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Abstract

In this paper, we aim to investigate the fluid model associated with an open large-scale storage network of non-
reliable file servers with finite capacity, where new files can be added, and a file with only one copy can be lost or
duplicated. The Skorokhod problem with oblique reflection in a bounded convex domain is used to identify the fluid
limits. This analysis involves three regimes: the under-loaded, the critically loaded, and the overloaded regimes.
The overloaded regime is of particular importance. To identify the fluid limits, new martingales are derived, and
an averaging principle is established. This paper extends the results of El Kharroubi and El Masmari [7].

1. Introduction

In this paper, we are concerned with an open large-scale storage system with non-reliable file servers in
a communication network. The overall storage capacity is assumed to be limited.

In the network considered, servers can break down randomly and 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. In order
to ensure persistence, a duplication mechanism of files to other servers is then performed. The goal is
for each file to have at least one copy available on one of the servers as long as possible. Furthermore,
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.

In the system considered here, if there is enough storage capacity, a file with one copy can be dupli-
cated on the other servers aiming to guarantee persistence in the system and new files can be admitted
to the system for storage, each with two copies, otherwise, if capacity does not allow the new files are
rejected and the duplication is blocked.

The natural critical parameters of the network are (N, uy, Ay, €y, Fy) where N is the number of
servers, uy is the failure rates of servers, Ay the bandwidth allocated to files duplication, &y is the
bandwidth allocated to new files admission and Fy the total storage capacity. In this paper, it will be
assumed that the total capacity F is proportional to N, that is

lim — =5 ey
B is the average storage capacity per server, and that the parameters &y, uy, Ay are given by

AN =AN, uy=u, and &y =§¢EN

for some positive real constants A, & and u.
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The evolution in time of the number of files having one copy and files having two copies is modeled
by two sequences of stochastic processes which are solutions of some stochastic differential equations
with reflecting boundary. In order to study the qualitative behavior of the system, these stochastic pro-
cesses are renormalized by a scaling parameter N. The resulting renormalized processes are the unique
solution of a Skorokhod problem involving a sequence of random measures induced by the process
describing the free capacity. Our main result shows that, as the scaling parameter goes to infinity, the
sequence of renormalized processes is relatively compact in the space of R?-valued right continuous
functions on R, with left limits and the limit of any convergent subsequence is the unique solution of
a given deterministic dynamical system with reflections at the boundary of a bounded convex subset of
R? (Theorem 3.2). Without reflections at the boundary, this dynamical system admits a unique equilib-
rium point. According to the position of this equilibrium point, three possible regimes can therefore be
derived: the under-loaded, the overloaded, and the critically loaded regime.

In the under-loaded regime, the probability of saturation of the system is small, and one can suppose
that the capacity of the system is infinite and in this case the fluid limits are explicitly identified in El
Kharroubi and E1 Masmari [7].

In the overloaded regime, the capacity Fy is reached in a finite time. In order to identify the fluid
limits, exponential martingales are constructed which are useful in studying the limiting hitting time.
Furthermore, the analysis involves a stochastic averaging principle with an underlying ergodic Markov
process.

In the critically loaded regime, a probabilistic study of fluctuations of the processes around the
equilibrium point gives the convergence to a reflected diffusion.

Large-scale storage networks of non-reliable file servers with duplication mechanism have been stud-
ied in many papers, see for example, Ramabhadran and Pasquale [12], Picconi, Baynat, and Sens [9],
Picconi et al. [10], Li, Ma, and Ma [11], and Aghajani, Robert, and Sun [1] where the impact of differ-
ent replicating functionalities in a distributed system on its reliability is investigated using the theory of
Markov processes. The present paper is one of the research articles on the stochastic analysis of unreli-
able storage systems with duplication mechanisms. The series of articles on this type of research began
with the fundamental paper Feuillet and Robert [3], in which the authors investigated the evolution of
a closed loss storage system and employed different time scales to provide an asymptotic description
of the network’s decay. This work was generalized in Sun, Feuillet, and Robert [14], where the total
number of replicas allowed for any file was assumed to be any integer d.

Within the same context, a recent paper El Kharroubi and El Masmari [7] investigated the storage
system of non-reliable file servers with the duplication policy as an open network due to the newly
added transition of admitting new files to the system. The asymptotic behavior of the system is stud-
ied under a fluid level, and the explicit expression of the associated fluid limits is obtained by solving
a Skorokhod problem in the orthant R]. Nevertheless, in El Kharroubi and El Masmari [7] capac-
ity of the system is assumed to be infinite. And in order to give a complete description of a storage
network with loss, duplication, and admitting policies which is of real use in practice, in this paper,
capacity of the system is assumed to be finite and the asymptotic behavior of the system is also stud-
ied under a fluid level. The associated fluid limits are solutions of a Skorokhod problem in a given
bounded convex domain in R2. Unfortunately, the resolution of the obtained Skorokhod problem is
more complex due to the introduction of the process describing the free capacity of the system noted

(m" (1)).

Outline of the paper

Section 2 introduces the stochastic model considered and establishes the stochastic evolution equa-
tions of the Markov processes investigated. In Section 3, the link between the fluid equations and the
Skorokhod problem is established. It is shown in Theorem 3.2 that the sequence of the scaled processes
converges in distribution to a deterministic function, which is the unique solution of a given Skorokhod
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problem. The under-loaded regime and the critically loaded regimes are studied in Sections 4 and 6. In
Section 5, the overloaded regime is investigated.

2. Stochastic model

In this paper, we consider a large-scale storage system that consists of N servers in a communication
network. Let F be the total number of files that can be stored in these servers. It will be assumed that
Fy is finite. The file storage system operates as follows: As long as the storage capacity is not exceeded
new files can be admitted and files with one copy can be duplicated.

