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Abstract— BitTorrent is the most successful peer-to-peer system.
Researchers have studied a number of aspects of the systemg¢lid-
ing its scalability, performance, ef ciency and fairness.However, the
complexity of the system has forced most prior analytical wik to
make a number of simplifying assumptions,e.g. user homogeneity,
or even ignore some central aspects of the protocol altogeth e.g.
the rate-based Tit-for-Tat (TFT) unchoking scheme, in orde to keep
the analysis tractable.

Motivated by this, in this paper we propose two analytical malels
that accurately predict the performance of the system withat
compromising on the realism of the modelling methodology. Qr
rst model is a steady-state one, in the sense that it is validluring
periods of time where the number of users remains xed. Freed
by the complications of user time-dynamics, we account for lathe
details of the BitTorrent protocol and accurately predict a number
of performance metrics. Our second model combines prior wdt on
uid models with our rst model to capture the transient beha vior
as new users join or old users leave, while fully modelling &major
aspects of BitTorrent. Finally, we use our analytical methdology
to introduce and study the performance of a exible token-based
scheme for BitTorrent, show how this scheme can be used to fyl
block freeriders and tradeoff between higher-bandwidth ard lower-
bandwidth users performance, and evaluate the scheme's pameters
that achieve a target operational point.

Index Terms—Heterogeneous P2P networks, BitTorrent, perfor-
mance analysis, token-based scheme, fairness/delay tradfe

I. INTRODUCTION

download rates and to one more, randomly selected neighiaor,

a process called optimistic unchoking. This scheme is bsual
successful in penalizing freeriders, which are users tlbahat
provide uploads to others, because they get choked. Notevesw
that if a freerider connects to a large number of users, the
aggregate rate that it can enjoy via optimistic unchoking bea
substantial [5].

BiTorrent's success has motivated researchers to studyithow
performs [2], [6], [7], [8]. [9]. [10], [11], [12], design atitional
incentive schemes for it [5], [13], collect traf c measurents
[14], [15], [16], [17], and investigate fairness issuesoassted
with it [18], [19], [20]. However, despite the signi cant terest
for the system, the majority of the proposed analytical nde
make a number of simplifying assumptioesy.user homogeneity
(i.e. all users have the same link capacities which is in sharp con-
trast to the reality of dial-up, DSL/cable, and LAN connens),
or even ignore some central aspects of the protocol altegeth
e.g.the TFT unchoking scheme, in order to keep the analysis
tractable. This is not surprising given the system's comxiple
However, such assumptions, may prohibit the resulting nscde
accurately capturing the real system behavior [16], [18].

With this in mind, in this paper we propose two analytical
models that accurately predict the performance of the syste
without compromising on the realism of the modelling method
ology. Our rst model is a steady-state one, in the sense that

Peer-to-peer (P2P) systems provide a powerful infrastract it is valid during periods of time where the number of users in

for large scale distributed applications, such as le sigriThis

the system remains xed. Freed by the complications of user

has made them very popular, for example, 43% of the Interrighe-dynamics, this model accounts fall the details of the

traf c is P2P trafc [1]. Among all P2P systems, BitTorrens i

BitTorrent protocol, including TFT and optimistic unchakj,

the most prevalent one, since more than 50% of all P2P traf cand can accurately predict a number of performance metrics

BitTorrent traf ¢ [2].

including the user download rates and the le download delay

The BitTorrent system is designed for ef cient large scal#Ve demonstrate that this model is applicable to one of thet mos

content distribution. The complete BitTorrent protocohche

common scenarios in BitTorrent: the ash crowd scenarioereh

found in [3], [4]. We summarize the main functionality heremost of the users join the system in a short time period just af

BitTorrent groups users by the le that they are interestedim

a new le has been released [16], [18]. A preliminary version

each group there exists at least one user, called seed, wththédra of this model has appeared in [21], where we have assumed that

complete le of interest. The seed is in charge of disseniigat

there exist two classes of users in the system: high-bartdwid

the le to other users, called leechers, who do not have tlee land low-badwidth users. Here, we show how the model can be

When disseminating the le, BitTorrent partitions the whole

extended to more (three) classes of users. Given that thelmod

into a large number of blocks and then the seed starts upigadcomplexity increases fast as a function of the number ofselsis

blocks to its neighbors. Meanwhile, users of the group emgba
the blocks they have with their neighbors. As a result, theise

and that in reality there are mainly three classes of uséat g,
DSL/cable, and high speed [1], [18]), we believe three elasse

capacity of the system is enlarged. When a user has all thblothe best tradeoff between tractability and realiém._
of the le, he/she nishes the download process and becomes aOur second model builds upon prior work on uid models for

potential seed.

BitTorrent, see, for example, [6], which are traditionaliged to

There are several features making BitTorrent successiigt Fcapture the system's transient behavior and time-dynanaiss
and foremost is the idea to partition les into large numbér chew users join or old users depart. Using the techniques and

blocks. Another more subtle feature is the rate-based oFit-f
Tat (TFT) unchoking scheme. According to this scheme, a u

10other differences between the model in [21] and our rst middehis paper

$diude (but are not limited to) the ability to account for ltiple seeds, and an

uploads data to those neighbors who provide him/her theelsigharbitrary number of concurrent connections.



intuition from our rst model, we propose a uid model that Il. RELATED WORK

achieves the same goal as prior uid models while accuratelyg cohen, the author of BitTorrent, gives a thorough intro-
accounting for central properties of the BitTorrent praio@.g. guction to the BitTorrent system in [3]. The paper describes
the TFT unchoking scheme. This model can be used for steaglys BitTorrent protocol, the system architecture and tioeritive
state scenarios like the rst one, but it is slightly less @ete. gcheme built in the BitTorrent system.
One of its main strengths lies in that it can also be used for no There is a large body of work that studies the ef ciency and
ash-crowd_scenarlos, where new users keep joining thee_systthe popularity of BitTorrent via measuremeresy.[5], [12], [16].
for a long time after the release of a le, and, in general,my a (6] proposes a uid model to describe how the population of
situation where the user polpulat|0n changes over timehBurin  geeds and leechers evolves. [2], [8], [9] extend the abowéeino
contrast to our rst model, it can easily account for any nemb o stydy BitTorrent's performance under different user débrs
of classes of users, while keeping the analysis simple. and different arrival processes. Further, [7] and [10] estéhis
Finally, as an example of how to use our analytical methodahodel to study BitTorrent's performance under heterogaseo
ogy to study variations of the basic BitTorrent scheme andenaenvironments. Other interesting analytical results that lass
design decisions, we propose a simple and exible tokeretbagelevant to our work include [11] which proposes a model to
TFT scheme for BitTorrent. In the proposed scheme, which study the peer distribution and uses a dying process to study
inspired by our prior work on incentive schemes for P2P syste the le availability in BitTorrent, [24] which uses uid moells
[22], [23], users use tokens as a means to trade le blockshEdo study the distribution of the le transfer time in genef@P
user maintains a token table which keeps track of the amowystems that have some similar characteristics to Bitfiorend
of tokens his/her neighbors possess. A user increasesehis[B5] which uses a branching process to study the servicecigpa
neighbor's tokens for every byte he/she downloads from tloé such systems.
neighbor. The user decreases a neighbor's tokens for eygey b Despite the large body of work on modeling BitTorrent's
he/she uploads to the neighbor under study. A user wouldadplgperformance, the majority of the studies make a number of
a block to his/her neighbor only if the neighbor has suf diensimplifying assumptions in order to keep the analysis #ialet
tokens to perform the download. For example, the studies in [2], [6], [8], [9] consider horeeg

We show that the above scheme can be used to tradeoff bet\/\/é%lflus network environments only, where users have the same

high overall system performance and fairness to higherwand MK capacities. This is clearly an unrealistic assumptgven
users. In particular, we show that under the appropriatemeter Internet's heterogeneity. Those studies that considerbgeneity

tuning, higher bandwidth users will provide more uploadanth Make other simplifying assumptions, for example [7] cortedie

usual to lower bandwidth users, which tends to improve tre-ovi9nores BitTorrents TFT scheme, and [10] models only some
all average download delay but worsen the perceived pegfoom 2SPects of it. (See Section VII for details.) Since BitTatte
by higher bandwidth users. We also use our analytical madels' FT sche_m_e IS oné .Of the main features respons_lble for itatgre
compute the parameter values of the token-based scheme ﬁ"l‘éFess' it is essential to accqrately account for it. .
achieve a target operational point. Another bene t of theeto ur models accurately predict the performance of the BitTor

based scheme that we discuss is its ability to effectivehapee €Nt System in both steady state and dynamic scenariosr unde
freeriders, since users that do not offer uploads do notraatate Minimal assumptions, without compromising on the realisiine

tokens and, in the absence of optimistic unchoking, theywaan m_odeling m_ethodology. In particular, we considéraier_ogene_ous
perform any downloads BitTorrent-like system, where users are grouped into dfié

