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The problem of reliability of a large distributed system is analyzed via
a new mathematical model. A typical framework is a system where a set of
files are duplicated on several data servers. When one of these servers breaks
down, all copies of files stored on it are lost. In this way, repeated failures
may lead to losses of files. The efficiency of such a network is directly related
to the performances of the mechanism used to duplicate files on servers. In
this paper, we study the evolution of the network using a natural duplication
policy giving priority to the files with the least number of copies.
We investigate the asymptotic behavior of the network when the number
N of servers is large. The analysis is complicated by the large dimension
of the state space of the empirical distribution of the state of the network.
A stochastic model of the evolution of the network which has values in state
space whose dimension does not depend on N is introduced. Despite this
description does not have the Markov property, it turns out that it is converg-
ing in distribution, when the number of nodes goes to infinity, to a nonlinear
Markov process. The rate of decay of the network, which is the key character-
istic of interest of these systems, can be expressed in terms of this asymptotic
process. The corresponding mean-field convergence results are established.
A lower bound on the exponential decay, with respect to time, of the fraction
of the number of initial files with at least one copy is obtained.

1. Introduction. The problem of reliability of a large distributed system is
analyzed in the present paper via a new mathematical model. A typical framework
is a system where files are duplicated on several data servers. When a server breaks
down, all copies of files stored on this server are lost but they can be retrieved if
copies of the same files are stored on other servers. In the case when no other copy
of a given file is present in the network, it is definitively lost. Failures of disks occur
naturally in this context; these events are quite rare, but given the large number of
nodes of these large systems, this is not a negligible phenomenon at all at network
scale. See the measurements at Google in Pinheiro et al. [24] for an example.

In order to maintain copies on distant servers, a fraction of the bandwidth of
each server has to be devoted to the duplication mechanism of its files to other
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servers. If, for a short period of time, several of the servers break down, it may
happen that files will be lost for good just because all available copies were on
these servers and that the recovery procedure was not completed before the last
copy disappeared. The natural critical parameters of such a distributed system with
N servers are the failure rate u of servers, the bandwidth A allocated to duplication
of a given server, and the total number of initial files F . The quantity A represents
the amount of capacity that a server allocates to make duplication to enhance the
durability of the network. If there are initially too many files in the system, the
duplication capacity at each node may not be able to cope with the losses due to
successive failures of servers and, therefore, a significant fraction of files will be
lost very quickly. An efficient storage system should be able to maximize both the
average number of files B = Fy/N per server and the durability, that is, the first
instant 7V (8) when a fraction 8 € (0, 1) of files which are definitely lost.

1.1. Models with independent losses of copies and global duplication capacity.
A large body of the work in computer science in this domain has been devoted to
the design and the implementation of duplication algorithms. These systems are
known as distributed hash tables (DHT) which refer to the data structures used to
manage these systems. They play an important role in the development of some
large scale distributed systems right now in cloud computing; for example, see
Rhea et al. [26] and Rowstron and Druschel [28]. Except extensive simulations,
little has been done to evaluate the performances of these algorithms concerning
the durability of the system.

Several approaches have been used to investigate the corresponding mathe-
matical models. Simplified models using finite birth and death processes have
been often used; see Chun et al. [9], Picconi et al. [23] and Ramabhadran and
Pasquale [25]. In Feuillet and Robert [13] and Sun et al. [29], the authors studied
how the durability 7 (§) scales with the number of servers N and the maximum
number of copies d of each file, under simplifying assumptions on file losses and
the duplication mechanism. For this later work, each copy of a file is assumed to be
lost at a certain fixed rate, independently of the other copies of files. Second, they
assumed that the duplication capacity can be used globally. This means that, if each
of N servers has an available bandwidth X to duplicate files, the total capacity for
duplication, AN, can be used to create a copy of any file in the system to another
server. With these assumptions, the mathematical representation of the network is
significantly simplified because it is not necessary to know the locations of copies
of files to derive the dynamics of the system. In particular, in [29], a Markovian
model with a fixed state space of dimension d + 1 has been investigated: if for
O0<i<dandt=>0, XZN (t) is the number of files with i copies, then the vec-
tor XN (1) = (X(])V(t), X{V(t), e Xév(t)) is a Markov process on N4+1 under the
hypothesis that the global capacity AN is devoted to a file with the least number
of copies. They have shown that the durability 7V (8) is of the order N¢~! for a
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large N under certain conditions. Limit theorems were established for the rescaled
process (X N(Nd=1p)) using various technical estimations. In Sun et al. [30], the
impact of placement policies, that is, policies determining the location of the node
to make a copy of a given file, is investigated.

1.2. Stochastic models with local duplication features. In this paper, we con-
sider a more realistic stochastic model for these systems, dropping the two main
simplifying assumptions of previous works on copy losses and duplication capac-

ity:

(1) Simultaneous losses due to server failures. Each server can fail with a con-
stant rate u, and independently of the other servers. When a server fails, all copies
on that server are lost simultaneously and, therefore, the copy losses are not inde-
pendent anymore. This dependency and bursty losses of file copies has a crucial
effect on system performance. It is assumed that a new, empty server replaces a
failed server so that the total number of nodes is constant.

(i1) Local duplication capacity. The duplication capacity is assumed to be lo-
cal, that is, each server has a capacity A to duplicate the copies of files present on
that server. In particular, this capacity cannot be used to copy files of other servers,
as it is case for models with a global duplication capacity.

(iii) Duplication Policy: Priority to files with smallest number of copies. The
capacity of a server is allocated to duplicating one of its own files which has the
smallest number of copies alive in the network. See Section 3 of Sun et al. [30] for
a quick description of how this kind of mechanism can be implemented in practice.
It is copied, uniformly at random, onto one of the servers which does not have such

a copy.

Without a duplication mechanism, it is not difficult to see that the probability that
a given file with d initial copies has still at least one copy at time ¢ is of the order
of d exp(—put) for a large ¢, when p is the failure rate of servers. If, initially, there
are |BN|] files, all with d copies scattered randomly in the network, the average
fraction of files with at least a copy at time ¢ is thus of the order of Sd exp(—put).
The central question is how much a duplication mechanism can improve these
(poor) performances.

One cannot expect, intuitively, that the average lifetime of a file will grow sig-
nificantly with N as in the case of a global duplication capacity (see Sun et al. [29])
where the decay occurs only on the “fast” time scale # = N¢~!¢. In contrast, as
it will be seen, the decay of our system occurs in fact on the “normal” time scale
t +— t. The main aim of this paper is of investigating the exponential decay rate of
the fraction of the number of files alive at time ¢ with bounds of the form

Ce M1,

Of course, duplication is of interest only if ¥ < 1 and in fact is as close to 0 as
possible. The goal of this paper is to investigate the decay of the system described
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above via a mean-field approach. This is the key problem of these systems in our
view.

With these assumptions, our mathematical model turns out to have stark differ-
ences compared to previous stochastic models. For a system of fixed size N, the
exact dynamics of the system under above duplication mechanism is quite intri-
cate, and hence, obtaining mathematical quantitative results to estimate the coeffi-
cient x is quite challenging. A natural approach is of studying the performance of
the system when the number of servers N goes to infinity.

To illustrate in a simpler setting the difficulties of these models, we first con-
sider the case where there are at most two copies of each file stored on the system
(d =2). In this case, a Markovian representation of the state of the system can be
given by

(1) (xY¥®0)=(x;).i,j=0.1,....N),

wherefor1 <i# j <N, X IN f () is the number of files which have copies on server

i and j at time ¢ and X {Yo(t) =X (I)\f ; (¢) 1s the number of files having only one copy
located on server i. The state space of the state of a given node is therefore of
dimension of the order of N which does not seem to be not amenable to analysis
since the dimension of the basic state space is growing with N.

To overcome this difficulty, we introduce a reduced state representation in which
each node i is described by only two variables: the number of files whose unique
copy is on server i and the number of files with two copies and one of the copies
is on i. The state of a node is then a two-dimensional state space. The empirical
distribution associated with such a representation has values in a state space of
probability distributions on N2, This dimension reduction comes nevertheless at a
price, the loss of the Markov property. We prove that this non-Markovian descrip-
tion of the network is in fact converging in distribution, as N goes to infinity, to a
nonlinear Markov process, (R(t)) = (R1(t), R2(t)) € N2 satisfying the following
Fokker—Planck equations:

d _ —
—E(f(R1(1), R2(1)))

dr
=AE((f(R(1) +e2—e1) — f(ﬁ(t)))ﬂ{ﬁ. >0
+ AP(R1(t) > O)E(f (R(t) + e2) — f(R(1)))
+ 1E(f£(0,0) — f(R(®))) + nE((f (R(?) + e1 — e2) — f(R(1))) R2(1)),

with e; = (1,0) and e; = (0, 1), and f is a function with finite support on N2. In
this setting, the asymptotic fraction of the number of files alive at time ¢ is given
by ERi(0) + E(Ra(0)/2.

