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ANALYTIC EXPANSIONS OF MAX-PLUS
LYAPUNOV EXPONENTS!

By FrRANCOIS BACCELLI AND DOHY HONG
ENS, DMI-LIENS

We give an explicit analytic series expansion of the (max, plus)-
Lyapunov exponent y(p) of a sequence of independent and identically dis-
tributed random matrices, generated via a Bernoulli scheme depending on
a small parameter p. A key assumption is that one of the matrices has a
unique normalized eigenvector. This allows us to obtain a representation
of this exponent as the mean value of a certain random variable. We then
use a discrete analogue of the so-called light-traffic perturbation formulas
to derive the expansion. We show that it is analytic under a simple condi-
tion on p. This also provides a closed form expression for all derivatives
of y(p) at p = 0 and approximations of y(p) of any order, together with
an error estimate for finite order Taylor approximations. Several exten-
sions of this are discussed, including expansions of multinomial schemes
depending on small parameters (p;, ..., p,,) and expansions for exponents
associated with iterates of a class of random operators which includes the
class of nonexpansive and homogeneous operators. Several examples per-
taining to computer and communication sciences are investigated: timed
event graphs, resource sharing models and heap models.
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1. Introduction. Itis well known that under mild conditions, the Perron—
Frobenius eigenvalue of a nonnegative matrix, the parameters of which depend
analytically on a parameter z, also depends analytically on this parameter.
This result of the conventional algebra cannot be extended to the (max, plus)
algebra, since the Perron—Frobenius eigenvalue, which is given by the maximal
cycle mean formula [1], is then the maximum of a finite family of analytic
functions of z, which is not analytic in z in general.

In the conventional algebra, there are also several well-known results on
the analyticity of the Lyapunov exponent of i.i.d. matrices, the law of which
depends on a parameter p [13, 14, 15]. The focus of the present paper is to
investigate the analogue of this second type of question in the (max, plus)
algebra [1].

Using a simple class of random matrices sampled from a finite set, we show
that, under technical conditions to be specified later, not only the associated
(max, plus)-Lyapunov exponent depends analytically on the probabilities used
for the sampling, but also that a constructive approximation scheme can be
given, based on a closed form representation of the coefficients of all orders of
the analytic expansion and on error estimates for finite order Taylor approxi-
mations. For p small enough, the error bound decreases geometrically to 0. So
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for all given intervals, there exists a finite algorithm allowing one to decide
whether y(p) is in this interval. This situation differs significantly with the
result of [16] that conventional Lyapunov exponents are not algorithmically
approximable.

Computing such a Taylor expansion of order n requires a number of arith-
metical operations which is not polynomially bounded in n. Nevertheless, we
will give several examples where this approach can be used to derive expan-
sions of practical use.

The paper is structured as follows.

In Section 2, we briefly recall tools and results which we will need to state
and analyze the problem.

In Section 3, we consider the series expansion of the (max, plus)-Lyapunov
exponent of a sequence of i.i.d. random matrices, where each matrix is sampled
among two possible values using a Bernoulli scheme with parameter p. The
main theorem is first given under certain restrictive assumptions (H1), (H2),
(H3), defined in Section 3.1 and is illustrated through various examples. All
proofs are gathered in Section 6.

In Section 4, we present three extensions of the main theorem: the multi-
nomial case is considered in Section 4.1, whereas Section 4.2 focuses on the
weakening of Assumption (H2). The extension of this class of results to iter-
ates of random operators [which are not necessarily linear operators in a semi-
ring, as is the case for the (max, plus) setting considered above] is given in
Section 4.3 with an example of the (min, max, plus) system in Section 4.3.1.
A key property for such an operator extension is the finite range coupling of
some pattern of the operators. Section 4.4 summarizes these three extensions
into a generic theorem. An example of application to heap models is given in
Section 4.5.

Section 5 focuses on the interpretation of the results in terms of perturbation-
type formulas.

The proofs of the main theorems are concentrated in Section 6.

Section 7 gives further expansions covering some cases with continuous
distributions. It also contains comments on the relationship holding between
different expansions which may be proposed for the same exponent.

Finally, Section 8 focuses on the regenerative theory approach. This helps
to understand the form of the coefficients of the expansion and also allows one
to derive the same type of analytical expansion in certain particular cases.

2. Preliminaries on (max, plus)-Lyapunov exponents.

2.1. Algebraic framework and basic spectral theorems. Most of this paper
bears on product of matrices in the so called (max, plus) algebra, namely over
the semifield R,,,, = RU{e} where ¢ = —oc0, endowed with an addition denoted
@, which is the max operation and with a product, denoted ®, which is the
sum. The element ¢ is the neutral element of this semifield.

We shall denote RY, the set of vectors of dimension d and R%%¢ the set

max

of square matrices of dimension d x d over this semifield. The set RZ:? is
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endowed with two operations, also denoted @ and ® and defined by

(A®B);j= @ A;Q® By, (A®B);;=A;;9B;;.
1<k=<d
(R4, @, ®) is a semiring. The nth power of matrix A, denoted A®" or A", is
to be understood in the (max, plus) sense, that is, A" = A® ---® A, n times.
Note that if d = 1, a®" = na.
The following notations and definitions will be used throughout the paper:

for all Z e RY, and M e R4x4,
1Zlw= @D Zi Mle= D My lIZlll= D 1Zil,
1<i<d 1<i, j<d 1<i<d
Z;>¢
IMll= & Myl |Zlly=max Z; — min Z,.
h 1<i<d 1<i<d
1<i, j=<d
Mij>s

For Z € R?, we shall denote Z the equivalence class of Z for the (colinearity)
equivalence relation ¥ = Ziff Y = Z ® o, thatis, foralli =1,...,d, Y, =
Z; + a, for some scalar a # e.

The graph of A is the directed graph with nodes {1,...,d} and with an
arc from i to j iff A;; # e. A path of A is a sequence {i = i, iy,...,1, = j},
(n > 1) such that A; ; > eforalll € {0,...,n —1}. We write i ~ j if
there exists a path from i to j and a path from j to i. A matrix A € R%:¢ is
irreducible if i ~ j, Vi, j € {1,...,d} x {1,...,d}. Then the graph associated
to A is said to be strongly connected.

A key result concerning irreducible matrices is the following theorem.

RESULT 1 (Cyclicity theorem for deterministic matrices [1]). For each irre-
ducible matrix A, there exist two positive integers ¢, o and a real number vy,
such that

A®[c+o] — ,y®o ® A®c.

(i) The real number vy which satisfies this relation is unique and coincides
with the eigenvalue of A, that we denote y(A).
(i) The minimal value of c, that we denote c(A), is called coupling time.
(iil) The minimal value of o, that we denote o(A), is called cyclicity.

It follows that for all n > c(A),
A8nta(A)] _ (’Y(A))@T(A) Q A®",

In particular if A has cyclicity 1 and has a unique eigenvector class V, then
for all n > c¢(A) and for all vectors X in R?,

A — y(A)® A®" and A®"Q X =V.
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An irreducible matrix always has a single eigenvalue, but it does not always
have a unique eigenvector class. A sufficient condition for this last uniqueness
property to hold is that the critical matrix of A has a single maximal strongly
connected subgraph.

For a matrix A, we define:

1. Circuit: a circuit is a path ¢ = {iy, i1,...,1,} such that i, = i,. Its average
weight is defined by [{| = (4; ;, ®---® A; | ; )/n.

2. Critical circuit: a circuit ¢ is critical if its average weight is maximal, that
is, if [£] = y(A).

3. Critical matrix: the matrix obtained from A by replacing all entries of A
not belonging to the critical circuit by ¢ is called critical matrix.

The combination of the two properties: (a) the critical matrix of A has a
unique maximal strongly connected subgraph and (b) the cyclicity of the crit-
ical matrix is equal to 1 (here ged of all circuit lengths in this subgraph), will
be referred to as scsI-cycl below.

2.2. Stochastic setting and Lyapunov exponents. Let some probability
space be given on which all random variables introduced below are defined.
A random element of R?__ or of R4 will be said to have fixed support if each
of its entries is either a.s. equal to ¢ or a.s. nonequal to . In this case, it will
be said to be integrable if in addition each entry nonequal to ¢ is integrable.
Note that the definition of irreducibility can be extended directly to a random
matrix with fixed support.

The general setting of the paper will be that of a given sequence of random
matrices of R4X¢, say { A(n)}, and of the sequence of random vectors X, € R __
defined by the recurrence relation

and by the initial condition X, € R?, which will be assumed to be constant in
what follows.
Here are two general results on this type of sequences.

REsSULT 2 (Lyapunov exponents via subadditivity [11, 7, 1, 12]). Assume
that {A(n)} is a stationary and ergodic sequence of random matrices of Rglgf ,

and that A(0) has fixed support and is irreducible and integrable. Then the
following limits exist regardless of the initial condition:

Y

n—4o00 n n——4o0o n

The constant vy is referred to as the (max, plus)-Lyapunov exponent of the
sequence of random matrices {A(n)}.
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The proof of this result is in two steps: using first the fact that for all
n>m>1,

[A(R)® - @ A(D]x = [A(n)®--- @ A(m + 1) ® [|A(Mm) ® - - & A(])] x>
it follows from the subadditive ergodic theorem that a.s.,

o 1AM ® - ® AO)] _

n—4o00 n ’

for some constant . The second step consists in showing that all coordinates of
X, /n have the same limit vy, regardless of the initial condition, which follows
from the irreducibility assumption.

RESULT 3 (Strong coupling [12], 6.8). Assume that {A(n)} is an i.i.d sequ-
ence of random matrices, independent of X, and that A(0) takes its values in
a finite set {A;, 1l € £} of irreducible matrices of RE:Z, where each element of
the set has a positive probability of occurrence.

If there exists a scs1-cycl patternin {A;, l € ./}, namely, a product A; ® ---
®Alq of elements of this set, which is irreducible and scs1-cycl, then {X,} con-
verges with strong coupling to a unique stationary sequence. In particular,
there exists a unique random equivalence class X(w) such that for all deter-
ministic initial conditions X:

1. The law of {X,} converges in total variation to that of X.
2. For a.s. all w, there exists N(w) < o0 s.t.,

3 Vn>Nw),A0,0)3A(-1,0)® - -Q A(-n,w)® X, = X(v).

This result, which is stated under much more general assumptions (station-
ary and ergodic) in [12], is essentially based on Borovkov’s renovating events
theorem (see [4], where the definition of strong coupling may also be found).

