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Abstract

The Metavese project aimsto develop technolagy for
low-cost,high-resolutionnetworled immesive displayen-
vironmentghat can be usedfor distributed collaboration,
exploration of 3D datamodels scienti ¢ visualization,and
other grid-related applications. Sud applicationsoften
dealwith massivedata setand needa high-capacity low-
latencytransportserviceto effectivelyconnecdistantloca-
tionsacrossthewide-aea (best-efort) Internet. Thispaper
presentgheinitial designof sud an end-to-endransport
servicefor Metavese applications,along with resultsof a
simulationstudyevaluatingits effectivenessThetransport
servicefeatuesan applicationprogramminginterfacepro-
viding enhancedcontiol over the way resoucesare allo-
catedto dataobjectsand usesmultiple overlay-baseand-
to-endpathsto increasebandwidthdelivered to the appli-
cation.

1 Intr oduction

Thelnternet,Web,andmorerecently “Grids,” have fun-
damentallychangedthe ways in which peoplecommuni-
cate,learn,interact,shareinformation,and performlarge-
scalecomputationsDespitetheseimpressie scienti ¢ and
technologicaladwances, however, the primary modesof
computerbasedcommunicationand collaborationremain
largely unchanged. Most communicationstill occursus-
ing decades-oldnechanismsuchaselectronicmail 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-sizeidhages,low polygon-count3D
models,andstrict limitationson the numberof participants
leave muchto bedesired.
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As part of the Metavese Project [5], we have beende-
velopingnew paradigmdor usergo interactwith their data
andwith oneanotherover the network. Part of the project
focuseson developmentof high-resolutionjow-cost,easy-
to-install immersie ervironmentsconstructedrom com-
modity PCsandprojectors.Figurel illustratesa tiled pro-
jectorimmersie environment.Suchervironmentsenablea
wide rangeof new human-computeinteractionparadigms
includingimmersve explorationof 3D models(e.qg.,virtual
spacesscienti ¢ models,volumetricmedicaldata(MRIs)),
visualizationof large, high-resolutionimages(e.qg., digi-
tal library documents sculpture,and historical artifacts),
hands-ortrainingmodels(e.g.,combattraining or medical
training),andlive videointeractionor groupcollaboration.

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

Although similar interactve paradigmshave beenavail-
ablein high-end expensve systemge.g.,CAVES)[6, 7, 8],
theability to deploy thesdow-endsystemsn ervironments
ranging from of ces, to conferencerooms, to dedicated
trainingfacilities,makesthemaccessibléo awide rangeof
usersandwill placenev demandwn the system,particu-
larly ontheunderlyingnetwork infrastructure Becausem-
mersie ervironmentscanbedeployedin theaverageusers
of ce, thereis anincreasedheedfor remote(interactize)
accesdo large datasets/modelaswell aslive datafeeds
from otherimmersve spaces.For mary applicationsthe
(3D) datamodelsto berenderectaneasilybe 10's of giga-



bytesin size,consistingof a time seriesof large polygonal
meshesmassie volumetricdata,andtexturemaps.Conse-
qguently designinga network substratecapableof meeting
the (soft) real-timetransmissiorrequirement®f theseim-
mersve systemss a signi cant challenge.

In this paperwe considerthe designof an end-to-end
transportserviceto supportsuchimmersve display appli-
cations. We bggin by describinga recever-driven service
abstiaction that provides applications(i.e. immersie en-
vironments)with enhancedontrol over the allocation of
transmissiorresourcedo dataobjects,and also provides
timely estimatesf (best-efort) future performance.Such
ability canbeusefulin determiningvhich objectsto request
next. We thendescribean algorithmfor selectingmultiple
parallel datapathsacrossan overlay network to improve
throughputbetweenendpoints. We presentthreedifferent
approacheso the problemof routeselectionin sucha net-
work, followed by resultsfrom simulationexperimentsto
evaluatetheir effectivenessindera rangeof conditions.

