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Abstract— Structur ed Peerto-Peer (P2P) systems maintaining
Distrib uted Hash Tables(DHT) in sparseoverlay structur es,offer
an attractive and scalable paradigm for sharing resources and
running distrib uted applications. Such systemsmap resouices
(identi ed by key9 and peers(identi ed by IP addresses)nto one
or more hash spaces.A peer in the systembecomesresponsible
for serving requestsfor keysthat map into its area of the hash
space(s)and a requestfor a specic resource is sewed by the
closest peer managing the key for this resource in any hash
space. The fact that the assignmentof sewice responsibilities
is done irr espectve of a peer's capacity or even willingness to
selve resourcescan seriously degrade the systems performance
as re ected on the ratio of failing requestsand on requests'
turnaround time.

This paper intr oducesa new model that capturesthe dynamics
of P2P systemsincluding the sewice capacity and lifetime of
peers, the presenceof freeloaders,and the load on the system.
We use this model to compare the systems performance under
different sewice strategies; speci cally, the centralized strategy
where a resource has one sewer, and the distributed strategy
where a resource is sewved by the closestof many serers. In
both casesthesesewers are peersthat happento manageareas
of the hash space(s)}o which the key for this resource maps. We
alsointr oduceand model the Scatteredstrategy in which sewers
volunteer their sewice and sewvice is not enforced on peersbased
on the hashing of their IP addresses.

Our modelrevealsmany interestingaspectsof the performance
of structured P2P systemsunder the differ ent sewice strategies.
While the distrib uted strategy offers better balanceto the load on
the system,it cannotoutperform the centralized strategy in terms
of the ratio of failing requestsand can even result in a worse
turnaround time than the centralized strategy if its parameters
are not properly tuned. Our model and simulations also reveal
that the scattered strategy outperforms both the centralized and
the distrib uted strategies.

I. INTRODUCTION

Peerto-peer (P2P) systemshave recently sparled a urry
of researchproblems, offered the most popular distributed
Internetapplications,and becomea major sourceof Internet
trafc. Managing potentially millions of peers,the major
challengdor thesesystemss scalability. P2Psystemsoriginal
designs suffered from scalability problems by relying on
a centralizeddatabaseof the participating peers (Napster),
involving ooding-based search mechanisms(Gnutella), or
using peerswith built-in senseof hierarchy[11]. The next
generatiorof P2Psystemge.g.CAN [12], Chord[15], Pastry
[5], Tapestry[17]) avoid thesescalabilityissuesby supporting
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aDistributedHashTable(DHT) thatmapsakey to the network

peerthat will sene requestdor that key. Consistenthashing
[8] is usedto map resourcesand IP addresse®f peersinto

one or more hashspacesA requestfor a resourceis sened
by the closestpeer managingthe key for this resourcein

ary hash space.Peerscommunicateover a sparseoverlay
topology where a peeris only aware of a few neighboring
peersandusesthemto reachary otherpeerin the system.As

a result of consistenthashingand sparseoverlay networks,
a key lookup is performedin a decentralizedand scalable
fashion.For example,the CAN systemhashesa key onto a
d-dimensionatorus.A peeris assigned d-dimensionablock
basedon the hashingof its IP addressgets pointersto two

neighboringblocksalongeachdimension andlookupsfollow

pointersthat move closerto the destination.

In structured DHT-based P2P systems,a peer becomes
responsibldor servingrequestsor keys thatmapinto its area
of the hashspace(s)and a requestfor a speci ¢ resourceis
senedby theclosespeermanaginghekey for thisresourcen
ary hashspace We distinguishbetweerthe following service
strategies

1) Centrlizedin which casethe systemhasa single hash
spaceandrequestdor a resourceare sened by the peer
that happengo be managingthe areaof the hashspace
to which the key for this resourcemaps.

2) Distributedin which casethe systemhasmultiple hash
spaceandrequestsor aresourcearesenedby the peer
thathapperto be closestto requestnitiator in any hash
spaceandmanaginghe areaof this hashspaceto which
the key for this resourcemaps.

3) Scatteedin which casethe systemcould have singleor
multiple hashspacesand senersare not managingpre-
de ned locationsin the hashspace(shut are scattered
randomly in the systemand willingly adwertise their
presenceto their overlay neighbors.Scatteredservice
stratgy is introducedand modeledin SectionViII.

A. Motivation

Thefactthattheassignmenof serviceresponsibilitiesn the
centralizedand distributed servicestratgiesis doneirrespec-
tive of a peers capacityor evenwillingnessto sene resources
can seriouslydegradethe systems$ performanceas re ected



on the ratio of failing requestsand on requests'turnaround
time. Previous researctsuggestshat almost70% of the users
of P2P systemsare freeloades, not willing to share ary
les [1]. Freeloadersare still requiredto participatein the
routing of lookup requestdn orderto maintainthe systems
overlay connectedand functional. Thus, insteadof dropping
requests,a freeloadercan extend his routing functionality,
without stressinghis own resourcesby redirecting lookup
message$or the key he is managingtowardspeersthat have
recently requestedthe resource.While a redirectedrequest
can actually be interceptedby a peer having the requested
resourceand willing to sere it, a redirectedrequestcan
also fail if the redirectionis to a peerthat is a freeloader
himself or even to a peerthat hasleft the system.What if
the freeloaderprovides a redirectionlist containingthe most
recent peersthat requestedthe le, what is an optimal
value for ? Can redirectionbe combinedwith le service
to reducethe stresson senersthatarenot freeloaders®ould
redirectionwork betterfor a centralizedservicestrateyy or for
a distributedstratgyy? Whatis the optimal in both cases?s
there a servicestratey that outperformsthe centralizedand
distributed stratgies?What is the effect of the diversity in
peerscapacitiestheir lifetimesin the system?

