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Abstract—In this paper we develop a simple but effective [10] where a closed queueing system is used to analyze the
mathematical model to capture the file population dynamics performance of a P2P system a number of new results were
of file-sharing peer-to-peer systems. Our modeling framew poPublished trying to get some more understanding about the

is based on the theory of branching processes. We descri behavi f h t = . | the topic of thi
analytically the behavior of the proposed model. The precis P€NAVIOr OF Such systeéms. Focusing only on the topic of this

characterization of the necessary and sufficient condition of Paper papers [2], [3], [4], [3], [6], [7], [8] are the most slely
population extinction or explosion is given based on the syam related published results.

parameters. We also present the expected ratio of active, paive  |n [5] the authors studied the service capacity of a P2P
and dead peers for the long-term regime. We validate and gygtam poth in the transient regime with a branching process

demonstrate our results in several simulation studies. B&sl on del and also in the stati . ith a Mark hai
our results we propose a number of engineering guidelines tthe model and aiso In the stationary regime with a Marxov chain

design and control of file-sharing P2P systems. model. They have found, among others, an exponential growth
of service capacity during the transient phase. Severagap
|. INTRODUCTION focused on the currently popular BitTorrent P2P applicatio

Recent traffic measurements (e.g. [1]) show that the worg-g. [2], [8], [4], [7]. The authors of [2] have applied a
load generated by P2P applications are the dominant partflofd model to reveal the performance and scalability aspect
most of the Internet segments. In spite of the fact that tieé BitTorrent. [8] presents an extensive trace analysis and
popularity of current P2P applications changes fast, itnsee modeling study of BitTorrent-like systems. The recent pape
that the file sharing-like applications were, are and probald4] uses a deterministic fluid model and a Markov chain to
will be the most popular application type among all the P2study the system behavior and an approximation for the life
applications. P2P file sharing also shows an evolutionistart time of a chunk in BitTorrent is also proposed. The behavfor o
from Napster and going through many new developmeritte peers in BitTorrent is studied in the recent paper [7kneh
resulted in Gnutella, Kazaa, Morpheus, eDonkey, BitTdrrerthe authors also investigate the file availability and thigly
etc. out process. The population dynamics of the P2P systems

In this paper we analyze the population dynamics of a filés also addressed in [3], where a spatio-temporal model is
sharing peer-to-peer system. We build up a general mog&bposed to analyze the resource usage of the system.
which is capable of capturing all the important character- The main difference between these papers and our paper is
istics of relevant P2P file-sharing systems. We perform that our analysis is entirely based on the theory of bramchin
comprehensive performance analysis based on the theoryptgcesses. We create a reasonable model for filesharing P2P
branching processes. We investigate the characteridtiteeo system and derive a detailed characterization of the syistem
system and present several results about the necessany angirticular way. In the most related previous work the atgfior
sufficient conditions of extinction, stagnation and exjas [5] also applied a branching process model but their aralysi
of the population size of shared files. Our analytical resultvas restricted to showing the sensitivity of the exponéntia
are validated by a simulation study and we also presentgeowth behavior to the system parameters in the transient
number of examples about the evolution of population sizegime. [5] uses the simplest branching model to explain the
in different cases. Finally, we derive a number of usefifasis of population growing without any consideration of a
engineering guidelines from the results which may help theal P2P system operation.

design and the control of peer-to-peer file sharing systems.
g P P gsy II. MODELING FILE POPULATION OFP2P &STEMS

A. Related work The objective of the proposed model is to describe the main
Most of the early P2P research was mainly focused on traffibaracteristics of P2P file-sharing systems: the populaifo
measurements and design. These fields are still active améred files. Technically, all the available P2P file-stgarin
recently several studies were published reporting resuits systems apply the same rule. P2P users contribute to the
these areas with related characterization studies, €.g0f2 common system resource by providing the access to a set
the other hand, the performance evaluation of P2P systeaistheir files and they have access to the common resource
is becoming a hot topic of recent research. Starting from return. In general, the common resource consists of one



or several copies of some individual, unique files. This is e
straightforward since a unique file provided by a P2P user
in the file-sharing system will be downloaded by the other / Ty
peers and some of them will also share this one to the system.
The system state is modified each time a file download is
completed.

