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Abstract—We considerthe problem of how to construct
and maintain an overlay structur ed P2P network basedon
the small world paradigm Two main attractive properties
of a small world network are (1) low averagehop distance
between any two randomly chosennodes, and (2) high
clustering coef cient of nodes.Having a low averagehop
distance implies a low latency for object lookup, while
having a high clustering coef cient implies the underlying
network can effectively provide object lookup even under
heavy demands(for example,in a ash crowd scenario).
In this paper, we presenta small world overlay protocol
(SWOP) for constructing a small world overlay P2P
network. We compare the performanceof our systemwith
that of other structured P2P networks such as Chord.
We show that the SWOP protocol can achieve improved
object lookup performance over the existing protocols.
We also exploit the high clustering coef cient of a SWOP
network to design an object replication algorithm that
can effectively handle heavy object lookup trafc. As
a result, a SWOP network can quickly and ef ciently
deliver popular and dynamicobjectsto a large number of
requestingnodes.To the bestof our knowledge,ours is the
rst pieceof work that addressesiow to handle dynamic
ash crowdsin a structured P2P network environment.

Keywords: Small world phenomenonstructuredP2P
network,dynamic ash crowd.

I. Intr oduction

Peerto-peer networks are distributed information
sharingsystemswith no centralizedcontrol. Eachnode
in a P2Pnetwork hassimilar functionalitiesand plays
the roles of a sener and a client at the sametime.
Thesesystemgrovide immense e xibility for usersin
performingapplication-leel routing, dataposting,and
informationsharingin the Internet.The rst generation
P2P systemssuch as Napsterrequire a centralized
directory service.The secondgenerationP2P systems
(e.g., Gnutellaand Freenet)are unstructurechetworks
which use a fully distributed approachfor object
lookup. The major problem of the secondgeneration
systemsis that the amountof query trafc necessary
for objectsearchmay be enormous|eadingto network
congestion.
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Recently researchershave been working on dis-
tributed structued P2P network. Noted work includes
Chord, Tapestryand Pastry[13], [16], [19]. By apply-
ing the technique®f consistentistributedhashingand
structuredrouting, thesestructurednetworksimprove
the ef ciency of objectlookup and reducethe amount
of querytraf c insidethe network.For example,Chord
hasa worst caselookup compleity of link
traversalswhere is the numberof nodesin a Chord
network.

In this paper we addresgwo fundamentafjuestions
aboutthe designof a distributed structuredP2P net-
work. They are:

Canonefurtherimprove the performancef object
lookup beyond the existing approaches?

How can a P2P network handle heary demands
for popular and dynamic objectsas in a ash
crowvd scenario?For example, immediately after
the 9/11 incident,a large numberof userstried to
get the latest news about the incident from the
CNN web sener. The overwhelmedsener was
able to provide servicefor only a small fraction
of the requestingusers.

To addresghe rst technicalquestion,we proposeto

constructa P2Pnetworkhaving a smallworld structure
[7], [17], in which the averageshortesthop distance
betweentwo randomlychosemodesis aroundsix. To

overcomethe secondproblem,we take adwantageof

thehigh clusteringcoefcient propertyof a smallworld

networkto quickly self organizeand replicatepopular
dynamicobjectsin the network.

We will presenta small world overlay protocol
(SWOP)to constructand managea P2Pnetworksuch
that it exhibits small world properties.We shav that
the constructedsmall world P2P network has better
object lookup performancethan other structuredP2P
networkssuch as Chord. We will also illustrate that
the small world network is robust underheary trafc



loading and can be usedto satisfy requestdor highly
popularand dynamicdataobjects.

The balanceof the paperis organizedas follows.
In Sectionll, we presentthe SWOP protocol for con-
structingand maintaininga small world P2P network.
We also describean object lookup protocol used by
individual client nodesto locate ary data object. In
Sectionlll, we presentainalgorithmfor handlinga high
loading of querytrafc asin ash crowd scenarios.
Both static and dynamic ash crowds are considered.
In Section IV, we discussrelated work. SectionV
concludes.

I1. Small world P2P Protocol

In this section, we rst provide some necessary
backgroundaboutsmall world networksand statetheir
important properties.We then presentprotocols for
constructingand maintaininga small world P2P net-
work, andfor performingdatalookup in the network.
We derive analyticallyan upperboundfor the average
objectlookup lateng. Lastly, we presentexperimental
resultsto illustratethe ef ciency of datalookupin our
system,when comparedwith the Chord protocol.

