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ABSTRACT
The demandfor streamingmultimediaapplicationsis growing at
an incrediblerate. In this paper, we proposeBayeux,an efficient
application-level multicastsystemthatscalesto arbitrarily largere-
ceivergroupswhile toleratingfailuresin routersandnetwork links.
Bayeuxalsoincludesspecificmechanismsfor load-balancingacross
replicateroot nodesand more efficient bandwidthconsumption.
Our simulationresultsindicatethatBayeuxmaintainstheseprop-
ertieswhile keepingtransmissionoverheadlow. To achieve these
properties,Bayeuxleveragesthe architectureof Tapestry, a fault-
tolerant,wide-areaoverlayroutingandlocationnetwork.

1. INTRODUCTION
Thedemandfor streamingmultimediaapplicationsis growing at

an incrediblerate. Suchapplicationsaredistinguishedby a single
writer (or small numberof writers) simultaneouslyfeedinginfor-
mationto a largenumberof readers.Currenttrendsindicateaneed
to scaleto thousandsor millions of receivers.To saythatsuchap-
plicationsstressthecapabilitiesof wide-areanetworksis anunder-
statement.Whenmillions of receiving nodesareinvolved,unicast
is completelyimpracticalbecauseof its redundantuseof link band-
width; to bestutilize network resources,receiversmustbearranged
in efficient communicationtrees.This in turn requirestheefficient
coordinationof a largenumberof individual components,leading
to a concomitantneedfor resilienceto nodeandlink failures.

Given barriersto wide-spreaddeployment of IP multicast, re-
searchershave turned to application-level solutions. The major
challengeis to build an efficient network of unicastconnections
andto constructdatadistribution treeson top of this overlaystruc-
ture.Currently, thereareno designsfor application-level multicast
protocolsthat scaleto thousandsof members,incur both minimal
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delayandbandwidthpenalties,andhandlefaultsin both links and
routingnodes.

In this paperwe proposeBayeux,an efficient, source-specific,
explicit-join, application-level multicastsystemthathastheseprop-
erties.Oneof thenovel aspectsof Bayeuxis that it combinesran-
domnessfor load balancingwith locality for efficient useof net-
work bandwidth. Bayeuxutilizes a prefix-basedrouting scheme
that it inherits from an existing application-level routing protocol
calledTapestry[32], a wide-arealocationandroutingarchitecture
usedin theOceanStore[15] globallydistributedstoragesystem.On
top of Tapestry, Bayeuxprovidesa simpleprotocolthatorganizes
themulticastreceiversinto a distribution treerootedat thesource.
Simulationresultsindicatethat Bayeuxscaleswell beyond thou-
sandsof multicastnodesin termsof overlaylatency andredundant
packet duplication,for a varietyof topologymodels.

In additionto thebasemulticastarchitecture,Bayeuxleverages
theTapestryinfrastructureto providesimpleload-balancingacross
replicatedroot nodes,aswell asreducedbandwidthconsumption,
by clusteringreceiversby identifier. Thebenefitsof theseoptimiz-
ing mechanismsareshown in simulationresults.Finally, Bayeux
provides a variety of protocolsto leveragethe redundantrouting
structureof Tapestry. We evaluateoneof them,First Reachable
Link Selection, andshow it to provide near-optimal fault-resilient
packet delivery to reachabledestinations,while incurringareason-
ableoverheadin termsof membershipstatemanagement.

In therestof thispaperwediscussthearchitectureof Bayeuxand
provide simulationresults.First, Section2 describestheTapestry
routing andlocationinfrastructure.Next, Section3 describesthe
Bayeuxarchitecture,followedby Section4 which evaluatesit. In
Section5, we explore novel scalabilityoptimizationsin Bayeux,
followed by fault-resilientpacket delivery in Section6. We dis-
cussrelatedwork in Section7. Finally, wediscussfuturework and
concludein Section8.

2. TAPESTRY ROUTING AND LOCATION
OurarchitectureleveragesTapestry, anoverlaylocationandrout-

ing layerpresentedbyZhao,Kubiatowicz andJosephin [32]. Bayeux
usesthe naturalhierarchyof Tapestryrouting to forward packets
while conservingbandwidth.Multicastgroupmemberswishingto
participatein a Bayeuxsessionbecome(if not already)Tapestry
nodes,anda datadistribution tree is built on top of this overlay
structure.

TheTapestrylocationandroutinginfrastructureusessimilarmech-
anismsto the hashed-suffix meshintroducedby Plaxton,Rajara-
man and Richa in [20]. It is novel in allowing messagesto lo-
cateobjectsandrouteto themacrossanarbitrarily-sizednetwork,



while using a routing map with size logarithmic to the network
namespace� at eachhop. Tapestryprovidesa delivery time within
a small factorof the optimal delivery time, from any point in the
network. A detaileddiscussionof Tapestryalgorithms,its fault-
tolerantmechanismsandsimulationresultscanbefoundin [32].

