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Abstract—BitTorrent is the most successful peer-to-peer sys- the seed starts uploading blocks to its neighbors. Meaewhil
tem and has attracted a lot of attention from the research ysers of the group exchange the blocks they have with their
community. Researchers have studied a number of aspects ofyajghhors, As a result, the service capacity of the system is
the system, including its scalability, performance, effi@ncy and | d. Wh ’ h Il the blocks of the file. he/sh
fairness. However, the complexity of the system has forced @st e_n_arge : en a user has a € blocks or the 'e'_ e/she
researchers to make a number of simplifying assumptions, g. finishes the download process and becomes a potential seed.
user homogeneity, or even ignore some aspects of the protbco There are several features making BitTorrent successful. A
altogether, e.g. the Tit-for-Tat (TFT) unchoking scheme, n order  important one is the rate based TFT (Tit-for-Tat) unchoking
to Kﬂietiﬁ)/attreedagiliﬁilz t?ﬁ":ﬁgebaper we propose two analytica scheme. In the rate based TFT unchoking scheme, a user
models that accurately predict the performance of the sysm will provide ‘%p'oaﬁjs to some O,f his/her neighbors (defasilt i
without compromising on the realism of the modeling methodb  4) Who provide him/her the highest download rates and to
ogy. Our first model is a steady-state one, in the sense thatié one more, randomly selected neighbor, via a process called
valid during periods of time where the number of users remairs  gptimistic unchoking. This scheme discourages freeridgiers
fixed. Freed by the complications of time-dynamics, we accol e BjtTorrent system because freeriders will keep getting
for all the details of the BitTorrent protocol, including TF T . -
and optimistic unchoking, and predict a number of performance choked if they do not provide uploads to other users.-
metrics including upload and download rates, as well as file —Because of the prevalence and the success of BitTorrent,
download delays. Our second model builds upon prior work on there is a large body of work that studies how it performs
fluid models for BitTorrent. Using our first model, we extend [4], [5], [6], [7], [8], [9], [10], [11], designs more inceive
the fluid-based methodology to capture the transient behawer as schemes for it [12], [13], collects traffic measurements [2]

new users join or old users leave, while fully modelling cemal . . . ) .
properties é)f the BitTorrent system, e.g. T)IIZT. Finall;% as a [14], [15], [16], and investigates faimess issues assedia

example of how to use our analytical models to study variatios ~ With it [17], [18], [19]. However, despite this large body of
of the basic BitTorrent scheme and make design decisions, weresearch, there have been very few attempts to mathentatical

propose a flexible token-based scheme for BitTorrent that a& model, in a heterogeneous and hence realistic environment,
be used to tradeoff between overall system performance and hat js perhaps the most important performance metric from
fairness, and evaluate the scheme’s parameters that achieva , . N .
target operational point. an end user’s point of view: the average file downloa_ld dgla_y.
Further, these attempts either make unnecessary simgifyi
assumptions, or completely ignore important aspects of the
BitTorrent protocol that significantly affect performance
In this paper we consider a heterogeneous BitTorrent-like
system, where users may have different upload/download
capacities, and propose two mathematical models that can
Peer-to-peer (P2P) systems have provided a powerful Becurately predict the user file download rates, and heree th
frastructure for large scale distributed applicationsghsias download delays. Our first model is derived by considerirgg th
file sharing. As a result, they have become very popular. Feystem performance in steady state, where the number of user
example, 43% of the Internet traffic is P2P traffic [1]. Amongn the system remains constant. This model accountslifohe
all P2P systems, BitTorrent seems to be the most prevalent otetails of the BitTorrent protocol and it is remarkably acaa.
In particular, more than 50% of all P2P traffic is BitTorrentWe demonstrate that it can be used to accurately predict the
traffic [2]. user file download delay for one of the most common scenarios
The BitTorrent system is designed for efficient large scala BitTorrent: the flash crowd scenario, where users join the
content distribution. The complete BitTorrent protocolncasystem in a short time period just after a new file has been
be found in [3]. We summarize the main functionality hereeleased [15], [17].
BitTorrent groups users by the file that they are interestedAlthough the aforementioned model is very detailed and
in. In each group there exists at least one user, called seacgurate (for predicting performance in steady state)pésd
who has the complete file of interest. The seed is in charget capture the system’s time dynamiesy, such as the peer
of disseminating the file to other users, called leechergy whopulation evolution, etc.). Further, it becomes compéda
do not have the file. When disseminating the file, BitTorremthen the network is “very heterogeneous”, that is, wheneher
partitions the whole file into a large number of blocks andthés a large diversity in the upload/download capacities @frsis

Index Terms—Heterogeneous P2P networks, BitTorrent, per-
formance analysis, token based scheme, fairness/delay deoff.
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With the above in mind we propose a second modehere is a large body of work reporting the efficiency and the
which is derived along the same lines as the first model, bpopularity of BitTorrent [11], [12], [15]. Although therera
with some approximations that keep the analysis tractabtmme studiese.g.[12], [13], indicating that skillful freeriders
This second model comprisesflaid modelthat can predict can still benefit from the system against the built-in incent
not only the users’ file download delays in a heterogeneosisheme, BitTorrent in general has successfully motivasesu
system, but also the system’s time dynamics. This modeltt share their resources.
slightly less accurate than the first model (for steady stateTo our best knowledge, [4] is the first published work
scenarios), however it is much simpler and general. Funher providing a mathematical model for the BitTorrent systerne T
demonstrate that it is quite accurate for predicting penfmnce paper proposes a fluid model to describe how the population
in non flash-crowd scenarios, where users will keep joinirgy t of seeds and leechers evolves in the BitTorrent system. The
system for a long time period after a file has been releasedtudies in [6], [7], [9] extend the above model to study

Finally, we propose a token based TFT scheme, which BstTorrent’s performance under different user behavionsl a
very simple and flexible. In the proposed scheme, which dfferent arrival processes. Further, [5] and [8] extends th
inspired by our prior work on incentive schemes for P2Podel to study BitTorrent’'s performance under heterogeseo
systems [20], [21], users use tokens as a means to trade difwvironments. In [10], the authors propose a model to stdy t
blocks. Each user maintains a token table which keeps trguéer distribution in BitTorrent and they use a dying process
of the amount of tokens his/her neighbors possess. A userstudy the file availability. Further, [23] uses a branchin
increases his/her neighbor's tokens B, for every byte process to study the capacity of generic P2P systems, which
he/she downloads from the neighbor. On the other hand, thavesomesimilar characteristics to BitTorrent (partitioning of
user decreases a neighbor’s tokensy,... for every byte files into blocks, and multiple user upload connectionsyl an
he/she uploads to the neighbor under study. A user woutltk study in [24] proposes a fluid model to study such systems
upload a block to his/her neighbor only if the neighbor hasnd verifies it numerically.
sufficient tokens to perform the download. Despite the large body of work on modeling BitTorrent’s

We show that the proposed scheme can be used to tradgeffformance, the majority of the studies make a number
between high overall system performance and fairness to higf simplifying assumptions in order to keep the analysis
bandwidth users, by properly setting its paramet#&is,,,, tractable. For example, the studies in [4], [6], [7], [9] eon
and K ;. In particular, we show that under the appropriatsider homogeneous network environments only, where users
parameter tuning high bandwidth users will provide morkave the same link capacities. This is clearly an unrealisti
uploads than usual to low bandwidth users, which tends &assumption given Internet's heterogeneity. Further, eviais
reduce the overall download delay. This however comes at tive have mentioned above, the studies in [5] and [8] consider
expense of making high bandwidth users download at a slowsstwork heterogeneity, the study in [5] completely ignores
rate than they usually do. We extend our mathematical mod@&gTorrent's TFT scheme. And, the study in [8] attempts
to predict the average file download delays in this systemn model only some aspects of it under some simplifying
and demonstrate how the models can be used to decideaggsumptions. (See Section VII for these assumptions.héurt
the values ofK4,.,» and K,, that achieve a target systemthese last two studies ([5] and [8]) are mostly theoretical
performance/fairness. and do not provide any simulation or experimental results to

The rest of this paper is organized as follows: In Sectioverify the validity of their model (instead, they only solthe
Il we briefly discuss related work. In Section Il we reviewderived equations numerically). However, as we have sttkss
the current BitTorrent implementation in more detail, andarlier, BitTorrent's TFT scheme is one of the main features
provide a detailed description of the proposed token basgsbponsible for the system’s great success.
scheme. In Section IV we present our first mathematical Motivated by this, in this paper we propose two analytical
model, which accurately predicts the performance of a hehodels that accurately predict the performance of the BitTo
erogeneous BitTorrent-like system in steady state, and thent system in both steady state and dynamic scenariosr unde
extend this model to predict performance when the tokeninimal assumptions, without compromising on the realism o
based scheme is used. In Section V we present our sectmel modeling methodology. In particular, we considenedt-
model, which predicts performance in a heterogeneous agm@égeneougand hence realistic) BitTorrent-like system, where
dynamic BitTorrent-like system, with and without the tokemsers are grouped into different classes according to Lindir
based scheme. In Section VI we present extensive simulateapacities, and attempt fally model many important aspects
results in order to validate the accuracy of our models. f the systemincludingits TFT scheme. Interestingly enough,
Section VIl we compare our models with some of the moslespite the protocol's complexity, we show that it is polesib
representative models in the literature. Conclusions aaré to accomplish this, even if the network environment cossist

work directions follow in Section VIII. of an arbitrarily large number of user classes, while kegpin
the analysis simple and the performance prediction aceurat
Il. RELATED WORK The work in [17] proposes a block based TFT scheme. Our

B. Cohen, the author of BitTorrent, gives a thorough intrgaroposed token based TFT scheme, which is inspired by our
duction to the BitTorrent system in [22]. The paper desaibgrior work on incentive schemes for P2P systems [20], [21],
the BitTorrent protocol, the system architecture and the idegenerates to the scheme in [17] whie€g), = K010 HEnce,
centive scheme built in the BitTorrent system. In additiorgur scheme is much more general and flexible. Further, the



