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Chapter 1

Introduction

1.1 Background

‘ Shared-channel communication systems have been developed and extensively studied
during the past decade. In such systems a broadcast communication channel is to be
shared among a group of geographically distributed stations each demanding access to
the channel in a random fashion. The most common shared-channel communication
networks are: 1) Satellite networks, in which ground stations communicate with each
other by a radio channel with the satellite acting as a repeater, 2) Packet radio
networks, in which many stations communicate with each other by a ground radio
channel, 3) Local area networks, in which many stations, geographically close to each
other, communicate with each other by using a cable medium (i.e., a coaxial cable or

a fibre optic cable).

The main issue in designing shared-channe! networks is the design of multiple
access schemes. A multiple access scheme is a set of rules that determines the cir-
cumstances under which a station is allowed to transmit. The main goal of a multiple
access scheme is to control the stations’ transmissions 50 as to achieve high chan-
nel utilizations. Multiple access protocols proposed so far can be classified into the

following three categories [48]:



e fixed assignment,
e random access,

e demand assignment.

In a scheme of the first type, a fixed portion of the available channel capacity
is dedicated to each station. The most common forms of this technique are FDMA
(frequency division multiple access) and TDMA (time division multiple access) [3),
[47, sct 2.5] and [48]. Though the allocation can be tailored to the relative need of

each user, fixed assignment can be wasteful if the users’ demand is highly bursty.

In a scheme of the second type, any station tries to acquire the channel without
completely coordinating its action with others. Such schemes include ALOHA 2],
Slotted-ALOHA [37] and CSMA [25]. While the performances of these schemes [25]
[47, chpt 2] are very good for low traffic demand, they tend to become poor at times
of high traffic demand. This is because collisions are more likely to occur when many
stations try to access the channel simultaneously (a collision occurs if two or more

stations transmit at the same time).

In a scheme of the third type, explicit control information regarding the users’
need for the channel capacity is exchanged. The control scheme can be centralized
or distributed [40, chpt 8] [47, chpt 2j. In a centralized control scheme, a central
controller determines who should have the channel-access right next. In a distributed
control scheme, each station monitors the requests of all stations and executes an
identical distributed algorithm based on the requests to determine who should have
the channel-access right next. In both control schemes, control information must be
exchanged through the channel; this means overhead. Therefore, the performances
of these schemes are poor for light traffic demand, but are generally good for heavy

traffic demand. Examples of these schemes include MSAP (token ring) [27] and others
140, chpt 8] [47, chpt 2].

A common property in the performance analysis of shared-channel networks is the



inter-dependence of their queueing behaviors among all the stations in the system that
forms a class of interesting problem called the M -Interference Queueing Problem. The
M-interference queueing problem has been studied in various contexts for a, long time
and various analytical approaches have been made. For example, a method called
topological approximation is presented in [28]; a sub-class of this problem which

focuses on several slotted multiple access protocols was studied in [14] and [43].

1.2 Research Motivation and Approaches

In a shared-chaninel communication network, each station has a buffer where packets
wait until their actual transmission. In order to analyze the performance of the
network, the construction of an M-dimensional Markov chain with a state vector S
= [S1, Sey -+, Syl is required, where M is the number of stations and S, is the
number of packets in the ith station’s buffer. In general, stations interact with each
other through the multiple access schemes and Si,i=1, -, M are dependent on
each other. Obviously, in the case of having an infinite buffer, the number of states
is also infinite. Even in the case of having a buffer with a finite capacity of L units,
the number of states (~ LM states) may not permit an exact solution of the Markov
chain even for small values of L and M. Therefore, for stations with infinite buffer

capacities, approximate methods may be required.

In this thesis we study an approach called the Decomposition Methed that would
decompose the interaction problem into a set of simple queueing problems, so that
we can concentrate on the queueing of one station only. This method has been used
for the analysis of some particular protocols [8] and {43] only. Therefore, we are
motivated to provide a more general approach to examine several classes of protocols

that are decomposable.

The common model for this research is a system of M symmetric queues sharing
a single server through a particular multiple access scheme. For each model, the

following steps are taken for the study.



1. rApply the assumption that the queueing behavior of one user in the system can
be analyzed by taking into account the influence of the other users through the
M/G/1 with vacation model and the M/G/1 queue in which the first customer
of each busy period receives an exceptional service. Then the M interfering
queues in the system can be decomposed into M individual and independent
queues and the performance of the whole system can be evaluated through the

analysis of the queueing behavior of one of the M queues only.

2. The M/G/1 with vacation model and the M/G/1 queue in which the first cus-
tomer of each busy period receives an exceptional service are used to analyze
the queueing behavior of a station in the system. The advantage of these mod-
els lies as follows. To a station in a shared channel communication network,
the access to the communication channel is controlled by the multiple access
protocol. In some protocols (i.e.,TDMA and token ring), when the station gets
the access right, it can transmit the packets in its buffer, otherwise it has to
wait. This can be imagined as the queue being visited by a server when it gets
service and the queue has to wait for service when the server is on vacation. So
the operation of the M/G/1 queue with vacations exactly reflects the mecha-
nism of these systems (i.e., TDMA and token ring). The dependency afxiong all
the stations in the system can be taken into account through the vacation time
distribution. In other protocols (i.e., slotted ALOHA), when the station has
packets in the buffer it transmits without having to get the access right. How-
ever, collisions will happen in this kind of networks. Due to the collision, the
service time of each packet will depend on the bahaviors of other stations in the
system. In this case, the M/G/1 queue in which the first customer of each busy
period receives an exceptional service can be used to model the operation of the
multiple access protocols (i.e., slotted ALOHA) and the dependency among all

the stations can be taken into account through the service time distribution.

3. Apply more assumptions. For example, the service time of a packet is indepen-

dent of its waiting time and the vacation time, and the arrival process to each



station is an independent identical Poisson process.

4. Apply simulation techniques to.verify our analysis and the assumptions we have
made. A set of simulation programs using the QNAP2 [1] software package are
developed. For each system in our case studies, simulations are run based on the
parameters we use, and simulation results are compared against the analytical

results for some typical examples.

1.3 Thesis Organization and Contributions

We will study the shared-channel communication networks by means of case studies
that are chosen from three basic categories. They are 1) TDMA which is chosen
from the class of fixed assignment multiple access protocols, 2) Token ring which is
a typical example of the demand assignment multiple access protocols, 3) Slotted-
ALOHA which is a typical example of random multiple access systems. Since each
case is an important topic by itself, we shall study each one in full detail and reveal
its performances by the decomposition method. Due to the diffculties in the analysis,
it is necessary to present some basic analysis in queueing theory. For this reason, this
thesis consists of two logical parts. The first part, containing chapters 2 and 3, is a
theoretical part that reviews and solves several basic queueing systems. The second
part, containing chapters 4 to 6, studies the performances of several shared-channel
communication networks by the decomposition approach. The results derived in the
first part are used in the second part where we analyze the performances of shared-
channel communication networks. Due to the nature of this work, the previous work

related to each topic is separately reviewed in each chapter.

Chapter 2, An M/G/1 System with Independent Vacations, introduces the basics

of queueing analysis that are modified and extended in later analysis. It summarizes
the key resuits in an M/G/1 system, an M/G/1 system where the first packet of each
busy period receives an exceptional service, and finally an M/G/1 system in which

the server takes a vacation whenever the quene becomes empty.



Chapter 3, An M/G/1 System with Non-independent Vacations, extends the M/G/1

queue with vacation model by assuming the dependency of vacation periods on the

queue states. It derives the expression of the probability generating function (PGF)
of the queue length, the expressions of the Laplace-Stieitjes transforms (LST) of the
probability density function (pdf) of the response time and the waiting time. Batch

Poisson arrival analysis, important for the message delay analysis, is also presented.

Chapter 4, An Exact Analysis of TDMA Systems, studies the queueing behavior
of TDMA systems with M stations, each with an infinite buffer. LSTs of the pdf of

the response time and the waiting time are obtained, and closed form expressions for

the first 2 moments are derived for both the packet response time and the message

response time.

Chapter 5, Token Ring Analysis, analyzes the performance of token ring systems

with M symmetric stations, each with an infinite buffer. Two service policies are
considered in this chapter: 1) exhaustive service policy, 2) single service policy. For
both policies, the packet delay as well as the message delay expressions are obtained
by using the M/G/1 vacation model. The analytical results are validated by the

simulation results. Based on that, more performance studies are carried out.

Chapter 6, An Analysis of Slotted ALOHA Systems, studies a slotted ALOHA

system with M symmesric stations, each with an infinite buffer. Through the con-

struction and solution of an embedded Markov chain, the number of busy stations,
the service time distributions are derived from which closed form expressions for the

LST and the mean of the packet response time are obtained.

The main contributions of this thesis lie in the following areas:

1. To promote the decomposition method as an approach to analyze the general

M-interference queueing problem.

2. To use the M/G/1 queue with vacation model or the M/G/1 queue in which the
first packet receives an exceptional service as a tool to analyze several classes

of M-interference queue problems, namely the TDMA systems, the token ring

6



systems and the slotted ALOHA systems.

- To derive the expressions of the PGF of the queue length distribution, the LSTs
of the pdf of the packet waiting time and the response time, and the message
waiting time and the response time for the M/G/1 queue with non-independent
vacations. From these, closed form eJ:cpressions for the first two moments of

various distributions are obtained.

. 'To provide a new approach to the analysis of TDMA systems. Variances are

computed and verified by simulation results.

- To analyze the message delay performances for both the exhaustive and the
single service policies in the token ring systems. The performances of the system

under various parameters are discussed and compared.

. To obtain by a Markov chain approach the state transition probabilities for
the number of busy stations in the slotted ALOHA system with a finite user
population. Based on these, delay performances of the slotted ALOHA systems

are evaluated.

. Lastly, various QNAP2 simulation programs have been written to verify analyt-
ical results, especially the results obtained by approximations and assumptions.
The coding of some of these systems, Le., the slotted ALOHA system, is quite

complicated and interesting, and represents some major undertaking.



Chapter 2

An M/G/1 System with
Independent Vacations

As a review, we shall summarize in this chapter the key results of the M/G/1
queue. Then we shall examine variations of the M/G/1 system in which the first
customer of each busy period receives an exceptional service. Finally we study the
M/G/1 system with independent vacations and reveal its property. These reviews

provide equations and ideas that will be used in the later study.

21 An M/G/1 System

The M/G/1 system [6] [23] is the very basis for the M/G/1 vacation model. It is a
single-server, single-queune system Wwith' a Poisson packet arrival process at a rate A,
and a random service time with a distribution function B(¢). The mean service time
b, the ith mcment of the service time distribution 5 (i=2, 3 ---), and the Laplace-
Stieltjes transform (LST) of the probability density function (pdf) denoted by B* (s)

are given by

B*(s) = / e~tdB(2), (2.1)
/ B(t) = —B"M(0), (2.2)
B = f tdB(t) = (~1)'B*P0)  §=2,3,.-.. (2.3)



where ‘

d'B*(s)
dst

We assume that a queue has an infinite buffer to store the waiting packets, and the

B*3(0) = ( Js=a  1=1,2,---. (2.4) -

server serves the queue continuously according to first-come first-serve (FCFS) policy

until the queue becomes empty.

2.1.1 Number of Packets in the Queue

By selecting Markov points at the service completion points {departure instants) of
each packet, the steady state probability generating function (PGF) [6] (23] for the

number of packets in the queue at these points can be analyzed and obtained as,

£ _ Gl —2)B*(\ - Az)

Qumycii(z) = }gfﬂcz =T BOG -7 (2.5)

where go can be determined by the condition Q(1) =1, and is given by
Ggo=1—-p=1-Ab. (2.6)

Equation (2.5) is one form of the Pollaczek-Khinchin transform eguation.

Let L be the queue length random variable and T be the response time random
variable. By taking derivative with respective to z and setting z equal to one, the

mean queue length can be obtained as

BlL)=p+ 20 (
=p+—" 2.7
T =) )
From Little’s formula [35), we can get the mean response time E{7) as
ElL] - AB2
T=—== . .
E[T] ) b+2(1—p) (2.8)

It is clear from an inspection of equation (2.7) that p < 1 is the necessary and

sufficient condition for the system to achieve steady state.



2.1.2 Packet Waiting Time

Since the waiting time of a packet in the queue is independent of the arrival process
and of the packet service time, the relationship between the PGF of the queue length
distribution at the departufe instants and the LST of the pdf of the waiting time
Wi (8) is readily available via [6] and [23],

Qumsen(z) = Wigyen (A — A2)B*(A = Az), (2.9)

Changing the variable to s = A — Az, we obtain the LST of the pdf of the waiting

time ( )
stl—p
* = ) .10
WM/G/l(S) 5— A+ AB*(s) (2.10)
Take derivative with respective to s and set s equal to zero, the mean waiting time
is given by .
EWujop] = 5o 211)
3 JM/G/I - 2(1_p)3 FN
and the second moment is
A2 (52)? B3
EW? = + . 2.12

Define the response time of a packet TM/GM to be the sum of its waiting time and
its service time. Due to the fact that the service time is independent of the waiting

time, thus the LST of the pdf of the response time is

Trrranls) = Wigen(s)B(s). (2.13)

The first and second moments are given by

. - B2
E[TM/G/I] = E[WM/G/IJ + E[B] =h+ , (2.14)
2(1 - p)
E(Tycn) = EWiyon] + 2E(BlEWyen) + E[B%). (2.15)
From (2.7), (2.11) and (2.14), we have the relation
E[L] = /\E[TM/G/I] = /\(E[WM/G/;] -+ B), (2.16)

which again confirms Little’s Rule.

10



2.2 Exceptional Service for the First Packet in a

Busy Period

Consider a variation of the M/G/1 system where the first packet of each busy period

receives an exceptional service [49] (i.e., this service time has a different distribution

function from others that follow). Although it is not a system with vacations, the

analytical results are summarized here for their similarity and the needs of later

analysis,

Let Bi(s) be the LST of the service time pdf of the packet that initializes a busy
period, and b; be its mean value. The steady state PGF Q(z) [49] for the number of

packets in the queue at departure points is given by

2BI (A — Az) — B*(A — Az)

z) = o—"">— B(h—2z)
where -
1-2p
BEITG -

The LST of the pdf of the packet response time is then given by

T*(s) = QL - 5/2) =

1— X AB*(s)— (A —s)Bi(s)

L+ AMB1i—8)  s— A+ AB(s)

From that we have

E[T)

The LST of the pdf of the waiting time also can be obtained as

3 by N AD? N A(BE - B2)
LA —b) 201 = 8)  2(1+ X — AB)

1—-Xb 5= ABi(s) + AB*(s)

W*(s) = —
(5) L+ A(b, —b) s§—A+AB*(s)
and its mean
) 2 __ 77
E[W] _ Ab ) A(bl__b)_
2(1 — Ab) 2(1 4+ Abd; — Ab)
by
= EF7T~ — .
7] 14+ A(by—b)

i1

(2.19)

(2.20)

(2.21)

(2.22)



2.3 An M/G/1 System with Independent Vaca-
tions

In the following we consider an M/G/1 queueing system with independent vacations.
In such a system, the server begins a vacation of a random length each time when
the queue becomes empty. If the server returns from a vacation to find one or more
packets waiting, it works until the queue becomes empty again (exhaustive service),
and then it begins another vacation. If the server returns from a vacation to find no
packets waiting, it begins another vacation immediately, and continues in this manner
until it finds at least one packet waiting upon returning from a vacation. Thus unlike
the M/G/1 system that the server alternates between busy and idle states, the server
here is either busy or on vacation at all times. The M/G/1 system with independent
vacations is similar to the M/G/1 system in which the first packet in a busy period
receives exceptional service in such a way that the packet arrives at an empty queue
will be treated differently from other packets. In the system studied in the previous
section, the first packet has an exceptional service; while in the M/G/1 system wich
independent vacations, the first packet has to suffer an additional delay due to the

presence of vacations.

