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Abstract— Given the fact that the current Internet does not
widely support IP Multicast while content-distribution-networks
technologiesare costly, the concept of peerto-peer could be a
promisingstart for enablinglarge-scalestreamingsystemsin our
so-called Zigzag approach, we proposea method for clustering
peersinto a hierarchy called the administrati ve organization for
easymanagement,and a method for building the multicast tree
atop this hierarchy for ef cient content transmission.In Zigzag,
the multicast tree has a height logarithmic with the number of
clients, and a node degree bounded by a constant. This helps
reducethe number of processinghops on the delivery path to
a client while avoiding network bottleneck. Consequently the
end-to-end delay is kept small. Although one could build a tree
satisfying such properties easily an efcient control protocol
betweenthe nodesmust be in place to maintain the tree under
the effects of network dynamics. Zigzag handles such situations
gracefully requiring a constant amortized worst-case control
overhead. Especially, failure recovery is done regionally with
impact on at most a constant number of existing clients and
with mostly no burden on the sewer.

Index Terms— Application-Layer Multicast, Media Streaming,
Peer to Peer.

I. INTRODUCTION

Peerto-peer(P2P)computinghasbeenof interestfor quite
long; for instancenumerousle-sharing systemsasedon its
conceptshave beendeveloped[1], [2], [3], [4], [5], [6]. In this
paper we investigatethe applicability of P2Pto the problem
of streamindive media.ln the P2Pstreamingarchitecturethe
delivery treeis built rootedat the sourceandincludingall and
only therecevers.A subsebf receversgetthecontentdirectly
from the sourceandthe othersgetit from the receversin the
upstream.Consequentlythis paradigmpromisesto address
mary critical problemsin large-scalestreamingsystems:(1)
the network bandwidthbottleneckat the mediasource;(2) the
cost of deploying extra seners, which would be incurredin
contentdistribution networks; and (3) the infeasibility of IP
Multicaston the currentinternet[7]. Building anefcient P2P
streamingschemehowever, is truly a challengedueto several
issuesjncluding the following:

1) The end-to-enddelay from the sourceto a recever
may be excessve becausehe contentmay have to go
througha numberof intermediaterecevers. To shorten
this delay(wherebyincreasinghelivenesof the media
content),the tree height should be kept small and the
join procedureshould nish fast. The end-to-enddelay
may alsobe long dueto an occurrenceof bottleneckat
a tree node. The worst bottleneckhappensf the tree
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is a star rooted at the source.The bottleneckis most
reducedif the treeis a chain, however in this casethe

leaf nodeexperiences long delay Thereforeapartfrom

enforcingthe treeto be short,it is desirableto have the

nodedegreebounded.

The behaior of receversis unpredictablethey arefree

to join andleave theserviceatary time,thusabandoning
their descendanpeers.To prevent serviceinterruption,
a robust techniquehasto provide a quick and graceful
recovery shoulda failure occur

Recevers may have to storesomelocal datastructures
andexchangestateinformationwith eachotherto main-

tain the connecwity andimprove the ef ciency of the

P2P network. The control overheadat each recever

for fullling such purposesshould be small to avoid

excessie useof network resourcegndto overcomethe

resourcelimitation at eachrecever. This is important
to the scalability of a systemwith a large number of

recevers.

2)

3)

There are other reasonsthat make P2P streaminghard
to implement,such as how to deal with security and client
heterogeneityWe will investigatesuch problemsas part of
our futurework. In this paperwe only addresshethreeissues
listedabove. Speci cally, we proposea solutioncalledZigzag.
Zigzag organizesrecevers into a hierarchyof clustersand
builds the multicasttree atopthis hierarchyaccordingto a set
of rulescalledC-rules.A clusterhasa headandan associate-
head,the headresponsibldor monitoringthe membershipsf
the clusterandthe associate-heagksponsiblgor transmitting
the contentto clustermembers.Therefore,the failure of the
headdoesnot affect the servicecontinuity of othermembers,
or in casethe associate-headepartsthe headis still working
and candesignatea new associate-heaquickly. In summary
Zigzag providesthe following desirablefeatures(here, is
the numberof the recevers):

No matter how can grow, the node degree in the
multicasttreeis alwaysboundedby a constant.

The multicasttree’s heightis boundedby O( ).
Failurerecovery canbe doneregionally with only impact
on at mosta constantnumberof existing recevers and
mostly no burden on the source.This is an important
bene t becausethe sourceis usually overwhelmedby
hugerequestdrom the network.

The protocolcontroloverheads low. A recever needso
exchangecontrolinformationto O( ) otherrecevers
in the worst case.On average,it communicatesvith at
mosta constantnumberof otherrecevers.

Thejoin procedurds fast,andthe maintenanceverhead
for the clusterstructuress small andindependenbf
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Several previous solutions[8], [9], [10] to our problemcan
provide a subsetof the above features but nonecan achieve
all. The promisingperformanceof Zigzagis substantiatedby
both theoreticaland simulation analyseswhich also include
a comparisorwith a recentmethod[8]. The resultsindicate
thatZigzagis indeeda scalableyobust,andef cient solution,
especiallyfor large-scaleP2P streamingsystems.

Zigzagis bestapplicableto the streamingapplicationssuch
as a single mediasener broadcasting live long-termsport
eventto mary clients, eachstayingin the systemfor a long-
enoughperiod. Another applicationcan be found in a sensor
network wherethe live monitoreddatais broadcasfrom the
sensingsite to mary distantnodesfor processingin the next
section,we presenta designfor the Zigzag approachand an
alternatve of its. We alsoreporttheresultsfrom our simulation
study The relatedworks arediscussedfterwards,and nally,
this paperis concludedwith a summary

Il. ZIGZAG APPROACH

For the easeof exposition,we referto the mediasourceas
the sener andreceversasclients. They all arereferredto as
“peers”. In this section,we proposea schemecalled Zigzag
which consistsof two important entities: the administative
organizationrepresentinghe logical relationshipsamongthe
peersandthe multicasttreerepresentinghe physicalrelation-
shipsamongthem (i.e., how peerslink togetherto receve the
content).Firstly, we describethe administratve organization.
Secondlywe proposehow the multicasttreeis built basedon
this organizationandthenthe control protocolin which peers
exchangestate information. Finally, we proposepolicies to
adjustthe treeaswell asthe administratve organizationupon
a client join/departure and discussperformanceoptimization
issues.

A. Administative Organization

An administratve organizationis usedto managethe peers
currentlyin the systemandillustratedin Fig. 1(a). Peersare
organizedin a multi-layer hierarchy of clustersrecursvely
de ned as follows (where is the numberof layers,

3 is a constant):

(1) Layer O containsall pees.