_ o _ . classes according to their link capacities, dunily model all the

To summarize, the contributions of this paper are as foligiyvs important aspects of the system, including the TFT scheme.
We extend our steady-state model presented in [21] to atoun  oyr proposed token-based TFT scheme is inspired by our prior
more (three) classes of users, multiple seeds, arbitranbeuof 41k on incentive schemes for Gnutella-like P2P system§, [22
concurrent connections, and other parameters of the reiqml; - [23]. Both the analysis and implementation of the tokenebas
(i) we introduce a new uid-based model that combines pridcheme, as well as what the scheme can accomplish in Bitiferre
work on uid-model analysis with _technlques_ from our IStjike systems, differs from our prior work [22], [23], as wepgain
model, to accurately capture user time-dynamics and &fltye  getail in the next Section. Our proposed token-based TFT f
account for any number of user classes; (iii) we use the &oaly BijTorrent degenerates to the block-based TFT scheme peabo
methodology to assess the impact of our proposed tokerdbager: g] when nodes gain tokens for uploading a byte at the same
TFT scheme to freeriders and to the performance of differgne that they use tokens to download a byte. Hence, our sehem
classes of users; and (iv) we compare our models to prior WQeKmych more general and exible. Further, while the work in
and highlight in which scenarios the assumptions made by pri1g] studies the performance of the block-based TFT scheme
work lead to sizable inaccuracies. via simulations, we extend our mathematical models to ptedi

The rest of this paper is organized as follows: In Sectiondl wthe performance of the token-based scheme and the bloekibas
brie y discuss related work. In Section Il we review the pemt scheme as a special case.
BitTorrent implementation in more detail, and provide aailet Finally, our token-based scheme allows us to investigaberéw
description of the proposed token-based scheme. In Sebfioncent, interesting problems related to BitTorrent. The issabout
we present our rst model, and in Section V our second modehe relative performance perceived by lower and higher Wédtt
In both of these sections we rst study the original BitTarre users. We show how our models can be used to decide on the
system, and then proceed with the token-based system. tm&Secscheme parameters that achieve a target tradeoff between th
VI we present extensive simulation results in order to \abdhe perceived performance of lower-bandwidth and higher-loaaith
accuracy of our models. In Section VIl we compare our modelsers, by making higher-bandwidth users offer more/lessauis
with some of the most representative models in the liteeatuthan usual to lower-bandwidth ones. The second is aboutdree
Conclusions and future work directions follow in SectionllVI ers. [5], [13], [26] have shown that despite the built-inéntve



scheme in BitTorrent, skillful freeriders can still bendrom the downloading from the system even if they do not have enough
system by connecting to many users and relying on optimistitocks to exchange, in which case the download rate theyigeov
unchoking. We show how our scheme can be used to block sugsHow. Finally, notice that the scheme allows a user to disco
skillful freeriders, motivate them to offer uploads, andaaesult good neighbors, i.e. neighbors who provide him/her withhhig
improve the overall performance of the system. download rates, and exchange data with them. Therefores use
who have high upload link capacities tend to exchange dataawi
larger number of high capacity users. And users with low aglo
link capacities tend to exchange data with a larger numb&vef
A. Original BitTorrent capacity users. Hence, in a sense the system is designedais be
We now describe in detail the main functionality of the Bitto each class of users.
Torrent system. Recall that BitTorrent groups users by tlee
that they are interested in. When a user is interested innjpia B. Token-enhanced BitTorrent
group, he/she rst contacts the tracker, a speci ¢ host #e#ps  The process by which a new user discovers neighbors in the
track of all the users currently participating in the grodje proposed token-based system (which we also refer tdo#en-
tracker responds to the user with a list containing the @intanhancedBitTorrent) is exactly the same as in the original
information ofL randomly selected peers. (Typical values ffor BitTorrent system. Further, again, the le is partitionedtd
are40 60 [4].) After receiving the list, the user establishes @locks and neighbors exchange block availability inforioraand
TCP connection to each of thekepeers, which we refer to asmessages indicating interest in blocks.
the user'sneighbors As mentioned earlier, in the token-based scheme users use
As mentioned earlier, when disseminating the le, BitTaire tokens as a means to trade blocks. In particular, each user
partitions the whole le into a number of blocks. Neighborsnaintains a token table which keeps track of the amount afriek
exchange block availability information and messagescatifig his/her neighbors possess. When the user uplagsbytes to a
interest in blocks. The BitTorrent protocol uses a Local€3ar neighbor, he/she decreases the neighbor's token dayin X up -
First (LRF) algorithm to determine which blocks to downloatn the other hand, the user increases a neighbor's tokens by
rst. It has been shown that the LRF algorithm can ef cientl ,, X gown if he/she downloadX gown bytes from the neighbor
increase the availability of rare blocks and prevent theBésck under study. Notice that a user does not have access to this/he
problem [3], [18]. In addition, it uses a rate-based TFT sohéo amount of tokens since this is maintained by his/her neighbo
determine to which neighbors a user should upload blockslte.  Under the proposed scheme each user decides to which (of
rate-based TFT scheme proceeds as follows: time is slatted ithe interested) neighbors he/she will upload blocks to,reve
T = 10 second intervals and each such time-interval is calla® seconds, which equals the unchoking period in the original
an unchoking period At the end of each unchoking period aBitTorrent system. In particular, everl0 seconds the user rst
user makes ahoking/unchokingecision. The choking/unchokingchecks which of his/her neighbors have enough tokens toperf
decision proceeds as follows: First, the user computes doh e the download of a block. If there are more thZnneighbors
of the neighbors that are interested in downloading a blogif having enough tokens, then the user randomly sel@adé them
him/her, the average download rate that he/she receivesydiie to upload to. IfZ or fewer neighbors have enough tokens the user
last2T = 20 seconds. Then, he/she selects to provide uploads peevides uploads only to them. If a neighbor runs out of teken
i.e. to unchoke a numberX of his/her neighbors who providedwhile downloading from the user, then the user stops uptaadi
him/her the best download rates, with ties broken arbiyra{By to the neighbor immediately after the current block transée
default,X =4.) If the user chooses not to provide uploads to @mplete, and randomly selects to upload to some other beigh
neighbor, we say that the neighbor is choked. Finally, tiee aso who has enough tokens. Finally, we initialize the token eaif
randomly selects another neighbor to provide uploads tis [Bt each user with an amount of tokens that suf ces to download
(random) selection process is calleptimistic unchokingHence, one block. The reason of giving initial tokens is to allow nsse
at any time instance a user is concurrently uploading to X +1  download data when they rst join the system.
neighbors. The following rules are also adopted by the sehem Note thatK ,, andKqown are relative values. Therefore, the
Let's call the neighbor that was selected at the last optimis proposed scheme actually has only one design parameteriliWe w
unchoking, anoptimistic unchoking neighbpand suppose that show that wherK ,, = Kgown , the token-enhanced BitTorrent
the last optimistic unchoking (and hence the end of the laststem makes the aggregate upload rate of a leecher to equal
unchoking period) took place at tinte seconds. Now, supposeits aggregate download rate, and degenerates to the bamadb
that the end of another unchoking period occurs at some ttimescheme introduced in [18]. Further, when each leecher atsne
seconds, wherg; = t; + nT seconds fon  1;T = 10. Then, to sufcient neighbors with the same capacity, the origim&T
if at time t, the optimistic unchoking neighbor belongs to theacheme vyields similar performance with the token-basedraeh
set of theX neighbors who provide the user the best downloaghenK , = K gown . We will also show that ak , increases, the
rates (and hence they will be unchoked), the user perfornesva roverall download delay of the token-enhanced BitTorrersteay
optimistic unchoking. Otherwise: (i) if, <t 1+ 3T seconds, the can get signi cantly smaller than that of the original Bitfent
user does not choke the optimistic unchoking neighbor aras dgystem, by making higher bandwidth users connect to morerlow
not perform a new optimistic unchoking, and (ii)tff t;+3T bandwidth users than usual. Finally, we will show that theeto
seconds, the user chokes the optimistic unchoking neighbdr based scheme eliminates the problem of freeriders whicloixp
performs a new optimistic unchoking. We call tf83§ = 30 optimistic unchoking in the original BitTorrent, since sugsers
second time-interval anptimistic unchoking periad cannot accumulate any tokens.
This TFT scheme discourages free-riders because they willThe idea behind our proposed token-based scheme is the same
keep getting choked if they do not provide uploads to the#rs in our previous work on improving performance in Gnutella
neighbors. Further, it gives the opportunity to new userstéot like systems by preventing freeriding [22], [23]. The difaces

IIl. PRELIMINARIES



here are the following. First, since BitTorrent-like andu®lla- can receive from the seed(s). Now, RfgownH » Rdownm , and
like P2P systems differ signi cantly in many aspects, ourtlma Rgown. denote the aggregate download rate of a H-BW, a M-
ematical model for the token-enhanced BitTorent is congplet BW, and a L-BW leecher respectively, it is easy to see that:
differen_tfrom th(_e model in [22], [23]. Second, here, in dubi to Raownt = nﬂH Duy + nﬂM Duw + nﬂl_ Du. + Ds; (1)
preventing freeriders, we also study how the token-baskense 4 d d )

can be used to improve BitTorrent's overall performancesnev Raownm = Nyw Dun + Ny Dum + N Due + Dsi (2)

if no freeriders were initially present in the system. Andally, Raown. = Ny D + nfy Duw + nf. D + Ds: (3)
while in Gnutella-like systems a centralized mechanismeisded Because all leechers in the system are equally likely to be

for storing and updating the number of available tokens f‘?fownloading le blocks from the seeds, we can willg = Cr“ps ,
each user, in B|tTorent—I|k‘e systems, as explained earies \yhereC,,s is the aggregate upload link capacity of the seeds.
is performed at each user's neighbors, which makes the sehemg, end-goal is to compute the user download delays which re-

more scalable and robust. quires the computation of the download raR&wnr » RdownM
andRgownL - Hence, we need to calculate the values of the param-
IV. STEADY STATE ANALYSIS etersni‘jj andDjy for alli;j 2 fH;M;L g. Since the BitTorrent