From a modeling point of view the operation of P2P systems
can be simplified by focusing on an individual file. At a camtai

point in time, a file is first introduced into the system. Assum ﬁ
t

1

n2
-

ing that this individual is 'interesting’ for the communitit
could be a new movie video or a popular MP3 song. Probably
this file will be downloaded by some other peers and now there id T —

are already several copies of the file in the system. The new 725735 - 226 7 Lo = €XP
copy can also be cloned by further peer's download and so Fig. 1. Branching process-like file replications in the PgBtem
on. This mechanism is very similar to the branching process

model of population growth, mainly applied in the field of

biology. This suggests the idea of using branching proses$® iterating, we have

to model the file population of the P2P file-sharing systems. on

Results from the analysis of branching processes can give us M{n) = "M (0). 3)
a detailed understanding of the population size of sharesl filIf we impose thatX, = 1 then

which is the most important feature of a P2P system. The

conditions related to the explosion, stagnation or exmcof M(n) = p"

the population could be the milestones of a successful P2P V(n) = o?(u" t+p"+. ).

system design. . . . .
Branching processes have been studied for over a centur, Jhe mean of offspringg4) has directimpact on the behavior

The applications of branching processes are found in maf populatlon_grovvth: extinction or explosion. The bramghi
ocesses with, < 1, p = 1, andp > 1 are referred to

areas such as population dynamics, algorithms, molecul’

. . : , . : assubcritical critical, and supercritical branching processes,
biology, etc. The simplest single type discrete time bramgh . \ I .
: . : respectively. In the first two cases the popularity dies oith w
model is presented in the next section.

probability 1, while in the last case the population sizedten

to oo as n increases. An important difference between the

subcritical and critical cases is that the mean of the etitinc
Suppose that at the beginning there afg individuals. time 7" = min{n > 1: X,, = 0} is finite for u < 1, i.e.,

In every generation each individual independently gives rE[T| < oo, and infinite fory, = 1. Note that in both cases

A. Branching Processes

to a number of offsprings. Denote l@}"), é"% . ,gggl the P[T < oco] =1 [1].
number of offsprings ofX,, individuals in thenth genera- ) ] ]
tion. §1n)7 é")7 o ,§§?> are i.i.d. random variables having theP- Age—_Dependent Multitype Branching Process Model of File
distribution: ! Population
The real operation of the P2P system is much more com-
P[¢ = k] = py, k=0,1,2,... (1) plicated than the model discussed above. Several important

properties of real P2P systems must be taken into account:

« Offsprings (copies) of an individual (file) are born at
Xopin = §n) +§§n) +o+ §§?). ) different (random) points in time.

" o Free riding problem: there is always a group of peers

The sequenced X,,}5° is called a branching process with who download files without contributing to the system by

The total size of the population in the + 1)st generation is

initial population size X, and offspring distribution{p,}. making their files accessible to the others. The offsprings
The definition of branching process assumed thaf is owned by these peers will have no descendants. They are
independent of,im) for all m, k. considered 'dead’ from the point of view of the system.
Denote the mean and variance of the number of offspringse Peers possessing the concerned file may not share the
of an individual byy = E[¢] and ¢ = Var[¢]. It can be file constantly. Sometimes they can be offline when

shown, e.g. in [1], that the mean and variance of the pomulati ~ downloads from that peer are not possible.
size in thenth generation, denoted by/(n) = E[X,] and In addition, a file can be downloaded in some parts from

V(n) = Var[X,], satisfy several peers having the same file in the P2P system. It means
that several similar individuals may contribute to the orig
M(n) = pM(n-1) of an offspring. Furthermore, peers can even share incample

V(n) = o*M(n—1)+p*V(n—1). objects in some P2P applications. However, this kinds dfigir



P13 « The type-transition matrix which describes the probabil-

e ities of state transitions is the following:

1 A P D
b1 A P11 P12 P13

P P21 0 pa3
P21 D23 D 0 0 1

Fig. 2. The state transitions and probabilities where A, P and D stand for active, passive and dead
state, respectively. For exampB[active— dead = p13.
Obviously, Y™, p1j = 1, pa1 + pas = 1 since the type-
have little impact on the overall population of the system in  transition matrix is a stochastic matrix.
general. Therefore we assume only single and complete parenwith the assumptions of the memoryless property of the age
model in our description. In other words, a file can be shargghe T,, and the offline time7}, the population size process is
only if it is complete and it has the origin from only one peemarkovian. The next section derives the expected size of the

