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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 information being trans-
peaed over computer networks, The Metroring networking protocol has been specifically
designed to offer high reliability whilo coping with heavy Toading. The Metroting architecture in-
corporates concurrent transmissions, a ring topology, full-duplex links and uses fibre optic tech-
nology. This dissertation presents B 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 physica! size increases. High effective
throughput compared witu current protocals makes Metroring suitable for & wide range of mod-
ert, bandwidth-intensive applications,
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As with throughput, delay may be normalised. Using the notation from the discussion of through-

put. the average fink transmission time is ?} seeonds per fiame. if we denote average transfer de-

lay as 7', the normalised delay becomes,

-
el

I~

In addition 1o these indices, other variables exist which reflect network performance. Shaikh
{1989) lists message survivanility as an important eriterin in evafuating network performance. He
defines this variable 10 be "the ratio of correetly delivered messages over all the messag. * that can

~ be dalivered over a riven time interval " (Shaikh [989).

Schoenskor (1478) identiftes o two additionn] performance mensures: reliobility and the probabil-
ity of transmission errors and failures. Although relinbility can be defined in o number of ways,
Schoemaker states that refiability usually exprosses the probability that two users can connect 10
cach other. In o data conununications system trangmission errors mesn a re-trangmission of data,
This rmposes an aaditional Juad on the network. The size of this lond, and thus the impact on per-
formanee, fs dependent on the erer rates and the efficiency of the crror eorrection scheme.

Another performance neasure closely related to throughput is udlisation. Broadiy speaking, wtilis
sation is delined as the ratio of the actual wsage of a channgl to the ttal possible usage of the
channel (Burmeister, 1992). 1arris and Burmedster {19¥92) and Hanymond (1986) give an in depth
discussion of utilisation definitions
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Throughpus

Tanenbaunt (1988) defities througltput as the number of bytes of user data transferred per second,
mensured over seme recent time interval. Hammond (1986) follows this definition, although he
uses units of bits per second as opposed to bytes per second, adding the stipulation that the mens«
ure of througbput shauld only include error-tree prekets, In their definitions, Sunshine (1987} and
Cobb (1992) are more specific ax to the point in the network where througliput should be meass
nred. They define throughput as the teansmission rate of date per unit time. Sunshine (1987) also
stipulates that the throughput rate should exclude any controf information or retransmissions rew
quired by the protocol. Bopgs (1987) and Hammond {1986) normalise the throughput parameter
with respect to bandwidth. Boggs delines throughput ag the fraction of the nominal bandwidth ac-
tually used for carrying data. Unlike Sunshine, Boggs includes packoei headers in this measure.

Hammond (1986) normalises throughput ot a single ehannel with respect ta the channel transmis-
sion rate. For example, if the duta input rate to a section of the nutwork is A frames per second,
the link transmission rate is X D per second, and tiere are X' bits per frame on average, then
the unnocmalised throughput is post AE bits per second. The normalised throughpat, 8, is a dis

mengionless quantity and is given by

VR

Throughpwt may apply to a single fink as well us to an entire network. 11 the network consists of
multiple channels, then the total unnormalised throughput will merely be the sum of the throuphe
put on the individual chann-ds (Hammond, 14986)

Deluy

The second important pertormance index is defay, also known s end<towend delay. Sunshine
(1987), Boggs {1989) and Haminond (1986) define dulay a8 the time from starting to transmit
packet at the seading node to the suceessful artival of the entire packet at the receiver.
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2.3 Simulation Applied to Computer Netwp‘rks

The complexity of & computer network can make performance prediction difficult. Computer net-
work performance is yensitive to o number of different factors: protocol, topology and traffic
characteristios being the most important (Frost, [990). Simulation plays an important role in the
modeliing, analysis and design of computer networks because it offers a flexible approach to per-
formance evaluation. Simulntion enables the prediction of changes in performance under various
conditions (Shanmugan, Frost).

Roth, Tlyas and Moutflal (Roth, 1992) deseribe discrete event simulation as o system of moving
objects traversing waiting lines and making use of fixed resources in some sequentitﬂ order. This
deseription is very sinalar to that of a conmunications network where data frames traverse links
and queues, waiting for service by nodes with resources such as bufler space ond processors,

The operation of & computer network may be modelled on many different levels of abstraction,
from tho level of individual bits to the handling of a user application sevsion. Simulation models
are able to refl :t this variation in dewil. A simulation model may be constructed at a swable
lovel of complexity to achieve the required aims of the simulation. For example, if a simuintion
model is derived to study the performeance of an entire computer network, it may not be necessary
ta model the aperation of the individual networking eards int detail. In this dissertation the operae
tion of queurs under the Muotraring protoeel is studied.

2.4 Performance Definitions

The literature offiers & number of performance measures ay well as several definitions for ench of
these mensures, The twe main wmeasures of performance in o :omputer network are chroughput
and delay (Schoemakor, 1978), (Shanmugan, 1989).
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and their analysis and description, However, these methods are not particilarly wseful is model-
ling nnd simulating the operation of large computer networks (Shanmugan, 1992). Queving mod-
¢ls, 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 becauge the fiow of infurmation in a network Is better visualised in the quen-
ing patadigm. For these reasons the majority of network simuiators have used the queuing para«
digm ag the basis For their models, Hence the queving paradigm forms the basis of the Metroring

model developed in this investigation.

LAN simulation madels are usually concerned with the Media Access (MAC) fayer, and the Logi-
cal Link Contred (LLC) layer (o.g. {IFrost, 1990)). LAN simulation models uging special purpose
languages possess a limited application as the model is usually specific to a particular protocol.
The investigation of a specific problem in networking frequently provides the justification for de-
velopiv:- such simulations.

Due to the relative infancy of MANSs in comparison to LANS, there has been considerably less ac-
tivity in the simulation of MANs. MAN sinndation models, like the LAN models, generally do not
model layers higher than the LL layer

- Recently simulation models have been develupad to be more genaral in theit application, possess-
ing the ability to model o number of different types of LANS. This is espocially true of simulation
models of internets. These nodels must be capuble of modelling a number of different types of
LAN3s, The general simulation modsls provide a set of "primitives”, i.e. basic building blocks such
28 quevc., which are used to constiuet o customised simulation model, for example BONeS
(Shanmugan, 1992}, and GLAS (Frﬁst. 1990), The basic structures of these motels are written in
generat purpose languages such as € and FORTRAN because of the added flexibitity and case of
extension provided by these fangunges. The user is provided with & customised set of building
blocks with which to create a madel. Whereas LAN simudation models genorally incorporate only
layers 1 and 2 of the OSI reivrence madel, simulation models of internets also have to model the

networking layer to cater for the 1 uting functions of routers and teatisparent bridges.
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The MetaRing protocol features full-duplex Hnks, spatial reuse anu vosicurrent transmissiots.
From this point of view the MetaRing has much in common with the Metroring protocol. MetaR-
ing nses two access modes, slotted and buffer insettion, Although the slotted made reduces buffer
delay, the frame size is fixed and » node may only transmit when it receives an einpty slot The
bunker insertion mode of MetaRing 1 similar to the operation of Metroting. A brief ¢ mparison of
FDDI, DQDB, MetaRing and Metroring is glven in table 2.1.

FDDI DQDB MetaRing Metroring
Medium Optical Fibre Optical Fibre Optical Fibre Optical Fibre
Topology Ring Bus Ring, Multiple Rings

IPhysical Topology|Dual counter- Dual contra- Full duplex point~ {Full duplex point-
rotating rings directional buses  [to-point links to-point links

Transmission Rate|100 Mbps 150 Mbpa x 2 100 Mbps per link {100 Mbps per link
busses
Spatial Reuse No No Yes Yey

Permission Token |Slot Requests  [Hardware control | Autonomous link

ISR . ik, B

ey e e T AT L 5 Ll L Lo AP AP wa | A0 et BR85S iy 33, I Al

Table 2.1: A comparison of the ¥DDI, DODR, MetaRing and Metroring pitotueols

2.2 A Survey of Preseat 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 oreated using the event driven ap-
proaches described in section 3.2, Barly network models were generally conctrycted using special
purpose simulation languages ke SLAM, while more recent modely 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 vetification of protocols
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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 netwvork simulators. A survey of perform-
ance measures is included in this chapter.

2.1 Current Developments in LAN/MAN Protocols

FDDI (Fibre Distributed Data Interface) and DQDB (Dual Queue idual Bus) are two recent prow
toeols to appear in the LAN/MAN arenn. Much of the data used in performance studles of these
networks has been derived from simulation studies (Dahl, 1993). Unfortunately, apart from gen-
eral performance comparisons these studies have little relevance to the Metroring projocol. Nei
ther FDDI nor DQDB allow concurrent nccess to the physieal medius and neither protocol
employs spatiel reuse. Spatial veuse, or the ability to provide coneyrrent transmission over dis-
Joint segments, is a fiundamental characteristic of Metroring,

The recently developed Parallelring (Qu, 1992) and MetaRing (Cidon, 1993) are two protocols
appearing in the literature that do feature concurrent muitiple transmissions. Parallelring is a To-
ken Ring LAN that has the ability to support concurtent multiple communication paths on & single
loop. Pasaltelring is different from Token Ring 1.ANS in two main aspects:

1. Framey are removed from the ring by their destination stations rather than their sourge
stations.

2. A Parallelring station may initiate a message transmission not only upon receipt of the
token, but also upon receipt of a data fiame addvessed to it (Qu, 1992).
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behavivur of the protacol. A discussion of the design of the Metroting 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 C+- paradigm. Chapter 7 presents u discussion of the results
vielded by the Metroring model. The results produced by the model are compared with other
situlation 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: an overview of the OSI mode! and comparison with the Metroring protoco! stack.
Appendix B: the Metroring error control, routing and flow control mechanisms in detail.
Appendix C: the Poigson, Uniform and Exponential distributions and the relevant formulae for the
M/M/1 queue used in the Metroring simulation.

Appendix D: additional explanations of the object-oriented concepts of abstraction, encapsulation
and modularity introduced in Chapter 6 ns well as the Booch notation for representing object-
oriented software design,

Anpendix E: the primary reasons for using ('++ as the implementation language of choice for this
simufation study,

Appendix I': a brief descriptinn of the most important clrsses in the Metroring software together
with several of thefr respective methods.

Appendix G: the results diseussed in Chapter 7.
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The madel and its results are restricted to the case of Metroring networks, However, because the
initial model of the Metroring protocol deseribes 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 /O buffering, models are developed spe-

cifically for a particular protocol,

Several fimitations and assumptions are in\posed on the scope of this research:

1. Only the physical layers up to the MAC leve! are considered in this investigation. Isgues
influencing performanse at higher levels are diffioult to predict as the Metroring protocol
is still undergoing deveiopment,

2. Perfortance characteristics are applicable to steady state operation only (i.e. 4 static
topology without uny 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 aperating Metroring networks are not currently available for comparison purposes
hecause this research forms part of the Metrorihg development programme, The final results of
the simulation model are validated in twa ways, Firstly, simulation results are compared with ana-
iytic estimates of performance, Secondly, simulation results are compared with those obtained us-
ing different simulation models. These comparisons appear in Chapter 7.

1.5 OQutline of the Dissertation

Chapter 2 presents an survey of current developments in computer network simulation, Relevant
background information on 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 implamented.

A mode! 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 lavel of complexity to examine general performance characteristics. The model needs a cer-
tain degree of flexibility ag the Metroring protocol is still evolving. The princinal aim in
constructing a simulation model is to capture the essential operation of the Metroring protocol.
Construction of a simulation model will also prompt changes to the protocol specification

1.2 Proposed Solution

Simulation is used to consitruct 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 cbjects traversing walting tines and
making use of fixed resources in some sequential order.” This description applies equally well to a
compuier network, A ¢omputer network essentially consists of & 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, 1992),

1.3 Limitations of the Research
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Chapter 1: 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 provida a refi-
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 on the network, is becoming in-
creasingly important in protocot design as data transfer speeds and configuration complexities inw
crease. In this study the performance of the Metroring protocol is evaluated using a simulation
modet,

Simulation is a powerful tool in the analysis of communications protocols beosuse of their com-
ploxity which often render mathematical models unfeasible. Other modelling methods such as
Petrinats are used to analyse the operation of protocols, bui are not suitable for performance
analysis (Shanmugan, 1992}, The strengths and weaknesses of the protocel emerging from simu-
Jation can be used to direct further development.
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2. The duration of the simulation is determined by some parameter value in the simulation

1un. For example, when simulating 8 quene of people at a bank tefler, one might choose to
stop the simutation after 10 clients have been served.

