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Abstract

In this paper we use a simple transient Markov process with an absorbing point to
investigate the qualitative behavior of a large-scale storage network of nonreliable file
servers across which files can be duplicated. When the size of the system goes to co, we
show that there is a critical value for the maximum number of files per server such that,
below this quantity, most files have a maximum number of copies. Above this value, the
network loses a significant number of files until some equilibrium is reached. When the
network is stable, we show that, with convenient time scales, the evolution of the network
towards the absorbing state can be described via a stochastic averaging principle.
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1. Introduction

1.1. Storage systems

We consider a large-scale storage system, namely a set of file servers in a communication
network. In order to ensure persistence, files are duplicated on several servers. When the disk
of a given server breaks down, its files are lost but can be retrieved on the other servers if
copies are available. For this reason, a fraction of the bandwidth of a server is devoted to the
duplication mechanism of its files to other servers. On the one hand, there should be sufficiently
many copies so that any file has a copy available on at least one server at any time. On the other
hand, in order to use the bandwidth in an optimal way, there should not be too many copies of a
given file so that the network can accommodate a large number of distinct files. These systems
are known as distributed hash tables (DHTs). They play an important role in the development
of some large-scale distributed systems; see [30] and [32] for a more detailed presentation.

Failures of disks occur naturally randomly; these events are quite rare, but, given the large
number of nodes in these distributed systems, this is not a negligible phenomenon at the level
of the network. If, for a short period of time, several of the servers break down, it may happen
that files will be lost for good because all the available copies were on these servers and because
the recovery procedure was not completed before the last copy disappeared. When designing
such a system, it is therefore desirable to find a convenient duplication policy and to design the
system so that a copy of each file exists for as long as possible. The natural critical parameters
of the network are the failure rates of the servers, the bandwidth allocated to duplication, the
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number of files, and the number of servers. The ratio of the two last quantities is a measure
of the storage capacity of the system. It is important to understand the impact of each of these
parameters on the efficiency of the storage system.

1.2. Literature

This network can be seen as a classical set of queues with breakdowns. Numerous stochastic
models of such systems have been investigated in the literature; see Chapter 6 of [21] for example
and the references therein. Related models include queues with retrial and queues with servers
of walking types; see [2] and [10]. For most of the systems analyzed, there are, in general,
one or two nodes that are subject to breakdown. A queueing analysis is generally done in
this context: convergence in distribution of the associated Markov model and analysis of the
distributions of the availability of the system, of the delays, and of the queue sizes. There
are very few stochastic models that can be used to investigate the performance of DHTs; the
existing models describe the evolution of the number of copies of a single file. See [5], [27],
and [28]; see also [13]. In most of these studies the interaction between different files, due to
the bandwidth sharing limitations, has not really been considered, except through simulations.
The purpose of this paper is to investigate the impact of this interaction. We consider a large
system, i.e. a large number of files, instead of a small number of elements, which is a natural
consideration for current distributed systems.

1.3. The stochastic model

We consider the following simple model. A file can have at most two copies, with the total
bandwidth allocated to file duplication given by AN for A > 0 and N € N. If at some moment
there are x > 1 files with exactly one copy, a new copy of each of these files is created at rate
AN /x. It is assumed that initially Fy files are present in the system with two copies and each
copy of a file disappears at rate . Recall that a file with O copies is lost. It will be assumed
that the total number of files Fy is proportional to N, i.e. that Fy /N converges to some 8 > 0.
Clearly, this system is transient and the empty state, i.e. all files are lost, is an absorbing state.
The aim of this paper is to describe the decay of the network, i.e. how the set of lost files
increases. For § > 0, there exists some finite random instant T (§) such that [§N | files are
lost after time Ty (). In this paper we investigate the order of magnitude in N of the variables
Tn(8) as N becomes large, and the role of the parameters A, u, and g in these asymptotics.

1.4. Modeling issues

As will be seen, one of the conclusions of this analysis is that if the parameters A, ©, and 8
of the network are properly dimensioned, then the system remains for a long period of time in
a kind of stationary state where only a few files are permanently lost. Curiously, this important
property does not seem to have been explicitly investigated by the designers of algorithms for
these storage systems, even if it was probably suspected. In general, algorithms are evaluated
experimentally with an overloaded initial state so that a significant fraction of files is lost at
the start. The ‘best’ algorithm is that which loses files less rapidly; see [23] for example.
These experimental simulations are conducted for a limited period of time, e.g. several weeks,
during which there is a sharp degradation, indicating that the decay to the empty state follows.
However, as will be seen with a simple model, this is misleading; there is a stabilization of the
network and this is why it makes sense to design such systems.

In order to concentrate on these stability properties, we neglect some other important issues
concerning these storage systems. We review some of them.
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Fixed set of files. In practice, new files arrive that have to be stored and duplicated. Initially, a
large number of files need to be stored and we study the conditions under which this initial set of
files can be preserved for some period of time. In the case of a Markovian model with arrivals,
one could consider the associated invariant distribution. This has been done, partially, in the
literature. In our opinion such a study would perhaps miss the interesting transient properties
which are exhibited here.

Capacity for duplication. 1f there are N servers, each with an available bandwidth A to duplicate
files, then the maximal capacity for duplication is A N. The model described above has therefore
an optimal use of the duplication mechanism since the maximal duplication capacity is always
available. For this reason, this model provides upper bounds on the optimal performance of
such a system. In particular, for any duplication mechanism, after a duration of time with the
same distribution as Ty (), at least [§ N ] files will be lost for good.

