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Abstract

In tree-basednulticastsystems,a relatively small num-
ber of interior nodescarry the load of forwarding multi-
castmessages.This works well whenthe interior nodes
are dedicatednfrastructurerouters. But it posesa prob-
lemin cooperatie application-lgel multicast,wherepar
ticipantsexpectto contrilkute resourceproportionalto the
benefitthey derive from usingthesystem Moreover, mary
participantsmay not have the network capacityandavail-
ability requiredof aninteriornodein high-bandwidthmul-
ticastapplications. SplitStreamis a high-bandwidthcon-
tent distribution systembasedon application-leel multi-
cast. It distributesthe forwardingload amongall the par
ticipants,andis ableto accommodat@articipatingnodes
with differentbandwidthcapacities We sketchthe design
of SplitStreamandpresensomepreliminaryperformance
results.

1 Introduction

End-systenor application-lgel multicast{4, 13, 23, 8, 20,

16, 3] hasbecomeanattractve alternatve to IP multicast.
Insteadof relying on a multicastinfrastructurein the net-
work, whichis notwidely available the participatinghosts
pool their resourceso routeanddistribute multicastmes-
sagesusing only unicastnetwork services. In this paper
we are particularlyconcernedvith application-lgel mul-

ticastin cooperative ervironments.In suchenvironments
the participantscontritute resourcesn exchangefor us-
ing theserviceandthey expectthattheforwardingloadbe
sharecamongall participants.

Unfortunately corventionaltree-basednulticastis in-
herentlynot well matchedto a cooperatie ernvironment.
Thereasonis thatin ary efficient (i.e. low-depth)multi-
casttreeasmallnumberof interior nodescarrytheburden
of splitting andforwardingmulticasttraffic, whilst alarge
numberof leaf nodescontrikute no resources.This con-
flicts with the expectationthat all membersshouldshare
theforwardingload. The problemis furtheraggraatedin
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high-bandwidthapplicationdik e video or bulk file distri-

bution, wheremary nodesmay not have the capacityand
availability requiredof aninterior nodein a corventional
multicasttree. SplitStreamis designedto addresshese
problems.

SplitStreamenablesfficient cooperatie distribution of
high-bandwidtlcontentwhilst distributing theforwarding
load amongthe participatingnodes. SplitStreamcanalso
accommodataodeswith differentnetwork capacitiesand
asymmetridoandwidthon the inboundandoutboundnet-
work paths. Subjectto theseconstraints,t balanceghe
forwardingloadacrossall the nodes.

The key ideais to split the multicast contentinto k
stripes,and multicasteachstripe in a separatanulticast
tree. Participantsjoin as mary treesasthereare stripes
they wishto receve. Theaim s to constructthis forest of
multicasttreessuchthat an interior nodein onetreeis a
leaf nodein all the remainingtrees. In this way, the for-
wardingload canbe spreadacrossall participatingnodes.
We shaw thatit is possiblefor instanceto efficiently con-
structa forestin which the inboundand outboundband-
width requirement®f eachnodearethesamewhile main-
taininglow delayandlink stressacrosghe system.

The SplitStreamapproachalso offers improved robust-
nessto nodefailure and suddennode departures. Since
ideally, ary givennodeis aninterior nodein only onetree,
its failure cancausethe temporaryloss of at mostone of
the stripes. With appropriatedataencodingssuchasera-
surecoding[5] of bulk dataor multiple descriptioncoding
(MDC) [15, 17] of streamingmedia,applicationscanthus
maskor mitigatetheeffectsof nodefailuresevenwhile the
affectedtreeis beingrepaired.

SplitStreamassumeghat the available network band-
width amongnodesis typically limited by the hop con-
nectingthe nodesto thewide-areanetwork (WAN), rather
than the WAN backbone. This scenariois increasingly
commonasprivateandbusinesssubscribersnove to ded-
icatedinternetconnectionsvith DSL-level or betterband-
width, andthe capacityof the Internetand corporateln-
tranetbackboness rapidly increasing.

