation to a client that canbe reconstructedand

1 However, many gamesallow modificationsthatextendthe ini-
tial gameanduser-definedmodelsthat allow for customizationof
thegame.
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Fig. 1 An examplerenderingof a triangularmesh,a Cessnaair-
plane.

renderedveryquickly.Thiscoarseshapeinformationiscalled
the base mesh. Thenincreasingdetail in the model is trans-
mittedto theclient,allowing theclient to progressively refine
the initial modelinto thefull resolutionmodel.If, for exam-
ple,theobjectis initially faraway, thenausercannotperceive
thelossof detail in themodelcausedby renderingtheinitial
model.More generally, the user is able to seeand interact
with thecoarsemodelimmediately, andthusthedelaywhile
themodelis beingrefinedis notasperceptuallydisturbingas
delayin the actionwhile the model is fully downloaded.In
its basicform, progressive transmissiondoesnot reduce the
amountof datathatneedsto betransmitted,but it orders the
datafrom most importantto leastimportant.The PM tech-
niquewasnot intendedto berobust to randomlossesoccur-
ring in the transmissionchannel.As a result,encodinga 3D
geometryusingthePM schemeandtransmittingthefile over
a lossynetwork suchastheInternetusingUDP or Multicast
will resultin datathatcannotbereconstructedinto theorig-
inal form. Previous papershave beenmore concernedwith
the efficiency of the compressiontechniquethanrobustness
to packet loss.

Various authors[30,39,26] have combinedmeshcom-
pressiontechniqueswith progressive transmissionto reduce
theamountof datathatneedsto besent.Typically, thereis a
trade-off betweencompressionratio andthe fragility of the
compressedmesh.For example,if even one packet is lost
in a highly compressedmeshthenthe entiregeometrymay
notbereconstructiblefrom whatremains.This fragility man-
datestheuseof a reliable transmissionmethod,andthecom-
mon protocol for suchtransmissionis TCP, which is gener-
ally error-free.TCPhasfour disadvantagesin themultimedia
setting:it (1) usesflow control,(2) increasesbandwidth,(3)
treatsall lossascongestion,and(4) requiresfeature-richmul-
ticast.

TCP’s flow control was designedto avoid sendersthat
senddatafasterthantheapplicationat the receiver canhan-
dle thedata[34]. In thecaseof 3D geometryover wide-area
networks, it is unlikely that the senderwill sendfasterthan
the receiver canreceive. However, if the network latency is
large, the overall throughputwill be decreasedbecausethe
server doesnot know if thereis any availablespacefor the
receiver to receive thenext packet.

Whenpacket lossoccurs,TCPrequiresretransmissionof
lost segments.The retransmissionincreasesthe numberof
packetssentover the link. If the losswascausedby conges-
tion, this retransmissionincreasesthecongestionproblemin
thenetwork.

Many network endpointsareattachedto networks using
wirelessconnections.Theseconnectionshave advanceder-
ror correctionmechanisms,yet areunableto catchall errors
that may occur when transmittinga packet over a wireless
network. Endpointswill noticetheselostpacketsandassume
that congestionexists in the network. The senderwill then
halve therateat which it sendsdata.

In many collaborativevirtual environments[27,17],asin-
gle sendersendsdatato multiple recipientsover theInternet
Multicast Backbone(MBONE) [9]. This techniqueallows a
host to scalablytransferinformation to multiple recipients.
However, multicastcommunicationoftendoesnotsupportre-
liablecommunicationbecauseof thecomplex andprohibitive
costassociatedwith developingsuchtransport.

Oneway to improvetheperformanceof thetransmission
of PMesis to useanunreliableprotocolthatwill not facethe
samelimitationsdescribedabove.However, alternativetrans-
missionprotocolssuchasUDPareunacceptablebecausethey
may not deliver all packetsto the receiver. In this paper, we
considerdifferentmechanismsthat canbe usedto transmit
PMesusingunreliablechannels.

In prior work, we demonstratedthat usingan unreliable
channelcanimprove transmissiontimesby asmuchasforty
percentwith a negligible drop in visual quality [12] andwe
investigatedmechanismsto improve handlingof lost pack-
ets in the PM representation[11]. In this work, we addan
additionaltransmissionschemethat makesuseof forward-
errorcorrectionto transmitportionsof themeshandwe per-
form analysisof both previous andnew transmissionmeth-
odsacrosswirelessnetworks.We performadditionalanaly-
sesto determinehow muchof the performancedegradation
is causedby congestioncontrol in thesenetworks. We find
that theuseof unreliabledatatransportmechanismscanim-
prove transmissiontimes acrosswide-areanetworks and/or
networkswith wirelesssegmentsanddecreasethevariability
of 3D geometrytransmission.

The paperis organizedin the following manner. In Sec-
tion 2, we review prior work in this areaandplaceour work
in context. Section3.1 detailsthe modificationsto the basic
PM schemeneededwhendatalosscanoccur. Section3.2dis-
cussesourhybridtransmissionprotocolandtheforwarderror
correctioncodeswe use.Section4 discussestheexperimen-
tal setupusedto conductour tests,and providesdetailsof
theexperimentswe ran.Section5 presentsthe resultsof ac-
tual transmissionexperimentsover a lossynetwork with an
accompanying analysis.Finally, in Section6 we discussour
findingsandfuturework we intendto investigate.

2 Background

Our work evaluatestwo methodsfor transmitting3-D geo-
metricmeshes.We takeadvantageof theunderlyingdatabe-
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ing sentto improvebothtransmissionandtoleratethelossof
packetswith aslightdegradationin geometricquality. In this
section,we presenta brief overview of thebulk transmission
andtheprogressivemeshrepresentation,whichwemodify to
addtolerancefor packet losses.

2.1 Transfer of Bulk Data

Many papershaveexploredhow to reliablysenddatathrough
unreliablenetworks[34,19,16,38].Essentially, therearetwo
approaches:automaticrepeat-request(ARQ) andforward-error
correction.In ARQ, oneaddsadditionalinformationto pack-
etssuchthatthesenderandreceivercandetermineif packets
have beenlost andthe receiver canrequesta retransmission
of any lost data.The drawbacksof usingan ARQ protocol
arethatit increasesthetimeof transmissionof dataanddoes
not scalefor usein multicasttransmissions.

Recentwork [15,23,25] haslooked at modificationsof
TCP, a commonARQ protocolusedto reliably transmitdata
over the Internet,to improve the transferof bulk datawith
largetransmissionwindows.In particular, theseschemesmod-
ify TCP’s additive increase,multiplicative decrease(AIMD)
algorithm to increasethe congestionwindow more aggres-
sively and decreaseit lessdrasticallywhen the congestion
window is large. We take a different approach:we assume
that somepacketscanbe lost and thereforedo not needto
be transmitted.In someways,our work is orthogonalto the
abovework in thattheir techniquescouldbeaddedto control
thesendrateof our UDPtransmittedpackets.

