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PERTURBATION ANALYSIS OF AN M/M/1 QUEUE IN A
DIFFUSION RANDOM ENVIRONMENT

CHRISTINE FRICKER, FABRICE GUILLEMIN, AND PHILIPPE ROBERT

ABSTRACT. We study in this paper an M/M/1 queue whose server rate de-
pends upon the state of an independent Ornstein-Uhlenbeck diffusion process
(X (t)) so that its value at time ¢ is pu¢(X(t)), where ¢(x) is some bounded
function and p > 0. We first establish the differential system for the condi-
tional probability density functions of the couple (L(t), X (¢)) in the stationary
regime, where L(t) is the number of customers in the system at time ¢. By
assuming that ¢(x) is defined by ¢(z) = 1 — e((z A a/e) V (=b/e)) for some
positive real numbers a, b and e, we show that the above differential system
has a unique solution under some condition on a and b. We then show that this
solution is close, in some appropriate sense, to the solution to the differential
system obtained when ¢ is replaced with ®(z) = 1 — ez for sufficiently small .
We finally perform a perturbation analysis of this latter solution for small e.
This allows us to check at the first order the validity of the so-called reduced
service rate approximation, stating that everything happens as if the server
rate were constant and equal to u(1 — eE(X (t))).

1. INTRODUCTION

We consider in this paper an M/M/1 queue with a server rate varying in time.
We specifically assume that the server rate at time ¢ is equal to u¢(X (¢)) for some
function ¢ and some auxiliary process (X (t)). Throughout this paper, we shall
assume that the modulating process (X (¢)) is an Ornstein-Uhlenbeck process with
mean m > 0, drift coefficient o > 0, and diffusion coefficient ¢ > 0. This process
satisfies It0’s stochastic equation

(1) dX (t) = —a(X(t) — m)dt + odB(t),

where (B(t)) is a standard Brownian motion. The stationary distribution of the
process (X (t)) is a normal distribution with mean m and variance o2/(2a); the
associated probability density function is defined on the whole of R and is given by

) i) 2 2 [ B (-2

Throughout this paper, we shall assume that the Ornstein-Uhlenbeck process is
stationary.

If L(t) = j denotes the number of customers in the M /M /1 queue and X (t) = x
at time ¢, then the transitions of the process (L(t)) are given by

. 7+ 1 with rate A,
J j—1 withrate ud(X(t)).

Key words and phrases. M /M /1 queue, Self-Adjoint Operators, Perturbation Analysis, Power
Series Expansion, Reduced Service Rate.
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In the following, we shall assume that the condition p def. A p <E(p(X(0)) <1is
satisfied so that it is straightforward to show the existence of a stationary proba-
bility distribution for the Markov process (X (¢), L(t)); see Meyn and Tweedie 1]
for example.

The study of the above system is motivated by the problem of bandwidth sharing
in telecommunication networks and the coexistence on the same transmission links
of elastic traffic, which adapts to the level of congestion of the network by achieving
a fair sharing of the available bandwidth, and unresponsive traffic, which consumes
bandwidth without taking care of other traffic. See for instance [fL1] for a discussion
about bandwidth sharing in packet networks. The choice of an Ornstein—Uhlenbeck
process as modulating process is natural for several reasons: mathematically this is
a standard “typical” diffusion process with an equilibrium distribution and secondly
it can be seen as a centered approximation of the number of jobs of an M /M /oo
queue (the unresponsive traffic), see for example Borovkov [H] or Iglehart [E] or
Chapter 6 of Robert [[[7].

One of the objectives of this paper is to investigate the so-called Reduced Service
Rate (RSR) property for which the system would behave as if the server rate were
equal to the mean value pE(¢(Xp)). Even though some results can be established
for arbitrary perturbation functions ¢(z), we shall pay special attention in the
following to the case when the function ¢(z) has the form

(3) ¢(z) =1 —e((x A (a/e)) v (=b/e))

for some small 0 < € < 1 and real numbers 0 < a < 1 and b > 0, where we use
the notation a V b = max(a,b) and a A b = min(a,b). The choice of the bounded
perturbation function is discussed at the end of the paper.

As it will be seen, one of the important technical problems encountered in the
perturbation analysis is the existence of a reasonably smooth density probability
function for the couple (X (¢), L(t)) in the stationary regime. Conditions on & for
ensuring the existence and the uniqueness of a density probability function will be
established in the following via Hilbertian analysis. More precisely, let p; () denote
the stationary probability density function that the process (L(t)) is in state j and
the process (X (t)) is in state = and let P denote the vector whose jth component
is p;(z)/p’. In a fist step, we show that P is solution to an equation of the type

(4) Qf +V(o)f =0,

where  is a selfadjoint second order differential operator on D'(R)Y, D’ (R) denoting
the set of distributions in R . Unfortunately, the operator V(¢) is not selfadjoint
so that Kato’s perturbation theory for selfadjoint operators cannot be applied.
Nevertheless, we prove that the above equation has a unique non null smooth
solution P € C?(R)N for sufficiently small e. In addition, we prove that when
replacing ¢(z) with ®(x) = 1 — ex, we obtain an equation of the type

(5) Qf +eV(®)f =0,

which has a unique non null smooth solution for sufficiently small e, V(®) being
independent of . Denoting this solution by g, we prove that P and g are close
to each other for some adequate norm when ¢ is small. We then perform a power
series expansion in € of g and we determine the radius of convergence of this series.
By explicitly computing the two first terms of the series, this eventually enables us
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to prove the validity of the reduced service rate approximation at the first order for
the system.

The problem considered in this paper falls into the framework of queueing sys-
tems with time varying server rate, which have been studied in the queueing liter-
ature in many different situations. In Nufnez-Queija and Boxma [E], the authors
consider a queueing system where priority is given to some flows driven by Markov
Modulated Poisson Processes (MMPP) with finite state spaces and the low priority
flows share the remaining server capacity according to the processor sharing disci-
pline. By assuming that arrivals are Poisson and service times are exponentially
distributed, the authors solve the system via a matrix analysis. Similar models
have been investigated in Nuinez-Queija @, @] by still using the quasi-birth and
death process associated with the system and a matrix analysis. The integration of
elastic and streaming flows has been studied by Delcoigne et al. [ﬂ, where stochastic
bounds for the mean number of active flows have been established. More recently,
priority queueing systems with fast dynamics, which can be described by means of
quasi birth and death processes, have been studied via a perturbation analysis of
a Markov chain by Altman et al [m] A probabilistic analysis of these queues with
varying service rate has been presented in Antunes et al. [E, E] Our point of view
in this paper is completely different since a functional analysis approach is used to
tackle the perturbation analysis. The key difficulty for the case considered in the
present paper is that the associated Markov chain has an infinite state space.

