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Abstract

Peer-to-peernetworks have beencommonlyusedfor taskssuchas �le sharingor
�le distribution. Westudya classof cooperative �le distribution systemswherea �le is
brokenup into many chunksthatcanbedownloadedindependently. Thedifferentpeers
cooperateby mutuallyexchangingthedifferentchunksof the�le, eachpeerbeingclient
andserver at thesametime. While suchsystemsarealreadyin widespreaduse,little is
known abouttheir performanceandscalingbehavior. We developanalyticmodelsthat
provide insightsinto how long it takesto deliver a �le to N clientsgivena distribution
architecture.Our resultsindicatethatevenfor thecaseof heterogeneousclient popula-
tionsit is possibleto achieve downloadtimesthat is almostindependentof thenumber
of clientsandverycloseto optimal.

1 Intr oduction

Peer-to-peersystems,in which peercomputersform a cooperative network andsharetheir
resources(storage,CPU, bandwidth),have attracteda lot of interestlately. They provide
a greatpotentialfor building cooperative networks that are self-organizing,ef�cient, and
scalable.

Researchin peer-to-peernetworks hasso far mainly focusedon contentstorageand
lookup; fewer efforts have beenspenton contentdistribution. By capitalizingon theband-
width of peernodes,cooperative architecturesoffer greatpotentialfor addressingsomeof
themostchallengingissuesof today's Internet: thecost-effective simultaneousdistribution

� Thiswork hasbeenpartlysupportedby theEuropeanUnion undertheE-NEXT projectFP6-506869.
yThiswork wasdonewhile P. Felberwaswith InstitutEURECOM
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of bandwidth-intensivecontentto thousandsof usersboth Internet-wideandin privatenet-
works.

Cooperativecontentdistributionnetworksareinherentlyself-scalable, in thattheoverall
bandwidthcapacityof thesystemincreasesasmorepeersarrive: eachnew peerrequestsser-
vice from, but alsoprovidesserviceto, theotherpeers.Thenetwork canthusspontaneously
adaptto thedemandby takingadvantageof theresourcesprovidedby everypeer.

We presenta deterministicanalysisthatprovidesinsightsinto how differentapproaches
for distributing a �le to a largenumberof clientsimpacton performance.We considerthe
simplecaseof N peersthatsimultaneouslyrequestto downloadthesame�le. Initially, the
�le exists in a singlecopy storedat a nodecalledsourceor server. We assumethat the �le
is brokenup into chunksandthatpeerscooperate,i.e.,a peerthathascompletelyreceiveda
chunkwill offer to uploadthischunkto otherpeers.Thetimeit takesto downloadthe�le to
all peerswill dependon howthechunksareexchangedamongthepeers,which is referred
to aspeerorganizationstrategy, or distributionarchitecture.

To get someinsightsinto the performanceof differentpeerorganizationstrategies,we
analyticallystudythreedifferentdistributionmodels:

� A linear chainarchitecture,referredto asLinear, wherethe peersare organizedin
a chainwith the server uploadingthe chunksto peerP1, which in turn uploadsthe
chunksto P2 andsoon.

� A treearchitecture,referredto asTreek , wherethepeersareorganizedin a treewith
anoutdegreek. All thepeersthatarenot leavesin thetreewill uploadthechunksto k
peers.

� A forestof treesconsistingof k differenttrees,referredto asPTreek , which partitions
the�le into k partsandconstructsk spanningtreesto distributethek partsto all peers.

We analyzethe performanceof thesethreearchitecturesandderive an upperboundon
thenumberof peersservedwithin aninterval of time t. We considerboththehomogeneous
case,whereall peershave thesamebandwidth,andtheheterogeneouscase,wherepeersare
dividedin classesbasedon their accessbandwidth.In theheterogeneouscasewe consider
differentcooperationschemesbetweentheclassesin orderto understandhow heterogeneity
affectstheperformanceof thedistributionscheme.For thesakeof simplicity, wecompletely
ignorethebandwidth�uctuation in thenetwork or nodefailures. We assumethat theonly
constraintis theupload/downloadcapacityof peers.

The modelpresentedin this paperrepresentsa high level descriptionof differentpro-
tocolsthat usessimilar mechanismsto distribute the content. The �le to be distributed,in
fact,is brokeninto independentchunksandeachchunkcanbedistributedindividually. This
methodologyis a basicfunctionalityof BitTorrent[1], so,leaving out detailssuchaschunk
selectionstrategies and peerselectionstrategies, our model is able to catchperformance
boundsthatcanbeobtainedusingsuchprotocols.

Moreover, we supposeto have collaborative peers,i.e., eachpeer, if necessary, help
distributing the chunks. This principle is also known as swarming or hoarding: chunks
reachall thepeersthroughtheotherpeers,usingtheir resources.Thedifferentdistribution
architecturesde�ne differentorganizationsof the pathsthat chunkscanfollow during the
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distributionprocess,andthetopologicalpropertiesof thedistributionoverlaynetwork. Since
wehavecompleteknowledgeof thenetwork,andthepeerbandwidthsarestable,thesepaths
canbeconsidereddeterministic,i.e., giving simplecontentdistribution policiesthatarerun
locally by eachpeer, the contentfollows pathsthat canbe calculated(giving the desired
performancemetricsweareinterestedin).

In this paperwe disregardprotocol details,focusingon generalpropertiesof the dis-
tribution organization.For instance,Avalanche[2] andBitTorrentdiffer in techniquesfor
chunkselectionandencodings.We do not considersuchproperties,while bothAvalanche
andBitTorrentcan,with somemodi�cations,beusedto provide �le distribution following
thegeneralorganizationschemesstudiedin thispaper.

1.1 RelatedWork

Theearlywork by Saroiuetal. [3] analyzesGnutellaandNapstertraces;theaimof thestudy
is to characterizeend-userhosts,their connectivity andbehavior. Theresultsof theanalysis
show the presenceof signi�cant heterogeneityin peercapacity, availability andbehavior;
moreover, thereis a fractionof peersthatactprimarily asclients(i.e., they only download)
andotherprimarily asservers(i.e., they arealtruists).