The model for a queueing system where the server goes on vacation of a random
length whenever it becomes idle was first analyzed in [36]. The server with rest
periods was analyzed by using another approach in [39]. As a special case for the
server with a starter, the M/G/1 queue with independent vacations was analyzed in
(34]. The emphasis in [34] is on the study of queues with a starter, while a gueue
with independent vacations was considered as a special case. The M/G/1 vacation
system with finite buffer capacities was also reported in [32]. A more comprehensive

survey of the M/G/1 queue with vacations can be found in [9] and [13]



2.3.1 Number of Packets in the Queue

Let V*(s), 7, and 2 be the LST of the pdf, the mean, and the second moment of the
vacation time respectively. As in the M/G/1 queueing analysis, by selecting Markov
points at departure points, we have the steady state PGF for the number of packets

in the queue at departure points 23],

gl ~ V(A = Az))B* (A — A2)

= 2.23

Q) B(A—Az) - 2 ’ (2.23)
where gp is now given by _
1-Xb

= _ 2.24

do - ( )

Rewriting equation (2.23), we have

1—-V*(A = Az}

Q(z) = 50— 2) Qumycn(z), (2.25)

where Q r/c/1(2) is given in equation (2.5) for the M/G/1 queueing system.

2.3.2 Packet Waiting Time

Since the waiting time of a packet is independent of the subsequent arrival process,
then similar to the M/G/l queue analysis, the queue length distribution and the

waiting time distribution can also be related as
Q) =WT(A - A2)B* (A - Az), (2.26)

and the LST of the pdf of the packet waiting time and the packet response time are

now given by

1—V*(s)
B sU
_1=V*(s)

35U

W= (s) Wi (s), (2.27)

T*(s) T&/G/l(s)- (2.28)
The first two moments of the waiting time are

EW] = EWumen] + %{%, (2.29)
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Var[W| = E[W? — (B[W])?, (2.30)

where

EVAEWmen] | BV

EVi SEV])
in which E{Wuycn] and E[Wi,¢ /] are the first and the second moments of the
waiting time for the M/G/1 system and are given in (2.11) and {2.12), respectively.

Accordingly the moments of the response time can be obtained by

E[W? = EWigen) + (2.31)

E[T| = EW) + E{B], (2.32)
Var([T] = E[T? - (E[T))?, (2.33)

and
E[TY = EW? + 2E[BIEW] + E[BY, (2.34)

where E[B] = b and E[B?] = }2. Equations (2.25) and (2.27) demonstrate the stochas-

tic decomposition property of the M/G/1 queue with independent vacations.

2.3.3 Batch Arrival

An extension of the M/G/1 vacation model is the batch arrival system with vacations.
Each arrival now corresponds to the arrival of a batch of packets, where the batch
sizes are independent and identically distributed random variables. The study of this

model here car be used for later analysis of message delay performance.

Let gx be the probability that the batch size (the number of packets in a batch)
isk(k = 1,2,--), and let G(z), g, and ¢ be its PGF, mean, and ith morment,

Gz) =3 gest - (2.35)
k=1

Since the server goes on vacation only when the queue is empty, and begins serving
when it returns to find at least one packet in the queue, the service time of a batch
is independent of the vacation time and furthermore the service of a batch can be

viewed as a superpacket, we have the service time random variable of a batch to be

bg=qil1 + golo+ -+ gk + -+ (2.36)
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where §; stands for the service time for k packets. By assuming independent packet

service time, the LST of the pdf of the batch service time can be derived as

B(s) = ;1 B*(s) + go( B* ()2 + - - - - (2.37)
and from equation (2.35), we can conclude that

o

By(s) = > (B*(s))"gx = G(B"(s)). (2.38)

k=1
By combining the M/G/1 decomposition property and the batch arrival property (6],
we can have the PGF of the queue length distribution in terms of the number of

batches in the queue

_ %0(1 = V™A = A2))G(B* (A — \2))
Qol2) = GO ) = , (2.39)

where gy is given by
1— Agb
g0 = ——22. ‘ (2.40)

Define the waiting time of a batch to be the time lapse measured from the arrival
of the batch till the start of the service of the first packet in the batch. Then the LST
of the pdf for the waiting time of a batch can be obtained as

vy 1=Vs)  s(1— Agh)
g(s) = sE[V] s—X+AG(B*(s))

(2.41)

For ease of notations, we shall denote Wien(s)

B+(s)=f(s) t0 mean the same
Wit/cn(s) in equation (2.10) except B*(s) is now replaced by f(s). This shall be
used for the remainder of the thesis. For example, in equation (241}, f(s) = G(B*(s))

and equation (2.41) can be written as

* l _ V* S) *
W(s) = _'s—E[_VS_WM/G/l(S) B+ (s)=G(B(s)) - (2.42)

‘The moments of the waiting time of a batch can be computed as

E[v?
E[W,] = 2_1;[7} + EWson |8+ s)=c(8+(); (2.43)
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Var[W,] = E[W?] - (E[W,])?, - (2.44)
where E[W?] is given by

E[V? N E[V2E[Waye/1 1B (s=ciB(s))]
3E[V] EV]
+E [WJ%I/G'/I IB'{s)=G(B'(s))]- (2.43)

EW;] =

The response time of a batch is defined to be the time interval starting from the
arrival of a batch until the service completion of the last packet of the batch. It is
the sum of the waiting time of a batch and the service time of the batch. Due to the
independence assumption of the waiting time and the service time of the batch, the

response time of the batch can be obtained by

Ti(s) = W (s)B;(s)- (2.46)
Its mean and variance are
: E[T,) = EW,] + E[B,], (2.47)
Var(T,] = E[T?) - (E[T,))?, (2.48)
where E[T?] is given by
E[T}] = E[W2} + 2E(B,|E[W,] + E{B2), (2.49)

E[B,| and E[B?} can be obtained from equation (2.38)

E(B,] =gb, (2.50)
BB = (@ -9 + 3% (2.51)
From Little’s rule, we can easily have the mean queue length in terms of batch,
I2\% AE[B?)
E = A g : .5
& (BE[V] * g5, TP (2:52)

Finally, the variance of the queue length can be obtained from
Var[Q,] = A¥Var(T,]. (2.53)
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2.4 Explanation for the Delay of the M/G /1 Queue
with Vacations

In the previous sections we showed that the delay in a queue with vacations is the

sum of two independent random variables:

e the delay in a queue without vacations;

* additional delay distributed as the residual life of the vacation period.

Yet we did not give a direct queueing explanation for the fact that the additional
delay is distributed as the residual life of the vacation period. We shall do that in

this section.

Consider the busy and the idle periods in a regular M/G/1 system (denoted as
system A) described in figure 2.1a [23]. We denote busy periods by Y7, Yz, --- and
idle periods by X, X, ---. Now, let us impose vacations on this system (the new
system is denoted as system B). Assume that the vacation is Jjust another job the
server has to do. Thus, if we look from the server’s point of view we notice three

properties:

1. The server always consumes work at a rate of “one unit of work per unit of
time”.
2. At time points where a vacation V; starts, additional work, equaling (in amount)

the vacation length, arrives at the system (from the server’s point of view).

3. A new vacation starts if and only if the amount of work in the system is exactly
zero. This means that the server takes a new vacation either when it finishes
working in the M/G/1 system or when it returns from a vacation and finds the

M/G/1 system still empty.

This situation is illustrated in figure 2.1b. The solid line represents the total amount

of work as seen by the server (denoted by Userver(t)), while the shadowed area repre-
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sents the unfinished work (M/G/1 packets) in the M/G/1 system with no vacations
(denoted Upyc1(t)). We notice that the server is continuously busy at a rate of “one
work unit per time unit” and that the vacation work (vacation packets) always arrives
to the server system when Usene-(t) drops to zero. Next, we notice that the server -

system serves in first-come first-served (FCFS) order and has the following properties:

e M/G/1 packets are served according to FCFS policy;
e vacation packets arrive only when there are no M/G/1 packets;

e the server completes service of any packet of any type before serving the next

packet (non-preemptive system).

With these properties, it is clear that the total time in the system for an M/G/1
packet arriving at time ¢ to the system with vacations is exactly Userver(t). Since the
time in system for the same packet in a system without vacations is Umysc(t); thus,

the additional delay suffered by this packet is given by Useryer(t) — Unsen(t).
In figure 2.2a. we plot the function difference Userver(t) — Unjop(t) (denoted by

D(t)) versus t. In this figure the following properties can be noticed:

1. In time segments corresponding to idle periods in system A (figure 2.1a), D(¢)

is consumed at the rate of “one work unit per time unit”,

%)

In time segments corresponding to busy periods in system A, D(t) remains

constant.

3. The time epoches where D(t) increases are those corresponding to the beginning
of vacations. At such a moment, D(¢) = 0 and discontinuously increase to the

height of the vacation starting at that time.

In this figure we note that D(t) is independent of any property of a system A
busy period (excluding its timing) since it stays constant during the duration of such

periods. D(t) is determined only by the length of the vacations and the length of the
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system A idle periods. Consequently, the additional delay in the queue with vacations

is independent of the delay in the regular M/G/1 system.

Siﬁce the additional delay is independent of any property of system A busy periods,
‘we can represent any system A busy period by its sta.r-ting point only. We do so by
contracting the flat segments of D(t) to a point. This is done in figure 2.2b, where the
time axis becomes a virtual time axis and a segment Y; from figure 2.2a is contracted
to a point y;. The point corresponding to the beginning of a vacation, V;, is denoted
by v;. For this figure we define D, (t) as the (virtual) additional delay of virtual time
¢ as seen in figure 2.2b. In the transformation from figure 2.2a to 2.2b, we notice the

following properties:

1. D,(%:) equals the additional delay suffered by all packets of busy period ¥; in
figure 2.1a.

2. D, continuously decreases at the rate of “one work unit per time unit”. When-

ever [, becomes zero, it increases by a discontinuocus increment.

3. The increment of D, occur in epoches corresponding to vacation starts. The

increment size is the vacation length.

4. Let ¢ be an arbitrary time epoch on the virtual time axis and v1 be the epoch
corresponding to the first vacation starts after . From properties 2 and 3 and

from the structure observed in figure 2.2b, it is clear that Dyt)=v - ¢

From these arguments it becomes clear that, in order to find the additional delay
suffered in system A, one may compute D, for the points {y;} in figure 2.2b. We note
that the length of a segment (v;, vi1) is distributed according to the distribution of
vacation length. Also, the intervals between the adjacent y points represent lengths of
idle periods; so, they are exponentially distributed. From the property of the Poisson

arrival processes, we have

D*(s) = i;E-[%‘ﬁ (2.54)
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Yes! this is the residual life of the vacation period! Thus, we arrive at the expected
conclusion: D, the additional delay of the packets in a system with vacation periods,

is distributed as the residual life of a vacation period.

2.5 Summary

The M/G/1 queueing systein and the M/G/1 queueing system with independent va-
cations were briefly reviewed in this chapter. As a variation of the M/G/1 queue, the
M/G/1 queue in which the first packet of each busy period receives an exceptional
service was also studied. It was shown that the delay in a queue with independent
vacations consists of the direct sum of two independent variables: 1) the delay in
the equivalent queue without vacations. 2) the additional delay suffered due to the
presence of vacations. Finally, an explanation was provided for the decomposition
property of the delay through a queue with independent vacations. The results pre-

sented in this chapter will be the basis for the analysis in following chapters.
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Chapter 3

An M/G/1 System with
Non-independent Vacations

In this chapter, we introduce and study the M/G/1 System with non-independent
vacations. We consider a queueing system in which a vacation is incurred on each
service completion. As opposed to the analysis in chapter 2 for an M/G/1 system
with independent vacations, we allow the vacation period in this chapter to depend
on the queue state, namely the number of packets in the queue. The LST of the
pdf of the response time and the waiting time are obtained for systems with Poisson

arrivals as well as batch Poisson arrivals.

3.1 Introduction

In some single server multi-queue systems, the server will leave whenever he finishes
serving a packet (i.e., TDMA systems and token ring systems with single service
policy). The length of a vacation cycle therefore would depend on the queue lengths

of other queues in the system and in turn on the length of the previous cycle.

In contrast to the study in chapter 2, we allow the vacation to depend on the
queue state. To understand the importance of these variations for the modelling
of queueing systems, let us further describe what systems can be modelled by this

model, compared to the systems that can be modelled by the M/G/1 queue with
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independent vacations.

1. The queue with independent vacations can be described as a system with a
dedicated server. The server can take vacations only when the queue gets idle.
A queue with non-independent vacations can model a system with a shared
server. In this system the server is shared by several queues. So the server is
sensitive to the number of packets in each queue. If the queue is empty, the
server will be away i.e., for a longer time. Clearly, this is not the only application
that can be modelled by a queue with non-independent vacations. As a matter
of fact, as already stated, the analysis of this system was motivated by the need
to analyze TDMA systems as well as token ring systems with a single service

policy.

2. A queue with independent vacations is a special case of a queue with non-

independent vacations.

A special case of this analysis has been previously reported in [16] for Poisson
arrivals and in [29] for batch arrivals. In their analysis, the server will take a vacation
after each service and the vacation period is assumed to be independent of the queue
state. A Bernoulli schedule vacation model in which the server takes a vacation with
probability 1 —p, or continues to serve the queue with probability p after each service
is studied in [41]. Note that the case p = 0 corresponds to the model studied in [16]

and the case p = 1 corresponds to the M/G/1 queue with independent vacations.

The rest of this chapter is organized as follows. In section 3.2, we will give a
description of the model and the assumptions used in later analysis. In section 3.3,
we derive the queue length PGF, then the LST of ihe pdf of the response time, the

waiting time and their moments in section 3.4, The results are extended to systems

with batch arrivals in section 3.5.



3.2 Model and Assumptions

The queueing system considered in this chapter consists of a single server and a single
queue. The arrival process to the queue is a Poisson process (later extended to a batch
Poisson process) with an arrival rate A. Packets which arrive at the queue will be
served according to a FCFS order with a B*(s), the LST of the pdf of the service time,
a mean b and a second moment 52. After each service, the server takes a vacation
with a random length 4. If there are no packets waiting in the system when the
server returns from a vacation, it takes a vacation with a random length g (Ty can
be different from ¥). Vacations are repeated until there is at least one packet found
at the end of the vacation. The LSTs of the pdf of the vacation periods are denoted
as Vy'(s) and V*(s). Furthermore we assume that the service time is independent of
the waiting time and the vacation time. Also the waiting time of a packet is assumed

to be independent of the subsequent arriva) process.

3.3 Number of Packets in the Queue

Due to the state-dependency of the vacation periods, we define p, to be the steady
state probability that the server finds n packets waiting in the queue when it arrives.
The state transition probability p,., is defined to be the probability of a queue making
transition from one state to the other between two successive instants when the server

attends the queue.

