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Abstract— Given the fact that the curr ent Inter net does not
widely support IP Multicast while content-distribution-networks
technologiesare costly, the concept of peer-to-peer could be a
promisingstart for enabling large-scalestreamingsystems.In our
so-calledZigzag approach, we proposea method for clustering
peers into a hierarchy called the administrati ve organization for
easymanagement,and a method for building the multicast tr ee
atop this hierarchy for ef�cient content transmission. In Zigzag,
the multicast tr ee has a height logarithmic with the number of
clients, and a node degree bounded by a constant. This helps
reduce the number of processinghops on the delivery path to
a client while avoiding network bottleneck. Consequently, the
end-to-enddelay is kept small. Although one could build a tr ee
satisfying such properties easily, an ef�cient control protocol
betweenthe nodesmust be in place to maintain the tr ee under
the effects of network dynamics. Zigzag handlessuch situations
gracefully requiring a constant amortized worst-case control
overhead. Especially, failur e recovery is done regionally with
impact on at most a constant number of existing clients and
with mostly no burden on the server.

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

I . INTRODUCTION

Peer-to-peer(P2P)computinghasbeenof interestfor quite
long; for instance,numerous�le-sharing systemsbasedon its
conceptshave beendeveloped[1], [2], [3], [4], [5], [6]. In this
paper, we investigatethe applicability of P2Pto the problem
of streaminglive media.In theP2Pstreamingarchitecture,the
delivery treeis built rootedat thesourceandincludingall and
only thereceivers.A subsetof receiversgetthecontentdirectly
from thesourceandtheothersget it from the receiversin the
upstream.Consequently, this paradigmpromisesto address
many critical problemsin large-scalestreamingsystems:(1)
thenetwork bandwidthbottleneckat themediasource;(2) the
cost of deploying extra servers, which would be incurred in
contentdistribution networks; and (3) the infeasibility of IP
Multicaston thecurrentInternet[7]. Building anef�cient P2P
streamingscheme,however, is truly a challengedueto several
issues,including the following:

1) The end-to-enddelay from the source to a receiver
may be excessive becausethe contentmay have to go
througha numberof intermediatereceivers.To shorten
this delay(whereby, increasingthelivenessof themedia
content),the tree height shouldbe kept small and the
join procedureshould�nish fast.The end-to-enddelay
may alsobe long dueto an occurrenceof bottleneckat
a tree node.The worst bottleneckhappensif the tree
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is a star rooted at the source.The bottleneckis most
reducedif the tree is a chain,however in this casethe
leafnodeexperiencesa longdelay. Therefore,apartfrom
enforcingthe treeto be short,it is desirableto have the
nodedegreebounded.

2) Thebehavior of receiversis unpredictable;they arefree
to join andleavetheserviceatany time,thusabandoning
their descendantpeers.To prevent serviceinterruption,
a robust techniquehasto provide a quick and graceful
recovery shoulda failure occur.

3) Receiversmay have to storesomelocal datastructures
andexchangestateinformationwith eachotherto main-
tain the connectivity and improve the ef�ciency of the
P2P network. The control overheadat each receiver
for ful�lling such purposesshould be small to avoid
excessive useof network resourcesandto overcomethe
resourcelimitation at eachreceiver. This is important
to the scalability of a systemwith a large numberof
receivers.

There are other reasonsthat make P2P streaminghard
to implement,such as how to deal with security and client
heterogeneity. We will investigatesuch problemsas part of
our futurework. In this paper, weonly addressthethreeissues
listedabove.Speci�cally, we proposea solutioncalledZigzag.
Zigzag organizesreceivers into a hierarchyof clustersand
builds the multicasttreeatopthis hierarchyaccordingto a set
of rulescalledC-rules.A clusterhasa headandan associate-
head,theheadresponsiblefor monitoringthemembershipsof
the clusterandthe associate-headresponsiblefor transmitting
the contentto clustermembers.Therefore,the failure of the
headdoesnot affect the servicecontinuity of othermembers,
or in casetheassociate-headdeparts,theheadis still working
andcandesignatea new associate-headquickly. In summary,
Zigzag provides the following desirablefeatures(here, � is
the numberof the receivers):

� No matter how � can grow, the node degree in the
multicasttree is alwaysboundedby a constant.

� The multicasttree's height is boundedby O(�����	� ).
� Failurerecoverycanbedoneregionally with only impact

on at most a constantnumberof existing receivers and
mostly no burden on the source.This is an important
bene�t becausethe sourceis usually overwhelmedby
hugerequestsfrom the network.

� Theprotocolcontroloverheadis low. A receiver needsto
exchangecontrol informationto O(�����	� ) otherreceivers
in the worst case.On average,it communicateswith at
mosta constantnumberof otherreceivers.

� Thejoin procedureis fast,andthemaintenanceoverhead
for the clusterstructuresis small andindependentof � .
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Severalprevioussolutions[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 comparisonwith a recentmethod[8]. The resultsindicate
thatZigzagis indeeda scalable,robust,andef�cient solution,
especiallyfor large-scaleP2Pstreamingsystems.

Zigzagis bestapplicableto thestreamingapplicationssuch
as a single mediaserver broadcastinga live long-termsport
event to many clients,eachstayingin the systemfor a long-
enoughperiod.Anotherapplicationcanbe found in a sensor
network wherethe live monitoreddatais broadcastfrom the
sensingsite to many distantnodesfor processing.In the next
section,we presenta designfor the Zigzagapproachand an
alternativeof its. Wealsoreporttheresultsfrom oursimulation
study. Therelatedworksarediscussedafterwards,and�nally ,
this paperis concludedwith a summary.

I I . ZIGZAG APPROACH

For the easeof exposition,we refer to the mediasourceas
the server andreceiversasclients.They all arereferredto as
“peers”. In this section,we proposea schemecalled Zigzag
which consistsof two important entities: the administrative
organizationrepresentingthe logical relationshipsamongthe
peers,andthemulticasttreerepresentingthephysicalrelation-
shipsamongthem(i.e., how peerslink togetherto receive the
content).Firstly, we describethe administrative organization.
Secondly, we proposehow the multicasttreeis built basedon
this organization,andthenthecontrolprotocolin which peers
exchangestate information. Finally, we proposepolicies to
adjustthe treeaswell astheadministrative organizationupon
a client join/departure,and discussperformanceoptimization
issues.

A. Administrative Organization

An administrative organizationis usedto managethe peers
currently in the systemand illustratedin Fig. 1(a). Peersare
organizedin a multi-layer hierarchy of clustersrecursively
de�ned as follows (where 
 is the numberof layers, �
�

3 is a constant):
(1) Layer 0 containsall peers.
(2) Peers in layer ����
���� are partitioned into clusters

of sizesin [ � , ��� ]. Layer 
���� hasonly oneclusterof size
in [2, ��� ].

(3) A peerin a clusterat layer � is selectedto be thehead
of that cluster. This headautomaticallybecomesa memberof
layer � + 1 if ����
���� . The server � is the headof any
cluster it belongsto.

(4) A non-headpeer in a cluster at layer � is selectedto
be the associate-headof that cluster. An exceptionholds for
the highestlayer where the server is both the headand the
associate-head.