The notion of small world phenomenororiginates
from social scienceresearcH10]. It hasdevelopedto
becomea very active currentresearcttopic in physics,
computerscience,and mathematicq11]. It hasbeen
obsenredthatthe smallworld phenomenoiis penasive
in a wide rangeof settingssuch as social communi-
ties, biological environments,and data/communication
networks.For example,recentstudies(e.g.,[18]) have
shavn that peerto-peernetworkssuchas Freenetmay
exhibit small world properties. Informally, a small
world network can be viewed as a connectedgraph
in which two randomlychosemodesare connectedy
just about six degreesof separationin other words,
the aveilage shortestdistancebetweentwo randomly
chosemodesis approximatelysix hops.This property
implies that one can locate information storedat ary
randomnodeof a smallworld networkby only a small
numberof link traversals.

Oneway to constructa small world networkis the
following: (1) Eachnodein the networkis connected
to someneighboringnodes,and (2) eachnode keeps
a small number of links to some randomly chosen
“distant” nodes.Links to neighboringnodesare called
clusterlinks while links to distantnodesarecalledlong
links. Figure 1 illustratesan example of a small world
networkwith 11 nodesand six clusters.In the gure,
nodes9, 10, and 11 form one cluster The nodeshave

neighboringlinks to eachother and node 9 haslong
links to nodes6, 14, and 22.

Two importantpropertiesof a small world network
are(1) alow averagehop countbetweerntwo randomly
chosemodes,and (2) a high clusteringcoefcient. To
mathematicallyde ne the two propertieslet =( ,

) denotea connectedyraphrepresenting smallworld
network.Thereare verticesin where and

representghe length (in hops) of the shortest
path betweentwo vertices and . We have the
following de nitions:

De®nition 1: The averageshortesthop count of a
graph , denotedas , IS equalto

— (1)

is the ratio of the sum of all shortestpaths
betweenary two nodesin  andall possiblepairwise
connection®f the connectedyraph.

To de ne the clustering coefcient, let be the
number of attachedlinks for a node . The
neighborhoodf avertex is asetof vertices =
: =1.

De®nition 2: For a given vertex ,let  be

the local cluster coefcient of , which is equalto

, Where is the operatorof

countingthetotal numberof links for all verticesin the

set . Theclustercoefcient of agraph , denotedas
, Is equalto

— (2)

In otherwords,
nessof the graph

measureshe degreeof compact-

In the following, we rst describe protocols for
constructingand performing data lookup in a con-
structedsmall world P2P network. Then, we provide
a mathematicalanalysis on the worst case average
number of link traversalsto locate an object in the
network. Lastly, we shav that when comparedwith
otherexisting structured?2Pnetworks,our smallworld
P2Pnetworkachiezesalower numberof link traversals
for objectlookup traf c.

A. Small World Overlay Protocol (SWOP)

The small world overlay protocol (SWOP)is de-
signedto ef ciently locateary objectin the network.In
particular it cansupportef cient accesgo popularand



dynamicobjectsunderheay trafc loading. SWOPis
constructedas a layer on the top of a structuredP2P
network. This layer doesnot affect the functionalities
provided by the P2Pnetworklayer, but it canimprove
the performanceof objectlookupin the network.

Let us give some brief backgroundof a structured
P2Pprotocol.Generally the protocolconsistf a con-
sistenthashingfunction (e.g., the SHA-1 function)
to provide unique key assignmentdor eachnode or
objectin the network. With the key's value,eachnode
can determineits logical position in the system.For
example, for a Chord network, the logical position of
a nodeis a point in a circular key spaceFor a CAN
network, it is a point in a grid. Another propertyof a
structured®2Pprotocolis its useof aroutingtable(e.g.,
the nger table in Chord),which speedaip the object
lookup processlt hasbeenshavn that the worst case
numberof link traversalsto locatean objectin Chord
is , where is the numberof nodesin the
network[16].

Eachnodecaninsertobjectsinto the structuredP2P
systemusing the sameconsistenthashingfunction
Each object has a unique key value; say is the
key value of object . Let be the set of nodes
whosekey valuesare greaterthan or equalto
The nodein which hasthe minimum key value
is responsiblgor maintainingthe object .