Combining these characteristics we propose a model of ag@pulation and the most important features of the process.
dependent multitype branching process for P2P file-sharing

system. We differentiate between two types of peers owning
the concerned file: cooperating peers and free riders. After A. Model description

successful download of a file the cooperating peers willshar |n this subsection we show how our branching process
the file with the system, contributing to the newer copies @fiodel can be characterized by its transition operator and we
the file in the system. Further, cooperating peers have tg@rive the operator parameters from our P2P system model
possible states, active (A) and passive (P), correspondingparameters.

their online and offline activities. An online peer can give Theoretically, if the generating function [1] of a branain
rise to a new copy while offline peers are unaccessible, thtcess is known, then all important properties of the sce
do not create new offsprings. Non-cooperating peers or frgedetermined (e.g. the extinction probability, the expdqiop-
riders are considered as dead (D) peers (copies), since thfition size, the deviation of size). Unfortunately, toatgtine

do not contribute to the birth of any offsprings. The possibkhe generating function of the proposed branching model, th
transitions between states and the corresponding pratEil following probabilities should be calculated:

are shown in Fig. 2.

We assume that an active peer can only change its sthi
when the offspring is born. To be more specific, when aphich is a very complicated task. Therefore we avoid the use
individual is born, it has to choose to be active, passive gf generating functions.
non-cooperative, i.e. 'dead’. If the individual is activewill Let Z, — (Zt(l)’Zt(z)’Zt(w) be the vector representing the

stay in this state until its offspring is born. State traiosis of population size of active, passive and dead peer at the time

active peers only happen at these instants. instantt. Let M, be the transition operator defined by:
In the model we use the following assumptions and nota-
tions: Zy = My Zy.

« The age time, i.e. the age of the parent when offspring fisis easy to see that the process we investigate dependsljine
born, is a random variabl€, with an exponential distri- on Z,, which means thad/; is a random matrix.
bution with mean. A peer can have several offsprings First of all, since the process is Markovian it can be redlize
during their activity time (lifetime) in the system. The agehat the following equation holds:
of the parent is counted from the parent’s activation time,
i.e. when it turns from passive to active or it is just born, Mo = MeMs, (4)
or from the birth of the last born offspring (see Fig. 1).where A7, and M, are independent random matrices. This
« The offline time of a peer (length of passive period) ifnplies:
also an exponential variablg, with meang. lim (EM,,,)" = EM, (5)
o The expected value of offsprings in a single birth\is neee
This parameter expresses the average numbexatt  The element(EM;);; of the matrix EM; can be deter-
parallel downloads from a peer. In the P2P case 1, mined as follows. Let us choose an appropriate small time
since the probability that multiple downloads of a fildnterval & € R*, such that the probability that two or more
from a peer end at the same time is zero. However, wiewnloads are finished il is o(6), wherelims_.o @ = 0.
use\ in the general discussion of the model. Thus the probability that an active peer is going to have
o Let{m;}?_, be the probabilities that a new peer becomeghildren within the time intervab is g + 0(9). Similarly, we
active, passive or dead. CIearEf:1 m; = 1. From this have:
point the lower indiced, 2, 3 will refer to active, passive
and dead peer states.

IIl. ANALYSIS OF THE MODEL

ithe number of active and passive peers at times (k, )],

P[a passive peer becomes active withjn= 0 + 0(0).

g



The average number of active peers produced by one activé.emma 1:If the condition(:—; <1+ %) holds, the ma-
peer after the time interval is Am% because there ar® trix A has positive eigenvalue(s) if and only if
offsprings on average and onlyr; will be active. But an

active peer may also become passive or dead with probabiliti Jity >0 & A> (P12 +p_1:’) + P12pa1 (10)
P12 ?nd p13; the probability that no file-sharing happens iyote that = 1 in our particular model P2
1 =3 +0(9). Then, The next statement provides the sufficient conditions fer th

5 5 5 existence of positive eigenvalues df
(EMs)11 = St (1 —pi2 — p13) 2t <1 - a) - (6) Lemma 2: There exists a positive eigenvalue 4fif any of
the following two conditions hold:

