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Abstract

This thesis is about the performance modelling and evaluaticof all-optical

switching techniques for the wavelength-division multipleed layer. We clas-
sify an all-optical approach to switching as either optical brst switching

(OBS), optical circuit switching (OCS) or optical packet swithing. The
scope of this thesis is con ned to OBS and OCS as well as hybrid@paches
that are derived by combining the two to allow for a polymorpit optical

layer. We develop teletra ¢ performance models for severabfms of OCS
and OBS, including:

Wavelength-routing;

Distributively and centrally controlled variants of dynamic OCS, where
we de ne dynamic OCS as any form of OCS capable of statistically
multiplexing wavelength capacity on at least a millisecond thescale;

Time-slotted forms of dynamic OCS;
OBS with limited and full wavelength conversion; and,
OBS with de ection routing.

All the models we develop are open-loop loss models either fobackbone
network or a stand-alone link. Our generic model for a backbennetwork
consists of edge routers at which packets are enqueued and aecwir optical
cross-connects that are interconnected via wavelength-dswon multiplexed
links. We particularise this generic model by specifying how pkets are
switched from one edge router to another. For the particular odels we



develop, we derive analytical approximations for the thre@nportant tele-
tra c performance measures of: end-to-end blocking probality; the pre-
transmission queuing delay distribution experienced by a padkenqueued
at an edge router, or the mean of this distribution if the distrbution itself is
too di cult to accurately approximate; and, wavelength capacity utilisation.
Computer simulation is used to verify the accuracy of each apmximation.
As such, we divide the task of performance evaluation into thresteps: model
development, model analysis and analysis veri cation. Most epters in this
thesis are devoted to implementing this simple three-step r@a for a particu-
lar switching technique. The exceptions are Chapters 3, 8 arid. Chapter 3
is devoted to the cross-layer optimisation of the logical topogy, and routing
and wavelength assignment in a wavelength-routed network, viea Chap-
ter 10 proposes a new approximation for blocking probabilityn over ow
loss networks. And in Chapter 8, we use our performance models toag-
tify how well OBS stacks up against OCS from a teletra cist's vievpoint.
We see that a two dimensional delay/blocking plot can be dividkinto four
guadrants corresponding to OBS-only and OCS-only quadrantan OBS or
OCS quadrant and a quadrant encompassing unattainable deldybcking.
We are able to determine which of OBS or OCS should be used to anle
a prescribed delay/blocking while maximising utilisation. Wealso see that
sacri cing an assurance of no blocking at each optical cross-cam with
the use of OBS is not as attractive in optical networks as its atogue of
tell-and-go was in ATM networks. The main contribution of this thesis is a
comprehensive suite of approximations and exact analyticaésults that can
be used for dimensioning and quantitative evaluation. We preseseveral
such applications and numerical examples at the end of eachagtter.
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Preface

This thesis presents much of the work | have undertaken during yrthree
and a half year PhD candidature. The content of each chaptes iclosely
aligned with one or more research papers that | have co-autteat during my
candidature. Therefore, much of the content of this thesis Isaalready been
peer reviewed. In most chapters, | have presented fewer numaficesults
than in the corresponding research papers. Furthermore, | hawecluded
substantially more background in this thesis.

The order of chapters almost corresponds to the chronologicatder in
which | have pursued my research. The only exception is that Chter 8
and Chapter 10 should have been swapped. | decided against tH®agh to
improve the continuity between Chapter 8, which quanti es kow well OBS
stacks up against OCS, and the preceding chapters, which focuther on
OBS or OCS.

The structure and organisation of each chapter beyond Chapt@ris simi-
lar. A typical chapter in this thesis begins with the developrant of a network
or stand-alone link model for a certain optical switching teamque. Then,
using the analytical approach to performance evaluation, gpoximations for
otherwise computationally intractable teletra ¢ performance measures are
derived. Finally, the accuracy of each approximation is veed with com-
puter simulation. As such, a typical chapter comprises three pt: model
development, model analysis and analysis veri cation.

All the performance models developed in this thesis are opeynp loss
models. There has been interest recently in \closing the loop'ylmodelling
the presence of a retransmission protocol. Closed loop models aot con-
sidered in this thesis.



Chapters 4 and 5 apply this three-part approach to OBS, whil€hapters
6 and 7 to OCS and Chapter 9 to optical hybrid switching. Chapte8 is
a culmination of the four preceding chapters in that it relis on the models
developed in these chapters to quantify how well OBS stacks upgainst OCS.

The exceptions are Chapters 2, 3 and 10. In Chapter 2, | outknthe
focus and contributions of this thesis. Chapter 3 covers my damwork on the
design and optimisation of wavelength-routed optical netw&s. And Chapter
10 presents a new approach for analysing general network lossdas with
over ow, such as the model for OBS with de ection routing devieped in
Chapter 5. | have included some background on OBS with an emgis on
performance modelling aspects at the beginning of Chapter Bhave decided
to include this short survey because the performance modelling OBS is a
relatively new area on which hundreds of research papers hdeen published
recently.

One of the most tedious tasks in compiling this thesis was ensugithat
notation and nomenclature remain consistent from chapter tohapter. Al-
though | have devoted countless hours to this task, some termseaused
interchangeably. For example, an edge router, edge bu erdge node and
source router all refer to one and the same thing in this thesis. Anevitable
consequence of ensuring notational consistency has been thag thotation
used in a particular chapter rarely matches up with the notatin used in the
research papers corresponding to that chapter.

| have taken for granted many of the fundamental ideas that he been
postulated by experts working in the area of photonics and beme ingrained
in the pencil-and-paper research community to which | belorgl during my
candidature. For example, | have taken for granted that lintations on elec-
tronic processing speeds will indeed gives rise to electronictttenecks that
can be overcome with photonics. And | have taken for granted tha clear
divide exists between the edge and core of a network. There a&veral oth-
ers that | could list. Whether or not these assumptions are validsibeyond
the scope of a thesis that is primarily grounded in teletra ¢ malelling.

This thesis is just as much my own as it is the many people who have
made substantial contributions to the work herein. The contbutions of the

Vi



these people have been acknowledged in Section 2.4. The oetbf this thesis
and its contributions by chapter have been summarised in Seoti 2.1.
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Chapter 1
Introduction

The Internet is growing at an astronomical rate. Within Austraia alone,
the number of households with access to the Internet has quaghttad from
1.1 million to 4.4 million households since 1998 [1]. More thame in two
Australian households have access to the Internet today.

It is not only the Internet's level of penetration that is growving. The
Internet is also growing tremendously in terms of the amount dfra c it
carries per user. Within the US, Internet trac has on average dubled
every year since 1997 [34]. The doubling-every-year phenoroe has been
coined as a kind of Moore's Law for the Internet. As shown in Fig.1.1,
Australia has not bucked this trend.
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Figure 1.1: Internet downloads, Australia [2]
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The complementary relation between the next big “killer' aplication and
technological advances is the biggest factor fuelling Inteet growth. During
1995, the coinciding and rapid proliferation of the World Wile Web and
email placed huge demands on the telephony network, which #tat time
formed the infrastructure for the Internet. In response, a new arket was
opened up for digital subscriber lines (DSL) [169] and cable m@ms, which
provide bandwidths per user in the order of 1 Mb/s, contrasted tdhe 56
Kb/s available over a dial-up line. The cost of bandwidth fellin the years
that followed, which spurred the creation of a new generatioof even more
bandwidth hungry applications, namely le sharing and streammg video,
though neither of these applications have been as popular asetWeb and
email. As new technology continues to be rolled-out, historyictates that
the cost of bandwidth will fall further and the cycle will repat with the
creation of new applications.

Voice over IP [67, 193] is touted as the next big applicationt promises
unlimited and un-timed phone calls to far- ung destinationghat cost nothing
above a broadband at-rate access fee. As voice over IP protiéges, Internet
tra c is set to skyrocket due to migration of tra ¢ from telepho ny networks
and lack of cost disincentives to keep the frequency and durati of calls to
a minimum. Furthermore, a voice over IP call requires a banddth of 90
kb/s, whereas a traditional call typically uses only 64 kb/s.

The telecommunications researcher and the telecommuniaatis industry
had a bonanza in the golden decade preceding the dot-com bus®2000. Fi-
bre transmission technology advanced to provide higher bit4@s over longer
distances. Wavelength division multiplexing (WDM) [122] wasalled-out as a
complementary approach to xed time-division multiplexing WDM allowed
transmission on multiple carrier wavelengths within a bre. A D Gb/s link
could be achieved with 4 WDM channels at 2.5 Gb/s each instead @ single
mode bre at 10 Gb/s. Today, WDM bres providing 1 Th/s are in com-
mercial use [143]. While in 2001, NEC set a record by providing .80Tb/s
over 117 kilometres using 273 WDM channels at 40 Gb/s each [55]

During the golden decade, the optical transmission layer undeent an
evolution that spanned three generations of optical netwosk The rst and
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second generations are in commercial use and provide much o thfrastruc-
ture for the Internet today. While the third generation is still largely con ned
to research laboratories. With each new generation, more ancone function-
ality traditionally provided by upper layers in the protocd stack! migrated
to the optical layer and certain higher layers disappeared labgether.

Third generation optical networks promise unsurpassed bandwid to
inspire the next big application and sustain the growth of existig ones.
Whether or not there is another “killer' application on the torizon is another
question all together|some have doubts. In the meantime though giant
strides are being taken to develop cost-e ective enabling tecologies. It is
these giant strides that lie at the cutting edge of present-dayetecommuni-
cations research.

1.1 The First and Second Generations

First generation optical networks use single mode optical bresimply as
an alternative transmission medium to copper cable. Fibre prades higher
bandwidths and lower bit error rates than copper. The optiddayer is there-
fore a network of point-to-point “pipes’ that provide a certan bandwidth to
the layer residing above it.

1.1.1 The Synchronous Optical Network

In rst generation optical networks, the SONET (Synchronous Ofical Net-
work) [106, 143] layer resides above the optical layer and idiggredominantly
used today in the US, while the closely related SDH (SynchronouBigital
Hierarchy) is used in Europe and Japan.

SONET provides several functions [143]. It provides and maneg end-
to-end circuit-switched connections that may traverse mulgle spans of -

1The protocol stack is imagined as set of layers stacked vertically. Eaclayer is respon-
sible for providing certain functions to higher layers. These functions include switchng,
routing, providing quality of service (QoS) guarantees, restoration in the eent of failures
and multiplexing. The optical layer resides at the bottom of the protocol stack. See
[106, 169].
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bre. Each connection guarantees a xed amount of bandwidthnce set
up. SONET provides xed time-division multiplexing to interleave low-speed
streams. For example, low-speed 64 kb/s voice streams or 1.5 Gipisvate
lines can be multiplexed up to 2.5 Gb/s or even 10 Gb/s for trasmission
across a circuit-switched connection [143]. SONET also provel&nctional-
ity to support restoration in the event of failures and extensig monitoring
abilities to allow veri cation of connections. All the functions provided by
SONET are performed electronically.

The infrastructure of rst generation optical networks consiss of sin-
gle mode bres terminating at transponders and interconneet by SONET
add/drop multiplexers (ADM). A SONET ADM is able to drop one or more
low-speed streams from their parent multiplexed stream, and peersely, add
one or more low-speed streams to a high-speed multiplexed stream

A transponder provides the interface between the optical an6ONET
layer. Its primary function is to modulate an optical signal sitable for
transmission across a bre with a high-speed multiplexed stream. HIs is
performed using an electrical-to-optical (E/O) converter,while the reverse
operation of recovering a high-speed multiplexed stream froam optical sig-
nal is performed using an optical-to-electrical (O/E) conweer.

Residing above the SONET layer is a network layer that is respoie for
performing functions such as statistical time-division multipexing, routing
and possibly providing quality of service (QoS) guarantees. Tdw¢ network
layer, the SONET layer below is perceived as a set of virtual cuit-switched
connections between client layer network elements. It is theetwork layer's
job to aggregate a variety of low-speed voice, data and privatine services
and use the functionality provided by the layers residing belo to perform
the end-to-end routing of these services by taking them from ér source
and delivering them to their destination.

1.1.2 To Packet or Circuit Switch?

The network layer can o er either connection-oriented or amectionless ser-
vices. The di erence between the two lies in the way tra c is swiched from
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one virtual circuit-switched connection to another. Connd®n-oriented ser-
vices use circuit switching. A circuit-switched network prowdes an end-to-
end circuit-switched connection from a source to a destinatiaimat guaran-
tees a certain bandwidth, delay and bit error rate once set up.

The traditional telephony network is an example of a circuiswitched
network. It provides a connection between two end users thaugrantees a
xed bandwidth of typically 64 kb/s for the duration of a phone call. The
SONET layer itself is another example. It provides virtual cicuit-switched
connections to the network layer residing above. Private lenservices are
an example of gigabit circuit-switched connections that aréeased by car-
riers to customers demanding a connection o ering guarantéeQoS over a
long period. Guaranteed end-to-end delay is a feature of awattion-oriented
services that is essential to voice and other real-time applitans such as
streaming video.

Bandwidth utilisations of less than one tenth of a percent areot uncom-
mon for circuit-switched connections [128, 164]. This is baase a circuit-
switched connection is allocated a xed amount of bandwidthqual to the
peak bandwidth demand that is expected throughout its durabn. However,
some applications generate tra c that demands a lot of bandwdth for a
short period and no bandwidth during the silent periods that & in between.
The Web is the predominant application generating this burst [104] kind
of tra c. Even the shortest circuit-switched connections in rst and second
generation optical networks are usually of a duration that idong enough
to span many silent periods. Bandwidth is tied-up but not utilisél by a
circuit-switched connection during each silent period.

Connectionless services are intended to improve bandwidthiligation
with statistical multiplexing at the expense of the guaranteedend-to-end
delay provided by connection-oriented services. Connectiess services use
the store-and-forward approach of packet switching. In a paekswitched
network, tra ¢ streams are segmented into packets of xed or vaable size.
Associated with each packet is a header that speci es the packeintended
destination. At each intermediate node, a packet is bu erechirandom access
memory (RAM) while its header is read to determine which outgag link
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the packet should be switched to next enroute to its destination Packets
owing to a particular tra ¢ stream are reassembled and reorde at their
destination.

Statistical time-division multiplexing is possible in a packeswitched net-
work because the active periods during which a lot of tra c is gnerated and
the silent periods that lie in between are rarely synchronisedreong tra c
streams. Bandwidth utilisation is improved by provisioning ede link only
with su cient bandwidth to cope with the average bandwidth demand it can
expect, as opposed to the peak demand provisioned for in a citeswitched
network. The tradeo is that it is possible that some packets mayequire
further bu ering beyond the time required to read a header ithey are to be
switched to an outgoing link that already has all of its bandwdth utilised
by other packets. Therefore, end-to-end delay cannot be geateed because
a packet may undergo a random queueing delay at each internate node
that depends on how many packets are queued ahead of it. A patiswitched
network is said to provide best-e ort service because the best ik to keep
end-to-end delay to a minimum, but no guarantee is possible dé@ random
gueueing delays.

Three standards exist for the network layer. SONET was the rst ad
provides a connection-oriented service in the form of virtd@ircuit-switched
connections. SONET is adept to voice and private line services.

Telephony and data networks have traditionally been separat ATM
(Asynchronous Transfer Mode) [56, 106, 144, 169] is a networkyda that
was introduced in the mid-eighties with the intention of inegrating existing
telephony networks with the emerging data networks to gaincenomies of
scale. If data and voice tra c were to share the same network, Qoould
have to be allocated on a per application basis to ensure a guateed end-
to-end delay for voice and other real-time trac and e cient bandwidth
utilisation for best-e ort tra c. ATM provides a connection- oriented service
that is able to support QoS guarantees such as bandwidth and dglon a per
application basis, even while using statistical multiplexing gbackets to make
e cient use of bandwidth [143]. ATM results in a packet-switchel network
that uses virtual circuits to discriminate between packets wh di erent QoS



1.1. THE FIRST AND SECOND GENERATIONS 7

requirements. The main network element in an ATM network is arATM
switch and the basic transmission unit is a 53 byte cell.

The rise of the Web saw the composition of tra c undergo a massive
shift from voice to data. Some claim that by the end of 1994, Wetra c
formed more than half of the volume of commercial tra c [34].IP (Internet
Protocol) [61, 106] is a packet-switched network layer thatagned dominance
as the composition of tra ¢ began to shift. Due to the success of #éninternet,
IP has emerged as the dominant network layer today. IP is a bestort
service that does not o er the QoS support provided by ATM. The main
network element in an IP network is an IP router and the basic nsmission
unit is an IP packet.

Today, an ATM and IP layer often reside above the SONET layer. Ta
SONET layer provides a set of virtual circuit-switched conneadns between
ATM switches or IP routers. This is referred to as ATM or IP over ®NET
over optical. Using SONET as an intermediate layer is a legacy tife heavy
investment carriers made into SONET and the ability of SONET to povide
functionality to support QoS, restoration in the event of failires and exten-
sive monitoring abilities to allow veri cation of connections. SONET is also
directly used for private line services.

Many carriers today are in the business of providing best-e orservices
that render super uous much of the functionality provided by SONET. It
is anticipated that as better QoS support is developed for IPnithe near
future, IP over optical without an intermediate SONET layer will emerge as
the predominant architecture [61]. In the meantime, the netork layer will
remain a mishmash of SONET, ATM and IP. SONET provides a coarse ldve
of granularity to cater for high-speed tra ¢ streams demandimg strict QoS
support, while IP provides a ner level of granularity to cate for best-e ort
low-speed tra ¢ streams that can bene t from statistical multip lexing.

ATM was initially intended as a replacement for IP as it proviled better
QoS support. However, ATM never really blossomed and it seems thiatis
set to wither as MPLS (Multiprotocol Label Switching) [5, 143 is deployed
to provide QoS support for IP.

Fig. 1.2(a) shows a typical node architecture for rst generabn optical



8 CHAPTER 1. INTRODUCTION
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Figure 1.2: Typical node architectures

The key de ciency of rst generation optical networks is thatall tra c
passing through a node is switched electronically within the STET ADM.
With new bre technologies allowing for rapid increases in Ipe bit-rates, it
became clear that electronic switches would not provide su eint capacity
to switch all the tra ¢ passing through a node. An approach was neded to
allow pass through tra c to bypass electronic switches via the ptical layer.
It would then only be the comparatively small volume of add/dop trac
that is local to a node that would be switched electronically.Without an
optical bypass for pass though tra c, electronic switches werelestined to
become the foci of network congestion.

1.1.3 Second Generation Optical Networks

The evolution from rst to second generation optical networkswas driven
by the necessity to reduce the burden placed on electronics. Thdvent of
the optical cross-connect (OXC) [30, 143] and WDM allowed thisvolution
to take place. An OXC comprises an optical switch capable of wavand
switching or switching on a per wavelength basis. An electronic gah and
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other electronic processing capabilities usually reside abcae OXC to cope
with local add/drop tra c, to groom low-speed tra c streams, to regener-
ate an optical signal and to provide wavelength conversion fationality in
the case that an optical signal requires conversion from one vedength to
another. Wavelength conversion functionality can also be pvaled optically
[47] by sharing a pool of wavelength converters or dedicatiregwavelength
converter to each ingoing WDM wavelength channel [49]. Figl.3 shows a
possible OXC architecture with a shared pool of wavelength coerers and
an electronic switch to cope with local add/drop tra c.

Local Add/Drop Trac

[

Electronic
OfE Switch E/o

WN =

1
2
3

Optical

CY]VDM | Wavelength
WDM annels 1 switch

Fibre

WN =

1
2
3

Demux Mux

Pool of
Wavelength
Converters

Figure 1.3: Possible OXC architecture with a shared pool of waength
converters and an electronic switch to cope with local add/ap tra c

In the beginning, an OXC was referred to as an optical add/dim mul-
tiplexer (OADM). The term OXC came into use as it became possibleot
select the desired wavelength channels to be added and droppmdthe .
The rst types of OADM were static devices for which dynamic reco gu-
ration with remote software control was not possible. Insteadhey required
manual recon guration. Today, the term OXC is usually reserve for an op-
tical switch that is capable of terminating multiple WDM bre s and that is
dynamically recon gurable on at least a millisecond timescalaith remote
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software control.

Micro-electromechanical systems (MEMS) [16, 30] technologya process
for device fabrication that has been used commercially to ptoce optical
cross-connects that are highly scalable and o er a switch recoguration time
in the order of 50 ms [80]. Recon guration times in the orderfa nanosecond
have been experimentally demonstrated [57] using a 44 OXC fabricated
with semiconductor optical ampli er (SOA) gates. The disadvanage of an
SOA-based OXC is that it is polarisation sensitive, does not o erite same
scalability as a MEMS-based OXC and requires coupling devicésat may
degrade the optical signal [143].

OADM usually refers to a static optical switch in which only a speat
number of xed wavelengths can be added or dropped. An OXC gisearriers
the exibility to adjust their networks to shifting tra c dema nds over short
timescales with the minimum of fuss. This exibility has led to ©ining of
the term automatically switched optical network (ASON) [79], vhich is used
to describe optical network architectures that are evermoreeliant on the
dynamic switching capabilities of the OXC.

Fig. 1.2(b) shows a typical node architecture for second gela#on op-
tical networks. To avoid the shortcomings of SONET, architectres are in
commercial use today in which ATM and IP reside directly abovehe optical
WDM layer, while SONET remains to support voice and private lie tra c.

Second generation optical networks rely on the concept of mhtpath
[28, 120]. A lightpath is an optical connection from one nod&o another
that is set up by using an OXC to switch a common wavelength provet
by WDM through each intermediate node traversed by the conngon. A
lightpath is akin to a virtual circuit-switched connection provided by the
SONET layer, except that it is switched optically at each intemediate node
instead of electronically.

A lightpath can be used to set up an all-optical connection fronone IP
router to another instead of using a virtual circuit-switched onnection pro-
vided by SONET. Using a lightpath in favour of a SONET connection @rs
two benets. First, tra c passing through intermediates nodes eiroute to
the destination IP router does no require electronic switchgh An electronic
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switch is usually designed to cope with a certain switching cap&g an opti-
cal switch is bit-rate independent and only limited by the nurber of ports it
contains [143]. For example, a hundred port optical switch caswitch either
a hundred 2.5 Gb/s or a hundred 10 Gb/s WDM channels, whereas atec-
tronic switch with a total switching capacity of 100 Gb/s cannd sustain the
latter. Second, a lightpath o ers transparency to the particilar transmission
protocol used. For example, it can switch either a 10 Gb/s Etheet signal,
a 10 Gb/s SONET signal or a 10 Gb/s ATM signal. In contrast, an elec-
tronic switch requires separate port cards for each interfadgpe to convert
the signal into a format suitable for the switch fabric [143].

Some other bene ts of allowing switching functionality to mgrate to the
optical layer include a reduction in power consumption, portost, equipment
cooling cost and footprint size. The cost of a port on an optical steh is bit-
rate independent, whereas the cost of a port on an electronicitsh increases
with bit-rate, uses a larger footprint, consumes more power dndissipates
more heat. Therefore, switching optically o ers a range of e ts that will
gain weight as bit-rates are scaled up. The main disadvantage & reduced
signal performance monitoring capability.

Wavelength conversion [28, 47] is a functionality that allow greater ex-
ibility in the process of setting up a lightpath and ultimately improves the
utilisation of WDM channels. Wavelength conversion functiongy provides
the ability to switch an ingoing wavelength to a di erent outgoing wave-
length. Without wavelength conversion at each node, a lighgih is con-
strained to a common wavelength within each link it traverses. fis is re-
ferred to as the wavelength continuity constraint [153]. Inading wavelength
conversion functionality allows relaxation of the wavelerth continuity con-
straint. Therefore, setting up a lightpath only requires some awvelength to be
available within each link, whereas without the functionaty of wavelength
conversion, a common wavelength must be available within eathk. Fig.
1.4 shows an example explicating this di erence.

Converting one WDM wavelength to another can be achieved eteoni-
cally or with use of a wavelength converter. Electronic conv&on is simple to
implement but defeats the transparency and all-optical natee of a lightpath.
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Figure 1.4. An example explicating the exibility provided by wavelength
conversion functionality: to set up a third lightpath from OXC 1 to OXC 3,
wavelength conversion functionality is required in OXC 2 to @nvert wave-
length ; to wavelength ,. Otherwise, wavelength continuity constraints
preclude the set up of a third lightpath from OXC 1 to OXC 3.

Electronic conversion is achieved by passing the ingoing sigriatough an
O/E and using the resulting electrical signal to modulate an optal signal
on the desired outgoing wavelength.

A wavelength converter is an optical device that provides #hsame func-
tionality optically by employing techniques such as four-wa&e mixing in semi-
conductor optical ampli ers, cross-gain modulation and crosshase modu-
lation [47]. Due to ine ciencies of these techniques, wavelgith converters
usually only provide a limited conversion range. For examplép maintain a
satisfactory signal-to-noise ratio (SNR), conversion of an ingay wavelength
is usually restricted to the neighbouring two or three wavelggths in the
WDM spectrum that reside above and below [42, 153].

Deploying wavelength conversion in every node is an overkitr partic-
ular network topologies. For example, it has been proven thattilisation
in any ring network cannot be improved by providing more tharone node
with wavelength conversion functionality [142]. The cost andechnological
immaturity of wavelength converters has precluded them fra commercial
use today.

Lightpaths form the basis of the predominant wavelength-raed net-
works [59, 120] of today. Wavelength-routed networks gavéese to the term
all-optical and form part of a more general class of optical heorks called
optical circuit-switched networks. The term all-optical reérs to the fact that
ideally a lightpath provides an end-to-end transparent "pi@' that ensures
a tra c bearing signal remains con ned to the optical layer throughout its
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transmission. In practice however, this is usually not the case. ld&etronic
processing may be required to periodically regenerate an agati signal or
to convert an optical signal from one wavelength to another. Bfeover, a
su cient number of wavelength channels may not be availabled dedicate
an end-to-end lightpath to each source and destination pair. Aheven if
there were a su cient number of wavelength channels to do so, #indivisi-
ble bandwidth granularity of a WDM channel may be far too coase to ensure
e cient bandwidth utilisation.

The scarcity and coarse granularity of WDM channels means ondy se-
lect number of source and destination pairs can be connectedand-to-end
lightpaths. The others are connected via a route consisting of @@ntiguous
sequence of lightpaths that begin and/or end at intermediateodes. Rout-
ing of an optical signal at an intermediate node to an adjacedightpath is
performed electronically via an IP router or ATM switch. Thisrequires O/E
and E/O conversion as well as an additional port. To improve ulisation, a
lightpath that begins and ends at an intermediate node is at&ronically time-
division multiplexed using the IP or ATM layer between multiple source and
destination pairs. Therefore, the design of wavelength-roudenetworks in-
volves a tradeo between dedicating an end-to-end lightp&tto each source
and destination pair, which results in a truly all-optical netvork with possi-
bly many poorly utilised WDM channels, or setting up lightpathsbetween
intermediate nodes, which requires fewer WDM channels, impes utilisa-
tion, but requires additional ports, reduces transparency ahincreases the
burden placed on electronics.

The IP or ATM layer perceive a wavelength-routed network as #ogical
topology that is interconnected via lightpaths. The logicatopology is in turn
set up over the physical bre topology provided by the optical VDM layer. A
node of the physical topology at which a lightpath does not b&gor end does
not appear in the logical topology. The design of wavelengttouted networks
involves determining an optimal logical topology, routinghe logical topology
over the physical bre topology and assigning a wavelength to el lightpath
without violating any wavelength continuity constraints. The rst problem is
referred to as the lightpath topology design (LTD) problem [41]. Routing a
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lightpath topology over the underlying physical bre topolagy and assigning
wavelengths to each lightpath is referred to as the routingral wavelength
assignment (RWA) problem [140].

1.2 The Third Generation

The lightpaths underpinning second generation networks arget up on a
semi-permanent basis and usually have a lifetime spanning sevearsonths
or years. They are set up and torn down manually. This is unlikglto be the
case for much longer though. Present-day optical cross-conretabricated
using MEMS technology [16, 30] allow recon guration of a logal topology
on a millisecond timescale [80] under remote software contr@hort recon g-
uration times open up the possibility of performing statisticaltime-division
multiplexing at the optical layer, rather than at the IP or AT M layer. An
optical network that performs statistical multiplexing at the optical layer is
considered a third generation network. The evolution from sead to third
generation optical networks has yet to take place.

Although a long way of yet, third generation optical networksare ulti-
mately headed towards providing a packet-switched service.his is referred
to as optical packet switching (OPS) [17, 76]. One bene t of ORis that it of-
fers a connectionless service that is potentially capable ofisshing hundreds
of Th/s of tra c, whereas an electronic packet-switched senae is limited to
about 1 Thb/s, which is total switching capacity of present-day kectronic
switches [143].

1.2.1 Optical Packet Switching

OPS will essentially provide another packet-switched layer #i resides below
the existing packet-switched layer provided by IP or ATM. The dditional
statistical multiplexing gain achievable with a second packetwitched layer
depends on whether or not tra c reaching the optical layer renains bursty
enough to bene t from a second round of statistical multiplexig. Some argue
that the aggregation and multiplexing performed at the elgconic layer will
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deliver almost constant bit-rate tra c to the optical layer, i n which case a
second round of statistical multiplexing is useless, whereas itugell-known
that the aggregation of self-similar [104] tra ¢ streams resuls in an aggregate
stream that is no less bursty than its constituent streams [52, 143

OPS is not likely in the near future. Technologies enabling BS either
do not exist or surrogates developed in their absence are eithermature,
expensive or bulky. For example, true OPS requires a form of tigal RAM
to bu er a packet for a xed amount of time at an intermediate node while
its header is read to determine which outgoing link the packeshould be
switched to next enroute to its destination. A packet may reque further
bu ering for a variable amount of time until a suitable waveleangth in the
desired outgoing link is free for an unbroken period spannindné packet's
transmission time.

Optical RAM capable of bu ering a packet inde nitely does not exist.
Fibre delay lines have been proposed as a surrogate for optiBaAM. A bre
delay line is essentially a long length of bre that provides a xed amount
of delay. Delay times are simply given by the product of the lgyth of bre
used and the speed of light. For example, three kilometres of ré provides
a delay of about ten microseconds. Using a length of bre in a feealtk
loop can provide a longer delay by recirculating the signal agh and again
through the length of bre, but the maximum delay is still limited due to
signal degradation, crosstalk and synchronisation errors. Dediing several
kilometres of bre to each ingoing wavelength at each interediate node is
costly and gives rise to a bulky design. Furthermore, di erentdngths of
separate bre are required to achieve delays of di erent lerh.

Instead of delaying a packet until a suitable wavelength in thelesired
outgoing link is free, an alternative is to convert and switchthe packet to a
di erent wavelength channel that is free in the desired outgag link. This
requires use of a wavelength converter though.

A second alternative to delaying a packet involves intenticadly switch-
ing the packet to an outgoing link other than its desired outgag link that
contains a suitable wavelength channel that is free. This isaled de ec-
tion routing because a packet is de ected from its preferredoute and is
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forced to traverse a usually longer alternative route to its dsination. De-

ection routing introduces several problems including inaased delay due to
packets traversing longer routes, decreased throughput, pa&tk arriving out

of sequence at their destination and positive feedback that rdtiwhen a

de ected packet triggers the de ection of several other paeits [189].

Fig. 1.5 shows a typical OPS node architecture that uses both rk delay
lines and a pool of shared wavelength converters [49] to reslkontention.
A set of N variable length bre delay lines is dedicated to each outputbre.
The bre delay lines are based on WDM and can simultaneously dgigack-
ets corresponding to di erent wavelengths. The shortest delayvailable is
T, which in synchronous OPS is set equal to the slot length, whila iasyn-
chronous OPS,T is a parameter to be optimised. A packet may undergo a
maximum delay ofNT by passing through the longest length bre delay line.
The outputs of each set oN variable length bre delay lines are combined
and the resulting WDM signal is applied to the corresponding oput bre.
In the case that two packets contend for a common wavelength acommon
output bre, either one of the packets is delayed until the oher completes
transmission or one of the packets is converted and switched to aedent
wavelength channel that is free in the desired outgoing link.

The OPS node architecture in Fig. 1.5 has been shown [21] to fmgm
well for synchronous OPS with xed packet lengths, where timesithere-
fore slotted and switching is performed at slot boundaries. Howew 1P
packets are variable-sized. In the more realistic case of asyramous OPS
with variable-sized packets, more sophisticated architectuseare required to
attain acceptable packet blocking probabilities. Most popuar are architec-
tures comprising of multiple stages of variable length bre day lines that
allow cascading of any combination of bre delay lines from eh stage on a
per packet basis. Each of thé& stages consists d¥l bre delays lines, where

ooMN "T:2mN T amN P MY T

By cascading the appropriate bre delay line at each stage, alelays that are
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Figure 1.5: Typical OPS node architecture incorporating kb bre delay
lines and a pool of shared wavelength converters to resolve t@mtion; a
set of N variable length bre delay lines are dedicated to each outgubre,

P

multiples of T inthe range Oto M 1)MNT L M " can be produced.
Each stage is interconnected via amM M switch. The advantage of a
multistage architecture is that a ner delay granularity is achievable without

resulting in a substantial reduction in the total delay range.

For example, if there are three stages consisting of four bre g lines
each, the following delay matrix shows which bre delay line sfuld be cas-
caded at each stage to produce the desired delay:

n=1 n=2 n=3
m=1| 0 0 0
m=2| T 4T 16T
m=3| 2T 8T 32T
m=4| 3T 12T 48T

To achieve a delay of say 417, the 3T, 12T and 32T bre delay lines in each
of the respective stages should be cascaded. The maximum achiwalelay
is 54T, which is achieved by cascading theT3 12T and 48T bre delay lines.
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The total amount of bre required is equivalent to a single bre delay line
that would produce a delay of 128. In contrast, a maximum delay of 15
is achievable in a single stage architecture providing the sargeanularity of
T and not using more bre than would be required by a single bre day
line producing a delay of 128.

Lack of optical RAM is not the only technological constraint héding back
the advancement of OPS. True OPS requires the processing of acket's
header to be performed optically. However, the optical cordt logic required
for this purpose exists only in a primitive state. Headers are thefore pro-
cessed electronically in today's experimental OPS setups [5Electronically
controlled optical switches fabricated in lithium niobate a most commonly
used [143]. A packet's destination is read from its header efemically and
the OXC is then recon gured to ensure the packet is switched tdd desired
outgoing link soon after, assuming the absence of contention. &lkey point
is though that the technology required to process headers aglly is unlikely
in the near future. True OPS is therefore set to remain a pipedam for some
time yet.

Another problem with OPS is that switch recon guration times oered
by MEMS technology is about one order of magnitude greater &m the time
required to transmit a small packet. This results in poor bandwith util-
isation. For example, a packet of size 1.5 kB can be transmitted just
over 12 s at 10 Gb/s, whereas the switch recon guration time of present-
day MEMS-based technology is in the order of about 50 ms [80]wigching
groups of packets together as a single entity is one way to remiswitching
overheads.

1.2.2 Optical Burst Switching and Optical Circuit
Switching

OPS is not the only switching technique that performs statistial multi-

plexing at the optical layer. Several alternative switchingechniques have
been portended as possible candidates to underpin third geagon networks.
They are aimed at overcoming some of the shortcomings of OPS amdy be
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considered an intermediate stepping stone in the optical netwoevolution

that is ultimately headed towards the era of OPS, which is sonme away

yet due technological constraints. These alternative switchgntechniques
fall under one of the two umbrella terms of optical burst switcing (OBS)

[80, 136] and optical circuit switching (OCS). Most switching techniques
that allow for statistical multiplexing at the optical layer can be classi ed as
belonging to either the OBS or OCS family.

There is no mutually agreed upon set of characteristics that termine
whether a switching technique belongs to the OCS or OBS familyThe
characteristic predominantly used to distinguish between OCSnd OBS is
whether or not a packet can be blocked at an intermediate nod@ switching
technique for which blockingis possible at an intermediate node falls under
the classi cation of OBS, whereas a switching technique for wth blocking
is not possible at an intermediate node falls under the classi cationf @CS.

Equivalently, a switching technique falls under the classi céon of OBS
if bandwidth is reserved using a one-way unacknowledged presewhereby
packets begin transmission without any guarantee that su cientbandwidth
is available on each link required to complete end-to-endansmission, while
a switching technique falls under the classi cation OCS if banaidth is re-
served using a two-way acknowledged process whereby packetly dregin
transmission after a delay during which a guarantee that su cieh band-
width is available on each link required to complete end-tend transmission
is given. In this way, OBS trades o an assurance of no blockingt &ach
intermediate node for a reduction in delay.

Whether a switching technique relies on acknowledged or ukaowledged
transmission is not a universally accepted classi er to distinguisbetween
OCS and OBS. For example, according to this classi er, wavelgth-routed

20CS is also used to refer to wavelength routing in second generation optical netwosk
To avoid confusion, OCS in the context of wavelength routing is usually called satic
OCS, while OCS in third-generation optical networks is called either dynamic or fastOCS.
The key di erence between static and dynamic OCS is that the latter allows statidical
multiplexing at the optical layer, while the former does not. Both however provide a
connection-oriented circuit-switched service at the optical layer. Throughout this thess,
OCS is always used in the context of dynamic OCS and never to refer to wavelength
routing.
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OBS (WROBS) [44] belongs to the OCS family because it relies acknowl-
edged transmission; however, as the name suggests, WROBS is consdlby
many, including those that proposed it, as a switching technigubelonging
to the OBS family because it satis es other characteristics comon to OBS.

An all-optical switching technique is not necessarily amenabte classi -
cation as either OCS or OBS. For example, wavelength-routetetworks are
all-optically switched but they do not belong to either the dypamic OCS or
OBS family because lightpaths are set up on a semi-permanent tssihich
does not allow for statistical multiplexing. In summary, most dtoptical
switching techniques that allow for statistical multiplexing belong to either
the OCS or OBS family, depending on whether they rely on ackmtedged or
unacknowledged transmission, respectively. However, this classihas not
been universally adopted across the research community.

1.2.3 Optical Burst Switching

OBS emerged in the late nineties as an all-optical switching¢hnique allow-
ing for statistical multiplexing without the need for optical RAM and the
unrealistically short switch recon guration times demanded § OPS.

Bursts are the basic most transmission unit of OBS. A burst is a groug o
packets sharing a common destination that have been groupedy&iher at a
common source. Associated with each burst is a header. A source gates
a header each time a su cient number of packets have been groeg together
to constitute a burst. Each burst is separated in time from its heder. Switch-
ing groups of packets together instead of individually and sapation in time
between headers and their payloads are the two fundamentalatences be-
tween OPS and OBS. By amortising switching overheads, the rst dirence
allows for longer switch recon guration times without decrasing bandwidth
utilisation. The second di erence averts the need for opticaRAM. In par-
ticular, the second di erence renders OBS a cut-through appach, which is
in contrast to the store-and-forward approach of OPS.

A header precedes its burst at all times and a burst always traxges
the same sequence of intermediate nodes enroute to its destinatas did its



1.2. THE THIRD GENERATION 21

header. At each intermediate node, a header is processed efattally at the

IP layer and then forwarded to the next intermediate node vian out-of-band

wavelength. Processing a header involves reserving a wavetanghannel

for the soon to arrive burst and recon guring the switch accordigly. The

switch can be recon gured either immediately after the headés processed or
recon guration can be delayed until just before the burst is gxected to arrive.

The latter is called delayed reservation and may o er better prformance
than the former because a wavelength is not unnecessarily tiag-during

the period beginning from the time the switch is recon gured ad ending at

the time the burst arrives. This period is referred to as the redual o set

period.

A header usually contains a eld specifying the length of its goesponding
burst. This ensures that a reserved wavelength channel can bdegsed as
soon as the burst for which it was reserved passes.

To fully exploit the bene t of delayed reservation, computatonally inten-
sive scheduling algorithms [181] are required to utilize theoids that arise
between consecutive reservation periods. Ultimately, a storedforward
approach overcomes the hindrances of both the former and thegtter cut-
through approaches. Therefore, if optical RAM was no limitatin, separating
a header from its burst in time should be avoided.

The processing of a header at each intermediate node is not ing@neous.
It requires O/E and E/O conversion of the header, reading a destation and
other elds such as QoS requirements from the header, searafpia look-
up table to determine the required outgoing link and runninga scheduling
algorithm to determine a reservation period. Therefore, a lagler is delayed
at each intermediate node for a xed amount of time to allow tlese processes
to take place. To accommodate for this per node processing dela burst
is preceded in time by its header to ensure it cannot reach antémmediate
node at which its header has yet sought to reserve a wavelengtmaanel.

Separation of a burst and its header is achieved by delaying arst at its
edge bu er for an o set period that is equal to the sum of per noderocess-
ing delays its header incurs. Separation is maximum at an edge er and
decreases incrementally by one per node processing delay aheadsequent
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intermediate node.

Fig. 1.6 is a timing diagram for a typical form of OBS using delgd
reservation. A burst that traverses three intermediate nodesneoute to its
destination is shown. The three intermediate nodes are labetin; n, and ns.
The header is represented by a solid line, denotes the switch recon guration
time, denotes the per-node processing delay and denotes the propagation
time from one node to another. The switch at nod@e; begins to recon gure
at time t;. Therefore, the base o set period is 3 + , while the minimum
residual o set period at noden; is (3 i) + . The minimum residual o set
is the minimum separation in time between burst and header at aign

intermediate node.
ni no na
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Figure 1.6: Timing diagram for a typical form of OBS using delged reser-
vation; the burst traverses three nodes labelled;;n, and ns, the header
is represented by a solid line, denotes the switch recon guration time,
denotes the per-node processing delay amddenotes the propagation time
from one node to another

Numerous variations of the basic OBS technique have been praed over
the last decade. Current journals and conference proceedinigp the area of
optical communications and the allied elds are littered wih variations of
the basic OBS concept that claim to o er order of magnitude impovements
in blocking performance, better utilisation or reduced deiss.

A shortcoming of OBS is that a burst may be blocked at any interndiate
node due to contention. A burst that is blocked at an intermedite node
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plunders the bandwidth that was reserved for it at each of the rneceding
nodes. This plundered bandwidth could have been utilised by leér bursts.
As with OPS, de ection routing and wavelength conversion cand used to
resolve contention and improve blocking performance. New apaches to
contention resolution that are speci cally tailored to OBS hae also been
portended. Burst segmentation [41, 167] is an example. The de® manage
potentially high blocking probabilities is one of the limiations of OBS and
was a key factor driving the development of OCS.

1.2.4 Dynamic Optical Circuit Switching

OCS averts the possibility of packet blocking at an intermedia node at
the expense of increased delay. Numerous forms of OCS exist. Sdonms
closely resemble OBS and di er only in that headers are obliged make the
return journey back to the source from which they were issued. Ehprocess
of grouping packets together into bursts remains. Upon returng, the header
acknowledges that a wavelength channel has been reservedantelink that
is to be traversed by the awaiting burst. To ensure the possibilitpf blocking
is averted, a burst cannot begin transmission until its header t@rns with
an acknowledgement. Fig. 1.7 is a timing diagram for this pacular form
of OCS.

The tradeo for acknowledgement is that a burst must be delayeat its
source for the sum of per node processing delays plus the time riega for
the header to propagate from source to destination and returrin particular,
if N denotes the number of intermediate nodes traversed from soarto
destination, a burst is delayed at its source for a period of letig N +
2(N  1)c. In contrast, using OBS, a burst is delayed by the base o set
period N + . The switch recon guration time is much smaller than the
round trip propagation delay; that is, 2(N 1)c. Wether or not this form
of OCS is to be favoured over OBS depends on the magnitude obpagation
delay from source to destination, which in turn depends on netwk diameter.
Round trip propagation delay can be substantial relative to tke transmission
time of a burst in networks of large diameter. For example, thgEansmission
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time of a burst comprising 2000 ATM cells is about 85s at 10 Gb/s, whereas
the round trip propagation delay for a source and destination parated by
100 km of bre is in the order of a millisecond.

ni n»z ns

awiL

Figure 1.7: Timing diagram for a particular form of OCS; the hirst traverses
three nodes labellechy; n, and n3, the header is represented by a solid line,

denotes the switch recon guration time, denotes the per-nale processing
delay andc denotes the propagation time from one node to another

To maintain a throughput commensurate to that attainable with OBS,
this form of OCS requires use of bursts consisting of a greater nhar of
packets to counteract the reduction in throughput caused byncreased pre-
transmission delay. However, increasing burst size introduces ttietrimental
side-e ect of reducing the granularity at which statistical mdtiplexing is
performed. Whether or not bandwidth acknowledgement is wtr waiting
for is therefore not a clear-cut issue.

Other forms of OCS are centrally controlled and essentially pvide a form
of dynamic wavelength routing that allows rapid adaption ora millisecond
timescale. Lightpaths are set up and torn-down by a central ctmller as
requested by sources. Some time after signalling an intention &stablish a
lightpath, a source receives a return signal either acknowlgithg or renounc-
ing establishment of the lightpath from the central controlle. In the case
that a request is renounced, another request is issued, possiblieafan ex-
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ponential back-o time. Centralised control o ers a speci c alvantage in
optical communications due to its ability to reduce blockig attributable to
wavelength continuity constraints.

To provide di erentiated services at the optical layer, hybid approaches
to all-optical switching have been proposed [168]. Wavelergtouting, OCS
and OBS can coexist to provide a polymorphic [135] optical lay that o ers
both guaranteed end-to-end delay for voice and other reahie services and
signi cant statistical multiplexing for best-e ort trac. For example, data
and voice could be switched using OBS and OCS, respectively, lehprivate
lines could be wavelength routed. OCS is typically given pority to network
resources, thereby relegating OBS to play the role of a scavengeOBS
scavenges the remaining network resources, which have not bedfised by
OCS, to switch best-e ort tra c. Better statistical multiplexi ng is achievable
with a polymorphic optical layer in contrast to dedicating néwork resources
to multiple monomorphic layers, each of which o ers a QoS taled to a
particular application.

In summary, Fig. 1.8 shows a possible timeline for the evolutiorf ap-
proaches to optical switching in terms of the timescale at whicstatisti-
cal multiplexing is performed at the optical layer. OPS proues the nest
granularity of statistical multiplexing, while SONET-based pant-to-point
approaches provide the coarsest.
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Figure 1.8: Possible timeline for the evolution of approach&s optical switch-
ing shown in terms of the timescale at which statistical multipleing is per-
formed at the optical layer



Chapter 2

Thesis Focus, Outline and
Contributions

Whether developing a green eld solution or upgrading a leggcnetwork,
telecommunications carriers in a free market economy must\adop business
models at whose heart lies a question that reads along the feling lines.

Given a strategic business time frame and subject to an agreed
QoS, how should tra ¢ be switched across an optical communi-
cations network to maximise the accrued revenue less the acedu
operational and capital costs?

It would be far from the truth to claim that this thesis provides an utterly
comprehensive treatment of this question. Indeed the scope diig thesis is
con ned to the perspective of a teletra cist, whereas the scopef this ques-
tion stretches far beyond the con nes of teletra c. In particular, the focus
of this thesis is on the development and analysis of performanmodels for
the classical teletra ¢ metrics of blocking probability, delay and utilisation.
The QoS part of this question translates straightforwardly to onstraints
on blocking probability and delay. However, to answer this qution holisti-
cally, one would have to develop complementary economic nedsl that bolt
alongside the performance models developed in this thesis. Bleying eco-
nomic models is a nontrivial task that requires insight into te pricing strate-
gies employed by telecommunications carriers and equipnmeendors. Even

27
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qguantifying present-day capital and operational costs is a mirivial task be-

cause carriers and equipment vendors withhold this informan from the

public domain due to proprietary considerations. This is onefdhe reasons
for not considering economic models in this thesis.

The focus of this thesis is notonly on the development and analysis
of performance models for several popular all-optical switiclg techniques.
Other contributions include the proposal of new switching tdmiques that
counter de ciencies uncovered in the course of modelling skhg techniques
and the development of an entirely new performance analysisethodology
that is even applicable to the age-old performance models fdassical circuit-
switched telephony networks. Furthermore, emphasis is placed addressing
the practical issues relating to the design, optimisation and diensioning of
optical networks and their associated subsystems.

The performance models developed in this thesis are analysesing an-
alytical methodologies largely belonging to the area of opsions research.
The random nature of tra ¢ almost always calls for stochastic maels that
are grounded in queueing theory. There are two complemenyaapproaches
to the analytical approach adopted in this thesis: computer siaiation and
rules of thumb.

The ever-increasing size and complexity of present-day optiGammuni-
cations networks gives rise to performance models that arethdarge and
complex. These two factors often rule out the use of computer dihation
as a feasible approach to performance analysis due to prohib& execution
speeds. As for rules of thumb, there are numerous examples whtre re-
liance on rules of thumb and ad hoc performance analysis metlaogies
has led to commercial design disasters and dramatic misinterpaéons of
observed performance.

Analytical performance modelling is not without its limitations though.
For one, the high complexity of the performance models dewgled in this
thesis usually precludes an exact analysis. Therefore, the usuidcourse is
to invoke a set of assumptions making possible a tractable analygist pro-
vides either a tight bound or simply and approximation for theperformance
metric under consideration. For example, a recurring appraxation invoked
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throughout this thesis is the stochastic decomposition appraxiation [87, 89]
whereby network elements are assumed to be statistically indeqpent of each
other. Computer simulation is used to gauge the error attribwgble to this
assumption, though it is not a foolproof means of validating th accuracy of
an approximation because pathologically bad scenarios aregsible in which
certain assumptions introduce unusually large errors.

Another drawback of the analytical approach is that it limitsthe exibility
of performance models to rather simplistic characterisationsf tra c. For
example, models in which packets arrive at network elemenégcording to a
Poisson process and depart after an exponentially distributedepod of time
can be developed to a high level of intricacy by making use of@éhMarkov
property. Although calls arriving at a telephone exchange arwell-modelled
by a Poisson process, IP packets arriving at an IP router or ATM ckslarriving
at ATM switch are generally not well-characterised by a Poissorrpcess [52].
However, corresponding models in which packets arrive accorgl to a more
realistic self-similar process [104] and depart after a periofitone that obeys
a heavy-tailed distribution cannot be developed to the samewel of intricacy.

The analytical approach to performance modelling is on theettline. Ever-
increasing computer processing speeds are favourable to congpgimulation.
Furthermore, the perseverance and often lengthy amount ofntie required
to develop and validate analytical approximations is incoipatible with the
demand to generate outcomes in the shortest time frame possibte énsure
carriers maintain a competitive edge.

The principal purpose of the performance models developeddaanalysed
in this thesis is to quantitatively answer fundamental dimensining questions
and “what if' type scenarios. For example, how many wavelengtthannels
should be provisioned to attain a prescribed end-to-end bloclg probability
and delay for an expected tra ¢ demand that is switched using OB? What
if dynamic OCS is used instead, or what if OBS is enhanced with walength
conversion and de ection routing? Or, what if the expected & ¢ demand
doubles? Does the amount of bandwidth that should be provisiodealso
double?
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This thesis also seeks to shed some light on the broader qualitatisssues
confronting carriers. For example, which of OCS or OBS prov&the most
cost-e ective stepping stone to OPS? Will a stepping stone reallye required
if today's wavelength-routed networks can hold-o until OFS is technologi-
cally practical?

Throughout this thesis, a black-box approach is adopted to ma&tinetwork
elements. For example, a wavelength converter is simply viesvas a black-
box that is capable of switching an ingoing wavelength chanhi® a di erent
outgoing wavelength channel. The di erent physical e ects ad impairments
that may result as a consequence of the conversion process areedjarded
insofar as they do not have a direct bearing on the performanagetrics under
consideration.

That said, it would be foolish to develop models with total disrgard for
realistic physical limitations and e ects. For example, althagh this thesis
does not directly model the signal impairments resulting as abnsequence
of the conversion process, an e ort is made to indirectly modelgial im-
pairments by limiting the range of conversion to neighbourigp wavelength
channels that reside within a certain limited range of the inging wave-
length channel. This captures the physical e ect observed witsome conver-
sion techniques in which signal degradation increases with e@nsion range
[47, 153].

2.1 Thesis Contributions by Chapter

Chapter 3 considers the design of wavelength-routed networks. We see
that the design of wavelength-routed networks is divided imt two subprob-
lems, logical topology design (LTD) and routing and wavelengtassignment
(RWA). Each subproblem can be formulated as a mixed integer k&ar pro-
gram (MILP), each of which has been traditionally solved indeendent of the
other.

We formulate the combined LTD and RWA problem as a MILP. Our
formulation overcomes drawbacks inherent to several othemteéger program
formulations of the combined LTD and RWA problem. In particdar, we
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provide a linear formulation, we do not determine a waveletiy assignment
for logical links a priori and we permit a physical link to compise multiple
bres.

To solve the MILP we formulate for problem instances of realistisize,
we develop an approach based on pruning certain solutions frahe solution
space that are identi ed with possibly undesirable features. Cyic routes
are an example of one such feature in which tra c is routed baclknd forth
over the same physical link. Excluding cyclic routes from the Bdion space
reduces the computation time required to solve the MILP.

We describe a framework that prescribes which features should pruned
from the solution space given the maximum permitted computatin time.
With the ability to exclude a range of features from the solutn space, our
framework is shown to o er several di erent tradeo s between slotion qual-
ity and computation time.

The contributions of Chapter 3 are:

1) A better MILP formulation of the combined LTD and RWA problem

2) A framework to assist in the design of wavelength-routed netwis that
o ers several di erent tradeo s between design optimality ard the time
required to compute a design

Chapter 4 is the rst of several chapters that make advances in the
performance modelling of OBS networks. We restrict our atterdn in this
chapter to estimating end-to-end blocking probabilities irOBS networks of-
fering di erent forms of wavelength conversion.

We begin by reviewing the basics of OBS and the common strategjigro-
posed for resolving wavelength contention in OBS networks. Wemtinue
by discussing how the conventional Erlang's xed-point appraration pro-
posed for circuit-switched telephony networks can be adaptdd compute
end-to-end blocking probabilities in an OBS network with fii wavelength
conversion. We see that from the perspective of Erlang's xedemnt approx-
imation and given an assumption about residual o set periods, OB&etworks
and circuit-switched networks are not too di erent. The onlymajor di er-
ence is that the load o ered to a link owing to a certain route 8 reduced
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according to the blocking probability on each of the links pceding that link
in the route, whereas in a circuit-switched network both theihks preceding
and succeedindnave a bearing on the amount by which the o ered load is re-
duced. This is because in a circuit-switched network the loacguwied by each
link of a route is constant, whereas this is not the case in an OB&twork
because a burst can be blocked at any link of its route.

We derive an approximation for estimating end-to-end blockig probabil-
ities in an OBS network in which the conversion of an ingoing walength is
restricted to a limited range of neighbouring wavelengths. Tthis end, the
biggest task is to derive an estimate of the probability that a brst is blocked
at a stand-alone link. This estimate is used in the same way as thel&hg B
formula is used to estimate the probability that a call is blockd at a particu-
lar trunk group in the conventional Erlang's xed-point approximation. The
Erlang B formula is applicable only to the case of full wavelgth conversion.

We then turn our attention to the case of OBS networks in which hie
outgoing wavelengths at each node share a pool of limited rang/avelength
converters. We develop and analyse a model that is a generalisat of ex-
isting models in that we allow any subset of the shared convertets be
dynamically concatenated to yield a wider conversion rangerfa burst that
would otherwise be blocked because all unused wavelengths is desired
output bre lie outside the range of a single converter.

The contributions of Chapter 4 are:

1) A new approximation to estimate the end-to-end blocking mbability
for each source and destination pair in OBS networks in which ¢
conversion of an ingoing wavelength to a di erent outgoing weelength
is restricted to a limited range

2) Proposal and analysis of a shared wavelength conversion atebture
that allows any subset of the shared converters to be concatesdtto
yield a wider conversion range for a burst that would otherwise e
blocked because all unused wavelengths in its desired outputrélie
outside the range of a single converter

Chapter 5 considers de ection routing as a strategy for resolving wave-
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length contention in OBS. We verify that de ection routing can destabilise
OBS in the same way as it is known to destabilise circuit-switche@lephony
networks. This destabilising e ect may result in higher blockig probabilities
than if bursts were not de ected but simply blocked.

We propose and evaluate the performance of a new approach tofact
OBS networks against destabilisation. This approach is based @mforcing
preemptive priority between rst-choice bursts and de ectedbursts, where
a rst-choice burst is de ned as a burst that has not been de ectd and a
de ected burst is de ned complementarily. With this approad), a header as-
sociated with a rst-choice burst is given the right to preempt & overlapping
reservation that has been scheduled for a de ected burst.

We develop a new approximation to estimate the end-to-end hdking
probabilities in OBS networks that have been stabilised with ither wave-
length reservation or preemptive priority. Wavelength resemtion is analo-
gous to trunk reservation in circuit switching, which is the usal approach
of protecting circuit-switched networks against destabilisabn. We see that
preemptive priority is an approach suited only to best-e ort retworks.

Using our approximation, we numerically verify that preemptve priority
consistently yields lower blocking probabilities than wavehgth reservation.
We also argue that preemptive priority is guaranteed to stalide de ection
routing, whereas the stabilising properties of trunk reservain are highly
dependent on the choice of reservation threshold.

The contributions of Chapter 5 are:

1) Veri cation that de ection routing may destabilise OBS networks

2) Proposal and analysis of a new approach based on preemptionpto-
tect OBS networks against the destabilising e ects of de ectio routing

3) A new approximation to estimate the end-to-end blocking mbability
for each source and destination pair in OBS networks using de &an
routing that have been protected with either wavelength reseation or
preemptive priority

Chapter 6 is the rst of two chapters in which we turn our attention to
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OCS. In Chapter 6, we propose a new form of OCS in which the numtbef
packets comprising a burst is dynamically determined at the bst's source
based on the bandwidth on o er during the time the burst is to be sd.

Our new form of OCS is called OCS with dynamic burst length and
requires two-way communication between the source and eacttermediate
node that lies along the burst's route. In the forward direcon, the source
uses a header to issue a request for a reservation period that is atdt
equal to the time required to transmit all the packets comprisig the burst.
Then in the reverse direction, an acknowledgement packet isturned to the
source that informs the source of the actual time that has beereserved
and therefore the number of packets that can actually be traamitted. The
actual time that is reserved is determined according to therlk along the
burst's route for which the maximum amount of time a wavelendt channel
can be reserved is shortest. Based on this information, the soun@moves
just enough packets from the burst before the burst is sent.

We develop a simpli ed model for our new form of OCS that consistsf
multiples sources connected to a stand-alone link. We analyseranodel to
determine the pre-transmission queueing delay distribution adn arbitrary
packet! We make an assumption to simplify our analysis and numerically
verify with simulation that the error owing to this assumption is fairly small.
Our analysis relies on the use of order statistics and an involveshalysis of
a TDMA system presented in [126, 127].

In this chapter and the one that follows, the reader may noticéhat the
performance models we develop are analysed with the purposeesfimat-
ing packet delay distributions, whereas in Chapters 4 and 5 wedussed on
estimating end-to-end blocking probabilities. It thereforeshould come as
no suprise that this chapter and the one that follows consider C&in one
form or another, whereas Chapters 4 and 5 deal with OBS. In gasular, the
possibility of packet blocking at an intermediate node is not gssible with
OCSJa feature that comes at the expense of increased delay regad to wait

1The derivation of the distribution of D; and D, presented in this chapter has been
substantially improved from the original derivation presented in Section 3B of the confer-
ence version of this work. Note that in the conference version of this workD,; and D, are
lumped into the single random variableD = D; + D,.
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for a bandwidth acknowledgment to propagate from destinatio to source.
This is the reason why the delay experienced by a packet is anportant
performance measure for OCS, whereas end-to-end blockinglmability is
probably a more important measure for OBS.

The contributions of Chapter 6 are:

1) Proposal of a new form of dynamic OCS in which the number of pleets
comprising a burst is dynamically set at the burst's source based on
the bandwidth on o er during the time the burst is to be sent

2) Development of a performance model for OCS with dynamic bat
length and the derivation of the pre-transmission queueing dsf dis-
tribution of an arbitrary packet in this model

Chapter 7 considers an alternative form of OCS to the form of OCS
considered in Chapter 6|the key di erence being that in this chapter, the
subset of source and destination pairs that can transmit packetsudng a
particular transmission slot is determined by a central contré¢r, whereas we
considered distributive control in Chapter 6.

We develop a performance model consisting of a constant bit-eatuid
packet arrival process, packet queueing at each source routeddime-slotted
circuit-switched transmission between source and destination ipg. At the
boundary of each transmission slot, a central controller exe@g a circuit
allocation policy to determine which subset of bu ers is allcated end-to-end
circuits during the next transmission period.

For this performance model, we derive the delay distributiorof an ar-
bitrary packet given a circuit allocation policy in which crcuits are proba-
bilistically allocated to a subset of source and destination parat which the
most number of packets are enqueued.

To ensure our analysis is computationally tractable, we decple each of
the sources into independent sub-systems using slack variables.eféfore, we
turn the analysis of a network of inter-dependent sources intive analysis of
several independent stand-alone sources. We quantify the erattributable
to this approximation as well as the other assumptions made iruo analysis
with computer simulation.
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The contributions of Chapter 7 are:

1) Development of a performance model for a centrally conited and
time-slotted form of OCS

2) Derivation of the delay distribution of an arbitrary packe for a certain
circuit allocation policy

Chapter 8 tackles the question of which of OBS or OCS represent the
best stepping stone to the envisaged OPS era. We shed light on thisegtion
from the perspective of a teletra cist. We bear in mind that a teletra cist's
perspective is only one of many perspectives that would reqaiconsideration
in the formulation of a comprehensive answer to this question|atask that
we acknowledge is well beyond the scope of this chapter. Nonatss, with
the foundations laid in Chapters 4, 5, 6 and 7, we are well pogihed to make
some inroads.

We develop, analyse and then numerically compare performanmodels
of a centrally controlled form of OCS with a conservative fornof OBS. We
compare OCS with OBS in terms of the classical teletra c perfamance
measures: namely, packet blocking probability due to edge ber over ow
and blocking at intermediate nodes in the case of OBS; mean jpatqueuing
delay at edge bu ers; and, wavelength capacity utilisation.