The asymptotic process (R(¢) = (R1(t), Ry(¢)) is a jump process with a type
of jump, x — x + e having time-dependent and distribution-dependent rate given
by AP(R(t) > 0) which is the nonlinear term of this evolution equation.
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1.3. Rate of convergence to equilibrium. It will be shown that the nontime-
homogeneous Markov process defined by Relation (2) is converging to the unique
distribution 7 = § 9 0), the Dirac measure at (0, 0), corresponding to a system with
all files lost. The decay of the network is thus closely related to the convergence
rate to equilibrium of this Markov process.

As we have seen before, the problem is of finding a constant x > 0 for which
the asymptotic fraction of the number of files alive at time ¢ has an exponential
decay with parameter ux, that is,

G ER®)+ ER0) < (R0 %MO))M“’ Vi >0,

The convergence rate can be defined in terms of the Wasserstein distance between
the distribution P; of the distribution at time ¢ and the equilibrium distribution r,

Wi(Pr, ) € inf{E(d(X, Y)): X 2 P,y ),

where d(-, -) is some distance on the state space. One has to find the best possible
constant « such that the relation

) Wi (P, ) < Wi(Py, e

holds for all # > 0.

For time-homogeneous, that is, “standard” Markov processes, this is already a
difficult problem. For finite state spaces, tight estimates are known for some classi-
cal random walks; see Aldous and Diaconis [1] for example. When the state space
is countable, results are more scarce. Lyapunov functions techniques to prove the
existence of finite exponential moments of hitting times of finite sets can give a
lower bound on the exponential decay «. This is, in general, a quite rough estimate
for «; furthermore, it does not give an estimate of the form (4). See Section 6.5 of
Nummelin [21] and also see Chapter 15 of Meyn and Tweedie [20].

In the continuous case, that is, with Brownian motions instead of Poisson pro-
cesses, some functional inequalities have been successfully used to obtain relations
of the form (4); see Markowich and Villani [19] and Desvillettes and Villani [11]
for surveys on this topic. An extension of this approach for the case of the discrete
state space turns out to be more difficult to do. Some generalizations have been
proposed by Caputo et al. [6] and Joulin [16] and Ollivier [22] for some jump pro-
cesses. They have been used with some success; see Alfonsi et al. [2] and Thai [32]
for example. For classical birth and death processes on N, it leads to some quite
specific (and strong) conditions on the birth and death rates in order to have a
positive exponential decay o .

For nonlinear Markov processes, which is our case, the situation is, of course,
much more complicated. Recall that, in this context, there may be several invariant
distributions, so that convergence to equilibrium is a more delicate notion. Note
that this is not our case however. Ideas using the functional inequalities mentioned
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before have been also used but for specific stochastic models. See Carrillo et al. [7]
and Cattiaux et al. [8] for a class of diffusions and Thai [32] for a class of birth
and death processes. They do not seem of any help for the class of models we
consider. To the best of our knowledge, the results of optimality concerning the
exponential decay « are quite scarce. Only lower bounds are provided in general.
For the nonlinear Markov processes associated to the mean-field results of this
paper, our approach will mainly use some monotonicity properties to derive lower
bounds on the exponential decay.

In a first step, the present paper develops a mathematical framework to get a
convenient asymptotic description of our network, equations (2), and second, to
obtain explicit lower bounds on its exponential decay. This program is completed
in the case d = 2. In particular, it is shown in Proposition 4 of Section 5 that equa-
tion (3) holds some a constant xk = K2+ . Note that, however, as it can be expected in
such a complicated context, we are not able to show that the constant /(3L is opti-
mal. As it will be seen, the case d > 2 is more awkward in terms of an asymptotic
picture, but results on the exponential decay of the network can be nevertheless
obtained by studying a nonlinear Markov process dominating, in some sense, the
original Markov process.

Outline of the paper. Section 2 introduces the main evolution equations of the
state of the network. Section 3 investigates the existence and uniqueness properties
of a nonlinear Markov process, the main result is Theorem 1. This process turns
out to be the limit of a reduced description of the network. Section 4 shows the
mean-field convergence of the reduced description of the network to this asymp-
totic process, this is Theorem 2. Section 5 studies the asymptotic behavior of the
nonlinear Markov process. A lower bound on the exponential decay, with respect
to time, of the fraction of the number of initial files still alive at time ¢ is derived.
These results are obtained in the case when the maximal number of copies for a
given file is 2. Section 6 investigates the case of a general d. By using a simpler
stochastic model, for which a mean-field limit result also holds, a multidimen-
sional analogue of the set of equations (2) is introduced and analyzed. It gives a
lower bound on the exponential decay of the number of files present in the net-
work. It is expressed as the maximal eigenvalue of a d xd matrix. The proofs of
the main results rely essentially on several ingredients: careful stochastic calculus
with marked Poisson processes, several technical estimates, Lemmas 1 and 2 and
mean-field techniques.

2. The stochastic model. In this section, we describe the dynamics of our
system. Recall that the system has N servers, and until Section 6, it is assumed that
each file has at most two copies in the system. Recall the Markovian representation
(XN (1)) defined in (1), that is,

XNy = (xY;(0),1<i, j <N),
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where, for 1 <i < N, X zNO (¢) is the number of files whose unique copy is located
in server / at time 7, and X N (t) is the number of files with a copy on server i
and on server j, 1 <j <N, ] # i. Note the symmetry XN (1) = XN (t), and by

convention, X; i(') = (0. We assume that all files have 1n1tlally two copies and are
randomly scattered on the network, as described below.

ASSUMPTION 1 (Initial state). For 1 <i < N, there are A; files on server i
and each file £ =1, ..., A; has another copy on server V; ;, where

— A;,i=1,..., N, arei.i.d. square integrable random variables on N,
— Foreachi, Vi’\é, £ > 1, are 1.1.d. random variables with uniform distribution over

{1, ..., NN}
Hence, X 0(0) =0and

The total number of initial files is therefore Fi &t A1+ Az +---+ Ay, and the
initial average load of the system is
def. . Fn
= lim —=E(A)).
B yam (A1)
The initial mean number of copies of files per server is therefore 2.

The initial state described in Assumption 1 have two main properties. First, it
is exchangeable, in the sense that the distribution of XV (0) is invariant under per-
mutations of server indices, and second, the two copies of each file are uniformly
distributed over all servers. Alternatively, one can also assume that the total num-
ber of files Fy is a fixed number, without changing the results of the paper.

Transitions of the state representation. The transitions of the Markov process
(XN (@) is governed by server failures and file duplications, as described below.
Throughout this paper, f(t—) denotes the left limit of a function f at time ¢.

— Server failure. Each server i breaks down after an exponential time with pa-
rameter (. At each breakdown, all copies on server i are lost, and the server
restarts immediately but empty. It is in fact replaced by a new one. If a break-
down happens at time ¢,

X;j(0)=0 forall j=1,...,N,
XN =0
XYo@y =xNo@—) + X;a—)  forall j#i.
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— Duplication. If there are files on server i with only one copy [i.e., X %(l) > 0],
one of such files is copied at a rate A onto another server j € {1,..., N}\{i}
chosen uniformly at random. If the duplication is completed at time ¢,

Xio0 =X[o=) — 1,
N _vN

Note that (XV(¢)) is a transient Markov process converging to the state with all
coordinates being 0 (all copies are lost).

Stochastic evolution equations. We can describe the dynamics of (X N (1)) us-
ing stochastic integrals with respect to Poisson processes. Throughout the paper,
we use the following notation for Poisson processes:

— N is a Poisson point process on R with parameter & > 0 and (N ;) is an
i.i.d. sequence of such processes.

- N ¢ 18 a Poisson point process on Rﬁ_ with intensity £ df dh and (N £,i) 18 an
i.i.d. sequence of such processes.

— For 1 < j < N, the random variable N;{’J-N = (#], U;]) is a marked Poisson
process, (;]) is a Poisson process on R, with rate A and (Uj}) is an i.i.d. ran-
dom variable with uniform distribution over {1, ..., N}\{j}. In particular, for

1<i<N, (/\/’XI{}N(-, {i})) is an i.i.d. sequence of Poisson processes with rate
AJ(N —1).

