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Abstract— Peer-to-peer systems have recently intr o-
duced the notion of super-peers to impr ove search per-
formance. While the bene�t to end users is clear, it is not
immediately evident who, if anyone, would be motivated
to act as a super-peer. On the face of it, super-peers
bear a much larger traf�c burden than normal peers
and receive negligible impr ovement in search performance
when compared to any of the nodesthey serve.

In this paper we present incentives for several actors
to deploy super-peers and propose a novel technical
mechanism, topic-based search optimization, to increase
the effectivenessof super-peers. By caching meta data—
as opposedto content—at super-peers, topic-basedsearch
optimization has the potential to signi�cantly impr ove the
perceivedsearch performanceof a super-peer'sclientswith
very modest storage and communication overhead at the
super-peer itself.

I . INTRODUCTION

Unstructuredpeer-to-peernetworks like Gnutellaand
KaZaA are characterizedby the absenceof speci�c
mechanismsfor enforcinga particularnetwork topology
or �le placement.As a result,searchproceedsby �ood-
ing queriesto all nodeswithin a certainsearchhorizon.
Researchershave recently proposedextensionsto the
�ooding mechanism,suchasexpandingring searchand
randomwalks,thatcanimprove searchperformance[1].
Unfortunately, theseextensionsrequiremodi�cations to
boththesoftwareandtheprotocolsusedat every nodein
the network. In contrast,systemslike KaZaA andmore
recentversionsof Gnutella improve both the ef�ciency
and effectivenessof the searchprocessby introducing
a notion of network structure,elevating certain well-
provisionednodesto therole of super-peers.Super-peers
serve asnetwork hubsthat index �les belongingto other
nodes.

While super-peershave proveneffective in improving
searchperformance,serving as a super-peer can incur
signi�cant communicationcostsfor an individual node.
Further, thesecommunicationcostsgrow with the num-
ber of client nodesa super-peersupports.Sadly, the ef-
fectivenessof super-peer-basedsearchingis alsodirectly

tied to theout-degreeof thesuper-peer. Hence,a tension
exists: the more neighborsa super-peer has, the more
effective it is in improving searchperformancefor itself
andits adjacentnodesbut thegreaterthecommunication
costsfor the node serving as the super-peer. Since an
individual peer-to-peernodecangetsimilar performance
by joining an existing, well-connectedsuper-peer, rather
thanbecominga super-peeritself, it hasno incentive to
becomea super-peer.

We observe, however, that several entities external
to the peer-to-peer network, such as Internet Service
Providers (ISPs)and contentdistributors or publishers,
can leveragethe unique capabilitiesof super-peersto
affect their businessgoals.By enforcingpolicy at super-
peers,serviceproviders can transparentlyin�uence in-
dividual node behavior without the explicit knowledge
or consentof the user. Unfortunately for the service
providers, users(and their client software) are free to
connectto the super-peer(s)of their choice.Hence,it is
in the serviceproviders' interestto provide an enhanced
userexperienceto keepclientsconnectedto their super-
peer(s).If harnessedeffectively, this con�uence of in-
centivesmight resultin externallysponsoredsuper-peers
that simultaneouslyimprove users'perceived quality of
peer-to-peernetworks and serviceproviders' ability to
affect their businessgoals.

In this paper, we addresstwo separateissues.First,
we present incentives for several classesof service
providers to deploy super-peersin unstructuredpeer-to-
peernetworks.Second,we addressthetechnicalissueof
implementinga super-peerthat simultaneouslyprovides
high-qualitysearchresults,admitsa low-costimplemen-
tation(bothin termsof communicationandstoragecost),
andintroducesavalue-addedservice:topic-basedsearch.
Our key observation is that by cachingmeta data—as
opposedto content—super-peerscanoften routequeries
locally (without �ooding) but off-load contentdelivery
to individual nodes.Further, by intelligently structuring
the meta-datacache,super-peerscan respondto topic-
basedqueries,a servicenot currently available in most
peer-to-peernetworks.



I I . INCENTIVIZING SERVICE PROVIDERS

We envision that at leasttwo broadgroupsof service
providers, ISP's and content distributors, could pro�t
from deploying super-peersasan infrastructureservice.
This sectiondiscussespossiblebene�ts to eachgroup
and commensurateeconomic incentives for them to
maintaina super-peerinfrastructure.