Using similar considerationRM; is given by: i > (1ffljr)ﬂ+pmpzl
Lo o Mzl o (i) A=1,1-py <min{m,m}, andpys # 0
EM;— | 0 1 0|40 Amete —1 0 | +o(5). _Proof: The proof; of Igmmas and propositions presented
00 1 Arabpis é’ N in this paper are detailed in [14]. [ |
o B Lemma 1 and 2 show the conditions for the existence of
I A positive eigenvalue(s). These results are important simee

will show later in Lemma 6 that the existence of positive
eigenvalues results in the explosion of the population.size
(I—|— ﬁ)" — exp(At) (7) It is interesting that the sufficient conditiong do not dapgn
n several parameters, e®, 3, p12, and alsgs; in Lemma Zii).
(7) implies thatEZ, grows exponentially with a rate de- The following lemma shows conditions for non-positive
termined by the eigenvalues of. Let v;,7 = 1,2,3 be the eigenvalues.
eigenvalues ofA. It is clear that one of them is zero. Put Lemma 3:If A = 1 and the following conditions hold

Letting 6 = £, we get

n

EM; = lim (EM;;,)" = lim

n—oo

v3 = 0. The other two eigenvalues of are given by: then A has only non-positive eigenvalues, which implies that

the population will stop growing with probability (see

_ /b2 —
Y19 = W’ (8) Lemma 5):
>
where e . mixim’”} =<0 Vi (11)
— /P11 = 1
b o= —(ass+an) = 1 dm+pn-1 If v12 # 0 the eigenvectors ofA associated to the
B @ ’ eigenvaluesy, o 3 are the followings:
1—Am —p11) — par(Am2 + p12
¢ = anom—arzan = & Pu) = Pl P), 5
O[ﬂ S1 = 71 _ Ami4pii—1 .
a;; is the (7, j)-th element ofA. p2s | a31a100aiasz
Considering (8) one can clearly see that, are real b o n 0
numbers since o, as; > 0. In addition,y; = ~» if and onl B
) ne g o= o2zt )i {0 ].a2)
{ aj] = a9y = —% <0 (9) P% + 11311112;211111132 1

_ par =0 or (m_ =0 andp, =0) Sincey; > s, the three eigenvectors form a basisKA and
e, 1 = 72 < 0 and eitherp;s = 0 or po1 = 0. the expected number of peers will be the following:
This means that either active peers cannot become passive 3
or passive ones qannot bec_ome active. This is completely E[Z,] = exp(At)Zy = Zciemsi’ (13)
unlikely and unrealistic regarding the concerned systdrss Pl

the investigation of this case is ignored. Pyt> 7;. wherec;,i = 1,2, 3 are given as the solution of the equation

B. The expected population size of the process systemz, = (Zél), Zéz), ZéB)) = Zf’zl ¢;si. Zp is the initial

Using the model description presented above some imp8fae of the system.
tant properties of the system can be derived. In this sulosect T 71 =0 0r72 =0 (only one of them can be zero) has
we present several necessary and/or sufficient conditibnsC§!Y tWo eigenvectors, the previous calculation is notdaii
extinction, stagnation and explosion of the populatior sz thiS case. However, it can be shown that the rankibfis 1
shared files. The ratio of active, passive and dead peergin k=2 1e.,
Iong-term behavi.or is qlso provided. _ . AR = (xyT)F = x(yTx)F1y” (14)
Since the maximal eigenvalue df determines the behavior
of the process, it is worth differentiating between two sase Where

o max{~y;} > 0, i.e. there exists at least a positive eigen- ’% %%
value of A (so~; > 0) x = _% y =
o max{7;} =0, 1.€.715 <0. T 0



andy” is the transpose of. Since the third eigenvalue of A
is y'x = a11 + ago, clearly it is not zero.

)
o

@
o

Txt) —1
XTexp(y xt)

exp(At) =T+t (A —xy?) +xy VTx (15) s

# active peers

a
=}

L

where 20( MW
m*%

IS
S
# passive peers

# passive peers

W
S

# active peers

a11ase — a31a 0 00 10f I”
o 2®s2 m @112 0 0 (16) | 10
a1 + a2 _am 1
aio or 0
It is easy to see that exerts an influence only on the number 0 %0 1% 150 200
of dead peers.
Summarizing the results: Fig. 3. The case of population extinction
Proposition 1: The expected value of file population at time
t is given by o0
E[Z] = exp(At)Zo = ol v e
400+
S cievits; if v1,72 #0 I o
_ ZO + t(LZO) + x(yTZO)%(e’th _ 1) If = 0 (17) I dead’ peers

Zo+t(LZo) +x(y" Zo)z- (e = 1) if 72 =0

# file—owners

Note thatx = sy if 79 =0 andx = sp if v; = 0.