3 The simulation is terminated once a required level of nccuracy has been reached.

The Metroring simulation currently uses the first stopping condition, i.e. the simulation runs for a
length of simulated tie specitied by the user.

Event Dss;lalon 3 Time -
N ; e . - - _,_,0.62 3
o 3 Generate 0.15
ma T Transmit 1 1.56
. ; . Smp _ _z" N

Table 3.2: A Fuhtre Hyents List

The following chapter gives an overview of the Metroring protocol and diseusses the operation of
the protocol in detait.
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Discrote Event Shinulation

Real-world systems may be categorised into two basic groups: continvous and discrete sysiems.
In continyous systems the state variables change continuously over time. In discrete systems,
howaver, the state variables change only at diserete ingtants in time. Evengs are instantancous oc-
currences which may change the state ofa system af digerete puints in time,

In a communications system difforent events are constantly occurring, Simulation of such a system
requires the mointenance of o structure, calied o future evends Kist, that will determine what is io
happen next during the simulation. The times of vatious ovents can be stored in the future ovents
list ensuring thai they are performed in the coerect chronological order. A future events Kst cone
taining typioal Metroring events is showst in Table 3.2,

A means of recording the passage of time is also required, This is achieved via the clock. The first
cniry in the future event list is known as the wost imminent event, After the systuin state and
simulation clock have been initislised, and the future events have been computed and plaeed in the
correct order o tae future event lst, o typical discrote event simulation would proceed as
follaws:

1. The simulation clock is advanced to the time of the most imminent event,

2. Tho systom state is modified according to the most imminent ¢vent.

3. Knowiledge of avent times scheduled to occur in the future, is updated,

4, The simulation clock is advanced to the most imminent cvent and the procedure is
repented,

The simulation is termitated upon regching a stopping condition. The process of ndvancing the
simulation «lock from one event to the next continues untll a stopping condition is reached, Three
stopping cosditions generally exist:

1. A stopping time in simulated time units Is specified by the user before the simulation
begins.
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I, Simutation allows the stucly of, and the experimentation with, the inkanul interactions of a
complex system (Banks, 1984), which is the precise requirement in the Metroting protocot
design,

2. Changes in the input data and the sttucture of the communications system can be made,
and the effeets of those changes on the perforinance of the system may be studied,

3. By varying input parameters to the model and examining the resulting changes 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
Metroring, it Is currently the only means of deriving a solution, since an analytiv moded has
not been developed,

5. Few assumpiions and approximations are required in a situieuon (Shanmugan, 1992),

6. Simulation can provide n rapid meaus of analysing and refining performance of the system
during the design phase (Shanmugan, 1992), (Roth, 1992). This is very relevant to the
Metroring protocol which is still undergoing development,

7. Developing a simulation mode! atds in +he understanding of the operation of the Metroting
protocol, and hience may result in improvements to the protocol,

8. The simulation model may be used repentedly to analyse proposed design changes 1o the
Metroting protocol.

Stmulation Terminology

The terminofogy used by Law ond Kelton (1982) and Banks and Carson (1984) i adopted
throughout this dissertation. The definition of a system given above may bt expanded as follows,
“A gystem iy defined as a group of obicets that are joined together In some regular intoraction or
interdependence toward the accomplishment of some purpose” (1984). This definition may casily
be applied to elements such as nodes within a Metroring, as well as to the protocol itself, The ob«
jects of intores: In the system nro caifed entities. In the Metroring case, it hode would sonstitute
an entity. An attvibute is o properly of an entity Again, expanding on the examplo of 8 Metroring
node, the processing tine of the node would be an aitribute of the node. Tho state of o system is
that set of variables necessary to desertbe the operational state of a system at & particular time,
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required. According to Sauer (1983), two methods for modelling computer communication sys-

teny exist. Thess two mothods are analytic modelling and gimulation.

The method of analytic modelling views the system to be modelled at a sufficient level of abstrac-
tion so that probability theory and other tools of applied mathematics may be used to develop
equations which characterise the system. However, ag Sauer polnts out (1983), often the required
level of abstraction in analytic models is so high that their results are questionable. Haenle and Gi-
essler {Schoemaker, 1978) point out that the complexity of communlcation systems restrict the
analytic methods used for their investigation to rather simple and ilealised systems,

The alternative to analytic modelling is slmuintion. The principle advantage of a simulation model
over an analytic model is its gencrality. A simulation model may be applied to & wide rangoe of sys-
tems, wheseas an analytic model is specifically developed for a single system. Whereas the aratytic
todel requires a high level of abstraction, essentially any level of detail may be incorporated in to
a simulation model (Sauer, 1983),

3.2.2 Simvlation Medelling

"A simulation i& the imitation of the operation of a real-world procesy or system over time"
{Banks, 1984), A system is the tacility or process of interest (Law, 19882). An example of a sys«
tem would be a Metroring node. Typically, real-world systems are very complex. In fact in most
cases they are too complex to analyse Intuitively or mathemazically, fo such cases, simulation can
be a powerful and effective analytical tool, Simulation is particularly applicable in the cage of anae
lysing the performance of the Metroring protocol as it is & new protocol that is siill being devel-
oped. The impact on performance of potential changoes to the protocol can be assessed using
simulation.

(Banks, 1984), (Shanmugan, 1992) and (Roth, 1992) each liat purposes for which simulation is
particularly apt. The following uses for simulation are applicable in simulating a Metroring;
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The single network reaulting from the connection of two or more networks is known as an inter-
net. The transfer of information within any one of the networks comprising an internet Is defined
by a set of protocol layers {Schoemaker, 1978). In order for the internct to provide a single, inte-
grated network, it 15 responsible for resolving incompatibilities vesulting from the different proto-
cols, topologies and technologies of the networks that comprise it. To overcome the compatibility
problems of different setworks, 18O (Iuternational Standards Organisation) developed 4 layered
reforence medel, which separates the fimetions of 3 communications protocol into seven, clearly
defined faver ~ + “wer rergrence model is commonly known as the OSI (Open Systems
ItErCOnmE I 1. Vmodel is relevant to this research as it is as a basis for the descrip-
tion octhe .. - Jing protucol. The OSI protocol stack is also used to defing internets and give its
finetiva. Lavers 1 to 2 of the O8I model dea! wath the network environment, Le. the protocols
and stancards relmmg to the undetlying communications netwark, wliile layers 4 to 7 add addi-
tional application-orisntated (network mdependent) protocols. The function and operation of each
layer of she OST mondel is expluned in Appondix A,

3.2 Simulaticn

Simulation is particularly apt in the case of Metroring beeause of complexity as mentioned in see-
tlon 2.3. The methods and the approach adopted in developing a model for simulation have & ma-
Jor bearing on the structure of the model and the results obtained from simulation experiments. In
this section the principles of simulation are introduced.

3.2.1 Analytic and Diserete Event Simulation Modelling of
Communications Systems

In many instances a need arises to estimate the performance of a system being designed or devel-
oped before that system is implemented. Tor this reason 2 method of modelling the system is
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Table 3.1 summarises the characteristics of LANs, MANs and WANs%

3.1.5 Metroring

Following the network clagsifications in the preceding sections, Metroring falls into the pehorel
classification of # MAN. However, a Metroring may also connect several stations in close proxim-
ity to one another forming & high speed LAN. Commonly a Metroring network would connect
several LANs performing routing between stations. In this case a Metroring must be classified as
a MAN, not & LAN. The Metroring protocol i described in detail in Chapter 4,

Characteristic LAN MAN HAN
Phyzical Dimensions [0-1 km 1-100 km 10-10000 km
Data rate 1-100 Mbps 1-100 Mbps 0.1-100 kbps
Delay ‘ 1100 msec 1100 msec »500 msec
iﬁi‘l‘fﬁb“"y of etror <IQ“‘ - <10” 10“-1 0 ‘

Tablo 3.1 Comparison of LAN, MAN and WAN charaetorigiics

The 081 stack will be used to describe the Metroring protocol. The concept of an Internet is also
important to the Metroring description. For these reasons interncts and the QSI reference model
are desetibed in the following gection,

3.1.5 Internets and OS]

: Values reflected in the table are derived from (Smythe, 1991) and (Tanenbaum, 1988).
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associated with each device, i.¢. 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 & large geographical area, typically across international bounda-
ries, WANSs are often used to connect several LANSs which are physically separated by large dis-
tances. WANS use poini-to-point links and are characterised by relatively low data rates and high
error rates. :

In addition to the LAN 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
clagsifieatious. Tanenbaum (1988) descrlbes 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 (groater than 1 Mbps) connectivity over dlg-
tunces characteristic of o metropolitan area (Kiessig, 1986). Because the interconnection of TANg
formed the carly MANs (Sinythe, 1991), many of tho technical concepts undetlying MANS are de~
tivatives from LAN concepts (Kiesslg, 1986). MANg typically contect a number of LANG on a
city~-wide scnle using LAN technology.

A MAN has a structure similar to a distributed LAN. Smythe (1991) states that the churacteristic
performanco of the MAN is similar to that of the LAN although deiny timos are higler in MANs,

The DGDB (Dual Quene Dual Bus) is an example of o MAN protacol,
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A number of distinet LAN topologies exist. The three most common topologies are the star, ring
and bus topology. These topolagies need not be physical, they may only be logical. For exatmple,
it is possible to impiement a [opical ring topology over a network which has a physical star
configuration.

Currently much emphasis is being placed on the interconnectiont of LANs. LAN intetconnection is
achieved using a number of devices which are briefly introduced in the following section.

LAN Interconnection Devices

The interconnection of LAN segments s 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 clectronic signal between different network segments,
They operate at layer 1, the physleal layer, of the OSI mo * 2. 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 connzction be-
tween different LAN3. A bridge is able to store a message untll the destination node can receive
the message. This is known as the "store and forward" ability of bridges. It is this facility which
allows bridges to break the timing sequence between network segments (Harris, 1990),

Ronters, Routers operate at the networking layer, layer 3 of the OSI miodel. The primary function
of Jayar 3 is the routing of frames (sec Appendix A). Routers are able to route messages to spe-
cific destination L.ANSs. In some cases routers are able to avoid finks that are broken or congested.

Goteways. The final connection device is a gateway. Gateways operate at the application layer
{layer 7) and are able to petform high level protocol conversions, Gateways would coramonly
form LAN-WAN or WAN-WAN interfaces.

The data throughput rate of these relays becomes progressivaly slower as one moves higher up
the layers of the reference model. The decrease in throughput is due to the relative complexity
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1. Miniature (<5em). Computational elements implemented on the same integrated circuit,

2. Small (<50cm). Interconnection of computational elements which are located in the same
piece of equipment.

3. Mean (<tkm), 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 (>10km), Such networks connect computing equipment distributed over a wide
area (¢.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
mossages. Hence, they are known as closely coupled networks. Networks 3 and 4, phystcally
pRss entire messages between computer devices. They are known as loosely coupled networks.
Metroring is therefore classified as a Joosely coupled network,

3.1.2 The Local Area Network (LAN)

With the advent of microprocessor technology and integrated circuitry, the number of autono-
mous computer devices iricreased rapidly, Although each of these devices commonly possessed
gome processing power, devices in the same locality ofien needed to exchange information and
share 4 single resource (e.g. & mainframe computer). In order to fcilitate these requirements, the
LAN was developed.

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

error rates,

! Mbps = mega (million) bits per second. MBps = mega bytes per second
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3.1.1 The Interconnection of Computer Equipment

There ate 8 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. Proviston of redundancy for reliability purposes,

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

Classifieation

Hlalzakt (1988) classifles computer networks into four main categories according to the physical
geparation of the computing devices:
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(8) (b)

Figure 3.1 {2} Star fopolony, (b) Ring topolory

Computer networks are desianed in a structured manner. Most hetworks are organised as a series
of layers (Tanenbaum, 1988). Each layer is designed to offer services to higher layers, and to
shield higher layery from th~ implementation detafls of those services. This layered structure is
shown in Figure 3.2, Inter-node communication tukes place between corresponding layers, and is
called peer-to-peer communication, ¥or 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 ia only a logical
one. In reaiity any messages passed between the two nodes will be transferred across the physical
medium, The set of rules and conventions which govern conversations between peor layars is

known as 8 protocol (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 3.1 and 3.2 provide the basis for the discnssion of -
the Metroring protocol and the Metroring simulati.on model presented in Chapters 4 and £
respectively.