A. Peer-to-peertraf�c engineering

Given the popularity of peer-to-peer applications
and the large amountsof multimediadata downloaded
throughtheseapplications,peer-to-peertraf�c is growing
to form a signi�cant fraction of the traf�c on ISP
networks. Publishedanalysisof the impact of peer-to-
peer traf�c on a particular ISP network concludesthat
“the high volume andgood stability propertiesof peer-
to-peer traf�c indicatesthat the peer-to-peerworkload
is a good candidatefor application-speci�clayer three
traf�c engineeringin an ISP network.” [2]

Furtherstudiesshow thatpeer-to-peertraf�c engineer-
ing couldreapsigni�cant bene�ts for ISPs.In particular,
Gerber et. al. analyzethe current trends followed by
cable-modemusersof a Tier-1 ISP [3] andobserve that
”Peer-to-peertraf�c doesnot show strongsignsof ge-
ographiclocality” and that the peer-to-peerapplications
do not exploit topologicallocality. Additionally Senand
Wangobserve that 80% of the ASescommunicatewith
multiple ASes,andthetop 1% of theASescommunicate
with at least476 otherASes[2]. This inter-AS traf�c is
especiallyimportantto ISPs,as it typically affects their
bottomline.

Unfortunately, there are several technicalissuesthat
make it dif�cult to traf�c engineerpeer-to-peer �o ws
at present.The high penetrationof the new generation
of �le sharingapplicationsthat use any available port
on the host as opposedto utilizing a well-known port
make it quitedif�cult to performany kind of �o w control
or policy-basedforwarding for �le-sharing applications
basedupon static �ltering routes [3]. Given the dif�-
culties in applying conventional traf�c engineeringap-
proachesto peer-to-peersystems,we observe thatsuper-
peersrepresentan idealmechanismfor application-level
traf�c engineering.

We envisagea peer-to-peerarchitecturein which ISPs
deploy and maintain super-peersin their network that
participate1 in many of the peer-to-peer�le-sharing net-
works.Thesesuper-peersactasanexplicit point of entry

1By participate we mean only that the super-peers implement
the application-level protocol and route packets for other peersas
stipulatedby the protocol;our super-peersexplicitly do not storeor
shareany content.

to the peer-to-peersystemfor individual nodes.Follow-
ing existing super-peer-basedprotocols,all queriesfrom
thesenodesareroutedthroughthesuper-peer(s)they are
connectedto. Thus enhancedconnectivity to the peer-
to-peersystemis provided as a serviceby the ISP to
its users(eitherwith or without monetarycompensation,
perhapsdependingon the level of serviceprovided).

Sinceall queriesareroutedthroughits super-peers,an
ISPcancontrolwhich nodesthesequeriesareforwarded
to. This measureof control provides the ISP with a
policy-driven framework that can maximize the eco-
nomicvaluefor theISPwith respectto neighboringISPs.
For example, one such policy could be to, whenever
possible,forwarda queryto peerswithin theISPin pref-
erenceto peersoutside.(This policy couldbeconsidered
analogousto ”inversehot potato” routing but appliedto
peer-to-peertraf�c.) Sucha policy ensuresthat an ISP
forwardsas little peer-to-peertraf�c aspossibleto peer
ASesor upstreamproviders.Sinceinter-ISP settlements
are often basedon traf�c volumes,sucha policy might
minimizetheeconomicimpactof peer-to-peertraf�c that
is �o wing upstream.Another policy could determine,
given a choiceof upstreamISPs,which one to forward
to. If both ISPscontainpeersthat cansatisfy the query,
it might make economicsenseto forward thequeryonly
to the cheaperupstreamprovider.

Policies could also govern which peers to forward
to within a single ISP's network. A super-peer could
exploit detailedknowledgeof the network topology to
implementsomeform of load balancingor quality of
service (QoS). If there are multiple peerswithin the
network that can satisfy a query, the query could be
forwardeddependingon factorssuchascongestionand
latency. Not only doesthis result in betterutilization of
theISPnetwork, it alsotranslatesinto betterperformance
for theenduserin theform of fasterdownloads,possibly
driving customers'selectionof an ISP.

B. Selectivecontentdistribution

The current content �o w model in peer-to-peersys-
tems is pull-based,i.e., usersonly receive contentthat
they explicitly searchfor and request.We believe that
a push-basedmodel for content distribution is also
desirable for peer-to-peer networks for a number of
reasons.Current systemslack sophisticatedmeta-data-
basedsearchcapabilities,which implies that userscan
only �nd contentof which they havea priori knowledge.
It is dif�cult for usersto �nd contentthat is potentially
interesting but of which they are not aware. When
combinedwith userpro�ling techniques,the super-peer
architectureenablescontentpublishersto push content
to potentially interestedusers.



