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Abstract This paper analyzes several aspects of the Markov-modulated infinite-
server queue. In the system considered (i) particles arrive according to a Poisson
process with rate A; when an external Markov process (“background process”) is in
state i, (ii) service times are drawn from a distribution with distribution function Fj (-)
when the state of the background process (as seen at arrival) is 7, (iii) there are infinitely
many servers. We start by setting up explicit formulas for the mean and variance of the
number of particles in the system at time ¢ > 0, given the system started empty. The
special case of exponential service times is studied in detail, resulting in a recursive
scheme to compute the moments of the number of particles at an exponentially distrib-
uted time, as well as their steady-state counterparts. Then we consider an asymptotic
regime in which the arrival rates are sped up by a factor N, and the transition times
by a factor N'*¢ (for some & > 0). Under this scaling it turns out that the number
of customers at time r > (O obeys a central limit theorem; the convergence of the
finite-dimensional distributions is proven.
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1 Introduction

Owing to its wide applicability and its attractive mathematical features, the infinite-
server queue has been intensively studied. Such a system describes units of work,
e.g., particles or customers, arriving at a resource, that stay present for some random
duration that is independent of other customers (in that there is no waiting). In the
special case that these customers arrive according to a Poisson process with rate A,
and the sojourn times are i.i.d. random variables with finite mean 1/u—a system
commonly referred to as the M/G/oo queue—it is known that the stationary number
of particles in the system has a Poisson distribution with mean A /. Also the transient
behavior of such an M/G/oo queue is well understood; e.g. [24, p. 355].

When relaxing the model assumptions mentioned above, several interesting variants
arise. In one branch of the literature, for instance, attention has been paid to the case
of renewal (rather than Poisson) arrivals [10,11]. In the present paper, however, we
consider a variant in which we introduce some sort of “burstiness” in the arrivals and
service times, using the concept of Markov modulation. This means that both the arrival
process and the service-time distributions are driven by an external Markov process
(“background process”), in the following manner. Let X () denote an irreducible
continuous-time Markov process defined on a finite state space {1,...,d}. When
X (t) = i, then the (Poissonian) arrival rate at time ¢ equals A;, where A = (Aq, ..., Ag)
is a vector with nonnegative entries. In addition, it is assumed that the time a particle
remains in the system, the service time, has some general distribution with distribution
function F; (-) that depends on the state of the background process as seen upon arrival
by the particle.

The resulting model could be called a Markov-modulated M/G/oo queue, or an
infinite-server queue in a Markov-modulated environment. This type of system is
relevant in a broad variety of application domains, ranging from telecommunication
networks to biology. The rationale behind using this model in a communication net-
works setting is that the arrival rate and service times of customers may vary during
the day, or on shorter timescales. In the biological context, one could think of mRNA
strings being transcribed and degraded in a cell, where these transcriptions typically
tend to occur in a clustered fashion; the proposed model captures the key characteristics
of this mechanism well, as argued in [23].

A variety of results exist on Markov-modulated single- and many-server queues,
whereas the literature on their infinite-server counterpart is, surprisingly, considerably
scarcer. In the case of a single server, the key result is that the stationary distribution
of the number of customers is of matrix-geometric form [17], so this system can be
viewed as a “matrix generalization” of the normal M/M/1 queue where the stationary
distribution is scalar-geometric. In [20] the stationary distribution for the case of
infinitely many servers is considered; the results are in terms of the factorial moments
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of the number of customers. More particularly, it is shown that the corresponding
distribution is not of matrix-Poisson type; in other words: this system is not the “matrix
generalization” of the M/M/oo, which has a scalar-Poisson distribution. A somewhat
more general model that includes retrials has been studied in [13].

The case of Markov-modulated renewal (rather than Poisson) arrivals, but exponen-
tial service times, is covered in [ 18]. Related results can be found in [16] as well, where
special attention is paid to the autocorrelations in infinite-server systems of various
types. Steady-state results for the infinite-server queue with modulated service rates
have been derived in [2]. Falin [8] furthermore considers the simultaneous modulation
of arrival and service rates and finds the mean number of customers in steady-state.

It should also be noted that introducing burstiness using a Markovian background
process is by no means the only way to incorporate a nonhomogeneous arrival
rate. Willmot and Drekic [25] apply bulk arrivals with a random bulk size, whereas
Economou and Fakinos [7] study arrivals generated by a compound Poisson process,
both to find the transient distribution of the number of customers in the system using
a generating functions based approach.

D’ Auria [5] studies the same model as we do in the present paper. Among several
other results, he finds a recursion for the factorial moments of the stationary number
of particles in the system. A key observation in his analysis is that the number of
particles present has, in stationarity, a Poisson distribution with random parameter.
Fralix and Adan [9] focus on the situation that the service times have specific phase-
type distributions. In Hellings e al. [12] it was shown that if the transition times
of the background process are sped up by a factor N, then the arrival process tends
(as N — o0) to a Poisson process; the queue under consideration then essentially
behaves as an M/G/oco system.

