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ABSTRACT

In recent years organisations have become heavily dependant upon their capability of exchanging
information rapidly using computer networks. Consequently, the number of networks and inter-
nets has proliferated dramatically, resulting in an increased volume of informa'ion being trans-
pl'I..ed over computer networks. The Metroring networking protocol has been specifically
designed to offer high reliability while coping with heavy Ioading, The Metroring architecture in-
corporates concurrent transmissions, a ring topology, full-duplex links and uses fibre optic tech-
nology. This dissertation presents a simulation model of the Metroring system constructed in the
object-oriented paradigm. The model is used to evaluate the performance characteristics of the
protocol. The efficiency of Metrcring does not degrade as physical size increases. High effective
throughput compared witu current protocols makes Metroring suitable for a wide range of mod-
ern, bandwidth-intensive applications.
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As with through put, delay may be normalised. Using the notation from the discussion of through-

put, the average link transmission time is ~: seconds pel' frame. Ifwe denote average transfer de-
lay as 1'. the normalised delay becomes.

In addition to these indices. other variables exist which rcrlect network performance. Shaikh
(1989) lists message survivanility as un important criteria in evaluating network performance. He
defines this variable to be "the ratio ()l\~ol'rcctly delivered messages over all the messag v · that can
be dolivered OVC1' a '.,iven ume interval." (Shulkh l'l8())

Schoenmker (197:3) identities n two additional performance measures: relinblllty and the probabil-
ity of tmnsmlsslon errors and talhrres. Although reliability can he defined in a number of ways,
Schoemaker slates that reliability usually CXPI'CShCS the probability that two users can connect \0

each other. In a data eornrnunlcatlons system transmission CI'I'Ol'S mean a re-trensmlsslon of data.
This nnposes an nodltionnl load on the network The size of this load, and thus the impact on per-
formance. is dependent on the ernr rates and the cfflciency of till' CI'I'OI' correctlcn scheme.

Another performnnce meusure closely related to throughput is utilisation. Broadly speaking. utili"
sation is defined as the ratio (If the actual usage of a chnnnel to the total possible usage of the;.
channel (Burmeister, 1l)(l2). Ilarris and Burmeister {I 1)\.)2) and Hammond (I ()86) give an in depth

discussion otutlilsation definitlons
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Tanenbaum (1 (}SB)defines throughput as the number of bytes of USCI' data transferred per second.
measured over some recent time Interval. Ilammond (I (86) follows this definition, although he
uses units orbits pCI' second as opposed to bytes pel' second. adding the stipulation that the meas-
ure of throughput should only include error-free packets. In their definitions, Sunshine (1987) and
Cobb (191)2) arc more specillc as 10 the point III the network where throughput should blJ meas-
ured. They define throughput as the tmnsmission rate of data per unit time. Sunshine {1987} also
stipulates that the throughput rate should exclude any control lnfbrmation Of' rctransrnlssions re-
qulred by the protocol Boggs (J ()87) and Hammond (19Sb) normalise the throughput parameter
with respect to bandwidth Boggs defines throughput as the fl'ar·tion ofthu nominal bandwidth ac-
tually used fot' carrying data. t )nlikc Sunshine, Boggs includes packet benders in this measure.

Hammond (198(1) norrnulises throughput on it single channel with respect to the channel truusmis-
slon rnto. For example, if the data input rate ttl a section of the network is t. frames PCI' second,
the link trnnsmisslon raw is R }';"; pCI' second, and there are X' bits PCI' frame on average, then
the unnormnllscd throughplIt Ii; r " ",X' hit., p~l' second. The normallsed throughput, S. is n di-
mensionless quantity and is given by

Throughput may applY ttl n singlt) link as well as to an entire network. If the network consists of
multiple channels, then the total unnormalis«! throughput will merely IK~the slim of the through.
put on the Individual chnrm: lli (Ilunuuond, I \)Hh)

J>e((I.V

The second lmportant P~1'1~11ll1l\m~()index is dday. also known as NIlI ..to-end d~lny. Sunshine
(l987), Boggs (!1)81)) lind 1Ianunond (1')8(1) define dulay liS the ilme ti'OI11 starting to transmit a

packet at the settling node to the successlul arrival of the entire pucker at the receiver.



2.3 Shnulatlon Applied to Computer Networks

The complexity of a computer network can make performance prediction diilicult. Computer net-
work performance is sensitive to Il number of different factors: protocol. topology and traffle
characteristics being the most important (Frost. !<)90). Simulation plays an important role in the
modelling, analysis and design of computer networks because it offers a flexible approach to per ..
formance evaluation. Simulation enables the prediction of changes in performance tinder various
conditions (Shunmugun, Frost)

Roth. Ilyas and Mouftah (Roth. 19l12) describe discrete event simulation as n system of moving
objects traversing waiting lines and making lise (If fixed resources in some sequential order. This
description is very sin ..lar to that of a communicutions network where data thuncs traverse links
and queues. wuiting for service by nodes with resources such us buffer space and processors

The opcrntlon of a computer network may be modelled on many different levels of abstraction,
from the level of individunl birs t~) the hundling of a user applicntlon session. Simulation models
(Ire able to refl: ~t this variation in detail. A simulation model may be constructed at a su'table
level of complexity to achieve the required aims of the simulation POI' example, if a simulation
model is derived to study the performnnce of an entire computet' network, it may not be necessary
to model the operation of the individual networking cards in detail. In this dlssertation the opera-
tion of' qllCtJt·~ under the Metroring protocol is studied.

2.4 Pe r formauce Dcf'inltluns

The liternture offers a lIumber of performance measures as well ns several definitions for each of
these measures. The two main .ncasures of pertbrmance in It xunputer network nrc throughput
and d~lny (Schoemnkcr, !1J7HL (Shanmllg:'ll. jt)HlJ).



and their analysis and description. However, these methods are not particularly useful in model"
ling and simulating the operation of large computer networks (Shanmugan, 1992). Queuing mod-
els, on the other hand. have been used extensively in both analytical and simulation modelling of
networks (Woodside. 1989). Queuing models are better able to model topological aspects of
computer networks because the flow of information in a network is better visualised in the quell"
ing par adigm. For these reasons the majority of network simulators have used the quelling para-
digm as the basis for their models. Hence the queuing paradigm forms the basis of the Metrorlng
model developed in this investigation

L,AN simulation models are usually concerned with the Media Access (MAC) layer, and the Logi-
cal Link Control (LI.C) layer (e.g. (Frost. J ()90)). LAN simulation models using special purpose:
languages possess 11 limited application as the model is usually specific to a particular protocol.
The investigation of It specific problem in networking frequently provides the justification for de-
velcplu such simulations.

Due to the relative infancy of MANs in comparison to LANs, there has been considerably less ac-
tlvity in the simulation ()fMAN~ MAN simulation models. like the LAN models. generally do not
mode! layers higher than the Ll.C layer.

Recently simulation models have been developed to be more general in their application, possess-
ing the ability to model a number of different types of LANs. 'l'hls is especially true of simulation
models of internets. ThQSC models must be capable of modelling a number of different types of
LANs. Tho general slmulatlon modsls provide a set of"primitives". i.e. basic building blocks such
I\S queue., which arc used to construct it customised simulation model, fa,' example BONeS
(Shanmugen, 19(2), and GLAS (Frost. ll)l)O), The basic structures of these models are written in
general purpose languages such as (' and FORTRAN becuuse of the added flexibility and case of
extension provided by these languages. The user in provided with It customised set of building
blocks with which to create 1\ model: Whereas LAN simulation models gCl1el'flllyincorporate only
layers I and:~ of the OS1 reference model, simulation models of internets also have to model the
networking layer to cater for the : 'luting Iunctlnns of routers and transparent bridges,
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The MetaRing protocol features full-duplex links, spatial reuse ann 1:< »icurrent transmissions.
From this point of view the MetaRing has much in common with the Metroring protocol, MetaR-
ing uses two access modes, slotted and buffer insertion. Although the slotted mode reduces buffer
delay, the frarne size is fixed and 11 node may only transmit when it receives an empty slot The
buifer insertion mode of MetaRing id similar to the operation of'Metrorlng, A brief ( -mparison of
FDDI, DQDB, MetaRing and Metroring is given in table 2.1.

Transmission Rate 100 Mbps 100 Mbps per link 100 Mbps per link

Yes

Physical Topology Dual counter- Dual contra- Full duplex point- Full duplex point-
rotating rings directional buses to-point links

YesSpatial Reuse

Media Access
Method

Hardware control Autonomous link
signal control

""'·"..·..,.""'~"'_>",..·~~~~ ...... -."""_''''·,,.In-'''_ ~;'"_c".";,.,,"'_;_""",,~~"""'''',,.'''~~.·,_·, .,:.~~=,~~""_""-,;;._",.~,,,,,'.=""-_'''';''~''''''''''''''''''''''''~:."".""",·.,.,_~·,,.,,,,,,,,_.,_,·,,,~-~·.o~_",,,,._.,,,,,, "'_"-._."'~'~' .·..,..,..c_~.;,,""=_"',""""'''''',E'_''''';"''''' ...~_,·..,.e'~.,__ · ~",.....~,....",-~""_,.-,,,;._".~,,,..,.~..,.__,.,,,,,,_,,,,,,.•.,,.~~.•=-.;"_~,,,,...,. ....... _,,,- .,',''''' """.><-c~","""'_"_~'_' .. ~_·i"~'''. ·'-'''.''"~''''_'''''''''>'''''-~''''',--,~",·j,"_~~~,,,,c~'''''''''''_''''''''''''''''~''~"'"'."""~~-"--''_'''.''''''_",,",*,-,,-·u''''''_#_''''''-'''''''"'-"'''''''''-'''_4-'''_·..,_:,.'''''f~_",--,5'.",,,,. ....... _'

2.2 It. Survey of Present Simulations

In the last two decades simulations have been used to study the operation of a wide range of com-
puter networks. The majority of these simulation models are created using the event driven ap-
proaches described in section 3.2. Early network models wore generally constructed using special
purpose simulation languages like SLAM, while more recent models have concentrated on model-
ling networks in the paradigms of Queues, Finite State Machines and Petri Nets (Shanmugan,
1992). Petri Net.' and Finite State Machines are well suited to the formal verification of protocols



Chapter 2: Survey of Current Developments

This chapter covers work related to current developments in high speed networks and the model-
ling of computer networks, as well as current trends in network simulators, A survey of perform-
ance measures is included in this chapter,

2.1 Current Developments in LAN/MAN Protocols

FDDl (Fibre Distributed Data Interface) and DQDB (Dual Queue vual Bus) are two recent prow
tocols to appear in the LAN/MAN arena, Much of the data used in performance studies of these
networks has been derived from simulation studies (Dahl. 19(3). Unfortunately, apart from gen-
eral performance comparisons these studies have little relevance to the Metroring protocol. Nei-
ther FDD! nor DQDB allow concurrent access to the physical medium and neither protocol
employs spatial reuse. Spntinl 1'(!,llSC. 01' the ability to provide concurrent transmission over dis-
joint segments, is a fundamental characteristic of Metro ring,

The recently developed Parallelring (Qu, 199Z) and MetaRing (Cidon, 19(3) are two protocols
appearing in the literature that do feature concurrent multiple transmissions, Parallelring is a To-
ken Ring LAN that has the ability to support concurrent multiple communication paths on a single
loop. Parallelrlng is different from Token Ring LANs in two main aspects:

1. Frames are removed from the ring by their destination stations rather than their source
stations.

2, A Parallelring station may initlate a message unnsmlsslon not only upon receipt of the
token. but also upon receipt of a data frame addressed to it (Qu, 19(2),
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behaviour of the protocol. A discussion of the design of the Metroring simulation model is given
in Chapter 5. Relevant aspects of queuing theory incorporated in the model are also reviewed in
Chapter 5. Chapter 6 details the implementation of the Metroring model using Object- Oriented
Programming techniques in the CH paradigm. Chapter 7 presents a discussion of the results
yielded by the Metroring model. The results produced by the model are compared with other
simulation results and the arguments of the dissertation are concluded in Chapter 8. Proposals for
future research and development of the Metroring model are also included in Chapter 8.

Appendix A: ~1Iloverview of the OSI model and comparison with the Metroring protocol stack.
Appendix B: the Metroring errol' control, routing and flow control mechanisms in detail.
Appendix C: the Poisson, Uniform and Exponential distributions and the relevant formulae for the
MIMI! queue used ill the Metroring simulation.
Appendix D: additional explanations of the object-oriented concepts of abstraction, encapsulation
and modularity introduced in Chapter 6 as well as the Booch notation for representing object-

oriented software design.
Appendix E: the primary reasons for using ('++ as the implementation language of choice for this
simulation study.
Appendix F: a brief description of the most lmportant classes in the Metroring software together
with several of their respective methods.
Appendix G: the results discussed in Chapter 7.
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The model and its results are restricted to the case of Metroring networks. However, because the
initial model of the Metroring protocol describes the behaviour of the protocol at several levels of
complexity, it may be applied to various other networks at lower complexity levels. At more com"
plex levels, i.e. levels containing greater detail such as I/O buffering, models are developed spe-

cifically for a particular protocol.

Several limitations and assumptions are imposed on the scope of this research:

1. Only the physical layers up to the MAC level are considered in this investigation. Issues
influencing performance at higher levels are difficult to predict as the Metroring protocol
is still undergoing development.

2. Performance characteristics are applicable to steady state operation only (i.e, a static
topology without tiny link or node failures) for the duration of the simulation.

Detailed limitations and assumptions are given in section 5.3.3, section 6.3.2 and section 7.1.

1.4 Validation of Results

Results from operating Metroring networks are not currently available for comparison purposes
because this research forms part of the Metroring development programme. The final results of
the simulation model are validated in two ways. Firstly, simulation results are compared with ana-
lytic estimates of performance. Secondly, simulation results are compared with those obtained us-
ing different simulation models. These comparisons appear in Chapter 7.

1.5 Outline of the Dlssertatlon

Chapter' 2 presents an survey of current developments in computer network simulation. Relevant
background information 011 computer networks and simulation techniques is provided in Chapter
3. The Metroring protocol is described in Chapter 4 with a discussion of the operation and



1.1 Research Objectives

The primary objective of this research is to investigate the performance of the.Metroring network-
ing protocol. It is important to gain some indication of the performance characteristics of Metror-
ing before the protocol is implemented,

A model of the system is developed to predict the performance of the networking protocol under
various load conditions and network configurations, This model should be constructed at a suit-
able level of complexity to examine general performance characteristics, The model needs a cer-
tain degree of flexibility as the Metroring protocol is still evolving. The prlnclnal aim in
constructing a simulation model is to capture the essential operation of the Metrorir.g protocol.
Construction of a simulation model will also prompt changes to the protocol specification

1.2 Proposed Solution

Simulation is used to construct a model of the Metroring protocol. Simulation, in particular
discrete-event simulation, is particularly well suited to the modelling of computer networks. Roth
(1992) describes discrete-event simulation models as "moving objects traversing waiting lines and
making use of fixed resources in some sequential order. II This description applies equally well to a
computer network. A computer network essentially consists of a number of frames traversing
links between stations on the network.

In addition, simulation is well suited to the requirement of flexibility since simulation requires few
assumptions and approximations (Shanmugan, 19(2).

1.3 Limitations of the Research



Chapter ]: Introduction

In recent times the productivity of organisations has become heavily dependant on their capability
to exchange information rapidly (General DataComm, 1993). This fact has resulted in a prolifera-
tion of computer networks (Sunshine. 1990) as well as a dramatic increase in the amount of data
being transferred on these networks. The move towards an information-intensive society, an ever
increasing number of interconnected computing devices and an escalation in the volume of data
being transferred over computer networks necessitates the need for more efficient communication
networks. The Metroring networking protocol has been specifically developed to provide a reli-
able. high speed, internet configuration suited to heavy loading.

The sensitivity of a protocol to changes in network topology, buffer sizes, error rates, the number
of devices attached to the network, and the traffic load imposed 011 the network, is becoming in-
creasingly important in protocol design as data transfer speeds and configuration complexities in"
crease. In this study the performance of the Metroring protocol is evaluated using a simulation
model.