To illustrate this, considerthe following hypothetical
scenario.A relatively small software publisherwishes
to releasea new computer game. The publisher has
made demo versionsof the complete game available
on its websitebut doesnot have the adequate�nances
to either market the game(i.e., the publisherdoesnot
have accessto popular advertising mediums), or to
concurrentlydistribute the gameto a large userbase.In
sucha situation,the super-peerarchitecturecould come
to the aid of the publisherby providing a platform to
selectively targetuserswho searchfor gamesor a similar
setof applications.Thesamescenariocouldbeextended
to amusicianwishingto releaseexcerptsof anupcoming
album througha peer-to-peernetwork.

The key aspectof the push-basedsuper-peermodelis
that contentis not pushedblindly. Instead,super-peers
canprovide links to thepushcontentaspartof a response
to queriesmadefor similar items.As this informationis
introducedtransparentlyin the network, the clients do
not needto upgradetheir software or subscribeto an
additionalservice.This typeof a serviceis analogousto
the colorful “sponsoredlinks” sectionpresentin many
searchresult pagesreturnedby Googleand other Web
searchengines.It is also reminiscentof the recommen-
dationfeaturefound on many popularweb sitessuchas
Amazon.Of course,in order to effectively target push
content, super-nodesneed to ef�ciently determinethe
natureof the query madeby the requester;we present
sucha mechanismin SectionIII.

C. End-userperspective

After describinghow serviceproviderscanusesuper-
peersto manipulatethe servicereceived by client nodes
in a peer-to-peer system,it is natural to ask why an
end user would subscribeto the model in which a
serviceprovider providesandpotentiallymonitors,con-
trols, modi�es, or even sells connectivity to a peer-to-
peernetwork. We identify four potentialreasonswhy a
userwould preferentiallyconnectthrougha super-peer
sponsoredby a specializedserviceprovider.

� A super-peer architecturecan provide improved
searchcapabilitieswhen comparedto existing un-
structured peer-to-peer networks. Flooding-based
systemssuffer from the fundamentaldrawbackthat
it is relatively dif�cult to �nd rare items in the
system.

� Serviceproviders may attractclients by providing
an enhancedlevel of download performanceby
routing queriesto peersthat are likely to have the
bestconnectivity to the client.

� Super-peerscan provide userswith novel aggre-
gatedviews of thecontentavailablein thenetwork,

like the most popular downloadedobjects,or the
list of available70smusicobjects.

� Super-peers can act as application-level bridges
betweendifferentpeer-to-peerprotocols.By search-
ing multiple peer-to-peernetworks, the ef�cacy of
individual searchescould be increased.

We believe that the �rst of thesereasonsis the most
important from an end user's perspective. The success
of a peer-to-peer�le-sharing applicationis historically
dependenton how well the searchmechanismworks.
Hence,we believe that serviceproviderswith incentives
to deploy super-peerswill be motivated to provide an
enhancedsearchservice,both in termsof ef�ciency and
functionality.

I I I . TOPIC-BASED SEARCH OPTIMIZATION

Mere participationin a peer-to-peerprotocol by de-
ploying a super-peerinfrastructureis likely not suf�cient
to exert any controlover client behavior. To fully realize
the bene�ts of being able to control and manipulate
the peer-to-peerprotocol, it is essentialfor the super-
peersto ensurethat a large fraction of the queriesare
routed through the super-peer infrastructure.It follows
that someincentive mechanismis requiredto encourage
individual peersto preferentiallyconnectthroughthese
super-peers.

The previous sectionenumeratedseveral bene�ts to
theenduserof usinga service-provider-sponsoredsuper-
peerinfrastructure.The remainderof the paperfocuses
on what we believe is the key incentive: improved
searchresults.By giving end usersa superior search
experience,both in termsof the ability to �nd what is
being searchedfor as well as fasterdownloads,super-
peersprovide a strongincentive for endusersto remain
connectedto them. Newer versionsof some peer-to-
peerapplicationsgive the enduserthe ability to choose
to which super-peer its client software connects[3].
Alternatively, the applicationlogic itself may make this
decision by choosing peers that return better results.
In either case,the superiorquality and performanceof
searchesincreasesthe likelihood that individual peers
will connectto a provider's super-peerinfrastructurein
preferenceto otherpeersin the system.