Our work is motivated by the need to understandand
optimize the performanceof structuredP2P systemsunder
differentservicestratgies. Answersto the previous questions
help identify suitableservicestratgjies andtunetheir param-
eters.

B. Contributions

This paperintroducesa new model that capturesthe dy-
namics of P2P systemsincluding the service capacity and
lifetime of peers,the presenceof freeloadersand the load
on the system.We use this model to comparethe systems
performanceunder the centralized and distributed service
stratgjies; We also introducethe scatteredstratey, in which
seners volunteer their service and service is not enforced
on peersbasedon the hashingof their IP addressesand
compareit to the centralizedand distributed stratayies. Our
works revealsmary interestingaspectof the performanceof
structuredP2P systemsunderthe different servicestrategies.
While the distributed stratgyy offers betterbalanceto the load
on the system,it cannotoutperformthe centralizedstratgy
in termsof the ratio of failing requestsand can even result
in a worseturnaroundtime thanthe centralizedstratay if its
parametes arenot properlytuned.Our modelandsimulations
also reveal that the scatteredstratgy outperformsboth the
centralizedand the distributed strategies.

The remainderof this paperis organizedas follows: In
Sectionll, we de ne our model's assumptionsand discuss
their implications. In Section Ill, we introduce the basic
model and performancemetrics. In SectionslV and V, we
provide the modeldetailsof the centralizecandthe distributed
service stratgjies, respectiely; then compareboth stratgies
in SectionVI. In SectionVIl, we introduceour modelfor the
scatteredservicestratgly andcomparet to the centralizedand

distributed stratgies. In SectionVIll we discussthe related
work and concludein SectionlX.

Il. ASSUMPTIONS

Our modelassumeghe following:

1) A CAN systemandits hashspaceis distributed evenly
betweenpeers.

2) Requestsare uniformly generatedrom peers.

3) The numberof peersin the systemare always x ed at
n. Wheneer a peerleasesthe system,a different peer
will join in to replenishthe system.

4) Systemeventscanonly happenat the ticks of a virtual
systemclock that ticks at regular intervals.

The objective of theseassumptionss to simplify the analysis
without sacri cing the model insights. We believe that the
model assumptionsare unbiasedto ary of the investigated
stratgyies (centralized, distributed or scattered).Simulation
resultsalso validateour model conclusions.

I1l. MODEL AND PERFORMANCE METRICS
A. Model

Our base systemis a 2-dimensional CAN hash space
populatedoy n peers! A le f is consideredasour requested
resourceandis managedy peerN ; in chage of the areaof
the hashspaceto which f maps(Centralized servercase).In
thecasem > 1 hashfunctionsareusedto hashle namesand
peeridenti ers [7] thenm peers(N ¢4, ...N ¢,,) manage and
lookuprequestdor f aredirectedto theclosestof them peers
in ary hashspace(Distributed serves case).We model this
caseby having our 2-dimensionalhashspacedivided evenly
betweerm peersWe termthe peersthatarein chageof f as
serves whetherthey actuallysenef to arequesteor redirect
the requestetto anotherpeer

A senermanaging keepsaredirectionlist £ consistingof
atmost pointers(IP addressesip peersthatit believesmay
have copiesof f andredirectsrequestdor f to thosepeers..
is populatedoy pointersto peerswhichrecentlyissuedookups
for f, or with pointersto peersthat communicatedwith the
sener in order to proactively offer (publish) f with most-
recentinteractingpeerstoppingthe list. Let £(i) be the peer
referencedy thei-th entryof £. A sener could alsosene f
itself if it is a non-freeloader simply willing to sene f .

We model the systemtime by a virtual clock, which ticks
at regular intervals, and assumethat requestsreach seners
at theseticks. In order to model concurrentactvity in P2P
systemswe assumehat burstsof requestsanreacha peerat
the sameclock tick. A promising distribution that has been
usedto model bursty behaior is the Zipf distribution [9].
Let b denotethe maximumburst size,r = 1;:::b denotethe
rank of a burst accordingto its size,and p,. the probability
of having a burst of rank r. Using the Zipf distribution, we
have that p, o 1=r* where is the scaling parameterof

IThe resultscould be easily extendedto a d-dimensionahashspace(d
2). Also, it is not hard to extend the model to a different overlay structure
(e.g.Chords Ring structure).



the d|str|l|yt|0n Smcep f 1 Pr =1, thenp, = K=r® where
K =1= 1(1=r*). Thoughwe use the Zipf distribution
in our S|mulat|ons(Sect|0nVII D), we only usethe expected
burstsize B in our model,where

xXb K

B = 1)

ro 1
r=1

Freeloadersconstitutea fraction F of the n peersand a
peers lifetime is modeledas a geometric distribution with
Posr as the probability of leaving the system. Thus the
expectedlifetime for a peerin the systemis 1=p,; ticks.
To simplify the analysis,we assumethat oncea peerleaves
the system,that a different peerwill join to keep the peer

countat constantn.

B. PerformanceMetrics

We focus on two differentmetricsto characterizea service
stratgyy: (1) The probability of lookupfailure ¢/ is the proba-
bility of not nding a retrievable copy of f . (2) The expected
lookup size S is the expectednumber of peer contactstill
reachinga copy of f or till the requestfails. Lookup failure
occursif the requests redirectecthrougha stalepointerin £
to a peerthatleft the systemor to a freeloademot willing to
senef .