Result 3 allows for another representation of the Lyapunov exponent, which
will be crucial in this paper: from (3), under the above assumptions,

Jlim A()® - - ®A(-n)®@ X —A(0)® - A(—n)® Xy =A as,
where
4) A=A1)®X-X

is a finite random variable. Therefore, if |A(1) ® Z — Z| is uniformly (in Z)
bounded by an integrable random variable (this is a restrictive hypothesis
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which we shall partially relax later; see Remark 10 in Section 6.1.2), then
3 lim E[X,,5— X,.]

n—-+o0o
= lim FA1)® 8 A(-n)® Xo— A(0)® - ® A(~n) ® X,]
- E[nETwA(l) ® - @A(-n)® Xy - A0)® - ® A(-n)® XO]
— E[A],

where we used the dominated convergence theorem to get second equality.
Using now Result 2 and a Cesaro averaging argument, we get that

X
lim E[X,.5— X,,;]= lim [E[—”] ~T,

n—+oo n—+oo n

where I' is the Lyapunov exponent of {A(n)}. Therefore under the above
assumptions, we also have the following representation:

(5) I'=EA]l= lim F[X,,; - X,]

n—+oo

3. Bernoulli case.

3.1. Assumptions and main results for the Bernoulli case. The setting of
this section is the following: {A(n)} in an i.i.d. sequence of matrices of RZXZ,
and A(0) takes its value in the set {A, A’}: for all n,

A(n) = A, with probability 1 — p,
~ | A’, with probability p.
In this section, the assumptions on A and A’ are the following:
(H1) The matrix A is irreducible.

(H2) The matrix A is scsl-cycl.
(H3) The matrix A’ has at least one entry different from & on each row.

If in addition A’ is irreducible, this setting is then a special case of that of
Result 3. If A and A’ have the same support, it is also a special case of that
of Result 2. As we shall see below (Lemma 1 in Section 6), under (H1), (H2)
and (H3), both Result 2 and Result 3 hold, so that the Lyapunov exponent

y(p)
I'=T(p) =
y(p)

of the above Bernoulli scheme is well defined via Result 2. The main result in
this case is the following theorem.

THEOREM 1. (i) Under assumptions (H1), (H2) and (H3), y(p) is analytic
at point 0, with a radius of convergence larger than or equal to 1/(2c), where
¢ denotes the coupling time of A: ¢ = c(A). The coefficients of the analytic



786 F. BACCELLI AND D. HONG

expansion are given by the following formula, where V denotes an element of

the unique eigenvector class of A:

1d
ﬁd_pl[r(p)]pzo

w(EZ) =(—1)l{<lfl>v+(0—;l)r(0)}

()
(6) ; . .
+Z{<—1)lk x o (Frh e
k=1 J1reer Jr-1=0

xAC®A’®Aj1®A/-~-Ajk1®A’®V}.

(ii) For all p € [0, 8], with 6 < 1/(2c), the error term in the Taylor expansion
of y(p) of order [ is bounded from above by:

D(2¢8) 1 + 1(1 — 2¢8)]
(1 —2¢8)2

where D = [2(||[A]l[ v [IIA’]I[) + [Vl z](c + 1).
In (6), we adopted the following conventions:
n .
< ):O if p>norp<0
p
for k=1,
2 l—Fk

J1seer Jp-1=0

=< 2c )A”@A/®V,

c—1 . .
(20+J1+m+]k_1>A"®A’®AJ‘1®A’---Afk1®A’®V

-1

2e+ ji+-+ Jpa c
< R A®--®V

means <20+j1l+_“k'+jk1>(Ac®m® V),

which is different from

2c+ j1++ Jra c
() a)oav
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The first three coefficients of the expansion of I'( p) are the following:

[ 7(0) | ¥(0)
=1 | =10,
L 7(0) | ¥(0)
(1) ]
D | =A@A®V —V —(c+ DI(0),
L (1)
_77(2)_ c—1
D =Y {A®ARA®A RV}
| 7(2)| 7

—2eAQA @V +cV + (C‘gl)r(O).

REMARK 1. An estimate of the computational cost to evaluate 7(I) using
Equation 6 is d2lc!. For more details see Section 6.1.4.

REMARK 2. Note that due to Result 1, the generic term in (6) can be rewrit-
ten as follows:
AC®A/®Aj1®A/.'.Ajk—1®A/®V=)\(j1’,,,,jk_1)®v,

where A(jq,..., jp_1) is a scalar. We known that (6) is not modified if we
replace V by V ® a for some scalar a. Since A ® (X ® @) = (A ® X) ® a, this
property implies that we can rewrite (6) as follows:

1 d! ! < 2+ ji4 -+ ju
T = Dt (P
’ k=1 J1reer Jro1=0

X )\(.jl’ cees jk—l)}

+C0 (7)o,

REMARK 3. Note also that in (6), it is enough to consider the indices &
larger than or equal to «, with « the integer part of [([ — 2)/c]. It is easy to
see that for £ < «, the binomial coefficients in the sum are equal to zero.

The proof of Theorem 1 is given in Section 6.1.

3.2. Examples.
3.2.1. A simple case of closed cyclic Jackson network. We consider a closed
Jackson network with two single server FIFO stations (see Figure 1). Assume
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o1(n) ~ Bernoulli

___O<,_
_,>©7

o2(n) ~ Bernoulli

FiG. 1. A cyclic Jackson network with two stations.

that there are exactly two customers and that there is initially one customer in
each station. All service times are independent, with a Bernoulli distribution,
Vn, o;(n) = o; with probability 1 — p,
= o, with probability p.

The evolution of such a model can be captured via the following (max, plus)
recurrence:

Xn+1 = A(n)®Xn7
_ (o1(n) oy(n)
am =00 )

Here, we take for state vector X, = (X1, X2)!, where X! is the epoch of the
nth departure from station i, and we take for initial condition X, = (0, 0)¢,
which corresponds to the case when each station starts its very first service
when the evolution begins.

We can evaluate the Lyapunov exponent characterizing its stationary
throughput using Theorem 1. Assume o, > o0y (this is not a restrictive assump-
tion as, in a cyclic network, the choice of the first coordinate is arbitrary). Then
we have V = (04, 0y)' and ¢ = 1.

We denote y = 07 vV 0y and y' = o7 V 0,. Formula (6) gives

d f 2 , 1 2
W(Z)zkgl{(_nl k<l_k>A®(A)k®V}+(—1)l{<l_1)V+(l>r}.
A direct evaluation shows that
7(0) =,
(1) =7 -,
7(l)=0 forl>1.

Then we have

(7 Y(p)=vy+ &' —v)p=7Yp+v(1- p).
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REMARK 4. One may wonder why (7) holds and when this occurs. When-
ever A and A’ have a common right or left eigenvector [here (0, 0) is a common
left eigenvector], the usual law of large numbers yields a formula like (7).

3.2.2. Network with breakdowns. Consider a network with two stations,
where the first one is a single server station as above, and the second one has
two servers. The network has three customers (see the Petri net of Figure 2).
This network can be described as a (max, plus)-linear system with matrix A
given by the formula A = P§ ® P; (see [1]) with

e 0 £ O e € ¢ ¢
e & € ¢ o & & &
Py = P, =
07 le ¢ & e’ 1 e 0 ¢ 0]’
g & € ¢ e & o e
0 0 £ O
e 0 ¢ ¢
0® e ¢ 0 ¢}’
n>0
e ¢ ¢ 0
so that
o ¢ o ¢
o & & &
A =
e 0 ¢ O
e e o ¢

Let Yi denote the epoch of the nth firing of transition i in the Petri net of
Figure 2, and let Y, = (Y}). It is easy to check that if one takes the initial
condition Y, = (0, 0, 0, 0), then {Y, } is the solution of the evolution equation

Y, =A®Y, n>1

J 1 server

—_— A

] 2 servers

FIG. 2. A network with three servers modeled by A.
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and is coordinatewise nondecreasing. Notice the further use that this recur-
rence reads

Y, 1=00Y,®0' Y],

ererl =0Q® lev
Yia=Y,eY,
Yi =0 ®Y3

Consider now another network with one server less in station 2 (Figure 3). By
similar arguments,

e 0 ¢ O g € € ¢
g €& € ¢ o & & ¢
P, = P, =
0 e ¢ ¢ 0)° 1 e 0 ¢ ¢’
g & ¢ ¢ g e o e
0 0 £ O
e 0 ¢ ¢
s pn —
069 e ¢ 0 0}
n>0
g ¢ ¢ 0
that is,
o & o ¢
o & € ¢
A =
e 0 o ¢
e ¢ o ¢

The same observations as above can be made, and in this case,

Y’nl+1 = 0'®Y’nlEBO'/®Y;l3,
Y/nz+1 =0Q® Y;zl’
YR, =Y eYied =Y oY),
Y;:L-‘rl =0 QY.

Let us now consider a third network with an initial condition as above,

namely, one customer starting its service in station 1 and two customers in
station 2, one starting its service and the other one in the buffer, and with
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] 1 server
|
"

— A’
1 ] 4
>

] 1 server

FiG. 3. Breakdown case modeled by A’.

ONRO,

3

breakdown

the following types of breakdowns: when the nth customer enters station 2,
n>1,

1. Either there is a breakdown (which takes place with probability p), and
this customer can only start its service there after n departures have taken
place from this station (as in the one server case);

2. Or there is no breakdown (which takes place with probability 1 — p) and
he only has to wait for n — 1 departures to have taken place (as in the two
server case).

To describe the evolution of a such system, we put
Xn+1 = A(n) ® Xn’

where X! denote the nth epochs when a customer leaves the transition i
[i.e., X} (resp. X2) is the nth epochs when a customer starts its service in
station 1 (resp. 2) and X2 (resp. X%) is the epoch when a customer leaves
station 1 (resp. 2)].

