Evolutionary Algorithms for Optical Network Design:

A Genetic-algorithm/Heuristic Hybrid Approach

Mark C. Sinclair

A thesis submitted for the degree of Ph.D.

Department of Electronic Systems Engineering

University of Essex July, 2001

Summary

Multi-wavelength all-optical transport networks can potentially provide the huge bandwidths necessary for broadband services. However, they present a challenging range of difficult network design and optimisation problems. Recently, evolutionary algorithms (EAs) have attracted growing interest for use on similar complex problems in many fields, including telecommunications. However, while EAs are good general-purpose search and optimisation procedures, they are almost never the best approach for any specific problem. A powerful alternative is the development of problem-specific EAs—genetic-algorithm (GA)/heuristic hybrids. These employ both problem-specific encoding and operators, combining the best existing heuristics for the problem within an overall GA framework. Moreover, operator-probability adaptation is used so that the most appropriate blend of operators is applied at each stage in a run.

This thesis describes the application of GA/heuristic hybrids to two of the main problems in the design of multi-wavelength all-optical transport networks: mesh network topology design, and wavelength-path routing, fibre choice and wavelength allocation. It starts with an overview of EAs, a tutorial on GAs, a near-exhaustive survey of evolutionary telecommunications, and surveys of both GA/heuristic hybrids and operator-probability adaptation. A software toolset for optical network optimisation, modelling and design (NOMaD), implementing the author’s GA/heuristic hybrid approach, is described, including the design-assessment metrics, overall GA framework, genetic operators and the operator-probability adaptation mechanism. Experimental results for both mesh network topology design, and wavelength-path routing, fibre and wavelength allocation are reported. An investigation into NOMaD’s operator-probability adaptation mechanism is described. Finally, the successes and limitations of the research are discussed, and numerous suggestions for further work made. Overall, the hybrid approach is shown to provide excellent solutions, of comparable or higher quality than those obtained with either heuristics or simple GAs alone, and requiring less computational effort than GAs.

Contents

Summary i

Contents ii

Abbreviations vi

List of Figures ix

List of Tables xi

1 Introduction 1 1.1 Assumed Background Knowledge . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2 1.2 Multi-wavelength Optical Networks . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3 1.3 Choice of Evolutionary Algorithms . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5 1.4 Genetic-algorithm/Heuristic Hybrid Approach . . . . . . . . . . . . . . . . . . . . . . 5 1.5 Thesis Aims and Objectives . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7 1.6 Outline of Thesis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7 1.7 Contributions of the Thesis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8

2 Evolutionary Algorithms 10 2.1 Overview of Evolutionary Algorithms . . . . . . . . . . . . . . . . . . . . . . . . . . . 10 2.2 Tutorial on Genetic Algorithms . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15 2.2.1 Genetic Algorithms: An Introduction . . . . . . . . . . . . . . . . . . . . . . 17 2.2.2 The Simple Genetic Algorithm . . . . . . . . . . . . . . . . . . . . . . . . . . 20 2.2.3 Genetic-algorithm/Heuristic Hybrids . . . . . . . . . . . . . . . . . . . . . . . 26 2.3 Evolutionary Telecommunications . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28 2.3.1 Survey Scope . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28

2.3.2 Historical Growth . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29 2.3.3 Early Papers . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30 2.3.4 Applications . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31 2.3.5 Algorithms . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43 2.4 Applying Genetic-algorithm/Heuristic Hybrids . . . . . . . . . . . . . . . . . . . . . 44 2.5 Operator-probability Adaptation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48 2.6 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51

3 NOMaD 52 3.1 Application Areas . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53 3.2 Design Metrics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54 3.3 Solution Approaches . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54 3.4 Overall Architecture . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55 3.5 Object-oriented Network Toolset . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56 3.6 NOMaDsh: The Tcl Scripting Layer . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58 3.7 Graphical User Interface . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60 3.8 Testing & Verification . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63 3.9 The ga Application Program . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64 3.10 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65

4 GA/Heuristic Hybrid Network Design 66 4.1 Metrics for Design Assessment . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67 4.1.1 Network Cost Model A (AlesCost) . . . . . . . . . . . . . . . . . . . . . . . . 68 4.1.2 Network Wavelength Requirement (NetWaveReq) . . . . . . . . . . . . . . . . 71 4.1.3 Network Cost Model B (PhyNetCost) . . . . . . . . . . . . . . . . . . . . . . 72 4.2 Genetic-algorithm Framework . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74 4.2.1 Overall Structure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74 4.2.2 Operators for Mesh Network Topology Design . . . . . . . . . . . . . . . . . . 80 4.2.3 Operators for Routing, Fibre & Wavelength Allocation . . . . . . . . . . . . . 82 4.2.4 Operator-probability Adaptation . . . . . . . . . . . . . . . . . . . . . . . . . 87 4.3 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91

5 Experimental Results 92 5.1 Mesh Network Topology Design . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 92 5.1.1 Initial Topology Experiments . . . . . . . . . . . . . . . . . . . . . . . . . . . 93 5.1.2 Test Networks . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 98 5.1.3 Local Search Operators . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 100 5.1.4 Iterative Heuristic Operators . . . . . . . . . . . . . . . . . . . . . . . . . . . 105 5.2 Routing, Fibre & Wavelength Allocation . . . . . . . . . . . . . . . . . . . . . . . . . 108 5.2.1 Minimum Network Wavelength Requirement . . . . . . . . . . . . . . . . . . 109 5.2.2 Minimum Cost Allocation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 113 5.3 Operator-probability Adaptation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 117 5.3.1 Basic Adaptation Algorithm . . . . . . . . . . . . . . . . . . . . . . . . . . . . 118 5.3.2 Variants on the Basic Algorithm . . . . . . . . . . . . . . . . . . . . . . . . . 122 5.4 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 128

6 Discussion & Conclusions 130 6.1 GA/Heuristic Hybrid Approach . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 130 6.2 Operator-probability Adaptation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 133 6.3 Mesh Network Topology Design . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 135 6.4 Routing, Fibre & Wavelength Allocation . . . . . . . . . . . . . . . . . . . . . . . . . 136 6.5 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 138 6.6 Contributions of the Thesis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 141

Acknowledgements 143

Bibliography 145

A Supporting Publications 176

B Personal Publications 223

C Wavelength Allocation Heuristics 229 C.1 Wuttisittikulkij & O’Mahony . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 229 C.2 Wauters & Demeester . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 230 C.3 Nagatsu et al. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 233

D Evolutionary Telecommunications Tables 235

E Detail of NOMaD 244 E.1 NOMaD File Formats . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 244 E.1.1 NOMaD Network (.net) Files . . . . . . . . . . . . . . . . . . . . . . . . . . 245 E.1.2 NOMaD Parameter (.nmd) Files . . . . . . . . . . . . . . . . . . . . . . . . . 245 E.1.3 NOMaD Output (.out) Files . . . . . . . . . . . . . . . . . . . . . . . . . . . 250 E.2 Class Cross-references . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 250 E.3 Network Modelling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 253 E.3.1 Overall Structure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 253 E.3.2 Mesh Network Topology Design . . . . . . . . . . . . . . . . . . . . . . . . . . 260 E.3.3 Routing, Fibre & Wavelength Allocation . . . . . . . . . . . . . . . . . . . . . 267 E.4 Network Hierarchy and Node Clustering . . . . . . . . . . . . . . . . . . . . . . . . . 275 E.5 Iterators . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 278 E.6 Utilities Class Category . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 281 E.7 Testing & Verification . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 287 E.8 NOMaD Software: Discussion & Further Work . . . . . . . . . . . . . . . . . . . . . 290 E.8.1 Overall Architecture . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 291 E.8.2 Reimplementation in Java . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 291 E.8.3 Network Modelling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 292 E.8.4 Memory and Execution Time Limitations . . . . . . . . . . . . . . . . . . . . 294 E.8.5 Additional Software . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 296

F Detail of Experimental Results 297 F.1 Network Design Problem Generation . . . . . . . . . . . . . . . . . . . . . . . . . . . 297 F.1.1 Node Locations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 298 F.1.2 Traffic Distribution . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 299 F.2 Network Design Problems . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 300 F.3 Mesh Network Topology Design . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 309 F.3.1 Initial Topology Experiments . . . . . . . . . . . . . . . . . . . . . . . . . . . 309 F.3.2 Test Networks . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 313 F.3.3 Local Search Operators . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 316 F.3.4 Iterative Heuristic Operators . . . . . . . . . . . . . . . . . . . . . . . . . . . 323

F.4 Routing, Fibre & Wavelength Allocation . . . . . . . . . . . . . . . . . . . . . . . . . 326 F.4.1 Minimum Network Wavelength Requirement . . . . . . . . . . . . . . . . . . 326 F.4.2 Minimum Cost Allocation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 329 F.5 Operator-probability Adaptation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 335 F.5.1 Basic Adaptation Algorithm . . . . . . . . . . . . . . . . . . . . . . . . . . . . 335 F.5.2 Variants on the Basic Algorithm . . . . . . . . . . . . . . . . . . . . . . . . . 340

Abbreviations

ACO ant colony optimisation ACTS Advanced Communications Technologies and Services ADM add drop multiplexer BON Business Object Notation CS classifier system DCR different common ring DNA deoxyribose nucleic acid DQDB Dual Queue Dual Bus MAN (IEEE 802.6) EA evolutionary algorithm EC evolutionary computation EH evolutionary hardware EON European Optical Network EP evolutionary programming ES evolution strategy FSM finite state machine FTEL Fujitsu Telecommunications Europe Ltd. GA genetic algorithm GP genetic programming GUI graphical user interface id identification number LAN local area network LCS learning classifier system MAN metropolitan area network MCA microcanonical annealing

ABBREVIATIONS viii

NGOS network grade-of-service NOMaD optical network optimisation, modelling and design NP non-polynomial NWR network wavelength requirement OOA&D object-oriented analysis and design OPEN Optical Pan-European Network OXC optical cross connect PON passive optical network RCA random cost algorithm SA simulated annealing SGA Goldberg’s Simple Genetic Algorithm SWP sparse wavelength path TS tabu search TSP travelling salesman problem VWP virtual wavelength path WOTAN Wavelength-agile Optical Transport and Access Network WP wavelength path

List of Figures

1.1 Wavelength-routing schemes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

2.1 Genetic algorithm and fitness assessment . . . . . . . . . . . . . . . . . . . . . . . . . 18 2.2 Simple Genetic Algorithm flowcharts . . . . . . . . . . . . . . . . . . . . . . . . . . . 21 2.3 From one generation to the next (after [2]) . . . . . . . . . . . . . . . . . . . . . . . . 22 2.4 Roulette-wheel selection . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24 2.5 Crossover . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24 2.6 Incorporating local search . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27 2.7 Evolutionary telecommunications papers – historical growth . . . . . . . . . . . . . . 30 2.8 Evolutionary telecommunications papers – application groups . . . . . . . . . . . . . 32

3.1 Example network design problem, mesh topology & wavelength allocation . . . . . . 53 3.2 Overall NOMaD architecture . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55 3.3 NOMaD class categories . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57 3.4 Network class diagrams . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58 3.5 GA class diagram . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59 3.6 Genetic-algorithm (ga.tcl) application . . . . . . . . . . . . . . . . . . . . . . . . . 62 3.7 Network-display (netdisp.tcl) application . . . . . . . . . . . . . . . . . . . . . . . 62 3.8 Network-editor (network.tcl) application . . . . . . . . . . . . . . . . . . . . . . . . 63 3.9 Flowchart of the ga application program . . . . . . . . . . . . . . . . . . . . . . . . . 65

4.1 Metric class diagram . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67 4.2 Flowchart of the GeneticAlgorithm run()member function . . . . . . . . . . . . . . 76 4.3 Operator class diagram . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79 4.4 Topology-design operators class diagrams . . . . . . . . . . . . . . . . . . . . . . . . 81 4.5 Example of link-group crossover . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83

4.6 Wavelength-allocation routers class diagram . . . . . . . . . . . . . . . . . . . . . . . 83 4.7 Wavelength-allocation operators class diagrams . . . . . . . . . . . . . . . . . . . . . 85 4.8 Example of reroute and shift-out operators . . . . . . . . . . . . . . . . . . . . . . . 86 4.9 Example GA/heuristic hybrid run . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89