2 End-to-End Transport for Immersive Envi-
ronments

Althoughthe Metaversesimmersve displaysoffer users
an excellentervironmentin which to view their dataon a
large screernwith high resolution retrieving suchdatafrom
aseneroverawide-areanetwork presentsigni cant chal-
lengesfor the transportprotocol. The typical datasetis
composedf multiple componentgpolygonalmeshestex-
ture maps,volumetricdata,etc), possiblywith atime com-
ponent(e.g.,the3D modelsevolutionovertime). Giventhe
resultingmassve sizeof thedata,akey goalof thetransport
serviceis high throughput.Unfortunately high throughput
aloneis neithernecessaryor sufcient. For our intended
applications the viewing experienceis an interactie one,
in which the participantcontrolstheinformationbeingdis-
playedin (moreor less)realtime. Althoughonly a portion
of thetotal dataset/models neededy thedisplaysystemat
ary giventime, thatpartcanstill belargeandmaybemore
thanthe network cantransferin a timely fashion. In this
casetheapplicationneedgo work togethemwith thetrans-
portserviceto achieve the bestviewing experiencepossible
giventhe currentnetwork conditions. This meansthatthe
API to the transportservicemustbe ableto provide infor-
mationaboutthelevel of performancaét is currentlyableto
offer, andit mustallow theapplicationto prioritize datasent
acrosghechanneto ensuréhemostimportantdataneeded
for thedisplayarrives.

Assumingthe applicationcan learn the current band-
width anddelayofferedby the transportservice the appli-
cationcanthenselecta renderingapproach.For example,
givenaconnectionwith limited bandwidthbut low latengy,
the applicationmay chooseto transmitthe 3D polygonal

meshatlow resolutionandvisually compensatéor thelack
of depthwith a high resolutiontexture map. Figure2 il-
lustratestwo 3D modelsconsistingof mary hi-restexture
maps millions of polygons metadataaswell asvolumetric
data,thatcanberenderedn awide rangeof ways,depend-
ing on the characteristic®f the underlyingnetwork trans-
portservice.

Figure 2. Example 3D models.

Onepossibleway to designthe network abstractiorfor
immersie ervironmentsis to leverageexisting transport
serviceqe.g.,multiple TCPstreams)n conjuctionwith the
InternetProtocols differentiatedservicesarchitecture This
placeshework of managingnultiple connectionsquarely
on the application,but hasthe adwantageof allowing the
applicationto specifythe network serviceeachcomponent
requires.However, becaus¢heserviceis built solelyonthe
existing IP infrastructure the servicehasno control over
the path (route) paclets take throughthe network. Con-
sequentlypaclets belongingto the samecomponentmay
take widely differentroutes resultingin unpredictableper
formance. Moreover, this model assumeshat differenti-
ated(or integrated)servicesis fully deployedin the Inter
net; whichto-datehasnotoccurred.

Given our concernswith existing transportserviceswe
identi ed speci ¢ needsof a metaversetransportservice,
and then designedan abstractionand API to meetthose
needsln particular thetransporservicemustoffer thefol-
lowing features:

The abstractionshould be that of a single end-to-
end communicationchannelfrom sourceto destina-
tion (calledthe sessiorchannel}ogethemwith asingle
feedbaclchannel.Theapplicationshouldnotbeaware
of, or needto managemultiple connections.

Thesessiorchannekhouldbereliable.

The applicationshouldbe ableto specifythe priority
of its data.Higher priority datamayslow down or pre-
emptcompletelythedelivery of lower priority data.A
sessiors priority speci cationshouldnot affectinter
sessiono w scheduling.

Theapplicationshouldbeableto querythe servicefor
an estimationof bandwidthand delay characteristics
of the sessionchannel. In otherwords, the end sys-
temsshouldbeableto ask“what if * questionsandget



backestimate®f whatwould happenf dataweresent
accordingto the proposedriority scheme.

In summarythe applicationneedsto be ableto (1) ob-
taininformationabouthow well thenetwork will performin
thefuture (basedon pastperformance)(2) specifya prior-
itized delivery plan,and(3) thenlet the underlyingservice
mapthe delivery planonto actualnetwork paths. It should
be notedthat we do not requirethat the serviceoffer ary
Quality of Service(QoS)guaranteesThis allows the ser
viceto operateacrossary best-efort network (i.e., doesnot
requirediffserv support),but implies the applicationis re-
sponsibleor (continuously)adjustingto changingnetwork
conditions.