For a SWOPnetwork,we usea circular ring asour
logical representatiorsinceit is a representaie model
in structuredP2P networksand it helpsto reveal the
smallworld effectsintroducedby SWOP Let usde ne
the parametergor SWOP:

Cluster size : the maximum number of nodes
within a cluster

Clusterdistance : the maximumhashspacedis-
tancebetweenwo adjacennhodeswithin a cluster
The numberof long links in a cluster

For our SWOP network, there are two typesof node,
namely head nodesand inner nodes and two types
of link, namely long links and cluster links. Long
links connectwo differentnodesrom differentclusters
while clusterlinks connecttwo differentnodesin the
samecluster Eachclusterhasoneheadnode which has
at most long links and clusterlinks to all the nodes
within its cluster An innernodehasa link to the head
nodewithin its clusterandclusterlinks to someof the
nodeswithin its cluster With the abose con guration,
an inner node, say , can communicatewith a tamget
node,say , within its clustereither by a clusterlink

(provided and are connected)pr node cansend
a messageo its headnode, and then the head node
forwardsthe messagdo node using a clusterlink.
For communicatingwith a target node in a different
cluster node hasto rst sendthe messagéo its head
node,andthenthe headnodesendsthe messageising
the long link which is the closestto the target node .
The messagenay arrive at somenodeswhich are not
within thesameclusterasnode . Theproceduras then
repeatedintil the messages transferredo somenode
within the sameclusterasnode . In gure 1, we shav
an example of a SWOP network with 11 nodes,six
clusters,and parameter®f , , and

In the gure, the ow of object lookup messagess
illustratedwhennodel sendsa lookuprequesto node
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Fig. 1. A SWOPnetworkwith six clusters,
andthe objectlookup “ow.

In the following, we describeprotocolsfor forming
and maintaininga SWOPnetwork.The eventsof node
join, nodeleare, and nodefailure are addressed.

Join Cluster Protocol (JCP): If a node wishesto
join a small world P2P network, it usesthe consistent
hashingfunction to obtainits key . At the same
time,node creates link to its predecessarode and
its successonode in the underlying P2P network.
The predecessonode is an existing node in the
networkwhosekey value is the largestkey value
such that . The successomode is an



existing nodein the networkwhosekey value is
the smallestkey value such that . After
nding its predecessoand successomodes,node
executesa join cluster protocol (JCP) The joining
node rst determineghe distance(which is de ned
basednthehashedey value)betweerthepredecessor
and successonodes.Let and  be the distances
betweenthe joining node and its predecessoand
successonodes,respectrely; i.e.,

and . The joining node asksits
predecessaand successonodesabouttheir respectie
clustersizes.If both nodes and have a clustersize
greaterthan (the maximumclustersize),the joining
node will form anew clusterwith itself beingthe only
nodein the new cluster Otherwise, determinesvhich
clusterto join dependingon the valuesof and
asfollows.If both and aregreaterthan , will
form anew clusterwith itself beingthe only nodein the
new cluster Otherwise, joinsthe predecessa'cluster

(respectiely, thesuccessos'cluster)if  (respectiely,
) is lessthan andis smallerthan  (respectiely,
).

Next, thejoining node determinesvhethert should
be a headnodeor aninnernode.If thenode formsa
new cluster or if it joinsits successonode whichwas
a headnodeof that cluster the joining node becomes
thenew headnodeof the cluster Otherwise, becomes
an inner node.When is an inner node, it createsa
clusterlink to its headnode.On the otherhand,if the
joining node is the headnode,it createsclusterlinks
to all the inner nodeswithin the clusterand generates

long links to someothernodesin differentclusters.

In orderto achieve a low averageshortesthop count
and high clustercoefcient , one needsto
generatelong links basedon the following distance
dependenprobability densityfunction .Let be
the numberof clustersin a SWOP network. The head
node generatesa randomvariable , which hasthe
following probability massfunction:

Prob[ ] where

The abore probability massfunctionis biasedtowards
nodesthat arefartheraway from the headnode.Given

the value of , the head node createsa long link

betweenitself anda randomnodethatis in cluster .

It is importantto point out that a long link senes as
anexpresslink betweemodesin two differentclusters.
The cluster distancebetweentwo differentclustersis

de ned asthe numberof long link traversalsbetween
the two clusters.

Leave Cluster Protocol (LCP): When the node
learesthe P2Psystemijt informsits neighboringnodes
of its departurepy sendingthema close_connection
messag@ndterminatingits connection.The neighbor
ing nodesare nodesconnectedo by a clusterlink,
aswell asnodesconnectedo by alonglink if isa
headnode.