work in [17] studies the performance of the block based TFT This TFT scheme discourages free-riders because they will
scheme only via simulations. Here, we extend our mathembkeep getting choked if they do not provide uploads to their
ical models to predlct the performance of the token baseéighbors. Further, it gives the opportunity to new users to
scheme for a genera}%— ratio. Finally, we show how our start downloading from the system even if they do not have
models can be used to decide on the scheme parameters ¢natuigh blocks to exchange, in which case the download rate
achieve a target tradeoff between overall system perfooemarihey provide is low. Finally, notice that the scheme allows a
and fairness to high bandwidth users. user to discover good neighbors, i.e. neighbors who provide
him/her with high download rates, and exchange data with
them. Therefore, users who have high upload link capacities
A. Original BitTorrent tend to exchange data with a larger number of high capacity
We now describe in detail the main functionality of theusers. And users with low upload link capacities tend to
BitTorrent system. Recall that BitTorrent groups users liy t exchange data with a larger number of low capacity users.
file that they are interested in. When a user is interested kitence, in a sense the system is designed to be fair to each
joining a group, he/she first contacts the tracker, a spauifat class of users.
that keeps track of all the users currently participatinghia
group. The tracker responds to the user with a list contgml% Token-enhanced BitTorrent
the contact information of, randomly selected peers. (Typical
values forL are40 — 60 [3].) After receiving the list, the user ~ The process by which a new user discovers neighbors in the
establishes a TCP connection to each of thesgeers, which proposed token-based system (which we also refer Token-
we refer to as the useriseighbors enhancedBitTorrent) is exactly the same as in the original
As mentioned earlier, when disseminating the file, BitToBitTorrent system. Further, again, the file is partitionetbi
rent partitions the whole file into a number of blocks. Neighblocks and neighbors exchange block availability inforiorat
bors exchange block availability information and messagésd messages indicating interest in blocks.
indicating interest in blocks. The BitTorrent protocol sse  As mentioned earlier, in the token-based scheme users use
rate based TFT scheme to determine to which neighbors a uigdkens as a means to trade blocks. In particular, each user
should upload blocks to. The rate based TFT scheme procegtntains a token table which keeps track of the amount of
as follows: time is slotted intd0 second intervals and eachtokens his/her neighbors possess. When the user upf®agls
such time-interval is called amchoking periodAt the end of bytes to a neighbor, he/she decreases the neighbor’s tbkens
each unchoking period a user makeshmking/unchokingle-  KaownXup- On the other hand, the user increases a neighbor’s
cision. The choking/unchoking decision proceeds as falowtokens byK,, X own if he/she downloads(y..., bytes from
First, the user computes for each of the neighbors that dhe neighbor under study. Notice that a user does not have
interested in downloading a block from him/her, the averagecess to his/her amount of tokens since this is maintaigied b
download rate that he/she receives during the2asteconds. his/her neighbors.
Then, he/she selects to provide uploads to, i.eunchoke Under the proposed scheme each user decides to which (of
a numberX of his/her neighbors who provided him/her théhe interested) neighbors he/she will upload blocks toryeve
best download rates, with ties broken arbitrarily. (By ddfa seconds. This is equal to the unchoking period in the orlgina
X = 4.) Similarly, if the user chooses not to provide uploadBitTorrent system. In particular, every0 seconds the user
to a neighbor, we say that the neighbor is choked. Finally, tfirst checks which of his/her neighbors have enough tokens
user also randomly selects another neighbor to provideagislo to perform the download of a block. If there are more than
to. This last (random) selection process is caltgatimistic Z neighbors having enough tokens, then the user randomly
unchoking Hence, at any time instance a user is concurrentglectsZ of them to upload to. IZ or fewer neighbors have
uploading toZ = X + 1 neighbors. (Therefore, by defaultenough tokens the user provides uploads only to them. If a
Z =5.) The following rules are also adopted by the schemaeighbor runs out of tokens while downloading from the user,
Let’s call the neighbor that was selected at the last optimisthen the user stops uploading to the neighbor immediatédy af
unchoking, aroptimistic unchoking neighbpand suppose that the current block transfer is complete, and randomly sglext
the last optimistic unchoking (and hence the end of the lagbload to some other neighbor who has enough tokens. Finally
unchoking period) took place at tinig seconds. Now, supposewe initialize the token table of each user with an amount of
that the end of another unchoking period occurs at some tiokens that suffices to download one block. The reason of
to seconds. (Clearlyts > t; + 10 seconds). Then, if at time giving initial tokens is to allow users download data when
to the optimistic unchoking neighbor belongs to the set of thbey first join the system.
X neighbors who provide the user the best download ratesNote thatK,, and Kq.., are relative values. Therefore,
(and hence they will be unchoked), the user performs a néle proposed scheme actually has only one design parameter.
optimistic unchoking. Otherwise: (i) if; < ¢t; 4+ 30 seconds, We will show that forkK,, = Kg..» the token-based system
the user does not choke the optimistic unchoking neighbleas approximately the same performance, and it is as fair,
and does not perform a new optimistic unchoking, and (ii) s the original BitTorrent system. Finally, we will also sho
t2 > t1+30 seconds, the user chokes the optimistic unchokirtigat asf,,,, increases the overall system performance of the
neighbor and performs a new optimistic unchoking. We calbken-based system can get significantly better than that of
this 30 second time-interval anptimistic unchoking periad the original BitTorrent system, by sacrificing some faimes
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towards high capacity users. In particular, high capacsgrs Now, denote byn},,; andn},; the steady state average
will end up providing uploads to the system at a faster rateimber of H-BW and L-BW neighbors respectively that a H-

than the download rate they receive. BW leecher is uploading to, and létyy and Uy be the
corresponding average upload rates. Similarly, denotelby
IV. STEADY STATE ANALYSIS andn} , the steady state average number of H-BW and L-BW

neighbors respectively that a L-BW leecher is uploading to,

In this section we propose a mathematical model to study, byl andU; 1, the corresponding average upload rates.

the performance of a BitTorrent-like system in steady Stat?urther, letR.pz and Ry,r, be the aggregate upload rate of

where the number of leechers and seeds in the system, i gy and a L-BW leecher respectively. As before, we can
assumed to remain constant over a relatively long period @f:e.

time. Such an assumption is not unrealistic in flash crowd
scenarios [15], [17]. (However, note that we will relax it in Ruypr = nyyUna +n%Unr, 3)
the next section.) _ u u

We first study the user download rate and then proceed Rupr niaUrs +niLUre. )
with the file download delay, which is defined as the time In order to be able to predict the download delays we first
difference between the moment that a user (leecher) joinsed to compute the download rat®g,.,,z and Ryownr -
the system and the moment that the user downloads #ence, we need to calculate the values of the paramefgrs
complete file. As mentioned earlier, in real P2P systemssusex,;, n? ,;, n¢,, Dyg, Dur, Drm, and Dy,r. To do so,
have heterogeneous capacities. We incorporate this famirin we first compute the values off, ;, n%,,, n . n%,, Unn,
analysis in order to make it more realistic and general.iart Uy, Ury, andU;;, (that comprise Equations (3) and (4)) and
we also consider all details of the BitTorrent protocol. Fathen relate them to the aforementioned parameters. Ndtate t
ease of exposition, assume that there exist two classescomputing these parameters first is easier. This is bec#use,
users (leechers): (i) high bandwidtHBW) users, who have is the rules according to which a user chooses a neighbor to
a high upload link capacity, and (ii) low bandwidtb-BW) provideuploads tg that are explicitly defined in the BitTorrent
users, who have a low upload link capacity. We will show iprotocol. However, in order to compute them we first need to
A that the model can be extended along the same lines fidrd, in addition to Equations (3) and (4), six more relatidns
more classes of users, in accordance with recent tracetbatés way we will have a system comprising of eight equations
studies [17], [25] that divide the users of a real P2P systesnd eight unknowns. For this, we proceed as follows.
into four classes. (Also, in the next section we presentars&c  Let Z be the number of neighbors that a user in BitTorrent
model that can easily account for arbitrarily many classes i uploading to at any time instance. (This is a sSystem
users, however by sacrificing some accuracy.) We denote doynfiguration parameter; by defauft = 5.) Hence:
N the total number of leechers in the system andabthe
percentage of L-BW leechers. We start our analysis with the ngg tnyL = 72, (5)
original BitTorrent system and then proceed with the token- nig+ny, = Z. (6)

enhanced system.
Now let Cupr/Caowna and Cupr/Caownr, be the up-

load/download link capacity of H-BW and L-BW leechers
respectively. Further, assume that a leecher’s downlaad i
capacity is larger than or equal to his/her upload link cétpac
Consider a H-BW leecher and denoteny,; andn;; the Therefore, the system’s bottlenecks are the upload links an
steady state average number of H-BW and L-BW neighborg can assume that these are fully utilizédhis means that
respectively that this leecher is downloading from, and b&.,n = Cupr and thatR,,r, = Cypr.
Dyy and Dy, the corresponding average download rates. Since peer-to-peer traffic is transferred via TCP connestio
Similarly, consider a L-BW leecher and denote by, and we can further assume that the upload capacity of a user will
n%, the steady state average number of H-BW and L-BWe fairly shared among concurrent upload connectidnthe
neighbors respectively that this leecher is downloadiognfr maximum possible download rate eichconnection is larger
and by Dz and Dy, the corresponding average downloadr equal to the fair share. (This is a working assumptiorg als
rates. Further, letDs be the average download rate that aade in many other studies of P2P systeeng,see [26].) For
leecher can receive from the seed(s). Now, &,z and L-BW leechers this is always the case sit&gwnuz > Cupr,
Ryownr be the aggregate download rate of a H-BW and a

A. Computing the User Download Rates in the Original
BitTorrent System

L-BW leecher respectively. It is easy to see that: Lin general, if there are classes of users, one would need to solve a system
of (n +n) - n = 2n? equations. This is because each cléss {1...n}
RiownH = nfquDHH + niquDHL + Dg, Q) is characterized by, variables dictating the number of users from each class
d d that a member of clas€’ is uploading to on average, and corresponding
Raownr. = nigDrm+n%;Drr + Ds. (2)  upload rates.

] ) 2This is not an unrealistic assumption. Common Internet sxdech-
Because all leechers in the system are equally likely to beogies, such as Dial-up, DSL, cable-modem, and Ethesetisfy this

downloading file blocks from the seeds, we can wiile = assumption [25]. Further, this assumption has been als@ nmathany other
Cups . | ’d link . fth studies on peer-to-peer networlesg.see [9] and references therein. And, it is
N WhereOUPS is the aggregate upload link capacity of t & accordance with measurement studies of BitTorrent syste.g.see [11],

seeds. [15].



and Cyownr. > Cupr, and hence we can write the followingsay leecherj, and letk < L be the number ofi’s H-BW

equation: neighbors. Sincg provides uploads t& of his/her neighbors,
Ul = Uy = OupL. 7)) Wwe distinguish two cases: (8 > Z, and (ii) k < Z. First,
Z consider case (i) and recall how BitTorrent's TFT scheme

We now turn our attention to the upload rate that a Hworks (see Section Ill). It is easy to see that in this case
BW leecher provides to a L-BW leecheVf;). At any time j may be uploading to at most one L-BW leecher at any
instance a L-BW leecher is downloading on average frgp  time instance. This L-BW leecher is randomly selected (via
L-BW neighbors. We define theparedownload capacity of optimistic unchoking) with probabilityﬁ%. Now consider
this leecher a<younr, — n¢; D1, — Ds. Then, the upload case (ii). In this casg is uploading to exactly? — k L-BW
rate that a H-BW leecher can provide to a L-BW leecher isechers at any time instance, as he/she does not have any

given by the following lemma® other H-BW neighbor that he/she could provide uploads to. It
Lemmal: is now easy to see that};; is given by Equation (9). m
Cunii Finally, we also need to find an expression for one:pf,
Upr = min < Zp s Caownr, — 7 ULL — Ds) - (8) orn¥,.(The other will result from Equation (6)). To compute

n}y (the average number of H-BW leechers that a L-BW
Proof: If the spare capacity of the L-BW leecher is largefeecher provides uploads to), we proceed as follows. First,
than his fair share {2), the leecher will be downloading recall from Section Il that the optimistic unchoking peits
from the H-BW leecher at an average rate equal to his/hg seconds, the rate observation window2is seconds, and
fair share. OtherWise, the leecher will be dOWnloading %tsers make their Choking decision evdﬂ/seconds_ Suppose
an average rate equal to his/her spare capa€ity... — that H-BW leecher;j selects L-BW leechet via optimistic
n{ Dy —Ds). However, notice that{ ; D, = n}; Urr, @8 unchoking at timeto, as shown in Figure 1. According to
the total download rate from L-BW leechers to L-BW leechergitTorrent's TFT scheme, at timg + 30 leecher; will choke

equals the total upload rate from L-BW leechers to L-BW pecause did not provide him/her with a high download

leechers. B [(ate.
Now, note that once we have an expression for one of
n% gy or ny, (and hence for the other by Equation (5)), the §— 1 makes first choking decision i chokeg —

expression fol/; ; will result from Equation (3). We proceed t t,+10  t,+20  4+30 t+40 t+50
with n%,, (the average number of L-BW leechers that a H-BW ! ! ! ! !
leecher provides uploads to). Létbe the total number of a

leecher’s neighbors and assume that all of these neighbers a
interested in a block that the leecher under study possesses t, t01+10 t01+20 tO«LSO r01+40 t0450

Furth.er, denote. b)B.Z'nomial(N,p, k_) the p.robability mass 4| optimistic unchokes t_j chokes

function of a Binomial random variable with parameteys

andp, that is, Binomial(N, p, k) = ]]X pk(l _p)(N*k)_ Fig. 1. Time line of optimistic unchoking and choking desisimaking.
Then,nY,, is given by the following lemma:

Now, let’'s study the outcome of the choking decisions of
L-BW leecheri. Suppose that this leecher makes his/her first
choking decision at time;. Clearly, user: will not choke
leecherj at t1, t; + 10, and t; + 20 because; provides

Lemma2:

L
nf = »_n(k)P{havek H-BW neighbors out ofz}, (9)

k=0 him/her with a higher download rate comparedlig;, (the

where: L rate by whichi is downloading from a L-BW neighbor}.
n(k) = {L——z+1 if k> 2, Further, leechet will choke j at time ¢; + 50 because the

Z —k  otherwise. rate observation window i80 seconds and leechgrdid not

provide anything ta during the periodt; + 30, t; +50]. How
aboutt; + 30 andt; +40? At ¢; + 30, the average download
P{havek H-BW neighbors out of & = Binomial(L, 1—a, k).Tate thati observes fromj is YuL23ttot)

and:

) If this rate is

Proof: First I thate is th . ¢ LBW larger thanUy ., ¢ will not chokej. Similarly, att% + 40, tr;e
roof: First recall thata is the percentage of L- ; i Unr (104+t0—t
leechers in the system. Since the neighbors’ list Consi%ver.age download rate thavbserves frony is == o :

' $t%his rate is larger thari/; 1, ¢ will not choke j. Therefore,
of a random selection of H-BW and L-BW leechers, iff ; . . qenotes the number of times thatid not choke
is easy to see thaP{havek H-BW neighbors out of I = j in the time-interval {1, ¢1 + 50], we can write:

Binomial(L,1 — a, k). Now let's consider a H-BW leecher, . (204t0—t1)
3 if UHL* <Urp,

SNote that because of BitTorrent's TFT strategy (see Sectln the Nunchoke = 2 5 if UHLM > Urr,
probability that thesameL-BW leecher is concurrently downloading from . 20 -
two or more H-BW leechers is quite small. 4 otherwise.

