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Abstract

The Metaverse project aims to develop technology for
low-cost,high-resolutionnetworked immersivedisplayen-
vironmentsthat can be usedfor distributedcollaboration,
exploration of 3D datamodels,scienti�c visualization,and
other grid-related applications. Such applicationsoften
deal with massivedata setand needa high-capacity, low-
latencytransportserviceto effectivelyconnectdistantloca-
tionsacrossthewide-area(best-effort) Internet.Thispaper
presentsthe initial designof such an end-to-endtransport
servicefor Metaverseapplications,alongwith resultsof a
simulationstudyevaluatingits effectiveness.Thetransport
servicefeaturesanapplicationprogramminginterfacepro-
viding enhancedcontrol over the way resourcesare allo-
catedto dataobjects,andusesmultipleoverlay-basedend-
to-endpathsto increasebandwidthdelivered to the appli-
cation.

1 Intr oduction

TheInternet,Web,andmorerecently, “Grids,” havefun-
damentallychangedthe ways in which peoplecommuni-
cate,learn,interact,shareinformation,andperformlarge-
scalecomputations.Despitetheseimpressive scienti�c and
technologicaladvances,however, the primary modesof
computer-basedcommunicationand collaborationremain
largely unchanged.Most communicationstill occursus-
ing decades-oldmechanismssuchaselectronicmail or chat
programs. Even multi-party video conferencingand col-
laborationsoftware (whiteboardsand application-sharing)
have hada limited effect [1, 2, 3, 4]. Video conferencing
with postage-stamp-sizedimages,low polygon-count3D
models,andstrict limitationson thenumberof participants
leave muchto bedesired.

� This work supportedin part by NSF GrantsEIA-0101242andANI-
0121438,DARPA agreementnumberF30602-99-1-0514,andby Intel and
MCSI Corporations.

As part of the MetaverseProject [5], we have beende-
velopingnew paradigmsfor usersto interactwith theirdata
andwith oneanotherover thenetwork. Part of theproject
focuseson developmentof high-resolution,low-cost,easy-
to-install immersive environmentsconstructedfrom com-
modity PCsandprojectors.Figure1 illustratesa tiled pro-
jectorimmersiveenvironment.Suchenvironmentsenablea
wide rangeof new human-computerinteractionparadigms
includingimmersiveexplorationof 3D models(e.g.,virtual
spaces,scienti�c models,volumetricmedicaldata(MRIs)),
visualizationof large, high-resolutionimages(e.g., digi-
tal library documents,sculpture,and historical artifacts),
hands-ontrainingmodels(e.g.,combattrainingor medical
training),andlivevideointeractionor groupcollaboration.

Figure 1. (a) arbitraril y placed overlapping
projector s are (b) automaticall y calibrated
and blended tog ether so sho w a 3D model
of Divinci' s Workshop.

Althoughsimilar interactive paradigmshave beenavail-
ablein high-end,expensivesystems(e.g.,CAVEs) [6, 7, 8],
theability to deploy theselow-endsystemsin environments
ranging from of�ces, to conferencerooms, to dedicated
trainingfacilities,makesthemaccessibleto awiderangeof
usersandwill placenew demandson the system,particu-
larly ontheunderlyingnetwork infrastructure.Becauseim-
mersiveenvironmentscanbedeployedin theaverageuser's
of�ce, there is an increasedneedfor remote(interactive)
accessto large datasets/modelsaswell as live datafeeds
from other immersive spaces.For many applications,the
(3D) datamodelsto berenderedcaneasilybe10's of giga-

1



bytesin size,consistingof a time seriesof largepolygonal
meshes,massivevolumetricdata,andtexturemaps.Conse-
quently, designinga network substratecapableof meeting
the (soft) real-timetransmissionrequirementsof theseim-
mersivesystemsis asigni�cant challenge.