Thekey challengen thedesignof SplitStreamis to effi-
ciently constructaforestof multicasttreesthatdistributes
the forwardingload, subjectto the bandwidthconstraints
of the participatingnodesin a decentralizedscalableand



self-oganizingmanner SplitStreanrelieson a structured
peerto-peeroverlay network called Pastry [21], and on
Scribe[8], anapplication-lgel multicastsystembuilt upon
this overlayto constructandmaintainthesetrees.
Therestof this paperis organizedasfollows. Section2
outlinesthe SplitStreamapproachn moredetail. A brief
descriptionof PastryandScribeis givenin Section3. We
sketchthe designof SplitStreamin Section4. Section5
describeselatedwork andSection6 concludes.

2 The SplitStream approach

In this section,we give a moredetailedoverview of Split-
Stream$ approactio cooperatte, high-bandwidticontent
distribution.

Tree-based multicast In all multicastsystemsasecbn
a singletree, participatingnodesare eitherinterior nodes
or leaf nodes. The interior nodescarry all the burdenof
forwardingmulticastmessagesln a k-level balancedree

. . . . . k+1_
with arity f, the numberof interior nodesis i and

f—1

the numberof leaf nodesis fX. Thus,the fraction of leaf
nodesncreasesvith f. For example,morethanhalf of the
nodesareleavesin a binary tree,andover 90% of nodes
areleavesin atreewith arity 16. In the latter case,the
forwardingloadis carriedby lessthan10% of the nodes;
whilst all nodeshave equalinboundbandwidth,the inter

nal nodeshave an outboundbandwidthrequirementf 16
timestheinboundbandwidth.Evenin abinarytree,which

would be impractically deepin most circumstancesthe
outboundbandwidthrequiredby theinteriornodess twice
thatof theirinboundbandwidth.

SplitStream SplitStreamis designedto overcomethe
inherently unbalancedforwarding load in corventional
tree-basednulticastsystems. SplitStreamstrives to dis-
tribute the forwarding load over all participatingnodes,
andrespectdifferentcapacitylimits of individual partic-
ipating nodes. SplitStreamachieres this by splitting the
multicastcontentinto multiple stripes,andusingseparate
multicasttreesto distribute eachstripe.

Figure 1 illustrateshow SplitStreambalanceshe for-
wardingloadamongtheparticipatingnodes.in thissimple
example,the original contentis split into two stripesand
multicastin separatdrees. For simplicity, let us assume
that the original contenthasa bandwidthrequirementof
B, andthateachstripehashalf the bandwidthrequirement
of the original content. Eachnodeotherthanthe source
subscribeso bothstripes,jnducinganinboundbandwidth
requiremenof B. As shavnin Figurel, eachnodeis anin-
ternalnodein only onetreeandforwardsthe stripeto two
children,yielding an outboundbandwidthrequiremenof
no morethanB.

In generalthe contentis split into k stripes. Participat-
ing nodesmay subscribeto a subsetof the stripes,thus
controllingtheirinboundbandwidthrequirementn incre-
mentsof B/k. Similarly, participatingnodesmay control
their outboundbandwidthrequirementin incrementsof
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Figure 1. A simple example illustrating the basic ap-
proachof SplitStream. Original contentis split into two
stripes. An independentnulticasttreeis constructedor
eachstripesuchthata nodeis aninterior nodein onemul-
ticasttreeandaleafin the other

B/k by limiting the numberof childrenthey adopt. Thus,
SplitStreamcanaccommodat@odeswith differentband-
widths,andnodeswith unequalnboundandoutboundhet-
work capacities.

Applications SplitStreanprovidesa genericinfrastruc-
turefor high-bandwidticontentdistribution. Any applica-
tion thatusesSplitStreamcontrolshow the contentit dis-
tributesis encodedanddivided into stripes. SplitStream
constructghe multicasttreesfor the stripeswhile adher
ing to the inbound and outboundbandwidth constraints
of the nodes. Applicationsneedto (i) encodethe con-
tentsuchthateachstriperequiresapproximatelythe same
bandwidth; (ii) ensurethat eachstripe containsapproxi-
mately the sameamountof information and thereis no
hierarchyamongstripes;and(iii) provide mechanismso
toleratetheintermittentlossof a subsebf the stripes.