In forward-errorcorrection(FEC)methods,oneaddsre-
dundantinformation to packets suchthat the receiving ap-
plicationcanreconstructlost packetsfrom datacontainedin
otherpacketsthat this applicationhasalreadyreceived.The
primary disadvantageof FEC is the addition of redundant
datain thetransmission.

The FEC codesusedin our work arethe Vandermonde-
basedReed-Solomoncodes[37]. Byerset al. developedTor-
nadoCodes[8], aFECtechniquethatprovidesafasterencod-
ing anddecodingspeed.Byerset al. appliedTornadoCodes
to enableefficient reliable distribution of bulk data.Their
work differs from oursin that they employ thesameprotec-
tion of all data,they assumea differentmodelof transmis-
sion, and they do not useinformationaboutthe underlying
databeingtransmitted.

Multimediatransmissionresearch[32,35] hasconsidered
techniquesthat dynamicallyadjust the amountof informa-
tion encodedin themultimediastreamto meetthebandwidth
availablebetweenthesenderandthereceiver. In many cases,
theseschemescannotafford to droppacketsor useforward-
errorcorrectionmechanisms.This approachdiffersfrom the
transmissionof 3D geometricinformation that we study in
this paper. Alternative researchin multimediadelivery sys-
temshasexploredthe useof transmissionover partially or-
deredtransportprotocols[13] andtheincreaseduseof buffers
for supportinglong-livedmultimediastreams[2].

Additionalresearchhasinvestigatedthequestionof whether
onecanguaranteethequalityof network transmissions.Guar-
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Fig. 2 Vertex split transformation.

anteedquality hasanobviousandimportantimpacton mesh
transmission.Specificwork includesintegratedanddifferen-
tiatedservices[40,7,6] within the Internet.Theseproposals
provide mechanismsthat could be usedto control the num-
berof packetslost in thenetwork.As aresult,theuseof these
mechanismscouldeliminateconcernsaboutlostpackets.Un-
fortunately, deploymentanduseof integratedor differenti-
atedservicesis not currentlyavailable.

2.2 Progressive Mesh Transmission

The PM schemewasdevisedby Hoppein [20,22], andwe
have implementedthe basicversionswithout the modifica-
tions of later work, e.g.,[21,33]. The PM representationof
a mesh � is storedas a coarsemesh ��� and a sequence
of � detail recordscalled vertex splits. Thesevertex splits
indicatehow to incrementallyrefine � � so that after the �
vertex splitshavebeenprocessed,theoriginal mesh� is re-
covered.In fact,thePM representationdefinesasequenceof
meshes������� � ��� � �����"! which provide increasinglyaccu-
rateapproximationsof � .

A vertex split is a basictransformationthataddsa vertex
to the mesh.The basicprogressive meshschemeis imple-
mented,but for thepurposesof this paper, a vertex split does
notcontainnormal,texture,ormaterialinformation.Thissim-
plification is conservativein thatthelossof apacketcontain-
ing only vertex splitswill bemoredamagingto visualfidelity
thanapacketcontainingvertex splitsandadditionalinforma-
tion. Eachvertex split is a 30 byte quantityconsistingof a
faceindex, #%$'&($*) , an index +-, ./�10�243 ( 5768+9, ./�10�243:6<; ),
anencoding+-$*= =?>A@ , andtwo vertex positiondeltas,+CB-0�D and
+-B-0CE . In our experiments,thesevertex splitsarepackedinto
1400 byte packets.Thus, eachpacket containsroughly 46
vertex splits.

Figure2 illustratesaPM vertex split transformation.Each
vertex split operationintroducesanew vertex +?F andtwo new
faces,asshown. The locationof a vertex split is parameter-
izedby + E , + D , and +HG . By default, thePM datastructuredoes
not include incidenceinformation in the vertex to facedi-
rection.The vertex valuesaredeterminedthroughthe fields
#%$'&($*) , +9, ./�10�243 , and +C$I= =?>A@ . To determinethevertex being
split ( +JE ), the threeverticesof the face #%$'&($*) aresortedby
their index valuesandstoredinto anorderedlist. They arein-
dexedby +9, ./�10C243 . Vertex +?D is thenext vertex clockwiseon
the face #%$I&($I) . The vertex + G is determinedby +C$I= =A>A@ , the
numberof clockwiserotationsabout+JE from +?D to + G .
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Othertechniquesfor meshdecompositionwith anideato-
wardrobust transmissionexist. A morecomplicatedscheme
involving decomposingameshinto asetof overlappingellip-
soidsandpoint samplingtheshapehasbeenproposedby by
Bischoff andKobbelt [5]. ChenandNishita [10] have con-
structeda streamingmeshformat for progressive transmis-
sionwith quality of service(QoS)control.This QoScontrol
gives them advantagesin anticipatingnetwork congestion,
but their transmissiontechniqueis still built uponTCP and
suffersthedrawbacksof it. Usingforwarderrorcorrectionfor
compressed progressivemeshes[30] hasbeeninvestigatedby
Al-Regib andAltunbasak[1]. Conceptually, thiswork is sim-
ilar to ourown. However, Al-Regib andAltunbasakconsider
themeshasbeingdecomposeda priori into discretelevelsof
detail.If thebit streamof oneof theselevelsof detail is lost,
thereis anamountof distortionintroducedinto therendered
meshcorrespondingto theselevelsof detail.Our method,in
contrast,is moreopportunisticin that it maylosemoredata,
but renderswhat it canat a finer granularity, determinedby
the amountof datalost. An additionaldifferenceis that we
have testedour methodon a wide areanetwork with simu-
latedbackgroundtraffic, whereastheir resultscomeentirely
from simulations.

In the context of progressive transmissionmuch of the
work hasfocusedon methodsfor bettercompressionof ge-
ometricdataratherthanon robusttransmission[39,30,26,3,
18]. Thesetechniquesarecomplementaryto our own, in that
they couldfit within thetechniquesproposedhereto achieve
highertransmissionrates.

3 Unreliable Channel Distribution

Carefulmodificationof thePM methoddescribedabovecan
make thePM representationtolerantof lost packets.Improv-
ing the robustnessallows the useof unreliabletransmission
mechanisms.In this section,we discusschangeswe madeto
thePM representationto handleloss.We follow this presen-
tationwith adescriptionof ahybridtransmissionschemeand
a forwarderror-correctionschemethat make useof the fact
thatpacket losscanbetoleratedwhenthereceiving applica-
tion attemptsto reconstructtheoriginal3D geometry.