EachTapestrynodeor machinecantake on the rolesof server
(whereobjectsarestored),router (which forward messages),and
client (originsof requests).Also, objectsandnodeshavenamesin-
dependentof their locationandsemanticproperties,in theform of
randomfixed-lengthbit-sequencesrepresentedby a commonbase
(e.g.,40Hex digits representing160bits). Thesystemassumesen-
triesareroughlyevenlydistributedin bothnodeandobjectnames-
paces,whichcanbeachievedbyusingtheoutputof secureone-way
hashingalgorithms,suchasSHA-1 [23].

2.1 Routing Layer
Tapestryuseslocal routing mapsat eachnode,calledneighbor

maps, to incrementallyrouteoverlay messagesto the destination
ID digit by digit (e.g., ***8 ��� **98 ��� *598 ��� 4598
where*’ s representwildcards).This approachis similar to longest
prefix routing in theCIDR IP addressallocationarchitecture[22].
A node � hasa neighbormap with multiple levels, whereeach
level representsamatchingsuffix upto adigit positionin theID. A
givenlevel of theneighbormapcontainsa numberof entriesequal
to thebaseof the ID, wherethe � th entry in the 	 th level is the ID
andlocationof theclosestnodewhichendsin “ � ”+suffix( � , 	�

� ).
For example,the9th entryof the4th level for node325AE is the
nodeclosestto 325AE in network distancewhichendsin 95AE.

Whenrouting,the � th hopsharesasuffix of atleastlength� with
thedestinationID. To find thenext router, we look at its ( ������� th
level map, and look up the entry matchingthe value of the next
digit in the destinationID. Assumingconsistentneighbormaps,
this routingmethodguaranteesthatany existinguniquenodein the
systemwill befoundwithin at most ��������� logicalhops,in a sys-
temwith an � sizenamespaceusingIDs of base� . Becauseevery
singleneighbormapatanodeassumesthattheprecedingdigitsall
matchthecurrentnode’s suffix, it only needsto keepa smallcon-
stantsize( � ) entriesateachroutelevel, yieldinganeighbormapof
fixedconstantsize ��������� �!� .

A way to visualizethis routing mechanismis that every desti-
nation node is the root nodeof its own tree, which is a unique
spanningtreeacrossall nodes.Any leaf cantraversea numberof
intermediatenodesenrouteto theroot node.In short,thehashed-
suffix meshof neighbormapsis a large setof embeddedtreesin
thenetwork, onerootedat every node.Figure1 shows anexample
of hashed-suffix routing.

In additionto providing a scalableroutingmechanism,Tapestry
alsoprovidesasetof fault-tolerancemechanismswhichallow routers
to quickly routearoundlink andnodefailures. Eachentry in the
neighbormapactuallycontainsthreeentriesthat matchthe given
suffix, wheretwo secondarypointersareavailableif andwhenthe
primary routefails. Theseredundantroutingpathsareutilized by
Bayeuxprotocolsin Section6.

2.2 Data Location
Tapestryemploysthisinfrastructurefor datalocationin astraight-

forwardway. Eachobjectis associatedwith oneor moreTapestry
location roots througha distributed deterministicmappingfunc-
tion. To advertiseor publish an object " , the server # storing
the object sendsa publish messagetoward the Tapestrylocation
root for thatobject. At eachhop alongthe way, the publishmes-
sagestoreslocationinformationin theform of amapping$ Object-
ID( " ), Server-ID( # ) % . Notethatthesemappingsaresimplypoint-
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Figure1: Tapestry routing example. Here we seethe path taken
by a messageoriginating fr om node 0325 destined for node
4598 in a Tapestrynetwork usinghexadecimaldigits of length
4 (65536nodesin namespace).

ersto theserver # where " is beingstored,andnot a copy of the
objectitself. Wheremultipleobjectsexist, eachserver maintaining
a replicapublishesits copy. A node � that keepslocationmap-
pingsfor multiple replicaskeepsthemsortedin orderof distance
from � .

Duringalocationquery, clientssendmessagesdirectlyto objects
via Tapestry. A messagedestinedfor " is initially routedtowards
" ’s root from the client. At eachhop, if the messageencounters
a nodethat containsthe location mappingfor " , it is redirected
to theserver containingtheobject. Otherwise,themessageis for-
ward onestepcloserto the root. If the messagereachesthe root,
it is guaranteedto find a mappingfor the locationof " . Note that
the hierarchicalnatureof Tapestryrouting meansat eachhop to-
wardsthe root, the numberof nodessatisfyingthe next hop con-
straintdecreasesby a factorequalto the identifierbase(e.g. octal
or hexadecimal)usedin Tapestry. For nearbyobjects,client search
messagesquickly intersectthepathtakenby publishmessages,re-
sultingin quicksearchresultsthatexploit locality. Furthermore,by
sorting distanceto multiple replicasat intermediatehops,clients
are likely to find the nearest replicaof the desiredobject. These
propertiesareanalyzedanddiscussedin moredetail in [32].

2.3 Benefits
Tapestryprovidesthefollowing benefits:

& Powerful Fault Handling: Tapestryprovidesmultiple paths
to every destination. This mechanismenablesapplication-
specificprotocolsfor fastfailover andrecovery.

