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Preface

It is not as if there are not many books already on queueing theory! So, why this
one — an additional book? Well, generally queueing models and their analyses can
be presented in several different ways, ranging from the highly theoretical base to
the very applied base. I have noticed that most queueing books are written based on
the former approach, with mathematical rigour and as a result sometimes ignoring
the application oriented reader who simply wants to apply the results to a real life
problem. In other words, that reader who has a practical queueing problem in mind
and needs an approach to use for modelling such a system and obtain numerical
measures to assist in understanding the system behaviour. Other books that take
the purely applied approach usually oversimplify queueing models and analyses
to the extend that a reader is not able to find results useful enough for the major
applications intended. For example, the models are limited to simple unrealistic
arrival and service processes and rules of operation, in an attempt to obtain very
simple analysis which may not capture the key behaviour of the system. One of the
challenges is to present queueing models and clearly guide the reader on how to use
available mathematical tools to help in analyzing the problems associated with the
models. To this end the contents of this book are mainly presented in a form that
makes their applications very easy to see, as such it is written to make queueing
analysis easier to follow and also to make the new developments and results in the
field more accessible to pragmatic user of the models.

Nearly every queueing model can be set up as a Markov chain, even though some
of them may end with huge state space. Markov chains have been very well studied
in the field of applied stochastic processes. There are a class of Markov chains for
which the matrix-analytic methods (MAM) are very suitable to their analysis. Most
queueing models fall in that category. Hence there is definitely value in developing
queueing models based on Markov chains and then using MAM for their analyses.
The philosophy behind this book is that for most practical queueing problems that
can be reduced to single node system, we can set them up as Markov chains. If so,
then we can apply the results from the rich literature on Markov chains and MAM.
One whole chapter is devoted to Markov chains in this book. That chapter focuses
on Markov chain results and those specific to MAM that will be needed for the
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viii Preface

single node analysis. So most of the analysis techniques employed in this book are
based on MAM. Once a while the z-transform equivalent of some of the results are
developed as alternatives. However, the use of transforms is not a major focus of
this book. The book by Bruneel and Kim [28] focused on transform approach and
the reader who has interest in that topic are referred to that book. Additional results
on discrete time approach for queues using z-transforms can be found by visiting
Professor Bruneel Herwig’s website.

It is well known that single node queues do give some very good insights to
even the very complex non-single node queues if properly approximated. So single
node queues are very important in the field of queueing theory and are encountered
very frequently. This book focuses on single node queues for that reason. Queueing
networks in discrete time are dealt with in the book by Daduna [34].

One important area where queueing theory is applied very frequently is in the
field of telecommunications. Telecommunication systems are analyzed in discrete
time these days because it is based mainly on discrete technology; time is slotted
and the system has shifted from analogue technology to discrete one. Hence dis-
crete time queueing models need special consideration in the fields of queueing and
telecommunications.

The first chapter of this book introduces single node queueing systems and dis-
cusses discrete time briefly. We believe, and also want to show in this queueing
book, that most single node queues in discrete time can be set up as discrete time
Markov chains, and all we need to do is apply the results from Markov chain. As a
result we present, in Chapter 2, the key results from discrete time Markov chains, es-
pecially those related to MAM, that will be used to analyze our single node queueing
systems. Generally, for most practical queueing problems we find ourselves turning
to recursive schemes and hence needing to use some special computational proce-
dures. Emphasis is placed on computational approaches for analysing some classes
of Markov chains in Chapter 2. As we get into Chapters 3 and 4 where single node
queues are dealt with the reader will see that the real creative work in developing
the queuing models is in setting them up as Markov chains. After that we simply ap-
ply the results presented in Chapter 2. This is what is special about this book — that
all we need is to understand some key results in discrete time Markov chains and
we can analyze most single node queues. To summarize the philosophy used in this
book, Chapter 2 actually contains the tools needed to analyze single node queues
considered in this book, and the materials presented in Chapters 4 and 5 are mainly
developing and also showing how to develop some key single server queueing mod-
els. For each of the models presented in Chapters 4 and 5, the reader is pointed to
the Markov chain results in Chapter 2 that can be used for the queueing models’
analyses. Chapter 3 presents general material that characterize queueing systems,
including the very common distributions used to characterize the interarrival and
service times.

Winnipeg, Manitoba, Canada Attahiru S. Alfa
May 2010
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Chapter 1
Introduction

1.1 Introduction

A queueing system is a system in which items come to be processed. The words
“item” and “processing” are generic terms. An “item” could refer to customers.
They could be customers arriving at a system such as a bank to receive service (be
“processed”). Another example is in a manufacturing setting where an item could
be a partially completed part that needs to be machined and is thus sent to a sta-
tion where it is duly processed when possible. Most of us go through city streets
driving vehicles or as passengers in a vehicle. A vehicle going through a signalized
intersection is an item that needs to be served and the service is provided by the in-
tersection in the form of giving it a green light to go through. The type of queueing
systems of interest to us in this book are the types encountered in a communication
system. In such a system, the item could be a packet arriving at a router or switch
and needs its headers read so it can be forwarded to the appropriate next router or
final destination. In this introductory chapter we will use all the similies of queueing
system characteristcs interchangeably so as to emphasize that we are dealing with
a phenomenon that occurs in diverse walks of life. Generally in a queueing system
there is a physical or a virtual location, sometimes moving, where items arrive to
be processed. If the processor is available the item may be processed immediately
otherwise it has to wait if the processor is busy. Somehow, the waiting component
that may occur if the processor is busy seems to dominate in the descriptor of the
system, i.e. “queueing” or “waiting”. In reality, this system can also be called a ser-
vice system — sometimes a better descriptor. But we will stay with queueing system
to maintain tradition.

Nearly all of us experience queueing systems directly or indirectly; directly
through waiting in line ourselves or indirectly through some of our items waiting
in line, such as a print job waiting in the printer buffer queue, or a packet belonging
to a person waiting at a router node for processing. In any case, we all want our
delays to be minimum and also not be turned away from the system as a result of
the buffer space not being available. There are other types of factors that concern

A.S. Alfa, Queueing Theory for Telecommunications, 1
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2 1 Introduction

most other people, but these two are the major ones. Of course we all know that if
those managing the system can provide “sufficient” resources to process the items
then the delays or denial of service possibilities will be small. However, the system
manager that provides the service is limited to how much resources to provide since
they do cost money. Understanding how queueing systems behave under different
scenarios is the key reason why we model queueing systems. This book intends to
continue in that vein, but it focusses mainly on what we call a single node queueing
system.

1.2 A single node queue

A single node queue is a queueing system in which a packet arrives to be processed
in one location, such as at a router. After the packet has been processed it does not
proceed to another location for further processing, or rather we are not interested
in what happens to it at other locations after the service in the current location is
completed. However the packet may re-enter the same location for processing im-
mediately after its processing is completed. If it proceeds to another location for
another processing and later returns to the first location for processing then we con-
sider this return as a new arrival and the two requests are not directly connected.
So a single node system has only one service location and service is provided by
the same set of servers in that location even if a packet re-enters for another service
immediately after finishing one. We give examples of single node queues in Figures
1.1,1.2,1.3 and 1.4. In Figure 1.1 we have the top portion showing a simple single
server queue, where the big circle represents the server, the arrow leading to the
server shows arrivals of items and the arrow leaving the server shows departure of
items that have completed receiving service.

— O—
Single Server
— 1 jO—

Fig. 1.1 A Single Node, Single Server Queue

Figure 1.1 (the lower part) is an example of a simple single node queue. There
is only one server (represented by the circle) at this node. Packets arrive into the
buffer (represented by the open rectangle) and receive service when it is their turn.
When they finish receiving service they may leave. A queueing system that can be
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represented in this form is a bank with drive-in window where there is only one
ATM machine to be used and vehicles queue up to use it.

/O
Multiple Servers
N

O——

Fig. 1.2 A Single Node, Multiple Parallel Servers Queue

— |11

In Figure 1.2 we have a single node queue with several servers in parallel. A
packet may be sent to any of the servers for processing. This type of queueing system
is very common at the in-buffer queue of a switch in communication networks, the
check-out counter in a grocery store, at a bank where tellers attend to customers, a
commercial parking lot where the parking bays are the servers and the service times
are durations of parking, etc.

———

Polling / Contention

Fig. 1.3 A Single Node, Multiple Parallel Queues and One Server

Figure 1.3 is a single node queue in which there are several buffers for differ-
ent queues and a server attends to each queue based on a pre-scheduled rule, e.g.
round-robin, table polling, etc. This is called a polling system. This type of queue-
ing system is very common in telecommunication systems in the medium access
control (MAC) where packets from different sources arrive at a router and need to
be processed and given access to the medium. The server (router) attends to each
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source according to a pre-scheduled rule. Another example of this is a traffic inter-
section with lights — each arm of the intersection is a queue of its own and the server,
which is the light, gives green light according to a pre-scheduled rule to each arm.
The example diagram of Figure 1.3 shows only one server, but we could have more
than one server providing the same service.

Feedback

Fig. 1.4 A Single Node, One Server and Feedback

Finally Figure 1.4 is a single node queue in which an item, after completing a
service, may return to the same system immediately for another service. This is
a feedback queue. For example consider a manufacturing system in which an item
after going through a manufacturing process is inspected instantaneously and placed
back in the same manufacturing queue if it is deemed to be defective and needs to
be re-worked. These are just a few examples of single node queues.

What other types of queueing system exist and what makes them different from
single node queues? Single node queues are the smallest units that can be classified
as a queueing system. Other types of queueing systems are configurations of several
single node queues.

1.3 A tandem queueing systems

Consider several single node queues in series, say N of them labelled Q1, 0>, ---, On.
Items that arrive at O get processed and once their service is completed they may
return to Q) for another service, leave the system completely or proceed to O, for
an additional service. Arriving at O, are items from Q; that need processing in O,
and some new items that join O, from an external source. All these items arriving
in O, get processed at O,. Arriving items go through the N queues in series accord-
ing to their service requirements. We ususally reserve the term tandem queues for
queues in which items flow in one direction only, i.e. Q1 — O — -+ — Oy, i.e. We
say p; ; is the probability that an item that completes service at node Q; proceeds to
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node Q;, with p; ; >0, j=i,i+1and p;; =0, j <i, j<i+]1, keeping in mind
that 3;* | p; ; < 1, since an item may leave the queue after service at node Q; with

probability 1 — 2?]:1 pij <1,ie. 1—p;;i1 <1. An example of a tandem queucing
system is illustrated in Fig 1.5.

— i L.T ~

Tandem Queues

Fig. 1.5 Example of a Tandem Queue

As one can see, a tandem queueing system can physically be decomposed into
N single node queues. Even though the analysis as a set of single node queues is
involved and may also end up only as an approximation, this approach has been
adopted considerably in the literature [87]. For other results on discrete-time analy-
sis of tandem queues, see [86]. A real life example of a tandem queueing system is
a virtual circuit in a communication system. Another one is a linear production line
in a manufacturing system. One example most of us come accross nearly everyday
is that of a path of travel. Once we have decided on our route of travel, say by auto-
moble in a city, then we see this as a linear path and each of the intersections along
the path form a set of single node queues and all together form a tandem queueing
system.

1.4 A network system of queues

Finally, we have a network system of queues which is a more general class of queue-
ing systems. In such a system we may have N nodes. Items can arrive at any of the N
nodes, e.g. node Q; for processing. After processing at node Q; the item may leave
the system or proceed to another node Q; for processing or even leave the system
entirely. Here we have p; ; > 0, V(i, /), and 1 — XY, p; ; < 1 is the probability that
a job leaves the system at node Q;. There is no restriction as to which node an item
may proceed to after completing service at a particular node, unlike in the case of the
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tandem queueing systems that has restrictions in its definition. Figure 1.6 illustrates
an example of what a network of queues looks like.

\

e _ 1O—

M
— T — MO

Fig. 1.6 Example of a network of Queues

Most real life queueing systems are usually networks. An example is the commu-
nication packet switching system, road networks, etc. Once more one can see that
a network system of queues is simply a collection of several single node queues.
Sometimes a queueing network is decomposed into several single node queues as an
approximation for analysis purposes. This is because analysing queueing networks
or even tandem networks could be very involved except in the simpler unrealistic
cases. As a result decomposing tandem queues and queueing networks has received
a considerable amount of attention in the literature. This is why we decided to fo-
cus on single node queues and develop the proper analysis for them in this book.
The book by Daduna [34] treats a class of discrete-time queueing networks with
geometric interarrival times and geometric services.

1.5 Queues in Communication networks

There are so many types of queueing systems in communication networks. In fact
one may say in order to provide an effective and efficient communication system
understanding the underlining system that governs the performance of the commu-
nication is only second to the development of the equipments needed for the system.
In what follows we present just a few examples of communication networks, ranging
from the very old to the very new systems.

e Old POTS: The plain old telephone system (POTS) is one of the oldest systems
that actually established the need for queueing models. The works of the pio-
neering queueing analyst, Erlang [39], [40], was a result of trying to effectively
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understand the switching system of the POTS and how to determine the number
of trunks required to effectively and efficiently operate such a system. That is an
example of a queueing system at a high level. After switching is carried out at
each node, a circuit is established to connect to communicating entities. In the
POTS there are several “mini” queueing system within. For example, trying to
get a dial tone actually involved a queueing process.

Queueing problems as seen in the POTS had to do with voice traffic — a more ho-
mogeneous type of traffic. Only one class of traffic was considered as important
or as the main driver of the system.

e Computer communication networks: In the computer communication world
data was moved in the form of packets. For data packets, instead of circuit switch-
ing as in the POTS case, packet switching was employed. Circuits were not estab-
lished, but packets were given headers and sent through the network via different
paths and later assembled at the end (destination) node. Still packets go through
a queueing system and depending on the types of packets been sent they may
have some priorities set.

o Integrated Services Digital Networks (ISDN): In the late 1970s and early 1980s
a considerable effort was focussed on trying to integrate both the voice and data
networks into one so as to maximize resources. The ISDN project was started
and out of it came also the Asynchronous Transfer Mode (ATM), an idea that
packetizes both voice and data to small size (48 + 5kb) cells and sent through the
system either through a virtual circuit or as a packet switched data. With ATM
came serious considerations for different classes of traffic and priority queues be-
came very important in telecommunication queues. In fact, the advent of ISDN,
ATM and the fact that communication systems started to be operated as digi-
tial systems (rather than analogue) led to discrete time systems becoming more
prevalent.

e Wireless networks: When wireless communication networks became accessible
to the paying public the modelling of the queueing systems associated with them
opened up a new direction in queueing systems. With the wireless system came
mobility of customers. So customers or mobile stations that are receiving ser-
vice while they are moving could end up switching to a different server (when
they change location) without completing their service at the previous server, i.e.
mobile stations go through a handoff process.

e Cognitive radio networks: Cognitive radio network is currently one of the re-
cent topics of interest in communication systems that opens up the study of a
new type of queueing systems. In this system we have several channels - used
by primary users and can only be used by secondary users when the channels
are free. Here the secondary users keep searching for channels that are available
for use (free) at some points in time. So this is a queueing system in which the
server is available only intermittently and the customer (secondary user) has to
find which channel (server) and when it is available, keeping in mind that other
users (secondary users) may be attempting to use the same channel also.

These are just few of the queueing systems encountered in telecommunication sys-
tems.
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Trying to present material in this book specifically for telecommunication sys-
tems would be limiting the capabilities of the analysis techniques in it. Keeping in
mind that despite the fast changing world of telecommunications the fundamen-
tal queueing tools available seem to keep pace or sometimes are way ahead of
the communication technologies, I decided to keep the book mainly as a tool for
telecommunication systems analysis rather than a book on telecommunications sys-
tems queues. I present the matrial as a fundamental discrete time single node queue
analysis. The results can be used for different telecommunication systems as they
arise or appropriately modified to suit the analysis of the new systems. As we see
from this section, telecommunication systems technologies ranging from the POTS
to cognitive radio network all use queueing models and these models are based on
the same stochastic models in concept. I hope the results and analysis techniques in
this book can be applied for a long time as the telecommuniction system evolves.

1.6 Why are queueing systems of interest?

Queueing systems are of interest mainly to two categories of people; 1) the users
of the systems (customers) and 2) the service providers. The customers need (want)
to use the system and minimize their delays, loss (or blocking) probabilities, etc.
On the other hand the service provider wishes to minimize its cost of providing the
service to customers while ensuring that the customers are “reasonably” satisfied.
For example, the service providers do not want to assign too many servers that
results in a high percentage of them becoming idle most of the time, they do not want
to provide an extremely large buffer size which is often unoccupied, etc. — and they
do this without knowing exactly the workload to be submitted by customers because
that component is stochastic. Sometimes the rule used to oprerate the system is
a major factor in achieveing the proper goals. For example, just by changing the
operation rule from first-come-first-served to a priority system will change how the
system is perceived by the customers. So the need to understand how to operate a
queueing system while achieving all these conflicting goals, is necessary and needs
a very good understanding of the systems.

1.7 Discrete time vs Continuous time analyses

Most queueing models in the literature before the early 1990s were developed in
continuous time. Only the models that were based on the embedded Markov chain
studied the systems in discrete times — models such as the M/G/1 and GI/M/1 which
were well studied in the 1950s [61] [62]. The discrete time models developed before
then were few and far between. The earlier discrete time models were those by
Galliher and Wheeler [44], Dafermos and Neuts [35], Neuts and Klimko [83], Minh
[78], just to name a few. However, researchers then did not see any major reasons
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to study queues in discrete time, except when it was felt that by doing so difficult
models became easier to analyze. Examples of such cases include the embedded
systems and the queues with time-varying parameters.

Modelling of a communication system is an area that uses queueing models signi-
ficatly and continuous time models were seen as adequate for the purpose. However
now that communication systems are more digital than analogue and we work in
time slots discrete modelling has become more appropriate. Hence new results for
discrete time analysis and books specializing on it are required.

Time is a continuous quantity. However, for practical measurement related pur-
poses, this quantity is sometimes considered as discrete, especially in modern co-
munication systems where we work in time slots. We often hear people say a system
is observed every minute, every second, every half a second, etc. If for example we
observe a system every minute, how do we relate the event occurrence times with
those events that occur in between our two consecutive observation time points?
This is what makes discrete time systems slightly different from continuous time
systems. Let us clarify our understanding of continuous and discrete view of time.

1.7.1 Time

Consider time represented by a real line. Since time is continuous we are not able
to observe any system at time . We can only observe it between time ¢ and 7 + ¢,
where 0t is infinitesimally small. In other words, it takes time to observe an event,
irrespective of how small this observation time is. This is because by the time we
finish observing the system, some additional infinitesimal time 8¢ would have gone
by. Hence, in continuous time, we can only observe a system for a time interval, i.e.
between times ¢ and time ¢ + 6¢. Note that 6¢ could be as small as one wishes.

In discrete time, on the other hand, our thinking is slightly different. We divide
time up into finite intervals. These intervals do not have to be of equal lengths and
the time points may or may not represent specific events. We can now observe the
system at these points in time. For example, we observe the system at time ¢, #,
13, .oy byy byt 1, ..., implying that everything that occurs after time #, and throughtout
the interval up to time 7,1, is observable at time ¢, 1; for example all arrivals to
a system that occur between the interval (¢,,4,41] are observed, and assume to take
place, at time epoch #,11. Another way to look at it is that nothing occurs between
the interval (¢,,%,+1] that is not observable at time epoch 7, . By this reasoning we
assume the picture of the system is frozen at these time points 1, t, -+, t, -,
and also assume that it takes no time to freeze a picture. In addition, we only know
what we observe at the time points and they constitute the only knowledge we have
about the system. Whatever activities occur between our last observation of the sys-
tem at time ¢,, and our next observation at time 7,1, are assumed to occur at time
ty+1. We normally require that an item is in the system for at least one unit of time,
e.g. a data packet requires at least one time slot for processing, and hence it will be
in the system for at least that duration before departing. Hence, our discrete time
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analysis by definition will be what Hunter [57] calls the late arrival with - delayed
access, i.e. arrivals occur just before the end of an epoch, services terminate at the
end of an epoch and the arriving customer is blocked from entering an empty ser-
vice facility until the servicing interval terminates. This is discrete time analysis of
queuing systems as proposed by Neuts and Dafermos [35], Neuts and Klimko [83],
Klimko and Neuts [64], Galliher and Wheeler [44] and Minh [78]. We are simply
taking a snapshot of the system at these time epochs. We will not consider the other
two discrete time arrangements described by Hunter [57] and Takagi [94], since the
modeling aspects will be repetitious with only minor modifications. Hunter [57]
explained three possible arrangements of arrival and service processes in discrete
time. They are: 1) Early arrival 2) Late arrival with immediate access and 3) Late
arrival with delayed access. In this book we work with Hunter’s Case 1) i.e. Late
arrival wth delayed access. The other two types of arrangements of discrete time
views described by Hunter will not be considered in this book. However, it is very
simple to extend the discussions in this book to those other two arrangements.



Chapter 2
Markov Processes

2.1 Introduction

Markov processes are a special class of stochastic processes. In order to fully un-
derstand Markov processes we first need to introduce stochastic processes.

2.2 Stochastic Processes

Consider a sample space . and a random variable X (@) where @ € .. A stochastic
process may be defined as a collection of points X (¢, w), ¢ > 0, indexed over the
parameter ¢, usually representing time but may represent others such as space, etc.
Put in a simpler form we can say a stochastic process is a collection of random
variables X (¢), ¢ > 0, which is observed at time ¢. Examples of a stochastic process
could be the amount of rainfall X(¢) on day ¢, the remaining gasoline in the tank of
an automobile at any time, etc. Most quantities studied in a queueing system involve
a stochastic process. We will introduce the concept in the context of discrete time
queues in the next section.

In this section, we consider integer valued stochastic processes in discrete times.
Throughout this book we only consider non-negative integer valued processes. Con-
sider a state space .# = {0,1,2,3,---} and a state space .%; which is a subset of
F,ie. S, C #. Now consider a random variable X, which is observable at time
n=0,1,2,--- in discrete time, where X, € .%.

The collection of these Xy, X7,X>,- -+ form a stochastic process in discrete time;
or written as {X,,,n =0,1,2,---}. A discrete parameter stochastic process is simply
a family of random variables X,,, » = 0,1,2,--- which evolves with parameter 7,
and in this case n could be time or any other quantity, such as an event count. This
collection describes how the system evolves with time or event. Our interest is to
study the relations of these collections. For example X, could be the number of data
packets that arrive at a router at time n, n =0,1,2,---, or the number of packets left

A.S. Alfa, Queueing Theory for Telecommunications, 11
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behind in the router by the n' departing packet. Examples of stochastic processes
usually of interest to us in queueing are the number of packets in a queue at a partic-
ular time or between short intervals of time, the waiting time of packets which arrive
in the system at particular times or between intervals of time, the waiting time of
the n'* packet, etc.

Of interest to us about a stochastic process is usually its probabilistic aspects;
the probability that X,, assumes a particular value. Also of interest to us is the
behaviour of a collection of a group of the random variables. For example the
Pr{X, = aw,Xnt1 = @mi1, Xty = dmiv - Finally we may be interested in the
moments of the process at different times.

As an example, consider a communication processing system to which messages
arrive at time 41, 4, 43, ..., where the nth message arrives at time 4,. Let the nth
message require S, units of time for processing. We assume that the processor can
only serve one message at a time in a first come first served order. Let there be an
infinite waiting space (buffer) for messages waiting for service. Let X; be the number
of messages in the system at time ¢. X; is a stochastic process. Further let D, be the
departure time of the nth message from the system after service completion.

In order to understand all the different ways in which this stochastic process can
be observed in discrete time, we consider a particular realization of this system. For
example, let us consider the process for up to 10 message arrivals for a particular
realization as shown in Table (2.1) We can now study this process at any point in

N
=

=
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W= A NOW— AW
—
-

00 W

11
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23
28
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32

—
(=
N
()

Table 2.1 Example of a sample path

time.

In discrete time, we observe the system at times ¢1, £, 3, . . . , where for simplic-
ity, without loss of generality, we set #{ = 0 to be the time of the first arrival, we have
several choices of the values assumed by #, i > 1 in that we can study the system at:

e Equally spaced time epochs such that &, —#) =13 —tp =t4 —t3 = ... = 7. For
example, if T =1, then (#1,%,13,...) = (0,1,2,...). In which case, X;, =Xy =1,
X =X1=1LX,=X=2X,=X5=1LX=X=1,X=X=2,X, =Xs =
3,
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e Arbitrarily spaced time epochs such that t) —t;, = T, 3 —tr = Ty, ta — 13 = 13,
.. with 71, T, 73, . . . not necessarily being equal. For example, if 7, = 1,
=2, 13=1,1=4,...hence (t1,t,t3,l4,t5,---) = (0,1,3,4,8,---) we have
Xy =Xo=1LX,=X1=1LX,=X=1,X,=X=1,X,=X=2,---
e Points of event occurrences. For example if we observe the system at departure
times of messages, i.e. (f],6,83,...) = (D1,D2,D3,...) = (3,7,8,---). In this case
wehave ;) = X3 =1, X, =X7=3, X, =X =2,

Any events that occur between the time epochs of our observations are not of interest
to us in discrete time analysis. We are only taking “snap shots” of the system at the
specific time epochs.

By this assumption, then any discrete time observation is contained in continuous
time observations.

Note that we may also have multivariate stochastic processes. For example, let
X, be the number of packets in the system at time » and let ¥, < X, be how many
of the X, packets require special service. The stochastic process for this system is
{Xp, Yu,n =01,2,3---}, X, € .7, Y, <X,. We will discuss multivariate processes
later when we consider Markov chains.

2.3 Markov Processes

In 1907, A. A. Markov published a paper [75] in which he defined and investigated
the properties of what are now called as Markov processes. A Markov process is a
special stochastic process in which the state of the system in the future is indepen-
dent of the past history of the system but dependent on only the present. The con-
sideration of Markov processes is very important and in fact, is central to the study
of queuing systems because one usually attempts to reduce the study of nearly all
queueing systems to the study of Markov process.

Consider a stochastic process X, in discrete time (n = 0,1,2,...). The set of pos-
sible values that X, takes on is referred as its state space. X, is a Markov process
if

Pri{Xys1 € Aps1|Xy = %0, X5—1 € Ap—1,...,.X0 € Ao}
= Pr{X,+1 € A1 X, = x1}

holds for each state integral n, each state x,, and the set of states 4,11, 4,—1, Ao.

If the numbers in the state space of a Markov process are finite or countable, the
Markov process is called a Markov chain. In this case, the state space is usually
assumed to be the set of integers {0, 1, . . .}. In the case that the numbers in the state
space of a Markov process are over a finite or infinite continuous interval (or set
of such intervals), the Markov process is referred to as a Markov process. For most
times in queueing applications, Markov chains are more common even though con-
tinuous space Markov processes, in the form of stochastic fluid models, are getting
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popular for applications to queueing systems. We focus mainly on Markov chains
in this chapter.

2.4 Discrete Time Markov Chains

Consider a discrete time stochastic process Xy, Xi, - . ., with discrete (i.e. finite or
countable) state space .%, = iy, i1,i2,... C & If

Pr{)(n+l = Int1 |Xn =in, Xy =lp—1,-, X0 = iO}
= Pr{Xn+l =lnt1 |Xn = in}

holds for any integral n, and the states 7,1, iy, iy—1, - - ., io, then X, is said to be a
discrete time Markov chain (DTMC). If further we have

Pr{)(n+m+l :]|)(n+m = l} :PF{AX;HI :]‘)(n = l},V(l,]) € jvv(mﬂ'l) 2 01

we say the Markov chain is time-homogeneous or stationary. Throughout most of
this book we shall be dealing with this class of DTMC.
Generally we say
pij(n) = P{Xy1 = jlXy =i}

is the transition probability from state 7 at time » to state j at time n + 1. However,
for most of our discussions in this book (until later chapters) we focus on the case
where the transition is independent of the time, i.e. p; j(n) = p; ;, ¥n. The matrix
P=(pi),(i,j) € & is called the transition probability matrix of the Markov chain,
in which

pij=Pr{Xp1 = jlX, =i}.
The basic properties of the elements of the transition probability matrix of a

Markov chain are as follows:

Properties:

OSP,’JSI, Vief,VjGj

D pij=1

jes

For example consider a DTMC with the state space {1,2}. We show, in Fig (2.1)
below, its transition behaviour between time # and n+ 1.
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p21

Fig. 2.1 Two States Transition Probabilities

2.4.1 Examples

1. Example 2.1.1: Consider a discrete stochastic process X, which is the number of
data packets in the buffer of a router at time n. At time n one packet is removed
from the buffer if it is not empty and 4,, packets are added at the same time. Let
{4,, n=0,1,2,---} be a discrete stochastic process which assumes values in the
set .#. This DTMC can be written as

Xop1 =X — )" +4,, n=0,1,2,3,--,

where (z)" = max{z,0}. For example, let 4, = 4, Vn and ay = Pr{d =k}, k=
0,1,2,3,---, then
po,j = 4aj, jzoalvzv"'v
Pi,j :aj—i-‘rlal SZSJ: 112a37"'7

and
pij =0, j<i
The transition matrix P associated with this DTMC can be written as

ap ay a asz a4 -

ap dy ay asz dg4 -

P= aop ay az az ---
aO al a2

2. Example 2.1.2: Use the same example as above but put a limit on how many
packets can be in the buffer. If we do not allow the number to exceed K < oo,
then this DTMC can be written as

Xop1 =min{(X, — )" +4,,K} n=0,1,2,3,---.
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For this system we have
p()’j:aj,j:()71,2,"',K—l, pO.K:dKa

Pi,j :aj7i+171 SZS‘]: 172;3;"'7K_ 1) Pik :&Kfl?%l;

and
Pij = 07 ] < ia
where @, = >, ay.
3. Example 2.1.3: Consider a discrete stochastic process Y, which is the number of
packets in a buffer at time n. Suppose at time 7, one packet is added to contents of
the buffer and the minimum of Y, + 1 and B,, items are removed from the buffer,

where {B,, n=0,1,2,---} is a discrete stochastic process which assumes values
in the set .. This DTMC can be written as

Yn+l :()]Il+1_Bn)+a n:05172a3a"'5

where (z) = max{z,0}. For example, let B, = B, Vn, by = Pr{B =k}, k =
0,1,2,3,---,and by = 3, ;1 by, then

pi,():bi7 i:0,1,2,~~-,

pi,_f:bi-‘v-l—_jal S]S i= 1a2737"'7

and
Di,j :O7 i<j.

The transition matrix P associated with this DTMC can be written as

1:)01)0...
131 by by -+
P= 1Dy by by by -+

4. Example 2.1.4: Consider two types of items; type A and type B. There are N of
each, i.e. a total of 2N items. Suppose these 2N items are randomly divided into
two sets of equal numbers with N placed in one urn and the remaining N placed
in the other urn. If there are X, of type A items in the first urn at time » then we
have N — X, of type B in the first urn. If we now take one item each at random
from each urn and exchange their urns, then it is clear that X,,, n =0,1,2,3,---
is a represented as

. . X2
X, — 1, with probability 3%
Xuy1 =14 X,,  with probability (%)

X, +1, with probability -4

NS
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This is the well known Bernoulli-Laplace diffusion model. We can write

L= ()2
Piji—-1 (N) )
i i
Pi,izzﬁ(l—ﬁ)»
i
piiv1 = (1 *N)Z-

For the example of when N = 4 we can write the transition matrix as

N =)
B[—00|W) —
o

[\oro1—;

—|
o
— 00| LI | —

S

5. Example 2.1.5: Consider a single server queueing system in which arrivals and
service of packets are independent. Let A, be the interarrival time between the '
and the n — 1 packet, S, the processing time of the n’ packet and ¥}, the waiting
time of the n'" packet, then we can see that W,, n =1,2,3, --- is a Markov chain
given as

Wa1 = (VVn +Sn _An+1)+~

Here the parameter # is not time but a sequential label of a packet.

6. Example 2.1.6: The Gilbert-Elliot (G-E) channel model is a simple, but effective
two-state DTMC. Consider a communication channel which is subject to noise.
The G-E model assumes that at all times the channel is in two possible states:
state 0 — channel is good, and state 1 — channel is bad. The state of the channel at
the next time slot depends only on the state at the current time slot and not on the
previous times. The probability of the channel state going from good to bad is ¢
and probability of it going from bad to good is p. With this system as a DTMC
with state space {0, 1}, its transition matrix is given as

[
p l-p

7. Example 2.1.7: The Fritchman channel model is an extension of the G-E model
in that it assumes that the channel could be in more than 2 possible states. Let the
number of states be M with 2 < M < oo, which are numbered {0,1,2,--- M —1}.
We let state 0 correspond to the best channel state and state M — 1 to the worst
channel state. The Fritchman model restricts the channel changes from one time
to the next time not to jump up or down by more than one state. The probability
of going from state i to i+ 1 is given as u and going from i to i — 1 is given as d,
while that of remaining in 7 is given as a. It also assumes that the channel state
at the next time depends only on the current state. The transition matrix for this



18 2 Markov Processes

model is written as

2.4.2 State of DTMC at arbitrary times

One of our interests in DTMC is the state of the chain at an arbitrary time, i.e.
Pr{X, = i}. This we can obtain by using the total probability rule as

Pr{X, 1 =i} = Y, PriX,p1 =ilX, = k}Pr{X, = k}. .1)
ke s

Let (") = [ (()"),x(ln), ...,] be the state probability vector describing the state of the
(n)

system at time n, where x;

Then we can write

= Probability that the system is in the state i at time 7.

xl(rH»l) _ 2 xl({n)ka 2.2)
ke s
and in matrix form we have
m(”'H) — m(”)P — m(O)P” (23)

Consider a DTMC with the state space {1,2}, then the transition probabilities and
the state of the system at any arbitrary times are shown in the Fig (2.1).

Another way to view this process is to draw N nodes directed network as shown
in Fig (2.2) below, for the case of N = 2, and then connect the node pairs (i, j) that

have p;; > 0. If we now consider the case in which the DTMC goes from node i to
(n)

node j with the probability p;; at each time step, then x; ’ is the probability that we
find the DTMC at node i at time 7.

We now introduce some examples as follows:

2.4.2.1 Example

Example 2.2.1: Consider a processor which serves messages one at a time in order
of arrival. Let there be a finite waiting buffer of size 4 for messages. Assume mes-
sages arrive according to the Bernoulli process with parameter a (a = 1 —a) and
service is geometric with parameter b (b = 1 —b). A Bernoulli process, to be dis-
cussed later, is a stochastic process with only two possible outcomes, viz: success
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Time
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Fig. 2.2 State Probabilities at Arbitrary Times

or failure, with each trial being independent of the previous ones. The parameter a
represents the probability of a success and @ = 1 — a represents the probability of
a failure. A geometric distribution describes the number of trials between succes-
sive successes. These will be discussed in more details in Chapter 3. Let X, be the
number of messages in the system, including the one being served, at time n. X, is
a DTMC, with transition matrix P given as

a _a _
abab+ab _ab -~
P= ab ab+ab _ab -~
ab ab+ab ab
ab ab-+a
If a = 0.3 and b = 0.6, then we have
0.70 0.30
0.42 0.46 0.12
P= 0.42 0.46 0.12
0.42 0.46 0.12
0.42 0.58

If at time zero the system was empty, i.e. (0 = [1,0,0,0,0], then ) =gxOp=
[0.7,0.3,0.0,0.0,0.0]. Similarly, £(2) = x(V P =x(" P2 = [0.616,0.348,0.036,0.0,0.0]
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and ) = £ P = (0 P5 =[0.5413,0.3639,0.0804,0.0130,0.0014]. We also ob-
tain 22(190) = 22 p = (0 p190 — [0.5017,0.3583,0.1024,0.0293,0.0084]. We no-
tice that x(101) = (100 p — 2(0) p101 — [0.5017,0.3583,0.1024,0.0293,0.0084] =
2190 in this case. We will discuss this observation later.

Keeping in mind that a Markov chain can also be of infinite state space, consider
this same example but where the buffer space is unlimited. In that case, the state size
is countably infinite and the transition matrix P is given as

a _a
abab+ab _ab
pP— ab ab+ab ab

ab ab-+ab ab

We shall discuss the case of infinite space Markov chains later.

2.4.2.2 Chapman Kolmogorov Equations

Let P be the matrix whose (i, /)th entry refers to the probability that the system
is in state j at the nth transition, given that it was in state 7 at the start (i.e. at time
zero), then P = P, i.e., the matrix P is the nth order transition matrix of the

system. In fact, let p(".') be the (i, j)th element of P) then we have
ij

p,] Z PivDPvj

ves
p[/ zplv pV] Zplvpvj
ved ves

1) 1
P = Z Py =3 puplt "
ve g ve g

which when written out in a more general form becomes

pz] 2 pr pvJ 7 (24)
vesd
and in matrix form becomes
pn) _ p(n—m) p(m) e, sz Z V” m) (2.5)

vesS
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Since P?) = P2 from the first of above equation, by a simple induction, we will
know P") = P" holds for any non-negative integer n. This is the well known
Chapman-Kolmogorov equation.

2.4.3 Classification of States

In this section, we explain how the states of a Markov chain are classified. Consider
a 9 state DTMC shown in Fig(2.3) below. We let an arrow from 7 to j imply that
pij > 0, and assume that p; > 0 for all the 9 states. We use this figure to help us in
explaining the classes of states of a DTMC.

=),
I
Y
O8]
3

Fig. 2.3 Markov Chain Network Example

Communicating States - State j is said to be accessible from state i if there ex-
ists a finite n such that p . > 0. If two states i and j are accessible to each other,
they are said to communlcate Consider the nine state DTMC with state space
{1,2,3,4,5,6,7,8,9} and the following transition matrix
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P11 P12 P14
P21 P22 P23
P32 P33 P34 P35
P4 P43 P44
P= P55 P56 D5, D59
P65 P6.6
P15 P17 P18
P87 P88
P99 |

We assume that all the cells with entries have values that are greater than zero. For
example, p1, > 0, whereas, p; 3 = 0. For example in this DTMC states 1 and 2 do
communicate, whereas state 4 is not accessible from state 5 but state 5 is accessible
from state 3. This transition matrix can also be shown as a network with each node
representing a state and a directed arc joining two nodes signify a non-zero value,
i.e. direct access (transition) between the two nodes (states) in one step. Fig(2.3)
represents this transition matrix. In general we say state j is accessible from state i
if a path exists in the network from node 7 to node j, and the two states are said to
communicate if there are paths from node () to node j(i).

Absorbing States - a state i is said to be an absorbing state if once the system enters
state 7 it never leaves it. Specifically, state i is an absorbing state if p; = 1. In the
example above state 9 is an absorbing state. Also if we set pg s = 0, then state 6
becomes an absorbing state and as we can see pg s = 1 by virtue of it being the only
non-zero element in that row.

Transient States - a state 7 is said to be a transient state if there exists a state j which
can be reached in a finite number of steps from state i but state i cannot be reached
in a finite number of steps from state ;. Specifically, state 7 is transient if there exists
a state j such that pgr.') > 0 for some n < o and pﬁ.'im =0, Vm > 0. In the above
example, state 5 can be reached from state 3 in a finite number of transitions but
state 3 can not be reached from state 5 in a finite number of transitions, hence state

3 is a transient state.

Recurrent States - a state i is said to be recurrent if the probability that the system
ever returns to state i is 1. Every state which is not a transient state is a recurrent
state. Consider a three state DTMC with states {0, 1,2} and probability transition
matrix P given as
0.20.70.1
P=10.1030.6
0.6 0.4

All the states here are recurrent. If however, the matrix P is
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0.20.8
P=1010306],
1

then states 0 and 1 are transient with state 2 being an absorbing state and technicaly
also being a recurrent state. Later we show that there are two types of recurrent
states, viz: positive recurrent for which the mean recurrence time is finite and the
null recurrent for which the mean recurrence time is infinite.

Periodic States - a state i is said to be periodic if the number of steps requireD to
return to it is a multiple of k, (k > 1). For example, consider a Markov chain with
the following transition matrix

010
P=001],
100

Fig. 2.4 Periodic States Example

This chain is also represented as a network in Fig(2.4). All the three states are
periodic with period of £ = 3.

If a state is not periodic, it is said to be aperiodic. In Fig(2.4), to go from any
state back to the same state requires hopping over three links, i.e. visiting two other
nodes all the time.

2.4.4 Classification of Markov Chains

In this section, we show how Markov chains are classified.

Irreducible Chains - a Markov chain is said to be irreducible if all the states in the
chain communicate with each other. As an example consider two Markov chains
with five states S, 52,53,54,S5 and the following transition matrices
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0.70 0.30 0.70 0.30
0.40 0.30 0.15 0.15 0.40 0.60
P = 0.60 0.10 0.30 P = 0.10 0.90
0.30 0.50 0.20 0.30 0.50 0.20
0.20 0.80 0.20 0.80

The DTMC with transition matrix P is irreducble, but the one with P is reducible
into two sub-sets of states: the set of states in 4 = {S1,S52} and the set of states in
B ={83,54,55}. The set of states in 4 do not communicate with the set of states in
B. Hence, this is a reducible Markov chain. The set of states in 4 are said to form a
closed set and so also are the states in B.

Absorbing Chains - a Markov chain is said to be an absorbing chain if any of
its states is an absorbing state, i.e. if at least for one of its states i we have
Pr{X,+1 =i|X, =i} = pi; = 1. As an example consider an absorbing DTMC with
states {0, 1,2} in which state 0 is an absorbing state. Fig(2.5) is a an example repre-
sentation of such a chain.

p10

State 0 is the absorbing state

Fig. 2.5 An Absorbing Markov Chain

Recurrent Markov Chain - a Markov chain is said to be recurrent if all the states
of the chain are recurrent. It is often important to also specify if a chain is positive
or null recurrent type based on if any of the states are positive recurrent or null
recurrent. The conditions that govern the differences between these two recurrence
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will be presented later in the next subsection. Proving that a Markov chain is positive
recurrent is usually involved and problem specific. We will not attempt to give a
general method for proving recurrence in this book. However, we will present the
method used for proving recurrence for some classes of Markov chains which are
commonly encountered in queueing theory.

Ergodic Markov Chain - an irreducible Markov chain is said to be ergodic if all its
states are aperiodic and positive recurrent. In addition, if the chain is finite, then
aperiodicity is all it needs to be an ergodic chain.

2.5 First Passage Time

In this section we consider first passage time, a very important measure which is
used in many situations to characterize a Markov chain. Consider a Markov chain
with the state space .4/ =0,1,2,....N, A4 C .# and associated transition matrix
P. Given that the chain is in a particular state, say i at any arbitrary time, we want
to find from then on when it reaches a state j for the first time. Define f[(;) as the
probability that state j is visited for the first time at the nth transition, given that
the system was in state i at the start, i.e. at time 0. When j = i we have fi(i") as the
probability that state i is visited for the first time at the nth transition, given that the
system was in state 7 at the start, i.e. at time 0; this is known as first return probability.

Note that p@

i is different from fl.(jn) in that the former gives the probability that the
system is in state j at the nth transition given that it was in state i at the start; the
system could have entered state j by the Ist, 2nd, . . ., or (n — 1)th transition and
remained in, or went into another state and returned to j by the nth transition. Note
that p > f"), ¥n. Consider a DTMC with states {1,2,3} we show in Figs (2.6)

and (2.7) below, the difference between ]"2(23) and pgz;
We see that o o '
Py = f3 +p23p33.

It is straightforward to see that

(n) _ n)
Pij f,] qu p” Yoz,

0, otherwise *
The arguments leading to this expression are as follows: The system is in state
j at the nth transition, given that it started from state i at time zero in which case,
either

where §;; is the kronecker delta, i.e. §;; = { 1, i= J

1. the first time that state j is visited is at the nth transition - this leads to the first
term, or
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n+2

n+1

time

probability p23® = p21 p13 + p22 p23+ p23 p33

Fig. 2.6 Case of Two Step Probability

2. the first time that state j is visited is at the vth transition (v < n) and then for the
remaining n — v transitions the system could visit the ;j state as many times as
possible (without visiitng state i in between) but must end up in state j by the last
transition.

After rewriting this equation, we obtain

f(n) —pz(/ 2 ij p// ’ nzl (2.6)

Equation (2.6) is applied recursively to calculate first passage time probability. For
example, to determine f.(.T r> 1, we initiate the recursion by computing p('.i) >

ij
fl(] ), Vn. It is straightforward to note that

1y =p

and then calculate

0)_ @) Ay ()
fzj =P —f,j ji

_plj th]
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States

n+1

time

(2)
First passage probability f23 = p21pi13 + p22 p23

Fig. 2.7 Case of First Passage Probability

Note that we have to calculate P", n = 2,3,...,T — 1, during the recursion by this
method. However, Neuts [85] has derived a more efficient procedure for computing
the first passage probability and is given as:

fi(jn+1> =2 Piva(;) —Pijf;;?), n=>1 2.7
ves

The arguments leading to this result are as follows:

(Ji;(,‘z) = Zvemv;éjpiva(!) = Zvewpiva(}) _Pi,jf,(,l‘)
5! 2 2
f,-<j3) = EVEJV,vyéjpivaj) = ZVE,/Vpivf\Ej) —Dij j(j)

f,S-nH) = Yvet v jpiva(;) =Yven owv(;l) —piq,jfj(;), n>1.
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If we define the matrix ") whose elements are fi(/-"), and F, C}") as the matrix F/* with

only its diagonal elements, i.c. (F\") ; :Jf}7> and (F\"));; =0, i # j, then the above
equation can be written in matrix form as

FtD) = ppn) _ pp™ — p(p(n) — g0y (2.8)

This is much easier to work with for computational purposes.

2.5.1 Examples

Consider Example 2.2.1 with the state space {0,1,2,3,4} and transition matrix

0.70 0.30
0.42 0.46 0.12
P= 0.42 0.46 0.12
0.42 0.46 0.12
0.42 0.58

Suppose we currently have 2 messages in the buffer, what is the probability that
the buffer becomes full (i.e. buffer will reach state 4) for the first time at the fourth
transition? We wish to determine fz(i), i.e. the probability that the buffer becomes
full for the first time at time 4, given that there were 2 in the system at time 0. Also,
given that the buffer is now full, what is the probability that the next time that the
buffer is full again is at the fifth transition from now? I let the reader figure this out
as an excercise.