5.1 Typical initial topology results (Problem 1, Run 1) . . . . . . . . . . . . . . . . . . . 95 5.2 Best topologies over a single GA3 run (Problem 1, Run 1) . . . . . . . . . . . . . . . 96 5.3 Test networks . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99 5.4 Low-average-node-degree test networks . . . . . . . . . . . . . . . . . . . . . . . . . . 99 5.5 Typical topology results using local search operators (Problem 1, Run 1) . . . . . . . 102 5.6 Typical lowest costs using iterative heuristic operators (Problem 1, Run 1) . . . . . . 107 5.7 Typical minimum NWR results (Network 1, Run 1) . . . . . . . . . . . . . . . . . . 111 5.8 Typical results for GA18, α = β = 1 and γ = 0.5 (Network 1, Run 1) . . . . . . . . . 114 5.9 Typical results for GA18, α = β = 0.8 and γ = 0.5 (Network 1, Run 1) . . . . . . . . 115 5.10 Typical operator-probability adaptation, using the basic adaptation algorithm, for GA21, GA23–GA25 (Network 1, Run 1) . . . . . . . . . . . . . . . . . . . . . . . . . 120 5.11 Typical operator-probability adaptation, using parental credit assignment, for GA26– GA29 (Network 1, Run 1) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 124 5.12 Typical operator-probability adaptation, using median credit assignment, for GA30– GA33 (Network 1, Run 1) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 127

6.1 Operator-chain credit assignment . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 134 6.2 Dual-homing multi-ring network with DCR interconnection [20] . . . . . . . . . . . . 137

C.1 Flowchart of HRWA (after [306]) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 231

E.1 Example adjacency matrix . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 255 E.2 Router class diagrams . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 260 E.3 Example paths and path-loss sequences . . . . . . . . . . . . . . . . . . . . . . . . . 261 E.4 Path class diagram . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 262 E.5 PathLossSeq class diagram . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 265 E.6 Example cable of three fibres . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 269 E.7 Example wavelength-routed paths . . . . . . . . . . . . . . . . . . . . . . . . . . . . 273 E.8 PhyPath class diagram . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 273

E.9 Example connect levels matrix . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 276 E.10 Example network with node clusters . . . . . . . . . . . . . . . . . . . . . . . . . . . 277 E.11 ArrayList array implementation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 281 E.12 List class diagram and example . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 283 E.13 Network/Node input/output class diagram . . . . . . . . . . . . . . . . . . . . . . . . 284

F.1 Three fifteen-node problems generated with different k_r . . . . . . . . . . . . . . . . 299 F.2 Node-pair weighting factor calculation . . . . . . . . . . . . . . . . . . . . . . . . . . 300 F.3 Network design problems – node distributions . . . . . . . . . . . . . . . . . . . . . . 301 F.4 Typical initial topology results (Problem 1, Run 1) . . . . . . . . . . . . . . . . . . . 310 F.5 Typical topology results for GA5 and GA6 (Problem 1, Run 1) . . . . . . . . . . . . 317 F.6 Typical topology results for GA7 and GA8 (Problem 1, Run 1) . . . . . . . . . . . . 318 F.7 Typical topology results for GA9 and GA10 (Problem 1, Run 1) . . . . . . . . . . . 319 F.8 Typical topology results for GA11 and GA12 (Problem 1, Run 1) . . . . . . . . . . . 320 F.9 Typical topology results for GA13, GA14 and GA15 (Problem 1, Run 1) . . . . . . . 324 F.10 Typical results for GA19, α = β = 1 and γ = 1 (Network 1, Run 1) . . . . . . . . . . 330 F.11 Typical results for GA20, α = β = 1 and γ = 0 (Network 1, Run 1) . . . . . . . . . . 330 F.12 Typical results for GA19, α = β = 0.8 and γ = 1 (Network 1, Run 1) . . . . . . . . . 330 F.13 Typical results for GA20, α = β = 0.8 and γ = 0 (Network 1, Run 1) . . . . . . . . . 331 F.14 Typical progress over single runs of GA21–GA25 (Network 1, Run 1) . . . . . . . . . 336 F.15 Typical progress over single runs of GA26–GA29 (Network 1, Run 1) . . . . . . . . . 341 F.16 Typical progress over single runs of GA30–GA33 (Network 1, Run 1) . . . . . . . . . 342

List of Tables

2.1 Major evolutionary computation conferences . . . . . . . . . . . . . . . . . . . . . . . 15 2.2 Evolutionary computation books – chronological order . . . . . . . . . . . . . . . . . 16 2.3 Evolutionary computation books – by subject area . . . . . . . . . . . . . . . . . . . 16 2.4 Sample problem strings and fitness values . . . . . . . . . . . . . . . . . . . . . . . . 24

4.1 Operators for network topology design . . . . . . . . . . . . . . . . . . . . . . . . . 80 4.2 Routers for wavelength allocation . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83 4.3 Operators for wavelength allocation . . . . . . . . . . . . . . . . . . . . . . . . . . . 84

5.1 Initial operator probabilities – topology . . . . . . . . . . . . . . . . . . . . . . . . . 93 5.2 Cost results for initial topology experiments . . . . . . . . . . . . . . . . . . . . . . . 97 5.3 Test network average node degrees . . . . . . . . . . . . . . . . . . . . . . . . . . . . 98 5.4 Initial operator probabilities – topology using local search operators . . . . . . . . . 101 5.5 Best cost results for topology using local search operators . . . . . . . . . . . . . . . 103 5.6 Median cost results for topology using local search operators . . . . . . . . . . . . . 103 5.7 Comparing GA4 with GAs using local search operators . . . . . . . . . . . . . . . . . 104 5.8 Comparing child and trial-based credit division for GA5–GA12 . . . . . . . . . . . . 105 5.9 Comparing GA10 with other trial-based GAs using local search operators . . . . . . 105 5.10 Initial operator probabilities – topology using iterative heuristic operators . . . . . . 106 5.11 Cost results for topology with iterative heuristic operators . . . . . . . . . . . . . . . 107 5.12 Comparing GA4 with GAs using iterative heuristic operators . . . . . . . . . . . . . 108 5.13 Total wavelength channel requirements of the test networks . . . . . . . . . . . . . . 109 5.14 Initial operator probabilities – minimum NWR . . . . . . . . . . . . . . . . . . . . . 109 5.15 Results for minimum NWR . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 112 5.16 Initial operator probabilities – minimum cost allocation . . . . . . . . . . . . . . . . 114 5.17 Minimum cost allocation results for α = β = 1 and γ = 0.5 . . . . . . . . . . . . . . 115

5.18 Minimum cost allocation results for α = β = 1 and γ = 1 . . . . . . . . . . . . . . . 116 5.19 Minimum cost allocation results for α = β = 1 and γ = 0 . . . . . . . . . . . . . . . 116 5.20 Minimum cost allocation results for α = β = 0.8 and γ = 0.5 . . . . . . . . . . . . . 116 5.21 Minimum cost allocation results for α = β = 0.8 and γ = 1 . . . . . . . . . . . . . . 116 5.22 Minimum cost allocation results for α = β = 0.8 and γ = 0 . . . . . . . . . . . . . . 116 5.23 Adaptation parameters for GAs using the basic adaptation algorithm . . . . . . . . . 119 5.24 Basic adaptation algorithm results with adaptation proportion ψ = 0.00, 0.15 and 0.30121 5.25 Basic adaptation algorithm results with credit constant κ = 0.0, 0.5 and 1.0 . . . . . 121 5.26 Adaptation parameters for GAs using variant adaptation algorithms . . . . . . . . . 123 5.27 Parental credit assignment results with adaptation proportion ψ = 0.00, 0.15 and 0.30125 5.28 Parental credit assignment results with credit constant κ = 0.0, 0.5 and 1.0 . . . . . 125 5.29 Median credit assignment results with adaptation proportion ψ = 0.00, 0.15 and 0.30 126 5.30 Median credit assignment results with credit constant κ = 0.0, 0.5 and 1.0 . . . . . . 127

C.1 WaveWutti95 parameters . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 230 C.2 WaveWauDijk parameter . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 232 C.3 WaveWauHRWA parameters . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 232 C.4 WaveNagVWP parameters . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 234

D.1 Evolutionary telecommunications papers – alphabetical order . . . . . . . . . . . . . 236 D.2 Evolutionary telecommunications papers – chronological order . . . . . . . . . . . . . 242 D.3 Evolutionary telecommunications papers – application groups . . . . . . . . . . . . . 243

E.1 Network file variable-value pairs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 246 E.2 Additional network file variable-value pairs . . . . . . . . . . . . . . . . . . . . . . . 246 E.3 Network parameters . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 247 E.4 AlesCost parameters . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 248 E.5 AlesRouter parameters . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 248 E.6 NetWaveReq parameters . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 248 E.7 PhyNetCost parameters . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 248 E.8 GeneticAlgorithm parameter . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 248 E.9 Population parameters . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 248 E.10 Individual parameter . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 248

E.11 OperatorPool parameters . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 249 E.12 WaveRandKSP parameters . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 249 E.13 WaveKSPMutate parameters . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 249 E.14 WaveWauReroute parameters . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 249 E.15 WaveWauShiftOut parameters . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 249 E.16 WaveKSPCO parameters . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 249 E.17 Output file variable-value pairs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 250 E.18 NetworkModel category — Network classes . . . . . . . . . . . . . . . . . . . . . . . 251 E.19 NetworkModel category — PhyNetwork classes . . . . . . . . . . . . . . . . . . . . . 251 E.20 NetworkModel category — Metric classes (and AlesRouter) . . . . . . . . . . . . . 251 E.21 NetworkModel category — minor classes . . . . . . . . . . . . . . . . . . . . . . . . . 251 E.22 GA category classes (and Reproduction) . . . . . . . . . . . . . . . . . . . . . . . . . 251 E.23 Operators category — abstract classes . . . . . . . . . . . . . . . . . . . . . . . . . . 251 E.24 Operators category — topology classes . . . . . . . . . . . . . . . . . . . . . . . . . 252 E.25 Operators category — wavelength-allocation classes . . . . . . . . . . . . . . . . . . 252 E.26 Utilities category classes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 252

F.1 Network design problem 1 – node locations . . . . . . . . . . . . . . . . . . . . . . . 302 F.2 Network design problem 2 – node locations . . . . . . . . . . . . . . . . . . . . . . . 302 F.3 Network design problem 3 – node locations . . . . . . . . . . . . . . . . . . . . . . . 302 F.4 Network design problem 4 – node locations . . . . . . . . . . . . . . . . . . . . . . . 303 F.5 Network design problem 5 – node locations . . . . . . . . . . . . . . . . . . . . . . . 303 F.6 Network design problem 1 – traffic (Gbit/s) . . . . . . . . . . . . . . . . . . . . . . . 304 F.7 Network design problem 2 – traffic (Gbit/s) . . . . . . . . . . . . . . . . . . . . . . . 305 F.8 Network design problem 3 – traffic (Gbit/s) . . . . . . . . . . . . . . . . . . . . . . . 306 F.9 Network design problem 4 – traffic (Gbit/s) . . . . . . . . . . . . . . . . . . . . . . . 307 F.10 Network design problem 5 – traffic (Gbit/s) . . . . . . . . . . . . . . . . . . . . . . . 308 F.11 Non-default parameters for GA1, GA2 and GA3 . . . . . . . . . . . . . . . . . . . . 310 F.12 Topology cost results for GA1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 311 F.13 Topology cost results for GA2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 311 F.14 Topology cost results for GA3 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 311 F.15 Applying sign test to topology cost results for GA1 and GA2 on Problem 1 . . . . . 312

