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CHAPTER 1

Introduction

1.1 Scope of the thesis

In almost every aspect of our everyday life, we are involved with queues. Sometimes
these queues are visible to us, for example when we stand in a supermarket line to
pay for our shopping or when we stop at a red traffic light. Sometimes, however, we
do not even realise that we are waiting in a queue, i.e. when we download a movie
from the internet or when we perform a call. In all cases, there exist various factors
that affect how fast a queue builds up or empties. In the end, these factors affect how
long delays we experience in a queue until we achieve our objective — e.g. cross a red
traffic light — or eventually abandon the queue — e.g. stop downloading the movie.

The field of mathematics that aims to study these phenomena is called queueing
theory. In broad terms, queueing theory deals with models that involve a number
of servers providing service to at least one queue of customers, where neither the
customers nor the servers are necessarily individuals. For example, consider the to-do-
lists most of us are familiar with, as a simple queueing model. In this model, a person
has the role of the server that needs to complete all different obligations, which play the
role of the customers. New customers (obligations) arrive one by one or in groups by
following a specific pattern — including also the appearance of unexpected obligations.
All arriving customers are first prioritised based on criteria such as the time they
demand by the server in order to be completed or their significance. Afterwards, some
of them are served only by one server, while others may require treatment by more
servers simultaneously or consecutively. In addition, the server may not serve some
customers e.g. because of overdue deadlines, lack of interest or perhaps because they
chose to abandon the queue.

A main objective of queueing theory is to measure the performance of queueing
systems. The performance of a queueing system can be expressed in terms of (mean)
waiting times of arriving customers, (mean) queue lengths, traffic intensities (i.e.
average occupancy of a server during a specified time period), or any other relevant
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measure for the specific application we study. Traditionally, a major focus of queueing
theory was to find closed-form analytic solutions for those performance measures,
i.e. formulas involving the input parameters of the model such as the arrival process
and service times. Nonetheless, finding only closed-form solutions for performance
measures is not sufficient. The point is that by using these expressions one should be
able to calculate exact numerical estimates for the performance measures.

In an ideal situation with deterministic input parameters, the performance measures
of a queueing system are accurately computable. However, such deterministic behaviour
is not customary in nature, where randomness is most often the case. Queueing models
involving randomness are an example of stochastic models. In general, when analysing
stochastic models it is hard or even impossible to find closed-form solutions for their
performance measures. The more complicated the system, the harder it is to find such
closed-form solutions. Therefore, simplifying assumptions are usually imposed to the
input parameters so as to be able to (approximately) compute performance measures
of interest.

A common simplifying assumption is that the inter-arrival times (the time between
two successive arrivals of customers) and/or the service times are exponential. A basic
property of the exponential distribution is the memoryless or Markov property, which
is also transferred to stochastic processes involving exponential distributions. We say
that a stochastic process has the Markov property if the conditional (on both past
and present states) probability distribution of future states of the process depends
only upon the present state, but not on the sequence of events that preceded it. As a
consequence, exponential assumptions most often lead to models that can be analysed
with the aid of Markov processes, the theory of which provides many closed-form
expressions for performance measures.

Although exponential distributions are widely used in the analysis of queueing
models, they are not always a realistic assumption. Two important restrictions of
the exponential distribution are that it is not capable of modelling extremely long
times (highly variable) and that it does not allow for correlations between arrivals
of customers. Therefore, as a generalisation of the exponential distribution, for the
analysis of more complicated queueing models, the use of mixtures and convolutions
of exponentials has also been suggested. Models involving such constructions of
exponentials can be represented by Markov processes that have a block structure.
Although the Markov property suggests lack of memory and independence in the
stochastic process, such constructions can approximate properties such as long-range
dependence and high variability.

Typically, a block-structured Markov process is defined on a two-dimensional
countable state space, where the first coordinate is called level and the second phase.
An example is a tandem network with two queues, where customers join the waiting
line of the second queue upon completing their service in the first queue. Here, the
level corresponds to the number of customers in the second queue and the phase
represents the number of customers in the first queue. Performance measures for
this kind of block-structured models can be evaluated numerically in an algorithmic
way with the aid of techniques that combine probability and matrix theory (Bini
et al., 2005; Gail et al., 1996); sometimes closed-form expressions with probabilistic
interpretations for performance measures can also be found. These techniques are
widely known as Matriz-Analytic Methods (MAM) and they are very successful in the
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numerical analysis of systems arising not only in queueing (Breuer and Baum, 2005),
but also in applications like insurance (Badescu et al., 2009), telecommunications (Ost,
2001), supply chain management (He, 2014), and mathematical finance (Asmussen
et al., 2004).

To analyse block-structured Markov chains with MAM, the phase space should
be finite. However, there exist many practical situations with an infinite number of
phases. For example, if in the above described tandem queueing network all arriving
customers are admitted, then obviously the number of phases is unbounded. Another
example with an infinite background state space is when heavy-tailed random variables
are involved, where heavy-tailed distributions are ordinarily used to model long service
times. In order to preserve the heavy-tailed property within the context of block-
structured Markov processes, we should allow for an arbitrary number of phases.

Infinite phase spaces may be pragmatic because they usually reflect real-world
dynamics, but the matrices of infinite dimensions appearing in the analysis of the
corresponding systems do not allow for numerical investigation. MAM that work
efficiently with systems of realistic size, are applicable to systems of infinite state
space only under specific model restrictions. Truncation of the background state
space overcomes the issue of infinitely many phases. From an application point of
view, truncation of the background state space can be interpreted as approximating
general distributions with (finite) phase-type distributions, and/or infinite waiting
rooms (buffers) with finite ones. Truncation can also be done to overcome numerical
issues with finite, but large state spaces.

Such approximations are customary in practice (Feldmann and Whitt, 1998; Heindl
et al., 2004; Horvath and Telek, 2000; Nielsen, 2000), because truncations of the
background state space lead to an approximate model that can be analysed exactly or
numerically. However, they also introduce approximation errors. Most importantly,
truncations typically are done in an empirical way that is deprived of a solid theoretical
background. In other words, the truncation point may not be chosen in a constructive
way to yield approximations of performance measures with a guaranteed accuracy.

The goal of this dissertation is to obtain a rigorous understanding of these types of
errors for a number of practically relevant classes of stochastic systems. More precisely,
we extend the applicability of MAM by establishing algorithms that yield provably
accurate estimates for the performance of a wide class of systems, including systems
with heavy tails, financial models, and queueing networks. Our main focus is on
controlling the error of performance measures by strategically choosing the truncation
point of the approximations and relating it to the error incurred.

Outline

The rest of this chapter is organised as follows. All the models discussed in this
dissertation can be represented by Markov processes with a repetitive structure. Thus,
in Section 1.2, we first present simple Markov processes that have a repetitive structure.
Afterwards, we explain how a two-dimensional Markov process can retain a similar
structure based on the way its states are ordered, and we give the basic terminology
for block-structured Markov processes. Later, in Section 1.3, we focus on MAM. In
Section 1.3.1, we give a brief overview on solution methods for the basic models with
block structure. The approximations we derive in this dissertation rely heavily on
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the characteristics of phase-type (PH) distributions and Markovian Arrival Processes
(MArPs). Therefore, in Sections 1.3.2 and 1.3.3, we provide a detailed description for
each of them, respectively.

In Section 1.4, we discuss truncations of the state space. Typical examples where
MAM impose truncations are models involving heavy-tailed distributions and queueing
networks with more than one queue. In this dissertation, we consider truncations
of either type. Therefore, in Section 1.4.1, we provide an overview on the basic
characteristics of heavy-tailed distributions and related results, while in Section 1.4.2,
we do the same for queueing networks.

In Section 1.5, we provide background literature on alternative solution methods
for Markov processes, which may have a more general structure. Furthermore, in
Section 1.6, we explain the different models that we study and the derived results of
this dissertation. Finally, in Section 1.7, we introduce some general rules with respect
to the notation that we follow throughout the whole dissertation.

1.2 Block-structured Markov processes

In this dissertation, our focus is on infinite block-structured Markov processes. These
kind of Markov processes (or chains) have a repetitive structure that ordinarily occurs
when analysing queueing models via their embedded Markov chains. By embedding,
we mean that we consider the Markov process only at the moments upon which the
state of the system changes. In this section, we give an overview of the basic concepts
and terminology for Markov chains with repetitive structures. Note that we do not use
exclusively either continuous time Markov chains (CTMCs) or discrete time Markov
chains (DTMCs) for this overview, but we choose the form that makes the presentation
intuitively easier. Moreover, we present the aforementioned concepts in the context of
queueing theory. Therefore, as a first step it is important to introduce some notation
to describe the characteristics of a queueing system.

In queueing theory, the standard system that is used to describe and classify a
queue is Kendall’s notation (or simply Kendall notation). A three-factor notation was
initially proposed by Kendall (1953) that was later extended to its current form:

A/S/s/c/p/D
where
A: stands for the description of the arrival process,
S: stands for the service time distribution,

s: stands for the number of servers in the system and can be any integer greater
than or equal to 1 (including o),

c: stands for the capacity of the queue, i.e. the maximum number of customers
that can be queued in the system (¢ > 0). If this argument is missing, the queue
capacity is by default infinity.

p: stands for the system population, i.e. the maximum number of customers that
can arrive in the queue. If this argument is missing, the system population is by
default infinity.
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D: stands for the queueing discipline, which can be FCFS (first come first served),
LCFS (last come first served), or any other queueing discipline. If this argument
is missing, then, by default, the queueing discipline is FCFS.

Some of the most commonly used symbols for the description of the inter-arrival
and service time processes are the M (Markovian, memoryless or exponential), D
(deterministic), and G (general), where in the case of independent arrivals of customers
we use the notation GI. Also, for single server queues, the disciplines FCFS and LCFS
are also noted as FIFO (first in first out) and LIFO (last in first out), respectively.

1.2.1 Basic queueing models

The simplest queueing system is the M/M/1 queue, where both arrival and service
processes are Markovian and the customers are served by a single server with FIFO
discipline. In this model, there is no restriction on the system population and queue
capacity. Therefore, the number of customers in the queue is described by a continuous
time Markov chain (CTMC) with state space the non-negative integers S = {0,1,...}
representing the number of customers in the system, i.e. both those waiting in line
and the one receiving service. The upward transitions from n to n + 1 occur at an
exponential rate A and describe customer arrivals, while transitions from n to n—1,
for n > 1 occur at an exponential rate p and describe completed services (departures)
from the queue. The infinitesimal generator of the queue length process — i.e. the
matrix with entries the rates at which the process jumps from state to state — is equal
to

—A A 0 0 0
p —(\+p) A 0 0 -
=0 p —(A+n) A O 1 1.1
Qi 0 0 P O A (1.1)

Since transitions can occur only at the nearest neighbours, this model is known as a
pure birth-death stochastic process. The most important feature here is that Q is a tri-
diagonal matrix: the elements of the upper diagonal are all equal, as are those of the
lower diagonal and of the main diagonal, with the exception of the upper left corner.

Two other very basic queueing models are the GI/M/1 and the M/G/1 queues. To
study the steady state or limiting behaviour of the queue length for these models one
usually considers the embedded Markov chains at arrivals or departures of customers,
respectively. Observe that we could attempt to find the steady-state behaviour by
observing the queue length processes of these queues in continuous times, but the
analysis is easier with embedded Markov chains. For example, the state of M/G/1
queue in continuous time can be described by a two-dimensional vector, where the
first coordinate represents the number of customers in the system and the second
coordinate corresponds to the elapsed service time of the customer in service. The one
coordinate is discrete, but the other one continuous and this essentially perplexes the
analysis. However, when we observe the system after departures, the state description
simplifies to one-dimensional (only the number of customers in the system is required),
because the elapsed service time of a new customer (if any) is zero.
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The probability transition matriz of the GI/M/1 model — i.e. the matrix where
each row represents the transition flow out of the corresponding state — takes the form

po Bo 0 0 0
pt B Bo O O
p2 P2 B Bo O - (1.2)

Porjmn = )

p3 B3 B2 B1 Bo

where 3,, denotes the probability of serving n customers during an inter-arrival time
given that the server remains busy during this interval (thus there are more than n
customers present) and p, = Y .o 41 Bi- On the other hand, the transition probability
matrix of the M/G/1 queue is equal to

Gp Q1 Q2 Q3 Q4
Qo Q1 Q2 @3 Q4
0 Qg &1 G Q3 -
PM/G'/l = 0 0 ag a1 Qg - | (13)
0 0 0 ap Q7

where «, denotes the probability that during a service time exactly n customers
arrive. Observe that the transition probability matrix of the GI/M/1 queue is a lower
Hessenberg matrix (Horn and Johnson, 1986), i.e. all the elements above the upper
diagonal are equal to zero, while the transition probability matrix of the M/G/1 queue
is an upper Hessenberg matrix, i.e. all the elements below the lower diagonal are equal
to zero.

These three queueing models are the stepping stones of queueing theory, where
the M/M/1 queue lies in the intersection of the other two. Consequently, these
basic models have been treated extensively in the literature; for a comprehensive
analysis of these models refer to Kleinrock (1976) and Asmussen (2003). However,
performance measures for the M/G/1 queue are less easy to find. As we shall see
later in Section 1.4.1, this is the case where the service times follow some heavy-
tailed distribution. Therefore, despite its simplicity, the M/G/1 queue is an intriguing
model, which we study in Chapters 2 and 3. The presentation of the GI/M/1 queue is
included here for completeness.

1.2.2 QBDs, GI/M/1—-, and M/G/1-type processes

In this section, we give an overview of block-structured Markov chains. In addition,
we explain how the basic models of block-structured Markov chains relate to the basic
queueing models we presented in Section 1.2.1.

As we mentioned in Section 1.1, a block-structured Markov chain is defined on
a two-dimensional countable state space. As a result, its state space is of the form
S ={(,7) :i>0,1 <j<m}, where m is the dimension of the phase space. To
preserve some ordering among the states of such a chain, we partition its state space
S as U;j>ol(4), where 1(i) = {(i,1),(4,2),...,(i,m)}, for i > 0. Except for the first
coordinate, we also use the word level to denote the whole subset (i).
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The most basic constructions of block-structured Markov chains are the GI/M/1-
and M/GI/1-type processes. These, processes are widely known as skip-free processes
in one direction. Specifically, the GI/M/1-type process is called skip-free to the right
to indicate that the chain can move up only by one level at a time, although it may
skip in the downward direction several levels in one transition. On the other hand,
the M/G/1-type process is called skip-free to the left, because the chain can move
down only by one level at a time, although it may skip in the upward direction several
levels in one transition.

If we use the letters “L”, “F”, and “B” to denote the “local”, “forward”, and
“backward” transition rates (Riska and Smirni, 2002b), the infinitesimal generator of
the GI/M/1-type process is

L F 0 0
B L F o0
B® BOL 1 F

L

~ (1.4)
B® B® BO

Qer/m/1 =

Mo oo

Observe that the above infinitesimal generator is a lower block Hessenberg type
matrix and looks like the transition probability matrix of the simple GI/M/1 (see
Eq. (1.2)); except for the fact that now, the elements of the matrix are themselves
matrices. Therefore, the GI/M/1- type process is considered the matrix-equivalent of
its corresponding simple model. Examples of GI/M/1-type process include systems
that allow the customers to be served in groups and also systems that capture failure
of service nodes (Grassmann and Stanford, 2000).

On the other hand, the infinitesimal generator of the M/G/1-type process is

FO F2 FO F&
L FO @ G ...
B L FO F® .. (1.5)

Qm/a/1 =
0 B L FO

c o e

Analogously, this infinitesimal generator is an upper block Hessenberg type matrix
and the M/G/1-type process is considered the matrix equivalent of the simple M/G/1
queue (see Eq. (1.3)). Moreover, this type of processes usually characterise batch
arrivals, i.e. simultaneous arrivals of customers in the queueing system (Grassmann
and Stanford, 2000).

As the M/M/1 queue lies in the intersection of the GI/M/1 and the M/G/1 queues,
at the intersection of the GI/M/1- and M/G/1-type models lie the Quasi-Birth-Death
processes (QBDs). Therefore, QBDs are skip-free in both directions, which means
that jumps between levels are exclusively to the nearest neighbours. Therefore, the
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infinitesimal generator of QBDs takes the form

Q@BD =

cowe)
oW =
WeHo
Hmo o
Moo o
kS

which is a tridiagonal block-matrix (see Eq. (1.1)).

In Section 1.3.1, we provide details on solution methods for these block-structured
Markov chains. The benefit from their structure is that many algorithms from linear
algebra require significantly less computational effort when applied to Hessenberg type
matrices.

1.3 Matrix-Analytic Methods

In this dissertation, we construct algorithms for the numerical estimation of perfor-
mance measures that cannot be found explicitly. As we shall see in Section 1.6 (also
Chapters 2—4 in detail), MAM are on the basis of our derived approximations. Thus,
we devote this section on the presentation of MAM.

MAM have been thriving since the work of Neuts (1989, 1994). Historically, they
developed as two independent sets of techniques for the study the GI/M/1- and
M/G/1-type Markov chains. By using a matrix formalism, they provide a framework
that is widely used for the numerical analysis of various stochastic models described by
block-structured Markov chains (Bini et al., 2005; Latouche and Ramaswami, 1999). In
particular, MAM have been extensively applied to Markov chains on two-dimensional
state spaces for which one-step transitions are allowed across several levels in one
direction. Simple examples are queues with batch arrivals or group services.

The success of MAM is mainly attributed to the development of appealing al-
gorithms that obtain numbers for systems of realistic size without having to resort
to time-consuming simulations. A catalyst has been the ever-increasing ability of
computers to perform numerical calculations. With a high-speed computer, elementary
matrix operations can easily be programmed. In addition, software tools based on
MAM have been developed (Bini et al., 2006; Van Velthoven et al., 2007; Pérez et al.,
2008; Riska and Smirni, 2002a, 2007).

In Section 1.2.2, we presented the block structure of the GI/M/1- and M/G/1-
type processes. This special structure is exploited by MAM to provide recursive and
algorithmically tractable solutions for these types of processes. In Section 1.3.1, we
briefly discuss such solution methods. Additionally, the theory of MAM is inextricably
related to phase-type distributions and MArPs, which are usually perceived as the
building blocks of MAM. Therefore, in Sections 1.3.2 and 1.3.3, we give an overview
of phase-type distributions and MArPs, respectively.

1.3.1 Solutions for GI/M/1- and M/G/1-type processes

When estimating performance measures for the GI/M/1-type process, key to the
MAM is the computation of an auxiliary matrix, traditionally denoted by R. Similarly,
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the analysis of the M/G/1-type process is related to an auxiliary matrix G. The
approach of MAM is to calculate the matrices R and G by iteratively solving matrix
equations, where all the involved matrices have finite dimensions. In this section, we
give an overview of the existing algorithms for the computation of these auxiliary
matrices, their probabilistic interpretations, and other related results.

We start our analysis with the GI/M/1-type process and the auxiliary matrix R.
If F, L,and B®) k& =1,2,..., are according to Eq. (1.4), then matrix R is the unique
non-negative solution to the matrix equation (Neuts, 1994; Riska and Smirni, 2002b)

o0
F+RL+ Z R*1B® =0
k=1

and can be computed using iterative numerical algorithms (Ramaswami and Latouche,
1986). Matrix R has an important probabilistic interpretation: We denote as A’ the
mean sojourn time in the state (i — 1,k) of (¢ — 1) for ¢ > 2. Then, the entry (k,n)
of R is the expected time spent in the state (i,n) of I(i), before the first visit into
1(i — 1), expressed in time unit A®, given the starting state in {(i — 1) is (i — 1, k)
(Neuts, 1994, pages 30-35).

The matrix R is also called geometric coefficient because of the matrix-geometric
relation that holds among the stationary probabilities of the sets I(¢). To make this
clear, let 7 be the stationary probability vector of the GI/M/1-type process. If we
consider its partition into the sub-vectors mr;, ¢ > 0, where m; = (7;;)=1,....m, then
the following relation holds

ﬂ'i:ﬂ'()Rz, Z:].,?,

This property leads to significant algebraic simplifications that result in the very
elegant matrix-geometric solution that involves only the numerical evaluation of the
matrix R and the stationary probabilities 7wy (Neuts, 1994).

For M/G/1-type processes there is no geometric relation among the various
probability vectors m;, i =1,2,..., as in the case of GI/M/1-type processes (Riska
and Smirni, 2002b). Therefore, although MAM have been proposed for the solution of
the basic equation 7Qpnz/g/1 = 0, they are significantly more complicated in this
case because there is no explicit or simple solution to this system of equations (Bini
et al., 2000; Meini, 1998; Neuts, 1989). Nonetheless, there exist recursive schemes
based on G to compute the steady state probability vector (Ramaswami, 1988).

The algorithms for M/G/1-type processes involve the computation of the matrix
G, which is the unique solution to the matrix equation

B+LG+) FMGH! =0,
k=1

where B, L, and F*)| k = 1,2,..., are according to Eq. (1.5). The matrix G can
be determined by using iterative algorithms (Latouche and Ramaswami, 1999; Meini,
1998) and has an important probabilistic interpretation: an entry (r,c) in G expresses
the conditional probability that the process first enters the level I(i — 1) through the
state (i — 1, ¢), given that it starts from state (i,7) of I(i) (Neuts, 1989, page 81).



10 Introduction

Finally, since QBDs are special cases of both GI/M/1- and M/G/1-type processes,
its stationary probabilities can be found by using existing algorithms for either type
of processes. However, because of its simplicity, the matrix-geometric solution is most
preferable. Moreover, for QBDs both matrices R and G are defined and they are
related through the fundamental equation (Latouche and Ramaswami, 1999, pages
137-8)

RB = FG,

where L and F are according to Eq. (1.6). Different types of duality between R and
G, can also be found in Asmussen and Ramaswami (1990) and Ramaswami (1990).
Due to the duality between the matrices R and G, calculating only one of them is
sufficient to have both. Ordinarily, the matrix G is computed first because it is easier
to control the calculation errors (He, 2014).

1.3.2 Phase-type distributions

Phase-type distributions play a very prominent role in the construction of our approx-
imations in Chapters 2—4. Thus, in this section, we give the definition of phase-type
distributions, we introduce the related terminology, and we list their basic properties,
which make the class of phase-type distributions a very popular class.

Phase-type distributions were first introduced by Neuts (1975) and they are
characterised by a finite and absorbing Markov chain. The number of phases in a
phase-type distribution is equal to the number of transient states in the associated
(underlying) Markov chain. More precisely, a distribution B on (0,00) is phase-
type if B is the distribution of the time the Markov chain spends in the transient
states until absorption. In addition, if « is the initial probability vector for each of
its transient states, T' is the square matrix representing the transitions among the
transient states, and E denotes the set of transient states, then B is said to be of
phase-type with representation (E,a,T) or simply (a,T) (Asmussen, 2003). The
infinitesimal generator of the underlying Markov chain of a phase-type distribution

then takes the form
0 0

where t is a column vector representing the transitions from the transient states to
the absorption state and satisfies the relation t = —T'e. The basic characteristics of a
phase-type distribution are

e the cumulative distribution function: F(z) =1 — aeTe,

e the density function: f(z) = aeTt, and
e the nth moment: M, = (—1)"nlaT 'e.

The simplest examples of phase-type distributions are mixtures and convolutions
of exponential distributions; in particular Erlang distributions, defined as Gamma
distributions with an integer shape parameter. More generally, the class of phase-type
distributions comprises all series/parallel arrangements of exponential distributions,
possibly with feedback (Fackrell, 2003). Since their first introduction, phase-type
distributions became extremely popular, because they constitute a very versatile class



1.3 Matrix-Analytic Methods 11

of distributions defined on the non-negative real numbers. Here, we explain the reasons
why this class of distributions thrives in the area of applied probability.

Properties of phase-type distributions

First, phase-type distributions are a natural generalisation of the exponential dis-
tribution. Thus, stochastic models where the exponential distribution is used to
model quantities (e.g. inter-arrival or service times) may admit extensions to phase-
type distributions with some extra computational effort. In other words, often the
underlying structure of a model can be preserved if the exponential distribution is
simply replaced by a phase-type distribution. A typical example is the PH/PH/1
queue, which generalises the M/M/1 queue and can be analysed in an analogous
manner.

Second, stochastic models involving phase-type distributions often lead to algo-
rithmically tractable performance measures. The matrices involved in phase-type
distributions consist entirely of real entries. Consequently, many performance mea-
sures, which are expressed in terms of the system parameters and exponentials of
these matrices, can be implemented in algorithms and can be computed numerically
with relative ease with the aid of a computer software. However, not only numerical
performance measures can be calculated, but also qualitative performance measures
can be established in stochastic models where phase-type distributions are used. For
example, Takahashi (1981) showed that the waiting time (delay) distribution of a
PH/PH/c queue has an exponential tail.

Third, the class of phase-type distributions is closed under a variety of operations
(finite mixture, convolutions, superpositions). As a consequence, systems with phase-
type inputs often generate phase-type outputs. This property is extremely useful
especially when networks of systems are studied, where the output of one system
is the input to another one. For example, Neuts (1994) showed that the stationary
waiting time distribution in an M/PH/1 queue is phase-type, while Asmussen (1992a)
extended this result to the G/PH/1 queue.

Fourth, the class of phase-type distributions is a proper subset of the class of
distributions with rational Laplace-Stieltjes transform (LST) (Lipsky, 2009), which are
widely known as matrix-exponential (ME) distributions (Asmussen and O’Cinneide,
2004; Bean et al., 2008; Fackrell, 2003, 2009). The ME distributions were first
introduced by Cox (1955a,b). Since the LST — and also the moment generating
function (m.g.f.) — of a ME distribution is expressed as a fraction of two polynomials,
various performance measures have exact closed-form expressions (Asmussen and
Bladt, 1997; Bladt and Neuts, 2003). Although ME distributions do not have simple
probabilistic interpretations, performance measures involving ME distributions have
ME representations. For example, the waiting time distribution of an G/ME/1 queue
has a zero-modified (it has an atom at zero) ME representation (Asmussen and Bladt,
1997).

Finally, phase-type distributions are dense in the class of all distributions defined
on the non-negative real numbers (Asmussen, 2000; Schassberger, 1973). In other
words, any distribution on a positive support can be approximated arbitrarily close by
a phase-type distribution in the sense of weak convergence. However, as Neuts (1994)
remarked, there exist a number of simple distributions (e.g. the delayed exponential
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distributions) where a prohibitive number of states is required to achieve a reasonable
approximation by a phase-type distribution. On the other hand, the parameters of the
underlying Markov chain that defines a phase-type distribution are very flexible, thus
making the phase-type distributions exhibit a quite versatile behaviour (O’Cinneide,
1999).

Fitting techniques for phase-type distributions

Since phase-type distributions can approximate any distribution on a positive support
arbitrarily close, many fitting techniques have been developed. These fitting techniques
are either based on moment-matching (Johnson and Taaffe, 1989; Horvdth and Telek,
2007) or on maximum likelihood estimators (MLEs) (Asmussen et al., 1996; Law et al.,
1991). Moment matching techniques work efficiently, but they are not applicable in
general. For example, Johnson and Taaffe (1989) found that there exist distributions
that are impossible to approximate by a phase-type distribution so that the first
three moments match exactly. Among the techniques that are based on MLEs, the
most prevalent is the expectation-mazimisation (EM) algorithm (Dempster et al.,
1977). Other techniques based on MLEs methods to fit long-tailed distributions
to special types of phase-type distributions like the Coxian (Horvéath and Telek,
2000) and the hyperexponential (Feldmann and Whitt, 1998) distribution have also
been suggested. Another example of an MLEs approach is a divide-and-conquer
technique to fit data sets with non-monotone densities into a mixture of Erlang and
hyperexponential distributions and also data sets with completely monotone densities
into hyperexponential distributions (Riska et al., 2004). Finally, several tools have
been developed to help with the task of fitting phase-type distributions to data. Some
examples are: EMPHT (Asmussen et al., 1996), PhFit (Horvath and Telek, 2002),
G-FIT (Thuiimmler et al., 2006), and HyperStar (Reinecke et al., 2013).

1.3.3 Markovian Arrival Processes

The MArP was introduced by Neuts (1979). In broad terms, the idea of a MArP is
to generalise the Poisson arrival process in a way to include non-exponential and/or
dependent inter-arrival times, and correlated arrivals, but keep the tractability of
the Poisson process. In Chapter 4, we consider approximations for the waiting
time distribution of a MArP/G/1 queue. Therefore, in this section, we explain the
mechanism of a MArP and we provide their properties and related results.

Similarly to phase-type distributions, a MArP is associated with a finite absorbing
Markov chain. However, for its description it requires not only one initial probability
vector a;, but as many initial vectors as the number of transient states in the underlying
Markov chain, i.e. one a per transient state. To understand this, we explain here the
mechanism of a MArP. When the Markov chain enters the absorption state a new
customer arrives. Then, the process restarts from the transient part by remembering
the last transient state that reached absorption. Consequently, a MArP is formally
represented by two matrices (Do, D1), where matrix Dy describes the interactions
between the transient states of the underlying Markov chain and matrix D; describes
how the transient states of the underlying Markov chain are re-entered once absorption
is reached.
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For example, the (7, j) element of matrix Dy simply represents the rate at which the
Markov chain moves from the transient state ¢ to the transient state j. On the other
hand, the same element in the D; matrix represents the rate at which the Markov
chain is absorbed from state i (where this absorption is accompanied by an arrival of
a customer) and is instantaneously re-entered in the transient state j. All off-diagonal
entries of Dy are non-negative, while matrix D; has only non-negative entries. We
also note that Dy + D1 is the infinitesimal generator describing the transitions of the
transient states in the underlying Markov chain.

The class of MArPs is a very rich class of point processes, containing many well-
known arrival processes in the applied probability literature as special cases. A special
case of a MArP is the Markov Modulated Poisson Process (MMPP), which is a popular
model for bursty arrivals (Fischer and Meier-Hellstern, 1993). Intuitively, a “burst”
is a group of consecutive customers with shorter inter-arrival times than customers
arriving before or after the burst. For MMPPs, matrix D; has all entries zero, except
for the diagonal ones. The class of MArPs contains also the class of phase-type renewal
processes, i.e. renewal processes with phase-type inter-arrivals (Neuts, 1978). The
phase-type distribution is a MArP where matrix D has equal rows. Moreover, the
class of MArPs also allows for correlated renewal distributions and is closed under
superposition, thinning, etc (Lucantoni, 1993).

A generalisation of the MArP is the Batch Markovian Arrival Process (BMArP),
which was initially known under the name N-process; see (Neuts, 1979; Ramaswami,
1980). The BMArP extends the concept of MArP by allowing simultaneous batch
arrivals of customers (batch absorptions) in the underlying Markov chain. Formally, a
BMATP is represented by an infinite number (allowing for arbitrary large batch sizes)
of matrices Dy, k > 0, and its infinitesimal generator is Y, Dg. The (i, j) element
of matrix Dy, has a similar meaning to the (4, j) element of matrix Dy, where instead
of an arrival of a single customer at absorption we have an arrival of a batch with size
k> 0.

The introduction of BMArPs was motivated by the need to describe arrival pro-
cesses that come from the superposition of many independent arrival streams of
compound phase-type renewal processes, batch MMPPs, and batch Poisson processes.
As the arrival streams are independent, it is natural to consider that the service time
distributions of customers in each stream may differ from one another. Thus, BMArPs
accommodate not only models with (correlated) batch arrivals (Lucantoni, 1991) but
also models that bear dependencies between arrival and service processes (Takine and
Hasegawa, 1994).

For the analysis of queueing models with MArP arrivals and i.i.d. service times,
MAM have been a very popular tool (Lucantoni et al., 1990; Lucantoni, 1991; Ra-
maswami, 1980). If we substitute the Markovian arrival process in the M/G/1 queue
to a MArP, then the MArP/G/1 queue lies in the context of M/G/1-type Markov
processes (see Sections 1.2.2 and 1.3.1). The most important benefit by such a sub-
stitution is that the entire model behaves like a matrix generalisation of the M/G/1
queue. In fact, many expressions for performance measures of interest are natural
matrix analogues of the corresponding expression in the M/G/1 queue. For example,
it has been shown that the Laplace transform of the waiting time of a MArP/G/1
queue has a matrix expression analogous to the Pollazceck-Khinchine equation of an
M/G/1 queue (Neuts, 1989; Ramaswami, 1980). Quite interestingly, many results that
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hold for the MArP/G/1 queue hold true also for the BMArP/G/1 queue (Lucantoni,
1993).

Finally, stationary BMArPs are dense in the family of all stationary Marked Point
Processes (MPPs) (Asmussen and Koole, 1993); overall, a MPP is a pure point process
defined on the product space of points and marks. This shows that BMArPs can
represent a wide range of behaviour although, from a practical point of view, the
dimension of the matrices may be restrictive. Thus, many fitting techniques have
developed for (B)MArPs, a brief overview of which we present below.

Fitting techniques for M ArPs

Resembling the case of phase-type distributions, both moment-matching and MLE-
based approaches exist for fitting data sets into (B)MArPs. The moment matching
techniques on a large extend deal with two-state MMPPs (Gusella, 1991), while
Meier-Hellstern (1987) and Rydén (1996) also proposed MLE algorithms for two-state
MMPPs. Furthermore, the EM algorithm is used as an estimation procedure both for
MArPs (Horvéth and Okamura, 2013) and their more general form BMArPs (Breuer,
2000, 2002).

1.4 Truncations of the background state space

In the previous section, we gave an overview for MAM and their building blocks, phase-
type distributions and MArPs. Particularly, in Section 1.3.1, we defined the auxiliary
matrices R and G, which are involved in the calculation of performance measures for
block-structured Markov chains. Since the dimension of the phase space of a block-
structured Markov chain determines the dimension of the matrices, the former should
be finite. However, as we already mentioned in Section 1.1, there are a lot of practical
situations where the phase space is infinite.

To overcome the issue with infinite phases, an appealing approach is to truncate
the background state space and find approximate performance measures through the
truncated model. Truncation of Markov chains, has already been considered before
the appearance of MAM (Seneta, 1981). Seneta presents sufficient conditions for the
convergence of the steady-state probability of the truncated Markov chain to the
original Markov chain. He also provides an error bound expression, but this bound
seems too cumbersome to be practical.

Two very classical examples with infinite phase spaces are models involving heavy-
tailed distributions and queueing networks with more than one queue. In Chapters 24,
we consider heavy-tailed models, while in Chapter 5 we deal with a tandem network
of two queues. Thus, in Sections 1.4.1 and 1.4.2, we examine these two examples,
respectively. For each of them, we give background literature and we explain how they
relate to MAM.

1.4.1 Heavy-tailed models

In real-world applications, the input parameters — e.g. inter-arrival and service time
distributions — are not explicitly known, but need to be estimated from data sets.
There is abundance of evidence that the empirical distribution of many data sets
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bears characteristics like high variability, i.e. its coefficient of variation is greater than
the one of the exponential distribution (Bolotin, 1994; Duffy et al., 1994). Therefore,
in such applications, the classical assumption of exponentially decaying probability
distributions is not applicable (Embrechts et al., 1997).

An appropriate way to model highly-variable stochastic processes is by using
heavy-tailed distributions (Sigman, 1999). Such distributions decay more slowly than
any exponential function, which means that with such distributions there exists a
non-trivial probability of an extremely large observation (Asmussen, 2003; Rolski
et al., 1999). In the literature, the class of heavy-tailed distributions admits different
definitions. For a detailed classification of heavy-tailed distributions, special cases,
and their properties refer to Zwart (2001).

Data sets with heavy-tailed behaviour are commonly modelled by distributions
such as Pareto, Weibull, and Lognormal. In general, heavy-tailed distributions have
high coefficient of variation and sometimes infinite means. These characteristics
increase the complexity of the analysis of queueing systems with such heavy-tailed
input. Especially, the performance of queueing systems with heavy-tailed services is
affected considerably, since measures like average queue length, average waiting times,
and the corresponding distributions inherit the heavy-tailed behaviour (Feldmann and
Whitt, 1998). Therefore, under the presence of heavy-tailed distributions, evaluations
of performance measures become more challenging and sometimes even problematic
(Ahn et al., 2012; Asmussen and Pihlsgard, 2005).

An attractive alternative to capture highly variable behaviour in data sets or
distribution functions is by using phase-type distributions. Many approximation
methods for heavy-tailed distributions have been proposed using special cases of phase-
type distributions (Bladt et al., 2014; Feldmann and Whitt, 1998; Horvath and Telek,
2000; Sasaki et al., 2004; Starobinski and Sidi, 2000). Although queueing models
become tractable and can be analysed with the aid of MAM, one disadvantage of
phase-type approximations is that the accuracy of the performance measures cannot
be pre-determined. Another drawback is that phase-type distributions require more
parameters (in other words, phases) than Lognormal or Weibull distributions to
capture the heavy-tailed behaviour, thus making estimation procedures more complex.
On the contrary, when approximating some light-tailed distribution with a phase-type
one, approximations for performance measures become highly accurate.

A different approach on evaluating performance measures for heavy-tailed models,
is to study their asymptotic behaviour. When probability distributions belong to
the class of subexponential distributions (Teugels, 1975), which is a special case of
heavy-tailed distributions, asymptotic approximations are available (von Bahr, 1975;
Borovkov and Foss, 1992; Embrechts and Veraverbeke, 1982; Foss et al., 2005; Olvera-
Cravioto et al., 2011; Pakes, 1975). The main disadvantage of such approximations is
that they provide a good fit only at the tail of the performance measure, especially in
heavy traffic, i.e. when the occupation rate of the system is close to 1. Finally, results
on error bounds (Kalashnikov, 2002) indicate that such bounds are rather pessimistic,
especially in terms of relative errors, and in case of heavy traffic. There exist also
bounds with the correct tail behaviour under subexponential claims (Kalashnikov and
Norberg, 2002; Korshunov, 2011), but these bounds are only accurate at the tail.

A conclusion that can be safely drawn from all the above is that, although the
literature is abundant with approximations for performance measures in the case of



16 Introduction

light-tailed distributions, accurate approximations for performance measure in the
case of heavy-tailed distributions are still an open topic. Therefore, in Chapters 24,
our focus is on finding accurate approximations for performance measures of heavy-
tailed models.

1.4.2 Networks of queues

Many important applications from manufacturing are involved with networks of
systems, and thus the models describing these systems become too complex. For
example, in Chapter 5, we study a simple network involving two queues in tandem.
The state space includes the number of customers in front of each queue and is thus
doubly-infinite. An approximation method is to truncate this state space by allowing
only for a finite number of customers in front of the first or second queue, while any
other customers who arrive and attempt to enter the queue are lost or block the
System.

In general, infinite-buffered queueing networks seem to be more manageable (van
Vuuren, 2007). This is due to the fact that the servers cannot get blocked and thus
the departure processes from the stations are completely described by the arrival
and service processes at the stations. In particular, there exist special cases of
infinite-buffered queueing networks that admit product-form solutions (Latouche and
Ramaswami, 1999). An example is a tandem queueing network with exponentially
distributed service times in all stations, where customers arrive at the first queue
according to a Poisson process, a model that is a special case of Jackson networks
(Jackson, 1963).

Tandem queueing networks may involve general service time distributions and/or
possibly finite buffers for different stations. Moreover, since traffic often exhibits
correlations and burstiness, the arrival process should be able to capture these charac-
teristics. However, queueing networks of this general type do not allow for an exact
analysis. This is mainly due to concurrent non-exponential activities in combination
with infinite state spaces.

A typical approach that may lead to a tractable model is to truncate the state
space by considering finite buffers for some or all the stations. Although truncation
seems a pragmatic approach, care is needed. For example, Kroese et al. (2004) analyse
a simple two-node tandem Jackson network with exponential servers and Poisson
arrivals directly and also approximate it via truncation techniques. They express the
model as a QBD and they show that when the truncation threshold is converging to
infinity, several quantities in the truncated system do not converge to the exact values.
Moreover, they find that the decay rate of the truncated system may converge, but
not necessarily to the decay rate of the original system.

1.5 Beyond Matrix-Analytic Methods

Although MAM are very powerful in the analysis of block-structured Markov chains,
they are not the only techniques available for this class of Markov chains. Moreover,
there exist more general Markov chains that MAM do not apply to. Therefore, in this
section, we give a brief overview of other techniques.



1.5 Beyond Matrix-Analytic Methods 17

As we mentioned in Section 1.3, technological advances were a catalyst to the
popularity of MAM. Before the advent of fast computers, problems in stochastic
modelling, particularly in queueing theory, were perceived as problems in analysis and
their analysis relied on LST and complex analysis techniques; see for example Cohen
(1982). Although these techniques are appropriate to produce numbers, they may
not provide probabilistic insights to the system being analysed. Moreover, there exist
situations where the evaluation of performance measures through LSTs is hard. An
example is the LST of the waiting time distribution of the M/G/1 queue. Although
this LST is given by the well-known Pollaczek-Khinchine formula (Asmussen, 2003;
Asmussen and Albrecher, 2010), when the Laplace transform of the service times does
not have a closed-form expression, then the Pollaczek-Khinchine formula cannot be
used to find the waiting time distribution.

Generating functions have also been used for the analysis of queueing problems
(Adan et al., 1993; Hofri, 1978). In particular, the equilibrium behaviour of two-
dimensional Markov processes has been extensively studied by techniques that are
based on generating functions. A classical example is the symmetric shortest queue
problem, where Flatto and McKean (1977) and Kingman (1961) use uniformisation
techniques to determine the generating function of the equilibrium of the joint queue
length distribution. By using a more general approach, Cohen and Boxma (1983) and
Fayolle and Tasnogorodski (1979) show that the analysis of the functional equation for
the generating function can be reduced to that of a Riemann-Hilbert boundary value
problem.

The analysis of the symmetric shortest queue problem initiated also the development
of the compensation approach (Adan, 1994). The equilibrium probabilities of the
shortest queue are well-known to satisfy two types of equations: the equations in the
interior points and the boundary conditions. In broad, the compensation approach
first finds the set of product form solutions that satisfy the equations in the interior
points, and afterwards constructs a linear product-form solution from the latter set
that satisfies also the boundary conditions. The name compensation is due to the fact
that after introducing the first term, terms are added alternatively so as to compensate
for errors on the two boundaries. The compensation approach leads to an explicit
characterisation of the equilibrium probabilities, which can easily be exploited for the
development of efficient algorithms, with the advantage of tight error bounds.

Queueing models with MArP arrivals and i.i.d. service times have also been analysed
with MAM (Lucantoni et al., 1990; Lucantoni, 1991; Ramaswami, 1980). However,
when service times of customers depend on the state of the underlying Markov chain
upon arrival, MAM can no longer be used to analyse such a system. This is because
the queue length and the state of the underlying Markov chain do not form a Markov
chain. Therefore, alternative methods to obtain performance measures in queueing
models with state-dependent service time distributions have been developed; e.g. by
examining the ladder height distribution (Asmussen, 1991; Asmussen and Perry, 1992)
or by a matrix-factorisation method that heavily relies on complex-plane methods
(Regterschot and de Smit, 1986).

