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ABSTRACT

The demandfor streamingmultimediaapplicationsis growing at
anincrediblerate. In this paper we proposeBayeux,an efficient
application-leel multicastsystenthatscalego arbitrarily largere-
ceiver groupswhile toleratingfailuresin routersandnetwork links.
Bayeuxalsoincludesspecificmechanisméor load-balancingcross
replicateroot nodesand more efficient bandwidthconsumption.
Our simulationresultsindicatethat Bayeuxmaintainstheseprop-
ertieswhile keepingtransmissioroverheadow. To achie/e these
properties Bayeuxleverageghe architectureof Tapestry a fault-
tolerant,wide-areaoverlayroutingandlocationnetwork.

1. INTRODUCTION

Thedemandor streamingnultimediaapplicationss growing at
anincrediblerate. Suchapplicationsaredistinguishedy a single
writer (or small numberof writers) simultaneouslyfeedinginfor-
mationto alargenumberof readersCurrenttrendsindicatea need
to scaleto thousand®r millions of recevers. To saythatsuchap-
plicationsstresghe capabilitiesof wide-areanetworksis anunder
statementWhenmillions of receving nodesareinvolved, unicast
is completelyimpracticalbecausef its redundantseof link band-
width; to bestutilize network resourcesieceversmustbearranged
in efficientcommunicatiortrees.This in turn requiresthe efficient
coordinationof a large numberof individual componentsleading
to aconcomitanneedfor resilienceto nodeandlink failures.

Given barriersto wide-spreaddeployment of IP multicast, re-
searcherdhave turnedto application-leel solutions. The major
challengeis to build an efficient network of unicastconnections
andto constructdatadistribution treeson top of this overlay struc-
ture. Currently thereareno designdor application-leel multicast
protocolsthat scaleto thousand®f membersjncur both minimal
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delayandbandwidthpenaltiesandhandlefaultsin bothlinks and
routingnodes.

In this paperwe proposeBayeux,an efficient, source-specific,
explicit-join, application-l@el multicastsystenthathastheseprop-
erties. Oneof the novel aspectof Bayeuxis thatit combinegan-
domnesdor load balancingwith locality for efficient useof net-
work bandwidth. Bayeuxutilizes a prefix-basedrouting scheme
thatit inheritsfrom an existing application-leel routing protocol
calledTapestry[32], awide-aredocationandrouting architecture
usedn theOceanStor§l 5] globally distributedstoragesystem.On
top of Tapestry Bayeuxprovidesa simpleprotocolthat organizes
the multicastreceversinto a distribution treerootedat the source.
Simulationresultsindicatethat Bayeuxscaleswell beyond thou-
sandsof multicastnodesin termsof overlaylateny andredundant
paclet duplication,for a variety of topologymodels.

In additionto the basemulticastarchitectureBayeuxleverages
the Tapestnyinfrastructureto provide simpleload-balancingcross
replicatedroot nodes aswell asreducedbandwidthconsumption,
by clusteringreceversby identifier The benefitsof theseoptimiz-
ing mechanismsre shavn in simulationresults. Finally, Bayeux
provides a variety of protocolsto leveragethe redundantrouting
structureof Tapestry We evaluateone of them, First Reatable
Link Selectionandshaw it to provide nearoptimal fault-resilient
pacletdelivery to reachablalestinationswhile incurringareason-
ableoverheadn termsof membershigtatemanagement.

In therestof thispapemwe discusghearchitecturef Bayeuxand
provide simulationresults. First, Section2 describeghe Tapestry
routing and locationinfrastructure. Next, Section3 describeghe
Bayeuxarchitecturefollowed by Section4 which evaluatesit. In
Section5, we explore novel scalability optimizationsin Bayeux,
followed by fault-resilientpaclet delivery in Section6. We dis-
cussrelatedwork in Section?. Finally, we discusduturework and
concludein Section8.

2. TAPESTRY ROUTING AND LOCATION

Ourarchitecturdeveragegapestryanoverlaylocationandrout-
ing layerpresentethy Zhao,Kubiatavicz andJosephn [32]. Bayeux
usesthe naturalhierarchyof Tapestryrouting to forward paclets
while conservingobandwidth.Multicastgroupmemberswishingto
participatein a Bayeuxsessionbecome(if not already)Tapestry
nodes,and a datadistribution treeis built on top of this overlay
structure.

TheTapestrylocationandroutinginfrastructurausessimilarmech-
anismsto the hashed-stiixk meshintroducedby Plaxton, Rajara-
man and Richain [20]. It is novel in allowing messageso lo-
cateobjectsandrouteto themacrossan arbitrarily-sizednetwork,



while using a routing map with size logarithmic to the network
namespacat eachhop. Tapestryprovidesa delivery time within
a smallfactorof the optimal delivery time, from ary pointin the
network. A detaileddiscussionof Tapestryalgorithms,its fault-
tolerantmechanismandsimulationresultscanbe foundin [32].
EachTapestrynodeor machinecantake on the rolesof server
(whereobjectsare stored),router (which forward messagesjynd
client(originsof requests)Also, objectsandnodeshave namesn-
dependenof their locationandsemantiqropertiesjn the form of
randomfixed-lengthbit-sequencesepresentethy a commonbase
(e.g.,40Hex digitsrepresenting 60bits). Thesystemassumegn-
triesareroughlyevenly distributedin bothnodeandobjectnames-
paceswhichcanbeachiezedby usingtheoutputof secureone-vay
hashingalgorithms,suchasSHA-1[23].