While the above results focus on Markov-modulated infinite-server queues in sta-
tionarity, there are considerably fewer results on the associated transient behavior. In
[3], we studied both the transient and stationary behavior of a model similar to the
one studied in the present paper, viz. the one with exponential service times and a
Markovian background process with deterministic transition times. The main focus
of [3] lies on specific time scalings. In the first scaling, just the background process’
transition times are sped up by a factor N; then it turns out that the distribution of the
resulting queueing system converges to that of an appropriate M/M/oo queue (which
has, in steady-state, a Poisson distribution). In the second scaling, the background
process jumps at a faster rate than the arrival process: the arrival rates are scaled by a
factor N and the transition times by a factor N!*¢ for some & > 0. Under this scaling
a central limit result was proven, for both the transient and stationary distribution.

The main contributions of our paper are the following. In the first place we develop in
Sect. 2 expressions for the transient mean and variance for the number of particles in the
system at time ¢ > 0. For exponential service times the resulting expressions simplify
considerably. In Sect. 3 we exclusively consider the special case of exponential service
times: we develop a differential equation that describes the moment generating function
of the number of particles in the system, and show how this differential equation
facilitates the computation of moments (at an exponentially distributed time epoch, as
well as in steady-state). This section also includes a recursive scheme to compute the
higher moments. Section 4 considers one of the scalings studied in [3]: the arrival rates
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A; are replaced by NA;, while the transition times of the background Markov process
are sped up by a factor N'*¢, for some & > 0, where N grows large. The objective is
to prove a central limit theorem for the number of particles in the system in a finite-
dimensional setting, that is, at multiple points in time. The result is established by first
setting up a system of differential equations for the number of particles in the system
at multiple points in time in the non-scaled system, then applying the scaling, and then
deriving (using Taylor approximations) a limiting differential equation (as N — 00)
which eventually provides us with the claimed multivariate central limit theorem.
Finally, Sect. 5 contains examples demonstrating analytically and numerically the
results from Sects. 3 and 4.

2 General results

In full detail, the model can be described as follows. Consider an irreducible
continuous-time Markov process X () on a finite state space {1, ..., d}, withd € N.
X (), often referred to as the background process, has a transition rate matrix given
by O = (q,'j)f.l’jzl. The steady-state distribution of X (¢) is given by =, being a
d-dimensional vector with non-negative entries summing to 1, solving Q = 0.
Define qi ‘= —qii = Zj;éi q,'j.

Now consider the embedded discrete-time Markov chain that corresponds to the
jump epochs of X (). It has a probability transition matrix P = (pi j)ijzl, with
diagonal elements equalling 0 and p;; := g;;/qi. Let 7; be the stationary pfobability
vector at the jump epochs of X (¢); it solves (after normalization to 1) the linear system
frDél Q = 0, with D := diag{q}. The time spent by X (¢) in state i, denoted T;, is
referred to as transition time. T; has an exponential distribution with mean 1/¢;. There
is the following obvious relation between & and 7 :

~ET Ai/gi
d S - d ~ :
25 RT3 R/

W =

While the process X () is in state i, particles arrive according to a Poisson process
withrate A; > 0,fori =1, ..., d. The service times are assumed to be i.i.d. samples
distributed as arandom variable B; with mean 1/u; if the client was generated when the
background process was in state i; the corresponding distribution function is Fj(x) :=
P(B; < x), with x > 0. The service times are independent of the background process
X (t) and the arrival process. The system we consider is an infinite-server queue,
meaning that each particle stays in the system just for the duration of its service time
(that is, there is no waiting). In the rest of this section we focus on analyzing the
probabilistic properties of the number of particles in the system at given points in
time, starting empty. It is assumed that the background process is in stationarity at
time 0.

We start by considering a somewhat different model than the one introduced above,
where the relation with our model becomes clear soon. Consider an M/G/oo queue with
(i) a nonhomogeneous arrival process with rate function A(-) (such that the Poissonian
arrival rate is A(s) at time s), and (ii) a time dependent distribution function F (s, -)
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(to be interpreted as the probability that a customer that arrives at time s leaves before
time ¢ + s is F (s, t)). Observe that, conditional on the event that there are n arrivals
by time ¢, the joint distribution of the arrival times is that of the order statistics taken
from independent random variables with density

A(s)

Q) —1j0,11(5),

where A(t) = f(; A(s)ds. It now follows that if M (¢) is the number of particles in the
system at time 7, starting with an empty system, then with F(:) := 1 — F(-) we find
that M (¢) has a Poisson distribution:

t
M (1) 9 pois (/ F(s,t — s)x(s)ds) ,
0
and we note for later that
t _ t _
/ F(s,t —s)A(s)ds = / F(t —s,5)A(t — s)ds.
0 0

After this general observation, we return to the initial context. Whereas we so far
assumed that the input rate function and service-time distribution function were deter-
ministic, we now assume that they are stochastic. More specifically, we use A; for the
arrival rate when the background process X () is in state i, and F; (-) for the distribution
function of particles arriving while the background process is in the state i.