Perturbation analysis is another technique that has been used in the analysis of
Markov chains (Altman et al., 2004). In broad terms, it involves the study of Markov
chains where “small” changes in its kernel have taken place. Perturbation analysis has
been used successfully to obtain error bounds for performance measures (Haviv and
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Ritov, 1993; Heidergott et al., 2009) and puts emphasis on the analysis of singular
perturbed Markov chains, i.e. the perturbation breaks down the class structure of the
original chain (Avrachenkov and Lasserre, 1999). Approximations involving series
expansions or performance measures have also been proposed. An example is the
Edgeworth series expansion (Wallace, 1958), which is a refinement of the central limit
theorem.

Another stream of research focuses on corrected diffusion approzimations for stochas-
tic processes (Blanchet and Zwart, 2010; Silvestrov, 2004). These approximations
can be useful in applications where moments are computable, but the distribution
is not. A numerically-oriented method that applies to fairly general exponential
multidimensional queueing systems bas been developed by Hooghiemstra et al. (1988).
This method is based on calculating a power-series expansions for the equilibrium
probabilities as functions of the traffic intensity, and there is evidence that it works
satisfactory for several queueing problems (Blanc, 1987, 1991, 1992).

Finally, a numerical approach that is widely used for the performance analysis of
stochastic networks is simulation. In simulation models, the events that could occur
while a system operates by following a sequence of steps, are generated by a computer
program. The probabilistic nature of many events, such are arrivals of customers
and service times, can be represented by sampling from a distribution that reflects
the pattern with which the events occur. Thus, to capture the typical behaviour of
a system, it is necessary to run the simulation model for a sufficiently long time, so
that all events can occur a sufficiently large number of times. In principle, simulation
models can describe whatever level of complexity is desired. However, simulation of
heavy-tailed distributions for estimation of steady-state measures is not easy, as the
simulation must run exceptionally long in order to capture the effect of the distribution
tail, i.e., the rare events, which even with a small probability of occurrence can affect
the system performance significantly.

1.6 Our contribution

This section gives an overview of the results in this dissertation, which is organised
according to the different model that is studied. In Chapters 2 and 3, we consider the
classical Cramér-Lundberg risk model (Asmussen and Albrecher, 2010; Prabhu, 1961).
In this model, we have claims (for money) which arrive to an insurance company
according to a Poisson process and the total income (premium) rate is 1. Given that
the insurance company starts with some initial capital, we are interested in evaluating
the ultimate ruin probability that the risk reserve ever drops below zero. More precisely,
we focus on heavy-tailed claim sizes, which are known to make numerical evaluations
of the ruin probability challenging. In each chapter, we follow a different approach
to find numerical evaluations of the ruin probability under heavy-tailed claim sizes.
Due to the duality between the probability of eventual ruin for an insurance company
with an initial capital u and the stationary waiting probability P(W > u) of a G/G/1
queue, where service times in the queueing model correspond to the random claim
sizes (Asmussen, 2003; Asmussen and Albrecher, 2010), our approximations are also
valid for this model.

An attractive way to overcome the problem with heavy-tailed distributions is
to approximate the claim sizes with a phase-type distribution. However, it is not
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clear how many phases are enough in order to achieve a specific accuracy in the
approximation of the ruin probability. In Chapter 2, we investigate the number of
phases required so that we can achieve a pre-specified accuracy for the ruin probability
and we provide error bounds. Also, in the special case of a completely monotone
claim size distribution we develop an algorithm to estimate the ruin probability by
approximating the excess claim size distribution with a hyperexponential one. Finally,
we compare our approximation with two typical approximations for the ruin probability,
i.e. the heavy tail and the heavy traffic approximations, by performing an extensive
numerical study.

On the other hand, in Chapter 3, we provide approximations for the ruin probability
by combining both phase-type distributions and asymptotic results. Motivated by
statistical analysis, we describe how the claim sizes can be written as a mixture of
a phase-type and a heavy-tailed distribution. From this representation of the claim
size distribution, we derive with the aid of perturbation analysis a series expansion
for the ruin probability. Our proposed approximations consist of the first two terms
of this series expansion, where the first term has a phase-type representation. We
refer to our approximations collectively as corrected phase-type approximations and
we prove that they provide small absolute and relative errors. Finally, we show that
the corrected phase-type approximations exhibit such a nice behaviour both in finite
and infinite time horizon, and we check their accuracy through numerical experiments.
The results of Chapters 2 and 3 are based on the research papers Vatamidou et al.
(2014a) and Vatamidou et al. (2013b), respectively.

In Chapter 4, we investigate the applicability of the corrected phase-type approxi-
mations to a more involved queueing model. In particular, we consider a single server
queue with FIFO discipline where customers arrive according to a MArP and their
service times follow some general distribution. We explain how the general distribution
can be written as a mixture of a phase-type and a heavy-tailed distribution, and with
the aid of perturbation analysis we derive approximations for the queueing delay. We
show that the developed approximations capture the exact tail behaviour and provide
bounded relative errors. Moreover, we exhibit their performance with numerical
examples. The results of this chapter are based on Vatamidou et al. (2013a, 2014b)

Finally in Chapter 5, we consider the M* /M/1— ¢/M/1 tandem queueing network.
Customers arrive in batches according to a Poisson stream and join the first queue,
while the service times in each queue are exponential. A customer leaves the system
after finishing service in both queues. In this model, the joint queue lengths can be
represented by a QBD with an infinite phase space. However, MAM can be applied
to find approximations for the joint queue length distribution only if the buffer size
in front of either queue is finite. Therefore, we truncate the buffer size of the first
queue and we find an asymptotic upper bound for our approximations. To derive
the bound, we connect our two-dimensional queueing process with a two-dimensional
random walk and with the aid of large deviations theory (LDT), we recognise three
possible cases for the bound.

1.7 Notation

While each chapter focuses on a different model, we follow some general rules with
respect to the notation throughout the whole dissertation, which we give below.
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1.7.1 General symbols

The standard sets are denoted as follows:

N={0,1,2,...} the natural numbers,
Z ={0,£1,£2,...} the integer numbers,
R = (—00,0) the real numbers (or real line),

C={z+iy:z,y € R} the complex numbers.

We also introduce the notation IN,, for the natural numbers up to the integer n, i.e.
N, ={0,1,...,n}.

For a real number x, we call ceiling the smallest integer that is greater than or
equal to z and we denote it as [x]. On the other hand, we call the integer part of
floor and we denote it as |z|. Moreover, we define the function (z)* := max{0, 2}
and we use Inx for the natural logarithm of x.

Some other symbols that we use are IP and I for the probability and the expectation,
respectively. We also use the notation 1 for the indicator function and we denote the
Kronecker delta as §;;, i.e. 0;; = 0 when ¢ # j and J;; = 1 when ¢ = j. Finally, the
real part of a complex number s is denoted by R(s).

1.7.2 Distributions and random variables

Consider a cumulative distribution function (c.d.f.) F. The total mass of the distribu-
tion is denoted as ||F|| and it usually holds that || F|| = 1. If ||F|| < 1, the distribution
F is called defective. Tts complementary cumulative distribution function (c.c.d.f.) is
denoted by F and its nth convolution by F*". Furthermore, we denote as F its LST
and as F' the approximation of F. In addition, if x is the mean of the distribution F,
we define its stationary excess distribution F¢ as

) = / " F(y)dy.

Some typical distributions are the exponential, the Erlang, the hyperexponential,
and the geometric. Therefore, we denote as Ej(\) the Erlang distribution with k& phases
and rate parameter A. For simplicity, we write E()) for the exponential distribution
with rate parameter A. Furthermore, we use the notation Hy for a hyperexponential
distribution with k phases. Finally, we write G(p) for the geometric distribution with
success probability p € (0,1] and probability distribution function (p.d.f) defined as
f(k) = (1 —p)*1p, k = 1,2,... By convention, we use the notation E()\), Ej()\),
Hy, and G(p), for the random variable (r.v.) that corresponds to each respective
distribution.

If two r.v.’s A, B are equal in distribution we write A 2 B. If the r.v. A follows the
distribution D, we write A ~ D. The symbol ~ is also used between two functions as
f(x) ~ g(z) to describe the relation lim, _,~ f(z)/g(x) = 1; the meaning will always
be clear from the context. Finally, the sup-norm distance between two distributions F;
and F, on a positive support is defined as D(Fy, Fy) := sup, |Fi(x) — Fa(z)|, « > 0.
Also, the sup-norm distance between two random variables is defined to be the sup-
norm distance between their distributions.
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1.7.3 Matrices and vectors

We denote the matrices and vectors with boldface. In addition, we use the superscript
T to denote the transpose of a vector or a matrix; e.g. AT is the transpose of matrix
A. Moreover, we denote the rank of A as rankA, while for a square matrix A, we
denote its determinant as det A.

Suppose now that A is a square matrix of dimension n and that U,W C {1,...,n},
where the symbol “C” does not imply strict subsets. Then A} is the sub-matrix of
A if we keep the rows in U and the columns in W. Whenever the notation becomes
very complicated, to avoid any confusion with the indices, we denote the ith column
and row of matrix A with A,; and A,,, respectively.

Two more matrix operations that we use are the Hadamard product and a new
operator we introduce for the needs of Chapter 4. More precisely, we use the operator
o for the Hadamard product between two matrices of same dimensions; i.e. if B = (b;;)
and C = (¢;;) are m x n matrices, then the (¢, j) element of the m x n matrix Bo C
is equal to bsjc;;.

For the second operator, suppose that A and B are two square matrices of dimension
nand Q C {1,...,n}. If U and W are two disjoint sets such that U UW C Q, we
use the notation Ag X BSV)V for the matrix that has as columns the union of the
columns U of matrix A and the columns W of matrix B, ordered according to the
index set U UW. For example, if n =6, 2 ={1,...,6}, U ={1,2,4}, and W = {3,5},
then Aé1’2’4} X Bs{f’s} = (Ae1,Ae2,Be3,Aes,Bes). Note that since the sets U
and W are disjoint, there is a unique ordering of their union, which means that
AY x BY =BY x Af.

Finally, the dimensions of the matrices (square or not) are clear from the context.
Therefore, we do not use any indices to indicate their dimension. Some standard
matrices and vectors are the following:

e: is the column vector with all elements equal to 1,

e;: is a column vector with the element in position ¢ equal to 1 and all other elements
zZero,

I: stands for the (square) identity matrix,
U: is the matrix with appropriate dimensions and all its elements equal to one, and

0: is the matrix with appropriate dimensions and all its elements equal to 0.






CHAPTER 2

Spectral approximations

2.1 Introduction

In this chapter, we consider the classical Cramér-Lundberg risk model, described in
Section 1.6, and we find approximations for the ruin probability. Since we assume
that the claim sizes arrive according to a Poisson process, the ruin probability can
be found by using the well-known Pollaczek-Khinchine formula; see Eq. (2.1). This
formula involves the convolutions of the excess claim size distribution, which cannot
be easily computed, and thus one usually resorts to Laplace transforms. However, as
we mentioned in Section 1.5, a major difficulty when analysing models with heavy-
tailed distributions is that Laplace transforms of such distributions often do not have
an analytic closed form. This is, in particular, the case for the Pareto and Weibull
distributions. Thus, analytic methods, which use the Laplace transform of the claim
sizes, are difficult (Abate and Whitt, 1999a) or even impossible to use in such cases.

As we explained in Section 1.4.1, a natural approach to provide approximations for
the ruin probability is by approximating the claim size distribution with a phase-type
one. We refer to these methods as phase-type approximations, because the approximate
ruin probability has a phase-type representation (Asmussen, 1992a; Ramaswami, 1990).
The main advantage of approximating a heavy-tailed claim size distribution with a
phase-type distribution is that, in the latter case, the Laplace transform of the claim
sizes has a closed form. However, in these cases, the exponential decay of phase-type
approximations gives a big relative error at the tail and the evaluation of the ruin
probability becomes more complicated.

Two approximations of the ruin probability based on the safety loading, which
is defined as the relative amount by which the premium rate exceeds the average
amount of claim per unit time, are the heavy traffic and light traffic. If, on average, the
premiums exceed only slightly the expected claims then most appropriate for modelling
is the heavy traffic approximation (Kalashnikov, 1997; Kingman, 1962). The drawback
of this approximation though is that it requires finite first two moments for the claim
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size distribution, a condition which may not be satisfied for several heavy-tailed
distributions. On the other hand, when on average, the premiums are much larger
than the expected claims, the light traffic approximation is used (Asmussen, 1992b;
Bloomfield and Cox, 1972; Daley and Rolski, 1984, 1991; Sigman, 1992). However,
in many applications, heavy traffic is most often argued to be the typical case rather
than light traffic, which makes the light traffic approximation only of limited interest.

A particularly effective approach in handling distributions with infinite moments
is the Transform Approzimation Method (TAM). For some heavy-tailed distributions,
such as the Pareto, (higher-order) moments may be infinite, thus making conventional
moment-matching methods fail. The Laplace transform of a positive definite distribu-
tion, like the claim size distribution, exists always even if it does not have a closed
analytic form. The TAM is based on the idea of approximating the Laplace transform
of the claim sizes rather than directly their distribution (Harris et al., 2000; Harris
and Marchal, 1998; Shortle et al., 2004). A drawback of this method though is that
the accuracy of the approximation of the ruin probability cannot be predetermined.
Finally, two known approximations for the ruin probability, which are based on the
idea of matching the moments of a probability distribution, are the Beekman-Bower’s
(Beekman, 1969) and the De Vylder’s (De Vylder, 1978) approximations.

In this chapter, we develop a new approach for approximating the ruin probability,
when the claim sizes follow a heavy-tailed distribution. From the Pollaczek-Khinchine
formula (see Section 2.2) it is clear that in order to evaluate the ruin probability, we
only need to have a closed analytic form for the Laplace transform of the excess claim
size distribution. For this reason, instead of approximating the claim size distribution,
we approximate directly the stationary excess distribution with a hyperexponential
distribution, a special case of a phase-type distribution. Since the Laplace transform
of a hyperexponential distribution exists in a closed analytic form, we can numerically
evaluate the ruin probability by inverting its Laplace transform.

An advantage of our approximation, which we call the spectral approximation, is
that it has a predetermined accuracy. Thus, we first choose the accuracy we want to
achieve in our approximation, and later on we determine the number of states for the
hyperexponential distribution that are sufficient to guarantee this accuracy. Another
interesting feature is that the bound that we guarantee is valid for the whole domain of
the ruin probability and not only for a subset of it, contrary to other bounds that exist
in the literature (Kalashnikov and Tsitsiashvili, 1999; Starobinski and Sidi, 2000).

Outline

In Section 2.2.1, we find bounds for the nth convolution of the excess claim size
distribution. We prove that the bound for the convolution is linear with respect to the
chosen accuracy for the excess claim size distribution. We also give the main result of
this chapter, which is the error bound for the ruin probability.

Later, we focus on a class of heavy-tailed distributions that are in addition com-
pletely monotone, and we show that we can always approximate a completely monotone
distribution with a hyperexponential one for any desired accuracy. We also prove that
if the claim size distribution is completely monotone with finite mean, then the station-
ary excess distribution is also completely monotone. Furthermore, in Section 2.3, we
present the steps of the spectral approrimation algorithm, which approximates a com-



2.2 Spectral approximation for the ruin probability 25

pletely monotone excess claim size distribution with a hyperexponential distribution
for any desired accuracy.

Later on, we also compare the spectral approximation with the heavy traffic and
the heavy tail approximations, where the latter is an asymptotic approximation for the
ruin probability under subexponential claim sizes (Embrechts and Veraverbeke, 1982;
Olvera-Cravioto et al., 2011). Thus, in Section 2.4, we give the basic characteristics of
the latter two approximations and mention their advantages and disadvantages.

We devote Section 2.5 to numerical results. We do a series of experiments in
order to compare the spectral approximation with the heavy traffic and the heavy
tail approximations. As test distributions we use the Pareto, the Weibull, and a class
of long-tail distributions introduced in Abate and Whitt (1999b). In addition, we
extend a bound that is given in the literature (Brown, 1990) for the heavy traffic
approximation to a specific case of the heavy traffic approximation that we use in our
experiments. Finally, in Section 2.6, we discuss the results.

2.2 Spectral approximation for the ruin probability

In this section, we first introduce the mathematical framework and the basic terminol-
ogy related to the classical Cramér-Lundberg risk model. We start our description
with the risk reserve process. In broad terms, a risk reserve process {R(t)}:>0 is a
model for the time evolution of the reserve of an insurance company, where the initial
reserve is denoted by u = R(0). In this model, claims arrive according to a Poisson
process {N(t)}+>o with rate A. The claim sizes Uy, Us,... are i.i.d. with common
distribution G and independent of {N(¢)}, and premiums flow in at a rate 1 per unit
time. Putting all these together we see that

N(t)
Rit)=u+t— Y Uk
k=1

For mathematical purposes, it is frequently more convenient to work with the claim
surplus process {S(t)}+>0, which is defined as S(t) = u — R(t); as one can see from
the expression above, this is merely a compound Poisson process with positive jumps
and negative drift, a process well studied in the literature. The probability 1 (u) of
ultimate ruin is the probability that the reserve ever drops below zero, or equivalently
the probability that the maximum M = supg<,.., S(t) ever exceeds u; i.e.

Y(u) =P(M > u).

Since we consider Poisson arrivals for the claims, for the evaluation of the ruin
probability, the well-known Pollaczek-Khinchine formula (Asmussen, 2003; Asmussen
and Albrecher, 2010) can be used:

L= p(w) = (1—p) 3 p"(G9) " (u), (2.1)

n=0

where p < 1 is the average amount of claims per unit time. Moreover, G¢ is the
stationary excess claim size distribution, which is defined as

G®(u) = % /Ou G(z)dx,
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where EU is the (finite) mean of the claim sizes. The nth moment of the claim sizes
is denoted by EU™.

For the evaluation of ¥ (u), Eq. (2.1) is not entirely satisfying because the infinite
sum of convolutions at the right-hand side of the formula cannot be easily computed
analytically and sometimes not even numerically. In order to overcome this difficulty
we use Laplace transforms, which convert convolutions of distributions into powers
of their Laplace transform. In terms of Laplace transforms, the Pollaczek-Khinchine
formula can be written as

o0
m(s) == EBe "M = (1 — " (Ge(s n:;f. 2.2

(s) ( p);p (G<(s)) 0 (2.2)
From Eq. (2.2) it is clear why it is necessary to have a closed analytic form only for
the Laplace transform of the excess claim size distribution, rather than the claim size
distribution itself. Thus, the main idea of our algorithm is to approximate the excess
claim size distribution with a phase-type distribution, which has a closed analytic
Laplace transform, and apply Laplace inversion to evaluate the ruin probability.

Remark 2.1. In general, the premium rate of the Cramér-Lundberg risk model,
say p, is not equal to 1. Here, we assumed that p = 1 in order to make our model
comparable to the M/G/1 queue. However, when p # 1, we can normalise it to 1 by
defining the risk reserve process R(t) := R(t/p) and adapting the Poisson parameter.
According to Asmussen and Albrecher (2010, Proposition 1.1.3), the ultimate ruin
probabilities in the original model and its time-scaled version coincide. Thus, without

loss of generality, we may always assume that p = 1.

2.2.1 Error bound for the ruin probability

In this section, we provide a bound for the ruin probability when we approximate the
excess claim size distribution with a known distribution, e.g. a phase-type distribution.
If we approximate G¢ with a known distribution (not necessarily a phase-type) then
we can compute the ruin probability through the Pollaczek-Khinchine formula (2.1).
From Eq. (2.1) and the triangular inequality, the error between the ruin probability
and its approximation is then

() = ()| =

n=0

S (6w - <ée>*”<u>)|

(G°)™" () = (G°) " (w)], (2.3)

<> (1-p)p"
n=0

where 12 is the exact result we obtain from the Pollaczek-Khinchine formula for the
ruin probability when we use an approximate claim size distribution. From Eq. (2.3)
we see that as a first step to find a bound for the ruin probability is to find a bound

for the difference ’(Ge)*n(u) - (ée)*n(u)‘ This is given in the following proposition.

Proposition 2.2. If sup,

G¢(z) — @e(x)‘ < for x € [0,u], then

(@) " () (@)™ ()| < nn.
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Proof. We prove this by induction. For n = 2,

‘(Ge)*z(u) _ (ée)w(u)‘ _ ‘Ge * G(u) — G° % G°(u) + G° x G*(u) — G *ée(u)‘
<|(6° = &)+ Go(w)| + | (67— G°) ()|
s/ou (G - G°) (u—x)‘dGe(x)+/0u

<nG*(u) +nG(u) < 21.

(G = G°) (u— x)’ dGe (z)

Assume now that the bound holds for a fixed n. We prove that it also holds for n + 1.
e\ *(n+1) SNe\ ¥(n+1)
(©) @)~ (@) w)
= ’Ge * (Ge)*n(u) + G° * (G9) ™ (u) — GE (@e)*n(u)’
<),
0
“
0
<nn

<n(G°) ™" (u) + nn(G) ™" (w) < (n+ ).

(G° = G°) (u— )| d(G*) " (u)

<n

((G)™ = (G)") (u — 2) | dC¥(u)

O

In words, Proposition 2.2 says that if we bound the excess claim size distribution
with some accuracy 7, then a bound for its nth convolution is linear with respect to
this accuracy 1. Consequently, from Proposition 2.2, we have the following result.

Proposition 2.3. If sup,

G¢(z) — @e(x)‘ < for x € [0,u], then a bound for the
ruin probability is

o) P < 7

Proof.

o) = 3| < S0 - "

(6) ™" (w) = (G°) " (w)

n=0
<> (A =p)p"nn =np(1—p) > np""

n=0 n=0

d [ 1 1
=np(l—p () =np(l—p
1=¢) dp \1—p ( )(1—p)2

_np

1—p
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Notice that the bound in Proposition 2.3 is independent of u, for all v > 0.
Thus, we conclude that the sup-norm distance between the ruin probability and its
approximation is bounded as D(1, 1) < np/(1— p), whenever D(G°, G¢) < 1. Observe
that the term 1—p at the denominator has as consequence that, higher load p requires a
more accurate approximation of the G¢ to obtain tight bounds for the ruin probability.

To sum up, when the excess claim size distribution is approximated with some
desired accuracy 7, then a bound for the ruin probability, which is linear with respect
to n, is guaranteed by Proposition 2.3. Thus, our next goal is to develop a way
to approximate the excess claim size distribution with a hyperexponential one, a
particular case of a phase-type distribution, with any desired accuracy. We complete
this step in the next section.

2.2.2 Completely monotone claim sizes

We are interested in evaluating the ruin probability when the claim sizes follow a
heavy-tailed distribution, such as Pareto or Weibull. These two distributions belong
also to the class of completely monotone (c.m.) distributions, which is defined below.

Definition 2.4. A p.d.f. is said to be c.m. if all derivatives of f exist and if
(=)™ ™ (u) >0 for all u> 0 and n > 1.

Completely monotone distributions can be approximated arbitrarily close by hyper-
exponentials (Feldmann and Whitt, 1998). Here, we provide a method to approximate
a completely monotone excess claim size distribution with a hyperexponential one in
order to achieve any desired accuracy for the ruin probability. The following result is
standard; see e.g. Feller (1971).

Theorem 2.5. A p.d.f. f is called c.m. if and only if it is a mizture of exponential
p.d.f.’s. That is,

+oo
f(u) :/O ye "dA(y), u >0,

for some proper c.d.f. A on a positive support. We call A the spectral c.d.f. For the
tail or the c.c.d.f. F' of a c.m. distribution it holds that

F(u) = /u+<>0 fl@)dx = /0+°° /u+0<> ye YFdxdA(y) = /0+OO e Y"dA(y).

An alternative way to define a c.m. distribution is by using Laplace transforms.
From Theorem 2.5, it is obvious that a p.d.f. f is c.m. if its tail can be written as the
Laplace transform of some positive-definite distribution A. The following lemma is an
immediate consequence.

Lemma 2.6. If the claim size distribution G is c.m. then the excess claim size
distribution G€ is c.m. too.

Proof. If G is a completely monotone distribution, then for some spectral function A

it holds that G(z) = [, e"¥*dA(y). Thus,

. 1 +oo 1 “+o0 “+o0
G ) = o / Gla)dr = o /0 eV dA(y)dx
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1 +oo +oo +oo dA(y) +oo
= — A —yz — —yu —_ —yu A
g | ddw [ e [ e Sl o [ )

dA( )
yEU

where dA®(y) =

In this chapter, we are interested in finding a bound for the excess claim size
distribution. In order to achieve our goal, we approximate the spectral function of the
excess claim size distribution by a step function with some fixed (and pre-determined)
accuracy 7 and then calculate the error of the approximation for the excess claim size
distribution itself.

Lemma 2.7. Let A® be the spectral function of the c.m. excess claim size distribution
G°¢ and let the step function Ae satisfy D(A®, Ae) <. Then, D(G®, Ge) <, where
Ge is the c.m. distribution with spectral function Ae.

Proof. Since the spectral c.d.f. A¢ is proper, we have by definition that it has no atom
at 0 and that it is right continuous. Thus, A°(0) = 0 and A°(4+00) =1 < co. Then it
holds that

+o0 400 +oo
[ e = emace) [T [ aae
0 0

“+o0
= / ue” " A%(y)dy.
0

Suppose now that D(A°, A\e) < 7. Then

N +oo R
G (u) - Ge(“)’ = (A%(y) - Ae(y))ue‘“ydy’

+oo N
<[ |aw) - 2| ay <a,
0

<n

for all u > 0. So, D(G¢,G¢) < 1. O

By definition, a hyperexponential distribution with [ phases is a c.m. distribution
with spectral function a step function with [ jumps. Summarising, if we want to
approximate the claim size distribution with a hyperexponential with some fixed
accuracy 7, it is sufficient to approximate the spectral c.d.f. of the c.m. excess claim
size distribution with a step function with the same accuracy. In Section 2.3, we
present in detail our algorithm to approximate the ruin probability with guaranteed
error bound ¢ by approximating the claim size distribution with accuracy of at most
17 =06(1 — p)/p, a result which is a consequence of Proposition 2.3. The exact relation
between the number of phases, the accuracy 7, and the bound § is given also in the
same section.
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2.3 Algorithm for the spectral approximation

We consider the compound Poisson model introduced in Section 2.2, where we assume
that the claim size distribution G is c.m. with finite mean. We denote by A¢ the
spectral function (strictly increasing distribution) of the excess claim size distribution
G°. Here, we develop an algorithm to evaluate the ruin probability by approximating
the excess claim size distribution with a hyperexponential one, where all phases have
equal weights.

Before we present the spectral approximation algorithm, it is necessary to give
an important property on which the Laplace inversion of the ruin probability will be
based on. The Pollaczeck-Khinchine formula (2.2) can be written equivalently in the
form

~ (1—p)Ge(s) ~
m(s)=1—p+p———==1—p+ pmy(s),
(s) P G s) p+ pini(s)
where 14 (s) is the Laplace transform of M, which is defined by P(M, € A) =
P(M € A|M>0) for AC[0,00). We have the following lemma.

Lemma 2.8. If G° follows a hyperexponential distribution with | phases then M,
follows a hyperezponential distribution with | phases as well (with different exponential
rates and weights from the first one). In other words, my(s) can be written in the
form Zézl ci% for some ¢;, R;,i=1,...,1.

Proof. In Cohen (1982, Chapter I1.5.10), it was proven that M, follows a hyperex-
ponential distribution in the G/K;/1 queue, where K; denotes a matrix-exponential
distribution with ! phases. Since the M/H;/1 is a special case of the G/K;/1 queue,
the result holds here too. O

After this, we present our algorithm:

Begin algorithm
1. Write G(u) as a mixture of exponentials.
2. By using Lemma 2.6, find the spectral function A¢(y) of G¢(u).
3. Approximate G¢(u) by a hyperexponential distribution with [ phases.
(a) Choose the number of phases .

(b) Set the accuracy of the approximation n = l—l—il’ such that |G°(u) — @e(u)
=7

(c) Define I quantiles such that A¢(y;) =in,i=1,...,L

(d) Approximate the spectral function by the step function

€ [07/’[/1)a

0, y
AE(y) = %7 ) S [/J'iv,u’i-‘rl)a
L y>pw.
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(e) Find the approximation of the excess claim size distribution as G¢(u) =

1< .
1-— Y;efy’“.

l

=~ 1 ;
4. Calculate its Laplace transform G¢(s) = — i
l = Hits
5. Choose p.
6. Calculate the approximation of the Laplace transform of M through the formula
~ (1= p)Ges)
my(s) = ———=—>.
1— pGe(s)

7. Split TLY\L+(S) into simple fractions. Afterwards, estimate their roots R; and
calculate also the coefficients ¢;, by using Lemma 2.8,

8. Invert the Laplace transform of r%(s) =1—-p+ pv?ur (s) and find that @’/;(u) =
L=p+pYicy el — e ), u>0.
p

9. The accuracy for @(u) is then ¢ < -
—p

End algorithm

Remark 2.9. At step (3b) of the algorithm, we approximate the spectral function
A€ with a step function where the jumps occur at the quantiles p; and they are all of
size n +n?/(1 —n). It can be very easily verified that, by this choice of jumps, we
avoid any atoms at 0 and we still achieve D(A°, A\e) <.

Remark 2.10. Note that the algorithm was presented under the setting that we first
fix the accuracy n for the approximation of the excess claim size distribution and then
we evaluate the bound § of the spectral approximation. With slight modifications, the
algorithm can be presented by first fixing the desired accuracy ¢ for the approximation
of the ruin probability. In this setting, we would have to set the number of required
phases as I = [p/(1 — p)d]| — 1.

Remark 2.11. From the structure of the algorithm it is evident that we only need
to write the c.m. claim size distribution as a mixture of exponentials. In comparison
with the distributions used in the examples, there exist mixed distributions, such as
the hyperexponential, that have a spectral function which is not strictly increasing
and/or has jumps. In these cases, the algorithm cannot be applied as is and more
attention needs to be paid. The problem appears at step (3c¢), when we invert the
spectral function to find the quantiles. More precisely, for a non-strictly-increasing
spectral function we might have A¢(z) = in, for x € (a,b), with a # b, for some
i =1,...,1. Therefore, since inversion will not give a unique value for the quantile
14, there must be a concrete way to define it. Also, when there are jumps, we might
encounter the problem that A¢(x) # in for all x € (0,00). In this case, u; could take
the value at which the jump occurred. All the above mentioned problems related to
the determination of the quantiles can be overcome with small modifications to the
algorithm.



32 Spectral approximations

2.4 Heavy traffic and heavy tail approximations

In this section, we present the heavy traffic (Kingman, 1962) and the heavy tail
approximations (von Bahr, 1975; Borovkov and Foss, 1992; Embrechts and Veraverbeke,
1982; Pakes, 1975), which are most often used for the evaluation of the ruin probability.
We first start with the heavy traffic approximation.

Heavy traffic approximation

If the claim size distribution G has a finite second moment, then as p — 1, M, which
was defined in Section 2.2, converges to an exponential random variable with mean M,
i.e. E(1/EM). This result is known as the heavy traffic approximation (Kalashnikov,
1997). In other words,

¢(u) ~ wh(u) — e—u/IEM7

where EM = pIEU?/2(1 — p)EU. Although the heavy traffic approximation is given
through a simple exponential, its biggest drawback is that it requires the first two
moments of the claim size distribution to be finite, which is not always the case for
heavy-tailed distributions, e.g. the Pareto.

Eq. (2.1) shows that M can be written as a geometric random sum with terms
distributed according to G¢. Bounds for exponential approximations of geometric
convolutions have been obtained by Brown (1990). Thus, we can acquire a bound
for the ruin probability by applying Brown (1990, Theorem 2.1), which states that
the sup-norm distance between M and an exponential random variable with the same
mean, namely E(1/EM), is

20 —p)y, ifp>3

) (2.4)
(1—p)y/p, f0O<p<i,

D(M, E(1/EM)) = (1 — p) max(2y,v/p) = {

where v = 2EU3EU/3(EU?)?. Thus, a finite third moment is required for the claim
sizes in order to guarantee a bound for the heavy traffic approximation.

Heavy tail approximation

When the claim sizes belong to the subexponential class of distributions (Teugels,
1975), e.g. Weibull, lognormal, Pareto, etc., the heavy tail approximation can also be
used. For u — oo, the heavy tail approximation is defined as

P(u) = P(u) = %Ge(u).
—-p

This approximation is also given by a simple formula, which requires only the first
moment of the claim size distribution to be finite. Its drawback though is that for
values of p close to 1, or equivalently in the heavy traffic regime, the heavy tail
approximation is useful only for extremely big values of u. For the heavy traffic
setting, there exists a comparative analysis between the heavy traffic and the heavy
tail approximations (Olvera-Cravioto et al., 2011) in which the point at which the
heavy tail approximation becomes more suitable than the heavy traffic is examined.

In the following section, we compare the accuracy of the spectral approximation to
the accuracy of the heavy traffic and the heavy tail approximations. An interesting
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observation with respect to the spectral approximation is that, since it decays expo-
nentially, it converges faster to zero than any heavy-tailed distribution. Thus, at the
tail the spectral approximation is expected to underestimate the ruin probability. But
an overestimation of the ruin probability for small values of u, compensates for the
underestimation at the tail, as it will be apparent in Section 2.5.2.

2.5 Numerical experiments

In this section we implement our algorithm in order to check the accuracy of the
spectral approximation. We test the spectral approximation in 3 different classes of
c.m. heavy-tailed distributions: a class of long-tail distributions introduced in Abate
and Whitt (1999b), the Weibull distribution, and the Pareto distribution.

2.5.1 Test distributions

First we present the three test distributions and thereafter we do a series of experiments
to compare the accuracy of the spectral approximation with the accuracy of heavy
tail approximation and when applicable with the heavy traffic approximation too.

Abate-Whitt distribution
Consider a claim size distribution with Laplace transform

~ S

N (o)

which has mean 7" and all higher moments infinite. The parameter x can range
over the positive values. This class of long-tailed distributions was introduced in
Abate and Whitt (1999b), where it was also proven that the explicit formula for the
ruin probability of the compound Poisson model with arrival rate for claims A and
p=Ark<lis

1

PYu) =P(M >u) = (U1( (v3u) — val (Ufu))

U1 — V2

where

2 [ 1 1 ?
C(U)Ee“ﬁ/ﬂe_xzdx and vy = ;Ki\/< ;H> — (1= p)k.

The existence of an exact formula for the ruin probability makes this distribution very
interesting because we can compare the spectral approximation with the exact ruin
probability and not with the outcome of a simulation.

For this model we have that the c.c.d.f. of the the claim size distribution is given
by the formula

1
1—«x

G = (125 ) (c ) - g (20)).
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With simple calculations we can verify that ¢ (u) is c.m. since it can be written as a
mixture of exponentials

+oo —
—z2 2e% e ?

u2 > —a? FZr A
C(u)=¢e ﬁ/ﬁe dx "= 7=/ Qﬁdz

QU
)

1 /+0<> e~ (z—u) P | /+oo et p
= — o —_ t
VT Ju Vz vr o Vitu
= i e L_t ( u )2 dt = i e i L /+OO @e_(“"'t)ydy dt
vrlo  Vult+u VTlo  NVu\vT o VY

1 +o0 e~ wy +o0 (1)t +o0 1
i e~ Wttt | dy = / ye W —0p——dy.
T Jo VY /0 0 my3/2(y + 1)

1
PES!

The c.c.d.f. of the claim sizes is also c.m. That is,

G(u) = (; ) (c (u) = K¢ (KQU))

K

1 e 1 K?
= ye 3/2 T 3/2 2 dy
1—#Jo 32y + 1) myd2(y + K?)

S S | Ra
0 m(y + 1)(y + £?)

Note that for the heavy traffic approximation a finite second moment is required,
which does not hold for this case. Therefore, for this distribution the heavy traffic
approximation for the ruin probability cannot be evaluated. As a result, we compare
the spectral approximation only with the heavy tail approximation.

Weibull

The c.c.d.f. of the Weibull(c,a) distribution with ¢ and a the positive shape and scale
parameters respectively is given by G(u) = e~ (/@ Tt can be verified (Jewell, 1982)
that the c.c.d.f. of the Weibull(0.5,a) distribution with fixed shape parameter 1/2
arises as a mixture of exponentials, where the mizing measure (measure of the spectral
function) A is given by

ae,a2/4y

2¢/my?

For this case we do not have an explicit formula for the ruin probability, thus we
compare the spectral approximation to simulation results. Since the second moment of
Weibull(c,a) is finite, namely EU? = 2442, we can compare the spectral approximation
with the heavy traffic approximation as well, contrary to the Abate-Whitt distribution,
where only comparisons with the heavy tail approximation were possible.

dA(y) = dy.

Pareto

The third test function we use is the Pareto(a,b) distribution with shape parameter
a > 0 and scale parameter b > 0. The Pareto(a,b) distribution with p.d.f. g(u) =
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ab/(1+bu)** ! 4 > 0is cm. Its c.c.d.f. G(u) = (1+bu)~* can be written as a mixture
of exponentials in the form

o a—1
(14bu)™@ = /+ e_y“e_y/bﬂdy.
0 bI'(a)

Also for this distribution the ruin probability does not exist in closed form. Therefore,
we compare our approximation for this case to simulation results.

It is known that the nth moment of the Pareto distribution exists if and only if
the shape parameter is greater than n. Since it would be interesting to compare the
spectral approximation, not only with the heavy tail one, but with the heavy traffic
too, it is necessary to have a finite second moment for the claim sizes. Moreover, as
stated in Section 2.4, a bound for the heavy traffic approximation is guaranteed as
long as the third moment of the distribution is finite. For these reasons, if we want to
evaluate the heavy traffic approximation with a guaranteed bound for the Pareto(a,b),
the shape parameter ¢ must be chosen to be greater than 3.

2.5.2 Numerical results

The goal of this section is to implement our algorithm to check the accuracy of the
spectral approximation and the tightness of its accompanying bound, which is given
in Proposition 2.3.

Since the only restriction we have for the parameters of the three test distributions
is that the shape parameter of the Pareto(a,b) must be greater than 3, we randomly
select the parameters and thus we deal with the Abate-Whitt distribution with x = 2,
the Weibull(0.5,3) distribution, and the Pareto(4,3) distribution. We form and answer
here the following questions:

Impact of phases. The bound of the spectral approximation is conversely pro-

portional to the number of phases of the hyperexponential with which we approximate
the excess claim size distribution (see Section 2.3). So, for a fixed claim rate p, the
bound becomes tighter when the number of phases increases. Does this also mean that
the spectral approximation becomes more accurate as the number of phases increases?
EXPERIMENT: We fix p and we compare three different spectral approximations
with number of phases 10, 20, and 100 respectively, with the exact value of the ruin
probability. For the Abate-Whitt distribution, we present the exact ruin probability
with the three approximations in one graph; see Figure 2.1. For the Weibull and the
Pareto distributions we compare the three approximations to the exact ruin probability
that we obtain through simulation and display our results in Tables 2.1 and 2.2. As
for all different values of p we get a similar results, we present our findings only for
p=0.7.
ANSWER: The conclusion is that, while the number of phases increases, a more accurate
spectral approximation is achieved. This result is in line with our expectations, and we
can safely conclude that for a fixed claim rate p more phases lead to a more accurate
spectral approximation.

Quality of the bound. Is the bound strict or pessimistic? How far is the bound
from the real error of the spectral approximation?

EXPERIMENT: We fix the bound of the spectral approximation to be equal to § = 0.02
and we evaluate the error functions (in absolute values) for the spectral approximation
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when the claim rate p takes the values 0.1, 0.5, and 0.9. For these three cases we need
5, 49, and 449 phases respectively for the spectral approximation. We compare the
guaranteed bound with the exact maximum error that is achieved; see Figures 2.2(a)
to 2.2(c).

Also, for various combinations of the number of phases and the claim rate p, we
calculate the ratios between the predicted bound of the spectral approximation and
the achieved maximum error; see Table 2.3. We set out this experiment only for the
Abate-Whitt distribution, because the existence of the exact ruin probability gives
more accurate results.

ANSWER: An interesting observation that arises from Figure 2.2(a) is that the achieved
maximum error of the spectral approximation seems to be almost half of the guaranteed
bound. In order to verify that the bound is twice as big as the achieved maximum
error we look at Table 2.3.

We first read the table horizontally, namely we fix the claim rate p. We observe that
while we let the number of phases increase, the ratio between the predicted bound and
the real maximum error becomes smaller and converges to 2. As it was mentioned
earlier, the spectral approximation becomes more accurate when we increase the
number of phases. Therefore, we conclude that the bound becomes tighter when for a
fixed p we increase the number of phases.

We read now the table vertically, namely we fix the number of phases and we let the
claim rate p increase. We observe that while we let p increase, both the predicted
bound and the maximum error increase. Since the ratios between the bound and the
maximum error increase too, we can conclude that the bound becomes less tight when
the claim rate increases.

However, from Figures 2.2(b) and 2.2(c), we see that the achieved maximum error is
not only 2 times smaller than the guaranteed bound but 4 times smaller! Gathering
all the above together, we can conclude that the bound seems to be at least twice as
big as the the achieved maximum error of the spectral approximation.

Comparison of Spectral, Heavy tail, Heavy traffic approximations. The
accuracy of the spectral approximation can be predetermined through its bound. For
a fixed range of u, which of the three approximations — spectral, heavy tail, and heavy
traffic (when applicable) — is better than the others as p — 1 or p — 0, when the
bound predicts accuracy of at most § for the spectral approximation?

EXPERIMENT: We fix the bound of the spectral approximation to be equal to 6 = 0.02,
and for p = 0.1,0.5, and 0.9 we compare the spectral (with 5, 49, and 449 phases
respectively), the heavy tail and the heavy traffic (when applicable) approximations.
We present the distributions in a graph, where the displayed range of u is such that
¥(u) > 4, because after this point the error is smaller than §. The level ¢ is denoted
on the graphs with a dashed horizontal line; see Figures 2.3(a) to 2.5(c).

ANSWER: We observe that the spectral approximation behaves nicely for all values of
u. For small values of u, the spectral approximation is more accurate than the heavy
tail approximation, where the second fails to provide us with a good estimation of the
ruin probability, especially when p — 1.

On the other hand, the heavy tail approximation is slightly more accurate than the
spectral approximation at the tail. Although we cannot give an estimation for the point
u* at which the heavy tail approximation becomes more suitable than the spectral
approximation, we observe that this point takes greater values as p increases and it
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sometimes can be extremely big; i.e. see Figure 2.3(c).

Furthermore, according to our expectations, the spectral approximation overestimates
the ruin probability for small values of w (this is more clear for small values of p) and
underestimates it for large values of u. In all cases, the heavy traffic approximation
is worse than the other two, since it exhibits a sharper behaviour than the spectral
approximation. Namely, for small values of u it overestimates the ruin probability
more than the spectral approximation, and for large values of w it underestimates the
ruin probability more than the spectral approximation. Note also that, at the tail,
the spectral approximation and the heavy traffic approximation are almost identical,
which can be explained by the fact that both of them have an exponential decay.