41t has been demonstrated that file sharing in BitTorrent iy edfective,
i.e., there is a high likelihood that a node holds a block thatseful to its SRecall that the probability that two or more H-BW leechersoaging to
peers,e.g.see [17]. This is partially due to the local rarest first (LRffgck the same L-BW leecher at the same time-instance is smalkefdre, ¢ will
selection algorithm that BitTorrent uses to disseminateks. be always downloading from at least one L-BW neighbor.



Because users are not synchronized (and the choking de€isi0’y 7, Uy, ULy, andUr .. We proceed to relate these param-
are taking place every0 seconds) it makes sense to assunmeers ton%;;, n%;, n¢ g, n¢,, Duy, Dur, Dog, andDyp.
thatt; is uniformly distributed betweety andt,+ 10. Hence, First, clearly Dyy = Ugyg, Dyr = Urg, Dy = Ugyr,
we can compute the average number of tiM&s,..oke thati and Dy, = Up;. Further, notice that in any system the
did not chokej. This corresponds to a duration of N0,,,..ze  total number of upload connections equals the total number
seconds. of download connections. For example, the total number of
Recall that a H-BW leecher is uploading ig;, L-BW upload connections provided by H-BW leechers to L-BW
leechers on average. Therefore, considering the abovaiscenleechers equals the total number of download connectiats th
only, it is easy to see that at any time instance a H-BW leecHeBW leechers receive from H-BW leechers. Therefore, we
on average downloads fromy,, 12Nusciere | -BW leechers. can write nf yo = nl (1 — a). Similarly, we can easily
And hence, the average number of H-BW leechers that a telate n¢,;, n%, nl, to n%y, n%y, n¥,, as follows:
BW leecher provides uploads to (due to the above scenarify,; = n¥;,n%, (1 —a) = n} yo, andnf,; =n¥,. Hence,
only) is (1—a) ”%L%- We refer to this scenario, aswe can now compute the average download rate of a H-BW

(e}

the optimistic unchoking reward scenario leecher and a L-BW leecher using Equations (1) and (2), and
nY 5 is now given by the following lemma: of course the average download rate across all users.
Lemmaa3:
L J—
1-« Nunchoke B. Computing the User Download Rates in the Token-
i = P, 4 10 .
nLH ;}MW 1(w) + < > "HLT 3 (10) enhanced BitTorrent system
where: The model for the token-enhanced system is similar to the
B LE;ZWH if w>Z, model for the original BitTorrent system. In particular,is
n(w) = 7 —w otherwise. easy to see that Equations.(1(6) hold for the token-enhanced

system as well.
As before, we assume again that the download capacity
Py(w) = P{havew L-BW neighbors out of L of a user is larger than or equal to his/her upload capacity.
Now, recall that a user earn&,, tokens for each byte
he/she uploads and spends,..., tokens for each byte he/she
Proof: As before, sincex is the percentage of L-BW usersdownloads. For a L-BW leecher, his/her L-BW neighbors
in the system and the neighbors’ list consists of a randofay earn tokens by uploading to him/her at a ratg, ULz,
selection of H-BW and L-BW users, the probability of havingind they spend tokens by downloading from him/her at a
w L-BW neighbors out ofL is Binomial(L, a,w). Further, rate Ky..,,Dr1. Clearly, to make the token based system
the second term on the right hand side of Equation (18perate properly, we need to havé,, > Kaown. Hence,
corresponds to the optimistic unchoking reward scenarioaWV §, U7, ;, > Kyouwn D1 (Since Dy, = Upzr). Now, consider
about the first term? This term accounts for the number of l-H-BW leecher. The rate that a H-BW leecher gains tokens
BW users that a L-BW user has chosen to upload to, just likg providing uploads to a L-BW leecheK(,, Uy ) is larger
in the proof of Lemma 2. than the rate that the leecher spends tokens by downloading
In particular, consider L-BW usef, and letw < L be from the L-BW leecher KaiownDrr), since K,Upr >
the number of’s L-BW neighbors. As before, we distinguishi, ...Un;. > KiownUg = KaownDrr. Therefore, all
two cases: (iw > Z, and (i) w < Z. In case (i): may be users will always have enough tokens to download from a
uploading to at most one H-BW user at any time instance. ThisBW leecher. Hence, the upload capacity of a L-BW leecher

H-BW user has been selected via optimistic unchoking, wit§ fully utilized and Equation (7) holds true in this system a
probability Lf‘Zj’il, and will be choked after the optimisticyell.
unchoking period elapses. This is because the H-BW user, whayow, let's see what relations change compared to the
prefers other H-BW users to upload to, won't be uploading igxiginal BitTorrent system. Recall that according to thket
this L-BW user. In case (i), has selected to upload to exacthhased scheme a user randomly selects to upload to those
Z —w H-BW users, as he/she does not have any other L-BMéighbors who have enough tokens to perform the download.
neighbor to provide uploads to. B Consider a L-BW leecher. Sinc&,,Urr, > KaownDrLL
Notice that in Lemma 2 we have not considered the opfias Kup > Kaown and Up, = Dyrp), and KUy >
mistic unchoking reward scenario. This is because, if a L-BW, 17, >~ K, 0nULy = KagownDr (@S Kup > Kgown,
leecher selects via optimistic unchoking a H-BW leecher {9, ~ U, ; andU,y = Dpyy), both L-BW and H-BW
provide uploads to, the H-BW leecher will choke this L-BWeechers always have enough tokens to download from a L-
leecher on his/her first choking decision, because the L-BB{y |eecher. Therefore, the L-BW leecher will equally select
leecher does not provide him/her with a high download ratgyery peer to provide uploads to. Since the total number of
Therefore, H-BW leechers do not provide uploads to L-BWpload connections i€, the percentage of H-BW leechers in
leechers in this case (i.e., L-BW leechers are not getting aghe system ig —a, and the neighbor’s list consists of a random

reward for optimistically unchoking H-BW leechers.) selection of H-BW and L-BW leechers, in this system:
Given Equations (3).(10) (and the fact thaR .,z = Cupn,

Rupr = Cypr), We can now computey, ,, n% ., n¥ g, n¥,, nig=2(1-a). (11)

and:

= Binomial(L, o, w).




Now let’'s consider a H-BW leecher and first concentrate d®), (12) and (13) to comput&y . Instead,Ug g is given
the the rate by which this leecher provides uploads to a L-BW&low:
leecher. First assume that,, ULy > KqownUnr. Under this Lemmas:

condition a L-BW leecher earns tokens by uploading to a H- z
BW leecher at a faster rate than the rate that he/she spend§yy = Z Ry m(w)P{upload tow L-BW neighbors,
tokens by downloading from the H-BW leecher. This means w=0

that a L-BW leecher always has enough tokens to download (14)

from a H-BW leecher. Since a H-BW leecher always ha¥nere:

enough tokens to download from a H-BW leecher as well W if w<Z,
(Since KupUHH > KdownDHHa as Kup 2 .Kdm.un and HH(w) B 0 otherwise.
Ugyg = Dypg), the H-BW leecher cannot distinguish H-BW

neighbors from L-BW neighbors, and thus he/she providé&d:

uploads to all of his/her neighbors with the same probabilit P{upload tow L-BW neighbor§ = Binomial(Z, a, w).

Hence:
nYy = Za. (12) Proof: The average rate by which a H-BW leecher is

uploading to a L-BW leecher i&g. If a H-BW leecher is
Further,Ug 1, in this scenario is given in the following lemma: uploading tow L-BW leechers, then the average load rate to
Lemma4: each H-BW leecher is equal 8 (w) = Seer—@lnr—Ds
L ot ‘ ‘ where Cypr — wUgr — Dg is the spare upload capaC|ty
Unr = szln (T,RHL(k)) Py(k[i)Py(i), (13) of the H-BW leecher. Further, a H-BW leecher randomly

i=0 k=0 selectsZ neighbors to provide uploads to because they always
where: have tokens. HenceP{upload tow L-BW neighbor§ =
Cuvwnp—nl Upp—Ds Binomial(Z, a, w). ]
et i k>0, ions (3).(7) and (11)...(14 Il as the fact
Ry (k) = k : From Equations (3).(7) and (11)...(14) (as well as the fac
0 otherwise. that Rypz, = Cupr), WE CaN NOW COMPUteY; 5, nl,, 1l 4,

nYr, Unm, Upr, Upg andUrr. And, we can relate these

parameters tod, ;;, n% ., n¢ ;, n¢,, Dyy, Dur, Doy and

Py (k|i) =P{download fromk out of i H-BW neighbor$ Dy, exactly as we did in the original BitTorrent system.

and:

] . Z Therefore, we can now compute the average download rates
=Binomial(i, T’ k), using Equations (1) and (2).
P (i) =P{havei H-BW neighbors out of L Note that in order to check whether conditiéf,,Ur g >

— Binomial(L,1— a,1) I_(downUHL is §atisfied, after solving th_e system of equa-
tions under this assumption, as described above, we then
Proof: First, as we have said, now a L-BW user alwayseed to check if the resulting/y; satisfies this condition
has enough tokens to download from a H-BW neighbdX.,Ury > KaiownUrr). If the condition is not satisfied
Hence, her/her download rate is not constrained by the amo#yuations (12).(14) do not hold. This means that we need to
of tokens he/she possesses. If a L-BW user is downloadifigd new expressions, and resolve a system of Equations with
from £ > 0 H-BW users, the average download rate fronthese new expressions. This is because, if the conditiontis n
each H-BW user is equal tRy;, (k) = Sdewnt— "LLULL Ds  satisfied, it means that L-BW leechers will not have suffitien
where Ciownr — nLLULL is the spare capamty of the L-tokens to download from H-BW leechers, and therefore, H-
BW user. However, this rate cannot exceed the maximuBW leechers will rarely pick L-BW leechers to upload to. The
average rate that a L-BW user can download from a H-BVesulting relation forU/x, in this case is similar to Equation
user, which is%% . Further, the probability that the L-BW (8) and it is given in the following lemma:
user is downloading from a H-BW neighbor % because Lemmaé:

each user randomly selec# out of L neighbors to provide CupH o wd Ui — D KU
uploads to (as every neighbor always has enough tokerdffZ = min »Sdownl T MLLYLL T S T 2 )
Therefore, given that a L-BW user hasH-BW neighbors, (15)

the probability that he/she is downloading fragn< : of them Proof: First, the token earning rate of a L-BW user from
is Binomial(i, %, k). And finally, the probability that the L- a H-BW user isK,,,Urx. Hence, the download rate of a L-
BW user hasi H-BW neighbors isBinomial(L,1 — «,i). BW user from a H-BW user cannot exce@M (Recall
B that each user keeps track of the amount of tokens that his/he
Notice that wunder the aforementioned conditioneighbor possesses.) NOWyownr — nLLULL — Dg is the
(KupUrr > KaownUmr) the upload link capacity of a spare download capacity of the L-BW user. Clearly, he/she
H-BW leecher may not be fully utilized. This is becausezannot download at a rate faster than this. Finally, as with
since every neighbor seems identical, a H-BW leecher m#ye proof of Lemma 1, if the spare capacity of the L-BW
select to provide uploads tseveral L-BW leechers who user is larger than his/her fair shargﬁzﬂ), the user will be
cannot download fast. Hence, it is no longer the case thlawnloading from the H-BW user at an average rate equal to
R.pr = Cupr, and therefore, we cannot use Equations (3his/her fair share. Combining these facts, gives the resmit



For n%,, by observing that in the long run the token 2 e e system
. o | H-BW depart th t
earning rate of all L-BW leechers from_ H-BW leechers = T Only LLBW usors presentin the system
(n} yKuwpUruNa) equals the token spending rate of all L- g , R
BW leechers to H-BW leechersif;; KgouwnUnr N(1 — ), § ! -
we can write: z | N
i \
nt  — ni g KuwpUrna (16) \
HL — .
KdownUHL(l - a) ’ !
where Uy is given as before by Equation (7%, by ot t, t t Time

Equation (11), and/g; by Equation (15).

