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1. Introduction
Continuous-time Markov processes are a common tool for
analyzing complex systems such as telecommunication net-
works, computer systems, or call centers. Typical models
are the M/Ph/1 queue, where Ph indicates a phase-type
distribution used for approximating a general service time
distribution, or a ·/M/1 tandem network. Whereas the sta-
tionary distribution of these systems is known, the deviation
matrix that yields the so-called value function, an important
tool in Markov decision theory, is only known for some
special queues that are in essence variations of the M/M/c/L
queue; see Koole (1998). In fact, the deviation matrix can
only be computed explicitly for Markovian queues with a
one-dimensional state space. Unfortunately, many impor-
tant systems have a multidimensional state space, and the
deviation matrix defies computation.
In this paper we provide an update formula that allows us

to approximately compute the deviation matrix of models
with a two-dimensional state space, and we illustrate our
approach by the M/M/1 queue with vacations, the M/Ph/1
queue, and a tandem network. Starting point of our three
examples is the M/M/1 queue, for which the deviation
matrix can be obtained in a closed form, see Koole (1998).

In order to approximate the deviation matrix of the, say,
M/Ph/1 queue, we initially enlarge the state space of the
M/M/1 queue by transient states, so that the M/M/1 and
the M/Ph/1 queue are defined on the same two-dimensional
state space. As we show in this paper, the deviation matrix
of an M/M/1 queue with additional transient states can still
be computed explicitly. By inserting this adjusted deviation
matrix into our update formula, we approximately compute
the unknown deviation matrix of the M/Ph/1 queue.
Series expansions for Markov processes, such as our

update formula, go back to Schweitzer (1968), where
discrete-time, finite-state Markov chains have been studied;
see also Heidergott et al. (2007). Our update formula is
derived for continuous-time Markov processes on denumer-
able state space, without assuming uniformizability. The
key contribution of our paper is that we can deal with two-
dimensional infinite state spaces, which is a breakthrough
in the computation of the deviation matrix for processes
like the M/Ph/1 queue, for which it had not been possi-
ble to give an explicit representation. We complement our
concept by the approximation approach for general dis-
tributions via phase-type distributions in order to extend
our algorithm to the M/G/1 queue. To illustrate the rele-
vance of the update formula for problems in control, we
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will embed our approach into Markov decision processes
(MDP). More specifically, we compute the average optimal
admission policy for a call center in which each admitted
customer raises a certain reward while the number of cus-
tomers in the system causes certain holding cost.
The paper is organized as follows. In §2 basic properties

of the deviation matrix are presented and v-norm ergodicity
is introduced. In §3 the update formula for the deviation
matrix is established and afterwards applied to three differ-
ent examples in §4. The application to admission control
is provided in §5. Eventually, we identify topics of fur-
ther research in §6. The more-technical results and deriva-
tions of the respective deviation matrices are provided in an
online companion available at http://or.journal.informs.org/.

2. Preliminaries

2.1. Basic Properties of the Deviation Matrix

Throughout this paper we will denote the infinitesimal gen-
erator of a continuous-time Markov process � that exists
on a denumerable state space S by Q and its stationary dis-
tribution by �. The associated transition probability matrix
with elements p�i� j� t� representing the probability to go
from state i to j within the time t will be denoted by P�t�.
The ergodic projector, i.e., a matrix with all rows equal to
�, will be represented by �. Furthermore, we elementwise
define by

d�i� j� =
∫ �

0
�p�i� j� t� − ��j��dt� i� j ∈ S� (1)

the deviation matrix D of � that is said to exist whenever
all integrals in (1) are finite. According to Coolen-Schrijner
and van Doorn (2002) and Heidergott et al. (2009), these
matrices satisfy the properties summarized in the following
lemma.

Lemma 1. If it exists, the ergodic matrix � of a
continuous-time Markov process � with infinitesimal gen-
erator Q satisfies
(i) A� = 0 for all conservative matrices A ∈ �S×S , and

even �Q = 0,
(ii) B� = � for all stochastic matrices B ∈�S×S .
If the corresponding deviation matrix exists, it holds that
(iii) �D = 0,
(iv) −QD = −DQ = I − �,
(v) D1= 0,

where I denotes the S×S identity matrix and 1 the column-
vector with all S entries equal to 1.

In this paper we focus on continuous-time processes. It is,
however, worth noting that our analysis carries over to the
so-called sampled, or subordinate, discrete-time chain by
using uniformization theory, see Kijima (1997) for details.
Moreover, any discrete-time Markov chain �� with tran-
sition matrix �P can be translated into a continuous-time
process on the same state space S with generator matrix

Q = �P − I , with I the identity matrix of appropriate size.
Furthermore it holds for the associated ergodic projectors
�̃ = � and the deviation matrices D̃ = D. Hence, all for-
mulas presented in this paper in terms of Q, D, and � can
be translated to a discrete-time chain.

2.2. Geometric Ergodicity

The main tool for our analysis is the weighted supremum
norm, also called v-norm, denoted by � · �v, where v is
some vector with elements vi � 1 for all i ∈ S, and for any
w ∈�S

�w�v

def= sup
i∈S

�w�i��
v�i�

�

For a matrix A ∈�S×S the v-norm is given by

�A�v

def= sup
i��w�v�1

∑S
j=1 �A�i� j�w�j��

v�i�
�

which implies

max
j∈S

�A�i� j��� �A�vv�i�� i ∈ S�

Note that v-norm convergence to 0 implies elementwise
convergence to 0. With the help of the above concepts,
v-geometric ergodicity (also called v-normed ergodicity)
of the transition matrix P�t� of a continuous-time Markov
process � can be introduced as follows.

Definition 1. The Markov process � is v-geometric
ergodic if c < � and 	 < 1 exist such that

�P�t� − ��v � c	t�

for all t � 0.

Note that

�D�v �

∫ �

0
�P�t� − ��v dt � c

∫ �

0
	t dt = − c

ln�	�

and it is straightforward to check that geometric v-norm
ergodicity implies existence of �D�v by assuring the finite-
ness of its elements. Unfortunately, geometric v-norm
ergodicity is almost impossible to check in a direct way.
One of the reasons is that P�t� is in general not known in
explicit form. Therefore, we use a different representation
for the deviation matrix, which follows directly from the
properties of � and D presented in Lemma 1

D = �� − Q�−1 − �� (2)

3. Series Representation of
Denumerable Markov Processes

In this section we will present the basic formula of our
concept. In §3.1 we derive the series expansion of the devi-
ation matrix, and in §3.2 we present the associated suffi-
cient condition assuring its convergence. Furthermore, in
§3.3 we present the algorithm that allows establishment of
a precision 
dev up to which the deviation matrix D∗ shall
be approximated.

IN
F
O
R
M
S

ho
ld
s

co
p
yr
ig
h
t
to

th
is

ar
tic
le

an
d

di
st
rib

ut
ed

th
is

co
py

as
a

co
ur
te
sy

to
th
e

au
th
or
(s
).

A
dd

iti
on

al
in
fo
rm

at
io
n,

in
cl
ud

in
g
rig

ht
s
an

d
pe

rm
is
si
on

po
lic
ie
s,

is
av

ai
la
bl
e
at

ht
tp
://
jo
ur
na

ls
.in

fo
rm

s.
or
g/
.



