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Abstract. We view the Internetassupportinga peerto-peerinformationsystem
whosecomponentgrovide serviceso oneanotherWe modelserviceproviders
andconsumersisautonomousigentsAgentsmay provide serviceor give refer
ralsto oneanotherto helpfind trustworthy servicesOncefound, someservices
maybe cachedWe describea flexible cachingtechniquethatallows peersto op-
erateautonomouslybasedon their local policies),accommodateleterogeneity
of peersandenablegeersto adaptby choosingpoliciesandneighborsasbest
suitsthem.In this approachcacheentriesarecoupledwith metadatatherebyal-
lowing the useof heuristicsandflexible queriesfor moreinformedsearchesThe
entriesthatareof interestto moreagentsarereplicatedat morepeers providing
on-demangerformancémprovementandfaulttolerance.

1 Intr oduction

Cachingover the Internethasdrawn a lot of attentionandis of greatpracticalvalue.
However, currentlycachingis restrictecto specificobjectsthataresenedoverthenet.
Traditionalapproachebeg two mainquestionsHow canwe move from objectrequests
to servinginformationneedsof the variousprincipals?How canwe factorin the trust-
worthinessof informationsourcesandof the caches?

We defineflexible caching ascachingthatallows partiesto proactively cacheinfor-
mationthatarerelevantto them,from informationsourceghatthey trust.Ourapproach
is basedon two recenttrendsover the Internet.One, distributed computingis advanc-
ing from componentgrespondingo remoteprocedurecalls) to services(capableof
extendedinteractions).Two, thereis anincreasinginterestin peerto-peer(P2P)sys-
tems. Currentapplicationsemphasizdow-level aspectssuchasfile sharing,but the
factthat P2Psystemsarebecomingpracticalbodeswell for decentralizednformation
systemsaarchitecturesvherethe peerscould provide arbitraryserviceso eachother

Overthese we layerour approachwhich modelsserviceprovidersandconsumers
asautonomousgents capableof developinga relationshipof trustwith oneanother
Our approactgivesa centralpositionto the notion of referralsamongthe agentsrep-
resentingdifferentprincipals.Our philosophicalkclaimis thatreferralsareessentiafor
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locatingandcachingservicedn anopenarchitectureReferralshave beenusedin spe-
cific applicationgseeSection5). However, we proposethat referralsform the key or-
ganizingprinciple for large-scald@nformation systemsThinking aboutreferralsfrom
this perspectie enablesa new approactto cachingin P2Pnetworks.

Becausef the opennessf large-scalénformationsystemsinsteadof looking for
corrector relevantresults,we look for authoritatve sourcesvho can provide correct
andrelevantresults.Thereis anincrease@mphasi®n locatingtrustworthy (which we
taketo includeauthoritatve) resourceswhoarewilling andableto providetheservices
neededTheauthoritative sourcesouldbetheoriginatorsof the desirednformationor
merelycachef it. We cannotexpectto find trustworthy resourceshroughtraditional
mechanismdor threeobvious reasonsOne, interestingresourcesnay be invisible to
traditional searchtechniquestherebyyielding low recall. Two, becauseémportantin-
formation and serviceneedsare personalizediraditionalindexing techniguessimply
lack the understandingand the context to producethe right results,therebyyielding
low precision.Three,we cannotrely on regulatory restrictionsfor ensuringthat the
servicesofferedare of a suitablequality or that the peersfound over the network are
trustworthy.

Organization. Section2 introduceskey elementsof our modelfor agent-base®2P
information systems.Section3 discussegshe designcriteria that should be satisfied
by flexible cachingtechniquesSection4 describedMarmara,a cachingtechniquethat
fulfills the criteriaof Section3. Section5 discusseshe relevantliteraturewith respect
to our work andmotivatesdirectionsfor furtherwork.

2 Peerto-PeerInformation Systems

We now introduceour basicmodel. The main partiesthatinteractor principals could

be peopleor businessesThey offer varying levels of trustworthinessand are poten-
tially interestedn knowing if otherprincipalsaretrustworthy. Our notion of services
is broad;they caninvolve servingstaticpagesprocessingjueriesor evencarryingout

transactiongalthoughcachingmakes mostsenseor retrieving ratherthanmodifying

information).