Comparison between Spectral and Heavy traffic bounds. For the Weibull
and the Pareto distributions, the heavy traffic approximation can be evaluated and
it also has a guaranteed bound (Brown, 1990). So, is there a rule of thumb to help
us choose between the spectral and the heavy traffic approximation, when they both
guarantee the same bound?

EXPERIMENT: For various values of p, we compare the spectral approximation with
the heavy traffic approximation when they both guarantee the same bound. More
precisely, we fix p and determine the number of phases I* of the spectral approximation
for which both approximations guarantee the same bound. We calculate the two
approximations and evaluate their maximum errors. We present our findings in a
table, only for some values of p that the heavy traffic bound has a meaning, namely
when it is smaller than 1; see Tables 2.4 and 2.5.

We can easily verify that for the Pareto(a,b) distribution, the heavy traffic bound
depends on the shape parameter a, since 7 = (a—2)/(a—3). An interesting experiment
that arises from this observation is to check whether we have a clearer picture on
which of the spectral and heavy traffic approximations is the best in terms of accuracy,
if we choose a big enough such that v — 1, namely if we make the heavy traffic bound
tighter (for Pareto(4,3), v = 2). For this reason, we repeat our last experiment for
Pareto(15.6,2.7), which has v = 1.079.

ANSWER: From Table 2.4, which gives the results for Weibull(0.5,3), we see that
whenever the bounds are equal, the spectral approximation is more accurate than the
heavy traffic approximation for all number of phases greater or equal than [*. On the
other hand, from Table 2.4, which gives the results for Pareto(4,3), we get a different
picture. The conclusion that we draw from this table is that for a small number of
phases (relatively smaller than 20) the heavy traffic approximation is better, while for
a number of phases greater than 20 the conclusion reverses.

For Pareto(15.6,2.7), more phases were needed in the corresponding spectral approxi-
mation for the same values of p, because the heavy traffic bound is now tighter. The
picture from Table 2.6 is not that clear. More precisely, even when the number of
phases becomes relatively big we cannot draw a safe conclusion that the spectral
approximation is better than the heavy traffic approximation.

At this point it is interesting to observe the following. The heavy traffic approxima-
tion as presented in Section 2.4 has no atoms. It is known (Asmussen and Albrecher,
2010) that the ruin probability has an atom of mass p at 0. Thus, the heavy traffic
approximation is not very accurate for small values of u, especially when p takes
relatively small values. For this reason, a more suitable heavy traffic approximation
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FIGURE 2.1: The spectral approximation for different number of phases, when p = 0.7 and the claims
follow the Abate-Whitt distribution with k£ = 2.

U exact sa 10 phases sa 20 phases sa 100 phases

0 | 0.70000 0.70000 ( ) 0.70000 ( ) 0.70000 ( )
5 | 0.60745 0.61023 ( ) 0.60823 ( ) 0.60754 ( )
10 | 0.54574  0.54696 ( ) 0.54569 ( ) 0.54527 ( )
15 | 0.49580 0.49558 ( ) 0.49502 ( ) 0.49485 ( )
20 | 0.45312 0.45172 ( ) 0.45181 ( ) 0.45189 ( )
25 | 0.41603 0.41334 ( ) 0.41405 ( ) 0.41436 ( )

TABLE 2.1: The spectral approximation for different number of phases, when the claims follow the
Weibull(0.5,3) distributions. The numbers in the brackets correspond to the absolute error of the
exact ruin probability from its respective approximations.

U exact sa 10 phases sa 20 phases sa 100 phases
0.00 | 0.70000 0.70000 ( ) 0.70000 ( ) 0.70000 ( )
0.10 | 0.54805 0.55012 ( ) 0.55008 ( ) 0.55005 ( )
0.55 | 0.23572  0.22698 ( ) 0.23218 ( ) 0.23435 ( )
1.00 | 0.11499 0.10194 ( ) 0.10851 ( ) 0.11146 ( )
1.45 | 0.05983 0.04695 ( ) 0.05265 ( ) 0.05545 ( )
1.90 | 0.03215 0.02187 ( ) 0.02609 ( ) 0.02838 ( )

TABLE 2.2: The spectral approximation for different number of phases, when the claims follow the
Pareto(4,3) distributions. The numbers in the brackets correspond to the absolute error of the exact
ruin probability from its respective approximations.
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(¢) The claim size distribution is Pareto(4, 3).

FIGURE 2.2: Error functions for the spectral approximation with guaranteed bound § = 0.02, when
the claims follow each of the above distributions.
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FIGURE 2.3: The spectral approximation for guaranteed bound é = 0.02, when the claims follow the
Abate-Whitt distribution with £ = 2 and the average claim rate p is: (a) 0.1, (b) 0.5, and (c) 0.9.
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FIGURE 2.4: The spectral approximation for guaranteed bound § = 0.02, when the claims follow the

Weibull(0.5,3) distribution and the average claim rate p is: (a) 0.1, (b) 0.5, and (c) 0.9.
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FIGURE 2.5: The spectral approximation for guaranteed bound § = 0.02, when the claims follow the
Pareto(4,3) distribution and the average claim rate p is: (a) 0.1, (b) 0.5, and (c) 0.9.
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(a) 10 phases (b) 20 phases

p | bound max error ratio p | bound max error ratio
0.1 | 0.010 0.0048 2.11 0.1 | 0.005 0.0026 2.06
0.2 | 0.023 0.0106 2.13 0.2 | 0.012 0.0057 2.08
0.3 | 0.039 0.0180 2.17 0.3 | 0.020 0.0097 2.09
0.4 | 0.061 0.0275 2.21 0.4 | 0.032 0.0150 2.12
0.5 | 0.091 0.0401 2.27 0.5 | 0.048 0.0222 2.15
0.6 | 0.136 0.0580 2.35 0.6 | 0.071 0.0326 2.19
0.7 | 0.212 0.0849 2.50 0.7 | 0.111 0.0490 2.27
0.8 | 0.364 0.1299 2.80 0.8 | 0.190 0.0787 2.42
0.9 | 0.818 0.2263 3.61 0.9 | 0.429 0.1479 2.90

(c¢) 100 phases

p | bound max error ratio
0.1 | 0.001 0.0005 2.02
0.2 | 0.002 0.0012 2.02
0.3 | 0.004 0.0021 2.02
0.4 | 0.007 0.0033 2.03
0.5 | 0.010 0.0049 2.04
0.6 | 0.015 0.0073 2.05
0.7 | 0.023 0.0112 2.06
0.8 | 0.040 0.0189 2.10
0.9 | 0.089 0.0406 2.19

TABLE 2.3: Ratios between the guaranteed bound and the maximum error of the spectral approxima-
tion, when the claims follow the Abate-Whitt distribution with x = 2.

P HT bound [* sp bound max HT error max sp error
0.82 0.78 5 0.76 0.0438 0.0312
0.85 0.65 8 0.63 0.0403 0.0253
0.88 0.52 13 0.52 0.0361 0.0196
0.91 0.39 25 0.39 0.0304 0.0139
0.94 0.26 59 0.26 0.0234 0.0081
0.97 0.13 248 0.13 0.0144 0.0013

TABLE 2.4: Comparison between the maximum heavy traffic and spectral errors, when the claims
follow the Weibull(0.5,3) distribution.
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P HT bound [* sp bound max HT error max sp error
0.82 0.90 4 0.91 0.0392 0.0453
0.85 0.75 7 0.71 0.0365 0.0387
0.88 0.60 11 0.61 0.0326 0.0330
0.91 0.45 21 0.46 0.0279 0.0261
0.94 0.30 51 0.30 0.0226 0.0166
0.97 0.15 215 0.15 0.0156 0.0074

TABLE 2.5: Comparison between the maximum heavy traffic and spectral errors, when the claims
follow the Pareto(4,3) distribution.

P HT bound [* sp bound max HT error max sp error
0.82 0.568 7 0.569 0.0051 0.0068
0.85 0.473 11 0.472 0.0060 0.0066
0.88 0.379 18 0.386 0.0044 0.0044
0.91 0.284 35 0.281 0.0047 0.0026
0.94 0.190 82 0.189 0.0047 0.0014
0.97 0.095 340 0.095 0.0024 0.0025

TABLE 2.6: Comparison between the maximum heavy traffic and spectral errors, when the claims
follow the Pareto(15.6,2.7) distribution.

(¢p,) for our comparisons for all values of p seems to be
W(u) = n(u) = pe” /BN, (2.5)

for which is easy to verify that it also has mean equal to EM and an atom of mass p
at 0. Since we used a different heavy traffic approximation in all of our experiments
than the one Brown (1990) compares the ruin probability with, we extended Brown’s
bound, given in Eq. (2.4), to this situation. Applying the triangular inequality to the
sup-norm distance we get

It is easy to verify that D(E(1/IEM),p) =1 — p, so the sup-norm distance between
the ruin probability and the heavy traffic approximation we use for comparisons is
2y+1, ifp>3
v/p+1, if0<p<s,

D(Y,¢n) < (1 — p)max(2y,v/p) +1—-p=(1-p)- { (2.6)

where v = 2EU?EU/3(IEU?)2. When we referred to the heavy traffic approximation
and its accompanying bound, in all of our experiments we meant those given from
Egs. (2.5) and (2.6), respectively.

2.6 Conclusions

In this chapter, we address the problem of how many phases are needed to approximate
a heavy-tailed distribution with a phase-type distribution in such a way that one
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can obtain a guaranteed bound on the approximation of the ruin probability (see
Section 2.3). In doing so, we developed an explicit bound using the geometric random
sum representation, which was combined with a spectral approximation of the excess
claim size distribution.

The conclusions that we can draw, both for the spectral approximation and its
bound, can be summarised as follows:

e The spectral approximation provides a good fit for all values of the initial
capital u, especially for the small ones, where the heavy traffic and heavy tail
approximations fail. Also, for small values of u the spectral approximation
exhibits a behaviour of overestimating the ruin probability, while for larger
values of u we have an underestimation of the ruin probability by the spectral
approximation. Finally, for a fixed claim rate p, the more the phases we have
for the approximate hyperexponential of the excess claim size distribution, the
more accurate spectral approximation we achieve.

e The spectral bound, guaranteed by Proposition 2.3, becomes tighter when for a
fixed claim rate p the number of phases is increased, while it becomes less tight
when for a fixed number of phases the claim rate increases. Moreover, the bound
seems to be at least twice as big as the achieved maximum error of the spectral
approximation. But, based on the numerical examples we performed, we cannot
conclude that this is the general rule.

e Based on existing analytical results and extensive experiments it is hard to
draw a definitive conclusion on which approximation should be preferred: the
heavy traffic approximation or the spectral approximation. We believe that
obtaining more mathematical as well as experimental insights in this problem is
an important topic for future research.

To sum up, the spectral approximation provides a good fit for all values of u and
has a guaranteed accuracy, while it requires only a finite mean for the claim sizes.






CHAPTER 3

Corrected phase-type approximations

3.1 Introduction

In the previous chapter, we defined the spectral approximation for the ruin probability
under heavy-tailed claim sizes, by approximating the claim size distribution with a
hyperexponential one. We showed that the accuracy of our approximation is guaranteed
by an upper bound and it can also be pre-determined by strategically choosing the
number of phases of the hyperexponential distribution. However, being a phase-type
approximation, the spectral approximation gives a big relative error at the tail of the
ruin probability. Therefore, in this chapter, we develop a new method to construct
accurate approximations for performance measures of heavy-tailed risk models that
capture the correct tail behaviour. We use the classical risk model as a context
and vehicle to demonstrate our key ideas, which we expect to have a much wider
applicability in insurance.

The approximations we develop for ruin probabilities under heavy-tailed claims,
combine desirable characteristics of the following three main approximation directions:
phase-type approximations, asymptotic approximations, and error bounds. First, our
approximations maintain the computational tractability of phase-type approximations.
Additionally, they capture the correct tail behaviour, which so far could only be
captured by asymptotic approximations, and have the advantage that finite higher-
order moments are not required for the claim sizes. Last, they provide a provably
small absolute error, independent of the initial capital, and a small relative error.

The idea of our approach stems from fitting procedures of the claim size distribution
to data. Heavy-tailed statistical analysis suggests that for a sample with size n only a
small fraction (ky/n — 0) of the upper-order statistics is relevant for estimating tail
probabilities (Davis and Resnick, 1984; Hill, 1975; Resnick, 2007b). More information
about the optimal choice of the k,th upper-order statistic can be found in Haeusler
and Teugels (1985). The remaining data set may be used to fit the bulk of the
distribution. Since the class of phase-type distributions is dense in the class of all

47
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positive definite probability distributions (Asmussen, 2003), a natural choice is to fit a
phase-type distribution to the remaining data set (Asmussen et al., 1996). As a result,
a mixture model for the claim size distribution is a natural assumption. Thus, our
key idea is to use a mixture model for the claim size distribution in order to construct
approximations of the ruin probability that combine the best elements of phase-type
and asymptotic approximations.

We now sketch how to derive our approximations when the claim size distribution
is a mixture of a phase-type distribution and a heavy-tailed one. Interpreting the
heavy-tailed term of the claim size distribution in the mixture model as perturbation
of the phase-type one and using perturbation theory, we can find the ruin probability
as a complete series expansion. The first term of the expansion is the phase-type
approximation of the ruin probability that occurs when we “remove” the heavy-tailed
claim sizes from the system, either by discarding them or by replacing them with
phase-type ones. We consider the model that appears when all heavy-tailed claims are
removed as the “base” model. Due to the two different approaches of removing the
heavy-tailed claim sizes, the ruin probability connects to two different base models
and consequently to two different series expansions.

We show that adding the second term of the respective series expansions is sufficient
to construct improved approximations, compared to their phase-type counterparts,
the discard and the replace approzimations, respectively. Since the second term of
each series expansion works as a correction to its respective phase-type approximation,
motivated by the terminology corrected heavy traffic-approzimations (Asmussen, 2003),
we refer to our approximations as corrected phase-type approrimations. Therefore, in
this chapter, we propose the corrected discard approximation and the corrected replace
approximation. Both approximations have appealing properties: the corrected replace
approximation tends to give better numerical estimates, while the corrected discard
approximation is simpler and yields guaranteed upper and lower bounds.

Besides the ruin probability, we also find approximations for the Value at Risk
(VaR), which is a very popular tool in real-world applications to measure the operational
risk (McNeil et al., 2005). For a given portfolio, a VaR with a probability level «
and fixed time horizon is defined as the threshold value such that the loss on the
portfolio over the given time horizon exceeds this value with probability 1 — «.. It is of
interest to quantify the operational risk through the statistical analysis of operational
loss data (Embrechts and Samorodnitsky, 2004; Klugman et al., 2008) and to provide
error bounds for the aggregate loss probability (Cox et al., 2008). Similarly to the
ruin probability, things become more complicated under the presence of heavy-tailed
data (Embrechts et al., 1997). Thus, in this chapter, we also provide the form of the
corrected phase-type approrimations for the aggregate loss over a fixed time period,
and we show that they have the same appealing properties also for finite time.

Outline

The rest of the chapter is organised as follows. In Section 3.2, we introduce the
model and we derive two series expansions for the ruin probability. From these series
expansions we deduce approximations for the ruin probability, in Section 3.3, and we
study their basic properties. In Section 3.4, we find the exact formula of the ruin
probability for a specific mixture model and we study the extent of the achieved
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improvement when we compare our approximations with phase-type approximations
of their related base model through numerical experiments. In Section 3.5, we provide
corrected phase-type approximations of the aggregate loss in finite time and we show
through a numerical study that our approximations give excellent VaR estimates.

3.2 Series expansions of the ruin probability

As proof of concept, we apply our technique to the classical Cramér-Lundberg risk
model, which was also introduced in Sections 1.6 and 2.2. Here, we assume that
premiums flow in at a rate 1 per unit time and claims arrive according to a Poisson
process {N¢(t)}i>0 with rate A, where € € [0,1] is a parameter to be explained soon.

The claim sizes U, j 2 U, are i.i.d. with common distribution G, and independent of
{N(t)}. Motivated by statistical analysis, which proposes that only a small fraction
of the upper-order statistics is relevant for estimating tail probabilities, we consider
that an arbitrary claim size U, is phase-type (Neuts, 1994) with probability 1 — e and
heavy-tailed (Rolski et al., 1999) with probability ¢, where ¢ — 0. In the forthcoming
analysis, we use as general rule that all parameters depending on € bear a subscript

with the same letter. We assume that the phase-type claim sizes By 2 B and the

heavy-tailed claim sizes Cj, 2 ¢ have both finite means, EB and EC, respectively. If
u is the initial capital, our risk reserve process takes the form

R(t)=u+t— Y Uep

Using this model, we first examine in Sections 3.2-3.4 the ruin probability in
infinite time horizon, and later on, in Section 3.5, we move to finite time horizon and
we examine the aggregate loss.

For our model, we also define the claim surplus process S(t) = u — R(t) and its
maximum M, = supy<;coo Se(t). The probability 1. (u) of ultimate ruin is then

Ye(u) = P(Me > u).

In addition, we assume that the average amount of claim per unit time p. = AEU,
is strictly smaller than 1 and thus the well-known Pollaczek-Khinchine formula (see
Eq. (2.1)) can be used for the evaluation of the ruin probability

L= te(u) = (L= pe) Y p2(GE)™ (w), (3.1)

n=0

where G¢ is the distribution of the stationary excess claim sizes U¢. The infinite sum
of convolutions at the right-hand side of (3.1) makes the evaluation of . (u) difficult
or even impossible for our mixture model. For this reason, one typically resorts to
Laplace transforms. We use the notation G¢(s), FE( ), and F}f( s) for the Laplace

transforms of the stationary excess claim sizes UZ) = U © Bk = B¢, and ce 2 Ce,
respectively. Moreover, we set pg = AEB and p; = /\IEC Wthh means that the phase-
type claims are responsible for average claim (1 — €)pg per unit time and the heavy-
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tailed claims are responsible for average claim ep; per unit time. Using this notation,
we obtain p. = (1—¢€)po+e€p1. In terms of Laplace transforms, the Pollaczek-Khinchine
formula can be written now as:

(oo}
me(s) : = Be *Me = (1— "éesnzl_ife
() (1=p) A (G = e
B 1—(1—=€)po—em
1= (1—e€)pokis(s) — ep1Fy(s)

Applying Laplace inversion to Eq. (3.2) in order to find v (u) is difficult (Abate
and Whitt, 1999a) or even impossible, because the heavy-tailed component F, (s)
often does not have an analytic closed form. To overcome this difficulty, a phase-type
approximation would suggest to “remove” the heavy-tailed claim sizes and find an
explicit phase-type representation for the ruin probability of the resulting simpler
model, which we use as base model for our analysis. In broad terms, we view the
heavy-tailed claim sizes as perturbation of the phase-type claim sizes and we interpret
€ as the perturbation parameter. With the aid of perturbation analysis, we find the
ruin probability of our mixture model as a complete series expansion with first term
the phase-type approximation that results from its base model.

As mentioned in the introduction, we remove the heavy-tailed claims either by
discarding them or by replacing them with phase-type ones. Therefore, the ruin
probability ¥.(u) has two different series expansions, the discard and the replace
expansions. We first derive the discard series expansion.

(3.2)

Discard series expansion for the ruin probability

From a mathematical point of view, when we discard the heavy-tailed claim sizes, we
simply consider that G.(z) = (1 — €)F,(z) + ¢, > 0. This base model, for which the
claim size distribution has an atom at zero, is equivalent to the compound Poisson
risk model in which claims arrive with rate (1 — €)X and follow the distribution of B.
We denote by M? the supremum of its corresponding claim surplus process. Thus,
the Pollaczek-Khinchine formula for this base model takes the form

1—(1—¢)po
1= (1—e€)pokys(s)
We denote by ¢ (u) the discard phase-type approximation of . (u) that appears when

we apply Laplace inversion to the above formula. For this base model, the series
expansion of ¥(u) can be found in the following theorem.

me(s) == Be M =

(3.3)

Theorem 3.1. Discard expansion. If )2 (u) is the phase-type approzimation of the

exact ruin probability ¥.(u) that occurs when we discard the heavy-tailed claim sizes
and M¢, 2 e

€

) = 0200+ 3 (T} (Beno) = L),

where Lep(u) = P(M2y + M2y + -+ M2, +C7 + -+ C5; > u) and Leo(u) =
P(M?g > u) =1 (u). The discard series expansion convergences for all values of u
and €.

a series expansion of the exact ruin probability is given by
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Proof. From Egs. (3.2) and (3.3) we find

ﬁ’L(S): 17(17€)p076p1 :(1_(1_€)p0)_€p1
L= (1—€)poFg(s) —epFi(s) 5592 — epi Fi(s)

1— <1

1- (1 €)Po

1 e
m'(s 1= (1 IE)pOF (

- ) _
< TR -t ;:1% fie (s) Fi (5)

1= me (s Fe(s))"
< 1—po+€P0) (1—p0+€p0> ( (8)F( ))
;%(1—004-600) h(®)"

~ 0 n+1

> (e (s)" (B ()"
By using Laplace inversion we obtain

) =200+ 32 (2} (Fenl) = ),

where Len(u) = P(M2g+ M2y +---+ M2, + Cf +---+ C5; > u). Note that this
power series expansion is valid if and only if

€01 ~e e
——————mi(s)Fy(s
o

ﬁﬁMg

1- Po+€P0>

m

S
2

n=1

- 0+€p0> (e ()™ (Fi(9)" = ()" (Fi(s)" .

<1

We know that ‘ﬁlz(s)ﬁ s (s)‘ < 1. Moreover, for stability reasons we assumed that

pe < 1. Consequently, ep1 < 1 — pg+ €pg. Thus, the above condition is always satisfied
and the series converges for all values of e. O

Replace series expansion for the ruin probability

To find the replace series expansion, observe that the action of replacing the heavy-
tailed claim sizes with phase-type ones translates into e = 0. For this base model, the
Pollaczeck-Khinchine formula takes the form

L —po
1 — poFig(s)
where My = M,|.—o. Laplace inversion of mg(s) gives the phase-type approximation

1o(u) of the ruin probability t.(u). The series expansion of ¢ (u) in this case is given
below.

mo(s) := BesMo = (3.4)
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Theorem 3.2. Replace expansion. If ¢g(u) is the phase-type approximation of
the exact ruin probability .(u) that occurs when we replace the heavy-tailed claim

sizes with phase type ones and My i 2 My, then a series expansion of the exact ruin
probability is

We(u) +p12 (1_ )nn 1( )p’f(—po)”lk

X(Lnk+1n 1-x(u) = L1 pn—1-k(u ))

S () B

X (Ln,k,n—k(u) - Ln—l,k,n—l—k(”))a

where Ly (u) = P(Moo+ Mo1+---+ Moy +Ci+---+C5 +Bf +---+ B > u)
and Lo o,0(u) = ¥o(u). A sufficient condition for the convergence of the replace series
expansion for all values of u is € < |1 — po| / max{po, p1}.

Proof. We set D(s) = plﬁ,f(s) - poﬁ;(s). By using (3.2) and (3.4) we find

ﬁ”b€<5> _ 1-— (1 —~€)PO — €pP1 _ _ ~(1 — po) — €£p1 — po) _
1= (L—e)poFe(s) —eprFe(s) 1= poFe(s) —e(prFr(s) — poFe(s))
_(—po)—elpr—po) _ LG
e — €D(s) < Dp(s)

mo(s) mo(s) 1—po

_ p1L—p !
=my(s) (1 — € llpoo) 1 — =5-mo(s)D(s)

7o) (1- 2210 i (=) (uene)

But,
o (s)(D(s))" = (p1 — po)(D(s))" ™"

()3 (k) () poFs ()™
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”i:l ((n ; 1) + (Z: 1)) (0 F ()" (— Poﬁi(s))nik

k=1

:ﬁlo(s)

+ (1 Fi(s)" + (= poFy (s)" ]

k=0
n—1
=p ) (n 1 )(ﬁ%o(S)ﬁﬁ(S) V) (pFi(s)" (= poFs(s)" "
k=0
n—1 n—1 N _ B _
—p0 ) ( 5 )(mo(S)F,f(s) — 1) (p1F5 ()" (= poFy(s))
k=0

Therefore,

1 — Po
S () B - o)

k=0
3 (1) (o)™ F o) - ()"
X:Z_;( kzl)(Pth(S)) (= poFg(s))" "

By applying Laplace inversion we find

Velu) =vo(w) o1 g (1 _epo)mzl (n; 1)p’f(—po)"‘1"“

X (L ks 1,n—1-k (1) = Ln—1,5n—1-%(w))

oo nn—1
€ n—1 n—1—
—Po E (1—p0> E k >P’f(ﬂ0) o

n=1 k=0
X (Ln,k,nfk(u) - Lnfl,k,nflfk(u))v

where Ly . r(u) = P(Moo+ Mo1+---+ Mo, +C5+---+C + B +---+ BE > u).
Similarly to the discard expansion, the replace series converges for a given value of s
if and only if

llepomo(s)(mﬁﬁ@) - pofﬁ(s))‘ <1.

If 0 = maxg

mo(s) (plf';:' (s) — poﬁ;(s))‘, then a necessary and sufficient condition for

the convergence of the replace series for all values of s is € < |1 — pg| /o. However, we do
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not have exact formulas for the Laplace transforms io(s), Ff(s), and ﬁ;(s), and thus
we can only find a sufficient condition for the convergence of the series. The Laplace
transform of a distribution on a positive support, such as Fy(s) and Fj;(s), is a positive

function bounded by one. Therefore, it is immediate that max ’ p1F(s) — pol?';(s) <

max{po, p1}. In addition, since |fig(s)| < 1, a sufficient condition for the convergence
of the replace series is € < |1 — pg| / max{po, p1}. O

Note that Theorem 3.2 gives only a sufficient condition for the convergence of the
replace series expansion. If all parameters involved are explicitly known, one can find
a necessary condition in the way indicated in the proof of Theorem 3.2. In the next
section, we propose two explicit approximations for the ruin probability based on these
series expansions.

3.3 Corrected phase-type approximations of the ruin
probability

The goal of this section is to provide approximations that maintain the numerical
tractability but improve the accuracy of the phase-type approximations and that are
able to capture the tail behaviour of the exact ruin probability. Large deviations theory
suggests that a single catastrophic event, i.e. a heavy-tailed stationary claim size C*¢,
is sufficient to cause ruin (Embrechts et al., 1997). Observe that, for both the discard
and replace series expansions, the second term contains a single appearance of C*.
For this reason, the proposed approximations for the ruin probability are constructed
by the first two terms of their respective series expansions for the ruin probability (see
Theorems 3.1 and 3.2), where the second term of each approximation is referred to as
its correction term. We have the following definitions for the proposed approximations.

Definition 3.3. The corrected discard approximation of exact ruin probability . (u)
is defined as

i . €p1 ° . e °
elu) := €1L+7]PME JrM€ +Cf>u)—P e > U)), 3.5
7vbd,( ) (0 ( ) 1 0+ e 0( ( 0 1 1 ) ( ,0 )) ( )

where ¢?(u) is the discard phase-type approximation of . (u).

In a similar manner, we define the approximation that connects to the replace
expansion.

Definition 3.4. The corrected replace approximation of the exact ruin probability
e (u) is given by the formula

~ €
Bre(w) = tou) + = _'°1po (P(Moo + Moy + C§ > u) — P(Mo > u))
€
1 _popo (P(Mo,0 + Mo,y + BY > u) — P(Mo > u)), (3:6)

where 1 (u) is the replace phase-type approximation of v (u).

In the following sections, we study characteristics of the corrected discard and the
corrected replace approximations.
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3.3.1 Approximation errors

Due to the construction of the two corrected phase-type approximations, the discard
and the replace, their difference from the exact ruin probability is the sum of the
remaining terms, namely the terms for n > 2. For the error of the corrected discard
approximation, we have the following theorem.

Theorem 3.5. The error of the corrected discard approximation is bounded from
above and below as follows:

2 2
€P1 -~ €01
(1—p0+ep0> (Le,z(u) - Le,l(u)) < 1/)6(“) - wd,e(u) < (1_[)0_’_6%) .

Proof. An interesting observation is that we can interpret the terms L. ,,(w) — Le r,—1 ()
in Theorem 3.1 in terms of a renewal process {Np (u),u > 0} with a delayed first
renewal M?,. Consequently, P(Np(u) = 0) = Lco(u) and P(Np(u) = n) =
L p(uw) — Le—1(u), for n > 1. As a result,

0e) = Facl) =3 (1= L) P u) = )

n=2

€p1 ? €p1 Np,e(u)=2
_ () B () 1 (Np..(u) > 2)
1 —po +€po 1 — po + €po

. 2
()
1= po+€po

where the latter inequality holds because % < 1. Thus, an upper bound
— Po T €00
2
for the approximation error is (€p1) . Due to the renewal argument, all
1 —po + €po

terms in the discard series expansion are positive. Consequently, the corrected
discard approximation always underestimates the exact ruin probability and the term

(6/)1> X (Le,g(u) — L671(u)) is a lower bound for the achieved error. O
1 — po + €po

Remark 3.6. Theorem 3.5 shows that the corrected discard approximation always
underestimates the exact ruin probability, and its error is O(e?). Thus, the corrected
discard approximation is a lower bound for the exact ruin probability.

As done in the proof of Theorem 3.5, similar probabilistic interpretations can also
be given to the terms of the replace series expansion. However, due to the sign changes
in the formula of the replace expansion (see Theorem 3.2), it is not immediate whether
the corrected replace approximation underestimates or overestimates the exact ruin
probability. This depends on the characteristics of the distributions involved. As we
see in Section 3.4, both overestimation and underestimation are possible. Studying
the areas of over- or underestimation of the ruin probability is beyond the scope of
this chapter. In the sequel, we provide only absolute error bounds for the corrected
replace approximation.
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There are many possible ways to bound the error of the corrected replace approx-
imation. For example, one could ignore all negative terms for n > 2 in the replace
expansion and bound all positive terms. Of course, different techniques give different
bounds. Among the different bounds we found, we present in Theorem 3.7 the one
that is valid for the biggest range of the perturbation parameter e.

Theorem 3.7. When € < |1 — pol /(po + p1), an upper bound for the absolute error
that we achieve with the corrected replace approrimation is

2
1 —po
+p1)? :
) (o) 1—po — e(po + p1)

[ew) = el < <1 -

Proof. Using the triangular inequality and the fact that the distance between two
distributions is smaller than or equal to 1, we obtain

=5t e 5 (5) 5 (77t

n=2 k=0

= (po +p1)? (1 epo)Qi <1 epO(P0+f01))n_2

n=2

2
€ 2 l_pO
= _ + s
(1 —Po> oo+ 1) 1 —po —€(po + p1)

where the result holds only for €(pg + p1)/ |1 — po| < 1. O

Remark 3.8. Theorem 3.7 shows that the absolute error of the replace approximation
is O(e?). Note that the expression

1

< - ) Zpllc(_po)l_k |:p1 (Lz,k+1,1fk(u)—L1,k,1,k(u))

1—po =0

— po(Lak,2—k(u) — Ll,k,l—k(u))}v

which corresponds to the term of the replace expansion (see Theorem 3.2) for n = 2,
is O(€?) and it could be used alternatively as an approximation of the real error.

An advantage of the corrected discard approximation over the corrected replace
is the following. The fact that the corrected discard approximation underestimates
the exact ruin probability gives a positive sign for its error, namely its difference
from the exact ruin probability, which according to Theorem 3.5 is bounded from
above and below. This information with respect to the nature of its error makes the
corrected discard approximation much more controllable than the corrected replace
approximation. In the next section, we study the tail behaviour of both corrected
phase-type approximations.

3.3.2 Tail behaviour

To study the tail behaviour of the two approximations, we assume that the distribution
of C* belongs to the class of subexponential distributions S; see Appendix A.1. Before
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studying the tail behaviour of the approximations, we first give the tail behaviour of
the exact ruin probability in the next theorem.

Theorem 3.9. When C¢ € S, the exact ruin probability .(u) has the following tail
behaviour:

€p1 _—
Pe(u) ~ Fe(u).
e(u) [ r—— n (w)
Proof. When B has a phase-type distribution, then B¢ has also a phase-type distribu-
tion (Asmussen and Albrecher, 2010), and consequently it has an exponential decay
rate. Thus, by the definition of the stationary excess claim sizes US (see Sections 3.2
and 1.7.2) and Property A.3, we have

Ge(u) = _ (=9 4 ) JE M S— 1<

‘ (1—¢€)po +epr g

€p1 _—

~ —FC .

(1_€)p0+€p1 h(u)’ (3 7)

which implies by Property A.2 that U € S. When Uf € S, it is known (Asmussen
and Albrecher, 2010) that

Pe =g
ws u) ~ GE u), 3.8
(1) ~ T2CE(w) (38)

where p. = (1 — €)po + €p1 < 1. Combining (3.7) and (3.8) yields the result. O

For the tail behaviour of the corrected discard approximation, the following result
holds.

Theorem 3.10. When C° € S, we have for the corrected discard approrimation the
following tail behaviour:

~ €P1
7#d,e u) ~ ——— Ff(u).
()~ LT

Proof. The discard approximation ¢? (u) has a phase-type representation; therefore, it
is of 0 (Ff¢(u)). The same holds for the tail of the distribution of M2;+ M. Moreover,
since C¢ € 8, from Property A.3 we obtain P(M2, + M2, + Cf > u) ~ Fg(u), which
leads to the result by inserting these asymptotic estimates into (3.5). O

Theorem 3.10 shows that the corrected discard approximation captures the heavy-
tailed behaviour of the exact ruin probability, but is off by a term €p; in the denominator.
In fact, for all values of parameters, the tail of the discard approximation is always
below the tail of the exact ruin probability, which is expected since the discard
approximation gives an underestimation of the exact ruin probability.

On the other hand, for the tail behaviour of the corrected replace approximation
of the ruin probability, the following result holds.

Theorem 3.11. When C¢ € S, we have for the corrected replace approximation of
the Tuin probability the following tail behaviour:

~ €P1 —
re(w) ~ FE(u).
o) ~ 7 LT )
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Proof. The class of phase-type distributions is closed under convolutions (Asmussen
and Albrecher, 2010), which means that both Mg o+ My 1 and My o+ My 1 + Bf follow
some phase-type distribution. Therefore, due to their exponential decay rate, ¥g(u),
IP(Mo,0 + Mo, > u) and P(Moo + Mo,1 + Bf > u) are all of the order o (F£(u)). In
addition, since C¢ € S, we obtain from Property A.3 that P(My o+ Mo,1 + C§ > u) ~
F¢(u). Inserting these asymptotic estimates into (3.6) leads to the result. O

Comparing the coefficients of F(u) in Theorems 3.10 and 3.11, we observe that
the tail of the corrected replace approximation is always above the tail of the corrected
discard approximation. To compare the tail behaviour of the corrected replace
approximation to that of the exact ruin probability, we only need to compare the
coefficients of Fi}f(u)7 and more precisely their denominators, as the expression with
the largest denominator converges to zero faster. Therefore, the tails have the same
behaviour when EB = IEC, while the tail of the corrected replace approximation is
above the tail of the exact ruin probability when EB > EC and below when EB < EC.

3.3.3 Relative error

Following the results of Section 3.3.2, we show that the relative error at the tail for
both approximations is O(e).

Lemma 3.12. When C° € S, the relative error at the tail of the corrected discard
approxrimation 1is

Rye(u)=1— V() N €p1

, as  u — oo.
’ Ye(u) 1—po+€po

Recall that for the corrected replace approximation, different values of parameters
lead to both over- and under-estimation of the exact ruin probability. Thus, for this
approximation it is more appropriate to evaluate the absolute relative error at its tail.

Lemma 3.13. When C¢ € S, the absolute relative error at the tail of the corrected
replace approximation is

. '(ZT,E(U)
Ye(u)

e(p1 — po)
1 —po

Ry e(u)] = |1 as U — o0,

and it goes asymptotically to zero when EB = EC.

Remark 3.14. Lemmas 3.12 and 3.13 indicate that the relative errors of both
corrected phase-type approximations do not converge to 0 as u — oco. However,
the approximations give the exact value of the ruin probability at the origin and
have guaranteed bounds of the order O(e?) for all values of u. On the other hand,
the asymptotic result of Theorem 3.9 has the correct tail behaviour but it gives
relatively inaccurate estimates of the ruin probability for small values of u for some
combinations of the involved parameters. In order to provide a compromise between
our approximations and the asymptotic result of Theorem 3.9, one can simply change
the coefficients ep1/(1 — po + €po) and ep1/(1 — po) of the correction terms (see
Definitions 3.3 and 3.4, respectively) to ep1/(1 — po + €po — €p1), so that their tail
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behaviour matches the correct tail behaviour. Of course, one should also multiply the
first terms of the approximations with proper coefficients to obtain ¥?(0) = 1, (0) =
1¥¢(0). Such adjustments will lead to approximations with relative error at the tail
that is asymptotically equal to zero. Moreover, the approximations work well for all
values of the involved parameters, but may give worse results for small values of u
when they are compared with the original corrected phase-type approximations.

The fact that the discard approximation always underestimates the ruin probability
raises the question if it is possible to develop a result for its relative error for arbitrary
values of u. The next theorem, which can be seen as the main technical contribution
of this chapter, shows that this is indeed possible.

Theorem 3.15. When C°¢ € S, there exists an 1 > 0, such that for all ¢ < n, the
relative error Ry (u) of the discard approzimation at the point u can be bounded by

€EP1

<P H(w+EK,
1—po+€po

Rd,e(u)

P(Msy + M2, + Cf > )

with He(u) = ( — 1) and K a finite constant.

In order to prove Theorem 3.15, we first need the following lemma.

Lemma 3.16. Let X be an i.i.d. sequence such that X, 2 Mo+ M2 + Cr.
There exists a constant Kg independent of €, such that
P(Xe1+-+Xepn>u)
IP(XCJ > U)

< Kg,

for all uw and for all n.

Proof. We follow a similar idea as the proof of Embrechts et al. (1997, Lemma 1.3.5),
which is not directly applicable, as X j, depends on e. Let F' be the distribution function
of X k. Since C is subexponential, and M2, M, are light-tailed, according to
Property A.3, X, is subexponential as well. We set a,, = sup,, F*"(u)/F(u). Observe
that

Y F(u—2) F(u— )

Frnt)(y) v (y — 1) _
T T Ew S R
<1+ FOEZ) (F2(u) - F(w) <1+ an(az - 1).

Recursively, we find that

n—2

Qp+1 S Z(Oxg — 1)k + OZQ(OéQ — 1)n—1'
k=0

From Definition A.1, we know that s — 1 > 1. So,

n—2 n
anp1 <Y ok +ay <Y af <aptt
k=0 k=0
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therefore it suffices to show that «y is bounded in € > 0.

To this end, observe that M?, is stochastically decreasing in € as it is the supremum
of a compound Poisson process; with arrival rate A(1 — €). Therefore, the supremum
that corresponds to the compound Poisson process with arrival rate A\ (e = 0) is
stochastically larger than all other suprema with € > 0 and we denote it by Mg x.

Letting S = Zizl Moy 1, we see that

F2(u) P(Xer+Xeo>uw) _ P(S+C+C5 >u)

F(u) — P(Xei>uw) P(CY > u)

P(S > u) YPCS+CS>u—x)P(CF >u—x)

== dPP(S <
P(CS > u) /O P >u_a)  PCisw =)
P(S > u)

“P(CS > u)
P(CS + C5 > u) 1
T TR > ) P(CE S w

)/OuIP(Cf >u—2)dP(S < z)

P(C§ + C§ > u) - P(S + C§ > u)
ST PO > ) e P(CY > )

Both suprema are finite since CY is subexponential and S has a lighter tail than C¥.
This completes the proof of the lemma. O

We now proceed with the proof of Theorem 3.15.

Proof of Theorem 3.15. Similarly to X, let Y., be an ii.d. sequence such that
Yok 2 M;k + C}, and set p. = % Let n be such that p, Ky = 1/2 and
suppose € < 7. In addition, let N be a rpaondorflovariable such that P(N = n) = (1—pe)p?
and observe that M, 2 M ;0 + ij:l Y. 1. For notational convenience, we assume that

this equality holds almost surely through this proof. This enables us to write

Ye(u) = Pae(u) = P(M, > u; N > 2) — p?P(M2y + Ye1 > u),

so that
P(Me > u; N > 2) — p?P(M&y + Yer > u)
Ric(u) = :
P(M. > u)
_P(Me > wN 22) - piP(Mep + Yer > w) P(M>uiN21) g
B P(Me>u;N > 1) P(M.>wu) ’

Note that P(M, > u; N > 1)/P(M, > u) < 1, where this ratio actually converges to
1 as u — co. To analyse the other fraction of (3.9), from the memoryless property of
N we obtain P(M, > u; N > k) = p*P(M, + Yoi+--+ Yo >u)so

P(Mc>u;N>2) P(Mc+ Y1+ Yoo >u) < P(Me+Ye1+Yeo > u)
P(M.>wN>1) 7 P(M.+Ye, >u) 1 P(X.1 > u)
P(Xe1+Yeo>uw)

P(Xc1 > u)

<pP(N =0)
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X+ +Xepgo > w)
IP(XEJ > U)

+pe Y P(N = n)IP(

< P(Xc1+ Y2 > u)
=PTP(Xo, > w)

P(X.1+ Yo > u)
P P(X L > )

oo
+p2(1=p)KG Y (peKo)" !

n=1

+ p22K3.

Finally, note that

PIP(M2y+Yer >u)  P(My+ Yo >u)
P(M. >wN>1) D P(M.+ Yoy >u)

P(Me+Yeq > u)

As before, we can show there exists a constant K; such that 5 <
IP( €,0 + va,l > u)

1+ p.K;. Putting everything together, we conclude that

P(Xe1+Ye2>u) 5 008 1
Ry < Pe ) J 2K3 —po————
4l <7 P(Xe1 > u) TPER TP G
P(Xc1+Yeo > u) 9
< pe : : -1 K,
= ( P(X.; > u) TP
for some constant K, completing the proof. O

The bound is sharp in the sense that H.(u) — 1 as u — oo, which recovers the
relative error at the tail, up to a term O(e?). Moreover, H(u) is uniformly bounded
in v and e.

3.4 Numerical experiments

In Section 3.2, we pointed out that the first terms of the discard and the replace
expansions are phase-type approximations of 1.(u). The goal of this section is to
show numerically that adding the second term of these expansions leads to improved
approximations (corrected discard and corrected replace approximations respectively)
that are significantly more accurate than their phase-type counterparts. Moreover, the
additional term has a great impact on the accuracy of the improved approximations
even for small values of the perturbation parameter.