F.16 Reduced α parameter set for GA2 and GA3 . . . . . . . . . . . . . . . . . . . . . . . 313 F.17 Increased node cost parameter set for GA2 and GA3 . . . . . . . . . . . . . . . . . . 313 F.18 Reduced α topology results for Problem 1 . . . . . . . . . . . . . . . . . . . . . . . . 314 F.19 Increased node cost topology results for Problem 1 . . . . . . . . . . . . . . . . . . . 314 F.20 Test network selection . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 314 F.21 Test network links . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 315 F.22 Non-default parameters for GA4–GA12 . . . . . . . . . . . . . . . . . . . . . . . . . 316 F.23 Topology cost results for GA4 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 316 F.24 Topology cost results for GA5 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 317 F.25 Topology cost results for GA6 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 318 F.26 Topology cost results for GA7 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 319 F.27 Topology cost results for GA8 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 320 F.28 Topology cost results for GA9 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 321 F.29 Topology cost results for GA10 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 321 F.30 Topology cost results for GA11 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 321 F.31 Topology cost results for GA12 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 322 F.32 Non-default parameters for GA13–GA15 . . . . . . . . . . . . . . . . . . . . . . . . . 323 F.33 Topology cost results for GA13 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 323 F.34 Topology cost results for GA14 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 325 F.35 Topology cost results for GA15 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 325 F.36 Non-default parameters for GA16 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 326 F.37 Non-default parameters for GA17 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 327 F.38 Minimum NWR results for GA16 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 327 F.39 Minimum NWR results for GA17 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 328 F.40 Non-default parameters for W&0, W&D1 and W&D2 heuristics (minimum NWR) . 328 F.41 Minimum NWR results for W&O . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 328 F.42 Non-default parameters for GA18–GA20 . . . . . . . . . . . . . . . . . . . . . . . . . 329 F.43 Minimum cost allocation results for α = β = 1 and γ = 0.5 using GA18 . . . . . . . 331 F.44 Minimum cost allocation results for α = β = 1 and γ = 1 using GA19 . . . . . . . . 331 F.45 Minimum cost allocation results for α = β = 1 and γ = 0 using GA20 . . . . . . . . 331 F.46 Minimum cost allocation results for α = β = 0.8 and γ = 0.5 using GA18 . . . . . . 332 F.47 Minimum cost allocation results for α = β = 0.8 and γ = 1 using GA19 . . . . . . . 332

F.48 Minimum cost allocation results for α = β = 0.8 and γ = 0 using GA20 . . . . . . . 332 F.49 Non-default parameters for W&0, W&D1 and W&D2 heuristics (minimum cost allocation) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 332 F.50 Minimum cost allocation results for α = β = 1 and γ = 0.5 using W&O . . . . . . . 333 F.51 Minimum cost allocation results for α = β = 1 and γ = 1 using W&O . . . . . . . . 333 F.52 Minimum cost allocation results for α = β = 1 and γ = 0 using W&O . . . . . . . . 333 F.53 Minimum cost allocation results for α = β = 0.8 and γ = 0.5 using W&O . . . . . . 333 F.54 Minimum cost allocation results for α = β = 0.8 and γ = 1 using W&O . . . . . . . 334 F.55 Minimum cost allocation results for α = β = 0.8 and γ = 0 using W&O . . . . . . . 334 F.56 Non-default parameters for GA21–GA25 . . . . . . . . . . . . . . . . . . . . . . . . . 335 F.57 Operator-probability adaptation results for GA21 . . . . . . . . . . . . . . . . . . . . 337 F.58 Operator-probability adaptation results for GA22 . . . . . . . . . . . . . . . . . . . . 337 F.59 Operator-probability adaptation results for GA23 . . . . . . . . . . . . . . . . . . . . 338 F.60 Operator-probability adaptation results for GA24 . . . . . . . . . . . . . . . . . . . . 338 F.61 Operator-probability adaptation results for GA25 . . . . . . . . . . . . . . . . . . . . 339 F.62 Non-default parameters for GA26–GA33 . . . . . . . . . . . . . . . . . . . . . . . . . 340 F.63 Operator-probability adaptation results for GA26 . . . . . . . . . . . . . . . . . . . . 341 F.64 Operator-probability adaptation results for GA27 . . . . . . . . . . . . . . . . . . . . 342 F.65 Operator-probability adaptation results for GA28 . . . . . . . . . . . . . . . . . . . . 343 F.66 Operator-probability adaptation results for GA29 . . . . . . . . . . . . . . . . . . . . 343 F.67 Operator-probability adaptation results for GA30 . . . . . . . . . . . . . . . . . . . . 344 F.68 Operator-probability adaptation results for GA31 . . . . . . . . . . . . . . . . . . . . 344 F.69 Operator-probability adaptation results for GA32 . . . . . . . . . . . . . . . . . . . . 345 F.70 Operator-probability adaptation results for GA33 . . . . . . . . . . . . . . . . . . . . 345

Acknowledgements

Give thanks to the Lord, for he is good; his love endures for ever. Psalm 107:1, NIV All stories have to start somewhere, and my thanks go first to Alan Hind, former British Telecom Research Fellow at the School of Engineering and Computer Science, University of Durham, who in 1992 first encouraged me to consider the use of genetic algorithms (GAs) for network design problems.

I am grateful to those who helped in locating papers for the survey on evolutionary telecommunications in Ch. 2, including George D. Smith, Steve Hurley, W. Don Potter and Roger L. Wainwright. A special mention is also due to Paul Naish of the Albert Sloman Library, University of Essex, for tracking down many difficult inter-library loans.

My thanks go to Katerina Proestaki and Noel Parnis (both formerly research assistants in the Department of Electronic Systems Engineering, University of Essex) for the many interesting and stimulating discussions during the development of NOMaD. They also both helped me by reading through early drafts of Ch. 3, Ch. 4 and Appendix E. Katerina was initially supported by the European Commission on ACTS project AC029 (WOTAN), and subsequently was the Fujitsu Research Fellow; she is now with Nortel. Noel was supported by ACTS project AC066 (OPEN), and is now with Lucent.

I am also grateful to Paul Griffith, formerly a research assistant in the Department of Electronic Systems Engineering, University of Essex, supported by the European Commission on ACTS project AC029 (WOTAN), and now with GPT Ltd., for helpful discussions during the development of the traffic distribution approach (§F.1.2), which was first used in his M.Sc. project.

A thank you is due to Carlos Fonseca, formerly of the Department of Automatic Control and Systems Engineering, University of Sheffield, and now with University of Algarve, for first suggesting I adopt the use of non-parametric hypothesis testing.

ACKNOWLEDGEMENTS 144

I am grateful to George D. Smith of the School of Information Systems, University of East Anglia on at least two counts: for suggesting constant-value credit assignment (see §6.2) and for being such an excellent host during my Visiting Fellowship to the School of Information Systems in academic year 1998/9. Many thanks for all those conversations over lunch and coffee at UEA!

Ricardo Poli of the School of Computer Science, University of Birmingham has my thanks for first suggesting operator-chain credit assignment in a question responding to my paper [33] at the Intl. Conf. on Evolutionary Computation in 1998.

Alan Hill of Ilotron Ltd. has my gratitude for a useful recent discussion on integrating network topology design with routing, fibre and wavelength allocation. This resulted in the illustrative example included in §6.4.

My thanks go to the authors of xfig [288], gnuplot [317] and L^ATEX [318,319], which all proved invaluable in the preparation of this thesis.

My examiners, Peter Fleming of Department of Automatic Control and Systems Engineering, University of Sheffield and Andy Keane of the School of Engineering Sciences, University of Southampton, deserve a thank you for their patience. While my thesis was originally scheduled for submission in December 1998, this did not actually take place until April 2001.

My thanks also go to all those people—too many to mention—who kept asking “Have you finished your thesis yet?” While I found this a constant irritation, it was also a spur to progress!

I am very grateful to Rob Massara of the Department of Electronic Systems Engineering, University of Essex, who acted as de facto supervisor. Many thanks for all those encouraging conversations in the Blues Cafe over cappuchino, and for reading (almost) all the thesis (more than once)!

Finally, very many thanks to Shirley, my wife, who had to put up with a lot from me over the many years it has taken to put this thesis together. Thank you for not giving up!

References

[1] Mukherjee, B., Optical Communication Networks, McGraw-Hill, 1997 [2] Goldberg, D.E., Genetic Algorithms in Search, Optimization and Machine Learning, Addison- Wesley, 1989 [3] Mitchell, M., An Introduction to Genetic Algorithms, MIT Press, 1996 [4] Fogel, D.B. (Ed.), Evolutionary Computation: The Fossil Record, IEEE Press, 1998 [5] Kirkpatrick, S., Gelatt, C.D., Jr., & Vecchi, M.P., “Optimization by simulated annealing”, Science v220 n4598, May 1983, pp. 671–680 [6] Glover, F., “Tabu search—part I”, ORSA Journal on Computing v1 n3, Summer 1989, pp. 190–206 [7] Glover, F., “Tabu search—part II”, ORSA Journal on Computing v2 n1, Winter 1990, pp. 4– 32 [8] Sinclair, M.C., “Evolutionary telecommunications: A summary”, Proc. GECCO’99 Workshop on Evolutionary Telecommunications: Past, Present and Future, Orlando, Florida, USA, July 1999, pp. 209–212 [9] Davis, L. (Ed.), Handbook of Genetic Algorithms, Van Nostrand Reinhold, 1991 [10] Cahn, R.S., Wide Area network Design: Concepts and Tools for Optimization, Morgan Kaufmann, 1998 [11] Kershenbaum, A., Telecommunications Network Design Algorithms, MacGraw-Hill, 1993 [12] Kershenbaum, A., Instructor’s Manual to Accompany Telecommunications Network Design Algorithms, MacGraw-Hill, 1993

[13] Ramaswami, R. & Sivaraja, K.N., Optical Networks: A Practical Perspective, Morgan Kaufmann, 1998

[14] Boorstyn, R.R. & Frank, H., “Large-scale network topological optimization”, IEEE Transactions on Communications, v25 n1, January 1977, pp. 29–47

[15] Booch, G., Object-Oriented Analysis and Design with Applications (2nd Ed.), Benjamin- Cummings, 1994

[16] Stroustrup, B., The C++ Programming Language (2nd Ed.), Addison-Wesley, 1991

[17] Lippman, S.B., C++ Primer (2nd Ed.), Addison-Wesley, 1991

[18] Chbat, M.W., Grard, E., et al., “Towards wide-scale all-optical transparent networking: The ACTS Optical Pan-European Network (OPEN) project”, IEEE Journal on Selected Areas in Communications v16 n7, September 1998, pp. 1226–1244

[19] Parnis, N., Jones, E.V., Sinclair, M.C. & O’Mahony, M.J., “Hierarchical network design for ACTS OPEN: Initial considerations”, Proc. 12th UK Performance Engineering Workshop, Edinburgh, September 1996, pp. 141–155

[20] Proestaki, A. & Sinclair, M.C., “Design and dimensioning of dual-homing hierarchical multiring networks”, IEE Proc. Communications v147 n2 April 2000 pp. 96–104

[21] Proestaki, A. & Sinclair, M.C., “Interconnection strategies for dual-homing multi-ring networks”, Proc. 16th International Teletraffic Conference (ITC-16), Edinburgh, UK, June 1999, pp. 169–181

[22] Proestaki, A. & Sinclair, M.C., “Wavelength routing in all-optical dual-homing hierarchical multi-ring networks”, Proc. European Conference on Networks and Optical Communications — Core Networks and Network Management (NOC’99), Delft, The Netherlands, June 1999, pp. 52–59

[23] Proestaki, A. & Sinclair, M.C., “Impact of topology on wavelength and switch-port requirements in all-optical hierarchical multi-ring networks”, Proc. IEEE Global Telecom. Conf. (GLOBECOM’99), Rio de Janeiro, Brazil, December, 1999

[24] Proestaki, A. & Sinclair, M.C., “Dimensioning all-optical dual-homing hierarchical multi-ring networks with various connectivities”, Proc. Second Intl. Workshop on the Design of Reliable Communication Networks (DRCN2000), Munich, Germany, April 2000

[25] Ahuja, R.K., Magnanti, T.L. & Orlin, J.B., Network Flows: Theory, Algorithms, and Applications, Prentice Hall, 1993

[26] Schwefel, H.-P., “On natural life’s tricks to survive and evolve”, Plenary Session, IEEE Intl.