For i € {1,2}, XIN (1) denotes the number of files with i copies present in the network at time ¢
and (Xo(¢)) denotes the number of files lost for good. Let (n7" () be the number of free places in the
network at time ¢ > 0. The sequence of the processes (m" (1)) is defined on N = N U {+co} and is given
by

m (t) = Fy = 2X) (1) = XY (1) 2

The file duplication and admitting policies can be described as follows : conditionally on
(X{V(t),XéV(t)) = (x1,x2) with x; > 0 and 2x; + x; < Fy, a file with one copy gets an additional copy
with rate % If mM (¢) > 2, new files can be stored with rate £N. Copies of files disappear independently
at rate u. If the last replica of a given file is lost before being repaired, the file is then definitively lost.

All events are supposed to occur after an exponentially distributed time. The admitting, failure, and
duplication processes are then independent Poisson processes. The process XV (¢) = (X{V (t),XéV (1)) is
then a Markov process on the state space

DN = {(x1,x2) € N2 | 2% +x1 < Fy}

For (x1,x7) € N? the Q-matrix OV = (¢V(.,.)) of (XN (¢)) is given by

(0’ l) fNﬂ {X]+2X2<FN—1}
(1,-1) 24

(_17 1) /]'Nﬂ {x1>0,x1+2x,<Fn }
(_170) HX1

(€)

(x1,x2) — (x1,x2) +

2.1. Stochastic differential equations

The evolution equations associated to the Markov processes (X(I)V (1)), (lev (¢)) and (XéV (7)) are given

by:
+00 t
X(l)v(t) = Xév(()) + Z‘/O\ “{ZSX{V(M_)}Nﬂ7l(du) (4)
i=1
N N '
Xy = X7 (0) - /0 T ()02 (u y+x? () <oy y N aw (de) &)

+00 t
- Z/o ﬂ{isxf’(u‘)}NH,i(du)
i=1

+00 t
* Z:‘/o T (iext ey Nowi (du).
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t
0O = O+ [ g -y Nev(dn) ®)

+00 t
- Z./o “{isxg’(u—)}-/\/zp,i(du)
i=1

t
+ ‘/0]]{Xf’(u*)>O,2XQ’(u*)+X{V(u*)<FN}N/1N(du)

where (N,,;) denotes an i.i.d sequence of Poisson processes with parameter @. All the sequences of

Poisson processes are assumed to be independent. And x(u™) = lgrbli x(s)
s<u
The equations (5) and (6) can be rewritten as

XV (1) = XY (0) + MY (1) — ‘/OIX{V(u)du +2u /Otxgv(u)du (7)

t
_/lN./o T XY (um)>0.2¢Y (um )4XN (um ) <Fy } A1

XY (1) = XY (0) + MY (1) - 2 /0 txgv (u)du (8)

t
+§N/O T ax (um )X () <y -1y M
t
+/1N‘/0 ﬂ{X{V(u’)>0,2X£V(u’)+XiV(u’)<FN}du

where (MY (1)) and (M) (1)) are martingales associated to Markov processes (XV (1)) and (X} (1))
(see[13] pp 348) given by :

+00 t
lev(t) = ZA 1{isXéV(u*)} [Nzﬂ,i(du) — 2udu)
pas
t
‘/0 T (u)>0.2X0 (1)+xY (1) <y [N aw (du) = ANdu] ©

+00 t
i=1

t
MY (1) = /o T X (w)4XY (u) <Fy -1} [Nen(du) — ENdu]
t
+/0 T (u)>0.2XY (1) +xY (u) <y [N aw (du) = ANdu]— (10)

+00 t
-3 /0 1 et ) s (di) = 2pu]
i=1
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The predictable increasing processes associated to the martingales (Mf’ (¢)) and (Mév (1)) are,
respectively, given by

t t
(MY (1) = 2u / XY (wydu + p / XN (u)du
° 0 11
+/lN/0 ]]{X{V(u)>o,2x§(u)+x{v(u)<FN}d“

t t
(M) (1) = fN/ T oX (u)4x () <Fy 1) 40 + 2#/ XY (u)du
0 0 (12)

t
+ /lN‘/O XN ()0, 2% ()Y (u) <y ) A
3. Fluid equations and Skorokhod problem
Let S be the convex domain in R? given by
S={(x1,x) € R2|x1 >0,x > 0,20 +x1 < B}

and D(R,,R?) the space of R2-valued right continuous functions on R, with left limits. Let Mpa(R)
be the space of m x n matrices over R.

In this paper, we consider the following Skorokhod problem in the convex domain S. Let 6 €
Myi(R), A € Mjya(R) and R € Mjys(R). Let v be the measure on [0,+co[XN satisfying
v([0,¢] x N) =¢forall ¢t > 0.

Definition 3.1. The couple of functions z € D(R,R?)  andy € D(R,,R?) with z(0) € S, is called
the solution of the Skorokhod problem associated with the data (0,v,A,R,S) and the function

x(t) =z(0) +0 + V(¢,T) + /tAz(s)ds (13)
0

where for T in a o-algebra B(N)

v = (V(ZOF))

if the three following conditions hold :
(1)
t
z2(t) =z(0) + 0 + V(¢,T) + / Az(s)ds + Ry(t) (14)
0

(2) z(t) e Sforallt > 0

(3) fori=1,2the componenty; ofthe functiony are non-decreasing functions with y;(0) = 0, and for
t>0

t
Y1(I)=/O Tz (5)=03@y1(s) (15)
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t
)’2(f)=/0‘ V(250,21 (5)4222 (5)=By Y2 (8) (16)

Ifz € D(R,,RY)  andy € D(R,,R?) with z(0) € S is a solution of the above Skorokhod problem
then the function z = (z(¢)) has the following properties. First z behaves on the interior of the set S like
a solution of the following ordinary differential equation

x(t) =x(0)+ 0t +V(1,T) + /tAx(s)ds (17)
0

And second, z is reflected instantaneously at the boundaries (0S); = {x; = 0} and (085); = {x; +2x; =
S} of the set S. The direction of the reflection on the boundary (9S); is the first column vector of the
reflection matrix R and the direction of reflection on (dS); is the second column vector the matrix R.
See for example, Tanaka[15].