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

 -1), the server � is both the headand the associate-head.
Peer � is the associate-headof a clusterat layer 
 - 2, and
the headof a clusterat layer 
 - 3. Peer4 is the headof a
clusterat layer 
 -2, thus also belongingto layer 
 -1. The

role of the associate-headwill becomeclearwhenwe discuss
the multicasttree in the next section.

Initially, whenthenumberof peersis small,theadministra-
tive organizationhasonly onelayercontainingonecluster. As
clientsjoin or leave, this organizationwill grow or shrink.The
clustersize is upperboundedby ��� becausewe might have
to split a clusterlater whenit becomesoversize.If the cluster
sizewasupperboundedby ��� (insteadof ��� ) andthe current
sizewas ���! "� , afterthesplitting, thetwo new clusterswould
have sizes � and �# $� andbe proneto be undersizeaspeers
leave.

Theabove structureimplies 
&% [ �'����(*)+� , ������)+� +1] for �

,

� , where � is the numberof peers.Additionally, any peer
at a layer �-�$. mustbetheheadof theclusterit belongsto at
every lower layer. We notethat this hierarchyis an extension
of the one proposedin [8] and employed in [11], [12]. The
differencein our de�nition is the new conceptof “associate-
head”.Furthermore,we proposenovel andbettersolutionsto
map peersinto the administrative organization,to build the
multicasttreebasedon it, and to updatethesetwo structures
undernetwork dynamics.Thoseareour main contributions.

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

� Subordinate: Non-headpeersof a cluster headedby a
peer / arecalled“subordinates”of / . E.g., in Fig. 1(a),
peers1, 2, and3 aresubordinatesof peer4; peers4, 5,
6, and7 aresubordinatesof the server.

� Foreignhead: A non-headclustermate0 of a peer / at
layer �$� 0 is called a “foreign head” of layer-(� - 1)
subordinatesof / . E.g., in Fig. 1(a), peer4 is a foreign
headof peers5, 6, and7.

� Foreignsubordinate: Thelayer-(� -1) associate-headof /

is calleda “foreign subordinate”of 0 mentionedabove.
E.g., in Fig. 1(a),peer5 is a foreign subordinateof peer
4.

� Foreigncluster: The layer-(� -1) clusterof / is called a
“foreign cluster”of 0 mentionedabove.E.g.,in Fig. 1(a),
the layer-( 
 -3) clusterwhoseheadis peer1 is a foreign
clusterof peers2, 3, and4.

� Supercluster: Supposethat the head of a cluster 1

appearsin a cluster 2 at the next higher layer. We call
2 the “supercluster” of 1 .

B. Multicast Tree

The multicast tree is built based on the administrative
organization.In this section,we proposerules to which the
multicast tree must be con�ned and explain the rationale
behind that. The join, departure,and optimization policies
mustfollow theserules.Wecall theserulesC-rules1 andde�ne
thembelow (demonstratedby Fig. 2):

De�nition 1: [C-Rules]
� Rule1: A peer, whennot at its highestlayer, neitherhas

a link out nor a link in. E.g.,peer4 at layer 1 andlayer

1“C” standsfor “connectivity”. Dueto theserules,contentgoeszigzagfrom
the server to any peer, not throughthe clusterheads,we namethe proposed
approach“Zigzag”.
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0 hasneitheroutgoinglink nor incominglink becauseits
highestlayer is layer 2.

� Rule2: Non-headmembers of a clustermustreceivethe
contentdirectly from its associate-head.In other words,
thisassociate-headlinks to everyothernon-headmember
of thecluster. E.g., in a clusterat layer1, associate-head
3 links to non-headmembers1 and2; in a clusterat layer
0, associate-head8 links to non-headmembers9 and10.

� Rule 3: The associate-headof a cluster, except for the
server, mustget the contentdirectly from a foreignhead.
E.g.,theassociate-head8 of a clusterat layer0 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 provetheaboverulesguaranteea treestructure
including all the peers.Fig. 2 gives an example of a 31-
client multicasttreebuilt atoptheadministrative organization.
Hereafter, the terms “parent”, “children”, “descendant”are
usedwith thesamemeaningsasappliedfor conventionaltrees.
The term “node” is used interchangeablywith “peer” and
“client”. Furthermore,without otherwisespeci�ed, a “layer-�

peer” implicitly refersto a nodewhosehighestlayer is layer
� .

Theorem1: The worst-casenode degree of the multicast
tree is at most 5�� - 3.

Proof: A nodehasat most( ��� - 1) foreignclusters,thus
having at most( ��� - 1) foreignsubordinates.Considera node

/ at its highestlayer � . Thereare threepossibilities:

(1) / is theassociate-head:/ mustlink to all of its layer-�

non-headclustermates(at most ��� -2 of them) and may have
links to a subsetof its foreign subordinates(at most ��� -1
of them). No other links are permitteddue to the C-rules.
Therefore,the degreeof / cannotexceed( ��� -2) + ( ��� -1) =

5�� - 3.
(2) / is the head: This implies / must be the server

becauseit would appearat layer � +1 otherwise.Since the
server is alsotheassociate-headat thehighestlayer, thedegree
of the server cannotexceed 5�� - 3.

(3) / is neither the headnor the associate-head:/ can
only have links to a subsetof its foreign subordinates.There
are at most ��� -1 of them,hencethe degreeof / is at most

��� -1.
In any case,thedegreeof a nodecannotexceed5�� - 3, thus

proving the theoremtrue.
Theorem2: The height of the multicast tree is at most

2�'����)�� +1, where � is the numberof peers.
Proof: The longestpath from the server to a nodemust

be the path from the server to somelayer-0 node.This path
visits eachlayer only once.In sucha visit, only one link is
counted,which is from an associate-headto one of its non-
headclustermates.Therefore,the numberof nodes,excluding
the server, on the path is at most twice the numberof layers


 minus one. Since 
768�����
)

� + 1, the path length is at
most2������)+� + 1. The theoremhasbeenproved.

Theorems1 and 2 summarizetwo propertiesany P2P
multicast tree should desire. Indeed, the content from the
server to any client goesthroughat most2�'���	)+� intermediate
clientswhoseoutgoingbandwidthcontentionis keptmoderate
becauseeachclient servesno morethana smallconstantnum-
ber of others.However, this advantagemight be diminished
shouldthe C-rulesnot be enforced.Therefore,asclients join
andleave,we mustbeableto adjustthe treewithout violating
the C-rules.Overheadsincurredby this adjustmentshouldbe
small to keepthe systemscalable.

The motivationbehindnot usingthe headasthe parentfor
its subordinatesin our approachis as follows. Supposethe
membersof a clusteralwaysget the contentfrom their head.
If the highestlayer of a node / is � , / would have links to
its subordinatesat eachlayer, � -1, � -2, ..., 0, that it belongs
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to. Since � can be 
 - 1, the worst-casenodedegreewould
be 
:9 ( ��� - 1) = ; ( �	������)+� ). Furthermore,thecloserto the
source,the larger degreea nodewould have. In otherwords,
the bottleneckwould occur very early in the delivery path.
This might not be acceptablefor bandwidth-intensive media
streaming.