3.1 PM Extensions to Handle Loss

Whenthetransmissionchannelis lossy, vertex splitswill be
lost whenpacketsare lost. As a result,the geometryof the
reconstructedmodelcanbe corrupted.This corruptionmost
often takes the form of surfaceself-intersection,i.e., parts
of the surfaceintersectingwith the surfaceitself. The self-
intersectionsdestroy the manifoldpropertythat the surfaces
in the original modelhave andcreatevisual artifactsin the
reconstructedmodels,asshown in Figure3 (a). This figure
shows a standard3D modelcalled“the happy Buddha,” the
detailsof which aredescribedin Section5. We now discuss
how lostvertex splitscauseself-intersectionsto occurandde-
scribemodificationsto thePM datastructurethatimprovethe
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Fig. 4 Illustration of self-intersection occurrence caused byLJM N*OQPHRTS : (a) when there is no packet loss, intermediatevertex
splits changethe threeverticesof face U(VWV to 65, 96 and114; (b)
whenpacketscontainingthe intermediatevertex splitsarelost, the
threeverticesof face U VWV remainunchangedas65,20,45.

Fig. 5 Illustration of self-intersection occurrence caused byLHXZY Y [ \ : (a) whenthereis no packet loss,intermediatevertex splits
changethenumberof facesaroundL4] to 8; (b) whenpacketscon-
taining the intermediatevertex splits are lost, the numberof faces
aroundL ] remainunchangedat 6.

situation.Thesechangesto the PM datastructuredo not in-
creasethesizeof theinformationassociatedwith eachvertex
split.

First, in additionto a packet containingonly vertex split
information,eachpacket containsa 4 byteheaderthatstores
the index numberof the first faceof the meshthat will be
introducedby the first vertex split in this packet. The client
rendererusesthisnumberasa“poor man’s” errorcorrection,
to givefacesgeneratedby vertex splitsafterlostpacketstheir
index numberin thefull resolutionmesh.Thisprocessisdone
sothatfuturesplitswhosefaceindex, #%$I&($I) , referencethese
facescanfind them.This headeris a monotonicallyincreas-
ing number, andcanalsobeusedto detectout-of-orderpack-
ets.

Onecauseof self-intersectionis that the +9, ./�10�243 field
in a vertex split record is the =?2A$IBC@W./+C2 numericalorder of
the index valueof the split vertex + E amongthe threever-
tices on #%$'&($*) (seeFigure 2). When vertex splits are lost,
the index valuesof the verticeson #%$I&($I) may becomedif-
ferentfrom what they werewhenthe progressive meshwas
generated.Thus,theorderingof theverticesmay bewrong.
This changeof orderingmay causethe PM reconstruction
to find the wrong +JE , which resultsin geometriccorruption.
For example,in Figure4 (a),without packet loss,intermedi-
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(a) (b) (c)

Fig. 3 TheBuddhamodelafter transmissionover a lossynetwork: (a) no changeto PM data;(b) usingabsoluteLJM N*OQPHRTS ; (c) usingboth
absoluteLJM NIOQPHRTS andalteredLHXZY Y�[(\ field.Theblackspotsindicateareaswherethetrianglemeshwascorruptedandthusrendersincorrectly.

atevertex splits changethe threeverticesof face #?^�^ to 65,
96 and 114. A subsequentvertex split with #%$I&($I) =66 and
+9, ._�10C243 =1 splits vertex 96 becauseits index is the second
smallest.Whenthe intermediatesplits are lost, asshown in
Figure4 (b), thethreeverticesof face # ^�^ remainunchanged
as65, 20, 45. Now vertex 45 hasthe secondsmallestindex
amongtheverticesof # ^�^ . Thesamesplit with #%$'&($*) =66and
+9, ._�10C243 =1 thensplits vertex 45 andcausesthe facescon-
nectedwith theaddedvertex to piercethetop right face.

The PM datadoesnot storehow the threeverticesof a
faceto bereconstructedwereorderedin thevertex list of the
facein theoriginal model.Thereforetheorderingof vertices
in the vertex list of a facein the reconstructedmodel may
bedifferentfrom that in theoriginal model.This fact is part
of the reasonwhy the +-, ./�10�243 wasdefinedasa =?2A$IBC@W./+-2
orderof index valueratherthan the B9`(,4>?$*ab@c2 placementof

+ E in the vertex list of #%$'&($*) . To alleviate this problem,a
secondpassover the PM data is madethat replaceseach
=?2A$IBC@W./+C2d+9, ./�10C243 with the B9`(,4>?$*ab@c2 placementof + , at
the time of the vertex split. The time the secondpasstakes
is negligible comparedwith the time to generatethe PM.
When this changeis incorporateda significant numberof
self-intersectionscanbeeliminated,asshown in Figure3 (b).

The +-$*= =?>A@ field in a vertex split recordcanalsocause
self-intersectionsto occur. The +-$*= =?>A@ field, as originally
defined,is the numberof clockwiserotationsfrom + D to +HG
about+ E . Whenvertex splitsarelost, thenumberof rotations
from +?D to + G maybedifferentfrom whatit wasin its original
context, or + G maynot exist at all. This differencecancause
thereconstructionprogramto pick thewrong + G , resultingin
geometriccorruptionasshown in Figure5.To helptherecon-
structionprogramdetectthis casewithout changingthe size
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Fig. 6 TheHausdorff distanceof theCessnamodelfor differentPM
approximationsby numberof facesin themodel.

of thePM datastructure,wemodify the +-$*= =?>A@ field. Instead
of using16 bits for the +-$*= =?>A@ field, we use8 bits, anduse
the remaining8 bits to encodea quantitycalled &(e-& $I2 ,�.WfC2 .
The &Te9&($I2 ,�.Wf�2 field storesthetotal numberof facesaround
+ E . Thereconstructionprogramchecksthe &Te9&($'2 ,�.WfC2 at run
timeanddiscardssplitswhose&Te9&($'2 ,�.Wf�2 donotmatchthose
in the partially reconstructedmeshes.When this changeis
incorporated,more self-intersectionscan be eliminated,as
shown in Figure3 (c).

3.2 Transmission Schemes

Theprogressivemeshformatcreatesanalternative represen-
tationof the3D geometry. Onesignificantadvantageof this
representationis thatsomepacketscontainingmeshdataare
more importantthanotherpackets.An exampleof this dif-
ferencein packet priority appearsin Figure 6. This figure
comparesthe Hausdorff distance[24] betweenthe original
3D model and a model derived by performinga subsetof
thevertex splitson thebasemodel.We calculatethesurface
deviation usingthe algorithmdescribedin Aspertet al. [4].
Notice in the graphthat the initial splits provide significant
improvementsin theHausdorff metric,while latersplitspro-
vide decreasingbenefits.