Finally, since H-BW leechers will rarely pick L-BW leech-Fig. 2. Evolution of the number of leechers.
ers to upload to, we can now use the fact tRat; = Cupn,
and therefore, we do not have to find an explicit formula B S-S, ,
for Uyy. As with the rest of the unknowns, its value Willb? expressed as followsy, = Ty + Cupr+D%’ where D =
result by solving the system comprising of Equations. (@) % is the average download rate from seeds. Notice that the
and (11), (15), (16) (using the facts that,,, = Cu,. and aggeragate seed capaafty,; may not be the same as before,
Rupn = Cupr). And, we can now compute the downloagince some H-BW leechers might had become seeds instead
rates as before. of leaving the system. In other wordS;, g = Cups+pm(1—

a)NCypu, Wherepy is the percentage of H-BW leechers that

C. Estimating the Average Download Delay become seeds.

So far, we have seen how one can compute the download V. SYSTEM TIME DYNAMICS
rates in a heterogeneous BitTorrent-like system with artt-wi In the previous section we have analyzed the performance

out the token based scheme, under steady state assumpt'&nﬁeterogeneous BitTorrent-like systems in steady state.
Now, we show how one can compute the file download delaﬁﬁrticular, we have derived a mathematical model that ausou
from the cqrrespondlr_wg rates. _ for all the detailsof the BitTorrent protocol and predicts the
As mentioned earlier, the steady state assumption ma nload rates, and hence the delays, of different classes
sense in flash crowd scenarios [15], [17]. In such scenari&s users. However, as mentioned before, this model is only
leechers will join the system in a short time period. As a CO'?;\'ppIicabIe in practical cases where the steady state asisump
sequence, the total number of leechers present in the Systalkes senses.g, such as in flash crowd scenarios. Further,

will st_ablhze qu'Ckly’ _and will remain con_stant for a reilaly it does not scale well when there exist many classes of users.
long time-period, until leechers finish their downloads atait ER

q ing th b : q . 2 sh ecall that one need®:? equations to characterize a system
eparting the system (or becoming seeds). Figure 2 shows sisting ofn classes of users.)

the total number of leechers in a system with H-BW and L- With the above in mind we now propose a second model—in
BW leechers will evolve as a function of time. During the tim%articular a fluid model. This model can be used to model a
period (to, 1], leechers join the system. Frofq to t3, both more dynamic system where users may arrive and depart at any
H_'BW leechers and L-BW Ieech_ers are pres_e_nt in the systefie instancege.g.such as in non-flash crowd scenarios. Fur-
Smc;e H'BW leechers have higher capacities, they depf’HEr, it can be easily used to describe a large number ofedass
earlier, by timet;. Afterward, only L-BW leechers are presentys sers without becoming complex. It is inspired by the
in the system. Our model computes the download rates fof, e in [4] (see Section VII for a concrete comparison) and
each class of leechers during the time intei¥al t2]. Further, - jaiueq along the same lines as our first model, but under the
_the_ download rate of L-BW Ieechers durlng_the mter(\tgl t4]_ following simplifying approximation/assumption that ders
is just equal to the sum of their upload link capacity, SNC&nalysis tractable: We assume that leechers of a particiaiss
this is fully utilized as explained earlier, and the dowmloa .\ e uploads to leechers of other classes, only via dgtien
rate they receive from segds. Not_ice that our earlier aialy nchoking. This implies the following: (i) We assume that a
does not model the transient periods, 1] and (i, s]. O |eecher of a specific class always has enough neighbors of the
computeﬁ the delays we make the assumption#fiat {1 and g5 me class to which he/she can connect to. (This is not an
to ~ 13- , ) unrealistic assumption since the list of neighbat} (eturned
Now, Igt S be the file size and lef; and T, be the by the tracker is usually large.) And, (ii) we do not consider
average file download delay of a H-BW asnd a L-BW leechgfie optimistic unchoking reward scenario we saw earlier.
respectively. It is easy to see thdly = = As we shall see in Section VI, the aforementioned ap-
Further, letS; be the amount of data that a L-BW leechepoximations do not significantly affect the model's acayra
has downlc_)aded when all H-BW leechers were present in wever, in steady state scenarios, they render the model
system. It is easy to see théf = Ty Raownr, @nd therefore, gjightly less accurate than our first model, which is more
that the average file download delay of a L-BW leecher cgjxtailed (but also more complex). (A detailed comparison
6 . o _between our two models is performed in Section VI.)
1he assumption thato ~ f1 can be justified in a flash crowd scenafio. o efore. we first consider the original BitTorrent system
Further, as we shall see in Section VI, the approximatigre: t3 does not '
significantly affect the accuracy of the model. and then proceed with the token-enhanced system.




A. The Original BitTorrent System Lemma7:

In the previous section, we have assumed that there are only () e 1 Cipare if i £
two classes of users in the system. However, under our abowg;(¢) = =12 (t) AR 5 (20)
approximation, we can now consider more classes of users 1- Zfil,i;éj ei(t) otherwise.

while keeping things simple. We say that two users, which

can be either leechers or seeds, are in the same class if theyOr @ System withi classes of users we halé variables

have the same link capacity, and we @t= {1,...,k} be ({zi(®)} . {z}(t)},i € G) and 2K differential equations

Denote byz!.(t) andz: () respectively, the number of classthe evolution of these@ K variables. Therefore, we can solve
j leechers and seeds in the system at timeet /1, be the this system of equations to study how the user population

service rate of a clasg user, which is defined as the ratd{zi(t)} . {zi(t)},i € G) and the leecher departure rates
by which the user can upload a file to other users. Givdnfti(t)};i € G) evolve with time. And, of course, we can
the file size S and the upload link capacity of clgsssers compute the corresponding download delays of each class of

, g .__leechers as a function of time because the user downloayl dela
Clpr Hj = cgp. Further, letu(t) be the aggregate service. y

rate provided by all seeds in the system at timéeThat is, 's the reciprocal of the user departure rate.
ps(t) = S5 pjas(t). Finally, lete(t) and ej;(t) be the
proportion of service rate provided by all seeds and class . _ ) )
leechers respectively, to all clagsleechers at time. And, Itiis easy to see that Equations (17)L9) still hold in the
denote byR;(t) the aggregate service rate that all class token-er_whanced system. What changes in the token-enhanced
leechers receive at time. Considering the fact that classSYStém is the way we compute;;(t)},i,j € G. (Clearly the

i leechers cannot download faster than their download lifglation fore;(¢) remains the same.)
capacity,C"; it is easy to see that: Recall that a user earnk’,, tokens for each byte he/she
? own’' *

uploads and spend#(,,.. tokens for each byte he/she
K ci downloads. Now, sort the user classes in accordance with
R;(t) = min Zxé—(t)ujeji(t)—i-us(t)esi(t),xli(t)% . their upload link capacity, with clas$ be the class with
j=1 the lowest capacity. Along the same lines of the analysis
(17) in Section IV-B, if leecherm belongs to clasd, we know
Notice that R;(t) is also the departure rate of clags that all of his/her neighbors always have sufficient tokens
leechers. Now let\;(¢) be the arrival rate of classleechers to download from him/her. Therefore, they equally share
andp; be the probability that a clagdeecher will stay in the the upload link capacity of leechen. This suggests that
system (become a seed) after he/she downloads the file. Tf‘t"f[(,t) — % Vi € G. Now, when a clasd leecher
the population of class leechers and seeds in the system igychangés data with a clagdeecher, the token earning rate
described by the following differential equations: of the classl leecher from the class leecher iseis ()1 Koy,
1 and the token spending rate of the claisdeecher to the
v (1) = N(t) = Ri(t), (18) class2 leecher iseg; ()2 Kiouwn. Because in the long run
zi'(t) = Ri(t)pi —vixi(t), (19) the token earning rate of all class leechers from clasg

, ) , leechers ] (t)e12(t) 1 Kup) €quals the token spending rate of
where~; is the rate at which classseeds leave the system. all class1 leechers to class leechers € ()ea: (¢) 12 K doun),

i I 1
_ As before, since aI.I leechers in the sy_ste_m are equa{lle/e can writees: (£) — ml(lt)elz(t)mmp_ However, notice that
likely to be downloading from the seeds, it is easy to see . I q tﬁz(t)udewtn  the fair share that cl
l
that e, (f) — ZKmi(i)L (t)us(t), Vi € G. Further, recall from €21(t) cannot exceed the amount of the fair share that class

: n1%n o : 1 leechers can receive (from clag8sleechers) when clask
the previous section that leechers are |n<_:I|ned_t0 exchtiege leechers always have enough tokens to download. This amount
blocks with other leechers that belong in their class, due to .t 7 Therefore:
the rate-based TFT scheme. Also, by our earlier assumption>-5_, =, (t)" ’
a classi leecher can receive uploads from a leecher of
some other clasg, only via optimistic unchoking. Since e (¢) = min(
users randomly select a neighbor for optimistic unchoking,
the Probability that the selected neighbor is of classjuals Now, leechers in other classes share the remaining capacity
=@ ___Along the same lines of the derivation of Lemmaf the class 2 leecher (because they all have sufficient ®oken
%”livlez’léﬁ)ow that clasg leechers cannot upload to class t0 exchange file blocks with this leecher, as they have larger
leechers faster than the spare download capacity of glasgpload link capacities). Hence:

B. The Token-enhanced BitTorrent System

(e Ky  xh(t)
xl2(t),u2Kdoum ’ ZK x! (t)) . (21)

n=1*"n

i i si(t)ps(t
leechersCy,... = Choupn — €ii(t)pi — % nor faster (1) = (1 — exn(t) 2i(t) (2. K}
than the fair share that clasdeechers can receive, which is €2ill) = ZK L(t) ’ A e A
EL. (Recall thatZ is the configured number of user upload n=2m
connections.) “It is interesting to point out that this amount is indeperdenZ because

. ) i
We can now state the following lemma fey; (t), whose a class 2 leecher on average upIoadéZt%% class 1 leechers with
H . n=1"n
proof follows immediately from the above arguments: rate £2.



Continuing this way, it is easy to see that a general formudmual to their upload capacity plus the rate that they can

for €;;(t) is the following: download from seeds.) Again, we can observe from the plots
Lemmas: that our mathematical model is quite accurate. Notice that t
min (mg(lt)ﬁj(t)mmp zl(t) ) it i < j download rate of H-BW leechers incre_ases and the QOwnIoad
(O Kaown 7 35—yl (1) ’ rate of L-BW leechers decreases asincreases. This can

677'(t) = (1_ iz;ll Ejn(t))mé(t)
ZTIL(:]‘ z!, (1)

otherwise. be explained in a similar manner like we did witl},;. As
(22) L increases H-BW leechers provide uploads to fewer L-BW

We can now solve theK differential equations as before, in€€chers and to more H-BW leechers.
SF|naIIy, the results for the average file download delay for

order to study how the user population and download dela
y pop %e two scenarios are shown in Figures 3(iii) and 4(iii). We

evolve over time in the token-enhanced system. X : . o
can observe that our model is quite accurate in predicting
the average file download delay for H-BW leechers, L-BW

leechers, and for the whole system. (The small discrepancie

Z;Nf UST.dar; event drllve_n E_allthTogept_lsg]qlatc:rtde\églqped BY the delay prediction are because we are ignoring the short
[27] to validate our analysis. The detailed simulator digsitm transient periods, as explained earlier (in Section I\}-C).

can be found in [17]. In addition, we implement the proposed 2) Simulation Results for the Token-enhanced BitTorrent
token based scheme to study its impact on the system per@{fstem We now let K — 1 and study how the token-

mance. enhanced system behaves for different valuesigf, in
the two scenarios we described earlier. We fix = 40,

A. Stea.\dy State Performance Prediction and Flash Crowdyhich is a typical value in BitTorrent [3]. Figures 5 and 6
Scenarios show theoretical and simulation results for Scenarios 1 and
To validate the model of Section IV, we first simulate 2 respectively. (We will explain shortly what we mean by

flash crowd scenario where 200 leechers join the systemiwitiiupload-to-download ratio” in Figures 5(iii) and 6(iii).)
20 seconds. Leechers will leave the system as soon as theyhe download rates for both classes of leechers are shown
finish their download. We simulate the system until all leexsh in Figures 5(i) and 6(i). From the plots we see again that
depart. Other simulation settings are: (i) there is only seed theoretical and simulation results match. Further, we make
in the system and the upload link capacity of the seed tise following interesting observation: The download rafe o
800Kbps, (ii) the file size is 300MB and the block size i$l-BW leechers first decreases and the download rate of L-BW
256KB, and (iii) the maximum number of concurrent uploateechers first increases, #S,, increases. This is because as
transfers ) is 5 (the default value). K., increases L-BW leechers earn tokens at a faster rate and
We present simulation results for two scenarios, which, dsey can download more data from H-BW leechers. (Hence
we shall see, yield qualitatively different results where ththeir download rate increases.) This however means that H-
token based scheme is used. In both scenarios the percenB\gkleechers provide fewer uploads to other H-BW leechers.
of L-BW leechers isac = 0.8, Cyowny = 600Kbps, and Thus, H-BW leechers have to download now from more L-BW