In [4] authorsanalyzethetraceof BitTorrentP2Papplication[1]; in thiscasetheaimis to
assesstheperformanceof thealgorithmusedin BitTorrent.They concludethatmechanisms
usedby BitTorrentallow ef�cient andrapidreplicationof contents,evenin presenceof �ash
crowd phenomena.

Thework in [5] is amongthe�rst to proposeananalyticalmodelof a P2Psystem,eval-
uatingits performance.Thepaperrepresentsa P2Psystemasa multi-classclosedqueuing
network andit shows the in�uence of thedesignparameters,like peerrequestrateand�le
popularity, on stationaryperformances.

In [6], authorsuseanagedependentbranchingprocessto modelthetransientevolutionof
a P2Psystemanda simpleMarkovian modelto analyzethesteadystateregime. This paper
introducestheconceptof servicecapacityasthenumberof availablecopiesin thenetwork.
Theresultsof thispaperindicatethatthenumberof clientsthatcompletethedownloadgrows
exponentiallyin timeandarein accordancewith our results.

Fluid modelshave beenrecentlyconsideredgiven their analyticaltractability andtheir
potentialto describedynamicandtransientbehavior. Thework in [7] proposesa�uid model
for theanalysisof theSquirrelprotocol[8]. Theresultis anaccuratemodelthatestimatesthe
performanceof theprotocol. In [9] theauthorsstudytheBitTorrentprotocolwith a simple
�uid model. The model is able to catchthe transientandthe steadystatebehavior of the
systemwith a few simpleparameters;moreover, ananalysisof thedifferentmechanismsof
BitTorrent is provided. In [10] a stochastic�uid �o w model is proposedto studythe �le
distribution: themodelcomputesthecumulativedistributionof �le transfertime andevalu-
atesthe impactof thesystemparameters,suchas�le popularity, bandwidthcharacteristics,
concurrentdownloadsanduploads,on theperformance.

Of theworksabove only [5] and[10] tackletheproblemof presenceof differentaccess
capacitiesamongpeerswhich is insteadoneof thefocusesof this paper. In contrastto our
work, bothapproachesdo not consider�le distributionprocessanddo not take into account
distributionarchitectures.
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A relatedtopic wheredistribution architecturesareexplicitly taken into accountis the
delivery of streamingservicesthroughoverlay multicast. Narada[11], ALMI [12], NICE
[13], andSplitStream[14] (from which the inspirationfor PTreewastaken), for instance,
de�ne asetof mechanismsto ef�ciently distributethecontentto many overlaynodes.They
build in differentwaysdistribution treesandmanagethe dynamicsof leaving and joining
nodes.Neverthelessmostof thesestudiesarefocusedonprotocoldesignanddonotanalyze
the impact of distribution architectureson performance. Performanceevaluationis only
focusedon theproposedprotocol.

Otherstudies,[15] and[16], analyze�le swarmingbut do not considerany particular
architectureandarefocusedonotherproblems,likereplicationstrategiesandpeerselection.
The work in [17] studieshow to build the treetopology, but it doesnot comparedifferent
topologies.

This paperextendstheanalysismadein [18] (partially replicatedhere)consideringthe
presenceof differentaccessbandwidths.

2 HomogeneousCase

2.1 GeneralAssumptions

Weconsiderascenariowhereeachpeerhasthesameuploadanddownloadbandwidthb. The
caseof asymmetricbandwidths(typically, with downloadgreaterthanuploadasin ADSL)
correspondsto thecasewith symmetricbandwidthequalto theuploadbandwidth:in all the
presentedschemes,in fact,theuploadbandwidthis alwayssaturated,soa greaterdownload
bandwidthcannotcontributein improving theperformance.

The uploadbandwidthof the server is alsob. We focuson the distribution of a single
�le that is partitionedinto C chunks. The time neededto download the complete�le at
bandwidthbis referredto asoneroundor 1 unit of time. Thus,thetimeneededto download
asinglechunkgivenabandwidthbis 1=C.

Wemake thefollowing assumptions:

� Theserveruploadsthe�le inde�nitely to onepeerat time;

� Eachpeerstartsservingthe �le onceit hascompletelyreceived the �rst chunk,and
uploadsthewhole�le onceto k peers,k = 1; 2; : : :

2.2 Linear: A Linear Chain Ar chitecture

In thissection,westudytheevolutionovertimeof thenumberof servedpeersfor theLinear
architecture.At any point in time, the server uploadsthe �le to a singlepeer. Eachpeer
hasa bandwidthb anduploadsthe whole �le to exactly oneotherpeer(k = 1) beforeit
disconnects.Thus,eachpeercontributesthesameamountof datato thesystemasit receives
from thesystem.At time 0, theserver startsservinga �rst peer. At time 1=C, the�rst peer
hascompletelyreceivedthe�rst chunkandstartsservinga secondpeer. Likewise,oncethe
secondpeerhasreceivedthe�rst chunkat time2=C, it startsservinga third peerandsoon.
As aresult,peersareconnectedin achainwith eachpeerreceiving chunksfrom theprevious
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oneandservingthenext one.Thelength(i.e.,thenumberof peers)of thechainincreasesby
onepeereach1=C unit of time. At time 1, theserver �nishes uploadingthe �le to the �rst
peer. If therearestill peersleft thathave not evenreceiveda singlechunk,theserver starts
a new chain. The sameprocessrepeatsat eachround,asshown in Fig.1 (the black circle
representstheserver, theblacksquaresarepeersthatstartdownloadingthe�le, andthelines
connectingthepeerscorrespondto active connections).This makes(t + 1) chainswithin t
rounds.Thenumberof servedpeersat time t over all thosechainsincludesonly thepeers
thathave joined thenetwork on or beforetime t � 1. Givena chaininitiatedat time 0, its
lengthat time t is (1 + t � C) andthenumberof servedpeersin thatchainis 1 + (t � 1)C
peers.Includingall parallelchains,thenumberof servedpeerswithin t roundsis givenby

NLinear (C; t) =
tX

i =1

(1 + (i � 1)C) = t +
C � t(t � 1)

2
: (1)

Thenumberof peersservedgrows linearly with thenumberof chunksC andquadratically
with thenumberof roundst. FromEquation(1) wederivethetimeneededto serveN peers:

TLinear (C; N ) =
(C � 2) +

p
(C � 2)2 + 8 � N � C
2 � C

�
1
2

+

r
1
4

+
2 � N

C
: (2)