In this section we propose a mathematical model to study tREOt0COl speci es the rules according to which a user chsose
performance of a BitTorrent-like system when the number 8f Neighbor to providaiploads tg it is more natural to work
leechers and seeds in the system is assumed to remain don¥f4R quantities that describe the upload rather than thentimad
over a relatively long period of time. This is the case in asKlynamics, and then go from the former to the later. With this i
crowd scenarios [16], [18]. (In the next section we also gtudnind, denote bynj i;j 2 fH;M;L g the average number ¢t
user dynamics.) BW neighbors t.hat &-BW leecher is uploading to, and Iij be

We rst study the user download rate and then proceed witie corresponding average upload rates. The connectiorebst
the le download delay, which is de ned as the time differencdownload and upload parameters is the following. Firstjceot
between the moment that a user (leecher) joins the system H@fDij = U; for all i;j 2 fH;M;L g. Further, in any system
the moment that the user downloads the complete le. The imod@e total number of upload connections equals the total rumb
incorporates users with heterogeneous capacities anddeoss download connections. For example, the total number ofaglo
all details of the BitTorrent protocol. In [21] we have pretad a connections provided by H-BW leechers to L-BW leechers qua
model assuming two classes of users. Here, we show how itearf} total number of download connections that L-BW Igechers
extended to more classes. In particular, we assume thatehst receive from H-BW leechers. Thus, we can wrifg, = TPt
three classes of users: (i) high-bandwidth (H-BW) usersp whore generally,ni‘j’ = n,.p_pj for all i;j 2 fH;M;L g. Therefore,
have a high upload link capacity, (ii) m.ed|um-bar.1dW|dth BW) what remains is to combut&j’ andUj; foralli;j 2fH;M;L g.
users, who have a medium upload link capacity, and (iii) low- Figt, letRypH , Rupm » andRy,L be the aggregate upload rate
bandwidth (L-BW) users, who have a low upload link capacityf 3 H-BW, a M-BW, and a L-BW leecher respectively, 2B ,
(The uid-based model introduced in the next section acéstor Cupm » andCyp. be the upload link capacity of H-BW, M-BW
arbitrary many classes of users.) We denotélbthe total number and [-BW leechers respectively. As in [21], it is not unretidi
of leechers in the system and py , pu , andp. the percentage to assume that all upload links are fully utilized. This meémat
of H-BW, M-BW, and L-BW leechers respectively. We start OUR o1 = Cupri » Rupm = Cupm » RupL = Cupl , and it is easy to
analysis with the original BitTorrent system and then pgute gge that:
with the token-enhanced system. Due to space limitatiores, w

- u u u .
will present the detailed derivation for some of the mathirah Copr = N U+ N U+ N Un 5 (4)
formulas of the model, and omit the details for others, whose Cupm = Ny Uwn + Nyy Uum + Ny U s (5)
exact derivation follows a similar procedure. Completevdgion CwL = Ny U +nfy U +nfL U (6)

details for all formulas can be found in [27]. We need 15 more equations (in addition to Equations (4))..ii6

order to compute our unknowrsThe rst three are trivial. IfZ
A. Computing the User Download Rates in the Original Bit-is the number of neighbors that a user in BitTorrent is upiogd

Torrent System to at any time instance (by defadt=5) then:
Let n{, (t) be a random process denoting the number of H- Ny + Niy + N = Z; (7)
BW neighbors that leecher is downloading from at timet. Ny +nby, +nd, = Z 8)

Since leechers can be either H-BW, M-BW, or L-BW and the u u v o
statistics governing the leechers within each group arestimee, Ny * 0w+ = 4 ©)
letnd,, (1), n$y (1), andnd, (t) be the random process denotingaking the speci cs of BitTorrent into consideration, Lerari

the number of H-BW neighbors that a H-BW, M-BW, and Liater in this section shows how to computg,, , n{, , andny,

BW leecher is downloading from respectively. Our analysis and Lemma 2 shows the way to computg, , n{, , andnf, .
valid in periods of time where this process is stationary fyr With these quantities known, one can also compuffg , Ny -
slightly abusing terminology, in steady-state), and wekmeith andn{, from Equations (7)...(9).

the average value of this process denotednBly, , ng,,, , and Before proceeding in computing the aforementioned vari-
nd,, . (See Figure 2 for a graphical representation of the penbdsables, let's rst write the relationships betweés 's for i;j 2
time that we assume stationarity to hold in case of a ash drowH;M;L g. For ease of analysis and since peer to-peer traf c
scenario.) In general, Iemi‘jj i;j 2 fH;M;L g be the average

number ij -BW neighbors that a-BW leecher is downloading 2|n general, if ther% are cl_asses of_ users, one would need to solve a system
f (n + n) n = 2n< equations. This is because each cl@s® f 1:::ng is

from, ar_]d denote b3D ij the CorreSpond'ng average doWn|0a@haracterized by variables dictating the number of users from each classahat
rates. Finally, leD s be the average download rate that a leecheember of clas€ is uploading to on average, andcorresponding upload rates.



is transferred via TCP connections, we assume that the diploaln a similar mannemy,, can be computed as follows [27]:

capacity of a user will be fairly shared among concurrenbag! oK
connections. (This is a working assumption, also made inyman ny, = na(i;j )Pa(isj ); (17)
other studies of P2P systems,g. see [28]. Note that this i=0 j=0

assumption implies that each user in the system has enoygh, e

download capacity to fully utilize its share of the uploagaeity i ifj z
of any other user.) Therefore, it is easy to see that: na(i;j ) = (Lz i herwi ’
U = U 10) T otherwise.
LH LM and:
Un = U, (11) L . . .
Umi = Uy : (12) P»(i;j ) = Pfhavei L-BW andj M-BW neighbors out of ig
U -0 h (13) =Trinomial (L;pL;pwm;i;j):
UMH _ UML ' (14) And nally, by noticing that H-BW leechers will prefer M-BWot
HH HM L-BW leechers when they do not have suf cient H-BW neighbors
Ui = Unp: (15) to upload to, it is easy to see thait,, is given by the following
1) Computingn¥, , ny, , andn¥,, : We start with n¥, , equation [27]:
which is the average number of L-BW leechers that a X I k
H-BW leecher provides uploads to. Let be the total Nim = n3(j; k)P1(j; k); (18)
number of a leecher's neighbors and assume that all of these k=0 j=0

neighbors are interested in a block that the leecher undely stwhere:

possesses® Further, denote byTrinomial (N;p1;p2; K1;Kz) g j ifk Z
the Trinomial distribution function with parameter$\, ) = E Z*kl 1 ifKk<z ’ di 7z k 1
p1, and p,, that is, Trinomial (N;p1;p2;ki; ko) na(i k) = > : : << and] ,
N N k " otherwise.
Ky Ko boerer@ pe op)®™ k). Then, and:
uo i i .
nHterlsrgglle.n by the following lemma: P1(j; k) = Pfhavej M-BW andk H-BW neighbors out of g
XX k =Trinomial (L;pm;PH;jiK):
NpL = n1(j; k)P1(: k); (16)  2) Computingn,, , n%, , andng,,, : We start with n¥, ,
k=0 j=0 which is the average number of H-BW leechers that a L-BW
where: ( leecher provides uploads to. For this we need to consider the
TR . ifj+k Z, details of BitTorrent's TFT mechanism. First, recall froracBon
ni(j; k) = b i otherwise. Il that the op_timistic; unchoking period i80 seconds, t_he rate
observation window i20 seconds, and users make their choking
and: decision everyT = 10 seconds. Suppose that a H-BW leecher

P.(j;k) = Pfhavej M-BW andk H-BW neighbors out of j | Selects a L-BW leecheir via optimistic unchoking at timey,
=Trinomial (L;pw : pu:jiK): as shown in Figure 1. According to BitTorrent's TFT schente, a

time to + 30 leecherj will choke i, becausé did not provide

Proof:  First recall thatpw and py are the per- him/her with a high download rate.
centage of M-BW and H-BW leechers in the system.

Since the neighbors' list consists of a random selection
of H-BW, M-BW, and L-BW leechers, it is easy to
see thatPfhavej M-BW and k H-BW neighbors out of g =
Trinomial (L;pm:pPu;j k), wherej + k L. The variable ‘ ‘ ‘ |

T i makes first choking decision i chokeg -3

t, 410 t+20 t+30  t+40 t,+50

ni(j; k) represents the average number of L-BW leechers that
a H-BW leecher, say leecher, is uploading to, given that it : : ; : :

currently hask andj H-BW and M-BW neighbors respectively. ty t+10  t,+20  t+30 +40  t+50

More precisely, since provides uploads t@ of his/her neigh- 1 j optimistically unchokes | chokes

bors, we distinguish two cases: {iy k Z,and (ii)j + k< Z .