If a nodereceves a close_connection messageit
will performthe following actions:

a) If the receved messageas from a neighborcon-
nectedby alonglink, thereceving nodewill close
the connectionand generatea new long link to
anothernodein a differentcluster

b) If the receved messages from a neighborcon-
nectedby a clusterlink, the receving node will
close the connectionand ask its head node to
reducethe clustersize by one.

c) If the receved messageés from a headnode,the
receving nodewill closethe connectionA node
will becomea newv headnodewithin a clusterif
the receved messagés from its predecessanode
which wasthe headnodeof the cluster The nev
headnodewill also generate long links using
the probability massfunction describedabore.

Stabilize Cluster Protocol (SCP): In the case of

node failure, the SWOP network usesthe SCP to

recover from thefailure andto maintainthe properlink

connectities. Periodically' eachnode sendsprobes
to neighboringnodesto make sure that they are still

operational.lf a neighboringnode is an inner node
andit doesnot respondo the probe,the sendingnode
will simply closethe connectionto the inner nodeand
inform its headnodeto reducethe clustersize by one.
If a neighboringnodeis a headnode andit doesnot
respondto the probe,the sendingnodewill performa
searchto nd anew headnode.

Object Lookup Protocol (OLP): The object lookup
protocolis responsibldor locatinga dataobjectwithin
a smallworld P2Pnetwork. The objectlookup process
proceedsn two phasesin phaseone, a node asksits
clusterneighboringnodesif they containthetarget ob-
ject.If ary of theseclusterneighborgepliespositively,
then the lookup processis completed.Otherwise,the
objectlookup processcontinuesand phasetwo bagins.
In phasdéwo, the node rst checksts own statuswithin
its cluster If it is the headnode,it forwardsthe lookup
requestto its long-link neighborwhich hasthe closest
distanceto the target object. On the other hand,if it

1The periodlengthis on the orderof minutes.



is an inner node, it forwards the lookup requestto

its head node within the samecluster and then the
headnodewill recursvely continuethe objectlookup
processas describedabore. For example, when the
long-link neighborreceves the object lookup request,
it checksif it is the owner of the object. If not, it

will actasif it is the nodeinitiating the objectlookup,
andrepeatthe datalookup processThe lookup process
continuesin thesetwo phasesuntil the dataobjectis

found.

To illustrate, considerthe example shavn in Figure
1. Supposethat node 1 wantsto look up an object
whosekey valueis 16, andnode17 is responsibldor
managinghis object.To begin the objectlookup,node
1 startsphaseone of the lookup processin which it
asksits neighbor node26, if it containstem 16. Since
node 26 is not the owner of the object, node 1 will
receve a negative reply. Thennodel startsphasetwo
of the lookup processand forwardsthe lookup request
to node 26, which is the headnodewithin the cluster
of nodel. Node 26 searcheslongits long link and
forwards the object lookup messageo its long link
neighbor node 14, which is the closestnode to the
target object 16. Node 14 checksif it containsobject
16. Sinceit doesnot containthe object,nodel14 actsas
anobjectlookupinitiator nodeandstartsanothermphase
one lookup. Becausenode 14 is the only node within
thecluster it beginsthe phasewo lookupandforwards
the messageo the nearestong link neighbornodel7.
When the object lookup requestreachesnode 17, the
objectis found andthe lookup processcompletes.

B. Mathematical Analysis

In this section,we mathematicallyanalyzethe worst
caseaveragenumberof link traversalsfor locatingan
objectin a SWOPnetwork.

Theorem 1: Let  be a non-ngative randomvari-
able that representghe numberof link traversalsfor
objectlookup in the SWOPnetwork.We have:

3)

where and are the numberof clustersand the
numberof longlinks, respectrely, of thecorresponding
SWOPnetwork.

Proof: Pleaserefer to [3].

Remark: Theimportanceof this theoremis thatit can
be usedto estimatethe propervalue of so thatthe
SWOPP2Pnetworkhasa betterobjectlookup perfor
mancethan other existing structuredP2P networks.

C. Experimental results comparing SWOP with
other structured P2P networks

In the following, we comparethe objectlookup per
formancebetweenthe SWOPnetworkand Chord[16].
Our resultsshav thatthe SWOPnNetworkcanachiered
betterperformanceomparedvith its underlyingChord
network.