In this paperwe considerthe designof an end-to-end
transportserviceto supportsuchimmersive displayappli-
cations. We begin by describinga receiver-driven service
abstraction that providesapplications(i.e. immersive en-
vironments)with enhancedcontrol over the allocationof
transmissionresourcesto dataobjects,and also provides
timely estimatesof (best-effort) future performance.Such
ability canbeusefulin determiningwhichobjectsto request
next. We thendescribeanalgorithmfor selectingmultiple
parallel datapathsacrossan overlay network to improve
throughputbetweenendpoints.We presentthreedifferent
approachesto theproblemof routeselectionin sucha net-
work, followed by resultsfrom simulationexperimentsto
evaluatetheireffectivenessundera rangeof conditions.

2 End-to-End Transport for ImmersiveEnvi-
ronments

AlthoughtheMetaverse's immersivedisplaysoffer users
an excellentenvironmentin which to view their dataon a
largescreenwith high resolution,retrieving suchdatafrom
aserverover awide-areanetwork presentssigni�cant chal-
lengesfor the transportprotocol. The typical dataset is
composedof multiple components(polygonalmeshes,tex-
turemaps,volumetricdata,etc),possiblywith a time com-
ponent(e.g.,the3D model'sevolutionovertime). Giventhe
resultingmassivesizeof thedata,akey goalof thetransport
serviceis high throughput.Unfortunately, high throughput
aloneis neithernecessarynor suf�cient. For our intended
applications,the viewing experienceis an interactive one,
in which theparticipantcontrolstheinformationbeingdis-
playedin (moreor less)real time. Althoughonly a portion
of thetotaldataset/modelis neededby thedisplaysystemat
any giventime, thatpartcanstill belargeandmaybemore
than the network can transferin a timely fashion. In this
case,theapplicationneedsto work togetherwith thetrans-
portserviceto achieve thebestviewing experiencepossible
given the currentnetwork conditions. This meansthat the
API to the transportservicemustbeableto provide infor-
mationaboutthelevel of performanceit is currentlyableto
offer, andit mustallow theapplicationto prioritizedatasent
acrossthechannelto ensurethemostimportantdataneeded
for thedisplayarrives.

Assumingthe applicationcan learn the current band-
width anddelayofferedby thetransportservice,theappli-
cationcanthenselecta renderingapproach.For example,
givena connectionwith limited bandwidthbut low latency,
the applicationmay chooseto transmit the 3D polygonal

meshat low resolutionandvisuallycompensatefor thelack
of depthwith a high resolutiontexture map. Figure2 il-
lustratestwo 3D modelsconsistingof many hi-restexture
maps,millions of polygons,metadata,aswell asvolumetric
data,thatcanberenderedin awide rangeof ways,depend-
ing on the characteristicsof the underlyingnetwork trans-
port service.

Figure 2. Example 3D models.

Onepossibleway to designthe network abstractionfor
immersive environmentsis to leverageexisting transport
services(e.g.,multipleTCPstreams)in conjuctionwith the
InternetProtocol'sdifferentiatedservicesarchitecture.This
placesthework of managingmultipleconnectionssquarely
on the application,but hasthe advantageof allowing the
applicationto specifythenetwork serviceeachcomponent
requires.However, becausetheserviceis built solelyonthe
existing IP infrastructure,the servicehasno control over
the path (route) packets take throughthe network. Con-
sequentlypacketsbelongingto the samecomponent,may
take widely differentroutes,resultingin unpredictableper-
formance. Moreover, this model assumesthat differenti-
ated(or integrated)servicesis fully deployed in the Inter-
net;which to-datehasnotoccurred.

Givenour concernswith existing transportservices,we
identi�ed speci�c needsof a metaversetransportservice,
and then designedan abstractionand API to meet those
needs.In particular, thetransportservicemustoffer thefol-
lowing features:

� The abstractionshould be that of a single end-to-
end communicationchannelfrom sourceto destina-
tion (calledthesessionchannel)togetherwith asingle
feedbackchannel.Theapplicationshouldnotbeaware
of, or needto manage,multipleconnections.