We adopt the same model of OBS developed in Chapter 4. The only
di erence is that we explicitly model the burst aggregation pocess, whereas
in Chapter 4, we viewed the burst aggregation process a blackxb that
generates bursts according to a Poisson process.

To match up against OBS, we develop a model for a fast adapting @n
centrally controlled form of OCS bearing resemblance to our@5 with dy-
namic burst length proposed in Chapter 6. However, unlike the fims of
OCS considered in Chapters 6 and 7, we do not consider a time-stok ap-
proach. This means an edge bu er need not wait until the bouraty of a
slot to signal its intention to establish a lightpath. We see that his ensures
the fairest comparison.

For the rst time, we consider a unied model comprising both edge
bu ers and either burst-switched or circuit-switched transmissin across a
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core network. In contrast, previously analysed models of OCS @&rOBS
have either been for a stand-alone edge buer or a core netwovkithout
edge bu ering.

Also for the rst time, we derive the exact blocking probability for a
multi-hop stand-alone OBS route, assuming Kleinrock's indepeence. We
see that this is not simply a matter of summing the stationary distibution
of an appropriate Markov process over all blocking states, asshibeen shown
to be the case for an OCS route.

Our main nding is that sacri cing an assurance of no blocking ateach
intermediate node with the use of OBS is not as attractive in dgcal networks
as its analogue of tell-and-go was in ATM. We see that this is bause OBS
is less apt at dealing with wavelength continuity constraintghan centrally
controlled forms of OCS.

To end this chapter, we investigate the validity of the commadly held
assumption that header queueing delays in an OBS scheduler buare neg-
ligible. In doing so, we dimension a bu er in which headers arenqueued
during times an OBS scheduler is overwhelmed.

The contributions of Chapter 8 are:

1) Development and analysis of uni ed models for OBS and OCS the
detail of packet queueing and aggregation at edge bu ers \hiteither
burst-switched or circuit-switched transmission across a core meirk

2) Derivation of a numerical procedure to compute the exactltcking
probability for a multi-hop stand-alone OBS route, assuming Kdin-
rock's independence

3) Comparison of OBS with OCS in terms of packet blocking proltlity,
packet queuing delay at edge bu ers and wavelength capacityilisa-
tion

4) A method to dimension a bu er in which headers are enqueuedidng
times an OBS scheduler is overwhelmed

Chapter 9 investigates the advantages of a polymorphic optical layer
that o ers applications both a best-e ort OBS option and a pranium OCS
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option. In previous chapters, we only consider a monomorphigtical layer
providing either pure OBS or pure OCS.

We have already discussed that allowing OBS and OCS to coexist is a
approach that is called optical hybrid switching (OHS). The ma advantage
of OHS is that it creates the exibility to provide both guaranteed end-to-
end delay for voice and other real-time services and signi castatistical
multiplexing for best-e ort tra c.

We develop and analyse a model for a stand-alone link in an OHS wetk.
Unlike the models for a stand-alone link developed in the prexis chapters,
we develop a more realistic nite source model for which the Pggon arrivals
assumption is no longer valid. A nite source model is more realic because
it yields zero blocking probability if the number of wavelegths comprising
a link exceeds or is equal to the number of input wavelengthsdding the
link. In contrast, if the Poisson arrivals assumption is made, werave at
the unsatisfying result that blocking probability is not zero f the number of
wavelengths comprising the link exceeds the number of inputawelengths.

We see that the conventional Engset system, which has served as @0
ular nite source model for almost a century, is not a suitable hk model
for OBS. This is because the conventional Engset system assumesacked
burst is dumped in zero time. To overcome this unsuitability, & review an
augmented Engset system in which a source enters a so-called frog&ate
immediately after it has generated a blocked burst and remasnn the frozen
state until all the packets in the blocked burst are dumped.

We generalise this augmented Engset system to the case of a starmhal
OHS link. We foremost determine the exact circuit and burst bldang prob-
abilities and then proceeded to develop scalable approxinans that can be
used to dimension OHS networks of realistic size.

Our approximations are based on lumping together states of thender-
lying Markov process to form a combined state, thereby reduarthe dimen-
sionality of the state-space. An input wavelength feeding burs@nd circuits
to our link can either be in the frozen state, o state, on state coesponding
to the transmission of a burst or on state corresponding to the transssion
of a circuit. Our rst approximation is based on lumping togetter both types
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of on states, while our second xed-point approximation is baseah lumping
together the o state and the frozen state.

Throughout, we assume that burst transmission times, circuit holdig
times and the o periods between any two consecutive on periedire expo-
nentially distributed. We use computer simulation to test the sesitivity of
our results to non-exponentially distributed on and o period.

We analyse the case in which circuits are given preemptive prity over
bursts and the corresponding un-prioritised case. We see that thermer
case ensures that existing levels of service provided by an exigtpure OCS
network are maintained as the network is hybridised to allowor OBS. The
bene t of hybridising a pure OCS network is to improve bandwith utilisa-
tion by allowing OBS to scavenge any scraps of redundant bandtvifor the
purpose of transmitting best-e ort services.

Finally, we propose a procedure to dimension our stand-alone OHIBk.
We see that the conventional approach of dimensioning for a g o ered
load is not feasible because o ered load is state-dependent inranodel.
For dimensioning purposes, we therefore use the intended o erémhd as a
surrogate for o ered load. We verify numerically that any ove-provisioning
resulting from dimensioning in terms of the intended o ered lad instead of
o ered load is negligible.

The contributions of Chapter 9 are:

1) Analysis and development of a nite source model for a standeie
OHS link supporting OCS with preemptive priority over OBS as wi
as the corresponding un-prioritised case

2) Development of scalable approximations that allow for thestimation
of the probability that a burst or circuit is blocked in a stand-alone
OHS link of realistic dimensions

Chapter 10 presents a new approximation for the age-old problem of
estimating end-to-end blocking probabilities inover ow loss networks. For
more than 40 years, the conventional approach to this problerhas been
Erlang's xed-point approximation (EFPA).
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The OBS networks with de ection routing considered in Chapte5 and
classical circuit-switched networks with alternative or leastoaded routing
are both examples of over ow loss networks. In contrast, the OBfetworks
with a single xed route considered in Chapter 4 are an exampld a pure
loss network. Upon comparing the numerical results presented @hapters
4 and 5, it is evident that the accuracy of EFPA deteriorates Wen moving
from the xed routing case to the de ection routing case. Indee, it is has
been long established that the accuracy of EFPA is generally peer for an
over ow loss network compared to a pure loss network.

We present a new approximation that is complimentary to EFPA ér es-
timating blocking probabilities in over ow loss networks aml systems. Given
a system for which an estimate of blocking probability is soughtye rst con-
struct a second system to act as a surrogate for the original system.e\§ee
that estimating blocking probability in the second system with EEPA pro-
vides a better estimate for blocking probability in the orignal system than
if we were to use the conventional approach of directly using EA in the
original system.

We refer to our new approximation as the over ow priority clasi cation
approximation. This name comes about because we obtain the ged system
from the original system by imposing preemptive priorities onhe original
system. In particular, to obtain the second system, we classify calin the
original system according to how many times they have over owieand then
we allow a new call to preempt an existing call from a server if éhexisting
call has over owed more times than the new call.

We present a combination of numerical and theoretical resulthat indi-
cate our new approximation o ers a better estimate than EFPA ér a certain
pure over ow loss network. Moreover, we demonstrate the acaoy of our
new approximation for OCS networks using alternative routig. We argue
that the success of our new approximation is due to its abilityd utilise con-
gestion information imbedded in over ow tra ¢, whereas the @mnventional
EFPA approach fails to utilise such information.

The contribution of Chapter 10 is:

1) A new approximation to compute end-to-end blocking proMailities in
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Chapter 3

Design of Wavelength-Routed
Networks

Lightpaths that are set up over a permanent or semi-permanenirhe frame
form the basis of the predominant wavelength-routed netwosk[3, 59, 120]
of today. A lightpath provides an end-to-end all-optical "pe' from an IP
router, ATM switch or SONET ADM to another. The term all-optical refers
to the fact that ideally a lightpath provides a connection that ensures a
tra c bearing signal remains con ned to the optical layer throughout its
transmission.

The IP, ATM or SONET layer perceive a wavelength-routed netwdk as
a logical topology that is interconnected via lightpaths. Tle logical topology
is set up over the physical bre topology provided by the opticeWDM layer.
Each node of the logical topology corresponds to an IP routeATM switch
or SONET ADM. Each link of the physical topology consists of one or are
bres, which in turn consists of multiple wavelength channels.

This chapter considers the design of wavelength-routed netis. This
involves determining an optimal logical topology, routinghe logical topology
over the physical bre topology and assigning a wavelength to el lightpath
without violating any wavelength continuity constraints. The rst problem
is referred to as the logical topology design (LTD) problem fil]. Routing
a logical topology over the underlying physical bre topolog and assigning

47
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wavelengths to each lightpath is referred to as the routingral wavelength
assignment (RWA) problem [140].

An ordered pair of IP routers, ATM switches or SONET multiplexers
that seek to establish a connection from one to another is calladsource and
destination pair. In a fully-meshed logical topology, at leasbne dedicated
lightpath is set up for each source and destination pair. Multie lightpaths
are set up between those source and destination pairs demandingitrate
greater than that provided by a single wavelength.

Lightpaths that are set up between the same source and destinatipair
can be routed over the physical topology dierently. In partcular, each
lightpath that is set up for the same source and destination pair ay tra-
verse a di erent sequence of links in the physical topology. A dacal link
is a collection of lightpaths that are set up between the same swe and
destination pair. The collection of all established logical ks is called the
logical topology.

The scarcity and coarse granularity of a wavelength [141] meathat in
practice only a select number of source and destination pairsrclhe connected
via dedicated lightpaths. The others are connected via a roetconsisting of
a contiguous sequence of lightpaths that begin and/or end ahtermediate
nodes. In other words, a multi-hop lightpath network is necessar Routing
of an optical signal at an intermediate node to an adjacent ligpath is per-
formed electronically via an IP router or ATM switch. This requires O/E
and E/O conversion as well as an additional port. To improve ulisation, a
lightpath that begins and ends at an intermediate node is mtiplexed elec-
tronically using the IP or ATM layer between multiple source ad destination
pairs.

The design of wavelength-routed networks involves a tradedoetween
dedicating an end-to-end lightpath to each source and destitian pair, which
results in a truly all-optical network with possibly many poorly utilised wave-
lengths, or setting up lightpaths between intermediate nodesyhich requires
fewer wavelengths, improves utilisation, but requires adddnal ports, re-
duces transparency and increases the burden placed on elegirs.
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3.1 The Design Problem

The design of a wavelength-routed network can be subdividedtinthree
subproblems:

1) Design of a logical topology capable of providing the bandith de-
manded from each source and destination pair;

2) Routing each lightpath comprising the logical topology cer the phys-
ical bre topology; and

3) Assigning a unique wavelength to each lightpath comprising élogical
topology without violating any wavelength continuity constaints.

The rst subproblem is referred to as logical topology design {ID) [141],
while the second and third subproblem combined are commonlyfeered to
as routing and wavelength assignment (RWA) [140].

All three subproblems are dependent on each other. Therefoogtimising
each subproblem independently is likely to preclude the emtement of a
global optimisation criterion [98, 133].

The nal design of a wavelength-routed network speci es a logal topol-
ogy and wavelength assignment for each lightpath constitutingach logical
link of the logical topology as well as a set of routes over thedical topology
for each source and destination pair. An optimal design must furdrmore
optimise a certain objective function. Congestion is a commoabjective
function that is de ned as the maximum amount of tra c carried by any
logical link in the logical topology. Seeking to minimise cagestion on the
maximally congested logical link tends to encourage lightfias to be set up
for source and destination pairs that carry a heavy trac load P2]. Min-
imising the number of wavelengths required to set up a logicabpology is
another common objective.

The combined LTD and RWA problem can be de ned as follows. Cordser
a directed graphG, = (\Vy; Ep), where G, represents the physical topology.
Each node inV, represents an OXC that may possibly require an electronic
router. An electronic router refers to either an IP router, ATM switch or
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SONET ADM. Each edge inE, represents a physical link comprising one or
more bres.

Consider another directed graphG, = (\Vi; E|), where G, represents the
logical topology. Each node inv, represents an OXC that requires an elec-
tronic router. Each edge inE; represents a logical link. The set of nodeg
is a subset ofV, and can be further partitioned into two mutually exclusive
sets of nodes. The rst set only includes nodes corresponding to ausme
and destination pair. A tra c demand matrix 4 quanti es the peak tra c
demand, in Gb/s say, from sources to destination d. The remaining nodes
in V, are intermediate nodes at which an optical signal is routeddm one
lightpath to an adjacent one via an electronic router. No rowt begins or
ends at an intermediate node. Nodes i, that are not in V; do not require
an electronic router.

According to this notation, the design of a wavelength-routedhetwork
involves determining a graphG, routing over G; and routing each link in
G, over Gy

In the beginning, the LTD and RWA problem were solved indeperehtly.
The LTD problem was formulated as a mixed integer linear pragm (MILP)
[124] that, for problems of realistic size, was solved using onfengany heuris-
tics to determine G,. The RWA problem was then formulated as a separate
MILP, which was also solved using one of many heuristics to routae logical
topology G, determined in the LTD phase over the physical bre topology
G, without violating any wavelength continuity constraints.

3.1.1 The Logical Topology Design Subproblem

The LTD problem has been formulated as a MILP in [32, 98, 10741]. To
formulate the LTD problem as a MILP, some further notation neds to be
de ned. Let x;; be a binary decision variable indicating whether or not a
logical link is to be set up from noded to j, wherei;j 2 \,. In particular,
Xi; = lifalogical link is set up from nodei to nodej, otherwisex;; = 0. The
logical topology can be recovered by noting which of the dsmn variables
Xij Is equal to one.
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Furthermore, let the decision variable ,de denote the fraction of <4 that
is routed over the logical link from nodeé to j, wherei;j 2 V. Constraints
are required to ensurex;; = 1, if lsjd > 0 for any source and destination
pair, otherwise without such constraints, tra ¢ may be routed ower a logical
link that does not exist. A set of routes over the logical topolgy from source

s to destination d can be recovered by noting which ofﬁjfd > 0.

The total tra c that is routed over the logical link from node i to j is

sd fjd which is de ned as the lightpath's congestion. The conlgestiloon
the maximally congested logical link is given by max = maxijay,  ¢q ,de
The maximally congested logical link is the bottleneck at wish packets must
queue the longest before transmission. For example, assuming tipaickets
arrive at the bottleneck logical link according to a Poisson cess and the
time required to transmit each packet follows an independergxponential
distribution with mean 1= , the bottleneck logical link can be modelled as
an M/M/1 queue for which the mean queueing delay isX max) [143].
Therefore, minimising congestion on the maximally congesteddical link is

closely tied to minimising queueing delay.

Constraints are usually included to ensure the required numberf input
or output ports per router does not exceed . In particular, the ingoing
and outgoing degree of each node 1B, is constrained to . This indirectly
constrains the cost of an IP router or ATM switch and constrains th total
cost of lightpaths, assuming that the cost of a lightpath is indepelent of its
start and end point. This also assumes a logical link requires a gla input
and output port, which is not the case for logical links contaiing multiple
lightpaths.

With this notation in place, the LTD problem can be formulated as a
MILP taking the form:

mMiN  max
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subject to
8 -
X X 2 S;d; S= Jy
o W= . s d=; 8 2 Vi;sid;  (3.2)
i2V| i2V| " O; S;d6 J;
X s;d F
i max; 8] 2 Vi (3.2)
s;d
« ne saXij ;80 2 Vi;s;d; (3.3)
Xi; ;o 812V (3.4)
X"
j2v
o 0, 8i;j 2 Vs;d; (3.6)
Xij 2 f0;1g; 8i;j 2 W (3.7)

The objective function min ,x seeks to minimise the maximally congested
logical link.

Constraint (3.1) is a ow conservation constraint that is typical of mul-
ticommodity ow problems [14, 68]. In this context, the tra ¢ demand for
each source and destination pair corresponds to the ow of a corouity.
The left-hand side of (3.1) is the net ow for nodg 2 V; for a commodity
corresponding to a particular source and destination pair. Netow is de ned
as the di erence between the total ingoing ow and the total atgoing ow.
The right-hand side of (3.1) forces the net ow for nodg 2 V| equal to
zero if nodej is neither the source nor the destination. This ensures none
of the commaodity vanishes at nod¢, which would violate ow conservation.
Otherwise, if nodej 2 V is the source, that iss = j, the total ingoing ow
is zero and the total outgoing ow is sq4. Thus, the net ow is sd- And
if nodej 2V, is the destination, that isd = j, the total outgoing ow is zero
and the total ingoing ow is ¢q4. Thus, the net ow is 4.

Constraint (3.2) forces nax to equal the congestion on the maximally
congested lightpath. In this way, max provides the tightest possible bound
on congestion. Constraint (3.3) ensures that tra ¢ cannot be rated over a
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lightpath that has not been set up. The logical link from node to nodej has
not been set up ifx;; = 0. In this case, the right-hand side of (3.3) is zero,
thereby ensuring ,de = 0 for all source and destination pairs. Otherwise,
if xij = 1, the right-hand side of (3.3) is equal to g4, which imposes no
restriction on ;' because it is always the case thatj® 4 for all source
and destination pairs.

Constraints (3.4) and (3.5) ensure the required number of inpor output
ports per router does not exceed . Constraint (3.6) is a nonngativity
constraint, while constraint (3.7) is a binary constraint thatforces the set up
of a lightpath to a yes or no decision.

Several commercial software packages can be used to solve theR/ior-
mulation of the LTD problem. However, unless the number of logal nodes
jMj and the number of source and destination pairs is unrealistidglsmall,
a solution can rarely be obtained within a reasonable amount @bmputa-
tion time. This is because any MILP belongs to a larger class ofgblems
called NP-hard [68]. There is no known e cient algorithm that can solve an
arbitrary NP-hard problem.

Therefore, over the years, a plethora of heuristics and metatristics
have been developed and applied to obtain approximate solois for the
LTD MILP. Some popular heuristics for the LTD problem have bee surveyed
in [107]. The performance of a heuristic is measured in termsitd running
time and how well it compares to the optimal solution or a boundor the
optimal solution.

Integer rounding is a popular meta-heuristic that was rst cosidered in
the context of the LTD MILP in [141] and later considered in [9R The LTD
problem reduces to a linear program (LP) if constraint (3.7)9 relaxed to
0 X 1 for all i;j 2 V,. There are well-known algorithms that can
be used to solve very large instances of an LP in a reasonable antooh
computation time. The problem is that if (3.7) is relaxed, saltions of the
resulting LP may be such thatx;; takes on a fractional value, which does
not translate to a yes or no decision.

The integer rounding meta-heuristic consists of two phases. Thest
phase involves nding an optimal solution for the LP that resuls when (3.7)
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is relaxed to 0 X;; 1 for all'i;j 2 V. The possibly fractional values of
Xj; constituting the optimal solution are arranged into a list thatis sorted in
decreasing order. In this order, eacky; is rounded to one if doing so does not
violate either of the port constraints given by (3.4) and (3.b Otherwise, if
rounding x;; to one does violate either of the port constraintsx;; is rounded
to zero. This rounding heuristic is based on the intuition thatpriority should
be given to setting up those logical links for whiclx;; is closest to one. The
rst phase yields the logical topologyG, but does not specify how the tra c
demand should be routed ove6,.

A second phase is required to route the tra c demand over the lagal
topology G, found in the rst phase. The second phase involves solving
another LP that is obtained by removing constraint (3.7) and xing the
values ofx;; to their binary values that were determined in the rst phase.
Therefore, eaclx;; becomes an input parameter rather than a binary decision
variable. Solving this LP yields a set of routes over the logit topology
determined in the rst phase, which can be recovered by noting hich of
0.

The performance of integer rounding in the context of the LTOIMILP has
been quanti ed in [92, 141). In [141], a benchmark case comprising 14 logical
nodes and a randomly generated tra c demand ¢4 was used to quantify
the congestion obtained with integer rounding in comparisorotsolving the
MILP directly using no more than 10 iterations of a branch and bound
routine. About 50 hours of computation time were required to erform 10
iterations. The test was repeated for di erent values of . Soling the LP
that results when (3.7) is relaxed to 0  X;; 1 for all i;j 2 V, provides
a lower bound on any possible integer solution. This is calledehLP lower
bound. Table 3.1 presents the results of this comparison.

Table 3.1 shows that integer rounding often outperforms thepproach of
solving the MILP directly using no more than 10 iterations of a branch and
bound routine. Furthermore, as the port constraint becomesess stringent,
the di erence between the solution obtained with integer ronding and the
LP lower bound decreases. In particular, for 6, the dierence is less

Linteger rounding is called the LPLDA heuristic in [141].
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Table 3.1: Congestion (arbitrary units) obtained with intege rounding in
comparison to solving the MILP for a benchmark case comprising ldgical
nodes and a randomly generated tra ¢ demand [141]

LP Lower Bound MILP Integer Rounding

2 126.18 209.17 243.43
3 85.53 103.03 102.82
4 63.43 76.94 82.03
5 50.75 59.37 53.49
6 42.29 46.27 44.45
7 36.25 39.27 36.55
8 31.72 33.24 32.27

than 5%.

Integer rounding is not the only approach that has been consded to
solve large instances of the LTD MILP within a constrained comgation
time. Several alternative heuristics and meta-heuristics va been surveyed
in [107]. For example, in [98], a search space reduction teatune is proposed
to cope with large instances of the LTD problem. The search spacé the
MILP is pruned by permitting only the shortest route for each sorce and
destination pair.

3.1.2 The Routing and Wavelength Assignment Sub-
problem

The RWA problem can also be formulated as a MILP that takes as put the
logical topologyG, determined in the LTD phase and the routing of the tra c
demand 4 over G, specied by f‘Jd also determined in the LTD phase.
The RWA problem entails routing the logical topologyG, determined in the
LTD phase over the physical topologyG, without violating any wavelength
continuity constraints. The physical topology is given. A comran objective
function is to minimise the total number of wavelengths requéd.

To formulate the RWA problem as a MILP, some further notation

required. For simplicity, we assume each link i, consists of a single bre
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comprisingW wavelength channels, each providing a capacity 6f, say Gb/s.

Let W denote the set of wavelength channels.

P .
Let i = sd \which is the total tra ¢ demand routed over the log-

s;d i !

ical link from nodei Jto nodej, wherei;j 2 V,. Furthermore, let the decision
variable pjl., (w) denote the fraction of j; that is routed over wavelength
w 2 W in the bre from node m to noden, wherem;n 2 V,. Constraints
are required to ensur(—:p‘r;{;n (w) =0 forall i;j 2V, and allw 2 W if there
is no bre from nodem to n in E,. Finally, let ym,(w) be a binary de-
cision variable indicating whether or not wavelengthw is used in the bre
from nodem to noden. In particular, yn.,(w) = 1 if tra c is routed over

wavelengthw in the bre from node m to node n, otherwiseyn., (w) = 0.

With this notation in place, the RWA problem can be formulatal as a
MILP taking the form:

X X
min Ym:n (W)
m;n w2W
subject to
X X
o (W) hm(W) = 0 8n2Vyw2W;ij 6n (3.8)
m2Vp X m>2<vp
p:;jm(W) = i, 8 (3.9)
W2W m2Vp
X X . o
Py (W) =y 8ij; (3.10)
w2wW S(ZVp

Vil (W) Lmn)2c,; 8W 2 W ;m;n; (3.11)
P, (W) Cyll (w); 8w 2W;m;n;ij; (3.12)
P, (W) 0; 8w2W:m;n:ij; (3.13)
y‘r;{;n(w) 2 f0;1g; 8w2W;m;n;i;j: (3.14)

The objective function seeks to minimise the total number of welengths
required.
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Constraints (3.8), (3.9) and (3.10) are analogous to the owanservation
constraint given by (3.1) in Subsection 3.1.1. Constraint (31l) serves two
purposes. First, it ensures that tra c is not routed over a bre that does
not exist in the physical topology G,. The indicator function 1mn)2c, iS
equal to zero if there is no bre from nodem to noden, otherwise it is equal
to one. Second, (3.11) ensures at most one lightpath is assignedeach
wavelength comprising a bre. The left-hand side of (3.11) wdd exceed one
if multiple lightpaths were to be assigned to the same wavelerigtwhereas
the right-hand side is always either one or zero as dictated hige indicator.

Constraint (3.12) also serves two purposes. First, it ensures thahé
tra c carried by a wavelength does not exceed the capacity od wavelength.
Second, it forces the binary decision variabl;zﬁg;n (w) to equal one if trac
owing to the logical link from nodei to nodej is routed over wavelength
w in the bre from node m to node n. Otherwise,y‘r?r{;n(w) equals zero to
ensure the minimum numbers of wavelengths are used. Constra{i13) is
a nonnegativity constraint, while constraint (3.14) is a binay constraint.

As with the LTD MILP, solving the RWA MILP for problems of realist ic
size is intractable. A range of heuristics have been developied60, 92, 143,
194], many of which are based on existing heuristics for the gtapolouring
problem [68].

The graph colouring problem is equivalent to the wavelengtassignment
part of RWA. The wavelength assignment part of RWA can be solved as
the colouring of the path graphP (G;) in which each lightpath in the logical
topology is a node inP(G;) and two nodes inP(G,) are connected via an
edge if the corresponding lightpaths traverse a common bre ithe physical
topology G,. Wavelength assignment is equivalent to colouring the verts
of P(G;) such that adjacent vertices are not assigned the same colour 1.1
Each colour corresponds to a wavelength.

For example, in [92], a two step heuristic was developed. Thest step
uses an integer rounding approach to set up a logical topologyitva ten-
tative wavelength assignment that may violate some wavelengttontinuity
constraints. The second step employs a graph colouring heurista satisfy
all the wavelength continuity constraints violated by the Igical topology
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determined in the rst step. A drawback of this two step heuristicis that

the second step may require provisioning of additional wavelgths to ensure
a clash free wavelength assignment. An alternative heuristic fathe RWA

problem that does not rely on graph colouring was developed j115].

It was soon recognised that the strategy of solving the LTD and RWA
problems independently precludes the enforcement of a gédloptimisation
criterion [98]. For example, although a certain logical toplogy design may
minimise congestion, performing RWA for that topology may regjre sub-
stantially more wavelengths than another logical topology eskign for which
congestion is marginally greater. In other words, the optimay of the LTD
problem can be detrimental to the optimality of the RWA problem.

Recognising the limitation of solving the LTD and RWA problemsinde-
pendently, both linear and nonlinear mixed integer programs were formu-
lated for the combined LTD and RWA design problem in [8, 65, 92120].
In [8, 120], the combined problem was formulated as a nonlaeinteger
program. A nonlinear constraint involving the product of twovariables is
required to ensure wavelength continuity constraints are satied. The prob-
lem is that solving a nonlinear integer program is substantiatimore di cult
than solving a MILP. The nonlinear constraint can be removed iéach node
in V, is equipped with wavelength conversion functionality. Howeyr, today's
wavelength-routed networks do not include any form of optad wavelength
conversion.

In [65], the combined problem is formulated as a MILP. A set ofam-
didate routes for each source and destination pair is deternad a priori as
well as a wavelength assignment for all logical links. The MILPsisolved
to determine how the tra c demand should be distributed over the set of
candidate routes to maximise throughput. The drawback of tisi approach is
that optimality is limited to the set of candidate routes and the wavelength
assignment determined a priori. Higher throughout may be obtaed with a
di erent set of candidate routes or a di erent wavelength assigment.

In [92], the combined problem is formulated as a MILP. Wavelgyth conti-
nuity constraints are enforced with a linear constraint; howeer, it is required
that a link does not contain multiple bres. The wavelength catinuity con-
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straints become more complicated if a link is permitted to cdain multiple
bres because the maximum number of lightpaths that can be assigd to a
particular wavelength in a link is no longer one, but rather he number of
bres in the link. For large problem instances, the integer ronding approach
is employed in [92].

In the next part of this chapter, we formulate the combined LD and RWA
design problem as a MILP. To overcome the weaknesses of the folations
given in [8, 65, 92, 120], for the rst time, we provide a complely linear
formulation, we do not determine a wavelength assignment foodical links
a priori and we permit a link to comprise multiple bres. We congier an
objective function that seeks to minimise congestion.

3.2 Linear Formulation of the Multi-Fibre
Combined Design Problem

In this section, we formulate the combined LTD and RWA problemas a
MILP. We permit a link to comprise multiple bres and we enfore wave-
length continuity constraints linearly.

3.2.1 Notation

We use the following notation for indexing:
m source and destination pair requiring bandwidth;
n nodeinV, or V;
] link in the physical topology Gp;
f  bre in a physical link;
w wavelength in a bre;
| logical link in the logical topology G;
i lightpath in a logical link; and
p route for a source and destination pair.
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3.2.2 Given Parameters

We assume the following sets are known a priori:
M source and destination pairs;
N nodes inV; and V,;
J links in the physical topology Gy, (J = Ep);
F bres in a physical link;
W  wavelengths in a bre;
L all conceivable logical links in the logical topology;
Pn  all conceivable routes for source and destination pain 2 M ;
H!.  routes for source and destination paim 2 M
that traverse logical link 1 2L, (H., P );
K| physical links traversed by logical linkl 2L, (K, J );
O; logical links traversed by physical linkj 2J , (O; L );
Dy logical links incident to noden, (Dy L ); and
D" logical links incident from noden, (D" L ).

The set P, is constructed fromL. Each route in P, consists of a se-
guence of contiguous logical links chosen from The setP,, contains every
conceivable route that can be constructed from.

Solving the MILP provides an optimal subset of route®,, P , and a
corresponding subset of logical linke L . Lightpaths are con gured for
all | 2 L so that each logical linkl contains a su cient number of lightpaths
to sustain the tra c that is routed over it.

Furthermore, we assume the following parameters are known:

maximum number of input or output ports per router;
C wavelength capacity, Gb/s say;
. bound on the maximum number of lightpaths that a
logical link can contain; ( = jWjjFj ); and
m peak tra c demand for source and destination pairm 2 M .

3.2.3 Decision Variables

The MILP is formulated with the following integer, binary and fractional
variables:
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The

=-

jwil

hwil

m;p

\iN;l =1 if lightpath i in logical link | is assigned
to wavelengthw, otherwise |, = 0;
j‘;w;l = 1 if lightpath i in logical link | traversing physical
link | is assigned to wavelengthv, otherwise j,,, =0;
jf;w;l =1 if logical link | is assigned to wavelengthv
on bre f of physical linkj, otherwise J-f;w;l =0;
1 210;:::; gis the number of “active' lightpaths
in logical link | assigned to a wavelength;
0 m:p m 1S the amount of tra ¢ from source and
destination pair m that is routed over pathp2 M ,; and
is the maximum amount of tra ¢ carried by any

logical link in L.

-group of binary variables specify a subset of logical links L
correspond to an optimal logical topology. They also specify aamelength
assignment for each "active' lightpath in a logical link. Thenteger variable

| enumerates the total number of "active' lightpaths in logial link 1. The

-group of fractional variables specify a subset of routds,, P ., that cor-
respond to an optimal routing for the tra c demand. They also speify how
the tra ¢ demand for source and destination pair m should be distributed
across each route iP,,.

3.2.4 Objective

min

This objective seeks to minimise network congestion.

61

that
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3.2.5 Constraints

Tra ¢ Routing Constraints

X
mp = m 8M2M (3.15)
x K"
mip C,8l2L (3.16)
m2M p2H |
X
mip 8l 2L (3.17)
m2M p2H ||

Constraint (3.15) forces tra c for source and destination pairm to be par-
titioned across a subset of the routes i®,,, while (3.16) ensures that the
amount of tra ¢ routed over any logical link does not exceedts capacity.
The capacity of a logical link is given by the product of the gaacity of a
wavelength and the number of “active' lightpaths comprisintghe logical link.
Constraint (3.17) forces to equal the congestion on the maximally con-
gested logical link. In this way, provides the tightest possible bound on
congestion.

Logical Topology Degree Constraints

X
8n 2 N (3.18)
(2D in
X
| 8n2 N (3.19)

12D gut

Constraints (3.18) and (3.19) ensure that the number of lightgths incident
to and from noden does not exceed . For a -regular logical topology [92],
the inequalities in (3.18) and (3.19) are replaced with eqgliaes. These two
constraints are included to ensure the required number of inpwr output

ports per router does not exceed . This indirectly constrairs the cost of an
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IP router or ATM switch.

Wavelength Constraints

X
wil 182L;i2fL::: g (3.20)
w2W
X X
wi = 1 8l2L (3.21)
i=1 w2w

Constraint (3.20) ensures no more than one wavelength is assigre a light-
path, while (3.21) enumerates the number of "active' lighgths in a logical
link.

Fibre Constraints

i 18 2J;f2F;w2WwW (3.22)
120
X X
i JFi 8 j23;w2wW (3.23)
120; i=1
X X
jwil = iwp 812L5j 2K w2 W (3.24)
f2F i=1

Constraint (3.22) ensures no more than one logical link can besagned to a
particular wavelength in a bre. Constraint (3.23) ensures tlat the number of
lightpaths in a physical link that are assigned the same waveletigdoes not
exceed the number of bres in that physical link. Constraint (324) ensures
that each "active' lightpath is assigned to only one bre.
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Continuity of Logical Link Constraint

X i K iy 8l2L5i2fL gw2W (3.25)
j2K,
Constraint (3.25) forces a logical link to be established if itantains at least
one "active' lightpath. An upper bound on the maximum number fophysical
links that logical link | can traverse is given byK,j. Therefore, (3.25) forces
wi tooneif [ is one for anyj 2 K.

In the remaining part of this chapter, we develop and demonsite nu-
merically a new approach to solve intractable instances of #iMILP. The
new approach is a generalisation of the solution space reductitechnique
employed in [98, 133]. We present the new approach in the formhaframe-
work for solving both the stand-alone LTD problem or the combied LTD
and RWA problem.

The framework involves reducing the solution space of the MIL® allow
for a tradeo between computation time and solution quality. Reduction is
achieved by excluding certain subsets from the solution spaceadh subset
is identi ed with a distinct feature that solutions of the LTD p roblem may
exhibit. Based on the maximum amount of computation time periitted, the
framework pinpoints subsets of the solution space that requira@usion. Ex-
cluding these subsets ensures that a higher quality solution istdeminable
within a constrained computation time in comparison to expldng the entire
solution space. We demonstrate that the ability to prune only again un-
desirable features from the solution space may provide betterlgtions than
the technique developed in [98, 133].

3.3 Solution Space Reduction

The MILP formulated in Section 3.2 can be solved using one of maonommer-
cially available software packages. However, obtaining an ampial solution
for a problem instance of practical size may require months obmputation
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time. This is because any MILP belongs to a larger class of prebhs called
NP-hard and there is no known e cient algorithm that can solve a arbitrary
NP-hard problem [68].

Heuristics and meta-heuristics are typically employed to gerege approx-
imate solutions for intractable instances of a MILP. Some exagptes of popular
heuristics developed for the LTD problem and the RWA problem déwe already
been discussed in Section 3.1. In particular, various forms oteger round-
ing have been used for the LTD problem, while existing heurisscfor the
wavelength colouring problem have been tailored to suit theWA problem.
Meta-heuristics such as terminating the branch and bound algthm after
a small number of iterations have been shown [8] to yield solutis within
0.1% of the lower bound provided by the LP relaxation. Genatialgorithms,
simulated annealing and tabu searches have also been applied, [BO7] to
the LTD problem with some success.

Unlike existing heuristic approaches, we develop a solution spaesluc-
tion technique that allows designs to be tailored to excludeectain undesir-
able features. A cyclic route is an example of one such undesimlieature
in which tra c traverses the same physical link multiple times eroute to
its destination. Although a design comprising cyclic routes mayninimise
a global optimisation criterion such as congestion, from an eimgering per-
spective, cyclic routes may be considered a bad design choice amy even
violate restrictions imposed by network routing protocols. Inparticular,
routing tra ¢ back and forth over the same physical link seems aburd from
an engineering perspective. A more practical design, albeittsaptimal with
respect to the optimisation criterion considered, may be posséby disal-
lowing cyclic routes. Optimal solutions comprising cyclic raies are possible
for the MILP formulated in Section 3.2 and in [92, 141].

We identify three features of the solution space that are prumeaway
to reduce the computation time required to obtain a solution ad to avert
possibly "bad' engineering designs such as those comprising cyautes.
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Feature 1: Cyclic Routes

A route for a source and destination pair consists of a contiguosgquence
of logical links. We call any such route cyclic if it uses more timaone input
port or more than one output port on any particular OXC. In simgde terms,
a cyclic route is a route for which tra ¢ must traverse the same plgsical link
more than once enroute to its destination.

For example, in Fig. 3.1, trac from node 1 to node 3 is o ered o
possible routes. The route consisting of the single logical link!1 21 3
is non-cyclic. However, the alternative route consisting of t# sequence of
contiguous logical links 1! 2 and 2! 1! 3 is cyclic because it uses two
output ports on the OXC at node 1. The cyclic route is wasteful bcause
tra c travels back and forth between node 1 and 2; hence the mae cyclic.
Pruning cyclic routes from the solution space ensures better signs and
reduces the time required to solve the MILP to optimality.

(2
7
@L@

Figure 3.1: Example of a cyclic and non-cyclic route; each @&l represents a
logical link

For large instances of the combined design problem, excludimyclic
routes from the search space may not be su cient to ensure a reasdma
computation time. In such instances, we prune away further feates from
the solution space by excluding additional routes. In particalr, we include
only the routes for each source and destination pair that consist the short-
est logical links. If the solution space is still too large, we aahve even further
reduction by considering only the shortest routes between easlource and
destination pair.
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Feature 2: Shortest Logical Links

A logical link from node m to node n, wherem;n 2 V,, is called a shortest
logical link if there are no other logical links inL from nodem to noden
that traverse fewer physical links. There may be multiple shor& logical
links from nodem to noden. The solution space is reduced by replacing the
set of all conceivable logical linkg. with the set of all shortest logical links.

The number of physical links traversed by a logical link gives eeason-
able indication of its propagation delay. Therefore, alloimg only shortest
logical links ensures propagation delay is kept to a minimunmwyhich is a de-
sirable property for wavelength-routed networks of large dmeter in which
propagation delay may dominate over queueing delays.

Feature 3: Shortest Routes

The set of shortest routes for a source and destination pair consist all
routes that traverse the least number of physical links from theource to
the destination. The solution space is reduced by replacing theet of all
conceivable routesP,, for source and destination pairm 2 M with the
set of all shortest routes. Including thek-shortest routes for each source and
destination pair is a variation that re nes the granularity at which the search
space can be pruned.

Hop-Limits

We de ne the logical hop-length of a route as the total numbeof logical
links it traverses, while the physical hop-length of a logicalrk is de ned as
the total number of physical links it traverses. Finer control ger the size of
the solution space is possible through imposing either a physical logical
hop-limit.

3.3.1 The Framework

In this subsection, we develop a framework based on pruning thelgmn
space to approximately solve the MILP formulated in Section 3. within
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a constrained amount of computation time. The framework presibes an
appropriate feature to prune from the solution space based ondHollowing
three criteria:

1) Solution space dimensionality (SSD) of the MILP;
2) Maximum amount of computation time permitted; and

3) Desirable features the solution should exhibit.

The total number of enumerated routes, given byf mom Pmj, is used to
approximate the SSD of the MILP. The MILP is considered solvablif the
number of routes enumerated is below a certain threshold. Ththreshold is
chosen depending on the maximum amount of computation time pwitted.
Our experience with the MILP formulated in Section 3.2 indiates that for
a given problem instance, the computation time required is tghly propor-
tional to the number of enumerated routes, though a precise eglon between
these two quantities is unlikely to exist.

The number of enumerated routes is reduced by pruning a fea&ufrom
the solution space. In particular, pruning Feature 1 reduceshé solution
space by the least, thus emphasising solution quality. In contraspruning
Feature 3 reduces the solution space by the most, thus emphasisagapid
computation time. Pruning Feature 2 provides a tradeo between solution
guality and computation time, while even ner control of this tradeo is
possible by imposing a physical or logical hop-limit. Fig. 3.2 géts the
partitioning of the solution space into three features.

Shortest Routes

Shortest Logical Links

No Cyclic Routes

No SSD Reduction

Figure 3.2: Partitioning of the solution space according to ttee features

As depicted in Fig. 3.2, a solution space that is limited to short logical
links cannot include any cyclic routes. Furthermore, a solubh space that
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is limited to shortest routes cannot include either non-shorta logical links
or cyclic routes. Therefore, pruning the non-shortest logicdinks from a
solution space also excludes cyclic routes, while pruning the mehortest
routes excludes both non-shortest logical links and cyclic utes.

The framework comprises the following three steps:

Step 1) Prune from the solution space any solutions that are identi ed wh
undesirable features.

Step 2) Approximate the SSD via the number of enumerated routes, givedoy
il mam Pmj, and determine if the MILP is solvable. Solve the MILP if
the number of routes enumerated is below the threshold corresp-
ing to the maximum amount of time available to compute a solutn,
otherwise proceed to Step 3.

Step 3) In the following order, sequentially prune a feature from thesolution
space:
(a) Cyclic routes;
(b) Non-shortest logical links; and
(c) Non-shortest routes.

Impose a logical or physical hop-limit to gain ner control of he trade-
0 between solution quality and computation time. Repeat Stp 2.

In the next section, we compare the minimum level of network ogestion
achievable in a small network by applying the SSD reduction thniques
discussed in this section. We also compute the congestion achidealvhen
the MILP is solved exactly.

3.4 lllustrative Example

To numerically demonstrate our framework and quantify its pgormance,
in this section, we determine the congestion in a small networkftar the
features de ned in Section 3.3 are sequentially pruned fromhé solution
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space of the MILP formulated in Section 3.2. To provide a benohark to
gauge the increase in congestion owing to the exclusion of cartéeatures,
we also solve the MILP to optimality over the entire solution spae.

The MILP formulated in Section 3.2 is considered for the fourade phys-
ical topology shown in Fig. 3.3. Each directed edge in Fig. 3r8presents a

physical link.
4_
—>

4_
—>
Figure 3.3: Four node physical topology; each edge represeatghysical link

We consider the randomly generated tra ¢ demand matrix shownn Ta-
ble 3.2. Element {;] ) equals the tra c demand for the source and destination
pair from nodei to nodej.

Table 3.2: Tra ¢ demand matrix

0 0.4565 0.9218 0.4103
0.2311 0 0.7382 0.8936
0.6068 0.8214 0 0.0579
0.4860 0.4447 0.4057 0

Con guring the MILP involves enumerating the set of conceivale logical
links L. There is a total of 24 conceivable logical links for the founode
physical topology shown in Fig. 3.3. The set of conceivable rag P,
is then constructed by enumerating every possible sequence oht@uous
logical links that de ne a route between each source and des#tion pair
m2M .

Pruning certain features from the solution space amounts to ekiding
select subsets of routes from the set of all conceivable routes.bl&a3.3 quan-
ti es the total number of routes enumerated when routes thatlo not satisfy
certain features are pruned from the solution space. Assuming theom-
putation time is roughly proportional to the number of enumeated routes,
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Table 3.3 shows that we can achieve four di erent tradeo s b&ieen solution
quality and computation time.

Table 3.3: Total number of enumerated route$[ mom Pmj
No SSD No Cyclic Shortest Shortest
Reduction  Routes  Logical Links Routes
312 56 48 24

For simplicity, we limit each physical link to one bre, that is jFj = 1.
We also setC = 1 , which is equivalent to relaxing the wavelength capacity
constraint (3.16).

Table 3.4 shows the congestion obtainable when certain feaggrare pruned
from the solution space. The MILP can be solved to optimality owethe en-
tire solution space because the number of conceivable routes3i2, which
is several orders of magnitude smaller than a network of realistsize. The
congestion obtainable is shown for di erent constraints on thenaximum
nodal degree of the logical topology, denoted with , and thenumber of
wavelengths comprising a bre, denoted withjWj.

Table 3.4: Congestion (arbitrary units) obtained when routesiot satisfy-
ing certain features are pruned from the solution space; fourode physical

topology

No SSD No Cyclic Shortest Shortest
JWj Reduction Routes Logical Links  Routes

1 1 3.2529 3.4783 3.4783 Infeasible
2 1 1.4820 1.4820 1.4820 1.4820
2 2 1.1144 1.1247 1.1247 1.4820
3 1 1.4820 1.4820 1.4820 1.4820
3 2 0.7410 0.7410 0.7410 0.8214
3 3 0.6957 0.6957 0.6957 0.8214
4 1 1.4820 1.4820 1.4820 1.4820
4 2 0.7410 0.7410 0.7410 0.8214
4 3 0.5164 0.5164 0.5164 0.8214
4 4 0.5164 0.5164 0.5164 0.8214

Excluding cyclic routes from the solution space increases ca&sgon by no
more than 7% for the combinations considered in Table 3.4, whiexcluding
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non-shortest routes increases congestion by no more than 36%. claxling
non-shortest logical links does not increase congestion anyther than that

obtained with a solution space excluding only cyclic routes, bueduces the
number of enumerated routes by 14%. For the case of =1 angWj =1,

the MILP is infeasible if the solution space is limited to shortestoutes.

3.5 Larger Example

In Section 3.4, we solved the MILP formulated in Section 3.2 veim select
subsets of routes satisfying certain features were excludednfra relatively
small solution space. However, we did not explicitly quantify ta amount
of computation time required. Instead, we simply used the totahumber of
enumerated routes as a surrogate for computation time.

In this section, we demonstrate the performance of our framevkofor a
larger physical network topology de ned by the NSFNET, which wa also
used in [92]. Furthermore, we explicitly impose a limit on the mximum
permitted computation time. For simplicity, we use our framewrk to reduce
the solution space of the LTD problem in isolation.

The input parameters for the LTD MILP are chosen as follows. We
randomly generate a tra ¢ demand matrix from a uniform distribution on
[0; 1]. The maximum degree of the logical topology is xed at six. Ahysical
hop-limit of two and a logical hop-limit of three are imposed It follows that
each route cannot traverse more than six physical links.

The CPLEX optimisation package is used to compute the best feas#iso-
lution in a limited amount of computation time, which is quarti ed by CPU
time. Table 3.5 shows the congestion obtainable within a consined com-
putation time when di erent features are excluded from the dation space.
Each entry in Table 3.5 is obtained by terminating the branchand bound
algorithm inherent to CPLEX after the maximum amount of comptation
time is exceeded and then nding the solution corresponding tilve best fea-
sible node of the branch and bound tree. It is likely that this W not be the
optimal solution to the MILP. A feasible solution was not compuéd in the
speci ed amount of computation time for entries marked with a asterisk.



3.5. LARGER EXAMPLE 73

Table 3.5: Congestion (arbitrary units) obtained when routesiot satisfying
certain features are pruned from the solution space; physicalgology given
by NSFNET

Time Limit No Cyclic Shortest Shortest

(s) Routes  Logical Links Routes
il m2v Prm] 3888 2622 536
60 * * 2.2169
300 * 3.1367 2.2023
1800 3.0343 2.8949 2.2023
3600 3.0343 2.2659 2.2023
9000 2.2659 2.1739 2.2023
10800 1.9073 2.1739 2.2023
36000 1.8659 2.0747 2.2023

Table 3.5 shows that for a maximum permitted computation timeof
3600s, our framework prescribes a solution space comprising oshortest
routes. If the computation time is increased to 9000s, our framerk pre-
scribes to allow non-shortest routes but to prune all non-shoelogical links
from the solution space, which results in congestion decreasimngr 2.2023 to
2.1739. Finally, if the computation time is further increase to 10800s, non-
shortest logical links should remain in the solution space, but clic routes
should be excluded, which results in congestion decreasing fréh2023 to
1.9073 for 10800s and 1.8659 for 36000s.

Comparable approaches for reducing the solution space preszhin [98]
exclude all non-shortest routes from the solution space, irresge of the
permitted computation time. With the ability to exclude a range of di erent
features, we can tailor the solution space to match the permittecomputa-
tion time. In this way, compared to the approach in [98], we caimprove
congestion by about 15% for a computation time of 36000s.

Our framework has been applied to other instances of the LTD pblem
in isolation and the combined LTD and RWA problem in [187, 188]
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3.6 Chapter Summary

Traditionally, the design of wavelength-routed networks hs been divided
into the LTD and RWA subproblems. The LTD problem involves dete-
mining an optimal topology to interconnect a network of IP raiters, ATM
switches or SONET multiplexers, while the RWA problem involvesouting
a logical topology over the underlying physical bre topolog and assigning
wavelengths to each lightpath comprising the logical topolfy. We saw that
both the LTD and RWA problem can be formulated as a MILP and gae&
examples of heuristics that have been developed to solve prl instances
of realistic size within a reasonable amount of computation tiem

The drawback of solving the LTD and RWA problems independengl is
that the enforcement of a global optimisation criterion may ot be possible.
In particular, the optimality of the LTD problem can be detrimental to the
optimality of the RWA problem. For example, although a certén logical
topology design may minimise congestion, performing RWA for #t topology
may require substantially more wavelengths than another locgl topology
design for which congestion is marginally greater.

In this chapter, we formulated the combined LTD and RWA probém
as a MILP. Our formulation overcame drawbacks inherent to seval other
integer program formulations of the combined LTD and RWA prblem. In
particular, we provided a completely linear formulation, v& did not determine
a wavelength assignment for logical links a priori and we pertted a link to
comprise multiple bres.

To solve the MILP we formulated for problem instances of realist size,
we developed and numerically demonstrated an approach basedmuning
certain solutions from the solution space that are identi ed wh possibly
undesirable features. Cyclic routes were an example of one sdiehture in
which tra c is routed back and forth over the same physical link Excluding
cyclic routes from the solution space reduces the computatidime required
to solve the MILP and averts designs that may be considered badofn an
engineering perspective.

We described a framework that prescribes which features shotd pruned
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from the solution space given the maximum permitted computabin time.
With the ability to exclude a range of features from the solutn space, our
framework was shown to o er several di erent tradeo s betweensolution
quality and computation time.

Finally, in this chapter, we assumed that the bandwidth demaned by
each source and destination pair remained xed over time. In pctice how-
ever, the tra c demand matrix may vary over a daily or hourly timescale.
Therefore, a logical topology may require regular recon gation to adapt to
a changing tra c demand. Recon guration should be performedwith the
least possible disruption to lightpaths comprising the existingogical topol-
ogy. This is a challenge that has been addressed in [8, 100, 151]



76 CHAPTER 3. DESIGN OF WAVELENGTH-ROUTED NETWORKS



Chapter 4

Performance Modelling of
Optical Burst Switching

Optical burst switching (OBS) [7, 12, 26, 80, 135, 136, 137, J65as con-
tinued to gain substantial momentum in recent years. Those that dve
climbed aboard the OBS bandwagon claim that OBS strikes a balae be-
tween the wavelength-routed networks considered in Chapt& and optical
packet switching, in that it o ers a switching granularity far ner than the

former, without the need for optical RAM, which is a must for thelatter.

Given that optical RAM is not a present-day o -the-shelf techndogy, OBS
has been portended as a stepping stone to an era in which optigalcket
switching is a reality.

We discussed in Chapter 1 that OBS has evolved into an umbrellarte
that encompasses a range of approaches to all-optical switafpinVe saw that
as a rule of thumb, any approach to all-optical switching in with blocking
is possible at an intermediate node falls under the classi cationf @BS. We
also saw that a blocked burst plunders the bandwidth that was resesd for
it at each of the preceding nodes of its route. This plunderedandwidth
could have been utilised by other bursts. Contention resolutiors therefore
a critical subject in the design of OBS networks.

Contention occurs when a header seeks to reserve a wavelendtannel
for a period that overlaps an existing reservation. The burst ecesponding

77
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to this header is called the contending burst. The traditionbsolution to the
contention problem is to bu er a contending burst for a variatle amount of
time until a suitable wavelength in the desired outgoing linkg free for an
unbroken period spanning the contending burst's transmissionntie. How-
ever, bu ering with electronic RAM defeats the all-optical rature of OBS,
while optical RAM is a technology that is con ned to research laoratories.
Alternative strategies for resolving contention were therefe sought.

Of these, the four most popular strategies that have been considd are
de ection routing [11, 25, 71, 103, 170], wavelength conwon [145], burst
segmentation [41, 146, 167] and bre delay lines [179]. Apantom burst
segmentation, all these strategies have been compared in [18BJ ection
routing had already been proposed for electronic packet-swaliied networks,
therefore it was only natural to translate the concept to OBSA contending
burst is switched to an outgoing link other than its preferred otgoing link
in which the required wavelength is free for an unbroken per spanning the
contending burst's transmission time. The alternative outgoig link forms
the rst hop of a de ection route leading to the contending bust's destina-
tion. De ection routing in OBS su ers from the same problems asle ection
routing in electronic packet-switched networks. In particudr, increased delay
due to bursts traversing longer routes, packets arriving out cfequence and
positive feedback that results when a de ected burst triggershe de ection
of several other bursts. We will develop techniques to combat ehlast of
these problems in Chapter 5.

Wavelength conversion was another concept that had been praged well
before the dawn of OBS in the context of wavelength-routed teorks. It
had also been proposed to enhance optical packet switching. $#85] for
examples. The concept easily translates to OBS. Wavelength e@nsion
provides the functionality to switch a contending burst to anywavelength in
its desired outgoing link, whereas without this functionaty a wavelength is
constrained to the same wavelength upon which it arrives. This icalled the
wavelength continuity constraint.

Burst segmentation is a strategy for resolving contention that &s been
tailored to suit OBS. It does not apply to optical packet switcling. The
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reservation period sought by a contending burst may overlap gnk certain
portion of an existing reservation period. In this case, the bst can be
divided into two smaller bursts. One of the smaller bursts contamall the
packets of the parent burst that do not overlap the existing reseation. This
smaller burst proceeds to traverse the same route as its parenthd other
smaller burst containing all the packets that do overlap is bicked. Therefore,
burst segmentation allows some packets to be salvaged from a butisat
would otherwise be blocked in its entirety.

Fibre delay lines can be used to delay a contending burst for a exl
amount of time until the required wavelength in the desired digoing link
is free for an unbroken period spanning the contending burstieservation
period. This is also a concept that has been translated to OBSoin op-
tical packet switching. The bre delay line architectures fo optical packet
switching discussed in Chapter 1 apply equally to OBS.

Multi-pronged approaches to contention resolution have alsbeen pro-
posed. They use di erent combinations of the four basic strategg described
above. For example, in [71], bre delay lines have been proged for use
in conjunction with de ection routing to increase the separabn between a
de ected burst and its header. In particular, the residual o s¢ period of a
de ected burst can be prolonged with a bre delay line to overeame the ad-
ditional per-node processing delays incurred in traversing agkction route
that comprises more hops than the original route. And in [166]le ection
routing is used in conjunction with burst segmentation. Insteaaf blocking
the segment of the parent burst that overlaps an existing reserman period,
an attempt is made to de ect this segment to an alternative ougoing link.

Regardless of the strategy, some contention scenarios cannotrbsolved
and there is no choice but to block the contending burst, or inhe case of
burst segmentation, block the o ending packets comprising theontending
burst. The responsibility of retransmitting a blocked burst is réegated to
a higher layer of the protocol stack. Therefore, the proporin of bursts
that are blocked in the long run is a crucial measure for gaugirthe perfor-
mance of strategies for resolving contention. This measure &lled blocking
probability. For burst segmentation, blocking probability is de ned as the
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proportion of packets that are blocked in the long run.

This chapter develops and analyses a performance model for ®Bet-
works in which wavelength conversion is the primary strategyneployed to
resolve contention. Blocking probability is the performane measure that is
of most concern. Corresponding models for de ection routing@ developed
and analysed in Chapter 5, while performance models for burstggeentation
and multi-pronged approaches to contention resolution haveeen developed
and analysed in [41, 125, 146] and [182], respectively.

We begin this chapter by elaborating the basics of OBS discussed i
Chapter 1 and reviewing the use of Erlang's xed-point appramation as
an approach to estimate end-to-end blocking probabilitiesnian OBS net-
work. The focus of this chapter then turns to developing andralysing a
performance model for OBS networks in which the conversion afh ingoing
wavelength is restricted to a limited range of neighbouring avelengths in
the WDM spectrum that reside above or below. This is called lined wave-
length conversion. Due to ine ciencies of some techniques used realise
optical wavelength converters, the conversion range is coraitned to ensure
a satisfactory signal-to-noise ratio is maintained.

The analysis of the performance model we develop is approxitiva and
underpinned by Erlang's xed point approximation. One of the key assump-
tions we invoke is that links are statistically independent. his assumption
allows each link to be analysed as a stand-alone entity. A set oked-point
equations are written to characterise the behaviour of eachastd-alone link.
In writing these equations, we assume bursts arrive at each link @rding
to a Poisson process and the residual o set period is constant. Thami -
cations and validity of these and other more minor assumptionsemMnvoke
are discussed. We propose to solve the set of xed-point equatioms £ach
stand-alone link using an iterative approach. This yields ansimate of the
probability that a burst is blocked at a particular link in much the same way
as the Erlang B formula is used to estimate the probability thata call is
blocked at a particular trunk group in the conventional Erlang's xed-point
approximation. Let b denote the estimate of blocking probability for linki.
The end-to-end blocking probability for a source and destinain that tra-
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verses a route comprising of the links labelled; 2;:::; N is then estimated
asl (1 b)(1 k) (@ ky). This also relies on the assumption that
links are statistically independent.

The complexity of our approximation is dominated by the wavength
conversion range and is independent of the number of wavelémg per link
under certain symmetry conditions. We use computer simulationotgauge
the error attributable to each of the assumptions we invoke inralysing the
performance model. Furthermore, we use our approximation tiemonstrate
numerically that introducing even the most limited form of waelength con-
version may reduce end-to-end blocking probabilities by sea orders of
maghnitude.

To end this chapter, we develop and analyse a model of a standya¢
link in which a pool of limited range wavelength converterssi shared be-
tween all wavelengths comprising the link. This is called shed wavelength
conversion and is intended to minimise the number of wavelergt converters
required to achieve a prescribed blocking probability. We dcussed shared
wavelength conversion in Chapter 1. We consider a generalisatiof existing
models in that we allow any subset of the shared converters to bgrchmi-
cally concatenated to yield a wider conversion range for a katrthat would
otherwise be blocked because all unused wavelengths in its degioutput
bre lie outside the range of a single converter. The model we dgop and
analyse can be used to estimate link blocking probabilities f&rlang's xed
point approximation.

4.1 OBS in a Nutshell

OBS is an optical analogue of the various one-way unacknodtged switching
technigues developed for ATM in the early nineties, which imade tell-and-
go [29, 172] and fast reservation protocol with immediate tramission [154].
Several notable papers [73, 135, 136, 137, 164, 186] serveubtoularise OBS
by translating the ATM concepts of tell-and-go and fast reserdan with
immediate transmission to the optical domain. It would be unfaito claim
that these papersonly served to translate ATM concepts. They also re ned
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the basic tell-and-go concept to ensure it suited the limitatios of optical
communications. For example, separating a header from its cesponding
burst with an o set period [186] is a feature that is unique to O and is
used to avert the need to bu er bursts at intermediate nodes wte their
headers are processed. This is an important feature due to theavailability

of optical RAM. Another example is the concept of delayed resextron [135].
Delayed reservation ensures a wavelength is not unnecessairigdtup during
the period beginning from the time the switch is recon gured ad ending at
the time the burst arrives.

We saw in Chapter 1 that the basic most transmission unit of OBS is a
burst. A burst is a group of packets sharing a common destinatiomat have
been grouped together at a common source. The design issue of hoanyn
packets should comprise a burst and whether a burst should be coresield
formed once a certain number of packets have been grouped orce the
rst arriving packet exceeds a certain age are addressed in Chap8. The
former is called threshold-based burst assembly, while the lattés called
timer-based. In this chapter and in Chapter 5, we view the bursassembly
process as a black-box. In particular, we simply assume each seugenerates
bursts according to a Poisson process.

Associated with each burst is a header. With most forms of OBS, a saer
generates a header as soon as a burst is formed. A header pres@gdeburst
at all times and a burst always traverses the same sequence of intediate
nodes enroute to its destination as did its header. At each ietmediate node,
a header is processed electronically at the IP layer and themfearded to the
next intermediate node via an out-of-band wavelength.

We discussed in Chapter 1 that processing a header involves resegva
wavelength channel for the soon to arrive burst and recon gung the switch
accordingly. The switch can be recon gured either immediatg after the
header is processed or recon guration can be delayed until jubefore the
burst is expected to arrive. The latter is called delayed resetion [135] and
may o er better performance than the former because a wavelgth is not
unnecessarily tied-up during the period beginning from thertie the switch is
recon gured and ending at the time the burst arrives. This pend is referred
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to as the residual o set period.

The base o set period and the residual o set period feature promently
in the discussion that follows. Before proceeding, it will thefere be useful
to recap the signi cance of these o set periods. In Chapter 1, we wathe
processing of a header at each intermediate node is not instamémus. It
requires O/E and E/O conversion of the header, reading a desation and
other elds such as QoS requirements from the header, searapia look-
up table to determine the required outgoing link and runninga scheduling
algorithm to determine a reservation period. Therefore, a lagler is delayed
at each intermediate node for a xed amount of time to allow tlese processes
to take place. To accommodate for this per node processing dgla burst
is preceded in time by its header to ensure it cannot reach antemmediate
node at which its header has yet sought to reserve a wavelengtaanel.

Separation of a burst and its header is achieved by delaying arist at
its edge bu er for an o set period that is equal to the sum of per nde
processing delays its header incurs. This is called the base o ggtriod.
Separation is maximum at an edge bu er and decreases increnly by
one per node processing delay at each subsequent intermediatelenoThe
remaining portion of the base o set period at a particular intemediate node
is called the residual o set period. Fig. 1.6, shown in Chapter,illustrates
the di erence between the base o set period and the residual o $geriod.