To meetthe foregoing requirementsye designeda new
servicemodelandAPI for transportingVietaversedata. The
serviceabstractions recever-driven,in thatthedestination
displaydecideswvhatpartsof the dataaremostimportant.

To achieve prioritized datatransmissionthe receving
applicationspeci esthe datato be transmittedasa hierar
chy of nodes,whereeachleaf noderepresents (semanti-
cally meaningful)dataunit (“object”) to betransmitted Ob-
jectsarethe smallestiogical unit of transmissiorandmust
be deliveredto the destinationapplicationasa whole'. In-
ternalnodesrepresengroupsof objectsandde ne the per
centageof the bandwidthto be givento eachobjectin the
subtree. Figure 3 shavs an examplehierarcly. Eachtree
denotes priority level. Within apriority tree,nodeweights
denotehefractionof bandwidthusedto transmitthatnode.
Weightsonthechildrenarew.r.t. theweightof their parent.
In somecasesa nodes childrenobjectsneedto be deliv-
eredin a particularorderto the application—e.g.a series
of texturemapsencodedhsa deltaoff the previousmap. To
supportordereddelivery, eachnodecontainsa ag indicat-
ing whetherthe childrenof a nodeareorderedor not.

priority i priority j

@) O un-ordered, no weights
: l&o 9 O 03 R
O 0.2

ordered

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

The API consistof four basic calls: opensession(),
closesession(),setrecvhandle(), and scheduleobjects().
The rst two establishand tear dovn a session. The

INotethatanobjectmaybefurtherdecomposetly theunderlyingser
vice into fragments.

setrecvhandle()call is usedby the recever to processn-

coming data, while the scheduleobjects()call is usedby
thereceverto set/changéhepriority/weightsusedto trans-
mit the data. Moreover, the scheduleobjects()call returns
a “estimatedarrival time” for eachof the objectsspeci ed
in the hierarcly. The speci ¢ parametergor eachcall are
shavn in Table 1. The structureMetalnfo refersto the
priority trees,includinga eld in eachnodeof thetreewith

its estimatednish time.

3 A Multi-path Transport Sewice

A key goalof theserviceis to maximizesessiorthrough-
put. A well-known techniqueto boostapplicationthrough-
putis to openmultiple TCP connectionge.g.,usedin web
browsers). Unfortunately this approachallows a ow to
grabalargershareof thebottleneckbandwidththanasingle
TCP o w, andthus,somewould amgue, exceedsthe limits
of good“net citizenship”. Worseyet, an applicationcould
usenon-TCPfriendly protocols(sayUDP)to grabanunfair
shareof the bottleneckbandwidth. However, evenif one
took theseapproacheghe achiezable bandwidthwould be
limited by the bottlenecklink on the (single)IP pathfrom
the sourceto the destination.

Overlaynetworksavoid this problemby supportingnul-
tiple concurrenpathsthroughthe Internetwhile maintain-
ing TCP-friendlines®n eachpath. Wherestandardnternet
routing protocolstry to nd the single shortestpath route
from sourceto destinationthe setof overlay nodescanco-
operateto discorer multiple routesacrosshe Internet. Al-
thoughthe discoreredroutesmay have higherlateng than
the shortestpath, the ensembleof path(s)can offer higher
throughput.To verify this, we comparedhroughputof the
shortestpathrouteto the throughputof an alternate(over-
lay) paththroughthe Internetusing the Planetlaboverlay
network [9]. Our resultsshaved thatthroughputimprove-
mentsaslarge as30 timeswere possible.For examplebe-
tweenplanetlabl.postel.grandplanetlabl.lcs.mit.eduhe
default route offered a 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) passvely monitorsavailable path
bandwidth,(2) dynamicallydiscorersunderutilized paths,
(3) selectsappropriataoutessubjectto constraintdimiting
theloadimposedon the network, and(4) dynamicallydis-
tributesa sessiors loadacrosgshe selectecpaths.