3.2.1 Hybrid Transmission Our hybrid techniqueleverages
the inherentdifferencesin the effect that vertex splits have
on the resultingvisual accuracy of the reconstructedmesh.
Thus,in thisscheme,webegin by transmittingdatausingthe
TCPprotocol.Part-way throughthetransmission,thehybrid
senderclosesthe TCPconnectionandtransmitsthe remain-
ing datausingUDP. Thesendercanthusreliably transferthe
basemeshandsomeof the initial splitsandthenusea more
aggressive techniqueto transferlessimportantsplits.

TCP controlsthe rate that packets are sentto maintain
flow controlandminimizecongestion.As a result,TCPdoes
not provide the end-usercontrol of the sendingrate.When
we considerusing UDP for transmissionof data, the end-
userhassignificantinfluenceover the sendrate.Therefore,
ourapplicationmustcarefullyselectthesendrate.If thesend
rateexceedsthecapacityof thechannel,wewill increasethe
numberof packetslost.However, if wedecreasethesendrate,
we will not loseany packetsbut the transferof information
will takemuchlongerthanaTCPconnectionmight take.We

experimentallydetermineUDP sendratesto usein applica-
tions.

An issueof concernin implementingthis ideais that the
sendercanbegin sendingUDP datato thereceiverwhile the
receiver is still readingdatafrom the TCP connection.This
behavior causesa problemsincethe initial datawill fill up
theoperatingsystem’s buffer for incomingnetwork dataand
startdroppingUDP packetsthatarrive.Therefore,in thehy-
brid protocol the senderwaits for the receiver to closethe
connectionbeforeit startsto sendthe UDP data.This delay
guaranteesthat theunderlyingTCPstackwill have success-
fully transmittedall data.

3.2.2 FEC Transmission Initial experimentalexperiencewith
thehybrid transmissionschemeindicatedthateventransmit-
ting the basemodelof the meshusingTCP createssignifi-
cantdelaysandvariability in modeltransmissionduringnet-
work congestion.An alternative is to sendtheentiregeomet-
ric model using only UDP. However, this alternative alone
wouldbedisastrouswhentransmittingoveranunreliablechan-
nelbecausethelossof any packetsin thebasemeshresultsin
aninability to reconstructthemesh.To remedythisdrawback
we useforward-errorcorrection(FEC) to encoderedundant
informationinto thetransmissionof someof thepacketssent
to thedestination.

We split the datato be sentinto two segments.The first
segmentconsistsof the basemeshof the PM representation
of themodelbeingsentplusapercentageof thevertex splits,
andthesecondconsistsof theremainingvertex splits.Weuse
FECcodesto transmitthefirst segmentof the data.Specifi-
cally, we useanerasurecodebasedon Vandermondematri-
ces[37]. The encodingallows us to encodeg packetsas �
packetswhere �ih�g . As long aswe receive at least g of the
� encodedpackets,we canreconstructthe initial datasent.
Importantly, in theencodingthatwe use,thefirst g of the �
encodedpacketsareidenticalto theoriginaldata.Thismeans
that even if we receive lessthan g packets,we canstill re-
constructsomeof the packetssent,but will have lost some
information.

In our prototypeapplication,we mustdecideon theval-
uesof g and � to usein the transmissionof protecteddata.
Wecouldset g equalto thesizeof thebasemeshplusall pro-
tectedvertex splits.However, this would requirethesolution
of a largematrix equationbeforesendingthedata.This ma-
trix solutionwould addsignificantly to the time to transmit
andin many multimediaapplicationsit would be unreason-
ableto assumewecouldprecomputethesevalues.Therefore,
we choseg to be sixteenpackets.We experimentallydeter-
mined the amountof protection,the value of � , neededto
reliably transmitthe g original datapackets.For our experi-
ments,we assumethatwe canusea priori measurementsto
determinethe necessaryprotectionrequiredto transmitthe
mesh.This is areasonableassumptionfor wirelessnetworks.
Losscharacteristicsfor a wirelessnetwork will remaincon-
stantas long as wirelessreceivers and transmittersdo not
moveto new locations.A priori measurementsareunreason-
ablefor WANs, whichhavefluctuatingperformance.Wewill
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considerbettermethodsto determine� for WANs in future
research.Although it is unreasonableto assumean applica-
tion could use this mechanismto determine� , our results
canbeusedto determinewhetherFECtransmissionschemes
have the potential to improve the performanceof the bulk
transmissionof 3D geometry.

Similar to the hybrid transmissionscheme,the applica-
tion hascontroloverhow fastto sendinformationusingUDP.
The UDP sendrateaffects the numberof droppedpackets,
becausehigher transmissionspeedsincreasethe congestion
on the network. A fastersendrate will thereforerequirea
largervalueof � to guaranteeenoughpacketsarereceivedto
reconstructthesentsetof g packets.

4 Experimental Design

This sectiondescribesthedesignof anexperimentaltestbed
toexploretheuseof TCPandseveralhybridprotocols(TCP/UDP)
to transmit3D geometriesof two differentmodelsacrossa
congestednetwork. We usea network testbedthatallows us
tosimulatethenetworkbehavior of congestedlinks.Thetestbed
consistsof a bridgemachineandfour hostsusedto generate
backgroundnoisetraffic acrossthebridge.

4.1 Testbed Setup

Figure7 showsthesetupof our testbed.Ourtestenvironment
consistsof two usermachines(PSnd,PRcv),fourbackground
loadmachines(NSnd� , NRcv� , NSnd� , NRcv� ), onebridge
machine(BRG) andtwo 100Mbpsswitches(SW� , SW� ).

Processor Memory OS

PSnd,PRcv 800MHz AMD1 256MB Redhat7.3
NSnd� , NRcv� 800MHz AMD 256MB Redhat7.3
NSnd� , NRcv� 800MHz AMD 256MB Redhat7.1
BRG 1 GHz PentiumIII 512MB FreeBSD4.3

Table 1 Specificationsfor machinesusedin experiments.

The bridge runs the FreeBSDoperatingsystemand its
kerneliscompiledwith optionsBridge,Dummynet,HZ=1000,
andNMBCLUSTERS=10,000.The Bridge andDummynet
optionsallow the useof this machineto simulatea WAN
characteristicsfor packetssentbetweenSW� andSW� . The
HZ option improvestheresolutionof theoperatingsystem’s
timer. TheNMBCLUSTERSoptionis setto preventtheker-
nel from runningout of mbuf clusters.

The Linux TCP sendandreceive buffersareinitially al-
located16 KB and85 KB of spacerespectively. During the
courseof transmission,the Linux kernel automaticallyad-
juststhesendbuffer sizebetweena minimumof 4 KB anda
maximumof 128KB, andthe receive buffer sizebetween4
KB and170KB, basedonactualneeds.