& Scalable: Tapestryrouting is inherentlydecentralized,and
all routing is doneusinginformationfrom numberof nodes
logarithmicallyproportionalto thesizeof thenetwork. Rout-
ing tablesalsohavesizelogarithmicallyproportionallyto the
network size,guaranteeingscalabilityasthenetwork scales.

& ProportionalRouteDistance: It follows from Plaxtonetal.’s
proof in [20] thatthenetwork distancetraveledby amessage
duringroutingis linearly proportionalto therealunderlying
network distance,assuringus that routing on the Tapestry
overlay incursa reasonableoverhead. In fact, experiments
have shown this proportionalityis maintainedwith a small
constantin realnetworks[32].



2.4 Multicast on Tapestry
The' natureof Tapestryunicastroutingprovidesanaturalground

for buildinganapplication-level multicastingsystem.Tapestryover-
lay assistsefficientmulti-pointdatadeliveryby forwardingpackets
accordingto suffixesof listenernodeIDs. ThenodeID basedefines
thefanoutfactorusedin themultiplexing of datapacketsto differ-
entpathson eachrouter. BecauserandomizednodeIDs naturally
group themselves into setssharingcommonsuffixes,we canuse
thatcommonsuffix to minimizetransmissionof duplicatepackets.
A multicastpacket only needsto be duplicatedwhenthe receiver
nodeidentifiersbecomedivergentin thenext digit. In addition,the
maximumnumberof overlayhopstakenby suchadeliverymecha-
nismis boundedby thetotal numberof digits in theTapestrynode
IDs. For example,in a Tapestrynamespacesizeof 4096with an
octalbase,themaximumnumberof overlayhopsfrom a sourceto
a receiver is 4. Theamountof packet fan-outat eachbranchpoint
is limited to thenodeID base.This facthintsat a naturalmulticast
mechanismon theTapestryinfrastructure.

Note that unlike most existing applicationlevel multicastsys-
tems,not all nodesof the Tapestryoverlay network are Bayeux
multicastreceivers.Thisuseof dedicatedinfrastructureservernodes
providesbetteroptimizationof the multicasttreeand is a unique
featureof theBayeux/Tapestrysystem.

3. BAYEUX BASE ARCHITECTURE
Bayeuxprovides a source-specific,explicit-join multicastser-

vice. The source-specificmodel has numerouspracticaladvan-
tagesandis advocatedby a numberof projects[12, 27,29,31]. A
Bayeuxmulticastsessionis identifiedby thetuple $ sessionname,
UID % . A sessionnameis a semanticnamedescribingthecontent
of themulticast,andtheUID is a distinquishingID thatuniquely
identifiesa particularinstanceof thesession.

3.1 SessionAdvertisement
We utilize Tapestry’s datalocationservicesto advertiseBayeux

multicastsessions.To announcea session,we take the tuple that
uniquelynamesamulticastsession,anduseasecureone-wayhash-
ing function(suchasSHA-1[23]) to mapit into a160bit identifier.
We thencreatea trivial file namedwith that identifierandplaceit
on themulticastsession’s rootnode.

Using Tapestrylocation services,the root or sourceserver of
a sessionadvertisesthat documentinto the network. Clients that
want to join a sessionmustknow the uniquetuple that identifies
thatsession.They canthenperformthesameoperationsto generate
thefile name,andqueryfor it usingTapestry. Thesesearchesresult
in thesessionroot nodereceiving a messagefrom eachinterested
listener, allowing it toperformtherequiredmembershipoperations.
As we will seein Section5.1, this sessionadvertisementscheme
allows root replicationin a way that is transparentto themulticast
listeners.

3.2 TreeMaintenance
Constructingan efficient androbust distribution tree to deliver

datatosessionmembersis thekey to efficientoperationin application-
level multicastsystems.Unlike mostexisting work in this space,
Bayeuxutilizesdedicatedserversin thenetwork infrastructure(in
the form of Tapestrynodes)to help constructmoreefficient data
distribution trees.

Therearefour typesof controlmessagesin building a distribu-
tion tree:JOIN, LEAVE, TREE, PRUNE. A memberjoins the
multicastsessionby sendinga JOIN messagetowardsthe root,
which thenreplieswith a TREEmessage.Figure2 shows an ex-
amplewherenode7876 is the root of a multicastsession,and

node1250 triesto join. TheJOIN messagefrom node1250 tra-
versesnodesxxx6, xx76, x876 , and7876 via Tapestryuni-
castrouting,wherexxx6 denotessomenodethatendswith 6. The
root 7876 thensendsa TREEmessagetowardsthenew member,
whichsetsuptheforwardingstateat intermediateapplication-level
routers. Note that while both control messagesare deliveredby
unicastingover theTapestryoverlaynetwork, theJOIN andTREE
pathsmight bedifferent,dueto theasymmetricnatureof Tapestry
unicastrouting.