3.1 Issuesin Multi-path Overlay Transport

The rst issuethatmustbe addresseds availableband-
width discovery. In orderto nd alternateroutesthrough



| FunctionName

Description |

int  open _session(struct sockaddr*  svrAddr) Openasessiorto thesener andreturnthe sessioriD
int close _session(int sessld) Terminatethe speci ed session
int  set _recv _handle(int sessld, int objld, Reagistera callbackfunction to handleincoming objectsas
void *buf, int len, they arrive. Sufcient buffer spacemustbe providedor, in-
CallBackFunction* call _back) comingobjectswill bediscarded.
Metalnfo*  schedule _objects(int sessld, Specifythetransmissiorschedulgasa list of Metalnfo pri-
Metalnfo*  objects, int  modified) ority trees). Side-efect: initiates (or restarts)transmission
usingthespeci edscheduleReturnghegivenMetalnfotree
with theestimatedbjectarrival times lled in.

Table 1. Metaverse Transpor t Service API.

the overlay, an overlay nodemustbe ableto estimatethe
availablebandwidthfrom itself to otheroverlaynodes.This
information can then be sharedamongnodes(e.g., much
like link staterouting algorithms), allowing a sourceto
selectthe bestset of pathsfor its session. A variety of
bandwidthestimatiorapproachebave beenproposedn the
past[10, 11, 12] which actively probeby injecting trafc
into the network to determinethe availablebandwidth.Un-
like theseapproacheswe employ a passiveapproachthat
continuouslymonitorsandrecordshe bandwidthusageln
our design,“virtual links” are establishechop-by-hopbe-
tween overlay nodesusing TCP connections. Eachnode
keepstrack of two variableson eachof its adjacentlinks:
one for the maximumachiezable bandwidth,measureds
the peakbandwidthcorrespondingo whenthe TCP win-
dow is the largest;andthe otherfor the averagemeasured
bandwidth.Thedifferencebetweerthesetwo valuescanbe
usedto estimateavailablebandwidth.Becaus¢heoverlay's
“virtual links” aresharecdby all o ws, theestimatedene t
all ows, andcanbe built up over time; whereagwo ran-
domendpointghat suddenlydecideto communicataising
standardrouting protocolsmustuseactive/intrusve meth-
odsto estimateavailablebandwidth.

The secondssueto be addresseds pathselection Path
selectioninvolves several sub-issuesncluding how mary
pathsshould be selected what is the maximumlength a
pathcanbe,whatis thesetof disjoint paths andultimately,
which pathsoptimize the objective function. Note that a
wide rangeof objective functionsare possible,wherean
objective function de nes the tradeofs betweenthe above
factors. In the next section,we describethreedifferental-
gorithmsfor path selection,and presentsimulationresults
shaving the expectedthroughpufor eachapproach.

The third issueinvolves load balancingamongthe se-
lected paths. Given a set of paths,the transportservice
mustmapthe users Metalnfo speci cationonto the avail-
able paths. Although a variety of mappingsare possible,
our serviceattemptso minimize buffering andreassembly
effectsby mappingall the pacletsfrom a singleobjectunit
(aleaf nodein Figure 3) to the samenetwork path, while

distributing the objectsacrossnetwork pathsto matchthe
sessiors shareof bandwidthon that path. In generalthe
goalis to minimize the “ nish time; while satisfyingthe
buffering constraintsat the recever. The speci ¢ “ nish
time” computationris describedn thefollowing section.

3.2 Computing Object Finish Time

The nish time of anobjectis arecever-sideestimation
of theobject'stransmissiorwompletiontime. It isafunction
of the available bandwidth,delay andsize and priority of
the objectswaiting to be transmitted.

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

k = Metalnfo[k], the setof top-level nodesof priority
k. We computethe nish time ; of nj 2 | asfollows:

(assumes; =B  d;, wheres; is the sizeof objectn; and
d; thepathdelay)
while ¢ 6 ; do
letn, bethenodewith , = ming 2 , st—jB
forallj 6 x do
Si =S x W B
WJ = ( J'ijvj) Wx
k= k fnxg

The nish time for eachobjectin priority k is adjusted
toincludethelongestnish timein priority k 1. Foreach
internalnode, if its nish time is not directly obtained,it
is setto the maximumof ary nodelocatedin its subtree.
If nodesareorderedandthe parentnodeof a nodeat level
i isn ! thenthe estimatednish time is simply: !

i1 s

i T 1
J Sy

J

4 Overlay Multipath Routing Algorithms

Our goal of using multiple pathswithin the overlay is
two-fold. First, we wantto improve the overall (overlay)
network utilization. Second,we wantto sharethe band-
width fairly while maximizing the averagethroughputof



connectionsTheimplicationof thesegoalsis thatsessions
shouldcollectively sharenetwork capacityto maximizeto-
tal bytestransferedvhile preventingary sessiorfrom gain-
ing anunfair shareof the bandwidth.