Then we can use the above framework with A(n) equal to A or A’ with
probability (1— p) and p, respectively, to describe the network with breakdown
(for justifications and details, see the Appendix). We check that for A, ¢ =4,
v(0) = o and V = (20, 20, 0, ¢’)’.

1. For ¢’ < 20, there are two regimes: if 20’ < 30, y(p) = o or if 20’ > 30,
we find by direct computations the following series expansion:

¥(p) = o+ (20’ — 30)p + (50 — 30') p* + (40’ — 60)p® + (T0 — 50’ ) p*
+(90" — 130) p® + (260 — 170" ) p8 + - - -.
2. For ¢’ > 20, A, becomes 2-periodic.

3.2.3. Window flow control. Now we proceed in the same way as the pre-
vious example except that instead of breaking down servers, we cut down
the number of customers allowed in the system. This is what happens in the
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FIG. 4. A network with four customers modeled by A.

TCP/IP protocol, where the window size is reduced in case of overload. We
consider here the case where there are four or two customers in the network.

Let A denote the matrix of the system with four customers and A’ that of
the system with 2 (cf. Figures 4 and 5). We have

>
I
® o9 9

mn O m O

o
(o
(o
&

n O oM o
STECERCIEY
m M oM o
Q.o o S
m M oM o

We will only consider the case o’ € Jo, 20[. We find that ¢ = 7, y(0) = o and
V = (20,20, o, d).
Direct computations give the following series expansion:

¥(p)=o+(—o+0)p*+ (0 —0)p’ +(—o+o)p*+---.

] 1 server

— A

] 2 servers

F1G. 5. Two customers only allowed case modeled by A’.
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4. Extensions. In this section, we give three extensions of the Bernoulli
case.

4.1. Multinomial case. We first extend Theorem 1 to the multinomial case.
That is, instead of having one perturbation possibility by A’, we allow m types
of perturbations through m matrices A}, ..., A),.

4.1.1. Notations and assumptions. Let {A(n)} be an ii.d. sequence of

matrices of Rff{fx, following a discrete distribution,

A,  with probability 1 — p; — ps — -+ — P,
A, with probability p;,
A(n) = 1. :

A/, with probability p,,.

The sequence { X, } is defined by the same linear recurrence equation as in (1).
This will be referred to as (m + 1)-nomial scheme in what follows. In this sec-
tion, the assumptions are the following:

(H1)Y The matrix A is irreducible.

(H2)Y The matrix A is scsl-cycl.

(H3) Each of the m matrices A} has at least one entry different from ¢ on
each row.

By the same arguments as in the binomial case, under these assumptions,
both Result 2 and Result 3 still hold, and in particular the Lyapunov exponent
I' is well defined.

For stating the multinomial theorem, we will need the following notations,
where all indices in capital letters are vector indices:

P= (ph s pm)’ |P| = IIllaX |pi|’

K=(ky,.... k).

If B={A(n)}, |B| = K means that in the sequence B, Card {i: A; = A’} =
k;,for 1 <i<m.

(K| =2 ki,
i=1

K!'= T[]k,
i=1

(2)=mormy  (£)=ma wor

K < L means that Vi, k; < ,.

THEOREM 2. Under assumptions (H1), (H2) and (H3), the Lyapunov expo-
nent of the m + 1-nomial scheme, I'(P), is analytic at point 0, with a radius of
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convergence (w.r.t | P|) larger than or equal to 1/(2cm), where c is the coupling
time of A. The coefficients of the expansion are given by the following formula,
where V is the eigenvector of A:

1 d&
o W[F(P)]P=O

_ (_1)|L|{ b (o) 1)r<0>}

c—1 . .
_ 2
+ 3 {(_1)L Ky 3 ( C+J1£‘_ K+ JIKl—l)
1<IK| J1Jik-1=0 C,, n=1,...|K|

K<L with Card{n: C,=A}=k;

8)

X 140®(/‘1(814]1 ®C2®®AJ\K\71 ®C|K\ ®V}
For all |P| € [0, 8], with 6 < 1/(2cm), the error term in the Taylor expansion
of I'(P) of order [ is bounded from above by

D(2em &)1+ (1 — 2cmd)]
(1 —2cmd)>? ’

where D = [2(|||A[l| v [IJAY[I] V... v [[IALIID + [ VIp](e + 1).

The proof is given in Section 6.2.

4.1.2. Examples. Here is an example of a 3-nomial scheme, that is, of an
ii.d. sequence {A(n)} sampled from three values A, A} and A}, with respec-
tive probabilities p,, p;, and p,.

The three matrices are chosen as follows:

1 ¢ O 0 & 2 2 ¢ 0
A=1|2 0 11}, Al=|1 0 2], A, =11 0 3.
g 0 O g 0 3 e 1 0

A is scsl-cyel, ¢ = 2, V = (0,1,0)" and y(0) = 1. We can then compute the
coefficient of the Taylor series expansion from Formula (8), which gives

¥(p1, p2) =1 +p1+ py
+ pi
+0
+ pip3 — Pipe
— pips
+ pips —3pips+ pips
— 2pip5 +2pip)
— 5p8p5 + 6pips — P} P
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+ 7pips —3pip;
—10p5p3 + o(I(p1, P2)IY).

In this example, the random sequence has a fixed structure but this is not
necessary for this type of computation. This case was chosen in such a way
that when starting from the initial condition V, the Markov chain X, evolves
on a finite number of states, which allows us to obtain the exact value of the
Lyapunov exponent,

p2(1 - py + p1ps — P1P3)
1 — py — p2+ p3 +2p1ps — 1P — p1Ds + DI

¥(p1, p2) =1+ p1 + pg +

Of course it is generally not the case that such a direct computation can be
made. The interest of a series expansion stems from the fact that it also holds
when the above finiteness property is not satisfied (a sufficient condition of
this property can be given solving the well-known Burnside problem; see [8]).

4.2. Weakening of the (H2) assumption. All assumptions are as in the bino-
mial case, except for (H2) which is replaced by the weaker assumption that
there is a pattern of {A, A’} of length g which is scsl-cycl and irreducible
(see definition in Result 3).

Let A denote the pattern, A(n) be defined by the relation

A(n)=A((n+1)g-1)®---® A(ng)
and let X . be defined by the recurrence relation
}?n-&-l = ‘Z(n) ® }zn

The sequence {Av(n)} is i.i.d. and each matrix in this sequence can take at
most 27 values. If all these matrices have at least one entry different from &
on each row, we can check that

[(p) = ¢T'(p),
where f( p) is the Lyapunov exponent of the 2¢-nomial scheme.

REMARK 5. Ong cannot generally get the analyticity of I' w.r.t. p at 0 from
the analyticity of I’ w.r.t. the new 2¢ — 1 parameters. If the pattern contains
both A and A’, it is clear that its probability cannot be close to 1 whatever
the value of p.
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4.3. The operator case. An operator A: R? — R? is 1-homogeneous if for all
vectors X € R? and all scalars «, if Y = X + a1 is the vector with coordinates
Y, =X, +a,then A(Y) = A(X) + al, namely A(Y); = A(X), + « for all i.

Consider the following setting: let A: R? — R? and A”: R? — R? be two
deterministic 1-homogeneous operators. Let A(n) be an i.i.d. sequence of oper-
ators defined the same way as in the (max, plus)-binomial case, namely A(n)
is equal to A with probability p and to A’ with probability (1 — p). Let

X, =A(n—1)o---0 A(0)(X,),

where X, is some deterministic vector. Let f: R? — R, be such that for all X
and Y as above, f(Y) = a+ f(X).

The results of the binomial setting can be generalized to such an operator
setting under the condition that the properties (P1)—(P3) below are satisfied.

(P1) (Existence of the Lyapunov exponent).

tim EFCD)_

n—4o00 n

where y;(p) e Rand X, =V.
(P2) (Uniform coupling property). A", the nth iterate of A is such that

IV,cst.Vn>c VY eRY AN(Y)=V,

where = is the colinearity equivalence relation.
(P3) (Growth rate condition). If X, =V, V[, |f(X);)| < g(A, A", V, 1), for some
nonnegative function g such that

g(A, A,V I+ 1) l—>_+)oo
g(A A, VD)

A class of operators for which these properties have been studied is that of
topical operators, which includes the class of (min, max, plus) functions. For
the deterministic theory of such operators, see [10] and [6]; for the random
case, see [17], where an analogue of Result 2 can be found, and [3], which
contains an analogue of Result 3.

e RT.

THEOREM 3. Under (P1), (P2) and (P3), y¢(p) is analytic at point 0; the
radius of convergence is larger than or equal to 1/(2¢m) and the coefficients of
the analytic expansion are given by the following formula:

wf<l>=<—1>l{ (159)ron+ (7Y w(O)}

c—1 . .
9 + Z {(_1)1—13 Z (20+ jll—{—..k. + Jkl)

k=1 J1sees Jp-1=0

x f(A°c A 0 ANt A  Alio A’(V))}

The proof is given in Section 6.3.
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REMARK 6. In the binomial (max, plus) framework described in the previ-
ous sections, (P2) is satisfied when A€ is of rank one. As was shown above,
for this, it is enough to have A irreducible and scsl-cycl. However, condition
(P2) includes cases of reducible matrices. In this case, Theorem 3 allows one
to the evaluate all components of the first-order limits such as lim,((X,,);/n)
and, in particular,

max;;q(X,); min;_; 4(X,);

lim =9"P(p), and lim = y"(p),

n——4o0 n n—+00

when taking f(X,) = max;(X,); [resp. min;(X,);]

4.3.1. Example: random (min, max, plus) operators. Here we give an exam-
ple of random topical operators belonging to the (min, max, plus) class of
functions (see [10]).