2.1 Routing Layer

Tapestryuseslocal routing mapsat eachnode,called neighbor
maps to incrementallyroute overlay messageso the destination
ID digit by digit (e.g.,***8 — **98 —> *598 — 4598
where*' srepresenwildcards).This approachs similar to longest
prefix routingin the CIDR IP addressllocationarchitecturg22].
A node N hasa neighbormap with multiple levels, whereeach
level representamatchingsuffix upto adigit positionin thelD. A
givenlevel of the neighbomapcontainsa numberof entriesequal
to the baseof the ID, wheretheith entryin the jth level is the ID
andlocationof theclosesnodewhichendsin “7"+suffix(NV, j—1).
For example,the 9th entry of the 4th level for node325AE is the
nodeclosesto 325AE in network distancewhich endsin 95AE.

Whenrouting,thenth hopsharesasufix of atleastiengthn with
thedestinationlD. To find the next router we look atits (n + 1)th
level map, andlook up the entry matchingthe value of the next
digit in the destinationID. Assumingconsistentneighbormaps,
this routingmethodguaranteethatary existing uniquenodein the
systemwill befoundwithin at mostLog, N logical hops,in asys-
temwith an N sizenamespacasingIDs of baseb. Becausevery
singleneighbormapat a nodeassumeshatthe precedingligits all
matchthe currentnodes sufix, it only needso keepa smallcon-
stantsize(b) entriesateachroutelevel, yielding aneighbomapof
fixedconstansizeb - Log, N.

A way to visualizethis routing mechanisiris that every desti-
nation nodeis the root node of its own tree, which is a unique
spanningireeacrossall nodes.Any leaf cantraversea numberof
intermediatenodesenrouteto the root node. In short,the hashed-
sufiix meshof neighbormapsis a large setof embeddedreesin
the network, onerootedat every node.Figurel shavs anexample
of hashed-stifx routing.

In additionto providing a scalableroutingmechanismTapestry
alsoprovidesasetof fault-tolerancenechanismsvhichallow routers
to quickly route aroundlink and nodefailures. Eachentryin the
neighbormap actually containsthreeentriesthat matchthe given
suffix, wheretwo secondarypointersareavailableif andwhenthe
primary routefails. Theseredundantouting pathsare utilized by
Bayeuxprotocolsin Section6.

2.2 DataLocation

Tapestryemplgysthisinfrastructurdor datalocationin astraight-
forwardway. Eachobjectis associatedvith oneor more Tapestry
location roots througha distributed deterministicmappingfunc-
tion. To adwertise or publish an object O, the sener S storing
the object sendsa publish messageoward the Tapestrylocation
root for thatobject. At eachhop alongthe way, the publishmes-
sagestoredocationinformationin theform of amapping<Object-
ID(0), Sener-ID(S)>. Notethatthesemappingsaresimply point-

Figure 1: Tapestry routing example. Here we seethe path taken
by a messageoriginating from node 0325 destined for node
4598 in a Tapestry network using hexadecimaldigits of length
4 (65536n0desin namespace).

ersto thesener S whereO is beingstored,andnot a copy of the
objectitself. Wheremultiple objectsexist, eachsener maintaining
a replicapublishesits copy. A node N that keepslocation map-
pingsfor multiple replicaskeepsthemsortedin orderof distance
from N.

Duringalocationquery clientssendmessagedirectlyto objects
via Tapestry A messagelestinedfor O is initially routedtowards
O’s root from the client. At eachhop, if the messagencounters
a nodethat containsthe location mappingfor O, it is redirected
to the sener containingthe object. Otherwise the messagés for-
ward onestepcloserto theroot. If the messageeacheghe root,
it is guaranteedo find a mappingfor the locationof O. Note that
the hierarchicalnatureof Tapestryrouting meansat eachhop to-
wardsthe root, the numberof nodessatisfyingthe next hop con-
straintdecreaseby a factorequalto the identifier base(e.g. octal
or hexadecimal)lusedin Tapestry For nearbyobjectsclientsearch
messageguickly intersectthe pathtaken by publishmessagesege-
sultingin quick searchresultsthatexploit locality. Furthermoreby
sorting distanceto multiple replicasat intermediatehops, clients
arelikely to find the neaestreplicaof the desiredobject. These
propertiesareanalyzedanddiscussedn moredetailin [32].

