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Abstract

Peerto-peernetworks have beencommonlyusedfor taskssuchas le sharingor
le distribution. We studya classof cooperatie le distribution systemavherea le is
brokenup into mary chunksthatcanbe downloadedndependentlyThedifferentpeers
cooperatdy mutuallyexchanginghedifferentchunksof the le, eachpeerbeingclient
andsener atthe sametime. While suchsystemsarealreadyin widespreadiselittle is
known abouttheir performancendscalingbehaior. We develop analyticmodelsthat
provide insightsinto how long it takesto delivera le to N clientsgivena distribution
architecture Our resultsindicatethatevenfor the caseof heterogeneoudient popula-
tionsit is possibleto achieve downloadtimesthatis almostindependendf the number
of clientsandvery closeto optimal.

1 Intr oduction

Peerto-peersystemsjn which peercomputerdorm a cooperatre network andsharetheir
resourcegstorage,CPU, bandwidth),have attracteda lot of interestlately. They provide
a greatpotentialfor building cooperatre networks that are self-oganizing, ef cient, and
scalable.

Researchin peerto-peernetworks hasso far mainly focusedon contentstorageand
lookup; fewer efforts have beenspenton contentdistribution. By capitalizingon the band-
width of peernodes,cooperatie architecture®offer greatpotentialfor addressinggomeof
the mostchallengingissuesof today’s Internet: the cost-efective simultaneouslistribution
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of bandwidth-intensie contentto thousand®f usersboth Internet-wideandin privatenet-
works.

Cooperatre contentdistribution networksareinherentlyself-scalablein thatthe overall
bandwidthcapacityof thesystemincreasesasmorepeersarrive: eachnew peerrequestser
vice from, but alsoprovidesserviceto, the otherpeers.The network canthusspontaneously
adaptto thedemandoy takingadwantageof theresourceprovided by every peer

We presenta deterministicanalysisthat providesinsightsinto how differentapproaches
for distributing a le to alarge numberof clientsimpacton performance We considerthe
simplecaseof N peersthatsimultaneouslyequesto dowvnloadthesamele. Initially, the

le existsin asinglecopy storedat a nodecalledsource or server We assumehatthe le
is brokenup into chunksandthatpeerscooperatei.e., a peerthathascompletelyreceveda
chunkwill offer to uploadthis chunkto otherpeers.Thetimeit takesto downloadthe le to
all peerswill dependon howthe chunksare exchangecamongthe peerswhichis referred
to aspeerorganizationstratayy, or distribution architecture.

To get someinsightsinto the performanceof differentpeerorganizationstratgies, we
analyticallystudythreedifferentdistribution models:

A linear chainarchitectureyeferredto asLinear, wherethe peersare organizedin
a chainwith the sener uploadingthe chunksto peerP,, which in turn uploadsthe
chunksto P, andsoon.

A treearchitecturereferredto as Tree, wherethe peersareorganizedin a treewith
anoutdegreek. All the peerghatarenotleavesin thetreewill uploadthechunksto k
peers.

A forestof treesconsistingof k differenttrees referredto asPTre€t, which partitions
the le intok partsandconstructk spanningreesto distributethek partsto all peers.

We analyzethe performanceof thesethreearchitectureandderive an upperboundon
thenumberof peerssenedwithin aninterval of time t. We consideboththe homogeneous
casewhereall peershave the samebandwidth andthe heterogeneousase wherepeersare
dividedin classedasedon their accesdandwidth. In the heterogeneousasewe consider
differentcooperatiorscheme®etweerthe classesn orderto understandhow heterogeneity
affectsthe performancef thedistribution schemeFor the sale of simplicity, we completely
ignorethe bandwidth uctuation in the network or nodefailures. We assumehatthe only
constrainis the upload/devnloadcapacityof peers.

The modelpresentedn this paperrepresents high level descriptionof differentpro-
tocolsthat usessimilar mechanismso distribute the content. The le to be distributed,in
fact,is brokeninto independenthunksandeachchunkcanbedistributedindividually. This
methodologyis a basicfunctionality of BitTorrent[1], so,leaving out detailssuchaschunk
selectionstratgyies and peer selectionstratgies, our modelis able to catch performance
boundgthatcanbe obtainedusingsuchprotocols.

Moreover, we supposeto have collaboratve peers,i.e., eachpeer if necessaryhelp
distributing the chunks. This principle is also known as swarming or hoarding: chunks
reachall the peersthroughthe otherpeers,usingtheir resourcesThe differentdistribution
architecturesle ne differentorganizationsof the pathsthat chunkscanfollow during the
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distribution processandthetopologicalpropertief thedistribution overlaynetwork. Since
we have completeknowledgeof the network, andthe peerbandwidthsarestable thesepaths
canbe consideredleterministicj.e., giving simplecontentdistribution policiesthatarerun
locally by eachpeer the contentfollows pathsthat can be calculated(giving the desired
performancenetricswe areinterestedn).

In this paperwe disregard protocol details, focusingon generalpropertiesof the dis-
tribution organization. For instance Avalanche[2] and BitTorrentdiffer in techniquedor
chunkselectionandencodings.We do not considersuchpropertieswhile both Avalanche
andBitTorrentcan,with somemodi cations, be usedto provide le distribution following
thegenerabrganizationschemestudiedin this paper

1.1 RelatedWork

Theearlywork by Saroiuetal. [3] analyzessnutellaandNapstetracestheaim of thestudy
is to characterize&nd-usehosts their connectvity andbehaior. Theresultsof theanalysis
show the presenceof signi cant heterogeneityn peercapacity availability and behaior;
moreawer, thereis a fraction of peersthatactprimarily asclients(i.e., they only download)
andotherprimarily asseners(i.e.,they arealtruists).