First, consider case (i) and recall how BitTorrent's TFT exti®@ Fig. 1. Time line of optimistic unchoking and choking degisimaking.

works (see Section Ill). It is easy to see that in this caseay be

uploading to at most one L-BW leecher at any time instancés Th Now, let's study the outcome of the choking decisions of L-BW
L-BW leecher '3 randomly selected (via optimistic unchaRin |eecheri. Suppose that this leecher makes his/her rst choking
with probability -1 Now consider case (ii). In this case decision at timet;. Clearly, useri will not choke leechej at

is uploading to exactlZz k | L-BW leechers at any time t,, t; + 10, andt; + 20 because] provides him/her with a
instance, as he/she does not have any other higher bandwiglfher download rate compared th, (the rate by which is
neighbor that he/she could provide uploads to. It is now géasydownloading from a L-BW neighbor}. Further, leechei will

see thany, is given by Equation (16). B chokej at timet; + 50 because the rate observation window is

31t has been demonstrated that le sharing in BitTorrent isyveffective, i.e., “Notice that the probability that two or more higher bandWwidisers provide
there is a high likelihood that a node holds a block that isuls® its peers, uploads to the same L-BW leecher at the same time-instansmadl, as the L-
e.g.see [18]. This is partially due to the local rarest rst (LRBlpck selection BW leecher is only selected by higher bandwidth users viarogtic unchoking.
algorithm that BitTorrent uses to disseminate blocks. Therefore,i will be always downloading from at least one L-BW neighbor.



20 seconds and leechgrdid not provide anything to during a similar manner as in Lemma 8},, andny,, are computed
the period(t; + 30;t; + 50]. How aboutt; + 30 andt; + 40? as follows [27]:
At t; + 30, the average download rate thabbserves fronj is XK i M

%. If this rate is larger thaJ , i will not chokej. njy = ns(i;j )P2(isj ) + Pw ny, —unchoke - (50)
Similarly, att; + 40, the average download rate thabbserves i=0 j=0 P 3

fromj is L (A%t Y if this rate is larger thay, , i will  where: (

not chokej . Therefore, ifNLH, . denotes the number of times o o i Z,

thati (a L-BW leecher) did not choki (a H-BW leecher) in the ns(i:)) = Z_Di  stherwise.

time-interval 1, t; + gO], we can write: L

23 if UHLW<ULL;
Nitenoke = 55 If Un (b W)y ;
" 4 otherwise,

and:
P»(i;j ) = Pfhavei L-BW andj M-BW neighbors out of ig
=Trinomial (L;pL;pwm;i;j):

whereT = 10 is the duration of the unchoking period. Because VERVE —_MH
users are not synchronized (and the choking decisions kirggta u - KR (k) + PH v Nunchoke .

z . n Ne(j; k)P1(j; k) Nem — o
place everyT = 10 seconds) it makes sense to assume that 120 k=0 3
is uniformly distributed betweety andty + T. Hence, we can (21)
compute the average number of tinﬁ'g:choke thati (a L-BW where: _
leecher) did not chokg (a H-BW leecher). This corresponds to — ifk Z,

. — ne(j; k) = i _

a duration of‘l’Ntnchoke seconds. o) % otherwise.
Recall that a H-BW leecher is uploading to,, L-BW

leechers on average. Therefore, considering the aboversgen

only, it is easy to see that at any time instance a H-BW leech&n(i: k) = PThavej M-BW andk H-BW neighbors out of

N H — H H . . .
on average downloads front, “usse | -BW leechers. And =Trinomial (L;pwm;pu;jiK):
hence, the average number of H-BW leechers that a L-BWFrom Equations (4).(21) we can now computgj and Uy’
leecher provides uploads to (due to the above scenario @lyYor all i;j 2fL;M;H g. And, we can relate these parameters to

~LH

L i A L. d . . . .
PH U TNU% We refer to this scenario, as toetimistic Nj andDj as described earlier, in order to compute the average

b MHL ) .
ur‘;;:hoking reward scenariay, is now given by the following download rates using Equations (1)...(3).
lemma:
Lemma?2: B. Computing the User Download Rates in the Token-enhanced
XX . on N . BitTorrent system
Ny = na(i;K)Ps(ibk)+  — nj %; (19)  The model for the token-enhanced system is similar to the
i=0 k=0 P model for the original BitTorrent system. In particulaisiteasy to
where: ( . o see that Equations (1)Y9) hold for the token-enhanced system as
na(isk) = L _z+1 ifi Z, well. Further, notice from Sectio_n 11l that the token-basedeme
atn % otherwise. does not affect the rate by which a user uploads to a neighbor,
and: since only neighbors with enough tokens to perform the doaahl

_ _ _ can be selected by a user. Therefore, it is not hard to justify
Ps(i; k) = Pfhavei L-BW andk H-BW neighbors out of Equations (10):(15) hold here as well.
=Trinomial (L;pL;pn;i;Kk): Let's see what relations change compared to the original
Proof: The rst term of Equation (19) is derived in a SirnilarB|tTorrent system. First, it is easy to see that in order tkerthe

way as Lemma 1 and accounts for the average number of H_%yen-enhanced system operate properly we need tokigye

leechers that a L-BW leecher uploads to, without considettie . 9°W" : _NC?W’ consider a L-BW leecher. Notice thitt,, Ui
optimistic unchoking reward scenario. The second term ef tﬂf‘l 2 fL; MH g is the token earning rate of &BW leecher
relation accounts for the optimistic unchoking reward sc&n from providing uplo_ads fo the L-BW leecher, amtsown DiL
and has been derived in the text before the lemma statenment!> the token spending rate of FheBW leecher for download-
Notice that in Lemma 1 we have not considered the optimis&gLg from the L-BW leecher. Sinc& y, Ui K down Ui

; : g : Ui =K Di. (asK K andy; Uy ) for
unchoking reward scenario. This is because, if a L-BW leechgdown “Li down il up down iL Li
selects via optimistic unchoking a H-BW leecher to provid'er L:M;H g, L-BW, M-BW, and H-BW leechers always have

uploads to, the H-BW leecher will choke this L-BW leecher oﬁlnoﬁggv\tlolkeni to_downlciialdl_lirolmta L'lBV\t/ Ieeqf%]r;)rhetrefpre,
his/her rst choking decision, because the L-BW leechersdo eL eecher is equally likely to select a neighbor tovide

: : : : loads to, irrespectively of the neighbor's class. Siree tbtal
not provide him/her with a high download rate. ThereforeBW- up )
leechers do not provide uploads to L-BW leechers in this ¢ mber of upload connectionsZs the percentage of H-BW and

: . - o -BW leechers in the system apg andpy respectively, and the
Sheéhlt;ki\g/ ﬁ_(eB(i/f\l/elré'seirhee?so; getting any reward for optirolty neighbor's list consists of a random selection of H-BW, M-BW

. . —LM and L-BW leechers, in this system:
Following the same reasoning, we can also compltt&hoke , v _
the average number of times that a L-BW leecher does not Ny = Zpu: (22)
unchoke a M-BW leecher who has selected the former via . _ _
More generally, it is easy to see that a leecher with someadpliok capacity

OptimiStiC UnChOking’ andl unchoke 1 the average number of times\/\_/iII always have suf cient tokens to download from leecherih equal or lower
that a M-BW leecher does not unchoke a H-BW leecher. Then,upload link capacities.



Ny = Zpm: (23) Finally, the download rate of L-BW leechers during the iagdr
((ts; te] is just equal to the sum of their upload link capacity,
since this is fully utilized as explained earlier, plus trewtload
rate they receive from seeds. Notice that our earlier aisatiges
not model the transient periodso;ti] (t2;ts], and (ts;ts]. To
compute the delays we make the assumptiontthatt,, t,  ts,
(24) t; ts, andte ts. 6

Now let's consider a M-BW leecher. The average number of
BW neighbors that this M-BW leecher provides uploadrtf), ,
is given by the following lemma:

Lemmaa3:

Ny KupUim pL
K down UmL Pm
Proof: Both M-BW and H-BW leechers always have — — — Leechers oin the system
enough tokens to download from a M-BW leecher. Now, if L- Al leechers present in the system
| TR e - leechers depart the system

BW leechers also always have enough tokens to download (i.e. - L-BW and M-BW leechers present i the system

. . H ««+« M-BW leechers depart the system
KupULm K gown UmL ), then every leecher is equally likely i — ... Only L-BW leechers present in the system
to be selected for uploading to, irrespectively of its claasd
thusny =Zp_ . Otherwise, by observing that in the long run the
token earning rate of all L-BW leechers from M-BW leechers

Ny, =min  Zp;

Number of Leechers

_ L. \
(niy KupUm NpL) equals the token spending rate of all L-BW : -
leechers to M-BW leechersff;, K gown UuL Npm ), we have \
ny = nEM Kup Um PL m i i ‘

ML Kdown UmL pm _° . ;

Now, clearly, a M-BW leecher on average provides uploads to tht Lot t t t, t, Time

(Z n}{. ) M-BW and H-BW neighbors. Since both H-BW and
M-BW leechers always have enough tokens to download frdfiy. 2. Evolution of the number of leechers.

the M-BW leecher, it is easy to see [27]:
(Z n¥)pH Now, let S be the le size and lefTy, Ty, and T, be the