This paper is organized as follows: In Section , we establish the basic system of
partial differential equations for the joint probability density functions of the pro-
cess (X (t), L(t)). We recall in Section [§ some basic results on the generators of the
Ornstein-Uhlenbeck process and the occupation process in an M/M/1 queue. In
Section @ it is proved that this system has a unique solution with convenient regular-
ity properties in an adequate Hilbert space when ¢ is sufficiently small. In Section ﬂ,

we show that when replacing ¢(z) with ®(z) = 1 — ez, the corresponding differ-
ential system has also a smooth solution in the underlying Hilbert space when ¢
is sufficiently small. We then prove that the solutions to the differential systems
for ¢ defined by Equation (E) and ® are close to each other in some appropriate
sense. By expanding the solution of the second differential system in power series
of ¢, we show that at the first order the so-called Reduced Service Rate property
for the original system holds; the subsequent terms of the associated expansion are
also expressed. Some concluding remarks are presented in Section E

2. FUNDAMENTAL DIFFERENTIAL PROBLEM

2.1. Notation and differential system. The goal of this section is to establish
the fundamental differential system for the conditional probability density functions
pj(x), 7 > 0, in the stationary regime, where p;(z) is the probability that the process
(L(t)) is in state j knowing that the Ornstein-Uhlenbeck process (X (¢)) is in state
x. As long as we do not have proved regularity results, these functions have to be
considered in the sense of distributions, i.e., for all j > 0, p;(z) € D'(R), where
D'(R) is the set of distributions in R. The distributions p;(z), j > 0, are formally
defined as follows: for every infinitely differentiable function with compact support
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@(x) (denoted, for short, ¢ € C§°(R))

/ pi(@)n(@)p(z)dz = - / o (DP(X(0) < 2, L(0) = j)de,
R R

where n(z) is the normal distribution given by Equation ().
Throughout this paper, we shall use the following notation. The functional space

L*(R,n) = {f R—-R: / f(x)*n(x)dx < oo}
R
is a Hilbert space equipped with the scalar product defined for f,g € L%(R,n) by
(Fa)2 = [ F@glan(e)ds

and the norm of an element f € L%(R,n) is ||f|l2 = \/(f,9)2. If H is a separable
Hilbert space equipped with the scalar product (.,.) and associated norm |||,
we define the Hilbert space

P @nst) = { (7). 2 0) € 2@ s [ 1760) Benta)ds < o
R
equipped with the scalar product

(f.9) = /R (f(2), 9(2))pen(a)d.

Finally, let £2(p) be the Hilbert space composed of those sequences (c;, j > 0) taking
values in R and such that Z;io c?pj < 00, and equipped with the scalar product
defined by: if ¢ = (¢;) and d = (d;) in £*(p), (¢,d), = Z;io cjd;p’; the associated
norm is defined by: for ¢ € £2(p), ||c||, = v/(¢,¢),. Let e; denote the sequence with
all entries equal to 0 except the jth one equal to 1. The family (e;,j > 0) is a basis
for £2(p). The space ¢3(p) denotes the subspace of ¢(p) spanned by the vectors e;
for j > 1.

In a first step, we determine the infinitesimal generator of the Markov process
(X (t), L(t)) taking values in R x N. We specifically have the following result.

Lemma 1. The process (X (t), L(t)) is a Markov process in R x N with infinitesimal
generator G defined by

6) Gf.) =5 5L (wd) — ale —m) %L (2. 5)

+)‘(f(xu7 + 1) - f(-T,j)) +:u¢(x)]l{j>0} (f(xa.j - 1) - f(m,])),

for every function f(x,j) from R x N in R, twice differentiable with respect to the
first variable.

Proof. According to Equation (), the infinitesimal generator of an Ornstein-Uh-

lenbeck process applied to some twice differentiable function g on R is given by

% 0%g dg
(7) Hg:E@(x)—a(x—m)%(x).
The second part of Equation (E) corresponds to the infinitesimal generator of the
number of customers in a classical M/M/1 queue with arrival rate A and service

rate pd(x), when the Ornstein-Uhlenbeck process is in state . (I
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For finite sequences f = (f;(x)) of infinitely differentiable functions with compact
support, the equation for the invariant measure for the Markov process (L(t), X (t))

is given by >° .~ [ 9f(,4)pj(z)n(z)dz = 0, that is,
00 2 d2f- df—
S (55 e
j=0
+ulyisord(w) fi—1(x) — (A + po(@)Lso0y) fi(x) + Afjri () )pj(x)”(@dx =0.

Via integration by parts, we obtain for every finite sequence f = (f;(x)) of infinitely
differentiable functions with compact support

S ([ (3952 - ate-m2) fems

j=0 -
+ [ (11gjs0y0(@) fi—1(x) — A+ pe(2) Ljs01) fi (@) + Afj1(x)) pj(x)n(z)de)
=0
and then
* (g2 P, ip;
(25l
j>07 =00

+ulgs01Pj-1(x) — (A + pé(@) Ljs01) Pj(@) + Ad(2) Pjya (2) ) fi(@)n(z)de = 0.

This implies the following result.

Proposition 1. The family (P;(x) def p;i(2)/p?, 5 > 0) € D'(R)N is solution inthe
sense—of-distributions to the following infinite differential system: for j > 0,

0‘2 dQPj de
(®) 5 g —ole—m)>

+ ,U]]-{j>0}Pj—1(1') - ()\ + M(b(l’)]].{J>0})PJ(SC) + )\¢($>Pj+1 (SC) =0.

2.2. Additional properties. For the system considered in this paper, we have
up(z) > u(l —a) for all z € R and 0 < a < 1. Classical stochastic ordering
arguments imply that the process (L(t)) is stochastically dominated for the strong
ordering sense by the queuing process of the M/M/1 queue with input rate A and
service rate p1(1 — a). Hence, if the solution (Pj(x),j > 0) of the infinite differential
system () is related to the conditional probability density functions (p;(z),j > 0)
of the couple (X(0), L(0)) as Pj(z) = p;(z)/p’ for all j > 0, then

. 1
(9) Ve eR,Vj >0, Pjx)< Aoy
If a <1—/p, it is easily checked that for all z € R, the sequence (Pj(x),j > 0) is
in the Hilbert space £2(p).
In addition, for all 7 > 0

(10) /Rpj(z)Qn(:c)das <P(L(0) = j) < oo,

since pj(z) = P(L(0) = j | X(0) = x) < 1. It follows that for all j > 0, the function
p;(z) should be in the space L*(R,n).




6 CHRISTINE FRICKER, FABRICE GUILLEMIN, AND PHILIPPE ROBERT

Hence, if the solution (Pj(z),j > 0) of the infinite differential system (§) is
related to the conditional probability density functions (p;(z),j > 0) of the cou-
ple (X(0),L(0)) as specified above, then Pj(z) € L*(R,n) for all j > 0. From
inequality (E), we also deduce that if a <1 —/p,

g:o/R (%)Qn(x)dacpj < o0

since P(L(0) = j) < p? /(1 — a)’.

If follows from the above remarks that to show the regularity of the conditional
probability density functions p;(x) for j > 0 under the assumption a < 1 —,/p, we
are led to prove that the differential systems admits a unique regular solution in
the space L2(R,n;12(p)).

In the next section, we review some properties of the operators associated with
the generators of the Ornstein-Uhlenbeck process and the Markov process describing
the number of customers in an M/M/1 queue.

3. SOME RESULTS ON THE OPERATORS ASSOCIATED WITH THE GENERATORS OF
THE ORNSTEIN-UHLENBECK PROCESS AND THE M /M /1 QUEUE

It is well known in the literature (see for instance [[9]) that the operator H
defined by Equation (ﬂ) is selfadjoint in the Hilbert space L?(R,n). The eigenvalues
of this operator are the numbers —ayj, j > 0, and the normalized eigenvector
associated with the eigenvalue —aj is the function h; given by

(11) hy(z) = ﬁﬂxm@ —m)/o),

where H;(x) is the jth Hermite polynomial. The sequence (hj,j > 0) is an or-
thonormal basis of L?(R,n). The domain of the operator H is the set

D(H)={f € H*(R,n):2’f € L*(R,n)},
where H?(R,n) is the Sobolev space defined as follows:

H?*(R,n) = {f € C*(R) : f, f' € L*(R,n) and the weak derivative f” € L*(R,n)}.

on+ The operator A associated with the Markov process describing the number of
customers in an M/M/1 queue and defined in ¢?(p) by the infinite matrix

—-A A 0 .