Therefore, in this section we check the accuracy of the corrected discard (see
Definition 3.3) and the corrected replace approximations (see Definition 3.4) by
comparing them with the exact ruin probability and their corresponding phase-type
approximations. Since it is more meaningful to compare approximations with exact
results than with simulation outcomes, we choose the general claim size distributions
G, such that there exists an exact formula for the ruin probability . (u).

In Section 3.4.1, we derive the exact formula for the ruin probability ¢(u) for a
specific choice of the claim size distribution. Using the latter claim size distribution,
in Section 3.4.2, we perform our numerical experiments and we draw our conclusions.
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3.4.1 Test distribution

As claim size distribution we use a mixture of an exponential distribution with rate v
and a heavy-tailed one that belongs to a class of long-tailed distributions introduced
in Abate and Whitt (1999b) (see also Section 2.5.1). The Laplace transform of the

latter distribution is s

(k+Vs)(1+/s)

where EC' = k! and all higher moments are infinite. Furthermore, the Laplace
transform of the stationary heavy-tailed excess claim size distribution is

Fu(s)=1-

fad K

(Vs (14 s)

which for k # 1 can take the form

~ K 1 1
Fe = - .
- (5) (v )
For this combination of claim size distributions, the ruin probability can be found
explicitly:

Theorem 3.17. Assume that claims arrive according to a Poisson process with rate
A, the premium rate is 1, and the Laplace transform of the claim size distribution is

Gels) = (1= o)- Y

u“(l‘ <m+¢§>8(1+¢5>>’

A
with p. = —(/{ +e(v — /i)) < 1. For this mixture model, the ruin probability is
KV

- A a; 2
he(u) = po (m/ AE+e(v /i))) 2 vi(e)c (v7 (e)u) ,
where ) -
¢ (u):= e“—/ e dr,
VT ) yu
and —v;(€), i = 1,...,4, are the roots of the polynomial

d(x) :x4+(m+1)x3+(/{—H/—)\)x2+(/€+1)(u—)\+)\e)x+(n(z/—)\)—k)\e(n—y)),

Finally, the coefficients a; satisfy a; = lim @ (x + vi(e)), 1=1,...,4, where
z——v;(€) d((E)

n(z) = (1 —e)(k+ )1+ z) + e(z® + v).

Proof. The Laplace transform of the ruin probability £{1.(u)} satisfies the equation

£{we)) =2 (1 - m> , .10
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A
where p. = — (k4 ¢(v — k)) and
KV

Ge(s)

= g7 (1 = EBE; (s) + ECF(s))

KV 1 v 1 K
S e (“‘e)usw“n(ﬁwa(lwé))
(L= s+ V)L +VE) (st )
AR ARt

If we set w(s) = (1 — pe)éﬁ(s)/(l — G (s)), then with simple calculations we find
that

kv — Ak + €V — K))
k+e(v—k)
(1—e)(k+s)(1++/s5)+e(s+v)
C G VA VE) AT = s+ V)L +v5) — Aels 1)

The denominator of w(s),

w(s) =

d(Vs) = s*+(k+1)sv/s+(k+v—A)s+ (k+1) (v = A+ Ae)v/s+ (kv —A) + Ae(k — 1)),

is a fourth degree polynomial with respect to 1/s. Let its roots be given by —wv;(e),
i=1,...,4, and let n(s) denote the numerator of w(s). Then,

n(s) a;
15 " = o

(3.11)

Finally, the coefficients a; are determined by the following equations

= im (s) v 1=
o \[—1> v;(€) d(S) (\[+ Z( )), 17”.’4'

For s = 0, we get from Eq. (3.11)

4 4
0= va(ze =k+elv—k)— (fﬁl/—)\(/@'—i—ey_ﬁ )Zv;‘(ze

i=1 =1

Substituting everything in Eq. (3.10), we find

ctoton =1 (1= 2GS )

:% (W_ (,.w_/\(mte(u—f-’»)))gM)
:% (W — (KV—A(H+6(V—I€)))§:U,?2)S>
i=1 "
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A - o :
+E(/w—)\(/€+61/—’f )szk ) (Vs +vile) /s

i=1

A - 1
:E(RV—/\(K‘FGV_H )Zvl(e \[Jrvz( ))\[

1=1

Laplace inversion to £{t¢(u)} gives,

¢€(u):%</ﬂ/—)\(n—|—ey—ﬁ: )i: & C u)

i=1 U’(e

3.4.2 Numerical results

In this section, we fix values for the parameters of the mixture model described in
the previous section and we perform our numerical experiments. Although we do
not have any restrictions for the parameters of the involved claim size distributions,
from a modelling point of view, it is counter-intuitive to fit a heavy-tailed claim
size distribution with a mean smaller than the mean of the phase-type claim size
distribution. For this reason, we select k = 2 and v = 3.

For the perturbation parameter ¢, the only restriction arises from the condition
for the convergence of the replace series expansion (see Theorem 3.2). If we assume
that p1 > po, then the convergence condition for the replace expansion simplifies to
e < (1 —po)/p1- A closer look at the formula reveals that, in the case of unequal
means, for every value of € there exists a value for the arrival rate A such that the
condition is satisfied. However, a logical constraint for the perturbation parameter is
€ < 0.1. The reason for this constraint is that in the case of phase-type approximations
it is not natural to remove more than 10% of the data.

To start our experiments, we first choose the “worst case scenario” for the pertur-
bation parameter, which is ¢ = 0.1. It seems that this “worst case scenario” for the
perturbation parameter is the “best case scenario” for the improvement we can achieve
with the corrected phase-type approximations. When the perturbation parameter
is big enough, a lot of information with respect to the tail behaviour of the ruin
probability is missing from its phase-type approximations. So, it is quite natural to
expect a great improvement when we add the second term of the respective series
expansion, which contains a big part of this missing information. In this scenario, we
compare the corrected phase-type approximations with their respective phase-type
approximations when pg; takes the values 0.5, 0.7, and 0.9.

From Figure 3.1, we conclude that the corrected discard and the corrected replace
approximations manage to reduce the “gap” between their respective phase-type
approximations and the exact ruin probability. Although the scale of the graphs is
different, it is evident that the gap closes more efficiently for small values of p., a
conclusion that can be also supported theoretically by Section 3.3.2. Furthermore, the
corrected replace approximation overestimates the ruin probability for small values of
u and, as expected, it is better at the tail than the corrected discard approximation.

For small values of p. and small values of €, one could argue that the gap between
the exact ruin probability and its phase-type approximations is so small that the
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corrected phase-type approximations do not improve on the accuracy of their phase-type
counterparts. For this reason, we choose € = 0.001 and pg.gg1 = 0.5, and we compare
all approximations with the exact ruin probability. We show that the improvement we
achieve with the corrected phase-type approximations is still significant, even for this
seemingly “bad scenario”.

U exact ruin pr. discard replace cor. discard cor. replace
0 0.50000000 0.49925037  0.49975012  0.50000000  0.50000000
1 0.11211000 0.11114757  0.11142576  0.11210955  0.11211017
2 0.02557910 0.02474466  0.02484381  0.02557847  0.02557930
3 0.00621454 0.00550887  0.00553925  0.00621386  0.00621466
4 0.00184042 0.00122643  0.00123504  0.00183975  0.00184047
5 0.00082276 0.00027304  0.00027536  0.00082212  0.00082275
6 0.00056334 0.00006078  0.00006139  0.00056273  0.00056329
7 0.00047969 0.00001353  0.00001368  0.00047910  0.00047962
8 0.00043993 3.0l x 107% 3.05 x107% 0.00043937  0.00043985
9 0.00041336 6.70 x 1077 6.80 x 1077 0.00041284  0.00041329
10 0.00039235 1.49 x 1077 1.51 x 10~7  0.00039183  0.00039225
a.r.e. - 0.54664293  0.54471025 0.00067719 7.24 x 10~°

TABLE 3.1: Exact ruin probability with phase-type and corrected phase-type approximations for
perturbation parameter 0.001 and average claim rate 0.5. The last line corresponds to the average
relative errors of each approximation, calculated from the provided values only.

From Table 3.1, we observe that even for this small value of € the corrected
discard and the corrected replace approximations yield significant improvements for
their respective phase-type approximations. The difference between the exact ruin
probability and the corrected phase-type approximations is O(107%), while for the
phase-type approximations it is O(1073). In order to understand the magnitude of
the improvement we achieve with the corrected phase-type approximations we need to
look also at the relative errors of all the approximations involved. It is evident that
the relative error of the phase-type approximations easily reaches values close to 1
(approximately after value 5 of the initial capital in this example), while the corrected
phase-type approximations give a relative error O(e).

An interesting observation is that the corrected replace approximation gives better
numerical estimations than the corrected discard approximation, both in absolute and
relative errors. This observation is also supported by the last line of Table 3.1, which
provides the average relative errors (a.r.e.) of each approximation for the displayed
values of the initial capital u. However, due to the sign changes in the formula of
the replace expansion (see Theorem 3.2) it is difficult to find tight bounds for this
approximation.

Finally, note that we performed extensive numerical experiments for various values
of the perturbation parameter e in the interval [0.001,0.1]. We chose to present only
the extreme cases, since the qualitative conclusions for the intermediate values of €
are similar to those of the extreme cases.
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3.5 Total loss and Value at Risk

In this section, we give a brief overview of how our technique works when we calculate
quantities in finite time horizon. As test example, we use the aggregate loss in
a fixed period, and we provide the corrected phase-type approximations when the
aggregate loss is a compound Poisson sum. Moreover, we extend our technique in case
the aggregate loss is a compound mixed Poisson sum. Finally, we perform a small
numerical experiment to compare the Value at Risk (VaR) for a given level « that we
obtain from the original distribution, the corrected phase-type approximation and its
corresponding phase-type approximation.

Suppose that we are interested in evaluating the aggregate loss in a fixed period [0, ¢].
The number N,(t) of claims U, over this fixed period follows a Poisson distribution
with rate At. Observe that N (t) can be seen as a superposition of two independent
Poisson processes N (t) and N (t), with rates A(1 — €)t and Aet for the phase-type
and the heavy-tailed claims sizes, respectively. Thus, we write

N.(t) NP () NI ()
Losse(x,t) ::IP< Z Ue > x) = IP( Z By + Z Cr > 1’)
k=1 k=1

k=1

To find Loss.(z,t), we condition on the number N (t) of the heavy-tailed claim
sizes and we get

NE (1)
+]P< > Bk+C>m>]P(N6H():1)
k=1
NE (1) NE(t)
+1P< By + ch>:c Nf(t)>2>IP(Nf(t)>2)
k=1 k=1
NE@) NE@)
— < Bk>x> e_’\Et—l—IP(NeH(t)>1)IP< Bk+C>x>
k=1 k=1

PH-approximation

+P(NF(t) >2)

NE(t) NE ()
E’( ji: B + jg: Cry>x
k=1 k=1
NE(t)
(o]

k=1

NH(t) > 2)
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As in the case of ruin probabilities, we define the corrected phase-type approxi-
mation by keeping only the terms that contain at most one appearance of the heavy-
tailed claim sizes. Thus, we have the following definition.

Definition 3.18. The corrected discard approximation of the tail of the aggregated
claim sizes in a fixed time interval [0,¢] is defined as

NI () NE(t)
Lossge(x,t) == eAEtIP< Z By, > :L‘) +(1- e’\et)IP< Z By +C > a:)
k=1

k=1

Observe that the coefficient of the correction term in Definition 3.18 is equal
to P(NM(t) > 1) and not P(N(t) = 1) as one would expect. We used this
modification in order to achieve more accurate estimates of the aggregate loss, without
losing the main characteristic of the corrected discard approximation, which is the
fact that it underestimates the exact distribution. According to the next theorem,
the approximation error of Lossg(z,t) is of order O(e?). As it was the case for
Theorem 3.7, there are many ways to find a lower bound for the error. In the next
theorem, we present a bound yielding a simple expression.

Theorem 3.19. The error of the corrected discard approzimation Lossqc(x,t) is
bounded as follows:

NE(t) NP (t)
P(NH(t) > 2 IP( > Bk+01+02>1‘> —1P< > Bk—|—01>.r>]

k=1 k=1
< Loss(x,t) — Lossg.c(z,t) < €2(\t)%

Proof. By using that conditional probabilities are less than or equal to 1, an upper
bound for the error of the approximation Lossg.(z,t) is found as

NE (@)
N2 (t) > )-1?( > Bk+C>x>]

k=1

NFP(t) NH (1)
P(NH(t) [ <ZBk+ZCk>x
NE(#)
( 2: By + 2: Crp>x

NH(t) > )P(Nf(t) > 2)

By using the obvious relation

NE(t)
Nf@>2)>P<§;BH4A+@>x)

k=1

NE(#) NE(b)
]P< S Bt S oo
k=1 k=1
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NI ()
Z]P( Z Bk+C1>$>,

k=1
it is easy to verify that the error is non-negative, which completes the proof. O

Remark 3.20. The corrected replace approximation can be constructed in a similar
manner. However, special attention should be paid to the fact that we need to condition
not only on the number N (t) of heavy-tailed claims but also on the total number of
claims, namely N(t). This of course will lead to expressions with the same order of
complexity with that of the approximation in Definition 3.4.

If the time ¢ we are interested in is not fixed but a random variable, e.g. T', the total
aggregate loss is a compound mixed Poisson r.v. The corrected discard approximation
takes the form

oo NE (1)
Lossge(z,T) z/ e)‘Et]P< Z B > 1:) dP(T <t)

0

k=1
o NE(t)

+/ (1-— eA“)]P< Z B, +C > a:) dP(T < t),
0 k=1

and an upper bound for its error is €?A?ET?. As a last result, we find a compact
formula for the LST of the Lossg.(x,T). We use the notation Fy(s), Fj,(s), and 7 (s)
for the Laplace transforms of the phase-type claim sizes, the heavy-tailed claim sizes,
and the r.v. T', respectively.

Theorem 3.21. The LST of Lossqc(x,T) is given by the formula

L{Lossq. (x,T)} :% _ %Fh(s)r (M1- (- 9Fy ()

Fi(s) =
-, ()\(1 —e(1- Fp(s))) .
N (1)
Proof. First, we define the LST of Syr () = Z By, as
k=1

Fsyp (8) = /OO ¢ AP (Snp @) = Y P(NS() = k) (Fy(s))"
0 k=0

= exp{—A(1 — )t(1 — Fp(s))}.
Consequently, the LST of Lossg.(z,T) satisfies

L{Lossq(x,T)} :/ e*”/ e tdP
=0 t=0
NE(t)

+/$ efw/t (1_6>\et)dIP< > Bk+C>:c>d]P(T<t)

=0 =0 k=1

NP (@)

EZ By, > m)dIP(T <t)

k=1
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t | simulation discard corrected discard
1 4.16 4.09 4.14
5 9.77 9.54 9.74
10 15.24 14.89 15.22
15 20.27 19.73 20.17
20 24.99 23.76 24.30

TABLE 3.2: Comparison of VaR values we obtain from simulation results and the phase-type and
corrected phase-type approximations. The VaR level is a = 0.99, the perturbation parameter 0.01,
and the average claim rate 0.67.

oo ) NE(t)
:/ e AP (T < t)/ e **dP Z By >z
t=0 z=0 k=1

NZ (1)

Z Bk+C>IE)

k=1

+ /:; (1—e ) dP(T < t) /:O

eszdIP<

A=)t (1-Fy(s))

o0 1 _
:/ P dP(T < t)
t=0 s
0 1_ 4(176)15(17@(5))}3
+ / (1—et)=— n) gp(r < 1)
t=0 S

L 1= Fi(s) /oo e*A(Hl*G)ﬁp(S))th(T <t)
S _ § t=0
B Fh(s) /OO ef)\(lfg)(lfﬁp(s))tdIP(T < t)
s Jt=0
_é - %Fh(s)T (\1= (1= Fy(s)
B ﬁhS(S)T (/\(1 _ 6) (1 — ﬁp(s))) s

which completes the proof. O

One can find the corrected discard approximation analytically (or numerically) by
applying Laplace inversion to £{Lossq¢(x,T)}.

A widely used risk measure that connects to the aggregate loss, is the Value at Risk
(VaR), which is defined as the threshold value such that the probability of the aggregate
loss to exceed this value is less than a given level a.. In other words, the VaR is equal
to the (1 — «)-quantile of Lossc(x,t). We show through a small numerical experiment
that the VaR that is estimated with the corrected discard approximation is closer to
the original VaR, than the one we obtain with the discard phase-type approximation.
For our example, we choose the arrival rate A = 1, the claim size distribution a mixture
of an exponential distribution with rate 3/2 and a Pareto distribution with scale and
shape parameters 1 and 2 respectively, and € = 0.01. We estimate the VaR values
at level 0.99 for the interval [0, ¢], for the values of ¢t = 1,5, 10,15,20. Note that we
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simulated the system in order to estimate the exact VaR values. We summarise our
results in Table 3.2.

We want to point out here that this numerical study differs from our previous
examples. Although in all other examples we were comparing tail probabilities at
given values, here we compare the values at which the original distribution and its
approximations give us the same tail probability. This observation explains why the
difference between the values in Table 3.2 are not of order O(e?).






CHAPTER 4

Corrected phase-type approximations in a Markovian
environment

4.1 Introduction

In the previous chapter, we constructed the corrected phase-type approximations for
heavy-tailed risk models. We showed that our approximations maintain the computa-
tional tractability of phase-type approximations, capture the correct tail behaviour,
and provide provably small absolute and relative errors. Since our approximations
combine such desirable characteristics, it is interesting to explore their applicability in
more involved models. In many applications, significant correlations between arrivals
of load-generating events make the numerical evaluation of performance measures a
challenging problem. Therefore, in this chapter, we consider the MArP/G/1 queue
with heavy-tailed service times and FIFO discipline and we develop the corrected
phase-type approximations for the delay (waiting time) distribution. We find that our
approximations capture the exact tail behaviour and provide bounded relative errors.

Recall from Section 1.3.3, that the Laplace transform of the delay of a MArP/G/1
queue has a matrix expression analogous to the Pollazceck-Khinchine equation of
an M/G/1 queue (Neuts, 1989; Ramaswami, 1980). However, these closed-form
expressions are only practical in case of phase-type service times (Asmussen, 2000,
2003). In particular, under phase-type service times it has been found that the delay
distribution has a phase-type representation (Ramaswami, 1990; Sengupta, 1990) in a
form which is explicit up to the solution of a matrix fixed point problem. Therefore,
to construct our approximations, we exploit the latter property and we connect our
model with a phase-type one.

Motivated by statistical analysis (see Section 3.1 for an explanation), we consider
the service times as a mixture of a phase-type and a heavy-tailed distribution. As
“base” model we use the model appearing when all heavy-tailed customers are removed,
and we interpret the heavy-tailed term of the mixture model as perturbation of the

73
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phase-type one. Using perturbation analysis, we find our approximations for the
queueing delay in the mixture model as a sum of the delay of the base model, which
itself is a phase-type approximation of the delay, and a heavy-tailed component that
depends on the perturbation parameter. Large deviations theory suggests that a
single catastrophic event, i.e. a stationary heavy-tailed service time, is sufficient to
give a non-zero tail probability for the queueing delay (Embrechts et al., 1997). Since
the heavy-tailed component contains such a catastrophic event, the second term of
our approximation makes the phase-type approximation more robust so that the
relative error at the tail does not explode. More details on the construction of our
approximations are found in Section 4.2.2.

In Section 1.6, we noted that there exists duality between the stationary waiting
probability P(W > u) of a G/G/1 queue and the probability of eventual ruin for an
insurance company with an initial cash reserve u, where the claims in the risk model
correspond to the service times of the queueing model (Asmussen, 2003; Asmussen
and Albrecher, 2010). Thus, the corrected phase-type approximations can also be used
to estimate the ruin probabilities in the risk model with arrival process of claims the
time-reversed MArP of the MArP/G/1 queue. Finally, our technique can be applied
to more general queueing models, i.e. queueing models with dependencies between
inter-arrival and service times (Boxma and Perry, 2001; Smits et al., 2004), and also to
models that allow for customers to arrive in batches (Lucantoni, 1991, 1993; Lucantoni
et al., 1994).

A closely related work is Adan and Kulkarni (2003). They consider a single server
queue, where the inter-arrival and service times depend on a common discrete Markov
chain. In addition, they assume that a customer arrives in each phase transition and
they find a closed form expression for the delay distribution under general service time
distributions. However, by using the standard techniques of including dummy customers
in a model, i.e. customers with zero service times, the arrivals of dummy customers in
their model correspond to phase transitions not related to arrivals of customers in the
typical MArP/G/1 queue (see Section 1.3.3). Thus, their results remain valid for the
evaluation of the workload. In this chapter, we exploit this connection and, based on
their results, we derive the corrected phase-type approximations for the delay of the
MArP/G/1 queue.

Outline

The rest of the chapter is organised as follows. In Section 4.2, we introduce the
model under consideration without assuming any special form for the service time
distribution, and in Section 4.2.1, we find the general expressions for the Laplace
transforms of the queueing delay a customer experiences upon arrival in each state.
In Section 4.2.2, we consider service time distributions that are a mixture of a
phase-type distribution and a heavy-tailed one, and we explain the idea to construct
our approximations. Later in Section 4.3.1, we specialise the results of Section 4.2.1 for
phase-type service times. We use as a base model the phase-type model of Section 4.3.1,
and we apply perturbation analysis to find in Section 4.3.2 the perturbed parameters
and in Section 4.3.3 the desired Laplace transforms of the queueing delay in the mixture
model. By using the latter results, we construct in Section 4.3.4 the approximations
and we discuss their properties. In Section 4.4, we discuss an alternative way to



4.2 Presentation of the model 75

construct approximations for the queueing delay.

Furthermore, in Section 4.5, we use a specific mixture service time distribution
for which the exact delay distribution can be calculated and we exhibit the accuracy
of our approximations through numerical experiments. Due to the complexity of the
formulas, we use a simple running example in order to explain the idea behind the
calculations. Finally, the necessary theory on perturbation analysis and other related
results can be found in Appendix A.2.

4.2 Presentation of the model

We consider a single server queue with FIFO discipline, where customers arrive
according to a MArP. The arrivals are regulated by a Markov process {J; };>0 with a
finite state space N, say with N states. We assume that the service time distribution
of a customer is independent of the state of {J;} upon his arrival. For this model, we
are interested in finding accurate approximations for the delay distribution.

The intensity matrix D governing {J;} is denoted by the decomposition D =
D® + D® where the matrix D) is related to arrivals of dummy customers, while
transitions in D) are related to arrivals of real customers. Note that the diagonal
elements of the matrix D) may not be identically equal to zero. This means that if
dgf) > 0, then a real customer arrives with rate dgf) and we have a transition from
state ¢ to itself. However, phase transitions not associated with arrivals (dummy
customers) from any state to itself are not allowed. Since the matrix D is an intensity
matrix, its rows sum up to zero. Therefore, the diagonal elements of the matrix D)
are negative and they are defined as dg) == ki dl(-i) — Zszl dl(-,z).

For this model, we are interested in modelling heavy-tailed service times. As stated
earlier, motivated by statistical analysis, we assume that the service time distribution
of a real customer is a mixture of a phase-type distribution, F},(t), and a heavy-tailed
one, Fj(t). Namely, the service time distribution of a real customer has the form

Ge(t) = (1 — ) F,(t) + eFi(t), (4.1)

where € is typically small.

Our goal is to find the delay distribution for this mixture model. Towards this
direction, we present in the next section existing results (Adan and Kulkarni, 2003) for
the evaluation of the delay distribution under the assumption of generally distributed
service times. Ultimately, we wish to specialise these results to service times of the
aforementioned form (4.1).

4.2.1 Preliminaries

Since the results of this section are valid for any service time distribution, we suppress
the index e and we use the notation G(t) for the service time distribution of a real
customer. We consider now the embedded Markov chain {Z,},>0 on the arrival
epochs of customers (real and dummy) and we denote by P the transition probability
matrix of the regulating Markov chain {Z,,}, which we assume to be irreducible. If \;
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is the exponential exit rate from state i, i.e.

N
1) (2
No=dody) + YA (4.2)
k=1

k#i
the transition probabilities can be calculated by
1 2
ey e
ij /\1 .
In addition, an arriving customer at a transition from state i to state j is tagged ¢. If
pi; > 0, then we define the probability
1
q(1) dz(’j)(l - 51']’)
ij 1 2)’
dz('j)(l - 5%’3‘) + dz('j)
which is the probability of an arriving customer to be dummy conditioned on the
event that there is a phase transition from state ¢ to j. Similarly, conditioned on the

event that there is a phase transition from i to j, the arriving customer is real with
probability

@ _ iy
ij
@; : (4.3)
’ dggl')(l —dij) + dE?
If p;; =0, then we define qgj) = qg) = 0. Consequently, the conditional service time

distribution of an arriving customer at a transition from ¢ to j is G4 (t) = qf; —I—q22)G( t),

and its LST is C?l (s) = qz(]) + q” G( ), i, =1,...,N, where G(s) is the LST of the
service time distribution G(¢) of a real customer. In matrix form, the above quantities
can be written as

A = diag(hr, A,
QW = (¢)),
Q® = (qw ).
é(s) = QW +G(s)Q®. (4.4)
We also define the matrix B
H(s) = G(s) o PA, (4.5)
which we will need later. Finally, let 7w = [rry, ..., 7] be the stationary distribution of

{Z,}n>0, and p be the mean of the service time distribution G(¢). Then the system is
stable if the mean service time of a customer is less than the mean inter-arrival times
between two consecutive customers in steady state. Namely,

(A7t —M)e > 0, (4.6)

where M = Q) o P. Note that the (i,) element of the matrix Q® o P is the
unconditional probability that a real customer arrives at a transition from ¢ to j.

From this point on, we use a simple running example so that we display the involved
parameters and the derived formulas. The running example evolves progressively,
which means that its parameters are introduced only once and the reader should
consult a previous block of the example to recall the notation.
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Running example. For our running example, we consider a MArP with Erlang-2
distributed inter-arrival times, where the exponential phases have both rate A (N = 2).
Therefore, the matrices D) and D) are given as follows:

A A 0 0
1) — (2 _
D _(O _/\> and D —<)\ 0).

In this case, we have that Ay = Ay = A, pij; = 1 — dy5, qg) = qg) =1, and all other
elements of the matrices Q") and Q(® are equal to zero. Observe that we only have
transitions from state 1 to state 2 and from state 2 to state 1. Therefore, in state 1
we always have arrivals of dummy customers while in state 2 we only have arrivals of
real customers. Thus, only the diagonal elements of the matrix G(s) are not equal to
zero, so that Gy (s) = 1 and Gaa(s) = G(s). Finally, the stability condition takes its
known form Ap/2 < 1. ]

Let now V' denote the steady-state workload of the system just prior to an arrival
of a customer. If the arriving customer is real, then the workload just prior to its
arrival equals the delay or waiting time of the customer in the queue, which we denote
by W. In terms of Laplace transforms, the steady-state workload of the system just
prior to an arrival of a customer in state i is found as

Gi(s) =B(e™V;Z=1i), R(s)>0, i=1,...,N,

where Z is the steady-state limit of Z,,. Gathering all the above Laplace transforms
¢i(s), 1 =1,..., N, we construct the transform vector

®(s) = (¢1(s), .., dn(s))-

We first provide some general theorems for the transform vector &)(s) and we give
its connection to w(s), which is defined as the Laplace transform of the queueing delay
W of real customers. Later on we refine these results in order to provide more detailed
information regarding the form of the elements ¢;(s), i =1,..., N.

Theorem 4.1. Provided that the stability condition (4.6) is satisfied, the transform
vector ®(s) satisfies

5(3)(H(s) +sI—A) = su, (4.7)
®(0)e =1, (4.8)
where u = [uy,...,uy] is a vector with N unknown parameters that needs to be

determined.

Note that the above theorem is similar to Adan and Kulkarni (2003, Theorem 3.1)
and so is its proof. Therefore, we omit here the proof and we refer the reader to Adan
and Kulkarni (2003, Theorem 3.1) for more details. Moreover, according to Takine
and Hasegawa (1994), the ith element of the vector u represents the probability that,
in steady state, the system is idle and the underlying Markov chain is in state i.

A real customer arrives in state ¢ with probability Zjvzl piqu) = Zjvzl dg?) /i,
and consequently a real customer arrives in the system with probability vazl Lo
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SN 4 / Ai. Therefore, the following relation holds

J=1 m
N 4@ N Z d®
1"y ~ 1™
Zm J ’ (S)ZZ%@()
i=1 ¢
Thus, if w is a column vector of dimension N such that
A'D®e
~ mA-1D®e’

the Laplace transform of the queueing delay is found as
W(s) = ®(s)w,  R(s)>0. (4.9)

If det (H(s) 4 sI — A) denotes the determinant of the square matrix H(s) +sI — A,
then for the determination of the unknown vector u, we have the following theorem.

Theorem 4.2. The next two statements hold:

1. The equation det (H(s) + sI — A) =0 has exactly N solutions s1,...,Sn, with
s1 =0 and R(s;) >0 fori=2,...,N.

2. Suppose that the stability condition (4.6) is satisfied and that the above mentioned
N — 1 solutions so,...,sn are distinct. Let a; be a non-zero column vector
satisfying

(H(s;) +sI—A)a, =0, i=2,...,N.

Then u is given by the unique solution to the following N linear equations:

uAle=7 (A"' —M)e, (4.10)
wa;, =0, i=2... N (4.11)

Again, Theorem 4.2 is similar to Adan and Kulkarni (2003, Theorems 3.2 and 3.3),
and therefore, its proof is omitted. Alternatively, the vector u can be estimated by
following the iterative approach presented in Takine and Hasegawa (1994).

Theorem 4.2 on the one hand provides us with an algorithm to calculate the vector
u and on the other hand it guarantees that all elements of the transform vector ®(s)
are well-defined on the positive half-plane. To understand the latter remark observe
the following. For simplicity, we set

E(s) = H(s) +sI — A. (4.12)

Let £(s) be the adjoint matrix of E(s), so E(s)€(s) = det E(s)I. Post-multiplying
Eq. (4.7) with £(s), we have that ®(s) det E(s) = su&(s), and consequently

®(s) = msug(s). (4.13)

The first statement of Theorem 4.2 says that the determinant det E(s) has the factors
s —8;, 1 =1,...,N, in its expression. This means that the transform vector ®(s) has
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N potential singularities on the positive half plane, since the determinant appears in
the denominator. However, the second statement of Theorem 4.2 explains that the
vector u is such that these problematic factors are canceled out.

Observe that Theorem 4.2 does not give us any information about the form of the
elements of the transform vector ®(s), which is the stepping stone for the construction
of our approximations. For this reason, we proceed by finding an analytic expression
for the aforementioned elements. It is apparent from Eq. (4.13) that for the evaluation
of ®(s), we only need det E(s) and the adjoint matrix £(s). For the determination of
these quantities, we introduce the following notation:

e As before, we denote the set of all states of the Markov process {J;} as N =
{1,...,N}.

o If S C Q, for some set Q C N, then S¢ is the complementary set of S with
respect to . The number of elements in a set S is denoted as |S].

e For a subset S of NV, we define A% = [[;.q A and (5(s) = [[;cq(s — Ai). We
also define A? = ¢?(s) = 1 and det Ag =1, where 0 is the empty set.

e Suppose that S is a subset of €, for some set Q C N, and that it follows some
properties, i.e. “Property 17, etc. If we want to sum with respect to S, then we
write under the symbol of summation first S C 2, followed by the properties.

Namely, we write Y. sco . In some cases, to avoid lengthy expressions we will
Property 1
etc
write instead of > ScQ > Rca, the double sum ScQ ,
Properties of S Properties of R Properties of S;
RCQ
Properties of R

where R is a subset of 1, for some set Q; C N. We apply the same rule also
for multiple sums.

By using the above notation, we proceed with refining the desired quantities.
More precisely, we first find det E(s), then the adjoint matrix £(s), and finally the
vector suf(s) that appears in the numerator of the transform vector ®(s) (see
Eq. (4.13)). Combining these results, one can easily derive ®(s). We start by
finding the determinant of the matrix E(s) (see Eq. (4.12)).

Theorem 4.3. The determinant of the matriz E(s) can be explicitly calculated as
follows:

det E(s) = Y AS¢S(s) det (QV o P)

SCN
N

DG Y Y AT (s)det ((QW o P)SY 1 (QP 0 P)).
U EARESY

Proof. To prove the theorem, we need formulas that result from the properties of
the determinants. We define the sets F; = {1,...,i} and L; = {i,..., N}, where
Fy = Ly41 = (0. Expansion by minors along the first row and the additive property of
determinants give for i € N,

det E(s)f: =G (s)Aidet (@@ o P) [ ()17 ) + Aidet (QW o P) [ E(s) ")

i i
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L;
+ (s —Ai)det E(s); 7.
Suppose now that V- = {i1,...,i,} and W = {j1,...,jr} are two non-overlapping
(VNW = ) collections of n and k elements from N, respectively, with 1 <n + k <

N — 1. Furthermore, we choose j such that j > max{l : | € V. UW?}. Then, the

v

determinant of the (N +1—j+n+k)-dimensional square matrix ((Q(l) oP) vowor. X
w

(Q@o P)VUWULj,E(s)ej'LJWULj) satisfies,

aet((QW o)) oy o (QP 0P B i)

- v wWu{s} L;
=G (s)\; det ((Q(U oP) o, * (Q® 0 P)VuwjuLjaE(S)VJJVlVULJ)

Vu{j w j
+ /\j det ((Q(l) o P)VSY{/IJ/}UL]' X (Q(Q) © P)VUWUL]- ) E(S)XL;JJVIVULJ-)

1% w L;
+ (s = A;) det ((Q(l) oP) VuwuL, ., ¢ Q%o P)VUWUL]_H’E(S)VJ‘/lVULj+1)'

Note that det E(s) = det E(s)ﬁ The theorem is proven by applying recursively the
above formulas. O

Observe that the determinant det E(s) is an at most N degree polynomial with
respect to the LST of the service time distribution G (s) of a real customer. Moreover,
the coefficients of this polynomial are all polynomials with respect to s. Therefore, in
case G(s) is a rational function in s, then det E(s) is also a rational function in s and
its eigenvalues can be easily calculated. Furthermore, all subsets I of A/ that appear
in the second summand have at least one element, thus in the formula of det E(s) it
always holds that T" # 0.

Running example (continued). The matrix E(s) has elements E;;(s) = s — A;,
i=1,2, Eja(s) = A, and Eg1(s) = AG(s). We will calculate its determinant by using
Theorem 4.3. It holds that det (Q®) o P)Z = 0 for all subsets S of A/, except for
S = (. Since I # (), it is evident that det ((Q(l) o P)E\F x (Q®@ oP)g) # 0 only for
I' = {1} and S = N, because the 1st column of the matrix Q") and the 2nd column

of the matrix Q®) are zero. Combining all these we obtain
det E(s) =A°¢V (s) det (Q) o P)
+ GV (s) det (Q o) w (@0 B) )
—(s — \)? = X2G(s).
[ |

In a similar manner, we find the explicit form of the adjoint matrix £(s) in the
following theorem.
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Theorem 4.4. The adjoint matriz £(s) has elements

ico G*(3) Zrean i A9 ()

r
xdet ((QMoP)Z" w0 (Q® o P)y), i=j,

(17 05 G410 Srexiy Lsean o () FASIC ()
Eij(s) = e
J \ RC{S?TU
S\r Uty
x det ((Q(l);}:)su{} % (o P) 1)) e
D Kty GH) Zrenig) seantia (CDIATIICE ()
ITI=Fk RcSmT

<aer (@) (@2 P) Y ). i

where m;; = min{4, j}, M;; = max{i, j}, and T;; = {m;; +1,..., M;; — 1}.
Proof. We use the definition &;;(s) = (—1)""7 det E(s)ﬁ&ﬁ and we find recursive
formulas for det E(s)%&g, as in Theorem 4.3, by distinguishing between the cases

1t =7 and ¢ # j. The case ¢ = j is merely an application of Theorem 4.3, where instead
of the state space N' we have N\ {i}. Therefore,

= 3 X5¢5(s)det (QW o P

SCN\{i}

N-1
EXCHs D Y AR () det (@M oP) " (@2 o P)y).
k=1

FC/\/\{ }SCN\{ }
IT|=

When i # j, we need to separate the two cases 7 < j and ¢ > j. We first deal with the
case i < j. We then have,

i Fj_1\{i {5} Ljr
£41(9) =(~) TG (), det (B (QP o P) ) BV, )

—|—(—1)i+j)\j det (E( )A;\{l\{ } (Q(l) o P)j\?i{]}vE( )./\[J\Jr{lj}>

We find &;;(s) by expanding the determinants that appear above by minors along
their first row. For this reason, it is important to know what is the position of
the elements E,,(s) = Gun(8)DnnAn + 5 — Ay, n € N\ {i,7}, in the above re-
duced matrix. Note that the elements E,,(s) with n = i+ 1,...,5 — 1, are on
the diagonal of matrix E(s). However, when j # i 4+ 1 these elements drop to the

lower-diagonal of the square matrices (E( )A;\{l\{ }, (Q@ o P)j\?i{ o E(s )/\/]\Jr{lj}> and

1\ j Ljy1
(B@RHT (@We YT B, ).

It is immediately obvious that if this displacement takes place, it will result in a
change of sign for the determinants. For this reason, we split the columns of the latter
matrices in the subsets F;_1, T, {j}, and Lj4q, where T'={i+1,...,5 — 1}. We fix
some m € N\ {i,7} and we separate the following cases:
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1. m € F;_4. For every two non-overlapping collections of n and k elements from
Fr_1,say V ={i1,...,in} and W = {j1,...,jx}, with 1 <n+k <m — 1, it holds
that

des((QM o P)g x (Q o P) g B(s)y " (QP) o P) ) Bls)g )
= G\ det ((Q 0 P)}, b6 (Q®) 0 Py B(s)( )T
Q% oP) Bls)5™ )
+ A det ((Q<1) )V 4 (Q®) o )Y B(s) L P OT,
(Q® o P) [ B(s)5™)
+ (5 — M) det ((Q< )oP)Q\{ X x (Q® op)g/\{m}, E(s )g\i’{”;ﬂmﬂ DuT
Q% 0 P) Gy B Ty )
and,
det ((QU 0 P)Y, w0 (Q©) 0 P) Y B(s)Em" PV (Q) o P) 2 Bi(e) )
= G(s)Amdet ((QU o)}, 20 (Q 0 P) ™ B(s) g T,
Q" oP) Bs)5 )
A det ((QW o )M w0 (Q 0 P)Y B(s) (LN
Qo) B(s)g )
+ (s — A\p) det ((Q(l oP)Q\{ | X (Q(2) op)s‘;‘/\{m}’E( )55\?;1}“3 1)uT’
(@ 0PIy B )
where Q = VUW U (L N Fo1) U{i}UT U Ly,
2. m € T with T # 0 (note that T" # () when j # i+ 1). For every two non-

overlapping collections of n and k elements from F,, 1 \ {i}, say V = {i1,...,in} and
W = {j1,...,jr}, with 1 <n+k <m — 2, it holds that

)

der((@ o)y w (@) o P} B (Q® 0 P) ) B(s)i )
= G(8)Am det ((Qm oP)) 1w (Q® o P) VI BT
(@ oP) B(s) )
+ A det ((Q<1> P () o B)Y B(s)Ln T
Q@ oP) E(s)5*)

= (5= dm)det ((QU o P)g % Q0 P)( Bls)gi]"
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() ,
(@ oP)J E(s >ga\;m})

and
det((Q<1) o P)g % (Q® o P)QVV’E(S)émmT’ QW o P)g},E(s)éj“)

= G(8) A det ((Q<1> oP)" e (Q2 o PV B(o)Er T
@ 0P} o))

+ A det (QU 0P (@ 0 P) Y B(s)5 T,
(Q(l) o P)g}’E(s)LjH)

= (= ) det ((QW o P)g 1y 1 (AP 0 P) gy B)gT
QUoP)L) L EGHL,):

where Q =V UWU{i} U (L,, NT) U Lj41.

3. m € Lj;1. For every two non-overlapping collections of n and k elements from
Foa\{i},say V={i1,...;inand W = {j1,...,jk}, with 1 <n+4+k <m—2 it
holds that

w

det((Q(l) oP)Y x (Q®oP)" ,E(S)ém)
= Gl det (@ 0P} (@ 0 P By )
+>\mdet((Q(1) )/t (Q@)op)W,E(s)SL)mH)
= m)det ((QU 0 P)g g % (Q 0 B)i B )

where Q =V UWUL,,.
By using the above formulas to evaluate all the involved determinants, we find that

51‘1‘(5) =( HJG Z G’C Z (*1)‘R‘ASUU}CS°(5)
FCN\{i7j}
|T|=k;
SCN\{z 7}
SOy
RCSNT

S\[ Fufst
% det ((Q(l) o P)SU{%} X (Q(2 o P) Su{j})
N-—-2
DY G Yo ()N ()
k=

FCN\{Z i}

(S\)U{s}
x det ((Q(l) © P)Su{i}u ’ (Q(z )Su{ })

which holds even when T = ().
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We assume now that ¢ > j, and we have to calculate
5 F {5} L,
Eij(s) =(~1)"TG(s)A; det (B(s) 3y (QP o P) L B
i4+jy -1 (1) {7} L1 \{¢}
H1) det (B(s) A (0 (Q 0 P) R )R )

In this case, T = {j +1,...,i—1}. When T'# (), for n = j+1,...,i— 1, the elements
E.n(8) = Gun(8)PnnAn + 8 — An, which are on the diagonal of matrix E(s), move to
the upper-diagonal of the matrices (E( )N\{ ) Q@ o P){J} E(S)Lj“,\{l}) and

MG} M\{5}
Fj_ {5} s+1\{i}
(B Gy (QU PRy BA ™).
The formula is exactly the same, with 7= {i + 1,...,5 — 1}. Thus, gathering all
the above, for i # j

N-—1
Eg(s) =D 3 GH(s) 3 (~DIFATHICT ()
k=1 PCN\{i,j}
|T|=k—1;
SCN\{i,j}
SDOT

RCSNTy;

x det ((QW o P), (@ o P) )

N-2
DY GRs) Y ()N ()
k= PCN\{i,5}
IT|=F;
SCN\{i,j}
SDOT
RCSNTy;

(S\I)u{s} r
x det ((Q(l Pleopy X Q%o P)Su{i})’
where m;; = min{i, j}, M;; = max{4,j}, and T;; = {m;; +1,..., M,;; — 1}. O

The adjoint matrix £(s) is equal to the transpose of the cofactor matrix of E(s).
Therefore, similarly to det E(s), each element of £(s) is an at most N — 1 degree
polynomial with respect to G (s). This observation explains also the similarity between
the formula of det E(s) and the diagonal elements of £(s).