1 AMD/Duron Processor

NRcvj NSndk

PSnd NSndj NRcvk

PRcv

SWj

SWk

BRG

Fig. 7 Configurationof Machinesin theTestbed.

As shown in Figure7, PSnd,NSnd� andNRcv� arecon-
nectedwith SW� . PRcv, NRcv� and NSnd� are connected
with SW� . ThebridgeroutespacketsbetweenSW� andSW� .

4.2 Simulated WAN

The setupdescribedabove simulatesa WAN. The WAN is
simulatedsinceit providesan environmentin which repeat-
ableexperimentscanbeconducted.If our experimentswere
conductedoveratruewide-areanetwork, two differentexper-
imentscould have significantlydifferentamountsof packet
lossandqueuingdelays.An alternative approachwould be
to usea model to analytically evaluatethe performanceof
different transmissionmethods.The analytic techniquesuf-
fers from thedisadvantagethatmany network modelsfail to
adequatelycapturetheunderlyingcharacteristicsof realnet-
worksandtheinteractionsof complex protocolssuchasTCP.

Dummynet[36] providesa standardimplementationfor
simulatingWANs. It allows usersto createpipesof commu-
nicationwith specifiedbandwidthlimits andpropagationde-
lays.Thesepipesaredefinedby matchingheaderinformation
suchassourceanddestinationIP addresses.

In all experiments,Dummynetlimits the bandwidthand
addspropagationdelaysto packets sent betweenswitches
SW� andSW� . Specifically, we createtwo pipes,eachwith
a bandwidthlimit of 50Mbpsand a 25mspropagationde-
lay. The traffic from PSnd,NSnd� and NRcv� sharesone
pipeandthetraffic from PRcv, NRcv� andNSnd� sharesthe
other. Two pipesarenecessaryto simulatetheout-boundand
in-boundbandwidthbetweenthe senderandreceiver. If the
noisegeneratedis not greaterthanthechannelcapacity, then
packetswill not be lost on the simulatednetwork. In other
words,acongestednetwork requiresmoredatatobesentthan
thereis channelcapacityavailable.

Our simulatedWAN exhibited someof the samebehav-
iors asactualWANs. In particular, by creatinga bridgewith
a limited bandwidth,it simulatesa bottle-neckrouteron the
Internet.We observedperiodsof burstsperiodswheremulti-
plepacketswerelost in arow similarto thebehavior of actual
WANs. Thepropagationdelaysusedin our simulationwere
derived from network propagationtimes sampledfrom the
Internet.
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4.3 Simulated Wireless Network

Wirelessnetworkstransmitpacketsusingradiosignals.These
signalsarevulnerableto noiseandothererrorsin transmis-
sionthatmaycausepacketloss.Typicalpacketerrorratesare
2-3%[28] in a wirelessLAN.

WeexperimentallyverifiedthelossratesfoundbyNguyen[28]
by usinga wirelesscomputerandsendingpacketsevery sec-
ond to measurethe lossrate.Distancefrom the basestation
andtopologyof thebuilding hadeffectson thelossrate.We
saw lossratesfrom 1-5%.

WesimulatedawirelessnetworkbyusingDummynetand
settingthe bandwidthandpercentageloss rate for the link.
This resultsin randomlossesratherthantheburstsof losses
createdwhen the wide-areanetwork was simulated.There
wasnocross-traffic whenrunningexperimentsonasimulated
wirelessnetwork.

4.4 Background Load

Thebackgroundloadgeneratorconsistsof two UDP compo-
nents,a senderanda receiver. Thebackgroundloadgenera-
tor simulatesthenetwork characteristicsof a largenumberof
externalapplications,communicatingoverashareddatalink.
Previousresearchhasestablishedthatthetimebetweenpack-
etsarrivingataroutermatchesaParetodistribution[31]. This
distribution is heavy-tailed, in that most of the inter-arrival
timesaresmallbut thereareperiodsof significantdelay. The
Paretodistribution createsself-similar behavior in the net-
work, i.e., therearetime scaleindependentburstsof packet
activity.

Eachof the two pairsof backgroundload machineshas
a noisesenderanda noisereceiver. The noisesendersends
UDP packets of size 1400 bytes to the the noise receiver,
sleepingfor arandomamountof timebeforesendingthenext
packet. The randomtime it waits follows a Paretodistribu-
tion, which favors shorterwait times.This effect causesthe
packets to have a higherprobability of beingsentin bursts
thanevenlyspaced.

5 Experimental Results

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

1. Whatis thelatency costof transmission?
2. DoesTCPtransmissionincreasethevariabilityof thetime

requiredto transmita dataset?
3. How muchadditionalbandwidthis requiredto transmit

themeshwith differentschemes?
4. Is TCPcongestiononeof theprimarylimitationsof TCP

transmission?
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Fig. 8 Theaveragetimeof transmissionof theBuddhamodelversus
noisein thechannelfor thehybrid transmissionscheme.

5. Whenpacket lossoccursandsomedatais lost,how well
doesthereconstructionmatchtheoriginalmesh?

6. Do thetransmissionschemesapplyto differentmeshes?
7. Do the transmissionschemesperformsimilarly in wire-

lessenvironments?

In therestof this section,we will answerthesequestions.
We report resultsfor two models,the “happy Buddha”

anda modelof a Cessnaairplane.The Buddhamodelcon-
tains1.08Mfacesin its full modeland1998facesin its base
mesh.TheCessnamodelhas13546facesand338in its base
mesh.Experimentsinvolving the Buddhamodel consistof
six runsof theexperiment.Experimentsinvolving theCessna
modelconsistof ten runsof the experiment.The resultsare
discussedin termsof theaveragevaluesacrossa setof runs.
Someexperimentstimed out, i.e., they did not complete,so
theaverageis theaverageof theexperimentsthatcompleted
in under200 seconds.In the experiments,we measurethe
time takento transmittheprogressivemesh,theactualnum-
berof vertex splits receivedby the receiver, andthenumber
of facesin the final meshreconstructedby the receiver. The
numberof facesis importantbecausesomeof thevertex splits
thatarrive maybeunusablebecauseof a previously dropped
packet.We alsocomputetheHausdorff distancefrom there-
constructedmeshesto theoriginalfull mesh.Finally, thesuite
of experimentswasrunusingdifferentsendratesfor theUDP
portionof themodeltransmission.

5.1 Performance of Transmission Schemes

Theprimarymethodto measureperformancefor meshtrans-
missionin amultimediasystemis thetime to transferthege-
ometricmodel.If too muchtime is required,theapplication
will nothavethemodelsufficiently soonenoughto renderthe
modelwhenneeded.In this section,we evaluatethe hybrid
andFECschemesandcontrastthemwith theperformanceof
a TCPtransmission.