Experiment A.1 (performance of object lookup): We
considera connectedyraphwith nodes.We
insertoneobjectfor eachnode,for atotalof  distinct
objects Eachnodewill performobjectlookup50times,
where the target object is randomly chosenfrom all

the available objects.We measurehe performanceof

objectlookup asthe numberof messagéink traversals
for both Chord and SWOPR The SWOP network is

con gured with parameters , ,

and . To obtaina fair comparisonwe keepthe
sizeof the nger tablein Chordto be also24. Figure2

shaws the probability densityfunctionsof the number
of link traversalsfor object lookup under Chord and
SWORfor . Obsere thatthe SWOPnetwork
hasa lower averagenumberof link traversalsin object
lookup thanthe Chord network.
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Fig. 2. Probabilitydensityfunction of link traversalfor Chordand
SWOPwith nodes.

Experiment A.2 (Comparison of clustering coef®-
cient): We next investigatethe issue of the average
clusteringcoefcients achieved by the two networks.
(As discusseda high clusteringcoefcient implies an
improved ability to handleheary trafc workloads.)In
this experiment,we vary the numberof nodesin the
overlay network. For the Chord network, eachnode
hasa nger table of size equalto . For a fair
comparisonye alsokeepthe numberof long links for
the SWOP networkto be . The clustering
coefcient is computedbasedon Equation (2). The
resultis illustratedin Tablel. Obsere thatthe SWOP



network has a higher clusteringcoefcient, implying
that it can more effectively handleheary trafc ash
crovd scenarios.In the following section, we will
explore this propertyin more detail.

(I # of nodes| Chord [ SWOP ||
1000 0.288182| 0.560587
2000 0.260332| 0.649660
3000 0.250452| 0.684012
4000 0.245469| 0.704523
5000 0.240776| 0.716463
TABLE |

AVERAGE CLUSTERING COEFFICIENT

I1l. Protocolsfor handling “ash crowds

In this section,we addresshow to handle object
accesaunderheayy trafc loadings.Examplesinclude
ash crowd scenariog14], [15] in which a large num-
ber of userstry to access popularobjectover a short
period of time. For example, after the 9/11 incident,
an enormousnumber of user requestsoverwhelmed
several popularnews sites,sothatonly a smallnumber
of userswere able to obtain information while the
majority of userscould not.

One way to deal with ash crowds is to replicate
the popularobjectin mary nodes.This way, we spread
out accesdo the object so asto avoid overwhelming
a single sourcenode.However, one hasto addresghe
following technicalissues:

The replicationprocesscannotbe arbitrarily self-
initiated. Rather it mustbe driven by a high traf-
¢ demandOtherwise someonamay maliciously
replicatemary objectsin the P2P network.

In a traditional structured P2P network, object
lookup is carriedout by using the target object's
key value and only one node is supposedto
managethat object. How can one enhancethe
protocolso thatmorethanonenodecanstorethe
popularobject?

We divide the study of the ash crowd problem
into two cases:static and dynamic The static ash
crowvd problemis concernedwith heary accessto a
popularobjectwhosecontentsremainunchangedfter
the objectwas rst inserted Examplesncludea newly
publishedbook or a newly releasedsideo.Onthe other
hand, the dynamic ash crownd problemis concerned
with heary accesgo a popularobjectwhosecontents
will changeover time, such as a frequently updated

news article.We rst describealgorithmsfor handling
the static ash crowd problem. We then extend the
algorithmsto handledynamic ash crowds by adding
mechanismgo notify nodesof object changessuch
that the objectscan be updatedef ciently .

A. Static "ash crowds

In a ash crowd situation,lookup trafc can over
whelma sourcenodehostinga popularobject.To avoid
the problem, the sourcenode needsto replicate this
objectin other nodes.The additionalnodescan then
sene someof the objectlookuprequestandreducethe
trafc to the sourcenode.Note that objectreplication
hasto be demanddriven or elsea nodemay be ableto
maliciously replicateobjectsin all other nodesin the
network,therebywastingtheir resourceslmplementa-
tion details of object replicationcan be found in [3].
In theimplementationeachnodeperiodicallyestimates
theaccessatesof its own objects thusallowing anode
to maintainan objectdemandist usedin the following
algorithms.

Static-Chord algorithm: Assumethat a nodein a
Chord P2P network can processup to requests
per secondwith acceptableperformanceWheneer a
sourcenodediscoversthatthe requestatefor anobject
is ,where , it startsthereplicationprocessy
pushingthe popularobjectto all its neighboringnodes
—i.e.,all thenodedistedin its nger table.Theneighor
nodeswill cachethe popularobjectfor  time units.
Underthe Chordobjectlookup protocol,ary nodethat
wishesto accesghe popularobjectmay senda lookup
requesthroughtheseneighbomodesin orderto access
the popularobject. For a nodethat cacheshe popular
object, if it receves lookup requestdor the object at
a rate , where , it will in turn pushthe
object to all its neighboringnodes.The motivations
for the above algorithmare: (1) the replicationprocess
of a popularobjectis purely demanddriven, (2) for a
popularobject,it will be replicatedin mary nodesin
the Chord networkto supportuseraccess.