2.3 Benefits

Tapestryprovidesthefollowing benefits:

e Powerful Fault Handling Tapestryprovides multiple paths
to every destination. This mechanismenablesapplication-
specificprotocolsfor fastfailover andrecovery.

e Scalable Tapestryrouting is inherentlydecentralizedand
all routingis doneusinginformationfrom numberof nodes
logarithmicallyproportionako thesizeof thenetwork. Rout-
ing tablesalsohave sizelogarithmicallyproportionallyto the
network size,guaranteeingcalabilityasthe network scales.

e ProportionalRouteDistance It follows from Plaxtonetal’s
proofin [20] thatthe network distanceraveledby amessage
duringroutingis linearly proportionalto the realunderlying
network distance,assuringus that routing on the Tapestry
overlay incursa reasonableverhead. In fact, experiments
have shawvn this proportionalityis maintainedwith a small
constanin realnetworks[32].



2.4 Multicast on Tapestry

Thenatureof Tapestryunicastrouting providesa naturalground
for building anapplication-leel multicastingsystem Tapestryover-
lay assistefficient multi-point datadelivery by forwardingpaclets
accordingo sufiixesof listenemodelDs. ThenodelD basedefines
thefanoutfactorusedin the multiplexing of datapacletsto differ-
entpathson eachrouter BecausaandomizechodelDs naturally
groupthemselesinto setssharingcommonsufiixes, we canuse
thatcommonsufix to minimizetransmissiorof duplicatepaclets.
A multicastpaclet only needsto be duplicatedwhenthe recever
nodeidentifiersbecomedivergentin the next digit. In addition,the
maximumnumberof overlayhopstakenby suchadelivery mecha-
nismis boundedy thetotal numberof digits in the Tapestrynode
IDs. For example,in a Tapestrynamespacsize of 4096 with an
octalbase the maximumnumberof overlay hopsfrom a sourceto
areceveris 4. Theamountof paclet fan-outat eachbranchpoint
is limited to thenodelD base.This facthintsata naturalmulticast
mechanisnmon the Tapestryinfrastructure.

Note that unlike most existing applicationlevel multicastsys-
tems, not all nodesof the Tapestryoverlay network are Bayeux
multicastrecevers. Thisuseof dedicatednfrastructuresenernodes
provides betteroptimizationof the multicasttreeandis a unique
featureof the Bayeux/Bpestrysystem.

3. BAYEUX BASE ARCHITECTURE

Bayeux provides a source-specificexplicit-join multicastser
vice. The source-specifianodel has numerouspractical advan-
tagesandis adwcatedby a numberof projects[12, 27,29, 31]. A
Bayeuxmulticastsessions identifiedby thetuple <sessiomame,
UID>. A sessiomameis a semantimamedescribingthe content
of the multicast,andthe UID is a distinquishingID thatuniquely
identifiesa particularinstanceof the session.

3.1 SessionAdvertisement

We utilize Tapestrys datalocationservicego adwertiseBayeux
multicastsessions.To announcea sessionwe take the tuple that
uniquelynamesamulticastsessionanduseasecureone-way hash-
ing function(suchasSHA-1[23]) to mapit into a160bit identifier
We thencreatea trivial file namedwith thatidentifierandplaceit
onthemulticastsessiors root node.

Using Tapestrylocation services,the root or sourcesener of
a sessioradwertisesthat documentinto the network. Clientsthat
want to join a sessiormustknow the uniquetuple thatidentifies
thatsessionThey canthenperformthesameoperationdo generate
thefile nameandqueryfor it usingTapestry Thesesearchesesult
in the sessiorroot nodereceving a messagdrom eachinterested
listener allowing it to performtherequiredmembershipperations.
As we will seein Section5.1, this sessiomadwertisementscheme
allows rootreplicationin away thatis transparento the multicast
listeners.

3.2 TreeMaintenance
Constructingan efficient and robust distribution tree to deliver

datato sessioomemberss thekey to efficientoperatiorin application-

level multicastsystems.Unlike mostexisting work in this space,
Bayeuxutilizes dedicatedsenersin the network infrastructure(in
the form of Tapestrynodes)to help constructmore efficient data
distribution trees.

Therearefour typesof controlmessages building a distribu-
tiontree:JOIN, LEAVE, TREE, PRUNEA memberloinsthe
multicastsessionby sendinga JOIN messagedowardsthe root,
which thenreplieswith a TREEmessage Figure 2 shavs an ex-
amplewherenode 7876 is the root of a multicastsession,and

nodel250 triestojoin. The JOIN messagérom nodel250 tra-
versesnodesxxx6, xx76, x876,and7876 via Tapestryuni-
castrouting,wherexxx6 denotesomenodethatendswith 6. The
root 7876 thensendsa TREEmessagaowardsthe nev membey
which setsup theforwardingstateatintermediateapplication-leel
routers. Note that while both control messagesre delivered by
unicastingover the Tapestryoverlay network, the JOIN andTREE
pathsmight be different,dueto the asymmetrimatureof Tapestry
unicastrouting.