3.1. Fluid equations

If (XN (1)) is a sequence of processes, one defines the renormalized sequence of processes of (X" (t))
by

XN([) déf XN(t)

,fort >0

From equations (2), (7), (8) one gets the fluid stochastic differential equations associated with the
sequence of processes (XV (1)) and (X} (1))
t
XV (1) =XV (0) + MY (1) — At - u/ XV (u)du
t ‘ 13
+2u /0 XY (u)du + 2 /0 T (1) >0um¥ (u)=0y 4 (18)

t
+/l‘/0 ﬂ{)‘(f/(u):()}du

t
XN (1) =XV (0) + MY (1) + (1 + &)t — 2 / X (u)du
0
t t
_5/0 1]{mN(u)gl}d“_/l‘/o TR () >0.m¥ (1) =0y AU (19)

t
_/1/0 Uy =0y du

The process (m"(f)) evolves on a very rapid time-scale compared with the process X" (¢) =
(Xiv (t),f(év (7)). One can see that, while the velocity of the process ()_(N(t)) is of the order O(1), the
velocity of the process (n" (¢)) is much faster than ()_(N(t)) and is of the order O(N).
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We consider as in Hunt and Kurtz [5] the random measure vV on [0, +co[xN defined by

t
VN((O, t) X F) = A ﬂ{mN(u)Er}du

7

(20)

forallz € [0,+oo[ andI"ina o--algebra B (N). Note that the measure vV satisfies the condition vV (0, £)x
N) = 1. There is a subsequence of the sequence (v") that converges in distribution to random measure v
satisfying v((0, t) x N) = . (see Hunt and Kurtz [5] for more details). In terms of the random measure

ol equations (18), (19) becomes

t
XV (1) =XV (0) + MY (1) = At — /O XV (u)du
t N t
+ 2/1[ X2 (M)du + /1‘/0 ﬂ{)’({\/(u)>0’mN(”):0}du

t

XY (6) =X5 (0) + MY (t) + (A + €)t — 2u /t)_(g’(u)du
0
— fVN([O, [] X {0, 1}) - /l‘/o' H{X{V(u)>0’mN(u):0}dM

t
‘/1/0 Vxy =0y du

The above equations can be rewritten in the matrix form as follows:
XN(1) = XV (0) + MM (1) + 16 — VN (1,{0,1})

+ /0 IAXN (s)ds + RY" (1)

where

; V) - L0
XN = (Xi"(t) MY (1) = (M’(y(z)

7= -1 A= |H 2u R= A A
&+1)’ 0 —2ul’ -1 -A

Y (1,10.1}) = (VN

0
([0,2] x {0, 1})

1
YN(t):( , Jo Vi -0y )
/o “{Xf’<u)>o,mN(u)=0}d”

ey

(22)

(23)

As illustrated in Figure 1 the couple of processes (X" (7)) and (Y"(¢)) can be interpreted as the

solution of the Skorokhod problem associated with data (6, vW,A,R,S) and
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2.5
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Figure 1. Simulation of the process ()_(Ilv(t),)_(lzv(t)) in the convex S

V(@) = XN (0) + MY (1) + 10 — EVV (1, T) + / ZAXN (s5)ds (24)
0

The following graphic illustrates the simulation for the process (X (¢), X2 (7)), and it has been shown
that the process (X (z)) is well reflected at the boundary (8S); and the process (X|(z) + 2(X2(1))) is
reflected at the boundary (9S)5;.

In the next theorem, we prove the relative compactness of the sequence of processes

()_(N(.), YN(), VN(.)) in D(R,, R?)x M (R xN). Where M (R, xN) is the space of Radon measures
onR; x N,

Theorem 3.2 Suppose that

Jim (%)(0.%5(0)) = (x1.3) €8,

the sequence (YN(.),YN(.),VN(.)) is then relatively compact in D(R.,R3) and the limit

(x(.),¥(.),v(.)) of any convergent subsequence satisfies:

t

x1(2) = x —/lt—/l/OIX1(S)dS+2,u'/O x2(s)ds

(25)
+ /1/ (2, (5)>03 {0y () v(ds X du) + Ay1(2)
[0,/]xN
t
x(t) =xp + (A + &)t - Zu/ x2(s)ds — Ev([0,¢] x {0,1})
’ (26)

- /1/ 12 (5)>0) Tgoy () v(ds X du) — Ay (1)
[0,/]xN
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where the function y; is a non-decreasing function with y,(0) = 0, and fort > 0

t
y1(t)=/0 1z (5)=01dy1(5)

MY (1) MY (1) L
Lemma 3.3. The sequences of processes (T) o and (T) o converge in distribution to 0
t> t>

uniformly on compact sets.

Proof. Doob’s inequalities show that, for e >0 and ¢t > 0

v

N S
P(Osgthi () e) < SN (1)

From equations (11), (12) one gets

E((MY)(1)) < uFy + ANt
E((MY)(1)) < pFy + (A +&)Nt

MY (1) MY (1) . e
Then from (1) the sequences of processes ( S ) o and ( 5 ) o converge in distribution to 0
> >

uniformly on any bounded time interval. O
Proof. proof of Theorem 3.2 First, we prove the relative compactness of the process

XN (1)

XNy =2
(1) X0

For this we prove separately that(}_(zlV (¢)) and ()_(12\/ (1)) are tight.
For T > 0,6 > 0 we denote by ng((S) the modulus of continuity of the function g on [0, T]:

wy (6) = sup lg(1) — g(s)] (28)