In orderto toleratethe intermittentloss of a subsetof
stripes, some applicationsmay provide explicit mecha-
nismsto fetch contentfrom other peersin the system,or
applicationsmay chooseto useredundang in encoding
contentrequiringmorethanB/k perstripein returnfor the
ability to reconstituteahe contentfrom lessthank stripes.
Forexample,amediastreancouldbeencodedisingMDC
sothatthe video canbe reconstitutedrom ary subsetwof
the k stripes,with video quality proportionalto the num-
berof stripesreceved. If aninterior nodein the multicast
treefor the stripe shouldfail, thenclientsdeprved of the
stripeareableto continuedisplayingthe mediastreamat
reducedquality until the multicasttreeis repaired. Such
an encodingalsoallows low-bandwidthclientsto receve
the video at lower quality by explicitly requestingfewer
stripes.

Anotherexampleis the multicastingof file data,where
eachdatablockcanbeencodedisingerasureodedo gen-
eratek blocks,suchthatonly a subseiwf the k blocksare
requiredto reconstitutethe original block. Eachstripeis
thenusedto multicasta differentoneof thek blocks. Par
ticipantssubscribdo all stripesandonceasuficientsubset
of the blocksis receved, the clientsare ableto reconsti-



tutethe original datablock. If aclient missesa numberof
blocksfrom a particularstripefor a periodof time (while
the stripemulticasttreeis beingrepairedafteraninternal
nodehasfailed), the client canstill reconstitutethe origi-
nal datablocksdueto theredundang. An examplewhere
multicastingof file datacould be usefulis the distribution
of software patchesand upgradedo institutionsor end-
users.

In general,while the contrituted nodescould be the
computerselongingto individual Internetsubscribersor
the desktopmachinesin a corporation,they could also
be dedicatedseners. For example,in EnterpriseContent
Delivery Networks (eCDNs),dedicatedsenersareplaced
throughoutacorporatenetwork to facilitateacces$o com-
pary dataandstreamingmedia.SucheCDNscouldutilize
SplitStreanto distribute contentto the seners.

3 Background: Pastry and Scribe

In this section,we briefly sketch Pastry a scalable self-
organizing,structuredp2p overlay network, and Scribe,a
scalableapplication-leel multicastsystembasedon Pas-
try. Both systemsarekey building blocksin the designof
SplitStream.

Pastry In Pastry nodesandobjectsareassignedandom
identifiers(called nodelds and keys, respectiely) from a
large sparseid space. Keys and nodeldsare 128 bits in
length and can be thoughtof as a sequencef digits in
base2” (bis aconfiguratiorparametewith atypical value
of 3 or 4). Givena messaganda key, Pastryroutesthe
messagédo the nodewith the nodeldthat is numerically
closesto thekey, whichis calledthekey’s root.

In orderto routemessagesachnodemaintainsa rout-
ing tableanda leaf set. A nodes routing table hasabout
logxN rows and2® columns. The entriesin row n of the
routing tablereferto nodeswhosenodeldssharethe first
n digits with thelocal nodes nodeld;the (n+ 1)th nodeld
digit of a nodein columnm of row n equalsm. The col-
umnin row n correspondindo the value of the (n+ 1)th
digits of the local nodes nodeldremainsempty Routing
in Pastryrequireghatateachroutingstep,anodenormally
forwardsthe messageo a nodewhosenodeldshareswith
the key a prefix thatis at leastone digit longerthanthe
prefix thatthe key shareswith the preseninodesid. If no
suchnodeis known, the messages forwardedto a node
whosenodeldsharesa prefix with the key aslong asthe
currentnode,but is numericallycloserto the key thanthe
presennodesid.

EachPastry node maintainsa leaf set of neighboring
nodesn thenodeldspacebothto ensureeliablemessage
delivery, andto storereplicasof objectsfor faulttolerance.

The expected number of routing hops is less than
log,bN. The Pastry overlay constructionobseres prox-
imity in the underlyingInternet. Eachrouting table en-
try is chosento refer to a nodewith low network delay
amongall nodeswith an appropriatenodeldprefix. As a

result, one can shav that Pastryrouteshave a low delay
penalty. the averagedelay of Pastry messagess usually
lessthantwice the IP delay betweensourceand destina-
tion [7]. Similarly, onecanshav thelocal route conver-
gence of Pastryroutes:theroutesof messagesouteto the
samekey from nearbynodestendto corverge at a nearby
intermediatenode. Both of thesepropertiesareimportant
for the constructionof efficient multicasttrees,described
below. A full descriptionof Pastrycanbefoundin [21].