After a wavelength has transmitted a burst, the wavelength canither
be immediately released for use by another burst or a trailer pet can
be sent from the source to explicitly release the wavelength. &former is
called immediate release, while the latter is called delayedlease. Delayed
release unnecessarily ties-up a wavelength during the periodgb®ing from
the time the burst completes transmission and ending at the timehe trailer
packet arrives and releases the wavelength. The advantage deflayed re-
lease is that a header need not inform each intermediate nodetbe length
of its corresponding burst. For a timer-based assembly policy, ehlength
of a burst is not known until the burst is fully formed. Therefoe, it may
be possible to send a header before its burst is fully formed, tledy reduc-
ing pre-transmission delays. However, this limits the choice of rexduling
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Table 4.1: Four possible forms of OBS

Delayed Release Immediate Release

Delayed Reservation (Not studied) JET
Immediate Reservation JIT Horizon
Reserve Release
Fop 1 S, \ RBurst g Release Resepve Pelease
eserve
H0p2 @l% \ Burst Hopl\s ReserveBurst /7@/]& Release
\SNeserve Release Hop 2 e’%; \4 Burst \y ¥,
Hop 3 0 . Burst ¥ Hop 3 S@,% Rese\n‘/e Burst% ;elease
‘ e e o ofe e e )
Propagate Propagate

Propagate Propagate
Process Process Process Process

(a) JET: delayed reservation and immediate (b) JIT: immediate reservation and delayed
release release

Figure 4.1: The JET and JIT forms of OBS

algorithms to those that only require knowledge of the start the of each
reservation period but not the end time.

In contrast, immediate release requires a header to inform éaimterme-
diate node of the length of its corresponding burst, otherwisanantermediate
node would not know when to release a reserved wavelength. Anannedi-
ate node does not have the ability release a wavelength of ite/ volition
based on whether or not the wavelength is transmitting a burst.

Depending on whether or not wavelengths are reserved and/celeased
immediately, four possible forms of OBS have been discussed [H3]shown
in Table 4.1. Of these: delayed reservation and immediate rake, commonly
referred to as just-enough-time (JET) [135, 186]; immediateservation with
delayed release, commonly referred to as just-in-time (JITY[ 171]; and im-
mediate reservation with immediate release, commonly refed to as horizon
[164], are the most studied combinations. The di erence betweelET and
JIT is shown in Fig. 4.1.

The term horizon refers to the end time of the reservation perd on each
wavelength after which there have been no further reservatie issued. The
horizon of each wavelength indicates the earliest feasible gtaime for a
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new reservation. An earlier start time would overlap an existingeservation
period. The advantage of horizon is that a scheduling algohin must only
keep track of the horizon of each wavelength. In particularas soon as a
header is processed, the required wavelength is immediategserved as long
as the horizon of the required wavelength has already passechéelend time
of the new reservation period becomes the new horizon. The dwmide of
horizon is that a wavelength is unnecessarily tied-up from thé@me the switch
is recon gured and the reservation begins until the time the brst actually
arrives.

JIT is essentially the same as horizon except that JIT uses a trail packet
to explicitly release wavelengths. This allows for simpler infpmentation
because a header need not inform each intermediate node of thagth of
its corresponding burst. And in some cases, this may also allow a head
to be sent before its burst is fully formed, thereby reducing prtransmission
delays.

In contrast, JET employs delayed reservation and is therefofendamen-
tally di erent from its counterparts in horizon and JIT. Wit h delayed reser-
vation, reservation periods are "pre-booked' at each inteediate node. The
residual o set period indicates how far into the future the star time of a
reservation should be booked. Recall that for a particular irmediate node,
the residual o set period is the period beginning from the timehe header is
processed and ending at the time its burst actually arrives. Witimmediate
reservation, the residual o set period is unnecessarily tied-ujpr the sake of
scheduling algorithm simplicity.

With delayed reservation however, it is possible for a burst to iise the
unused window that spans the residual o set period. In other wos] a new
reservation period can be scheduled to lie in the so-called vdiétween two
existing reservation periods, thereby improving utilisation.The downside of
this is that computationally intensive scheduling algorithns are required that
must keep track of the start and end time of all existing reservaiin periods.
These algorithms are called void- lling algorithms and havéeen discussed
in [77, 181].

It has recently been recognised in [9] that the full bene t of dlayed reser-
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vation without the burden of void- lling is possible. In particular, if it were
possible to maintain a constant residual o set period at each intenediate
node, an optimal scheduling algorithm would only have to matain a hori-
zon for each wavelength. It would not be required to performoid- lling.
It has been proven in [9] that void- lling is unnecessary for awstant resid-
ual o set periods. Furthermore, a form of OBS called dual-heaa OBS has
been proposed in [9] that allows for constant residual o set perils at each
intermediate node.

The problem with dual-header OBS is that it introduces a side-ect
known as phantom bursts that may be detrimental to utilisation To max-
imise utilisation, what is ideally sought is a form of OBS emplagg delayed
reservation in conjunction with immediate release that mairdins constant
residual o set periods without introducing any detrimental sde-e ects.

In summary, delayed reservation in conjunction with immedia release
o ers the best utilisation. Traditionally, this combination has been referred
to as JET. The disadvantage of JET is that it requires compliceed void-
lling algorithms to make full use of the bene t o ered by delayed reservation.
Furthermore, there is no known optimal void- lling algorithm that maximises
the utilisation o ered by delayed reservation. Recently, it vas recognised
that the full bene t of delayed reservation can be achieved h the simplest
possible horizon scheduling algorithm. This is only possible ihé residual
o set period at each intermediate node does not vary from bursio burst.
If it were in fact possible to maintain a constant residual o set pgod, the
achievable utilisation with a simple horizon scheduling algghm would be
unrivalled! by the utilisation achievable with the most complicated of vai-
lling algorithms. Finally, although JET o ers the best utili sation, horizon
or JIT may be desirable if a simple implementation is more imptant than
achieving the highest possible utilisation.

In this chapter and throughout this thesis, we assume residual o s@e-
riods remain constant from burst to burst. We invoke this assumptin to
avoid confronting the unsolved problem of computing the bld&ing proba-
bilities for an M=M=K=K queue in which customers pre-book their service

1t has been proved in [9] that it would in fact be an upper bound.
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period in advance of their arrival. For this type ofM=M=K=K queue, the
blocking probability perceived by a customer depends on howarfin advance
they seek to book their service period.

For the case of variable residual o set periods, if it is assumed lsis
arrive as a Poisson process and their transmission times are indegent and
exponentially distributed, anM=M=K=K queue in which customers pre-book
their service period in advance of their arrival is a suitable odel for a stand-
alone link. According to this model, each customer correspontls a burst
and each service period to a burst's transmission time.

For the case of constant residual o set periods, the usudl=M=K=K
queue for which the Erlang B formula can be used to compute thddzking
probability is a suitable model for a stand-alone link. Theresino known ana-
logue of the Erlang B formula for anM=M=K=K queue in which customers
pre-book their service period in advance of their arrival.

In assuming that residual o set periods remain constant from bursto
burst, the performance models developed in this thesis are uiyaptimistic
in the context of the conventional forms of OBS such as JET, in fich
residual o set periods vary. The question of how optimistic has éen quan-
titatively answered in [9], where it was shown numerically thiathe average
blocking probability achievable with JET operating in conpnction with a
typical void- lling algorithm is only marginally higher compared to the case
of constant residual o set periods. However, greater variationsiexpected
if blocking probability is considered at the level of the ende-end blocking
probability for a particular source and destination pair, raher than the av-
erage blocking probability over all source and destination rs.

Another disadvantage of residual o set periods that vary from btst to
burst is that they enforce an implicit priority regime betwea bursts that
compete for a common wavelength. This results in unfairnessdagise bursts
with a longer residual o set have greater success in securing a nes¢ion
period. In simple terms, the further in advance a reservation pied is sought,
the greater the probability that the reservation period is ganted. It has been
proved in [10, 147] that assuming the time required to transmit durst is
constant, sayT, a burst class with a residual o set period that exceeds the
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residual o set period of all other burst classes by at least is implicitly
given strict priority. Maintaining constant residual o set periods averts this
unfairness problem.

The many other issues surrounding OBS have been discussed in [7, 12,
26, 80, 135, 136, 137, 165] and references therein, inclgdihe design and
implementation of void- lling algorithms, mechanisms for Q& support, com-
mercial and regulatory issues, services and applications ashaslexperiments
and testbeds. Although of substantial importance, these issues dotrave
a direct bearing to the performance models developed in thisesis and have
therefore not been discussed at any depth.

4.2 Erlang's Fixed-Point Approximation

The rise of OBS has motivated the development of new teletra anodels
and witnessed a resurgence of old ones. Performance models getnwards
guantifying blocking probability have been of predominantinterest. For a
stand-alone linkl consisting ofN wavelength channels, the well-known Erlang
formula

aN=N! _
1+a+ a2=2!+ + aN=N!"

En(a) = (4.1)

has been shown [147] to provide a reasonable approximation tddking prob-
ability in many scenarios, wherea is the mean number of bursts that arrive
during an average burst's transmission time. In using (4.1), it igacitly
assumed that:

A.4.1) Reservation requests arrive according to a Poisson process;
A.4.2) Full wavelength conversion is available;

A.4.3) All bursts and their associated headers are separated by anstant
residual o set period; and,

A.4.4) A scheduler is able to process all requests without fail.
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Assumption A.4.1 is usually valid if the number of edge bu ers feealg |
is large relative toN. Otherwise, if the number of edge bu ers feeding is
of the same order af\N, an Engset-like model with an enlarged state-space
accommodating for so-called "frozen' states is necessary and\weoposed in
[41, 199]. In Chapter 9, we review and generalise this Engsiel model to
the case of optical hybrid switching.

Without wavelength conversion, (4.1) is used a& (a=F), whereF is the
number of bres comprisingl. Hence, each bre consists oN wavelength
channels. In the case of limited range wavelength conversion,

a(2d + 1)

E2d+1 N

may provide a crude approximation iff = 1, whered is the maximum conver-
sion radius. The purpose of this chapter is to develop re ned appximations
for the case of limited wavelength conversion.

Assumption A.4.3 was discussed at length in the previous section. Re-
laxing A.4.3 has proved to be a challenge but is critical if raas traversingl
di er substantially in hop count. In this case, the residual o setperiod may
vary substantially from burst to burst. The greater the residual cset period,
the greater the probability that a reservation can be securedlhe fact that
the blocking probability perceived by a burst decreases withnaincrease in
its residual o set period is not re ected in (4.1). Approximate models in
which A.4.3 is relaxed to an extent were proposed in [111] andveenped in
the context of OBS in [81]. Some promising work aimed at relang A.4.3
has recently been presented in [10, 162]. However, this reng@en unsolved
problem.

Assumption A.4.4 is considered in Section 8.7 of Chapter 8. In ththap-
ter, we uphold assumptions A.4.1, A.4.3 and A.4.4, and focus on aring
A.4.2 to develop an analogue of (4.1) for the case of limited welength con-
version. This provides an approximation for the probabilitythat a burst is
blocked at a stand-alone link. To estimate end-to-end blockinprobabilities
in an OBS network with limited wavelength conversion, we genalise Er-
lang's xed-point approximation for OBS by replacing the Efang B formula
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with our new approximation for a stand-alone link.

The purpose of this section is to review the use of Erlang's xepleint
approximation as an approach to estimate end-to-end bloclgnprobabilities
in an OBS network.

Erlang's xed-point approximation was rst proposed in the sixies in [37]
to dimension trunks in circuit-switched telephony networks. his approxima-
tion has remained a cornerstone of telecommunications netkgerformance
evaluation for several decades. See [62] for further detailsonge theoretical
results have been proved in [86, 87, 177] about Erlang's xgmbint approxi-
mation and it was rst considered in the context of OBS networksn [147].
In [147], assumptions A.4.1-A.4.4 were upheld.

a particular source and destination pair. LetR denote the set of all routes.
Each router 2 R corresponds to a unique source and destination pair. In
particular, we index a source and destination pair accordingotits unique
route.

In reality, it is a burst's header that issues a request for a resetion
period on each linkl 2 r. However, for modelling purposes, it is more
convenient to adopt the view that it is the burst itself that issues the request.
There is no error in adopting this view as long as the residualset period
remains constant from burst to burst, as stated in assumption A.4.3.

In adopting this view, we are simply shifting forward the time & which
requests are issued by a period that is equal to the residual o seepod. We
cannot adopt this view if the residual o set period varies fronburst to burst
because some requests would be shifted further ahead in time thathers,
thereby reordering the sequence in which requests arrive. Thenvenience of
adopting this view is that there is no need to distinguish betwen the arrival
of a burst and the arrival of the burst's header. We usually refepo the arrival
of a burst.

For source and destination pair 2 R, let a, denote the mean number
of bursts that arrive during an average burst's transmission timeln other
words, & is the load o ered to source and destination pair 2 R .
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At a given time instant in equilibrium, some of theN wavelengths com-
prising link | are transmitting bursts. Let the random variableX, = 1 if and
only if all of the N wavelengths comprising linkl are transmitting bursts,
otherwise X, = 0. Furthermore, let h = P(X, = 1). Finally, for r 2 R, let
X =X 92r-

The rst assumption we make is

Y
PX =x)= P(X,=x); x2f0;1g f 019 (4.2)
12r

This is called the independence assumption and is synonymoushnikrlang's
xed-point approximation. It has been used in [31, 37, 86, 87147, 177].
In words, the independence assumption states that each link is stdically
independent of all other links. This is not the case in reality écause blocking
events are correlated. In Chapter 10, we consider techniquescombat error
arising from the independence assumption.

The second approximation we make is that the time period betwe
two successive burst arrivals at a link is independent and expamt@lly dis-
tributed. This is consistent with assumption A.4.1 and is calledhe Poisson
assumption. The Poisson assumption is also synonymous with Erlangted-
point approximation.

The Poisson assumption is tantamount to assuming that bursts arrivat
each link according to a Poisson process. In reality, blockingesus invalidate
this assumption. To see this, consider three successive bursts thag arered

that the source generates bursts such that the time interval beting at
the arrival of the rst burst and ending at the arrival of the secand burst
is exponentially distributed. Similarly, the time interval beginning at the
arrival of the second burst and ending at the arrival of the thid burst is also
exponentially distributed. Suppose the rst and third bursts ae successfully
transmitted on link |, and proceed to linkl, but the second burst is blocked
at link 1,. Because the second burst does not proceed to lihk from the
perspective of linkl,, the rst and third burst are successive. However, the
time period between these two bursts is not exponentially disbuted and
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therefore violates the Poisson assumption.

Finally, the third assumption we make is that a burst occupies actly
one wavelength in a particular link at any time instant duringits transmis-
sion. In other words, we assume the endmost packet of a burst must rst
complete transmission in linkl,, before the headmost packet of the burst
begins transmission in linkl,.; . In reality, the endmost packet of a burst
may be transmitted in link |, while a packet in front of it is simultaneously
transmitted in link 1,;;. This assumption is discussed in greater depth in
Chapter 8.

Invoking the Poisson assumption along with the assumptions A.4.1-4A4,
we can write

b = En(a); (4.3)

forall | 2 r, wherea, is the total load o ered to link | that is owing all source
and destination pairs that traverse linkl.

To determine the total load o ered to each link, we write

X Y
q = & (1 b)lf i<l; rg; 8|, (44)

r2Rj 12r i2r
where the indicator is de ned as

Lo 1g = 1, i preceded in the ordering given byr;
’ 0; i=1ori succedd in the ordering given byr:

We call (4.4) the reduced-load equation. The summation in (4) sums
the load o ered to link | owing to each source and destination pair that
traverse link |. For a given source and destination pair for which | 2 r, the
portion of & thatisoeredto link | isgivenbya, (1 b)(1 k) (1 b)),
wherel denotes the link precedind in the ordering given byr. The term
(1 b)@ ) (1L b )isthe probability that a burst is not blocked on
any of the links inr preceding linkl.
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For circuit-switched networks, (4.4) is replaced with

X Y 1
a = —b;
1 b

r2Rj 12r i2r

8l: (4.5)

In (4.5), the portion of & that is o ered to link | is reduced according to
the blocking probabilities on each of the links irr that precede and succeed
link 1. This is because a call in a circuit-switched network does nohgage

resources in linkl unless it is certain that su cient resources are available in

all the other links comprisingr. In contrast, a burst issues a request for a
wavelength in link | if it has not been blocked at any of the links preceding
link 1. However, the burst is still o ered to link | even if it is destined to be

blocked at a link succeeding linK.

Given that (4.4) is already an approximation, it is reasonald to consider
a further approximation by ignoring the reduced-load e ect In particular,
we can rewrite (4.4) as

X
a = a; 8l; (4.6)
r2Rj 12r

if the link blocking probabilities are su ciently small. The benet of (4.6)
compared to (4.4) is that the load o ered to linkl is not dependent on the
link blocking probabilities.

For cases in which the higher accuracy provided by (4.4) is reiged, b
generally cannot be expressed as a closed-form expression inagl¥ a, g, >r .
To see this, consider two source and destination pairs, seyandr,. Suppose
ri = (lg;15;13) and r, = (13;14;11). This corresponds to a four link unidirec-
tional ring network. We have that b, is a fairly complex nonlinear function
of a,, which is in turn a function of b, because the load o ered td; owing
to rp is reduced by (1 h,)(2 hb,). However, h, is itself a function ofh,
because the load o ered td; owing tor; is reduced by (1 h,)(1 h,).
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Substituting (4.4) into (4.3) gives
0 1

X Y
h = EN @ ar (1 l:1):I-fi<|; rgA ; 8l (47)
r2Rj 12r i2r

which in general cannot be solved fdg in closed-form.

Successive substitution is the most common numerical approachathhas
been used to solve (4.7). See [62] for examples presented in thatext
of circuit-switched telephony networks as well as alternates to successive
substitution. In particular, we iteratively apply the operator de ned by the
right-hand side of (4.7), thereby mapping [01] to itself at each iteration. A
solution for (4.7) is guaranteed by Brouwer's xed-point th@rem. However,
solution unigueness has not been proven. The successive substitatalgo-
rithm is speci ed in Algorithm 1, where L is the set of all links and is a
suitably chosen error criterion that dictates when iterationterminates.

Algorithm 1 Calculatebh 81 2 L

Require: N, ,a 8r 2R
1. =0, bt =1, 81 2L // Initialisation
2n=1
3: while 91 2L suchthatjod K %> do

4. for | 2|5 do Q

5: &= orjir& (1 H)1fiq; rg // Update load o ered to link |
6: n=n+1

7 ' = En (&) // Recompute probability burst is blocked at link |

8. end for

9: end while

There is no guarantee that Algorithm 1 converges to a xed-pat. Let
T, :fbgo ! b be the operator de ned by the right-hand side of (4.7). To
ensure Algorithm 1 converges to a xed-point, one would have tprove that
the twice iterated operatorT? has a unique xed-point for alll 2 L [177]. In
practice, it has been observed in [147] that Algorithm 1 alwaysonverges to
a xed-point.

Given the probability that a burst is blocked at link | is known for all
| 2 L, the end-to-end blocking probability for source and destinain pair r
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is given by

Y
L, =1 (1 h); 8 2R; (4.8)
12r

and the average blocking probability across all source and desttion pairs
r 2R is given by

L=pP - aL,: (4.9)
r2R af 2R

In [147], the end-to-end blocking probability was computedia (4.8) for a
set of 12 source and destination pairs in a certain mesh networko fiumeri-
cally quantify the error owing to the assumptions required toiive at (4.8), a
computer simulation was also implemented to compute the end+end block-
ing probability for the same source and destination pairs. The simation is
intended to gauge the combined error owing to the independes assump-
tion, the Poisson assumption and the assumption that residual o setgriods
are constant. The simulationdoesassume bursts are generated from each
source according to a Poisson process (A.4.Dpesassume full wavelength
conversion is available at each node (A.4.2) ardbesassume the scheduler at
each node is never overwhelmed (A.4.4). The results obtaineid simulation
and (4.8) are shown in Table 4.2.

4.3 Limited Wavelength Conversion

In this section, for the rst time, we generalise Erlang's xedpoint approx-
imation to the case of OBS networks with limited wavelength aoversion.
This requires replacing (4.3) with a new approximation for ie probability
that a burst is blocked at a stand-alone link.

Ine ciencies inherent to some popular techniques, such as crogain
modulation, used to realise optical wavelength converters qaire the con-
version range to be limited to a few wavelengths that reside ontteer side
of the ingoing wavelength. This is called limited wavelenbtconversion and
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Table 4.2: Average blocking probability and end-to-end blding probability
for each of 12 source and destination pairs [147]

Moderate Load High Load

Approx. Simulation Approx. Simulation
Lr, | 0.0237 0.0222 0.0013| 0.1512 0.1404 0.0023
Ly, | 0.0238 0.0240 0.0016| 0.1545 0.1529 0.0057
L, | 0.0071 0.0071 0.0008| 0.0692 0.0668 0.0015
L, | 0.0048 0.0041 0.0005| 0.0525 0.0514 0.0034
L, | 0.0258 0.0259 0.0019| 0.1650 0.1618 0.0034
L, | 0.0048 0.0049 0.0007| 0.0499 0.0481 0.0025
Lr, | 0.0240 0.0241 0.0013| 0.1627 0.1612 0.0048
Lr; | 0.0238 0.0221 0.0017| 0.1528 0.1424 0.0014
L, | 0.0074 0.0074 0.0009| 0.0824 0.0761 0.0027
Ly, | 0.0048 0.0046 0.0005| 0.0500 0.0468 0.0020
Ly, | 0.0262 0.0243 0.0010| 0.1802 0.1647 0.0033
Lr,, | 0.0050 0.0051 0.0005| 0.0594 0.0592 0.0034

L 0.0151 0.0147 0.0003| 0.1108 0.1060 0.0009
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comes about because the output power deteriorates in propimm with the
distance between the ingoing and outgoing wavelengths. To m#in a sat-
isfactory SNR, the conversion range is constrained.

Limited wavelength conversion must not be confused with sparse vea
length conversion or shared wavelength conversion. Sparse wergth con-
version is used to describe a network in which only a carefully @ben subset
of nodes is equipped with some form of wavelength conversione\discussed
shared wavelength conversion in Chapter 1 and saw that it is used te-
scribe a node in which a pool of wavelength converters is shateetween all
ingoing wavelengths. Shared wavelength conversion is furtheonsidered in
Section 4.4. The aim of both sparse and shared wavelength corsien is to
minimise the number of wavelength converters without substaially compro-
mising performance. In this section, we consider an OBS netwoirk which
each outgoing wavelength at each node is dedicated a limitechvelength
converter.

Approximations have been proposed to evaluate end-to-end blang prob-
abilities in optical circuit-switched networks with limited wavelength conver-
sion in [15, 139, 153, 163, 183]. A nding common to all these stedq is that
limited wavelength conversion with a range of no more than 50% the full
range is often su cient to achieve end-to-end blocking probilities that are
only marginally higher than what is achievable with full rarge conversion.

Unlike previous studies, the approximation presented in this sgen is
specic to OBS networks. Furthermore, we do not make the simpiifng
assumption that a wavelength is selected randomly from a targeange. In-
stead, since output power deteriorates with the distance betwa the ingoing
and outgoing wavelengths, we analyse a policy for which outggi wave-
lengths closest in distance to the ingoing wavelength are faved. In this
section, we uphold assumption A.4.1, A.4.3, A.4.4 as well as the gpkndence
assumption and the Poisson assumption.
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4.3.1 Blocking Probability for a Stand-Alone Link

Consider a stand-alone node and one of its output links, whichmoprisesF -

such that wavelengthn is closest in distance to wavelengths 1 andn+1,
followed by wavelengthsn 2 and n + 2, etc., where moduloW +1 =1
arithmetic is assumed. Assuming modulo arithmetic is a simpli cabn that
is made for the sake of tractability. This simpli cation neglets the edge
e ect that may occur at the two extremes of the WDM spectrum. The spec-
trum does not wrap-around as implied by assuming modulo arithetic. In-
tuitively, as the number of wavelengths is increased, the pgence of the edge
e ect becomes negligible for a xed wavelength conversionmge because the
proportion of wavelengths that experience this e ect dwinbks.

We uphold assumption A.4.1, which states that bursts arrive at thdink
according to a Poisson process. Bursts are classi ed as either negénerated
external bursts arriving from a source or in-progress bursts aving from links
incident to the stand-alone node we are considering. The timesquired to
transmit bursts are independent, identical and generally disbuted. All
time units will be normalised with respect to the mean burst trasmission
time.

Let a be the external burst load o ered to the link, and let ;, be the
in-progress burst load o ered to wavelength, i =1;2;:::; W. For JET, the
load o ered to the link is the mean number of bursts that arriveduring an
average burst's transmission time and is measured in Erlangs.

A limited range wavelength converter is dedicated to each welength
outgoing from the stand-alone node. This imposes the constraithat an
in-progress burst arriving on ingoing wavelength can only be converted to
an outgoing wavelength

j 2N =fj:jj ij dg; 8i=1;2:::;W;

whered is a small non-negative integer called the conversion rangedamod-
ulo W +1 = 1 arithmetic is assumed. The setN' is called the target range of
wavelengthi. In contrast, external bursts can be assigned to any wavelength.
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An in-progress burst arriving on ingoing wavelength can be assigned to
any of a number of free outgoing wavelengths in target randé'. A wave-
length conversion policy speci es how to select a free outgoingavelength
if more than one choice is possible. Two wavelength conversioalipies are
analysed:

1) A random (R) policy in which wavelengths in a target range i@ rst
randomly ordered and the rst free wavelength is selected; and

2) A nearest wavelength rst (NWF) policy in which a wavelength ¢osest
in distance to the ingoing wavelength is selected. A coin is fped if
there are two free wavelengths that are equal in distance toe¢hingoing
wavelength.

A burst is blocked if all wavelengths in its target range are sy. Policy NWF
favours outgoing wavelengths closest in distance to the ingginvavelength.

An external burst can be assigned to any free wavelength in the knf
source routers are equipped with a fully tunable laser. Howevexre assume
that an external burst is allocated to target rangeN', i =1;2;:::; W, with
probability p;, independent of the distribution of free wavelengths in thank,
where }":’1 pi = 1. Policy R is then used to select a free outgoing wavelength
in the randomly selected target range. Therefore, the load ered to target
range N' owing to external bursts isap. The total load o ered to target
rangeN'is ; + ap.

Let Xi(t) 20;1;2;:::;Fg be the number of bursts scheduled to wave-
length i at time t and let

X(t) = Xq(t); Xo(t); o0 Xn(t) -

The processX (t) is Markov and comprises (1 +F)W states. Computation
of the stationary distribution of X (t) does not scale well as the number of
wavelengths per bre,N, or as the number of bres per link,F, increases.
Furthermore, computation of the stationary distribution of X (t) is compli-
cated becauseX(t) and X (t), i 6 j, are not independent.
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To allow for a simple and computationally tractable approxination of the
stationary distribution of X (t), let

Xi(t)= £X () ck2 N'g; i=1;2:0W;

and assume thatX'(t) and X/ (t), i 6 j, is independent. In words, each
target range is independent of all other target ranges.

Recall that each target rangeN' receives bursts arriving from in-progress
and external bursts on ingoing wavelength, which may be assigned to any
wavelengthk 2 N'. In addition, target range N' receives bursts that “over-
ow' from neighboring target ranges, which we call over ow lad. To improve
the accuracy of the approximation, we take into account thewer ow load
o ered to each target range.

Let (k) be the total over ow load o ered to outgoing wavelengthk of
target rangeN', i = 1;2;:::;W. Note that an outgoing wavelengthk may
exist within multiple target ranges but because each target rgje is assumed
to be independent, it is possible that j(k) 6 ;(k), i & j. Therefore,
over ow load must be speci ed in terms of both a wavelength and #arget
range.

An in-progress and external burst over ows as follows.

1) An in-progress burst arriving at ingoing wavelengttk over ows to out-
going wavelengthj of target rangeN' if and only if the burst is assigned
by the conversion policy to outgoing wavelength, wherejk jj d,
jk ij 2dandi 6 k.

2) An external burst over ows to outgoing wavelengthj of target rangeN'
if and only if the burst is assigned by the conversion policy to ogbing
wavelengthj andi 6 j.

We derive an equation giving over ow load in terms of the statinary distri-
bution of X'(t), i =1;2;:::;W, for both wavelength conversion policies.
As the processX'(t) comprises (1 +F)?®*! states, its stationary distri-
bution can be computed by solving the balance equations arigirfrom the
transition rates that we derive next. After deriving the transtion rates, we
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continue by deriving a relation between over ow load and thestationary
distribution of X'(t), i=1;2;:::;W.

Once the stationary distribution of X'(t) has been computed, the prob-
ability that a burst is blocked at a link is approximated as folows. Given
wavelength conversion policyP 2 f R, NWFg, let P (x) be the stationary
probability of being in state X'(t) = x. The link blocking probability of an
external burst is given by

Transition Rates

Let e be the vector of size @+1 with jth element one and all other elements
zero. Given stateX'(t) = x, let M;(x), i =1;2;:::; W, be the set of outgoing
wavelengths that can be selected by policy NWF. The séil;(x) is either
empty, a singleton or a doubleton, as there can be at most two a@ding
wavelengths closest in distance to an ingoing wavelength. Givstate X'(t) =
X, such thatXj(t) = xj, letni(x) =,y 1fX; = Fg, wherelfx; = Fg=1
if and only if x; = F, otherwiselfx; = Fg = 0. The condition x; = F
means wavelength is busy in all of the bres in the link.

Given state X'(t) = x, such that X;(t) = x; > 0, that is, wavelength
j is busy in at least one of the bres in the link, the transition rae to
state X'(t+ dt) = x ¢ is simply x; because of the normalisation and the
insensitivity to service time distribution in an Erlang blocking system.

Given state X'(t) = x, such that X;(t) = x; < F, that is, wavelength
j is free in at least one of the bres in the link, the transition rade to state
X!(t+ dt) = x + g depends on the wavelength conversion policy.

For policy R, the rate is

+ap

0% 2051 )’
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For policy NWF, the rate is

: ap i .
W% 2av 1w e 12 M0
. apn . .
D+ 2551 ney JEMIGO:

wherejSj is the cardinality of setS. Note that n;(x) 6 2d+1, as wavelength
J is free in at least one of the bres in the link.

As the loads ;| and ap are given at the outset for alli = 1;2;:::;W,
all that remains to be determined before the transition ratesre completely
speci ed are the over ow loads ;(j).

Over ow Load

The overow load i(j), i;j =1;2;:::; W, is related to
f P:jk ij 2d;i6k;jk jj dg

The relation depends on the wavelength conversion poli¢y 2 f R, NWFg.

Suppose policy R is used. Given staté*(t) = x, such that X, (t) = x; <
F, an in-progress burst arriving on ingoing wavelength, or an external burst
that is allocated to target rangeN¥, is assigned to outgoing wavelength
with probability 1=2d+1 ny(x) , and over ows to outgoing wavelength
j of target rangeN' with the same probability, if jk ij 2d, i 6 k, and
jk jj d. Otherwise, the probability is zero.

If the state X¥(t) = x is such that X;(t) = x; = F, a burst cannot
over ow to outgoing wavelengthj, as wavelengthj is busy on all of the
bres in the link.

Summing rst over all ingoing wavelengthsk that o er over ow load to
wavelengthj of target rangeN' and then summing over all states of each
such target range in which wavelength is free on at least one bre in the
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link gives

X X oy
)= Corap) — Torppio s

k:igék;jk jj d X:Xj <F

8i;j =1;2;:::;W,

(4.10)
where R(x : x; < F) is the conditional distribution of being in state
XK(t) = x given that X;(t) = x; <F.

Suppose policy NWF is used. Recall that even when policy NWF is used
policy R still applies to external bursts. Therefore, over ow dad generated
by external bursts is given by equation (4.10) with , = 0, and over ow load
generated by in-progress bursts is determined as follows.

Given state X¥(t) = x, such that X;(t) = x; < F, an in-progress burst
arriving on ingoing wavelengthk over ows to outgoing wavelengthj of target
range N' with probability one if My(x) is a singleton (i.e.,M(x) = fjq),
and with probability half if My(x) is a doubleton, provided] 2 My(x),
jk ij 2d,i6 kandjk jj d.

A burst cannot over ow to wavelengthj if | 2 My(x) because either

m 2 Mg(x), suchthatjm kj < jj kj, contradicting the de nition of policy
NWF.

Let Ax(j) and Bg(j) be the sets of states in which an in-progress burst
arriving on ingoing wavelengthk is assigned to wavelength with probability
one and half, respectively, and [e€y(j ) = Ak(j)[ Bk(j). Therefore, summing
rst over all ingoing wavelengthsk that o er over ow load to wavelength |
of target rangeN', and then summing over all statex of each such target
range in which wavelengthy 2 My(x) gives

_ X
i(j) =
k:i§6jk ij d 1
X X X X 2 Clj
@ WX X2 C(j) + ' W) A

. ) 2
x2A(j) x2Bk(j)

(4.11)
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for all i;j = 1;2;:::;W; where NWF x : x 2 Ci(j) is the conditional
stationary distribution of being in state X ¥(t) = x given that x 2 Cy(j).

Fixed-Point Equations

The relation between the over ow load (j ) and the stationary distributions

f F:i6 kjjk jj dgdenes a setof xed-point equations. Given the
loads ; and ap as well as a policyP 2 f R, NWFg, we solve (4.10) or
(4.11) with a successive substitution algorithm in much the same waas
(4.7) was solved. We are unable to prove solution uniqueness rame we
able to guarantee that the successive substitution algorithm ceerges. The
successive substitution algorithm is speci ed in Algorithm 2, wher '(j) is

the over ow load at iteration n of the successive substitution algorithm.

Algorithm 2 Calculate P 8i=1;2;:::;W
Require: W, ,ap, i,8i=1;2;:::;W

1 2)=1, {(4)=0, 8i;j =1;2:::;W

22n=1

3: while 9i;j =1;2;:::;W suchthatj " }(j) P(j)j> do

4. Update the stationary distributions P forall i =1;2;:::; W by solv-
ing the balance equations de ned by the transitions rates

5 n=n+1

6: Using either (4.10) or (4.11) compute ['(j) for all i;j =1;2;:::;W

7. end while

We make two remarks about the computational complexity of Algrithm
2 that are valid if the following two conditions are satis ed.

Condition 4.1  An external burst is allocated to target rangdl’, i = 1;2;:::; W,
with probability 1=W, implying pi = p, =1=W, i;j =1;2;:::;W.

Condition 4.2 The in-progress burst load is equally proportioned to all in-
going wavelengths, thatis,; = ;,i;j =1;2:::;W.

Remark 4.1 If Conditions 1 and 2 are satis ed, X'(t) is identically dis-
tributed for all i = 1;2;:::;W. Therefore, it is su cient to compute the
stationary distribution of a single target range. It followghat the complexity
of Algorithm 2 is independent of the number of wavelengths.
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Remark 4.2 If Conditions 1 and 2 are satised, MF = F,i;j =1;2;::5;W.
In words, wavelength conversion policies NWF and R are eqalient in terms
of link blocking probability.

4.3.2 End-to-End Blocking Probability

Consider a set of links that have been arbitrarily interconnéed via optical
cross-connects to form a network. Let be the set of all links. In the
previous subsection, we considered an arbitrary stand-aloneHlil 2 L. Let

particular source and destination pair. LetR denote the set of all routes.

To approximate the end-to-end blocking probability for rote r, we invoke
the independence assumption. We numerically quantify the er owing to
the independence assumption with computer simulation.

When necessary, an additional index 2 L is appended to the notation
de ned in the previous subsection to distinguish between links.

Let G (1), i;j =1;2,:::;W, 1 2L, be the stationary probability that an
in-progress burst arriving on wavelength within an arbitrary link incident
to link | is assigned to wavelength in link |, given policy P 2 f R, NWFg.

For policy R,

Fly= 00 (4.12)
. , 2d+1 ni(x)’ :
X:Xj <F
ifjijj) d, otherwiseGﬁj (1) =0. And for policy NWF,
NWF X NWF X e (x)
G ()= i(x)+ Ti (4.13)
x2Ai(j) x2Bi(j)

if ji jj d, otherwise Gi"F (I) = 0. Equations (4.12) and (4.13) follow
straightforwardly from the discussion provided in the previousubsection
that pertains to over ow load.

Given policy P 2 f R, NWFg, the end-to-end blocking probability for
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r2R is

X
L, =1 PG R(1)GP(1)GP(I5):::GP(Ir) WI; (4.14)

w=1

1
GLa()  GE () Giw ()

ory= f OO CRO GO K.
G\Fl)v;l(l) G\F/’V;Z(l) G\?V;W(I)

and y[w] is the wth element of row vectory.

Elementw of row vectorpG R(1.)GP(I,)GP(l3) ::: GP(IRr) is the probabil-
ity that a burst is assigned to wavelengthw of the last link Iz 2 r, given that
it has already been assigned to a wavelength, not necessarily alangthw,

Recall that an external burst is allocated to targetrangd® ', i = 1;2;:::; W,
with probability p;, and then policy R is used to select a free outgoing wave-
length within the randomly selected target range. Thereforeas re ected in
equation (4.14), policy R always applies to the rst link,rq, as it is only the
rst link of a path that can be o ered an external burst.

The average blocking probability across all source and destiran pairs
r 2 R is given by

1 X

XV
= ay PGR(11)GP ()G (l3) ::: G (Ir) [W]; (4.15)

r2rR w=1

L=1

P
wherea; is the external burst load o ered to pathr 2R anda= | &.

The external burst load is given at the outset, so are the probdiies
p. In contrast, the in-progress burst load is a function of the stabnary
distributions ,Pl i=1;2;:::;W,12L, and remains to be determined. Let

i(1), be the in-progress burst load o ered to wavelength in link | and let
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= 1D; 20;:::; w(l) . Given policy P 2 f R, NWFg,

X
(Im) = apGR(11)G"(12)G"(Is) ::: G (Im 1): (4.16)
r2R :Im 2r

Equation (4.16) is a reduced-load equation that is analogeuo (4.4). Equa-
tion (4.16) is derived by summing the portion ofa, that is o ered to link |,
owing to all routesr 2 R traversing link |,.
According to (4.16), (l) depends on the stationary probabilities ,PI
i =1;2:::;W, | 2 L. The stationary probabilities in turn depend on
(). The relation between the stationary probabilities and (1) gives rise
to another set of xed-point equations that we solve numericl with the

successive substitution algorithm speci ed in Algorithm 3.

Algorithm 3  Calculate ,P, 8i=1;2,:::;W, 2L

Require: W; ;&,8r2R;p; i,8=1;2:::;W

‘h=1, (H=o0,82L

n=1

cwhile 912L;i=1;2:::;W suchthatj " *(1) ()j> do

for 2L do
Execute Algorithm 2 given in Subsection 4.3.1 to update the sta-
tionary probabilities [, i =1;2;:::;W, based on the in-progress
load (1)

end for

n=n+1

for | 2L do
Compute the in-progress burst load "(I) using (4.16)

10: end for

11: end while

=

a ke

4.3.3 Numerical Evaluation

The purpose of this subsection is to numerically quantify the evr in com-
puting end-to-end blocking probabilities with the approxmation derived in
Sections 4.3.1 and 4.3.2. To this end, we compute the endéod blocking
probabilities using both (4.14) and computer simulation forhree arbitrarily
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Figure 4.2: Network topology, each solid line represents twaiks aligned in
opposing directions

chosen sets of source and destination pairs de ned on the netwddpology
shown in Fig. 4.2. Each set comprises 12 source and destinationrpawhich
are listed in Table 4.3.

The simulation is intended to gauge the combined error owingtthe in-
dependence assumption, the Poisson assumption and the assumptioatth
target ranges are independent. The simulation does assume bsrsre gen-
erated from each source according to a Poisson process (A.4.1eslassume
the residual o set period is constant (A.4.3) and does assume the schuler
at each node is never overwhelmed (A.4.4). For the moment, tisgmulation
also assumes that that the WDM spectrum wraps around. We implemen
separate simulation to speci cally quantify the error owing tahe assumption
that the WDM spectrum wraps around. The purpose of this sectiorsialso
to determine the range of conversion that is required to achie a prescribed
blocking probability in an OBS network.

Each solid line in Fig. 4.2 represents two links aligned in opping direc-
tions. Each link comprises one bre, while each bre comprises20 wave-
lengths. Each source and destination pair in a set is o ered the saexternal
load. The shortest hop route is used for each source and destinatipair.



4.3. LIMITED WAVELENGTH CONVERSION 109

Table 4.3: Three sets of source and destination pairs

Set 1 Set 2 Set 3
Source Destination Source Destination Source Destination

WA MD NJ NE NY MD
CAl IL IL NY CAl NE
CAl MA CA2 WA NY CAl
CA2 MA WA PA PA CD
TX NY CA2 TX CD MA
GA MA CA2 PA NY NE
MD WA CAl GA ™ MA

IL CAl MD NJ CAl NJ
MA CAl MA PA GA NJ
MA CA2 CA2 CAl CAl NJ
NY X NE GA PA CA2
MA GA PA CD NE NY

To satisfy Conditions 4.1 and 4.2 given in Subsection 4.3.2, awlg ar-
riving burst is assigned to target rangeN', i = 1;2;:::; 120, with probability
1=120. Therefore, according to Remarks 4.1 and 4.2, wavelemgionversion
polices NWF and R are equivalent in terms of blocking probaliy and the
complexity of Algorithm 2 is independent of the number of wavengths.

We use (4.15) to approximate the blocking probability averagd across all
12 source and destination pairs in a set. We consider a wavelengtinversion
ranged 2 f0;1;2;3;1g . The extremal cases of full and no wavelength
conversion are commensurate td = 1 and d = 0, respectively. Each
wavelength outgoing from an optical cross-connect is dedieat a limited
wavelength converter with ranged. We consider the JET form of OBS but
assume the residual o set period does not vary from burst to burst.

Blocking probabilities averaged across all 12 source and destiion pairs
are plotted as a function of the external load o ered to each smce and
destination pair in Fig. 4.3. In Fig. 4.3, we label plots corrgponding to
the approximation based on (4.15) as the framework. To avoidxeessive
computational times, we limit the simulation to blocking prokabilities greater
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than 10 5. All data points generated by simulation are shown with 95%
con dence intervals. Con dence intervals are estimated witlthe method of
batch means, where 10 batches were simulated for each data poifhe
error criterion, , for Algorithms 2 and 3 was chosen to equal 1&. We
did not encounter a case in which Algorithms 2 and 3 did not conxge to a
xed-point.

Figs. 4.3(a)-4.3(d) suggest that the combined error owing to thindepen-
dence assumption, the Poisson assumption and the assumption that det
ranges are independent is not negligible but is probably satactory for en-
gineering purposes. The accuracy of our approximation deterates as the
conversion range increases. This is attributable to greatertarleaving be-
tween target ranges, which violates the assumption that targetanges are
independent.

To demonstrate the usefulness of our approximation in provisiorg wave-
lengths, we determine the minimum number of wavelengths remed to en-
sure a blocking probability that is less than a prescribed valutor a single
link comprising a single bre. The prescribed values of blockgnprobability
considered are 0.001, 0.005 and 0.01. Fig. 4.4 shows the mimmoumber
of wavelengths required for di erent conversion ranges anda ered load of
1 and 2 Erlangs.

To conclude this section, we quantify the error attributableto assuming
the WDM spectrum wraps around. We consider two separate simulatis of
a stand-alone link, one in which the WDM spectrum wraps aroundral the
other in which it does not. Therefore, we are able to speci cigl quantify the
error attributable to this assumption in isolation of the error owing to the
assumption that target ranges are independent. Plots of bloitlg probability
are compared in Fig. 4.5 ford = 1;2;3. Con dence intervals have been
purposely suppressed for clarity. Fig. 4.5 indicates the erroming to the
edge e ect is negligible for all three of the conversion rangeonsidered.
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Figure 4.4: Minimum number of wavelengths required to ensurelocking
probability is less than a prescribed value for a stand-alonenk
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4.4 Shared Wavelength Conversion

Instead of dedicating a wavelength converter to each outg@rwavelength at
each node, a more e cient strategy is to share a pool of waveletihgcon-

verters between all outgoing wavelengths at each node. Thsscalled shared
wavelength conversion. The ability to statistically multiplex wavelength con-
verters means fewer wavelength converters are required tchéeve the same
blocking probability when a wavelength converter is dedi¢ad to each out-
going wavelength.

In this section, we develop and analyse a model of a stand-aloiklin
which a pool of limited range wavelength converters is shardgetween all
wavelengths comprising the link. We consider a generalisatiaf existing
models in that we allow any subset of converters to be dynamitakoncate-
nated to yield a wider conversion range for a burst that would bierwise be
blocked because all unused wavelengths in its desired outputrédlie out-
side the range of a single converter. The model we develop andabse
can be used in Erlang's xed point approximation to provide arestimate of
link blocking probabilities. Therefore, we can estimate entb-end blocking
probabilities in an OBS network in which each node has access a pool of
wavelength converters.

The rst switch architecture incorporating shared wavelengthconversion
was proposed in [101] and consisted of a pool of converters thasashared
among all input bres. Probabilistic models developed and argsed in [49,
110, 118] have shown that sharing a pool of converters betwedh iaput
bres can achieve a blocking probability that rivals earlie architectures in
which a converter is dedicated to each wavelength channelesch input bre,
but with signi cantly fewer converters. The reason for this sawvig is simple:
not all bursts need conversion because not all bursts encounteawglength
contention, and so those bursts not needing conversion should beitshed
directly to their desired output bre rather than unnecessariy passed through
a dedicated converter. Although previous models have beeregented in the
context of optical packet switching, in most cases they remaineptinent to
optical burst switching.
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On the downside, a shared converter must be capable of convegiany
arbitrary wavelength switched to its input, whereas a convéer dedicated to a
speci ¢ wavelength can be of a simpler xed-input type [47]. A rmare complex
switching arrangement is also required to allow a burst to be swied either
directly to its desired output bre, in the case that it does not encounter
wavelength contention, or otherwise to a shared converter,taf which it is
then switched via a second switch to its desired output bre. To dtdeve
this extra switching functionality, more gates are requiredn switches that
allow shared conversion than if converters were dedicated. $péte these
drawbacks, architectures designed around a pool of shared certers are
usually considered most cost-e ective. See [47, 50]. We remahat a burst
is dropped if and only if it requires conversion, but arrivesa nd all shared
converters in use simultaneously, or it requires conversion, taarrives to nd
that all wavelength channels that lie within the range of a caverter are in
use in its desired output bre.

We propose a modi cation to the switch architecture presentecdni [101]
in which a pool of converters is shared among all input bres, @hshow that
this modi cation achieves a signi cant reduction in packetdrop probability.
This reduction comes at the cost of a more complex switching fab.

In particular, we propose an architecture in which any subset athared
converters can be dynamically concatenated in series to yleh wider con-
version range for a burst. Therefore, two or more unused convers can be
concatenated to salvage a burst that would otherwise be blockdzkcause
all unused wavelengths in its desired output bre lie outside t maximum
conversion range of a single converter. A switch architectureqposed in [36]
could potentially allow concatenation of certain subsets ofooverters; how-
ever, it is unclear whether concatenation was in fact consicl in [36]. We
show that a restriction on the maximum number of shared convents that
can be devoted to a single burst is not required. This allows fa simple
control policy.

Passing an optical signal through a series of concatenated wareith
converters will generally result in an appreciable degradan in the signal-
to-noise (SNR) ratio [47]. SNR degradation is not explicitly casidered in
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this chapter. However, we note that 3R regeneration wavelethgconverters
have been concatenated up to 2500 times [108]. Furthermodsgradation of
SNR is not a problem that is exclusive to concatenating severabmverters.
It also occurs in conventional architectures when a signal mustaverse a
multi-hop lightpath at which each hop it is passed through a corerter to
resolve contention.

Henceforth, xed shared conversion (FSC) refers to a switch antbcture
in which a pool of converters is shared among all input bres géwas proposed
in [101] and analysed in [49, 110, 118]), while dynamic sharedneersion
(DSC) refers to a switch architecture in which a pool of convears is shared
among all input bres and any subset of these shared converters can be
dynamically concatenated in series to e ect a wider conversiorange for a
given burst (as we propose for the rst time in the section).

The next subsection speci es a possible DSC architecture and quiees
its complexity. To numerically compute burst blocking probaility for a
stand-alone link that is outgoing from an FSC or DSC switch, Séon 4.4.2
models a single switch as a multidimensional Markov process. Thigodel is
not tractable for a switch of realistic dimensions, and thus we usemulation
to determine the improvement in blocking probability givenby DSC relative
to FSC for a switch of realistic dimensions. A switch control policfor DSC
is also presented in Section 4.4.2.

4.4.1 Switch Architecture

We consider an optical cross-connect pertaining to a certain de with M
input bres, K output bres and a pool of J converters that is shared among
all input bres. Each bre comprises W wavelength channels. Let; be the

ordering 1< ,< < w.

A limited-range converter is characterised by its maximum cwersion
range in wavelength channels. In cross-gain modulation consem [47], the
down-conversion range is slightly wider than the up-conversiaange. How-
ever, we assume they are equal. Letd@converter denote a converter with
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Figure 4.6: Schematic of a DSC switch architecture with cordt logic omitted

conversion ranged. A d-converter is capable of converting wavelength;,

Unlike Section 4.3, we do not assume the WDM spectrum wraps around

Bursts randomly arrive at each wavelength channel of each iap bre.
The purpose of the switch is to route each burst from the waveletigchannel
upon which it arrives to an appropriate unused wavelength cmael in its
desired output bre, either directly or via one or more convders. Each
wavelength channel only allows one burst to be transmitted atryy one time.
Asynchronous operation is assumed.

One possible DSC architecture which is based onaMC +J) (KC +J)
nonblocking switch is shown in Fig. 4.6. A pool of converters owrising a
quantity J of d-converters, abbreviated taJ d henceforth, is shown in Fig.
4.6, where the input and output of each converter is connectéo an input
and output port, respectively, of the switch. This allows eacltonverter to
direct its output to the input of any other converter, as dictated by a switch
control policy. Thus, any permutation comprising = 1;:::;J unusedd-
converters can be concatenated to yield a maximum conversicemge d.
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In Fig. 4.6, wavelengths requiring conversion are each dited to the
input of an unused converter, provided a su cient quantity of unused con-
verters are available. The output of a converter can be eithalirected to
an output bre, in the case that an unused wavelength in that ouput -
bre lies within the maximum conversion range, or otherwise tdhe input of
any other unused converter to further widen the maximum convsion range.
Wavelengths not requiring conversion are directly switchedottheir desired
output bre. Control logic is not shown in Fig. 4.6.

It may be necessary to impose a restriction on the number of congens
a wavelength can undergo in a switch to maintain an acceptab®NR as
well as to preclude a single packet from "hogging' all converters, possibly
resulting in a situation in which several bursts requiring only dew converters
are blocked to cater for a single burst requiring all converters.

In the next section, we show that DSC requires far fewer convers than
FSC to achieve the same blocking probability. This comes at ¢hcost of a
more complex architecture. We therefore see it as importanbtcompare the
complexity of DSC and FSC.

We quantify the complexity of a switch architecture by a so-céd input-
to-output port count, de ned as the sum (over all input ports) d the number
of output ports to which an input port can be switched. The inpt-to-output
port count of DSC is MC + J)(KC + J) becauseany input port can be
switched to any output port. The input-to-output port count of FSC is
(MC + J)(KC + J) J2 because each of thd input ports connected to
a converter can only be switched to the&KC output ports connected to a
multiplexer, but not to the J output ports connected to a converter. Note
that the input-to-output port count of an architecture in which converters
are dedicatedto each wavelength of each input bre isSMKC 2.

4.4.2 Blocking Probability for a Stand-Alone Link

The purpose of this section is to quantify the improvement in lolcking prob-
ability achieved through DSC relative to FSC for a stand-aloa link and to
present a switch control policy.
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To this end, we consider a switch withK output bres, each of which
leads to a dierent neighbouring node. We assume burst arrivalat the
switch are Poisson distributed; a burst is equally likely to arrig on any one
of W wavelengths; and a burst is equally likely to desire to be switceo
any one of theK output bres. The Poisson assumption was also made in
[118, 110] and impliedv/ K, which is a reasonable model given that input
bres may originate from many sources as well as neighbourirsyvitches. A
burst that is not dropped uses a wavelength channel, and possildysubset
of converters too, for a random holding period. Le& denote the o ered load,
de ned as the mean number of burst arrivals to the switch durin@n average
holding period.

To study the e ect of imposing a restriction on the maximum numbe of
converters that can be devoted to a single burst, we introduce maximum
concatenations parameter, denoted by and de ned as the maximum number
of conversions a single burst can undergo in a switch.

Given switch dimensionsk ( M), W and J, oered load a, maxi-
mum conversion ranged and maximum concatenationsh, blocking prob-
ability can be computed numerically by modelling a switch as anultidi-
mensional Markov process. We considdd = 1 and then use simulation
for K > 1. For K = 1, a suitable state-description is given by X;y) =

(X1;::0Xw Yt yw ), wherex; = 1 if wavelength channel ,i =1;:::; W,
is used, otherwisex; = 0, and y; is the number of converters used by wave-
length channel ;, i =0;:::;W. For DSC, the corresponding state-space is
then

( ~ )

Gy) x2 [0y 20531y By ()
i=1
where (i) =min h;di=de;d(W i)=de . For FSC, this state-space is further
constrained toy 2 [0;1]" because a wavelength channel cannot use more
than one converter.

For brevity, we do not specify the local balance equations aing from this
state-space. Their solution can be computed numerically to daimine the
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steady-state distribution, from which blocking probability an be obtained.
See [158] for details.

We use this approach to calculate blocking probability as a Action of h
for a small switch with C = 8 wavelength channelsK =1 output bre and
a pool of converters comprising a quantity] of d-converters, abbreviated to
J d, where 6 1 is used for DSC, while all four integer combinations of
J dsuchthatJd = 6 are considered for FSC. This is to ensure an equitable
comparison because for FSC it is unclear if, for example, 23 is better than
3 2. We remark that 6 1 is best for DSC since all other combinations
satisfying Jd = 6 can be realised through concatenation.

In Fig. 4.7, blocking probability is plotted as a function ofh for DSC
and FSC, where all four integer combinations of d such thatJd =6 are
considered for FSC. Three di erent tra c loadings are shown inFig. 4.7.

A prohibitively large state-space limits this approach to a svich of small
dimensions; that is,K =1 and small C. As an aside, the number of states
is bounded by 0 +2)€ for DSC and ¥ for FSC. For K > 1, we therefore
resort to simulation.

To con rm that trends exhibited in Fig. 4.7 remain pertinent to a switch
of realistic dimensions, corresponding plots computed via sinagiion are
shown in Fig. 4.8 forC = 25 wavelength channelsK = 4 output bres
and Jd = 20, where 20 1 is used for DSC, while the optimal d, as found
via an exhaustive search, is used for FSC.

Figs. 4.7 and 4.8 suggest that blocking probability is a non-ineasing
function of h that rapidly plateaus. Therefore, to minimise blocking proba
bility with the least possible degradation in SNRh should be set equal to the
point at which packet-drop probability just begins to plateal. For example,
setting h = 4 is a good choice for the switch dimensions considered in Fig.
4.7. Choosingh as such gives rise to the following simple control policy for
DSC.

Let the attributes (k; ;;h) identify a burst, wherek is its desired output
bre, ; is the wavelength upon which it arrives, andh is the number of
unused converters at its arrival. Also, let k; ) denote wavelength of
output bre k.
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Figure 4.7: Blocking probability computed numerically forC = 8, K =1,
Jd=6

DSC Switch Control Policy: At the arrival of a burst with attributes
(k; ;) if (k; ) is unused, switch the packet directly to k; ;); otherwise,
for =1;:::;h:ifany (k;!)is unused, wheré 2 F;( d), then: concatenate

converters, switch the output of the endmost concatenated coester to any
randomly chosen unusedk! ), switch the packet to the input of the rst
concatenated converter, updatd such thath h , and break from the
for-loop. Otherwise, block the burst.

We conclude a marked improvement in blocking probability aabe achieved
by allowing shared converters to be dynamically concatenate This improve-
ment comes at the cost of a more complex switch architecture; speally,
complexity increases by 36%, as quanti ed by input-to-outpuport count,
for the switch dimensions considered in Fig. 4.8.

4.5 Chapter Summary

In this chapter, we rst looked at Erlang's xed-point approximation as
an approach to estimate end-to-end blocking probabilitiesnian OBS net-
work with full wavelength conversion. From a modelling persmtive, we saw
that an OBS network with full wavelength conversion is almosthe same
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Figure 4.8: Blocking probability computed with simulation br C =25, K =
4,Jd =20

as a conventional circuit-switched network. The only di erace is that in a
circuit-switched network, the portion ofa, that is o ered to link | is reduced
according to the blocking probabilities on each of the links r that precede
and succeedink |, whereas in an OBS network it is only the links that pre-
cede link| that have a bearing. The e ect of this di erence becomes less
pronounced as link blocking probabilities decrease.

The main contribution of this chapter was the development ofn ap-
proximation for end-to-end blocking probabilities in an OE5 network with
limited range wavelength conversion. Instead of using the Erig B formula
to estimate the blocking probability for a stand-alone link, v derived and
numerically solved a set of xed-point equations. These xed-pot equations
characterised a stand-alone link in which an ingoing burst camty access
a subset of wavelengths that neighbour the wavelength channgbon which
the burst arrived.

To estimate the end-to-end blocking probability for a sourceral destina-
tion pair that traverses a route comprising the links labelled,; 2;:::; N, we
wrote 1 (1 k)l k) (1 by), whereh is the estimate of blocking
probability for link i computed by considering linki as a stand-alone link.
Computer simulation was used to verify that the error owing to lhe assump-
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tions made in deriving our approximation is not negligible bt is probably
satisfactory for engineering purposes.

To end this chapter, we considered shared wavelength conversioln
particular, we developed and analysed a model that is a genksation of
existing models in that we allowed any subset of the shared contexs to be
dynamically concatenated to yield a wider conversion rangerfa burst that
would otherwise be blocked because all unused wavelengths is desired
output bre lie outside the range of a single converter.

In summary, we have seen that the tried and tested framework of Bng's
xed-point approximation provides an excellent basis to desop approxima-
tions to estimate end-to-end blocking probabilities in OBS etworks that o er
di erent forms of wavelength conversion. Erlang's xed poihapproximation
iIs modular in the sense that di erent models for a stand-alonerk that cor-
respond to di erent forms of wavelength conversion can be easihtegrated
into the framework. We speci cally considered limited wavelggth conver-
sion and a generalisation of shared wavelength conversion. Tokad&rlang's
xed-point approximation applicable to each of these forms fowavelength
conversion, our main task was to derive alternatives to the Eahg B formula
to estimate the blocking probability for a stand-alone link. The Erlang B
formula is appropriate only to the case of full wavelength ceersion.
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Chapter 5

Stabilisation and Performance
Modelling of De ection
Routing in Optical Burst
Switched Networks

De ection routing has featured prominently in the literature covering optical
burst switching (OBS) over the last four to ve years. We saw in Chater 4
that de ection routing has been proposed as a strategy for resthg wave-
length contention. In all of this literature it has been tacily assumed that
de ection routing does not destabilise OBS in the same way as i known
to destabilise circuit-switched telephony networks [4, 62]. Ris destabilis-
ing e ect may result in higher blocking probabilities than if bursts were not
de ected but simply blocked.

We have discussed the basics of OBS in Chapter 4. In this chaptere w
adopt the same model of OBS discussed in Section 4.1 of Chapter 40
notably, we assume constant residual o set periods.

In [25, 71], de ection routing in a stand-alone node was modetl a mul-
tidimensional Markov process. Blocking probabilities were agputed numer-
ically by solving the associated balance equations. In [88, 17@8pmputer
simulations were used to evaluate the performance of de eaticouting in

125
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OBS networks. These studies claim that particular de ection roting poli-
cies may reduce end-to-end blocking probabilities by moréan one order
of magnitude. E orts have also been devoted to dynamically dpnising de-
ection routes based on network state information [102]. Sexa approaches
of resolving wavelength contention, including de ection roting, have been
compared in terms of blocking probabilities via simulation stdies [58, 182].

It is well-known that de ection routing may destabilise circut-switched
networks [4, 62] as well as optical packet-switched networKk9]. Instabilities
associated with de ection routing may manifest simply as a suddefownturn
in utilisation that is instigated by a minimal load increase or 8 a complex
set of equilibria between which a network uctuates. They can & intuitively
explained in terms of unstable positive feedback. In particat, since rst-
choice routes and de ection routes may use common links, a deteon from
one rst-choice route may trigger a spate of subsequent de ectig from other
rst choice routes, each of which in turn may trigger further deections.

In this chapter, we are interested in determining if de ectio routing may
also destabilise OBS. This issue has been glossed over in most of tleeme
literature treating de ection routing in OBS [25, 58, 88, 1@, 170]. Although
OBS is in many ways di erent from circuit switching as well as ptical packet
switching, it does not seem unreasonable to suspect that de eatigouting
may destabilise OBS. As a matter of fact, intuition does suggest &t this
is indeed the case, since there is no reason indicating that unska positive
feedback instigated by a de ection is somehow mitigated in OBS

To test our intuition, we simulated OBS in the four-node ring navork
shown in Fig. 5.1. (The de ection routing policy we consider irthis chapter
is described in the next section.) It was assumed bursts arrive acding
to independent Poisson processes with the same rate at each sournd a
destination pair for which there is a one-hop rst-choice row. A three-
hop de ection route for each of these source and destination paiis thus
uniquely determined. To preserve symmetry, it was further assusd that all
other source and destination pairs are not used.

Using this simulation, we plot blocking probability and carriel load as
a function of o ered load in Fig. 5.2. Carried load is de ned a the ex-
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Figure 5.1: Four-node ring network
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Figure 5.2: Blocking probability and carried load as a funabn of o ered load

pected number of busy wavelengths in a link at an arbitrary tira instant
in equilibrium, while o ered load would be the expected numer of busy
wavelengths in a corresponding ctitious link comprising ann nite number
of wavelengths. In this way, carried load is an un-normalised easure of
link utilisation. The abrupt downturn in carried load evidert in Fig. 5.2
is undesirable and suggests that instabilities may be present. faermore,
the downturn occurs over a range of blocking probabilities1 2 to 10 ?)
that can be considered realistic in the context of OBS. This rekyorompts
further study and will lead us to develop a new approximationd evaluate
the performance of OBS networks using de ection routing.

Two di erent approaches have been used to protect circuit swehing and
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optical packet switching against destabilisation. To protecticcuit switching,
calls that have been de ected are barred from engaging an édtrunk on
any trunk group for which the total number of busy trunks on thetrunk
group exceeds a prede ned threshold. This approach is refed to as trunk
reservation [4, 62, 93] and is a form of admission control thattemtionally
limits the amount of de ection. One drawback of trunk reservéon is the
lack of rigorous criteria to determine the reservation thressid. See [82] for
details.