For operator A, we take

(1 V(2 + D) V(s + 1) A (21 +1) V(22 +1) V(x5 + 1))

A(xy, 9, x3) = ((x1+ 1)V (xa+2) V(a3 + 1)) A(xg V(23 + 1) Vay)
(1 + D) VvagVv(xsg+2)A(xg VvV (xg+1)V(x3+2))
For this operator, one can show as in [6] that an analogue of Result 1 holds,
with¢c =4,V =(1,0,2) and y = 2.
For A’ we take operator A of the last (max, plus) example, that is,
(x1+1)Vvag
A'(xq, 29, x3) = | (x1+2) VX V(x3+1)
Xg V X3
From (9), we get
¥(p) =2 —2p+ p* +2p* — p* —4p° + Tp" +3p° + o(p®),

a formula which can be ckecked by simulation.

4.4. General extension theorem. The three extensions we have presented
above are all compatible; we can consider a multinomial case with a pattern of
length larger than one and satisfying (H2)', or consider a multinomial scheme
in a more general operator framework, or such a framework with a general
pattern, etc. In the general theorem below, we handle these three extensions
and we also replace (P2) by a weaker condition (P2)'.

Let .~ ={A, A],..., A} be a finite set of operators from R? to R? and let
{A(n)} be a sequence of i.i.d. .~-valued operators, where A(n) is equal to A,
with probability p; and to A with probability (1 — " p;). Let

X, =A(n—1)o---0 A0)(X,),

where X is some vector.



798 F. BACCELLI AND D. HONG

For all f: R? - R, X, € R? and all sequences or operators B = (0O(1),
0(0), O(-1),...), from R to R¢, let

V¥, x,8=100(1)00(0)o---00(-n)(Xo)
—foO(0)o---00(—n)(Xy).

(10)

Consider the following assumptions.

(P2) (Memory loss property). There exists a vector V € R? and a sequence
M[/]=(C%,CY,..., Cg) of g elements of .Z, such that for all Cy, C,, ...,
C_.,C_,_41,C_gg ...inLandall p>n+q+1,

W X0, (Cy Cop oo Copy ML, C g1 Congtn ) = ¥, V,(Cyy o €y o)

REMARK 7. Assumption (P2) is a generalization of (P2) to the case of oper-
ators which are not necessarily homogeneous: if the elements of .~ and [ are
homogeneous, and if the pattern CY o --- o Cg satisfies the uniform coupling
property (P2) with ¢ = 1, then (P2) is satisfied.

Note that, under the memory loss assumption, y, does not depend on the
initial condition (cf. Remark 13).

We can embed this problem in a (m + 1)?-nomial scheme similar to that of
Section 4.2 as follows. Let

A:C(l)ocgo-uocg

and let .~ be the set of all compositions of g operators of ./, such that the

composition is different from A. This set has at most m = (m + 1)? elements.
If we define

A(n) = A((n+1)g —1)0--- 0 A(ng),
then the sequence {Av(n)} is i.i.d. and the law of Z(n) is multinomial on the

finite set ./ |J{A}. Let p,, for i ranging from 1 to m = (m + 1)? — 1, denote
the probabilities of the elements of .~ and let

ﬁ:(ﬁla--wﬁm)'
THEOREM 4. Under (P1), (P2) and (P3),

7/(P) = gy;(P)
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and the function yf(ﬁ) is analytic at least in the open ball of radius 1/(2mn);
the coefficients of its series expansion are given by

ﬁ-f(L)z(—l)”{ > {(L_IK>f(V)}+<i)if(0)}

|K|=1

cxfews s (%)
(11) 1<|K]| 6ner/Tn=1, . |K]| B
K<L Card{n: C,=A,}=k;

i=1 to (m+1)7—1

x f<20610...06|K(V)>}.

REMARK 8. Note that in (11), we only need to sum over the set {max(1,
|IL|-2) < |K|, K < L}.

4.5. Example: task resource model. We consider the following task re-
source model described in [9]. We recall some notation:

1. o7 is a finite set of tasks.

2. # is a finite set of resources.

3. R: o7 - Z(R) gives the subset of resources required by a task.
4. h: o/ x # — Rt U{—o0} gives the execution time of a task.

We assume: &7 = {a,aq, a5}, # = {ry,rs}, R(a) = {ry,rs}, R(ay) = {ri},
R(ay) = {ry}, h = 1. That is, the matrices associated with this model are (cf.

Figure 6)
1 1 (1 e ;{0 &
a=(i1) a-(05) ()

(see [9]). We assume that the sequence of tasks a(n) € &7 is i.i.d. with

p1 = P(a(n) = ay),
p2 = P(a(n) = ay),
1- p; — py = P(a(n) = a).

In this case, the Lyapunov exponent y(p) was calculated explicitly in [5]:

1pi+ps—4pipe+(2—p;— P2)V1—4pipy

(12) Y(p1, p2) = —
2 V1—=4pip,
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T1 T2

Fi1G. 6. Two resources model.

By application of (11) for ¢ = 1, we get the formula

_ 2 /
n(L)= ¥ {(—1)'L LSS (L—K>A®(A >'K'®V}
1<|K| A=A
K<L Card{n:A, =A]}=k,

+(—1)'L{ gl{ (L . K) V} + (IQJ)F(O)}’

with y(0) = 1 and any vector V, for instance V = (0, 0, 0)’. Then after some
elementary calculations,

+°°<2n—2

Vo) =1-2% (2 ) iy
n=1

+o00
+ ;) <2nn_ 1) [P1(P1P2)" + P2(P1P2)" ],

which is equal to (12) for p; + py < 1.

In case of generalized heap models (Tetris type [9]), the formulas of Theorem
4 hold if the memory loss property (P2) is satisfied, that is, if there is a heap
which can be associated to a task requiring all resources: the corresponding
matrix would be of rank one. Here, a guarantees this property.

5. Perturbation representation of the coefficients of the expansion.
In this section we show how (11) can be interpreted as a perturbation formula.
This representation will allow us to get a new formulation of (11) which is both
more compact and more easy to understand. The setting is that of Section 4.4:
without loss of generality we take ¢ = 1 and Cg = A.

For any K € R™, we define

SI(K) = 3 f(Ao Cio--0Cig(V)),
C,e{Al,.., AL}, n=1, ..., |K|
Card{n: C,=A!}=Fk;
i=1tom

with
S7((0,...,0) = F(A(V)).
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Let
8;8"(K)=S/(K —¢,),

where e; is the vector with all components equal to zero except the ith one
which is equal to 1, and by convention S7(K) = 0 if at least one component
of K is negative.

Finally, we define

AST(K) = S/(K) - i 8;ST(K).

i=1

Then we get

AZSf(K)=A(ASf(K))=Sf(K)—2i6iSf(K)+ i 8;8,;S7(K).

i=1 i,j=1

We now come back to (11): we can rewrite this, when |L| > 2, as

wf<L>=(—1)'L'[ )3 {(L_lK)f<V>]+(i)qf<Mg>}

|K|=1

+ Y {(=p)EHE 3 ( 2 )
|L|-2<|K]| Card {n: C,=A}}=k; L-K
K<L C,e{A},.., A}, n=1,..,|K]|
i=1tom

= Z f(AOCIO OC|L\(V))
C,e{A},...., A}, n=1,..|L|
Card{n: C,=A/}=l;
i=1tom

m
—22 Z f(AoClo OC|L\ 1(V))

J=1C,e{A},...,A,}, n=1,..|L|-1

=Aj}=1;-5;;
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m
+2 2 2 f(Aoclo"'OC\ufz(V))
J#h=1 C,e{A},..., A}, n=1,...,|L|-2
Card{n: C,=A}}=I;—6;;—5;
i=1tom

+§: Z f(AoClo-noCm_z(V))

J Che{A},..,A,}, n=1,..|L|-2
Card{n: C,=A}}=l;-25;

i=1tom
with 8 5, =01if j # h and §;; = 1. It is then easy to verify that
(13) mp(L) = A2S7(L).

This relation is verified for any L if we put A2S/((0,...,0)) = Af((A(V)) =
fAV)) = f(V) = v,(0).

6. Proofs.

6.1. Bernoulli case. This section focuses on the proof of Theorem 1. This
proof is based on a light traffic type expansion in the spirit of that of [2]:
the expansion is first derived in the finite memory case; the infinite memory
expansion is then obtained via some direct analytical convergence arguments.

Its first part is proved in three steps (6.1.1, 6.1.2, 6.1.3). The notation and
assumptions are those of Section 3.1.

LEMMA 1. Under (H1), (H2) and (H3), the conclusions of Results 2 and 3
hold.

PROOF. (i) Extension of Result 2. The first step of the proof is the same.
Let ,ytop = limn—mo(maxlgigd(Xn)i/n)’ ybOt = 1imn—>oo(min1§i§d(Xn)i/n)' We
now prove that all coordinates of X, /n again have the same a.s. limit. Under
(H1) and (H2), there exists n, such that for all (7, j), (A™);; > —oo.

Then if a = max; ;|(A™) ;| for all (i, j),

(Xn+n0)j >z —a+ (Xn)z
whenever A(n+ny—1)®---® A(n) = A™. In particular,

minlsisd(Xn+n0)i . _a n max;;q(X,);

n n n
for an infinite number of integers a.s. and since both min;_; _4(X,);/n and
max;_; _4(X,);/n tend to limits a.s., these limits satisfy the inequality y>* >
v°P_ Therefore P = ybot,

(i1)) Extension of Result 3. The proof is the same as in [12], (6.8, 8).

Thanks to (3), we can see X (Result 3) as a R?%-valued functional of the
sequence

B={A;}i1
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We will also use the following truncation of B:

B"={A;};.; with éi =4 ifizm,
. A=A, ifi<n

We will denote .# the set of all possible values of B and .#, that of all
possible values of B”. Finally, we will denote ¥: .# — R? the mapping

(14) V(B)=A(1)® X — X = A,

where X is any vector in the equivalence class of X [see (4)].
If V is an eigenvector of A, then

(15) =A]_®Xn+100—n_Xn+100_n le(): V,
=Xn+2007n_Xn+1067n le():V,

where 0 is the basic shift of the sequence {A,} (A, = A, o 6" for all n). Note
that the result is not modified if we replace V by V ® « for any scalar «).
In view of Result 3, for all B € .#,

W(B") >, W(B)=A as.