Scribe Scribeis an application-lgel multicastsystem
built uponPastry A pseudo-randonfPastry key, known
as the groupld, is chosenfor eachmulticastgroup. A
multicasttree associatedvith the groupis formedby the
unionof the Pastryroutesfrom eachgroupmemberto the
groupldsroot(whichis alsotheroot of themulticasttree).
Messagearemulticastfrom therootto themembersising
reversepathforwarding[11].

Thepropertieof thePastryoverlayensureghatthe mul-
ticasttreesareefficient. The delayto forward a message
from therootto eachgroupmembelis low dueto thelow
delaypenaltyof Pastryroutes.Pastrys local routecorver
genceensureghat the load imposedon the physicalnet-
work is smallbecausenostmessageeplicationoccursat
intermediatenodeghatareclosein the network to theleaf
nodesn thetree.

Groupmembershipnanagemenn Scribeis decentral-
izedandhighly efficient, becausét leveragegsheexisting,
proximity-avare Pastry overlay Adding a memberto a
group merely involves routing towardsthe groupld until
the messageeachesa memberof the tree, followed by
addingthe route traversedby the messagdo the group
multicasttree. As a result, Scribecan efficiently support
largenumberf groups arbitrarynumbersof groupmem-
bers,andgroupswith highly dynamicmembership.

Thelatter property combinedwith anarycast[9] prim-
itive recently addedto Scribe, can be usedto perform
distributed resourcediscovery. As we will shawv in the
next section,SplitStreamusesthis mechanismo discover
nodeswith spareforwarding capacity A full description
and evaluation of Scribe multicastcan be found in [8].
Scribearycastis describedn [9].

4  SplitStream design

In this sectionwe sketchthe designof SplitStream.
Building interior-node-digoint trees SplitStreanuses
a separateScribemulticasttree for eachof the k stripes.
SplitStreamexploits the propertiesof Pastry routing to
constructtreeswith disjoint setsof interior nodes(called
interior-node-disjoint trees). Recallthat Pastry normally
forwardsa messagdaowards nodeswhosenodeldsshare
progressiely longer prefixes with the message’ key.
Sincea Scribetreeis formedby theroutesfrom all mem-
bersto thegroupld,thenodeldsof all interiornodeshave a
commonprefix of atleastonedigit with thetrees groupld.
Thereforewe canensurehatk Scribetreeshave adisjoint



setof interior nodessimply by choosinggroupldsfor the
treesthatall differ in the mostsignificantdigit.

Settingk = 2° ensureghat eachparticipatingnodehas
anequalchanceof becominganinterior nodein sometree.
If kis chosersuchthatk = 2' andi < b, thenit is still pos-
sibleto ensurdhisfairnesdy exploiting certainproperties
of the Pastryroutingtable,but we omit the detailsto con-
sene space. Without loss of generality we assumehat
k = 2° in therestof this paper

Limiting node degree The resulting forest of Scribe
treesis interiornode-disjont andsatisfieshe nodes’con-
straintsontheinboundbandwidth but it doesnotnecessar
ily satisfythe individual nodes’outgoingbandwidthcon-
straints. Let usfirst considerthe inboundbandwidth. A
nodes inboundbandwidthis proportionalto the number
of stripesto which the nodesubscribes.Note that every
nodehasto subscribeo atleastonestripe thestripewhose
stripeldsharesa prefix with its nodeld,becausdhe node
may have to sene asaninterior nodefor thatstripe.

The numberof childrenthat may attemptto attachto
a nodeis boundedby its indggreein the Pastry overlay,
which is influencedby the physicalnetwork topology In
generalthis numbermayexceedthe numberof childrena
nodeis ableto support.For a SplitStreanmodeto limit its
outboundhetwork bandwidthjt mustlimit its outdeyreein
the SplitStreamforest,i.e., the total numberof childrenit
takeson.