V1. EXPERIMENTS

Cupr = 300Kbps. For Scenarid we have thatCq....z. = leechers, and hence their download rate decreases. Futther
300Kbps, C,,, = 100Kbps, and for Scenari@ we have is interesting to point out that in the first scenario the two
Caownr, = 150Kbps, C,p1, = 50Kbps. classes of leechers have the same (constant) download rate

1) Simulation Results for the Original BitTorrent System for large K,,,, whereas in the second scenario the download
In Figures 3 and 4 we present both theoretical and simulaticates of the two classes are never equal. This is because in
results for Scenarios 1 and 2 respectively. Figures 3(i)&i)d the first scenario (for largds,,) both classes of leechers
show hownt;;, the average number of L-BW leechers thaare downloading from a similar number of H-BW leechers,
are downloading from a H-BW leecher, behaves as the numbsedd sinceCaoynr, = Cupr and Caowng > Cupm, both
of neighbors [) increases. (These plots will help in gainingclasses of leechers can fully utilize the H-BW leechersbagpl
intuition when we explain how the leecher download rates amdpacity. In contrast, in the second scenario, while bathses
delays change as a function 6f) First, from these plots we of leechers are downloading from a similar number of H-
can see that Equation (9) can correctly predit; . Further, BW leechers (for largeli,,), since Cyownr > Cupn but
we can observe thaty;; decreases a& increases. This is Ciouwnr, < Cupm, Only H-BW leechers can fully utilize the
because whet is small H-BW leechers cannot find enougtupload capacity of other H-BW leechers from whom they are
H-BW peers to upload to, and thus they have to providiownloading.
uploads to more L-BW leechers. Ak increases there are Figures 5(ii) and 6(ii) show results for the average file
more H-BW leechers to upload to, and thus there is no neddwnload delay for H-BW leechers, L-BW leechers, and for
to upload to L-BW leechers. the whole system. For comparison, the plots also show the

The download rates for both H-BW and L-BW leechersorresponding average download delay in the original BitTo
with respect toL are shown in Figures 3(ii) and 4(ii). Noterent system. As before, we observe that our model predicts
that these results correspond to the period¢2] in Figure the simulation results quite accurately. Further, we oleser
2, where both classes of leechers are present in the systédmt whenk,, = 1 = Kgown, the performance of the token-
(Recall that in the intervalts,t4], where there are no H- enhanced system is almost identical to that of the original
BW leechers, the download rate of L-BW leechers is jufitTorrent system. However, a%,, increases the overall
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system performance can be improved compared to the origisabw how the upload-to-download ratio behaves as we vary
BitTorrent system. This is because in the token-enhancéd,,, for each class of users.
system L-BW leechers are downloading from more H-BW From these plots we observe that the upload-to-download
leechers ifK,,, is large, since as we have mentioned earlieratio is almost the same for both classes of leechers when
L-BW leechers can gain tokens fast. However, as mentiongt,, = 1 = Kg,,»,. This implies that the system is fair.
earlier, we are sacrificing the perceived performance of\M-B However, ask,, increases, the corresponding ratio for H-
leechers. This motivates us to quantify next how much “uhfaiBW leechers increases and for L-BW decreases, as expected.
the token based scheme becomes to H-BW leechers,3@s (This suggests that the system becomes unfair.)
Looking at Figures 5(ii) (6(ii)) and 5(iii) (6(iii)) we can

3) Impact of the Proposed Token Based Scheme on Fairconclude that we can tradeoff between overall system perfor
ness To quantify “fairness” we use the upload-to-downloathance and fairness. Using our analytical model we can predic
ratio of a user, which is defined as the user's upload rabew much “fairness” we are sacrificing and what performance

increases.

divided by his/her download raté. Figures 5(iii) and 6(iii)

8This metric has been also used to quantify fairness in othefies as

well, e.g.[17], [18].

is achieved. For example, one can enforce fairness by gettin

Kup = 1 = Kgown, Or can minimize the system’s average

download delay by choosing a large value fi§y,,. Further,

one can also operate somewhere between these two extremes
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by setting the appropriate value féf,,,. constant throughout the experiment. In the second scenegio

have Cyowne = 1000Kbps, Cypr = 600KbpS, Coownm =

- _ _ 1000Kbps, Cupnr = 250Kbps, Cyownz, = 1000Kbps, and
B. Predicting System Time Dynamics and Non-flash CrowdcupL — 100Kbps. Further, now, the arrival rates of the

Scenarios three classes of leechers are different and change during

We now simulate a more dynamic BitTorrent system whetbe simulation. This is in order to simulate an even more
new leechers keep joining the system at random times accotighamic system. The detailed leecher arrival rates for the
ing to a Poisson process, in order to demonstrate how aecutisio scenarios are shown in Figures 7(i) and 8(i). Finally, we
the fluid model of Section V is. fix L = 60 (which is also a typical value in BitTorrent),

We consider three classes of users: H-BW, M-BW, and Ithe file size is100MB, 15% of leechers will stay in the
BW users. We consider again two different scenarios in ordgystem for 3000 seconds after they finish their download (i.e
to validate the model under different settings. In the firgt, = py = pg = 0.15 andy, =y =y = ﬁ), and all
scenario we hav&y,,.,m = 700Kbps, C,,x = 700Kbps, other simulation parameters are the same as before.
CdownM 700Kbps, Cupm 300Kbps, Caownr 1) Simulation Results for the Original BitTorrent System
700Kbps, andC,,;, = 100Kbps. Further, all three classes ofFigures 7(ii) and 8(ii) show how the number of users (seeds
leechers arrive to the system at the same rate, which remaamsl leechers) in the system evolves over time, for Scenarios



1 and 2 respectively. From the plots we can observe that thbis is a good tradeoff between the achieved accuracy and the
proposed fluid model can capture in general the simulatisimplicity/generality of the model. (We will shortly disssi
results quite accurately. Further, note that at the begmnithis issue in more detail.)
of the simulation the number of leechers in the system is2) Simulation Results for the Token-enhanced BitTorrent
small and hence the system’s service capacity, which is t8gstem We fix Ky, = 1 and vary K,, to study its
aggregate service rate of all users in the system, is alsd.smeffect on the system dynamics. Figure 9 presents analytical
Therefore, initially the leecher departure rate is smailemn and simulation results for the peer population in the token-
the leecher arrival rate and that is why the number of leechesnhanced system for Scenatioln the figure we show results
in the system initially increases. However, as the number fofr K, = 1, K,,, = 2, and K, = 15.
leechers in the system increases, the system’s serviceitapa Again we observe that our model is quite accurate. Further,
and hence the leecher departure rate also increase. Afte¥ save can see that the token-enhanced system (Figure 9(i)) can
time elapses, the leecher departure rate catches up with tséemble the original BitTorrent system (Figure 7(ii)) whe
leecher arrival rate and the system reaches its steady, st#{g, = 1 = K ..., in agreement with our earlier arguments.
where the number of leechers in the system stabilizes. igleatn addition we can observe that as we incredsg,, the
after leechers stop arriving to the system the number pfimber of lower bandwidth leechers in the system decreases
leechers starts decreasing. Due to space limitations we aled of higher bandwidth leechers increases. The explanatio
not present the evolution of seeds. One can make simifar this is the same as before. AS,, increases, lower capacity
observations from the plots. Before proceeding, note thet Weechers can earn tokens at a faster rate, download fastkr, a
have intentionally stopped the arrivals of L-BW and M-BWhence depart the system earlier. On the other hand, higher
leechers and increased the arrival rate of H-BW leechersmindwidth leechers download slower and hence depart the
time 30000 in Scenari®, as shown in Figure 8(i). From Figuresystem after a longer period of time. Notice that in this
8(ii) we can see that our fluid model can also capture thigenario the number of leechers present in the system from
transition quite accurately. each class, is the same whéfn,, = 15. This is because,
The discrepancies between theoretical and simulatioritseswas explained earlier, for larg&’,,, leechers can download,
at the beginning of the simulation are because the model degsl hence depart the system, at the same rate (as long as
not consider the fact that leechers initially require a ¢arghey are not constrained by their download capacity). THis i
amount of time to finish their download, and hence to depagiminiscent of the situation we saw earlier in Figure 5(i).
the system. In particular, Equation (17) does not consider
the fact that initially the leecher departure rate may be zer )
but instead, it always assumes that this is strictly pcesitivc' Comparison Between the Two Models
This, in turn, means that the leecher departure rate isllyiti ~ As we have seen, our first model (presented in Section 1V)
overestimated in the fluid model, and as a consequence, ihéailored for steady state performance analysis, acsofont
rate by which the number of leechers in the system increasdkdetails of the BitTorrent protocol, and it is very acciralt
is lower than the one in the simulation. is now interesting to compare how accurate our fluid model is
Finally, Figures 7(iii) and 8(iii) show simulation and tiret- in such cases (i.e. for steady state performance analysis) a
ical results for the average file download delay for H-BW, Meompare it with our first model. For this we consider the flash
BW, and L-BW leechers. We can observe again that our fluiowd scenario of Section VI. We then solve our fluid model
model is, in general, quite accurate. First, notice thatfilee equations in steady state (i.e. in the interftal t2) in Figure
download delays initially decrease as time increases Isecad), and compute the corresponding leecher download rates.
the number of seeds in the system initially increases (ansl th The results are depicted in Figure 10. As we observe, our
leechers can receive more downloads from seeds). After tlirst model is more accurate as expected, since it captures
number of seeds in the system stabilizes the file downloatbre system details than the second model. In particular, it
delays also stabilize as expected. Further, the discréggmnaaptures the effect of connecting to a variable number of
between theoretical and simulation results in these plogs aeighbors (), and considers the optimistic unchoking reward
due to the approximations that took place in the fluid modedcenario. Our second model is less accurate whés small,
In particular, they are due to the fact that the model dobégcause it does not consider the fact that leechers may not
not consider the optimistic unchoking reward scenario.sThhave sufficient neighbors of the same class to connect to.
implies two things: (i) the download delays of higher banddowever, the difference between the two models becomes
width leechers are being overestimated, since we are iggorsmall whenL is sufficiently large, as expected. This difference
the download rate rewards that these leechers receive whmenwv is only due to the fact that we do not consider the
they optimistically unchoke lower bandwidth leechers, éi)d optimistic unchoking reward scenario in the second model,
the download delays of lower bandwidth leechers are beiag we explained earlier. It is interesting to point out that
underestimated, since lower bandwidth leechers do no tondlis difference for H-BW leechers never exceé@%%. This
spend portion of their upload capacity for rewarding highas explained as follows. First recall that a H-BW leecher
bandwidth leechers (as occurs in reality), but instead; tie® provides uploads taZ — 1 neighbors that provide him/her
this portion for uploading to other lower capacity leechershe highest download rates, and to one other neighbor via
However, these discrepancies are relatively small, as we agptimistic unchoking. The maximum rate the H-BW leecher
deduce by looking at Figures 7(iii) and 8(iii). We believath can provide to the optimistic unchoked neighbor does not
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70 80

exceed?% of its upload link capacity (see Equation (8)). Scﬁrl‘ario ;ngoad (Kbps) ggwnload (Kbps)
When we consider the optimistic unchoking reward scenario, Y] 100 150
we are accounting for the fact that the optimistic unchoked v 100 150

neighbor will, in turn, reward the H-BW leecher with a

download rate, which is at most equal to the one the optimisti
unchoked neighbor receives from this leecher. Therefdre, i
we do not consider the optimistic unchoking reward scenario
we may underestimate the H-BW leecher's download rate
by at most%%. (Recall thatZ = 5 for the scenarios we E. More Results for The Fluid Model

considered here, and notice thatasmcreases the discrepancy \ye now present more resuilts to validate our fluid model. We

decreases.) Now, consider that total amount of reward that Ebain consider three classes of leechers: H-BW. M-BW. and
BW leechers do not receive equals the total amount of exirgg\y |eechers, and present two more different scenarios. In

download that L-BW leechers receive. Therfore, our secopgs thrg (in addition to the two scenarios presented) séena

model overestimate the download rate of L-BW leechers Ry, haveCigwns = T00KDbPS, Cuprr = TO0KDPS, Cownir =
U=9)%ui  As a result, our model may overestimate the raR)0Kbps, Cuprs = 300Kb;;s, g'downL _ 70beps, and

of L-BW leechers by at mos&%%. C.pr, = 100Kbps. In the fourth scenario, we haw®y,nm =

However, as mentioned earlier, the first model requixes 900Kbps, C,,zr = 800Kbps, Caownir = 900KbpS, Cyuprr =
equations to model a system nfclasses of users and doeR00Kbps, Cyownr. = 900Kbps, andC\,;, = 50Kbps. Finally,
not model the system time dynamics. In contrast, the secdeechers will leave the system after they finish their dowadlo
model captures the system dynamics, and requires ?nly (i.e.pr = py = pg = 0), and all other simulation parameters
equations to model a systemmwtlasses of users. In summaryare the same as before. Figures 17 and 18 show the results for
the two models comprise a tradeoff between accuracy afidenarios 3 and 4 respectively.
simplicity/generality.