In [4] authorsanalyzethetraceof BitTorrentP2Papplication1]; in thiscaseheaimisto
assesthe performancef thealgorithmusedin BitTorrent. They concludethatmechanisms
usedby BitTorrentallow ef cient andrapidreplicationof contentsgvenin presencef ash
crowd phenomena.

Thework in [5] is amongthe rst to proposeananalyticalmodelof a P2Psystem gval-
uatingits performance.The paperrepresents P2Psystemasa multi-classclosedqueuing
network andit shows the in uence of the designparameterdjk e peerrequestateand le
popularity on stationaryperformances.

In [6], authorsuseanagedependentbranchingporoces$o modelthetransienevolution of
a P2Psystemanda simpleMarkovian modelto analyzethe steadystateregime. This paper
introduceghe conceptof servicecapacityasthe numberof availablecopiesin the network.
Theresultsof this paperindicatethatthenumberof clientsthatcompletehedownloadgrows
exponentiallyin time andarein accordancevith our results.

Fluid modelshave beenrecentlyconsideredjiven their analyticaltractability andtheir
potentialto describedynamicandtransientehaior. Theworkin [7] proposes uid model
for theanalysisof the Squirrelprotocol[8]. Theresultis anaccuratenodelthatestimateshe
performanceof the protocol. In [9] the authorsstudythe BitTorrentprotocolwith a simple

uid model. The modelis ableto catchthe transientand the steadystatebehaior of the
systemwith afew simpleparametersmoreover, ananalysisof the differentmechanismef
BitTorrentis provided. In [10] a stochasticuid o w modelis proposedo studythe le
distribution: the modelcomputeshe cumulatve distribution of le transfertime andevalu-
atesthe impactof the systemparameterssuchas le popularity bandwidthcharacteristics,
concurrendownloadsanduploadspn the performance.

Of theworksabove only [5] and[10] tacklethe problemof presencef differentaccess
capacitiesamongpeerswhich is insteadone of the focusesof this paper In contrasto our
work, bothapproachedo notconsiderle distribution processanddo nottake into account
distribution architectures.



A relatedtopic wheredistribution architecturesare explicitly taken into accountis the
delivery of streamingservicesthroughoverlay multicast. Narada[11], ALMI [12], NICE
[13], and SplitStream[14] (from which the inspirationfor PTree wastaken), for instance,
de ne asetof mechanismso ef ciently distributethe contentto mary overlaynodes.They
build in differentways distribution treesand managethe dynamicsof leaving andjoining
nodes.Neverthelessnostof thesestudiesarefocusedon protocoldesignanddo notanalyze
the impact of distribution architectureson performance. Performancesvaluationis only
focusedon the proposedgrotocol.

Otherstudies,[15] and[16], analyze le swarmingbut do not considerary particular
architecturendarefocusedon otherproblemslJik e replicationstratgjiesandpeerselection.
The work in [17] studieshow to build the treetopology but it doesnot comparedifferent
topologies.

This paperextendsthe analysismadein [18] (partially replicatedhere)consideringhe
presencef differentaccesbandwidths.

2 HomogeneouLase

2.1 General Assumptions

We consideascenariovhereeachpeerhasthesameuploadanddownloadbandwidthb. The
caseof asymmetridoandwidthg(typically, with downloadgreaterthanuploadasin ADSL)
correspondso the casewith symmetricbandwidthequalto the uploadbandwidth:in all the
presentedchemesn fact,the uploadbandwidthis alwayssaturatedsoa greaterdownload
bandwidthcannotcontritutein improving the performance.

The uploadbandwidthof the sener is alsob. We focuson the distribution of a single
le thatis partitionedinto C chunks. The time neededto downloadthe complete le at
bandwidthbis referredto asoneroundor 1 unit of time. Thus,thetime neededo download
asinglechunkgivenabandwidthbis 1=C.

We malke thefollowing assumptions:

Theseneruploadshe le inde nitely to onepeerattime;

Eachpeerstartsservingthe le onceit hascompletelyrecevedthe rst chunk,and
uploadshewhole le oncetok peersk = 1;2;:::

2.2 Linear: A Linear Chain Ar chitecture

In this sectionwe studytheevolution overtime of thenumberof senedpeerdor thelLinear
architecture.At ary pointin time, the sener uploadsthe le to a singlepeer Eachpeer
hasa bandwidthb and uploadsthe whole le to exactly oneotherpeer(k = 1) beforeit
disconnectsThus,eachpeercontritutesthe sameamountof datato the systemasit receves
from the system.At time O, the sener startsservinga rst peer At time 1=C, the rst peer
hascompletelyrecevedthe rst chunkandstartsservinga secondoeer Likewise,oncethe
secondpeerhasrecevedthe rst chunkattime 2=C, it startsservingathird peerandsoon.
As aresult,peersareconnectedn achainwith eachpeerreceving chunksfrom the previous
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oneandservingthenext one. Thelength(i.e.,thenumberof peers)f thechainincreasedy
onepeereachl=C unit of time. At time 1, the sener nishes uploadingthe le to the rst
peer If therearestill peerdeft thathave not evenreceveda singlechunk,the sener starts
anew chain. The sameprocesgepeatsat eachround,asshowvn in Fig.1 (the black circle
representthesener, theblacksquaresrepeerghatstartdownloadingthe le, andthelines
connectinghe peerscorrespondo active connections).This makes(t + 1) chainswithin t
rounds. The numberof sened peersattime t over all thosechainsincludesonly the peers
thathave joined the network on or beforetimet 1. Givenachaininitiatedattime O, its
lengthattimetis (1 + t C) andthenumberof senedpeersin thatchainis1+ (t 1)C
peers.Includingall parallelchains the numberof senedpeerswithin t roundsis givenby

Xt
Niew (0= 1+ (- 1C) = t+ =101 ()

i=1

The numberof peerssened grows linearly with the numberof chunksC andquadratically
with thenumberof roundst. FromEquation(1) we derive thetime neededo sene N peers:

r——
(C 2)+p(c: 2’+8N C 1 1 2N,

Tiinear (C;N) = 5 C > + 2 c (2)
N=C is thenodeto chunkratio andwe distinguishthefollowing cases:
q_
1. Tiinear (C;N) % + % = 1; for % 1