C. Prelude

In the following Sectionswe study three different service
stratgies: (1) Centralized SectionlV), (2) distributed(Section
V) and, (3) scatteredservice (Section VII). The scattered
service stratgy is designedto complementthe centralized
andthe distributedstratgjies.In eachstratgy we considerthe
performancémplicationsof senersredirectingrequestand/or
serving les to requestersWe study the impactsof (1) the
sizeof theredirectionlist £, (2) the fraction of freeloaderd=,
and(3) expectedlifetime of peersl=p,;; on the performance
metricsi{ and S of eachstratgy. To make the distinction
betweenthe ¢/ metrics of the three service stratgjies, we
appendthe following superscripts(c), (d), (c;s), (d;s) to
U in orderto denotecentralized distributed, centralizedwith
scatteredanddistributedwith scatteredstratgiesrespectiely.

IV. CENTRALIZED SERVICE STRATEGY
A. Rediection

In this caseN is a freeloaderonly redirectingrequests.
Given £ with  entriesthen the probability of not nding a
retrla/ableéow of f afterfollowing all the pointersof L is
U ()= <" (1-P;), whereP; is theprobabilityof nding
L(i) in the systemandwnhng to sene f (anon-freeloader).
Let p,ss(i) be the probability of peer L(i) having left the
systemby thetime the lookup requesteacheghe sener, then
P; =(1—F)(1—poss(i)). As aresult,

w
1= (1 =F)(1—possi))]

i=1
Let t(i) be the clock tick at which a referenceto L(i) is
includedin £ andt be the tick at which the lookup request

U )=

reachesN ;. Using the memorylesgpropertyof the geometric
distribution, onecanseethatp, (i) = 1 — (1 — poss)* 0.
Let A; denotethe expectedvaluefor t —t(i) andsubstituting
for p,s (i) into thed(®)( ) Equationgivesus

U= [--

i=1

F)(1 = Poss)™] 2
Note that B lookupsare expectedto reachN ¢ at eachclock
tick, and peersissuing theselookups will be referencedin
L for future requestersAn entry i referencingthe originator
of a lookup requestfrom the most recentburst should have
A; = 1, from the previous burst shouldhave A; = 2, andso
on. In general,

A =[—

5]
SubstitutingA; into Equat|0n2 we getourL{IgC) ) estimate.
S()( ) canbe estimatedas S()( ) = H + “_, it (i —

DP; + U©( ) whereid©D(0) = 1 andH is ‘the expected
numberof overlay hopstill reachingN ;. Substitutingfor P;,
we have

s9()= U (i —1)(1 = poss)™

+H+ U“() A3)

By referring to [12], for a 2-dimensionalCAN hashspace,
partitionedequally betweenn peers

H==<
SV

Substitutingthe valuesof A; andH in Equation3, we obtain
our S ( ) estimate.

B. File Service

In this case,N; maintainsa copy of f and senesit to
requestersWe model a sener's capacityto sene les by
copies/unittime and considerthe casewhere N ; does not
gueuerequestsThatis, while it is busy servingone or more
copiesof f thenit will redirectnew lookupsby consultingZ.?
Onthe otherhand.,if N ¢ is not servingary previousrequests,
it will sene new lookups.

Giventhatlookuprequestarrive atarateof B lookups/unit
timeto N 4, thenQ(®) = B= de nesthetime it takesto sene
f to the B lookups.Q(®) de nes the behaior of N; asto
whetherit will be servinga copy of f or redirectingrequests
to other peers.If Q(¢) < 1 thenN; hasenoughcapacityto
sene all requestgon average)andnoneis redirectedhowever,
as Q(°) grows above one, N ¢ begins to redirectrequestsin
Figure 1 (left), when Q(¢) = 3:4 > 1, requestghat arrive at
time t — 4 are serviced(in parallel at a servicerate of ),
while lookupsthat comeduring the next [Q(¢)] — 1 time units

2|t is not hardto extend our modelfor casesvhererequestsare queuedor
service,but that doesnot addto our conclusions.
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areredirectedLet R bethefractionof redirectedrequestand
(1 — R) the fraction of servicedrequeststhen

(@] -1

DI

A requestserviceddirectly by N, doesnot suffer from
pointersin £ referringto freeloaders(F = 0) or to seners
thatleft the system(p, s = 0). On the otherhand,redirected
requestsmay suffer from either or. Also, accounting for
the casewhere N itself is a freeloadey then Z/{§3v( ) =
FU©( )+ (1 —F)RU( ). Thatis

Ui, ()=F +R-FRU() 4)

On the other hand, a requestservicedby N ; only incurs a
lookup size S of H. Again, accountingfor the casewhere
N/ is itself a freeloaderthen {5, ( ) = FS©( ) + (1 —
F)(RS®( )+ (1 —R)H). Thatis

8. )=(F+R-FR)SV( )+
(1-F)1-R)H
V. DISTRIBUTED SERVICE STRATEGY
A. Rediection

Letu((; k) andS?(; k) denoteld andS measuregor
senerk, 2 <k <m). UD( ) andS@( ) arethe averages
of UD(; k) and S (; k) respectiely over all m seners.
However, since seners manageequal portions of the CAN
overlay and requestsare generatediniformly, thenz/(4)( ) =
UD(; k) andS@ () = S (; k) for ary k. Onecanthink
of asenerk asacentralizedsener interceptingB =m requests
ateachclock tick andmanagingh=m peers SubstitutingB =m
for B andn=m for n in the A; andH equationsof Section
IV-A, we get

R = max(0;

()

A=

Service Redirection Service

» Time

—~————

| | |
t-4;w/B) t-S;w/B) t-2}w/B) t-(vlv/B)

=— Qw=3.4(w/B) time units
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Fractionof redirectedrequestR for the centralizedstratgy (left), andthe distributed stratgy (right).

n=m

UD( ) andS@( ) are estimatedby substitutingtheseesti-
matesof A; andH in Equations2 and 3.