The objective functions for the routing algorithm are
shavn belov. We modelan overlay network asa directed
graphG = (V;E), andlet C;; denotethe capacityof link
(i;]),Fij the owonlink (i; j ), xp the owonpathp 2 P;,
whereP; is the collectionof all available pathsbetweena
sourcedestinationpair. Finally, W denotesthe setof all
source-destinatiopairs.

P
Objectives: maximizeFlj% forall (i:j) 2 E
]
minimize ,, B—%
X p2P; Xp
Subjectto:  Fij = Xp  Cij
(ij)2p

, , P
p Thesecondgoalis achieed when , j ;5 Xp
p2p, Xpl IS minimized. Therefore with uniform connec-
tion size, it canbe capturedas minimizing the throughput
varianceamongall connections.

The optimizationof the rst objective is quite straight-
forward: we want eachconnectionto useas much of the
residualnetwork capacityaspossible.The optimizationof
the secondobjective, on the otherhand,is lessclear It re-
quiresan even allocationof o w ratefor eachconnection,
which would be particularhard to achieve with dynamic
trafc. Therearetwo choicesmadeby a routingalgorithm
thatimpactsthis objectie: oneis the numberof pathscho-
senandthe otheris which setof pathsto choose.For the

rst objective, we would like to chooseas mary pathsas
possible(subjectto somenumbemanageabley the appli-

cation) and as wide pathsas possible(wherewide means
higher available bandwidth). However, sucha greedyap-

proachcan easily causethe overload of the network and
bandwidthstanationof somesessionsThereforeijt is nec-
essarnyto have thesecondyoalto balanceheusageof band-
width amongsessionsandto optimizethe overall connec-
tion time of all sessions.

Unlike a corventionalrouter thetraf ¢ forwardedby an
overlay node may originateon the overlay nodeitself, as
well aselsavherein the network. To allow for different
servicelevelsfor localvs. non-localtraf ¢, wedivide o ws
ateachnodeinto two cateyories: 0 ws generatedocally at
thatnode,and o ws in transitthroughthe node. We usea
parameter to characterizehe fraction of bandwidthused
by the classof local o ws andassignhigherbandwidthto
local ows. Furthermorewe assumeo ws belongingto
the sameclassreceie an equalshareof bandwidthat the
bottlenecKink.

4.1 Path-SelectionApproaches

We discusshreeheuristicalgorithmsfor selectingmul-
tiple pathsin the overlay network and presentpreliminary
simulationresults.We rst de ne afeasiblepathasa path
betweerthesourceanddestinatiorpairthatsatis esasetof
constraintn the residualbandwidth,hop countsandpath
delay Althoughthe objective functionsdo notincludeary
of theseconstraints,n practice,they areimportantprop-
ertiesthat directly affect applicationperformance We use
a x edhop limit (Max Hop9g, anda relative delay bound
(MaxDelay) —theratio of theshortespathdelayto times
the shortestpath residual (which is the fraction of band-
width relative to the shortestpath o w) — asthe minimum
pathresidualvalue. The link residualis computedas an
exponentially-weightednoving averagethatis updatedev-
ery unit time. Every updateintenal, a nodebroadcastshe
residualvaluesof all its adjacentdgedo all othernodes.