Our usingthe associate-headasthe parenthasanothernice
property. Indeed,when the parentpeer fails, the headof its
children is still working, thus helping reconnectthe children
to a new parentquickly. On the other hand, if the headof
a cluster fails, the other membersof that clusterwill not be
affectedbecausethe headdoesnot involve in transmittingthe
contentto them.We will discusspoliciesfor failure recovery
in moredetail shortly.

C. Control protocol

To maintainits positionandconnectionsin themulticasttree
andthe administrative organization,eachnode / in a layer-�

clusterperiodicallyexchangescontrolmessageswith its layer-
� clustermates,its children and parenton the multicast tree.
For non-headpeerswithin the samecluster, the exchanged
information / sendsis just thepeerdegree<	= . If therecipient
is theclusterhead,/ sendsthefollowing informationinstead:

�$> ( / ): the current end-to-enddelay from the server
observed at / .

� A subsetof its layer-� clustermates?A@ ( / ) = BC/D@ , /-E , .. F ,
wheretheoccurrenceof /HG representsthat / is currently
forwarding the contentto /IG . E.g., in Fig. 2, peer5 at
layer1 needsto senda list B 6, 7 F to the head � because
peers6 and7 are receiving the contentfrom peer5.

� A subsetof its layer-� clustermates?JE ( / ) = B�0K@ , 0LE , .. F ,
wheretheoccurrenceof 0MG representsthat / is currently
forwarding the content to a foreign subordinatewhose
head is 0

G (the subordinatemust be an associate-head
accordingto C-rules).E.g., in Fig. 2, peer5 at layer 1
needsto senda list B S,6 F to its head� becauseassociate-
head20of � andassociate-head23of peer6 arereceiving
the contentfrom peer5.

If the recipientis the parent, / sendsthe following infor-
mationtogetherwith its degree:

� A Boolean�ag NPO+QSRUTVQ	WX��O ( / ): trueiff thereexistsa path
in the multicast tree from / to a layer-0 peer. E.g., in
Fig. 2, NYO�QSRUTVQ	WX��O ( Z ) = false, NYO+QSRUTVQSW[��O ( \ ) = true.

� A Boolean�ag ]^<�<�QSW[��O ( / ): true iff thereexists a path
in the multicast tree from / to a layer-0 peer whose
cluster's size is in [ � , ��� - 1].

The valuesof NYO�QSRUTVQ	WX��O and ]#<�<�Q	WX��O at a peer / are
updatedbasedon the information received from its children.
For instances,if all childrensend“ NYO+QSRUT_Q	WX�'O = false” to this
peer, then NYO+Q�RCT_Q	WX�'O ( / ) is setto false; ]^<�<�Q	WX�'O ( / ) is setto
true if / receives“ ]^<�<�QSW[��O = true” from at leasta child peer.

The theorembelow tells that the control overheadfor an
averagememberis a constant.Theworstnodehasto commu-
nicatewith O(�	�'����)+� ) othernodes,which is acceptablesince
the informationexchangedis just soft-staterefreshes.

Theorem3: Although the worst-casecontrol overheadof
a node is O(�	�'����)�� ), the amortizedworst-caseoverheadis
O(� ).

Proof: Considera node / whosehighestlayer is � . /

belongsto (� + 1) clustersat layers0, 1, .., � , thushaving at
most(� + 1) 9 ( ��� - 1) clustermates.Thenumberof children
of / is its degree,henceno morethan 5�� - 3. Consequently,
the worst-casecontrol overheadat / is upperboundedby (�

+ 1) 9 ( ��� - 1) + ( 5�� -3) + 1 = �`9 ( ��� - 1) + a�� - 3. Since�

canbe 
 - 1, the worst-casecontrol overheadis O(�	�'���	)+� ).
However, theprobabilitythata nodehasits highestlayer to

be � is at most( �-bc��d ) / � = �+bc��d . Thus,theamortizedworst-
caseoverheadat anaveragenodeis at most egf^h

@

djilk

m

�nbo��dp9

m

�q9

m

���-�r�+st �a��u�v��swsyx O(� ) with asymptoticallyincreasing
� . Theorem3 hasbeenproved.

D. Client Join and Departure

The multicasttree is updatedwhenever a new client joins
or leaves.The new treemustnot violate the C-rulesspeci�ed
in SectionII-B. We proposethe join anddeparturealgorithms
below.

1) Join Algorithm: A new client z submitsa requestto
theserver. If theadministrative organizationcurrentlyhasone
layer, z simply connectsto the server. Otherwise,the join
requestis redirectedalong the multicasttree downward until
�nding a proper peer to join. A peer / pursuesthe below
stepson receiptof a join request:(In this algorithm, < ( 0 , z )
is thedelayfrom 0 to z measuredduringthecontactbetween

0 and z .)

1. If / is a layer-0 associate-head
1.1. Add z to the only clusterof /

1.2. Make z a new child of /

2. Else
2.1. If ]#<�<�Q	WX��O ( / )
2.1.1. Selecta child 0 :

]#<�<�Q	WX��O ( 0 ) and > ( 0 )+ < ( 0 , z ) is min
2.1.2. Forward the join requestto 0

2.2. Else
2.2.1 Selecta child 0 :

NYO+QSRUTVQSW[��O ( 0 ) and > ( 0 )+ < ( 0 , z ) is min
2.2.2. Forward the join requestto 0

Thegoalof this procedureis to add z to a layer-0 cluster {

andforce z to get the contentfrom the associate-headof { .
Therefore,the join algorithm stopsif / is alreadya layer-0
associate-head.Otherwise,/ considers“addable”child peers
�rst becausewe want to add z to a layer-0 clusterof size[ � ,

���|�}� ] to avoid oversize.Amongthese“addable”children, /

chooses0 suchthat > ( 0 )+ < ( 0 , z ) is minimum to keepthe
delayfrom theserver to thenew peerz assmallaspossible.In
the casethereis no “addable”child, / considers“reachable”
childrenandpursuethesamedelayminimizationstrategy. The
peer 0 in the above algorithmalwaysexists since / mustbe
a “reachable”peerin order to receive the join requestearlier.

In Step2.1.1 or 2.2.1, z has to contactwith at most <
=

peers( <
= is thedegreeof / ). Sincethe treeheightis at most

(2������)�� + 1) andthemaximumdegreeis ( 5�� - 3), thenumber
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of nodesthat z hasto contactis at most(2�'��� ) � + 1) 9 ( 5��

- 3) = O(��9��'����)+� ). This provesTheorem4 true.
Theorem4: The join overheadis O(�~9•�����S)+� ) in terms

of numberof nodesto contact.
Proof: This theoremhasbeenproved above.

The join procedureterminatesat step1.2 at somelayer-0
associate-head/ , which will tell z aboutothermembersof
the cluster. z then follows the control protocol as discussed
earlier. If the new sizeof the joined clusteris still in [ � , ��� ],
no further work is necessary. Otherwise,this clusterhasto be
split so that thenewly createdclustershave sizesin [ � , ��� ] to
maintainthe structureof the administrative organization.We
presentthe split algorithmin SectionII-E.1.