What we need to calculate is F(*) and select its (2,4) element. By using the
formula above we can actually obtain the whole matrix F*) recursively as follows:

0.70 0.30 0.70
0.42 0.46 0.12 0.46
FO —p= 0.42 0.46 0.12 FD = 0.46
0.42 0.46 0.12 0.46
0.42 0.58 0.58

We obtain
0.1260 0.2100 0.0360 0.0 0.0

0.1932 0.1764 0.0552 0.0144 0.0
F® = [0.1764 0.1932 0.1008 0.0552 0.0144
0 0.1764 0.1932 0.1008 0.0552
0 0  0.1764 0.2436 0.0504

After the fourth recursion we obtain
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0.0330 0.1029 0.0414 0.0070 0.0005
0.0701 0.0749 0.0362 0.0117 0.0024
F® = 10.1298 0.0701 0.0302 0.0200 0.0106
0.1022 0.1298 0.0726 0.0302 0.0200
0.0311 0.1111 0.1526 0.0819 0.0132

Hence we have f2(i1) =0.0106.

2.5.2 Some Key Information Provided by First Passage

Define f;; = 3" | fl-(;) as the probability of the system ever passing from state i to
state j. It is clear that

e f;; = 1 implies that state j is reachable from state i.
e f;; = f; =1 implies that states i and j do communicate

° fis-n) is the probability that the first recurrence time for state i is n. Letting f;; =
2o—1. i(in> then

e fi; =1 for all recurrent states

e fi <1 for all transient states.

Sometimes we are interested mainly in the first moment of the passage times. We
start by obtaining the probability generating function of the first passage time. Let

Pj(z) =X, pl(.j’?)z” and Fj;(z) = X, l.(jn)z", |z| < 1 be the probability generating
functions (pgf) of the probability of transition times and that of the first passage

times, respectively. Taking the pgf of the first passage equation we obtain:

(o) = Pie) ~ FyP6) = T

The nth factorial moment of the first passage time is then given as d 5;’;,(2) |z—1. How-

ever, this is not simple to evaluate unless P;;(z) has a nice and simple structure. The
first moment can be obtained in an easier manner as follows.
The mean first passage time from state i to state j denoted by M;; is given as

N, A
Mu—Zn ij -
n=1

Keeping in mind that when the system leaves state i it may go into state j directly
with probability p;; in which case it takes one unit of time, or it could go directly to
another state k(# ;) in which case it takes one unit of time with probability p; plus
the mean first passage time from state & to state j. Hence, we can calculate the mean
first passage time as follows:
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Mi; = pij+ X, (1+Mij)pix = 1+ Y, pixMj. (2.9)
=y =y

Define a matrix M = (M;;). Let M, be a diagonal matrix whose elements are = M;;
with1=[11---1]7 ande; =[100 --- 0]7, then the above equation can be written
in matrix form as

M=121" + P(M —M,),

where ® is the kronecker product operator, i.e. for two matrices 4 of order n x m
and B of order u X v we have C = 4 ® B of dimension nu X mv with structure

AnB ApB - A1uB
A21B A»B --- Ay B

AnlB AnZB <o Apy B
where 4;;, i=1,2,---,n; j=1,2,---,m. This equation can in turn be written as a
linear equation that can be solved using standard linear algebra techniques as fol-
lows.
Let M; = [My,; My; My; --- My,]" for a DTMC with N + 1 state space

numbered {0,1,2,---,N}. Further let e; be the (j+1)* column of an identity matrix
of size N+ 1, with 1 being a column vector of ones, then we can write

P((I—ejef) —1)M; = —1.

R Mo
< . B M,
Further define P, = P((I —ejel ) — 1), P= , yand VeeM = | | |,
Py My
then we have the linear equation
VeeM = =P~ "1y, ). (2.10)

Note that 15 represents a column vector of ones of dimension S.

2.5.3 Example

Consider a DTMC with the state space {0,1,2} and transition matrix

0.30.60.1
P=1020503
0.60.20.2
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[3.1471 ]
3.2353
2.0588
1.8000

We get VecM = | 2.1400 | , which gives
2.6000
4.7826
3.9130

| 4.6522 |

3.1471 1.8000 4.7826
M = |3.2353 2.1400 3.9130
2.0588 2.6000 4.6522

2.5.4 Mean first recurrence time

Also, M;; is known as the mean first recurrence time for state i.

e For every recurrent state i, f;; = 1,
o if M;; < oo, we say state i is positive recurrent.
o if M;; = oo, we say state i is null recurrent.

2.6 Absorbing Markov Chains

A Markov chain which has at least one absorbing state is called an absorbing
Markov chain. In an absorbing finite Markov chain, every state is either an absorb-
ing state or a transient state. For example, let the states of an absorbing Markov
chain be A" = {S1,S,,...,Sy}, with |4#"| = N. Let there be T transient states given
as 7 ={S1,82,...,57}, with |.7| = T and N — T absorbing states in this chain given
as & = {Sr41,87+42,...,Sy}, where A = T U/ and .7 N.o/ = 0. Then the tran-
sition matrix can be written as
OH
e [57]

where Q is a square matrix of dimension 7', / is a identity matrix of dimension N — T’
and H is of dimension 7 x (N — T). The matrix Q represents the transitions within
the transient states and the matrix H represents the transitions from the transient
states into the absorbing states. The matrix Q is substochastic, i.e. the sums of each
row is less than or equal to 1, but most important is that at least the sum of one of
the rows of Q is strictly less than 1.

As an example consider a 5 state Markov chain with state space {0,1,2,3,4}
of which two states {3,4} are absorbing states. It will have a transition probability
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matrix of the form
qoo qo1 qo2 ho3 hos
q10 q11 q12 b1z hg
P= |92 g21 22 h23 hoa
0O 0 O 1 O
0 0 0 o0 1

An absorbing Markov chain with only one absorbing state is very common and
very useful in representing some distributions encountered in real life, e.g. the phase
type distributions. This will be discussed at length in Chapter 3.

2.6.1 Characteristics of an absorbing Markov chain

1. State of absorption: It is clear that for an absorbing Markov chain, the system
eventually gets absorbed, i.e. the Markov chain terminates eventually. One aspect
of interest is usually trying to know into which state the system gets absorbed.
Let us define a T x (N — T') matrix B whose elements b;; represent the probabil-
ity that the system eventually gets absorbed in state j € 7, given that the system
started in the transient state i € 7. To obtain the equation for B we first obtain the
following. The probability that the system is absorbed into state j at the nth tran-
sition, given that it started from a transient state i is given by X7 (0" 1), H,;
where (0"~ 1), is the (i, v) element of 0"~ ! and H,; is the (v, j) element of H.
The argument leading to this is that the system remains in the transient states for
the first n — 1 transitions and then enters the absorbing state j at the nth transition.
Hence, b;; is obtained as the infinite sum of the series given by

oo

T
bij =3, 20" ivHy;.

n=1
This in matrix form is
B=(I+0+Q*+Q°+..)H
It is straightforward to show that
B=(I-0)'H (2.11)

provided the inverse exists. This inverse is known to exist if Q is strictly sub-
stochastic and irreducible (see Bhat [21]). In our case, Q has to be sub-stochastic.
The matrix Q is said to be sub-stochastic if at least for one of the rows i we
have ¥, Q;; < 1, Vi € 7 where Q;; is the (i, j)th element of the matrix 0. The
only other requirement for the inverse to exist is that it is irreducible, which will
depend on other properties of the specific Markov chain being dealt with.
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If we let a; represent a probability of starting from the transient state i € .7
initially, with vector @ = [a, a2, ...,ar], then the probability of getting absorbed
into the absorbing state jl € 4/ is given by bjr which is obtained from the vector

b=1[by by, ...

yiby by gy

b=a(l-Q)'H (2.12)

where j/ =T+

2. Time to absorption: Let us define a 7 x (N — T') matrix C") whose elements c@

ij

represent the probability of being absorbed into state j/ € of at the nth transition,

given that the system was in state i € .7 at the start. Then c(',z,) = (Q"’l)ivij/
ij

and in matrix form C* is given as
" =0 'H n>1

(n) — ,(m) () ()
=] 176 oy gy

the system gets absorbed into state j/ € A at the nth transition then

If we let the vector ¢ |, where c(f’) is the probability that

" =aQ" "H, n>1 (2.13)

Of particular interest is the case of an absorbing Markov chain with only one
absorbing state. In that case, R is a column vector and (I — Q)e = H, where 1 is
a column vector of 1’s. Hence,

B=1, C"W ="' I-Q)land D= (I-0)"'1

Later we will find that for the case when N—T =1,¢", n>1,isa proper prob-
ability mass function. This C) is popularly known as the phase type distribution
and represented by (a, Q).

3. Mean time to absorption: Let us define a 7 x (N — T') matrix D whose elements
a?,: j represent the mean time to absorption into state j € A4, given that the system
started in state i € .7. Then,

D=(I+20+30*+40° +..)H.
After some algebraic manipulations we obtain
D=(I-Q)°H. (2.14)

Also, if we let the vector d = [afl/ ,cle , ...,cf( )/], where cfij/ is the mean time to

N-T
absorption to state j’ then
d=a(l-0Q)*H (2.15)
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2.6.1.1 Example:

Consider the 5 state Markov chain with state space {0,1,2,3,4} of which two states
{3,4} are absorbing states. Let its transition probability matrix be of the form

0.10.2 0.1 0.4 0.2
0.30.1 0.5 0.1 0.0
P=1{0.40.00.250.30.05

0O 0 0 1 o0
0O 0 0 0 1
Here we have
09 —-0.2-0.1 04 0.2
I-0=1-03 09 —-05(, H=0.1 0.0
—-0.4 0.0 0.75 0.3 0.05

Suppose we have a = [0.1 0.6 0.3], then we have
b=a(l—Q) 'R=1[0.7683 0.2317],

¢® = a0*H =[0.0464 0.0159],
d=a(l— Q) 2H = [2.1393 0.7024].

Consider another example with the state space {0, 1,2,3} and transition matrix

0.10.2 0.1 0.6
0.30.1 0.5 0.1
0.4 0.0 0.25 0.35
0.00.0 0.0 1.0

P:

Here b = 1.0. If we start with a = [0.1 0.6 0.3], then we obtain d = 2.8417 and (")
is obtained as

n |l 2 3 4 5 6 7 8
¢M]0.2250[0.3287[0.1909]0.1044/0.06230.0367]0.0215[0.0126]- - -

2.7 Transient Analysis

If we are interested in transient analysis of a Markov chain, i.e. Pr{X, = j|Xo = i}
we may proceed by any of the following three methods (which are algorithmically
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only feasible for finite state DTMC), among several other methods. It is known that
x) = gpr=1)p — 4(0) pn

2.7.1 Direct Algebraic Operations

2.7.1.1 Naive repeated application of P

In this case we simply start with the known values of '?) and repeatedly apply the
relationship
m(") — w(”_l)P

3

starting from n = 1 until the desired time point. For example for a three state DTMC
with transition matrix
1/43/4 0
P=| 0 1/21/2],
/3 0 2/3

if we are given x(0) = [1 0 0] and we want to find the probability distribution of the
state of the DTMC at the 4" time epoch we simply apply the recursion four times
as

9 9 9

and obtain
x* =[0.2122 0.2695 0.5182].

We will notice that as n gets very large then x"*1) ~ x(") and in fact the differences
get smaller as n increases. This is the limiting behaviour of an ergodic Markov chain
and will be presented in detail later.

2.7.1.2 Matrix decomposition approach

A second approach is from observing that the matrix P can be decomposed into the
form
P=ADA",

where D is a diagonal matrix consisting of the eigenvalues of P and A is a matrix
for which each of its row is the eigenvector corresponding to one of the eigenvalues.
Hence we have

P'"=AD'A™,

which leads to
" =x2OAD' A (2.16)

For the example given above we have
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0.2083 +0.40611 0 0
D= 0 0.2083 —0.4061i 0 ,
0 0 1.0000
0.7924 0.7924 —0.5774
A = | —0.0440+0.4291i —0.0440 — 0.4291i —0.5774 | ,

—0.3228 — 0.2861i —0.3228 +-0.2861i —0.5774

where the symbol i refers to complex component of the number. This leads to

x* =xOAD*AT =[0.2122 0.2695 0.5182].

2.7.2 Transient Analysis Based on the z-Transform

Consider the relationship &) = ("~ P and take the z-transform or the probability
generating functions of both sides and let X (z) = 3> &)z", |z| < 1 we obtain

X(z)—x0 =2X(2)P = X(z) =xO[1 —zP] ™!

We know that 4~ ! = det 7 )Adj( ). While this method is based on a classical theo-

retical approach, it is not simple to use analytically for a DTMC that has more than
2 states. We use an example to show how this method works. Consider the case of

P= [1/3 3/4]. For this example, we have det[l —zP]~! = (1 —z) (1 + }z) and

1/21/2
1z 3; . . .
[[—zP] 7! = ﬁ (H—%z) [ 1 }.Usmg partial fractions, we have
7z 1—3z
e [
[[—zP]" = { } [ 2 2 ]
I-z|55 1+%Z -5 5

Keepmg in mind that the inverse of the z-transform = is the unit step 1 and that of

1
1—a

This is the transient solution to this chain. We notice that as n — o, the second
term on the right hand side vanishes and the first term is the limiting or steady state
portion of the solution. In general, we can write the closed form of X(z) as

X(z) = l%az +x078(2)
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where 7¢) is the transform part that gives the additional part of the solution to lead
to transient solution. When it is removed, we only obtain the steady state solution.

For this example
I E
T8(z) = .
CRTSA R

_2 2
55

For details on this method the reader is referred to Howard [56]

2.8 Limiting Behaviour of Markov Chains

One very important key behaviour of interest to us with regards to a time-homogeneous
DTMC is its limiting behaviour. i.e. after a long period of time. In studying this lim-
iting behaviour of Markov chains, we need to make clear under what conditions we
are able to be specific about this behaviour. We identify the difference between the
long term behaviour of an ergodic and a non-ergodic DTMC.

2.8.1 Ergodic Chains

Ergordic Markov chains are those chains that are irreducible, aperiodic and positive
recurrent. Proving ergodicity could be very involved in some cases. Let P be the
transition matrix of an ergodic DTMC. If the probability vector of the initial state of
the system is given by x(?), then the probability vector of the state of the system at
any time is given by

w(”) — w(”‘l)P: w(O)P”

As n — o we have " — & = x™ — xP, which is known as the invariant
(stationary) probability vector of the system.
Similarly, we have

P'— | | asn— oo

y

where y is known as the limiting or equilibrium or steady state probability vector of
the system.
In the case of the ergodic system, we have

T=y.

We return to the Example 2.2.1, where we have
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0.70 0.30
0.42 0.46 0.12
P= 0.42 0.46 0.12
0.42 0.46 0.12
0.42 0.58

Here £"tD) = () = x|, ... = [0.5017,0.3583,0.1024,0.0293,0.0084]. Similarly
y

y
ifwefindthat P" — | | | as n— oo, wherey =[0.5017,0.3583,0.1024,0.0293,0.0084].

2.8.2 Non-Ergodic Chains

For non-ergodic systems
& is not necessarily equal to y

even when both do exist.

For example, consider the transition matrix of the non-ergodic system given by
P= (1) (1)} . This is a periodic system. For this system, x = [0.5, 0.5] and y does not
exist because the system alternates between the two states. This DTMC is periodic.

At any instant in time, y could be [1, 0] or [0, 1], i.e. we have

01 . .
if n is even
10}’
Pr= 10
01 , if n isodd

We consider another example of a non-ergodic system by virtue of not being
irreducible. For a reducible DTMC described by a transition matrix of the form

0.50.5

0.60.4
0.20.8
0.90.1

P=

For this system, the solution to x = xP, x1 = 1 does not exist, yet we have
y

Pn

N <

, where

N
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y =[0.5445 0.4545 0 0] £z =1[0.0 0.0 0.5294 0.4706].

Finally, we consider another example of a non-ergodic DTMC by virtue of not
being positive recurrent. Suppose we have an infinite number of states {0, 1,2,3,4,---}
and the transition matrix of this is given as

0.3 0.7
0.10.10.8
p_| 010108
0.10.10.8

This DTMC will neither have an invariant vector nor a steady state vector.
In the rest of the book we focus mainly on ergodic DTMCs.

2.8.3 Mean First Recurrence Time and Steady State Distributions

For an ergodic system we know that x; is the probability of being in state i at any
time, after steady state has been reached. But we also know that M;j; is the mean
recurrence time for state i. Hence, the probability of being in state i is given as
1/ M.

2.9 Numerical Computations of the Invariant Vectors

In this section, we distinguish between finite and infinite state Markov chains as we
present the methods. Our interest is to compute the invariant probability vector &
rather than the limiting probability vector y. We know and show later that & exists
for every irreducible positive recurrent Markov chain. We therefore focus on such
chains only.

We want to determine & such that

T=xPand xl=1. (2.17)

2.9.1 Finite State Markov Chains

There are mainly two types of methods used for computing the stationary vector
of a DTMC; direct methods and iterative methods. Iterative methods are used more
frequently for most DTMC which have a large state space — very common in most
practical situations. However, the computational effort for iterative methods are de-
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pendent on the size and structure of the DTMC and also the starting solution. Direct
methods are suitable for smaller DTMC and the number of steps required to get a
solution is known ahead of time.

For the iterative methods we work with the equation in the form

r=xP, x1=1,

whereas for most direct methods we convert the problem to a classical linear algebra
problem of the form AX = b, by creating a matrix P which is the same as / — P, with
the last column replaced by a column of ones. Our problem (of N states Markov
chain) then becomes

el =xP — Plax’ =ey,

which is now in the standard form. We use the notation e; to represent a column
vector which has all zero entries except in the j* column that we have 1 and ejT is
its transpose.

For example, consider a three state DTMC {0, 1,2} with transtion matrix P given

as
0.30.60.1

P=1020305
0.40.50.1

We will use this example in all of our numerical computation methods for invariant
vectors.
For the iterative method we work with

36.1 1.0
[xo X1 X2] = [X() X1 X2] 2.3.5 y [X1 X2 X3] 1.0 = 1,
4 .51 1.0
whereas for the direct method we work with
0.7 —02-04] [x 0.0
—-0.6 0.7 —0.5 x| = 10.0],
1.0 1.0 1.0 X3 1.0
where
0.7 —0.61.0 g —-2-4
P=|-0207 10| —-PT=|-6 .7 -5
—-04 -051.0 1 1 1

Direct methods do not involve iterations. They simply involve a set of operations
which is usually of a known fixed number, depending on the size of the Markov
chain. They are efficient for small size Markov chains and usually very time con-
suming for large Markov chains. One direct method which seems to be able to han-
dle a large size Markov chain is the state reduction method (by Grassmann, Taksar
Heyman [46]). Theoretically, one may state that it has no round off errors. The most
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popular of the direct techniques is the Gaussian elimination. For more details of this
algorithm as applicable to Markov chains, see Stewart [93].

2.9.1.1 Direct Methods

In what follows we present some of the well known direct methods. We present
only a synoptic kind of view of this approach in this book. First we assume that the
equations have been transformed to the standard form

AX =b. (2.18)
Using the above example we have
0.30.60.1
P=1020305],
0.40.50.1
which results in
0.7 =02 -04 X 0.0
A=1-0.6 07 —=05|,X=|x2| b=]0.0
1.0 1.0 1.0 X3 1.0

e Inverse matrix approach: This is the simplest of all the direct methods. It sim-
ply solves for X as X = 4=, assuming that the inverse of 4 exists. For most of
the finite DTMC we will be discussing in this book, the inverse of 4 would exist.
From the above example we have

0.8955 —0.1493 0.28367 [0.0 0.2836
T =4""p=| 0.0746 0.8209 0.4403 | | 0.0 | = | 0.4403
—0.9701 —0.6716 0.2761 | | 1.0 0.2761

e Gaussian Elimination: This is another popular method which is more suitable
for moderate size matrices than the inverse approach. The matrix 4 is transformed
through row operations into an upper triangular matrix U, such that Ux” = b =
ey and then the elements of & are obtained from back substitution as

N
xyv=1/uyn, xi=—( Y, uppxp)/uiji=0,1,2,--- ,N—1. (2.19)
k=i+1
For this example, we have

07 =02 —-04
U= 0.5286 —0.8429
3.6216
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Applying the back substitution equation we obtain

0.2836
x’ = | 0.4403
0.2761

e State Reduction Method:This method is also popularly known as the GTH
(Grassmann, Taksar and Heyman [46]) method. It is actually based on Gaus-
sian elimination with state space reduction during each iteration and it uses the
form of equation & = P, 1 = 1, unlike the other direct methods. Consider the
equation x; = Z?]:Oxip,-j, j=0,1,2,....N.

The procedure starts by eliminating xy from the Nth equation to obtain

N—1
xy =Y xipin/(1=pyw).

Replacing 1 — pyy with Zy;()' pn,; and using the property that x; = 21 0 'x; p, I 1),

j=0,1,2,....N—1, where

N—1
N—1
Pf',_,' V= pij+ pinon /(1= pvy) = pij+pinpns] 2 PN-
=0
This is the principle by which state reduction works.
Generally, x, = 2?;11 Xigin,n=N,N—1,N—2,...,2,1 where g; , 7pl o /2’; opn/)-
The algorithm can be stated as follows (Grassmann Taksar and Heyman [46])
referred to as the GTH:

GTH Algorithm:

1.Forn=N,N—1,N-2,...,2,1,do

n—1
din <_pi,}'l/ an,j? = 07 17"‘7’1_ 1
Jj=0
Pi,j ‘—Pi,j+9i,npn,j7 17] = 071,"'771_ 1
& —1

2.For j=2,3,...N, rj — X0 rigi;

3.Forj=2,3,..N,x; —r;/ 3N ori, j=0,1,..,N

The advantage with this approach is that it is numerically stable even if the sys-
tem is ill-conditioned.
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2.9.1.2 Iterative Methods:

Iterative methods are usually more efficient and more effective than the direct meth-
ods when the size of the matrix is large. The number of iterations required to achieve
the desired convergence is not usually known in advance and the resulting distribu-
tions have round-off errors associated with them.

Four commonly used iterative methods will be discussed in this section. They
are: 1)the Power method which is more applicable to transition matrices, ii) the Ja-
cobi method, iii) the Gauss-Seidel method, and iv) the method of successive over-
relaxation.

e The Power Method: The power method simply involves starting with a proba-
bility vector (9 which satisfies the condition (®1 = 1 and then applying the
relationship 2"V = 2P, n > 0 until [+ — 2")]; < ¢, Vi, then we stop
the iteration, where € is the convergence criterion. Often the number of iterations
required depends on both P and the starting vector (¥ It is a very naive ap-
proach which is only useful for small size problems, and especially if we also
need to know the transient behaviour of the DTMC before it reaches steady state.
The next three approaches will be discussed here in a modified form for the
transition matrix.

First let us write O = P —I. Our interest is to solve for & = [x|,x2,...,X,], where
xQ =0and x1 = 1. In order to conform to the standard representations of these
methods we write the same equation in a transposed form as Q7 &’ = 0.
Let us now separate Q7 into a diagonal component D, an upper triangular com-
ponent U and a lower triangular component L with ij elements given as —d;;, u;;
and /;;, respectively. It is assumed that d;; > 0. Note that the D, L and U are not
the same as the well known LU or LDU decompositions. For example given a
matrix

40,0 91,0 92,0

0" = |q01 q11 921 | ,
402 912 422

we can write Q7 = L — D+ U, where

0 00 0g1,0 92,0
L= q0,1 00 s U=10 0 q2.1 |,
q029120 00 O
—qoo O 0
D=| 0 —g1 O
0 0 —q22

e The Jacobi Method: Then the Jacobi iteration is given in the scalar form as

1
A = j{Z(zij+uij)xjk>}, i=0,1,2,...N (2.20)
it
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or in matrix form, it can be written as
(x* N = DY (L+U) (™). (2.21)

For example, consider the Markov chain given by

P0,0 Po,1 P02 0.10.20.7
P=|piopiipi2|=1,03010.6
P20 P21 P22 0.20.50.3

Suppose we have an intermediate solution ) for which ¥1 = 1, then we
have

1
x(()kﬂ) = 7[)6(11()}71,0 +X§k)172,0]
1= po,o
x(lkH) =7 [X(()k)POJ +xgk)l?2,1]
— P11
(k+1) (k) (k)
Xy = m[xo po2+xy pio]

o Gauss-Seidel Method: The Gauss-Seidel method uses the most up-to-date in-
formation on solutions available for computations. It is given by the following
iteration in the scalar form:

k 1) (k+1)
ey {zl,jx oy 2 ) (2.22)
dii Jj=0 Jj=it1
and in matrix form as

(@) = p~ (L (x® T L y(@®)T) (2.23)

This method seems to be more frequently used than the Jacobi. Using the above
example, we have

1
x(()kH) =1 [xgk)Pl,O +x§k)192,0]
— P00
1
§k+1) li[x(()kH)po,l-Fx;k)pz,l]
— P11

L) 1 (k+1) (k+1)

X 0,2 +Xx 12
X l—pzz[ o Po, Y2

e The Successive Over-relaxation Method: This method introduces an extra pa-
rameter . The method is a generalization of the Gauss-Seidel. The iteration is
implemented as follows:
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D = (1 )P +w{ {21,, ) 2 i) (2.24)
dii 1= j=it1
and in matrix form
(@ = (1- ) (@) +o{D " (L@E®) +u@®)T)}. (225
Using the above example, we have

(k) () ]

1
x(()kH) =(1- a))x(()k) + (Jom[x1 p1o+xy pro

1—
x5k+l) _ (1 . a))xgk) +(D17[x(<)k+])po,1 _|_x§k)p2’1]
—PlL1
1
xgkﬂ) =(1— w)xgk) + wl_7[)22[x(()/c+1)po’2 +x(1k+1)p1_’2]

The value of w is usually selected between 0 and 2. When @ < 1, we say we
have an under-relaxation and when @ > 1, we have the Gauss-Seidel iteration.
The greatest difficulty with this method is how to select the value of .

The Jacobi method is very appropriate for parallelization of computing. Note that
diagonal dominance of the matrix / — P is required for the Jacobi and in fact also
for the Gauss-Seidel methods but it is always satisfied for a Markov chain.

2.9.2 Bivariate Discrete Time Markov Chains

Consider a bivariate process {(X,,Y,),n =0,1,2,---,} that has a Markov structure.
We assume that X;, assumes values in the set .# and Y, assumes values in the set
M ={1,2,--- .M < eo}. An example of this is a system that has two classes of data
packets of types 1 and 2, where type 1 has a higher priority than type 2. Suppose we
do not allow more than M of type 2 packets to be in the system at any one time, we
can represent X, as the number of type 1 and Y, as the number of type 2 packets in
the system at time . If we assume that {(X;,Y,);n=0,1,2,---} isa DTMC we can
write the transition matrix of this Markov chain as

Poo Py Pop -+
PloPiy Py
P= PPy Py | (2.206)

where B, j, (i, j) =0,1,2,- - is a block matrix of order M x M. The element (P, ;); x,
(i,7)=0,1,2,--;(L,k)=1,2,--- | M, 1sPr{X,,+1—]7 w1 = k| X, =1,Y,=1}. Usu-
ally we call the set L; = {(i, 1), (z 2),-++,(i,M)} level i. We also say in state (i,/)
that we are in level 7/ and phase /.
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Define xf_’}c) = Pr{X, = i,Y, = k} and write (") = [wéﬂ) ZIZ<1”) wg’” -] with
x" = [xl(nl) xl(;) xl(’;\)l] We have

m(""’l) — m(")P
If the DTMC is positive recurrent then we have xl(',? |n—e = X;x, hence

xr=xP, x1=1.

2.9.3 Computing Stationary Distribution for the Finite Bivariate
DTMC

The methods presented in Section 2.6.1 are easily extended to the bivariate and all

multivariate finite DTMC.

To avoid unnecessary notational complexities we present only the case where
P, j is of dimension M x M, V(i, j). We can easily modify the result for cases where
the dimension of P, ; depends on 7 and ;. Let 1), be an M column vector of ones
and 0y, an M x 1 column vector of zeros. Assume X, has a state space given as

0,1,2,--- N < oo, then we can write the stationary equation as
0 = To(Po—1) + TPy + TPy + + XyPyo
0, = TRy +XTiPu-0)+ TPy + + TPy
0/{4 = .’E()P(),z + .’E]Pl,z + .’.Cz(Pzﬁz 71) + e + IyPyo
D= + : + : + + :
0, = ToPoy-1 + T\PNo1 + + Tn—1(Pv—1n-1 —1) + TNPyn-1
1, = Ty + T, + T, + + Ty

After transposing we have

Po—1 Po Pyo - Pyo T 0,/
Py Pi—1 Py - Py T 0,/

: ; ; ; : =1 :]. (2.27)
Pon—1 Pin—1 Poy—1 - Pyn—i LN-1 O
1 1 1 .1 TN 1y

This is now of the form similar to
AX =b

and can be solved using the techniques discussed earlier. The techniques are briely
listed here:

e Direct Methods
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— The inverse matrix approach: This approach can be used for the bivariate
DTMC just like in the case of the univariate DTMC. Simply we compute &
from

X=4""b. (2.28)

— The block Gaussian elimination method: The matrix A is transformed
through block row operations into an upper triangular block matrix U, such
that Ux? = b. The triangular matrix consists of block matrices U; ;, for which
U;j =0, i> j. The block vectors (&;) of & are obtained from back substitu-
tion as

N
xy=uyyl, xf =-U;'(Y Ugxf),i=01,2,--- N—1. (229)
k=i+1

— Block state reduction: This technique and its scalar counter part are based
on censoring of the Markov chain. Consider the DTMC with N + 1 lev-
els labelled {0,1,2,---,N}. For simplicity we will call this the block state
space {0,1,2,---,N} and let it be partitioned into two subsets E and E such
that EUE = {0,1,2,---,N} and ENE = 0. For example, we may have
E={0,1,2,--- M} and E={M+1,M+2,--- N}, M < N. The transition
matrix of the DTMC can be written as

HS
p-[13]
We can write the stationary vector of this DTMC as & = [, & ] from which

we obtain
xr,=xH+xT, T, T, =x,S+x,U. (2.30)

From this we obtain
T, =X (H+S(I—-U)'T). (2.31)

The matrix H + S(I —U)~'T is a new transition marix and it is stochastic.
Its stationary distribution is the vector &, which can be obtained as T, =
Z.P,, .1 =1 and normalized for it to be stochastic. It is immediately clear
that we have reduced or restricted this DTMC to be observed only when it is
in the states of £. This is a censored DTMC. This idea is used to block-reduce
the DTMC and apply the block state reduction to solve for & in the original
DTMC.

In block state reduction we first partition the DTMC into two sets with the
first set given as £ = {0,1,2,---,N — 1} and the second set £ = {N}. We
study the states of £ only as censored DTMC, and then partition it into £ =
{0,1,2---,N—2} and E = {N — 1}, and the process continues until we reduce
it to just the set £ = {0}. We obtain the stationary distribution of this reduced
DTMC. We then start to expand it to states £ = {0, 1} and continue to expand
until we reach the original set of states {0,1,2,---,N}.
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We demonstrate how this procedure works through a small example. Consider
a bivariate DTMC that has four levels in its states given by {0,1,2,3} and the
phases are of finite dimension M. Its transition matrix P has block elements
P, ; of order M x M. If we partition the state space into £ = {0,1,2} and
E = {3}, then

Poo Por Poz Po3
P.= |Pio Py Pa|+ |P3|([I—Ps3)" [Py Py Pa].
PoPy P P

When this new set {0, 1,2} is further partitioned into £ = {0,1} and £ = {2}
we get another transition matrix .. Another step further leads to a partitioning
into £ = {0} and E = {1}. Writing & = P, we can write the last block
equation of this stationary distribution as

T3 =TolP3+T1P3+T2P3+T3Ps3.
From this we have
X3 = (ToPy3 + T 1P s+ X2Pr3)([—Py3) .
The block equation before the last can be writen as
Ty =ToP2+T1Pio+ TP+ X3P,
which can be also be written as
Ty =To(Poo+Po3Kz2)+T1(Pia+Pi3Ks0)+Ta(Poo+Pr3Ks ),
where K3, = (I—P313)_1P3_,2. This in turn leads to
Ty = (To(Pop+P3K32) +T1(Pia+Pi3Ks2)) [ — (P2 +P2A3K3.,2))71~

This process is continued further to reduce the block equation and obtain &
in terms of @ and then solve for & after one more reduction. This process
is then reversed to expand into obtaining &; from &y, followed by obtaining
I, using Ty and x| and finally &3 using Ty, | and T,. The final result
is then nomalized. A detailed description of this algorithm together with the
steps can be found in [46] .

e Iterative Methods: The same sets of methods described earlier can be used for

bivariate DTMC, i.e. the power method, Jacobi, Gauss-Seidel and the Successive
over relaxation. The power method approach is straightforward and will not be
elaborated on here.

First let us write Q = P — I. In that case, our interest is to solve for x =
[Ty x| T3 -+ Ty, where xQ = 0 and x 1 = 1. In order to conform to the stan-
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dard representations of these methods we write the same equation in a transposed
form as O7x” = 0.

Let us now separate O into a diagonal component D, an upper triangular compo-
nent U and a lower triangular component L with ij block elements given as —D;;,
U;j and L;;, respectively. It is assumed that the inverse of D;; exists. Note that the
D, L and U are not the same as the well known LU or LDU decompositions.

— The Jacobi Method: Then the Jacobi iteration is given in the scalar form as
(N = p= 1L+ U) ()T (2.32)

— Gauss-Seidel Method: The Gauss-Seidel method uses the most up-to-date in-
formation on solutions available for computations. It is given by the following
iteration

(T = (D) L)+ U)T). (2.33)

— The Successive Over-relaxation Method: This method introduces an extra

parameter ®. The method is a generalization of the Gauss-Seidel. The itera-
tion is implemented as follows:

()T = (1-0) )T + oD (LS )T+ UED)T)). (239)

2.9.4 Special Finite State DTMC

For special types of finite state DTMC which are of the block tridiagonal structures
there are specially effective algorithms for obtaining the stationary vectors. Such a
DTMC has a matrix of the form

Ao Uy
D, 4, U,
pP= . ) (2.35)

Dy Ay
where the entries 4;,U;,D;,i = 0,1,---,N could be block matrices of finite dimen-
sions. Our interest is to solve for the vector & = [Xg, &1, ---, Ty] where

x=2xP, xl=1,

and x;, k=0,1,2,---,N, is also a vector.

Three methods are presented here due to Gaver, Jacobs and Latouche [45], Grass-
mann, Taksar and Heyman [46], and Ye and Li [102]. All the three methods are
based on direct methods relating to the Gaussian elimintation.

e Level Reduction: This method is due to Gaver, Jacobs and Latouche [45]. It is
based on Gaussian elmination and closely related to the block state reduction
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which is due to Grassmann, Taksar and Heyman [46]. They are all based on
censored Markov chain idea in that a set of states is restricted — thereby the
name level reduction. We consider the level reduced DTMC associated with this
Markov chain at the £/ stage, we can write

C. U
Diy1 Agyr U
Pi= | 0<ksN-, (2.36)
Dy Ay
where
Co=Ao, Cp =A;+D(I—C1) U1, 1 <k <N.

The solution is now given as

Ty = NCy, (2.37)
Xy =T D (I-C) ', 0<k<N—1, (2.38)
and
N
Y il =1.
k=0

The first equation is solved using one of the methods proposed earlier, if the
blocks of matrices are of dimension more than one.

Block State Reduction: This method which is due to Grassmann, Taksar and
Heyman [46], is the reverse of the first method. We censor the Markov chain
from the bottom as follows

Ao Uy
Dy A4 U
PN*k . .. .. ) OSkSN_L (239)
Dy_j En—
where

En=AN, Ey_x = AN+ Uv—i(I = Ay_i1) " 'Dy_gs1, 1 <k < N.

The solution is now given as
T = TokEy, (2.40)
Xy =Ty -\ Uvk1(I—Ex4)~', 1 <k<N, (2.41)

and

N
Y xd=1.
k=0
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e Folding Algorithm: This method is related to the first two in that they all group
the DTMC into two classes. The folding algorithm groups them into odd and even
whereas the other two group the DTMC into one and others. It then rearranges
the DTMC as {0,2,4,6,---,N,1,3,5,--- \N—1},if N is even, as an example. The
transition matrix is then partitioned accordingly leaving it in a good structure. For
the details about this algorithm you are referred to Ye and Li [102].

2.9.5 Infinite State Markov Chains

Consider a DTMC {X,, n=0,1,2,---}, X, =0,1,2,---. Since X, € .¥ we say its
an infinite DTMC. The finite case is when X, € {0,1,2,---,N < o}. If the infinite
DTMC is positive recurrent we know that it has a stationary distribution & such that

xr=xP, xl=1.

Even if we know that it has a stationary distribution we still face a challenge on how
to compute this distribution since all the methods presented for finite DTMC can no
longer be used because the state space is infinite.

One may suggest that we truncate the infinite DTMC at an appropriate state
N < oo to a finite DTMC and apply the earlier techniques. A truncation method
could involve selecting the smallest N such that 1 — ;V:O pij < €, Vi, where € is
a very small value, say 10~'2, for example. Such truncations could lead to prob-
lems at times. However for some special infinite DTMCs there are well established
methods for determining the stationary distribution without truncation. In addition
there are methods for establishing positive recurrency for such DTMCs. We will be
presenting those classes of infinite DTMCs.

First we discuss the general case of infinite DTMC and present what is known
about them. We then present the three classes of infinite DTMCs, called the GI/M/1
types, M/G/1 types and QBD types, which are numerically tractable and for which
the results are well known. Since the results to be developed here are valid for both
univariate and multivariate DTMCs, with only the first variable allowed to be un-
bounded, we will present results for the bivariate case.

2.9.6 Some Results for Infinite State Markov Chains with
Repeating Structure

In this section, we introduce some associated measures and results related to Markov
chains with infinite state block-structured transition matrices. Results presented here
are for discrete time Markov chains. However, corresponding results for continuous
time Markov chains can be obtained in parallel.
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Let {Z, = (Xy,Yn); n=0,1,2,...}, with X;, = 0,1,2,3---; ¥, =1,2,-- Ky, <
oo, be the Markov chain, whose transition matrix P is expressed in block matrix

form:
PO,O PO,I PO,Z e

PoPiiPiy...
P=|pPoPy Py | (2.42)

where B ; is a matrix of size K; x K; with both K; < e and K; < co. In general, P
is allowed to be substochastic. Let the state space be S and partitioned accordingly
into

s=UL, (2.43)
i=0
with
Li={(i,1),(i,2),...,(i,K:) }. (2.44)

In state (i,7), i is called the level variable and r the state variable. We also use the
notation

i
Lei=J L (2.45)
k=0

Partitioning the transition matrix P into blocks is not only done because it is conve-
nient for comparison with results in the literature, but also because it is necessary
when the Markov chain exhibits some kind of block structure. For the above Markov
chain, we define matrices R; ; for i < j and G;; for i > j as follows. R; ; is a ma-
trix of size K; x K; whose (7, s)th entry is the expected number of visits to state
(J, s) before hitting any state in L.(;_y), given that the process starts in state (i, r).
G, is a matrix of size K; x K; whose (r,s)th entry is the probability of hitting state
(J, s) when the process enters L (;_y) for the first time, given that the process starts
in state (i, 7). We call matrices R; ; and G; ; respectively, the matrices of expected
number of visits to higher levels before returning to lower levels and the matrices of
the first passage probabilities to lower levels.

The significance of R; ; and G;; in studying Markov chains, especially for er-
godic Markov chains, has been pointed out in many research papers, including Zhao,
Li and Alfa [107], Grassmann and Heyman [47], Grassmann and Heyman [48], and
Heyman [55]). In these papers, under the ergodic condition, stationary distribution
vectors, the mean first passage times and the fundamental matrix are discussed in
terms of these matrices. For some recent results, see Zhao, Li and Alfa [108], Zhao,
Li and Braun [107].

For special type of Markov chains in block form that have the property of repeat-
ing rows (or columns), which means that the transition probability matrix partitioned
as in [108] has the following form:
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Poo Po Pop Poz -
Pig Ao Ay Ay oo

p=|Pod-1 Ao A1 -+ (2.46)
PigA oAy Ay - -

where By o is a matrix of size Ko x Ko and all 4, for v=0,%1,%2,..., are matrices
of size m x m with m < eo. The sizes of other matrices are determined accordingly.
Ru—i=R;,and G,_; = G, ; fori > 0. We only give the following results. The details,
i.e. theorems and proofs can be found in Zhao, Li and Alfa [108], Zhao, Li and
Braun [107]. We define sp(4) as the spectral radius of a square matrix 4, i.e. its
largest absolute eigenvalue.

1. Let P be stochastic.

e Let R=73,_, R, The Markov chain P in (2.46) is positive recurrent if and
only if R < oo and limy_... RF = 0.

o LetG=3% G, If Y _ A isstochastic, then the Markov chain P in (2.46)
is recurrent if and only if G is stochastic.

2. Let P be stochastic. If 37 (kP e < oo and if 4 = 37
irreducible with the stationary distribution 7, then

Ay, 1s stochastic and

—oo

e P is positive recurrent if and only if 7R < 7;
e Pisnull recurrent if and only if R = 7 and Ge = ¢; and
e P is transient if and only if Ge < e.

3. If 37 | kP ye < oo then P is positive recurrent if and only if sp(R) < 1;

e Pis transient if and only if sp(G) < I; and
e Pisnull recurrent if and only if sp(R) = sp(G) = 1.

These are some of the general results. In what follows we focus on specific cases of
infinite DTMCs.

2.9.7 Matrix-Analytical Method for Infinite State Markov Chains

The matrix-analytical method (MAM) is most suited to three classes of Markov
chains, viz: i) those with the GI/M/1 structure ii) those with the M/G/1 structure,
and those with the QBD structure which actually embodies the combined properties
of both the GI/M1 and M/G/1 types structures. Before we go into the details, let us
define the state space which is partially general for our discussions.

Consider a bivariate Markov chain {X;,Y,; n > 0} such that P, ;;,; = Pr{X,,| =
LY, = jlX, =vY, =k};i,v>0,1<j, k<M and i and v are referred to as the
levels i and phase v, (> 0), respectively. Further define Pl(;"i =Pr{Xom =0, 0 m =

S =Y, =k} and P = Pr{Xsm =i Yosm = j1 X0 = v Y0 =k} Xy Z 1, w=

i,Jv,
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1,2,+-,m. This probability ;P"") is the taboo probability that given the DTMC
starts from state (i, ) it visits state (v,k) at time m without visiting level i during
that period.

2.9.7.1 The G/M/1 Type

Let the transition matrix P be given in the block partitioned form as follows:

Boo Boi
B1o B11 Ao

p— | B2o B21 41 Ao (2.47)
B3g B3y Ax A1 Ao

The blocks 4; ;1 refer to transitions from level ito j fori > 1, j >2,i> j— 1.
The blocks B;; refer to transitions in the boundary areas from level 7 to level j for
i >0, j=0,1. This transition matrix is of the GI/M/1 type and very well treated
in Neuts [80]. It is called the GI/M/1 type because it has the same structure as the
transition matrix of the GI/M/1 queue embedded at arrival points. It is skip-free to
the right. This system will be discussed at later stages. It suffices at this point just to
accept the name assigned to this DTMC.

We consider only the case for which the matrix P is irreducible and positive
recurrent. Neuts [80] shows that for the matrix P to be positive recurrent, we need
the condition that

TV > 1 (2.48)

where T=TA, Tl =1, A=37"gA4;and v = X" kA;l.
We define & = [Ty, T, X2, ..] as the invariant probability vector associated with
P, then for & = P, we have

Ty = Y, T;Bo, (2.49)
i=0

T =Y T;Ba, (2.50)
i=0

;= zw_j+v—1AV7 Jj=2 (2.51)
i=0

(2.52)

Let us define a matrix R whose elements R; ; are given as

n . .
Ris= 3 P i201<j<m1<w<m.

n=
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The element R, is the expected number of visits to state (i 4 1,w) before retuning
to level i, given that the DTMC started in state (i, j). If the matrix P satisfies (2.48)
then there exists a non-negative matrix R which has all its eigenvalues in the unit
disk for which the probabilities x;;; can be obtained recursively as

T =XR, or iy =X R, i>1. (2.53)

This is the matrix analogue of the scalar-geometric solution of the GI/M/1 queue
and that is why it is called the matrix-geometric solution. For details and rigouros
proof of this results see Neuts [80]. We present a skeletal proof only in this book.
Following Neuts [80] closely, the derivation of this result can be summarized as
follows:

(n) r)
Pz+1,/z+1/ z+1,z+1]+2412 l+ljzv lvt+11’vn>1 (2.54)
V: r

As shown in Neuts [80], if we sum this equation from n = 1 to » = N and divide by
N and then let N — oo, we have

LS pi
N 2 Pl i N = Xig1
n=1
1 N
5 3P e lm =0
n=1
1 N n )
»
N Z Zpt-H]zle‘“x"}le
n=1r=0
and
N
pn)
Z lPi,v;i-&-l,j|NH°° - RVJ
n=1
Hence,

M

n
2 +ljlv|N_’°°_> le" v.j

v=1

ﬁ[v]g
HMZ

Neuts [80] also showed that
(RY)jow = R = 3 Pl g (2.55)
n=0

and we use this result in what follows.
The matrix R is the minimum non-negative solution to the matrix polynomial
equation
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R="Y Rf4,. (2.56)

k=0

The arguments leading to this are as follows. Consider the equation for & ; given
as

x;= Z Ljy1dy, j=2
v=0

Now if we replace &, with &,;_|R"!, v >0, j > 2, we obtain

T, \R=Y x; R4, j>2 (2.57)
k=0

After some algebraic manipulations, we obtain Equation (2.56).

The matrix R is known as the rate matrix. The elements R;; of the matrix R is
the expected number of visits into state (k+ 1, j), starting from state (k,7), until the
first return to state (k,.), k > 1. The results quoted in (2.54 and 2.55) are based on
taboo probabilities and a detailed presentation of the derivations can be found in
Neuts [80].