Denoting the convolution operator by *, we have

Pmn = /om ew\t%d(v(ﬂ «B(t)) m>0, (3.1)
Pon = ./Uw e—)\t ()::')ﬂdvo(t) (32)

Then {p,} satisfies the following equation of states:

oo n n+l ) n—m+1
= [0+ 3 g [T BT v by, g
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Introducing the PGF P(z) of p,, we have

P@=imﬁ (3.4)

Substitute the expression of p, into the equation and simplify, we get

2V (A = Az) = V(A= Az)B (A — A2)

P(z)=po 2= V(A= A2)B*() — Az)

(3.5)

Let g be the probability that, at a service completion point, a departing packet
leaves behind n packets in the queue. Then ¢, is given by
n+l n=-m-1
Dm /oo —At (At) ) dB
== —— — —— —dB(t). 3.6
on o1 —1mo Jo ¢ (n—m+ 1) (t) (3.6)

Introducing the PGF Q(z) of g,, we have the PGF of the queue length distribution

at departure points

o0

Q(z) = Zoqnz"
o0 Tl - o e }\t n—mal )
N nz-—-ﬂmzzl 1:00/0 ¢ (nL—)—er_l)!dB(t)z
1- A+ EV]) B* A = Az)(Vy (A= Az) — 1) .
T EW] VOB (- 7
and its mean
_ L (EVE]  ME+2BEV]+EVY)

3.4 Packet Waiting Time

Again assume that the waiting time of a packet is independent of the subsequent

arrival process. From the equation
Qz) = W*(A = Az)B* (A — A2), (3.9)

the LST of the PDF of the waiting time is obtained to be

v L=VE(s) 1=XG+ EV)
Wils) = EVo] s— A+ AV*(s)B(s) (3.10)
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-y

Note that the waiting time consists of two factors. One of them is the residual life
of the vaéation period of %, the other, denoted as Wyy,q /1 (s) | B-(sy=B2(s)v+(s); IS the
LST of the pdf of the packet waiting time for the M/G/1 queue in which B*(s) is
replaced by B*(s)V*(s). This was referred to as the general decomposition property
of the delay in the M/G/1 queue with vacations [13]. As a result, the mean and the

variance of the packet waiting time are given by

_ Bl

=2 | gy, c(=Bve(al, 3.11
ElW) 2EV) T EWumyc |8 (s)=B+(s)v+(s)) (3.11)
Var[W] = E[W?] - (E[W))?, (3.12)
where E[W?] is given by
EVP  EVH
2 — 0 9] W e(s)= B ()1~ (s
E[W?] 3BV + V) EWuen |8+s)=5-(syv=(s))
+EWion |Be(s)=B-(s)v(s))- (3.13)

The LST of the pdf of the response time and its moments can be obtained by

T*(s) = W*(s)B"(s), (3.14)
E[T] = E[W] +5, (3.13)
Var[T] = E[TY - (E[T))?, (3.16)
E[T? = E[W?| + BE[W] + B2 (3.17)

By Little’s rule, the mean queue length can be obtained as
E[Q] = AE[T). (3.18)
The variance can be obtained as before
Var[Q] = AVar{T). (3.19)

If we let V' (s) = V*(s), i.e., equations (3.10) and (3.11) become respectively

1= A+ E[V]) 1 —V*(s)
E[V] 5= A+ AV*H(s)B*(s)’

W(s) = (3.20)
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and v
E
“A=B*" () V* ()} 3.21
2ETV] + EWn/en | B(s=8)v-is] (3.21)
They are exactly the same as the results in [16]. On the other hand, if we let

V*(s) = 1 (% = 0), equations (3.7) and (3.10) reduce to

E[W] =

Vo(A=22) —1) (1 = AB)B* (A — Az2)
EW] z—B*(A—-Xz) ’

Q) = ¢ (3.22)

oy 1-XF 1-Vi(s)
W) = B s 1 AB- () (3.23)

They are the same as the results in chapter 2 for the M/G/1 system with independent

vacations.

3.5 Batch Arrival

The system can be extended to the queue with batch arrivals. Recall that the Poisson
batch arrival has a generating function G(2), the first and the second moments of 7
and g° respectively. Since the server takes a vacation after each service, the service
time of a batch cannot be simply treated as the compound service time of the packets
in the batch. However, if we assume that the service time of a packet is independent
of the vacation time, we have the service time of a batch with a size of k packets to
be

b= by + 5+ by + -+ + b, (3.24)

where B(k) is the service time of the kth packet in the batch. Apply the LST to the

equation, we have the LST of the pdf of the service time of a batch with & packets
Bi(s) to be

Bi(s) = (B ()5 (V" (). (3.25)

For a batch with its PGF N
G(z) = 3~ ge2", (3.26)

k=1
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the service time of the batch can be obtained by

bg=9151+9252+“'+9k5k+“', (3.27)

where by, is given in equation (3.24). The LST of the pdf of the service time of a batch

can be derived as
Bi(s) = q1B{(8) + g2B3(s) + -+ + gu Br(s) + - - -. (3.28)

From equations (3.25) and (3.26), we have the LST of the pdf of the service time

distribution of a batch,

o0

By(s) = > gu(B*(s))H(V*(s))*". (3.29)
k=1
After simplifying, we have
' Bi(s) = &8 }}fg;*(s)) . (3.30)

Define the waiting time of a batch to be the time lapse measured from the arrival
of the batch till the start of service of the first packet in the batch. Considering
the independence among the packet service time, the vacation duration 7 and the
vacation duration %, we can view the sum of the packet service time and the vacation
time ¥ as the “virtual service time”. As a result, we can apply the decomposition
property and the batch arrival property [6] to obtain the LST of the pdf for the

walting time of a batch

x _ 1-=Vg(s) s — )
Wi(s) = sEW] s— A+ AG(V*(s)B*(s))’
1 —Vy(s)

BTy aren(s) le=ciar v (3.31)

where p' = A g(T + b) and Wien(s) |B+(s)=c(B*(s)v+(sy) 15 the LST of the pdf
of the packet waiting time for the M/G/1 queue in which B*(s) is replaced by
G(B*(s)V*(s)}). The mean and the variance are

ew) =20l ] (3.32)
g 2E[Vb] /G/1 (s}=C(B*(s)V*{s) ],
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VarlW,] = EWZ] - (E[W,])?, (3.33)
where

EVS] | EW]

EW.
3E[Va] | E[Vo] Weason
+EWig/on

p B*(5)=G(B*(s)V*(s))]

B*(s)=G(B*(s)V*(s))]- (3.34)

Again define the response time of a batch to be the time interval starting from
the arrival of a batch until the service completion of the last packet in the batch. The
response time of a batch is composed of two independent components. One is the
waiting time of the batch, and the other is the service time of all the packets in the

batch. Therefore we have the LST of the pdf of the response time for a batch

Tg(s) = W, () B, (s), (3.33)
and its moments
E[T,] = E[W,] + E[B,], (3.36)
Var[T,] = EIT?) - (BIT,)%, (3.37)
where E[T?] is given by "
BT} = E[W?] + 2E(B,|E|W,] + E[B;], (3.38)
and from equation (3.30)
EB, =3 +7) -7, (3.39)
E[B] = (g@ -9)(6+2)®+ 3 + 200 + 09)
—29(g(b + T) — 7) — V2. (3.40)

Again, if we let V' (s) = V'*(s), equations (3.31) and (3.32) become

1-V*(s) 5(1—p")

Wy(s) = SE[V] s = A+ G(V*()B*(3)’

(3.41)
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where o' = A (7 + b), and

E[W,] = %% + E[Waen

B (8)=G(B(s)V+())). (3.42)
They are exactly the same as the results in [29]. On the other hand, if we le
V*(s) = 1 (9 = 0), equations (3.31) reduces to

. 1-V*(s)_ .,
q (s) = _s??[_VS—lWM/G/I(S)

B*(s)=G(B*(s)) (3.43)

which is exactly the same as equation (2.41) in chapter 2 for the M /G/1 system with

independent vacations and batch arrivals.

3.6 Summary

The M/G/1 queueing system with non-independent vacations was studied in this
chapter. The PGF of the queue length distribution, and the LST of the pdf of
the waiting time and the response time are obtained. It was shown that the delay
distribution in the queue with vacations is composed of the sum of two independent
variables: 1) the delay suffered due to the residual life of the vacation period Ty,
2) the packet waiting time for the M/G/1 queue in which the B*(s) is replaced by
B*(s)V*(s). The analysis was done for both the pure Poisson arrival and the batch

Poisson arrival.
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Chapter 4

An Exact Analysis of TDMA
Systems

In this chapter we study the queueing behavior of the time division multiple
access (TDMA) scheme, a method that carries out the sharing of the transmission
channel by making a deterministic sequential allocation of time intervals (slots) to
each station. The TDMA scheme can be considered as a method for synchronizing
the transmission of different stations in the system. For this reason, the transmission
of one station does not depend on the behavior of other stations, and this makes
the analysis simpler. Two types of data arrivals, single packets and messages are
considered in this chapter. 'The M/G/1 queue with non-independent vacations will
be used to model the system, so the results derived in chapter 3 are used throughout

this chapter.

4.1 Introduction

In 2 TDMA system [5] [19, chpt 3] [47, sct 2.5] [48], each station is assigned a fixed
time duration (a time slot) on the communication channel for the transmission of its
packets. After one station’s time duration has elapsed, the channel is switched to

another station with a synchronous operation.

TDMA systems were previously studied in [5]. The model permits a general
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distribution for the number of packets arrived within a time slot. The PGF of the
queue size (in number of packets) at time instarnts just prior to the beginning of each
time slot was solved. The mean delay experienced by a virtual message arrival was
also obtained. By assuming Poisson message arrivals and employing a model of the
M/G/1 queue in which the first packet of each busy period receives an exceptional
service, results were obtained in [30] for the steady state PGF of the queue size (in
number of messages) as seen by a random observer as well as the mean delay actually
experienced by messages. In parallel, the same results were obtained in [18] by using
another analytical approach. The delay performance of TDMA systems were also
analyzed in [7] and {38] for stations with infinite buffer capacities and in (50} for

stations with finite buffer capacities.

4.2 Model and Assumptions

The system considered in this chapter consists of M stations. The time is slotted and
time slots, one for each station, are organized into frames of, say, M slots indexed from
1 to M as shown in figure 4.1. In every frame, each station is allocated a time slot.
Time slots with the same index in consecutive frames form & TDMA channel. Let the
duration of a frame be T seconds. A station uses a slot of T/M seconds (provided
the queue is non-empty) to transmit a packet; it then has to wait for (M - \T/M
seconds before it can transmit another packet. Packet transmissions can only happen
at the beginning of the particular slot and 2 packet corresponds to the amount of

data that can be transmitted into a slot.

It is assumed that data packets (or messages) arrive at a station according to
a Poisson process. Arrival packets are stored in an infinite buffer until the portion
of a frame (slot) dedicated to the station is available. Messages are stored in their
entirety and broken into packets before they are transmitted, We imagine this as
the station being visited by a server. The server provides service during its visit to

the station with a constant service time of M /T seconds if the queue is not empty;
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Figure 4.1: The TDMA channel

otherwise the server goes on vacation. Each time after serving a packet, the server
will take a vacation V = (M — 1)T/M seconds. If there are no packets waiting when
the server returns from a vacation, it takes another vacation Vo = T seconds (i.e,
the time slot which belongs to the station is not used and considered as part of the
vacation). Vacations are repeated until there is at least one packet found at the end

of the vacation. The functional relationship is illustrated in figure 4.2. Note that the

FRAME FRAME
b \% Vo
> <4 —p | < >
slot
Nonempty Empty
queue queue

Figure 4.2: The vacation model of a station using a TDMA channel

action that the server takes for one station does not depend on the states of other

34



stations, but depends on the state of that station itself. More importanﬁ, observe
that the vacation taken, ie., V or V;, would depend on the queue state. Also the
time required for the server to cycle through all stations is a constant. Therefore
the stations may be analyzed independently. For this reason, we shall decompose a
TDMA system into M independent stations and study the performance of the TDMA
system through the analysis of one of the M stations. The station utilizing a TDMA

channel can be modelled by the queue with non-independent vacations.

It should be pointed out that in the models used in [18] and [30], the service
time is not defined as the one used in our model. The service time of a packet in
[18] and [30] was defined to be the sum of the time during which the packet is at
the head of the queue with no transmission in progress and its transmission time of
T/M seconds. Thus, in those models, the service time of a packet is exactly equal
to 7' seconds which is the duration of 2 TDMA frame except for the packet which
arrives to find an empty system;- the service time of such packets is a random variable
distributed between T/M and T + T/M seconds. As a result, the waiting time of
a packet obtained in the analysis here will be different from those in [18] [30]. Also
high moments of the response time and the waiting time are not provided in-those

analysis due to the difficulty, but they can easily be derived by using our model.

4.3 Packet Delay Analysis

Consider a station in the TDMA system as a single-server queue with Poisson arrivals
at a rate of A packet per second. From the model, the service time of a packet is a

constant of 7/M seconds. Introduce the LST of the pdf of the service time, we have

B(s) = [~ eaB(t) = e, (1)
and its first and ith moments
b= —Ai; (4.2)
- T
b = e (4.3)
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The vacation period initiated by an empty queue, %, is a constant of T seconds, while
the vacation period following a service of a packet, 4, is (M — 1)/MT seconds. Their

LST and moments are given by

Vo(s) = /ﬂm et dVy(t) =.e"3T, (4.4)
Vis) = _/;o e—stdv(t) = e—(M—UST/M’ (4.5)
[ 0] = T! ( )
(M -1)T
BV] = =5 . (4.7)
E[V{] = T, (4.8)
. (M- 1)T)
E[VY] = F (4.9)

Let L(t) be the number of packets in the station (both in the queue and in service)

at time t. Denote the steady state probability of having n packets in the queue as

gn = lim Prob{L(t) = n, (4.10)
and its PGF
oo
Qz) =3 g. 2" (4.11)
n=0

We now proceed to find the steady state PGF of ¢, by using the queue with non-

independent vacations model. Repeating equation (3.7) derived in chapter 3, the

queue length distribution is,

1 - Ao+ E[V]) B* (A= A2)(Vi(A = Az) — 1)
EVy z=V*(A~=A2)B*(\~ Az)’

and accordingly the LSTs of the pdf of the waiting time of a packet and the response

time of a packet are

Qz) =

(4.12)

1 - A&+ E[V)]) 1 — Vi (s)

W?(s) = E[V) s — A+ AV=(s)B*(s)’

(4.13)

T7(s) = W*(s)B*(s). (4.14)
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Moments of the response time and the walting time of a packet can be obtained in
a similar manner as before. From equations (3.11) and (3.13), we have the mean
waiting time of a packet

E[.W} _ %] | AB[V?] + BEV] + F)

2E[Vy 20 = Ab+ E[V])) (4.15)

and its variance

Var[W] = E[W? — (E[W))?, (4.16)
where

a1 _ AHE[VY + 2bE[V] + B2)2
EWT = —a et evy
+,\(E[V:‘] + 3bE(V?] + 3E[V]P + )
3(1- A&+ E[V])
+ AEIV? + 26E[V] + ) E[VP]  E[VJ] (4.17)

20 -Ad+E[V]) EW]  3E[W]
'The mean response time of a packet in the station can be obtained from equation

(3.15)
ElVE] | MEVY + 2BE[V] + B)

R T v (418)
and its variance
Var(T] = E[T? - (E[T))?, (4.19)
where
E[T*| = E[W?) + 2bE[W] + B2. (4.20)

Now substituting equations (4.2) to (4.9) into equations (4.15) to (4.20), we have

the following results for packet delay performances:

T AT T _
EWl =5+ om = sy (4:21)
T a2 T
E[T} = 5 + m_—/\ﬁ + i (4.22)
. T AT ATE e
W = s s ) T v (4.23)
BIT?) = ()% + F(TT-‘,\T*) L EWY, (4.24)
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4.4 Message Delay Analysis

In general messages arrived at a station are random in length. Each message has to
be broken into fixed-size packets before it is transmitted. Due to the operation of
the TDMA scheme, the message delay performance will be different from the packet
delay performance. This is because only one packet per slot is transmitted. If a data
message has more than one packets, the message can only be transmitted after several

frame cycles.