Running example (continued). Recall that so far we have calculated det E(s). By
using the same arguments as for the evaluation of the determinant, from Theorem 4.4,
we have for the adjoint matrix

Eii(s) =GUNC M (s) det ((QM 0 P)j 30 () 0 P)g) =5 — ), i=12
E1a(s) =(—1)1F2(=1) PN (0 () det ((Q<1> ° P)g]}’ x (Q? o p){l}) Y

Ea1(s) =(—1)PHG (s) (= DIPINVTE 0 (5) det ((Q M, P) x (Q2) o P)?D
= —\G(s).
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For the evaluation of the Laplace transform w(s) of the queueing delay, it is only

left to calculate su€(s)w (see Egs. (4.9) and (4.13)). Observe that the elements of

the transform vector ®(s) are defined as ¢;(s) = su&(s)e;/ det E(s). The outcome

of su&(s)e; is the inner product of the vector su with the ith column of the matrix

E(s). Therefore, as a first step we calculate the quantities su€(s)e;, and we have the
following theorem.

Theorem 4.5. The numerator of the ith element of the transform wvector 'i’(s) takes
the form

N-1
sué(s)e; =su; Z G*(s) Z NS¢ (s) det ((Q(l) o P)L;\F X (Q(2) o P)g)
k=0 e\ {i}
IT|=k;
SCANM\{i}
SoTr

N N-1
+SZul(—1)l+i Z Gk(s) Z Z |R|ASU{ }CSC( )
1 PCN\{L,i} SCN\{Li}

1# ID|l=k—1 ST}
RCSNTy;

S\T ru{i}
x det ((Q(l) © P)Su{l} e (Q(Q) °© P)Su{l})

N N-—-2
+Szul(_1)l+i Z Gk( ) Z Z |R|ASU{ }CSC( )
k=0 TCNM\{L,} SCN\{I i}

1# ID|=k SoT
RCSNTy;

1) (S\Iu{i} 2)
x det ((Q( )Su{l} (Q( © P)su{z})
Proof. We calculate the inner product of the vector su with the ¢th column of the
N

matrix £(s), namely su€(s)e; = sZul&i = SZulé‘“ + su;&ii(s). By using

1=1
l;ﬁz
the definition of &;;(s), Vi,j € N, and Theorem 4.4, the result is straightforward. [

By combining now the results of the Theorems 4.3 and 4.5 using Eq. (4.13), one
can find the transform vector ®(s).

Running example (continued). To find the transform vector ®(s), we need to
calculate the vector u€(s)e. For each state we have

ué(s)er =u1€11(8) + uaan(s) = ui(s — ) — uz)\é(s),
ué'(s)ez :ulglg(s) + u2(€22(5) = 7U1)\ + UQ(S — )\)

The transform vector ®(s) is then

:I;(S) _ (Sul(s — )\) — SUQN)\G(S)7 7511,1)\ + SUQ(SN* )\)) '
(s — A2 —=X2G(s)  (s—A)2—AG(s)
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The following remark connects the system of equations that is required for the
evaluation of u, which was introduced in Theorem 4.2, to the adjoint matrix £(s).

Remark 4.6. The second statement of Theorem 4.2 practically says that each s;,
i=2,...,N, is a simple eigenvalue of the matrix H(s) + sI — A. Therefore, the
column vector a; belongs to the null space of the matrix H(s;) + s;I — A. Based on
some general results with respect to the form of the null space of a singular matrix (see
Theorem A.4, Remark A.G, and Corollary A.7 for details), without loss of generality
we can assume that the vector a; is any non-zero column of the matrix £(s;). Namely,
if the mth column of £(s;) is such a column, then

a; = ai(sz-) = (5(81)%{\;”}, 1= 2, ey N. (414)

This observation is very useful because it allows us to calculate in a straightforward
way the desired system of equations and find closed form expressions for the vector u.
In addition, since the vectors a;, i = 2,..., N, are matrix functions evaluated at the
point s = s; we define the derivative of each a; as

d .
ai(l):£ai(s) s 222,...,]\7.
S§=8;
The usefulness of the latter definition will be apparent in Section 4.3.2, where we
provide an extension of Theorem 4.2 that helps us to calculate our approximations.

Running example (continued). The transform vector ®(s) found in the previous
block is expressed in terms of the vector u. Here, we find an exact expression for u.
If s9 is the only positive (and real) root of the equation det E(s) = 0, the vector u
satisfies the system of Eqs. (4.10)—(4.11)

Loyl 1 u
S gy = = F
AT T Y

—>\U1+(82—)\)’LL2:0,

where for the derivation of the second equation we used the second column of the

matrix £(s). Namely, we used az = (£ (52))}{5} It is easy to verify that the solution
to the above system is given by

o= ((-2)0-2). 20-0)).

Although Theorems 4.4 and 4.5 provide explicit expressions for the transform vector,
they may not be practical in cases where the LST of the service time distribution
of a real customer G(s), which is involved in the formulas, does not have a closed
form; i.e. Pareto distribution. In such cases, one would have to either consort to a
numerical evaluation of G(s) or approximate the transform vector ®(s) in some other
fashion. This chapter focuses on the latter approach, which we work out in detail in
the following section by taking as starting point a mixture model for the service time
distribution of a real customer.
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4.2.2 Construction of the corrected phase-type approximations

We assume now that the service time distribution of a real customer is G(t), which
was defined in Eq. (4.1) as a mixture of a phase-type distribution and a heavy-tailed
one. We will eventually show that the queueing delay can be written also as a mixture,
in the sense that we can identify the queueing delay of a model with purely phase-
type service times and some additional terms that involve the heavy-tailed service
times. As a result, in order to derive our approximations, we first need to compute
the delay in a MArP/PH/1 queue and afterwards use this as a base to further develop
our approximations involving a heavy-tailed component. In the sequel, we give a more
detailed description of our technique.
_ In terms of Laplace transforms, we get for our mixture service time distribution
G (s) = (1 —€)F,(s) + eF}(s). As observed in Section 4.2.1, when the service time
distribution of a real customer is of phase type, then the determinant det E(s) and
the elements of the adjoint matrix £(s) are all rational functions in s. Therefore,
after the cancelation of the problematic factors s — s;, i = 1,..., N, that appear in
the denominator (see the analysis below Theorem 4.2), the elements of the transform
vector él;(s) are also rational functions in s and they can easily be inverted to find the
delay distribution. B
Note now that the LST of the service time distribution of a real customer G(s)
can be written in the following two ways:

G (5) = Fp(s) + e(Fu(s) — Fp(s)) or G.(s) = (1 —€)Fy(s) + e+ e(Fu(s) - 1).

In both formulas, the LST of the service time distribution éﬁ(s) can be seen as
perturbation of a phase-type distribution by a term that contains the heavy-tailed
component F}(s). The index ¢ is interpreted as the perturbation parameter and it
is used for all the parameters of the system that depend on it. Next, we explain
how these two different representations of the same formula can lead with the aid of
perturbation analysis to two different approximations for the queueing delay.

We start our discussion with the first formula. We set Fj,(s) = Fp( s) in the formula,
or in other words, we assume that all of the customers come from the same phase-
type distribution or equivalently that we replace all the heavy-tailed customers with
phase-type ones. Therefore, one can find with G,.(s) = F,(s) the delay of a simpler
MArP/PH/1 queue, by specialising the formulas of Section 4.2.1 to phase-type service
times. As a next step, we find all the parameters of the mixture model as perturbation
of the simpler phase-type model, which we use as base. Then, we write the queueing
delay of the mixture model in a series expansion in €, where the constant term is the
delay of the MArP/PH/1 queue we used as base and all other terms contain the heavy-
tailed service times.

We define our approximation by taking the first two terms of the aforementioned
series, namely the up to e-order terms. We call this approximation corrected replace
approzimation. The characterisation “corrected” comes from the fact that the e-
order term corrects the tail behaviour of the constant term, which as a phase-type
approximation of the queueing delay is incapable of capturing the correct tail behaviour.
Finally, the characterisation “replace” is due to the phase-type base model we used.
This approximation is the extension of Approximation 3.4 to MArPs. We give
analytically all the steps to derive the corrected replace approximation in Section 4.3.
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In a similar manner, we construct the corrected discard approximation by using the
second formula; see also Approximation 3.3. We first discard the heavy-tailed customers
from the system by simply setting Fj(s) = 1. Afterwards, we derive the queueing delay
of the phase-type base model with service time distribution G*(s) = (1 — €)F,(s) + €
for a real customer, which has an atom of size € at zero. Throughout the chapter,
we use G2(s) for the LST of the service time distribution of a real customer in the
discard base model instead of ée(s) to avoid confusion with the mixture model. We
briefly discuss the details for the construction of the corrected discard approximation
in Section 4.4.

In the next sections, we provide the steps to construct the corrected replace and
the corrected discard approximations, which we call collectively corrected phase-type
approximations.

4.3 Corrected replace approximation

In this section, we construct the corrected replace approximation. First, we calculate
the queueing delay for the phase-type model that appears when we replace all the
heavy-tailed customers with phase-type ones in Section 4.3.1, i.e. we specialise the
results of Section 4.2.1 to phase-type service times. Later, in Section 4.3.2, we calculate
the parameters of the mixture model with service time distribution G_(s) given by
Eq. (4.1) as perturbation of the parameters of the corresponding phase-type model,
with perturbation parameter e. In Section 4.3.3, we find a series expansion in € of
the queueing delay in the mixture model with constant term the queueing delay in
the phase-type base model and all higher terms involving the heavy-tailed services.
Finally, in Section 4.3.4, we construct the corrected replace approximation by keeping
only the first two terms of the aforementioned series. We start in the next section
with the analysis of the replace base model; i.e. the one containing only phase-type
service times.

4.3.1 Replace base model

When we replace the heavy-tailed customers with phase-type ones, we consider the
service time distribution G,(s) = F,(s) for our phase-type base model. Observe that
this service time distribution is independent of the parameter €, and so will be all the
other parameters of this simpler model. Thus, from a mathematical point of view, the
action of replacing the heavy-tailed service times with phase-type ones is equivalent
to setting € = 0 in the mixture model.

To avoid overloading the notation, we omit the subscript “0” (which is a consequence
of the fact that ¢ = 0) from the parameters of the replace phase-type model and
we assume that the service time distribution of a real customer is some phase-type
distribution with LST G(s) := F,(s) = ¢(s)/p(s), where ¢(s) and p(s) are appropriate
polynomials without common roots. The degree of p(s) is M, and without loss of
generality, we choose the coefficient of its highest order term to be equal to 1. Finally,
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the degree of the polynomial g(s) is less than or equal to M — 1. Define

1) S\I' 2 AV .
K = r?%c{rrnc%{rank((@ oP)3" % (Q®oP)g)}ik=|T| and T c 5N},
(4.15)

Then, the following result holds.
Proposition 4.7. There ezist x; and y;, with R(xz;) >0, R(y;) >0, j=1,...,7M,
such that the Laplace transform w(s) of the queueing delay takes the form

I (st yy)

UJ(S) = rM

Hj:l (s + ;)

where the vector u is calculated according to Theorem 4.2 with the LST of the service
times being equal to F,(s), and r is some positive integer less than or equal to K
defined by Eq. (4.15).

Proof. The main idea here is to find @(s) by taking G(s) = q(s)/p(s). In this case,
the determinant det E(s) (see Theorem 4.3) takes the form

det B(s) = 37 A¢S"(s) det (QV 0 P)3

SCN
N

+3 (q(s)> > A (s)det ((QV o P)g" % (@ 0 P) ),
=\

(4.16)

and the numerator of w(s) (see Eq. (4.9) and Theorem 4.5) becomes

@ s SL
sué(s —sZulwz Z (p(s)) Z AC

k=0

x det ((Q<1> oP)3" % (Q@ o P)y)

N-1 k
JFSZ%ZUZ “” Z (Zg;) Z (71)|R|>\Su{i}<sc(s)
;e

k=1 PCNM\{L,i}
IT|=k—1;
SCNM\{l,i}
SOOI
RCSNTy;

S\T ru{i}
x det ((Q(l) ° P)Su{l} M (QP) o P)Su{l})

N N N-2 k
53w Y w1 ("”) Y (SRS (o)

TCN\{L,i}
e |=k;
SCN\{l,:}
SDOT
RCSNTy;
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xdet ((QW o P) 1w (Q@ o) ). (4.17)

Observe that both the denominator (4.16) and the numerator (4.17) of w(s) are
rational functions with denominators the polynomial p(s) raised to some power. To
simplify as much as possible the expression of w(s), we multiply Eqgs. (4.16) and (4.17)
with (p(s))r, where 7 € N is the highest possible power of p(s) that is involved in
the formulas. It is immediately obvious that r < K. Therefore, we multiply both
Eqgs. (4.16) and (4.17) with (p(s))r

When multiplied with (p(s))", the denominator of w(s) becomes

(p(s))" det E(s) =(p(s))" Z A5 (s) det (Q(l) o P)g

SCN

+3 7 (as) (0() T Y DT AS(s)

k=1 TCN SCN
IT|=k SOT

xdet ((QU o P) 3" x (@ o P)y). (4.18)

The term (p(s))r S s AT (s) det (QW OP)Z is a polynomial of degree rM + N.
The coefficient of s™™*+V is found when we set S = ), and it is equal to 1.

Let now n be the degree of the polynomial g(s). Therefore, the second term of the
right hand side of Eq. (4.18) is a polynomial of degree at most n + (r — 1)M + N — 1
(the highest order of s is found when |S| = 1). Since n < M — 1, it is immediately
obvious that (p(s))r det E(s) is a polynomial of degree N + rM, thus it has exactly
N + rM roots. From Theorem 4.2, we know that exactly N — 1 of its roots have
positive real part and that zero is also a root. We denote these roots as s; = 0 and
S2,...,5N, and we assume them to be simple. We denote the remaining rM roots
with negative real part as —x;, j =1,...,rM. Consequently, the denominator of w(s)
is written as

N rM
(p(s))" det B(s) = s [ ] (s — sx) H (s + ;). (4.19)
k=2 j=1

Similarly, the numerator of w(s) becomes

(p(s)) ) sué(s —sZu wi (p Z AI¢5(s) det (Q(l) o P)g
SCNM\{i}
N-1 i ;
+sZu Wiy (@) (ps) T 3 AT )
k=1 PCM\{i}
IT|=k;
SCN\{i}
SoTr

xdet ((QU o P)5" % (Q o P)y)
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N-1

+szwzzul DS (g() ()" > ()
i=1 = k=1 TCN\{L,i}
z;m IT|=k—1;
SCN\{l,:}
SO
RCSNTy;
¢ ASUL 57 () det ((Q<1> o P) g, % (Q o P)gtﬁg)
N-2
+SZ%ZW DY () () Y (-
i=1 k=0 TCN\{l,i}
l;ﬁz |T|=k;
SCN\{l,i}
SDOT
RCSNTy;

NG (et (@ RSO w (@Y ).

It is easy to verify that (p(s)) su€(s)w is also a polynomial of degree rM + N.

The coefficient of s"*N is equal to uw and it is determined by the term s Zf\il U;W;

(P())" Sscan iy NS¢ (5) det (QM) 0 P for S = 0. We know from Theorem 4.2,
that the vector u is such that the numbers s, k € N, are also roots of the numerator of
w(s). We denote the rest rM roots of the numerator as —y;, j = 1,...,rM. Therefore,
the numerator of w(s) is written as

N rM
(p(s))rsug(s)w = uws H(s — Sk) H(s + ;). (4.20)
k=2 j=1
Combining Egs. (4.19) and (4.20), the result is immediate. O

The formula of w(s) is a rational function that corresponds to a phase-type
distribution. Applying Laplace inversion to w(s), we can find the exact tail probabilities
of the queueing delay; namely we can find P(W > t).

Running example (continued). Given that we have already calculated the trans-
form vector ®(s), we can now calculate the Laplace transform w(s) of the queueing
delay for phase-type customers, by using Proposition 4.7. In our example, K = 1 and
consequently r = 1. In addition, w? = (0,2). Thus, w(s) under phase-type service
times is

82U2 —s\ug +uz) s2p(s)ug — sp(s)A(uy + us)

2o N2 = 22E(s) (s — N7p(s) — Nq(s)

Observe that both the numerator and the denominator of w(s) are polynomials of
degree M + 2. Moreover, Theorem 4.2 guarantees that 0 and so are common roots of
them. If —y; and —z;, j =1,..., M, R(z;),R(y;) > 0, are the remaining roots of the

numerator and the denominator, respectively, the Laplace transform of the queueing
delay can be written as

2U28(8—82)H 1(5+ys) 2w [, (s + )
s(s — s2) [T1Ly (s + ;) (s +a)

B(s) =202(s) =
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As pointed out in Section 4.2.2, the LST of the service time distribution ée (s)

(see Eq. (4.1)) can be seen as perturbation of ﬁp(s) by the term e(ﬁh(s) - ﬁp(s)) In

the next section we write the parameters of the mixture model as perturbation of the
parameters of the replace base model.

4.3.2 Perturbation of the parameters of the replace base model

In order to find the queueing delay in the mixture model as a series expansion in € with
constant term the queueing delay in the replace base model, we apply perturbation
analysis to the parameters of the mixture model that depend on €. Thus, we first check
which of the parameters in the mixture model depend on € and then we represent
them as perturbation of the parameters of the replace base model.

Since the matrices P, Q, Q@ and A (see Section 4.2.1) depend only on
the arrival process, they are invariant under any perturbation of the service time
distribution. However, the matrix G.(s), and consequently H,(s) change, and so does
the stability condition (see Eqgs. (4.4)—(4.6)). Let now ﬁpe(s) and f‘ﬁ (s) be the LSTs
of the stationary-excess service time distributions Fj,(t) and Fj(t), and p, and py be
the finite means of the phase-type and heavy-tailed service times, respectively. Then,
we obtain

Ge(s) =G(s) + es(pp Fy (5) — nFi(5)) Q,
and
H.(s) =G(s) o PA = H(s) + es(upﬁ;(s) - uhﬁf(s))Q@) oA.
Finally, the stability condition takes the form
(A~ —M,)e >0, (4.21)

where M = M + es(py, — 1) Q® o P,

Under the stability condition (4.21), Theorem 4.1 holds for the transform vector
ée(s), for some row vector u.. More precisely, there exists a unique vector u. such
that the transform vector 55(5) satisfies the system of equations:

®.(s)(H(s) +sI - A) = su,, (4.22)
@ (0)e =1, (4.23)
where the vector u. is calculated according to Theorem 4.2.

Recall that the evaluation of u. goes through the evaluation of the positive
eigenvalues of the matrix

Ec(s) =H.(s) + sI — A = B(s) + es (1, F5 (s) — pnFi(5)) Q™ o A. (4.24)

Observe that the above representation of the matrix E.(s) is a linear perturbation in
¢ of the matrix E(s) of the base model. Thus, according to results on perturbation
of analytic matrix functions (De Terén, 2011; Lancaster et al., 2003), we have that
the positive eigenvalues of the matrix E.(s) and their corresponding eigenvectors are
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analytic functions in e. Consequently, one can find a series representation in € for
all the involved quantities that are necessary for the evaluation of the vector u. (see
Theorem 4.2). By using these parameters, we can find a complete series representation
for the transform vector @, (s) and by applying Laplace inversion to each term of this
series we can find a formal expression for the queueing delay that is a series expansion
in €. As we stated earlier, we only need the first two terms of the latter series to define
the corrected replace approximation. Therefore, in our analysis, we keep only the
terms up to order € of each involved perturbed parameter.

In the next theorem, we provide an algorithm to calculate the first order approxi-
mation in € of the vector u., given that we have already calculated the vector u of the
replace base model, by specialising Theorem 4.2 to phase-type service times.

Theorem 4.8. Let u be the unique solution to the Eqs. (4.10)—(4.11) for the replace
base model. If the roots ss,...,sn of det (H(s) + sI — A) = 0 with positive real part
are simple, then

1. the equation det (HE(S) + sI — A) = 0 has exactly N non-negative solutions
Seds---ySeN, with sc1 =0 and s.; = s; — €§; + O(€?) fori=2,..., N, where

Z | det (E(Sz).h.n,K(Si)oj»---aE<5i)ON)
det (E< ol; .- E(l)(si)'ja""E(Si)'N)

Y

and K(s) = s(ppﬁ;(s) — Mhﬁ;f(S))Q(Q) o A.

2. We assume that the stability condition (4.21) is satisfied and we set A =
(A~te,as,...,ay) (see Eq. (4.14)) and ¢ = (w(A~* — M)e,0,...,0). Then,
the vector u. is the unique solution to the system of N linear equations

u. (A —eB + O(eU)) =c+ed, (4.25)
where B = (0, drasM —ky, ..., dnvay™® —kN) andd = ((,up—uh)ﬂ'Q(z) o Pe, 0,
. 0), with k;, it = 2,..., N, being a column vector with coordinates
=(—1)™* N\{J} A}
kij= J Z det (( S5 N\{m}) . (K(Sl)N\{m}).k’ ol

N .
(B ) jex.
and the choice of m explained in Remark J.6.

Proof. For the first part, we write det (Hg(s) + sI — A) as a perturbed function of
det (H(s) +sI— A) and we apply perturbation analysis to show that the eigenvalues
with positive real part of the first determinant are perturbation of the latter’s eigenval-
ues with positive real part. Namely, since K(0) is an N x N zero matrix, it is evident
that s.,; = 0 is an eigenvalue of the matrix H¢(s) + sI — A (see Eq. (4.24)). According
to Corollary A.11, the numbers s¢;, i = 2,..., N, are also simple eigenvalues of this
matrix. Thus, according to Theorem 4.2, there are no other roots of the equation
det (E(s) + eK(s)) = 0 with non-negative real part besides the values s ;, i € N.



94 Corrected phase-type approximations in a Markovian environment

For the second part of the proof, by using Remark 4.6 and perturbation analysis,
we find the form of the right eigenvectors of det (He(s) +sI— A) that correspond to its
eigenvalues with positive real part. Then, we follow closely the proof of Theorem 4.2
to find the system of equations that the vector u. satisfies. More precisely, by using
Theorem A.12, we can evaluate N — 1 column vectors w,; such that

(He(se,i) +seil —A)we; =0,  i=2,...,N.

Since s.; # 0, i = 2,..., N, post-multiplying Eq. (4.22) with s = s.; by we;, we
obtain
uwe; =0, i=2,...,N.

To derive the remaining equation, we take the derivative of Eq. (4.22) with respect to
s, yielding B B
@ (s)(HM () +I) + @Y (s)(He(s) + sI — A) = u,.

By setting s = 0, we get
®.(0)(HLM(0) +1) + @1 (0)(P ~I)A = u..
Post-multiplying by A~ 1e gives
®.(0)(HD )+ DA re + 31 (0)(P -I)AA'e = u. A e.
Finally, by using (P—I)e =0, H 1)(0) = —MA+e(pp—pn) QP oPA, and ®.(0)=m

(where the latter follows from Eq. (4.22) with s = 0 and the normalisation Eq. (4.23)),
the above can be simplified to

7w (A7 = M) e + e, — w)wQ> o Pe = u A e,

The uniqueness of the solution follows from the general theory of Markov chains that
under the condition of stability, there is a unique stationary distribution and thus also
a unique solution ®.(s) to the Eqgs. (4.22) and (4.23). This completes the proof. O

Remark 4.9. When the number of states is N = 2, the column vector ko of Theo-
rem 4.8 is equal to

ko = (Kaa(s2), —K21(82))T or ko= (- K12(52),K11(52))T7

depending on whether m = 1 or m = 2, respectively. The case N = 1 is merely the
M/G/1 queue, which was treated in Chapter 2 (due to the duality between the two
models).

Running example (continued). In order to evaluate vector u., we first need to
calculate the perturbed root s 2, and more precisely the term d2. Observe that in our

case only element Ko (s) = s)\(upﬁ;(s) - uhﬁﬁ(s)) of matrix K(s) is not equal to
zero. Then, the numerator of d, becomes

det (B(s2) ', K(s2) ) + det (K(s2) 1 E(s2) 1) = =502 (1p FE (52) — i (s2)),
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and its denominator takes the form
det (E(s2)\, EW (52){) + det (BED (s2) { E(s2) F1) = 2(s2 — A) = A2ED (s),

because the first derivative of matrix E(s) is

() = ( Aﬁ;)(s) (1) )

Combining the above, we have

—5a N2 (1p FS (52) — pnFi (2))

b2 = 2D
2(82 — )\) - A Fp (82)

Recall that for the determination of the vector as we had used the second column of
the adjoint matrix, namely we had chosen m = 2. Thus, according to Remark 4.9
vector Ko is a zero column vector of dimension 2. Since as) is the second column of
matrix E(l)(s), it holds that Bos = 02 and all other elements of B are equal to zero.
Finally, d = (3 (up — p,),0). |

By matching the coefficients of € on the left and right side of Eq. (4.25), we can
write the vector of unknown parameters u. as uc = u + ez + 0(626). The exact form
of vector z is given in the following lemma, which we give without proof.

Lemma 4.10. Vector u. can be written in the form
u. =u+ez+ O(%e),
where

z=(cA"'B+d) A"

Running example (continued). For the evaluation of z we need to find the inverse
of matrix A, namely we need

A _
A1_<S2_1)\ i\)
52 X Py

By observing that cA~!' = u and following the calculations of Lemma 4.10 we obtain

_ AL L My, A LA
n= 2<up—uh><32—A>—82( -2 )62,2<up—uh>+52( ~ 226 .

In our analysis, we used first order perturbation with respect to the parameter
€. The exact same procedure can be followed if higher order terms of € are desired.
However, this would result to the increase of the complexity of the formulas. In the
next section, we provide the formulas for the evaluation of the perturbed transform
vector @ (s) and the Laplace transform w,(s) of the queueing delay.



96 Corrected phase-type approximations in a Markovian environment

4.3.3 Delay distribution of the perturbed model

If £(s) is the adjoint matrix of E.(s) (see Eq. (4.24)), then the ith element of the
transform vector ®.(s) is defined as

~ _ sucle(s)e;
Geils) = det Ec(s)

Therefore, to find the exact formula of awv(s) we need to find det E¢(s) and su.Ec(s)e;
By using the binomial identity and omitting higher order powers of €, we have that

Al e e k A k A k—1 e e
(Fols)+es(upF(s) = mnFi(9) ) = (Fyp(s)" +eb(Fyp() s (i 5) — pn i (5)) +
O(€%). We give the following lemmas without proof. The first one gives the formula
for the evaluation of the denominator of the desired quantity.

Lemma 4.11. If det E(s) is evaluated according to Theorem 4.3 with G(s) = ﬁp(s),
then det E.(s) can be written as perturbation of det E(s) as follows

N
det Ec(s) =det E(s) + es(upﬁ (s) — punF¥ (s Z k(F, Z Z PG D)
k=1 PCN SCN
IT[=k SOT

S\T

xdet ((QV o P)S" % (Q o P)g) +O().

Running example (continued). To find the perturbed determinant det E.(s),
observe that only the combination k¥ = 1 with T' = {1} and S = N gives a non-zero
coefficient for e. Therefore,

det E(s) =det E(s) + es(p, F5 (s) — pnFi (5)) XV ¢0(s)
xdet ((QU o P) M (@@ o))

=det E(s) — eAzs(upﬁIf(s) — uhﬁf(s))

The next lemma gives the numerator of each 5671'(8), ieN.

Lemma 4.12. If suf(s)e; is evaluated according to Theorem /.5 with G(s) = ﬁp(s),
then su.E.(s)e; can be written as perturbation of suE(s)e; as follows

sucl(s)e; =sul(s)e;

N-1
tes |z Y (Fp(s)" D0 ASCT (s)det ((QU o P)S" x (@) o P)y)
k=1 TN \{i}
[T|=k;
SCNM\{i}
Sor

tz Y ASCH(s)det (QV o P
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N N—-1
Z (_1)l+i Z (ﬁp(s))k Z (—1)|R|)\SU{i}CSC(3)
=1 k=1 PCN\{Li}
e IDl=k—1;

SCM\{l,i}

SDOTy
RCSNTy,;
S\I' Tu{:
x det ((Q(l) oP SEJ{l} x (Q®o P)siizi)
N N-2
+ Z zl(—l)l"'i (ﬁp(g))k Z Z \R\)\SU{Z}CS°( )
=L k=0 FcN\{l,i} SCNM\{l,i}
l# T |=F $oT;
RCSNTy;

(S\IMU{i}
x det ((Q(l) © P)Su{l} M (Q® o P)Su{l})

_ N—1
+5(upFy(s) — i FE (s (uz k
k=1
S AS¢S(s) det ((Q op)g\F % (@2 oP)})
FCM\{i} SCNM\{i}
ID|=k  SOI
N N-1 -
+Zul(_1)l+z k‘(Fp(S)) Z Z \R\ASU{ }CS ( )
=1 k=1 FcN\{L,i} SCNM\{l, z}
L IT|=k—1  SOT;

RCSNTy;

S\T

ru{i}
x det ((Q(l) oP sufiy X (Q(Q) ° P)Si{l})

N ~—

N N—
YD R(EE) T X Y (AT ()
=1 k=1 FcN\{l,i} SCN\{Z z}
e IT|=k SOT;
RCSNT;

x det (@M o P) 50 w0 (Q® oP)SU{l}>> +0(&),

where z;, 1 € N, are the coordinates of the vector z given in Lemma 4.10.

Running example (continued). By doing the calculations for each state without
taking into account terms that are equal to zero, we obtain:

sucle(s)e; =su&(s)e; + es [zl)\@g{Q}(s) det (Q(l) o P)g
+ s(upFy (s) = unFi(s)) (uz(—1)2+1( 1INV (0 (5) g8 )1021>
+ 25(=1)* 1 Fy (s) (= 1)PA O (5)g P pos | +O()

=suf(s)e; + €s (21(5 —A) — zg)\ﬁp(s) + s(upﬁpe(s) - uhﬁ,f(s)) (—)\ug))
+0(e),
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and

suE(s)es =sul(s)ey + es | 2oA 1M (s) det (Q(l) o P)g

+Z1(—1)1+2< )|®|A0U{2}<®( )q P1o +O(62)
=su&(s)es +es(— 1A + 22(s — N)) + O(€7).

|
By combining the results of Lemmas 4.11-4.12, we have the following proposition
for the Laplace transform w,(s) of the queueing delay.

Proposition 4.13. If w(s) is calculated according to Proposition 4.7 for the replace
base model, then there exist unique coefficients B, v, ak, Bk, Yk, kK =2,..., N, and
o, Bl i i=1,...,0,1=1,...,r;, such that the Laplace transform w(s) of the
queueing delay of the mixture model satisfies

N o Tj . +1
<Zw+z_:s ZZ s+y Y_H_l)

We(s) =w(s) + e—w(s)

uw
j=11=1

. /Bk Tj —I+1

+ (pFe () — un F (s ﬂ+Z = +ZZ R e
S — Sk Faiem s+y

N Vi Tj ’yl rj—I+1

— Fe¢ F L —
(i F5(5) ) (HZHk >3l )

+0(e%),

where the vector z given in Lemma 4.10.

Proof. First, we show how we can factorise the numerator and the denominator of
We(s) so that we recognise w(s) as a factor of w.(s). The remaining factors of w(s)
form a series expansion in €, from which we keep only the e-order terms. The latter
terms involve the Laplace transforms of rational functions to which we apply simple
fraction decomposition to complete the proof.

Recall now that r is the maximum power of p(s) that appears in the formulas.
Therefore, to use perturbation analysis, we multiply both det E.(s) and su.&.(s)w
with (p(s))". So, if we set

N
é_TMJrN 1 Zk (S))'f—k‘"rl Z ASCSG(S)
k=1

xdet ((QU e P) 3" x (@ o P)g), (4.26)
then,

(p(s))" det Ec(s) = (p(s))" det B(s) + es(ppFe(s) — pnFr(s))rnrsn—1(s) + O(e?).
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Note that the polynomial &.pr4n—1(s) is of degree at most *M + N — 1, and the
coefficient of s"™™+N-1 ig equal to v = Zf\il A; det (Q(2 o P)E ]}> Zi\il )\zqz(zz)pzy'
Theorem 4.8 guarantees that the function (p(s))r det E.(s) has exactly N — 1 roots

with positive real part and it also has s.; = 0. The roots with positive real part are
of the form s, = s — €6 + O(€?), k =2,..., N, where

_ (/‘Pﬁ;(sk) - Mhﬁ}f(sk))ngJerl(sk)
H%I%(Sk —51) H;fl(sk + z;)

_ (upﬁ;(sk) - /Lhﬁﬁ(sk))er+N—l(Sk)@(sk).

E (4.27)
uw H%%(Sk — i) T2 (s + 95)
Thus, if we set
a(s) = W EE ) — B Enan 1 () N b s
wo [Ta(s —se) IL2 G +) (S
the denominator of w,(s) multiplied by (p(s))r can be written as
N
(p(s )) detE.(s) = s H s+ H(s — s+ b + O(?)) (1 + ed(s) + O(€?)).
j=1 k=2
(4.29)

Note that the function d(s) is well defined in the positive half plane due to the definition
(4.27) of b, k =2,..., N. Similarly, if we set

SitrmriN—2(8) =Lp—iy Z o) Y AT (s)

xdet (@M oP) " % (Q® o P)y)
N-1

+n{l#}[<—1>l+i ) ) S S

k=1 TcNM\{l,i} SCN\{L, z}
T|=k-1 SOr;
RCSNTy;
i c S\I' INGRE)
s ASU ¢S () det ((Q(l) o P) gy ¥ (QP o P)SULD

_1)l+i i k(q(s))k_l (p(s))r_k'*‘l Z Z |R|
k=1

TCN\{l,i} SCN\{I 1}
)=k SO
RCS(‘IT“

O (@RI @R )]

(4.30)
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and

S
gi{,l,rJV[%»Nfl( s) =lg—y [ Z )\SCS ) det (Q OO P)S
SCN\{i}
N-1

3 (@) ) ™ S ST A ()

k=1 rEN\(i} S
T

xdet ((QU o P) 3" x (@2 o P)y)

iy [ e Z (5))“’“ Z Z 1)IEl

k=1 FCN\{[ i} SCN\{Z i}
r —1
IrTl= RCSQT[I

A (@081 (@7 B

N-2

_|_(_1)l+i Z (q(s))k(p(s))r_k Z Z \R\)‘SU{Z}CSC( )

k=0 PCN\{l,i} SCN\{l,:}
|T|=k SOT;
RCSNTy,

x det ((Q(l) )Si\E}U{ " (Q(2) )Su{l})‘| (4.31)

then

N

Z wi Z Zlgz{,l,rM+N—1(5)

i=1 =1

(p(S))TSUEEE(S)w :(p(s))TSI,lg w + €s

N

N
s(upFg (s) — pnF (s Zwi Wi rm+N—-2(8)
=1 =1

+ O(€?).

Note that the polynomial Zl]il wj Zl]\il 21€; 1o n—1(8) is of degree rM + N — 1,
rM+N—1ig 7. Analogously, the polynomial s va 1 Wi Zz 1 U
rM+N—1

and the coefficient of s
X &i1rm+N—2(8) is of degree at most M + N — 1, and the coefficient of s

is equal to 8 = 310 wi 3L, w x (1{l:i} Ey‘;l N5y i+ Ly (—1) Ny} plz)-
VED)

The first part is for S = I' = {j}, and the second part for S =T" = (). Theorem 4.8
guarantees that the roots sc i, k € N, are also roots of the numerator of w,(s).
Therefore, applying perturbation analysis to (p(s))rsueé'e(s)w results in an equivalent
definition for each 6, k=2,..., N, as

(”pﬁs(sk) - Nhﬁﬁ(sknsk Zf\fl:l Wi & 1o M+ N—2(Sk)
we TS (s = s0) T2 (s + 1)

O =
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N N
Dim1 Wid o Zlfz/‘,l,rMJrN—l (sk)

. . (4.32)
uw H%%(Sk — ) [1;2 sk + 95)
Now, if we set
n(s) = (pFg(5) — pnF(s)) s Sor—y with&i g rar+N—2(s)
uew [[;o (s = s1) T2, <s + )
N N
n iz @i d = A€ emin 1 (8) EN: Ok (4.33)
uwHiLg(sfsk)HrM(sw =t
the numerator of w,(s) multiplied by (p(s))r can be written as
rM N
(p(s))TsuESE(s)w = uws H(s +y;) H (s — sk + €6 + O(€%)) x (14 en(s) + O(e?)).
j=1 k=2
(4.34)

Note that the function n(s) is well defined in the positive half plane due to the
definition (4.32) of dx, k = 2,..., N. Combining (4.29) and (4.34), we obtain

uw HTM (s+vj) 1+en(s)+ O(e

0(¢%)
H;i/[l(s +z;) 1+ ed(s) + O(e?)
=w(s)(1+ en(s) + 0(62)) (1 —ed(s) + O(e ))
=w(s) + ew(s)(n(s) —d(s)) + O(®)
~ 1 . Zfil Wi le\il 218 1 e n—1(5)

=w(s) + €uww(8) ( T, (s — sk) H;fl(s + ;)

5 Zi\[:l Wi Zi\; wéitrM4+N—2(5)
[Tiza(s — i) T2 (s + ;)

~ Zel )\ Erarn-1(5) °
— (upFy(s) — pnFy (s))w(s r ol
(1 F5 (s) — unFy (s))w( )Hév_2(3_3k)nj_M1(s+yj)> Hor

N Mooy
zZw + + 77
(s gt + 2 22 )
rM
~ Bk Bj -
+ (upFe(s Fe(s)) | B+
(upFy (s) = pnF (s ( Zs_Sk ]ZSerj
~ r]\l,y y
s k
~Fsto —mFs)) (5 + 3 2+ 2

where the last equality comes from simple fraction decomposition under the assumption
that the roots —y;, j = 1,...,rM, are simple. The coefficients ay, Bk, vk, k =2,..., N

@6(5)

+ (pFe(s) — unF(s))

=w(s) + eiiﬁ(s)

+0(¢),

)
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and o}, 87,75, j = 1,...,7M, are as follows

N N ’
im1 Wi D=1 21E5 1, _+(s
o = Zz—l Zl_l i1 A, MAN 1( k)7 (4.35)

N rM
Hfii(s’“ —s) [ 121 (sk +y5)

N N
g, — 5 D im1 Wi Dy Wiy N—2(8k) 7 (4.36)

N rM
H%;]%(Sk —s) [I;2 (s + 95)

e = Erm+N—1(8k) , (4.37)

N rM
Hg;i(sk =) [T;21 (6 +5)

N N

;o Doimi Wi Dy Zlfz/',l,rM+N71(_yj)

j = N M )

Yij [ Lmo (=5 — k) H%l(—yj +u1)
J

N N
g == Doima Wi Dj—y Wit rmN—2(—Y))
J N M
[Te—a (=Y — sk) Hg;;(*yj + 1)
ErmenN—1(—y;)

N M :
Yj [ Trea(—yj — sk) H%ﬁ}(*% + 1)

The above results hold when all roots —y;, j =1,...,7M, are simple. Suppose now
that only o of the roots are distinct and that the multiplicity of root —y;, j =1,...,0
is r;, such that Zj.:l r; = rM. In this case,

Tj rg—l-&-l
<zw+zs—sk ZZ s+y rJz+1>

v =

)

~ ~ 1
We(s) =w(s) + eaw

=11=1
_ Bk Tj —l+1
st i) 5+ 30 2 S
j=11=1
—(u ﬁe() hF( 7"‘2 Vi Zi:%, —l+1
P~ p h stk i +y ’I”J—l-‘rl
+ O(€?), (4.38)
where ay, Bi, and v, k = 2,..., N, are defined through (4.35)—(4.37). For each
j = 1,...,0, the coefficients osz, p = 1,...,r;, are the unique solution to the

following hnear system of r; equations

dSn [Zwlzzlgzl'rM-&-N 1( )]
1=1 s=—y;
d N o
:ds"lH s—se) [J(s +u)" Za ) P“<s+yj>p1]
k=2 =1
I#j

s=—y;

for n = 0,...,7r;. Similarly, for each j = 1,...,0, the coefficients 87, and v},
p=1,...,7;, are the respective unique solutions to the following two linear system of
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r; equations

d N N
M[ szz l51l7J\I+N 2( )]
=1 =1 s=—y;
d N o
dsan(SSk H$+ylrlzﬂjpy] TJ p+1(3+y) 1] )
k=2 =1 s=—y,
I#j
d
o l§TM+N 1(5)]
S=—1;
d N o Tj
- = [H@ s TT + o)™ YA 7 s ) ] ,
= =1 p=1 s=—y;
I#j
forn=0,...,7;. O

Before we evaluate w,(s) in our running example, we apply Laplace inversion to
the coefficient of ¢ in the series expansion of w,(s). Finally, let B¢ and C*® be the
generic stationary excess phase-type and heavy-tailed service times, respectively.

Theorem 4.14. If 5(5) is the coefficient of € in the series expansion of We(s) in
Proposition /.13, its Laplace inversion ©(t) = L7{0(s)} is equal to the expression

o) = L (@1(t) + @g(t)), where ©1(t), O2(t) are given as follows

uw

1) = (o ia) POV > 1)
k=2
(ﬂ i )( P(W+B°>1t) - HhIP(W+Oe>t))

.

k=

=2

:)( PW+ W +B°>t)— uhIP(W+W/+C€>t)>

w

q
=

2
(%z P (W + W' + B+ B, _141(y;) > t)
1=

—

J

— wp P (W + W +C° + B _11(y;) > t))

= B (1P (W + B + Epy 141 (yy) > t) — P (W + C° + By 144 (y;) > t))

— o P(W 4+ Ep,_151(y;) > t)) 7

N
1 .
Oat) =— o (WC (,upIP(t <W4+W + B®<t+ E(sy))
k=2

— Pt <W+W +C° < tJrE(sk)))
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— B (P (t < W+ B < t+ E(si)) = unP(t < W+ C° <t + E(si))

— akIP(t <W<t+ E(Sk))>7

and W' is independent and follows the same distribution of W.