WhenarouterreceivesaTREEmessage,it addsthenew member
nodeID to thelist of receivernodeIDs thatit is responsiblefor, and
updatesits forwardingtable.For example,considernodexx50 on
the path from the root nodeto node1250 . Upon receiving the
TREEmessagefrom the root, nodexx50 will add1250 into its
receiver ID list, andwill duplicateandforward future packets for
this sessionto nodex250 . Similarly, a LEAVEmessagefrom an
existing membertriggersa PRUNEmessagefrom the root, which
trimsfrom thedistributiontreeany routerswhoseforwardingstates
becomeemptyaftertheleave operation.

4. EVALUATION OF BASE DESIGN
Here,we comparethe basicBayeuxalgorithmagainstIP mul-

ticastandnaive unicast. By naive unicastwe meana unicaststar
topology rootedat the sourcethat performsone-to-onetransmis-
sionto all receivers.

4.1 Simulation Setup
To evaluateourprotocol,weimplementedTapestryunicastrout-

ing andtheBayeuxtreeprotocolasa packet-level simulator. Our
measurementsfocusondistanceandbandwidthmetrics,anddonot
modeltheeffectsof any crosstraffic or routerqueuingdelays.

We usetheStanfordGraphBaselibrary [26] to accessfour dif-
ferent topologiesin our simulations(AS, MBone, GT-ITM and
TIERS).TheAS topologyshowsconnectivity betweenInternetau-
tonomoussystems(AS), whereeachnodein thegraphrepresents
an AS asmeasuredby the NationalLaboratoryfor Applied Net-
work Research[17] basedon BGP routing tables. The MBone
graphpresentsthetopologyof theMBoneascollectedby theSCAN
projectat USC/ISI[24] onFebruary1999.To measureour metrics
on largernetworks,we turnedto theGT-ITM [11] package,which
producestransit-stubstyle topologies,and the TIERS [30] pack-
age,whichconstructstopologiesby categorizingroutersinto LAN,
MAN, andWAN routers.In ourexperiments,unicastdistancesare
measuredasthe shortestpathdistancebetweenany two multicast
members.

4.2 PerformanceMetrics
We adoptthe two metricsproposedin [4] to evaluatetheeffec-

tivenessof our application-level multicasttechnique:

& RelativeDelay Penalty, a measureof the increasein delay
thatapplicationsincurwhileusingoverlayrouting.ForBayeux,
it is theratio of Tapestryunicastroutingdistancesto IP uni-
castroutingdistances.Assumingsymmetricrouting,IP Mul-
ticastandnaive unicastbothhave a RDPof 1.

& PhysicalLink Stress, a measureof how effective Bayeuxis
in distributing network load acrossdifferentphysicallinks.
It refersto thenumberof identicalcopiesof apacket carried
by a physicallink. IP multicasthasa stressof 1, andnaive
unicasthasaworstcasestressequalto numberof receivers.

4.3 SnapshotMeasurements
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In this experiment,we useda topologygeneratedby thetransit-
stubmodelconsistingof 50000nodes,with a Tapestryoverlayus-
ing nodenamespacesizeof 4096, ID baseof 4, anda multicast
groupsizeof 4096members.Figure3 plots thecumulative distri-
bution of RDPon this network. RDP is measuredfor all pairwise
connectionsbetweennodesin thenetwork. As wecansee,theRDP
for a largemajority of connectionsis quitelow.

In Figure4, we comparethevariationof physicallink stressin
Bayeuxto that undernaive unicast. We definethe stressvalueas
thenumberof duplicatepacketsgoingacrossasinglephysicallink.
We pick randomsourcenodeswith randomreceiver groups,and
measuretheworststressvalueof all links in thetreebuilt. We plot
the numberof links suffering from a particularstresslevel on the
Y-axis,againsttherangeof stresslevelson theX-axis. Weseethat
relative to unicast,theoverall distribution of link stressis substan-
tially lower. In addition,naive unicastexhibits a muchlongertail,
wherecertainlinks experiencestresslevels up to 4095, whereas
theBayeuxmeasurementshows no suchoutliers. This shows that
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Bayeuxdistributesthe network load evenly acrossphysicallinks,
evenfor largemulticastgroups.

5. SCALABILITY ENHANCEMENTS
In this section,we demonstrateand evaluateoptimizationsin

Bayeuxfor load-balancingandincreasedefficiency in bandwidth
usage.Theseenhancements,TreePartitioning andReceiverClus-
tering, leverageTapestry-specificproperties,andareuniquetoBayeux.

5.1 TreePartitioning
Thesource-specificservicemodelhasseveraldrawbacks.First,

the root of themulticasttreeis a scalabilitybottleneck,aswell as
a singlepoint of failure. Unlike existing multicastprotocols,the
non-symmetricrouting in Bayeuximplies that theroot nodemust
handleall join andleave requestsfrom sessionmembers.Sec-
ond,only thesessionroot nodecansenddatain a source-specific
servicemodel.Althoughtheroot canactasa reflectorfor support-
ing multiplesenders[12], all messageshave to gothroughtheroot,
anda network partition or root nodefailure will compromisethe
entiregroup’s ability to receive data.