Whenarouterrecevesa TREEmessagedt addsthenew member
nodelD tothelist of recever nodelDs thatit is responsibldor, and
updatests forwardingtable. For example,considemodexx50 on
the path from the root nodeto node1250. Upon receving the
TREEmessagdrom the root, nodexx50 will add1250 into its
recever ID list, andwill duplicateandforward future pacletsfor
this sessiorto nodex250 . Similarly, a LEAVE messagdrom an
existing membertriggersa PRUNEmessagédrom the root, which
trimsfrom thedistributiontreeary routerswhoseforwardingstates
becomeemptyaftertheleave operation.

4. EVALUATION OF BASE DESIGN

Here,we comparethe basicBayeuxalgorithmagainstiP mul-
ticastand naive unicast. By naive unicastwe meana unicaststar
topology rootedat the sourcethat performsone-to-onetransmis-
sionto all recevers.

4.1 Simulation Setup

To evaluateour protocol,we implementedlapestryunicastrout-
ing andthe Bayeuxtree protocolasa paclet-level simulator Our
measuremenf®cusondistanceandbandwidthmetrics,anddonot
modelthe effectsof ary crosstraffic or routerqueuingdelays.

We usethe StanfordGraphBaselibrary [26] to accesdour dif-
ferent topologiesin our simulations(AS, MBone, GT-ITM and
TIERS).TheAS topologyshavs connectiity betweerinternetau-
tonomoussystemdqAS), whereeachnodein the graphrepresents
an AS asmeasuredy the National Laboratoryfor Applied Net-
work Research{17] basedon BGP routing tables. The MBone
graphpresentshetopologyof theMBoneascollectedoy the SCAN
projectat USC/ISI[24] on February1999. To measureur metrics
on largernetworks, we turnedto the GT-ITM [11] packagewhich
producestransit-stubstyle topologies,and the TIERS [30] pack-
age which constructgopologiesby cateyorizingroutersinto LAN,
MAN, andWAN routers.In our experimentsunicastdistancesre
measuredhsthe shortesipathdistancebetweenary two multicast
members.

4.2 PerformanceMetrics

We adoptthe two metricsproposedn [4] to evaluatethe effec-
tivenesof our application-leel multicasttechnique:

e RelativeDelay Penalty, a measureof the increasein delay
thatapplicationsncurwhile usingoverlayrouting. For Bayeux,
it is theratio of Tapestryunicastrouting distancego IP uni-
castroutingdistancesAssumingsymmetricrouting,IP Mul-
ticastandnaive unicastbothhave aRDP of 1.

e PhysicallLink Stress a measureof how effective Bayeuxis
in distributing network load acrossdifferent physicallinks.
It refersto thenumberof identicalcopiesof apaclet carried
by a physicallink. IP multicasthasa stressof 1, andnaive
unicasthasaworstcasestressqualto numberof recevers.

4.3 SnapshotMeasurements
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In this experiment,we useda topologygeneratedy the transit-
stubmodelconsistingof 50000nodeswith a Tapestryoverlay us-
ing nodenamespacsize of 4096, ID baseof 4, and a multicast
groupsizeof 4096 members Figure 3 plotsthe cumulatve distri-
bution of RDP on this network. RDP is measuredor all pairwise
connectionbetweemodesn thenetwork. As we canseetheRDP
for alarge majority of connectionss quite low.

In Figure4, we comparethe variationof physicallink stressn
Bayeuxto thatundernaive unicast. We definethe stressvalue as
thenumberof duplicatepacletsgoingacrossasinglephysicallink.
We pick randomsourcenodeswith randomrecever groups,and
measurgheworststressvalueof all links in the treebuilt. We plot
the numberof links suffering from a particularstressevel on the
Y-axis,againstherangeof stresdevelsonthe X-axis. We seethat
relative to unicast,the overall distribution of link stresds substan-
tially lower. In addition,naive unicastexhibits a muchlongertail,
where certainlinks experiencestresslevels up to 4095, whereas
the Bayeuxmeasuremerghavs no suchoutliers. This shawvs that
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Bayeuxdistributesthe network load evenly acrossphysicallinks,
evenfor largemulticastgroups.

5. SCALABILITY ENHANCEMENTS

In this section,we demonstrateand evaluate optimizationsin
Bayeuxfor load-balancingandincreasecdefficiengy in bandwidth
usage.TheseenhancementdyreePartitioning and ReceiverClus-
tering, leverageTapestry-specifipropertiesandareuniqueto Bayeux.

5.1 TreePartitioning

The source-specifiservicemodelhasseveral dravbacks. First,
theroot of the multicasttreeis a scalabilitybottleneck aswell as
a single point of failure. Unlike existing multicastprotocols,the
non-symmetriqouting in Bayeuximplies thatthe root nodemust
handleall join andleave requestgrom sessiormembersSec-
ond, only the sessiorroot nodecansenddatain a source-specific
servicemodel. Althoughtheroot canactasa reflectorfor support-
ing multiple sender$12], all messagebave to gothroughtheroot,
anda network partition or root nodefailure will compromisethe
entiregroups ability to receve data.