REMARK 9. In (15), since V is an eigenvector of an irreducible matrix, for
alli e{l1,...,d}, V; > . Hence taking a = ||| V|||, we can assume V > 0, that
is, each component of V is positive. _ 5 _

In the same way, replacing A and A’ by A = AQ a and A’ = A ® o with
a=|||A]|| ® |||A]||, we get that ¥ = ¥ ® a. From this, we obtain the initial
Lyapunov exponent by the relation y(p) = ¥(p) — a. We conclude that we can
assume V, A and A’ positive (namely, all entries of these matrices which are
not equal to ¢ are nonnegative). Then for all n, X, is positive too.

Throughout the section, we will use the following notation:

1. In order to simplify notations, we will replace the product operation ®

in (max, plus) by “” and the conventional product operation “x” will be

omitted.

|B| = k£ means that in the sequence B, Card{i: A; = A’} = k.

3. M; ., is a sequence B where A; = A’ for i = i;---7, and only for these
indices.

4. o4F denotes the number of arrangements of p elements among n that is,

»

n!

AP ="
(n—p)!

5. iy #--- # i3 means that i, ..., i; are pairwise distinct.
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6.1.1. Evaluation of EV-truncated case.

LEMMA 2. We have

n+2
(16) E[w(B")] = ) #"(1),
=0
with
n 1 d -k l
a7 PO=7 ¥ XD (k)‘lf(Mil___,-k)
CigEe#i | k=0
—n<i;<1

where My is the sequence where A; = A for all i.

PROOF. We obtain an expansion of EV by the following conditioning:

n+2
E[W(B")]= Y E[¥(B") | |B"| = k]P(1B"| = k)
k=0
(18) ='§(”+2)pk<1—p)n+2—k LS wn
o\ k ("*2) s ’
|M|=F

because P(|B"| = k) = (*;*)p*(1 — p)**2>~* and B" conditioned by |B"| = &
follows a uniform distribution.

By expanding (1 — p)**2~* and regrouping the coefficients of p*, we get the
equation

n+2 l
n n+2-I01+k
FU(B)] = 3. { > ("7 e |z owan }pl.
1=0 | k=0 Me.u"
IM|=l—F
Note that the coefficient 7"(1) of p',0 <l <n+2,in the last expression can
be rewritten as follows:

gy — ! k(nt2—k
O=2Eo (") | 2 v
\M|=k

Remark that the two following relations hold:
1
S W)= X WM,

|M|=F DAl
7n§ij§1
I3
Mn—k Z \I,(Mil"'ik) == Z \I,(Mil-“ik)’ k 5 l 5 n.
iy ire i
1<i;<n 1<i;<n

The second relation comes from the fact that [ — & indices have to be chosen
within the n — & free indices in the r.h.s. sum.
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Using these relations, we get

. Lom4+2—k\(-1)"*
Wm:Z(Z—k) |, 2, Y M)
k=0 iy Ay

—n<i;<1

l 1 /n+2-Fk\(n+2-10)
=31 Jomat T ovor
A B TR T PE=P

—n<i;<1

! w11
- ()] 2 vor,
k=0 : iyt
-n<i;<1

The proof is concluded by interchanging the summations. O

6.1.2. Convergence. Convergence of the coefficients. We prove that, for
each I, 7*(l) - w(l), when n — +o0. In fact this limit exists and is reached
in a finite time. This result will be shown to be a direct consequence of the
following lemma.

LEMMA 3. Under the foregoing assumptions:

() If the l indices iy, iy, ...,1; in (17) are all such that i; < —c+1,Vj €
{1,...,1}, then

1
(1
3 { > (1) k(k)\lf<Mi1...ik>} =0
R

(i) Let # ={-n,...,1} and let C(a) ={a,a+1,...,a+c — 1}, where a
is an integer such that a +c¢—1 < 1 and —n < a. Then we have

1
(1
> { Z(—l)l k<k)w(Mir~ik)} =0.
ivteti, | k=0
ijet —6(a)

PROOF. Property 1 follows from the fact the if i; < —c + 1 for all j, then
W(M; ;) is equal to I'(0) and of the fact that Yhoo(=1)F(}) = 0.

For property 2, consider the case where there are ¢ indices «q, ..., «
larger than a + ¢ — 1 and [ — ¢ indices smaller than «.

all

q’

A rt————
-n 1
a a+c-1

~ N~
I-q elements q elements
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In the expression

! !
W= iﬁ;#l i<l>q’(Mi1‘..iz)_ (z_ 1>\I’(Mi1“_ill)
(19) ije,/t/—g’(a)

44 (1) (é)\p(Mg)},

we start by regrouping the terms which contribute to the same value of V.
Because of the gap of length ¢, the [ — ¢ indices on the left of « do not affect
the value of W. Therefore, once the [ indices «; ---@; and the integer ¢ are
given, the different values of ¥ are

V(Mg ..., aq) ~ 1 possibility
\P(MCH ,,,,, dq,l)’ \P(Mal,...,aq,z,ozq)’ ete. ~ q= (({) pOSSibilities
V(M,,....q, ) ete. ~ (3) possibilities
V(Myz) ~+ 1 possibility.

Let us represent W as the sum

!
W= 2 X Wiw

Ay, .y q=0

where W, . o, collects all terms with g indices bigger than « + ¢ — 1, chosen
in the set {ay, ..., o;}. This can be rewritten as

,,,,

(Z)terms,

since all terms of type W(M y1)..oz)) depending on % indices have a common
factor B, by symmetry.

To get B, we count how many times W(M aq) appears in ng,_,.,aq.
For the first term of (19), we have to count the number of ways of arranging
the g elements {«ay, ..., @, } among the [ positions. For the second one, we have
to count the number of ways of arranging the g elements {a;, ..., @,} among
the [ — 1st first positions and so on; in each case we have to multiply this by
the number of permutations of the [ — q indices on the left of «, so that,

nmaar (o ( Ly ()

Consider now the general case §,_;. First we must remove at least j indices
from the g first ones. This means that the first term giving B,_; comes from
the jth term of (19), that is, ¥(M;, _; ): here we have to count the number

Ay, Ags eeey
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of ways of arranging the ¢ — j indices a(1), ..., a(q¢— j) among the [ — j indices
showing up in ¥, and to multiply this by the number of arrangements of the
J indices i; ;. ; among the j removed indices. For the (I — j — [ + k)th
term from W(M;, _; ), we have to count the number of ways of arranging g — j
elements among % indices, times the number of ways of arranging ;j indices
among the [ — £ removed indices and so on. Therefore,

1 I—j (1 P
a—gPei= 2 1 k(k>&%£ oLy
' k=g-j
! l . .
= S )or o,

k=0

with the convention A = 0 if p > n. Now the lemma is almost proved,
because &7 ’ o/’ , is a polynomial in k, the degree of which is less than g,
that is less than [ — 1. We just need the following result to conclude the proof:

l /1
Vijiefl,...,1—1), —1)*R7 =0,
je boenE()

and this can be easily proved by induction when differentiating j times the
function (1 — x) and evaluating it at point 1. O

CONSEQUENCE 1. This lemma enables us to write w(l) as

1
(20) wa)==% 3 2:(—1Y‘k(é>q%ﬂ4hmnx

i k=0
lim—in|=c
for all successive indices (i, in)

with W(M;, ;) = V(Mg) =T(0) if k = 0. Remark that the first index should
be in [—c+1, 1] due to (i) of Lemma 3. Consequently, it is sufficient to look for
indices in [—(lc — 1), 1] and this implies that

(21) m,()=m(l) Vn>lc—1.
Convergence of the series.

LEMMA 4. The series representation of E[V(B™)], namely,
S, =Y 7" )1,

is uniformly convergent when n goes to infinity. In addition, S = lim,, S, is
such that

(22) S =Y 7w()p' =T(p).
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PrOOF. We first discuss the conditions under which the series S is conver-
gent. For this, we give a simple bound on W(M; ;). Foralli € {1,...,d},

1eedp

Z eRY,
(AL)-Z-2),|=| D (AQ);-Z)) - Z;
1=j=d
= @ (A);-2)) -2
1<j=<d
A1)
=A();+Zj,— Z;| for some j,
<|AL)jl + 12, — Z;]
<F+|Z]ls,
with F = |||A]|| V |||4’|||]- In these inequalities, we have used the assumption

that both A and A’ have at least one non-¢ element on each row.
Similarly, for all i, j, all Z € R? and all n,

|(A(n) -Z); = (A(n) - Z)j| = |A(n)ii0 + Zi,, - A(n)jjo -Z;

<2F +|Zll4

o

(sharper bounds can be derived whenever A and A’ are positive, in the sense
of Remark 9). Hence

IA(n)-Z| g <2F +||Z]|4
and by induction
Yk, Vi, ¥l >1 |[W(M; ;)| <(c+1)D < DI,
with
D = [2(/[|Alll v A1) + 1 VIIo](e + 1).
Using this, it follows from (20) that |7([)| is bounded from above by

I Lo/l
(23) —1dDY ( ) = DI(2¢c)".
I = \k

This bound also holds for 7" (1), for all n. Therefore, we have dominated conver-
gence for S, on every compact of the complex plane {|p| < 8} with § < (2¢)71,
so that the convergence is uniform on every [0, 6], and therefore

S= lim S, = S w(l)p'
n——+0oQ i

is analytic in p in the open disc of radius (2¢)!.
In addition, by Cesaro averaging,

o i i EDV(BY)]

n—o00 n
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and since

i E[V(B)] _ E[X,10] — E[X5] novoo
n n

I'(p),

(where the last limit follows from Result 2, which holds here due to Lemma 1),
the last assertion of the lemma follows immediately. O

REMARK 10. Here are two sufficient conditions where, in addition to (22),
we have

(24) I'(p) = E[A]
[A is the random variable defined in (4)].

(1) If A and A’ have all their entries different from &, then we can show
that || X, | 4 is bounded, which implies the boundedness of |A; - X, — X, | -
By dominated convergence, we can then conclude as indicated at the end of
section 2.2 [see the proof of (5)].

The case when there exists a positive integer g such that all matrices
obtained by products of ¢ matrices of {A, A’} have all their entries different
of £ can be handled in the same way.

A more general sufficient condition can be obtained from the finitely gener-
ated torsion semigroup property related to the so-called Burnside problem [8].