(2) Peers in layer
of sizesin [ , ]. Layer
in[2, 1]

(3) A peerin a clusterat layer is selectedo be the head
of that cluster This headautomaticallyjbecomes memberof
layer + 1if . Theserver is the headof any
clusterit belongsto.

(4) A non-headpeerin a clusterat layer is selectedto
be the associate-headf that cluster An exceptionholds for
the highestlayer wheee the serveris both the headand the
associate-head.

As anexample,in Fig. 1(a), at the highestlayer (i.e., layer

-1), the sener is both the headand the associate-head.

are partitionedinto clustes
has only one cluster of size

Peer is the associate-headf a clusterat layer - 2, and
the headof a clusterat layer - 3. Peer4 is the headof a
clusterat layer -2, thusalso belongingto layer -1. The

role of the associate-headill becomeclearwhenwe discuss
the multicasttreein the next section.

Initially, whenthe numberof peersis small,the administra-
tive organizatiorhasonly onelayer containingonecluster As
clientsjoin or leave, this organizatiorwill grow or shrink. The
clustersizeis upperboundedby = becausewve might have
to split a clusterlaterwhenit becomesversize.lf the cluster
sizewasupperboundedby  (insteadof ) andthe current
sizewas , afterthe splitting, the two new clusterswould
have sizes and andbe proneto be undersizeaspeers
leave.

Theabove structureémplies [ , +1] for

, Wwhere is the numberof peers.Additionally, any peer
atalayer mustbethe headof the clusterit belongsto at
every lower layer. We note thatthis hierarchyis an extension
of the one proposedin [8] and employed in [11], [12]. The
differencein our de nition is the new conceptof “associate-
head”. Furthermorewe proposenovel and bettersolutionsto
map peersinto the administratve organization,to build the
multicasttree basedon it, andto updatethesetwo structures
undernetwork dynamics.Thoseare our main contritutions.

Fig. 1(b) illustratesthe terms we use for the rest of the
paper:

Subordinate Non-headpeersof a cluster headedby a

peer arecalled“subordinates’df . E.g.,in Fig. 1(a),

peersl, 2, and 3 are subordinate®f peer4; peers4, 5,

6, and 7 are subordinate®f the sener.

Foreignhead A non-headclustermate of apeer at

layer 0 is called a “foreign head” of layer( - 1)

subordinate®f . E.g.,in Fig. 1(a), peer4 is a foreign
headof peers5, 6, and7.
ForeignsubordinateThe layer( -1) associate-heaof

is calleda “foreign subordinate’of = mentionedabove.

E.g.,in Fig. 1(a), peer5 is a foreign subordinateof peer

4.

Foreigncluster The layer( -1) clusterof s calleda

“foreign cluster’of mentionedabove.E.g.,in Fig. 1(a),

thelayer( -3) clusterwhoseheadis peerl is a foreign
clusterof peers2, 3, and4.

Supercluster Supposethat the head of a cluster

appearsn a cluster at the next higherlayer We call
the “super cluster” of

B. Multicast Tree

The multicast tree is built basedon the administratie
organization.In this section,we proposerulesto which the
multicast tree must be con ned and explain the rationale
behind that. The join, departure,and optimization policies
mustfollow theserules.We call theserulesC-rules andde ne
thembelon (demonstratedby Fig. 2):

De nition 1: [C-Rules]

Rulel: A peer whennot at its highestlayer, neitherhas
a link out nor a link in. E.g.,peer4 at layer 1 andlayer

1sc” standgfor “connectiity”. Dueto theserules,contentgoeszigzagfrom
the sener to ary peer not throughthe clusterheadswe namethe proposed
approachZigzag”.
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(a) Administratve organizationof peers

Fig. 1. Administratve organizationof peersand relationshipsamongthem
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Fig. 2. The multicasttree atopthe administratie organization(
4)

=3, =

0 hasneitheroutgoinglink norincominglink becausdts

highestlayeris layer 2.

Rule2: Non-headmembes of a cluster mustreceivethe

contentdirectly from its associate-headn other words,

this associate-heatinks to everyothernon-headmember

of the cluster E.g.,in a clusterat layer 1, associate-head 2

3links to non-headnembersl and2; in a clusteratlayer
0, associate-heal links to non-headmembers® and 10.
Rule 3: The associate-heaaf a cluster exceptfor the
server mustget the contentdirectly from a foreign head
E.g.,theassociate-hea8lof a clusteratlayer0 hasa link
from peer2 who is a foreign headof 8; the associate-
head5 of a clusterat layer 1 hasa link from its foreign
head4.

It is trivial to prove theaboverulesguaranteatreestructure
including all the peers.Fig. 2 gives an example of a 31-
client multicasttreebuilt atopthe administratie organization.
Hereaftey the terms “parent”, “children”, “descendant’are
usedwith thesamemeaningsasappliedfor corventionaltrees.
The term “node” is used interchangeablywith “peer” and
“client”. Furthermorewithout otherwisespeci ed, a “layer-

peer”implicitly refersto a nodewhosehighestlayer is layer

Theoem1: The worst-casenode degree of the multicast
treeis at most - 3.

Proof: A nodehasatmost( - 1) foreignclustersthus
having atmost( - 1) foreign subordinatesConsidera node
atits highestlayer . Therearethreepossibilities:

10 2
Super Foreign Foreign .
lust cluster : Foreign
cluste subordinate head
1@ Uz
subordinate
(b) Relationshipsamongclustersand peers
(1) istheassociate-head: mustlink to all of its layer

non-headclustermategat most -2 of them)and may have
links to a subsetof its foreign subordinategat most -1
of them). No other links are permitted due to the C-rules.

Thereforethe degreeof  cannotexceed( -2)+ ( -1) =
- 3.
(2) is the head: This implies  must be the sener

becauset would appearat layer +1 otherwise.Since the
seneris alsothe associate-heaat the highestlayer, thedegree
of the sener cannotexceed - 3.

3) is neitherthe head nor the associate-head: can
only have links to a subsetof its foreign subordinatesThere

areat most -1 of them, hencethe degreeof  is at most
-1.
In ary casethedegreeof anodecannotexceed - 3, thus
proving the theoremtrue. ]

Theoem?2: The height of the multicast tree is at most
+1, whee is the numberof pees.