� Thesessionchannelshouldbereliable.

� The applicationshouldbe ableto specifythe priority
of its data.Higherpriority datamayslow down or pre-
emptcompletelythedelivery of lower priority data.A
session's priority speci�cationshouldnot affect inter-
session�o w scheduling.

� Theapplicationshouldbeableto querytheservicefor
an estimationof bandwidthand delay characteristics
of the sessionchannel. In otherwords, the endsys-
temsshouldbeableto ask“what if ” questionsandget
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backestimatesof whatwouldhappenif dataweresent
accordingto theproposedpriority scheme.

In summary, the applicationneedsto be ableto (1) ob-
taininformationabouthow well thenetwork will performin
thefuture(basedon pastperformance),(2) specifya prior-
itized delivery plan,and(3) thenlet theunderlyingservice
mapthedelivery planontoactualnetwork paths.It should
be notedthat we do not requirethat the serviceoffer any
Quality of Service(QoS)guarantees.This allows the ser-
vice to operateacrossany best-effort network (i.e.,doesnot
requirediffserv support),but implies the applicationis re-
sponsiblefor (continuously)adjustingto changingnetwork
conditions.

To meettheforegoingrequirements,we designeda new
servicemodelandAPI for transportingMetaversedata.The
serviceabstractionis receiver-driven,in thatthedestination
displaydecideswhatpartsof thedataaremostimportant.

To achieve prioritized datatransmission,the receiving
applicationspeci�esthe datato be transmittedasa hierar-
chy of nodes,whereeachleaf noderepresentsa (semanti-
callymeaningful)dataunit (“object”) tobetransmitted.Ob-
jectsarethesmallestlogical unit of transmissionandmust
bedeliveredto thedestinationapplicationasa whole1. In-
ternalnodesrepresentgroupsof objectsandde�ne theper-
centageof the bandwidthto be given to eachobjectin the
subtree.Figure3 shows an examplehierarchy. Eachtree
denotesapriority level. Within apriority tree,nodeweights
denotethefractionof bandwidthusedto transmitthatnode.
Weightson thechildrenarew.r.t. theweightof theirparent.
In somecases,a node's childrenobjectsneedto be deliv-
eredin a particularorderto the application—e.g.,a series
of texturemapsencodedasadeltaoff thepreviousmap.To
supportordereddelivery, eachnodecontainsa �ag indicat-
ing whetherthechildrenof anodeareorderedor not.

1

0.30.50.2

ordered

0.3
0.2

0.5

priority i

un-ordered, no weights

0.6 0.4

priority j

1

Figure 3. Example data deliver y speci�cation.
Each tree denotes a priority level; weights de­
note fractional band width.

The API consist of four basic calls: opensession(),
closesession(),set recvhandle(), and scheduleobjects().
The �rst two establishand tear down a session. The

1Notethatanobjectmaybefurtherdecomposedby theunderlyingser-
vice into fragments.

set recvhandle()call is usedby thereceiver to processin-
coming data,while the scheduleobjects()call is usedby
thereceiver to set/changethepriority/weightsusedto trans-
mit thedata. Moreover, thescheduleobjects()call returns
a “estimatedarrival time” for eachof theobjectsspeci�ed
in the hierarchy. The speci�c parametersfor eachcall are
shown in Table1. The structureMetaInfo refersto the
priority trees,includinga �eld in eachnodeof thetreewith
its estimated�nish time.

3 A Multi-path Transport Service

A key goalof theserviceis to maximizesessionthrough-
put. A well-known techniqueto boostapplicationthrough-
put is to openmultiple TCPconnections(e.g.,usedin web
browsers). Unfortunately, this approachallows a �o w to
grabalargershareof thebottleneckbandwidththanasingle
TCP �o w, andthus,somewould argue,exceedsthe limits
of good“net citizenship”. Worseyet, anapplicationcould
usenon-TCPfriendly protocols(sayUDP)to grabanunfair
shareof the bottleneckbandwidth. However, even if one
took theseapproaches,theachievablebandwidthwould be
limited by the bottlenecklink on the (single)IP pathfrom
thesourceto thedestination.