The boundary probabilities (g, ) are determined as

Xo= Y TiBio =LoBoo+ 3, TR By (2.58)

i=0 -1

and ~ N
x| =Y TiBi1 =ToBo1 + Y, xR By (2.59)

i=0 -1

When rearranged in matrix form, we obtain
(o x1) = (%0, 1) B[R] (2.60)
where

Boo Boi

BIR= | s 180 35, R 1B

(2.61)
and then (o, ) is normalized by

Tol+x(I-R)"1=1 (2.62)
The argument behind this is that

Tol+T 1+l +... =gl + 2 ([+R+R+..)1=1

Because of the geometric nature of Equation (2.53), this method is popularly known
as the matrix - geometric method.
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2.9.7.2 Key Measures

The key measures usually of interest in this DTMC are

e The marginal distribution of the first variable (level) is given as
yik=xl =2 R, k> 1. (2.63)
e The first moment is given as
E[X]=x[I-R] 1. (2.64)

e Tail behaviour, i.e. py = Pr{X >k} =Y, @, 1 =T R -R|""1. Let n =
sp(R), i.e. the spectral radius of R (i.e. its maximum absolute eigenvalue), and
let v and u be the corresponding left and right eigenvectors which are normalized
such that ul = 1 and uv = 1. It is known that R¥ = nfva+o(n*), k — c. Hence
x;=x R "1=xn/"'4+0(n/), j— o, where kK = & v. Hence we have

pe=xkn"H(1=n)" +o(nf), k— o (2.65)

The key ingredient to the matrix-geometric method is the matrix R and how to com-
pute it efficiently becomes very important especially when it has a huge dimension
and its spectral radius is close to 1.

2.9.7.3 Computing matrix R

There are several methods for computing the matrix R and they are all iterative.
Letting R(v) be the computed value of matrix R at the v/" iteration, the computation
is stopped once |[R(v+1) —R(v)|; ; < €, where € is a small convergent criterion with
values of about 10~'2. The simplest but not necessarily most efficient methods are
the linear ones, given as:

e Given that

R=Y R4
k=0
we can write .
Rv+1) =Y RF(v)4, (2.66)
k=0

with R(0) := Ay.
e Given that

o

R=( Y RA)I—-4)"!
k=0,k+1

we can write
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oo

Rv+1)=( Y R(v+Da)(l—4)7",

k=0k£1

with R(0) := Ay.
e Given that

=

R=Ay[I- Y RF'4]™!
k=1

we can write

=

ROv+1) =4[l Y R (v)4,] ™!
k=1

with R(0) := A,

2 Markov Processes

2.67)

(2.68)

More efficient methods are the cyclic reduction method by Bini and Meini [22]
and the method using the non-linear programming approach by Alfa, et al. [15].
These methods are more efficient than the linear approach however, they cannot

take advantage of the structures of the matrices 4y, k=0,1,2,--

exploited.

-, when they can be

e NON-LINEAR PROGRAMMING APPROACH FOR R: By definition, R

is the minimal non-negative solution to the matrix polynomial equation R =
37 o R¥4y. Consider the matrix 4*(z) = Y5 4x2¥, |z| < 1, and let x*(z) be the
eigenvalue of 4*(z). It is known from Neuts [80] that the Perron eigenvalue of
R is the smallest solution to z = *(z) and that u is its left eigenvector. Let X
be any non-negative square matrix of order m and a function f(X) = Y2 (X’ k4.
For two square matrices Y and Z of the same dimensions, let ¥ o Z denote their
elementwise product. Now we define a function
m
HX) = ¥ (X)) = X)) =1 ((/(X) = X) o (/(X) = X))1. (2.69)
(07

i,j)=1

It was shown in Alfa et al. [15] that if the matrix P is positive recurrent then the
matrix R is the unique optimal solution to the non-linear programming problem

minimize H(X) (2.70)
subject to  uX =nu, (2.71)
X>0. (2.72)

Two optimization algorithms were presented by Alfa, et al. [15] for solving this
problem.

THE INVARIANT SUBSPACE METHOD FOR R: Akar and Sohraby [1] de-
veloped this method for R matrix. The method requires that 4*(z) = Y5, 254
be rational. However, whenever we have Ay = 0, K < oo, this condition is usually
met. For most practical situations 4y = 0, K < oo, hence this method is appropri-
ate in such situations.
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2.9.7.4 Some Special Structures of the Matrix R often Encountered

The matrix-geometric method is a very convenient method to work with, and also
because it has a probabilistic interpretation that makes it more meaningful with cer-
tain appeal to application oriented users. Its weakness however, is that as the size
of the matrix R gets very large, the computational aspects become cumbersome. In
that respect, it is usually wise to search for special structures of matrix R that can be
exploited. Some of the very useful special structures are as follows:

e If A is of rank one, i.e. 49 = /3, then
R=0&=A[l-Y n"'4,]", (2.73)

where 1 = £ w is the maximal eigenvalue of the matrix R.
The argument leading to this are based on the iteration

R(k+1):=Ao(I— A1) +2Rv =47 k>0,

and letting R(k) = w& (k) we have

E()=BI—4)7",
E(k) =PI —41)” +2 ) E(k— DA, —A4,)", k> 0.

This leads to the explicit result given above.
e For every row of A that is all zeros, the corresponding rows of R are also zeros.
e When the matrices 4;, i > 0, are of the sparse block types, it is advantageous to
write out the equations of R in smaller blocks in order to reduce the computations.
e Other special structures can be found in Chakravarthy and Alfa [29], Alfa and
Chakravarthy [7] and Alfa, Dolhun and Chakravarthy [8].

2.9.7.5 The M/G/1 Type:

Let the transition matrix P be given in the block partitioned form as follows:

By By By B3 ---
Ao Ay Ay A3 ---

p=| Aodidy--p (2.74)
Ao Ay -+
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The blocks A; ;| refer to transitions from level i to level j for j >i—1. The
blocks B; refer to transitions at the boundary area from level 0 to level j. It is skip-
free to the left.

The transition matrix is of the M/G/1 type and very well treated in Neuts [81].

Let A =Y (Ar and let v = Y77 | k4,1 be finite. If 4 is irreducible, then there
exists an invariant vector 7 such that 7t = 7wA4, and 7v1 = 1. The Markov chain P is
irreducible if and only if p = 7TV < 1.

If the Markov chain P is irreducible, then there exists a stochastic matrix G which
is the minimal non-negative solution to the matrix polynomial equation

G=Y 4G (2.75)
k=0

The elements G;; of this matrix refers to the probability that the system will eventu-
ally visit state (v+ 1, j) given that it started from state (v,7), (v > 1). The arguments
that lead to Equation (2.75) will be presented in a skeletal form and the rigouros
proof can be found in Neuts [81].

It is clear that starting from level i + 1 the DTMC can reach level i in one step
according to the matrix 4y, or in two steps according to 4G, i.e. it stays in level
i+ 1 in the first step and then goes to level i in the second step; or in three steps
according to 4,G?, i.e. it goes up to level i +2 in the first step, comes down two
consecutive times in the second and third steps according to G x G = G?; and this
continues. Hence

G=Ay+A4,G+A,G*+-- = ZAVGV.

It was shown in Neuts [81] in section 2.2.1 that

e If P is irreducible, G has no zero rows and it has eigenvalue 17 of maximum
modulus.
e If Pis recurrent G is stochastic.

2.9.7.6 Stationary distribution

In order to obtain the stationary distribution for the M/G/1 system we proceed as
follows.
Let g = gG, where gl = 1. Further define M such that

M=G+ ZA ZG"MGV - (2.76)
v=1 k=0

and also define u such that

u=(-G+1g)l—4—(1- g (2.77)
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Further define K such that

oo

K=By+ Y B,G" (2.78)

v=I

and let ¥ = kK, where k1 = 1. The (i,j) elements of the matrix K refer to the
probability that the system will ever return to state (0, /) given that is started from
state (0,7). Note that we say “return” because we are considering the same level 0
in both cases, so we mean a return to level 0.

If we now define the vector x = [xg,x],X2,...] then we can obtain xj as

xo = (k%) 'K (2.79)

where

oo v—1
K=1+Y B,y Gu
k=0

v=1

Once x is obtained the remaining x,, n > 1, are obtained as follows (see Ra-
maswami [89]):

n—1
Xn=|%0Bp+ (1= 8,1) Y, xjAn_ji1 | [—41), n>1 (2.80)
J=1

where

B,=Y BG Vandd; =Y 4,G", v>0

i=v i=v

The key ingredient to using this method is the matrix G. Just like its GI/M/1 coun-
terpart the effort involved in its computation could be enormous if its size is huge
and traffic intensity is close to 1.

2.9.7.7 Computing Matrix G

There are several methods for computing the matrix G and they are all iterative.
Letting G(v) be the computed value of matrix G at the v iteration, the computation
is stopped once |G(v+1) — G(v)|;; < €, where € is a small convergent criterion
with values of about 10~12. The simplest but not necessarily most efficient methods
are the linear ones, given as:

e Given that

G=Y 4G
k=0
we can write .
Gv+1) =Y 4G (v) 4y, (2.81)

k=0
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with G(0) := 0. It has been shown that starting with a G(0) = I sometimes works
better.
e Given that

G=(I—4y)" Z ArGY
k=0k+#1
we can write
Gv+1)=(I—41)" 2 A GF(v+1)), (2.82)
k=0k+#1

with G(0) := 0.
e Given that =
G=[-Y 4G4
k=1
we can write

Gv+1)= ZAka ") 140 (2.83)
k=1

with G(0) := 0.

More efficient methods are the cyclic reduction method by Bini and Meini [22],
subspace method by Akar and Soharby [1] and the method using the non-linear pro-
gramming approach by Alfa, Sengupta and Takine [16]. These methods are more
efficient than the linear approach however, they cannot take advantage of the struc-
tures of the matrices Az, k =0,1,2,---, when they can be exploited.

e CYCLIC REDUCTION FOR G: The cyclic reduction (CR) method developed
by Bini and Meini [22] capitalizes on the structure of the matrix P in trying
to compute G. Note that the matrix equation for G, i.e. G = Zf:oAka can be
written as G" = Y7, 4G, v > 0, or in matrix form as

I—4, -4y —A43 1[G Ao

—Ag I—4, -4y | | G? 0
—Ao I=Ay | |G ] 0 (2.84)

0

—Ay - G*

By using the odd-even permutation idea, used by Ye and Li [102] for the folding
algorithm together with an idea similar to the Logarithmic Reduction for QBDs
(to be presented later), on the block matrices we can write this matrix equation

as
I-U, —U, Vol 10
Uy I-Usp| | 1] |B]’

I—A4, —A5 ---
U171:U272: [_Al 7

where
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Ay —Ay -
Uip= Aol
—Ay —Ay - Ao
UZ,l = _AO _A2 aB: 0 ’

0
Vo=G* n=G6"" k=1,2,--.
By applying standard block gaussian elimination to the above equation we obtain
[[—Us—Us (I-Uy 1) 'Uin) = B. (2.85)

By noticing that this equation (2.85) is also of the form

-4V -4V 4V 76 4

AV 1A 4D G 0
_A(()l) ]_Agl)... G|l_1|o0 7

4D G’ 0

Bini and Meini [22] showed that after the #” repeated application of this opera-
tion we have

-u) v ] {0]
_ 2(7"1) [_Uz(:fz) Vl(n) | B’
where
-4 —4
Uy = Uy = 1-4y |
A A
b-| A
—Ay) -4 Ao
Ul = | 4y 4" | B=| 0|
0

Vo=G*2" yy =GH¥H k=1,2,---, n>0.

In the end they show that the matrix equation is also of the form
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gy = U a—uf o = s,
which results in

G=(I—A") " (dy+ 3 4 GF 1), (2.86)
k=1

They further showed that as n — oo the second term in the brackets tends to zero,
and (1 —Agn))*1 exists, hence

G= (A" 4. (2.87)

Hence G can be obtained from this expression. Of course the operation can only
be applied in a finite number of times. So it is a matter of selecting how many
operations to carry out given the tolerance desired.

e THE INVARIANT SUBSPACE METHOD FOR G: Akar and Sohraby [1] de-
veloped this method for G matrix. The method requires that 4*(z) = Y52 4,
be rational. However, whenever we have 4y = 0, K < oo, this condition is usually
met. For most practical situations Ay = 0, K < oo, hence this method is appropri-
ate in such situations.

¢ NON-LINEAR PROGRAMMING APPROACH FOR G: The non-linear pro-
gramming for the matrix G is similar in concept to that used for the matrix R, with
some minor differences. Consider an m x m matrix of non-negative real values
such that g(X) = 37, 4xX¥, where g : R — R™. Further define a function ¢ (X)
such that ¢ : R — R! and it is order preserving, i.e. X < Y implies ¢ (X) < ¢(Y)
where both (X,Y) € R™. A good example is ¢ (X) = 17 X1. It was shown by Alfa,
et al. [16] that the matrix G is the unique and optimal solution to the non-linear
programming problem

minimize ¢ (X) (2.88)
subject to gX)—Xx <o, (2.89)
X>0. (2.90)

Several algorithms were proposed by Alfa, et al. [16] for solving this problem.

2.9.7.8 Some Special Structures of the Matrix G often Encountered

The matrix-geometric method is a very convenient method to work with, and also
because it has a probabilistic interpretation that makes it more meaningful with cer-
tain appeal to application oriented users. Its weakness is that as the size of the matrix
G gets very large, the computational aspects become cumbersome. In that respect,
it is usually wise to search for special structures of matrix G that can be exploited.
Some of the very useful special structures are as follows:

e If A4y is of rank one, i.e. 49 = vax, with &l = 1, then
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G=1la, (2.91)

if the Markov chain with transition matrix P is positive recurrent. This is obtained
through the following arguments. Note that

G(l) IZA(),
Glk+1):=Y 4,G(k)", k> 1.
=0

If we write G(k) = y(k)a, k> 1, where

Y1) =v,

y(k+1) =Y A(aylk— 1)) y(k—1).
=0
Hence we have G = yx, and since the Markov chain is positive recurrent we
have G1 = 1, implying that y = 1 and hence

G=1a.

e For every column of A that is all zeros, the corresponding columns of G are also
all zeros.

e When the matrices 4;, i > 0, are of the sparse block types, it is advantageous to
write out the equations of G in smaller blocks in order to reduce the computa-
tions.

e Other special structures can be found in Chakravarthy and Alfa [29], Alfa and
Chakravarthy [7] and Alfa, Dolhun and Chakravarthy [8].

2.9.7.9 QBD

The QBD (Quasi-Birth-and-Death) DTMC is the most commonly encountered
DTMC in discrete time queues. It embodies the properties of both the GI/M/1 and
M/G/1 types of DTMCs. This infinite DTMC will be dealt with in more details
because of its importance in queueing theory.

Let the transition matrix P be given in the block partitioned form as follows:

B C
E A1 A

p— Az Ay Ao ) (2.92)
Ar Ay Ao
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The QBD only goes a maximum of one level up or down. It is skip-free to the left
and to the right. These are very useful properties which are fully exploited in the
theory of QBDs. For detailed treatment of this see Latouche and Ramaswami [67].

We assume that the matrices Ay, k=0, 1,2 are of dimension n x n and matrix B is
of dimension m x m, hence C and E are of dimensions m x n and n x m, respectively.
The key matrices that form the ingredients for analyzing a QBD are the R and G
matrices, which are given as

R=Ay+RA, +R*4> (2.93)

and
G=Ar+A4,G+A4yG>. (2.94)

R and G are the minimal non-negative solutions to the first and second equation,
respectively. Another matrix that is of importance is the matrix U, which records the
probability of visiting level i before level i — 1, given the DTMC started from level
i. The matrix U is given as

U=41+A4(I-U) 4. (2.95)

There are known relationships between the three matrices R, G and U, and are given
as follows

R=4¢(I-U)"", (2.96)
G=(-U)""4,, (2.97)
U =4 + 4G, (2.98)
U =4, +RA4,. (2.99)

Using these known relationships we have
R=Ay(I—4,—40G)" ", (2.100)

G=(I—A4, —RAy)"'4,. (2.101)

These last two equations are very useful for obtaining R from G and vice-versa,
especially when it is easier to compute one of them when our interest is in the other.

In what follows we present a skeletal development of the relationship between
the vector ;| and &; through the matrix R using a different approach from the
one used for the GI/M/1 system. The method is based on censoring used differently
by Latouche and Ramaswami [67] and Grassmann and Heyman [48]. Consider the
matrix P above. It can be partitioned as follows

| T T
P= [BL BR} (2.102)

Suppose we select n from 0, 1,2, - - as the point of partitioning. Then the vector &
is also partitioned into & = [T X ], with
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Lr = [:B(), Ly, -, a:"L Ip= [wn+17 Lnt2, ]

The result is that we have

000---
Tr=1| - - |, (2.103)
000---
A 00 ---
and
Ay Ao
Ay A1 Ay
Br = Ay Ay Ao . (2.104)
Keeping in mind that & = TP, we can write
rr=xr1T; +IpB; (2.105)
Xp=x7TR+ TpBR. (2.1006)
Equation (2.106) can be written as
Tp=xrTr(I—Bg)"", (2.107)

which can be further written as
[Tpi1, Tusas | = [To, T1, -, T T —Br) ™.
By the structure of T we know that the structure of Tz(7 — Bg) ™! is as follows
0 0 0

To(I—Bg)~! = 0 0 0 5, (2.108)
AoV AoViz2 AoVis ---

where Vj; are the block elements of ( — Bg)~!. It is clear that
Ty = TpdoV11 = TR, (2.109)

where R is by definition equivalent to 4gV7. This is another way to see the matrix
geometric result for the QBD. See Latouche and Ramaswami [67] for details.

Similar to the GI/M/1 type, if the QBD DTMC is positive recurrent then the
matrix R has a spectral radius less than 1 and also the matrix G is stochastic just like
the case for the M/G/1 type. Once we know R we can use the result ;1.1 = T;R, i >
1. However, we still need to compute R and determine the boundary behaviour of
the matrix P. First we discuss the boundary behaviour.
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The censored stochastic transition matrix representing the boundary is B[R] and

can be written as

BIR] = [gAlfRAz].

Using this matrix we obtain

X = [E(I-B)"'C+4, + R4y,

which after getting solved for | we can then solve for & as o = € E(I —B)!,
and then normalized through

Tol+x (I-R)"1=1.

2.9.7.10 Computing the matrices R and G

Solving for R and G can be carried out using the techniques for the GI/M/1 type and
M/G/1 type respectively. However, very efficient methods have been developed for
the QBD, such as

THE LOGARITHMIC REDUCTION (LR) METHOD: This is a method de-
veloped by Latouche and Ramaswami [65] for QBDs and is quadratically con-
vergent. The Cyclic Reduction method discussed earlier is similar in principle to
the Logarithmic Reduction method. The LR method is vastly used for analyzing
QBDs. Readers are referred to the original paper [65] and the book [67], both by
Latouche and Ramaswami, for detail coverage of the method. In this section we
present the results and give an outline of the algorithm. Essentially the algorithm
works on computing the matrix G by kind of restricting the DTMC to only time
epochs when it changes main levels, i.e. it goes up or down one, hence the tran-
sitions without a level change are censored out. Once the matrix G is obtained,
the matrix R can be easily calculated from the relationship given earlier between
R and G.

Consider the transition matrix P and write the G matrix equation given as

G=Ay+A4,G+A4yG*.
This can be written as (/ — A4;)G = Ay + Ao G or better still as
G=(—A4) "4y +(I—A4))'40G*> = L+HG?, (2.110)

with
L=(I—A4y)"'4y, and H=(I—A4;) '4,. (2.111)

If we restrict the process to only up and down movements while not considering
when there is no movement, then the matrix L captures its down movement while
the matrix H captures its up movements. Note that G and G record first passage
probabilities across one and two levels, respectively. So if we repeat this process
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we can study first passage probabilities across 4, 8, --- levels. So let us proceed
and define
AV = 4, k=0,1,2

HO = (1= 4") 14, 1O = (1-a") 147,
Ul =g®r® L p®g® g0,
H(k+1> — ([7U(k))_1(H<k))2, L(k+1) _ (17 U<k))_1(L(k))2, k Z 0.

After aplying this process repeatedly Latouche and Ramaswami [65] showed that

o (k-1
G=Y <HH<">> LW, (2.112)
k=0 \i=0

Since we can not compute the sum series infinitely, the sum is truncated at some
point depending on the predefined tolerance.

e THE CYCLIC REDUCTION METHOD: The cyclic reduction method devel-
oped by Bini and Meini [22] for the M/G/1 is another appropriate algorithm for
the QBD in the same sense as the LR. We compute the matrix G and use that to
compute the matrix R. The algorithm will not be repeated here since it has been
presented under the M/G/1 techniques.

e THE INVARIANT SUBSPACE METHOD: Akar and Sohraby [1] developed
this method for G and R matrices, and since for the QBDs A(z) are rational this
method is appropriate for such analysis.

2.9.7.11 Some Special Structures of the Matrix R and the matrix G

If A5 or Ay is of rank one, then the matrix R can be obtained explicitly as the inverse
of another matrix, and G matrix can also be obtained as product of a column vector
and a row vector, as follows.

o if 4y =v.ox, then R = Ag[l — A — 49G]~", where G = 1.,

o ifdg=w.0,then R=Ag[I— A1 —nAy)~", where & = B[l —4; —ndy] !, Ew =
1, E451 = 1 and the matrix R satisfies R' = n~'R, i > 1.

e All the special structures identified for the M/G/1 and GI/M/1 types are also
observed for the QBDs.

2.9.8 Other special QBDs of interest

2.9.8.1 Level-dependent QBDs:

A level dependent QBD has a transition matrix P given in the block partitioned form
as follows:
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Aoo Ao
Ay A1 A

p— Az A2 A23 (2.113)
Az A33 A3

We assume that the matrices Ay, k = 0,1,2 are of dimension my, X my, and the
dimensions of the matrices A ;41 are my X myo1 and of Ay ; are my X my. Be-
cause the transition matrix is level dependent, the matrices R and G are now level
dependent. We have R; which records the rate of visiting level k before coming back
to level £ — 1, given it started from level £ — 1, and Gy records the probability of first
visit from level & to level £k — 1. The matrices are obtained as

Ry = Aj—1j + RpAk g + RiR 1 Aks1 (2.114)

and
Gy = Ap j—1 + A j G + Ak j+1Giy1 G- (2.115)

For this level dependent QBD we have matrix-product solution given as
Tpy1 = TpRy, k2>0. (2.116)

The condition for this QBD to be positive recurrent is given in Latouche and Ra-
maswami [67] as follows:

Condition: That

Ty = To(Ao,0 +40,1G1), (2.117)
with .
xo Y [[RA=1. (2.118)
n=0k=1

The level dependent QBD is usually difficult to implement in an algorithm form
in general. However, special cases can be dealt with using specific features of the
DTMC. For more details on level dependent QBDs and algorithms see Latouche and
Ramaswami [67]. Some of the special cases will be presented later in the queueing
section of this book, especially when we present some classes of vacation models.

2.9.8.2 Tree structured QBDS

Consider a DTMC {(X,,Y,),n > 0} in which X, assumes values of the nodes of a
d-ary tree, and Y, as the auxilliary variables such as phases. As an example a 2-
ary has for level 1 the set {1,2}, for level 2 the set {11,12,21,22} for level 3 the
set {111,112,121,122,211,212,221,222} and so on. If we now allow this DTMC
to go up and down not more than one level, we then have a tree structured QBD.
Details of such DTMC can be found in Yeung and Alfa [103]. We can also have
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the GI/M/1 type and M/G/1 type of tree structured DTMC. For further reference see
Yeung and Sengupta [104] and Takine, Sengupta and Yeung [95], respectively.

A d-ary tree is a tree which has d children at each node, and the root of the
tree is labelled {0}. The rest of the nodes are labelled as strings. Each node, which
represents a level say i in a DTMC, has a string of length i with each element of the
string consisting of a value in the set {1,2,---,d}. We use + sign in this section to
represent concatenation on the right. Consider the case of d = 2 and for example if
we letJ = 1121 be a node and k£ = 2 then J+ k = 11212. We adopt the convention
of using upper case letters for strings and lower case letters for integers. Because
we are dealing with a QBD case we have that the DTMC, when in node J + & could
only move in one step to node J or node J + k + s or remain in node J + k, where
k,s=1,2,--- d. The last come first served single server queues have been analysed
using this tree structured QBD.

For this type of QBD most of the results for the standard QBD still follow with
only minor modifications to the notations. Consider the chain in a node J+ k and
phase i at time n, i.e. the DTMC is in state (J + k, i), where i is an auxilliay variable
i=1,2,---,m. At time n+ 1 the DTMC could be at state:

e (J,j) with probability &/, k=1,2,---,d
e (J+s,j) with probability aﬁ{’fs, k,s=1.2---.d
o (J+ks, j) with probability uy’, k,s =1,2,---,d

Let Gy be an m x m matrix which records the probability that the DTMC goes
from node J + & to node J for the first time. This is really equivalent to the G matrix
in the standard QBD and to the G; matrix in the level dependent QBD. If we define
m x m matrices Dy, Ag, and Uy as the matrices with (i, ) elements d;/, a;” and

uy’ | then we have

d d
Gi=Di+ Y ApsGs+ Y UsGsGy, k=1,2,---.d. (2.119)
s=1 s=1
Note that
d d
(De+ Y A+ D U)1 =1. (2.120)

s=1 s=1

Similarly, if we define Rj, as the matrix that records the expected number of visits
to node (J + k) before visiting node J, given that it started from node J, then we

have
d

d
Re=Ur+ D Rdsi+ D RiRDy, k=1,2,---.d. (2.121)
s=1 s=1
Because the summations operations in the equations for both the G and R; ma-
trices are finite, we can simply apply the linear approach for the standard R and G
matrices to compute these Gy and Ry matrices.
Provided the system is stable we can apply the linear algorithm as follows:

e Set
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Gk(o) = Dk, Rk(O) = Uk; k= 1727"',6[

e Compute

d d
Gr(n+1) :=Dg+ Y, AsGs(n) + Y, UsGs(n)Gy(n), k=1,2,---

s=1 s=1

d

s=1

d
Ri(n+1):= U+ Y Ro(n)Asi+ D Ri(n)Ry(n)Ds, k=1,2,---
s=1

e Stop if
(Gk(l’l+ 1) - Gk(n))i,j < 8aVi7j7ka

and
(Rk(rH- 1) —Rk(n)),;j < &g,Vi, j,k,

where € is a preselected tolerance value.

2.9.9 Re-blocking of transition matrices

For most practrical situations encountered we find that the resulting transition ma-
trices do not have exactly any of the three structures presented. However, in most
cases the structures are close to one of the three and by re-blocking the transition

matrix we can achieve one of them

2.9.9.1 The non-skip-free M/G/1 type

As an example, we can end up with a non-skip-free M/G/1 type DTMC with a

transition matrix of the following form

[ Coo Coq Con Cosz Coa
Cio Ciip G2 Cgjz Cig

Cr-1,0 Ci—1,1 Co12 Ci—13 G140 -+
Ao A1 A2 A3 As
Ao A1 Ax A3
Ao A1 A2

This can be re-blocked further into & x & superblocks so that we have

(2.122)



2.9 Numerical Computations of the Invariant Vectors 73

CoCr G Gy ---
Ho Hy Hy Hs -
P= Hy Hy H - , (2.123)
Ho Hy ---
where
Co,jk Co,(j+1)k-1
Cj: . 7j:O71727"'
Ce—1jk ** Cee1,(j+1)k—1
Ajk - A
Hj: 7j:1727"'7
Ak A
and
Ao Ay -+ A
Ay -+ Ay o
Hy = )

This non-skip-free M/G/1 type DTMC has now been converted to an M/G/1 type
which is skip-free to the left. Standard M/G/1 results and techniques can now be ap-
plied to analyze this DTMC. We point out that there is a class of algorithms specifi-
cally designed for this class of problems by Gail, Hantler and Taylor [43].

Suppose we have a situation where C; = 0 and H;,,, =0, Vj > M, 0 <w < oo,
then we can further reblock this transition matrix to the QBD type as follows. We
display the case of w = 0 only. Let

Hy
0
B=Cy), C=1[C1,Cy, -, Cyl,E=| . |,
0
0 0 0 -0
Hy 0 0 -0
0 ) D:(e1®ej{4)®H07

U= |Hy-1 Huy -

H H ---Hy 0O
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Hy H, Hy --- Hy
Hy Hy Hy --- Hy—1
A= Hy Hy -+« Hy_»

Hy H,
where e; is a column vector of zeros with one in location j and ejT is its transpose,
then we can write the transition matrix as

BC

EAU
DAU ’
DAU

P=

which is of the QBD type. In this case we can apply the results of QBD to analyze
the system.

2.9.9.2 The non-skip-free GI/M/1 type

Similar to the M/G/1 type DTMC we can have a GI/M/1 non-skip-free type of
DTMC with transition matrix of the form

Bo,o Bo,1 -+ Bok-1 Ao
Bio Bi1 - Bix—1 41 Ao
P=\BygByy - Byji Ay 4y Ay |- (2.124)

This can also be re-blocked further into £ X k superblocks to obtain

By Fy
B\ F Fy
P=1\B, R F F : (2.125)

where
Biro 0 Bjkk—

B]: . 3J:071727a
Bjtik-1,0 " Bl 1)k—14-1
Aje Aok
Hj= L =12

Atk - Aje
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Ao
A1 Ao

Hy = . .

Ap—1 Ag—2 -+ 4o

This non-skip-free DTMC has now been converted to a GI/M/1 type which is skip-
free to the right. Standard GI/M/1 results can now be applied to analyze this DTMC.
Once again we point out that there is a class of algorithms specifically designed for
this class of problems by Gail, Hantler and Taylor [43].

Suppose we have a situation where B; = 0 and Fj, =0, Vj >N, 0 <v < oo,
then we can further reblock this transition matrix to the QBD type as follows. We
display the case of v =0 only. Let

By
B
B:BO,C:[F0,0,0,"',O],E . ’
By
F K
B B K
4=|B B KN K 7
Fy Fy_1 Fy—2 -+ F
0Fy Fn—1 - B
Fy - F
D= Lo |, U=(eioe]) R,
Fy
0

then we can write the transition matrix as

BC

EAU
DAU ’
DAU

P:

which is of the QBD type. In this case we can apply the results of QBD to analyze
the system.
In general a banded transition matrix can be reduced to a QBD in structure.
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2.9.9.3 Time-inhomogeneous Discrete Time Markov Chains

Up till now we have focussed mainly on Markov chains that are independent of time,
i.e. where Pr{XnH = j|Xu = i} = pi ;. Here we deal with cases where Pr{X, | =
JjlX, =i} = P}, i.e. the transition probability depends on the time of the transition.
We present the case of time-inhomogeneous QBDs here. The case of the GI/M/1
and M/G/1 types have been discussed in details by Alfa and Margolius [2].

For the time-inhomogeneous QBDs we let the bivariate process be {X,,J, },n >0
with X, > 0, 1 <J, <M < 0. We can write the associated transition matrix as

) 4
A?}f? A?’§ (n)
Aln() Al}:ll Alnz
P =" A Ag’qz) A ; (2.126)

(n)

where the matrices 4; ;
changing from i to j. Hence (Al(»jqj))zﬁk = Pr{Xopi1 = j,Jnt1 = kX, =i,y = L} If we
now define (Afnzm)fk = Pr{Xu+1 = J,Jm+1 = k| X, =1i,J, = €},m > n. Note that we
have A" = A(")_ Let the corresponding transition matrix be P""). For simplicity

we only display the case of m = n+ 1. We can write

records the transition from time #n to time n + 1 with X,

'A(()nOnJrl) A(()'ﬁnﬂ) A((]nin+1) 7
AYIOIH»I) Aﬁnﬂ) A(ln2n+1) A(ln3n+1)
plnatl) _ A%nﬂ) Aglin+1)Agnn+l) A(nn+1) Aér)z‘,‘n-&-l) . @12
Ag’,linH)A':nH) A(;71n+1) Ag’f&”“) Agrgnﬂ)

(n,n+1) =yt "V ij), keeping in mind that A; k) =0,V{—kl>1, m>

(n 1) 20, V|i — j| > 2. For the general case of P, the block

where A

0. Also note that 4;
(n,m)

matrices 4; ; can be obtained through recursion as

A(n m+1) Z A

" (2.128)

V/ )
v=i—m—1

keeping in mind that some of the block matrices inside the summation will have

zero values only andA( m) =0,V|i—j|>m—n+1.

If we know the state of the system at time » we can easﬂy determine its state at
time m+ 1. For example, let 2, = [, 2\"), - ]and 2" = = xf’;), N xf’;}],
then we have '

) = g plm) o <y < m. (2.129)
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Usually of interest to us in this system is the case that we call “periodic”, i.e.
where we have for some integer 7 > 1 and thus P") = P("*7)_In this case we have

P(nJrKT,n“r(KJrl)‘L'fl) :P()’L,)1+‘L'71)7 VK > O (2130)

Let g/—y plnntt— 1) and x("+K7) — [w(n+K‘r)’ o (nTKT)+1
then we have

aj(n+(K+1)r—1)]7

x(THEADT) _ (n+KT) gp(n) (2.131)

Under some stability conditions (which have to be determined for each case) we
have x5 |, .. = x("). Hence we have

<) — <) o)

2.9.9.4 Time-inhomogeneous and spatially-homogeneous QBD

Suppose we have a case where

B )
w | E? A4 ap)
PV = Agn) A(1n> 4 , (2.132)

i.e. the DTMC is time-inhomgeneous but spatially-homogeneous. In this case the
matrix 2" can be re-blocked. For example, if T = 2 then

A(nn+1)A(nn+1) (nn+1) 7
0,0 0,1 02
AgnnJrl) A§n1n+l) 1n2n+l)Alnn+1)
pn) _ plant1) _ Agszrl) Agnirwl) gnszrl) Ag nn+1) A;',TH) ,
A&nﬂ) gn2n+1) A(r:n+1) Ag;gnJrl) Ag;gnﬂ)
i (2.133)
which results in
r ng(,)nﬂ) B(()n1n+1) C(()n2n+1) 7
B%nﬂ) Bgnln-H) Agnn-&-l) A(nn—H)
P _ B%nﬂ) Agnn+l) A(nrH—l) A(lnn-'rl) Aén,nﬂ) Q134
Agn,n+l)A(nn+l) A(nn+1)Asn,n+1) A(()n,n+1)

This can be reblocked to have
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Bn) )
P — o ”12"3 %Eni (n)
ay ) ’

where for example

Agn,n+1) A(n,nJrl)

n,n+1 n,n+1
2

For the general case of 1 < T < o we can write and reblock 2" into a QBD

type transition matrix. Given that .o7(") = ¥2_ ,ssz(") and let 7v(n) be the stationary
distribution associated with it, i.e.

7(n) =7 (n)/ ", 7w(n)1 = 1. (2.135)
The stability conditions for standard QBDs apply, i.e. the system is stable iff
70 (n) (") +24")1 > 1. (2.136)

For a stable system we compute the stationary distribution of the transition matrix
as
D) = )R (2.137)

where R is the minimal non-negative solution to the matrix equation
R™ = " 4 R™ 7™ 4 (R 27" (2.138)

In summary, standard matrix-analytic results can be used for the case of time-
inhomogeneous DTMCs that are periodic.

2.10 Software Tools for Matrix-Analytic Methods

There are now software tools available to the public for analysing the M/G/1,
GI/M/1 and QBD systems. The website is:

http://win.ua.ac.be/ vanhoudt/

The packages use efficient algorithms for the three systems and do provide sup-
porting documents and papers for them also.



Chapter 3
Characterization of Queueing Systems

3.1 Introduction

Queueing systems, by description, are really any types of service systems where
customers may have to wait in a queue for service when the server is not available
or busy attending to other customers. These types of systems are prevalent in our
everyday life activities, ranging from the simple fast food restaurants, transportation
systems, computer systems, telecommunication systems, manufacturing systems,
etc. Usually there are customers which could be people or items, where items could
be data packets, parts in a manufacturing plant, etc. Also in such a system there is
or are service providers who provide the facilities for the items to be served.

In order to articulate the subject of this chapter we select an example of a
queueing system for discussion. Consider the Internet system. People send pack-
ets through this system to be processed and forwarded to a destination. One could
consider the packets as the items that need to be processed for a customer. The Inter-
net service provider (ISP) ensures that the customer is provided with the resources
to get the packets processed and sent to the correct destination with minimum delay
and loss probability. The customer pays for a service and expects a particular Qual-
ity of Service (QoS) commensurate with how much she pays. In an utopian world
the customer would want the packet processed immediately and the ISP would want
to obtain the maximum revenue possible without incurring any costs! In the real
world the resources needed to process the packets costs money and the ISP needs
to make profit so it wishes to provide the most cost effective amount of resources
while the customer who pays for the service sets her QoS target that needs to be met
by the ISP.

In designing a queueing system we need to find the optimal configurations and
rules that will optimize the profit for the ISP and meet the QoS of customers. In
order to do this we need to understand how the queueing system will perform under
different configurations and rules. The list of some of the measures of interest to a
queueing system operator are as follows:

A.S. Alfa, Queueing Theory for Telecommunications, 79
DOI 10.1007/978-1-4419-7314-6_3, © Springer Science+Business Media, LLC 2010
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3.1.0.5 Performance Measures

1. Queue Length: The queue length refers to the number of items, in this case
packets, that are waiting in some location, or buffer, to be processed. This is
often an indication of how well a queueing system is performing. The longer the
queue length the worse its performance from a user’s point of view, even though
this may be argued not to be quite correct all the time.

2. Loss Probability: If the buffer space where items have to wait is limited, which
often is for real systems, then some items may not be able to wait if they arrive to
find the waiting space to be full. We usually assume that such items are lost and
may retry by arriving again at a later point in time. In data packet systems the
loss of a packet may be very inconvenient and customers are concerned about
this loss probability. The higher its value the worse is the system performance
from the customer’s perspective.

3. Waiting Times: waiting time or delay as referred to by some customers is the du-
ration of the time between an item’s arrival and when it starts to receive service.
This is the most used measure of system performance by customers. Of course
the longer this performance measure is the worse is the perception of the system
from a customer’s point of view.

4. System Time: This is simply the waiting time plus the the time to receive service.
It is perceived in the same way as the waiting time except when dealing with a
preemptive system where an item may have its service interrupted sometimes.

5. Work Load: Whenever items are waiting to be processed a server or the system
manager is interested in knowing how much time is required to complete pro-
cessing the items in the system. Of course, if there are no items in the system
the workload will be zero. Work load is a measure of how much time is needed
to process the waiting items and it is the sum of the remaining service time of
the item in service and the sum of the service times of all the waiting items in a
work conserving system. In a work conserving system no completed processing
is repeated and no work is wasted. A queueing system becomes empty and the
server becomes idle once the workload reduces to zero.

6. Age Process: In the age process we are interested in how long the item receiving
service has been in the system, i.e. the age of the item in process. By age we
imply that the item in service was “born” at its arrival time. The age is a measure
that is very useful in studying queues where our interest is usually only in the
waiting times. This is also very useful in analysing queues with heterogeneous
items that are procesed in a first come first served (FCFS) order, also known as
first in first out (FIFO) order.

7. Busy Period: This is a measure of the time that expires from when a server
begins to process after an empty queue to when the queue becomes empty again
for the first time. This measure is more of interest to the ISP, who wishes to keep
his resources fully utilized. So the higher this value the happier an ISP. However
if the resource that is used to provide service is human such as in a bank, grocery
store, etc, then there is a limit to how long a service provider wishes to keep a
server busy before the server becomes ineffective.
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8. Idle Period: This is a measure of the time that elapses from when the last item
is processed leaving the queue empty to when the service begins again usually
after the first item arrival. This is like the “dual” of the busy period. The longer
the idle period is the more wasteful are the resources. A service provider wishes
to keep the idle period as small as possible.

9. Departure Times: This is a measure of the time an item completes service in a
single node system. This measure is usually important in cases where an item has
a departure time constraint and also where a departing item has to go into another
queue for processing. When a single node queue serves an input queue to another
queue downstream, the departure process forms the arrival process into the next
queue. How this departure process is characterized determines the performance
of the downstream queue.

Consider the following process involving 20 messages. For the ' message let
us define 4,, as its arrival time, S, as its service time requirement, and D,, as its
departure time from the system. We are assuming a FIFO service discipline. The
values of 4, and S, are given in the table below.
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We use this example to illustrate what some of the above mentioned measures really
mean. Figs (3.1) to (3.5) show some of the sample paths of this system.

These are just few of the fundamental measures of interest to a queue analyst.
There are several others that come up and are specific to some queues and will be
discussed as they appear in the book. However, not all of the measures mentioned
above will be presented for all queues in the book.
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: Number of Messages in the system

80

Fig. 3.1 Number in system at arbitrary times

3.1.1 Factors that affect the measures

Many factors determine these performance measures. Some of them are determined
by the service provider and other by the customers. The service provider determines
what configurations to make the queueing system. For example, the service provider
determines:

1.

4.

the number of servers to provide— the more the number of servers in parallel the
faster will the system be in providing service, but this would involve more cost
to the service provider

the rule to use for processing items whether it is first come first served (FCFS)
(also known as fist in first out (FIFO)), last come first served (LCFS) (also known
as LIFO - last in first out), service in random order (SIRO), priority (PR), etc. —
this affects how fair the service is to the customers

. how large the buffer space should be, i.e. the place to store items that are waiting

for service when the server is not available — the larger the buffer the less will the
loss probability be, but the waiting times for those who have to wait will increase
— a trade off.

several other aspects

These are all design aspects and can be determined to optimize the operations of
a queueing system. Some of the other factors that have major impact on the per-
formance measures discussed earlier are the arrival and service processes. These
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Fig. 3.2 Number in system at arrival times

two quantities are major descriptors of a queueing system and are stochastic by na-
ture. It is simple to expect that high arrival rates would lead to increase in queue
lengths, waiting times and busy period. High service rates on the other hand will
improve these measures. However, high fluctuation rates of these arrival and service
processes could lead to complicated system behaviours. We therefore need to un-
derstand these processes very well. The rest of this chapter focuses on the arrival
and service processes.

3.2 Arrival and Service Processes

For every queuing system we have to specify both the arrival and the service pro-
cesses very clearly. They are some of the key characteristics that determine the per-
formance of a queueing system. If the times between arrivals of items are generally
short and the service times are long it is clear that the queue will build up. Most
important is how those times vary, i.e. the distribution of the interarrival times and
service times. We present the arrival and service processes that commonly occur in
most queuing systems.
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Fig. 3.3 Number in system at departure times

These two processes are usually discussed separately in most literature. But be-
cause the distributions used for service processes can also be used for the interarrival
times, we combine them in the same presentation.

Consider a situation where packets arrive to a router at discrete time points. Let
J,, be the arrival time of the nth packet. Further let 4, be the inter-arrival time be-
tween the n' and (n— 1) packet, i.e. 4, =J, —J,_1, n=1,2,---. We let Jy be the
start of our system and assume an imaginary zeroth packet so that 4| = J; —Jy. If
Ay, A2, A3, ... are independent random variables then the time points Jj,J/;,J3, ...
are said to form renewal points. If also 4, = A, Vn, then we say the interarrival
times have identical distributions. We present the distributions commonly assumed
by A. We will not be concerned at this point about 4; since it may have a special
behaviour. For all intents and purposes we assume it is a well behaved interval and
not a residual. Dealing with the residuals at this point would distract from the main
discussion in this chapter. ‘

Let t,? be the start time of the service time of the n'* packet and let t;f be the
completion time of its service time duration, i.e. S, = t;f — t,? IfS, =8, Vn, then we
say that the service times have identical distributions. We can also consider a system
that is saturated with a queue of packets needing service. Let C,, be the completion
time of the n" packet. Then S, = C, — C,_1.

First let us briefly introduce renewal process, which is related to some of these
arrival and service processes which are independent.
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Fig. 3.4 Workload at arbitrary times

3.2.1 Renewal Process

Let X, be the interevent time between the (n — 1)th and nth events such as arrivals.
In our context X, could be 4,, or S,,. If Yy = 0 represents the start of our observing the
system, then ¥, = X7 X; is the time of occurrence of the nth event. For example,
Jp = 2o A; is the arrival time of the nth customer. We shall assume for simplicity
that Xy = 0 and X1,.X3,. .. are independent and identically distributed (iid) variables
(note that it is more general to assume that Xy has a value and it has a different
distribution than the rest, but that is not very critical for our purpose here).

If we consider the duration of X, as how long the nth interevent lasts, then ¥,
is the point in time when the nth process starts and then lasts for X, time units.
The time ¥, is the regeneration point or the renewal epoch. We assume that P{X,, >
0} = pg >0, Vn > 1, and we let p, be the collection p, = (p{,p5,...), where p} =
Pr{X, =i}, Vn > 1. We define the z—transform of this interevent times as

@) = pi, 2l <1, V. 3.1)
j=1

Let the mean number of events per unit time be given by u then the mean in-
terevent time
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Fig. 3.5 Age at arbitrary times

dpi(z _
E[X,] = p;Z( = >0, vn.

(3.2)

Since X1,X>,. .. are independent we can obtain the distribution of Y, as the con-
volution sum of X1, X5, ... as follows
Pr{Y,} =Pr{X; «Xa x...x X, }.

(3.3)
Letting ¢} = Pr{Y, = j} and ¢,(z) = X7, ¢}/, |z| <1 we have

4,(2) = P1(2)p2(2) -+~ P (2).- (3.4)
For example,

i—1
Pr{Y, = j} = jz Pr{X; =v}Pr{X, = j—v}.
v=1

If X1 =X, =X, then pj(z) = p3(z) = p*(z) and hence we have

¢3(2) = (p"(2))*.

Further let

p1=0.1, pp=03, p3 =06, p;=0,j >4,
then
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P*(2) =0.1z40.322 +0.62°

and
¢3(2) = 0.0122 +0.062° 4+ 0.21z* +0.362° +0.362°.

From this we obtain

qi =0, ¢5=0.01, 3 =0.06, g3 =0.21, q5 =0.36, qg = 0.36, q; =0,V > 7.

3.2.1.1 Number of renewals

Let Z, be the number of renewals in (0,#) then

Z, = max{m > 0|Y,, < n} (3.5)
Hence,
P{Z, > j} =P{Y; <n} =) P{Y;=v} (3.6)
v=1

If we let m, = E[Z,] be the expected number of renewals in [0,#), it is straight-
forward to show that .
my =Y > P{Y;=v} 3.7)
j=1v=j
my, is called the renewal function. It is a well known elementary renewal theorem
that te mean renewal rate 1 is given by

U= 1im\,,ﬂm% (3.8)

For a detailed treatment of renewal process, the reader is referred to Wolff [106].
Here we only give a skeletal proof.

In what follows, we present distributions that are commonly used to describe
arrival and service processes. Some of them are of the renewal types.

3.3 Special Arrival and Service Processes in Discrete Time

3.3.1 Geometric Distribution

Geometric distribution is the most commonly used discrete time interarrival or ser-
vice time distribution. Its attraction in queuing theory is its lack of memory property.