Simulation is a powerful tool in the analysis of communications protocols because of their com-
plexity whioh often render mathematical models unfeasible. Other modelling methods such as
Petrinets are used to analyse the operation of protocols, but are 110t suitable for performance
analysis (Shanmugan, 1992). The strengths and weaknesses of the protocol emerging from simu-
lation can be used to direct further development.



-xiii-

LCP Link Control Protocol

MAC - Media Access Control

MAN - Metropolitan Area Network

Mbps - Mega bits per second

MP Management Protocol

NACK- Negative Acknowledgement

OSI Open System Interconnect

pdf probability distribution function

pmf probability mass function

RAM - Random Access Mxnory

RCP - Routing Control Protocol

RQ Repeat Request

SEN - Segment End Node

WAN - Wide Area Network



-xii-

List of Acronyms

ACK ~

ARQ ~

bit

bps

CPU ~

CRC .,

cdf

l)MA ~

FCS

FDDI -

IEEE -

GUI

ISO

LAN -

Acknowledgement

Automatic Repeat Request

binary digit

bits per second

Central Processing Unit

Cyclic Redundancy Check

cumulative distribution function

Direct Memory Access

Frame Check Sequence

Fibre Distributed Data Interface

Institute of Electrical and Electronic Engineers

Graphical User Interface

International Standards Organisation

Local Area Network



2. The duration of the simulation is determined by some parameter value in the simulation
tun, For example. when simulating a queue of people at a bank teller, one might choose to

stop the rirnulatiol1 ufter 10 clients hove been served.
3 Th~ simulation is terminated once a required level of accuracy has been reached.

The Metrorlng simulation currently uses the first stopping condition. l.e, the simulation runs for a
length of simulated time specified by the user.

The ibllowing chapter gives an overview of the Metroring protocol and discusses the oporation of
the protocol in detail.
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DIscrete Event Simulation

Real-world systems may be categorised into two basic groups: continuous and discrete systems.
In continuous systems the state variables change continuously over time. In discrete systems,

however. the state variables change only at discrete instants in time. ICvcnts arc insnmtancous oCq

currences which may change the state of a system at discrete [Milts in time.

In a communlcationa system diffeNnt events are constantly occurring. Simulation of such a system
requires the maintenance of n structure. called a future events list, that will deterrnine what is to
happen next during the simulation, The times of various events can be stored in the future events
list ensuring that thlly lire pcribl'lncd in the correct chronologleal order. A fhtmc events list I:OllA

taining typical Motroring events is shown ill Table 3.2.

A means of recording tho passag« of time is also required, This is achieved via the eloek, Tho first
entry ill the future event list is known as the 1I106t imminent event. After the sysrein state and
simulation clock have been initialised. and the future events have been computed and placed in the
correct order ()I 1:1e future event list. It typical discrete event simulation would proceed as
follows:

I. The slmulatio» clock is advanced to the time of the most imminent event.
2, The system state is modified ncconling to the most imminent event.
3, Knowledge of event times scheduled to ocelli' in the future, is updated.
4. The simulation clock is advanced to the most imminent event and the procedure is

repeated.

The simulation is terminated upon roaching II stopptng condition. The process of advancing the
simulation i lock from one event to the next continues until it stopping condition is reached, Three
stopping Cllt .litlons generally exist:

1. A stopping time in simulated time units is specified by the USCI' before the simulation

begins.
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I. Simulation allows the study of, and the experimentation with. tho illtL'llIal interactions of a
complex system (Banks. 1984), which is tho precise requirement in tho Metroring protocol
design.

2. Changes in the input data and the structure of the communications system can be made,
and the effects of those changes on the performance of tho system may be studied.

3. By varying input parameters to the model and examining the resulting changee in the
output parameters, valuable insight may be gained as to which variables are the most

critical and how changes in certain variables affect others.
4. Simulation methods are generally easier to apply than analytic methods. In the case of

Mctroring, it is currently the only means of deriving a solution, since an analyti; model has
not been developed .

.5. Few assumptions and approximations arc required in a sitnl..:lli.iol'l (Shanmugan, 19(2).
6. Simulation can provide 1\ rapid means of al1ltlysing and refining performance of tho system

during the design phase (Shanmugan, 19(2). (Roth, 19(2). This is very relevant to the
Metroring protocol which is still undergoing development,

7. Developing a simulation model aids in the understanding of the operation of the Metroring
protocol. and hence may result in improvements to the protocol.

8. The simulation model may be used repeatedly to analyse proposed design changes to the
Metroring protocol.

Slmukulon Terminology

The terminology uscld by Law and Kelton (1982) and Banks and Carson (] (84) is adopted
throughout this dissertation. The definition of a system given above may be. expanded as follows,
"A system is defined as a group of objects that arc joined together' in some regular interaction 01'

interdependence toward the accomplishment of some purpose" (19~4). This definition may easily

be applied to elements such as nodes within n Metroring, as well as to the protocol ltself The ob ..
jects of interes; in the system arc called entities. III the Metroring case. It node would constitute
an entity. An attribute is a property of (\11 entity Again, expanding on the example of a Metrorlng

node, the processing time of the node would be Oil attribute of the node. The state of n system is
that set of'varinbles necessary to describe the operational state Df a system at a particular time.
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required. According to Sauer (1983), two methods for modelling computer communication sys-

tems exist. These two methods are nnalytle modelling and simulation.

The method of analytic modelling views the system to be modelled at a sufficient level of abstrac-
lion so that probability theory and other tools of applied mathematics may be used to develop
equations which characterise tile system. However, as Sauer points out (1983), often the required
level of abstraction in analytic models is so high that their remits arc questionable. Haenle and Gj·
essler (Schoemaker, 1978) point out that the complexity of communication systems restrict the
analytic methods used for their investigation to rather simple and idealised systems.

The alternative to analytic modelling is simulation. The principle advantage of a simulation model
over an analytic model is its generality. A simulation model may be applied to a wide range of sys-
tems, whereas an analytic model is specifically developed for a single system. Whereas the nr.alytic
model requires a high level of abstraction, essentially any level of detail may be incorporated in to
a simulation model (Sauer, 19R3).

3.2.2 Sunvtatlon Modelling

IIA simulation is the imitation of the cperatlon of a real-world process OJ' system over time"
(Banks, 1984). A system is the facility 01' process of interest (Law, 19882). An example of n sys-
tem woutd be a Mt'troring node. Tj pically, real-world systems arc very complex. II' fact in 1110st
cases they are too complex to analyse intuitively 01' matheruetically, In such cases, simulation can
be a powerful and effective analytical tool. Simulation is particularly applicable in the case of ann-
lysing the performnnce of the Metroring protocol as it is a new protocol that is still being devel-
oped. The impact on performance of potential changes to the protocol con be assessed lIsing

simulation,

(Banks. 1(84), (Shanmugen, I<)92) and (Roth. 19(2) each list pUl'pOSCS for which simulation is

particulnl'ly npc. The following uses for simulation arc applicable ill simulating a Metroring:
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The single network resulting from the connection of two 01' more networks is known as an inter-
net. Til" transfer of information within anyone of the networks comprising all internet is defined
by a set of protocol layers (Schoemaker, 1(78). In order for the internet to provide a single. into-
grated network. it 1\1 responsible fOI' resolving incompatibilities resulting from the different proto-
cola, topologies and technologies of the networks that comprise it. To overcome the compatibility
problems of different networks, ISO (International Standards Organisation) developed 1layered
reference model, whi::.:hseparates tho functions of II communications protocol into seven, clearly
defined byer 'wer rcrerence model is commonly known as the OSI (Open Systems
11ltet'C0l111t 'r model is relevant to this research as it is as a basis for the descrlp-
titm (ll'thc ... .ing protocol. The OSl protocol stack is also used to define lnternets and give its
fllncti·"l. LUyflr'i 1 to :2 of the OS! model deal wiil! the network environment. l.e, the protocols
and &tl1n,'unls rclmmg to th~' underlying communications network. while layers 4 to 7 add addi-
lional npplicatinn-orleutntcd (Il~twol'k l'ldepcndel1t) protocols. The function nnd operation of each
layer of ;.110 OS! n")dcl is explamed in Appendix A.

3.2 Simulation

Simulation is particularly apt in the case ofMctl'ol'ing because of complexity as mentioned ill sec-
tion 2.3. Tho methods and the approach adopted in developing a model for simulation have !L ma-
jor bearing on the structure of the model and tho results obtained from simulation experiments. In
this section the principles of simulation are lmroduced.

3.2.1 Analytic and Discrete Event Simulariun Mcdelling of
Communicatluns Systems

In many instances It need arises to estimate the performance of a system being designed 01' devel-
oped before that system is implemented. Por this reason a method of modelling the system is



Table 3.1 summarises the characteristics ofLANs, MANs and WANs2.

3.1.5 Merrorrng

Following the network classifications in the preceding sections, Metrorlng falls into the general

classification of a MAN. However, a Metroring may also connect several stations in close proxlm-
ity to one another forming a high speed LAN. Commonty a Metroring network would connect
several LANs performing routing between stations. In this case a Metroring must be classified as
a MAN, not a LAN. The Metroring protocol is described in detail in Chapter 4 .

. _--=,====-·--==,,.,,~=-~=oc...-==--=";;"'.C;;"'"~_=_"'---='---_-="=
Characteristic IAN MAN ",'AN".~~~_<_~~_._._'__~'<'~'~_'_'_'~"""~_'_~ ~,_,,_,_~_"_"w., ,. _<_'~~'_""~""

Physical Dimensions 0-1 km 1·100 km 10-)0000 km

Data rate 1·100 Mbps 1-100Mbps O.1-100kbps"--_..-".... ,,"-----,_ .~-,--_._--'_. -._ --,_--="_",, -.-~~,-~--
Delay 1·100msec 1..100 msec >500 msec
,""----.~-""",'--".,-~~",~••---'-- .,~,~"'••,"--.~ •• ,"'<"'-~~'~~~-"'-" ---~-.-,,~ •.,-~-,,~.

Probability of error 1< < io- 10,1·10,(1
_,

The OSI stack will be used to describe the Metroring protocol. The concept of an internet is also
important to the Metrorlng description. 1701' these reasons internets and thr osr reference model
are described in the following section,

3.1.5 Internets and OS!

Values reflected in the table are derived from (Smythe. 19(1) and (Tanenbaum, 1(88).
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associated with each device. i.e. a router will have to perform more functions than a relay will and
will therefore require more time.

3.1.3 The Wide Area Network (WAN)

WANs are networks which span a large geographical area, typically across international bounda-
ries. WANs are 00:e11used to connect several LANs which are physically separated by large dis-
tances. WANs use point-to-point links and are characterised by relatively low data rates and high

error rates.

In addition to the tAN and WAN, the Metropolitan Area Network (MAN). forms a third type of
network. In terms of physical dimensions. the MAN falls roughly in between the LAN and WAN
classifications, Tanenbaum (1988) describes a MAN as a network which spans a city using LAN
technology,

3.1.4 The Metropolitan Area Network {MAN)

Basically, a MAN is a network providing high speed (greater than 1Mbps) connectivity over dis-
tances characteristic ofa metropolitan area (Klessig, 1(86). Because the Interconnection ofl.ANs
formed the early MANs (Smythe. 19(1), many of the technlcal concepts underlying MANs are de-
rivatives from LAN concepts (Klessig. 1(86). MANs typically connect a number of LANs on a
city-wide scale using LAN technology,

A MAN has a structure similar to a distributed LAN. Smythe (1991) states that the characteristic
performance of tho MAN is similar to that of the LAN although delay times arc higher ill MANs.

The DQD13 (Dml Oueuc Dual Bus) is nn example ofa MAN protocol.
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A number of distinct LAN topologies exist. The three most conunon topologies are the star, ring
and bus topology. These topologies need not be physical, they may only be logical, For example,
it is possible to implement a logical ring topology over a network which has a physical star

configuration.

Currently much emphasis is being placed 011 the interconnection ofLANs. LAN interconnection is
achieved using a number of devices which are briefly introduced in the following section.

LAN Interconnection Devices

The interconnection of LAN segments is achieved by using four basic connecting devices: repeat-
ers, bridges, routers and gateways. The generic term for these devices is relay,

Repeaters. Repeaters merely replicate an electronic signal between different network segments.
They operate at layer 1, the physical layer, of the OSI mo j ~l.Segments connected by repeaters do
not constitute an internet. They only serve to increase the physical extent of the LAN.

Bridges. Bridges operate at layer 2 of the OSI model. They provide a means of connection be-
tween different LANs, A bridge is able to store a message until the destination node can receive
the message. This is known as the "store and forward II ability of bridges. It is this facility which
allows bridges to break the timing sequence between network segments (Harris, 1990),

Routers, Routers operate at the networking layer, layer 3 of the OS! model. The primary function
of layer 3 is the routing of frames (see Appendix A). Routers are able to route messages to spe-
cific destination tANs. In some cases routers Me able to avoid links that are broken or congested.

Gateways, The final connection device is a gateway. Gateways operate at the application layer
(layer 7) and are able to perform high level protocol conversions. Gateways would commonly
form LAN"WAN 01' WAN-WAN interfaces.

The data throughput rate of these relays becomes progressively slower as one moves higher up
the layers of the reference model. The decrease in throughput is due to the relative complexity



1.Miniature «Scm). Computational elements implemented on the same integrated circuit.
2. Small «SOcm). Interconnection of computational elements which are located in the same

piece of equipment.
3. Mean (ctkm), These networks connect computing equipment within the same localised

area such as a university campus or a factory. A Local Area Network (LAN) would fall
into this category of computer network.

4. Large (>lOkm). Such networks connect computing equipment distributed over a wide
area (e.g. nation wide or even world wide). Wide Area Networks (WANs) fall into this
category.

Because of their small physical dimensions, the first two kinds of networks often share memory.
These networks typically only pass memory pointers between elements as opposed to complete
messages. Hence, they ate known as closely coupled networks. Networks 3 and 4, physically

pass entire messages between computet devices. They are known as loosely coupled networks.
Metroring is therefore classified as a loosely coupled network.

3.1.2 Tile Local Area Network (LAN)

With the advent of microprocessor technology and integrated circuitry, the number of autono-
mous computer devices increased rapidly. Although each of these devices commonly possessed
some processing power, devices in the same locality often needed to exchange information and
share a single resource (e.g. a mainframe computer). In order to facilitate these requirements, the
LAN was developed.

LANs are characterised by their high data throughput, and low delays. LAN data rates are at least
several million bits per second (Mbps)', LANs arc also generally very reliable, i.e. they have low

error rates.

Mbps ,c, mega (million) bits pCI'second. MBps ""mega bytes pel' second
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Nodo A NodeS

3.1.1 The Interconnection of Computer Equipment

I'here are a number of reasons which make the interconnection of computer equipment desirable:

1. The sharing of scarce or expensive resources.
2. The sharing of data.
3. Load sharing.
4. Communication purposes.
5. Provision of redundancy for reliability purposes.

The networks resulting from this interconnection of computing equipment can be classified ac-
cording to their physical dimensions.

Cllls·~fficatio"

Halsell (1988) classifies computer networks into four main categories according to the physical
separation of the computing devices:
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(a) (b)

Computer networks are designed in a structured manner. Most networks are organised as a series
of layers (Tanenbaum, 1988). Each layer is designed to offer services to higher layers, and to
shield higher layers from tr" implementation details of those services. 1.'l,islayered structure is
shown in Figure 3.2. Inter-node communication takes place between corresporunng layers, and is

called [)CCI·-to-PCCI· communication. For example, layer 5 in node A communicates with layer 5 in
node B, as shown in Figure 3.2. The path of communication shown in the figure is only a logical
one. In reality any messages passed between the two nodes will be transferred across the physical
medium. The set of rules and conventions which govern conversations between petit layers is
known as a pretocol (Tanenbaum, 1988).
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Chapter 3: Background

Relevant terms used in computer networking are defined in section 3.1 of this chapter. Section 3.2
provides a background to simulation. Section 3. J and 3.2 provide the basis for the discussion of
the Metroring protocol and the Metroring simulation model presented in Chapters 4 and 5

respectively.

