STATISTICALLY PREDICTIVE OPTIMAL ROUTING AND WAVELENGTH
ASSIGNMENT IN ALL-OPTICAL NETWORKS

17657

A THESIS SUBMITTED TO
THE GRADUATE SCHOOL OF NATURAL AND APPLIED SCIENCES
OF
THE MIDDLE EAST TECHNICAL UNIVERSITY

BY

ALTAN KOCYIGIT

IN PARTIAL FULFILLMENT OF THE REQUIREMENTS FOR THE DEGREE OF
DOCTOR OF PHILOSOPHY
IN
THE DEPARTMENT OF ELECTRICAL AND ELECTRONICS ENGINEERING

4

(\ N\
SEPTEMBER 2001 Wo

I

) i Py e TR XY
et . ol



Approval of the Graduate School of Natural and Applied Sciences

oo Uk

Prof. Dr. Tayfur Oztiirk
Director

I certify that this thesis satisfies all the requirements as a thesis for the degree of

Doctor of Philosophy.

Prof. Bir. Fatih Canatan
Head of Department

This is to certify that we have read this thesis and that in our opinion it is fully

Prof. Dr. Semih Bilen
Supervisor

Examining Committee Members

NS
Prof. Dr. Hasan Giiran . %W/j

Assist. Prof Dr. Ezhan Karagan L oun %%J/\

Assist. Prof Dr. Ciineyt Bazlamagci %\Q\_‘
m bg}?jh
Dr. Atilla Ozgit

[AY A
Prof. Dr. Semih Bilgen WL\JJ ; /




ABSTRACT

STATISTICALLY PREDICTIVE OPTIMAL
ROUTING AND WAVELENGTH ASSIGNMENT
IN ALL-OPTICAL NETWORKS

Kogyigit, Altan
Ph. D., Department of Electrical and Electronics Engineering
Supervisor: Prof. Dr. Semih Bilgen

September 2001, 117 Pages

Network management and fault management are important issues in all-optical wide
area networks. In this thesis, we consider the minimization of the effect of router and
link failures on network performance by assigning to lightpath requests the most
reliable route and wavelength(s) on that route. Hence, number of lightpaths affected
by failures is minimized. For this purpose, we propose a statistically predictive
routing and wavelength assignment algorithm. The objective of our algorithm is to
minimize the probability of lightpath reconfiguration due to failures without
deteriorating blocking probability performance. The parameters used in routing
decisions are the network state at the time of routing and operational statistics
collected from the network. Simulation results show that our algorithm achieves
better reconfiguration probability and comparable blocking probability performance
compared to the adaptive RWA algorithms that do not take failures into account.

Keywords: All Optical Networks, Routing and Wavelength Assignment, Statistically
Predictive Optimal Routing.



TUMUYLE OPTIK AGLARDA ISTATISTIKSEL ONGORUYE DAYALI ENiYi
YONLENDIRME VE DALGA BOYU ATAMA

Kogyigit, Altan
Doktora, Elektrik ve Elektronik Miihendisligi Boliimii
Tez Yoneticisi: Prof. Dr. Semih Bilgen

Eyliil 2001, 117 Sayfa

Tumilyle optik genis alan aglarinda ag yonetimi ve bozukluk yoénetimi 6nemli
konulardir. Bu tezde yonlendirici bozulmalarinin ve optik bag kinlmalannin ag
basanm uzerindeki etkisinin, 1gikyollarina en giivenilir yol ve dalga boyu atanmasi
yontemiyle enkigiiltiilmesi konusu ele alinmaktadir. Gelistirilen yeniden diizenleme
olasihgim enazaltan yonlendirme algoritmas: sayesinde bozulmalardan etkilenen
istkyolu sayist azaltlmaktadir. Yonlendirme sirasindaki af durumunun ve ag
cahismast sirasinda toplanan istatistiklerinin kullammiyla bozukluk nedeniyle
istkyolu  yeniden yonlendirme olasiliginin ve tikanma olasthgimn ortaklaga
enkiigiiltilmesi algoritmanin amag islevi olarak segildi. Yapilan benzetimlerden elde
edilen sonuglar, onerilen algoritmanin bozulmalan dikkate almayan diger uyarlamal
yonlendirme ve dalga boyu atama algoritmalanyla kargilastinidiginda daha iyi
yeniden diizenleme ve benzer tikanma bagarimina sahip oldugunu gosterdi.

Anahtar Kelimeler: Tumiiyle Optik Aglar, Yénlendirme ve Dalga Boyu Atama,
Istatistiksel Ongoriiye Dayah Eniyi Yonlendirme.

v



ACKNOWLEDGEMENTS

I would like to thank my supervisor Prof. Dr. Semih Bilgen for his guidance and
support throughout this study. His useful propositions, helpful discussions, and
careful attention to detail have always inspired me and it has been a great opportunity
to study under him. I would also like to thank to my thesis supervising committee
members for their attention and valuable comments. I offer sincere appreciation to
my friends Serkan Kaygin and Giiglii Ongun for their help and encouragement and to

all my friends for their continuous morale support.



TABLE OF CONTENTS

ABSTRACGT ...ttt e e e e eeesas e e seatseeesasssssasesssnssesnaressnssereesessrssans i

O oottt ettt ettt e et eee e ettt e e eneeaenean iv

ACKNOWLEDGEMENTS ... oot eeceiae e e e essseesssensseesssnsasssasnseessannssaanas v

TABLE OF CONTENTS ... ..ottt e et eetae e e e e seaaeeaseeeennaa e nns vi

LISTOF TABLES ...ttt ettt eae e e ta e eeaeeeetna e stsesenreasanranean viii

LIST OF FIGURES ... s et masnnennens ix

LIST OF ABBREVIATIONS AND ACRONYMS ... Xiii
CHAPTER

1INTRODUCGTION ...ttt eeve e esaat s e srae e s eaessneeesasareeeens 1

1.1.  All-Optical NetWorking ............cccccoeeiiriiniieneeninnesrienreieeeesreaeneeens 1

1.2.  Scope, Objective and Contributions of This Study .............cceeeeeiienne. 5

1.3.  Dissertation QULINE ...........ccccooiiiiiiiiiiii e 7

2. ALL-OPTICAL NETWORKS ...ttt ettt e e eeaeeeeeeaesa e 8

2.1, WDMULINK ..ottt 8

2.2, Passive Optical NEtWOTKS ..........cooooveviiiiiiiiirieniecceieeee e 9

2.3. Broadcast and Select Networks.............oooiiiiiiiiiiii e 10

2.4.  Wavelength Routing Networks ..........c.ccccoovveeveirierieeiieeiiieeieereencenn 13

241, WSand WINetworks.............cocovviiieeieiiieceeeceee e 16

2.42. Limited Conversion WI Networks ..............ccccccoiiiiiiiiinnnnnn. 19

2.4.3. Multi-Fiber NetWorks ...........coocvvivieieeiiiiieeee e 22

244 Routing and Wavelength Assignment ....................ccooevienennne. 23

2.45. Packet SWItChING............cocoeeriiiiiiiriiieticieeeeeee e 35

2.4.6. Survivable WRINS............coooiiiiiiiiieeicie et 39

3. MINIMUM RECONFIGURATION PROBABILITY ROUTING.................. 41

3.1, Network ModelS .........ooovviiiiiiiiiiiieeeeeeeeeeee e ORI 44

3.2 MRPRIN WINEIWOIKS......c.oooiieiiiieiee ettt seee e 45

3.2.1. Reconfiguration Due To Failure .................cccoooeeiiiinninnnn. 46

3.2.2. Reconfiguration Due To Repacking..................c.ccocevvrrnnnene, 48

33, MRPRIN WS NEtWOIKS.......ocooiiiieiiieiiiei e 55

34, MRPRin SPN NetWOrKS........ccoooiiiiiiiiie it 57

4. PERFORMANCE EVALUATION..........ooiiiiiieeieee et 60

4.1. Simulation EnvIronment ...................ccocooviiviiiiiiieeeeeeee e 60

4.2. Verification of Simulation Tool ..............ccccoooviieiiniiieeeeeeeeeeen, 62

4.3. Performance oOf MRPR..............oooouiiiimiiiiieeeeee et 65

4.3.1. Performance in WI networks ..............cocoeeeiiiiiiieeeeiiieeeeeeeenns 67

4.3.2. Performance in WS networks..............cooovveveineiinicereieeciieeens 78

433, Performance in SPN networks ..........coooveeieeiiiieeieciiieeeeeennne 83



REFERENCES ...ttt ses et ereersessssen e eneesensesseestensessasasessansase 93
APPENDICES
A. SCREEN SNAPSHOTS OF SIMULATOR ........cccoccoomiimiinincnereeen, 100
B. SIMULATION DATA ..ottt eeeere st 105
VITA .ottt ettt b sttt st ebe e e 117



TABLE
1.

LIST OF TABLES

Problem Size of ILP Formulations [40]

....................................................



FIGURE

¥ ® N kW

— e
N = o

13.

14.

15.

16.

17.

18.

LIST OF FIGURES

Wavelength Division MultipleXing ...........ccocceeveriiririniinniennenicnienieeiceens 3
A Typical WDM LINK .......ooooiiiiiiiiiiiee et 9
Passive Optical Network (PON) .........cccoooiiiiiiieieeeeceeeeee e 9
Broadcast and Select Network (BSN) ........cccocveviinriiniiiieccrieiiecieee e, 11
A Multi-Hop Network: (a) Physical Structure (b) Logical Structure........... 12
A Wavelength Routing Network..........cc.cccceeiriminiienineeceeieeceeeree 13
(a) A 4x4 static and (b) a 3x3 reconfigurable wavelength routers.............. 15
Blocking in Wavelength Routing Networks...............ccoceveinieiiiniennnnn, 17
Effect of interference length on the gain [29]................cccovivviiiiiiniiciennn, 18
A 2x2 Dedicated WIROULET..............occeeriiiiniiiiiieeieec e 19
(a) A 2x2 Share Per-Node and (b) A 2x2 Share Per-Link WI Routers ....... 20
Blocking probability versus number of converters at different traffic

loading in (a) the share per node (b) the share per link WI networks [32]...21
Blocking probability versus load on 11x11 mesh torus WS network

when wavelengths per fiber is five [30] ...........cooooiiiieii, 29
Blocking probability versus load per node pair on a randomly generated
WS NEtWOrK [37] ..ottt et 30
Blocking probability versus load per node pair for the ARPA-2 WS
network with eight wavelengths per fiber[37]..............cccccooiiiiin. 31
Blocking probability versus link utilization with the LLR algorithm for
k=1,3,5,7 on the 30 Node network ...........cc.cecuecieenrenieiarinienenieieneeeeneenen. 32
Restoration strategies [43] (a) Link restoration (b) Path restoration (c)
Path restoration with link-disjoint route................ccoccoovviivieiiiccicn, 39
State diagram of the Markov Process constructed to determineR............... 49



19.
20.
21.
22.
23.

24.
25.

26.

27.

28.

29.

30.

31.

32.

33.
34

35.

(a) A WS network and (b) its graph representation................ccccoceeviennnnn. 56

(2) A SPN network and (b) its graph representation ............c..c.cccocoeveeueunee 58
Blocking probability vs. load for M/M/w/w queue for (a) w=10 (b) w=5...63
21 node-26 Link ARPA2 Network..........cccoeiiiiiiniiiniecceceeeneee e 64
Blocking probability versus Load per route for k=0,4,8,64 wavelength
converters per router on ARPA2 Network.........ccccoceniininienciiiiiiiannns 64
A randomly generated network [37]........cccooiriiiiiniininnc 65

Blocking probability versus load per node pair on randomly generated
topology with number of wavelengths per fiber equal to (a) 8 and (b) 4.....65
(a) 16 router, 4x4 mesh-torus network, (b) 8 router ring network .............. 67
Blocking probability and reconfiguration probability vs. load per
wavelength on 4x4 mesh-torus WI network when reliability
TAHOT0.0625 ........ooiiiiiiticieeeeeteet ettt ettt n e 68
Blocking probability and reconfiguration probability vs. reliability ratio
on 4x4 mesh-torus WI network when load per wavelength=0.65................ 68
Blocking probability and reconfiguration probability vs. load per
wavelength on 8 router ring WI network when reliability ratio=0.125........ 71
Blocking probability and reconfiguration probability vs. reliability ratio
on 8 router ring WI network when load per wavelength=0.1..................... 71
Blocking probability and reconfiguration probability vs. load per
wavelength on 30 router mesh WI network when reliability ratio=0.05
and wavelengths per fiber=8 ...........c.cooririiiiiin 72
Blocking probability and reconfiguration probability vs. reliability ratio
on 30 router mesh WI network when load per wavelength=0.15 and
wavelengths per fiber=S8..................ooiiiiiie e 72
30 Router and 47 link mesh network [23] ........cccooiiiiiiiiiiiiceeccee e 73
Maximum blocking probability and maximum reconfiguration
probability vs. load per wavelength on 30 router mesh WI network when
reliability ratio=0.05 and wavelengths per fiber=8 ...................ccocoviiinin, 75
Maximum blocking probability and maximum reconfiguration
probability vs. reliability ratio on 30 router mesh WI network when load
per wavelength=0.15 and wavelengths per fiber=8................c..cccovernnnnne. 75



36.

37.

38.

39.

40.

41.

42.

43.

45.

Blocking probability and reconfiguration probability vs. load per
wavelength on 30 router mesh WI network when reliability ratio=0.05
and wavelengths per fiber=16 ...........c..ccccoivvirniininininine
Blocking probability and reconfiguration probability vs. reliability ratio
on 30 router mesh WI network when load per wavelength=0.2 and
wavelengths per fiber=16..............cccceriiiiniiniiii s
Blocking probability and reconfiguration probability vs. load per
wavelength on 30 router mesh WI network when failures are rare,
reliability ratio=0.05, and wavelengths per fiber=8 ...............c..cccocoii
Blocking probability and Reconfiguration probability vs. reliability ratio
on 30 router mesh WI network when failures are rare, load per
wavelength=0.2, and wavelengths per fiber=8 ................cc.cccivnniinnnnn,
Blocking probability and reconfiguration probability vs. load per
wavelength on 30 router mesh WS network when reliability ratio=0.05
and fibers per lINK=4...........cocoooiiiriiiiie et
Blocking probability and reconfiguration probability vs. reliability ratio
on 30 router mesh WS network when load per wavelength=0.25 and
fibers per HINK=4 .............occiiiiii e
Blocking probability and reconfiguration probability vs. load per
wavelength on 30 router mesh WS network when reliability ratio=0.05
and fibers per LINK=S8...............coiiiiiiice e
Blocking probability and reconfiguration probability vs. reliability ratio
on 30 router mesh WS network when load per wavelength=0.25 and
fibers per HNK=8 .........coiiiiiii et e e
Maximum blocking probability and maximum reconfiguration
probability vs. load per wavelength on 30 router mesh WS network
when reliability ratio=0.05 and fibers per ink=4................cccoocerirreeninnne.
Maximum blocking probability and maximum reconfiguration
probability vs. reliability ratio on 30 router mesh WS network when load
per wavelength=0.25 and fibers per ink=4 ...............cccccooveimiiiiinninnnnne



46.

47.

48.

49.

50.

51.

52.
53.
54.
55.
56.
37.
58.
59.
60.

Blocking probability and reconfiguration probability vs. load per
wavelength on 30 router mesh SPN network when reliability ratio=0.05
and converter Pairs PEr TOULET™4 ...........ccceevuerienerniiniinininriieeicenie s senees 84
Blocking probability and reconfiguration probability vs. reliability ratio
on 30 router mesh SPN network when load per wavelength=0.15 and
CONVETLEr PAITS PET TOULET™A ... ..ooviieiriiriieiieiteeieeeieee e e e eeeeeaeesnecenes 84
Blocking probability and reconfiguration probability vs. load per
wavelength on 30 router mesh SPN network when reliability ratio=0.05
and converter pairs Per FOULEI=8 ..........ccovierriemrieermrernrerierereeeseeenee e e 86
Blocking probability and reconfiguration probability vs. reliability ratio
on 30 router mesh SPN network when load per wavelength=0.15 and
CONVETtEr PAIrs PETr TOULET=8..........oviiiiiiiiiiiiceirerceie et eeeseeesneens 86
Maximum blocking probability and maximum reconfiguration
probability vs. load per wavelength on 30 router mesh SPN network
when reliability ratio=0.05 and converter pairs per router=4 ...................... 87
Maximum blocking probability and maximum reconfiguration
probability vs. reliability ratio on 30 router mesh SPN network when

load per wavelength=0.15 and converter pairs per router=4 ....................... 87
Network editor - Node properties..............cceveiereeieniiiiienieneenieicnreneeens 100
Network editor - Link properties..............coovevvieiierieenienienieieeeeeicenens 101
Network editor - Network properties.............cccooveveeeeecveennenreneennns e 101
Network simulator - Simulation properties............cccccocveeeevveencienceniiennnens 102
Network simulator - Simulation parameters............c.coceevveeeeerierienienneens 102
Network simulator - Simulation specific parameters.......................c........ 103
Network simulator - Simulation mesSages ............ccoceeeveeriieeeieenieeaneennes 103
Network simulator - Simulation output..............c.ceevieeenviinieenieeineeeeeens 104
Network simulator - Qutput graphs.............c..cocoeveeeieiiieceeeeeeeie e 104



APON
ATM
AUR
BSN
CDM
FPLC

FT
HRWA
ILP

LCP
LLR
LR
LSP
LSR
MCgR
MCvR
MPAS
MPLS
MRPR

OBS
ONU

LIST OF ABBREVIATIONS AND ACRONYMS

: ATM Based Passive Optical Network

. Asynchronous Transfer Mode

. Adaptive Unconstrained Routing

: Broadcast and Select Network

: Code Division Multiplexing

: Fixed Path Least Congestion (Routing)

: Fixed Receiver

: Fixed Transmitter

. Heuristic Routing and Wavelength Assignment
. Integer Linear Program

: Internet Protocol

. Least Congested Path (Routing)

. Least Loaded Routing

. Link Restoration

: Label Switched Path

. Label Switching Router

: Minimum Congestion Routing

: Minimum Conversion Routing

: Multi Protocol Lambda Switching

: Multi Protocol Label Switching

: Minimum Reconfiguration Probability Routing
MTV_WR
. Optical Burst Switching
: Optical Network User

Move To Vacant Wavelength Retuning



OTDM : Optical Time Division Multiplexing

0).(& : Optical Cross Connect

p.d.f. . Probability Distribution Function
PON . Passive Optical Network

PR : Path Restoration

PRd : Path Restoration with Link Disjoint Route
QoS : Quality of Service

L.v. : Random Variable

RWA : Routing and Wavelength Assignment
SDH . Synchronous Digital Hierarchy

SDR : State Dependent Routing

SONET : Synchronous Optical Network

SPN : Share Per Node

SP-RWA : Shortest Path Routing and Wavelength Assignment
TE : Traffic Engineering

TR : Tunable Receiver

TT . Tunable Transmitter

WDM : Wavelength Division Multiplexing
WGR : Wavelength Grating Router

WI : Wavelength Interchanging

WRN : Wavelength Routing Network

WS : Wavelength Selective

Xiv



CHAPTER 1

INTRODUCTION

In the last decade, Internet has become an integral part of our lives. In an always-on
world, Internet is constantly available; ready to instantly deliver information that is
custom tailored to the recipients’ precise needs and wants. This technological
transformation also pervades most sectors in the society. Today, e-government, e-
business, e-banking, e-commerce, etc. are topics of interest. In addition to
widespread use of Internet, the content of information transferred is also changing.
Image and multimedia based content replacing text-based content. Moreover,
security and robustness gain importance as more mission critical applications
emerge. Therefore, data traffic carried by the networks is increasing at incredible
rates and quality-of-service requirements are more pronounced in every passing day.
Many studies have revealed 100% increase in every six months in overall data
traffic, and it is widely believed that this increase will not slow down in the near
future. For many years to come, the major enabler for this growth is expected to be
the optical communication. Without optical communication technology, it would be
hard to envisage today’s networks. Today, optical fibers are the primary choice in
long-distance and high-speed communications due to their low cost, simplicity of
use, high reliability, large bandwidth (30THz in low loss region), low attenuation
(0.2db/km), and low error rate (up to 10”%).