Static-SWOP algorithm: Note that a SWOPnetwork
exhibits a high clusteringcoefcient. We take adwan-
tageof this propertyto achieve a lower replicationtime
and a lower number of link traversalsin accessing
the popular object. We also assumethat a node in
the SWOPnetwork canprocessupto  requestger
secondWhen@er a sourcenoderecevesarequestrate
for an objectequalto , where , the source
nodewill startthe replicationprocessby pushingthe
popular object to its neighbors— i.e., all the nodes



connectedo thesourcenodeby long linksiin its cluster

All theseneighbornodeswill cachethe popularobject
for time units. Any node that wishesto access
the popularobjectwill usethe objectlookup protocol

(OLP) describedn Sectionll. If the popularobjectis

cachedby nodesin its cluster requestingnodescan

accessthe popular object more quickly. For a node
that cachesthe popularobject, if the lookup rate for

the cachedobjectis higherthan it will in turn push
the cachedobjectto all the nodesconnectedo it by

long links of its cluster Note that the main objective

of replicating the popular object via long links is to

propagateuseful information to distant clusters,such
that nodesin thoseclusterscan also easily accesghe

popularobject.

B. Dynamic “ash crowds

To handle the dynamic ash crowd problem, an
additional communicationmessagecalled the update
messageand an extra data structurefor maintaining
eachobject’s version numberare addedto the static
replicationalgorithm.

After the static algorithm has been applied in a
SWOPnetwork,eachclusterin the networkhasexactly
one node cachingthe popularobject. Considerthat at
this point, eachnode cachingthe popularobject will
mark it as the “original copy”, i.e., version 0. If an
updatedversion,sayversion 1, is laterinsertednto the
systemby the sourcenode,we only needa lightweight
noti cation to inform all the cachednodesaboutthe
objectupdate.This noti cation procescansimilarly be
carried out by exploiting the small world property of
the networkand the staticreplicationscheme.

Hence, original copiesof a popular object can be
replicatedusing the static algorithm. Additional tasks
are then carried out wheneer the sourcenode hasto
adwertisea newer version. First, an updatemessages
sentout by the sourcenode and each caching node
of the updatedobject. In generalthereare two types
of update messagethat can be sent by a node: (1)
those sent to all the nodes cluster neighbors,and
(2) thosesentto all the long link neighborsof each
cluster head. The rst type of messagdnvolves the
cluster neighborsonly; it remindstheseneighborsto
look up the latestversionof the popularobject being
cached.The secondype of messagénvolvesthe long
link neighbors;it informs theseneighborsof the new
updateandtransfergheupdatecpopularobjectto them.
Thesemessageensurethatan updatedversionwill be
replicatedfrom one clusterto another If the sending

nodeis not a headnode,this type of messageequires
the cooperationbetweenthe sendingnodeand a head
node.As a recever of the updatemessageif a node
doesnot containa cachedcopy of the popularobject,
it will usethe OLP protocoldescribedn Sectionll to

retrieve the updatedobiject.

C. Mathematical analysisof object replication time

In this section,we presenta mathematicabnalysis
of the averagetime neededo replicatea popularobject
in all the clustersin a SWOP network. We modelthe
spreadingprocessby a continuoustime Markov chain
(CTMC).

SWOPnetwork: Let  betheCTMC representinghe
replicationdynamicsof a SWOPnetwork.The SWOP
networkhas nodesTheCTMC  hasa statespace
of  suchthat , where is the
numberof clustersin the SWOP network. State in
representshat the popularobjecthasalreadybeen
replicatedto nodesin the SWOP network. Sincethe
sourcenode containsand manageghe popularobject
initially, the initial stateof the CTMC is statel.
Dene to bethe numberof requestmeededwithin
atime period sothatthe sourcenodeof the popular
objectwill startreplicatingthe popularobjectto all its
long link neighbors(e.g., ). After receving
the popular object, theseneighbornodesbecomethe
replicated nodes Similarly, de ne as the number
of object requestsneededfor a replicated node to
startreplicatingthe popularobjectto all its long link
neighbors.Let  be the requestrate for the popular
objectfrom eachnodein the SWOPnNetwork.The rate
of replicatinga popularobjectfrom the sourcenodeis
, which is equalto:

Similarly, let  representhe averagenumberof nodes
within a cluster Therateof replicatinga popularobject
from areplicatednodeis , which is equalto:

Let be the in nitesimal rate matrix of , and
we denotethe elementsin as , which are the
transition rates from state to state , for

. Assume that a replicated node will
cachethe objectfor an averagetime of . Let

and for . Thetransitionrate



matrix of
events:

canbespeci ed by the following transition

Object deletion event:

for

4)
Object replication event:

Casel: For state | if

— if
otherwise.