3.1 Network Terminology

Tanenbaum (1988) defines a computer network as "an interconnected collection of autonomous
computers". This definition is appropriate in this dissertation since each Metroring node is an
autonomous computer. Transmission lines, also called links or channels, provide the paths for
messages travelling between nodes in a network. The messages that nodes exchange are called
data frames.

Point-to-point networks, as defined by Tanenbaum (1988), consist of many channels, each con-
necting two nodes. If nodes that do not share a channel wish to communicate they do so indi-
rectly, vi;, other nodes in the network. Thus a frame may pass through a number of nodes on the
journey to its destination. Each no ' ) that receives the frame will store it, wait until the required

channel is free, and then forward the frame. These networks are called store-and-forwnrd 01'

potut-to-poiut networks. Common interconnection topologies for point-to-point networks are
the star topology and the ring topology. Figure 3.1 (a) and (b) depict a star and ring topology
respectively.



1. Link capacity. This parameter deals with the bandwidth of a link unci r' -sents the

transmission capacity in megabits per second (Mbps),
2. Ports per node.
3. Load. The number of frames pel' second at a pnrticular time.
4. Timeout period Ior frames, This is the threshold time limit fhr frnme existence in the

system.

5.2.2 Performance Trends

As a network becomes more loaded, i.e, us the offered load becomes greater. throughput in-

CI'C!lSos.This trend will continue until too 111nt\y packets arc present in n section of the network
(subnet) causing congestion. Congestion results in a degradation in throughput and delay as
shown in Figure 5.1. Congestion arises when frames arrive at a node faster than the node CPU is
able to process them. Alternatively, even if the CPU is infinitely fust, congestion may still occur if
the incoming data rate exceeds the capacity of the output !inks, In both cases queues will build up
and frames will be discarded. This situation tends to produce a "snowball" effect getting progres-
sively worse as Figure 5.1(a) indicates. Fmll1cs that were discarded by receiving nodes arc re-
transmitted, resulting in more traffic on an already congested subnet. In addition, the sending node
cannot release the retransn itted frame from its butfer until it has been acknowledged. Thus con-
gestlon at the receiver's end t<.rces the sendi. ..l node to refrain from releasing u buffer it would
normally have freed. In this mantle!' nongestiou backs up in the network.

Congestion control should not be confused with flow control. Congestion control is a global issue
concerned with ensuring the amount of traffic on a network docs not exceed the carrying capacity
of that network (Tanenbaum. 1(88). Flow control, on the other hand, is a point-to-point issue
seeking to ensure that the sending node does not transmit data faster than the receiving node can
accept it.
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As stated in sectlon z.a, the two major performance measures arc throughput and delay,

Throughput " In this study Hammond's (1986) definition of throughput, presented in Section 2.4
is adopted, That is. throughput is defined as the number of bits of useful information transmitt «l
per unit time, where U! eful information excludes any frames containing errors but includes frame
header information, Unless otherwise specified. the r'uoughput is applied on an individual link ba-

sis thus the unnormalised throughput is the sum of the throughput on the individual channels ac-

cording to Hammond (1986) as stated in section 2.4.

I)c~ay • In sectlor 2.4 end-to-end delay was defined ItS the time from starting to transmit a packet
at the sending node to the successful arrival of the entire packet at the receiver, TIl(' end-w-end
delay is usually in the order of hundreds ormllhseconds accordlng to Schoemaker (1978),

In addition to the term throughput and delay, two other terms will be used in throughout this In-

vcsttgation, A brief description of each follows'

III Chnmlcl Cnl)ncity " This fllfel's to the maximum possible throughput attainable tOI' a given
set of'parameters.

Q) Offea'cd Load • Throughout this study offered load will rcfcl' to the rate of new trafflc
requests at each node in bits per second,

Shaikh (1989) defines throughput and delay as dependent variables, These arc variables that we
have no real control OVCI', They serve as indices of'performanco.

Independent variables, on the other hand. arc controllable. We may adjust those varinblea to deter-
mine their impact on the dependent variables or measures of performance. The systell1ut;c varia-
lion of these variables can be used to determine the sensitivity of the simul!ltion model. Among
these independent variables arc:



This chapter discusses the objectives, design and analysis of' till! simulation model.

In this study, the aim of creating a simulation model of the Metroring system is to assess the per-
formance of n Metroring network as stated in Section 1. J, The performance of It computet' net-
work depends on the following factors:

1. The network topology.
2. The capacity of the links within the network.
3. The routing strategy.
4. The speed of the nodal computers contained in the network. und
5, The size ofbuffcl'S nnd queues,

The two main measures of performance in a compute!' network arc thR'OllghJ)ut and deJl\y

(Schocmnk<ll'. 1(78). (Shanmugn», 1(89), The literature offers several definitions for each of
these parameters, This fact necessitates the definitions or these measures within the context of
this pnrticular investigation.



transmitting node, The receiving node ascertains the integrity of tile frame by computing the frame
check sequence (FCS), If an error is detected by the receiving node a Negative Acknowledgement
(NACK) is sent to the transmitting node. together with the corrupted frame's sequence nurnber.
The transmitting node will then re-transmit the corrupted frame from its output queue, A frame is
only removed from the output queue of the transmitting node once a positive acknowledgement
(ACK) is received from the receiving node.

4.3.3 The Metrorlng Protocol Stack

Unlike LANs and MANs. there is no simultaneous demand between nodes for access to the media
in a Metroring network, Thls is because a dedicated link exists between any two Mctroring todes,
This greatly simplifies the functions ot layers 2 and 3. the Data Link and Networking layers, in the
osr model. Consequently. these W/C) layers are combined in the Metroring protocol into It single
layer, called the Path Layer as shown in figure 4.4. Appendix A contains a detailed explanation of
the Mer-orlng protocol stack compared with the OSI reference model (Halsall, 1(88).
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passed to an output queue which will be dependant on the route that the frame is to travel. For
example. if the route requires that a frame be transmitted on link x, the frame will be placed in the
output queue corresponding to link x, The routing mechanism determines the route that the frame
is to follow, and thus into which output queue the frame will be placed, This routing operation is
simple in a two port node as the data frames merely need to be forwarded on the link which did
not receive the frame, i.e no routing tables are necessary,

In 11segment 01'd node (SEN), the prIJ~l~SSis more complex. Routing tables are used to ascertain
the optimal path for the frame. The frame is then enqueued in the appropriate output queue. All
networking functions are performed by a Metroring networking card.

Routiltg

The Metrori'~g protocol followe It dynamic routing scheme, i.e. the network can adapt to changes
in tOPOI06Y'As Metroring 11 designed to be (\ highly reliable network, dynamic routing is essen-
tlal, The "outing scheme \1[lCS a hierarchy addressing structure to provide the shortest path bt,!·
tween source and destination, whilst Seeking to mi iimise routlng table sizes, The hierarchy
method does not require every node ill the network to maintaln the address of every other node.
Rather, knowledge of node addresses has llmlted scope. Two-port nodes maintain a table of all
the nodes on theil' segment together with the shortest "distance" (hop distance, i.e. the least num-
bel' of node traversals) to these node s, Two-port nodes also keep the address and shortest path to
the SENs 011 their segment. Segment Efld Nodes have explicit listings of all nodes on the seg·
ments which they terminate. The Metroring wuting scheme is described ill detail in Appendix B,

Err(JI' Control

In order to provide an accectable II" .'! 01. service to higher protocol levels some form of error
control is re~uired. I'he Mctrorlng protocol uses a form of continuous RQ (request). Go-Back-N
error control (Halsull, 1992)', Each Metrorlng frame awaiting transmission ill marked with £: se-
quonce nnmber, When a frame is transmitted, a copy is retained in the output queue of the

further detail is presented in Appendix B



A Metroring node is shown in Figure 4.3. This diagram shows the following major conceptual

components:

J. An output queue for each ring link.
2. An input buffet' for each ring link.
3. An application port.
4 A Central Processing Unit (CPU),
5. A routing mechanism.

The buffers and queues are implemented in the system Random Access Memory (RAM), Routing
is carried out by a software entity.

InplJt l1uf!or

. ! N! [.J

As fhr as possible incoming data frames are decoded while the frame ,s being received. Frames re-
ceived flotu the transmissk-n medium into an input buffer will walr there if the CPU is busy. If the
destination address of'a frume corresponds tel the node address, the frame is passed to the applica-
tion layer. Ie however, the destination address is dlffcrent from the node address, the frame is
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The fast forward option is intended to facilitate the rapid transfer of specific frames. A frame in
which the first bit is set, i.e. has a value of 1, is designated a fast forward frame. When a node re-
ceives such It frame it immediately adds the frame to the head of each of its output queues. Hence,
the fast tbrv':,(:d frame will be immediately transmitted from any empty output queue. The destina-
tion address of the frame is examined While the frame is being transmitted. The destination ad-
dress of the frame determines from which output queue the frame should have been transmitted.
Transmission from every output queue. except the correct one, is then halted. When the process-
ing time taken to assess the fast forward fra 'lIS destination is shorter than the transmission time,
truncated frames will propagate from all the incorrect output queues. These truncated frames will
be rejected by the receiving nodes.

Note: the [.1St forward facility is not equivalent to an expedient data facility in which the frame is
placed at the head of the queue.

4.3 Metrnrlng Operation

4.3.1 StU'uctUI'C of' a Node

A Metrorlng operates in a similar manner to an internet in that each Metroring node is capable of
piovidtng routing functions. Routing is generally defined as the action taken to find a suitable path
from the source to the destination (Tanenbaum, 1988), Metroring routing involves the routing of
M incoming frame in a node to one of at least two output ports, viz. a ring port 01' the appllcntion
port. Each Metroring node operates completely autonomously. Hence nodes may transfer data 011

OilY link at any time.

Traffic may enter a node from two possible S()1.U'CCS:

1. A US(.'I' apptlcatiou runnlng on the node. l.e, the application port.
2. AllY one of the Input ring ports.
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4. The Port. This field specifies the application port which generated, or is to receive, the

frame. Port numbers 0, 1, 2 and 3 are used by path layer entities. Port numbers nrc

unique to a specific node.

Tlte Control Field

The last 2 bytes of the header are used as control fields. Each byte has a different function.

1. Sequence Number. The sequence number is used for error control' . This number uniquely
identifies a frame within a time period.

2. Acknowledgement Field. This field contains the number of the last correct frame received

by a node. Section 4.3.2 and Appendix B for an explanation of the operation of Metroring
error control.

4.2.2 The Data Section

This section of the frame contains the data bytes from the transport layer, and higher layers, that is
being transferred between two nodes. The maximum length of this section is 4079 bytes.

4.2.3 The T.! .i'!r

The trailer contains a Frame Check Sequence (fCS) of 4 bytes. The PCS is used for error control.
The 4 bytes contain a sequence of blnary digits which are a function of the frame contents",

4.2.4 The Fast Forward Frame

see Appendix B for a full discussion.

A 4 byte, 32nd power polynomial eRe is used by Metroring.
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4.2.1 The Hendel'

The header may be divided into two sections. The first byte, and the last two bytes of the header
are used for control information. The ten bytes in between these control bytes are used for the

frame source and destination addresses.

tu« Control Field

The first byte of the Metroring frame forms the co.urol field. This field is split into eight 1. .;

which nrc assigned the following protocol inforn.ation.

Bit J w The Fast Forward Flag. When bit 1 is set, i.e. it has a value of 1, the frame is
designated as a Fast Forward Frame. A detailed dlscusslon of the Fast Forward Frame is
given in Section 4.2.4.
Bit 2 .. The Frame Type Flag. A value of 1 indicates a Control Frame) while a value of 0
indicates an Informntion Frame.
Bits 3 /0 .5 .. Priority Indicator, These bits indicate the priority of a frame. Three priorities
arc currently defined. priority 1 being the highest priority frame,

Bits 6 to 8 ..Reserved Hits. These bits are currently unused.

Tlte At/dfeSs Field

The next 10 bytes (\f! he header comprise the address field. This field is split into a source and a
destination address, each one being 5 bytes long. Each address has four distinct sections:

I. The Region. Tl1is single byte indicates the region on which the node resides, Rcgiol1 values
of 0 and 255 nrc reserved.

2. The Segment. Two bytes are reserved for the segment address. allowing a possible 65534
segments (values 0 and 65535 nrc reserved). The segment address is unique within SI

specific reglon,
3. The Node. A single byte oifers a possible 254 nodes on any segment (0 and 255 are

reserved). The node nddl'css is unique on 1\ sllecific scgmrllt.
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Every device attached to a Metroring is known as a node of which there are three distinct types:

1. Two port nodes. These Me nodes with only two links connected to two neighbouring
nodes. Generally, thl.', is the most common type of node in a Metroring network.

2. Segment End Nodes (SENs). SENs have three or more links and connect Metroring

segments.
3. Bridge nodes. Bridge nodes connect Metrorlng regions together.

Data is transmitted between nodes in the form of frames. A Metroring frame is shown in Figure
4.2. The Metroring frame can be divided into three distinct sections as shown ill Figure 4.2,
namely the header, the data and the trailer sections. The frame header and trailer contain the pro-

lrallor
Hoador Data ~or>-.I ....

! I
(a)

Addross Flold... ..
... Dostlnatlon sourco ...-IlytoII" L' 1'1 '1'1 iI8[01" 11111\71

control Flow
Flold Control

(b) Flold

tocol management information. The data portion of the frame contains any other tnfbrmation in-
volved ill the communication between nodes. The length of Metroring trnmes are consistent with
those ofFDDl. Le. n mnximum length of 4 Keytes.
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In addition, the Metroring protocol offers a fast forward facility providing rapid transfer of se·,
lected frames across lightly loaded links, The Metroring topology incorporates high link redun-
dancy resulting in a highly reliable network. These features make Metroring a reliable and
practical solution for the design of'internets 01' MANs required to can)' heavy loads.

4.1 Metrnrtng Topology

A Metroring network is depicted in Figure 4.1. Nodes on the network are connected in such a
way that they form one or more closed rings. Each node has a minimum of two links. Each link
consists of two unidirectional, point-to-point, fibre optic channels. Logically, one channel forms

~_~'F;_,' _ _'_.~ :,_ ...,__ ..- ~-".",_ .. "'_." -,_,,- __
-"",•• , .W"':' ....... ,_ .•. "_",'w"

Two-port
Node

the transmit path and the other the receive path. Metroring nodes may be added to a ring, thereby
forming a segment. The nodes which connect segments together have n minimum of three links
and are called Segment End Nodes (SENs). A reglon consists of a number of segments. Metror-

ing regions are connected by bridges.
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Chapter 4: The Metr ortng Networking Protocol

Although this dissertation is concerned with the performance evaluation and simulation of the
Mctroring protocol, a brief explanation of the Metrorlng protocol is required in order to properly
appreciate the chief goals of this investigation.

Metrorlng II> a highly reliable protocol that is able to handle heavy traffic loads using existing tech-
nology. Metroring achieves this through the use of simultaneous transmissions, spatial reuse and
fibre optic technology, Metroring has been developed to link computing devices in complex con-
figurations fulfilling an internet role. The physical extent of the Metroring configuration corre-
sponds to that of a MAN, i.e. a diameter of about 100km (Smythe, 1991). The Metroring

possesses a ring topology resembling that of a FDOl or Token Ring network, i.e. end-to-end fibre
links as the connections in the ring. Although similar in topology, Metroring differs fundamentally
from Token Ring and FDDI in that:

I. End-to-end transfer is limited to adjacent nodes in a ring. This enables concurrent interlink
transfers which Token Ring prohibits and to which PDDI appro-dmates by allowing
multiframe packets on the ring.

2. Metroring allows parallel segments which enable load distribution and reliability to be
enhanced. Token Ring and FDDI do not allow this.

Metroring features a number of facilities which make it suitable for handling network loading.
Among these unique features are:

1. The ability to handle simultaneous data transfers,
2. Priority forwarding facilities, and
3. Pat'allel processing of input/output operations.