Homogeneity. In our study all files have the same loss rate, which is unlikely in practice since
the storage servers may have different reliability characteristics. To extend our results, we could
describe the state of the systems by adding a variable to indicate the loss rate of a given copy.
However, we work in a homogeneous framework for simplicity.

1.5. Time scales of transient Markov processes

If, fori € {0,1,2}, X lN (t) denotes the number of files with i copies in the network, then,
under Poisson assumptions for failures and duplication processes, (X (])V 1), X {V (t)) isclearly a
finite Markov process with (Fy, 0) as an absorbing state. Contrary to the abovementioned
works, there is clearly no question of equilibrium here since the system dies at (Fy, 0).
A possible approach to investigate the decay of such a system is to consider the associated
quasistationary distributions of the Markov process; see [6] and [11] for example. It would
give adescription of the system conditionally on the event that only a fraction of the files has been
lost. It is in general expressed in terms of the spectral characteristics of the jump matrix. For
this reason, an explicit description of these distributions is quite rare outside one-dimensional
birth-and-death processes. In this paper, different time scales will be used to investigate the
qualitative behavior of these transient processes. Times scales can be thought of as ‘lenses’.

We show that a stochastic averaging principle (SAP) occurs for this transient process; roughly
speaking, its dynamics depend on two components, one evolving over a fast time scale and
the other evolving over a slower time scale. See [25, Chapters 9 and 10] for an elementary
introduction, and also [17] and [14]. This phenomenon is known to occur for the classical
example of loss networks. In this case the vector of the number of free places of the congested
links is the fast component; see [20] and [18]. Outside this class of network, there are currently
few examples of stochastic networks for which such a SAP occurs. See [12] and [26] for
recent examples of SAPs. In our case a SAP occurs as follows: under the stability condition
A > 2PBv, the transition rates associated with exactly one copy are proportional to N so that it is
instantaneously at its equilibrium depending on the current fraction of lost files. The number of
lost files increases at a bounded rate; hence, the process evolves on a much slower time scale.
This intuitive phenomenon requires some technical steps to be established rigorously. In this
paper, a martingale approach is used to tackle the technical intricacies. See Theorem 4 and the
discussion following its proof.

1.6. Outline of the paper

In Section 2 we introduce the Markov process investigated and its corresponding martingale
representation.
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In Section 3 we study a fluid picture of the network, i.e. the limit of the sequence of processes
(X(’)V (t)/N, X {V (t)/N). We show in Theorem 1 that its limit, the solution of an ordinary
differential equation, is not trivial when & < 2u8 and is (0, 0) when A > 2uB. The storage
system is therefore properly designed when A > 2u8; otherwise, it is inefficient since it loses
a significant number of files from the start.

Section 4 is devoted to the critical case A = 2. In Theorem 2 we show that the sequence
of processes (X(’)V )/ VN, X {V )/ VN) converges in distribution and that its limit can be
expressed in terms of a non-Markovian one-dimensional process, which is the solution of
an unusual stochastic differential equation with reflection at 0.

In Section 5 we investigate the stable case A > 2. We show that the capacity of the system
remains intact at the normal time scale: for + > 0, in Theorem 3 we prove that the variable
(X(’)V (t)) converges in distribution to a Poisson process. Only a finite number of files is lost as
N goes to 00.

The main result of the paper, Theorem 4 describes on the time scale t — Nt the transience
of the Markov process: a fraction () N of the files is lost, where ¥/ (¢) is the solution of some
fixed-point equation. Consequently, + — Nt is a convenient time scale to use to observe the
degradation of the storage system. In this case a stochastic averaging principle holds: around
time Nt there is a local equilibrium for which (8 — ¥ (¢)) N files are still available.

The proof of the convergence results uses an extension of the classical Skorokhod problem
proposed in [1]. The necessary material is gathered in Appendix A to keep the paper self-
contained.

2. The stochastic model

Recall that Fy is the total number of distinct files initially present in the network, and that
X {V (t) and X(I)V () are respectively the number of files with one copy at time ¢ and the number
of lost files at time ¢. The number Xév (t) of files with two copies at time ¢ is defined by
XY@y =Fy - X)) — xV@).

We assume the initial state

XY ), XY ©0)) = (0,0),

and that all files initially have two copies. The copy of a file is lost with rate 4 and, conditionally
on X {V (t) = x, a file with only one copy gets an additional copy with rate AN /x. All events
are supposed to occur after an exponentially distributed time. Under these assumptions,
(X)) = (Xév 1), X{V(Z)) is a Markov process on the state space

8 = {x = (x0, x1) € N*: xo +x1 < Fy};

as mentioned above, under these assumptions, the state (Fy, 0) is an absorbing point of the
process XN @)).
For x € N2, the Q-matrix QN = (gN (-, ) of the process (X (1)) is defined by

g™ (x, x +er) = 2u(Fy — xo — x1), (1a)
qN(x,x—el) = AN 15,50}, (1b)
g" (x.x —e1 + eo) = pxi, (Ic)
with eg = (1, 0) and e; = (0, 1). We assume that
NEIEOO% =5

and define p = A/pu.
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The stochastic differential equations associated with this transient Markov process can be
written as

FN
xY @) =xY ) + Z/O L < x gy Mo (o), 2)
i=1
t Pyt
N N
xV@) = xN0) —/O LN (=) Nan (du) _21:/0 1 < ey M (d)
=

Fy
+Zf0 Vi< by =X ()= XY () Mo, (A1), 3)
i=1

where (N, ;) and (M, ;) are two independent sequences of independent and identically
distributed Poisson processes with respective parameters p and 24, and -V, y is an independent
Poisson process with parameter AN. For the ith file having only one copy, the integrand on the
right-hand side of (2) corresponds to its definitive loss and the second term on the right-hand
side of (3) is associated with its duplication. The last term of (3) represents the loss of a copy
of a file with two copies.