Proof. Here, we follow the notation we introduced in Proposition 4.13. We denote by
0(s) the correction term (the coefficient of €) in the expression of w,(s). In order to

apply Laplace inversion to 6(s), we first reorder the involved terms (see Eq. (1.38)) as

(zw + B Fe(5) — unFi(s)) — v (upFe(s) — Mhﬁﬁ(S))@(8)>

N
+ZS

+§j§js+yrrH1< L+ B (1 Fg () = pnFE(s)) =1 (np F (s)

j=11=1

fkQuHMW%@—wﬁ@»~Mwﬁ@—wﬁ@M@>

—Mﬁ@W@ﬂ. (4:39)

From the above formula it is evident that only the terms in the middle bracket cannot
be inverted directly as they are, because of the singularities they seem to have in the
positive half plane; i.e. they contain the factors (s — sx) ™!, k = 2,..., N. Thus, we
treat them separately in the next lines. From the two equivalent definitions (4.27) and
(4.32) of the perturbation terms dy, k = 2,..., N, and the relations (4.35)—(4.37) we
obtain that

@ (si) + Bi (1pFe (1) — onF (1)) B(se) — i (0 Ee (s0) — pnF (s0)) (@) * = 0,

for kK =2,..., N. With the aid of the above equations, we show that eventually all
the problematic factors (s — sz)~!, k = 2,..., N cancel and the simplified terms we
obtain from this cancelation are well defined on the positive half. The above equations
are equivalent to

(oo} oo
0 :ak/ e R EIP(W < )+ Bk (up/ e dP(W 4+ B¢ < x)
r= =0
- uh/ e dP(W + C° < ;v)) — (up/ e dP(W + W + B° < z)
=0
- uh/ ST AP(W + W 4 C° < x)) (4.40)

k= . We first show that

N
(Zs (0 (s) + B 1 5 (5) = pn P () )
2



4.3 Corrected replace approximation 105

— (1 Fy (5) = pn F; (5)) (@(8))2)>

N oo
:Z |:7k (,Ufp/ esk(x*y)dn)(W+ W' +Be S y)
k=2 y=r

_ Mh/ esk($—y)d]P(W+ w4 ce < y)) _ ak/ €Sk(x—y)d1p(W <vy)
y=x y=x

_Bk<up/ es’ﬂ(“’*y)dIP(W—FBE <) _'uh/
y=c Yy

QSk(Iiy)d]P(W—F ce < y)>]

(4.41)

Since Laplace transforms turn convolutions of functions into their product, using the
property fyoio fly)dy = f;:() fly)dy + fyoiz f(y)dy and the Eqs. (4.40) we obtain

4

I

N o

> [% (ﬂp / e ETVAP(W + W' + B <y)

k=2 y=a

h/ eSHEIP(W + W+ C° < y))
y=x

oo

=x

— Br (Mp/ eSk(I—y)d]P(W+Be <y) - Mh/
Yy=x Y
N x
{Z [ Vi (up/ etV AP(W + W' + B < y)
y=0

k=2

eSk(z_y)dIP(W—FCe < y)>

— ay / eSk(T— U)dIP(W <)
Y=

x

uh/ eSHENIP(W + W +Oe§y)>
0

=0

Y=
Br (up etV AP(W + B® < y) — uh/ I AP(W 4 C° < ZD)]
Y
+ ay
Y=

e @V IP(W < y)}
0

N
=50 (oni(s) + Bl P (5) — i Fi () (s)

k=2 5 T 5k
e F5) — i (5) <w<s>>2)),
which proves (4.41).

To find the tail probabilities that correspond to the terms in the middle bracket
of Eq. (4.39), we integrate the inverted Laplace transform in Eq. (4.41) from ¢ to oo,
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and we obtain

S

k=2

/ / eSHENAP(W + W 4 B® < y)dx
=t Jy=x

_ ,Jh/ / eSHEAP(W + W 4+ C° < y)dx>
=t Jy=x
— Br (up/ / e @V IP(W 4 B¢ < y)dx
=t Jy=x

fuh/ / e AP (W + C° < y)d ) *ak/ / e EVAP(W < y)de
=t =t Jy==z

-3 [

(oo} , Yy
/ e IP(W + W + B¢ Sy)/ e’ T dx

y=t =t

o] , Yy
- uh/ e AP(W + W 4+ C° < y)/ es’cwdm>
t

r=

Y

*ﬂk (ﬂp/ fSkydIP(WJrBe < y)/ Sk o

=t

0o Yy
,Uh/ 7skydIP W + Ce < y)/ ESkxd(I;)
Y= =t

oo y
- ak/ e FYIP(W < y)/ es’“mdx]
y=t r=t

oo

(o9}
/ d]P(W+W'+Beﬁy)—uh/
Yy

y=t

dP(W + W +C° < y))

dP(W + B® < y) fuh/ dP(W + C° < y)>
Y

— k<‘up/ efsk(yit)dIP(WqLW’ +B° <)
Sk y=t

oo

e W AP(W + B¢ < y) — /
Yy

=t

e—sk(y—t)d]P(W+Ce < y)>

=t

+ i/ e—Sk(y—t)d]P(W <y)— %/ dP(W < y)l
y=t y

- (upIP(t <W +W 4 B® <t+ E(sy))
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— Pt <W+W +0° < t+E(sk))>
+ B (upIP(t <W+ B <t+E(sy) — Pt <W+C°<t+ E(sk))>

+ apP(t < W <t+ E(s))

Ve (MPIP(W +W 4+ B> t) — u,P(W+W +0° > t))

Al
+Z§
k=2

— Bk (,upIP(W + B > t) - /J,hIP(W +C°> t)) - OékIP(W > t)] .

1
By using now the property £ '{a"™!/(s + a)"*'} = —'a"Ht" x e % t >0, of
n!

(y;) !
(s + )7+
correspond to the Laplace transform of an E,.;_;;1(y;) r.v. Combining all the above,
the result in immediate, which completes the proof of the theorem. O

the inverse Laplace transform, we see that the terms in Eq. (4.39)

Remark 4.15. Note that an Ej(A) distribution (k > 1) is defined for a non-negative
real valued rate A\. To state Theorem 4.14, we assumed that all the roots s, k =
2,...,N,and —y;,j=1,...,7M, are real-valued. In most systems, this assumption in
not always true. Recall that the previously mentioned roots are roots of a polynomial
with real coeflicients (see also the analysis above Eq. (4.20)). Therefore, from the
Complex Conjugate Root Theorem it holds that if e.g. s is complex, then its complex
conjugate 53 is also a root. Thus, we write Egy(,,) instead of Fy, and Es;, because
every parameter or function that depends on §; appears as a complex conjugate of
the corresponding quantity that depends on s3, and their imaginary parts cancel out.
The same result holds for all other roots.

Running example (continued). For the evaluation of the Laplace transform
We(s) = $E(S)w of the queueing delay W, we follow the steps in the proof of Proposi-
tion 4.13. Here we show how the expressions of the proof are simplified for our running
example.

Recall that in our example, r = 1, and assume that only ¢ of the roots —y; are
distinct and that the multiplicity of each of them is r;, such that Z;le ry = M.
Therefore, we first find p(s) det Ec(s) and p(s)su.E(s)w. If we set £(s) = —A2p(s),
&1(s) = =2Xp(s), and &5(s) = 2(s — A)p(s), then we obtain

pls) det Ec(s) = p(s) det B(s) + es (11, e (s) — i ())&(s) + O(e2),

p(s)sucle(s)w = p(s)su€(s)w + es Z 21€](s) + O(€?).
=1
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We define the functions d(s) and n(s) (see Eqgs. (4.28) and (4.33) respectively) as

(upF(s) — unFi(s))E(s)i(s) 6,

dls) = uw(s —so) [1_ (s +9;)7  s—s2
n(s) = ZimFES %

uw(s —s2) [[7_ (s +y)7  s—s2’

where the two equivalent definitions of d (see Egs. (4.27) and (4.32)) take the form

5. F5(52) — P (2))E(52)T(s2) Y, uf(s2)
: uw [T (52 +35)" uew [T7 (52 + )"

Following the calculations after Eq. (53) we get that

o 1 ( Y2 z€l(s)
(

aw 5 — 89) H?:I(S + yj)rj
e _ Ee s))w(s 5(8)
= (1 Fy (s) = pn i () @( >(8 —s2) [[7 (s + yj)”)
+O(€2). (4.42)

Now, we apply simple fraction decomposition to the rational functions

S zE(s) £(s)
(s—s) I (s+w) " (s—s2)I=i(s+u)"

Thus, we calculate

2
oy = =1 61(52) = £(s2)
[[i=i(s2 +y;)7’ [l (s2 +y;)m°
and for j =1,...,0,p=1,...,7;, the coefficients o} , and v}, are respectively the

unique solutions to the following two linear systems of r; equations

2 [Zzlm )]

=1

s=—y;
d " -
T dst [(8 —s2) [[Gs 4007 3o, ()7 7 (s + ) 11 :
IS
d
Io [&(s)}
Sz—yj
o
l:l P
I#] v
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n =0,...,r;. In addition, the polynomial £(s) is of degree M and the polynomial
212:1 21€](s) is of degree M + 1, with the coefficient of sM*+1 equal to 2z5. Combining
all these, we write Eq. (4.42) as

U2

_ _ 1 Tj —I+1

@e(s) =t(s) + e —(s )K ;; S+y - 1)
~ ~ ,-le —I+1

(i () = i i () (s) | =~ ZZ e +y TJ_ZH

=11=1

+O(é?).

Observe that in this case v = 0 and all § coefficients are also equal to zero. Thus, if
0(s) is the coefficient of € in the series expansion of w(s), we apply Theorem 4.14 to
find its Laplace inversion as

o) = l(zzg - OL) (W > t)

52

+Z—z(upIP(W YW B> 1) — i P(W W +C° > t))
1 /
% (72(/11,1?@ <W+4+W + B® <t+ E(s3))

— Pt <W+W +C° < t+E(52))) —wP(t<W< t+E(52))>

-2 (’V}’,z (P (W + W'+ B 4+ By () > 1)

j=11=1

_ p,hIP(W + W’ +C°¢ + Erj,l+1(yj) > t)) — a;{lIP(W + ETJ,,H,l(yj) > t))

where W' is independent and follows the same distribution of W. |

By applying Laplace inversion to the first two terms of the series expansion in € of
the queueing delay, we obtain that the first term is a phase-type approximation of
the queueing delay that results from the replace base model (see Section 4.3.1). In
addition, the second term, which we refer to as correction term and is found explicitly
in Theorem 4.14, involves linear combinations of terms that have a probabilistic
interpretation. More precisely, these terms are either tail probabilities of convoluted
r.v. or probabilities for some of the aforementioned convoluted r.v. that lie between a
fixed value t and the same value ¢ shifted by an exponential time. Finally, observe
that these convoluted r.v. involve the heavy-tailed stationary-excess service time r.v.
C*¢ at most once. Combining the results of Proposition 4.13 and Theorem 4.14, in the
next section we define our approximations.

4.3.4 Corrected replace approximations

The goal of this section is to provide approximations that maintain the numerical
tractability of the phase-type approximations, but improve their accuracy, and that
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are able to capture the tail behaviour of the exact delay distribution. As we pointed
out in Section 3.3, a single appearance of a stationary excess heavy-tailed service time
C*¢ is sufficient to capture the correct tail behaviour of the exact queueing delay. As we
observed in Section 4.3.3, the correction term contains terms with single appearances of
C*. For this reason, the proposed approximation for the queueing delay is constructed
by the first two terms of its respective series expansion for the queueing delay. We
propose the following approximation:

Approximation 4.16. The corrected replace approximation of the survival function
P(W, > t) of the exact queueing delay is defined as

Gre(t) = P(W > 1) + ei (01(1) + (1)),

where P(W > t) is the replace phase-type approximation of P(W, > t), and
O1(t), ©2(t) are given in Theorem 4.14.

The following result shows that the corrected replace approximation makes sense
rigorously.

Proposition 4.17. If P(W > t) is the replace approzimation of the exact queueing
delay P(W, > t), then as € — 0, it holds that

P(W.>t)—P(W >t)

€

— O(t),

where O(t) is given in Theorem 4.14.

Proof. In Proposition 4.13, we found that

@e(s) = w(s) + ef(s) + O(e"),
where 6(s) is the LST of the signed measure ©(t) introduced in Proposition 4.14. The
above equation implies that

Del8) = D) _ 5y 1 o(1). (4.43)

€
1 .
We set n = — and we define the sequence of functions
€

Xn(s) := %(i[)e(s) - {E(s)),

where X, (s) is the LST of the measure X,,(t) = (IP(W6 >t)—P(W > t))/e. By using
Eq. (4.43), we obtain that X,(s) — 6(s), for all s > 0 as n — oo (or equivalently
€ — 0). Thus, it follows from the Extended Continuity Theorem (Feller, 1971, Theorem
XII1.2) that

P(W.>t)—P(W >1t)

€

— O(t),

which completes the proof. O
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Although Approximation 4.16 gives an approximation of the queueing delay that
can be calculated explicitly and is computationally tractable, it involves the evaluation
of many terms. Therefore, to simplify the formula of the approximation, it makes
sense to ignore terms that do not contribute significantly to the accuracy of the
corrected replace approximation. Such terms seem to be the probabilities in ©y(t),
which is defined in Theorem 4.14. Therefore, we define the simplified corrected replace
approrimation as follows.

Approximation 4.18. The simplified corrected replace approximation of the survival
function P(W, > t) of the exact delay is defined as

~ 1
Gsre(t) =W >t) + Gﬁel(t)’

where P(W > ¢) is the replace phase-type approximation of P(W, > ¢) and O () is
given in Theorem 4.14.

4.4 Corrected discard approximation

In this section, we construct the corrected discard approximation. There are two
different approaches to obtain this approximation. In the first one, we follow the same
steps as in the construction of the corrected replace approximation. Namely, we first
calculate the queueing delay for the simpler phase-type model when we discard the
heavy-tailed customers and then we write the queueing delay of the mixture model as
perturbation of the queueing delay in the discard base model. However, here we use
an alternative approach that connects the discard base model with the replace base
model.

As we mentioned in Section 4.2.2, when we discard the heavy-tailed customers we
simply consider that

G(s) = (1= O Fy(s) + e = Fy(s) + (1 = Fy(s)) = Fy(s) + espp Fy (s).

Although the service time distribution é:(s) has an atom at zero, the resulting
delay distribution has a phase-type representation and consequently it can be directly
calculated through Laplace inversion of its LST w?(s). However, it is difficult to apply
perturbation analysis to find the connection between w?(s) and w,(s), because both
of them depend on e. N N

Observe that Gi¢ (s) can be expressed as perturbation of F,(s) by the term esp, Fy; (s).
Therefore, we can apply perturbation analysis to find a connection between w? (s) and
w(s), which is the Laplace transform of the queueing delay in the replace base model,
and then use the connection of w(s) with w.(s) to establish a connection between
We(s) and w?(s). Thus, as a first step we express the matrices in the discard base
model as perturbation of the ones in the replace base model, by setting ﬁh (s)=1in
the results of Section 4.3.2. So, we define the matrices

G2 (s) =G(s) +espp Fy (5)Q1,
H:(s) =H(s) + esypﬁ;(s)Q(z) oPA,
E(s) =E(s) + es,upﬁ;(s)Q(z) o PA,
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M? =M — es,upQ(z) oP.

Now, we provide a series of results, which occur as corollaries of their corresponding
results in Sections 4.3.2 and 4.3.3, for the evaluation of the Laplace transform w?(s) =
sut€(s)w/ det E2(s). The first two corollaries are for the evaluation of the vector u?
of unknown parameters.

Corollary 4.19. Let u be the unique solution to the Eqs. (4.10)~(4.11) for the replace
base model. If the roots ss,...,sn of det (H(s) + sI — A) = 0 with positive real part
are simple, then

1. the equation det (H;(s) + sI — A) = 0 has ezactly N non-negative solutions
Se1s--sSe N, with sg1 =0 and s ; = s; — €67 + O(€?) fori=2,...,N, where

e . __ se _ Zjvzl det (E(si)'17'"7Ii(5i)'ja"'aE(5i)oN)
61‘ 1=0 (51) - N
E j=1 det (E(Si>.1, ey E(l)(si).j7 e ,E(Si).N)

and K(s) = S,upﬁ;(s)Q@) oPA.

3

2. We assume that the stability condition w(A~1 — M¢?)e > 0 is satisfied and we
set A = (A7te,ay,...,ay) (see Eq. (4.14)) and ¢ = (w(A™* — M)e,0,...,0).
Then, the vector u? is the unique solution to the system of N linear equations

u? (A — eB* + O(*U)) = c + ed®,

where B® = (0,03a,(V kS, ..., o%ayM—k%) andd® = (p,mQPoPe,0,...,0),
with k?, 1 =2,...,N, being a column vector with coordinates

= S ( (B, (KA

N .
(B ) jen,
and the choice of m explained in Remark J.6.
Corollary 4.20. The vector u? can be written in the form
u® = u+ ez® + O(%e),

where
z* = (cA7'B* +d°*) A"
The next corollary gives us the denominator of w? (s).

Corollary 4.21. If det E(s) is evaluated according to Theorem /.3 with G(s) = FN'p(s),
then det E2(s) can be written as perturbation of det E(s) as follows

det E2(s) =det E(s) +esup Zk k ! Z Z A% (s)
LCCN SCN
IT[=k S5T

x det (@M oP)" x (Q®) 0 P) ) +0(e?).
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For the evaluation of the numerator of w?(s), we need the following result.

Corollary 4.22. If su&(s)e; is evaluated according to Theorem 4.5 with G(s) = FN'p(s),
then sut&2(s)e; can be written as perturbation of su€(s)e; as follows

suté(s)e; =sul(s)e;

N—l
° S\I' r
+es | 2 Z A5 (s) det ((Q(l) o P) s\ X (Q(Q) o P)s)
k=1 TN \{i}
IT|=F;
SCN\{i}
SoT
¢ 3T NS (s)det (QW o P
ScN\{ }
N N-1
Z T Z (Fp(s))k Z (,1)|R|>\5u{i}§sc(s)
=1 k=1 DM\ {1,i}
l#1 ID|=k—1
SCNM\{l,i}
SOOI
RCSNTy;

S\T ru{s}

% det ((QU o P) gy, % (QP o P) )
N N-2

+Zzl°(_1)l (Fp(s))k Z Z _1)IRIASUL ¢S ()

TcM\{l,i} SCN\{I, z}

=1
I#1 IT|=k SOT;
RCSNTy;

S\I)u{i} r
x det ((Q(l) )su{z}u M (Q® o P)su{l})

e —1 c
—l—s,upF (uz E k E E X9C5(s)
FcN\{i} SCN\{i}
IT|=k SOI

x det ((QWo )g\F x (Q®oP)Y)
N -1 o1
B ITTEIED DI 10 Ll DR D ELICTCIgS
k=1 TcNM\{l,i} SCN\{l, 1}

=1
I#1 IT|=k—1 _ SDI}
RCSNTy;

S\T ru{s}
x det ((Q(l) )Su{l} M (Q(Q) oP) si{z})
—2

N
+> w(-1) le )3 Y (CIEIXSUES ()

=~
I
=

=1 k=1 TCN\{l,i} SCN\{!, z}
I#i |T|=k SO
RCSNTy,

xdet((Q“) P)o o  (Q )oP)SU{l}>> +O(e),

where 22, i € N, are the coordinates of the vector z* given in Corollary 4.20.
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By combining Corollaries 4.21-4.22 and Proposition 4.13, we have the following
proposition that connects the delay in the discard model @w?(s) and the delay in the
mixture model w,(s).

Proposition 4.23. If w?(s) is the Laplace transform of the queueing delay of the
discard base model that is calculated as perturbation of w(s) (see Proposition /. ’7)
then there exist unique coefficients B, v, ak, Bk, Yk, kK =2,...,N, and a;”l, ;/17 fyj Iy
j=1,...,0,1=1,...,r;, such that the Laplace transform w¢(s) of the queueing delay
of the mizture model satisfies

B . - N v 141
we(s) we(5)+eu;ww€(5)[<zz Z: p—— ZZ s+y r]l+1>

j=11=1

Bk Tj rj—I+1
o F(s (mz ey e )
j=11=1
Tk “sz i
+ pn F (5)@ 7‘*’287% ZZ rj—z+1

=11(=1 S+y

+0(),

where the vector z* given in Corollary 4.20.

Proof. The steps are exactly the same as in Proposition 4.13, but with different
parameters that are in accordance to the discard base model. We first write the
denominator and the numerator of @w?(s) multiplied by (p(s))" as perturbation of the
respective quantities in the replace base model, and we have that

(p(s))" det B2 (s) = (p(s)) " det B(s) + esyuy B (5)Erarsrv—1(5) + O(e),
and,

N N
Z Z leigg,l,rM-&-N—l(S)

i=1[=1

N N
+ sppFS ()Y wwibipenrn—2(s)

=1 [=1

(P(S))TSHESE(S)w :(p(s)) su€(s)w + es

+0(),

where the polynomials &.a74N-1(8), §itrm+n—2(5), and &§ ;5 x4 (5) are defined
according to the Eqs. (4.26), (4.30), and (4.31), respectively, and r is the maximum
power of p(s) that appears in the formulas. The N —1 common roots of the numerator
and the denominator of w¢ (s) with positive real part are of the form s? ; = s; — €dy, +

O(e?), k =2,..., N, where the two equivalent definitions of 67 are as follows

NPF (sk)&rmryn—1(sk)W(sk)
uw Hl:%(Sk — 51) Hji/[l(gk + ;)

N N N N
upF (8k)8k D iy 2ojmy Wwibip e N—2(5%) D im1 D=1 21Wi&i g raren—1(Sk)
M N M :
uw Hﬁs%(sk — i) 152, (s +5) uw H%;%(Sk- —s) [T= (sk +y5)

o =
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If we set now

~ N
PO 77 O S O L IO B
) o T s~ s L+ 0) 257

and
/‘pﬁ;(s)s SN S wwiki e N—2(8)
N rM
uw Hk:Q(s*sk)H ( +y3)
N N
Doic1 2im1 leifz/‘ l rM+N—1(S) _ XN: oy
uw [Tpio(s —si) [0 (s +y) =3 — 5%

n®(s) =

the denominator and the numerator of @w?(s) multiplied by (p(s))r can be written
respectively as

(p(s))r det E2(s)
rM N
=s[[(s+;) [](s— sk +edf + O(e?)) (1 + ed®(s) + O(€?)) (4.44)
j k=2
and
(p(s)) sul€s(s)w
rM N
= uws H(s + ;) H (s —sk+edp+0(e)) (1 +en(s) + O(e?)).  (4.45)
j=1 k=2

Note that both functions d*(s) and n®(s) are well-defined in the positive half-plane
due to the definitions of 6}, (page 114). By combining Eqs. (4.44) and (4.45), we obtain

T =T o ors = T =)

1+ ed®(s) + O(€?)
1+ en®(s) + O(e?)

5 @ (s) 1+ed*(s) + 0(62) 1+ en(s) + O(e?)
1+ ed(s) + O(e?) 1+ en*(s) +O(2) 1+ ed(s)+ O(e2)

2 (s) (1 T e((nls) — n*(s)) — (d(s) — d(s))) + Oe >)
Zz 1 Ez 1(Zl — 2w ig;,l,rM+N71(s)
T (s — si) T M (s + w5)

s Zi—vzl El]il wwi€i i rM+N—2(8)
o (s — si) T2 (s + w))

- §ram+n—-1(5) ?
Fe(s)w(s Ote
+ pnF (s)w( )chv_z(s_sk)ngffl(ﬁyj)) e

2 (s) + e— (s )<

uw

— un F(s)
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_ 1 Mo e

—wé'(s)—i—eww()l( zi— 2 _,_Z Olk ;?4_5;)
e /Bk TIVIﬁ,"yj

—thh(S)<B+ZS_Sk+JZS]+%>

rM
Yk v yj
+ i Fi (5)w <V+Z ZM)
J

=1

+ O(€%).

O

By using similar arguments as in the definition of the corrected replace approxima-
tions (see Section 4.3.4), we define the corrected discard approximations as follows.

Approximation 4.24. The corrected discard approximation of the survival function
P(W, > t) of the exact queueing delay is defined as

1
oy (1) =P * >t
(pd,e( ) (We > ) + Eugw

(@;(t) + @;(t)), where

N N g

ot =((z -3 ) (We 1) - (/32’“>uhIP<W;+Oe>t>
k=2 =2 5k

N

-3 ’“)M,JP (We+We +C°>t)

S
k=

+
/N
Q

x>

=1 1[=1

2
+ (% nP(We+ W2+ C° + Er 1 (y;) > t)

<.

— Bl P(WS + C + By, _141(y;) > t) + o [ P(WE + By, _141(y;) > t)>7
N
° 1 [ ] ./ ()
@(t):ZS(%uhIP(KWE +WE +C°<t+E(sy))
k

— BeunP(t < W2+ C° <t+ E(sp)) + aP(t < WS <t + E(sk))>,

P(W? > t) is the discard phase-type approximation of P(W, > t), W*  is independent
and follows the same distribution of W2, and the coefficients S, v, ak, Bk, Y&, k =
N, and of), 87,77, 5 =1,...,0, 1l =1,...,1;, are calculated according to
Proposmon 4.13.
Approximation 4.24 can be made rigorous along the same lines as in Proposition 4.17.

The simplified version of this approximation is found in the following lines.
Approximation 4.25. The simplified corrected discard approximation of the survival

function P(W, > t) of the exact queueing delay is defined as

1
) =PW? —03
(pad,e(t) (We > t) + 611.(.091 (t)a

€
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where P(W? > t) is the replace phase-type approximation of P(W, > t) and ©%(¢) is
defined in Approximation 4.24.

In the next section, we perform numerical experiments to check the accuracy of
the corrected phase-type and the simplified corrected phase-type approximations. In
addition, we show that indeed the corrected approximations do not differ significantly
from their simplified versions.

4.5 Numerical experiments

In Section 4.3.3, we pointed out that the first term of the corrected replace expansion
is already a phase-type approximation of the queueing delay, a result that holds also
for the discard expansion. In this section, we show that the addition of the correction
term leads to improved approximations that are significantly more accurate than their
phase-type counterparts. Therefore, we check the accuracy of the corrected phase-type
approximations (see Approximations 4.16, 4.18, 4.24, and 4.25) by comparing them
with the exact delay distribution and their corresponding phase-type approximations.

For the MArP arrival process of customers, we choose either a MMPP with two
states or a MMPP with five states. What is left now is to fix values for the parameters
of the mixture models and perform our numerical experiments. Thus, for the MMPP(2)
arrival process we choose the parameters such that A; = 10, Ay = 1/2, p1; = 8/9, and
P22 = 3/100 (the rest of the parameters can be calculated by using Eqgs. (4.2)—(4.3)).
For the MMPP(5) model we choose:

7 5 5
% 22 0 0 3§
0 L 20 8 0
p_| 3 % 2 3
o0 2 E |
12020 % B %
47 47 47 47 47

and A = diag{11,11,13,10,8}.

Since it is more meaningful to compare approximations with exact results than
with simulation outcomes, we choose the service time distribution such that we can
find an exact formula for the queueing delay. As service time distribution we use a
mixture of an exponential distribution with rate v and a heavy-tailed one that belongs
to a class of long-tailed distributions introduced in Abate and Whitt (1999b), i.e. the
same mixture distribution we used in Section 3.4.1. For this combination of service
time distributions, the survival queueing delay can be found explicitly, by following
the same ideas as in Theorem 3.17. Although we do not have any restrictions for
the parameters of the involved service time distributions, from a modelling point of
view, it is counter-intuitive to fit a heavy-tailed service-time distribution with a mean
smaller than the mean of the phase-type service-type distribution. For this reason, we
select Kk =2 and v = 3.

Finally, note that we performed extensive numerical experiments for various values
of the perturbation parameter € in the interval [0.001,0.1]. We chose to present only
the case e = 0.01, since the qualitative conclusions for all other values of € are similar
to those presented in this section. For this choice of parameters, the load of the first
system is equal to 0.909336 and of the second is 0.812845.
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FIGURE 4.1: Exact queueing delay, phase-type and corrected phase-type approximations for perturba-
tion parameter 0.01, MMPP(2) arrivals, and load of the system 0.908336.
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FIGURE 4.2: Exact queueing delay, phase-type and corrected phase-type approximations for perturba-
tion parameter 0.01, MMPP(5) arrivals, and load of the system 0.812845.
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As we observe from Figures 4.1-4.2, the phase-type approximations (replace and
discard) give accurate estimates for small values of the queueing delay, while they are
incapable of capturing the correct tail behaviour of the exact survival function of the
queueing delay. On the contrary, both corrected phase-type approximations are highly
accurate and give a small relative error at the tail. More precisely, we can observe the
following:

e The corrected replace approximation gives better numerical estimates than the
corrected discard approximation. Especially, in Figure 4.2 the corrected-replace
approximation is hardly distinguishable from the exact distribution.

e The corrected discard approximation always underestimates the exact tail proba-
bility of the queueing delay. On the contrary, the corrected replace approximation
may overestimate the exact survival function for small values, but always under-
estimates the tail of the exact queueing delay.

e The corrected phase-type approximations do not differ significantly from their
simplified versions. The maximum observed absolute error between the two
corrected replace approximations is smaller than 0.0011 for the MMPP(2) model
and smaller than 0.00069 for the MMPP(5) model. The corresponding numbers
for the corrected discard approximations are 0.0052 and 0.00167.

e Finally, we estimated the relative error at the tail for all four corrected phase-
type approximations. We found that in the MMPP(2) model the relative error
is smaller than 10% for all the approximations, while this number reduces to 7%
in the MMPP(5) model.

4.6 Conclusions

To conclude, all corrected phase-type approximations are highly accurate and there
is no significant difference between the Approximations 4.16 and 4.24 and their
respective simplified versions 4.18 and 4.25. For this reason, the simplified versions
of the approximations serve as excellent substitutes to their original corrected phase-
type approximations for estimating the queueing delay. Finally, the corrected phase-
type approximations give a small relative error at the tail, which can easily be verified
to be O(e).






CHAPTER D

Truncated buffer approximations

5.1 Introduction

In Chapters 2—4, our main focus was on heavy-tailed models. More precisely, we
truncated the heavy-tailed distributions in a way not only to construct accurate
approximations for the performance measures under consideration, but also to derive
error bounds. In this chapter, however, we no longer focus on heavy-tailed distributions.
As we mentioned in Chapter 1, another example where truncations of the state space
are involved is when considering networks of queues. Therefore, in this chapter, we
aim at deriving error bounds for the queue lengths of a tandem queueing network
when we truncate its state space.

Specifically, we consider the MX /M/1— e/M/1 tandem queueing network, where
customers arrive in batches in the first queue. When the batch size distribution is
degenerate at one — in other words, when customers arrive one at a time — this network
is a special case of Jackson networks and admits a product form solution (Kelly, 1979;
Latouche and Ramaswami, 1999; Lavenberg, 1983; Ramaswami and Taylor, 1996).
This product form property may be interpreted as if the number of customers in the
various queues are independent random variables in steady state. However, for general
batch size distributions, a product form solution does not exist and neither has any
other solution been identified.

In the absence of exact solutions, the queue lengths may be evaluated numerically.
In Chapter 1, we briefly presented a number of techniques for the analysis of two-
dimensional Markov processes. Here we focus on MAM and we consider the embedded
Markov process at the moments upon which the state of the system changes. The
embedded Markov chain giving the evolution of the queue lengths at each of the queues
can be expressed as a QBD and a matrix-geometric solution can be found for the joint
queue length distribution as long as either of the buffer sizes (waiting rooms in front
of the queues) is finite (see Section 1.3.1). Thus, for the application of MAM, the
finiteness of either one buffer is sufficient.

121
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Besides the joint queue length distribution, it is also interesting to study the
marginal queue lengths. For example, we could consider the case of truncating the
buffer size of the second queue, so as the customer that finishes service in the first
queue is lost if the truncated buffer of the second queue is full. Note that in this
case, the number of customers in the first queue forms on its own a Markov chain
(embedded on the same transition epochs as the two-dimensional Markov chain), which
has a stationary distribution that can be found irrespectively of the truncation to the
buffer size of the second queue (Kleinrock, 1976). On the other hand, if we only allow
customers to enter the system until the number of customers in the first queue reaches
a predetermined high level, the output process from the first queue is affected, and
consequently this has an effect to the second queue. Therefore, it makes more sense
to truncate the buffer size of the first queue to study the effect of truncation on the
marginal queue length of the second queue.

Although the truncation of the state space leads to an approximate model that
can be analysed numerically, it also introduces approximation errors. The goal of this
chapter is to obtain a clear understanding of these types of errors. We explain now
how to derive error bounds for the approximations of the queue lengths. Observe that
even if we choose the truncation level relatively high, for the evaluation of the queue
length distribution we exclude all sample paths where the number of customers in
the first queue exceeds the truncation level. This means that these omitted sample
paths are responsible for the observed approximation error. Therefore, with the aid of
extreme value theory (EVT), which aims at providing statistical models for rare events
(De Haan and Ferreira, 2007; Resnick, 2007a), we study the behaviour of the system
under the assumption that the first queue reached a level greater than or equal to the
truncation level and we derive an asymptotic upper bound for the approximations
derived with MAM. Moreover, as we shall see in Section 5.6, the analysis forces us to
distinguish three different cases in this model that relate to the arrival and service
rates, which we study separately.

QOutline

The rest of the chapter is organised as follows. In Section 5.2, we introduce the model
under consideration and in Section 5.3, we truncate the state space of the first queue.
We write the joint queue length probabilities as a sum of two terms that depend on
the truncation level, where both terms are discussed in Section 5.3.1. We find that
the first term relates to the steady state probabilities of the truncated model and we
provide its connection with the exact probabilities. For the second term we prove that
it is bounded by the mean cycle length during which the number of customers in the
first queue exceeds the truncation level.

Afterwards, in Section 5.3.2, we combine the results of Section 5.3.1 to derive error
bounds for the queue length distribution of the truncated system. In particular, the
upper bound is an asymptotic bound expressed as a product of three factors. For the
evaluation of these factors, we first perform in Section 5.4 an exponential change of
measure. In addition, in Section 5.4.1, we relate the number of customers in the first
queue with a random walk and we introduce the accompanying notation.

The first factor involved in the asymptotic upper bound is equal to the probability
that the maximum number of the customers in the first queue exceeds the truncation
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level, while the second is equal to the mean cycle length. An asymptotic result that
links these two factors is derived in Section 5.5. The third factor, which is equal to
the conditional mean cycle length given that number of customers in the first queue
exceeds the truncation level, is discussed in Section 5.6. Since this factor requires a
lot of different techniques for its evaluation, we first explain intuitively in Section 5.6.1
its asymptotic behaviour and later, in Section 5.6.2, we study it rigorously.

In Section 5.7, we perform numerical experiments to check the quality of the
asymptotic error bound and we provide our conclusions in Section 5.8. Finally, in
Appendix A.3, we provide useful results on random walks that we extend in the lattice
case.

5.2 Presentation of the model

We consider an MX /M/1— ¢/M/1 tandem queueing network. Customers arrive in
batches according to a Poisson stream with rate A and join the first queue. The service
times for each queue are exponential with rates pq and po, respectively. A customer
that finishes service in the first queue moves to the second. The customer leaves the
system after finishing his service in the second queue. We describe the system by a
two-dimensional CTMC {(X¢, Y3)}+>0, where X; and Y; are the queue lengths at time
t of the first and the second queue, respectively, including customers in service in
either queue. For this system, we are interested in evaluating its limiting distribution
(X ooy Yoo ); namely, the behaviour of the Markov process when ¢t — co.

We assume that an arriving batch is of size ¢ with probability b;, where > =, b; = 1.
We denote by B the generic r.v. of the batch sizes and we assume that its mean
EB = E;); ib; is finite. Moreover, we concentrate exclusively on the case where
(X:,Y;) has a limit (X, Ys) in distribution as t — co. Thus, for stability reasons,
we assume that \EB/pu; < 1,4 =1,2.

Without loss of generality, we may take A 4+ g1 + puo = 1 and assume that the
servers always work (also when there is no job). However, service completions only
lead to a departure if there is a customer in the corresponding queue. Otherwise,
we assume that the customer in service is fictitious (and fictitious customers will be
interrupted as soon as a real customer arrives). The artificial assumption of working
on fictitious customers implies that in each state the outgoing transition rates add
up to 1, and thus, the mean time spent in a state is 1 for all states. This trick of
uniformisation allows us to convert the CTMC into a DTMC. The mean time between
jump epochs is always 1 and, as a consequence, the embedded DTMC at jumps has
the same equilibrium distribution as the original CTMC. Therefore, from now on, we
only consider the DTMC (embedded at jump epochs) instead of the CTMC.

We introduce now some notation for our embedded Markov chain. We denote by
(X,,Y,) the state of the Markov chain at the nth jump and we have that (X,,,Y,,) €
(Q1,9Q2), where 3 = Q3 = IN. We denote the netput between the (n — 1)st and the
nth jump epoch in the first and second queue as Z,, and W,,, respectively, where

0, with probability us,
Zn = —1, with probability puq, (5.1)
m, with probability \b,,,m =1,2,...,
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and
-1, ifZ,=0,
W, =<1, if Z,=—-1and X,,_1 >0, (5.2)
0, otherwise.

Recall that due to uniformisation, A, 1, o < 1 and the rates A, p1, po can be seen as
probabilities.
The number of customers X,, in the first queue satisfies the following Lindley
recursion
+
Xy =0, Xpt1=(Xn+Znsa), n=01,... (5.3)

Thus, {X,,}n=0,1,... evolves as a reflected at 0 discrete version of a random walk with
increments Z, Zs,... Similarly, the number of customers Y,, in the second queue
satisfies the recursion

Yo=0, You=+W,1)", n=01,... (5.4)

The initial state of the system is (X, Yy) = (0,0) and we define the first return
time to the origin as T(gg) = inf{n > 1: X,, =Y, = 0| Xo = Yo = 0}, which is
also called cycle length. Therefore, since we have a two-dimensional positive recurrent
irreducible Markov chain, it is known that

T(0,0)
1
’ n=1

From Egs. (5.1) and (5.2), we can easily verify that the two-dimensional Markov
chain (X,,,Y;,) is a QBD with an infinite state space. Therefore, MAM cannot be
applied to evaluate the joint queue length distribution. Moreover, the model does not
admit a product form solution (Latouche and Ramaswami, 1999, Theorem 15.1.1).
Thus, we truncate the state space to find an approximation by using MAM. In the next
section, we truncate the state space and we find error bounds for the approximation
of the joint queue length distribution that stems from this truncation.

5.3 State space truncation and error bounds

As we mentioned in Section 5.1, truncation of the buffer in the second queue (considering
lost customers) does not influence the Markov chain of the first queue. Thus, since we
are interested in the effect of truncation to the marginal queue length distribution of
the second queue, we truncate the space 1 of the first queue at level NV, which we
call truncation level. In other words, {X,, }n>0 takes values in the space ng = Ny.

The arriving customers are admitted in the system by applying the Partial Batch
Acceptance Strategy (PBAS), i.e. if the batch size is larger than the number of available
free positions in the buffer (which has capacity N — 1) then we accept only so
many customers until they are in total N customers waiting in front of the first

queue and we dismiss the remaining ones. Moreover, we denote by (Xy(LN), n(N)) the

approximate Markov chain associated with the truncation level N and by (Zy(LN)7 WéN))
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the corresponding netput process. Observe that definitions (5.1), (5.2), (5.3), and
(5.4) are still valid (but with the notation adapted to the truncated system) for the

processes Xle), Yn(N), and WéN), respectively. However, the definition of Zflji)l takes
two alternative forms depending on the value of Xle). More precisely, if Xle) =N,
then
Zfﬁ)l _ 0, w%th probab?l?ty A+ ua, (5.5)
—1, with probability u,
while in case X7(,,N) =N-m,me{l,...,N}
0, with probability us,
vy _ J—1, with probability 1,
Zn+1 - . e (56)
k, with probability Aby for k < m,
m,  with probability AY .2 b;.
The steady state probability can then be split as follows
- To.0) -
P(Xoo >2,Ye >y) = E 1(X,>xY,>y)- -1 max X; <N
( y) IET(O,O) ; ( y) <1<Z<T(o,o) l >
=I
1 [ T(0.0) T
+ E 1(X,>x2,Y,>y)-1 max X; >N
ET(0,0) nz::l ( ) <1<1<T<o,o> : >

=II

In Section 5.3.1, we discuss each of the terms I and II separately, while in Sec-
tion 5.3.2, we explain how the results of Section 5.3.1 can be combined to generate
error bounds.

5.3.1 Partition of the queue length probabilities
Term I

We denote by m = (m1, ms) the two-dimensional states of the Markov chain (X,,Y,),
where my and ms are non-negative integers. If P is the transition probability matrix
of the Markov chain and P®Y) its truncation, then we have that

PN (m,n) =P (m,n), VYm,n with mi,ny € Ny_q. (5.7)

In other words, the entries in the two matrices P(V) and P coincide as long as both
two-dimensional Markov chains (original and truncated) live within the boundaries.

Therefore, if we set v = inf{n > 0: X,, > N} and v™) = inf{n > 0: XT(LN) > N},

then it holds that (X, : n < v) 2 (X,(zN) :n < vW). Finally, we define as
T((()No)) = inf{n > 1 : xM =y = o | X(()N) = YO(N) = 0} the first return

time to the origin for the truncated system. Observe that T(o o) = T(((i]o)) when
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1 (maxlSlST(O,O) X < N) = 1. Thus, since term I contains the sample paths of the
truncated system, we obtain:

Tt
I=E

(N)
1<l<T(0 0)

(Xw > a2, YN > y) 1 ( max XM < N) 1

=BT P(XQ) > 2, v > ).

=1
N)
i ( N)>a:Y(N)>y>

Due to monotonicity, the mean return time to the origin of the truncated system is
smaller than the corresponding mean return time of the original system; i.e. ET(g o) >

O >, vl > ) <
IP(XOo >z, Y > y) We formulate these properties in the following theorem.

IE)T((éV 0))' Moreover, the truncation is done in a way such that ]P(

Theorem 5.1. If N is the level at which we truncate the state space €y, then the
following inequalities hold:

P(X) > 2, vV >y) <P(Xoo > 2,Ya > y), Y(z,9) € (Q,90), and  (5.8)

ET((ONO)) < ET 0. (5.9)
Proof. Since the number of customers in the first queue of the truncated system cannot
exceed N, it is immediately obvious that inequality (5.8) holds true for all x > N + 1
and y € 5. Therefore, we are only interested in the cases where z < N. We prove the
theorem, by using techniques from cost structure models (van Houtum et al., 1998).