By conditioning on the sample path of the background process, say X (s) = f(s),
we find that M (¢) is Poisson distributed with parameter fo Fri—s)($)Af—s)ds. Then
by unconditioning, i.e., averaging over all paths f(-) of the background process, its
probability generating function (pgf) equals the moment generating function (mgf) of
its random parameter, evaluated at (z — 1):

t
EzM® = Eexp (—(1 - Z)/ FX(z—s)(S))»X(z—s)dS) ;
0

see for example [5, p. 226]. Recalling that X (-) is assumed to be stationary, we have

the distributional equality {X (¢ + u)| u € R} g {X(u)| u € R}, so that
t -
E MO = E exp (—(l — Z)/ FX(_X)(S))\X(_S)dS) ,
0

or, denoting by X (-) the time-reversed version of X (-), with a; (s) := A; Fj (s),
t _
EMO — Eexp (—(1 — z)/ F)A((S)(s)k;((s)ds)
0

t
=[Eexp (—(1 — z)/ af((s)(s)ds) .
0
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This probability generating function allows us to analyze the mean and variance of
M (¢). It is immediate that the mean of M (¢) equals, cf. [21, Thm. 2.1],

t t d t
EM(t) =E ¢ ()ds = [ Eag  (s)ds = iri | Fi(s)ds. 1
(1) /0 ) (5)ds /O ag ) ()ds ,;n /0 (9)ds. (D)

This evidently converges to Zle ;i ast — 0o, where g; 1= A; fooo F; (s)ds is the
traffic intensity when in state i.

The variance can be computed as well, as follows. We start with the standard equality
(commonly known as the “law of total variance”)

Var(M(1)) = E [Var(M(t)p?)] + Var [E(M(z)p%)] .

First notice that Var(M (1)|X) = E(M(1)|X) = [y a (s) (9)ds because (M (1) | X) has
a Poisson distribution (as was noted above). Hence,

d
E [Var(M(r)p%)] . [E(M(z) | ff)] —EM() = Z‘mxi /Ol Fi(s)ds.

The only quantity that remains to be computed is now Var[E(M (z) |}A( )]. That is done
as follows:

t t ¢
Var (/0 a;‘g(x)(S)ds) :/0 /0 Cov (a,g(u)(u),a,}(x)(s)) duds

d t ot
- Z/ / ai(u)a,-(s)cOv(l{)?(u):i},l{f((s):j}) duds,
0 JO

i,j=1

where foru < s

Cov (k@) =i} kW = ) =m (00) —mm;

=7; (eQ(S_M)) LT 2)
ji

We now make the expressions more explicit for the case where ¢ tends to co. With
D, =diag{r}, Q and Q = D 1 QTD; 1 are the transition rate matrices of X and X,
respectively. Let us define the matrix X(s) = (oj; (s))f =1 through

O‘,'j(s) =T (eQX) LTI
Jji
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Letting t — oo, we obtain

o0 d 00 00
Var (/0 af((s)(S)ds) = Z /0 /0 a;(u)a;(s) (Gij(s — ) lfs > u}

i,j=1
+oji(u—s){s < u}) du ds

d o0 o0
- Z / / (ai(u)aj(u+s)0ij(5)
0 0

ij=1
+a;(u+s)a;j (u)oji(s)) duds

d 00 0o
:22/0 /0 aj(u)a;(u + s)ojj(s)duds.

i,j=1

When the service-time distributions are exponential, that is, Fi(t) = e M so that
a;(t) = Aje M we have

Var (/ af((s)(s)ds) = 22 l/ e Mi%ai;(s)ds. 3)
0 0

i M +
We summarize (some of) our findings.
Proposition 1 The transient mean of the number of particles is

t

t t d
EM (1) =IE/ g ($)ds =/ Eay, (s)ds =Zniki/ Fi(s)ds,
0 0 P 0

whereas the stationary variance is
d A d 00 00
VarM(c0) = D mi—+2 Y / / a;(uaj(u + s)oij(s)du ds,
¢ Mi = 0 0
i=1 i,j=1

provided that the system started empty.

We finish this section by performing some explicit calculations for the case that X
is reversible and exponential service times; later on we further focus on the situation
of d = 2. Due to the reversibility, 7;q;; = mjq;; foralli,j € {1,...,d}. Asa
consequence D; Q = QT D,, so that the matrix

D}T/ZQD;I/Z

is symmetric, and can be written as G(—A)GT, where G is a (real-valued) orthogonal
matrix, and A = diag{d} is a (real-valued) diagonal matrix (where it is noted that,
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owing to the background process’ irreducibility all but one entries of § are strictly
positive). It follows that

0 = (D;'2G) (=AY (D;'?G)7!,
and therefore

eQS — (D;1/2G)(6—AS)(D;1/2G)—l — D;l/zGe—AS GTD;[/Z,
(eQS)T — D}[/zGefAS GTD;1/2

It now follows that
5(s) = (2)'Dy —wn" = DV2Ge > G'DY? — an”

is symmetric, and hence for each i,j € {l,...,d} we can write 0;;(s) =
>S9 cije ™ — ;. As a consequence,