N=C is thenodeto chunkratio andwedistinguishthefollowing cases:

1. TLinear (C; N ) � 1
2 +

q
1
4 = 1; for N

C � 1

2. TLinear (C; N ) � 1
2 +

p
2 � 2; for N

C ' 1

3. TLinear (C; N ) �
q

N
C ; for N

C � 1

Fig.2 plotsTLinear (C; N ) asa functionof thenumberof peersfor differentvaluesof the
numberof chunksC. As expected,for a givennumberof peersN , thesmallerthenodeto
chunkratio N=C, theshorterthetime to serve all N peers.In fact, for N=C � 1 all peers
areactive uploadingchunksfor mostof the time andTLinear is approximatelyoneround.
On theotherhand,for N=C > 1 only C out of theN peerswill beuploadingat any point
in time,while theotherN � C peershave eitheralreadyforwardedtheentire�le or not yet
receivedasinglechunk.

2.3 Treek: A TreeDistrib ution Ar chitecture

Aswehavejustseen,for N=C > 1 thelinearchainfailsto keepall thepeersworkingmostof
thetime. To alleviatethisproblemwenow considerTreek , a treearchitecturewith outdegree
k wherethenumberof “hops” from the server to the last peeris approximatelylogk N , as
comparedto N for thelinearchain.Wemake thefollowing assumptions:

� Theserveruploadsto k peersin parallel,eachwith abandwidthof b=k;

� Eachpeerdownloadsthewhole�le atbandwidthb=k;
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andC.

� A peerthat is interior (i.e., nonleaf) nodeof thedistribution treestartsuploadingthe
�le to k otherpeers,eachatabandwidthb=k, assoonasit hasreceivedthe�rst chunk.
Thismeansthatinteriornodesuploadanamountof dataequivalentto k timesthesize
of the�le, while leaf nodesdo notuploadthe�le atall;

Givena downloadbandwidthof b=k, a peerneedsk=C unitsof time to receive a single
chunk.To computethedownloadtimesin atreearchitectureweneedto know thenumberof
levelsl in a treewith N nodes.Without lossof generality, weassumethatthetreeis full. At
the�rst level, thetreecontainsk nodes(thelevel 0 is theserver itself), thesecondk2 nodes
andsoon; thereforeN =

P l
j =1 kj = k k l � 1

k� 1 andl = logk
�
N k� 1

k + 1
�
. Thetotal download

time is

TT r ee(C; k; N ) = k +
�
logk

�
N

k � 1
k

+ 1
�

� 1
�

�
k
C

: (3)

The term k=C is the transferdelayof eachlevel in the tree. Leaf peersstartreceiving the
�rst chunkafter (logk

�
N k� 1

k + 1
�

� 1) � k
C units of time. They completethe downloadk

unitsof time later. Wesubtract1 to thenumberof levelsbecausethetime to uploadthe�rst
chunkto theleavesis includedin thetime to uploadthewhole�le.

Wederive from Equation(3) thenumberof peersservedwithin t rounds

NT r ee(C; k; t) �
�

k(t � k) C
k +1 � 1

� k
k � 1

: (4)

It followsfrom Equation(3) and(4) thattheperformanceof �le distributiondirectlydepends
on thedegreek of thetree.

The optimal outdegreekopt dependson the peerto chunkratio N=C (seeFig.3). For
N=C � 1, the optimal outdegreeis 1, i.e., a linear chain, sincethe peersare uploading
mostof the time at their full bandwidthcapacity. For N=C > 1, an increasein N=C leads
to an increasein the optimal outdegreeasthe linear chainbecomeslessandlesseffective
(rememberthatonly C outof theN peersareuploadingsimultaneously).
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In practice,theoutdegreecanonly take integervaluesandwe seethatfor N=C > 1 the
binary treeyields lower downloadtimesthanthe linear chain. The binary tree is alsothe
optimaltree.Rememberthat in Ttr ee theoutdegreek appearsasanadditive constantthat is
typically muchlargerthantheotherterm((logk

�
N k� 1

k + 1
�

� 1) � k=C)
Trees,however, suffer from two importantshortcomings:

1. While the maximumuploadanddownloadbandwidthis b, the peersin a treedown-
loadonly at bandwidthb=k. As a consequence,thedownloadtime is at leastk-times
thetimeit takesif the�le weredownloadedat themaximumpossibledownloadband-
width;

2. In a treeof outdegreek andheightl , therearek l leaf nodesand k l � k
k� 1 interior nodes.

Sinceonly theinteriornodesuploadchunksto otherpeers,thismeansthat(in abinary
tree)morethanhalf of thepeerswill not uploadevena singleblock. Also, thepeers
thatuploadmustuploadtheentire�le k times.

2.4 PTreek: An Ar chitecture Basedon Parallel Trees

Theoverallperformanceof thetreearchitecturewouldbesigni�cantly improvedif wecould
capitalizeontheunuseduploadcapacityof theleavesto utilize theb� b=kunuseddownload
capacityateachof thepeers.It is notpossible,however, for aleaftoserveotherpeersupward
its treebecauseit only holdschunksthatits ancestorsalreadyhave. Givenatreearchitecture
with k treesrootedat the server, the basicintuition underlyingthe PTreek architecture,as
describedin [18], is to “connect” the leavesof oneof the treesto peersof the otherk � 1
treesto ultimatelyproducek spanningtrees,andhavetheserversenddistinctchunksto each
of thesetrees.

More speci�cally, the PTreek architectureorganizesthe peersin k differenttreessuch
thateachpeeris an interior peerin at mostonetreeanda leaf peerin theremainingk � 1
trees.The �le is thenpartitionedinto k parts,whereeachpart is distributedon a different
tree: treeT k for partP k . All k partshave thesamesizein termsof numberof bytes.If the
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entire�le is dividedinto C chunks,eachof thek partswill compriseC=k disjoint chunks.1

Sucha distribution architecturewas �rst proposedunderthe nameof SplitStream[14] to
increasethe resilienceagainstchurn(i.e., peersfailing or leaving prematurely)in a video
streamingapplication.