Anotherimportantparameteiis the maximumnumber
of pathsselectedby the routing algorithm. Aside from
being manageabldoy the application,this numberrepre-
sentsa tradeof betweenhow muchbandwidthan individ-
ual connectiorcangetandhow muchloadit contritutesto
the network. The optimal routing, asde ned in Bertsekas
andGallager[13, injects o ws only to the shortestequal-
length) paths. Whenusing pathswith length (hop counts)
greaterthanthe shortespath,no matterhow the o w rates
are distributed acrossthe paths,the total utilization is al-
ways greaterthanthat usedby shortestpathrouting. This
effectis exacerbatedvhenwe modelthe network asa com-
plete graph,sincean alternatve pathis at leasttwice the
length of the shortestpath. If the network offered load
is low, the actualload generatedby multipath routing is
sustainablehowever, asthe network load increasessim-
ply choosingmultiple pathsultimatelyleadsto overloading
of the network. Thereforeanintelligentrouting algorithm
must dynamically adaptthe pathsit choosebasedon the
currentnetwork load.

Random: As the namesuggeststhis algorithmrandomly
selectsa few pathsfrom the sourceto the destination. It

startsfrom the sourcenodeand randomlyselectsthe next

hop. If the newly selectededgein additionto the current
partial pathsatis esthe delayandhop limit constraintsijt

continues;otherwiseit looks up anothernodeasthe next

hop. Whenthe destinationis reached,it selectsthe nen

pathandrestartdrom the sourceto selectanothempathuntil

it reacheshespeci edmaximumpaths,or nomorepathcan
be found. The selectedpathsare not necessarilydisjoint,
andthe selectiondoesnot baseon the residualbandwidth
of thelinks.

ClosestFirst: The closest- rstmultipath routing (CFM)
proceedsn the breadth- rstfashionin growing the paths.



Startingfrom the source all possibleedgeshat satisfythe
constraintaarerememberedWhena pathreacheghe des-
tination, all edgesbelongto the pathareremoved from the
currentpathlist. Therefore pathsaredisjoint. Sinceit will
always nds afeasiblepathwith shorteshopcount rst, we
call it “closest- rst”’ Additionally, the growth of the paths
ata certaindepthusesa randomorderof nodesasthe next
hop;thisis to avoid always rst selectingnodeswith lower
identi ers. Whenall feasiblepathsarefound,andthereare
morefeasiblepathsthanthe maximumpaths we randomly
selectafew pathsamongthefeasibleset.

WdestFirst: Thewidest- rst multipathrouting (WFM) is

a modi ed Bellman-fordalgorithmto computethe widest
path tree subjectto the constraints. In eachiteration, a

widestpathfrom the sourceto the destinatioris computed.
Edgesbelongto the patharethenremored from the graph.
The algorithm then computesanotherwidest path on the

remainingedgesand continuesuntil no more path canbe

found. If thereare morefeasiblepathsthanthe maximum
pathswe selectrandomly

4.2 Simulation Results

Figure4 and5 shaws the comparisorof the algorithms
on a completegraphof 5 nodes. We choseuniform link
bandwidthanduniformlink delayin this simulation.There
are no path constraintsin this setting (the parametersare
chosersuchthatall possiblepathsarefeasible).We obsere
thefollowing:

When = 1.0, sessionshouldgetat leastthe same
throughputasthe shortesipathrouting becausef the
schedulingmechanismatintermediatenodesthat pro-
tectstheshortespath o ws.

Therandomalgorithmcaneasilyoverloadthe network
sinceit is more likely to selectpathsof longer hop
countsand pathsof small residualcapacity thusin-
creasingrafc loadandcontentionrespectiely.

The CFM andWFM algorithmsperformssimilarly in
this setting.We expectCFM to performbetterfor non-
uniform settingswith low network load (sinceit dis-
tributestrafc more evenly over the network), while
WFM may suffer from always trying to selectthe
widestpathg(althoughthereis arandomizatiorof nal
selectionamongall “wider” paths).

Underlower load, the largerthe valueof , the fewer
choicesavailablefor selectingalternatve pathssince
there are fewer pathswith capacitygreaterthanthe
shortestpath. It is interestingthat with moderate ,
the algorithmsseemto be quite adaptve to the of-
feredload, achiering high throughputwith low load
andcornvergingto shortespathsathigherofferedload.

WFM executesmuch fasterthan CFM particularly
with higherload, becausavhenfewer pathsareavail-
able, WFM can nd them quickly while CFM will

have to searchor them.