Toremovetherootasascalabilitybottleneckandpointof failure,
Bayeuxincludesa TreePartitioning mechanismthat leveragesthe
Tapestrylocationmechanism.The ideais to createmultiple root
nodes,andpartition receivers into disjoint membershipsets,each
containingreceiversclosestto a local root in network distance.Re-
ceiversorganizethemselvesinto thesesetsasfollows:

1. IntegrateBayeuxrootnodesinto a Tapestrynetwork.

2. Namean object " with the hashof the multicast session
name,andplace " on eachroot.

3. Eachroot advertises " in Tapestry, storing pointersto it-
selfat intermediatehopsbetweenit andtheTapestrylocation
root,anodedeterministicallychosenbasedon " .

4. On JOIN , new member( usesTapestrylocationservices
to find androuteaJOIN messageto thenearestrootnode) .

5. ) sendsTREEmessageto ( , now amemberof ) ’sreceiver
set.
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Figure5 shows the pathof variousmessagesin the treeparti-
tioning algorithm. Eachmember( sendslocationrequestsup to
theTapestrylocationroot. Tapestrylocationservicesguarantee(
will find theclosestsuchroot with high probability[20, 32]. Root
nodesthenuseTapestryroutingto forwardpacketsto downstream
routers,minimizing packet duplicationwherepossible. The self-
configurationof receiversinto partitionedsetsmeansroot replica-
tion is anefficient tool for balancingloadbetweenroot nodesand
reducingfirst hop latency to receiverswhenrootsareplacednear
listeners.Bayeux’s techniqueof root replicationis similar in prin-
ciple to root replicationusedby many existing IP multicastproto-
colssuchasCBT [1] andPIM [6, 7]. Unlike otherroot replication
mechanisms,however, we do not sendperiodicadvertisementsvia
thesetof root nodes,andmemberscantransparentlyfind theclos-
estrootgiventherootnodeidentifier.

We performedpreliminaryevaluationof our root replicational-
gorithms by simulation. Our simulation resultson four topolo-
gies(AS, MBone,Transit-stubandTIERS)arequitesimilar. Here
we only show the Transit-stubresultsfor clarity. We simulatea
large multicastgroup that self-organizesinto membershipparti-
tions, andexaminehow replicatedrootsimpactload balancingof
membershipoperationssuchasjoin . Figure6 shows theaverage
numberof join requestshandledper root asmembersorganize
themselves aroundmore replicatedroots. While the meannum-
ber of requestsis deterministic,it is the standarddeviation which
showshow evenly join requestsareload-balancedbetweendiffer-
entreplicatedroots.As thenumberof rootsincreases,thestandard
deviationdecreasesinversely, showing thatload-balancingdoesoc-
cur, evenwith randomlydistributedroots,asin oursimulation.One
can argue that real-life network administratorscan do muchbet-
ter by intelligently placingreplicatedrootsto evenly distributethe
load.

5.2 Receiver Identifier Clustering
To furtherreducepacket duplication,Bayeuxintroducestheno-

tion of receiver nodeID clustering. Tapestrydelivery of Bayeux
packetsapproachesthe destinationID digit by digit, andonesin-
gle packet is forwardedfor all nodessharinga suffix. Therefore,
a namingschemethatprovidesanoptimalpacket duplicationtree
is onethat allows local nodesto sharethe longestpossiblesuffix.
For instance,in a Tapestry4-digit hexadecimalnamingscheme,
a group of 16 nodesin a LAN should be namedby fixing the
last 3 digits (XYZ), while assigningeachnodeoneof the 16 re-
sultnumbers(0XYZ, 1XYZ, 2XYZ, etc.)Thismeansupstream
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Figure 7: Receiver ID Clustering according to network dis-
tance
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routersdelaypacket duplicationuntil reachingtheLAN, minimiz-
ing bandwidthconsumptionandreducinglink stress.Multiples of
these16-nodegroupscanbe further organizedinto larger groups,
constructinga clusteredhierarchy. Figure7 shows suchanexam-
ple. While groupsizesmatchingtheTapestryID baseareunlikely,
clusteredreceiversof any sizewill show similarbenefits.Also note
thatwhile Tapestryroutingassumesrandomizednaming,organized
namingon a small scalewill not impactthe efficiency of a wide-
areasystem.

To quantify the effect of clusterednaming,we measuredlink
stressversusthefractionof local LANs thatutilize clusterednam-
ing. We simulated256 receiverson a Tapestrynetwork usingID
baseof 4 and IDs of 6 digits. The simulatedphysicalnetwork
is a transit stub modelednetwork of 50000nodes,since it best
representsthe naturalclusteringpropertiesof physicalnetworks.
Receiversareorganizedas16 local networks, eachcontaining16
members.Figure8 shows thedramaticdecreasein worstcastlink
stressasnodenamesbecomemoreorganizedin thelocal area.By
correlatingnodeproximity with naming,theduplicationof asingle
sourcepacket is delayeduntil thelocal router, reducingbandwidth
consumptionat all previoushops.Theresultshows an inversere-
lationshipbetweenworstcaselink stressandlocal clustering.