0<s<t<T,|t-s|<S

The equation (21) shows that the processes ()_(Ilv(t), YN(1)) with YN(r) = 2 foz T x¥ =0y du) is the
unique solution of the Skorokhod problem associated to the process

—N —N —N r N =N
V0 =X+ 1) (0 - s [ 20 - X) W)
0 (29)
+ /l/ T,V (>0 140} (VN (ds x dy)
[0,/ xN

By using explicit representation of the solution of the Skorokhod in dimension 1, see El Karoui and
Chaleyat-Maurel [6], one has

—N def —N —N
X1 lloos = sup X7 ()] < 2[[V |loo,s

0<s<t
and
—N
YV (O] < NIV ooy
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By equation (29), one gets that
IV} leos < X1 (O))]+ 241 + 1 /0 R s
+2p /0 R sl + 17, s

and using inequalities given above,

=N =N -
||X1 ”oo,t < 2|X1 (0)' +4/lt+2/,l/ ||X1 ||oo,5ds
0

r N —N
+ a4y /O 1T lewsds + 210 1o

— — —N —N —N
X5 [leor < X7 (0)] + X5 (0)] + (44 +38)t + |[M) oo + M ||eos

t t
y /0 X oo + 4y /0 1 o uds

Then
X} lloos + 1% oo < HY (T) + 84 /0 IR s + I )
with
HY (1) = 31X} ()] + X5 (0)] + 82+ 3&)T +3IM) lloo.r + 175 lloor
Gronwall’s lemma gives that the relation
X3 Nl + 1% llooy < HY (T)eb

holds for all € [0, T']. The convergence of martingales and of |)_(]lv 0)], |)_(12V (0)| shows that the sequence
(HN(T)) converges in distribution. Consequently for € > 0, there exists some C > 0 such that fori = 1,2
andallN e N

—N —N
P (1%} llss + 1% ooy > €) < e
If 7 > 0O, there exists N1 and 6 > 0 such that for all N > N,

S(A+4uC) <

N3

and

r > 1 <
P(wM,lv(é) > 2) <e
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One gets finally

—N —N n
P (w@ () 2 n) < P (226 + 208 (1% lloir + %2 o) > )
1

+P(w:/l,lv((5) > g) < 3e

Consequently the sequence (Vllv(t)) is tight and by continuity of the solution of the Skorokhod

problem in dimension 1 the sequences ()_(Ilv (¢)) and (I_/ZIV(I)) are tight, see Billingsley [8].
From equation ((22)) one gets for s < ¢ :

X () - XY (9)] < (/1+§)(t—S)+2u/ XY ()ldu+ (725 (1) — 3 (s)]

+(Q2A+E) (=) + YN () =YV (5)

and

P (w)T(g,((S) > n) <P (wzg,(é) > 77/3) +P (wlT/{V(é) > 77/3) 0
+ P (208]1%) Nl + 522+ 36) 2 1/3)

There exists N| > 0 such that §(2uC - ¢) < € and

sy s !
]P(wMg,(é) > 3) <e

and

and, consequently
P (a)TN 0) = 77) < 3e
X

=N . .
The sequence X, is therefore tight.
It remains to prove the relative compactness of the sequence of random measures vV on [0, +co[xN.
Since forall N and all t > 0

YN([0,1[xN) = ¢

The result is given in Hunt and Kurtz [17] Lemma 1.3. O
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Remark 3.4. The dynamical system associated to the equations given in (25) and (26) are given by

xi()= x1—At—pu /Otxl (s)ds +2u fot x2(s)ds + Ay (1)
0= x+@+O-2u [ x(s)ds - yi (1)

The unique solution of this reflected ordinary differential equations noted x(t) = (x1(¢),x2(?)) is

given by

(1) If (x1,x) € S US,, then forall ¢ > 0,

/l+2 A+
xi (1) = (x1 +2xp — é:) eH — (sz - _f) e M 4 ¢
K H

A+ A+
x (1) = Are, (xz - —5) e 2K
2u 2u

2) If (x1,x2) € 83, x1 =0, then

E( o 2
01 ()= = (e 1) et (1)

A - -7
XQ(Z‘) = (x2 +§t) 1][0’.,1]([) + (Z + % (1 —-e 2u(t 1))) H[Tl,+m[(t)
(A = 2uxy)t — pér (4 - 2uxy)?
n(n = - Mo @+ e MmO
where 11 = A;Z/gz_
With
A+2E A+E

51 = {(Xl,x2) es | (x1 +2x2 - T)(sz —

)so}

A+2 A
52={(x1,x2)eS|x1+2xz> hl g, j<2x2}

u

A+2 A
S3={(x1,x2)€S|x1+2x2< A f, j>2x2}

u

&1y

(32)

(33)

(34)

See (4) for the explicit solution to the reflected ODE obtained above. This dynamical system admits

a unique equilibrium point
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Figure 2. Simulation of the process (X1 (1), X»(t)) with respect to the boundary (8S)»

(é ﬁ)
uo2u

Thus, according to the position of this equilibrium point in the convex set S, three possible regimes can
be considered. Let
def A +2€
7

The under-loaded regime (p < B), the critically loaded regime (p = ) and the overloaded regime
(p > B). Each of the aforementioned regimes will be developed in detail in the next sections.

4. The under-loaded regime

Throughout this section, we assume that the condition

o <p (35)

holds.

In the Under-loaded regime, the equilibrium point p is less than 3, and the figure below, fig. 2,
illustrates the stabilization of the process (X;(¢), X2 (7)) at the equilibrium point and never reaches the
boundary (9S);.