Toremovetherootasascalabilitybottleneckandpointof failure,
Bayeuxincludesa Tree Partitioning mechanisnthatleverageghe
Tapestrylocationmechanism.The ideais to createmultiple root
nodes,and partition receversinto disjoint membershipsets,each
containingreceversclosesto alocal rootin network distance Re-
ceiversorganizethemselesinto thesesetsasfollows:

1. IntegrateBayeuxroot nodesinto a Tapestrynetwork.

2. Namean object O with the hashof the multicastsession
name andplaceO on eachroot.

3. Eachroot adwertisesO in Tapestry storing pointersto it-
selfatintermediatéhopsbetweerit andthe Tapestrylocation
root, anodedeterministicallychoserbasecn O.

4. OnJOIN, new memberM usesTapestrylocationservices
to find androuteaJOIN messagéo thenearestootnodeR.

5. R sendsTREEmessag#o M, nov amembernf R’'srecever
set.
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Figure 5 shavs the path of variousmessage the tree parti-
tioning algorithm. EachmemberM senddocationrequestsip to
the Tapestrylocationroot. Tapestrjocationservicegguarantee\f
will find the closestsuchroot with high probability[20, 32]. Root
nodesthenuseTapestryrouting to forward pacletsto downstream
routers,minimizing paclet duplicationwherepossible. The self-
configurationof receversinto partitionedsetsmeansoot replica-
tion is anefficient tool for balancingload betweerroot nodesand
reducingfirst hop latengy to receverswhenrootsare placednear
listeners.Bayeuxs techniqueof root replicationis similarin prin-
ciple to root replicationusedby mary existing IP multicastproto-
colssuchasCBT [1] andPIM [6, 7]. Unlike otherrootreplication
mechanismshowever, we do not sendperiodicadwertisementvia
the setof root nodes andmembersantransparentlyind the clos-
estroot giventheroot nodeidentifier.

We performedpreliminaryevaluationof our root replicational-
gorithms by simulation. Our simulationresultson four topolo-
gies(AS, MBone, Transit-stuband TIERS) arequite similar. Here
we only shav the Transit-stubresultsfor clarity. We simulatea
large multicast group that self-oiganizesinto membershipparti-
tions, andexaminehow replicatedrootsimpactload balancingof
membershipperationsuchasjoin . Figure6 shovs theaverage
numberof join requestshandledper root as membersorganize
themseles aroundmore replicatedroots. While the meannum-
ber of requestds deterministic,it is the standarddeviation which
shavshow evenlyjoin requestsreload-balancetetweerdiffer-
entreplicatedroots. As the numberof rootsincreasesthe standard
deviation decreasefversely shaving thatload-balancingloesoc-
cur, evenwith randomlydistributedroots,asin oursimulation.One
can argue that real-life network administratorscan do much bet-
ter by intelligently placingreplicatedrootsto evenly distribute the
load.

5.2 Recever Identifier Clustering

To furtherreducepaclet duplication,Bayeuxintroduceshe no-
tion of recever nodelD clustering. Tapestrydelivery of Bayeux
pacletsapproacheshe destinationlD digit by digit, andonesin-
gle paclet is forwardedfor all nodessharinga sufix. Therefore,
a namingschemethat providesan optimal paclet duplicationtree
is onethatallows local nodesto sharethe longestpossiblesuffix.
For instance,in a Tapestry4-digit hexadecimalnaming scheme,
a group of 16 nodesin a LAN should be namedby fixing the
last 3 digits (XY2), while assigningeachnode one of the 16 re-
sultnumberg0XYZ, 1XYZ, 2XYZ, etc.) Thismeansupstream
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Figure 7: Recever ID Clustering according to network dis-
tance
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routersdelaypaclet duplicationuntil reachingthe LAN, minimiz-

ing bandwidthconsumptiorandreducinglink stress.Multiples of

thesel6-nodegroupscanbe further organizedinto larger groups,
constructinga clusterechierarchy Figure7 shavs suchan exam-
ple. While groupsizesmatchingthe TapestrylD baseareunlikely,

clusteredeceversof ary sizewill shav similarbenefits Also note
thatwhile Tapestryroutingassumesandomizedaming,organized
namingon a smallscalewill notimpactthe efficiency of a wide-
areasystem.

To quantify the effect of clusterednaming, we measuredink
stressversusthefraction of local LANs thatutilize clusterecham-
ing. We simulated256 receiers on a Tapestrynetwork using 1D
baseof 4 and IDs of 6 digits. The simulatedphysical network
is a transit stub modelednetwork of 50000 nodes,sinceit best
representghe natural clusteringpropertiesof physicalnetworks.
Receversareorganizedas 16 local networks, eachcontaining16
members Figure8 shavs the dramaticdecreasén worstcastlink
stressasnodenameshecomamnoreorganizedn thelocal area.By
correlatingnodeproximity with naming,theduplicationof asingle
sourcepaclet is delayeduntil thelocal router reducingbandwidth
consumptiorat all previous hops. Theresultshavs aninversere-
lationshipbetweenworstcasedink stressandlocal clustering.