With a slight abuse of notation, we denote N, ; def pr )\L{}N (-, N), which is a Poisson
process with rate A. See Kingman [18] and [4] for an introduction on ordinary and
marked Poisson processes. All Poisson processes used are assumed to be indepen-
dent.

Forevery j =1,..., N, failure times of server j are given by the epoch times

of a Poisson process V,, ;. A marked Poisson process AU}N captures duplications
of files from server j as follows: for n > 1, at the nth event time f;, of AU ’jN , if
X jv O(I,{ —) > 0, afile on server j is copied onto the server whose index is given by

the mark U, .

The process (X N (1)) can then be characterized as the solution of the following
system of stochastic differential equations (SDEs): for 1 <i,j < N, j #1i and
t>0,

dX; (1) = =X}, (=) [Nwi (de) + N, j(d0)]
©®) + ]1{Xf{()(z—)>0}NAl{}N (dt, {i})

U,N .
+ 1{X570<t—>>0}/\/x,i (dz, {j})
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and

X o) = =Xt =Npui () = Ly ) N3i (D)
©) |

+ Z XY, t—=)N,.,j (D).

Classical results on Poisson processes show that the process

t A t
</ (XN (s— ooV (ds. () = _1/0 Lix (5)>0) ds)

is a martingale whose previsible increasing process is

A t
<—N — 1‘/(; ﬂ{X,‘]Y()(S)>0} ds).

859

See, for example, Section 4 of Chapter IV of Rogers and Williams [27]. Therefore,

for1 <i#j<N,

X{Yj(t)=X{Yj(0) 2#/ X} (s)ds

(7

N

Ty /0 @ ixd 5)>0) T x>0 ds + M (1)
and
t t
N N N

Xio(®) = X;x(0) — p,/ Xio(s)ds — )»/0 II{X%(S)>O} ds

(3

+MZ/X (s)ds + MY (),

where (M%(I)), 1<i<N,and (MQ/J- (1)), 1 <i < j <N, are local martingales

with the respective previsible increasing processes
t
2
Y0 =20 [ (x0)ds

A t
+—/ x>0 48 + 5 1/0 Lxty(s)0) 99

and

t
(MN)0) = Ammw%s
1/ {XN(5)>0) dS+M/ Z (s)
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3. An asymptotic process. As mentioned in the Introduction, for 1 <i < N,
the state of each server i at time ¢ can alternatively be described by the pair

9) RN 1) = (RN, (1), RN, ),

where R () [resp., R »(2)] is the number of files with one copy (resp.,
copies) at node i. This reduced representation can be obtained from the full Marko—
vian representation (X N (1)) via

M@ =xN@ and RY (:)_Zx (7).

Therefore, the evolution equations of (RiN (t)) can be deduced from the SDEs (5)
and (6):

dRY (1) = =R, (t—)N..i (dt)

(10)
- ]l{RN (t— )>0}NA i(dr) + §X (t YN, j(dr),
=l
AR} (1) = =R (=) Njwi (A1) + L _yog)Nii (A1)
(11)

=Y XN t-IN, SICOR DBV Lo N (de i)
J# J#

The process (RN (1)) = (RiN (t), 1 <i < N) lives on a state space of dimension 2N
instead of N2. The process (R (1)) still captures the information on the decay of
the system since, for example, the total number of files which are still available in
the network at time ¢ can be expressed as

ZR )+ = R 5 ().

This dimension reduction comes at the price of the loss of the Markov property.
The evolution equations of (RiN (t)) are not autonomous, they depend on the pro-
cess (XN (1)), and consequently the process (RN (t)) does not have the Markov
property. However, as it will be seen, the limit in distribution of (RN (1), R (1))
turns out to be a nonlinear Markov process, or a so-called McKean—Vlasov pro-
cess; see, for example, Sznitman [31]. In this section we characterize this limiting
process, while the proof of convergence as N goes to infinity is given in the next
section.

An intuitive introduction of the asymptotic process. The purpose of this sec-
tion is only of motivating the asymptotic process; rigorous arguments to estab-
lish the convergence results are given later. Fix some 1 <i < N and assume
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for the moment that (R{Yl (1), R{YZ(t)) is converging in distribution to a process
(R (1), Ry(1)). Define the positive random measure

def. [*
PN ([0,1]) = / XY (5N j(ds).
0 j#i
It will be shown later in Lemma 1 that for a fixed 1 <i < N, with high probability
when N is large, all the variables (X IN j (1),1 <j < N) areeither 0 or 1 on a fixed
time interval. In particular, PZ-N is asymptotically a counting process, that is, an
increasing process with jumps of size 1, with compensator given by

t t
,u/ ZX{?’j(s)ds = ,u/ Ri]?’z(s) ds.
0 0
J#
See Jacod [15] or Kasahara and Watanibe [17] for example. The convergence in
distribution of the process (Rl.{v2 (s)) to (R2(s)) and standard results on convergence
of point processes give that PiN converges to P°°, an inhomogeneous Poisson
process with intensity (R>(t)) which can be represented as

P(dr) = /R Lio<p<Ry(r—y N u(dr, dh).
+

See, for example, Kasahara and Watanabe [17] and Brown [5]. Recall that N pisa
Poisson process on R%r with intensity p df dh (see Section 2). By formally taking
the limit on both sides of equation (10) as N gets large, this yields that the process
(R1(t), R2(1)) satisfies the relation

1) dR (1) = =R1(t—)N, (dt) — Lz, oy Vo (d1)

+

Similar work can be done with equation (11). Consider the counting measure
N def. [* U,N .
Q; (10,1]) = fo > IL{R?’I(S—)>O}‘N‘A,j (ds, {i}),
J# ’

which has the compensator (see Jacod [15])

r1

A A —N_lé;ﬂm%(sbo}ds.
J#L

Again formally, it follows from the asymptotic independence of different servers
and the law of large numbers limit for the processes (R;.Y 1 (1)) that

. 1 _
i (57 §1{Rﬁm>>0}) = FlR© >0)
JFl
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and, therefore, QIN converges in distribution to an inhomogeneous Poisson process
with intensity (P(R;(s) > 0)). Therefore, taking limit _from both sides of equa-
tion (11) as N gets large. One obtains that the process (R»(t)) satisfies

dR(t) = —Ra(t—)N, (dt) + L,y pNVa(dr)

(13) — /R Lio<p<Ry(r—y N u(dr, dh)
+

+fR 1{0§h§P(§1(z)>0)}Nx(dt,dh).
+

The first result establishes the existence and uniqueness of a stochastic process

satisfying the SDEs (12) and (13). For T > 0, let Dy = D([0, T1, N?) be the set

of cadlag functions from [0, T'] to N? and dr (-, ) denotes a distance associated
with the Skorohod topology on Dr; see Chapter 3 of Billingsley [3].

THEOREM 1 (McKean—Vlasov process). For every (x, y) € N2, the equations
—_— t_
Rl(r>=x—f0 R1(s—)N,u(ds)
t
- /0 L7, (s> Vo (ds)
n / Lo n N (ds. dh),
0,145 (0<h<Rys—nN u(ds, dh)
(14) Rat)=y— fo Ra(s—)N,, (ds)
— 1 - N, (ds,dh
/ 407“& (0<h<Ry(s—) N i )
+\/0 1{?1(.?—)>0}'/\/’)‘(ds)

+// 1 R N,.(ds, dh
0.1]xR, (0Sh=P(Ri()>0)} a( )

have a unique solution (R1(t), R»(t)) in Dr.

The set of probability distributions on Dr is denoted as P(Dr). Theorem 1

states that there exists a unique 7 dist (R1(t), R2(t)) in P(Dr) which satisfies
equation (14). See Rogers and Williams [27] for definitions of existence and
uniqueness of a solution. Note that the solution to equation (14) solves the Fokker—
Planck equation (2) of the Introduction.

PROOF. Define the uniform norm || - ||co,7 o0 D7, if f = (f1, f2) € Dr,

I flloo,r =sup{| f(®)]| :0<t <T}=sup{|fi(t)| + | fo(®)|: 0 <t < T}.
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One can introduce the Wasserstein metrics on P(Dr) as follows, for my,mp €
P(Dr),

(15) Wr(mi,m) = inf

dr (w1, w2) A 1]dr(w),
meCr (my,m2) /wz(wl ,w2)€D2. [ ]

(16)  pr(my,mp) = inf

lor — @2loo,7 A1) dr (@),
meCr(my,m2) /w:(a)l,a)z)eD%[ > ]

where a A b = min{a, b} for a, b € R and Cr (;r1, 72) is the subset of couplings of
71 and 7, that is, the subset of P(Dr x D) whose first (resp., second) marginal is
7y (resp., m2). Since (Dr, dr) is separable and complete, the space (P(Dr), Wr)
is complete, which gives the topology of convergence in distribution on P(Dr).
Clearly, for any 1, o € P(Dr), one has the relation Wz (71, m2) < pr (1, m2).