Proof: The longestpathfrom the sener to a nodemust
be the path from the sener to somelayer0 node. This path
visits eachlayer only once.In sucha visit, only onelink is
counted,which is from an associate-heatb one of its non-
headclustermatesTherefore the numberof nodes,excluding
the sener, on the pathis at mosttwice the numberof layers

minus one. Since + 1, the pathlengthis at
most2 + 1. The theoremhasbeenproved. [ ]

Theorems1 and 2 summarizetwo propertiesary P2P
multicast tree should desire. Indeed, the contentfrom the
senerto ary clientgoesthroughat most2 intermediate
clientswhoseoutgoingbandwidthcontentionis keptmoderate
becauseachclient senesno morethana smallconstanhum-
ber of others.However, this advantagemight be diminished
shouldthe C-rulesnot be enforced.Therefore,as clientsjoin
andleave, we mustbe ableto adjustthe treewithout violating
the C-rules.Overheadsncurredby this adjustmenshouldbe
smallto keepthe systemscalable.

The motivation behindnot usingthe headasthe parentfor
its subordinatesn our approachis as follows. Supposethe
memberf a clusteralways get the contentfrom their head.
If the highestlayerof anode is , would have links to
its subordinatest eachlayer, -1, -2, ..., 0, thatit belongs
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to. Since canbe - 1, the worst-casenode degreewould
be ( -D= ( ). Furthermorethe closerto the
source,the larger degreea nodewould have. In otherwords,
the bottleneckwould occur very early in the delivery path.
This might not be acceptabldor bandwidth-intensie media
streaming.

Our usingthe associate-heaasthe parenthasanothemice
property Indeed,when the parentpeerfails, the headof its
childrenis still working, thus helping reconnecthe children
to a new parentquickly. On the other hand, if the head of
a clusterfails, the other membersof that clusterwill not be
affectedbecausehe headdoesnot involve in transmittingthe
contentto them.We will discusspoliciesfor failure recovery
in more detail shortly

C. Contmol protocol

To maintainits positionandconnectionsn themulticasttree
andthe administratve organizationeachnode in alayer
clusterperiodicallyexchangesontrolmessagewith its layer

clustermatesits children and parenton the multicasttree.
For non-headpeerswithin the samecluster the exchanged
information sendds justthepeerdegree . If therecipient
is theclusterhead, sendshefollowing informationinstead:

( ): the current end-to-enddelay from the sener

obsered at
A subsetfitslayer clustermates ( )= v e
wheretheoccurrencef  representthat is currently

forwarding the contentto . E.g.,in Fig. 2, peer5 at
layer1 needsto sendalist 6,7 tothehead because
peers6 and 7 arereceving the contentfrom peer5.

A subsebf its layer clustermates ( )= v e
wherethe occurrenceof  representshat  is currently
forwarding the contentto a foreign subordinatewhose
headis (the subordinatemust be an associate-head
accordingto C-rules).E.g., in Fig. 2, peer5 at layer 1
needgo sendalist S,6 toitshead becausassociate-
head20of andassociate-hed?B of peer6 arereceving
the contentfrom peer>5.

If the recipientis the parent,
mationtogetherwith its degree:

sendsthe following infor-

A Booleanag ( ):trueiff thereexistsa path
in the multicasttreefrom  to a layerO peer E.g., in
Fig. 2, () = false, () = true.

A Boolean ag (' ): trueiff thereexists a path
in the multicasttree from  to a layerO peerwhose

clusters sizeisin [ , - 1].

The values of and at a peer are
updatedbasedon the information receved from its children.

For instancesif all childrensend" = false”to this
peer then () is setto false; () issetto
trueif  receves" = true” from at leasta child peer

The theorembelow tells that the control overheadfor an
averagemembelis a constantThe worstnodehasto commu-
nicatewith O( ) othernodeswhich is acceptablesince
the informationexchangeds just soft-staterefreshes.

Theoem 3: Although the worst-casecontrol overhead of
a nodeis O( ), the amortizedworst-caseoverheadis
o().

Proof: Considera node whosehighestlayeris
belongsto ( + 1) clustersat layers0, 1, .., , thushaving at
most( +1) ( - 1) clustermatesThe numberof children
of isits degree,henceno morethan - 3. Consequently
the worst-casecontrol overheadat  is upperboundedby (
+1) ( -1+( -3)+1= ( -1)+ -3.Since
canbe - 1, theworst-casecontrol overheads O( ).

However, the probability thata nodehasits highestlayerto
be isatmost( )/ . Thus,theamortizedworst-
caseoverheadat anaveragenodeis at most

O( ) with asymptoticallyincreasing

. Theorem3 hasbeenproved. ]

D. Client Join and Departue

The multicasttree is updatedwheneer a new client joins
or leaves. The new tree mustnot violate the C-rulesspeci ed
in Sectionll-B. We proposethe join anddeparturealgorithms
below.

1) Join Algorithm: A new client  submitsa requestto
the sener. If the administratie organizationcurrentlyhasone
layer,  simply connectsto the sener. Otherwise,the join
requestis redirectedalong the multicasttree downward until
nding a properpeerto join. A peer pursuesthe belov
stepson receiptof a join request(In this algorithm, ( , )

isthedelayfrom to measurediuringthecontactbetween
and .)
1.If is alayerO associate-head

1.1. Add to the only clusterof
1.2. Make anew child of
2. Else
2.1.1If ()
2.1.1. Selectachild :

()and ( )+ ( , )ismin
2.1.2. Forward the join requestto
2.2. Else
2.2.1 Selectachild :

()and ( )+ ( , )ismin

2.2.2. Forward the join requestto

Thegoalof this procedurésto add to alayerO cluster
andforce to getthe contentfrom the associate-headf
Therefore,the join algorithm stopsif  is alreadya layerO
associate-hea®therwise, considers'addable”child peers
rst becauseve wantto add to alayerO clusterof size|[ ,

] to avoid oversize Amongthese‘addable”children,
chooses suchthat ( )+ ( , ) is minimumto keepthe
delayfrom thesenerto thenew peer assmallaspossibleln
the casethereis no “addable”child,  considersrreachable”
childrenandpursuethe samedelayminimizationstratgy. The
peer in the above algorithmalwaysexistssince mustbe
a “reachable”peerin orderto receve the join requestearlier

In Step2.1.10r 2.2.1, hasto contactwith at most
peers( isthedegreeof ). Sincethetreeheightis atmost
(2 + 1) andthemaximumdegreeis (- 3), thenumber
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of nodesthat hasto contactis at most(2 +1) (
-3)=0O( ). This proves Theorem4 true.

Theoem4: Thejoin overheadis O( ) in terms
of numberof nodesto contact.

Proof: This theoremhasheenproved above. [ ]

The join procedureterminatesat step 1.2 at somelayer0
associate-head , which will tell — aboutothermembersof
the cluster  then follows the control protocol as discussed
earlier If the new size of the joined clusteris still in [ , ],
no furtherwork is necessaryOtherwise this clusterhasto be
split sothatthe newly createdclustershave sizesin|[ , ] to
maintainthe structureof the administratve organization.We
presentthe split algorithmin Sectionll-E.1.