Consider a station in a TDMA system has data messages arrival according to a

Poisson process. The number of packets required to dispatch a message is given by a
general PGF

G’(z) = igkzk, (4.25)
k=1

its mean § and its second moment g%. Recall all the notations used before, B*(s) be
the LST of the pdf of the service time of 2 packet, V;*(s) be the LST of pdf of the
vacation period initiated by an empty queue and V*(s) be the LST of the pdf of the

vacation period following the service of a packet.

Since the service time of a message is the aggregate service time of its constituent
packets and the service time of a packet is independent of the vacation duration, the
service time of a message can be obtained by the same way as to obtain the service
time of a batch in chapter 3. From the derivation there, we have the LST of the pdf
of the service time of a message

G ()V"(s))

Bl ==

(4.26)

Define the waiting time of a message to be the time lapse measured from the
arrival of the message until the start of the service of its first packet. Applying the
results of the queue with non-independent vacations with batch arrivals in equation
(3.31), we have the LST of the pdf of the message waiting time to be

)= Lm0 s(1 - )
Wi(s) = sE[Vy] s—A+ AG(V*(s)B*(s))’

(4.27)
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where p' = Ag(7 + b). The mean and the variance can be obtained from

EVg]

[Wg] = m + E[WM/G/I IB‘(3)=G(B'(S)V-(3))], (4.28)
Var[Wy] = E[W2] — (E[W,))?, (4.29)
where
ENVT | ElVS
2 0 0
E[W!]] SE[%] + E[Vb] E[WM/G'/I B*(5)=CG(B (s)V'{s))]
+E[WJ%I/G/1 |B=(s)=c(B* (v (s))]- (4.30)

The response time of a message is defined to be the time interval measured from
the arrival of the message until the service completion of its last packet. So the
response time of a message is the sum of the waiting time of the message and the

service time of the message. Its LST and moments can be obtained as

T6) = W) B5(e) = Wy () SELEL), (431)
E(T,] = EW,] + E|B,], (4.32)
Var[Ty] = E[T}) - (E[T,))?, (4.33)
and
E(T]] = E[W}| + 2E[B,|E|W,} + E(BZ], (4.34)

where the first and the second moments of the service time of g message are given

respectively by

E[By =g(b+7) -7, (4.35)
EBYl = (F-9)b+7)?+3(82 + 2w + v?)
-20(g(6 + %) — T) — V2. (4.36)

Using the moments of the vacation time and the packet service time given before,
we have the following results:
Mg2T2

T
Wl=—4+ "2 -
EWol =3+ 30 gy

(4.37)
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T Ag?T? (M -1T
_I gL W= 4.38
T2 A2 (?T2)2 A(EETS)
L 4.39
EWyl =3 + TEWl + 7 =5y + 30 gD (4.39)
2T EW, — M —1)°T?  25(M - 1)T?

4.5 Numerical Results

In this section we examine the delay performance trade-offs through some numerical
examples. We consider a system with a population of M = 10. The slot time which
is equal to the transmission time of the fixed length packet is normalized to one
without loss of generality. Messages which arrive at the stations under consideration
consist of two cases: single-packet messages corresponding to the performance of

packet delay; multiple-packet messages in which the number of packets in a message

form a geometric distribution with means of 2, 5, 10.

In order to evaluate the performance measures, mean response times are compared
against both simulation results and the results presented in (30]; while the mean
waiting time and the variance of the response time are evaluated by comparing them
against simulation results only since no other results on variance have been reported

so far. In the presentation of our results, all measured times have been normalized

with respect to the slot time.

A simulation program has been developed by using the QNAP?2 simulation soft-
ware package [1]. The simulation program is attached in appendix A. In QNAP2,
parameters such as delays and queues can be represented by the control command
called “stations”. Packets are routed through a system of stations consisting of servers
and related queues according to predefined transitions and service disciplines. In the
simulation of TDMA system, the generation of the frame is modelled by the use of

a single server successively passing the transmission permission to every station as
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shown in figure 4.3. When a station receives the permission and has packets queued,
it transmits right away. When a station receives its permission and has no packet in
its queue, it lets the time slot pass by without being used. Packets arriving during
this time slot are not allowed to transmit. After its slot has gone by, the station, no
matter whether it has transmitted or not, must wait for the same slot in the next
frame. After having passed the slot to every station (ie., from 1 to M), the single
server station will have to restart a frame by passing the transmission permission to
station 1 again. Note that for each simulation run, the simulation time is chosen to
have a convergent result, and a 95 % confidence interval is also provided automatically

at the end of the simulatiomn,

A more detailed discussion of results follows. Figures 4.4 and 4.5 show two exam-
ples of normalized mean response time for packet transmissions and message trans-
missions with respect to utilizations which are defined as p = AG(T +b). They also
include results obtained from [30]. The results from our model, Lam’s model and
the simulations agree with each other very well. Results are also obtained for other
system sizes such as M = 20, and different message sizes such as § = 2, and 7 =
10. They are not provided here for reasons of simplicity. From all these examples we
observed that the proposed analytical approach gives an exact performance of TDMA

systems.

For both the packet response time and the message response time, figures 4.6 to
4.8 show their variances against utilizations p. Since no other analytical results are
available from Lam’s model, simulations are used for verification, and the results are

found to match very closely. This further enhances the confidence in our model.

Figure 4.9 shows the normalized mean packet waiting time versus utilizations p.
Figure 4.10 presents the mean message waiting time versus utilizations p. Both are
for the system of M = 10 stations. Simulation results with 95% confidence intervals
are used to verify these results. The comparison shows a striking agreement for all

cases. Based on these, more performance studies are carried out as follows.
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Figure 4.3: Simulation model for a TDMA system.
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Figure 4.11 shows the comparison of the mean packet waiting time for M = 10
and M = 20. Since the slot size is kept the same, the system with a larger M will
have a larger delay. In figure 4.12, we show the effect of the message size on the delay
performance. In this comparison, we use three different message lengths, namely
single packet message, a multiple-packet message in which the number of packets
forms a geometric distribution with a mean of 5 and a multiple-packet message with
a mean of 10. As expected, the larger the message size is, the larger the mean waiting -

time will be.

4.6 Summary

In this chapter we have studied the delay performance of TDMA systems by em-
ploying the decomposition method. Exact expressions of the LSTs of the pdf of the
‘waiting time, the response time and their moments have been obtained by modelling
;;_tation in the system as a queue with non-independent vacations for both the packet
and the message transmissions. The mean packet response time and the mean mes-
sage response time were compared against the results obtained previously by using
a different approach as well as simulation results and found to match exactly. The
mean waiting time and the variance of the response time were also obtained and
validated by simulations. As a result, the proposed analytical approach can give an

exact analysis of TDMA systems.
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Normalized mean packet response time for M = 10

Our Model Lam's Simulation 95% interval
utilization response time | response time | response time
0.1 6.555 6.555 6.552 0.083
0.2 7.250 7.250 7.240 0.085
0.3 8.143 8.143 8.136 0.096
0.4 9.333 9.333 9.309 0.121
0.5 11.00 11.00 11.08 6.552
0.6 13.50 13.50 13.57 0.273
0.7 17.67 17.67 17.67 6.552
0.8 26.00 ° 26.00 26.18 1.079
0.9 51.00 51.00 51.29 3.220

Figure 4.4: Mean packet response time versus utilizations.

Normalized mean message response time for M= 10and g = 5

Our Model Lam's Simulation 95% interval
utilization response ime | response time | response time

0.1 51.00 51.00 50.68 1.33
0.2 57.25 57.25 57.28 1.25
0.3 65.29 65.29 65.77 1.63
0.4 76.00 76.00 76.06 L.75
0.5 81.00 91.00 90.88 2.31
0.6 113.5 113.5 1139 3.72
0.7 151.0 151.0 151.8 6.73
0.8 226.0 2260 225.5 14.26
0.9 451.0 451.0 456.7 18.95.

Figure 4.5: Mean message response time versus utilizations for g =35
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Figure 4.6: Variance of packet response time versus utilizations.
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Figure 4.7: Variance of message response time vs utilizations for g =2
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Figure 4.8: Variance of message response time vs utilizations for g = 5.

60
1 1 95%Ineerval
o 50 - - Analysis
£
= . 40+
3
=2 304
[~ ]
=z E 1
5 g 20 ':
= 10 -
0 T T T T ! T T T T
0.0 0.2 0.4 0.6 0.8 1.0

Uttlization

Figure 4.9: Mean packet waiting time versus utilizations.
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Figure 4.11: The effect of M on mean packet waiting time
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Chapter 5

Token Ring Analysis

In this chapter we study the performances of token ring systems. The token ring
systems considered here consist of M stations, each of them assumed to have an
infinite buffer. Two token holding policies namely, an exhaustive service policy and a
single service policy, are analyzed in this chapter. For each service policy, two types
of data arrivals, single packets and multi-packet messages, are assumed. The analysis

is based on the results obtained in chapter 2 and chapter 3.

9.1 Introduction

The operation of a token ring system is well-known [3] [47, sct 3.4]. Basically access to
the transmission channel is controiled by passing around the ring a special signal called
the permission token. When a system is initialized, a designated station generates
a token which travels around the ring until a station ready to transmit captures it
and transmits its data. At the end of its transmission, the station passes the access

permission to the next station downstream by generating a new token.

In the standard token ring protocols [3], the length of the time 2 station is allowed
to transmit when in possession of a token is controlled by a so-called token-holding
timer. Long token-holding timeouts lead to an exhaustive service policy [3] in one

extreme where a station holding the token transmits all packets queued up. On
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the other hand, short token-holding timeouts yield an operation that may give rise
to a single service policy [3], where only a single packet per token is transmitted.
.Therefore, both of these limiting cases are of interest for the performance evaluation

of token rings.

There exists a lot of work in the analysis of token ring systems or their variation
polling systems in the literature. For example, the book by Takagi [46] is a tutorial
of the analysis of polling systems and contains a list of references. For single buffer

systems, analysis results can be found in [17], [22], and [45]. These systems are not

realistic as no queueing is allowed.

For infinite buffer systems, three types of service policies have been considered: 1)
an exhaustive service, 2) a gated service, and 3) a single service. The analysis of the
exhaustive service system with M stations and random switch-over times is available
in [10}, [12] and [16]. The model of the gated service system with A stations and
random switch-over times was studied in [12] and [33]. For the single service system,
the mean waiting time for M identical stations with zero switch-over time is given
in [44]; approximation with M nonidentical stations and random switch-over times

is given in [8], {16], [20} and [29], but no exact analytical results are available for the

general case.

Among all the analysis, the M/G/1 vacation model has been used to analyze the
performance of timed token protocols, especially in those approximations of the single
service policy, because it captures some key features of the token control operations.
However, most analyses are dealing with the packet delay performances [16] 120).
The main contribution of this study is to extend the packet delay performances to
the message delay performances by using the batch arrival model, In particular, we
studied the message response time performances for the single and the exhaustive
service policies. It later came to our attention that the inessage delay performance
was also reported last year in (8]. However in those analysis, only the waiting time

was derived for the single service policy.



5.2 Model and Assumptions

The principle of the token ring protocol can be modelled by the queueing system as
shown in figure 5.1. The active stations are represented by their transmitter queues.

These queues are served in a cyclic manner symbolized by the rotating token.

r: switch-over time

A: arrtval rate

P

STATION

TOKEN HOLDING TIME

Figure 5.1: queueing system model for a token ring.

We consider a systemn with M stations, each with an infinite buffer. The server

(token) serves M queues in a cyclic manner. After completing the service of a queue,
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the server incurs a switch-over period which in general can be a random length. Dur-
ing this period, none of the queues is served, and it may be considered as the time
required to switch from one queue to the next. The switch-over time is also called the
walk time in the literature. We shall decompose the system into M independent sta-
tions and analyze the delay performance of one station on a token ring by employing
the vacation model. To a selected station, the token can be viewed as a server who
provides service during its visit and goes on vacation when it is away. Two types of
service policies are chosen for analyses in this chapter: the exhaustive service policy,
and the single service policy. Because, as mentioned earlier, they are the two limiting

cases which are of interest for the performance evaluation of token ring systems.

In the following analysis, we assume a completely symmetrical system, i.e., each
station has an identical B*(s), the LST of the pdf of the service time, an identical
independent Poisson arrival process with an arrival rate A. Let the mean service
time be 5 and its second moment 52. The server switch-over time, which is the
combination of the token propagation time between stations ¢ and (i + 1) and the
station latency within station 1, is assumed to be an independent identical distributed
random variable with a LST of R*(s), a mean 7, and a second moment 72. Also we
assume that the time a station holds the token for the service of its packets in the
queue is independent of the waiting time and the vacation period. Furthermore, the
vacation period seen by a general station k& in equilibrium is denoted as ¥, its LST

as Vi/(s), its mean T, and its second moment v2.

5.3 Exhaustive Service Systems

In an exhaustive service system, upon the receipt of a free token, a station is permitted
to transmit all packets currently in its buffer, as well as all the new packets arriving
at the station during its transmission. This operation can be modelled by a server
that begins a vacation of a random length each time the queue becomes empty. If

the server returns to find one or more packets waiting, it works until the system
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empties again before taking another 'vacation. If the server finds no packets waiting,
it begins another vacation immediately. This is repeated until it finds at least one
packet waiting upon returning from a vacation. We shall use the M/G/1 queue with
independent vacations to analyze the packet delay performanpes. Although there is
a certain dependency between two consecutive vacations, due to the operation of the

token ring, vacations can still be considered independent in steady state.

5.3.1 Packet Delay Analysis

Let L(t) be 2 random variable for the number of packets in the station at time ¢.

Define the steady state probability

¢ = lim Prob[L(z) = ], (5.1)
and its transform
Qz) =3 _ gn2" ‘ (5.2)
n=0

We shall obtain the generating function of ¢n by using the queue with independent

vacations.

Based on the analytical results for the queue with independent vacations, we have
from equation (2.25) the PGF of the queue length distribution for a station in the
exhaustive service system to be

C1=1"(A = A2)
W) =—7 5

Qumcn(z) (5.3)

where Qur/c/1(2) is given in equation (2.9) for an M/G/1 queueing system. The mean
queue length is given by

EV7 A ‘) : (5.4)

EQ]=A (2E[V] - Y] +b

Accordingly, the LST of the pdf of the packet waiting time for a station in the

exhaustive service system is given by |

_1-V(s)
5T

W?(s) WKJ/GA(S), (5.5)
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where W}/, (s) is given by equation (2.10). The LST of the pdf of the response

time can be derived to be

T*(s) = W*(s)B*(s). (5.6)
Their means can be obtained like before,
Vg ]
EW) = g + EWinicnl (5.7
" E[T] = EW] +5, (5.8)

where E{Wis/¢/1] is given in equation (2.11).

5.3.2 Vacation Period Analysis

We now proceed to analyze V/*(s), the LST for the pdf of the vacation period for sta-
tion 2. Since the system is completely symmetric, the vacation period for each station
is the same and we can drop the subscript ¢ and use V*(s) instead. The approach

used in [46] for the analysis of the vacation period is adopted and summarized as

follows.