Leder, Heidergott, and Hordijk: An Approximation Approach for the Deviation Matrix
920 Operations Research 58(4, Part 1 of 2), pp. 918–932, © 2010 INFORMS

3.1. The Update Formula

Let Q and Q∗ be the infinitesimal generators of two differ-
ent continuous-time Markov processes. Denote by �, �∗,
D, and D∗ the respective ergodic matrices and deviation
matrices. We know from Lemma 1(iv) that it holds

−QD = I − ��

Adding Q∗D on both sides of the above equation gives us

�Q∗ − Q�D = Q∗D + I − �� (3)

which we multiply by D∗ to get

D∗�Q∗ − Q�D = D∗Q∗︸ ︷︷ ︸
=�∗−I

D + D∗ − D∗�︸︷︷︸
=0

�

By solving this equation for D∗, we obtain

D∗ = �I − �∗�D + D∗�Q∗ − Q�D� (4)

Inserting (4) repeatedly into its right-hand side yields

D∗ =�I −�∗�D
n∑

k=0

��Q∗−Q�D�k +D∗��Q∗−Q�D�n+1� (5)

which we separate into the series approximation of
degree n

H�n� = �I − �∗�D
n∑

k=0

��Q∗ − Q�D�k (6)

and the corresponding remainder term

R�n� = D∗��Q∗ − Q�D�n+1�

Equation (5) provides a useful tool to approximately com-
pute the deviation matrix of a process �∗ whenever the
remainder term tends to zero for n → �. Sufficient condi-
tions for the convergence of the remainder term, and there-
fore the convergence of the series approximation, will be
provided in the following section. We will show later on
that by finding a finite N and an associated constant �N < 1
such that it holds

���Q∗ − Q�D�N �v < �N �

we assure that �D∗−H�n��v tends to zero at an exponential
rate. Provided that �f �v < �, it holds that

��D∗f �i − �H�n�f �i�� �D∗ − H�n��v�f �v inf
i∈S

v�i�� (7)

see Heidergott et al. (2009) for details. In applications,
inf i∈S v�i� is typically equal to 1, and therefore (7)
reduces to

��D∗f �i − �H�n�f �i�� �D∗ − H�n��v�f �v�

From (7) we obtain that the convergence of the update for-
mula (6) directly implies that H�n�f tends to D∗f exponen-
tially fast for any finite-normed f . Now suppose that f is a
cost function bounded for some appropriate v. Then, find-
ing an approximation for D∗ yields an approximation of the
so-called value function D∗f , which is a basic tool in MDPs.

Remark 1. Common synonyms of the value function are
the bias (see, e.g., Feinberg and Shwartz 2002, Puterman
1994), the performance potential (see e.g., Cao 2007,
Zhang et al. 2008), or the relative cost (see e.g., Bertsekas
2005). According to Feinberg and Shwartz (2002) and
Koole (1998), the ith entry of the value function can be
interpreted as the total difference in costs between start-
ing in state i and the stationary version. This interpretation
corresponds to the definition of the deviation matrix given
by (1), where it can easily be seen that by multiplying
(1) with a cost vector f , one compares the costs arising
over the entire time frame caused by starting in a certain
state i given by

∑
j∈S p�i� j� t�f �j� with the stationary cost∑

j∈S ��j�f �j�.

3.2. Convergence of the Series Expansion

To ensure the efficiency of our approximation for the devi-
ation matrix, we demand geometric-fast convergence of the
remainder R�n� to zero as n tends to �. As we will show in
a subsequent lemma, geometric-fast convergence of R�n�
to zero is implied by the following condition.
[C] There exists a finite number N such that we can find

�N ∈ �0�1�, which satisfies

���Q∗ − Q�D�N �v < �N �

and we set

cv
�N

def= 1
1− �N

∥∥∥∥
N−1∑
k=0

��Q∗ − Q�D�k

∥∥∥∥
v

�

The factor cv
�N

in condition [C] allows establishment of an
upper bound for the remainder term that is independent of
D∗. Denote by T �k� = �I − �∗�D��Q∗ − Q�D�k the kth
element of the series in (6). Then we can summarize the
main conditions in the following lemma.

Lemma 2. Under [C] it holds that for any v � 1:
(i) �R�k − 1��v � cv

�N
�T �k��v for any k.

(ii) limk→� H�k� = �I −�∗�D
∑�

n=0��Q
∗ −Q�D�n = D∗.

(iii) � ∈� and � < 1 exist such that ���Q∗ −Q�D�k�v <
��k for all k.
(iv) For all k it holds that �T �k��v < ��k��I −�∗�D�v,

with � and � as in (iii).

These results have been introduced in Heidergott et al.
(2009) for finite-state discrete-time Markov chains and can
be extended to continuous-time Markov processes on denu-
merable state space using the same line of arguments.

3.3. The Algorithm

With Lemma 2 we arrive at the following numerical
approach. First we search for N such that 1 > �N

def=
���Q∗−Q�DN �v. In words, we establish the minimal power
of ��Q∗ − Q�D� that yields geometrical convergence of
H�n�. Then, we choose a precision 
dev up to which we
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want to approximate D∗. The algorithm computes the ele-
ments T �k� of H�k� until our upper bound for R�k�, given
by cv

�N
���Q∗ − Q�D�k+1�v, drops below 
dev. We can now

describe an algorithm that yields an approximation for D∗

with 
dev precision.

Algorithm 1
Choose precision 
dev > 0. Set k = 1 so that T �1� =
�I − �∗�D�Q∗ − Q�D and H�0� = �I − �∗�D.

Step 1: Find N such that ���Q∗ − Q�D�N �v < 1. Set
�N = ���Q∗ − Q�D�N �v and compute

cv
�N

= 1
1− �N

∥∥∥∥
N−1∑
k=0

��Q∗ − Q�D�k

∥∥∥∥
v

�

Step 2: If cv
�N

�T �k��v < 
dev, the algorithm terminates
and H�k −1� yields the desired approximation. Otherwise,
go to Step 3.
Step 3: Set H�k� = H�k−1�+T �k�. Set k = k+1 and

T �k� = T �k − 1��Q∗ − Q�D. Go to Step 2.

If condition [C] holds, then the above algorithm termi-
nates geometrically fast; see Lemma 2. In case S is finite,
condition [C] and (ii) in Lemma 2 are equivalent, which
allows us to empirically check whether condition [C] is sat-
isfied. Moreover, for finite S all norms are equivalent with
respect to norm ergodicity and, without loss of generality,
we take v ≡ 1, with 1 the vector with all elements equal to
one, for the algorithm.
If we again look at the value function D∗f instead

of simply approximating D∗, we have to slightly adjust
Algorithm 1 because the error term is no longer just
�D∗ − H�n��, but according to (7) the remainder becomes
�D∗ − H�n��v�f �v inf i∈S v�i�. To achieve precision 
value
for the approximation of the value function D∗f by
H�n�f , we have to choose 
dev in Algorithm 1 equal to

value/��f �v inf i∈S v�i��, because this implies

��D∗f �i −�H�n�f �i���D∗−H�n��v�f �v inf
i∈S

v�i�

<

value

�f �v inf i∈S v�i�
�f �v inf

i∈S
v�i�=
value�

For given precision 
value and by setting v ≡ 1 as we will do
in the finite state-space examples presented in this paper,
we obtain


dev = 
value
supi∈S f �i�

� (8)

where �f �1 = supi∈S �f �i�� follows from the definition of
the v-norm.

Remark 2. In case �f �1 is large, the precision 
dev used
in Algorithm 1 might become prohibitively small, i.e., the
value of the associated optimal degree k is such that com-
puting H�k� becomes numerical inefficient. In this case
it is advisable to adjust v such that �f �v, as well as
���Q∗ − Q�D�v, becomes sufficiently small.