Figure8 shows thesemeasurementsfor thehybrid trans-
missionscheme.The graphdisplaysresultswhenTCP was
usedto transferthebasemeshand0, 12.5,25,50,and100%
of the vertex splits. In thesefigures,the UDP sendratewas
11.777Mbps.Thissendratewaschosenbecauseit providesa
goodtrade-off betweenperformanceandvisualqualityof the
final mesh.Observe that thelines in thegraphhave different
lengths,becausesomeexperimentrunsat a givennoiselevel
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mayhave timedout. The importantresultin Figure8 is that
usingTCPsolelyto transmittheBuddhamodeltakeslonger
thanthehybrid transmissionschemes.Moreover, astheper-
centageof packetssentby TCP decreases,the transmission
time improvesfor all givenlevelsof noise.

The time of transmissionfor the0% TCP fluctuatessig-
nificantly whenthe backgroundnoiseapplicationsconsume
morethan110%of thecapacity. Only asingleruncompleted
at 100%noise,which is why thatvalueis noticeablyoutside
thecurve.Thefluctuationis causedentirelyby thebasemesh
that wassentvia TCP. This result shouldnot be surprising
becauseexperiments[29] havefoundthatwhenlossratesex-
ceed10%TCP communicationmay incur significantdelays
andmayfail.

UsingTCPtakeslongerbecauseof flow control,increased
useof bandwidth,andcongestioncontrol.Thelongerlatency
betweensenderandreceivercombinedwith the64KB maxi-
mumreceivewindow placesamaximumonachievedthrough-
put. In this case,thetheoreticallimit is 10.486Mbps,which
meansthe fastestthe Buddhamodel can be transmittedis
12.476seconds.TCP’s reliability meanslost packetswill re-
quireretransmissionbyTCPthatwill increasethetotalamount
of datatransmittedover the link. Congestioncontrol might
alsoplayalimiting factorin performance.However, typically
congestioncontrol is considereda usefulattributesothatthe
congestedlink doesnotsuffer congestioncollapse.

5.2 Variability of Transmission

Of particularconcernin interactive andmultimediaapplica-
tions is how muchjitter, or variance,occursin transmission
times.Thelower thevariance,themoreaccuratelytheappli-
cationcanpredictat what time the full modelwill be avail-
able.In this section,we considerthe distribution of running
timesfor thehybridandTCPtransmissionof geometricmod-
els.

Table 2 provides information about the mean,standard
deviation, minimum, maximum,and medianof 10 experi-
mentalruns,usingthe samenoiseandsendratesasin Sec-
tion 5.1.In thissetof experiments,wewaitedfor completion
of all transmissions.Our resultsshow thatthereis significant
variability in just transmittingthe basemesh.However, the
UDP portionof thetransmissionoccurswith low variability,
whichis to beexpectedsincetheonly changein transmission
timesbetweenpacketswill befrom queuingdelays.Further-
more,if a packet is delayedit will not affect whenthe next
packet is sent.

5.3 FEC Performance

Using TCP to transmit the basemeshcan be a significant
componentof thetransmissiontimeasshown in theprevious
section.This variability led us to explore the FECtransmis-
sionschemethateliminatesTCPentirely.
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Fig. 10 Total bytessentby TCP versusnoisein the channel.Note
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datadueto lost packets.

Figure 9 shows the time to transferthe Buddhamodel
using the FEC scheme.The graphdisplayslines for vary-
ing percentagesof themodelprotectedusingFEC.Thesend
rate was11.777Mbps for all runs.The importantresult of
this experimentis that for high noiselevelstheFECscheme
significantly decreasesthe time to sendthe Buddhamodel
ascomparedto full TCP or the hybrid transmissionscheme
(compareFigure8). Furthermore,all experimentalrunscom-
pletedwithin 200secondswhenusingtheFECscheme.The
time to transmittheBuddhamodelincreasesasthecapacity
of thenetwork usedby noiseincreasesbecausewe areusing
morepackets to provide protectionfrom packet loss.How-
ever, the benefitsprovidedby the FEC transmissionscheme
comeat thecostof additionalbandwidthrequiredto sendthe
full mesh.In thenext section,we considertheamountof ad-
ditional bandwidthrequiredfor transmission.

5.4 Bandwidth Overhead

Transmittingthemeshrequiresmorebandwidththantheac-
tual sizeof the mesh.The additionalbandwidthis required
for IP headers,TCP or UDP headers,andapplicationhead-
ers.Reliableprotocolsuseadditionalbandwidthfor retrans-
missionsof lost dataandacknowledgmentsof whendataar-
rived. Figure 10 contraststhe overheadof transmittingthe
meshwith TCPversusthehybridtransmissionschemewhere
noneof thevertex splitsaresentvia TCP. As thebottleneck
link becomescongested,TCP incurs increasingoverheads,
mostly causedby lost packet retransmissions.This result is
not surprising,but servesto reinforcethepoint thatalternate
formsof robustnessshouldbeconsidered.
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ExperimentType Mean Std.Dev. Min Max Median
Full TCPtime(s) 642.7591 33.3770 591.9140 692.3270 636.9105
0%TCP, 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 transmissiontimes.Thenoiselevel wasat 104.6%of channelcapacity.
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Figure 11 shows the overheadof the FEC transmission
scheme.In particular, weshow theworstcasewhere100%of
thevertex splitsaretransmittedwith FECprotection.In this
case,protectionrequiressignificantlymorebandwidththan
theTCPor hybridschemes.However, if only 25%of thever-
tex splits areprotectedwith a FEC,the overheadis reduced
to 121.75%,approximatelythesameastheTCPoverheadof
122.38%(at105%link capacitywith 11.777MbpsUDPsend
rate).

5.5 Considering Congestion

Oneof our concernsregardingthehybrid andFECschemes
washow muchof theimprovementin transmissionspeedwas
dueto a lack of congestioncontrol.Congestioncontrol is an
importantcomponentof the TCP protocol that ensuresthat
multiple TCP flows will sharebandwidthover a congested
link in a fair manner.

We evaluatedthe effectsof congestioncontrol by mod-
ifying the Linux kernel’s TCP stack.We modified the ker-
nel to remove the congestionwindow constrainton whether
a packet couldbesent.We thenuseDummynetto introduce
packet loss and measuredthe throughputwith and without
congestioncontrol.Dummynetalsoaddeda25msdelay. Fig-
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ure 12 shows the resultsof this experiment.The graphin-
dicatesthat disablingcongestioncontrol doesprovide some
improvementin thetransmissionspeedwhenpacketsarelost.
However, regardlessof whethercongestionisenabledthecurves
resembleeachother. Thus,congestioncontrol is not thepri-
mary causeof the decreasein performance.Flow control’s
limit onperformanceshouldnotbeaffectedby packetlosson
thenetwork.Therefore,webelievethatthecostof retransmit-
ting packetsthathavebeenlostsignificantlycontributeto the
performancedegradationof TCPovercongestednetworks.