Overlaynetworksavoid thisproblemby supportingmul-
tiple concurrentpathsthroughthe Internetwhile maintain-
ing TCP-friendlinessoneachpath.WherestandardInternet
routing protocolstry to �nd the singleshortestpath route
from sourceto destination,thesetof overlaynodescanco-
operateto discover multiple routesacrossthe Internet.Al-
thoughthediscoveredroutesmayhave higherlatency than
the shortestpath,the ensembleof path(s)canoffer higher
throughput.To verify this, we comparedthroughputof the
shortestpathrouteto the throughputof an alternate(over-
lay) path throughthe Internetusing the Planetlaboverlay
network [9]. Our resultsshowed that throughputimprove-
mentsaslargeas30 timeswerepossible.For examplebe-
tweenplanetlab1.postel.org andplanetlab1.lcs.mit.edu, the
default routeoffereda throughputof 714 Kb/s, while us-
ing an overlay paththroughUCLA, Utah,WUSTL, Geor-
gia Tech,Duke, NYU resultedin anaveragethroughputof
20.84Mb/s.

In the following, we presenta new multi-path overlay
routing network that (1) passively monitorsavailablepath
bandwidth,(2) dynamicallydiscoversunder-utilized paths,
(3) selectsappropriateroutessubjectto constraintslimiting
the load imposedon thenetwork, and(4) dynamicallydis-
tributesasession's loadacrosstheselectedpaths.

3.1 Issuesin Multi­path Overlay Transport

The�rst issuethatmustbeaddressedis availableband-
width discovery. In order to �nd alternateroutesthrough

3



FunctionName Description

int open session(struct sockaddr* svrAddr) Openasessionto theserverandreturnthesessionID
int close session(int sessId) Terminatethespeci�edsession
int set recv handle(int sessId, int objId,

void *buf, int len,
CallBackFunction* call back)

Registera callbackfunction to handleincomingobjectsas
they arrive. Suf�cient buffer spacemustbeprovidedor, in-
comingobjectswill bediscarded.

MetaInfo* schedule objects(int sessId,
MetaInfo* objects, int modified)

Specifythetransmissionschedule(asa list of MetaInfopri-
ority trees). Side-effect: initiates(or restarts)transmission
usingthespeci�edschedule.ReturnsthegivenMetaInfotree
with theestimatedobjectarrival times�lled in.

Table 1. Metaverse Transpor t Service API.

the overlay, an overlay nodemustbe able to estimatethe
availablebandwidthfrom itself to otheroverlaynodes.This
information can then be sharedamongnodes(e.g., much
like link state routing algorithms), allowing a sourceto
selectthe best set of pathsfor its session. A variety of
bandwidthestimationapproacheshavebeenproposedin the
past[10, 11, 12] which activelyprobeby injecting traf�c
into thenetwork to determinetheavailablebandwidth.Un-
like theseapproaches,we employ a passiveapproachthat
continuouslymonitorsandrecordsthebandwidthusage.In
our design,“virtual links” areestablishedhop-by-hopbe-
tweenoverlay nodesusing TCP connections.Eachnode
keepstrack of two variableson eachof its adjacentlinks:
one for the maximumachievablebandwidth,measuredas
the peakbandwidthcorrespondingto when the TCP win-
dow is the largest;andthe otherfor the averagemeasured
bandwidth.Thedifferencebetweenthesetwo valuescanbe
usedto estimateavailablebandwidth.Becausetheoverlay's
“virtual links” aresharedby all �o ws, theestimatesbene�t
all �o ws, andcanbe built up over time; whereastwo ran-
domendpointsthatsuddenlydecideto communicateusing
standardrouting protocolsmustuseactive/intrusive meth-
odsto estimateavailablebandwidth.