1.1. All-Optical Networking

The continuity of the progress in networked world mainly depends on provision of
much more bandwidth, improved reliability and reduction of costs in backbone and

access networks. Therefore, the capacity of existing networks should be expanded to
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meet the increasing demand and, in parallel, costs should be reduced. The traditional
way to achieve this expansion is to increase bit rates or laying more fibers into the
network. However, such an approach is neither economical and nor practicable due
to several reasons. Although it is possible to expand the capacity of a network by
introducing more fibers, it is not possible to reduce costs since it requires extra
amplifiers on the spans and large and complex switches at the edges. On the other
hand, increasing the rate of communication equipment at the edges increases the cost
and more importantly suffers from electronic bottleneck (i.e., rate of electronics can
not be increased beyond some value). Therefore, alternative approaches should be
employed to exploit vast bandwidth available in optical fibers.

There are many techniques based on enabling concurrency among multiple
transmissions to make use of large bandwidth available in optical fibers. Efficiency
of such methods highly depends on cost effective applicability to optical
communication. Recent improvements m optical device technologies and
introduction of new fibers and all-optical wideband amplifiers make possible the
construction of networks totally made up of glass material. Therefore, concurrent
transmissions can effectively be transferred to their destinations in optical domain
without requiring complex electronic switches and re-generators in between. Such
networks are called all-optical networks. Functional simplicity and inherent
robustness are the major advantages of all-optical networks [1]. In such networks,
concurrency can be supplied through time slots (OTDM-optical time division
multiplexing), wave shape (CDM-code division multiplexing) or wavelength (WDM-
wavelength division multiplexing) [2].

In optical time division multiplexing (OTDM) [3], many low speed channels,
each transmitted in the form of ultra-short pulses, are time interleaved to form a
single high-speed channel. By this way, the information carrying capacity of the
network can be improved to 100 Gigabits/sec or higher without experiencing
electronics bottleneck. In order to avoid interference between the channels,
transmitters should be capable of generating ultra-short pulses, which are perfectly
synchronized to desired channel (time slot), and receivers should have a perfect
synchronization to desired channel (time slot).

In code division multiplexing (CDM) [4], each channel is assigned to a unique

code sequence (very short pulse sequence), which is used to encode the low speed
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data. The channels are combined and transmitted in a single fiber without interfering
with each other. This is possible since the code sequence of each channel is chosen
such that its cross-correlation between the other channels’ code sequences is small,
and the spectrum of the code sequence is much larger than the signal bandwidth.
Therefore, it is possible to have an aggregate network capacity beyond the speed
limits of electronics. Like OTDM, CDM requires short pulse technology, and
synchronization to one chip time for detection.

In WDM (5], the available optical spectrum is carved up into some number of
smaller capacity channels (Figure 1). The users can transmit into and receive from
these channels at peak electronic rates, and channels at different wavelengths can be
used simultaneously by many users. Hence, the aggregate network capacity can reach

the number of channels times the rate of each channel.

loss A

Low lnss region of
single mode fiber

0.2 dB/km

440 p el

1500 nm wavelength

Figure 1 Wavelength Division Multiplexing

WDM is the favorite choice against OTDM, and CDM. This is due to the
complex hardware requirements, and synchronization requirements of OTDM and
CDM (synchronization within one time slot time and one pulse time respectively).
OTDM and CDM are viewed as a long-term network solution, since they rely on a
different and immature technology whereas it is possible to realize WDM systems
using components that are already available commercially. Moreover, WDM has an
inherent property of transparency. Since there is no electronic processing involved in
the network, channels called lightpaths act like transparent pipes between the end
nodes. Once a lightpath established between the end-nodes, the communicating
parties have freedom to choose the bit rate, signaling and framing conventions, etc.
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Transparency makes it possible to support various data formats, and services
simultaneously on the same network. In addition to this great flexibility, transparency
protects the investments against future developments. Once deployed, WDM
networks will support the variety of future protocols and bit rates without making
any changes in the network.

The commonly used architectural forms for WDM networks are WDM Link,
Passive Optical Network (PON), Broadcast and Select Network (BSN), and
Wavelength Routing Network (WRN). Today, most of the long haul communication
networks make use of WDM links between electronic switches. However, in the near
future, it is expected that PONs will become the major choice for access networks
and transport network infrastructure will be replaced by WRNs to form an opfical
transport network.

At present, ATM and/or SONET/SDH are used to interface IP networks to
optical networks causing complex multi layer architectures such as IP/ATM/WDM,
IP/SONET-SDH/WDM, IP/ATM/SONET-SDH/WDM. However, these multi-layer
architectures will probably converge to IP over WDM by eliminating intermediate
layers for simplicity, ease of maintenance, and cost effectiveness purposes. This
evaluation necessitates services supplied by some upper layer protocols such as
network control and management, fault management, provision of quality of service
(QoS), traffic engineering, etc. to be provided by this two layer architecture. Today,
there is a growing need to devise QoS models in order to handle applications that
require strict performance requirements. QoS and reliability of services must be
engineered and guaranteed for next generation networks. Therefore, together with
traffic engineering, a differentiated services model that aggregates the traffic
belonging to the same QoS classes into coarser grained flows, which can directly be
mapped into lightpaths, is required. Such a differentiated service can be defined by a
set of parameters, which can specify some lightpath characteristics such as delay,
average error rate, bandwidth, and jitter or are based on functional capabilities such

as monitoring, protection, and security.



1.2. Scope, Objective and Contributions of This Study

We consider WRNs having a mesh structure consisting of links having one or more
fibers and wavelength routers capable of selectively routing wavelength channels at
the input ports to output ports in the optical domain. The main network control
problem in these networks is the provision of connections called lightpaths between
the users of the network. If a lightpath spans multiple links, it should be assigned to
the same wavelength on all links along its route. If wavelength converters are
available in the routers, this constraint can be relaxed. To establish a lightpath, a
route should be found between the source and destination routers and suitable
wavelength(s) along this route should be assigned. This process is called routing and
wavelength assignment (RWA).

There are mainly two types of RWA algorithms: static and dynamic. In static
RWA, all lightpath requests are known initially. Therefore it is possible to find an
optimum solution for static RWA for some objective function such as maximization
of carried traffic, minimization of resources required to satisfy a given demand, etc.
The main assumption in static algorithms is that the traffic volume between users of
network is static or remains constant for a long time period and the network is re-
configured only to reflect changes in the long-term traffic demand. Although static
demand has been a reasonable assumption for voice intensive communications up to
now, it is likely that it will not hold for data communication intensive networks with
rapidly changing traffic demands in the future. Therefore, dynamic RWA algorithms,
which support request arrivals and lightpath terminations at random times, are
proposed. In dynamic RWA, lightpath requests arrive at random times and remains
in the network for a random amount of time.

The most commonly used performance criteria for dynamic RWA algorithms
are throughput and blocking probability. Dynamic RWA algorithms can be classified
as fixed or adaptive. In fixed RWA algorithms, a predefined set of
routes/wavelengths is searched in a predefined order to accommodate the request.
The main advantage of these algorithms is their simplicity. However, since usually
one or more minimum hop routes are used and fixed order search without taking into
account congestion on the links is carried out, it is not possible to reduce blocking
probability with such algorithms. On the other hand, adaptive RWA algorithms make



use of the network state information at the time of routing to find the optimum path

for the request. Therefore, potential blockings in the future can be minimized.

In this thesis, we propose a statistically predictive dynamic RWA algorithm
called minimum reconfiguration probability routing (MRPR) for WRNs. In WRN, a
multitude of high-speed channels are accommodated by a single fiber and
wavelength routers are responsible for switching of even more channels.
Consequently, a single fiber or router failure leads to large revenue losses. There are
many proposals that try to protect lightpaths against failures or restore the lightpaths
broken by the failures using reserved spare capacity. These proposals mainly deal
with the reconfiguration of lightpaths broken due a failure. However, with MRPR,
we claim that, it is possible to minimize the effect of failures if links/routers/etc. used
in the network have different reliability characteristics. Therefore, by choosing as
much reliable routers/links as possible in the RWA process, it is possible to minimize
the probability of service disruption due to a failure; equivalently, it is possible to
minimize the mean number of lightpaths broken due to a failure. However,
considering only reliability characteristics may cause lightpaths to be routed on
longer routes and blocking performance may be deteriorated. For this reason, MRPR
algorithm is based on the joint optimization of the probability of reconfiguration due
to router/link failures and probability of blocking for the future requests.

The objective of this study is to enable minimization of the effects of potential
router and link failures without disturbing the network’s blocking performance. For
this purpose, lightpath arrival/holding time and failure arrival statistics to the links
and routers collected from the network, as well as the network state information at
the time of request arrival, are used in routing decisions. That is, the behavior of the
network is predicted by the current state information and the operational statistics of
the past to assign the most reliable path to the lightpath irequests.

The contributions of this work can be summarized as:

1. The concept of statistical prediction is proposed for RWA in WRNs and an
algorithm based on this idea is developed;

2.  Reconfiguration probability is defined as an objective function and
corresponding prediction expressions for probability of reconfiguration due to
Jailure and probability of reconfiguration due to blocking in the future are
derived,



3. Different types of WRNs are considered. In the routing decisions, channel
costs and converter costs are related to having a blocked call in the future.
Therefore, a more realistic cost assignment, which takes care of network state
and lightpath arrival statistics, is done to minimize blocking probability for
each particular network type;

4.  Since all the cost functions make use of local information, proposed algorithm
can easily be adapted for distributed operation;

5. A general purpose WRN simulator is developed for performance evaluation.

1.3. Dissertation Outline

In Chapter 2, a literature review on WDM all-optical networking is presented.
Several WDM network architectures are investigated and several issues including
network design and control are discussed. In Chapter 3, minimum reconfiguration
probability routing algorithm for statistically predictive optimal RWA in WRNs is
introduced. Three different types of WRNs in which. MRPR is applied are
introduced. For each network type, associated cost functions are derived and RWA
process is presented. In Chapter 4, the performance of MRPR algorithm is evaluated
by simulations and compared with the performances of other adaptive RWA
algorithms. Finally, in Chapter 5, some concluding remarks and possible directions

for future work are presented.



CHAPTER 2

ALL-OPTICAL NETWORKS

There are four most commonly used architectural forms for WDM all-optical
networks such as WDM link, passive optical network, broadcast and select network,
and wavelength routing network [6]. In the following sections, these networks are
introduced and survey of relevant literature is presented. In parallel with the scope of
this dissertation, the emphasis will be on the wavelength routing networks and

routing and wavelength assignment process in these networks.

2.1. WDM Link

Although, WDM link is not a network in the usual sense, it represents the first step
towards all-optical networking. In early days of optical networking, separate optical
fibers were used to carry different signals on a point-to-point link or when the
demand exceeded the capacity of existing fibers, more fibers were laid between the
end points. However, by the introduction of WDM it has become possible to
accommodate multiple signals in a single fiber at different wavelengths. A typical
WDM link consists of a set of lasers tuned to distinct wavelengths, an optical
multiplexer which typically made up of a piece of glass called grating, all-optical
wide band amplifiers which amplify the signals at different wavelengths all together
to cope with attenuation on long spans, an optical demultiplexer to separate signals
on different wavelengths, and a set of receivers. WDM links offer a very cost
effective alternative to laying more fibers to expand the capacity of existing fiber
plant especially for long distance communication [7]. The other factors that make
WDM links very popular are the maturity of technology and simplicity of integration

with legacy equipment.
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2.2. Passive Optical Networks

Passive optical networks (PON) are based on a similar approach used in cable
modem systems for cable TV networks and are mainly used by regional
communication providers. In PONs, broadcast and multiplexing functions are carried
out passively in the optical domain. A multiple star or tree-like structure that enables
bi-directional communication between a central office (or server) and multiple
customers (ONUs) with centralized routing and control at the central office is

employed.
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Figure 3 Passive Optical Network (PON)

Recently, ATM based passive optical networks (APON) have been
standardized and their commercial deployment has started. The WDM upgrade of
these single wavelength PONSs is on the way [8]. There are two possible ways to
implement WDM PONs [9]:



1. Use of tunable transmitters/receivers at the customer side to allow
reconfiguration of the network upon change on demand, and

2.  Assigning a set of wavelengths to a group of ONUs and using fixed
transmitters/receivers at the customer side.
In Figure 3, a simplified view of a WDM PON based on second approach is

presented. In [9], detailed discussion of WDM PONSs, and experimental prototypes

can also be found.

2.3. Broadcast and Select Networks

Broadcast and select networks (BSN) offer an optical equivalent of radio systems.
The network infrastructure is totally made up of glass material, which acts as a
propagation medium that broadcasts individual transmissions to whole network. In
BSNs, each end-node has one or more transmitters and/or receivers. Signals are
transmitted on distinct wavelengths to the network, and the network combines these
signals and distributes the aggregate signal to the receivers (Figure 4). Star is the
most popular physical topology in which end-nodes connected by a pair of fibers to a
passive star coupler [10], which evenly distributes optical power at the input ports to
the output ports. Instead of star, the physical topology can also be bus [11] or ring
[9]. However, these are less efficient in distributing optical power compared to star
topology.

In a BSN, tunability characteristics of transmitters and/or receivers determine
how the connections can be setup and determine feasible connections between the
end-nodes. According to tunability, there are four possible organizations: fixed
transmitter/fixed receiver (FT-FR) [12], fixed transmitter/tunable receiver (FT-
TR)[13], tunable transmitter/fixed receiver (TT-FR) [14], and tunable
transmitter/tunable receiver (TT-TR) [15]. Among these choices TT-TR is the most
flexible one and FT-FR offers the cheapest solution. On the other hand, FT-TR
organization enables broadcast and multicast communications and in TT-FR systems
there is no need to inform receiving side before transmission. According to how
communication is carried out, BSN networks can be classified into two types: single
hop BSN and multi hop BSN.

10
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Figure 4 Broadcast and Select Network (BSN)

In single hop BSNs [16], communication is carried out directly in the optical
domain between the end-nodes. That is, every end-node should be capable of
reaching any other end-node, and end-nodes should be tuned to the same wavelength
to communicate with each other. Therefore, wavelength agile tunable
transmitters/receivers or an array of fixed transmitters/receivers are required for
efficient use of the network. If tunable transmitters/receivers are not fast enough,
circuit switching will be the most suitable choice and a simple polling based medium
access protocol can be employed [13]. Packet switching in single hop BSNs requires
significant amount of dynamical coordination between the end-nodes. There are
several medium access protocols for packet switched single hop BSNs [11], which
are mainly based on three different approaches: Pre-transmission coordination,
random access, and transmission schedules. The pre-transmission coordination based
protocols [16] use one of the wavelength channels as the control channel where end-
nodes broadcast their channel reservation information before packet transmissions. In
random access protocols [17], usually TT-FR organization is preferred because there
is no need to inform destination before packet transmission. However, in such
networks, some mechanisms are needed to cope with collisions. In protocols using
transmission schedules, channels are assigned to the end-nodes in a time division
multiplexed (slot length equal to packet length) way to avoid collisions. There are
several proposals to create optimal schedules to support unicast, multicast, and
broadcast communication [18], for non-uniform traffic demand [19], [20] and to

minimize the effect of tuning delay on performance [21].
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Figure S A Multi-Hop Network: (a) Physical Structure (b) Legical Structure

Since, tunable transmitters/receivers are very expensive devices and usually
they are not fast enough for packet switching, an alternative mechanism based on a
fixed channel assignment, which avoids wavelength switching altogether, is used in
multi hop BSNs [12]. In multi hop BSNs, a logical topology that determines the
actual connectivity between the end-nodes is embedded over the physical topology
by properly assigning wavelengths to the fixed tuned transmitters/receivers on the
end-nodes (Figure 5). Since there may not be a direct channel between the end-node
pairs, packets may need to be forwarded by some intermediate end-nodes to reach
their final destinations in multi hop networks. The logical topology employed in a
multi-hop network can either be irregular or regular. It is possible to optimize
logical topology for some performance criteria such as maximum throughput or
minimum delay resulting in an irregular topology [12] and irregular topologies can
perform better under non-uniform traffic patterns. However, they suffer from the
routing complexity, which is an important issue in high-speed networks. There are
several regular topologies ShuffleNet, De Brujin Gfaph, and Manhattan Street
Network proposed for multi hop networks [22]. Although routing is much simpler,
due to their structured connectivity pattern, adding or removing one or more end-
nodes from the network is a problem in regular topologies.

Reliability, robustness, and ease of maintenance due to passive nature of the
network, and inherent support for broadcasting and multicasting are the most
important advantages of the BSNs. However, splitting loss and lack of wavelength

12



reuse limits scalability of BSNs. Therefore, BSN approach is mainly suitable for

local and metropolitan area networks and has a limited use on wide area networks.

2.4. Wavelength Routing Networks

Splitting loss and lack of wavelength reuse restrict BSNs from spanning long
distances and having large number of end-nodes. Wavelength routing networks
(WRN) get around these problems by channeling the transmitted power to a specific
route between the source and destination end-nodes (i.e., avoiding broadcasting
signals to irrelevant destinations), and reusing the wavelengths in spatially disjoint

areas of the network.

2 4
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Figure 6 A Wavelength Routing Network

WRNs are composed of one or more wavelength selective elements and fibers
connecting them (Figure 6). These wavelength selective elements are totally made up
of glass material (i.e., no electro-optical conversions) and they are called wavelength
routers. Wavelength routers are capable of routing signals at the input fibers to the
output fibers individually. The output port of each signal in a wavelength router is
determined by the input port (fiber) it arrives to and its wavelength. The signals
routed to the same output port should be on the different wavelengths to avoid
mixing of different signals.