(ii) When p is small enough, we can bound ¥(B") uniformly by an inte-
grable random variable, using the same kind of arguments as above. Indeed,
let I(A’) be the last index n,n € {1,0,—1,...} such that A(n) = A’ and
such that the sequence 1,0, —1,...,/(A’) has no subsequence of more than ¢
consecutive A. Then

3 D such that ¥ n, [¥(B")| < DI(A).

It is easy to show that [(A’) is integrable. So we obtain by dominated con-
vergence that ¥(B") tends to W(B) = A in L;, which concludes the proof of
(24).

REMARK 11. The exact domain of analyticity is generally larger than the
disc of radius (2¢)!. We found no numerical evidence indicating the existence
of a singularity at this point. This question will be examined in a future paper.

6.1.3. Simplification of the coefficients. The aim of this section is to sim-
plify the expression in (20). Indeed we can easily see that many terms in (20)
are redundant. Let us give an example through a simple case.

First, remark that there is another way to write our expressions using the
notation

A(ig, ... i) = Al A A2 A/ A/ Al A



810 F. BACCELLI AND D. HONG

Then
1
oY V(M) = X V(M)
iyt B>l
1 i—1 i1
= 2 > o YWM)
i1=—c+2iy=i;—C i=i;_1—¢

zz...Z{Al—il.A/.Ail—iz—l.A/...A/

ATl AT Y AT AL A v}

with the convention A™1. A’ = I, identity matrix
c c—1 c—1
= Z Z ---Z{Ail-A’-AiZ-A’~--A’-Ail~A’-V
i1=0i,=0 ;=0
— AT A AV
¢ c—1 =1 ) )
=Y Y S AL A AR AL A AL ALY
i1=0i,=0  i,=0
c—1 c-1 c=1 ) )
— Y Y YA A AR AL A AL ALY

ij=—1iy=0 ;=0

c—1 c—1

=Y -sY [A° A A2 A .sA-A".A .V -A"2. sV}
ip=0 ;=0
c—1 c—1

= - S Z {AC'A/'A(il'Silil)'V—A(il'silil)'V}.
ii=0 i, ;=0

Now we would like to operate in the same way for the other terms. But the
difficulty is that the general term W(M, ., ) is not invariant by permutation
of {i;---1;}. This will be taken care of by the two following lemmas.

LEMMA 5. Let j, < --- < jy be such that |j, — j,41| < c for n = 1 to
k — 1 [this guarantees W(M ;. .. ; ) is really depending on k terms). Assume
there are v indices of jj.1,...,J;in 1j, —c, jil and u indices of j,1,..., J;
between j, and 1. We assume the | indices ji,..., j, and j,.1,..., J; fixed.
Then in the sum (20), all the factors of terms W(M ; ..; ) where u+v indices
have been suppressed in |j, — ¢, 1[, sum up to zero if [ — k — v — u is not equal
to zero.

l 1
~— .
l-k-v-u Jk-€ Jk 1

. g
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PrOOF. To get W(M; .; ) we have to suppress at least v + u elements
between j, — ¢ and 1. Therefore we have to look at the contributions of the
following terms:

vTu Z
(-1 * (l —(v+ u)>q,(Mj1---Jz(u+u))’
l

— v+u+1 ' '
( 1) (l — (U +u+ 1)>W(M]1~"Jl(u+u+1))’

(—1>l—k(,i)W(ﬁjl,._jk),

From the first term we get

%(—1)”*“ (l B (lf N u)>(v +u)l(l — (v +u)) = (-1)"**

because the [ indices are fixed and we can only permute those giving the same
value, that is, v+ u and [ — (v + u).
From the second term,

1 ot l l—k—v—u
i -1) 1<l_(U+u+1)>(v+u+1)!(l—(v+u+1))!( 1 >

— (—1)rrutt (l —k _1 v— u)

because the (v+u +1)th index to remove can be chosen among the [—k—v—u
indices on the left.
From the (n + 1)th term,

R )

because we can remove n indices chosen among the / — 2 — v — u indices on
the left.
So by summation,

(—1)"+”(l_kgv_”>+-~-+(—1)lk(;:::i:ﬁ:(’

and the lemma is proved. O

CONSEQUENCE 2. The sum differs from zero only when | — k —v —u = 0.
Therefore, in order to get the factor of W(M ; ), we just need to consider cases
where only indices between j, —c and 1 are suppressed. And for this operation,
we choose | — k indices among (1 — (j, — ¢) + 1) — k so that the factor is

%(—1)”(2)1&(1 - k)!(z : Jékjkc i k) =™ (2 _ Jékjkc _ k>’
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LEMMA 6 (5 bis). In the sum (20) all the factors giving V(M g) when sup-
pressing a indices in [—c + 1, 1] sum up to zero if «a is not equal to [.

lI-a o

N
1 -1
1

PROOF. dJust do as in the previous lemma to obtain

()

CONSEQUENCE 3. The factor of Y(My) = 1'(0) in w(l) comes from the case
! — a = 0. Hence it is equal to (—1)(“") if I < ¢+ 1 and zero if not.

Now we can rewrite (/) as follows:

B I —c+l ij—c i q—c o 2 i, +c—k .
s)wu)—z{z X oy ot (AT M, )

k=1 | iy=1 iy=iy—1  ip=ip i1

(2
+(=1)'(*)T(0),
with the convention (;) =0if p> n.
Take now as new variables
Ji=1-14,

Ja=1l1— iy —1, JitJet o ir=—ir+2-k,

Ji=t1—4 -1
Then
1 c c—1 . .
Y R Iy
A=Y X T (T
k=1 j1=0 jg,...Jr=0
x [A(jy Jo--dr) - V—=AGL =1 i) - V]

+ (1) (C Jlr 1)F(O).

For the k fixed indices, we have, omitting V,

Z<C+jll‘i;'l'e'+jk)[A(j1...jk)—A(j1—1"'jk)]

Clet iAot o
=2 (T aG
J1=0
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b <c+j1+~-~+jk+1
1

s I—Fk

J1=—
(T

={ (T aG - Y (”ljj]-e-jk>A(j1---jk>}

71=0 =1

) AGy-

N A VPN = N E AU AP
-2 (FA T aG - X (7 Al

J1=0 J2=0

Simplifying the two first sums by summing w.r.t. j;, we get

2+ i , ) )
:Z{( Zl—k k1>ACAA(.]1Jk1)
J1=0

c—1+ji- Ju . .
_< lj_lk Jk 1>A(J1"'Jk1)}

& (et & (=141 Je
_ i) — VYA(G. -
hX::O( o1 )A(Jl Jr) Z( b1 ) (J1+ " Jr-1)

J1=0

Using the relation (;) + ()

N (n+1

. *1) in the underlined terms, we get

el fr9cy G, ) ) .
=Z{( A A G )
J1=0

cH i Jne . (et L
—( ;_k“)A<J1~-~Jk_1)}—Z(l_;_lk)A<J1~-~Jk>

J1=0

c—1 2c+ .]7 . , . .
=Z< il_k “)A A Ay k)
J1=0

ot c Jle " ¢ Jle 1
- Ay ) — )AL Fad)-
;0 ( l J 1 > (.]1 Jk) ];0 < l k ) (.]1 .]kfl)

>k 21
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Injecting this in the first equation, the terms )", cancel each other except for
the last one for £ = 1, which is equal to (,%,)V, so that

l

B 2c+ i1+ 4 Jpe e a4, ) .

wa>:§:{e4ﬂk > ( Yk kl)A ua-ALh-~Jho~V}
k=1 J1=0-c—1,...
Jr-1=0--c—1

—enHQfJV+eijﬁnw

This proves the first part of Theorem 1. O

6.1.4. Complexity and error term. In this section, we give an estimate of
the computational cost of evaluating the Lyapunov exponent by (6), when
using a Taylor approximation of order / [and when supposing that the coupling
time ¢, the eigenvector V, the eigenvalue y(0) and all binomial coefficients are
given]. We also compare this to what would be obtained by (20). The estimates
are given up to a multiplicative constant.

To evaluate (/) by applying (20), or equivalently (17) with n = ¢/, we need,
for W(M;,..;,), 2d?(2 —max(iy - - -i},)) operations (summations and multiplica-
tions) since we multiply (2 — max(i;---i;)) matrices of size d x d by a vector.
Hence we need at least 2d?k operations.

We write, for 37; » ., i > 1. V(M. ),

R(L-F) Y Y. (M.,

Dy>e>0p Dpyg>>l T
— S — 2d2%k
(Z};) terms (lf:lf) terms
Then we need (lg) X (lf:,f) x 2d?k operations. This implies that the total number

of operations is at least d212!("¥).
In order to evaluate m(l) using (6), for the generic term, we need

5 c(c—1)
D S R I L e
jl"'jk—1=0
-1
= c’“[k + (k=17 }2012

~ kckd?.

This implies that the total number of operations is equivalent to d2Ic’.

As for the error term in a Taylor approximation or order /, since we have a
geometrically dominated convergence in the analyticity region from (23), the
simplest bound on this error is

Ds ((208)”1)/ _ D(2¢8)" M1 + (1 — 2¢3)]

1
T _9e5 ) = 1 —2co)2 forpe[O,‘o‘],8<2—c.

This proves the second part of Theorem 1. O
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6.2. Multinomial case. The proof in the multinomial case is an extension
of the above calculations.
6.2.1. Evaluation of V. By conditioning as in the binomial case, we obtain

E[¥(B")]= ). EW(B")||B"l=K]|P(|B"|=K)
|K|<n+2

= X pfl---pfi"(l—pl—---—pm)”+2"K( > ‘I’(M)>
M

|K|<n+2
|M|=K

with
|L|<n+2—-|K|
y (n+2—|K)!
Ii'---l\(n+2—|K|—|L)V
so that
n k;
Ew(B)]= > [l p > (-nH
|K|<n+2 1<i<m |L|<n+2—|K]|
,(n+2—-|K
A 5 )
1<i<m M

|M|=K

-y ¥ (v

|K|<n+2 |L|+|K|<n+2

< ] pﬁi+ki<n+2L_|K|)< % \p(M)).