This yields some important results:

Lemma 4:If v; = 0 the expected numbers of active and
passive offsprings are bounded while the expected value of
dead offsprings grows linearly @stends to infinity.

Lemma 5:If v, < 0, the process will stop growing with
probability 1.

Lemma 5 shows that in case of the existence of non-positive
eigenvalues the population will become extinct. It is also
interesting that the sufficient conditions in Lemma 3 do ngt simulation results

depend Omf s andp?l'. . . . The P2P system model as described in section II-B is
Lemma 6:If the matrix A has a positive eigenvalue, €. ulated using Matlab. The tei 1o be 1. i
im g . parameteiis set to be 1, i.e.,

7 > 0, the mean number of active, passive and also de("’)lnly an offspring is born from its parent at a certain point

peers tends to infinity. However, the process can still die Ol fime. We will show how the set of system parameters can

n _:_T:S (I:ase, evehn wnf;ha tvtiry Smaf[" proba:cbggty. i .__predict exactly the long-term behavior of the P2P system.
is lemma shows that the existence of the positive eigen-g ., 48 =5 m = m = 0.05 pry = 0.25.pra =

value which determmed by the parr_;lmeters as shown_ B.%,pzl = 18/19. It is easy to calculate that the conditions
Lemma 1 and 2 yields to the explosion of population SI%§f Lemma 5 are satisfied. This means that the matrikas

of shared. flles. ) ) , nly non-positive eigenvalues, i.e. the file populatiorsdieit
Proposition 2: The prOPO”'F’rF Qf active, passive and dea Imost surely. The exact values of and~, are calculated
peers converges to a deterministic vector, namely to be -0.025 and -0.349, respectively. The simulation tesul
] Z is shown in Fig. 3. The figure displays the change of active
tlggo 2R = and passive peers in the function of time. Once the number of
s . . B these peers is zero the system is extinguished. It can be seen
- { i 7 >0 and Jimi—o 1Zell =00 (18) that it happens after about 160 time units.

(0,0,1) if 71 <0 or limeoo|Zef1 < oo If we changem; = 0.15,m = 0.25 while keeping the
others unchanged the Lemma 2 holds. This implies that the
population of all types of peers is likely to tend to infinity.

We have implemented a simulation study to verify the réFhe exact calculation provideg = 0.015, v, = —0.365. The
sults presented in the previous sections. The simulatisuitsee growth of population is also justified by simulation resptise
are shown in this section. In addition, the implicationstoé t e.g. Fig. 4. Furthermore, the proportion of active, passvel
results and some engineering guidelines are also desaiibd dead peers are very close to the expected values. Recall that
discussed. by the result of Prop. 2 the ratio of peer types is determined b

Fig. 4. The case of population explosion

IV. RESULT VERIFICATION AND IMPLICATIONS
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the extinction of the populatiom{ = —0.00039), which is
1s justified by the right side of Fig. 6. The system actually died

out at about 1350.
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B. Applicability of the model

It is important to verify the model in a real P2P system.
{2 However, without the access to the source codes of these
running systems the model parameters are hard to collect.
Unfortunately, a normal network monitoring cannot provide
all needed information to use in the model. We are working on
this issue but the model verification in a working P2P system
is not addressed in this paper.

Nevertheless, this issue is straightforward in the casaef t
system operators. By putting a built-in statistical monito
their software the model parameters can easily be estimated
over time. With the help of the model the operation tendency
of the system can be predicted. The impact of their possible
modifications and developments can also be easily measured.