Let W : (P(Dr), Wr) — (P(Dr), Wr) be the mapping that takes 7 to the dis-
tribution W () of R, where (R (¢)) = (Rx,1(t), Rz 2(¢)) is the unique solution
to the SDEs

! t
Ry 1(t) =x — /0 Ry 1(s—)Nu(ds) — /0 LR, (s—)>0) N2 (ds)
+// 1 s N (ds, dh),
[0,/]xR {0<h<Rq 25—V pu( )
t JR—
R:2(t)=y _/ Rz 2(s—)N,(ds) — // L{0<h<Ry2(s—))N p(ds, dh)
° [0,/]xR4

t JR—
+/ L(R,  (s—)>0Na(ds) + / L{o<h<n(r (s)>0)N 2 (ds, dh),
0 [0,1]x R

with initial condition (R 1(0), Rz 2(0)) = (x, y). Note that
7'[(1’1 (1) > 0) =/ 1y ()>0) dm (@).
w=(r1,r)€Dr

The existence and uniqueness of a solution to equations (14) is equivalent to the
existence and uniqueness of a fixed point & = W ().

For any m,, mp € P(Dr), then let R, and Ry, both be solutions to the equations
of the display above driven by same Poisson processes. Therefore, the distribution
of the pair (R, (), Ry, (t)) is a coupling of W (r,) and W (7},), and hence,

(17) pr(W(T0). W (1)) < E(| Rr, — Ry lloour)-
Fort < T, using the definition of R, and Ry,
R, — Ry lloo,
=sup(| Ry, 1(5) — R, 1(8)| + | R, 2(8) — Ry 2(5)])

s<t

t
(18) < | (|Rze1(s=) = Ry 1 (s —)| 4 |Rr, 2(5—) — Ry, 2(s—)[) N (ds)
0
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t
+ 2/0 1L(Rry 1 (s—)>0) — L{Ryy 1 (s—)>0} N3 (dS)
t o0 J—
+2/0 fo LRy 25— ARy 2(5—) Sh = Reg 2(s—)V Ry 25— N pu (s, dl)

t o0 __
+ /0 /0 Lt (1 (5)>0) ATty (1 (5)>0) <h <4 (1 ()= 0) vy (4 (5) = 001N 2. (s, dr).

We bound the expected value of each of the terms of the right-hand side above.
First, for £ =1, 2,

t
(a) E( [ 1R (5=) = R s W)
- ME</0[|Rna,£(S) — Ry (9)| ds)

t
< M./O E(l Rz, = Rn, llco.s) ds.

For the second term on the right-hand side of (18), since Ry, 1(s) and Ry, |(s) are
integer valued,

IRy 1(9)>0) = LRy, 1(9)>0} = |Ry,.1(8) — Ry 1(5)],

and hence, using (a), we have the bound
t
(b) E(/O LRy 1 (s5=)>0} = L{Rpy 1 (s—)>0} I/\/'x(dS)>

t
= /’L‘/(; E(”Rﬂa - Rﬂ[,”oo,s)ds-

Similarly, for the third term on the right-hand side of (18), we have
t o —
() E( /O /0 LRy 2(s—) ARy 2(5—) <h <Ry 2(5—)V Ry 2(s—)}N 1 (dS, dh))
t
=1t [ B Rey 2(6) = R, 2(6)]) ds

t
<nu /0 E(| Ra, — Ry loo.s) ds.

Finally, for the last term on the right-hand side of (18),

t poo o
(d) E(/ofo ﬂ{na(r,(s)>0)m,,(r1(s)>0)5h5na(r,(s)>0)vm,(r1(s)>0)}f\/x(ds,dh)>

=A/()t{na(r1(s) > 0) — mp(r1(s) > 0)] ds.
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Note that for every coupling = € Cr (74, 7p) of 7, and 7p,
/Ot|7ra(r1(s) > 0) — mp(ri(s) > 0)| ds
= /Ozh((r“, rb) cri(s) > 0) = ((re, rb) :rf’(s) > 0)| ds
< /Ot /w=(r“,rb)e’D%. |]l{r?(s)>0} — ]l{rlb(s)>0}|7r(da)) ds

t
5/ / }r?(s)_r{?(s)‘/\lﬂ(dw)ds.
0 Jo=(re,rb)eD}

By taking the infimum among all the couplings of 7, and 75, we have

t t
© [ (1) = 0) = mp(r1(5) > 0) ds = [ puGa ) s,
Now, by combining the estimates (a), (b), (c), (d), (e), we conclude
E(”Rﬂa - Rnb ”oo,z)

t t
< @ +30) [ E(1Rs, = Reylloos)ds + 5 [ puCra ) .

Gronwall’s inequality then gives

t
E(| Rz, — Ra, loo.r) < Cr /0 ps (e, mp)ds Vi e[0, T,

with Cr = Aexp(2A + 3u)T. Hence using (17), we have

t
19) pr (W (a), W (p)) SCT/O ps(ma, mp)ds V1 e[0,T].

Uniqueness of the fixed point for the equation W (7r) = 7 follows immediately
from (19). Also, a typical iterative argument proves the existence: pick any mp €
P(Dr), and define the sequence (i) inductively by m,+1 = W (7,). It follows
from relation (19) that

(reo)”
n!

T
Wr (a1 ) < o1 (a1 ) < | et moas.
The metric space (P(Dr), Wr) is complete and, therefore, the sequence (,,) con-
verges. Since W is continuous with respect to the Skorohod topology, its limit is
necessarily a fixed point of W. This completes the proof. [
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4. Mean-field limit. The empirical distribution AN () of (RiN (t),1<i<N)
is defined by, for f a function on N2,

AN () = Zf (RN (1)) = Zf (RN ), RN, ™).

As it has already been remarked, at the beginning of Section 3, the process (A (1))
does not have the Markov property. The goal of this section is to prove that the
stochastic process (AN(@)) is converging in distribution as N goes to infinity, that
is, for any function f with finite support, the sequence of stochastic processes
(AN @D () converges in distribution; see Billingsley [3] and Dawson [10].

The main result of this section is the following theorem.

THEOREM 2 (Mean-field convergence theorem). Suppose the process (X N(@))
is initialized according to Assumption 1. The sequence of empirical distribution
process (AN (1)) converges in distribution to a process (A(t)) € DRy, P(N?))
which is defined as follows: for f with finite support on N2,

def.

AWM (f) = E(f(R1(1), R2(D))),
where (R1(t), Ro(t)) is the unique solution of equatlons (14). Moreover, for any
p > 1, the sequence of finite marginals (R 1 (D), R 2(t),1 =i < p) converges

in distribution to ((R, 1(0), R, 2(1),1<i < p) where (R, 1(0), R, 2(1)) are i.i.d.
processes with the same distribution as (R1(t), R2(1)).

The last statement is the “propagation of chaos” property.

4.1. Uniform bound for (RiN (t)). We start with a technical result which will
be used to establish mean-field convergence. It states that, uniformly on a compact
time interval, the number of files with a copy at a given server i is stochastically
bounded and that, with a high probability, all other servers have at most one file in
common with server i. This is a key ingredient to prove that the non-Markovian
process (R 1), R »(1)) is converging in distribution to the nonlinear Markov pro-
cess descrlbed in Theorem 1.

LEMMA 1. Ifthe initial state of the process (X" (1)) is given by Assumption 1,
for1 <i <N andT > 0 then, fori € N,

(20) sup E( sup (R (1) + RY(1)?) < +00
N>1 0<t<T

and if
VL s xNw=z2,

then there exists a constant C(T) independent of i such that PEN(T)) <
C(T)/N.