Let N;(t) be the number of packets at station i at time ¢ = Tm (i) when the server

arrives at station ¢ for the mth time, and define the joint and marginal ger.eramng

functions for [V, (t), Na(t), - ., Nur(2)] at time ¢ to be
Fi(z1, 2, 2m) = E| H ] (5.9)
F(2)=E[ 20 ) = F(1,--,1,2,1,---,1). (5.10)
Thus, at ¢t = 7,(¢ + 1) when the server arrives at station i + 1 for the mth time,
we have the joint generating function Fi,(z, 29, - -, zp). The Fi(zy,22, -, 2p) and
Fip1(z1,22,- -+, zp) can be related by
M
F;+1(ZI,ZQ,"', ZM) = R*(Z(}\—/\ZJ) )
7=1

M
Fi{zi,- 0 2y, B*(Z(/\ = Azj)) Zipn, 0, 2u), (5.11)
J#
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where R*(TM,(\ — Az;)) is the joint generating function for the number of pack-
ets arrived during the switch-time interval between station i and station i + 1, and
B* (74 (A—=)z;)) is the joint generating function (except for station i) for the number
of arrivals during the service time for station i. Define

- 31‘1(21, T ,ZM)

ft(J) aZJ Iz1=z2=--v=zM=1, (5.12)
and , )
. aﬂ(zl,"',ZM

ft(j! k)'_ 623‘62]; |21=22_—_-..=zM=1 . (513)

By solving a set of equations for i, 7, k = 1,2,---, M, we can obtain the following

first and the second factorial iroments of the probability distribution in steady state,
_ MXF(1 - p)

fi(i) = IS 7P (5.14)
oo M- p) e MM - 1)NFF M1 - p)? _
fi(1,1) = TV + YL + D (5.15)

Since the number of packets arrived during the vacation is the number of packets

found at the instant when the server arrives at the station, we have the relation
V(A= A7) = Fi(2). (5.16)

Consider that the system is symmetric, we can drop the subscript ¢ and write

VA~ Az) = F(2), (5.17)
from which we have
M7(1 - p) -
= — 1
E[V] v (5.18)
M(1—ple? MM~ D)A7H?
Var[V] = - .
ar[V] = —— s EYYPE (5.19)
By replacing E[V] and E[V?] in equation (5.8), the mean response time can be ob-
tained as \ .
o MT(l-p) MAb?
ETl=b+ = 2
=t S+ 2=, T s =) (5:20)
where p = Ab.
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5.3.3 Message Delay Analysis

Consider that stations on the ring have data messages arrival according to the Poisson
process. From each message, one or more packets are formed. Assume that the

number of packets required to dispatch a message is given by a general PGF
G(z) =Y g2*, (5.21)
k=1

its mean 7 and its second moment g2. Since in the exhaustive service policy, the
station is permitted to transmit all packets currently in its buffer, as well as all the
new packets arriving ‘at the station during its transmission, and the service time
of each packet in a message is independent, also the service time of a message is
independent of the behaviors of other stations, the message delay performance can
be analyzed by using the results of the queue with independent vacations and batch
arrivals. Recall ell the notations used before, B*(s) be the LST of the pdf of the
service time of a packet, B;(s) be the LST of the pdf of the service time of a message,

and V*(s) be the LST of the pdf of the vacation time.

From the assumption that the service time of each packet in a message is inde-
pendent, each message can be viewed as a superpacket. Therefore the service time of
a message can be obtained as the service time of a batch in chapter 2. From equation

(5.21), we have the LST of the pdf of the service time of a message to be

™18

B(s) =

9

(B*(5))*ge = G(B*(s)). (5.22)

=
[

1

By using the results in chapter 2, the PGF of the queue length distribution in
terms of the number of messages is readily available

_ (1l = V(A= A2))G(B" (A - Az))

@s(2) G(B*(» — A7) — 2 !

(5.23)

where gp is given by

1— Agb

do = —
(7]

(5.24)
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The mean queue length is given by

BV | AE[BY
2E[V] © 20 = AE(B,))

E[Q,] = A ( + E[Bg]) , (5.25)

where E[B,] and E[B}] can be obtained from equation (5.22)

E[B,) =gb (5.26)

2 =17 - __\2 -
EB| =g+ (2 ~7)F. (5.27)
Define the waiting time of a message to be the time lapse measured from the
arrival of a message till the start of the service of the first packet in the message.

From equation (2.41), we have the LST of the pdf for the waiting time of a message

_ 1=V s(1 - p)

W 5.28
2 (5) sE[V] s~ A+ AG(B*(s))’ (5:28)
where p = Agbh. The mean waiting time of a message can be computed as
E[V? )
W] = TEW]] + EWwmyep |8 s)=cse(an]- (5.29)

The response time of a message is defined to be the time interval starting from the
arrival of a message until the service completion of the last packet of the message and
it is the sum of the waiting time of the message and the service time of the message.
As before, the LST of the pdf for the response time of a message is given by

T:(s) = W7 (s)B; (s}, (5.30)

g

and its mean is

ETy) = ElW,] + E[B,). (5.31)

The vacation time distribution for the message delay analysis can be analyzed by
the same approach as in the packet delay analysis. The mean and the variance are
given by _
_ M7T(1 - M\Eg)

ElV = 5.32
V= Tl (5:32)
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M(1 = Xsg)e? | M(M —1)X((g — g)b + 7))
1 — MXbg : (1 — M X\og)? '

Replacing E{V] and Var[V?] in equation (5.31), the mean response time of a message

Var[V] =

(5.33)

can be obtained as

o}, Mr(1-p) MM -9 +3t)

Ells] = o 2(1 - Mp) 2(1 — Mp)

+ gb, (5.34)

where p = Agb.

5.4 Single Service Systems

In a single service system, a station receiving a free token is allowed to transmit only
one packet if the queue is non-empty. Then it has to pass the token to the nexs
station. To a station on the ring, the token can be treated as a server which provides
service during its visit and goes on vacation when it is away. If there are no packets
waiting when the server (token) returns from a vacation, it will take another vacation.
Otherwise, one packet will be served from the waiting queue. By assuming that the
vacation period is independent of the queue length, we can use a queue with non-
independent vacations to analyze the delay performances of a station on the token
ring. Unlike the analysis in chapter 4, the vacation period initiated by an empty
queue is the same as the one iritiated by a non-empty queue, so the condition Vj (s)
= V*(s) will be used in this study.

5.4.1 Packet Delay Analysis

As in the analysis of- the exhaustive service system, let L(t) be a random variable of

the number of packets in the station at time ¢ and

gn = lim Prob[L(t) = n]. (5.35)
Define the transform
Q(2) =D qn2™. (5.36)
n=0

58



Recall equation (3.7) for the PGF of the queue length distribution of the system with

non-independent vacations and let V;'(s) = V*(s), we have

_1=2B+EV])B* (A= A2)(V*(A = Az) = 1)

Q(2)

5.37
EWV]  z-V0- B0 =) (5:37)
and its mean
E[V? | AP+ BEV] + E[V?) _)
ElQ| = = + b 5.38
] (QE[V] 20— 2B+ EV]) (5.38)
Thus, the LST of the pdf of the packet waiting time is given as
1 - A(b+ E[V]) 1 —V*(s)
*(s) = . 3.3
W (s) E[V]  s=A+ AV (s)B(5) (5:39)
Rearrange this equation we have
oy 1=VYs) 1-XE+ EV))
S RS\
1-V*(s). ...
= “SE[“%WM/GA(S) LB (s)=B2(s)*(s) - (5.40)
From that we have the mean
E[V?
(W] = %E[V} + EWaiep g s=8-veis)- (5.41)

The LST of the pdf of the response time and its mean can be obtained accordingly
T(s) = W™(s)B*(s), (5.42)
E[T| = EW] +b. (5.43)
5.4.2 Vacation Period Approximation

Due to the interdependency between the vacation duration and the queue length at

each station on the ring, the analysis of the vacation time distribution becomes very

difficult and no exact solution has been obtained yet. However, the LST of the pdf
of the vacation time V*(s) seen by a station on a completely symmetric ring can be

approximated by the ‘ndependent assumption and obtained [16] as
Vi(s) = (1 —a) + aB*(s))M YR (s))M. (5.44)
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In the equation, « is the probability that the server finds at least one packet at a

station upon its arrival. There are several ways to approximate this o [8] {16} [20] [29].

Here we chose the one which gives the best approximation with respect to simulation
results. That is [8] .

Co + 72 / T

o= —

l—pr+p

where pr = Mp = MMb, and Cy is a ring latency (i.e. the total switch-over time of

(5.45)

the token). The moments of the vacation period can be obtained as
EV] = M7+ (M — 1)ab, (5.46)
Var{V] = (M — 1}(ab® — (ab)?) + Ma?. ' (5.47)

By substituting equations into equations {5.39) to (5.43), the packet delay perfor-

mances can be obtained.

5.4.3 Message Delay Analysis

Now we study the message delay performance as an extension of the packet delay
performance. In the exhaustive service system, the long token holding time makes it
possible to transmit all the packets in a message per token, However, in the single
service system, only one packet per token is transmitted. If a data message has more
than one packets, then the entire message can only be transmitted after several token

rotation cycles. This makes the performance of the message delay different from the

packet delay.

We shall model 2 station on the ring as a queue with non-independent vacations
and batch arrivals. Recall all the notations used before, B*(s) be the LST of the pdf
of the service time of a packet, B;(s) be the LST of the pdf of the service time of
a message, and V*(s) be LST of the pdf of the vacation time. Following the same

discussions as in previous chapters, we have the LST of the service time distribution

of a message with its PGF G(z) to be

B (9)V"(s))

=T

(5.48)
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Again, define the waiting time of a message to be the time lapse measured from the
arrival of the message till the start of service of the first packets of the message. Under
the assumption that the packet service time is independent of the vacation duration,
applying the results of the queue with non-independent vacations with batch arrivals
and letting V;'(s) = V*(s), we have the LST of the pdf of the message waiting time
to be

o 1= V) (1= 0)
= : 5.4
SO Ay ey e ver 72Ty (549)
where p' = Ag(7 + b). Its mean is given by
E[V?
E[W,] = ??E[ﬁ + EWason |B~(sy=c B (s)V+(s))]- (5.50)

The message response time is defined to be the time interval starting from the
arrival of a message until the service completion of the last packet of the message.
The response time of a message is composed of two independent parts. One is the
waiting time of the message, and the other is the service time of all the packets in
the message. So we have the LST of the pdf of the response time of a message and

its mean,
T;(s) = W;(s)B;‘(s), (5.51)

E[T,] = E[W,] + E[By, (5.52)

where BJ(s) is given in equation (5.48) and its mean is

E[B) =gb+7) 7. (5.53)

Note that the LST of the pdf of the vacation time used above is different from the
one used in the packet delay analysis. However, the LST of the pdf of the vacation
time V*(s) for the message delay analysis can be approximated by the same approach
as in the packet delay analysis. The LST of the pdf of the vacation time V*(s) seen

by a station on a completely symmetric ring can be approximated by,

Vis)=((1-a) + aB*(s))" YR (s))M, (5.54)
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as before, except a is now given by
gy -
a= SotTT AT, (5.55)
l—pr+p
where pr = Mp = MAgb, and Cy is « ring latenéy. Based on these, the message delay

performances can be obtained.

5.5 Numerical Results

In this section we examine the delay performances of the token ring system through
some numerical examples. A rihg size of M = 20 stations is considered. The station-
to-station switch-over times are assumed to be constant and all equal to Co/M where
Co is the total ring latency due to the switch-over time around the ring. By choosing
a ring length of 40 £m, and using a propagation speed of 5us/km, one obtains a ring
latency Co of 0.2 ms. For simplicity, we have ignored the station latencies (in the

order of us) which are small in comparison with 0.2 ms.

Two service policies that were described in sections 5.3 and 5.4 are considered.

For each service policy, both the packet delay perfcrmance and the message delay

performance are evaluated.

In figures 5.2 and 5.3, the delay performances versus system utilizations are pre-
sented for a system with the exhaustive service policy. The system utilization is
defined as p = MAbg. In figure 5.2, we assume that the packet length forms an ex-
ponential distribution with a mean of 10 kbits. For a transmission rate of 100 Mbps,
this corresponds to an exponential service time distribution with a mean of 0.1 ms.
The mean packet response time versus system utilization is presented. Figure 5.3
shows the mean message response time versus system utilization. Here, a constant
packet length of 10 kbits is used instead, and this gives a packet service time of 0.1

ms. The number of packets comprising a message is assumed to have a geometric

distribution with a mean of § = 5.
In figures 5.4 and 5.3, the delay performance versus station utilization is presented
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for a system with the single service policy. For the single service policy, the station
utilization is defined as p = A(5+7) for the packet delay performance and p = A\g(6+7)
for the message delay performance. Figure 5.4 shows the mean packet response time
for the system with a constant packet service time of 0.1 ms and figure 5.5 gives
the mean message response time performance for the system with a constant packet
service time of 0.1 ms and a message with a geometric distribution and a mean of g
= 5.

Simulation programs have been developed by using the QNAP2 simulation soft-
ware package and attached in appendices Bl and B2. Simulations have been run for
systems with parameters described above. Different simulation time durations have
been used for different utilization values to get the simulation result converged. The
95% confidence intervals have also been obtained and shown in figures 5.2 to 5.5. In

every case, the simulation results agree very well with our analytical results.

Consequent to this good agreement, we may use our analytical results for further
performance studies. First we study the effect of the number of stations on the delay
performance. We increase the number of stations on a ring to M = 40, while keeping
Co the same and a constant packet service time of 0.1 ms. The comparisons of M =
20 and M = 40 for the mean packet response time versus system utilizations for two
service policies are presented in figures 5.6 and 5.7 respectively. From the figures we
can find that for a given policy the number of stations on the ring does not affect the
delay performance much so long the system utilization is kept the same. However in
figure 5.7, we can find that for the same values of system ufilizations M = 20 has
larger delays than M = 40 when p is larger than 0.7. This is because for the same
system utilization, the station on the ring with 20 stations will have a larger A. This
means it will have a larger station utilization and a longer delay. For the exhaustive
service, the delay depends only upon the system utilization as shown in the analysis,

therefore for the same p, we have the same delay.

In figures 5.8 and 5.9, we analyze the effect of the packet size on the packet

delay performance. In order to have fair comparisons, the mean response time is
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normalized with respect to the mean packet service time. Figure 5.8 shows the
comparison for the single service policy while figure 5.9 is for the exhaustive service
policy. From the comparison for both policies, we can see that the larger the packet
size (the larger the mean packet service time), the smaller the mean response time.
When the packet size is reduced to (or below) the value which is comparable to the
switch-over time (b = 0.01 in our case), the delay will increase very fast as shown in
figures. This observation suggests that a relatively large packet size should be used
for the token ring. This is because a large packet size can reduce the effect of the

overhead caused by the ring latencies of token rotations.

"The effect of the packet size on the message delay performance is also studied. In
the study we use the same message. Its length has an exponential distribution with
a mean of 50 kbits. Two cases were considered, 1) the message can be transmitted in
one packet (b = 0.5); 2) the message has to be packetized before it can be transmitted.
In the second case, we use a constant packet size of 10 kbits which corresponds to § =
0.1. So we have a g = 5. The results are shown in figure 5.10 for the exhaustive service
policy and in figure 5.11 for the single service policy. From the figure we can see that
the packet size has little effect on the message delay performance for the exhaustive
service policy while the packet size will affect the message delay performance greatly

for the single service policy. This is because of the effect of the overhead caused by

token rotations.

In figures 5.12 and 5.13, we examine the effect of the distribution of the number
of packets which comprises a message for both the single and the exhaustive service
policies. Two distributions were chosen, one is the geometric distribution with a mean
of g = 2 and the other is the uniform distribution. For the uniform distribution,
we consider that messages arriving at the station consist of either one packet, two
packets or three packets with an equal probability. Figure 5.13 shows the comparison
between two distributions for the single service policy and figure 5.12 presents the
one for the exhaustive service policy. From the comparison we can find that the

uniform distribution has a smaller mean response time for both service policies. This
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is because the uniform distribution has a smaller variance for the same mean value.