Theprincipalscantrackeachotherstrustworthinessandcangive andreceve refer
ralsto servicesReferralsarecommonin distributedsystemse.g.,in thedomainname
system(DNS), but are usuallygiven andfollowed in arigid manner By contrastthe
referralshereareflexible—reminiscenof referralsin humandealingsImportantly by
giving andtakingreferrals principalscanhelponeanotheffind trustworthy partieswith
whomto interact.

TheprincipalsareautonomousrT hatis, we do notrequirethataprincipalrespondo
anotherprincipal by providing a serviceor areferral. Whenthey do respondthereare
no guaranteeaboutthe quality of the serviceor the suitability of a referral. However,
constraintoon autonomye.g.,dueto dependencieandobligationsfor reciprocity are
easilyincorporatedLik ewise,we do not assumehatany principal shouldnecessarily
betrustedby others:a principalunilaterallydecideshow to rateanotherprincipal.

PrincipalsmustberepresentedomputationallyBecausef the above propertieof
principals,they areideally representedia agents Agentsare persistencomputations
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thatcanperceve,reasonact,andcommunicatg?]. Agentscanrepresentifferentprin-

cipalsandmediatein theirinteractionsThatis, principalsareseenin thecomputational
ernvironmentonly throughtheir agents The agentscan be thoughtof carryingout the

book-keepingnecessarjor aprincipalto trackits ratingsof otherprincipals.Moreover,

theagentscaninteractwith oneanothetto helptheir principalsfind trustworthy princi-

pals.Theabovedescribes particularkind of P2Psystemin whichthe peersareagents.
The peersarethoughtof asagentsherebecausehey perceve, reasonactandcommu-
nicate.Further the peersareproactie, carry out interestinginteractionprotocols,and

arecapableof enteringinto relationshipsuchastrust.

In abstractterms,the principalsand agentsactin accordancevith the following
protocol. Whena principal desiresa service,or whenits agentanticipateghe needfor
a service the agentbeginsto look for a trustworthy provider for the specifiedservice.
The agentqueriessomeotheragentfrom amongits neighbos, which area smallsub-
setof the agents acquaintancesA queriedagentmay offer its principal to perform
the specifiedserviceor, basedon its referral policy, may give referralsto agentsof
otherprincipals.Thequeryingagentmay accepfa serviceoffer, if arny, andmaypursue
referrals;f ary.

Eachagentmaintainsmodelsof its acquaintancesyhich describetheir expertise
(i.e., the quality of the servicesthey provide) and sociability (i.e., the quality of the
referralsthey provide). Both of theseelementsare adaptedbasedon serviceratings
from the agents principal. Using thesemodels,an agentappliesits neighborselection
policy to decidewhich of its acquaintanceto keepasneighborsKey factorsinclude
thequality of theservicereceivedfrom agivenprovider, andtheresultingvaluethatcan
be placedon a seriesof referralsthatled to that provider. In otherwords,the referring
agentsareratedas well. The interestsand expertiseof the agentsare representecs
term vectorsfrom the vectorspacemodel (VSM) [18], eachterm correspondindo a
differentdomain.

In somesettings servicesaneasilybe cachedFor example,consideraknowledge
managemensettingwherethe ideafor “consuming”knowledgeservicesmight be to
acquireexpertisein thegivendomain.Whenanagentasksa questionjt getsananswer
thatcanbeduplicated For example,if agentA4 learnsaboutcarhistorytriviafrom B, A
canthenansweltthe samequestionby just giving theanswerB gave. Thus,in addition
to generatinganswergo querieson demandthe answerscanalsobe cachedat other
peers.Cachingaidsthe searchsincea peerwho is looking for anitem canfind it in a
nearbycacheratherthanhaving the provider generateheitem afresh.

3 DesignCriteria for Flexible Caching

For informationsystemso work effectively, the cachingtechniqueshouldsatisfythe
following criteria.

— Peer Autonomy Autonomy of a peeris importantin two respectsFirst, a peer
shouldbe allowedto choosewhoit will interactwith, andhow it will carryoutits
interactions.Second,t shouldbe allowedto cacheitemsthat are usefulto itself
ratherthancachingitemsto sene others.
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— PeerHeteogeneity A peercanoffer servicesandfollow policiesdistinctfrom all
othersThedifferencen policiesmayresultin two peergproviding thesameservice
with varying qualities. Put anotherway, nodeheterogeneityconstitutesa natural
way to modelvarying trustworthinessof peers By accommodatindpeterogeneity
aninformationsystemalsoaccommodatethe fact that the trustworthinessof the
peerscanbedifferent.