2) Departue Algorithm: We considera peer  who de-
partsthe treeeitherpurposelyor accidentallydueto a failure.
Supposethat 's highestlayer is layer [0, ). Asa
resultof the control protocol,the parent/childrerpeersof
andall layer clustermatesf for [0, ] mustbeaware
of this departure Basically the following tasksare required
for recovery: (1) The parentremovesthe link to ; (2) The
childrenneeda new parentto getthe content;(3) Eachlayer
clusterof ([0, -1]) selectsa new headsincethe head

no longer exists; and (4) The layer clusterneedsa new
associate-head has beenits associate-headlask (1) is
trivial; we proposethe detail policiesfor the remainingtasks
below.

We rst considetthecase =0,thus belongsto only one
clusterlf  isnottheassociate-heaaf this cluster no further
work is required.Otherwise the clusterheadchoosesamong
its subordinates new associate-headhich will reconnecto
the currentparentof  and be the parentfor all the other
non-headnembersThe peer
is the one experiencingthe bestend-to-enddelay i.e., ( )
is smallest.This is basedon the heuristicthat choosinga peer
closestto the former associate-headould have a little or no
negative impacton the servicequality currently perceved by
the others.

We now considerthecase 0. For eachforeign subordi-
nate whoisachildof ,thehead of isresponsible
for nding a new parentfor it. justselects , alayer
non-heacclustermatethat hasthe minimum degree,and asks
it to forwarddatato . Furthermoresince usedto be the
headof clustersat layersO, 1, .., -1, they must have a
new head.This is handledeasily Let be a randomnon-
associate-heasubordinateof  atlayer0.  will replace
asthe new headfor eachof thoseclusters. alsoreplaces

's positionat layer . In otherwords,if  usedto be the
associate-head, now becomesghe associate-headnd gets
alink from the existing parentof . If  is notanassociate-
head, getsalink from the currentassociate-headf

Fig. 3(a)givestheresultingmulticasttreeandadministratie
organizatiomafterpeer4 fails. Theoriginal P2Psystemis given
in Fig. 2. Peerl8 at layer 0 is selectedo replacethe position
of peer4 in every clusterpeer4 usedto belongto. In this
example,peer5 rst reconnectdo the sener becausehere
is no othersurviving non-headpeerat the highestlayer; after
peer 18 replacespeer4 at this layer, peers5 will reconnect
to peerl8to follow the C-rules.Anotherexampleis givenin

Fig. 3(b) wherepeer3, which is an associate-headails. Peer
15will replacethis peer however beforethatpeerl7 (ex-child

at layerO of peer3) reconnectdo peerl (having minimum

degree)for a quick playbackresumptionAlso to keepservice
continuity, peersl and2 rst reconnecto peer4 at layer 1

before nally connectingto peer15 when peer 15 becomes
the associate-heaith placeof peer3.

In overall, a client departurerequiresa few (at most one
peerat layer O plus -1 peersat layer -1 plus -2 peers
at layer ) to reconnectand doesnot burdenthe sener. The
overheadof failurerecovery is consequentlgtatedasfollows:

Theoemb5: In the worst case the number of pees that
needto reconnectdueto a failureis  -2.

Proof: This theoremhasbeenproved above. [ ]

E. Cluster Maintenance

The administratve organizationrequiresthat the size of
ary cluster exceptfor the highest-layercluster be between

and . Due to client joins and departuressome cluster
may becomeoversizeor undersizeThis clusterhasto be split
into smaller clusters,or be meiged with anothercluster to
form a larger cluster sothatthe sizerestrictionis satis ed. In
this sectionwe proposealgorithmsfor clustersplit andcluster
memgence.

1) Cluster Split: Supposewe decide to split a layer

cluster  with head , associate-head , and the
otherpeers , .., . Thegoalis to createa new cluster
andmove somepeernf  tothiscluster Thebasicideaof this

split is illustratedin Fig. 4. After moving somepeersinto
we needto nd two peers and asthe headand

to bethe nawv associate-head the associate-headgspectrely. All the other membersof

will getthe contentfrom . Thehead will appear
in the superclusterof  andgeta link from the associate-
headof that cluster Furthermore the associate-head

will getalink from the parentof

Other details of the split algorithm include determining
what peersto move from to  andwhich of themto be
the headandthe associate-headf , and makingnecessary
reconnectionso enforcethe C-rules.Therearethreecases:
=0, (0, -1),and = -1.

Casel: =0

This caseis handledsimply by following the stepsbelow:

(1) Sort ) e in the non-increasingrder of end-
to-enddelay (.). Supposehe resultinglist is - .
Move the rst peers ) e to cluster . As a
result,cluster retainsonly peerscloseto its associate-head

.(Because ( )= ( )+ ( y)l)

(2) Select = and = to bethe headand
associate-headf cluster , respectiely. In addition, make
peers , .., children of the associate-head . By
beingpromotedto be the headandassociate-head, and

will be closerto the sener, thusimproving their end-
to-enddelaywhich usedto be poorest.

Case2: (0, H-1):
Let beaBooleanvalue,trueif andonly if currently
links to the layer( -1) associate-headf . Clearly, =0

for all becausef the C-rules.We follow the stepsbelow:
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(a) Peer fails

Fig. 3. Failure Recwery: The original P2Ptreeis givenin Fig. 2

j+1

XEE

00000
0000
0000

L | 000000 0000
110000000000
0000000000

Before Split After Split

(a) Generalcase

Q0O o0 OO (ofe;
18 19 21 22 24 25 27 28

(b) Peer3 fails

Q0000
0000
0000

L O00000O OO0O
OO0 00000000
[eo]e/clele/elc0le] U

Before Split

After Split
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Fig. 4. ClusterSplit: A clusteris split into two smallerclusters,eachof sizebetween and

into two sets and suchthat
[, ] is satised rst, andthen
is minimized. Set  will remainin
cluster andset will bemovedto cluster . Sinceafterthe
split the peersin  cannotlink to peersin  andvice versa,
this condition helpsreducethe numberof peerreconnections
resultedfrom the split.

(1) Partition Ve
the condition ,

(2) For eachpeer and suchthat 0,
remove the link from to the layer( -1) associate-headf
, andselecta randompeerin set otherthan to bethe

new parentfor this associate-headhversely for eachpeer
and suchthat 0, a similar proceduretakes
place.

(3) We needa headfor cluster . This headwill appear
at the super cluster of , thus abandoningits current
children. To minimize the numberof reconnectionsthe head
is choserto bethe peer having the smallesdegree.
Eachabandoneahild will reconnecto arandomforeignhead
appearingn - . We alsochoosethe peer

reconnecto the new associate-headf = chosento be a peer
having the minimum degree. To enforcethe C-rules,
thisassociate-head mustgetthecontentirom aforeignhead.
We canchoose atlayer +1to bethisforeignhead.The
split procedureat the highestlayer is illustratedin Fig. 4(b).