To protect optical packet switching, several approaches havygeen sug-
gested, all of which are based on the idea of using bre delay lmen a
recirculating delay loop setup to delay a packet that would d¢terwise be de-
ected. These approaches have been found especially useful iabslising
asynchronous (un-slotted) optical packet switching and haveden compared
in [19]. Further protection can be added by purging packetsxeeeding a
certain hop-count.

In principle, it seems both these approaches may also be used totect
OBS, though approaches relying on bre delay lines would pbably be ruled
out from the outset due to practical considerations. In this chater, beside
wavelength reservation, we propose and evaluate the perfornta of a new
approach to protect OBS networks against destabilisation. Thiapproach
is based on enforcing preemptive priority between rst-cho& bursts and
de ected bursts, where a rst-choice burst is de ned as a burst thiahas not
been de ected and a de ected burst is de ned complementarilyWith this
approach, a header associated with a rst-choice burst is givemé right to
preempt an overlapping reservation that has been scheduled @ de ected
burst. Preemption is always a last resort in the sense that a headessociated
with a rst-choice burst always seeks to make a reservation withub resorting
to preemption.

Preemptive priority is unsuitable for telephony networks beause it is
unacceptable from a quality of service point of view to preem call that
is in progress. This would obviously be perceived by users as arexypected
call termination. However with OBS, a burst that is preempted swers the
same fate as a burst that is blocked at an intermediate node. Wesduss this
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point in greater detail in Section 5.2.

In this chapter, we develop a new approximation to estimate #end-to-
end blocking probabilities in OBS networks that have been shdlised with
either wavelength reservation or preemptive priority. Waviength reservation
is analogous to trunk reservation in circuit switching. Using auapproxima-
tion, we numerically show that preemptive priority consisteny yields lower
blocking probabilities than wavelength reservation. We alsargue that pre-
emptive priority is guaranteed to stabilise de ection routirg, whereas the
stabilising properties of trunk reservation are highly depereht on the choice
of reservation threshold.

The new contributions of this chapter are as follows.

The development of a new approximation to estimate end-to-erblock-
ing probabilities in OBS networks using de ection routing. This can
be seen as a generalisation of our work in [147], which adaptée tcon-
ventional Erlang's xed-point approximation to OBS networks where
each source and destination pair is assigned a single xed routehi$
can also be seen as an advancement of our work in [189, 190], iatth
we relax the disjointedness assumption is this chapter. In pactlar,
primary and de ection routes need not be link disjoint.

The analysis of preemptive priority as an alternative approzh of stabil-
ising de ection routing in OBS networks. We rst proposed preemp
tive priority in [22] but did not analyse its performance or cenpare
its performance to wavelength reservation. As such, the analgsof
preemptive priority adds weight to our work in [22].

The quantitative comparison of wavelength reservation and pemptive
priority as approaches of stabilising de ection routing in OE5 networks
and the determination of when, or if, protecting against destalisation
is critical.

In Section 5.1, we de ne a simple de ection routing policy. InSection
5.2, we con rm the downturn in carried load evident in Fig. 52 is indeed
a result of destabilisation. We then show that either wavelengtheservation
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or preemptive priority correct this downturn. In Section 53, we present our
new approximation. In Section 5.4, our approximation is usetb evaluate
the blocking performance of unprotected and protected deation routing in

several randomly generated networks.

5.1 A De ection Routing Policy for OBS

We assume residual o set periods are constant at each node. Thigisssible
with the dual-header form of OBS proposed in [9]. The reason wasist that
residual o set periods do not vary from burst to burst is because weaould
otherwise be confronted with the unsolved problem of calculag blocking
probabilities in an Erlang-like system where servers are presbked with a
random pre-booking period. We discussed at length the rami cains of
assuming constant residual o set periods in Chapter 4.

We further assume full wavelength conversion is available atlaiodes.
Apart from this assumption, we adopt a conservative stance by assumgi
burst segmentation, bre delay lines and all other strategiesof resolving
contention that were discussed in Chapter 4 are unavailable. e we assume
residual o set periods are constant, void- lling is unnecessaryWe view the
burst assembly process as a black-box. In particular, we simply agsel each
source generates bursts according to a Poisson process.

We continue by describing the de ection routing policy considred in this
chapter.

De ection routing policies in general can be categorised a#heer origi-
nating o ce control (OOC) or sequential o ce control (SOC). See [62] for
a detailed description of this categorisation. SOC is fast retwog and per-
mits immediate de ection at any node at which contention is ecountered
by allowing a header to make a reservation on an outgoing linkat is al-
ternative to the rst-choice link. OBS is restricted to SOC poicies. Using
OOC policies in OBS would require excessively long o set times tallow for
crank-back of a header to its source.

Let L be the set of all links. Consider an arbitrary source and destinain
pair. Suppose its rst-choice route traverse® links, or equivalently R 1
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intermediate nodes, and let its rst-choice route be denotedsathe ordered
setr = (rq;:::5rg), wherery;::i;rg 2 L. Forlink | 2 L, let] denote

di(n) =r,;and,du,(n)" = d.

With de ection routing, a header arriving at noder,, that nds link r,
in contention may seek to reserve a wavelength in linéd;(n), which is by
de nition a link incident from node r,, but is alternative to link r,. A header
is blocked at noder,, if and only if all wavelengths in linkr,, and d;(n) are
in contention. However, without de ection routing, a headeris blocked at
noder,, if and only if all wavelengths in linkr, are in contention.

To avoid excessive hop-counts and to guard against the so-calledg-
around-the-rosie problem [62], we only permit one de ectioper header.
That is, a de ection from a de ection route is forbidden.

The augmented route tree shown in Fig. 5.3 is used to clarify oumota-
tion. See [23, 62, 112] for discussion on the augmented routeetrd-or this

|2 =n,R=2 M;= M2:2and

(Is;lg); n=1,;

4 = (Is;14); n=2:

The main drawback of de ection routing in OBS is the so-calledhsu -
cient o set time problem that has been discussed in [71]. This potem refers
to the situation in which a header is de ected and traverses mernodes than
it would have on its rst-choice route. The additional per nog header pro-
cessing delay encountered at each extra node may decrease a éeacesidual
0 set time to zero before it has reached its destination.

A few di erent approaches have been suggested to combat thisgiem.
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Figure 5.3: Augmented route tree where loss nodes have beenidiegal with
an asterisk

We adopt the most conservative approach of increasing the baseset period.
In particular, at its source, a burst is separated from its headeby a base
o set period of at least Njmax 1) + , whereNnax is the maximum possible
number of links a burst can expect to traverse and is given by

Nmax =max max (M, +n 1);R ;
n=1;:R
denotes the per node processing delay and is the switch recon guration
time. Without de ection routing, the base o set period is (R 1) +
We assume = 0. For the augmented route tree shown of Fig. 5.3, we have
Nmax = 3.

We have described a rather simple de ection routing policy foOBS.
Dynamic policies based on state-dependent routing [31, 62] ynturn out to
o er superior performance. For example, in [88], a decision isade whether
or not a burst should be de ected based on the how many links the bat
has already traversed and the probability that the burst wouldbe blocked
if it were to be de ected. In some cases it is advantageous to lslo and
retransmit a contending burst from its source instead of de eatig, especially
if the de ection is from one of the rst few links of a rst-choice route. To see
this, suppose a reservation cannot be made on the rst link of a rsthoice
route. Instead of using the typically longer de ection routed(1), a better
option may be to electronically bu er the contending burst atits source for
a period until the contention can be resolved.
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5.2 Stabilising Optical Burst Switching

In this section, we con rm the downturn in carried load evidefin Fig. 5.2
is indeed a result of destabilisation. We then show that either walength
reservation or preemptive priority correct this downturn.

To this end, we propose to analyse the four-node ring network skio
in Fig. 5.1 using the Poisson assumption and the independence asstiop
that were given in Section 4.2 in Chapter 4.

We also assume a burst occupies exactly one wavelength in a para
link at any time instant during its transmission. In other words, we assume
the endmost packet of a burst must rst complete transmission in link,
before the headmost packet of the burst begins transmission in Kir,.; .
In reality, the endmost packet of a burst may be transmitted in hk I,,
while a packet in front of it is simultaneously transmitted in Ink I, . This
assumption is discussed in greater depth in Chapter 8.

In steady-state, assuming steady-state eventually prevails, |dté¢ random

| 2 L, where N, is the total number of wavelengths in linkl. Also, let
x = f X0 . Using the independence assumption, we can write

P(X=x)=Y P(X;=x); x2f0;:::;N.g f 0::5Nyg
12L

Since the four-node ring network is completely symmetric, is su cient
to work in terms of an arbitrary link. We therefore use the shottand X = X
andN = N, foralll 2L.

Recall that bursts only arrive at each source and destination jrafor
which there is a one-hop rst-choice route. A three-hop de d@mon route for
each of these source and destination pairs is thus uniquely detened. Also
recall that all other source and destination pairs are not used.

Let a denote the load o ered to each source and destination pair, wdfi is
de ned as the mean number of bursts that arrive during an avege burst's
transmission time. Furthermore, leta denote the total load o ered to a
link, which may comprise bursts traversing either their rst-cloice route or a
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de ection route. Using the Poisson assumption, the probability tat a burst
is blocked at a link is computed using the Erlang B formula as i4.1). In
particular, we have

b= Ey(a): (5.1)

We are interested in estimating the end-to-end blocking proltdlity per-
ceived by a burst, which is denoted ak. To this end, we sum the total load
carried by a link to give

(1 ba= (1 b+@ bb+(1l b%+@ bba (5.2)

For circuit switching, instead of (5.2), we would write (1 ba= (1 b+
3(1 bba This is because the load carried by each of the three links
comprising a de ection route must be equal for circuit switchig.

Rearranging (5.2) gives

a
A% 1730 B+ I (5-3)

It can then be veri ed that
L=3K 30+ (5.4)

To con rm the simulation results presented in Fig. 5.2, we plot. and
(1 L)aas a function ofa in Fig. 5.4 as solid lines labelled "unprotected'.
These two plots can be generated as follows: for each of severlgs ofa,
compute b using Ey (@) and then computea and L based on this value ob
via (5.3) and (5.4), respectively.

It turns out that neither L nor (1 L)a are proper functions ofa because
the mapping froma to L is not one-to-one. This de nitely con rms that
de ection routing may destabilise OBS and has also been obseniectircuit-
switched networks using de ection routing [152]. For some vads ofa, there
are up to three equilibria that may exist in steady-state. It is ot clear

if one equilibria is dominant or if there are oscillations beteen all three
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equilibria. The plots shown in Fig. 5.2 generally do not matclup well with
their counterparts in Fig. 5.4. This is most likely because sinfation relies
on long-run averaging, which yields averages lying somewbken between
these three equilibria. That is, we are trying to simulate behawur that is
inherently non-stationary. It is however satisfying to note tkat the downturn
in carried load occurs at approximately the same value @fin Fig. 5.2 and
Fig. 5.4.

In the next two sections, we present a parallel analysis of wavegh
reservation and preemptive priority. Our analysis continuet remain speci c
to the four-node ring network. Any notation that we reuse contiues to bear
the same de nition as above.

5.2.1 Wavelength Reservation

Recall that with wavelength reservation, de ected bursts arébarred from
engaging an idle wavelength on any link for which the total naber of busy
wavelengths on the link exceeds a prede ned threshold. Letahthreshold
be denoted aK . Therefore, a de ected burst cannot be scheduled to a link
for which K or more of its wavelengths will be busy when the de ected burst
is set to begin transmission.

Let & denote the de ected load o ered to a link. The total load o ered
to a link is the sum of loads it is o0 ered by de ected bursts and Ist-choice
bursts. Since a rst-choice route is associated with one uniquek, it is not
hard to see that

a=a a (5.5)

Treating a link as a simple one-dimensional birth-and-deathrpcess, we
have a recursion of the form

i F(X =)
_ a o=il; i=1;:0K;
(@ &) Kak =il | : (56)

I
~
+
=
<
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where the normalisation constant  is determined as usual viaP iN:() i =1.
The probability that a rst-choice burst is blocked at a link is given by
b=\, Whil%the probability that a de ected burst is blocked at a link is
givenbyg= L, .

Analogous to (5.2), summing the total load carried by a link gies

(1 ba+(1 qga= (1 b+@ qgb+@ g?b+@ 0g3ba; (5.7)

which after rearrangement can be rewritten as

a

a= 1+3b 3bg+ bq?: (58)
It can then be veri ed that
L =3bg 3bcf + bef: (5.9)

As a check, by settingg = b, it can be seen that (5.9) reduces to its counter-
part (5.4).

There are no rigorous criteria governing the choice of resation thresh-
old. See [82] for details. Choosing too large results in performance that is
not much better than if de ection was not permitted at all, while choosing
K too small does not correct the downturn in carried load. We cluseK
by iteratively incrementing its value until the mapping from a to p appears
to be one-to-one. Through trial and error, forN = 120, we found that
K 2 [10Q 110] was a good choice.

To show that wavelength reservation with a su ciently large resevation
threshold can correct the downturn in carried load shown in Fig 5.2, we
again plotL and (1 L)aas a function ofa in Fig. 5.4 as dotted and dashed
lines labelled "wavelength reservation'. The dashed line isrfK = 100 and
the dotted line is for K = 110. These two plots can be generated using
the following iterative procedure. For each of several valaeof a, arbitrarily
choosea®and computea via (5.5) based on this arbitrary choice oh” After
this initialisation phase, computeb as well asq by solving the recursion given
by (5.6). Then recomputea via (5.8) and check if the absolute di erence
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between the old value ofa and its recomputed value is su ciently close to
satisfy a prescribed error criterion. This set of steps compriseseiteration.
Subsequent iterations are continued until the error critean is satis ed by
updating the value of & according to (5.5). Using the values ob and g
computed during the nal iteration, L is determined via (5.9).

Based on Fig. 5.4, it may be tempting to consider increasing theale
of K to improve performance, however, iK is increased above 110, a kink
would begin to appear in the dotted and dashed lines labelledavelength
reservation' in Fig. 5.4(b), which is akin to kink exhibited ty the solid line
and signals the onset of destabilisation.

5.2.2 Preemptive Priority

Preemptive priority is a new approach that we propose to prot# OBS
against destabilisation that is based on enforcing preemptiveiprity between
rst-choice bursts and de ected bursts. With this approach, a rst-choice
burst is given the right to preempt a reservation that has been Beduled for
a de ected burst. Peremption is a last resort in the sense that a rsthoice
burst foremost seeks an appropriate idle wavelength.

Almost all the equations presented in the preceding section tridag wave-
length reservation also hold for preemptive priority. The exeption is that
the probability that a rst-choice burst is blocked at a link and the proba-
bility that a de ected burst is blocked at a link, which we havedenoted as
b and g, respectively, can no longer be computed via the recursion giv by
(5.6). Instead, we computeb and q as follows.

A rst-choice burst is oblivious to the presence of de ected bists and
only perceives other rst-choice bursts. It follows thato= Ey(a &) and

:aEN(a) (a &4En(a &)
a :

(5.10)

The numerator of (5.10) is equal to the de ected burst load bicked at a link,
while the denominator is by de nition the de ected burst load o ered to a
link. Taking their ratio gives the probability that a de ect ed burst is blocked
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at a link.

For the case of preemptive priority, we plol. and (1 L)a as a function
ofain Fig. 5.4 as an interchanging dotted/dashed line labelleghreemption’.
The same iterative procedure described in the preceding subsentcan be
used to generate these plots bub and g are now computed via (5.10).

We can conclude that preemptive priority may yield margindl/ lower
blocking probabilities than wavelength reservation. Althogh the bene t of
preemptive priority is unremarkable forK = 110, a disparity is evident for
K =100, especially at low to moderate loads.

A key advantage of preemptive priority is that it is guaranted to sta-
bilise de ection routing in OBS as well as circuit switching ad optical packet
switching, though we have already discussed that some attribute$ preemp-
tive priority render it an inappropriate form of protection for circuit switch-
ing. Preemptive priority guarantees stability because it enses performance
that is no worse than if bursts were not de ected but simply blookgd. This
property arises because a de ected burst cannot alter the faté @ rst-choice
burst. Moreover, we know that OBS is stable without de ection outing.
Consequently, protecting OBS with preemptive priority guaantees stability.
On the contrary, the stabilising properties of trunk reservatn are highly
dependent on the choice of reservation threshold.

With preemptive priority, a preempted burst is not necessarilyblocked
in its entirety. For example, a burst may su er preemption at a ink well
after many packets have been transmitted on the link. In thisase, packets
residing in the burst's tail are blocked but those residing in itshead are
una ected by preemption and continue as normal. The reversease where
packets residing in the burst's head are blocked but those residi in its
tail are una ected is also possible. This results in the presencé touncated
bursts and is reminiscent of burst segmentation [41, 167].

A problem may arise when a truncated burst arrives at its destirteon.
Although in principle it is possible to recover packets from a tincated burst,
this is complicated since knowledge of a truncation is locaéd to the inter-
mediate node at which it occurred. Therefore, each destinati anticipates a
complete burst with well-de ned packet boundaries. In this capter, we have
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adopted a conservative stance by assuming that it is not possible tecover
packets from a truncated burst.

An alternative would be to assume a more sophisticated node arabit
ture that is capable of salvaging packets from a truncated bat. Although
this leads to a remarkable increase in node throughput [168&jgnaling com-
plexity also increases because a packet delineation protocbht includes
functionality to check the integrity of each packet is esserdl.

Since knowledge of a truncation is localised to the intermeate node at
which it occurred, a header is unaware of any truncations thadts corre-
sponding burst may have experienced. Therefore, a header esponding to
a truncated burst requests a reservation period that is longehan required
at each node subsequent to the node at which truncation occudeThis is
wasteful of bandwidth. However, it is important to remark thatthese unused
reservations may be reclaimed by rst-choice bursts, since a rsthoice burst
may preempt a reservation corresponding to a truncated burst.

5.3 An Approximation for End-to-End
Blocking Probabilities

In this section, we develop a new approximation to estimate thend-to-end
blocking probability for each source and destination pair in@OBS network
that has been stabilised with either wavelength reservation @reemptive pri-
ority. We allow for arbitrary network topologies and considethe de ection
routing policy described in Section 5.1. Our approximationsi a generalisa-
tion of the adaptation of Erlang's xed-point approximation to OBS networks
reviewed in Section 4.2 of Chapter 4.

We continue to use the Poisson assumption and the independence as-
sumption. We use computer simulation to quantify the error adntied in
making these two assumptions.
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5.3.1 Step One: Link O ered Loads

The rst step of our approximation is to decompose the network ito its con-
stituent links. In particular, the Poisson assumption in conjundon with the
independence assumption permit each link to be treated as ardependent
birth-and-death process that is Markov. To compute the steadgtate distri-
bution ;= P(X =1),1=0;:::;N, for this kind of birth-and-death process,
it su ces to know the load that it is o ered, which is the ratio o f the birth
rate to the death rate. Therefore, we must determine the loadered to each
link I 2 L. The di culty is that the load o ered to a given link is a funct ion
of the steady-state distributions at all other links, which are nknown.

We rst compute the load o ered to each link| 2 L that is owing to an
arbitrary source and destination pair by assuming \ d(1)\ \ d(R)=;.
We then continue by relaxing this temporary assumption and psenting an
algorithm to compute the load o ered to each linkl 2 L that is owing to all
source and destination pairs. Since it is has been assumed any twarse
and destination pairs are independent, the loads o ered to ai\gn link that
are owing to di erent source and destination pairs are additie. We will make
use of this fact in our algorithm.

Consider an arbitrary source and destination pair with rst-chace route

Section 5.1. Leta be the load that this arbitrary source and destination pair
is 0 ered. Furthermore, for the sake of clarity, assume\ d(1)\ \ d(R) = ;,

which we call the disjointedness assumption. In words, the disjde@dness
assumption ensures that a burst does not traverse a link more thanae. To
begin with, supposdy and g are known for alll 2 L . It follows that the load

o ered to r, 2 r owing to this source and destination pair is given by

a,=al b)) @@ b,,); n=1;::5;R; (5.11)

B (n) = “Bdm(n)
al b,) @ b, )b, m(n); (5.12)
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m(M)=Q  dum) @ G, m): (5.13)

The equality ag, (n) = &4, (n) IS an immediate consequence of the disjointed-
ness assumption. The probability that a burst is not blocked at ta links
preceding link d,(n) 2 d(n) is expressed by ,(n). Equation (5.12) con-
cerns the intersection of three events: 1) a burst is not blockeat the links
preceding linkr,, which occurs with probability (1 h,) (1 h, ,);2) a
burst is blocked at linkr,, which occurs with probability iy, ; and, 3) a burst
is not blocked at the links preceding linkd,,(n), which occurs with probabil-
ity m(n). Itis the probability of the intersection of these three evets that
is of interest. By the independence assumption any two of theseeews are
mutually independent and thus (5.12) follows.

To relax the disjointedness assumption, we need to take care oktipos-
sibility that

by conditioning the probability ., (n) such that

m(n) = P not blocked atd;(n);:::;dyn 1(n)
j blocked atr, \ not blocked atry;:::;r, 1 : (5.14)

The expression given in (5.14) can be simpli ed based on the indap
dence assumption and a fact that relies on making an additionaksumption.
In particular, we assume a header is subject to zero propagatidelay as well
as zero processing delay ( = 0 andc = 0). Therefore, for a link1 2 ., (n),
the time instant at which a header seeks to make a reservation ahk | 2 r
is equal to the time instant at which it may seek to make a reservan at
that same link | 2 d. We call this the zero delay assumption.

The zero delay assumption ensures that the state of a link that iga-
versed by both a primary and de ection route remains unchangkeat the two
possible time instants a given header may seek to make a reservatat such
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a link. In practice, these two time instants are separated by ppagation
and processing delays, during which state transitions are possiblé/e use
computer simulation to quantify the error admitted in making the zero de-
lay assumption. With the zero delay assumption in place, the falving fact
holds.

Fact 5.1 The conditional probability that a de ected burst is not blded at
link I 2 d given that it was not blocked at that same link2 r for some
12 n(n) is given by

P(not blocked atl 2 dj not blocked atl 2 r)
_ P(notblockedatt 2d) 1 q.
~ P(notblockedait 2r) 1 b’

Proof: This fact holds for wavelength reservation as well as preenyt
priority. Using the zero delay assumption, its proof is elementg after es-
tablishing that fnot blocked atl 2 dg f not blocked atl 2 rg, where the
notation f g denotes a subset of the sample space. To establish this inclusion
consider the following. With wavelength reservation, a de ded burst is not
blocked at link | 2 d if and only if X; < K, but a rst-choice burst is not
blocked at that same linkl 2 r if and only if X, < C. SinceX, < C implies
X, < K, this inclusion follows immediately. Similarly, with preenptive pri-
ority, if a de ected burst is not blocked at link | 2 d, then X, < C, which is
Su cient to ensure a rst-choice burst is not blocked at that same ink | 2 r.

Based on Fact 5.1 and the independence assumption, (5.14) carr®srit-
ten as

n(N) = oo cked At
not blocked atrqy;:::;rp, 12 n(N)
1 g @ G, )
= Q : 5.15
> @ D) (5.15)

The details of simplifying the expression for ,(n) from (5.14) to (5.15) are
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as follows:
m(n) = P notblocked at di(n);:::;dm 1(n)j blocked at rn \ not blocked at ri;:::;rn 1
_ P notblocked at di(n);:::;dm 1(n) \ notblocked at ry;:::;rn 1 P(blocked at rn)
P not blocked at rq;:::;rn 1 P blocked at rp)
_ P notblocked at di(n);:::;dm 1(n) P(not blocked at ry;:::;rn 12 m(n)
P not blocked at rq;:::;rn 1

_ P not blocked at di(n);:::;dm 1(n)

P not blocked at ri;:::;rn 12 m(n)
@ dwymy) @ G, )
- 2 mm@ )

the third equality is an immediate consequence of Fact 5.1.

From this point on, we relax the disjointedness assumption by cqmting
m(n) according to (5.15) instead of (5.13).

Before continuing, we give an illustrative example to exemify the im-
portance of Fact 5.1 as well as the disjointedness assumption.

[llustrative Example

Reconsider the augmented route tree shown in Fig. 5.3. Forempstppose
1,6 [,:6 & lg, which ensures the disjointedness assumption is satis ed.
For argument's sake, consider link,. According to (5.12), we have

&,=2al b)b,(1 q,): (5.16)

To exemplify Fact 5.1, now suppose that; = I;. (Supposingl; = I, obvi-
ously does not give rise to a sensible routing policy since it meaadurst is
de ected back to the link it came from, however, we have suppadé; = |; to
create a simple case where a rst-choice route shares a commol kvith one
of its de ection routes. This case is certainly plausible in layer route trees.)
With |3 = 14, the disjointedness assumption is violated and thus (5.16) does
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not hold. Instead, we must appeal to Fact 5.1 and instead write

&, = aP(not blocked atl; 2 r)P(blocked atl, 2 r)
P(not blocked at 13 2 d(2)jnot blocked atl; 2 r)
= al bh,)b,1 gqg,)=(1 b,) [ByFact5.1]
= ah,(1 q,); (5.17)

which is clearly not equal to (5.16). This concludes the exagrte.

Let J be the set of all source and destination pairs. When we are requdre
to distinguish between source and destination pairs, we will sugssript ex-
isting notation with a j to denote it pertains to source and destination pair
j 2J . For example,@ is the load o ered to source and destination pair
j 2J . Using (5.11), (5.12) and (5.15), we are able to formulate Algidhm
4, which computes the load o ered to each link 2 L that is owing to all
source and destination pairs. The complexity of Algorithm 4 is handed by
O(JL?), whereJ = jJj and L = jLj.

Algorithm 4 Calculatea;; & 8l 2 L
Require: h;q 8 2 L; rl;di(n); L(n) 8§ 2 J,n =1;:::;;R,m =

n

1. ;8 =0 8l 2L // Initialisation

2. for j 2J do

3: X=3a

4: forn=1;:::;R do

5: i=rla=a+X

6: y=xb;x=x(1 h)

7: for m=1;:::;MI(n) do
8: i=d(n;a=a+y&="34+y
9: if 12 1.(n) then

10: y=yl g)=1 h)
11: else

12: y=yl qg)

13: end if

14: end for

15:  end for

16: end for
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Table 5.1: Formulae to computdy and g

b q
No protection En, (&) En, (&)

_ P
Wavelength reservation Nyl iNz' K il

Preemptive priority En,('1)  aEn(a) "En() =

variable x is scaled by (1 k), wherei = r.. Thus, according to (5.11),
x equals the reduced-load o ered to linkr! ,; that pertains to rst-choice
bursts of source and destination paij 2 J .

L.
Otherwise,y is scaled by 1 g. Thus, according to (5.12) and (5.15)y equals
the reduced-load o ered to link djm+1(n) pertaining to de ected bursts of
source and destination paij 2J .

5.3.2 Step Two: Link Blocking Probabilities

Computation of the blocking probabilitiesh and g at each linkl 2 L diers

according to the type of protection used to guard against destdisation

and was considered for each of the three cases of no protectiaayelength
reservation and preemptive priority in Section 5.2. In pargular, refer to
(5.1), (5.6) and (5.10), respectively. For convenience, weaqvide a brief
summary of the formulae used to computh and g for each type of protection
in Table 5.1, where for brevity, we have dened | = a 4. It may be
worth recalling that for the case of wavelength reservationhe steady-state

distribution ; = P(X, = i) is computed according to the recursion
| al o=il; i=1;::K;
" (@ &) Ka o=il; i=K+1;:::;N:

Let b = fhgo, q = fggo, a= fagy and & = f&gy . Also, let
the mappingg: (b;q) ! (a;4) represent the operation of Algorithm 4 and
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let the mappingf : (a;&) ! (b;q) represent the operation of an algorithm
that computes link blocking probabilities according to theformulae shown
in Table 5.1. This is admittedly a rather loose de nition ofg and f but it
will be su cient for our purposes. We are interested in nding a solition
(b;q; a; ) to the set of equations

(b;q)
(a;8)

f(a;8);
g(b;q): (5.18)

Sincef and g are nonlinear, it is di cult to determine if (5.18) has a
unique solution (;q;a;4&). In [87], it has been proved that the analogous
form of (5.18) for circuit-switched networks using xed routng does have a
unique solution, though it is well-known that multiple solutions are possible
for circuit-switched networks using de ection routing. We dscuss solution
uniqueness in the next section.

Presupposing that a solution b;q;a; &) for (5.18) does indeed exist, it
may be determined via Algorithm 5. Algorithm 5 is a successive subtiion
algorithm which terminates onceb and g satisfy a prescribed error criterion
and are thus said to have converged to a xed-point. We encousted similar
successive substitution algorithms in Chapter 4 that were also usenumer-
ically determine a xed-point for a set of equations. Although onvergence of
this kind of algorithm is not a certainty, divergence is rarén practice and can
often be overcome by periodically re-initialising with a corex combination
of the most recent iterations.

In Algorithm 5, the error criterion is denoted as > 0 and the outdated
values ofb and q are denoted ash®and g° respectively. Furthermore, the
coe cients used to form a convex combination of the two most reant values
of b and g are denoted byc;;c, 0, wherec; + ¢, = 1.

5.3.3 Step Three: End-to-End Blocking Probabilities

Given that h and g are known for alll 2 L, it is possible to compute the
end-to-end blocking probability for each source and destinan pair. Let L
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Algorithm 5 Calculateb;qg 8l 2 L
Require: ; ¢;;¢; 0 such thatc, + ¢; = 1; r;di(n); 1,(n) 8 2J ,n=

:h=1;9=18l2L // Initialisation
- P=0;¢°=0 8 2L // Initialisation
: while 91 2L suchthatjn Hj> orjg gj> do
for 2L do
K= cihb + i // Convex combination
o= cih + g’
end for
b0= ftfglzL ;q°= fq09|2|_
(a;8) = g(b%q // Algorithm 4
10: (b;q) = f(a;4) // Update link blocking probabilities as per Table 5.1
11: end while

©e NN R

denote the end-to-end blocking probability for source and dénation pair
j2J.

For the moment, we suppress the superscript and thereby consider an
arbitrary source and destination pair. Let , be the probability of the inter-
section of the following three events: 1) a burst is not blocked ¢he links
preceding linkr,, which occurs with probability (1 b,) (@1 b, ,);2)
a burst is blocked at linkr,, which occurs with probability b, ; and, 3) a

ity wm,+1(n). Note that the "+1' appears in y, +1(n) to annihilate the = 1’
appearing in its de nition, which is given by (5.13), otherwse, without the
© 1", du, (n) would be missed. It can be veri ed that a burst is not blocked

if and only if: 1) all three of these events occur for some=1;:::;N; or, 2)
a burst is not blocked at linksrq;:::;rgr. Therefore, we can write
X
L=1 (1 b)) @@ bg) n (5.19)

n=1
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where
n = P(not blocked atr,:::r, ;)P(blocked atr,)
M, +1(N)
= @1 hb) @@ b, )b, m(n): (5.20)

As a check, comparing (5.20) with (5.12) reveals thadg)) ., =@ = n, as
expected. Using this relation, we can compute within Algorithm 4 simply
by initialising LI = 1 for all j 2 J and executing the following operation

immediately after line 14
y.

g!
as well as the following operation immediately after line 15

L L

X

Lo =
3

Recall that x and y are auxiliary variables de ned in Algorithm 4.

Finally, analogous to (4.15) in Chapter 4, the average blotig probability
across all source and destination pairs is given by

1 X
L=P — _  @L: (5.21)

j2J & j23

In concluding this section, we remark that our reduced-loadpgroxima-
tion can be extended to any SOC routing policy that can be repsented
with an augmented route tree. To realise this extension, we wiobuse the
recursive approach outlined in [23, 112, 138] to compute thegbability that
a blocking or completion route of an augmented route tree issad given that
the load o ered to each link is known. This approach relies oa recursion
that is commonly used in the eld of system's reliability analyss. Although
the computational complexity of this recursion may be high,tican be sim-
pli ed for SOC routing, as has been remarked in [138]. (In wiing (5.12),
we have in fact implicitly used the simpli cation alluded to in [138].)

This extension would allow us to study policies where more thaone



150 CHAPTER 5. STABILISATION OF DEFLECTION ROUTING

de ection is permitted per header or de ections from de ecion routes are
permitted. We have chosen not to pursue this extension because have
simulated policies in which multiple de ections are permited per header and
observed an unremarkable improvement. See the conferencesian [189] of
the work presented in this chapter for numerical results substéiating this
claim.

5.4 Numerical Evaluation of
Wavelength Reservation and Preemption

In this section, we use simulation to quantify the error admittd in making
the independence assumption, the Poisson assumption and the zerdag
assumption. We then use our approximation presented in Sectior330 eval-
uate the performance of de ection routing in randomly genated networks.
In particular, with respect to average end-to-end blocking qebability, which
is given by (5.21), we compare the performance of unprotedtale ection
routing and de ection routing protected with either wavelength reservation
or preemptive priority.

Unless otherwise speci ed, all the results presented in this seatipertain
to networks that have been randomly generated according tiné speci ca-
tions shown in Table 5.2, wheréJ [a; j denotes the discrete uniform distribu-

additional hop-count and denoted as in Table 5.2 needs further clari cation.
It governs the total hop-count of each de ection routed(n), n = 1:::;R,
which we have already denoted all,,, so that

Mp=R n+ ; n=1::;;R: (5.22)

Computing the total hop-count of a de ection route accordig to (5.22) en-
sures that the hop-count of a de ection route is at least the hojpount of its
corresponding rst-choice route. This is usually the case in pctice, since
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Table 5.2: Speci cations of randomly generated network

Parameter Value

Number of source and destination pairs J = 50

Number of links L =30

First choice route hop-count R U[L4]
Additional hop-count U[1; 8]
Reservation threshold K, = b0:8N,c 8l 2 L

a rst-choice route instead ofr, unlessd(n) traverses links that are heavily
congested. Recall thatR denotes the number of links comprising the rst-
choice route, whileM , denotes the number of links comprising the de ection
route for noder,, .

A wavelength reservation thresholdK, = b0:8N,c was found to be a
good choice via trial and error. Choosing a threshold is a congnise be-
tween guarding against destabilisation during overload perits and minimis-
ing blocking during stable periods corresponding to low to medate loads.
Guarding against destabilisation is achieved by decreasing,, while min-
imising blocking during stable periods is achieved by increag K,. We in-
vestigate the sensitivity of blocking performance to the chogcof wavelength
reservation threshold later in this section.

An algorithm to generate a random network takes the parametershown

n=1;:::;R. We do not specify details of such an algorithm as it would
take us too far aeld. However, we remark that no bias was giveto any
particular link or source and destination pair in our implemetation of this
algorithm.

To reduce the number of free parameters, we assur@e= a for all j 2
J . Once the ordered sets/ and d/(n) have been generated, we provision
capacity based on an iterative heuristic that aims at achievip a target link
blocking probability of 10 2 for a nominally chosen value ofa. At each
iteration of this heuristic, our approximation is used to compte the link
blocking probabilities for the current wavelength vectorf N,g,. . Then for
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each linkl 2 L, if

(& &)b+aa 5.
3 :

the current value of N, is incremented by unity, otherwise it is decremented
by unity. This completes one iteration. We stop iterating as son as all link
blocking probabilities are su ciently close to 10 2. Although this provision-
ing heuristic does not ensure link blocking probabilities wilconverge to a
prescribed target, it turned out to perform well for most of thenetworks we
studied. Unless otherwise stated, we aimed at selecting a nominalue ofa
that resulted in |, C=L 30.

To quantify the error admitted in making the independence assuption,
the Poisson assumption and the zero delay assumption, we generasegeral
random networks and used our approximation as well as simulah, which
does not rely on these three assumptions, to compute the averagel-¢o-end
blocking probability for several values ofd. The values ofa were chosen to
lie uniformly in an interval centered about the nominal vale ofa for which
dimensioning was performed. The computer simulation we impteented does
assume constant residual o set times, does assume bursts are genetrtem
each source according to a Poisson process and does assume fulllevayh
conversion is available at each node.

The results for one particular random network are shown in Fig5.5 and
Fig. 5.6, where RLM and SM denote our approximation and simuti@n, re-
spectively. We use the acronym RLM to refer to our approximatio because
it relies on the reduced-load method (RLM) inherent to Erlag's xed-point
approximation. We plot L as a function ofa in Fig. 5.5 for unprotected
de ection routing, wavelength reservation and preemptive ppority. To en-
sure an unbiased comparison, we do not re-provision capacity segaly for
each of these three cases, otherwise one particular case may beipioned
more capacity than another. In particular, we provisioned flowavelength
reservation and maintained the same provisioning (sanig for all | 2 L) for
unprotected de ection routing and preemptive priority. To serve as a bench-
mark to gauge the performance gains of de ection routing, welso plotL as
a function of a for no de ection routing. In Fig. 5.6, we plot relative error
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Figure 5.5: Blocking probability as a function of load o eré to each source
and destination pair for a randomly generated network; con dnce intervals
are commensurate to one standard deviation

as a function ofa for each of these cases, where relative error is de ned in
the usual way as

L as computed by RLM L as computed by SM
L as computed by SM '

The conclusions to be drawn are:

Unprotected de ection routing may destabilise OBS. Destabilidéon
may result in higher blocking probabilities than if bursts wee not de-
ected but simply blocked.

Destabilisation occurs at loads that are considered moderate high
in the context of OBS. In particular, loads that are commensuate to
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Figure 5.6: Relative error in estimating blocking probabity as a function
of load o ered to each source and destination pair for a randosnlgenerated
network; con dence intervals are commensurate to one standhdeviation
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an average end-to-end blocking probability that is greatethan or in
the order of 102. Therefore, protecting against destabilisation may
be unnecessary if overloads are rare. Nonetheless, preemptivieny
remains an attractive option given that it has an almost neggjible e ect
on blocking during stable periods and guarantees protectioagainst
destabilisation during overloads.

At low loads, unprotected de ection routing may yield better perfor-
mance than protected de ection routing. However, the convee is true
at high loads. It follows that protection may be counterprodative for
an over-provisioned network. According to this observationt iseems
reasonable to dynamically activate/deactivate protectionor adjust the
reservation threshold in the case of wavelength reservation, an hourly
or daily basis in accordance with anticipated load conditia®a In par-
ticular, during busy periods, protection would be activated @ guard
against destabilisation, while during quiet periods, it would b deacti-
vated to improve blocking performance.

Preemptive priority consistently yields better blocking peformance
than wavelength reservation.

In terms of blocking performance, de ection routing is a vible ap-
proach of resolving wavelength contention in OBS. At low loag] it
may Yield reductions in blocking probability of more than oe order in
magnitude compared to no de ection.

The accuracy of our approximation presented in Section 5.3 t@eio-
rates for the case of unprotected de ection routing. This inecuracy
may in fact be a consequence of the di culty in accurately simwting
unprotected de ection routing. As we alluded to earlier, usig simu-
lation to predict non-stationary behavior associated with unptected
de ection routing may yield unpredictable results. Furthernore, since
the amount of de ection is greatest for the case of unprotectede ec-
tion routing, it is this case that violates the Poisson assumptiorthe
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most. Apart from the case of unprotected de ection routing, ourap-
proximation is remarkably accurate. Therefore, it seems thdhe three
assumptions we invoked do not admit signi cant error.

To plot L as a function ofa, we repeatedly used our approximation to
explicitly compute a unique value ofL for each given value ofi. However,
this presupposes that the mapping frona to P is one-to-one, which we know
may not be the case for unprotected de ection routing. Therefe, results
pertaining to this case must be viewed with some caution as theyay re ect
the "average' blocking probability over multiple stable eqtbria that exist
in steady-state. Recall that there were three stable equiliaievident in the
four-node ring network studied in Section 5.2. The approachewnused to
identify these three stable equilibria relied on indirectly emputing blocking
probability, as well as the corresponding value o&, as a function of the
load o ered to a link, rather than explicitly computing blocking probability
as a function ofa. However, this indirect approach does not generalise to
asymmetric networks.

For unprotected de ection routing, we occasionally found tht Algorithm
5 failed to converge or periodically cycled between multipl xed-points. Cy-
cling was quite rare and disappeared as soon as su cient protesch was
added. We speculate that cycling and divergence of AlgorithmiS probably
closely tied to the fact that (5.18) may have multiple solutios. This issue is
speci cally discussed in the context of wavelength reservation [189].

To conclude this section, we study the sensitivity of blocking pformance
to two e ects: variation in the hop-count of de ection routes;and, variation
in the wavelength reservation threshold. We study each of thesed e ects
independently by considering two experiments where we varpe additional
hop-count parameter and the wavelength reservation threshold& , respec-
tively.

To this end, we generated 20 random networks and dimensioneachk of
them independently based on the heuristic described earlier this section.
Using our approximation, we then computed. as a function of for a xed
value ofa, and L as a function ofa for di erent values of K. To separate
spurious randomness from underlying trends, we averagkdover all 20 ran-
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dom networks. We plotL as a function of in Fig. 5.7 andP as a function
of a for di erent values of K in Fig 5.8.

Based on Fig. 5.7, we conclude that unprotected de ection romg is
highly sensitive to hop-count variation. This high sensitivitymay have rami-
cations if rerouting is performed (to bypass severed bres foexample) and
results in an increased hop-count. Wavelength reservation arpgteemptive
priority are more robust to hop-count variation, however, atlow loads, they
yield poorer blocking performance than unprotected de ean.

Based on Fig. 5.8, it is evident that choosing a good wavelengthser-
vation threshold is a compromise between guarding against deliigsation
during overload periods and minimising blocking during stabl periods cor-
responding to low to moderate loads. We suggest that a threshold loe-
termined by using our approximation in a trial and error iterdive procedure
that terminates once a balance between these two con ictingequirements is
reached.

5.5 Chapter Summary

We have presented a new approximation that provides a fast attetive to
computer simulation for provisioning capacity and evaluatig the blocking
performance of OBS networks using de ection routing. Our appximation
relied on the independence assumption and the Poisson assumptidrur-
thermore, to relax the disjointedness assumption, we assumed a Heawas
subject to zero propagation delay as well as zero processingagieWe called
this the zero delay assumption. This allowed us to compute therditional
probabilities associated with links that are common to a rst-boice route
and a de ection route. We used computer simulation to verify that the error
admitted in making these assumptions was not negligible but wasi ciently
small to allow for an accurate approximation.

Our approximation was used to study the properties of de ectio routing
in several randomly generated OBS networks. We con rmed our ppthesis
that de ection routing may destabilise OBS. This results in higner blocking
probabilities than if bursts were not de ected but simply blo&ed. Therefore,
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we conclude that de ection routing in OBS su ers from the same éstabil-
ising e ect that is well-known to alternative routing in classcal telephony
networks.

We provided strong evidence recommending that OBS using detam
routing should be given some form of protection to guard againstestabil-
isation resulting from upward load variations. The chief conakion of our
study was that in terms of blocking performance and insensitityi to vari-
ation in hop-count, preemptive priority is the best form of potection for
OBS.

Preemptive priority is a new form of protection that we have poposed
and analysed in the chapter. Although preemptive priority is nsuitable for
protecting alternative routing in classical telephony netwiks, we argued it
is compatible with most forms of OBS. With preemptive prioriy, a header
associated with a rst-choice burst is given the right to preempé reservation
that has been scheduled for a de ected burst. We stated that ond the key
properties of preemptive priority is that it guarantees stabity because it
ensures performance that is no worse than if bursts were not deted but
simply blocked.



Chapter 6

Delay Analysis of Dynamic
Optical Circuit Switching

In Chapters 4 and 5, we focussed exclusively on the performancedslling
of OBS. In this chapter, we turn our attention for the rst time to dynamic
OCS. We introduced the concept of dynamic OCS and discussed somé&
pros and cons in Section 1.2.4 of Chapter 1. In Chapters 4 andthe per-
formance models we developed were analysed with the purposesifmating
end-to-end blocking probabilities. In this chapter howeverwe are instead
concerned with estimating pre-transmission queueing delays. iEhs because
the possibility of packet blocking at an intermediate node isat possible with
OCS|a feature that comes at the expense of increased delay regad to wait
for a bandwidth acknowledgment to propagate from destinatio to source.
This is the reason why the pre-transmission queuing delay expemced by a
packet is an important performance measure for OCS.

We saw in Chapter 1 that some forms of OCS closely resemble OBS and
di er only in that headers are obliged to make the return jouney back to
the source from which they were issued. The process of groupingchets
together into bursts remains. Upon returning, the header ackmdedges that
a wavelength channel has been reserved in each link that is te traversed by
the awaiting burst. To ensure the possibility of blocking is aveéed, a burst
cannot begin transmission until its header returns with an ackswledgement.

161
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The tradeo for acknowledgement is that a burst must be delayedt its
source for the sum of per node processing delays plus the time rieed for
the header to propagate from source to destination and returne presented
a timing diagram for this particular form of OCS in Fig. 1.7 ofChapter 1.

This form of OCS was rst proposed in [43, 44, 45] and subsequently
further analysed in [191]. Confusingly, in [44], this form of OS was called
wavelength-routed OBS, while in [191] it was called OBS withcknowledge-
ments. The problem with both of these names is that they use OBS tefer
to a switching technique that relies on acknowledged transmissi, which
contradicts the de nition of OBS we adopted in Section 1.2.2f Chapter 1.
This is a case in point demonstrating that a universal classi er oOBS and
OCS has not been adopted by the research community. We contato refer
to the switching technique proposed in [43, 44, 45] as dynamid3S.

For all current forms of OBS and dynamic OCS proposed in the &rature,
the number of packets comprising a burst is determined unilatally at each
source router. The design issue of how many packets should compadmirst
and whether a burst should be considered formed once a certainnmeer of
packets have been grouped or once the rst arriving packet exeds a certain
age are addressed in Chapter 8. For the moment though, we simplgta the
number of packets comprising a burst is determined without cerderation
of the network state. Once the number of packets comprising a tat is
determined, the burst's header must reserve a wavelength chaatrin each
link of a route leading to the burst's destination for a period btime that is
at least equal to the time required to transmit all of the packet comprising
the burst. If the header fails in this task, with OBS, the correspnding burst
is blocked at the intermediate node for which the header wasiable to make
a reservation, while with OCS, a negative acknowledgment isturned to the
source and retransmission may occur after a back-o time.

The exact period of time that a header must reserve for a burst cqris-
ing a certain number of packets depends on whether delayed iormediate
reservation/release is used. See Table 4.1. However, for all fioems of OBS
shown in Table 4.1, it is a strict requirement that the reservatin period must
be at leastequal to the time required to transmit all the packets comprisig
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the burst. This strict requirement may be detrimental to the peformance of
OBS. For example, suppose a header can reserve a wavelength okafor a
su cient period of time on all but one of the links comprising a oute. Fur-
thermore, suppose there is a wavelength channel in this bottleck link that
can be reserved for a slightly shorter period of time than strigtlrequired. In
this case, it seems advantageous to allow the header to reserkes tslightly
shorter period and request for the source to remove just enoughgsats from
the burst so that the burst can be transmitted. The packets remowkcan be
reallocated to a subsequent burst.

The downside is that a source must be informed of how many packets
need to removed from its awaiting burst. This requires two-wacommuni-
cation between the source and each intermediate node thatdi@along the
burst's route and is why such an approach is classi ed as OCS. Indhfor-
ward direction, the source uses a header to issue a request for a megen
period that is at least equal to the time required to transmit dl the packets
comprising the burst. Then in the reverse direction, an acknoatigement
packet is returned to the source that informs the source of thectual time
that has been reserved. Based on this information, the sourcenteves just
enough packets from the burst before the burst is sent. In this wathe e ec-
tive number of packets comprising a burst is dynamically deterined based
on the amount of bandwidth that is o ered by the network. In paticular,
the number of packets comprising a burst is chosen so that the tinperiod
reserved on the bottleneck link is long enough to transmit thenéire burst.

This form of OCS in which the number of packets comprising a bst is
dynamically set based on the bandwidth that is o ered by the netork can
be considered a generalisation of the approach proposed in [43, 45]. We
call this generalisation OCS with dynamic burst length.

The ability to dynamically adjust a burst's length ensures the pcket
transmission rate is controlled at each source router based on thevel of
network congestion. The burst length is reduced as the level cbngestion
increases and therefore the packet transmission rate is appriztely regu-
lated according to the link along a burst's route for which themaximum
amount of time a wavelength channel can be reserved is shortest.
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The focus of this chapter is to develop and analyse a perforr@model
for our newly proposed form of OCS. We develop a model for a staatbne
link that is connected to multiple source routers. Our analysigims at de-
termining the waiting time (pre-transmission queueing delaydlistribution of
an arbitrary packet.

This chapter is set out as follows. In Section 6.1, the operaticof OCS
with dynamic burst length is described in further detail. We aalyse our
performance model, which is based on a system of xed-point edioms, in
Section 6.2. The nal stage of our analysis relies on a very inved analysis
presented in [126, 127], which is not repeated for brevity. I8ection 6.3,
we use our analysis to numerically evaluate the pre-transmissi@ueueing
delay distribution of an arbitrary packet for a variety of tra c loads. The
assumptions made is deriving our analysis are also validated Wwitomputer
simulation.

6.1 Optical Circuit Switching with Dynamic
Burst Length

To understand the operation of OCS with dynamic burst length, @ansider the
signalling that is required between a source and destination foee a burst
can be sent. A simpli ed timing diagram for a signaling cycle is siwn in
Fig. 6.1.

Let time be divided into consecutive x length intervals eaclof length T
time units. Consider an arbitrary source and destination pair. Athe end of
each time interval, the source sends a reservation packet to tlestination.
The time interval T is a design parameter that a ects the waiting time of
packets.

The reservation packet contains the number of packets compimg its
corresponding burst, or equivalently, the time period requéad to transmit
all the packets comprising its corresponding burst. The latteis derived by
multiplying the former by the size of a packet, say in bits, and diding by
the transmission rate of a wavelength, say in Gb/s.
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Figure 6.1: Timing diagram for OCS with dynamic burst length
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When intermediate nodex forwards a reservation packet to the subse-
quent intermediate nodey, nodey can exactly determine the expected arrival
and departure time of the pending burst, based on the informain contained

in the reservation packet. In particular, we have

burst's arrival time = burst's transmission time + propagation delay

fromxtoy

burst's end time = burst's arrival time + burst's transmission time.

At each link along a burst's route, the e ective burst length, vhich we
call the acknowledged reservation period (ARP), is updated & wavelength
channel cannot be reserved for an unbroken period of time beging from the
burst's arrival time and lasting until the burst's end time. This is achieved
by either increasing the burst's arrival time and therefore dicarding some of
the burst's headmost packets, decreasing the burst's end time atiterefore
discarding some of the burst's endmost packets, or a combinatiohereof.
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Figure 6.2: The ve possible ways a burst's ARP can be updated at an
intermediate node

The updated ARP is then forwarded to the next intermediate nod. There
are ve possible ways in which the ARP can be updated. They are aglibws.

1) If a wavelength channel can be reserved for an unbroken petiof time
beginning from the burst's arrival time and lasting until the kurst's
end time, the ARP is unaltered and the reservation packet carmg
the unaltered ARP is forwarded to the next intermediate node.

2) If a wavelength channel cannot be reserved for any period tihe be-
ginning from the burst's arrival time and lasting until the burst's end
time, a withdrawn packet is returned to the source. Upon receing
the withdrawn packet, the source reallocates the packets cqnising
the pending burst to the next burst. The signalling cycle for thenext
burst begins at a timeT after the commencement of the signalling cycle
for the current burst.

3) If the longest unbroken period of time that can be reserved anwave-
length beginsafter the burst's arrival time, say at time t;, and lasts
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until the burst's end time, the burst's arrival time is increasé to t;.

The updated ARP containing the burst's new arrival time oft; is for-

warded to the next intermediate node. Therefore, some of thautst's

headmost packets must be discarded and relegated for transmissam
part of the next burst.

4) If the longest unbroken period of time that can be reserved anwave-
length begins at the burst's arrival time and endsbefore the burst's
end time, say at timet,, the burst's end time is reduced tat,. The
updated ARP containing the burst's new end time ot is forwarded
to the next intermediate node. Therefore, some of the burst'sx\dmost
packets must be discarded and relegated for transmission as pafrtioe
next burst.

5) If the longest unbroken period of time that can be reserved anwave-
length beginsafter the burst's arrival time, say at time t;, and ends
beforethe burst's end time, say at timet,, both the burst's start time
is increased tot; and the burst's end time is reduced td,.

In all ve cases, we have
burst's start time <t; <t, < burst's end time

The ve cases are shown in Fig. 6.2.

For each link, a burst's ARP consists of two elds: its arrival timeand
its end time. Upon receiving the reservation packet, the desttion returns
a con rmation packet to the source via the same route traversedybthe
reservation packet. The con rmation packet contains the n& ARP, which
cannot be altered any further.

At each link traversed by the con rmation packet, the nal ARP is com-
pared with the temporary ARP that was earlier determined at that link. The
start time contained in the nal ARP may occur later than the start time
that was earlier determined and reserved. Similarly, the entsime contained
in the nal ARP may occur earlier than the end time that was earier deter-
mined and reserved. In either case, the over-provisioned resgron period
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can be released.
Finally, once the source receives the con rmation packet, fransmits a
burst of packets during the time interval speci ed by the ARP.

6.2 Modelling and Delay Analysis of Optical
Circuit Switching with Dynamic Burst
Length

In our proposed OCS with dynamic burst length, packets cannotéb lost
at an intermediate node during normal operation. This desitde feature
comes at the cost of increased pre-transmission delay. We therefsee it
as important to quantify this increase. As such, we develop a meMdfor a
stand-alone link that is connected to multiple source routersWe analyse
this model to determine the waiting time (pre-transmission queeing delay)
distribution of an arbitrary packet.

We considerM source routers connected to a stand-alone link comprising
K < M , wavelength channels. We assume time is divided into consecuativ
xed length intervals, each of lengthT time units. Each of the M sources
contains a bu er at which packets arrive and are queued befetransmission.

We assume all sources are synchronised. In particular, all soursasul-
taneously send a reservation packet at the end of a time intervalThen,
after a further round-trip propagation delay, Tgrp, each of theM sources
receive a con rmation packet and the transmission period commees. To
simplify our analysis, we assumé&grp = 0. (Note that this assumption can
be relaxed if we assume that each source sends a reservation padkgb
time units before the end of a time interval.) In this way, edg time interval
corresponds to a signalling cycle.

Attime nT, a source which hag packets enqueued in its bu er requests to
transmit thesej packets as a single burst withinifT; nT + T,;), where T,
is the time required to transmit the j packets. Since we assumgzrp = 0,
the source is immediately noti ed of the nal ARP, which is an urbroken

period contained in the interval OT;nT + T9), where 0 T? T. If
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Tj°= 0, no packets are transmitted during the current cycle.

Due to synchronisation, reservation packets cannot be processedthe
order at which they arrive because they all arrive at preciselhe same time.
Therefore, the order that reservation packets are processedramdomly se-
lected. This results in a random allocation order. In practie, the signalling
cycle need not be synchronised between sources. We assume synckaban
to simplify our analysis.

We adopt a model in which packets arrive at each source accordito
an independent Poisson process with rate. Furthermore, we normalise
time such that one time unit is required to transmit one packet.Hence, a
maximum of T packets can be transmitted during each time interval . Let
B, B T, bethe maximum number of packets that can be enqueued at a
source. If there are fewer tharB packets enqueued, an arriving packet is
admitted, otherwise it is blocked and does not return at a latetime. In the
numerical evaluation presented in Section 6.3, we sBt= T. We have that

T,=j] Tand TjO: I, wherei is the number of packets transmitted out
of the j requested packets.

Consider an arbitrary source. At the end of a time intervahT, it contains
j,0 j B, packets. The conrmation packet informs the source that,
0 [ j, of the buered packets can be transmitted. The remaining
j 1 packets remain in the bu er and are considered for transmission the
next signalling cycle that commences at timek(+ 1) T. Suppose that with
probability d(i;j ), i of thej packets can be transmitted. For0 j B, we
have 1, d(i;j)=1:

A packet admitted during the time interval nT;(n+1)T ,n=1;2,3;:::,
which represents signalling cycle, may be sent in one of the next cycles
KT;(k+1)T , k n+1. Therefore, if a packet is admitted at time f +
DT u,0 u T,itmustwaitthe sumofuand ( n 1)T before the

commencement of the signalling cycle during which it is transitted.

Our notion of packet queueing delay is de ned as the period gmning
when a packet arrives and lasting until the commencement of ¢hsignalling
cycle during which the packet is transmitted. For the momentpur notion
of packet queuing delay does not include the possible furtheeldy associ-
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ated with the lag between the commencement of the signallingae during
which a packet is transmitted and the time the packet actuallyjcommences
transmission. In particular, for the moment, we do not consider:

1) The delay the nth packet of a burst,n > 1, encounters while it must
wait for packets 1:::;n 1 to be transmitted; or

2) The the delay associated with the interval beginning from th com-
mencement of the signalling cycle during which a packet is tnamitted
and lasting until the burst to which the packet has been alloc&d begins
transmission. Note that a burst does not necessarily begin transmissio
at the commencement of a signalling cycle.

We call the former delay 1 and the latter delay 2. At the end ofttis section,
we show how to incorporate both these delays into our current tion of
packet queueing delay. For the moment though, we overlookdim both.

Let J, be the number of packets enqueued at the source at tinmd
which is the time just before a request is sent for thath signalling cycle.
We have thatJ, 21 0;1;:::;Bgis a Markov chain. Its probability transition
matrix P;j, 0 i;j B, is given by

Pij = g(\]nﬂ:jj\]n:i)
X -
% d(;i)e T G—m 0 j B L
= gmenn ! 6.1)
27 i) 1 e T =8
=0 =0

The stationary probabilities, f ,-ngzo for J, can be computed numerically.
Given the stationary probabilities f jngzo, we can compute some useful
probabilities. The probability that an arbitrary source contains at least one
packet at time kT is given byP =1 o- We call a source containing one
or more packets in its bu er at time kT an active source. Furthermore,
the probability of packet loss due to bu er over ow is given byl ST ),
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where _
X X
S= jod(izj)
j=1 =1
is the expected number of packets transmitted during each sigjting cycle.
We turn our attention to deriving the probabilities d(i;j ). Once the prob-
abilities d(i;j ) are known, the detailed analysis presented in [126, 127] can
be used to determine the waiting time distribution of an arbitary packet. In
what follows, we rst derive some preliminary probabilities b&re providing
an expression fod(i;j ).
At time kT , given that an arbitrary source containg > 0 packets, this
source can encounter three scenarios.

1) The source can send alj packets with probability one if there are
strictly less than K other active sources. We use the word other here
to mean any active source other than the arbitrary source that @zhave
in mind. The probability that there are strictly less than K other active
sources at timekT is given by

K1
= M T ea ok (6.2)

k=0 k

2) The source can send ajl packets with probability K=(K + s+1), given
that thereareK +s,0 s M K 1, other active sources at time
KT . The probability that there are K + s other active sources is given

by

M l ﬁK+S

R (1 PM1Ks o0 s M K 1 (63)

Note that K=(K + s+ 1) is the probability that an arbitrary source is
one of theK “lucky' sources (out of theK + s+ 1 active sources) that
has less thanK active sources ahead of it in the random allocation
order. The +1'in K + s+ 1 corresponds to the arbitrary source we
have in mind, whileK + s is the number of other active sources.
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3) The source can send, 0 i< | , packets with probability (s;i;]),
given that there areK +s,0 s M K 1, other active sources
at time kT .

We focus next on determining the probabilities (s;i;j ).

Forany m, 0 m s, the probability that an arbitrary source sees
exactly K + m out of the total K + s active routers ahead of it in the random
allocation order is K + s+ 1) and is independent of the value om.

Let Yi;Y5,:::;Yc+v, O v m, be the random variables representing
the number of packets that have been allocated for transmissiémthe K + m
active sources that are ahead of our arbitrary source in the rdom allocation
order. Note that for any value ofs, if m = 0 then v = 0. In particular, our
arbitrary source seeK out of the total K + s+ 1 active routers ahead of

allocated for transmission.
Let ; be the stationary probabilities ;, ] = 1;2;:::;B, of the Markov

i. Thatis, P(Yi=j)= ;,i=1;::1;K.

The distribution of Yx.:y, 1 Vv m, is not distributed according to
i . However, to simplify our analysis by recasting it in the form of @ order
statistic problem, we assume thatYx.,, 1 v m, is in fact distributed

independent and identically distributed random variables. e error owing
to this assumption is quanti ed in Section 6.3.

As shown in Fig. 6.3, if our arbitrary source containg packets and sees
K, (m = 0), other active sources ahead of it in the random allocatioorder,
it is permitted to transmit

i= j Xe(@) (6.4)
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K+1 active Burst size order statistic
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router's request is modified
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Figure 6.3: Updating the ARP of the K + 1)th active source listed in the
random allocation order

Let fx, 1y(X), 1 x B, denote the density function ofXk (1). The
density function fx, m)(x), 1 X B, where Xk (m) is the mth order

statistic of the K discrete random variablesyy; Ys;:::; Yk is given by
f8X|< (m)(X) = |
K u

T X x=1

u X \ 1 1
u=m v=2

0

X minfmy LK ug X 1 ! r NG ! (K u r)*

u % Kr ! v w A x=2;
u=1 r=(m u)* v=1 w=Xx+1

I

0 ?( 1 " u 1

1o v ; x=B
u=1 v=1

Our arbitrary source cannot transmit any packets ifXx (1) j, which
occurs with probability

x
q1) = | fx @) (X): (6.6)

X=j

In a similar way, if our arbitrary source seeX + 1, (m = 1) other active

(6.5)
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sources ahead of it in the random allocation order, it is perttéd to transmit

i 0 Xe@)”  wp. gl
0 Xk+1(2)" wp. p1)=1 q),
where
Xk+1(2)=min (Y1; Y2100 Yea1) Xk (1) :

We generalise (6.6) such that

hase
fxe,mmen(X); 0O m s

X=j

gm+1)=1 p(m+1)= (6.7)

Therefore, in complete generality, we have that if our arbrary source sees
K+m,0 m s, other active sources ahead of it in the random allocation
order, it is permitted to transmit the following number of padkets with the
following probabilities

8 +
i Xk(@@) w.p. q1)™;
D( 1
% o Xea@ w.p. p(l)  g@)<gE)™ DK
k=0
i = E_ . (6.8)
% I Xk+n 12(h) w.p. ( m;h);
. + \m
> | Xk+m(M+1) ° w.p. p(k);
k=1
where
Xk+m(M+1) = (6.9)
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andforl h m+1,
IY 1
( m;h)y= p(i) q(1)"*q(2)'2 ;1 g(h)': (6.10)
i=1 li+lp+ i+ lh=m+1 h

The notation |, ;... -ms1 n IS t0 be understood as the sum over all

gerandly + I, + @i+ 1, = m+1 h. The random variable X + ,(m + 1)
is the (m + 1)th order statistic of the K + m discrete random variables
been computed, the density functiondx, , m+)(X), 1 X B, can be
computed according to (6.5).