2) Departure Algorithm: We considera peer / who de-
partsthe treeeitherpurposelyor accidentallydueto a failure.
Supposethat / 's highest layer is layer �•% [0, 
 ). As a
resultof the control protocol,the parent/childrenpeersof / ,
andall layer- € clustermatesof / for €|% [0, � ] mustbeaware
of this departure.Basically, the following tasksare required
for recovery: (1) The parentremoves the link to / ; (2) The
childrenneeda new parentto get thecontent;(3) Eachlayer- €

clusterof / ( €#% [0, � -1]) selectsa new headsincethe head
/ no longer exists; and (4) The layer-� clusterneedsa new
associate-headif / has beenits associate-head.Task (1) is
trivial; we proposethe detail policies for the remainingtasks
below.

We �rst considerthecase� = 0, thus / belongsto only one
cluster. If / is not theassociate-headof this cluster, no further
work is required.Otherwise,the clusterheadchoosesamong
its subordinatesa new associate-headwhich will reconnectto
the current parentof / and be the parentfor all the other
non-headmembers.Thepeer /`• to be thenew associate-head
is the oneexperiencingthe bestend-to-enddelay, i.e., > ( /�• )
is smallest.This is basedon theheuristicthatchoosinga peer
closestto the former associate-headwould have a little or no
negative impacton the servicequality currentlyperceived by
the others.

We now considerthecase�‚� 0. For eachforeignsubordi-
nate0 who is a child of / , thehead0Kƒ+„†…[‡ of 0 is responsible
for �nding a new parentfor it. 0lƒ+„†…[‡ just selectŝ , a layer-�

non-headclustermate,that hasthe minimumdegree,andasks
it to forward datato 0 . Furthermore,since / usedto be the
headof � clustersat layers 0, 1, .., � -1, they must have a
new head.This is handledeasily. Let /

• be a randomnon-
associate-headsubordinateof / at layer0. /‰• will replace/

as the new headfor eachof thoseclusters./`• also replaces
/ 's position at layer � . In other words, if / usedto be the
associate-head,/�• now becomesthe associate-headand gets
a link from theexisting parentof / . If / is not anassociate-
head, /Š• getsa link from the currentassociate-headof / .

Fig. 3(a)givestheresultingmulticasttreeandadministrative
organizationafterpeer4 fails.TheoriginalP2Psystemis given
in Fig. 2. Peer18 at layer0 is selectedto replacethe position
of peer 4 in every clusterpeer 4 usedto belong to. In this
example,peer 5 �rst reconnectsto the server becausethere
is no othersurviving non-headpeerat the highestlayer; after
peer18 replacespeer4 at this layer, peers5 will reconnect
to peer18 to follow the C-rules.Anotherexampleis given in

Fig. 3(b) wherepeer3, which is anassociate-head,fails. Peer
15 will replacethis peer, howeverbeforethatpeer17 (ex-child
at layer-0 of peer3) reconnectsto peer1 (having minimum
degree)for a quick playbackresumption.Also to keepservice
continuity, peers1 and 2 �rst reconnectto peer4 at layer 1
before �nally connectingto peer15 when peer15 becomes
the associate-headin placeof peer3.

In overall, a client departurerequiresa few (at most one
peerat layer 0 plus ��� -1 peersat layer � -1 plus ��� -2 peers
at layer � ) to reconnect,and doesnot burdenthe server. The
overheadof failurerecovery is consequentlystatedasfollows:

Theorem5: In the worst case, the numberof peers that
needto reconnectdueto a failure is 5�� -2.

Proof: This theoremhasbeenproved above.

E. ClusterMaintenance

The administrative organizationrequires that the size of
any cluster, except for the highest-layercluster, be between

� and ��� . Due to client joins and departures,somecluster
maybecomeoversizeor undersize.This clusterhasto besplit
into smaller clusters,or be merged with anothercluster to
form a largercluster, so that thesizerestrictionis satis�ed. In
this section,we proposealgorithmsfor clustersplit andcluster
mergence.

1) Cluster Split: Supposewe decide to split a layer-�

cluster 1 with head /
ƒ�„w…[‡ , associate-head/ …[‹†‹†Œ*• , and the

otherpeers/
@ , .., /HŽ . The goal is to createa new cluster 2

andmovesomepeersof 1 to thiscluster. Thebasicideaof this
split is illustratedin Fig. 4. After moving somepeersinto 2 ,
we needto �nd two peers/�•

ƒ+„†…[‡

and /Š•

…[‹†‹†Œ*•

asthe headand
the associate-head,respectively. All the other membersof 2

will get thecontentfrom /`•

…[‹w‹†Œj•

. Thehead/�•

ƒ+„†…U‡

will appear
in the superclusterof 1 and get a link from the associate-
headof that cluster. Furthermore,the associate-head/�•

…U‹†‹†Œ*•

will get a link from the parentof /D…U‹†‹†Œ*• .
Other details of the split algorithm include determining

what peersto move from 1 to 2 and which of them to be
the headand the associate-headof 2 , and makingnecessary
reconnectionsto enforcethe C-rules.Therearethreecases:�

= 0, �Š% (0, 
 -1), and � = 
 -1.
Case1: � = 0:
This caseis handledsimply by following the stepsbelow:
(1) Sort B�/I@ , .., /

Ž
F in the non-increasingorder of end-

to-enddelay > (.). Supposethe resultinglist is BC/�•

@

, .., /Š•

Ž

F .
Move the �rst ••bo� peers BC/�•

@

, .., /�•

Žc‘
E

F to cluster 2 . As a
result,cluster 1 retainsonly peerscloseto its associate-head

/
…[‹†‹†Œ*• . (Because> ( /

d

) = > ( /
…[‹†‹wŒj• ) + < ( /

…U‹†‹†Œ*• , /

d

).)
(2) Select/Š•

ƒ+„†…[‡

= /Š•

@

and /Š•

…[‹†‹†Œ*•

= /Š•

E

to betheheadand
associate-headof cluster 2 , respectively. In addition, make
peers/Š•

(

, .., /�•

Ž�‘
E

childrenof the associate-head/`•
…[‹†‹†Œ*•

. By
beingpromotedto be theheadandassociate-head,/‰•

ƒ+„†…U‡

and
/Š•

…[‹†‹†Œ*•

will be closerto the server, thus improving their end-
to-enddelaywhich usedto be poorest.

Case2: �Š% (0, H-1):
Let ’

G”“ be a Booleanvalue,true if andonly if /
G currently

links to the layer-(� -1) associate-headof /
“ . Clearly, ’

G”G = 0
for all € becauseof the C-rules.We follow the stepsbelow:
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Fig. 3. Failure Recovery: The original P2Ptree is given in Fig. 2
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Fig. 4. ClusterSplit: A clusteris split into two smallerclusters,eachof sizebetween4 and –X4

(1) Partition BC/D@ , .., /
Ž

F into two sets — and ˜ suchthat
the condition ™ —!™ , ™ ˜K™Y% [ � , ��� ] is satis�ed �rst, and then

e|=tš†›cœ�• =Ÿž�›c 

m

’LG¡“q ¢’_“”G£s is minimized. Set — will remain in
cluster 1 andset ˜ will bemovedto cluster 2 . Sinceafter the
split the peersin 1 cannotlink to peersin 2 andvice versa,
this conditionhelpsreducethe numberof peerreconnections
resultedfrom the split.