Thesecondissueto beaddressedis pathselection. Path
selectioninvolves several sub-issuesincluding how many
pathsshouldbe selected,what is the maximumlength a
pathcanbe,whatis thesetof disjointpaths,andultimately,
which pathsoptimize the objective function. Note that a
wide rangeof objective functionsare possible,wherean
objective function de�nes the tradeoffs betweenthe above
factors. In thenext section,we describethreedifferental-
gorithmsfor pathselection,andpresentsimulationresults
showing theexpectedthroughputfor eachapproach.

The third issueinvolves load balancingamongthe se-
lectedpaths. Given a set of paths,the transportservice
mustmapthe user's MetaInfospeci�cationonto the avail-
able paths. Although a variety of mappingsare possible,
our serviceattemptsto minimizebuffering andreassembly
effectsby mappingall thepacketsfrom a singleobjectunit
(a leaf nodein Figure3) to the samenetwork path,while

distributing the objectsacrossnetwork pathsto matchthe
session's shareof bandwidthon that path. In general,the
goal is to minimize the “�nish time,” while satisfyingthe
buffering constraintsat the receiver. The speci�c “�nish
time” computationis describedin thefollowing section.

3.2 Computing Object Finish Time

The�nish time of anobjectis a receiver-sideestimation
of theobject'stransmissioncompletiontime. It is afunction
of the availablebandwidth,delay, andsizeandpriority of
theobjectswaiting to betransmitted.

The �nish time is computedfrom high to low prior-
ity and from the top of the object hierarchy to the bot-
tom follows: Let B be the total network bandwidthand

 k = MetaInfo[k], the set of top-level nodesof priority
k. We computethe �nish time � j of nj 2 
 k asfollows:
(assumesj =B � dj , wheresj is thesizeof objectn j and
dj thepathdelay)

while 
 k 6= ; do
let nx bethenodewith � x = minn j 2 
 k

sj

w j � B
for all j 6= x do

sj = sj � � x � wj � B
wj = w j

(� j w j ) � wx


 k = 
 k � f nx g
The �nish time for eachobject in priority k is adjusted

to includethelongest�nish time in priority k � 1. For each
internalnode,if its �nish time is not directly obtained,it
is set to the maximumof any nodelocatedin its subtree.
If nodesareorderedandtheparentnodeof a nodeat level
i is ni � 1

k , then the estimated�nish time is simply: � i
j =

� i � 1
j � si

k

si � 1
k

.

4 Overlay Multipath Routing Algorithms

Our goal of using multiple pathswithin the overlay is
two-fold. First, we want to improve the overall (overlay)
network utilization. Second,we want to sharethe band-
width fairly while maximizing the averagethroughputof
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connections.Theimplicationof thesegoalsis thatsessions
shouldcollectively sharenetwork capacityto maximizeto-
tal bytestransferedwhile preventingany sessionfrom gain-
ing anunfair shareof thebandwidth.

The objective functions for the routing algorithm are
shown below. We modelan overlay network asa directed
graphG = (V; E), andlet Ci;j denotethecapacityof link
(i; j ), Fi;j the�o w onlink (i; j ), xp the�o w onpathp 2 Pi ,
wherePi is the collectionof all availablepathsbetweena
sourcedestinationpair. Finally, W denotesthe set of all
source-destinationpairs.

Objectives: maximize
P

F i;jP
C i;j

for all (i; j ) 2 E

minimize
P

W
1P

p 2 P i
x p

Subjectto: Fi;j =
X

( i;j )2 p

xp � Ci;j

The secondgoal is achieved when
P

W j
P

p2 P i
xp �P

p2 P j
xp j is minimized.Therefore,with uniform connec-

tion size, it canbe capturedasminimizing the throughput
varianceamongall connections.