For some appropriately chosen cost structure, most performance characteristics of
Markovian systems can be represented by average costs. Thus, if 7 is the stationary
distribution of the two-dimensional Markov chain (X,,,Y;,) and ¢(m) represent the
costs per period of time the system is in state m, then the average costs g are given by

g=>Y_c(m)m(m). (5.10)

m

If we define g = ]P(XOO >x,Y > y), then an appropriate cost structure is ¢(m) = 1
when m € D, and ¢(m) = 0 otherwise, for D = {(m1,mz2) : m1 > x and mz > y}. In
addition, if we set g = IP(X(%V) >, YO(ON) > y), then our goal is to prove that ¢ is a
lower bound for g; namely g < g. To do so, we study the expected costs over a finite
number of periods. We denote by u;(m) the expected costs in the first ¢ > 0 periods
when starting in state m. Similar to u.(m), we define u;(m) as the expected costs
over the first ¢ periods in the truncated model when starting in state m. Defining
ug = ug = 0, we will prove by induction that for all ¢ = 0,1,2,... and all recurrent
states m in the truncated model

ut(m) < ug(m). (5.11)

From this, it follows that

g= hm 1ut( ) < lim 1u,g(m) =g. (5.12)

t—oo t t—oo t
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Thus, we first need to establish precedences between states in the original model. We
say that state m has precedence over state n, or is more attractive than state n, if m
and m satisfy the following precedence relation:

ur(m) < ug(n), forallt=0,1,2,... (5.13)

In other words, starting in m yields lower total expected costs than starting in n.
Now, the first and crucial step is the determination of a set P of pairs (m, n) satisfying
(5.13). These pairs are called precedence pairs. We prove (5.13) for the set of pairs
P ={(m,n): m; < ny & my < ny} by induction over ¢. Taking ¢t = 1 in (5.13)
directly leads to

c(m) < c(n), V(m,n) € P. (5.14)

Assume (5.13) holds for ¢. To prove inequality (5.13) for t+1 for all pairs in P, it suffices
to do so for the pairs in the smaller set P_= {(m,n): n=m+e; or n = m + e},
where e; the ith unit vector. Clearly P_is a subset of P and it is easily seen that the
inequalities (5.13) for the pairs in P_ generate the ones for all pairs in P, by using
transitivity of the operation <. To establish (5.13) for ¢ + 1, we have to show for each
(m,n) € P_that

s (m) = cm) + 3 plm. (i) < ofn) + 3 p(m. f)ui) = wa(n). - (5.15)

Because of (5.14), it suffices to show that

Zp(m,i)ut(i) < Zp(n,j)ut(j). (5.16)

We prove (5.16) for the pairs (m,m + e;), j = 1,2, together. We consider first the
case m = (my, ms) with my; > 1 and mg > 1. Therefore, Eq. (5.16) takes the form

)\Zbiut(m +ier) + pur(m — e + e2) + pour(m — es)

i=1

< )\Z bius(m +ej +ier) + pu(m +e; — e + es)
i=1
+ mut(m +e; — 62), j=12. (517)

Now, we compare both sides of inequality (5.17). The first terms of each side,
both corresponding to arrivals of customers, are ordered as desired by the induction
hypothesis. The same holds for the second and third terms, which correspond to
service completions at the first and the second queue, respectively. So, (5.17) holds.
We also consider the cases m; = 0 and mo = 0 separately. If m; = 0, then the
coefficient of p1 on the left hand side of (5.17) is identically equal to zero. Similarly,
if mg = 0, then the coefficient of po on the left hand side of (5.17) is identically equal
to zero. Therefore, (5.17) holds also for these two cases and the proof of (5.13) is
complete.

The last step is to prove (5.11) by induction. For ¢ = 0, inequality (5.11) trivially
holds. Assuming (5.11) holds for ¢, we prove it for ¢t + 1. The expected costs over ¢t + 1
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periods are equal to
uppr(m) = c(m) + Y p(m, n)uy(n). (5.18)
n

By using the PBAS, the transitions from m to n with n; > N and ny = mg are
redirected to the state m with ny = N and ny = ms. The new transition probability to
n is zero and to m it is increased by p(m, n). We denote the new transition probabilities
by p(m,n). The costs per state are not altered. It follows that u;yq(m) > U1 (m)
since we have constructed the truncated model by redirecting outgoing transitions to
more attractive states; i.e. (n,n) € P. Namely, we have

w1 (m) > e(m) + Y plm,n)u(n) > c(m) + Y plm,n)i(n) = 1 (m),

where the second inequality follows from the induction hypothesis.

Last, we need to prove the inequality ET; ((év 0)) < ET(p,0)- Observe that ETq g

and ET((OIY 0)) are by definition the expected first return times to the state (0,0) in
the original and the truncated system, respectively. By applying the strong law of
large numbers for ergodic Markov chains (Kijima, 1997), we obtain that IE)T((éV 0)) =
1P(x8) = 0,YA") = 0) and ET(g) = 1/P(Xs = 0,Ya = 0). Therefore, it is
sufficient to show that the inequality P(Xgév) =0, choN) = O) > IE’(XOO =0,Y, = O)
holds. To prove this inequality, we use again a cost structure approach. More
precisely, we set ¢(m) = 1 when m = (0,0) and ¢(m) = 0 otherwise. As a result,
g= ]P(XOO =0,Y, = O) and g = IP(XééV) =0, YOEJN) = 0). By repeating the steps we
followed to prove the inequality ]P(Xéév) >, YOE)N) > y) < IP(XOo >x,Y > y), we
can now prove that g is an upper bound for g. This can easily be seen, since with
these costs we redirect transitions to less attractive states. The precedence set for this
cost model is P = {(m,n) : m; > ny & ma > na}. O

We now turn our attention to the second term.

Term I

We set MToo0 = MaX| <n<T.0) Xn for the maximum queue length of the first queue
before the first return time to the state (0,0). Thus, we have

T0.0
M=E Zn(anx,Ynzy)-n< max X12N>]

1<I<T(0,0)

n=1

<E

=E[Tjp) - 1 (M7 > N)]

T(O,O) -1 ( max Xl > N)

1<I<T 0,0)

=E[To,) | MT©® > N]P(M'©® > N),

which shows that term IT evolves in some sense like M 7.0,
In the next section, we combine the results we have derived so far in order to derive

error bounds for the truncated steady state probability IP(XC(XJN) > 7, V) > y).
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5.3.2 Error bounds

In this section, we provide error bounds for the steady state probability of the
truncated system, i.e. the probability IP(X&])V) >, YéoN) > y) From Theorem 5.1,
and more precisely from Eq. (5.8), we obtain that the truncated probability is always
underestimating the exact probability IP(XOC >z, Yo > y) To construct an upper
bound for the difference ]P(XOO >x,Y > y) — ]P(Xg)v) >, YéoN) > y), we combine
the results for the upper bounds of terms I and IT (see pages 126 and 128, respectively)
with Eq. (5.9) and we get

0<P(Xoo >0, Yoe 2 y) —P(XLD) > 2, YY) > )
P(M7Too > N)

< B[T0) | M7 = N] ET(0.0)

(5.19)

The error between the exact steady state probability and its truncated approxima-
tion is upper bounded by E[T(o,o) { MToo > N]IP(MT“%O) > N) /ET 9,0y according
to Eq. (5.19). All factors involved in the upper bound are hard to evaluate exactly.
Instead, we derive an asymptotic upper bound by examining the behaviour of the
factors ]E[T((w) | MTo0 > N] and IP(MT<0=0> > N) as N — oo.

To study the asymptotic behaviour of the factors E[T(O,O) ’ MTo.0 > N] and
IP(M Too > N ), an exponential change of measure is first required. Therefore, in
Section 5.4, we perform such an exponential change of measure. Afterwords, in
Section 5.5, we provide asymptotic results for the probability ]P(M Too > N ), where
the latter is treated in conjunction with the factor ET{g ). Asymptotic results for
the conditional expectation E[T(O’O) | MTo.0 > N} are derived in Section 5.6. The
expression for the asymptotic upper bound is then formulated in Eq. (5.44).

Remark 5.2. The probabilities IP(X&V ) >, YO(ON) > y) can be calculated numerically
with the aid of MAM by interpreting the truncated Markov chain as a QBD. As we
explained in Chapter 1, algorithms to solve for the stationary distribution of a QBD
exist if the phase space is finite. Therefore, for the numerical implementation of existing
algorithms (Ramaswami and Latouche, 1986; Latouche and Ramaswami, 1999), we
conveniently interchange the coordinates of the state space. In other words, the states
now have the form (mso, m1), where mso is the number of customers in the second
queue and m; is the number of customers in the fist queue. In this case, the phase
coordinate takes values m; € {0,1,..., N}, and consequently the (N + 1)-dimensional
levels I(ms) take the form I(mg) = {(m2,0), (m2,1),...,(m2, N)}, ma =0,1,...

5.4 Exponential change of measure

Recall that the conditional expectation IE)[T(QO) | MTo.0 > N] and the probability
IP(MTW)) > N) involved in the upper bound, which is given in Eq. (5.19), relate to
the event that the number of customers in the first queue exceeds the truncation level
during a cycle. According to Large Deviations Theory (LDT) (Shwartz and Weiss,
1995), the number of customers in the first queue reaches a very high level due to a
‘conspiracy’, where the arrival and service rates change so as to make the probability
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of crossing level N a more likely event. Thus, in order to estimate these two terms,
we need to perform first an exponential change of measure.

To perform an exponential change of measure, we define as k(«) the cumulant
generating function (c.g.f.) of the r.v.’s Z1, Zs, ... Then, the c.g.f. k(«) takes the form

k(o) =InEe*® =1n (uo + pre”* + AEe®?) =1In (us + e ® + AMp(a)),

where Mp(a) is the moment generating function (m.g.f.) of the batch sizes. By
differentiating with respect to «, it is ease to verify that «'(0) = AEB — pu; < 0. We
assume now that there exists a solution v > 0 to the Lundberg equation k() = 0. The
parameter -y is called the adjustment coefficient and conditions for its existence can be
found in Asmussen and Albrecher (2010, page 91).

If F is the distribution of the Z 2 Zy, we define F to be the probability distribution
with density €7® w.r.t. F, i.e. F(dx) = e7*F(dz) (obvious notations like &(a), P, I,
etc, are used for quantities under the exponential change of measure). In the next
theorem, we show that, under this exponential change of measure, the r.v. Z has a
positive mean, thus making the event of crossing the level N in the first queue more
probable.

Theorem 5.3. Under the probability measure P the arrival rate of the batches is equal
to A=A+ (1 — e ")u1, the batch size distribution is equal to

o e’

BB =n) = Mg (v)

P(B=n), n=12,..., (5.20)

and the customers are served with rates i1 = e Tuy and i = po in each server,

respectively. In addition, it holds that EZ = NEB — i1 > 0.

Proof. According to Asmussen (2003, Proposition XIIL.1.1) the c.g.f. of F is equal to
k(o) =r(a+7) — k() =In (g2 + pe™ 7 + AMp(a+7))

MB(OZ +’Y)
Mp(v)

=In (/1,2 + e_’yule_o‘ + )\MB(’)/)MB(CY))

=1In (;m +e e " + AMp(y)

By substituting in the above relation o = 0, we obtain that
B0)=0 = pt+e’uy+AIMp(y)=1 = IMpH)= +1—-e")u1.

Therefore,
#(@) =In (2 + ¢ me™ + (A+ (1= e ")) Mp(a)),

which shows that the arrival rate of the batches under P is equal to A=A+ (1—e ")uq,
the customers are served with rates fi; = e™”uy and fis = po in each queue, respectively,
and the density function of the batch sizes is given by Eq. (5.20).

As a last step, we need to show that EZ = A\EB — 11 > 0. First observe that
since k(«) is a strictly convex function and its slope at 0 is negative, this means that
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K'(7) > 0. Now, according to Asmussen (2003, Proposition XIII.1.1), it holds that
EZ = k'(v) = £’(0). We calculate,

/!

—fine® + AL M
% (a) = .uleu doev VB(O‘) 7
fiz + fire”* + AMp(a)

where the substitution of & = 0 in the above formula gives &'(0) = AEB — ji1, and the
result is immediate. O

Remark 5.4. In the special case that the batches are of size 1, the equation k() =0
simplifies to €™ = A/py. Thus, we find A = g1 and i3 = A, which means that the
service and arrival rates are interchanged.

With the aid of the above change of measure, our goal is to provide estimates
for E[T(Oyo) ‘ MToo0 > N] and IP(MTU%O) > N). To achieve our objective, we
define a random walk with increments Z,,. As we shall see in Section 5.5, the event
{MTw0.0 > N} connects with the first passage time of the random walk above the
truncation level N. We proceed with introducing the notation for the random walk in
the next section.

5.4.1 Random walk notation

We define the random walk U,, = Z; + - - -+ Z,,, with Uy = 0. It is easy to see that the
Lindley process {X,,} has the same transition mechanism as the random walk {U,, }
except when the random walk crosses from positive to negative values (the Lindley
process then stays at 0). With the aid of the random walk {U,,} we derive our results.
Inspired by Asmussen (2003, page 221), we use the following notation:

Ty the first (strict) ascending ladder epoch or the entrance time to (0, 00); namely,
7+ = inf{n > 1 : U, > 0}. The distribution of 7. may be defective, i.e.
P(ry =00) =PU, <0foralln>1)>0.

the first (strict) ascending ladder height (defined on {71 < oo} only).

T+

H, the (strict) ascending ladder height distribution Hy(x) = P(U,, < x).
Here H; is concentrated on (0,00) and may be defective, i.e. |Hy| =

P(ry < o0 ) < 1.

T_ the first (weak) descending ladder epoch or the entrance time to (oo, 0]; namely,
7 =inf{n>1:0U, <0}.

U,_ the first (weak) descending ladder height (defined on {7_ < oo} only).

H_ the (weak) descending ladder height distribution H_(x) = P(U,_ < z).
Here H_ is concentrated on (—oo,0] and may be defective, i.e. ||[H_|| =
P(r- < o0 ) < 1.

T(N)  the time inf{n > 1:U, > N} of first passage to level N > 0 or the entrance
to (IV,00). The distribution of 7(IN) may be defective. Clearly, 7(0) = 7.
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B(N)  the overshoot U.(ny — N. Clearly, B(0) is the ascending ladder height U, .
Moreover, since U, (yy is strictly greater than N, the overshoot B(N) can
only take positive values.

B(co) ar.v. having the limiting distribution (if it exists) of B(N).

We also define as 7, (n) the ladder epoch at which the nth record Uy, (,) is achieved.
Formally,
T(n+1) =inf{k > 7. (n) : Up > U, () }- (5.21)

In this definition, we use the convention that 74 (0) = 0 and consequently we have
Ur ) = 0. Finally, if we let §, = o(Z1,...,Z,) be the o-algebra generated by
Z1y -+ Zn, then §(ny follows the usual definition of a stopping time o-algebra.

Since the results of Sections 5.5 and 5.6 are based on the connection between the
probability space P with IF’, we provide in Appendix A.3 some background theory on
the latter connection.

5.5 Asymptotic approximation for the maximum

In this section, we derive an asymptotic approximation for IP(M Too > N ), with
the aid of extreme value theory. Observe that the number of customers in the first
queue {X,, }n=01,.. forms a one-dimensional Markov chain on its own. Therefore, we
denote as Tp = inf{n > 1: X,, = 0| Xy = 0} the return time to the origin of the
first queue only and we define M To — maxi<n<T, Xn- We show that the probability
IP(MT“%O) > N) exhibits a similar tail behaviour with the probability ]P(MT0 > N).
Thus, we first discuss the behaviour of ]P(MTO > N) as N — oc.

We define 7, = inf{n : X,, > N}. Observe that if the maximum M7® before the
first return time to the origin is greater than or equal to N, this means that 7 is
smaller than Tj. In other words, IP(MT0 > N) =P(r < Tp). Moreover, the Lindley
process X,, has the same transition mechanism as the random walk U,, until T because
X, does not hit zero before Ty. Thus, it also holds that {r < To} = {7(N —-1) < 7_},
and consequently IE’(MT0 > N) = P(r(N — 1) < 7). For the latter probability, a
variant of the Cramér-Lundberg approzimation is already known by Asmussen (2003,
Corrolary XIII.5.9). Therefore, we provide the following lemma without proof.

Lemma 5.5. If B(N) converges in P as N — oo, say to B(co), then
WP (M > N) =Ee BN -V1 (1 < Ty) — 4,

where Cy = 113(7', = 00)Cy and Cy = Te—7B(o0)

We continue with showing that the tail behaviour of IP(MTW’) > N) is similar to
the tail behaviour of IP(MTD > N). For this purpose, note that both T(g ¢y and Tp

are regeneration cycles for the Markov chain X,,. Thus, if we denote MI-TO 2 MTo as

the maximum of X,, in the ith cycle Ty, where M0 is the generic cycle maximum,

and similarly MiT“]’O) 2 MT0.0 as the maximum of X, in the ith cycle T(g,0), we have

that (Iglehart, 1972; Rootzén, 1988; Asmussen, 1998)

max M % x max X;~ ~ max M. (5.22)

. n K2 .
1_1,...,7ET(0 ) 1=1,...,n 1_1,...,—ET0
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From Lemma 5.5, we know the tail behaviour of M7°. Therefore, we can derive
asymptotics for the maximum max;—1, ., X;. As such, Eq. (5.22) indicates that
in order to study the asymptotic behaviour of M7©.0 we first need to study the
asymptotics of max;—1,.. n X;, as n — oo.

Classically, extreme value theory focuses on finding constants a,,, b,, such that

1= nXi_ n
max 1b n 2 g (5.23)

where H is some non-degenerate r.v. and 2 denotes convergence in distribution. This
is equivalent to showing that the probability P(maxizL,_,n X; < apr +0b,) has a
limit, for any x. In our case, we prove that given the tail behaviour of M*° from
Lemma 5.5, there exist constants a,, b,, such that (5.23) holds with H following the
Gumbel function A(z) = e~¢ ", x € R (Giimbel, 1958).

The asymptotic behaviour of the probability ]P(M Too > N ) is given in the
following theorem. To establish this asymptotic result, we use Eq. (5.22) to first derive
the asymptotics of max;—; ., X;, as n — oo, and later connect these asymptotics
with the probability P(MTe.0 > N).

Theorem 5.6. It holds that

ET,
P(MT00 > N) ~ #Cleﬂ(”l), N = 0,
0

where C is defined in Lemma 5.5.

Proof. We first find the asymptotics for max;—1, ., X;. We set b, = 1/v and a,, =
(In(n/ETy) +InCy)/~. Thus, from Asmussen (1998, Lemma 1.1), we obtain that as
n — 00

P(.max Xi < an+bnx) =P(M" < an+bnx)ﬁ

i=1,...,n

= exp{EnTolan(MT” <an, —l—bnx)}

= exp{EnToln (1 —IP(MTO > ay, +bna:))}

~ eXp {_]E,nj-vocle_f}/(an—"_bnx) (1 + 0(1))}

x

¢, n— oo,

— €

where at the third step we used P(M7 > N) = C1e7 V=1 (1+0(1)) and In(1—2) ~ z.
From Asmussen (1998, Lemma 1.1), we also have that as n — oo

P(MT00 < g, + byz) T00 = IP( ax

[ X; <a,+ bnac)

= IP(MTW” < ay + bpx) 00 =€

- InP(MTe0 < a, +byz) = —*

=
ET(O)O)
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_ (o, _ _ T

:>Eﬂmnm(l PUW‘”)>an+@ﬂD ¢
n T, R

:)EﬂmmPUW<”>>an+@m)—e (1+o(1))

= P(MT00 > q, +b,z) = @e‘w (1+0(1)).

By setting now y = a,, + b,x, we write

ET, —ytan ET, oy
P(MT00 > y) = ——OReZH05 (14 (1)) = =2 e M E (14 0(1))
n
ETg.0/C
= I(é)i’Togle’W (1+0(1), y— oo,
which completes the proof. O

Remark 5.7. Practically, Theorem 5.6 states that, as N — oo,

P(MToo > N) P(M™ > N)

]ET(O,O) ]ETO

Therefore, if we replace IP(MTW‘U) > N) /ET¢,0y With IP(MTO > N) /ET, in Eq. (5.19),
then we can derive an asymptotic bound, where the constant term [ETj is computable.

At this point, observe that the limiting distribution of the overshoot B(oo) is
required for the evaluation of the constants Cyy and C7, which were defined in Lemma 5.5.
Since, the distribution B(oco) is found in Lemma A.17, we can find explicit expressions
for these constants, by using properties of lattice random walks. Thus, we conclude
this section by providing explicit expressions for the constants Cy and Cy. We also
calculate the mean ET.

Evaluation of the constants Cy and C;

For the evaluation of the constants Cy and C; we need the limiting distribution of
the overshoot B(oco). According to Lemma A.17, the distribution of B(o0) is found
through the ladder height distribution under the probability measure P. For this
reason, let H + be the distribution function of the ascending ladder height with respect
to P and Z+ be its corresponding mean. We have the following result.

Proposition 5.8. For a discrete-time lattice random walk, B(co) exists with respect
to IP. In this case, Cy is given in terms of the ladder height distributions by

e == [E])
Co=Be ™ = — e

Proof. By using Proposition 5.8 and Lemma A.17, we obtain that

+o00 oo
Co = Ee™7B(®) — Z e ""P(B(c0) =n) = 7 e (1 -Hy(n—1))
n=1 + n=1
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k

S Y SUNCEE.D SINED St

""nl +k1 n=1

_¥ 2 _ ek _
7lu (ev—1) Zh+(k)(1 ) i+(67—1)(

+o00
|55
k=1

— L (1- Zh+ ) = e 1D,

where we interchanged the infinite summations due to Tonelli’s theorem (Tonelli, 1909),

and the last equality holds because of Eq. (A.10). Finally, we need to calculate [.
From Wald’s equation (Wald, 1944) we have that

l+(e’*f — ].

v

l T+]EZ

But, from Asmussen (2003, Theorem VIIL2.4(ii)), we know Er = (1- HELH )71

Also, recall from Theorem 5.3 that EZ = #/(). Combining all these, the result is
immediate. O

Lemma 5.9. For a downward skip-free (or left-continuous) random walk, the constant
C1 in Lemma 5.5 is equal to
EZ K'(0)

Ch=—- 1—e e Tup =—
=g e = =00)

Proof. From Proposition 5.8, it is evident that we need to find exact values for the
terms 1 — ||H4|| and 1 — HPVI, H Observe that the random walk U,, is downward skip-
free.

We start with the evaluation of the term 1 — ||H,||. We set f, = P(Z = n). Under
the probability measure P, it holds that EZ = £/(0) < 0. Therefore, according to
Asmussen (2003, Corollary VIIL5.6), ||[Hy|| =1+ EZ/f_1, where from Eq. (5.2) we
know that f_1 =P(Z =-1) =

By the definition of the descending ladder height distribution, we have that

(I—eM)e .

1- HFI,H =P(r. = 00) = P(U, > 1 for all n > 1).

We set now fn, = P(Z =n) and Ty = inf{n : U, = —1}. Since U, is a downward skip-
free random walk with an upward drift under the probability measure IP, it holds from
Brown et al. (2010, Proposition 11) that

- e
IP(Tl < OO)

Thus, it is left to find the probability ]lvD(Tl < 00), which according to Brown et al. (2010,
Lemma 2) is equal to the unique value s € (0,1) that satisfies the equation Es? = 1.
From Theorem 5.3, we know that Ee®Zt = ¢5(@+7)  Therefore, Be 7% = ¢r(0) = 1,
and consequently s=e"7€(0,1) is the unique solution to the equation Es? = 1. As
a result, P(Ty < 00) = e~ 7. We also find f_; = P(Z = —1) = e ;. Combining all
the above and Lemma 5.5, the result is immediate. O
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The mean return time ETj

We turn now our attention to the evaluation of the mean return time IETy. Observe
that the Markov chain X, is ergodic, because AEB < u;. Therefore, as we already
saw in the proof of Theorem 5.1, the ergodicity of X,, results in ETy = 1/P(Xo = 0).
Since X, corresponds to an M* /M/1 queue, P(Xo = 0) is the probability that the
queue will be empty in the long-run. By applying Little’s formula (Little, 1961), we
find that the fraction of time the server is busy (and consequently the queue is not
empty) is equal to p; = AEB/u1, with AEB being the average number of customers
entering the system per unit time. Consequently, IP(XOO = 0) =1—p1=1-XEB/u;.
Thus, we proved the following lemma.

Lemma 5.10. The mean return time Ty is calculated by the formula

1
ETo =12 NEB/ 11
Remark 5.11. In this section, we provided an asymptotic approximation for the
probability IP(M To> N ) Alternatively, the same probability could be found numer-
ically by solving a system of linear equations for first passage probabilities. More
precisely, if we define ¢; = IP(Xn hits IV before it hits 0 | X = i), then we get by first
step analysis a system of linear equations where ¢ is the desired probability.

5.6 Asymptotics for the conditional mean return
time

The goal of this section is to study the asymptotic behaviour of the conditional mean
E[T(o,0) | MT©0 > NJ, ie. to study the limit imy o %B[T(0,0) | MT©0 > N]. As
we pointed out in Section 5.1, we recognise three different scenarios for this conditional
expectation. The analysis involved in the estimation of its asymptotic behaviour for
all three cases requires a variety of techniques and is thus complicated. Therefore, in
order to increase the readability of this section, we split it in two parts: the intuitive
and the rigorous part.

In the intuitive part, first we explain how the three different scenarios for the
asymptotic behaviour appear. We use graphs as a visual aid to explain our arguments
and we provide estimates for the asymptotic behaviour. The intuitive part is covered
in Section 5.6.1. Finally, in Section 5.6.2, the rigorous part provides the mathematical
proofs of the findings in Section 5.6.1.

Before continuing with our analysis, we introduce the following notation:

71: for the time at which the first queue reaches or exceeds level V. Recall that is
was defined in Section 5.5 as 71 = inf{n : X,, > N}.

To: for the return time to 0 in the first queue after reaching its maximum value.

73: for the first time the second queue empties after the first queue reaches its
maximum value. The time 73 can either coincide with or happen before T\ q).
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5.6.1 Intuitive illustrations

In this section, our goal is to describe the behaviour of both queues, given that the
number of customers in the first queue has reached a very high level before the first
return time 7{o 0y to the empty state (0,0). Our description is based on intuition and
common sense. Therefore, neither the graphs nor the notation we use in this section
are very precise. We explain these conventions in the following lines.

With respect to the graphs, we want to point out that they depict only qualitative
behaviours between the slopes but not quantitative ones. For example, in Figure 5.4,
the difference in the slopes [i; — pu2 and gy — po indicates that the former is smaller
than the latter, but it does not indicate how much smaller it is. With respect to
the notation, we write a ~ b to denote that a is approximately equal to b, without
explicitly determining the degree of accuracy. Finally, we denote as #Q; and #Q5
the number of customers in the first and the second queue, respectively.

The behaviour of the first queue

Observe that the behaviour of the fist queue is not affected by what happens in the
second queue. Therefore, we describe in Figure 5.1 the behaviour of the first queue
until time T{g oy, given that #@Q; reached or exceeded level N.

#1
Nt ‘
" | -
/Q) | @@
Y | b
™ | &
0 711 712 T;O time
! ! [
i1 H1 AEB

FIGURE 5.1: The asymptotic behaviour of @)1, given that the number of customers before the first
return time 7\ oy has reached (and possibly exceeded) the truncation level V.

We have the following observations. Since N — oo, the time its takes the queue
from 7; to reach its maximum value (something above N) before T{q o) is negligible
(compared to 71). Moreover, until 71, the departure rate of the customers is asymp-
totically equal to fi; because the system is overloaded (:\EB > ji1). On the other
hand, after 71 all the rates are back to normal. As we have already mentioned, 75 is
the point at which the first queue reaches 0 after reaching its maximum value within
cycle T(g,0y. Since during the time interval [r1, 7] the first queue is always full, the
departure rate of customers is equal to p;.

Next, we describe the behaviour of the second queue before time 7\ o). To do so,
we recognise three different cases that arise from the relation between the rates u,
po, and fiq.
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Case 1: 1 < 2

#Q1
Nt------------- ‘
" | -
Q)/\* | %
5 | AN
¥ | <
0 711 77:2 T:ﬁo time
! ! S 0w
#Q2 fin pa AEB
0 711 7W‘2 T(S,o) time

FIGURE 5.2: The asymptotic behaviours of Q1 and Q2, given that the number of customers in Q1
before the first return time T\ oy has reached (and possibly exceeded) the truncation level N, when

p1 < p2.

From Theorem 5.3, it always holds that ji; < ;. Therefore, in this case, the second
queue behaves asymptotically as a stable M/M/1 queue in all time intervals (but with
different arrival rates of customers). Thus, the number of customers in the second
queue is bounded by the number of customers in a stable M/M/1 queue until T o);
see Figure 5.2. As a consequence, the time interval [72, T(g,0)] is negligible compared
to [0, 2] and we expect that IE)[T(070) | MTo.0 > N] = E[TQ | MToo > N], where
from Euclidean geometry we can easily verify that

N N
< co————— To —T1 =~

_ 5.24
NEB — iy ji1 — AEB (5:24)

Case 2: i1 < p2 < 1

Since fi; < 2, the second queue behaves asymptotically as a stable M/M/1 queue
with arrival rate ji; and service rate us until time 71; see Figure 5.3. This means that
the number of customers in the second queue at time 7 is bounded by the number of
customers in the latter M/M/1 queue. From 71 onwards, the arrival rate of customers
in the second queue is equal to p1, which is greater than the service rate py. Therefore,
the number of customers in the second queue grows linearly with rate p1 — po up until
To. After 75, the output rate from the first queue is equal to AEB and the customers
in the second queue reduce linearly with rate AEB — ps until the queue empties at
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#Q1
N+ ‘
N l -
%/\y | Z
B | AN
J\Ig) : %
0 711 77:2 TE‘D 0 time
! ! ; ! (o
i1 111 ‘ A\EB |
#Q2 : :
J
0 T(o,o) time

FIGURE 5.3: The asymptotic behaviours of Q1 and Q2, given that the number of customers in Q1
before the first return time T\ oy has reached (and possibly exceeded) the truncation level N, when

b1 < p2 < pa.

time 73. We calculate

N
ho = (11 — o) ————,
ha H1 — H2 ) N '

BTN "NEB i — AEB iy — AEB
Obviously, in this case E[T(Oyo) ‘ MTwo0 > N] R E[T3 } MTo0 > N}, because
the time interval [73, T\ )] is negligible compared to [0, 73].

Case 3: po < i1 < 1

Since ji; > po, the number of customers in the second queue grows linearly with rate
fi1 — po up until time 71; see Figure 5.4. For the remaining time intervals, the second
queue behaves in a similar manner as in Case 2. Therefore, E[T(o,o) ’ MToo > N ] &
E[Tg | MTwo0 > N], where

N
h ~ (i1 — T
1 (M1 Mz))\EB—ﬁl

N ﬁl — M2 M1 — M2
ho =~ hy + — — =N | = + s 5.26
2% bt (=) (AEB —jn 11— AEB (5.26)
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#1
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FIGURE 5.4: The asymptotic behaviours of Q1 and Q2, given that the number of customers in Q1
before the first return time 7\ oy has reached (and possibly exceeded) the truncation level N, when
w2 < fin < pa.

T3 — T =

ha _ N A — e M1 — 2
w2 —AEB  us — AEB \EB — g M —AEB ’

We now proceed with making the above results rigorous in the next section.

5.6.2 Rigorous proofs

In this section, we prove rigorously the results presented earlier in an intuitive way.
From Section 5.6.1, we understand that we need to find estimates for the conditional
expectations E[r; | MT©o > N, E[r,—71 | MT00 > N], E[rs—7, | MTo0 > NJ,
and E[T(o,0) — 73 | MT©0 > NJ. Thus, we split the time interval [0, (o)) in the
following four sub-intervals: [0, 71], [11, 72|, [T2, 73], and [73, T(¢,0)]. In the following, we
consider each of these intervals separately. At the end, we sum all these conditional
expectations to find an expression for ]E[T(O’O) ‘ MTo.0 > N].

The sub-interval [0, 7]

To find an approximation for E[r; | MT©0 > N, we need to show that the number
of customers in the first queue grows linearly with rate 1/ (S\IEB - ﬁl). We prove this
in the next theorem by using Renewal Theory arguments and the relation between
the probability measures P and P.
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Theorem 5.12. If 7y is the first time the number of customers in the first queue
reaches or exceeds level N, then it holds that

Efr [ MT00 > N] = S\EB%(NJFO(N))-
— M1

To prove the above theorem, we need the following two lemmas.

Lemma 5.13. Let {F(N)}n>o0 be any family of events with F(N) € §,(n—_1) that
satisfies I?’(F(N)) — 1, as N — oo. It then holds that P(F(N) | 71 < T(0,0)) — 1.

Proof. We follow the idea of Asmussen and Albrecher (2010, Theorem V.7.1). Thus,
the goal is to prove that the complement F'(N) conditioned on the event {7y < T(g )}
converges to zero. First observe that {71 < T(g 0y} N{7(N — 1) < oo} = {11 < T(0,0)},
because {m1 < T(p,0)} C {7(N —1) < T(p,0)} C {7(N —1) < oo}. To this end, we
define Gy_1 = F(N) N {11 < T(9,0)} and we apply Lemma A.14 to get

P(F(N);71 < T(0,0)) =P(F(N); 71 < T(9,0); 7(N — 1) < 00)
—e Y IN-DRe—B(N-1)1 (Gn_1)
<e "WUEL (Gy_y) = e YWV YIP(F(N); 1 < Tio,0))
<e "WUP(F(N)).

Conditioning now on the event {7, < T(g )}, we obtain

P(F(N);m < T(o,0) - e " W-DP(F(N))
]P(Tl < T((),o)) - IP(Tl < T(O,O))
e YW-DP(F(N)) o
"B Cre (VD)

P(F(N) |7 <Ty0) =

where in the last step we used Theorem 5.6. O
Lemma 5.14. For z > 1/(AEB — ji1), it holds that

* 1

a) lim I?T>Nd:w7,and
()NHOOO (1 Y )y BB — iy
(b) 1 ZIP( > N‘ < Tio0))d !
1m T T = .
NSeo J, 1->Y 1 (0,0) | @Y BB —

Proof. To prove the lemma, we first need to show that

p 1
25— as. N-ooo (5.27)
EZ

9

=

For this reason, we define the fluid scaled process (Whitt, 2002)

— X
Xn(t) = %



142 Truncated buffer approximations

We know from Doney et al. (2099, Theorem 2.1) that limyee IETl/N = l/IEZ. Thus,
it holds that limy_, .o X n(t) = EZt. Since the infimum is a continuous function, from
the Continuous Mapping Theorem (Mann and Wald, 1943), we obtain

T - . o 1
— = : > : > = ——.
N inf{t: Xn(t) > 1} - inf{t : EZt > 1} T

We now prove (a). If we set § = 1/(VIVEB — ji1), then for all € > 0, we know from
Eq. (5.27) that
lim IF’(Tl € ((6—e)N,(0+ e)N)) =1.

N—oc0

However,

9]

P(rie (0= N, (0+eN)) <P > (0-N) <1,

which results in

]\}iinm]p(rl > yN) =1, Vy<é.

In other words, we obtain

NleooIP(ﬁ >yN)=1(y<¥6). (5.28)

By the Bounded Convergence Theorem (BCT) (Wade, 1974) and the fact that z > 6,

we have ;

lim 113(71>yN)dy:/ 1(y<6)dy=9,
0

N—oo Jj
which completes the proof. For (b), we combine Eq. (5.28) and Lemma 5.13, and we
get
lim (T1>yN‘Tl<T(O’O)) :]l(y<6>.

N—o0

Thus, by applying here again the BCT and taking into account the relation z > 6, the
result is immediate. ]

We proceed now with the proof of Theorem 5.12.

Proof of Theorem 5.12. Observe that it is sufficient to show

T1 1
El—=|mn<T = -————(1+40(1)).
[N 1 (0,0>] B8 A (1+0(1))
Let z be a value such that z > 1/ (S\IVEB — /11); namely z is greater than the value we

-
want to show that 71 /N converges to. The expectation |E []\1[

T < T(O,O):l can be

split in two terms as follows

E{ﬁ
N

z
no< T(O,O)} - / 11>(T1 > yN ‘ < T(O,O))dy
0

+/ ]P(Tl >yN ‘ 7 < T(O,O))dy- (529)
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From Lemma 5.14, we know that the first term of Eq. (5.29) gives the desired
convergence. Thus, we only need to prove that the second term of Eq. (5.29) vanishes
as N — oo. We write

/ P(ry > yN | 71 < T(o,0))dy
:/ P(r1 > yN;m < Tio,0))dy / P(r < To.0)
:/ ]\E[677UT(N—1);71 >yN;m < T(O,O)]dy / IP(T1 < T(0,0))
:/ ]E[e—W(B(N‘”*N_l);ﬁ > yN;7m1 < Tio,0)]dy / P (11 < T(0,0))
z . }
ge—V(N—l)/ P(r > yN;71 < T(o,0))dy / P (71 < T{0,0))
4
Se—’Y(N_l)/ IF’(Tl > yN)dy / P(Tl < T(OVO))
—e (N1 (]E [Nl} —/0 P(r > yN)dy) /11’(71 < To,0))

where the second equality holds because of the relation (A.6). From Doney et al.

< 1
(2009, Theorem 2.1), we have that lim IE {E} = —w—, while from Lemma 5.14,
N—oo MEB — jiy
we also know that for N — oo the integral / IVP(Tl > yN)dy converges to the same
0

number. Combining all the above, we obtain
/ IP(T1>yN‘T1<T(07O))dy
e Y(N-1) (IE [B] - J5 P(Tl > yN)dy)
IP(Tl < T(070))
e Y(N-1) (IE) AN 113(71 > yN)dy)

ET, ’ ’
(0,0) —y(N—-1
ET, 016 ( )

<

where at the last step we used Theorem 5.6. O]

In the next theorem, we find the mean number of customer in the second queue at
time 7y.

Theorem 5.15. If 7y is the first time the number of customers in the first queue
reaches of exceeds level N, then the number of customers in the second queue at time
T satisfies

; +
E[y. | MToo > N = B H)T o ooy,
[V, | > N] A]EB_[“( o(N))
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Proof. We follow the same idea as in the proof of Theorem 5.12. Thus, we let z be a
value such that z > 1/(/\EB — /21) and we write

Y.
E|
[N

MTo0 > N} :/ P(Y,, > yN ] 71 < T(0,0))dy
0
+/ P(Y;, > yN [ 11 < To,0))dy- (5.30)

The goal is to show that the first term in Eq. (5.30) gives the desired convergence,
while the second term vanishes as N — oo.

We start our discussion with the first term in Eq. (5.30). To prove this part, we
construct a process stochastically larger than Y;,. Recall from Eq. (5.2) that W,, =1
if Z, = —1 and X,,_1 > 0. This means that customers arrive in the second queue only
if there is a real departure of a customer from the first queue. This dependence of W,
on X,,_; only makes the analysis harder. Therefore, we eliminate this dependence by
constructing a stochastically larger process that allows the fictitious departures from
the first queue to generate real arrivals in the second queue. This auxiliary process Y,
satisfies the Lindley recursion Y, | = (Y, + W} _ )", where the netput process W}, is
constructed such that

-1, if Z,=0,
W! =K, ifZ,=-1,
0, otherwise,

with K > 1. More precisely, when ji; > ps, which happens in Case 3, K is equal to
one, giving IVEW/L = [i1 — po. However, in Cases 1 and 2, where ji; < po, K is greater
than one so as to have BW/ = e > 0, for some e > 0. This trick allows us to focus only
on the case BW/ > 0 and thus have a uniformised treatment for all different cases.

Let now V) = 3" | W/ be the random walk defined by the increments W). To
prove the desired convergence, we first find a connection between V! and Y/, and then
between the processes Y,) and Y,,. To this end, observe that the random walk V! is
skip-free in both directions. Consequently, we can easily verify for every sample path
that Vk’1 — Vk’g‘ < |k — k2| and we write

/ / ! /
V‘zfl _ VT(N) + VT1 - VT(N) > VT(N) + 1 — T(N) (5 31)
N N N - N N ' '

We have from Gut (2009, Theorem 4.2.1.(iii)) that

Vi o EW’
— = )
N EZ

a.s. N — oo, (5.32)

and also from Ross (1996, Proposition 3.3.1) we obtain

Pl
5~ as. N- oo (5.33)

Combining now Eqgs. (5.27), (5.31), (5.32), and (5.33), we write for 6 = BW’/EZ

T

IP(V/(N) +71—7(N) € (62— ON, (62 + e)N)) <PV > (02— eN) <1,
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which results in

lim IP(V >yN) =1 (y<bs). (5.34)
N—o00

Moreover, it holds that Y/ > V!, because the Lindley process Y, dominates the
random walk V,/. Thus, from the inequality

P(V], > (02— ¢)N) <P(Y] > (62— ¢)N) <1
and Eq. (5.34), we obtain

lim P(Y. >yN)=1(y<6). (5.35)
N—o00

Similarly, between the processes Y,, and Y/, the inequality Y, < Y,/ holds. Conse-
quently, for the first term of Eq. (5.30), by applying the BCT we have

z

z
/]P(YTl>yN]7-1<T(OVO))dy§ / P(Y] >yN |7 < To0)dy
0 0
—>/]l(y<92)dy:92, N —
0

where limpy_so0 IP(Y;1 > yN | < T(o,o)) = 1 (y < 02) because of Lemma 5.13 and
Eq. (5.35).

For the second term of Eq. (5.30), we observe that Y, < 71, because Y, is a skip-
free process in both directions. As a result,

/ P(Y;, > yN | 71 < T(o,0))dy < / P(Y;, > yN | 71 < T(0,0))dy.

However, in Theorem 5.12, we already proved that the right hand side of the above
inequality converges to zero as N — oo, which completes the proof. O

The sub-interval |17, 5]

So far, we studied the behaviour of both queues until time 7. We proceed with
studying their behaviour in the next rime interval.

Theorem 5.16. If 7y is the first time the number of customers in the first queue
reaches of exceeds level N and 7o is the first time the first queue empties after T, then

1t holds that 1

i1 — \EB

Proof. To study the asymptotic behaviour of the expectation E [7'2 -7 | MTo0 > N ] ,
we condition on the number of customers in front of the first queue at time 7 and we
define the function

E[ry—m | MT0® > N] = (N +o(N)).

g(k) :E[TQ -7 ’ MTo.0 > N; X, = k]

By conditioning on the first jump after 71, it is apparent that the function g(k) satisfies
the equation

—1+Z (Z1 =i)g(k+1), k>1, (5.36)

i=—1
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where ¢g(0) = 0. We can rewrite Eq. (5.36) as follows:
S P(zi=i)(gk) —glk+i) =1 = FEh(Z)=1,
i=—1
where h(i) = g(k) — g(k + i). Therefore, it is immediately obvious that Eq. (5.36) has

the following solution
k k

k‘ = — = .
90 = —FZ = - BB
Thus, since the number of customers in front of the first queue at time 77 is equal to
X; =N —1+4+ B(N — 1) and the system is saturated until 71, we can write

E[r,—m | MT©0 > N] =Y "Elr, - 7; B(N - 1) =k | MT©0 > N]

:ZE[Trﬁ | MToo > N; X, =N —1+k| -P(B(N-1)=k)

N-1+k 4 . N-1  E(B(N-1)
_;m \EB (B(N_l)_k)_ul—AEB+ 1 — \EB

However, from Lemma A.17, we obtain that IE(B(N -1)) — E(B(OO)) Conse-
quently, we have that

1 1
lim —E[mn — MToo > N
N Bl —n | I= 11 — \EB’
which completes the proof. O

Theorem 5.17. If 7y is the first time the number of customers in the first queue
reaches of exceeds level N and o is the first time the first queue empties after 71, then
the number of customers in the second queue at time To satisfies

B — )t (o — o)t
E[Y,, | MToo > N] = (a=r)™ U =)™ (o),

AEB — [iq w1 — AEB
Proof. There are always customers in the first queue during the time interval [11+1, 73],
so every departure from the first queue is an arrival to the second one. Therefore, the
dynamics of the second queue in the time interval [r; + 1, 73] are expressed by the sum
> oner 41 W,,, where the process W, was introduced in Theorem 5.15. Observe that
the sum ) 72 | W, can become smaller than —Y;,. Thus, to compensate for the
negative ‘positions’ of the random walk V,! and avoid the situation Y;, < 0, we write

T2 T2
Yo, =Yr + § Wvlz + §
n=711+1 n=711+1

Conditioning on {MTw©.0 > N} and taking expectations yields

E[Y,, | MTe0 > N] = E[Y;, | Moo > N] +E Z W) ‘M%m > N]

n=711+1

Wald’s equation
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—

+E| Y 1(Y,=0)| Mo >N

Ln=71+1 i

=E[Y,, | MT©» > N] +E[r, — 7, | M0 > N] . EW’
- )

+E| Y 1(Y,=0)| M0» >N

Ln=71+1 N
< E[Y;, | MT09 > N] + E[r, — 7 | M09 > N] - EW’
+E| Y 1(Y]=0) | M0 >N|,
Ln=71+1 i
where Z 1 (Y, = 0) follows a geometric distribution and is independent of N. By
n=11+1

dividing with IV, we get that

E{};’; MT(O‘U) 2 N:| S E[}X’; MT(o,o) > N} +E|:T2 —T1 MT(o,o) Z N:| 'EW/
1 - / T,
+E| D 1=0)| Moo >N1
n=r1+1
L (i = )" EW’' (i —po)* | (1 —p2)”
NEB—ji,  m—AMEB  XEB—ji,  t1—AEB’
as N — oo, and the proof is complete. O

The sub-interval |73, 73]

Recall that 75 is the time the fist queue hit zero after the number of its customers
reached or exceeded the truncation level. In the next theorem, we find how long it
takes for the second queue to empty starting at 7.