2. TLinear (C; N)
3. Tupear (C;N)  Noford 1

Fig.2 plots T inear (C; N) asafunctionof thenumberof peerdor differentvaluesof the
numberof chunksC. As expectedfor a givennumberof peersN, the smallerthe nodeto
chunkratio N=C, the shorterthetime to sene all N peers.In fact,for N=C 1 all peers
are active uploadingchunksfor mostof thetime and T\ inear IS @pproximatelyone round.
Ontheotherhand,for N=C > 1 only C outof theN peerswill be uploadingat ary point
in time, while theotherN  C peershave eitheralreadyforwardedtheentire le or notyet
recevedasinglechunk.

2.3 Tre€: A TreeDistrib ution Architecture

Aswehavejustseenfor N=C > 1thelinearchainfailsto keepall thepeersvorking mostof
thetime. To alleviatethis problemwe now considefTree, atreearchitecturavith outdegree
k wherethe numberof “hops” from the sener to the last peeris approximatelylog, N, as
comparedo N for thelinearchain.We malke thefollowing assumptions:

Theseneruploadso k peersn parallel,eachwith abandwidthof b=k

Eachpeerdownloadsthewhole le atbandwidthb=k
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Figure 1: Evolution of the Linear architec- Figure2: T inear (C; N) asafunctionof N
turewith time (C = 3). andC.

A peerthatis interior (i.e., nonleaf) nodeof the distribution treestartsuploadingthe

le tok otherpeersgachatabandwidthb=k assoonasit hasrecevedthe rst chunk.
This meanghatinterior nodesuploadanamountof dataequivalentto k timesthesize
of the le, while leafnodesdo notuploadthe le atall;

Givena downloadbandwidthof b=k a peerneedsk=C units of time to receve a single
chunk.To computethedownloadtimesin atreearchitecturave needto know thenumberof
levels| in atreewith N nodesWithoutlossof generalitywe assumehatthetreeis full. At
the rst level, thetreecon@insk nodeg(thelevel 0 is the sener itself), the seconck? nodes
andsoon; thereforeN = }:1 K = k% andl = log. N2+ 1 . Thetotal download
timeis 1 .
+1 1 c 3)
Thetermk=C is the transferdelayof eachlevel in the tree. Leaf peersstartreceving the
rst chunkafter(log; N % +1 1) % units of time. They completethe downloadk
unitsof time later We subtractl to the numberof levelsbecausehetime to uploadthe rst
chunkto theleavesis includedin thetime to uploadthewhole le.

We derive from Equation(3) the numberof peerssenedwithin t rounds

NreolCik) K WE 1 K (4)
k 1
It followsfrom Equation(3) and(4) thatthe performancef le distributiondirectlydepends
onthedegreek of thetree.

The optimal outdgyreek,,: dependon the peerto chunkratio N=C (seeFig.3). For
N=C 1, the optimal outdeyreeis 1, i.e., a linear chain, sincethe peersare uploading
mostof thetime at their full bandwidthcapacity For N=C > 1, anincreasdn N=C leads
to anincreasen the optimal outdeggreeasthe linear chainbecomedessandlesseffective
(remembethatonly C outof theN peersareuploadingsimultaneously).

Tre(CK:N) = k+ log. NX
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Figure3: Tree(C; k; N) asafunctionof k, N, andC.

In practice the outdeggreecanonly take integervaluesandwe seethatfor N=C > 1the
binary treeyields lower downloadtimesthanthe linear chain. The binary treeis alsothe
optimaltree. Remembethatin Ty . the outdegreek appearsasanadditive constanthatis
typically muchlargerthantheotherterm((logc N % +1 1) k=C)

Trees however, suffer from two importantshortcomings:

1. While the maximumuploadanddownloadbandwidthis b, the peersin a treedown-
load only at bandwidthb=k As a consequencehe downloadtime is at leastk-times
thetimeit takesif the le weredownloadedatthe maximumpossibledownloadband-
width;

2. In atreeof outdgreek andheightl, therearek' leaf nodesand'ﬁ—f interior nodes.
Sinceonly theinterior nodesuploadchunksto otherpeersthis meanghat(in abinary
tree)morethanhalf of the peerswill not uploadevena singleblock. Also, the peers
thatuploadmustuploadtheentire le k times.

2.4 PTred: An Architecture Basedon Parallel Trees

Theoverallperformancef thetreearchitecturevould besigni cantly improvedif we could
capitalizeontheunusediploadcapacityof theleavesto utilize theb b=kunuseddownload
capacityateachof thepeers.t is notpossiblehowever, for aleafto sene otherpeeraupward
its treebecausd only holdschunksthatits ancestorslreadyhave. Givenatreearchitecture
with k treesrootedat the sener, the basicintuition underlyingthe PTre€® architectureas
describedn [18], is to “connect”the leavesof oneof thetreesto peersof the otherk 1
treesto ultimatelyproducek spanningreesandhave thesenersenddistinctchunksto each
of thesetrees.

More speci cally, the PTre€S architectureorganizesthe peersin k differenttreessuch
thateachpeeris aninterior peerin at mostonetreeanda leaf peerin theremainingk 1
trees. The le is thenpartitionedinto k parts,whereeachpartis distributedon a different
tree:treeTX for partPX. All k partshave the samesizein termsof numberof bytes. If the



entire le is dividedinto C chunks eachof thek partswill compriseC=k disjoint chunks!
Sucha distribution architecturewas rst proposedunderthe nameof SplitStream[14] to
increasethe resilienceagainstchurn (i.e., peersfailing or leaving prematurely)in a video
streamingapplication.