Let (X{V (¢)) and (XéV (7)) the processes given, respectively, by equations (7) and (8). Recall that
(XiV (1) +X§’ (2)) is the process describing the total number of files that are present in the system at time
t. Let (ZV (1)) be the process given by

XN (1) +2X) (1) = Np

VN

The Q-matrix OV = (¢"(.,.)) of the Markov process (X{V(t),XéV(t), ZN (1)) is defined by;

ZN(1) = (36)
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X1 +2x3 —Np

VN

For (x1,x2) € DN and z =

2
(O’ 1, \/_N) é:Nﬂ {Z<FN7‘/}T;1_NP}

(17 _17_#) ZIJXZ

(x1,%2,2) — (X1,X2,2) + |
(-1,1, ) Nt

(37

{x1>0,z< % —Np}

(_1’ 0’_#) #xl

and the generator of (XY (1), X} (1), Z" (1)) is given by,

2
N _ _
AN f(x1,x2,2) = gN‘“{Z<FN*\/1%P*|}[f(xlax2 +1z+ \/N) f(x1,x2,2)]
1
+ANH{X]>O,Z<FN%vp}[f(x1 —lLx+1,z+ —N) —f(x1,x2,2)]
1
+uxi[f(x1 = 1,x2,2 = —=) = f(x1,%2,2)]
VN

1
+2uxa[f(x1+ 1, x0 — 1,z — —) —f(x1,x2,2)]
VN :

For any function f depending only on the third variable z, i.e.,
flxi,x2,2) =g(z) VY (x1,x) € N? with x; >0

for some twice differentiable function g on R one gets

A8 =ENT e le(e+ =) = 5(2)

1
+ AN1 (et [g(z+ W) -g(2)]

+ 1(VNz + Np)[g(z - %) 5]

Fy—Np—1 Fy-N,
N—INP and N-INP

Remark that condition (35) implies that terms N W

converges to

converge to +oo. Thus the generator

—uzg' (2) + (A1 +36)g"(2)  z€eR

when N — +oo, which is the generator of an Ornstein—Uhlenbeck process with variance converges to
%. By results given in Ethier and Kurtz [2] one can see that for some positive constant « the process
(XY (1) + 2X) (1)) lives in [Np — aN,Np + aN] c [0,Nf] and the probability of saturation of the
system is therefore small. In the under-loaded regime one can suppose that the capacity of the system
is infinite, i.e., F)y = +co. In this case, the complete study of the process (XIIV (t),XéV (#)) is made in the
article El Kharroubi and El Masmari [7].
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Figure 3. Simulation of the process (X1 (1), X»(t)) with respect to the boundary (8S)»

5. The overloaded regime

Throughout this section, we assume that the condition

p>p (38)

holds.

In the Overloaded regime, the equilibrium point p exceeds S, and the figure below, fig. 3, illus-
trates that the process (X (), X»(r)) being constrained by the boundary (4S), and never reaching the
equilibrium point.

the Q-matrix QV = (¢"(.,.)) and the generator of the Markov process
XN (t/N), X,V (t/N), m" (t/N)) are given by,

@V ((x1,x2,m), (x| — L,xp,m+1) = %,uxl

@V ((x1,x0,m), (x; + L,xy — I,m+1) = I%,yxz

g ((x1,x0,m), (x1 = Lxa+ Lm—1) = Ay, 50 , m>1)
gV ((x1,x2,m), (x1,x0 + 1,m = 2) = €120y

1
ANSf(x1,x,m) = N,uxl [f(xr = Lxp,m+ 1) = f(x1,x2,m)]

2
+ N/,txz [+ Lxy=1,m+1)—f(x1,x2,m)]

+/lﬂ{x1>0 N FN—(ng+x1)Zl}[f(xl - 1,x2 + l’m - 1) _f(x19~x27m)]
+EV(py— ot 22y [f (X1, 20 + 1,m = 2) = f(x1, x2,m)]

For any function f depending only on the third variable m, i.e.,

F(xi,x0,m) = g(m) ¥ (x1,x2) € N?
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for some function g on N one gets

FN—m

(g(m+1) — g(m))

+/U]{x1>0 ,m>1} [g(m - 1) - g(m)]
+ &V m22y[g(m = 2) — g(m)]

Ang(m) = u

This generator converges to

Ag(m) = uB (g(m+1) — g(m))
+ Ay s0m=1y [g(m — 1) — g(m)]
+ &N oy [g(m = 2) — g(m)]

Thus, for any x = (x1,x2) € N* XN, this is the generator of the Markov process (m(z)) with transitions

+1 up
m-—m+y -1 A sy 39)

-2 é:]] {m=>2}

Proposition 5.1. Under the condition (38), the process (m(t)) has a unique invariant distribution r,
its generating function g(u) = Y, m(n)u" is given by, foru € [-1,1]
n>0

g(u) = [(Au+ & +u)m(0) +&£(1 + wun(1)] (40)

—pB+ A+ Eu+é
Where (7(0), (1)) are given by

(1 +y)(A+28 - pup)
7(0) = =
(A+28)(1 +y.) = 2upBy.

(41)

—UB +A+2¢ _A+2§7r

7)== 2%

(0) (42)

with

RS e (C R T

’ 2up

Proof. The existence and uniqueness of the stationary distribution is a simple consequence of Foster’s
criterion. See Proposition 8.14 of Robert [13]. For u € [—1, 1], define

g(u) = Y m(myu"

nz0
The equilibrium equation
DB (f(m+ 1) = f(m)) + AT (150 w1y (F(m = 1) = f (m))
m=0 (43)

+ & oy (f(m =2) = f(m))]x(m) =0
for f (m) = u™, gives the following relation
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g(u) (B (u = 1) + Au =) + £(1 = u?)) = Au = )7 (0) + £(1 = ) (7(0) + ur (1))
Let
Pu) E —pfi + (A + Eu+ €
then we have

P(u)g(u) = (A +&)u+&)n(0) +&(1 + uun (1)) (44)

Note that P(=1) = —(u8+ 1) < 0, P(0) = & and P(1) = —ufB + A + 2¢ > 0 by Condition (38). The
function P(u) has a unique root in[—1, 1] and it is necessarily y..
We have therefore that y. is a root of the RHS of the Relation (44), hence

pByim(0) + &y, (1 +y)7(1) =0
and the relation g(1) = 1 gives the additional identity

A+2¢ (0)+ﬂ(1):/1+2§—,u/§

2 2%

The proposition is proved. o

5.1. Fluid limits

Our aim in this section is to identify the limit of the renormalized processes ()_(f’ (¢)) and ()_(év (1)) given,
respectively, by equations (18) and (19). We assume that

Jim (%02 0) = 1.0 “)

and we successively study the cases where (x1, x;) is chosen inside the set S and the case where (x1, x7)
lies on the boundary (9S),.