B. File Service

Assumingthat eachof the m senershave the sameservice
capacity and given that lookup requestsarrive at a rate of
B =m lookups/timeunit to eachsener k, 1 < k < m, then
0@ =B=m de nesthetime it takesa sener k to sene f
to the B=m lookups.Q(¥ de nes the behaior of ary sener
k, 1 < k < m, asto whetherit will be servinga copy of
f or redirectingrequeststo other peers.The expectedtime
differencebetweensuccessie burstsreachingsener k is on
averageA; — A; 1 = w=B; soif 0 < w=B, thensener
k has enoughcapacityto serviceall requests(on average)
andnoneare redirectedhowever, as (¥ grows abose w=B,
sener k startsredirectingrequestsin Figure 1 (right), when
Q@ = 3:4(w=B) > w=B, requeststhat arrive at time t —
4(w=B) areserviced(in parallelat a servicerateof ), while
lookups that come during the next [Q(Y=(w=B)] — 1 time
units are redirected.Let R(Y) be the fraction of redirected
requestsand (1 — R(49) the fraction of servicedrequeststhen

[Qd=w=B)] -1
[QD)=(w=B)]

R = max(0; )

§SZU( ) and S§Z,)m( ) are estimatedby substitutingthis
estimateof R and estimates/\; andH from SectionV-A in
Equations4 and 5.

VI. DISCUSSION

Using the model detailedin SectionslV and V, and by
varying the valuesof the B, , F, and parametersye can
studythe interactionsbetweentheseparametersindhow they
affect the &/ and S performancemetrics for the centralized
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Fig. 2. Fractionof redirectedrequestsR for the centralizedand distributed
stratgies, for differentexpectedburstsizeB when = 0:5and = 5.

and distributed stratayies. In the following discussionwe x
someof the parametersand vary others.Our choice of the
x ed parametersan directly in uence the magnitudeof the
results.Thus,we pick reasonablevaluesfor theseparameters
basedn previousresearchSpeci cally, we useF = 0:7 based
on the claim in [1] that nearly 70% of Gnutellausersdo not
shareary les. p,r+ arechoserto be0:1 and1 respectiely
basedonthework in [9]. Notethat = 1 leadsto a burstsize
B = 3:4142 basedon Equationl. Servicecapacities of 0:5
and5 areinvestigatedo explore the impactof slow andfast
senerson the systems performancewhich mustbetakeninto
accountin orderto properlyevaluateservicestratgiesin peer
to-peersystemq?]. Figure2 shaws the fraction of redirected
requestsR for the centralizedand distributed strateyies for
increasingburst size B both when = 0:5 and 5. The
systems populationsizeis x edat n = 1000 peersin all the
experimentsandthe numberof distributedsenersis m = 4 in
the distributed strateyy experiments.A larger populationsize
or a larger (or smaller) numberof distributed seners while
changingthe magnitudeof the results(especiallyS), doesnot
changeour conclusions.

A. Probability of LookupFailure (i£)

Figure 3 shaws Z/{S(Elv( ) and L{S(SZU( ) for a range of
redirection list size  when the lookup load is reasonable
(B 3:4142 requests/unittime). The centralized service
stratgly outperformsthe distributed stratgy in termsof the
ratio of failing requeste/ ), ( ) < U{S,( ) if seners are
using the sameredirectionlist size . The reasonfor this
differencein performanceis that a sener in the distributed
paradigmis not aware of all requeststhat were intercepted
by other senersandthusits redirectionlist £ is more prune
to stale pointers,pointing to peersthat have alreadyleft the
system.Note that updating all seners with pointersto all
peersissuingrequestsncreaseshe expectedookup size S (9
dramaticallydueto the propagatiorof updateswhich defeats

2= U° (r)m05 B

—<- U v(r) n¥5
- U’ (r)m=0.5
o Ul ms

100

Fig. 3.  Probability of lookup failure ugg)m( ) and US(‘ZZU( ) for the
centralizedand distributed stratgies respectiely, for differentvaluesof .

the purposeof the distributed paradigm,without improving
UD over Y(©). Also, note that this obsenration is not true
when = 1 and = 0:5. This is a direct result of the
redirectionratio R being higher in the centralizedstratgy
(R = 0:8571) thanin the distributed stratgy (R = 0:5).

Also, by inspectingrigure3, onecanseethatthe probability
of lookup failure{ corvergesto an optimal value after some
redirection list size . Increasing beyond does not
improve the chanceof satisfyinga request.This happengor
boththe centralizedanddistributedstrateyies.Notethat  for
both the centralizedand distributed caseshappento bein this
speci ¢ experimentin the range|[20; 30]. In generallet (¢
and (9 bethe valuesfor the centralizedand distributed
stratgjiesrespectiely. () and (4 couldbeestimatedising
the following algorithm

1. calculatelse,, (1) andUser (2)

2. =2

3. while (use'rv( — 1) —userv( )) > " do
4, = +1

5.  calculatelse,( )

6. endwhile

7. =

where" is somearbitrarysmall positive value.Figure4 shavs
(©) and (@ as the expectedburst size B increasesfor
the centralizedand distributed strategjies. One can see that
is increasinguntil it reachesa peak and then starts to
drop and for extremevaluesof B, () and (4 estimates
almost corverge. The intuition behind this behaior is that
whenB is small,almostall requestsarebeingdirectly serviced
(no redirection) and thus a small redirectionlist size =« is
adequateAs B grows larger, more requestsare redirected
anda larger * is neededto compensatdor freeloadersand
peersleaving the system.As B further increasesredirection
lists include more and more fresh pointersto peersthat have
downloadedthe le and thus a smaller and smaller is
needed.When B is very large, redirectionlists in both the
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Fig. 5. Optimal probability of lookup failure u§g2.1,( *) and u§§2.1,( *) for

the centralizedand distributed stratgies respectiely andfor differentvalues
of expectedburst sizeB .