Conf. on Evolutionary Computation (ICEC’98), Anchorage, Alaska, USA, May 1998

[27] Sinclair, M.C., “The application of a genetic algorithm to trunk network routing table optimisation”, Proc. 10th UK Teletraffic Symposium, Martlesham Heath, UK, April 1993, pp. 2/1– 2/6 [28] Sinclair, M.C., “Trunk network fault-tolerance through routing table updating in the event of trunk failure”, Proc. 9th UK Teletraffic Symposium, Guildford, April 1992, pp. 17/1–17/9

[29] Tan, L.G. & Sinclair, M.C., “Wavelength assignment between the central nodes of the COST 239 European optical network”, Proc. 11th UK Performance Engineering Workshop, Liverpool, UK, September 1995, pp. 235–247

[30] Moore, S.J. & Sinclair, M.C., “Design of routing tables for a survivable military communications network using genetic algorithms”, Proc. Congress on Evolutionary Computation (CEC’99), Washington DC, USA, July 1999, pp. 1788–1795

[31] Sinclair, M.C., “NOMaD: Initial architecture of an optical network optimisation, modelling and design tool”, Proc. 12th UK Performance Engineering Workshop, Edinburgh, UK, September 1996, pp. 157–167

[32] Sinclair, M.C., “NOMaD: An optical network optimisation, modelling and design toolset”, Proc. IEE Colloquium on Multiwavelength Optical Networks: Devices, Systems and Network Implementations, Digest No. 1998/296, London, UK, June 1998, pp. 6/1–6/6

[33] Sinclair, M.C., “Operator-probability adaptation in a genetic-algorithm/heuristic hybrid for optical network wavelength allocation”, Proc. IEEE Intl. Conf. on Evolutionary Computation (ICEC’98), Anchorage, Alaska, USA, May 1998, pp. 840–845

[34] Sinclair, M.C., “NOMaD: Applying a genetic-algorithm/heuristic hybrid approach to optical network topology design”, Proc. 3rd Intl. Conf. on Artificial Neural Networks and Genetic Algorithms (ICANNGA’97), University of East Anglia, Norwich, UK, April 1997, pp. 299–303

[35] Sinclair, M.C., “Minimum network wavelength requirement design using a genetic-algorithm/ heuristic hybrid”, Electronics Letters v34 n4 February 1998 pp. 388–389

[36] Sinclair, M.C., “Minimum cost routing and wavelength allocation using a genetic-algorithm/ heuristic hybrid approach”, Proc. 6th IEE Conf. on Telecommunications, Edinburgh, UK, March/April 1998, pp. 67–71

[37] Sinclair, M.C., “Minimum cost wavelength-path routing and wavelength allocation using a genetic-algorithm/heuristic hybrid approach”, IEE Proc. Communications v146 n1 February 1999 pp. 1–7

[38] Bäck, T., Hammel, U. & Schwefel, H.-P., “Evolutionary computation: Comments on the history and current state”, IEEE Transactions on Evolutionary Computation v1 n1, April 1997, pp. 3–17 (reprinted in [4])

[39] Friedman, G.J., Selective Feedback Computers for Engineering Synthesis and Nervous System Analogy, master’s thesis, University of California, Los Angeles, USA, February 1956 (reprinted in [4])

[40] Fraser, A.S., “Simulation of genetic systems by automatic digital computers: I. Introduction”, Australian J. Biological Sciences v10, 1957, pp.484–491 (reprinted in [4])

[41] Box, G.E.P., “Evolutionary operation: A method for increasing industrial productivity”, Applied Statistics v6 n2, 1957, pp. 81–101

[42] Friedberg, R.M., “A learning machine: Part I”, IBM J. Research and Development v2 n1, 1958, pp. 2–13

[43] Friedberg, R.M., Dunham, B. & North, J.H., “A learning machine: Part II”, IBM J. Research and Development v3, 1959, pp. 282-287

[44] Holland, J.H., Adaptation in Natural and Artificial Systems, University of Michigan Press,

[45] Holland, J.H., Adaptation in Natural and Artificial Systems: An Introductory Analysis with Applications to Biology, Control, and Artificial Intelligence (2nd Ed.), MIT Press, 1992 [46] Heitkötter, J. & Beasley, D., The Hitch-Hiker’s Guide to Evolutionary Computation, Issue 8.1, March 2000 (ftp://rtfm.mit.edu/pub/usenet/news.answers/ai-faq/genetic/) [47] Fogel, D.B., personal communication, 1998 [48] Fogel, L.J., Owens, A.J. & Walsh, M.J., “Artificial intelligence through simulated evolution”, Proc. 2nd Cybernetic Sciences Symp., 1965, pp. 131–155 (reprinted in [4]) [49] Fogel, L.J., Owens, A.J. & Walsh, M.J., Artificial Intelligence through Simulated Evolution Wiley, 1966 [50] Fogel, L.J., Intelligence through Simulated Evolution, Wiley, 1999 [51] Rechenberg, I., “Cybernetic solution path of an experimental problem”, Royal Aircraft Establishment, Library Translation 1122, 1965 (reprinted in [4]) [52] Schwefel, H.-P., Evolution and Optimum Seeking, Wiley, 1995 [53] Koza, J.R., “Hierarchical genetic algorithms operating on populations of computer programs”, Proc. 11th Intl. Joint Conf. on Artificial Intelligence, 1989, pp. 768–774 (reprinted in [4]) [54] Koza, J.R., Genetic Programming: On the Programming of Computers by Means of Natural Selection, MIT Press, 1992 [55] Koza, J.R., Genetic Programming II: Automatic Discovery of Reusable Programs, MIT Press, 1994 [56] Koza, J.R., Bennett, F.H., III, Andre, D. & Keane, M.A., Genetic Programming III: Darwinian Invention and Problem Solving, Morgan Kaufmann Publishers, 1999 [57] Kinnear, K.E., Jr. (Ed), Advances in Genetic Programming, MIT Press, 1994 [58] Angeline, P.J. & Kinnear, K.E., Jr. (Eds), Advances in Genetic Programming, Volume II, MIT Press, 1996 [59] Spector, L., Langdon, W.B., O’Reilly, U.-M. & Angeline, P.J. (Eds), Advances in Genetic Programming, Volume III, MIT Press, 1999

[60] Banzhaf, W., Nordin, P., Keller, R.E. & Francone, F.D., Genetic Programming — An Introduction, Morgan Kaufmann Publishers, 1998 [61] Nordin, P., Evolutionary Program Induction of Binary Machine Code and its Application, Krehl Verlag, 1997 [62] Holland, J.H. & Reitman, J.S., “Cognitive systems based on adaptive algorithms” in Waterman, D.A. & Hayes-Roth, F. (Eds), Pattern-Directed Inference Systems, Academic Press, 1978, pp. 313–329 (reprinted in [4]) [63] Sipper, M., Evolution of Parallel Cellular Machines, Lecture Notes in Computer Science, v1194, Springer-Verlag, 1997 [64] Thompson, A., Hardware Evolution: Automatic Design of Electronic Circuits in Reconfigurable Hardware by Artificial Evolution, Springer-Verlag, 1998 [65] Mange, D. & Tomassini, M. (Eds), Bio-Inspired Computing Machines, Presses Polytechniques et Universitaries Romandes, 1998 [66] Koza, J.R., “59 authored and 30 edited books on evolutionary computation”, January 2000 (http://www.genetic-programming.org/books.html) [67] Conrad, M., Adaptability, Plenum, 1983 [68] Holland, J.H, Holyoak, K.J., Nisbett, R.E. & Thagard, P.A., Induction: Processes of Inference, Learning, and Discovery, MIT Press, 1986 [69] Davis, L. (Ed.), Genetic Algorithms and Simulated Annealing, Pittman, l987 [70] Voigt, H.-M., Evolution and Optimization: An Introduction to Solving Complex Problems by Replicator Networks, Akademie-Verlag, 1989 [71] Davidor, Y. Genetic Algorithms and Robotics: A Heuristic Strategy for Optimization, World Scientific, 1990 [72] Fogel, D.B., System Identification through Simulated Evolution, Ginn Press, 1991 [73] Forrest, S., Parallelism and Programming in Classifier Systems, Pittman, 1991 [74] Buckles, B.P. & Petry, F.E., Genetic Algorithms, IEEE, 1992

[75] Stender, J. (Ed.), Parallel Genetic Algorithms, IOS Publishing, 1993 [76] Bauer, R.J., Jr., Genetic Algorithms and Investment Strategies, Wiley, 1994 [77] Bhanu, B. & Lee, S., Genetic Learning for Adaptive Image Segmentation, Kluwer Academic Publishers, 1994 [78] Stender, J., Hillebrand, E. & Kingdon, J. (Eds), Genetic Algorithms in Optimization, Simulation, and Modeling, IOS Publishing, 1994 [79] Banzhaf, W. & Eeckman, F.H. (Eds), Evolution and Biocomputation: Computational Models of Evolution, Lecture Notes in Computer Science, v899, Springer-Verlag, 1995 [80] Biethahn, J. & Nissen, V. (Eds), Evolutionary Algorithms in Management Applications, Springer-Verlag, 1995 [81] Chambers, L. (Ed.), Practical Handbook of Genetic Algorithms: Applications: Volume I, CRC Press, 1995 [82] Chambers, L. (Ed.), Practical Handbook of Genetic Algorithms: New Frontiers: Volume II, CRC Press, 1995 [83] Bäck, T., Evolutionary Algorithms in Theory and Practice, Oxford University Press, 1996 [84] Dawid, H., Adaptive Learning by Genetic Algorithms: Analytical Results and Applications to Economic Models, Lecture Notes in Economics and Mathematical Systems, v441, Springer- Verlag, 1996 [85] Devillers, J. (Ed.), Genetic Algorithms in Molecular Modeling, Academic Press, 1996 [86] Herrera, F. & Verdegay, J.L. (Eds), Genetic Algorithms and Soft Computing, Physica Verlag, 1996 [87] Michalewicz, Z., Genetic Algorithms + Data Structures = Evolution Programs (3rd Ed.), Springer-Verlag, 1996 [88] Mattfield, D.C., Evolutionary Search and the Job Shop, Physica-Verlag, 1996 [89] Pal, S.K. & Wang, P.P., Genetic Algorithms and Pattern Recognition, CRC Press, 1996 [90] van Rooij, A.J.F., Jain, L.C. & Johnson, R.P., Neural Network Training Using Genetic Algorithms, World Scientific, 1996

[91] Babovic, V., Emergence, Evolution, Intelligence: Hydroinformatics, Balkema Publishers, 1996 [92] Bäck, T., Fogel, D.B. & Michalewicz, Z. (Eds), Handbook of Evolutionary Computation, Institute of Physics Publishing, 1997 [93] Dasgupta, D. & Michalewicz, Z. (Eds), Evolutionary Algorithms in Engineering Applications, Springer-Verlag, 1997 [94] Pedrycz, W., Fuzzy Evolutionary Computation, Kluwer, 1997 [95] Rudolph, G., Convergence Properties of Evolutionary Algorithms, Verlag Kovac, 1997 [96] Vonk, E., Jain, L.C. & Johnson, R.P., Automatic Generation of Neural Network Architecture Using Evolutionary Computation, World Scientific, 1997 [97] Dracopoulos, D.C., Evolutionary Learning Algorithms for Neural Adaptive Control, Springer Verlag, l997 [98] Falkenauer, E., Genetic Algorithms and Grouping Problems, Wiley, 1997 [99] Gen, M. & Cheng, R., Genetic Algorithms and Engineering Design, Wiley, 1997 [100] Geyer-Schulz, A., Fuzzy Rule-Based Expert Systems and Genetic Machine Learning (2nd Rev.