In WRNs, each wavelength router is connected to one or more wavelength

routers to constitute a physical topology. In this topology, end-to-end connections
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between the end-nodes are established on wavelength channels through one or more
wavelength routers and links. If the wavelength routers are supposed to be ideal, the
connections between the end-nodes do not experience any splitting loss and electro-
optical conversion. Therefore, such an end-to-end connection behaves like a high-
speed transparent pipe between the end-nodes, which is called a lightpath. If two
lightpaths do not share a fiber on their routes, they can be assigned to the same
wavelength. Therefore, spatial reuse of wavelengths can be achieved in wavelength
routing networks. For example, in Figure 6, lightpaths between the end-nodes /-3
and 2-4 (similarly /-2 and 3-4) are assigned to the same wavelength.

According to the routing matrix they have, there are four major types of
wavelength router architectures: Fiber Cross-Connects, Add-Drop Multiplexers,
Static Wavelength Routers, and Reconfigurable Wavelength Routers [10]. Actually, a
fiber cross-connect is not a wavelength router because it does not distinguish
between different wavelengths. However, as the number of lightpaths increase, many
of the lightpaths will follow the same route through a wavelength router. Therefore
fiber cross-connects can be used with other wavelength selective routers, to build a
cost effective network [23]. In add-drop multiplexers, one or more signals on
different wavelengths at the input port are routed to drop port. The remaining signals
and new signals (at the same wavelength of the dropped signals) at add port are
combined and routed to the output port. Add-drop multiplexers are widely used in
networks with ring or bus topologies (e.g. [24]). Static wavelength routers can be
realized by using a stage of demultiplexers followed by a stage of multiplexers
whose inputs are hardwired to the outputs of demultiplexers (Figure 7.a).
Alternatively, it is possible to implement a static router as an integrated device such
as wavelength grating router (WGR), which can easily be fabricated at a low cost. In
addition to their low cost and high reliability due to their passive nature, WGRs offer
many other advantages and they have a potential use in WRNs [25]. Reconfigurable
wavelength routers are usually composed of wavelength demultiplexers followed by
optical cross-connects and wavelength multiplexers (Figure 7.b), and their routing
matrix can be changed dynamically during network operation. They are very flexible
devices and widely used in WRNS.
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Figure 7 (a) A 4x4 static and (b) a 3x3 reconfigurable wavelength routers

The main network control problem in WRNs is the provision of lightpaths
between the end-nodes. The lightpaths in a WRN usually span multiple links.
According to whether wavelength conversion is available or not in the routers,
lightpaths may be assigned to different wavelengths or assigned to the same
wavelength on different links along its route, respectively. In this process, it should
be ensured that lightpaths sharing some fibers should be on different wavelengths.
Therefore, to establish a lightpath, a route should be found between the source and
destination routers and suitable wavelengths along this route should be assigned.
This process is called routing and wavelength assignment (RWA). If all lightpath
requests are known initially, the RWA problem is called static RWA. The mostly
used objective of static RWA algorithms is the maximization of carried traffic. On
the other hand, if lightpath requests arrive at random times and remain in the network
for random period of times, RWA should be performed per request basis. Such
algorithms are called dynamic RWA algorithms, and most commonly used
performance criterion for these algorithms is the blocking probability which can be
defined as the chance that a lightpath request is rejected due to insufficient free
capacity to establish a lightpath between the source and destination routers.
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Awvailability of wavelength conversion is also an important issue in the operation of
RWA algorithms and network performance. In the following subsections several
types of WRNs, possible use of wavelength converters, and RWA methods are

investigated.

2.4.1. Wavelength Selective and Wavelength Interchanging Networks

In wavelength routing networks, the lightpaths should be assigned to the same
wavelength along their route. This is called the wavelength continuity constraint and
such networks are called wavelength selective (WS) networks. In WS networks,
having at least one idle wavelength channel on all fibers along a route may not be
sufficient to establish a lightpath on that route because wavelength continuity
constraint should also be satisfied. That is, at least one idle channel on a common
wavelength should also exist on all links of the route. For example, in Figure 8,
although there are idle channels on Link I and Link 2, it is not possible establish a
lightpath between Node I and Node 3, since there is no common wavelength channel
available on both links.

The wavelength continuity constraint can be avoided by employing wavelength
converters in the wavelength routers. Wavelength converter devices are used to
transfer a signal from a wavelength channel to a different wavelength channel. There
are two types of wavelength conversion techniques: optoelectronic conversion and
all-optical conversion. In optoelectronic conversion [26], the optical signal is first
converted to an electrical signal and then reproduced by a laser tuned to the desired
wavelength [26]. This method is quite complex and consumes much more power
compared to all-optical alternatives and more importantly transparency is lost. On the
other hand, in all-optical wavelength conversion [27] the signal is converted to the
desired wavelength in optical domain thus transparency is preserved.

Networks, which employ wavelength converters, are called wavelength
interchanging networks (WI networks) and are equivalent to traditional circuit
switched networks. In circuit switched networks, a free capacity (channel) on all the
links along a route between two end-nodes is sufficient to establish a circuit.
Similarly, in WI networks, having an idle channel (possibly at different wavelengths)
along a route will be sufficient to establish a lightpath on that route. Hence, WI
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networks achieve better performance compared to WS networks especially under

dynamic demand [28].
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Figure 8 Blocking in Wavelength Routing Networks

The performance gain offered by the use of wavelength converters is assessed
in many studies. Blocking probability with and without wavelength converters
increase with number of hops H, and amount of increase is much higher in WS
networks. Therefore, wavelength conversion gain is large in networks with large
diameters. However, the interference length, L, (= expected number of links shared
by two lightpaths which share some link) is also an important parameter in blocking
probability. Networks with large interference lengths have smaller blocking
probabilities than the networks with small L, and performance improvement by using
wavelength converters decreases with large L. It has been shown in [29] that
effective path length (i.e., H/L) is an important factor in performance improvement
achieved by wavelength converters. In Figure 9, gain in fiber utilization that is
achieved by using wavelength converters is plotted for a 20-hop path with blocking
probability of 10, and interference lengths of L=1,2,4. As it can be seen from the
figure, gain is proportional to effective path length.
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Figure 9 Effect of interference length on the gain [29]

In [30], the performances of non-blocking centralized switch, mesh-torus
network, and ring network are evaluated using analytical models and simulations. It
has been shown that, wavelength converters can significantly improve the
performance in large mesh-torus networks, and performance gain obtained in
centralized switch and ring topologies are modest. This is because effective path
length in mesh topologies is much higher than centralized switch and ring topologies.

In addition to improved performance, wavelength converters can offer many
other advantages in WRNs. For example, it may be hard to find a common
wavelength for longer (in hops) paths to setup a lightpath as stated previously.
Therefore, wavelength converters can improve the fairness (i.e., approximately equal
chance of setting up short and long lightpaths) by resolving wavelength conflicts in
longer paths. In addition, if the end-nodes equipped with fixed tuned transmitters and
receivers, wavelength converters can make possible setting up connections between
the end-nodes, which have no transmitters and receivers tuned to a common
wavelength. Wavelength converters can also improve the fiber utilization if different
numbers of wavelengths are available on fibers. It is also possible to use wavelength
converters at the interfaces of the sub-networks (smaller partitions of whole network)
to simplify the management of the whole network [31], especially if each sub-

network has different operators.
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2.4.2. Limited Conversion WI Networks

In WI networks, it is possible to support full wavelength conversion in all nodes
resulting in a network equivalent to circuit switched networks. A possible re-
configurable wavelength router of this type is shown in Figure 10. In this router, each
wavelength channel on the output links is assigned to a distinct wavelength
converter, which is capable of converting the wavelength of input signal to any other

wavelength. This organization is called a dedicated WI router.

E Optical : wavelength
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Figure 10 A 2x2 Dedicated WI Router

In WRNS, lightpaths need wavelength conversion rarely to resolve wavelength
conflicts. Therefore, many of the wavelength converters in a dedicated WI router will
not be used most of the time resulting in a reduced utilization of wavelength
converters. Therefore, wavelength converters can be shared in wavelength routers to
have a cost-effective network. There are mainly two approaches for sharing
wavelength converters in wavelength routers [32)]: share-per-node, and share-per-
link. |

In the share-per-node WI router (Figure 11.a), each converter can be accessed
by any of the signals on the input ports. In this router, the signals at proper
wavelengths are directly routed to the multiplexers of the desired output port.
However, if there is a wavelength conflict (i.e., two signals at the same wavelength
are to be routed to the same output port), only one of the conflicting signals can be
directly routed. The remaining signals can be routed through wavelength converters.
These signals are first converted to an idle wavelength on the desired output link, and
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the desired output link is chosen by the second optical cross-connect. The main

disadvantage of this method is the need for an extra optical cross-connect.
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Figure 11 (a) A 2x2 Share Per-Node and (b) A 2x2 Share Per-Link WI Routers

In share-per-link WI routers (Figure 11.b), each output link has its own
wavelength converters, which can be accessed by only the signals that will be routed
to those output ports. If there is a wavelength conflict, one of the conflicting signals
is directly routed and remaining signals are routed through wavelength converters.
After conversion they are multiplexed into the output fiber.

Simulation results presented in [32] have shown that using only a limited
number of converters in each wavelength router is sufficient to provide good
performance in terms of blocking probability and fairness (i.e., short and long
lightpaths experience approximately same blocking probability). In Figure 12,
blocking probability versus number of converters at heavy, medium, and light input
traffic in 21-node, 52-link ARPA-2 network with 16 wavelengths per link is plotted.
As stated, blocking probability reduces as the number of converters increases and
remains constant after some value. In [33], some algorithms are proposed to allocate
limited number of wavelength converters in share-per-node WI networks and it was
shown that overall blocking probability and maximum of the blocking probabilities

experienced by the source routers can be significantly reduced.
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Figure 12 Blocking probability versus number of converters at different traffic loading in (a) the
share per node (b) the share per link WI networks [32].

All limited wavelength conversion approaches presented above assume that,
every wavelength router in the network has wavelength conversion capability, and
wavelength converters are ideal (i.e., any wavelength can be converted to any other
wavelength). However, in some networks, sparse wavelength conversion is provided
or non-ideal wavelength converters are employed.

In sparse wavelength conversion approach, wavelength converters are
employed only in selected wavelength routers. In most of the cases, a small number
of WI routers are sufficient to achieve acceptable performance [28]. It has been
shown in [34] that half of the capacity penalty (i.e., increase in cost of the network to
satisfy a given demand) that is incurred if wavelength conversion is not used can be
removed by equipping only 20% of routers with wavelength converters. Optimal
placement of WI routers in a network is also an important issue in sparse WI
networks [35].

If non-ideal wavelength converters are used in wavelength routers, any
wavelength can be converted to only a small subset of available wavelengths. In
most cases, the performance gain achieved by using non-ideal wavelength converters
is close to performance gain achieved by using ideal wavelength converters [28]. It
has also been shown that significant improvements can be achieved in the blocking
probability with limited-range wavelength converters tunable over only one quarter
of the whole range [26]. On the other hand, significant improvements in traffic
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carrying capacity can be obtained by providing very limited wavelength conversion
capability [36].

2.4.3. Multi-Fiber Networks

Most of the optical networks deployed so far employ multiple fibers between end-
nodes. This is due to the economic advantage of installing bundles of fibers for the
purposes of fault tolerance and future network growth.

If X fibers employed over between adjacent wavelength routers, and number of
wavelength channels is W, the capacity of each link will be equal to Kx¥ channels.
This is functionally equivalent to a single fiber wavelength routing network with
KxW wavelength channels in each fiber. In general, in multi-fiber networks,
wavelength routers serve each fiber separately. That is, if a wavelength router has d
neighbors, its uses W switches of size dKxdK, instead of using KxW switches of size
dxd. Therefore, for the same capacity, larger switches are required in a multi-fiber
network. However, such a K fiber W wavelength network is functionally equivalent
to KW wavelength network with partial wavelength conversion of degree X
wavelengths. That is, multi-fibers are functionally equivalent to using limited range
wavelength converters, which can convert a signal to any of the X wavelengths
among KW wavelengths. This is because a signal on a wavelength can be routed to
one of the possible X fibers to reach the same destination using the same wavelength
channel.

The benefits of using multiple fibers in a wavelength routing network have
been evaluated in [37]. It has been shown that blocking performance improves
dramatically with the use of only two fibers in each link. The throughput of two-fiber
network increases by an approximate factor of four with respect to single fiber
networks.

In [38], an optical path accommodation design algorithm is proposed to
heuristically establish lightpaths in wavelength continuous or WI networks in which
multiple fibers employed are between wavelength routers. The objective is to
minimize the total number of fiber ports required at each node. Analyses show that

difference between the objective functions in wavelength continuous and WI
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networks decreases as the traffic intensity increases (i.e., as the number of optical

fibers required to accommodate lightpaths in a link increases).

2.4.4. Routing and Wavelength Assignment

Routing and wavelength assignment (RWA) [39] is the process of finding routes for
the lightpaths through the network and assigning wavelengths to these lightpaths. A
similar routing problem arises in circuit switched networks where the connections are
routed by selecting a path on which a free circuit available on every link. However,
in WRNs, wavelength continuity and distinct wavelength assignment constraints
should also be satisfied in order to establish the lightpath. That is, a lightpath should
be assigned to the same wavelength on every link in the path, and lightpaths sharing
some links should be assigned to different wavelengths. If wavelength converters are
employed in the wavelength routers, wavelength continuity constraint can be relaxed
and the RWA problem can be made equivalent to the circuit routing problem in
circuit switched networks.

Depending on whether all lightpath requests are known initially and fixed over
time or not, RWA algorithms can be classified into two categories such as stafic and
dynamic. In static RWA, all lightpath requests are assumed to be known initially.
Maximization of carried traffic is the most commonly used objective of static RWA
algorithms. The main assumption made in static demand is that the traffic volume
between users of network is static or remains constant for a long time period and the
network is re-configured only to reflect changes in the long-term traffic demand.
Although static demand has been a reasonable assumption for voice intensive
communications up to now, it is most likely that it will not hold for data
communication intensive networks with rapidly changing traffic demands in the
future. Therefore, dynamic RWA algorithms, which support request arrivals and
lightpath terminations at random times, are proposed. Blocking probability and
throughput are the most commonly used performance criteria for dyhiamic RWA
algorithms.
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2.4.4.1. Static Routing and Wavelength Assignment

In static RWA, all lightpath requests in the network are known initially. Therefore, it
is possible to find an optimal RWA by employing some optimization methods. Many
integer linear programming (ILP) based methods are proposed for static RWA in WS
and WI networks. Generally, these methods are based on multi-commodity flow
formulations, and problem size grows much faster than the size of the network.
Usually, an ILP based RWA formulation is composed of an objective function and
some constraints. Most commonly used objectives are the maximization of carried
traffic and minimization of network cost (or resource requirements to satisfy a given
demand matrix). Constraints include equations corresponding to traffic demand and
topological constraints. That is, traffic demand matrix should be completely or partly
satisfied and, in WI networks, the number of lightpaths passing through a link should
be smaller than the capacity of that link (=number of fibers on the link * number of
wavelengths per fiber). In WS networks, in addition to the capacity constraint, the
wavelength continuity and distinct wavelength assignment constraints should also be
satisfied.

In [40], two major types of ILP formulations are considered for RWA in both
WS and WI networks: route formulations and flow jformulations. In route
formulations, all routes between all end-node pairs are enumerated, and how many
times a route is used is determined. In flow formulations, the basic decision variables
are the flows on the links generated through each end-node pair. In Table 1, route
and flow formulations for RWA in WS and WI networks are compared, and
computational requirements are expressed in terms of the number of variables and
the number of constraints. As it can be seen, the size of the RWA problem in WI
networks is independent of the number of wavelengths whereas the RWA problem in
WS networks grows with the number of wavelengths. On the other hand, the number
of variables is proportional to the number of routes in the route formulations.
Therefore, the number of variables increases exponentially with the network size for
highly connected networks. Although number of variables is much lower in flow
formulations, the number of constraints grows similar as the number of routes in

route formulations resulting in the same computational requirements.
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Table 1 Problem Size of ILP Formulations [40]

Route Formulations Flow Formulations
WI Networks | WS Networks | WI Networks | WS Networks
Number of R R*W M*S M*S*W
Variables
Number of M+S M*W+S§ M+N*S M*W+
constraints N*S*W+S
where, ‘
R : Number of all possible cycle free routes between all router pairs,
\\ : Number of wavelengths per fiber,
M : Number of links ,
N : Number of routers,
S : Number of source destination router pairs in the network.

There are also many alternative formulations proposed for RWA in WI and WS
networks with different objective functions. In [41], RWA in WI networks is
formulated as an integer linear program similar to flow formulation with the
objective being the minimization of the flow in each link. This corresponds to the
minimization of the number of wavelength channels required in each fiber (i.e.,
number of wavelengths required) to carry all lightpath requests over a known
physical topology. An alternative approach, which tries to minimize the total facility
cost for a given physical topology and a given lightpath demand matrix, is proposed
in [42] for both WI and WS networks. In these formulations, the facility cost is
obtained from transmission, multiplexing, and cross-connection costs. These costs
are proportional to fiber length, total number of fibers and total number of optical
cross-connects used on fiber links and wavelength routers. In many studies optimal
physical topology design is also considered. For example, fiber topology and optical
path layer (virtual topology) design problems to minimize the total cost of the
network for a given demand matrix is formulated in [43]. Both WI and WS networks
are considered and location of wavelength routers, a set of candidate links between
these routers, and demand between each end-node pair is given initially.

Since, both route and flow formulations are computationally intensive, some
approximate methods are proposed to solve the ILP for large networks. For example,
in [41], the routing and wavelength assignment problem is decomposed into a

number of sub-problems, which are solved independently. First, the RWA problem is
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formulated as an ILP based on flow formulations in WI networks. Then, the ILP is
pruned by tracking a limited number of alternate breadth-first paths between sd-pairs
to reduce problem size. Instead of solving the ILP, the problem is solved as a linear
program (LP) and a probabilistic technique (called randomized rounding) is applied
to LP solution to obtain integer solutions. Once paths for each lightpaths found,
graph-coloring algorithms are used to assign wavelengths to those lightpaths. It has
been shown in [41] that the number of wavelengths required for this approximate
solution is asymptotically close to the lower bound obtained through LP solution.

Since, ILP based optimal RWA is computation intensive and the size of the
problem grows exponentially with the size of the network, some heuristic approaches
are also developed to find a near optimal solution in an acceptable time period.