Super-peersthereforerequirespeci�c mechanismsto
improve searchperformancefor end-userqueries.Ac-
cordingly, we introducea new paradigmfor queryrout-
ing in our super-peers,which we call topic-basedsearch
optimization. Our strategy tries to exploit the following
observations:

� Thereis likely to be signi�cant locality in the type
of contentrequestedby individual peers,i.e., peers



"OBJECT TYPE" = "VD"
"Title" = "[tmd]signs.(twciso).tc.(1of2)"
"Author" = "TMD"
"Performers" = "Mel Gibson"
"Description" = "A Movie 'bout some aliens"
"Language" = "-68EN"
"Category" = "-76SF"
"Release Year" = "2002"

"OBJECT TYPE" = "AU"
"Title" = "Call It What You Want"
"Artist" = "Tesla"
"Album" = "Psychotic Supper"
"Description" = ""
"Category" = "9RO"
"Release Year" = "1991"
"Bitrate" = "182"
"Length" = "4:30"

Fig. 1. Meta informationgatheredfrom real QueryHit responses

are likely to be able to respondto queriessimilar
to queriesthey themselveshave madein the past.

� Super-peersare in a unique position to generate
aggregatedviews of the contentin the network by
observingthe queriesthat areroutedthroughthem.

Topic-basedsearchoptimizationinvolvesgeneratinga
pro�le of the contentcurrentlyavailable in the network
by categorizingit into distinct topics.Thetopicsarecre-
ateddynamicallyby analyzingthe metadatacontained
in Query Responsemessagesroutedvia the super-peer.
Since most queriesare routed through a super-peer, it
is in a uniqueposition to be able to generatethis topic-
basedview of thecontentandits locationin thenetwork.
Meta data associatedwith an object typically contains
a set of key-value pairs pertinent to the type of the
object.For example,in thecaseof anaudio�le themeta
data may containone or more valuesin the following
�elds: title, artist, album,category, releaseyear, bit rate,
length, description, and keywords. In addition to meta
datatheQueryResponsemessagealsoprovidesa unique
signature for every item returnedin the form of a SHA
digest.

Figure 1 shows meta-datainformation gatheredfrom
real Query Hit responses,and Figure 2 shows a view
of this information in a multi-dimensionalnamespace.
Topicscanbecreatedby consideringthetypeof objects,
thecategory, theartist,or any representativecombination
of the �elds that canbe gatheredfrom the metadata.

Associatedwith eachtopic is a list of peerswho are
likely to be interestedin that particular topic basedon
their past query history. This list provides the super-
peer with a wide selection of candidatepeers who
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Fig. 2. A multi-dimensionalnamespacesearchstructure.

are likely to have related content.Topic-basedsearch
optimizationimprovesupontwo simplerpotentialstrate-
gies for improving search performance:The content
itself could be cachedat the super-peer, requiring large
amountsof spaceand possibly incurring legal liability.
Alternatively, thesuper-peercouldmaintainanindex for
eachindividual pieceof content,ratherthanaggregating
basedon topics.We believe that,giventhehugeamounts
of content available as well as the large number of
peerswe expectto connectto a singlesuper-peer(a few
thousandin our traces),thesestrategies are inef�cient.
Furthermore,we believe they might not even be neces-
sary given suf�cient effectivenessof topic-basedsearch
optimization.Also, unlike severalpreviousschemesthat
exploit the locality of client interests,topic-basedsearch
optimizationoperatestransparentlyto the enduser.

IV. EVALUATION

We evaluateour proposalthrough trace-basedsimu-
lation. For the purposesof data collection we imple-
menteda Gnutella client basedon the publicly avail-
able Mutella [4] sourcecode.When running, the client
actively participatesin the public Gnutella network as
a super-peer. Our data-collectionsuper-peers do not
introduceany traf�c into the network; they only gather
the datathat is being routedthroughthem.Eachsuper-
peerallows between20 and200leaf-nodesto connectto
it. We have not yet comparedthe resultsof our study—
which usesversion0.6 of the Gnutellaprotocol [5]—to
thoseof a previous studyusingan earlierversion[6].

We are interestedin comparingthe effectivenessof
our schemeagainsta naive cachingapproachthatsimply
storesa copy of all requesteddata.Figure3 presentsthe
query activity of a randomly selectedtwo-hour period
from our trace �les. The absolutenumber of queries
per minute is labeledQR. As a baseline, we simulate
the optimal cachingstrategy by checkingthe signatures
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Fig. 3. The curve QR representsthe numberof queries,the curve
SCrepresentsthecachehit ratefor objectsmatchingexactly, andthe
curve TC representsthe hit rate for the queriesmatchinga topic of
interest.

containedin all QueryResponsesagainstall previously
received responsesignatures(recall that this is a two-
hour sectionfrom the middle of our trace,so the cache
is already warm). Hence, the line SC representsan
optimistic upperboundfor the performanceof proposed
cachingbasedschemes[1], [7].