1<i<m

|M|=K

Taking as new variables [; := [, + &,

H¥EY = X ¥ (COHE pﬁi(”*f_}}K')( 3 qf(M))
M

|K|<n+2 K<L 1<i<m
|L|<n+2 |M|=K
_ n+2-—|K| I
> {2(—1>L (. > won )t I sk
|L|<n+2 | K<L L-K M 1<i<m
M|=K

We shall denote 7#"(L) be the coefficient of [];;,, pﬁi in the last sum. Below,
q? # means that the variables qi- are all different, and M

1.

qt A.qilq%“qiz...qgﬁuqkﬁm
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denotes the infinite sequence with all its elements equal to A, but for those

of indices ¢!, ..., ¢’ which are all equal to A;,Vi =1,..., m. We have
1 ky 2

1
> ‘I’(M)=E Y W(Mygh g3t qrap, )

|M|=K qi#
—n<q¢i<1
A S WM )= Y (M)
n—|K| - 91y, - Gy, 7°
qi# 957
1<q¢’=n 1<q¢i<n
1<j<k; 1<j<i;

Applying this and simplifying, we get

1 L
(26) (L) =+ > > (—1)H-IE W(Mgtqp ) -
L! g+ K<L K "
—nquﬂ-gl
1=<j=l;

6.2.2. Convergence. We proceed exactly in the same way as for Lemmas 3
and 5. Reasoning term by term, one can check that the coefficient Bq_,
becomes

BQJ=<L—Q>!= Z(—D'L'"K'(;Lg) 1 %Mzk}

K<L 1<i<m

Here bQ/k,i_j i &/l]i 5. is a multivariate polynomial in %, the degree of which in &;
is less than g;, that is, less than [, — 1. And we have again

3 (-1 )k =0,

K<L

if for all i w; < [; — 1. This can be proved by differentiating w; times the
function [];-;-, (1 — x;)" w.rt. x; and evaluating it at the point (1,..., 1).
The variable 7"(L) is bounded from above (26) by D|L|(2c)*!(|L|!/L!)
which can be bounded itself by DI(2cm )’ when summing on |L| = [ since m”" =
Y kj=n (n!/K!), so that the convergence region contains the ball of radius
(2¢m)~! wrt. norm |||, on R™ defined by || P| ., = max;_;_, |p;-
For the extension of Lemma 5, the coefficients we obtain are

L-1-V-U
> (_1)IL||I< > =0.
L—(V+U)<I<K L-K-V-U

The other steps of the proof of Theorem 2 are very similar to those of the
binomial case.
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6.2.3. Complexity. To evaluate (L) by applying (8), we need a first sum-

mation with
c—1
24> Y (|K|+J'1+"'+J'\K\f1)’”|K|C|K|d2
J1--Jjgj-1=0

terms.

The sum 3 ¢ -1, .. |K| with C,=A] for some i Card{n: C,=A!}=t;» Multiplies this by
|K|!/K]!.

The sum 1 g g (|K|!/K!), multiplies this by m!Il (because 21<|K|, K<L
(IK|!/K!) < ¥ k<) (IK|!/K!) that is of the order m!*!).

Hence, for expansion of order |L| we get the estimate

27 d?|L|(cm)F.
6.3. The operator case. We first consider the finite horizon expansion for
which we define (with notation similar to that of Section 6.1)
W(B")=foA(l)oA(0)o---0 A(—n)(V)—=foA(0)o---0 A(—n)(V).

Conditioning w.r.t the choices made for the random variables A(l), 1 >1> —n
leads to a direct analogue of the expansion of Lemma 2,

n+2

E[W(B")] = ) mf()p".
1=0
LEMMA 7. Under (P2), for all I, we have convergence of the coefficients
Jim 77 (0) = (1),
where the limit m¢(l) is reached in finite time and is given by
1 —c+1  ij—c ip1—C 2 i, +c—k
k=1 | i+1=1iy=i;—1  ip=i, -1

e i

where M; ..;, = (A(1), A(2), ..., A(i})) is the sequence with A(i) = A for all
i, but for iy, ..., i, where A(i) = A’

For the proof, one easily checks that (P2) is a sufficient condition to obtain
Lemmas 3, 5, 6.

LEMMA 8. Under (P2), m4(l) is given by (9).

For the proof, just repeat the last calculations of Section 6.1.3, replacing all
terms A(jla ey .]k) ® |4 by f(E(-]la ce, Jk)(V))7 where

E(jl,...,jk):AjloA/o...OAjkoA/'



818 F. BACCELLI AND D. HONG

PRrROOF OF THEOREM 3. From (P3), on [0, 1/2¢7],
lim E[W(B")] =Y mp())p'
n——+00 l

and this convergence is dominated and hence uniform on every compact of
[0, 1/2¢7].

Property (P3) also implies that E[f(X,)] is finite for n > 0. Now using

(P1) and a Cesaro averaging argument,
Yia EW(BN] _ Ef(Xni2)] = E[f(X5)] ntoo

n n

Yf(P)-

6.4. The general case. 'The proofs are similar to those of the Bernoulli case
for ¢ = 1. The main property leading to (20) from the first relation (18) is
indeed only based on the fact that the function ¥ loses memory of the past
regardless of the initial condition.

7. Other expansions and relationship between expansions.

7.1. Yet another binomial expansion. There is an immediate extension of
Theorem 1 when each occurrence of matrix A’ is replaced by that of an inde-
pendent random matrix A’(w), which admits a discrete or continuous distri-
bution. More precisely, A, is equal to A with probability 1 — p and to B,
with probability p, where the sequence {B,,} is i.i.d. and independent of the
sequence used to chose between A and the alternative. Then, if we note E’
the expectation w.r.t. this distribution, (6) can be reformulated as follows:

(1) _ 1y {(z f 1)v+ <cjlu 1>F(0)}

l c-1 ] e 1
(28) + Z {(_1)lk Z <2C + J1l+_ i + .]k—l)
J1

k=1 j1seees Jp_1=0
XxXE[A°@AQANQA .. A1 @ A ® V]}.

Similar extensions can of course be contemplated for all the extensions con-
sidered in Sections 4.1-4.4.

7.2. Binomial versus multinomial. An interesting special case of what is
considered in the previous subsection is when the law of B, is discrete and
with finite support. Assume, for instance, that we are in the setting of Section
4.1, namely, A’(w) is equal to A/j with probability p;, j=1,..., m, and each
of the matrices in questions has at least one non-¢ element on each row. In
this case, we have both an expansion in the parameter p = p; 4+ ps+---+ p,,
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which is that of (28) above, and an expansion in the multiparameter P’' =
(pp1s---, PP, ) Which is that of Theorem 2.

7.3. Symmetrical versus asymmetrical. In the multinomial case, we ob-
tained an analytic expansion of the Lyapunov exponent w.r.t. the parameters
(p1s---» Py) of the law, which are such that p, =1— p; —--- — p,, represents
the probability of an event which should be frequent enough to entail the
memory loss property [e.g., in the (max, plus)-algebra case the sampling of
the scsl-cycl matrix A]. This is an asymmetrical expansion in that it is not
made w.r.t all parameters (pg, ..., p,)-

Within the general setting of Section 4.4, symmetrical expansions can also
be derived in complement to those obtained so far in the following way. For
all integers [ > 0, we have the following representation:

k
E[X,]= > > Cyio---0Cy(Xo)t Py - Py
Bortet b=t | HC1 €Y= (ko

Z Cio---0Cy(Xy) FK,
|K|=l | |C|=K
Cies

where K = (kg, kq,..., k,,) and P = (pg, ..., p,)- So for I > 2,
E[X; — X 1] - E[X; 1 — X ]

- S Cro-0Cy(Xy)

_2010"'OCl_l(X0)+ClO"'OCl_2(.X0) PK

So, if we define

(L) — A2S(D),

where
SD= ¥ {Cio-oCuXol,
|C|=(10’lm)
Cies
we obtain B
E[ X — X)) - E[X;, — Xy 4] = =(L)P"
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This also gives the terms of order / in the symmetrical expansion of

n+1
E[ X, — Xl = Y {EX; - X, 4] -EX, 1 — X;,]}
Jj=0

with X ;=X _,=0.

We can then use the convergence of E[X,.; — X, ] to I" to derive the coeffi-
cients of the symmetrical expansion of I

Let us comment on how this result is related to the asymmetrical expansion
with ¢ = 1. Consider the multinomial (max, plus)-setting of Section 4.1; we
associate with this a (m + 2)-nomial scheme with parameters (p, py — p/
(m+1),..., p,— p/(m+1)), where p is a real number such that this vector
is a probability law. In this scheme, matrix A} is sampled with probability
p; = p;—p/(m+1),foralli =0,..., m (we take Ay = A) and with probability
p, the matrix 0 which has all its entries equal to 0 is sampled. We can then
apply the asymmetrical expansion w.r.t. (p, py, ..., p},), when taking as scs1
cycl matrix the matrix 0, which has for unique eigenvector the vector e with
all its coordinates equal to 0, and for which ¢ = 1. It is then easy to check
that the coefficient of (pj)¥ ---(p),)'» in the asymmetrical expansion for this
(m + 2)-nomial scheme is equal to the coefficient of (py)®---(p,,)" in the
above symmetrical expansion.

8. The regenerative theory approach. The aim of this subsection is
to investigate another potential way of obtaining the main result, based on
regenerative theory.

As in Section 6, we use here the simplified notation “-” instead of ®.

We start with the following basic observation, where the sequence of inter-
est (and the notations) is that of Section 3.

THEOREM 5. Assume (H1), (H2) and (H3) hold. We define

Ti=inf{n>c: An-1)=An—-2)=---=A(n—-c)=A},

T,=inf{n>T) 1+c:A(n-1)=An—-2)=A(n—c)= A} VEk=>2.
For all n > 0, let A, = Xn+1 X,,S,=T,,1—T, with Ty =0), Z,
Xr ., — Xr,. Then {An}n>0 is a regenerative process wzth regeneration tzmes

{T, } that is, {S,, Z,},-1 forms an i.i.d. sequence.
Moreover for all p €]0, 1],

E[ X7, — X1,]
E[S1]

1-A-p)f

29 Hp= p-py

. HSi]=

which are independent of the initial condition X,.
One can write also

Ex,—v[Xr, = VI
E[T]
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REMARK 12. The relation (29) is valid for p = 0 or p = 1 by taking the
proper limits.