In [44], a heuristic algorithm is proposed for lightpath allocation in an
arbitrarily connected wavelength routing network. Every end-node pair is assigned to
a single lightpath through the network and algorithm tries to minimize the number of
wavelength channels required in fibers to route this traffic over the given physical
topology. First, shortest path routes are determined between each end-node pair and
these routes are assigned to lightpath requests. Therefore, total and average transit
traffic through the wavelength routers is minimized. Since usually more than one
shortest path exists between each end-node pair, it is possible to balance the number
of lightpaths among all links by choosing routes properly from these alternatives.
Therefore, substitutions of alternative shortest paths are carried out for lightpaths
while the number of channels in the most loaded link in the alternative path is lower
than the previous one. When there are no substitutions possible, routing of lightpaths
are completed, and assignment of wavelengths to these paths takes place.
Wavelength assignment is done in such a way that the lightpaths with longer paths
are considered first and assigned to smallest index wavelength available through its
route. The reason for this longer path first policy is that it is harder to find a free
wavelength on more links. It has been shown that this algorithm yields the
wavelength requirements that are very close to optimal number of wavelengths
required. Moreover, it has been observed that in all analyzed networks number of
wavelengths required is equal to the number of lightpaths on the most loaded link(s),

implying wavelength converters does not lead to a reduction of wavelength
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requirements. Instead of using wavelength converters, replacement of heavily loaded
links with multiple fibers leads to a reduction on wavelength requirements.

Another heuristic algorithm called Heuristic Routing and Wavelength
Assignment algorithm (HRWA), which minimizes the required number of
wavelengths per fiber, is proposed in [40]. The algorithm starts with searching
shortest paths for each sd-pair and selecting the shortest routes that minimize
wavelength requirement. Then, number of required wavelengths is decreased by
rerouting a number of lightpaths. The next step is repeated until no further
improvement is possible. The simulations show that HRWA performs well from the
view of calculation time and maximization of the wavelength reuse as compared to
ILP solutions.

Two similar heuristic algorithms (that use rerouting of lightpaths to minimize
an objective function) for RWA in WS and WI networks are proposed in [38]. In
these algorithms, each link is composed of multiple fibers and the algorithms try to
minimize optical path cross connect system scale (i.e., the total number of fiber ports
required in each node). That is, the objective is the minimization of the average
number of fibers handled at the wavelength routers. In some networks this is required
for practical (or cost effective) realization of wavelength routers. In WI networks, the
lightpaths initially setup so that they are evenly distributed within the network (i.e.,
every link should have equal number of lightpaths). Then, the links with the most
inefficient wavelength utilization (i.e., having a large value of number of lightpaths
using link mod number of wavelengths in each fiber) are determined. Then, the
lightpaths that use maximum number of such links are re-routed. Re-routing iteration
is done a certain number of times and algorithm completes. Once the routes are
determined the fiber requirements for each link can be determined as [number of
lightpaths/number of wavelengths] In WS networks, first, routes for lightpaths in
corresponding WI network is found. Then, all the lightpaths are divided into
minimum number of layers in such a way that any two lightpath in a layer do not
share any link. Then layers are assigned to a layer number randomly and
wavelengths assigned according to the layer number (i.e., assigned wavelength =
Layer number mod number of wavelengths). Finally, all these steps for different set
of initial routes are repeated some number of times and the assignment with the
lowest value of the objective function is selected as routing of lightpaths. The
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simulations show that RWA in WS networks incur large optical path cross connect
system scale than RWA in WI networks. Moreover, the difference increases as the
number of wavelengths increases. This is because in WS networks much more
wavelengths remain ‘unassigned on the links as the number of wavelengths
multiplexed in a single fiber increases.

In [45], a heuristic static RWA algorithm, which tries to minimize the overall
network cost, is proposed. WS networks are considered and each fiber is assumed to
have a fixed set of wavelengths. Therefore, multiple fibers are used on the links
whenever the capacity of the link exceeds number of wavelengths. The algorithm
starts by an arbitrary initial assignment for the lightpaths. Then, node pairs greedily
attempt to decrease the maximum lightpath metric observed by their connections to
obtain a configuration with minimal cumulative metric thereby minimizing the

network cost.

2.4.4.2. Dynamic Routing and Wavelength Assignment

Dynamic RWA algorithms can be classified as fixed or adaptive. In fixed RWA
algorithms, a predefined set of routes and wavelengths on those routes are searched
in a predefined order to accommodate the request. The main advantage of these
algorithms is their simplicity. However, since usually one or more previously defined
routes are used and fixed order search without taking into account congestion on
links is carried out, it is not possible to further improve blocking performance with
such algorithms. On the other hand, adaptive RWA algorithms make use of the
network state information at the time of routing to assign the optimal route and
wavelength, which minimizes (or maximizes) an objective function. Therefore, risk
of blocking for the future lightpath requests is minimized.

In the fixed RWA algorithms, usually minimum hop route between each
source-destination router pair is used and a suitable wavelength on this route is
searched for a lightpath request. If at least one link on the route does not have an idle
channel in WI networks or if a common wavelength that is available on all links
cannot be found in WS networks, the request is blocked. In WS networks,
wavelength selection among the available wavelengths plays an important role in the
performance of the algorithm. In fixed RWA, there are two commonly used methods
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for wavelength assignment as random and first-fit. In random wavelength
assignment, a wavelength is selected randomly among all possible wavelengths. In
first-fit wavelength assignment the smallest index wavelength is selected. That is,
lightpaths are packed to smallest index wavelengths and largest index wavelengths
are reserved to facilitate finding a common wavelength for future requests.
Therefore, first-fit wavelength assignment is better than random wavelength
assignment. In Figure 13, performances of random and first-fit algorithms obtained
by simulations on an 11x11 mesh-torus network are presented. In [46], first-fit and
random wavelength assignment methods with fixed shortest path routing are
compared through simulations, and an analytical model has been developed for
analyzing blocking probability of the first-fit algorithm. It has shown that, first-fit
algorithm performs much better than the random algorithm at low loads, and
performance difference is marginal at higher loads. This is because, at lower loads,
most of the request blockings are caused by wavelength conflicts. Therefore,
blocking probability is reduced in first-fit algorithm due to packing of lightpaths in
smaller indexed wavelengths. On the other hand, at higher loads, most of the requests
are blocked due to insufficient capacity. Therefore, wavelength assignment algorithm
has a little effect on the performance at high loads. It has also shown that, first-fit
algorithm performs better when the number of fibers per link is small in multi-fiber

networks.
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Figure 13 Blocking probability versus load on 11x11 mesh torus WS network when wavelengths
per fiber is five [30]
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Instead of using a single route, multiple alternate routes can also be used in
RWA. SP-RWA proposed in [47] is one of such alternate routing algorithms. In SP-
RWA, a set of minimum hop routes between a source destination pair is ordered in
some manner and a new lightpath is routed on the first path on which a wavelength is
available. In [37], a method for obtaining approximate blocking probabilities for
fixed and alternate routing with first-fit wavelength assignment is developed. It has
shown that alternate routing with only two alternate paths between each sd-pair
results in a large reduction in the blocking probability compared to fixed routing.
This is due to fact that there are more wavelength-route alternatives in alternate
routing to setup the lightpath. Moreover, performance improvement is more
pronounced if the number of wavelength channels in fiber links is large. It has also
shown that, blocking performance improves dramatically with the use of multiple
fibers in the links. For example in Figure 14, fixed and fixed-alternate (with two
alternate routes) routing with first fit wavelength assignment are compared in a
randomly generated topology with one and two fibers per link and four wavelengths
per fiber.
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Adaptive RWA algorithms uses network state information to find optimal route

and wavelength(s) on that route for a lightpath request. There are mainly three types

of adaptive routing algorithms:

1.

Fixed routing-adaptive RWA: Every source destination router pair is assigned
to a single fixed route, which is usually the minimum hop route between those
routers. One of the available wavelengths on this route is selected using
wavelength usage information in the network at the time of routing.

Alternate routing-adaptive RWA: Each source destination router pair is
assigned to a set of paths, which is usually formed by k minimum hop routes
between those routers. This route set is searched in adaptive order to
accommodate the request.

Unconstrained routing-adaptive RWA: All possible routes between the source
and the destination router are considered in the routing decision. Usually
shortest path routing algorithm with link costs obtained from network state
information at the time of routing is employed to search route and wavelength
for a lightpath.
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Figure 15 Blocking probability versus load per node pair for the ARPA-2 WS network with

eight wavelengths per fiber{37]
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In [37], five varations of an adaptive RWA algorithm called AUR with
unconstrained routing are proposed. To establish a lightpath, wavelengths are
ordered according to the algorithm employed and sequential search over this ordered
set is performed to find an available path on the network using a shortest path
algorithm. The proposed wavelength search orders are as follows:

1. Pack: Wavelengths are searched in descending order of their utilization.

Therefore, utilization of available wavelengths are maximized,

2. Spread: Wavelengths are searched in ascending order of their utilization.

Therefore, load is uniformly distributed over the wavelengths,

3.  Random: Wavelengths are searched in random order. Therefore, load is
uniformly distributed over all route-wavelength pairs.

4.  Exhaustive: All wavelengths are searched for the shortest available path,
Fixed: Wavelength search order is fixed a priory.
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Figure 16 Blocking probability versus link utilization with the LLR algorithm for k=1,3,5,7 on
the 30 Node network

Performance evaluation of AUR by simulations has shown that (Figure 15)
exhaustive scheme has the best performance regarding to blocking probability. The
pack scheme better than the random and the spread schemes and if the number of
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wavelengths is large, the performance of the pack scheme outperforms the other two
schemes by a significant margin. The results also indicate that performance of the
first-fit scheme is very close to the pack scheme. This is due to the fact that the first-
fit scheme approximates the pack scheme by assigning most lightpaths to
wavelengths with smaller indexes.

The least-loaded routing (LLR) algorithm proposed in [46] jointly selects the
least-loaded route-wavelength pair over the k alternate routes between a source
destination router pair. Therefore, the residual capacity over all wavelengths on 4
shortest routes is maximized. The LLR algorithm chooses the route p and wavelength

Jj pair that achieves

max min M, — 4,
rj lep

where p denote the routes in the alternate route set, j denote the wavelengths, 1 denote
the links, M, denote the number of fibers on link /, and 4; denote the number of
fibers for which wavelength j is utilized on link /. The LLR algorithm can also be
adapted to RWA in WI networks by choosing the route p that achieves
K
max min KM, - 4,

p lep Fo

where K is the number of wavelength channels in each fiber. Simulations results
have shown that (Figure 16) in both WS and WI networks, the LLR algorithm
achieves much better blocking performance compared to fixed-routing algorithms.
Moreover, performanée difference in WS and WI networks gets larger as the number
of alternate routes increased. This is because the alternate routes may be longer than
the shortest route, and probability of a wavelength conflict increases along longer
routes.

An alternative approach called least congested path (LCP) routing is proposed
in [21]. In LCP, the lightpaths are routed on the least congested path and first-fit
wavelength assignment is done. In [21], the LCP is compared with the static RWA
with ILP formulation. The same set of lightpaths is routed over the same physical
topology and lightpaths arrive randomly in dynamic RWA case. It has been shown
that the congestion over all links and the number of wavelengths required are very
close to each other for dynamic and static RWA. That is, the wavelength

requirements for LCP and the optimal routing are close to each other.
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In [32], [48], and [49], graph based methods for finding optimal routes and
wavelengths for lightpaths using shortest path routing are considered. In such
methods, network is represented by an auxiliary graph, which is composed of
multiple layers of sub-graphs that correspond to the view of network at particular
wavelengths (construction of such a graph can be found in Chapter 3). In the graphs,
edges represent the resources used to establish lightpaths and edge costs are obtained
from the state of the network (usually resource usage level) at the time of routing.
Then, shortest path routing algorithms are used to find optimal route and
wavelength(s) on that route. Graph based approaches also facilitate the incorporation
converter costs in conjunction with channel costs in routing decisions. Hence, they
are widely used in WI networks with limited wavelength conversion.

In many cases, although there is enough capacity available in the network,
some of the lightpath requests are blocked due loss of optimality of the routes and
wavelengths used by existing lightpaths. Therefore, it may be possible to avoid
blocking of a lightpath request by rearranging existing lightpaths in the network.
Move-to-vacant wavelength-retuning (MTV_WR) algorithm [50] makes use of this
approach to improve the network performance. In MTV_WR, a lightpath is moved to
a vacant wavelength on the same path to make room for an already blocked lightpath
request. Therefore, blocking probability can be considerably reduced. It has been
shown in [50] that, with MTV_WR, call blocking probability can be reduced by an
average of 30% with only rerouting average of 1.3 lightpaths in a 21-node test
network.

While all the works reviewed so far in this section are all centrally managed,
that is, they assume that a central controller is present and has access to all necessary
information for solving the RWA problem. In [51], two distributed adaptive RWA
algorithms namely MCgR and MCvR are proposed. Based on the classical Bellman-
Ford algorithm, MCgR and MCvR select the shortest path with minimum congestion
and minimum conversion, respectively. It has been shown that both algorithms show
significant blocking performance improvement by using small number of wavelength
converters.

Lightpath setup delay is also an important issue in RWA algorithms. In [52],
fixed-path least-congestion algorithm (FPLC), which selects minimum congestion
route among previously defined k alternate routes have been proposed. In FPLC
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algorithm, source router searches the available number of wavelengths on those
routes in parallel by sending needle packets toward the destination router to setup a
lightpath. Then, destination selects the route, which has largest number of idle
wavelengths to setup the lightpath. To reduce the setup delay, a new method, which
uses neighborhood information, is also proposed. In this method, instead of searching
all the links on the routes, only the first k links are searched for availability. It was
shown that k=2 is generally sufficient to have good performance in a 4x4 mesh-torus
network and in the NSFnet T1 backbone network.

2.4.5. Packet Switching

In packet switched networks, each end-node must be able to transmit/receive
successive packets to/from different destinations/sources possibly on different
wavelengths. To support packet switching in a wavelength routing network, there are
two possibilities: each sd-pair is assigned to a separate lightpath for packet
communication or packet switching is done at wavelength routers. The first approach
may not be practical for large networks due to two reasons. First, the number of
wavelengths available imposes a limit on the number of lightpaths that can be setup
on a network. Second, each end-node can be the source and sink of only a limited
number of lightpaths determined by the number of transmitters and receivers it has.
Therefore, logical topologies can be designed to carry the packets in a multi-hop
manner efficiently for a given traffic demand and physical topology. On the other
hand, optical packet switching suffers from the need for per packet basis fast
switching and the difficulties in optical processing (packet headers to determine

routes) and optical buffering.

2.4.5.1. Packets on Lightpaths

The simplest way to support packet switching in WRNs is to employ permanent
lightpaths between all possible router pairs in the network. In general, traffic demand
between the routers are lower than the capacity of lightpaths, moreover, it may not be
possible to establish required number of lightpaths due to physical limitations.
Therefore, lower rate streams are multiplexed onto the higher capacity lightpaths and

possibly follows multiple hops to reach their destination. This operation is referred as
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logical topology design and routing (embedding in physical topology) problem. In
order to design an efficient logical topology, traffic demand between the end-nodes
should be determined. The traffic demand can be obtained from the long-term
averages of the number of packets communicated between each sd-pair. Once the
demand matrix is determined, the problem is to design an optimal logical topology
according to some objective function and embed this logical topology onto a given
physical topology. The objective functions can be minimization of maximum
congestion among all links (therefore traffic matrix can be scaled by a larger factor)
[53], maximization of single hop traffic (reduce electronic forwarding) [54],
minimization of delay (improve quality of service) etc. The logical topology design
and RWA problems can be formulated as integer linear programs. Since, solving ILP
problems are computationally hard, some heuristic design algorithms are also
employed [53], [54].

2.4.5.2, IP over WDM

Many studies of communication patterns for the future transport networks predict
that data traffic will dominate voice communication. Therefore, WRNs should
clearly be optimized for data traffic. In particular, the networks should be optimized
to carry internet protocol (IP) traffic, which seems to remain the major portion of
overall data communication in the near future. At present, most of the all-optical
networks are formed by WDM links and ATM and/or SONET/SDH are used to
interface IP networks. However, in the long run, WRNs will be the single choice for
transport networking and those multi-layer networks will converge to IP over WDM
by eliminating intermediate layers [55]. There are several issues including lightpath
routing with tighter cooperation with IP routing, survivability, framing/monitoring
and addressing that should be addressed in IP over WDM integration [56].

The introduction of multi protocol label switching (MPLS) as extension to the
existing IP architecture has enabled new possibilities in IP over WDM integration.
MPLS adds new capabilities to the IP architecture such as traffic engineering (TE)
and integration of IP routing and optical switching. In MPLS, all the packets in a
particular session are sent along a predefined path called label switched path (LSP)
by giving them the same label when they enter to the network. Each label switching
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router (LSR) routes the packets according to their label value and provides a new
label to be used in next router to the packets. By using the analogy of labels in MPLS
and wavelengths in WRNs, Multi Protocol Lambda Switching (MPAS) is proposed
as an extension of MPLS for optical networks [57]. In MPAS, wavelength routers
correspond to LSRs, lightpaths correspond to the LSPs and wavelengths of the
lightpaths serves as the labels for the packets flowing through the lightpath.

MPAS is a potential enabler for IP over WDM integration. The MPAS based
control plane [58] in such architecture will be responsible from resource discovery,
state information dissemination and establishment and maintaining lightpaths
according to QoS and predicted traffic requirements.

2.4.5.3. Optical Packet Switching and Optical Burst Switching

Today, optical processing technology is far behind electronic processing technology
hence it is not possible to develop a packet switch operating entirely in optical
domain. Instead, optical switching with electronic header recognition and processing
is mainly used for optical packet switching. Several issues should be addressed in
design of optical packet switches [59]:

1. Synchronization: In a network of routers, packets can arrive at different times
at the input ports of each router. Since the reconfiguration of switches in a
router is usually done at discrete times, all packets at the input ports should be
aligned before they enter to the router. Therefore, bit level synchronization and
fast clock recovery is required for proper packet header recognition and packet
delineation.

2. Contention resolution: Usually packets need to be forwarded by multiple
intermediate routers to reach their destinations. When, two packets at the same
wavelengths are to be routed to the same output port, contention occurs. There
are three major types of contention resolution:

a. Optical buffering: Re-circulating loops and optical delay lines with
delays of multiple packet durations are used for delayed forwarding of
packets to output ports.

b.  Wavelength conversion: Wavelengths of the contending packets are

switched to route toward idle channels on the correct output fiber. By
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exploiting wavelength dimension in optical buffers may also
considerably reduce the required number of fiber delay lines for the same
performance [60], [61].

c.  Deflection routing: One of the contending packets are routed to intended
destination and others are routed to available output ports causing those
packets to follow possibly longer routes to reach their destinations.

3. Packet and header format: Several possibilities exist. Usually, a fixed duration
packet, which contains a payload and header, is considered. Payloads are
usually processed transparently in optical domain and header is appended to
payload or placed in a sub carrier in the same wavelength channel. Although
variable length packets can be interesting, much complex hardware is required
[62].