wo —(A+p A 0 .
(12) A=10 % —(A+ ) A 0

0 0

0 —(A+p) A

has already been studied in the technical literature, notably in [ (see also [§]).
From these references, we know that the operator A is selfadjoint. Associated with
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the operator A is the operator A; defined in £3(p) by the infinite matrix given by

—(A+p) A 0 .
1 —(A 4 p) A 0 .
(13) A = 0 u —(A+p) A 0

0 0 ] —(A+p) A

Note that the above matrix is the generator of the Markov process describing the
number of customers in an M/M/1 queue and absorbed at state 0 (see []). Finally,

let A[lN] denote the truncated operator associated with the finite matrix

—(A+pw) A 0 :
1 —(A 4+ p) A 0o .
(14) AN _ 0 no =A@ A0
0 0 0

Boo—p
The above matrix is the generator of the Markov process describing the number of

customers in the finite capacity M/M/1/N queue and absorbed at state 0. (See
[E] for a related model.) In the following, we recall the spectral properties of the

operators A, A; and A[lN]; see [, E, E] for details

Lemma 2. The operator A in (%(p) is bounded and symmetric, and then selfadjoint.
In particular, for all f € £?(p),

(15) 0< (—Af, £y < n(L+ P21 fII7s

which implies that the operator —A is monotonic (i.e., (—Af,f) > 0 for all f €
?2(p)). There exists a unique normalized measure di)(z), referred to as spectral
measure, whose support is the spectrum o(A) of operator A, and a family of spaces

{H.(p)}, z € 0(A), such that

e the Hilbert space (%(p) is equal to the direct sum of the spaces H.(p), i.e.,
every f € (?(p) can be decomposed into a family (f.,z € o(A)), where
f2 € Ha(p) and [ ||f.||2dv(2) < oo. Moreover,

(f.9), = / (forg2)odth(2).

e The operator A is such (Af), = zf, for z € o(A), where (Af), is the
projection of (Af) on the space H.(p).

The spectral measure dip(x) is specifically given by

(16) / h(@)di () = (1 — p)h(0)

- ﬁ/ﬂ(l — Vo) h(z) \/1 B (w+)\+ﬂ)2d$
™ (VR 2
for any smooth function h.

The spectrum of the operator A is 0(A) = [—p(1+/p)?, —pu(1—/p)*]U{0}. The
operator A has a unique eigenvalue equal to 0, and the eigenspace Ho(p) is spanned
by the vector e with all components equal to 1. For z € (—(VX + /)% —(VA —
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VIR)?), the space H.(p) is the vector space spanned by the vector Q(z), whose com-
ponents Q;(z), j > 0 are defined by the following recursion:

(17)
1Qj41(2) = (2 + A+ 1)Q;j(2) + pQj-1(2) =0, j=1.
The vectors (Q(z)) for z € (—(VA+ /)2, —(VE—VN)?) form an orthogonal family
with weight function di(z): for all j,k,
1
[ Q@)@ = b
R P
where §; 1, is the Kronecker symbol, equal to 1if j =k and 0 if j # k.

Note the polynomials Q;(z) appearing in the above result are known as per-
turbed Chebyshev polynomials in the literature on orthogonal polynomials [@]
For the operator A;, we have the following result, where we use Chebyshev poly-
nomials of the second kind (U,,(z)) defined by the recursion

Up(z) =1, Qi(x)=2x
(18)
Ujr1(z) = 22U;(x) — Uj-a(x), j=1.

Lemma 3. The operator Ay in the subspace span(e;,j > 1) is bounded and sym-
metric, and then selfadjoint. In particular, for all f € span(e;,j > 1),

(19) p(1 = VP2 IfI < (AL, o < 1+ )11

The associated normalized spectral measure dip1(z) is given by

2
(20) dip1(z) = %\/ - <%) Noe(—n(4yvp)2—n(1-vp)?)} %-
The spectrum of the operator Ay is diffuse (there are no eigenvalues) and equal to
the interval (A1) = [—p(1+/p)?, —u(1—/p)?]. The Hilbert space span(ej, j > 1)
is equal to the direct sum of the spaces Hgl)(p), forz € (—p(1+/p)*, —(1—/p)?),
where the space Hgl)(p) s the vector space spanned by the vector Q(l)(z), whose
components le)(z), 7 > 0 are defined by the following recursion:

QM) =1 Q)= (z+A+p)/x
(21)

QYL (2) = (24 A+ QY (2) + QY () =0, j>1,

The vectors (QMW(2)) for z € (—(VX + VI)?Z = (/i — VN)?2) form an orthogo-
nal family with weight function diyn(z). The polynomials (Q;l)(z)) are related to
Chebyshev polynomials as follows: for 7 > 0,

1) 7L _ z+A+p
Qj (Z)pj/QU]< 9 /A,LL :

Finally, for the operator A[lN], we have the following result.
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Lemma 4. The operator A[lN] is symmetric (and then selfadjoint) in the vector

space span(e1, ..., en) equipped with the scalar product induced by (.,.),. The eigen-

values of the operator A[lN] are the solutions to the polynomaial equation

QW (—a;1) = QW (—; 1),

where the polynomials le)(x) are defined by the recursion (@) The eigenvalues

are denoted by —J:E—N], 7 = 1,...,N with x[lN} < .%’[QN] < < x%\r}. The vec-
tors Q(l*N)(:cj), j=1,...,N, form an orthogonal basis of span(es,...,en), where

Q(l*N)(zj) is the vector with the kth component equal to Qgcl)(:cj), k,j=1,...,N,
where the polynomials ( S)(z)) are defined by Equation (R]).

The operator A naturally induces in L?(R,n;I?(p)) an operator that we still

denote by A. The same property is valid for the operators A; and A[lN] in the
spaces L?(R,n;span(ej,j > 1)) and L*(R,n;span(e;,j = 1,..., N)), respectively.
Similarly, the operator H induces in L?(R,n;1%(p)) an operator that we still de-
note by H and which is defined as follows: for f € L%(R,n;i*(p)), Hf is the
element with the jth component equal to Hf;. This operator also induces in
L?*(R,n;span(ej, j > 1)) and L*(R,n;span(e;,j = 1,..., N)) operators denoted by
Hy and H {N}, respectively. The operators A, A, A[l]\”7 H, Hy and H{N] are clearly
selfadjoint in the spaces where they are defined.
With the above definitions, the fundamental differential system (§) reads

(22) (H+A)f+Vf=0,
where the operator V is defined by: for f € L?(R,n;1%(p)), Vf = (¢(z) — 1)Bf,
where B is the operator associated with the infinite matrix

0 X 0
0 —pu X 0

In the notation of Equation (f), we have Q@ = H + A and V(e) = —e((z A (a/e)) V
(—b/e))B.

The matrices

- A 0
0 —u A 0
Bi=1]0 0 —p X O
0 0 0 —p XA O
and
- A 0
0 —u X O
BN =
0 0

0 —n
define the operators B; and BEN] in the spaces L*(R,n;span(e;,j > 1)) and
L*(R,n;span(ej,j = 1,...,N)), respectively. It is straightforwardly checked that
the operator B, B; and BgN] are bounded with a norm less than or equal to
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(1 + /p). With the operators By and BgN] are associated the operators V; and
Vl[M induced by V in the spaces L*(R, n;span(e;,j > 1)) and L*(R, n;span(ej, j =
1,...,N)), respectively.

In the next section, we prove that the differential system (E) (or equivalently
Equation (Pg)) has a unique solution in L(R, n; £2(p)).