Var (/oo ag )(s)ds) = 22 _MAj /OO i g3 (5)ds
0 g i + i Jo

iJj
_ 22 Aikj ( Cijk 7T,'7Tj) .
v Hj+dk W

In the case of d = 2, we have m1 = q2/q = 1 — mp, with g := g1 + ¢2. It is readily
verified that §; = 0 and 8, = g. It requires a standard computation to verify that

005 _ T+ nge_?s Ty — nge_‘?s
m —mie 15y + me 9

and also

o e 0 _ G+uD) =G+ p)!
A Z(”(o eW)“‘mm(4¢Hm‘ @+m)0'

Elementary calculus now yields that (3) equals

aq (23 1 +/\§ 1 5 kiR ( L )
>\ g+m p2 gHpe mitme \g+tum g+m))

3 Exponential service times

In this section we analyze the special case of exponential service times in greater detail.
We set up a system of differential equations for the moment generating function of the
transient number of particles in the system. Then this is used to determine the mean
and higher moments after an exponential amount of time.
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We start this section with some preliminaries and additional notation. Here and in
the remaining sections we denote by M; () the number of particles in the system at
time ¢, conditional on the background process being in state i at time 0. It is evident
that M;(¢) can be written as the sum of two independent components: the number of
particles still present at time ¢ out of the original population of size x¢ (in the sequel
denoted by M (1)), increased by the number of particles that arrived in (0, #] that is
still present at time ¢ (in the sequel denoted by M; (1) in case the background process
is in state i at time 0).

Due to the assumption that the service times are exponentially distributed, there
are positive numbers u; (fori = 1,...,d) such that Fi(t) = e ™' In the case
that the u; are identical (say equal to u > 0), M (¢) follows a binomial distribution
with parameters xo and e . In the case the u; are not identical, we need to know
the number x¢ ; particles present at time 0 that were generated while the background
process was in state i. The resulting (independent) random variables Mi (t) follow
binomial distributions with parameters xo; and e~ *i’; indeed, M =2 M,- ().

Given these observations we concentrate in the remainder of this section on the
more complicated component of M (¢), that is M;(t).

3.1 Differential equation

Recall that we write, for ease of notation, ¢; := 1/ET;,and g;; := p;jq; (Wherei # j),
withg; = —q;. The main quantity in this subsection is the moment generating function
of M;(t):

A (D, 1) = R Mi ),

Consider a small time period Az, and focus on all terms of magnitude O (At) or
larger. In our continuous-time Markov setting, the background process has either zero
jumps (with probability 1 — g; At + 0(At)), or a jump to state j # i (with probability
gij At + o(At)); the probability of more than one transition is o(At) (see for instance
[19, Thm. 2.8.2]).

Note that
0 k
oy (RiAD)
A1) = D ™A T (i@, D)
k=0 :

< [ D qiarAj@t— A+ [ 1= gijAt | At — Ar)
J#i J#i

+0 ((an?): )

here p; (¢, t) is the mgf of a random variable distributed on {0, 1}, indicating whether
a particle arriving in the time period (0, At) is still present at ¢. It is seen that the value
1 occurs with probability
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/At 1
0 At

—e M 4 0 (Ar).

00 . e Wil At . e il .
/ wie Hildv ) du = / etittdy = (B — 1)
t At Jo i At

—u

Hence, p; (%,1) = 1 + e Hi? (eﬂ — 1) + O (Ar), and thus

00 k

oA, (A AD) —A
S it —Zk' (pi (9, )F = e 2 exp [1; At pi (9, 1)]
k=0 '

=14+ 1AL (e? — 1) e 4 0 ((At)z) .
Now gi = 2, .; gij yields
A9, 1) = (1 NI l)e_”it)
x (Zq,-jm Aj@, 1 — AD + (1 — g AD) A (9, 1 — At)) 10 ((At)z)
J#i
_ (1 A — l)e_“it)
x (Z Gij AL A (@, 1) + A (9, 1) — AL ALD, 1) — gi At A (9, r)) 10 ((Ar)2)
J#i
— (1 A (e — 1)e_’“t)
d
[ D" qij At Aj@.0) + A1) = At AL@. 1) | + O ((At)2) ,
=1

where the derivative is with respect to . We have found the following system of
differential equations.

Proposition 2 The mgfs A; (¢, t) satisfy

d
i(e” = De MA@, 1) = Aj@, 1) = D qij A, 1). 5)
j=1

Now define v; (o, ¥) := fooo ae ¥ A; (0, t)dt. Then, by integrating,
o
/ ae AN, 0)dt = a(Yi(a, ¥) — 1).
0

We thus obtain

o

d
Vil + i, 9) = a(ile, ) — 1) = D qij ¥ (@, 9);  (6)

rie” = 1)
o+ L =
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cf. [1, Eq. (4.6), Cor. 1] in the one-dimensional case and [15, Thm. 3] in the network
case for equations that resemble (5) for Markov-modulated shot-noise models. These
may be viewed as continuous state-space analogs or weak limits of the infinite-server
queue (see [14] regarding a general framework that includes both for the network
version in the non-modulated case).