It might happerthatthe superclusterbecome®versizedue
to admitting , hencea similar split takes place.In this
case,which is not frequent,the split is helpful anyway since
the superclusteris closeto be oversize.The split algorithmis
run locally by the headof the clusterto be split. The results
will be sentto all peersthatneedto changetheir connections.
Since the number of peersinvolved in the algorithm is a
constantthe computationatime to get out the resultsis not
a majorissue.The main overheads the numberof peersthat
needto reconnectHowever, the theorembelow tells that the
overheads indeedsmall.

Theoem6: Theworst-casesplit overheadis O( ).
Proof: Since computationgor the othertwo casesare

having the second-smallesdegreeto be the associate-head similar, let us computethe worst-casesplit for the case

for cluster

Case3: = -1

In this casewe have = = . We rstly follow
the three stepsas in the case (0, -1). Further steps
are explainedas follows. Before the split, the sener links to
its clustermatesand probably some foreign subordinatesat
layer -1 = -2. After the split, the sener's highestlayer
becomes +1 =  andthe sener can no longer link to its
currentchildrendueto the C-rules.Therefore gachabandoned
child at layer -1 will reconnectto a randomforeign head
appearingn set , and eachabandonechild at layer  will

(0, -1). In the algorithm for this case,Step 2 requires
peersto reconnect.This value must

equalthe numberof associate-heads layer . Therefore,
Step 2 requiresat most  peersto reconnectin Step 3, the
numberof former children of is lessthan or equalto
the numberof its foreign subordinateshenceat most( -
1) of them needto reconnect.Furthermore,at most( -2)
peersneedto reconnecto and needto
reconnectoo. In total, the split procedureneedsat most +
( -D+( -2)+2= + -1 peerstoreconnectSince
is greaterbut closeto , the theoremhasbeenproved. m
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2) Cluster Mergence: Cluster meigenceis always carried
out from top to bottomin the administratve organization.In
other words, a mergenceat layer is accomplishednly if
every layer( +1) clusterhasasizeatleast . In casea layer
( +1) clusteris undersizejt will be memged rst beforethe
layer mermgencetakesplace.

We consideranundersizdayer ([0, -2))?2 cluster
having head and associate-head . We combineit with
acluster thatis atthe samelayerandhasthe smallestsize.
Anothercriterionto choose isthat and musthave the
samesuperclusterSupposehat cluster hashead and
associate-head . Therearetwo cases(1) Either
is the headat layer +1, and(2) Neitherof themis.

In the rst case(illustratedin Fig. 5(a)), without loss of
generality supposethat is the headat layer +1. The
following changesare madeto melge and

Q) and arechoserto betheheadandassociate-head
of thenew cluster + |, respectiely. To enforcethe C-rules,
all the othermembersof + reconnecto

(2) Furthermore,  cannotappearat layer +1 anymore,
thus abandoningts currentlayer childrenif any. To over
comethis, the headof eachlayer child (exceptfor if it
happengo be sucha child) selectsa non-headclustermateat
layer( +1), that currentlyhasthe minimum degree,to be the
new parentof that child.

(3) At layer +1: In case usedto be the associate-
head,we needto electa new associate-head’he head
simply selectgheclustermatdaving the smallestdegreeasthe
associate-headndinformstheotherclustermateto reconnect
to this associate-head.

In the secondcase(illustratedin Fig. 5(b)) where neither

nor is the headat layer +1, if one of themis the
associate-headt layer +1, we selectit to be the head of

+ . If neitheris associate-headupposing  hasa higher
degree,we select  to betheheadof + , andvice versa.
Withoutlossof generalitywe assume  istheheadof +
The subsequenstepsare below:

(1) Since no longerappearsat layer +1, all its layer

children,if any, mustreconnectThesechildrenare simply
redirectedto at layer +1.

(2) We alsoneedan associate-heafbr + . If the size of

is largerthanthatof becomeghe associate-headf

+ . Otherwise, is chosenasthe head.Supposing s
the associate-headll the othermembersof +  exceptfor

will reconnecto

(3) No furtherwork is necessaryf the currentparentof
isnot . However, if this happens needsa new parent
becauseafter the melgence  and belongto the same
clusteratlayer . Thisnew parentis choserto bealayer( +1)
non-headclustermateof , that hasthe smallestdegree.

The merge procedureruns centrally at the headof  with
assistancdrom the headof . Since the numberof peers
involvesis at mosta constantthe computationakcompleity
should be small. In terms of numberof reconnectionsthe
worst-caseoverheads resultedfrom the theorembelow.

Theoem7: Theworst-casemeige overheadis

or

2Thecase = -2 is handledsimilar with minor modi cation.

Proof: In either case,the numberof peersrequiredto
reconnectis at most the numberof peersin + plus the

number of layer children of (or ). Therefore,no
more than + + = peersneedto reconnect.The
theoremhasbeenproved. [ ]

F. PerformanceEnhancement

Under network dynamics,the administratve organization
and multicasttree canbe periodicallyrecon guredto provide
betterquality of serviceto clients. A stratgly we canfollow
is to dynamically balancethe serviceload amongthe peers,
thusalleviating network bottleneck.For instance a peerbusy
servingmary childrenmight considerswitchingits parenthood
for somechildren to anothernon-headclustermatewhich is
lessbusy: Serviceload shouldbe balancedbasedon not only
the number of children a peer has but also its bandwidth
capacity To this goal, we computefor eachpeer the ratio
betweenits degreeto its bandwidthcapacityand attemptto
equalizethis ratio amongpeers.