Scribehasabuilt-in mechanisnto limit anodes outde-
gree.Whenanodethathasreachedts maximaloutdeyree
recevesarequesfrom aprospecire child, it providesthe
prospecite child with a list of its currentchildren. The
prospectie child thenseekgo beadoptedy thechild with
lowestdelay This procedurecontinuesrecursvely down
thetreeuntil anodeis foundthatcantake anotherchild. In
Scribe this procedures guaranteetb terminatebecausa
leaf nodeis requiredto take on atleastonechild.

However, this procedures not guaranteedo work in
SplitStream. The reasonis that a leaf nodein onetree
may be an interior nodein anotherstripe tree, and may
have alreadyreachedits outdeyree limit with respectto
that stripe tree. Next, we describehow SplitStreamre-
solvesthis problem.

Locating parents The following algorithmis usedto
resol\e the casewherea nodethat hasreachedts outde-
greelimit recevesa join requesfrom a prospectie child.
First, the nodeadoptsthe prospectie child regardlessof
the outdgyreelimit. Then, it evaluatests new setof chil-
drento selecta child to reject. This selections madein an
attemptto maximizepathindependencandto minimize
delayandlink stressn the SplitStreanforest.

First, the nodelooks for childrenthataresubscribedo
stripeswhosestripeldsdo not sharea prefix with the local
nodes nodeld. (How the nodecould have acquiredsuch
a child in thefirst placewill becomeclearin a moment).
If theprospectie child is amongthem,it is selectedglse,
oneis choserrandomlyfrom the set. If no suchchild ex-
ists, thenthe currentnodeis aninterior nodefor only one

stripetree,andit selectsthe child whosenodeldhasthe
shortestprefix matchwith that stripeld. If multiple such
nodesexist andthe prospectire child is amongthem,it is
selectedelse,oneis choserrandomlyfrom the set. The
choserchild is thennotified thatit hasbeenorphanedor
aparticularstripeld.

The orphanedchild then seeksto locatea newv parent
in up to threesteps. In thefirst step,the orphanedchild
attemptsto attachto a former sibling that sharesa prefix
matchwith the stripeldfor which it seeksa parent. The
formersibling eitheradoptsor rejectstheorphanusingthe
samecriteriaasdescribedabove. This processcontinues
recursvely down the tree until the orphaneither finds a
new parentor no children sharea prefix matchwith the
stripeld.

Spar e capacity group If theorphanhasnotfoundapar
ent,it sendsanarycastmessageo a specialScribegroup
called the spare capacity group. All SplitStreamnodes
whosetotal numberof stripe childrenis below their for-
wardingcapacitylimit aremembersof this group. Scribe
deliversthis anycastmessagéo anodein the sparecapac-
ity grouptreethatis nearthe orphanin the physicalnet-
work. This nodeforwardsthe messagéeo a child, starting
adepth-firstsearch DFS) of the sparecapacitygrouptree.
If thenodehasno childrenor they have all beenchecled,
thenodecheckswhetherit recevesthe stripeto which the
orphanedhild seekgo subscribelf so,it verifiesthatthe
orphanis not anancestoin the correspondingtripetree,
which would createa cycle. To enablethis test,eachnode
maintaingts pathto theroot of eachstripetreeof whichit
isamember

If bothtestssucceedthenthe nodetakeson the orphan
asachild; if asaresult,the nodehasnow reachedts out-
dgyreelimit, it leavesthe sparecapacitygroup. If oneof
thetestsfails, the nodeforwardsthe messagéeo its parent,
continuingthe DFS of the sparecapacitygrouptreeuntil
anappropriatenemberis found.

Anycastingto the sparecapacitygroup may fail to lo-
cateanappropriatgparentfor theorphanevenafteranap-
propriatenumberof retrieswith sufficienttimeouts.There
aretwo circumstancesn which this can happen. If the
sparecapacitygroupis empty thenthe SplitStreanforest
constructioris infeasible sinceanorphanremainsafterall
forwarding capacityhasbeenexhausted.In this case the
applicationon the orphanedhodeis notified that thereis
no forwardingcapacityleft in the system.