Ny = " (25) average le download delay of a H-BW, a M-BW, and a L-BW
. . . v+ Pr . |eecher respectively. Clear¥y = .
Finally, using a similar reasoning as above, it is not hard ONow, let's consider a M-BW leechar L&, be the amount
see thany, andng,, , are given as follows [27]: of data that the M-BW leecher has downloaded when all H-BW
nY =min Zp,; n'y KupUth pL : (26) leechers were present in the system, thaBjgs,= Ty Rgownm -
HL " K down UHL PH Further, denote bﬁgownM the new average download rate of a

7 nu nd KU M-BW user after all H-BW leechers left the system, computed
( Hi )P ; —MH_Tup WA Pu (27)  using our model in [21], as explained above. It is easy to sae t
Pv + P K down Unm P Ty = Ty + S Su

uFrom Elﬁquat|on§_(_4)i(15)_an_d (22)...(27), we can now compute Finally, if Rg“’""”ML is the new average download rate of a L-BW
nj andUj foralli;j 2fL:M:H g, and then relate them eecher after all H-BW leechers left the system (computenigus
andDj , exactly as we did in the original BitTorrent system, iAour model in [21]), therS, = R T Ryo ((T QI' ) igsy

) L = RdownL IH downL \ 'M H
order to compute the user download rates. the amount of data that a L-BW leecher has downloaded uitil al
o M-BW leechers have left the system. Using the same reasoning

C. Estimating the Average Download Delay as above, the average le download delay of a L-BW leecher is

So far, we have seen how one can compute the download rafes= Ty + CUSL—ELD(T, whereD2 = (;L”—”,fl is the average download
in a heterogeneous BitTOl‘rent-like System W|th and- W|thtblﬁ rate from Seepds_ Ni)nce that the aggregate seed Ca%gymay
token-based scheme, under steady state assumptions. NOWn¥t be the same as before, since some H-BW and M-BW leechers
show how one can compute the le download delays from th@ight have become seeds instead of leaving the system. ém oth
corresponding rates. _ words, C,s = Cups + PY puNCup + py' pu NCypm , Where
. As mentioned earl_ler, the steady state assumptmn makge se@ and pgA denote the percentage of H-BW and L-BW leechers
in ash crowd scenarios [16], [18]. .In such scenarios leesiéll 5t pecome seeds respectively.
join the system in a short time period. As a consequencepthé t _
number of leechers present in the system will stabilize kquic Remarks: Compared to our two user-class model presented in
and will remain constant for a relatively long time-periashtil our earlier study [21], we can observe that the extensiohriget
leechers nish their downloads and start departing theesysgor ~ classes of users becomes signi cantly more complicatedné
becoming seeds). Figure 2 shows how the total number of éeschvishes to model all central properties of the BitTorrenttpcol.
in a system with H-BW, M-BW, and L-BW leechers will evolveAlong the same lines, one can extend the model for more dasse
as a function of time. During the time peri¢th; t], leechers join Of users. However, given that in reality there are mainheéhr
the system. Fromty to t,, all three classes of leechers are presefi@sses of users (dial-up, DSL/cable, and high speed [8]) [1
in the system. Since H-BW leechers have higher capacitiey, t and that the model comple.xny increases fast as a functiadheof
depart earlier, by times. During the time periodts; ta], only number of classgs, we belle_ve three classes are the besoﬂfraq
M-BW and L-BW leechers are present in the system. At tigje between tractability and realism, and we we do not proceéld wi
all M-BW leechers depart and afterwards only L-BW leechees athis task here. However, we use our techniques and intufitan
present in the system. Our model computes the download réfe@above analysis to propose a second model, which igsores
for each class of leechers during the time |nte(V@jt2] Further’ details of the BitTorrent pl’OtOCOl. This enables it to eéo[tly
the new download rate of L-BW and M-BW leechers during the _ Co .
. . The assumption that t1 can be justi ed in a ash crowd scenario. Further,
interval (t3; t4] (a_fter all H-BW leechers leave the system_) Cals we shall see in Section VI, the approximation tz, ts  ts, andte  t7
be computed using our two user-class model presented in [2dges not signi cantly affect the accuracy of the model.

v
Ny = min



account for more classes of users and predict both the syst®mtem. Then, the population of claskeechers and seeds in the
steady state and transient behaviors, with satisfactacyracy. system is described by the following differential equasion

x () (M Ri); (29)
V. SYSTEM TIME DYNAMICS xfo(t) Ri(t)pis XS(1): (30)

H Itn the previouBs?rectiont }’,"ke hav? anal_yze:j tfgje pterl‘ornrl]ance Ofas before, since all leechers in the system are equallyyiikel
eterogeneous BitTorrent-like systems in steady stat@ahtic- ) N X! (1)

ular, we have derived a mathematical model that accounts 1;8rbe downloading from the seedg,. (t) = ) s(0),

all central details of the BitTorrent protocol and preditte 8i 2 G. Further, recall from the previous section that leechees ar
download rates, and hence the delays, of different clagsesees. inclined to exchange le blocks with other leechers thatongj
However, as stated, this model does not capture user dysanffictheir class, due to the rate-based TFT scheme. Also, by our
and does not scale well when there exist many classes of. uségélier assumption, a classleecher can receive uploads from
(Recall that one needgn? equations to characterize a systerd leecher of some other clagsenly via optimistic unchoking.
consisting ofn classes of users.) Since users randomly select a neighbor for optimistic uhirt

With the above in mind we propose a second, uid-based mod8f probability that the selected neighbor is of classguals
that can be used for scenarios where users arrive and dépast a PKX#B(I Further, since a clagsteecher concurrently uploads
time instancege.g.such as in non- ash crowd scenarios. Anotheto 7' néighbors, the rate that a claskeecher can receive from it
advantage of this model is that it scales well with incregsins --.
number of classes. The model is inspired by prior work on -uid We can now state the following lemma fgy (t), whose proof
based analysis of BitTorrent systems [6] (see Section VH afollows immediately from the above arguments:

Table | for a detailed comparison with [6] and other prior ior [ emma4:

and by the techniques and rational of our rst model. To keep t < Xy 1 o
analysis tractable, we assume that leechers of a particldas () = Efl 07 ifiéj, 31)
provide uploads to leechers of other classes only via optimi ! : PR

. o . _ i=1:iej Ji (t) otherwise.
unchoking. This implies the following: (i) we assume that a g, 5 system withK classes of users we ha2K variables
leecher of a specic class always has enough neighbors of &l(t)g , Fx5(t)g;i 2 G) and 2K differential equations (two

same class to which hefshe can connect to (This is not each class, like Equations (29) and (30)), that dicthie t
unrealistic assumption since the list of neighbdry (eturned g4 tion of theseek variables. Therefore, we can solve using

by _the_ t_racker s ysually large.), an.d (ify we do not consther ) thematical tools (e.g. such as Mathematica [29]), tregesy of
optimistic u.nchokmg reward scenario we saw ea_rhe.r. As hadls equations to study how the user populatibr|(t)g , fx3(t)g:i 2
see in Section VI, these approximations dc_) not signi caaffect G) and the leecher departure ratdR((t)g;i 2 G) evolve
the model’s accuracy, but they do make it slightly less aateur i, time, And, of course, we can compute the corresponding

than our rst model in steady state. download delays of each class of leechers as a function @& tim

As before, we rst consider the original BitTorrent systema ecqse the user download delay is the reciprocal of the user
then proceed with the token-enhanced BitTorrent system. departure rate.

A. The Original BitTorrent System B. The Token-enhanced BitTorrent System

We say that two users, which can be either leechers or seeds; g easy to see that Equations (28B0) still hold in the
are in the same class if they have the same link capacities, ggken-enhanced system. What changes is the way we compute
we letG = f1;:::;K g be the set of user classes in the sy_ster\a.ji ()g:i;j 2 G. (Clearly the relation for ¢ (t) remains the
Denote byx} (t) and_xjs(t) respectively, the number of cla_ss- same.)
leechers and seeds in the system at timeet ; be the servicé  peca|| that a user earré,, tokens for each byte he/she up-
rate of a clasg- user, which is de ned as the rate by which thgyags and spends gown tokens for each byte he/she downloads.
user can upload a le to other users. Given the le size S ared thyow, sort the user classes in accordance with their uplogd li

. J
upload link capacity of clasg-usersCl,, | = Cgp . Further, let capacities, with clas4 be the class with the lowest capacity.
s(t) be the aggregate service pate provided by all seeds in thleng the same lines of the analysis in Section IV-B, if leech
system at timé. That is, s(t) = J-Kzl i X (t). Also, let i (t) m belongs to clas$, we know that all of his/her neighbors always

and j (t) be the portion of the aggregate service rate provided bpve sufcient tokens to download from him/her. Therefore,
all seeds and clagsieechers respectively, to all classeechers they equally share the upload link capacity of leecher This

at timet. Finally, denote byR;(t) the aggregate service rate thaguggests that 1;(t) = pKX'(—tX)It 8i 2 G. Now, when a
all classt leechers receive at time It is easy to see that: class1 leecher exchanges data with a cl@steecher, the token
X earning rate of the clast leecher from the clasg leecher is