4. EXISTENCE AND UNIQUENESS OF A SOLUTION

When we refer to the existence of a density probability density function satisfying
the differential system (§), we think of a vector (P;(x)) such that every function
Pj(x) is twice continuously differentiable over R (i.e., P;(z) € C*(R) for all j > 0).
But, this differential system may have a solution, which is in L?(R,n;¢?(p)) but
with components not in C?(R). In the following, we prove that the differential
system (§) has a unique solution in L?(R,n;¢?(p)) and then we show at the end of
the section that the components of the solution are C?(R) functions.

If f € L2(R,n; ¢%(p)) is solution to Equation (3), then

(23) (Hy+ AP+ Vift = —pei(fo),
where f! is the projection of f on the space L*(R,n,span(e;,j > 1)) and e1(fo)
is the element of L*(R,n,span(e;,j > 1)) with the first component equal to fo(x)
and all other components equal to 0.

The operator (H; + A;) is self-adjoint and invertible. It is straightforwardly
checked that the norm

_ def
I(H: +A)~H =

sup{[|(H1 + A1) f[| : f € L*(R, n,span(e;, j > 1)), || f]| = 1}

is such that )

w(l—/p)?’
since by Lemma Bf and the monotonicity of the operator —H;, we have for all f in
L3(R,n,span(ej, j > 1))

(—(Hy + AN f) = (—Hof, ) + (AL, f) = —u(1 = V)2l £

[(Hy+ A1)~ <

In addition, if f € L2(R,n; £2(p)) is a solution to Equation (RJ), then the function
Z;‘;O o fi(z) € LQ(n) since by Schwarz inequality

[mzpafj e < = [~ Zm Epn(a)ds = I < oo

By summing all the lines of Equation (@), we see that the function Y777, P fi(z)
has to be solution to the equation Hg = 0 in L*(R,n).

By using the above observations, we prove the existence and uniqueness of a non
trivial solution in L?(R,n; £2(p)) to Equation (B3) by showing the following results:

(1) If € satisfies some condition, Equation (B3) has a solution for all fy € L?(n);
if (f;) is the solution, we set

(24) Kfo=Y_p'f; € L*(R,n).

Jj=1
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(2) If f is a non trivial solution to Equation (BJ), then fy is a non trivial
solution to equation
(25) Jo+ Kfo=1.
(3) Equation () has a unique non trivial solution.
To prove the last point, we intend to use the Fredholm alternative, which requires
that the operator K is compact.
Lemma 5. Under the condition
1— 2
(26) avh< VO
1+/p

where a V b = max(a,b), Equation (R3) has a unique solution in L2(R,n;2(p)).

Proof. Equation (R3) can be rewritten as
(I+ (Hy + A) ™A f = —p(Hy + A1)~ tea(fo)

Since V; is bounded so that for all f € L*(R,n;¢3(p)), |(Vif, f)| < p(a Vv b)(1 +
VPl fII?, we deduce that the operator (Hy + A1)~V; is bounded with a norm less
than or equal to (a V b)(1 + /p)/(1 — \/p)?. Under Condition (R), the norm of
operator (Hj + A1) ~1V; is less than 1 and we then deduce that (I+ (Hy + A1) ~V;)
is invertible and Equation (RJ) has a unique solution in L?(R,n; 3(p)). O

It is worth noting that under Condition (P), we have a < (1 —/p). Moreover,
the above result ensures that the operator K is well defined by Equation @) Now,
we prove that under the same condition, the operator K is monotonic.

Lemma 6. Under Condition (@), the operator K is monotonic, which implies that
there exists at most one non trivial solution to Equation (E)

Proof. We first note that from Equation (P4), we have
(K fo, fo)2 = (—p(Hy + A1 + V1) " er(fo), e(fo)),

where e(fy) is the vector with all entries equal to fy. The above equation can be
rewritten as

(K fo, fo)2 = (—u(I+ AT (Hy + V1)) " AT er(fo), e(fo)).
Since —uA7e1(fo) = e(fo), we have

(27) (K fo, fo)z = (L+ A7 (Hy + V1) " e(fo), e(fo))
and hence (K fo, fo)2 > 0. Indeed, for all f € L?(R,n;3(p))
(T+ AT+ ATVOF f) = (T ATTHOF f) + (AT f)

- a-vor )M
where we have used the fact that the operator A7 H; is monotonic, ||V;|| < u(a V
b)(1+ /p), and [|AT"| < 1/(u(1 — /p)?). The above inequality implies that

(T+ AT H, + ATV f)

(a\/b)(lJF\/ﬁ) -1 —1y7\—1 £2
> - 7 V7 H V >

= (1 (1_\/5)2 ||(]I+A1 1<i>"41 1) fH >0,
and Tnequality (R7) follows. O



12 CHRISTINE FRICKER, FABRICE GUILLEMIN, AND PHILIPPE ROBERT

We now turn to the compactness of the operator K. The major difficulty comes
from the fact that the operator (H; + Al)_1 is not compact, since we know that
the spectrum of this self-adjoint operator is not discrete. However, by truncating
the infinite matrix defined by Equation (IE)7 we can introduce compact operators
and subsequently prove that the operator K is compact. Let us fix some N > 0.
We first prove the following technical lemma.

Lemma 7. For N > 0, the operator (Hl[N] + A[lN])’1 in L*(R,n;span(ey, ..., ex))
18 compact.

Proof. By using Lemma ] and the orthonormal basis (hy) is L2(R,n), we know
that the family e;x(z) = hi(2)QWN)(x;) for k > 0 and j = 1,..., N forms an

orthogonal basis of L2(R,n;span(ey,...,ey)). In particular, we have
1
(H™ + AN e ula) = — ej.1(®)-
ko + 2N

J

The operator (H{N] + A[lN]) then appears as the norm limit as M — oo of the finite
rank operators (H{N’M] + AEN’NN)’1 defined in the vector space span(e; r(z),j =
1,...,N,k=0,...,M) by

1

N,M N,M]\ —

(M 4+ AT e (@) = ————ren(a)
« Jrzj

and the result follows. O

Lemma 8. Under Condition (E), the operator K is compact.

Proof. Let us consider a bounded sequence (f¢) in L?(R,n). (Without loss of
generality, we assume that || fi|ls = 1.) Since the operator (H\™ + AN=1y/[M g
bounded with a norm less than or equal to (a Vb)u(1+ \/ﬁ)/x[lN], and the operator
(HMN + ANN=1 5 compact, we deduce that the operator (HIV 4+ AV y[NVhy—1
is compact.

Let f* = (fj(x)) denote the vector —u(Hi+ A1+ Vi)~ 'e1(f§). Since the operator
(Hy + A1 + Vi)t is bounded with a norm less than or equal to 1/(u((1 — /p)* —
aVbe(1+/p))), the vector (f?) is such that

N
. . , 1
28 FlEe7 <111 < :
We have

_ —uf
fi 0

| =@ A ey z
Iy 0

Ao fx i1+ MK

In view of inequality (@), the sequence appearing in the right hand side of the
above equation is bounded. Hence, since the operator (H{N] + A[lN] + Vl[N})’1 is



PERTURBATION ANALYSIS OF AN M/M/1 QUEUE 13

compact, it is possible to extract a sub-sequence (f*) such that

—pf3t fe
0 f3°
(B + AP+ ) : -
0 , R
—AOf N1 T AN N
as k — oo in L%(R,n;span(es,...,en)), where the vector appearing in the right
hand side of the above equation is in L?(R,n;span(ey, ..., en)).