Relation (2) can be rewritten as

t
x) @) = x{ o)+ M/o XV (u) du + MY 1), )

where (M(])V (t)) is the martingale defined by

+00
MY @) = Z/O 1 < xf ey [ Vi (i) — pedu].
i=1
Its increasing process is given by

(M () = /Ot XY () du.
Since X {V (u) < Fy, there exists some constant Cy such that
E(Mg' (1)%) = E(Mg (1)) < CoNt
holds forallt > Qand N > 1.
Similarly, if f is in C.(N), the set of functions with finite support on N, (3) gives

t
FXV®) = FXV0) + /O FXY @) — D) — FXY @)X ) du

t N N
+N/ Q[% — W}(]‘)(X{V(u))du + MY (@), (5)
0

where, for y > 0, Q[y] is the functional operator defined by
QIYIH() =2uy(f(x +1) = () + A0 (f(x — D) — f(x), x €N,
and (M lN (#)) is a martingale such that, for some constant C1,
E(M (%) < CIN| flloo,y?
holds forall t > 0 and N > 1, where || f|loo, Fy = max{|f(x)|: 0 <x < Fy,}.
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3. Fluid limits

In this section we prove that a significant fraction of files is lost quickly if the network is not
correctly dimensioned. When the ratio p = A/ is less than 28, for a large N, the fraction of
files with two copies at time ¢, (Fy — X(I)V (t) — X{V(t))/N, is close to p/2 if ¢ is large enough.
Consequently, (8 — p/2)N files are lost and the network stabilizes for a subset of files with
two copies whose cardinality is of the order p/2.

When p = 28, this is the critical case which is analyzed in Section 4, where we prove that
the number of lost files is of the order v/N. When p > 28, the proportion of lost files is 0 at
the fluid level. This case is investigated in Section 5.

Theorem 1. (Fluid equations.) If limy_. 4100 FN/N = B then the sequence of processes
(Xév (t)/N, X{V (t)/N) converges in distribution to

[(B—Lp)(1 —2e7H 4 e7241), 28 — p)(e™™ —e )] if p <28,
0,00 ifp>28.

Proof. Equations (4) and (5), with the function f = Id on [0, Fy], can be written as

Xy (1) _ EXY (w) s M (1)

= , 6)
N o N N
XN '(F xN xN rxN MN (¢
1()=2,U«/<_N_ L)+ Ow))du—kt—,u/ l(u)du+ 1@
N o \N N o N N
t
1 [ egrmop dn ™

Doob’s inequality and the bounds on the second moments of the associated martingales show
that, fori =0, 1 and ¢ > 0,

MmN 1 Cit
P( sup ) ‘9) = _]E(M 0 < 55
0<s<t N ¢

Therefore, the two sequences of processes (Mév (t)/N)and (M {v (t)/N) converge in distribution
to 0 uniformly on compact sets.

ForT > 0,8 > 0, and i = 0, 1, define w N(cS) to be the modulus of continuity of the
process (X N (1)) on the interval [0, T]: Xi

wiy () = sup EAOED IO (8)

0<s=<t<T, |t—s|<$

Using the fact that, for some constant C, X lN (t) < Fy <CN forall N € Nandr > 0, it
follows from the above equations and the convergence of the martingales to O that, for any
& > 0 and n > 0, there exists § > 0 such that the relation IP’(w)T(_N (8) = n) < & holds for all V.

The above implies that the sequence of stochastic processes [(Xév (t)/N, X {V (t)/N) is tight.
See [3, Theorem 15.1] for example. We denote by (xo(z), x1(¢)) a limiting value for some
subsequence (Ng). From (6), we obtain the relation

t
xo(t) = ,ufo x1(u) du.
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Define

t N N N
Z8 0 =M/ <2]I\’;N 3 3X11v(u) B ZXON(u))du M4 MlT(f) ©)
0

Equation (7) can also be interpreted as the unique solution

xN@ !
xY @), RY (1) := < IN( ),,\/0 Lix¥ =0y du) (10)

of the Skorokhod problem associated with the process (Z” (¢)). See Appendix A for a definition.
The sequence (Z Ne (1)) converges in distribution and, by the continuous mapping theorem,

lim (ZM @) = y(t)
k— 400

t
= ,u/ 2B —2x0(u) — 3x1(u))du — At
0

t
= (ZMﬂ—k)t—u/O (3x1(u)+2u/0

As the solutions of Skorokhod problems are continuous with respect to the process (ZV (1))
(see Appendix D of [31] for example), (X ]ZV 1), RIZV (t)) converges in distribution to the solution
(xy(t), ry(2)) of the Skorokhod problem associated with (y(¢)). Since x,(t) = x1(t) and
y(#) = F(x1)(r) with

u

xl(v)dv> du. (11)

u

t
F@® = up~nr = [ (3x00+20 x(v)dv) du,
0 0

the process (x1(¢)) is therefore the first coordinate of the solution of the generalized Skorokhod
problem associated with the functional F'. See Appendix A. Proposition 3 shows that such a
solution exists and is unique. This implies that there is a unique, deterministic limiting value for
the sequence (X (])V (t)/N, X {V (t)/N). Itis easy to check that the explicit expressions for (xo(#))
and (x1(¢)) given in the statement of the theorem are indeed the solutions of the generalized
Skorokhod problem. The convergence in distribution is therefore established.

