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Preface

In large measure the traditional concern of communications engineers has
been the conveyance of voice signals. The most prominent example is the
telephone network, in which the techniques used for transmission multiplex-
ing and switching have been designed for voice signals. However, one of
the many effects of computers has been the growing volume of the sort of
traffic that flows in networks composed of user terminals, processors, and
peripherals. The characteristics of this data trafiic and the associated perfor-
mance requirements are quite diflerent from those of voice traffic. These
differences, coupled with burgeoning digital technology, have engendered
a whole new set of approaches to multiplexing and switching this traflic.
The new techniques are the province of what has been loosely called
computer communications networks.

The subject of this book is the mathematical modeling and analysis of
computer communications networks, that is to say, the multiplexing and
switching techniques that have been developed for data traffic. The basis for
many of the models that we shall consider is queueing theory, although a
number of other disciplines are drawn on as well. The level at which this
material is covered is that of a first-year graduate course. It is assumed that

at the outset the student has had a good undergraduate course in probability
and random processes of the sort that are more and more common among
electrical engineering and computer science departments. (For the purpose
0f review, but not first introduction, the required background material is
given in a pair of appendices.) The material in the text is developed from

r this starting point. The objective is to develop in the student the ability
to model and analyze computer communication networks. We also seek to
impart a critical appreciation of the literature in the field.

In a book at this level, it is inevitable that the choice of the particular
material to be included in the text is heavily influenced by the author’s own
research and professional experience. However, as the book evolved, the
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work of others assumed a more and more prominent role. In fact, one of Jerry Foschini and John Silvester read an earlier version of the text and
the most rewarding aspects ofwriting the b00k was learning and aPPYeCiafing made a number of valuable suggestions for its improvement. Their dlligent
the fine work that others have done, and getting a sense of how the field
has progressed. We hope that we have conveyed some of this to the reader.
Our appreciation of a good deal of the material outside our immediate
interests was gained to a significant degree through a number of first-rate
survey papers in the field. We shall gratefully acknowledge these papers at
the appropriate points in the text.

The level of the course for which this book is intended places certain
limitations on the material that could be covered. In several instances

important work could not be included simply because students could not
be expected to have the appropriate mathematical training. In other cases
the analysis was simply too involved. In spite of these difficulties, we derive
great satisfaction from the fact that we were able to include almost all of
the work which we consider to be seminal in the field. We tried very hard
to present this work in a form that would be palatable to the serious though
inexperienced student. A number of exercises illustrating the material are
included.

Since the focus is on modeling and analysis, somewhat less attention
is given to the details of implementation and operation. However, we
attempted to include enough of this material so as to place the mathematical
models in the proper context. In the course of the discussion we direct the
reader to a number of authoritative sources on implementation and oper-
ation. '

There is more material in the text than can be covered in an ordinary
graduate course. In order to assist the instructor in selecting material, we
point out several natural groupings. Chapters 1, 2, and 3 serve as an
introduction to the rest of the text. After completing Chapter 3 one could
go on to Chapter 4 or to Chapter 10. The main results in Chapters 4, 5,
and 6 are obtained through the imbedded Markov technique, thereby
providing a unifying theme for the three chapters. The results in Chapters
6, 7, 8, and 9 are pertinent to the modeling of a particular form of computer
communication network—the local area network. In fact, all of the well-
known accessing techniques are considered. In order to cover Chapters 6
through 9, some material on the imbedded Markov chain is also necessary.

Chapters 10, 11, and 12 also provide a convenient grouping. Chapters
10 and 11 rely heavily on Jackson network theory. The linkage between
Chapters 11 and 12 is that they treat the so-called “higher-level" protocols,
in particular flow control and routing. Although the final chapter on network
layout stands somewhat apart from the others, there are points of contact
between network layout and routing. This latter is the subject of Chapter 12.

In concluding these opening remarks we would like to express our
deep gratitude to a number of people for their contributions to this work.

 
effort and encouragement were significant contributions. Thelma
Hyland typed the manuscript. She was the soul of patience through the
numerous revisions. A picture is worth a thousand words, and a thousand
thanks are due to Miao Duen-Zhi for her assistance With the figures. The
book evolved from notes of a course taught at McGill Umversrty over the
period 1979-1983. A number of students suffered through the earlier (and
later) versions of the notes. For their forbearance we express our deep
gratitude. As mentioned earlier, the material in the book reflects our research.
Our interest in computer communications began at Bell Labs, and was
stimulated by Bob Lucky and Jack Salz. We would also like to acknowledge
our first collaborator in the field, Dave Sherman. Finally, the author would
like to pay tribute to his wife, Florence, and to his children, Mary, Ann,Jemmy,
and Martin. They endured his absence and preoccupation during the long
writing process.

JEREMIAH F. HAYES
Concordia University
Montreal, Quebec
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34 Chapter 2

2.7. Local Area Networks

2.7.1. General Considerations

The second major class of networks that we shall consider are local
area networks (LANs), which are data networks having limited geographical
area, usually within a kilometem‘ Networks confined to a single office
building, shopping center, or university campus are prime examples of
LANs. The emergence of this sort of network is part of the general growth
of computer and digital technology; however, the introduction of office,
automation and distributed processing systems has furnished additional
impetus. In both of these applications LAN techniques play a significant
part.

In the past, local area networks were defined in terms of geographical
extent and data rate; however, in view of the rapid growth of the technology,
a more useful definition may be in terms of usage and configuration. In
providing a common channel for a number of users in a limited geographical
area the emphasis is upon ease and flexibility in providing access. Due to
the limited geographical area, bandwidth is not the critical commodity that

' it is in networks covering a wide area. Therefore, access to the network can
be simplified at the cost of bandwidth. A second point is that data networks
covering a large area require redundancy with respect to connectivity in
order to ensure operation in the face of failures. For example, the ARPA
net requires at least two paths between source—destination pairs. Because
of the limited geographical extent of the typical LAN, it is in something of
a protected environment and this sort of redundancy is unnecessary. This
simplifies the topology since only a single path need be provided between
source—destination pairs.