TABLE |
UPLOAD AND DOWNLOAD BANDWIDTH USED IN THE SIMULATION.

VIl. COMPARISON WITHOTHER MODELS

To highlight the contributions of this paper we now compare
our models with two of the most representative earlier tssul
In this section, we provide our extensive simulation resultn the literature: [4] and [8]. The reason of choosing these
for the steady state model. In all simulations, the link cdya two results is that [4] presents the first mathematical model
of H-BW leechers are kept the same as described before. TaloleBitTorrent systems and [8] is one of the most represargat
| summarizes corresponding link capacity of L-BW leechersvorks that considers network heterogeneity. We refer to the
The results are shown in Figures.1116. model proposed in [4] as the DR’s model and to the model

D. More Results For The Steady State Model
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System details captured by the Model Model 1 | Model 2 | FPK’s model | DR’s model
number of concurrent upload< ) Yes Yes No No
number of neighborsI() Yes No No No
number of user classes (heterogeneity) many many 2 1
performance effect of the TFT scheme and of optimistic ukiitp Yes Yes Partial No
optimistic unchoking reward scenario Yes No No No
time dynamics No Yes Yes Yes
TABLE Il

MODEL COMPARISON

proposed in [8] as the FPK’'s model. The comparison Is particular, it considers the number of concurrent upload
summarized in Table Il. (The table also gives a summary obnnections a user may hav&)( the number of neighbors to
the differences between our two models, which we discussatlich a user might be connectefl)( network heterogeneity,
earlier.) the performance effect of BitTorrent's TFT scheme and of

~ optimistic unchoking, as well as the optimistic unchoking
From Table Il we see that among all models, our firg\ward scenario.

model is the most inclusive one. It models all details of a
BitTorrent-like system, except from the system time dyr@mi  On the other hand, the DR’s and FPK’s models (as well as
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our second model), consider the system'’s time dynamics [RitTorrent system, where all users have the same capacities
under some approximations/simplifications. The DR’s mod&he FPK’s model incorporates network heterogeneity (two
only considers system time dynamics in a homogeneociasses of users) into the DR’s model. It also attempts to
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model the effect of the optimistic unchoking and of the TFT Further, we have proposed a flexible token based TFT

scheme. However, it does not correctly capture how theseheme that can be used to tradeoff between fairness and
affect system performance in realistic scenarios. (Thathg system performance. We have extended our mathematical
in the corresponding entry of Table Il we write “Partial”.)models in order to predict the system performance under the

In particular, the model assumes that users provide to oth@pposed token based scheme and for tuning the scheme’s
users astatic/fixedproportion of their upload link capacity, in parameters. Our results have been verified using extensive
the sense that this proportion remains constant over tirhe. Tsimulations.

actual computation of this proportion is much more involved There are some interesting directions for future work. tFirs
as we have shown in this paper. One must consider, fge plan to use our models to thoroughly investigate if there
example, the exact number of concurrent upload connectiofig combinations for the values of the system’s parameters
(2), the peer capacity distribution, the different user a@tiv that achieve optimal download rates/delays. Second, wetpla
rates and how these might change over time, etc. Among figther generalize our fluid model to incorporate the opsitici
three models that capture system time dynamics, our secQfthoking reward scenario, the fact that users may leave the
model incorporates the most details of a BitTorrent syste§ystem before finishing their downloads, as well as relaxing

and it is the most general one. In particular, it accountsafbr the assumption that users always have sufficient neightfors o
the system details, except from the variability in the numbene same class to connect to.

of neighbors that a user might be connected i), @nd the
optimistic unchoking reward scenario. Finally, to our best
knowledge, this is also the first model that considers an arbi

trary number of user classes in heterogeneous environments APPENDIX

VIIl. CONCLUSION AND FUTURE WORK

In this paper we have proposed two mathematical modelslin this section we show, along the same framework, how
to study the performance of heterogeneous BitTorrent-like extend our analysis for more classes of users. Now, in
systems under different scenarios. The first model can bddition to L-BW and H-BW leechers, lets for more classes of
used to predict the average file download delay among usasers. Now, in addition to L-BW and H-BW leechers, lets We
with different capacities in steady state scenarios. Tleersg denote byN the total number of leechers in the system and by
model is a fluid model, which can be used to study bothy, pys, andpy the percentage of H-BW, M-BW, and L-BW
system performance and time dynamics. We have seen tlesichers respectively. We start our analysis with the pabi
there is a tradeoff in the two models between accuracy aBiTorrent system and then proceed with the token-enhanced
simplicity/generality. system.



A. Computing the User Download Rates in the Originalutilized. This means thaR,,z = Cupr, Rupym = Cupimr,
BitTorrent System Rupr = Cypr, and it is easy to see that:

Let nd, (t) be a random process denoting the number of

. : . _ Coprt = nnyU u Upn +n% Unr, (26
H-BW neighbors that leechéris downloading from at time. pH ni{H HH + nfiM M + nHuL ar, (26)
Since leechers can be either H-BW, M-BW, or L-BW and Curd = niruUnm + i Unine + 03y Unis (27)
the statistics governing the leechers within each group are Cupr. = niyUru +niyUv +n7 UL (28)

the same, letwd (), nd,;(t), andnd ;(t) be the random . : . :
process denoting the number of H-BW neighbors that a H-B need 15 more equations (in addition to Equations

M-BW, and L-BW leecher is downloading from respectively( 6)...(28)) in order to compute our unknowrfs.The first

Our analysis is valid in periods of time where this procestg'ree are trivial. IfZ is the number of neighbors that a user

is stationary (or, by slightly abusing terminology, in slga In BitTorrent is uploading to at any time instance (by defaul

state), and we work with the average value of this procegs: 5) then:

denoted byn%,, nd,;, and n¢,. (See Figure 20 for a
graphical representation of the periods of time that we ragsu
stationarity to hold in case of a flash crowd scenario.) In " " .
general, letnd, i,j € {H,M,L} be the average number of npg+npy tnr, = 2 (31)
j-BW neighbors that a-BW leecher is downloading from, Taking the specifics of BitTorrent into consideration, Leenm

and denote byD;; the corresponding average download rateg. |ater in this section shows how to computy ,,, n%, , and

Finally, let Dg be the average download rate that a leecher,
1 D) and Lemma 12 shows the way to computg ., n¥% .,
can receive from the seed(s). Now,Rfjown s, Riownar, and  ME Y Puth . nig

d h download o HoBW andn?,,. With these quantities known, one can also compute
IB%\‘;\‘;“J”Ld enli)tgvth ag?]regate own (I)a' rate of a H-BW, "F]‘ 1Y 1, nYa, @andny from Equations (29)...(31).
»andalb- eecher respectively, It is easy to see that: "gegq e proceeding in computing the aforementioned vari-

Raowntt = "y Dy +nyDav + 1y Dy + Dy, (23) @bles, lets first write the relationships betweéh;'s for
(24) 1,7 € {H, M, L}. Assuming that each user of the system can
4 4 d fully utilize the upload link capacity of any other user, and
Raownr, = npDrm +niaDiav +nppDrr + Ds. (29) ginge peer-to-peer traffic is transferred via TCP connestio
Because all leechers in the system are equally likely to ¥¢& can assume that the upload capacity of a user will be
downloading file blocks from the seeds, we can wiitg = fairly shared among concurrent upload connections. (B i
%, whereC,,s is the aggregate upload link capacity of thavorking assumption, also made in many other studies of P2P
seeds. systemsg.g.see [26].) Therefore, it is easy to see that:

Our end-goal is to compute the user download delays which

Nga gy L = 2, (29)
Nyt nyv v = 7, (30)

d d d
RdownM = n]uHD]MH + nM]wD]MM + n]uLD]ML + Dsa

! . = 32
requires the computation of the download ratBS,.mz, Urn Urw, (32)
Riownn, aNdRy0wnr. HENCE, We need to calculate the values Ucw = U, (33)
of the parameters:; and D;; for all i,j € {H,M,L}. Uwr = Uwmwm, (34)
Since the BitTorrent protocol specifies the rules according Uur = Uwmr, (35)
to which a user chooses a neighbor to provigdoads tQ Unn = U (36)

it is more natural to work with quantities that describe the
upload rather than the download dynamics, and then go from Unn = Unr. (37)
the former to the later. With this in mind, denote by,
i,j € {H,M,L} the average number of-BW neighbors ni-is"the average number of L-BW leechers that a H-
that aZ'BV\_/ leecher is uploading to, and lef;; ,be the BW leecher provides uploads to. Lét be the total number
corresponding average upload rates. The connection bBtW%?a leecher’s neighbors and assume that all of these neigh-
download and upload parameters is the following. Firstigeot bors are interested in a block that the leecher under study

tEatDW'I: Uﬁbfor 5}" i’{ N d{H’ M, L}. Furtherl, mhany sylstem ossesses? Further, denote b'rinomial (N, p1, p2, k1, k2)
the total number of upload connections equals the total ®IMby, e rinomial distribution function with parameters,

of download connections. For example, the total number }‘ and po, that is, Trinomial(N,pr,ps, ki ks) =

upload connections provided by H-BW leechers to L-B _
iN Nk P ph? (1 — p1 — po)N—R1=k2) Then,

1) Computingn¥;,, n%; ., andny,,: We start withn,,,

leechers equals the total number of download connectiats ks ks
L-BW Ieechersureceive from H-BW Ieechers;luThus, we capl, s given by the following lemma:
write nf ,; = “HLLPE. More generallynf; = “2= for all
i,j7 € {H, M, L}. Therefore, what remains is to computg °In general, if there are classes of users, one would need to solve a system
andU;; for all i, € {H M L} 7 of (n+n)-n = 2n? equations. This is because each cléssx {1...n}

LY ’ L ' is characterized by variables dictating the number of users from each class

First, let R.,m, Rupm, and R,,1 be the aggregate Upl_oadthat a member of clas€' is uploading to on average, and corresponding

rate of a H-BW, a M-BW, and a L-BW leecher respectivelyypload rates.

andCupH, CupM, andOupL be the upload link Capacity of H- 101t has been demonstrated that file sharing in BitTorrent iy effective,

. . . i.e., there is a high likelihood that a node holds a block teatseful to its
BW, M-BW and L-BW leechers respeCt|Ve|y' As in Section IVpeers,e.g.see [17]. This is partially due to the local rarest first (LRF)ck

it is not unrealistic to assume that all upload links areyfullselection algorithm that BitTorrent uses to disseminaths.