In PTree’, apeerrecevesthek partsin parallelfrom k differentpeersgachpartatband-
width b=k while the peerhelpsdistributing at mostone part of the le to k otherpeers.
Therefore the total amountof dataa peeruploadscorrespondsxactly to the amountcon-
tainedin the le, regardlesgheoutdegreek of thetrees.
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Figure 4: Evolution of the PTree=? architecture Figure5: Tpr1ee(C; k; N) asafunc-
with time. tionof k, N, andC.

Fig.4 depictsthe basicideaof PTre€=?, wherek denotesthe outdeyreeof eachtree.
Eachpeer exceptfor peer4, is aninterior peerin onetreeandaleaf peerin anothertree. It
is easyto shaw that,independentf theoutdereek, therewill alwaysbeonepeerin PTree
thatis leafin all k trees.

Thedeterministicanalysisof aPTre€ architecturédeginsobservinghatthesener starts
k differentdistributiontreesandeachtreecontainsall N nodes.Thenumberof levelsl| in a
treewith N nodes canbefoundcon&dermghaﬁthe rst level containsl node theseconck

nodesthethird k? nodesandsoforth; soN = J'_O Ki = k' * andl = log, NG DL

A PTre€ peeris aleafnodein k 1treesandaninteriornode|n onetree,andit receves
all k partsin parallel. This meanghatall peerscompletetheir downloadat the sametime
1+ (I 1) k=C. Wesubtractl to thenumberof levelsbecaus¢hetime to uploadthe rst
chunkto theleavesis includedin thetime to uploadthewhole le. Thetotal downloadtime
isthen

+
TPTree(C; K; N) =1+ |Og< w— 1 g : (5)
We derive from Equation(5) the numberof peerssenedwithin t roundsas
. 1 k
Nptree(C; k;t) K DL K Kk 1° (6)

For the sale of simplicity, we assumehatthe numberof chunksC is a multiple of the numberof partsk.
2Again, we assume full tree.



As for thetreearchitecturdén Section2.3, thereis anoptimal valuek for PTre€* that mini-
mizesthe servicetime. Intuitively, a very deeptree shouldbe quite inef cient in engaging
peersearlysinceleavesarequitefar from the source.In fact, PTree™! is equivalentto Lin-
ear, whichis very inef cient in engagingpeersfor N=C > 1. Onthe otherhand,whenthe
outdegreeof thetreeis large,leaf peersareonly afew hopsfrom the sourceandcanbe en-
gagedfast. However, thisintuition is not completelycorrect: at treeswith large outdegrees
suffer from the problemthat, asthe outdegreek increasesthe bandwidthb=kat which each
chunkis transmittedrom onelevel to thenext onedecreaseknearly with k. Thisbandwidth
reductioncannegatethe bene tsof having mary peersreachablevithin few hops.

We cancomputethe optimal tree outdegreethat providesthe bestPTreeé performance
by takingthe derivative of Equation(5) with respecto k andequatingtheresultto zero.

Fig.5 depictsthe performanceof PTree asa function of the outdegree. We seethat
theoptimal PTreet performances obtainedor treeswith anoutdegreek = 3. However, the
performancdor k = 2andk = 4isalmostthesameasfor k = 3. Astheoutdeyreeincreases
the performanceof PTre€ degrades:for N=C 1 the degradationis very smallwhile for
N=C 1itis quitepronouncedilt is interestingto noticethatthe optimal outdegreek for
PTre€ architecturess differentfrom thatof asingle Tre€ .

By striping contentacrossmultiple trees,PTree* can ensurethat the departureof one
peercause®nly aminimal disruptionto the systemyeducingthe peers'throughputonly by
b=k Giventhatthe overheadcausedy churncanbe minimizedby striping contentacross
ahighernumberof trees,onecanconsiderslightly higheroutdegreeshanthe optimalvalue
(e.g.,5) to minimize the impactof churnat the expenseof a minimal increasen transfer
time.

2.5 Comparative Analysisfor the Caseof Homogeneoudeers

In this section,we comparethe performanceof the Linear, Tree andPTre€ architecture.
We rst investigatehow thetime neededo sene N peersvariesasafunctionof thenumber
of peersN andthe numberof chunksC.
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Figure6: Performancef Linear, Tre€=7239 andPTre& 1239 asafunctionof N .

From Fig.6, we seethat regardlessof the numberof nodes,chunksand outdegreek,
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PTre€ is ableto offer downloadtimescloseto 1. Ontheotherhand,asalreadypointedout,
the downloadtimesfor Tree arealwayslargerthank unitsof time (seeEquation(3)).
Whenthe propagatiordelayof the rst chunkis very smallcomparedo thetransmission
time of the le, thepeersstayengagednostof thetime in thelinearchainandthebene t of
PTre€ diminishes.This is the casewhenthe numberof chunksis verylarge(C ! 1), the
numberof peergs small,or thetransmissiomandwidthis very high. Thepivotal pointwhere
PTre€ startsto signi cantly outperformLinearis aroundN=C > 10 ! (seeFig.6(b)).

3 Heterogeneougase

3.1 General Assumptions

Sofar we have assumedhatall peershave the sameconstantuploadand downloadband-
width. We now studythe casewherewe have two classe®f peersreferredto asfastpeers
and as slow peers. We look at differenttypesof collaboratve stratgies amongthe two

classesand are interestedin how the fast peerscan help the slow onesto improve their

downloadtime andhow this will affectthe downloadtime of the fastpeers.In additionto

thosedescribedor thehomogeneousase the mainassumptionsreasfollows:

Thereareonly two classe®f peerdn thenetwork: classl (fastpeers)with uploadand
downloadbandwidthb, andclass2 (slow peers)with uploadanddownloadbandwidth
p; by > by. Inthiscasewede ne oneroundthetimeit takesto downloadthecomplete
le atbandwidthby;

Thenumberof peersn classl andclass? is equalto N; andN, respectiely; thetotal
numberof peeras N = N; + Ny;

The sener hassufcient bandwidthto uploadconcurrentlyto thetwo classesi.e., its
uploadbandwidthbs is equalto by + by; thishypothesisimpli es calculationsanddoes
not greatlyin uence the nal resultssincethe impactis only on peersthatdownload
from thesener;

Peerscanbesel sh, i.e., they disconnecassoonasthey nish downloadingthe con-
tent, or altruistic, i.e., they remainin the systemfor a certainperiod of time after
nishing thedownload(thetime lapseis relatedto the speci ¢ usedpolicy).