A LARGE SCALE ANALYSIS OF UNRELIABLE STOCHASTIC NETWORKS 867

PrROOFE. Fori =1,..., N, the total number of files DiN0 initially on server i
satisfies

def.
@21) DYy = RN (0)+ RN,0) = XNO(O)—I—ZXN 0) = A; +ZZr{VN _ip
J#i JF#I =1
and hence, E(D o) = 2E(A1) and Var(D o) = 2var(A)) + E(A)N/(N — D).
Also, the total number of files DI‘IY1 (1) copred on server i from all other servers
during the interval [0, ¢] verifies
N

@ DY [ oV s, ) = N ),

J# J#

Therefore, for every t < T, IE(D (@) < AT and E(D (t)z) < 2MAT. The bound
(20) then follows from the mequahty

sup ( 1@+ R H(1) < D o(T) + D (T).
0<t<T

For the next part, note that on El'N (T), there exists 1 < j < N such that either
server i or j make two copies on the other one or both i and j make one copy
on the other during the time interval [0, T']. Recall again that server i initially
copies A; files on other servers, and that the total number of files copied from

server i onto server j during (0, T'] is upper bounded by N, U’N(T {j}). Define the
sequence (ZNK, 1 <i<N,£>1) as follows: ZNK = V ) when 1 < ¢ < A;, and
Z zNE =U! ¢—a, When £ > A;. For the first A; indices £, Z o8 are therefore the indices
of servers which received an initial copy of a file of server i, while the subsequent
z IJYES are the server indices on which (potential) duplications from server i can take
place. (Z l%) is therefore a sequence of i.i.d. random variables uniformly distributed
on {1, ..., N)\{i}. Therefore, P(EN (T)) < P(BY), where

N
N def. N _ . N __ .
B = U ( U {Zi,z—J’Zj,g’—l}
j=1,j#i N 1<e<Ai+Li(T)
1<t/<A;+L;j(T)

x U (zl,=j. 2z}, = j)
1<0£0' <A +Li(T)

X U {Vj],vﬁ:i’ Vj]j]ﬁ/:i})
1<0£0<A;+Lj(T)
with L;(T) = N,.; ([0, T]) + A;. Since the probability of each of the elementary
events of the right-hand side of this relation is 1/(N — 1)?, Zj ¢s are independent
of Ly/(T) for all k, k" and E(L;(T)) = AT + E(A}). It is then easy to conclude.
]
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4.2. Evolution equations for the empirical distribution. Denote e; = (1, 0)
and e; = (0, 1), and define the operators

AE(F)(x) = f(x +e1 —ex) — f(x),
AT()(x) = f(x —e1 +e2) — f(x),
AT (f)(x) = f(x +e2) — f(x),

for x € N2 and f:N? — R, . For every function f:N> — R with finite support, it
follows from equations (10) and (11) and using martingale decomposition for the
Poisson processes, we have

df (R (1))

=dM;(0) + AT (R )1 gy ()2 0)h A1
(23) '
A
+ AR (0) 57— DL irY, -0y 4+ [£0,0) = F(RY ()] dt
p#

+ 2 LARY 0 + X0 er = e2) = F(RY () ]dr,
J#i
where ./\/ly ; 1s a martingale. The jth term of the last sum in on the right-hand

side above corresponds to the event when server j breaks down and, therefore, the
copies of X IN (@) files at node j are lost, and the remaining copies are only located

at node i. Using the notation of Lemma 1, then outside the event SI.N (1), X lN i ()
is either O or 1, and hence, ¢ € [0, T'],

Y IFRY @)+ XY (e —e2) — f(RY ()] = R, () A*(N)(RY ().

J#
By summing up both sides of relation (23) over i and denoting N* = N\ {0}, we
have

AV ()= AN O () + MY @)
! N
£ [ AT L0 AY 6@, dy)ds
+ ﬂ/l AN (5)(N* xN)
(24) N-—-1Jo
x /N AT ()0, AN () (dx, dy) ds — H{Y (1)

t N
+M/o /Nz(f(o’ 0) — f(x, ) A" (s)(dx,dy) ds

t
+u / / VAE(F) 0, ) AN (5)(dx, dy) ds + HY (1),
0 JN2
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where
1
M@0 =S (MG 0+ M0+ + MGy (),
)\‘ t
Y0 =5 [ [, 87090 AV ()@, dy) ds
N 1 al ! N
H 0=y JRCHOED
with

hY 0 =3 (F(RN 0 + XN () (e1 — ) — F(RN )))
JF#i

- [ ¥a% (e AN 0. .

Now, we investigate the asymptotic properties of the terms of the right-hand side
of equation (24).

4.3. The negligible terms. We first prove that the two processes (HlN (t)) and

(HZN (t)) converge to zero in distribution as N goes to infinity. For the former, the
result follows immediately from the simple bound

20T
[ o7 = =5 1 lloo:

For (HzN(t)), first note that, forO<r<T and 1 <i <N, hé\fi (1) is nonzero
only on the event EI.N (T), and hence,

—> " hY ()
N

oo, T
1 N
< swp o Y IDCIARY () + XN () (e — e2)) — F(RY ()]
=s= i=1'j#i

~RY () AE(f) (RN (s))]

1 N
=4l flloo sy 2oIR2G o r Lien (-
i=1

By an application of the Cauchy—Schwarz inequality and using Lemma 1 there
exists a constant C(T') such that

1 Y 1 Y / Ci(T)
_ZE ‘Révl’ooT {SN(T) SN; 21 ooT IP>(€iN(T))§ \/ﬁ .

i=1
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Ly [y
— hy;(s)ds| | =0,
N = Jo

which implies that the process (HZN (#)) is also vanishing in distribution.

Consequently,

lim E{ sup
N—400 0<t<T

4.4. The martingale. Careful calculations show that the previsible increasing
process of (MI}’ (1)) is given by

A
(M) = (53670 + 4265 ).

with

GY () = i f I(Aﬂf)(R-N ) + —— AN () (AT (1))
1 i:1 0 l N . 1 2

N 2
_ mA;F(]‘)(R,N(f))> 1{R}§’1(s—)>0} ds

and

N il ! N
Gtn=3 [ (f(o, 0)— /(RN (s)

2

+ LR )+ X621 = e) = F(RY6) L0 ) 4.

J#i
From the simple bounds |G [|es.7 <16 - NT|| £ |12, and

2
1GY | r < SNTIFIZ(1+ [RY[2, 7).

and, by using relation (20) of Lemma 1, we get

lim E(MY)T))=0.
ylm E(MF)D) =0

Therefore, by Doob’s inequality, the martingale (My (t)) converges to zero in
distribution as N goes to infinity.

PROPOSITION 1 (Tightness of the empirical distribution process). The se-
quence (AN (1)) is tight with respect to the convergence in distribution in

DRy, P(N?)). Any limiting point (A(t)) is a continuous process which satisfies

t
A(t)(f)=A(0)(f)+A/O /NZ AT, Y)Lx=0yA(s)(dx, dy) ds

t
(25) +)L/(; A(s)(N*xN) /1;12 A;r(f)(x,y)A(s)(dx,dy) ds
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t
e[ [ (0.0 = Fr ) AG)@r. dy) ds

t
+ M/O /N2 yAi(f)(x, Y)A(s)(dx, dy)ds
for every function f with finite support on N?.

Note that the Fokker—Planck equation (2) in the Introduction is the functional
form of the stochastic equation (25).

PROOF OF PROPOSITION 1. Theorem 3.7.1 of Dawson [10] states that it is
enough to prove that, for any function f on N? with finite support, the sequence
of processes (A (-)(f)) is tight with respect to the topology of the uniform norm
on compact sets. Using the criterion of the modulus of continuity (see, e.g., The-
orem 7.2, page 81 of Billingsley [3]), we need to show that for every ¢ > 0 and
n > 0, there exists a §o > 0 such that if § < &g then

(26) P(sup [AN@) = AvE(N|=1) <e

0<s<t<T

lt—s|<é

holds for all N € N. Fix 0 <s,t <T with |t — s| < 4§, and remember the equal-
ity (24) for the process (AN (1)( f)). We have already shown that the processes
(HIN (1)), (HZN (1)) and (M? (t)) vanish as N goes to infinity. For the remaining
terms on the right-hand side of (24), note that there exists a finite constant C¢ such
that

< Codl| flloo-

t
| [, AT e AY @@, dy) du

t
f AN (u) (N* xN) sz AT (f)x, ) AN (u)(dx, dy) du

< Codl| flloo

and

t
/; /Nz(f(o’ 0) — fx, )’))AN(M)(dx,dy)du

< Codll fllo-

Also, by relation (20) of Lemma 1 shows that there exists C; < co independent of

N such that
e )

1 N
<20 llocd DB sup RY)) < C1d]1f oo
i=1

0<u<T

t
[ [ 3% (e Ay widr. dy) du

If follows from the Chebyshev’s inequality that the sequence (AN ()( f)) satisfies
relation (26), and hence it is tight.
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Moreover, if A is a limiting point, from relation (24) and the fact that the pro-
cesses HlN s HZN and MY vanish as N gets large, one obtains that relation (25)
holds, Finally, it is straightforward to show that all the terms on the right-hand side
of (25) are continuous in . [

We now show that equation (25) that characterized the limits of (AN(t)) has a
unique solution.