In particular, we have fji\}“ — f& in L2(R,n) as k — oo. This implies that

f}%\?ﬂ *Hf]l'\}“
Voo | = (™ 4 A p [0
—ufN

as k — oo in L2(R,n, £3(p)), since the operator (H{N] +A[1N] +‘/1[N])—1 is bounded.
We set

! —nfN

e [ =@M A 4™ 0

The vector with the jth component equal to f> is in L?(R,n,¢%(p)) and we have
Kfor — X252, P f5° in L*(R,n) as k — oo. We then deduce that from every
bounded sequence (fg) in L*(R,n), we can extract a sub-sequence (fg*) such that
K fi* is converging in L?(R,n). The operator K is hence compact. O

By using the above lemmas and the Fredholm alternative, we can state the
following result.

Proposition 2. Under Condition (RF), Equation (P3) has a unique solution. This
establishes that Equation (R2) has a unique non trivial solution in L?(R,n, (?(p))
if Condition (8) is satisfied.

The above result has been established for the perturbation function ¢(z) =
1 —e((z A (afe)) V (—(b/e))) and we have exploited the fact that the function
|1 — ¢(x)| is bounded by a V b. In fact, it is possible to prove a similar result when
¢ is replaced with ®(z) = 1 — ez. Let us define the operator W in L?(R,n;¢?(p))

by: if f = (fj(x),j = 0)
W f = —ecxBf.

Note that the domain of W is given by
DOV) = 8 (75(0), 2 0) € 2R )" [ Sy Pna)de < oo
R
7=0

In the notation of Equation (), we have V(®) = —zB.
We can then state the following result, whose proof is given in Appendix @
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Proposition 3. Under the condition

D) (s 2
(o)

the equation
(30) (H+A+W)f=0
has a unique solution in L?(R,n,(%(p)).

To prove the existence and the uniqueness of the solutions to Equations )
and (), we have only supposed that the components of the solutions are in D(H),
in particular the components are in H?(R,n). But, by examining the differential
systems satisfied by the different components, notably by taking into account the
continuity of the functions ¢(x) and ®(x), these components are clearly in C?(R).

To conclude this section, let us mention that the solution to the differential
system (E) have the following probabilistic interpretation: for all 7 > 0, in the
stationary regime P;(z) = P(L(t) = j | X(t) = z)/p’. In particular, we have for all
i>0

(31) 0<Pj(z)<1
and for all z € R
(32) S P () = 1.
§=0
5. PERTURBATION ANALYSIS

The goal of this section is to prove the following Reduced Service Rate approxi-
mation.

Theorem 1. For sufficiently small e, the first order expansion of the generating
function of the stationary distribution of (L(t)) is given by

L _ 1=p p(1—u)
E(u ()) =T pu (1—pu)2m€+0(€)'

Therefore, E(u”®) ~ E(u’<), where L. has the stationary distribution of the
number of customers in an M/M/1 queue when the server rate is 1 — em. This
shows a principle of reduced service rate approximation, i.e., everything happens
as if the server rate were fixed equal to 1 — me.

To show the above result, we proceed as follows:

(1) We compare the solutions to Equations (P3) and (B() when Conditions (26)
and (@) are satisfied. In particular, we compute an upper bound for the
norm of their difference.

(2) We develop the solution g to Equation (B() in power series expansion of .
In particular, we explicitly compute the two first terms.

(3) We finally prove Theorem [J.

Throughout this section, we denote by P and g the solutions to Equations )
and (B{) in L2(R,n;¢2(p)), respectively.
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5.1. Comparison of the solutions P and g. The solutions to Equations )
and () when they exist are close to each other when ¢ is small. We specifically
have the following result.

Proposition 4. Assume that Conditions Q) and [RY) are satisfied. These solu-
tions P and g are such that

(33) [P = gll < D(e),
where the function D(g) is given by

(34) D(e) =M (1 + \/g+ A ﬁM) Ale)

with
B 1 1+ /p) ——
M u(lﬁ)2(1+(1\/ﬁ)2( Wa))’
A(e)? (u* + 3)\M)/R ((ex — a)*Lzzasey + (€2 4 b)*Ligc_p/ey) nx)da.

The function D(g) is O (55/2 exp(—a(a A b)?/(202¢?))) when e — 0.
Proof. The vector P is such that
(H+W+ AP+ (V-W)P=0
and hence, if P! denotes the projection of P on the space span(e;,j > 1),
(Hy + Ay + Wi)P' = (Wy — Vi) P — ies(Py)
and then
(35) P' = (Hy+ Ay 4+ Wh) 7 (Wi = Vi) P! — u(Hy + Ay + Wh) " ler (By).
It follows that

ZPJ@)P; = (Pl,el)p = ((H1 + A1+ Wh) (W4 — Vl)Pl,el)p

— u((Hy 4+ Ay 4+ W) er(Po),e'),.

We have
—u((Hy + Ay +Wh) " ter(Py),el), = K'go,

where the operator K’ is defined as the operator K (defined by Equation (P4)) but
by replacing V' with W. In addition, since P satisfies (P, e), = 1, we come up with
the conclusion that Py verifies

1—Py=((Hi+ A + V) '(Wy = W)P'e"), + K' .
Since gg + K'gg = 1, we obtain
(Po = go) + K'(Po — go) = ((H1 + Ay + Wy) " Wy — V)P e'),.

Since the operator K’ is monotonic, the above equation implies that

[P0 = gollz < 1/ﬁ|\(H1 + A+ W)W = Vi) P
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The norm ||[(W; — V1) P! is given by
1wy = vi)P* =

Z/R ((f—:x - a)2]l{m2a/8} + (ex + b)2]]-{z§—b/a}) (uPj(x) — /\Pj+1(z))2pjn(z)dz

and by using Equation (B1)), we obtain
1wy = Vi) P2

< (M2 + 3)‘:“)/ ((E$ - a)2]l{z2a/s} + (E$ + b)2]l{z§7b/s}) n(x)d‘r
R

Simple computations show that

5e505 aa?
— )15, de ~ ——————e 27
/R(m R e S N

5e%0° ab?
b)Y 1 e dz ~ ——————¢ 27,
/R(EH I Mooyan(elde ~ g s e

when € — 0. The term ||(W; —V;)P| is hence O(exp(°/2 exp(—a(anb)?/(20%?)))
when € — 0. In addition, since by using Equation (@) in Appendix @

1 1+ /p) ( o ))
(1 V(=) ),
a7
we deduce that || fo — go||2 is dominated by a term, which is O(exp(°/2 exp(—a(a A
b)?/(202%€?))) when € — 0. Finally, by using the fact that (H! + A; + Wi)g =
—per(go), we deduce from Equation (BF) that

Pt —g' = (Hi + Ay + W) T (W = Vi)P' — p(Hy + Ay + Wh) " ex(Po — go),
which implies that
1Pt =gl < [ (H1 + Ay + W) TH[(Wh = Vi) P+ All(Hy A+ Az + W) ™[ = goll2
5/2

|(Hy + Ay + W)Y <

and hence ||P! — g'| is dominated by a term which is O(exp(e

exp(—a(a A
b)?/(202%€?))) when & — 0. O
5.2. Power series expansion of the solution g.

5.2.1. Notation. We assume that the solution g to Equation (B() can be uniquely
decomposed as a power series expansion of the form

(36) g=99 +eg® +£%2g® 1.
where g9 € L?(R,n;£3(p)) for i > 0. In addition, to facilitate the computations,
we shall consider the generating function g, (z) = Z;io gj(x)u?p?, which is an
element of L?(R,n;¢?(1/p)). Indeed, if g is written in the form
9=p_cj(u)h;(z),
§=0

where ¢;(u) = >

0 Cimu™ With (¢jm,m > 0) € £2(p), then g,(x) can be written
as

gul@) =Y Cj(u)hy(x),

Jj=0
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with Cj(u) = >0 Cjmu™ = ¢;(pu). O§imce (cjm,mooz 0) € 2(p), (Cjm,m >
0) € £2(1/p). Finally, we have ||g||* = 377 lle;ll5 = 32720 1€ 117,
The generating function g, (z) will be expanded as

(37) gu(z) = g0 () + (M (2) + 29D () + -+ -,

where gi) € L?(R,n) for all i > 0. The function g&o)(z) corresponds to the case
€ = 0 and is given by

/. clg)
(39) o0 = 22
where ¢(g) is the normalizing constant.