3.2 Mean

To compute EM; (z,), with 7, ~ exp(a), we differentiate Eq. (6) with respect to
and let ¥ | 0, thus obtaining

d
o . d . d
ia_’_Mi‘/fi(a‘i‘Mi,O):‘X‘};%Ewi(a: ﬂ)—;qw'};%E‘/ﬁ(a, ),
or

o * t Vv d o t v
A =« ae  “"EM;(t)dt — / ae “"EM;(1)dt
i /0 10 J;q,,, 0 50

- d -
= o0EM;(t) — D qijEM,(%a). (7
j=1

Now consider the special case that the background process is in equilibrium at
time 0. It turns out that the expressions simplify significantly. We have, due to (7),
using the fact that >, m;q;; = 0,

1
o+ ui

d d
D wEM;(t) = D miki
i=1 i=1

Laplace inversion yields
d d Tk
S mEMi(r) =D (1 — e,
i=1 i1 M
in line with (1). Now consider steady-state behavior, that is, we let « | 0. From

the above, we obtain an expression that could as well have been found by applying
Little’s law:

d d .
> wiEM;(c0) = zmu—f.
i=1 !

i=1
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3.3 Higher moments

A second differentiation of (6) yields

d
_ o _ _
EM; (Tat ) + i = aEM?(1y) — G EM?(1g).
o+ l(Dt-‘r/Ll) la+ﬂi l(Ol) qu J(Ot)

o

20

j=1

In other words, once we know the ]EA;Ii(ra) for all « > 0, we can compute the
associated second moment as well.
Along the same lines,

n—1 k n—1
o n d o n _
l“"'Mig(k) ﬂl?(l)dﬁk%(ot-i-m ) la+/u]§6(k) I(Ta+u,)
d
= aEM] (to) = D 4ijEM] (1a).
Jj=1

As a consequence, these higher moments (at exponentially distributed epochs) can be
recursively determined. Again there is a simplification if the background process is in
equilibrium at time 0. Then we have the equation

n—1

d d _
_ 1 n _

2 T EMM () = 2 ik 2 EMF(tyiy)).

i i ( ot) pr i lOl o P (k) i ( oz+/h)

i=1

For the steady-state we obtain, cf. [1],

d B d A n—1 n ~
> mEM; (c0) = ij > (k)]EMf(%)-
i=1 i=1 L k=0

4 Asymptotic normality for general service times

In this section we consider our Markov-modulated infinite-server system, but, as
opposed to the setting discussed in the previous section, now with generally dis-
tributed service times. The main result is a central limit theorem (for N — o0) under
the scaling g;; — N 1+5q,~j and A; — NA;; here ¢ > 0. The intuitive idea behind this
scaling is that the state of the background process moves at a faster time scale than
the arrival processes (so that the arrival process is effectively a single Poisson process
as N — 00), while this arrival process is sped up by a factor N (so that a central limit
regime kicks in).

Remark 1 We already observed that the number A;Ii(N) (t) of particles still present at
time ¢, out of the initial population of size Nx( and that arrived while the background
process was in state i, is not affected by the evolution of the background process, as the
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departure rate has been determined upon arrival. Specializing to the case of exponential
service times (with mean p; Uif the particle under consideration had entered while
the background process was in state i), the corresponding random variables have
independent binomial distributions with parameters Nxp; and e #’. Nxq ; denotes
the number of particles present at time O that arrived while the background was in
state i. Therefore, as N — oo

7 (N) —it
M:"(t) — Nxg ;e t
i (1) 0,i d Norm (0’ X(),ie_uit(l _ e—liif)) .
N

For other service-time distributions the quantities e i’ have to be replaced by the
appropriate survival probability associated with the residual lifetime of a particle that
is present at time O and that had arrived while the background process was in i.

In light of the above, it suffices to focus on establishing a central limit theorem for
the number of particles that arrived in (0, ] that are still present at time ¢. Let, in line
with earlier definitions, this number be denoted by Mi(N) (#) in case the modulating
process is in state i at time 0. O