5 Issueswith Correlated Paths

Themaindif culty of implementingthe multipathrout-
ing as an overlay serviceis the lack of accurag of path
information obtainableat the overlay nodes. We have so
farmodeledhenetwork assumingndependentlinks, while
theactualoverlay pathsarealmostinevitably correlated.If
two pathssharea bottleneckKink, selectingboth pathswill
not necessarilyncreasethe actualthroughput. How to in-
fer a sharedbottleneckis a dif cult problemin the current
design. Furthermorewe not only wantto know pathsthat
arelink-disjoint but alsowhetherthe sharedink is the bot-
tlenecklink or not. Oneexampleis thatlinks closeto the
sourceare always sharedby all sessionshut they are un-
likely the bottleneckdor sessiono ws.

The correlationof overlay pathsaffectsnot only the se-
lectionof pathsbut alsotheschedulingnechanismaswell.
At theleast theschedulingnechanisrmeeddo bepernode
ratherthan per destination. Sincesomepathsoverlap, the
sum of actualachierable throughputover all destinations
mustbelessthanthesumof themeasuredhroughpubnin-
dividual paths.Onequestioris whatrateshouldtheshortest
path o wsreceve?Isit timestheactualoverall through-
put,or timesthethroughputof theoverlaypath?

6 RelatedWork

A variety of approache$ave beendevelopedto lever
age the existence of multiple, redundantrouting paths
to improve efciency and to provide more reliable and
fault-tolerantnetwork routing services.Gallager[13] rst
shaved that splitting data transferacrossmultiple equal
weightpathsresultingin improvednetwork utilization. This
approachis often adoptedin trafc engineeringschemes
suchasin OSPEF but typically only exists at the network
layerasaloadbalancingmechanismByersetal. [14] sug-
gestedusing erasurecodesand parallel downloadingfrom
multiple mirror sitesto speedup datatransfer This ap-
proachrequiresdatato be storedredundantlyat multiple
sitesandtherefore js not directly applicablein ourimmer
sive displayervironment.

More recently RON [15] hasproposeda fault-tolerant
routingservicesn thecontext of overlaynetworks. Thekey
characteristiof theirworkisto nd alternateroutingpaths
in the time of routing failure on the primary path. In their
morerecentpaper[16], they have suggestedisingmultiple
pathsto provide reliableroutingservicedy transferringe-
dundantdataacrossthesepaths. A commonalitybetween
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our work and RON is that both leverageoverlay networks
to provide betterrouting servicesthat are reactive to net-
work topology andtraf ¢ conditions. However, in RON,
the objectve of the routing serviceis for fault-tolerance,
andthe pathsdiscorery mechanisnrequirescontinuousac-
tive probingof a meshnetwork; while in our work, the ob-
jective is to improve applicationdatatransferperformance
with a pass¥e monitoring component. Additionally, our
frameawvork also extendsto transportservicessuchas data
fragmentation.

7 Conclusions

Multipath routing offers the potentialto supportemeg-
ing multimediaapplicationssuchas collaboratve immer
sive ervironments.In this paperwe have presentec mul-
tipath routing service basedon an overlay network, and
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shaved that with intelligent route selectionmechanisms,
multiple pathrouting canachieve the higherbandwidthde-
siredby thesedemandin@gpplications However, raw band-
width increasaloesnottranslatedirectly to applicationper
ceivedperformanceéncreaseA e xible API is necessarjo
integratethe overlay servicewith the applicationdemand.
We have developeda simple API that gives applications
limited control over the way their datais treated.In partic-
ular, we proposed recever-driven API thatallows viewers
to alter the way the datatransmittecto meettheir viewing
needs.

Clearly, providing an overlay transportsystemwith an
alternatve routing serviceinvolves mary componentghat
cannotbe addresseth a singlepaper To this end,we have
describeda multipathoverlay network that: a) usespassie
measurement® identify available bandwidth;b) dynami-
cally selectspathssubjectto a setof constraintshat limit



theloadimposedon the network; andc) offersloadbalanc-
ing acrossselectecpbathsbasedon userspeci ed priorities.
We have prototypedhe systemandarecurrentlyinvesticat-
ing its performancen the Planetlalnetwork.
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