— NeighborChoice Someof the peersin the systemcanbe moreusefulthanothers,
becausef thetypeandquality of theserviceghey provide.A peershouldbeableto
modify its choiceof neighborssothatthe usefulpeersarecontacteeforeothers.

— Iltem Metadata It is commonto identify a dataitem by a uniqueidentifier. In ad-
dition to the identifier, usefulinformationabouttheitem suchasthe timestampof
the item or the keywordsrelatedto it shouldbe madeexplicit as metadataThis
capturednetadataanbe utilized to form expressve searchgueries.

— Seach Criteria. Thesimplestwayto find a dataitem is througha uniqueidentifier.
In mary real settings,the usersdo not have accesdo theseidentifiers,but rather
informationabouttheitem thatis sought.Thus,the cachingtechniqueshouldal-
low moreexpressve searcheso be formulated.This hastwo consequences:irst,
the items shouldbe searchedhroughmetadatalike a list of keywords. Second,
trade-ofs betweerdifferentsubset®f the metadatashouldeasilybe captured.

— Heuristics Ideally, dataitemsshouldbe locatedby contactingasfew peersaspos-
sible.In orderto achieve this, heuristicsshouldbe usedto exploit the metadataf
theitemsor theidentitiesof the peers.

4 Marmara: Flexible Caching Technique

Marmarais our flexible cachingtechniqueln Marmara,a cacheconsistsof a setof
entriesthat containthe dataitem aswell assomeaccessingnformationaboutthe data
item. Unlike traditionalP2Papproachesyhich modelthe dataitem througha unique
globalidentifier only, we representit with metadataEachdataitem hasfields for its
name author lastmodificationdate,version,andalist of domainghatit belongsto. If
an agentknows the nameof the item it is looking for, thenit cansearchfor the item
with the namefield. Mostly, auserwould have alist of keywordsin mind but not know
the exact nameof the dataitem. Our approachallows queriesto be formulatedwith
keywordsthat are matchedagainstthe list of domainslistedin the metadataln other
words,keywordsmake up aqueryvectorandthe dataitem is the answeifor the query
Theaccesslataof anentrycontainsatleastthetimestampof thelastaccesgo that
dataitem. Dependingon an application furtherinformationaboutnumberof accesses
to theitem, or peerghataccesshisinformationcanbekept. Thedatefor thelastaccess
is usedto decidewhich itemto remove from the cachewhenwe runinto a spacdimit.
Eachagentcandecideonthesizeof its cache Thatis, anentrycanstayin thecache
aslongasit is notmanuallydeletedor automaticallyreplacedy anotherentrybasedn
thereplacemenalgorithmin use.An entry canspecifyan expiration datefor anitem.
This expirationdateis not meantto be arigid limit onthelife of theitem, but a signal
to updatethe dataitem. A peeris freeto useanexpireditemor find anupdatedversion.
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4.1 Insert

The peersarefreeto insertitemsinto their cachesattheir own interest.In otherwords,
thereareno rulesgoverningwhatitemseachpeercanhave. Theinsertioninto a cache
resultsfrom two differentoperationsFirst, the usermay manuallyinsertanitem into
thecachetherebymakingit alsoaccessibléo otherpeersinitially, we would expectall
itemsto beinsertedthis way. Seconda peermay getthe item from someotherpeers
cacheanddecideto keepit, say becausé might beusefulin thefuture.

Many peerto-peersystems—Chorf0], content-addressabtetworks[14], Pastry
[16]—divide the setof dataitemsamongthe peers suchthateachpeerin the network
becomegesponsibleof someof the dataitems,independenbf the cacheowner’s in-
terestsThus,a peermay endup with itemsthatit hasno usefor, andworse,theitems
it really needsmay beresidingon someotherpeers cache Our approachpnthe other
hand,doesnot requireary agentto cacheary itemsthatthey arenot using.Eachagent
cachestemsthatareof interestto its principal.