3.1 Network Termineclogy

Tenenbaum {1988) defines a computer nstwork as "an interconnected collection of antonomous
computers”, This definition {s appropriate in this digsertation since each Metroring node is an
autonom.ous computer. Transmission fines, also called tinks 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 & channel wish to communicate they do so indi-
rectly, viu other nodes in the network, Thus a frame may pass through a autber of nodes on the
journey to its destination. Each ne ‘) that receives the frame will store it, wait until the required
channel is free, and then forward the frame. These networks are called stor¢-and-forward or
point-to-point networks., Common interconnection topologies for point-to-point networks are
the star topology and the ring topology. Fipure 3.1 () and (b) depict a star and ring topology
respectively.
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1. Link capacity. This parametes deals with the bandwidth of a link andé r «wents the
transmission capucity in megabits per second (Mbps).

2. Ports per node.

3. Load. The number of frames per second at a particular time.

4. Timeout period for frames. This is the threshold time limit for frame existence in the
system.

5.2.2 Performance Trends

As o network becomes more londed, i.e. as the offered load becomes grenter, throughput in-
creases. This trend will continue until too many packets are present in a section of the network
(subnet) causing congestion. Congestion resuits in & depgradation in throuphput and delay ns
shown in Figure 5.1. Congestion arises when frames arrive at a node faster than the node CPU is
able {6 process them, Altematively, even if the CPU is Infinitely fast, congestion may still occur if
the incoming data rate exceeds the capacity of the output links. In both cases queucs will build up
and frames will be discarded. This situation tonds to produce & "snowball” effect geiting progroes-
sively worse as Flgure 5.1(a) indicates. Frames that were discarded by receiving nodes are rew
transmitted, resulting In more traffic on an already congested subnet. In addition, the sending riodo
cannot release the retransn itted frame from its buffer until it has been acknowledged. Thus cons
gestion at the receiver's end forees the sendi 5 node to refrain from releasing a buffer it would
normally have freed. In this manner nongestion backs up in the network.

Congestion control should not be condlised with flow control, Congestion control Is n global issue
concerned with ensuring the amount of traffic on s netwock does fot exceed the earrying capacity
of that network (Tanenbaum, 1988). Flow control, on the other hand, is a point-to-point issue
secking to engure that the sending node does not transmit data faster than the receiving node can
accept it.



~33u
5.2.1 Parformance Definitions
As gtated in section 2.4, the two major performance measures are throughput and delny,

Throughput - In this study Hammond's (1986) definitiun of throughput, presented in Section 2.4
is adopted. That is, throughput is defined as the number of bits of useful information transmitt
per unit time, where useful information excludes any frames containing errors but includes frame
header information. Unless otherwise specified, the *roughput is applied on an individual Hnk ba-
s1s thus the unnormalised throughput is the sum of the throughput on the individual ehannols ac-
cording to Hammond (1986) as stated in section 2.4.

Delay « In sectior 2.4 end-to-end delay was defined as the time from starting to transmit a packet
at the sending node to the successful arrival of the entire packet at the receiver. The end-to-end
delay is usunlly in the order of hundreda of milliseconds nccording to Schoemaker (1978).

In addiion to the term throughput and delay, two other terms will be used in throughout this in-
vestigation. A brief description of each follows’

» Channel eapacity - This refirs to the maximum possible throughput attalnable for « given
set of parameters.

® Offered Load ~ Throughout this study offercd load will refer to the rate of new traflie
requests at each node in bits per second.

Shaikh (1989) defines throughput and delay as dependent variables. These are vaviables that we
have no real control over. They serve as indices of performanco.

Independent variables, on the other hand, are controllable. We may adjust these variables to deter-
mine their impact on the dependent variables or measures of performance. The systernntic varigs
tion of these variabies can be used to determine the sensitivity of the simuletion model. Among
these independent variables are:
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Chapter §: The Simulation Model

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

5.1 Simulation Objectives

In this study, the aim of ereating a siimlation model of the Metroring system is to assess the per«
formance of o Metroring network as stated In Section 1.1. The performance of a computer net
work depends on the following factors:

1. The network topology,

2. The capaclty of the links within the network,

3. The routing sitategy,

4, The speed of the nodal computers contained in the network, and
8, The size of buffers snd queues.

5.2 Network Performance

Tho two main measures of performance in a computer network are throughput and delay
(Schoemaker, 1978), (Shanmugan, 1989), The literaturo offers several definitiony for each of
these parameters. This fhct necessitates the definitions of thess measures within the ¢rintoxt of
this particular investigation.
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transinitting node. The receiving node arcertains the integrity of the frame by computiﬁg the frame
check sequence (FCS). If an error is detected by the receiving node a Negative Acknowiedpement
(NACK) is sent to the trangmitting node, together with the corrupted frame's sequence number,
The teansmitting node will then re-transmit the corrupted frame from its output queue, A frame is
only removed from the output queve of the traasmitting node once a positive acknowledgement
{ACK) 18 received from the reeelving node.

4.3.3 The Metrorirng Protocol Stack

Unlike LANs and MANS, there is no simultencous demand between nodes for aceess to the media
in o Metroring network. This Is becanse a dedicated link exists between any two Metraring todes.
This greatly stmplifies the functions of layers 2 and 3, the Data Link and Networking layers, in the
O8I model, Cansequently, these two layers are combined in the Metroring protocol into a single
layer, called the Path Layer as shown in figure 4.4, Appendix A contattis # detailed explanation of
the Metoring protocol stack compured with the OSI reference model {Malsall, 1988).

Qs Molraring
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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, .2 no routing tables are necessary.

In a segment crd node (SEN), the proscess is more complex. Routing tables are used to aseertain
the uptimal path for the frame. The frame is then enquened in the appropriate output queue. All
nétwnrking functions are performed by a Metroring networking card,

Ronting

The Metrorinyg protocol follows a dynamic routing scheme, i.e. the network can adapt to changes
in topology. As Metroring »3 demgned to be a highly reliable network, dynamic routing is essen-
tial. The routing scheme nses 2 hierarchy addressing siructuve to provids the shortest path be-
tween sowce and destination, whilst seeking to mivmise routing table sizes, The hierarchy
methed does not require every node in the network to inaintain the address of every other node.
Rather, knowledge of node addresses hag limited scope. Two-port nudes maintain a table of all
the nodes on thelr segment together with the shortest "distance” (hop distance, i.c. the [east num-
ber of node traversals) to these nodes. Two-port nodes also keep the address and shortest path to
the SENs on their segment. Sogment End Nodes have explicit listings of all nodes on the seg-
ments which they terminate. The Metroting routing scheme is described in detail in Appendix B.

Errvor Control

In order to provide an acceptable Im 2l of service to higher profocol levels somea form of error
control is recuired. The Metroring protoesl uses a form of continuous RQ (request), Go-Back-N
error control (Halsall, 1992), Each Metroving frame awaiting transmission is marked with « se-
quonce number. When a frame is transmitted, a copy is retained in the output queuc of the

further detal is presented in Appendix B

i
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A Metroring node is shown in Figure 4.3, This dizgrat shows the following major conceptual

components:

1. An output queue for each ring link.
2. An input buffer for each ring link.
3, An application port,

4 A Central Processing Unit (CPU).
5. A routing mechanism.
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Figure 4.3 Tho Metroring Node

The buifers and queues are implemented i the system Random Access Memory (RAM). Routing
is carried out by a software entity. :

4.3.2 Operation of a Node

As far as possible incoming data frames are decoded while the frame s being recelved, Frames re-
ceived fromt the transmission medium into an input buffer will wait there if the CPU is busy. If the
destination address of a frame corresponds to the node address, the frame is passed to the applica-
tion layer. If, however, the destination address s difforent from the node address, the frane is
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The fhst forward option is intended to facilitate the rapid transfer of specific frames. A frame in
which the first bit is get, L.e. has a value of 1, is designated a fast forward frame. When a nnode re-
ceives such a frame it immediately adds the frame to the head of each of its output queues. Hence,
the fast forvea:d frame will be immediately transmitted from any empty output queue. The destina-
tion address of the frame is examined while the frame is belng transmitted, The destination ad-
dress of the frame determines from which output queue the frame should have been transenitted,
Transmission from every output quene, except the correct one, Is then halted. When the process-
ing time taken to assess the fist forward fra. v's 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,

Nate: the fast forward facility is not equivalent to an expedient data facility in which the frame is
placed at the head of the queue.

4.3 Metroring Operation

| 4,3.1 Structare of a Node

A Metroring operates in a similar manner to an internet in that ench Metroring node is copable of
moviding 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 ot
an incoming frame in 4 node to one of at least two output ports, viz. & ring port or the application
port. Each Metroring node operates completely autonomously. Hence nodes may transfer data on
any link at any time.

Traffic may enter a node from two possibie sources:

1. A user application running on the node, i.e. the appfication port.
2. Any one of the wput 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 are
unique to & specific node,

The Control Field
The last 2 bytes of the header are used as control fields. Each byte hag a different fnction.

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

2. Acknowledgement Field. This field contains the mumbet 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 containg 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 byies.

4.2.3 The T.¢ lev

The trailer contains a Frame Check Sequente (FUS) of 4 bytes, The FCS is used for error contral,
The 4 bytes contain 2 sequence of binary digits which are a function of the frame contents”,

4.2.4 The Fast Forward Frame
! ses Appendix B for a full discussion,

! A 4 byte, 32nd power polynomial CRC (g used by Metroring.



26
4.2.1 The Header

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.

The Control Field

The first byte of the Metroring frame forms the co.irol fleld. This field is split into eight b J
which are assigned the following protocol infornation,

Bit { - The Fast Forward Flag, When bit 1 i set, i.e. it has a value of 1, the frame is
designated as a Fast Forward Frame. A detalled discussion of the Fast Forward Frame is
given in Section 4.2.4, _

Bit 2 - The Frame Type Flag. A value of 1 indicates n Control Frame while a value of 0

- Indicates an Information Frame,

Bits 3 o § - Priority Indicator. These bits indicate the priority of o frame, Three priorities
are currently defined, priority 1 being the highest priority frame,

Biis 6 to 8 - Reserved Bits. These bits are curvently unused.

The Address Field

The next 10 bytes of the header comprise the address fleld. This fleld is plit into » source and o
destination address, sach one belng § bytes long. Bach address has four distinet sections:

1. The Region. This single byte Indicates the reglon on which the node resides, Region values
of 0 and 255 are reserved.

2. The Segment. Two bytes are resctved for the segment addreys, allowing & possible 65534
segments (values 0 and 65535 qre reserved). The segment address ig uttiqgue within a
specific region.

3. The Node. A single byte offers a possibie 254 nodes on any segment (0 and 255 are
reserved). The node address is wnigue on a specific segment.
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Bvery device attached to & Metroring is knowt a8 a node of which there are three distinct types:

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

2. Segment End Nodes (SENs). SENs have three or mote links and connect Metroring
Segments,

3. Bridge nodes. Bridge nodes connect Metroring regions together,

4.2 The Metroring Frame

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

aller
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Figure 4.2 The Motroring Frame

tocol management information. The data portion of the frame contains any other information ine
volved in the communication between nodes. The length of Metroring frames aro consigtent with
those of FDDI, 1.0, a maximum length of 4 KDytes,
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In addition, the Metroring protocol offers a fast forward facility providing rapid transfer of se-
lected frames across lightly Ioaded finks, The Metroring topology incorporates high link redun-
dancy resulting in a highly reliable network. These features meke Metroring & reliable and
practical solution for the design of internets or MANS required to catry heavy loads.

4.1 Metroring Topology

A Meiroring 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 & minimum of two links, Bach link
consists of two unidirectional, point-to-point, fibre optie channels. Logically, one chanrel forms

Segment ~ Twro-port

Figre 4.1 A Motroting

the transmit path and the other the receive path. Metroring nodes may be added to a ring, thereby
forming a segment. The nodes which cornect segrents together have a minimum of three links
and are called Segment Eud Nedes (SENg). A region consists of a number of segments. Metror-
ing regiong ave connected by bridges,



23~

Chapter 4: The Metroring Networking Protocol

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

Metroring 1 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 8 MAN, ie. a diameter of about 100km (Smythe, 1991). The Metroring
possesses 4 ring topology resembling that of o FDDI ar Token Ring network, Le. 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:

1. End-to-end transfer is limited to adjacent nodes in a ring, This enables concurrent interlink
transfers which Token Ring prohibits and to which FDDI approimates by ailowing
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 featurez a number of facilities which make it svitable for handling network loading.
Among these unique features are:

1. The ability to handle simultaneous data transfers,
2. Priority forwatding facilitles, and
3. Parallel processing of input/output operations.
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Chapter 6: Model Implementation

This ciupter describes the process of implementing the simulation model derived in the previous
chapter in software. As the model 19 implemented in the object-oriented puradigm, sectior 6.1
gives a brief introduction to object-oriented concepts. The sofiware design procedure is deseribed
in section 6.2. Section 6.3 presents the softwire implementation issues in detail and section 6.4
discusses tie verification and vatidation of the simulator.