4. The critical case

To complete the picture of the overloaded network p < 28, we consider the critical case
p = 2B. As will be seen, the convergence result can be expressed in terms of a reflected
stochastic differential equation. In Appendix A we present the corresponding definition, and a
result of existence and uniqueness.

Theorem 2. Let )/ = 28,

I L (Fy— N2 /i eR im X1 O
im —— —N=) = r , im =y,
yim TN N > y  for somey yim y
and X(I)V (0) = 0. Then the relation

X)) XY@

t
i () = (e ym o)

holds for the convergence in distribution, where (Y (t)) is the solution starting at y of the
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stochastic differential equation
1
dY (r) =\/2)LdB(t)+u<2y —3Y(t)—2u/ Y(u)du) dt (12)
0
reflected at 0, i.e. with the constraint that Y (t) > 0 for all t > 0. The process (B(t)) is a

standard Brownian motion on R.

The solution of stochastic differential equation (12) is non-Markovian due to the integral
term in the drift.

Proof of Theorem 2. Equations (4) and (5), with the function f = Id on [0, Fy], can be

written as
N t N N
XV = X\O/g) :,,Lfo X\l/%) du + Mjﬁm, (13)
. X7 (1)
xN@) = «I/N
XN (0) /f( XY (u) X{)V(u)> /, XV () MY ()
=——="+2 - ) du - d
N NI T )M T W T
t
+x«/ﬁ/0 1 )0y At (14)

with yy = (Fy — Np/2)/~/N. With the same notation as used in Section 2, the martingales
(MY (1)) and (M} (1)) are given by

“+o00 t
N
M() ) = 21/0 l{iixgv(u_)}[d\f#’i(du) — pdu],
1=
+00 L
MY = Z/O L < Py XY o= x (umyy [ N2 (i) — 2 du] — M (1)
i=1

t
- [) I{Xf’(u)>0}[e/\/AN(dM) — AN du].

Their increasing processes are given by

[dp)o=s

1 t(Fy XV XN 1
<ﬁva>(t) = 2#/0 (WN - % — %) du + <WM(§V>U)

"X ()

du,

t
—i—X/(; I{X{V(u)>0} du.

The last term on the right-hand side of the above equation is (RY (1)), defined as in (10). It is
the second component of the solution to the Skorokhod problem associated with the process
(ZN (1)) of (9). The sequence of processes (Z" (1)) converges to (y(¢)) defined in (11). In this
case (y(t)) is identically 0O; the solution of the corresponding Skorokhod problem associated
with (y(z)) is therefore (0, 0). The continuity properties of the solutions of the Skorokhod
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problem imply that the process (R™(r)) converges to 0. Consequently, by Theorem 1 we
obtain the convergence in distribution

t
N1—1>I-ri-100</0 Lix¥ =0 d”) =0,
and, therefore,

1 1
li —mY =0 and i —MN = 2At1.
Niri‘oo«m 0 >(”> an Ni‘i‘oo«ﬁ 1 >(”> t
We deduce that (va ) = (_va (t)/«/ﬁ) convergesto (v/21B(t))), where (B(t)) isastandard
Brownian motion, and that (M(I)V (1)) = (Mév / VN ) convergesto 0. See [9, Theorem 1.4, p. 339]

for example.
We now prove that the processes

_ xN @) _ xN@)
X ) :=( \O/N ) and (XY (1)) :=( \I/N )

are tight. If (h(¢)) is a function on R, we define

Il = sup |h(s)]

0<s<t

and let w;,(~) be the modulus of continuity of 4 defined in (8). Equation (13) gives, for
0<tr<T,

t
v N TN v N
1 oo < 192 oo +u/0 1ZV ooww it

Equation (14) shows that (X ]\}N @/ V/'N) is the first coordinate of the solution of the Skorokhod
problem associated with (Z{" (¢)) defined by

XV (u) ng(u)> MY ()
2 d ,
VN * VN ! VN

with yy = X {V (0)/+/N. Using the explicit representation of the solution of a Skorokhod
problem in dimension 1, we have

t
A0) :=yzv+u/0 <2VN—3

IXV lloor <21ZN ooy for0 <t <T;

see Appendix D of [31] for example. Then
- - t —_ —_
IX Voo <298 +4uynT + 20MY oo + 4uf UX oo + 11X lloo,u) du
0

t
<UNT)+ @+ MT)M/ XY Nloo.u du,
0

with UN(T) := 2yn +4uynT + 21 M lloo,7 + 4uTIIM lloo,7-
It follows from Gronwall’s inequality that the relation || X {V loos < U N(T) exp((4+uT)ut)
holds for 0 < ¢ < T, and, consequently,

I XV loo.r < nTUN (T DM 1 MY oo 7.

The convergence of martingales shows that the two sequences of random variables (U™ (T))
and ||Mév lloo,7 converge in distribution. Consequently, for ¢ > 0, there exists some K > 0
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such that, fori =0, 1andall N > 0,
PUIX oo > K) < e.
If n > 0, there exist No and sufficiently small § such that, for all N > Nj,
28T (yy + 2K) < g and  Pwhy =) <.

The last relation follows from the fact that the sequence (M IN (t)) converges in distribution to
a continuous process. We finally obtain

P(w)y(8) 2 m) < PQuSTIyy + 1X0 oo + 1XY o] + 0y @) 2 m)
< PUIXY oot = K) + PUIXY lloo7 = K) +P(w§-41N ®) = g)
< 3e.