In PTreek , apeerreceivesthek partsin parallelfrom k differentpeers,eachpartatband-
width b=k, while the peerhelpsdistributing at most onepart of the �le to k otherpeers.
Therefore,the total amountof dataa peeruploadscorrespondsexactly to the amountcon-
tainedin the�le, regardlesstheoutdegreek of thetrees.
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Figure 4: Evolution of the PTreek=2 architecture
with time.
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Fig.4 depictsthe basicideaof PTreek=2 , wherek denotesthe outdegreeof eachtree.
Eachpeer, exceptfor peer4, is aninterior peerin onetreeanda leaf peerin anothertree.It
is easyto show that,independentof theoutdegreek, therewill alwaysbeonepeerin PTreek

thatis leaf in all k trees.
Thedeterministicanalysisof aPTreek architecturebeginsobservingthattheserverstarts

k differentdistribution treesandeachtreecontainsall N nodes.Thenumberof levelsl in a
treewith N nodes2 canbefoundconsideringthatthe�rst level contains1 node,thesecondk

nodes,thethird k2 nodes,andsoforth; soN =
P l

j =0 kj = k l +1 � 1
k� 1 andl = logk

�
N (k� 1)+1

k

�
.

A PTreek peeris aleafnodein k � 1 treesandaninteriornodein onetree,andit receives
all k partsin parallel. This meansthatall peerscompletetheir downloadat thesametime
1 + (l � 1) � k=C. Wesubtract1 to thenumberof levelsbecausethetime to uploadthe�rst
chunkto theleavesis includedin thetime to uploadthewhole�le. Thetotal downloadtime
is then

TP T r ee(C; k; N ) = 1 +
�
logk

�
N (k � 1) + 1

k

�
� 1

�
�

k
C

: (5)

Wederive from Equation(5) thenumberof peersservedwithin t roundsas

NP T r ee(C; k; t) �
�

k(t � 1) C
k +1 �

1
k

�
k

k � 1
: (6)

1For thesake of simplicity, weassumethatthenumberof chunksC is a multiple of thenumberof partsk.
2Again,we assumeafull tree.
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As for thetreearchitecturein Section2.3, thereis anoptimalvaluek for PTreek thatmini-
mizestheservicetime. Intuitively, a very deeptreeshouldbequite inef�cient in engaging
peersearlysinceleavesarequitefar from thesource.In fact,PTreek=1 is equivalentto Lin-
ear, which is very inef�cient in engagingpeersfor N=C > 1. On theotherhand,whenthe
outdegreeof thetreeis large,leaf peersareonly a few hopsfrom thesourceandcanbeen-
gagedfast.However, this intuition is notcompletelycorrect:�at treeswith largeoutdegrees
suffer from theproblemthat,astheoutdegreek increases,thebandwidthb=katwhich each
chunkis transmittedfrom onelevel to thenext onedecreaseslinearlywith k. Thisbandwidth
reductioncannegatethebene�tsof having many peersreachablewithin few hops.

We cancomputethe optimal treeoutdegreethat providesthe bestPTreek performance
by takingthederivativeof Equation(5) with respectto k andequatingtheresultto zero.

Fig.5 depictsthe performanceof PTreek asa function of the outdegree. We seethat
theoptimalPTreek performanceis obtainedfor treeswith anoutdegreek = 3. However, the
performancefor k = 2andk = 4 is almostthesameasfor k = 3. As theoutdegreeincreases
theperformanceof PTreek degrades:for N=C � 1 thedegradationis very smallwhile for
N=C � 1 it is quitepronounced.It is interestingto noticethat theoptimaloutdegreek for
PTreek architecturesis differentfrom thatof asingleTreek .

By striping contentacrossmultiple trees,PTreek canensurethat the departureof one
peercausesonly aminimaldisruptionto thesystem,reducingthepeers'throughputonly by
b=k. Giventhat theoverheadcausedby churncanbeminimizedby stripingcontentacross
ahighernumberof trees,onecanconsiderslightly higheroutdegreesthantheoptimalvalue
(e.g.,5) to minimize the impactof churnat the expenseof a minimal increasein transfer
time.

2.5 ComparativeAnalysis for the Caseof HomogeneousPeers

In this section,we comparethe performanceof the Linear, Treek andPTreek architecture.
We�rst investigatehow thetimeneededto serveN peersvariesasa functionof thenumber
of peersN andthenumberof chunksC.
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From Fig.6, we seethat regardlessof the numberof nodes,chunksandoutdegreek,
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PTreek is ableto offer downloadtimescloseto 1. On theotherhand,asalreadypointedout,
thedownloadtimesfor Treek arealwayslargerthank unitsof time (seeEquation(3)).

Whenthepropagationdelayof the�rst chunkis verysmallcomparedto thetransmission
timeof the�le, thepeersstayengagedmostof thetime in thelinearchainandthebene�t of
PTreek diminishes.This is thecasewhenthenumberof chunksis very large(C ! 1 ), the
numberof peersis small,or thetransmissionbandwidthis veryhigh. Thepivotalpointwhere
PTreek startsto signi�cantly outperformLinear is aroundN=C > 10� 1 (seeFig.6(b)).

3 HeterogeneousCase

3.1 GeneralAssumptions

So far we have assumedthat all peershave the sameconstantuploadanddownloadband-
width. We now studythecasewherewe have two classesof peers,referredto asfastpeers
and as slow peers. We look at different typesof collaborative strategies amongthe two
classesand are interestedin how the fast peerscan help the slow onesto improve their
downloadtime andhow this will affect thedownloadtime of the fastpeers.In additionto
thosedescribedfor thehomogeneouscase,themainassumptionsareasfollows:

� Thereareonly two classesof peersin thenetwork: class1 (fastpeers)with uploadand
downloadbandwidthb1 andclass2 (slow peers)with uploadanddownloadbandwidth
b2; b1 > b2. In thiscasewede�ne oneroundthetimeit takesto downloadthecomplete
�le atbandwidthb2;

� Thenumberof peersin class1 andclass2 is equalto N1 andN2 respectively; thetotal
numberof peersis N = N1 + N2;

� Theserver hassuf�cient bandwidthto uploadconcurrentlyto thetwo classes,i.e., its
uploadbandwidthbS is equaltob1+ b2; thishypothesissimpli�es calculationsanddoes
not greatlyin�uence the�nal resultssincethe impactis only on peersthatdownload
from theserver3;

� Peerscanbesel�sh, i.e., they disconnectassoonasthey �nish downloadingthecon-
tent, or altruistic, i.e., they remainin the systemfor a certainperiod of time after
�nishing thedownload(thetime lapseis relatedto thespeci�c usedpolicy).