6.1 The Object-Oriented Paradigm

When approaching the problem of developing a simulation of an interaet type computer network,
it ts important to clioose A programming style appropriate to the problem. The ityle is really "n
way of organiging programs on ths basis of some conceptual madel of programming and an ap-
propriate language to make programs writien in the style clear" (Booeh, 1991). According to
Robrow and Stefik (Booch, 1991), the major programming styles are:

* Procedure-oriented
o QObject-oriented

s Logic-orlented
Rule-oriented
Constraint-oriented.

-]

A patticular problem may favour any one of these styles, There Is no set rule as to which style is
the best for a given application. However, tiio object-oriented stylo is particulatly suited to the
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Modol verification and validation will be addressed in greater detail in Chapter 7, where it is ap-
plied to the Metroring stmulation model, Before discussing these issues, howoever, it i8 necessaty
to construct o software mu.J+l based upon the simulation model syathesised thus far.
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1t is important to noto the following points concerning the Metroring simulation modet:

1. As the simufation model Is ooly concerned with networking operations, all details
concerning protocol layers higher than the O8I networking layer are ipnored.

2.1t i3 assumed that the receive data rate is faster than the transmit data tate for the
networking nodes. Hence the flow control mechanism Is not included In the model.

3. Congestion control takes the form of packet discarding (Tanenbaum, 1988).

4, Observationt of performance under normal conditions, and across an extremely reliable
meditim, makes the inclusion of compiex efror control techniques unnecessary, Other
parameters, such as the number of frames discarded, may be used to gauge the eifect of
discarding puekets.

5.4 Model Validation and Verification

Once a model of the real-world system has been derived, the model needs to be implemented. This
step translates into a simulation model implemented through software. By examining the results
which thie simulation model vields, the model may be verified and validated. Model verification
relates spesificaliy to the computer program and poses the question, "is tho model implemented
correctly in computer code?",

‘Model validation involves deciding whether a model is an sccurnto represontation of the real

world system, It is therefore necessary 10 grasp the operation of the actual sysiem and 1o have a
good idea of the system's expected behaviour, A model may then be validated by observing the
behaviour of the simulation model In relation to the behaviour expected from the roal system, Lini-
son wi'  people who are well aquainted with the real wotld systeit ensures a close mappisig be-
tween the simulation model and the actual system, and is an importani aio in validating the
simulation model. As the model is validated, changes might be needed in order to increase confi-
dence in simulntion results. The model I3 therefore refined to ensure that the operation under
simulation produces results i the correet form and in sufficient detait.
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Links

When a frame is generated by an application it immediately joins the queus of the network node.
Conceptunily, the frames move through the queus awaiting thelr turn to be processed. Once proce
essed, the fiames are transmitted on the correct link. When a frame reaches its destination it is re-
moved from the system, Further assumptions about links in the Metroring simulation model are
iheluded in Section 5.3.3.

5.3,.3 Assumptions

The following assumptions vegarding the traffic model have been made:

1. Interatrival times of packels are assured to follow an exponential distribution. Thia results
in a Poiszon arrival process of frames which is widely used in the simulation of computer
networks.

2. Packet Jengths are assumed to vary randomly following an cxponential distribution. The
user may aiso choose 1o simulate constant packet sizes,

3. Every node on tho network is able to generate and receive a packet.

4. Bvery node, with the exception of the node creating the packet, is equelly likely to be
chosen as the destination for cach new packet,

Stce performance under normal conditions is being investigated, the following assumptions auto-
nratically follow:

1. Frames aro not lost, dupticated or reordered during thelr propagation over links.

2. Link faults and the mnlfunction of other components of the system are omitted from the
model as such aspects are only of intorest when reliability, availability or securlty are
investigated (Schoemaker, 1978).

3, Any frame transmitted on the link arrives at the other end In o finite amount of time.
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Following from these points it is appavent that a "node” in the Metroring model is, In reality, the
Metroring networking controller, and not the complete computing device, As this investigation is
conceriied with the Metroring Dehaviour, f.e. the networking finctions, s fset is of no conse-
quence to the simulation model. The simulation model assumptions made congerning Metroring
nodes are listed in Section 5.3.3,

Routing

When a Metroring node receives a frame it will allocato the frame to an output port baged upon
e rowting information contained within that node's routing table. The Metroring routing mecha-
nism i3 described in section 4.3.2 and Appondix B. The prosence of o routing mechanisn ensures
that there ave no duplicate frames cireulating in the networl, and that frames do not loop forever
but traverse ¢ finite number of hops from soures to destination. To avoid unnecessary complexity
in the Metroring mode! the true Metroring routing protocol is not implemented. Insiead, static
reuting tables, denoting shortest path routes based on hop count, are used. These tables are en-
tered by the wser,

e ———————r——
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caused by a pode as in traditional models, the Metroring m~*! 15es a number of queues in each
SEN corresponding to each individual path,

Qucnes

It is assumed that all queues are served by a First-In-First-Out (FIFO) queving discipline, The
most important characteristies of & queue are the length of the queue (inean, maximut, variance)
and the queuing time (tnean, variance) (Schoemaker, 1978). The queuing time, or the time that a
frame spends in a queve (representative of the amouns of time that a frame is delayed by a node),
{s indirectly determined by a statistical distribution. Queuing time will depend upon the rate at
which the server is able to serve the waiting ttensactions, i.¢. the rate at which a node’s processor
is able to process frames waiting in the quenc. This service rate is known as the service time and
is dependent on the processing power of the node and the size of frames.

Nuoidey

The operation of a node is captured in the queuing tmodel. The delay that a frame encounters
when passing *hi sugh a node is comprised of the software time and the Direct Memory Access
{DMA) timo (Sventek, 17°9). The software time accounty for spfiware overheads associate”  th
the protocol. DMIA time: he times taken to copy data to and from memory. The Metroring
model incorporates these dolays in a single parameter specified by the user, It is iniportant to note
the following points gbout a Metroting node:

1. All networking operations will be handled by & Metroting networking controller card.

2. The Metroring networking controller card will have its own, dedicated microprocessor
nhd RAM (Rondom Access Memory). This offioads the real-titmo processing burden of the
network from the node CPU (Taylor, 1989). This feature is extremely relevaut with
intelligence gravitating out ta the nodes in current notworks (Taylor, 1989), because
placing the ndded burden of comnunications processing on the nodes dotracts from their
effectiveness in the tasks they were designed to perforu,

3. The dedicated networking memory will be o dual port memory supporting full duplex
direct memory teccss, permitting concurrent transmit and receive operations.
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the resl system and the simulation mode! (Schoemaker, 1978). The simplifications and assump-
tions concerning the Metroring model are detailed throughout the remainder of this section as
well as in Section 6.3.

The impact which the model stmplifications 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 smiall changes in the model's input variables (Schoemaker, 1978),

Since thers are certain variables in the Metroring model which are random, for instance the inter-
arrival timeg of frames, the model is stochastic (Law, 1982). Hence the autput data will be ran-
dom and will only yleld an approximation of the operation of the real system.

A network consists of 8 number of nodes interconnected via links. These nodes communicate with
one another by means of frames, Le Goffand Le Lenn (Schoemaker, 1978) Identify three basic re.
gources in a computer network: storage cabacity. transmission capacity and processing capacity.
Thase regources are implemented as buffers, links rnd processors (Central Processing Units and
Iput/Output processors) respectively. From the discussion above, it is evident that there is a
close cotrespondence between the description of 2 queving model and that of a Metraring net-
work, Frames form the customers in the Metroring simulation model, whilo the processing facility
of a node is analogous to a server or resource. In the Metroring simulation the number of frames
far oxceed the number of processors, Frames will therefore walt in queues for service at 2 node.

Any node inay generate a new frame at any inatant in time. A node is therefore a sourve, 1.6, it has
the ability to introduce new frames to the simulation. Similarly any node may remove a frame
from the system, This happens when o node receives a framo destined for itself. In this cose a node
may qof as 4 sink - it is removing frames (or fransactions) from the system. The Metroring queu-
ing model is shown In Figure 5.3,

This Jueulng modet differs from existing LAN models beeause SENg have more than a single pnth
for frames to follow. This reflects the internet nature of the Motroring protocol comparsd with a
1.AN protocol, viz. u routing function. Thus instead of only 4 single queue representing the delay
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interactive data traffic in computer networks, Moreover, very often the only information available
gbout these random varinbles 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 distribution 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 in Appendix C.

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

Following the abeve arguments, the Metroring model assumes a Polsson arrival process of pack~
ots at the network nodes, which results in an exponential interarrival time distribution (see Appen-
dix C for a detailed explanation). The length of Metroring {rameg in the simulation may be chosen
to ba either conatant, or of a random size varying about some specified maan size according to the
exponential distribution.

The Metroring fiume sizes ih the simulation are bounded by limits which are specified in the pro-
tocol, viz. an upper limit of 4096 bytes, and a lower limit of 21 bytes (Tjirkalli, 1993).

§.3.2 Metroring Simulation Model

When stmulating a complex computer network such as a Metroring 1. is impractlcal to include
evory detail of the ne*work into the siinulation model. Tt is therefore necessary to make certain
simplifications concernlng the real world system. Law and Kelton (1982) point out that a good
modelling prineiple I to begin with a simple model which can lates 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 n network. In real computer netwoiss devices are often inactive for
Jong periods of time and then require high data rates for a short time period (Boggs, 1988), Ham.
mont {1986) points out the difference in the extremes of required data rates. Consequently dofln-
ing a "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 proes
ess a single bit over & channcl 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 varlable.

* Information on the distribution of packet lengths is also highly variable (Mammond, 1986). For

examplo, investigations cited by Boggs and Hammond show that the packet length distribution on
Ethernet tends to follow a bimodal (i.e. most packets either near the minimum or the meximum
packet te. .n) pattern.

Despite the variability in network traffic, some description must boe used ns a starting point for
performance anolysis. Hence it is necessary to determine what distributions for interpacket arrivals
and packet lengths can give the most tractable analytic results. Hammond (1986) concludes that
the Poisson arrival process, which gives an cxponential distribution of intorarrival times, and tho
exponential or geometric packet length distributiony scem to provide the best chavacterisation of
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A: The taterarvival thwe distribution, These distributions are discussed in Appendix C.

Some of the more commnion Iinterarrival distributions are M (exponentix ;, D

(deterministic), 2 , (Erlang type k), and (7 (general).

B: The service-time distribution. The same letters are used 43 in the interarrival case to

denote similar distributions.

e The mumber of parallel servers, In some systems several servers may simultaneously

serve customers.

N: The system capacity. System capacity refers to the limit on the humber of customers

that may be in the waiting line or system. Most real systems have a finite system capacity.
If this parameter is omitted ftom the notation, the system capacity is assumed to be

infinite.

K: The size of the populotion. 1€ this parameter 18 omitied from the notation, the

population is assumed to be infinite.

Onewe diseipline. These are indicated by FIFO (first-in, first-out), LIFO (last-in, first-out),

SIRO (service in random order), PRI {priority), and GD (genera! diseipling). If' omitted

FIFO discipline {s assumed.

For example, MM-'I represents a single server system that has unlimited queus capucity and an
infinite population of potential arrivals. The interarrival tir.ss and service times are exponentially
distributed. A FIFQ queue discipline is assumed,

Network Traffic

Data fow within a computer network is typically non-untform or stochastic in nature, Fiammond
(1986) states that at any poins in such & network, the drrival times of frames at nodes are random
variabies. Although these times appear to vary randomiy, often they may be described by some
statisticni model,

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

5.3.1 Quening Models

Hamn:ond (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 quening models s now described.

A queuing system describes the arrival of customers at 4 server, the tinte that the customers spend
waiting for setvice and their subsequent departure from the server. The tetm customer refers to
any type of entity that can be viewed as requesting service from a system (Banks, 1984), A server
can be defined ag any resource offering service in a gyster. In virtudly alf real sysiems there are a
limited number of resources, or servers. Whenever there are not enough serve~s to service 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 ig that queues are forimed ag clients wait for service from a teller.