The sequence (ZN (t)) is therefore tight. By continuity of the solution of the Skorokhod
problem, the same property holds for (X} N(t)/~/N) and, consequently, for (X Nt/ N).
Let (Yo(z), Y1(2)) be a limit of the subsequence [(X|, "(t)/«/ . X, k(t)/«/ ©]. By (13)

and (14), we find that
Ni t
X] () / )
, AN 1 _o du
( /Ny , X1 @=0)

converges in distribution to the solution of the Skorokhod problem associated with the process

t u
(y—i-\/ﬁB(t)—i—u/ (2)/ —3Y1(u)—2u/ Yl(v)dv) du).
0 0

‘We conclude that (Y7 (¢)) is the solution of the generalized Skorokhod problem for the functional
F defined by

t u
F(h)(t) = y +v2AB() + u/ (2y — 3h(u) — 2#/ h(v) dv) du
0 0

Proposition 3 shows that there is a unique solution (Y(¢)) and, consequently, a unique limit
(Yo(2), Y1(2)). This completes the proof of the theorem.
5. The time scales of the stable network

The asymptotic properties of the network are investigated under the condition p = A/u >
2. In Section 3 we showed that in this case the system is stable at the fluid level, i.e. that the
fraction of lost files is 0. Of course, this does not change the fact that the system is still transient
with the absorbing state (Fu, 0). To understand how the system reaches this state, we must
consider the following three interesting time scales.

e The slow time scale: t — ¢/N.
e The normal time scale: ¢ — ¢.

e The linear time scale: t — Nt.
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We successively investigate each of these time scales in this section. The following elementary
lemma will be used throughout the section.

Lemma 1. If p = A/ > 28 forany By > B suchthat A/ju > 280, € >0,n>0,and T > 0,
there exists No € N such that

(1) (coupling) there exists a probability space where the relation
xN(t) < Lgy(Nt) forallt >0

holds for all N > No and t > 0, where (Lg,(t)) is the process of the number of
customers in an ergodic M /M /1 queue with arrival rate 2jufo and service rate A, with
initial condition Lg,(0) = X {V (0,

(ii) the relation

1 tN
IP’[ sup —/ Lg,(u)du > n} <e
o<sa<t N Jsn

[t—s|<6

holds.
Proof. There exist some By > B and Nyp > 1 such that A > 2fpu and Fy < Npfy for
N > Ny. It is enough to take the M/M/1 queue with arrival rate 214 and service rate A.

Denote by + the event on the left-hand side of the relation in (ii). If, for x € N, 7, denotes
the hitting time of x by the process (Lg, (1)), for § < %, we have

P(4) < P(tyn) < NT).

By ergodicity of this process and Proposition 5.11 of [31] for example, there exist some 0 <
a < 1 such that the sequence (oY 7,|) converges in distribution. The right-hand side of the
above relation is thus arbitrarily small as N becomes large.

5.1. The slow time scale

A description of the asymptotic behavior for the slow time scale is briefly presented. The
following proposition shows in particular that, on the slow time scale, with probability 1, no
file is lost in the limit.

Proposition 1. The sequence of processes (X(I)v (t/N), X {v (t/N)) converges in distribution to
the process (0, Lg(t)), where (Lg(t)) is the process of the number of jobs in an M/M/I queue
with arrival rate 2B and service rate ).

Proof. From (1), we can see that the Q-matrix of the process on the slow time scale
(Xév(t/N), X{V(t/N)) has the following asymptotic expansion:
1
g™ (x,x +en) = 2p (Fy = x0 —x1) = 2uB,
gV (x,x —e1) = Ay, ~0),

N X1
q (X,X—€1+€O)ZMN—>0-

For T > 0, the above lemma shows that, for sufficiently large K, (X {V (t/N)) is bounded by
K on the time interval [0, T'] with high probability and for any N > 0. In particular, for
sufficiently large M, the number of jumps of the process (X {V (t/N), 0 <t < T)is less than

https://doi.org/10.1239/aap/1401369705 Published online by Cambridge University Press


https://doi.org/10.1239/aap/1401369705

Scaling analysis of a transient stochastic network 527

M with high probability for all N. The convergence of the successive instants of jumps is then
a direct consequence of the convergence of the Q-matrix. The convergence of the processes
on the time interval [0, T'] follows from the definition of the metrics defining the Skorokhod
topology on right-continuous functions with left limits. See [9, Proposition 5.2] for example.

5.2. The normal time scale

We show that, on the normal time scale, the stability does not only hold on the fluid level:
almost surely, there is a finite number of losses in any finite time interval; more precisely, losses
occur as a Poisson process (see Theorem 3). The capacity AN of the network is thus able to
maintain an almost complete set of files. The following proposition shows in particular that the
number of definitive losses at time ¢ > 0 is finite with a Poisson distribution.

Theorem 3. If p = A/ > 28,

(1) the sequence of processes (X (1)\7 (t)) converges in distribution to a Poisson point process
on Ry with rate 2uB/(p — 28),

(i) fort > 0, as N goes to 0o, the random variable X {V (t) converges in distribution to a
geometric distribution with parameter 28/ p.