The optimizationof the �rst objective is quite straight-
forward: we want eachconnectionto useasmuchof the
residualnetwork capacityaspossible.Theoptimizationof
thesecondobjective, on theotherhand,is lessclear. It re-
quiresan even allocationof �o w ratefor eachconnection,
which would be particularhard to achieve with dynamic
traf�c. Therearetwo choicesmadeby a routingalgorithm
thatimpactsthis objective: oneis thenumberof pathscho-
senandthe other is which setof pathsto choose.For the
�rst objective, we would like to chooseasmany pathsas
possible(subjectto somenumbermanageableby theappli-
cation)andaswide pathsaspossible(wherewide means
higheravailablebandwidth). However, sucha greedyap-
proachcan easily causethe overloadof the network and
bandwidthstarvationof somesessions.Therefore,it is nec-
essaryto havethesecondgoalto balancetheusageof band-
width amongsessionsandto optimizethe overall connec-
tion timeof all sessions.

Unlike a conventionalrouter, thetraf�c forwardedby an
overlay nodemay originateon the overlay nodeitself, as
well as elsewherein the network. To allow for different
servicelevelsfor localvs. non-localtraf�c, wedivide �o ws
at eachnodeinto two categories:�o ws generatedlocally at
thatnode,and�o ws in transitthroughthenode. We usea
parameter� to characterizethefractionof bandwidthused
by the classof local �o ws andassignhigherbandwidthto
local �o ws. Furthermore,we assume�o ws belongingto
the sameclassreceive an equalshareof bandwidthat the
bottlenecklink.

4.1 Path­SelectionApproaches

We discussthreeheuristicalgorithmsfor selectingmul-
tiple pathsin the overlay network andpresentpreliminary
simulationresults.We �rst de�ne a feasiblepathasa path
betweenthesourceanddestinationpair thatsatis�esasetof
constraintson theresidualbandwidth,hopcountsandpath
delay. Althoughtheobjective functionsdo not includeany
of theseconstraints,in practice,they are importantprop-
ertiesthat directly affect applicationperformance.We use
a �x ed hop limit (Max Hops), anda relative delaybound
(MaxDelay) – theratioof theshortestpathdelayto � times
the shortestpath residual(which is the fraction of band-
width relative to the shortestpath�o w) – asthe minimum
path residualvalue. The link residualis computedas an
exponentially-weightedmoving averagethat is updatedev-
ery unit time. Every updateinterval, a nodebroadcaststhe
residualvaluesof all its adjacentedgesto all othernodes.

Another importantparameteris the maximumnumber
of pathsselectedby the routing algorithm. Aside from
being manageableby the application,this numberrepre-
sentsa tradeoff betweenhow muchbandwidthan individ-
ual connectioncangetandhow muchloadit contributesto
the network. The optimal routing,asde�ned in Bertsekas
andGallager[13], injects�o ws only to theshortest(equal-
length)paths. Whenusingpathswith length(hop counts)
greaterthantheshortestpath,no matterhow the�o w rates
are distributed acrossthe paths,the total utilization is al-
waysgreaterthanthat usedby shortestpathrouting. This
effect is exacerbatedwhenwemodelthenetwork asacom-
plete graph,sincean alternative path is at leasttwice the
length of the shortestpath. If the network offered load
is low, the actual load generatedby multipath routing is
sustainable;however, as the network load increases,sim-
ply choosingmultiplepathsultimatelyleadsto overloading
of thenetwork. Therefore,an intelligent routingalgorithm
must dynamicallyadaptthe pathsit choosebasedon the
currentnetwork load.