Deadlocks Otherwise gachmemberof the sparecapac-
ity group eitherdoesnot provide the desiredstripe, or it
is a successopof the orphanin the stripetree. If follows
thatnoneof thenodesn thedesiredstripetreehasunused
forwarding capacity althoughforwarding capacityexists
in otherstripes.This is a type of deadlockandcanbere-
solved asfollows. The orphansendsan arycastmessage
to the desiredstripe tree, which performsa randomized
searchof the stripetree until it reachesa leaf node. The
forwardingcapacityof this leaf nodemusteitherbe zero,
or it must be consumedby children in different stripes



(else,it would have beena memberin the sparecapac-
ity group). In theformer case we askthe leaf' s parentto
droptheleafandattachthe orphaninstead.Otherwisethe
leaf nodeadoptsthe orphanand dropsone of its current
childrenrandomly

paredto IP multicast,where2.17 and 2.88, respecitiely.
Thesevalue are about1.35and 1.8 timeshigher respec-
tively, thanthe valuesmeasuredn a single Scribetreeon
thesametopology Thisincreaseeflectsthe principalcost
of balancingthe forwardingload acrossall participantan

One can shav that the above procedureis guaranteed SplitStream.

to locateanappropriatgarentfor theorphanif oneexists.
Moreover, thepropertieof Scribetreesandthe DFSof the
sparecapacitytreeensurghattheparentis neartheorphan
in the physical network, amongall prospectie parents.
This provideslow delayandlow link stressn the physical
network. However, the algorithm as describedmay sac-
rifice interiornode-disjintedness, becausethe nev par
entmay be alreadyaninterior nodein anotherstripetree.
Thus,shouldthenodefail, it maycausehetemporaryloss
of morethanonestripefor somenodes.Simulationresults
shawv that only a small numberof nodesand stripesare
typically affected.

Maintaining path independence It is possibleto mini-
mize this partiallossof pathindependencat the expense
of higherdelay link stressandcostof theforestconstruc-
tion. Note that completelypath independentorest con-
structionmaybeimpracticallyexpensve if the problemis
highly constrained.However, one canbiasthe construc-
tion towardspathindependencat moderatecost.

Oneapproactto preservingpathindependencis to add
athird testduringthe DFSin thesparecapacitygrouptree,
whichverifiesthatthe prospectie parentis notapredeces-
sorto the orphanin ary of the stripesto whichthe orphan
subscribes.This ensuregpathindependenceyut may re-
quire a more extensve exploration of the sparecapacity
grouptree, mayyield a parentthatis moredistantin the
physicalnetwork, and may not always locatea parentin
the absencef sufiicient excessforwardingcapacity One
may balancetheseconcernsby limiting the scopeof the
DFS,andrelaxthethird testif no parentwasfoundwithin
thatscope.

SplitStreamcanallow applicationgo controlthis trade-
off betweerindependencealelay link stressiotalrequired
forwarding capacityand overheadof forest construction
accordingto its needs. A full evaluation of heuristics
to maximizepathindependencés the subjectof ongoing
work.

Preliminary results We have performeda prelimi-
nary performanceevaluationof SplitStream,by running
40,000SplitStreamnodesover an emulatednetwork with
5050 core routers basedon the Geogia Tech network
topology generatar We constructeda SplitStreamforest
with 16 stripes,andassignedernodeinboundand out-
bound bandwidthlimits that follow a distribution mea-
suredamongGnutellaclientsin May 2001[22].

Theresultarevery encouragingDuringtheSplitStream
forestconstructionthe meanand mediannumberof con-
trol messagesandledby eachnodewere 56 and47, re-
spectvely. When multicastinga messagen eachstripe,
the mediansof the relative averagedelay penalty (RAD)
and the relatve maximum delay penalty (RMD), com-

We also consideredhe dggreeof independencén the
SplitStreamforest. Without ary of the independence-
preservingechniqueslescribedabore, andwith a highly
constrainedbandwidth allocation (outbound bandwidth
not to exceedinboundbandwidthat ary node),we found
thatover 95%of thenodeshadindependent.e., nodedis-
joint) pathsto the sourcein 12 or moreof the 16 stripesto
which they subscribed.Thus,evenin pessimalkasesthe
loss of independencés modest. A more comprehensi
evaluationof SplitStreamwill be presentedn aforthcom-
ing full paper

5 Reated work

Many application-lgel multicastsystemshave beenpro-
posedrecently e.g.[10, 16,20, 23, 8, 3]. All arebasedon
asinglemulticasttree.