We considerfour differentvariationsfor eachof thearchitecturesthatdiffer in theway
the peerscooperate.The mostobviouspolicy is onewherethe peersin eachclassbehave
asif thepeersin theotherclassdo not exist. This schemeis referredto asindependent. In
theotherthreepoliciesthefastpeersalwayshelptheslow peerswhile theslow peerseither
do not uploadany dataat all or uploaddatato otherslow peers.We analyzein detail the
variationson thelineardistributionarchitectureandthenextendtheresultson theTreek and
PTreek architectures.

3We are interestedin keepingthe numberof peersthat download from the server as small as possible,
otherwisethenetwork departsfrom a P2Parchitectureandresemblesmorea traditionalclient/serverone.
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3.2 Linear Ar chitecture and IndependentClasses

In this casethe server uploadschunksindependentlyto eachclass;peersbelongingto a
classdo not exchangecontentswith otherclass's peers.Fig.7 shows thechunkdistribution
methodology.

Figure7: Chunkdistributionwith two independentclasses

Generalizingthe resultof Eq. (2), it is straightforward to derive the time necessaryto
distributethecontentto N i peerswith bandwidthbi usinga Linearschemeis

TClass i
Lin, Ind(bi ; C; N i ) =

F
bi

�
(C � 2) +

p
(C � 2)2 + 8N i C
2C

(7)

whereF is the�le sizein bitsandbi thecapacityof theclassi in bit/s. Sincethetwo classes
evolve independently, thetotal time necessaryto reachN peersdepends,consideringN �

C, whetherN2 > N1

�
b2
b1

� 2
(slow peersterminateafterfastpeers)or not (fastpeerterminate

afterslow ones).Theabove thresholdis obtainedfrom thesimpli�cation of Equation(1).
Fig.8 shows the total time againstthe numberof peern: in this examplewe have two

classeswith thesamenumberof peers,i.e. N1 = N2 = N=2, whereN = 104, anddifferent
bandwidthratios: we assumethat thebandwidthof class2 is �x ed,with F=b2 = 1 andthe
bandwidthof class1 is 2; 5; 10and100timesgreater.

3.3 Linear Ar chitecture with GenerousFastPeers

With this con�guration slow peersdo not uploadany chunk;they only downloadfrom fast
peers;fast peersuploadin parallel the chunksto one fast and one slow peer. Eachfast
peerstopsafter it hascompletelyservedoneslow peer. Fig.9 shows thechunkdistribution
schemein this case.

At thebeginning,theevolution in time is equivalentto a singleclasswith capacityb�
1 =

b1 � b2. Eachslow peer�nishes to download F
b2

+ F
Cb�

1
� F

b�
1

roundsafter thecorrespondent
fastpeerterminates.Whenall thepeersof oneclassarereachedby thecontent,theevolution
of thesystemis differentdependingwhetherN1 is largeror smallerthanN2. Let n be the
numberof peersthathave already�nished downloadingat time t, 0 < n < N . If N1 < N2

thenfastpeers�nish beforeslow ones(seeFig.9 ) and,whenn > 2N1, theremainingslow
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Figure8: Linearchainwith independentclasses:time necessaryto completethedownload
(N1 = N2 = N=2, N = 104)

Figure9: Chunkdistributionwith generousfastpeers

peerscanonly downloadfrom theserver(they arenotcollaborative,sothey donotuploadto
any otherpeers);in this casebS=b2 peers�nish thedownloadevery F=b2. If N1 > N2 then
slow peers�nish beforefastonesand,whenn > 2N2, theremainingfastpeersevolve with
full bandwidthb1.

Fig.10 shows thebehavior in two cases.WhenN1 < N2 (hereN2 = 10N1, with N1 '
900) it is possibleto seethat,after2N1, thesystemevolvesveryslowly, sinceonly theserver
uploadsthecontent.On thecontrary, whenN1 > N2 (hereN1 = 10N2, with N2 ' 900),
only asmallpartof fastpeersareinvolvedin helpingslow peers;after2N2 peersareserved,
the systemevolvesfaster. The �gure shows how the systemevolves: to seethe difference
betweenthephasewhenclass1 hasa capacityequalto b�

1 andwhenit hasa capacityequal
to b1, thedashedline representstheevolution if classhadalwaysa capacityb�

1. In caseof
greaterbandwidthratios(notshown here),thedifferencebecomesentirelynegligible.

ConsideringthecaseN1 < N2 (theresultsfor N1 > N2 aretrivial), thetotal download
time for class1 is

TClass1
Lin, Gen(b

�
1; C; N1) =

F
b�

1
�

(C � 2) +
p

(C � 2)2 + 8N1C
2C

: (8)

For class2 we have to distinguishbetweenthe two phases:let n2 be the numberof slow
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Figure10: Linearchainwith generousfastpeer: time necessaryto completethedownload
(N = 104, C = 102); (a) N1 < N2, when fast peershave completed,slow peerscan
downloadonly from theserver; (b) N1 > N2, afterhelpingslow peers,fastpeersevolvewith
full bandwidth

peersthathavecompletedthedownload,wehave

TClass2
Lin, Gen(b2; C; N2) =

(
TClass1

Lin, Gen(b
�
1; C; n2) + F

b2
+ F

Cb�
1

� F
b�

1
if n2 < N1

TClass1
Lin, Gen(b

�
1; C; N1) + F

bS
n2 if n2 > N1

(9)

3.4 Linear Ar chitecture with Generous Fast Peersand Collaborating
Slow Peers

In this con�guration thesystemevolvesasin thepreviouscase,exceptthateachslow peer
servedby a fastpeerstartsa new chainof slow peers.In this caseeachfastpeerservesone
fastpeerandoneslow peer, andeachslow peerservesanotherslow peer. Fig.11 shows the
chunkdistributionmethodologyin thiscase.