There are many router architectures that are proposed for optical packet
switching [63], [64], [65]. Each router is composed of the input interface, switching
fabric, output interface, and control unit [66]. When a packet arrives at a router, its
header is converted to electronic domain at the interface and switches configured by
control unit for intended destination. Then payload passes through the switch in
optical domain. Finally, payload is combined by (possibly new) header at the output
interface.

An alternative approach called optical burst switching (OBS) [66] is also
proposed as an intermediate step between packet switching and circuit switching.
OBS networks are composed of burst switches interconnected by WDM links. A
burst is composed of multiple packets for the same destination and dynamically
assigned to a channel through network. Therefore no optical buffers are required.
The control packet associated with a burst is sent (over a separate control channel or
signaling network) before the transmission of burst to inform intermediate switches
to establish the channel. Therefore burst is conveyed by this temporary channel to its
destination. A control and provisioning method based on MPLS is also proposed for
OBS for IP over WDM integration [67].
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2.4.6. Survivable WRNs

Survivability can be defined as the ability of network to recover lightpaths affected
by failures. Since, each fiber and wavelength router accommodates a large amount of
traffic in WRNs, the amount of bandwidth lost due to a fiber link or wavelength
router failure is much larger than other types of networks. Therefore, survivability is
indispensable in wavelength routing networks. Although some upper layer protocols
such as IP, ATM, and SONET/SDH have their own protection mechanisms, handling
failures in optical layer has many advantages [68]. For example, optical layer
protection can efficiently handle certain types of failures such as fiber cuts which
causes large number of lightpaths to generate alarms each requiring separate

restoration by upper layers.
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Figure 17 Restoration strategies [43] (a) Link restoration (b) Path restoration (c) Path
restoration with link-disjoint route

Fast failure detection, fast restoration, and efficient use of resources are the
important issues in survivable networks. Protection against failures requires lots of
spare resources in the network. In meshed networks, by sharing spare resources
among several restoration lightpaths, it is possible to reduce the amount of required
spare capacity compared to ring topologies. There are mainly two protection schemes
[69]:

1.  Optical multiplex section level fiber protection: Working fibers are backed up
by protection fibers. Although this is a fast recovery method, it causes low
resource utilization.
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2.  Optical channel level protection: There are three possible ways (Figure 17):

a.  Link restoration (LR): The lightpaths passing through the failed link are
rerouted. LR supplies the fastest failure detection and tries to recover
traffic locally at the expense of efficiency (more hops, more bandwidth,
more end-to-end delay).

b.  Path restoration (PR): The lightpaths broken are rerouted on a new path
between their source and destination routers. PR efficiently uses spare
capacity all over the network. However, failure detection times are long.

c.  Path restoration with link-disjoint route (PRd): Working and restoration
paths do not use any common link. Therefore, the restoration process can
be started immediately after a failure without knowing the exact location
of the failure.

Generally, RWA problem for working and restoration lightpaths are jointly
solved to have better sharing of resources. There are several proposals [38], [42],
[43], [70] that consider logical topology design and physical resource assignment to
maintain survivability. In these studies, static routing and wavelength assignment
problems are formulated to route a predefined set of lightpath requests and
corresponding set of restoration lightpaths for single link failure. In [42], [43], and
[70], the routing and spare capacity planning problems are formulated as integer
linear programs. Heuristic algorithms are also proposed for this purpose in [38] and
[43].
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CHAPTER 3

MINIMUM RECONFIGURATION PROBABILITY ROUTING

In WRNs, a multitude of high-speed channels are accommodated by a single fiber
and wavelength routers are responsible for switching of even more channels.
Consequently, a single failure (i.e., fiber cut or router failure) leads to large revenue
losses. Although upper layer protocols such as IP, ATM, and SONET/SDH have
some mechanisms to deal with failures, there are many advantages of handling
failures in the optical network layer [68]. Moreover, achieving survivability in the
optical network layer has an important role in unifying the underlying transport
infrastructure. Survivability schemes are mainly based on protection switching and
restoration. Protection mechanisms offer fast recovery from the failures by switching
from working routes to pre-provisioned protection routes quickly. On the other hand,
restoration mechanisms provide better utilization of spare capacity. There are many
proposals for optimal or near optimal routing of working and restoration lightpaths in
a given physical topology, capacity planning for a given traffic demand and
restoration requirement, and fast restoration after failures [38], [43], [42], [70], [71].
Most of such algorithms deal with the fast reconfiguration of lightpaths broken due
to a failure by using the previously determined restoration paths. Although
restoration times in the order of milliseconds can be achieved, it is not possible to
completely eliminate the disruption of lightpaths. In many cases such as voice
communication or dest effort data communication such disruptions can be tolerated.
However, even short disruptions may be catastrophic for critical data traffic and
compensation of lost packets by retransmits rather complicate the problem by a surge

in the congestion of the packet network after recovery.
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In this thesis, we propose a dynamic routing and wavelength assignment
algorithm called minimum reconfiguration probability routing (MRPR). Our
approach is based on minimization of lightpath reconfiguration probability by using
the observed behavior of the network. Therefore, the probability of a lightpath being
rerouted in the future due to a failure in the network is minimized. Consequently,
both the effect of failures and service disruptions caused by failures are minimized.
In order to evaluate the lightpath reconfiguration probabilities, the failure interarrival
time statistics (i.e., mean and variance of failure inter-arrival times) for each router
and link and lightpath holding time statistics (i.e., mean and variance of lightpath
holding times) for each source router are collected. These statistics are used to
predict the probability of reconfiguration due to failure in the future on all possible
paths, which have enough free capacity to allocate for the request. Then, the path
with the minimum reconfiguration probability (i.e., most reliable path) is chosen.

Selecting the most reliable path usually corresponds to selecting the path,
which passes through as many reliable routers and reliable links as possible between
the source and destination routers. Consequently, the most reliable path may be
longer than the others or it may contain much more congested links than the others.
This causes increased link congestions for the same traffic demand thereby causes
higher blocking probabilities for the future requests. Therefore, to optimize
probability of reconfiguration due to failures and blocking probability jointly, we
need a measure of blocking probability that is compatible with the failure
probabilities. For this purpose, we introduce a second category of reconfigurations:
repacking. Repacking can be defined as the re-routing of some existing lightpaths
currently using fully occupied resources with the purpose of making room for a
request blocked due to insufficient free capacity on those resources (links or
converters in routers). That is, although there is enough capacity available in the
network, some of the lightpath requests are blocked due to loss of optimality of the
routes and wavelengths used by existing lightpaths. A similar approach is employed
in move-to-vacant wavelength-retuning (MTV_WR) algorithm [50]. In MTV_WR, a
lightpath is moved to a vacant wavelength on the same path and the performance
results show that blocking probability can be considerably reduced by such a

rerouting method.

42



Probability of lightpath reconfiguration due to repacking can be defined as the
probability of blocking of a future request, which can be avoided by re-routing the
lightpath. This happens when a future request is blocked due to lack of free capacity
in one of the resources used on the path of the lightpath during its lifetime. Actually,
in MRPR, no lightpath is re-routed to obtain free space for a blocked request.
Instead, the path with the minimum repacking probability is chosen for the lightpaths
to minimize the chance of repacking in the future, thereby minimizing the blocking
probability for the future requests. To predict the probability of reconfiguration due
to repacking for a lightpath, lightpath arrival rate and lightpath holding time statistics
are collected on each resource in the network. Then, these statistics are used in
conjunction with the present state information (resource usage level at the time of
routing) to evaluate the repacking probability for the lightpath on all possible
resources. Our approach differs from other dynamic adaptive RWA algorithms in the
parameters used in routing decisions. Most of the adaptive RWA algorithms
proposed so far make use of present network state to minimize the potential
blockings in the network. However, in MRPR, we use the operational statistics as
well as the current state information. Therefore, our algorithm can easily adapt to
changing load and failure conditions.

After the probability of reconfiguration due to failure, F;, and the probability of
reconfiguration due to repacking, R;, have been evaluated for a request on each

resource 7 in the network, the most reliable path for the lightpath can be found as:

%gX{H(l—Ff)(l-Ri)} ®

iep
where, Py, is the set of all paths between the source and destination routers s and d, a
path p is a set containing the resources utilized, and it is assumed that repacking and
failure events on each resource are independent events for individual resources. In
MRPR, to find the most reliable path, the above problem is converted to a shortest
path search problem on an auxiliary graph representing the network being considered
(like in [32]). In this graph, each edge represents the resource(s) that are used to
establish the lightpaths and edge costs are set to:

43



_ {oo, i has failed or is fully occupied, @

-In(1-F, )-In(1-R; ), otherwise.

Then, the shortest path in the graph corresponds to the most reliable path in the
network. In this study, we consider the search over all possible routes between the
source and destination routers. However, our approach can easily be applied to
alternate routing where a predefined set of routes between each source destination
pair is considered for RWA.

In the following section, three types of WRNs on which MRPR is applied are
considered. Then, how the failure and repacking probabilities are evaluated from the
present network state and gathered statistics and how auxiliary graphs can be
prepared for each network type are discussed. For simplicity, we start with the WI
networks and derive corresponding failure and repacking probability functions. Then,
we make use of these functions and show how they can be extended, possibly with

different parameters, for the other network types.

3.1. Network Models

MRPR is mainly designed for WRNs composed of wavelength routers and links with
an arbitrarily connected (mesh) topology. In such networks, each link is composed
of one or more fibers with multiple channels on distinct wavelengths, and routers can
selectively route each lightpath at an input fiber to any other output fiber. To
demonstrate how MRPR approach can be employed in different types of networks
for RWA, according to the usage level of wavelength converters in the routers, we
consider wavelength selective (WS), wavelength interchanging (WI) and share-per-
node wavelength interchanging (SPN) (limited conversion WI networks with share-
per-node router architectures) networks as described in Section 2.4. Although MRPR
can be employed for both share-per-node and share-per-link architectures, we
consider share-per-node configuration since it requires lower number of converters to
achieve the same blocking performance. |

In these networks, lightpath requests arrive at each router at random times and,
if not blocked, they stay on the network for a random amount of time. It is assumed
that each router or link may fail at random times, may be repaired in a random

amount of time and lightpaths broken due to a failure are re-routed on a new path.
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There are two possibilities for restoration path computation: offfine and online. In
offline approach restoration paths are determined at the same time with the working
paths (or before the failure happens). Therefore, offline approach provides faster
recovery from failures compared to online approach in which restoration path is
searched after the failure. The recovery issues are out of the scope of this thesis,
hence, for simplicity, we consider online restoration. It is also assumed that,
lightpath arrival rate statistics for each link, lightpath holding time statistics on each
router and link and failure interarrival time statistics for each router and link are

collected to be used in RWA decisions.

3.2. MRPR in WI Networks

Since there is a full set of wavelength converters in the routers, RWA problem in WI
networks reduces to the circuit routing problem. After the routing problem is solved,
wavelengths on the links along the route can be assigned randomly. In order to find
the route with minimum reconfiguration probability for a lightpath request, a simple
auxiliary graph G=(N,E), where nodes neN represent the routers and each directed
edge (i,j) €E represents the link (7,j) from router i to router j, is constructed. Then,

cost of each edge (7,j) 1s set to:

c, - {oo, edge can not be use.d, 3)
Y |-In(1-F; )-In(1-R, )-In(1-F, ), otherwise.
where,
e  Fjis the probability of reconfiguration due to failure on link (7,j),
e Ryis the probability of reconfiguration due to repacking on link (3,j),
e  F;is the probability of reconfiguration due to failure on router j,
for the lightpath to be routed if it is routed through link (7,j) and router j, and
o ‘edge can not be used’ means that the link (i,j) or router j has already failed or
link (7,j) has no free wavelength channel to allocate.
Then, the minimum cost route will be the most reliable route for the lightpath
request. The reconfiguration due to failure and reconfiguration due to repacking

probabilities used in (3) are derived in the following subsections.
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3.2.1. Reconfiguration Due To Failure

In this subsection we derive the probability of reconfiguration due to failure for a
lightpath on a resource (link or router) in terms of mean and variance of failure
interarrival times on that resource and mean and variance of holding times for the
lightpaths between the source and destination routers. Probability of reconfiguration
due to failure, F, for a lightpath on a resource is equal to the probability of a failure
on that resource during the lifetime of the lightpath. Therefore, if we assume that
failure arrival and lightpath termination events are independent and failure arrival
process is memoryless (i.e., probability that resource / fails in the interval #+dt is

independent of the time £), F' can be found as:

F= TUf(x)dx}h(y)d)* @

y=0\_x=0

where,

e x is a random variable (r.v.) representing failure interarrival times on the
resource,

e  f{x) is the probability distribution function (p.d.f) of r.v. x,

e yis a r.v. representing the lightpath holding times between the source and
destination routers, and

o h@yisthep.df ofrv. y.

To determine F, knowledge of f{x) and h()) are required. A straightforward
way to evaluate (4) is to approximate f{x) and h()) by an appropriate distribution
function with mean and variance equal to the corresponding values obtained from the
statistics. Lightpath holding times are usually approximated by an exponential
distribution function and failure interarrival times are usually approximated by an
exponential distribution function or a Weibull distribution function, which may
approximate closely the observed phenomena [72]. In particular, if both failure
interarrival and lightpath holding times are approximated by exponential distribution

functions, F can be found as:

21 -= ~2 1/m
F= ., " e Le " dy = f M 5)
m, Um,+1/m, m,+m,
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where, my and m;, are the mean failure interarrival and mean lightpath holding times,
respectively. |

On the other hand, if we make some assumptions on f{x) and A()), without
using distribution functions directly, we can approximate the right hand side of
equation (4) in terms of the moments of x and y. First, an upper bound for ' can be

found by using Tchebycheff Inequality, which states:

Tchebycheff Inequality [73]: if x is a r.v. with p.d.f. f(x), mean msand variance Vy,

then, for any £>0,

Ploom,|2el= [ roodes Tf(x)vbtsg-ﬁ— ©)

If we assume that f{x) is symmetric around its mean and A()) is negligible for
the values larger than mean failure interarrival time (i.e., lightpath durations are

much smaller than the mean failure interarrival time), we have:

y l;f
de<—0u 7L
iof(x) ST ()
and, therefore,
-] ¥ © V
F, = h)dy< | —L—n 8
j[ iof(x)abc] )y j Y— )y ®)

where, my and Vy are the mean and variance of failure interarrival times for the
resource, respectively. Hence, we are left with only one unknown, A(y), to evaluate
F. However, if we assume that the r.v. y is concentrated near its mean, the right hand

side of (8) can be approximated by the following method:
Estimate of the mean of g(x) [73]: If y is a r.v. with p.d.f. h(3), mean m;, and

variance V), then, the mean of the r.v. z=g(y) can be expressed in terms of my and Vy

as.;
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Elg»)}= [gWh(y)dy = g(m,)+ g"(m,) - ©)

Then, by using (9), we have:

e Vs ¥, v
2

= 7T 4
2(m; —m,)" (m;—m,)

F< di z(n 3V 2} (10)
2(m,—m,) (m,—m,)

where, m; and V), are the mean and variance of the holding times respectively for the

lightpaths between the source and destination routers. Finally, in the worst case, F

can be found as:

F = min<1, d. 2[1+ Vs 2J (11)
2(mf_mh) (mf‘"mh)

Note that, in above equation, we have assumed that the mean failure

interarrival time is larger than the mean lightpath holding time and min{1,...} term is

used to guarantee that resultant probability value is less than or equal to one.

3.2.2. Reconfiguration Due To Repacking

In this subsection we derive the probability of reconfiguration due to repacking, R,
for a lightpath on a link in the network in terms of the number of lightpaths currently
passing through the link (present link state) and arrival rate and service time statistics
for the lightpaths on the link. To find R, we need to find the probability of having a
call blocked due to lack of free capacity on that link during the lifetime of the
lightpath. Therefore, we need the transient repacking probabilities on the link under
consideration to find the expected value of repacking probability for a lightpath.
However, it is very hard to find a function for exact transient repacking probabilities,
because, we need to know the arrival and holding time processes for the lightpaths
and the present state of the (whole) network. In order to evaluate the approximate

repacking probabilities, we have made the following simplifying assumptions:
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. The links in the network are independent of each other. That is, lightpath
arrivals to each link are independent processes and a lightpath on an » link
route behaves like # independent lightpaths. Link independence assumption is
widely used in analysis of circuit switched networks[30],

e  Lightpaths arrive at the link under consideration according to a Poisson process
with rate A and lightpath holding times are exponentially distributed with mean
1/, and

o Repacking events on each link are independent of the repacking events on
other links. That is path costs are separable into link costs. Therefore,
repacking probability for a lightpath on route p, R, can be found from
individual link repacking probabilities, R;, as

R, =1-T]1-R,).

lep

A A A A
Q. C X T

2u fe-1opt

Figure 18 State diagram of the Markov Process constructed to determine R.

With the help of these assumptions, we can find the repacking probability, R,
for a lightpath request, /p-0, on a link with capacity ¢ and initially having »,
lightpaths (ny<c), by modeling the link as a Markov Process as in Figure 18. In this
process, all states except the one labeled by r are the tramsient states which
correspond to the number of lightpaths on the link before any repacking is
experienced. On the other hand, the state labeled by 7 is the zrapping state, which
represents the repacking occurrence before the termination of [p-0.

The differential equations characterizing this Markov Process can be found as
[74]:
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pi(t) ==p, () + up, (1),
P, =~(A+m-Dw)p,O)+nup,.. )+ ip, (1)

l<n<e,
p.O)=—(A+(c-Hu)p. @)+ p., (1), (12)
p.()=4p (1),

1, n=ny+l,

0)= l<n<c, (0)=0.
2, (0) {O, otherwise. P, (0)

where,

e put) for n=1,2,...,c are the probability of having » lightpaths on the link at time
t and no repacking has occurred up to time ¢,

®  pA1) is the probability of experiencing a repacking on the link up to time ¢,

e ny+1 is the state of the link at time 7=0", if the lightpath request is routed on
this link, and

e  We assume that /p-0 remains in the link for £20, or equivalently, at least one
lightpath exists in the link for 2£20. Therefore, the number of lightpaths that may
terminate at state » equals n-/, hence death rate at state n equals (#-1) 1.
Finally, the probability of repacking on the link until /p-0 terminates can be

found by finding the expected value of p.(?) as:

R, = [p,@)ue™dt (13)
0

Therefore, if we assume that when repacking occurs the lightpath to be re-
routed is randomly selected among the lightpaths in the link, we can find the
probability of reconfiguration due to repacking for a lightpath as:

1 [ ]
R =Z_.'p,(t),u e 'dt (14)
0

Equation (14) states that, in order to find R, we need to solve the differential
equations in (12) for p.(2). However, it is not easy to find a closed form expression
for p,(t). Instead, we introduce the following transform to directly solve R from the

equations in (12):

P=[p,we*dr i=12,.0r (15)
0
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Since (using integration by parts),

[pPie*di=p,0ye*| +ulp,@e*d, (16)
0 0
we have:

P, =-p (0)+ uP, n=12,.,cr (17
By multiplying the both sides of the equations in (12) by €™ and integrating

from O to «, we have:

UP, — p(0) = —AB, + uP,,
B, = p,(0)=—(A+m-D)W)P, +nuP,,, + AP,
l<n<e,
HE, - p.(0)=—(A+(c-D)WF, + AP, (18)
WP, - p,(0)=CcR = AP,,
1, n=n,+1,

0)= n=12..c
P,(0) {0, otherwise.