In the following, we prove that the elements ¢ have to satisfy a recurrence
relation of the form ¢ = ©(xg~Y) for i > 1 and for some linear operator ©
whose norm is finite.

In the following, we assume that the expansion (@) is valid and we investigate
the conditions which have to be satisfied by the elements ¢(?). In a first step, we
prove the following property satisfied by the functions (g&l) (2)).

Lemma 9. Fori >0, the vector g is in L2(R,n;£%(p)), where L?(R,n; £2(p)) is
the sub-space of L*(R,n; £%(p) composed of those elements (f;(x)) such that f;(x) €
span(ho, ..., h;) for all j > 0, the functions h; being defined by Equation (@), the
function gy) (z) in Ewpansion (B7) hence satisfies for N > i

1
(39) lim —Ngi(f)(:c) =0.

Proof. The proof is by mathematical induction. The result is true for ¢ = 0 since
g% = ¢(g)e (e being the vector with all components equal to 1).
If the result is true for i. From Equation (B(]), we have

(H + A)gt*) = —w g,
By using the recurrence relation satisfied by Hermite polynomials [E]
(40) Hjyi(z) — 2xH;(z) + 2iH;_1(z) = 0,

it is easily checked that the image by the multiplication by z of span(hg, ..., h;) is
span(hg, . .., hiy1). Therefore, since by assumption g( belongs to LZ(R,n;£%(p)),
we immediately deduce from the uniqueness of the decomposition on the basis
(hiej,i > 0,7 > 0) of the Hilbert space L?(R,n;¢?(p)) and the selfadjointness of
the operator H + A, that gt is in L2, | (R,n;¢*(p)) and the result follows. O

5.2.2. First order term. In a first step, we pay special attention to the derivation
of the first order term because it gives the basic arguments to derive higher order
terms. Moreover, the explicit form of the first order term will be used to examine
the validity of the reduced service rate approximation (see Theorem EI)

On the basis of the domination property given by Lemma E, we explicitly com-
pute the function g (x). From Equation (B(), it is easily checked that the function
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gf,l)(x) satisfies the equation
o2 529(1) ag(l)
- ZJw )2 (1)
20— ae—m) R+ av(u)glD (@)
1
=i (3 1) (7@ - 206" @) - 4 )
1 (1) puc(g)
= 1 itk 2
(o) (e

where the constant v(u) is given by

(41)

1—u)(1—pu
= =m0 )
au
In a first step, we search for a particular solution to the ordinary differential

equation

2 82 w a w 1—
2o —ate - m B+ av(ultu(r) = 220 =04
of the form
&u(z) = a(u) + b(u)x.
Straightforward manipulations show that
_ pp(l—u)(1—p) . m
b(u) = () — ely) and a(u) = u(u)b(u)

Noting that & (z) = 0, it follows that if we write g&l)(x) = &u(x) + ¢y (z), then
the function ), () is solution to the equation

(42) %‘96;/’; —a(z —m) 861/;“ +av(u) () = p (% ~ 1) Yol).

By using the domination property of Lemma E, we can determine the form of the
function g (x).

Lemma 10. The function vo(z) is given by

Yo(r) = co+ 1 va —m)

for some constants co and c; .

Proof. By introducing the function k,(z) defined by

a(z —m)?
(43) ky(x) = exp (—%) ()
and then the change of variable

(44) Va(z —m)

Equation ([iZ) becomes

0%k 5 21 (1
(45) 5.2 + 2u(u) +1 - 2)ky(2) = - (a — 1) ko(2).
The homogeneous equation reads

9%k,
022

+ (2v(u) +1 - 2%k, = 0,
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which solutions are parabolic cylinder functions (see Lebedev [E] for details). Two
independent solutions vy (u; z) and va(u; z) of this homogeneous equation are given
in terms of Hermite functions as

(46) vi(u;z) = e_ZZ/QHU(u) (z) and wa(u;z) = ezz/QH,l,(u),l(iz).
The Wronskian W of these two functions is given by
W(Z) _ e—(l/-‘rl)ﬂ'i/Q.
By using the method of variation of parameters, the solution to Equation @)
is given by
ku(2) = 1 (w)vr(u; 2) + y2 (u)v2(u; 2)

2 (1 - 1) etz [ " fon (s s 2) — on s 2o (s )] ko) dy,

« u

where v1(u) and 2 (u) are constants, which depend upon w.

The function v, (z) enjoys the same domination property as function g( )( ),
given by Lemma E Hence, for N > 1

: 1 22/2
(47) Jim e 1k (z) = 0.
From Lebedev @], we have the following asymptotic estimates
@) )~ 2 |2 o o)
v A 2k
k=0

when |z| — oo and |argz| < 37w/4 — ¢ for some § > 0. Moreover, when z — —o0

Lt [Zi (v 1) (22) o<|z|-2”-2>], 21

L(=v) il

Hy,(z) ~
(2z)7, veNl.

The above asymptotic estimates and Lemma () imply that for u € (0, 1) such that
v(u) € N with v > 1, we have

) = =2 () [Tt dy

« u

_ 2 (1 _ 1) e<u+1>m'/2/ (s y)ko(y) dy
Q u

2 1 )
72('“) EM (a _ 1) e(l/"rl)ﬂ'l/Q/ u Ly kO )d
_ 2 (1 _ 1) e<u+1>m'/2/ (u; y)ko(y) dy.
o u

The latter equation implies that for all n > 1

(49) /OO eV kg (y) Ho(y) dy = 0,

o0

and

where H,(z) is the nth Hermite polynomial. By Property ({7), the function
y — exp(y?/2)ko(y) is in L*(R,exp(—y?)dy). Since Hermite polynomials form
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an orthogonal basis in this Hilbert space, Equation @) entails that the function
y — exp(y?/2)ko(y) is orthogonal to all Hermite polynomials H,, with n > 1 and
then that this function belongs to the vector space spanned by Hy and H;. Hence,
function ko(z) should be of the form

ko(z) = (co + clz)(fZZ/2
for some constants ¢y and ¢; and the result follows. [l

By using the above lemma, we are now able to establish the expression of g&l (x).

Proposition 5. The function gf,l)(x) s given by

c(g)(ur — 1) (U1 — pu)(u—1)
urtia (1 = p)(u — ) (1 = pua ) (1 — pu)?

(50) gV(x) =

o))
(w—an) (1 — pur)(1 = pu)
where uy and Uy are the two real solutions to the quadratic equation

+

pu2<1+p+g)u+10
I

with 0 <up <1<y
Proof. By taking into account Lemma E, the function K, (z) defined by

Ku(x) = ¢\ (x) exp (_M)

202
and the change of variable ([i4), satisfies the equation
’K, 9

2u (1 puc(g) { oz 222
S o 2z 22,
a(u )(CO+Clz+lpu \/a+m ¢

We search for a particular solution of the form
Ko(2) = (a(u) + b(u)z) e = /2.

Straightforward computations yield

) — L ( N puc(g)m) |

(1= pu) 1—pu
(1-w) ( pouc(g) )
b(u) = = a+——""].
S T [T T A ()
It follows that the general solution to the above equation can be written as
2
(52) Ko (2) = (a(u) +b(u)z) e~/ + yi (w)or (u; 2) + 72 (u)oa (u; 2),
where the functions v; and v, are defined by Equation (@) and the constants v; (u)
and y2(u) depend upon u.