Figures 5.14 to 5.16 show the comparison of the delay performances of the two
service policies. In order to show fair comparisons, system utilizations are used.
The system utilization was defined before p = MXbg. Also for the packet delay
performance, a constant packet length is used for the exhaustive service policy. It
can be seen that the exhaustive service discipline can always perform better. This is
because the exhaustive service policy reduces to a minimum the overhead caused by

the ring latencies of token rotations.

5.6 Summary

The performances of a token ring network under the single and the exhaustive ser-
vice policies have been analyzed. Closed form expressions for the packet delay and
the message delay of a symmetric system under the exhaustive service policy have
been presented. By employing the approximation of the vacation time distribution,
the packet delay as well as the message delay expressions have also been obtained
for a symmetric system und-r the single service policy. The analytical results were
validated by simulations. The performance with }espect to the number of stations on
the ring, the effect of the packet size, and the effect of the message length distribution
were also studied. Comparison between these two service policies was made. From
the numerical results, the exhaustive service policy is found to always perform better
than the single service policy. However note that a station in an exhaustive servi =«
system with heavy incoming traffics might monopolize the token, this may be unfair

to other staiions and cause dead-lock [3].
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Figure 5.2: Mean packet response time for exhaustive service with & = 0.1.
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Figure 5.3: Mean message response time for exhaustive service with g = 5.
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Figure 3.6: The effect of M for exhaustive service with & = 0.1.
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Figure 5.7: The effect of M for single service with 6 = 0.1.
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Figure 5.9: The effect of packet size for exhaustive service with M = 20,
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Figure 5.10: The effect of packet size on message delay for exhaustive service.
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Figure 5.11: The effect of packet size on message delay for single service.
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Figure 5.14: Comparison of two policies for packet delay with b = 0.1.
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Chapter 6

An Analysis of Slotted ALOHA
Systems

The slotted ALOHA scheme is characterized by using a distributed random access
algorithm to control the transmission of M stations in a single channel environment.
Thus the activity of one station in the system will affect the behavior of queues at
other stations, and this gives rise to a statistical dependence among queues in the
system. In this chapter we study the performance of slotted ALOHA systems by
focussing on the queueing behavior of one station and model it as an M /G/1 queue
In which the first packet of each busy period receives an exceptional service. The
interactions among all the stations are taken into account through the service time

distributicns. Simulations are run to verify the analytical results.

6.1 Introduction

The classic ALOHA access scheme [2] is a method which can be employed in shared-
channel networks (i.e., in packet radio networks or in satellite networks, also reported
recently in fiber optical based LANs [15]). In this access scheme a station transmits
a packet o5 soon as the packet arrives, and packets transmitted concurrently will
collide and cannot be received correctly at the receiving stations. Collided packets

are retransmitted after a randomly selected period of time, until they are successfully
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received.

The slotted ALOHA scheme [37] is similar to the ALOHA scheme, but in addition,
the time axis is divided into equal length slots (each of them equals in length the
transmission time of o packet) and stations are allowed to start transmission only
at the beginning of every time slot as shown in figure 6.1. Usually, a geometrically

distributed delay process is employed in the retransmission of collided packets.

Station 1 L

F

. Station 2 | [ \\\¥1

] I [ ] l »
» —
Station 3 \N | | N % ! |
S >
Station M [ | { , , \\\ | 1 I |
Time

™
-éﬁ successful packet transmission

\\\Y packet collision

——#  random retransmission delay

Figure 6.1: Slotted ALOHA random access.

The ALOHA scheme has been extensively studied in the past. However, most of
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them either concentrate on capacity analysis or assume an infinite user population
that implies no queueing of packets at the terminals. Naturally, the main result
derived by these studies is the throughput of the system, rather than the station, as
a function of the offered load [2], [26] and [37]. Several studies (see [24], for example)
analyzed the delay in the slotted ALOHA system. However, these studies do not
model any queueing behavior, so the expressions derived in these reports mainly

represent the retransmission delay for a packet and not any queueing delay.

For the analysis of a system of a finite number of stations, each with an infinite
buffer, the first attempt was made in [21). That paper takes for granted an infinite
buifer capécity and ignores any dependence cf the throughput of a station upon the
number of stations attempting access. In [11], an approximation for a slotted ALOHA
system of a finite number of stations with Bernoulli arrival processes was analyzed

by coupled Markov chains, but the analytical approach was very complicated.

For very simple systems, the exact queueing analysis of the slotted ALOHA system
has been done in [42]. In that report, based on the symmetric property, the mean
response time in a two-station slotted ALOIA syst—é-m with Bernoulli arrival processes
was obtain. Recently, a variation of this model was analyzed by the same approach in

[4]. Unfortunately, this method can not easily be extended to an M-station system.

In contrast to the previous studies, this chapter attempts to derive an expression
for the queue length distribution as well as for the LST of the pdf of the response time
for a slotted ALOHA system of .M symmetric stations each with an infinite buffer.
Additional contributions come from the modelling of the system as a simple M/G/1
queue in which the first packet of each busy period receives an exceptional service

and the derivation of the expression of the LST of the pdf of the service time.

The analysis done in this chapter is divided into two main parts. First, in section
6.3 we analyze tie yueue length distribution of a tagged station in the system. The
analysis is based on the results derived in chapter 2 for the M /G/1 queue in which

the first packet of each busy period receives an exceptional service. In the second
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part of this chapter we piesent an approach for analyzing the packet service time
distributions at each station. This approach analyzes the system by constructing a
Markov chain which is formed by the steady state probability of having ¢ busy stations
( having at least one packet in the queué) in the system. By employing the steady
state analysis and constructing a state transition matrix, we derive the service time
distributions. This is done in section 6.4. The results derived are discussed in section

6.5 through some numerical examples.

6.2 Model and Assumptions

The system considered consists of M symmetric stations which transmit packets to
each other over a single channel. In this channel, we assume that if the transmissions
of two (or more) stations overlap all transmitted packets get garbled, and we call this
a collision. Therefore, a station can transmit a packet successfully if and only if no

other stations attempt to use the channel at the same time.

The system works synchronously, in that the time axis is divided into slots with
the slot size equal to the transmission time of a fixed length packet, which, without
loss of generality, is assumed to be unity. Each station is considered to have an infinite
buffer. The arrival process to each station is an identical independent Poisson process
with an arrival rate of A packet/ s. Packets which arrive at a given station are served

according to a FCFS order.

The medium access scheme studied in this chapter is assumed to be slotted
ALOHA. More specifically, at the beginning of a slot a packet, at head of queue,
is transmitted with probability p if it has arrived at a non-empty queue; otherwise it
is transmitted with probability 1. A station involved in a collision will continue nd
retransmit the packet. To avoid a deadlock, this station -.ill either transmit in any
of the succeeding slots with probability p, or stay quiet with probability I — p (ge-
ometric retransmission delay process). This collision resolution scheme is used until

a packet is transmitted successfully. We assume that the propagation delay is zero,

77



so that at the end of the slot, all stations know the status of the channel in that slot.

In addition, it is assumed that the channel is error free.

The assumption that the retransmission process has a memory_less geometric dis-
tribution permits a simple description for the analysis. However, the assumption
that the propagation delay is zero is obviously not true for satellite channels. For
a satellite channel the transmission propagation R cannot be neglected. However,
simulation results have shown that the delay performance of slott.ed ALOHA systems
are dependent primarily upon the average retransmission delay and quite insensitive
to the exact probability distributions [24]. For a slotted ALOHA system with a uni-
form retransmission process with a parameter of K and a propagation delay R, the
average retransmission delay is B 4+ (K + 1)/2. Since the average retransmission
delay from a geometric distribution (with probability p) is 1/p. one can find a proper
p to match the retransmission delay. Therefore, to use the analytical results of the

Markovian model here to predict the delay performance of a slotted ALOHA system

with a nonzero propagation delay, we may choose

%=R+(K+1)/2. | (6.1)

We shall model this slotted ALOHA system by a system of M interferring queues
served by a common server shown in figure 6.2. By assuming that the behavior of
one station can be analyzed by taking into account the influence of other stations in
the system through the service time distributions, each station in the system can be
viewed as an M/G/1 queue in which the first packet of each busy period receives an
exceptional service. As a result, the system is decomposed into M individual queues.
It is obvious that this model is an approximation of the real situation. However, it
allows us to evaluate the performance of the whole system through the aralysis of one
of the M stations in the system. The reason to choose the model of the M/G/1 queue
in which the first packet of each busy period receives an exceptional service instead of
the M/G/1 queue or the M/G/1 vacation model is that the packet initiating a busy
period is treated diflerently from others in this protocol. As stated in the protocol,

the packet that initiates a busy period will be transmitted with probability 1 at the
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first attempt. After the successful transmission of the first packet, the next packet
in the queue, if there is one, enters the transmission process immediately and will
be transmitted with probability p. Therefore, two service time random variables are
needed and the M/G/1 queue in which the first packet of each busy period receives

an exceptional service is chosen to model this protocol.

Station 1

l "

—> | | [HooH

. Station i

.L> | [HOQ Shared-Channel
Station M

_?"_y RHOQ

-

Buffer

T Retransmission Unit

Figure 6.2: Queueing model of a slotted ALOHA system.

6.3 Number of Packets in the Queue

Let L(t) be the number of packets in the station (both in the queue and in service) at
time . The steady state PGF of the queue length distribution can be found by using
the M/G/1 queue in which the first packet of each busy period receives an exceptional
service. Recall that a station in the slotted ALOHA system has a Poisson arrival.
The first packet of each busy period will get service given by B} (s), the LST of the

pdf of the service time. The server will provide service to other packets in the queue
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according to a LST of the pdf of the service time B*(s). Let

Gn = tlirglo Prob|L(t) = n], (6.2)

and define the PGF o
Q(z) = Z gn2". (6.3)

n=0

From the results obtained in chapter 2, we have the queue length distribution to be

Q) = 32 g = g, BIO A — B0 = 42)

6.4
i z— B*(A = Az) ’ (6.4)
where qq is given by _
1= 63)
TN =) '

and B*(s) and Bj(s) are to be obtained in section 6.4.2 after the following analysis.

6.4 Service Time Distribution Analysis

An important step in the analysis of this chapter is the derivation of the service time
distributions. Define the service time to be a random variable which represents the
time duration from the instant a packet arrives at the head of the queue until it is
successfully transmitted. In steady state, the distribution function of this random
variable is generally dependent on the steady state PGF denoted as F(8), where S is
the state vector (Si, Se, - -+, Sur) and S; is the number of packets in the ith station’s
buffer. However, due to the operation of the slotted ALOHA protocol, the service
time distribution is independent of the exact queue length distributions of the busy
stations, and only depends on &, the number of busy stations (having at least one
packet in the queue). This characteristic is due to the fact that during its operation
the slotted ALOHA protocol nuly needs to know the number of stations having a
packet to transmit, and not the actual number of packets in the queue for each busy
station. This observation simplifies the analysis if a further assumption is imposed.
This assumption is that the steady state probability myp, that the departure of a

packet from the ¢th station leaves the ith station’s buffer empty, is also independent
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of the exact queue length distributions of the other stations. Since all stations receive
packets at the same rate A, and the slotted ALOHA protocol is fair to every station,

it is assumed that the probabilities 7y, are all equal to mp.

6.4.1 State Probability

Let N (t) be a random variable representing the number of busy stations in the system
at time ¢. In steady state, the probability of having ¢ busy stations in the system at

time ¢ slots is defined as
P. = Jim Prob[(z) = 4] i=0,1,2, " (6.6)

In this case, N (t) forms a Markov chain on the slot boundary and gives a state
description for the system. The state space is discrete and consists of a set of integers

{0,1,2, ..., M }. Define the one step stationary state transition probabilities of

N{t) to be
mf=PmﬂN@+m)=j|N@)=ﬂ ,7=0,1,2,- -, M. (6.7)

Let ¢ be the probability of having at least one packet arriving in a slot at one station,

then under a Poisson arrival assumption

o=1-—¢* (6.8)

Recall that p is the probability for resolving the collision. That is a station will
transmit a queued packet au the head of the queue with probability p in the next slot.
The same p is also used for the geometric retransmission process in the next time

slot.

Since a packet arriving at an empty queue will be transmitted with probability 1
in the coming slot, the probability of having packets arrival in a slot for an empty
station is the probability of having a packet to transmit at the next slot. Also as

discussed before, packets arrived at a non-empty queue do not affect the number of
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busy stations in the system. Based on these assumptions a state transition matrix

can be derived as follows.

Since there can be no more than one successful transmission in a slot, a transition
from state i to state §j < ¢ — 1 is impossible, and pij =0forj < @ — 1. Next
consider the transition from state ¢ to state : — 1. A reduction in the number of busy
stations can only come about if there are no new packets arriving at empty stations
in the system, and only one of the ¢ busy stations transmits a packet such that the

departure of that packet leaves an empty queue.

The transition from state 7 to the very same state can happen due to three distinct
reasons. The first results from the circumsténce in which no new packets arrived
at empty stations while none or two or more of the i .stations transmitted. The
transmitting stations cleariy collided and the number of busy stations remains the
same. This has a probability of (1—ip (1-p)i~1) (1-0)™~*, The second reason for this
transition results from a situation in which no new packets arrived at empty stations
while one out of the 7 busy stations transmitted successfully, but the departure of
the packet does not leave an empty queue. This contributes a probability of ip (1-
m) (1 = p)*~! (1 — o)™ ~*. The third reason for this transition results from the case
in which one empty station got one packet arrival (and transmitted) and none of
the ¢ busy stations transmitted. In this case the empty station got a packet and

transmitted successfully and therefore the number of busy s:ations remains the same.
It has a probebility of (1 — p)* (M — )X e™? (1 - g)M—i-1,

The pgxt transition to consider is from state ¢ to state 7 =4 + 1. Since the number
of busy stations increased, one of the empty stations must have packets arrival. The
transition results from two reasons. The first reason is that the empty station had
more than one packets arrival. So after the transmission, no matter whether the
transmission is successful or not, the station is non-empty and the number of busy
stations increased by cne. This event contributes a probability of (M — i) {1 -
g)==1 (1—e~*~Ae™*). The second reason is that the empty station had one packet

arrival and at least one of the i busy stations transmitted, so a collision happened, .
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the station remains non-empty after transmission and the number of busy stations
increased by one. This event has a probability of (M —1) Ae™* (1 —a)M~*1 (1 - (1 -
p)’).

The last case is the transition from state 4 to state 5 > ¢ + 2. Here the number
of busy stations increased by two or more meaning that there are j — 7 stations out
of M — ¢ empty stations had arrival and transmitted. Collision is generated. The

number of busy stations increased by j — ¢. The activity of the busy stations is

immaterial in this case.

Summarizing all the events discussed above, the general transitional probability

pi; can be expressed as
(0 it -2

ipmo (1—p)~! (1~ g)¥- j=i -1

ip{l—my) (1 ~p)=! (1 —0o)¥—?

+ (1—-ip (1—p) Y (1 =—ag)M—

i =4 +({1-plF(M-iAe? (1=-og)Mi] j=1i (6.9)
(M =) Ae™ (1= 0)¥==4 (1 - (1= p))

+ (M=) (1-a) " (L-e™—2e™) j=i +1

(1;1——;) g1 — g )M~ i> 1+ 2

The stationary probability distribution { £}, of N (t) can be computed by solving

the following set of linear simultaneous equations in terms of my:

M
B =3 By (6.10)
=0
forj = 0,1,2,---, M. Of course, the steady state probabilities must also satisfy for
the normalizing condition
M
S P=1 (6.11)
1=0

Note that one of the equations in (6.10) is linearly dependent on others with the

constraint of equation {6.11).
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6.4.2 Service Time Distributions

There are two service time distributions, B:(¢) and B(t). B,(t) is the service time
distribution for packets that initiate a busy period for the tagged station, and B(%)
is the service time distribution for the remaining packets in the queue of the station.
This distinction is necessary, because a packet arriving at an empty queue has to wait
for transmission at the beginning of the next slot. Also a packet that initiates a busy
period will be transmitted with probability 1 at the first attempt. However, after the
successful transmission of the first packet, the next packet in the queue, if there is one,
“enters the transmission process immediately and will be transmitted with probability
p. Since all the stations in the system are symmetric and the slotted ALOHA protocol
is fair to all the stations, the service time distributions can be considered the same

for all the stations.