We considerfour differentvariationsfor eachof the architectureshatdiffer in the way
the peerscooperate.The mostobvious policy is onewherethe peersin eachclassbehae
asif the peersin the otherclassdo not exist. This schemads referredto asindependentin
the otherthreepoliciesthe fastpeersalwayshelpthe slow peerswhile the slow peerseither
do not uploadary dataat all or uploaddatato otherslow peers. We analyzein detail the
variationson thelinear distribution architectureandthenextendthe resultson the Tree and
PTre€ architectures.

3We areinterestedin keepingthe numberof peersthat downloadfrom the sener as small as possible,
otherwisethe network departdrom a P2Parchitectureandresemblesnorea traditionalclient/serer one.
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3.2 Linear Architecture and IndependentClasses

In this casethe sener uploadschunksindependentljto eachclass;peersbelongingto a
classdo not exchangecontentswith otherclasss peers.Fig. 7 shawvs the chunkdistribution
methodology

Server .
class 1 / \ class 2
. "

N = - "
] - N L
e "

N . - "
] e " L
e "
| /. .\ ]

Figure7: Chunkdistribution with two independentlasses

Generalizingthe resultof Eq. (2), it is straightforvard to derive the time necessaryo
distributethe contentto N; peerswith bandwidthly usinga Linearschemas

p
F (C 2+ (C 2F+8NC
Tinma(Bi CiNi = & o '

(7)

whereF isthe le sizein bitsandb thecapacityof theclassi in bit/s. Sincethetwo classes
evolve independentlythe total time necessaryo reachN peersdependsconsidering\
2

C,whethemN, > N; % (slow peergerminateafterfastpeers)r not (fastpeerterminate

afterslow ones).Theabove thresholds obtainedirom the simpli cation of Equation(1).

Fig.8 shows the total time againstthe numberof peern: in this examplewe have two
classesvith the samenumberof peersj.e. N; = N, = N=2, whereN = 10*, anddifferent
bandwidthratios: we assumeéhatthe bandwidthof class2 is x ed,with F=h = 1 andthe
bandwidthof classl is 2; 5; 10and100timesgreater

3.3 Linear Architecture with GenermusFast Peers

With this con guration slow peersdo not uploadary chunk;they only downloadfrom fast
peers;fast peersuploadin parallel the chunksto one fastand one slow peer Eachfast
peerstopsafterit hascompletelysenedoneslow peer Fig.9 shows the chunkdistribution
schemen this case.

At the beginning, the evolutionin time is equivalentto a singleclasswith capacityb, =
bn  b,. Eachslow peer nishesto downloadg + Cibl bF—l roundsafterthe correspondent
fastpeerterminatesWhenall the peersof oneclassarereachedy thecontenttheevolution
of the systemis differentdependingvhetherN; is larger or smallerthanN,. Let n bethe
numberof peersthathave already nished downloadingattimet,0< n < N. If N; < N»

thenfastpeersnish beforeslow ones(seeFig.9 ) and,whenn > 2N, theremainingslow
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Figure9: Chunkdistributionwith generougastpeers

peerscanonly downloadfrom thesener (they arenot collaboratve, sothey do notuploadto
ary otherpeers);n this casebs=I peersnish thedownloadevery F=k. If N; > N, then
slow peersnish beforefastonesand,whenn > 2N, theremainingfastpeersevolve with
full bandwidthb,.

Fig.10 shows the behaior in two casesWhenN; < N, (hereN, = 10N, with Ny *
900 it is possibleto seethat,after2N 1, thesystemevolvesvery slowly, sinceonly thesener
uploadsthe content. On the contrary whenN,; > N, (hereN; = 10N,, with N, * 900,
only asmallpartof fastpeersareinvolvedin helpingslow peersafter2N, peersaresened,
the systemevolvesfaster The gure showns how the systemevolves: to seethe difference
betweerthe phasewvhenclassl hasa capacityequalto b, andwhenit hasa capacityequal
to by, the dashedine representshe evolution if classhadalwaysa capacityb,. In caseof
greatetbandwidthratios(not shovn here) the differencebecomesntirely nggligible.

ConsideringhecaseN; < N, (theresultsfor N; > N, aretrivial), the total download
timefor classlis

F (C 2)+p(c 22+ 8N:C

T]_Sgl,sélen(bl’c’ Nl = bl 2C

(8)

For class2 we have to distinguishbetweenthe two phasesilet n, be the numberof slow
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Figure10: Linearchainwith generougastpeer:time necessaryo completethe download
(N = 10%, C = 10%); (&) N; < N,, when fast peershave completed,slov peerscan
downloadonly from thesener; (b) N; > N, afterhelpingslow peersfastpeersevolve with
full bandwidth

peerghathave completedhedownload,we have

Class1 ey F F F
Tflasg (b2| C: NZ) — Tlé? Glen(b.l.’ C; n2) + b|2: + Ch, b, If Ny < Nl
. en Thinten(B; CoNy) + 5 N2 if n, > Nj

©)

3.4 Linear Architecture with Generous Fast Peersand Collaborating
Slow Peers

In this con guration the systemevolvesasin the previous case exceptthat eachslow peer

senedby afastpeerstartsa nen chainof slow peers.In this caseeachfastpeersenesone

fastpeerandoneslow peer andeachslow peersenesanotherslow peer Fig.11 shovsthe
chunkdistribution methodologyin this case.