(2) For eachpeer /-GY%$— and /u“P%$˜ suchthat ’LG¡“¤� 0,
remove the link from /HG to the layer-(� -1) associate-headof

/
“ , andselecta randompeerin set ˜ otherthan /

“ to be the
new parentfor this associate-head.Inversely, for eachpeer /

G

%`˜ and /
“

%�— suchthat ’
G”“

� 0, a similar proceduretakes
place.

(3) We needa headfor cluster 2 . This headwill appear
at the super cluster of /Dƒ�„w…[‡ , thus abandoningits current
children.To minimize the numberof reconnections,the head
is chosento bethepeer/�•

ƒ+„†…[‡

%‚˜ having thesmallestdegree.
Eachabandonedchild will reconnectto a randomforeignhead
appearingin ˜ - B�/�•

ƒ�„w…[‡

F . We alsochoosethe peer /`•

…U‹†‹†Œ*•

%

˜ having the second-smallestdegreeto be the associate-head
for cluster 2 .

Case3: � = 
 - 1
In this case,we have /Iƒ+„†…[‡ = /H…U‹†‹†Œ*• = � . We �rstly follow

the three stepsas in the case �•% (0, 
 -1). Further steps
are explainedas follows. Before the split, the server links to
its clustermatesand probably some foreign subordinatesat
layer � -1 = 
 -2. After the split, the server's highest layer
becomes� +1 = 
 and the server can no longer link to its
currentchildrendueto theC-rules.Therefore,eachabandoned
child at layer � -1 will reconnectto a randomforeign head
appearingin set — , and eachabandonedchild at layer � will

reconnectto the new associate-headof 1 chosento be a peer
]¥%�— having the minimum degree.To enforcethe C-rules,
thisassociate-head] mustgetthecontentfrom aforeignhead.
We canchoose/�•

ƒ+„†…[‡

at layer � +1 to bethis foreignhead.The
split procedureat the highestlayer is illustratedin Fig. 4(b).

It might happenthat thesuperclusterbecomesoversizedue
to admitting /�•

ƒ+„†…[‡

, hencea similar split takes place.In this
case,which is not frequent,the split is helpful anyway since
thesuperclusteris closeto beoversize.Thesplit algorithmis
run locally by the headof the clusterto be split. The results
will besentto all peersthatneedto changetheir connections.
Since the number of peers involved in the algorithm is a
constant,the computationaltime to get out the resultsis not
a major issue.The main overheadis the numberof peersthat
needto reconnect.However, the theorembelow tells that the
overheadis indeedsmall.

Theorem6: Theworst-casesplit overheadis O(� ).

Proof: Sincecomputationsfor the other two casesare
similar, let us computethe worst-casesplit for the case �

% (0, 
 -1). In the algorithm for this case,Step 2 requires
e|=Ÿš£›cœ�• =!ž'›c 

m

’VG”“! ¦’_“¡G§s peersto reconnect.This value must
equalthe numberof associate-headsat layer �g�`� . Therefore,
Step2 requiresat most • peersto reconnect.In Step3, the
numberof former children of /

•

ƒ+„†…[‡

is lessthan or equalto
the numberof its foreign subordinates,henceat most ( ��� -
1) of them needto reconnect.Furthermore,at most ( ��� -2)
peersneedto reconnectto /�•

…[‹†‹wŒj•

. /�•

ƒ+„†…[‡

and /Š•

…[‹†‹†Œ*•

needto
reconnecttoo. In total, the split procedureneedsat most • +
( ��� - 1) + ( ��� - 2) + 2 = • + 5�� - 1 peersto reconnect.Since

• is greaterbut closeto ��� , the theoremhasbeenproved.
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2) Cluster Mergence: Clustermergenceis always carried
out from top to bottomin the administrative organization.In
other words, a mergenceat layer � is accomplishedonly if
every layer-(� +1) clusterhasa sizeat least � . In casea layer-
(� +1) cluster is undersize,it will be merged �rst before the
layer-� mergencetakesplace.

We consideranundersizelayer-� (�-% [0, 
 -2)) 2 cluster 1

having head /D¨ andassociate-head0l¨ . We combineit with
a cluster 2 that is at thesamelayerandhasthesmallestsize.
Anothercriterion to choose2 is that 1 and 2 musthave the
samesupercluster. Supposethat cluster 2 hashead /}© and
associate-head0K© . Therearetwo cases:(1) Either /‚¨ or /I©

is the headat layer � +1, and(2) Neitherof themis.
In the �rst case(illustrated in Fig. 5(a)), without loss of

generality, supposethat /‚¨ is the head at layer � +1. The
following changesaremadeto merge 1 and 2 :

(1) / ¨ and 0 © arechosento betheheadandassociate-head
of the new cluster 1 + 2 , respectively. To enforcethe C-rules,
all the othermembersof 1 + 2 reconnectto 0p© .

(2) Furthermore,/
© cannotappearat layer � +1 anymore,

thus abandoningits current layer-� children if any. To over-
comethis, the headof eachlayer-� child (except for 0

¨ if it
happensto 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 /
© used to be the associate-

head,we needto elect a new associate-head.The head /
¨

simplyselectstheclustermatehaving thesmallestdegreeasthe
associate-head,andinformstheotherclustermatesto reconnect
to this associate-head.

In the secondcase(illustratedin Fig. 5(b)) whereneither
/

¨ nor /
© is the headat layer � +1, if one of them is the

associate-headat layer � +1, we select it to be the headof
1 + 2 . If neitheris associate-head,supposing/}¨ hasa higher
degree,we select/D¨ to be the headof 1 + 2 , andvice versa.
Without lossof generality, weassume/}¨ is theheadof 1 + 2 .
The subsequentstepsarebelow:

(1) Since /
© no longerappearsat layer � +1, all its layer-

� children,if any, must reconnect.Thesechildrenaresimply
redirectedto /I¨ at layer � +1.

(2) We alsoneedan associate-headfor 1 + 2 . If the sizeof
1 is larger thanthat of 2 , 0

¨ becomesthe associate-headof
1 + 2 . Otherwise,0

© is chosenasthe head.Supposing0
© is

the associate-head,all the othermembersof 1 + 2 except for
/H¨ will reconnectto 0l© .

(3) No furtherwork is necessaryif thecurrentparentof 0
©

is not /
¨ . However, if this happens0

© needsa new parent
becauseafter the mergence 0

© and /
¨ belongto the same

clusterat layer � . Thisnew parentis chosento bea layer-(� +1)
non-headclustermateof /D¨ , that hasthe smallestdegree.

The merge procedurerunscentrallyat the headof 1 with
assistancefrom the headof 2 . Since the numberof peers
involves is at most a constant,the computationalcomplexity
should be small. In terms of numberof reconnections,the
worst-caseoverheadis resultedfrom the theorembelow.