5.1.1. Starting from the interior of S

Let T{V be the hitting time
TV =inf{t > 0 | m" (t) € {0, 1}}

Note that before time 77 the Markov process (X (r), X (1)) coincides with the Markov process
describing the storage process with infinite capacity (Fy = +00).

The Proposition 5.4 proves the convergence in distribution of the hitting time va . The proof of this
result is inspired by the study of M/M /N /N queue ( see Robert [13] and Fricker, Robert, and Tibi [4]).
Let ¢% be the function on R* defined by

0e(1) = e (p + & ok
2u

for c € R*, N € N*.
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Lemma 5.2. Let v = (1,2). The function

ge :(t,w) € RY XN* X N — (1 + cel)" e N0

where Vew=w + 2wy

is space-time harmonic with respect to the Q-matrix Q given in (4) with Fy = +o0. In other words

0
(’9gtc (t,w) + Q(go)(t,w) =0, forallt € R* and for all w € N* x N

Proof. Fort € R, andw € N* XN

0gc
ot

(t,x) = €_¢<‘(’)ce“’[v cwu(1+ ce;u)v-w—l

- (/IN +ENQ2+ ce’“’))(l + ce’”)v'w]

on other hand
0(ge)(t,w) = 0(gc(1,.)) (w)

is given by

(1+ ce#t)v-W+le—¢c(t) -1+ Ceﬂt)v'we_¢c(t)]

O(gc) (1, w) = AN

+ v w| (1 +cet)y ™ lem P _ (] 4 ety e ()]

+EN[(1 +cet) ™" 2e=?(D _ (1 4 ce"’)v'we—‘bf(’)]

— e_¢c(t)

(A+ §)N((1 +cet)™M - (1+ ce‘”)v'w)
+uv - w((l ety (14 ce’”)v'w)

+ §N((1 +cet) 2 - (14 ce#’)V'W“”
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= e %) [—v cwepet (1 + cett)r !

+ cet! (/lN +EN(2+ ce”’)) 1+ ce’”)v‘w]

0gc

"o (&) O
Proposition 5.3.
(1) Forc € R* and N € N* the process
(8ct.X" @) (46)
is a martingale.
(2) For N € N* the following processes are martingales.
(e (v XV (1) - Np)) (47)
(e"‘“f ((V~XN(I) -Np)?—v- X" —N%)) (48)

Proof.

(1) By Lemma 5.2 the function (f,w) — g.(z,w) is space-time harmonic for the Q-matrix Q given

in ((4)) with Fy = +oo. Since t — %g;‘ is continuous, then the process (g.(¢, X" (¢)) is a local

martingale (See Corollary B.5 in Robert [13]). Furthermore, for t € R*,

v~XN(t) < (2X§V(O) +X{V(0)) + 2N, (10, 1]) + N3, (10, 7])
one gets for ¢ > 0,

E( sup |g (1, X" (1)]) < +oo

0<s<t

Thus the process (g.(¢, X" (¢)) is a martingale (see proposition A.7 in Robert [13]).
(2) Let ¥ be the function on R* x N defined by

NE
W(x,2) = (1 +x)%eNPre "

Note that
W(cet,v- XN (1) = ge (1, XN (1))

and therefore (W(cet!,v - XV (1)) is a martingale. On other hand, it is well known that

Z xn
e NPY(1 4+ x)7 = Z Can(z);

n>0
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where C,],Vp (z) is the nth Poisson-Charlier polynomial (see Chihara [16]). Hence, the expansion of
¥(x,z) is given by

Y(x,z) = Z

n>0

k=0

Z Y, (z)bk) (49)

where b1 = 0 and by = (—%)

Replacing in (49) x and z by ce*’ and v - XV (), respectively, one gets that for any n € N*,

( ”“’(Z NS XN<r>>bk>)
is a martingale. In particular for n =1 and n =2 one gets that the processes
(e (v XV (1) - Np))
and
(62"”(\1 XN@)-Np)? —v-XV(1) - 12\1_5))
are martingales. o

Proposition 5.4. if Conditions (38) and (45) hold with x| +2x, < 3 then the hitting time T{V converges
in distribution to Ty where

1 (/l+2§-‘—u(x1+2x2)) (50)

To = —log =
H A+2¢—pup

Proof. We assume that Conditions (38) and (45) hold with x; + 2x, < f3. Doob’s optional stopping
Theorem applied to the martingale given in (47) and to T{V show that the process

(e’”ATlN [v-XN@ATY) - Np])
is a martingale. Thus, the following equality holds
E(e“”\T{V [Np XN A T{V)]) =Np —v-X"(0)
Since v- XN(t ATV) < Fy — 1, one gets that,

(142N — v - XV(0)

E ATy
) < 2o — v a

By letting ¢ go to infinity, monotone convergence Theorem shows that

A+2¢—pv-XN(0)

]E(e"TlN) <
A+26—pth 4 &
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And that implies uniform integrability of the martingale
E(e*" T (v XV (1 ATV) = pN))

One gets therefore the following identity

A+26—uv-XN(0
B(enTly = 4426~ uv XT(O) (51)
/l+2§—,u%’+1%

Doob’s optional stopping theorem applied again to the martingale given by (48) and to the stopping
time T{V shows that the process