Let us focus on balancingthe serviceload among peers
in a layer cluster( 0). According to the C-rules, the
headof this cluster exceptfor the sener at layer -1, does
not link to ary other peer Therefore,only its subordinates
are eligible for transferringserviceload. Additionally, since
the associate-headnust always be the parent of all other
non-headclustermateswe should only considertransferring
serviceload from a non-headhon-associate-headember

to anothernon-headmember . Supposethat currently
links to foreign subordinates , , .., , andprobablyto
someotherclustermateddencejtsdegree  is + ,where

equalszero for the case is not an associate-headind
equalsthe numberof suchclustermatestherwise. follows
the stepsbelow to transferthe serviceload, whoseresultdoes
not violate the C-rules: (In this algorithm, (.) de nes the
bandwidthcapacityof a peer)

1.For( =1; ;o)
1.1. Selecta non-heacclustermate :
is not the headof

(—-—) - (—-—) o0
(—-—) -(—— - —) ismax

1.2. If such exists

1.2.3. Redirect to

1.2.4. Update and accordingly

In this algorithm,  transferssome children to another
clustermate if doing so minimizesthe differencebetween
the serviceload of andthatof . Eventhoughthis only
affects a few peers(at most -1), frequently activating the
algorithmmight causemary peerreconnectionandthusresult
in discontinuity of client playback. Therefore,we suggest
that a peerrun the load-balancingprocedurewhenits degree
becomedargerthana value chosenappropriatelysuchas
whatfollows. We considera layer ( -1) clusterwith

membersxcludingthehead: , .., where  isthe
associate-headue to the C-rules,we must have

. Since we would like to balance—, the bestvalue

for is = / . Sinceit is feasible



JOURNAL ON SELECTEDAREAS IN COMMUNICATIONS, SPECIAL ISSUEON ADVANCES IN SER/ICE OVERLAY NETWORKS 8

x|

0000
00O
[elelele)]

00000 Oy, Former layer

©0000 gy children of X,,
00000 V| usv

Before Mergence

After Mergence

(@

is the headat layer +1

X, &
00000 Oy,
00000 o
00000

0000
[e]e]e)
0000

Former layer-j
children of X,,

V| usv

Before Mergence After Mergence

(b) Neither nor is the headat layer +1

Fig. 5. ClusterMerge: A small clusteris meigedwith anotherclusterto make a larger clusterwhosesizeis between and

Je)] @ OO  OOC CO0® @000
8 910 112 13 14 1516 171819 202122232425 2627 28 2930 31

‘ O non-head @ head S: server ‘

Fig. 6. Direct Zigzag: All non-headmembersof a clustermustreceve the
contentfrom one of their foreign heads(k=4, H=3)

to include the bandwidthcapacitytogetherwith the degreein
the controlinformationexchangedn the control protocol,this
value canbe computedeasily We canchoose =2

I1l. ALTERNATIVE SOLUTION: DIRECT ZIGZAG

We presentedthe rst designof the Zigzag approachin
[11], [12]. In this early alternatve, the C-rulesis the same
exceptthat all the non-headmembersof a clusterreceve the
contentdirectly from aforeignheadin the supercluster hence
no needfor the role of associate-headMe call this design
direct Zigzag and thereforecall the designin the previous
sectionindirect Zigzag becausehe non-headmembersof a
clusterget the contentindirectly from a foreign headthrough
their associate-head-or abbreiation, we refer to thesetwo
schemess D-Zigzagand I-Zigzag, respectely.

Fig. 6 illustratesan example of the multicasttree resulted
from D-Zigzag. The longest path from the sener to ary
peer has to visit eachlayer only once and in such a visit
goes through one and only one node. The only exception
appliesto the highestlayer where the sener links to all of
its subordinatesTherefore the multicasttreeheightis at most
thenumberof layers +1.In otherwords,D-Zigzag
resultsin a shortermmulticasttreethanl-Zigzagdoes.However,
we can intuitively seethat the peer degree in D-Zigzag is
higherthanthatin I-Zigzag, thusthe former doesnot handle
peer bottleneckas well as the latter does. Table | gives a
theoreticalcomparisorbetweenthesetwo alternatves, which
shavs a signi cant improvementin I-Zigzag over the other
The algorithmsof D-Zigzag and proofs for its performance
analysexanbe foundin [12].

It is our suggestiorthat I-Zigzag shouldbe usedfor most
P2P streamingsystemsdue to its scalability robustnessand
efciency. However, for alive streamingsystemconsistingof

high-capablelients, the peerbottleneckand control overhead
may not be severe. In this case,D-Zigzagis more preferable
becausethis schemewould provide a high level of content
liveness.

IV. SIMULATION STUDY

The last section provided the worst-caseanalysesof the
ZigzagapproachTo investigatdts performancaindervarious
scenarioswe carried out a simulation-basedtudy Besides
evaluating performancemetrics mentionedin the previous
sections,i.e., peer degree, join/failure overhead,splitfmege
overhead,and control overhead,we also consideredPeer
Stretchand Link Stress(de ned in [7]). PeerStretchis the
ratio betweenthe length of the datapath from the sener to
a peerin our multicasttree to the length of the shortestpath
betweenthem in the underlying network. The pure unicast
approachalways has the optimal peer stretch. The stressof
a link is the numberof times the samepaclket goesthrough
that link. An IP Multicast tree always has the optimal link
stresof 1 because paclet goesthrougha link only once.An
application-leel multicastschemeshould have small stretch
andstressto keepthe end-to-enddelay shortandthe network
bandwidthef ciently utilized.

We usedthe GT-ITM Generator[13] to createa 10,000-
node transit-stubgraph as our underlying network topology
The sener's location is x ed at a stub-domainnode. We
investigateda system with 5000 clients located randomly
among the other stub-domainnodes. Therefore, the client
population accountsfor 5000/10,000= 50% of the entire
network. We setthe value to 5, henceeachclusterhasat
most15 andno lessthan5 peers.We studiedthreescenarios,
the rst investigatinga failure-freesystemrunningZigzag,the
secondinvestigatinga systemrunning Zigzag and allowing
failures, and the third comparingtwo systems,one running
Zigzag and the other running NICE [8]. We found that the
I-Zigzag alternatve provided better performancevaluesthan
the D-Zigzag alternatve did, which backs our theoretical
comparisorshavn in Tablel. Dueto paperengthrestrictions,
we only report the results for the |-Zigzag schemein the
following sectionsand invite the readerto [12] for the D-
Zigzagschemes results.

A. Scenariol: No Failure

In this scenario,as 5000 clients joined the system,we
collected statistics on control overhead,node degree, peer
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TABLE |
I-ZIGZAG VERSUS D-Z1GZAG: WORST-CASE OVERHEAD ANALY SES

| ZigzagAlternatves | Join | Failure [ Degree | Merge/Split [ Control ]
Dir_ect O( Y| OC ) o( ) o( ) O( )
Indirect o( ) o() o() o() O )
1-ZIGZAG (avg=19.322, max=28) I-ZIGZAG (avg=7.56, max=19, #splits=555)
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Fig. 7. 5000Joins:Join and Split Overhead

stretch,andlink stress.We also estimatedthe join overhead
and split overheadaccumulatediuring the joins.

The overheadof a join is measuredsthe numberof peers
that the new client hasto contactbefore being addedto the
multicasttree.Fig. 7(a) shavs thatontheaverageanew client
needgo contact?20 clients.In the worstcasea new client has
to contact28 clients, or 0.56% of the client population.The
join overheadncreaseslonly asmoreclientsjoin. However,
this manneris not monotonic;in fact, the overheadfor a join
after a signi cant split takes placeis rapidly reduced.This
is understandableecause split on an oversizeclusterhelps
reducethe nodedegree,thusthe new client needsto contact
fewer peers.We can see this correlation betweenthe join
procedureand split procedurein Fig. 7(a) and Fig. 7(b): a
signi cant increasein split overheadcorrespondgo a rapid
decreasén join overhead.