4. Applications of the Update Formula
In this section we will present various examples illustrating
the broad applicability of our update formula. As the basic
system that serves as the approximation analogue, we use
the M/M/1 queue for which, beside Q and �, the deviation
matrix D also is well known (see Koole 1998). We will
add transient states to the basic system so that we can still
compute D in a closed form, but also get a sufficiently
fast convergence of the series expansion. Starting with an
M/M/1 queue with vacations in §4.1, we proceed with the
M/G/1 queue in §4.2 and provide the approximation of the
deviation matrix of a tandem network in §4.3. We support
our theoretical computations by several numerical examples
in §§4.1.2, 4.2.3, and 4.3.2.

4.1. Approximating the Deviation Matrix of
an M/M/1 Queue with Vacations

4.1.1. The M/M/1 Queue with Vacations. Our first
example is a slight variation of the M/M/1 queue for which
the deviation matrix already cannot be given in closed form
so far. Similar to the basic system, arrivals enter the queue
according to a Poisson-� process and are served by one
server with exponential-� distributed service time. How-
ever, whenever the queue is empty—that is, no customer is
waiting for service—the server will go on an exponential-�
distributed vacation. Another possible interpretation is that
of the server to shut down for a maintenance period. Such a
process �∗ exists on the state space S��i� j� ∈�0 × �0�1��,
where i denotes the number of customers in the system and
j indicates if the server is on vacation (=1) or not (=0).
�∗ has a generator matrix Q∗ with entries

q∗�i� j� k� l� =

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

� i = k − 1� j = l

� i = k + 1� k > 0� j = l = 0

� i = 1� k = 0� j = 0� l = 1

� i = k� j = 1� l = 0

−�� + �� i = k� j = l = 0

−�� + �� i = k� j = l = 1

0 otherwise�

and a stationary distribution

�∗�k� l�

=

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(
��/��k − ��/�� + ���k

1− �/�� + ��

)
�∗�0�1� l = 0

(
�

� + �

)k

�∗�0�1� k > 0� l = 1

��� − ��

��� + ��
k = 0� l = 1�
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(see Chao and Zhao 1997) where the stability of the queue
and therefore the existence of �∗, is assured by �/� < 1
and � > 0. By its generator matrix Q with entries

q�i� j� k� l� =

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

� i = k − 1� j = l

� i = k + 1� j = l = 0

� i = k� j = 1� l = 0

−�� + �� i = k� j = l = 0

−�� + �� i = k� j = l = 1

0 otherwise�

we define an approximation system � in which all states
�j�1� are transient while the ergodic class of states �j�0�
acts like an M/M/1 queue. The stationary distribution of� is

��k� l� =

⎧⎪⎪⎨
⎪⎪⎩

(
1− �

�

)(
�

�

)k

l = 0

0 l = 1�

and for the deviation matrix it holds

d�i� j� k� l�

=

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

��/��max�k−i�0� − �i + k + 1��1− �/����/��k

��1− �/��

j = l = 0

�k−i

�� + ��k−i+1
k � i� j = l = 1

1
��1− �/��

− �� + �k + i�����/��k

��

−
(

1
��1− �/��

+��1−�/����/��+���k−i+1−���/��k−i+1

��1−�/����−�+��

)

· 1�i−1<k� j = 1� l = 0

0 otherwise�

Because its entries are not obvious and, to the best of
our knowledge, have not been presented in the literature
so far, we provide the corresponding derivations in the
online companion associated with this paper. By inserting
the above expressions for Q, Q∗, �∗, and D into (6), we
can apply our algorithm to approximate D∗.

4.1.2. Numerical Approximation of the Deviation
Matrix of an M/M/1 Queue with Vacations. We will
illustrate our algorithm now by applying it to an M/M/1
queue with arrival rate � = 1, service rate � = 2, and a vaca-
tion rate � = 4, and restrict the maximal system capacity to

100 customers. First we compute the power N for which it
holds �N = ���Q∗ − Q�D�N �v < 1 and get N = 2. The cor-
responding constant c�N

is c�N
= 2�1164. Now we compute

the optimal k for which the upper bound of the remainder
term becomes smaller than the desired precision 
dev, which
we choose to be 0�1. According to Figure 1, the respective
value is kopt = 4.
The v-norm bound on the remainder term is shown on

the left-hand side of Figure 1 and the v-norm of the true
error is shown on the right-hand side of the figure. As can
be seen, the bound on the remainder term becomes rather
sharp after k = 4. Note that the bound on the remainder
term suggests kopt = 4, whereas the true error is already
less than 0�1 for k = 2.

4.2. Approximating the Deviation Matrix of an
M/G/1 Queue

A means of keeping the Markovian structure of the M/M/1
queue and also generalizing, say, the service time distribu-
tion, is to approximate the general service time distribution
by a phase-type distribution, such as the Cox or hyperex-
ponential distribution. It is well-known that phase-type dis-
tributions allow an arbitrarily close approximation of any
general service time distribution G, see Asmussen (1987).
Our approach to the approximate computation of the

deviation matrix of an M/G/1 queue is as follows. First, an
appropriate phase-type distribution, say Ph, is determined
that sufficiently approximates G. To this M/Ph/1 queue, we
then determine an M/M/1 system with additional transient
states and compute the stationary distribution and devia-
tion matrix of this related but simpler queue. Applying our
update formula, it is now possible to approximate the devia-
tion matrix of the M/Ph/1 queue via the deviation matrix of
the simple queue up to a precision 
dev, which in turn yields
an approximation of the deviation matrix of the M/G/1
queue.
Because it is common knowledge and shall not be the

focus of this paper we discuss details of the phase-type dis-
tribution approximation approach and motivate our choice
of the M/Cox/1 and M/Hyp/1 model as basic approxima-
tion of the M/G/1 queue in the online companion. In §4.2.1
we derive the update formula for the M/Cox/1 and in §4.2.2
for the M/Hyp/1 model.
A queueing system with one server serving with a phase-

type distribution known as the M/Ph/1 system can be
described on a state space S = ��i� j� ∈�0 ×�0� where the
first entry describes the number of customers in the system
and the second entry denotes the phase in which the server
is currently serving. Customers enter the system with rate
� and will be served according to a first-come-first-served
discipline. The various phase-type service time distributions
differ in the number of phases and the order according to
which a customer passes the phases. Each single phase is
exponentially distributed. Typical phase-type distributions
are the Cox, Erlang, and Hyperexponential distribution; see
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Figure 1. Convergence of the upper bound on remainder and the deviation matrix.
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Figure 2. For reasons of clarity, we will restrict our compu-
tations in this paper to phase-type distributions with three
phases. It is understood that by following the same line
of arguments as used in this paper, it is easy to extend
all formulas to more general phase-type distributions. Note
that for three phases the Erlang distribution equals the
Cox distribution with p1 = p2 = 1. For sake of com-
pleteness, we summarize the density functions of the Cox
and Hyperexponential distribution in Table 1 in the online
companion.

4.2.1. Approximation of the Deviation Matrix of the
M/Cox(3)/1 Queue. In this section we will apply the
update formula to derive the deviation matrix of the queue-
length process of the M/Cox(3)/1 queue, where we denote
the queue-length process by �∗, see Figure 3 for a depic-
tion of the queueing model. The state space of this queue
is S = ��i� j� ∈�0 × �1�2�3��. Customers arrive to the sys-
tem with rate �. The service is separated into three phases.
After a first �1-exponentially distributed time the customer
leaves the system immediately with probability 1− p1, or
will be served in a second phase with probability p1. The
second service phase lasts a �2-exponentially distributed

Figure 2. (a) Cox(r)-, (b) Erlang(r)-, and (c) Hyperexponential(r)-distributions.