4.2 Delete

An agentcandeleteary of the entriesin its cachefor differentreasonsuchaslack of
spaceJack of interestin the item, and so on. Justas eachpeercan deleteits cached
copy, theownercanalsodeletethe original item. Evenif the ownerof anentrydeletes
theoriginal copy, the peerghathave a cachectopy of theitemarenotforcedto remove
thatentry from their cachesThus,anentry mayresideon two cachesat onetimepoint
andlater be deletedfrom one but still remainon the secondone. This contrastswith
Plaxtonetal.’s [13] systemwherea deleteoperationis circulatedin the systemwith
theaim thateachpeerthatreceivesthe messageavill deleteits own copy.

In additionto the manualdelete,entriesin the cachecan also be automatically
deletedto restorespacein the cache.lf thereis no spaceleft in the cache,whena
new entrycomesin, thenoneof the existing entriesis replacedwith thenew entry. We
employ the leastrecentlyused(LRU) replacemenpolicy. However, we only consider
useshy the principal. Thatis, the cachereplaceghe entry that hasnot beenaccessed
for thelongesttime periodby theagentthatownsthe cache This ensureghatonly the
entriesthatthe principalis usingarekeptin thecache.

4.3 Query

An agentcanformulatequeriesn differentways,describingandspecifyingconstraints
on the information sought.Different applicationscan utilize a combinationof these
guerieshaseddn therequirement®f the application.

— Keyword. Theagentsuppliesalist of keywordsthatareusedto form aqueryvector
This givesflexibility to thesearchin thatthesourcepeerdoesnotneedto know the
exactnameor the unigueidentifier of the dataitemit is looking for. Therequested
itemis returnedwithout any concernof the costfor the searchor the versionof the
returnedtem.
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— Cost-constained In additionto supplyinga list of keywords,the agentalsospec-
ifies how muchit is willing to spendto find this item (assuminghat thereis an
associateatostfor searchinghe dataitem). This allows an agentto tradequality
for cost.An agentthatis looking for adataitem, but is willing to spendonly alittle
onit, cangetanold versionof the dataitem.

— \Version-constained With thecost-constrainedquery anagentcannotspecifywhich
versionsof the item are acceptableHere, though, it can specify the acceptable
timestampof theitem. This is especiallyusefulwhenthereis no constrainton the
cost—theagentis willing to spendarything, but wantsto get at leasta certain
versionof theitem.

— Cost-vesion-constained This is a combinationof the previous two queries.In
additionto the keywords, both the acceptablecostand the versionare specified.
The sameexample,with atimestampof 1 hour, for example,meanghatthe agent
is looking for theversionof the dataitem thatis at mostonehourold andit is only
willing to spenda certainamount.Obviously, a successfusearctshouldsatisfythe
costconstraintandthereturneddataitem shouldsatisfythe versionconstraint.

— Exact If the userknows the unigueidentifier of theitem it is looking for, thenit
doesnot needto supplyary keywords. The queryvectorcanthenbe modeledas
theinterestvectorof the agent.Notethatthis vectorwill only beusedin searching
for peersin the graph,not for matchingthe answersThus,only answerghathave
theuniqueidentifierarereturned.

4.4 Search

An agentwill startthe searchby sendinga queryto its neighborsWhenthe neighbor
getsthequery it searchests own cachelf it doesnot have theitem, it caneitherrefer
someof its neighborsor, if it is alsointerestedn having the dataitem, it canstarta
new searchor thedataitemitself, cachea copy, andreturnit to theoriginal requesting
agentaswell. If theagentdecidego refer, it usesits referringpolicy to chooseamong
its neighbors.The referral policiestake into accountthe expertiseof the agents.One
way to chooseheneighborss throughthe capabilitymetric,which measuretiow suf-
ficientthe expertisevectoris for agivenqueryvector[19,21]. Essentiallyit resembles
cosinesimilarity but it alsotakesinto accountthe magnitudeof the expertisevectot
This meansthat expertisevectorswith greatermagnitudeturn out to be more capa-
ble for the queryvector In Formulal, @ (< ¢ -..¢g, >) refersto aqueryvector E
(< e1...en >) refersto an expertisevectorandn is the numberof dimensionghese

vectorshave. "
e (@er)

VY, a4

Figure 1 shavs an examplenetwork, wherethe nodesdenotethe agentsanda dotted
line fromanagentA to anagentB meanghat B is aneighborof A. Thevectorsmarked
with I arethe actualinterestvectorsof the agentsThevectorsmarkedas Ex denotes
thatagents expertisemodelof X . Let's walk throughan example.Agent A is looking
for anitem that canbe castinto a queryvectorof [0.2,0.8,0.3]. The peers,.D and F’
have theitemin their cachesA startsthe searchby generatinghe queryvector Next,