Lemma9: his/her neighbors, we distinguish two casesy; (&} Z, and (ii)

L L—k Jj < Z. First, consider case (i) and recall how BitTorrent’s TFT
n, = Z Z n1(j, k)P1(j, k), (38) scheme works (see Section Ill). It is easy to see that in this
k=0 j=0 casey may be uploading to at most one L-BW leecher at any

time instance. This L-BW leecher is randomly selected (via

where: ‘ optimistic unchoking) with probability——. Now consider
) f%zﬂ if j+k>Z, case (ii). In this casg is uploading to exactlyZ — j to either
n(J, k) = Z—k—j otherwise. L-BW or H-BW leechers at any time i_nstanc_em as he/she does
not have any other medium bandwidth neighbor that he/she
and: could provide uploads to. It is now easy to see th§f, is
P1(j, k) =P{havej M-BW and k& H-BW neighbors out of L given bY Equation (.39)'. . u
) ] _ And finally, n%,,, is given by the following lemma:
=Trinomial(L,py, pa,J, k). Lemmall:

Proof: First recall thatpy; and py are the per- L L-k
centage of M-BW and H-BW leechers in the system. nie =Y Y s k)P k), (40)
Since the neighbors’ list consists of a random selection k=0 j=0
of H-BW, M-BW, and L-BW leechers, it is easy to seeyhere:
that P{havej M-BW and k H-BW neighbors out of I =

j .
Trinomial(L,pa, pm, j, k), wherej + k < L. The variable . L—Z+1 !f k2 Z, ,
n1(j, k) represents the average number of L-BW leechers 73(j,k) =4 Z—k—1 ifk<Zandj>Z—-k—1,
that a H-BW leecher, say leechgr is uploading to, given j otherwise.

that it currently hask and j H-BW and M-BW neighbors )
: . ) : and:

respectively. More precisely, singgprovides uploads t& of

his/her neighbors, we distinguish two cases:j(i} ¥ > Z, P,(j, k) =P{havej M-BW and k& H-BW neighbors out of

and (i) j + k£ < Z. First, consider case (i) and recall how

BitTorrent's TFT scheme works (see Section Ill). It is easy

to see that in this casg may be uploading to at most one Proof: First recall thatp,, and py are the per-

L-BW leecher at any time instance. This L-BW leecher isentage of M-BW and H-BW leechers in the system.

randomly selected (via optimistic unchoking) with prodiapi Since the neighbors’ list consists of a random selection

f:—éjr{. Now consider case (ii). In this casgis uploading of H-BW, M-BW, and L-BW leechers, it is easy to see

to exactly Z — k — j L-BW leechers at any time instancethat P{have;j M-BW and k H-BW neighbors out of [ =

as he/she does not have any other higher bandwidth neighBeinomial (L, pa, pu, j, k), wherej + k < L. The variable

that he/she could provide uploads to. It is now easy to sde tha(j, k) represents the average number of M-BW leechers

=Trinomial(L,pyr,pi, j, k).

nY; is given by Equation (38). m that a H-BW leecher, say leechgt is uploading to, given
Additionally, n'},; is given by the following lemma: that it currently hask and j H-BW and M-BW neighbors
Lemmalo: respectively. More precisely, singeprovides uploads t& of
L L—i his/her neighbors, we distinguish three casesk (i Z, (i)
- na(i, §)Pa(i, §), (39) k< Z,5>7Z—k—1, and (iii) otherwise. First, consider case
ME ; ; (i) and recall how BitTorrent's TFT scheme works (see Sectio

). It is easy to see that in this cagemay be uploading to

where: i it > at most one M-BW leecher at any time instance. This M-BW
na(i, j) = {(LZ_ZJ# "= o leecher is randomly selected (via optimistic unchokingfhwi
“7=;  Otherwise. probability —L—. Now consider case (ii). In this caseis
and: uploading to exactlyZ — k — 1 M-BW leechers at any time

instance, as he/she does not have any other H-BW neighbor
Py(i,j) =P{havei L-BW and j M-BW neighbors out of L  that he/she could provide uploads to and he/she prefers M-BW

=Trinomial(L,pr,par, i, ). to L-BW leechers. Finally, it < Z andj < Z —k—1, x is
. uploading to exactlyy M-BW leechers. It is now easy to see
Proof: First recall that pp, and p; are the per- thatny,, is given by Equation (40). m

centage of M-BW and L-BW leechers in the system. 2y Computingnt,, n%,,, andnt,: We start withn¥
Since the neighbors’ list consists of a random selectiqphich is the average number of H-BW leechers that a L-BW

of H-BW, M-BW, and L-BW leechers, it is easy t0 se§eecher provides uploads to, which is given by the following
that P{have: L-BW andj M-BW neighbors out of I = |emma:

Trinomial(L,pr,pum,i,7), wherei 4+ 5 < L. The variable Lemmal2:
no(j, k) represents the average number of L-BW leechers L i —H

- i i i . . u Nunc oke
that a M-BW Ieeche.r, say .IeechQr, is uploading tq, given nt = ZZM(%/{)PB(%@ 4 (P_H> hok
that it currently hasi and j L-BW and M-BW neighbors i L
respectively. More precisely, singeprovides uploads t& of (42)




and:

Py (j, k) =P{havej M-BW and k H-BW neighbors out of [
=Trinomial(L,py,p, j, k).

where: .
N b= == L =
”4(%’“)—{ (Z-0k  otherwise.
and: , . . . .
Proof: The first term of Equation (43) is derived in
a similar way as Lemma 11 and accounts for the average
number of H-BW leechers that a M-BW leecher uploads to,
without considering the optimistic unchoking reward saéna
Proof: The first term of Equation (41) is derived inThe second term of the relation accounts for the optimistic
a similar way as Lemma 9 and accounts for the averagachoking reward scenario. [ ]
number of H-BW leechers that a L-BW leecher uploads to, From Equations (26).(43) we can now compute;; and
without considering the optimistic unchoking reward seema U} for all i, € {L, M, H}. And, we can relate these param-
The second term of the relation accounts for the optimistaters tOn‘Z-ij and D;; as described earlier, in order to compute
unchoking reward scenario discussed in Section V. B the average download rates using Equations (23)...(25).
Notice that in Lemma 9 we have not considered the opti-
mistic unchoking reward scenario. This is because, if a L-BY computing the User Download Rates in the Token-
leecher selects via optimistic unchoking a H-BW leecher hnhanced BitTorrent system
provide uploads to, the H-BW leecher will choke this L-BW The model for the token-enhanced system is similar to the
leecher on his/her first choking decision, because the L-BW

leecher does not provide him/her with a high download rat[En.Odel for the original BitTorrent system. In particular, i

Therefore, H-BW leechers do not provide uploads to L-BW™>Y to see that Equations (23p1) h0|d for the _token—
. : . . enhanced system as well. Further, notice from Section &t th
leechers in this case (i.e., L-BW leechers are not getting

an .
N . he token-based scheme does not affect the rate by which a
revl\zlilrﬂjv?r: opttlhrzlsgg?‘rlwlél urr;(;P;(;I::ir;g Hﬁ:\/ (I:ZiChael;') compuiSer uploads to a neighbor, since only neighbors with enough

9 9, PUSkens to perform the download can be selected by a user.

Nonehoker the average number of times that a L-BW leechefqrefore. it is not hard to justify why Equations (3287
does not unchoke a M-BW leecher who has selected theforrﬂ%rl ’ justify why Eq (32B7)

. o . MH d here as well.
via optimistic unchoking, and’,,, s, the average number | opg e what relations change compared to the original

|°f tlhmes t;'at a M-B_W_lleecher does not unchoke a H(;ngitTorrent system. First, it is easy to see that in order to
eecher. Then, in a similar manner as in Lemmarig,; and i, e the token-enhanced system operate properly we need
njy are computed by Lemmas 13 and 14. to have K,, > Kaown. Now, consider a L-BW leecher.

P;(i, k) =P{havei L-BW and k H-BW neighbors out of L
=Trinomial(L,pr,pH,i, k).

Lemma1l3: Notice that K,,,U,;, ¢ € {L,M,H} is the token earning
L oLb=i o P NLMh N rate of a:-BW leecher from providing uploads to the L-
nfa = > mns(i,j)Pali,§) + (p—) niL—5 —  BW leecher, andK ., D;s is the token spending rate of
=0 j=0 L 42 the i-BW leecher for downloading from the L-BW leecher.

h ) ( ) Since KupUiL Z KdownUiL 2 KdownULi - KdownDiL

where. i ftisyz @s Kup > Kgown and Uy, > Up,) for i € {L,M,H}, L-

ns(i,7) = { L 25 ez 2 BW, M-BW, and H-BW leechers always have enough tokens
5] (Z—v)j i
7= Otherwise. to download from a L-BW leecher'! Therefore, the L-

BW leecher is equally likely to select a neighbor to provide
uploads to, irrespectively of the neighbor's class. Sirloe t
total number of upload connections i, the percentage of
H-BW and M-BW leechers in the system ape; and py,
respectively, and the neighbor’s list consists of a random
Proof: The first term of Equation (42) is derived inselection of H-BW, M-BW, and L-BW leechers, in this system:
a similar way as Lemma 10 and accounts for the average
number of M-BW leechers that a L-BW leecher uploads to, (44)
(45)

and:

Py(i,j) =P{havei L-BW and ; M-BW neighbors out of [
=Trinomial(L,pr,prm,t,7)-

niy = ZpH.
without considering the optimistic unchoking reward saeéna

: " niy = Zpum.
The second term of the relation accounts for the optimistic

unchoking reward scenario. m Now Iet’s_c0n5|der a M-BW leecher. The average number
Lemmal14: of L—uBW _nelghbors thr?t :ch|”s M_—BVY leecher provides upload
L L—j ) NMH tO’LZ%Lrﬁ;Slg.Iven y the following lemma:
. . H hok '
it = 32 3 nali PG + (22 ) gy, N enstete, ,
7=0 k=0 Pm nY —min [ Z nL]WK“PULI\'{pL (46)
(43) ML P2 K tounl '
downU MLPM
where:
- J k> Z More generally, following similar arguments, it is easy geshat higher
ne(J, k) = L@%‘}C‘)lj -7 bandwidth leechers will always have sufficient tokens to mload from
T—F otherwise. leechers with equal or lower upload link capacities.



Proof: Both M-BW and H-BW leechers always haveC. Estimating the Average Download Delay

enough tokens to download from a M-BW leecher. Now, if L_- So far, we have seen how one can compute the download
BW leechers also always have enough tokens to download (j&es in a heterogeneous BitTorrent-like system with artt-wi
KupUrnm 2 KaownUnrr), then every leecher is equally likely ¢ the token-based scheme, under steady state assumptions

to be selected for uploading to, irrespectively of its ¢l Now, we show how one can compute the file download delays
thusny,=Zpy. Otherwise, by observing that in the long runom the corresponding rates.

the token earning rate of all L-BW leechers from_M-BW leech- Aq mentioned earlier, the steady state assumption makes
ers (v, KupUra Npr) equals the token spending rate of alkgnge in flash crowd scenarios [15], [17]. In such scenarios
L-BW leechers tcl M[;B\[/]V leechersnf; ; KaownUnr Npar), leechers will join the system in a short time period. As a con-
we havenj, = “pA—t—Er DL B sequence, the total number of leechers present in the system

KaoywnUnopm * i . .
Along the same lines of analysis,;; is given by the \yjj stapilize quickly, and will remain constant for a reilly

following lemma: long time-period, until leechers finish their downloads and
Lemma16: start departing the system (or becoming seeds). Figure 20
- (Z =y ) 47) shows how the total number of leechers in a system with H-

MH pv+pH BW, M-BW, and L-BW leechers will evolve as a function of

Proof: Now, clearly, a M-BW leecher on average proIime. During the time periodto, t1], leechers join the system.
vides uploads tqZ — n%,,;) M-BW and H-BW neighbors. Fromt; to to, all three classes of leechers are present in the
Since both H-BW and M-BW leechers always have enoudlStém. Since H-BW leechers have higher capacities, they
tokens to download from the M-BW leecher, they fairly shardepart earlier, by timefs. During the time period(ts, 4],

these connections. Since the percentage of H-BW leecher®My M-BW and L-BW leechers are present in the system.
it is easy to see that¥,,, is given by Equation 47. At time t5, all M-BW leechers depart and afterwards only L-

m BW leechers are present in the system. Our model computes
Finally, using a similar reasoning as above, it is not hard t§€ download rates for each class of leechers during the time

Lemmal7: and M-BW leechers during the intervéds, t4] (after all H-

%y KupUpipL BW leechers leave the system) can be _computed_ using our

W) (48) two user-class model presented in Section IV. Finally, the
down HLPH download rate of L-BW leechers during the interya), tg] is

Proof: Both M-BW and H-BW leechers always haveust equal to the sum of their upload link capacity, since thi

enough tokens to download from a L-BW leecher. Now, ik fully utilized as explained earlier, plus the downloadera

L-BW leechers also always have enough tokens to downlogféy receive from seeds. Notice that our earlier analysisdo

(ile. KupUrn > KaownUnL), then every leecher is equallynot model the transient periodsy, t1] (t2, 3], and (t4,ts].

likely to be selected for uploading to, irrespectively sfdlass, To compute the delays we make the assumption that 1,

and thusny,=Zp.. Otherwise, by observing that in the long;, ~ ¢5, ¢, ~ t5, andtg ~ t;. 12

run the token earning rate of all L-BW leechers from H-BW

Py
P +Py !

leechers#} ; K.p,Uruy Npr) equals the token spending rate of — — = Leechers join the system
All leech in th
all L-BW leechers to H-UBW leechersif; ; K gownUsrz Npir), — 8w feechers dopar the oyatem
we havenj = SLLTpTLEbL, = L oy e ra e

i — ...OnlyL-BW leechers present in the system

Lemmals8:

(Z —n¥)pm n%{HKupUMHPM) (49)
pv+pe | KaownUnmpu

Proof: Now, clearly, a H-BW leecher on average provides
uploads to(Z — n%;) M-BW and H-BW neighbors. If M- : :
BW leechers also always have enough tokens to download i a
(i.e. KupUnr > KaownUnnm), then both M-BW and H- toty t, t, t, to t; t, Time
BW leecher are equally likely to be selected for uploading
to, irrespectively of their class, and thug;y, = (ZP—”%ILDPM_ Fig. 20. Evolution of the number of leechers.