(a) 1–p1 p1

p21–p2

p2

p1

...

(b)

...

(c)

...

1–
r –1
i = 1 pi

�1 �1

�2 �2

�r �r�r

�1

�2

time, and the customer leaves the system with probability
1 − p2 or will be served in a final exponentially-�3 dis-
tributed phase with probability p2. The generator matrix Q∗

of �∗ is given by

q∗�i� j� k� l�

=

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

� i = k − 1� j = l

�1− p1� · �1 i = k + 1� j = l = 1

p1 · �1 i = k� j = 1� l = 2

�1− p2� · �2 i = k + 1� j = 2� l = 1

p2 · �2 i = k� j = 2� l = 3

�3 i = k + 1� j = 3� l = 1

− ∑
�r� s� 
=�i� j�

q∗�i� j� r� s� i = k ∧ j = l

0 otherwise�
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Figure 3. M/Cox(3)/1 queue.
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1–p1

Server

1–p2

and in accordance with Neuts (1994), Riska and Smirni
(2002) the stationary distribution of �∗ is given by �∗�k� =
��∗�k�1���∗�k�2���∗�k�3�� with

�∗�k�

=

⎧⎪⎪⎪⎨
⎪⎪⎪⎩

�1�2�3 − ���2�3 + p1�1�3 + p1p2�1�2�

�1�2�3

k = 0

�∗�0� · �1�0�0� · Rk k � 1�

where

R= �

�1−p1���
2+��3�+�1−p1p2���2+�2�3

·

⎛
⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

��+�2���+�3�

�1

p1��+�3� p1p2p3

���+p2�2+�3�

�1

�+�3 p2�2

���+�2�

�1

p1� �1−p1��+�2

⎞
⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

�

Existence of the stationary distribution follows from

���2�3 + p1�1�3 + p1p2�1�2�

�1�2�3

< 1�

Now we apply our update formula by first defining a sec-
ond process � on the same state space S. Using the same
parameters as before and letting p1 and p2 be equal to 0,
we obtain a queueing system for which all states �i�2� and
�i�3�, with 1 � i, (i.e., service is in the second or third
phase), are transient states, whereas the remaining states
form an ergodic class. As soon as this process enters the
ergodic class, it acts like an M/M/1 queue with arrival
rate � and service rate �1. The process � has a generator

matrix

q�i� j� k� l�

=

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

� i = k − 1� j = l

�1 i = k + 1� j = l = 1

�2 i = k + 1� j = 2� l = 1

�3 i = k + 1� j = 3� l = 1

− ∑
�r� s� 
=�i�j�

q�i� j� r� s� i = k� j = l

0 otherwise�

The stationary distribution of � resembles the one of an
M/M/1 queue apart from the fact that its entries for tran-
sient states are 0, more specifically,

��k� l� =

⎧⎪⎨
⎪⎩
(
1− �

�1

)(
�

�1

)k

l = 1

0 l = 2�3�

where the condition �/�1 < 1 assures the existence of the
stationary distribution. As the last component of our update
formula, we present the deviation matrix of � with the
respective derivations provided in the online companion.

d�i� j� k� l�

=

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

��/�1�
max�k−i�0� − �i + k + 1��1− �/�1���/�1�

k

�1�1− �/�1�

j = l = 1

�k−i

�� + �2�
k−i+1

k � i� j = l = 2

�k−i

�� + �3�
k−i+1

k � i� j = l = 3

1
�1�1− �/�1�

− ��1 + �k + i��2���/�1�
k

�1�2

−
(

1
�1�1− �/�1�

+ �1�1−�/�1���/��+�2��
k−i+1−�2��/�1�

k−i+1

�1�1−�/�1���−�1+�2�

)

· 1�i−1<k� j = 2� l = 1

1
�1�1− �/�1�

− ��1 + �k + i��3���/�1�
k

�1�3

−
(

1
�1�1− �/�1�

+ �1�1−�/�1���/��+�3��
k−i+1−�3��/�1�

k−i+1

�1�1−�/�1���−�1+�3�

)

· 1�i−1<k� j = 3� l = 1

0 otherwise�

Inserting the above expressions for Q, Q∗, �∗, and D
into (6), we obtain an approximation for the deviation
matrix of an M/Cox(3)/1 queue.
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4.2.2. Approximation of the Deviation Matrix of the
M/Hyp(3)/1 Queue. Another well-known phase-type dis-
tribution is the hyperexponential one that, when applied to
the service time of a queueing system, is reflected by the
denotation M/Hyp(3)/1. In such a system the server pro-
vides service with an exponentially distributed service time,
either with probability p1 at rate �1, with probability p2

at rate �2, or with probability 1− p1 − p2 at rate �3, see
Figure 4. This system has generator matrix

q∗�i� j� k� l�

=

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

� i = k − 1� j = l

p1 · �1 i = k + 1� j = l = 1

p2 · �1 i = k + 1� j = 1� l = 2

�1− p1 − p2� · �1 i = k + 1� j = 1� l = 3

p1 · �2 i = k + 1� j = 2� l = 1

p2 · �2 i = k + 1� j = l = 2

�1− p1 − p2� · �2 i = k + 1� j = 2� l = 3

p1 · �3 i = k + 1� j = 3� l = 1

p2 · �3 i = k + 1� j = 3� l = 2

�1− p1 − p2� · �3 i = k + 1� j = l = 3

− ∑
�r� s� 
=�i� j�

q∗�i� j� r� s� i = k� j = l

0 otherwise�

and stationary distribution

�∗�k�

=

⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

�1�2�3 − ��p1�2�3 + p2�1�3 + �1− p1 − p2��1�2�

�1�2�3

k = 0

�∗�0� · �p1� p2�1− p1 − p2� · Rk k � 1�

Figure 4. M/Hyp(3)/1 queue.
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with

R = � · ��2�p1�1 + p2�2 − p2�3�

+ �1− p1����2�3 + �2�3� + �1− p2���1�3

+ �p1 + p2���1�2 + �1�2�3�
−1

×

⎛
⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

p1���+�2�+�1−p2���3+p2��2+�2�3

p1���+�3�

p1���+�2�

p2���+�3�

p2���+�1�+�1−p1���3+p1��1+�1�3

p2���+�1�

�1−p1−p2���
2+��2�

�1−p1−p2��1+�1−p1��
2−p2�

�1−p1−p2��
2+�1−p1���2

+�1−p2���1+�1�2

⎞
⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

�

Existence of this stationary distribution follows from

��p1�2�3 + p2�1�3 + �1− p1 − p2��1�2�

�1�2�3

< 1�

Analogously to §4.2.1, we can approximate the general sys-
tem by the system with p1 = 1 and p2 = 0, i.e., every new
arrival will be served at rate �1. It can be easily seen that
such a Markov process � has the same generator matrix,
stationary distribution, and deviation matrix as the process
used to approximate the deviation matrix of the M/Cox(3)/1
queue. Hence, we just have to exchange Q∗ and �∗ in (6)
and we obtain the update formula for the deviation matrix
of the M/Hyp(3)/1 queue.