centralizedand distributed stratgjies are saturatedby fresh
pointers andthus (9 corvemgesto (¢,

Typically, a sener would ratherkeepthe size of its list
L at  to avoid unnecessarpookkeepingof extra pointers
and also,aswe shawv in SectionVI-B, to avoid deteriorating
the expectedlookup size S. Figure 5 shows Z/IS(EZU( ) and
L{S(ZZU( ) as the expectedburst size B increasesNote that
thecentralizedstratey is alwaysoutperformingthe distributed
stratgly underreasonabl&aluesof B. WhenB getsextremely
high, 2{%,( ) corvergesto 1<), ( ) as redirection lists
becomesaturatedvith fresh pointers.

Figure 6 shows the impact of freeloaderson U( ). As
the percentageof freeloadersncreasesl/( ) increasest a

3Note that thesepointersmight still be pointing to freeloaders However,
the probability of having pointersto non-freeloaderthatarestill in the system
is higher
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Fig. 6. Optimal probability of lookup failure ugglv( *) and ug‘jzv( *) for

thecentralizedanddistributedstratgiesrespectiely andfor differentfractions
of freeloaders~ .

higherratefor the distributed stratgyy thanfor the centralized
stratgyy, becausehe redirectionlist £ hasmorestalepointers.
This shaws thatthe distributedstratgy is moresensitve to the
presenceof freeloaders.

B. Expected_ookupSize(S)

Figure 7 shaws that as  increasesS(®) is converging to
somevalue while S(¥ is not. This meansthat, as opposed
to the distributed strat@y, the centralizedstratgy is more
resilient to poor choicesof the redirectionlist size . An
unnecessariljfarge in the distributed stratgyy can lead to
very large lookup size.

Figure8 pIotsS§Zlv( ) andSs(?lv( ) for differentvalues
of B. The distributed stratgy always has better expected
lookup size S.

Figure 9 shaws the impact of freeloaderson S( ). As
F increasesS@( ) increasesat a much higher rate than
S©( ). However, the distributed stratgy still has better
expectediookup size S ()< SO( ).

C. Recap

The centralizedand distributed strat@jiesrepresent trade-
off betweenimproving the probability of lookupfailuret/ and
the expectedlookup size S. If both strateyies use optimized
redirectionlist size , thenthe centralizedstrateyy will have
betteri/ but worse S; and the distributed strateyy will have
betterS but worsel{. Only undervery high requestoad (large
B) thatthe i/ for the distributed strateyy corvergesto that of
the centralizedstratey. Also, while the distributed strateyy is
expectedto balancethe load in the systemsincerequestsare
directedto differentseners,it is very sensitve to the presence
of freeloadersandto the choiceof the redirectionlist size .

In the next Section,we introduce a service stratgy that
optimizes both ¢/ and S while balancingthe load on the
system.
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anddistributed stratgies whenthey both useoptimal redirectionlist size *,
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VIl. SCATTERED SERVICE STRATEGY

Minimizing & and S, given the dynamicsof P2P systems,
requires keeping pointers to non-freeloaderghat have not
left the system which is not an easy task even using a
centralizedstratgyy. We refer to non-freeloaderghat have
not left the systemas Scatteed Serves, sincethey are not
assignedprede ned hash spacelocationsand are randomly
scatteredin the systemand refer to ary of these seners
as S-Server Our approachto replicatingf relies on having
scatteredseners adwertise their copy of f to someof their
neighbors.This approachcomplementsthe centralizedand
distributedstrateyiesaspeersstill directtheir requestsowards
N or towardsN s (1 <k <m). A requestfor f could be
interceptedby: (1) An S-Serer s in which cases will sene
f directly to therequester(2) A neighborof s to which s has
adwertisedf , in which casethe neighborredirectsthe request
to s, and (3) N itself, in which caseN; will redirectthe
requesbasedon £ or evensenef (if N is anon-freeloader).

A. Model

At ary pointin timet, let X' (t) bethesetof scatteredeners
in the systemthathave acquiredcopiesof f . Also, let x(t) =|
X(t) | be the numberof such seners. Note that whereas
scatteredenersareexpectedo be uniformly distributedin the
CAN overlay, assumingookupsare uniformly generatedthe
probability of an S-Sener interceptinga requestis dependent
on its locationin the overlay and thus is different from one
sener to another

We startby explainingwhy this is the casethrougha simple
example. Considera set of n = 49 peersmanagingequal
portions of our 2-dimensionalhashspace-refeto Figure 1.
We denoteeachportion by its location (i;j) 1 <i < 7,
1 <j < 7, andthe peerat location (i; j ) by N, ;. Let the
sener N;- ;- to which requestsare directed(e.g. N ¢ in the
centralizedsener stratgyy) be in the centerof the hashspace,
atlocation (i ;j )= (4;4).*

Basedon the CAN de nition [7], N, ; candirectly contact
only its two neighborsalongeachdimensionN; 1 ;, N;; 1,
Nit1,5, N4 j+1, andin orderto contactN;- j«, N; ; forwards
messageso its neighborclosestto N;- ;- in the hashspace.
Careful inspectionof each peers choicesreveals that N ;
will only contactone neighborif i =i orj =j , andcan
choosebetweentwo neighborsotherwise Our modelcaptures
the latter behavior by picking oneof the equidistanineighbors
to N;- ;« atrandom,with probability 0:5 each.