It is problematicto comparethe performanceof our
scheme,as we return relatedsearchresults that might
not have beenreturnedin the original network. Instead,
we attemptto provide a roughestimateof the likelihood
that topic-basedsearchwould return useful responses.
The curve labeledTC representsthe numberof queries
which hadoverlappinginterestwith at leastonecached
topic group.Although the numberof queriesthat match
this criteria is much higher than the numberof queries
that matchthe cachedobjects,we cannotdirectly com-
pare the two. Recall the topic-basedcacheis built by
aggregating the client's query requestsand responses—
thuswe have no way to know what they actuallystore.
Thereforethereare no guaranteesthat clients will �nd
thedatathey arelooking for in any of thepeersquerying
for contentrelatedto thetopic.Thelikelihoodof success
is tied directly to the locality of clients' interest;that is,
the chancethat clientsactuallysharedatarelatedto the
topicsof their queries.

We quantify the locality of client interest using a
separatestudy. We wrote a secondcrawler basedon
the Gnutella protocol that connectsto a large number
of peers.Upon receiving a query from a neighboring
peer, it extractsthe �rst two words from the query, and
createsa new queryfrom thesewordsandsendsthemto
the neighborthe query had originatedat. Even though
this doesnot preciselycapturethe usersinteresttopic,
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Fig. 4. This graphscomparesthe number of neighboringhosts
making queries (Hosts), to the number of these hosts (RHosts)
respondingwith useful results when sent a query with a topic
extractedfrom their original query.

as many times the �rst two words signify nothing in
particular, we believe they representa crude notion of
a searchtopic. The resultsof the crawler representedin
Figure4 seempromising:It is clearfrom the �gure that
approximately15% of the peersdo indeedrespondto
the queriesthat we aresendingto them.

Combing the resultsof the previous two studies,we
candeducea very roughapproximationof the effective-
nessof topic-basedsearchoptimization.If we consider
the 15% hit rate from above as representative of the
responseratefor peersin a giventopic thenwe caninfer
from Figure 3 that topic-basedsearchoptimization is
likely to out performanin�nitely largecache,since15%
of the TC curve is still substantiallyabove the SC line.
Furthermore,the storagerequirementsare substantially
less.Figure 5 shows the numbercachedobjectsin our
simulatedcacheas comparedto the numberof groups.
Keeping in mind that the averagesize of eachobject
is over 5 Megabytes,it' s clear that topic-basedsearch
optimizationis far morepracticalto implement.

A major concernwith our approach,and, indeedany
approachthat only cachespointersto peersstoringdata
as opposedto the data itself, is that the peerswill not
be available when subsequentqueriesarrive. Figure 6
attemptsto quell that fear by plotting the uptime of
all peersthat connectedto our super-peersduring the
durationof the trace.Note that a large numberof peers
remainconnectedfor a substantialperiodof time.

Finally, wecloseby observingthattopic-basedcontent
organizationenablessuper-peersto provide clientswith
lists of popularcontentin eachtopic. Therefore,rather
than the usersearchingfor somethingspeci�c, shecan
browse through the content currently available in the
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network, categorizedby topics. For example,Figure 7
shows the simulatedresultsof a query for 70s music
producedby returning the resultsfrom a topic de�ned
by anaudioobjecttypeanda releaseyearbetween1970
and1979.This type of searchmight prove popularwith
endusersandis not currentlysupportedby existingpeer-
to-peerprotocols.

V. CONCLUSION AND RELATED WORK

In this paper, we arguedthat thereare incentives for
serviceproviders to deploy a super-peer infrastructure.
We arenot alonein this observation,however. For exam-
ple, SandvineInc. [8] is attemptingto build a turn-key
solution to perform taskssimilar to traf�c engineering
for peer-to-peernetworks. Unfortunately, they have not
releasedany technicaldetailsof their systemor provided
case-studiesthat show theeffectivenessof their product.

In orderto attractusersto their super-peers,webelieve
serviceproviderswill needto provide anenhancedlevel

Fig. 7. A list of objectsthat matchthe ®lter for 70smusic.

of service,includingan improvedsearchmechanism.To
that end,we describeda novel mechanismcalled topic-
basedsearchthat improvessearchperformancefor client
nodesby cachingmeta data at super-peers.Exploiting
locality in userintereststo improvesearchis a promising
approachthat has been pursuedpreviously [9], [10].
Our approachis unique, however, in that information
is collated at the super-nodestransparentlyto the end
users.Thereforeall theparticipatingpeersin thenetwork
can bene�t from the optimizationswithout the needto
upgradethe softwareat the client side.
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