6. FAULT-RESILIENT PACKET DELIVERY

In this section,we examine hov BayeuxleveragesTapestrys
routing redundang to maintainreliable delivery despitenodeand
link failures. Eachentryin the Tapestryneighbormap maintains
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secondaryneighborsn additionto the closesprimaryneighbor In
Bayeux,membershistateis keptconsistenacrossTapestrynodes
in the primary pathfrom the sessiorroot to all recevers. Routers
on potentialbackuproutesbranchingoff the primary pathdo not
keepmemberstate.Whena backuprouteis taken,the nodewhere
thebranchingoccursis responsibldor forwardingonthenecessary
memberstateto ensurepaclet delivery.

We explore in this sectionapproacheso exploit Tapestrys re-
dundantrouting pathsfor efficient fault-resilientpaclet delivery,

while minimizingthepropagatiorof membershigtateamongrapestry

nodes. We first examinefault-resilientpropertiesof the Tapestry
hierarchicalandredundantouting paths thenpresenseveral pos-
sible protocolsandpresensomesimulationresults.

6.1 Infrastructur e Properties

A key featureof the Tapestryinfrastructures its backuprouters
perpathatevery routinghop. Beforeexaminingspecificprotocols,
we evaluatethe maximumbenefitsucha routing structurecanpro-
vide. To this end,we usedsimulationto measurenaximumcon-
nectvity basedn Tapestrymulti-pathroutes.At eachrouter every
outgoinglogical hop maintainstwo backuppointersin additionto
theprimaryroute.

Figure9 shavs maximumconnectiity comparedo IP routing.
We useda topology generatedy the TIERS model consistingof
5000 nodesand 7084 links. Resultsare similar for othertopolo-
gies. We useda Tapestrynodeidentifer namespacsize of 4096,
a baseof 4, and a multicastgroup size of 256 members. Links
arerandomlydropped,andwe monitor the reachabilityof IP and
Tapestryrouting. As link failuresincreaseregion A shaws proba-
bility of successfulP andTapestryrouting. Region C shavs cases
wherelP fails and Tapestrysucceeds.Region E representsases
wherethe destinationis physicallyunreachableFinally, region B
shaws instancesvherelP succeedsand Tapestryfails; andregion
D shavs whereboth protocolsfail to route to a reachabledesti-
nation. Note thatregionsB andD are almostinvisible, sincethe
multiple pathsmechanismin Tapestryfinds a routeto the destina-
tion with extremely high probability, if sucha route exists. This
result shaws that by using two backuppointersfor eachrouting
mapentry, Tapestryachie&zesnearoptimalmaximumconnectiity.

Another notablepropertyof the Tapestryrouting infrastructure
is its hierarchicalnature[32]. All possibleroutesto a destination
canbecharacterize@dspathsup to atreerootedat the destination.
With arandomdistribution of nameseachadditionalhopdecreases
the expectednumberof next hop candidatesdy a factorequalto
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the baseof the Tapestryidentifier This propertymeansthat with
evenly distributed names pathsfrom differentnodesto the same
destinationcorverge within an expectednumberof hopsequalto
Logy(D), whereb is the Tapestrydigit base,and D is numberof
nodesbetweerthetwo origin nodesin the network.

This corvergentnatureallows usto intentionallyfork off dupli-
cate paclets onto alternatepaths. Recall that the alternatepaths
from anodearesortedin orderof network proximity to it. Theex-
pectationis thata primary next hop anda secondarynext hop will
not be too distantin the network. Becausehe numberof routers
sharingthe requiredsufiix decreaseguickly with eachadditional
hop, alternatepathsare expectedto quickly converge with the pri-
marypath.We confirmthis hypothesisia simulationin Figure10.
On atransit-stubtopology of 5000 nodes, TapestrylDs with base
4, wherethe point to point route has6 logical hops,we seethat
corvergenceoccursvery quickly. As expected,an earlierbranch
point may incur more hopsto corvergence anda secondaryoute
corvergesfasterthanatertiaryroute.

6.2 Fault-resilientDelivery Protocols

We now examinemore closelya setof Bayeuxpaclet delivery
protocolsthatleverageshe redundantoute pathsandhierarchical
pathrecorvergenceof Tapestry While we list several protocols,
we only presensimulationresultsfor one,andcontinueto work on
simulationandanalysisof the others. The protocolsare presented
in randomorderasfollows:

1. ProactiveDuplication: Eachnodeforwarding datasendsa
duplicateof every paclet to its first backuproute. Duplicate
pacletsaremarked,androutersonthesecondarpathcannot
duplicatethem,and mustforward themusingtheir primary
routersateachhop.

Thehypothesigs thatduplicateswill all convergeatthenext
hop, and duplicationat eachhop meansary single failure
can be circumwented. While incurring a higher overhead,
thisprotocolalsosimplifiesmembershigtatepropagatiorby
limiting traffic to the primary pathsandfirst ordersecondary
nodes. Membershipstatecanbe sentto thesenodesbefore
the session. This protocol tradesoff additionalbandwidth
usagedor circumwentingsinglelogical hopfailures.