5.6 Visual Accuracy of Unreliable Transmission

Thepreviousexperimentsconsideredtime andbandwidthas
the measuresof performance.However, we could achieve
low transmissiontimes and low bandwidthif nothing was
sent.For our application,a transmissionschemethat may
losepacketsmusttrade-off performancefor visualaccuracy.
In this section,we considerthevisualquality of theBuddha
modelwhentransmittedusingthehybrid andFECschemes.

Figures13 illustratesthis trade-off. The figure plots the
numberof receivedfacesin thereconstructedmodelfor dif-
ferentpercentagesof TCPtransmission.Observethatfull TCP
reconstructsall facesbecauseit is areliableprotocol.Whena
portionof thepacketsaresentusingUDP, significantpacket
losscanoccur, andthis lossbecomesworseasthe noisein-
creases.When a packet is lost, all splits describedin that
packet arelost. Also splits thataretransmittedlatermayde-
pendon the lost split andthereforeendup beingdiscarded.
StartingtheUDPtransmissionearlierwill resultin fewerfaces
reconstructed.

Figure14 shows the visual quality of the FEC transmis-
sionscheme.Theresultsaresimilar to the resultsof thehy-
brid transmissionschemebecausemostpacketssentwith FEC
protectionwill be in the reconstruction.Therefore,losswill
only occurfor unprotectedpackets.In Figure14,moreresults
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(a) (b) (c) (d) (e)

Fig. 15 The Buddhamodel after transmissionover a lossy network: (a) the full model as sentby TCP; (b) model received when 50%
transmittedby TCP;(c) modelwhen25%sentby TCP;(d) modelwhen12.5%sentby TCP;(e) modelwhenfully sentvia UDP.
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Fig. 14 Thenumberof facesof theBuddhamodelreceivedversus
channelcapacityfor theFECtransmissionscheme.

areavailablebecausetheFECschemedoesnothavetheTCP
time-outproblemduringtheexperimentalruns.

All facesin theBuddhamodeldonothaveanequaleffect
on the user-perceived quality of the output.Any considera-
tion of visualqualitymustevaluatethevisualrepresentations.
Figure15 shows thevisualdegradationin theBuddhamodel
for the hybrid transmissionscheme.Thesefigureswereob-
tainedby transmittingacrossthe network testbedwhen the
crosstalknoiseapplicationconsumed98.9%of the channel
capacityonaverage(UDPsendratewas11.777Mbps).Only
the transmissionof the modelwith 0% of the splits sentby
TCP appearsflawed, thereforeusing12.5%would transmit
anacceptablemodelyet requireonly 28.089secondsinstead
of thefull 142.941secondsrequiredto sendusingTCP. Sim-
ilar resultswould befoundif we lookedat theresultsfor the

FEC transmissionschemesinceboth schemeshave similar
numbersof facesin thereconstruction.

How important is the lossy transmissionof datausing
TCP?Figure16 comparestransmittingonly the first 12.5%
of vertex splitsreliably, shown in Figure16(b),with thesitu-
ationwherethelast87.5%of vertex splitshavebeensentus-
ing UDP, shown in Figure16 (c). UsingUDP to transmitthe
remainingvertex splits improvesthe detail of the meshsig-
nificantly. However, the lossof packetsmeansthatonedoes
notreceiveasmuchdetailastheoriginalmesh,shown in Fig-
ure16 (a).

5.7 Different Geometric Models

This experimentaddresseswhetherthe transmissionscheme
performssimilarly for differentgeometricmodels.We con-
sidertheCessnamodel,which hasfewer faces,asa contrast.
TheCessnamodelshouldtakesignificantlylesstimeto trans-
mit. Whenusinglossytransmissionschemes,lossmayhave
a moresignificanteffecton thevisualresults.

Figure 17 shows the averagetransmissiontime for the
Cessnamodelwhenusing the hybrid transmissionscheme.
Figure 18 shows the numberof facesin the reconstructed
model for the sameexperiment.Theseresultsaresimilar to
the resultsfound for the Buddhamodel.However, thereis
considerablymore variancein the results.This varianceis
largely dueto thesignificantlysmallernumberof TCPpack-
etstransmitted,becausetheCessnamodelis roughlytwo or-
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(a) (b) (c)

Fig. 16 Close-upwireframeview of the Buddhamodel: (a) the full model as sentby TCP; (b) model reconstructedafter receiving the
beginning12.5%of thevertex splitsby TCP;(c) modelreconstructedaftertherest87.5%of thesplitsaresentby UDP.

85 90 95 100 105 110 115 120 125 130 135
0

20

40

60

80

100

120

140

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

T
im

e 
(s

)

Average Time of Transmission vs. Channel Capacity with UDP send rate = 11.777 Mbps

0% TCP
12.5% TCP
25% TCP
50% TCP
100% TCP

Fig. 17 Theaveragetime of transmissionof theCessnamodelver-
susnoisein thechannelfor thehybrid transmissionscheme.

85 90 95 100 105 110 115 120 125 130 135
0

2

4

6

8

10

12

14

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

N
um

be
r 

of
 F

ac
es

 in
 R

ec
ei

ve
d 

M
od

el
 (

th
ou

sa
nd

s)

Average Number of Faces in Received Model vs. Channel Capacity for UDP send rate = 11.777 Mbps

0% TCP
12.5% TCP
25% TCP
50% TCP
100% TCP

Fig. 18 The numberof facesreceived of the Cessnamodelversus
channelcapacityfor thehybrid transmissionscheme.

dersof magnitudesmallerthanthe Buddhamodel.As a re-
sult, the basemeshfor the Cessnamodel only consistsof
threeor four packets.Therefore,if the initial SYN2 request
is lost, theresultscanbesignificantlyskewed.This skewing
occursbecausethe Linux TCP implementationsignificantly
increasesthepackettime-outvalueif oneof theSYN packets
is lost. Thus,whenanadditionalpacket is lost during trans-
mission,a long time-outoccurs(on the orderof five to fif-
teenseconds)that significantlyaffectsthe results.If the ini-
tial packetis not lost,thetime-outwill only beontheorderof
400ms.Notethatwe do not counttheconnectionsetuptime
in our results;therefore,our resultsdo not includethe SYN
time-outs.