QOE= (1)
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A=\ 1=[0.3, 0.9, 0.6
oD ]

FW407OQ
08,03\ 5=10.3, 0.9, 0.6]

X =[0.1,0.2,0.9]
o i
Ep=[0.1, 0.8, 0.8] 1=[0.9, 0.1, 0.2]
JE=102,09,0.1]
Q\/o @r@ L
dj g = 1=[0.9,0.1,0.1]
25y "‘@EEZ [0.1,0.2,0.9]
< Eg=109,0.7,0.9]
I=[0.1,0.9, 0.2]

Fig. 1. An examplesearchetwork

it decideswhich of its neighborg B, C) to sendthe queryto using(Equationl). Even
with a fairly high threshold,both B and C' qualify. So, A sendsits queryto both B
andC' asindicatedby the queryvectoron thelinks from A to B and A to C. WhenB
getsthe query it checksits own cacheto seeif theitem existsthere.Not finding it in
its own cachejt decidego sendthe queryto its own neighborssinceits interestvector
is similar to the query After it getstheitem itself, it canforwardit to A. Notice that
amongB’s neighborg D, E), D is the only onewhoseexpertisevectormatchego the
query so B sendghequeryonly to D. After B recevestheitem, it putstheiteminto
its cacheandforwardsit to A. Meanwhile,sinceC is notinterestedn the query it just
sendsareferralbackto A.

Noticethatthis searchwhichwasinstantiatedvith akeyword query canyield mul-
tiple results Someof thepeeramayhave morethanoneitemwhosecontentmatcheghe
queryvector For eachitem, we canspecifyhow gooda matchit is to the givenquery,
which allows thereturnedtemsto betrivially rankedbasedn their apparenmatch.If
differentversionsof the sameitem exist in differentcacheshow will the searchingbe
different?Version-constrainednd cost-\ersion-constrainedqueriesare usedto search
dataitemsthat canhave differentversions.Figure 2 shavs anotherexamplenetwork.
Eachedgeis labeledwith the costvariablethat canrepresenthe costof contactinga
peer

At 1.20PM, A is looking for anitem whosekeywords mapto the queryvectorof
[0.2,0.8,0.3]. B, C, and F' have versionsof theitem thatare 60, 40, and 30 minutes
old, respectiely. The costof sendinga queryto B, C, and F' is ¢1, ¢4 andcey + cg;
respectiely. Using a cost-\ersion-constraineduery A can specifyits preferenceof
newer versionversuslesscost. In otherwords, A might be happy gettingthe oldest
item from B andpayingless.Or, if it is keenon gettinga morerecentversionof the
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Fig. 2. A variablecostnetwork

item, it cangeneratea version-constrainedueryto saythatit is willing to pay (wait)
whateverit takesto getanatmost30 minuteold versionof theitem.

4.5 Update Models

Ownersof dataitemscanupdatethem.Ideally, it is desirableto ensurethatall caches
that containthe particularentry are updatedvhenoneis updatedHeuristicsbasedon
circulatingupdatesn the network turn outto betoo costly, especiallyin distributedsys-
temsinvolving a large numberof agentsanda large numberof items. For this reason,
insteadof maintainingstrictly coherenttacheswe let entriesbe timestampedy their
modificationdate.This allows differentversionsof the sameitemsto exist in different
cachesn the systemOhviously, whena cachegetsmorethanoneversionof the same
entry, it cangetrid of the previousversionandonly sase the mostrecentone.In addi-
tion, we proposeseveralupdatemodelsthatwill beusefuldependingntheimportance
of how recentthe dataitemis.