2. Application-specificdDuplicates: Similar to previous work
leveragingapplication-specificatadistilling [19], this pro-
tocolis anenhancemertb ProactiveDuplication wherean
application-specifidossy duplicateis sentto the alternate



link. In streamingmultimedia,the duplicatewould be a re-
ductionin quality in exchangefor smallerpaclet size. This
providesthesamesingle-tilureresilienceasprotocoll, with

lower bandwidthoverheadradedoff for quality degradation
following pacletlosson the primarypath.

3. Prediction-basedelectiveDuplication: This protocolcalls
for nodesto exchangeperiodic UDP probeswith their next
hop routers. Basedon a moving history window of probe
arrival succesatesand delay a probability of successful
delivery is assignedo eachoutgoinglink, anda consequent
probabilitycalculatedor whethera pacletshouldbesentvia
eachlink. Theweightedexpectednumberof outgoingpack-
etsper hop canbe variedto control the useof redundang
(e.gbetweenl and?2).

When backuproutesare taken, a copy of the membership
statefor the next hopis sentalongwith the dataonce. This
protocolincursthe overheadf periodicprobepacletsin ex-
changdor theability to adaptuickly to transientongestion
andfailuresatevery hop.

4. Explicit Knowledg Path Selection: This protocol calls for
periodicupdateso eachnodefrom its next hop routerson
informationsuchasrouterload/congestiofevelsandinstan-
taneoudink bandwidthutilization. VVariousheuristicscanbe
employed to determinea probability functionwhich choose
the bestoutgoingpathfor eachpaclet. Packetsarenot du-
plicated.

5. FirstReatableLink Selection:This protocolis a relatively
simple way to utilize Tapestrys routing redundang Like
the previous protocol,a noderecevesperiodicUDP paclets
from its next hoprouters.Basedon theiractualandexpected
arrival times, the nodecanconstructa brief history window
to predictshort-ternreliability on eachoutgoingroute.Each
incoming datapaclet is senton the shortestoutgoinglink
that shawvs paclet delivery successate (determinecby the
history window) above a threshold. No paclet duplication
takesplace.Whenapacletchoosesnalternateoute,mem-
bershipstateis sentalongwith the data. This protocolis
discussednorein Section6.3.

Notethatseveralof theseprotocols(1, 2, 3) maysendadditional
pacletsdown secondaryr tertiaryroutesin additionto theoriginal
data. As we have shawn in Figure 10, the bandwidthoverheadof
thoseprotocolsis limited, sincethe duplicatesquickly converge
backon to the primary path,andcanbe suppressedThis givesus
the ability to route aroundsinglenodeor link failures. Duplicate
paclet supressiorcan be doneby identifying eachpaclet with a
sequentialD, andkeepingtrack of the paclets expectedbut not
receved (in the form of a moving window) at eachrouter Once
eitherthe original or the duplicatepaclet arrives, it is marked in
the window, andthe window boundarymovesif appropriate.All
pacletsthathave alreadybeenrecevedaredropped.

6.3 First ReachableLink Selection

Eachof the above protocolshasadwantagesanddisadantages,
makingthembestsuitedfor a variety of differentoperatingcondi-
tions. We presentherepreliminary evaluationof First Reachable
Link Selection(FRLS), by first examining its probability of suc-
cessfulpaclet delivery, andthensimulatingthe increasingateny
associateavith sendingmembershigstatealongwith the datapay-
load.

Figurell shaws thatFRLS deliverspacletswith very high suc-
cessratedespitelink failures. Theregionsaremarked similarly to
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Figure 11: Fault-resilient Packet Delivery using First Reach-
ableLink Selection
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Figure 12: Bandwidth Delay Due to Member State Exchange
in FRLS

that of Figure9, whereregion A representsuccessfutouting by

IP andTapestryregion B is wherelP succeedsind Tapestryfails,

region C is wherelP fails andTapestrysucceedsegion D is where
a possibleroute exists but neitherlP nor Tapestryfind it, andre-

gion E is whereno pathexiststo the destination.Whencompared
to Figure9, we seethatby choosinga simplealgorithmof taking

theshortespredicted-succedmk, we gainalmostall of thepoten-
tial fault-resilieng of the Tapestrymultiple pathrouting. Theend

resultis that FRLS deliverspacletswith highreliability in theface
of link failures.

FRLS delivers paclets with high reliability without paclet du-
plication. The overheadcomesin the form of bandwidthusedto
passalongmembershigstateto a sessiors backuprouters. FRLS
keepsthe membershigstatein eachrouteron the primary paththat
the pacletstraverse.The sizeof membershifstatetransmittedde-
creasesor routersthatarefurtheraway from the datasource(mul-
ticastroot). For example,a routerwith ID “475129 ” thatis 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 . Whenabackuprouteis takenandroutingbranchegrom
theprimarypath,therouteratthebranchingpoint forwardstherel-
evant portion of its own stateto the branchtaken, andforwardsit
alongwith the datapayload. This causes delayfor the multicast
datadirectly proportionalto the sizeof memberstatetransmitted.