First of all, by reorganizing (18) we have:

(p+1)l)l :Il +})2’
(p+m)P, =1, +nP,, +pP,_, l<n<ec,
(p+c)1)c ::Ic +;£:~17
rR=2p,
c (19)
where,
p=4ily,

. :{I/y, n=n,+1,

n=12..c.
0, otherwise. L

Starting from P;, P, can be found in terms of P,.; and I; for n=1,2,..,c and

i=12,...,nas:

P = ! I+ ! B,
(p+1) ~ (p+))

P, :Zﬂ;1i+anPn+l Isn<e, (20)
i=1

with,

Pc+l EO'

From (19) and (20):
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n-1

(p+n)Pn =In +nPn+1 +pZﬂrir—I]i +pan—1Pn

oy 21)
l<n<c
Then, P, can be found from (21) as:
v P i n
Pn= ﬂn— Ii + PrH-
g(p-i-n—pan—l) ] (p+n_pan—1) 1
l<n<c (22)
with
B =lp
Therefore,
n
a, = ’
(p+n-pa,,)
ﬂ,’, = P ﬂ;-x =£anﬂ;—1’
(p+n-pa,,) n
—i—1
: n n (23)
ﬂn = p . . Haj’
n(n-=1)..G +1)i
1
Jor 1<n<c and a,=——-
1+p
Lemma: a, in (23) can be found as:
a_ = Eﬂ’}.’__p_)__ 1€n<ce (24)
P E(n_la p)

where, E(n,ﬁ) is the Erlang Loss Formula given by:

n

p
E(n,p)=—1"— ©5)

H

>E

= 1!

Proof (by induction): For n=1:
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1
1
1+ 2~ (26)
g =t _ 1
el dl+p
1

Therefore, (24) is true for n=1. Now, suppose that (24) is true for n2l, @+,

can be found as:

o - n+l
n+l T
p+n+l— pn——E(n :F)
pE@n-1,p)
B n+l _ n+1
p & p "z"f_/:i
n! i=0 i' i=0 ﬂ
prn+l-n—- — p+n+l- p
p p - p
(n-)43 1 i #
(n+1)zp—
= . n-1
(n+l)zp +pzp -p 'l:'
. ~ i=0
n pi n pf
n+l)) — -
B ( )Z i _ par ¥ |
Lp PP P P
n+l)y Z—+ p=— —_—
( )Z;. AP & e
pn+l
1 (n+1)!
n_p—i n+1 n+1
_,Z=0: it _Zo _ Zo il n+lE(n+1,p)
»Zu_p_ 1 p™ p E@mp

il Z P (n+))
: ifi
purgl |

Therefore, our assertion is true.
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By using (24) in (23):

n—i-1

i P -
P = n(n—l)...(i+1)i1;,[aj

_ A" Enp) ml E(rlp) i+l EGLp) i E(G.p) (27)
T wa DG p EnLp) p E(n-2.p) p EGp) p EG-Lp)

& py=— 2Pl
P E(l _13 p)
Then, from (20) P, can be found as:
P, = 'I“ML +a.P,, (28)
=1 P E(l —1: p)

Since, P..;=0 and 1,=0 for i=ny+ 1(28) can be rewritten as:

p .1 E@p ,

¢ + 29
p E(ny,p) ™" (29)
Finally, by using R=AP, and I,=1/u for n=ng+1:
getp ALECP) 1 1 Eep) 0
¢ cpEm,p)p cEn,p)
1 E(c,
r= Ll EG@p) 61)
¢ E(ngy, p)

A formula similar to (31) was derived earlier for state dependent link cost of
State Dependent Routing (SDR) [75] in circuit switched networks as:

x = EC.p)
E(ny, p)

In [75], SDR is formulated as a Markov Decision Process to estimate the

(32)

average number of future rejections on a link if the link under consideration is used
to route the request. Therefore, the total cost of a path (i.e., 2igp Ki) gives the
estimate of the mean number of additional future rejections in the network due to
accommodating a new call on that path. As a result, a new call is routed on the
minimum cost path if there is at least one path with total cost less than one. SDR can
easily be applied for RWA in all-optical networking to improve blocking probability
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performance. However, in this study, our objective is completely different. In
MRPR, we are trying to assign the most reliable path to the lightpaths and we need a
measure of future blocking probabilities as well, to be minimized. Therefore, we
have derived the formula in (31) as the expected value of repacking probability
during the lifetime of a lightpath on a link. As a result, we find the path
reconfiguration probabilities in terms of (router and link) failure and (link) repacking
probabilities as [1 - [f;ye (1-Fy) (I-Ry (1-F})] to choose the minimum cost path for
a lightpath.

3.3. MRPR in WS Networks

In WS networks, a router cannot change the wavelength of a lightpath passing
through itself. Therefore, each lightpath should be assigned to the same wavelength
on the links along its route. When a lightpath request arrives, we need to find a route
through (usually) multiple links, which have at least one free channel at a common
wavelength. To simplify this search process, we construct an auxiliary graph, which
is composed of a few disjoint graphs representing the view of the network at a
particular wavelength. Therefore, the shortest path over all these sub-graphs will
determine the route and wavelength of the lightpath. If there is more than one path
with the minimum cost, the one with the smallest index wavelength is selected.

In order to construct the auxiliary graph to establish a lightpath between the
routers s and d in a WS network, we first construct a sub-graph G,=(¥,E,) in which
each node rw € N, represents the router / and each directed edge (7w, 7)) € Ev
represents the channels at wavelength w in the link (4,5) from router 7 to router j in the
network. Then, the super nodes r; and r4 corresponding to source and destination
terminals for the lightpath respectively and W of these sub-graphs are combined by
the edges (rs, r«) and (ra, ry for w=1,2,..,W where W is the number of wavelength
channels in each fiber. Then, the cost of edges (7, 7s) and (74, 7y for w=12,.., W are
set to zero and the cost, Cj., of each edge (7:,7;,) are set to:

c ={00, edge can not be used, | 33)
» |-ln(1-F;)-In(1-R,, )-In(1-F, ), otherwise.
where,

e Fjis the probability of reconfiguration due to failure on the link (3,j),
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e Ry, is the probability of reconfiguration due to repacking at wavelength w on
the link (3,),

e  F;is the probability of reconfiguration due to failure on router j,

for the lightpath to be routed if it is routed through link (7,j) at wavelength w and

router j, and

e ‘edge can not be used’ means that router j or link (i,j) has already failed or

there is no free channel at wavelength w on the link (i,j) to allocate.

(a) (b) ~°re

Figure 19 (a) A WS network and (b) its graph representation

In Figure 19, construction of such a graph for a simple WS network (with
W=2) to route a lightpath from router 1 to router 3 is illustrated.

In WS networks, probability of reconfiguration due to failure on each router
and link are the same with the values obtained for WI networks. However, the
parameters that determine the probability of reconfiguration due to repacking is
different, since, in WS networks, we should consider the lightpaths at the same
wavelength independently of the lightpaths assigned to other wavelengths. If we
assume that the lightpaths are uniformly distributed over the wavelengths in link (i,j)
(i.e., arrival rates of lightpaths at different wavelengths are the same), from (31), we
can find the probability of reconfiguration due to repacking for a lightpath at

wavelength w as:
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1 Etk,p/W
R =% E(gc,, 5)/W)) (34)
where,
e  kis the number of fibers in link (5,j),
®  k,is the initial number of lightpaths at wavelength w on the link (7,j),
o W is the number of wavelength channels on each fiber, and

. p=A/uis the load on link (7,j) obtained from gathered statistics.

3.4. MRPR in SPN Networks

In SPN networks, routers have a limited number of wavelength converters.

Therefore, it is possible to change the wavelength of a lightpath on its route to solve

wavelength conflicts. However, we should use wavelength converters carefully,

because, using a wavelength converter unnecessarily in a router may cause blocking

of future requests, which need wavelength converters. Therefore, similar to the links,

we consider repacking of lightpaths, which are using converters in a router. For this

purpose, we use converter usage statistics (i.e., mean arrival rate and mean holding

time of lightpaths that use converters), and number of converters in use at the time of

routing to determine the cost of using a converter in that router. To facilitate the

incorporation of the converter costs in RWA, an extended version of the auxiliary

graph presented in Section 3.3 is used.
The auxiliary graph to establish a lightpath between the routers s and d in a

SPN network can be constructed as follows:

1. For each wavelength w=1..W and router n, create the nodes i, and o,, which
represent the input and output ports of router » at wavelength w respectively,

2. For each wavelength vyw=/..W and router n, create the edges (im,Onw
corresponding to wavelength conversion in router »,

3.  For each wavelength w=1..W and link (m,n) from the router m to router n,
create the directed edges (Omw, i) Which represent the channels at wavelength
w in link (m,n),

4.  Create the nodes r; and rq corresponding to source and destination terminals for
the lightpath, and

5.  For each wavelength w=1.. W, create the edges (7, isy) and (0 3.
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router 1 142

(a) (b) router 4

Figure 20 (2) A SPN network and (b) its graph representation

In Figure 20, construction of such a graph for a simple SPN network (with
W=2) to route a lightpath from router 1 to router 3 is illustrated. After the graph is
constructed, for vw=1,2,..,W and for each router » and m, the cost of edges (7, isw)

and (04, ry) for w=1..W are set to zero, the cost of each edge (Omw,inv) are set to:

_ o, no free channel at wavelength w on (n, m), 35
™ |-In(1-F, )-In(1-R,,), otherwise. )
cost of each edge (inv, Onw), fOr v,
y o, no free convertersin n or n has failed, 36
™ " |-In(1-F,)-In(1-R,), otherwise. (36)
and the cost of each edge (inw, Onw)
¥ - 00, n has failed, 37
™ |-in(1- F,), otherwise. (37)

where,

o  Fy,is the probability of reconfiguration due to failure on the link (mm,n),

® R, is the probability of reconfiguration due to repacking at on the link (m,n),

e [, is the probability of reconfiguration due to failure on router n,

for the lightpath to be routed if it is routed through link (m,7) and router n, and

° ‘edge can not be used’ means that router » or link (m,n) has already failed or
there is no free channel on the link (72,7) to allocate.
In SPN networks, the probability of reconfiguration due to repacking for a

lightpath on each link and the probabilities of reconfiguration due to failure on each
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router and link are the same with the values obtained for WI networks. The
probability of reconfiguration due to repacking for the converters in each router can
be found using the results obtained in Subsection 3.2.2 as:

r =1£&p) (38)
x E(x,, p)

where,

e  xis the number of converters in router 7,

° X, is the initial number of converters in use in router », and
e  p=A/uis the load obtained from the arrival and service rates of the lightpaths

using converters in router 2.
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CHAPTER 4

PERFORMANCE EVALUATION

Performance of the MRPR algorithm has been evaluated by computer simulations
and compared with the corresponding minimum congestion adaptive shortest path
routing algorithm, which is a modified version of adaptive unconstrained routing
(AUR) [37]. In the following section, the simulation tool developed for this purpose
is presented. Then, verification of this simulation tool based on comparisons with the
results presented in the literature is given. Finally, for each network type, blocking
probability and reconfiguration probability performance of MRPR with respect to
load, reliability, and some network parameters such as number of wavelength in each
fiber, number of fibers per link, and number of converters in each router on different
network topologies are presented and compared with the performance of AUR
algorithm.

4.1. Simulation Environment

In this study, a general-purpose simulation tool for wavelength routing networks is
developed to assess the performance of RWA algorithms. Some of the features of the
simulation tool are as follows:

e  Network topology on which the simulations are to be carried out can be
supplied as a text input file.

° Simulation parameters such as number of wavelengths per fiber, number of
fibers per link, number of converters per router can either be specified or read
from the input file for each link/router individually.

° Link and router failures can be enabled or disabled. If a failure happens, the
lightpaths affected from the failure are re-routed on the restoration routes,
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which are computed on-line (i.e., computed on the fly after the failure). If a
restoration route cannot be found, the lightpath is assumed to be lost. Two
types of routers and links are defined: reliable and un-reliable. For each type of
router and link, failure arrival rate and repair rate can be specified.

Link and lightpath types can be selected as bi-directional/uni-directional

links/lightpaths.

Simulation running parameter can be selected as load or reliability ratio and its

starting value, stopping value and increments in each step can be specified.

When one of the running parameters is selected, the other parameter is fixed

and its value can also be specified. Reliability ratio is equal to the ratio of un-

reliable routers/links to all routers/links in the network. Load is expressed in
one of (in erlangs):

o  Load per wavelength: Load offered to the each wavelength, given by 4.,
=(ArH)/(W*L), where Ar is the total load offered to the network, H is the
average hop distance between the routers, W is the number of
wavelengths per fiber, and L is the number of fibers in the network.

o  Load per node: Load offered to each source router in the network,

o  Total Load: Total load offered to the network.

In each step (for each value of simulation running parameter), a certain

confidence interval or fixed number of lightpaths to be routed can be specified

as stopping criterion.

As the output, the simulator measures:

o  Blocking probability: probability of a lightpath request being blocked,

0  Maximum blocking probability: The maximum of lightpath request
blocking probabilities experienced by each source router,

o  Reconfiguration probability: probability of a lightpath being reconfigured
due to a router/or link failure along its path,

0  Maximum reconfiguration probability: The maximum of lightpath
reconfiguration probabilities experienced by each source router.

The following RWA algorithms have been implemented (separately for

WI/WS/SPN Networks):
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o  AUR: an extended version of adaptive unconstrained routing to select the
minimum congested/minimum hop path between the source and
destination routers,

o  MRPR: Minimum reconfiguration probability routing algorithm,

o  MRPR-F: Minimum reconfiguration probability routing algorithm in
which repacking probabilities are set to zero,

o MRPR-R: Minimum reconfiguration probability routing algorithm in
which failure probabilities are set to zero.

. It is possible to conduct batch of simulations, which include more than one
simulation with different parameters,
e  Some screen snapshots of the simulator have been presented in Appendix A,
e The simulator is available for public use'.
Note: Some simulation data including processing times and referred figures for
simulations conducted in this study can be found at Appendix B.

4.2. Verification of Simulation Tool

In order to verify the tool, several simulations have been conducted on different
network topologies and results have been compared with the results presented in the
literature.

A simple network of two routers and single link with w wavelengths is
equivalent to M/M/w/w queue. As the first verification, the blocking probabilities
obtained by our simulator and analytical results are compared under different loads
and channel capacities. It is known that the blocking probability for an M/M/w/w is
equal to the Erlang loss formula given in equation (25). In Figure 21, blocking
probability versus total load for w=10 and w=5 is presented. The results indicate that

analytical and simulation results are the same.

! Available via http://www.geocities.com/altankocyigit/sim.html
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Figure 21 Blocking probability vs. load for M/M/w/w queue for (a) w=10 (b) w=5

In [32], the blocking probability performance of share-per-node networks for
different number of wavelength converters per router is presented. In the simulations,
. ARPA2 network topology that consists of 21 routers and 26 links (shown in Figure
22) is considered, and each link assumed to be formed by two fibers in opposite
directions each having 16 wavelength channels and uni-directional lightpaths are
established between the routers. Shortest path routing with link costs equal to unity
and converter costs equal to 3 is performed on an auxiliary graph similar to the one
presented in Section 3.4. In Figure 23, blocking probability performance reported by
Lee and Li and measured by our simulator on ARPA2 network for changing load and
changing number of converters per router is presented. The results show that the
blocking probabilities obtained by our simulator and those presented in [32] are close

to each other.
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Figure 23 Blocking probability versus Load per route for k=0,4,8,64 wavelength converters per
router on ARPA2 Network. Lines show the results obtained from our simulator and marks
show the results presented by Lee and Li [32]

In [37], the blocking probability performances of AUR algorithm on a WS
Network with randomly generated topology (shown in Figure 24) with number of
wavelengths per fiber equal to 4 and 8 are presented. In Figure 25, the results
presented by Mokhtar and Azizoglu and results obtained from our simulator are

compared.
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Figure 24 A randomly generated network [37].
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Figure 25 Blocking probability versus load per nede pair on randomly generated topology with
number of wavelengths per fiber equal to (a) 8 and (b) 4. The marks show the results obtained
" from our simulator and lines show the results presented by Mokhtar and Azizoglu [37].

4.3. Performance of MRPR

In order to assess the benefits of the MRPR algorithm, we compare its performance
with the modified version of adaptive unconstrained routing algorithm, which selects
the least congested minimum hop route. We select the AUR algorithm among the
other alternatives because both AUR and MRPR consider all possible routes in
routing computations and if we set all edge costs identical in MRPR, both algorithms
behave identically.
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In the simulations, we consider two performance measures: Blocking
Probability (i.e., probability of a lightpath request being blocked) and
Reconfiguration Probability (i.e., probability of a lightpath being re-routed due to a
router or link failure along its route) and we measure the performance under
changing load and reliability conditions. In the performance plots, reliability ratio is
equal to the ratio of un-reliable routers/links to all routers/links in the network, and
load is expressed as load per wavelength (in Erlangs).

In the simulations, each link in the network is composed of bi-directional fibers
(i.e., two set of separate fibers in opposite directions) and bi-directional lightpaths
(ie., two separate lightpaths on the same route and at the same wavelength in
opposite directions) established between the routers for each request. Lightpath
requests arrive at the network as a Poisson process of rate At and are uniformly
distributed over the routers (i.e., source and destination routers are selected randomly
for a lightpath request) and lightpath holding times are exponentially distributed with
unit mean. The blocked lightpath requests are assumed to be lost. In order to assess
the performance of MRPR under different failure conditions, we consider two types
of links and routers such as reliable and unreliable routers/links. Failures arrive at
each reliable and unreliable router/link according to Poisson processes of rates
0.0001 and 0.01 (unless otherwise stated) respectively and repair times are
exponentially distributed with unit mean. The lightpaths on a failed link or router are
re-routed and restoration routes are computed online.

Performance of the network is highly dependent on the selection of unreliable
items in the network. That is, reconfiguration and blocking performances may be
considerably different for the networks with different set of unreliable routers/links
under the same reliability ratio and load values. Therefore, for each load and
reliability ratio value, we have conducted 10 simulations with different set of
unreliable routers/links and taken the average to find the corresponding
reconfiguration and blocking probabilities. Since failures are rare events compared to
lightpath arrivals, extremely large number of samples is required to achieve a
specified level of confidence for reconfiguration probabilities. For this reason,
instead of specifying a particular confidence level, for each blocking probability and
reconfiguration probability value, 1.000.000 lightpaths (unless otherwise specified)
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have been routed within each one of the 10 simulation runs mentioned above, and it

was observed that outcome variations were sufficiently low.