The second convergence is for the marginal distribution of (X {V (s)) at time ¢t. One cannot
expect a convergence in distribution of the sequence of processes (X f’ (t)). Indeed, since the
sequence of processes (X {V (t/N)) converges in distribution to the law of the M/M/1 process
(Lg(1)) for 0 < s < t, the distributions of (XY (s), XV (r)) and (Lg(Ns), Lg(Nt)) are close.
Between times Ns and N, the M/M/1 ‘forgets’ its location at time Ns (just because it hits O
with probability 1), so when N goes to oo, the pair (X {V (s), X {V (#)) converges in distribution
to the distribution of two independent geometric distributions.

Proof of Theorem 3. Define

t
nn (1) :=/0 XV (u) du.

For 0 <s <t, Lemma 1 gives

t t 1 Nt
(@) —nn(s) = / X{V(u) du < / Lg,(Nu)du = —/ Lg,(u) du.
s s N Ns
It follows from the criteria of the modulus of continuity and Lemma 1 that the sequence of
processes (" (1)) is tight. The above inequality and the ergodic theorem applied to the ergodic
Markov process (L g, (1)) also show that, almost surely,

! 2

lim sup/ XN () du < ho_, (15)
N—+400J0 0 =280

For fixed T > 0 and K > 0,

T K K
P(X{(T) = K) < P(u/ XY ) = 3) +1P(MON(T) > 7)
0

T T
<Pl x¥w=E )+ LZe(n [ xVwau).
o ! 2 K2 0o !
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We can thus choose K so that IP’(X(I)V(T) > K) < ¢ holds for N > Ny for some Ny € N. As in
the proof of Lemma 1, for § > 0, there exist some Nj € N such that if N > N then

IP’( sup L (s) > 8N> <e.
0<s<T

In the same way as in the proof of Lemma 1, we can construct an M/M/1 process ZN (1))
whose arrival and service rates are respectively

and such that, on the event

A = {X(’)V(T)fK, sup Lﬂo(t)S(SN},
0<t<NT

the relation X {V (#) > ZN(Nt) holds for all + < T. Hence, almost surely,

Nt
liminf »™ (#) > lim inf B ZN (u)du = Mz (16)
N—+00 N—+o0o N Jo p—2(B—96)
holds on A 7. By setting Sp equal to 8 in (15) and § equal to O in (16), it follows that the variable
n™ (t) converges almost surely to ot with @ = 284/(p — 28). Consequently, the tightness of
the sequence of processes (¥ (t)) implies that it converges in distribution to (at).
Note that # — X (I)V (#) can also be seen as a point process with jumps of size 1. By (4),

t
(xgv(t) _H/o X{V(u)du)

is a martingale with respect to the natural filtration of the associated Poisson processes. The
random measure

t
AN(0,1]) = p /0 X7 () du

is a compensator of the point process r > X (I)V (1); see [19]. It has therefore been shown that the
sequence of compensators converges to the deterministic measure o dx. Theorem 5.1 of [19],
see also [4], gives the convergence in distribution of (X(I)V (t)) to a Poisson process with rate «.

In a similar way as in the proof of Proposition 1, through the convergence of the Q-matrix,
the asymptotic distribution of X {V (t) can easily be obtained by conditioning on the event
{X(j)V (t) < K} for large K and by using arbitrarily close M/M/1 processes at equilibrium as
upper and lower stochastic bounds for X {V (). We omit the details.

5.3. The linear time scale t — N¢

On the linear time scale, we will show that a fraction W (¢) of the files is lost at time . That
is, the linear time scale gives a picture of the decay of the network. In the following, for a
nonnegative measure A on some space H and a nonnegative measurable function f on H, the
classical notation (A, f) will denote the integration of f with respect to the measure A.
For N > 1, the random measure py on N x Ry is defined as, for a measurable function
g:NxRy — Ry,
g = [ s o

Ry
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Note that if g(x, t) = h(x) 1jo,71(¢) for T > O then

dr.

NT
A LixNy=x)

1
(1w, g) = thﬁ/

xeN

Consequently, (uy) is a relatively compact sequence of random Radon measures on N x R ;
see [7, Theorem 3.7.1, p. 56] for example. Note that the measure identically null can be a
possible limit of this sequence.

In the following we fix (Vi) such that (1, ) is a converging subsequence whose limit is v.
By taking a convenient probability space, we can assume that the convergence of (u,) holds
almost surely for the weak convergence of Radon measures.

Since, for N > 1, uy is absolutely continuous with respect to the product of the counting
measure on N and Lebesgue measure on R, the same property holds for the limiting measure v.
Let (x, ) — m:(x) denote its (random) density. We note that a version of ; (x) can be chosen
such that the map (w, x, t) — m;(x)(w) on the product of the probability space and N x R is
measurable by taking m;(x) as a limit of measurable maps:

1

m(x) = limsup —v({x} x [¢, t + s]).
s—0 S

See Chapter 8 of [33] for example.

Proposition 2. For the convergence in distribution of continuous processes,

li E ™My i) = ) = -
kl‘lloo<ﬁkf0 M (u) u)—( () = (ufo (s 1) u)

where I (x) = x for x € N. Moreover, almost surely, for all t > 0,

t
/ m,(N)du =t.
0

The latter relation is crucial, as it shows that the masses of the measures uy, for k > 1 do
not vanish at co. This property is sometimes absent from the proofs of SAPs, but is nevertheless
essential to identify m,, as an invariant distribution of a Markov process.

Proof of Proposition 2. The criteria of the modulus of continuity is used to prove the

tightness of
W[V
Py()) = (N/ X1 () du).
0

By Lemma 1,

Nt

m N m N2t
Yy(t) — Py(s) = ﬁ/ X (u)ydu < m/]\ﬂs Lg,(u)du.