Theorem 5.18. If 7y is the first time the number of customers in the first queue
reaches of exceeds level N, o is the first time the first queue empties after 71, and T3
is the time the second queue empties after o, then it holds that

1 (B —p2)® | (1 —p2)”
Elrs — 7 | MToo > N| = = + N +o(N)).
- | - o (B e o)

Proof. Note that at time 75 the first queue is empty and from Theorem 5.17, we know
that there exists some yo > 0 such that Y;, = yoN. Moreover, time 73 is defined as
73 = inf{n > 7 : Y,, = 0}. The idea is to see our two-dimensional Markov chain as a
Markov Additive Process (MAP) (Cinlar, 1972) during the time interval [ro, 73]. For
notational convenience, we shift the time index and we assume that the process starts
at 0 instead of 75. Therefore, we observe the system in the time interval [0, 7y (0)],
with Xo =0, Yo = yoN, and 7v(0) = inf{n > 0:Y,, = 0}.

Observe that the second queue never hits zero until time 7y (0). This means that
Y, = (Y,)T for n € [0, 7y (0)], which shows that the increments W, 11 = Y41 — Y,



148 Truncated buffer approximations

are conditionally independent given (Z;);>o. Thus, the process (Xy, Sy )n>0, With
Sp=—=3",W,;and Xg = Sy = 0, defines a MAP (or Markov Random Walk (MRW))
that satisfies

P(Xnt1 € A, Sny1 — Sn € B| Xn,Wy) =P(X,,, A x B),

for all n > 0 and A € B(N), B € B(Z), with B denoting the Borel o-algebra on a
given state space. For this auxiliary process, 7y (0) = inf{n > 0: S, = yoN}. We are
interested in finding E[ry (0)].

Since {X,,}n>0 is an ergodic Markov chain with some stationary distribution
i, © = 0,1,..., the Markov Renewal Theorem as formulated in Alsmeyer (1994,
Theorem 2.1) takes the form (with d = 1, shift function () = 0, £ the unique
stationary distribution of X,,, and u(x) = E[S1]|Xo = z])

lim ]E(Zg(Xn,kz - Sn)) o AEB Z 3" mug(m,n) (5.37)

k—o0
n>0 m=0neZ

for every measurable function g : IN x Z — R that satisfies

oo

Z Z Tm |g(m,n)| < oo. (5.38)

m=0n€eZ
Letting now g(m,n) =1 (n =0) and k = yoN in Eq. (5.37) gives
(Z 1(S, = yoNN) ) SN S (5.39)
n>0 p2 — AEB

which shows that the mean number of renewals at yoN converges at 1/(us — AEB).
We use now the following elementary result: if a;, = E[number of renewals at k| with
limg o0 a = 1/(p2 — NEB) then it holds that

yoN—1

1 1
— ap — ————, N — oo.
yoN kzzl " s — AEB
In other words,
E[ry (0)] 1
— , N — o0. 5.40
yoN s — \EB > (5.40)
which completes the proof. O

The following theorem shows that asymptotically the mean number of customers
in the first queue is finite when the second queue empties.

Theorem 5.19. If 7y is the first time the number of customers in the first queue
reaches of exceeds level N, 1o is the first time the first queue empties after 71, and T3
is the time the second queue empties after o, then it holds that

AEB + 11z

E[X7—3 |MT(0,U) ZN] = W

(1+o0(1)).
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Proof. To prove the theorem, the idea is to consider the total number of customers
in the system without taking into account the internal transitions between the two
queues. As long as the second queue does not empty, the total number of customers in
the system can be described in a simple way. Following the proof of Theorem 5.18, we
also assume here for notational convenience that the process starts at 0 instead of 5
with Xo =0, Yy = yoN, and 7y (0) = inf{n > 0:Y,, = 0}. Therefore, for n < 7y (0),

we write
n

Xn+Yy=Xo+Yo+ > Zil(Z>0)-Y 1(Z=0). (5.41)
=1 =1

We define now the process

A, = izin (Zi > 0) =Y _1(Z; =0) — (\EB — pa)n,

=1 i=1

for n < 7y(0). Observe that E[Z11(Z; > 0) — 1(Z; =0) — (AEB — p2)] = 0 and
E[ZnH]l (Zp41>0) = 1(Zp41 =0) — (AEB — p2) | Zl,...,Zn} = 0. As a result,
{Z,1(Zy, > 0)=1(Z, =0)] — (AEB— p2)}n>1 is a sequence of absolutely fair random
variables and A,, is a martingale with respect to the filtration generated by (Z”)n>o
(Feller, 1971, page 210). Consequently, E|A,| < co. In addition, since 7y (0) is a
stopping time with finite expectation for fixed N according to Eq. (5.40), we apply
Doob’s optional sampling theorem to get EA., o) = EAg = 0. Moreover, we have that
Xo =Y., (0) = 0. Thus, setting n = 7y (0) in Eq. (5.41) and taking expectation yields

EXTy(O) =EX, + ]EATy(O) + ()\EB — /.LQ)E[Ty(O)]
=yoN — (u2 — AEB)E[ry (0)].
As a last step, we want to show that the right hand side of the above equation converges

to a constant. To this end, we follow the notation introduced for the MAP defined in
Theorem 5.18 and we write

Sryv0) = YoN + Rry (0, (5.42)

where R, (o) is the overshoot of S, at time 7y (0). From Wald’s equation for Markov
random walks (Fuh and Lai, 1998; Moustakides, 1999), by taking expectations in
Eq. (5.42), we obtain

v ER:, (0
Mo — AEB Mo — )\EB '

Sry(0) = (p2 = AEB)E[ry (0)] = E[ry(0)] =

To find now ER,, (), we use Eq. (5.37) with g(m,n) = E[Sl —-n;S81>n | Xo= m],
for n > 0, and g(m,n) = 0 otherwise. Therefore, we have

1 (o) (o]
IERTY(O) %m Z Zﬂ'mE[Sl —-n; 81 >n | Xo = m]

m=0n=0
00 0o oo

1
:mZZZme(51>k|XO:m)

m=0n=0k=n



150 Truncated buffer approximations

oo k—1

/\EB ZmeZIP S1> k| Xo=m)

k=0n=0

—ﬁZmekP (S1> k| Xo=m)

m=0 k=0

Z Sf|X0f m] _ AEB+p
)\EB frm 2(p2 — AEB)’

where 7;, i = 0,1,..., is the stationary distribution of the Markov chain {X,,},>0.
Moreover, the function g satisfies the condition (5.38) since

S g = 33w BIS: i = | xo =] = H5H

m=0neZ m=0n=0

Combining all the above, we have

yoN AEB + 15

ElvO] =738 7 2 - BB

and the proof is complete. O

The sub-interval (73, (o))

At time 73, the system is in state (X,,,0), where X,, is a finite r.v. with finite
expectation according to Theorem 5.19. Therefore, since (0, 0) is a recurrent state for
our ergodic Markov chain (X,,,Y,,), it holds that the hitting time of (0,0) is finite. We
formulate this result in the following proposition.

Proposition 5.20. If 71 is the first time the number of customers in the first queue
reaches of exceeds level N, 1o is the first time the first queue empties after 71, and T3
is the time the second queue empties after 1o, then it holds that

E[T(o0) — 73 | MT©» > N] = O(1).

Adding the results of Theorems 5.12, 5.16, and 5.18 and Proposition 5.20 yields

1 (fn = p2)™ | (1 — o)t
ElT MTw0 > N = ~<w + )
[T0,0) | ] ( po—AEB \ X\EB —ji; 1 —AEB
TR (N +o(N)) (5.43)
VY] O N :
AEB — ji; 1 — AEB

To sum up, we have studied the asymptotic behaviour of all the factors involved in
the upper bound (5.19). Thus, by combining the results of Theorem 5.6, Lemma 5.10,
and Eq. (5.43), we derive the following expression for the asymptotic upper bound.
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Asymptotic upper bound. As N — oo,
P(Xoo 2@, Yoo 2 y) = P(XUD 2 2, YY) > )
S
1 . ((/11 —p2)" (- /~L2)+) n 1 + 1
p2—AEB \ XEB —ji; 1 — AEB MEB —ji;, 1 —MEB
MEB
XNCpe N1 (1 — ) (5.44)
H1

where (7 is calculated according to Lemma 5.9. A

5.7 Numerical experiments

In this section, we perform numerical experiments to check the quality of our asymp-
totic upper bound (5.44). As we explained in Section 5.1, the queue lengths have a
product form solution only for single arrivals. Since it is more meaningful to compare
approximations with exact results than with simulation outcomes, we choose single
arrivals for the batch size distribution. By using Eq. (5.44), we first derive the exact
expression for the asymptotic upper bound of this particular model in Section 5.7.1.
Afterwards, in Section 5.7.2, we fix values for the parameters to perform our numerical
experiments.

5.7.1 Special case: single arrivals

When we assume single arrivals, our tandem network reduces to the M/M/1— o/M/1
queue. Thus, the exact joint queue length distribution is found by the formula

where p; = A\/p;. Let now N be the truncation level for the number of customers in
the first queue. To find the asymptotic upper bound (5.44), we perform an exponential
change of measure according to Section 5.4. Therefore, from Remark 5.4, we have
that the adjustment coeflicient is equal to v = In (,u1 /A) and the rates under the new
measure P take the form \ = 11 and i1 = A. Using Lemma 5.9, we also find that
Cy =M1 —p1).

Note that for single arrivals it always holds that ji; = A < pg, because of stability.
Thus, Case 3 does not appear in the case of single arrivals. From Eq. (5.43), we get

N (u1—u2)+>
E|T, MToo > NJ ~ — (24 =2 ),
[Ti0.0) | > N] u1/\< Y

From all the above, we conclude that the asymptotic upper error bound (a.u.e.b.)
in Eq. (5.44) takes the form

_ +
a.u.eb :=N|[2+ M)pf[(l —p1)
p2 — A
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P2 +
= N<2 + (’“pj)p{m —p1). (5.45)

Moreover, we call here constant coefficient bound (c.c.b) the part of the a.u.e.b
that does not depend on the truncation level N. Thus,

+
(-1

c.c.b. = (2 +
L—p2

>,01(1 —p1). (5.46)

The usefulness of this term will become clear in the next section. We proceed now
with our numerical experiments.

5.7.2 Numerical results

For our numerical experiments, we focus on the marginal distribution of the second
queue. As we explained in Section 5.7.1, only Cases 1 and 2 appear for this choice
of the batch size distribution. Therefore, we fix the parameters A, p1, and po, to
have examples of both cases. Note that for a given combination of {p1, p2} there
exists a unique combination of {\, 1, u2}, because due to uniformisation, the rates
are connected through the equation A + 1 4+ uo = 1. Thus, instead of deciding on 3
parameters (arrival and service rates), we decide on combinations of {p1, p2}.

For each combination of the loads, we choose a number of truncation levels N. Since
we assumed throughout the chapter that p; < 1, we know that limy_, p]lV = 0 and we
choose N such that it is a multiple of (1—p;)~!. Therefore, we take N = [n(1—p1)~1],
n=1,...,7, and we calculate for each N the truncated approximation IP(YOEJN) > y)
of IP(YOO > y) = pYy, y > 0, according to Remark 5.2. In addition, note that we
performed extensive numerical experiments for various combinations {p1, p2} of the
loads. We chose to present here the combinations {p; = 0.7, p2 = 0.6} (Case 1) and
{p1 = 0.7, p2 = 0.8} (Case 2), since the qualitative results were similar among the
various combinations we tested.

To check the quality of our asymptotic upper error bound, we calculate the
differences between the exact and the truncated approximation of the marginal queue
length distribution and we compare them with the a.u.e.b. (5.45). We summarise
our findings in Tables 5.1 and 5.2. The last line of these tables represents the a.u.e.b.
From the tables, we observe that the truncated approximations become more accurate
as IV increases, which is in accordance with our expectations. The same also holds
for the asymptotic bound. However, the bound is at least 5 times greater than the
observed error, which makes it rather pessimistic.

In an attempt to understand why the bound is pessimistic, we perform another
numerical experiment. More precisely, we calculate the standardised differences
ey (V-1) (P(Yoo > y) — IP(YOE)N) >y))/N and we compare them with the c.c.b., which
is the factor of the bound that does not depend on N; see Eq. (5.46). The results from
this experiment are displayed in Tables 5.3 and 5.4. We observe that for each value of
1y, the standardised differences seem to converge to a constant, which is different for
every y. Moreover, the c.c.b. is far from realistic and at least 5 times greater than the
exact standardised differences. This is an indication that most probably the inaccuracy
of the bound is due to an overestimation of this constant factor c.c.b. Moreover, even
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though the c.c.b. is smaller when p; = 0.7 and pa = 0.6, as expected from Eq. (5.46),
it does not mean that it captures better the behaviour of the standardised differences.

Y N =14 N=T N =10 N=14 N =17 N =20 N =24
5 0.043164  0.016910  0.006206  0.001578  0.000557  0.000195  0.000047
10 0.005249  0.003332  0.001684  0.000542  0.000212  0.000080  0.000020
15 0.000451 0.000359  0.000239  0.000108  0.000051  0.000022 6.5x10~°
20 0.000036  0.000032  0.000024  0.000014 8.3x107% 4.3x107% 1.5x1076
25 2.8x1076  2.6x107% 22x107% 15x107% 1.1x10=% 6.2x10°7 2.7x10~7
30 2.2x1077  21x1077 1.9x1077 1.4x1077 1.1x1077 7.4x107% 3.8x1078
a.u.e.b. | 0.432180  0.296475  0.152537  0.052901 0.022332  0.009096  0.002643
TABLE 5.1: Observed errors between the original marginal distribution of the second queue and its

QBD approximation for p; = 0.7 and p2 = 0.6. The last line corresponds to the asymptotic upper
error bound for each truncation level.

Y N =4 N=17 N=10 N=14 N=17 N=20 N=24
5 0.153260 0.055785 0.019824 0.004957 0.001843 0.000669 0.000169
10 0.081620 0.040864 0.017412 0.004932 0.001725 0.000600 0.000146
15 0.031387 0.019249 0.009657 0.003277 0.001343 0.000525 0.000143
20 0.010969 0.007716 0.004334 0.001695 0.000769 0.000329 0.000099
25 0.003695 0.002865 0.001752 0.000759 0.000373 0.000173  0.000058
30 0.001225 0.001019 0.000667 0.000312 0.000163 0.000081 0.000029
a.u.e.b. | 0.782040 0.469420 0.230016 0.077317 0.032202 0.012994 0.003744

TABLE 5.2: Observed errors between the original marginal distribution of the second queue and its
QBD approximation for p; = 0.7 and p2 = 0.8. The last line corresponds to the asymptotic upper
error bound for each truncation level.

Y N =4 N=T N =10 N=14 N =17 N =20 N=24

5 0.031460  0.020534  0.015380  0.011637  0.009867  0.008570  0.007292
10 0.003825  0.004046  0.004175  0.004002  0.003764  0.003509  0.003186
15 0.000329  0.000436  0.000592  0.000796  0.000903  0.000965  0.000996
20 0.000026  0.000038  0.000061  0.000106  0.000147  0.000188  0.000234
25 2.1x107%  3.2x107¢ 5.5%x107¢ 0.000011  0.000018  0.000027  0.000041
30 1.6x1077 2.5x1077 4.7x1077 1.1x107% 1.9x107% 3.2x1076 5.9x1076

c.c.b. 0.42 0.42 0.42 0.42 0.42 0.42 0.42

TABLE 5.3: Standardised observed errors between the original marginal distribution of the second
queue and its QBD approximation for p; = 0.7 and p2 = 0.6. The last line corresponds to the
constant coefficient bound, which is independent of the truncation level.

Last, we calculate the differences V=D (P(Yy, > y) — IP(YO(ON) > y)). From
Tables 5.5 and 5.6, we view that these differences grow as N grows, but it is not clear
if they grow linearly in N.

5.8 Conclusions

In this chapter, we addressed the problem of how to derive error bounds for the
queue length distribution of a tandem network of two queues when we truncate the
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Yy N=4 N=T N=10 N=14 N=17 N=20 N=24
5 0.111705 0.067738 0.049126 0.036544 0.032626 0.029381 0.025861
10 0.059490 0.049620 0.043148 0.036365 0.030545 0.026358 0.022293
15 0.022877 0.023374 0.023932 0.024159 0.023783 0.023055 0.021799
20 0.007995 0.009369 0.010740 0.012498 0.013621 0.014453 0.015081
25 0.002693 0.003479 0.004342 0.005599 0.006618 0.007631 0.008843
30 0.000893 0.001238 0.001654 0.002305 0.002895 0.003566 0.004535
c.c.b. 0.57 0.57 0.57 0.57 0.57 0.57 0.57

TABLE 5.4: Standardised observed errors between the original marginal distribution of the second
queue and its QBD approximation for p; = 0.7 and p2 = 0.8. The last line corresponds to the
constant coefficient bound, which is independent of the truncation level.

Y N=4 N=T7 N =10 N=14 N=17 N=20 N=24
5 | 0.125843  0.143740  0.153805 0.162918 0.167754 0.171416 0.175029
10 | 0.015303  0.028326 ~ 0.041754  0.056035 0.064001 0.070198 0.076478
15 | 0.001317  0.003057  0.005926 0.011150 0.015352 0.019302 0.023904
20 | 0.000105  0.000272  0.000615 0.001496 0.002515 0.003775 0.005639
25 | 8.2x107%  0.000022  0.000055 0.000159 0.000312 0.000550 0.001007
30 | 6.4x1077 1.8x107% 4.7x107¢ 0.000015 0.000032 0.000065 0.000142

TABLE 5.5: Observed errors between the original marginal distribution of the second queue and its
QBD approximation multiplied by e?V =1 for p; = 0.7 and p2 = 0.6.

background state space. In doing so, we truncated the buffer size of the first queue and,
with the aid of extreme value analysis, we derived an upper bound for the exact queue
length probabilities (see Section 5.3.2). We studied further the asymptotic behaviour
of the factors involved in this bound and we derived in Eq. (5.44) an asymptotic upper
error bound.

The conclusions we can draw for the asymptotic upper bound are summarised as
follows:

e The bound depends only on the truncation level and the parameters of the
model, i.e. it is uniform in the values x and y of ]P(Xéév) >, YO(ON) > y).

e The bound is rather pessimistic. Moreover, the bound becomes more pessimistic
as the truncation level increases.

Y N =4 N=T7 N=10 N=14 N=17 N=20 N=24
5 | 0.446821 0.474166 0.491262 0.509115 0.519269 0.527160 0.535052
10 | 0.237961 0.347341 0.431488 0.511621 0.554648 0.587623 0.620665
15 | 0.091507 0.163618 0.239323 0.338237 0.404312 0.461115 0.523188
20 | 0.031980 0.065585 0.107405 0.174972 0.231559 0.289079 0.361945
25 | 0.010773 0.024356 0.043420 0.078387 0.112517 0.152636 0.212239
30 | 0.003573 0.008666 0.016546 0.032278 0.049222 0.071330 0.108849

TABLE 5.6: Observed errors between the original marginal distribution of the second queue and its
QBD approximation multiplied by ¥V =1 for p; = 0.7 and p2 = 0.8.
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e From the performed numerical experiments, we discovered that the undesired
behaviour of the bound is most probably attributed to the constant term of the
bound, i.e. the factor c.c.b. that is independent of the truncation level N.

The above observations indicate that further modifications are important to improve
the accuracy of the asymptotic upper bound. One possible direction is to make the
bound dependent on the values x and y.






Appendix

A.1 Subexponential distributions

In Chapters 2-3, to study the tail behaviour of the ruin probability we consider that
the claim sizes belong to the the class of subexponential distributions S. Following
Teugels (1975), we give the following definition for the class S.

Definition A.1. A distribution F concentrated on [0,00) belongs to the class of
subexponential distributions § if and only if
1— F*(u)

ul;rréol_iw:n, n:1,2,...

When a distribution F belongs to S, it is known that F' decays slower than any
exponential rate (Asmussen and Albrecher, 2010). Two very useful known properties
of subexponentiality are the following, which are given without proof; see Asmussen
and Albrecher (2010).

Property A.2. The class S is closed under tail-equivalence. That is, if A(u) ~ aF(u)
for some F' € § and some constant @ > 0, then A € S.

Property A.3. Let F' € S and let A be any distribution with a lighter tail, i.e.
A(u) = o (F(u)). Then for the convolution A % F' of A and F we have A* F € S and

(A= F)(u) ~ F(u).

A.2 Results on perturbation theory

In this section, we provide some preliminary results on linear algebra, matrix functions,
and perturbation theory that are needed in the analysis of Chapter 4. We introduce an
N x N matrix function E(s) with a single parameter s > 0 and we set N' = {1,..., N}.
We say that the matrix function E(s) is regular if det E(s) is not identically zero as a
function of s. In addition, if E(s) is regular (we denote it as det E(s) # 0), then the
eigenvalues of E(s) are the solutions of the equations det E(s) = 0 (De Teran, 2011).
Throughout our analysis, we assume that matrix E(s) is regular and that r is a simple
eigenvalue of it. In addition, we assume that E(s) is analytic in the neighbourhood of
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r. We use the notation E()(s) for the nth derivative with respect to s of the matrix
function E(s). Thus, E(s) can be written as a Taylor series in the following form:

(s—r

E(s) =EQ (1) + (s —nED () +-- =) )" g (r). (A1)

n!
n=0

To avoid redundant notation, in the forthcoming analysis we use the conventions that
E = EO(r) = E(r) and E™ = E®)(r).

As a consequence of the fact that the multiplicity of the eigenvalue r is one, the
dimension of the nullspace of E is equal to one. Our first goal is to find the form of
the eigenvectors of the nullspace of matrix E. We prove the following theorem, which
gives us exactly the form of these eigenvectors.

Theorem A.4. If C is an N x N matrix with determinant equal to zero, i.e. det C = 0,
and nullspace of dimension one, then a right N x 1 eigenvector that corresponds to
the simple eigenvalue zero is t with coordinates t; = (—1)'17 det C%&ﬁ, JjeEN.

Proof. We need to prove that the inner product of every row of C with t is equal to
zero. More precisely, if ¢; denotes the ith row of matrix C, we need to show that

Cit:O, ZEN

If ¢;; is the (4, j) element of matrix C, for the first row we have
N .
et = c1;(=1)"* det G\ ) = det C =0,
j=1
For an arbitrary row ¢ = 2,..., N, we have

N
Cit = E . Cij(—l)l-‘r] det CNEJ{&%
j=

We expand the determinant of each matrix C%&ﬁ, j € N, in minors of the ith row
of matrix C. Observe that the ith row of the initial matrix is indexed by ¢ — 1 in
every matrix stg]}' due to the removal of the first row of C. Note also that every
column k placed to the right of the jth column of matrix C, after the removal of the
jth column is shifted one position to the left, therefore it is indexed by k — 1. After

the above observations, we have

N N
cit = Z e (=1)'7 det Cﬁ&ﬁ — Z cij (=) Z cin(=1) L0 det C%&{I;}}
j=1 j=1 k£

N
; AT N\
= (_1) E 1 ki‘CijCik(_l)ﬁ_k Tie>5} det C/\f&ﬁ =0,
J= J

because for any two arbitrary columns m and [, with m > [, only the summands

CilCim(_l)l+m_1 det C%s?l’:l}} and cimCil(—l)m—H det Cxéﬁ)’?}}
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appear in the expression of c;t and they cancel out with one another. Since all
summands of the above double sum are coupled and cancelled out, the double sum is
equal to zero. Thus, we have proven that the inner product of any column of C with
t is equal to zero. Consequently, t is an eigenvector of matrix C that corresponds to
its eigenvalue zero. O

Remark A.5. If the null space of an N x N matrix C has dimension one, then
rankC = N — 1. Therefore, there exists at least one sub-matrix of C such that its
determinant is not equal to zero. More precisely, there exists at least one combination
of row-column (m,n) with det C%&ZL}} # 0. Thus, if all determinants det C%&ﬁ,
j € N, are equal to zero, we can choose the coordinates of the right eigenvector t,

which corresponds to the eigenvalue zero, as t; = (—1)m*7 det CAN/&?;}, jEN.

Remark A.6. If t is an arbitrary eigenvector that belongs to the null space of C,
then any other eigenvector z that belongs to the same null space is proportional to t.
Namely, there exists o € R such that z = ot.

From Theorem A.4 and Remark A.5; we have as consequence the following corollary
for the right eigenvectors of the matrix E.

Corollary A.7. If m € N is such that det E%&fj} # 0 for at least one j € N, a
right eigenvector t of the null space of E has coordinates

tj=(-D)"det BN\ jeN.

We now perturb the matrix function E(s) by €K (s). Namely, we consider the matrix
E(s) + eK(s), where we assume that the matrix K(s) is analytic in the neighbourhood
of r. If K™ is the nth derivative of the matrix function K(s) at s = r, the Taylor
series of matrix K(s) around r is:

(s—r)"

K(s):K—F(s—r)K(l)—F---:i p

n=0

where K" = K™ (r) and K = K(®). Our goal is to find the form of the eigenvectors
of the null space of E(s)+€eK(s). Thus, as a first step we find the roots of the equation

det (E(s) + eK(s)) = 0. (A.3)

K™, (A.2)

At this point, we need the following result from perturbation theory, which gives
us the root of a function f(s) when it is perturbed by a small amount. We include its
proof for completeness.

Theorem A.8. Let r be a simple root of an analytic function f(s). For some function
h(s,€) and for all small real values €, we define the perturbed function

F(s,e) = f(s) + h(s,e). (A.4)

If h(s,€) is analytic in s and € near (r,0), then F(s,€) has a unique simple root (x(€), €)
near (r,0) for all small values of €. Moreover, x(€) is an analytic function in €, and if
a?n (s,0)=0,n=0,1,..., then it holds

5ch(r,0)

x(e) =r— eW + O(€?). (A.5)
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Proof. From the Implicit function theorem (Dini, 1907), we know that there exist a
unique function  with x(0) = r, such that for all small values of e, it holds that
F(z(e),€) = 0 close to (r,0). Moreover, the function z is analytic in e. To find the
linear Taylor polynomial approximation of z(e), which is defined as

z(e) = z(0) + ex™M(0) + O(e?),

we differentiate the function F (J:(e), e) =0 as a function of e. By using the chain rule
we obtain

0 1 0 B
ax(e)F<I(€), e)z( )(€) + &F(x(e), €) =0
=
M 9 Wiy 2 _
(D (ale) + 50, )a(0) + -hla(e). ) =0

In the latter equation, we substitute ¢ = 0 and we solve it with respect to z(1)(0).
Since 7 is a simple root of the function f, it holds that f((r) # 0 (Krantz, 1999).
Thus, we have

9
FOr)zM(0) + %h(r, 0)=0 = z(0) = —a}ﬁgz;())),

which completes the proof. O
From Theorem A.8, we have the following lemma, which we give without proof.

Lemma A.9. If the functions f(s) and h(s, €) satisfy the assumptions of Theorem A.8,
and g(s) is an analytic function with g(r) # 0, then the perturbed function

G(s,€) = f(5)g(s) + (s, €)g(s)

has the same unique simple root (x(e),€) near (r,0), for all small values of €, with the
perturbed function F(s,€) = f(s)+h(s,e). Namely z(e) = T—€%h(’l‘, 0)/fD () +0(e).

We also need the following property for the determinant of a square matrix.

Proposition A.10. If C and D are N x N matrices with columns Cq; and D,
i € N, respectively, then

det(Ca1 + €Da1,...,Con + €Day) =det(Cay, ..., Con)

det(C)

N
+€Y det(Cay,...,Dajy...,Con) + O(€?).
=1

Proof. The result is an immediate consequence of the additive property of determinants.
O

By combining the results of Theorem A.8 and Proposition A.10, we show in the
following corollary how we can find the roots of the equation det (E(s) + eK(s)) = 0.
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Corollary A.11. The number r. = r — €6 + O(e?), where

Zj‘vzl det (E.l,...,K.j7...,E.N)

6:
¥ det (Bar,...,Eo;V, ... Eoy)

)

is a simple root of the determinant det (E(s) + eK(s)) = 0.

Proof. According to Proposition A.10,
det (E(s) + ¢K(s)) = det E(s +eZdet eis- o Kaj(8), - Een) + O(€9).
Note that det E(s) is an analytic function in 7 and its derivative is defined as
d (1)
7detE Zdet Eot,.. . By (s), ..., Ban(s)).

Since r is a simple eigenvalue of E(s), by the definition of the multiplicity of a root
of an analytic function, it holds that < det E(s) ‘s:ﬁé 0 (see Krantz (1999)). In
addition, the function Z;\le det (E.l, . Keji(s), ..., E.N) is also analytic in the
neighbourhood of r. The result is then immediate from Theorem A.8. O

According to Corollary A.11, the eigenvalue r of the matrix E(s) + eK(s) is simple.
Consequently, the dimension of the null space of the matrix E(r.) + eK(r.) is equal to
one. We apply Theorem A.4 to find the eigenvectors of the matrix E(s) 4+ eK(s) that
correspond to its eigenvalue r.. Before that though, we do the following simplification.
From Egs. (A.1)-(A.2), we have the Taylor expansion

N =) (g 4 k)
E(s) + eK(s) = nz_;n,(E ") 4 K™ )
Evaluating this at the point 7. = r — ed + O(e?), we obtain
E(r) + eK(r.) = E — edEY + K + O(?U) = E + (K — 5E(1)) + O(€*U).

In the next theorem, we find the form of the right eigenvectors of a perturbed
matrix.

Theorem A.12. A right eigenvector of matriz E + e(K — 6E(1)) that corresponds to
the eigenvalue r. is
w =t — et + ek 4+ O(e%e),

where t is a right eigenvector of E defined as in Corollary A.7 and t™V) is its derivative
at re. Moreover, k is an N x 1 vector with coordinates

b= o 5 ((B00), o (6D (B8, )

where the choice of m € N is explained in Corollary A.7.
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Proof. According to Remark A.5 and Corollary A.7, there exists an m € N such that
the vector t with coordinates

tj=(-1)"Hdet BN e,
is a right eigenvector of matrix E. We prove that a right eigenvector that corresponds
to the matrix E + e(K — (5E(1)) is w with coordinates

M\{5}

_(_1\ym+J _ (1)
w; = (~1)"* det (E + ¢(K — 0F ))N\{m},

jeEN.

By using Proposition A.10, the above equation simplifies to
M{5}

Ly _sEW
w; = (~1)™* det (E + ¢(K — 4E ))N\{m}

= (1) det BN ), + e(—1)™+

N-1 ) ‘
S (AR, (0O o (PR,

N-1
_ (_ymHi g\ et N\ DALY
= (- RN —e(-1) s ; det ((EN\{m}).l,..., (B )N\{m}).k’
A\(i)
e (EN\{nL}).N_l)

N-—1
c e e ((B0), o () o (B,
=t; — e5t§1) + ekj,

(1)

where ¢/ = %tj(s) and

S=T

C_ (_1\ym+ji N1 NM\{7} ) ( M\{7} ) ( N\{j} )

kj = (—1)m+5 SN e ((EN\{m} Lo (KB (BAES) L )
Observe that t is not identically equal to zero, because it is an eigenvector of

E. Thus, the vector w is also not identically equal to zero. Therefore, according to

Remark A.5, w is an eigenvector of the matrix E + e(K - 5E(")), which completes
the proof. O

A.3 Random walks and related results

In this section, we follow the notation introduced in Chapter 5 (and more precisely
Section 5.4.1) and we provide some results that connect the probability measure P
with P. We also discuss about the ladder height distribution and the overshoot, which
play a crucial role in the Cramér-Lundberg approximation derived in Section 5.5.
The results of this section are widely known in the non-lattice case. Here, we
present their lattice equivalents, where in most cases the extension is simple. The
following lemma gives the connection between the probability measures P and P.
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Lemma A.13. For any Borel-measurable function g on n variables such that the
expectations exist, the following relations hold:

Eg(Z1, ..., Zn) = Be "Vng(Zy,..., Zy), (A.6)
By(Zy,...,2,) =EeVg(Zy,..., Z,). (A7)

Proof. This proof is the lattice equivalent of Asmussen (1982, Lemma 2.1). We write

Eg(Zy,....Zn)= > .. > gz, 2)P(Z = 21) - P(Z = 2,)

Z1€EZ Zn€Z

Z Z (21,...,2 _'YleP(Z—zl) ~-e_'YZ”IUP(Z:zn)

Z1€EZ Zn€Z
= IuEe_“’U"g(Zl7 e Zn).

The remaining relation is proven analogously. O

Lemma A.14. For any event Gy € Sr(v)
P(Gn;T(N) < o0) = e Ve 7PN1 (Gy). (A.8)

Proof. This proof is the lattice equivalent of Asmussen (1982, Lemma 2.2). We include
it here for completeness. The definitions of §,, and §,(n) imply the existence of n-
dimensional Borel sets Ay ,, such that Gy N {7(N) < oo} = {(Z1,...,2Z,) € AN n}-
But, U, = N + B(N) on {7(N) = n} so that by (A.6)

P(Gn;7(N) < 0) = i]P((Zl,...,Zn) € Ann)

— e*'YN]Eef'YB(N) Z 1 ((Zla .. 7Zn) € AN n)

n=1
= e VRPN (Gy).

For N = 0, the above lemma takes the form:

Corollary A.15. For any event G € §-,, it holds that P(G) = Ele™ "+, G, since
G C {7'+ < OO}

In the following lemma, we study the properties of the ladder height distribution
H+ We also use the notation h+ for its probability mass function.

Lemma A.16. The ladder height distribution H+ and the the remewal measure
U(dz) = 3.7 Hi"(dx) are lattice and aperiodic (d = 1). In addition, the ladder

height distribution FI+ s proper — i.e. HﬁJrH =1 - and its probability mass function
is defined as hy(n) = €"hy(n), n > 1.
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Proof. Tt is immediately obvious that the ladder height distribution is lattice since
the increments Z,, take values on {—1,0,1,2,...}. However, due to the definition of
7, the ascending ladder height U, takes values on {1,2,...}. Now, observe that the
nth ladder height can be written as:

UT+(’I’L) = U‘r+(1) + (UT+(2) - UT+(1)) +o 4+ (UT+(n) - U‘r+(n71))' (Ag)

If we set Sy, = Ur, (n) — Ur, (n—1), » = 1,..., then by the definition (5.21) of 7, (n) we
deduct that \S,, can only take positive integer values. Therefore, the epochs U, (o) = 0,
Ur,(n) = S1+ -+ Sy constitute a renewal process. The associated renewal sequence

9]

tg, U1, - ..is defined by iy, = P(U,, (n) = k,for some n > 1), i.e. 1y is the probability

of a renewal at k. Note also that iy =1, because U,, 9y = 0. Thus, according to
Asmussen (2003, Lemma 1.2.1), the renewal measure I is supported on {0,1,...} and
it is aperiodic. y

From Theorem 5.3, we know that I£Z > 0. Therefore, according to Asmussen
(2003, Theorem VIII.2.4), the ladder height distribution I;U_ is proper, i.e. HIL_H =1.

1%5 a last step to find a connection between the ladder height distributions H, and
H, we use Corollary A.15. If we take G = {U,, = n}, where n > 1, we have that

hy(n)=PU, =n)= IVE[eM’UW]l (U, =n)] = "P(U,, =n)
= e " hy(n), (A.10)
which completes the proof. O

In Lemma A.17, we prove a weak convergence result of the overshoot B(NN) and we
find the distribution of its limit B(oc). We denote weak convergence as 4. Thus, if &,

and & are random elements of a metric space T, &, 4 ¢ means that for any f € C,(%)
(the bounded continuous function on ¥), it holds that Ef(&,) — Ef(&,) (Asmussen,
1982, page 147).

Lemma A.17. B(N) 4 B(o0), where P(B(x) =n) = ——~—— 2 p

Proof. Our random walk has positive mean under the tilted probability measure. Thus,
for all N > 0, at least one n exists with certainty so as U, > N. Since 7(N) is the
smallest index for which this is true, Uy is called the point of first entry into (V, co).
The variable U, (n) — N is the amount by which the level N is overshot at the first
entry and we want to find its distribution; namely, we want to find the probabilities
P(B(N) = n) = IUP(UT(N) = N +n), for n € Z*. In other words, P(B(N) = n)
corresponds to the probability that the level N is overshot exactly by an amount n.

We define now Uj as the point of the first entry into (0,00) and by induction
U, .1 as the point of the first entry into (Uy,,00). The sequence U7, Us, ... coincides
with the ladder heights U, (1), Uy, (2),... and forms a renewal process: the differences
U, .1 — U, are evidently mutually independent and have the same distribution as U-, .
Consequently, the event that the level N is overshot by an amount n, with n > 1
occurs if some renewal epoch U/, equals m < N and the following inter-arrival time
U, 1 — U} is equal to N —m +n.

m
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FIGURE A.1: Ladder height sample path.
Combining all the above, we have
N
P(B(N)=n) =Ux*hy(N+n) = timhy (N +n—m)
m=0
N 1 ')
= ZﬂN_mm_(ner)%v—Zth(nJrj), N — oo,
m=0 + j=0

where in the last step we applied the lattice version of the Renewal Theorem (see Feller
(1971, page 363) and Asmussen (2003, page 157)). Now, since Z;io hyi(n+j) =
1— Hy(n—1), the result is immediate. O






Summary

Error analysis of structured Markov chains

This dissertation is concerned with the error analysis of structured Markov chains.
Performance measures for various classes of structured Markov processes can be found
algorithmically with the aid of Matrix-Analytic Methods (MAM), where the latter
techniques combine probability and matrix theory.

Although there exist cases in which performance measures for structured models can
be found explicitly, often in practice, a system is described by a stochastic model which
can only be analysed numerically if the background state space is truncated. From an
application point of view, truncation of the background state space can be interpreted
as approximating general distributions with phase-type distributions, and/or infinite
waiting rooms with finite waiting rooms. On the one hand the approximation of
several input parameters leads to an approximate model that can be analysed exactly
or numerically, but on the other hand it introduces approximation errors.

The goal of this dissertation is to obtain a rigorous understanding of these ap-
proximation errors for a number of practically relevant classes of stochastic systems
arising in risk and queueing theory. More precisely, since MAM are very successful
in the numerical analysis of structured Markov processes, we combine MAM with
other techniques, such as Laplace transforms, perturbation analysis, and extreme
value theory, in order to derive algorithms that yield provably accurate estimates of
performance measures for a wide class of systems. In addition, we focus on relating
the incurred errors to the truncation levels.

In Chapters 2—4, we consider heavy-tailed models. To preserve the heavy-tailed
property within the context of structured Markov processes, we should allow for a
(doubly) infinite state space, which makes the numerical evaluation of performance
measures cumbersome if not impossible. Specifically, in Chapters 2—-3, we consider
the classical compound Poisson risk model and we find approximations, with their
accompanying error bounds, for the ruin probability. In broad terms, a risk reserve
process is a model for the time evolution of the reserve of an insurance company,
where the initial reserve is non-negative. Claims for money arrive according to a
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Poisson process, the claim sizes are i.i.d. and independent of the aforementioned
Poisson process, and premiums flow in at a rate one per unit time. Furthermore, the
probability of ultimate ruin, is defined as the probability that the reserve ever drops
below zero.

In Chapter 2, we assume that the claim sizes are heavy-tailed and we show how
to approximate the heavy-tailed claim size distribution with a hyperexponential one
in order to meet a predetermined accuracy for the ruin probability. In addition,
we perform an extensive numerical study to compare our approximations with well-
established approximations for heavy-tailed risk models. Motivated by statistical
theory, we describe in Chapter 3 how the claim sizes can be written as a mixture of
a phase-type and a heavy-tailed distribution. From this representation of the claim
size distribution, we derive, with the aid of perturbation analysis, a series expansion
for the ruin probability. Our proposed approximations consist of the first two terms
of this series expansion and we refer to them collectively as corrected phase-type
approximations. Finally, we prove that the corrected phase-type approximations
provide small absolute and relative errors and we check their accuracy through
numerical experiments.

In Chapter 4, we extend the applicability of the corrected phase-type approxima-
tions to a more involved queueing model. In particular, we consider a single server
queue with FIFO discipline where customers arrive according to a Markovian Arrival
Process (MArP) and their service times follow the same distribution as the claim
sizes in Chapter 3, i.e. a mixture of a phase-type and a heavy-tailed distribution.
For this model, we focus on the evaluation of the queuing delay, where significant
correlations between arrivals of load-generating events make the numerical evaluation
of such a performance measure a challenging problem. We show that the developed
approximations capture the exact tail behaviour and provide bounded relative errors.
We exhibit their performance with numerical examples.

Finally, in Chapter 5, we no longer focus on heavy-tailed models. However, we
consider a tandem queue with batch arrivals. Customers arrive in batches according
to a Poisson stream and join the first queue, while the service times in each queue are
exponential. A customer leaves the system after completing service in both queues. For
this model, the joint queue length distribution can be represented by a doubly-infinite
Quashi-Birth-Death (QBD) process and we can apply MAM to find the steady-state
distribution only if the number of customers in front of either queue is finite. To find
approximations for the queue lengths we exploit the latter property, and we truncate
the number of customers of the first queue. We connect our two dimensional queuing
process with a two dimensional random walk and with the aid of large deviations
theory we find an asymptotic upper bound for our approximations. We recognise three
possible cases for the bound, study its qualitative characteristics, and test its accuracy
through numerical experiments.
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