4.3.1. Performance in WI networks

In this section we evaluate the blocking probability and reconfiguration probability
performance of MRPR algorithm in WI networks and compare it with the
performance of AUR algorithm. AUR algorithm in WI networks routes lightpaths on
the least congested minimum hop route. In order to find the least congested
minimum hop route, network is represented by a graph like in MRPR and cost of
each arc (7,j) in this graph is set to:

oo, edge can not be used,

C, = 39
71+ —l_——, otherwise. (39)
N

where,

e N is the number of routers in the network (which is equal to the number of hops
in longest possible cycle free route in an N router network + 1),

. ¢ is the capacity of link (7,j),

e nyis the number of lightpaths currently on the link (%,j), and

. ‘edge can not be used’ means that the link (7,j) or router j has already failed or

link (i,j) has no free wavelength channel to allocate.

Colb T
T
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T
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Figure 26 (a) 16 router, 4x4 mesh-torus network, (b) 8 router ring network
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MRPR is mainly designed mainly for the networks with arbitrarily connected
mesh topologies. However, in order to demonstrate how MRPR behaves in different
topologies, in this section, we performed simulations on three different topologies
such as ring, mesh-torus and arbitrarily connected mesh.

In order to demonstrate the effect of cost values corresponding to failure and
repacking probabilities on the performance, in this section, we consider three MRPR
implementations with different cost assignments:

1.  MRPR: Cost values are set according to equation (3),(11), and (31),
2.  MRPR-F: Only the cost values associated with failure probabilities are used.

That is, Ry is set to zero for all i, j in equation (3),

3.  MRPR-R: Only the cost values associated with repacking probabilities are

used. That is, Fj; and F; are set to zero for all , j in equation (3).

In Figure 27, performance of AUR, MRPR, MRPR-F, and MRPR-R in 4x4
mesh-torus network (shown in Figure 26.a) is presented. In this network, each link is
composed of two separate fibers in opposite directions and each fiber has 16 distinct
wavelength channels. The results show that reconfiguration probability performance
of MRPR and MRPR-F are better than AUR. That is, if failure probabilities are used
in routing decisions, reconfiguration performance is improved. However, if
repacking probabilities are not included in the costs, blocking performance
deteriorates. On the other hand, if repacking probabilities are included in the costs, it
is possible to improve blocking probability performance at a cost of increased
reconfiguration probability. Therefore, by using both repacking and failure
probabilities in MRPR, we achieve better reconfiguration probability without
deteriorating the blocking probability. Under low loads, failure probabilities are quite
effective on costs, hence MRPR behaves like MRPR-F and up to 50% improvement
can be achieved in reconfiguration probability compared to AUR. As the load
increases, due to high utilization of links much more unreliable items are
unavoidably used in routes and reconfiguration probability increases and gain in
reconfiguration probability performance drops down to a few percent. Since, there
are many alternative routes with equal hop counts in mesh-torus topologies, benefits
of MRPR-F at high loads cannot be noticed.

In Figure 28, blocking probability and reconfiguration probability performance
with respect to reliability ratio in the 4x4 mesh-torus network under fixed load are

69



shown. The results show that, MRPR-F and MRPR achieves better reconfiguration
probabilities compared to AUR and MRPR-R. However, blocking probability for
MRPR-F is much higher compared to other algorithms. On the other hand, MRPR is
better than AUR regarding reconfiguration probability while they both have near
equal blocking probabilities. This also justifies the conclusions drawn from Figure
27.

In Figure 29 and Figure 30 performance of AUR, MRPR, MRPR-R, and
MRPR-F algorithms on 8 router ring network (shown in Figure 26.b) is presented. In
this network, each link is again composed of bi-directional fibers having 16 distinct
wavelength channels. Connectivity in ring topologies is very low and number of
alternative routes is much less (only two alternate routes between any two routers)
compared to the mesh topologies. Therefore, we may expect all algorithms to behave
similarly in such a topology. As it can be seen from the figures, a modest gain about
%20 in reconfiguration probability performance is achieved by MRPR and MRPR-F
and blocking probabilities are almost same for all algorithms. This is mainly due to
the fact that the optimum route in ring topologies is usually the minimum hop route
(especially under uniform loads), and reconfiguration probability can only be
reduced by selecting the path having least number of un-reliable items on the way for

the requests between furthest router pairs.
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In Figure 31 and Figure 32, performance of AUR, MRPR, MRPR-R, and
MRPR-F algorithms on 30 router and 47 link mesh network (shown in Figure 33) is
presented. In this network, each link is composed of bi-directional fibers each having
8 distinct wavelength channels. Results show that, like in 4x4 mesh torus network, if
failure probabilities are included in the costs reconfiguration probability can be
improved whereas if repacking probabilities are not included in the costs, blocking
probability gets worse. As results indicate, at low loads MRPR behaves like MRPR-
F. This is due to the fact that, at low link utilizations, failure probabilities are much
larger compared to the repacking probabilities, and accordingly much effective in
route decisions. As the load increases, reconfiguration probability grows much faster
in MRPR compared to MRPR-F since repacking probabilities become much more
effective at high loads to avoid future blockings.

. Figure 33 30 Router and 47 link mesh network [23]

Up to now, we have considered overall blocking probability and overall
reconfiguration probability, which are the measures of mean quality of service. In
Figure 34 and Figure 35, maximum blocking probability (i.e., maximum of the
blocking probabilities experienced at all the source routers) and maximum
reconfiguration probability (i.e., maximum of the reconfiguration probabilities
experienced at all the source routers) are presented. These performance metrics can
measure the fairness of our algorithm. As it can be seen from the graphs, maximum
blocking and maximum reconfiguration probability performances of each RWA
algorithm reveals similar characteristics. At high loads, gain achieved by MRPR with
respectc to AUR in maximum reconfiguration probabilities and overall

reconfiguration probabilities are almost equal. However, the maximum gain (at low
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loads) in reconfiguration performance achieved by the MRPR with respect to the
AUR drops from 45% to 30%. In many cases, minimum hop route between some
router pairs passes through some un-reliable items and the other possible routes are
much longer. In such cases, use of minimum hop routes may be unavoidable and this
may cause modest gain in reconfiguration probability at corresponding routers. The
way we obtain equation (11) is also one of the causes of this result. Since equation
(11) gives the worst-case failure probability, which is larger than exact failure
probability, MRPR-F and MRPR also favor shorter routes. On the other hand, as the
reliability ratio increases (i.e., as the number of unreliable items increase), gain in
maximum reconfiguration probabilities and overall reconfiguration probabilities get
closer to each other.

In order to assess the effect of number of wavelengths on the performance, we
have conducted simulations on 30 router mesh network with 16 wavelengths in each
fiber. In Figure 36 and Figure 37, outputs of these simulations are presented. If these
results are compared with the results in Figure 31 and Figure 32, it can be seen that
doubling the number of wavelengths has caused a negligible change in
reconfiguration probability performance for the load values corresponding to near
equal blocking probabilities.

In more reliable environments, failure probabilities will be much lower and
repacking probabilities are expected to be much effective on routing decisions. To
demonstrate how MRPR algorithm behaves in more reliable environments we have
conducted simulations on the 30-router mesh network with failure arrival rates of
0.00001 and 0.001 for reliable and unreliable routers/links, respectively (i.e., items
are 10 times more reliable than the items used in previous simulations). In Figure 38
and Figure 39 blocking and reconfiguration probability performances of AUR,
MRPR, MRPR-F, and MRPR-R algorithms under varying load and reliability ratio
conditions are presented. As it can be seen, results exhibit similar characteristics with
the results obtained in the previous simulations with a scaling of 10. However, in this
case, reconfiguration probability for MRPR grows much faster as the load increases
since the repacking probabilities are much effective in routing decisions.
Reconfiguration probability performances of all algorithms come closer to each other

at high loads where resource limitations dominate.
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per wavelength on 30 router mesh WI network when reliability ratio=0.05 and wavelengths per
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Figure 36 Blocking probability and reconfiguration probability vs. load per wavelength on 30
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4.3.2. Performance in WS networks

In this section we evaluate the blocking probability and reconfiguration probability
performance of MRPR algorithm in WS networks and compare them with the
performance of AUR algorithm. Since MRPR makes use of wavelength congestion
information in links to minimize repacking probability, we consider multi-fiber links
in the network. In the simulations, we consider 30 router mesh network (Figure 33)
where each link is composed of multiple bi-directional fibers, each fiber has 8
distinct wavelength channels and bi-directional lightpaths established between the
router pairs.

In MRPR, an auxiliary graph is used in RWA and edge costs in the graph are
set according to equations (33), (34), and (11). The AUR algorithm in WS networks
routes lightpaths on minimum hop route and assigns the least congested wavelength
on this route. If there are more than one minimum hop routes, the one with the least
wavelength congestion, is selected among them. In order to find the least congested
minimum hop route, the auxiliary graph constructed for MRPR can be used and cost
of each arc (7w, in this graph is set to:

s edge can not be used,

C. =
FV"‘I"T’ otherwise. (40)

where,

e N is the number of routers in the network (which is equal to the number of hops
in longest possible cycle free route in an N router network + 1),

. k is the number of fibers in link (7,j),

e  k,is the number of lightpaths at wavelength w currently on the link (7,j), and

o ‘edge can not be used’ means that the link (i,j) or router j has already failed or

link (7,j) has no free wavelength channel at wavelength w to allocate.
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In Figure 40 and Figure 41, blocking and reconfiguration probability
performances of AUR and MRPR algorithms under changing load and reliability
conditions are presented. The simulations are carried out on the 30 node network in
which each fiber link is composed of 4 bi-directional fibers and each fiber has 8
wavelength channels. The results show that MRPR has better than AUR regarding
the reconfiguration probability performance while they both achieve close blocking
probability performance under changing load and reliability ratio. Like in WI
networks, the gain in reconfiguration probability performance much pronounced
under low loads, and decreases as the link utilizations increase. Since, in repacking
probability computations, the link capacities (at a wavelength) are taken as 4 (since
4-fiber links are used) which is very small compared to 8 in the WI networks
considered in previous section, the maximum gain (at low loads) in reconfiguration
probability performance is reduced to 16% (which is 45% in WI networks). That is,
since repacking probabilities much more effective in route selections, reconfiguration
probabilities get higher.

In Figure 42 and Figure 43 behavior of AUR and MRPR algorithms if number
of fibers is set to 8 is presented. The results indicate that reconfiguration probability
performance of MRPR is much better (32% at low loads) compared to the
reconfiguration probability performance in the network with 4 fibers per link and
reconfiguration probabilities get closer to the results obtained for WI network
presented in previous section for the same blocking probabilities. This result also
agrees with the explanation that we made in previous paragraph.

In Figure 44 and Figure 45 maximum blocking probability and maximum
reconfiguration probability experienced by the routers in 30 router mesh network
with 4 ﬁbefs on each link is presented. As we have stated in previous section,
maximum blocking and maximum reconfiguration probability performance can be
taken as a measure of fairness of RWA algorithms. The results show that, maximum
blocking probability and maximum reconfiguration probability performance have
similar characteristics with the overall blocking probability and overall
reconfiguration probability performance under changing load and reliability

conditions.
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4.3.3. Performance in SPN networks

In this section we evaluate the blocking probability and reconfiguration probability
performance of MRPR algorithm in SPN networks and compare it with the
performance of AUR algorithm. We conducted the simulations on 30 router mesh
network in which links are composed of bi-directional fibers each having 8
wavelength channels, bi-directional lightpaths established between the routers and
routers have limited number of wavelength converters.

In MRPR, an auxiliary graph is used for RWA and edge costs in the graph are
set according to equations (35)-(38), and (11). The AUR algorithm in SPN networks
routes lightpaths on least congested (according to link and converter usage level)
minimum hop route and assigns the wavelengths accordingly. In order to find the
least congested minimum hop route, network is represented by a graph like in MRPR
and cost of edges in this graph are set according to (cf. [32]):

(oo, edge can not be used,
1+ cl , for the edges (0, ,1 1w )»
¢ =4 N
= | (41)
3+ Y for theedges (i, ,0,,), W # V,
0, for theedges (i ., ,0,, )

where,

e  Nis the number of routers in the network (which is equal to the number of hops
in longest possible cycle free route in an N router network + 1),

. c capacity of link (n,m),

. ny is the number of lightpaths currently on link (12,m),

e  xis the number of wavelength converter pairs in router 7,

®  Xxpis the number of lightpaths using a converter on router n, and,

° ‘edge can not be used’ means that the link (m,n) or router » has already failed

or link (m,n) has no free wavelength channel to allocate.
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In Figure 46 and Figure 47 blocking probability and reconfiguration probability
performance of AUR and MRPR algorithms are presented. In the simulations, each
router in the network has 4 pair (since bi-directional lightpaths are established,
lightpaths use wavelength converters in pairs) of converters. Except limited
wavelength conversion in the routers, WI networks used in Section 4.3.1 are very
similar to the network used in this section. Therefore, we may expect that both
networks behave similarly in reconfiguration probability performances. This
argument can be confirmed by comparing the results presented in Figure 46 and
Figure 47 with the results presented in Figure 31 and Figure 32. Note that, blocking
probability performance of both AUR and MRPR are very close to each other. This
also shows that MRPR effectively uses wavelength converters as good as AUR to
minimize blocking probability.

In Figure 48 and Figure 49 blocking probability and reconfiguration probability
performance of MRPR and AUR algorithms on 30 router mesh network with 8 pair
of wavelength converters per router is given. Reconfiguration probability
performances are very close to the results obtained for 4-pair of wavelength
converters per router case as expected. On the other hand, our comment in the
previous paragraph about the efficient converter usage is verified again. Therefore, it
can be said that, in SPN networks, MRPR effectively uses converters to minimize
both reconfiguration and blocking probability performances.

In Figure 50 and Figure 51 maximum blocking probability and maximum
reconfiguration probability performances for AUR and MRPR under varying load
and reliability conditions are plotted. Like in WI networks, the maximum gain
achieved (at low loads) in maximum reconfiguration probability performance (about
30%) is lower than the gain achieved in overall reconfiguration probability
performance (about 45%). The reason for this phenomenon is probably the same with

the argument made in Section 4.3.1.
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CHAPTER 5

CONCLUSION

In this dissertation routing and wavelength assignment (RWA) techniques in all
optical wavelength routing networks are studied and an algorithm for statistically
predictive optimal RWA is proposed. The concept of statistical prediction is a novel
approach to RWA in all-optical networks. The idea behind statistically predictive
optimal RWA is to predict the future behavior of the network from its past operation
by using the gathered operational statistics. Hence optimality of route and
wavelength assignments for the lightpaths is preserved throughout the network
operation and RWA algorithm is more robust against failures and adapts to changes
in traffic demand.

In Chapter 3, the statistically predictive dynamic RWA algorithm called
minimum reconfiguration probability routing (MRPR) has been introduced and its
performance has been evaluated in Chapter 4. An originally developed all-optical
network simulator has been used for performance evaluation.

The objective of MRPR is the joint minimization of the probability of lightpath
reconfiguration due to failures in the network (such as a fiber cut or a wavelength
router failure) and probability of blocking. Therefore, probability of service
disruption and effect of failures such as number of lightpaths broken due to a failure
is minimized without deteriorating overall blocking probability. In other words,
survivability is improved without worsening other performance criteria. The
performance evaluation by simulations has revealed that, especially under low loads,
reconfiguration probability can be reduced considerably without causing significant
changes in blocking probability as compared to the adaptive RWA algorithms that do

not take failures into account. For example, on a 4x4 mesh-torus network with 16
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wavelengths per fiber, up to 50% improvement can be achieved in reconfiguration
probability as compared to adaptive unconstrained routing algorithm. At high loads
the gain in reconfiguration probability drops as the algorithm tries to minimize
blocking probability.

In MRPR, two causes of reconfigurations are considered: failure and
repacking. The probability of reconfiguration due to failure is used to minimize
probability of disruption caused by a failure in the future and the probability of
repacking is used to minimize the probability of having a blocked call in the future.
The probability of reconfiguration due to failure on a resource (link or router) is
derived in terms of moments of failure interarrival times on that resource and
lightpath holding times obtained from the operational statistics. The derived formula
gives an upper bound on the probability of failure on a resource during the lifetime of
a lightpath, is used as the worst-case probability of reconfiguration due to failure on
that resource. Since the worst-case failure probability is much larger than the exact
failure probability MRPR tends to choose shorter routes. This works as a secondary
mechanism in addition to repacking to improve blocking probability. However, it
might be possible to further minimize reconfiguration probability by using a
prediction expression that closely estimates the failure probabilities. For example, as
a second method, the failure interarrival times and holding times can be modeled by
well-known distribution functions and prediction expressions can be directly derived
from these functions. As a future work, alternative derivations can be found for
probability of reconfiguration due to failure and advantages and disadvantages of
each method can be investigated.

In MRPR, although no lightpaths are re-routed to make room for a blocked
request, repacking is introduced to foresee and avoid potential blockings in the
network. It is shown by previous studies (such as [50], [76]) on circuit switched and
all-optical networks that by re-routing or changing wavelength of some existing
connections to alternative routes or wavelengths to free up some space for an already
blocked request, it is possible to minimize overall blocking probability. Therefore, in
MRPR, by minimizing the probability of repacking (or re-routing due to blocking)
the potential blockings during the lifetime of the lightpath is minimized thereby
minimizing the overall blocking probability. To derive probability of reconfiguration

due to repacking on a resource (link or converter block on a router) a Markov process
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is constructed and probability of having a blocked call during the lifetime of a
lightpath is derived in terms of present state information and lightpath arrival and
holding time statistics collected from the network operation. Similar approaches are
used previously in routing in circuit switched networks to minimize blocking
probability by estimating the transient blocking probabilities on each link [77],
quantifying the expected number. of additional blocked calls by routing a connection
on each link [75], etc. to select the optimum route. However, the approach in MRPR
is slightly different from these. In MRPR, repacking is introduced to predict the
probability of reconfiguration due to repacking which can be used in conjunction
with probability of reconfiguration due to failures to jointly minimize reconfiguration
due to failure and blocking probability.

To cover the wide range of possibilities, according to wavelength converter
usage level in wavelength routers three types of wavelength routing networks such as
wavelength interchanging (WI), wavelength selective (WS), and share per node
wavelength interchanging (SPN) networks are considered. Although probability of
reconfiguration due to failure on a link or router is the same for all network types,
different parameters are used to evaluate probability of reconfiguration due to
repacking to reflect the characteristics of each network type. For example, in WI
networks, link congestion are taken into account whereas in WS networks,
wavelength congestion on the links are taken into account. In SPN networks, in
addition to link congestion, wavelength converter congestion is used to optimize for
wavelength converter usage. Therefore, a meaningful converter cost assignment
scheme has been proposed for RWA in networks where limited number of converters
placed on each router.