Ed.), Physica-Verlag, 1997 [101] Man, K.F., Tang, K.S., Kwong, S. & Halang, W.A., Genetic Algorithms for Control and Signal Processing, Springer-Verlag, 1997 [102] Sanchez, E., Shibata, T. & Zadeh, L.A. (Eds), Genetic Algorithms and Fuzzy Logic: Soft Computing Perspectives, World Scientific, 1997 [103] Zalzala, A.M.S. & Fleming, P.J. (Eds), Genetic Algorithms in Engineering Systems, IEE, 1997 [104] Blickle, T., Theory of Evolutionary Algorithms and Application to System Synthesis, vdf Hochschul Verlag AG, 1997 [105] Drechsler, R., Evolutionary Algorithms for VLSI CAD, Kluwer Academic Publishers, 1998 [106] Gill, M.A.C. & Zomaya, A.Y., Obstacle Avoidance in Multi-Robot Systems: Experiments in Parallel Genetic Algorithms, World Scientific, 1998

[107] Haupt, R.L. & Haupt, S.E., Practical Genetic Algorithms, Wiley, 1998 [108] Langdon, W.B., Genetic Programming and Data Structures: Genetic Programming + Data Structures = Automatic Programming!, Kluwer Academic Publishers, 1998 [109] Lai, L.L., Intelligent System Applications in Power Engineering: Evolutionary Programming and Neural Networks, Wiley, 1998 [110] Dorigo, M. & Colombetti, M., Robot Shaping: An Experiment in Behavior Engineering, MIT Press, 1998 [111] Bentley, P.J. (Ed.), Evolutionary Design by Computers Wiley, 1999 [112] , Eiben, A.E. & Michalewicz, Z. (Eds), Evolutionary Computation IOS Press, 1999 [113] Fogel, D.B., Evolutionary Computation: Toward a New Philosophy of Machine Intelligence (2nd Ed.), IEEE, 1999 [114] Chambers, Lance (Ed.), Practical Handbook of Genetic Algorithms: Complex Coding Systems:

Volume III, CRC Press, 1999 [115] Coley, D.A., An Introduction to Genetic Algorithms for Scientists and Engineers, World Scientific, 1999 [116] Dawid, H., Adaptive Learning by Genetic Algorithms: Analytical Results and Applications to Economic Models (2nd Rev. Ed.), Springer Verlag, 1999 [117] Karr, C.L. & Freeman, K.M. (Eds), Industrial Applications of Genetic Algorithms, CRC Press, 1999 [118] Man, K.F., Tang, K.S., Kwong, S. & Halang, W.A., Genetic Algorithms: Concepts and Designs, Springer-Verlag, 1999 [119] Mazumder, P. & Rudnick, E.M. (Eds), Genetic Algorithms for VLSI Design, Layout and Test Automation, Prentice Hall, 1999 [120] Rahmat-Samii, Y. & Michielssen, E. (Eds), Electromagnetic Optimization by Genetic Algorithms, Wiley, 1999 [121] Vose, M., The Simple Genetic Algorithm: Foundations and Theory, MIT Press, 1999

[122] Ryan, C., Automatic Re-engineering of Software Using Genetic Programming, Kluwer Academic Publishers, 1999

[123] Wong, M.L. & Leung, K.S., Data Mining Using Grammar Based Genetic Programming and Applications, Kluwer Academic Publishers, 2000

[124] Wasserman, P.D., Advanced Methods in Neural Computing, Van Nostrand Reinhold, 1993

[125] Proestaki, A. & Sinclair, M.C., “Initial survey of heuristics for optical core network design in ACTS WOTAN”, Proc. 13th UK Teletraffic Symposium, Glasgow, March 1996, pp. 20/1–20/8

[126] Smith, G.D., ECTELNET — Application of Evolutionary Algorithms in the Telecommunications Domain: A Preliminary Report, The ECTELNET Working Group, 1998

[127] Smith, G.D., Debuse, J.C.W. & Ryan, M., The Fixed Channel Assignment Problem, School of Information Systems, University of East Anglia, 1998

[128] Dorigo, M., Maniezzo, V. & Colorni, A., “The ant system: optimization by a colony of cooperating agents”, IEEE Transactions on Systems, Man and Cybernetics — Part B, v26 n1, 1996, pp. 1–13

[129] Schoonderwoerd, R., Holland, O.E., Brutten, J.L. & Rothkrantz, L.J.M., “Ant-based load balancing in telecommunication networks”, Adaptive Behaviour, v5 n2, 1997, pp. 169–207

[130] Di Caro, G. & Dorigo, M., “Mobile agents for adaptive routing”, Proc. 31st Hawaii Intl. Conf.

Systems Sciences (HICSS-31), Kohala Coast, Hawaii, January 1998, pp. 74–83

[131] Balestrino, A., Bini Verona, F., Caiti, A. & Landi, R., “A hybrid genetic algorithm for binary channel equalization”, Proc. 1st Intl. ICSC Symp. on Intelligent Industrial Automation and Soft Computing (IIA’96/SOCO’96), University of Reading, UK, March 1996, pp. B 166–B 170

[132] Comellas, F. & Roca, R., “Using genetic algorithms to design weight codes”, Proc. Intl. Workshop on Applications of Neural Networks to Telecommunications (IWANNT’93), Princetown, NJ, USA, 1993, pp. 119–124

[133] Lee, Y.M. & Ellis, J.H., “Comparison of algorithms for nonlinear integer optimization: application to monitoring network design”, Journal of Environmental Engineering v122 n6, 1996, pp. 524–531

[134] Ramachandran, V., Shanmuganathan, V.P., Jayabarathi, T., “Optimal load balancing in tree networks using genetic algorithms”, Proc. 4th World Congress of Expert Systems: Application of Advanced Information Technologies, Mexico City, Mexico, March 1998, Ch. 139, pp. 893– 897 [135] Sannier, A.V., II & Goodman, E.D., “Midgard: A genetic approach to adaptive load balancing for distributed systems”, Proc. 5th Intl. Conf. on Machine Learning (ML-88), Ann Arbor, Michegan, USA, June 1988, pp. 174–180

[136] Rho, S. & March, S.T., “A nested genetic algorithm for distributed database design”, Proc.

27th Annual Hawaii Intl. Conf. on System Sciences, Hawaii, USA, 1994, pp. 33–42

[137] Davis, L. & Coombs, S., “Optimizing network link sizes with genetic algorithms” in Elzas, M.S., Oren, T.I. & Zeigler, B.P. (Eds), Modelling and Simulation Methodology, Elsevier Science Publishers B.V. (North-Holland), 1989, Ch. IV.3, pp. 317–331

[138] Davis, L. & Coombs, S., “Genetic algorithms and communication link speed design: Theoretical considerations”, Proc. 2nd Intl. Conf. on Genetic Algorithms (ICGA’87), Cambridge, MA, USA, July 1987, pp. 252–256

[139] Coombs, S. & Davis, L., “Genetic algorithms and communication link speed design: Constraints and operators”, Proc. 2nd Intl. Conf. on Genetic Algorithms (ICGA’87), Cambridge, MA, USA, July 1987, pp. 257–260

[140] Cox, L.A., Jr., Davis, L. & Qiu, Y., “Dynamic anticipatory routing in circuit-switched telecommunications networks”, in [9], Ch. 11, pp. 124–143

[141] Pan, H. & Wang, I.Y., “The bandwidth allocation of ATM through genetic algorithms”, IEEE Global Telecom. Conf. (GLOBECOM’91), v1, 1991, pp. 125–129

[142] Potter, W.D., Pitts, R., Gillis, P., Young, J. & Caramadre, J., “IDA-NET: An intelligent decision aid for battlefield communications network configuration”, Proc. 8th Conf. Artificial Intelligence for Applications (CAIA’92), Monterey, California, USA, March 1992, pp. 247–253

[143] Michalewicz, Z., “A step towards optimal topology of communications networks”, Proc. Conf.

on Data Structures and Target Classification, Orlando, Florida, USA, April 1991, pp. 112–122

[144] Hesser, J., Männer, R. & Stucky, O., “Optimization of Steiner trees using genetic algorithms”, Proc. 3rd Intl. Conf. on Genetic Algorithms (ICGA’89), George Mason University, Arlington, Virginia, USA, June 1989, pp. 231–236

[145] Kumar, A., Pathak, R.M., Gupta, M.C. & Gupta, Y.P., “Genetic algorithm based approach for designing computer network topology”, Proc. 21st ACM Annual Comput. Sci. Conf. Indianapolis, USA, 1992, pp. 358–365

[146] Sobotka, M., “Network design: An application of genetic algorithms”, Proc. 1992 Applied Defense Simulation Conference, 1992, pp. 63–66

[147] Aiyarak, P., Saket, A.S. & Sinclair, M.C., “Genetic programming approaches for minimum cost topology optimisation of optical telecommunication networks”, Proc. 2nd IEE/IEEE Intl. Conf. on Genetic Algorithms in Engineering Systems: Innovations and Applications (GALESIA’97), Glasgow, September 1997, pp. 415–420

[148] Deeter, D.L. & Smith, A.E., “Heuristic optimization of network design considering all-terminal reliability”, Proc. Annual Reliability and Maintainability Symposium, Philadelphia, Pennsylvania, USA, 1997, pp. 194–199

[149] He, C., “Route selection and capacity assignment in computer communication networks based on genetic algorithm”, Proc. 1997 IEEE Intl. Conf. on Intelligent Processing Systems, Beijing, China, October 1997, pp. 548–552

[150] Hewitt, J., Soper, A. & McKenzie, S., “CHARLEY: A genetic algorithm for the design of mesh networks”, Proc. 1st IEE/IEEE Intl. Conf. on Genetic Algorithms in Engineering Systems: Innovations and Applications (GALESIA’95), University of Sheffield, UK, September 1995, pp. 118–122

[151] Huang, R., Ma, J. & Tsuboi, E., “Communication network design via a genetic algorithm based learning algorithm”, Proc. IASTED Intl. Conf. on Artificial Intelligence, Expert Systems, and Neural Networks, Honolulu, Hawaii, USA, August 1996, pp. 15–18

[152] Huang, R. & Ma, J., “A distributed genetic algorithm over a transputer based parallel machine for survivable network designs”, Proc. Intl. Conf. on Parallel and Distributed Processing Techniques and Applications (PDPTA’96), Sunnyvale, California, USA, August 1996, pp. 1202–1211

[153] Huang, R., Ma, J., Kunii, T.L. & Tsuboi, E., “Parallel genetic algorithms for communication network design”, Proc. Second Aizu Intl. Symposium on Parallel Algorithms/Architecture Synthesis, 1997, pp. 370–377

[154] Ko, K.-T., Tang, K.-S., Chan, C.-Y., Man, K.-F. & Kwong, S., “Using genetic algorithms to design mesh networks”, Computer v30 n8, August 1997, pp. 56–61

[155] Kozdrowski, S., Pióro, M., Arabas, J. & Szcześniak, M., “Robust design of multicommodity integral flow networks”, Proc. 7th Intl. Conf. on Genetic Algorithms (ICGA’97), July 1997, Michigan State University, East Lansing, Michigan, USA, pp. 607–614

[156] Mann, J.W. & Smith, G.D., “The ring-loading and ring-sizing problem”, Proc. 3rd Intl.