Based on (6.8), we see that for anyn and h, an arbitrary source can
transmiti = j Xk.n(h) > 0 packets with probability ( m;h)fx, .+ (]
i) and i = 0 packets with probability ( m;h)q(h). Using (6.5), (6.7), (6.8),
(6.10) the probability (s;i;j) is given by

8
1; i=j=0;
Xs X
( m;h)g(h); i=0<j
m=0 h=1
(s;ijj) = (6.11)
K ; i=] 60;
XS Xn . . - -
( mM)fx ey (1), 0<i<j
m=0 h=1
where = (K + s+1).
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Based on (6.11), it follows that the probabilitiesd(i;j ) are given by

8 .
1 i=j=0;

% Mxl K

. + (sii;j), i=]60;

d(i;j ) = 0 (6.12)
§ MXl K
. (siij); 0 i<j
s=0

Combining (6.1), (6.11) and (6.12) gives rise to a coupled systeof nonlinear
equations. We use a successive substitution algorithm of the kind vpeo-
posed in Chapters 5 and 6 to nd a solution for this system. In partular, we
numerically compute the probabilitiesd(i; j ) within a certain error criterion.
We have not investigated the existence and uniqueness of solatidHowever,
we have observed that successive substitution appears to alwayswerge to
a unique xed-point in practice.

Once the probabilitiesd(i;j ) have been computed, the packet queueing
delay distribution of an arbitrary packet can be obtained by acomplex ac-
counting of the queueing process on successive time intervalst the packet
gueueing delay distribution derived in this way be denoted a8 ( ), 0.
This fairly involved derivation was presented in [126, 127l is not repeated
here for brevity.

Recall that our current notion of packet queueing delay is # period
beginning when a packet arrives and lasting until the commeament of the
signalling cycle during which the packet is transmitted. Thisotion of delay
does not include the delay thenth packet of a burst,n > 1, encounters while
it must wait for packets 1;:::;n 1 to be transmitted, nor does it include
the delay associated with the interval beginning from the comemcement of
the signalling cycle during which the packet is transmitted ath lasting until
the burst to which the packet has been allocated begins transssion. We
have called the former delay 1 and the latter delay 2. We turnur attention
to incorporating these two delays into our existing notion of acket queueing
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delay.

Let the random variablesD; and D, denote delay 1 and delay 2, re-
spectively. Also, letD = D; + D,. We know that a source that is active

is permitted to transmit i of its j packets during the signalling cycle. In the
case thati = j, we have thatD, = 0 because the burst begins transmission
at the commencement of the signalling cycle. Otherwise, ik j , we have
D, = (j i)=T. This is because it requires 4T time units to transmit a
packet and the source cannot transmit packets during the rsi i slots of
the signalling cycle.

To determine the distribution of D, we note that the probability a packet
is the nth packet of a burst comprisingi > 0 packets is ¥i. For the nth
packet of a burst comprisingi > 0 packets, we havdDd; = (n 1)=T. That
is,PDy=(n 1)=T =1=i,n=1;:::;1.

Therefore, given an active source is permitted to transmitof its j pack-
ets, 0<i |, for an arbitrary packet chosen from the transmitted packets,
we have

j i on 1 1 .
=—+ = - =1;:000 :
P D T T son ;0000 (6.13)
Equivalently, (6.13) can be rewritten as
( 1_'. —_ R 1 1.
pp=" - hNELbes) 4 (6.14)
T 0, j 1l<n<j i

It follows that if a burst is rst arbitrarily chosen and then a packet within
that burst is arbitrarily chosen, we have for that particular packet
_® X (i)

W(O'j)i_jlj inj1 N=0;::;B 1 (6.15)

=

j=1 i=1

In (6.15), ;d(i;j)=1 d(0;j) is the probability that an arbitrarily chosen
burst belongs to a source that was permitted to send of its | packets,
O0<i j. However, we are interested in the case of an arbitrary packetn |
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this case, (6.15) must be multiplied byi because a packet i$ times more
likely to be chosen from a burst containing packets than a burst comprising
one packet. In particular, we have

¥ X d(ij)

=G T(O;j)jljinjl;

n=0;:::;B 1,(6.16)

—| >

j=1 i=1

P
where G is a normalisation constant ensuring that Ezol P(D = n=T) =1.
To incorporate D into F ( ) and arrive at the nal packet delay distribu-
tion, we write

Fa() = 1 P(H>t)
X1 n n
=1 n:OP D=2 F t = ; (6.17)

where (6.16) is used to comput®(D = n=T). In (6.17), H denotes the delay
of an arbitrary packet, which is de ned as the period beginmig from the time
a packet arrives at its source and ending at the time the packebmmences
transmission. In particular,H = + D;+ D,.

6.3 Numerical Evaluation

In this section, using computer simulation, we quantify the eor introduced
by assuming thatYx.y,, 1 v m, is distributed according to j. This was
the major assumption we made to simplify the analysis of our modelhe
purpose of this section is also to investigate the packet delaystlibution for
our newly proposed OCS with with dynamic burst length.

For numerical purposes, we consider a case in which ve source rexg
are connected to a stand-alone link comprising three wavelghgchannels.
That is, M =5 and K = 3. We assume full wavelength conversion. A
variety of tra c loads are represented by considering packetmival rates =
0:2;0:6;0:8; 1. The arrival rate represents the arrival rate o ered to eaclof
the M sources. A maximum of 10 packets can be sent during each signgllin
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Figure 6.4: Mean packet delay computed analytically and whit computer
simulation forM =5, K =3and T =B =10

cycle and the bu er corresponding to each source can store a maxim of
10 packets. That is,T = B = 10.

Fig. 6.4 shows the mean packet delay computed analytically drwith
computer simulation for the packet arrival rates = 0:2;0:4;0:6;0:8;1. The
simulation does not assume thatk.,, 1 v m, is distributed according
to ; and is therefore able to quantify the error owing to this assuntn
in our analysis. The simulation is consistent with our performare model

insofar as it does assumégtp = 0, does assume sources are synchoronised

and does assume packets arrive at each source according to arepehdent
Poisson process.

In Fig. 6.4, our analysis is in fair agreement with the simulatin but
nonetheless overestimates the mean packet delay for all theckat arrival
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Figure 6.5: Packet delay distribution computed analyticalf and with com-
puter simulation forM =5, K =3and T =B =10
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rates considered. We argue that this is because usingto approximate the
distribution of Y¢.y, 1 v m, underestimates the length of a burst.

Fig. 6.5 shows the packet delay distribution computed analytally and
with simulation for several packet arrival rates. We see that th@robability
a packet is delayed for more than three signalling cycles isitgpismall for all
the arrival rates considered.

Suppose a packet endures a delay of three signalling cycles. &mp
ing on the choice ofT, a delay of three signalling cycles may be smaller
than the delay associated with using a retransmission protocol suals TCP
to retransmit packets that are blocked in conventional form®f OBS using
unacknowledged transmission. Therefore, viewed as an altetima to the
conventional forms of OBS, our OCS with dynamic burst length @y reduce
the end-to-end packet delay attributable to running a retrasmission layer
above OBS.

6.4 The Conventional Form of Dynamic
Optical Circuit Switching

In this section, we consider the conventional from of dynamic €5 that was
rst proposed in [43, 44, 45] and subsequently further analysed [d91]. In
[44], this conventional form of dynamic OCS was called waeglgth-routed
OBS, while in [191] it was called OBS with acknowledgements.

We develop a model for a stand-alone link that is connected touttiple
edge bu ers. Unlike the model we developed in Section 6.1, we nlat assume
synchronisation between edge bu ers nor do we assume that timesttted.

For the model developed in this section, we approximate the rae delay
experienced by an arbitrary packet. Furthermore, we derivexact results for
the number of packets comprising a burst and the probability tht a burst
is blocked. These exact results are insensitive to the packet @al process.
We show that by appropriately choosing the number of packets owrising
a burst, we are able to dimension for a desired blocking probabjiland with
a high probability, satisfy the maximum delay requirements o& packet.
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Our model includes two important aspects that are not consided in
[44, 45]:

For a nite number of edge bu ers connected to a stand-alonenk,

we derive the probability that an arbitrary packet is blockel due to
wavelength contention. In contrast, the analysis in [44, 45]saumed a
su cient number of wavelength channels is available to rendeblocking

probability negligible.

To prevent the loss of packets at an edge bu er due to a xed linhion
the number of packets that can comprise a burst, we send an expglic
trailer packet as soon as an edge bu er is empty to release thesezved
wavelength channel. Therefore, during the transmission of a t=i,
further packets may arrive and be sent as part of that burst. In ter
words, we assume delayed release. See Table 4.1 in Chapter 4.

6.4.1 Model and Analysis

We consider an edge router connected ¥ wavelength channels. As shown
in Fig. 6.6, packets arriving at the edge bu er are aggregatkeinto separate
electronic edge bu ers within the edge router based on theiregtination and
QoS requirements. LetM be the number of edge bu ers. We assume the
capacity of each bu er is su cient to prevent over ow. Packets residing in
the same bu er are assembled into bursts and transmitted using onéd the

K wavelengths. In this way, the output of the edge bu ers is thenput to
the K wavelengths. By considering the edge bu ers as sources, we haue a
server loss model withiM sources.

We assume that if an assembled burst is ready for transmission but none
of the K wavelengths are available, the burst is blocked and does noteke
retransmission at a later time. LetTeqqe denote the maximum delay a packet
can withstand to satisfy QoS requirements. We remark thaleqge may be
di erent for each bu er. In this section, we understand delay © consist of
burst assembly delay, pre-transmission queueing delay and transsion time.

When a packet arrives at an empty bu er, after a time interval T4, @
header is sent to reserve one of th€ wavelengths for the burst currently
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Figure 6.6: Edge router withM = ni edge bu ers; all outgoing bres termi-
nate at a single optical cross-connect of the core network

being assembled. The time intervall,,,;; IS a design parameter controlling
the burst assembly delay and the number of packets comprising arst If
a wavelength is reserved, an acknowledgement is received bg £dge router
after a further round-trip propagation delay, Trrp, and then the burst is
transmitted on the reserved wavelength. During the transmissioaf a burst,
further packets may arrive and be sent as part of that burst. Oyl when the
bu er is empty, a trailer packet is sent to release the reservedawelength.
As soon as another packet arrives, the burst assembly cycle beginewa.
Each packet may be subject to one or more of the following threkelays.

1) Assembly delay the period beginning at the arrival of a packet and
lasting until an acknowledgement is received. The assembly dglis
zero for a packet that arrives after an acknowledgment is rewed.

2) Queueing delay for a packet that arrives during the assembly phase,
this is the period beginning at the time an acknowledgemens ire-
ceived and ending at the time the packet begins transmission, W
for a packet that arrives after the assembly phase, this is the ped
beginning at the time of the packet's arrival and ending at tle time the
packet begins transmission.
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3) Transmission time: the period required to transmit a packet.

Each edge bu er can transmit at the peak transmission rate denateby
Rout- For stability, it is necessary that the mean input rate to each é@ge
bu er, which we denote by R;,, does not exceedR,,. For each packetq,
let Tas(), Tque(d) and Ty (g) denote the assembly delay, queuing delay and
packet transmission time, respectively. For each edge bu er, ¢hinequality

Tedge Tas(Q) + Tque(Q) + Ttr (Q) (6-18)

must hold for all g. SinceR;, Ry, it may be reasonable to approximate
(6.18) with

TedgeI Twait + TRTP + E(Ttr) + C; (6-19)

where Ty, is the random variable representing a packet's transmission ten
and C is a parameter chosen to control the probabilityp that (6.19) holds

but (6.18) does not. Note that if C = 0, the right hand side of (6.19) is
the mean delay of the rst arriving packet in a burst. To amortisesignalling

overheads, it is desirable to maximise the length of the assemblygse subject
to (6.19). Therefore, we set the design parameter,,,i; , by considering (6.19)
at equality. In particular, we have

Twait = Tedge Trrp E(Ttr) C:

We now determineC in the case of Poisson packet arrivals and exponen-
tially distributed transmission times. For each bu er, let 1= and 1= denote
the mean packet length and the mean packet inter-arrival tim, respectively.
By an embedded Markov chain approach [161], it can be shown ththe

generating function "

(2)= nZ
n=0

of the stationary distribution, ,, n=0;1;:::, of the number of packets left
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behind in a bu er by a departing packet is given by

( )(1 ze (Twait +Trrp )(2 1))
1+ (Twait + Trre))(22 2z + z)’

(2)=

where = (Rq=Rin) . The packets that a departing packet leaves behind
in a bu er are precisely those packets that arrived while the dearting packet
was in the bu er or being transmitted. Thus, the Laplace transfom, W (s),
of the probability density function for the delay (the sum of assably delay,
queuing delay and transmission time) of an arbitrary packet saties

W ( z)=( 2):

See [161] for details. By integrating, we can invel/ (s) to yield the required
probability density function (PDF), w(t), which is given by

1 & ) H@ T)e (T )

) = ; 6.20
Wit 1+ T 1+ T (6.20)
where = , T = Twait + Trrp and H (t) is the Heaviside function. It
follows that Z,
p= w( )d
tedge
and thus
( )Tedge ( )E(Ty )+ C)
p= ——_° (6.21)

( )L+ (Teae E(Ty) ON

Given a desired probability,p, a suitable numerical method can be applied
to solve (6.21) for the required value o€. For example, suppos@egge = 50
ms, Trrp =10 ms, 1= =1=312 ms,R,,: =1 Gb/s and R;,= =400 B. For
p = 0:01, we solve (6.21) to determin€ = 3:98, and then by considering
(6.19) at equality, we setT,,t = 35:98 ms. Fig. 6.7 shows the PDF of the
delay of an arbitrary packet. The hatched region representhi¢ probability
p=0:01.

We now derive the mean burst size, which we denote withy,. For
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Figure 6.7: PDF of the delay of an arbitrary packet.

simplicity, we assumeR;, = Ryy. Let | and B denote the mean idle and
busy periods for the output of each bu er, respectively. The mportion of

time that the output of a bu er is busy is given by B=(B + I), which is also
equalto =( + ), the proportion of time that packets are exiting the bu er.

Combining the two and noting that| = 1= + T4t + Trrp, We have

B
B+1= + Tyu + Tare  + (622
or
B=1= +(= )(Twat *+ Trrp): (6.23)
SinceLpyst = RoutB, we have
Lourst = [Rout(l+ T wait + Trre)]=: (6.24)

We continue by deriving the probability that an arbitrary packet is blocked.
Let T, denote the random variable representing a burst's transmissiointe.
(Recall that Ty, denotes the random variable representing a packet's trans-
mission time.) Note thatE(T, ) = B. As in [44, 45], the e ective wavelength
holding time for a burst is given by the random quantityTgrp + Ty, Which
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has meanTgtp + B.

Our K server loss model wittM sources is equivalent to an Engset system
[74, 150] with mean on and o times,Trrp + B and 1= + T4, respectively.
We take a closer look at an Engset system in Chapter 9. For the monten
though, we remark that the probability an arbitrary packet is blocked is equal
to the probability that an arbitrary burst is blocked, which is given by the
Engset formula

1 _ 1 _
1= + Tyat Trrp + B’
M 1
- K a“ )
P

M 1 4’
=0 &

1. K

Boust = ENQ

(6.25)

where
Trrp + B

1= 4+ Twait
An appealing property of (6.25) is that it is insensitive to boththe on and
0 time distributions. See [74] for details.

6.4.2 Numerical Evaluation

We set the mean packet size to 400 B. In particular, we s®;,= = 400
B. We also setR,,: = 1 Gb/s. Furthermore, we assume thatM = 120 and
K =80. In Figs. 6.8 and 6.9, we plot the probability that a burst isblocked,
Bourst, against Tyait, for Trrp = 5;1015 ms and £ = 2;4,6 s. This
represents a variety of path lengths and network loads.

In Fig. 6.8, observe thatBy,s increases withTgrp because the e ective
wavelength holding time is prolonged. Therefore, networksf large diame-
ter may expect an increase in blocking probability and delayFig. 6.8 can
be used to determine the minimum blocking probability and dely that is
achievable for network of given diameter. For example, undéhe assump-
tions of our model, to achieve a blocking probability of 0.a0in a network of
diameter 1000 km,T,,.t must be set to at least 48 ms. FO€ =0, Ty.it = 48
ms is commensurate to a packet delayegge = 58 ms.
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Figure 6.8: Probability that a burst/packet is blocked for Tgrp = 5;10;15
ms with 1= =4 s andR,,= =400 B

6.5 Chapter Summary

This chapter proposed a new form of OCS in which the number of giets
comprising a burst is dynamically set based on the bandwidth thas on o er
during the time the burst is to be sent. In contrast, the number opackets
comprising a burst in current forms of OBS and dynamic OCS is uaiterally
determined at each source router.

We saw that the downside of our new form of OCS is that a source
must be informed of how many packets need to removed from an aiiay
burst. This requires two-way communication between the sougcand each
intermediate node that lies along the burst's route. In the faward direction,
the source uses a header to issue a request for a reservation periat ts at
least equal to the time required to transmit all the packets coprising the
burst. Then in the reverse direction, an acknowledgement paskis returned
to the source that informs the source of the actual time that halseen reserved
and therefore the number of packets that can actually be tramitted. The
actual time that is reserved is determined according to therk along the
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Figure 6.9: Probability that a burst/packet is blocked for = = 2;4;6 s
with Trrp =10 ms andR;;= =400 B

burst's route for which the maximum amount of time a wavelengdt channel
can be reserved is shortest. Based on this information, the soun@moves
just enough packets from the burst before the burst is sent.

Section 6.2 formed the largest part of this chapter. In Sectin6.2, we
developed a performance model for our proposed OCS with dyniantburst
length. The model we developed consists of a set of homogenousrs®u
routers connected to a stand-alone link. Each source contaiasnite bu er.
Packets arrive at a source according to an independent Poissorpess and
are enqueued if the bu er contains space, otherwise they aresto Each source
may transmit a burst of packets during each signalling cycle. @alling cycles
commence everyl time units. We chose the design parametér to ensure a
source can potentially transmit all the packets residing in itdu er during a
signalling cycle if it is lucky enough to be listed as one of rst soces in the
random allocation order. To simplify our model, we assumed th@und-trip
propagation delay was zero and that all sources were synchresed.

We analysed our model to determine the waiting time (pre-trasmission
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gueueing delay) distribution of an arbitrary packet. In Sedbn 6.3, we used
our analysis to numerically evaluate the waiting time distrilution of an ar-
bitrary packet for a variety of tra c loads. Furthermore, we veri ed with
simulation that the error owing to the assumption we made to simgly our
analysis was fairly small.

In the nal section of this chapter, we developed a model for # con-
ventional form of dynamic OCS proposed in [44, 45]. The main drence
between the models developed in Sections 6.1 and 6.4 was timathe latter,
we did not assume synchronisation between edge bu ers nor did wesame
that time is slotted. We demonstrated that by appropriating cloosing the
design parameterT,,,i; , Wwe can dimension for a desired blocking probability
and satisfy the maximum delay requirements of a packet.



Chapter 7

Delay Analysis of Centrally
Controlled Time-Slotted
Optical Circuit Switching

In this chapter, we consider a second form of dynamic OCS. Theykdi er-
ence between the form of OCS considered in this chapter and toem of OCS
considered Chapter 6 is that in this chapter, the subset of souread desti-
nation pairs that can transmit packets during a particular transmission slot
is determined by a central controller. In contrast, our new gmoach of OCS
with dynamic burst length that was introduced in Chapter 6 is distributively
controlled. With distributive control, each source is responble for reserving
a wavelength channel in each link of a route leading to its desation. How-
ever with centralised control, each source issues a request fontaidth to
a central controller just before the commencement of a transesion slot and
it is then the responsibility of the central controller to allaccate bandwidth to
each request in a coordinated manner. Although today's Integt is more or
less distributively controlled, it has been said that centraied control may
be an attractive option in the future because it reduces the aaplexity of the
control challenge [114].

In this chapter, OCS is considered in the context of an automaally
switched optical network (ASON). We saw in Chapter 1 that the advace-
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ment of optical technology in recent years has positioned th&SON as a
viable option for next-generation core backbone networks. &Vhave seen
that an ASON consists of intermediate nodes (optical cross-coruts) inter-
connected by bres comprising hundreds of wavelength charleeand edge
routers that are located at the periphery. Edge routers asseraeband disas-
semble many data streams arriving from or destined to users commted to an
ASON via access networks. For this purpose, edge routers possessreleic
bu ering capabilities. We saw in Chapter 1 that one of the key adan-
tages of an ASON is that the need to perform optical-to-eleatral (O/E)
and electronic-to-optical (E/O) conversion of a data bearig signal at each
intermediate node is averted.

We focus on a form of OCS that can be described as follows. Packet
are enqueued in logical bu ers located in each edge routerpnding on
their desired destination and possibly other classi ers such as Qo®/e are
interested in estimating the delay distribution of the queuingtime of an
arbitrary packet. Time is divided into discrete circuit transmission periods.
At the boundary of each period, a central controller deternmes whether or
not a bu er is to be allocated a circuit during the next periodbased on the
number of packets enqueued in that bu er as well as the numbef packets
enqueued in all other bu ers. Circuit holding times can eithebe based on
limited or exhaustive circuit allocation policies.

The aim of this chapter is to develop and analyse a performano®del to
evaluate packet delay distribution for this kind of centraly controlled time-
slotted OCS network. Because our analysis is su ciently exibleto cope
with arbitrary network topologies, arbitrary online routing and wavelength
assignment (RWA) policies and arbitrary circuit allocation pdicies, we refer
to our analysis as a framework. To ensure computational tradbality, our
framework approximates the evolution of each bu er indepeatently. "Slack
variables' are introduced to decouple between bu ers in a wapat the evo-
lution of each bu er remains consistent with all other bu ers n the network.
The delay distribution is derived for a single bu er and an appoximation is
given for a network of bu ers. The approximation involves ndng a xed-
point for the functional relation between the “slack varialds' and a speci c
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circuit allocation policy.

Performance of OCS networks has mostly been studied with respéa
end-to-end blocking probabilities. See [86, 119, 140] foraemples. The study
in [86] is concerned with routing data or voice in a conventi@l circuit-
switched telephony network and the studies in [119] and [140jeaconcerned
with RWA in OCS networks. In these studies, end-to-end blocking rpb-
abilities have been derived using Erlang's xed-point appramation under
the assumption that blocking events occur independently in eh link. We
studied Erlang's xed-point approximation in Chapter 4.

This chapter is organised as follows. In Section 7.1, we forrate the
general problem and develop our performance model. Secsoh2 and 7.3 are
devoted to the derivation of our delay evaluation frameworkIn particular,
Section 7.2 considers the case of a single bu er, while Sectio8 Tises the
single bu er case as a foundation to evaluate delay distributiofor a network
of buers. The framework is demonstrated in the context of a pdicular
RWA algorithm in Section 7.4, while some extensions to our basimodel
are explained in Section 7.6. Some important practical comgrations are
discussed in Section 7.5. In Section 7.7, we numerically vertfye accuracy
of our framework with computer simulation.

7.1 Performance Model Formulation

We considerJ data streams, each of which correspond to a source and des-
tination pair. Packets from streamj, 1 | J, that cannot be transmitted
immediately are enqueued in logical bu ejj, which is located in the source
router corresponding to data strean; .

A circuit is de ned as a route from a source to a destination thais capable
of transmitting C b/s uninterruptedly for a period of T seconds. A circuit
is set up by selecting a route from a source to a destination and @tlating
a dedicated set of wavelength channels and switching resourae®ach link
traversed by the route.

Circuits are allocated to the logical bu ers using a policyR that considers
the queue lengths at all logical bu ers. A strict requirement 6 a circuit
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allocation policy is that any allocated set of circuits can sege their associated
bu ers concurrently and continuously. When a circuit is allecated to a logical
bu er, it is drained at a maximum rate of C b/s. An allocated circuit that
is not reselectedl’ seconds after its allocation is released.

The assumption that circuits are selected in a synchronised mannand
at xed time intervals does not impose limitations on our franework. Neither
is the assumption that a circuit period must be of a xed length. h Section
7.6, we explain how to extend our analysis to variable circuiengths and
asynchronous allocations.

The circuit setup process begins by evaluating all queue lemgt A cir-
cuit allocation policy R is then called to determine the set of circuits to be
allocated.

We suppose bits arrive at each logical bu ef according to a continuous
uid stream with a constant bit rate of A; b/s. Considering the expected
Tb/s nature of multiplexed input streams, such a uid approximaion is a
natural trac model. Modelling data transmission as a continuais uid
stream is also reasonable due to the nature of an optical circuit which an
arriving bit can be served on-the- y without waiting for its encapsulating
data packet.

Without loss of generality, we normalise all rates by dividinghem by
their largest common integral denominator, say. Henceforth, we refer to a
unit of B bits as a 'B-bit'. Also, letK andA;,1 | J, be the normalised
circuit transmission and arrival rates in B-bits per circuit peiod, respectively.
We further assume that everyA; is an integral fraction of K. That is, there
exist integersm? such that

K=mj°Aj; j=1;:00 (7.1)

Also, without loss of generality, we assume thal = 1. To summarise,

time units are speci ed in circuit periods and data units in Bbits.

Let n denote a circuit switching decision epochX;(n) denote the queue
length in B-bits in logical buer j at epochn, 1 | J, and X (n) =
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Given a circuit allocation policyR, let R(x) = R(x); X(x);:::; R(x)
be a binary vector indicating which of the logical bu ers areallocated circuits
atstate X (n) = x = (Xg;Xz2;:::;X3). In particular, jR(x) is 1 or 0 depending

on whether or notR allocates a circuit to logical bu erj in state x.
The process X (n);n 0 is a Markov chain and each of its components
X; (n) evolves according to

+

Xj(n+1)= Xj(n)+ A F(x)K °; (7.2)

where f]* = max(0;y).

Let S; (i) be the set of system states in which logical queyecomprisesi
B-bits and let ;(i; n) be the probability that algorithm R allocates a circuit
to buer j at epochn given that X (n) 2 S (i). That is,

Si(i) = fxjX (n) = x;Xj(n) = ig; (7.3)

and
j(in)= P RX(n)=1jX (n)2;(i) : (7.4)

The marginal processX;(n), n 0, is not Markov. Nevertheless, its
evolution can be expressed in the probability space of the Markachain
X (n), n 0, as follows. By (7.2), giverX; (n) = i, we have

8 +
2 i+A K ; wp: j(i;n);

e (7.5)
FYY wpi 1 (in);

foralll j J.

The Markov chain X (n), n 0, may or may not be periodic, depending
on the allocation policy R. In particular, if R allocates circuits based on a
deterministic set function of the queue length vectox, the resulting Markov
chain is periodic. For such policies, periodicity follows fra the deterministic
uid arrival processes and the fact that only a nite number of sates can be
visited by the Markov chain under appropriate positive recunt conditions.
The performance of circuit allocation policies in which théMarkov chain is
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periodic have been analysed in [148] and are not considered listthesis.

If the Markov chain X (n), n 0, is aperiodic and positive recurrent,
the probabilities ;(i;n) exist in a stationary regime that is independent of
n. They do however depend on the entire system state. Thereforender
stationary conditions, (7.5) translates into

8
2 i+tA K " wip: i (i);

Xj(n+1)= S (7.6)
it A, wip: 1 (i);

given X (n) = I.

According to (7.6), it may be suggested that the stationary distbution
of a Markov chain evolving according to (7.6) with probabities (i) can
approximate the multidimensional Markov chainX (n), n 0. The proba-
bilities (i) may be regarded as “slack variables'.

The idea behind our approximation is as follows. For every lamal bu er
j , consider a one dimensional Markov chain evolving according ¢7.6) that
is independent of all other bu ers. In the original multidimensional process,
the J sets of allocation probabilities (i), 1 ] J, are clearly inter-
dependent. Therefore, thel sets of allocation probabilities must be resolved
in a way that consistency is maintained across all sets. The consisty
conditions give rise to a set of xed-point equations, each of ¢h describes
one of the one-dimensional Markov chains.

In the next section, we derive the queue length and the packetely
distribution in a stand-alone bu er evolving according to (76).

7.2 A Single Logical Queue

7.2.1 De nition and Ergodicity

For notational clarity, we suppress the logical bu er index] in this section
and denote the state of a generic one-dimensional bu er witK (n), n 0.
Assuming independent evolution of the marginal processesXf(n), n 0,
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(7.1) and (7.6) imply that given X (n) = i,

8
> i+A mlAT; wp: (i)

X(n+1)= (7.7)
it A; wp:l  (i);

where A and K = mP°A are the arrival and transmission rates, respectively.

The upper event in (7.7) represents an allocated circuit perd and the
lower event represents an unallocated period. After every ult@cated circuit
period, the queue length increases by and after every allocated circuit
period, the queue length decreases by minp (m® 1)A , wherei is the queue
length at the beginning of the circuit period. ThereforeX (n) assumes only
integral multiples of A and the state space ofX (n) is fiAji = 0;1;:::g.
Without loss of generality, we relabel the process states andrage them by
the set of non-negative integers, with the convention thak (n) = i denotes
that iA B-bits reside in the queue. With relabelling, (7.7) becomes

8 +
2 i+1 m° ;o wp (i)

X(n+1)= S (7.8)
i+l wp: 1 (i)

Since the transmission rate foX (n) (m° 1) isK, it is reasonable to
approximate (i)= —fori m® 1. We consider this to be a reasonable
approximation because the transmission rate is alwayé = Am° B-bits if
(m® 1)A B-bits or more reside in a bu er. We further have 0 (i) 1.

Given that we consider only policie®R under which the multidimensional
Markov chain X (n), n 0, is aperiodic, we restrict our attention to aperi-
odic one-dimensional Markov chainX (n), n 0. Since there is a positive
probability of returning to state zero from any other state, it follows that
the Markov chain is irreducible and aperiodic. A necessary argl cient
condition for ergodicity is

™mo> 1 (7.9)
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Indeed, assuming (7.9) holds, the expected drift in one transin is
EX(n+1) X(njX((M)=i=1 Mm%<o;

fori  m® 1. Therefore, by the Foster-Lyapunov drift criterion [53], he
Markov chain is ergodic.

7.2.2 Queue Length Probability Generating Function

We derive the probability generating function (pgf) under sationary condi-
tions, G(z) =lim ,n E zXM |jzj 1, in Appendix 7.9.1. We have

np 2 - 0 H - O .
(Mz™ bt zZH+ (7 (@)™ pd)

_ i=0 .
G(z) = T e = : (7.10)

wherep(i) is the stationary probability of having iA B-bits in the bu er.

The pgf in (7.10) is expressed as a function of the® 1 boundary prob-
abilities p(i);i = 0;1;:::;m® 2, that we have yet to determine. Standard
application of Rouche's Theorem and the analyticity of5(z) in the unit disk
jzj 1yield these boundary probabilities. See for example [66, pp21-124].

Speci cally, as we prove in Appendix 7.9.2, the denominatorfds(z) has
m® 1 distinct zeros within and onto the unit diskjzj 1. To nd the
boundary probabilitiesp(i);i =0;1;:::;m® 2, we exploit the analyticity of
G(2) in the unit disk jzj < 1. The numerator of G(z) must be zero for every
zero of its denominator within the unit disk. One zero of the deominator is
clearly 1 for which all the coe cients of p(i) in the numerator are zero and
therefore useless. All othem® 2 zeros, denoted by,,, m=1;2;:::;m° 2,
are within the unit disk and de ne the following m® 2 linear equations

K 2 _ .
(@zn 'z (T Dz i) =0;  (7.11)
i=0
form=1;2:::;m° 2.
Another independent equation is obtained from the normalisan condi-



7.2. A SINGLE LOGICAL QUEUE 199

tion G(1) = 1. Applying L'hopital's rule to (7.10), gives

m 2
m°— (@+i) (i) p(i)=m?° 1. (7.12)
i=0

Equations (7.11) and (7.12) form a set aih® 1 independent linear equa-
tions whose solution determing(i), i =0;1;:::;m° 2. Their independence
can be veri ed by checking the positivity of the correspondingleterminant,
as in [66, pp. 121-124].

Once the boundary probabilities are determined>(z) is completely spec-
i ed. The stationary probabilities p(i) fori m° 1 are given byp(i)i! =
d(i)d#jpo and the expected queue length under stationary conditionsgsven
by E(X) = ©2j,_,. Higher moments are derived by taking higher deriva-
tives at z = 1.

It is well-known that computing higher moment based orG(z) can be
tedious. In the following, we apply simpler methods to deriv&(X) and p(i)
fori m® 1.

7.2.3 Expected Queue Length

Foremost, we derive the expected queue length at circuit ped boundaries
under stationary conditions,E(X ). We then derive the long-run time-average
queue length,E(X).

A simple method to deriveE(X) is to express the one-step evolution of
X @ (n+1) in the same way as (7.8) and equate the expected values oftho
sides. This method gives

) P h [

me 1%+ )+ M Zpi) M°20+1) m®  (i)i+1?

E() = 2(mo 1)
(7.13)
The expected number of B-bits at a circuit boundary is therefre AE (X).
To nd the time-average queue length, we note that the queueshgth

evolution between two consecutive circuit period boundaseX (t),0 t 1,
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is as follows. GivenX (n) = i,

g i+t mo%t " owp: (i)
X(t) = S (7.14)
i+t w:p: 1 (i):

R
By the mean ergodic theoremE(X) = tio E X (t) dt. Note that for
i m° 1,wehavei+t m°% Ofor0O t 1,whereasfoi<m?©? 1,
we havei+t m°% Ofor0 t i=(m° 1). Integrating yields

TP T
EX) =EOO+3 BT 1 e +3 e ) w21
(7.15)

The time-average number of B-bits is thereford E(X).

7.2.4 Queue Length Distribution

In Section 7.2.2, we derived the probabilitiep(i);i =0;1;:::;m° 2. We
continue by deriving a simple recursion fop(i), i m° 1.
From (7.8), the balance equations are given by

n)f 1
p(0) = p(i) (i); (7.16)
i=0
and
pM=pi 11 ( 1) +pli+m® 17 (7.17)
fori 1.
Givenp(i),0 i m° 2, by(7.16),

Pooo o .
p(0) izo P() (i)

p(m 1)= (7.18)
and by (7.17),

oy PFD PO T 0

i o (7.19)
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7.2.5 Delay Distribution

In non- uid models, where packet arrivals and departures oce at particular

time instances, packet delay is a well-de ned notion. Howevefor our uid

tra c model, a packet can be served while it is still arriving. Therefore,
packet delay is no longer a well-de ned notion.

The conventional notion of packet delay is de ned as the perd beginning
from the time the rst bit of an arbitrary packet arrives and lasting until the
last bit of that packet is transmitted. This notion of packet dday is dependent
on the number of bits comprising a packet.

An alternative notion of packet delay, which we call B-bit dedy, is de ned
as the period beginning from the time a B-bit arrives and lastig until that B-
bit is transmitted. Our B-bit notion of delay is independent d the number of
bits comprising a packet, however, it does re ect packet defan the following
sense. At a B-bit arrival instant, the portion of a packet precethg the B-
bit is either enqueued or has been transmitted, while at a B-bdeparture
instant, the portion of a packet preceding the B-bit has beenransmitted.
Therefore, B-bit delay re ects the delay of an arbitrary pa&et pre x.

The expected B-bit delay under stationary conditions is deved from
E(X’) using Little's Theorem. SinceAE(X) is the expected queue length in
B-bits at an arbitrary time and given that the B-bit arrival r ate is A, the
expected B-bit delay iSE(X") and is given in (7.15).

We now return to the conventional notion of packet delay thatwe have
de ned as the period beginning from the time the rst bit of an abitrary
packet arrives and lasting until the last bit of that packet is ransmitted.
Let this period be denoted with the random variableD. To determine the
distribution of D, we assume each packet comprisésB-bits. We further
assume that during each circuit period there is an integral nuber M of
packet arrivals. That is, A = ML . Finally, we assume all packets are served
according to the FIFO regime and that the packet arrival proess begins at
the boundary of a circuit period.

Exactly M packets arrive during each circuit period, each of which en-
dures a dierent delay. LetD,, 1 m M, be the delay of a packet that
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arrives (m 1)=M circuit periods after a circuit boundary. The delay of an
arbitrary packet is therefore given by

1 N

D=_— Dm: 7.20
w O (7.20)

=1

Deriving the packet delay distribution is a di cult task because the prob-
abilities (i),i m° 1, are not equal. Because they are not equal, the time
between two consecutive circuit allocations is not identid¢ly distributed.

To simplify the derivation of the packet delay distribution, we consider
the special symmetric case in which (i) = , foralli 0. We derive the
delay distribution by way of a computational procedure rathethan a closed-
form expression. The details of this derivation are deferredntil Appendix
7.9.3.

7.3 A Network of Edge Routers

Deriving the exact stationary distribution for the multidimensional Markov
chain X (n) that we de ned in Section 7.1 is computationally intractabe. To
achieve computational tractability, we propose an approxi@tion in which we
allow each bu er to evolve independently. We call this the ber indepen-
dence assumption. This requires decoupling of the bu ers in aay that the
evolution of each stand-alone bu er remains consistent with # evolution of
all other bu ers. Furthermore, the stationary circuit allocation probabilities,
j (), must be chosen to agree with the policR.

For any givenR, let SjR(i) be the subset ofS; (i), de ned in (7.3), where
}(x) = 1. Namely, the set of states in which bu erj comprises B-bits and
is allocated a circuit.

By the independence assumption and (7.4), the following-consistency
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equations must hold:

i)y = P R X(n) =1 Xj(n=i
XY

= Pm(Xm); 1 O =1;:::;3; (7.21)
X 2SR (i) m8]

wherex = (Xg;Xp;:::;X3) and pn(Xm) = P Xpn(nN) = X , 1 m J, are
the stationary marginal probabilities.

If (7.21) does hold, we say that the independent Markov chainX; (n),
1 j J, are consistent with policyR.

For each logical buerj,let ;= ;(i)ji 0 and =( ;j1 j J).
A set is a consistent set of allocation probabilities if it satis es (21).

Since the stationary probabilitiesp; (i) depend on ;, we use the notation
P ( ;i) rather than p; (i).

To nd the consistent set of allocation probabilities, we de ne he trans-
formation

. X Y _ _
j Pm( j:Xm); 0 01 j I (7.22)
X 2SR (i) m6|

=l
1

The R-consistency equations de ned by (7.21) are satis ed if and onlif
there is an  such that

T/ = 0 i o1 j X (7.23)

Observe that each transformationTj‘( ) is a continuous mapping from

the set [Q 1] to itself and therefore it has at least a single xed-point by e
Brouwer xed-point theorem [123].

To nd the consistent set of allocation probabilities , we use the fol-

lowing successive substitution algorithm for a randomly choseniiial set
(0) -

(n+1) iy — i N TR 0 TP . .
PO =T ™ i=050m® Lj =100 00 (7.24)
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Once a consistent set  has been found, the delay distribution for pol-
icy R can be computed for each logical bu er using the procedure wee
outlined in Section 7.2.5.

The successive substitution algorithm is not guaranteed to cormge to
the consistent set of allocation probabilities , furthermore, there is no
guarantee that the transformation Tji( ) does indeed have a unique set of
consistent allocation probabilities.

However, based on our computational experience with the numeatl ex-
amples we present in Sections 7.4 and 7.7, the successive substitutlgo-
rithm does converge to a set of consistent allocation probaliéis. Further-
more, we verify that the set of consistent allocation probabties to which
the successive substitution algorithm converges are in good agmeent with
computer simulation. We have found that usually only a few iteations are
required to converge to a su ciently small error criterion.

7.4 An Example of a Circuit Allocation Pol-
icy
Let J be the set of all logical bu ers. To de ne general circuit alloation

policies, we use the notion of a maximal transmission (MT) set. An MT se
is a subset]; of J satisfying:

1) All buersin J; can be allocated a circuit concurrently without result-
ing in packet blocking; and

2) There is no superset of; that satis es 1.

Allocating circuits to a set of bu ers that does not de ne an MT se is
suboptimal.

The set of all MT sets, which we denote by =1fJ; f 1,2;:::;Jg;1
i Ng, can be mapped to a realisable network consisting of a topologgdca
routing policy. We do no impose restrictions to preclude ovexpping MT
sets. In particular, a bu er j may reside in more than one MT set.
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A general circuit allocation policy is one that selects a singIMT set at
every circuit period based on some measurable information ali@ll bu ers.
Any deterministic stationary policy allocating an MT set as a furtion of
all queue lengths de nes a weighted time-division multipleérg policy and
results in a periodic Markov chain. The performance of these jmes have
been analysed in [148] and are not considered in this thesis.

In this chapter, we demonstrate our delay evaluation framew for the
following threshold randomised policy. Each MT sefl; is associated with a
triplet (t;; 1; 2), wheret; is a threshold and 2 > ! are positive weights.

b = 0 if and only if PjZJin(n) t. Let (b) = tifh =0 and
i(bh)= ?ifh=1

Our randomised threshold policy is de ned such that for every gen MT
set constellationb, MT set J; is selected with probability ()= ,N=1 1(b).
Exactly one MT set is chosen for each circuit allocation periogsing a random
random generator.

Let N; be the set of all MT sets not containing bu erj. Let N; be the
cardinality of N;. Let Y; be the number of MT sets not containing bu erj
for which ., Xu(n) t, holds for each buerv that is counted by ;.
Finally, let Z; (i) be the number of MT sets containing bu erj for which

w23, Xu(n)  ty holds for each bu erv that is counted by Z; (i) and given
Xj(n) = 1i.

Given the current  and the eventsy; = y and Z; (i) = z,

(7.25)

. i Zl+(N Nj Z)z
iby;z)=T. v,z = :
A I R ZE R U

To uncondition the eventsY; = y and Z; (i) = z, we invoke the central
limit theorem and use the following Gaussian approximation to ampute
P(Y; =y)and P Z;(i)= z .

P
SinceY; = 5, (1 h), itcanbe apprlgximated for a large value oN;
with a Gaussian random variable with mean |, p and variance |, (1
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PP, Where |

X
p=P Xk(n)
k2J |

P
Similarly, sincez; (i) = 62N (1 hb)giventhat X;(n) = i, it can also be
approximatsd for a large value ofN  N; with a Gaussian random variable
with mean 5,y g and variance |5,y (1 d)q, where
0 1

X
9=P@ Xe(n) 4 A

k2J nfjg

Furthermore, if an MT set contains a large number of bu ers, therob-
abilites P ;,; X;j(n) ti can also be tted to a Gaussian distribution.
The rst two moments required to make the t are computed from the sta-
tionary distributions of the stand-alone bu ers comprising tre MT set.

Finally, we have
Z 7
()= i (y;z)dRy, (y)dFz, ) (2); (7.26)
y z

whereFy, (y) and Fz, )(z) denote the distributions of the Gaussian random
variables that have been tted to Y; and Z; (i), respectively. We evaluate
(7.26) numerically using a continuity correction to accounfor the fact that
Y; and Z; (i) are discrete random variables.

Our randomised threshold policy allows for delay di erentiaibn. Bu ers
with di erent delay requirements can be di erentiated by assgning them to
di erent MT sets. The thresholds and weights of each MT set are dakrated
to increase the probability of selecting MT sets with more stringnt delay
requirements. In particular, by lowering the thresholdt; and/or increasing
the weights (1; 2), the probability of selecting MT setJ; is increased.
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7.5 Practical Considerations

We have not considered how the length of a circuit period, whicwe have
denoted by T, should be chosen in practice. To minimise the expected B-bit
gueuing delay, T should be chosen as small as possible. In fact, as long as
the set of allocation probabilities ensure the Markov chain wterlying each
stand-alone bu er is ergodic, the expected B-bit queuing day can be made
arbitrarily small by choosing T arbitrarily small. This is a result of using a
deterministic uid tra ¢ model.

Several considerations impose constraints on the choice ©f In par-
ticular, it is essential that T exceeds the time required to recon gure the
switching fabric of an optical cross-connect and the time reqd for control
signalling to propagate at each circuit allocation epoch. @er considerations
that may impose a lower bound orT include:

The processing capability of the circuit allocation decision aker may
be overwhelmed for a su ciently small T because a circuit allocation
decision must be made so often; and

Control signalling may utilise exorbitant amounts of capacit for a suf-
ciently small T.

Although it is hard to give an an estimate ofT, it is clear from the above
considerations thatT cannot be set arbitrarily small.

We also remark that for a truly stochastic packet arrival procesghe cir-
cuit allocation decision maker must make a decision based on antdated
record of the number of packets enqueued in each bu er. The staof each
bu er conveyed to the decision maker is outdated at the time aiccuit allo-
cation decision is made because each bu er continues to evoluethe time
it takes for the state to propagate to the decision maker and fahe decision
maker to process the updated state information.

To resolve uncertainty in the bu er state, we can feed the decish maker
estimates of the state of each bu er that have been inferred fmo outdated
state information. We have not been faced with this inferencproblem in
our analysis. In our analysis, since we have used a deterministic dutra c
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model, the exact number of packets enqueued in each bu er cée deter-
mined by the decision maker based on the decisions it has made lre tpast.

Finally, we remark that although propagation delay is not eglicitly ac-
counted for within our analysis, it is nothing more than a deteministic ad-
ditive constant. For su ciently small T, queuing delay may be negligible
compared to propagation delay. Our analysis can be used to detene the
range of T for which propagation delay overshadows queueing delay anide
versa.

7.6 Adaptive Circuit Allocation

A possible extension to the model developed in Section 7.1 is ttoa policies
where the circuit allocation period may depend on the queuerigth. Speci -
cally, for every queue lengthX (n) = i, a circuit is allocated with probability
(i) and the allocated circuit period is of lengtht(i), which is specied in

circuit periods. With probability 1 (i), the allocation attempt fails and
another attempt is made afterb circuit periods.

An interesting case is the exhaustive policy for which(i) = i=(K A).
In this case, the allocated duration is selected to exactly @ethe B-bits in
the queue and those that arrive during the allocation time. I&n allocation
attempt is successful, the queue length drops to zero at the nealiocation
attempt. Therefore, to prevent arti cial steps of length zeo, we x (0) =0.
Moreover, since an unsuccessful allocation attempt is followdayy another
attempt after b circuit periods, letting (i) be state dependent is redundant.
Therefore, we con ne ourselves to the case wher¢i) = fori> 0.

To derive an expression for packet delay, we consider a Markovaah
with points embedded at the times just before circuit allocabn attempts
are made. GivenX (n) = i> 0, we have

8
2 0 wp:
X(n+1)= S (7.27)
i+ bA; wp: 1 ;
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while given X (n) =0,
X(n+1)= bA: (7.28)

The expected drift in the process state in one transition iE[X (n + 1)
X()jX()=1i]=(@ )bA i ,whichis strictly negative ifi > (1 )bA=.
Therefore, by the Foster-Lyapunov drift criterion [53], theMarkov chain is
positive recurrent.

Derivation of the pgf is straightforward and is given by

1 pO)a z*)

G(z) = 1 YA

jzj L (7.29)

To nd p(0), note that the queue length drops to zero only after a suc-
cessful allocation attempt, after which the queue length rise® bA in the
following step. From that step forward, independent allocatin attempts are
made everyb circuit periods, each succeeding with probability . Therefore,
the expected return time to state zero is 1 +% . By de nition, we have

1

PO= T1= 7 1+

The expected queue length at an arbitrary embedded point isvgn by
the derivative of G(z) evaluated atz = 1. We have

bA

E(X)= 1

(7.30)

The time-average queue lengthE X , can be derived based on the fol-
lowing observation. GivenX (n) = i > 0, with probability , the queue
length decreases to zero at rate={K  A) and with probability 1 , it
increases ta + bA at rate A. For state X (n) = 0, the queue length increases
to bA at rate A. It follows that

_ WA
T 21+ ) 2K A

bA

E X E X2 + E(X)+7 (1 Hb: (7.31)

The time-average queue lengthiE(X') in (7.31) is expressed in terms of
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E(X) and E(X ?), where the former is given by (7.30). The second moment
E(X ?) can be derived either from the second derivative @(z) or by repre-
senting the one step evolution oK ?(n + 1) in a similar manner as in (7.27)
and (7.28). This latter procedure is less tedious and providehe equation

E X 1+

(1 ) E X? +(bA?+2bAE(X) : (7.32)
Replacing E(X) in (7.32) with the right-hand side of (7.30) yields the
closed-form expression:

1+2 1 ) (bA)?

E X? = A )

(7.33)

By Little's Lemma, the time-average queueing delay of an aitoary B-
bit is E(D) = E(X)=A. The packet delay distribution can be obtained in a
similar manner as in Section 7.2.5.

7.7 Numerical Evaluation and Examples

We de ne a collection of symmetric, asymmetric and randomly gerated
networks to serve as test instances for our delay evaluation fn@work. Based
on these test instances, we use computer simulation to quantify therror
owing to the approximations we used in our analysis.

Each test instance in de ned in terms of a collection of MT sets. A
collection of MT sets can be mapped to a realisable network costang of a
topology and routing policy.

All the test instances we consider comprise 100 bu ers and 400 MT set
That is, J =100 and N = 400. Test instances are distinguished according
to the cardinality of each MT set and the number of MT sets resideth by
each bu er.

To reduce the number of free parameters, we satjo =m%1 j 100,

2=1=10,1 i 400 andt; = jJ;j, 1 i  400. In words, the
proportionality between the arrival bit rate and the servicebit rate is the
same for all bu ers, the ratio between the upper and lower weigh is 10 for
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all MT sets, and the threshold of an MT set is chosen as its cardingli

Test instances are classi ed as symmetric (S), asymmetric (A) and ma
dom (R). In a symmetric test instance, the cardinality of all MT sés is equal
and all bu ers reside in an equal number of MT sets. An asymmetric &
instance allows the cardinality of each MT set and the number dfIT sets
resided in by each bu er to vary in a strictly deterministic manrer. Finally,
a randomly generated test instance is such that the cardinalitpf each MT
set and the number of MT sets resided in by each bu er varies acabng
to a statistical distribution. For all test instances, MT sets are neessarily
unique.

We consider various test instances to re ect the full range of aaracies
that may be expected with our delay evaluation framework. Irparticular,
we consider the following test instances.

(S1) Each of the 100 bu ers resides im, n = 160; 200 240, of the 400 MT
sets. Therefore, the cardinality of each MT is given by 106400.

(Al) Each of the 100 bu ers resides in 240 MT sets. The 400 MT sets are
evenly divided such that 200 are of cardinality 40 and 200 ard oar-
dinality 80. Therefore, each bu er resides in 80 MT sets of canhality
40 and 160 MT sets of cardinality 80.

(A2) A variation of (Al) in which each of the 100 bu ers resides in180
MT sets. The 400 MT sets are evenly divided such that 100 are of
cardinality 30, 100 are of cardinality 40, 100 are of cardihty 50 and
100 are of cardinality 60.

(A3) Of the 100 bu ers, 50 reside in 240 MT sets and 50 reside 160 MT set
referred to as class 1 and class 2 bu ers, respectively. Therefpthe
cardinality of each MT set is 50 and the composition of each MT sé&t
such that 30 of the 50 bu ers reside in 240 MT sets and 20 of the 50
bu ers reside in 160 MT sets.

(R1) Each of the 100 bu ers resides in a random number of MT setsca
cording to the discrete uniform distribution on the interval [L6Q 240].
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Figure 7.1: Test instance (S1), expected B-bit delay in unitsf@ as a function
of proportionality between arrival bit rate and service bit iate

Therefore, the expected MT set cardinality is 50. Bu ers areandomly
allocated to MT sets and it is ensured each MT set is unique.

(R2) Of the 100 bu ers, 50 reside in a random number of MT sets acabng
to the discrete uniform distribution on the interval [23Q240] and 50
according to the discrete uniform distribution on the interva[160; 170],
referred to as class 1 and class 2 bu ers, respectively. Therefpthe
expected MT set cardinality is 50.

For each test instance, the expected B-bit delay, which quangis the
expected queueing time of an arbitrary B-bit is computed vig7.15) and
computer simulation. The results are plotted as a function om®, m°® =
3;4;5;6;7. Recall that m® is the ratio of the service bit rate to the arrival
bit rate. The expected B-bit delay is expressed in units of ciut periods.
Therefore, a B-bit delay of unity is equal to the length of a ccuit period T.
For random test instances, the expected B-bit delay is shown as amerage
across three independent trials. Plots are shown in Figs. 7.157.



7.7. NUMERICAL EVALUATION AND EXAMPLES 213

Expected Delay, E(D)

Figure 7.2: Test instance (Al) and (A2), expected B-bit delay in wits of T
as a function of proportionality between arrival bit rate ard service bit rate
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Figure 7.3: Test instance (A3), expected B-bit delay in units off as a
function of proportionality between arrival bit rate and sewice bit rate
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Figure 7.4: Test instance (R1), expected B-bit delay in units foT as a
function of proportionality between arrival bit rate and sewice bit rate
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Figure 7.5: Test instance (R2), expected B-bit delay in units foT as a
function of proportionality between arrival bit rate and sewice bit rate
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Table 7.1: Maximum error margin
Test Instance Maximum Error Margin

(S1) n = 160 0.36%
(S1) n = 200 6.6%
(S1) n = 240 1.6%
(A1) 13.9%
(A2) 6.4%
(A3) Class 1 24.5%
(A3) Class 2 24.1%
(R1) 5.8%
(R2) Class 1 2.2%
(R2) Class 2 9.3%

All test instances indicate that the expected delay approximatd with our
framework is in fairly good agreement with the simulation.

For large values oim?, the magnitude of the error margin varies and our
framework appears to provide an upper bound for the expectatklay. The
maximum error margins for all test instances are given in Tabl&.7. We
remark that the test instances in which all bu ers do not residen the same
number of MT sets such as test instances (A3) and (R2) give rise to the
greatest error margin.

Five approximations/assumptions contribute to the error marg:

1) Assuming each bu er evolves independently;

2) Approximating the probability P(Y; = y) using a Gaussian approxima-
tion;

3) Approximating the probability P Z;(i) = z using a Gaussian approx-
imation;

P
4) Approximating the probability P~ ,; Xk(n) t using a Gaussian
approximation; and,

5) Approximating (i)= ~fori m° 1.

The Gaussian approximation involves using the central limit teorem to
approximate the distribution of a sum of independent random v&ables. The
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Gaussian approximation is accurate if the number of MT sets is siciently
large and the number of bu ers residing in each MT set is su cienly close
to half the total number of MT sets. The accuracy of the Guassian ap
proximation worsens if the number of MT sets is small, in which the
probabilites P ,; X¢(n) t may be poorly approximated, or if the
number of bu ers residing in each MT set is either small or almostqual to
the total number of MT sets, in which case the probabilitied Z; (i) = z
and P(Y; = y) may be poorly approximated, respectively. The Gaussian
approximation may be avoided if the number of bu ers residingn each MT
set is small by computing the appropriate probabilities exatt by summing
over all possible permutations.

Approximating (i)= —fori m° 1 introduces error if the threshold
t m% 1. Forexample, ift m°® 1,PZ(m° 1)=z 6P Z(t+1)=
z =0, however, (m° 1)= (t+1)= —,since (i)= —fori m°® 1.
Therefore, ift m°_ 1, is approximated such that— = iK:mo LP@) (i),
wherep(i) = p(i)= iK:mo .p(i) and K m® 1 represents a numerical
truncation point.

To quantify the error introduced by approximating — as such, we de ne
three symmetric test instances in which the Gaussian approximaitis are
avoided by considering only 12 bu ers residing in MT sets of candality c,
c=5;6;7. The expected B-bit delay is plotted as a function of the theshold
t,t=0;1;:::;7, form® =4 in Fig. 7.6. Observe the increased error margin
fort m® 1=3 Fort m® 2 =2 the error margin is less than
one percent and is completely attributable to approximatig the evolution of
each bu er independently.

As shown in Figs. 7.1-7.5, the expected B-bit delay is monotonic m°.
For most test instances, the expected B-bit delay is less than oné&aouit
period for m® = 6;7, which indicates a bit is transmitted in its arriving
circuit period with high probability. The expected B-bit delay is not plotted
for m® = 1;2; 3 because the underlying Markov chain is not ergodic for some
test instances in this region.
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Figure 7.6: Expected B-bit delay in units ofT as a function of the threshold
t of the randomised threshold allocation policy

7.8 Chapter Summary

In this chapter, we considered a time-slotted from of OCS in wth a subset of
source and destination pairs called an MT set is determined atéhboundary
of each transmission slot. The source and destination pairs conging the
chosen MT set are permitted to concurrently transmit packets ding the
next transmission slot. The MT set is determined by a central contiler
based on the number of packets enqueued at each source.

We derived a framework to determine the delay distribution ofin arbi-
trary packet. The performance model underlying our framewk was based
on a uid trac model, packet queueing at edge routers and tine-slotted
circuit-switched transmission between source and destination ipg. To en-
sure computational tractability, we assumed that bu ers evole indepen-
dently. Slack variables were introduced to decouple bu ertn a way that
ensured the evolution of each stand-alone bu er remained costnt. We
demonstrated our framework in the context of a randomised thskold allo-
cation policy in which circuits were allocated based on the mber of packets
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enqueued in each bu er. The expected packet delay estimateg bur frame-
work was shown to be in good agreement with computer simulationThis
indicated that the error owing to our approach of decouplingpu ers was not
substantial.

Two types of circuit allocation policies were incorporatethto our frame-
work. We rst considered circuit holding times that were of xed duration
and allocated at the boundary of xed time slots. We then consided adap-
tive circuit holding times that were chosen to ensure all packe enqueued in
a selected bu er were transmitted.

7.9 Chapter Appendices

7.9.1 Derivation of G(2)

Using (7.8), the state relabelling, the de nition ofG(z) and the assumption
that (i)= —fori m° 1, G(z) can be separated into the following two
summations

P 2 1 moy N g
G(2) = - [ ()20 ™7 +@ ()2 Ip()

P . . )
* [2 0+ ™"+ (@ )z p(i):
i=m0% 1
For the rst summation, i +1 m° < 0 and for the second summation,
i+1 m°% 0, thus

K 2 , x o .

G(z) = [ ()+@ ()2 Ip(i) + [z™ ™+@ 7)Z™Ip():
i=0 i=m0 1

Multiplying by z™* 1 and rearranging the second summation yields

X2 e . x o
Giz)= [ @MH+@ (N2 pi)+(2r ™ +z 2) p(i)z':

i=0 i=m0 1
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. P 1 oy i P mo 2 ,.\_i .
Since .0 ;p(i)z' = G(2) i—o _P(i)z', the second summation can be
written in terms of G(z) giving the following implicit equation for G(z),

me 2 _ . e 2 ,!
G(z) = [ ()+@ ()27 p(i)+(2zt ™ +z 2) G(2) p(i)Z
i=0 i=0

Finally, some elementary rearrangements give

rrp 2 . 0 i . O .
O A S G ) FAlaN < ()
G(z)= =2 :

zm® 1. — om0 4 — mo

7.9.2 Properties of G(z)

Foremost, we show that the denominator 06(z) hasK A distinct zeros.
Represent the denominator oiG(z), h(z), as a sum of the two functions
f(z)= 2 Aandg(z)= —+@1 )¢ .

Clearly, f (z) has a single zero of ordek A at 0. Furthermore, for every
Z on the unit contour jzj = 1,

j9(2)j i f(2)i (7.34)
and the derivatives off (z) and g(z) satisfy G22 = K A and %2 =

(1 K, respectively.

From the ergodicity condition (7.9), G2 > %4Z) on the contourjzj = 1.
Combined with (7.34), it follows that jg(z)j < jf (z)) for every z on any
contour jzj = 1+ , where > 0. Invoking Rouche's Theoremf (z) and
f (z) + 9g(z) have the same number of zeros within every contoyzj =1+
where > 0. That is, within and onto the unit disk jzj = 1. Sincef (z) has

K A zeros, so does the denominator &(z), h(z) = f (2) + g(2).

We next show that all zeros must be distinct. Suppose in contradion
that they are not distinct. Then the derivative of h(z) at any multiplicative
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must vanish. However, the derivative oh(z), hYz), satis es

i@ = (K AZ A1 @ HKz* G (7.35)
(K A AL @ HKzK Y (7.36)
= (K Az~ @ Kijz* (7.37)

It is easily veri ed that the ergodicity condition (7.9) is ecuivalent to jhYz)j >
O for everyz in jzj 1. Therefore, all zeros are distinct.

7.9.3 Derivation of Delay Distribution for (i) =

We assume a circuit period begins at time 0. We have th&® X (0) =1 =
p(i), where the probabilities p(i) are derived in Sections 7.2.2 and 7.2.4.
The duration of each packet arrival is £M circuit periods. The rst packet
starts its arrival at time O and every subsequent packein, 2 m M,
starts its arrival upon the arrival completion of packetm 1. We derive the
distribution of D; and then we express the remaining! 1 distributions
recursively.

By assuming (i) = , the number of circuit periods between two con-
secutive circuit allocations, S, is geometrically distributed with a success
probability of . The pgf of S is given by

z .
Gs(2) = 1 jzj L (7.38)

z(1 )

Let j,] 1, be the number of circuit periods between circuit allocadn
j 1 andj, using the convention that allocation O is performed at time
0. The random variables ; are independent and geometrically distributed
taking values 12;3;::::. Note that ; includes the allocated circuit period

used for transmission. From (7.38), the pgf of the summation™ = j”:1 i

is given by [Gs(2)]".