LEMMA 2. Let (A(t)) be a solution to equation (25) with an initial condition
A(0), a probability on N* with bounded support. Then, for any T > 0, there exists
a constant Ct such that for all K > 21og(2),

t
(27) sup// Y=k} A(s)(dx, dy)ds < Cre 572,
0<t<T JO JN2 -

PROOF. For all + < T, since y < exp(y/2) if y > 2log(2), then for K >
2log(2),

(28) [ o=k AO@rdy) <e 2 [ e a@@r,ay).
N2 - N2
For every K| > 0, using equation (25) for A with f replaced by
f(x )’)_e x+y<K1},

and since AT(f) = A*(f) =0, we have

[ e sk A @r. dy)
< / e A(0)(dx, dy)
+,\(e—1)// ¥ e pyeky Als) (dx, dy) ds

u /0 (1 _ fN ek A) (@, dy)) ds.

By an application of Gronwall’s inequality, there exists a constant cr independent
of K1 such that

sup ¥ Lixpy<k ) A1) (dx, dy) <cr.
0<t<T JN?

The bound (27) can be obtained by letting K go to infinity in the above inequality,
and substituting it in relation (28). [J

PROPOSITION 2 (Uniqueness). For every Ao a probability on N? with finite
support, equation (25) has at most one solution (A(t)) in D(RT, P(N?)), with
initial condition \y.
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PROOF. Let (A!'(r)) and (A2(r)) € D(R,, P(N?)) be solutions of (25) with
initial condition Ag. Let f be a bounded function on N2 and ¢ > 0, we have

A — A2 O(f)

t
=i [ [ AT L0 (A1) = A26) @x dy) ds

t

+A/(; Al (s)(N*xN) /Nz AT (), y) (A (s) — A%(5))(dx, dy) ds
t

Loy A2 x + 2

+k/0 (A (s) — A=(s))(N ><N)/I;I2 AT (f)(x, y)A“(s)(dx,dy)ds
! 1 2

i [ [ (£0.0 = 7o) (A1) =A%), dy)yds

t
e[ [ yAEAE A ) — A20)@x. dy)ds,
For a signed measure m on N2, denote
pmbry = sup{ [ £e yym(@e,dy. £ 10 > Rowih | /oo 1.

Therefore, for every f on N? with || f|leo < 1 and every K > 0, we have

AN () — AXD ()|

t
5(6A+2M+2MK)f() ||A1(S)—A2(S)||Tvds
t
+2u// YLy=k) A (5)(dx, dy)ds
0 JN2

t
+2/f YLy k) A%(s)(dx, dy) ds.
0 JN2

Now using (27) of Lemma 2, and taking the supremum over all functions f on N?
with || flleo < 1, we have

t
|AY () — A2(t) | py < 41Cre™ 572+ (61 + 20 +21K) fo |AY(s) — A%(5) | oy ds.
Therefore, by another application of Grénwall’s inequality,
||A1 (t) _ Az(t) “TV < 4MCT67K/26(6K+2M+2,LLK)[.

For t < 1/(4u), by letting K go to infinity in the above relation, one gets that
A'(t) = A?(t). By repeating the same argument on successive time intervals of
width less than 1/(4u), one obtains the uniqueness result. [

Now we can conclude the proof of Theorem 2.
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PROOF OF THEOREM 2. Let (x,y) € N?% and Ag = d(x,y)» then if (R1(1),
R()) is the unique solution of equation (14) and the measure valued process
(A'(1)) is defined by, if f is a function with finite support on N2,

def. — =
A @) S E(f(R1(1), Ra(1))),
it is straightforward to check that this is a solution of equation (25). The conver-
gence of (AN (1)) follows from Propositions 1 and 2. The last assertion is a simple
consequence of Proposition 2.2 in Sznitman [31]. [

5. An asymptotic bound on the decay of the network. The asymptotic pro-
cess (R(t)) = (R1(t), Ry(t)) of Theorem 1 is an inhomogeneous Markov process
with the following transitions: if (R(2)) is in state r = (r1, r2) at time ¢, the next
possible state and the corresponding rates are given by

. 0,0 with rate w,
r
r+e with rate Ap(t),

and
(29)

r—ei+e with rate A1 >0,
7= )
r+e—e with rate ury,

where p(t) =P(R(t) > 0) is the nonlinear part of the dynamic. A simple feature
of this process is that it resets to the state (0, 0) at the epoch times of a Poisson
process with rate ., and between two consecutive epoch times, the sum of its co-
ordinates grows according to an inhomogeneous Poisson process with rate p(-).
With this observation, the following proposition gives a representation of the dis-
tribution of the total number of copies with the function (p(¢)).

PROPOSITION 3. If the initial state of (R1(t), R2(1)) is (0, r2) with r» € N,
then for u €0, 1] and t > 0,

_ _ t
E(uf1OFR0) = g=utyr exp(—k(l - u)/ p(2) dz)
0

t K
+/0 exp(—k(l —u)/o p(t—z)dz),ue_“s ds.

_ PROOF.  From relation (29), one obtains that the transition rates of the process
(R1(t) + R»(t)) are given by

re—r+1 atrate Ap(¢) and r+—0 at rate \.

The Fokker—Planck equation associated to this process yields the relation

SEWROTO) = 1t (o) — 1) — ) B OTR0),

It is then easy to conclude. [
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The problem with the above formula is that the function ¢t — p(¢) is unknown.
In the following, we obtain a lower bound on the asymptotic rate of decay of the
network, that is, the exponential rate of convergence of the process (R1(t), R2(¢))
to (0, 0).

Recall that R{Yl (t) and RiJYZ (t) are the number of files on server i with one and
two copies, respectively. Therefore, the quantity

N N
1
LY @0 =3 RO+ 5 3RO
i=1 i=1

is the total number of distinct files in the system at time ¢. By Theorem 2, equa-
tion (20) of Lemma 1, and an application of the dominated convergence theorem,
we have

LN (1)

. — 1 —
(L) < lim ( ) = (E(Rl(t)) + —E(Rz(t))>.
N—o00 2
The following proposition gives therefore a lower bound on the exponential rate of

decay (L(1)).

PROPOSITION 4. If (R(t)) = (R1(t), Ra2(t)) is the solution of equation (14),
then

(30) E(E )+ %E(ﬂ) < E(El 0) + %Ez (0)>e—K§r(p)m,

where

G+x)—VE+x)?2-38

> , x €R,

K;—(x)=
and p=A/u.

The quantity /c;r (p)u is thus a lower bound for the exponential rate of decay.

When there is no duplication capacity, that is, A =0, K2+ (p) =1 and the lower
bound becomes , the failure rate of servers, as expected. On the other hand, when
the duplication capacity goes to infinity, the lower bound goes to 0.

PROOF OF PROPOSITION 4. Let m(t) = E(R1(¢)) and m2(t) = E(R2(2)).
Taking expectation from both sides of equations (14), we conclude that the pair
(m1, my) satisfy the following set of ordinary differential equations (ODEs):

my(t) = —ip(t) + u(ma(t) —my(1)),
ma(t) =2Ap(t) — 2uma(t).

Defining g(t) =m(t) — p(t), then clearly 0 < g(¢) <m(¢). The ODEs (31) can
be rewritten as

(32) d(mi®)_ (@) 4 g(®) ’
dr \ma (1) ma(1) —2g(1)

3D {
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where A is the matrix

A= (_(AJ " —gu> '

It has two negative eigenvalues, —;u<2+ (p) and —uk, (p) with
B+p)—/B+p)? -8 _ B+p)+/B+p)? -8

2 ’ Kz (p) = 2 .
Defining the constants y; = (—uk3 (0) + A+ 1) /1, y2 = (—pk5 (p) + A+ )/,

Ky (p) =

hi = (—yam1(0) +m>(0)) and hy=
= Y=

the standard formula for explicit solution of the linear ODE (32), with g regarded
as an external force, gives

(yim1(0) —m2(0)),

my (1) = hye W P g =i (01

A t
(33) - / 2()[(r2 + 27 @)=9)
y1r—y2J0
— (y1 +2)e 2 PE=9] gy,
ma(t) = yrhye M2 O 4y pye=tes ()1
(34 — L [ (g0l + 2 00
y1r—y2J0

— (1 + z)yze*MK{(p)(l*S)] ds.