This ch..pter describes the process of implementlng the simulation model derived ill the previous
chapter in software. As the model is implemented in the object-oriented paradigm, sectlor, 6.1

gives a brief introduction to object-oriented concepts. The software design procedure is described
in section 6.2. Section 6.3 presents the software implementation issues in detail and section 6.4

discusses the verification and validation of tile simulator.

16.1 The Object ..Oriented Paradigm

When approaching the problem of developing a simulation of an internet type computet' network,
it is lmportaru to choose It programming style appropriate to the problem. The ;ityle is really "u
way of organising programs on the basis of some conceptual model of programming and an ap-
propriate language to make programs written in the style clear" (Booch, 19(1). According to
Bobrow and Stefik (Booch, t (91), the major programming styles arc:

Q Procedure-orlented
o Object-oriented
.. Logic-oriented
Q Rule-oriented
e Consttaint-oricnted.

A partlcular problem may favour any one of these styles. There is no set rule as to which style is
the best for a given application. Hl)W('wCI'. the object-oriented style is particularly suited to the



Model veriflcatlon nnd validation will be addressed in greater detail in Chapter 7, where i\ is ap-
plled to the Metrorlng lIim"latioll model. Before discusslng these issues, however, it is necessary
to construct It softwnre t)l~,.I·1based upon the simulation model synthesised thus far.
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It is important to note the following points concerning the Metroring simulation model;

1. As the simulation model is only concerned with notworking opcratlons, all details
concerning protocol layers higher than the OS! networking layer are ignored.

2. It is assumed that the receive data rate is faster than the transmit data rate for the
networking nodes, Hence the How control rnechanism is 110t included in the model.

3. Congestion control takes the form of packet discarding; (Tanenbaum, 1988).
4. Observation of performance under normal conditions, and across an extremely reliable

medium, makes the incluslon of complex error control techniques unnecessary. Other
parameters, such as the number of frames discarded, may be used to gauge the effcct of
discarding packets.

011CC a model ofthe real-world system has been derived. the model needs to be Implemented. This
step translates into a simulation model implemented through software. By examlnlng the results
which tim simulation model yields, the model may be verified and validated. Model vca'ifiention
relates specifically to the computer program and poses the question •• ,is tho model implemented
correctly it) computer code?".

Model vnlldnttun involves deciding whether a model is an accurate representation of the reai
world system, It is therefore necessary to grasp the operation of the actual system and to have a
good idea of the system's expected behaviour. A model may then be validated by observing tho
b=havlour of tho simulntlou model in relation to tho behaviour expected from the real system, Liaj·
son wl' people who are well aquainted with the real world system ensures a close mapping be-
tween the simulation model and the actuul system, and is an important niu in validating tho
simulation model As the model is validated, changes might be needed in meier to increase confl-
deuce in simulation results. The model is therefore refined to ensure that tho operation under
simulation produces results in tho correct form Md in sufflcicnt detail.



When a {hune is generated by an application it immediately joins the queue of the network node.
Conceptually, the frames move through the queue awaiting their tum to be processed. Once proc-
essed. the frames arc transmitted on the correct link. When a frame reaches its destination it is re ..
moved from the system, Further assumptions about links in the Meowing simulation model arc
included in Section 5.3.3.

5.3.3 Assumptions

The following assumptions regarding tho traffic model have been made:

1. Inrerarrlvnl times of packets nrc assumed to follow an exponential distribution. This results
in a Poisson arrival process of frames which is wid(:ly used in the slmulation of computer
networks.

2. Packet lengths are assumed to vary randomly following an exponential distrihutioll The
USCI' may nlso choose to simulate constant packet sizes.

3. Every node on the network is able to generate and receive a packet.
4. Every node, with the exception of the node creating the packet, is equally likely to be

chosen us the destination for ellch now packet.

Since performance under normal conditions is being investigated. the following assumptions auto-
matically follow:

I. Frames are not lost. duplicated or reordered during their propagatlon over linl{s.
2. Link fnults and the malfunction of other components of the system arc omitted from the

model (\S such aspects are only of interest when reliability, availability or security are
investigated (Schoomaker, 1(78).

3. An~ frame transmitted on the link arrives fit the other end in n finite nmount of time.



Application Layer

Sink

Following from these points it is apparent that a "node' in the Matroring model is, in reality, the
Mctroring networking controller, and not the complete computing device. As this investigation is
concerned with tho Metroring behaviour, l.e, the networking functions. 's rei,at is of 110 conse-
quence to the simulation model The sinlllintton model assumptions made concerning Metroring
nodes are listed in Section S.:U.

/lollting

When a Metrorlng node receives a frame it will allocate the frame to an output port based upon
tnc routing information contained within that node's routlng tuble, Tho Metrorlng routing mecha-
nism is described in !lection4J,2 and Appendix B. The presence ora routing mechnniam ensures
1hat there nrc no duplicate frames circulating in the network, and that frames do not loop forever
but tl'£lWI'SO a finite number of hops from source to destination. To avoid unnecessary complexity
in the Metroring model the true Metrorlng muting protocol is not implemented. Instead. static
muting tables. denoting shortest path routes based 011 hop count, arc used. These tables arc ell-

tered by the \,ISC!,.
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caused by a node as in traditional models. the Metroring '''''' t t ises a number of queues in each
SEN corresponding to each individual path.

Queues

It is assumed that all queues arc served by a First-In-First-Out (FIFO) queuing discipline. The
most important characteristics of a queue are the length of the queue (mean, maximum, variance)
and the quelling time (mean, variance) (Schoemaker, 1978). The queuing time, or the time that a
frame spends in a queue (representative of the amoutu of time that a frame is delayed by a node),
is indirectly determined by a statistical distribution. Queuing time will depend upon the rate at

which the server iB able to serve the waiting transactions, i.e, the rate at which a node's processor

is able to process frames waiting in the queue. This service rate is known as the service time and
is dependent on the processing power of the node and the size of frames.

Mules

The operation of a node is captured in the queuing model. The delay that a frame encounters
when passing fh. ')ugh a node is comprised of the software time and the Direct Memory Access
(OMA) time (Sventek, )"'''). The software time accounts for software overheads associate' th
the protocol, DMA time: he times taken to copy data to and from memory. The Metl'Ol'ing
model Incorpcrates these delays in a single parameter specified by the user. It is important to 110te
the following points about a Metroring node:

1. All networking operations will be handled by a Metrorlng networking controller card.
2. The Metroring networking controller card will have its own, dedicated mlcroprocessor

and RAM (Random Access Memory). This offloads the real-time processing burden of the
network from the node CPU (Taylor. 1989). This feature is extremely relevant with
intelligence gravitating out to the nodes in current I1IHwC>l'ks (Taylor. 19S9). because
placing the ndr'ed burden of communications processing on the nodes detracts from their
effectiveness in the tasks they were designed to perform,

3. The dedicated networking memory will be a dual port memory supporting full duplex
direct memory access, permitting concurrent transmit and receive operatlona.
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the real system and the simulation mode! (Schoemaker, 1978). The simplifications and assump-
tions concerning the Metroring model arc detailed throughout the remainder of this section as

well as in Section 6.3.

The impact which the model simplifications have on the correspondence between the system in
the real world and the simulation model may be examined at a later stage by observing the sensi-
tivity of the model's outputs to small changes in the model's input variables (Schoemaker, 1(78).

Since there are certain variables ill the Metroring model which are random, for instance the inter-
arrival times of frames, the model is stochastic (Law, 1(82). Hence the output data will be ran-
dom and will only yield an approximation of the operation of the real system.

A network consists of'a number of nodes interconnected via links. These nodes communicate with
one another by means offrames. Le Goff and Le Lann (Schoemaker, 1(78) identify three basic re-
sources in a computer network: storage capacity, transmission capacity and processing capacity.
These resources nrc implemented as buffers, links and processors (Central Processing Units and
Input/Output processors) respectively. From the discussion above, it is evident that thCI'C is a
close correspondence between the description of a queuing model and that of a Metroring net-
work. Frames form the customers in the Metroring simulation model, while the processing facility
of a node is analogous to a server or resource. In the Metroring simulation the number of frames
far exceed the number of processors. Frames will therefore walt in queues for service at a node.

Any node may generate a now frame at any instant in time, A node is therefore It source, i.e, it has
the ability to introduce new frames to the simulation. Slmilarly mlJ node may remove a frame
from the system. This happens when a node receives a frame: destined for itself. In this case a node
may act as a sink - it is removing frames (01' transactions) from the system. The Metrorlng queu-
lng model is ShOWI1 in Figure 5.3.

This ,Iucuing model differs from existing LAN models because SENs have more than a single path
for frames to follow, This reflects the mternet nature of the Mctrorlng protocol compared with a
LAN protocol, viz. It routing function. Thus instead of only it single queue representing the delay
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interactive data traffic in computer networks. Moreover, very often the only information available
about these random variables is their mean values. When one has little information about random
values other than mean values, then it is reasonable to arbitrarily assume that the random values
have a dlstrlbutlon which is completely specified by the mean, e.g., the exponential distribution
(Sauer, 1983). Three distributions relevant to this investigation. namely the exponential. Poisson
and uniform distributions, are discussed ill Appendix C.

The literature available on simulation and modelling of computer networks affirms the use of the
exponential distribution to characterise packet interarrival times and packet lengths. All the simu-
lations and models surveyed in this investigation (Frost. 1990). (Halsell, 1991). (Cobb, 1992).
(Shanmugan, 19(2). and (Chiarawongse, 198B), as well as the surveys carded out by Boggs
(1988) and Sventek (1989), indicate the use of the exponential distribution to characterise the net-
work traffic.

Following the above arguments, the Metroring model assumes a Poisson arrival process of pack-
ets at tho network nodes, which results il1an exponential interarrival time distribution (see Appen-
dix C for a detailed explanation). The length of Metroring frames in the simulation may be chosen
to be either constant, 01' of it random size varying about some specified mean size according to the
exponential d;<)trihutiol1.

The Metroring frame sizes in the simulation are bounded by limits which nrc specified in the pro-
tocol. viz. an upper limit of 4096 bytes, and a lower limit of 21 bytes (Tjirkalli, 19(3).

5.3.2 Metrurtng Simulation Model

When simulating a complex computer network such as a Mctroring i~is lmpractlcal to include
every detail of tho ne'work into tho simulation model. It is therefore necessary to make certain
simplificatiom; concerning the real world system. Law and Kelton (1982) point out that (\ good

modelling principle is to begin with a simple model which can Illtl;;;" be made more sophisticated if
required. One of the main problems in simulating a system is to find a suitable trade-off between
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part in the load imposed on a network. In real computer networ ;..s devices nrc often inactive for
long periods of time and then require high data rates for a short time period (Boggs, 1988). Ham-
mond (1986) points out the difference in the extremes of required data rates. Consequently defin-
ing 1I "typical" steady-state distribution for network traffic is a difficult task.

A second parameter that affects the traffic on a network is the individual packet lengths. The
packet lengths indirectly influence the service times at nodes. Even though the time taken to proc-
ess It single bit over It channel or through a device is constant, the time taken to process a packet
will depend upon the number of bits in that packet. In computer networks the packet length is

randomly variable, and thus the processing time for a packet also becomes a random variable.

Information Oil the distribution of packet lengths is also highly varlablc (Hammond, 1986). For
example, investigations cited by Boggs nnd Hammond show that the packet length distribution all
Ethernet tends to follow a bimodal (i.e. 1110stpackets either ncar the minimum or the maximum
packet Ie lh) pattern.

Despite the variubility in network traffic, some description must be used as a starting point for
performance analysis. Hence it is necessary to determine what distributions for interpacket arrivals
and packet lengths can give the most tractable analytlc results. Hammond (1986) concludes that
the Poisson arrival process, which gives an exponential distribution of intemtrival times, and the
exponential or geometric packet length distributions seem to provide the best chnracterlsation of
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A/B/c/N/K

A: TIle!interarrival time distribution. These distributions arc discussed in Appendix C.
Some of the more common interarrival distributions are M (exponentie J' D
(deterministic), E k (Erlang type k), and G (general).
13: 171eservice-time distribution. The same letters are used as in the interarrival case to
denote similar distributions.
c: 7711! number of parallel servers. In some systems several servers may simultaneously

serve customers.
N: The system capacity. System capacity refers to the limit on the number of customers
that may be in the waiting line or system. Most real systems have a finite system capacity.
If this parameter is omitted from the notation, the system capacity is assumed to be
infinite.
K: The size of the population. If this parameter is omitted from the notatlon, the
population is assumed to be infinite.
Queue discipline. These are indicated by FIFO (first-in, first-out), LIFO (last-in, first-out),
SIRO (service in random order), PRI (priority), and GD (general discipline). If omitted it

FIFO discipline is assumed.

F01' example, M!M''l represents it single server system that has unlimited queue capacity and an
infinite population of potential arrivals. The interarrival ti!' ..::sand service times are exponentially
distributed. A FIFO queue discipline is assumed,

Netw()rk Traffic

Data flow within a computer network is typically non-uniform or stochastic in nature, Hammond
(1986) states that at any point in such a network, the arrival times of ttames at nodes are random
variables. Although these times appear to vary randomly, often they may be described by some
statistical model.

UnfortullEltely network traffic is a highly variable quantity affected by many variables. Factors
such as the nature of the traffic and nodes. the protocols used, and the time of the day all piny a
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5.3 Simulation Model Design

5.3.1 Queuing Models

Hammond (1986) points out that performance analysis of computer networks is concerned with
the nature and characteristics of data flow. According to Hammond (1986), throughput, delay,
and other performance parameters are measures of how the network processes the messages it

must transmit to fulfil its function. Queuing theory is a frequently used tool in the prediction of
these measures of performance. The notation and operation of queuing models is now described.

A queuing system describes the arrival of customers at a server, the time that the customers spend

waiting for service and their subsequent departure from the S','I"Yel'.The term customer refers to

any type of entity that call be liewed as requesting service from a system (Banks, 1984), A server
can be defined as any resource offering service in a system. In virtuutly all real sysi~ms there are a
limited number of resources, or servers. Whenever there are not enough serve-s to servlce all the
customers simultaneously, queues result (Graybeal, 1980). For example, in a bank there are usu-
ally more clients requesting service in the bank than there are tellers to service their requests. The
result is that queues are formed as clients wait for service from a teller.

The call1ug pepulation is the population of potential customers. In systems with a large popula-
tion of potential customers, the calling population is usually assumed to be infinite (Banks, 1(84).

A source introduces new customers into the queuing system. A sink removes customers from the

system. The time between two successive arrivals at a server is referred to as the interarrlval
time. If arrivals of customers OCClll' at random points in time, the interarrival times are usually
characterised by a probability distribution. Figure 5.2 shows a simple queuing model.

Notation

The notational system proposed by Kendall (1953) to describe a queuing system has been widely
accepted and is presented below. With Kendall's convention a queuing system is described by a
series of symbols separated by slashes:
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Increasing load on a network also leads to an increase in the end-to-end delay, i.e. the time taken
for a frame to reach its destination, of frames. Generally end-to-end delay increases exponentially
with increasing load. This trend is shown in Figure 5.1(b).
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(b)

In order to improve network performance it is desirable to maximise throughput and to min', ,!SC

end-to-end delay. Unfortunately these nrc very often conflicting goals. Networks boasting a high
throughput frequently have high loading and a high occupancy of buffers in network nodes. These
characteristics tend to increase the end-to-end delay as frames are forced to wait in buffers for

long periods of'time,

Offorod Load (Mbps)



validation processes arc important in decreasing scepticism towards a system model. Banks

(1984) gives two reasons why these processes are significant:

1. In order to produce a model that represents the true system behaviour closely enough for
the model to be used as a substitute for the actual system for the purpose of experimenting
with the system,

2. To increase to an acceptable level the credibility of the model so that the model will be
used by managers and other declsion-makers,

It is clear that model verification and validation form an integral part of model development.
These two processes will be described in greater depth, and they will be applied to the Metroring
model.

6.4.1 Vc.-ifica tlun

The process of verification examines how accurately the conceptual model represents the opera-
tional model. There (we a number of suggestions in the literature for verifying it model. Many of
these were applied to the Metrcrlng simulation model.