Ns
As in the proof of Theorem 3, we conclude that the sequence of processes (Wy (7)) is tight.

For K > 0 and r+ > 0, the almost-sure convergence of the measures (uy,) gives the
convergence

Nt

1 t
lim — X{Vk(u)l[o,,q(xf’k(u))du=/ (7, I, k) du,
k—+oo Ni Jo 0
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where I (x) = x. By again using Lemma 1 we obtain

1 Nit Ne 1 Nkzl
_ <
Ne /0 X" (u) I{Xivk(u)zK} du < N]? /0 Lg,(u) I{LﬂO(M)EK} du,

and the ergodic theorem applied to (L g, (t)) shows that the last quantity converges in distribution
to

(tE(L gy (00) 114, (00)=K 1))

where Lg,(o0) is the limit in distribution of (Lg,(¢)), a geometrically distributed random
variable. For ¢ > 0, K is chosen sufficiently large so that the last quantity is less than &/2;
consequently, if k is large enough, we have

1

Nt I
— X5 u) 1 du <.
Nk/o U sy du =€

We deduce that (W (¢)) is the only possible limiting process for (W, (¢)). This proves the first
part of the proposition.
For K > 1, the convergence of (uy,) gives the relation

) 1 Nit t
kgr-ir-looﬁk_/o L <y G = v(10. K1 10.1]) _/0 7,(10, K1) dut.

By again using the stochastic domination for an ergodic M/M/1 queue,

1 Nt 1 Nt
J— <
Ny ‘/(; I{Lﬂo(u)fK} du = N /0 l{Xivk(u)SK} du.

Letting k go to oo, we obtain, almost surely,

t t
(P(Ly(00) < K) < f ([0, K1) dut < f 10 (N) du.
0 0

If K goes to oo, the relation
t
/ ws(N)ds =t
0

holds for all ¢ € N and, consequently, for all # > 0. This completes the proof.

Theorem 4. (Rate of decay of the network.) If p = A/u > 28 then, as N goes to 0o, the
process (Xév (Nt)/N) converges to (V¥ (1)), where \V (¢) is the unique solution y € [0, B] of the

equation
p/2
<l - Z) T =1,
p

Fort > 0, the process (X {V (Nt 4+ u), u > 0) converges in distribution to the stationary process
of the number of jobs in an M/M/1 queue with service rate A and arrival rate 2 (8 — W(t)).

It is easily seen that the asymptotic expansion W (¢) — 8 ~ Bexp(—2(8 + ut)/p) holds as
t goes to 0o. The last part of the theorem states that, ‘around’ time N¢, the process X {V has a
local equilibrium.
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Proof of Theorem 4. Equation (5) gives, for f € C.(N),
FXY(ND) = f(X7 () — M} (ND)

13 t
=N2/0 Q[YN(u)](f)(X{V(Nu))du+uN/O AKX (NuD XY (Nuy du,  (17)

where, using (4),

Fy XN(N MY (N Nu

YN(M)=—N— l( u)_ 0( M)_ﬁf X{V(v)dv,

N N N N Jo

and A7 (f)(x) = (f(x —1) — f(x)) 1z>1;. The bound on the increasing process of the
martingale (M;\j 1)) at the end of Section 2, Doob’s inequality, and Lemma 1 show that
the sequence of processes

] t
(m[f(X{V (ND)—f (XY (0))—M P, (Nt)—pN /0 (A~ (NHXY (Nu) XY (Nu)duD

converges to 0 for the topology of the uniform norm on compact sets.
By Lemma 1, we obtain
XN (Nu) - Lg,(N%u)
N - N ’
hence, the sequence of processes (X {V (Nu)/N) converges in distribution to 0.
The bound on the increasing process and Proposition 2 show that the sequence of processes
(Yn, (2)) converges in distribution to (8 — W(¢)). We deduce from (17) that the sequence of
processes

t
</0 Qp - \I’(u)](f)(Xin(Nku))du) = (/N o ]Q[ﬂ — V)] (x)un, (dx, du))
x [0,

converges to 0.
The convergence of the (wy,) and Proposition 2 therefore show that, almost surely, the
relations

t t
/ (mu, QLB —VY@)](f))du =0 and / T, (N)du =1t
0 0

hold for all # > 0 and all functions f € C.(N). Note that we have used the fact that C.(N) has
a countable dense subset for the uniform norm.
If A is the subset of all real numbers u > 0 such that either of the relations

T, (N) # 1, (7w, QLB — Ww)1(f)) #0  forsome f € C.(N) (18)

holds, then the Lebesgue measure of A is 0. Hence, if u ¢ A then 7, (N) = 1 and (7, Q[B8—
W(u)](f)) = 0forall f € C.(N). Since Q[ — W(u)] is the infinitesimal generator of an
M/M/1 queue with arrival rate 24 (8 — W (u)) and service rate A, i, is a geometric distribution
on N with parameter 2u (8 — W (u))/X.

From Proposition 2, for ¢t > 0,

C2u(B — W)
W(t) = w, 1) du = d
®=p /[o,,M(” du = g /0 »—2u— W)~

Straightforward calculus gives the relation

B - w(u))P/zeW(M) — ﬂp/Zef/m‘
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Since 28 < p, itis easy to check that there is a unique W (1) < g satisfying the above equation.
This completes the proof.

Corollary 1 below on the asymptotic behavior of Ty (§), the first time when a fraction § of
the files has been lost, follows directly from Theorem 4.