# active peers
# passive peers

(b)

Fig. 5. The effects of free loaders

the eigenvectas; corresponding to the maximal eigenvatue
which is calculated to be abodt: 5.3 : 88.7 [%]. At the end
of simulation this ratio is actually registered@s : 5.4 : 88.5
[%]. L
Recent results in the research of P2P systems [11], [15]', Practical implications
[13] claim the important effects of free riding (peers that d The proposed branching process model of P2P filesharing
not share). However, our analytical result shows that whifystems provides a very clear, simple, and reliable degmmip
free riding is an important factor in P2P system performancef the population dynamics of the shared files in the system.
it is not necessarily the only one that determines the systdiie model establishes several practical implications khic
behavior. For instance, set; = 0.05,m = 0.05; p;1 = should be carefully considered by P2P system designers and
0.95,p12 = 0.02, po1 = 0.65. In this case 90% of the operators.
downloads are free riders but with the proper setting of the. If the population grows, the rate of growth is exponential
other parameters the system capacity still grows, see F&g. 5 (see (7)).
In contrast, in another casery( = 0.7, 73 = 0.05; p1; = o Under some certain conditions, the long-term behavior of

0.2,p12 = 0.1, p21 = 0.6), Fig. 5(b), when only 25% of

the downloads is performed by freeloaders the system still

collapses after a finite lifetime. .
Finally, in Fig. 6 we present a case study when the system

parameters are changed during the system operation. Origi-

nally the system has the parameter set= 0.16, mo = 0.04,

p11 = 0.5,p12 = 0.45, po1 = 0.75, which implies that the

population will grow to infinity ¢; = 0.0047). This growth .

can be seen in the left half of the figure. At timg ~ 650

we modify some parameters such that= 0.04, 72 = 0.16,

the system does not depend on several system parameters
(see details in Lemma 2 and 5).

As presented above we argue that the presence of free
loaders is not the only factor which determines the system
performance. It is one among many other important
system descriptors: cooperative peers, online/offlinesim

of peers, age times, etc.

The model can predict exactly the long-term performance
of the system using its set of parameters. A successful
system design should apply rules and techniques, e.g.

while the others are unchanged. The new parameters predict incentives and/or reputation index, which somehow force



the possible ranges of system parameters such that f)es. zhao, D. Stutzbach and R. Rejaie, "Characterizing fitethe modern
shared files’ population grows. Gnutella network: a measuremenProceedings of SPIE — Volume 6071

; . . . Multimedia Computing and Networking 2Q08urendar Chandra, Carsten
o The results are also valid with different system starting g ivodz Editorsp 607910,\,, Jan. 16 2%02,

conditions. The impact of new modifications, develogi0] z. Ge, D. R. Figueiredo, S. Jaiswal, J. Kurose, D. Towsl&lodeling
ments, or any other external circumstances, provisiops Peer-Peer File Sharing SystemBFOCOM 2003 2003.
. . . .[11] E. Adar and B. Huberman, "Free riding on Gnutella", Tachl report,
can be immediately measured, estimated for an ongoiNg x¢rox paRC. Aug. 2000.
(already under operation) P2P system using a built-jte] S. Saroiu, P. K. Gummadi, S. D. Gribble, "A Measuremehid$ of
statistical monitor of the software. Peer-to-Peer File Sharing Systems”, in Proc. Multimedianfating and
. . . . Networking (MMCN), San Jose, January, 2002.
o Inthe Iong term Wlth a fl).(Ed combination of paramet.er 3] Z. Ge, D. R. Figueiredo, S. Jaiswal, J. Kurose, D. Towsl®odeling
the system population dies out or grows exponentially Peer-Peer File Sharing Systems", in Proc Infocom, 2003.
or linearly (see Prop. 1). There is no other possibilityt4] T-D. Dang, R. Pereczes, S. Molndr, "The Population Dyita Of File-
. . L Sharing Peer-to-Peer Networks", Technical Report, Bustapaiversity
Nevertheless, in practice the system may exhibit short

A 4 - y BATTIIE S of Technology and Economics, 2006.
term stationary behavior several times during its lifetime

V. CONCLUSION

In this paper we presented a mathematical model to capture
the main characteristics of file-sharing peer-to-peeresgyst
Our model is general and flexible enough to be applied
for most of the file-sharing P2P applications in current use.
Our results clearly predict the long-term dynamics of the
population size.

We have shown that with fixed values of the parameter set
the file population will either explode or die out. The imm@ort
conditions that depend on the system parameters and that
determine which case will happen are derived. We also dgrive
the ratio of active, passive and dead peers in the long-term
regime and showed that the growth is exponential. Using our
results we have found some important practical implication
the population can explode even if most of the peers are free
loaders, and the population can become extinct even if most
of the peers are cooperative. We can conclude that the free
loaders are not the only factor which determines the system
behavior.

We proposed some useful guidelines which can help the
design and control of such systems since according to our
results one can control and predict the system behavioren th
future.
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