Since statistics are used together with present state information to derive
probability of reconfiguration due to repacking on each resource, MRPR can adapt to
changing traffic demands easily. Usually data traffic exhibits non-Poisson
characteristics and in many studies time series models are used to capture statistical
characteristics of actual traffic [78], [79], [80]. As an improvement to MRPR, time-
series analysis can be employed to forecast the lightpath arrival rates to each resource
in the network at certain time intervals to follow time-of-day/day-of-week seasonal
variations in traffic demands. The performance of the algorithm should also be
investigated under such non-uniform and non-stationary traffic demands.
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In derivation of probability of reconfiguration due to repacking several
(independence and cost séparability) assumptions have been made. As a future work,
such assumptions may be verified via simulations and if necessary some corrections
can be made in the derived formulas accordingly. In addition, in derivations, arrival
rate of lightpaths to a link (or wavelength converter bank in a router) are considered
to be independent of the state of the link. However, due to feedback effect, as the
initial number of lightpaths on the link gets larger, link is used with a small
probability to accommodate the request. That is, the arrival rate of lightpaths to the
links is state dependent. Therefore, instead of using constant lightpath arrival rate to
the links, state dependent arrival rates can be used (in corresponding differential
equations in Chapter 3) to enhance the approximation. On the other hand, the chance
of repacking for an existing lightpath in the case of a blocking is assumed to be equal
for all lightpaths on the link. However, longer lightpaths are much likely to be
selected for re-routing compared to shorter ones. Therefore, hop count can also be
included in probability of reconfiguration due to repacking.

In this dissertation, both reconfiguration due to failure and_ repacking
probabilities are used in routing decisions with equal weights. However, in real life,
certain applications are much more sensitive to disruptions and others may not
impose similar constraints. Therefore to improve the efficiency, several classes of
services can be introduced. For example, in routing decisions, only failure
probabilities may be used for some failure sensitive critical applications and only
repacking probabilities may be used for applications that may tolerate long
disruptions.

The implementation details are kept outside the scope of this study. Hence, for
simplicity, a centralized routing and wavelength assignment method is considered
and online restoration is assumed. However, there are several advantages of
distributed RWA such as enhanced scalability, distribution of communication and
processing overhead over network, and coping with failures easily. Since, cost of
using each network element such as link, router, and converter is computed using
locally collected information and sum of the costs of network elements along a path
gives the total cost of the path, distributed routing schemes based on distributed
shortest path algorithms can easily be applied to develop a distributed MRPR. On the

other hand, offline restoration schemes offer faster recovery from the failures. Hence,
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distributed implementation of the MRPR approach together with offline restoration
can be considered as a future work.

While implementation details have not been considered, it should be noted that
the fundamental proposal made in this dissertation is to incorporate network
performance statistics in the calculation of routing costs. For the proposed method to
be of any practical value, obviously, the process of taking statistics should not imply
prohibitive costs. This is the case, as counting resource failures and blocking events
has merely constant complexity.

In MRPR, all possible routes and wavelengths between the source and
destination routers are considered in routing decisions for a lightpath request.
However, the cost functions derived for MRPR can easily be used in alternate
routing where a predefined set of routes is searched to accommodate the request.
Therefore, much more simplified network operation can be achieved and processing
requirements can be reduced considerably. As a future work, alternate routing
version of MRPR can be developed and performance of the resulting algorithm can
be compared with the performance of other adaptive alternate routing algorithms

such as least loaded routing, max sum routing etc.
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APPENDIX A

SCREEN SNAPSHOTS OF SIMULATOR

In the following, screen snapshots of the simulator and network editor tools that are
used in this study are presented. Both tools are available online via
http://www.geacities.com/altankocyigit/sim.html.

Figure 52 Network editor - Node properties
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APPENDIX B

SIMULATION DATA

In this study, we have conducted 21 sets of simulations for the purposes of the

verification of simulation tool and the performance evaluation of the MRPR

algorithm. The simulations are carried out on a Microsoft Windows 2000
Workstation running on a PC with Intel Celeron 466MHz processor and 128 MB

RAM. In the following, data related to these simulations are presented.

SIMULATION SET #1:

Referred in

Network

Network type

Fibers per link
Wavelengths per fiber
Link/Lightpath type
Simulation parameter

Failures

Confidence

Maximum # of samples
Simulation

Elapsed time’

Figure 21

2 Router — 1 Link (M/M/w/w Queue)
WI

1

10

Bi-directional links / bi-directional lightpaths
Total Load

Start = 3 Step =1 Stop=9
No

g=99%, A=0.052

10,000,000

AUR

138 secs

2 A and g stand for the neighborhood and probability, respectively. That is, g=99%,
A=0.05 means, +5% neighborhood with 0.99 probability.

* Since simulations are carried out in a multi-tasking environment, elapsed times are

not absolute values.
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SIMULATION SET #2:

Referred in Figure 21
Network 2 Router — 1 Link (M/M/w/w Queue)
Network type WI
Fibers per link 1
Wavelengths per fiber 5
Link/Lightpath type Bi-directional links / bi-directional lightpaths
Simulation parameter Total Load
Start=0.05 Step=0,05  Stop=0.45
Failures No
Confidence g=99%, A=0.05
Maximum # of samples 10,000,000
Simulation AUR
Elapsed time 153 secs
SIMULATION SET #3:
Referred in Figure 23
Network 21 router — 26 link ARPA2 (Figure 22)
Network type SPN
Fibers per link 1
Wavelengths per fiber 16
Link/Lightpath type Bi-directional links / uni-directional lightpaths
Simulation parameter Load per router
Start = 4.5 Step=0.5 Stop =8
Failures No
Confidence £=99%, A=0.05
Maximum # of samples 10,000,000
Simulation AUR
Simulations Converters per router  Elapsed time (secs)
0 227
4 595
8 618
64 635
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SIMULATION SET #4:

Referred in

Network

Network type

Fibers per link
Wavelengths per fiber
Link/Lightpath type
Simulation parameter

Failures

Confidence

Maximum # of samples
Simulation

Elapsed time

SIMULATION SET #5:

Referred in

Network

Network type

Fibers per link
Wavelengths per fiber
Link/Lightpath type
Simulation parameter

Failures

Confidence

Maximum # of samples
Simulation

Elapsed time

Figure 25

Randomly generated network (Figure 24)
WS

1

8

Bi-directional links / uni-directional lightpaths
Load per node pair

Start =050 Step=0.05 Stop=1
No

£=99%, A=0.05

1,000,000

AUR

101 secs

Figure 25

Randomly generated network (Figure 24)
WS

1

4

Bi-directional links / uni-directional lightpaths
Load per node pair

Start =0.20 Step=0.1 Stop=1
No

g=99%, A=0.05

1,000,000

AUR

450 secs
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SIMULATION SET #6:

Referred in

Network

Network type

Fibers per link
Wavelengths per fiber
Link/Lightpath type
Simulation parameter

Reliability ratio

Failures

Failure arrival rate

Repair rate

Samples (for each load value)
Number of simulations
Simulations

SIMULATION SET #7:

Referred in

Network

Network type

Fibers per link
Wavelengths per fiber
Link/Lightpath type
Simulation parameter

Load per wavelength
Failures

Failure arrival rate

Repair rate

Samples (for each load value)
Number of simulations
Simulations

Figure 27

4x4 Mesh Torus (Figure 26.a)

WI

1

16

Bi-directional links / bi-directional lightpaths
Load per wavelength

Start =0.60 Step=0.05  Stop=0.85
0.0625

Yes

Reliable = 0.0001 Un-Reliable = 0.01
1

1,000,000

10

Simulation Elapsed time (secs)”
AUR 180

MRPR 260

MRPR-F 170

MRPR-R 260

Figure 28

4x4 Mesh Torus (Figure 26.a)

WI

1

16

Bi-directional links / bi-directional lightpaths
Reliability ratio

Start=0.0625 Step=0.0625 Stop =0.375
0.65

Yes

Reliable = 0.0001 Un-Reliable = 0.01
1

1,000,000

10

Simulation Elapsed time (secs)
AUR 190

MRPR 270

MRPR-F 180

MRPR-R 270

* Elapsed time for each of 10 simulations.
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SIMULATION SET #8:

Referred in

Network

Network type

Fibers per link
Wavelengths per fiber
Link/Lightpath type
Simulation parameter

Reliability ratio

Failures

Failure arrival rate

Repair rate

Samples (for each load value)
Number of simulations
Simulations

SIMULATION SET #9:

Referred in

Network

Network type

Fibers per link
Wavelengths per fiber
Link/Lightpath type
Simulation parameter

Load per wavelength
Failures

Failure arrival rate

Repair rate

Samples (for each load value)
Number of simulations
Simulations

Figure 29

8 Router Ring (Figure 26.b)

WI

1

16

Bi-directional links / bi-directional lightpaths
Load per wavelength

Start =0.10 Step=0.05 Stop=10.35
0.125

Yes

Reliable = 0.0001 Un-Reliable = 0.01
1

1,000,000

10

Simulation Elapsed time (secs)
AUR 90

MRPR 110

MRPR-F 90

MRPR-R 110

Figure 30

8 Router Ring (Figure 26.b)

W1

1

16

Bi-directional links / bi-directional lightpaths
Reliability ratio

Start =0.125 Step=10.125 Stop=0.750
0.10

Yes

Reliable = 0.0001 Un-Reliable = 0.01
1

1,000,000

10

Simulation Elapsed time (secs)
AUR 90

MRPR 110

MRPR-F 90

MRPR-R 110
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SIMULATION SET #10:

Referred in

Network

Network type

Fibers per link
Wavelengths per fiber
Link/Lightpath type
Simulation parameter

Reliability ratio

Failures

Failure arrival rate

Repair rate

Samples (for each load value)
Number of simulations
Simulations

SIMULATION SET #11:

Referred in

Network

Network type

Fibers per link
Wavelengths per fiber
Link/Lightpath type
Simulation parameter

Load per wavelength
Failures

Failure arrival rate

Repair rate

Samples (for each load value)
Number of simulations
Simulations

Figure 31, Figure 34 .

30 Router — 47 Link Mesh (Figure 33)
WI

1

8

Bi-directional links / bi-directional lightpaths
Load per wavelength

Start=0.10 Step=0.05  Stop=10.35
0.05

Yes

Reliable = 0.0001 Un-Reliable = 0.01
1

1,000,000

10

Simulation Elapsed time (secs)
AUR 220

MRPR 350

MRPR-F 240

MRPR-R 380

Figure 32, Figure 35

30 Router — 47 Link Mesh (Figure 33)
WI

1

8

Bi-directional links / bi-directional lightpaths
Reliability ratio

Start =0.05 Step=0.05  Stop=0.30
0.15

Yes

Reliable = 0.0001 Un-Reliable = 0.01
1

1,000,000

10

Simulation Elapsed time (secs)
AUR 250

MRPR 390

MRPR-F 260

MRPR-R 410
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SIMULATION SET #12:

Referred in

Network

Network type

Fibers per link
Wavelengths per fiber
Link/Lightpath type
Simulation parameter

Reliability ratio

Failures

Failure arrival rate

Repair rate

Samples (for each load value)
Number of simulations
Simulations

SIMULATION SET #13:

Referred in

Network

Network type

Fibers per link
Wavelengths per fiber
Link/Lightpath type
Simulation parameter

Load per wavelength
Failures

Failure arrival rate

Repair rate

Samples (for each load value)
Number of simulations
Simulations

Figure 36

30 Router — 47 Link Mesh (Figure 33)
WI

1

16

Bi-directional links / bi-directional lightpaths
Load per wavelength

Start =0.20 Step=0.05  Stop =045
0.05

Yes

Reliable = 0.0001 Un-Reliable = 0.01
1

1,000,000

10

Simulation Elapsed time (secs)
AUR 250

MRPR 380

MRPR-F 260

MRPR-R 390

Figure 37

30 Router — 47 Link Mesh (Figure 33)
WI
1

16

Bi-directional links / bi-directional lightpaths
Reliability ratio

Start=0.05 Step=0.05  Stop=0.30
0.20

Yes

Reliable = 0.0001 Un-Reliable = 0.01
1

1,000,000

10

Simulation Elapsed time (secs)
AUR 250

MRPR 390

MRPR-F 260

MRPR-R 410
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SIMULATION SET #14:

Referred in

Network

Network type

Fibers per link
Wavelengths per fiber
Link/Lightpath type
Simulation parameter

Reliability ratio

Failures

Failure arrival rate

Repair rate

Samples (for each load value)
Number of simulations
Simulations

SIMULATION SET #15:

Referred in

Network

Network type

Fibers per link
Wavelengths per fiber
Link/Lightpath type
Simulation parameter

Load per wavelength
Failures

Failure arrival rate

Repair rate

Samples (for each load value)
Number of simulations
Simulations

Figure 38

30 Router — 47 Link Mesh (Figure 33)
WI

1

8

Bi-directional links / bi-directional lightpaths
Load per wavelength

Start=0.10 Step=0.10  Stop =0.60
0.05

Yes

Reliable = 0.00001 Un-Reliable = 0.001
1

10,000,000

10

Simulation Elapsed time (secs)
AUR 2200

MRPR 3450

MRPR-F 2100

MRPR-R 3700

Figure 39

30 Router — 47 Link Mesh (Figure 33)
WI
1

8

Bi-directional links / bi-directional lightpaths
Reliability ratio

Start =0.05 Step=0.05  Stop=0.30
0.20

Yes

Reliable = 0.00001 Un-Reliable = 0.001
1

10,000,000

10

Simulation Elapsed time (secs)
AUR 2500

MRPR 3900

MRPR-F 2600

MRPR-R 4100
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SIMULATION SET #16:

Referred in

Network

Network type

Fibers per link
Wavelengths per fiber
Link/Lightpath type
Simulation parameter

Reliability ratio

Failures

Failure arrival rate

Repair rate

Samples (for each load value)
Number of simulations
Simulations

SIMULATION SET #17:

Referred in

Network

Network type

Fibers per link
Wavelengths per fiber
Link/Lightpath type
Simulation parameter

Load per wavelength
Failures

Failure arrival rate

Repair rate

Samples (for each load value)
Number of simulations
Simulations

Figure 40, Figure 44
30 Router — 47 Link Mesh (Figure 33)
WS

4
8

Bi-directional links / bi-directional lightpaths
Load per wavelength

Start =0.25 Step=0.05  Stop=0.50
0.05

Yes

Reliable = 0.0001 Un-Reliable = 0.01
1

1,000,000

10

Simulation Elapsed time (secs)
AUR 1580

MRPR 2700

Figure 41, Figure 45
30 Router — 47 Link Mesh (Figure 33)
WS

4
8

Bi-directional links / bi-directional lightpaths
Reliability ratio

Start=0.05 Step=0.05 Stop=0.30
0.25

Yes

Reliable = 0.0001 Un-Reliable = 0.01
1

1,000,000

10

Simulation Elapsed time (secs)
AUR 1830

MRPR 2790
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SIMULATION SET #18:

Referred in

Network

Network type

Fibers per link
Wavelengths per fiber
Link/Lightpath type
Simulation parameter

Reliability ratio

Failures

Failure arrival rate

Repair rate

Samples (for each load value)
Number of simulations
Simulations

SIMULATION SET #19:

Referred in

Network

Network type

Fibers per link
Wavelengths per fiber
Link/Lightpath type
Simulation parameter

Load per wavelength
Failures

Failure arrival rate

Repair rate

Samples (for each load value)
Number of simulations
Simulations

Figure 42
30 Router — 47 Link Mesh (Figure 33)

WS

8

8

Bi-directional links / bi-directional lightpaths
Load per wavelength

Start =0.25 Step=0.05
0.05

Yes

Reliable = 0.0001
1

1,000,000

10

Simulation

AUR

MRPR

Stop = 0.50

Un-Reliable = 0.01

Elapsed time (secs)
1650
2790

Figure 43
30 Router — 47 Link Mesh (Figure 33)
WS

8

8

Bi-directional links / bi-directional lightpaths
Reliability ratio

Start =0.05 Step=0.05  Stop=0.30
0.25

Yes

Reliable = 0.0001 Un-Reliable = 0.01
1

1,000,000

10

Simulation Elapsed time (secs)
AUR 1830

MRPR 2790
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SIMULATION SET #20:

Referred in

Network

Network type

Fibers per link
Wavelengths per fiber
Converters per router
Link/Lightpath type
Simulation parameter

Reliability ratio
Failures

Failure arrival rate
Repair rate

Samples (for each load value)

Number of simulations
Simulations

SIMULATION SET #21:

Referred in

Network

Network type

Fibers per link
Wavelengths per fiber
Converters per router
Link/Lightpath type
Simulation parameter

Load per wavelength
Failures

Failure arrival rate
Repair rate

Samples (for each load value)

Number of simulations
Simulations

Figure 46, Figure 50

30 Router — 47 Link Mesh (Figure 33)

SPN

1

8

4 (pairs’)

Bi-directional links / bi-directional lightpaths
Load per wavelength

Start=0.10 Step=0.05  Stop=10.35
0.05

Yes

Reliable = 0.0001 Un-Reliable = 0.01
1

1,000,000

10

Simulation Elapsed time (secs)
AUR 1050

MRPR 1380

Figure 47, Figure 51

30 Router — 47 Link Mesh (Figure 33)

SPN

1

8

4 (pairs)

Bi-directional links / bi-directional lightpaths
Reliability ratio

Start =0.05 Step=0.05  Stop=0.30
0.15

Yes

Reliable = 0.0001
1

Un-Reliable = 0.01

1,000,000
10

Simulation Elapsed time (secs)
AUR 1060

MRPR 1300

* Bi-directional lightpaths use wavelength converters in pairs.
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SIMULATION SET #22:

Referred in

Network

Network type

Fibers per link
Wavelengths per fiber
Converters per router
Link/Lightpath type
Simulation parameter

Reliability ratio
Failures

Failure arrival rate
'Repair rate

Samples (for each load value)

Number of simulations
Simulations

SIMULATION SET #23:

Referred in

Network

Network type

Fibers per link
Wavelengths per fiber
Converters per router
Link/Lightpath type
Simulation parameter

Load per wavelength
Failures

Failure arrival rate
Repair rate

Samples (for each load value)

Number of simulations
Simulations

Figure 48 .

30 Router — 47 Link Mesh (Figure 33)

SPN

1

8

8 (pairs)

Bi-directional links / bi-directional lightpaths
Load per wavelength

Start=0.10 Step=0.05  Stop =0.35
0.05

Yes

Reliable = 0.0001 Un-Reliable = 0.01
1

1,000,000

10

Simulation Elapsed time (secs)
AUR 1150

MRPR 1340

Figure 49

30 Router — 47 Link Mesh (Figure 33)
SPN
1

8

8 (pairs)

Bi-directional links / bi-directional lightpaths
Reliability ratio

Start =0.05 Step=0.05  Stop=0.30
0.15

Yes

Reliable = 0.0001 Un-Reliable = 0.01
1

1,000,000

10

Simulation Elapsed time (secs)
AUR 1020

MRPR 1270
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