Theorem7: Theworst-casemerge overheadis Zo� .

2The caseª = 3 -2 is handledsimilar with minor modi�cation.

Proof: In either case,the numberof peersrequiredto
reconnectis at most the numberof peersin 1 + 2 plus the
number of layer-� children of /‚¨ (or /D© ). Therefore,no
more than � + ��� + ��� = Zo� peersneedto reconnect.The
theoremhasbeenproved.

F. PerformanceEnhancement

Under network dynamics,the administrative organization
andmulticasttreecanbe periodicallyrecon�guredto provide
betterquality of serviceto clients.A strategy we can follow
is to dynamicallybalancethe serviceload amongthe peers,
thusalleviating network bottleneck.For instance,a peerbusy
servingmany childrenmightconsiderswitchingits 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 degree to its bandwidthcapacityand attemptto
equalizethis ratio amongpeers.

Let us focus on balancingthe service load amongpeers
in a layer-� cluster (��� 0). According to the C-rules, the
headof this cluster, except for the server at layer 
 -1, does
not link to any other peer. Therefore,only its subordinates
are eligible for transferringserviceload. Additionally, since
the associate-headmust always be the parent of all other
non-headclustermates,we shouldonly considertransferring
serviceload from a non-headnon-associate-headmember/

to anothernon-headmember 0 . Supposethat / currently
links to foreign subordinates’

@ , ’
E , .., ’L« , and probablyto

someotherclustermates.Hence,its degree<
= is ¬ + ­ , where

­ equalszero for the case / is not an associate-head,and
equalsthe numberof suchclustermatesotherwise./ follows
thestepsbelow to transfertheserviceload,whoseresultdoes
not violate the C-rules: (In this algorithm, ® (.) de�nes the
bandwidthcapacityof a peer.)

1. For(€ = 1; €P6
¬ ; € ++)
1.1. Selecta non-headclustermate0 :

0 is not the headof ’
G

( ‡°¯

±

¯

- ‡°²

±

²

) E - ( ‡°¯

h

@

±

¯

- ‡°²K³t@

±

²

) E

� 0
( ‡°¯

±

¯

- ‡°²

±

²

) E - ( ‡°¯

h

@

±

¯

- ‡°²K³t@

±

²

) E is max
1.2. If such 0 exists
1.2.3. Redirect ’MG to 0

1.2.4. Update <
= and <S´ accordingly

In this algorithm, / transferssome children to another
clustermate0 if doing so minimizesthe differencebetween
the serviceload of / and that of 0 . Even thoughthis only
affects a few peers(at most ��� -1), frequentlyactivating the
algorithmmightcausemany peerreconnectionsandthusresult
in discontinuity of client playback. Therefore,we suggest
that a peerrun the load-balancingprocedurewhen its degree
becomeslarger thana value µ chosenappropriately, suchas
what follows. We considera layer-� (�I��
 -1) clusterwith •

membersexcludingthehead:/
@ , /

E , .., /HŽ where /
@ is the

associate-head.Due to the C-rules,we must have e

G

i

Ž

G

i

@

<
=

š

= �n• . Since we would like to balance
‡

¯

š

±

¯

š

, the best value

for <�=Ÿš is <S¶ = �o•·9¢®P=Ÿš / e

dji

Ž

dji

@

®P=•¸ . Since it is feasible
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Fig. 5. ClusterMerge: A small clusteris mergedwith anotherclusterto make a larger clusterwhosesize is between4 and –X4
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Fig. 6. Direct Zigzag:All non-headmembersof a clustermust receive the
contentfrom oneof their foreign heads(k=4, H=3)

to includethe bandwidthcapacitytogetherwith the degreein
thecontrol informationexchangedin thecontrolprotocol,this
valuecanbe computedeasily. We canchooseµ = 2<_¶ .

I I I . ALTERNATIVE SOLUTION: DIRECT ZIGZAG

We presentedthe �rst designof the Zigzag approachin
[11], [12]. In this early alternative, the C-rules is the same
exceptthat all the non-headmembersof a clusterreceive the
contentdirectly from a foreignheadin thesupercluster, hence
no needfor the role of associate-head.We call this design
direct Zigzag and thereforecall the design in the previous
sectionindirect Zigzag becausethe non-headmembersof a
clusterget the contentindirectly from a foreign headthrough
their associate-head.For abbreviation, we refer to thesetwo
schemesasD-ZigzagandI-Zigzag, respectively.

Fig. 6 illustratesan exampleof the multicasttree resulted
from D-Zigzag. The longest path from the server to any
peer has to visit each layer only once and in such a visit
goes through one and only one node. The only exception
appliesto the highestlayer where the server links to all of
its subordinates.Therefore,themulticasttreeheightis at most
thenumberof layers
¼6v�����S)+� +1. In otherwords,D-Zigzag
resultsin a shortermulticasttreethanI-Zigzagdoes.However,
we can intuitively see that the peer degree in D-Zigzag is
higher thanthat in I-Zigzag, thus the former doesnot handle
peer bottleneckas well as the latter does.Table I gives a
theoreticalcomparisonbetweenthesetwo alternatives,which
shows a signi�cant improvementin I-Zigzag over the other.
The algorithmsof D-Zigzag and proofs for its performance
analysescanbe found in [12].

It is our suggestionthat I-Zigzag shouldbe usedfor most
P2Pstreamingsystemsdue to its scalability, robustness,and
ef�ciency. However, for a live streamingsystemconsistingof

high-capableclients,thepeerbottleneckandcontroloverhead
may not be severe.In this case,D-Zigzag is morepreferable
becausethis schemewould provide a high level of content
liveness.

IV. SIMULATION STUDY

The last sectionprovided the worst-caseanalysesof the
Zigzagapproach.To investigateits performanceundervarious
scenarios,we carried out a simulation-basedstudy. Besides
evaluating performancemetrics mentionedin the previous
sections,i.e., peer degree, join/failure overhead,split/merge
overhead,and control overhead,we also consideredPeer
Stretchand Link Stress(de�ned in [7]). PeerStretchis the
ratio betweenthe length of the datapath from the server to
a peerin our multicasttree to the lengthof 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 samepacket goesthrough
that link. An IP Multicast tree always has the optimal link
stressof 1 becausea packet goesthrougha link only once.An
application-level multicastschemeshouldhave small stretch
andstressto keepthe end-to-enddelayshortandthe network
bandwidthef�ciently utilized.

We usedthe GT-ITM Generator[13] to createa 10,000-
node transit-stubgraphas our underlyingnetwork topology.
The server'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 set the 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 alternative provided betterperformancevaluesthan
the D-Zigzag alternative did, which backs our theoretical
comparisonshown in TableI. Dueto paperlengthrestrictions,
we only report the results for the I-Zigzag schemein the
following sectionsand invite the readerto [12] for the D-
Zigzagscheme's results.