&N

AN (v XN (e ATY) = N2 = v XN (e A TY) -

is a martingale. Since v - XV (1 A T{V) < Fy — 1,NB < Np and NB = Fy one could then use the same
arguments used above to get the following identity

N(v-XN(0) - p)? =v-XV(0) - £

-1 -1
N - BT 2

E(eHT) =

(52)

One then deduces that var(e”TlN) = O(1/N) and the Tchebychev inequality implies that, for € > 0,

uTy
P(|etTY —E(e*T1)| > €) < le)’
€
Hence, using the identity given by (51), the sequence (T{V ) converges in probability to 7. O

Theorem 5.5 If Conditions (38) and (45) hold with x| +2x, < 8 and x> > % Then for the convergence
in distribution,

Jim (X7 (0.3 (0osr<n, = E1 (0. % (Dosi<ry

with (X1(t), X2 (2)) are given in (31).
Note that at time Ty, the fluid limit (X, (t), X(t)) hits the boundary (8S),, i.e., X1 (To) +2%2(To) = B.

Proof. We assume that Conditions (38) and (45) hold with x; +2x, < § and x, > % By Theorem 3.2
the sequence

(X" @. v, )
is relatively compact in D(R,, R?) and the limit (x(.), y(.), v(.)) of any convergent subsequence satisfies

forallt > O:

t

t
x1(t) =x; — At - ,u/ x1(s)ds + Zp/ xo(s)ds
0 0 (53)

+/1/ ﬂ{xl (S)>0}1]{0}(u)v(ds><du) +/ly1(t)
[0,/]xN
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x(t) =x+A+Et-2u /txz(S)dS = év([0,1] x{0,1})
0
(54)
- /1/ 12, (5)>0) Tgoy (w)v(ds X du) — Ay (1)
[0,/]xN

The condition x; > ’12+—§ implies that the function y; (z) = 0 for all # > 0 (see Theorem 2 in El Kharroubi

and El Masmari [7]). Thus, it is sufficient to show that for all t < T,
v([0,7] x{0,1}) =0

Let us first recall that,
N t
v ((0,1) x{0,1}) =/0 T (wyeqo,13ydu

and that the increasing sequence of hitting times (T{V ) converges in probability to 7. For any t < T
and for any € >0

P{sup v ((0,5) x {0,1}) = €} <P{ sup v"((0,5) x {0,1}) > €}

s<t sSIATY

+P{ sup VY ((0,5) x {0,1}) > €}

T{VSSSI

The first term of the RHS of the above Inequality is equal to zero. Since for T{V <s<t

T{V s
vN((0,5) x{0,1}) = /0 TN (wyeqo,1yydu + /TN T (wyeqo,1}ydu

i
STO—T{V

P{supv" ((0,5) x {0,1}) > e} < P{|T" - Ty| 2 €}

s<t

Thus,

lim P{supv" ((0,s) x{0,1}) > €} =0
N—+0c0 <t

]

Application 1 : In that case, simulations have shown that if one assumes that if the system starts
from the interior of the domain S, x| + 2x; < 3, the storage system before T{V behaves like the system
with infinite capacity, and the processes (XéV (1), (X{v (1)) and (XZZV (#)) in the finite capacity case are
close to the processes (X(IJV (1)), (leV (¢)) and (Xév (#)) without constraints on the boundary F. And the

better choice of parameters that guarantees reliability remains the same as in the infinite capacity case
before T,

A+2 A+
S3={(x1,x2)eS|x1+2x2< ¢ , —§>2x2}

7

The graphs below illustrate the closeness of the processes with finite capacity, represented by the color
red, and those with infinite capacity, represented by the color blue in figs. 4a), 4b and 4c)
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Figure 4. Comparison between the stochastic processes in the finite and infinite case before va .a) The
stochastic processes (X(])V (1)) in the finite and infinite case. b) The stochastic processes (Xf’ (1)) in the
finite and infinite case. c) The stochastic processes (Xév (1)) in the finite and infinite case.

5.1.2. Starting from the boundary of (0S), of the set S
Theorem 5.6 If Conditions (38) and (45) hold with xi + 2x, = f. Then for the convergence in
distribution,

Nﬁ’fw(i{v(t)’iév(t))tzo = (x1(1), x2(1))s=0

where (x1(1),x2(1))r>0 is the solution of the ordinary differential equation,

x1(0) =x; —A(1 - 7T(0))t+/,l/ (2x2 (1) — x1(u)) du + Ay (1)

‘ , (55)

() :xz+(“ﬁ+ (1- ﬂ(O)))t—2,u/ x20) dit = 9, (1)
0
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where 1(0) is defined by Equation (41).

Proof. Our goal is to identify the measure v in Equations (53) and (54). The Q-matrix of the Markov
process (XN (.),m"(.)) is given by,

(N +ex,mV —2) ENT 50y
(xN+el —eg,mN+ 1) 2,ux12\’
(N +ey—e,m¥ - 1) /lN]]{lev>0}ﬂ{mN21}

(N = omV +1) pxl)

oN,mVy — N,mY) +

Thus, the process
t
(f(XN(t),mN(t)) - f(xY(0),m"(0)) - /O (0) (XM (s),m" (s))ds
is a martingale for all bounded function f on R* x N. In particular the process

MY () L g(m (1)) — g(m (0))

- / [o(m" (5) — 2) — g(m" (NIENT v )2y ds
° t (56)
- /0 [g(m" () + 1) — g (5))](2XY + XY (s))ds

t
—‘/0 [g(mN(S) -1)- g(mN(S))]/lNﬂ{x{\’(spo}“{mN(s)zl}dS

is a martingale for all bounded function g on N. It follows from Doob’s inequality that the process
MN(1)
(=%
nce 28V (1) + XV () = By — Y0 Bouad .
Since 2X5' (1) + X{' (1) = § ~—» Equation (56) can be rewritten as

) converges in distribution to 0.