Let p//° be the probability of N;; interceptinga re-
quest originating from Nqjo. Note that not all peersN; ;
can intercept a request originating from N;q0 and that
only peersin the rectanglecorneredby N;qjo and N« ;-
can potentially intercept such a request.Let C;q;0 be the
set of peers that fall into such rectangle. For exam-
ple, C23 = {N23/N2a;N33;N34Ny3Naat, Co5 =

4The exact location of this sener is irrelevant sincethe overlay is a torus
andthusfor ary locationof N ¢, we canthink of this location asthe center
of the overlay
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Fig. 10. A CAN hashspacedistributed evenly between49 peersat locations(i; j) 1 i 7,1 | 7. N« ;« is a sener in the centerof the hash
space Numbersin the squaregepresenp; ; (left), andh; ; (right).
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65828' thenN; ; hasa chance(_)f interceptingthe requestand Piv 71 — Pz + P TiPig e + pi21j2pilﬁj1)_ In general,
p;; canbeformulatedrecursvely. For the casewhenCiq o is X
in the bottomleft quadranbf the hashspaceby the following p(t) = Pi,;
equations: Nij 2X (1)
8 o) 1 o)
0 Nij € Ciajo as L Y ey
% 1 i=inj =jr i - 2 (ab)
10,j0 5 (050 Q70 \ i i i< =1 a=l b=l
pi0 = 05(P ) < <] (i) ; - - -
§ pZ_Q_Jol T O.5pz_0310_ =i wherez, "’ is thenumberof possibleorderedists of k distinct
“J ;0 67 .. peersfrom X(t) after excluding one peerN; ; from X(t),
05p; 71+ P11 =) ’

Symmetryof pﬁqfo allows usto estimateits valuein caseCig o
is in the otherthreequadrants.

Now, let p; ; bethe probabilityof N; ; interceptingarequest
from an arbitrary peerof the systems n — 1 peers,excluding
N« j=. Pi,; could be estimatedby averagingpﬁz?o V(injr) #
(i ;j ) asfollows

P 1050
(10598-(i*,5*) Pij
n-1

pi; =

Figure 10 (left) shaws p; ; for all peersN; ; in our simple
example.

At timet, x(t) S-Senersarepresenin the systemLet p(t)
be the probability having one of theseseners intercepting
an arbitrary request.Note that p(t) cannotbe estimatedby
summingp; ; V(i;j) # (i ;j ) because; ; estimatesarenot
independenfrom eachother As a simple examplefor how
we accountfor dependeng betweenp; ; estimatesconsider
the casewherex(t) = 2 and X(t) = {N;1 1; N2, 2} then
P(t) = Pi1,j1+Pi2, j2—P(i1,51),(i2,52) Wherepg ji) ciz,j2) isthe
probability of arequestisiting both N ;;_j; andN s ;2. Substi-

: - 31,51 12,72 .
tuting pin,j1,(i2,52) = Pi1,j1Pia)j2 + Piz,j2Pi1 51, then p(t) =
pz'l,jl(1—p§§jﬁ)+pi2,j2(1—pﬁjﬁ). in thecasewhenx(t) = 3
and X(t) = {Nil,jl;‘Ni2,j‘2; Ni3vj3}’ it could be shavn that

o 11 g PG 02,52, il j1,i3,53
p(t) = pirji(1— Pialj2 — Pisljs T Pialj2Psz 3 + pis,jspi2,j2) +

Z,g“”(a; b) is the bth peerin the a-th suchlist 1 < a <
X(t)!=((x(t) — k)Ik!), and Z{"7 (a;0) is N, ;.

Now that we know the probability p(t) of interceptinga
requestby one of the x(t) S-Senrers, what is the expected
numberof hopsh(t) to reachan S-serer? Let h}*/* be the
numberof hopsfrom N ;q0to N; ; andlet h; ; betheexpected
numberof hopstaken byFan arbitrary requestfrom its origin

peerto N, ;, thenh;; = 4,96+ ) h?fopﬁflfo, and
P P Hi070i00
Ny 2X (#)  (10506(i*,5*) Nij Pij

Figure 10 (right) shows h; ; for all peersN; ; in our simple
example.

If an S-Serer N, ; decidesto adwrtisef's presenceto
oneor moreof its neighborsthenx(t) will increaseandp(t)
will increaseaccordingly A wise selectionof neighborscan
improve N, ;'s chancesof interceptingrequestsSpeci cally,
N;,; should pick the neighbor N 0 that has the highest
probability of interceptingrequestsnot coming throughNj; ;;
that is the one with the highestpiq o — p; ;Pig;o The cost
of scatteredseners' adwertisementss one overlay hop per
ad\ertising neighbor

B. S-Serves Complementing Centralized Server
Using a centralized sener stratgy, N; is N;« ;- and

S(é;fv) (t; ) is the probability of missing all x(t) S-Serers



andalsobeingredirectedat N ; to freeloadersor to peersthat
have left the system.

Ut

SETV

)= (1—pt)ule,() (8)

S (t; ) is the expectednumberof overlay hopstraversed
by a requestat time t. Sl (t; ) is expectedto be h(t) if
the requestis interceptedby an S-Serer, andis expectedto
be S{), () if the requestreachesN ;.