Random: As the namesuggests,this algorithmrandomly
selectsa few pathsfrom the sourceto the destination. It
startsfrom the sourcenodeandrandomlyselectsthe next
hop. If the newly selectededgein additionto the current
partial pathsatis�es the delayandhop limit constraints,it
continues;otherwiseit looks up anothernodeas the next
hop. When the destinationis reached,it selectsthe new
pathandrestartsfrom thesourceto selectanotherpathuntil
it reachesthespeci�edmaximumpaths,or nomorepathcan
be found. The selectedpathsarenot necessarilydisjoint,
andthe selectiondoesnot baseon the residualbandwidth
of thelinks.

ClosestFirst: The closest-�rst multipath routing (CFM)
proceedsin the breadth-�rst fashionin growing the paths.
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Startingfrom thesource,all possibleedgesthatsatisfythe
constraintsareremembered.Whena pathreachesthedes-
tination,all edgesbelongto thepathareremovedfrom the
currentpathlist. Therefore,pathsaredisjoint. Sinceit will
always�nds afeasiblepathwith shortesthopcount�rst, we
call it “closest-�rst.” Additionally, thegrowth of thepaths
at a certaindepthusesa randomorderof nodesasthenext
hop;this is to avoid always�rst selectingnodeswith lower
identi�ers. Whenall feasiblepathsarefound,andthereare
morefeasiblepathsthanthemaximumpaths,we randomly
selecta few pathsamongthefeasibleset.

WidestFirst: Thewidest-�rst multipathrouting(WFM) is
a modi�ed Bellman-fordalgorithmto computethe widest
path tree subjectto the constraints. In eachiteration, a
widestpathfrom thesourceto thedestinationis computed.
Edgesbelongto thepatharethenremovedfrom thegraph.
The algorithm then computesanotherwidest path on the
remainingedgesandcontinuesuntil no morepathcanbe
found. If therearemorefeasiblepathsthanthe maximum
paths,weselectrandomly.

4.2 Simulation Results

Figure4 and5 shows thecomparisonof thealgorithms
on a completegraphof 5 nodes. We choseuniform link
bandwidthanduniform link delayin this simulation.There
are no path constraintsin this setting(the parametersare
chosensuchthatall possiblepathsarefeasible).Weobserve
thefollowing:

� When� = 1:0, sessionsshouldget at leastthe same
throughputastheshortestpathroutingbecauseof the
schedulingmechanismat intermediatenodesthatpro-
tectstheshortestpath�o ws.

� Therandomalgorithmcaneasilyoverloadthenetwork
since it is more likely to selectpathsof longer hop
countsand pathsof small residualcapacity, thus in-
creasingtraf�c loadandcontention,respectively.

� TheCFM andWFM algorithmsperformssimilarly in
thissetting.WeexpectCFM to performbetterfor non-
uniform settingswith low network load (sinceit dis-
tributestraf�c more evenly over the network), while
WFM may suffer from always trying to select the
widestpaths(althoughthereis arandomizationof �nal
selectionsamongall “wider” paths).

� Underlower load,the larger thevalueof � , the fewer
choicesavailable for selectingalternative pathssince
thereare fewer pathswith capacitygreaterthan the
shortestpath. It is interestingthat with moderate� ,
the algorithmsseemto be quite adaptive to the of-
fered load, achieving high throughputwith low load
andconvergingto shortestpathsathigherofferedload.

� WFM executesmuch faster than CFM particularly
with higherload,becausewhenfewer pathsareavail-
able, WFM can �nd them quickly while CFM will
have to searchfor them.

5 Issueswith Corr elatedPaths

Themaindif�culty of implementingthemultipathrout-
ing as an overlay serviceis the lack of accuracy of path
information obtainableat the overlay nodes. We have so
farmodeledthenetwork assumingindependentlinks, while
theactualoverlaypathsarealmostinevitably correlated.If
two pathssharea bottlenecklink, selectingbothpathswill
not necessarilyincreasethe actualthroughput.How to in-
fer a sharedbottleneckis a dif�cult problemin thecurrent
design.Furthermore,we not only want to know pathsthat
arelink-disjoint but alsowhetherthesharedlink is thebot-
tlenecklink or not. Oneexampleis that links closeto the
sourcearealwayssharedby all sessions,but they areun-
likely thebottlenecksfor session�o ws.