Let b, be a random variable with a probability distribution function B,(¢). From
the previous discussion, we know b; is the sum of two independent random variables
Z and §, that is

by =%+, (6.12)

where § is the residual life time required for the synchronization of the transmission.
It is distributed between 0 and 1, with a LST of

1—¢—*
5

The random variable & represents the time duration from the instant the first
attempt is made to transmit the packet until the time the packet is successfully

transmitted. The random variable Z takes an integral value of time slots.

Recall that the retransmission process of each collided packet is assumed to be
geometrically distributed with probability p. Let Q; be the probability that a packet
which initiates a busy period is transmitted successfully in the first attempt by a
given station, and Q be the probability that a packet is retransmitted successfully by

the station. To obtain £2,, we have to condition and uncondition on having 7 busy
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stations in the system. The probability that a packet which initiates a busy period
is transmitted successfully in the first attempt by a given station conditioning on
having ¢ busy staticns in the system-is (1 — p)* (e~*)™~*"!, where (e=*)M~*! is the
probability that there is no arrival in the remaining M —i—1 idle stations, and (1 —p)
is the probability that there is no transmission among the ¢ busy stations. Since the
number of busy stations can be from 0 to M - 1, we have £2; by unconditioning on
having ¢ busy stations in the system.
M—1
Q=3 (1-p)ie)M'p,  (814)
i=0
where P; is the probability of having ¢ busy stations and can be obtéined from the

state transition matrix derived before. By the same approach, we have

Q= p‘ﬂi(l ~p) (e MR, (6.15)

i=1l

Based on that, we have the distribution function of the random variable % to be

z(t) = Prob{t = 1] + Problt = 2]+ .-+ + Prob[t = k] + - - - (6.16)
where
Problt =1] =y, (6.17)
Problt=Fk}l = (1 -Q)Q1 - Q%2 &k>1. (6.18)
The LST of the pdf of Z can be obtained by
X*(s) = f  emst(t)dt. (6.19)
0
X*(s) = Qe+ (1 - Q)e™ e ™ + (1 — Q)e QL — Q)™ + - -- (6.20)
By simplifying that, we have
(1 - Ql)Qe'zs

X*(S) = Qle"s +

o= (6.21)

Since the service time random variable b, is the sum of two independent variables

% and #, the LST of the pdf of b, can be obtained by

Bi(s) = Y*(s)X*(s) = 5~

(6.22)

~ 0))Qe®
(Qle—s_l_ (1 l) € )

1—-(1—)es
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The moments of the service time b, can easily be obtained as

_ -Q
bl=%+1+191, (6.23)
— 1 1—-0 P+rQ+2

The service time distribution B(t) can be analyzed by the same approach. Recall
that a queued packet is transmitted with probability p for the first attempt as well as
for the retransmission. So the probability that a station transmits a queued pack.et
successfully is Q for the first attempt and for the retransmission. @ has been given

In equation (6.15). The distribution function of B(t) can be obtained from

b(t) = Problt = 1] + Problt = 2] +--- + Probt = k] + - -, (6.25)

where
Problt = 1] = Q, (6.26)
Problt = k] = Q(1 — Q)% k>1. (6.27)

The LST of the service time distribution B(t) can be obtained by

B(s)= [ e t. .28
(s) /0 e=b(t)d (6.28)
B'(s)=Qe™ + (1 -)Qe > + Q1 - Q)% + ... (6.29)
By simplifying that, we have
Qe
B*(s) = .
&) = i (6.30)

b= = 31
= (6.31)
- 2-%
B2 = TR (6.32)
The mean service time of a packet can be obtained by
by = (1 — qo)b + qob; = b (6.33)
L] do QOI_].—-/\(B-—F;). .
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Note that up till now, the previously defined probability =y still remains to be
evaluated. Under the Poisson arrival assumption the probability that a queue has

an empty buffer is equal to the probability that a packet departure leaves an empty
buffer [23, chpt 5]. So we have '

This gives arother independent equation for 7 via
1—Ab

= _ e, 6.35

go = T 1= A(b—5) ( )

The analysis of the service time is now complete from which the performance of the

system can be evaluated.

6.2 Delay Performance

Since each station in the system can be analyzed independently by employing the
M/G/1 queue in which the first packet of each busy period receives an exceptional
service, the LST of the pdf of the response time distribution can be obtained by using
the results in chapter 2. Namely,

1= X AB*s) — (A —s)Bi(s)

T (s) = —_— 6.36
A v ay s R W Y-S ) (6.36)
Its mean is given by
5 NG? ABE - B
ET)= — = —. 6.37
==y "o T 08 =% (6.37)
The average queue length can easily be obtained from Little's rule
E[L] = AE[T). (6.38)

The steady state throughput S of the system is defined as the average number of
successfully transmitted packets per slot. Since the system is in equilibrium, no packet
is rejected and all the received packets will be eventually transmitted successfully. In

view of this the input rate equals the output rate per slot, and

S = M. (6.39)
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6.6 Numerical Examples

In order to evaluate the performance measures, the service time distributions and
the steady sta‘= probabilities of the number of busy stations in the system must be
- computed. The following simple iteration scheme may be used in order to obtain the

service time distribution and the steady state probabilities P..

1. Assign an arbitrary initial value to the probability me, 0 < 7 < 1.

2. Solve the set of linear equations (6.9) with respect to the steady state probability

To.
3. Compute a new estimate for the value of the probability mo from equation (6.5).

4. Repeat «teps 2 and 3 until a convergence criterion is satisfied.

Thus the steady state probabilities P; can be computed by the solution of series of
linear equations. Based on that the performance measures, namely, the mean service

time and the mean response time versus system throughput (S) can be computed.

Results have been obtained for a population of M = 5, 10 and 20 stations. The
arrival process to each station is an identical independent Poisson process. The trans-
mission time of the fixed length packet is equal to the slot time, which is normalized
to one. A retransmission process with a geometric distribution is chosen to resolve

the collision.

A simulation program using the QNAP2 simulation software package has been
developed and the program is attached in appendix C. In general the simulation time
is proportional to the value of M and the value of p. For certain cases, the simulation
has to be run for days to get a convergent result. In this study, simulations have been
run for systems with parameters described below in order to verify the analytical
results. For each set of system parameters, proper simulation time values are selented

to obtain convergent results. The 95% confidence intervals have also been obtainea.
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Figures 6.3, 6.5 and 6.7 depict Athe mean service time performance versus system
throughput for the systems of (M, p) = (5, 0.2), (10, 0.1) and (20, 0.05) respectively.
Figures 6.4, 6.6 and 6.8 show the mean response time versus system throughput for
the corresponding systems with the same parameters. All time measures are normal-
ized with respect to the slot time. From the figures we can find that all analytical
results agree with simulation results well in the range of low system throughputs. As
the system throughput gets high, for example, the system throughput (S) is greater
than 0.3, we found that they cannot match at all. From the simulation, when the sys-
tem throughput goes beyond 0.3, the 95% confidence intervals of QNAP2 simulation
results become very large and simulation results do not converge. This can probably
be suggested by the fact that the maximum system throughput in a slotted ALOHA
system is 0.368 [47, sct 3.2]. Together with the use of an infinite buffer, our system

may become unstable.

6.7 Summary

In this chapter an approximate queueing model for an M-station slotted ALOHA
system with infinite buffer capacities was studied. This is achieved by examining
the queueing behaviors of one queue and incorporating the interference from other
queues in the packet service time. By employing the M/G/1 queue in which the
first packet of each busy period receives an exceptional service model, we derived
the service time distributions and the response time distribution for a queue in the
system under steady state. The analytical results are compared against simulation

results and proved to be very good in the regions of stability.
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Figure 6.3: Mean service time versus throughput for M = 5, p = 0.2.
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Figure 6.4: Mean response time versus throughput for M = §, p = 0.2.
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Figure 6.5: Mean service time versus throughput for M = 10, p = 0.1.
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Figure 6.6: Mean response time versus throughput for M = 10, p = 0.1.
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Figure 6.7: Mean service time versus throughput for M = 20, p = 0.05.
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Figure 6.8: Mean response time versus throughput for M = 20, p = 0.05.
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Chapter 7

Conclusion

The M-interference queueing problem in shared-channel communication networks has
been studied. An effective approach, called the decomposition method, was proposed.
This approach decomposes the interaction of M-interference stations into a set of
simple queues, and the performance of the symmetric shared-channel communication
networks can be evaluated through the analysis of the queueing behavior of only one
station using queueing theory. Three typical examples, namely TDMA systems, token
ring systems and slotted ALOHA systems, were chosen to illustrate this approach.

Simulation programs were also developed and run to verify the analytical results.

For the TDMA system, the analytical results for both the packet delay perfor-
mance and the message delay performance were obtained. The analytical results were
compared to existing results as well as simulation results and found to match exactly.

This indicates that the TDMA system is decomposable.

For the token ring system, two service policies were studied. The values predicted
by the analysis were compared to simulation results and found to be accurate. This
study reveals that the token ring network can be decomposed in the exhaustive service
policy and can be approximated as a decomposable system in the single service policy.
This suggests that the decomposition method provides an alternative but an effective

approach to analyze other polling and time-token systems.
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For the slotted ALOHA system with a finite number of stations, each with an
infinite buffer, the delay performance was obtained by using the decomposition ap-
proach. The values predicted by this approximation were compared to the simulation

results and found to be in good agreement.

In summary, our results indicate that the decomposition method is feasible for the
analysis of M-interference queueing problem. With the help of more queueing theory
tools, we hope to extend this method to other systems, sneluding those networks with
asymmetric properties and service characteristics, for example, nonsymmetrical token

ring systems.
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Appendix A: Simulation Codes for TDMA

&***************************#*******************
& This program is for the simulation of

& delay performance

& in TDMA network by X. Yao

-4 July, 1991
&g %k s o s o e st e o ok ok o o Sl S o SR o sk sl 6 ke o o ok ok o s o o o ook ok ook ok ke ok
/CONTROL/

OPTION =NSOURCE;
OPTION =NRESULT;
MARGINAL = ALL QUEUE;

/DECLARE/

INTEGER &********************************
nb_ws=2 , & number of nodes in the network.
i,idle,np, &
count_m; & counter used in slot monitor.

St e ok s s ok ool s s ok sk ok e 3ok o ok e ok e sk o ok sk ke ke e ok e s

REAL &*********#**********************
t_frame, & frame duration, t_frame=mt_slot
t_slot, & packet transmission time= slot time
prob, & prob for the geometric distribution.
mrt,crt,vrt, & for the calculation.
ar_rate; & arrival rate

&g s o s e s e e e ok 3 ks o o o o ook AR o kR K K

QUEUE INTEGER id;

QUEUE Btk oo ks ok oK KKK Rk ok kKK
init, & initial queue
MONITOR, & frame monitor
NODE(nb_ws), & nodes in the network
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timer(nb_ws), & to measure the response time
F_source(nb_ws) ;& source station

Al EE L LT TR T T ET T T T T T e g

FLAG S 3 ek o o e e e ek ok e o ok o ok ke ok ok koK e ok
slot(nb_ws), & slot flag
frame; & frame flag

S ke e s o koo s ke o A e o e ek ok ook o o o ok ok ok ok ok K

B e e e e _ .
/STATION/ NAME =timer(l STEP 1 UNTIL nb_ws);
TYPE =RESOURCE;

& _________________________________ ——— — — ———
/STATION/ NAME = init; & flag initialization
INIT = 1;
SERVICE = BEGIN
SET {(frame);
count_m := 1;
FOR i:=1 STEP 1 UNTIL nb_ws DO
BEGIN
RESET(slot(i));
END;
TRANSIT(QUT) ;
END;
& ________________________________________________ - —_————
/STATION/ NAME = F_source;
TYPE = SOURCE;
SERVICE = BEGIN
EXP(1/ar_rate);
TRANSIT(NODE (id));
END;
& ___________________________________________________________________
/STATION/ NAME = NODE;
SERVICE = BEGIN

101



P(timer(id));
np:= 1;
WHILE NOT(DRAW(prob)) DO
BEGIN
np:= np +1i;
END;

FOR i:= 1 STEP 1 UNTIL np DO

BEGIN
WAIT(slot(id));
CST(t_slot);
RESET (slot (id)):
SET(frame) ;

END;

V{timer(id));

TRANSIT(OUT) ;

END;

/STATION/ NAME = MONITOR;
INIT =1;
SERVICE = BEGIN
WAIT (frame) ;
count_m:=count_m+1-INTREAL (count_m/nb_ws)*nb_ws;
IF ( NODE(count_m).NB >0 ) THEN
BEGIN
SET (slot(count_m));
RESET (frame) ;
END
ELSE
CST(t_slot);
idle:=idle+i;
IF (idle > nb_ws) THEN
BEGIN '
idle:=0; .
END;
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TRANSIT(MONITOR) ;
END;

/CONTROL/TMAX =10;
& TRACE =50,100;
ACCURACY =timer NODE;
ESTIMATION =SPECTRAL;

/EXEC/
& e ok ok e ke 2k e ok ok o e e ok ok
& initilization
&0k sk o s e ok ok ok ke ok ok ke kK
BEGIN
FOR i:=1 STEP 1 UNTIL nb_ws DO
BEGIN
" NODE(i).id:=i;
F_SOURCE(i).id:=i;
END;

prob:= 0.5;
t_slot:=1.0;
t_frame:=t_slot*nb_ws;

PRINT("TDMA CHANNEL", nb_ws, "STATIONS");
PRINT(" ");
PRINT("MESSAGE LENGTH
PRINT(" ");
FOR i:=1 STEP 1 UNTIL 1 DO
BEGIN
ar_rate:=0.2%i;
PRINT(" ");
PRINT("ARRIVAL RATE

GECMETRIC WITH MEAN", 1/prob);

]

", ar_rate);

mrt:=0;
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Crt:=0;
vrt;=0;

& o 3 e o e o s ko ok ok e ek e o

& exec simulation
& ke o ek ok ok ok e ok ek ok ok R ok

SIMUL;
&b 4 ok ke sk ke ok s ko ko ok oK

& results
8 e ok e ok 2k s ok o sk ok ok e ok ok ke e

FOR i:= 1 STEP 1 UNTIL nb_ws DO

BEGIN
mrt:= mrt + MRESPONSE(NODE(i))/nb_ws;
crt:= crt + CRESPONSE(NODE(i))/ab_ws:
vrt:= vrt + VRESPONSE(NODE(i))/nb_ws;
END;
PRINT("MEAN RESPONSE TIME = ", mrt);

PRINT ("CONFIDENCE INTERVAL =",crt);
PRINT("VARIANCE =",vrt);
END;
END;
/END/
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Appendix B1: Simulation Codes for Token Ring 1

AL E L EEE 2 E LR FEEE LT TR T T T T T T Rrpr s rvgngrugseyriugtop Spvprie e e
& This program is for the simulation of

& delay performance for exhaustive service

& in Token ring network

& by X. Yao

& March, 1991
&% ok e ok 3¢ S st e e 3¢ ok o ook oK o o ok ok o o K o Sk ok o o ok ok ek s ke ok ke kR ko sk ok

/CONTROL/

OPTION =NSOURCE;
OPTION =NRESULT;
MARGINAL = ALL QUEUE;