Conf. on Artificial Neural Networks and Genetic Algorithms (ICANNGA’97), University of East Anglia, Norwich, UK, April 1997, pp. 289–293

[157] Mikac, B. & Inkret, R., “Application of a genetic algorithm to the availability-cost optimization of a transmission network topology”, Proc. 3rd Intl. Conf. on Artificial Neural Networks and Genetic Algorithms (ICANNGA’97), University of East Anglia, Norwich, UK, April 1997, pp. 304–307

[158] Munakata, T. & Hashier, D.J., “A genetic algorithm applied to the maximum flow problem”, Proc. 5th Intl. Conf. on Genetic Algorithms (ICGA’93), University of Illinois at Urbana- Champaign, USA, July 1993, pp. 488–493

[159] Palmer, C.C. & Kershenbaum, A., “Representing trees in genetic algorithms”, Proc. IEEE Intl. Conf. on Evolutionary Computation (ICEC’94), Orlando, Florida, USA, June 1994, pp. 379–384

[160] Palmer, C.C. & Kershenbaum, A., “An approach to a problem in network design using genetic algorithms”, Networks v26 n3, 1995, pp. 151–163

[161] Paul, H & Tindle, J., “Passive optical network planning in local access networks — an optimisation approach utilising genetic algorithms”, BT Technology Journal v14 n2, April 1996, pp. 110–115

[162] Paul, H., Tindle, J. & Ryan, H.M., “Experiences with a genetic algorithm-based optimization system for passive optical network planning in the local access network”, Proc. Broadband Superhighway (NOC’96-I), Heidelberg, Germany, June 1996, Ch. 55, pp. 105–112

[163] Pierre, S. & Legault, G., “An evolutionary approach for configuring economical packetswitched computer networks”, Artificial Intelligence in Engineering v10 n2, 1996, pp. 127–134

[164] Pierre, S.& Legault, G., “A genetic algorithm for designing distributed computer network topologies”, IEEE Transactions on Systems, Man and Cybernetics—Part B: Cybernetics v28 n2, April 1998, pp. 249–258

[165] Qin, Z., Wu, F.F. & Law, N., “Designing B-ISDN network topologies using the genetic algorithm”, Proc. Fifth Intl. Symp. on Modelling, Analysis & Simulation of Computer & Telecommunication Systems (MASCOTS’97), Ch. 36, 1997, pp. 140–145

[166] Sinclair, M.C., “Minimum cost topology optimisation of the COST 239 European optical network”, Proc. 2nd Intl. Conf. on Artificial Neural Networks and Genetic Algorithms (ICAN- NGA’95), Alès, France, April 1995, pp. 26–29

[167] Tanaka, Y. & Berlage, O., “Application of genetic algorithms to VOD network topology optimization”, IEICE Transactions on Communications vE79-B n8, Aug 1996, pp. 1046– 1053

[168] Walters, G.A. & Smith, D.K., “Evolutionary design algorithm for optimal layout of tree networks”, Engineering Optimization v24, 1995, pp. 261–281

[169] Chang, F.L., Potter, W.D., Gillis, P. & Sanders, M., “Genetic algorithms in battlefield communications network configuration”, Proc. ACM 31st Annual Southeast Conference, Birmingham, Alabama, USA, April 1993, pp. 96–102

[170] Potter, W.D., Chang, F.L., Gillis, P. & Sanders, M., “An ITS expert system module to aid battlefield communications network configuration”, Proc. 6th Intl. Conf. on Industrial and Engineering Applications of Artificial Intelligence and Expert Systems (IEA/AIE’93), Edinburgh, UK, June 1993, pp. 165–174

[171] Chang, T.F. & Potter, W.D., “A genetic algorithm approach to solving the battlefield communication network configuration problem”, Proc. 3rd Golden West Intl. Conf. on Intelligent Systems (1994 GWIC), Las Vegas, Nevada, USA, June 1994, pp. 483–496

[172] Davis, L., Orvosh, D., Cox, A. & Qiu, Y., “A genetic algorithm for survivable network design”, Proc. 5th Intl. Conf. on Genetic Algorithms (ICGA’93), University of Illinois at Urbana-Champaign, USA, July 1993, pp. 408–415

[173] Garcia, B.-L., Mahey, P., LeBlanc, L.J., “Iterative improvement methods for a multiperiod network design problem”, European Journal of Operational Research v110 n1, 1998, pp. 150– 165 [174] Brittain, D., Williams, J.S. & McMahon, C., “A genetic algorithm approach to planning the telecommunications access network”, Proc. 7th Intl. Conf. on Genetic Algorithms (ICGA’97), July 1997, Michigan State University, East Lansing, Michigan, USA, pp. 623–628

[175] Routen, T., “Genetic algorithm and neural network approaches to local access network design”, Proc. 2nd Intl. Symp. on Modelling, Analysis & Simulation of Computer & Telecommunication Systems (MASCOTS’94), Durham, N. Carolina, USA, 1994, pp. 239–243

[176] Kapsalis, A., Rayward-Smith, V.J. & Smith, G.D., “Solving the graphical Steiner tree problem using genetic algorithms”, Journal of the Operational Research Society v44 n4, April 1993, pp. 397–406

[177] Kapsalis, A., Rayward-Smith, V.J. & Smith, G.D., “Using genetic algorithms to solve the radio link frequency assignment problem”, Proc. 2nd Intl. Conf. on Artificial Neural Networks and Genetic Algorithms (ICANNGA’95), Alès, France, April 1995, pp. 37–40

[178] Chardaire, P., Kapsalis, A., Mann, J.W., Rayward-Smith, V.J. & Smith, G.D., “Applications of genetic algorithms in telecommunications”, Proc. 2nd Intl. Workshop on Applications of Neural Networks to Telecommunications (IWANNT’95), Stockholm, Sweden, May 1995, pp. 290–299

[179] Celli, G., Costamagna, E. & Fanni, A., “Genetic algorithms for telecommunication network optimization”, Proc. IEEE Intl. Conf. on Systems, Man and Cybernetics, 1995, v2, pp. 1227– 1232

[180] Kumar, A., Pathak, R.M & Gupta, Y.P., “Genetic-algorithm-based reliability optimization for computer network expansion”, IEEE Transactions on Reliability v44 n1, March 1995, pp. 63–72

[181] Kumar, A., Pathak, R.M., Gupta, Y.P. & Parsaei, H.R., “A genetic algorithm for distributed system topology design”, Computers & Industrial Engineering v28 n3, 1995, pp. 659–670

[182] Srivastava, A., Kumar, A. & Pathak, R., “Generalized distributed genetic algorithm for optimization problems”, Integrated Computer-aided Engineering v4 n4, 1997, pp. 276–289

[183] Webb, A., Turton, B.C.H. & Brown, J.M., “Application of a genetic algorithm to the design and optimisation of a self-healing ring network”, Proc. 4th Communication Networks Symposium, Manchester, UK, July 1997, pp. 2–5

[184] Webb, A., Turton, B.C.H. & Brown, J.M., “Application of genetic algorithm to a network optimisation problem”, Proc. 6th IEE Conf. on Telecommunications, Edinburgh, UK, March/April 1998, pp. 62–66

[185] Gondim, P.R.L., “Genetic algorithms and the location area partitioning problem in cellular networks”, Proc. IEEE 46th Vehicular Technology Conf., Atlanta, Georgia, USA, April/May 1996, v3, pp. 1835–1838

[186] Calégari, P., Guidec, F., Kuonen, P. & Kobler, D., “Parallel island-based genetic algorithm for radio network design”, Journal of Parallel and Distributed Computing v47 n1, November 1997, pp. 86–90

[187] Tang, K.S., Man, K.F. & Ko, K.T., “Wireless LAN design using hierarchical genetic algorithm”, Proc. 7th Intl. Conf. on Genetic Algorithms (ICGA’97), July 1997, Michigan State University, East Lansing, Michigan, USA, pp. 629–635

[188] Dengiz, B., Altiparmak, F. & Smith, A.E., “A genetic algorithm approach to optimal topological design of all terminal networks”, Intelligent Engineering Systems Through Artificial Neural Network v5, 1995, pp. 405–410

[189] Dengiz, B., Altiparmak, F. & Smith, A.E., “Genetic algorithm design of networks considering all-terminal reliability”, Proc. 6th Industrial Engineering Research Conference (IERC6), Miami Beach, Florida, USA, May 1997, Ch. 168, pp. 30–35

[190] Dengiz, B., Altiparmak, F. & Smith, A.E., “Efficient optimization of all-terminal reliable networks, using an evolutionary approach”, IEEE Transactions on Reliability v46 n1, March 1997, pp. 18–26

[191] Dengiz, B., Altiparmak, F. & Smith, A.E., “Local search genetic algorithm for optimization of highly reliable communications networks”, Proc. 7th Intl. Conf. on Genetic Algorithms (ICGA’97), July 1997, Michigan State University, East Lansing, Michigan, USA, pp. 650–657

[192] Dengiz, B., Altiparmak, F. & Smith, A.E., “Local search genetic algorithm for optimal design of reliable networks”, IEEE Transactions on Evolutionary Computation v1 n3, September 1997, pp. 179–188

[193] Abuali, F.N., Schoenefeld, D.A. & Wainwright, R.L., “Terminal assignment in a communications network using genetic algorithms”, Proc. 22nd Annual ACM Computer Science Conf. (CSC’94), March 1994, Phoenix, Arizona, USA, pp. 74–81

[194] AbuAli, F.N., Wainwright, R.L. & Schoenefeld, D.A., “Solving the subset interconnection design problem using genetic algorithms”, Proc. 1996 ACM Symp. on Applied Computing (SAC’96), Philadelphia, PA, USA, February 1996, pp. 299–304

[195] Saha, D. & Chakraborty, U.K., “An efficient link enhancement strategy for computer networks using genetic algorithm”, Computer Communications v20 n9, 1997, pp. 798–803

[196] Nakamura, H. & Oda, T., “Optimization of facility planning and circuit routing for survivable transport networks—an approach based on genetic algorithm and incremental assignment”, IEICE Transactions on Communications vE80-B n2, February 1997, pp. 240–251

[197] Christensen, H.L., Wainwright, R.L. & Schoenefeld, D.A.,“A hybrid algorithm for the point to multipoint routing problem”, Proc. 1997 ACM Symp. on Applied Computing (SAC’97), February/March 1997, San Jose, California, USA, pp. 263–268

[198] Zhu, L., Wainwright, R.L. & Schoenefeld, D.A., “A genetic algorithm for the point to multipoint routing problem with varying number of requests”, Proc. 1998 IEEE Intl. Conf. on Evolutionary Computation (ICEC’98), Anchorage, Alaska, USA, May 1998, pp. 171–176

[199] Julstrom, B.A., “A genetic algorithm for the rectilinear Steiner problem”, Proc. 5th Intl.

Conf. on Genetic Algorithms (ICGA’93), University of Illinois at Urbana-Champaign, USA, July 1993, pp. 474–480

[200] Esbensen, H. & Mazumder, P., “A genetic algorithm for the Steiner problem in a graph”, European Conf. on Design Automation (EDAC’94), Paris, France, February 1994, pp. 402– 406 [201] Esbensen, H., “Computing near-optimal solutions to the Steiner problem in a graph using a genetic algorithm”, Networks v26 n4, 1995, pp. 173–185

[202] Esbensen, H., “Finding (near-)optimal Steiner trees in large graphs”, Proc. 6th Intl. Conf. on Genetic Algorithms (ICGA’95), University of Pittsburgh, USA, July 1995, pp. 485–491

[203] Abuali, F.N., Schoenefeld, D.A. & Wainwright, R.L., “The design of a multipoint line topology for a communication network using genetic algorithms”, Proc. 7th Oklahoma Conf. on Artificial Intelligence, Stillwater, Oklahoma, November 1993, pp. 101–110

[204] Abuali, F.N., Schoenefeld, D.A. & Wainwright, R.L., “Designing telecommunications networks using genetic algorithms and probabilistic minimum spanning trees”, Proc. 1994 ACM Symp. Applied Computing (SAC’94), Phoenix, Arizona, USA, March 1994, pp. 242–246

[205] Abuali, F.N., Wainwright, R.L. & Schoenefeld, D.A., “Determinant factorization and cycle basis: Encoding schemes for the representation of spanning trees on incomplete graphs”, Proc. 1995 ACM Symp. on Applied Computing, Nashville, TN, USA, February 1995, pp. 305–312

[206] Abuali, F.N., Wainwright, R.L. & Schoenefeld, D.A., “Solving the three-star tree isomorphism problem using genetic algorithms”, Proc. 1995 ACM Symp. on Applied Computing (SAC’95), Nashville, TN, USA, February 1995, pp. 337–343

[207] Abuali, F.N., Wainwright, R.L. & Schoenefeld, D.A., “Determinant factorization: A new encoding scheme for spanning trees applied to the probabilistic minimum spanning tree problem”, Proc. 6th Intl. Conf. on Genetic Algorithms (ICGA’95), University of Pittsburgh, USA, July 1995, pp. 470–477

[208] Zhao, J., McKenzie, S. & Soper, A.J., “A genetic algorithm for the design of multipoint connections in a local access network”, Proc. 1st IEE/IEEE Intl. Conf. on Genetic Algorithms in Engineering Systems: Innovations and Applications (GALESIA’95), University of Sheffield, UK, September 1995, pp. 30–33