2 TCP usesthe SYN packets to initiate a requestusinga three-
wayhandshake.
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Fig. 19 Theaveragetime of transmissionof theCessnamodelver-
susnoisein thechannelfor theFECtransmissionscheme.

85 90 95 100 105 110 115 120 125 130 135
2

4

6

8

10

12

14

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

N
um

be
r 

of
 F

ac
es

 in
 R

ec
ei

ve
d 

M
od

el
 (

th
ou

sa
nd

s)

Average Number of Faces in Received Model vs. Channel Capacity for UDP send rate = 11.777 Mbps

0% FEC
12.5% FEC
25% FEC
50% FEC
100% FEC

Fig. 20 The numberof facesreceived of theCessnamodelversus
channelcapacityfor theFECtransmissionscheme.

The resultsfor the FEC transmissionschemeappearin
Figure19and20.Thesignificantdifferenceis thatsinceTCP
is not usedin this situation, the initial fluctuation and in-
creasedtransmissiontime do not occur. The numberof re-
constructedfacesis similarto thatfor thehybridtransmission
scheme.

5.8 Wireless: Visual Accuracy

Sinceweenvisionedusingthetransmissionschemesdescribed
in this paperfor a varietyof networkedtopologies,we need
to considerhow alternativenetwork conditionswill affect the
transmissionschemes.In this section,we configuredtheex-
perimentaltestbedto behavesimilar to wirelessnetworks.In
particular, the round-trip time betweensenderand receiver
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Fig. 21 The averagetime of wirelesstransmissionof the Buddha
model versusthe set packet loss rate for the hybrid transmission
scheme.TheUDPsendratewas10.098Mbps.
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Fig. 22 The averagetime of wirelesstransmissionof the Buddha
model versusthe set packet loss rate for the hybrid transmission
scheme.TheUDPsendratewas10.098Mbps.

will besignificantlydecreased,andinsteadof packet lossoc-
curringin burstsit will beuniformly distributed.

Thedifferencein lossdistributionsmaycausesignificant
differencesin theability to reconstructthemesh.Wefirst con-
siderthevisualqualityof thereconstructedmesheswhensent
over the emulatedwirelessnetwork. Theseexperimentsare
run without network crosstalkwith an assumptionthat the
bandwidthsupportedby thenetwork is 11.000Mbps.

Figure21 shows resultswhenusingthehybrid transmis-
sion schemes.We usea sendrateof 10.098Mbps,which is
92%of theavailablebandwidthoverthewirelesslink. There-
sultsaresimilar to thosefor wideareanetworks,with slightly
greaterfacesreconstructed.As long as12.5%or moreof the
vertex splitsaresentvia TCP, a visually accuratemodelcan
bereconstructed.Thevisualqualityfor theFECtransmission
schemeis similarbecausethesamenumberof packetswill be
unprotectedfrom packet loss.

5.9 Wireless: Performance

In this experiment,we evaluatedthe performanceas mea-
suredin thetime to transmittheBuddhamodelover a wire-
lessnetwork. Thesameparameterswereusedin this experi-
mentasin theprevioussection.Figure22showsthetransmis-
sion time for the hybrid transmissionschemewhen0, 12.5,
25, 50, and 100% of the vertex splits are sentvia TCP. If
the lossrateis below 2% of packets,thenTCP outperforms
thehybrid transmissionschemebecauseit usesall theavail-
ablebandwidthon the wirelessnetwork. As loss increases,
TCPtakesincreasinglylongerto transmitthemodelandus-
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Fig. 23 The averagetime of wirelesstransmissionof the Buddha
model versusthe set packet loss rate for the FEC transmission
scheme.TheUDPsendratewas10.098Mbps.

ing UDP to transmitsomeof thevertex splitscanreducethe
transmissiontime.

Theresultsfor the FECschemeappearin Figure23. As
the packet lossrateincreases,moreprotectionis neededfor
eachpacket,which increasesthetime requiredto receive the
model.

6 Conclusions and Future Work

This paperassessedtwo methodsfor handlingthetransferof
3D geometryacrosswide areaand wirelessnetworks. Hy-
brid andFECmechanismscanimprove transmissionperfor-
mancewhentransmittinggeometryover lossychannels.This
improvementin performancecomesat thecostof lost pack-
ets.Theprogressivemeshrepresentationallowedusto mini-
mizethevisual impactwhenpacketsarelost,althoughsome
surfacecorruptionis visible.

We presentedresultsfrom experimentsthatcompareand
contrastusingTCP, ahybridtransmissionscheme,andaFEC
transmissionschemeto transmit3D geometry. Wefoundthat
reducingthe amountof datatransmittedby TCP cansignif-
icantly reducetransmissiontime andvariability. Using FEC
requiressignificantlymoreoverheadthanTCPto transmitthe
meshin the worst casewherewe encodethe entire mesh.
Protectingonly a portionof themeshwith FECtransmission
reducesthe overheadsso that the bandwidthusedis similar
to TCP. A concernis that usingUDP eliminatescongestion
control.We foundthatTCPbehavespoorly evenwhencon-
gestioncontrol is disabled.We alsoinvestigatedwhetherthe
techniquewasgenerallyapplicableandfoundsimilar results
whenusedwith differentmodelsandin differentnetwork sit-
uations.In futurework, wewill look into deploying theUDP
transmissionwith supportfor theDatagramCongestionCon-
trol Protocol.

TheFECandhybrid transmissionschemespresenteduse
the progressive meshschemeand do not optimize for the
packet groupingthatoccurswhentransmittingusingTCPor
UDP. As a result,theschemespresentedheredo not provide
the optimal leastnumberof vertex splits discardeddueto a
lossof a packet.

Another limitation of theseschemesis the requirement
that the applicationselectthe transmissionspeed.This re-
quireshand-tuningfor differentenvironments.Thehand-tuning
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shouldselectan appropriateUDP sendrate relative to the
available bandwidth.Futurework will look at ways to de-
terminetheproperUDP sendrate.

Thereremainseveral openquestionsandchallengesfor
future work. Onepotentialproblemof the hybrid andFEC
transmissionschemesis that UDP is usedto transfera por-
tion of thegeometricmodel.UsingUDP avoids theconges-
tion controlprovidedby TCP. ExtendingthehybridandFEC
transmissionmechanismsto handlecongestionwould be a
valuableenhancement.The work in this paperdoesnot at-
temptto determinewhetherthe causeof packet lossis con-
gestionin abottlenecknetwork link or betweenawirelessde-
vice anda wirelessaccesspoint. An additionalmodification
of thealgorithmis to incorporatefeedbackfrom thereceiver
to conditionallyresendpacketsthatwill force the algorithm
to discardfuture packets that will be sent,or even alterna-
tively, avoid sendingthesepacketsthatwill bediscardedany-
ways.
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