Subscribe Underthis model,whena peerrequesta dataitem from a provider, it can
subscribdor furtherupdatesrom this provider. Whenthe requestesubscribegor the
item, theprovideris responsibldor notifying therequestefor ary updatesonthatitem.
The requestercanobtainthe new versionof the item whenever it recevesan update
notification.Alternatively, therequestecanobtainthe updatedsersionof theitemonly
whenthereis arequesfor theitem (from its principal or from anotherpeer).
Thisupdatemodelensureshattherequestewill alwayshavetheup-to-dateversion
of a dataitem with respecto a provider. In otherwords,if the provider is the actual
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updaterof theitem, thenthe requestewill alwayshave the mostrecentversionof the
item. Ontheotherhand,if theprovideris nottheactualupdaternf theitem, it might not
be gettingthe updatedversionof theitem periodically Thus,theremaystill beupdates
thatthe provideris missing,all of which will alsobemissedby therequester

This leadsto the identificationof authoritativepeersin the system.The peerthat
updatesadataitemis, by definition,anauthorityfor theitem. Thepeershatmirror the
updategpromptly canalsosene asauthoritiesfor otherpeersFromarequestes point
of view, thereis no differencebetweerthe actualauthority for a dataitem andthese
mirroring peers.Therefore locatingarny oneof theseauthoritatve peersis enoughto
guaranteeheretrieval of the mostup-to-datedataitem.

Invalidate The subscriptiormodelis usefulwhena peerneedso have an up-to-date
versionat all times.On the otherhand,a peermay needa dataitem, but not carefor

updatesin this model,the requesteis senta notification of only the first updateand
not ary later updatesThe requestewould know thatits copy wasstale.lt may look

for anupdatedversionwhenit needgheitem, or (knowingly) usetheinvalidatedcopy.

Whenanagentgetsananswetto its query, it canrequesto getupdatesvith oneof the

methodsdescribedThe serviceprovider doesnot have to fulfill this requestsincenot

all serviceprovidersarerequiredto supportheseupdatemodels.

5 Discussion

Referralnetworks are a naturalway for peopleto go aboutseekinginformation[12].
Onereasonto believe that referral systemswould be usefulis that referralscapture
themannetin which peoplenormally help eachotherfind trustworthy authorities The
importanceof referralsto interpersonatelationshipshaslong beenknown [5] ashas
their usefulnesén marketing,essentiallyasa methodfor servicelocation[3].

MINDS, basedon the documentauisedby eachuser wasthe earliestagent-based
referralsystem[2]. Kautz et al. model social networks statically as graphsand study
somepropertieof thesegraphsge.g.,how the accurag of areferralto a specifiedndi-
vidual relategto thedistanceof thereferrerfrom thatindividual [10]. A moreextensve
literaturesurwey aboutreferralnetworksis availablein [22].

Our referral-base@dpproachtakesan adaptie, agent-basedtanceon peerto-peer
computing.Below, we comparesomerelatedapproachesasedon the designcriteria
of Section3. Piazzais a P2Psystemwhereeachpeeris amemberof a sphereof coop-
erationandis assignedrole of dataorigin, storageprovider, queryevaluator or query
initiator [6]. Dataitemsareplacedto ensurethateachpeerfindsthe datait needsat a
peerthatis accessiblavith minimumcost.In ourapproacheachpeercanautonomously
decideonthedatato store.Then,eachpeerbecomesieighborswvith otherthatarelik ely
to carrythe dataitemsthatit is interestedn. Thus,eachpeergetscloserto the nodes
wheretheitemsit is interestedn resides.

In Piazzawhena peerrecevesa materializedview of aquery it pushegheview to
its neighborsvho thenpushest to their neighborsandsoon. Thusmary peers—both
interestedinddisinterested—receietheview but it alsocausesraffic. In ourapproach,
we only pushinformationto the peersthat have shown interestin it by subscribing.
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Similarto our approachPiazzaassumethateachdatahasanorigin thatis responsible
for updatesThe datain cachesxpire aftera fixed periodof time. This is usefulwhen
theexpectedexpirationdatescanbe estimatedOur approacraccommodatesxpiration
datedik e this, aswell asexplicit invalidationandsubscriptiormodels.Piazzadoesnot
seemto keepmetadatdor dataitemsandthetype of queriesallowedby the systemare
notdiscussed.

OceanStoras a global storageapplicationthat usesa peerto-peernetwork [11,
15]. The network is highly controlledfor the sale of performanceoptimizations.The
numberof timesanitemwill bereplicatedandthepeerghatwill hostthesereplicasare
all controlled.This impliesthatnodesdo not have autonomysincethey cannotdecide
onwhichitemsto keep.OceanStor@eersarenotheterogeneoushey all operaten the
samemanner The peersareallowedto changeneighborsvhena peerentersor leaves
the system.OceanStoreisesclusterrecognitionasa searchheuristic.After eachdata
accessa graphis constructeasedon the semantiadistancebetweerthe dataitems.
Whenansweringa query, the nodedocateandprefetchsimilaritemswith theideathat
theseitemswill probablybeaccessedswell. OceanStoreanonly be queriedwith the
nameor the globally uniqueidentifier of theitem.