III Flow dingratns indicating the possible action a system can take when an event occurs were
used to follow the model logic for each event type. Figure 6.3 and l"igure 6.4 shows the
flow diagrams for the receive and transmit events in the BaseN:"de class.

(I The model output was closely examined for reasonableness under a variety of settings of
input parameters. One method of achieving this was to have the simulator program
produce a wide variety of output otatistics m addition to the ones required by the
simulation study. The C'++ language also has extensive facilities for enol' trapping and
integrity testing of variables. Variables were observed in relation to expected trends to
discern how the program was behaving. The performance measures obtalned from
simulation experiments were also good measures of rca sonableness.

• The use of n trace. - It detailed printout giving every variable in the program • is another
useful method of verifying that the program is behaving as expected. ('I+ has a
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The event list queues all eventv according to the times at which they are scheduled to take place.
When an event is removed from the event list, the specific operations associated with the event
are handled by the appropriate class ill the network hierarchy.

The random number generator uses the additive congruential method described in (Sedgewlck,
19(2) to generate random numbers. The standard deviation algorithms arc derived from Press (it

al (1988). Random numbers taken from Banks (1CJ84),Appendix A, are used to initialise the ran-
dom number streams.

Future evolution \If the Metroring protcccl ~eant that the simulation software be designed to re-
main H'l flexible as possible.

6.3.2 Limitarions Imposed on the Metrorlng Simulator by

Implementation

• Duo to limited memory a practical limit is imposed art the size of the Metroring being
simulated. This maximum size is dependant on nodal buffer size, the number of nodes it,
the network nnd the number oCii'ames generated during a simulation run.

• The Borlnndl?rio:dtyQueue class was only able to handle It limited number of objects
having the same priorities, OJ hus some simulations using the fixed frnrnc size may not
produce accurate results when too many events nrc scheduled at the same time.

6.4 J\1odcl Vedfication and Validation

The terms verification and validation wore introduced in section 5.3. Essentially model verification
reters to the comparison of the conceptual model to the computet' code and asks the question, "is
the model implemented correctly in compute, code?", while model vnlidatlon refers to the act of
determining that the model is nn accurate representation of the real system. The verlficatlon and
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It is convenient to split the discussion of the simulator implementation into the two categories of
section 6.2.4, viz. the topology specific, and the simulation specific aspects of the model.

T()p()logy Specifics

The class hierarchy of section 6.2.4, depicted in Figure 6.1, intuitively follows t:le description of It

Metroring network. A network consists of a number of regions. Each region consists of a number
of n des, and each node contains, among other things, some queuing mechanism. Each class in
this progression USesan array to contain the objects below it. For example, a network object uses
an array to contain the region objects comprising the network. The queue is presently the lowest
level of abstraction implemented in software, however, the hierarchy may be extended to any de-

tail. Should more detail be required, for example the representation of an input butter, this class
would merely btl added to the class hierarchy.

When wishing to change the attributes of a node, or when it is necessary to examine the statistics
relating to a specific node. one need merely look Elt the relevant node object. In a simulation
model implemented using conventional process-oriented design and programming. it would have
been extremely difficult to offer the flexibility associated with an object-oriented counterpart. '1Ills
is mainly because statistics and attributes would be \' ,I up ill complex data structures.

The processes to handle the arriva! and departure of a frame, together with the attributes of the
node (e.g .. mean service time which is dependent on the node's processing power and queue sizes
etc.) and tho simulation statistics connected with the node are all be effectively encapsulated
within the node object, Tho arrival and departure processes are shown III the flow charts 6.3 and
6.4 respectively.

Simulation Specifies

The slmulatiou tools provide a framework for mnny different drscrete event simulations. The event
list and random number generntors could be used in any discrete event simulation software, In-
deed this reuse otclasscs is one of the major benefits of(Jbject·od~l1(cd progmmmlng.
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This is the step where the interface arguments are considered and specified. When considering
class interfaces it is lmportant that they do not encompass more than a single level of absn action.
Typically, all operations on a class should support the same level of abstraction (Stroustrup,

1991).

It should be noted that the focus of the design is on the outside view of the classes. In general, lm-
plementation issues arc not considered in the design phase. Implementation details which do need
to be included are best handled in step 2.

As the iterative procedure outlined above progresses, the class hierarchy will need to be reorgan-
ised. Classes and their interfaces will change.

6.2.6 Implementation

This phase often forms part of the iterative design process. It is during this phase that the imple-
mentation details of classes and objects are considered. The focus shifts from an outside view of
each class to all inside one. Design decisions concerning the representation of classes and objects
could well result in a leap back to a previous step in the design process.

The implementation of the design in software is the subject of section 6.3,

6.3lmplcmcnhltfion

The Metroriug simulation model WElt, implemented uslng Borland C++, Version 3.1. Tho reasons
for choosing this language appear in Appendix E.

6.3.1 Software Implementatien of The Mctrurlng Simulation Model
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Region and Bc.<:JeNo<'ieobjects respectively. The Frame class is used in the BaseNode and
NodeQueue class int .rfeces,

The classes specific to the sirruintor engine are shown in Figure 6.2. The central class in this hier-
archy is the Simulator class. For every Simulator object, there is one Generator and
one EventL:i.st object. The EventList class inherits its functionality from the Borland
PriorityQueue class. The J"VentList class uses the BaseEvent class, derived from the
Borland Sortable class, h, its internal queuing structure. The Generator class uses the class

Network

( ,f

Simulator .'
1\1)

( ,
~\

Generatol'
1,

SventLlst U SaseEvent

I Random

1_11'/;1 1~

1;/ 1\\
Framei Priority.

Queue \ Sortabl"

Expon Uniform Pols~on

Random in the generation of network traffic. Every Generate r object will have a single Random
object associated with it. The class Random uses the classes Expon, UnifOJ:m and Poisson

in its implementation. A function of the Generator class is to generates frames and thus the

Frame class is used ill the Generator class' implementation.

6.:205Step 4: Specify Interfaces
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6.2.4 Step 3: Specify Dependencies

This stage of the design process aims to specify the dependencies of classes on other classes. The

Object

Metrorlng-
Object SEN RlngNode

I I
1 n .BaseNode

N'W'\~;:"7l
1., 1 Nodsqueue
", Array

• • •__ -l

main dependencies are inheritance and using relationships. The dependencies among the main
classes in the Metroring simulator are shown in Figure 6 1 and Figure 6.2. The shaded class icons
represent classes from the Borland Class Library.

Figure 6.1 shows the class hierarchy that emerged from considering the physical Metroring do-
main, or the topology specific aspects of the model. The Networl~, Region and BaseNode

classes use the Array class in their respective implementations. The cardinality expresses that
each of these objects will only use one array object. The SENand RingNode classes inherit from
the more general class BaseNode. The class BaseNode uses the N'odeQueue class in its im-

plementation, and for every instance of BaseNode there will be 11 instances of the class N'ode-

Queue. Similarly for every Network and Region object there will be 11 instances of the
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The most obvious classes appeal' in the vocabulary of the problem domain. Very often nouns (i.e.
those things which are tangible) will correspond to the classes and objects needed in the program.
This is true in the case of the Metroring Simulator. Nodes, SENs, frames and queues are a few of
the classes present in the program which were extracted directly from the vocabulary of the prob-
lem domain. A list of classes included in the Metroring simulator software nppears in Appendix F.

Typically this step ends when no new basic concepts or mechanisms remain, or when classes 01'

objects that we have discovered may be constructed from existing software components.

6.2.3 Step 2: Specify Operations On Classes

The aim of this step is to establish how classes or objects interact within the system. Stroustrup
(1991) stresses the need to minimise the set of operations which this step produces, lithe more
functions, the more likely they are to remain unused and the more likely they are to constrain the
implementation and the further evolution of the system", He suggests the following strategy in de-
ciding on what functions are needed for a class:

1. Consider how all object is to be constructed, copied and destroyed.
2. Define the minimal set of operations required by the concept that the class is

representing.
3. Consider which operatlons could be added for notational convenience and include only the

most important.
4. Consider which operations should be virtual, i.e. which operations will be implemented by

a derived class.
S. Consider any similarity in naming 01' functionality of classes.

AI.!mendixF contains a brief description of some of the functions or methods that the various
classes usc.
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under the constraint that it will be changed in many ways'. This is an extremely important design

aim in the case of the Metroring simulator as the system specifications, as well as the simulation

requirements are likely to change during the course of the design. Bearing the need to design for

change in mind, Stroustrup identifies three aims: flexibility, extensibility, and portability.

The way in which these aims are achieved in the object-oriented paradigm is by encapsulating the

areas of the system which are likely to change. In this way, when changes do occur, only the rele-

vant class needs to be changed.

The simulation program is really a model of reality, with each class representing a concept.

Stroustrup (1991) identifies four steps in the design phase:

1. Find the concepts (or classes) and their most fundamental relationships.

2. Refine the classes by specifying the sets of operations on them.

3. Refine the classes by specifying their dependencies 011 other classes.

4. Specify the interfaces for the classes.

It is important to note that these steps are iterative. One would typically loop through these four

stages several times before arriving at a final design.

The Booch Notation will be adopted in the presentation of the Metrorlng simulator program de-

sign. A brief discussion of this notation is presented in Appendix D. For a full explanation the

reader is referred to (Booch, 1991). The major steps in the software design follow.

6.2.2 Step 1: Identification Of Classes

Using the object oriented' gn approach, the first step is to identify the key concepts or classes

and their basic relationships. The first few iterations of this step will produce a series cf candidate

classes. The final classes will be determined only once a design has been finalised.



The object-oriented design and programming approach best fits the problem of simulating a Met-

roring for a number of reasons.

1. The process of identifying the entities within the system which iJ being simulated
corresponds closely to the initial step of identifying classes in object-oriented design. Often
the entities identified for the purposes of discrete event simulation are identical to those
identified via the =bject-criented design process.

2. The variables which denote the tate of a system may be encapsulated in classes. This
decreases the system complexity, and because access to this data may be restricted, data
integrity is maintained.

3. Components which are common to all discrete event simulations may be encapsulated in
re- .sable modules. Software re-use is a major benefit of object-oriented technology. In the
lvfetroring simulator's case components such as the event list, clock and random number
generator may be encapsulated in base classes which may be ported to other discrete event
simulation models.

4. The object-oriented simulator is more resilient to change. This is an extremely important
factor considering the Metroring protocol is still being developed. This factor also
becomes significant when the simulation is required to examine operation of the system at
a greater level of complexity. The transition to a lower level of abstraction in the object
model is easier than it would be in any other model.

5. As the object model bears such a close resemblance to the real system, it Ilppeals to human
intuition. This is especially helpful when it comes to the extension and maintenance of the
simulator.

6.2 Design of the Metrurlng Simulation Software

Once the simulation model of the Metroring computer network has been formulated, and once the
choice of programming language and appropriate design approach has been established, the task
of designing the simulation software hegins. Stroustrup (1991) identifies simplicity as a central
aim of the design process: "we must aim for a design and an implemented system that is simple
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extension. This is really a packaging convenience, providing the user with easy access to the infer-

mation needed to incorporate the module in an application.

Hierarchy

Hierarchy is a ranking or ordering of abstr actions (Booch, 1991).

In addition to these elements, it L necessary to define the concepts of objects and classes, and the

relationships existing between them.

Objects and Classes

The concepts of an object and a class are tightly interwoven. However there is an important dif-

ference between the two. Whereas an object is a concrete entity that exists in time and space, a

class represents only an abstraction, the "essence" of an object, as it were (Booch, 1991). III the

context of object-oriented design, an object is very often an instance of a class. A class is 3. set of

objects that share a common structure and a common behaviour (Beech, 1991).

There are a number of relationships that may exist between classes Ihe following two relation-

ships are important in the design of the Metroring simulator:

• Inheritance relationships

Q Using relationships

Inheritance denotes a "kind of" relationship. For example, a SEN is a kind of node, i.e. a SEN is a

specialised subclass of the more general class, node. Using denotes a "part of" relationship. There-

fore a queue is not a kind of node, it is a part of a node.

6.1.2 The Suitability of the Object-Oriented Paradigm to a

Metroring Simulation
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problem of simulating the internet style Metroring networking protocol for a number of reasons as
set out in section 6.1.2.

6.L 1 Elements of an Object Mode!

The key elements of an object model are abstraction, encapsulation, modularity and hierarchy.
Booch classifies these as major elements of the object model, and further states that any model
without any of these elements is not object-oriented (Booch, 1991). Because these elements form
such a fundamental part of the design of .he Metroring simulator it is necessary to clarify these
ideas briefly in the following paragraphs. These fundamental concepts are discussed in greater de-
tail in Appendix D.

Abstraction

Abstraction is one of the natural ways in which the human mind handles complexity. Essentially
abstraction is "a simplified description, or specification, of a system that emphasises some of the
system's details or properties while suppressing others 11 (Beech, 1991). Ideally the user would like
to see the characteristics of an object which he finds important, while details which are irrelevant
to him are effectively hidden.

Encapsulation

Encapsulation and Abstraction are complementary concepts. Encapsulation hides the implementa-
tion detail of a class from a user, whereas the essential behaviour of the class is visible to the user
(abstraction).

MOtilllal'ity

As programs grow in size, modularity is a useful means of reducing the ensuing complexity. In
C+·f., modules are merely separately compiled files. Traditionally the module interface is placed in

a file with a •h extension, while the implementation is placed in another file wah a . cpp
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7.3.4 Efficiency

Rodrigues (1990) defines efficiency as the bandwidth that can actually transport end-user data so
that the system 8till remains stable, Unlike the PDD! architecture, the efficiency of the Metroring
protocol does not degrade as the physical network size increases as the system bandwidth is inde-
pendent of the number of nodes. This fact suggests that Metroring is a more suitable technology
than Ff)Dl for MAN environments requiring a high efficiency. Metroring features a high effi..
ciency as the protocol overheads are relatively small. A simple comparison of the efficiency of
F.DDl, DODB and Metroring as a function of the number of nodes is shown in Figure 7 gR,

rorilla]
PI
De-

Performance graphs for frame sizes of 100, 1k, 2k and 4k bytes are shown in Flgur; 7.9.

Figure 7.9(b) shows that the end-to-end delay is greater Icr larger frames, This trend is attribut-
able to the fact that the transmission delay, which is It component of end-to-end delay, is

FDDI and DQDB characterlstics ure taken from (Rodrigues, 199{))



re-transmlsslons offrame, that have been dlscarded, 111 reality, however, discarded frarnes will re..

suit in an increased delay as shown by the dashed portion of the curve.

A measure of'pertormauce that is closely related to end-to-end delay is queue occupancy,

7.3.3 QUCliC Occupancy

F1g11rc 7."/ shows the rapid growth in the queue size {)f a node as the incoming traffic rate sur-
passes the frame service rate. At high loads the queue size will continue to grow untll the queue is
fIlled to its cnpacity and any further incoming frames will be discarded, Figure 7.7 shows that this
takes place at approximately 850fj}s. Consequently frames will begin tel be discarded in greater
numbers at thls point. The plot of the number offi'ames discarded against the tmrne arrlvnl rate
pel' node is also shown in Figure 7.7 and confirms this assertion
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The effects on performance of variations in packet size and node forwardlng rates nrc examined
using the simple topology shown in Figure 7.2(b).



node in the network is processing the rnaximunt amount of data that it's physical processing
power wilt allow. At n forwardlng rate of lOkfps, the maximum possible throughput for anyone
node is 5.12 Mbps', hence the tnroughput curve flattens out at around this maximum throughput.
Were the forwarding rate to increase. the value of traffic intensity per node at which this flexion
appeal's would corrcspoudingly increase. Note that the network is not saturated. At this value of
intensity the total throughput is only 25 Mbps whereas the media capacity is 500 Mbps (loa Mbps
pCI' link multiplied by 5 links). The utillsntion is therefore only 5% which does not even approach
total utilisation of the medium. In order to achieve 100% utilisation of the medium a node would
have to be capable of forwarding 100 Mbps on n single link because each Metroring node has a
dedicated link to it's neighbouring nodes. However, the node will mmally be forwardlng frames to

more than (lI1ly one link. thus the forwarding rate may have to 11(1AS high 0" 100 X' Mbps, where x
il' the number of links. This translates into a forwarding rate of 200kfps 01' 1ll00'C. Currently, not
(wen the dedicated mutiprotocol routers are able to achieve this sort of performance", let alone a
non-dedicated computing device. Practically, then, the forwarding rate of the nodes will place an
upper bound on the possible throughput rates Its stated in section 7,1.