4.2.3. Numerical Approximation of the Deviation
Matrix of an M/LogN/1 Queue. One of the most com-
mon examples for real-world queueing systems are call
centers in which statistical analyses provide evidence for
lognormal distributed service times, see, for example,
Brown et al. (2005). The density of the lognormal distribu-
tion is given by

f LogN�x� = 1

x
√
2��2

exp
[
− �ln�x� − ��2

2�2

]
�

with � and � the mean and standard deviation of the
variable’s logarithm. Now we can determine the vari-
ables of the phase distributions by applying the EM
algorithm. In the following we will apply the EMpht
programme (for a manual, see Olsson 1998) for fitting
distributions.
Suppose that �Log N is the queue-length process of an

M/LogN/1 queue with customers arriving according to a
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Figure 5. Density functions of the lognormal, Cox(3),
and Hyp(3) distributions.
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Poisson arrival stream with rate � = 2 and being served
by a server having lognormal distributed service times with
parameters � = 0�48 and �2 = 1�40. By using the EM
algorithm we find an M/Cox(3)/1 queue with p1 = 0�50,
p2 = 0�30, �1 = 0�50, �2 = 9�00, and �3 = 10�00 as
approximation, or, alternatively, an M/Hyp(3)/1 queue hav-
ing parameters p1 = 0�07, p2 = 0�43, �1 = 0�45, �2 = 0�45,
and �3 = 0�45. By comparing the three density functions
in Figure 5, we can already see that the density of the Cox
distribution fits better to the original lognormal distribution.
Additionally, the fitted hyperexponential distribution with
all phases having equal service behaves like an exponential
distribution. Nevertheless, the resulting M/Hyp(3)/1 differs
from the simple M/M/1 queue due to the enlarged state
space.
In our further computations we will restrict the wait-

ing room of our queue to 49 places, which gives us an
M/LogN/1/50 queue. For such a queueing system, we apply
our algorithm now and first compute the respective powers

Figure 6. Convergence of upper bounds on remainders for Cox(3) and Hyp(3) distribution.
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denoted by N Cox and N Hyp, respectively, for which it holds
�N = ���Q∗ − Q�D�N �v < 1. It turns out that

N Cox = 1� N Hyp = 2�

The corresponding constants, denoted by c
Hyp
�N

and c
Hyp
�N

,
respectively, are

cCox
�N

= 3�5714� c
Hyp
�N

= 9�2667�

Now it remains to identify the optimal k for which the
upper bound of the remainder term becomes smaller than
our desired precision of 0�1. According to Figure 6, the
respective values are

kCox
opt = 5� kHyp

opt = 2�

These findings are supported by Figure 7, in which we plot
the norm convergence of H�k − 1� given by the update
formula in (6) to the true deviation matrix D∗, which, in
case of a finite state space, can be computed directly by (2).

4.3. Approximation of the Deviation Matrix of a
Tandem Network

4.3.1. The Tandem Network. Another common exam-
ple in queueing theory for which the deviation matrix can-
not be computed directly is the tandem queue displayed in
Figure 8(a). In such a system, customers enter a first queue
according to a Poisson process with rate �, and after an
exponentially-�1 distributed service time are routed to a sec-
ond queue where they are served by a second exponential
server with rate �2. This system has generator matrix

q∗�i� j� k� l� =

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

� i = k − 1� j = l

�1 i = k + 1� j = l − 1

�2 i = k� j = l + 1

−�� + �1 + �2� i = k� j = l

0 otherwise�
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Figure 7. Norm convergence of the deviation matrices of Cox(3) and Hyp(3) distribution.
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and stationary distribution

�∗�k� l� =
(
1− �

�1

)(
�

�1

)k(
1− �1

�2

)(
�1

�2

)l

�

with its existence assured by the condition

�

�1

< 1 and
�1

�2

< 1�

The deviation matrix of such a tandem network cannot
be computed directly using common tools so that we
will apply our update formula to approximate it. First we
define a second process � on the same state space S =
��i� j� ∈ �0 × �0�, where i and j denote the number of
customers queueing in the first and second queue, respec-
tively. We model the first queue as an M/M/1 queue with
exponential-� distributed interarrival and exponential-�1

distributed service times. We furthermore do not allow for
any arrivals in queue 1 as long as there are customers in
the second queue, which is defined as an M/M/1 system
without arrivals but with exponential-�2 service times. That
is, all states �i� j� with j > 0 are transient while the states
�i�0� form the system’s ergodic class (see Figure 8(b)).
Such a system is determined by its generator matrix

q�i� j� k� l� =

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

� i = k − 1� j = l = 0

�1 i = k + 1� j = l

�2 i = k� j = l + 1

−�� + �1 + �2� i = k� j = l = 0

−��1 + �2� i = k� j = l > 0

0 otherwise�

and has the stationary distribution

��k� l� =

⎧⎪⎪⎨
⎪⎪⎩

(
1− �

�1

)(
�

�1

)k

l = 0

0 l > 0�

where the condition �/�1 < 1 assures its existence. The
deviation matrix of � is provided by

d�i� j� k� l�

=

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

��/�1�
max�k−i�0� − �i + k + 1��1− �/�1���/�1�

k

�1�1− �/�1�

j = l = 1

�i − k + j − l�!
�i − k�!�j − l�!

�i−k
1 �

j−l
2

��1 + �2�
−�i−k+j−l+1�

j � l > 0� i � k

�1�2 − ���1 − ���2�2k + 1� + j��1 − ��2���/�1�
k

�1�2��1 − ��

− �i
1�

j
2��/�1�

k

��1 + �2�
i+j

i∑
r=0

(
i − r + j − 1

j − 1

)(
�1 + �2

�1

)r

·
(

r − k

�1

+
(

��1/��r − ��1/��k

�� − �1�

)
· 1�r<k�

)

j > 0� l = 0

0 otherwise�

Figure 8. (a) Tandem queue, (b) independent manipu-
lated M/M/1 queues.
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Figure 9. Convergence of upper bounds on remainders and deviation matrices.
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with the derivations presented in the online companion of
this paper. Inserting Q, Q∗, �∗, and D into (6), we obtain
an approximation for the deviation matrix of the tandem
network.

4.3.2. Numerical Approximation of the Deviation
Matrix of a Tandem Network. Let �∗ be a tandem net-
work with Poisson-0�5 arrival stream and exponentially-2
and exponentially-10 distributed service times in server 1
and 2, respectively. Each queue is supposed to have a max-
imal capacity of 20 customers. For this system we first
calculate N for which it holds �N = ���Q∗ −Q�D�N �v < 1,
the associated constant c�N

, and the optimal k for which
the remainder becomes smaller than our given precision

 = 0�1, and get

N = 2� c�N
= 9�4665� kopt = 7

(see Figure 9). By lowering the service rate of the second
server to �2 = 5 and repeating our calculations, we get a
slightly slower convergence

N = 4� c�N
= 26�9075� kopt = 13�

whereas an increase of the second service rate leads to an
improvement of the respective parameters

N = 2� c�N
= 3�2592� kopt = 5

(see Figure 9). Even in the case of a relatively slow ser-
vice, we can still approximate the deviation matrix by our
update formula, but will need more summands to reach
our desired precision. That is due to the fact that the for-
mula is sensitive towards the traffic rates �1 = �/�1 and
�2 = �1/�2. Nevertheless, even traffic rates close to 1 will
allow for an application of the update formula. To reduce
the number of approximation steps necessary to reach the
desired precision, it remains, however, to look for related
processes � that are closer to the tandem queue than our
exemplary M/M/1 queues, but still satisfy the condition of
a given deviation matrix D. This will be a topic of further
research.