6. FAULT-RESILIENT PACKET DELIVER Y
In this section,we examinehow Bayeux leveragesTapestry’s

routing redundancy to maintainreliabledelivery despitenodeand
link failures. Eachentry in the Tapestryneighbormapmaintains
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secondaryneighborsin additionto theclosestprimaryneighbor. In
Bayeux,membershipstateis keptconsistentacrossTapestrynodes
in theprimarypathfrom thesessionroot to all receivers. Routers
on potentialbackuproutesbranchingoff the primary pathdo not
keepmemberstate.Whena backuprouteis taken,thenodewhere
thebranchingoccursis responsiblefor forwardingonthenecessary
memberstateto ensurepacket delivery.

We explore in this sectionapproachesto exploit Tapestry’s re-
dundantrouting pathsfor efficient fault-resilientpacket delivery,
while minimizingthepropagationof membershipstateamongTapestry
nodes. We first examinefault-resilientpropertiesof the Tapestry
hierarchicalandredundantroutingpaths,thenpresentseveralpos-
sibleprotocolsandpresentsomesimulationresults.

6.1 Infrastructur e Properties
A key featureof theTapestryinfrastructureis its backuprouters

perpathatevery routinghop.Beforeexaminingspecificprotocols,
we evaluatethemaximumbenefitsucha routingstructurecanpro-
vide. To this end,we usedsimulationto measuremaximumcon-
nectivity basedonTapestrymulti-pathroutes.At eachrouter, every
outgoinglogical hopmaintainstwo backuppointersin additionto
theprimaryroute.

Figure9 shows maximumconnectivity comparedto IP routing.
We useda topologygeneratedby the TIERS modelconsistingof
5000nodesand7084 links. Resultsaresimilar for other topolo-
gies. We useda Tapestrynodeidentifer namespacesizeof 4096,
a baseof 4, and a multicastgroup size of 256 members. Links
arerandomlydropped,andwe monitor the reachabilityof IP and
Tapestryrouting. As link failuresincrease,region A shows proba-
bility of successfulIP andTapestryrouting.Region C shows cases
whereIP fails andTapestrysucceeds.Region E representscases
wherethedestinationis physicallyunreachable.Finally, region B
shows instanceswhereIP succeeds,andTapestryfails; andregion
D shows whereboth protocolsfail to route to a reachabledesti-
nation. Note that regionsB andD arealmostinvisible, sincethe
multiple pathsmechanismin Tapestryfindsa routeto thedestina-
tion with extremelyhigh probability, if sucha routeexists. This
result shows that by using two backuppointersfor eachrouting
mapentry, Tapestryachievesnear-optimalmaximumconnectivity.

Anothernotablepropertyof the Tapestryrouting infrastructure
is its hierarchicalnature[32]. All possibleroutesto a destination
canbecharacterizedaspathsup to a treerootedat thedestination.
With arandomdistributionof names,eachadditionalhopdecreases
the expectednumberof next hop candidatesby a factorequalto
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Figure 10: AverageHops Before Convergencevs. Position of
Branch Point

the baseof the Tapestryidentifier. This propertymeansthat with
evenly distributednames,pathsfrom differentnodesto the same
destinationconverge within an expectednumberof hopsequalto
�*�+� �+,.-/� , where � is the Tapestrydigit base,and - is numberof
nodesbetweenthetwo origin nodesin thenetwork.

This convergentnatureallows usto intentionallyfork off dupli-
catepackets onto alternatepaths. Recall that the alternatepaths
from a nodearesortedin orderof network proximity to it. Theex-
pectationis thata primarynext hopanda secondarynext hopwill
not be too distantin the network. Becausethe numberof routers
sharingthe requiredsuffix decreasesquickly with eachadditional
hop,alternatepathsareexpectedto quickly convergewith thepri-
marypath.Weconfirmthishypothesisvia simulationin Figure10.
On a transit-stubtopologyof 5000nodes,TapestryIDs with base
4, wherethe point to point routehas6 logical hops,we seethat
convergenceoccursvery quickly. As expected,an earlierbranch
point may incur morehopsto convergence,anda secondaryroute
convergesfasterthana tertiaryroute.

6.2 Fault-r esilient Delivery Protocols
We now examinemorecloselya setof Bayeuxpacket delivery

protocolsthat leveragestheredundantroutepathsandhierarchical
path reconvergenceof Tapestry. While we list several protocols,
weonly presentsimulationresultsfor one,andcontinueto work on
simulationandanalysisof theothers.Theprotocolsarepresented
in randomorderasfollows:

1. ProactiveDuplication: Eachnodeforwardingdatasendsa
duplicateof every packet to its first backuproute.Duplicate
packetsaremarked,androutersonthesecondarypathcannot
duplicatethem,andmustforward themusingtheir primary
routersat eachhop.

Thehypothesisis thatduplicateswill all convergeat thenext
hop, and duplicationat eachhop meansany single failure
can be circumvented. While incurring a higher overhead,
thisprotocolalsosimplifiesmembershipstatepropagationby
limiting traffic to theprimarypathsandfirst ordersecondary
nodes.Membershipstatecanbe sentto thesenodesbefore
the session. This protocol tradesoff additionalbandwidth
usagefor circumventingsinglelogicalhopfailures.