The ealling population is the papulation of potential customers. In systems with a large popula-
tion of potential customers, the calling population s usually assumed to be infinite (Banks, 1984).
A source introduces new customers into the queving system. A sink removes customets from the
system. The time between two successive arrivals at a server is referred to as the interarrival
time. If atrivals of customers occur at random points in time, the interatrival 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 & queuing system has been widely
accepted and is presented below. With Kendall's convention a queuing system is described by a
sertes of symbols separated by slashes:
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Increasing load on a network also leads to an increase in the end-to-end deluy, i.e, the time taken
for o fiame 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).

In order to improve network performance it is desirable to maximise throughput and to mirt *'se
end-to-end delay. Unfortunately these are very often conflicting goals. Networks boasting a high
thronghput frequently have high loading and a high occupancy of busters 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,



validation processes are 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 ag a substitute for the aciual system for the purpose of experimenting
with the aystem.

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

it is clear that model verification and validation form an iniegral part of model development.
These two processes will be described in preater depth, and they will be applied ta the Metroring

modei.

6.4.1 Verification

The process of verification examines how accurately the conceptual model represents the operas
tional model. There are a number of suggestions in the literature for verifying & model, Many of
these wore applied to the Metroring simulation model.

¢ Flow diagrams indicating the possible action a system can take when an event occurs were
uged to follow the model logic for each event type. Figure 6.3 and Figure 6.4 shows the
flow diagrams for the recetve and transmit events in the BageN~de class.
¢ The model output was closely exnttined for rensonableness 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 statistios in addition to the ones required by the
simulation study. The C++ language also has extensive facilities for error trapping and
integrity testing of varlables. Variables were observed in relation to expecied trends to
discern how the program was beheving. The performance measuves obtained from
simulaiion experiments were also good measures of reasonableness.
¢ The use of a trace « o detailed printout piving every varinble in the program - is another
useful method of verifying that the program is behaving as expected. Ct+ has 2
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The event list queues all events according to the times at which they are scheduled to take place.
When an event is removed from the event list, the specitic operations assoclated with the event
ari handled by the appropriate class in the network hierarchy.

The random number generator uses the additive congruential method described in (Sedgewick,
1692) to generate random aumbers. The standard deviation algorithms are derived from Press et
al {1988). Random numbers taken from Banks (1984), Appendix A, are used to initialise the ran-
dom number streams.

Future evolution ut' the Metroring proicss! meant that the simulation sofiwars be designed to re-
main o5 flexible ay possible. '

- 6,3,2 Limitutions Imposed on the Metroring Simulator by
Implementation

* Duo to limited memory a practical limit is imposed on the size of the Metroring being
simulated, This imaximum size is dependant on nodal buffer size, the number of nodes in
the network and the number of {rames generated during a simulation run,

+ The Borlana PriorityQuaue class was only able fo handle a fimited numbor of objects
having the same priorities. Thus some simulations using the fixed frame size may not
produce aceuratr. results when too many events are seheduled ut the sama time.

6.4 Model Verification and Validation

The terms verification and validation were intreduced in section 3.3. Essentiafly mode! verification
refers to the comparizon of the corveptual model to the computer code and asks the question, "ia
the model implementéd correctly in cotputes code?", while model validation refers to the act of
determining that the model is an aceurte representation of the real system, The verification 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,

Topology Specifies

The class hierarchy of section 6.2.4, depicted in Figure 6.1, intuittvely follows tie description of a
Metroting netwark, A network consiste of a number of regions. Ench region consists of a number
of n des, and each node contnins, among other things, some queuing mechanism. Fach class in
this progression uses an 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 hierarcky may be extended to uny de-
tail. Should more detail be required, for examph: the representation of an input butler, this class
would merely bo 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 at the relevant node object. In a simulation
model implemented using conventional process-oriented design and programming, it would have
been extromely difficult to offer the flexibllity associated with an object-oriented counterpart. Y his
is malnly because statistics and attributes would be U’ . up in complex data structures.

The processes to handle the arrival and depariure of a frame, together with the attributes of the
node (¢.8.. mean service thme which is dependent on the node's processing powey and queue sizes
ete.) and the simulation statistics connected with the node are all be eifectively encapsulated
within the nnde object. The arrival and departurs processes are shown in the fow charts 6.3 and
6.4 regpectively.

Simulation Specifies

The simulatiun tools provide a framework for many different discrete ovent sinulations. The event
fist and random number generators could be used in any discrete event simulation software. In-
deed this reuse of classes is one of the major benefits of object-orignied programming.
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This is the step where the interface arguments are considered and specified. When considering
clasg interfaces it is important that they do not encompass more than a single level of abstiaction.
Typically, all operations on a class should eupport the same level of abstraction (Stroustrup,
1991),

Tt should be noted that the focus of the design is on the outside view of the classes, In genoral, Im-
plementation issues are not considered in the design phase, Implementation details which do need
to be included ave best handled in step 2,

As the iterative procedure outlined above progresses, the ¢lass hierarchy will need to be reorgan-
ised. Clagses and their interfacse will change.

6.2.6 Implementation

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

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

6.3 Implementation

Tha Metroring siinulation model way Implemented using Borland C++, Version 3.1, The rensons
for choosing this language appear in Appendix E.

6.3.1 Sefiware Implementation of The Metroring Simulation Model
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Region and BageNode cbjects respectively. The Frame class is used in the BaseNoda and
NodeQueue class int:sfizces,

The clagses specific to the simuiator engine are shown in Figure 6.2, The central class in this hier-
archy is the Simulatox class. For every Simulator object, there is ofie Gensrator and
one BventList object. The EventLigt clasy inherits its functionality from the Borland
PriorityQueue class. The EventList class uses the BageEvent ciass, derived from the

Boriand Soxrtable class, i its internal queuing structure. The Generator class uses the class

Network |
; b
. Simulaior e
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Higere 5,2: Motroring Stmnlator Class Dingeam

Random in tho generation of network trafflc. Every Generatwr object will have a single Random
object associated with it. The class Random uses the classes Expon, Unilfarm and Poisson
in its implementation, A functinn of the Generator class is to generates frames and thus the
Frame class i used in the Generatox class' implementation,

6.2.5 Step 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 clagses. The

' omeet

“Meleoring: K
Objest ~ SEN | Ringiode .

oAy

Figure 6.1; Metroring Simujater Class Diapram

main dependencies are inheritance and using relationships, The dependencies among the main
clagzes in the Metroring simulator are shown in Figure 6. [ and Figure 6.2, The shaded class icons
represent classes from the Borland Clags 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 Network, 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 SEN and RingNode classes inherit from
the more general class BagaNode. The class BageNode uses the NodeQueue class in its im-
plementation, and for every instance of BageNode there will be » instances of the class Node -
Queue. Similarly for every Network and Reglon object there will be 7 instances of the
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The most obvious classes appear in the vocabulary of the problem domain, Very often nouns {i.e.
those thinge which are tangible) will correspond to the classes and objects needed in the j.rogram.
This 18 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 appears in Appendix F.

Typically this step eads when no new basic concepts or mecharisms remain, or when classes or
objects that we have discovered may be constructed from existing software components,

6.2.3 Step 2; Specify Operations On Classes

The aim of thiy step s 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, "the more
functions, the more likely they are to remain unused and the wore likely they are to consirain the
implementation and the further evolution of the system”, He suggests the foflowing strategy in de-
ciding on what functions dre needed for a class;

1. Consider how an object is to be constructed, copied and destroyed.

2, Define the minimal set of operations required by the concept that the class is
representlog.

3., Consider which operations could be added for notational convenience and include only the
most important.

4, Consider which operations should be virtual, i.e. which aperations will be implemented by
a derived class,

3. Consider any similarity in naming or functionality of classes,

Aptendix F contains a brief description of some of the functions or methods that the various
ciagses use.
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under the consiraint 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 duting 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 cach class representing a concept.
Stroustrup (1991) identifies four steps in the design phage:

1, Find the concepts (or classes) and their most fundamenta! relationships.
2, Refine the classes by specifying the sets of operations on them.

3. Refine the classes by specifying their depenilencies on other classes,

4, Specify the interfuces 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 Bonch Notation will be adopted in the presentation of the Metroring 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 fita the problem of simulating a Met-

roring for a number of reasons,

1. The process of identifying the entities within the system which is being simulated
correspends 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-oriented design process.

2. The variables which denote the iate of a system may be envapsulated in clagses, 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 o major benefit of object-oriented technology. In the
Metroring simulator's case coniponents such as the event list, clock and random number
generator may be encapsulated in base classes which may be perted to other discrete event
simulation models,

4, The object-oriented simulator is more resilient to change, This is an exwremely important
factor considering the Metroring protocol is still being developed. This factor aiso
becomer significant when the simulation is required to examine operation of the system at
a preater level of complexity. The transition to a fower level of absiraction in the object
model is easier than it would be in any other model.

5. As the object model bears such a cloge resemblarnce to the real system, it appeals to human
intuition. This is especially helpful when it comes to the extension and maintenance of the

simulator.

6.2 Design of the Metroring Simulation Software

Once the simulation imodel 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
rim 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 infor-

maation needed to incorporate the module in an application.

Hierarchy

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

In addition to these elements, it i. 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, &
class represents only an abstraction, the "essenice” of an object, as it were (Booch, 1991), In the
context of object-oriented design, aa object is very often an instance of & class. A class is a set of
objects that share a commion structure and 2 common behaviour (Boach, 1991).

There are a number of relationships that may exist between classes The following two relation-
ships are important in the design of the Metroring simulator:

* Inheritance relationships
* Using relationships

Inhetitance denotes a "kind of" relationship, For example, a SEN is a kind of node, i.e. s SENisa
specialised subclass of the more general class, node, Using denotes a "part of" relationship. There-
fore a quene is not a kind of node, it is a part of a node,

6.1.2 The Suitability of the Object-Ovriented Paradigm to a

Metroring Simulacion
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nroblem of simulating the internet style Metroring networking protocol for a number of reasons as

set out in ection 6.1.2,

6.1.1 Elemenis of an Object Model

The key elements of an object model are abstraction, encapsulzation, modularity and hierarchy.
Booch classifies thess as mujor 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 forin
such a fundamental part of the design of the Metroring simulator it is necessary to clarify these
ideas briefly in the following paragraphs. These fundamental concepts are discussed in greater de-
tafl in Appendix D.

Abstraction

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

Encapsulation

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

Modularity

As programs grow in size, modularity is a useful means of reducing the ensuing complexity. In
C++, modules are merely separately compiled files. Traditionally the module interface is placed in
a file with a .1 extension, while the implementation is placed i another file with a ., cpp



104
7.3.4 Efficiency

Rodrigues (1990) defines efficienty as the bandwidth that can actuatly transport end-user data go
that the system still remains stuble. Unlike the FDDI architecture, the efficiency of the Metroring
protocol does not degrade ag the physical network size increases as the system bandwidth is inde-
pendetit of the nunber of nodes. This fact suggests that Metroring is a more suitable technology
than FDDI for MAN environments requiring a high efficiency. Metroring features a high effi-
ciency as the protocol overheads are refatively smali. A sitmple comparison of the efficiency of
FDDI, DODB and Metroring as a function of thie number of nodes is stiown .n Figure 7.8%,

Efficiency va Number of nodes
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Finure 7.8: Efficlency va. Number of Nades

7.4 The Effect of Frame Size on Performance
Performance graphs for frame sizes of 100, 1k, 2k and 4k bytes are shown in Figure 7.9,

Figure 7.9(b) shows that the end-to-end delay is greater for larger frames. Thia trend is attribut-
able to the fact that the transmission delay, whick is 8 component of end-to-end delay, is

$ FDDI and DQDB chbracteristics are taken from (Rodrgues, 1990,

y m—
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re-transmissions of frames. that have been disearde:l. In reality, however, discarded frames will re«
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sult in an increascd delay as shown by the dashed portion of the curve.

A mensure of performance that is closely related to end-to-end delay is queus ocgupancy.