Figure11: Chunkdistributionwith generousfastpeersandcollaborativeslow peers

With this schemewe try to exploit theunusedcapacityof slow peers.While fastpeers
continueto uploadchunksto slow peers,eachslow peerstartsanew chain.Therateof slow
chaincreationis equalto theratenew fastpeersareinvolvedin thedistributionprocess.
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Looking at fastpeers,thedownloadtime canbe found,asin thepreviouscase,simply
consideringa Linearevolution with capacityb�

1 = b1 � b2. Whenclass2 completesbefore
class1, theremainingfastpeersevolvewith full bandwidthb1. Wecanapproximatethetotal
downloadtimeof class1 usinganuploadbandwidthb�

1 andobtain

TClass1
Lin, GenColl(b

�
1; C; N1) =

F
b�

1
�

(C � 2) +
p

(C � 2)2 + 8N1C
2C

: (10)

As slow peersareconcerned,in orderto �nd thetotaldownloadtimewe�rst �nd thenumber
of slow peersthathavecompletedthedownloadat time t andthenit is possibleto derive the
formulaof total downloadtimeagainstthenumberof servedslow peers.

Considerthe �rst chain of fast peers. A new fast peer is reachedby a chunk every
F=(Cb�

1), so the numberof fastpeersin the �rst fastchain is tclass1 � F =b�
1

F =(Cb�
1 ) + 1, where,for

notationsimplicity, we usetclass1 insteadof T(b1; C; N1). For eachfast peera new slow
chainis started.Thenumberof slow peersin aslow chainat time t is 1+ t � tstart� F =b2

F =(Cb2 ) , where
tstart is thetimewhenthechainis started.Thenumberof slow peerscontainedin all theslow
chainsgeneratedby the�rst fastchainis then

t class1� F =b�
1

F =( C b�
1 )

+1
X

j =1

max

 

0;

$

1 +
t � j F

Cb�
1

� F
b2

F=(Cb2)

%!

(11)

wheretclass1 is thetime necessaryto class1 to complete.
The secondfastchaingeneratesa numberof slow chainsequalto tclass1 � 2F =b�

1
F =(Cb�

1 ) , so the
numberof slow peerscontainedin all theslow chainsgeneratedby thesecondfastchainis

t class1� 2F =b�
1

F =C b�
1

+1
X

j =1

max

0

@0;

6
6
6
41 +

t �
�

j F
(Cb�

1 ) + F
b�

1

�
� F

b2

F=(Cb2)

7
7
7
5

1

A : (12)

Applying the calculusfor every fastpeerchain,we obtain the total numberof slow peer
reachedat time t

n2(t) =

t class1
F =b�

1X

k=0

t class1� ( k +1) F =b�
1

F =( C b�
1 ) +1

X

j =1

max

0

@0;

6
6
6
41 +

t �
�

j F
Cb�

1
+ k F

b�
1

�
� F

b2

F=(Cb2)

7
7
7
5

1

A : (13)

Fromthis relation,it is possibleto �nd

TClass2
Lin, GenColl(b2; C; N2) suchthat n2(TClass2

Lin, GenColl) = N2 : (14)

It is importantto notethatequation(13)doesnot take into accountthepossiblecontribution
of theserver if it becomesavailable(this happensif class1 terminatesbeforeall slow peers
�nish): neverthelesswe considerthecontribution not signi�cant, sincethereis a slow chain
startedevery fastpeer.

Fig.12showsthetotal timeversusthenumberof peersn: in thiscaseN2 = 10N1, where
N1 + N2 = N = 104. Thecollaborationof slow peersensuresthatthewholecapacityof the
systemis well exploitedevenwhenthenumberof fastpeersis relatively small.

14



10-2

10-1

100

101

102

 0  2000  4000  6000  8000  10000

D
ow

nl
oa

d 
tim

e 
[r

ou
nd

s]

Number of served peers (n)

b1 = 2b2
b1 = 5b2
b1 = 10b2
b1 = 100b2

(a)C = 102

10-2

10-1

100

101

102

 0  2000  4000  6000  8000  10000

D
ow

nl
oa

d 
tim

e 
[r

ou
nd

s]

Number of served peers (n)

b1 = 2b2
b1 = 5b2
b1 = 10b2
b1 = 100b2

(b) C = 103

Figure12: Lineararchitecture:systemevolution with Generousschemewith Collaboration
(N2 = 10N1, N = 104)

3.5 Linear Ar chitecture with Altruistic FastPeers

In this con�guration eachfastpeer, afteruploadingthecontentto a fastpeer, stayson-line
andservesslow peers;whenb1 � b2, paralleluploadis employedto fully exploit theupload
capacityof the fastpeersandb1=b2 slow peersstartto downloadfrom a singlefastpeerto
�nish their downloadF=b2 time later. For simplicity, we supposeno collaborationof slow
peers,i.e., slow peersdo not startnew chains.We supposethat fastpeersareableto serve
all theslow peers,i.e., b1

b2
N1 > N2. Fig.13showsthechunkdistributionschemein thiscase.

Figure13: Chunkdistributionwith altruisticfastpeers

Consideringan instantt, the numberof slow peersthat hascompletedis equalto the
numberof fastpeersthathavecompletedat time t � F=b2 multiplied by a factorb1=b2. The
totaldownloadtimefor class1 is equalto thetotaldownloadtimefoundfor theIndependent
case,i.e.,

TClass1
Lin, Altr(b1; C; N1) =

F
b1

�
(C � 2) +

p
(C � 2)2 + 8N1C
2C

: (15)

Thetotal time for class2 to completeis

TClass2
Lin, Altr(b2; C; N2) = F

b2
+ TClass1

Lin, Altr(b1; C; b2
b1

N2) giventhat N1 > b2
b1

N2 (16)
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wherethe last term is the time necessaryto reacha numberof fast peersthat is able to
serve all the slow peers.Fig.14 shows the total time againstthe numberof peersn, with
N1 = N2 = N=2, whereN = 104.
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Figure14: Linear chainarchitecture:systemevolution with Altruistic scheme(N1 = N2,
N = 104)

3.6 ComparativeAnalysis for Linear Ar chitecture

We considerthe four casesobtainedcombiningb1 = 5b2, b1 = 10b2 andN2 = N1, N2 =
10N1. In particularwe focuson a total numberof peersequalto 104: the analyzedcases
correspondto (i) N2 = N1 = 5000and(ii) N1 ' 900andN2 = 10N1 ' 9000. We suppose
anumberof chunksequalto 102 or 103. Weconsiderthe�le sizeandthebandwidthb2 such
thatF=b2 = 1 round.Othercombinationsof parametersyield resultsthatcon�rm theinsight
achievedwith thesesimplecases.