5. Application to Markov
Decision Theory

We revisit the M/G/1 queue and extend the basic Markov
model by a certain set of actions �. A stationary (deter-
ministic) policy, say f , prescribes in each state i the action
f �i� taken by the controller of the system. The infinites-
imal generator depends on the chosen policy f , which is
reflected by writing Qf for the generator. Moreover, there
is a cost vector cf , where cf �i� is the cost rate in state i
under policy f . For an introduction to Markov decision pro-
cesses (MDP), we refer to Dynkin and Yushkevich (1979),
Puterman (1994), Ross (1970), Tijms (1994). MDPs are
used to derive the structure of the optimal policy and,
moreover, to compute it. There are several cost criteria,
e.g., discounted and average costs. In our application we
will consider average expected costs over an infinite time
horizon.
A basic reference on MDPs is the monograph Puterman

(1994); applications to the control of queueing systems can
be found in Ross (1970), Stidham (1985), Tijms (1994).
There are numerous papers on MDPs. Papers in which the
condition of geometric ergodicity is introduced and used
are Dekker and Hordijk (1988, 1991, 1992), Dekker et al.
(1994), and Hordijk and Yushkevich (1999, 2002). The
papers Bather (1976), Guo (2007), Guo and Cao (2005),
Guo and Hernndez-Lerma (2003), Guo and Liu (2001),
Hordijk and van der Duyn Schouten (1983), Kakumanu
(1975), and Yushkevich (1977) deal with continuous-time
decision processes.

5.1. Admission Control

A basic model in the control of communication networks
is the admission control of a single server queue. For an
overview of the application of Markov decision models in
the control of communication networks we refer to Altman
(2002). We assume here that there is a reward rate r for
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each customer admitted to the queue, and that there are
holding costs h�i� per unit time when there are i customers
in the queue. For this model, the optimal policy for dis-
counted as well as average costs is of threshold type, that
is, there is a critical level, say L, such that customers are
allowed when there are at most L − 1 customers in the
queue and rejected when there are L or more. The literature
on admission control separates into two groups, depend-
ing on the amount of information on which the controls
are based. In case of full state information, the problem is
approached as an MDP, a Markov decision drift process, or
a Markov game; see Altman and Hordijk (1995), Hordijk
and van der Duyn Schouten (1983), Stidham (1985). It is
shown in Stidham (1985) that the average optimal policy is
a critical-level policy. For the continuous-time process, this
follows from results in Hordijk and van der Duyn Schouten
(1983). In Hordijk and Spieksma (1989), the constrained
admission control is considered. Therein, the throughput
is maximized while the expected delay of jobs has an
upper bound. In this case the optimal policy is of threshold
type too, but randomizes the admission at the critical level.
A similar result is proven for worst-case optimal control in
Altman and Hordijk (1995) and Altman et al. (1997). The
customer admission model in a rather general setting with
no state information is studied in Chapter 4 of Altman et al.
(2003). A balanced policy is optimal in this case. The com-
putation of the optimal policy was hindered by the fact that
the deviation matrix could not be computed. The analysis
put forward in this paper overcomes this problem. For the
admission control model studied in this paper, there is an
equivalence between the discrete-time and continuous-time
models (see Serfozo 1979). For further study, we also refer
to the survey papers Arapostathis et al. (1993) for discrete-
time case and the recent one Guo et al. (2006) and the
references therein for the continuous-time case.
Using the same notation as before, but adding sub-

script L to reflect the current admission level, we can
express the average long-term costs by

�
def= �LcL�

where cL is the respective cost vector defined as

cL�i� = h�i� − r� · 1�i<L�� i ∈ S�

We will then consider a certain admission policy L1 supe-
rior to L if long-term costs are lower so that it holds

�L1
cL1

− �LcL < 0�

From (3) multiplied by �L1
, we get

�L1
�cL1

− cL� + �L1
cL − �LcL

= �L1
�cL1

− cL� + �L1
�QL1

− QL�DLcL < 0�

and because �L1
has no negative entries, this inequality is

implied by

�cL1
− cL� + QL1

DLcL − QLDLcL < 0�

From Lemma 1 we have QLDL = �L − I so that we obtain

�cL1
− cL� + QL1

DLcL + �I − �L�cL < 0�

which simplifies to the basic Poisson inequality used in
MDPs

cL1
− �LcL + QL1

DLcL < 0�

Then the policy improvement step on critical level L policy
in state i � L is admitting the customer if

−r� + h�i� − �LcL + Qi+1�i�DLcL < 0� (9)

where Qi+1�i� is the ith row of the generator matrix for
the increased threshold i +1. Similarly, one better rejects a
customer in state i < L if

h�i� − �LcL + Qi�i�DLcL < 0� (10)

The following algorithm allows for the iterative computa-
tion of the optimal threshold L′.

Algorithm 2
Start with an initial policy, say level L0.

Step 1: Compute the largest i > L0 for which (9) holds,
say L1.

Step 2: Compute �L1
and DL1

and insert them into (10).
Step 3: Compute the smallest i < L1 for which (10)

holds, say L2.
Step 4: Compute �L2−1 and DL2−1 and insert them

into (9).
Step 5: Repeat Steps 1 to 4 until there is no improve-

ment.
Step 6: The algorithm ends when no further improve-

ment can be found.

5.2. Numerical Example: Applying the Update
Formula to Admission Control

Recall the example introduced in §4.2.3, but now with
threshold L. The infinitesimal generators of the original
system �∗

L and the approximation process �L remain the
same except for the fact that qL�i� j� i + 1� l� = 0 for every
i � L. Hence, we create transient states �i� j� > L. Then
the stationary distribution �∗

L�k� l� is equal to 0 whenever
k > L. And for k � L it resembles the one of a finite
M/Ph/1/L. According to Neuts (1994), �∗

L of such a queue
equals the denumerable one except for

�∗
L�k�=

⎧⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎩

⎛
⎜⎝�1�0�0�

(L−1∑
i=0

Ri +�RL−1S−1

)⎛⎜⎝
1

1

1

⎞
⎟⎠
⎞
⎟⎠

−1

k=0

�∗�0��1�0�0��RL−1S−1 k=L�
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with

S−1 =

⎛
⎜⎜⎜⎜⎜⎜⎜⎝

1
�1

p1

�2

p1p2

�3

0
1
�2

p2

�3

0 0
1
�3

⎞
⎟⎟⎟⎟⎟⎟⎟⎠

in case of the M/Cox(3)/1/L queue and

�∗
L�k�

=

⎧⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎩

⎛
⎜⎝�p1� p2�1− p1 − p2�

(L−1∑
i=0

Ri + �RL−1S−1

)⎛
⎜⎝
1

1

1

⎞
⎟⎠
⎞
⎟⎠

−1

k = 0

�∗�0��p1� p2�1− p1 − p2��RL−1S−1 k = L�

with

S−1 =

⎛
⎜⎜⎜⎜⎜⎜⎜⎝

1
�1

0 0

0
1
�2

0

0 0
1
�3

⎞
⎟⎟⎟⎟⎟⎟⎟⎠

for the M/Hyp(3)/1/L system, and for the stationary distri-
bution of �L we have

��k� l� =

⎧⎪⎪⎨
⎪⎪⎩

1− �/�1

1− ��/�1�
L+1

(
�

�1

)k

l = 1

0 l = 2�3�

Although in the case of a denumerable state space S a
stability condition is needed to assure the existence of a
stationary distribution, this is not needed for the finite state
space. The derivation of the deviation matrix is for reasons
of clarity provided in the online companion (see §6 of the
online companion).
Suppose that the systems arrival rate is still � = 2�00

and customers are served by one server having lognor-
mal distributed service times with parameters � = 0�48 and
� 2 = 1�40. This leads to the approximation system of an
M/Cox(3)/1 queue with p1 = 0�50, p2 = 0�30, �1 = 0�50,
�2 = 9�00, and �3 = 10�00 and an M/Hyp(3)/1 queue hav-
ing parameters p1 = 0�07, p2 = 0�43, �1 = 0�45, �2 = 0�45,
and �3 = 0�45. Like in §4.2.3 the waiting room is restricted
to a maximum capacity of 49 waiting customers. Let the
holding costs of our example be defined as h�i� = e0�01i −1,
and let each accepted customer create a reward of r = 9.
We know from the example in §4.2.3 that in case of the