7.3.3 Queue Qccupancy

Figure 7.7 shows the rapid growth in the queue size of o node as the incoming traffic rate sur-
passes the frame service rate. At high loads the queue size will continue to grow unttil the queve is
filled to ita capacity and any further incoming frames will be discarded. Figure 7.7 shows that this
takes place af approximately 830fhs. Consequontly frames will begin to be discarded int grealer
pumbers at this point. The plot of the number of frames discarded agninst the traffie arrival rate

pet nodo iy also shown in Figure 7.7 and conflims this assertion.
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The effects on performance of variations in packet gize and node forwarding rates are examined

using the simple topology shown in Figure 7.2(b).




node in the network {8 processing the moximum amount of data that it's physical processing
power will allow. At a forwarding rate of 10kfps, the maximum possible throughput for any one
inode is 5.12 Mbps”, hence the throughput curve flattens out at around this maximuom throughput.
Were the forwarding rate to increase, the value of traffic intensity per node at which this flexion
appears would correspondingly 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 S00 Mbps (100 Mbps
per link multiplied by 5 links). The utilisation i3 therefore only 5% which does not even approach
total utilisation of the medium. In order to achieve 100% utilisation of the medium 8 node would
have to be capable of forwarding 100 Mbps on o single link beeause cach Metroring node has 4
dedicated link to it's neighbouring nodes. However, the node will usually be forwarding frames to
mote than only one link, thus the forwarding rate may have te ba as high a< 100.x Mbps, where x
is the number of links. This translates into a forwarding rate of 200kfps or more. Currently, not
aven the dedicated mutiprotocol routers are able to achieve this sort of performance’, let alone o
non-dedicated computing device. Practically, then, the forwarding rate of the nodes will place an
upper bound on the possible throughput rates as stated in section 7.1,

7.3.2 End-to-end Delry

Fignre 7.6{b) shows the average end-to~end delty per frame plotted against the average traffic In«
tensity per node. The delay bagins to incrense exponentially 55 the rate of frame arrivals reaches
approximately 8500ps, At this value of trafic intensity the incoming traffie rite becomes greotor
then the frame service rate, hence the queue size grows as shown in Figure 7.7, and the delay
therefore increases as frameas spend greater poriods of timo waiting in cuettes which are nearly
full,

Fipure 7.6(b) shows that the exponcntial inerease ln end-to-end delay tapers off after reaching 0.1
gec. The reason that this delay curve flattens out is that the simulation model docy not model the

b 10000fps . 6dbytes/frame  Bbits/byte = 5,12 Mbps

! see Datamation, 1992, pp. 108111
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7.3 General Trends

Two criteria, throughput ond end-to-end delay, are often used ag performance metrics (Ham-
mond, 1986) (Rodrigues, 1990). Section 3.2 defines these performance mensures in detail. Those
two performance criteria are valuable when analysing the Metroring protocol. Throughput and
end-to~atid delay results are derived for a simple Metroting network and are discussed in this see-
tion. Simulation experiments are then performed to examine the effect that changes in certain pa-
rameters, for example frame sizo, have on important performance measures.

A simple Metroring network is shown ie Figure 7.2(b). The system throughput and end-to-end
delay plottedd against the troffic artival rate per node is shown in Figure 7.6(a) and (b)
respectively.
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Figure 7.6; Ferformatce Clhameteristivs For 0.5 nodo Metroting

7.3.1 Throughput

As traffic intensity increases, the throughput of the network beging to increase as seen in Figure
7.6(a). At approximately 800ps the throaghput reaches a maximum valtre, At this value each
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The Metroring simuiator throughput results of the dual ring network shown it Figure 7.4(b) also
compare fvourably with those produced by COMNET. This can be sew. i Figure 7.5, The two
sats of results are not as similar as in the single ring case.
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wag not able to produce end-to-end deley results as the delay times were too small to be shown in
the COMNE'' cutput statistics.
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7.2.2 Compsarison With Other Simulation

An internet simulation package was uged to examine the effects observed in section 7.6.2, Results
from the simulation package were compared to those of the Metroring simulator for validation
purposes. The siraulation package used was COMNET 115 release 5.03 from CACT Praducts
Co., with the permission of WEB Systems in Atcadla, Pretoria. The primary function of this simu~
Intion package is the modelling of internets and thus it was not ideally suited to the modelling of
Metrorings witich havs very high data transfer rates. Although the package wag running oft a Sun
workstation the simalation 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 with every other node 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(0) are plotted in Figure 7.3, The two sets of simulation data are virtually tdentical. COMNET
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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

overell performance of the protocol,

7.2 Validation Experiments

7.2.1 Performance of a Single Node

As g vals'ation test the simulation performance results of & single Metroring node were compared

with a simple analytical model of a single node, The results are shown in Figure 7.1,
The M/M/1 gueuing model described in Appendix C was used to model the Metroring node with
random arrival and service times, The average queuing time 1s given by,

p
S -
T Wt-p)

and the average queus length by,

Lg=-F—

p?
1-p

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

Lg is divided by a factor of two in order to reflect the two queues in a Metroring ring node,

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

of an gverage 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, 1t is evident from the figure that the results de-
rived from simulation are almost identical to those predicted by the gueuing model.

R

PR T
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performance charactetistics, The following conditions have been fulfilled throughout these
simulations:

o All links are equidistant,
o All nodes in the network possess the same forwarding rate which is specifiad by the user.
o Hach node in the network is equally likely to tranymit or receive a frame,

Forwa: ding rate, as defined by Halsall (1992), 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 per second (fps), or 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 Datamation range from 500 pps (DEC WANrouter) to
G5kips (65000fps) (Cisco AGS+), The majority of simulations presented in this chapter use & for-
warding rate of 10kfps,

The maximum forwarding rate of 2 node places an upper bound on the number of packets that can
be processed per second. It is importint to note that the maximum bandwidth achisvable by even
the fastest dedicated router appearing in the survey above does not remotely approach total utili-
gation of a fibre optic link. For example, in the case of Metraring whete each link has ar available
bandwidth of 100 Mb, the Cisco AGS+ router is only able achieve a meximum utilisation of 33%
with a forwarding rate of 65kfps. As dedicated routing hardware i3 unable to flood the medivm
used in Metroring it is fair to assume that a Motroring node, which is very often some form of
warkstation that is not dedicated to the task of routing, is also unable to achiove 100% utilisation
of the medium.

The simulation experiments whi. follow assume a uniforia link distance of 1000m, frame sizes
distributed about & 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 ceriain
parameters on the performance of the Metroring protocol. The simalation software executes a se-
ties 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 ot nodes is regarded as the

independent variable, The avetage arrival rate iy 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 o the assumptions isted in chapter 5, a number of additional conditions are also satis-
fied in order to minimise the number of parameters that vary during a simulation run, By specify-
fng these additional criteria the effects of the dependent varlable are not obseured by secondary
parameters, For example, when examining the effect of frame size on the performance of a par-
ticular network it Is important that the link lengths, for instance, remain constant, If this were not
the case performance trends could be attributable to cither the varlation in link lengths or the
variation in frame size, or a combination of the two. This ambiguity is undesirable when analysing
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The face validity of the output from the Metroring mode! 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 sizo while end-to-end delay will 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 ting-nodes may
be represented by queuning madels. Section 7.2.1 compares simulation statistics taken from & node
on the 5 node Metroring with those from a M/M/] analytical model. The two cotrespond 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 ihe cost of increased validation effort. No model will ever be a
perfect repsesentation of the sysiem and so the modeller must decide the point at which his model
i sufficiently accurate enough before Eecommg inefficient from a cost perspective,
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particularly usefitl step-through tool that was used extensively in debugging the Matroring
Simulator software,

° Any measure of performance that can be computed analytically and then vomipared to its
simulated counterpart provides another valuable tool for vetification. If the simulation
model is prediciing 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 simultaneousty by the modefler,

The most commen method of validation is calibration. This is the iterative process of compating
the model to the teal systens and making the relevant changes to the model to yield a more accu-
rate représentation 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
gome version of the system under study already exists so that the system data can be collected to
compare to the mode! predictions, As there is cutrently 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 otliers 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.
kor example, if the arrival rate of frames increased, sae would expect the utilisation and end-to-
end delay time to increase as well. The modeller would have some notior 1 least of the direction
of the change in the mode! output when an input variable is increased or decreased, As there are
many variables, and therefote inany possible tests, the modeller should choose only the most oriti-
cal variables for testing.
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a clearer pattern may emerge for deeiding the optimum Metroring topology for a piven
application.

Further research may be performed to clarify the distinctive inflections a.ppe-aring in
end«to-end delay cutves for multi-ring Metroring networks. Some method of load sharing
ar "buffer balancing” to ensure optimum delay characteristics may be derived from this
itvestigation,

The perforniance characteristics of the Metroring protocol in a transient state could also
be examined. The ability of the protocel to recover frot nodal or link failure would be a
mujor benefit emerging from this study.

Research inte tho relationship between delay and parvalielism in general internots as stated
in8.1.

8.4 Enhancemeants to the Simulation Model

A number of enhancements may be added to th+ Metroring model construgted as part of this

research

®

The ability to model larges networks by overcoming remory constraints imposed by the
implementation phase.

Tiaplementation of n routing meclranism that is more reprosentative of the real Metroring
routing mechantsm.

Fucilities to handle Fast Forward, and multi priorty frames,

Embedded GUI (Graphical User interface) cnabling casy construction of simulntion
models and graphteat analysis of performance results.

Embecded statistical analysis of performance measutes.
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o The results verify one of the mujor functions of the Metroring specifleation, viz, Kgh
throughput,

8.2 Applications

The performance charaeteristics presented in this dissertation help to identify the environments to
which the Metroring protocol is best suited, Metroring’s combination of fibre optic technology,
spatisl reuse and concurrent aceess, make it suitable for many applications and environments.

The Metroring simulation model may be used as an aid in the development of the protocol. The
simulation model could be used to identify optimum design parameters. For example, oxperimorus
using different queue sizes might be performed to eatablish an optimum queue siz¢ and how this
size should be adjusted in the case of SENs. The simulation model provides an insipght into the he-
haviour of the protoco! and could tharefore uncover inconsistencies in design logic. The Meiror-
ing simulitor's unique flexibility is well suited to the modelling of & protocol that is stili
undergoing development.

Performance results vy also be used to define n distinet market for Metroring. The simulation
model may be used to compare Metroting performanee with that of competing protocols to aid in
choosing a particular proteeal to fUlfil specilie neuds.

8.3 Future Research Regarding Performance Issues

The objest of this research was to examine the basie performance characteristics of the Motroruy
protocal, Thete are several specific issues regarding Metroring performance analysis which may
be examined it ryeater depth.

¢ Perhaps the miost interosting area in which this research may be extended Is in the analysis
of the effect that topology has on performance. By modelling o wider range of topologies
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Chapter 8: Conclusion

The performance characteristics of the Metroring protocol were investigated in this dissertation.
The simulation mode! constructed in the object-oriented paradigm provides 2 good tool for per-
formance analysis of the Metroring protocol. Concurrent access and simuitaneous transmissions
inerense effective throughput. The cfficiency of the Metroring srchitecture does tiot decrerse as
the physical size of the network increnses. High througliput to load ratios and high speed datn
transfers make Metroring ideal for networks exhibitiag a high traffic loading. The Metroting pro-
tocol simulation model implementation has proved successfil in altering the Metroring protecol
specification (eg. page 77). This was one of the primary aums of this research.

5.1 Features of the Research

This researclt includea soveral features:

s Dxisting models could not bo adapted to the Metroring requirements and therefore a
Metroting simalation model has been developed and tested.
* The simulation model was inplemented in the object-oriented paradipm. This results in a
number of secondary features:
= Flexibility.
= Retsable todules are portable to other discrete cvent simulations.
~ The simulation model has the potentinl to model other protocols.
® The relationship botween delay and paratiel paths, shown in Figure 7.12(b), could find
applicabillty in internets as hinted at In current rosearch (Shankar, 1992).
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will reach maximum utilisation before an eduivalent multi ting Metroring. This aspect of Metror-
ing performance requires a study In its own right. Many simulations need to be performed on Met-
rorings of much greuter size to establish well defined eriteria for choosing multi or single ring
Metroring topologies.
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1. A dedicated processor for every link int each node. Thiy would distribute the traffic
processing more or less evenly among processors ensuring that queuss in the Metroring
networy: filled at an approsimately uniform rate. The commercial Metroring networks
would inplement this form of foad balancing via dedicnted processors on network
interface urds,

2. Some forza of bulfer balancing where SENs would have queues that were larger than ring
O nfacton derived from the intensity of traffic at these two types of nodes.

mpi. - N receiving, on average, three times the amount of traffic that a ring
« ' receives would have an average queue size three times the size of the ring node
areue. This methiod would be extremely difficult to implemaont ané manage,
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The graphs in Figure 7.11 and 7.12 would tend to Indicate that expanding ¢ Metroring vin nddi-
tiotal sogments, as opposed to additional nodes on n single ring, could lead to a less dramatic in~
crease {n end-to-end delay, [Towaver, tha «end-to-cnd delay would become significant sooner ina
multi vivg network than in a single ring network. From the graphs, the mannes in which the Mei-
roring is expanded will not impact the throughput significontly although a #*ngle ring, Metroring
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The distinct shapes of the delay curves are attributable to the simulation soltware, The Metroring
simulator digcards 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
SENSs present in the network corresponds to the number of exponential inereases which the delay
curve experiences. The dual ring delay cutve has two disting, increases in end-to-end delay, while
the delay curve for the Metroring containing three rings experiences three distinct increases in des
lay. It is interesting that the second exponential increase in the dual ring delay curve aceurs at ap-
proximately twice the arrival rate of the first, namely at [kfps compared with 500 fps. This
rellects the symmetrical topology of the dual ring network.