In terms of split overhead,since we wantedto study the
worst scenariowe optedto run a split whenever detectinga
clusteris oversize.However, asillustratedin Fig. 7(b), small
split overheadis incurred during the joins of 5000 clients.
Thereare totally 555 splits and the worst-casesplit requires
only 19 reconnectionsMost of thetime, a split requiresabout
8 peersto reconnectThis accountdor only 8/5000= 0.16%
of the client population.

Fig. 8(a) shavs the out-degreedor all 5000peersThethick
line at the bottomrepresentshe degreesof the leaveswhich
are O-degree. Although the theoretical analysisin Section
II-B shaws that the worst-casedegree is -3 = 27, our
simulationfoundthatall peersforwardthe contentto no more
than 13 other peers.Thus, I-Zigzag handlespeer bottleneck
ef ciently, andfurthermoredistributesthe serviceload among
the peersfairly (stdev = 2.648).In termsof control overhead,
as shawvn in Fig. 8(b), most peershave to exchangecontrol

stateswith only 13 others.The densearearepresentpeersat
layerscloseto layer O while the sparsearearepresentpeers
at higher layers. Those peersat high layers do not have a
heavry controloverheackither;mostof themcommunicatevith
around20 peers,only 0.4% of the client population.This can
be consideredightweight, taking the fact that the exchanged
controlinformationis smallin size.

The studyon link stressand peerstretchresultsin Fig. 9.
I-Zigzag has a low stretchof 6.13 for most of the clients,
anda link stressof 4.0 for mostof the underlyinglinks used.
Especially thesevalues are quite fairly distributed (seethe
two denseareasin both gures). We recall that the client
populationin our studyaccountgor 50% of the entirenetwork
in which a pair of nodeshave a link with a probability of 0.5.
Therefore the resultswe got are promising.

B. Scenario2: Failure Possible

In this scenario,we startedwith the systemconsistingof
5000clients,which washbuilt basedon the rst scenaricstudy
We let a number(500, 1000, 1500, 2000, 2500) of peersfail
sequentiallyand evaluatedthe overheadfor recovery andthe
overheadof meigenceduring that process.Fig. 10(a) shavs
the resultsfor recovery overheadas failures occur We can
seethat most failuresdo not affect the systembecausehey
happento layerO peers(illustrated by a thick line at the
bottom of the graph).For thosefailureshappeningo higher
layer peers,the overheadto recover eachof themis small
and less than 14 reconnectiongno more than 0.5% of the
client population). Furthermore,the overheadto recover a
failure doesnot really dependon the numberof clientsin the
system.This substantiatesur theoreticalanalysisin Section
[I-D.2 that the recovery overheadis always boundedby
2 = 28 regardlessof the client populationsize. Even though
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the theoreticalupper bound overheadis 28, the worst-case
overheadfrom our simulation study turns out to be only a
half (only 14 reconnections).

In terms of meige overhead,the result is exhibited in
Fig. 10(b). There are totally 148 calls for cluster mergence,
eachrequiring 5 peerson averageto reconnectin the worst
case,only 11 peersneedto reconnectwhich accountsfor
no more than 0.44% of the client population. This study is
consistentwvith our theoreticalanalysisin Sectionll-D.2 that
the memge overheadis always small regardlessof the client
populationsize.More interestingly the worst memge overhead
in our simulation (11 reconnections)s a lot smaller than
the theoreticalworst-caseoverhead( = 35 reconnections)
implied in Theorem?.

C. Scenario3: I-Zigzag versusNICE

We comparedthe performancesbetween I-Zigzag and
NICE. NICE wasrecentlyproposedn [8] asan ef cient P2P
techniquefor streamingdata.NICE also organizesthe peers
in a hierarchyof bounded-sizeclustersas in our approach.
However, NICE andI-Zigzag are fundamentallydifferentdue
to their own multicast tree constructionand maintenance
stratgyies.For example NICE alwaysusegheheadof acluster
to forward the contentto the othermemberswhereaswe use
the associate-heaihstead.

10
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We workedwith thefollowing scenarioThe systeminitially
containedonly the sener and stabilized after 3000 clients
join sequentially Afterwards, we ran an admissioncontrol
algorithm, which is a loop of 2000 runs, eachrun letting a
client fail with probability [0.2,0.8] or a new client join
with probability 1- . After the admissioncontrol algorithm
stopped,we collectedstatisticson the treesgeneratedoy |-
ZigzagandNICE, respectiely.

Fig. 11 exhibits an adwantageof I-Zigzag over NICE in
termsof peerbottleneckl-Zigzaghasa maximumpeerdegree
only half of the maximumdegree of NICE. This simulation
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resultis consistentwith the theoreticalanalysesindeed,[8]
shaws that the peerdegreein NICE is O( ) while our
theoreticalanalyseshave shavn that the peer degreein |-
Zigzagis O( ) only.

Fig. 12 and Fig. 13 shav the average-caseand worst-
caseresults,respectiely, for other metricsincluding control
overhead,join overhead,failure overhead,and link stress.
Thoughthetwo approacheprovide closeaverage-caseesults,
I-Zigzagis superiorto NICE because¢heformerdealswith the
worst-casescenariobetter The maximumcontrol overheadf
our techniquels about60% of that of NICE (Fig. 13(a)),and
the join overheads always about3 or 4 reconnectiongewer
than that of NICE in both averageand worst cases(Fig. 12
and Fig. 13(b)).

Recwery overheadwas measuredor eachfailure during
the periodof the 2000-runloop. By enforcingour C-rules,our
recovery algorithmis moreef cient thanthatof NICE. Indeed,

a failure happensto a peerat its highestlayer in NICE
requires peersto reconnectSince canbe , the
recovery overheadn this schemecanbe . According

to our theoreticalanalysesthe Zigzag approachrequiresat
mosta constaninumberof reconnectionén arecovery phase,
regardlesof how mary peersarein the system Consequently
we canseein Fig. 13(c)thatl-Zigzagclearly prevails NICE in
termsof maximumfailure overhead We notethatthe average
failure overheadvaluesfor both schemesanbe smallerthan
1 becauséherearemary layer0 peersandtheir failure would
requirezeroreconnection.