Server.
class 1 ./ ‘.\ class 2
e
- v N,
Al
N

Figurell: Chunkdistributionwith generougastpeersandcollaboratve slow peers
With this schemewe try to exploit the unusedcapacityof slow peers.While fastpeers

continueto uploadchunksto slow peersgachslow peerstartsa new chain. Therateof slow
chaincreationis equalto theratenew fastpeersareinvolvedin thedistribution process.

13



Looking at fastpeersthe downloadtime canbe found, asin the previous case,simply
consideringa Linear evolution with capacityb, = by k. Whenclass2 completesefore
classl, theremainingfastpeersevolve with full bandwidthb,. We canapproximatehetotal
downloadtime of classl usinganuploadbandwidthb, andobtain

Y
ass F (C 2+ (C 2)2+ 8N,C
TLCill,“GlenColl(b_L; C’ Nl) = E 2°C .
As slow peersareconcernedin orderto nd thetotaldownloadtimewe rst nd thenumber
of slow peerghathave completedhedownloadattimet andthenit is possibleto derive the
formulaof total dowvnloadtime againsthe numberof senedslow peers.
Considerthe rst chain of fastpeers. A new fastpeeris reachedby a chunk every

F=(Cb,), sothe numberof fastpeersin the rst fastchainis % + 1, where,for
notationsimplicity, we uset..; insteadof T(b,; C;N,). For eachfastpeera new slow
chainis started.Thenumberof slow peersn aslow chainattimetis 1+ tﬁ?%, where
tsar 1S thetime whenthechainis started. Thenumberof slow peerscontainedn ail theslow

chainsgeneratedby the rst fastchainis then

(10)

tclas_sl F=b1 11 $ . od
X max 0, 1+ teg & (11)
’ F=Chy)

j=1
wheret . IS thetime necessaryo classl to complete.
. . t 2F=
The secondfast chain generates numberof slow chainsequalto teassl 2P g ihg

F=(Ch,)
numberof slow peerscontainedn all theslow chainsgeneratedyy the secondastchainis
tcla's:slxz: =bq +1 0 E - . . Zl
=XP1 t J + o
(Chy) b b
max@o; 41 + A - 12
F=(Chy) (12)

j=1

Applying the calculusfor every fastpeerchain, we obtainthe total numberof slow peer
reachedattimet

telassl telass1 (K+1) F=bg +1 0 . 1
Neba F=(gP) t J % + kbE g
ny(t) = max @Q; 41 + Fl— c ! A (13
k=0 j=1 =(Ch)
Fromthisrelation,it is possibleto nd
TLCilisé}zenCOH(bz; C;N2)  suchthat nZ(TLCilisé}zenColl = Nz: (14)

It is importantto notethatequation(13) doesnottake into accounthe possiblecontribution
of thesenerif it becomesvailable(this happensf classl terminateseforeall slow peers
nish): neverthelessve considerthe contribution not signi cant, sincethereis a slow chain
startedeveryfastpeer

Fig.12 shavsthetotaltime versugshenumberof peers: in thiscaseN, = 10N, where
N;+ N, = N = 10*. Thecollaborationof slow peersensureshatthewhole capacityof the
systemis well exploitedevenwhenthe numberof fastpeerss relatively small.

14



b, =2b)
........... b, =5

= & 1P b o b, = 10

o o b, = 100

c c

3 3

2 210t ¢

(O] (O]

E E

% % 100 i

o o A

< c H

g g i

ai1o? ai1o?

102 k \ ‘ ‘ ‘ E 102 k ‘ ‘ ‘ ‘ )
0 2000 4000 6000 8000 10000 0 2000 4000 6000 8000 10000
Number of served peers (n) Number of served peers (n)
(@)C = 10? (b)C = 10°

Figurel12: Lineararchitecturesystemevolution with Generouschemewith Collaboration
(N, = 10Ny, N = 109

3.5 Linear Architecture with Altruistic FastPeers

In this con guration eachfastpeer after uploadingthe contentto a fastpeer stayson-line
andsenesslow peerswhenb, by, paralleluploadis employedto fully exploit theupload
capacityof the fastpeersandb,=ly slow peersstartto downloadfrom a singlefastpeerto
nish their downloadF =k time later. For simplicity, we supposeno collaborationof slow
peersj.e., slow peersdo not startnew chains.We supposehatfastpeersareableto sene
all theslow peersj.e., %Nl > N,. Fig. 13 shavsthechunkdistribution schemen this case.

Server .

class 1 u class 2
/ m

Figure13: Chunkdistribution with altruisticfastpeers

Consideringan instantt, the numberof slow peersthat hascompletedis equalto the
numberof fastpeersthathave completedcattimet F=k multiplied by afactorb,=ly. The
total downloadtime for classl is equalto thetotal downloadtime foundfor the Independent
casej.e.,

p
F (C 2)+ (C 2)2+8N,C
Tl (o1 C; Ny) = B o 1.

Thetotal time for class2 to completes

T Ru(2i CiNo) = £+ TG (b G 2N2) - giventhat No > 2Np  (16)

(15)
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wherethe last term is the time necessaryo reacha numberof fast peersthatis able to
sere all the slow peers. Fig.14 shaws the total time againstthe numberof peersn, with
N; = N, = N=2, whereN = 10

— by =2b
........... b, =5
- - 1P b o by =10
° o - g = 101
c <
3 3
= 210 ¢
(] (]
£ £
T T
IS IS
o o
c . c
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a0t | Q10 f
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Number of served peers (n) Number of served peers (n)
(a)C = 107 (b)C = 10°

Figure14: Linear chainarchitecture:systemevolution with Altruistic schemeN; = N,
N = 104

3.6 Comparative Analysisfor Linear Architecture

We considerthe four casesobtainedcombiningb, = 5by, by = 10, andN, = Ny, N, =
10N,. In particularwe focuson a total numberof peersequalto 10*: the analyzedcases
correspondo (i) N, = N; = 5000and(ii) N; ' 900andN, = 10N; ' 900Q We suppose
anumberof chunksequalto 107 or 16°. We considerthe le sizeandthebandwidthb, such
thatF=k = 1round.Othercombination®f parametergield resultsthatcon rm theinsight
achiezedwith thesesimplecases.