M/Cox(3)/1 queue we need H�4� to approximate the devi-
ation matrix sufficiently precisely, and for the M/Hyp(3)/1
system, H�1� given by (6) has the right degree to compute

the deviation matrix up to a precision 0�1. However, because
we no longer want to approximate D∗

L but the value function
D∗

LcL, we use (8) to assure the desired precision 0�1


dev = 
value
supi∈S �cL�i�� = 0�1

10�0
≈ 0�01�

and by applying Algorithm 1 get H�5� for the Cox model
and H�1� in case of hyperexponential service times. Addi-
tionally, it is no longer sufficient to use (9) and (10), but we
have to consider the two-dimensional state space. Hence,
each state with i customers inside the system is reflected
by three states—namely, �i�1�, �i�2�, and �i�3�. Checking
if (9) holds for a certain customer level i allows for several
interpretations: (i) demanding that it holds for all service
phases, which is quite conservative, (ii) demanding that the
condition (9) is valid for only one service phase, which is
too optimistic, (iii) weighting the phases by the stationary
probability that the server serves in the respective phase.
In the following, we chose approach (iii) and, using the
PASTA property (Poisson arrivals see time averages), we
obtain

−r� + h�i� − �∗
LcL + 1

�∗
i+1�i�1� + �∗

i+1�i�2� + �∗
i+1�i�3�

· ��∗
i+1�i�1�Q

∗
i+1�i�1� + �∗

i+1�i�2�Q∗
i+1�i�2�

+ �∗
i+1�i�3�Q

∗
i+1�i�3��HL�k�cL < 0 (11)

for (9) and replace (10) by

h�i� − �∗
LcL + 1

�∗
i+1�i�1� + �∗

i+1�i�2� + �∗
i+1�i�3�

· ��∗
i+1�i�1�Q

∗
L�i�1� + �∗

i+1�i�2�Q∗
L�i�2�

+ �∗
i+1�i�3�Q

∗
L�i�3��HL�k�cL < 0� (12)

Now we start Algorithm 2 with the initial step assuming
L = 10, i.e., no customers are accepted to enter the system
if there are already 10 or more inside. The results of the
following improvement steps are summarized in Table 1,
where L0 and �0 denote the initial values of L and �, and
Li and �i denote the values of L and � in the ith itera-
tion of the algorithm. Although the M/Cox(3)/1 needs one
improvement step fewer, both approximations suggest the
same optimal policy level L′ = 4. Recall that both models
represent the same M/LogN/1 queue, so this result is not
surprising. In principle, level L is dependent on the traffic
rate � given by

�Cox = ���2�3 + p1�1�3 + p1p2�1�2�

�1�2�3

= 4�14

Table 1. Policy improvement steps.

L0 �0 L1 �1 L2 �2 L3 �3

Cox(3) 10 −4�2449 3 −4�2802 4 −4�3004
Hyp(3) 10 −3�9480 3 −3�9866 6 −3�9908 4 −4�0041
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Figure 10. Comparison of thresholds depending on the traffic rate.
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for M/Cox(3)/1 and

�Hyp = ��p1�2�3 + p2�1�3 + �1− p1 − p2��1�2�

�1�2�3

= 4�44

in the case of an M/Hyp(3)/1 queue. This rate compares the
average number of arrivals within a certain time interval to
the number of served customers. In our example we have
a � that is somewhat larger than one so that in the case of
an unrestricted entrance policy the system would overflow.
Even in the case of a restriction this has to be small so
that holding costs do not exceed the rewards. Figure 10
illustrates the dependence of the optimal threshold L on the
traffic rate.

5.3. Extension to Denumerable State Spaces

In the previous section we documented the adaptability of
our update formula to MDPs by presenting a numerical
example on finite state space. Naturally, in such a case one
can easily compute the real deviation matrix by (2). In the
following we will discuss an application of our update for-
mula to the denumerable state space. Consider the Coxian
model and assume that a Cox distribution has been fit-
ted to the general service time. As the next step, use the
update formula (6) to approximate the deviation matrix of
an M/Cox/1 system. Suppose that the series is only devel-
oped for the first n elements, that is, take

HCox�n� = �I − �Cox�D
n∑

k=0

�I + �QCox − Q�D�n

as an approximation of DCox, where D, Q are obtained from
the simple M/M/1 queue with transient states; §§4.2.1, 5.2,

Table 2. Optimal policy L.

Exact D∗cL Opt. appr. HCox�5�cL HCox�2�cL 2HCox�1�cL

� L � L � L � L �

0.1 158 −0�4488 158 −0�4488 158 −0�4488 153 −0�4488
0.5 113 −2�2393 113 −2�2393 113 −2�2393 112 −2�2393
1.0 22 −4�0902 22 −4�0902 22 −4�0902 23 −4�0901
1.5 10 −4�2384 10 −4�2384 10 −4�2384 10 −4�2384

and 6 of the online companion. Provided that n is small, for
example, n = 1, inserting the given formulas into (11) and
(12) one can easily determine the optimal threshold policy
even for denumerable state space S. For values of n larger
than, say 3, the analytical application of (6) is surely still
possible but a lot less convenient because formulas become
way too complex. However, because our current intention is
no longer the exact approximation of the deviation matrix
but the determination of the optimal policy, we do not nec-
essarily need to compute an HCox�n� for n > 2. For our
numerical example, we have kCox = 5, and Table 2 displays
the optimal policy L for our Cox model depending on the
chosen approximation parameter n for HCox�n�. The table
suggests that HCox�2� already reveals the optimal thresh-
old level L, and even HCox�1� provides fairly cost-optimal
policies, even though the deviation matrix of the M/Cox/1
queue is only roughly approximated.
We performed various numerical experiments, all of

which suggest that the approximation HCox�2�cL already
yields the optimal policy, despite the fact that the approxi-
mation HCox�2�cL differs in norm from the real value func-
tion given by D∗cL by more than the desired precision

value. Hence, we expect that even if the convergence of
HCox�k� to D∗ is too slow to work with n = 2, a series
expansion of degree 2 is already sufficient to derive optimal
policies. We conjecture that for denumerable state spaces
the application of

H�2� = �I − �∗�D�I + �Q∗ − Q�D + ��Q∗ − Q�D�2�

in MDPs yields optimal policies. Further investigation into
this matter is a topic of future research.
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6. Conclusion
In this paper we presented an approach to efficiently
approximate the deviation matrix of continuous-time
Markov processes and applied it to three different types of
examples. For a problem in admission control, we com-
bined our approximation scheme with Markov decision the-
ory and computed the optimal admission policy. Our three
examples are all related to a certain kind of manipulation
of the M/M/1 queue as the approximation system. In future
research it will be of particular interest to extend these find-
ings to more elaborate approximation models that increase
the speed of convergence of our algorithm. Although our
approach is the first step towards higher-dimensional state
spaces, it will be of special interest to apply the concept to
larger networks.

7. Electronic Companion
An electronic companion to this paper is available as part
of the online version that can be found at http://or.journal.
informs.org/.

Acknowledgments
The first author thanks the Faculty of Exact Sciences of
the Vrije Universiteit Amsterdam for their hospitality and
financial support.