Proor. Let F, = 0{A(i), i < n}.Forall i > 0, the random variable T'; is a
finite F,-stopping times. In addition, {A,} is a F,-Markov chain in R?. That
the random variables {S,, Z,},-; are ii.d. follows from the strong Markov
property for discrete time Markov chains.

From the strong law of large numbers,

since, on the other hand,
1 ;Xrnl a.s.

Loy a=2e

o —I'(p).

For proving (29), we use the relations
P(T,=%k)=0 fork<c,
P(T1=c¢)=(1-p),

P(Ty=k)=p(1l—p)P(T;>k—c—1) fork>c.

Thus
Y P(Ti=k)=1-p)+> p(Q—p)P(Ty>k-c—1)
k>0 k>c
=(1-p)+p1- p)“( > P(T,> k))-
k>0
So

1=(1-p)+ p(l- p)ET,]
This concludes the proof. O

REMARK 13. Equation (30) still holds more generally under the memory
loss property (P2).

Let ¢, be the set of all sequences of n elements of the set {0, 1} such that
there are never more than c—1 consecutive 0’s. Let p; = p, A; = A’, py=1—
pand Ay = A. From (29), it is easy to check that y(p) admits a representatwn
of the form

T1] Z P(Ty=n) Z Pi, - DPi, .,

805015 15 b 1€€0_c

X[AC'Ain "Aio"'AiOV—V],

—c—1
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where one recognizes terms as in (6). In order to rederive the complete result
of Theorem 1 via this representation, we now need a direct evaluation of the
numerator of the first equation of (29). We have

E[Xp,]= 2 E[Xr /T =n]P[T,=n]

n>0
=tXrp, /Ty =c]P[T,=c]+ ZI[E[XTI/TI =n]P[T, = n]
nzc+
=(1-p)A° - Xo+ Y E[Xy /Ty=n+c+1]P[T;=n+c+1],
n>0
with
HXp/Ti=n+cttl= ¥ (f)pa-priaca

iyt Hl=n

=l AR A Al X
Substituting this expression in the upper equality,

E[X7,]=(1-p)A°- X,

n . .
+2 X ()AC'A/'A“'“A/-AHH
(31) n>0iy++ig+H=n [
ij<c-1

X p'A - p)P[Ty=n+c+1].

In order to obtain the law of T';, we use generating functions as follows:

F[zT1] = +ZOO P(T, = k)z*

k=0
=(1-p)z+p(l—p) Y. P(T1>k—c-1)Z"
k>c+1
=(1-p)°z°+ p(1 - p)° Y. P(T; > k)z*"'**
k>0
=(1-p)°z+ p(1— p)zH > P(T, > k)z"
k>0
=(1-p)2+ p(l—p)ztY. P(Ty=k)(2° + -+ 2F71)
k>1 —

k-1
=1

c+1
=(1- p)¥z‘+ p(1 - p)* ZZ_ 1 <[E[zT1] - 1).

Thus,

(1-p)z¢(1+ p*/(1 - 2))

_ Ty _
®(z) =EH== 1+ p(1 - p)e(zt1/1—2) "
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Now we have
(32) P(Ty=n)= i‘1)(n)(()) - L /ﬂ D(e/)e ™ dw.
n! 27 J_x

Let us see first what ®(0) looks like:
D(z) = (1 - p)z¢(1—2)+ p(1— p)zct? Y (p— 1)zt 4+ z¢
(1-2)+ p(1 - p)zet! 1—(z - pazl)’

with a = (1 — p)°.
We can now expand this as a power series using the relation

1 +o00 i X
1—(z— paz=t) > 2°(1— paz‘)",

k=0
that is,
1 g k i cit+k
1—(2—paz€+1) _Ig)§)<l>(_pa)z .
So,
= k k . . +00 k k ) )
=0z 2 <')(p —1)(—pa) z D L g 37 3 ( ->(—pa)lzc(l+1)+k
k=0i=0 \} k=0i=0 \!
Rl 1 -
“oL ( : >(p — 1)(=pa)’z 0V + idem.
k>0 1i=0 l
-1 L.
BBt
k>0i=0 \ \! i
Ek-1 -1 o
sen L << ) " p( ' ) (—pa) 2D 4 a2,
imoizo \\i—1 i

To get the coefficient of z¢*1+" in the last expression, we have to take
i=m, k=r,

i:m_l, k:C+r,

i=0, k=cm+r.

Therefore,

= an:c(%mr { <<7;_—11) P <r;z 1)) Cpa)

— ]_ _ 1
+ ((Cm —{__; ) +p (cm +07” >> (—pa)° } Zem+DAr | g p¢
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and forn > c+1,

1. S ((m—i)c+r—1 (m—i)e+r-1 i
a<I>(>(0):¢1{Z<<m ;ilr )+p(m “; ' ))(—pa)}-

i=0

Since in (31) n is bounded for a given /, we deduce from this expression that
there is a finite number of terms in 7(/) indeed. Unfortunately, it seems dif-
ficult to derive an explicit expression from there. From the expression

E[X7,]=(1-p)°A°- X,

ox Ty ()

n>0iy++i+l=n =0

ij<c-1
n—ic n—ic
((23) (7))
i—1 i
% pl+1(1—p)n_l+c(i+1)Ac'A/~Ai1 LA Al ’XO

one can indeed find the result of Theorem 1 with this method in the particular
case ¢ = 1. The general cases (¢ > 1) seem much harder.

Starting with the second formula in (32), the difficulties are not fewer. Put
f(z) = (2)z~"*D with z = e/*. Then P(T, = n) = (1/2m)) [, f(z) dz, where
A} is the unit circle covered from — to 7 and, from the theory of holomorphic
functions,

| f(z)dz =27 Res f(z),
Q0 A

where z, are the poles of f, namely O (if » > ¢) and those included in () among
the ¢ + 1 complex roots of paz®*! — z + 1 = 0. Here difficulties stem from the
determination of z;,.

There is a third way to reach P(T| = n). Put p,, = P(T;{ =n). Forn > ¢+1,
we have

pp=p(1-p)P(T1>n—-c—1)
= p(l - p)c[pn—c + Pn—ct1 + - ']9

Pos1 = P(1 = D)Y[Prci1+ Prucrz+ -]

So,
Pni1— Ppn=—D(1—Dp)p,_.

The characteristic equation is

Zc+1 — 2 p(l _ p)c =0,
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which has ¢ + 1 simple complex roots for p < ¢/(c + 1) (as can be checked by
differentiating once). Therefore,

c+1

bn = Z a;(2;)",

i=1

with ¢ + 1 initial conditions {p.,; = --- = py, = p(1 — p)° and py..; =
p(1 = p)[1 - (1 - p)°]}. The problem here is that we only know one explicit
root, namely 1 — p.

9. Conclusion. The paper primarily bears on (max, plus)-Lyapunov expo-
nents obtained by sampling matrices from a finite set. More general stochas-
tic assumptions can also be considered along the same lines (cf. Section 7),
as well as generalizations to iterates of random operators. Two results which
were derived should be stressed in contrast to the properties of Lyapunov
exponents in the conventional algebra:

1. Closed form formulas can be obtained for the coefficients of Taylor approx-
imations of all orders, provided one of the matrices in this set has a unique
normalized eigenvector.

2. If the probability of occurrence of this specific matrix is large enough, the
Lyapunov exponent is analytic in the parameters (p, ..., p,,), which give
the probabilities of the other matrices in the set; as a result, the exponent is
also computationally approximable, in that a geometric error bound can be
derived on its approximation by finite order Taylor expansions. In fact, even
if we did know how to compute a confidence interval I(n) for the estimator
X, /n of y(p), based on a simulation, there would, of course, only be a high
probability, say 95%, that y(p) is in the interval [ X, /n—I(n), X, /n+1(n)].
In contrast, when it can be used, the expansion gives certitude that y(p)
is within a certain interval determined by an expansion of finite order and
the associated error bound.

Further research will bear on better estimates of the radius of convergence
and of the error bounds for the proposed computation method.

APPENDIX

Let us denote Al, Bl and D} the nth epochs when a customer enters station
1, starts its service there, and leaves station 1, respectively, and B} and 8! the
epoch when the customer which enters at time A! begins its service in station
1, and leaves station 1, respectively. For the same reasons as above, whenever
the initial condition is with one customer starting its service in station 1, then
for all n > 0,

B, .1 =D;.1 04,

n+1>
1 1
Dn+1 — O"Bn,
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with an initial condition B} = 0, and with A} and D] undetermined yet. Notice
that as above, Bl = ! and D1 = 81

In the same way, let A2, Bz and 62 be the corresponding quantities
for station 2 (i.e., §2 is the departure time of the customer entering station
2 at A2) and let b, e the event that there is a breakdown for the customer
entering at time AZ. Then in view of the way breakdowns take place, for all
n>1,

2 _ A2@ D?, onb,,
A? g D2

2 2
o6y =0"- B,

w1y onb,.

with A2 = 0 and D} = 0. Let us now prove that for all n, 82, ; > 2. Indeed,
using the fact that each of the sequences {A2} and {D?} is nondecreasing, we
obtain that on b, ,,

Baa=A, @D ,>A%e D, > B
On l_)n+1 N Bn’

Bra=Ala0Dr > Al 0D =56,
and finally, on b, Nb,,

i =A2 oD%, >A2e D2  =p2

Therefore, for all n, ,8 = B? 71 and 8 = D?
the following equalities must hold:

7+2- We conclude from this that

=A1 éX4
Dl =A2 éXZ
and if we take X3 £ B2 and X! £ Bl, we finally get
X, 1—X W@ X =0 X, ®0X;,
X2 ,=0-X},
X3 _ X2 X4, onb,,
UIX2e X, =X2@0 - X3 onb,

4 . 3
X, =0 X,

with initial condition X, = (0, 0, 0, 0)".
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