[209] Berry, L., Murtagh, B., Sugden, S. & McMahon, G., “Application of a genetic-based algorithm for optimal design of tree-structured communication networks”, Proc. Regional Teletraffic Engineering Conference of the International Teletraffic Congress, Pretoria, South Africa, September 1995, pp. 361–370

[210] Elbaum, R. & Sidi, M., “Topological design of local area networks using genetic algorithms”, Proc. IEEE INFOCOM’95, Boston, Massachusettes, USA, April 1995, v1, pp. 64–71

[211] Elbaum, R. & Sidi, M., “Topological design of local-area networks using genetic algorithms”, IEEE/ACM Transactions on Networking v4 n5, October 1996, pp. 766–778

[212] Shimamoto, N., Hiramatsu, A. & Yamasaki, K., “A dynamic routing control based on a genetic algorithm”, Proc. IEEE Intl. Conf. on Neural Networks (ICNN’93), San Francisco, California, USA, March/April 1993, v2, pp. 1123–1128

[213] Mann, J.W., Rayward-Smith, V.J. & Smith, G.D., “Telecommunication traffic routing: A case study in the use of genetic algorithms”, Proc. Applied Decision Technologies (ADT’95), London, April 1995, pp. 315–325

[214] Mann, J.W. & Smith, G.D., “A comparison of heuristics for telecommunication traffic routing”, in Rayward-Smith, V.J., Osman, I.H., Reeves, C.R. & Smith, G.D. (Eds), Modern Heuristic Search Methods, Wiley, 1996, Ch. 14, pp. 235–254

[215] Hoelting, C.J., Schoenefeld, D.A. & Wainwright, R.L., “Finding investigator tours in telecommunication networks using genetic algorithms”, Proc. 1996 ACM Symp. on Applied Computing (SAC’96), Philadelphia, PA, USA, February 1996, pp. 82–87

[216] Hoelting, C.J., Schoenefeld, D.A. & Wainwright, R.L., “A genetic algorithm for the minimum broadcast time problem using a global precendence vector”, Proc. 1996 ACM Symp. on Applied Computing (SAC’96), Philadelphia, PA, USA, February 1996, pp. 258–262

[217] Servet, I., Travé-Massuyès, L. & Stern, D., “Evolutionary computation techniques for telephone networks traffic supervision based on a qualitative stream propogation model”, Proc. 3rd Intl. Conf. on Artificial Neural Networks and Genetic Algorithms (ICANNGA’97), University of East Anglia, Norwich, UK, April 1997, pp. 294–298

[218] Bentall, M., Turton, B.C.H. & Hobbs, C.W.L., “Benchmarking the restoration of heavily loaded networks using a two dimensional order-based genetic algorithm”, Proc. 2nd IEE/IEEE Intl. Conf. on Genetic Algorithms in Engineering Systems: Innovations and Applications (GALESIA’97), Glasgow, September 1997, pp. 151–156

[219] Kirkwood, I.M.A., Shami, S.H. & Sinclair, M.C., “Discovering simple fault-tolerant routing rules using genetic programming”, Proc. 3rd Intl. Conf. on Artificial Neural Networks and Genetic Algorithms (ICANNGA’97), University of East Anglia, Norwich, UK, April 1997, pp. 285–288

[220] Shami, S.H., Kirkwood, I.M.A., & Sinclair, M.C., “Evolving simple fault-tolerant routing rules using genetic programming”, Electronics Letters v33 n17 August 1997 pp. 1440–1441

[221] Carse, B., Fogarty, T.C. & Munro, A., “Adaptive distributed routing using evolutionary fuzzy control”, Proc. 6th Intl. Conf. on Genetic Algorithms (ICGA’95), University of Pittsburgh, USA, July 1995, pp. 389–396

[222] Fogarty, T.C., Bull, L. & Carse, B., “Evolving multi-agent systems”, in Winter, G., Periaux, J., Galán, M. & Cuesta, P. (Eds), Genetic Algorithms in Engineering and Computer Science, Wiley, 1995, Ch. 1, pp. 3–22

[223] Munetomo, M., Takai, Y. & Sato, Y., “An adaptive network routing algorithm employing genetic operators”, Proc. 7th Intl. Conf. on Genetic Algorithms (ICGA’97), July 1997, Michigan State University, East Lansing, Michigan, USA, pp. 643–649

[224] Tanterdtid, S., Steanputtanagul, W. & Benjapolakul, W., “Optimum virtual paths system based in ATM network using genetic algorithm”, Proc. Intl. Conf. on Information, Communications and Signal Processing (ICICS’97), Singapore, September 1997, pp. 596–601

[225] Tanterdtid, S., Steanputtanagul, W. & Benjapolakul, W., “Optimizing ATM network throughput based on virtual path concept by using genetic algorithm”, Proc. 1997 IEEE Intl. Conf. on Intelligent Processing Systems, Beijing, China, October 1997, pp. 1634–1639

[226] Markaki, M. Vasilakos, A. & Kassotakis, I., “A hybrid genetic algorithm for the provision of isochronous service in high speed networks”, Proc. 1997 IEEE Intl. Conf. on Evolutionary Computation (ICEC’97), Indianapolis, Indiana, USA, April 1997, pp. 133–137

[227] Yener, A. & Rose, C., “Near-optimal admission policies for cellular networks using genetic algorithms”, Proc. 6th Intl. Conf. on Wireless Comm. (Wireless’94), Calgary, Canada, July 1994

[228] Yener, A. & Rose, C., “Local call admission policies for cellular networks using genetic algorithms”, Proc. 29th Annual Conf. on Information Sciences and Systems (CISS’95), Baltimore, USA, March 1995

[229] Yener, A. & Rose, C., “Genetic algorithms applied to cellular call admission: Local policies”, IEEE Transactions on Vehicular Technology v46 n1, February 1997, pp. 72–79

[230] Abed, M.A.A. & Ghanta, S., “Optimizing logical topology of lightwave network architecture (LNA) using genetic algorithms”, Proc. 1996 IEEE 15th Annual Intl. Phoenix Conf. on Computers and Communications, Scottsdale, Arizona, USA, March 1996, pp. 501–507

[231] Crompton, W., Hurley, S. & Stephens, N.M., “Frequency assignment using a parallel genetic algorithm”, Proc. 2nd IEE/IEEE Workshop on Natural Algorithms in Signal Processing (NASP’93), Chelmsford, UK, November 1993, pp. 26/1–26/8

[232] Crompton, W., Hurley, S. & Stephens, N.M., “A parallel genetic algorithm for frequency assignment problems”, Proc. IMACS/IEEE Intl. Symp. on Signal Processing, Robotics and Neural Networks (SPRANN’94), Lille, France, April 1994, pp. 81–84

[233] Crompton, W., Hurley, S. & Stephens, N.M., “Applying genetic algorithms to frequency assignment problems”, Proc. SPIE Conf. Neural and Stochastic Methods in Image and Signal Processing, San Diego, USA, July 1994, v2304, pp. 76–84

[234] Hurley, S. & Smith, D.H., “Fixed spectrum frequency assignment using natural algorithms”, Proc. 1st IEE/IEEE Intl. Conf. on Genetic Algorithms in Engineering Systems: Innovations and Applications (GALESIA’95), University of Sheffield, UK, September 1995, pp. 373–378

[235] Hurley, S., Thiel, S.U. & Smith, D.H., “A comparison of local search algorithms for radio link frequency assignment problems”, Proc. 1996 ACM Symp. on Applied Computing (SAC’96), Philadelphia, PA, USA, February 1996, pp. 251–257

[236] Valenzuela, C.L., Jones, A. & Hurley, S., “Breeding permutations for minimum span frequency assignment”, Proc. 3rd Intl. Conf. on Artificial Neural Networks and Genetic Algorithms (ICANNGA’97), University of East Anglia, Norwich, UK, April 1997, pp. 308–311

[237] Valenzuela, C., Hurley, S. & Smith, D., “A permutation based genetic algorithm for minimum span frequency assignment”, Proc. 5th Intl. Conf. on Parallel Problem Solving from Nature (PPSN V), Amsterdam, The Netherlands, September 1998, pp. 907–916

[238] Cuppini, M., “A genetic algorithm for channel assignment problems”, European Transactions on Telecommunications v5 n2, March/April 1994, pp. 285–294

[239] Kapsalis, A. & Smith, G.D.,“A meta-genetic algorithm for the radio link frequency assignment problem”, Proc. 1st Intl. ICSC Symp. on Intelligent Industrial Automation and Soft Computing (IIA’96/SOCO’96), University of Reading, UK, March 1996, pp. B 318–B 324

[240] Crisan, C. & Mühlenbein, H., “The breeder genetic algorithm for frequency assignment”, Proc. 5th Intl. Conf. on Parallel Problem Solving from Nature (PPSN V), Amsterdam, The Netherlands, September 1998, pp. 897–906

[241] Ngo, C.Y. & Li, V.O.K., “Fixed channel assignment in cellular radio networks using a modified genetic algorithm”, IEEE Transactions on Vehicular Technology v47 n1, February 1998, pp. 163–171

[242] Kaminsky, A.R., “A fuzzy genetic algorithm for automatic channel assignment for tactical HF radio networks”, Proc. 7th Intl. Conf. on HF Radio Systems and Techniques, Nottingham, UK, July 1997, pp. 236–241

[243] Sandalidis, H.G., Stavroulakis, P.P. & Rodriguez-Tellez, J., “Combinatorial evolution strategy-based implementation of dynamic channel assignment in cellular communications”, Proc. 6th IEE Conf. on Telecommunications, Edinburgh, UK, March/April 1998, pp. 170–174

[244] Jog, P., Suh, J.Y. & Van Gucht, D., “The effects of population size, heuristic crossover and local improvement on a genetic algorithm for the travelling salesman problem”, Proc. 3rd Intl. Conf. on Genetic Algorithms (ICGA’89), George Mason University, Arlington, Virginia, USA, June 1989, pp. 110–115

[245] Bramlette, M.F. & Bouchard, E.E., “Genetic algorithms in parametric design of aircraft”, in [9], Ch. 10, pp. 109–123

[246] Davidor, Y., “A genetic algorithm applied to robot trajectory generation”, in [9], Ch. 12, pp. 144–165

[247] Forrest, S. & Mayer-Kress, G., “Genetic algorithms, nonlinear dynamic systems, and models of international security”, in [9], Ch. 13, pp. 166–185

[248] Grefenstette, J.J., “Strategy acquisition with genetic algorithms”, in [9], Ch. 14, pp. 186–201

[249] Harp, S.A., “Genetic sysnthesis of neural network architecture”, in [9], Ch. 15, pp. 202–221

[250] Karr, C.L., “Air-injected hydrocyclone optimization via genetic algorithm”, in [9], Ch. 16, pp. 222–236

[251] Liepins, G.E. & Potter, W.D., “A genetic algorithm approach to multiple-fault diagnosis”, in [9], Ch. 17, pp. 237–250

[252] Lucasius, C.B., Blommers, M.J.J., Buydens, L.M.C & Kateman, G., “A genetic algorithm for conformational analysis of DNA”, in [9], Ch. 18, pp. 251–281

[253] Montana, D.J., “Automated parameter tuning for interpretation of synthetic images”, in [9], Ch. 19, pp. 282–311

[254] Powell, D.J., Skolnick, M.M. & Tong, S.S., “Interdigitation: a hybrid technique for engineering design optimisation employing genetic algorithms, expert systems, and numerical optimization”, in [9], Ch. 20, pp. 312–331

[255] Syswerda, G., “Schedule optimization using genetic algorithms”, in [9], Ch. 21, pp. 332–349

[256] Whitley, D., Starkweather, T. & Shaner, D., “The travelling salesman and sequence scheduling: quality solutions using genetic edge recombination”, in [9], Ch. 22, pp. 350–372

[257] Schnecke, V. & Vornberger, O., “Hybrid genetic algorithms for constrained placement problems”, IEEE Transactions on Evolutionary Computation v1 n4, November 1997, pp. 266–277

[258] Zhang, F., Zhang, Y.F. & Nee, A.Y.C., “Using genetic algorithms in process planning for job shop machining”, IEEE Transactions on Evolutionary Computation v1 n4, November 1997, pp. 278–289