One of the leading intuitions of this section is that, due to the fact that the timescale
of the background process is faster than that of the arrival process, we can essentially
replace our Markov-modulated infinite-server system, as N — oo, by an M/G/co
queue. This effectively means that, irrespective of the initial state i, Mfm (t) can be
approximated by a Poisson distribution with parameter N o,. The candidate for o, can
be easily identified using the theory of Sect. 2:

d t
0= 2w [ Fis)ds. ®)
0

i=1

Let us now focus on identifying a candidate for the limiting covariance between
M l.(N) (t) and M ,.(N) (t + u); this is a rather elementary computation that we include for
the sake of completeness. Let N (¢) be the number present in an M/G/oo queue that
started off empty at time O; the arrival rate is A and the distribution function of the
service times is denoted by F'(-). In this system it is possible to compute the covariance
between N () and N (¢ + u) explicitly in terms of the arrival rate and the distribution
function F (-) of the service times. Realize that N (¢ 4+ u) can be written as the sum of
the particles that were already present at time ¢ and that are still present at time 7 + u
(which we denote by N, (¢ + u)), and the ones that have arrived in (¢, t 4+ u] and that
are still present at time ¢ 4 u. The latter quantity being independent of N (), we have
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Cov(N(t), N(t +u)) = Cov(N(t), N;(t + u)).
It thus suffices to compute the quantity Cov(N (¢), N, (¢t + u)). To this end, define
9" =q,, :=/ —F(t —v)dv :/ —F(v)dv,
' ot o1
B B | 1
9 =q,, = / ;(F(t 4+u—v)— F(t—v))dv =/ ;(F(v +u) — F(v))dv,
0 0
1 |
C c
9 -=q,, 1=/ ;(1 — F@t +u—v))dv =/ ;(1 — F(v+u))dv;
0 0

the first of these quantities can be interpreted as the probability that an arbitrary
particle that has arrived in [0, 7) has already left the system at time ¢, the second as
the probability that it is still present at time ¢ but not at # + u anymore, and the third
as the probability that it is still present at time # 4+ . It now follows that

oo k
EN(t) N;(t +u) = Z Zkz P(N(t) =k, N;(t +u) = £)

k=0 £=0
[} m k
(D™ m — _
= Z)e M kZMZ(jJu e )@@ e

which turns out to equal (after some elementary computations) g€ at+qC(1—g™)A22.
AsEN (1) = (1 — g™)at and EN, (t + u) = ¢€ A, it follows that

t
Cov(N(t), N(t + u)) = ¢C At = x/ (1 — F(v+u))dv.
0

This computation provides us with the candidate for the central limit result in the case
of general service times. Define in this context, for ¢t < 1>,

d "
Ctinp = zﬂi)hi/o Fi(v+1n —t)dv
i=1

(while if 1, < t; we put ¢4, 1, = Ctp.1)-

The following result covers the asymptotic multivariate normality. In the proof we
consider the bivariate case (time epochs ¢ and ¢ + u), but the extension to a general
dimension (time epochs #; up to rx with, without loss of generality, 1 < ... < tg)is
straightforward and essentially a matter of careful bookkeeping.

Theorem 1 For any a € RX and t € RX (witht; < ... < tg), and general service
times, as N — o0,
K — (N K
Dl Olle-( )(fk) — N 2 %oy

JN

4 N(0, 02),
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with

K K—1k—1

2. 2
o7 = ;o +2 Z QRO Cry 1y -
k=1 k=1 1

=~

o
Il

This theorem shows convergence of the finite-dimensional distributions to a multi-
variate Normal distribution. A next step would be to prove convergence at the process

level, viz. convergence of
(M,FN) () — Noi )
ﬁ >0

to a Gaussian process with a specific correlation structure. Such aresult has been proven
for the regular (that is, non-modulated) M/M/oo queue in which the Poisson arrival
rate is scaled by N; the limiting process is then an Ornstein-Uhlenbeck process—see,
for example [22]. The proofs of such weak convergence results typically consist of
three steps: single-dimensional convergence, finite-dimensional convergence, and a
tightness argument, where the tightness step tends to be relatively complicated. In our
setup (that is, the Markov-modulated M/G/oo queue) we have proven the first two
steps; the third step (tightness) is beyond the scope of this paper.

We prove Thm. 1 for the case of K =2, with#j =t and tp =t + u (for ¢, u > 0);
higher dimensions can be dealt with fully analogously but these require substantially
more administration. Our starting point is to set up a system of differential equations for
the non-scaled process. This system is derived in the very same way as the differential
equations for the univariate exponential case (see Prop. 2). Define, for fixed scalars
a1, oz, and for u > 0 given,

A; (0, 1) :=Eexp(@ay M;(t) + day M;(t + u)).
In addition, let

pi(,1) i= Fi(t) + " (F;(t +u) — Fi (1)) + " @1 — Fi(t + u))
= ePlte) _ (P _ ) Fi (1) — " (72 — 1)Fi(t + u).