Otherwise, by observing that in the long run the token
earning rate of all M-BW leechers from H-BW leechers Now, let S be the file size and leTy, Ty, and T, be
(n% 5 KupUnir Npar) equals the token spending rate of althe average file download delay of a H-BW, a M-BW, and a

M-BW leechers to H-BW leechersify ; KaownUsar Npr), L-BW leecher respectively. Clearl{y = -

w , . own H ’
we haven,, = g KupUnrapu - Now, let’s consider a M-BW leecher. Léh, be the amount

From Equationgdfé”ég(’3“§§Har;d (44)...(49), we can nowOf data that the M-BW leecher has downloaded when all

computeny, and U for all i,j € {L,M,H}, and then H-BW leechers were present in the system, thatSig, =
relate them ton?; and D;;, exactly as we did in the original _ o _
v 12The assumption thaty ~ ¢; can be justified in a flash crowd scenario.

BitTorrent system, in order to compute the user downlo%rther, as we shall see in Section VI, the approximatioms t3, t4 ~ t5,
rates. andtg =~ t7 does not significantly affect the accuracy of the model.

w
nHM—m1n<

Number of Leechers




TuRaownm. Further, denote byR) .. the new average In particular, we increase the percentage of L-BW leechers
download rate of a M-BW user after all H-BW leechers left thom 20% to 80% and decrease the percentages of M-BW
system, computed using our model in Section 1V, as explainadd H-BW leechers from 40% to 10%. The results are shown
above. It is easy to see th@, = Ty + }%‘SM . in Figure 22(ii). In addition to observing the accuracy oé th

Finally, if R, , is the new average download rate of a Lproposed model, we can observe from the plot that the number
BW leecher after all H-BW leechers left the system (computed upload connections to L-BW leechers increases and the
using our model in Section IV), theS;, = Ruownz Ty — number of upload connections to M-BW and H-BW leechers
Rl . (Ta —Ty) is the amount of data that a L-BW leechedecreases as the percentage of L-BW leechers in the system
has downloaded until all M-BW leechers have left the systermcreases, which is a nature consequence of increase of L-BW
Using the same reasoning as above, the average file downltggghers.
delay of a L-BW leecher isl;, = Ty + %, where  Figure 23(i) shows the download rates for H-BW, M-BW,

upL s . .

, Clos .and L-BW leechers with respect to the number of neighbors

Dy = is the average download rate from seeds. NO“?%). These results correspond to the peried #,] in Figure

N
may not be the same 20, where all three classes of leechers are present in the

that tthaggregate seed capadity, ¢

as before, since some H-BW and M-BW leechers might hag stem. (Recall that in the intervéls, t4], only two classes

become seeds instead of leaving the system. In other worgs, .o hers remain in the system, M-BW and L-BW, and

! _ H M H
wps = Cups + 03 PN Cuprr + 3" Py NCuprr, Wherep i qownload rates can be computed using the model in V.
p g
Burther, in the interva ts, tg] there are only L-BW leechers,
y

andp denote the percentage of H-BW and L-BW leeche
that become seeds respectively. and their download rate is just equal to their upload capacit
_ _ plus the rate that they can download from the seeds.) First,

D. Simulation Results we observe from Figure 23 that our mathematical model is

To validate the model for three classes of users, we simulafeite accurate. Second, notice that the download rate of H-
a flash crowd scenario where 200 leechers join the syst@W leechers increases and the download rate of M-BW and
within 20 seconds. Leechers leave the system as soonlLa8W leechers decreases Asncreases. This is because when
they finish their downloads. We simulate the system until all is small H-BW leechers cannot find enough H-BW peers to
leechers depart. The simulation settings are: (i) therenly o upload to, and thus they have to provide uploads to more M-
one seed in the system and the upload link capacity of the sé& or L-BW leechers. Ag. increases there are more H-BW
is 800Kbps, (ii) the file size is 300MB and the block sizéeechers to upload to, and thus there is no need to upload to
is 512KB, (iii) the maximum number of concurrent upload-BW or M-BW leechers. This implies thatl;; andny;,,
transfers is5 (the default value), (iv) the percentage of L-decrease ad increases, which is consistent with Equations
BW, M-BW, and H-BW leechers arg; = 0.5, pps = 0.35, (38) and (40). Finally, Figure 23(ii) shows the average file
and py = 0.15 respectively, and (v)C.,z = 600Kbps, download delay. We can observe that our model is quite

Cupm = 250Kbps, andCy,,r. = 100Kbps. accurate in predicting the average file download delay for H-
Before proceeding to interesting results, e.g. user doachloBW, M-BW, and L-BW leechers.
rates, we first study how upload variables, ig; and U, 2) Simulation Results for the Token-enhanced BitTorrent

change with respect to system parameters. We also show tBgstem The previous results are straightforward. Here we
the proposed model can capture these changes. Figure C shetwdy the more subtle and interesting dynamics of the token-
users’ upload rateslf;;). Notice that the upload ratds;;’s based scheme. We Iét4,.,,, = 1 and study how the system
depend on the upload link capacities. In this example werforms for different values of<,,. We also fixL = 60,
consider the original BitTorrent system and fix the capaocfty which is a typical value in BitTorrent [3].
H-BW and M-BW leechers, and vaty,,,;.. As we can observe  The download rates for all three classes of leechers are
from the plot that, the proposed model is quiet accuratehown in Figure 25(i). From the plot we see again that
Further, notice thaUyr,, Uy, Un e, Umr, Uvr, Uner do  theoretical and simulation results match. Further, we make
not change asC,,; increases becaus€,,, and C,,z the following interesting observation: The download rafe o
are kept fixed. Meanwhile/ 1, UL, Up g increase linearly H-BW leechers first decreases and the download rate of L-BW
as C,,1, increases, which is inconsistent with the proposddechers first increases, &S,, increases. This is because as
model. K., increases L-BW leechers earn tokens at a faster rate and
1) Simulation Results for the Original BitTorrent System they can download more data from H-BW leechers. (Hence
Figure 22 shows how system parameters affeft First, their download rate increases.) This however means that H-
notice that simulation results and theoretical resultscimat BW leechers provide fewer uploads to other H-BW leechers.
Further, notice that},, n},,, and nY;,, decrease ad  Thus, H-BW leechers have to download now from more L-
increase as shown in Figure 22(i). This can be explain®W leechers, and hence their download rate decreases. The
as follows: As mentioned earlier, based on the BitTorretownload rate of M-BW leechers does not vary as much as
protocol, leechers will prefer to exchange files with neigih K, increases. This is explained as follows: The download
in the same class. Now, dsincreases, all classes of leechergate of M-BW leechers from L-BW leechers does not change
have sufficient neighbors in the same class and thus they a®k,,, increases, since M-BW leechers always have enough
not provide extra uploads to leechers of other classesll¥inatokens to download from L-BW leechers, i.e. even when
we study how the user’s distribution in the system affax;gs K., = 1. As with L-BW leechers, ad(,, increases, M-BW
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Fig. 23. The original BitTorrent system: (i) Average dowadbrate for H-BW, M-BW, and L-BW leechers, (ii) Average filevadoad delay for H-BW,
M-BW, and L-BW leechers.

leechers can download more data from H-BW leechers, whighry K,,,, and for largek,, each class of leechers has the
could increase their download rate. However, at the same, tinsame download rate. This occurs whip,, is larger than the
since L-BW leechers can download more data from M-BWatio of the largest upload link capacity to the smallespbagl
leechers, it means that M-BW leechers provide fewer uploaliisk capacity, timesK ouwn, i.€. Kyup > Kdowng’;—pf =6

to other M-BW leechers. Hence, the average download rateinfour scenario, as all leechers, irrespectively of thearss|
M-BW leechers does not change much. Similar observatioalsvays have enough tokens to initiate downloads and they
can be observed from how ;, n'y,;, andn};,, change with cannot be distinguished by a potential uploader. To further
respect to the value df’,,,, as shown in Figure 24(i). Finally, illustrate this phenomenon, we I&f,,, = 2 changeC,,,;, (but
note that the system throughput, i.e. the aggregate downldeepC,,z and C,,xs fixed) to study howny ,, nY,,, and

rate of all leechers in the systerdpes notchange as we nY;,;, change. For exampley,,; remains constant, i.e. M-BW



n‘EH (Theoretical) H 2.5 nEH (Theoretical) r¢
U e . U e .
iy (Simulation) Ny (Simulation)
Y ; ] 2t u : B
v (Theoretical) v (Theoretical)
n‘h’/IL (Simulation) ,L\'N_ (Simulation)
u : 1 1.5r u . 4
---n,,, (Theoretical) BTV (Theoretical)
o n},, (Simulation) Bl Ny (Simulation) |
Q
05l 0.5r
2 4 6 8 10 12 14 0 0.2 0.4 0.6 0.8 1
C /C  Ratio
upL ~upH

0)

Fig. 24. Hown,;'s change in the token-enhanced BitTorrent system, withaeist

£

(ii)

0: (i) theK, value and (i) the high-to-low capacity ratio.

—o5X 10
@ 2.5
60! e ==='H-BW Leechers (Theoretical) 3
B - - - H-BW Leechers (Theoretical) S v H-BW Leechers (Simulation)
—_ Y » " " D =¥+ H-BW Leechers (Original BT) |l | L aaaan
2 ‘Y v H-BW Leechers (Simulation) D —— M-BW Leechers (Theoretical) 025 .- - v A
g 500 . ——M-BW Leechers (Theoretical) = ¢ M-BW Leechers (Simulation) = ,-{~~-H-BW Leechers (Theoret.ical)
b N o M-BW Leechers (Simulation) ‘T: -4 M-BW Leechers (Original BT) 4 ;| v H-BW Leechers (Simulation)
3 A - a L-BW Leechers (Theoretical) B 2 /v | —M-BW Leechers (Theoretical)
& 400 S L-BW Leechers (Theoretical) = L-BW Leechers (Simulation) o . " X
F] % L-BW Leechers (Simulation) S 1 L-BW Leechers (Original BT) 3 B4 ¢ M-BW Leechers (Simulation)
o 3 o L N System (Theoretical) 315 R4 L-BW Leechers (Theoretical)
s K s B, O System (Simulation) T R4 L-BW Leechers(Simulation)
8 300 ° \‘V 8 L o -8~ System (Original BT) To » |
® ,_% o ¥+t T8 80— 0 8- T B eves—ev O © |
2 A S - T—— = 8
© [ 4 =3
@ 200 ° b4 S
2 <3 ¥ 05
IS Y.~
o 0. AR i A A SR A i 4 \4 v v
100 0
2 7 6 8 10 < P 2 8 0 1 2 4 6 8 10

0] (ii)

(iii)

Fig. 25. The token-enhanced system: (i) Average downlotfox H-BW, M-BW, and L-BW leechers , (ii) Average file dowrld delay for H-BW, M-BW,

and L-BW leechers, and for the system, (iii) Upload-to-dmad ratio for H-BW, M-

leechers cannot distinguish L-BW leechers from other yserg]
when C,,; > KdewnCud — 195 K5, ie. > 0.21,
which is in agreement with the plot. [5]
Figure 25(ii) shows the average file download delay of H-
BW, M-BW, and L-BW leechers, and for the whole system.[G]
For comparison, the plot also shows the corresponding geera
download delay in the original BitTorrent system. As before
we observe that our model predicts the simulation resulite qu 1
accurately. Further, we observe that whgp, = 1 = Kqown,
the performance of the token-enhanced system is almost
identical to that of the original BitTorrent system. Howgve [8]
as K, increases the overall delay improves. However, this
occurs at the expense of the perceived delay of the H-BW
leechers mostly, which increases. This motivates us totifyan [°]
next how “unfair” the token-based scheme becomes to H-BW
leechers ad(,,, increases.

'u.pL
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