By differentiating once Equation (@) with respect to z and using the fact that
the Wronskian of the functions vy (u; z) and va(u; 2) is exp[(v(u) + 1)mi/2], we can
easily express 1 (u) and 2 (u) by means of K, (z), a(u), and b(u). This shows that
~v1(u) and y2(u) are analytic in the open unit disk deprived of the points 0 and w;.
From the asymptotic properties satisfied by the functions v; and vs, we know that
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v (u) = 0 and v2(u) = 0 for u such that v(u) > 1. It follows that 1 (u) = v2(u) =0
for |u] < 1.
By using the fact that g&l)(z) has to be analytic in variable u in the unit disk,
we necessarily have
pousc(g)

Va(l — pur)

oc(g)(1 —u)
Va(u—a1)(1 = pur)(1 — pu)’
(1)

Moreover, since g, ' (z) = 0, we have

Cl = —

and then,

b(u) =

_ _pclgym
Co = —
I-p

and then,

plu—1)e(g)
53) a(u) = —————=—m
( W= G- - pup
By using the expressions of a(u) and b(u), the result follows. O

5.2.3. Higher order terms. We assume that gff) (x) can be expressed as

(54) g () = eij(u)h; (),
=0

where the function h; is defined by Equation (L)) and the coefficients ci,j are
analytic functions in variable w. This assumption will be justified a posteriori.
From previous sections, this representation is valid for « = 0,1. If it is valid for

i — 1, then the function gg) (x), i > 1, satisfies the equation

o2 azg(i) ag(i) _
z v _ u (1)
(55) 5 " 5g2 alz —m) o + av(u)gy (z)

_ (% . 1) (gé“(x) — a(gi ™V (2) — gﬁi_”(w))) :

First note that by using the recurrence relation (@) satisfied by Hermite poly-
nomials, it is easily checked that

2(gl V(@) — g8 V(@) = Y dij(whs (@),
j=0

where

oVi

di,i(u) = m

and for 0 < j <i—1,

_ovi
2./

(ciz1,i—1(u) — ¢i—1,i-1(0)),

dji(u) (ci—1,j-1(u) = ¢i—1,j-1(0)) + m(ci—1,;(u) — ci—1,;(0))

+ %(Ci—l,jﬂ-l(u) = ¢i-1,j+1(0)).

By using the above notation, we have the following result.



22 CHRISTINE FRICKER, FABRICE GUILLEMIN, AND PHILIPPE ROBERT

Proposition 6. The coefficients c; ; appearing in the representation (@) of gf,i) (x)
are recursively defined as follows: we have

1—p
co,0(u) = 7= o’
and fori>1,
dio(u) — dio(1)
col) = SETE
cjlw) = & (l a 1) Dol ~duslu) ¢ j<i,
' a \u v(u) —j

where for j > 1, u; and 4; are the two real solutions to the quadratic equation
v(u) =j, i.e.

pu2<1+p+]—a>u+10
I
wzth0<u]<1<ﬂ]

Proof. As in the previous section, we first search for a solution to the equation

L _m) 2% (4)
T o — ol —m) T av(wel) (x)

L (l _ 1> (g0 (@) — g§ (@),

u

Assuming that the function «E&i) (x) is of the form

§0(x) =6 (w)hy(x),
k=0

we have, by using the fact that the functions h;(z) are eigenfunctions of the oper-
ator H associated with the eigenvalues —ayj and that these functions are linearly
independent, for j =0,...,1,

It is easily checked that §Oi) (x) = 0. We can then decompose g (z) as as

g9 (2) = ¥ (@) + € (2),
where the function 1. (z) is solution to the equation

o2 92 oV ; 1 ;
T o —ate—m) e @) = (- 1) o).

By using the same arguments as in the proof of Lemma E, we can easily show that
wél) (2) has the form
i

) (x) =" eihy(x),

J=0
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where the coefficients ¢; € C for j = 0,...,¢. It follows that the function gf,i) (x) is
solution to the ordinary differential equation

o® gl g\ : 1 :
O —atw—m e an(ws @) = (1) (e o)

§=0
By using the same arguments as in the proof of Proposition E, we come up with
the conclusion that g4 (z) is of the form (F4) with the coefficients ¢ ;(u) given by

cij(u) = & (l — 1> &+ diy(w)

a \u v(u)—j

Since the function gff) (2) has to be analytic in the open unit disk, we have for j > 1
¢j = —di;(uj)

In addition, since ggi) (z) =0, we have ¢g = —d; ;(1). O

The normalizing constant ¢(g) is chosen such that
/ g1(x)n(z)dx = 1.
From the above analysis, we see that ggi) () =0 for i > 1 so that ¢(g) =1 — p.

5.2.4. Radius of convergence. In this section, we examine under which conditions
the expansion (B) defines an element of L%(R,n, ¢2(p)). In a first step, note that

as a consequence of Proposition E, the function gg) (x) can be written as

9(@) =20 (97D (2)) = © (gl V()

where the operator © is defined in L?(R,n;¢%(1/p)) as follows: for an element
f € L3(R,n; £%(1/p)) represented as

fule) €Y s w)hy(x),

the element F' = O f is defined by

where we set ug = 1 and @y = 1/p.

It is easily checked that for j > 1,0 < u; <1 < 1/\/p < @;. Moreover, the
function ¢;(u) appearing in the expression of f, is analytic in the disk D, = {z :
|z| < 1/\/p} and continuous in the closed disk D, = {z : || < 1//p} for j > 0.
Similarly, for all 5 > 0, the function

wo B (L) aw - Cj(_uj)
a\u v(u) —j
is analytic in D, and continuous in ﬁp. With the above notation, we can state the
main result of this section.

Proposition 7. The operator © is bounded and if € < 1/(m|©]), where ||O]|
denotes the norm of ©, then the sequence defined by Equation (Bf) (or equivalently
by Equation (BA)) is in L2(R, n; €2(p)).
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Proof. Let f € L?>(R,n;¢*(1/p)) be defined by the function

oo

fu(z) =) cjlu)h;(z).

§=0
For (c;) € £%(1/p) associated with the generating function

oo

c(u) = Z cjul,

=0

1 2m 1 )
2 _ - - 8
Il =52 [ Je(2")

Let us moreover define the sequence (&;) associated with the generating function

&u) = & <11> o(w) = e(u;)

v(u) = j

we have )

de.

E(u) — 1(1 _ u) 1 C(u) — C(’LL]') )

P ’U,*’LL]' ’U,*’LL]'

and then

el < 5 (1+ 1>2 L [
=2 U)W e by | ey
Simple manipulations show that
c(e”//p) — c(uy)

? 1 T\
- di < e 2 - (14, /— .
YN Ielo 75— ( |1 —pu§>

It follows that ||¢][1/, < s llc|l1/,, where

1 1 1 1
T <1 " %) (a5 — 1/\/P)(1/ /P — uj) (1 Ty —pu§>

1+ /p 1
= 1 2 no 1 + 1 2 :
(1- \/ﬁ) + I — puj
It is easily checked that the sequence (x;) for n > 1 is decreasing.

When j = 0, we define
&) i <1 1) c(u) —e(l)  c(u) — c(l).

c(e ) /p) — e(uy)|”

de.