Ri(t) = x} (M) j i+ st si(h): (28) 1o(t) 1Kyp, and the token spending rate of the cldskeecher

j=1 to the class2 leecher is 21(t) 2Kg4own- Because in the long

Notice thatR;(t) is also the departure rate of claskechers, run the toll<en earning rate of all clagsleechers fror_n clasg
and that their average le download rate & (t) S (S the eechersXi(t) 12(t) 1Kup) equals thle token spending rate of
lesize). Now, let ;(t) be the arrival rate of clagsleechers, and @ll classl leechers to clas2 Ieschersxz(t) 21(t) 2Kdown ), we
p. be the probability that a clagseecher will stay in the system can write 21(t) = % However, notice thaty(t)
after he/she downloads the le (i.e the probability of bedogna cannot exceed the amount of the fair share that clale®chers

seed). Further, let; be the rate at which clagsseeds leave the can receive (from clas® leechers) when claskleechers always



|
have enough tokens to download. This amounteigl 500 7=

n=t Xln (t) E v'__-’v""v"'"v""v"" - --H-BW Leechers (Theoretical)
Therefore: | € 500 vxv"‘ -;-:—EVWV teec:ers gheolretnca;) \U’;l»s v H-BW Leechers (Simulation)
| | 2 b N ee‘:: ZZ, ‘T;?e‘iocr; 518 M-BW Leechers (Theoretical)
O=min 2020 Kp, o 40O g ce’ SRS G| e
21 XI (t) K » T K | . 2 L:BWLeechers(Theorenca\) 212 L-BW Leechers (Simulation)
2 2 down n=1 Xn (t) £ 300] L-BW Leechers (Simulation) H 4
. L. . % S e e e 20_8 s e e e 00
Now, leechers in other classes share the remaining capafity ¢, £
. 2 06
the class 2 leecher (because they all have suf cient tokens t < § o ey
exchange le blocks with this leecher, as they have largdoang P20 g0 g o G0 70w Tl s a0 G070 w0
link capacities, in accordance with our arguments in [VHB3nce: 0) (i)
(t) _ (1 21(t)) X= (t) i 2f K o Fig. 3. The original BitTorrent system: (i) Average dowrdoeate for H-BW,
2i - P K s KO M-BW, and L-BW leechers, (ii) Average le download delay fet-BW, M-BW,

n=2 XIn (t) and L-BW leechers.
Continuing this way, we can derive a general formula fp(t):

Lemm68'5:

< min X| (|t) i (D) iKw.p KX! O if i< model is quite accurate. Second, notice that the downld&dofa
0= (P s ("t;)dﬂW(”t) EERLIC) ' (33) H-BW leechers increases and the download rate of M-BW and L-
: pn=1_in Xi

o otherwise. BW leechers decreases lasncreases. This is because wHeiis

We can now solve theK differential equations as before, in ordefMall H-BW leechers cannot nd enough H-BW peers to upload

to study how the user population and download delays evalge o!0: @nd thus they have to provide uploads to more M-BW and/or
time in the token-enhanced system. L-BW leechers. A4 increases there are more H-BW leechers to

upload to, and thus there is no need to upload to L-BW and/or
Remark: Compared to our rst model, our second model i%/-BW leechers. This implies that},, andn!,, decrease ak
much simpler, and at the same time, more general. The k@greases, which is consistent with Equations (16) and. @&) a
approximation that enables one to signicantly simplifyeth detailed validation of tha! 's (Equations (16)...(21)), and to see
analysis of BitTorrent-like systems is to ignore the optititi how these variables, as well as the upload rates of usgfs,
unchoking reward scenario. As we will demonstrate nexs thhehave as a function of system parameters, the interesaelérre

does not lead to large inaccuracies. is refered to [27]. Due to space constraints, we do not pteken
corresponding plots in this paper. Finally, Figure 3(iipais the
VI. EXPERIMENTS average le download delay. We can observe that our model is

We use an event driven BitTorrent simulator developed by ti#lite accurate in predicting the average le download detay
authors of [30] to validate our analysis. The detailed satad H-BW, M-BW, and L-BW leechers.
description can be found in [18]. In addition, we implememt t 2) Simulation Results for the Token-enhanced BitTorrent
proposed token-based scheme to study its impact on thensysfystem The previous results are straightforward. Here we study
performance. the more subtle and interesting dynamics of the token-based
scheme. We leK 4oun = 1 and study how the system performs

A. Steady State Performance Prediction and Flash CrowdOr differentvalues oK,,. We also xL =60, which is a typical
Scenarios value in BitTorrent [4].

The download rates for all three classes of leechers arershow
Figure 4(i). From the plot we see again that theoretical
Id simulation results match. Further, we make the follgwin
|neteresting observation: The download rate of H-BW leesher
simulation settings are: (i) there is only one seed in theesys rst decreases and the download rate of L-BW leechers rst
g T y e NS increases, ak up increases. This is becausekag, increases L-

and the upload link capacity of the seed is 800Kbps, (i) the
L T : BW leechers earn tokens at a faster rate and they can download
size is 300MB and the block size is 512KB, (iii) the maximum X

more data from H-BW leechers. (Hence their download rate
number of concurrent upload transfersSgthe default value),

) increases.) This however means that H-BW leechers provide
(iv) _the.percent_age. of L-BW, M;BW' and H-BW leechers Al fewer uploads to other H-BW leechers. Thus, H-BW leechers
p. = 0:5 pw = 0:35 andpy = 0:15 respectively, and (v)

have to download now from more L-BW leechers, and hence their

_ — _ 7 )

Cupt - GOOK.bpS'C”PM - 250Kbps,_ QndC”p.L = 100Kbps. download rate decreases. The download rate of M-BW leechers
1) Simulation Results for the Original BitTorrent System

Figure 3(i) shows the download rates for H-BW, M-BW, and L(—JIOeS not vary as much a., increases. This is explained

. : as follows: The download rate of M-BW leechers from L-BW
BW leechers with respect to the number of neighbars These . :
L 1 leechers does not changekag, increases, since M-BW leechers
results correspond to the periid; t,] in Figure 2, where all three

classes of leechers are present in the system. (Recallnthihei always have enough tokens to download from L-BW leechass, i.

) ) . even wherK, = 1. As with L-BW leechers, a¥ ,, increases,
interval(ts; t4], only two classes of leechers remain in the syste _BW leechers can download more data from H-BW leechers
M-BW and L-BW, and their download rates can be compute '

using the model in [21]. Further, in the intervak; tg] there are Wwhich could increase their download rate. However, at thmesa

only L-BW leechers, and their download rate is just equal {lme, since L-BW leechers can download more data from M-BW

Q ; )
their upload capacity plus the rate that they can downloaoh fr €echers, it means that M-BW leechers provide fewer uploads
the seeds.) First, we observe from Figure 3 that our matheahat

other M-BW leechers. Hence, the average download rate of M-

BW leechers does not change much. Finally, note that thersyst
"Note that we have done extensive simulations with differeaities of the throughput, i.e. the aggregate download rate of all leecimethe

parameters and the results are similar [27]. system does notthange as we var ., and for largeK p, each

To validate the model of Section IV, we simulate a ash
crowd scenario where 200 leechers join the system within
seconds. Leechers leave the system as soon as they nigh t
downloads. We simulate the system until all leechers de@dner
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Fig. 4. The token-enhanced system: (i) Average downloael fiat H-BW, M-BW, and L-BW leechers , (ii) Average le downldadelay for H-BW, M-BW, and
L-BW leechers, and for the system, (iii) Upload-to-dowmlaatio for H-BW, M-BW, and L-BW leechers.

class of leechers has the same download Fate. B. Predicting System Time Dynamics and Non-ash Crowd

Figure 4(ii) shows the average le download delay of H_Scenarios

BW, M-BW, and L-BW leechers, and for the whole system. We now simulate a more dynamic BitTorrent system where
For comparison, the plot also shows the corresponding geeraew leechers keep joining the system at random times acwprdi
download delay in the original BitTorrent system. As beforeo a Poisson process, and after nishing their downloadbeei
we observe that our model predicts the simulation resultte qudepart the system or remain there for a while as seeds. This is
accurately. Further, we observe that wheg, =1 = Kgown, the order to demonstrate how accurate the model of Section V is.
performance of the token-enhanced system is almost idgntic  \We again consider three classes of users: H-BW, M-BW, and
that of the original BitTorrent system. However, &g, increases | -BW users. The arrival rates of the three classes of lescher
the overall delay improves. However, this occurs at the Bgpe different and change during the simulation as shown in Eigur
of the perceived delay of the H-BW leechers mostly, which(j). The le size is100MB. Finally, 15% of leechers stay in the

increases. This motivates us to quantify next how “unfaié t system for 3000 seconds after they download the le. That is,
token-based scheme becomes to H-BW leecheiks gasncreases. ps=pM =pf =0:15and = v = L= ﬁ (recall from

3) Token Based Scheme, Overall Performance and I:aimeSSSec:tion V the de nition of these parameters). All other slation
To quantify “fairness” we use the upload-to-download ratfca paramgters are the same as before_._ _
user, which is de ned as the user's upload rate divided bfhiis _1) Slmglatlon Results for the Original BitTorrent System
download rate?® Figure 4(jii) shows how the upload-to-downloadi9ure S(if) shows how the number of users (seeds and lescher

ratio behaves as we var ., for H-BW, M-BW, and L-BW N the original BitTorrent system evolves over time. Frora ot
leechers. P ' ’ we can observe that the proposed uid model is quite accurate