We plot a simulationof averagedelivery lateny in FRLS, in-
cludingthememberstatetransmissiomielay onatransit-stulb000
nodetopology usingbothbase4 andbase8 for TapestryiDs. Note
thataveragetime to delivery doesnotincludeunreachableodesas
failurerateincreasesFigurel2 shavsthataslink failuresincrease,
delivery is delayed put notdramatically The standarddeviation is
highestwhenlink failureshave forced half of the pathsto resort
to backuplinks, andit spikesagainasthe numberof reachablee-
ceiversdropsandreduceghe numberof measurediatapoints.

7. RELATED WORK

Thereare several projectsthat sharethe goal of providing the
benefitsof IP multicastwithout requiringdirectroutersupport([3,
4,9, 13, 18]). End SystemMulticast[4] is onesuchexampletar-
getedtowardssmall-sizedgroupssuchasaudioandvideo confer
encingapplicationsywhereevery membetin thegroupis apotential
sourceof data. However, it doesnot scaleto large-sizedmulti-
castgroupsbecauseevery memberneedsto maintaina complete
list of every othermemberin the group. The Scattercastvork by
Chawatheetal. [3] is similarto the End SystemMulticastapproach
exceptin the explicit useof infrastructureserviceagents,SCXs.
Both Scattercasand End SystemMulticast build a meshstructure
acrossparticipatingnodes,andthen constructsource-rootedrees
by running a standardrouting protocol. On the otherhand, Yall-
casf{9] directly buildsaspanningreestructureacrosgsheendhosts
without ary intermediatemeshstructurewhich requiresexpensve
loopdetectiormechanismsandis alsoextremelyvulnerableto par
titions.

In terms of the servicemodel, EXPRESS[12] also adoptsa
source-specifiparadigm,andaugmentshe multicastclassD ad-
dresswith a unicastaddresof eitherthe core or the sender This
eliminatesthe addressllocationproblemandprovidessupportfor
senderaccesxontrol. In contrast,Bayeuxgoesone stepfurther
andeliminatesthe classD addressltogether Usingonly the UID
andsessiomameto identify thegroupmalesit possibleto provide
additionalfeatures,suchas native incrementaldeplo/ability, and
loadbalancingattheroot.

Theideaof rootreplicationshavs a promisingapproactof pro-
viding arycastserviceattheapplicationlevel. RecentlyIP-arycast
hasbeenproposedisaninfrastructureservicefor multicastrouting.
For example,Kim etal. usearycastto allow PIM-SM to support
multiple rendezeuspointsper multicasttree[14]. However, there
is alack of a globally deployed IP-arycastservice. Therearesev-
eral proposalsfor providing an arnycastserviceat the application
layer([2, 8, 10, 16, 25]), which attemptto build directorysystems
thatreturnthenearessenerwhenqueriedwith aservicenameand
a client address.Although our arycastserviceis provided at the
applicationlayer, seneravailability is discoveredby local Tapestry
nodesandupdatechaturallyasa partof the Tapestryrouting proto-
col. Therefore our mechanisnmay potentiallyprovide anarycast
servicethatis easierto deplgy thanIP-arycast,yet avoids several
complicationsand scalability problemsassociatedvith directory-
basedapplicationlayer anycast. We believe that the application
layer anycastprovided by the Tapestryoverlay network described
hereinformsaninterestingopic for futureresearch.

Finally, thereareseveralrecentprojectsfocusingonsimilargoals

asTapestry AmongthemareChord[28] from MIT/Berkeley, Content-

AddressableNetworks (CAN) [21] from AT&T/ACIRI and Pas-
try [5] from Rice andMicrosoft ResearchTheseresearclprojects
have alsoproduceddecentralizedvide-aredocationserviceswith
fault-tolerantproperties put have not focusedon the areaof rout-
ing. Specifically only Tapestrys naturalhierarchyallows the mul-
ticastgroupto benaturallypartitionedby routing. Additionally, the

alternatve systemshave not focusedon fault-tolerantpaclet deliv-
eryasaprimarygoal.

8. CONCLUSION

We are continuingto explore the Bayeuxfault-resilientpaclet
delivery protocols. More specifically we would like to betterun-
derstandhe performancendtradeofs involvedin the alternatie
fault-resilientdelivery protocolsdiscussedn Section6. We will
continueto exploretheeffect of differentparametersn eachproto-
col, andtheir performancaindervarying operatingconditions.Fi-
nally, wewould liketo deploy Bayeuxon alargescaleevent-driven
simulationbeingbuilt aspartof the OceanStor§l5] project.

In conclusion,we have presentedan architecturefor Internet
contentistributionthatleverageSapestryanexisting fault-tolerant
routinginfrastructure Simulationresultsshav thatBayeuxachie/es
scalability efficiengy, andhighly fault-resilientpacletdelivery. We
believe Bayeuxshavs thatanefficient network protocolcanbede-
signedwith simplicity while inheritingdesirablgropertiefrom an
underlyingapplicationinfrastructure.
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