7.3.2 End ..to ..end Dels y

Figure 7,6(b) shows the average end-to-end delay pel' frame plotted against the average traffic ln-
tensity pel' node. fho delay begins to Increase exponentially as the rate of frame arrivals reaches
npproxlmately 8~On)s. At this value of traffic intensity the incoming truffle rate becomes greater
than the frame service rate, hence the queue size grows as shown in Figur« 7.7, and the delay
therefore increases as frames spend greater periods of time waiting in (I'JOllCR which arc nearly
full.

Figure 7.G(b) shows that the exponcntlnl increase in end-to-end delay tapera off' after reaching 0.1
sec. The reason that this delay curve Ilnttens out is that the simulation model docs not model the

10000fJ)S . 64bytes/ft'amc Shirs/byte 5.12 Mhps

sec Datnmation, 1992. pp, lOS· III
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Two criteria, rhroughput and end-to-end delay, are often used as performance metrics (Ham-
monel, 1(86) (Rodrigues. 19(0). Section 5.2 defines these performance measures in detail. These
two performance criteria are valuable when analysing the Metroring protocol. Throughput and
end-to-end delay results are derived for a simple Metroring network and (\1'13 discussed in this sec-
tion. Simulation experiments are then performed to examine the effect that changes in certain pa-
rameters, for example frame size, have 011 important performance measures.

A simple Metroring network is shown in Figure 7.2(b). The system throughput and end-to-end
delay plotted agvJn1Jt the trnffic arrival rate per node is shown in Figure 7.6(a) and (b)
respectively,
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7.3.1 Throughput

As truffle intensity Increases, the throughput of the network begins to increase as seen in Figure
7.6(a). At approximately 800fps the throughput reaches a maxhnum value, At this value each
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The Metroring simulator throughput results of the dual ring network shown if) Figure 7.4(b) also
compare favourably with those produced by COMNET. This can be seu: ill Figure 7.5. The two
sets of results are not as similar as in the single ring case.
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was not able to produce end-to-end delay results as the delay times were too small to be shown in
the COMNET output statistics.
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7.2.2 Comparison With Other Simulation

An internet simulation package was used to examine the effects observed in section 7.6.2. Results
from the simulation package were compared to those of the Metroring simulator 1'01' validation
purposes. The simulation package used was COMNET n.s release 5.03 from CAe! Products
Co., with the permission of WEB Systems in Arcadia, Pretoria. The primary function of this simu-
lation package is the modelling of internets and thus it was not ideally suited to the modelling of
Metrorings which have very high data transfer rates. Although the package was running on a Sun
workstation the aimclation times were significantly high. In addition, COMNET models become
extremely complex when trying to model Metrorings in which every node possesses the ability to
communicate Wi~!levery other none in the network. Thus the simulation of large Metrorings was
prohibitively difficult.

The Metroring simulator and COMNET results for the three node Metroring depicted in Figure
7.2(a) are plotted in Figure 7.3. The two sets of simulation data arc virtually identical. COMNHT
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The aim throughout these experiments is not to quantify precise values for the performance meas-

ures, but rather to use the simulation model to investigate the effect of different variables on the

overall performance of the protocol.

7.2 Validation Experiments

7.2.1 Performance of a Single Node

As a vah 'atlon test the simulation performance results of a single Metroring node were compared

with a simple analytical model of a single node. The results ate shown in Figure 7.1.

The M/Mll queuing model described in Appendix C was used to model the Metroring node with

random arrival and service times. The average queuing time is given by,

O)Q :=; ~l(l_ p)
p

and the average queue length by,

where p is the traffic intensity, and ~~is the service rate of a node as described in Appendix C.

1.£1 is divided by a factor of two in order to reflect the two queues in a Metroring ring node.

The performance results of a node with a forwarding capability of 10kfps when receiving frames

of an average length of 500 bytes is depicted in Figure 7.1, Queuing length and queuing delay are
plotted against traffic intensity, p, in Figure 7.1. It is evident from the figure that the results de-
rived from simulation are almost identical to those predicted by the queuing model.
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performance characteristics. The following conditions have been fulfilled throughout these

simulations:

e All links are equidistant.

e All nodes in the network possess the same forwarding rate which is specif ~d by the user.

a Each node in the network is equally likely to transmit 01' receive a frame.

FOI'WIH ding rate, as defined by Halsall (19;2), is the rate at which frames are processed and for-

warded for transmission from one port, or segment, to another. Forwarding rate is measured in

frames pel' second (fps), 01' packets per second (pps), Vendors usually specify this rate usitg 64

byte frame sizes. Values for Metroring node forwarding rates were; derived from router forward-

ing rates appearing in the literature (Datamation, 1992), (Halsall, 1992), (Bradner, 1991). For-

warding rates from the survey appearing in Datamat'on range from 500 pps (DEC WANrouter) to

6Skfps (65000ft)s) (Cisco AGS+). The majority of simulations presented in this chapter use a for-

warding rate of 1Okfps.

The maximum forwarding rate of a node places an upper bound on the number of packets that can

be processed per second. It is important to note that the maximum bandwidth achievable by even

the fastest dedicated router appearing in the survey above does not remotely approach total utili-
sation of a fibre optic link. For example. in the case of Metro ring where each link has an available

bandwidth of 100 Mb, the Cisco AGS+ router is only able achieve a maximum utilisation of33%

with a forwarding rate of 65kfps. As dedicated routing hardware is unable to flood the medium

used in Metrorlng it is fair to assume that a Mctroring node, which is very often some form of

workstation that is not dedicated to the task of routing, is also tillable to achieve 100% utilisation

of the medium.

The simulation experiments whi. follow assume a uniform link distance of 1000m, frame sizes

distributed about It mean of 500 bytes. and a run length of 5 seconds of simulated time, unless

otherwise specified.
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Chapter '7: Results

The simulation model described in the preceding chapters is used to examine the effect of certain
parameters 011 the performance of the Metroring protocol. The simulation software executes a se-
ries of simulations using progressively higher traffic loading. Important measures of performance
such as throughput and end-to-end delay are gathered for analysis purposes. These simulation ex-
periments are presented in the following sections.

7.1 Simulation Environment

The model assumptions listed in chapter 5 are inherent in the simulation environment. Throughout
many of the simulation experiments the average arrival rate of frames at nodes is regarded as the
independent variable. The average arrival rate is a measure of traffic intensity. Traffic intensity is
defined to be the rate of new traffic requests at each node in bits per second (Shanmugan et al.
1992). This parameter gives an indication of offered load, Traffic intensity is iterated over a wide
range in order to simulate the entire spectrum of offered load,

In addition to the assumptions listed in chapter 5, a number of additional conditions are also satls-
fled in order to minimise the number of parameters that vary during a simulation 11111. By specify-
ing these additional criteria the effects of the dependent variable are not obscured by secondary
parameters. For example. when examining the effect of frame size on the performance of a par.
ticular network it ls important that the link lengths, for instance, remain constant. If this were not
the case performance trends could be attributable to either the variation in link lengths or the
variation in frame size, or a combination of the two, This ambiguity is undesirable when analysing



The face validity of the output from the Metroring model is intuitive. Referring to the results in
Chapter 7, Figure 7.6 shows curves for throughput and end-to-end delay which mirror those pre-
sented in Chapter 5, Figure 5.1. In addition, one can see that throughput increases with increasing
frame size while end-to-end delaywill increase exponentially.

The Metroring model was also validated by comparing simulation outputs to analytical models.
Figure 7.2(b) shows a basic 5 node Metroring, all nodes being ring-nodes. These ring-nodes may
be represented by queuing models. Section 7.2.1 compares simulation statistics taken from a node
on the 5 node Metroring with those from a MIMI 1 analytical model. The two correspond closely
as one would expect (see Figure 7.1).

As validation is an ongoing process, the modeller must weigh up the possible, but not guaranteed,
increase in model accuracy against tile cost of increased validation effort. No model will ever be a
perfect representation of the system and so the modeller must decide the point at which his model
is sufficiently accurate enough before becoming inefficient from a CO!)t perspective.
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particularly useful step-through tool that was used extensively in debugging the Metroring
Simulator software,

e Any measure of performance that can be computed analytically and then compared to its
simulated counterpart provides another valuable tool for verification. If the simulation
model is predicting one measure of performance correctly, the confidence in the model's
predictive ability for other related measures is increased.

6.4.2 Validation

The verification and validation processes are usually conducted simultaneously by the modeller.

The most common method of validation is callbmtien. This is the iterative process of comparing
the model to the real system and making the relevant changes to the model to yield a more accu-
rate representation of the system. The comparison of the model with reality is carried out by sub-
jective tests as well as,objective tests. A necessary condition for the use of objective testing is that
some version of the system under study already exists so that the system data can be collected to

compare to the model predictions. As there is currently no Metroring in operation this method is
not applicable for this study.

Whereas objective tests require data on the system behaviour, subjective tests have no such re-
quirement. An important subjective aid in validation is to build a model with a high face validity.
This step involves building a nodel that appears reasonable on its face to users and others who
are knowledgeable about the system. One method of assessing the face validity of the model is by
observing if the model behaves in the expected way when one or more input variables is changed.
l-or example, jf the arrival rate of frames increased, one would expect the utilisation and end-to-
end delay time to increase as well. The modeller would have some notior t. least of the direction
of the change in the model output when an input variable is increased or decreased. As there are
many variables, and therefore many possible tests, the modeller should choose only the most criti-
cal variables for testing.



a clearer pattern may emerge for deciding the optimum Metrorlng topology fol' a given

application.
Ii) Further research may be performed to clarify the distinctive inflections appearing in

end-to Illid delay curves for multi-ring Metroring networks. Some method of load sharing
or "buffer balancing" to ensure optimum delay characteristics may be derived fi'0111 this
investigation.

o The performnnce characteristics of the Metroring protocol in a transient state could also
be examined. The ability ()f the protocol to recover from nodal or link failure would be 11

ImJm benefit emerging from this study.
U Research into the relationship between delay and parallelism in general interuets as stated

inS.!.

A number of enhancements may be added to th- Metroring model constructed as part of this
research

o The ability to model larger networks by overcomlng memory constralnts imposed by the
implementation phase.

iii' Implementutlon of (I routing meclnnlsm that is more representative of the rcul Metroring
)'outing mechanism.

_, l"ncillties to handle Fast Forward, and multi l,riol'ity Irnmes.
G Embedded GtJI (Gmphlca! User Interface) enubling casy constructlon of simulation

models and graphical analysis ofperformnnce results.
e Embedded statistical analysis of performance measur es,



Q) The results verify one of the major functions of the Metroring speclflcaticn, viz. high
throughput.

8.2 Appllcatlons

The performance characteristics presented in this dlssertatlon help to identify the environments to
which the Metrorlng protocol is best suited. Metrorlng's combination of fibre optic technology,
spntitll reuse and concurrent f\CCeSS, make it suitable for many applications and environments.

The Metrorlng simulation model may be used as an aid itt the development of the protocol. The
simulation model could be used to idcntHy optimum design purameters. For example, cxperimerua
using different queue sizes might 'be performed to establish all optimum queue size and how this
size should be ndjusted in tho case of SENs. The simulation model provides an insight into the be-
havlour of the protocol nnd could therefore uncover inconsistencies in design logic. Tho Metror-
ing simulutor's unique flexibility is wt'll sulted to the modelling of a protocol that is still
undergoing development,

Performance results "o''} also be used to define u distinct mnrket for Metroring, The simulation
model may be used to compare Metrorlng performance with that of competing protocols to aid it!
choosing It particular PI'('ItCQo[ to fulfil specific needs,

8.3 Future Research Regarding Performance Issues

The object of this research was to examine the basic performance charncteristlca of the Metl'Ol'lug
protocol. There are several specific issues regarding Metroring performance analysis which may
be examlncd in treater depth

41 Perhaps the most intcl'csting area in which thIs research may be extended is in the ana!ysi'l
of the effect that topology has Oil performance. By modelling a wider range of topologies
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Chapter 8: Conclusion

The performance characteristics cf the Metroring protocol wore investigated in this dissertation.
The simulation model constructed in the object-oriented paradigm provides a good tool for per-
formance analysis of the Metroring protocol. Concurrent access and simultaneous transmissions
increase effective throughput. The efficiency of the Metroring ~l!'chitecture does not decrease as
the physical size of the network increases. High throughput to load ratios and high speed data
tl'l\llsfcrs make Metrorlng ideal for networks exhibitil~g a high traffic loading. The Metroring pro-
tocol simulation model implementation has proved successful in altering the Metroring protocol
apecifieatlon (eg. page 77). 'l'hia was one of the primary auns of'tbls research,

8.1 Features of the Research

This research includes several features:

• Uxisting models could not be adapted to the Metrorlng requirements and therefore It

Metrcring simulation model has been developed and tested.
• The simulation model was implemented in the object-odr:me:1 paradigm. This results in a

number of secondary features:
" Flexibility .
.. Reusable modules are portable to other discrete event simulations .
.. The simulation model has the potential to model other protocols.

It The relationship between delay and parnllel paths. shown in Figure 7,12(b). could find

applicability in iutel'l1ctll as hinted ttt in current research (Shnnlml'. 19(2).



will reach maximum utilisation before an equivalent multi ring Metroring. This aspect of Metror-
ing performance requires a study in its own right. Many simulations need to be performed 011 Met-
rorings of much greater size to establish well defined criteria for choosing multi or single ring
Metroring topologies.
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1. A dedicated processor fer every link in each node. This would distribute the traffic
processing more 0(' less evenly among processors ensuring that queues in the Metroring
netwon: filled ut an npproximately uniform rnte. The commercial Metroring networks
would lruplemenr this form of load balancing via dedicated processora on network
Interface urds,

2, Some fom1 ofbutThr bnlanclug where SHNs would have queues that were larger than ring
" \l. fnetOl derived from the intensity of traffic at these two types of nodes.

rnp)~ \N receiving, on average, three times the amount of tl'l\ffic tha [ a ring
.•. receives would have nil avcmge queue size three times the size of the ring node
queue. This method would be I.'xtrcmdy diLl1cult to implement and manage.
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The graphs ill Figure 7.11 and 7.12 would tend to indicate that c"pnnding ~ Metrorinp vin addl-
tiollal segments. as opposed to additional nodes 011 a single ring. could lead to It less dramatic in-
crease in end-to-end delay, However, the Mend-to-end delay would become significant SOOl1el' in n
multi l'ing network than in It single ring network. Prom the graphs, the manner itl which the Met-
rorlng is expanded will not impact the throughput Significantly although a r'ngle ri% Metroring



The distinct shapes of the delay curves are attributable to the simulation software. The Metrorlng
simulator discards frames once the queues within nodes become too large. This leads to a flatten-
ing out characteristic as discussed in section. It is evident from Figure 12(b) that the number of
SENs present in the network corresponds to the number of exponential increases which the delay
curve experiences. The dual ring delay curve has two distinc, increases in end-to-end delay, while
the delay curve for the Metroring containing three rings experiences three distinct increases in de-
lay. It is interesting that the second exponential increase in the dual ring delay curve occurs at IIP-

proximately twice the arrival rate of the first, namely at 1kips compared with SOO fps. This
reflects the symmetrical topology of the dual ring network.