Consider a random variable X which has only two possible outcomes - success
or failure, represented by the state space {0, 1}, i.e. 0 is failure and 1 is success. Let
g be the probability that an outcome is a failure, i.e. Pr{X =0} = g and Pr{X =
1} = p =1 — g be the probability that it is a success.
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The mean number of successes in one trial is given as
E[X]=0xg+1xp=p
Let 6*(z) be the z—transform of this random variable and given as
6"(z) =q+pz.

Also we have
d(g+pz)
dz
Suppose we carry out an experiment which has only two possible outcomes 0 or
1 and each experiment is independent of the previous and they all have the same
outcomes X, we say this is a Bernoulli process,and 6(z) is the z—transform of this
Bernoulli process. Further, let 7 be a random variable that represents the time (num-
ber of trials) by which the first success occurs, where all the trials are independent
of each other. It is simple to show that if the first success occurs at the 7/ trial then
the first 7 — 1 trials must have been failures. The random variable 7 has a geometric
distribution and

E[x] = oot = p. (3.9)

Pr{t=n}=q¢"'p,n>1. (3.10)

The mean interval for a success is

oo

EX]=Yng"'p=p". (3.11)

n=1

We chose to impose the condition that n > 1 because in the context of discrete
time queueing systems our interarrival times and service times have to be at least one
unit of time long, respectively. Let the z— transform of this geometric distribution
be T*(z), we have

T*(z) = pz(1 —q2) 7", Jz| < 1. (3.12)

We can also obtain the mean time to success from the z—transform as

()

E[X] e

b =p L (3.13)

In the context of arrival process, T is the interarrival time. Success implies an
arrival. Hence, at any time, the probability of an arrival is p and no arrival is ¢. This
is known as the Bernoulli process.

Let Z,, be the number of arrivals in the time interval [0,m] , with Pr{Z,, = j} =
am,j, j >0, m>1and a,,(z) = X an, ;2. Since the outcome of time trial follows
a Bernoulli process then we have

ap(z) = (q+pz)", m>1, 2| < 1. (3.14)

The distribution of Z,, is given by the Binomial distribution as follows:
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. M\ m—i i .
Pr{Zm—l}—am,i—<i>q pL0<i<m (3.15)

The variable a,,; is simply the coefficient of z' in the term a},,(z). The mean number
of successes in m trials is given as

*
E[Zm] = anz{(z) |21 = mp. (3.16)
Z
In the context of service times, T is the service time of a customer. Success
implies the completion of a service. Hence, at any time the probability of completing
an ongoing service is p and no service completion is g.
This is what is known as the lack of memory property.

3.3.1.1 Lack of Memory Property:

This lack of memory property is a feature that makes geometric distribution very
appealing for use in discrete stochastic modelling. It is shown as follows:

Pr{T =n+1 " "
PE{T —np 1|7 > np = TRL =+l d'p —LP_, @

Pr{T > n} Soent1d" ' g

which implies that the duration of the remaining portion of a service time is inde-
pendent of how long the service had been going on, i.e. lack of memory.

The mean interarrival time or mean service time is given by p~!.

Throughout the rest of this book when we say a distribution is geometric with
parameter p we imply that it is governed by a Bernoulli process that has the success
probability of p.

While there are several discrete distributions of interest to us in queueing theory,
we find that most of them can be studied under the general structure of what is

known as the Phase type distribution. So we go right into discussing this distribution.

3.3.2 Phase Type Distribution

Phase type distributions are getting to be very commonly used these days after
Neuts [80] made them very popular and easily accessible. They are often referred to
as the PH distribution. The PH distribution has become very popular in stochastic
modelling because it allows numerical tractability of some difficult problems and in
addition several distributions encountered in queueing seem to resemble the PH dis-
tribution. In fact, Johnson and Taaffe [60] have shown that most of the commonly
occurring distributions can be approximated by the phase type distributions using
moment matching approach based on three moments. The approach is based on us-
ing mixtures of two Erlang distributions - not necessarily of common order. They



90 3 Characterization of Queueing Systems

seem to obtain very good fit for most attempts which they carried out. Other works
of fitting phase-type distributions include those of Asmussen and Nerman [20], Bob-
bio and Telek [25] and Bobbio and Cumani [24].

Phase type distributions are distributions of the time until absorption in an ab-
sorbing DTMC. If after an absorption the chain is restarted, then it represents the
distribution of a renewal process.

Consider an (n; 4 1) absorbing DTMC with state space {0,1,2,---,7,} and let
state 0 be the absorbing state. Let 7' be an m-dimension substochastic matrix with
entries

1 o foy
7= ..

Ingd o Iy

and also let
o =[oy,0,..., 0], andxl < 1

In this context, o; is the probability that the system starts from a transient state
i, 1 <i<n,and T is the probability of transition from a transient state i to a
transient state j. We say the phase type distribution is characterized by (o, T) of
dimension n,. We also define o such that a1+ oy = 1.

The transition matrix P of this absorbing Markov chain is given as

10
p— [t T} (3.18)

wheret=1-T1.

The phase type distribution with parameters & and 7 is usually written as PH
distribution with representation (¢, 7). The matrix 7 and vector ¢ satisfy the fol-
lowing conditions:

Conditions:

Every element of 7' is between O and 1,1.e. 0 < 7; ; < 1.
At least for one row i of 7' we have Z';’: 1 1< 1.

The matrix T is irreducible.

al<landoy=1-al

bl

Throughout this book, whenever we write a PH distribution (¢, T) there is al-
ways a bolded lower case column vector associated with it; in this case t. As another
example, if we have a PH distribution (/3,S) then there is a column vector s which
is givenas s =1 — S1.
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If we now define p; as the probability that the time to absorption into state n; + 1

is 7, then we have

po = 0
pi=ol 't i>1

Let p*(z) be the z—transform of this PH distribution, then
Pi(z) = +za(I—2T)7't, |z < 1.
Then nth factorial moment of the time to absorption is given as
u, =nlaeT" (1 T) 1.
Specifically the mean time to absorption is
u =EX]=a(l-T)"1.

We will show later in the study of the phase renewal process that also

!

W =EX] = m(mt) ",

where
w=7n(T+tx), ™l =1.

Example:
Consider a phase type distribution with representation (¢, T') given as

0.1 0.2 0.05
T=1030.150.1 |, a=[030.502], 0 =0.
02 0.5 0.1

For this 0fg = 0 and t = [0.65 0.45 0.2]7. We have

p1 =046, pr = 0.2658, p3 = 0.1346, ps = 0.0686, ps = 0.0349,

6 =0.0178, p7 = 0.009, ps = 0.0046, py = 0.0023, p1o = 0.0012,

p11 = 0.00060758, p12 = 0.0003093,

(3.19)
(3.20)

(3.21)

(3.22)

(3.23)

(3.24)

Alternatively we may report our results as complement of the cummulative dis-

tribution, i.e.
PB=Pr{X<ki=ar*'(1-1)"'t

This is given as

P =1.0, P,=0.54, P,=02743, P, = 0.1397, Ps = 0.0711, P; = 0.0362, ---.
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3.3.2.1 Two very important closure properties of phase type distributions:

Consider two discrete random variables X and Y that have phase type distributions
with representations (a, T) and ((3,S).

1. Sum: Their sum Z = X 4+ Y has a phase type distribution with representation
(8,D) with
T t(3
D= |:0 S], 6—[0 OC(),@].
2. Their minimum W = min(X,Y) has a phase type distribution with representation
(8,D) with
D=T®S, d=[ax).

3.3.2.2 Minimal coefficient of variation of a discrete PH distribution

The coefficient of variation (cv) of a discrete PH distribution has a different be-
haviour compared to its continuous counterpart. For example, for some integer
K < oo arandom variable X with

1, k=K,
Pr{X =k} = {07 k£K (3.25)

can be represented by the discrete PH distribution. This PH distrbution has a cv of
zero. This type of case with cv of zero is not encountered in the continuous case. This
information can sometimes be used to an advantage when trying to fit a dataset to a
discrete PH distribution. In general for the discrete PH the coefficient of variation is
a function of its mean.

A general inequality for the minimal cv of a discrete PH distribution was obtained
by Telek [96] as follows. Consider the discrete PH distribution (o, T') of order n;.
Its mean is given by u’. Let us write u’ as ' = [’ | + (1) where |’ | is the integer
part of u’ and (u’) is the fractional part with 0 < (u’) < 1. Telek [96] proved that
the cv of this discrete PH distribution written as cv(cx, T) satisfies the inequality

(3.26)

The proof for this can be found in Telek [96].

Throughout this book we will assume that o = 0, since we are dealing with
queueing systems for which we do not allow interarrival times or service times to
be zero.
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3.3.2.3 Examples of special phase type distributions

Some special cases of discrete phase type distributions include:

1. Geometric distribution with ¢ =1, T =¢, t = p =1—¢q. Then py = 0, and
pi=¢ 'p, i>1and n, = 1. For this distribution, the mean u’ = 1/p and the
ev(l.g)=1-1/p

qp

q p
2. Negative binomial distribution with ¢ = [1,0,0,...], and 7 = o,

q
and n, is the number of successes we are looking for occuring at the i/ trial.
It is easy to show that

, i—1 )
pi=al t= (nlt_l) A

3. General discrete distribution with finite support can be represented by a discrete
phase type distribution with & = [1,0,0,...] and 0 < ;; <1, j=i+1,and t;; =
0, j # i+ 1 where n, is the length of the support. For example, for a constant
interarrival time with value of n, = 4 we have o = [1, 0, 0, 0] and

01
001
0001
0000

T =

Note that the general distribution with finite support can also be represented as a
phase type distribution with & = [oy, 0, ---, &, ] and t;; =1, i=j—1, and
tij =0, i # j— 1. For the example of constant interarrival time with value of
ny =4 we have a = [0, 0, 0, 1] and

0

10
010
0010

The case of general discrete distrubition will be discussed in detail later.

3.3.2.4 Analogy between PH and Geometric distributions

Essentially discrete phase type distribution is simply a matrix version of the geomet-
ric distribution. The geometric distribution has parameters p for success (or arrival)
and ¢ for failure (no arrival). The discrete phase type with representation (o, T')
has tox for success (arrival) and T for failure (no arrival). So if we consider this
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in the context of a Bernoulli process we have the z—transform of this process as
0%(z) = T + ztoe. Next we discuss the Phase renewal process.

3.3.2.5 Phase Renewal Process:

Consider an interevent time X which is described by a phase type distribution with
the representation (¢, T). The matrix 7T records transitions with no event occurring
and the matrix tcv records the occurrence of an event and the re-start of the renewal
process. If we consider the interval (0,7) and define the number of renewals in this
interval as N(n) and the phase of the PH distribution at phase J(n) at time n, and
define

Py (kyn) = Pr{N(n) = k.J(n) = jIN(0) = 0,J(0) = i},

and the associated matrix P(k,n) such that (P(k,n)); ; = B, j(k,n), we have

P(0,n+1)=TP(0,n), n>0 (3.27)
Plk,n+1)=TP(k,n)+ (ta)P(k—1,n), k=1,2,---;n> 0. (3.28)
Define .
P*(z,n) = szP(k,n), n>0.
k=0
We have

P*(z,n) = (T +z(tav))". (3.29)

This is analogous to the (p +z¢)™ for the z— transform of the Binomial distribution
presented earlier. It is immediately clear that the matrix 7* = T 4 tcx is a stochastic
matrix that represent the transition matrix of the phase process associated with this
process.

Secondly, we have T as the matrix analogue of p in the Bernoulli process while
to is the analogue of ¢ in the Bernoulli process. Hence for one time epoch 7 +
z(tox) is the z—transform of an arrival. This phase renewal process can be found in

state i in the long run with probability m; where 7 = [7), mp, ---, m,,] and it is given
by
w=7(T+tor), (3.30)
and
l=1. (3.31)

Hence the average number of arrivals in one time unit is
EZ|=m(0x T+1x (tax))1 = 7w(tx))1 = 7. (3.32)

This is the arrival rate and its inverse is the mean interarrival time of the correspond-
ing phase type distribution, as pointed out earlier on.
Define r, as the probability of a renewal at time #, then we have
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ro=(T+ta) ', k>1. (3.33)
Let 7t be a solution to the equations
w=7n(T+t), wl=1.

This 7t represents the probability vector of the PH renewal process being found in a
particular phase in the long term. If we observe this phase process at arbitrary times
given that it has been running for a while, then the remaining time before an event
(or for that matter the elapsed time since an event) also has a phase type distribution
with representation (7t, 7). It was shown in Latouche and Ramaswami [67] that

wm=(a(l-T)""1) 'a(-1)"". (3.34)

Both the interarrival and service times can be represented by the phase type dis-
tributions. Generally, phase type distributions are associated with cases in which
the number of phases are finite. However, recently, the case with infinite number of
phases has started to receive attention.

3.3.3 The infinite phase distribution (IPH)

The IPH is a discrete phase type distribution with infinite number of phases. It is
still represented as (o, T), except that now we have the number of phases n; = eo.
The IPH was introduced by Shi et al [92]. One very important requirement is that
the matrix 7 be irreducible and 71 < 1, with at least one row being strictly less than
1.

If we now define p; as the probability that the time to absorption into a state we
label as * is i, then we have

po = O
pi=ol™ 't i>1

Every other measure carried out for the PH can be easily derived for the IPH.
However, we have to be cautious in many instances. For example, the inverse of / —
T may not be unique and as such we have to define it as appropriate for the situation
under consideration. Secondly computing p; above requires special techniques at
times depending on the structure of the matrix 7. The rectangular iteration was
proposed by Shi et al [91] for such computations.
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3.3.4 General Inter-event Times

General types of distributions, other than of the phase types, can be used to describe
both interarrival and service times. In continuous times it is well known that general
distributions encountered in queueing systems can be approximated by continuous
time PH distributions. This is also true for discrete distributions. However, discrete
distributions have an added advantage in that if the distribution has a finite support
then it can be represented exactly by discrete PH. We proceed to show how this is
true by using a general intervent time X with finite support and a general distribution
given as
Pr{X=j}t=a;, j=12,-- ,n <eo.

There are at least two exact PH representations for this distribution, one based on
remaining time and the other on elapsed time.

3.3.4.1 Remaining Time Representation

Consider a PH distribution (¢, T') of dimension #,. Let

a=ay, az, -+, ap, (3.35)
and
1, j=i—1
Lj= {0, otherwise, (3.36)

Then the distribution of this PH is given as
al"Yt=au k=1,2,--,n. (3.37)

For detailed discussion on this see Alfa [6].

In general, even if the support is not finite we can represent the general interevent
times with the IPH, by letting n; — o. For example, consider the interevent times &7
which assume values in the set {1,2,3,---} witha; = Pr{</ =i}, i=1,2,3,---. Itis

easy to represent this distribution as an IPH with & = [a;, a3, ---]and T = IO g} .

3.3.4.2 Elapsed Time Representation

Consider a PH distribution (¢, T') of dimension ;. Let
a:[lvoa "'70}? (338)
and

. Ja, j=i+l
Tij= { 0, otherwise, (3.39)
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where
U; I
~ 1 ~
ai:u ,uizl—Zav,uozl,am=0.
i—1

v=1

Then the distribution of this PH is given as
ol t=a; k=12, ,n,. (3.40)

For detailed discussion on this see Alfa [6]. Similarly we can use IPH to represent
this distribution using elapsed time by allowing n; — oo.

3.3.5 Markovian Arrival Process

All the interevent times discussed so far are of the renewal types and are assumed
to be independent and identically distributed iid. However, in telecommunication
queueing systems and most other traffic queueing systems for that matter, inter-
arrival times are usually correlated. So the assumption of independent interarrival
times is not valid in some instances.

Recently Neuts [79, 82] and Lucantoni [72] presented the Markovain arrival pro-
cess (MAP) which can handle correlated arrivals and is also tractable mathemat-
ically. In what follows, we first describe the single arrival MAP and then briefly
present the batch MAP.

Consider an (n; + 1) state absorbing Markov chain with state space {0,1,2,---,n,}
in which state 0 is the absorbing state. Define two sub-stochastic matrices Dy and
Dy, both of the dimensions 7. The elements (Dy);; refer to transition from state i to
state j without an (event) arrival because the transitions are all within the 7, transient
states. The elements (D) );; refer to transition from state i into the absorbing state 0
with an instantaneous restart from the transient state j with an (event) arrival during
the absorption. We note that the phase from which an absorption occured and the
one from which the next process starts are connected and hence this captures the
correlation between interarrival times. The matrix D = Dy + D, is a stochastic ma-
trix, and we assume it is irreducible. Note that D1 = 1. If we define {(N,,J,,),n > 0}
as the total number of arrivals and the phase of the MAP at time #, then the transition
matrix representing this system is

Dy D
Dy D
P= Dy Dy . (3.41)

Consider the discrete-time Markov renewal process embedded at the arrival
epochs and with transition probabilities defined by the sequence of matrices

Q(k) = [Do* "' Dy, k> 1. (3.42)
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The MAP is a discrete-time point process generated by the transition epochs of that
Markov renewal process.

Once more let N, be the number of arrivals at time epochs 1,2,...,m, and J,, the
state of the Markov process at time m. Let P.s(n,m) = Pr{N,, = n, J, =s | No =
0, Jo = r} be the (r,s) entry of a matrix P(n,m). The matrices P(n,m) satisfy the
following discrete Chapman-Kolmogorov difference equations:

P(n,m+1) = P(n,m)Dy+P(n—1,m)D;, n>1, m>0 (3.43)
P(0,m+1)=P(0,m)Dy (3.44)
P(0,0) =1 (3.45)

where [ is the identity matrix and P(u,v) =0 foru > v+ 1.
The matrix generating function

m
P*(z,m) =Y P(n,m)Z", |z] <1 (3.46)
n=0
is given by
P*(z,m) = (Do +2zD1)", m >0 (3.47)

If the stationary vector & of the Markov chain described by D satisfies the equa-
tion
TD=m, (3.48)

and
=1 (3.49)

then A" = 7tD; 1 is the probability that, in the stationary version of the arrival pro-
cess, there is an arrival at an arbitrary point. The parameter 2 is the expected num-
ber of arrivals at an arbitrary time epoch or the discrete arrival rate of the MAP.

It is clear that its & moments about zero are all the same for k£ > 1, because
1V7wDi1 = A', ¥j > 1, since its j moment about zero is given as Y7o &/ 7TD;1.
Hence its variance o7 is given as

!/ / !/

oy=A"—A)P=2"-A)2=21-21". (3.50)
Its /' autocorrelation factor for the number of arrivals, ACF (), is given as
1 : /
ACF(j) = = [7D\ D' 'Di1— (2 )], j=>1. (3.51)
Oy
The autocorrelation between interarrival times is captured as follows. Let X; be
the i*# interarrival time then we can say that

PriX;i =k} =7DE'Di1, k> 1, (3.52)
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where 7T = 70(I — Do) "' Dy, 71 = 1. Then E[Xj], the expected value of X;, Vi, is
given as

EWX] =Y jmD}"'Di1=m(1—Dp)~"1. (3.53)
J=1
The autocorrelation sequence ry, k = 1,2,--- for the interarrival times is thus given
as
E[XeXy] — E[X(]E[XG]

E (I (=0,1,2,-. (3.54)

Vg =

Special Cases:

The simplest MAP is the Bernoulli process with D; =g and Dy = p=1—¢q. The
discrete phase type distribution is also a MAP with D} =t and Dy =T

Another interesting example of MAP is the Markov modulated Bernoulli process
(MMBP) which is controlled by a Markov chain which has a transition matrix P and
rates given by the 6 = diag(6,,01,...,6,,). Inthis case, Dy = (I—0)P and D; = OP.

Several examples of discrete MAP can be found in Alfa and Neuts [10], Alfa and
Chakravarthy [7], Alfa, Dolhun and Chakravarthy [8], Liu and Neuts [71], Park, et
al. [86] and Blondia [23].

3.3.5.1 Platoon Arrival Process (PAP)

The PAP is a special case of MAP which occurs in several traffic situations mainly in
telecommunications and vehicular types of traffic. It captures distinctly, in addition
to correlation in arrival process, the bursts in traffic arrival process termed platoons
here.

The PAP is an arrival process with two regimes of traffic. There is a platoon of
traffic (group of packets) which has an intraplatoon intervals of arrival times that
are identical. The number of arrivals in a platoon is random. At the end of a platoon
there is an interplatoon interval between the end of one platoon and the start of the
next platoon arrivals. The interplatoon intervals are different from the intraplatoon
intervals. A good example is if one observes the departure of packets from a router
queue, one observes a platoon departure that consists of traffic departing as part
of a busy period. The interplatoon times are essentially the service times. The last
packet that departs at the end of a busy period marks the end of a platoon. The next
departure will be the head of a new platoon, and the interval between the last packet
of a platoon and the first packet of the next platoon is the interplatoon time which in
this case is the sum of the service time and the residual interarrival time of a packet
into the router. If we consider this departure from the router as an input to another
queueing system, then the arrival to this other queueing system is a PAP.

A PAP is described as follows. Let packets arrive in platoons of random sizes with
probability mass function pmf given as {py, k > 1}, i.e. py is the probability that
the number in a platoon is k. Time intervals between arrivals of packets in the same
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platoon denoted as intraplatoon interarrival times have a pmf'denoted as {p; (j), j >
1}. The time intervals between the arrival of the last packet in a platoon and the first
packet of the next platoon is referred to as the interplatoon interarrival times and has
the pmf denoted by {p2(j), j > 1}. Let the size of platoon be distributed according
to the PH distribution (, F). For this PH let us allow & = 1 — 1 > 0, and define
f=1-D1. Here we have

_ 00, k=1
pk—{(stlf,kzl,Z,--- . (355)

The platooned arrival process (PAP) is a discrete-time Markov renewal process
whose transition probabilities are described by the sequence of matrices

N _ [ Gop2()) Op2(j) ] .
=0 Py ) 7= (.56

If we let the intraplatoon and interplatoon interarrival times assume PH distribu-
tion then we actually end up with a PAP that is a special case of a MAP. Let (¢;,T})
be a PH distribution that describes intraplatoon times and (02, 73) a PH distribution
describing the interplatoon times. Then the PAP is described by two matrices Dy
and Dy, with

N
and 5 s
_ Lo, 0R¥HLOY
Dr= [f®t10¢2 F®t1041] ' (3:58)

Note that f=1—F1, t,=1—-T;1, k=1,2.
Next we explain the elements of the marices Dy and D;.
For the matrix Dy we have

e the matrix 7, captures the phase transitions during an intraplatoon arrival time,
and

e the matrix / ® 77 captures the transitions during an interarrival time within a
platoon.

For the matrix D; we have

e the matrix Jyty ¢, captures the arrival of a platoon of a single packet type, with
an end to the arrival of a platoon and the initiation of an interplatoon interarrival
time process, whilst

e the matrix d ® ;x| captures the arrival of a platoon consisting of at least two
packets, with an end to the interplatoon interarrival and the initiation of an in-
traplatoon interarrival time process.

e The matrix /' ® t;ox; captures the arrival of an intraplatoon packet, with an end
to the intraplatoon interarrival and the initiation of a new intraplatoon interarrival
time process, whilst



3.3 Special Arrival and Service Processes in Discrete Time 101

e the matrix f® t; 0, captures the arrival of the last packet in a platoon, with an
end to the intraplatoon interarrival and the initiation of an interplatoon interarrival
time process.

A simple example of this is where intraplatoon and interplatoon interarrival
times follow geomeric distributions, with p;(j) = (1 — a))’ay, pa(j) = (1 —

a)’"lay, j > 1, and the distribution of platoon size is geometric with py =
1—b, pr=b(1—c)* e, k> 1, where 0 < (aj,az,b,c) < 1. In this case we have

o 1—a2 0 _ ba2 (l—b)a2
DO_{ 0 1—a1:|7Dl_[ba1 (1—b)a1 '

For a detail discussion of the discrete PAP see Alfa and Neuts [10].

3.3.5.2 Batch Markovian Arrival Process (BMAP)

Define substochastic matrices Dy, k > 0, such that D = 3° , Dy is stochastic. The
elements (Dy);; refer to a transition from state 7 to state j with k > 0 arrivals.
If we define & such that

wD=m, wl=1

then the arrival rate A’ = EX]=mY; kDil. Let 2= EX?] = T kD1 be
its second moment about zero, then its variance 0% is given as

or=1 —(1)% (3.59)
Its /' autocorrelation factor ACF () is given as

ACF (j) = %[w(i ka)D-/‘l(i kD)1 — (A3, j>1. (3.60)
k=1 k=

Ox = -

3.3.6 Marked Markovian Arrival Process

Another class of arrival process of interest in telecommunication is the marked
Markovian arrival process (MMAP[K]), with K classes. It is represented by K + 1
matrices Do, Dy, ---, Dk all of dimension n, x n,. The elements (Dy);;, k =
1,2,---,K, represent transitions from state i to state j with type k packet arrival
and (Dy);, ; represents no arrival. Let D = Zlfzo D,, then D is a stochastic matrix.
For a detailed discussion of this class of arrival process see He and Neuts [53].
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3.3.7 Semi Markov Processes

Service times with correlations can be described by a class of semi-Markov pro-
cesses, which are the analogue of the MAP. For such examples, see Alfa and
Chakravarthy [7] and Lucantoni and Neuts [74].

3.3.8 Data Fitting for PH and MAP

Fitting of PH distribution is both a science and an art. This is because PH rep-
resentation of a given probability distribution function is not unique. As a trivial
example, the geometric distribution . = ¢ ' p, k=1,2,---, can be represented as
a PH distribution with parameters (1,g) or even as (¢, T), where at = [0, 1, 0] and
by by b3
T=1{0 g 0 |,where0<(b;,¢;) <landb;+by+b3<1, c1+cr+c3<1.Sev-
Cl C2 C3
eral examples of this form can be presented. It is also known that PH representation
is non-minimal, as demonstrated by the last example. So, fitting a PH distribution
usually involves selecting the number of phases in advance and then finding the best
fit using standard statistical methods such as the maximum likelihood method of
moments. Alternatively one may select the structure of the PH and then find the best
fitting order and parameters. So the art is in the pre-selection process which is often
guided by what the PH distribution is going to be used for in the end. For example
if the PH is for representing service times in a queueing problem we want to have a
small dimension so as to reduce the computational load associated with the queue-
ing model. In some other instances the structure of the PH may be more important
if a specific structure will make computation easier.

In general assume we are given a set of N observations of interevent times
Y1, V2, -0y YN, Withy = [y1, y2, -+, yn]. If we want to fit a PH distribution (o, T')
of order n and/or known structure to this set of observations we can proceed by of
the following two methods:

e Method of moments: We need to estimate a maximum of n> +n — 1 parameters.
This is because we need a maximum of 1n”> parameters for the matrix 7 and n — 1
parameters for the vector . If we have a specific structure in mind then the
number of unknowns that need to be determined can be reduced. For example if
we want to fit a negative binomial distribution of order » then all we need is one
parameter. But if it is a general negative binomial then we need n parameters. Let
the number of parameters needed to be determined by m < n2 — 1. Then we need
to compute m moments of the dataset y, which we write as fiy, k =1,2,---,m.
With this knowledge and also knowing that the factorial moments of the PH
distribution are given as ,u,i = kla(I — T)7¥1 we can then obtain the moments
of the PH i from the factorial, equate them to the moments from the observed
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data. This will lead to a set of m non-linear equations, which need to be solved
to obtain the best fitting parameters.

e Maximum likelihood (ML) method: This second approach is more popularly
used. It is based on the likelihoodness of observing the dataset. Let f;(y;, ¢, T) =
T 't i=1,2,---,N. Then the likelihood function is

N
.i”(y,a,T) = Hfl(yl)a7T)
i=1

This function is usually converted to its log form and then different methods can
be used to find the best fitting parameters.

Data fitting of the PH distribution is outside the scope of this book. However, several
methods can be found in Telek [96], Bobbio [26]. Bobbio [26] specifically presented
methods for fitting acyclic PH. Acyclic PH is a special PH (¢, T') for which 7 ; =
0,Vi>jand o) = 1.

There has not been much work with regards to the fitting of discrete MAP. How-
ever, Breuer and Alfa [27] did present the ME algorithm based on ML for estimating
parameters for the PAP.



Chapter 4
Single Node Queuing Models

4.1 Introduction

A single node queue is a system in which a customer comes for service only at
one node. The service may involve feedback into the same queue. When it finally
completes service, it leaves the system. If there is more than one server then they
must all be in parallel. It is also possible to have single node queues in which we
have several parallel queues and a server (or several servers) move around from
queue to queue to process the items waiting; an example is a polling system to
be discussed later. Polling systems are used extensively to model medium access
control (MAC) in telecommunications. However, when we have a system where an
item arrives for service and after completing the service at a location the item joins
another queue in a different location for processing. These types of systems are not
single node queues. They could be network of queues or queues in tandem. Single
node queues are special cases of these systems. Figs (1.1) to (1.4) are single node
queues and Figs(1.5) and (1.6) are not.

A single node queue is characterized by the arrival process (A), the service pro-
cess (B), the number of servers (C) in parallel, the service discipline (D), the avail-
able buffer space (E) and the size of the population source (F). Note that the no-
tation (E) is used here to represent the buffer size, whereas in some papers and
books it is used to represent the buffer plus the available number of servers. Using
Kendall’s notations, a single node queue can be represented as A/B/C/D/E/F. For
example, if the arrival process is Geometric, service is Phase type, with 2 servers
in parallel, First In First Out service discipline, K buffer spaces, and infinite size
of the population source, then the queue is represented as Geo/PH/2/FIFO/K/e~ or
Geo/PH/2/FCFS/K/eo, since FIFO and FCFS can be used interchangeably. Usually
only the first three descriptors are used when the remaining are common occurrence
or their omission will not cause any ambiguity. For example, Geo/PH/2 implies that
we have geometric interarrival times, Phase type services, two servers in parallel,
first in first out service discipline, infinite waiting space and infinite size of popula-
tion source. When we need to include a finite buffer space the we use the notation
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A/B/C/E. For example Geo/Geo/3/K implies geometric interarrival times, geomet-
ric service times, three identical serves in parallel and a buffer of size K. For more
complex single node queues such as polling systems, feedback systems, etc. we may
simply add some texts to give further descriptions.

For all the queues which we plan to study in this chapter, we will assume that
the interarrival times and service times are independent of one another. Also, unless
otherwise stated, we will assume that the types of service disciplines we are dealing
with are FIFO in most of this chapter and the next one when studying the waiting
times.

A major emphasis of this book is to present a queuing model analysis via the use
of Markov chain techniques, without necessarily overlooking the other popular and
effective methods. We therefore use the matrix method very frequently to present
this. The aim in setting up every queuing model is to reduce it to a Markov chain
analysis, otherwise it would be difficult to solve. Use of recursion is also paramount
in presenting the data. The main performance measures that we will focus on are:
the number of items in the system, the queue length, and the waiting times. We will
present busy period in some instances and the other measures such as workload, de-
parture times and age will only be considered in a few cases of interest. Specifically,
workload and age process will be considered for Geo/Geo/1 and PH/PH/1 systems,
and departure process for Geo/Geo/1/K and PH/PH/1/K systems.

Considerable effort will be focused in studying the Geo/Geo/1 and the PH/PH/1
systems. The latter is the matrix analogue of the former and a good knowledge
of these two classes of systems will go a long way to helping in understanding
the general single node queuecing systems. Generally the structure of the PH/PH/1
system appears frequently in the book and its results can be extended to complex
single node cases with little creative use of the Markov chain idea. Understanding
Geo/Geo/1 makes understanding PH/PH/1 simple and besides the former is a special
case of the latter.

4.2 Birth-and-Death Process

Birth-and-death (BD) processes are processes in which a single birth can occur at
anytime and the rate of birth depends on the number in the system. Similarly, a single
death can occur at anytime and the death rate depends on the number in the system. It
will be noticed later that a birth-and-death process can only increase the population
or decrease it by at most, one unit at a time, hence, its Markov chain is of the tri-
diagonal type. The birth-and-death process is very fundamental in queuing theory.
The discrete time BD process has not received much attention in the literature. This
is partly because it does not have the simple structure that makes it very general for
a class of queues as its continuous time counterpart.

In the discrete time version, we assume that the birth-process is state dependent
Bernoulli process and the death process follows a state dependent geometric distri-
bution. In what follows, we develop the model more explicitly.
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4.3 Discrete time B-D Process

Let a; = Probability that a birth occurs when there are i > 0 customers in the system
with a; = 1 — a;. Also, let b; = Probability that a death occurs when there are i > 1
customers in the systems, with b; = 1 — b;. We let by = 0.

If we now define a Markov chain with state space {i,i > 0}, where i is the number
of customers in the system, then the transition matrix P of this chain is given as

a  _ao _
aiby aiby +arby  _a\by _
P= arby arby +axby arby (4'1)

(n)

If we define x; as the probability that there are 7 customers in the system at time

n, and letting x) = [x(()”) ,xgn), .. ] then we have

D) = 2 p or ) = O prtl (4.2)

If P is irreducible and positive recurrent, then there exists an invariant vector,
which is also equivalent to the limiting distribution, & = 2", _... and given as

TP=x, 1=1. 4.3)
If we let x = [xg,x],x2,...], then in an expanded form we can write
xo = xoao +Xx1a1b; (4.4)
x1 = xoao+x1 (a1b1 +aiby) +x2a2b; (4.5)
X = Xi—18i—1bi—1 +x; (@b + a;ib;) +xi11ai41bit1, i > 2 (4.6)
This results in
X =2, (4.7)
a1b1
from the first equation, and
i—1 a I;
Xi = "X, i>1 (4.8)

y=0 av+1bv+1

from the other equations, where by = 0.
Using the normalizing condition that 1 = 1, we obtain

. — —1
1+ ilil b 1 )

_ 4.9
=0 @vebyg )

X0 =
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Note that for stability, we require that xo = ¥, ; HV O(av Davs1by1] 7 < oo

The BD process is a special case of the level dependent QBD discussed in Sec-
tions 2.9.7.9 and 2.9.8.1. Here we have scalar entries in the transition matrix instead
of block matrices. It is interesting to note that even for this scalar case we do not
have simple general solutions. We have to deal with each case as it arises. An exam-
ple of a case that we can handle is where

ai=a, and b;=b, Vi> K < eo.

In this case we have

i—1
VbV
=127 %, 1<i>K, (4.10)
v=0av+1bv+1
and _
b
X1 =xi 2 i> K. (4.11)
ba

The normalization equation is applied appropriately.

Later we show that the Geo/Geo/1 and the Geo/Geo/1/K are special cases of this
BD process. In the continuous time case it is possible to show that the M/M/s is a
special case of the continuous time BD process. However this is not the case for
the discrete time BD; the Geo/Geo/s can not be shown to be a special case of the
discrete BD process. We discuss this later in the next chapter.

In what follows, we present special cases of the discrete birth-and-death process
at steady state.

4.4 Geo/Geo/1 Queues

We consider the case when a; = a, Vi > 0 and b; = b, Vi > 1. We define the trans-
forms b*(z) = 1 —b+zb and a*(z) = 1 — a+za. In this case, the transition matrix P
becomes

a _a B
abab+ab ab
P= ab  ab+ab ab : (4.12)

We can use several methods to analyze this Markov chain. First, we present the
standard algebraic approach, the z-transform approach and then use the matrix-
geometric approach.

An example application of this queueing model in telecommunication is where
we have packets arriving at a single server (a simple type of router) according to
the Bernoulli process. Each packet has a random size with a geometric distribution,
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hence the time it takes to process each packet follows a geometric distribution. Be-
cause the packets arrive according to the Bernoulli process then their interarrival
times follow the geometric distribution. Hence we have a Geo/Geo/1 queueing sys-

tem.

4.4.1 Algebraic Approach

X0 = xOE—l—xla_b
X1 = xoa+x1 (EbJrab) +xpab
X;i = xi_1ab+x; (c?b—&—ab) +xii1ab, i >2

If we let 6 = (ab) ' (ab), then we have
xi=(6'/b)xo, i > 1.
Using the normalizing condition, we obtain

b—a
5

X0 =

Note that for stability, we require that a < b.
Hence, for a stable system, we have

x; = (bb) Y (b—a)0', i> 1.

4.4.2 Transform Approach

We can use the z-transform approach to obtain the same results as follows:

Let =
X(2)=Yx, 2| <1
=0

We have

X0 = xoa +x1ab

ZX] = zX0a + zx1 (EE—i— ab) +zxpab

2y = zixi,lal;Jr Zix; (El;Jr ab) +zixiab, i>2

Taking the sum over i from 0 to e we obtain

(4.13)
(4.14)
(4.15)

(4.16)

4.17)

(4.18)

(4.19)
(4.20)

(4.21)
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X*(2) =X*(z)[ab+ab+z"'ab+zab) +xo[a+za—ab—ab—z"'ab—zab]. (4.22)

After routine algebraic operations we have

X*(2) =xo%, (4.23)
where _ _
u=z(a—ab—ab) —ab+z*(a — ab)
= b(za+5)(zi 1),
and

v=z(1-ab—ab) —ab—ab
=z(ab+ ab) —ab—Z*ab

= (ab—zab)(z—1).

This leads to the results that

X*(z) = b(za + a)[ab — zab] 'xo. (4.24)
It is known that X (z)|,—,; = 1. Using this and the above equations we obtain

b—a
X0 = b )

(4.25)

a result obtained earlier using algebraic approach.

We can write X*(z) = fo + fiz! + f2z° + f3z° +---. Based on the algebra of z
transform we know that x; = f;, so we can obtain the probability distribution of the
number in the system by finding the coefficients of z' in the polynomial.

4.4.3 Matrix-geometric Approach

Using the matrix-geometric approach of Section 2.9.7.1, we have
Ay=ab, Ay =ab+aband 4> = ab, 4, =0, v>3.

The matrix R is a scalar in this case, we therefore write it as r and it is a solution to
the quadratic equation

r = ab+ r(ab+ ab) + r*ab (4.26)
The solutions to this equation are

r=landr=20
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The r which we want is the smaller of the two which is » = 6 since 6 < 1 for
stability. It then follows that

Xiy1 = X;r = x;0 (4.27)

We can normalize the vector x by using the matrix B[R]. After normalization, we
obtain the same results as above , i.e.
b—a

b

X =
Note that here our p < 1, if the system is stable. This states

ab | a_y
i~ b
Example:

Consider an example in which packets arrive according to the Bernoulli process
with probability @ = 0.2 that one arrives in a discrete time slot. Let service be geo-
metric with completion probability of » = 0.6 in a single time slot for a packet that
is receiving service. We assume we are dealing with a single server. In this case we

have
02x04 1
9 =y =——= )
0.6x0.8 6
so the system is stable.
The probability of finding an empty system xy =
calculations we have

0.6-0.2

_ 2
t6 - — 5- Based on these

4.4.4 Performance Measures

One of the most important measures for queueing systems is the number of packets
waiting in the system for service, i.e. those in the queues plus the ones in service.
The distribution of this measure was presented in the previous section. In this sec-
tion we present other measures that are very commonly used such as mean values,
waiting times and delays and duration of busy period.

4.4.4.1 Mean number in system:

The mean number in the system E[X] = Y7 | ix; is obtained as

E[X] = (bb)""(b—a) [6+26%+36° +.. ]
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= (bb)"' (b—a)0 [1+20+36 +.. ]

—_ d(1-6)!
= (bb) "' (b—a)d———"—
CORICETES
This results in _
aa
E[X] = 4.28
) = (428)
This same result can be obtained by
dX(z)

E[X] = 7|2H1a

where X (z) is the z—transform obtained in Section 4.4.2.
Continuing with the example of the previous section, with @ = .2 and b = .6, we

have E[X] = 2%8 = 0.4.

4.4.4.2 Mean number in queue:

Let the number in the queue be Y, then the mean queue length E[Y] =Y, (i — 1)x;
is obtained as
E[Y] = E[X]~ (4.29)

Again using the example of the previous section, with @ = .2 and » = .6, we have
E[Y]=.4x 2 =0.1333.

4.4.4.3 Waiting time in the queue:
We assume throughout this chapter that we are dealing with FCFS system, unless

we say differently. Let #, be the waiting time in the queue for a customer and let
w! = Pr{W, = i}, with Wy (z) = > oz w!, then

b_
wl =xo =~ (4.30)
b
and '
1 P .
wi = xv<l l)bv(lb)’_v,iZI (4.31)
= v—1

The arguments leading to this equation are as follows: if we have v items in the
system, an arriving item will wait 7 units of time if in the first i — 1 time units exactly
v — 1 services are completed and the service completion of the v/ item (last one
ahead) occurs at time i. This is summed over v from 1 to i.

We obtain the z-transform of W, as follows. If we replace z in X*(z) with
B*(z) = bz(1 — (1 —b)z)~!, which is the z—transform of the geometric service time
distribution of each packet, we obtain
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X(B*(2) =go+@iz+ @7 + g7+,
implying that g;, the coefficients of z’ in X(B(z)) is w{. Hence we have

bz+a(l—z)

W' (z) = X*(B*(2)) :X0a—<1 —z)+z(b—a)

q

The mean time in the queue E[I¥,] is given as

E[Wq]:ﬁ

Using the previous example once more we have

1
9 _ q_ q_
W= M= W =1 and so on.

[OS \o)

1
6’

The mean value of waiting time in the queue E[W,] = %
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(4.32)

(4.33)

(4.34)

We can also use matrix-analytic approach to study W,. Consider an absorbing
DTMC {V,, n > 0} with state space {0,1,2,---}, where each number in the state
space represent the number of items in the queue ahead of an arriving item. We let
this DTMC represent a situation in which an arbitrary item only sees items ahead of
it until it gets served. Since we are dealing with a FCFS system the number ahead of
this item can not grow in number. Let the transition matrix of this DTMC be P(w,)

written as

1_
bb
P(wg) = b

o> o

b

Define a vector y\*) = & and consider the recursion
Y =yOP(w,), i > 0.
Then we have

priw, <iy =y, i>o0.

4.4.4.4 Waiting time in system:

(4.35)

Let W be the waiting time in the system with w; = Pr{W =i}, and let the corre-

sponding z-transform be W*(z) = X7,
W is the convolution sum of ¥, and service times, hence we have

z/w;. By simple probability it is clear that
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(bz+a(l —2z))bz
(a1 =2)+z(b—a))(1—(1-5b)z)"

W*(z) =W, (2)B*(z) = xo (4.36)

and the mean waiting time in the system E[I¥] is given as

1
EWV] = EW,]+
Using the same numerical example with a = .2 and b = .6 we have E[W] = % + % =
2.3333.

The distribution of the waiting time in the system can be obtained very easily by
straightforward probabilistic arguments as follows: An item’s waiting time in the
system will be i if it has waited in the queue for j < i units of time and its service
time is i — j, i.e. the first i — j — 1 time units were without service completion and
service completion occurred at the (i — 7)™ time unit. By summing this over j we
obtain the waiting time in the system distribution, i.e.

i—1
wi= > wi(l=b)/"'b, i>1. (4.37)
=0

4.4.4.5 Duration of a Busy Period:

The busy period is initiated when a customer arrives to an empty queue and it lasts
up to the time the system becomes empty for the first time. Let us define B as the
duration of a busy period. This can be studied in at least two ways; one using direct
probabilistic arguments and the other is matrix-analytic approach using an absorbing
Markov chain.

e Probabilistic arguments: Let S(k) be the service time of & items and define
s’]‘- = Pr{S(k) = j} and 4(n) the number of arrivals in any interval [m,m + n|, and
define a% = Pr{A(j) = v} and ¢; = Pr{B = i}, we then have:

a = ({})av(l—a)jv,ogjgvzl. (4.38)
sp=b(1-b)"", sl =b/, (4.39)
sl=bs/ ) +(1=b)s], 1<j<iz1. (4.40)

The busy period can last i units of time if any of the followings occur: the first
arrival requires 7 units of service and no arrivals occur during this period, and this
probability is s}a?, or the first arrival requires i — k service time, however during
its service some more items, say v arrive and alls these v items require a total of
k time units for service and no arrivals occur during the k£ time units. This now
leads to the result:
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i1 k
ci=sal+ Y iy D a sial, i> 1. (4.41)
k=1 v=1

We present another probabilistic approach due to Klimko and Neuts [64] and
Heimann and Neuts [54] as follows. A busy period, in the case of single arrivals,
is initiated by a single item. By definition ¢; is the probability that a busy period
initiated by an item lasts for i units of time. Let us assume that the first item’s
service lasts k units of time with probability s}c. Let the number of arrivals during
this first item’s service be v with probability a}. These v items may be considered
as initial items of v independent busy periods. Keeping in mind that busy periods
in this case is an independent identically distributed random variable, we know
that the busy period generated by v items is a v convolution sum of the indepen-

dent busy periods. Let cﬁ-v) be the probability that v independent busy periods last
J units of time, then we have

HM»

= Zi

akcl Lz (4.42)

If we define the z-transform of the busy period as ¢*(z) = ¥, Z/¢;, |z| <1, we
have

22 (1—a+ac*(z))F

(1 —b)kflbzk(l —a—l—ac*(z))k

Mg

k
=bg" @)1+ (1-b)g"(2) +(1-07g" (2’ +2g (2 +--],  (4.43)
where g*(z) = z(1 —a+ac*(z)).

After routine algebraic operations we obtain

c*(z) = l(lljgk(;){g*(z), lz] <1. (4.44)

Il
-

Whereas we have presented a more analytic result due to Klimko and Neuts [64]
and Heimann and Neuts [54], the first method is easier for computational pur-
poses. For further discussions on these results the reader is referred to Hunter
[57]

e Matrix-analytic approach: The idea behind this approach is that we consider
the DTMC for the Geo/Geo/1 system but modify it at the boundary such that
when the system goes into the O state it gets absorbed. The DTMC is initiated
from state 1. The transition matrix P* given as:
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1
. abab+ab ab
P = ab  ab+ab ab (4.45)

Let the vector y") = { E)">7 y&") . } be the state vector of the system at time 7,

with y©® = [0, 1, 0, 0, ---]. Now consider the following recursion
yHD =yl pr, (4.46)
The element y(()") is the probability that the busy period last for n or less time
units, i.e.
W = Pr{B <n}. (4.47)

4.4.4.6 Number Served During a Busy Period:

Another very important measure is the number of packets served during a busy
period. Here we adapt the approach used by Kleinrock [63] for the continuous time
analogue to our discrete time case.