Figs.15 and16 show how the systemevolvesin termsof the percentageof completed
peersfor eachclass.Fig.15 shows thecaseb1 = 5b2, with N1 = N2, whereasFig.16shows
thecaseof b1 = 10b2, with N2 = 10N1. We seethatwhenthefastpeershelptheslow ones,
theperformanceof slow peersis greatlyimproved,especiallyfor N2 = 10N1. TheGenerous
schemewith Collaborationachievesnearoptimalperformance,regardlessof bandwidthratio
andnumberof peersratio. In particular, in Fig.15,class2 �nishes evenbeforeclass1. The
reasonis thata lot of slow chainsarestartedalmostat the sametime (i.e., oneslow chain
every F=(Cb1), whereasonly one fast chain every F=b1 is created). Eachof theseslow
chains,afterthewhole�le is uploaded,addsanew slow peereveryF=(Cb2), soin few slots
of time (eachslot is F=(Cb2)) a lot of slow peersarereached.

Whenwehavemany moreslow peersthanfastones(Fig16) thedownloadtimewith the
Generousschemeis veryhigh for mostof theslow peersthatwill beservedby theserver.
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Figure15: Systemevolutionwith Lineararchitecture(b1 = 5b2, N1 = N2, N = 104)
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Figure16: Systemevolutionwith Lineararchitecture(b1 = 10b2, N2 = 10N1, N = 104)

3.7 Treek and PTreek Ar chitecturesand Overall Comparison for Het-
erogeneousCase

In ordertocomparedifferentcooperationschemescompactly, weintroduceanew metricthat
measureshow muchlongerit takesto downloadthe�le to all peersof aclassascomparedto
thetime it would takeasinglepeerof thatclassto downloadthe�le directly from theserver.

NormalizedTotalDownloadTime for classi =
TotalDownloadTime for classi

F=bi

Regardlessof thearchitecture,schemeor bandwidthratios,avalueof onefor theNormalized
Total DownloadTimeis anoptimallowerbound.

Figs.17 and18 show thecompletesetof resultsfor N1 = N2 andN2 = 10N1 respec-
tively, for two differentvaluesof C. For eachscheme(reportedonthex-axis)thenormalized
total downloadtimeof eachclassfor differentbandwidthratiosis shown.

Independentlyfrom the ratio betweenfastandslow peers(N1 = N2 andN2 = 10N1),
the impactof a collaborationpolicy on the total downloadtime of fastpeersis negligible.
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For class2 (slow peers),the Generousschemewith Collaborationperformanceis closeto
optimal. The altruistic schemeperformsnearlyaswell, with normalizeddownloadtimes
that areslightly higher thanfor the Generousschemewith Collaboration. Notice that the
collaborationof slow peersbecomesfundamentalwhenthey outnumberfastones.
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Figure17: Normalizedtotal downloadtime with Lineararchitectureachievedby eachclass
with differentschemes(N1 = N2, N = 104)
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Figure18: Normalizedtotal downloadtime with Lineararchitectureachievedby eachclass
with differentschemes(N2 = 10N1, N = 104)

We want to comparethe different cooperationschemesof the linear architectureand
introduceresultsand

Completingthe analysisrequiresthe derivation of resultsfor the Treek andPTreek ar-
chitectures.To avoid clutteringthepaperwe do not derive herethe formulasfor Treek and
PTreek for theheterogeneouscase,sincemostof thecalculationsarecumbersomeandthe
basicideasusedto �nd the�nal resultsarethesameto thosewe adoptfor theLinear archi-
tecture.Theonly new parameterintroducedhereis f : theoutdegreeusedfrom fastpeersto
slow peers(while k is theoutdegreewithin thesameclass).We presentin Table1 the�nal
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resultsthat indicatehow thedifferentcollaborationschemesperformfor Treek andPTreek ,
andrefer to the technicalreport[19] for moredetailson how theseformulasareobtained.
Notethat theIndependentschemeis equivalentto hehomogeneouscasewith bandwidthb1

or b2. As theotherschemesareconcerned,fastpeersevolve asin the independentscheme,
with a modi�ed bandwidth;slow peershavea termequalto F

b2
(thatis theminimumtime to

uploadthe �le F to a peerwith bandwidthb2) plus the time necessaryfor the fastpeerto
reachtheleaves(Generousscheme)or to �nish thedownload(Altruistic scheme).

Table1: Treek andPTreek architecturesperformancecomparison.

Archi-

tecture SchemeDwld TimeClass1 Dwld TimeClass2

Linear Indep. F
b1

�
(C� 2)+

p
(C� 2)2 +8 N 1C
2C

F
b2

�
(C� 2)+

p
(C� 2)2 +8 N 2C
2C

Gener. same as Indep., with b�
1 = b1 � b2

F
b2

+ F
Cb�

1
� F

b�
1

+ tclass1

G.+Coll same as Indep., with b�
1 = b1 � b2 not explicitly reversible

Altr. same as Indep. F
b2

+ tclass1

Treek Indep. F
b1

�
k + k

C

�
logk

�
N1

k� 1
k + 1

�
� 1

�	
F
b2

�
k + k

C

�
logk

�
N2

k� 1
k + 1

�
� 1

� 	

Gener. same as Indep., with b�
1 = b1 � f b2

F
b�

1

k
C logk

�
N1

k� 1
k + 1

�
+ F

b2

G.+Coll same as Indep., with b�
1 = b1 � f b2 not explicitly reversible

Altr. same as Indep. F
b2

+ tclass1

PTreek Indep. F
b1

�
1 + k

C

�
logk

�
N1

k� 1
k + 1

k

�
� 1

� 	
F
b2

�
1 + k

C

�
logk

�
N2

k� 1
k + 1

k

�
� 1

� 	

Gener. same as Indep., with b�
1 = b1 � f b2=k F

b�
1

k
C logk

�
N1

k� 1
k + 1

k

�
+ F

b2

G.+Coll same as Indep., with b�
1 = b1 � f b2=k F

b�
1

k
C logk

�
N1

k� 1
k + 1

k

�
+ F

b2

Altr. same as Indep. F
b2

+ tclass1

Fig.19(a)showstheresultsfor all threearchitectureswhenb1 = 5b2 andN1 = N2. Look-
ing at class1, aswe alreadyobservedfor thehomogeneouscase,themoresophisticatedthe
architecture,thecloserthetotal downloadtime to theoptimum. Theadoptedcollaboration
schemehasalmostnoimpactontheperformanceof peersin class1. Theresultsobtainedfor
class2 canbequitesensitivewith respectto thecollaborationscheme:A Generousscheme
cangreatlyimprove theperformanceof slow peersandallows themto obtain,regardlessof
thearchitecture,anear-optimaldownloadtime.