We show that an integral number of packets reside within a bu emt
every circuit period boundary. Leth(k) be the number of packets transmit-
ted during an allocated circuit period given that there arek packets at the
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beginning of the circuit period. Ifk  (m® 1)M, the queue at the bu er
is drained at rate m°M packets per period and thereford(k) = m°M. If
k < (m® 1)M, the buer queue is drained at ratem®M during the rst
fraction of the period k=(m® 1)M and at rate M during the rest of the
period, implying b(k) = k + M. Therefore, we have

8
> m°™M; k (m° 1)M;
o(k) = _ (7.39)
k+ M; k< (m® 1)M:

Consequently, at every circuit period boundary, there is amtegral num-
ber of packets whose distribution is given by

qk) = p(kL); k O (7.40)

The number of circuits period needed to transmik packets at ratem°M
is n(k) = dk=m°M e. All but possibly the last circuit period is fully utilised
to transmit the k packets. The utilisation of the last circuit period is given
by 1 frac(k), wherefrac (k) = n(k) k=m°M.

Let di (k) (d3(k)) be the delay of the mth arriving packet given that
there arek packets at time 0 and the rst circuit period is allocated (not
allocated), where 1 m M.

Suppose thatk packets are present at time 0. If the rst circuit period
is not allocated, thek packets and theM rst arrivals are all transmitted at
rate 1=m°M . Therefore, form = 1,

di(k)

1
k
1+ n<)+W+|szzog( 1) If k62 zgfrac (k)

n(k) 4

oy +I1fk2Zog + If k62 29(1 frac(k)); (7.41)
whereZ, is the set of all positive integer multiples om°M, If Egis the set
indicator function and is an independent geometric random variable with

success probability .
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Form 2,

R K)= & (K Mi+ ﬁ+ Fk+m 12Zog( 1:  (7.42)
If the rst circuit period is allocated, (7.39) implies that the mth arriving
packet is served in the rst circuit period if and only if K + m m°M .
Moreover, themth packet completes its transmission when it completes its
arrival if and only if the queue length drops to zero no latertan m=M. That
is, if and only if k=(m® 1)M  m=M, which is equivalent tok (m°® 1)m.
It follows thatfor m  l1and0 k (m° 1)m,

1
dt (k) = V: (7.43)
Form landm® 1)m<k m° m, the k packets and the
rst m arrivals are all served at ratem®M . Since themth arrival starts at
time (m 1)=M and the k + m packets complete their transmission at time

(m + k)=m°M, we have

1. M+k m 1
d., (k) = Y VIR (7.44)
From (7.43) and (7.44) it follows that fork m°™M m,
g (k)=max —;nrk m 1 (7.45)

M’ moM M

Fork m°M m+1, the mth packet is not transmitted during the rst
circuit period. Similar to the derivations of (7.41) and (742), we have for
m=1

di(k) = "tk m°M) 4 +1fk2Zog +1f k62291 frac(k)): (7.46)

mOoM

Form 2,

dh(k) = df (k) =+

T o PPk m o 12Zg( 1: (7.47)
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. 1 Pw : .
Let d'(k) = i+ =1 din(k), i =1;2. From (7.20),

8
2 di(k); wpr g (k);
D = (7.48)

>
d*(k); wps (1 )a(k):

By (7.41) and (7.42), the distribution of the random variabled?(k) is
given by

d?(k) = "W+ MIL Mol if K2Zog

+1f k62 29(1 frac (k)) (7.49)

1NP1
+ —1(M m)Iif k+ m 2 Z0:

m

Similar to the above derivation but using (7.45)-(7.47) rests in the fol-
lowing expression ford!(k). For k m°M,

di(k) = T+ S
+1f k2Zog +1f k6229(1 frac(k)) (7.50)

P
+ _1(M m)If K+ m2Zqyg:

m

And for k <m°M,

min f Mygn M kg
max

1

" iomrkm 1 s m0 omgsl.

M’ moMm M ™
(7.51)
where S(k) is the total delay contribution of the packets transmitted during
the second circuit holding time, which we derive as follows.
For this case, we haverf® 1)M < k < m °™. The packetsm =
1;:::;m°M Kk are transmitted during the rst circuit holding time and the
packetsm = m°™M k+1;:::;M are transmitted during the second circuit

di(k) =

m=1

holding time.
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Let dyn(K) be the delay of packetm, m = m°™M  k+1;:::;M, givenk
packets at time 0. We have
1 m°M  k+1

Onom ke (K) =+ 1O M : (7.52)

andfor2 j k (m° 1M,

1 1
moM M’

Omom K+ (K) = dmom k+j 1(K) + (7.53)
P M

From (7.52) and (7.53),S(k) = | -mom k+1 dm(k) and can be computed

recursively.

The random variablesd!(k) and d?(k) are linear combinations of inde-
pendent geometric distributions. Therefore, the conditioriahistogram of D
given k packets at a circuit boundary can be computed using (7.49)-63).
The unconditional histogram ofD can then be determined using the distri-
bution q(k) as derived in (7.18), (7.19) and (7.40).



Chapter 8

To Burst or Circuit Switch?

In the previous chapters, we have considered OBS and OCS sepahat With

the performance models we have developed and the analysis \&eehcarried
out in the previous chapter at hand, we are now in a position torebark on
a comparative study of OBS and OCS. To this end, we develop, dyse and
then numerically compare performance models of a centraltpntrolled form
of OCS with a conservative form of OBS.

We saw in Chapter 1 that one classi cation of OCS is a switching tée
nique for which blocking isnot possible at an intermediate node. Switching
techniques classi ed as OCS encompass a gamut of switching timedss. At
one extreme, techniques including wavelength-routed OB8&4], optical ana-
logues of tell-and-wait [134] such as the new approach of OB&hwdynamic
burst length we proposed in Chapter 6, adaptive optical time4dision mul-
tiplexing (OTDM) [72] and fast circuit switching [18] adapt ona millisecond
timescale, either distributively or centrally, whereas at tle other extreme,
permanent and semi-permanent wavelength-routing [28, 12140] remains
static for possibly years. See Fig. 1.8 in Chapter 1.

Fast-adapting forms of OCS are criticised for signalling delayincurred
in establishing a lightpath in addition to acknowledging the lightpath's es-
tablishment through a signaling process referred to as two-wagservation.
In particular, an edge router foremost signals its intention d establish a
lightpath to each intermediate node the lightpath traversespr possibly to

225
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a central controller, after which it awaits a return signal aknowledging the
lightpath has been established. At the other extreme, wavelgth routing
is criticised for its inability to rapidly time-multiplex wa velength capacity
among di erent edge routers, which may result in poor capacitytilisation.

We also saw in Chapter 1 that according to our classi cation of OC®BS
can be de ned complementarily as a switching technique for wdh blocking
is possible at an intermediate node. Finally, we discussed in Chapi# that
OBS is more or less an optical analogue of switching techniqueésveloped
for one-way reservation ATM, including tell-and-go [172] ahfast reservation
protocol with immediate transmission [154]. OBS and fast-adajoty forms of
OCS are closely allied and di er mainly in that OBS is founded o one-way
reservation, while OCS on two-way reservation. Through thisdy di erence,
OBS trades-o0 an assurance of no blocking at each intermediatede for a
reduction in signalling delay.

Comparative studies in [29, 154, 172, 184] of tell-and-waibd tell-and-go,
ATM analogues of fast adapting OCS and OBS, respectively, cdaded that
trading-o an assurance of no blocking at each intermediate e for a reduc-
tion in signalling delay is favourable in long-haul communations. Sacri cing
an assurance of no blocking at each intermediate node is howewere dire in
optical communications because blocking is greater at an ogdl switch than
a commensurately dimensioned electronic switch due to waveigh conti-
nuity constraints. In particular, a lightpath is constrained to a common
wavelength in each bre it traverses, whereas channels in efemic commu-
nications are indistinguishable, thus allowing greater mulblexing of channel
capacity and hence lower blocking. Therefore, it appearsdhtrading-o an
assurance of no blocking at each intermediate node is less fale in OBS
than in tell-and-go. Although wavelength conversion allowsof a relaxation
of wavelength continuity constraints, we have already discussedat wave-
length converters are not present-day o -the-shelf technodry nor are they
considered cost-e ective.

Predicting via a quantitative evaluation which of OCS or OBSis likely
to act as a stepping stone to OPS is an ambitious task because botlC®
and OBS are umbrella terms under which fall many speci c appazhes to
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switching, thus making a comprehensive evaluation colossal. tims chapter,
we are content to develop and compare performance models gbaticular

fast-adapting and centrally controlled form of OCS with a coservative form
of OBS. In this chapter, we use OBS and OCS to speci cally refeptthese
two particular forms of OBS and OCS, which are further descrdxd shortly.
We compare both models in terms of packet blocking probahili due to
edge bu er over ow and blocking at switches in the case of OBS; @an
packet queuing delay at edge bu ers; and, wavelength capagittilisation.

As such, we recognise that other factors, ranging from cost-e eetness to
more obscure issues such as a favour for distributed control besauwof its
congruency with the distributed nature of OPS and today's Inérnet may
bear more importance.

Each performance model, one for OCS and one for OBS, consistsvad
coupled sub-models, one corresponding to an edge bu er whileetiother to
a core network comprising optical switches. The two OBS and OCSIsu
models are developed in Sections 8.1 and 8.2, respectively. Sections 8.3
and 8.4, for OBS and OCS, respectively, we derive approximaitis for block-
ing probability due to bu er over ow and in the case of OBS, blaking at
switches, as well as mean packet queueing delay at edge bu ers.Section
8.5, using computer simulation as a benchmark, we gauge the @rowing
to the assumptions made in deriving our approximations and nuemically
compare the performance of OCS with OBS. We state our main retailin
Section 8.6.

To end this chapter, we investigate the validity of the commady held
assumption that a burst scheduler is able to process all requestsivaiut fail.
We have used this assumption without question in Chapters 4 and Shis
assumption also features in our OBS model developed in Sectiod 8f this
chapter. To investigate the validity of this assumption, in Seton 8.7, we
develop and analyse a OBS model comprising a set of homogeneamdsiade-
pendent edge bu ers that feed bursts to a stand-alone lin&knd their headers
to a scheduler. We demonstrate numerically that an optimal scleler bu er
size may exist and depends on the number of packets comprisinguagi and
the size of an edge bu er. We see that too large a scheduler bu ezquires a
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prolonged o set period to counterbalance longer per-hop wstrcase header
gueueing delays, resulting in reduced throughput and increak@acket loss
due to edge bu er over ow. While too small a scheduler bu er canot absorb

enough variability in the header arrival process, resulting increased burst
lost due to a greater number of headers arriving to nd a full beer.

8.1 OBS Model

We consider OBS in its most basic form. In particular, switches arof a
simple cross-connect type with electronic processing of contrsignaling.
Switches are not equipped with bre delay lines or wavelengtconverters.
To ensure an unbiased comparison with OCS, burst segmentation ade-
ection routing are not permitted.

We assume residual o set periods remain constant from burst to burst
We invoke this assumption to avoid confronting the unsolved phlidem of
computing the blocking probabilities for an M/M/K/K queue i n which cus-
tomers pre-book their service period in advance of their amal. For this
type of M/IM/K/K queue, the blocking probability perceived by a customer
depends on how far in advance they seek to book their serviceipér In Sec-
tion 4.1 of Chapter 4, we have discussed the rami cations of thessumption
and why this is in fact not an assumption for some unconvention&érms of
OBS such as the dual-header form of OBS proposed in [9].

8.1.1 OBS Edge Bu er Model

Packets marked for a common destination arrive at an edge bu eccording
to a Poisson process with rate . At most K packets can be enqueued,
excluding a packet that may be in service. A packet arriving aan edge
bu er with K packets already enqueued is blocked and does not return.

A burst is the basic most switching entity of OBS and is a time-comjuous
train of M K packets. A burst is formed as soon a8l packets are
enqueued, after which a set-up period of deterministic length is required
before burst transmission commences. We have already seen thastbet-up
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Figure 8.1: Typical edge bu er service cycle, shaded regiorepresent periods
in which arriving packets are blocked due to bu er over ow

period is commonly referred to as an o set period.

A period in which a burst is transmitted is referred to as a serveperiod.
Exactly M packets, corresponding to a single burst, are transmitted during
each service period. At most one burst can be served at any time iast,
implying an edge bu er is equipped with a single laser. The letiy of a
packet's transmission period is exponentially distributed wit mean & .

At completion of a service period, another set-up period is &ier imme-
diately commenced if at leastM packets are enqueued or commenced after
a build-up period in which packets are queued until at lead¥! packets are
enqueued and hence a burst formed. As such, each service cyclemmas
a build-up period lasting until M packets are enqueued, which is of length
zero ifM or more packets are already enqueued, followed by a set-up ipdr
of deterministic length , which is in turn followed by a service period. A
typical service cycle is shown in Fig. 8.1(a).

In summary, an OBS edge bu er is modelled as a nite waiting rom
single server vacation queue with a gateld -threshold service discipline [161]
and deterministic set-up times of length .

An alternative service discipline in which a burst is consideredifmed
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and ready-to-go as soon as an enqueued packet exceeds a ptestiqueueing
delay T is modelled with a gatedT -threshold service discipline [161] instead.
With this discipline, each burst does not necessarily comprise aed number
of packets. Therefore, a set-up period commences as soon as &giais
enqueued for a period exceedinp, as determined by expiry of the headmost
packet's virtual timer, where a packet's virtual timer is reset to zero at its
arrival instant.

Modelling packet arrivals with a Poisson process is a model wepkint
given that packet arrivals are well-known to exhibit corredtion over many
timescales in practice. However, analysing or even simulating alementary
vacation queue fed by a self-similar arrival process is a fornaiole task, thus
we are content to settle for a commonly used approximation in vith packet
arrivals are modelled with a Poisson process.

8.1.2 OBS Core Network Model

Switches are arbitrarily interconnected via directional bres, each comprising
C wavelength channels, where at most one bre leads from one svitto
another. An edge bu er is connected to a single arbitrary switchia an access
bre, also comprisingC wavelength channels. Blocking does not occur in an
access bre. Several access bres as well as bres leading froeighbouring
switches may terminate at a common switch.

Each edge bu er is assigned a xed predetermined route, de neds an
ordered set of switches, on which a lightpath is established as veéegd. Let

route, and let (n;; n;) denote a ber leading fromn; to n;, where (o; n;) and
(nN; Ny +1) denote access bers leading ta; and fromny, respectively. Note
that in this chapter we de ne a route in terms of the switches ittraverses
whereas in Chapters 4 and 5 we found it more convenient to desra route in
terms of the links it traverses. Indeed both characterisationare equivalent.

A lightpath is established and torn-down during each edge bureservice
cycle. In particular, at commencement of a set-up period, a hder is created
and stamped with information specifying its corresponding bst's route and
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length, the set-up period length and a randomly chosen wavelength chan-
nel, sayc, to which its burst is assigned. It is then forwarded to switchn,
via a separate out-of-band wavelength channel where the infioation car-
ried by the header is processed electronically. Electronicqaressing requires
a deterministic period of length , after which the header is mmediately
forwarded to switchn, and so on until it reaches switcmy .

Switch n; is thus informed to expect the headmost packet of a burst to ar-
rive on wavelength channet at atime instant i after the time instant at
which electronic processing was completed at switeh. Accordingly, switch
n; attempts to switch wavelength channet in ber ( n; 1;n;) to wavelength
channelc in bre (n;;ni.1) just before?. the headmost packet is expected
to arrive at switch n;, with su cient time provisioned for switch con gura-
tion. This may not be possible due to contention, in which case ¢hburst is
blocked.

To provision for electronic processing at each switch a lightpatraverses,
the length of a set-up period is chosen such that= N . A signaling timing
diagram for a lightpath traversing three switches is shown in Bi 8.2(a).

To ensure tractability, we adopt a model in which a burst occugis exactly
one wavelength channel along its lightpath at any time instanof its trans-
mission, as also used in [147, 149, 189]. In particular, the endsh@acket
of a burst must rst complete its transmission in bre (n; 1;n;) before the
headmost packet of that burst commences transmission in bren(; nj.1).
In practice however, the endmost packet of a burst is transmittein bre
(n; 1;n;) while a packet in front of it is simultaneously transmitted in bre
(ni; ni+1). This di erence between our model and reality is exempli d in Fig
8.2. An alternative model in which a burst occupies two consedué¢ bres

LWe assign a burst to a randomly chosen wavelength channel to ensure a model that is
amenable to analysis. Random wavelength assignment ensures wavelength channels in a
given bre are independent and identical and has also been used in [15, 155, 159, 196t
analytical tractability. Assigning wavelengths in a xed order may give bett er performance
but is harder to analyse. To ensure an unbiased comparison, our OCS model also uses
random wavelength assignment.

2This is unlike JET and JIT forms of OBS (see Chapter 4) in which an attempt is
made to pre-book wavelength channet in ber ( nj;nj.; ) as soon as the header arrives at
switch n;, resulting in variable residual o set periods.
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Figure 8.2: OBS signalling timing diagram for a lightpathn = ('ny; ny; n3),

where the header is represented with a solid line, denotes thiength of the

electronic processing period at each switclk,denotes propagation delay and
denotes switch con guration time; switchn; begins to con gure at timet;

along its lightpath at any time instant of its transmission has ben analysed
in [13].

8.2 OCS Model

We consider a fast adapting and centrally controlled form of O bearing
resemblance to proposals in [44] and our OCS with dynamic burstrigth
proposed in Chapter 6. However, unlike the forms of OCS considdrin
Chapters 6 and 7, we do not consider a time-slotted approach. iBhmeans
an edge bu er need not wait until the boundary of a slot to signaits intention
to establish a lightpath.

Lightpaths are established and torn-down by a central contrtdr as ran-
domly requested by edge buers. Some time after signalling ant@mtion
to establish a lightpath, an edge bu er receives a return signatither ac-
knowledging or renouncing establishment of the lightpath fra the central
controller. In the case that a request is renounced, anotherqeest is issued,
possibly after an exponential back-o time. Switches are of # same type
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used in our OBS model.

OCS diers from OBS mainly in that additional signalling delay is in-
curred in acknowledging or renouncing establishment of a litgfath; a light-
path is torn-down only once its corresponding edge bu er is guty; and, a
packet can only be blocked due to edge bu er over ow. Furthenore, state
information maintained by the central controller ensures dg a wavelength
channel that is free in each bre traversed by a lightpath is asghed to that
lightpath. In contrast, lacking knowledge of state informatbn at an edge
bu er, OBS can do no better than assigningany wavelength channel to a
lightpath, possibly a wavelength channel that is busy in one or are bres
traversed by that lightpath. As such, centralised control o ersa distinct
advantage inoptical communications due to its ability to reduce blocking
attributable to wavelength continuity constraints.

8.2.1 OCS Edge Bu er Model

Commensurate with our OBS edge bu er model, packets arrive egrding to
a Poisson process with rate and at mostK packets can be enqueued.

As soon asM K packets are enqueued, a set-up period of determinis-
tic length — immediately follows. In practiceM M. At commencement of
a set-up period, an edge bu er signals its intention to establish lightpath to
the central controller via an out-of-band wavelength charel. At the end of
a set-up period, an edge bu er receives a return signal from tleentral con-
troller either acknowledging or renouncing establishment @f lightpath with
probability pand 1 p, respectively. A service period follows if establishment
of a lightpath is acknowledged, otherwise another request isimediately is-
sued. Therefore, the number of set-up periods preceding a seevperiod is
geometrically distributed with a probability of succes9. The probability p
represents blocking in the core network.

A service period is exhaustive [161] and continues until no theer packets
are enqueued. Unlike OBS, packets may therefore traverse ahligath that

3In this chapter, to set apart notation common to both OBS and OCS, we place a line
above notation that is in speci c reference to OCS.
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was established before their arrival.

At completion of a service period, a build-up period commensén which
packets are queued until at leasM packets are enqueuetl.As such, each ser-
vice cycle comprises a build-up period lasting untM packets are enqueued
and the nal packet of the previous service cycle completes itsdansmission,
followed by a geometrically distributed number of set-up peoids of deter-
ministic length —, which is in turn followed by a service period. In practice,
~>  because” comprises a deterministic period of electronic processing
performed at the central controller of length in addition to the round-trip
propagation delay between an edge bu er and the central cawtler, denoted
with 2 . Thus, = +2 . A typical service cycle is shown in Fig. 8.1(b).

In summary, an OCS edge bu er is modelled as a nite waiting rom sin-
gle server vacation queue with an exhaustivil -threshold service discipline
[161] and a geometrically distributed number of deterministi set-up periods
of length ~ preceding each service period.

8.2.2 OCS Core Network Model

The core network model is physically identical to our OBS coraetwork
model, except a central controller is present and two-way ctinl signalling
between the central controller and each switch as well as eaetige bu er is
enabled via out-of-band wavelength channels. To ensure an kaion im-
partial to routing, each edge bu er is assigned the same xed pdetermined
route used in our OBS core network model.
At commencement of a set-up period, an edge bu er signals itstémtion

to establish a lightpath to the central controller, which uponreceiving a
request to establish a lightpath, randomly chooses a wavelengtianne?
that is free in each bre traversed by the lightpath. In the casethat a
free wavelength channel exists, sag, the central controller simultaneously

“More precisely, a build-up period commences as soon as the bu er empties. Note that
the time at which a bu er empties lags the time at which the corresponding service griod
completes by the nal packet's transmission period.

5See Footnote 1 for explanation.



8.3. ANALYSIS OF OBS MODEL 235

(ni 1;n;) to wavelength channelcin bre ( nj;n;i.;) just before the headmost
packet is expected to arrive at switchn; and returns a signal to the edge bu er
acknowledging establishment of a lightpath. Otherwise, it simp returns a
signal denouncing establishment.

An edge bu er is unaware of the time at which it rst empties a priori,
thus it must explicitly inform the central controller at the time this event
occurs to ensure its corresponding lightpath is torn-down. Térefore, a light-
path remains intact unnecessarily during the period requirefbr a tear-down
signal to propagate to each switch traversed by that lightpathresulting in
capacity wastage.

We consider a model in which the propagation delay between aipaf
adjacent switches along a lightpath is negligible relativect the period for
which a lightpath is established, a model that has been prevaity used for
electronic circuit-switched networks. For example, see [87However, the
propagation delay from an edge bu er to the central controélr, denoted as

, IS not negligible, implying is at least of the same order of magnitude
as . To exemplify our model, a signalling timing diagram for a lightpath
traversing three switches is shown in Fig. 8.3.

8.3 Analysis of OBS Model

A model of an OBS core network equipped with wavelength conmters has
been analysed in [147]. We have already reviewed the work idTlin Chapter
4. Furthermore, a model of a stand-alone OBS edge bu er has beanal-
ysed in [180]. For the rst time, we analyse a uni ed OBS model coprising
edge bu ers at which arriving packets are queued to form burstbefore unac-
knowledged transmission across a core network of switches. Our OmB8del
was described in Section 8.1. We derive approximations for gkt blocking
probability due to bu er over ow and blocking at switches, andmean packet
gueueing delay at an edge bu er.

Also for the rst time, we describe a procedure to compute the exac
blocking probability for a stand-alone OBS route, which we shwo is not
simply a matter of summing the stationary distribution of an appopriate
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Markov process over all blocking states, as shown to be the caselifq] for
a stand-alone OCS route. Instead, we must also consider the trangielis-
tribution, which for a two-hop lightpath is expressible in a cbsed-form and
corresponds to the transient distribution of arlM=M=1=1 queue. This enables
path decomposition approaches [195] to approximate blockjrprobabilities
for an OBS core network, which as we verify with simulation, aer higher
accuracy than link decomposition approaches based on Erlasgked-point
approximation we considered in Chapter 4.

8.3.1 Analysis of OBS Edge Bu er Model

We consider an embedded Markov chain approach [161] to comeuhe prob-
ability of packet blocking due to bu er over ow and use Little's law to com-
pute the mean packet queuing delay.

Time instants immediately after packets depart from an edgelber de-
ne a set of renewal epochs at which we consider an embedded Mark
Chain. Let ., be the stationary probability that k packets are enqueued,
excludinga packet possibly in transmission, at the time instant immedi-
ately after the mth longest enqueued packet departs the bu er to commence
its transmission. The stationary distribution f .,jk = 0;:::;K  1;m =
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transmission period to be exponentially i.i.d. with mean 2 . Note that
mk = 0 because allK waiting positions cannot be occupied immediately
after a packet departs the bu er to commence its transmission. &uss-Seidel

iteration is used to solve (8.1).

P
Dene , = m:max(l M K km, K=0511K 1, which is the station-

ary probability that k packets are enqueued at an instant immediately after
an arbitrary packet departs the bu er and letf gk_, be the stationary dis-
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tribution of the number of enqueued packets at an arbitraryristant. Since
exactly one packet either arrives or departs at each state tngition, Burke's
theorem givesf gi,' = f ,0k,', componentwise, where is a positive
constant. To determine , we use the relation ¢ =1 1= ), where

5( 1 5( 1 ! Iy( 1
= (1=+)m+ 1 im 1=+ E(Zm )+ v (82)

i=M i=0 i=0
is the mean length of the period between an arbitrary pair ofansecutive
embedded points. In (8.2),Z; = max(R;S;), whereP(R r)=1 e’
andP(S§ s)=1 }:g( s)e S=jl. Giventhati M 1 packets are
enqueued at the instant immediately after theM th packet departs the bu er
to commence transmissiorZy, ; is the length of the period beginning at that
instant and ending at the instant the next set-up period commergs, which
occurs onceM packets are enqueueand the Mth packet of the previous
burst has completed transmission. In understanding (8.2), notehat the
next set-up period cannot commence at least until thé1th packet of the
previous burst has completed transmission. To comput&(Z;), we write

z 1
E(Z) = 1 PR 2P(S 2z dz

0

= —+ = _— (8.3)

o ( + )]+1
Therefore, = 1=( ), and using the Poisson-arrivals-see-time-averages
property, we have
1
P, = P(packet blocked due to buer overow) = ¢ =1 —: (8.4)

Little's law is used to determine the mean packet queuing deladenoted
as W. In particular, since the mean number of packets enqueued aha
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P
arbitrary instant is given by iK:O i i, we write

W = i =1 Py (8.5)
i=0

An edge bu er is perceived as an on/o source by the core netwoykvhere
an on-period corresponds to a service period while an o -ped@orresponds
to a consecutive build-up and set-up period. The length of eadn-period is
M -Erlang i.i.d. with mean M= . The length of each o -period is a phase-
type distribution shifted by , not necessarily i.i.d. because the initial phase
distribution is dependent on the preceding o -period, and h& mean

1= = E(length of an o -period)
LS S VIR
= + g ————— ijm=M,
i=0 j=0
P
Where im=m = M= 1eo kM -

To enable a tractable analysis of our core network model, wevimke the
following assumption.

Assumption 8.1 Engset-type sources [150]: The length of on and o peri-
ods are exponentialli.i.d. with mean M= and 1=, respectively.

The error incurred in invoking Assumption 8.1, as well as subsequeas-
sumptions, is later quanti ed with simulation.

As such, the probability that a source is on at an arbitrary time mstant
is =(1+ ),where = M = is the source o ered load.

8.3.2 Analysis of OBS Core Network Model

We considerJ independent and identical edge bu ers, each of which be-
haves as an on/o source described above and uses a common roote

6 Although Engset's formula [150] is insensitive to the distribution of the length of on and
0 periods, as discussed shortly, our core network model does not enjoy this insensiity
property, we thus explicitly require exponentiallyi.i.d.
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Figure 8.4: Stand-alone lightpath model

Our OBS core network model was fully described in Section &1.
Assignment of a burst to a randomly chosen wavelength channel enssir

is independent and statistically identical. It therefore su ces to consider a
single arbitrary wavelength channel to completely charactise the blocking
for route n.

Each of theJ edge bu ers o ers a load =C to an arbitrary wavelength
channel in (y;ny), thus the cumulative load o ered to an arbitrary wave-
length channel in fi;;n,) is = J =C, which arrives as a Poisson stream if
we assumel 1.

Assumption 8.2 Poisson arrivals [87, 147, 149, 155, 159, 195]: The cumu-
lative load o ered to an arbitrary wavelength channel in brgni; n;) arrives
as a Poisson stream, implyingl 1.

Edge bu ers corresponding to all other routes traversing at kst one bre
in route n, referred to ascross-routes also compete with the] edge bu ers
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for a common wavelength channel. Let;, 1 i<]j N, denote the load
o ered to an arbitrary wavelength channel in bre (n;; nj+1) by a cross-route

Therefore, consideringn itself as a cross-route, we have;.y = =J =C.

We rst compute the exact blocking probability for each of thethree
cross-routes traversingn = (ng;ny;ng), as shown in Fig. 8.4(b), and then
progress to describe a procedure for arbitrarid. We invoke Kleinrock's
independence assumption throughout, stated as follows.

Assumption 8.3 Kleinrock's independence [89]: The length of a burst's
transmission period is re-sampled independently in each @it traverses.

As shorthand, let c denote an arbitrary common wavelength channel in
bre (ng;ny) and (ny;n3). The evolution of ¢ in route n = (Nnq;Ny;N3)
can be characterised as a Markov process with state-spaBg = fx =
(X1; X2; X1.2; X2:3)]X1 + X1:2 1, X, + X3 1;x 2 [0;1]g, wherex; =1 or
X132 = 1 if cin bre ( ny;ny) is transmitting a burst corresponding to cross-
route (1;2) or (1; 3), respectively, andx, =1 or Xp.3 =1 if cin bre (ny;n3)
is transmitting a burst corresponding to cross-route (&) or (1;3), respec-
tively. Note that two separate bursts simultaneously traverse css-route
(1;3) if x1.2 =1 and x,.3 =1 at a given time instant, one traversesc in bre
(ny; ny) while the other traversescin bre ( ny; n3). The state-transition dia-
gram for Sz is shown in Fig. 8.5, where without loss of generality, the mean
length of a burst's transmission period is normalised to unity.

The state-transition diagram shown in Fig. 8.5 de nes an ergodiMarkov
process on the state-spac&; that is not time-reversible, thus, we resort
to determining its unique stationary distribution numericaly by solving a
set of balance equations with Gauss-Seidel iteration. Lét gy.s, be the
stationary distribution of the Markov process de ned ornS;, and let ;; be the
blocking probability for cross-route (;j ), i 1 <Ii3 3. Due to the Poisson-
arrivals-see-time-averages property, 1., = 1 x2pix=0;:0)g X = 1

©0:000) (100 (0000, and similarly, o5 =1 fx2Sajx=( 0;:0)g X —
1 (0;0;0;0) (1,0,0,0) (0;0;1,0) - P
However, ;3 cannot be determined as ;3= ,,5 x, whereB S ;is
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- —
=
w

Figure 8.5: Transition diagram for S3; state transitions depicted with a
dashed line correspond to completion of a burst transmission andooic with
normalised rate one

an appropriate subset of so-called blocking states. Instead, wevha

P(burst traversing cross-route (1 3) is blocked)
1 P( 125 23)=1 P( 12)P( 23 12)
1 P( 23 120 12); (8.6)

1;3

where ;; denotes the event that a burst traversing cross-route (3B) is not
blocked at wavelength channet in bre ( n;;n;j).

To determine the conditional probability P( 23] 1.2), we must consider
the transient distribution of another Markov process de ned orthe state-
space

O
I

fx2Ssx=(;:;1)g
f(0;0; 1; 0); (0; 1; 1; 0); (0; 0; 1; 1)g

corresponding to all states inS; in which wavelength channelc in bre
(ny; ny) is transmitting a burst traversing cross-route (13). State-transitions
are de ned such that a state-transitionx ! vy, x;y 2 Q, with rate is per-
mitted if and only if x ! y is a state-transition with rate of the Markov
process de ned orS;, distinguished with a red colour in Fig. 8.5. Letg (t),
x2Q,t 0, be the transient distribution of the Markov process de ned on
Q, where g, (0) is the initial distribution at t = 0.
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We can thus write

X 41
P( 23 12) = o (t)dF(1); (8.7)

x2k O

whereF(t)=1 e "™ |t 0, is the distribution of the length of a burst's
transmission period, andK = fx 2 Qjx = ( ;0; ;0)g = (0;0;1;0) is to be
interpreted as the set of states in which a burst traversing crossute (1; 3)
that is just about to complete transmission in wavelength chante in bre
(ny; ny) can subsequently progress to commence transmission in waveléngt
channelcin bre ( n,; n3), without blocking. Accordingly, we set

4(0) = P(Xj 12)= (I”;"lxz“) X2Q: (8.8)
Recognising that the Markov process de ned o characterises an M/M/1/1
gueue with an additional transient state corresponding to (®; 1; 1), we can
determineq (t) using existing closed-form expressions for the transient distri-
bution of an M/M/1/1 queue with service rate =M and arrival rate  ,.3=M.
In particular, (8.7) can be rewritten as

Z
. 1 !
P( 23] 12)= G (100 fo(t)dF(t)
0
Z,
+ oo =2* (00,00 f1()dF(t) (8.9)

0
whereG = (00 + (o001 * (0:0:00) @nd

1 e =M (1+ 2:3) ~
fo(t)= T +re ™M @+ 239 ¢ 0 (8.10)

is the transient probability that an M/M/1/1 queue with servic e rate =M
and arrival rate  ,3=M is empty at time t O given that it was initially
empty at t = 0 with probability r.’

"Note that the factor of 1=2 multiplying ©:0:0:1) In (8.9) arises because the probability
that x2;3 ! 0O beforex;2 ! 0, the two possible transitions from state (.0.1.1), iS equal
to 1=2 and is the probability that of two exponentially i.i.d. periods, one given period
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Substituting (8.9) and (8.10) into (8.6), and integrating gves

1 1;2 ©0:3,00 * (0000 * 2 (0;0;0;0)
G 2+ 23

13=1

Generalisation to Arbitrary N

We continue by describing a numerical procedure to compute e¢hexact
blocking probability for each of the N2 N)=2 cross-routes traversingn =

(nq;:::;ny) for arbitrary N. Analogous to (8.6), using the chain rule gives
mn = P(burst traversing cross-route (m; n) is blocked)
= 1 P( mm+1; meime2:55 n 1n)
=1 P(nown noa2ns3iils mmet)
P( m+1;m+2j m;m+l)P( m;m +1): (8-11)

The state-spaceS; is generalised to

8 9
< X =
— - m;n m;n
SN = . X= Xi;i +1 1 m i<n N Xi;i +1 1
) fm;njm i<n g

wherexiy; =1,1 m i<n N, if wavelength channelc in bre

(ni; nj+1) Is transmitting a burst corresponding to cross-router; n). Oth-
erwise,xji = 0.

is longer than the other. Thus, if xo.3 ! 0 beforex;., ! 0, state (0;0; 1;0) is entered
and transitions between state (Q0; 1;0) and (0;0; 1; 1) continue for an exponentially dis-
tributed period, each transition corresponding to either commencement or completion b
transmission of a burst traversing cross-route (23). At expiry of this exponentially dis-
tributed period, if state (0;0;1;0) presides, a burst traversing cross-route (13) that has
just completed transmission in wavelength channekt in bre ( ny;n;) can progress to com-
mence transmission in wavelength channet in bre ( ny; n3). Otherwise, if state (0;0; 1; 1)
presides, it is blocked.
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The generator matrix

X X
Q(X;X) = X+ m;n 1x2Fm ;
X2 X 1 m<n N
1= Qix™ = Liyjyiiv =1);
if Xi,, =0and m<i<n;
1 s<t N
mn = QX = 05yiyiEh =1);
if X;,, =0and m= i
1 s<t N
1 = Q(xjxis =1;yjyin =0);
ifn=1i+1;

forall x;y 2Sy and1l m<n N, de nes an ergodic Markov process
on Sy, where the length of a burst's transmission period is normalisea t
unity and F; is de ned in (8.12) below. Note that we usex;y) as an index
to an element ofQ and the notation xjxir;'};” = z is to be understood as
any state x 2 Sy such that elementx;" 2 x takes valuez 2 f 0;1g. Let

= f xOx2s, be the unique stationary distribution of the Markov process
de ned on Sy, determined numerically as the solution ofQ =0.

P
We have i+ =1 X2F; X where

8 9
< X =
Fi=_ x2Sy Xiis =0 (8.12)

fmnjl m i<n Ng

is the set of non-blocking states for cross-route; { + 1).

To determine .., N> m +1, we must foremost determine then m
1 conditional probabilities specied in (8.11) by considerig the transient
distribution of another n  m 1 independent Markov processes de ned on

Q =fx2Syjx™,; =1g; =m;::;;n 2
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respectively, where

Q(x;y); x;y2Q ;x8y,;

Q bey)= Ax; X;y2Q ;x=y;

is the generator matrix of the Markov process de ned orQ and Ay is
shorthand for

X X
Ay = X1t (xjx=0)2Q ¢+ min 1x 2F
X2 X 1 m<n N

Let g (t), x2Q ,t 0, =m;:::;n 2, be the transient distribution
of the Markov process de ned orQ with generator Q . To determine g (t)
fort 2 [O; T], we solve

CO-Qam a0= a0 ,,0: 12075 (613)

using a numerical package capable of solving a system of ordindierential

equations, wher€T is chosentoensur&(T)=1 e ™ < 1 . Analogous
to (8.8), we haveq' (0) = P(X] mm+1) = 0=l  mm+1):,X2Qn,
and for >m ,

XJX mm +1

R s t)dF (t
0 qxjxm;nl; =1;Xr;n:n+1 =0( ) ( )

G )

0 (0) = Xx2Q ;

iFf)(xjxm;”l; =1;x™, =0) 2 Q ., otherwiseq/(0) = 0, where G =
x20 &(0) is a normalising constant.
We compute each of thenn m 1 conditional probabilities speci ed in

gﬁll)tﬂrough numerical integration such thatP(  +1. 42] : 4177177 mm+1) =
ok o GMdF(), =m;:ii;n 2, where

(o¢]
Il ©

< X
K = x2Q X1, 4 =0

fmnjl m +1<n Ng

is the set of states in which a burst traversing cross-routen( n) that is just
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about to complete transmission in wavelength channa in bre (n ;n ;)
can subsequently progress to commence transmission in wavelengjtnnel
cin bre (n 41;n +). Therefore, we have

y2x 41
mn =1 mman q (O dF (b): (8.14)

=mx2k O
In numerical calculation, the upper terminal of the integr&in (8.14) is re-
placed with T.
Computational Considerations

The unmanageable dimensionality o5y for large N, say N > N | pre-
cludes numerical solution ofQ = 0 as well as numerical solution of the
n m 1 transient distributions of the Markov processes dened o , =

m;:::;n 1, required to determine .,. Therefore, forN >N , we decom-

Other decomposition strategies are possible and discussed in [385]1
Through invoking the following two common assumptions, we pelitnan

alone route in its own right.

Assumption 8.4 Sub-route independence [87, 147, 195]: Whers, , i =

cin any bres traversed by sub-routen;,

P( 12, 23::5 N on) = PO aPC ny) PO ong):

Assumption 8.5 Poisson reduced load [87, 147, 195]: Let the ordered set
Fmn = (F1y 2 5 Mjrna i) (N1 2223 NR) be such than; 2 rgpn, 1 =150 R, if
and only if cross-route(m; n) and sub-routen; traverse at least one common

alone route and thus has its own set of cross-routes. For easlb-router; 2
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'mn, let r; denote the particular cross-route of sub-routg that is traversed
by (m; n). The assumption is that cross-rout¢m; n) o ers a Poisson reduced
load mn J'zll 1 (r;) tocross-router;, i =1;:::;jfmnj, Where (r;) is
the probability that a burst traversingim; n) is not blocked at cross-route; .

Note thatif N = 2, our approximation degenerates to a pure link decom-
position approach based on Erlang's xed-point approximatin, which was
proposed in [147] and which we have reviewed in Chapter 4. Usingsla-
tion as a benchmark, our path decomposition approach, de neasN > 2,
is later shown to give higher accuracy than link decompositiodue to its
ability to reduce error attributable to Assumptions 8.4 and 8.5 Henceforth,
we refer toN = 2 as link decompositionand N > 2 aspath decomposition

P = P(packet blocked =1 (1 Py)(1 Py); (8.15)

whereP, = P(packet blocked at a switchny;:::;nN) = 1.

8.4 Analysis of OCS Model

Performance models of a centrally controlled OCS core netikoequipped
with and without wavelength converters have been analysed ifLl5, 155,
159, 195] with emphasis on quantifying reductions in blockinprobability
attributable to either partial or full relaxation of wavelength continuity con-
straints, and in the case of [155], alternative routing. We havalso carried
out a delay analysis of a time-slotted form of OCS in Chapters éd 7.

In this section, for the rst time, we analyse a uni ed OCS model ompris-
ing edge bu ers at which arriving packets are queued beforeknowledged
transmission across a core network of switches that is centrallprdrolled.
Our OCS model was described in Section 8.2. Unlike the forms o€S con-
sidered in Chapters 6 and 7, we do not consider a time-slotted appach. We
derive approximations for packet blocking probability dueo bu er over ow
and mean packet queueing delay at an edge bu er.
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We use a slack variablep, de ned as the probability that a request to
establish a lightpath is acknowledged, to decouple an edge las from the
core network. In particular, p determines the number of set-up periods pre-
ceding a service period and thus the mean length of a service ipdras well
as the mean length of the o -period between two consecutive s@e peri-
ods. Sincep is itself functionally dependent on these two quantities, we use
successive substitution to determine a value @f satisfying both functional
dependencies. All assumptions invoked in Section 8.3 are mainid. To
set apart notation common to both OBS and OCS, we place a line ate
notation speci c to OCS.

8.4.1 Analysis of OCS Edge Bu er Model

As in Section 8.3.1, we consider an embedded Markov chain apgeh to com-
pute packet blocking due to bu er over ow and use Little's lawto compute
the mean packet queueing delay.

Let 7 be the stationary probability that k packets are enqueuedxclud-
ing a packet possibly in transmission, at the time instant immediatelafter
the longest enqueued packet departs the bu er to commence tramission.
The stationary distribution f jk =0;:::;K 1gis uniquely determined by
the set of di erence equations

K1 L
Tk = & i+1 i, k<M I
= 0 1
Xt X 1 X L
k= a i i+t @ T wa t at 1A 0p M 1 k<K I
i=1 j=0 =M
K1
1 = ko (8.16)

k=0
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wherea; is de ned in Section 8.3.1,

G = P(i packets arrive inY)
X in K
k=1 '

andY is a geometrically distributed random variable with success pbability
p equal to the number of set-up periods, each of deterministic Igtih —,
preceding a service period.

Let f df., be the stationary distribution of the number of packets en-
gueued at an arbitrary instant. For reasons described in Sectio8.3.1,
f wOhot = TkOk,,', componentwise, where™ is a positive constant. To
determine —, we use the relation x =1 1= 7), where ™ = E(Zy) +
=p o+1= (1 o) is the mean length between an arbitrary pair of con-
secutive embedded points. Note thaE(Z;) was de ned in (8.3). Thus,
—=1= 7) and

P

P(packet blocked

— 1
P(packet blocked due to buer overow)= ¢ =1 —:

_ P _ _
Using Little's law, we write W =~ X i ;= (1 P)

An edge buer is perceived as an on/o source by the core network
where an on-period corresponds to a service period while an period cor-
responds to a consecutive build-up period followed by a geomeally dis-
tributed number of set-up periods. The mean length of each o griod is
1= = ZO Ya(M )= + =p. The length of each on-period is phase type
distributed with mean computed as the rst passage time to the alservers-
idle state in an M=M=K=K queue with arrival rate , service rate and
initial distribution of i servers busy

8O 1=0 M 1
) =00 ,
1 My ik
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Q@+ tijw)=( + ), 1 =1;:::;K 1, andtx = 1=, which is an easily

(Fj)erived recursion. Thus, the mean length of each on-period ismaputed as

K i
=i = b

To account for capacity wastage attributable to signaling prpagation
delay from an edge bu er to the central controller, depictedvith a hatched
region in Fig. 8.3, we consider a simple approximation in whicthe mean
length of each on-period is increased by and the mean length of each
o -period is decreased by , assuming 1= . Recall that denotes
propagation delay from an edge bu er to the central controér.

Invoking Assumption 8.1, we have that the probability a source isn at
an arbitrary time instantis =(1+ ), where

_ R IR
= Pi i=1 | j=1 J (817)

is the source o ered load.

8.4.2 Analysis of OCS Core Network Model

As in Section 8.1.2, we consided independent and identical edge bu ers,
each of which behaves as an on/o source described above and lBseemmon

which arrives as a Poisson stream if we assurde C.

Givenn, C, ~and the load o ered by all cross-routes,;j , 1 <] N,
we seek to determine the stationary probability 1 p, assumed to exist, that
a request to establish a lightpath issued by an arbitrary edge bureis de-
nounced by the central controller due to contention. For the purpose, we
use the independence and correlation approximations presedtin [155]. The
independence approximation is a link decomposition apprdaand we hence-
forth refer to it as such, while the correlation approximatio is commensurate
to a path decomposition approach, though a weakened form of Assption
8.4 is required in which correlation coe cients are estimate to parameterise
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dependencies between two adjacent bres in. An alternative path decom-
position approach for an OCS core network model is presented[tB5]. We
have adopted the link and path decomposition approximationpresented in
[155] chie y because of their low computational complexity @ieved with use
of inclusion-exclusion principles.

Note that ~— is mapped top via either the link or path decomposition
approximation presented in [155], conversely is mapped to~ via (8.17).
As such,p is a slack variable for which a value satisfying both mappings is
determined using successive substitution. See Chapter 4 for an exae of a
successive substitution algorithm.

8.5 Numerical Evaluation

This section serves three purposes: to gauge the error incurredimvoking
Assumptions 8.1 - 8.5 with a computer simulation that does not useaeh of
these assumptions; to quantify the improvement in accuracy o ed by our
new path decomposition for OBS compared to link decompositipand, to
numerically compare the performance of OCS with OBS.

We consider a conservatively chosen set of parameters, shown in [&ab
8.1, corresponding to éasecase. To evaluate performance sensitivity, we
consider several other sets of parameters that are derived frahe base case
by altering the value of one or more parameters with an intento devise a
spectrum of both conservative and optimistic cases.

In Table 8.1, we specifyM and M as the ratioM=M = 4, implying four
times as many packets must be enqueued with OCS than with OCSfbee a
set-up period is commenced. We also specHy as two ratios,K=M =8 and
K=M =2, implying at most 8M packets, commensurate to 8 bursts, can be
enqueued at an edge bu er, after which packets are blocked &uo bu er
over ow.

In practice, several hundreds of thousands of packets could bequeued
at an edge bu er. However, solving the sets of di erence equate (8.1) and
(8.16) for largeK is intractable. To ensure computational tractability, we
chooseK =50 and ‘compensate' by increasing the mean length of a packet'
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Table 8.1: Base case set of parameters

Notation Description Base value
N Number of core switches traversed 4
OBS core switch processing time 1ms

- Central controller processing time 1000 ms
C Wavelengths per bre 10

Prop. delay from central controller to edge 10@0ms
C Propagation speed 0.005 ms/km
J Number of edge bu ers 40
M=M OCS-to-OBS packet threshold ratio 4
K=M Bu er size to OBS packet threshold ratio 8
K=M Bu er size to OCS packet threshold ratio 2

ODE and xed-point error criterion 10 °

transmission period, £ , to model a burst comprising 4000 average-sized
IP packets [135], which is equivalent to 500 KB and requiresbaut 1.6 ms
to transmit at 2.5 Gb/s. In particular, we equally apportion the 1.6 ms
burst transmission period to each of theM packets comprising a burst in
our model, thus the mean length of a packet's transmission pedas set to
1.6=M ms. The packet arrival rate at an edge buer, , is the only free
variable and is varied over an appropriate range to generafdots of mean
packet queuing delay as a function of packet blocking prob#giby.

We considerJ homogenous edge bu ers using a common stand-alone

each cross-route, jj, 1 i <j N, is set equal to . Recall that

is the cumulative load o ered to bre (ny;n,) originating from the J edge
bu ers. Hence, the load o ered to each cross-route is equal to thiead
o ered to n. Each of theJ edge bu ers serve as a ‘tagged' bu er for which
we determine mean packet queuing delay and packet blockingopability.
We also determine average utilisation, de ned as utilisationveeraged over all
bres traversed by n, where utilisation for each bre is de ned as the ratio of
its carried-to-o ered load normalised toC. In the case of OCS, a wavelength
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channel isnot considered utilised during the period depicted with a hatched
region in Fig. 8.3.

For path decomposition, we choosd = N throughout, thus we consider
a pure path decomposition approach. Numerical solution of (8}.is achieved
with the ODE suite of functions available in Matlab.

Fig. 8.6 shows plots of mean packet queueing delay as a funnotaf packet
blocking probability for the base case of OBS and OCS, de ned lize set of
parameters shown in Table 8.1. Plots depicted with a dashed klaline and
solid circular data points correspond to simulation, while plis shown with a
solid red or blue line correspond to path or link decompositiomgspectively.
Plots corresponding to either OBS or OCS are banded togetheritiv an
appropriately labelled circular band. A range of uniformlyspaced values of
utilisation are shown on the rightmost and topmost axes, correspdimg to
OBS and OCS, respectively, each of which is aligned with a pamilar grid
line.

Plots adhering to an identical format are shown in Figs. 8.7 - 8for other
sets of parameters derived from the base case by alteriNg , M=M, or a
combination thereof. In particular, is reduced by an order of magnitude
in Fig. 8.7, resulting in a case that is optimistic to OCS, whileri Figs. 8.8
and 8.9,M=M is increased more than threefold to characterise the presence
of long-lived “circuits' attributable, for example, to large le downloads. In
addition, N is reduced to 3 and 2 in Figs. 8.8 and 8.9, respectively, to evata
the e ect of shorter hop counts. We have evaluated performansensitivity to
other parameters, includingk and , but believe the most interesting e ects
are exhibited through variation of the aforementioned thre parameters.

The utility of Figs. 8.6 - 8.9 can be explained as follows. Suppe a
prescribed QoS imposes a maximum packet queuing delay of 3008 amd
a maximum packet blocking probability of 102. For the case considered in
Fig. 8.8, it can be seehthat these two constraints can be satis ed with
either OCS operating at no more than 1.8% utilisation or OBS arating
at no more than about 0.7% utilisation. Note that utilisation isremarkably

8Project a line perpendicular to the horizontal axis from the (10 2,3000 ms) point and
note its intersection with the OBS and OCS operating curves.
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OCS Utilization
2.5% 3.1% 3.8% 5.2%

Simulation =~ —e—
Path decomp. ——
Link decomp. ——

0.6%

0.8%

0.9%

1.3%

OBS Utilization

1.9%

Packet queueing delay [ms]
w
o
o
-

3.6%

&5 107 10° 107 10%T 10

Packet blocking

Figure 8.6: Base case as de ned by the set of parameters shown irblEa8.1

low because wavelength conversion is not permitted and has heshown in
[147, 149] to increase substantially if conversion is permitted
Each of Figs. 8.6 - 8.9 can be considered a two dimensional QoS spac

one dimension corresponding to blocking probability and thetloer to mean
gueuing delay, that is divided into four quadrants about thepoint at which
the OBS and OCS operating curves intersect. As such, the quadtacon-
taining the (0,0) point encompasses all unattainable QoS. In alockwise
direction, the next quadrant covers QoS attainable only wit OCS, which

is in turn followed by the quadrant covering QoS attainable wh both OCS
and OBS, while the nal quadrant covers QoS attainable only #h OBS.

8.6 Discussion and Conclusions

Using simulation as a benchmark, Figs. 8.6 - 8.9 suggest errors ditrtable to
invoking Assumptions 8.1 - 8.3 are negligible and only disceriebin Fig. 8.8
for blocking probabilities less than 10°. However, Assumptions 8.4 and 8.5,
the two additional assumptions required by link decompositignintroduce a
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Figure 8.7: Length of central controller processing period, reduced to 100
ms, an order of magnitude reduction from base case

OCS Utilization
0.6% 0.7% 0.9% 1.3% 1.8% 3.2%
1000
Simulation ~——e—
900 Path decomp. —— 0.1%
800 Link decomp. —— 0.1%
£ 700 0.1%
>
< 600 02% §
© T
2 500 0.2% =
.g =
3 400 0.2%£
o
s 300 0.3% ©
X
o
£ 200 0.5%
100 1.0%

7 10° 10° 10% 10° 102 10° 1

Packet blocking

Figure 8.8: OCS-to-OBS packet threshold ratioM=M , increased to 15 and
number of switches traversed\ , reduced to 3, equivalent to a two hop route
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OCS Utilization
05% 0.7% h1.0% 14% 2.3%

1600G

Simulation ~—e—

1400Q¢ rPath decomp.  —— |\ 0.1%

Link decomp. —— \

12000
10004
8004
6000
4000
2000

0.1%

0.1%

0.2%

0.2%

OBS Utilization

0.3%

Packet queueing delay [ms]

0.6%

&% 105 10% 10° 107 10° 10

Packet blocking

Figure 8.9: OCS-to-OBS packet threshold ratioM=M , increased to 15 and
number of switches traversed\ , reduced to 2, equivalent to a one hop route;
note that sinceN = 2, path and link decomposition are identical

noticeable error margin resulting in an overly conservativepgroximation.
To achieve a blocking probability at least less than 1¢, packets en-
counter a substantial queueing delay with OBS, even in the caseost op-
timistic to OBS of a one hop route, shown in Fig. 8.9. This is becae
blocking in OBS is almost entirely due to blocking at core switees, which
occurs with probability P,, but P, begins to fall below 103 only if the mean
packet inter-arrival period, 1= , is so large that a packet's queuing delay is
dominated by the time it waits for M packets to enqueue. Note that the
probability that a packet is blocked due to bu er over ow in OBS, Py, is less
than 10 ° in Figs. 8.6 - 8.9, thus (8.15) can be rewritten aB  P..
Conversely, blocking in OCS is almost entirely due to bu er oveow,
which is several orders of magnitude larger than the probaliy that a light-
path request is denounced, 1 p. The probability that a lightpath request is
denounced is low because state information maintained by thertral con-
troller ensures only a wavelength channel that is free in eachre traversed
by n is assigned. In contrast, lacking knowledge of state informaticat an
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edge bu er, OBS can do no better than assigning any randomly cken wave-
length channel, possibly a wavelength channel that is busy in eror more
bres traversed by n; explaining why blocking in OBS is almost entirely due
to blocking at core switches.

As such, centralised control o ers a distinct advantage in opt& commu-
nications due to its ability to reduce blocking attributable to wavelength con-
tinuity constraints. Wavelength conversion eliminates this dvantage because
it allows complete relaxation of wavelength continuity costraints. However,
wavelength converters are not present-day o -the-shelf tedlology nor are
they considered cost-e ective. It therefore appears that tding-o an assur-
ance of no blocking at each switch is less favorable in OBS thananalogous
electronic approaches to switching such as tell-and-go, ustewavelength
conversion is available.

8.7 The Burst Scheduler

In this chapter and Chapters 4 and 5, we have assumed the burst sdhker
at each intermediate node of an OBS network is able to proceds r@quests
without fail. In particular, recall assumption A.4.4 in Chapte 4, which we
have upheld without question in this chapter and Chapter 5. Hoewer, this
assumption is not valid if the scheduler is ever overwhelmed arittaders
must be enqueued in a scheduler bu er. Whether or not this assumpht is
valid depends on the processing capabilities of the scheduldre size of the
scheduler bu er and the number of headers arriving at the schater in a
given period. The number of headers arriving at a schedulerareases as the
number of packets comprising a burst is decreased. We therefgee that the
dimensioning of a scheduler bu er is not a clear-cut task and idasely tied
to the number of packets comprising a burst.

In this section, we are concerned with relaxing our assumptiorhat a
burst scheduler is able to process all requests without fail. Thiassumption
has received little attention, except briey in [175], most ikkely because a
header arriving at an overwhelmed scheduler can be converigrbu ered
electronically. Therefore, failure to process a header istabutable only to
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bu er over ow. The probability of bu er over ow can be made n egligible for
an appropriately dimensioned and stable bu er.

However, bu ering a header prolongs its per-hop delays. An ingase in
per-hop delays in turn requires a commensurate increase in segion be-
tween a burst and its header. To accommodate for per-hop quéng delays,
a burst is delayed at its edge bu er for a prolonged o set periodhat is
equal to the sum of per-hop processing delags well asper-hop worst-case
gueuing delays.

A prolonged o set period does not come without a tradeo thoudg. In
particular, delaying a burst at its edge bu er for a prolongedo set period
ties-up bu ering space, reduces throughput and eventually seilts in packet
loss due to edge bu er over ow if the number of new packet arrals during
an o set period is su cient.

Although an edge bu er can be dimensioned to ensure the probaibyl
of over ow is negligible, packets carrying real-time servi&s cannot endure
gueueing delays exceeding a prescribed threshold and may adl we dis-
carded if they arrive at an edge bu er that has more than a give number of
packets enqueued. In this section, we consider real-times seeg that cannot
endure substantial pre-transmission queuing delays. In partiad, we do not
assume that an edge bu er can be dimensioned arbitrarily largeotensure
the probability of over ow is negligible. For the case of besé ort services,
an edge bu er can probably be dimensioned su ciently large to @oid packet
loss owing to a prolonged o set period.

This section considers the problem of dimensioning a scheduler ér to
strike an optimal balance between the con icting requiremds of simultane-
ously minimising both its over ow probability and the over ow probability of
an edge bu er. As the size of a scheduler bu er increases, its ovew prob-
ability decreases, but the over ow probability of an edge bu e may increase
due to a prolonged o set period.

In other words, too large a scheduler bu er requires a prolondeo set
period to counterbalance longer per-hop worst-case headeregeing delays,
resulting in reduced throughput and increased packet loss due €dge bu er
over ow. While too small a scheduler bu er cannot absorb enougvariability
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Figure 8.10: OBS model consisting of edge bu ers, a stand-alone link
comprising C wavelength channels and its associated scheduler

in the header arrival process, resulting in increased burst lost ddo a greater
number of headers arriving to nd a full scheduler bu er.

We reuse our OBS edge bu er model developed in Section 8.1.1dahe
accompanying analysis presented in Section 8.3.1 to developirda ed OBS
model comprising a set of homogeneous and independent edgedra that
feed bursts to a stand-alone link and their headers to a scheduleA block
diagram is shown in Fig. 8.10. We analyse our model in terms of gt
blocking probability and mean packet queuing delay at an edégbu er. Ac-
cording to our model, a packet can be blocked due to one of tler@ossible
events: it arrives at an edge bu er that is full; it is grouped nto a burst, but
that burst's header arrives to nd the scheduler bu er full; or, it is grouped
into a burst, but a wavelength channel cannot be reserved for &b burst due
to contention with existing reservations.

To enable a tractable analysis, we assume each of these three eveme
independent, which is tantamount to decoupling our uni ed nodel into its
three constituent sub-models and analysing each of them indemently. We
can therefore write

P=1 (1 P PHA Py; (8.18)

where P, and Ps is the probability of edge and scheduler bu er over ow, re-
spectively, P, is the probability that a wavelength channel cannot be reseed
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due to contention andP is the overall packet blocking probability. It is also
assumed that the number of edge bu ers is su cient to reasonably wdel the
superposition of their output processes as a Poisson process. Using Bmu
tion as a benchmark, we demonstrate that the error attributale to invoking
these assumptions seems to be small in most circumstances. We adog th
same edge bu er model we developed in Section 8.1.1.

The main contributions and ndings of this section can be sumnrésed
as follows. For the rst time, we develop and provide a tractald analysis
supported by computer simulation for a uni ed OBS model compsing edge
bu ers, a stand-alone link and its associated scheduler. We densirate
that there appears to exist an optimal scheduler bu er size thatlepends on
the number of packets comprising a burst and the size of an edge dwu
An increase or decrease beyond this optimal size results in an iease in
P due to Pe or Ps, respectively, emerging as the dominant term in (8.18).
Furthermore, we demonstrate that our analysis is su ciently acurate to
quickly determine an optimal scheduler bu er size, if one exist

8.7.1 The Model

As shown in Fig. 8.10, our uni ed OBS model consists of three inteonnected
sub-models: a set o homogenous edge bu ers, a scheduler bu er and a
stand-alone link.

Edge Bu er Model

For each of theJ edge bu ers shown in Fig. 8.10, we adopt the same edge
bu er model developed in Section 8.1.1. The only di erencesithat the
deterministic o set period is prolonged to cover per-hop worst-case header
gqueueing delays. In particular, we write

= N( 1+ 2)+ ; (819)

where N denotes hop count, ; denotes per-hop header processing delays,
» denotes per-hop worst-case header queueing delays andenotes switch
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recon guration time. For simplicity, we set = 0. Note that in Section 8.1.1,
we assumed that = N ;+ , which implies the processing capability of
the scheduler is su cient to preclude formation of a queue of laglers.

Scheduler Bu er Model

Each of theJ edge bu ers is connected to the scheduler bu er via an out-
of-band wavelength channel. Each time an edge bu er commesxa set-up
period, it transmits a header to the scheduler bu er.

A header conveys to the scheduler its corresponding burst's ggh and
expected arrival time. The scheduler invokes a scheduling althm whose
task is to determine a wavelength channel that can be reservedadvance for
an unbroken period beginning at a burst's expected arrivalme and lasting
for its entire length. A scheduling algorithm may fail due to ontention with
existing reservations, in which case a burst is blocked.

Many scheduling algorithms tailored to OBS have been proposexhd
analysed, many of which have been surveyed in [109]. We brie ysdussed
scheduling algorithm design in Section 4.1 of Chapter 4 and saWwat it is
essentially a tradeo between algorithm complexity and perfanance.

Scheduling algorithm design and analysis has not featured pnmently in
this thesis. This area is nonetheless an integral part of OBS. €hreason why
we have not covered scheduling algorithm design in any depthbgcause we
have adopted a model in which the residual o set period remainsonstant
from burst to burst. We explained in Chapter 4 that a simple ordezd search
algorithm of complexity O(logC) is optimal in the case that bursts and
their headers are separated by a constant period. We have had mopetus
to investigate complicated void- lling algorithms because anstant residual
0 set periods can be achieved with forms of OBS such as the duatader form
of OBS proposed in [9]. See Section 4.1 of Chapter 4 for furthdiscussions
speci ¢ to this issue.