Several systemsuse application-lgel multicast for
streamingmedia[16, 12, 19]. SpreadIt[12] utilizes the
participantsasSplitStreandoes but createsa singlemul-
ticast tree. However, unlike Spreadlt, SplitStreamdis-
tributes the forwarding load over all participantsusing
multiple multicasttrees,therebyreducingthe bandwidth
demand®nindividual peersandincreasingobustness.

Overcas{16] organizesledicatedsenersinto asource-
rootedmulticasttreeusingbandwidthestimatiormeasure-
mentsto optimize bandwidthusageacrossthe tree. The
main differencesbetweenOvercastand SplitStreamare
(i) thatOvercastusesdedicatedsenerswhilst SplitStream
utilizestheparticipants(ii) Overcastreatessingleband-
width optimized multicasttree whereasSplitStreamcre-
atesa forestof multicasttreesassuminghatthe available
network bandwidthamongpeersis typically limited by
bandwidthof the links connectingnodesto the network
ratherthanthenetwork backboneThisscenaridsincreas-
ingly commonasthe capacityof theInternetandcorporate
Internetbackbonesapidly increase.

CoopNef19] implementsahybridsystentfor streaming
media,which utilizes multiple application-leel treeswith
striping and Multiple DescriptionEncoding(MDC) [15,
17]. The idea of using MDCs and exploiting path di-
versity for robustnesswas originally proposedoy Apos-
tolopoulod1, 2] toincreaseohbustnesso pacletlosswhen
streamingmedia. In CoopNeta centralizedsener is used
to streammedia. Clientscontactthe sener requestinghe
mediastream. If the sener is not overloaded,t supplies
the client with the stream. If the sener becomesover
loaded, then it redirectsclients to already participating
nodes.The streamis stripedandseveral application-lgel
multicasttreesrootedat the sener arecreated.Thereare



two fundamentatifferencesdbetweenCoopNetand Split-
Stream:(i) CoopNetusesa centralizedalgorithm(running
onthesener)to build thetreeswhilst SplitStreanis com-
pletely decentralizedindmorescalableand(ii) CoopNet
doesnot explicitly attemptto managehe bandwidthcon-
tribution of individual nodeshowever, it is possibleto add
this capabilityto CoopNet.

NguyenandZakhor[18] proposestreamingvideofrom
multiple sourcesconcurrently therebyexploiting pathdi-
versity andincreasingoleranceto paclet loss. They sub-
sequentlyextend the work in [18] to use Forward Error
Correction5] encodingsThework assumethattheclient
is aware of the setof senersfrom which to receve the
video. SplitStreamconstructanultiple end-systenbased
multicasttreesin a decentralizedashionandis therefore
morescalable.

In [6], algorithmsand contentencodingsare described
that enableparallel downloadsand increasepaclet loss
resiliencein richly connectedcollaboratve overlay net-
worksby exploiting downloadsfrom multiple peers.Split-
Streamprovides a completesystemfor contentdistribu-
tion in collaboratve overlay networks. It explicitly stripes
contentandcreatesa multicasttreefor eachstripe. Also,
SplitStreanms primarygoalis to spreadheforwardingload
acrossall participants.

FCast[14] is areliablefile transfemprotocolbasecn IP
multicast. It combinesa Forward Error Correction[5] en-
codinganda datacarouseimechanisminsteadof relying
on IP multicast, FCastcould be easily built upon Split-
Stream for example,to provide software updatesooper
atively.

6 Conclusions

We have sketchedthe design of SplitStream, a high-
bandwidth content distribution system based on end-
systemmulticastin cooperatie ervironments. Prelimi-
nary performanceesultsare very encouraging.The sys-
tem is able to distribute the forwarding load amongthe
participatingnodes,subjectto individual nodebandwidth
limits. Whencombinedwith redundantontentencoding,
SplitStreamyields resilienceto node failures and unan-
nounceddeparturesevenwhile the affectedmulticasttree
is repaired.Theoverheadf theforestconstructioris mod-
estandwell balancedandthe resultingincreasan delay
penaltyandlink stresss modestwhencomparedo acon-
ventionaltree-base@pplication-lgel multicastsystem.A
forthcomingpaperwill presentcomprehense results,in-
cludingresultsof experimentausingthePlanetLalinternet
testbed.
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