Theseresultsarecon�rmed whenwe have many moreslow peersthan fast ones(see
Fig.19(b)). A small numberof very fastpeerscanmake the total downloadtime of slow
peerscomecloseto theoptimalone.

As the PTreek architectureis concerned,nearoptimal performancefor peersin both
classesis achieved even if the peersin the two classesoperateindependently:this means
that it is not possibleto �nd a collaborationschemethatwill signi�cantly improve theper-
formance,asit canbeexpectedsincethePTreek schemefully exploit all resources.

19



100

101

102

Indep. Gener. G.Collab. Altr.

N
or

m
al

iz
ed

 to
ta

l d
ow

nl
oa

d 
tim

e Linear Cl 1
Cl 2

Tree Cl 1
Cl 2

PTree Cl 1
Cl 2

(a)N1 = N2, b1 = 5b2

100

101

102

Indep. Gener. G.Collab. Altr.

N
or

m
al

iz
ed

 to
ta

l d
ow

nl
oa

d 
tim

e Linear Cl 1
Cl 2

Tree Cl 1
Cl 2

PTree Cl 1
Cl 2

(b) N2 = 10N1, b1 = 100b2

Figure19: Normalizedtotal DownloadTime for differentarchitecturesandcollaboration
schemes( N = 104, C = 103)

The most remarkableobservation, however, is that heterogeneitydoesnot necessarily
jeopardizetheperformance.Indeed,in presenceof heterogeneouspeers,somesimpleforms
of cooperationbetweendifferentpeerclassescanhelpimproving theperformanceof theslow
peerswithoutsigni�cantly affectingfastones,evenwith simpledistributionarchitectures.

4 Conclusionsand Perspectives

Theself-scalingandself-organizingpropertiesof peer-to-peernetworksallow to quickly and
ef�ciently distributecontentto hugeclient populations.Cooperativedistribution techniques
capitalizeonthebandwidthof everypeerto offer aservicecapacitythatgrowsexponentially,
providedtheblocksamongthepeersareexchangedin suchawaythatthepeersarebusymost
of the time. Thearchitecturethatbestachievesthis goalamongthosestudiedin thepaper,
independentlyof the peerto chunkratio N=C, is PTreek : For a wide rangeof parameters
thePTreek allowsto servea largepopulationof peersin a time thatis just slightly abovethe
time it would take a singlepeerto downloadthe�le from theserver, andthis alsohappens
independentlyfrom thepresenceof differentspeedin accesslinks.

Our analysisprovidedsomeimportantinsightsasto how to choosecertainkey param-
eterssuchasC andk. First, the �le shouldbe partitionedinto a large numberof chunks
C, sincetheperformancescalesexponentiallywith C (but not toomany aseachchunkadds
somecoordinationandconnectionoverhead).Second,eachpeershouldlimit thenumberk
of simultaneousuploadsto otherpeers.Wesaw thatfor PTreek agoodvaluefor k is between
3 and5.

Our resultsfor a heterogeneouspeerpopulationsindicatethat for thelineararchitecture
whenthefastpeershelptheslow peers,theslow peerscanachievecloseto optimaldownload
timeswhile the downloadtime of the fastpeerswill not suffer. It is worth noticing how
differentorganizationschemesare affectedby heterogeneity. Linear architecture,that in
thehomogeneouscaseis shown to have poorperformances,in theheterogeneouscasewith
helpingfastpeersobtainsperformancenearto optimality. In the moresophisticatedTreek
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andPTreek organizationschemes,�nding appropriatewaysfor fastpeersto helpslow ones
is moredif�cult. In thePTreearchitecturein particularalmostany devisedhelpingscheme
leadsto poorerperformances,at leastfor fastpeers.

The resultsof our studyalsoguide the designof cooperative peer-to-peer�le sharing
applicationsthat do not organizethe peersin a sucha staticway asdo the linear chainor
tree(s)but usea meshinstead(e.g.,BitTorrent [1]). Here,a peermustdecidehow many
peersto serve simultaneously(theoutdegreek) andwhatchunksto serve next (the“chunk
selectionstrategy”). For eachchunk,a peerselectsthepeerit wantsto uploadthatchunkto
(the“peerselectionstrategy”).

Considera peerselectionstrategy that givespreferenceto the peersthat areclosestto
completion(amongthosethathave thefewestincomingconnections),andachunkselection
strategy thatfavorsthechunksthatareleastwidely heldin thesystem.Assumethateachpeer
only acceptsasingleinboundconnection.With 1 outboundconnectionperpeer, we trivially
obtaina linearchain;with 2 outboundconnections,we obtaina binarytreeTreek=2 ; andso
on. Failuresarehandledgracefullyastheparentof a failedpeerautomaticallyreconnectsto
thenext peerin thechainor tree.

If we now allow eachpeerto have k inboundandk outboundconnections,we obtain
a con�guration equivalentto PTreek . Indeed,the sourcewill fork k treesto which it will
senddistinctchunks(rememberthatwe givepreferenceto therarestchunks).Theleavesof
thetrees,which have freeoutboundcapacity, will connectto thepeersof theothertreesto
eventuallycreatek parallelspanningtrees.Suchmesh-basedsystems[20], whosetopology
dynamicallyevolvesaccordingto prede�nedpeerandchunkselectionstrategies,offer ser-
vice timesaslow asthe onesof PTreek andadjustdynamicallyto bandwidth�uctuations,
bandwidthheterogeneity, andnodefailures.
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