The averagelink stressof I-Zigzagis closeto thatof NICE,
however the worst-caselink stressof the former is slightly
better asshawvn in Fig. 13(d). This is no way by accidentbut
is rootedfrom the degree boundof eachscheme.The worst
casedegreeis O( ) in NICE, while boundedby O( )
in 1-Zigzag. Hence,it is morelikely for NICE to have mary
more identical paclets being sentthroughan underlyinglink
nearheavy loadedpeers.In this study where =5 and
5000, the two curves are quite closebecause is close
to . If the systemrunsin a larger underlying network with
mary moreclients, will be alot largerthan , andwe
can expectthat link stressin our techniquewill be sharply
betterthanthatin NICE.

I-ZIGZAG (avg=4.912, max=11, stdev=1.0428)
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V. RELATED WORK

Several P2Ptechniqueshave beenproposedo addresshe
problemof streamingmediaon the Internet.[14] introduced
a simple P2P schemefor video-on-demandervices,which
seemsto be the rst P2P proposalto support streaming
applicationsHowever, it neithermentionsthe stability of the
systemunder network dynamicsnor analyzesthe protocol
overheadsinvolved. [9] proposedSpreadltwhich builds a
single distribution tree of the peers.A new recever joins
by traversingthe tree nodesdownward from the sourceuntil
nding one with unsaturatedandwidth.Spreadithasto get
the sourceinvolvedwheneer a failure occurs thusvulnerable
to disruptionsdue to the severe bottleneckat the source.
Additionally, orphanedpeers reconnectby using the join
algorithm, resulting in a long blocking time before their
servicecanresume CoopNef{10] employs a multi-description
codingmethodfor the mediacontent.In this method,a media
signalis encodednto severalseparatestreamsor descriptions,
suchthat every subsetof themis decodable CoopNetbuilds
multiple distribution trees spanningthe sourceand all the
recevers, each tree transmitting a separatedescription of
the media signal. Therefore,a recever can receve all the
descriptionsin the bestcase.A peerfailure only causesits
descendanpeersto lose a few descriptions.The orphaned
are still able to continue their service without burdening
the source.However, this is done with a quality reduction.
Furthermore CoopNetputs a heary control overheadon the
sourcesince the sourcemust maintainfull knowledgeof all
distribution trees.

Narada[7], [15] focuseson multi-sender multi-recever
streamingapplications,maintainsa mesh amongthe peers,
and establishesa tree wheneer a senderwantsto transmit
a contentto a set of recevers. Naradaonly emphasize®n
small P2P networks. Its extensionto work with large-scale
networks was proposedn [16] usinga two-layer hierarchical
topology To betterreduceclustersize, wherebyreducingthe
control overheadat a peer the schemeNICE in [8] focuses
on large P2P networks by using the multi-layer hierarchical
clusteringidea as we do. However, NICE always usesthe
headto forward the contentto its members,thus incurring
a high bottleneckof O( ). Though an extensioncould
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_ Performance Metrics (Average Casg
Failure Control Overhead| Join Overhead Failure Overhead Link Stress
Probability | Zigzag Nice Zigzag Nice Zigzag Nice Zigzag Nice
0.2 12.08536G 12.35144 18.92733 22.5788]1.014888 0.981864 3.851808 3.886655
0.3 11.61025 12.0441]19.13317 22.1099|1.081761 0.97099(3.781343 3.809562
0.4 11.56818 12.1305]18.83804 22.32764 1.085608 1.139364 3.66275]| 3.655614
0.5 11.31591] 11.62467 18.42239 21.50463 1.178357 0.940239 3.57236| 3.535414
0.6 11.03657 11.32124 18.63507] 21.80834 1.100749 1.054274 3.393512 3.399871
0.7 10.44709 10.82249 18.05811] 21.72979 1.233935 0.945927 3.243787] 3.273842
0.8 9.8914 | 10.25354 18.22372 21.447741.133082 0.983679 3.095078 3.13906
Fig. 12. 1-Zigzagvs. NICE: AverageCase
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Fig. 13. 1-Zigzagvs. NICE: Worst Case

be done to reducethis bottleneckto a constant,the tree
heightwould becomeO( ). Our approachno
worsethan NICE in termsof the other metrics,hasa worst-
casedelay of O( ) while keepingthe bottleneckbounded
by a constant.Furthermorethe failure recovery overheadin

our approachis upper boundedby a constantwhile NICE

requiresO( ). All theseare a signi cant improvement
for bandwidth-intensie applicationssuchasmediastreaming.

A recentwork [17] takesinto accountthe heterogeneityf
peersin their bandwidthcapacity Due to this heterogeneitya
peermay have to receve the contentfrom multiple supplying
peers.[17] investigatesan interesting problem of deciding
what mediadatasegmentsthesesupplyingpeersneedto send
to the receving peer [17] proposedan optimal solution for
this assignmentand techniquesto amplify the total system

streaming capacity Although different from our problem,
theirsmotivatesus to extend our schemeto considerthe case
wherea peermay receve the contentcollectively from more
thanone peer

VI. SUMMARY

This paperdiscussedhe problem of streaminglive media
in a large P2P network. We focusedon a single sourceonly
and aimedat optimizing the worst-casevaluesfor important
performancemetrics. The proposedsolution, Zigzag, usesa
novel multicasttree constructionand maintenanceapproach
basedon a hierarchy of bounded-sizeclusters.The key in
Zigzag's designis theintroductionof C-rules.Our algorithms
were developedto achiee the following desirableproperties:

High liveness A high delay from the mediasener to a
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clientis highly dueto local queuingandprocessingtin-
termediategpeers.Thelocal delayat suchan intermediate
peeris mostly affectedby its bandwidthcontention.We
keepthesener-to-clientdelaysmallbecaus¢he multicast
tree heightis at mostlogarithm of the client population
andeachclient forwardsthe contentto at mosta constant
numberof peers.

Low controloverhead Each client periodically ex-
changessoft-stateinformation only to its clustermates,
parent,and children. Since a clusteris boundedin size
andthe client degreeboundedby a constantthe control
overheadat a client is small. On average,the overhead
is a constantregardlessof the client population.

Ef cient join andfailurerecosery. A join can be ac-
complishedwithout askingmore than O( ) existing
clients,where is the client population.Especially a
failure is recovered quickly and regionally with fewer
than a constantnumberof reconnectionand mostly no
effect on the sener.

Low maintenanceverhead To enforcethe ruleson the
administratve organizationand the multicasttree, main-
tenanceproceduregmeme, split, andperformancee ne-
ment) are invoked periodically with very low overhead.
Fewer thana constannumberof clientsneedto relocate
in sucha procedure.

We provided both theoreticalproofs and simulationstudies
to verify theabove meritsof Zigzag.We alsocompareZigzag  acwm, anda reviewer for numerousnternationakconferencesnd periodicals,
to NICE [8], nding thatZigzagis promisingin termsof most
performanceametrics.
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