MY () _g(m" (1) — g(m" (0))

N N

—/ {[g(mN(S) =2) = g(m" (NIET (v (5)52)
’ F N (1) ©D
+ L5 (9) + 1) = g () (S - 7=)

+ [g(mN(s) -1)- g(mN(s))]ﬂﬂ {X{"(s)>0}]]{mN(s)Zl}}ds
In terms of measure vV (.), we may rewrite the last term on the RHS of (57) as follows :
[ eo-2-conereen
Fy y
+ O+ D =gl — ) (58)

Flgh—1) - g()’)]/”{;‘(]A/(s)>0}1]{y>1}}vN(ds X dv)
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which also converges to 0 since 1Lv (g(mN (1) — g(m" (0))) converges to 0 as N — +oo. Furthermore,
by continuous mapping theorem one gets that

/[0 | N{[g(y —-2) —gETysoy + [g(y+ 1) — g 1uB
+gly—1) —g(y]aly,, (s)>0}ﬂ{y>1}}v(ds X dy) =0

for all t > 0.
Thus, for almost all ¢ > 0,

Z{[g(y =2) = gM1€Tyooy + (g + 1) = g(M)1uB

yeN

Hg=1) - gl <,>>0}n{y>1}}v,<y> ~0

Hence, for all ¢ > 0 such that x; (¢) > 0, the measure v;(.) = & where the measure 7 is invariant for the
Markov process (m(t)) with Q-matrix given by (39). The theorem is proved. m]

Application 2: In the Overloaded case, if the system starts from the boundary 0S;, i.e., x| +2x; = 3,
and the parameters have been fixed as follows:

- The number of nodes N =100,

- The duplication rate is 4 = 0, 3,

- The admitting rate is £ =0.3,

- The loss rate is u=0.01,

- The maximal number of files to be stored in the system is F,,,, = 7000.

In the simulations below, it will be shown that the fluid limits (xo(z), x;(z),x2(2)) obtained in (55)
coincide with the stochastic process (X} (1), XY (1), X} (1)) defined for the model. And the new coming
files for storage are accepted with approximately the rate N (1-m(0)). On the other hand, the reliability
of the system is not impacted by the capacity of the system in this case.

See the graphs below, fig. 5 which clearly illustrate the striking alignment between the stochas-
tic processes and their corresponding fluid limits. This strong correspondence underscores the critical
role of the fluid limits in accurately capturing and describing the asymptotic behavior of the stochastic
processes.

6. The critically loaded regime

In the Critically-loaded regime, the equilibrium point p is identical to 3, and the figure below, fig. 6,
illustrates that the process (X(¢), X2 (7)) being constrained by the boundary (8S), which coincides
with the equilibrium point.

Throughout this section, we assume that the condition

p=8 59)
holds. Let {Zf' (1), Zév (1),ZN (1)} be the Markov process defined by

ZY(1) =VN(p1 =X\ (1)), 23 (1) = VN(p2 = X} (1))
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Figure 5. Comparison between the stochastic processes Xév (t),X{V (t),Xév (¢) and their respective fluid
limits x(t),x1(t),x2(t). a) The stochastic process (X(I)V(t)). b) The associated fluid limit xy(t). c) The
stochastic process (Xiv (1)). d) The associated fluid limit x; (t). e) The stochastic process (Xév (1)).f) The
associated fluid limit x,(t).
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Figure 6. The equilibrium point in the critically loaded regime

and
ZN(t) = VN (p - XV (1) - 2X (1)) = ZV (1) + 22} (1)
where
¢ A+¢&
Pl = P2=—F—
7 2u

In the following proposition we prove that the sequence of processes
(Z(0,2(1), 2" (1)}
converges in distribution to a reflected three-dimensional Ornstein—Uhlenbeck process.

The Q-matrix QY =
are given by:

" ((z1,22:2), (z1 + %,22,24' %) = uN(p1 - %)

q" ((z1,22.2), (21 — W’ZZJ' W’Z"L N) =2uN(p2 = %)
¢ (@nz. - ei- ) =N m 1w )
(@222, (na = g a=2p) =ENT o i )
ANF(21,22,2) = N (p1 = o) [f (21 + = 22,24 —=) — (21, 22.)]
\/_ \/IV VN
£ 20N (p2 = ) [f (21 - —.z+ —) ~f(z1,22,2)]

VN \/_ \/_ VN
1 1
+ANH{Z1<WPI’ZZ#+W(E_%N)}[f(Z1 + W,zz - \/—N,Z— \/_IV) ~f(z1,22,2)]

\/1_ J_) )]
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Proposition 6.1. If f is twice differentiable on R? and such that Vf(z1,22,0) = O then the generator
converges to

0 d
Af (z1,22,2) = u(220 — m)—f (21,22,2) — 20z a (z1,22,2)
oxy 0x

2 2
—ﬂza—f(11,Z2,z)+(/1 +§)6f(21,22 )+ (ﬂ+f)af(11’Z2’Z)
Xy 0x; (60)
2 2 2
(ﬂ+§§)g—;§(m,zz,z) (2/l+§) 6f (ZI,ZL) 2 o (z1,22,2)
2
+(2/l+3§) 5f (11,Zz 2)
for z> 0 and to
92
@0 00+ 0600
X 2
2 2 2
u+§§>a—€<m,zz,0> QA+&) o (” 5 (10720 = 20525 (@1.22.0) 61
0x5 dx1
2
+(2/l+3§) 6f (11,12,0)

which is the generator of the three-dimensional Ornstein—Uhlenbeck process reflected on the boundary
of the half-space z > 0. One could refer to the following papers Ward and Glynn [19], Ward and Glynn
[18], and Lidong and Chunmei [20] where the properties of the reflected Ornstein—Uhlenbeck and the
associated infinitesimal generator are presented.
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