®)

Case2: For state | if

— if
otherwise.

Oncethe rate matrix  is speci ed, one canderive
the averagetime to replicate a popular object to all
the clustersin a SWOP network using the theory of
fundamentamatrix in Markov Chain[1], [12].

We rst transformthe rate matrix ~ to a discrete
time transition probability matrix by using the
uniformization technique[1], [12] suchthat =
+ , Wwhere is an identity matrix and is a
maximumabsolutevaluefor all theentriesin . Since
we wantto nd the averagetime it takesto replicate
a popularobject, we can considerthe state in
asan absorbingstate:i.e., this is the statewhereinthe
popular object has beenreplicatedto all the clusters
in the SWOP network. Let be the squarematrix
which is equalto  except that we remove the last
row andcolumn (i.e., the absorbingstate ) from
The fundamentaimatrix canbe calculatedusing

(7)

Let be the averagetime to replicatethe popular
objectto all the clustersin the SWOP network given
that only one node (or cluster)hhasthe popularobject
attime . We cancompute by:

(8)

where is arow vectorof zeroesxceptthe rst entry
beingoneand is a row vectorof all ones.

D. Experimental Results

In this section,we presentexperimentalresults of
comparingthe performanceof replicating a popular
objectfor a Chordnetworkanda SWOPnNetwork.The
performancemetric is the effective object replcation
time, which measureshe numberof nodesthatcansuc-
cessfullyaccesghe popularobjectby time . To carry

(6)

out the experiments the topology generatordeveloped
in Sectionll and a discreteevent driven simulatorare
used.

In our experimental study nodesare
generatedin a 24-bit hash spaceP2P system.Each
nodehas 11 long link neighborsfor both SWOP and
Chord. At all time, eachnode generategequestsfor
one popularobject, which is randomly picked at the
begginning of an experiment. The requestsgenerated
are Poissonwith an arrival rateof . Also, eachnode
processes requestwith a Poissonservicerate of
normalizedto 1, and hasa nite queuefor buffering
incomingrequestslf the queueis full, newly arriving
requestswill be dropped.

Experiment B.1: Comparison between Chord and

SWOP: This is a basic comparisonbetweenChord

and SWOP for the static and dynamic ash crowd

scenariosWe x the per node averagerequestarrival

ratesfor both Chord and SWOPto be re-

guests/secondinderthedynamic ash crowd scenario,
the sourcenode managingthe popular object updates
the version of the popularobject at time ,

and

Static Result: Figure 3 shavs the numberof suc-
cessfullookuprequestprocesse@sa functionof time.
The resultsshav thatthe SWOP network hasa much
betterperformancén objectreplicationthanChord.For
example, beginning at time 20, most of the requests
for the popularobjectare successfullyprocessedinder
SWOP In contrastonly around6% of the requestare
successfulnderChord.
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Fig. 3. Comparisonof the numberof successfulrequestsfor a

popularobjectunderthe static ashcrowvd with nodes.

Dynamic Result: Figure 4 illustrates the perfor
mance of the Chord and SWOP networks under a
dynamic ash crowd scenariolt usesthe sameplot as



the previousstaticcaseresults.Sincethe popularobject
is updatedat time ,and , we consider
a requestsuccessfuif and only if a requestingnode
can accesghe mostup-to-dateversion of the popular
object. Figure 4 shaws that the numberof successful
requestprocessedinderSWOPis signi cantly higher
thanunderChord. Moreover, whenthe objectchanges
its contentsat time = 25, 50, and 75, the SWOP
network can quickly notify othernodesof the updates
suchthattherequestinghodescaneventuallyaccesshe
most recentversionof the popularobject.In compar
ison, the Chord network is not as effective as SWOP
in propagatinghe updateinformation. Hence,SWOP
performssigni cantly betterin thedynamic ash crowd
scenarios.
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Fig. 4. Comparisonof the numberof successfulookup requests

undera dynamic ashcrowd with
its versionat = 25,50, and75.)