Let N, be the number of packets served during a busy period, with n’g =Pr{N, =
k}, k> 1. Further let Nj(z) = ¥, Z"n%, |z| < 1. Since the arrival process is
Bernoulli with parameter a and service is geometric with parameter b, we know
that if the duration of service of a packet is j then the probability that i pack-
ets arrive during that duration will be given by { a'(1 —a)/~'. Let u; be the
probability that i packets arrive during the service of one packet then we have
Ui =35 (i) (J> a'(1—a)/~I(1—=b)/~'h. Letting U(*z) = 3.2 z'u; we have

U(z)=[1—=(1=b)(1 —a+az)] (1 —a+az)b,
which can be written as
U*(z) = ba*(z)[1 — (1 fb)a*(z)]_l, (4.48)

where a*(z) = | — a+ az, is the z-transform of the Bernoulli arrival process.

A busy period in this Geo/Geo/1 system is initiated by one packet that arrives
after an idle period. Then the number of packets that arrive during this first packet’s
service each generate sub-busy periods of their own, and since these sub-busy peri-
ods are independent and identically distributed, their convolution sum makes up the
busy period. Hence if the number of packets that arrive during the service of the first
packet is defined as 4, and letting 4, = j and further letting V1, V2, ---, V; be the
number of packets that arrive during the service of each of the packets 1,2, j,
then the number served during the busy period is 1 + V1 + V2 +---+ V. Hence we
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have
Ni@) =2 3 Prids = YN @) =2U" (N3 )

which results in

Nj (2) = zba’* (N, (2))[1 = (1 = b)a" (N (2)] .

4.4.4.7 Age Process

The age process has to do with how long the leading packet in the system has been
in the system. Let Y, be how long the leading packet, which is currently receiving
service, has been in the system. It is immediately clear that ¥, = 0 implies there
are no packets in the system. Consider the stochastic process {¥,, n > 0}, where
Y, =0,1,2,---. If the arrival and service processes of packets are according to the
Geo/Geo/1 definition, then ¥, is a DTMC with the transition matrix P given and

a a _
ab  ba b
p— | (@b baa ba b _ | (4.49)

(a)*b ba(a)? baa ba b
This is a GI/M/1 type DTMC and the system can be analyzed as such.

4.4.4.8 Workload:

Workload is the amount of work that has accumulated for a server to carry out at
any time. Let ¥, be the workload at time n. The process {V,,, n >0}, ¥, =0,1,2,---
is a DTMC, and its transition matrix P can be written as

a ab abb ab(b)?* ab(b)? ---
a ab abb ab(b)* ab(b)? ---
p=| a ab abb ab(b)* - | (4.50)
a ab abb

This is an M/G/1 type of DTMC, with a special structure. Standard methods can be
used to analyze this.
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4.4.5 Discrete time equivalent of Little’s Law:

Little’s law is a very popular result in queueing theory. In continuous time it is the
well known result that L = AW, where L is the average number in the system, A is the
arrival rate and I is the mean waiting time in the system. The variables L, A, and W
are used in this previous sentence only to present the well known result. They will
not be used with the same meaning after this.

Let W be the waiting time in the system as experienced by a packet and X be the
number in the system as left behind by a departing packet. Let wy = Pr{W =k}, k>
0,and x; = Pr{X = j}, j > 0. We let the arrival be geometric with parameter a, as
before. Let A; be the number of arrivals during a time interval of length £ > 1. It is
clear that

Pr{Ak:v}: <I‘§> av(l —Cl)kiv, Ogvgk

Define

Then we have

= z(az—l— 1 —a)kwy. 4.51)
k=1
After routine algebraic operations we obtain
X' (z) =w*(az+1—a). (4.52)
By taking the differentials of both sides and setting z — 1 we have
E[X] =aE[W], (4.53)

which is equivalent to L = AW in the case of Little’s law in continuous time. This
is actually very straightforward for the Geo/Geo/1. We find that this same idea is
extendable to the Geo/G/1 system also.

4.4.6 Geo/Geo/l/K Queues

The Geo/Geo/1/K system is the same as the Geo/Geo/1 system studied earlier, ex-
cept that now we have a finite buffer K < . Hence when a packet arrives to find
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the buffer full, i.e. K packets in the buffer (implying K + 1 packets in the system
including the one currently receiving service), the arriving packet is dropped. There
are cases also where in such a situation an arriving packet is accepted and maybe
the packet at the head of the queue is dropped, i.e. LCFS discipline. We will con-
sider that later, even though the two policies do not affect the number in the system,
just the waiting time distribution is affected. We can view this system as a special
case of the BD process or of the Geo/Geo/1 system. We consider the case when
ai=a,0<i<K,a;=0,Vi>K+1and b; =b, Vi > 1. In this case, the transition
matrix P becomes

a _a B
abab+ab _ab
pP= ab ab—+ab ab ) (4.54)

ab ab+a
This is a finite space DTMC and methods for obtaining its stationary distribution
have been presented in Section 2.9.1. Even though we can use several methods
to analyze this Markov chain, we present only the algebraic approach, which is

effective here by nature of its structure — tridiagonal structure with repeating rows—
and briefly discuss the z-transform approach.

X0 = xoa +x1ab (4.55)
X1 = xga+x (51;4— ab) +xpab (4.56)
Xi = x[_lal;—l—x,- (071;—1— ab) +xi1ab, 2<i<K (4.57)
Xk41 = xpab+xg 11 (ab+a) (4.58)

Ifwelet 6 = %, then we have

i

X = (%) x0, 1 <i<K (4.59)
al; Kk a

XK+1 = = XK = 0 —= X0 (460)
ab ab

After normalization, we obtain

(4.61)

Because we have two boundaries in this DTMC at 0 and K + 1, if we use the
z-transform approach we will end up with X*(z) in terms of the parameters a, b, xo
and xg1. We present the z-transform and leave it to the reader to find out how to
obtain the stationary distributions from that.
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Busy Period

Using the same idea as in the case of the Geo/Geo/1 case but with a slight mod-
ification we show that the duration of the busy period for the Geo/Geo/1/K case is
a PH type distribution. We begin our discussion as follows: consider an absorbing
Markov chain with K + 1 transient states {1,2,---,K + 1} and one absorbing state
{0}. Let T be the substochastic matrix representing the transient states transitions
and given by

ab+ab ab
ab  ab+ab ab
T = R (4.62)
ab ab+a
Lett=1—T1 and also lety = [1,0,...] then b; the probability that the busy period
duration is i is given as

bi=yT' 't,i>1. (4.63)

The argument here is that the busy period is initiated by the DTMC starting from
state {1}, i.e. due t an arrival and the busy period ends when the system goes into
state {0}, the absorbing state.

The mean duration of the busy period E [B] is simply given as

uz =y —T)"'t. (4.64)

We can also study the distribution of the number of packets served during a busy
period as a phase type distribution.

Waiting Time in the Queue

Distribution of the waiting time in the queue can also be studied as a PH dis-
tribution. Since we are dealing with a FCFS system of service only the items that
were ahead of the targeted item get served ahead of it. Because this is a finite buffer
system a packet may not receive service at all if it arrives to find the buffer full.
The probability of not receiving service is xx+1. Now we focus only on those pack-
ets that receive service. Let T be the substochastic matrix representing the transient
states transitions, i.e. states {1,2,---, K}, with state {0} as the absorbing state. Then
we have

r=| . . | (4.65)
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The arriving packet that gets served arrives to find i packets ahead of it with proba-

bility 17;‘(“ . Letus write @ = (1 —xg41) ' [x1, x2, ..., x¢]. Let w! = Pr{W, =i}
we then have
wh = (1 —xx11) " "xo, (4.66)
and A
wl=ar 't i>1. (4.67)

The mean waiting time in the queue for those packets that get served is given as

EW,)=a(I-T)1. (4.68)

4.4.6.1 Departure Process

The departure process from a Geo/Geo/1/K system can be easily represented using
the Markovian arrival process (MAP). Consider the transition matrix P associated
with this DTMC. It is clear that at each transition there is either a departure or no
departure. The matrix P can be partitioned into two matrices Dy and D as follows.

a

1S
IS}
Qo
=

a_
ab a

Dy = b ab . Dy = ab ab
ab +ab ab ab

It is clear that D = Dy + Dy = P. The elements of matrices (Dy);; represent the
probability of £ = 0,1 departures with transitions from 7 to j. Hence the departure
process in a Geo/Geo/1/K system is a MAP and the results from MAP can be used
to study this process.

4.5 Geo/G/1 Queues

So far, most of the queues we have studied in discrete time have resulted in uni-
variate DTMCs and both the interarrival and service times are geometric which has
the lack of memory property (lom). One of the challenges faced by queueing theo-
rists in the 1950s and early 1960s was that most queueing systems observed in real
life did not have geometric (or exponential) service times and hence the lom prop-
erty assumption for service times was not valid. However, introducing more general
service times which do not have the /om are difficult to model for a queueing sys-
tem because then we need to include a supplementary variable in order to capture
the Markovian property. By introducing a supplementary variable we end up with a
bivariate DTMC, which in theory should be manageable, given the results already
discussed in Chapter 2, and which were already available in those days. However,
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because a general distribution does not necessarily have a finite support then the
range of the supplementary variable will be unbounded. This led to a different prob-
lem. Until Kendall [62] introduced the method of imbedded Markov chains before
this problem became practically feasible to analyze and obtain numerical results.
In what follows we present both the method of supplementary variables and the
imbedded Markov chain approach for the Geo/G/1 system. The imbedded Markov
chain observes the system at points of events, e.g. points of arrivals or points of
departures. This way we are able to obtain a Markov chain with usually only a sin-
gle index which has infinite range. With this approach even though information in
between the events is not known directly they can be computed or recovered using
renewal theory. The Geo/G/1 queue is studied as an imbedded Markov chain.

Consider a single server queue with geometric interarrival times with probability
of an arrival at any point in time given as ¢ and @ = 1 —a. This system has a general
service time S with pmf of s; =Pr{S= j, j > 1}, having a mean of u~!. We define
the following z—transforms

A*(z)=1—a+za, and S*(z) = szsj.
J=1

4.5.1 Supplementary Variable Technique

At time n let X, be the number of packets in the system and J,, the remaining service
time of the packet in service. It is immediately clear that {(X,,J,),n > 0} is a bivari-
ate DTMC, keeping in mind that J,, has no value when X, = 0. Its transition matrix is
much more difficult to visualize because then both variables are unbounded. Hence
we are interested in x} ; = Pr{X, = i,J, = j}, letting xj = Pr{X, = 0}. First we
write out the related Chapman-Kolmogorov equations as follows:

gt =alxg+x1 ) (4.69)
+1 — — .
xq’ﬁj = as;x( +as;x| | —|—ax'fJ-H tasjxyy, j>1 (4.70)
+1_ — — . .
xp o =asxiy asxiy Faxiy oy taspxyy g, i> 1 > L 4.71)

Next we present two approaches for handling the set of equations in order to obtain
the stationary distribution of the system. The two approaches are z-transform and
matrix-analytic approaches.

4.5.1.1 Transform Approach

The associated transition matrix can be written as follows: Let the z-transform of
the process (X;,J,) be
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Xi(z1,m) =x0+ Y, Y A7, a1 <1, || < 1.
i=1j=1

Minh [78] and Dafermos and Neuts [35] have derived the transforms of this system
under time-inhomogeneous conditions. Here we focus on stationary distributions
only. In that effect we assume the system is stable and consider the case where

—— __
Xij —X,‘h,"naoo, X0 —xo‘naw,

hence we have
X (z1,22) = X, (21,22) |n—sco-
For this stationary system it was shown by Chaudry [32] that

zaz1 (1 —z1)x0{S(z1) —S*(1 —a+az;)}

X*(Zl,ZZ) = [S*(l 7a76121) 721]{22 — (] 7a+a21)}.

4.72)

By setting z, = 1 in X*(z1,z;) we can get the z—transform of the marginal distri-
bution, i.e. y; = Z_Tzlx,-J, j > 1. Knowing that xo =1 —p, p = au, setting z; = 1
and replacing z = z; we have Y (z) = ¥°,z'y; which is given as

1—p)(1=2)S*(l —a+za)
S*(1—a+za)—z

(o) = ¢ , @.73)

a result that will be shown through the use of supplementary variables later.

4.5.1.2 Matrix-analytic approach

In order to take full advantage of MAM we need to write the service times distri-
bution as a PH distribution, more of an IPH distribution, based on the elapsed time
approach. Let the IPH representation be ((3,S), with s = 1 — S1, where

§ j=i+1,

/6: []a 0, 0, ]7 and S[’j = {O otherwise,

where §; = %’ u;=1 —Zizl sy, i > 1, ug = 1. Based on the Chapman-Kolmogorov
equations presented above we can write the transition matrix of the DTMC as

B C
E A; A
P= Az Ay Ao
Ar A1 Ao

where
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A] :(ZS,B—FC?S: a

Ay =as3 = al

The G matrix for a stable version of this DTMC QBD is given by the solution to the
matrix quadratic equation

G=Ar+A4,G+A4yG?, (4.74)

and this solution is of the form

1000 ---
1000 ---
G=11000 ---|- (4.75)

By virtue of the fact that the matrix 4, is rank one it follows that the corresponding

R matrix is given as
R=aS[l —as3—aS—aStel] 1. (4.76)

Whereas this result looks elegant and can give us the joint distribution of the
number of packets in the system and the remaining interarrival times, we have to
truncate R at some point in order to carry out the computations. However, if the
general service time has a finite support, i.e. 5, =0, j < ny < oo, then we can just
apply the matrix-geometric method directly because all the block matrices B,C,E
and Ay, k= 0,1,2 will all be finite. This situation will be presented later when
dealing with the GI/G/1 system which is a generalization of the Geo/G/1 system.

If however, for the case where the service distribution support is not finite, and
information about the number in the system as seen by an arriving packet is all we
need then we use the imbedded Markov chain approach.
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4.5.2 Imbedded Markov Chain Approach

Let X, be the number of customers left behind by the departing nth customer, and
A, be the number of arrivals during the service of the nth customer. Then we have

Xor1 =X =)+ 4,11, (4.77)

where (U — V)t =max{0, U —V}.

This model is classified as the late arrival with delayed access system by
Hunter [57].

Let a, =Pr{4, =v, v> 0}, Vn. Then a, is given as

a, = Zsk < > (1—a)*", v>o0. (4.78)
Let P be the transition matrix describing this Markov chain, then it is given as
ap ay ar -
apay az -
P= do ay - (4.79)
ap -

For steady state to exist, we need that p = 37 ja; < 1. If we assume that steady
state exists, then we have the invariant vector x = [xg, x1, ...] as

x=xP, xl=1.

This can be written as

i+1
X =Xxoai+ Y, Xjai—j1, i > 0. (4.80)

j=1

Now define the probability generating functions

X*( Zx,z and A™( Zaz =S*(1—a+za), |z] <1,
i=0
we obtain

xo(1—2)4*(z)

X'e) = A*(z) —z

4.81)

Using the fact that X*(1) = 1, 4*(1) = 1 and (4*) (1) = a/u, we find that

xo=1-p (4.82)
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and

== =l

The mean queue length E[X] is given as

E[X] = p+2<1"—_p)c§, (4.84)

where 62 is the variance of the service time and p = a/u.

4.5.2.1 Distribution of number in the system

The probability of the number of packets left behind in the system by a departing
packet x;, i = 0,1,2,---, can be obtained by finding the coefficients of z' in the
polynomial associated with X(z), but this could be onerous. The simplest approach
is to apply the recursion by Ramaswami [89] as follows. If the system is stable, then
the G matrix (a scalar in this case) associated with the M/G/1-type system is a scalar
and has the value of 1. Since x( is known to be 1 — p, then we can successfully apply
the recursion to obtain this probability distribution.
Letd, =Y, a;, v> 0, then
i-1
xi=(1=ap) ' odi+ (1= 81) Y, xjdir1—j], i > 1. (4.85)
=1

J=

The recursion is initiated by xo = 1 — p.

4.5.2.2 Waiting Time:

Let W be the waiting time in the system, with wy = Pr{W = k} and W*(z) =
Do Z"wy. We know that the number of items left behind by a departing item is
the number of arrivals during its waiting time in the system, hence

< (kY i k=i
= - >
X /;(i)a(l a)*wy, i >0. (4.86)
By taking the z— transform of both sides we end up with
X'(z) = 2(1—a+az)kwk:W*(l—a—|—za). (4.87)
k=0

Hence
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(1—p)(1—2)8*(1 —a+za)
S*(1—a+za)—z

W*(1—a+za) = . (4.88)

4.5.2.3 Workload:

Let V;,,n > 0 be the workload in the system at time n, with V,, = 0,1,2,---. It is
straightforward to show that ¥}, is a DTMC and its transition matrix is an M/G/1
type with the following structure

CocCLC2C3 "
CopcCrc2C3 -

P=| ¢ocrc el (4.89)
CO cl “ e

with

co=1—a,cj=ab;, j>1.
If the system is stable, i.e. if 1 > 37, jc;, then we have a stationary distribution
v =[vg, vi, V2, --| such that

v=vP, vl=1.
This leads to the equation
i+1
vi=civo+ Y vici—ji1, >0, (4.90)

Jj=1

It is immediately clear that we can set this up in such a manner that allows us to use
Ramaswami’s recursion to obtain the stationary distribution at arbitrary times. By
letting

C*(Z) = zzich V*(Z) = zziviv ‘Z| < 17
i=0 i=0

we have (- 1) (2]
* o VollZ— z
Vi) = z—C*(2)

Since the resulting equations are exactly of the same form as the ones for the
number in the system we simply apply the techniques used earlier for similar struc-
ture problems to obtain key measures.

,lz] < 1. 4.91)
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4.5.2.4 Age Process:

Here we study the age process, but first we re-write the service time in the form of
elapsed time. Consider the service time distribution {b;,b;, b3, - - - }. It can be written
as an infinite PH (IPH) distribution represented as (3, S) where

_ b j=i+1
B=[1,0,0 -] and Sij= { 0, otherwise,
where _
~ e; !
b[:77 e[ZI—ZbV,EOZI.
€i-1 v=1

It was pointed out in Chapter 3 that
br=PBS"1s, k>1.

At time n > 0, let ¥, be the age of the leading packet in the system, i.e. the one
currently receiving service, and let J, be its elapsed time of service. The bivariate
process {(Yy,J,),n > 0} is a DTMC of the GI/M/1 type with transition matrix P

written as
G G

By A1 Ay

p=|B24x 41 4o (4.92)
By A3 Ay Ay Ao

where,

Co=a, C :aﬁ, Bk:a_ks, Ao =S, Akzaakil(s,g), k>1.

With this set up the standard GI/M/1 results can be applied to the age process to
obtain necessary measures. However, because we have used the IPH caution has to
be exercised because now we are dealing with infinite block matrices. If the service
time distribution has a finite support then it is straightforward to analyze the system.
When it is not a finite support one needs to refer to the works of Tweedie [99] to
understand the conditions of stability.

4.5.2.5 Busy Period:

Let b;(/) be the probability that the busy period initiated by j customers lasts 7 units
of time. It was shown by Klimko and Neuts [64] and Heimann and Neuts [54] that

i ]
bi(1) =Y s1(1) Y apbi1 (k) (4.93)
=1 k=0
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where af{ is the probability that & arrivals occurs in / units of time, and s;(k) is the
probability that the service times of k customers lasts exactly i units of time.

4.5.3 Geo/G/1/K Queues

This is the Geo/G/1 system with finite buffer. Let the buffer size be K < co. We can
use the imbedded Markov chain approach to analyze this system.

Let X, be the number of customers left behind by the departing nth customer, and
A, be the number of arrivals during the service of the nth customer. Then we have

Xt = (X = 1) +A4u1)” (4.94)

where (U)” =min{K+ 1, U} and (V)" =max{0,V}.

This model is classified as the late arrival with delayed access system by
Hunter [57].

Let a, =Pr{4, =v, v> 0}, Vn. Then a, is given as

ay =Y s <ﬁ> a'(1—a)*v, v>o0. (4.95)
k=v

Let P be the transition matrix describing this Markov chain, then it is given as

apay ap -+ ag—1 Ak
apay ap -+ ag— Gk
ap ay -+ ag-2 g1

P= ap -+ ag—3 dg_a | » (4.96)
i ap |
where a; = 37" ;ay.
Letting the stationary distribution be & = [xg, x1, ---, xx+1], we have
j+l
xj:ajx0+2aj,v+1xv, 0>;>K—1, and (4.97)
v=1
K
XK = kX0 + Y, AK—vr1%y. (4.98)
v=1
(4.99)

We can apply the standard finite Markov chain analysis methods discussed in
Chapter 2 for finding the stationary distribution, i.e. applying

x=xP, T1=1.
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A very interesting thing to note about this system is that if its traffic intensity is less
than 1, then we can actually use the Ramaswami’s recursion idea for the M/G/1.
This is because the g given as the minimal non-negative solution to the equation
g=2r0 &*ay has a solution that g = 1 and by applying the recursion we have

i1
xi=(1—ay) ' [rodi+ (1 —8,1) Y xdivio], 1<i<K. (4.100)

v=1

However, we need to determine xy first but this is done using the normalization
equation.

4.6 GI/Geo/1 Queues

The GI/Geo/1 model is essentially the “dual” of the Geo/G/1. Suppose the ar-
rivals are of the general independent type with inter-arrival times G having a pdf
of g, =Pr{G = n, n > 1} whose mean is A~ and the service are of the geo-
metric distribution with parameters s and s and with mean service time s~ !. Let
G*(z) = X7, 7'gi, |z| < 1. Because the inter-arrival time is general and the service
is geometric, we study this also using supplementary variables and the imbedded
Markov chain which is imbedded at the point of arrival.

4.6.1 Supplementary Variable Technique

Define X, and X,, as the number of packets in the system and the remaining interar-
rival time at time n > 0. Further let x(’}) = Pr{X, =i,K, = j}. Then we have

i

ngf“ :xt(f,)-ﬂﬂ(ff}H& J=1, (4.101)
{1 =gy xlsg a5l s 210 @02

1 ey - .
i =) gy Vsg ) ) s, S22, (4.103)

4.6.1.1 Matrix-analytic approach

We have a bivariate DTMC with the transition matrix P written as
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B C
Az A1 Ao
P= A Ay Ao ;
with
000 Sg1 Sg2 $g3
100 s 0 0 -
B=1010 s Adi=10 5 0 >
81 82 83
000
C=1000 ;

Az :SB, A() ZS_C

We can now easily apply the matrix-geometric results for the QBD to this system,
given all the conditions required by the infinite blocks of P are satisfied. With

R = Ao+ RA; + R*4s,

and the known properties of R we can see that it has the following structure

,/'1 I/’2 }/’3 e
000
R=1000 ;
where
T = Sgk + 1188k +srireer, k> 1. (4.104)

Whereas this result looks elegant and can give us the joint distribution of the
number of packets in the system and the remaining interarrival times, we have to
truncate R at some point in order to carry out the computations. However, if the
general interarrival time has a finite support, i.e. a; = 0, j < K, = n; < oo, then we
can just apply the matrix-geometric method directly because all the block matrices
B,C,E and Ay, k= 0,1,2 will all be finite. The case of finite support, i.e. 7, < oo is
given as follows.

If n; < oo, then we have

k= Sgk+risgk +sririy1, 1 <k<n, (4.105)
Fn, = 58n, + 11580, - (4.106)

Applying the last equation and working backwards we have
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Pyl = S8n,—1 + 71880, —1 + 717,

= *sTgn,—l +r188n,—1 "l‘SrlS_gn, +52(rl)2gnt- (4.107)

By repeated application we find that 7| is a polynomial equation of the form
ri=ag+air +ax(r)* +as(r)? - Fan (1), (4.108)

where a;, j=0,1,---,n, are known constants. For example when n; = 2 we have
= = 2
ap = Sg€1, a1 = S41 +Sg2, and a) =Sg».

We solve this polynomial for the minimum r»; which satisfies 0 < r; < 1. Once
ri is known we can then solve for r,, and then proceed to obtain all the other
rj, j=n—1,n—2,---,3,2. This case will be presented later when dealing with
the general case of GI/G/1 system.

If however, for the case where the interarrival time does not have a finite support,
and we need information about the number in the system as seen by a departing
packet then we use the imbedded Markov chain approach.

4.6.2 Imbedded Markov Chain Approach

Let Y, be the number of packets in the system at the arrival time of the nth packet,
and B, as the number of packets served during the inter-arrival time of the nth
packet. Then we have

Yn+1:Yn+1*Bna YnZO; B, <Y, +1 (4109)

Further, let us define b; as the probability that j packets are served during the
(n+ 1)th inter-arrival time if the system is found empty by the (n + 1)th arriving
packet and a; is the corresponding probability if this packet arrives to find the system
not empty with j packets served during its inter-arrival time. Then we have

w=Su(t)va-9 520 @10
k=

by=1-

j
ai, j>0 (4.111)

i=0
The transition matrix describing this Markov chain is given by P as follows

bo ap

b] ay ap
P=\byaras a |- (4.112)
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This system is called the early arrival system by Hunter [57].

Let = [xo, x1, ...] be the invariant vector associated with this Markov chain.
It is simple to use either the matrix-geometric approach or the transform approach
to obtain this vector.

4.6.2.1 Matrix-geometric approach:

It is straightforward to see that the matrix P here has the same structure as the
GI/M/1-type presented in the previous chapter. The GI/Geo/l queue is the discrete
time analogue of the GI/M/1 system. The descriptor GI/M/1-type got its name from
the classical GI/M/1 queue transition probability matrix structure. We note that this
GI/Geo/1 queue transition matrix has scalar entries in P and as such the correspond-
ing R is a scalar r.

-1
Provided that the system is stable, i.e. p = {2;":1 jb j} < 1, then there exists r

which is the minimal non-negative solution to the polynomial equation
r=Y ar'. (4.113)
i=0
The resulting solution gives us the geometric form of the solution for x as follows:

Xit+1 = X;I, IZ 0. (4114)

After solving for the boundary value xo = 1 — p = 1 —r through xo = 377 x;b;
and applying the normalization equation ¥ x; = 1, we obtain

xi=(1—r), i>0. (4.115)
The results in (4.113) and (4.115) are actually the scalar-geometric solution ana-
logue of the matrix-geometric solution presented in the previous chapter.
4.6.2.2 Transform approach

Consider the matrix P, we can write the steady state equations for this system as

o > j
xo= Y x;b; =Y x;(1- Y a,), (4.116)
J=0 =0 v=0
Xi= Y Xipj1aj, i>1. (4.117)
j=1

Adopting the approach in Grass and Harris [49] we can solve the above set of differ-
ence equations by using the operator approach. Consider the operator F' and write
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Xit1 =Fx;, i > 1,

then substituting this into the above set of equations for x;, i > 1, i.e.
X; — [Z x,-+j,1aj] = 0,
j=1

we have

F—ay—Fa,—F*ay—Fa3—---=0. (4.118)
This leads to the result that F = 2;":0 Fia ;. The characteristic equation for this
difference equation is

z=Y 7aj;. (4.119)
Jj=0

However, a; is the probability that the number of service completions during an
interarrival time is /, so by substituting sz + 1 — s into 3% z/a; we get

z=G*(sz+1—3s). (4.120)

It can be shown that a solution z* that satisfies this equation is the same as » which
we obtained earlier using the matrix-geometric approach. Hence

r=G"(sr+1—s). (4.121)

Once again provided the system is stable we only have one positive value that satis-
fies this equation.
It can be shown that
xi=Kr', i>0, (4.122)

and when this is normalized we find that K = 1 —r.
A simple way to obtain 7 is by iterating the following

Fre1 = G (rps+ (1 —5)) with 0 <rp < 1 (4.123)
until |y —r¢| < &, where £ is a very small positive value, e.g. 10712,

Waiting time:

e Waiting time in the queue: Let }#, be the waiting time in the queue for a packet,
with w? = Pr{W, = j}, j > 0. Since this is a FCFS system, then an arriving
packet only has to wait for the packets ahead of it. Let W (z) = X0 z/ wj.. It is
clear that the z— transform of the probability x; is X*(z) = ¥ o z'x; = (1 —r)(1 —
rz)~!. Since this is the transform of the number of packets seen by an arriving
packet then to obtain W (z) we simply replace z in X*(z) with sz(1 — (1 —s)z) !
leading to

Wy(z) = (1—=r)(1 —rsz(1—(1 —s)z)"Hh
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Hence

] (1=r)(1=(1=s)7)
Wi(z)= . 4.124
() 1—(1—s)z—rsz ( )
e Waiting time in the system: The z— transform of the waiting time in the system is
simply a convolution sum of /¥, and service times. Let #*(z) be the z— transform
of the waiting time in the system then we have

W*(z) = (1 —r)sz(1 —rsz(1 — (1 —s)z) ") "1 (1 = (1 —s)z) L.

Hence
sz(1—r)

W(z) = 1—(1—=8)z—rsz’

(4.125)

4.6.3 GlI/Geo/l/K Queues

This is the finite buffer case of the GI/Geo/1 system. So let ¥, be the number of
packets in the system at the arrival time of the nth packet, and B, as the number of
packets served during the interarrival time of the nth packet. Then we have

YnJrl:(Yn“i’l*Bn)_aYnZ(L B, <Y,+1, (4126)

where (V)™ =min(K, V). Further, let us define b; as the probability that j packets
are served during the (n + 1)th interarrival time if the system is found empty by
the (n + 1)th arriving packet and a; is the corresponding probability if this packet
arrives to find the system not empty with j packets served during its interarrival
time. Then we have

a; = ng<k.)sj(l—s)kj,j>0 (4.127)
= \/
J
bj=1-Ya;,j>0 (4.128)
i=0

The transition matrix describing this Markov chain is given by P as follows

b() ao
by a1 ap

by a a1 ap
P= . . . .. (4.129)

bgk_1ax—1ax—2 - a1 ap
| bk ak ax-1--- ax ay+ap |

Let the stationary distribution be & = [x¢, x|, -+, xk], then we have



136 4 Single Node Queuing Models
Tr=xP, xrl1=1.

Once more, this can be solved using standard Markov chain techniques presented in
Chapter 2.

4.7 Geo/PH/1 Queues

Consider a single server queue with geometric interarrival times with parameter a
and PH service with representation (ﬁ, S) of order n,. At time n, let X, and J,, be
the number of packets in the system and the phase of service of the packet receiving
service. Consider this system as a DTMC with the state space {(0) U (X,,J,),n >
0}, X, > 1,J,=1,2,---,n,. This is a QBD with the transition matrix P given as

B C
E Ay Ay
P=1 4, 4y 49 ;

B=1-a,E=(1-a)s, C=af3, Ay =aS,
Ay =asB+(1—a)S, 4, = (1 —a)sP.

We can go ahead and use the results for the QBD presented in Chapter 2 to study
this system. However, this system has an added feature that we can exploit. The
matrix 4, is rank one, i.e. (1 —a)s/3. Even though we need to compute the matrix R
we try and obtain it through matrix G, as follows. Remember that G = (I —U)~' 4,
from the last chapter. Hence we have

G=U-U)"Y1-a)sB=4d0, (4.130)

whered = (I—-U)~'(1 —a)s.
Since G is stochastic, if the DTMC is stable, by Theorem 8.5.1 in Latouche and
Ramaswami [67], we have

G1=dB1=1 —G=10. (4.131)
Using this result and substituting into R = 4o(I — 4 — 49G)~" we obtain
R=Ao[l — 41— A4o13] 7", (4.132)

an explicit solution for matrix R from an explicit solution for G.

The stationary distribution of this system x; j = Pr{X, =i,J, = j}|s—e and xo =
Pr{X, =0}|,— leading to & = [xo, L1, T2, ---, |, where L; = [x; 1, Xi2, -+, Xin],
we have

Tr=xP, x1=1,
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and
L1 =R, i>1,

with the boundary equations
xo=xo(1—a)+ T 1E, 1 =x0C+ x| (4) +R4>),
and normalization equation
xo+x (I-R)""1=1,

we obtain the stationary distribution for this system.
The mean number in the system E[X] is given as

E[X] = () +2@ +3%3+ - )1 =2 (I + 2R+ 3R> +-- )1,

which gives
E[X]=a(I-R)*1. (4.133)

4.7.1 Waiting Times

For this we assume a FCFS system of service. Let W, be the waiting time in the
queue, with w! = Pr{W, =i}, i > 0 and let W (z) = ¥7_o2/w!, |z| <1, then we
have

=

Wy (z) =x0+ 2{ x;(z8( —2z8)"'s)’,

=

which gives

Wi (z) =xo0+ 21 (B3I —z8)'s)[I - RzB(1 - z8) " 's)] . (4.134)

Alternatively we may compute W;I- as follows.
Let Bf = (sB)¢, k> 1, B]l- =8"1(s3), j > 1, then we have

By =SB, +(sB)B} |, k>j>1. (4.135)
We then write
wi = xo, (4.136)
j
wi= @B, j> 1. (4.137)

v=1

On the other hand we may apply the idea of absorbing DTMC to analyze the
waiting time, as follow. Consider a Markov chain {(X,,J,)} where X, is the number
of packets ahead of a target packet at time n. Since this is a FCFS system, if we
let X, = 0 be an absorbing state, then the time to absorption in this DTMC is the
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waiting time in the queue. The transition matrix for the DTMC is

1
s S
P = sB S

s3 S

The stationary vector of the number in the system now becomes the intial vector of
this DTMC, i.e. let y(0) = @, where y(0) = [y9(0), y1(0), y2(0), ---], then we can

apply the recursion
y(k+1) = y(k)Py, k> 0.

From this we have
Pr{Wy < j}y =W} =x(j), j > 1, (4.138)
Wy = y0(0). (4.139)

Waiting time in the system can be obtained directly as a convolution sum of W,
and service time.

4.8 PH/Geo/1 Queues

Consider a single server queue with PH interarrival times with parameter (¢, T)
of order n;, and geometric service with parameter b representing probability of a
service completion in a time epoch when a packet is receiving service. At time 7,
let X, and J,, be the number of packets in the system and the phase of the interarrival
time. Consider this system as a DTMC with the state space {(X,,J,),n > 0}, X, >
0,J, =1,2,---,n. This is a QBD with the transition matrix P given as

B C
E A Ay
P=1 4, 4y 49 ;

B=T, E=bT,C=ta, 49 = (1-b)(tx),
Aj Zb(ta)+(l—b)T, Ay =bT.

We can go ahead and use the results for the QBD presented in Chapter 2 to study
this system. However, this system has an added feature that we can exploit. Because
the matrix 4y is rank one, i.e. (1 — b)tcx, the matrix R can be written explicitly as

R=Ao(I—A4,—ndy) ", (4.140)

where 11 = sp(R), i.e. the spectral radius of matrix R. This is based on Theorem
8.5.2 in Latouche and ramaswami [67]. Even though this is an explicit expression
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we still need to obtain 17. So in a sense, it is not quite an explicit expression. The
term 1 can be obtained by solving for z in the scalar equation

z=o(l—A4) —z45)7'1. (4.141)

A detailed discussion of this can be found in [67].
Let x; ; = Pr{X, = i,J, = j}|n—- be the stationary distribution of this system.
Further define & = [Xo, X1, X2, ---, |, where ; = [x; 1, xi2, -+, X;,,], Wwe have

r=xP, x1=1,
and
L1 =R, i>1,

with the boundary equations
To=ToB+ I E, 1 =xToC+x1(41+RA,),
and normalization equation
[@o+x1(I—R) "1 =1,

we obtain the stationary distribution for this system.
The mean number in the system E[X] = & (I — R) 1.

4.8.1 Waiting Times

To study the waiting time we first need to obtain the distribution of the number in
the system as seen by an arriving packet. For a packet arriving at time n let X, be
the number of packets it finds in the system and let J, be the phase of the next
packet arrival. Define y; ; = PriX,=iJy = jtnow, >0, 1<j<m. Lety; =
[yi.,h Yi2, =, yi,nt}, then we have

yo = o[xo(tar) + ) (tox)b], (4.142)
yi = O[T (tQ)b+ Ty (ta)b], i > 1. (4.143)

The paramter ¢ is a normalizing constant and is obtained as follows. Since we have
Y0¥l =1, then we have

aiazi(ta)l =1 (4.144)
i=0

By the definition of &; it is clear that ¢ = Y;_, &; is a vector representing the phase
of the PH renewal process describing the arrival process, i.e. it is equivalent to ¢ =
¢(T +ta) with el = 1. Hence
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o Y xi(ta)l = oe(ta)l = o(et) = 1. (4.145)
i=0
Hence we have
oc=1", (4.146)
where A is the mean arrival rate of the packets, with A =1 = a(I— T')~'1 which was

shown in Alfa [6] that ¢t = A.
Let the waiting time in the queue be W, with w! = Pr{W, =i}, i > 0. Then we
have

wi =yol, and (4.147)

i s .
w?:Zyvl(:)_ll)bv(l—b)’V, i>1. (4.148)

v=I

4.9 PH/PH/1 Queues

Both the Geo/PH/1 and PH/Geo/1 queues are special cases of the PH/PH/1 queue.
However, the PH/PH/1 is richer than either one of them in that it has more applica-
tions in many fields, especially telecommunications. It addition, it can be analyzed
in several different ways depending on the structures of the underline PH distribu-
tions.

Consider a single server system with phase type arrivals characterized by (¢, T')
of dimension 7; and service times of phase type distribution characterized by (3, S)
of dimension 7. The mean arrival rate A ~! = o(I — T)~'e and the mean service
rate u~! = B(I — S)'e. We study the DTMC {(X;,,J,,,K,)},n > 0, where at time
n, X,,J, and K, represent the number of items in the system, the phase of service
for the item in service, and the phase of arrival, respectively. The state space can be
arranged as {(0,k) U (i,j,k), i > 1,7 =1,2,---,ng;k = 1,2,---,n;}. The transition
matrix for this DTMC is a QBD writen as

B C
E 41 Ay

p=| 4241 4o , (4.149)
Ay Ay Ao

where the matrices B,C,E,A,,v =0, 1,2 have dimensions n; X n;, n; X ngn;, ngn; X
ng, nghy X ngny, respectively. These matrices are given as

B=T,E=T®s, C=(ta)®

Ap = (t)®S, 41 = (ta) @ (sB)+ T®Sand 4y = T ® (s3).
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As explained in Chapter 2, the operator ® is the Kronecker product such that for
two matrices U of dimension n, X np and V' of dimension n. X n; we obtain a matrix
W =U®V of dimension n,n. X nyng as

UiV UiV U,V
w=| o
UtV U2V - Uy, V

Observation: We notice that if we replace (¢, T) with (1,a) and (3,S) with (1,b),
we actually have the Markov chain of the Geo/Geo/1 system. It is easy to see that
both the GI/Geo/l and Geo/G/1 are also special cases of the PH/PH/1 if we let
the general interarrival times for GI/Geo/l and the general service times for the
Geo/G/1 to have finite supports. In summary, the PH/PH/1 system is a generalization
of several well-known single server queues, in discrete time. We will also show later
that the GI/G/1 is also a special case of the PH/PH/1 system. So the PH/PH/1 system
is a very important discrete-time single server queueing model.

We now want to solve for & where

r=xP, x1=1,

and
T = [m(); mla ) ]7 mi: [wi,lv mi,27 Tty wi,ns]; IZ 17

Tij=[xij1, Xij2, s Xija, o= [xo1, X02, s Xou]-

We know that there is an R matrix which is the minimal nonnegative solution to the
matrix quadratic equation

R=Ao+RA; +R°A>.
After R is known then we have
Tir1 =TR, i>1.

For most practical problems we need to compute R using one of the efficient tech-
niques discussed in Chapter 2. However, we could try and exploit a structure of the
matrices, if they have useful structures. The key ones that often arise in the case of
the PH/PH/1 queue is that of some zero rows for 4y or some zero columns for 4,.
As we know, for any zero rows in 4y the corresponding rows in R are zero. Similarly
for any zero columns in A; the corresponding columns in G are zero.

The next step is to compute the boundary values [, ], which are based on

B C

E A +RA2] » [@o, 21 =1.

[0, x1] = [X0, X1] {

This is then normalized as
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Tol+x (I-R)'"1=1.

Several desired performance measures can then be computed accordingly.

4.9.1 Examples

4.9.1.1 A Numerical Example
Consider the case where

0

a=][1,00,T= 7

S O o
O W

0.1
First we check the stability condition. We have
Al=a(l-T)""1=1/2639, u ' =BU-5)""1=1/4,

We obtain A /p = 0.65975 < 1. Hence the system is stable.

We calculate
0 00000

0 00000
0 00000
0 00000
720 0000
0 360000

[.16 0 640 0 0
0 08 0 320 O
0 0 240 5 0
0 0 0 .12 0 .28
.045.135 0 0 .08 0
|-135.405 0 0 0 .04

.01.03 .04 12 0 O
.03.09 .12 36 0 O
0 0 .015.045.035.105
0 0 .045.135.105 .315
0 0 O 0 .005.015
0 0 0 0 .015.045

A =TS+ (ta) @8 =

A =Ta(sB) =

For this example we have
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0 0 0 0 0 0
0 0 0 0 0 0
R— 0 0 0 0 0 0
0 0 0 0 0 0
9416 .2313 .8829 .3173 .5874 .2363
.0103 .4195 .0141 .1666 .0105 .0541

If we write the matrix blocks 4,,, v=0,1,2 in smaller blocks such that AZ b=
1,2,3 is the (i, /)" block of the matrix 4, we find that

0 00 A%,l Ai,z 0 A%,l 47, 0
Aog=| 0 00| A;j=| 0 Ay, Ays |, Adp=| 0 45,45,
0 - 2732,
43,00 A3, 0 Az 0 0 43,
0O 0 O
With the structure 4y we know that our R matrix is of the foomR=| 0 0 0
R31 R32 R33

This is one example where applying the linear approach for computing R may be
beneficial because we only need to compute the three blocks of R, and this could re-
duce computational efforts compared to the quadratic algorithms in some instances.
In this particular case we have

R3j = A3 +R3 141 +Rs345 1 +Rs3R3 147 1, (4.150)
R3z =R3 A1, +R3245,+R33R3147, +R3,3R3,2A%,2, (4.151)
R33 = R3,2A§,3 +R3 343 5 +R3,3R3,2A§73 +R3,3R3,3A§,3- (4.152)

Writing these equations simply as R3; = fi(R,40,41,42),i = 1,2,3, we can now
write an iterative process given as

R3i(k+1) = fi(R(k),Ao,A1,42). (4.153)

What we now do is set R3 ;(0) := 0 and then apply an iterative process until |R3 ;(k+
1) = R3i(k)|uy < €, (u,v) =1,2,3, Vi, where € is a very small number, usually
10~'2 is acceptable.

Sometimes we find that by re-arranging the state space we can find useful struc-
tures.

4.9.1.2 Another Example

Consider a system with Negative binomial arrival process which can be represented
by a phase type distribution (o, T') with
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l—a a 0
a=][1,0,0], T= 0 l-a a |,
0 0 1—a

and Negative binomial service process which is represented by (/3,S) with

Bt s=['5" 0]

Here we can see that there are different advantages with arranging our DTMC
as 1) {(Xy,Jn,Ky) },n > 0, or as ii) {(X,,K,,Jn) },n > 0. In the first arrangement we
have

Ao =S® (ta), and 4, = (sB)DT.

With this arrangement, our 4, has only one non-zero column and one zero-column.
In fact, if our Negative binomial for service was of higher dimension n; > 2 we
would have ny — 1 zero columns. In this case we are better to study the G’ matrix
because this matrix has equivalent zero columns. We can then obtain matrix R from
matrix G by using the formula of Equation (2.100).

If however, we use the second arrangement then we have

Ay=(tx)®S, and A, =T® (Sﬁ)

With this arrangement, our 4 has two zero rows. Again had our Negative binomial
for arrival process been of order n, > 3 we would have n, — 1 zero columns. This
would result in corresponding n; — 1 zero rows of the matrix R. So here we are better
to study the matrix R directly.

The standard methods presented are now used to obtain the performance mea-
sures of this system after matrix R is obtained.

In the end we may not have zero rows for R or zero columns for G, but the
matrices 4,, v =0,1,2 may be very sparse, thereby making it easier to work in
smaller blocks of matrices. This sometimes assists in reducing computational efforts
required for computing R and G.

The mean waiting time in the system py is given by Little’s Law as

= Ay (4.154)

4.9.2 Waiting Time Distirbution

The waiting time distribution can be studied in at least three different ways. All the
three methods will be presented here. It goes without saying that any of the methods
may also be used for all the single node queues that have been presented so far since
they are all special cases of this PH/PH/1 system.

In order to obtain the waiting time distribution for a packet, irrespective of the
method used, we first have to determine the state of the system as seen by an arriving
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customer. Let us define y as the steady state vector describing the state of the system

as seen by an arriving customer, with y = [yo, yi, ...]. Then we have
yo = A xo(tar) +x) (tae ®s)] (4.155)
yi = A7 (ta) @) +xip (tae®sB)], i > 1. (4.156)

By letting F = 2~ ![(tav) @ S+ R((tax) @ (s(3))], we can write
yi=x RTF i>1.

Let 74 be the waiting time in the queue, with w! = Pr{W¥¢ = j} and W} = Pr{w? >
J}-
Method One:

Further using B¥ as defined in Section 4.7.1

then we have

wl = yol (4.157)
w! =Y y(1en)B, i > 1. (4.158)
k=1

Method Two:

Another approach that can be used for studying the waiting time is as follows.
An arriving packet will wait for at least & units of time if at its arrival it finds i > 1
packets ahead of it in the system and the server takes no less than £ > 1 units of time
to serve these i packets, i.e. no more than i — 1 service completions in the interval
(0,k—1). Let U(i,n) be the probability that the number of packets served in the
interval (0,n) is i. Then we have

) i—1

W =3 yilly, ® L)Y, UG,k= 1)1
i=1 j=0

= imlRi_lF(lnt ®In;)[l_zl U(]ka l)]la

i=1 j=0
which results in
k—1

Wi =\ (I-R)'[Y RF(1, ®1L,)U(j,k—1)]L. (4.159)
j=0

Method Three:
A third approach uses the absorbing Markov chain idea. First we let H be the
phase of arrival after the target packet has arrived, and define W:’j =Pr{Wi<iH=

j}, i>0, 1 <;j<n,. Define a transition matrix Pofan absorbing Markov chain as
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1
I®s I®S
p— [®(sB) 1®S . (4.160)
I®((sB) IS
Define z(¥) =y, with ZEO) = y;. Further write WY = [W{, W), --:] and W{ =
(Wi, W, -, W ], then we have
2D =20-Vp=70p i>1, (4.161)
with ‘
Wi =4, (4.162)

which is the waiting time vector that also considers the phase of arrival.
The busy period of the PH/PH/1 queue can be obtained as a special case of the
busy period of the MAP/PH/1 queue as shown in Frigui and Alfa [41].