Although the appearance of the end-to-end delay curves for multiple rings is due to the simulation
model simplifications, one would expect similar characteristics when analysing the real world sys-
tern, The end-to-end delay curves will experience an exponential increase when a node, or group
of nodes. experience a. greater traffic arrival rate than they a.I'C able 10 process. In the case of a
multiple ring Metroring network, this will occur at several distinct intervals because the SENs will
begin to discard frames sooner than the ring nodes". Therefore one would expect a general trend
of exponential increases in end-to-end delay at distinct intervals. In addition, one would expect
these intervals to become less clearly defined as the number ofl'in:;3, and consequently the number
of SENs, increases. These assertions are confirmed by the end-to-end delay results produced by
COMNET models of each of the topologies shown in Figure 7.4. The COMNET models Wt)I'(,~

constructed using speeds fal' lower than those attainable by Metroring because of COMNETs lack
of support for Vel)! high speed network modelling as mentioned in section 7.2.2. All links between
nodes were defined to have a 100 kbps data transfer rate in the COMNET model. The delay char-
acteristics of the COMNET model resemble those shown in Figure 7.12(b). The investigation by
Shankar et at (1902) also exhibits a similar characteristic.

From the above discussion two methods of obtaining better end-to-end delay performance charac-
teristk emerge:

assuming a single processor in each node and uniformlty of queue lengths throughout all
nodes in the network.
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From Figure 7. 12(b), the average end-to-end delay in a single ring network only begins to prolif-
erate at a much higher load than the two, three and four ring networks. This characteristic is at-
trlbutable to waiting times within SEN node queues. A SEN may have three links or more, each
acting as a source of traffic, This means that the SEN needs to service a greater volume of traffic
than a ring node does, A SEN node's queues will therefore till more rapidly than those in a ring
node because the simulation model uses a single processor pel' node which is having to serve a
greater number' of requests in the case of a SEN. Consequently frames will experience greater de-
lays when passing through a SEN than when passing through a two port node.
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generate frames as in the case of the 5 node Metroring. This results in twice the throughput fol-
lowing the definition of throughput given in section 5.2.1.

The graphs also show that the rate at which Metroring networks reach their maximum throughput
is dependant on the number of nodes in the Metroring. The 10 node Metroring reaches a maxi-
mum throughput value at around 500 fps while the 5 node network reaches its maximum through-
put at approximately 850 fps. The more rapid increase in throughput in the larger Metrorings is
due to the increased loading of the network. The greater number of stations cause this increase in
traffic.

The rapid increase in network traffic in the larger Metrorings also results in larger end-to-end de-
lays as shown in Figure 7.11(b). As in the case of throughput, the relationship between delay and
number of nodes is roughly linear. End-to-end delays begin to increase rapidly at about 400 fps in
the 10 node Metroring, while the 5 node Metroring only begb . to experience an increase in end-
to-end delays at about 800 fps. Buffers in the 10 node Metroring are filled more rapidly than in
the other two Metrorings because of the greater loading. This in turn lends to the rapid increase in
end-to-end delay.

7.6.2 Number of Rings

A common way that a Metroring network can expand is via the addition of segments creating ad-
ditional rings. It is important to evaluate the effect which this change in topology has on the sys-
tem performance. This is achieved by keeping the number of nodes constant and varying the
number of rings in the network model. The results are plotted in Figures 7.12.

Each of the four Metrorings contain 6 nodes. Hence their maximum throughput should be identi-
cal. This is shown in Figure 7. 12(a). There is Httle difference in the throughput curves, however it
is noticeable that the rate at which throughput increases does vary according to the number of
rings in the Metroring, This is most noticeable when comparing tho single ring network to the
multi-ring networks,
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7.6.1 Number of Nodes

The most simple manner in which a Metroring network can grow is simply by the addition of
nodes to the ring. The three node, five node, and ten node network configurations shown in Fig-
ure 7.2 were simulated and their performance characteristics plotted in Figures 7.11.
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The variation in throughput with average arrival rate per node for the 3 Metroring topologies ,:
depicted in Figure 7.11(a), It can be seen from the plotted data that throughput varies linearly
with the number of nodes, l.e, the 10 node Metroring yields twice the throughput that the 5 node
Metroring is able to deliver. In the 10 node Metroring there are twice as many nodes able to
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7.6 The Effect of Topology 011 Performaucc

A Metroring may assume many different possible physical topologies. The Metrorlng simulation
model is an important aid in appreciating the effect of different physica! network topologies on the
overall network performance. This section presents the results of simulation experiments carried
out to illustrate these effects.



It is evident from Figure 7.9(a) that larger frames cause the Metroring to attain maximum
throughput more rapidly than small frames do. In fact the Metroring does not reach maximum
throughput within the simulated load range at frame sizes of 100 bytes. In order for the Metroring
to reach maximum throughput an arrival rate in excess of 6kfps, using 100 byte frames, would

need to be generated.

7.5 The Effect of Processing Rate on Performance

The forwarding rate of nodes has a marked effect on the performance of a Metroring network.
Figure 7.10(b) depicts the end-to-end delay with nodes having a forwarding rate of lk, lOk, 20k
and SOkfj)srespectively. The Metroring containing the fastest nodes is able to withstand a much
higher loading before delay times begin to increases dramatically. The Metroring with nodes hav-
ing a 50kfps forwarding rate only experience an increase in the end-to-end delay at an average ar-
rival rate of 4.2kfps compared with 1.7kfps and 700fps for nodes with a 20kfps and a IOkfps
forwarding rate respectively. This cl=racreristic is intuitive as nodes with a high ;'lrwarding rate
can process frames faster than nodes with a lower forwarding rate and, therefore, Will need a
much higher traffic intensity before their queues begin to fill.

Note also that the increase in delay becomes steeper as the forwarding rate decreases. This is be-
cause the lower the node forwarding rate, the longer it will take to process a frame, hence frames
will back up faster at nodes with a lower forwarding rate.

Data throughput for Metroring networks with nodes having lkfps, lOkfj)s, 20kfps and 50kfps 101'-
warding rates is plotted in figure 7.10(a). As one would expect, higher forwarding rates translate
into a higher throughput values. When each node has a 50kfps forwarding rate the total data
throughput is around 25 Mbps compared with 5 Mbps for a 1Okrps forwarding rate.



proportional to frame length (Sunshine, 1987). The additional time spent processing larger frames
means that these large frames spend more time waiting in queues than short frames do. It follows
that a series of short frames will pass through \l. node's buffers more rapidly than a similar series of
longer frames will. From Figure 7.9(b) it is noticeable that there is no evident increase in end-to-
end delay for 100 byte frames. This is attributable to the lack of queuing delays because the Met-
roring nodes are able to process the small frames faster than they arrive.

-------.------'~--------------------------~
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it is important to note that the Poisson and exponential distributions are intricately linked. If the
interarrival times are exponentially distributed and independent, then the number of arrivals by
time t, say N(t). meets the 3 assun.ntions listed below, and is therefore a Poisson process (Banks,
1(84).

I. Arrivals occur one lit a time.
2. Arrivals occur completely l\t random without any rush or slack times. l.e. the distribution

of the number of arrivals in all interval of time depends only on the length of the interval,
and not on the starting point of the interval.

;3, The number of arrival occurring during nonoverlapping time intervals are independent
random variacles, Future arrivals occur completely at random. independent of the number
of arrivals in past time intervals.

These nssumptlons IU'O therefore inherent in the Metroring simulation model (IS exponential inter-
arrival times arc assumed

To summarise using the corollary. if the arrival process of the customers in a quelling system fol-
lows the Poisson distribution. with arrival rate 'A, then the lnternrrlval distribution will be expo ..
llcntiul with mean *'

(~.4 The IVl/MI1 Queue

Service and iruerarrlval times are cxpommtially distributed with means W t aod ')..;1 respectively.
Thus A. represents an arriva! rate, f\))' example 1(lOfps. Similarly ~t repi esents It service rate. Tho
quantity ~ p, represents trufUc intensity,

The parameters ]'v and (Ov. representing nveruge queue length und average quelling delay respec-
tively may be computed as discussed in (Banks. 1984. pp.200.202), These pnrumeters arc given

by.
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variates from other distributions using these random numbers. This is the method used in this
stmulation.

A uniform random variable over the interval [a, b] has a probability distribution function (pdf)
given by,

f() f -,L, a <. x 5"x 'i 1 d

. l o. otherwise

and (\ cdf given by

The mean is given by. at. and the vatlance by. (/!~,)J

C.3 The Exponential Distribution

The exponential distribution has been used to model lnternrrivnl times when arrivals are com-
pletely random and to model service times which are highly variable (Banks, 1(84), The exponen-
tial distribution pdris given by.

{
(.,.(!' A,\ x !?, 0

f(·'() O. elsewhere

for l:» O. where t.. is u rnte, for exarnple packets pCI' second.

The cdr is given by.

F(x)

The mean (mel variance of'tlte distribution are given by } and ~brcapcetivclv.



Appendix C: Probablllty Distrtbuttons and the
I~/M/l QlU!eaJ1~

c.~The Poisson Distribution

The Poisson distribution is a discrete probability distribution. It describes many random processes
well and has been widely used to model arrival distributions (Graybeal, 1(80). The probability
mass function (pruf) is given by

{
' !' "'lIt', .\':c; 0, 1, ...

p(x) ,~ ,t

0, otherwise

The cumulative distribution flmctlon (edt) is given by,

An important property of the Poisson distribution is that its expected mean value and varlance nrc
equal, i.e. zy", 0'2

C.2 The Uniform Dtsrrtbutlon

The uniform distribution is n continuo us distribution. It is used to generate random numbers, uni-
formly distributed between ° and 1. The tlniform distribution plays a vital role in simulation as it
provides tho means to generate random events, In compute!' simulations it is customary to gener-
I\to random rumbcrs according to It uniform distribution and to then generate samples of random



B.3 Flow Control

Typically some nodes in any network will transmit and process frames faster than others. Hence,
nodes need SOllie \lay of ensuring tha, I hey do 110t lose frames if they are receiving frames at a
quicker rate than till yare able to process them. Some form of'flow control is essential in any net-
working protocol in order to avoid the eltuation described above.

Tho r,,1ctmring uses a number of qUCUCfi and buffers in which to store frames. Each link has a
buffer associated with it. This huffer is used for Imme assembly when receiving frames and to
store fi'ames nWSlhtng transmission. There are, ill addition, three other queues in each node: a re-
ceive queue, n send queue and II transmitted queue, The receive queue is used to queue frames
waiting to be processed by a node's Cl'( I. All frames to be transmitted are first loaded into the
send queue. These frames are then stored ill the transmitted queue until they have been acknowl-
edged. Should each link have Ii sepnrate processor, it would correspondingly have the queues
mentioned above associated witl' it for greater efficiency.



Metrorlng is made up of more than one segment, the SEN contains the addresses and shortest
paths to all bridges attached to the region which that SEN belongs to.

The highest level in a Metroring routing hierarchy is the bridge table. E :idge node tables contains
the same basic information that a SEN does, however, the bridge table will contain entries for

every other bridge in the network.

8.2.2 Routing TabUcs

A routing table contains a row for each destination, and a column containing the shortest path to
that node or area. 'fable B.l shows a Metrorlng routing table. The dest' .mtion region and the des-
tination node is represented by the alpha-numeric number appearing in the first column of the ta-
ble. The link providing the quickest route to the destination is listed in the second column. The
final column gives the cost of the route in terms of hop count. The routing tables used by t~,~Met~
roring simulator are constructed in the same manner as the table depicted in Table l~.I.

Routing tables are updated dynamically. Management frames notify nodes in the Metroring of the
attachment or removal of nodes. node failure and link faults. Once a node has received this infor-
mation, it is able to update; its routing table accordingly.

Destinatiou Pm't 01' Link HOIlS



,)[\th between source and destination, and routes the frame along this path. The shortest path may
be determined according to the shortest physical distance, the least number of node hops, or the
lowest mean qu~;.::ng and transrnission delay times. The Metroring routing method employs frame

propagation delay as a criteria for determining the shortest path to a destination. Although this
method results in a low end-to-end delay time, its implementation imposes high overheads in
terms of node processing power and storage capacity. For this method to be implemented in a
Metroring, each node would need to store a rc ti· g table with entries for every other node Oil

the network. This is obviously unreasonnblc in the case of a large Metroring consisting of many
nodes and many regions.

Ideally, in the case of a Metroring network, we would like n method that results in the efficiency
of a shortest path strategy while keeping the size of routing tables to a minimum. Hierarchy rout-
ing 'a an attempt to fulfil this requirement.

n.2.l Hierarchy Routing

A single level address space requires ench noc'e performing routing (in the Case of a Metroring
this is el'tu:v node in the network) to know the correct route to every possible destination lnde-
pendently, while It hierarchical address space allows routing nodes to know correct routes only to
destinations within the local "area" and to other areas (Schoemaker, 1(78).

Hierarchy routing is implemented oy providing It number of differen; classes of routing table. The
mos: simple of these is the table contained within every two-port node. This table contains an en"
try for every node em that segment together with the shortest path to reach that node. The two-
port node routin13 table also contains addresses for every SEN on that segment. as well as tho
shortest route to reach the SEN.

The next level in the hierarchy is the SEN table. This table contains olltries for every node 011

every attached segment together with their respective shortest paths. The SEN table also contains
the addresses and shortest paths to all other SENs within that partlcular segment. Lastly, if the



4. The receiving node sends a NACK to the transmitting node when an error is encountered
An error would be detected should the CS (check sequence) of the frame be wrong, or if
the received frame's sequence number is out of sequence. The corrupted, or missing
frame's sequence number is sent to the transmitting station together with a NACK.

5. Upon the reception of a NACK, the transmitting node will retransmit all frames with a
sequence number equal to and greater than the corrupted frame's sequence number. This
retransmission strategy is called go-back-N,

6. All frames with a sequence number less than the corrupted frame's sequence number are
removed from the transmittlng station's queue as they have been received correctly by the
receiving node.

Although the continuous RQ scheme offers improved utilisation, it is at the expense of larger
transmission queues due to the retention of frame copies.

B.2 Routing

Shaikh (1989) defines the primary function of a routing algorithm to be the determination of a
path that frames must follow fro-r " source to a destination in Stich a way that the end-to-end de-
lay is minimised.

Two basic methods of rot ting exist: adaptive and non-adaptive methods. Nun-adaptive or static,
routing methods do not react to network topology changes or routes that arc congested with traf-

fic. A mute ls computed in advance and that route is fixed. Adaptive or dynamic routing meth-
ods, on the athol' hand, seek to continually include changing traffic and topology changes in their
routing decisions. The inflexibility of the static touring methods renders this method inadequate
for the high speed, nighly efficient Metrorlng network. Although the Metroring protocol uses dy-

namic routing, the Metroring simulator employs static routing for simplicity.

There arc It number of adaptive muting schemes that vary in complexity, from the shortest queue,
or "hot potato" method to the shortest path method. The latter method computes the shortest
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Appendix B: The Metr or lng Protocol

R.l Err or Control

When II computer transmits a message to another computer over a potentially unreliable medium,
it will normally retain a copy of that message for retransmission in case of failure of the transfer
(Sauer, 1983). The retransmission will be triggered by one of two events: a time-out period tran-
spires or either a positive or negative acknowledgement is received by the sendiug node. This
process must take place automatically, and must be transparent to the user. The method of 01'1'01'

control described above is known as automatic repeat request and there are two types in practise,
The first is known as idle RQ (repeat request). The idle RQ scheme requires that the transmluing

node wait for a positive 01' a negative acknowledgement (ACK or NACK respectively) before
transmitting another frame. For a detailed explanation of this method of error conn 01 the :ender j!J

referred to (Halsall, 1992). The second method of automatic repent request error control is called

continuous RQ. This strategy does not require nil acknowledgement from the receiving station
before transmitting the next frame, and thus a condnuous stream of information ¥,lUy be

transmitted.

The Metrorlng protocol uses a type of continuous RQ (repeat request) error control strlllegy, This
error control scheme has a much bette!' link utilisation than the idle RQ scheme. The operation of
this method proceeds as follows:

The transmitting station sends frames continuously without waiting for an
acknowledgeme.t from the receiving station.

2, Each transmitted frame is marked with a unique sequence number,
3. A copy of each transmitted frame is retained in the transmitting station,
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The LCP Layer ensures the correct, sequential transfer of frames between Metroring nodes. Error
control and flow control are two major functions of the LCP Layer. These functions are de-
scribed in Appendix B.