Figs.15 and 16 shav how the systemevolvesin termsof the percentagef completed
peerdfor eachclass.Fig. 15 shavsthecaseb, = 5b,, with N; = N, wheread-ig. 16 shows
thecaseof by = 100, with N, = 10N;. We seethatwhenthefastpeershelptheslow ones,
theperformancef slow peerds greatlyimproved,especiallyfor N, = 10N;. TheGenerous
schemawith Collaboratiorachievesnearoptimalperformanceregardles®of bandwidthratio
andnumberof peersratio. In particular in Fig.15, class2 nishes evenbeforeclassl. The
reasons thata lot of slow chainsare startedalmostat the sametime (i.e., oneslow chain
every F=(Chb,), whereasonly one fastchainevery F=b is created). Eachof theseslow
chainsafterthewhole le is uploadedaddsanew slow peerevery F=(Ch,), soin few slots
of time (eachslotis F=(Cly)) alot of slow peersarereached.

Whenwe have mary moreslow peerghanfastones(Fig 16) thedownloadtime with the
Generouschemas very high for mostof theslow peerghatwill besenedby thesener.
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3.7 Tree and PTree Architecturesand Overall Comparison for Het-
erogeneousCase

In orderto comparelifferentcooperatiorschemesompactlywe introduceanewx metricthat
measuresow muchlongerit takesto downloadthe le to all peersof aclassascomparedo
thetime it would take asinglepeerof thatclassto downloadthe le directlyfrom thesener.

Total DownloadTime for classi

NormalizedTotal DownloadTime for classi = F=p

Regardles®of thearchitectureschemeor bandwidthratios,avalueof onefor theNormalized
Total DownloadTimeis anoptimallower bound.

Figs.17 and 18 shav the completesetof resultsfor N; = N, andN, = 10N, respec-
tively, for two differentvaluesof C. For eachschemdreportedonthex-axis)thenormalized
total downloadtime of eachclassfor differentbandwidthratiosis shown.

Independentlyfrom the ratio betweerfastandslow peers(N; = N, andN, = 10N,),
theimpactof a collaborationpolicy on the total downloadtime of fastpeersis nggligible.
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For class2 (slow peers),the Generouschemewith Collaborationperformancas closeto
optimal. The altruistic schemeperformsnearly aswell, with normalizeddownloadtimes
that are slightly higherthanfor the Generouschemewith Collaboration. Notice thatthe
collaborationof slow peersbecomegundamentalvhenthey outhnumberfastones.
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Figurel7: Normalizedtotal downloadtime with Lineararchitectureachieved by eachclass
with differentschemeg¢N; = N,, N = 10%)

b,=5b, CI 1 —&— b,=5b, CI 1 —5—
210’} A Cl2 --@- ] 210’ ¢ o Q2 g 1
= A% b=10b, Cll —e— = /5% bi=10b, Cl 1 —e—
g Cl2 --o- E SO Cl2 --o-
o +, =100, CI 1 —a— o v, b;=100h, Cl 1 —a—
g Cl2 ---a-- g Cl2 ——a-
210 | o 210 | )
° i AN ° AN
I P I
5 5
S P S
2 ot 2y 2 ot
g0 ¢ i sor
Ny o) )
100 ) ) E ,,,,,,,,, A | 100 L ) ) o R
Indep. Gener. G.Collab.  Altr. Indep. Gener. G.Collab.  Altr.
(@)C = 107 (b)C = 103

Figure18: Normalizedtotal downloadtime with Lineararchitectureachieved by eachclass
with differentschemeg¢N, = 10N, N = 10%)

We want to comparethe different cooperationschemef the linear architectureand
introduceresultsand

Completingthe analysisrequiresthe derivation of resultsfor the Tree¢ andPTre€’ ar-
chitectures To avoid clutteringthe paperwe do not derive herethe formulasfor Tre€ and
PTre€ for the heterogeneousase sincemostof the calculationsare cumbersomeandthe
basicideasusedto nd the nal resultsarethe sameto thosewe adoptfor the Linear archi-
tecture.Theonly new parametemtroducedhereis f : the outdeggreeusedfrom fastpeersto
slow peers(while k is the outdegreewithin the sameclass).We presenin Tablel the nal
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resultsthatindicatehow the differentcollaborationschemegerformfor Tree* andPTre€,
andrefer to the technicalreport{19] for more detailson how theseformulasare obtained.
Notethatthe Independenschemas equivalentto he homogeneousasewith bandwidthb,
or . As the otherschemesreconcernedfastpeersevolve asin theindependenscheme,
with amodi ed bandwidth;slow peershave atermequalto g (thatis the minimumtimeto
uploadthe le F to a peerwith bandwidthl,) plus the time necessaryor the fastpeerto
reachtheleaves(Generouschemeprto nish thedownload(Altruistic scheme).

Tablel: Tree andPTree architectureperformanceomparison.