4.9.2.1 Workload

Consider the DTMC (V,,,K,,),n > 0;V, > 0,K,, = 1,2,---,n,;, where at time n, V,
is the workload in the system and K,, is the phase of the interarrival time. Let the
probability transition matrix of this DTMC be P. Then P is given as

CoCi GGy
CCi GGy -

P= CC G-
Co C ---

where
Co=ToILC=tB @S, k>1.

This workload model has the same structure as the M/G/1 type markov chains dis-
cussed in Chapter 2. In addition the boundary has a very special structure similar
to that of the workload for the Geo/G/1 system as expected. So we can go ahead
and apply the M/G/1 type results here and also try and capitalize on the associated
special structure at the boundary.

4.9.2.2 Age Process

Here we present the age proces model which studies the age of the leading packet in
a FCFS system. Consider the DTMC represented by (Y,,,J,,K;),n > 0;Y, > 0,K, =
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1,2,---,n55J, =1,2,- -+ ng. Here ¥, is the age at time #n, and K, and J,, are the phases
of arrivals and service, respectively. The associated probability transition matrix P
has the following form

Co 4
By Ay Ao

p— | B242 41 Ao
B3 A3 Ax Ay Ao

where
Co=T,C = (ta)®, By=sTrk>1,

Adg=S®I, 4;=(sB) T/ (ta), j > 1.

It is immediately clear that this has the GI/M/1 structure and the results from that
class of Markov chains can be used to analyze this system. If the system is stable
then from the steady state results of the DTMC one can obtain several performance
measures such as the waiting time distribution and the distribution of the number in
the system. For a detailed treatment of such systems see [100].

4.9.3 PH/PH/I Queues at points of events

We study this system at epochs of events. By that we mean at epochs of an arrival,
a departure, or of joint arrival and departure. The idea was first studied by Latouche
and Ramaswami [66] for the continuous case of the PH/PH/1. By studying it at
points of events we end up cutting down on the state space requirements, and hence
the computational effort required at the iteration stage, even though the front-end
work does increase substantially.

Let 7;, j > 0 be a collection of the epochs of events. Consider the process
{(N},1;,J;),j > 0}, where N; = N(7;+) is the number in the system just after the
J™ epoch, 1; the indicator equal to + if 7; is an arrival, — if 7; is a departure, and
* 1f 7; is a joint arrival and departure. It is immediately clear that if 7; is an arrival
then J; is the phase of service in progress at time 7; and similarly if 7; is a departure
epoch then J; is the phase of the interarrival time. Of course, when 7; is an epoch
of joint arrival and departure then both service (in case of a customer in the sys-
tem) and arrival processes are both initialized. The process {(N;,1;,J;),j > 0} is an
embedded Markov chain with its transition matrix P given as

0C
E A Ao

p=| ddido (4.163)
Az Ay Ao
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where
A;*OO OOAZ“_
Ay = A3+00 , Ay = OOAE_ ,
A0’+00 0045~
OAT*O A;*
A= 04770 |, E= | A 7C:[lﬁOO].
04,70 A5~

All the matrices 4;, i = 0, 1,2 are of order (ny+n, + 1) X (ng+n, + 1), matrix E
is of order (ny+ n; + 1) x n,, and matrix C is of order n; X (ns+n, + 1). The block
elements are given as follows:

o AjT= Z'km" e "’)(OtTkt)Sk+l Zﬁno(.ns’n’) ap418t1, of order ng x ng

o Ait = me (ns ) (aTkt) BSH+! = Z,’Cn;no("“"’) a1 3L of order 1 x ny

o Ayt = {;{m%m nt)(Tkt)(ﬁSkH), of order n; X n

. AZﬁ = Zﬁnom n’)(Sk )(@T 1), of order ng x n;

o 4y = Zfinons’nt)(BSks)ach+1 = Z?Z)("S’”’) Ske1 QT of order 1 x
o 4, = kam o) (BSks) T+ = Z,’:i"o(m'") Sk T, of order ny x ny

o A= kamom nt)(OéTkt) 22"1'6"? ™) i1 SFs, of order ny x 1

o A= ZZZZ)(”‘ ™) (e Tkt) (BS*s) = 2;:’;"0"? ") s 15us1, of order 1 x 1

« A= ZZZ’B(”‘””’) (Bs's) Tt = z;”i”é"“”” 1 (TH), of order m, x 1

We later show how to simplify these block matrices for computational purposes.
The type of simplification approach adopted depends on whether one uses the re-
maining time or elapsed time approach of representation for the interarrival and
service processes.

The stationary vector & is given as

r=xP, xl=1,
with
T =[xy, T1, T2, -], T;i=[T), x, x|, i>1, and Ty =, .
The matrix R and the stationary distributions are given as

R=Ay+RA +R*4>, and T, =R, i>1.

We also know that there is a matrix G which is the minimal non-negative solution
to the matrix quadratic equation

G=Ar+A4,G+40G, (4.164)
and the relationship between R and G is such that

R=Ayg(I— 4, —A40G)"". (4.165)
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Based on the structure of 4, we know that the matrix G is of the form

00G™
G=100G" |,
00G
where
G =4 +AGT +ATGT G, (4.166)
G =A +A7GT +A4TGT G, (4.167)
and
G =4, +A'GT +4,7GTG . (4.168)

We write G = GT~G~—, and H = (1 — 4}")"' (45~ + 45" G). By manipulating
Equations (4.166) to (4.168) we have

G=A (45 +A7H+ A G)+ (A7 H+ AT G) (A~ + A4 "H+4,7G).

(4.169)
This is a matrix equation which can be applied iteratively to compute G which is
of order m x n. After computing G we can then obtain the block matrices of G as
follows:

G~ =H. (4.170)
G =4, +A,"H+4,"G. (4.171)
G =4 +A"H+4{1G. (4.172)

So it might be easier to compute the matrix G first and then compute R from it
because computing R from Equation (4.165) only requires us to know the first block
of row of the inverse matrix as a result of the structure of matrix 4y which has only
the block column that is non-zero.

Let us denote D = (I — A4 — AoG). It is clear that the structure of D is of the form

Dy1 D12 Di3
D=1 0 DyDy|. (4.173)
0 D3 D33

It’s inverse F such that D = I can be written in block form as

Fi1 Fip Fi3
F=|F P, (4.174)
F31 F3p Fi3

After simple algebraic calculations we have

Fi =D, (4.175)

Fiz = [D}'D13D3; D32 — Dy D12)[D — D23 D33 Do) ', (4.176)
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and
Fi3 = —(FiaDy + D' D13)D33 . (4.177)

From here we know that

ATTRy AL ATTF
R=|A;tFy A Fo A Fs | (4.178)
Ay R Ay TR Ay TR

So the computation of the matrix R involves iterative computations of ng x n, matrix
G from which the three block matrices GT—, G*~ and G~ are directly computed,
and of partial computation of the inverse matrix F, i.e. we only compute the first
block row of this matrix. Computing the R matrix is thus reasonably efficient.

Consider the U matrix associated with this Markov chain, with U = 4| + 4¢G =
A1 + RA,, we have U given as

0 U+* U+—
U=|0U" U |. (4.179)
0U*U ~
Then we have
Ut =A™ U =4 U =4"" (4.180)
and
Ut =AY, U =4 G, U " =4""TG . (4.181)

It is clear that because of the structures of 7 and S we know that 7/ =0, Vj > n
and §' = 0, Vi > m. Let us assume that for both the interarrival and service times we
adopt the remaining time approach for representation. Let us define the following:

o [(k,j) as a k x k matrix with zero elements and 1 in locations (j,1), (j+
1,2),---,(k,j—k+1). It is immediately clear that the identity matrix ; of
order k can be written as I = I(k,0). The expression S* = I(ng,k+ 1) and
T* = I(ny,k+1). Also I(k, j)I(k,1) = I(k, j+1).

° b :zljmnl<m7ns_l) ajS,‘Jrj.

° d Zmm ng,ng—i) Sjais ).

Then we have
00 0 ---
a 0 0 -

LoAf T =50 apl(ng k1) = |2 a1 0
a3 a2 al ...

S o OO

ngXng

2. A*+ 2:”" ng,ny) a ﬁsk—H bl, sz e bns}
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3oy = T (T8 =

4,45 =3I (shs) (k) =
w— _ ~min(ng,n;) k+1Y ..
5. A2 = 2k=0 Sk+1(aT ) - [d17 dz’

6. A5~ :Zrknzg(ns’nt)skwull(m,kwL )= |52
S§3 852 §1 -

S 83 84 -+
S3 84 85 -+
S4 85 86 -

ay asz aq -
asz aq as .-
a4 as deg -+

0

§1

oS O

ai
az

amin(ns,n,)

0

4 ngx1

Sng—2 Sng—1 Sny 0
Spe—1 Sp, 00
Sn 0 0

s

©d g xng

“Qp-2 Ap—1 Ay 0
cAp—1 dp 00
a, 0 0

S d ngxng

ng Xng

8. AT = S (@) (B's) = Sp " s

9. 47" = ZZin()(ns’nt>Sk+1(Tkt) =

S1
52

L 4 x1

151

It is clear from Latouche and Ramaswami [66] that it is straightforward to obtain
the stationary distributions at arrivals and also at departures from the information
about the system at epoch of events. They also show how to obtain the information
at arbitrary times. By applying similar arguments used by Latouche and Ramaswami
[66] we can also derive the stationary distributions at arbitrary times from the results
of the case of time of events. It is however not necessary to present those results
here since the techniques used will practically be the same. But we point out that
if the interest is to obtain the system performance at arbitrary times, then it is more
efficient to go ahead and apply the results of Alfa and Xue [3] directly, rather than try
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to study the system at epochs of events and then recover the arbitrary times results
from it.

4.10 GI/G/1 Queues

The GI/G/1 is the most basic and the most general of single server queues. However,
obtaining an exact solution for its stationary distribution of number in the system
has been elusive. We have to turn to numerical approaches. Here we present a very
efficient algorithmic approach for studying this system of queues.

We let the arrival process be described as follows. Let the interarrival times be-
tween two consecutive packets be <7 > 0, and define a; = Pr{« = k}. Similarly
we let the service time of each packet be . > 0 and define by = Pr{.¥ = k}. We as-
sume the interarrival and service times are independent of each other. It was pointed
out in Alfa [6] and earlier in Neuts [84] that any discrete probability distribution
with finite support can be represented as a PH distribution. Alfa [6] also pointed out
that even if the support is infinite we can still represent it by the IPH distribution,
which is just a PH distribution with infinite states. Hence GI/G/1 system with finite
support for interarrival and service times can be modelled as a PH/PH/1 system. It
was shown in Section 3.3.4 how to represent the general distribution as a PH distri-
bution. In this section we focus mainly on the case where both the interarrival and
service times have finite supports.

Consider the case where @, =0, Vk > K, =n; <o, ands; =0, Vj > K; = ny < 0.
We further write

a:[a17a2a "'7ant]7 b:[bla b27 ”'7bnx]'

There are two ways of representing each of these two distributions as PH distri-
butions, one is using the elapsed time (ET) approach and the other is using the
remaining time (RT) approach. This implies that we can actually model the GI/G/1
system in four different ways as PH/PH/1 system as follows. We write (X,Y) and
let X represent interarrival times type and Y service times type, then we have four
possible selections from: (ET,ET), (RT,RT), (ET,RT) and (RT,ET). We will present
only two of these and let the reader develop the other two. We discuss (RT,RT) and
(ET,ET).

4.10.1 The (RT,RT) representation for the GI/G/1 queue

Using the results of Section 3.3.4 we can write the interarrival times and service
times as RT PH distributions as follows. For the interarrival time with PH written as
(e, T) we have
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0,1 O
In,—l OT )

n—1

o= [ala az, dz, *--, ant]a T= |:

where 0() is a j row of zeros and /(k) is an identity matrix of order . Similarly we
can write the PH distribution for the service times as ((3,S) with

0}1571 0

a_[bl, by, b3, s b,,»v],S— |:Insl 03,1,1].
We consider a trivariate Markov chain {X,,K,,J,}, where at time n, X, is the
number of packets in the system, K, the remaining time to next arrival and J, the
remaining service time of the packet in service. The DTMC representing the number
in the system for this GI/G/1 queue is A = {(0,k) U (i,k,j) k= 1,2, g5 ) =
1,2,---,ngi > 1, i.e. we have number in the system, phase of arrival and phase of
service — in that order. The transition matrix for this system can be written as QBD

as
B C

E A Ay
P=1 4, 4y 49 ;

with
B=T,C=(ta)®3, E=T®s, 4o = (ta)®S,

A =ta)2(sB)+T®S, AHL=Tx(s23).

It is immediately clear that we can apply the matrix-geometric results to this system,
in fact we can use the results from the PH/PH/1 case here directly. The special
feature of this model is that we have additional structures which we can exploit
regarding the block matrices. The first one is that because of our arrangement of
the state space we find that our block matrix 4y has only one block of rows that is
non-zero, as such the structure of our R matrix is

Ry Ry Rz --- Ry,
0000
R=|000--0 (4.182)
0
0000

Hence we can apply the standard linear algorithm for computing matrix R so
as to work in smaller blocks. It is probably easier to work with than any of the
quadratically convergent algorithms in this special case. Based on this we have the
following equations

Ry = a;S+ Riap(s3) + Ri 1S+ R 1Ry 1 (sB3), 1<k<mn —1, (4.183)
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Ry, = an, S+ Ryay, (s3). (4.184)
Let Cp = S and C; = (s[3), and let us write

I =Co@1+C @R, H# =vecCy+ (Cl @I)vecRy, (4.185)

then we have
vecR,, = a,, I, (4.1806)

and by back substitution we have
k
VecRy, = an—y I* VA k=0,1,2,n— 1. (4.187)
v=0

All we really need to do is compute R; iteratively from
k
vecRy =Y ay, 1 J" A, (4.188)
v=0

starting with R; := 0 and the remaining Ry, k =2,3,---,n, are computed directly.
After the matrix R has been computed we can then obtain the boundary equations
and all the information about the queue.
As a reminder from Section 2.5.2, for a matrix 4 = [41, 42, ---, An], where 4,
is its v/ column, we define vecd = [AT, AY, -, 4,, ---, AL]T.

4.10.2 New algorithm for the Gl/G/I system

Alternatively we may arrange the state spaceas A = {(0,k)U (i, j,k) };k=1,2,--- n; j =
1,2,---,ng;i > 1, in which case our block matrices will be of the form
B=T,C=03(ta), E=s®T, 49 =S® (tav),
A1 =(0)® (ta) + ST, Ay = (s@ B) @ T.

With this arrangement we can exploit a different aspect of the matrices as follows.
An efficient algorithm was developed by Alfa and Xue [3] for analysing this type of
system. As usual we still need to compute the R matrix given as

R=Ao+RA| +R*4,.
It is clear that we can write

xo(B+VE) =, (4.189)

Tol + oV (I-R) "1 =1, (4.190)
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where
V=B(I—A; —RA4)"" and (4.191)

T =xo). (4.192)

A simple iteration method for computing R is
R(k+1):=Ao(I— Ay —R(k)42) ™", (4.193)

with
R(0) :=0. (4.194)

Even though this iteration method may not be efficient under normal circumstances,
however for this particular problem it is very efficient once we capitalize on the
structure of the problem. The Logarithmic Reduction method by Latouche and Ra-
maswami [65] is very efficient but only more efficient than this new linear algorithm
at very high traffic cases, otherwise this algorithm is more efficient for medium to
low traffic intensities.

Consider a matrix sequence % = {U;,0 <i < n, — 1}, where U; € R"*"s, and
define

(%)= mf Ui ® ((ta)TH. (4.195)

i=0

It was shown in Alfa and Xue [3] that the matrix sequence {R(k), k > 0} generated
from the above iteration is of the form

R(k) = f(% (k)), (4.196)

where % (k) = {U;(k), 0 <i<m,—1}. If we define ¥ (k) = {V;(k), 0<i<m —1},
where

Vo(k) =03, (4.197)
Vilk) = Vi1 (k)S+ U1 (k)s3, 1 <i <m— 1, (4.198)
then % (k) is determined from 7 (k) by
Uk +1) = ST 4 S*(1 =V (k)" Wi(k), 0 <i<m —1, (4.199)
where

ng—1

K
Vi(k)="Y a1 V;(k) and 5= a;5",
i=0 i=1

and
K =min(ng—1,n,—1).

In what follows we present the algorithm for computing the R matrix.

The Algorithm:
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1. Set stopping tolerance €

2. 8= a1S+a252+~+algSK

3. U/ :=0,i=0,1,2,---,n, — 1

4. Do

5. U :=Urer i=0,1,2,-,n,— 1
6. Vo:=s3

7. Fori=1:n,—1

8. V;:=V,.1S+UMsB

9. End

10. V'i=aVo+aVi4--+an Va1
1. V=8I —-v*!

12. Vo :=V*y

13. Fori=1:n—1

14. V; ==V, 1S+ V*(Us) 3

15. End

16. X =St 4y, i=0,1,---,n — 1
17. Until max; j | (UP)g — U2 y| < e.

4.10.3 The (ET,ET) representation for the G1/G/1 queue

Now we study the GI/G/1 system by considering the interarrival and service times
as PH distributions using the elapsed time approach.. The arrival process is of PH
distribution (, T) and service is PH distribution ((3,S) written as

a:[la Oa 0; M) OL /8:[13 07 07 ) 0]7

Til’j:{dhj:i—kl “_{13,-,]':1'4—1

0, otherwise,” ~"/ | 0, otherwise,’

where

u; /

~ 1 ~

a; = auizl_zawuo:Lan[:O»
Ui—1 v=0
Vi /

. ; .

bi=——,vi=1=Y b, vg=1, b, =0.
Vi-1 u=0

The DTMC representing the number in the system for this GI/G/1 queue is A =
{(0,k) U (i,k, /) };k=1,2,--- n;j = 1,2, ng;i > 1, i.e. we have number in the
system, phase of service and phase of arrival — in that order. The transition matrix
for this system can be written as QBD as



4.10 GI/G/1 Queues 157

B C
E A, Ao
P=1 4, 4y 49 ;

with
B=T,C=063(ta), E=s®T, 4o = S® (ta),

A1 =(0)@ (ta)+SRT, 4, = (sB)®T.

It is immediately clear that we can analyze this system using the matrix-geometric
results as we did with the RT,RT case. However, the special feature of this model
which gives us an additional structure which we can exploit is slightly different. We
find that our block matrix A, has only one block of columns that is non-zero, as such
the structure of our G matrix is

GL00---0
G, 000

G=|G 000 (4.200)
Gp 000

where G is the minimal non-negative solution to the matrix quadratic equation
G=Ay+A4,G+A4yG*. (4.201)

Hence we try and compute the G matrix first using the block structure and then
obtain the matrix R from it directly. By writing out the block matrix equations of G
as follows

G, = bZT—FbZ(tQ)Gk—FEkTGkJrl +[~Jk(ta)Gk+1G], 1 <k<ng, (4.202)

Gy, = T+ (tax) Gy, (4.203)

where by =1 — by.
For simplicity we write these equations as

Gr = biVo +biVoGyy1 +biViG + bV Gy 1 Gr, 1 <k <ny, (4.204)

G, = b, Vo +b, 1G1, (4.205)

keeping in mind that b, = 1.
Let

H =vecVy+(I@V1)vecG, J =1® Vo+(G)T@n, (4.206)

then using the same types of arguments as in the previous case we have
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vecGy = [[—S(ns—1,1) 7" 1@ V)] ' [S(ns —1,1)_F™ vecty

ng—1
+bi A+ Y, S(ng—1,j)by oy J" T A (4.207)
j=2
and
vecG,, ;= S(k,1)_F*vecVy+ (I®V1)vecGy] + by 7

k
+ > Sk )by A k=12, n - 1, (4.208)
=2

where S(i, j) = IT;_, bu,—i-

So all we need is to compute G iteratively and then compute the remaining
Gy, k=2,3,---,ng explicitly as above. A detail discussion of these results are avail-
able in Alfa [6].

4.11 GI/G/1/K Queues

In the following model, we represent the interarrival times as remaining time and
interpret GI/G/1/K as a special case of M/G/1. For this end, at time n(n > 0), let L,
be the remaining interarrival time, X, be the number of customers in the system and
J,, be the phase of the service time. Consider the state space

A= {(LH,O)U(LH7XnaJn)7nt = 1;2;"'7’1[;)(}1 = 1727"'7K;Jl’l = 172,"',7’15}'-

We also let (L, X,Ju)|n—e = (L,X,J). In what follows, we refer to level i(i > 1) as
the set {((z,0)U (i,X,J),X = 1,2,---,K;J = 1,2,---,n,}, and the second and third
variables as the sub-levels.

This is indeed a DTMC. The transition matrix P, representing the Markov chain
for the GI/G/1/K system is

[ By By By -+ By,—1 By, |
V

Vv
P, = 14 , (4.209)

where
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sB S

S
Bj:aj N V: SBS

sﬁ S S
B sB3 S
where B = s,@—i—S and s = 1 — S1, and the matrices B;,V are of dimensions (Kn; -+
1) x (Kng+1).
The Markov chain is level-dependent and is a special case of the queue M/G/1.
Let the stationary distribution of P, be & = [, X2, -+, L, ], where

Ly = [xk,07wk,la" 'aka(] and wk,i = [xk,i,laxk,i,Za" . 7xk,i,l1y]ai: 1725 Tt 7K'

The entry x; o is the probability that the remaining interarrival time is k& with no
customers in the system; x ; ; is the probability that the remaining interarrival time
is k, the number of customers in the system is i and the phase of service of the
customer in service is J.
Suppose that the Markov chain is positive recurrent, then the stationary vector &
exists and satisfies
TP, =, xl=1.

Writing B; = a;U, the equation P, = @ yields the recursion
X, =a, XU and Xy =TV +apx U, k=n—-1,---,2,1. (4.210)

With this, we have the following result.
If the Markov chain is positive recurrent, we have

Ty = Ua(V), k=1,2,3,-,n, (4.211)
ntik i . .
where @, (V) = ¥ aj.;V/, and | is normalized such that
=0
ny ny
wllz(z Ck)717 Ckzzai. (3.4)
k=1 i=k

This is based on the following induction. For k = n,, it is trivial. Suppose that
Equation(4.211) is true for k = s, then for £ = s — 1, we derive from 4.210 that

Ty | =XV +a,_1x,U = iB]U&S(V)V—I—aS_liB]U:$1U&S_1(V).

Thus from the induction process, Equation(4.211) is true for k = 2,3,--- . n;.
For evaluating & |, we substitute the formula for a,,---,Z,, into TP, = & and
obtain

t

r =X B +xV = CClU[alf-i-ﬁz(V)V] = wlUdl(V),

and the constraint 1 = 1 yields
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T\ (I+cU+c3UV 4+ e, U H1 = 1.

Noting that c; = 1 and U, V' are stochastic, then

ny

1y
ZB]IZ(ZCk)il, ck=Zai.
k=1 i=k

Note that | here has similar structure as what Alfa presented in [17]. The reader
can refer to [17] for the efficient computation of & ;. In practical computations, we
can use Equation (4.210) instead of Equation(4.211) to calculate X,k =2,---,n;

Further let y; = @1, theny = [y1,- - -,yn,] satisfies
y=y(T+tcx) and yl=1,

where (o, T) = (0, T,). This is a good criteria for checking whether & is correctly
calculated.

4.11.1 Queue length

Recall the variable xy o is the probability that the remaining interarrival time is & with
no customers in the system; x; ; ; is the probability that the remaining interarrival
time is &, the number of customers in the system is 7 and the phase of service of the
customer in service is j. Hence, if we let g; be the probability of having i customers
in the system. Then

ny ny
qo = Zxk,o = 2 e, (4.212)
ng  ng
Z Zxk,/ Za:keh i=1,2,-- K, (4.213)
k=
where &; = E}Jﬂz’i(, D €

4.11.2 Waiting times

In order to study the waiting time distribution, we need to obtain the state of the
system just after the arrival of an arbitrary customer. Let %7 be the number of cus-
tomers in the system as seen by an arriving and unblocked customer at the steady
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state. Let

Vio=Pril =k % =0}, Wi =Pr{l=kU =iJ=j}
Further let

¢0 = [V’l,oa Y20, Wnt-,o]? wi = [¢l,ia¢2,i7 T 7¢n[,i]7

and
’l,bk,,- = [llfk,i,l s Whi2s s llfk,i,ns},

then by conditioning on the state of the observation of the system at arrivals, we
obtain

Py =h [z (tar) + ¢ (tar) @ 5], (4.214)
K—1
Y =hz((t) @)+ Y, xip (tar) @53, (4.215)
i=1
where o = [x1,0,X2,0 -, Xn, 0], i = [XL1,;, L2, -+, Lp, i], and

h=[xo(tae) + o) (tar) @ s]1 + [x;((tax) @ S) +K21 T (ta) ® (sB)]1.
i=1

=
Let # be the waiting time of a customer. Define
W, =Pr{¥ <r}, wp = Pr{¥ =r}.

The waiting time of an arbitrary customer is the workload in the system as seen
by him, at his arrival. Hence, we have

wo = P,1, (4.216)
,

wy =2 (1, @1,)B) 1, 21, (4.217)

i=1
where B! satisfy

B=h, B=(8), B=0 B=5"(8) =1,
B.=(sB)B -\ +SB |, 2<i<r

where the matrix B’ represents the probability distribution of the work in the system
at the arrival of a customer who find i customers ahead of him, and (B.),,, represents
the probability that the phase of the service of the customer in service at his arrival
of the arbitrary customer is u and at the completion of the i customer service it is
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in phase v, and that the workload associated with the i customers in the system is
units of time.

To derive the distribution of W,, we need to define X, be the number of customers
ahead of the arbitrary customer in the queue, and let J, be the service phase of the
customer in service. Then the state space of the absorbing Markov chain is given as

AV ={(0)UX,,J), X =1,2,-- K—1;J, =1,2,---,ng},

and the associated transition matrix is just the (K — 1)ny+ 1) x (K — 1)ng+ 1)

principle submatrix of 7. We denote it as ¥;,. Let z(¥) = [z(()o),z(lo),zgo) yoee ,zg)l]],

where z(()o) = 'Polnt,z(o) = 1/)(0) (1,, ® I, ), then we have

7 i

)

2 =207y, =70 Vi, i>1

and

4.11.3 Model 11

In this section, we consider the GI/G/1/K system with the interarrival time with rep-
resentation (¢, T') and service times with representation ((3,S). We use the remain-
ing service time as the first variable, i.e. the level, for the state space of GI/G/1/K
system. Let L, be the phase of the arrival, X,, be the number of the customers in
the system, J, be the remaining service time of the customer in service at time 7.
Consider the state space

A= {(07Ln)U(Jn7)(naLn)7Jn = 1727"'7nS;Xﬂ = 17"'»K;Ln = 17"'7nt}'

It is obvious that A is indeed a Markov chain with transition matrix P, as

S i
Do Dy Dy D3 -+ Dy .1 Dy,
H

Py = H ’
H

H 0

where E = [ta,ﬁ],Do = {g} with 0 of dimension n; x (K —1)n;, and for j > 1,
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tox T tx
R T tx
T tx D
where D =to+ T and t =1 — T'1, and the matrices D;(i > 1), H are of dimensions
(Kl’lt) X (Kl’lt)
Obviously, P, is also a special case of M/G/1, and it is easy to show that P,

is positive recurrent always. Hence the associated stationary distribution exists. Let
the stationary distribution of P, be y = [yo,¥1,¥2,",¥n,], Where

Yo =Do1,002, Yomls  Ye= Vi1, Yek]s
and yi; = Vi1 Vki2> 5 Vhin )i = 1,2, K.
Writing D; = b;F, j=1,2,---,m, we have
Ve =V1Fbi(H), k=23, ,nj, (4.218)

where by (H) = 2']’?: _Ok bi+jH/, and [yo,y1] is the left eigenvector which corresponds
to the eigenvalue of 1 for the stochastic matrix

T E
Do D11 |’

where D = 27';1 b,FH’ ~! records the probability, starting from level 1, of reach-
ing level 1 before level 0, and [yo,y1] is normalized with

Ny
Yol +yi[l+ (Y é)F]1=1, (4.219)
k=2

where & =3, by.
The arguments leading to this result are as follows. The equality yP, =y yields

Y, :leﬂx and Yi =Y1Dr +yir1H, k=2,3,--- ns.
From this recursion and induction process, it is easy to show that Equation (4.218)

is true for k =2,3,-- -, n.
Also from the formula Equation (4.218) for y, and the equation

T FE
T E
Yo vil=o y1 2l [DoDi| =y nl|, p |
0 H 0 11

we obtain
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ng )
Dy =Dy +Fby(H)H =Dy +DyH+ -+ Dy H" ' =Y b,FH/ .
Jj=1

Now the equation y1 = 1 leads to

ng

Yol +yi1+ Y yiFbu(H)1 = 1.
k=2

We consider the same GI/G/1/K system but with J,, representing the elapsed ser-
vice time of the customer in service at time 7, L, be the phase of the arrival, X, be
the number of the customers in the system. We present only Model II and the cor-
responding transition matrix associated with the DTMC. The transition matrix Py,
should be

T E
G B 4
G B A
Fie = : :
Cnsfl anfl Ansfl
i Cy, By, 0 i

where B; = (1 — EJ)F, A; = EjH, Ci=(1- IN)j)DO, and F,H,Dy,E are defined in
Section 4.11. Let the stationary distribution of P, be 'y = [yo,¥1,¥2," -, ¥, ), Where
y; are defined earlier. Similarly, we have the following result.

For this we have

Vi = Yk—14k—1, k=23, ns, (4.220)

and [yo,y1] is the left eigenvector which corresponds to the eigenvalue of 1 for the

stochastic matrix
T E

by(H)Do by (H)F |’

where by (H) = Il —11 b;H/~! and [y, y1] is normalized such that

yol+ (Y &)yl =1,
k=1

where & =¥, by.

Note that the most computationally involved step in Model I-1I is evaluating the
matrices d;(V) and by (H), respectively. Therefore, Model I is more appropriate
when n; > ng, and Model II is good when n; < ng. When n, = ny, either method is
appropriate.

The idea of re-arranged state space is easily extended to the GI*/G/1/K system.
For details see Liu, Alfa and Xue [70].
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4.12 MAP/PH/1 Queues

The MAP/PH/1 queue is a generalization of the PH/PH/1 queue. If we let the ar-
rivals be described by the two sub-stochastic matrices Dy and D, of order n;, with
D = Dy + D being a stochastic matrix. Letting the service times have a phase type
distribution with representation (/3,S) of dimension 7y, then we can simply analyze
this system by replacing the block matrices of the transition matrix of the PH/PH/1
queue as follows. Wherever T appears in the PH/PH/1 results, it should be replaced
with Dy and wherever t” o appears in the PH/PH/1 queue it should be replaced with
D. Consider the transition probability matrix of the PH/PH/1 system written as

B C
E A, Ao
P=1 4, 4) 4 ;

then the block matrices for this MAP/PH/1 has the following expressions
B=Dy,C=D1®3, 40=D1®S, A1 =Dy @S+ D1 ® (s3), 42 = Dy ® (s(3).

The rest of the analysis is left to the reader as an excercise.

4.13 Batch Queues

Batch queues are systems in which at each arrival epoch the number of items that
arrive could be more than one. This is very common in telecommunication systems
where packets arrive in batches. Also we may have batch services where more than
one item are served together, such as public transportation system where customers
are served in groups depending on the number waiting, the server capacity and pro-
tocols. This also happens in telecommunications where messages arrive in batches;
for example in the ATM system of communication, packets of different sizes arrive
at the system and then the packets re-grouped into several cells of equal sizes — these
cells will be the batch arrivals in this case.

4.13.1 Geo*/Geo/l queue

Usually because we are working in discrete time and the size of the time interval,
otherwise known as the time slot in telecommunications, affects how we account for
the arrival. There is a high chance that if there is an arrival in a time slot that arrival
could be more than one. Hence considering a queueing system with batch arrivals is
very important in telecommunications.
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Here we consider a case where arrival is Bernoulli with @ = Pr{an arrival in a time
slot} and a its complement. However when arrivals occur they could be in batch. So
we define 6; = Pr{number of arrivals in a time slot is i}, given there is an arrival,
with /> 1. Welet 6 =Y | i6. Let us further write co = a and ¢; = a6;, i > 1. We
therefore have a vector ¢ = [cp, ¢j, -] which represents arrivals in a time slot. The
mean arrival rate is thus given as A = a6. We also let the service be geometric with
parameter b. Consider the DTMC {X;,, n > 0} with state space {0, 1,2,---}, where
X, is the number of items in the system at time 7. It is straightforward to show that
the transition matrix of this DTMC is

€o €1 €2 €3 -
dpapaz az ---

p=| @aia | 4.221)
apg ay -+

where ¢; are as defined above and
ag = bcy, a; = bci—i—l;ci,l, i>1.

This is a DTMC of the M/G/1 type and all the matrix-analytic results for the M/G/1
apply. Provided the system is stable, i.e. provided A < b, then we have a unique
vector & = [xg, xi, X2, ---] such that

r=xP, x1=1.
We have the general relationship

i+1
X; =x0Ci+ ¥, Xj@i—jr1, >0, (4.222)
j=1

We can apply z—transform approach or the matrix-analytic approach to analyze
this problem.

4.13.1.1 Transform Approach

If we define
X*(z) = Zzixi, c*(z) = Zzici, and a*(z) = ZZiai, Iz <1,
i=0 i=0 i=0

then we have
(4.223)
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We know that X*(z)|,—.; = 1. However, we have to apply I’Hopital’s rule here.
First we show that

zc*(z) = z(a+ab(z)), (4.224)
hence .
W‘z—»l =1+aé,
implying that ¢ = Y77 | ic; = 6. We can also show that
4@ (2) l._1 =bc+bc+b=ab+b. (4.225)

dz

Now we have
X*(2)|se1 =1=x0[1 +a6 —b—ab][1l —b—ab] " =xob[1 —ab —b]~", (4.226)

which gives

Xo = —1-= (4.227)

Hence we write _
X'(z) = . (4.228)

4.13.1.2 Examples

e Example 1: Uniform batch size: We consider the case in which the batch size
varies from k; to k, with 6; being the probability that the arriving batch size is i
with 6; =0, i < ky;i > k> and both (kl,kz_) < oo,

For this example, 6*(z) = Zl]‘z: . fi 6; and 6 = 21;2: 4, /0;. For example, when &y =
ky = 3 we have 0*(z) = z* and 6 = 3. For this we have

b—3a)[z* —a*(2)]
b(z—a*(2))

e Example 2: Geometric batch size: We consider the case in which the batch
size has the geometric distribution with parameter 6 and ; = 0(1—6)"~!, i > 1.
In this case 0*(z) =z(1 —6)(1 —z0)"! and 6 = 6. For this example we have

(b $)P(1-6)—a"(z)(1-26]

o= b @)

In both examples we simply substitute 6*(z) appropriately to the general trans-
form results presented earlier, Equation (4.229), and then obtain X*(z).
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4.13.1.3 Matrix-analytic Approach

By virtue of the fact that if this system is stable, then the G matrix which is a scalar
here and we call it g, will be unity. In this case we can easily apply the recursion by
Ramaswami [89] as follows.

For any size k£ > 1 we write the transition matrix

[coc1ca - Gt XigCj ]
apay ax - -1 Xi_id;

po | OO e Ry 4229
P(k) = ao - a3 Sy oa; | (4.229)

L ap  Xija; |

which can be written as

[cocicr -1 Ok |
ap ay az -+ ag_1 i
ap ay -+ ag_o dg—1
Pk) = ao -+ ap_3 g | > (4.230)
L ap  dr |
where ¢ = Z;-"zkcj, p_y = Z;":k_vaj.
Hence we can write
| k—1
xp=(1=a1) o+ Y xjdp—j1], k=1,2,--- (4.231)

Jj=1

Keeping in mind that the xo is known then the recursion starts from k£ = 2 and
continues to the point of truncation.

4.13.2 Geo/Geo" /1 queue

In some systems packets are served in batches, rather than individually. Here we
consider a case where arrival is Bernoulli with a = Pr{an arrival in a time slot} and
a its complement. Service is geometric with parameter 5 and also in batches of size
A, with 0; = Pr{# =i, i > 1}, with 37 10; = 1. We can write bp = 1 — b and
b; = b6;. We therefore have a vector b = [bg, by, ---] which represents the number
of packets served in a time slot. The mean service rate is thus given as u = b0,
where 6 =37, j0;. Consider the DTMC {X,,, n > 0} with state space {0,1,2,---},
where X, is the number of items in the system at time . It is straightforward to show
that the transition matrix of this DTMC is
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co di
c1 dy dy

p— |c2dad do
C3 d3 d2 d1 d()

where

J
co=l-a,dy=a,di=abj+(1—a)bj_y, j>1,¢c;=1-Y di, j>1.
k=0

It is immediately clear that we have the GI/M/1 type DTMC and we can apply the
related results for analyzing this problem. First we find the variable » which is the
minimal non-negative solution to the non-linear equation

r= i a_jrj.
J=0

If the system is stable, i.e. a < b0 then we have a solution
r=xP xl=1,
where X = [xg, x1, x2, -], and
Xit1 = Xl

The boundary equation is solved as
X0 = Exjcj =Xy z re;.
Jj=0 J=0

This is then normalized by xo(1 —7)~! = 1.
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Advance Single Node Queuing Models

5.1 Multiserver Queues

Multiserver queueing systems are very useful in modelling telecommunication sys-
tems. Usually in such systems we have several channels that are used for communi-
cations. These are considered as parallel servers in a queueing system. Throughout
this chapter we will be dealing with cases where the parallel servers are identical.
The case of heterogeneous servers will not be covered in this book.

Two classes of multiserver queues will be dealt with in detail; the Geo/Geo/k
and the PH/PH/k. We will show later that most of the other multiserver queues to be
considered are either special cases of the PH/PH/k or general cases of the Geo/Geo/k
systems.

One key difference between discrete time and continuous time analyses of queue-
ing systems comes when studying multiserver systems. As long as a single server
queue has single arrivals and only one item is served at a time by each server then
for most basic continuous time models the system is BD such as the M/M/s or QBD
such as the M/PH/s. This is not the case with the discrete time systems. As will be
seen in this section, the simple Geo/Geo/k system is not a BD. It is a special case of
the GI/M/1 type but may be converted to a QBD. This key difference comes because
it is possible to have more than one job completion at any time, when there is more
than one job receiving service. This difference makes the discrete time multiserver
queues more involved in terms of analysis.

5.1.1 Geo/Geo/k Systems

In the Geo/Geo/k queue we have packets arriving according to the Bernoulli pro-
cess, i.e. the inter-arrival times have geometric distribution with parameter a =
Pr{an arrival at any time epoch}, with a = 1 — a. There are k < oo identical servers
in parallel each with a geometric service distribution with parameter band b= 1—5.

A.S. Alfa, Queueing Theory for Telecommunications, 171
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Since the severs are all identical and have geometric service process, we know that
if there are j packets in service, then the probability of i (i < j) of those packets

having their service completed in one time slot, written as b{ is given by a binomial
distribution, i.e.

o= (])pa-or oz (5.1

Consider the DTMC {X,,, n > 0} which has the state space {0,1,2,3,---} where X,
is the number of packets in the system at time slot n. If we define p; j = Pr{X, ;| =
Jj|Xn = i}, then we have

Do = a, (5.2)
Po,1 = a, (5.3)
pO,jZOa V]ZL (54)
and .
ab, j=i+1,i<k
) ab, j=0, i<k
pl}j - abifjJrl +Jb§7j’ 1 S] Sl 5 (55)
0, j>i+l i<k
and
co = abf, j=i+1, i>k
k1 = abk, j=i—k, i>k
pij =1 Cijr1=abf ;. +abl  1<j<i i>k (5.6)
0, J>i+l, i>k
0, i>k, j<i—k

It is immediately clear that the DTMC is of the GI/M/1 type, with p; ; =0, i >
k, j <i—k. Hence we can easily use the results from the GI/M/1 to analyze this
system.

5.1.1.1 As GI/M/1 type

We display the case of k = 3 first and then show the general case in a block matrix
form. For k& = 3 the transition matrix of this DTMC is given as

a a
abl abl +ab}  ab}
abs abs +ab? ab? +ab}  ab}
p— | ab3 abi +ab3 ab3 +ab; abj +aby  ab}
ab3  ab3+ab3 ab; +aby ab} +aby  ab}
ab3  abi+ab3 abs +ab; abi + ab} ab}

which we write as
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-Po.o Po1

P1o P11 P12

P20 P21 P22 P23

P = Cq4 C3 C2 C1 Cp . (5.7)

Cq4 C3 C2 C1 Cp
Cq4 C3 C2 C1 Cp

We consider a stable system. Our interest is to solve for x = P, 1 = 1, where
T = [xo, X1, X2, ). We first present the GI/M/1 approach for this problem.

It is clear that the rows of the matrix P are repeating after the (k+ 1)* row. Let
the repeating part be written as [cx41, ¢k, -+, co]. It is known from that this DTMC
is stable if

B>1,

where § = Zﬁi(l) ve, which gives B = kb+ a > 1. Hence provided that
kb>a (5.8)

then the system is stable. For a stable system we have a scalar » which is the mini-
mum non-negative solution to the equation

1
r= zrfc_,-. (5.9)
=0

It is easy to see that 7 is the solution to the polynomial equation

r=(br+b)*(a+ar). (5.10)
Using the GI/M/1 results we have
Xipk =xpr, >0, (5.11)

However, we still need to solve for the boundary values, i.e. [xp, x1, -+, Xz
Solving the boundary equations reduces to a finite DTMC problem. For the case
of k = 3 we display the transition matrix corresponding to this boundary behaviour,
using p; ; as elements of this finite DTMC. We call the transition matrix £, and write
it as follows:

Po,0 Po,1
_ | P10 P11 P12 . (5.12)
P20 P21 P22 P23

4 i 4 e 4 i
C4 2i=3”l 3Ci 2,’:2”1 201‘ 24:1”1 1Ci

Now going back to the more general case from here we can write this equation
as
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40,0 40,1
q10 4911 412
920 4921 4922 423

Ph= ; (5.13)
qk0 49kl qk2  9k3 Gkl
| k+1,0 9k+1,1 k+12 9k+13 *** Gk+1k+1 |
and solve for the boundary values as
[ro x1 x2 -+ xi] = [xo x1 %2 -+ xt] Py (5.14)
This can be solved easily starting from
1—
= X1 (1= Gr1 1) (5.15)

Gk k+1

and carrying out a backward substitution recursively from j =k—1upto j =1 and
into

k+1
Xp= Y xg, 1<j<k—1, (5.16)
v=j—1
k+1
X0 = zxqu,0~ 5.17)
v=0
This is then normalized as
o0 k=1
Yxi=1, »x(l-r)'+Yx =1 (5.18)
Jj=0 Jj=0

The distribution of X}, |, is now fully determined, using the standard method.
We point out that Artalejo and Hernandez-Lerma [19] did discuss the above-
mentioned recursion for obtaining the boundary values.
Next we consider studying this problem as a QBD DTMC.

5.1.1.2 As a QBD

There are more results for QBDs than any other DTMC with block structures in
the literature. So whenever it is possible to convert a problem to the QBD structure
it is usually an advantage. We study the Geo/Geo/k problem as a QBD. Consider a
bivariate DTMC {(Y,,J,,),n >0}, ¥, =0,1,2,---, J,=0,1,2,--- k— 1. At anytime
n we let kY, +J, be the number of packets in the system, i.e. kY, +J, = X,,. For
example, for the case of k = 3 the situation with ¥, = 5,J, = 2 implies that we have
3 X 542 = 17 packets in the system, including the ones receiving service. What
exactly we have done is let ¥, be a number of groups of size £ in the system and J,,
is the remaining number in the system that do not form a group of size k. In order
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words, J, = X,, mod k. The transition matrix associated with this DTMC can be
written in block form as

B C
Ay Ay Ao
P= Ar A1 Ao ) (5.19)

with
Poo  Po.1
P1o P11 P12

Pik—1,0 Pk—1,1 ** Pk—1jk—1

0 0 i
0 00
C= . ,
P10 0 |
Cit1 Cp = €2 00
AU 000
Ay = Gl S, Ao= ...,
Ch1 €00
C1 Co i
Ccy €1 Q)
A= ,
Ck Cp—1 "+ €1 |

where the entries c; are as given above.

This system is now set up to use the QBD results. Provided the system is sta-
ble we have a matrix R which is the minimal non-negative solution to the matrix
quadratic equation

R=Ao+RA; +R*4>.

Because of the structure of Ay, i.e. only its bottom left corner element is non-zero,
then we have an R matrix which has only the bottom row elements that are non-zero.
The R matrix has the following structure

00
000

R=1|.. . . | (5.20)
rory - rg—1

Now we have the stationary distribution of this system given as
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y=ypP yl=1,

Wherey: [YO7 Y, - ]7 Y = [yi,()a Yi,h ceey Yi,kfl] = [xk(i71)7 xk(i71)+]7 ey xki*l]~
It is straightforward to show that

rp = (ro)’ ", (5.21)

where ry = r that was calculated from the GI/M/1 version. Hence computing R
simply reduces to actually solving for the  in the GI/M/1 system.
From here we apply the boundary conditions as

Yo =YoB[R], yol =1,
where B[R] = B+ RA». The normalization equations are then applied to obtain
yoI—R)'1=1.
Now we can apply the matrix-geometric result, i.e.
Yi+1 =YiR, 1 > 0.

Given y we can determine .

5.1.1.3 An Example

Consider an example with a = .25, b = .65, k = 3, we have kb = 1.95 > a = .25.
Therefore the system is stable. We proceed with computing the » which is the solu-
tion to the polynomial equation

r=(35+.65r)3(25+.75r).
The minimal non-negative solution to this equation is given as
r=0.0118.
Next we compute R matrix. First we compute Ay, 41 and 4, as

0.0919 0.0107
Ay = , A1 = 10.2901 0.0919 0.0107 | ,
0.010700 0.4014 0.2901 0.0919

0.206 0.4014 0.2901
Ay = 0.206 0.4014
0.206

The R matrix is obtained as
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0 0 0
R= 0 0 0
0.0118 1.3924 x 107994 1.6430 x 10906

We notice that 7; = /1.