Although the appearance of the end-to-end delay eurves for multiple rings is due to the simylation
model simplifications, one would expect similar characterigtics when analysing the real world sys-
tem. The end-io-end delay curves will experience an exponential increase wlhen a node, or group
of nodes, experience o greater traffic arrival rate than they are able to process. In the case ofa
multiple ring Metroring nelwork, this will occur at several distinet 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 distinet intervals, In addition, one would expect
these intervals to become Jess clearly defined as the number of rinzs, and consequently the nember
of SEN, increases. These assertions are confitmed by the end-to-end delay results produced by
COMNET models of each of the topologies shown in Figure 7.4, The COMNET models wore
constructed using speeds far jower than those attainable by Metroring because of COMNETS lack
of support for very high speed network modelling as mentioned in section 7.2.2. All links betwecn
nodes wore 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 al (1992) also exliibits a similar characteristic,

Fromt the abave discussion twe methods of obtaining better end-to-end delay performance charac-
teristic emerge:

¥ assuming e single processor in each node and uniformity of queue lengths throughout all
nodes in the network.
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Figure 7.12: Porformance Chameteristics With Vorving Number of Rings

From Figure 7.12(b), the average end-io-end delay in a single ring network only begins to prolif-
erate at & much higher Toad than the two, three and four ring networks. This characteristic is at-
tributable to waiting times within SEN node queues. A SEN may have three links or more, each
neting 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 fill move rapidly than those in a ting
node because the sirulation model uses a single processor per 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 resuits in twice the throughput fol-
lowing the definition of throughput given it section 5.2,1. '

The graphs also show that the rate at which Metroring networks reach their maximum throughput
is dependant on the nuntber of nodes in the Metroring. The 10 node Metroting reachey a maxi-
mutn throughput value at around 500 fhs 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 cage 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 Meiroring, while the 5 node Metroring only begh . to experience an increase in end-
to-end delays at about 800 fps, Buffers in the 10 node Metroring arve filled more rapidly than in
the other two Metrorings because of the greater loading. This in turn leads to the rapid increase in
end-to-end delay.

7.6.2 Number of Rings

A common way that & Metroring network can expand is via the addition of segments creating ad-
ditional rings. It is important to evaluate the effect which thls change in topology has on the sys-
tem pecformance. 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 contair 6 nodes, Hence their maximum throughput should be identi-
cal. This is shown in Figure 7.12(a). There is little 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 the single ring network to the
multi-ring networke,



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 finearly
with the number of nodes, i.e. the 10 node Metraring 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 on Performance

A Metroring may assume many different possible physical topologies. The Metroring simulation
model is an important aid in appreciating the effect of different physical network topologies on the

overall network performance, This section presents the results of simulation experiments carried
out to flustrate these effects,



It is evident from Figure 7.9(a) that larger frames cause the Metroting 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 atrival 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 @ Metroring network.
Figure 7.10(b) depicts the end-to-end delay with nodes having a forwarding rate of 1k, 10k, 20k
and 50kfps respectively, 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 10kips
forwarding rate respectively. This cheacteristic is intuitive as nodes with & high Srwerding rate
can process frames faster than nodes with a lower forwarding rate and, therefore, wi 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 decreasas, This s be-
cause the Jower 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 Métroring networks with nodes having 1kfps, 10kfps, 20kifps and 50kfps tor-
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 § Mbps for a 10kips forwarding rate.
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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 a node's buffers more rapidly than a similar series of
fonger 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 i3 impostant to note that the Poisson and exponential distributions ave intricately linked, If the

interarrival times are expaneﬁtinlly distributed and independent, then the number of arrivals by
time #, say N(£), meets the 3 assun:ptions listed below, and iy therefore a Poisson process (Banks,
1984).

1. Arrivals ogcur one af o time,

2. Arrivaly oceur completely at randam without any rush or slack times, i.¢. the distribotion
of the nutber of arrlvalg it an 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
ramdom varisoles. Future mrivals ocour compietely at random, independent of the number
of arrivals in past time intervals,

These assumptions are therefore inherent in the Metroring simulation model as exponential intes~
avrival times are assumed.

To swmmarise using the coroflary, if the arrival process of'the customers in a quening system fol-

lows the Poisson distribution, with arrival rate %, then the interarrival distribution will be expo-
nential with mean .

C.4 The M/M/1 Quene

Service and interarrival times are exponentially distributed with means 1! and A respectively.
Thus A represonts an arrival rate, for example 100fhs. Similatrly |1 repiesents & service rate. The

quantity { = p. represents truffic intensity.

The paranteters Ly and o, ropresenting average queue length and average queuing delay respec-
tively may be computed as discussed in (Banks, 1984, pp.200-202). These parameters are given

by,
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variates from other distributions using these random numbers. This is the methad used in this
simulation.

A uniformt random varisble over the interval [, 8 has a probability distribution function (pdf)
given by,

5= ‘ we daxsh
‘ 0. otherwise
and a cdf given by
0, r<a
M)y e asxsh
1 x»h

Tlie mean is givea by, 4%'3- and the vatiance by, ---*"’;“J

C.3 The Exponential Distribution

The exponential distribution has been used to model interarrival tiraes when arrivais are com-
pletely random and to model gervice times which are highly variable (Banks, 1984). The exponen-
tial distribution pdf is given by,

) AeB xz0
) { 0, elsewhere

for A& 0, where A is o tate, for example packets per second,
The cdf is givon by,
l 0, ¥=0
x
)= 1 At o™, x20
1}

The mean and variance of the distribution are piven by + and 'i.!i regpectively,
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Appendix C: Probability Distributions and the
M/M/1 Queue

C.1 The Poisson Distributicon

The Poisson distribution is a discrete probability distribution. It deseribes many random processes
well and has been widely used to model arrivad distributiong (Graybesl, 1980). The probability
muass function (pmi) i given by

0 Ferk
134

\1‘ = 0 1 nan
x = o LI |
PlY) { 0. otherwise

The cumulutive distribution function (edf) is given by,

) o 5 e
] i I

An important property of the Polsson distribution s that its expected mean value and varlance are
equal, i.e. &= 0?

C.2 The Uniform Distribution

Tha untform distribution i8 a continuous distributton. It is used to generate random numbers, uni
formly distributed between 0 and 1. The uniform distribution plays a vital role in simulation as it
provides the menns 1o gonerate random events. In computer situlations it is customary to gener-
ate random numbers according 1o & uniform distribution and to then generate samplea of random
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B.3 ¥low Control

Typically some nodes in any network will transmit and ptocess frames faster than others, Hence,
nodes need sone v/ay of ensuring tha they do not lose frames if they are receiving frames at a
quicker rate than thw y are able to process them, Some farm of flow control is essential in any net-
working protoeol in order to uvoid the situation described above.

'The Metroring uses a nuinber of quenes and buffers in which to store frames. Bach fink has a
buffer assoclated with it. This iwdfer is used for frame assembly when receiving frames and to

store frames awphing tronsmission. There gre, in nddition, three other queues in each node: a re-

eelve queue, & send queute and ¢ tranamitted queve. The receive queue s used to queo frames
walting to be processed by r node's CPUS All frames to be transmitted are firt loaded into the
send queus, These frames ate then stored in the transmitted queve until they have been acknowl-
edged. Should cach link have a separate processor, it would correspondingly have the queues
mentioned ebove associated with it for greater efficlency.
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Metroting 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 hiersrchy ia the bridge table, Ezidge node tables contains
the same bagic information that a SEN does, however, the bridge table will contain entries for
every other bridge in the network,

B.2.2 Routing Tables

A routing table contains a row for ench destination, and a column containing the shortest path to
that node or aren. Table B.1 shows a Metroring routing table. The dest’ xation region and the das-
tination node is represented by the alpha-numeric number appearing in the first column of the ta~
ble. The link providing the quickest route fo the destination is listed in the second column, The
final column gives the cost of the routs in terms of hop count. The routing tables used by #.» Met-
raring sithulator ave constructed in the same manner ag the table depicted in Table B.1,

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

i Destination | Pori or Link | Hops

A0 ' 1

B! 1 "
_ Co 2 3 ¥
o C1 2 T

BO ‘ 1 | 3

Tible B.1: A Metearing Roing Tabls
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Jath between source and destination, and routes the frame along this path, The shortest path may
be determined according to the shortest pliysical distance, the least number of node hops, or the
lowest mean quezing and transmission 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 implemanted in a
Metroring, each node would need to store a re: # g table with entries for every other node on
the meiwork. This is obviously unreasonable in the case of a large Metroring consisting of many
nodes and many regions.

[deally, in the case of & Metroring netwerk, we would like a meihod that results in the efficiency
of o shortest poath steategy while keeping the size of routing tables to a minimum. Hierarchy rout-
Ing ’s an atterapt to fuliil this requirement,

B.2,1 Hierarchy Routing

A single level address gpace requires each noc'e performing routing (in the case of a Metroring
this is every node in the network) to know the correct ronte to every possible destination inde-
pendently, while a hierarchical address space allows routing nodas to know correct routes only to
destinations within the local "area” and to other areas (Schoemaker, 1978).

Hierarchy routing is implemented vy providing a number of different clagses of routing table. The
most simple of these is the table contained within every twowport node. This table congains an en-
try for every node on that segment together with the shortest path to reach that node. The two-
port node touting table also contains addresses for every SEN on that segment, as well as the
shortest route to reach the SEN.

The next level in the hierarchy is the SEN table. This table contains entties for every node on
every attached segment together with their respective shortest paths, The SEN table also containg
the addresses and shortest paths 1o ali other SENs within that particular segment. Lastly, if the
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4, The receiving node sends a NACK to the transmitting node when an error is encountered.
An ervor 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 flame's sequence number, This
retransmission stratogy is called go~back-N.

6. All frames with a sequence number less than the corrupted frame's sequence nurmber are
removed from the transmitting 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) deflaes the primary function of & routing algorithm to be the deiermination of n
pith thet frames must follow frarr . source to a destination in such a way that the end-to-snd de-

lay is mintmised,

Two basic methods of routing eaist: adaptive and non-adaptive methods. Non-adaptive or static,
routing methods do not react to network topology changos or routes that are congested with traf-
fic. A route is computed in xdvance and that route is fixed. Adaptive or dynamic routing meth-
ods, on the other hand, seck to vontinually itchide changing iraffic and topology changes in their
routing decisions, The inflexibility of the static routing methods renders this method inadequate
for the high speed, nighly efficient Metroring network. Although the Metroring protocol uses dy-
namic routing, the Metroring simulator employs siatic routing for simplicity.

Theie are 8 number of adaptive routing schenies 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 Metroring Protocol

B.1 Error Control

Wheu 1 comptiter transmits 8 message to another computer over a potentially unraliable medium,
it will normally retain a copy of that message for retransmission in case of failure of the tranafer
(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 sending node. Thig
process must take place automatically, and must be transparent to the user. The method of error
control described sbove is known ag automatic repeat request and there are two types In practise.
The firgt is known as idle RQ (repeat request), The idle RQ scheme requirss that the iransmitting
node wait for a positive or & negative acknowledgement (ACK or NACK reapectively) before
transmitting another frame, For ¢ detailed explanation of this method of error contiol the ~eader iy
referred to (Halgall, 1992). The second method of automatic repeat request error control is called
continuous RQ. This stratepy does not require an acknowledgement from the receiving station
before transmitting the next frame, and thus a continuous stream of information may be
transiitted, |

The Metroring protocol uses a type of continwous RQ (repeat request) etror contrel strategy. This
error control scheme has 1 much better link utilisation than the idie RQ scheme. The operation of

this method proceeds as follows:

1. The transmitting statlon sends frames continuously without waiting Ffor an
acknowledgema:t from the receiving station.