Proposition 3 The mgfs A; (¢, t) satisfy
d
i@ DA@. 1) = Aj@.1) = D qijAj@.1),
j=1
where p; (9, 1) := A (pi (D, 1) — 1).
Proof Let I;(t) be the indicator function of the event that a particle arriving in (0, At]

(while the background process was in state i ) is still in the system at time #, and consider
the random variable o1 7; () + a2 1; (t 4+ u). Similarly to what we did earlier in this
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section, a1 I; (t) + a2 I; (t + 1) can be split into three contributions; one corresponding
to the event that a particle that arrived in (0, At] has already left the system at time ¢,
one corresponding to the event that it is still present at time ¢ but not anymore at time
t + u, and finally one corresponding to the event that it is still present at time ¢t + u.
With some standard calculus it is readily obtained that

E exp (Wail; (t) + v l;(t +u)) = p; (9, 1) + O(A1).
This means that we obtain

Ai(0,1) = XAt - pi(D, )N (0,1 — A1)

+ D qi AL A, 1= AD+(1 = LAt —gi A1) A (D, 1 — AL) + o(AD).
J#

Now subtracting A; (¢, t — At) from both sides, dividing by At¢, and letting Az | 0
leads to the desired system of differential equations. O

Proof of Thm. 1. Now we are ready to prove the bivariate asymptotic normality for
the case of general service times. The idea behind the proof is to (i) start off with the
differential equations for the non-scaled system as derived in Prop. 3; (ii) incorporate
the scaling in the differential equations, and apply the centering and normalization
corresponding to the central limit regime; (iii) use Taylor expansions (for large N);
(iv) obtain a limiting differential equation (as N — o0). This limiting differential
equation finally yields the claimed central limit theorem.

We first “center” the random variable « Ml-(N) (1) + oM l.(N) (t 4+ u); to this end we
subtract No(z, u) from this random variable, with

o(t,u) == a10r + @2014u,

and g, defined as in Eq. (8). At this point we impose the scaling, that is, we replace g;;
by N!*ég; 7. and &; by NA;. With these parameters, we now study the appropriately
centered and scaled random variable

9 M™N (1) + 9 M™N (1 + u) — Noo(t)
vN ’

where we suppress the argument u in o(¢, u) (as u is held fixed throughout the proof).
It means that we study the “centered and scaled mgf”

ANV @, 1) = A (% t) exp (—\/Nﬁé?(t)) : )

where, due to Prop. 3, Ai(z?/«/ﬁ, t) satisfies
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Realize that, as a straightforward application of the chain rule,
~ / ) ~
(A,?N)) @.1) = A (J_N t) exp (—Jﬁﬁg(z)) — VN9 OAN ,1).

Upon combining the above, we find a relation which is completely in terms of the
centered/scaled mgf f\;N)(ﬂ, t):

b4 - - /
Npi (ﬁt) AV @0 =(A") @.0

d
+VNoo' OAN @.1) = N1 g A 1)
j=1
(10)

We now study the solution of this system of differential equations for N large by
“Tayloring” the function p; (1#/+/N, 1) with respect to N. It is an elementary exercise
to check that

14 hy;(0, ¢t ho i (U, t
ﬁl‘ (_ t): l,l( I )+ 2,1( )

T o o+ O(N™7),

with

hii (@, 1) = 4 (Va1 F (1) + Do Fi (1t +u))

A _ -
hoi@.1) = 5 (9% Fi(6) + 9% (@ e + @) Fi(t + 1))
We thus obtain the differential equation
(VN (114 @0 = 96/ 1)) + hoi @, 1) + 0N ") AN @0,1)

d
~ M\’ ~(N
= (&) @0 = N gy AN @),
=

or in self-evident matrix/vector notation,
~ ~ / ~
N+ oA ™M . 1) = (A(N)) @. 1) — VN (Hi(,1) — 90’ (1)) A (0. 1)
~ (N) _1
—H(@, 0)A "(P,1) + O(N™2).

Now premultiply this equation by the so-called fundamental matrix F = (I1— Q)~!,
where IT := 1z 7. It holds that I1% = [,FII=MNF =I,and QF = FQ =11 -1,
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see for these properties and more background on fundamental matrices and deviations
matrices e.g. [4]. We then obtain

~ ~ ~ I
NHEAN @ = NrEnAY @) — F (A(N)) 0, 1) + VNF (H B, 1)

—00' ) A" . 1)
+ FH,0.0AY" 0. 1) + OND).

Iterating this identity once, we obtain
~ ~ ~ /
NHAN @ = NEnAY 0. — nFE (A(N)) @, 1)+ ~NF (H (&, 1)

—90' () A" (9. 1)
+ FH,9, AN 9. 1) + O(N~7) + O(N79).

Now premultiply the equation by d 7T =17 1. Recalling the identity [1F = IT and
noting that it follows from the definition of o(¢) that

111 (H (9, 1) — 90/ (1)) 1 = 0,

~(N ~
all terms of O(N?%) with @ > 0 cancel. For limy_, o JI’TA( )(z‘}, t) =: A(D,t) we
thus obtain the following differential equation:

d
AN, 1) = (Z nwih.i (9, t)) AW, 1).