Thecorrelationof overlaypathsaffectsnot only these-
lectionof pathsbut alsotheschedulingmechanismsaswell.
At theleast,theschedulingmechanismneedsto bepernode
ratherthanper destination.Sincesomepathsoverlap,the
sum of actualachievable throughputover all destinations
mustbelessthanthesumof themeasuredthroughputonin-
dividualpaths.Onequestionis whatrateshouldtheshortest
path�o ws receive?Is it � timestheactualoverall through-
put,or � timesthethroughputof theoverlaypath?

6 RelatedWork

A variety of approacheshave beendevelopedto lever-
age the existence of multiple, redundantrouting paths
to improve ef�ciency and to provide more reliable and
fault-tolerantnetwork routing services.Gallager[13] �rst
showed that splitting data transferacrossmultiple equal
weightpathsresultingin improvednetworkutilization. This
approachis often adoptedin traf�c engineeringschemes
suchas in OSPF, but typically only exists at the network
layerasa loadbalancingmechanism.Byerset al. [14] sug-
gestedusingerasurecodesandparalleldownloadingfrom
multiple mirror sites to speedup data transfer. This ap-
proachrequiresdatato be storedredundantlyat multiple
sitesandtherefore,is not directly applicablein our immer-
sivedisplayenvironment.

More recently, RON [15] hasproposeda fault-tolerant
routingservicesin thecontext of overlaynetworks.Thekey
characteristicof theirwork is to �nd alternateroutingpaths
in the time of routing failureon the primarypath. In their
morerecentpaper[16], they have suggestedusingmultiple
pathsto providereliableroutingservicesby transferringre-
dundantdataacrossthesepaths. A commonalitybetween
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Figure 4. Average Session Throughput: Max Hops= 5, Max Delay= 5, Max Paths= 4
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Figure 5. Lower 5th percentile Session Throughput: Max Hops= 5, Max Delay= 5, Max Paths= 4

our work andRON is that both leverageoverlay networks
to provide betterrouting servicesthat are reactive to net-
work topology and traf�c conditions. However, in RON,
the objective of the routing serviceis for fault-tolerance,
andthepathsdiscoverymechanismrequirescontinuousac-
tive probingof a meshnetwork; while in our work, theob-
jective is to improve applicationdatatransferperformance
with a passive monitoring component. Additionally, our
framework alsoextendsto transportservicessuchasdata
fragmentation.

7 Conclusions

Multipath routingoffers thepotentialto supportemerg-
ing multimediaapplicationssuchas collaborative immer-
sive environments.In this paperwe have presenteda mul-
tipath routing servicebasedon an overlay network, and

showed that with intelligent route selectionmechanisms,
multiple pathroutingcanachieve thehigherbandwidthde-
siredby thesedemandingapplications.However, raw band-
width increasedoesnot translatedirectly to applicationper-
ceivedperformanceincrease.A �e xible API is necessaryto
integratethe overlay servicewith the applicationdemand.
We have developeda simple API that gives applications
limited controlover theway their datais treated.In partic-
ular, weproposedareceiver-drivenAPI thatallowsviewers
to alter the way the datatransmittedto meettheir viewing
needs.

Clearly, providing an overlay transportsystemwith an
alternative routing serviceinvolvesmany componentsthat
cannotbeaddressedin a singlepaper. To this end,we have
describeda multipathoverlaynetwork that: a) usespassive
measurementsto identify availablebandwidth;b) dynami-
cally selectspathssubjectto a setof constraintsthat limit

7



theloadimposedon thenetwork; andc) offersloadbalanc-
ing acrossselectedpathsbasedon user-speci�edpriorities.
Wehaveprototypedthesystemandarecurrentlyinvestigat-
ing its performanceon thePlanetlabnetwork.
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