Archi-
tecture Scheme Dwld Tim%CIassl Dwild Tim%CIaSSZ
. F (C 2+ (C 2)2+8N;.C E (C 2+ (C 2)2+8N,C

Linear | Indep. |- > b —
Gener | same as Indep., with bl = b_|_ bZ g + CLbl tl’:_l + tolasst
G.+Coll| same as Indep., with bl = b_|_ bz not explicitly reversible
Altr. same as Indep. % + tolass

Tre¢ |Indep. |5 k+ & loge Ni52+1 1 |E k+ & loge N5+ 1 1
Gener | same as Indep., with b_|_ = b_|_ sz E—lglog Nl% +1 + %
G.+Coll| same as Indep., with b_|_ = b_|_ f bz not explicitly reversible
Altr. same as Indep. g + tclasst

PTree |Indep. | 1+ & loge Ni¥ 2+l 1 £ 1+ & loge Nk 2+ 1 1
Gener | same as Indep., with b.l. = b_|_ szzk t%%lo@ Nl% + % + %
G.+Coll same as Indep., with b.l. = b_|_ szzk t%%lo@ Nl% + % + %
Altr. same as Indep. g + tclasst

Fig.19(a)shavstheresultdor all threearchitecturesvhenb, = 5b, andN; = N,. Look-
ing atclassl, aswe alreadyobsenedfor the homogeneousase the moresophisticatedhe
architecturethe closerthe total downloadtime to the optimum. The adoptedcollaboration
scheméiasalmostnoimpactontheperformancef peerdn classl. Theresultsobtainedor
class2 canbe quite sensitve with respecto the collaborationschemeA Generouscheme
cangreatlyimprove the performancef slow peersandallows themto obtain,regardlessof
thearchitecturea nearoptimal dowvnloadtime.

Theseresultsare con rmed whenwe have mary more slow peersthanfastones(see
Fig.19(b)). A smallnumberof very fastpeerscan make the total downloadtime of slow
peerscomecloseto the optimalone.

As the PTree architectureis concernednearoptimal performancefor peersin both
classess achieved evenif the peersin the two classeperateindependently:this means
thatit is not possibleto nd a collaborationschemehatwill signi cantly improve the per
formanceasit canbe expectedsincethe PTree¢ schemdully exploit all resources.
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Figure 19: Normalizedtotal Download Time for differentarchitecturesand collaboration
scheme¢N = 104, C = 10°)

The mostremarkableobsenation, however, is that heterogeneitydoesnot necessarily
jeopardizethe performancelndeed,n presenc®f heterogeneouseers somesimpleforms
of cooperatiorbetweerdifferentpeerclassesanhelpimproving theperformancef theslow
peerswithout signi cantly affectingfastones evenwith simpledistribution architectures.

4 Conclusionsand Perspectives

Theself-scalingandself-oiganizingpropertieof peerto-peemetworksallow to quickly and
efciently distribute contentto hugeclient populations.Cooperatre distribution techniques
capitalizeonthebandwidthof every peerto offer aservicecapacitythatgrows exponentially
providedtheblocksamonghepeersareexchangedn suchawaythatthepeersaarebusymost
of thetime. The architecturghat bestachieszesthis goalamongthosestudiedin the paper
independentlyof the peerto chunkratio N=C, is PTre€‘: For a wide rangeof parameters
thePTre€ allowsto sene alarge populationof peersin atime thatis justslightly abose the
time it would take a single peerto downloadthe le from the sener, andthis alsohappens
independentlyrom the presencef differentspeedn accesdinks.

Our analysisprovided someimportantinsightsasto how to choosecertainkey param-
eterssuchasC andk. First, the le shouldbe partitionedinto a large numberof chunks
C, sincethe performancescalesxponentiallywith C (but nottoo mary aseachchunkadds
somecoordinationandconnectiomoverhead).Secondegachpeershouldlimit the numberk
of simultaneousiploadso otherpeers We saw thatfor PTree agoodvaluefor k is between
3 and>5.

Ourresultsfor a heterogeneouseerpopulationsandicatethatfor the lineararchitecture
whenthefastpeershelptheslow peerstheslow peerscanachieve closeto optimaldownload
timeswhile the downloadtime of the fastpeerswill not suffer. It is worth noticing how
differentorganizationschemesare affectedby heterogeneity Linear architecture thatin
thehomogeneousaseis shavn to have poor performancesn the heterogeneousasewith
helpingfastpeersobtainsperformancenearto optimality. In the more sophisticatedree
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andPTre€ organizationschemesnding appropriatavaysfor fastpeersto helpslow ones
is moredif cult. In the PTreearchitecturan particularalmostarny devisedhelpingscheme
leadsto poorerperformancesatleastfor fastpeers.

The resultsof our study also guide the designof cooperatre peerto-peer le sharing
applicationgsthat do not organizethe peersin a sucha staticway asdo the linear chainor
tree(s)but usea meshinstead(e.g., BitTorrent[1]). Here,a peermustdecidehow mary
peersto sene simultaneouslythe outdeggreek) andwhat chunksto sene next (the “chunk
selectionstratgyy”). For eachchunk,a peerselectshe peerit wantsto uploadthatchunkto
(the“peerselectionstratayy”).

Considera peerselectionstratgy that gives preferencdo the peersthat are closestto
completion(amongthosethathave thefewestincomingconnections)andachunkselection
stratgyy thatfavorsthechunksthatareleastwidely heldin thesystem Assumethateachpeer
only acceptsa singleinboundconnection With 1 outboundconnectiorperpeer we trivially
obtaina linear chain;with 2 outboundconnectionsyve obtaina binarytree Tree? ; andso
on. Failuresarehandledgracefullyasthe parentof a failed peerautomaticallyreconnectso
thenext peerin thechainor tree.

If we now allow eachpeerto have k inboundandk outboundconnectionsywe obtain
a con guration equivalentto PTreef. Indeed,the sourcewill fork k treesto which it will
senddistinctchunks(remembethatwe give preferenceo therarestchunks).Theleavesof
thetrees,which have free outboundcapacity will connectto the peersof the othertreesto
eventuallycreatek parallelspanningrees.Suchmesh-basedystems[20], whosetopology
dynamicallyevolvesaccordingto prede nedpeerandchunkselectionstratgies, offer ser
vice timesaslow asthe onesof PTre€ andadjustdynamicallyto bandwidth uctuations,
bandwidthheterogeneityandnodefailures.
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