i=1

Using the technique of separation of variables, it follows that

t d
A, 1) = exp (/ Zn;hz,i(ﬂ, s)ds)/c(ﬂ, u),
U
or

y 92 4 ' i} B}
A0, 1) =exp(7 Zm / ()»,- (ot%F,- (s) + Qai4ap)ar Fi(s + u))) ds)lc(z?, u),
i=1 70

for some function (¢, u) thatis independent of . Now note that this expression should
not depend on «; if + = 0. In addition, if we insert # = 0, then «; and «» should
appear in the expression as o1 4+ . This enables us to identify « (¢, u). We eventually

obtain

. v?
AU, t) = exp (7 (alzgt + 201006 140 + a%gtﬂ)) , (11
as desired. We have proven the claimed convergence.
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Remark 2 Tt is remarked that the central limit theorem does not carry over to the case
e € (—1, 0], as then the term of order N 1-2¢ cannot be neglected relative to the term
of order N!=¢. As a result, in that situation the variance featuring in the central limit
theorem will contain the fundamental matrix F for these values of €. O

5 Examples
5.1 Two-state model

In this example we consider the case d = 2, and exponential sojourn times of the
background process, that is, the time spent in state i is exponential with mean 1/g; €
(0, 00). From EM (7)) = (A(x)) ! ¢ () we obtain for the mean number in the system
after an exponential time with mean 1/« (ignoring the effect of an initial population)

Al
(]EMl(Ta)) _ 1 (612-1—06 q1 ) o+ p
EMy(t))]  q+@p+a\ @2 g+« A2
o+ U2
o+ q Al n q1 A2
a+qg1+qgra+ 06+611+6120l+,u2
a+qi A2 n q2 Al

at+qrt+qgpat+pu a+qr+qpo+p

When sending o to oo, we indeed obtain that EM,-(IOQ) = 0; when sending « to 0,
the resulting formula is consistent with the long-term mean number in the system, as
found earlier. Replacing g; by Ng; (fori = 1, 2), we obtain that both components of
EM(z,) converge (as N — 00) to

Al A2
5] + 2 )
o+ @ o+ (2

which is for ;11 = w7 in line with the findings in [12].
We now focus on computing the second moment; for ease we consider the stationary
case. From Sect. 3.3, we have

d

)+Z

= Zn,EM (),

i=1

5 ¢ 05+/11

which becomes after sending « to 0,

d d
EM?*(00) 1= D mEM} (00) = 22;1, IEM (Tu) + zn, u"

i=1 i=1 i=1 !

obviously, 71 = 1 —m = g2/(q1 + 92).
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We now find a lower bound on the variance of the stationary number of particles in
the system. Restricting ourselves to the case u; = p foralli =1, ..., d, elementary
computations yield, with r; := X;/n and g := q1 + g2,

TN
n—q

EM?(c0) =

T2
(k= g2)ri—qir2) + i +u——q (w0 =gq)r2—qar) + mar2.

We now claim that, with R denoting the stationary mean 71r| + w277, the stationary
variance is larger than this R, or equivalently

EM?(00) > R + R, (12)

with equality only if A1 = A,. This can be shown as follows. Writing r; = arp, the
above claim reduces to verifying that, for all a € (0, 00),

a(fi —w)m +a(fr — m)my +algr — ) + (g2 — m)m > 0, (13)
with equality only if @ = 1; here

w—q2 n—4qi
f]=1_f2:= q, gz::l—gljz q
n—=q n—=q

Observe that f| > 1, so that the left-hand side of (13) has a minimum. Now realize
that fi —m; = —(fo —mp) and g» — mp = —(g1 — m1). As aresult, (13) reduces to

(a — D(a(fi —m)my — (g2 — m2)m2) >0,

which, due to (f; —m1)m1 = (g2 —m2) 7 can be rewritten as ( f1 — )y (a— 1)2 > 0.
Claim (12) thus follows. We conclude that VarM (co) > EM (co), with equality if
and only if A; = A».

This result can be intuitively understood. As argued before, M (o) is distributed as
a Poisson random variable with a random parameter. We showed with an elementary
argument in the introduction of [12] that this entails that VarM (0c0) > EM (00);
informally, this says that Markov modulation increases the variability of the stationary
distribution. We have now shown that for d = 2 this inequality is in fact strict, unless
the A; match (and equal, say A). In fact, then the queue is just an M/M/oo system which
has the Poisson(A /) distribution as the equilibrium distribution, for which mean and
variance coincide (and have the value A/u). In other words, for d = 2 there are no
other ways to obtain a Poisson stationary distribution than letting all A; be equal.

5.2 Computational results

We include computational results demonstrating the converging behavior of the two-
state scaled process in one dimension (i.e., K = 1inThm. 1). Unscaled, the parameters
areA = (1,2), u = (1, 1), and g = (1, 3). Depicted in Fig. 1 is the limiting behavior
of Eq. (9) assuming exponential service times, obtained by solving the scaled version
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10° 10’
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2 3

10 10
Fig. 1 (left) The scaled process, AM 0.5, 1), approaches the limiting curve as N grows larger. (right)
Maximum error as a function of N shows loglinear convergence.

of the differential equation (5) with the mgf parameter ¥ = 0.5 and ¢ = 0.5. The
corresponding limiting curve from Eq. (11) is plotted as well. As in the case with
deterministic transition times [3], we observe loglinear convergence, with the solution
curve closely following the limiting curve for N = 1000. Tweaking the parameters
results in the same convergence behavior.
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