1 2m

27 Jo

viu)  1-pu

(07

u

It is then easily checked that ||¢||;,, < xol|c||1/,, Where

7 ()
Ko = — .
1—/p 1—p
Define k = max{ko, k1 }. The above computations show that for all f € £2(1/p),

1OFIl < &l|lf]l- Tt follows that the operator © is bounded; its norm is denoted by
el aef. inf{c>0:VfeH, [|Of] <c|f|}. The above computations show that

(56) lo|| < % (1 + \/g) |
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From the above computations, we deduce that
lg @1 < O]l

(0% s associated with the function

1—p
1—pu

where the sequence ¢

i

Straightforward computations show that

(57) MWW=(i%fﬁzC€m)

where H;(z) is the ith Hermite polynomial. Using the asymptotic estimate (@),
we have

HC(O)*iH ~ mi

when i — oo. It follows that ||c(?| < a; with a; ~ (||©]|m)" as i tends to infin-
ity. It follows that the sequence defined by the expansion (@) is convergent in
L2(R, n; 2(p)) if €]|©]|m < 1. O

5.3. Proof of Theorem m We assume that Conditions @) and (@) are satisfied.
By observing that E (u2(®)) = (P,U), we have for u < 1

& (") = (9.0)| < 1P~ gll U]l =

- puD(E)

where U is the vector of L?(R,n,¢?(p)) with the jth component equal to u/ and
D() is defined by Equation (B4).
From the power series expansion of g, we have

(9,0) = (4,0) = (9, 0)| < Zéwwwxlﬂmzn

Jj=2

= (a5 (0 75)) (a7) ()

where we have used Equations (56) and (57). We clearly have

with

B

(0) = - O) (2)n(2)dx = 1—p
e B O
) = T O (Ve = aly) = LAY

where a(u) is defined by Equation (p3). Theorem [ then follows.

To complete the analysis, note that the generating function of L., the stationary
number of customers in an M /M /1 with input rate A and service rate p(1 — me),
is for |u| < 1 and when € < (1 — p)/m

1 —u)m?
E (u") - (90, 1) — (g, U)e = —2 e
S (= p—me)(L =P
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Hence, by gathering these relations and by taking u = 1, we obtain an uniform
bound for the difference between E (u*®) and E (ul<) for u € [0, 1].

@) s[5 () ~B )

0<u<l
def. 1 1 = N 2pm2 2
<Ep = —D(E)+— k(j)e? + €
LG e D e [

Below are some numerical experiences on the role of € and ¢ on the bound Ep for
a=1/2,b=1m=1, =7 a=1and p = 10. It is reasonably low for small
values of ¢, it seems to be quite sensitive on the values of the parameter ¢ as the
figures below show.

oc=4
0.06| Eg
0.05
0.04
0.03 7=3
0.02
0.011 L
0 0.0002 0.0004 00006 0.0008  0.001 °

FIGURE 1. The bound ¢ — Ep of Relation (5§) for o = 2, 3, 4.

x=25
Egp
2.5
2<
1.5
1 x=3
0.5 X =2
x=1
0 10 20 30 40 50 o

FIGURE 2. The bound ¢ — Eg of Relation (@) fore =z -10~4
with z = 1,2, 3, 5.
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6. CONCLUDING REMARKS

The perturbation analysis performed in this paper has allowed us to prove the
validity of the so-called reduced service rate approximation for the system consid-
ered under some specific conditions. Such an approximation is very important from
a practical point of view because each type of traffic can be considered in isolation,
the impact of unresponsive traffic on elastic traffic is only via the mean value.

The results presented in this paper have been obtained for a particular form of
the perturbation function ¢(z). Of course, the same approach could be extended
to more complicated perturbation functions of the form ®(x) =1 —ep(x) for some
function p(z). The key point consists of determining how the operator correspond-
ing to the multiplication by p(z) acts on the basic functions h;(x) for j > 0 (defined
by Equation (EI)) For computing explicit expressions, however, the main difficulty
is in solving the differential equations satisfied by the coefficients of the expansion.
When p(z) is a polynomial, a particular solution to the equations similar to Equa-
tions (@) and () is obtained in the form of a polynomial times the function
exp(—a(r —m)?/0c?) and in that case, explicit computations can be carried out.

The perturbation function ¢(z) defined by Equation (f]) corresponds to the case
when unresponsive flows have a peak bit rate € much smaller than the transmission
capacity of the link. The results of this paper show that the reduced service rate
approximation yields in some conditions accurate results for the performance of
elastic flows.

APPENDIX A. PROOF OF PROPOSITION

To prove Proposition E, we proceed as for the proof of Proposition E We first
show that the operator (H; + Al)_lWl is bounded, where W7 is the restriction to
?3(p) of the operator W. (Note that the operator associated with the multiplication
by ®(x) — 1 is not bounded in L?(R,n).) For this purpose we use the fact that an
element of f = (f;(z)) € L*(R,n; ¢3(p)) can be decomposed as

and the squared norm is

A2 =D car.

j=1k=0

By using the above decomposition, we have

Bf =) Y (—pein+ Aejran)hi(x)e;

j=1 k=0

By using the recurrence relation satisfied by Hermite polynomials
1
(59) xHy(z) = §Hk+1(ac) + kHy_1(x),

we deduce that

:L'hk(l') = \/% <\) k—;lthrl(SC) + \/ghkl(:c)> + mhk(x)



28 CHRISTINE FRICKER, FABRICE GUILLEMIN, AND PHILIPPE ROBERT

and then

Wif=e» > Cirhi(x)e;,

j=1 k=0
where

Cir =m(ucjr — Acjr16)+

o k k+1
\/T_a ( {k>0}\/7(,uc],k 1= ACjy1k-1) + 5 (1cjpr1 — )\Cj+1,k+1)> .

From the above relations, we have

(60) (Hy+ Ay) " 'Wif =

oo o0

> Cjo(Hi+ A1) ho(@)e; + Y Y Cin(Hi + A1)~ hi()e;

=1 j=1 k=1

For the first term in the right hand side of Equation (6(), we have

ch’O(Hl + Al)_lho(.fC)ej S ||(H1 +A1)_1H ZCj70h0($)€]

j=1
=+ A0\ [ S €00 <t +vB) (m+ 57 ) s+ A0 11,
j=1
since
) [e'e) fe'e) 2
ZCJ%Opj S| m Z(MCJ 0— )\C]+1 0)2p7 + Z e — >\Cj+1,1)2pj
j= J=1 Jj=1

together with the inequalities

oo

Z(Mcj-,o —Acjt1,0)%p7 <
j=1

<+ VoIl

and

Z pejn = Acj+1,1)2p < p(1+ /)| fl-

For the second term in the right hand side of Equation (@), since the operator
H is invertible on the space span(hy, k > 1), we have

D> Cik(Hy+ Ar) i Zchk]I+H LAY T HT Yy (x)e;

i=1k=1 j=1k=1

and then, by using the fact that ||(I+ H; 'A4;)~"| < 1, we obtain

;ZCMHDLAD Yy (@)ej || < Z ( >2 J.
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From the inequality

o0

Sm$ii(ﬂcﬁk I:\QCjJrlk) . 2 _ Zi HCj k—1 k)\c]Jrlk 1)2pj

j=1k=1 J=1k=1

oo oo

(k+1) (cjpe1 — Acjatjor1)’
kQ

pi
j=1k=1

we deduce that

ii (%2) o <utvm (m+ ) 10

Finally, by using the fact that ||(Hy + A1)~ < 1/(u(1 — /p)?), we come up
with the conclusion that

61 Hy+ AD7'Whf|| < 2e m+—) || f]-
(61) I+ 42y W] < 2 () 1
The operator (H; + A;)~'W; is hence bounded. Under Condition (@), the norm

of this operator is less than 1 and we can adapt word by word the proof of Propo-
sition
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