PeerOLAPdesignanadaptive P2Psystemfor cachingonline analyticalprocessing
querieq9]. Eachpeerdecideson whichitemsto cacheautonomouslypasednits poli-
cies.Someof the policiesconsiderthe cachingpeeronly while otherpoliciestake into
accountwhatthe neighboramay be interestedn andcacheghoseitemsaswell. Peers
chooseheir neighbordasedn how well they have answeregreviousquestionsThis
is similar to our notionof neighborselectionpoliciesandour modelcaneasilyaccom-
modatea policy basedon previous answersFor searchinga Gnutella-like protocolis
used,whereeachpeersendsqueriesto someof its neighborswho theneitheranswer
or forwardthemto their neighborsfor a givennumberof hops.Thereis anassociated
costto searcheachnode.The searchtries to minimize the total costof accessingn
item. However, queriesthat specify a trade-of betweenversionsand the costof the
item cannotbe formulated.

Recentlyseveralpeerto-peemetwork architecturetave beenproposed20, 14,16,
1]. Thesesystemanodelthe network asa distributedhashtablewherea deterministic
protocolmapskeys to peers.Thus,giventhe key of anitem, thereis oneuniquepeer
thatis responsibldor holding the key. Eachpeerin thesesystemshasa tablethataids
thesearchwhentheitem beingsoughtdoesnotresideatthis peer Thisis similarto our
neighborsonceptNext, we discusgwo storagesystemghatuseoneof thesenetworks
asanunderlyingsubstrate.

Cooperatie File System(CFS)[4] is a file storagesystemthatis built on top of
Chord.Similar to OceanStorereplicationof itemsare controlledby the system Each
file in the systemis divided into blocks, which are automaticallyreplicatedon the &
senersthatfollow the original sener of the block. The nodesarenot autonomousthe
itemsthatwill behostedoy eachnodeis controlledby thesystemEachnodeis assumed
to operatein the samemannerandthereis no accountfor untrustworthy peers.items
do not have metadataassociatedvith them. The searchusesthe Chordrouting asan
underlyinglayer. Hence,searchesre actuallya distributedhashtablelookup,andno
furtherheuristicsareusedin CFS.Theitemscanonly besearchedby item keys.
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Past[17] is astoragesystenthatusesPastry[16] for routingqueries Pastis similar
to CFShy design.Insteadof replicationblocks, files arereplicatedon k£ seners.Again,
the peersdo not decideon which itemsto storeor whatpoliciesto follow. Again, there
is no metadataof theitemsandthe only way to searchfor afile is throughits unique
file identifier The only searchheuristicusedexploits physicalproximity of nodeslIf a
nodecanpossiblyforwarda queryto othernodes,t chooseghe onethatis physically
closer

Peer PeerHetero{Neighbor |ltem Search Expressie
Autonomy |geneity Choice Metadata |Heuristics [Search
Marmara ||v' v v v v v
OceanStorgx v X X v X
PeerOLAP||v v v X v X
CFS X X X X X X
Past X X X X X X
Piazza X v X X X X

Table 1. P2Papproachesvaluatedfor flexible caching

Table 1 summarizeur evaluationof someP2P approachesvith respectto the
above designcriteria. Pleasenote that our purposeis not to shav that existing ap-
proachesreinferior, justthatthey areunsuitedo thespecificcriteriathatwe motivated.
Our criteria are gearedtoward the higherlevel aspectof cachingin P2Pinformation
systemswhereadraditionalcachingapproachearegearedowardcachingattheobject
orfile level.

Directions. The Marmaraprototypeis beingimplementedIn future work, we will
evaluatethe performanceof Marmara,especiallywith respecto variouspoliciesand
load distributions. We will also modelricher propertiesunderlying the connectvity
amongthe peers.e.g.,communicatiorcostand available bandwidth.Theseproperties
affecthow efficiently andeffectively peerscanbelocated.Theoverallideais to under
standthetrade-ofs betweerperformancen the onehandandhigherlevel descriptions
andlocal controlson theother
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