St ) =ph(t) + (1 —p(t)SL), () 9)

However, one must be cautiousin substitutingfor A; in the
©.,( ) andS.,( ) equationsNotice thatrequestghatare

servicedby the scatteredsenersdo not reachN y, asopposed
to thecentralizedwith no scatterecgenersstratgy whereeach
requestmessageeachesN ;, andthusarenot re ected in the

redirectionlist L. In fact,only onerequesis expectedo reach
N s eachl=(1—p(t)) requestsFactoringl=(1 — p(t)) into the

A; equationof the centralizedsener stratgy then

A=y

C. S-Serves Complementindistributed Serves

Using m distributed seners, then each of the m seners
areresponsiblefor the requestoriginating from almostn=m
peersand is in the centerof the portion of the CAN hash
spacecontainingthesepeers.That is, one canthink of each
Ns (1 < k < m) asbeing a centralizedsener N;- ;- in
a hashspacecontainingn=m peers.Also, since we assume
requestaregeneratediniformly in the systemthenattimet,
x(t)=m scatteredseners are expectedto be within the peers
managedby eachsener Nf,. As discussedn SectionV-A,
the expectedbehaior of the system(in termsof ¢/ andS) is
that of ary N .

Now, p(t) andh(t) could be estimatedusing Equations6
and 7 but using a systemof only n=m peersand x(t)=m
scatteredseners. Then,

ULt ) = (1—p)uld, ()

St ) =pmh(t) + (1 - pt)SE,( )

Also, factoring 1=(1 — p(t)) into the A; equationof the
distributed seners stratgy, then

(10)

11)

m

> —pm)

|

D. Performance

In this Sectionwe studythe performanceof S-Sererscom-
plementinga centralizedsener and S-Senerscomplementing
distributedseners.Simulationparameterarechoserto be the
sameasin the SectionVI. Servicecapacity is equalto 5.
The previously usedvalue of = 0:5 doesnot changeour
conclusionsWe assumehatthe centralizedsener andthe m
distributed senersboth useoptimal redirectionlist size

The performanceof the scatteredservicestratgly depends
on the numberof S-Serersx(t) in the system Note thatx(t)

is x(t — 1) increasedby the numberof new non-freeloaders
that receved copiesof f attimet — 1 anddecreasedby the
numberof peersthat left the systemat time t. As a result,

X(t) = x(t — 1)(1 — poyy)
+B(L—ul),( ) —F)(1 = poss)

SE’I‘U(
whereus(ilv( ) = (1—p(t))Userv( ). In orderto understand
the scatteredservicestratgy in its steadystatebehavior, i.e.
whenx(t) = x(t — 1) = x, we substitutex for x(t) and for
x(t — 1) into Equation12.

(12)

B — PossX
(1= (1 =pt)Userv( )1 =F)(1 —Poss)

The resulting equationrelatesx to the expectedburst size
B thatleadsto x S-Serersin the steadystate. Note that
User( ) is also a function of B . We use the following
iterative approachto estimateB for ary value of x
B=1
obtain  and calculateZ/ S\, ( )
while B < r—1—5mte G A0 ) 90
B=B+1
obtain  and calculatel s}, ( )
endwhile
B =B
To obtaina valueof B we mustknow an estimatefor p(t),
which can be obtainedusing Equation6 by simulating the
analyticalmodel. In our simulations,we vary the numberof
S-Serersas a percentagef the total numberof peersfrom
1% to 5% and place them randomly acrossthe CAN hash
space.For a requestwith origin (i%j % we obtainthe values
for p(t) and h(t) using Equations6 and 7. The experiment
is repeatedor 100 timesto obtain the relation betweenx(t)
andp(t), and betweenx(t) andh(t) for the centralizedand
distributed stratgjies as shavn on Figures 11, 12, 13, and
14, respectiely. As expected,the probability of intercepting
an arbitrary requestincreasesas the percentageof scattered
seners increases.ln case of the centralized strateyy, the
probability of interceptingan arbitrary requestis higherthan
for the distributed stratgy, becausethe numberof peersin
the rectanglecorneredby N,q;0 and N;- ;- is larger for the
centralizedstratgyy. At the sametime, the expectednumber
of hopsh(t) to reachan S-serer decreaseastherearemore
S-serersin the system.S-Sener canadwertisethe availability
of the le to a certainnumberof its neighborsdenotedby a
onall gures. As a increasesthenx(t) will increaseandp(t)
will increaseaccordingly while h(t) further decreases.

Now that we have a tool to estimatep(t) givena number
of S-senersin the systemx, we canobtainB to investigate
the performanceof the S-Senrers complementinga central-
ized sener and S-Seners complementingdistributed seners.
Figures 15 and 16 shav the performanceof the S-Seners
complementinga centralizedsener. As we can seethe ratio
of failing requestsis very low andit is very dependenion
the value of p(t). Requestghat are servicedby the scattered
seners do not reach Ny and thus are not re ected in the

NogasrwdhE
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Fig. 11. The probability of interceptinga requestby one of the S-Serers
p(t) for differentnumberof adwertisedneighborsa andfor differentnumber
of S-serersx(t) (S-Sererscomplementinga centralizedsener scenario).

redirectionlist £. Sinceonly onerequests expectedto reach
N ; eachl=(1—p(t)) requestsif arequesimissesanS-Senrer
and p(t) is high, than the redirectionlist at the centralized
senerincludesa very large numberof stalepointers.Thus,the
probability of alookupfailureincreasegor therequestsvhich

miss an S-serer, but this increaseis not signi cant. Using
the S-Serers complementinga centralizedsener stratey,

the expectedlookup size S improves signi cantly over the
centralizedstratgy alone.