2. Bnch transmitted frame is marked with a unique sequence nuntber,

3. A copy of each transmitted frame ig retained in the transmitting station.



The LCP Layer ensures the cbrrect, sequential transfer of frames between Matroring nodes. Error
control and flow control are twa major functions of the LCP Layer. These functions are de-
scribed in Appendix B,

The RCP Layer is responsible for 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:

@ Controffing the method by which a new node attaches to the Metroring network,

¢ Informing all relevant nodes of any node and media faults and of the correction of these
faults.

® Ensuring node routing tables accurately reflect the current Metroring network
conflguration,

For a more detailed discussion of the Metroring protocol stack, the reader is referred to (Tjirkalli,
1993),
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result. The control of such congestion is another finction of the network layer
{Tanenbaum, 1988). _

o Layer 4: The Transport Layer, Provides an interface between the networking and the
application oriented layers. It essentially provides the higher level applications with a
network-independant, reliable message interchange service,

o Layer 5: The Session Layer. I8 responsible for initialising and clearing a dialogue channel
between two peer application entities,

o Layer 6: The Presentation Layer. This layer is concerned with the syntax of the drta
during a dislogue session between two application entities,

o Layer 7: The Application Layer. Provides the user with a number of information services.
These include tile transfer access and maniagement, and electronic mail,

A.2 A Comparison of OSI and Metroring
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 OS{ 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 fiinction that Metroring nodes perform,

The Path Layer is divided into the Metroring Media Access Control Layer (MRMAC), the Link
Control Protocol Layer (1.CP), the Route Control Protocol Layer (RCP) and the Management
Protocol Layer (MP),

The MRMAC layer is responaible for acvess control to and from the physical media. As there are
no media contention issues in the Matroring protocol, the MRMAC Layer is significantly gimpli-
fied from corresponding MAC Layers in other protocols such as Ethernet. Point-to-point, full du-
plex links also simplify the MRMAC Layer, The MRMAC Layer controls the input output buffers
and keeps neighbouring nodes informed of buffer availability.



-43-

Appendix A: OSI and Metroring

A.1 The OSI Seven Layer Reference Model

Computing equipment suppiied by many diffevent vendors may coexist on any single network, In
order for these devices t0 communicate with one another successfully, some form of universal
data exchange protocol is needed. The ISO Reference Model for Open Systems Intercopnection
{or the seven layer model) was developed to fulfil this need. The niodel provides a vendor-
independent standard concerned with structuring of the conununications software that is needed
to provide a reliable communication service to support a wide range of applications (Halsall,
1981). Layers 1 to 3 of the reference model form the network dependent layers, while layers 4 to
7 constitute the application oriented layers,

» Layer it The Physical Layer. The physicel layer consists of all the mechanical and
electrical components necessary to link computing equipment. This layer is concetned with
transmitting raw data bits over a communication medium.

o Layer 2: The Dota Link Layer. The function of this layer is to provide a reliable
information transfer facility 1o the rest of the network. The Data Link Layer i3 split into
two sublayers - the MAC and LLC layers. The MAC layer ensur.s fair aceess 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,

o Layer 3: The Network Layer. This layer i§ responsible for the establishment of a logical
fink between two nodes on 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
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getBvent retrieve event from future events Hst
initSimulation initinlise simulation parameters

eventListiundler procedure to handie various events
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Class: RingNode
Deseription:  Class defining a Metroring ring node
Base Class:  BaseNode
Methods:
sefupTable  setup o routing table for the node

lookUp find a frame's deatination address

Class: SEN
Deseription:  Class defining a Metroring Segmont End Node
Dase Class:  BaseNode
Methods:
sctupTable  construet 4 routing table for the node

lookUp find 8 frame's destination nddress

Closs: Simnlator
Deseription:  Simulation engine
Methods:

putlivent place event in Asture cvents list

T
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Base Class:  MetrorngObject
receivelirame process for receiving a frame
trangmittrame process for transmitting a frame
getFipstitern  refurns the first tem in the queue

getlength  refurns the length of the queue

+ +

Closs: Regio
Desoription:  Clags representing a Metroring region

Bage Class:  MetroringObject

Methods:
addNode adds 2 node to the region
setupNodes initfalises the nodes in & reglon

getNumberNodes  roturns the number of nodes in the reglon

W +

Clnse Random

Degeription:  Class to getterate a Random Integer between 0 and 1, This generator uses the
linear congruental random number generator.

Methods:
uniform returns a rantdom uniform nimber

exponential  returns an exponentially distributed tandom number
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Class: MetrovingObiect
Description:  Abstroct Base Class for Metroring Objects

Bose Class:  Object

Methods:
nameQf returng the name of the class
printOn returns contents of object
- +
Class: Netwaork

Description:  Defines Metroring network

Base Ciass:  MetroringObject

Mathods:
resot resets all voriables associnted with the network
setupRegions crentes negossary regions in the network

getNodo returns any node object in the network

Class: NedeOQuene

Deseription:  Class providing structure for queues in Metroring nodes
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Methods:
isEqual tests whether event is equal to another
isl.essThan  tests whether gvent is less than another

geiTime return the time associated with an event

+ +

Class: Frame

Description:  Class defining the Metroring frame

Methods:
printOn displays objoct contents
getDestNode returns destination node address
getlength  returng the frame length

getTime retuens time that frame was generated

-
+

Class: Generator

Description:  Generates frames and events

Methods:
penerateframe generates a new {iame
generateBvent generates a new event

generptelixpon

generates an exponentiatly distributed random number
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Appendix F: Metroring Simulator Class Reference

The main classes in the Metroring simulator are listed with a description and several important
methods in each:

Class: BaseNode

Description:  Class providing structure for & Metroring node.

Base Clasgs: MetroringObject

Methods:
setupQueoues .8 aiidd initinlises the queues
sctupTable  initinlises routing table from an ASCII file
lockUp finds destination in routiny table
receiveBvent  handles frame arrival

sransmitBvent handles frame transmission

Class:  BascEvent

Description:  Stracture for ovents in the future eventa list

Ba:. t'lass:  Soriable
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3. Library Classes, C-++ provides many useful library classes. Entities such a8 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 purposs
simulatton language. Some basic building blocks provided by languages such as
SIMSCRIPT and SLAM are 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-+.
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Appendix E: Justification For Using C++ as the
Implementation Language of Choice

The object-oriented model described in Chapter ¢ 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 white providing all the additional functionality neces-
sary to suppoit the object-oriented paradigm. Thus C+++ supports the elements discussed in See-
tion 6, 1.1, C#+ is u 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 und multiple inheritance. This is an extremely
imp rtant benefit of C++ and is used extensively in the Metroring simulation, for example
in ine derivation of a Metroring SEN, a Metroring frame and the rardom statistical
distributions, to name but a few.

2. Polymorphism. Polymorphism provides a generic interface defined by a base class so that
objects can be manipulated uniformly though thy may be Instances of either the base class
or any derived class (Jordon, 1990). An example -.f polymorphism is found in the
Network class of the Metroring Simulator. In this clags all nodes ate stored in an array.
The simulation actually allows two types of Metroring node: ring nodes and Sogment End
Nodes. These nodes are defined slightly differently, however, polymorphism allows them
1 b handled in the same manner. This feature presents tremendous flexibility, and, if
propetly utitiged, could enable the simulating of different protocols on the Mutroring
simulator.
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Flaure D, 1: Class and Obieet Dianams

(1991) explaing, an object dingram "may thus represent a time-lapse spapshot in time of an other-
wise trunsitory event.”

An object in an object diagram denotos some instance of n clags. Therefore the operations used in
an object diagram must have corresponding definitions in the class diagram, For example, if a dia-
pram depicts object O sending 2 message M *0 a second object 8, the operation M must be de-
fined in $'g class. Class diagrams document the key abstractions 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 siown in Figure D.1. The objact icon is similar to the
icon for a alaeg except that solid lines are used to denote an object. A solid line is used to repre-
sent & path .orough which one object can send messages to another, An arrow on the line indi-
cates the direction of the message.
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D.4 The Booch Notation

D.4.1 Classes

In the Booch notation, the existence of clagses and the relationships between these classes is
shown by a class diagram. Figure D.1 shows 4 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 vatiety of relationships which may exist between classes, including inheri-
tance, uging, instantiation, and metaclass relationships (the metaclass relationship will be ignored
a5 it is not supported by C++). The icon for cach 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 otie class uses the resources of another class. An upen circle indi-
cates that the interface of one ciass usey the resources of another clags, The cardinality botwesn
classes which use one another may algo be expressed in Booch's notation, For example, if we have
two classes, A and B, a symbol 1 next to A and a symbol 2 next to B indicates that for every in-
stance of A we have 2 Ingtances of B, and for every instance of B we have exi .tly | instance of A.

Instantiation is indicated by a dashed line and inheritan: 5 by n solid line, The arrow points to the
class being instantiated or inherited.

D.4.2 Objects

An object dingram represents the existence of objects and the relationships between them, As in
the cage of ciiss disgrams, & number of these dirgrams may bo necessary in the design of a sys-
tem, Whereas classes are largoly static in nature, objects are more transitory. Thus object dia~
grams are used 1o capture the dynamic semantics of operations (Booch, 1991). As Grady Booch
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D.2 Encapsulation

Eneapsulation is the process of hiding all of the details of an object that do not contribute to its
essential characteristics (Booch, 1991}, To use an example from the Metroring simulator to illus-
trate this concept, consider 2 Network object. A user of the object may, for example, add node
objects to the network, however, the manner in which thess 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 2 c¢lass' implementation without affecting
that class' clients. For example, the array of nodes can be changed to 8 linked fist of nodes in the
case of the Network class without affecting any of Netwoxk's client classes,

C++ is particularly fiexible when it comes to the visibility of member objects and functions, C++
makes use of what is known as intelligent encapsulation. The disruption upon a program is alse
kept to a minimum when algorithms whicls are prone to change dunng the system life cycle are
encapsulated, Hence, encapsulation played an important part in the design of the Metroring simu-
letor, Bach clags may have 4 publie, protected or private part, By placing a member from 4 user
in the private section of a class we fully encapsulate that member, limiting visibility to the ciass it-
self. Commonly that data which defines the state of an object s placed in the private part of its
class definition. At example of this type of visibility would be the «atistics agsocinted with each
node. We only want the Node object associnted with those 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 mewmber. Finally, a member may be placed in the public
purt of & class, This member would ot be excapsulated ag it would be visible to all client classos.

D.3 Modularity

Modularity is the property of a system that lias been decomposed into a set of cohesive and
Joosely coupled modules (Booeh, 1991).
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Appendix D: Object-Oriented Concepts

D.1 Abstraction

An absiraction denotes the essential characteristicr 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 an 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
whiclt is hidden from the outside world. In C++ member functions typically describe the mauner in
which an object behaves.

The main problem in developing an objest model is to define the major abstractions. Often, these
Rbatractions directly paraliel the vocabulary in the problem domain. So, in A Metroring for exanm-
ple, a node would form one key abstraction, This process is closely linked to the process of deval-
oping a simulation model as discussed in Chapter 6. We encapsulate all our knowledge abont 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 tlat clags. Classes are really just
abstractions which we have invented to deseribe the problem domatn, but when buiiding & model
we need tangible objects upon which we may operate. We therefore create an instance of a class
to form an object. if we have a class called Node, which desctibes the universal behaviour of any
Metroring node, we miglit create a twmber of instances of this class, say Node One, Node Two
and Nade Three, to form a ring,
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COMNET end-to-end delay results

3 Rings 4 Rings 5 Rings h

| Rate(fos) | Delay (sec) | Rate(fos) | Delay (sec) | Rate(fos) | Deley: (seo)
1950 0.01 1950 0.01 1950 0.01
[7890 0.01 17888 0.01 17887 0.01 ]
35912 0.01 35913 0.01 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 1,99
82748 1.85 83850 1.6 79916 2.74
95407 2.71 94286 297 87993 429
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 bave
been reproduced in tabular form to enable easier comparison.

Theoretical vs simulated results for a sinple Metroring node

nsity | (Analyticel) Time Jimo

Analytical (Simulated)
0.1 0.01 0,010386 0 0.00027
0.2 0.03 0.045812 0.000219 0.000628
0.3 008 0.111481 0.000374 0001066
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 1.228807 0.002513 0004954
0.8 2.4 2.006718 0.00442 0.007246
0.9 17.23 16.700741 0.027674 0,053064
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