nodes(objectchanges

Experiment B.2: Variations in object requestrate:
In this experiment,we further examine system per
formancein handlingdynamic ash crowds whenthe
objectrequestrateis being varied. We keepthe same
con guration asin ExperimentB.1. However, we vary
the per nodeobjectrequestrate  from 0.001to 0.005.
The results are shovn in Figure 5. They showv that
SWOPperformsthe bestunderthe arrival rateof
Thereasonis thatwhentherequestateis greaterthan
0.003, the aggregate requestrate is higher than the
serviceratefor theindividualnodescachingthepopular
object within a cluster On the other hand, when the
requestrateis smallerthan0.003,the aggrgaterequest
rateis small enoughfor achiezing a very high number
of successfutequests.

V. Related Work

The small world phenomenonwas rst obsered
by Milgram [10], who discovered the interestingsix
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Fig. 5. Effect on the variation of per noderequestrate on the

numberof successfurequestfor the SWOP & the Chord network
(objectchangests versionat = 25, 50, 75.)

degreesof separationin a social network. Kleinbeig

[6], [7] providesa theoreticalframevork for analyzing
graphswith smallworld properties.in [2], the authors
study the broadcastproblem for communicationin a

small world network. In [18], the authorsproposea

schemédor storingdatain anunstructued P2Pnetwork
suchasFreenetsuchthatthe P2Pnetworkmay exhibit

someof the smallworld propertiesin comparisonpur

proposalfocuseson structurednetworksemployinga
consistenhashingfunction. Moreover, we have applied
our techniquesto resohe the dynamic ash crowd

problem.In [4] and[5], the authorsproposeto form

a smallworld P2Pnetworkfor scienti c communities.
However, the detailsof creatingand managingsucha
networkare not clearly speci ed.

Recent researchon structured P2P networks can
be found in [9], [13], [16], [19]. The main feature
of this body of work is to provide some form of
data/topologicalstructurefor an overlay in order to
supportef cient object lookup without generatingan
excessve amountof querytrafc. Comparedwith their
approachesthe SWOP protocol further improves the
performanceof object lookup. In addition, we have
proposedan efcient way to replicate popular and
dynamicobjectstherebyhelpingto resole thedynamic
ash crowd problem. Ulysses[8] is a structuredP2P
network basedon the conceptof buttery network
andshortcutintuition. Their proposedgrotocolachiees
a low numberof link traversalsfor object lookup.
However, the performancerelieson a stabletopology
If a queryis routedthrough nodesperforminga join
or leave operation,the performanceis not known.
Moreover, they consideronly moderatdraf c loadings
anddo not addres$eary traf c loadingsituationslike
ash crowds.In comparisonSWOPcantakeadwantage
of a high clusteringcoefcient in handlingthe dynamic



ash crownd problem. The Cooperatie File System
has been proposedas a newv peerto-peer read only

storagesystem, which helps handlethe ash crowd

problem.However, it requiresa large storageoverhead
for storing the le information. Our SWOP network
requiresonly a small amountof additional storage,
namely routingtable entries,in handlingthe
ash crowd problem.In [15], the authorsproposea
protocolfor handlingthe static ash crowd problemin

a P2P network. An elegant analysisof the static ash

crovd problemis presentedn [14]. In comparison,
our work has focusedon the dynamic ash crowd

problem since popular data objects may have time
varying contents.

V. Conclusion

The small world phenomenoris an active eld of
researchin the social sciencesphysicsand mathemat-
ics. A smallworld graphhastwo importantproperties:
a low average hop distancebetweentwo randomly
chosennodes and a high clustering coefcient. In
this paper we have proposedprotocolsto createand
managea small world structured P2P network. We
shav thatthe proposedsmallworld networkhasbotha
small averagehop distancebetweennodesand a high
clusteringcoefcient of nodes.We have demonstrated
how a low averagehop distancebetweemodescanre-
ducethe numberof link traversalgn objectlookup.We
have alsoproposeda protocolto replicatepopularand
dynamicobjectsin orderto handlethe dynamic ash
crovd problem. We have conductedexperimentsto
comparethe performanceof the proposedsmall world
network with that of other structuredP2P networks
suchasChord.Our resultsshov thata SWOPnetwork
can achiere a lower object lookup lateny and can
effectively satisfy a large numberof usersrequesting
a populardataobject.
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