The worst-case running time of a scheduling algorithm dependsimarily
on the number of wavelength channels comprising a link and th@ocessing
speed of the scheduler. A comparison of the computational corapity of
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several common scheduling algorithms is provided in [80], fnowhich worst-
case running times can be roughly extrapolated given the pregsing speed of
the scheduler. Per-hop header processing delays, which haverbéenoted as

1 in this section, can therefore be bounded above by the worstsgarunning
time of a scheduling algorithm. In this section, we consider a gservative
model in which ; is deterministic and equal to the worst-case running time
of a scheduling algorithm. Therefore, the scheduler requiresdeterministic
period of length ; to process a request issued by a header, after which it can
immediately begin processing another, if another is residing the scheduler
bu er.

At most V headers can be enqueued in the scheduler bu er, excluding a
header that the scheduler may be processing. A header arriving thd the
scheduler withV headers already enqueued is blocked. Per-hop worst-case
header queuing delays are thereforé/( 1) ; because a request issued by
a header requires a deterministic period of length ; to process and at most
V 1 headers may lie ahead of any given header in the scheduler bu
Thatis, ,=(V 1) i, and we can therefore rewrite (8.19) as

=NV 1+ : (8.20)

Link Model

A link comprisesC wavelength channels. Full wavelength conversion ensures
all C wavelength channels are accessible to an edge bu er. EachJogdge
bu ers is connected to the link via an access bre. Blocking des not occur

in an access bre.

A burst is blocked if its header fails to reserve one of th€ wavelength
channels. A header fails either because it arrives to nd the sebuler queue
with V headers already enqueued or because @lwavelength channels have
already been reserved.
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8.7.2 Analysis

In this section, we derive approximations for packet blockonpprobability and
mean packet queuing delay at an edge bu er.

Analysis of Edge Bu er Model

We have analysed our edge bu er model in Section 8.3.1. In pamtlar, P,
can be computed via (8.4) and the mean packet queuing delayhieh we
denote with W, can be computed with (8.5). In using (8.4) and (8.5), we
must ensure to set = NV ;.

We continue to uphold the Engset-type sources assumption, Assumgti
8.1 in Section 8.3.1. Therefore, each of th& bu ers can be viewed as an
independent source. The probability that a source is on at an bitrary
time instantis =(1+ ), where = M = is the source o ered load. The
parametersM, and have been de ned in Section 8.3.1.

We also continue to uphold to Poisson arrivals assumption, Assumptio
8.2 in Section 8.3.1. The Poisson arrivals assumption is validtiie number
of edge bu ers is su ciently large to ensure that the superpositon of their
output processes is reasonably modelled as a Poisson process. As aecon
guence of the Poisson arrivals assumption, we have that headers\e at the
scheduler bu er according to a Poisson process with rate

—_— J .
S M= +1=

This assumption is asymptotically exactfold ! 1 | if remains xed in the
limit [157, 176]. Also as a consequence of the Poisson arrivals asgtiom,
we have that bursts arriving at the link arrive according to a Bisson process,
where the total o ered load is given byJ .

Analysis of Scheduler Bu er Model

The Poisson arrivals assumption permits analysis of the schedulbu er
model as an M/D/1/V queue with arrival rate  and service times of length
1. To compute the probability that a header arrives to nd V headers
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already enqueued, we use known results [161] for B=D=1=V queue that
state blocking probability is given by

Ps = P(header blocked due to bu er over ow)
1
=1 P ; (8.21)
where =1 and
. I
1 X
- d jdi je2 ; =005V

i+1 =
do

andd =( q'e =il

In the case thatJ is small and/or V is large, the accuracy of (8.21) may
deteriorate due to failure of the Poisson assumption. In partidar, since
the Poisson assumption is only asymptotically correct, it is posdi that
interarrival times in the superposed process are not exactly ganentially
i.i.d. and exhibit some form of correlation. IfV is large, interarrival times
can interact in the scheduler bu er over a longer timescale thaif V were
small and increase the e ect long term correlation has on bu edynamics.
Therefore, the Poisson assumption is more likely to fail for laegvV. See
[157, 176] for further discussions. Using simulation as a benchmanke
quantify the deterioration of (8.21) as an approximation a¥ is increased.

To avoid making the Poisson assumption, we can instead assume that
interarrival times of headers owing to a given edge bu er ardeterministic,
which is asymptotically correct forM ! 1 . In this case, the scheduler
bu er model is analysed as @=D=1 queue that is fed by the superposition
of J i.i.d. deterministic streams, each with an interarrival time & M=+
1= . Known results [46] for the tail probability of a D=D=1 queue fed by
the superposition of multiple i.i.d. deterministic streams carbe used to
provide an approximation for blocking probability. Howevey this approach
is intractable for large J.

Another approach is to use formulae derived in the appendix 087] to
characterise the superposed process in terms of its mean and coent of
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variation. Since the coe cient of variation of the superposedrocess is less
than unity, it can be tted to an Erlang distribution. This all ows for analysis
of the scheduler bu er model as arE=D=1=V queue.

In summary, the scheduler bu er model can be analysed in terms either
an M=D=1=V queue with arrival rate , the tail probability of a D=D=1 queue
fed by J i.i.d. streams with interarrival time M= + 1= or an E=D=1=V
queue where the Erlang distributed arrival process has its rstiwvo moments
tted. All three approaches su er limitations. In this paper, we approximate
Ps using (8.21) as it was found to provide better accuracy than #hother two
approaches for typical values o andV, say 50 100 and 5 10, respectively.

Analysis of Link Model

The probability that a wavelength channel cannot be reservedue to con-
tention with existing reservations is given by

P, = P(burst blocked due to contention) = Ec(J ); (8.22)

where is the o ered load owing to an edge bu er, which appears as a sae
from the perspective of the link. Based on the Poisson assumptioet total
load o ered by all J edge buersisJ .

8.7.3 Numerical Evaluation

In this section, we demonstrate numerically that an optimal saduler bu er
size may exist and depends on the number of packets comprisinguadi and
the size of an edge bu er, which have been denoted Blsand K , respectively,
in this chapter.

We consider a conservatively chosen set of parameters, which arevgh in
Table 8.2, whereV, which denotes the scheduler bu er size, is the parameter
to be optimised givenM . The packet arrival rate at an edge bu er, , is the
only free variable and is chosen to ensuf, as given by (8.18), is within a
reasonable range.

Fig. 8.11 shows plots of packet blocking probability as a fution of
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Table 8.2: Set of parameters

Notation Description Value
N Route hop count 4
1 Per-hop header processing delays 5@
2 Per-hop worst-case queueing delaysV( 1) ;
Switch recon guration time 0
Length of o set period HV .+
J Number of edge bu ers 100
Number of wavelength channels 25
K Edge bu er size 40

scheduler bu er size for the set of parameters specied in Table.B and
M=K =0:5;0:625 0:75. Plots depicted with a dashed line and solid circular
data points correspond to simulation, while plots depicted h a solid line
correspond to our analysis. Suboptimal performance resultsM is chosen
such that M=K > 0:75 orM=K < 0:5 becauséd>, or Pg, respectively, increase
markedly and emerge as the dominant term in (8.18). Fig. 8.14duggests
that M=K = 0:625 and a scheduler bu er size of about 10 gives optimal
performance if minimisation of packet blocking probabilityis critical. This
corresponds to worst-case per-hop header queueing delays 0fs90

Fig. 8.12 shows plots of packet blocking probability as a fution of mean
packet queueing and aggregation delay faM=K = 0:625. These plots were
generated by varying the scheduler bu er size over an appropte range
an keeping xed. For a scheduler bu er size of 10, an arbitrary packet
encounters less than 6 ms of delay before it begins transmissidfig. 8.12
con rms that shorter queueing and aggregation delays are aelvable with
a scheduler bu er of size less than 10, but results in a dramaticarease in
packet blocking probability. In particular, a 2 ms reductio is delay yields an
increase in packet blocking probability of more than 2 ordersf magnitude.

For M=K = 0:625, Fig. 8.13 shows plots of the lower bounds fét
provided by Ps, P and P,, which have been determined analytically and
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Figure 8.11: Packet blocking probability as a function of sa&duler bu er
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Figure 8.13: Bounds given bys, P, and P, computed analytically and com-
paredtoP =1 (1 P P P as computed via simulation;
M=K =0:625

compared toP =1 (1 Pg)(1 Pe)(@d P.) as computed via simulation®
For a scheduler bu er of size less than 10, provides the tightest bound as
not enough variability in the header arrival process is absodal, resulting in
a relatively large number of headers arriving to nd a full schduler bu er.
While for a scheduler bu er of size greater than 10P, provides the tightest
bound as a prolonged o set period required by an increase in scuder bu er
size results in a relatively large number of packets arrivingpt nd a full edge
bu er. A su cient number of wavelength channels are availabé to preclude
P. from emerging as a dominant bound.

Figs. 8.11, 8.12 and 8.13 suggest that errors incurred in invaki As-
sumptions 1 and 2 depend on whether or not the transition at whicPg is
succeeded by, as the tightest bound forP occurs for su ciently small V.
(Recall that V denotes scheduler bu er size in this chapter). In particular,

9We use the word bound here in the sense thaPs;Pe;P. P, whereP =1 (1
Ps)(1 Pe)(1  Pg). However, we do not claim that Ps; Pe; P P, whereP is the exact
packet blocking probability determined without invoking Assumptions 1 and 2.
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our approximation for Pg, as given by (8.21), deteriorates a¥ is increased
because interarrival times can interact in the scheduler bureover a longer
timescale than ifV were small and increase the e ect long term correlation
has on bu er dynamics. However, the accuracy of our approximain for P,
does not depend orV. Therefore, if P is succeeded byPs for su ciently
small V, any error in Ps that results in a reduction from its true value is
masked byP. and does not propagate td°.

For example, forM=K = 0:5, our approximation for Ps admits noticeable
error for V > 7 and this error propagates td® until P is succeeded by as
the tightest lower bound at aboutV = 15. Hence,P regains its accuracy as
V is increased beyond 15. Fdvi=K = 0:675 0:75, the transition at which P,
succeed$5 occurs for a value ol at which our approximation of Ps admits
negligible error.

A weak-point of our approximation is that it scales poorly wih K and
M. As described in Section 8.5, we have "‘compensated' for this inagher ad
hoc manner by increasing the mean length of a packet's transmissiperiod.

As an alternative, Fig. 8.14 suggests that although the ratidM=K is not
entirely su cient in itself to determine the optimal scheduler bu er size, if
any, it does seem to allow for a scalable approximation wherebye optimal
bu er size is determined in terms oM=K , instead ofM andK . In particular,
Fig. 8.14 shows that for the set of parameters specied in Table.B the
optimal value of V lies in the range 10 11 for several values oM and K
such that M=K = 0:625.

8.8 Chapter Summary

Using our analytical results, we divided a two dimensional delalocking
QoS space into four quadrants corresponding to OBS-only and Gebnly
guadrants, an OBS or OCS quadrant and a quadrant encompassingaitain-
able QoS. Hence, we were able to determine which of OBS or OCSudto
be used to achieve a prescribed QoS while maximising utilisation

For the rst time, we considered auni ed model comprising both: edge
bu ers at which arriving packets are aggregated and enquedeaccording to a
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scheduler bu er size seems to depend only ai=K rather than M and K
individually
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vacation-type service discipline with nondeterministic setqutimes; together
with, a core network comprising switches arbitrarily intercanected via bres
to allow transmission of packets from an edge bu er to their desd egress
point through use of a dynamic signalling process to establish alttpath.
We saw that previously analysed models of OCS and OBS have eithzren
for a stand-alone edge bu er or a core network without edge bering.

We compared OCS with OBS in terms of packet blocking probaliy due
to edge bu er over ow and blocking at switches in the case of OBSnean
packet queuing delay at edge bu ers; and, wavelength capagittilisation.

Also for the rst time, we derived the exact blocking probabiliyy for a
multi-hop stand-alone OBS route, assuming Kleinrock's indepelence, which
is not simply a matter of summing the stationary distribution of an appro-
priate Markov process over all blocking states, as has been shotwrbe the
case for an OCS route.

Our main nding was that sacri cing an assurance of no blocking teeach
intermediate node with the use of OBS is not as attractive in djcal networks
as its analogue of tell-and-go was in ATM. We saw that this is lmause OBS
is less apt at dealing with wavelength continuity constraintghan centrally
controlled forms of OCS.

To end this chapter, we dimensioned a bu er in which headers aren-
queued during times an OBS scheduler is overwhelmed. Thisaalled us to
investigate the validity of the commonly held assumption that kbader queue-
ing delays in an OBS scheduler bu er are negligible.

We demonstrated numerically that an optimal scheduler bu er sie may
exist and depends on the number of packets comprising a burst aride
size of an edge bu er. For the particular numerical example osidered, we
veri ed our analysis using computer simulation as a benchmarkna showed
that packet blocking probability is minimised if at most about10 headers can
be enqueued in the scheduler bu er and the number of packetsmprising
a burst is about Q6 times the number of packets that can be enqueued at
an edge bu er. Therefore, we provided a rule of thumb for detmining the
optimal size of a scheduler bu er and the number of packets comging a
burst.
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Chapter 9

Optical Hybrid Switching - the
Marriage of Burst and Circuit
Switching

We saw in Chapter 8 that neither OCS nor OBS are without their sha-
comings. OCS and wavelength routing lack the exibility to staistically
multiplex wavelength capacity on the same timescale as OBS, ih OBS
cannot guarantee successful packet transmission in cases of wangdle con-
tention. As such, it seems only natural to seek the best of both wad by
considering a hybrid approach to switching that allows both O6 and OBS
to coexist.

Hybrid switching is not a new concept. It was considered in the aotext
of combining packet and circuit switching in ATM networks. Ths arose out
of the desire to integrate voice and data communications usirg common
transport layer. For further details on the development of higrid switching
in ATM and conventional telephony networks, see [24, 51, 99,3,0156, 174,
197, 198].

Optical hybrid switching (OHS) has been discussed in [135]. In @R it
is explained that one appeal of OHS is that it o ers the exibilty to pro-
vide di erentiated services at the optical layer. In particdar, wavelength
routing, OCS and OBS can coexist to provide a so-called polynpiric op-

275
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tical layer that o ers both guaranteed end-to-end delay fowvoice and other
real-time services and signi cant statistical multiplexing fo best-e ort traf-
c. For example, data and voice could be switched using OBS andG3,
respectively, while private lines could be wavelength route OCS is typi-
cally given priority to network resources, thereby relegatig OBS to play the
role of a scavenger. OBS scavenges the remaining network resesr which
have not been utilised by OCS, to switch best-e ort tra c. Better statistical
multiplexing is achievable with a polymorphic optical laye in contrast to
dedicating network resources to multiple monomorphic laysy each of which
o ers a QoS tailored to a particular application.

The main contribution of this chapter is to derive a computaionally
tractable analysis of a model for a stand-alone link in an OHS neork. We
foremost determine the exact circuit and burst blocking proUdailities based
on the stationary probabilities for the Markov process that weuse to model
a stand-alone link. We then proceed to develop scalable appmmations that
can be used to dimension OHS networks of realistic size. We analysest
cases: bursts and circuits are assigned equal priority; and, aiits are as-
signed preemptive priority. The latter case increases the Qo$atentiation
between best-e ort services that are switched using OBS and rei@ine pre-
mium services that are switched using OCS. Furthermore, the l&r case
ensures that existing levels of service provided by OCS are miiimed as a
network is hybridised to allow for OBS. In other words, OBS is imoduced
into an pure OCS network to improve utilisation by playing therole of a
scavenger that utilises the scraps of bandwidth unutilised by C&

This chapter is organised as follows. We develop our stand-aéotink
model in Section 9.1. An exact analysis and several scalable appmations
for circuit and burst blocking probabilities are derived in ctions 9.2 and
9.3 for the no priority and priority cases, respectively. In Sé¢ion 9.4, the
sensitivity of our analytical results to burst length and circut holding time
distributions as well as to the distribution of inter-arrival times is quanti ed
with computer simulation. To end this chapter, we tackle a dirensioning
problem in Section 9.5.
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9.1 Stand-Alone Link Model

We consider an arbitrary stand-alone link comprisingk wavelength channels.
A burst or circuit that traverses a route comprising this link seks to reserve
one of theK wavelength channels during its transmission period.

Let M denote the number of input wavelength channels that feed iot
our stand-alone link. Each burst or circuit that traverses our sind-alone
link must have arrived via one of theM input wavelength channels. At the
interface of theM input wavelength channels and th&k wavelength channels
comprising our stand-alone link is an intermediate node thatansists of an
optical cross-connect and its associated control logic.

Throughout this chapter, we continue to uphold Assumptions A.2, A.4.3
and A.4.4, which were all de ned in Chapter 4. In particular, ve assume full
wavelength conversion is available; we assume that the sepaoatibetween
the beginning of a transmission period and the time at which a regst was
made to reserve that transmission period is constant for both cinds and
bursts; and, the control logic and scheduler is able to procesd ed¢quests
without fail.

The blocking probability for both bursts and circuits is zeroif M K.
We are therefore interested in analysing the cagd > K . In the case that
M K, Assumption A.4.1 becomes valid and our model reduces to an
Erlang system for which the Erlang B formula can be used to deteine the
burst or circuit blocking probability. See (4.1) in Chapter 4

The reason why the Poisson arrivals assumption (Assumption A.4.1) is
valid if M K is because it is well-known that the superposition of indepen-
dent equilibrium renewal counting processes converges to aigdmn process
as the number of component processes becomes large and eactheivt
individual processes gets sparse with the total rate xed. See33176] for
details. This means that a Poisson process is a sound approximatir the
superposition ofM component processes i is large. To use the Erlang
B formula, we further require that M K, otherwise if M K, we have
already argued that the blocking probability for both burstsand circuits is
zero.



278 CHAPTER 9. OPTICAL HYBRID SWITCHING

For the practical case in whichM is of the same order a& , Assumption
A.4.1is no longer valid. This is the case that is of most interesbtus in this
chapter.

In summary, we continue to uphold Assumptions A.4.2, A.4.3 and A.4.4
but we can relax assumption A.4.1 because we no longer assuvhe K.

From the perspective of our stand-alone link, each of thil input wave-
length channels behaves as a source. A source is said toolmeduring the
period it is transmitting a burst or circuit, otherwise it is saidto be o . An
on period corresponding to a circuit spans the circuit's ent holding time,
including a possible setup and tear-down period.

We assume that the on period corresponding to a burst is exponeaity
distributed with mean 1= , and the on period corresponding to a circuit
is exponentially distributed with mean .. Furthermore, we assume that
each o period is independent and exponentially distributedvith mean 1= .
At the completion of an o period, either an on period correspading to a
burst begins with probability p, or an on period corresponding to a circuit
begins with the complementary probabilityp. =1 p,. Let .= p.and

b= Po.

In practice, we typically have &= . 1= ,and 4 .. Depending on
the value chosen for the average holding time of a circuit=1,, circuits in
our model could represent either semi-permanent lightpathstblished with
wavelength routing or short-lived end-to-end connectionsstablished with
one of the dynamic forms of OCS considered in Chapters 6 and 7.

It may seem that we have de ned an Engset system witM sourcesK
servers and two arrival classes. However, applying the usual Eng$atmula
[48, 74] overestimates blocking probability for our stand-ahe link model.
This is because an Engset system behaves such that a source can gémer
a new call immediately after it has generated a call that is bkcked. In
particular, immediately after a source generates a call thas blocked, it
continues to generate new calls at the usual arrival rate. Hower, this is
not what happens in OBS. In OBS, a source enters a so-called fozstate
immediately after it has generated a blocked burst and remasrin the frozen
state until all the packets in the blocked burst are transmitted The term
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Table 9.1: Models for a stand-alone OCS and OBS link comprisig wave-
length channels that are fed byM input wavelength channels, where each of
the M input wavelength channels behaves as an on/o source

M K M > K M K (Poisson arrivals)
OCS link  No blocking Engset Erlang
OBS link No blocking Generalised Engset [41, 199] Erlang

“frozen state' was coined in [199].

A source that is transmitting packets corresponding to a blockkburst
is said to be dumping packets. The length of a frozen state is expmtially
distributed with mean 1= . A source that is dumping packets cannot gener-
ate new bursts. As soon as all the packets comprising the blockedrstthave
been dumped, the source leaves the frozen state and an o peribdgins
immediately.

Therefore, we see that ifM K, the Poisson arrivals assumption is
valid (Assumption A.4.1) and ensures the modelling of a stand-alenlink
in an OBS network is no di erent to the modelling of a stand-aloe link in
an OCS network. Indeed this is conditional on Assumptions A.4.2A.4.3
and A.4.4 being upheld. In particular, the Erlang B formula ca be used
to compute the probability that a circuit or burst is blocked. See (4.1) in
Chapter 4.

However, if we do not haveM K, the Poisson arrivals assumption
is no longer valid. In this case, a stand-alone OCS link is welladelled as
an Engset system for which the Engset formula can be applied to cpate
blocking probabilities. This is a long-established result thais discussed
in [35, 48, 74, 84, 131, 150]. In contrast, to account for frazestates, an
augmented Engset-like system is required to model a stand-alo@8S link if
we do not haveM K. This generalised Engset system with an augmented
state-space accommodating frozen states in addition to the uswan and o
states inherent to the conventional Engset system was revamped[#1, 199].
(We take a closer look at the historical development of the gersdised Engset
system in Section 9.7.) These observations are summarised in TaBlé.

Finally, in this chapter, we assume that a blocked circuit or bist is lost
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and does not return at a later time.

Therefore, the main contribution of this chapter is to genalise the ex-
isting models listed in Table 9.1 to the case of OHS. We set out to cpuite
the probability that a burst or circuit is blocked in our OHS mocel.

9.2 Analysis of the Un-Prioritised Case

We begin by computing the probability that a burst or circuit is blocked for
our model of an OHS link in the case that bursts and circuits are agsied
equal priority.

9.2.1 Exact Blocking Probabilities

We refer to the M input wavelength channels as sources. Each of tis
sources can be in one of four states: an o state, a frozen state, am state
corresponding to the transmission of a circuit or an on state cosponding
the transmission of a burst. A source is idle in the o state, while a soce
that is transmitting either a circuit or a burst is said to be actve. A source
cannot transmit a circuit and burst simultaneously.

Let Xij« be the state thati sources are transmitting burstsj sources are
transmitting circuits and k sources are frozen. The number of idle sources is
thus determined and given byM i | k. Let

be the state-space of the Markov process underlying our modelaf OHS
link. Furthermore, let

ik = P(Xije = X); x2

be its steady-state distribution. Under appropriate ergodicit conditions, a
unique distribution exists and can be computed by solving the lowing set
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of balance equations. For + j <K

ijk (I1+K) p*+] c+(M i j k)
= gjk+(k+1) p
+ ij 1k M (i+] 1+Kk) o
+  gjax( 1) .
+ i MO (I 1+j+Kk) b
+ ek (i + 1) (9.1)

and fori+j = K,

ik (M K K) p+(k+10) p+] ¢
= i (M K+1 k).
+ kM K+1 K)oy
+ g+ (k+1) p

+ izisk 1(M K k+1) b- (92)

In (9.1F} and (9.2), ijx =0for X;jx Z . Introducing the normalisation
equation ... ijx =1 givesrise to a linearly independent set of equations,
which can be solved numerically.

The total load o ered by circuits and bursts is given by

To= M i jJ K(b=bt =0 ijks
ik

and the total load carried by circuits and bursts is given by

X . .
Te= (+7]) ik
ik
Therefore, the blocking probability perceived by an arbitary circuit or burst
Numerically solving the set of equations given by (9.1) and (9.2s not
scalable for largeK and/or M. We therefore consider two approximations to
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estimate the blocking probability perceived by an arbitrarycircuit or burst
for realistic values ofK and M.

9.2.2 First Approximation

The dimension of the underlying Markov process can be reduceadrh three
to two by considering an approximation in which no distinctionis made be-
tween a source that is transmitting a circuit and a source that isransmitting
a burst. With such an approximation, we require one less dimensitvecause
we keep track of the total number of sources that are transmittig either a
burst or circuit instead of separately keeping track of the numdr of sources
transmitting circuits and the number of sources transmitting bursts. There-
fore, each of theM sources can be in one of three states: an o state, a
frozen state or an on state. A source in the on state is either transting
a circuit with probability p. or a burst with the complementary probability
pp. However, for a given realisation, we do not know whether an onage
corresponds to a circuit or burst. We can only claim that a sourca the on
state is transmitting an entity.

We set the mean transmission time of this entity to be the weightedver-
age of the mean circuit transmission time and the mean burst transgsion
time. Furthermore, we assume the transmission time of this entitis expo-
nentially distributed and independent. This results in an appoximation be-
cause the actual transmission time of this entity is in fact hypeexponentially
distributed. In particular, we assume each on period is expongly dis-
tributed with mean 1= = = )+ ( ). This is irrespective of
whether the on period corresponds to a circuit or burst.

Let X;x be the state that] sources are transmitting either a circuit or
burst and k sources are frozen. The number of idle sources is thus deteredn
and given byM j k. Let

be the state-space of our approximative Markov process.
As before, under appropriate ergodicity conditions, a uniqustationary
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distribution, x = P(Xjx = X), X 2 4, exists and can be computed by
solving the following set of balance equations. Fgr< K ,

ik I +tkp+tr(M | k)
= (M j+1 k)
+  jks(kK+1) p
+ k@ +1) (9.3)

and forj = K,

K:k K + Kk b+(M K k) b
= K 1;k(M K+1 k)

kik+1 (K+1) p
+  kk (M K+1 K) p (9.4)

+

In (9.3) and (9.4), ik = 0 for Xj;k z .
The total load o ered is given by

= M K)(= ) jik )

Therefore, our approximation of the blocking probability grceived by an
arbitrary circuit or burst is given by (%, F)=F..

We continue by developing a cruder albeit more scalable appimation
that bears much similarity to the conventional Engset formula Our second
approximation is based on the Engset formula with mean on pedol=
and a modi ed mean o period, which is determined by solving a xed-point
equation with successive substitution.
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9.2.3 Second Approximation

We consider a conventional Engset system for which the mean o ped is
given by

T prep 2Ee T (95)
b

wherep is the probability that all K servers are busy at the time instant just
before an arrival. The mean on period remains as1 .

Equation (9.5) can be explained as follows. Whether it be a cuwit or
burst, a new arrival is not blocked with probability 1 p, in which case the
mean o period is 1= . This explains the rst term in (9.5). Otherwise, a
new arrival is blocked with probability p. The new arrival is a burst with
probability ,= . Inthe case of a burst, the 0 period comprises a frozen pe-
riod with mean 1= | followed by a usual o period with mean & . Therefore,
resulting in a prolonged o period with mean & +1= . The new arrival is
a circuit with probability .= . In the case of a circuit, the mean o period
is 1= . Weighting 1= + 1= , and 1= by the appropriate probabilities gives
the second term in (9.5).

The probability that all K wavelength channels comprising the link are

not free at the instant just before the arrival of a request to resee a wave-
length channel for a circuit or burst is given by

p=Eng( ; M LK)=p (9.6)

i=0 Mi (=)
which is the conventional Engset formula for call congestion.

The relation betweenp and 1= expressed by (9.5) and (9.6) de nes a
xed-point equation. The solution of (9.5) and (9.6), which onsists of values
for pand 1= , may be computed numerically with a successive substitution
algorithm of the same kind we described in Chapter 4 in the conte of
Erlang's xed-point approximation. In particular, we let (0) = denote
the rst iterate. While j (n) (n 1)j> ,n 1, we generate another
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iterate such that
1= (n+1)=1= +Eng( (n); ;M 1L1LK)= : (9.7)

We prove that a unique solution exists for the set of equations aed by
(9.5) and (9.6). This is tantamount to provingf (x) =0, x 0, has a unique
solution, wheref (x) = = + Eng(x; ;M 1K) x.

Lemma 9.1 A unique solution exists for

Fx)= + Eng(x; ;M 1K) x=0; x 0

Proof: To establish that a solution exists, we observe thdt(x) is continuous
and changes sign at least once for 0 becausd (0)= andf(x)! 1
asx !'1 . To establish solution uniqueness, suppodgx;) = f(x;) = 0,
X2 >x1 0. According to the mean-value theorem

f(x2) f(x1)=fL)x2 x1); Xz X1, (9.8)

where
2 Eng{; ;M LK)

+ Eng(; M LK)’

We havef ( ) < 0 because Eng( ;M 1;K) increases monotonically with
and therefore En§(; :M 1;K) > 0. Sincef () < 0, to ensure (9.8)

holds, we must havex, = X;.

We are unable to prove that iterating according to the success&vsub-
stitution algorithm de ned by (9.7) is guaranteed to conver@ to the unique
solution of (9.5) and (9.6). We remark that the convergence pof of (9.7)
we provide in [168, 192] is incomplete. In particular, to coptete the conver-
gence proof presented in [168, 192], we need to prove that theéde iterated
operator @(x) =  (x) = x has only one solution, namely the solution
it inherits from ( x) = x.! Furthermore, we need to show that the unique
xed-point of ( x) = x liesin the interval [ ( ); ].

1

fY) =

1See [168, 192] for the de nition of (x). We have (x)= f(x)+ Xx.
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In practice, we have found that iterating according to (9.7)always con-
verges to the unique solution. For a possible case in which iteian fails to
converge, we can rely on a binary search over the interval;[Q to nd the
unique solution  to the required accuracy. We have never had to resort to
a binary search.

In writing (9.5), we have assumed that o periods in our xed-pant
approximation are exponentially distributed. Note that for aur rst approxi-
mation, we only assumed on periods were exponentially distritad. It seems
reasonable to assume o periods are exponentially distributecebause of the
close resemblance our system has to a conventional Engset systemicivis
known to be insensitive to the distribution of on and o periods T4].

9.3 Analysis of the Prioritised Case

We compute the probability that a burst or a circuit is blockedin the case that
circuits a given preemptive priority over bursts. Introducirg priorities allows
QoS di erentiation between best-e ort services that are switbed using OBS
and real-time premium services that are switched using OCS. Rhermore,
introducing priorities ensures that existing levels of servicprovided by OCS
are maintained as a network is hybridised to allow for OBS.

In the prioritised case, a wavelength channel that is in the paess of
transmitting a burst can be immediately allocated to a new cingit if none
the other K 1 wavelength channels are available. This burst is said to have
been preempted and is considered blocked.

9.3.1 Exact Blocking Probabilities

The state-space of the underlying Markov process is the same astfte un-
prioritised case. It is only the set of balance equations de nelly (9.2) that
need to be replaced to take into account the fact that a circtican preempt
a burst if none of theK wavelength channels are available. Note that (9.1)
still holds. The set of balance equations de ned by (9.2), whicpertain to
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the casei + | = K, are replaced with the following. Forj = K,

ik (M K K) p+(k+10) p+] ¢
= i M K+1 K)oy
+ k(M K+1 k) ¢
+ ks (k+1) p
+ gk 1M K k+1)
+ sy ok (MK k+1) (9.9)

and forj <K ,

ijk (M K k) +(k+1i) p+] ¢
= i (M K+1 K)oy
+ (M K+1 0 k) .
+ gk +(kK+1) p
+ g (MK k+1)
+ ok 1M K k+1) (9.10)

It is only the left-hand sides of (9.9) and (9.10) that di er. Forj <K , there
is less thanK circuits in progress and therefore an additional circuit cabe
admitted by preempting a burst in progress. This remainder of s burst
is dumped. Forj = K, there areK circuits in progress and therefore an
additional circuit cannot be admitted.

Under appropriate ergodicity conditions, a unique stationarydistribu-
tion exists and can be computed numerically by solving the set dfalance
equations de ned by (9.1), (9.9) and (9.10).

Let T2 and T¢ be the total load o ered by bursts and circuits, respec-
tively. Also, let T and TS be the total load carried by bursts and circuits,
respectively. Therefore,

X
= M i | K(x=x ik Xx2fba;
ik
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and,

ik ik
The blocking probability perceived by a circuit is TS  TS)=TS and the
blocking probability perceived by a burst is T?  T2)=TP.
A scalable approximation for the exact stationary blocking posbability

is now derived by decoupling the underlying Markov process @urding to
bursts and circuits.

9.3.2 An Approximation for the Prioritised Case

Our approximation consists of two stages. Both stages are based dret
conventional Engset formula in which the mean o period is macded in much
the same manner as we did in Section 9.2.3. The rst stage yieldset exact
blocking probability perceived by circuits and the state digtibution p;, j =

state. In the second stage of our approximation, we estimate thdolgking
probability perceived by bursts by conditioning on the state wtribution
computed in the rst stage.

From the viewpoint of a circuit, the distinction between a waelength
channel that is transmitting a burst as opposed to a wavelengtthannel that
is dumping a burst does not exist. In either case, the wavelengtthannel
appears active. Therefore, we call a wavelength channel tha either trans-
mitting or dumping a burst as active. In other words, our activestate is a
lumping together of frozen states with on states. The rst stage athe ap-
proximation makes use of the fact that a wavelength channel ether active
or inactive from the viewpoint of a circuit. Therefore, at ay time instant,
each of theM sources andK wavelength channels is either active or inactive.

For an inactive source, the next arrival is a burst with probablity =
and a circuit with the complementary probability .= . The e ect of burst
arrivals can be exactly taken into account by prolonging thenean o period
between two successive circuits. Let the modi ed mean o perioddiween
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two circuits be 1= % which is given by
1= %= ( =)A= )+ ( b= )A= +1=p+1=9; (9.11)

or
1= = 1= +( b= C)(]_: +1= b):

Theterm 1= +1= p+1= %n(9.11) is the mean o period given that the next
arrival is a burst, which occurs with probability ,= , while the term 1= is

the mean o period given that the next arrival is a circuit, which occurs
with probability .= . Therefore, the exact blocking probability perceived
by circuits is given by Eng( % M 1K) and the state distribution is

given by

(=)

M

=)

B =P
iz i (

The second stage of our approximation involves estimating theulst
blocking probability by conditioning on the state distributionp;,j =0 :::;K.

in progress using the approximation based on the Engset formulativmod-
ied o period derived in Section 9.2.3. In particular, the gpproximation
derived in Section 9.2.3 is applie& +1 times to compute the burst blocking

modi ed mean o period between two successive bursts givgncircuits are
in progress, which is given by

1= () = 1 P()=p+P ()A=p+l=y: (912

Given that j circuits are in progress, an arriving burst is dumped if there
is a total of K j bursts in progress. Therefore,

P(@G)=Eng( (j); sM | LK j)
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To solve forP (j) and 1= (j) in (9.12), we use successive substitution.

by a burst is estimated with the quasi-stationary approximationgiven by
K .

9.4 Numerical Evaluation

In this section, we gauge the error owing to the assumption ungenning
the approximation we developed in Section 9.2.2. For this gpoximation, we
assumed on periods were exponentially distributed when in fattey were
hyper-exponentially distributed. We also use computer simulan to test
the sensitivity of our exact expression for blocking probabilt (assuming
exponentially distributed on and o periods) presented in Seabn 9.2.1 to
gamma distributed on and/or o periods. In this section, we onlyconsider
the un-prioritised case. Similar numerical results for the poritised case are
presented in [168]. The accuracy of our xed-point approxinteon for the
un-prioritised case is also quanti ed in [168].

To test sensitivity, we implemented simulations for two cases: ganma dis-
tributed on periods and exponentially distributed o periods; and, gamma
distributed on and o periods. We also implemented a simulationdr expo-
nentially distributed on and o periods to verify the correctness of the results
presented in Section 9.2.1.

For gamma distributed on and/or o periods, we tted the mean ard
considered three di erent values of the shape parameter assdeih with the
gamma distribution. We setM = 10, K =5 and ensured , = .. We
considered , = 10* . and ,=10? ..

We plot blocking probability as a function of the normalised ntended
tracload ( M=K)( ,= p+ <= () using computer simulation, our rst ap-
proximation and the exact results derived in Section 9.2.1.

Our numerical results are presented in Fig. 9.1. These resultsdinate
that although blocking probability is not completely insendive to the dis-
tribution of on and/or o periods, as is the conventional Engsesystem, the
sensitivity is mild enough to allow for reasonable estimates irhé case of
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gamma distributed on and/or o periods. These results also verifyhat our
approximation is accurate over a wide range of blocking prabilities.

9.5 Dimensioning

In this section, we consider dimensioning our stand-alone linkadel for the
un-prioritised case. The dimensioning problem we consider irves deter-
mining the minimum number of wavelengths required to satisfy prescribed
blocking probability for a given o ered load.

We have a state-dependent arrival process and therefore theesed load
depends on the state distribution of the number of busy waveletigchannels.
To dimension properly, we would need to determine o ered loaaks a function
of blocking probability, which is a di cult problem to solve analytically. Note
that this problem does not arise in an Erlang system because o eréoad is
independent of blocking.

As an approximation for this dimensioning problem, we proposeotdi-
mension in terms of the intended o ered load;T, which is independent of
blocking and de ned asT = M( ,+ ¢)=(1+ p+ (), where ,= = pand

c= = ¢ We use the intended o ered load as a surrogate for o ered load.

Our dimensioning procedure is iterative. Each step involveaérementing
the number of wavelengths and recomputing the blocking pralbility using
our exact results presented in Section 9.2.1 or either of the &mapproxima-
tions. The dimensioning procedure terminates once the predweid blocking
probability is attained.

The accuracy of our dimensioning procedure relies on the \dity of ap-
proximating o ered load with intended o ered load. Recall fom Section
9.2.1 that the total load o ered by circuits and bursts is give by

X
To= (M 0 J K(b* o ij; (9.13)
ik



292 CHAPTER 9. OPTICAL HYBRID SWITCHING

10™ . . . . . . 10"
alorz ] 2
= 2 -2
3 5107+
© ©
Qo Q
[ o
a10°} a
j=2) =}
£ i
x x
[5} o -3
oS 2107
@ 10° —e— exact I @ —e— exact

—=— approx. —=— approx.
-+ - sim-exp-on/off -+ - sim-exp-on/off
x= sim-gamma-on -x-- sim-gamma-on
5 2 sim-gamma-on/off " 2 sim-gamma-on/off
10 . : ; - 10 . : : :
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
Normalized intended offered load Normalized intended offered load

(a)M:]-OaK:S! b:104 Cs b: Cy (b)M:101K251 b:102 Cy b: Cy
shape parameter of gamma distribution shape parameter of gamma distribution =

=0.1 0.1

10" ‘ ‘ ‘ ‘ ‘ ‘ 10™
2,2 2.2
= 107+ z 107+
[ [}
Qo Qo
< e
o [ %
j=2} j=2)
£ £
S 3 S 3
9107} 5107}
o —— exact o —— exact

—=— approx. —=— approx.
- * - sim-exp-on/off - * - sim-exp-on/off
x- sim-gamma-on -x-- sim-gamma-on
" 2 sim-gamma-on/off " 2 sim-gamma-on/off
10 . : : - 10 . : : :
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
Normalized intended offered load Normalized intended offered load

()M =10,K =5, p,=10* , b= ¢ (d) M =10,K =5 ,=10% ;, pb= o,
shape parameter of gamma distribution shape parameter of gamma distribution =

=2, 2
10" ‘ ‘ ‘ ‘ ‘ ‘ 10"

> >

2 -2 e -2

3 107 ¢ z 10" ¢

[ [

Qo Qo

[ g

o o

j=2} jo2)

£ £

S 3 S 3

2107 210

o —— exact o —— exact
—s— approx. —=— approx.
- * - sim-exp-on/off - * - sim-exp-on/off
-x-- sim-gamma-on -x-- sim-gamma-on

" 4 sim-gamma-on/off " 4 sim-gamma-on/off
10 . . . : ; : 10 . . . : ; :
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
Normalized intended offered load Normalized intended offered load

()M =10, K =5, ,=10% ¢, p= , ()M =10,K =5, =102 ¢, b= .,
shape parameter of gamma distribution shape parameter of gamma distribution
=10 =10

Figure 9.1: Blocking probability as a function of the normased intended
tra c load for the un-prioritised case, computed using simulaton, the exact
results (assuming exponentially distributed on and o periods) gesented in
Section 9.2.1 and the approximation presented in Section 22
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and the total load carried by circuits and bursts is given by

X - .
Te= (i+]) ijk: (9.14)
ik

We also have that the blocking probability, B, perceived by an arbitrary
circuit or burst satis es the relation

T.=(1 B)T.: (9.15)

Rearranging (9.13) gives

X X
(bt o) M (+]) ijx K i
ik ik

To

!
X !
= M T K ik (9.16)

ik

where = ,+ .. Using (9.15) and (9.16), we have

P
M ik K ik

=1+ @ B 1+ @ B) (9.17)

which is not necessarily equal to the intended o ered load = M=(1+ ).

The validity of dimensioning in terms of T instead of in terms of T,
depends on how well approximatesT,. By (9.17), we see thafT T, if B
is small and the probability of entering a frozen state is small.

To verify that dimensioning in terms of T is valid, we numerically show
that T T, if B is su ciently small. We consider a case in whichM =15
and ,=10%2 .. We set ,and .toensure ,= .. TocomputeB and T,,
the exact results derived in Subsection 9.2.1 are used.

In Fig. 9.2, we show thatT T, for B  0:01. Therefore, we can use our
dimensioning procedure with con dence iB  0:01. Otherwise, ifB > 0:01,
the intended o ered load appears to be a lower bound for the ered load.
This results in the provisioning of too many wavelength chante However,
this over-provisioning is negligible. For example, if we warno provision for
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Figure 9.2: Intended o ered load,T, and o ered load, T, as a function of
blocking probability; =0:1 (upper), =0:3 (lower)

a blocking probability of 10% and given = 0:3, we see from Fig. 9.2 that
dimensioning in terms ofT means that we over-provision by less than 1%.

In Fig. 9.5, we demonstrate our dimensioning procedure by ptotg the
minimum number of wavelengths required to satisfy a range of gscribed
blocking probabilities.

9.6 Other Forms of Optical Hybrid Switching

The relatively simple form of OHS we have considered in this chegp is only
one of many possible forms of OHS that have been discussed in theréitare.
For example, in [83], an alternative form of OHS called interediate node
initiated (INI) has been proposed.

With INI, acknowledged reservation is used to reserve a wavelehghan-
nel in each of the links preceding a chosen intermediate noaea route, while
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unacknowledged reservation is used on each of the links suctegthe chosen
intermediate node. The chosen intermediate node is referramlas the initiat-
ing node. The ability to choose the position of the initiating wde allows for a
tradeo between pre-transmission queueing delays and blockjrprobability.
In particular, delay can be reduced by moving the initiatingnode closer to
the source, while blocking probability can be reduced by mawy the initiat-
ing node closer to the destination. OBS and OCS result if the indting node
is chosen as the source and destination, respectively. Therefoby choosing
an appropriate initiating node, QoS can be tailored on a perute basis to
Suit speci ¢ applications.

INI works as follows. Before transmission of a burst, a source rst ses@d
header to its initiating node. This header attempts to resem an appropriate
wavelength channel in each of the links preceding the initiag node in the
usual way by using either delayed or immediate reservation. As soas this
header reaches the initiating node, the initiating node seisdan acknowledg-
ment to the source that announces whether or not an appropriatwavelength
channel has been reserved in each of the links preceding thetiating node.

In the a rmative case, while the acknowledgement is propagamg to the
source, the initiating node allows the header to progress andtempt to
reserve an appropriate wavelength channel in each of the reimag links. As
soon as the source receives the acknowledgement, transmissiogirseeven
though the source is unaware of whether or not contention is psible at
the links succeeding the initiating node. Whereas in the netiee case, the
header is not permitted to progress and the source must retry oa@ receives
the acknowledgement that an appropriate wavelength chanheould not be
reserved in at least one of the links preceding the initiatingade. Therefore,
it is as if a burst is switched using OCS on the rst links of its roue and
OBS on the last links.

Other forms of OHS that combine wavelength routing with eithe OBS
or dynamic OCS are also possible.
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9.7 A Last Word on the Generalised Engset
System

In Section 9.1, we saw that the conventional Engset system is noh adeal
model for a stand-alone OBS link because it does not “freeze' ase during
the period in which a source is transmitting a blocked burst. Inther words,
according to the conventional Engset system, a source can gerera new
burst during the time it is dumping packets corresponding to albocked burst.
In practice, however, a source cannot generate a new burst chgithe time it
is dumping packets. To overcome this inconsistency, we saw thengealised
Engset system with an augmented state-space accommodating froztates
in addition to the usual on and o states inherent to the convenibnal Engset
system was revamped in [41, 199]. In this section, we take a closrk at the
generalised Engset system and its historical development, whiictberestingly
began well before the advent of OBS.

In 1957, J. W. Cohen considered two generalisations of the cemtional
Engset model:

1) Permitting the distributions of the holding time and inter-arrival time
to di er from source to source

2) Permitting the idle time distribution to depend on whetheror not the
previous call was successful

In [35], Cohen derived the call and time congestions for the st generalisa-
tion, however, he simply posed the second generalisation as algeon. The

second generalisation is required to model burst and packet sehied net-
works. This is because the distribution of the time until a sourcgenerates
a new burst or packet di ers according to whether or not the pre@ous burst
or packet was successful. In a leading teletra c text by Syski [1d, the call

and time congestions are approximated for the second genesation, though
it appears that Syski has overlooked that his results are in fa@an approxi-

mation. In this section, we point out Syski's apparent oversighwe improve
the accuracy of his approximation, and we provide an e cieni@lgorithm for

its numerical computation and prove its convergence.
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In [41, 129, 168, 199], a generalisation of the Engset model teen pro-
posed to model a stand-alone link in an OBS network. This gendisation
is required because the distribution of the time until a souréegenerates a
new burst di ers according to whether or not the previous burstvas blocked.
In particular, considering a particular source, and lettingk ; be the random
variable representing the period between the end of transmissiof a suc-
cessful burst and the arrival of the next burst (successful or not) anK,
the random variable representing the period between the avel of a blocked
burst and the arrival of the next burst (successful or not), we see &

E(K1) +1= = E(Ky);

where E is the mean length of the period required to transmit a burst.
This is because a period of mean length=1 is required for the source to
dump all the packets comprising a blocked burst. As we discussed iacBon

9.1, during this period, the source is said to be “frozen'. In ¢hconventional

Engset model,K; = K,. In what we call the generalisedEngset model,
it is possible that K; 6 K,. And for the particular case of OBS, we have
E(Ky) +1= = E(Ky).

It is important to remark that the generalised Engset model prposed by
Cohen permits the distributions of the holding time and interarrival time to
di er from source to source. In particular,K,; and K, may vary from source
to source. In this section, we con ne ourselves to the simple casewhich
homogeneity is preserved between sources.

Interestingly, Cohen posed theK; 6 K, case long before the advent of
OBS. However, in his derivation of the call and time congestignfor his
generalised Engset model, he reverted to the simpl&r, = K, case, though
he permittedK ; and K, to vary from source to source. In a leading teletra c
text by Syski [160], it appears that Cohen's results have beenismterpreted
as also holding for the generd{ ; 6 K, case. In particular, see pp. 173-179in
[160], where Cohen's results are re-derived. Although Cohsmesults are not
exact for the generalK, 6 K, case, they may provide an approximation for

2In the context of OBS, a source represents an input wavelength channel.
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the call and time congestions. Therefore, Syski's misinterpiion remains
useful as an approximation. Although Syski did not intend to intoduce an
approximation, we refer to his results as Syski's approximatn because they
do not yield the exact call and time congestions for th& ; 6 K, case.

Another approximation for call congestion for thek ; 6 K, can be derived
based on the same idea supporting (9.5) and our approximation Bection
9.2.3.

In this section, we improve the approximation based on (9.5) anshow
that our new approximation can be numerically computed witha binary
search that is guaranteed to converge. Finally, we numeritalverify that
our new approximation is more accurate than the ones in [168hd Section
9.2.3. Note that the approximation in Section 9.2.3, which ibased on (9.5),
was presented in the context of a stand-alone link in an OHS netwo Hence,
a source could generate either a burst or circuit. In this sectip we con ne
ourselves to a stand-alone link in an OBS network. This requisea trivial
modi cation of (9.5), namely, we x . = 0. Throughout this section, we
assume . = 0, which ensures all new arrivals are bursts. Furthermore,
we use as a shorthand for , and as a shorthand for ,. Recall that

= .+ ypthus xing =0gives = .

9.7.1 The Model

We are interested in Cohen's second generalisation of the Engestdel. We
consider a proper loss model comprisinyl sources o ering bursts toK
channels. We assume botM and K are nite integers andM > K , but not
M K. As M becomes large, our model degenerates to an Erlang system,
while if M K, the call congestion is zero. Neither of these cases interest
us here.

We assume the length of the period required to transmit a burst (hding
time) is independent and exponentially distributed with mea 1= .

At any time instant, each of theM sources is either active, idle or frozen.
A successful burst is transmitted during an active period, while &locked
burst is dumped during a frozen period. A source cannot geneeat new
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burst during an active or frozen period.

An idle period always follows an active or frozen period. We asse the
length of an idle period is independent and exponentially sliributed with
mean E . As soon as an idle period expires, the source generates a new
burst. The new burst is blocked if allK channels are engaged, which results
in a frozen period following the idle period. Otherwise, the ew burst is
successful if at least one of th& channels is not engaged, which results in
an active period following the idle period.

In terms of our K; and K, notation, we have K is independent and
exponentially distributed with parameter , whereaK, is a two stage Erlang
distribution, one stage with parameter and the other . Hence, we are
confronted with the K; 6 K, case.

We are interested in determining the call congestion, de nedsahe steady-
state probability that an arbitrary burst arrives to nd that a Il K channels
are engaged. For smalN and K, the call congestion can be computed
numerically by determining the steady-state distribution forthe Markov
process underlying our model. The states-space of this Markovogess is

(157)j1=0;1;::;K; ) =0;1,:::;N K , where state (;j ) meansi of
the K channels are engaged arjdsources are frozen. HencBl, i | sources
are idle. The steady-state distribution ;; can be computed numerically by
solving the set of local balance equations presented in [199]heBe balance
equations are the same as the balance equations presented intiSa 9.2.1
if we set . =0. Finally, the call congestion is given by T, T¢)=T,, where
To = B (N i j)= )i andTc= ;i . The time congestion is

simply ; «; . This approach scales poorly with increasiniy and/or K.

9.7.2 The Approximations

All three approximations considered in this section reduce thgeneralK ; 6
K, case to theK; = K, case for which time congestion can be computed
in O(K) using the conventional Engset formula. In particular, the dstinct
frozen and idle states inherent to theK; 6 K, case are lumped together
into what we call asuper-idlestate. Therefore, the state-space is reduced to
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fjjj =0;1:::;Kg, where statej meansj of the K channels are engaged.
Hence,N | sources are in the super-idle state, meaning they are either
genuinely idle or frozen. In this way, the call congestion fathe K, 6 K,
case is approximated using the Engset formula with mean on time=1 and
mean o time that is equal to the mean length of a super-idle pevd. Let

m denote the mean length of a super-idle period. The mean lengtf a
super-idle period is computed di erently for each approximton.

Syski's Approximation

Syski's approximation arose out of his misinterpretation of Guen's earlier
results. In particular, Syski mistook Cohen's results to hold fothe general
K, 6 K, case.

Let p denote the call congestion. According to Syski (see pp. 100-103
in [160] or pp. 160-161 in [35]), if a source is super-idle at ambdrary
time instant, the next burst (successful or not) arrives int;t + dt) after this
arbitrary instant with probability 1 F, (t) =k; if the previous burst was
successful and with probability 1  Fg,(t) =k if the previous burst was
blocked, whereF,(t) = P(K1 t), ky = E(K1) = 1= and similarly for
K,. Therefore, if a source is super-idle at an arbitrary time insta, the next
burst (successful or not) arrives int{t + dt) after this arbitrary instant with

probability

!
@ Pl F® Pl P |

g(t)dt = K K

(9.18)

Writing g(t) = 1 G(t) =m, whereG(t) is the distribution of the length of
a super-idle period andn its mean, we see that

1 K1k
m = = : 9.19
60) " kot pla k) 619
Substituting k; =1= andk, =1= + 1= into (9.19) gives
1 2p
— = . 2
- (+ ) (9.20)
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The Engset formula (with mean on time £ and mean o time m) together
with (9.20) de ne a pair of coupled nonlinear equations for hich it may be
possible to numerically compute a solution using successive subdita.

Equation (9.18) is certainly true in the sense thatt=m is the probability
that a present super-idle period terminates after an arbitrar time. How-
ever, Syski incorrectly assumedt=m is also the probability that a present
super-idle period terminates after an arbitrary timegiven thatj channels
are engaged Syski overlooked thatm is state-dependent. In particular, if
K channels were engaged at the beginning of a super-idle periog have
m = k,, whereas if fewer thanK channels were engaged, we hawe = k.
But Syski usesm as given by (9.20) for both cases in equation (2.57) on p.
176 in [160].

Approximation in Section 9.2.3

Based on the idea behind our approximation in Section 9.2.3gwropose an
alternative to (9.20) whereby the mean o time used in the Engsdormula is

computed as the weighted average of a genuine idle period aaduper-idle
period. In particular,

1 p 1 1 1

p —+- ==+ P (9.21)

Note that (9.5) reduces to (9.21) if we set = 0 and recognisem = 1=

As with Syski's approximation, the Engset formula (with mean ortime
1= and mean o time m) together with (9.21) de ne a pair of coupled
nonlinear equations for which it may be possible to numericglicompute a
solution with successive substitution.

In writing (9.21), it has been overlooked that a super-idle peod may
comprise more than one frozen period if two or more successive digrare
blocked. This oversight provides the impetus for our new appximation.
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Our New Approximation

To account for the fact that a super-idle period may span multile frozen
periods, we amend (9.21) such that

P

+p E+E+m ; (9.22)

thatis, m=( + )=(1 ) . Equation (9.22) is similar to its counter-
part (9.21) except that m has been added to the second term. This change
models the possibility that further frozen periods may follovihe initial frozen
period, whereas (9.21) wrongly assumes a blocked burst is alwégllowed by
a successful burst. In line with this change, it seems natural to and (9.5)
by adding 1= to the second term in (9.5). However, we have not tested the
improvement in accuracy gained by adding to the second term in (9.5).
In the remaining part of this section, we prove a unique solutioexists
for the set of coupled equations de ned by the Engset formula ¢@ther with
(9.22). This solution is our new approximation for call conggion. We pro-
vide a binary search algorithm to numerically compute this uigue solution
and we prove its convergence. We have opted for a binary seaaigorithm
because we cannot guarantee that a successive substitution altfori con-
verges to the unique solution. Finally, we numerically validte the accuracy
of our new approximation relative to Syski's approximation ad the approx-
imation in Section 9.2.3 (with . = 0) as well as the exact call congestion.

Existence and Uniqueness of Solution
By setting x = m in (9.22) and moving the left-hand side of (9.22) to the
right, we de ne the function

f(x):}+(x) E+x X; X 0 (9.23)

where we have writtenp(x) instead of p to emphasise thatp is functionally
dependent through the Engset formula on the mean o timex. Our task is
to prove f (x) =0, x 0, has a unique solution.
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To establish solution existence, we observe thdt(x) is continuous and
changes sign at least once for 0. This is becausd (0) = 1= +1= >
0, while asx gets large, the x term in f(x) dominates, thusf (x) < O.
Therefore, a solution exists by the intermediate-value theem.

To establish solution uniqueness, suppoddx;) = f(xp) = 0 for x, >
X;  0: The mean-value theorem requires the existence of ansatisfying
f(x2) f(x1)=fY)x2 xi1), wherex; X;. This provides us with a
contradiction because simple calculations reveal

fF=f9%)=( x) 1+ qx) x+E <0

where the last inequality follows from the fact thatp{x) < 0 for all x > 0.
Therefore,x; = Xo.

To conclude the proof, we showpqx) < 0 for all x > 0, where

Ml]_: K
p(X)=PKK (X)

; 9.24
k=0 Mkl 1=(x )k ( )

is the Engset formula with mean o time x and mean on time % .

Simple rearrangement of (9.24) gives

K1 !
oX)= 1+ M 1 1 :

Therefore, givenK > 1,

dp(x)
dx

|
©
—<
x
(&=
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Binary Search Algorithm to Solve f(x)=0

Let x be the unique solution off (x) = 0. We de ne the monotonically
decreasing transformation :[=; (1 =)]! [1=; (1 = )] such that

_+t (x)
=T 00

We show that the binary search algorithm speci ed in Algorithm 6 nds
the unique solution off (x) = 0 for an absolute error criterion of .

Algorithm 6 Calculate solution off (x) = O for an absolute error criterion
of
1.x =1=,x"=(1 =)

2: while x* x > do
3 x=(x"+x)=2

4: if ( x) <x then
5
6
7

X =(Xx)
else
X" = ( x)
8: end if
9: end while

10: return x = (x* + x )=2

Due to the monotonicity of (x), at each iteration of Algorithm 6, if
Xx<Xx ,then (x)>x andthus (x)>x >x. Conversely, ifx>x , then
(x) <x andthus (x) <x <x. Consequently,x lies in the interval
[x ;x*] at each iteration of Algorithm 6. Furthermore, this intervad halves
at each iteration, thereby ensuring« is sandwiched within an interval whose
eventual length does not exceed

An alternative to Algorithm 6 is to iterate such that x, = ( X, 1), Xo =
1=, until jx, X, 1j < . However, to ensure this approach converges,
we would have to prove that @ (x) = x has only one solution, namely the
solution it inherits from ( x) = x. This is a dicult task that was also
encountered by the author of [177].
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9.7.3 Numerical Results

In Table 9.2, we present plots of call congestion for all thregoproximations
versus what we call the normalised tra c intensity, which is dened as =

(N=K)(=).

Table 9.2: Call Congestion, =1

(;N;K ) Syski's Section 9.2.3 New Exact

(0:4;2;1) 0.1629 0.1623 0.1615 0.1528
(0:9;2;1) 0.2696 0.2656 0.2597 0.2449
(0:4;3;1) 0.2065 0.2061 0.2050 0.1989
(0:9;3;1) 0.3316 0.3290 0.3214 0.3149
(0:4;5;1) 0.2392 0.2390 0.2379 0.2344
(0:9;5;1) 0.3776 0.3764 0.3692 0.3681
(0:4;6;3) 0.0319 0.0318 0.0318 0.0302
(0:9;6;3) 0.1155 0.1135 0.1125 0.1055
(0:4;9;3) 0.0486 0.0486 0.0485 0.0469
(0:9;9;3) 0.1628 0.1611 0.1593 0.1544
(0:4;15,3) 0.0639 0.0639 0.0638 0.0626
(0:9;15;3) 0.2029 0.2019 0.1998 0.1975
(0:4,10,5) 0.0078 0.0078 0.0078 0.0074
(0:9;10,5) 0.0610 0.0600 0.0598 0.0559
(0:4,15,5) 0.0146 0.0146 0.0146 0.0141
(0:9;15,5) 0.0995 0.0984 0.0978 0.0943
(0:4;25;5) 0.0220 0.0220 0.0220 0.0216
(0:9;25;5) 0.1355 0.1348 0.1340 0.1318

Table 9.2 veri es that our new approximation is the tightest ypper bound
on call congestion, while Syski's approximation is the loosesthe approxi-
mation based on the idea in Section 9.2.3 is sandwiched in beéfe Experi-
ments over a wide range of parameter values have produced llesaonsistent
with those presented here. Further numerical results are platl in Fig. 9.4.
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Figure 9.4: Call congestion versus normalised tra c intensity, =1

9.8 Chapter Summary

In this chapter, we considered a polymorphic optical layer iwhich network

resources are statistically multiplexed between OCS and OBS.e/Xalled this
approach optical hybrid switching and saw that it o ers severalhdvantages
over a pure OBS or OCS approach. Most importantly, we argued &t better

statistical multiplexing is achievable with a polymorphic opical layer in con-

trast to dedicating network resources to multiple monomorplai layers, each
of which o ers a QoS tailored to a particular application.

We developed a model for a stand-alone link in an OHS network. We
did not assume the number of input wavelength channels feediogr stand-
alone link was substantially greater than the number of wavehgth channels
it contained. This required us to part with the Poisson arrivaé assumption
(Assumption A.4.1 in Chapter 4) and move to a nite source model. We
saw that the conventional Engset system is not a suitable nite sooe model
for a stand-alone OBS link because it assumes a blocked burst is ¢hed
in zero time. To overcome this unsuitability, we described anugmented
Engset system in which a source enters a so-called frozen state irdrately
after it has generated a blocked burst and remains in the frozestate until
all the packets in the blocked burst are dumped.
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We generalised this augmented Engset system to the case of a stafaha
OHS link. We foremost determined the exact circuit and burst blcking prob-
abilities and then proceeded to develop scalable approxinans that can be
used to dimension OHS networks of realistic size. We analysed thesean
which circuits are given preemptive priority over bursts andhe correspond-
ing un-prioritised case.

To end this chapter, we veri ed that any over-provisioning reulting from
dimensioning in terms of the intended o ered load instead of e@red load
is negligible. This validated the dimensioning procedure wedeveloped to
determine the minimum number of wavelengths that need to bergvisioned
in a stand-alone OHS link to satisfy a prescribed blocking probdly for a
given o ered load.



Chapter 10

An Advanced Performance
Analysis Technique

We saw in Chapter 4 that Erlang's xed-point approximation (EFPA) pro-
vides an accurate estimate of end-to-end blocking probaligis in OBS net-
works in which each source and destination pair is assigned a segked
route. It has also been long known that EFPA is a sound approxintian for
OCS networks with xed routing.

In fact, for OCS networks, two limiting regimes for which the pproxima-
tion error of EFPA tends to zero have been proven. The rst regne occurs
when the network topology is held xed, while the capacitiesand o ered
loads are increased together. This is often referred to as K& limiting
regime. See [75, 86]. The second regime occurs when the nundjesource
and destination pairs increases but the capacities and o erddads are held
constant. This is referred to as the diverse routing regime. 8¢177, 196].

However, in the case that de ection or alternative routing is sed instead
of xed routing, the accuracy of EFPA may deteriorate. For eample, this can
be seen by comparing Table 4.2 in Chapter 4 with Figs. 5.5 and 3r6Chapter
5. Further examples supporting this claim can be found in [38B2, 63, 91].

In this chapter, we are interested in improving the accuracyfd&FPA for
over ow loss networks. An OBS network with de ection routing or an OCS
network with alternative or least loaded routing [31, 62] aréoth examples of

309
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an over ow loss network. In contrast, OBS and OCS networks witla single
xed route for each source and destination pair are examples afpure loss
network. We are not interested in pure loss networks in this clpéer because
EFPA generally performs well for these networks.