Therefore, using the fact g(s) > 0 in the first inequality, and the relations y; >
yp > —2and K;_ (p) < K5 (p) in the second inequality below, we conclude

1
my () + Sma(t)

- (1 + %)hle—“@(m’ + (1 + %)hze_’“‘;(p)’

1 ! , - ,
SO1+D(2+2) / g(s) (7T PU=) _ g=ik3 (0)(1=9)) 4
yr—»n 0

< (1 + %)hle_luc;(ﬂ)f + (1 + %)hze_/u(z(p)t

1
< (@ + Jma(@) )t

This completes the proof. [J
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6. The case of multiple copies. In this section, we consider the general case
where each file has a maximum number of d copies in the system. We now describe
the algorithm without too much formalism for sake of simplicity. The duplication
capacity of a given node is used for one of its copies corresponding to a file with
the least number of copies in the network. Provided that this number is strictly less
than d, a new copy is done at rate A at random on a node of the network. See Sec-
tion 3 of Sun et al. [30] for a quick description of how this kind of mechanism can
be implemented in practice. The node receives copies from other nodes from this
duplication mechanism. As before, at rate u all copies of the node are removed.

As it will be seen, the model does not seem to be mathematically tractable as in
the case d = 2. To understand the effect of the maximum number of copies d on the
performance of the file system, we study the asymptotic behavior of a stochastic
model which is dominating (in some sense) our network. We then study the decay
rate of this new model.

The initial condition of our system are given by the following assumption.

ASSUMPTION 2 (Initial state). There is a set Fy of Fy initial files, and for
f € Fn, asubset of d nodes of {1, ..., N} is taken at random and on each of them
a copy of f is done.

It should be noted that, with the duplication mechanism described above, a copy
can be made on a node which has already a copy of the same file. But, with similar
methods as the ones used in the proof of Lemma 1, it can be shown that on any
finite time interval, with probability 1, there is only a finite number of files which
have at least two copies on a server. In particular, this assumption has no influ-
ence on the asymptotic results obtained in this section since they are concerning
asymptotic growth in N of the number of files alive at time ¢.

With these assumptions, if f is a file, f € Fu, one denotes by .Ay (r)yc{l,...,
N} the subset of nodes which have a copy of f at time ¢. The cardinality of the set
Ay (1) is denoted as c? (t), it is at most d. The process

(AN 0) E (AN @), f € Fy)

gives a (Markovian) representation of the time evolution of the state of the network.

6.1. The additional complexity of the model. A analogous Markovian descrip-
tion as for the case d = 2 can be done in the following way. If S is the set of
nonempty subsets of {1,..., N} whose cardinality is less or equal to d and, for
AeS, it X IX () is the number of files with a copy only in the nodes whose index
isin A,

Xpm= 3 LAk y=a)
feFn



878 R. AGHAJANI, P. ROBERT AND W. SUN

then it is not difficult to show that (X" (1)) = (X f{ (1), A € S) is a Markov process,
even if its transitions are not so easy to write formally. Following the analysis
done for the case d = 2, it is natural to introduce, for 1 <i < N,and 1 <k <d,
the quantity

N N
R= ) Xjmn= ) Liiea¥ 0),eN )=k}
AeS,ieA feFn ’ ’
card(A)=k
is the number of files having k copies in the whole network, with a copy on server
i. It is the equivalent of the variables RlNl (t) and RI.N2 (¢) of the case d = 2.

The vector RiN ()= (Rl.{vk (t), 1 <k <d) gives also a reduced representation of
the state of the node i at time #. It turns out that the evolution equations of this
model are much more involved. To observe why our method cannot be worked out
for general d > 2, let us try, as in Section 3, to heuristically obtain the transition
rates of a possible asymptotic limit process for this model.

Fix | <k <dand 1<i <N, ¢ is the kth unit vector of N¢, and r = (rj) =
(R;Yj (t—)), then the process (R{Yj (t)) jumps from r to r — ey + ex41 at time ¢
according with two types of events:

(a) due to the duplication capacity at node i, it occurs at rate A under the con-
dition ry =rp = --- =rr_1 = 0 and r¢ > 0. Recall that only files with the least
number of copies are duplicated.

(b) If a copy of afile is present at i with a total k copies is duplicated on one of
the other k — 1 servers having a copy of this file, conditionally on the past before
t, it occurs at rate

1
N
)“Z]l{Rf’((z—):O,1§€<k,R§Vk(t—)>0} RN Z Xy ().
J#i ' ’ j,k( =) A€S:i, jeA
card(A)=k

The first event is similar as in the case d = 2, the jump rate can be expressed in
terms of the vector r. This is not the case for the second event. The last sum of the
above expression does not seem to have an expression in terms of the components
of the vector r. It requires a much more detailed description. The information
provided by r is not enough, even in the limit when N goes to infinity as it is the
case when d = 2. Consequently, it does not seem that one can derive autonomous
equations describing the asymptotic dynamics of (RI.N )).

6.2. Introduction of a dominating process. We now consider the following
related Markov process. We first describe it, without too much formalism for sake
of simplicity, in terms of a duplication system. Note that this is not an alternative
algorithm but merely a way of having a mathematically tractable stochastic process
that will give us a lower bound of the exponential decay rate of the initial system.
For convenience, we will use nevertheless the terminology of “files,” “copies,”
“duplication” and “servers” to describe this new process.
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The initial condition is also given by Assumption 2. If f is one of the files of
the network, as long as the total number of copies of f is strictly less that d, each
of the nodes having one of these copies generates a new copy of f at rate A at
random on a node. The case of multiple copies on the same server is taken care
of as for the process (AN (1)). The failures of a given node occur according to a
Poisson process with rate u, and as for our algorithm, all copies are lost.

The system works the same as the original model, except that each file on a
server i with strictly less than d copies in the network, can be duplicated at rate A,
regardless of any other copy on that server. Consequently, if, for 1 < k <d, anode
has ry files, each of them with a total of k copies, at a given time, the “duplication
capacity” of this node is given by

Ari4+r4+--+rq—1),

instead of A in our algorithm. Remember nevertheless that such system is not pos-
sible in practice, it is used only to estimate the performances of the algorithm
introduced at the beginning of this section.

For f € Fu, one denotes by By (t) the finite subset of {1,..., N} of nodes

having a copy of f at time ¢ and its cardinality is denoted by d?’ (t). We define

BY )L BY ), f € Fy).

Since the duplication mechanism associated to the process (B?’ (t)) is more active
than for our algorithm, intuitively the decay rate of our system should be faster
that the decay rate of the process (ijv (t)). The following lemma will be used to
establish rigorously this relation.

LEMMA 3. There exists a coupling of the processes (AN (t)) and (BN (t)) such
that, almost surely, for all f € Fy andt >0, .A]}’ (1) C B?’ (1).

PROOF. This is done by induction on the number of jumps of the process
(BN (t)). By assumption, one can take A" (0) = BY(0), if the relation Ay (1) C
B}V(t), at the instant r = 1, of the nth jump of (A" (r)) and (BY(r)). We review
the different scenarios for the next jump after time t,, at time 7,,41:

(a) if some node ig € {1, ..., N} fails, then, for f € Fy,
A () = A (t)\lio})  ifig € AY (),
Alf\-’ (Thr1) = AJ}I (t2) otherwise,

and a similar relation holds for B? (Tu+1). The relation Ay (1) C B}V () still
holds for t = 1,4 since it is true at time T,,.
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(b) If a duplication occurs for the process (AN (1)) at time Tp+1 at some node ig €
{1,..., N} and for file a f € Fu, In particular, ip € Ay (1) and, therefore, by

induction hypothesis, ip € B?’ (15, so that we can couple both the duplication
process for both processes (AN (1)) and (BN (1)) as follows:

— If card(By (tn)) < d. A copy is made on the same node for both processes

(AN (1)) and (B (1)).
— If card(B? (tn)) = d. There exists some node i such that iy ¢ .Ay (t,) and

ig € B],Y(rn). We can then set Ay(fn+]) = Ay(rn) U {ip}, remember that
for the process (BN (1)) the servers where to make a copy are also chosen
at random.

In both cases, the relation .A]]Y (Tut1) C By (Ty41) will hold.