2.7.2. Topology

In current practice three basic topologies are prevalent in local area
networks: the bus, the ring, and the star (see Figures 2.20a—2.20c). A fourth
topology, the tree (see Figure 2.20d), is used in related systems and may be
considered as a form of the bus configuration.

The bus topology is appropriate to transmission media such as coaxial
cable or radio which allow what are, in effect, high-impedance taps. In
principle, these taps do not afiect the medium, and a large number of
stations can be connected. Each of these stations can broadcast simul-

taneously to the others. The bus topology is particularly appropriate for
the random accessing techniques that we shall be discussing presently.

TSurveys of LAN techniques are contained in Refs. 41—43. See also Ref. 44.
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A

 
Figure 2.20. (A)—(D) Ring, bus, star, and tree configurations.

The ring topology is a sequence of point-to—point links with flow in
one direction around the ring. As we shall see, there are several acceSsing
techniques for the ring system. In all of these there is a delay due to
processing at each of the stations. For reasons of reliability, there are
Provisions to bypass stations if they become inoperative.

In both the bus and the ring tOpologies the control of traflic is dis-
tributed. A topology in which control is concentrated is the star. In this
Case all of the traffic in the system is switched in a central “hub.” The .
Stations access the hub through high-speed lines.

A fourth topology, the tree, has been used to distribute data over a
Wider area. Typically, in networks using the tree topology, remote stations
aCcess a central processor. A ubiquitous example of such a network uses
multipoint private lines in common carrier networks. The tree topology
Would also be relevant for CATV networks used to transmit data, since
these sorts of networks are closely related to LANs and the same modeling
teChniques are relevant.
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The four topologies can be the basic building blocks for more complex
topologies. For example, a system of interconnected rings has been pro
posed. In the current standard involving the bus topology a series of
connected buses form a kind of rootless tree.

2.7.3. Transmission Media

In the foregoing discussion of topology we alluded to the transmission
media used to implement the network. In current practice three kinds of
transmission media are used in LANs: twisted pairs, coaxial cable, and
optical fiber. The twisted pairs of copper wires are the same as those used
in the telephone plant. Because of the readily available technology, there
is a strong tendency to operate at the same rates as short-haul digital carrier
systems, i.e., the T1 rate 1.544 Mbps. Higher speeds are possible as well.
The nature of twisted pairs is such that it is basically a point-to-point
medium. As mentioned earlier, coaxial cable can operate as a multiple
access medium by use of high impedance taps. Rates of up to 10 Mbps are
attained in commercial systems. Optical fiber is the medium with the highest
transmission rate currently used in LANs. Data can be transmitted at rates
of up to 50 Mbps using light emitting diodes. With Laser transmitters, rates
in the range of hundreds of Mbps can be achieved without repeaters over
distances compatable with LAN operation. At the present writing optical
fiber is basically a point-to-point medium. However, the development of a
low-loss optical tap could change this situation.

In the future other transmission media may play a role in LAN and
related systems. Radio, for example, would allow more flexible operation
than the media we have considered. A radio medium would allow a random

accessing technique to be employed. A second widely available medium
which could be adapted for two-way data transmission is the CATV network.
We shall be considering this medium in some detail in the sequel.

2.7.4. Access Protocols

The fundamental purpose of the local area network is to allow data
sources that are dispersed throughout an area to share a common trans-
mission medium. Because of this dispersal, transmission capacity must be
expended to coordinate the flow of traflic from each of the sources. The
way that this is done is the function of the access protocol. A significant
portion of this book is devoted to the modeling and analysis of these access
protocols. The objective of the analysis is to evaluate performance in terms
of delay, storage, and throughput.

protocols and Facilities

2.7.4.1. Polling

The predecessors to the current local area networks were tree networksiri
' h provide communications between a number of remote stations an,

Whlc 3,1 rocessor. Such an arrangement would be appropriate to a bank 5
a “I?“ hgcking system, for example. The coordination of traffic from the
credit 6 ' efiected by roll call polling. Each station is assigned an address.

5 IS 0115 stations for messages by broadcasting the
e reception by a station of its address is, in effect,

on has a message to transmit, it interrupts

station
The central processor p
addresses in sequence. Th .
a license to transmit. If a stati
the polling cycle.

Polling systems are mod . .
The salient result of this anainlSJS t

eled and analyzed in Chapter 7 of the text.
he eflect of overhead on performance.

overhead in this case is the time required to poll all of the stations even if
none of the stations has a message to transmit. In many atpplicatiogiiiaa
significant portion of the overhead is due to the establishment o coanu e of
tions between the remote stations and the central processor. In t 3 cas .
voiceband modems, for example, this would require phase an timing
recovery and equalizer training for the higher speeds.

An alternate technique, called hub polling, attempts to reduce this
overhead. In this case the license to transmit is transferred between stations
directly without going through a central processor. This technique is similar
to those used in ring systems, which we shall be discussmg in the next section.

2. 7. 4.2. Ring Protocols

From the perspective of current techniques, the first local areanetwork
was the ring system built by Farmer and Newhallfm This system is shown
in Figure 2.21.: The flow of data around the ring is organized into the frame
“fl Chapter 13 we shall be considering the layout of tree networks.
1A survey of LANs with the ring topology Is given in Ref. 46.

 
Figure 2.21, Farmer—Newhall loop.
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