We present a new approximation that is complimentary to EFPA ér es-
timating blocking probabilities in over ow loss networks am systems. Given
a system for which an estimate of blocking probability is soughtwe rst
construct a second system to act as a surrogate for the original systeEs-
timating blocking probability in the second system with EFPA piovides a
better estimate for blocking probability in the original systen than if we
were to use the conventional approach of directly using EFPA ithe origi-
nal system. We present a combination of numerical and theore#icresults
that indicate our new approximation o ers a better estimate han EFPA for
a certain pure over ow loss network. Moreover, we demonstratie accu-
racy of our new approximation for OCS networks using alternate routing.
We argue that the success of our new approximation is due to itdility
to utilise congestion information imbedded in over ow tra c, whereas the
conventional EFPA approach fails to utilise such information

The impetus driving us to develop our new approximation consefrom
our desire to improve the accuracy of the results presented indgs. 5.5
and 5.6 in Chapter 5. And in a broader sense, to provide a more acate
approximation for blocking probabilities in any general kid of over ow loss
network.

Over ow loss networks form a large and important class of loss twerks.
They feature prevalently in stochastic models of many computand telecom-
munications networks. We have already encountered an exarapdf an over-
ow loss network in Chapter 5 that has gained prevalence withhe rise of
OBS, namely de ection routing. Other examples include tefghony call cen-
tres [27] and multiprocessor systems with one redundant process$ioat can
be used to alleviate congestion on active processors [64]. Rdygtpeak-
ing, a loss network is classi ed arover ow loss network if calls that have
been blocked at one server group are not simply blocked for gobdt are
permitted in some circumstances to over ow to another server gup.
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The modelling of over ow loss networks is usually performed itrerms of a
multidimensional Markov process. Unlike many non-over ow lossatworks,
the state distribution generally does not admit a product-fom solution. Al-
though the state distribution can in principle be computed by omerically
solving a set of balance equations, this approach must be ruledtdecause
the state-space is usually of an unmanageable dimension.

Approximations therefore play an crucial role in estimating lmcking prob-
abilities in over ow loss networks. The simplest yet crudest apmach to
estimating blocking probability in an over ow loss network poceeds via a
one-moment approximation in which stream is characterised solely in terms
of its 0 ered intensity m;. In particular, m; is the mean of the distribution of
the number of busy servers on a hypothetical in nite server grquto which
streami is o ered.

All streams o ered to a common server group comprisiniyl servers are
pooled together to form a combined stream that o ers an intensi of . m;.
The blocking probability perceived by the combined stream awell as each
marginal streami comprising the combined stream is estimated with the
Erlang formula Ey i m;; N, which we rstintroduced in (4.1) in Chapter

4 and which is repeated here for convenience

aN=N! _
1+a+ a2=2!+ + aN=N!"

En(a) = (10.1)

The qver ow of each marginal stream may then go on to o er an intensity
ofmE ;m;;N to a subsequent server group.

In its most general form, this approach is usually referred tosaEFPA.
It was rst proposed in [37] in 1964 for the analysis of circuit-siiched tele-
phony networks and it has remained a cornerstone of network fi@mance
evaluation even to this day. We remark that EFPA in the contex of circuit-
switched networks involves many subtleties that we have notladed to in
the explanation given above.

We have used EFPA on several occasions throughout this thesis. Most
notably, in Chapter 4, we adapted EFPA to estimate the end-tend block-
ing probabilities in an OBS network in which the conversion oan ingoing
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wavelength to a di erent outgoing wavelength is restricted ¢ a limited range,
while in Chapter 5, we considered the adaptation to OBS netwks with de-
ection routing. We then used EFPA again in Chapter 8 to compaatively
evaluate OBS and OCS. See [6, 31, 62, 86, 87, 116, 117, 147, 172] and
references therein for further applications of EFPA.

The inaccuracy of EFPA in the case of over ow loss networks is at
tributable to two sources of error:

1) EFPA assumes the tra c o ered by any stream is Poisson distributel
when in fact the more times a stream over ows, the more random it
becomes and thus the more it violates this assumption. This igferred
to as the Poisson assumption and gives rise to the Poisson error.

2) EFPA assumes the distribution of the number of busy servers on a
server group is mutually independent of any other server grouphen
in fact there may be statistical dependencies. This is referred as the
independence assumption and gives rise to the independenceerr

Neither of these two assumptions are new to us. We have encountetbd
Poisson assumption in Chapter 4. See A.4.1. We have also relied or th
independence assumption in one form or another to decompose @wvoek
into a set of independent sub-systems in Chapters 4, 7 and 8.

Numerous approaches have been suggested to strengthen EFPA bsneo
batting the presence of one or the other of these two errors. Stiggthening
EFPA to combat the Poisson error is usually accomplished by chartrising
each stream in terms of its variance and possibly other higher ments as
well as its mean in an approach referred to as moment-matcigin One of
many examples is the work in [85] in which EFPA is strengtheneda the
use of Wilkinson's method [173]. Another example is that in [9@) which the
rst few moments of each over ow stream is matched to an interrpted Pois-
son process. We survey many of these moment matching approaches te
long history surrounding them in Appendix 10.5.1. Combattinglie indepen-
dence error was rst considered in [69]. We also made e orts to eibat the
independence error in Chapter 8 by deriving the exact bloaky probabilities
for a stand-alone OBS route.
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In this chapter, we present a new approximation for estimatinglocking
probabilities in over ow loss networks, which is fundamentdy di erent from
EFPA and its strengthened formulations. Given a system for whiclan es-
timate of blocking probability is sought, we rst construct a seond system
to act as a surrogate for the original system. Estimating blockan probabil-
ity in the second system with EFPA provides a better estimate for locking
probability in the original system than if we were to use the corentional
approach of directly using EFPA in the original system.

The new constructed system is based on regarding an over ow losd-ne
work as if it were operating under a ctitious preemptive prority regime. In
this ctitious regime, each stream is classi ed according to tB number of
server groups at which it has sought to engage a server but founldl gervers
busy. In other words, the number of times it has over owed. The dy is
to suppose a stream that has over owech times is given strict preemptive
priority over a stream that has over owedm times,n<m.

A simple over ow loss network model will be de ned in the next se®n,
which facilitates the presentation of our approximation. Tls simple model
is fundamental in the sense that it retains over ow e ects but &cludes other
e ects such as reduced load and the destabilising e ect of alteative routing
in circuit-switched networks that we saw in Chapter 5. It is theefore the
simplest and the most suitable example to expose weaknesses of EFPPA a
to demonstrate our new approximation. Moreover, its pure antundamental
nature makes it more amenable to analysis and more suited forderstanding
the over ow tra c behaviour.

In Section 10.2, our new approximation is introduced, its sygorting intu-
ition is discussed and we present some results that lead us to cotyee that
our approximation yields a more accurate estimate of blockinprobability
than EFPA. Section 10.3 demonstrates the versatility of our appximation
by considering its extension to circuit-switched networks usg alternative
routing. Numerical results will be presented that suggest for a symetric
fully-meshed circuit-switched network, our approximations more accurate
than EFPA.

The notation and new variables de ned in this chapter are tablated in
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Appendix 10.5.5.

10.1 An Over ow Loss Network Model

We consider the following simpli ed model of an over ow loss netork that
arose during the study of a video-on-demand distributed-serveetwork [40,
113]. The network comprisedN cooperative and identical servers. Requests
to download media content, which we refer to as calls, are oed to each
server according to an independent Poisson processes of intensityA call
that arrives at a busy server over ows to one of the otheN 1 servers with
equal probability and without delay. A call continues to oveow as such
until either: it encounters an idle server in which case it enggs that server
until its service period is complete; or, it has sought to engagall N servers
exactly once but found allN servers busy in which case it is blocked and never
returns. The search for an idle server is conducted instantly amdferred to as
a random hunt. Service periods are independent and identigadistributed
according to an exponential distribution with normalised urti mean.

An n-call is de ned as a call that over owsn times before engaging the
(n + 1)th server of its random hunt. According to this de nition, an N -call
is a call that is blocked and cleared. In summary, each of tHe servers is
o ered: calls initiated by users, which have been de ned as (alis; and, calls
that were originally O-calls but have over owedn times to becomen-calls,
n> 0.

In the context of video-on-demand, each server is equippedtiwva storage
medium such as a hard disk that contains the same digitised mediantent.
Each server is located at a di erent geographical location @ahusers randomly
generate requests to download a certain amount of media conteia a point-
to-point connection. To minimise delay, jitter and network ongestion, a
user's premium choice is to download the desired media conteinom the
server in closest geographical proximity to it. However, if thiserver is busy,
the user is permitted to search for an idle server at each of thehatr locations.

This model of a distributed-server network can be regarded as 81=M=N=N
gueue that is o ered an intensity ofNa. This allows for exact calculation



10.1. AN OVERFLOW LOSS NETWORK MODEL 315

of blocking probability using the Erlang B formula asEy (Na). Therefore,
En(Na) provides a benchmark to gauge the error in estimating bloakg
probability via EFPA. An easily computable benchmark is one ofhe incen-
tives for resorting to such a simpli ed model.

10.1.1 Erlang's Fixed Point Approximation

At any time instant, server i is either busy or idle. LetX; be a random
variable such thatX; = 1 if serveri is busy andX; = 0 if serveri is idle. Let

b = P(X; =1): (10.2)

The independence error inherent to EFPA is a result of treat the ran-

W
PX=x)= P(Xi=x); x2f0;1g": (10.3)

i=1

All N servers are statistically identical in thath = b for all i;j =

o ered to serveri is the same as the intensity ofh-calls o ered to serverj.
We therefore suppress the subscriptin b and refer to an arbitrary server.

By de nition, O-calls arriving at a server form a Poisson streamhat o ers
an intensity of a. However,n-calls,n > 0, arriving at a server form a stream
that is of greater variance than a Poisson stream. The Poisson erise a result
of characterising this stream as if it were a Poisson stream but \iintensity
that is less thana. The factor by which intensity is reduced is determined by
taking into account all permutations in which ann-call is o ered to a server
and weighting each permutation by its probability of occurence. It can be
veri ed that n-calls arriving at a server o er an intensity of

X
am = " abgoan gty

S |\ R (10.4)

I
Q@
==
=]
I
o
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explain (10.4), we note that a 1-call is o ered to server if a O-call is blocked
at any of the otherN 1 servers, which occurs with probabilitypb and then
has server listed as the second server in its random hunt, which occurs with
probability 1=(N  1). There are no other permutations in which a 1-call is
o ered to serveri, hencea(l) = ab(N 1)=(N 1).

Independence error has been admitted in writing (10.4) begse each of
the N 1 marginal streams that o er n-calls,n > 0, to a server are pooled
together to form a combined stream that o ers an intensity ofa(n), which
is an approximation given that any two of these marginal streasmmay be
dependent.

A combined Poisson stream that o ers an intensity ofP r'\]':ol a(n) to a
server is then formed by pooling together each of thes¢ 1 marginal

by O-calls.

To clarify, there are two kinds of pooling that take place. Feemost, each
of the N 1 marginal streams that o ern-calls,n > 0, to serveri are pooled
together to form a combined stream that o ers an intensity ofa(n) to server
i, and then each of thes& 1 combined streams are in turn pooled together
with the stream formed by O-calls, to form a combined stream thab ers an

intensity of  "_."a(n) to serveri.

According to EFPA,

|
! P
N 1 N 1
b=E a(n);1 = p=2 a;(n) ; (10.5)
h=0 1+ q=0a)

The Poisson error is a result of treating each of the marginal stens
o ered to a server as if they were a Poisson stream when in fact it anly
the stream corresponding to O-calls that is a Poisson stream. In kiag the
Poisson assumption, we have that the combined stream o ered to éaeserver
is a Poisson stream that o ers an intensity given by the sum of intesities of
each of the marginal streams, as shown in (10.5).
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Substituting (10.4) into (10.5) gives the xed-point equatbn

b= p=0 =a af (10.6)

in which a and N are given andbis to be determined.
The sequencéhg, thatis generated by iterating according to the xed-
point mapping h+; = a alf¥ for an initial estimate by 2 [0; 1] may diverge.
An alternative is to rewrite (10.6) as the polynomialf : [0;1]! [ a;1]
dened by f(b) = ab¥ + b a and consider the equatiorf (b) = 0. The
equationf (b) = 0 has a unique solution forb 2 [0; 1].

Lemma 10.1 For a 0, the equationf (b) = 0 has a unique solution.

Proof: The polynomial f (b) is continuous and changes sign at least once on
[0; 1] sincef (0)f (1) < 0. Existence of a solution is thus ensured. Suppose
f(bh) = (k) =0, bp <b, and by;, 2 [0; 1], then according to the mean-
value theorem

f(l) f()=(k B)IY) b by;

but f{Y )= aN N +1 > 0. Thus b, = b, and solution unigueness is
ensured.

Newton's method of iteration is well suited to calculating theunique
solution of f (b) = 0. Let Ip 2 [0; 1] be an initial estimate andh the estimate
at iteration i. Then

f(h) _ a@+Nb' BY),
fqh)  aNg' T+1

b1 = b (20.7)
Newton's method is guaranteed to converge to the unique solai off (b) =0
provided bp = 1.

Lemma 10.2 The sequencdhgl, that is generated by iterating according
to by = b f(b)=fYh) for by = 1 converges to the unique solution of
f(bh=0.
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Proof. Let b be the unique solution off (b) = 0. Choose an initial estimate
by such thatb Iy 1. Induction shall be used to show that the sequence
fhg-, that is generated by iterating according toh.; = b f (b)=fqh) is
monotonically decreasing to the right ob, thatis, b b andh:; h. By
choice,b Iyp. The inductive hypothesis isb h. Becausef (h) 0 and

fqh) > 0,
f(b)

fqh)

It remains to be shown thatb b.;. According to the mean-value theorem

b1 =D b:

f(h) = f(h) fM=(h bBFY)
(b BfYh); b h: (10.8)

The nal inequality follows from the fact that f{ ) is monotonically in-
creasing sincf%¢ ) = aN(N 1) N 2+1 > 0and thusfq{ ) fYh).
Rearranging (10.8) gives
f(h)
b — =D
b ) B+1
as required. Hence, liny, b = b. And f(b) = 0 sincebs; = b
f(b)=fqb)= kK asi!'1 , which impliesb = h.
The convergence rate of (10.7) is quadratic and in practice quite rapid,
for example

fly; i yg = f1,0:666670:219780:20000 0:2000@

for N =10 and a=0:2.
Sinceb is the probability that a call encounters a busy server listed at
any position of its random hunt, the density function ofn-calls is given by

h(n) = g(cz n-call)
2 0@ b; n=0;:::;N 1
= b ; n=N; (10.9)
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where c denotes an arbitrary call.
It follows that the estimate of blocking probability provided by EFPA is

P = P(c= N-call) = h(N) = b¥: (10.10)

10.1.2 Strengthened Formulations of Erlang's Fixed-
Point Approximation

Approaches to strengthening EFPA by combatting the Poisson erraypically
involve forming a better estimate of the blocking probabily perceived by an
over ow stream than simply approximating it as if it were a Poissa stream.

Let the pair a(n);v(n) be atwo-moment characterisation of the stream
formed by n-calls, wherea(n) and v(n) is the mean and variance of the
number of busy servers on a in nite server group o ered this strea. Based
on the same rationale leading to (10.4)n-calls arriving at a server o er an
intensity of

amy= & n=0; (10.11)
aly by 1); n=1;::N L
wherely, is the blocking probability perceived by anm-call.

The variance of the stream formed byn-calls, n > 0, can calculated by
using the equivalent random method proposed in [70, 173]. In piaular,
v(n), n> 0, is estimated by regarding a(n); v(n) as the over ow stream of
a ctitious trunk group comprising x servers that is o ered a Poisson stream
of intensity a. To calculate the so-called equivalent random parameter, the
formulae given in [78] can be used. Upon calculating the equieat random
parameterx, v(n) is estimated with

a
x+1 a+ a(n)

v(in)=a(n) 1 a(n)+ (10.12)
. . . P N 1 P N 1 .

A combined stream that is characterised by | _,"a(n); ., v(n) is
then formed by pooling together each of th&l marginal streams a(n); v(n)

formed by n-calls,n = 0;:::;N 1, oered to a server. Using Hayward's
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method [54] to estimate the blocking probability perceivedybthis combined
stream, sayp, gives

p= Eiz(M=2Z); (10.13)

whereM = Notan), Vv = i N ,'v(n) and Z = V=Ais the mean, variance
and peakedness of this combined stream. Hence, the mean of therdhution
of the number of busy servers on an in nite trunk group o ered tle over ow
of this combined stream isMp.

All that remains is the task of apportioning this combined ovepw stream
Mp to each of theN marginal streams m(n);v(n) ,n=0;:::;N 1. Al-
though a great many numerical formulae have been proposed tbis purpose,
in this chapter, Mp is apportioned in proportion to v(n)=V. In particular,
the portion of Mp owing to marginal stream m(n);v(n) isMpv(n)=V. Ac-
cording to this apportionment, the blocking probability peceived by n-calls
is given by

_ Mpv(n).
~a(n)Vv '’

b, n=0;:::;N 1L (10.14)

Equations (10.11), (10.12), (10.13) and (10.14) de ne a set xed-point

be found, the estimate of blocking probability is given by

P=Pc=N-al)=h by i (10.15)

There is a wealth of other higher-moment approximations thtehave been
proposed to strengthen EFPA. We numerically test the accuracy oo others
as well as the two-moment approximation we have described aleo

The rst is a three-moment approximation proposed in [94] in with a
server is approximated as anP P=M=1=1 queue that is o ered a combined
stream characterised by its rst three moments. It is assumed thatadl inter-
arrival times of this combined stream are independent and ageately char-
acterised with an interrupted Poisson process (IPP). The rst thee moments
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Table 10.1: Formulations of EFPA
EFPA One-moment formulation

EFPA 2M  Two-moment formulation (Hayward's method) [54]
EFPA BPP EFPA strengthened with the

Bernoulli-Poisson-Pascal (BPP) approximation [39]
EFPA IPP  EFPA strengthened with the

Interrupted Poisson Process (IPP) approximation [94]

of the combined stream are matched to an IPP and then explicibfmulae
are used to calculate the rst three moments of the over ow strea of an
IPP=M=1=1 queue. The over ow stream is then apportioned to each of the
N marginal streams according to a heuristic formula. We refer tthis as the
IPP approximation.

The second is a two-moment approximation proposed in [39] in weh each
of the N streams formed byn-calls,n =0;:::;N 1, is characterised with
a Pascal distribution. The intention of this approximation isto preserve
the characteristics of each of thdN marginal streams o ered to a server
by treating them individually rather that pooling them together to form
a combined stream. Therefore, avoiding the need for the amigitis task
of apportionment. We refer to this as the Bernoulli-Poisson-&scal (BPP)
approximation. We implement the BPP approximation exactlyas proposed
in Section 4 in [39].

To summarise, we wish to gauge the error in estimating blocking @oa-
bility with the three strengthened formulations that are listed in Table 10.1.
To this end, we varied the intensity over the range [@; 1] to each of 10
servers. The error in estimating blocking probability relatie to the bench-
mark provided by the Erlang B formulaP = E(Na;N) is plotted in Fig.
10.1. Relative error is de ned in the usual way as the ratiox(~ x)=x, where
X is an estimate ofx.

It was found that the numerical stability of EFPA IPP was poor and often
several re-initialisations were required to ensure convergenof the sequence
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Figure 10.1: Gauging the relative error in estimating blockig probability
with EFPA and its strengthened formulations forN =10
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generated by iterating, especially for low intensities. Estintas provided
by EFPA IPP for a < 0:3 do not feature in Fig. 10.1 for this reason. Poor
numerical stability of EFPA IPP is probably attributable to t he fact that the
underlying set of xed-point equations contain an addition&N free variables,
which correspond to the third moment of each of th& streams o ered to a
server The other formulations were found to be numerically stde.

Fig. 10.1 indicates that EFPA may yield an estimate of blockig proba-
bility that is in error by several orders of magnitude. Althoudn strengthening
EFPA with higher-moment approximations may o er a marginalreduction in
error, this reduction is hardly justi ed in consideration of the computational
burden in dealing with additional moments.

10.2 The New Approximation

The distributed-server model developed in the previous seatias called the
true model (TM) in this section for reasons that will become apgrent soon.
The purpose of this section is to introduce our new approximath and discuss
the intuition that we believe underpins its success.

In short, the new approximation is based on transforming the TMd a new
model that we call the ctitious model (FM). Given an over ow network for
which an estimate of blocking probability is sought, we considestimating
blocking probability in the FM using EFPA. This estimate is usualy more
accurate for the TM than if we directly use EFPA to estimate bloking
probability in the TM.

In this section, we consider our new approximation in the conke of the
distributed-server network. In other words, the TM is equal to he model
of the distributed-server network developed in the previous ston. We rst
address the question of how to construct the FM from the TM.

The FM is constructed by imposing preemptive priorities in theTM. The
preemptive priorities are such that each stream is classi ed amaling to the
number of servers which it has sought to engage but found busy;athis, the
number of times it has over owed. A stream that has over owech times is
given strict preemptive priority over a stream that has over aved m times,
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True . Fictitious
Model|— | MPOse preemptive | a0
(TM) priority regime (FM)

Figure 10.2: A conceptual depiction of the TM and FM conventin

n < m, given that both streams compete for a common server.

An n-call that arrives at a server engaged by am-call, n <m, is given
the right to preempt the m-call and seize the server for itself. The preempted
m-call must then seek to engage a server that it has not yet visitedsiven
that an idle server is found, the service period begins aneweaspective of
the service time accumulated at prior servers at which it was pempted.
A call is blocked if it has sought to engage alN servers exactly once, but
has been unable to engage a server for its entire service perio@wing
to the fact that each stream is classi ed according to the numbeof times
it has over owed, we call this preemptive priority regime oer ow priority
classi cation (OPC). A depiction of the TM and FM convention is shown in
Fig. 10.2. A description of our new approximation is as follosv

Given an instance of the TM, impose on it the OPC preemp-
tive priority regime to yield the corresponding FM. Estimate
blocking probability in the FM using EFPA.

The two-step process of constructing the FM from the TM and apping
EFPA to the FM is called the OPC approximation (OPCA). OPCA is in
contrast to EFPA proper in which EFPA or one of its strengthenedormu-
lations is applied directly to the TM.

We therefore have a TM and FM estimate of blocking probabilitywhich
we denote asPy, and Py, respectively. The TM estimate of blocking
probability Py, is calculated as given by (10.10), while the FM estimate is
derived soon. We have used the subscripké+ and Mg to set apart notation
common to both models. Furthermore, a tilde is used to denote astimate
of blocking probability as opposed to its true value. Table 1@ gives an
example of this convention.
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Table 10.2: Example of notational convention

Pm, Exact blocking probability in the TM
Puw. Exact blocking probability in the FM
Puw, Estimate of blocking probability in the TM as per EFPA

Pu. Estimate of blocking probability in the FM as per applying EFFA to the FM

We continue by discussing the intuition we believe underlies ownew
approximation. Extensive numerical testing and the explanabns that follow
provide support for the following sequence of inequalities

Pyv:  Pm

T Pwm PMF . (1016)

F T

Our goal is to estimatePy,. Since Py, lies betweenPy, and Py, ,
obviously Py, is a more accurate estimate oPy, compared toPy; .

We prove the rstinequality in (10.16) in Proposition 10.2 andwe provide
strong numerical evidence supporting the second, though a pfas not given.
The last inequality in (10.16) is not critical because the rst two inequalities
are su cient to claim that Py, is a more accurate estimate dPy, compared
to Py, . In particular, we only needPy Pwm. Pum. . Nonetheless, we
provide numerical evidence and intuition suggesting that théast inequality
in (10.16) is tight and therefore, in terms of blocking probkility, our FM
behaves similarly to its corresponding TM. This justi es using he FM as a
surrogate for the TM.

T

In short, we claim that Py, and Py, are close to each other makingy
a good approximation forPy ., which is sandwiched between them. This is
illustrated conceptually in Fig. 10.3, where all three are oke together and
Pwm, IS somewhat lower.

In Fig. 10.3, the starting point is the TM, for which we seek to estnate
blocking probability. Our new approximation is contained vithin the shaded
region in Fig. 10.3. The rst step of our new approximation invéves con-

structing the FM from the TM by imposing the OPC priority regime on the
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Figure 10.3: Conceptual depiction of our new approximation

TM. The second step involves applying EFPA to the FM.

The remainder of this section is organised as follows. We presemir
intuitive discussions in Subsections 10.2.1 and 10.2.2 and thpresent some
rigorous results in Subsections 10.2.3 and 10.2.4.

10.2.1 Intuition Supporting Pu: Pwm,

Consider a particular server engaged with an-call, n > 0, and suppose a
new call arrives at this server while then-call is in service. The new call is
considered a O-call at the instant it arrives. What happens nexdepends on
whether we are in the FM or the TM.

In the FM, the new call preempts then-call causing it to over ow to an
alternative server at which it has not visited before. There isxactlyN n 1
such servers. But we can view the preemption of thecall in a di erent way.
In particular, the n-call's remaining service time at the time the new call
arrives is equal to the service time of the new call. This is bagse service
periods are independent, identical and exponentially digbuted. Therefore,
instead of preempting then-call, we can force the new call to over ow to any
oftheN n 1 servers that then-call has not visited. From the point of view
of the blocking probability Py ., there is no di erence between preempting
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the n-call and forcing the new call to over ow.

In this way, the new call is instantly transformed into ann-call, even
though it has just arrived and has not over owed from any serverBut what
is the purpose of instantly transforming a new call to am-call? The purpose
is that it limits the number of servers that a new call can visit.In particular,

a new call that arrives at a server engaged with an-call, n > 0, perceives a
limited availability systemcomprising onlyN n 1 servers.

In contrast, in the TM, a new call perceives daull availability system
comprising N servers, irrespective of whether or not it arrives at a server
engaged with ann-call, n > 0. In particular, in the TM, a new call that
arrives at a server already engaged with a call must over ow fro all N
servers before it is blocked.

Because a new call in the FM perceives a limited availability syfem but
a new call in the TM perceives a full availability system, it is pparent that
Pv; Pum..

To show that this inequality is tight, we revisit our example inwhich a
new call arrives at a server engaged with an-call, n > 0. Although in the
FM the new call sees a limited availability system comprisingN n 1
servers, we argue that there would be little bene t in the new dhvisiting
the other n servers. In particular, it is likely these othern servers are still
engaged with calls because we know onrcall visited each of these servers
not too long ago and found each of them engaged with a call. Tieeis a
relatively small probability that one of thesen servers becomes idle in the
period beginning from when oum-call visited them and found them busy,
and ending at the arrival time of the new call. The duration otthis period
is less than ourn-call's particular service time. Therefore, we argue that
Pum Pwm. . We numerically verify this claim in Subsection 10.2.4.

T

10.2.2 Intuition Supporting iPve Pme) ] Puy  Pwmql

Relative to EFPA, OPCA increases the proportion of the total itensity
o ered to a server that is owing to the stream formed by O-calls. &/ prove
this result in Corollary 10.1, which is presented in Subsectioh0.2.4. To
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counterbalance this increase, the proportion of the total tensity o ered to
a server that is owing to the streams formed by-calls,n > 0, is decreased.
We argue that this “re-proportioning' of the total intensity o ered to a server
is e ective in combating the independence error and the Poissarror.

We discussed in Subsection 10.2.1 that in the FM, a new call armg
at a server engaged with am-call, n > 0, perceives a limited availability
system. Therefore, the maximum number of servers from which tmew call
can over ow is less than if it were in the TM, which is a full avdability
system. This is the reason why the proportion of the total intengr o ered
to a server that is owing to the streams formed by-calls,n > 0, is smaller
in the FM.

As we discuss next, the benet of reducing the proportion of callthat
have over owed and increasing the proportion of calls that ha not is to
reduce the magnitude of the independence error and the Poissemor.

Combatting the Independence Error

Leti; andi,, i1 6 i,, denote two servers in the FM. The independence er-
ror arises from treating the random variablesX;, and X;, as if they were
independent. The dependence between the random variablés, and X,

is decreased in the FM because the combined stream o ered to se&rve
comprises a larger proportion of 0-calls, which are by de nibin independent
of the random variableX;,; and vice-versa, the combined stream o ered to
serveri, comprises a larger portion of 0-calls, which are by de nitionnide-
pendent of the random variableX;,. Therefore, by increasing the proportion
of the total intensity o ered to a server owing to the stream forned by O-calls,
the magnitude of the independence error is reduced.

Combatting the Poisson Error

The peakedness of the combined stream o ered to a server is reddan the
FM because it comprises a larger proportion of 0-calls, which lge nition

form a Poisson stream. Therefore, the magnitude of the error aibutable
to treating the combined stream o ered to a server as if it were &oisson
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stream is reduced.

To end this section, we argue that OPCA has the ability to utilse con-
gestion information imbedded in a call that has over owed. Talemonstrate,
suppose a new call arrives at a server engaged with ad ( 1)-call. The
presence of an| 1)-call indicates the likelihood of a highly congested sys-
tem. Therefore, it is likely that the new call is blocked. Butwhat actually
happens to the new call in the FM and TM?

In the FM, we can instantly transform the new callto an N  1)-call at
the instant it arrives. We discussed why this is possible in Subseatid0.2.1.
Therefore, the new call is blocked without ever over owingrbm a server.
We argue that there may not have been much benet in allowinghe new
call to over ow in the hope of nding an idle server. This is beause not
too long before the arrival of the new call, the originall  1)-call visited
all the N 1 servers and found each of them engaged with a call. There
is a relatively small probability that one of theseN 1 servers became idle
in the period beginning from when our il 1)-call visited them and found
them busy, and ending at the arrival time of the new call. It is a if our
original (N 1)-call tells the new call: \Don't even bother trying to nd an
idle server because I've just visited each of them and found eadhtloeem to
be engaged.” The new call accepts this advice and leaves thetsyn without
over owing. From the perspective of our approximation, thisis a desirable
feature because it reduces the number of calls that over ow.

Contrastingly, in the TM, the new call must visit all N 1 servers before
it is blocked, which is a likely outcome given that the new chhrrives to a
server engaged with anN  1)-call. Unlike in the FM, the presence of the
(N 1)-call conveys no information to the new call.

10.2.3 Analysis of the Fictitious Model

Let X; = nif serveri is busy with a (0;1;2;:::;n)-call and X; = 1 if server
i isidle. Let X = (Xq::;Xn) 2fF 1;0;:::;N  1gV and rewrite (10.2)
such that

h(x)= P(X;=x); x2f 1,0;:::;N 1g:
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dependent and thus (10.3) holds except the state-space must bdaeged to
x 2f 21,0;:::;N 1gN. Owing to the same rationale described in Sub-
section 10.1.1, allN servers are statistically equivalent and thus it can be
written that b(n) = b(n).

Parallel to the reasoning leading to (10.4)n-calls arriving at a server
o0 er an intensity of

(

a(n) = a; n=0;

(10.17)
abO0 bn 1); n=1;:::;N

The stream formed byn-calls, n > 0, arriving at a server is characterised
as if it were a Poisson stream of intensitya(n). Therefore, the blocking
probability perceived by ann-call seeking to engage a server lgn).

The preemptive priority regime de ned by OPC awards highest pority
to O-calls. A O-call is therefore oblivious to the existence of-calls, n > 0,
and only perceives the existence of other O-calls. It followkdt

K0) = E; a(0) : (10.18)

A 1-call is oblivious to the existence oh-calls, n > 1; however it may be
preempted by a 0-call that competes for a common server. Theolking
probability perceived by a 1-call is equal to the ratio giverby the intensity
of the stream formed by 2-calls to the intensity of the stream foned by
1-calls. Taking this ratio gives

a2) _ E1 a0)+ al) a0)+a(l) a(l),

W= a(1)
And in general,
lXn) = a(2(+ 1)

n P n : P n :
El i=0 a(l) i=0 a(l) i=1 a(l),
a(n) ’

(10.19)
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foralln=0;:::;N 1, wherea(N) is de ned as the intensity of the stream
formed by calls that are blocked and cleared.

1) can be computed recursively irO(N). This recursion is more desirable
than solving the xed-point equation given by (10.6) and thendealing with
concerns regarding the existence and uniqueness of a xed+goas well as
convergence of iteration.

Proposition 10.1 Given a > 0, the blocking probability perceived by an-
call can be computed irO(n) via the recursion

(

a; n=0;
A, = An 1 (10.20)
An1ta i n>0;
and then
An+1 An
n — n>0: 10.21
b(n) A A, ( )

Proof: The proof is presented in Appendix 10.5.2.

We remark that numerical computation of this recursion may bawkward
for large a because then the denominator and numerator of (10.21) are ot
large. Based on the asymptotic relation

A, (n+l)a n; a>1; (10.22)

itis interesting to note that lim,,;;  b(n) = 1, which follows upon substitution
of (10.22) into (10.21). An important interpretation of this limit is that the
probability that a call engages a server for its entire servicguration tends
to zero as the number of times it over ows tends to in nity. In contrast, if
EFPA is applied directly to the TM, the probability that a cal | engages a
server for its entire service duration is irrespective of the maber of times it
has over owed, as given by (10.5).
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Analogous to (10.9), the density function oh-calls can be written as

h(n) = g(c: n-call) (10.23)
1 BK0); n=0;
% b0) bin 1)
= 1 bn); =1;::N L
2 n0) BN 1) n=N;
0 n60;:::;N;

And analogous to (10.10), the OPCA estimate of blocking probdlty is given
by
Pu. = P(c= N-call)= b(0) b(N 1): (10.24)

10.2.4 Some Rigorous Results

We claim that foralla 0O andN 2 N,
I.D-MT (a, N) pMF (a, N) PMT (a, N) (1025)

We prove the rst inequality in (10.25) and we demonstrate the ssond
one numerically.

The sequence of inequalities in (10.25) falls short of quantihg the re-
duction in error that is achieved in estimatingP (a; N) with Py, (a; N) rather
than with Py, (a;N). To gauge this reduction in error it seems there is no
choice but to settle for an experiment. To this end, we variedhe intensity
over the range [@®; 1] to each of 10 servers. The error in estimating block-
ing probability with Py, (a;N) and Py, (a;N) relative to the benchmark
provided by the Erlang B formulaP = Ey(Na) is plotted in Fig. 10.4.

Based on Fig. 10.4, there can be no doubt tha®y_(a;N) is remark-
ably more accurate in contrast toPy, (a;N). And in view of the fact that
Pu. (a;N) can be computed recursively, it seems that OPCA facilitates a
better approximation both in terms of accuracy and numeridarobustness.

We have performed extensive numerical tests over a wide ranggaram-
eters and could not nd a case where the second inequality in (B%) does
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not hold.
Our task now is to prove the rstinequality in (10.25), namely,Py, (a; N)
Pue (a;N). Let

X
wM = au(i); M 2fMr;Meg; (10.26)
i=0
which is the sum of the intensities o ered by (Q:::; n)-calls.
To provePy, (a;N) Py, (a;N), we rstexpressPy, (a;N)and Py, (a;N)
in terms of the common function given in Lemma 10.3, which timeallows for
the main result stated in Proposition 10.2.

Lemma 10.3 For M 2f M+;Mgg,

Py (a;N) =1 wN_ 1)1 aEl(M(N D). (10.27)

Proof. The proof is presented in Appendix 10.5.3.

Proposition 10.2 Foralla 0OandN 2 N,
Pu;(a;N) Pu.(a;N):

Proof: The proof is presented in Appendix 10.5.4.
Finally, we prove the following corollary of Proposition 1@, which is
pertinent to the discussion we gave in Section 10.2.2.

Corollary 10.1 The proportion of the total intensity o ered to a server that
is owing to the stream formed by-calls, is larger in the FM than the TM.

In particular,
o 8u.(0) _ 8w, (0)

S tene () otawe ()

Proof: According to the proof of Proposition 10.2, . (N 1) mr (N 1),
N 1, where the inequality is strict forNP: 1. Sinceay, (0) = au. (0) = a,
it suces to show that = L, &y, (j) iLo" & (), which follows from

PN 1 . N 1 ;
the factthat o aw- ()= m.(N 1) w (N 1= [ au ().
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10.3 Circuit-Switched Networks using
Alternative Routing

This section will demonstrate the versatility of OPCA by using itto estimate
blocking probability in a variety of circuit-switched netwaks using alterna-
tive routing.

10.3.1 A Symmetric Fully-Meshed Circuit-Switched
Network

We adopt the usual model of a circuit-switched network that hakeen used
in [86, 87, 177]. The network comprisedl switching o ces. Each pair of

switching o ces is interconnected via a trunk group comprisiig K coopera-
tive servers. Therefore, there exists a one-hop route as wellds 2 two-hop
alternative routes between each pair of switching o ces, as shm in Fig.

10.5.

Calls arrive at each switching o ce pair according to indepedent and
Poisson processes of intensiy. A call foremost seeks to engage the one-hop
route between the pair of switching o ces at which it arrives. Acall that
nds all K trunks on this one-hop route busy over ows to one of thé&\ 2
two-hop alternative routes with equal probability and without delay. A call
continues to over ow as such until either: it encounters a twdhop alternative
route possessing an idle trunk omboth of its constituent links, in which case
the call engages both of these idle trunks for its entire holdy time; or, it
has sought to engage alN 2 two-hop alternative routes, in which case it is
blocked and cleared. According to the TM and FM convention, tis model
serves as the TM.

Let b be the probability that all K servers are busy on an arbitrary trunk
group. It su ces to consider an arbitrary trunk group as a consegence of

symmetry. It can be veri ed that applying EFPA to the TM gives

|
X 3 .
b = Ex a+2abl b 1 1 b?'’ (10.28)
j=0
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i ]

\7

Figure 10.5: Switching o ce pair (i;j ) of a fully-meshed circuit-switched
network using alternative routing

and that call blocking probability is estimated by
Pu.=b1l (1 p2" % (10.29)

Equation (10.28) will be justied on a term-by-term basis. The &ctor of

two multiplying the summation arises after enumerating all pemutations in

which a call can be o ered to an arbitrary trunk group. The tem 1

(1 b? Vs the probability that a call over ows from j two-hop alternative

routes, while the term 1 bis the factor by which intensity must be reduced
to ensure that the intensities carried by both links of a two-hp alternative

route are equal.

For example, suppose a two-hop alternative route is o ered a Rson
stream of intensitya. The portion of a that is 0 ered to each of the two links
constituting this two-hop alternative route is calculated & a(1 b) to ensure
that the intensities carried by both links are equal and givey a(1  b)2.

Equation (10.29) states that a call is blocked in the event thdt over ows
from its one-hop route, which occurs with probabilityb, and then over ows
from each of itsN 2 two-hop alternative routes, which occurs with proba-
bility 1 (1 b2 " 2

It is di cult to ascertain properties regarding existence andunigueness
of solution for (10.28). Of further concern is that it cannot I said if the
sequencé hgl, generated according to the usual xed-point mappindp.; =
Ex a+2ah(l h) [L,° 1 (1 h)? J converges.

The FM is de ned in a completely analogous manner as in Sectid 0.2.
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In particular, an n-call is given strict preemptive priority over an m-call,
n < m, given that both calls compete for a common trunk group. The
de nition of a n-call must be adjusted to a call that over ows fromn routes
before engaging ther{ + 1)th route.

2, seeking to engage an arbitrary trunk group. It can be veri@ that for the
FM,

g Ex (a); n=0;
b(n) = (10.30)

BnEk (Bn) Bn 1Ek (Bn 1)- n> 0
Bn Bn 1 ! !

P n
whereB, =, & and

ry 1
a, =2ab0) 1 k(n) 1 1 Khj)?:; n>0; (10.31)
j=1

is the total intensity o ered by n-calls to an arbitrary trunk group. Hence,
ap = a. Call blocking probability is then estimated as
N( 2
Py = b0) 1@ nj)*: (10.32)

j=1

Equation (10.30) follows the same justi cation provided for {0.19).

The term 1 b(n) in (10.31) precludes the use of a recursion to compute
the blocking probabilitiesb(1);:::;b(N  2), and thus an appropriate xed-
point mapping must be used. In particular, we use a successive suliibn
algorithm of the same kind used in Chapters 4 and 5. Our successivéStit
tution algorithm is speci ed in Algorithm 7, b.(n) denotes the value ot(n)
at iteration k.

Although convergence of Algorithm 7 is not a certainty, we havéound
divergence is rare in practice and can often be overcome byripdically
re-initialising with a convex combination of the most recentterations. In
particular, to improve convergence, instead of computing t new iterate
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Algorithm 7  Calculate b(1);:::;B(N  2)

Require: N, , a// Number of trunks error criterion and o ered load
1. by(n);lp(n) Uniform (0;1) 8n=1;:::;N 2 // Initialisation
2:k=1
3: while 9 jb(n) b i(n)j> forany n=1;:::;N 2do

4: forn=1;:::;N 2do Q
5 a=28h(0) 1 h(n) T4 1 (@ b()?
6: Bn= %aj
< Ek(a); n=0
7: Bea (n) = BaEx (Bn) Ba 1E(Bn 1). 5
Bn Bn 1
8. end for
90 k=k+1
10: end while Q
11: Py, = b(0) T, 1 (1 hb())? // Return

be+1 (N), N> 0, with (10.30), we use

BnEK (Bn) Bn 1EK (Bn 1)

bﬁ—l(n): €1 Bn Bn 1

+ gl (n) + csbe 1(n) + X

wherec; + G, + C3 + = 1. This tempers the rate of convergence but may
prevent cycling.

OPCA can be generalised to the case of circuit-switched netwarloro-
tected with trunk reservation. With trunk reservation in place, ann-call can
be preempted from a two-hop alternative route by amm-call, m < n, in the
usual preemptive priority regime de ned by OPC. However, am-call, where
n > 0, canalsobe barred from engaging a two-hop alternative route possess-
ing an idle trunk on both of its constituent links if the total number of busy
trunks that are engaged with O-calls on either of the links igreater than or
equal to a prede ned threshold. Let that threshold be denotedyoM . If the
total number of busy trunks that are engaged with 0-calls on #ier of the
links exceeds or equal®, the n-call must seek another alternative route;
or, if it has sought to engage all two-hop alternative routest is blocked and
cleared. See [82, 93] for some rules of thumb governing theiceafM .

To generalise OPCA to the case of circuit-switched networks vittrunk
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reservation, (10.30) is replaced with
8
3 E(aK); n=0;

) = (10.33)
_3 aQ(n)+ R(n) F;;Lnaj jnzolaib(j); n> 0;

where Q(n) and R(n) are functions of the steady-state probabilities of a
one-dimensional birth-and-death process characterising autrtk group. In
particular, Q(n) = «(n) and R(n) = wm(N)+ wma(n)+ + k()
where for a givenn, the steady-state probabilitiesf j(n)ngzO are computed

via the recursion
8 i
3 (ao+as+ j+!an) o(n) . i=1;0M;
jny=_
3 ay M (aotar+t +an)M
j!

For eachn, the normalisation constant (n) is determined by soIvingP jK:O i(n)=
1. Equation (10.31) does not require any modi cation for thecase of trunk
reservation. Trunk reservation will not be considered in the raainder of this
chapter.

We considered estimating blocking probability in a network amprising
four switching o ces with ten trunks per trunk group. The error in esti-
mating blocking probability with EFPA and OPCA was gauged aginst a
simulation and is plotted in Fig. 10.6.

Based on the outcome of this experiment, although EFPA yields better
estimate of blocking probabilities that are greater than abat 0.02, OPCA is
preferred for the range of blocking probabilities less tharhis value.

10.3.2 Other Circuit-Switched Networks

In this section, the error in estimating blocking probability with OPCA is
gauged for three other general circuit-switched networks dncompared to
EFPA as well as a simulation. To conclude, a somewhat arti ciaéxample is
constructed in which OPCA yields a poorer estimate of blockingrobability
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than EFPA. This example serves as a warning against using OPCA edessly.

The three circuit-switched networks we consider are shown indri 10.10,
where each double-arrowed line represents two trunk groupfgaed in op-
posing directions, each comprising trunks.

Routing is implemented in a sequential manner in all three nebrks as
follows. For each switching o ce pair, the maximum number of aernative
routes that are disjoint with respect to trunk groups are enunmmated and
stored in a routing table. We insist that alternative routes foreach o ce pair
are disjoint to avoid the additional complexity of dealing wih the conditional
blocking probabilities that would require consideration ifthis was not the
case. The approach taken in [23] can be used in both OPCA and EFRA
cope with alternative routes that are not disjoint. The routng table is then
ordered such that the shortest hop route is listed rst and the longst hop
route is listed last.

Calls arrive at each o ce pair according to independent Poissoprocesses
of intensity a and they sequentially traverse (without delay) the sorted rout
ing table for an idle route. An idle route is a route that contans at least one
idle trunk on each of its trunk groups at the time of a call arwval. A call is
blocked and cleared if it cannot engage a route for its entirgervice period.
This routing strategy is often referred to as originating o ce control with
sequential over ow.

For the networks shown in Fig. 10.10, the blocking probabilt perceived
by a call may vary according to which switching o ce pair it is assigned,
even though the ring and wheel topology are symmetric. For exwle, a
call o ered to switching o ce pair (1 ;5) of the wheel network shown in Fig.
10.10(b) perceives a higher blocking probability than a dab ered to switch-
ing o ce pair (1;9) because the average hop length of the three alternative
routes for the former is higher (163 hops) than the latter (5=3 hops). In this
section, we understand blocking probability to mean the bloakg probability
averaged over all switching o ce pairs.

Although more laborious, deriving OPCA for the case of generaircuit-
switched networks follows the same principles used in the preus section.
The main di erence is that each trunk group as well as each switing o ce
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Table 10.3: Guide to Numerical Results
Network Topology Blocking
Probability
Eight Node Ring Fig. 10.10(a) Fig. 10.7
Nine Node Wheel Fig. 10.10(b) Fig. 10.8
NSF (T1) Fig. 10.10(c) Fig. 10.9

pair must be treated separately due to asymmetry.

We gauged the error in estimating blocking probability with @CA and
EFPA for all three circuit-switched networks for the caseK = 10. A guide
to our numerical results is shown in Table 10.3. The intensity eered to each
switching o ce pair was varied over a range that resulted in blaking proba-
bilities that spanned the range [10°%;10 !]. The set of xed-point equations
inherent to OPCA and EFPA were solved by iterating as describedarlier.

Based on the numerical results presented in Figs. 10.7, 10.8 ar@l9], it
is evident that OPCA provides a more accurate estimate of blemg proba-
bility for all three circuit-switched networks. Since minima additional com-
putational e ort is required to calculate an estimate with OPCA relative to
EFPA, it seems that OPCA is the preferred approximation. The aditional
computational e ort in calculating an estimate with OPCA is a consequence
of the need to calculate the intensity o ered and blocking proability per-
ceived foreachof (0; 1:::)-calls o ered to a trunk group, whereas EFPA only
requires calculation of these two parameters for thgingle combined stream
formed by pooling together the marginal streams formed by (@; : : :)-calls.

To end this section, we construct an arti cial example in whichOPCA
yields a poorer estimate of blocking probability than EFPA. Inparticular,
we reconsider the model of the distributed-server network butaw suppose
it is only those calls that arrive at one particular server thatare permitted
to over ow in the usual manner dictated by the random hunt. Thee calls
are referred to as premium calls and arrive according to a Rson process of
intensity a to this one particular server. Calls arriving at all other serers
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Figure 10.11: An example in which OPCA performs poorly

are barred from over owing and thus either: engage the rst seer at which
they arrive, in the case that this server is idle; or, are blockieand cleared, in
the case that this server is busy. These calls are referred to asrstard calls
and arrive at all the other servers according to independentdfsson processes
of intensity a.

The blocking probability perceived by premium calls and stasiard calls
as well as the average perceived blocking probability was esated for a
network comprising four servers (of which one of these four serses o ered
only premium calls) with OPCA and EFPA. We set,a = 0:5 and varied
a within the range [(3; 1:8]. A simulation was also implemented to gauge
errors. The results are shown in Fig. 10.11.

Fig. 10.11 shows that EFPA provides a better estimate of the bbing
probability perceived by premium calls and standard calls. Annteresting
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point is that the estimate of blocking probability perceivedby standard calls
is independent ofa for OPCA, which is not the case in practice. This is be-
cause for the FM of this network, standard calls are oblivioustthe existence
of premium calls since a standard call is always given the righd preempt a
premium call in the FM. Therefore, the result is that OPCA oveestimates
the blocking probability perceived by premium calls and unerestimates the
blocking probability perceived by standard calls, especiallfor high intensi-
ties.

Since the blocking probability perceived by a standard calsiindependent
of a in the FM but clearly increases witha in the TM, the inequality
Pu;  Pwm. is not tight for this network. This examples serves as a warnmn
against regarding OPCA to be a universally superior estimate ofldxking
probability. We are unable to determine a priori whether or ot OPCA is
favourable for a given problem instance.

10.4 Chapter Summary

In this chapter, we saw examples of over ow loss networks for wah Erlang's
xed-point approximation (EFPA) underestimates blocking probabilities by
several orders of magnitude. We explained that this inaccuecg is due to the
Poisson and independence errors inherent to EFPA. Furthermgreve saw
that strengthened forms of EFPA in which over ow tra c is char acterised
not only in terms of its mean but also its variance as well as pob§y other
higher moments may o er a marginal reduction in error compaad to the basic
analysis-of-means form of EFPA. However, we argued that this redtion is
hardly justi ed in consideration of the computational burdenin dealing with
additional moments.

The main contribution of this chapter was a new approximatio for esti-
mating blocking probabilities in over ow loss networks. We r&erred to our
approximation as the over ow priority classi cation approximation (OPCA).
OPCA relies on the most basic form of EFPA and hence remains singphnd
e cient but through a system transformation implicitly utilise s the conges-
tion information imbedded in over ow trac to combat the Poi sson and
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independence errors inherent to EFPA. OPCA was shown to outgierm the
conventional EFPA approach for the case of a distributed-semvaetwork as
well as several cases of circuit-switched networks using altative routing.

Given a system for which an estimate of blocking probability is sght,
we rst constructed a second system to act as a surrogate for the angl
system. The original system was called the true model (TM), whil¢he
second system was called the ctitious model (FM). We obtainedhe FM
from the TM simply by imposing preemptive priorities on the TM.For many
examples, we saw that estimating blocking probability in the FMvith EFPA
provided a better estimate for blocking probability in the TM (the system of
interest to us) than if we were to use the conventional approach directly
using EFPA in the TM. This is the basic idea underlying OPCA.

On the downside, we saw an example in which OPCA performs poorly
Moreover, we were unable to determine a priori whether or n@PCA yields
a better estimate of blocking probability than EFPA for a given network.

10.5 Chapter Appendices

10.5.1 Some Background on the Analysis of Over ow
Networks

An age-old problem synonymous with the study of over ow networkis that
of calculating the steady-state blocking probability perceed by each of sev-
eral heterogeneous over ow streams which are pooled togetrend o ered
without delay to a nite secondary trunk group. The history of this problem
can be traced back to the work of Kosten [90] in 1937. It was wddhown at
this time that the number of busy servers on an in nite primary trunk group
that is o ered a Poisson stream of intensitya is Poisson distributed with
parametera, assuming service times are of unit mean and exponentially dis-
tributed. Kosten derived the distribution of the number of busyservers on an
in nite secondary trunk group that is o ered the over ow stream that would
result if this primary trunk group is no longer in nite but rat her comprises
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N servers. Of particular interest is the mean
M = aEy (a) (10.34)

and the variance

a
= + : .
v=M 1 M N+l a M (10.35)

The derivation of (10.34) and (10.35) is given in [62, 160].

Ten years later, Brockmeyer [20] advanced one step further loeriving
the distribution of the number of busy servers on an in nite terrary trunk
group that is o ered the over ow stream that would result if the secondary
trunk group now comprisesK servers. As well as deriving this distribution,
Brockmeyer con rmed the intuitively pleasing fact that the blocking prob-
ability perceived by the over ow stream o ered to the now nite secondary
trunk group is given by the ratio Ey .k (a)=En (a).

The approach followed by Kosten and Brockmeyer involved anaically
solving the steady-state distribution of the underlying Markovprocess. At-
tempting to generalise this brute-force approach to a cascademprising an
arbitrary number of trunk groups does however lead to a statepace of un-
manageable size.

A seemingly tractable approach of analysing a cascade comprgsian ar-
bitrary number of trunk groups soon arose when it was recognisdiat the
over ow stream of each trunk group is of renewal-type, provied that the
stream o ered to the primary trunk group is also of renewal-tyg. There-
fore, theory of the GI=M=N=N queue can in principle be used to analyse
any arbitrary trunk group of such a cascade. In particular, exit for-
mulae to compute the factorial moments of the distribution othe number
of busy servers on an in nite trunk group o ered the over ow stream of a
GI=M=N=N queue are provided in [130, 132]. Although in principle thisis
tribution can be characterised exactly, in practice, numecial methods must
resort to matching its rst few moments to a speci c renewal proess. A
popular approach is to match the rst three moments of this distibution
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to the rst three moments of an interrupted Poisson process, as wasst
considered in [94] in 1973.

Simpler moment-matching approximations of a di erent guisevere ac-
tually proposed much earlier. They arose after it became appent that
characterising an over ow stream solely in terms of its mean fied to cap-
ture the stream's larger variance and thus its higher blockonprobability. In
[173], Wilkinson introduced the concept of peakedness to gigetruer char-
acterisation. A stream's peakedness is de ned as the variantemean ratio
of the distribution of the number of busy servers on an in nite serer group
to which the stream is o ered. Peakedness is usually denoted 2s= V=M.

It can be shown that the peakedness of a Poisson stream is unity, Vehi
taking the ratio of (10.35) and (10.34) reveals that the peadness of an over-
ow stream is always greater than unity. To estimate the blockig probability
perceived by a stream characterised by; Z ) that is o ered to a trunk group
comprisingN servers, Wilkinson suggested to consider this stream to be the
over ow stream of a ctitious trunk group comprising x servers that is of-
fered a Poisson stream of intensitg. Then, upon calculating the so-called
equivalent random parameters and x using the formulae in [78], the block-
ing probability perceived by the stream characterised byM; Z ) is estimated
by Ex+n (2)=Ex(a). This is referred to as the equivalent random method or
Wilkinson's method.

As an alternative to Wilkinson's method, Hayward [54] later sugested
En=z (M=Z) as an even simpler estimate of the blocking probability peroed
by a stream characterised by NI; Z) that is o ered to a trunk group com-
prising N servers. It is hard to say which of the two methods is best for a
given model.

More pertinent to the study of over ow networks is the more corplicated
problem of calculating the steady-state blocking probabilt perceived by
each ofseveralheterogeneous over ow streams which are pooled together and
o ered to a nite trunk group. We call this the heterogenous ase, which is
the case that is most relevant to this chapter. In [95], the supposition of
a Poisson stream and a general stream of renewal-type is solved. Ewasv,
the heterogenous case in its most general form has evaded solutmainly
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as a consequence of the fact that the superposition of several epéndent
streams of renewal-type in general is not itself of renewalgeg.

Approximations for the heterogenous case are rather ambitisun their
natur%and rely on momenlg-matching. A combined streamM; Z ) of mean
M = . m, varianceV = ,v; and peakednesg = V=M is used to char-
acterise the presence of each over ow streamm(;Vv;) o ered to a nite trunk
group. The steady-state blocking probability perceived by t& combined
stream, sayp, is estimated by Wilkinson's method or Hayward's method,
though approximations of greater intricacy are possible anch&il matching
(M;Z) to a specic renewal process. Therefore, the mean of the distub
tion of the number of busy servers on an in nite trunk group o eed the
over ow of this combined stream isMp. Accurately apportioning Mp to
eachmarginal stream (m;;v;) is a formidable problem plaguing all of these
approximations. Usually one of many empirical formulas is used du as
the simple formula suggested in [96] in which the portion dfip owing to
stream (m;;v;) is estimated by Mpv;=V. Hence, the steady-state blocking
probability perceived by each streamr;;v;) is estimated by

M pv;

b: m;V

: (10.36)

10.5.2 Proof of Proposition 10.1

Let

X0
An ’ a(l);
i=0

where a(i) is given by (10.17). Then according to (10.17), fon > 0 and

a> 0, it follows that
An+l An .

n= ——m—:
u) An Anl
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Using (10.19), this can be rewritten as

P, . P, . Py .
Anti An _ Ei  pall) 5 al) i=1 a(i)
A, An 1 a(n)
_ 1 AZ
S am @rAy A
N N
T (An AL ) 1+ A,

Hence, resulting in the required recursion

- An . .
Anvt = Apta 1+—An' n 0

whereAp = a.

10.5.3 Proof of Lemma 10.3

For M = M+, according to (10.5) and (10.10),

Pu, = E w,(N 1);1": (10.37)
Using (10.6) in (10.37) gives
a E N 1
Puw, = 1w )
a
T (N 1)
_ a MT(N 1) 1 m
= 2 :
after which the required result follows from the factthate(; 1) = =(1+ ),
0.
For M = Mg, according to (10.19),
o = (D) au.(N) _ au(N)
e aw.(0) av.(N 1) a
N N 1
o ome(N) we (N D), (10.38)

a
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Let ( )= Ei( ). Note that for n> 0,

Mg (n) Mg (n 1)
= me (N 1) me (N 2); (10.39)

aMF (n)

where y.( 1) = 0. Substituting (10.39) into (10.26) gives rise to a tele-
scoping sum that results in the recursion

me (N) = a+ me(n 1); n>0 (10.40)

To arrive at the required result, (10.40) is used in (10.38) ging

at MF(N 1) MF(N 1)

a
Mme((N 1)1 Ea( me(N 1))
- :

pM E

10.5.4 Proof of Proposition 10.2

A simple rearrangement of Lemma 10.3 gives

m(N 1)

Pu(a;N) =1 al+ y(N 1);

M 2fMr;Meg:

Hence, it su ces to show that . (N 1) mr (N 1). Induction will be
used to show

mc(M)  wy;(N 1) n=1;::5N L

According to (10.4),

vi(N 1)=a E wn. (N 1)1 (10.41)
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and explicitly writing out the rst few terms of (10.40) gives

MF(n) = at M,:(n 1)
= a-+t E]_ MF(n 1) at MF(n 2)
X0y
= a Ex w0 ) (10.42)
i=0 j=1

where a null product is unity. For the base casa = 1, an immediate conse-
guence of (10.41) and (10.42) is

ME (1) = a+t aEl(a)
a+ akE; MT(N 1) MT(N 1)

The inductive hypothesis is that . (k) M. (N 1) forall k <n
N 1. Using the inductive hypothesis and becaude;( ) is monotonically
increasing, it follows that

Xy o
a Ei m:( )
i=0 j=1
a+ aE;(a)+ aEi()E1 wm. (1) +
2

atatE; w,(N 1) + aE; u,(N 1) "+

X
= a E; w;,(N 1)
i=0

ME (n)

MT(N 1)

Since the base case is true and the inductive step is trug,. (n) M (N
l)istrue foralln N 1. Itis noted that the case ofn = 0 follows trivially
since y,.(0)= wm.(0)= a
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10.5.5 Summary of Notation used in Chapter 10

Table 10.4: Summary of Notation

En(a)

A

Mt and Mg
P and P

A call that has over owed fromn servers or trunk groups

Used to reference either a O-call or a 1-call, ..., or an
n-call

Exogenous load o ered to a server or source and desti-
nation pair

Load o ered to a server or trunk group by calls that
have over owedn times

Steady-state blocking probability perceived for a call
that after over owing n times seeks to engage server
or trunk group i

Used as a shorthand forlh(n) if all servers or trunk
groups are statistically equivalent

Used only in the context of applying EFPA to the TM,;
denotes the probability that a server or trunk group is
fully occupied

Erlang B formula for a trunk group comprisingN servers
that is o ered an intensity a

Number of trunks per trunk group

Trunk reservation threshold for circuit-switched net-
works; M < K

True model and ctitious model, respectively

Exact and estimated system blocking probability, re-
spectively, perceived by a call; see Table 10.2




Chapter 11
Thesis Summary

Table 11.1 serves to summarise this thesis by chapter. This tabbensists
of four columns. The rst column identi es each of the chaptersbeyond
Chapter 2. Chapter 1 was an introductory chapter, while Chaer 2 outlined
the contributions of this thesis. The second column identi eshe particu-
lar approach to optical switching we considered in each chapteWe have
considered approaches that are popular in the literature sucis OBS with
limited wavelength conversion (Chapter 4) and OBS with de eiton routing
(Chapter 5). We have also proposed entirely new approaches suah OCS
with dynamic burst length (Chapter 6). The third column descrbes the type
of model we have developed in each chapter. All the models dieyed in this
thesis have been open loop loss or delay models for a core nekwmrstand-
alone link. Our core network model consists of edge bu ers at win packets
are enqueued before transmission to their destination over a eonetwork
of optical cross-connects. The third column also speci es the t@aarrival
process we assumed. The nal column in Table 11.1 indicates thelétra c
performance measures for which we derived exact results or appmations.
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Figure 11.1: Summary by chapter

Chapter Switching Model Performance
Technique Description Metric
3 Wavelength-routing Core network (integer program Minimisation of congestion
formulation)
4 OBS with full and limited wave- Core network & stand-alone link End-to-end blocking probability
length conversion sub-model; Poisson burst arrivals
5 OBS with de ection routing Core network; Poisson burst ar- End-to-end blocking probability
rivals
6, Sec. 6.2 OCS with dynamic burst length  Finite-source standeme link Packet delay distribution
with packet queueing at edge
bu ers, synchronisation between
sources & slotted time; Poisson
packet arrivals
6, Sec. 6.4 Conventional form of dynamicFinite-source stand-alone link; Mean packet delay & blocking
OCS proposed in [44, 45] on/o arrival process probability
7 Centrally controlled and time- Core network with packet queu- Packet delay distribution
slotted dynamic OCS ing at edge buers; uid packet
arrival process
8 Conventional OBS & centrally Core network with packet queue- End-to-end blocking probability,
controlled dynamic OCS (com- ing at edge buers & stand- mean packet delay & capacity
parison of the two) alone OBS route with cross- utilisation
tra c; Poisson packet arrivals
9 Optical hybrid switching Finite-source stand-alone link, Blocking probability
augmented Engset-like model
with frozen states for OBS;
on/o arrival process
10 Arbitrary Arbitrary over ow loss network Blocking probability

with Poisson arrival process
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