(c) If a duplication occurs for the process (BN (1)) at time T,+1 but not for the
process (AN (1)), then clearly the desired relation will then also hold at time

Tn+l-

The lemma is proved. [J

For the dominating model, for k € {1, ...,d} and 1 <i < N, we will denote by
TIA,Z (t) the number of files of type k and with one copy on node i at time ¢ > 0; this

is the analogue of the variable Ri]’\’k (t) defined above
N
T 0= ) LienY @).aY )=k}
fEFN

For a given node i, if (TlA,/( (t—)) =r = (ry), provided that there are no multiple
copies on the same server just before time ¢, the transition rates of this process at
time ¢ are given by

s r — ek + ert1 at rate Akry, 1<k<d,
r+ex—1 — ek, u(k — Dry, 1 <k=d,
and
0,0) at rate [,
= Nr + e, )\']V(k_ik:_)l f;N 1{i¢8’fV(t),d§V(t—)=k—1}-
Note that the last sum is the sum of the terms Tj?’\;(_l(t—), j=1,..., N minus some

term which is less that (k — l)Ti{\,’(_l(t—). The term Tif\{c_l(t—), with appropriate
estimates as in Section 4, will vanish in the limit when divided by N —k + 1. Con-
sequently, asymptotically, the transitions of the vector (TiA,'{ (t)) can be expressed
as a functional of its coordinates. With the same methods as for the original model
for d =2 in Section 4, it is not difficult to show that an analogue of Theorem 2
holds.
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THEOREM 3 (Mean-field convergence theorem). Suppose the process (AN (1))
is initialized according to Assumption 2. The process of the empirical distribution

1 N
N
(A% () = (ﬁ Z‘S(T,{i(z),lsksd))
i=1

converges in distribution to a process (A(t)) € D(R4., P(N?)) such that: for every
function g with finite support on N¢,

A Z E(g(Te(0))),

where (T (1)) = (T« (1)) is a nonlinear Markov process with the following transi-
tion rates: if (T (t)) is in state r = (ry) just before time t, the next possible state
and the corresponding rates are given by

{(0, 0, u
H

_ and
r+ ek, AE(Tr—1(0)), 1<k <d,

r— ek + exy1, Akry, 1<k <d,
r+ex—1 — ek, wk — Dy, 1 <k<d.

An argument similar to that in the proof of Theorem 1 shows the existence and
uniqueness of the Markov process (7'(¢)). Note that the nonlinear component is
now given by the vector of the mean values E(T,(¢)), k=1, ..., d.

The limiting Markov process (T (¢)) = (T4 (t)) can also be seen as the solution
of the following SDEs. For ¢t > 0,

dT (1) = —T 1 (t—)N,,(dr) — /};{{ ) Lioh<F, (1—y N2 (dt, dh)

(35)
+_/ Lio<n<T N u(dt, dh),
Ry
forl <k <d,
dT (1)
= —Ti(t—)Nyu(dr)
_/ ]l{Oshng(zf)}Nk)\(df,dh)
Ry
(30 +/R 1{051157;(,1(z—)}/v(kfm(dt, dh)
"

- /R Loz =Ty N =Dy (A d)
+

+/]1‘§ 1{05h57k+1(l—)}ﬁku(dta dh)
+
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+/R Li0<h =BT )V 2k—1(d1, dh),
+

dT 4(t)
=—T4@t—)N,(dr)

(37) + fR Ljo<h<ETy N r.a-1(dt, dh)
N
+ /R+ Lo<n<T -y @-na(dt, dh)

- /R Loz <T N @1y (A, dh).
N

The interesting property of these SDE:s is that the vector of expected values can
be expressed as the solution of a classical ODE, as the next proposition states.

PROPOSITION 5.  Fort > 0, the function V (t) = E(T(t/ 1)) satisfies

d
(38) —V@t)=M,V(),
dr
with
—(p+1) 1 0 0
20 —2(p+1) 2 0 0
0 3p =3(p+1) 3 0 0
M, =
0 0 ko —k(p+1) & 0
0 0 do —d

and p = A/u. Moreover, the matrix M, has d distinct negative eigenvalues and
the largest of them, —/c; (p), satisfies

d _k—1\"!
(39) 0<K;<p>sm(p>déf<z"7) -1
k=1

Finally, there exists a positive constant Ko such that, forall 1 <k <d andt > 0,
(40) E(Tw(t)) < Koe < ()1,

PROOF. Equation (38) can be obtained by taking the expected value of both
sides of the integral version of equations (35), (36) and (37). For the next claim,
since the matrix M is a tridiagonal matrix, it has d distinct real eigenvalues (see,
e.g., Chapter 1 of Fallat and Johnson [12]). If D is the d xd diagonal matrix whose
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kth diagonal component is 1/,/kpk—1, then

—(p+1)  V2p 0 0

V2p =200+ Vep 0 0

1 0 V6p —3(p+1) V12p 0 0
DM,D™ ' =
0 0 Vk(k—1p —k(p+1) Vk(k+Dp 0

. . d(;z';l)p -

is a symmetric matrix with the same eigenvalues as M. A straightforward calcu-
lation shows that its associated quadratic form is given by
d—1
def. 2 2 d
q(x1,....x) = =Y (Vkpxk — V(k + Dxpg1)” — xi, (X1, ...,xq) € RY,
i=1
which implies that all eigenvalues of M, are negative. The maximal eigenvalue of
the symmetric matrix can be expressed as

sup(¢(») 1y = (1, -.., ya) €RY |yl = 1),

with || y|? = y% +--+ y(%; see, for example, page 176 of Horn and Johnson [14].
Taking the vector x = (x1, ..., x4) such that
k—1
Xk = Xk—1 T/O, Il <k=<d,

and x| is chosen so that ||x|| = 1, one gets the upper bound (39).

Finally, equation (38) shows that the components of V (-) can be expressed as a
linear combination of the functions (exp(Axut)), 1 <k <d. Since all eigenvalues
of M, are negative, —K;_ is the largest eigenvalue, relation (40) follows. [

REMARKS. (1) We have not been able to get a closed-form expression for the
actual exponential decay rate Kj (p) associated to the process (T (t)). However,
the upper bound k4 (p) defined in equation (39) gives a lower bound for the decay
rate. In Figure 1, we plot the ration «;4(p) //{3r (p) for different values of p and d.

(2) Note that if the duplication rate A is larger than pu, that is, p > 1, then

li T(p)=0.
d—ir—}—looKd (p)

Finally, for the case d = 2, we can compare our result on the decay rate of file
system with the decay rate of the process (E(T«(1))).

COROLLARY 1. Ford =2,if (T1(0), T2(0)) = (0, r2), we have

— . r2
o= =G »

E(T2()) = +r—2_(y+e—w<2+(p)t _y e oy,
Ky (p) — Ky (p)

(e—wc;(p)t _ e—uK{(p)t)’
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2 ‘
=2 ——

19 | =3 ——
d=4 ——

1.8 | d=s

1.7} d=6 ——

FI1G. 1. Accuracy of the upper bound of relation (39): the ratio k4 (,())/K;r (p) for various values of
pandd.

where

byl BT EC+02 =8

2 2
and y+ dgf'—/cf +po+ 1.
The definitions with + just indicate that the identities are taken for 4+ and —

separately. Note that the definition of /cgr (p) is consistent with the definition of
Proposition 5.

PROOF OF COROLLARY 1. The above proposition can be used but the work
has already been done to prove Proposition 4. It is not difficult to show that

(m1(t), ma(t)) = (E(T1 (1)), E(T2(1)))

satisfies relation (31) with p(z) =m(¢), that is, so that g(¢#) = 0 with the notation
of the proof of Proposition 4. One concludes by using relations (33) and (34). O

A bound on the exponential decay rate of the algorithm. The following propo-
sition gives an estimation of the rate of decay of the network.

PROPOSITION 6. If LN (t) is the number of files alive at time t,

Ny —
L <t>—f2; Ly ooy
€SN
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then there exists a constant K1 > 0 such that, for all t > 0,

LNt
limsupE( ( )) < Kle_’“‘j(p)t,
N—+o00 N

where /cj (p) is the constant defined in Proposition 5.

PROOF. By using the coupling of the last proposition, one gets

E(LN0) < > PBY 1) #2)

feFN
N d 1
= X EBFm)=3_> ;E(Ti0)
feFn i=1k=1
_NZ Ele(t))
k= l

Theorem 3 gives the convergence of the sequence of processes (T (1)) to the
solution of the EDS (35), (36) and (37). It is not difficult to obtain an analogue
of Lemma 1 which guarantees the boundedness of the second moments of the
variables T{Yk (t), k=1,...,d, which gives the convergence of the first moments.
One has obtained the relation

N
limsupIE< N(’)) < Z p E(T(®)),

N ——+0o0 k=1

one concludes with inequality (40). The proposition is proved. [
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