/DECLARE/
INTEGER
ok ke e e o o e o o ok 3 ke s o ok o K ok ok K ke kK koK
nb_ws=20, & number of nodes on the ring.
ik,m, & for do loop.
idle, & number of idle station.
count_m; & counter used in token monitor.
&****************************
REAL & s 3 s 3 3k o ok e s ok sk ok e o o 3k ok 3K ok ok ok o oK ke ke
mrt, & mean response time.
crt, & confidence interval.
t_walk, & walk time between nodes (ms).
t_packet, & packet transmission time (ms).
ar_rate; & arrival rate

ot ok e e ke ok o ok ok o ke ok o o ook ok ok ok ok ok ok ok ok

QUEUE INTEGER id;
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QUEUE &****************************
init, & initial queue
MONITOR, & token monitor
NODE (nb_ws), & nodes on ring

F_source(nb_ws) ;& source station
S e e ek ok e ke ok o ok o ke e okeok ok ok ok ook o ko

FLAG 2o 30 3 s s o o ok oK sk o e Aok e s e ok ok ook 3k ok ok ook ok ko o o
token(nb_ws), & token flag
circ; & main flag for tokem circulation

&*********************************

B
/STATION/ NAME = init; & flag initialization
INIT = 1;
SERVICE = BEGIN
SET (cixc);
count_m := 1;
FOR i:=1 STEP 1 UNTIL nb_ws DO
BEGIN
RESET (token(i));
END:
TRANSIT(OUT) ;
END;
B e e e
/STATION/ NAME = F_source; & source stations
TYPE = SOURCE;
SERVICE = BEGIN
EXP(1/ar_rate);
TRANSIT (NODE(id));
END;
B e

/STATION/ NAME = NODE;
SERVICE = BEGIN
WAIT (token(id));
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EXP(t_packet);

IF WODE(id) .NB = 1 THEN

BEGIN
RESET (token(id));
SET(cire);

END;

TRANSIT(OUT) ;

END;

/STATION/ NAME
INIT
SERVICE

I

MONITOR;
1;
BEGIN
WAIT(circ);
CST(t_walk);
count_m:=count_m+1-INTREAL(count_m/nb_ws)*nb_ws;
IF ( NODE(count_m).NB >0 ) THEN
BEGIN )
SET (token(count_m));
RESET {circ);
END
ELSE .
idle:=idle+1;
IF (idle > nb_ws) THEN
BEGIN
idle:=0;
END;
TRANSIT(MONITOR) ;
END;

il

/CONTROL/TMAX =100000;
& TRACE =50,60;
ACCURACY =NODDE;
ESTIMATION =SPECTRAL;
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/EXEC/
ok ek ek o ok ok ok K
& initilization
ok e ok ke e e e ok e ke ok ke ek ok
BEGIN
FOR i:=1 STEP 1 UNTIL nb_ws DO
BEGIN
NODE(i) .id:=i;
F_source(i).id:=1i;
END;

t_walk:=0.2/nb_ws;

t_packet:=0.1;

PRINT("SERVICE DISCIPLINE = EXHAUSTIVE");
PRINT(" ");

FOR k:=1 STEP 1 UNTIL 9 DO

BEGIN

ar_rate:=0.05xk;

mrt:=0;

crt:=0;

PRINT("ARRIVAL RATE PER STATION = ",ar_rate);
PRINT(" ");

& 3 e ok ek e e ke e o ok ke o e e e

& exec simulation
8 2 o e e e ok o ok XKk koK

SIMUL,

e ke e ol e ek o s ok e o e ok ok o
& results
&7 % o e e ok e o e ok e ek ko A oK
FOR m:= 1 STEP 1 UNTIL nb_ws DO
BEGIN
mrt:= mrt + MRESPONSE(NODE(m))/nb_ws;
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crt:= crt + CRESPONSE(NODE(m))/nb_ws;

END;
PRINT("MEAN RESPONSE TIME =" , mrt);
PRINT("CONFIDENCE INTERVAL =" ,crt);
PRINT(" *“);

ERD;

END;

/END/
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Appendix B2: Simulation Codes for Token Ring 2

&***********************************************

& This program is for the simulation of

& delay performance for single service

& in Token ring network by X. Yao

&

March, 1991

&i**********************************************

/CONTROL/
OPTION=NSQURCE;

OPTION=NRESULT;"

/DECLARE/

INTEGER
nb_ws=10 ,
ik,
idle,
np,
count_m;

REAL
mrt,
crt,
prob,
t_walk,
t_packet,
ar_rate;

CUSTOMER INTEGER SEQ;

REF CUSTOMER

C;

&g e e o e ok ok s sk ok e e s ke 3 o ok ke ook e ok o ke ok ok ok o oK
& number of nodes on the ring.

& for do loop.

& number of idle station.

& number of packets in a message.

& counter used in token monitor.
&4 3 e ok e o e o 3 ok 4 oo s ok o o o S e ok o s ok e ok e ook o

&********************************

& mean response time

% confidence interval

& prob for the geometric distribution.
& walk time between nodes (ms).

& packet transmission time (ms).

& arrival rate

&7 % o e s ke ke o ok ke ok o e e e ek o ke ook o 3 ok o o sk ok sk o ok
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QUEUE INTEGER

id; & id number for a particular queue

QUEUE &4 ek e ek o sk ke ok o ok ok ok e ok ok ok e e kR kR ok
init, & initial queue
timer(nb_ws), & to measure service time
MONITOR, & tcken monitor
NODE(nb_ws), & nodes on ring

F_source(nb_ws),& source station

PKT(nb_ws);

FLAG

& packetize before transmission

&g e she o e e o e b ko Aok o sk o e ok o e e o o ok ok ke o ok ok ok

S stk o e ok ok ke sk o e s o o ok e ko o o ok o e e Sk ek

token(nb_ws), & token flag

circ,

& main flag for token circulation

S 2 3 3k o o e e ok o o ok s ok ok o ok o K e ok e o o oK o ke ok 3k i ok ok o ok ook ok ok ok

/STATION/ NAME
TYPE

/STATION/ NAME
INIT
SERVICE

=timer (1 STEP 1 UNTIL nb_ws);
=RESOURCE;

= init; & flag initialization

= BEGIN
SET (circ);
count_m := 1:
FOR i:=1 STEP 1 UNTIL nb_ws DO
BEGIN

RESET (token(i));
END;
TRANSIT(OUT);
END;
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/STATION/ NAME
TYPE
SERVICE

F_source;

SOURCE;

BEGIN
EXP(1/ar_rate);
TRANSIT(PKT(id));

END;

1}

/STATION/ NAME
SERVICE

PKT; & packetization
BEGIN
P(timer(id));
np:= 1;
WHILE NOT(DRAW(prob)) DO
BEGIN
np:= np +1;
END;
IF (np<>1) THEN
BEGIN
FOR i:= 1 STEP 1 UNTIL np-1 DO
BEGIN
C:= NEW(CUSTOMER) ;
C.SEQ:= 0;
TRANSIT(C,NODE(id));
END;
END;
SEQ:=1;
TRANSIT(NODE(id));
END;

i

/STATION/ NAME = NODE;
SERVICE = BEGIN
WAIT (token(id));
CST(t_packet);
RESET (token(id));
SET(circ);
IF (SEQ<>1) THEN
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TRANSIT(QOUT)
ELSE

V{timer(id));
TRANSIT(OUT) ;

/STATION/ NAME = MONITOR;
INIT =1;
SERVICE = BEGIN

WAIT (cire);

CST(t_walk);

count_m:=count_m+1-INTREAL (count_m/nb_ws)*nb_ws;

IF ( NODE(count_m) .NB >0 ) THEN

BEGIN
SET (token(count_m));
RESET(cire);

END

ELSE
idle:=idle+1;

IF (idle > nb_ws) THEN

BEGIN
idie:=0;

END;

TRANSIT(MONITOR);

END;

/CONTROL/TMAX =30000;

& TRACE =50,60;
ACCURACY =PKT, timer;
ESTIMATION =SPECTRAL;

/EXEC/

82 % o 3 ke e e e e ke e e e ko ok
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& initilization
Sk o ok ok ok ke ok kK R Ak
BEGIN
FOR i:=1 STEP 1 UNTIL nb_ws DO
BEGIN
NODE(i) .id:=i;
PKT(i).id:=i;
F_source(i).id:=1i;
END;

prob:= 0.5;

t_walk:=0.2/nb_ws;

t_packet:=0.1;

PRINT("SERVICE DISCIPLINE = SINGLE");

PRINT(" ");

PRINT("MESSAGE LENGTH = GEOMETRIC WITH MEAN", 1/prob);
PRINT(" ");

FOR k:=1 STEP 1 UNTIL 1 DO

BEGIN

ar_rate:=0.2xk;

mrt:=0;

crt:=0;

PRINT(" ");

PRINT("ARRIVAL RATE =", ar_rate);
S e e 3 e e o e 3 e o e ok o e

& exec simulation
87 4 o o o sk ok ok ok ok ok o oK

SIMUL;

&%k o e ok o o ok ek ok sk e K

& results
7% 3 3 30 ke o o o ok ok o o o ok e o K
FOR i:= 1 STEP 1 UNTIL nb_ws DO
BEGIN
mrt:= mrt + MSERVICE(timer(i))/nb_ws;
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mrt:= mrt + MRESPONSE(PKT(i))/nb_ws;

mrt:= mrt — MSERVICE(PKT(i))/nb_ws;
crt:= crt + CSERVICE(timer(i))/nb_ws;
crt:= crt + CRESPONSE(PKT(i))/nb_ws;
crt:= crt - CSERVICE(PKT(i))/nb_ws;

END;

PRINT("MEAN RESPONSE TIME = ", mrt);

PRINT("CONFIDENCE INTERVAL =",crt);

END;
END;

/END/
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Appendix C: Simulation Codes for Slotted

ALOHA

&**************************************************************#**
& Simulation of Slotted-ALOHA.

& Several Workstations used.

& Written by X. Yao, Oct.11, 1989.

& Modified: July, 1991

&*****************************************************************

/CONTROL/
OPTION=NSOURCE;
OPTION=NRESULT;
MARGINAL = ALL QUEUE;

/DECLARE/
INTEGER & **************************************
nb_ws=20, & number of workstations
i,j,n,m,c, & used in FOR statement _
bri, & number of stations attempt to transmit
number, & busy station counter |
COLLI1; & collision counter
& ******************#*******************
REAL &********************#*******************
delay, & average delay
cdelay, & confidence interval of delay
s_time, & mean service time
cs_time, & confidence interval of service time

t_intarr, &

interarrive time

prob; & prob. that a data packet is transmited

8243 e ek o oo ok ok s sk e e e s s sk o ok sk ok s sk sk sk ok ok ek
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CUSTCOMER INTEGER G 3 o e o e o o o R R R ek ek o ok kK K

n_slot, % number of slots for a backoff delay process
m_slot, &
SEQ; &

& e 3 e ok ke e o ke 3 e e ok o ook ok ok Sk K 30 o ek o e o e ok ok o ook o ke e sk o

QUEUE INTEGER id; & id number for a particular queue

QUEUE §r 7% e ook e 3 e 3 e e o o o ok ok ok ok sk o 3 ok sk ok ok o 3Kk ok o ke o ok ok o ok ok ok o Kk
init, & init station
F_source(nb_ws), & source to generate packets
MONITOR, & to monitor the slot time
THPT, & to check the throughput
timer{nb_ws), & to measure the service time
NODE (nb_ws); & stations in the system

87 o ok e o o o o e sk sk o sk ok o ok ok e ek i o ok R o ok ok koK ke ok o K

FLAG net{(nb_ws); & to slot the channel

&g o o 5 ke e ke s e s ke s s o e o ol 6 o e o o o o o o oo ke o o e o o ok ok ok sk ok ok ok ok ke sk o ok sk ok ok ke ke

&
B e o e e e e e
/STATION/ NAME =timer(1 STEP 1 UNTIL nb_ws);
TYPE =RESOURCE;
&.._.. —_——— e e e o e e e e e e e Y e e . o e e e . e AR it e S o o o .

/STATION/ NAME=init;
INIT=1;
TYPE = INFINITE;
SERVICE = BEGIN
FOR i:=1 STEP 1 UNTIL nb_ws DO
BEGIN .
RESET(net (i));
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END;
TRANSIT(CUSTOMER,MDNITOR);
END; :

/STATION/
NAME= MONITOR;
SERVICE= BEGIN
bri:=0;
FOR i:=1 STEP 1 UNTIL nb_ws DO
BEGIN
SET(net(i));
END;
CST(0.1*t_slot);
FOR i:=1 STEP i UNTIL nb_ws DO
BEGIN
RESET (net (i));
END;
CST(0.9*t_slot);
TRANSIT(MONITOR) ;
END;

/STATION/
NAME=Source;
TYPE= SQURCE;
SERVICE= BEGIN
EXP(t_intarr);
IF (NODE(id).NB <> 0 ) THEN
BEGIN
SEQ:= 1;
END ELSE
BEGIN
SEQ:= 0;
END;
TRANSIT(NODE(id));
END;
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/STATION/
NAME = NODE(1 STEP 1 UNTIL nb_ws);
TYPE = SERVER;
SERVICE = BEGIN
P(timer (id));
IF (SEQ <> 0) THEN
BEGIN
m_slot:=0;
WHILE NOT(DRAW(prob)) DO
BEGIN
m_slot:=m_slot + 1;
END;
CST(m_slot*t_slot);
END;

WAIT(net(id));
bri:=brl + 1;
COLLI1:=bri;
CST(t_slot);

WHILE (COLLI1 > 1) DO
BEGIN
n_slot:=0Q;
WHILE NOT{(DRAW(prob)) DO
BEGIN
n_slot:=n_slot+1;
END;
CST(n_slot*t_slot);
WAIT(net (id));
bri:=brl + t;
COLLI1:=bri;
CST(t_slot);
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END;

V(timer (id));
TRANSIT(THPT);
END;

/STATICON/

NAME= THPT;

TYPE= SERVER;

SERVICE= BEGIN
CST(t_slot);
TRANSIT(QUT);

END;

/CONTROL/
ACCURACY
ESTIMATOR

&RACE
TMAX

NODE, timer;
SPECTRUM;
1,80;
600000;

/EXEC/
& hkkkkkwckkkkokdkk

& initialization
& Fd ARk Rk
BEGIN
FQR i:=1 STEP 1 UNTIL nb_ws DO
BEGIN
F_source(i).id:=i;
NODE(i}.id:=i;
END;

FOR j:=1 STEP 1 UNTIL 8 DO
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BEGIN
delay:=0;
cdelay:=0;
s_time:=0;
¢cs_time:=0;

prob:=0.1;
t_slot:=1;
t_intarr:=1000/(2*j);

8z ke o ke ke ok e s ke ok ok ok e e o
& exec simulation

Sk e ok o o o o ok ok ok ok o
SIMUL;

S e e e ok o s e e e ke e e ek e ook
% results
84 o e e e o e e e ok ok ok koK ok ok
FOR i:=1 STEP 1 UNTIL nb_ws DO
BEGIN
delay:=delay + MRESPONSE(NODE(i))/nb_ws;
cdelay:=cdelay + CRESPONSE(NODE(i))/nb_ws;
s_time:=s_time + MSERVICE(timer(i))/nb_ws;
cs_time:=cs_time + CSERVICE(timer(i))/nb_ws;
END;
PRINT(“DELAY=",delay,“Confidence Interval=", cdelay);
PRINT("SERVICE TIME=",s_time,"Confidence Interval=",cs_time);
PRINT("Throughput=*,MTHRUPUT (THPT) ) ;
END;
END;
/END/
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