5.1.1.4 Waiting Times

We can study this using direct probability arguments (we call this the traditional
approach) or using the absorbing Markov chain idea. Now we work on the basis
that the vector & = P, 1 = 1 has been solved. We consider the FCFS system. We
will only present the waiting time in the queue; the waiting time in the system can
be easily inferred from the waiting time in the queue.

We define W4 as the waiting time in the queue for a packet, and let W/ =
Pr{W? <i},i>0.

e Traditional approach: This approach uses probability arguments directly. It is
straightforward to show that

k—1
wi =Y x;. (5.22)
=0

The remaining W;’, j > 1 are obtained as follows: Let A}, "**1 be the probability
that it takes no more than w units of time to complete the services of v —k+ 1
packets in the system when there are v packets in the system. Then

J
wi="H""x, j>1 (5.23)
v=k
The term Hij can be obtained recursively as follows:
We know that
1 i
H =1—-(1-b), i>1, (5.24)
then we have
it -
H = z BH! ), j<i<eo (5.25)
v=1

Next we develop the z-transform of the waiting time, but before we go further
first let us develop some useful transform that will be helpful. Let 4; be defined
as the probability that the service time of a packet is no more than i and #*(z) as
the corresponding z-transform, then we have

oo oo

h(z) =3 2hi =Y 2 (1—(1-b)), |z] < 1. (5.26)

i=1 i=1

It is straightforward to see that
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h*(z) = T —Z)(lz—b(l myst |z < 1. (5.27)
zb

We know that f*(z) = T==(1=p) 1 the z-transform of the distribution of service
time of a packet. If we define hl(j ) as the probability that the total service times of
J packets is less than or equal to i > j then we can easily show that for the case

of 2 packets

hl(2) = fihi1+ fHhi o+ + fisihy, i > 2. (5.28)

Taking the z-transform of this and letting it be defined as #(?)(z) we have

7 2
W (2) = h(z)f(z) = a _Z)(l(b_)z(l 7 (5.29)

After repeating this process incrementally we have

6 =@ = _z)(1(b—zll(1 5 HI<1 (5.30)

Now if we let W9*(z) = 3 2'Wy!, |z| < 1, then we have

. k—1 =3 (bZ)V7k+l
W () = : 1. 5.31
@)= 2+ 2o gy <t 63D
This reduces to

o (bZV)v7k+1

We(z) = W”Zk (=21 —z(1=5))

k=1
T T ij, lzZ] <1. (5.32)
j=0
e Absorbing Markov chain approach: This is based on the matrix-analytic ap-
proach. Since this is a FCFS system, once an arbitrary packet joins the queue,
only the packets ahead of it at that time complete service ahead of it. Hence by
studying the DTMC that keeps track of packets ahead of this arbitrary packet we
end up with a transition matrix P,, where

1
Ay Ay
i | (5.33)

LN

P, =

with
b by - b b
BE - bk
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0)

Let us define a vector u®) =y, with corresponding smaller vectors uf» =Yy, and
let
u® =u=Vp, =P i>1.
We have ‘
Wi =Priwt <iy=u'1,i>1, (5:34)
with
wd =ul"1. (5.35)

5.1.2 Gl/Geo/k Systems

This system can be studied using different techniques. However we are going to
present the matrix-analytic approach which is easier to explain and the display of
its matrix makes it easy to understand. The matrix approach uses the remaining
(residual) interarrival time as a supplementary variable.

We assume that this system has interarrival times that have a general distribution
vector a = [aj, aa, ---|. The service times follow the geometric distribution with
parameter b, and b{ is the probability that the services of i out of the ; in service are
completed in a time epoch. We have k < e identical servers in parallel.

5.1.2.1 Using MAM - Same as using supplementary variables

Consider the DTMC {(X,,J,),n > 0}, X, >0, J, = 1,2,---. At time n, we define
X, as the number of packet in the system and J, as the remaining time before the
next packet arrives. The transition matrix representing this DTMC is given as

[ Boo Bo.i
Bio Biy Bip

P=|Bro Bxi -+ Bix Bris1 ; (5.36)
Ay Ar A1 -+ Ao
Apyr Ar Ak—1 -+ Ao

where the block matrices are defined as follows. First we define new matrices to
help us make a compact representation of the blocks. Define /. as an identity matrix
of infinite order, 07 as an infinite order row vector of zeros and 0.. as a infinite order
square matrix of zeros. Now we can present the block matrices as

bia 0~ ba :
Ao = A = *° 4A: = <<
0 {Ow } e [bﬁlm P bfil]w 1sisk,
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or a
Bo,o{] },30,1{0 },
OT

Bi.o:[b,:] }, 1<i<kaBi,i+1:|:0 :|71<i<ka
o oo

bia , .
Bi,j: bi I ,ISZSk,ISJSZSk
-1t

As an example, we display one of the blocks in detail. Consider the block matrix
A;, 1 <i <k we write out as

We assume that the system is stable and let the x; ; = Pr{X, =i,J, = j}|p—, and
further let &; = [x; 1, x;2, ---] and & = [Ty, X1, ---]. Then we know that & is given
as the unique solution to

x=xP xl1=1.

We also know that there is a matrix R which is the non-negative solution to the

matrix polynomial
k1
R= ) R/A;.
Jj=0

This R matrix has the following structure, by virtue of the structure of matrix Ay,

rLrar3 -
000O0-
R=1000 ; (5.37)
where 7;, i = 1,2,---, are scalar elements.
Clearly, to obtain the matrix R we will have to truncate it at some point. It is
intuitive that if the elements of a = [a;, a2, a3, ---] are decreasing from a point
K < o onwards then the elements of r = [r, 72, 73, ---] will also be decreasing from

around that point. In such situations, which are the ones encountered in practice, we
can assume that an appropriate truncation would be acceptable. After obtaining the
R matrix we simply go ahead and apply the standard matrix-geometric results to this
problem.

Now we consider a special case where the interarrival times have finite support.
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Case of finite support for interarrival times:

When the interarrival time has a finite support K, = n; < oo, then this problem
becomes easier to handle. There is no truncation needed and capitalizating on the
structure of A4y still helps tremendously. First let us define an identity matrix /; of
order j a row vector of zeros 01T of order j and a corresponding column vector 0;.
The structure of the transition matrix remains the same, however the blocks need to
be defined more specifically for dimension. We have

bka 0’ 0 ]
Ao=1|o Cor |, Arpr=| ! ,
0 [on,lo,i] et {biln,l 0,1
b].‘a ~ .
Ai: |: L :| 7Ai:[b{‘(711nt—17 0";—1}7 1 Sl§k7
1

or 0
B — ng—1 ,
0.0 |: Int 1 0ntfl :|

a o’ 0
By = , Big=|,/"! , 1 <i<k,
o {ontloi} 0 [b;ln,l on,l] A

bha .
Bl7l+1 |:0n[10r711:| ) 1 _Z_k7

Bl,/ |:gij:|’ lj*bl 1]n,71, On[71]7 1§i§k; lS]SlSk

5.1.2.2 Numerical Example

Consider the case where k£ = 3, b = 0.25. We assume that the interarrival time
has a finite support n, =4, with a =[0.1, 0.3, 0.5, 0.1]. The mean arrival rate
isA= (Zj 1 ja;)~! = 0.3846 and service rate is it = kb = 0.75. We only display
A(), A], A2, A3, andA4.

[ @16} axb3 asby ashy]  [.0016 .0047 .0078 .0016 ]
o= | 0O 0O 0O 0 0o 0 0 0
0 0 0 0 o 0 o0 0 |’
o 0o o o] | 0 o0 0 0
[a1b3 axb3 asbi ash3]  [.0141.0422 .0703 .0141 ]
4= By 0 0 0 | |.0156 0 0 0
lo » 0 o | | 0 015 0 o0 [
L 0 0 B o] | 0 0 .015% 0 |
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[a1b3 axb3 asb3 asb3|  [.0422 .1266 .2109 .0422 ]
4o b 0 0 O | [.1406 0 0 O
o » 0o o | | 0 .1406 0 0
L0 0 b 0 | 0 0 .1406 0 |
a1by ab} azb3 asby | [.0422.1266 .2109 .0422 ]
4o | B0 0 0] 14219 0 0 0
Tlo » 0o o | | 0 4219 0 o0
0 0 b 0 . 0 0 4219 0 |
0000 0 0 0 0
L_|B0o0o0 4219 0 0 0
Tlonool | 0 4219 0 0
00H60 0 0 .42190

The resulting R matrix is given as

.0017 .0049 .0080 .0016
0 0 0 0
0 0 0 0
0 0 0 0

R =

5.1.3 PH/PH/k Systems

The PH/PH/k system is a queueing system in which the arrival process is phase type
with paramters (¢, T) of dimension n, and service is phase type with parameters
(3,S) of order ny, with k < oo identical servers in parallel. We will see later that this
system is really a reasonably general discrete time single node queue with multiple
servers. Several other multiserver queues such as the Geo/Geo/k, GI/Geo/k (with
finite support for arrival process) and Geo/G/k (with finite support for service times)
are all special cases of this PH/PH/k system.

A very important set of matrices that are critical to this system relate to the num-
ber of service completions among ongoing services. To that effect let us study the
following matrix sequence {B/, 0 <i < j <k < oo}. This matrix records the proba-
bility of i service completions in a time slot when there are j items in service (i < j).
We present a recursion for computing this matrix sequence. First we re-display the
matrix sequence {B;7 0 <i < j < e} which was defined in the previous chapter.

B(l):S’ B% :(513)7
S o
By=By ®S, Bj=B/,®(sP),
B =B | oGB)+B s, 1<i<j—1

Let us further consider another matrix sequence {E{ , 0<i<j<k<eo}, with
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Bl =5, (5.38)

and _ ) )
B =B "oSs+B | ®s 1<i<j—1. (5.39)

Now consider a DTMC { (X, L,,J,(X,)),n > 0} where at time n, X, is the number
of packets in the system, L, is the phase of arrival and J,(X,) is the set of phases
of service of the items in service out of the X, items in the system. The state space
is {(0,u) U (i,u,v(i)), i>0,u=1,2,-- n,v(i)={1,2,--- 7115}”””{"’1‘}}. Note that
if there are u items in service then v(u) = {1,2,---,n,}", because we have to keep
track of the phases of service of u items. The transition matrix of this Markov chain
can be written as

[Coo Co,
Cipo Ci1 Cip

P=1{Co Ci - Cik Cris , (5.40)
Akpr A Ak - Ao

where the block matrices are defined as follows:
Ao = (ta) @ BS, 4; = (ta) @ BE¥ + T BY |, 1 <i <k,

A1 =T®BE, Coo=T, G = (ta) ® 3,
Cio=T®B, Ciiy1=(ta)@Byo3, 1 <i<k-—1,
Cv=TRB_,+(ta)®B_,, ,®0, 1<v<i<k-1,

and
Cr.j = Aks1-j, 0<j<k+1.

We can now apply matrix-analytic method (MAM) to analyze this system. The
procedure is straitghtforward. The only challenge is that of dimensionality. The R
matrix is of dimension n,ns* x n,ng¥. This could be huge. As such this problem can
only be analyzed using MAM for a moderate size number of servers. For example,
if we have an arrival phase type of order n, = 2, service phase of order n; = 2 and
number of servers k£ = 5, then our R matrix is of order 64 x 64, which is easily
manageable. However, if the number of servers goes to £ = 10 we have an R matrix
of order 8192 x 8192 — a big jump indeed.

For a moderate size R we apply the GI/M/1 results of the matrix-geometric ap-
proach. We calculate R which is given as the minimal non-negative solution to the
equation

k+1
R=Y R'4,.
v=0
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Given that the system is stable, then we have that
T=xP, xl1=1,

with
T = [Ty, T1, T2,--], To= [xo,l, X0,2, xo,n,]7

;= [513[,1, Lo, -+, wi,n]7 Z;= [xi,j,h Xij2, "t xi,jﬁ,(i)}v

where n; (i) = min{ins, kns}.
From the matrix-geometric results we have

L1 =TR, i>k
The boundary variables &, = [Ty, T1, ---, ;| are obtained by solving

), = TpB[R], Tp1 =1,

where
Co0 Co,1
Cio Ciy Cip
BR=| z g
G100 Gio1 Cr12 e Cr1k

Cro Gt +RAk1 Cra+ 3} RV Ayt Crpsr + 25 R4y
This is then normalized by

k—1
ol + (Y x )1+ (I-R) '1=1.

v=1

Usually, all we can manage easily when the dimension of R is huge is just to
study the tail behaviour of this system.

5.1.4 Geo/D/k Systems

This type of queue was used extensively in modelling Asynchronous Transfer Mode
(ATM) system. The system is as follows. There are k£ < oo identical servers in
parallel. Packets arrive according to the Bernoulli process with parameter a and
each packet requires a constant service time d < oo which is provided by just one
server, any of the k servers, with & < d. If we know the total number of packets
in the system at time ¢ > 1, we can easily study the number in the system at times
t,t+d, t+2d, t+3d, ---, t+jd, ---. The continuous time analogue of this sys-
tem is well discussed by Tijms [98]. The first related result on the M/D/k system is
by Crommelin [33].
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Let o7, > 0 be the number of packets that arrive during the time interval of
duration m > 1, and let

al' =Pr{id, =i}, 0 <i<m. (5.41)

Further let X, be the number of packets in the system at time » and ¢,,,, = Pr{X, 1| =
V[Xy = W}|n—e, then we have

d .
e :{ aj, 0<v<d;0<w<k, (5.42)

an 1<v<dyi>k+1.

It is clear that )X, is a DTMC with the transition probability matrix P given as

r,d d .,d d 7
ag ay a; -+ a,
d d d d

ag ap a -+ le

P= ag ag aZ d az ) . (5.43)
Qo ay dy - dy

d d ,d d
ag ay a; -+ a,

This P matrix can be re-blocked to have
B C
E A1 Ay

p=| 4241 4o (5.44)
Ay Ay Ao

where the matrix B is of dimension & x k, C is of dimension k x (d —k+ 1), E is of
dimension (d —k+1) x kand 4;, j = 0,1,2 are each of dimension (d —k+ 1) x
(d —k+1). We display only B and C and the rest of the block matrices follow.

d d d d d d
aga}j--~a§_1 ak ak+1~~ad
a a ...a a a ...a
09 k-1 * Yk+1 d
B=1 . . L, C=1 0 )
d d d d d d
o ay - gy i Ay -0 Ay

We can now apply the matrix-analytic results for QBD to this problem. We can
obtain the matrix R which is the minimal nonnegative solution to the matrix Equa-
tion R = Ay + RA; + R2A», obtain the solution to & = P, 1 =1 and also solve
the boundary equations and normalize. After that we have ¢ and @ determined,
where © =[xy, T1, T2, ---] and ;| = T;R.
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Finally the distribution of number in the system x; = Pr{X; = i}|;— is obtained
from the following relationship:

T = [x0, X1, -+, Xp—1)s L1 = Xy Xkg1, -+, Xd)s

)= X1kt 1)k X(m1)(d—kt 1) k15 s Xj(d—ka 1)—k—1], J = 2.

5.1.4.1 Waiting Times

We can study the waiting time distribution here using a special technique when the
service discipline is FCFS. If the service discipline is FCFS, then we can consider
this system as one in which we focus only on one server and assign it only the &
arriving packet for service. We thus transform this Geo/D/k system to an NB;/D/1
system for the sake of studying the FCFS waiting time. Here NBy stands for a neg-
ative binomial arrival process with & phases, i.e. n, = k. This NBy actually captures
the arrival process to a target server. Hence this system now has a PH arrival process
l—a a
l—a a

(a, T) of dimension k withax =1, 0, 0, ---, 0] and T =

l—a
The service time can be represented as a PH distribution (3, S) of order ny = d with
1
1

B=11,0,0, -, 0] and S =
1

Consider the state space A = {(0,£)U(i,¢,)), i>1,6=1,2,--- k; j=1,2,---,d},
where the first tupple (0, ¢) represents the states with no packet in the system for the
target server and arrival is in phase /, i.e. the server is waiting for (k — ¢) packet to
be assigned to it, and the second tupple (i,/, j) represents the states with i packets
waiting in the system for the target server, arrival is in phase £ and the current packet
in service has completed j units of its service. The DTMC representing this system
has a transition matrix P of the form

B C
E A, Ao
P= Az Ay Ao
Ar A1 Ao

where
B=T,C=(ta)®3, E=T®s, 4)= (ta)®S,

A1 =(ta)(sB)+T®S, 4, =T (sH).
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By virtue of the structure of matrix 4y we can see that the associated R matrix for
this system has only the last block of rows that is non-zero, i.e. we have

00 .- 0
00 .- 0

R=1]: 1. | (5.45)
00 .- 0
Ry Ry -+ Ry

With this structure we can write the equations for the R matrix in block form for
each of the &d blocks and save on computations, with

Ry =aS+ (1 —a)SR, —|—a(sﬁ)de +(l—a) (S,@)deR1 , (5.46)

Rj=aSR;_1+ (1 —a)SR;+a(sB)RiaR;—1 + (1 —a)(sB)RiaR;, 2 < j < kd.
(5.47)
From here on we can apply standard QBD results to obtain * = P, 1 =1,
where @ = [Xo, 1, ---],and Xg = [x0,1, X0,2, -, X0}, Ti= [Ti1, Ti2, -+, Tigl
and ;¢ = [x; 01, Xie2, -+, Xirq]. Because this is a special case of the PH/PH/1 we
simply apply the results of Section 4.9. However, for the Geo/D/k one notices some
additional structures which can be explored. For details see Rahman and Alfa [88].
We can now apply the standard results for the PH/PH/1 discussed in Section 4.9 to
obtain the waiting times.

5.1.5 MAP/D/k Systems

Ii is straightforward to extend the results of the Geo/D/k to the case of MAP/D/k.
We simply change the Bernoulli arrival process with parameters a and 1 —a to a
Markovian arrival process (MAP), with matrices D; and Dy, respectively, which is
the matrix analogue of the Bernoulli process.

5.1.6 BMAP/D/k Systems

For the more general case with batch Markovian arrival process see Alfa [18].

5.2 Vacation Queues

Vacation queues are a very important class of queues in real life, especially in
telecommunication systems where medium access control (MAC) is a critical com-
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ponent of managing a successful network. By definition a vacation queue is a queue-
ing system in which the server is available only a portion of the time. At other times
it is busy serving other stations or just not available maybe due to maintenance activ-
ities (either routine or due to a breakdown). Polling systems are a class of queueing
systems in which a server goes to serve different queues based on a schedule , which
implies that the server is not always available to a particular queue. Hence when the
server is attending to other queues then it is away on vacation as far as the queue not
receiving service is concerned. Vacation queues are used extensively to approximate
polling queues.

There are two main categories of vacation queues: gated and ungated systems. In
a gated system only the packets in the system waiting at the arrival of a server can get
served during that visit. All those that arrive after its return from vacation will not
get served during that visit. An ungated system does not have that condition. Under
each category there are sub-categories which include exhaustive service, number
limited service, time limited service and random vacations. In an exhaustive system
all the packets waiting in the system (and only those in the gate for a gated system)
will all be served before the server goes on another vacation, i.e. until the queue
becomes empty for ungated or the number in the gate is empty for the gated system.
For the number limited case the server only processes a pre-determined number of
packets during its visit, similarly for time limited the queue is attended to for a fixed
length of time. In both cases if the number in the system becomes empty before
the limits are reached then the server would go on a vacation. In a random vacation
system, the server may stop service at any time and the decision of when to stop
serving is random. Generally when a service is interrupted in the time limited and
random cases the point of service resumption after a vacation depends on the rule
employed; it could be preemptive resume, preemptive repeat, etc. Finally, vacations
could be single or multiple. In a single vacation system when the server returns from
a vacation it starts to serve immediately or waits for an arrival of packet and then
starts to serve. In a multiple vacation system, on the other hand, a server will return
to a vacation mode if at the end of a vacation there are no waiting packets. In what
follows we discuss mainly ungated systems. We focus on exhaustive systems for the
Geo/G/1, GI/Geo/1 and MAP/PH/1 for both single and multiple vacations. We then
consider the MAP/PH/1 system for the number limited, time limited and random
vacations. We study only the multiple vacations for these last categories.

5.2.1 Geo/G/1 vacation systems

The Geo/G/1 vacation queue is the discrete analogue of the M/G/1 vacation queue
that has been used extensively in the literature. In this section we study the ex-
haustive version of this model for both the single and multiple vacation systems.
Consider a single server queue with geometric arrivals with parameter « and general
service times S with b; = Pr{S=1i}, i=1,2,---, with mean service times b and b’
is its second moment about zero. The vacation duration V' has a general distribution



5.2 Vacation Queues 189

givenasv; = Pr{V =i}, i=1,2,---, and mean vacation times Vv and v is its second
moment about zero. We will study this system as an imbedded Markov chain.

5.2.1.1 Single vacation system

In a single vacation system, the server goes on a vacation as soon as the system
becomes empty. It returns after a random time V and starts to serve the waiting
packets or waits to serve the first arriving packet if there is no waiting packets at its
arrival. This system can be studied using the imbedded Markov chain idea or using
the method of supplementary variables. The imbedded Markov chain approach leads
to an M/G/1 type Markov chain and modified methods for the M/G/1 models can
be applied. The supplementary variable approach is cumbersome to work with in
scalar form but when written in matrix form it leads to a QBD all be it with infinite
blocks which will have to be truncated. We focus on the imbedded Markov chain
approach.

Imbedded Markov chain approach: At time n, let X;, be the number of packets
in the system, with J, the state of the vacation, with J, = 0 representing vacation
termination and J,, = 1 representing service completion. Let 4; and 4, be the number
of arrivals during a service time and during a vacation period, respectively. We can
write

X;“’As*lal;Xn Z 1
(Xn+l aJnJrl) =< A, 1; ()(;17.],1) = (an)a (548)
Av>0; (XmJn) = (Oa 1)

Let a] = Pr{A, = k},y =s,v, then

o m B
ain;kbm(k)akua)m k’ k=0,1,2,---, and (5.49)
v S m m—
ak:mZ:'kvm<k>ak(1_a)l k, k=0,1,2,---. (5.50)

Define G (az+1—a) = (az+1—a)*, k> 0and 4;(z) = X7 a 2", y=s,v, |2/ < 1.
Further define B*(z) = X, bk, Vi(z) = Y vizk, |z] < 1. We can write

A (z) = izkibm<’;:)ak(l—a)mk. (5.51)
k=0 m=k

After routine algebraic operations we have
A;(z) = biGjlaz+1—-a), (5.52)
k=0
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oo

A5(2) = Y, wGilaz+1-a). (5.53)
k=0
These can be written as
Ai(z) = B*(Glaz+ 1 —a)), (5.54)
Ay(z) =V (G (az+1—a)), |z| < 1. (5.55)

Let us assume the system is stable and let
Xij = limp—ePr{X, =i, J,=j}, i=0,1,2,---,: j=0,1,

then we have the following steady state equations

Xi0 :xo71af, i=0,1,2,--- (5.56)
i+1
X = xo_’oa‘; + 2 (xk70 +xk71)a‘l?7k+1, i=0,1,2,---. (5.57)
k=1
Letting
xi(z) = Y xi1z, and x*(z) = Y (xio+xi1)2, 2] < 1,
i=0 i=0
we have Vg 1) A A .
o AN A 1] 559
z—Ai(z2) ’
and A A vA* 1
oy A AR 550
z—A45(2) ’
By setting z = 1 and using [’Hopital’s rule we obtain
1 +av—ab +aj
| =x(1) = 279 T4 g, (5.60)
1—ab
ay,+av @ +av
D=2 "x= 0 . 5.61
x (1) 1—ab o1 l+av —ab +ay (5-61)

Noting that the mean number in the system E[X] is (x; (1))~ dxal,—Z(Z) |-—1 we obtain

" "
a*b a*v

2(1 —ab') * 2(ay+av)’

E[X]=ab + (5.62)

This is the well known decomposition result by several authors [42] [36] [37]. By
decomposition we mean the result consists of three component with the first two
being due to the Geo/G/1 system without a vacation and the third being due to a
vacation.
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Supplementary variable approach: For the supplementary variable approach we
keep track of the number of packets in the system, the remaining time to service
completion when the server is busy and the remaining time to the end of a vacation
if the server is on a vacation. We will present the supplementary variable approach
in detail later for the case of multiple vacations.

5.2.1.2 Multiple vacations system

In this system the server goes on a vacation as soon as the system becomes empty.
It returns after a random time / and starts to serve the waiting packets or goes back
for another vacation of duration V" if there is no waiting packets at its arrival.

Imbedded Markov chain approach: Considering the imbedded approach and us-
ing the same notation as in the case of the single vacation we have

)(11+As_lal;Xn21

(Xt 1,Jns1) = {AV,O; X, ) = (0.1) (5.63)

Here the term A, is the number of arrivals during all the consecutive multiple vaca-
tions before the server finds at least one packet in the system. Hence

a}f:a;(l—a(v))’l, Jj=1,2,---.

Following the same procedure as in the case of the single vacation we have

n 2 "

a*b asv

E[X] =ab .
Xl =ab+ S0 o

(5.64)

The decomposition result is also apparent here.

Supplementary variable approach: For the supplementary variable approach we
keep track of the number of packets in the system, the remaining time to service
completion when the server is busy and the remaining time to the end of a vacation
if the server is on a vacation. Consider the state space

A={0,H Ui, )HU(GD,i>11=1,2,---;j=1,2,---.}

The first pair (0,/) refers to the states when the system is empty and the server is on
a vacation and the remaining time to the end of the vacation is /. The second pair
(i, /) refers to the states when the server is busy serving with i packets in the system
and the remaining service time of the packet in service is j. Finally the third pair
(i,1) refers to the states when there are 7 packets in the system and the server is still
on vacation which has / more units of time before completion. The transition matrix
P of this DTMC can be represented as
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B C
E A, Ao
P=1 4, 4y 49 ;

where
A11A12 Ell
Ak:[ k K },k:O,l,Z;C: ' c”? ,E:{ ] with
AilAI%Z [ ] E21
000 --- ab1 abzab3ab4---
1 2 a0 21 00 00 12
Ay =45 =10a 0 - |40 =10 0 0 0 ---|:40 =0,
ab1 abz ab3~~
" l—a 0 .
A7 =10 1—a 0 - |>
(1—a)b1 (1—a)b2 (l—a)b3 (l—a)b4
. 0 0 0 0
A7 = 0 0 0 0 >
0 0 0
l—a 0 ---
A%ZZ 0 I—a O --- aA12:0°°7
(1—a)b1 (l—a)bz (1—61)1)3 (1—(1)[)4
1 0 0 0 0 12 _ 421 2
4; = 0 0 0 0 -..|,Ay =45 =45 =0,

(1—avi (1—a)vy (1—a)vs -

l1—a 0
B= 0 l—a 0 >
avy avy avy --- 000 -
00--- a0 ---

! = o 0 0 -- ,C12 = 0a 0 - |
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(1 —a)b1 (1 —a)bz (1 —a)b3 (1 —a)b4
0 0 0 0
E'=1 0 0 0 | EM =0

We explain three of the block matrices in detail and the rest become straightforward
to understand. The matrix B refers to a system that was empty and the server was
on vacation and remained on vacation after one time transition with the system still
empty. The block matrix C refers to a transition from an empty system to a system
with an arrival and it has two components; C'! refers to the case when a server was
on vacation and vacation ends after one transition and service begins; and C'? is the
case of the server on vacation and vacation continued after one transition. The block
matrix Ao refers to a transition from a non-empty system with one arrival, leaving
the number in the system having increased by one, and it has four components;
A(l)1 refers to a transition from a system in which the server was busy serving and
continues to serve after the transition; A(l)2 refers to a transition from a system in
which the server was busy serving and then goes on a vacation after the transition
(not possible since the system is not empty); A(Z)1 refers to a transition from a system
in which the server was on a vacation and returns to serve after the transition; and
Agz refers to a transition from a system in which the server was on vacation and
continues to remain on vacation after the transition.

It is immediately clear that we can apply the matrix-geometric results here. The
only challenge we have to deal with is the fact that the block matrices are infinite.
If we assume that the system is stable then we can compute the R and G matrices
after we truncate the service times and the vacation times distributions. For most
practical systems we expect these two quantities to be bounded. So we can go ahead
and assume they are bounded. Once we make this assumption applying the results
of the QBD is straightforward. First we need to compute the matrix R given by the
minimal non-negative solution to the matrix quadratic equation

R = Ao+ RA; +R%As.

However because of the structure of the matrix 4, we rather compute the matrix G
and then use the result to compute R. The matrix G has a block column of zeros —
the left half, because the matrix 4, has that same structure. So we compute matrix
G which is the minimal non-negative solution to the matrix quadratic equation

G =A4r+A4,G+A4yG?,
where
|G 0
G= {Gz 0} . (5.65)

All we need to solve for iteratively is G| from

Gy =A 441G+ 45 (G2 (5.66)
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The matrix G, is given as
Gy = A2 G+ A2 Gy + 431 (G))* + 43 G, Gy, (5.67)
which we can write as
G =FT +GY (AP + G GL (43T, (5.68)

where F = 431Gy + A3'(G1)? and A7 refers to the transpose of the matrix 4. The
matrix G, is then solved for from the linear matrix equation

vecGY = vecFT + (4% @ I)vecGL + (48 ® Gy)vecGY (5.69)

simply as
vecGh =vecFT (I— (AP ®1) — (4P 2 Gy)) ™. (5.70)

5.2.2 Gl/Geo/I vacation systems

The GI/Geo/1 vacation queue is easily studied using either the imbedded Markov
chain approach or the supplementary variable technique. Tian and Zhang [97] used
a combination of the imbedded Markov chain and matrix-geometric approach to an-
alyze this system, similar in principle to the case of the Geo/G/1 vacation queue,
except for a minor difference. They studied the system at points of arrivals, as ex-
pected, however in addition they distinguished between whether an arrival occurs
when the server was busy or when it was on a vacation. Whereas in the case of the
GI/Geo/1 vacation the system was studied at departure epochs and at return times
from vacations. Details of this GI/Geo/1 approach can be found in that paper by
Tian and Zhong [97]. In this book we consider the supplementary variables tech-
nique only and show how the matrix-geometric methods can be used to analyze this
system. This is presented only for the multiple vacation system. The case of single
vacation can be easily inferred from the results provided.

Supplementary variable technique and MGM: We consider the multiple vaca-
tion system. Packets arrive with general interarrival times <7 and a; = Pr{</ =
i},i=1,2,---. The service times follow the geometric distribution with parameter
b and the vacation duration ¥ has a general distribution with v; = Pr{¥ = j}, j =
1,2,

The state space for this system can be written as

A={(0,1,)UGLKUGLIOYI=1,2,3i> k=12,

The first tupple (0,7,k) refers to an empty system, with server on a vacation which
has / more units of time to be completed and the next packet arrival is & units of time
away. The second tupple (i, k) refers to the case with i packets in the system with the
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server in service and attending to a packet and the next packet arrival is & units of
time away. The final tupple (i,/, k) refers to having i packets in the system, with the
server on a vacation which has / more units of time before it is completed and & is
the remaining time before the next packet arrives into the system. It is immediately
clear that the transition matrix P of this DTMC is a QBD type with

B C
E A; Ay
P= Ay Ay Ao

If we assume the interarrival time and the vacation duration to have finite supports or
can be truncated (an essential assumption required for algorithmic tractability) then
we can represent the interarrival time and also vacation duration by PH distributions.
Keeping in mind that a PH is a special case of MAP and geometric distribution is
a special case of PH, we can see that any result for a MAP/PH/1 system with PH
vacation can be applied to this GI/Geo/1 vacation system. Hence we skip further dis-
cussion of the GI/Geo/l vacation queue and go straight to develop the MAP/PH/1
vacation model in the next section. The only additional feature is that the PH dis-
tributions encountered in the GI/Geo/1 vacation have special structures that can be
capitalized on. This is left to the reader to explore.

5.2.3 MAP/PH/I vacation systems

The model for the MAP/PH/1 with PH vacations, (¢,V), is sufficient to cover most
of the commonly encountered vacation queues. We will develop this model and
point out how it can be used to obtain results for other related vacation models. We
let the arrival rate be A = D1, where d = dD, 01 = 1, the mean service time be
u~' = B(I—5)~'1 and the mean vacation duration be v=' = ¢(7— V)~ '1.

Consider a system with MAP arrivals represented by two n; X n; matrices Dy and
D . As before we have the elements (Dy); ; representing transitions from state 7 to
state j with k£ = 0, 1, arrivals. The matrix D = D + D is stochastic and irreducible.
There is a single server that provides a service with PH distribution represented by
(3,S) of dimension n;. We assume that the server takes vacations that have PH
durations with representation (¢, V") of order n,. We will be specific about the type
of vacation as the models are developed.

5.2.3.1 Exhaustive single vacation:
In this system the server goes on a vacation as soon as the system is empty.

After it returns from a vacation it starts to serve the waiting packets or waits
for the first arriving packet if there are no waiting packets. Consider the DTMC
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{(X,Un, Z,,Yy),n > 0}, where at time n, X, is the number of packets waiting in the
system, U, is the arrival phase of the packets, Z, is the phase of service when the
server is in service, and Y, is the phase of vacation when the server is on a vacation.
Essentially, the state space can be written as

A= {(O,k,()) U (kaal) U (ivkal) U (ivkaj);

k: 1,2,"',}1;;1:0,1,"',nv;i: 152anJ: 1,2,"',7’15}.
Here

e The first tuple (0,%,0) refers to an empty system, with arrival in phase £ and
the server is waiting to serve any arriving packet (i.e. the server is back from a
vacation and no waiting packets).

e The second tuple (0,,7) refers to an empty system, arrival in phase k and server
is on vacation which is in phase /.

e The third tuple (i,k,/) refers to having i packets in the system, arrival is in phase
k and the server is on vacation which is in phase /.

e The last tuple (i,k, j) refers to having i packets in the system, arrival is in phase
k and the server is providing service to packets and the service is in phase j.

The transition matrix P for this DTMC can be written as

B C
E A1 Ay
p=| 4241 4o
Ay A1 Ao

where
o[yt e [5 00 )

Dy®@Vv DyRV Di®(vB) Dy eV

P [gboezz)(sﬂ Ay [Do@oo(sﬂ) 8]

4| Dr@s 0 e Dy®S+Di®(sB) 0
" IDi@vB) Diev | ! Do®(vB) D@V |’
andv=1-V1.
Now we can apply the matrix-geometric method to analyze this system. We know
that there is a matrix R which is the minimal non-negative solution to the matrix

quadratic equation
R = Ao+ RA1 + R4,

and the spectral radius of this matrix R is less than one if the system is stable. The
system is stable if
Al < TA>1,

where TA =7, Tl =1and 4 =Ay+ 4, + A4>.
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In this particular case we can exploit the structure of the block matrices and
compute the matrix G first which is the minimal non-negative solution to the matrix

quadratic equation
G =4+ 41G+ 4G

We chose to compute the matrix G first because the matrix 4, has a block column
of zeros which implies that the matrix G is of the form

(G0
G= {Gz 0} (5.71)

By writing the G matrix equations in block form we only need to compute 775 X
neng +nn, X nyng elements instead of (n,ng +n,n,) X (nyng +nyn,.) elements — a huge
saving indeed. The block elements of G can be computed from

Gy =Dy @ (s8B) + (Do @S+ D1 @ (s3))G1 + (D1 ®8)(G1)?, (5.72)

Gy = (Do ® (v3))G1 + (Dy@V)Ga + (D1 @ (vB))(G1)* + (D1 @V)G2Gy. (5.73)

We note that G| is actually the G matrix of a MAP/PH/1 queue with no vacation.
So that is easy to obtain. After solving for G; we can simply obtain G, in a matrix
linear equation by using the vectorization transformation. Let us write the second
block of equation as

Gy = F G + Gy + F5(G)? + F4G2G. (5.74)

Since G| is already known we can actually write this equation as
Gy = H + Gy + Fy Gy Fs, (5.75)
where H| = F1 G + F3(G1)? and F5 = G;. Consider an M x N matrix
Y=[Y1,Y, -, Y, -+, YN,

where Y ; is the j’h column of the matrix Y, we define a 1 x NM column vector
YT
Ys

vecY = | o |,
Y;

Yy |

then we can write the equation for matrix G, as

vecGy = vecH; + ((F5)T @ Fy)vecG, (5.76)
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which leads to
vecGy = vecH, (I — ((F5)T @ Fy)) L. (5.77)

We assume the inverse of (1 — ((F5)” @ Fy)) exists. After obtaining the G matrix we
can then use it to compute the matrix R using Equation (2.100), i.e.

R=Ag(I—4,—40G)"".

5.2.3.2 Stationary Distribution:

Let the steady state vector of this DTMC be = [y, 1, X2, ---, |, with each of
the vectors &; appropriately defined to match the state space described earlier, then
we have

rT=xP xr1=1,

and
Tip1 =T;R, i>1.

We apply the standard matrix-geometric method to obtain the boundary vectors
[To, 1] from

B C
[0, T1] = [x0, 1] [EAI +RA2] , [0, T 1 =1,

and then normalize with
Tol+ 1[I —R "1=1.

From here on the steps required to obtain the expected number in the system and
waiting times are straightforward.

5.2.3.3 Example of the Geo/Geo/1 vacation:

Consider the special case of Geo/Geo/l with geometric vacation. We let arrival have
parameter a, service parameter b and vacation parameter ¢, then our block matrices
will be

- {(11__;)6 (1_6,)()(1_@} 7 [;‘f "“0‘6)} |

pe [o (1—Oa)b]’A2: [(1_0@1)8}’

o= [a“a;”) a(10c>] e [(1_6181(1;)1?“;, <1a>o<lc>]'

For this example, the G matrix is
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10
=10l
Hence it is simple to show that the R matrix is explicit, and can be written as
po | ab(1—ac) 0
"~ ab(1 —ac) | ac(1 —ac)+aclac+a) aach |’

wherea=1—a, I;:lfb, c=1-c.

5.2.3.4 Exhaustive multiple vacations

In this system the server goes on a vacation as soon as the system is empty. Af-
ter it returns from a vacation it starts to serve the waiting packets but if there
are no waiting packets then it proceeds to another vacation. Consider the DTMC
{(Xu,Un,Zu,Yy),n > 0}, where at time n, X, is the number of packets waiting in the
system, U, is the arrival phase of the packets, Z, is the phase of service when the
server is in service, and Y, is the phase of vacation when the server is on a vacation.
Essentially, the state space can be written as

A ={(0,k,))U(i,k, 1)U (i,k,));

k: 1727"'7nl‘;l:0717"'>nv;i: 1,2,,]2 1,2,"',}’15}.
Here

e The first tuple (0,4,!) refers to an empty system, arrival in phase k and server is
on vacation which is in phase /.

e The second tuple (i,k,!) refers to having i packets in the system, arrival is in
phase k and the server is on vacation which is in phase /.

e The third tuple (i,k, j) refers to having i packets in the system, arrival is in phase
k and the server is providing service to packets and the service is in phase ;.

It is immediately clear that the only difference between this multiple vacations and
single vacation is at the boundary. We no longer have a server waiting for packets if
when it returns from a vacation it finds no waiting packets. The transition matrix P
for this DTMC can be written as

B C
E Ay A
P= Az Ay Ao
Ay Ay Ay

where
B=Dy®@(v¢p+V),C=[Di® (V@) DiaV],
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[l 4[4

Lo — Di®S 0 A — D0®S+D1®(S,8) 0
T IDievwB) Doy | T Do®(vB)  De®V |

Now we can apply the matrix-geometric method to analyze this system. We know
that there is a matrix R which is the minimal non-negative solution to the matrix
quadratic equation

R = Ao+ RA1 + R* A3,

and the spectral radius of this matrix R is less than one if the system is stable. The
system is stable if
TApl < A1,

where A =7, Tl =1and 4 = Ao+ 4, + 4>.

Other than the boundary conditions that are different every other aspects of the
matrices for the multiple vacations is the same as those for the single vacation. As
such we will not repeat the analysis here.

5.2.4 MAP/PH/I vacation queues with number limited service

Polling systems are very important in telecommunications especially when it comes
to medium access control. The server attends to each traffic flow (queue) by serving
a predetermined number of packets and then goes to another queue and so on. If
such a system is approximated by a vacation model then we have a number limited
system. This is a system in which a server attends to a queue and serves up to
a predetermined number of packets %~ < o during each visit and then goes on
vacation after this number has been served or the system becomes empty (whichever
occurs first). If when the server returns from a vacation the system is empty then it
proceeds on another vacation, i.e. it is a multiple vacation rule. This kind of queue is
easier to study using the matrix-analytic method than standard methods and as such
we present that approach.

Note the variable K is used here different from the previous chapters. This is
to reduce the number of notations used in the book. Some variables may be used
to denote different parameters when it will not cause any confusion to do so, and
hence they will be re-defined appropriately as the need arises.

Consider a MAP/PH/1 vacation queue, where the vacation duration follows a PH
distribution with parameters (¢, /) of dimension n,. The arrival follows a MAP and
is represented by two matrices Dy and D of dimension #n; and service is PH with
parameters ((3,S) of dimension n;. Now consider the following state space

A= {(O,k,l)U(l,k,l)U(l,u,k,])},k: 1323"'7’1!;[: 1727"'771\1;

i:1,2,"';M:0,1,2,"',K;j:172,"',7’15.
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Throughout this state space description, the variable k stands for the phase of arrival
of the MAP, [ the phase of a vacation, j the phase of service, i the number of packets
in the system and « the number of packets that have been served during a particular
visit to the queue by the server. The first tupple (0,%,/) represents an empty system
with the server on a vacation. The second tupple (i,k,!) represents the case when
the server is on a vacation and there are i packets waiting in the system and the third
tupple (i,u,k, j) represents the case when the server is attending to the queue and
there are i packets in the system, with u packets already served. It is immediately
clear that the transition matrix P for this DTMC is a QBD type written as

B C
E A Ay
P=1 4, 4y 49 ;

where
y {(ta)@V e{(%)@(ta)@(vﬂ)}
0= 0 Ly @(ta)®S ’
=lertnropes m-itrore)
2T ey ()@ TRoRs I —1)To((sB) |’
y _{ TV eﬂ%ﬁ@T@vﬁ }
lep (o (ta)@o®s Ly @TQS+I(H —1)® @ (sB)

B=T@V,C=[(ta)®V e{(%)@(ta)@(vﬁ)},

E:[u1q®%®¢®J’

017,
00
vector of ones of dimension j, e; is the j"" column of an identity matrix and e’ is its
transpose; the dimensions are left out to avoid complex notations, but the dimensions
are obvious.

We see that this problem is nicely set up as QBD and the results from QBD can be
used to analyze this system. We first obtain the associated R matrix and then proceed
as discussed in Chapter 2. However, in obtaining the R matrix here we notice that
there is no obvious simple structure that can be exploited, hence it is more efficient
to use the quadratically converging algorithms such as the Logarithmic Reduction
[65] or the Cyclic Reduction [76].

where /; is an identity matrix of dimension ; and / 1(j) = { } 1(/) is a column
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5.2.5 MAP/PH/1 vacation queues with time limited service

In some medium access control protocols the server attends to each traffic flow
(queue) for a limited length of time and then goes to another queue and so on. If
such a system is approximated by a vacation model then we have a time limited
system. This is a system in which a server attends to a queue and serves up to a
predetermined length of time .7 < e during each visit and then goes on vacation
after this time has expired or the system becomes empty (whichever occurs first).
The server may interrupt the service of a packet that is in service once the time
limit is reached. We define a stochastic matrix Q whose elements Q { refer to the

probability that a packet’s service resumes in phase j after the server returns from a
vacation, given that the service was interrupted at phase j/l at the start of a vacation.
If when the server returns from a vacation the system is empty then it proceeds on
another vacation, i.e. it is a multiple vacation rule. This kind of queue is also easier
to study using the matrix-analytic method.

Consider a MAP/PH/1 vacation queue, where the vacation duration follows a PH
distribution with parameters (¢, 7) of dimension #,. The arrival follows a MAP and
is represented by two matrices Dy and D of dimension n, and service is PH with
parameters ((3,S) of dimension n;. Now consider the following state space

A= {(kaal)u(lvkala]/) U(i7u7k7j)}7k: 1,2,"',}’1;;1 = 1727"'771\);

j,:071727 ns;izlazv u_071727 ' 79;].:1727"'7”5"

Throughout this state space description, the variable & stands for the phase of arrival
of the MAP, / the phase of a vacation, j the phase of service, jl the phase at which
a packet’s service was interrupted (this phase could be zero if no interruption took
place), i the number of packets in the system and u the time clock recording the
time that has expired since during a particular visit to the queue by the server. The
first tupple (0,%,/) represents an empty system with the server on a vacation. The
second tupple (i,k,/) represents the case when the server is on a vacation and there
are i packets waiting in the system and the third tupple (7, u, k, j) represents the case
when the server is attending to the queue and there are i packets in the system, with
u packets already served. It is immediately clear that the transition matrix P for this
DTMC is a QBD type written as

B C
E A, Ao
P=1 4, 41 4 ;
where
(tQ) @V @Iy 11 el (7)® (ta) @ve OF

D=l (TNeota)©oos 1(T-Dela)os |’
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=l bt 1)
2T er (T @Td(se] (n+1)) (T -1eTa(sB)]

4 |[Teveha e (7)eTeveQ*
1= Al A2 )
1 1

Al=ez(T)2[(ta)2 ¢ (sel (ng+1)+T® ¢ @S],
A =17 -1)@(TeS+(ta)®(s3),
B=T®V,C=[(ta)aV e (7)o (ta)®(vB)],

E= {1(9)@92@@5}»

00
vector of ones of dimension j, e, is the J** column of an identity matrix and eIT is its

B
0

All the zeros in the matrices are dimensioned accordingly; the dimensions are left
out to avoid complex notations, but the dimensions are obvious.

We see that this problem is nicely set up as QBD and the results from QBD can be
used to analyze this system. We first obtain the associated R matrix and then proceed
as discussed in Chapter 2. However, in obtaining the R matrix here we notice that
there is no obvious simple structure that can be exploited, hence it is more efficient
to use the quadratically converging algorithms such as the Logarithmic Reduction
[65] or the Cyclic Reduction [76].

where /; is an identity matrix of dimension j and I(j) = {0 L } , 1(j) is a column

transpose, S* = [0 S] an (n;+ 1) X ny matrix, 0* = { , an ng X (ng+ 1) matrix.