References
Altman, E. 2002. Applications of Markov decision processes in communi-

cation networks. E. Feinberg, A. Shwartz, eds. Handbook of Markov
Decision Processes. Kluwer, Boston, 489–536.

Altman, E., A. Hordijk. 1995. Zero-sum Markov games and worst-case
optimal control of queueing systems. Queueing Systems 21 415–447.

Altman, E., B. Gaujal, A. Hordijk. 2003. Discrete-Event Control of
Stochastic Networks: Multimodularity and Regularity. Springer Lec-
ture Notes in Mathematics, Vol. 1829. Springer, New York.

Altman, E., A. Hordijk, F. Spieksma. 1997. Contraction conditions for
average and �-discount optimality in countable state Markov games
with unbounded rewards. Math. Oper. Res. 22 588–618.

Arapostathis, A., V. Borkar, E. Fernández-Gaucherand, M. Ghosh,
S. Marcus. 1993. Discrete-time controlled Markov processes with
average cost criterion: A survey. SIAM J. Control Optim. 31 282–344.

Asmussen, S. 1987. Applied Probability and Queues. Springer, New York.
Bather, J. 1976. Optimal stationary policies for denumerable Markov

chains in continuous time. Adv. Appl. Probab. 8 144–158.
Bertsekas, D. 2005. Dynamic Programming and Optimal Control, 3rd ed.

Athena Scientific, Nashua, NH.
Brown, L., N. Gans, A. Mandelbaum, A. Sakov, H. Shen, S. Zeltyn,

L. Zhao. 2005. Statistical analysis of a telephone call center: A
queueing-science perspective. J. Amer. Statist. Assoc. 469 36–50.

Cao, X. 2007. Stochastic Learning and Optimization: A Sensitivity-Based
Approach. Springer, New York.

Chao, X., Y. Zhao. 1997. Analysis of multi-server queues with station and
server vacations. Eur. J. Oper. Res. 110 392–406.

Coolen-Schrijner, P., E. van Doorn. 2002. The deviation matrix of a
continuous-time Markov chain. Probab. Engrg. Informational Sci. 16
351–366.

Dekker, R., A. Hordijk. 1988. Average, sensitive and Blackwell optimal
policies in denumerable Markov decision chains with unbounded
rewards. Math. Oper. Res. 13 395–420.

Dekker, R., A. Hordijk. 1991. Denumerable semi-Markov decision chains
with small interest rates. Ann. Oper. Res. 28 185–212.

Dekker, R., A. Hordijk. 1992. Recurrence conditions for average and
Blackwell optimality in denumerable state Markov decision chains.
Math. Oper. Res. 17 271–289.

Dekker, R., A. Hordijk, F. Spieksma. 1994. On the relation between
recurrence and ergodicity properties in denumerable Markov decision
chains. Math. Oper. Res. 19 539–559.

Dynkin, E., A. Yushkevich. 1979. Controlled Markov Processes. Springer-
Verlag, New York.

Feinberg, E., A. Shwartz. 2002. Handbook of Markov Decision Processes:
Methods and Applications. Kluwer, Boston.

Guo, X. 2007. Continuous-time Markov decision processes with dis-
counted rewards: The case of Polish spaces. Math. Oper. Res. 32
73–87.

Guo, X., X. Cao. 2005. Optimal control of ergodic continuous-time
Markov chains with average sample-path rewards. SIAM J. Control
Optim. 44 29–48.

Guo, X., O. Hernández-Lerma. 2003. Continuous-time controlled Markov
chains with discounted rewards. Acta Appl. Math. 79 195–216.

Guo, X., K. Liu. 2001. A note on optimality conditions for continuous-
time Markov decision processes with average cost criterion. IEEE
Trans. Automatic Control 46 1984–1989.

Guo, X., O. Hernández-Lerma, T. Prieto-Rumeau. 2006. A survey
of recent results on continuous-time Markov decision processes.
Sociedad de Estadistica e Investigación Operativa TOP 14 177–261.

Heidergott, B., A. Hordijk, N. Leder. 2009. Series expansions for
continuous-time Markov processes. Oper. Res., ePub ahead of print
October 28, http://or.journal.informs.org/cgi/content/abstract/opre.
1090.0738v1.

Heidergott, B., A. Hordijk, M. van Uitert. 2007. Series expansions for
finite-state Markov chains. Probab. Engrg. Informational Sci. 21
381–400.

Hordijk, A., F. Spieksma. 1989. Constrained admission control to a queue-
ing system. Adv. Appl. Probab. 21 409–431.

Hordijk, A., F. van der Duyn Schouten. 1983. Average optimal policies in
Markov decision drift processes with applications to a queueing and
a replacement model. Adv. Appl. Probab. 15 274–303.

Hordijk, A., A. Yushkevich. 1999. Blackwell optimality in the class of all
policies in Markov decision chains with a Borel state and unbounded
rewards. Math. Methods Oper. Res. 50 421–448.

Hordijk, A., A. Yushkevich. 2002. Blackwell optimality. E. Feinberg,
A. Shwartz, eds. Handbook of Markov Decision Processes. Kluwer,
Boston, 231–267.

Kakumanu, P. 1975. Continuous time Markov decision processes with
average return criterion. J. Math. Anal. Appl. 52 173–188.

Kijima, M. 1997. Markov Processes for Stochastic Modeling. Chapman &
Hall, London.

Koole, G. 1998. The deviation matrix of the M/M/1/� and M/M/1/N
queue, with application to controlled queueing models. Proc. 37th
IEEE CDC. IEEE Press, Tampa, FL, 56–59.

Neuts, M. 1994. Matrix-Geometric Solutions in Stochastic Models—An
Algorithmic Approach. Constable and Company, London.

Olsson, M. 1998. The EMpht-programme. Manual. Gothenburg Univer-
sity, Gothenburg, Sweden.

Puterman, M. 1994. Markov Decision Processes. John Wiley & Sons,
New York.

Riska, A., E. Smirni. 2002. M/G/1-type Markov processes: A tutorial.
Performance Evaluation of Complex Systems: Techniques and Tools
2459 315–325.

Ross, S. 1970. Applied Probability Models with Optimization Applica-
tions. Holden-Day, San Francisco.

Schweitzer, E. 1968. Perturbation theory and finite Markov chains. J. Appl.
Probab. 5 401–413.

Serfozo, R. 1979. An equivalence between continuous and discrete time
Markov decision processes. Oper. Res. 27 616–620.

Stidham, S., Jr. 1985. Optimal control to a queueing system. IEEE Trans.
Automatic Control 30 705–713.

Tijms, H. 1994. Stochastic Models, An Algorithmic Approach. John
Wiley & Sons, New York.

Yushkevich, A. 1977. Controlled Markov models with countable state and
continuous time. Theory Probab. Its Appl. 22 215–235.

Zhang, K., Y. Xu, X. Chen, X. Cao. 2008. Policy iteration based feedback
control. Automatica 44 1055–1061.

IN
F
O
R
M
S

ho
ld
s

co
p
yr
ig
h
t
to

th
is

ar
tic
le

an
d

di
st
rib

ut
ed

th
is

co
py

as
a

co
ur
te
sy

to
th
e

au
th
or
(s
).

A
dd

iti
on

al
in
fo
rm

at
io
n,

in
cl
ud

in
g
rig

ht
s
an

d
pe

rm
is
si
on

po
lic
ie
s,

is
av

ai
la
bl
e
at

ht
tp
://
jo
ur
na

ls
.in

fo
rm

s.
or
g/
.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