A. Scenario1: 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

I -ZIGZAG VERSUS D-ZIGZAG: WORST-CASE OVERHEAD ANALYSES

ZigzagAlternatives Join Failure Degree Merge/Split Control

Direct O(4+½¡¾*¿[ÀCÁ ) O(4nÂ ) O(4nÂ ) O(4nÂ ) O(4+½¡¾*¿[ÀUÁ )
Indirect O(4+½¡¾*¿ À Á ) O(4 ) O(4 ) O(4 ) O(4+½¡¾*¿ À Á )

(a) (b)

I-ZIGZAG (avg=19.322, max=28)

0

5

10

15

20

25

30

1

28
0

55
9

83
8

11
17

13
96

16
75

19
54

22
33

25
12

27
91

30
70

33
49

36
28

39
07

41
86

44
65

47
44

Join ID

Jo
in

 O
ve

rh
ea

d

I-ZIGZAG (avg=7.56, max=19, #splits=555)

0

2

4

6

8

10

12

14

16

18

20

1 31 61 91 12
1

15
1

18
1

21
1

24
1

27
1

30
1

33
1

36
1

39
1

42
1

45
1

48
1

51
1

54
1

Split ID

S
pl

it 
O

ve
rh

ea
d

Fig. 7. 5000Joins:Join andSplit Overhead

stretch,and link stress.We also estimatedthe join overhead
andsplit overheadaccumulatedduring the joins.

The overheadof a join is measuredasthe numberof peers
that the new client hasto contactbeforebeing addedto the
multicasttree.Fig. 7(a)shows thaton theaverage,a new client
needsto contact20 clients.In theworstcase,a new client has
to contact28 clients,or 0.56%of the client population.The
join overheadincreasesslowly asmoreclientsjoin. However,
this manneris not monotonic;in fact, the overheadfor a join
after a signi�cant split takes place is rapidly reduced.This
is understandablebecausea split on an oversizeclusterhelps
reducethe nodedegree,thus the 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 overheadcorrespondsto a rapid
decreasein join overhead.

In terms of split overhead,since we wantedto study the
worst scenario,we optedto run a split whenever detectinga
clusteris oversize.However, as illustratedin Fig. 7(b), small
split overheadis incurred during the joins of 5000 clients.
Thereare totally 555 splits and the worst-casesplit requires
only 19 reconnections.Most of the time,a split requiresabout
8 peersto reconnect.This accountsfor only 8/5000= 0.16%
of the client population.

Fig. 8(a)shows theout-degreesfor all 5000peers.Thethick
line at the bottomrepresentsthe degreesof the leaveswhich
are 0-degree. Although the theoretical analysis in Section
II-B shows that the worst-casedegree is 5�� -3 = 27, our
simulationfoundthatall peersforwardthecontentto no more
than 13 other peers.Thus, I-Zigzag handlespeerbottleneck
ef�ciently , andfurthermoredistributestheserviceloadamong
the peersfairly (stdev = 2.648).In termsof control overhead,
as shown in Fig. 8(b), most peershave to exchangecontrol

stateswith only 13 others.The densearearepresentspeersat
layerscloseto layer 0 while the sparsearearepresentspeers
at higher layers. Thosepeersat high layers do not have a
heavy controloverheadeither;mostof themcommunicatewith
around20 peers,only 0.4%of the client population.This can
be consideredlightweight, taking the fact that the exchanged
control informationis small in 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, thesevaluesare quite fairly distributed (see the
two denseareasin both �gures). We recall that the client
populationin ourstudyaccountsfor 50%of theentirenetwork
in which a pair of nodeshave a link with a probabilityof 0.5.
Therefore,the resultswe got arepromising.

B. Scenario2: Failure Possible

In this scenario,we startedwith the systemconsistingof
5000clients,which wasbuilt basedon the�rst scenariostudy.
We let a number(500, 1000,1500,2000,2500)of peersfail
sequentiallyand evaluatedthe overheadfor recovery and the
overheadof mergenceduring that process.Fig. 10(a) shows
the results for recovery overheadas failures occur. We can
seethat most failuresdo not affect the systembecausethey
happento layer-0 peers (illustrated by a thick line at the
bottomof the graph).For thosefailureshappeningto higher-
layer peers,the overheadto recover eachof them is small
and less than 14 reconnections(no more than 0.5% of the
client population). Furthermore,the overheadto recover a
failure doesnot really dependon the numberof clientsin the
system.This substantiatesour theoreticalanalysisin Section
II-D.2 that the recovery overheadis always boundedby 5�� -
2 = 28 regardlessof the client populationsize.Even though
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Fig. 9. 5000Clients:Link StressandPeerStretch

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 merge overhead,the result is exhibited in
Fig. 10(b). Thereare totally 148 calls for clustermergence,
eachrequiring5 peerson averageto reconnect.In the worst
case,only 11 peersneed to reconnect,which accountsfor
no more than 0.44% of the client population.This study is
consistentwith our theoreticalanalysisin SectionII-D.2 that
the merge overheadis always small regardlessof the client
populationsize.More interestingly, the worst mergeoverhead
in our simulation (11 reconnections)is a lot smaller than
the theoreticalworst-caseoverhead( Zc� = 35 reconnections)
implied in Theorem7.

C. Scenario3: I-Zigzag versusNICE

We compared the performancesbetween I-Zigzag and
NICE. NICE wasrecentlyproposedin [8] asan ef�cient P2P
techniquefor streamingdata.NICE also organizesthe peers
in a hierarchyof bounded-sizeclustersas in our approach.
However, NICE andI-Zigzagarefundamentallydifferentdue
to their own multicast tree constructionand maintenance
strategies.For example,NICE alwaysusestheheadof acluster
to forward the contentto the othermembers,whereaswe use
the associate-headinstead.
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Fig. 11. I-Zigzag vs. NICE: Maximum NodeDegree

We workedwith thefollowing scenario.Thesysteminitially
containedonly the server 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 ÃÄ% [0.2, 0.8] or a new client join
with probability 1-Ã . After the admissioncontrol algorithm
stopped,we collectedstatisticson the treesgeneratedby I-
ZigzagandNICE, respectively.

Fig. 11 exhibits an advantageof I-Zigzag over NICE in
termsof peerbottleneck.I-Zigzaghasa maximumpeerdegree
only half of the maximumdegreeof NICE. This simulation
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Fig. 10. Failure andmerge overheadas2500peersfail

result is consistentwith the theoreticalanalyses.Indeed,[8]
shows that the peerdegreein NICE is O(�	�'���S)+� ) while our
theoreticalanalyseshave shown that the peer degree in I-
Zigzag is O(� ) only.

Fig. 12 and Fig. 13 show the average-caseand worst-
caseresults,respectively, for other metrics including control
overhead,join overhead,failure overhead,and link stress.
Thoughthetwo approachesprovidecloseaverage-caseresults,
I-Zigzagis superiorto NICE becausetheformerdealswith the
worst-casescenariosbetter. Themaximumcontroloverheadof
our techniqueis about60% of that of NICE (Fig. 13(a)),and
the join overheadis alwaysabout3 or 4 reconnectionsfewer
than that of NICE in both averageand worst cases(Fig. 12
andFig. 13(b)).