The RCP Layer is responsible fOI'routing. The RCP is a hierarchical routing method that selects
the shortest path, in terms of frame propagation delay, between source and destination. The rout-
ing method adopted by Metroring is also discussed further in Appendix B.

The Management Protocol Layer (MP), is responsible for administering all aspects of node inter-
actions within the Metroring network. The most important Metroring functions are:

.. Controlling the method by which a new node attaches to the Metroring network.
o Informing all relevant nodes of any node and media faults and of the correction of these

faults.
II Ensuring node routing tables accurately reflect the current Metroring network

configuration.

For itmore detailed discussion of the Metroring protocol stack, the reader is referred to (Tjirkalli,
1993).



~84-

result. The control of such congestion is another function of the network layer
(Tanenbaum, 1988).

e Layer 4: 1Y1eTransport Layer, Provides an interface between the networking and the
application oriented layers, It essentially provides the higher level applications with a
network-independent, reliable message interchange service,

e Layer 5: The Session Layer, Is responsible for initialising and clearing a dialogue channel
between two peer application entities,

e Layer 6: The Presentation Layer, This layer is concerned with the syntax of the data

during a dialogue session between two application entities,
Q Layer 7: The Application Layer. Provides the user with a number of information services,

These include tile transfer access and management, and electronic mail.

A.2 A Comparison of OSI and Metrurfng

A comparison of the Metroring and OSI Reference Model protocol layers is shown in Figure 4.4,

From the figure, the most distinct feature of the Metroring protocol stack is the combination of
the Network and Data Link Layers of the OSI stack into a single layer, named the Path Layer. It
is also evident from the figure that the Path layer incorporates functions of the networking layer of
the OSI model. This reflects the routing function that Metroring nodes perform,

The Path Layer is divided into the Metroring Media Access Control Layer (MRMAC), the Link
Control Protocol Layer (tell), the Route Control Protocol Layer (Rep) and the Management
Protocol Layer (MP),

The MRMAC layer is responsible fOl' access control to and from the physical media. As there are
no media contention issues in the Metroring protocol, the MRMAC Layer is significantly simpli-
fied from corresponding MAC Layers in other protocols such as Ethernet. Polnt-to-point, full du-

plex links also simpli(y the MRMAC Layer, The MRMAC Layer controls the input output buffers
and keeps neighbouring nodes informed of buffer availability.
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Appendix A: OSI and Metrortng

A.l The OS! Seven Layer Reference Model

Computing eqJtipment supplied by many different vendors may coexist on any single network. In
order for these devices to communicate with one another successfully, some form of universal
data exchange protocol is needed. The ISO Reference Model for Open Systems Interconnection
(or the seven layer model) was developed to fulfil this need. The model provides a vendor-
independent standard concerned with structuring of the communications software that is needed
to provide a reliable communication service to support a wide range of applications (Halsell,
198B). Layers 1 to 3 of the reference model form the network dependent layers, while layers 4 to
7 constitute the application oriented layers.

1\1 Layer 1: The Physical Layer. The physical layer consists of all the mechanical and
electrical components necessary to link computing equipment. This layer is concerned with
transmitting raw data bits over a communication medium.

\) Layer 2: The Data Link Layer. The function of this layer is to provide a reliable
infonuation transfer facility to the rest of the network. The Data Line Layer is split into
two sublayers - the MAC and LLC layers. The MAC layer ensures fair access to the
physical medium by nodes attached to the network. The LLC laver is concerned with the
provision of a reliable link for data communications on the network. The major functions
of the Data Link Layer are the fragmentation of data into frames, error control and flow
control,

1\1 Layer 3: The Network Layer, This layer is responsible for the establishment of a logical
link between two nodes 011 the network. A key function of this layer would be frame
routing. If too many frames are present in any section of the network, "bottlenecks" will



getEvent

initSimulation

eventListHundler
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retrieve event from future events list

initialise simulation parameters

procedure to handle various events



'1' "' O\I ~ "' .. _ .. "' iWiOlll.. ioII CI"'w IoiI W .,.- ,1"'

Description: Class defining n Metroring ring node

Base Class: BaseNodc

Methods:

serup'l'able setup a rOllting table for the node

lookl lp find a fi'nmc's destination address

Class: ~Ii~N

Description: Class defining a Metrorlng Segment End Node

Busl;. Class: BlIscNodc

Methods:

sctup'Iublc construct a routing table for the node

lookUp find a fhlmo's destination address

Class: &r.!U.!.Ltttru:

Description: Simulution engine

Methods:

putlwent place evant in future events list
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Base Class: MetroringObjcct

receivel'rnmc process for receiving n frame

transmitl'rnme process for transmitting a frame

getf'irstltem returns the first Item in the queue

gctl.ength returns the length of the queue

l,· "' , _ .. "" _ "' "' l +.

Class: BS1~iOl\

Description: Class representing a Metroring region

1%8(\ Class: MetroringObject

Methods:

addNode adds a node to the region

setupblodes inittalises the nodes in a region

getNumberN odes returns the number of nodes in the region

I'_"' ;,'N MJn."' "' UlI~"'.. Il1 ,. .. "' tjI"'.IIOii."' "' "' "'''".,. ~.~

Description: Class to generate a Random Integer between 0 and 1'-1, This generator uses the
lineal' congrueutal random number generator.

Methods:

uniform returns a random uniform number

exponential returns an exponentially distributed random number
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Class: Metr()ringObjcct

Description: Abstract Base Class for Metrcring Objects

Base Class: Object

Methods:

nameof

printOn

returns the name of the class

returns contents of object

1~4jOI"""""IO\"."P!I"",,,_,,,.,,,,,_"''''",''''''''''''''''''''''''lIII''''''''''''''''''''''''''''"'''''''''''''''' 4·

Class: ~etwOl·l{

Description: Defines Metroring network

Base Clnss: Mctroringobject

Methods:

reset resets all variables associated with the network

setupRegions creates necessary regions in the network

getNode returns any node object in the network

Clnss: Nm'£.Q1V'lll!

Description: Class providing structure for queues in Metrorlng nodes
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Methods:

isEqual tests whether event is equal to another

isLessThan tests whether event is less than another

get'l'ime return the time associated with an event

f- "' "t _- w "' +

Class: E~

Description: Class defining the Metroring frame

Methods:

printOn displays object contents

getDestNode returns destination node address

getl.eugth

get'I'ime

returns the frame length

returns time that frame was generated

'·r "" w "' "".. w , _ "" ~~.

Class: Geuet'atm'

Description: Generates frames and events

Methods:

generateFrnme

gencratesvcn;

generates It new Crume

generates a new event

gcneratclsxpon generates an exponentially distributed random number
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Appendix F: Metrortng Simulator Class Reference

Tho main classes in the Metroring simu.ator are li~te/l with a description and several important

methods in each:

Class: nl\~eNodc

Description: Class providing structure for a Metrorlng node.

Base Class: MetroringObject

Methods:

setupQucues "'.~.ILesand initialises the queues

setup'l'able initialises muting table from an ASCII file

lookUp finds destination in routing table

receivelfvent handles frame arrival

~ransl11itEvent handles frame transmission

Class: .BnseEvc.'nt

Description: Structure for events in the future events list

Ba: t'luss: Sortable
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3. Librsu-y Classes. C++ provides many useful library classes. Entities such as queues are
available as compiled classes for the user to incorporate into his software. The existence of
these class libraries offsets, to some degree, the benefits gained by a special purpose
simulation language. Some basic building blocks provided by languages such as
SIMSCRIPT and SLAM arc provided by C++ and others may be obtained from third
party sources, or alternatively, they may be easily written using the components provided
by C++.



Appendix E: Justification. For Using C++ as the
Implementation Language of Choice

The object-oriented model described in Chapter G was implemented using Borland C++ version
3.1. C++ has evolved from its predecessor, C, an extremely popular and powerful programming
language. C++ remains compatible with C while providing all the additional flmctionality neces-
sary to support the object-oriented paradigm, Thus C·t't, supports the elements discussed in Sec-
tion 6.1.1. C++ is a. very efficient language (Jordon, 1990) offering performance advantages over
other languages, It is also widely available and has an abundance of tutorial material which aids in
the learning process. Major factors important in the selection of C++ are:

1. Inheritance. C++ supports both single "od multiple inheritance. This is an extremely
imp rtant benefit of C++ and is used extensively in the Metrorlng simulation, for example
in tile derivation of a Metroring SEN, a Metrortng frame and tho rardom statistical
distributions, to name but a few,

2. PolyuuOI'IJilism. Polymorphism provides a generic iuterface defined by a base class so that
objects can be manipulated unifol'mly though tiny may be instances of either the base class
or any derived class (Jordon, 1990). An example "f polymorphism is found in the
Networ.]\. class of the Metroring Simulator. In this class all nodes are stored in an array.
The simulation actually allows two types of'Metroring node: ring nodes and Segment End
Nodes. These nodes are defined slightly differently, however, polymorphism allows them
tIl he handled in the same manner. This feature presents tremendous flexibility, and, if
properly utilised, could enable the simulatilln of different protocols on the Metrorlng
simulator.



Class Object

name name

x label x():::=..::::::::::::::: uses (for Interface)
~,Iabel xw-::'::::'::--'::::: uses (for Implementation)

" """ -I> Instantiates

(1991) explains, an object diagram "may thus represent a time-lapse snapshot in time of an other-
wise transitory event II

An object in an object diagram denotes some instance of a class. Therefore the operations used in
an object diagram must have corresponding definitions in the class diagram. For example, if a dia-
gram depicts object 0 sending n message M to a second object S, the operation M must be de-
fined in S's class. Class diagrams document the key abstractlons in a system, and object diagrams
highlight the important interactions among a collaboration of instances (Booch, 1992).

The icon used to represent an object is also shown in Figure D.l. The object icon is similar to the
icon for a cll1~sexcept that solid lines are used to denote an object. A solid line is used to repre-
sent a path .nrough which one object can send messages to another. An arrow on the line indio
cates the direction of the message.
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1).4 The .Hooch Notation

D.4.1 Classes

In the Booch notation. the existence of classes and the relationships between these classes is
shown by a class diagram. Figure D.1 shows a class icon (the symbol used to represent a class), as
well as the possible relationships that may exist between classes. A number of class diagrams may
be needed to express the entire structure of a system.

The notation supports a variety of relationships which may exist between classes, including inheri-
tance, using, instantiation. and metaclass relationships (the metaclass relationship WIll be ignored
as it is not supported by C++). The icon for each relationship in Figure D.1 may include a label.

The using relationship is indicated by a double line with a circle at one end, A closed circle indi-
cates that the implementation of one class uses the resources of another class, An open circle indi-
cates that the interface of one class uses the resources of another class, The cardinality between
classes which use one another may also be expressed in Beech's notation. For example, if we have
two classes, A and 13, a symbol 1 next to A and a symbol 2 next to 13indicates that for every in-
stance of A we have 2 instances ofB. and for every instance of 13we have eXI.,tly 1 instance of A.

Instantiation is indicated by a dashed line and inheritam :: by a solid line. The arrow points to the
class being instantiated or inherited.

D.4.2 Objects

An object djllg~'llmrepresents the existence of objects and the relationships between them. As in
the case of 0, 'lSS diagrams. a number of these diagrams may be necessary in the design of a sys-
tem. Whereas classes are largely static in nature, objects are more transitory. Thus object dia-
grams arc used to capture the dynamic semantics of operations (Beech, 1991), As Grady Booch
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D.2 Encapsulation

Encapsulation is the process of hiding all of the details of an object that do not contribute to its
essential characteristics (Booch, 1991). To lise an example from the Metroring simulator to illus-
trate this concept. consider a Network object. A user or the object may, for example, add node
objects to the network. however. the manner in which these nodes are added and the structure in
which they are stored are invisible to the user because of encapsulation.

One can see how encapsulation can allow the change of a class' implementation without affecting
that class' clients. FOI'example. the array of nodes can be changed to a linked list of nodes in the
case of the Network class without affecting any of Network's client classes.

C++ is particularly flexible when it comes to the visibility of member' objects and functions. C++

makes use of what is known "s intelligent encapsulation. The disruption upon a program is also
kept to a minimum when algorithms which are prone to change C1,,!Jl1g the system life cycle are
encapsulated. Hence, encapsulation played an important part in the design of the Metroring simu-
lator. Each class may have a public. protected or private part. By placing a member from a user
in the private section of a class we fully encapsulate that member. limiting visibility to the class it-
self. Commonly that data which defines the state of an object is placed in the private part of its
class definition. An example of this type of v;sibility would be the ·'fatistics associated with each
node. We only want the Node objec] associated with these statistics to have access to them in or-
der to maintain their integrity. The second type of visibility is protected. This allows the class and
all its subclasses visibility to the protected member. Finally. a member may be placed in the public
part of a class. This member would not be eccapsulated as it would be visible to all client classes.

D.3 Modutarlty

Modularity is the property of a system that has been decomposed into a set of cohesive and
loosely coupled modules (Booch, 1991).
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Appendix D: Object ..Or tented Concepts

D. n Abstraction

An abstraction denotes the essential characteristic" of an object that distinguishes it from all other
kinds of objects and thus provide crisply defined conceptual boundaries, relative to the perspec-
tive of the viewer (Booch, 1991).

Because all abstraction focuses on the outside view of an object, it separates the behaviour of the
object from its implementation (Booch, 1991). The manner in which the object behaves forms the

outside view of the object, while the way in which the object is implemented is an internal detail
which is hidden from the outside world. In C++ member functions typically describe the manner in
which an object behaves.

The main problem in developing an object model is to define the major abstractions. Often, these
abstractions directly parallel the vocabulary in the problem domain. So, in a Metroring for exam-
ple, a node would form one key abstraction, This process is closely linked to the process of devol-
oping a simulation model as discussed in Chapter 6. We encapsulate all our knowledge about the

abstraction into a class. Generally, implementation details are hidden in a private section of the
class, while the behaviour of the class forms the public section of that class. Classes are really just
abstractions which we have invented to describe the problem domain, but when building a model
we need tangible objects upon which we may operate. We therefore create an instance of a class
to forman object. if we have a class called Node, which describes the universal behaviour of any
Metroring node, we might create a number of instances of this class, say Node One, Node 1\vo
and Node Three, to form a ring.
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COMNET end-to-end delay results

.- -4
3 Rings 4 Rings 5 Rings
Rate (fruti Dela~ (S0Q). Rate (ftW pela~ (sec) I Rate (fJW_ Delay (sec)

1950 0.01 1950 0.01 1950 O.ol
17890 0.01 17888 0.01 17887 0.01

\---. --I--- --35912 0.Q1 35913 O.ot 35912 0.01
54088 0.02 54082 0.02 54075 0.02
63119 0.04 63127 0.03 63124 0,04.
67788 0.28 68020 0.23 67575 0,38-70429 0.61 70779 0.55 69753 0,9
76584 1.36 77278 1.18 74731

L9~
-..._.---

82748 1.85 83850 1.6 79916 2.74
95407 2.71 94286 2.97 87993 4.29

f--.
101080 4.54 100333 4,85 2444 6,09.
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Appendix G: Results

Results are. produced in graphical form in Chapter 7. Data from two sets of these graphs have

been reproduced in tabular form to enable easier comparison.

Theoretical vs simulated results for a single Metroring node

r==
QU~JeLength I Mea'lQlle"cing

=
Jraffi,g Queue Mean Queueing

Intensit!l
Length .@imulate4} -- -

Time(Analytical) lime

(Al1al~tjcal) (Simulated)
1--.

0.1 0,01 0.010386 0 0.00027-- I---.
0.2 0.03 0.045812 0.000219 0.000628
0.3 0.08 0.111481 0.000374 0.001066
0.4 0.16 0.22458 0.000574 0.001634
0.5 0.28 0.367631 0.00085 0.002136

-
0.6 0.6 0.610135 0.001442 0.002926
0.7 1.23 l.228807 0.002513 0.004954- ---1---------
0.8 2.4 2.006718 0.00442 0.007246

lC 0.9
.

17.23 16.700741 0.027674 0.053064- -""
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