5.2.6 Random Time Limited Vacation Queues/Queues with Server
Breakdowns and Repairs

In this section we study a MAP/PH/1 vacation queue with random time limited
visits. In this system the server attends to the queue for a random amount of time
and then proceeds on a vacation which is of a random time duration also. The visit
to a queue has a PH distribution (y,U) of order x. With this random time visits
the server may interrupt the service of a packet that is in service once a vacation
is set to start. We define a stochastic matrix Q whose elements Qj; B refers to the

probability that a packet’s service resumes in phase j; after server returns from a
vacation, given that the service was interrupted at phase j'1 at the start of a vacation.
If when the server returns from a vacation the system is empty then it proceeds on
another vacation, i.e. it is a multiple vacation rule. This kind of queue is also easier
to study using the matrix-analytic method.

Consider a MAP/PH/1 vacation queue, where the vacation duration follows a PH
distribution with parameters (¢, V") of dimension #,. The arrival follows a MAP and
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is represented by two matrices Dy and D of dimension n, and service is PH with
parameters ((3,S) of dimension n,. Now consider the following state space

A={(0,k,1) Uik, 1, /YU Gk, )b k=1,2,- 030 = 1,2, ny;

J=0,1,2,ngi=1,2,u=0,1,2, k5= 1,2, ng.

Throughout this state space description, the variable & stands for the phase of arrival
of the MAP, / the phase of a vacation, j the phase of service, j/ the phase at which
a packet’s service was interrupted (this phase could be zero if no interruption took
place), i the number of packets in the system and u is the phase of a particular visit
to the queue by the server (this is like the time clock that keeps track of how long
a system is being attended to). The first tupple (0,k,/) represents an empty system
with the server on a vacation. The second tupple (i, k,!) represents the case when
the server is on a vacation and there are i packets waiting in the system and the
third tupple (i,u,k, j) represents the case when the server is attending to the queue
and there are i packets in the system, with u as the phase of a particular visit - time
clock. It is immediately clear that the transition matrix P for this DTMC is a QBD
type written as

B C

E Ay Ay

P=1 4, 4 4 ;

where
4o | )@V YR (te)@ve O”
T lue(ta)oes U (ta)®S |’

o 0 0
2= [u®T®¢®(se1T(ns+l)) U®T®(s,3)]’
e TRV @I T®(vy)eo*
T ue[(ta) 2o (sel (i, + 1)+ TS| U[TRS+(ta) @ (sO)] |

B=Ta[V+vy),C=[(ta)aV (ta)®(vy)®B],

E_ 0
T utrUeHeTedes |’
where /; is an identity matrix of dimension j, e; is the j" column of an identity

matrix and eJT is its transpose, S* = [0 S] an (ng + 1) X n; matrix, O* = [’g ] ,an

ng X (ng + 1) matrix. The dimensions of the zeros are left out to avoid complex
notations, nevertheless they are straightforward to figure out.

If we allow the system to be a single vacation the only thing that is different are
the boundary block matrices B, C and £ and they are given as
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[ Tev Tolvy)
T |ueTee URT |’

C_{ (ta) @V @ef (ny+1) 7®Ga)xv®ﬂ}
T lue(ta)@oxel (n,+1) Us(ta)@B |’

P 0 0
| ueTeés URT®s|’

We see that this problem is nicely set up as QBD and the results from QBD can be

used to analyze this system. We first obtain the associated R matrix and then proceed
as discussed in Chapter 2. However, in obtaining the R matrix here we notice that
there is no obvious simple structure that can be exploited, hence it is more efficient
to use the quadratically converging algorithms such as the Logarithmic Reduction
[65] or the Cyclic Reduction [76].
00
107
we have the time limited MAP/PH/1 vacation system presented in the last section. In
addition if we consider a MAP/PH/1 queue in which the server may breakdown dur-
ing service, go for repairs and resume service later, then we see that the MAP/PH/1
vacation queue with random vacation is actually the same model. The duration of a
server’s visit to a queue is simply the up time of the server and it’s vacation period
is the repair period. Hence the MAP/PH/1 vacation queue with random server visits
is a very versatile queueing model.

It is immediately clear that if we let y =11, 0, 0, -+, 0] and U = , then

5.3 Priority Queues

Most of the queue disciplines presented so far are the first-come-first-served sys-
tems. As pointed out earlier in the introductory part of single node systems other
types of queue disciplines include the priority types, last-come-first-served, service
in a random order, and several variants of these. In this section we present two types
of priority service disciplines — the preemptive and non-preemptive types. We focus
mainly on cases with just two classes of packets. The results for such a system can
be used to approximate multiple classes systems, if needed. For the two classes pre-
sented in this section we assume there are two sources sending packets; one source
sending one class type and the other sending another class type. The result is that
we may have, in one time slot, no packet arrivals, just one packet arrival of either
class, or two packet arrivals with one of each class. The other type of situation with
no more than one packet arrival during a time slot is a special case of the model
presented here. We study the priority queues with geometric arrivals and geometric
services in detail.
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5.3.1 Geo/Geo/l Preemptive

Consider a system with two classes of packets that arrive according to the Bernoulli
process with parameters a;, k = 1,2, where k = 1 refers to a high priority (HP)
packet and k& = 2 refers to a lower priority (LP) packet. We consider the preemptive-
resume discipline. The service discipline is as follows. No LP packet can start re-
ceiving service if there is an HP packet in the system and if an LP packet is receiving
service (when there is no HP packet in the system), this LP packet service will be
interrupted if an HP packet arrives before the LP’s service is completed. An inter-
rupted service is resumed where it was stopped, even though this information is
irrelevant since service is geometric. Each packet k requires geometric service with
parameter by. Since we are dealing in discrete time then during a time slot there is
the possibility of having up to two packets of each type arriving. Hence we define
a; ; as the probability of arrivals of i type HP packet and j arrivals of type LP packet
arriving, i =0, 1;j = 0, 1. Hence we have

apo = (1—a1)(1 —az), (5.78)
a071 = (1 —al)ag, (5.79)
aio=a(l —az), (5.80)

ai, = aap. (5.81)

We consider the preemptive priority system and assume the system is stable. It is
simple to show that provided that “1 + 7 B 2 < 1 the system will be stable. For a stable
system let x; ; be the probability that we find i of type HP and j of type LP packets
in the system, including the one receiving service (if there is one receiving service).
We can write the steady state equations as follows:

X0,0 = X0,040,0 + X1,000,0b1 +X0.120,0b2, (5.82)

X1,0 = X0,0a1,0 +x1,0a1,001 +x0,1a1,002 +x1,000,0(1 —b1), (5.83)

Xi,0 = Xi41,000,001 +Xi—1,0a1,0(1 —b1) +xi0a00(1 —b1) +xi0a1,0b1, i > 2, (5.84)

X0,1 = X0,20,0b2 +X0,000,1 +x0,1a0,0(1 — b2) +x0,1a0,152

+x1.100,0b1 +x1,0a0,1b1, (5.85)

X0,j = Xo,j+1@0,0b2 +x0_j—1a0,1 (1 — b2) +x0_jaoo(1 — b2) +xo_jao,1b2

+x17ja0’0b1 —|—x17j,1a0,1b1, j>2, (5.86)
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X1,1 = X0,0a1,1 +X2,000,1b1 +x2,1a0,0b1 +x0,1a1,0(1 — b2)

+x1,0a0,1(1 —b1) +x11000(1 —b1) +x1101,0b1, (5.87)

xij =xi—1j—1a1,1(1 = b1) +xiv1 j—1a0,1b1 +xiv1 jao0b1 +xi—1 jaio(1 —by)

+xij-1a0,1(1 =b1) +x;jaoo(1 —by) +xijarobr, i>1,7>1,i>1,7>1.

(5.88)

Even though we can proceed to analyze this system of equations using the tra-

ditional approaches, i.e. the algebraic approach and/or the z—transform approach,

the effort involved is disproportionately high compared to the results to be obtained.

However, we can use the matrix-geometric approach with less effort and obtain very

useful results. We proceed with the matrix-geometric method as follows. First let us
write

I= [xi,o, Xily Xi2, ], = [Ty, X1, T2, -]

Consider the following state space A = {(i},i),7; > 0,ip > 0}. This state space de-
scribes the DTMC that represents this preemptive priority system and the associated
transition matrix is of the form

[ Bo,o Bo,i

Bio Bi1,1 Ao
Az Ay Ao

P= Ay A1 Ay s

Az Ay Ao

where - 500 g1 ~
B(l)g B(]]O BO
00 290 Zo0
Bijy By By
Boo= B%o B<1)0 380 ’
Bgo Boo Boo
with

00 01 10 0
Boo = 0,0, Boo = ao,1, Bog = a0,0b2, Boy = ao,1(1 —b2),
1 2
Boo = ao,o(1 —b2) +ao,1b2, Byy = ao b2,

r R00 RO1 T
L

BOI B(2)1 B(l)l 0
By = & Bgl B?l 0

0,1 = BOI B(z)l B(l)1 . )
B()l BOl BOI
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with
BY) = a0, BY = a1, By, = aioba, BY, = a1,1(1—by),
By = ayo(1—b) +ay,1bs,
~ 00 ROl .
By B{o o
By By
Biy BY,
- T
Buro By, B%o 0 ’
By By
with
BY = ag b1, BY) = ao.1b1, BYy = ao.1b1, Bl = aoobi,
CE '
By, B%l .
By, By,
= 1 R0
By, B}, B}1 . )
By, By,
with
B%l = ao,0b1 +ai,0b1, 3(1)1 =ay1bi+aopi(1—-0by),
Ay 47
1 40
Ay = Ay Ay , A(l):al‘()(lfbl), Agzal’l(l—bl),
Ab A5
T 40
Ay = A 4 , Ay =agob1, A3=ap b,
A7 4
1 40
A1= Al Al s A%:ao,o(l_bl)‘f‘al,obla A?:a071(1—b1)—|—a171b1.

5.3.1.1 Stationary Distribution

If the system is stable we know that there is a relationship between the vector & and
the matrix P of the form
r=xP x1=1,

and there exists a matrix R for which
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Ti = TR,
where R is the minimal nonnegative solution to the matrix quadratic equation
R = Ao+ RA| + R*4,.

It was shown by Alfa [13] and earlier by Miller [77] for the continuous time case
that the matrix R has the following structure

roryrar3 -
ror] l/’z.--
rorl DY

(5.89)

l”().

The arguments leading to this result are as follow. The matrix R is the expected
number of visits to the HP state i+ 1 before first returning to the HP state i, given that
the process started from state i. By this definition of the matrix R it is straightforward
to see how the upper triangular pattern arises, i.e. because the LP number in the
system can not reduce when there is an HP in the system. Since the number of LP
arrivals is independent of the state of the number of the HP in the system, the rows
of R will be repeating. This strucure makes it easier to study the matrix R.

Solving for R involves a recursive scheme as follows:

Let

f=1—aoob1 —aio(1—by),

then we have

_ =V —4arobiago(1—b1))

70 5.90
2a070(1 —bl) ( )
The term 7 is obtained as
b b 1-b 2 1-b
- ap by +ro(ao1b1+ay i ( 1))+ (r0)=ao.1 ( 1)7 (5.91)
f—zrodo’()(l —bl)
and the remaining r;, j > 2 are obtained as
urj_| +V2i:(l) ijkflf’k‘FWZi.:} riqr
= = = (5.92)

ri= R
J f—2r0a070(1 —bl)

where u = ag,1b1 +a1,1(1—b1)), v=ao,1(1 —b1), w=aoo(1 —by). It was pointed
out in Alfa [13] that r;;1 <r;, j > 1, hence we can truncate R at an appropriate
point of accuracy desired.

We need to obtain the boundary results [, @] and this is carried out using the
boundary equation that
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(@0, T1] = [T0, T1]BIR], [T, T1]1 =1,
where

_|Boo  Boi
B[R]_[310311+RA2 '

This can be solved using censored Markov chain idea to obtain & and after routine
algebraic operations we have

x| =xoBoi(I— By —R4;) .

Note that for most practical situations the matrix (/ — By; — R41) is non-singular.
The vector X is normalized as

Zol+xo[Bo1(I—B11 —RAl)_l(]—R)_l]l =1.

Both the matrices (I — B} — RA;) and I — R have the following triangular struc-
ture

Up Uy U uz -+
uoul u2 e
uoul ...

u().

Their inverses also have the same structure and can be written as

Yo vy vavsy -
Vo Vi V) v
val...

V().

where
n—1

vy = ual, and v, = fual Z Uy jvj, n>1.
j=0
Let y;(k) be the probability that there are i type k packets in the system, k= 1,2, i >
0. We have
yi(1) =1, and yi(2) =xo;+x1(I—R) ey,

where e; is the J"* column of an infinite identity matrix.
The mean number of type 1, i.e. HP, in the system E[X(1)] is given as

E[X(1)] = ijzc_,l::cl(z—R)*‘l, (5.93)
j=1
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and for type 2, i.e. LP, in the system E[X(2)] is given as

EXQ)]=Y ¥ jxij=Top +T1([-R)"'9, (5.94)
i=0 j=1
where ¢ = [1, 2, 3, -] .
The waiting time for class 1, is simply obtained in the same manner as the waiting
time in the Geo/Geo/l system since a class 2 packet has no impact on the waiting

time of type 1 packet. Let W9(1) be the waiting time in the queue for a type 1 packet
and let wf (1) = Pr{W4(1) = i} we have

wg(l) =xyl, (5.95)
and

2a31< >bV( —b))Y, i> 1. (5.96)

Let W (1) be the waiting time in the system (including service time) for class 1
packet, with w;(1) = Pr{W (1) = i}, then we have

zw —b) by, i1 (5.97)

The expected waiting time in the system for class 1 packets E[#(1)] is obtained
using the Little’s Law as
EW () = EX(1), (5.98)

and E[W4(1)] can be similarly obtained by first computing the expected number in
the queue for the class 1 packets as

EX,(1)] = i(j— a1 =x R(I—R)?, (5.99)
J=1
hence
EWI(1)] =a; 'E[X,(1)]. (5.100)

The waiting time in the queue for class 2 packets is a bit more involved to obtain.
Keep in mind that even when a type 2 packet is receiving service it can still be
preempted if a class 1 arrives during the service. Hence we can only determine a
class 2 packet’s waiting until it becomes the leading waiting packet in the queue for
the first time, i.e. no class 1 or 2 ahead of it waiting. However we have to keep in
mind that it could become the leading class 2 packet but with class 1 packets that
arrive during its wait in the queue becoming the leading packets in the system. We
can also study its waiting time in the system until it leaves the system. The later is
a function of the former. We present an absorbing DTMC for studying the waiting
time of a class 2 packet until it becomes the leading packet in the system for the first
time.
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Consider an absorbing DTMC with the following state space A = {(i,/)},i >
0,/ > 0, with state (0,0) as the absorbing state, where the first element refers to the
number of HP packets in the system and the second element refers to the number
of LP packets ahead of the target LP packet. The transition matrix of the absorbing
DTMC P is given as

o
I
N
o
B
N
S

where

By By
Byo Ifgo .
By ngo . ’
Bio Boo

Boo =

with
Byo = (1—ar)(1=b3), Bjy = (1 —a1)ba,

[0 0
By By
52 Bl
By By

2 3l
Bsy By,

2 1
BOl BOI

with
Bj) = aiba, By = ai(1—by),

r 200
BIO

Bip= Bl ’

E‘(])g = (l 7&1)[)1, E%O = (l—al)bl,
/]0 :1a1(1 —bl)7 1&1 =§11 21((1—611)(1—b1)-|-611b1)7 1&2 =[(l—a1)b1.
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Now we define z(¥) = [z(()o), 250)7 zg()), -+] with z§0> = [ZE%), 253), Zgg), ], 1>0,
and let z*) = . Define W* (2) as the waiting time in the queue for a type 2 packet

until it becomes the leading packet waiting in the system for the first time, and
Wr =Pr{W*(2) < j} then we have

wr :z(()i_)o, i>1, where z) =20 Vp, (5.101)
keeping in mind that
Wy = 209 = X00- (5.102)

5.3.2 Geo/Geo/l Non-preemptive

In a non-preemptive system no LP packet’s service is going to be started if there is
an HP packet in the system. However if an LP packet’s service is started when there
is no HP packet in the system, this LP packet’s service will not be interrupted, i.e.
no preemption.

Now we consider a system with two classes of packets that arrive according to
the Bernoulli process with parameters a, k = 1,2, where k = 1 refers to a high
priority (HP) packet and k = 2 refers to a lower priority (LP) packet. Each packet
k requires geometric service with parameter b;. Since we are dealing in discrete
time then during a time slot there is the possibility of having up to two packets, one
of each class type, arriving. Hence we define a; ; as the probability of a i type HP
packet and j of type LP packet arriving, (i, j) = 0, 1. Hence we have

aop =1 —a1)(1—a2), apy = (1 —ar)az, a1o=ai(1 —a2), a1,1 = a1az.

We assume the system is stable. It is simple to show that provided 7- “2 < 1 the
system will be stable. For a stable system let x; ; x be the probablllty that we find i
number of type HP and j number of type LP packets in the system, including the one
receiving system (if there is one receiving service) and the one receiving service is
type k. Here we notice that we have to keep track of which type of packet is receiving
service since it is a non-preemptive system. It is immediately clear that the steady
state equations for this non-preemptive system is going to be more involved. We
skip this step and use the matrix-geometric method directly. First let us write

T;=[Tio, T;1, Tin, T;3, -], T = [To, Ty, T2, -],

and write &; ; = [x; j.1, Xi j+1,2],i > 1, j > 0. The state space for this system can be
written as
A=A UAUA;,

where

e A= {(0’0)}a
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o A ={(0,/),j>1},
o As={(i,j+k—1,k),i>1,j>0k=12}

The transition matrix P associated with this DTMC is given as

[ Bo.o Boa

Bio A1 Ao
Ax Ay Ao

P= Ay A1 Ay ;

Ay Ay Ao

where 00 oo i
s 5 g
By Bgo B(l)o .
P L 3
0,0 = BOO Bgo B(l)o . )
By Boo By
with
BGy = ao, Boo = ao.1, Bog = aooba, Bog = ao1(1—b2),
By = ao,0(1 — ba) +ao b2, Bjy = aooba,
- 00 ROl -
i
B, B(zn 1
PO Y
0,1 = Bg,; B(z)1 1 )
Bj, By,
with
By = lar0, 0], BOt = [ar,1, 0], By = [a1.0b2, aro(1— b)),
By, = [a1,1b2, a1 (1 —by)],
- 00 10 .
By B%o
By, B%o .
B Bio B%O 0
1,0 = Blo B}O . s
By By
with
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A5 47
AL 40
Ao = 0 “*0

N
O —
I

[al,o(lbl) 0 }

aioby  aio(l1—by)

A(): a171(1—b1) 0
aiiby  ai(1-56) |’

A} 49
A=| D4 | 4l= {”078171 8] A= {ao,(l)bl 8} ,
A; 4y
Ay — AL A9 40— [@0a(1=b1)+aiib 0
! A ao,1bs ap1(1—=502) |’

a0’0(1 —bl)-i-al?obl 0
ao,0b2 apo(l—b2) |

5.3.2.1 Stationary Distribution

If the system is stable we know that there is a relationship between the vector & and
the matrix P of the form
rT=xP xl=1,

and there exists a matrix R for which
L1 =IT;R,
where R is the minimal nonnegative solution to the matrix quadratic equation
R=Ao+RA, +R*4>.

It was shown by Alfa [13] and earlier by Miller [77] for the continuous time case
that the matrix R has the following structure

RoRy Ry R3 -+~
RoRi Ry ---

RoR: -
R= 0 . (5.103)

Ry’

The arguments leading to this result are as follow. The matrix R is the expected
number of visits to the HP state i + 1 before first returning to the HP state i, given that
the process started from state i. By this definition of the matrix R it is straightforward
to see how the upper triangular pattern arises, i.e. because the LP number in the



216 5 Advance Single Node Queuing Models

system cannot reduce when there is an HP in the system. Since the number of LP
arrivals is independent of the state of the number of the HP in the system, the rows
of R will be repeating. This structure makes it easier to study the matrix R. However,
the R;, i > 0 also has an additional structure. We have

_|m(1,1) 0
= [ri(ll) r,-(2,2)]' (5.104)

The matrix R can be computed to a suitable truncation level and then used to com-
pute the stationary vector after the boundary equation has been solved. We have

i1 =TR,i>1, (5.105)
and specifically we have
J
Xit1,j,1 :‘;)[xi,jfv,lrv(la 1) +xijvi12m(2,1)], i > 1, j >0, (5.106)
and 4
Xitl,j+12= i}xi,j—v+l,2rj—v(272)7 i>1,j>0. (5.107)

5.3.3 MAP/PH/I Preemptive

Consider a system with two classes of packets that arrive according to the Marko-
vian arrival process represented by four matrices Do, D10, Do.1, and Dy all of
dimension n; X n;, where D;, ;, refers to i arrivals of type 1 (HP) and i, arrivals of
type 2 (LP). For example, Dy | refers to no arrival of type 1 (the HP class) packet and
1 arrival of type 2 (the LP class) packet. The matrix D = Do o+ D10+ Do,1 +Di 1
is stochastic. Let us assume that it is irreducible and let its stationary distribution
be w=mD, wl=1,then aj = w(D1op+ Di11)1 and a» = (Do + Dy 1)1,
where a; is the probability of a type k arrival in a time slot. Packets of type &
class have PH service times with parameters ((3;,Sy) of order ny(k), k= 1,2. Let
(b)~! = B, (I — S;)~'1. We consider the preemptive discipline. The service disci-
pline is as follows. No LP packet can start receiving service if there is an HP packet
in the system and if an LP packet is receiving service (when there is no HP packet in
the system), this LP packet service will be interrupted if an HP packet arrives before
its service is completed. An interrupted service in phase j; is resumed in phase j
with probability Q;, ;, which is an element of the stochastic matrix Q. If for exam-
ple, O = I then an interrupted service starts from the phase where it was stopped, i.e.
preemptive resume whereas if Q = 1(3, then the service is started from beginning
again, i.e. preemptive repeat. We know that a;, and b; are the mean arrival rates
and service rates, respectively of class & packet. It is simple to show that provided
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that Z—i + 32 < 1 the system will be stable. This system is easier to study using the
matrix—anaiytic method.
Consider the following state space

A= {(0,0,E)U(O,i2,€,j2)u(i1,i2—l,g,jl,j;), = 1727"'ant;i1 Z 1912 2 19

S=12ns(1); o= 1,2, mg(2)s fy = 1,2,++,m5(2) ).

The elements of the state space are ¢ referring to the phase of arrival, i,,, v=1,2,
referring to the number of type v packets in the system, and j,, v = 1,2 the phase
of service of type v in service, and j/2 is the phase at which the type 2 packet’s
service resumes next time after preemption. The first tupple (0,0,¢) refers to an
empty system, the second tupple (0,i,¢, j») refers to the system with only type 2
packets in the system and the third tupple (i1, 72,4, j; ) refers to the case where there
is at least one type 1 packet in the system, which is receiving service. This state
space describes the DTMC that represents this preemptive priority system and the
associated transition matrix is of the form

[ Bo.o Boa

Bio B1,1 Ao
Az Ay Ao

P= Ay A1 Ay ;

Az Ay Ao

where 00 mol )
85 a0
00 70 Poo
Bijo Byo Bgo
Boo = By By By ’
Bio Boo Bro
with

By =Do,0, Big = Do, @ 35, Byg = Do sz, By =Do,1 ©Ss,
By = Do @S2+ Do.1 @ (8203,), By = Do @ (s213,),

r n00 pO1 T
i

BOI Bg] B(l)l 0
B _ BO] Bgl B(l)l 0

0.1= Bg, Bgl B(ln o ’
BOI BOI BOl

with
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B} = Dio@ By, By = D11 @By, By =Dio®(s23), By = D110 (5:0) @ By,

By =D10® ($0)® B, +D1,1(23,)00 3,
B B, |
By BY,
Biy BY,
Bro= B%o B(l)() ’
By BY,

with

B = Do ®s1, By =Do1 @ (s13,), By =Do.1 @ (s13,), Bly=Doo® (s13,),

[ B}, BY, ]
Bj, BY,

311 B(1)1
Bui= B%l B(l)l ’
B, BY,

with

Bl = (Doo®S1+D1o®(s108,))®0, BY; = (D1,1® (s18,) +Do,1 ®81) ® O,

Ay A
1 40
Ao = Ay Ay , Ay=D1y®8®0, A)=D1,®5®0,
A} Agf .
Ay = A3 4 , Ay =Dy ®(s13,)® 0, A3=Do;® (s18,) @0,
Al A? .
Ay = Al Al R

A} = (Doo @81 +D1o(s13,)) 20, A)=(Do1@S1+D11(s13,)) 0.

5.3.3.1 Stationary Distribution

If the system is stable we know that there is a relationship between the vector & and
the matrix P of the form
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x=xP, x1=1,

and there exists a matrix R for which
Ti1 = TR,
where R is the minimal nonnegative solution to the matrix quadratic equation
R=Ag+RA| +R*4,,

and
T =[xy, T1, T2, -]

It was shown by Alfa [13] and earlier by Miller [77] for the continuous time case
that the matrix R has the following structure

RoRi Ry Rs -+
RoR Ry -+~

R= Ro Ry - (5.108)

Ry’

The arguments leading to this result are as follow. The matrix R is the expected
number of visits to the HP state i+ 1 before first returning to the HP state i, given that
the process started from state i. By this definition of the matrix R it is straightforward
to see how the upper triangular pattern arises, i.e. because the LP number in the
system can not reduce when there is an HP in the system. Since the number of LP
arrivals is independent of the state of the number of the HP in the system, the rows
of R will be repeating. This structure makes it easier to study the matrix R.
Solving for R involves a recursive scheme as follows:
First we write out the R equations in block form as

Ro = A} +Rod} + (Ro)?4),  (5.109)
Ry = A+ RoAY + R1A} + (RoR) + R Ro)4L,  (5.110)

Jj—1 J
Ri=Ri AN+ RiA+ Y Rioy (RyAS+ Y RjyRAY, j>2. (5.111)
v=0 v=0
Let us write
B =4,
Fo=1—A4; —RoF,

and

J=1 J
Fij=8 Ao+ Ri A+ Y Ry i RAS+ (1= 81 ) Y, R R, j > 1,
v=0 y=0
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1, i=/,
0, otherwise
solution to the matrix sequence R;, j=1,2,--- given as

where, 5,-‘,~ is the kronecker delta writen as 6 = { , then we have the

e Ry is the minimal non-negative solution to the matrix quadratic equation
Ro = A} + RoA} + (Ro)?43, (5.112)

which can be solved for using any of the special techniques for the QBD such as
the Logarithmic Reduction or the Cyclic Reduction, and
e R;, j > 1 are given as the solutions to the matrix linear equations

(Fy ®1—F @Ro)vecR; = vecFy , (5.113)
where for an M x N matrix ¥ = [V, Y, ---, Y, ---, Y|, where Y is the Jth
column vector of the matrix ¥, we define a 1 x NM column vector

Cy, T
Y,
vecY = :
Y
YN

It was pointed out in Alfa [13] that (Ry1);,; < (Rk)i,j, k> 1, hence we can truncate
R at an appropriate point of desired accuracy.

We need to obtain the boundary results [y, @] and this is carried out using the
boundary equation that

[To, 1] = [X0, x1]|B[R], [T0, T1]1 =1,
where

| Boo  Boi
BIR| = {Blo 311+RA2}

This can be solved using censored Markov chain idea to obtain & and after routine
algebraic operations we have

xr| = CL'()BOl(IfB“ 7RA1)_1.

Note that for most practical situations the matrix (I — By} — RA;) is non-singular.
The vector & is normalized as

ol +xo[Bor (I — By —RA)) ' (I—R) "1 =1.

Both the matrices (I — By} — RA1) and I — R have the following triangular struc-
ture
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U U U, Us ---
Up Uy Uy ---
Up Uy ---

Up

Their inverses also have the same structure and can be written as

Vo i V2 V3 -
Vo Vi Vo -+
Vo Vi -+

V()"

where

1
Vo=Uy", and V,=-Uy' Y UV}, £>1.
Jj=0
Given & the major performance measures such as the distribution, and the mean,
of the number of type k, k = 1,2 packets in the system is straightforward to obtain.
The waiting times for type 1 is straightforward to obtain also. It is the same idea as
used for obtaining the waiting time of the one class MAP/PH/1 or PH/PH/1 model.
However, the waiting for the type 2 class is more involved. For details of how to
obtain all these performance measures see Alfa, Liu and He [4]. The details will be
omitted from this book.

5.3.4 MAP/PH/1 Non-preemptive

Consider a system with two classes of packets that arrive according to the Marko-
vian arrival process represented by four matrices Do, D10, Do,1, and Dy all of
dimension n; x n;, where D;, ;, refers to i arrivals of type k, k = 1,2. For example,
Dy ; refers to no arrival of type 1 (the HP class) packet and 1 arrival of type 2 (the LP
class) packet. The matrix D = Dq o+ D1 o+ Do,1 + D11 is stochastic. Let us assume
that it is irreducible and let its stationary distribution be 7@ = 7wD, 71 = 1, then
a; =7(D1o+Di1)1 and ay = (Do + D1 1)1, where again, gy is the probability
of a type k arrival during a time slot. Packets of type k class have PH service times
with parameters (3,,S;) of order ng(k), k = 1,2. Let (b)) "' = B, (1 —S;) 1. We
consider the nonpreemptive discipline. The service discipline is as follows. No LP
packet can start receiving service if there is an HP packet in the system. However
if an LP packet starts to receive service when there is no HP packet in the system,
this LP packet service will continue until completion even if an HP packet arrives
before the service is completed. We know that ay, by are the mean arrival rates
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and service rates, respectively of class & packet. It is simple to show that provided
that % + Z—; < 1 the system will be stable. This system is easier to study using the
matrix-analytic method.

The state space for this system can be written as

A=AUAUA3,

where

e A ={(0,0,0), £=1,2,-- ,n},

o A :{(OaiZa&jZ)a > 1, = 1,2, ns jo = 1127"'7’13(2)}7

° A3:{(i1,i2+v—l,v,€,jv), h>1ih>0v=12;
=12, ,n5 jy=1,2,---,n5(v).}

Throughout this state space definition we have, i,, v = 1,2 referring to the number
of type v packets in the system, ¢ to the phase of arrival, and £, to the phase of type
v packet in service. The first tupple (0,0, ¢) refers to an empty system, the second
(0,i2,4, j») to having no type 1 and at least one type 2 packets in the system, and the
third tupple (i1,i +v—1,v,4, j,) refers to having i; and i +v— 1 type 1 and type 2
packets in the system ,with a type v in service whose service is in phase j,.

The transition matrix P associated with this DTMC is given as

[ Bo.o Boa

Bio A1 Ao
Ay Ay Ao

P= Ay A1 Ay ;

Az Ay Ao

where 00 m0l )
FIO
00 %00 200
Bijo Byo Bgo
Boo = By By By ’
Bio Boo Boo
with

B3 = Do, By = Do,1 ®[3,, By = Do ®@s2, BYy =Do1 S,
Bly = Do, @S>+ Do @ (s203,), By = Do @ (s2/3,),
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with
BYy = [D1o® B, 0], By

|
By,

Biog=

with

Doo®s
00 0,0 ® 81 0
By = { 0 } , Big
Y
Ap= Ay Ag

0
Ay =
Al A9
4 = A3 A3

Al A? .

A1 = A; A] ,

Al = {Do,o ®S1+D1,09 (s18))

223

Bg? Bg%
BOl Bgl |
BO] Bgl |
By By ;
B()l BOl

4 — {D0,0®(Slﬂl) 0
’ 2 —

[D11® By, 0], By, = [D10® (s283,), D1,0®8Ss],

[D1,1® (5203)), D1,1 ®83],

B B, '
Bl 7
Bl  BY
10 1o
BlOB%O o ’
Bjy By
Do,1 @ (s103;) Bl — [ Doo @ (s23,)
> 210 — )
0 0
Sl — Dio®S] 0
T0OTID 0 (23)) D1o®Sy |’
D11 ®81 0
Di1®(828,) D11 ®S |’

40— Do1®(s13,) 0
9 2 — 0 0

|

0 0 :| ’

0

_[Do1®@Si+D11@(s18:)
Dy 1 ®S>

A= D e (08)

0

Do @ (s203) Dy RS>
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5.3.4.1 Stationary Distribution

If the system is stable we know that there is a relationship between the vector & and
the matrix P of the form
r=xP xl1=1,

and there exists a matrix R for which
Tir1 = TR,
where R is the minimal nonnegative solution to the matrix quadratic equation
R=Ag+RA; +R*A4s.

It was shown by Alfa [13] and earlier by Miller [77] for the continuous time case
that the matrix R has the following structure

RoyR i RyR3 ---
RoRi Ry -

Ro Ry ---
R= 0 . (5.114)

Ry’

The arguments leading to this result are as follow. The matrix R is the expected
number of visits to the HP state i+ 1 before first returning to the HP state 7, given that
the process started from state i. By this definition of the matrix R it is straightforward
to see how the upper triangular pattern arises, i.e. because the LP number in the
system cannot reduce when there is an HP in the system. Since the number of LP
arrivals is independent of the state of the number of the HP in the system, the rows
of R will be repeating. This structure makes it easier to study the matrix R. However,
the R;, i > 0 also has an additional structure. We have

R = [R{( :

1
Rl (2’

) o0
0 R,~(2,2)} (5.115)

The matrix R can be computed to a suitable truncation level and then use it to
compute the stationary vector after the boundary equation has been solved. We have

T =TR,i>1, (5.1106)
and specifically we have
J
Tiy1)1 = Z[a:iJ,v_,]Rv(l,1)+mi’j,v+1,2Rv(2, D],i>1, >0, (5.117)
v=0

and
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J
Tirljr12= D, Tijvp12Rj(2,2),i>1, j>0. (5.118)
v=0
From here on it is straightforward (but laboriously involved) to obtain the sta-
tionary distributions and the expected values of the key performance measures. We
will skip them in this book and refer the reader to Alfa [13].

5.4 Queues with Multiclass of Packets

In most queueing systems we find that the service disciplines are either FCFS
or priority based when we have more than one class of packets. In the last sec-
tion we dealt with the priority systems of queues already. However sometimes in
telecommunications we have multiclass systems with FCFS or sometimes LCFS
disciplines. In this section we deal with two classes of multiclass packets — the no
priority case and the LCFS. Consider a queueing system with K < e classes of
packets, with no priority. We assume that the arrival process is governed by the
marked Markovian arrival process as defined by He and Neuts [53]. This arrival
process is described by n; x n,, K+ | matrices Dy, k= 0,1,---,K, with the ele-
ments (Dy); ; representing the probability of a transition from state 7 to state j with
the arrival of type k(k =1,2,---,K) and (Dy); ; represents no arrival. We assume
that 0 < (Dy);; <1land D = Zf:ODk is an irreducible stochastic matrix. Let 7T be
the stationary vector of the matrix D, then the arrival rate of class k is given by
A = TDi1. Each class of packet is served according to a PH distribution repre-
sented by (3, Sk) of order ng(k), k= 0,1,2,---, K, with mean service time of class
k given as 1, I= B, (I—Sk)~'1. There is a single server attending to these packets.
We may have the service in a FCFS or LCFS order. In the next two sections we deal
with these two types of service disciplines.

5.4.1 Multiclass systems — with FCFS - the MMAP[K]/PH[K]/1

This class of queues is difficult to analyze using traditional aproaches. Van Houdt
and Blondia [100] have extended the idea of age process to analyze this system’s
waiting time. One may also obtain the queue length information from this waiting
time information. In this section we present a summary of the results by van Houdt
and Blondia [100].

Define a new matrix S and column vector s, where

S |
) S

S[( SK
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We now construct a DTMC that represents the age of the leading packet that is in
service. We call this the Age process. This process captures how long the packet in
service has been in the system up to a point in time. Consider the following state
space
A={0,J)UWUnJrJnsn) Iy > 1
JE=1.2, K = 1,2, ng(J2); = 1,2, mg ).

Here at time 1, J) refers to the age of the packet that is receiving service, J? the class
of packet that is in service, J> the phase of service of the packet in service, and J;}

the arrival phase of the packets. This DTMC has the GI/M/1-type structure with the
transition matrix P written as

By C
B] A] Ao
P= 1By 4,4, 49 |- (5.119)

where

By =Dy, Bj =s® (Do), j>1,
C= [(61 ®Dl)a (ﬁ2®D2)7 ) (IBK®DK)L
Ao =S8®1,, 4;=s@((Dy)'C), j> 1.

Provided the system is stable we can easily obtain its stationary distribution using
the standard GI/M/1 results presented earlier in Chapter 3. Van Houdt and Blondia
[100] did give the conditions under which the system is ergodic and as long as it
is ergodic then it is stable. Note that ergodicity in this particular case can only be
considered after the state (0,.J7) is eliminated from the state space.

5.4.1.1 Stationary distribution and waiting times

In order to proceed with obtaining the stationary distribution we first have to ob-
tain the R matrix which is given as the minimal nonnegative solution to the matrix
polynomial equation

R=Y R/A4;.

Jj=0
Let the stationary distribution be & where
T=xP xrl=1,

with
Lo = [xo.,l, X0,2, *t7 xO,n,]7 T = [CUi,l, L2, -, TiK|,

Tij=[Tij1, Tijas s Tl Tije = Wijens Xijezs - Xijin]:
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We follow the standard procedure to obtain the boundary vectors ¢ and @ and
then normalize the stationary vector.

Let W} be the time spent in the system by a class & packet before leaving, i.e.
queueing time plus service time. Further define w’; = Pr{W; = j}, then we have

ns (k) ny
Wl](' = 21 (A'k)_l(tk)v zxj,k,v,uv j=1 (5.120)

u=1

where (t;), is the /" element of the column vector t;. Note that wk = 0 since every
packet has to receive a service of at least one unit of time.

In a later paper van Houdt and Blondia [101] presented a method that converts
the GI/M/1 structure of this problem to a QBD type. The reader is referred to their
paper for more details on this and other related results.

5.4.2 Multiclass systems — with LCFS - the MMAP[K]/PH[K]/1

In a LCFS system with non-geometric service times we need to identify from which
phase a service starts again if it is interrupted. Hence we define the matrix OF as in
the case of the preemptive priority queue earlier, with Q’gl 0 referring to the prob-
ability that given the phase of an ongoing service of a packet of class & is in phase
£y, its future service phase is chosen to start from (after its service resumption) is
phase /. Note that this OF is different from the O in the previous sections but they
both lead to the same concept. However, this current definition makes obtaining
some additional performance measures more convenient. The presentation in this
section is based on the paper by He and Alfa [52]. It uses the idea and results from
tree-structured Markov chains. The continuous time equivalent of this system was
discussed in detail by He and Alfa [51] at a limited level. The discrete version in
[52] is more general.

Consider a pair (k, j) that is associated with a packet of a type & that is in phase
j of service. By being in phase j of service we imply that its service is in phase j
if it is currently receiving service or phase j is where its service will start next, if
it is currently waiting in the queue. At time # let there be v packets in the system.
Associated with this situation let us define

qn = (klvjl)(k27j2) e (kvvjv)'

Here g, is defined as the queue string consisting of the status of all the packets in
the system at the beginning of time n. Let v, be the phase of the arrival process at
time n. It is easy to see that (g,,v,) is an irreducible and aperiodic DTMC. Its state
space is

A=Qx{1,2,---,m},

where #; is the phase of arrival and
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Q={0}u{I:J=(ki,j1)(k2, j2) - (kv Jiv), 1 <k <K,

1§]w§ns(k)7 1§W§n7 nzl}

In fact this DTMC is a tree-structured QBD in the sense that g, can only in-
crease or decrease by a maximum of 1. We define an addition operation “+” here
for strings as follows: if we have J = (k1, j1)(k2, j2) - (kv, jy) then I+ (k, ) =

(kv, j1) (k2 j2) -+« (kv o) (K, ).
Let the DTMC be in state J + (k, j) € Q at time n, i.e. g, = J+ (k, ), then we
have the following transition blocks:

1. When a new packet arrives and there is no service completion, we have

AO((k’j)a (kvj/)(ke;je))

def . . . . .
= Prign1 =3+ (kvjl)(k87j€)ﬂvt+1 = l/|qn =J+(k,j),va =i}

= (80" (Bi)iDrs 1 < (hike) <K, 1< (7)) S n(k), 1< e < mylke),

(5.121)

2. When a new packet arrives and a service is completed or there is no new packet
arrival and there is no service completion, we have

Al((k7j>7(keaje>>

def . . . .
= Pr{q,,+1 =J+ (keyje)aVnH = ll“]n =J+ (k,]),vn = l}

_ { (Sk).je Do+ ((s8) B4, ) jeDrer k = ke, 1< (j, ') < ms(k),
((sk)j/Bke)jeDke5 k#ke, 1 <j< ns(k)a 1<

3. When a service is completed and there is no new arrival, we have

Je < ns(ke)

.\ def . . .
Az (k, j) = Prigni1=J,vus1 = l/|qn =J+(k,j),va =1}
= (sk)jDo, 1 <k<K,1<j<ng(k). (5.122)

4. When there is no packet in the system, i.e. g, = J = 0 we have

~y def . . .
A0(07 (k,]» = Pr{qn—H = (kea]e>7vn+l = 1/|qn =0,v, = l}

= (B4,)jeDioy 1 <he <K, 1< jo <nglke). (5.123)
def . .
41(0,0) = Pr{qui1 =0,vy11 =1'|g, = 0,v, = i} = Dy. (5.124)

5.4.2.1 Stability conditions

We summarize the conditions under which the system is stable as given by He and
Alfa [52]. Analogous to the classical M/G/1 system this current system has a set of
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matrices Gy ;, | <k<K, 1 << ng(k), which are minimal non-negative solutions
to the matrix equation

K ns(ke)
Gr,j =Az(k, j) + z Z Ai((k, ), (ke, je)) Gk, j.
ke=1 je=1
ng(k) K ns(ke)
+ Z 2 X Ao((k,j), (k. ) (kes je)) G o G (5.125)

J'=1ke=1 je=1

and are known to be unique if the DTMC (g,,v,) is positive recurrent (see He [50]).
Consider the matrices p((k, j), (ke, j.)) defined as

Ar((k, 7). ( e,Je))-i-Z;'j AO((k )ik, J') (Kes je))s b # ke
| Ak ko) + X ) (6,7 6 ) )
P((k,)), (kesje)) =S +Ao((k, ), (k Je)(k, je))Gr. .
+Zk, 1zns f (K 7 #k’je)Ao((k,j),(k,je)(k’,j/))leij,
k=ke.
(5.126)
Associated with these matrices is another matrix P of the form

1)?(171)) p((l,l),(l,z)) p((lal)’(Kans(K)))
2),(L,1))  p((1,2),(1,2)) - p((1,2),(K,ns(K)))

p((K,ns(K)), (1, 1)) p((K,ny(K)), (1,2)) - p((K,ns(K)), (K,ns(K)))
(5.127)
Let sp(P) be the spectral radius of the matrix P, i.e. its largest absolute eigen-
value. Then the Markov chain {g,, v, } is positive recurrent if and only if sp(P) < 1.

5.4.2.2 Performance measures

Here we present an approach for obtaining information about the queue length. First
we need to redefine the DTMC in order to make it easier to study the queue length.
We consider the DTMC {G,,, Vi, kn, j» } Where at time n

dn 1s the string consisting of the states of packets waiting in the queue
vy, 1s the phase of MMAP[K]

ky 1s the type of packets in service, if any

Jn 1s the phase of the service time, if any.

We let the random variable §, assume the value —1 when there is no packet in the
system and assumes the value 0 when there is only one packet in the system. Hence
Gn assumes values in the set {—1} U Q.

Now we consider the one step block transitions of the DTMC {Gy, vy, ku, jn } as
follows:
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1. g, going from —1 to —1 and from —1 to 0 as
/]1(—1,—1) = Dy, and 1‘]0(—1,0) = (Dl ®IBI7 D2®,82, e DK®ﬁK),

2. §; going from 0 to —1 as

/12(05_1) :D0® : )
Sk
3. G going from J+ (k, j) to I+ (k, j)(ke, je), orto I+ (k, j), orto J, J € Q as

0

K N\
gO(kEaje) = Z Dy, ® (Skere)]eIBW (Oa ) 07 Ins(w)v 0-- ) 0) N
w=1

0
L 0 -
S
N S
Al(kaj) :D0® .
Sk
X s18,,
+ ZDW® (07 , 0, Inx(w)a 0---, 0) 5
v SK/BW
Slej
/12(](,]) =Do® (07 0, Iny(w)a 0---, O) )
sKej

where (Sk, Ok, ). is the column j, of the matrix Sy, Ok,. One notices that matrix
Aj(k, j) is independent of (%, ).

Let
x(1,1,k,j)) = Pr{(Gn,Vn,kn; ju) = (3,3,k, ) }Hn—oos
and
x(—1,i) = Pri{{(gn:va)) = (= L,i) }n—eo-
Further define

1.

QZ(J,i,k) = [a:(J,i,k,l), a:(J,i,k,Z), B m(JviakvnS(k))]v
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2.

x(J,i)=[x(,il), J,i,2), -, £(J,i,K)],
3.

xz(J)=[xJ,1), £J,2), -, xI,n)], J# -1,
4.

x(-1)=[x(-1,1), x(—1,2), ---, T(—1,n,)].

LetR=YK | Z;S:(If) Ry,; where the matrix sequence {Ry ;, 1 < j <ny(k), 1 <k <K}
is the minimal non-negative solutions to the matrix equations

K (k)
k= A1k, j) + Ry jA1 + Ry ZZ Ry, joA2 ke, je)- (5.128)

The computations of {Ry ;, 1 < j < ne(k), 1 <k <K} can be carried out using
the algorithm presented in Yeung and Alfa [103 ] or the one in Yeung and Sengupta
[104].

The probability distribution of the queue length and the associated auxilliary
variables can be obtained from

1.
I+ (k,j) =TDRi;, J€Q, 1 <k <K, 1<j<ngk); (5.129)
2.
K ns(k)
x(0) = 2(—1)40(—1,0) + x(0)4,(0,0) + Y, z (0)Ry ;A2 (k,j), (5.130)
k=1 j=1
3.
x(—1)=x(—1)A(~1,-1)+x(0)42(0, —1); (5.131)
4.

z(-D1+x(0)I-R)'"1=1, (5.132)
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