2. Application-specificDuplicates: Similar to previous work
leveragingapplication-specificdatadistilling [19], this pro-
tocol is anenhancementto ProactiveDuplication, wherean
application-specificlossy duplicateis sent to the alternate



link. In streamingmultimedia,theduplicatewould bea re-
ductionin quality in exchangefor smallerpacket size. This
providesthesamesingle-failureresilienceasprotocol1,with
lower bandwidthoverheadtradedoff for qualitydegradation
following packet losson theprimarypath.

3. Prediction-basedSelectiveDuplication: This protocolcalls
for nodesto exchangeperiodicUDP probeswith their next
hop routers. Basedon a moving history window of probe
arrival successratesand delay, a probability of successful
delivery is assignedto eachoutgoinglink, anda consequent
probabilitycalculatedfor whetherapacketshouldbesentvia
eachlink. Theweightedexpectednumberof outgoingpack-
etsper hop canbe varied to control the useof redundancy
(e.gbetween1 and2).

When backuproutesare taken, a copy of the membership
statefor thenext hopis sentalongwith thedataonce.This
protocolincurstheoverheadof periodicprobepacketsin ex-
changefor theability to adaptquickly to transientcongestion
andfailuresatevery hop.

4. Explicit Knowledge Path Selection:This protocolcalls for
periodicupdatesto eachnodefrom its next hop routerson
informationsuchasrouterload/congestionlevelsandinstan-
taneouslink bandwidthutilization. Variousheuristicscanbe
employed to determinea probability functionwhich choose
the bestoutgoingpathfor eachpacket. Packetsarenot du-
plicated.

5. First ReachableLink Selection:This protocolis a relatively
simple way to utilize Tapestry’s routing redundancy. Like
thepreviousprotocol,a nodereceivesperiodicUDP packets
from its next hoprouters.Basedontheiractualandexpected
arrival times,thenodecanconstructa brief historywindow
to predictshort-termreliability oneachoutgoingroute.Each
incoming datapacket is senton the shortestoutgoinglink
that shows packet delivery successrate (determinedby the
history window) above a threshold. No packet duplication
takesplace.Whenapacketchoosesanalternateroute,mem-
bershipstateis sentalong with the data. This protocol is
discussedmorein Section6.3.

Notethatseveralof theseprotocols(1, 2, 3) maysendadditional
packetsdown secondaryor tertiaryroutesin additionto theoriginal
data. As we have shown in Figure10, thebandwidthoverheadof
thoseprotocolsis limited, sincethe duplicatesquickly converge
backon to theprimarypath,andcanbesuppressed.This givesus
the ability to routearoundsinglenodeor link failures. Duplicate
packet supressioncanbe doneby identifying eachpacket with a
sequentialID, andkeepingtrack of the packets expectedbut not
received (in the form of a moving window) at eachrouter. Once
either the original or the duplicatepacket arrives, it is marked in
the window, andthe window boundarymovesif appropriate.All
packetsthathave alreadybeenreceivedaredropped.

6.3 First ReachableLink Selection
Eachof the above protocolshasadvantagesanddisadvantages,

makingthembestsuitedfor a varietyof differentoperatingcondi-
tions. We presentherepreliminaryevaluationof First Reachable
Link Selection(FRLS), by first examining its probability of suc-
cessfulpacket delivery, andthensimulatingthe increasinglatency
associatedwith sendingmembershipstatealongwith thedatapay-
load.

Figure11 shows thatFRLSdeliverspacketswith very high suc-
cessratedespitelink failures.Theregionsaremarkedsimilarly to
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Figure 12: Bandwidth Delay Due to Member State Exchange
in FRLS

that of Figure9, whereregion A representssuccessfulrouting by
IP andTapestry, region B is whereIP succeedsandTapestryfails,
regionC is whereIP failsandTapestrysucceeds,regionD is where
a possiblerouteexists but neitherIP nor Tapestryfind it, andre-
gion E is whereno pathexists to thedestination.Whencompared
to Figure9, we seethatby choosinga simplealgorithmof taking
theshortestpredicted-successlink, wegainalmostall of thepoten-
tial fault-resiliency of theTapestrymultiple pathrouting. Theend
resultis thatFRLSdeliverspacketswith high reliability in theface
of link failures.

FRLS deliverspacketswith high reliability without packet du-
plication. The overheadcomesin the form of bandwidthusedto
passalongmembershipstateto a session’s backuprouters.FRLS
keepsthemembershipstatein eachrouteron theprimarypaththat
thepacketstraverse.Thesizeof membershipstatetransmittedde-
creasesfor routersthatarefurtheraway from thedatasource(mul-
ticastroot). For example,a routerwith ID “475129 ” that is two
hopsaway from theroot keepsa list of all memberswith Tapestry
IDs endingin 29 , while anotherrouter420629 two hopsdown
the multicasttreewill keepa list of all memberswith IDs ending
in 0629 . Whena backuprouteis takenandroutingbranchesfrom
theprimarypath,therouterat thebranchingpoint forwardstherel-
evant portion of its own stateto thebranchtaken,andforwardsit
alongwith thedatapayload.This causesa delayfor themulticast
datadirectlyproportionalto thesizeof memberstatetransmitted.