. Further, note that at the beginning of the simulation the lpeim
From the plot we observe that the upload-to-download ratio 4t |eechers in the system is small and hence the system'&eerv
almost the same for all three classes of leechers Wwhgn = capacity, which is the aggregate service rate of all userthén
1 = Kaown. This implies that the system is fair. Howevergystem, is also small. Therefore, initially the leecheratape rate
as Kyp increases, the corresponding ratio for H-BW leechefg smaler than the leecher arrival rate and this is why thalver
increases and for L-BW decreases, as expected. (This 9899gf |eechers in the system initially increases. However, fas t
that the system becomes unfair.) For the M-BW leechers, thigmper of leechers in the system increases, the systenvieser
ratio remains almost invariant. capacity and hence the leecher departure rate also incristse
Looking at Figures 4(ii) and 4(iii) we can conclude that wa casome time elapses, the leecher departure rate catches huheit
tradeoff between overall system performance and fairness-t leecher arrival rate and the system reaches its steady wiatee
BW users. Using our analytical model we can predict how mu¢he number of leechers in the system stabilizes. Cleartgr af
“fairness” we are sacri cing and what performance is achikv leechers stop arriving to the system the number of leecharts s
For example, one can enforce fairness by setbhng = 1 = decreasing. The evolution of the total number of seeds\allo
K down , OF can minimize the system's average download deldye evolution of leechers as expected, since some leedfees,
by choosing a large value fdt ., . Further, one can also operatenishing their downloads, remain to the system as seedsdores
somewhere between these two extremes by setting the apgieoptime before departing. Before proceeding, notice that weeha
value forK ,,. Note that the issue of overall performance versugtentionally stopped the arrivals of L-BW and M-BW leecher
fairness is a controversial one. Our token-based schemeriiie and increased the arrival rate of H-BW leechers at tB680Q
take sides, but instead provides a means to achieve anytiopata as shown in Figure 5(i). From Figure 5(ii) we can see that our
point. uid model can also capture this transition quite accuratel
The discrepancies between theoretical and simulatiortsesu
the beginning of the simulation are because the model does no
consider the fact that leechers initially require a largeoant of
8This occurs wherK yp is larger than the ratio of the largest upload linktime to nish their downloads, and hence to depart the system
capacity to the smallest upload link capacity, imksiwn , . Ku > particular, Equation (29) does not consider the fact thiialty
K goun &7i— = 6 in our scenario, as all leechers, irrespectively of theiiss) the |eecher departure rate may be zero, but instead, it alway
‘B"W:yso?:r‘]’ga‘fr&oﬁ‘g:dté’rkens to initiate downloads and theyatare distinguished 555;mes that this is strictly positive. Since the leechpaxdare
ygThpis metric f?as been also used to quantify fairness in othalies as well, rate is initia”y overestima_lted in the uid _mOdeL the_ ra&WhiCh
e.g.[18], [19]. the number of leechers in the system increases is lower trean t
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one in the simulation. the other hand, higher bandwidth leechers download slowdr a
Finally, Figure 5(iii) shows simulation and theoreticabutis hence depart the system after a longer period of time. Finall
for the average le download delay for H-BW, M-BW, and L-whenK, = 10 the number of leechers present in the system

BW leechers. We can observe again that our uid model is, fiom each class at steady state is proportional to the arate of
general, quite accurate. The discrepancies between tiwdand each class. This is explained as follows: As mentionedegafbr
simulation results in the plot are primarily due to ignorthg op- largeK, (Kyp > 6 in our scenario), all leechers can download
timistic unchoking reward scenario. As a result: (i) the divad at the same rate and hence the departure rate of each class of
delays of higher bandwidth leechers may be overestimaiieck s leechers is proportional to the steady state populatiohettass.
we ignore the download rate rewards that these leecheriveec&@ince the departure rate equals the arrival rate at steatly, e
when they optimistically unchoke lower bandwidth leecharsd steady state population is proportional to the arrival.rate
(i) the download delays of lower bandwidth leechers may be The download rate and delay of each class of users, as well
underestimated, since lower bandwidth leechers no lorends as the fairness curves, behave, with resped {g, in a similar
a portion of their upload capacity for rewarding higher baittih manner as in our steady state scenario (Figures 4(i) any. 4(ii
leechers (as occurs in reality), but instead, they use trisom for Due to space constraints, we refer the interested reade?7fo [
uploading to other lower capacity leechers. However, agebenl, for these plots.
these discrepancies are relatively small. As a nal note th
le download delays initially decrease as time increasesabge C. Impact of the Proposed Token Based Scheme on Freeriders
the number of seeds in the system initially increases (and th As mentioned earlier, the rate-based TFT scheme in general
leechers can receive more downloads from seeds). After g motivate cooperation in BitTorrent. However, as regmin
number of seeds in the system stabilizes the le downloadydel [5] 113, [26], skillful freeriders can still bene t fromlte system
also stabilize as expected. by exploiting the optimistic unchoking scheme. In partauthey
2) Simulation Results for the Token-enhanced BitTorrentcan connect to more peers than usual to increase the pritpabil
System We x Kgown =1 and varyK, to study its effect on of receiving data via optimistic unchoking. In this sectiom
the system dynamics. Figure 6 presents analytical and atrool study how the proposed token-based scheme prevents thés typ
results for the peer population in the token-enhanced sysite  of freeriding in BitTorrent-like systems. To this end, wensilate
the gure we show results faK ,, =1, Kp =2, andK, =10. both the original BitTorrent and the token-enhanced sy<igitn
Again we observe that our model is quite accurate. We see thaj, = Kgown) With two classes of users: freeriders (FR) and
the token-enhanced system (Figure 6(i)) resembles thenalig non-freeriders (NF). We set the download link capacity ofhbo
BitTorrent system (Figure 5(ii)) wheKy, = 1 = Kgown, in  classes of users t@éOMbps, the upload link capacity of non-
agreement with our earlier arguments. (The correspondatayd freeriders ta300Kbps, and the upload link capacity of freeriders to
plot for Kyp =1 = Kgown is also similar to Figure 5(iii)). As OKbps since they do not offer any uploads. All other simulatio
we increase ,p, the number of lower bandwidth leechers in thparameters are the same as before. We simulate two different
system decreases and the number of higher bandwidth leeclseenarios. In the rst scenario, both classes of users atrine
increases. The explanation for this is the same as befor& fs L = 40 neighbors. In the second scenario, freeriders connect to
increases, lower capacity leechers can earn tokens at er faatl available leechers in an effort to maximally exploit iopistic
rate, download faster, and hence depart the system eadier. unchoking.



350 350 8(ii). We then use our model to predict the population ofetiint
ey . W classes of users in the system, as shown.in Figure.8(iii). (No
20 I e Sosot iy O ey results of this type are available from the original traderjally,
£ 200 “--FR o T ey %zov TR OB M) we show what would have happened if _the token-based _sc_heme
E1s0 FR (Token BT)(Theoretical) 150 FR (Token BT)(Theoretical) (with Kyp >> K gown) had been used instead of the original
g 10 " Fr (ot BTGt & 100 o e (Oro e muaton) TFT scheme. The average le download delay would have been

5 © R (Token BT imuaton 5 % NF (Token ST Simulton) signi cantly reduced, evident from the smaller number oérss

TG ge o ST ST T o present in the system, at the expense o_f the perpeived perfme
0) (ii) from higher bandwidth users as explained earlier.

Our motivation with these two examples has been to show the
wide range of interesting results that one can obtain in me ti
using the set of equations that constitute our analyticadeto

Fig. 7. The token-based scheme prevents freeriding: (in&ee 1, and (ii)
Scenario2.

Figures 7(j) and (ii) show the download rates for freerid®td £ Comparison Between the Two Models
non-freeriders with respect to the percentage of freesidteithe

system for Scenario 1 and 2 respectively. As before, thieafet . 'tA‘S.l we dr}ave tsezn, E[)utr rst medeI (preselr1tgd in SenCt't(;“ V)
results (from our rst model) can predict simulation resultell. IS tarored for steady state performance analysis, ac

Further, in Scenario 1 the download rate of freeriders istequfjeta'ls of the BitTorrent protocol, and it is very accurdtés now

low under the original BitTorrent system, which implies tttiae mteresti_ng to compare how accurate our uid model is in .SUCh
system is working well. However, in Scenario 2 the downloa%atsheg (rln?.stfcr)r:osci??:);ﬁﬁtse p:régrnrgzr;ﬁhaenigﬁ'?roangm
rate of freeriders is quite high and can be higher than evah tHVf' S ut' VIA W h IS W | ' id del W i .
of non-freeriders, when a small portion of skillful freesid steal of section VI-A. Ve then so v.e our-uid model equations in
resource from a large portion of non-freeriders. (Thisneséng steady state (|.(_a. in the interviad; t2) in Figure 2), and compute
observation has also been made in [26].) Nevertheless,|tie pthe corresponding leecher download rates.