On the otherhand,aswe canseefrom Figures17 and 18,
usingthe S-senerscomplementinglistributedstrateyy did not
improve the performanceof distributed stratgyy at all. The
ratio of failing requestshas now even increased,since the
probability of a requestbeing intercepteds not as high asit
is for a centralizedcaseandthe redirectionlist of the seners,
which already lacks information about requestsdirected to
othersenersis now missingtheinformationaboutintercepted
requestsS-seners needto adwertiseto more neighborsthan
for the centralizedstratgy to increasex(t), which can be
unrealistic. The only improvementis in the expectedlook-
up size but asobsenedin SectionVI the distributed strateyy
outperformscentralizedstratgyy when they both use optimal
redirectionlist size

E. Recap

Scatteredsenersstrat@y triesto improve bothi/ andS. As
asideeffect of this scatteredervice the load on the systemis
balancedand hot spotsat the sener(s)N ¢ (N 4 ) areavoided.

Scatteredseners stratgyy is more effective if complementing

the centralizedstratgy, while for thedistributedstratey it can
evendeterioratehe performanceof the system.The probabil-
ity of arequesbeinginterceptedor distributedstratey is not
ashigh asit is for a centralizedstratgyy. The requestsvhich
areinterceptedby S-senersare not presentin the redirection

list, whichis alreadylackingtheinformationfrom therequests

that were directedto other senersin the system.Therefore,

X (%)

Fig. 12. The probability of interceptinga requestby one of the S-Serers
p(t) for differentnumberof adwertisedneighborsa andfor differentnumber
of S-serersx(t) (S-Sererscomplementinglistributed seners scenario).

0 I I I I I I I

Fig. 13. The expectednumberof hopsto reachone of the S-Serers h(t)
for different numberof adwertisedneighborsa and for different numberof
S-serersx(t) (S-Sererscomplementinga centralizedsener scenario).

the requestswhich reachone of the distributed seners will

nd theredirectionlist with even more stalepointers.Only if
thereis a very large numberof S-senersin the systemwould
the U for the distributed stratgyy approachto the ¢/ of the
centralizedstratay.

VIIl. RELATED WORK

Peerto-Peer(P2P) systemsare one of the fastestgrowing
and most popular Internet applicationsdue to the growth in
PCs power and wide spreadof broadbandnetworks. P2P
systemscan be classi ed in three cateyories: (1) centralized
systemssuch as Napsterin which userssubmit queriesto a



Fig. 14. The expectednumberof hopsto reachone of the S-Serersh(t)
for different numberof adwertisedneighborsa and for different numberof
S-serersx(t) (S-Sererscomplementinglistributed seners scenario).

centraldirectorysener(], (2) decentralizedtructuredsystems
in which the P2Ptopologyis controlledand les are placed
at speci ed locationsfor subsequengueriesusing Distributed

Hash Tablesto map a key to the network node responsible
for that key [7], [6], [14] and (3) decentralizedunstructured
systemssuch as Gnutella[10] in which thereis no precise
control of P2P topology and queries are performed with

ooding of the system.

Both replication[4, [16], [3] and caching [13], [?] can
improve overlay performanceln replication, anindependent
copy of datais maintainedat different sites, acting as peers
and different schemescan be usedto manageconsisteng
amongthem.In structuredpeerto-peersystemsamultiple hash
functions could be usedto improve data availability to map
a single key onto multiple points in the coordinatespace.
A (key,value) pair would then be unavailable only when all
replicasare simultaneouslyunavailable [7]. In caching, the
copy of dataat the origin site is the of cial copy.

In this papemwe analyzeservicestratgiesin structuredoeer
to-peersystems\We presentthe resultsin the context of a 2-
dimensionalCAN overlay structure[7], usingthe approacho
modelpeerto-peersystemsasin [9], [4], but our conclusions
areintendedto be independenbf P2Pstructure.

IX. CONCLUSIONS

In this paper we have devised a model that captures
importantcharacteristicef P2Psystemslik e the percentagef
freeloadersthe lifetime andthe servicecapacityof peers. gtc.
Usingthis model,we have analyzedandcomparectentralized
anddistributedservicestratgies.We have alsousedthe model
to de ne optimal redirectionlist sizesfor thesestratgies.Our
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Fig. 15. Optimal probability of lookup failure U{S),( *) andU{S3)( *)
for the centralizedstratgy and S-Sererscomplementinga centralizedsener

respectiely andfor differentvaluesof expectedburstsizeB .
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Fig. 16. Optimal expectedlookup size S{.,( *) and S{&%)( *) for

the centralizedstratgly and S-Serers complementinga centralizedsener
respectiely andfor differentvaluesof expectedburstsizeB .

analysisrevealsthat the centralizedand distributed strategies
representa tradeof betweenimproving the probability of
lookup failure and the expectedlookup size. The distributed
stratgyy is morevulnerableto the presencef freeloadersand
that the performanceof the systemis more sensitve to the
choiceof the distributed strateyy redirectionlist sizethanit is
to the centralizedstrateyy redirectionlist size.

We have also introduceda servicestratgy that optimizes
boththe probability of lookup failure andthe expectediookup
size while balancing the load on the system. The non-
freeloadersthat have not left the systemcould intercepta
lookup traversing to the sener and sene the le directly
to the requesterthus reducingthe expectedlookup size and
reducingload onthe sener(s).This approacttomplementshe
centralizedand distributed stratejies as peersstill direct their
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Fig. 17. Optimal probability of lookup failure US(ZZU( *) and Uéﬁ;‘f)( *)
for the distributed strat@y and S-Serers complementingdistributed seners

respectiely andfor differentvaluesof expectedburst sizeB .
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Fig. 18. Optimal expected lookup size Sgglv( *) and Ss(g’r?( *) for

the distributed stratgly and S-Serers complementingdistributed seners
respectiely andfor differentvaluesof expectedburst sizeB .

requeststowards sener(s). Analysis and simulationsreveal
that the scatteredstrat@y provides better performancegains
than the centralizedand distributed stratgies. An important
openissueis how would this strategy performin a realistic
peerpeersystem.
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