We plot a simulationof averagedelivery latency in FRLS, in-
cluding0 thememberstatetransmissiondelay, onatransit-stub5000
nodetopology, usingbothbase4 andbase8 for TapestryIDs. Note
thataveragetimeto deliverydoesnot includeunreachablenodesas
failurerateincreases.Figure12showsthataslink failuresincrease,
delivery is delayed,but notdramatically. Thestandarddeviation is
highestwhen link failureshave forcedhalf of the pathsto resort
to backuplinks, andit spikesagainasthenumberof reachablere-
ceiversdropsandreducesthenumberof measureddatapoints.

7. RELATED WORK
Thereareseveral projectsthat sharethe goal of providing the

benefitsof IP multicastwithout requiringdirectroutersupport([3,
4, 9, 13, 18]). EndSystemMulticast [4] is onesuchexampletar-
getedtowardssmall-sizedgroupssuchasaudioandvideoconfer-
encingapplications,whereeverymemberin thegroupis apotential
sourceof data. However, it doesnot scaleto large-sizedmulti-
castgroupsbecauseevery memberneedsto maintaina complete
list of every othermemberin the group. TheScattercastwork by
Chawatheetal. [3] is similar to theEndSystemMulticastapproach
except in the explicit useof infrastructureserviceagents,SCXs.
Both ScattercastandEndSystemMulticastbuild a meshstructure
acrossparticipatingnodes,andthenconstructsource-rootedtrees
by runninga standardrouting protocol. On the otherhand,Yall-
cast[9] directlybuildsaspanningtreestructureacrosstheendhosts
withoutany intermediatemeshstructure,which requiresexpensive
loopdetectionmechanisms,andisalsoextremelyvulnerabletopar-
titions.

In terms of the servicemodel, EXPRESS[12] also adoptsa
source-specificparadigm,andaugmentsthe multicastclassD ad-
dresswith a unicastaddressof eitherthecoreor thesender. This
eliminatestheaddressallocationproblemandprovidessupportfor
senderaccesscontrol. In contrast,Bayeuxgoesonestepfurther
andeliminatestheclassD addressaltogether. Usingonly theUID
andsessionnameto identify thegroupmakesit possibleto provide
additionalfeatures,suchasnative incrementaldeployability, and
loadbalancingat theroot.

Theideaof root replicationshows a promisingapproachof pro-
viding anycastserviceat theapplicationlevel. Recently, IP-anycast
hasbeenproposedasaninfrastructureservicefor multicastrouting.
For example,Kim et al. useanycastto allow PIM-SM to support
multiple rendezvouspointspermulticasttree[14]. However, there
is a lack of a globally deployed IP-anycastservice.Therearesev-
eral proposalsfor providing an anycastserviceat the application
layer([2, 8, 10,16, 25]), which attemptto build directorysystems
thatreturnthenearestserverwhenqueriedwith aservicenameand
a client address.Although our anycastserviceis provided at the
applicationlayer, serveravailability is discoveredby localTapestry
nodesandupdatednaturallyasapartof theTapestryroutingproto-
col. Therefore,our mechanismmaypotentiallyprovide ananycast
servicethat is easierto deploy thanIP-anycast,yet avoidsseveral
complicationsandscalabilityproblemsassociatedwith directory-
basedapplicationlayer anycast. We believe that the application
layeranycastprovidedby theTapestryoverlay network described
hereinformsaninterestingtopic for futureresearch.

Finally, thereareseveralrecentprojectsfocusingonsimilargoals
asTapestry. AmongthemareChord[28] fromMIT/Berkeley, Content-
AddressableNetworks (CAN) [21] from AT&T/ACIRI and Pas-
try [5] from RiceandMicrosoft Research.Theseresearchprojects
have alsoproduceddecentralizedwide-arealocationserviceswith
fault-tolerantproperties,but have not focusedon theareaof rout-
ing. Specifically, only Tapestry’s naturalhierarchyallows themul-
ticastgroupto benaturallypartitionedby routing.Additionally, the

alternative systemshavenot focusedon fault-tolerantpacket deliv-
eryasa primarygoal.

8. CONCLUSION
We arecontinuingto explore the Bayeuxfault-resilientpacket

delivery protocols.More specifically, we would like to betterun-
derstandtheperformanceandtradeoffs involved in thealternative
fault-resilientdelivery protocolsdiscussedin Section6. We will
continueto exploretheeffectof differentparametersoneachproto-
col, andtheir performanceundervaryingoperatingconditions.Fi-
nally, wewould liketo deploy Bayeuxonalargescaleevent-driven
simulationbeingbuilt aspartof theOceanStore[15] project.

In conclusion,we have presentedan architecturefor Internet
contentdistributionthatleveragesTapestry, anexistingfault-tolerant
routinginfrastructure.Simulationresultsshow thatBayeuxachieves
scalability, efficiency, andhighly fault-resilientpacketdelivery. We
believe Bayeuxshows thatanefficientnetwork protocolcanbede-
signedwith simplicity while inheritingdesirablepropertiesfrom an
underlyingapplicationinfrastructure.
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