con rm our intuition that the token-based scheme does nffesu Tdhel .results are de|fi|cted In Flgtu:je 9 As .;Ne otbserv;,moufrf rst
from this problem as it does not allow freeriders perform a O0del IS more accurate as expected, since It captures ke e
downloads. onnecting to a variable number of neighbdrg,(and considers

the optimistic unchoking reward scenario. Our second mdlel
visibly inaccurate wher. is small, because it does not account
D. Performance Prediction for Large Systems for leechers that don't have suf cient neighbors of the sarfass
to connect to. However, the difference between the two nsodel
)z%comes small wheh is sufciently large, as expected. This
ifference now is only due to the fact that we do not consider

Having established the accuracy of the analytical modals,
this section we use them to study the performance of large

realistic BitTorent-like systems whose size makes sintat S : e
based analysis too expensive. the optimistic unchoking reward scenario in the second mdde

The rst system we consider consists of thousands of usef3 Interesting t‘gopo'”t out that th!s difference for H—BW¢daers
We use our rst model to study this system and further arngever exceedéz—%. T_h|s is explained as fo!lows. First recall_that
that BitTorrent's TFT mechanism is not enough to deal wit .H'BW Ieech_er provides uploadsZo 1 neighbors that prow_de
freeriders. We let 100 of those users to be freeriders, ard m/he_r the. highest (_10wnload rates, and to one other neighbo
rest to be non-freeriders. The upload/download link capaaf via optimistic unchoklngj T_he maximum rate the H-BW leecher
freeriders and non-freeriders are the same as before.e~Rfijr E(";‘O”Opro".'de to the optimistic unchoked neighbor does noeedc
plots the download rate of freeriders as the total numbersefsr Z_ % Of its upload link capacny.When we con§|der the optinisti
in the system increases. Based on prior discussion, it ieatat unchok!ng r.e"Vard scenario, we are accounting for the feat th
expected that freeriders will do really well as the numbenari- té]\/e\/ ?pt'rﬂ's“c _;Jhnchgkedlnecljghl?[or W;}” r:n. turt'n, re\;vard tlhte ?h
freeriders increase, but still their performance is astong (the eecher with a down'oad rate, which Is at most equal to the
Y-axis on the plot is logarithmic). Essentially, freeridezonnect one the optimistic unchoked_ neighbor receves from thlshee
to so many users that the aggregate download rate receiaedmerefpre’ if we do not cons_|der the optimistic uncholflngaaj
optimistic unchoking almost lIs their download link cagac As scenario we maXogg‘de“?s“mate the H-BW Ieeche_rs download
before, the token-based scheme solves this problem. rate by at most"%. Finding a bound for the discrepancy

The second system we consider is based on a popular trace &%Ol\r/ve_en tlhedtwo ?gdels f(;)r M'BQN arlld L'BfW Ieecr:erfs rlls much
which measured the number of users downloadingTthe Lord e involved, and depends on the values of several of titerays

of The RingDVD. The trace spans a period of time that is a bRarameters. We do not proceed with this task here. The btaate

longer than two weeks, and reports on hundreds of thousa‘ndgeoader is referred to [27].

X . Lo s .
users. The trace has no information about the type of usets ?Sﬁogne?n;(;nzi ﬁa;geé]z;gs?esrsc:f r:ggril ;ﬁguéro?s neo?ur{a]gggf the
their link capacities, so we use the trace-based studieH,ifl|8] i i yd ics. | trast. th d del i
to decide on the mix of users that we consider. Speci callg, Wsa/s em |med ynamics. r('j contrast, ﬁe second mode C‘? lure
assume four classes of users: H-BW (15%), M-BW (25%), L-B\}\/e system dynamics, and requires oflty equations to mode
(40%), and T-BW (20%) users (T-BW represents Tiny Bandwidfh SYStem o{n (;:Iasf:fszstof users. In sumn;ar_y, tllje_tt\;vo _mmodels
users) with capacitie€,yr = 128Kbps, Cup. = 384Kbps, comprise a tradeoff between accuracy and simplicity/gaigr
Cupm = 1000Kbps, andCyp+ = 5000Kbps.

We rst nd a set of arrival rates for each class of users that, VII. COMPARISON WITHOTHER MODELS
when fed to our second, uid-based model, yields a synthetic To highlight the contributions of this paper we now compare
trace that is very similar to the original one, as shown inuFég our models with two of the most representative earlier tesul
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System details captured by the Model Model 1 | Model 2 | FPK's model | DR's model
number of concurrent uploadZ J Yes Yes No No
number of neighborsL() Yes No No No
number of user classes (heterogeneity) 3 many 2 1
performance effect of the TFT scheme and of optimistic uktfgp Yes Yes Partial No
optimistic unchoking reward scenario Yes No No No
time dynamics No Yes Yes Yes
TABLE |

MODEL COMPARISON

in the literature: [6] and [10]. The reason of choosing thesmpacity, in the sense that this proportion remains cohsteer
two results is that [6] presents the rst mathematical moel time. But the actual computation of this proportion is muabren
BitTorrent systems and [10] is one of the most represemativmvolved, as we have shown in this paper. One must consider, f
works that considers network heterogeneity. We refer tartbdel example, the exact number of concurrent upload connectibys
proposed in [6] as the DR's model and to the model proposedthe peer capacity distribution, the different user arriedbs and
[10] as the FPK's model. The comparison is summarized inéfatliow these might change over time, etc. Among the three models
I. (The table also gives a summary of the differences between that capture system time dynamics, our second model incaigm
two models, which we discussed earlier.) the most details of a BitTorrent system and it is the most ggne

From Table | we see that among all models, our rst mod&ne. In particular, it accounts for all the system details;ept
is the most inclusive one. It models all details of a BitTotre from the variability in the number of neighbors that a user
like system, except from the system time dynamics. In palgic might be connected td_{, and the optimistic unchoking reward
it considers the number of concurrent upload connectionsea uscenario. To our best knowledge, this is also the rst motat t
may have Z), the number of neighbors to which a user might beonsiders an arbitrary number of user classes in heterogene
connectedl(), network heterogeneity, the performance effect @fnvironments.
BitTorrent's TFT scheme and of optimistic unchoking, as|vesl Finally, we highlight scenarios where prior models lead to
the optimistic unchoking reward scenario. sizable inaccuracies. We consider a BitTorrent system twith

On the other hand, the DR's and FPK's models (as well as otiasses of leechers where L-BW and H-BW leechers join with
second model), consider the system's time dynamics butrundiate 0:075users/sec and leave the system as soon as they nish
some approximations/simpli cations. The DR's model catess their downloads. Further, we haw&,. = 100Kbps, Cypn =
system time dynamics in a homogeneous BitTorrent systefiO0Kbps, and all other parameters are the same as before.
where all users have the same capacities. The FPK's mode¥We compare simulation results with theoretical resultsiietd
incorporates network heterogeneity (two classes of usats) by our uid model, the DR's modéP, and the FPK's model.
the DR's model. It also attempts to model the effect of theigure 10 shows the total number of users in the system as a
optimistic unchoking and of the TFT scheme. However, it dodgnction of time. We observe from the plot that, as expectiee,
not accurately capture how these affect system performance ,, , , :

. . - Because the DR's model assumes users' homogeneity, we ¢entpa

realistic scenarios. In partlcular, the model assumes tbsats average link capacity and use this value in our calculatioh&never we use
provide to other usersstatic/ xed proportion of their upload link this model.



homogeneity assumption (made by the DR's model) results [ir3] D. Hales and S. Patarin, “How to cheat bittorrent and wispody does,”

signi cant inaccuracies while our model and FPK's model ca

accurately capture simulation results. In Figure 11 wegrethe

population of H-BW and L-BW users in the system. As mentiond]
before, the FPK's model assumes that users provide to ofezsu [t
a static/ xed proportion of their upload link capacity, denoted irj17]
the model by . Because [10] only provides a range of feasible
values rather than an exact one, equal®
scenario, we pick three representative values from thebfieas
range and plot the result. We observe from the plot that tHé!

1in our

static resource allocation assumption (made by the FPK8afo
leads to sizable inaccuracies for all three different valagé |,
especially for L-BW users, while our model can accurategdist
simulation results.

In this paper we have proposed two mathematical modelsjg,

VIIl. CONCLUSION AND FUTURE WORK

study the performance of heterogeneous BitTorrent-likeesys

under different scenarios. The rst model is very accurate {23
predicting the system performance in steady-state samarhe [24)
second model can also be used to study time-dynamics, it is

simpler and more general, but it is also less accurate.

We have also proposed a exible token-based TFT scheme t
can be used to suppress the performance of freeriders, hasvel26]

tradeoff between overall system performance and fairnisig)b-

bandwidth users. We have extended our mathematical madlels i

order to predict the system performance under the propoged
based scheme.

As future work, we plan to incorporate in the uid model
the fact that users may leave the system before nishingrth%f;]
downloads, as well as to relax the assumption that usersyslwa

have suf cient neighbors of the same class to connect taallyin

we plan to use the models to address practical question®dela

to the design and operation of BitTorrent-like systemg,to nd
the protocol parameter values (number of neighbbjs fumber
of uploads connectionsZ(), etc) that yield the best download
rates and delays, given, for example, the peer distributoml
the capacities and arrival rates of users.

(1]
(2]

(3]
(4]
(5]
(6]
(7]
(8]
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[10]

[11]
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