Corollary 1. If p = X/ > 2B then, for N > 1 and § € (0, 1),
Tn(8) = inf{t > 0: X} (t) > 8 Fn).

For the convergence in distribution,

lim O _ l<—£1og(1 —5) —5,6).
" 2

N—+oco N

5.4. SAP
The quantity used to establish the theorem concerning the rate of decay of the network is

1 Nt t
—/ XV () du =/ XV (Nu) du,
N Jo 0

which is the average of lost files on [0, N¢] scaled by N. If at ‘time’ Nu the number of remaining
files (i.e. those not lost) is N (8 — ¥ (u)), the process (X{V (Nu 4+ v), v > 0) isanergodic M/M/1
queue with input rate 2 (8 — ¥ (1)) and service rate A. The m,, of Proposition 2 is therefore
the geometric distribution with parameter 2 (8 — ¥ (1))/A. The local equilibrium of (X f’ )
determines the evolution of the process X (I)V on the time scale 1 — Nt.

This SAP phenomenon is already well known in the framework of deterministic dynamical
systems; see [15]. In a stochastic context, an additional difficulty, sometimes neglected or
underestimated in the literature, is of controlling the regularity properties of a family of invariant
distributions indexed by the state of the slow process. This can be done through a kind of
uniform control of some ergodic averages (see [14]) or by using a martingale representation of
the associated Markov processes and a convenient Lyapunov function (see [24]). See also [22].
In any case, there are several delicate technical issues to address: a convenient tightness result
for a set of random measures and the rate of convergence of ergodic averages. In our case this
is obtained in Proposition 2 as a consequence of a simple monotonicity property.

Appendix A. Generalized Skorokhod problems

For the sake of self-containedness, in this section we briefly present the more or less classical
material necessary to state and prove the convergence results used in this paper. The general
theme concerns the rigorous definition of the solution of a stochastic differential equation
constrained to stay in some domain, and also the proof of the existence and uniqueness of such
a solution. See [1], [8], and [34], and [16] and [35] for the multidimensional context, and [29]
for the more general context. See Appendix D of [31] for a brief account.

We first recall the classical definition of the Skorokhod problem. If (Z(z)) is some function
of the set D (R, R) of cadlag functions defined on R, the pair of functions [(X (¢)), (R(?))]
is said to be a solution of the Skorokhod problem associated with (Z(¢)) whenever

1. X(¢) =Z(t)+ R() forallt > 0,
2. X(t) > 0forallt >0,
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3. t = R(t) is nondecreasing, R(0) = 0, and
/ X(@)dR(t) =0.
Ry
The generalization used in this paper corresponds to the case when (Z(¢)) is itself a functional

of (X (1)).

Definition 1. (Generalized Skorokhod problem.) If G: D(R4+, R) - DR, R) is a Borelian
function, ((X (¢)), (R(¢))) is a solution of the generalized Skorokhod problem (GSP) associated
with G if ((X(¢)), (R(¢))) is the solution of the Skorokhod problem associated with G (X); in
particular, for all r > 0,

X(t)=G(X)()+ R(t) and / X(t)dR() = 0.
Ry

The classical Skorokhod problem described above corresponds to the case when the functional
G is constant and equal to (Z(¢)). If we take

t

t
Gx)() =/ G(X(u))dB(u)+/ 8(x(u)) du,
0 0

where (B(t)) is a standard Brownian motion and ¢ and § are Lipschitz functions on R, the
first coordinate (X (#)) of a possible solution to the corresponding GSP can be described as the
solution of the stochastic differential equation

dX (@) =0(X(@)dB(t) +6(X (1)) dt
reflected at O.

Proposition 3. If G: DR, R) — DRy, R) is such that, for any T > 0, there exists a
constant Ct such that, for all (x(t)) € DR, R)and0 <t < T,

t
sup |G(x)(s) = G()(s)| = CT/ lx () — y(u)| du, (19)
0<s<t 0

then there exists a unique solution to the GSP associated with the functional G and the matrix P.

Proof. Define the sequence (X (#)) by induction: (X%), R9(r)) = 0 and, for N > 1,
(XN+1 RN+1y s the solution of the Skorokhod problem (SP) associated with G (X Ny, in
particular,

XNy = cxM @) + RN (1)  and / XN w)ydrN ) = 0.
Ry

The existence of such a solution is guaranteed as well as the Lipschitz property of the solutions
of a classical SP (see Proposition D.4 of [31]); this gives the existence of some constant K7
such that, forall N > 1and 0 <t < T,

XN — XMoo < K2 IGXN) = GXN D loo s,

where ||h||co,7 = sup{|ha(s)|: 0 < s < T}. From (19), this implies that

t
N+1 N N N—1
nX*'—X|sza/nX — XV Moo, du,
0
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with « = K7 Cr. The iteration of the last relation yields the inequality
N,N—1

x N+ _ N <
I I = =

t
fuxwwwmu 0<t<T.
0

We conclude that the sequence (X (f)) converges uniformly on compact sets and, consequently,
so does the sequence (R™(¢)). Let (X(r)) and (R(¢)) be the limit of these sequences. By
continuity of the SP, the pair ((X (¢)), (R(¢))) is the solution of the SP associated with G(X),
and, hence, a solution of the GSP associated with G.

Uniqueness. Let (Y (¢)) be another solution of the GSP associated with G. In the same way
as before, we obtain, by induction, for0 <7 < T,

(()lt)N t
1X = Ylloos = — A X = Ylloo,u du.

Letting N go to oo, we conclude that X = Y. This completes the proof.
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