Recovery overheadwas measuredfor eachfailure during
theperiodof the2000-runloop.By enforcingour C-rules,our
recoveryalgorithmis moreef�cient thanthatof NICE. Indeed,
a failure happensto a peer at its highest layer � in NICE
requires�Š9���� peersto reconnect.Since� canbe �����

)
� , the

recovery overheadin this schemecanbe ���	�'���
)

� . According
to our theoreticalanalyses,the Zigzag approachrequiresat
mosta constantnumberof reconnectionsin a recovery phase,
regardlessof how many peersarein thesystem.Consequently,
we canseein Fig. 13(c)that I-ZigzagclearlyprevailsNICE in
termsof maximumfailureoverhead.We notethat theaverage
failure overheadvaluesfor both schemescanbe smallerthan
1 becausetherearemany layer-0 peersandtheir failurewould
requirezeroreconnection.

Theaveragelink stressof I-Zigzagis closeto thatof NICE,
however the worst-caselink stressof the former is slightly
better, asshown in Fig. 13(d).This is no way by accident,but
is rootedfrom the degreeboundof eachscheme.The worst
casedegree is O(�Å�����	� ) in NICE, while boundedby O(� )
in I-Zigzag. Hence,it is more likely for NICE to have many
more identicalpacketsbeingsentthroughan underlyinglink
nearheavy loadedpeers.In this study, where � = 5 and �Æ6

5000, the two curvesare quite closebecause�����
)

� is close
to � . If the systemruns in a larger underlyingnetwork with
many moreclients, �����S)+� will be a lot larger than � , andwe
can expect that link stressin our techniquewill be sharply
betterthanthat in NICE.

V. RELATED WORK

Several P2Ptechniqueshave beenproposedto addressthe
problemof streamingmediaon the Internet.[14] introduced
a simple P2P schemefor video-on-demandservices,which
seemsto be the �rst P2P proposal to support streaming
applications.However, it neithermentionsthe stability of the
systemunder network dynamicsnor analyzesthe protocol
overheadsinvolved. [9] proposedSpreadIt which builds a
single distribution tree of the peers.A new receiver joins
by traversingthe tree nodesdownward from the sourceuntil
�nding one with unsaturatedbandwidth.Spreadithas to get
thesourceinvolvedwhenever a failureoccurs,thusvulnerable
to disruptions due to the severe bottleneckat the source.
Additionally, orphanedpeers reconnectby using the join
algorithm, resulting in a long blocking time before their
servicecanresume.CoopNet[10] employsa multi-description
codingmethodfor themediacontent.In this method,a media
signalis encodedinto severalseparatestreams,or descriptions,
suchthat every subsetof them is decodable.CoopNetbuilds
multiple distribution trees spanningthe sourceand all the
receivers, each tree transmitting a separatedescription of
the media signal. Therefore,a receiver can receive all the
descriptionsin the best case.A peer failure only causesits
descendantpeersto 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 heavy control overheadon the
sourcesince the sourcemust maintain full knowledgeof all
distribution trees.

Narada [7], [15] focuseson multi-sendermulti-receiver
streamingapplications,maintainsa mesh among the peers,
and establishesa tree whenever a senderwants to transmit
a content to a set of receivers. Naradaonly emphasizeson
small P2P networks. Its extensionto work with large-scale
networks wasproposedin [16] usinga two-layerhierarchical
topology. To betterreduceclustersize,wherebyreducingthe
control overheadat a peer, the schemeNICE in [8] focuses
on large P2Pnetworks by using the multi-layer hierarchical
clustering idea as we do. However, NICE always usesthe
head to forward the content to its members,thus incurring
a high bottleneckof O(�'����)+� ). Though an extensioncould
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Zigzag Nice Zigzag Nice Zigzag Nice Zigzag Nice
0.2 12.08536 12.35147 18.92733 22.5788 1.014888 0.981865 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 18.83806 22.32767 1.085608 1.139364 3.66275 3.655614
0.5 11.31591 11.62467 18.42239 21.50463 1.178357 0.940239 3.57236 3.535413
0.6 11.03657 11.32126 18.63507 21.80835 1.100749 1.054276 3.393512 3.399871
0.7 10.44709 10.82249 18.05811 21.72979 1.233935 0.945927 3.243787 3.273842
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Fig. 12. I-Zigzag vs. NICE: AverageCase
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Fig. 13. I-Zigzag vs. NICE: Worst Case

be done to reduce this bottleneck to a constant,the tree
heightwould becomeO(�����S)+�79r������)+� ). Our approach,no
worsethan NICE in termsof the othermetrics,hasa worst-
casedelayof O(�'���S� ) while keepingthe bottleneckbounded
by a constant.Furthermore,the failure recovery overheadin
our approachis upper boundedby a constantwhile NICE
requiresO(�'���

)
� ). All theseare a signi�cant improvement

for bandwidth-intensiveapplicationssuchasmediastreaming.

A recentwork [17] takesinto accountthe heterogeneityof
peersin their bandwidthcapacity. Due to this heterogeneity, a
peermayhave to receive the contentfrom multiple supplying
peers.[17] investigatesan interestingproblem of deciding
whatmediadatasegmentsthesesupplyingpeersneedto send
to the receiving peer. [17] proposedan optimal solution for
this assignment,and techniquesto amplify the total system

streaming capacity. Although different from our problem,
theirsmotivatesus to extendour schemeto considerthe case
wherea peermay receive the contentcollectively from more
thanonepeer.

VI . SUMMARY

This paperdiscussedthe problemof streaminglive media
in a large P2Pnetwork. We focusedon a single sourceonly
and aimedat optimizing the worst-casevaluesfor important
performancemetrics.The proposedsolution, Zigzag, usesa
novel multicast tree constructionand maintenanceapproach
basedon a hierarchyof bounded-sizeclusters.The key in
Zigzag's designis the introductionof C-rules.Our algorithms
weredevelopedto achieve the following desirableproperties:

� High liveness: A high delay from the mediaserver to a
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client is highly dueto local queuingandprocessingat in-
termediatepeers.The local delayat suchan intermediate
peeris mostly affectedby its bandwidthcontention.We
keeptheserver-to-clientdelaysmallbecausethemulticast
tree height is at most logarithmof the client population
andeachclient forwardsthecontentto at mosta constant
numberof peers.

� Low control overhead: Each client periodically ex-
changessoft-stateinformation only to its clustermates,
parent,and children.Sincea cluster is boundedin size
andthe client degreeboundedby a constant,the control
overheadat a client is small. On average,the overhead
is a constantregardlessof the client population.

� Ef�cient join andfailure recovery: 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 reconnectionsand mostly no
effect on the server.

� Low maintenanceoverhead: To enforcethe rules on the
administrative organizationandthe multicasttree,main-
tenanceprocedures(merge,split, andperformancere�ne-
ment) are invoked periodically with very low overhead.
Fewer thana constantnumberof clientsneedto relocate
in sucha procedure.

We providedboth theoreticalproofsandsimulationstudies
to verify theabovemeritsof Zigzag.We alsocomparedZigzag
to NICE [8], �nding thatZigzagis promisingin termsof most
performancemetrics.
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