[259] Xiao, J., Michalewicz, Z., Zhang, L. & Trojanowski, K., “Adaptive evolutionary planner/ navigator for mobile robots”, IEEE Transactions on Evolutionary Computation v1 n1, April 1997, pp. 18–28

[260] Śmierzchalski, R. & Michalewicz, Z., “Modeling of ship trajectory in collision situations by an evolutionary algorithm”, IEEE Transactions on Evolutionary Computation v4 n3, September 2000, pp. 227–241

[261] Magyar, G., Johnsson, M. & Nevalainen, O., “An adaptive hybrid genetic algorithm for the three-matching problem”, IEEE Transactions on Evolutionary Computation v4 n2, July 2000, pp. 135–146

[262] Bhandarkar, S.M. & Zhang, H., “Image segmentation using evolutionary computation”, IEEE Transactions on Evolutionary Computation v3 n1, April 1999, pp. 1–21

[263] Eiben, Á.E., Hinterding, R. & Michalewicz, Z., “Parameter control in evolutionary algorithms”, IEEE Transactions on Evolutionary Computation v3 n2, July 1999, pp. 124–141

[264] Hinterding, R., Michalewicz, Z. & Eiben, A.E., “Adaptation in evolutionary computation: A survey”, Proc. 1997 IEEE Intl. Conf. on Evolutionary Computation (ICEC’97), Indianapolis, Indiana, USA, April 1997, pp. 65–69

[265] Tuson, A.L., Adapting Operator Probabilities in Genetic Algorithms, M.Sc. thesis, Dept. of Artificial Intelligence, University of Edinburgh, UK, 1995

[266] Tuson, A. & Ross, P., “Adapting operator settings in genetic algorithms”, Evolutionary Computation v6 n2, 1998, pp. 161–184

[267] Fogarty, T.C., “Varying the probability of mutation in the genetic algorithm”, Proc. 3rd Intl.

Conf. on Genetic Algorithms (ICGA’89), George Mason University, Arlington, Virginia, USA, June 1989, pp. 104–109

[268] Davis, L., “Adapting operator probabilities in genetic algorithms”, Proc. 3rd Intl. Conf. on Genetic Algorithms (ICGA’89), George Mason University, Arlington, Virginia, USA, June 1989, pp. 61–69

[269] Srinivas, M. & Patnaik, L.M., “Adaptive probabilities of crossover and mutation in genetic algorithms”, IEEE Transactions on Systems, Man and Cybernetics v24 n4, April 1994, pp. 656– 667 [270] Julstrom, B.A., “What have you done for me lately? Adapting operator probabilities in a steady-state genetic algorithm”, Proc. 6th Intl. Conf. on Genetic Algorithms (ICGA’95), University of Pittsburgh, USA, July 1995, pp. 81–87

[271] Tuson, A. & Ross, P., “Cost based operator rate adaptation: An investigation”, Proc. 4th Intl. Conf. on Parallel Problem Solving From Nature (PPSN IV), Berlin, Germany, September 1996

[272] Hill, A.M. & Houghton, A.J.N., “Optical networking in the European ACTS programme”, OFC’96, San Jose, USA, 1996

[273] O’Mahony, M.J., “An overview of WDM research in Europe”, Proc. IEE Colloquium on Multiwavelength Optical Networks: Devices, Systems and Network Implementations, Digest No. 1998/296, London, UK, June 1998, pp. 1/1–1/3

[274] Berger, M., Chbat, M., Jourdan, A., Sotom, M., Demeester, P., Van Caenegem, B., Godsvang, P., Hein, B., Huber, M., Marz, R., Leclert, A., Olsen, T., Tobolka, G. & Vanden Broeck, T., “Pan-European optical networking using wavelength division multiplexing”, IEEE Communications Magazine v35 n4, 1997, pp. 82–88

[275] Fonseca, C.M. & Fleming, P.J., “Multiobjective genetic algorithms made easy: Selection, sharing and mating restriction”, Proc. 1st IEE/IEEE Intl. Conf. on Genetic Algorithms in Engineering Systems: Innovations and Applications (GALESIA’95), University of Sheffield, UK, September 1995, pp. 45–52

[276] Fonseca, C.M. & Fleming, P.J., “An overview of evolutionary algorithms in multiobjective optimization”, Evolutionary Computation v3 n1, 1995, pp. 1–16

[277] Zitzler, E. & Thiele, L., “Multiobjective evolutionary algorithms: a comparative case study and the strength pareto approach”, IEEE Transactions on Evolutionary Computation v3 n4, November 1999, pp. 257–271

[278] Orvosh, D. & Davis, L., “Shall we repair? Genetic algorithms, combinatorial optimization and feasibility constraints”, Proc. 5th Intl. Conf. on Genetic Algorithms (ICGA’93), University of Illinois at Urbana-Champaign, USA, July 1993, p. 650

[279] Richardson, J.T., Palmer, M.R., Liepins, G. & Hilliard, M., “Some guidelines for genetic algorithms with penalty functions”, Proc. 3rd Intl. Conf. on Genetic Algorithms (ICGA’89), George Mason University, Arlington, Virginia, USA, June 1989, pp. 191–197

[280] Smith, A.E. & Tate, D.M., “Genetic optimization using a penalty function”, Proc. 5th Intl.

Conf. on Genetic Algorithms (ICGA’93), University of Illinois at Urbana-Champaign, USA, July 1993, pp. 499–505

[281] Coplein, J.O., Advanced C++ Programming Styles and Idioms, Addison-Wesley, 1992

[282] Stroustrup, B., The Design and Evolution of C++, Addison-Wesley, 1994

[283] Rational Software Corporation, Using Rational Rose/C++ (Revision 2.7), 1995

[284] Ousterhout, J,K., Tcl and the Tk Toolkit, Addison-Wesley, 1994

[285] Welch, B.B., Practical Programming in Tcl and Tk, Prentice-Hall, 1995

[286] Lin, P.M., Leon, B.J. & Stewart, C.R., “Analysis of circuit-switched networks employing originating-office control with spill-forward”, IEEE Transactions on Communications v26 n6, June 1978, pp. 754–765

[287] Sedgewick, R., Algorithms (2nd Ed.), Addison-Wesley, 1988

[288] xfig—Facility for Interactive Generation of Figures under X11, v2.1.8, 1993

[289] Meyer, B., Object-oriented Software Construction, Prentice Hall, 1988

[290] Merilatt, R., “C dynamic memory use: Finding and exterminating C’s dynamic memory errors”, Dr. Dobb’s Journal, August 1989, pp. 62,64,66,67,125–127

[291] O’Mahony, M., Sinclair, M.C. & Mikac, B., “Ultra-high capacity optical transmission network:

European research project COST 239”, Informacija Telekomunikacije Automati v12 n1–3, 1993, pp. 33–45

[292] Chen, W.-K., Theory of Nets: Flows in Networks, Wiley, 1990

[293] Brown, G.N., Donachie, S.J., Beggs, S.L., Johnson, D. & Botham, C.P., “TENDRA — a simulation tool for the analysis of transport networks employing distributed restoration algorithms”, Proc. IEE Colloquium on Resilience in Optical Networks, Digest No. 1992/189, London, October 1992, pp. 4/1–4/6

[294] Sato, K.I., Okamoto, S. and Hadama, H., “Network performance and integrity enhancement with optical path layer technologies”, IEEE Journal on Selected Areas in Communications v12 n1, 1994, pp. 159–170

[295] Ishio, H., “Next generation lightwave communications technologies — towards communications networks evolution”, NTT Review v4 n6 1992 pp. 62–68

[296] Nagatsu, N., Hamazumi, Y. & Sato, K.I., “Number of wavelengths required for constructing large-scale optical path networks”, Electronics and Communications in Japan, Part I — Communications v78 n9, 1995, pp. 1–11

[297] Nagatsu, N., Hamazumi, Y. & Sato, K.I., “Optical path accommodation designs applicable to large scale networks”, IEICE Transactions on Communications vE78-B n4, 1995, pp. 597–607

[298] Wuttisittikulkij, L. & O’Mahony, M.J. “A simple algorithm for wavelength assignment in optical networks”, Proc. 21st Eur. Conf. on Opt. Comm. (ECOC’95), Brussels, 1995, pp. 859– 862 [299] Banerjee, D. & Mukherjee, B., “A practical approach for routing and wavelength assignment in large wavelength-routed optical networks”, IEEE Journal on Selected Areas in Communications v14 n5, 1996, pp. 903–908

[300] Baroni, S. & Bayvel P., “Wavelength requirements in arbitrary connected wavelength-routed optical networks”, Journal of Lightwave Technology v15 n2, 1997, pp. 242–251

[301] O’Mahony, M.J., Simeonidou, D., Yu, A. & Zhou, J., “The design of a European optical network”, Journal of Lightwave Technology v13 n5, 1995, pp. 817–828

[302] Nagatsu, N., Okamoto, S. & Sato, K.I., “Optical path cross-connect system scale evaluation using path accommodation design for restricted wavelength multiplexing”, IEEE Journal on Selected Areas in Communications v14 n5, 1996, pp. 893–902

[303] Nagatsu, N. & Sato, K.I., “Optical path accommodation design enabling cross-connect system scale evaluation”, IEICE Transactions on Communications vE78-B n9, 1995, pp. 1339–1343

[304] Blickle, T. & Thiele, L.,“A mathematical analysis of tournament selection”, Proc. 6th Intl.

Conf. on Genetic Algorithms (ICGA’95), University of Pittsburgh, USA, July 1995, pp. 9–16

[305] Blickle, T. & Thiele, L., A Comparision of Selection Schemes used in Genetic Algorithms, Technical Report 11 Version 2, Computer Engineering and Communications Networks Lab (TIK), Swiss Federal Institute of Technology (ETH), Zurich, December 1995

[306] Wauters, N. & Demeester, P., “Design of the optical-path layer in multiwavelength crossconnected networks”, IEEE Journal on Selected Areas in Communications v14 n5 1996 pp. 881–892

[307] Sprent, P., Applied Nonparametric Statistical Methods (2nd Ed.), Chapman & Hall, 1993

[308] Syswerda, G., “Uniform crossover in genetic algorithms”, Proc. 3rd Intl. Conf. on Genetic Algorithms (ICGA’89), George Mason University, Arlington, Virginia, USA, June 1989, pp. 2– 9

[309] Khatib, W. & Fleming, P.J., “The stud GA: A mini revolution?”, Proc. 5th Intl. Conf. on Parallel Problem Solving from Nature (PPSN V), Amsterdam, The Netherlands, September 1998, pp. 683–691

[310] Herrera, F. & Lozano, M., “Gradual distributed real-coded genetic algorithms”, IEEE Transactions on Evolutionary Computation v4 n1, April 2000, pp. 43–63

[311] Michalewicz, Z., Deb, K., Schmidt, M. & Stidsen, T., “Test-case generator for nonlinear continuous parameter optimization techniques”, IEEE Transactions on Evolutionary Computation v4 n3, September 2000, pp. 197–215

[312] Griffith, P.S., Heuristic Topological Design of Low-Cost Optical Telecommunication Networks, M.Sc. project report, Dept. of Electronic Sysems Engineering, University of Essex, UK, May 1996

[313] Griffith, P.S., Proestaki, A. & Sinclair, M.C. , “Heuristic topological design of low-cost optical telecommunication networks”, Proc. 12th UK Performance Engineering Workshop, Edinburgh, UK, September 1996, pp. 129–140

[314] Naudts, B. & Kallel, L., “A comparison of predictive measures of problem difficulty in evolutionary algorithms”, IEEE Transactions on Evolutionary Computation v4 n1, April 2000, pp. 1–15

[315] Alanyali, M. & Ayanoglu, E., “Provisioning algorithms for WDM optical networks”, IEEE/ACM Transactions on Networking v7 n5, October 1999, pp. 767–778

[316] Ramaswami, R. & Sasaki, G., “Multiwavelength optical networks with limited wavelength conversion”, IEEE/ACM Transactions on Networking v6 n6, December 1998, pp. 744–754

[317] Williams, T. & Kelly, C., GNUPLOT: An Interactive Plotting Program, v3.5, 1993

[318] Lamport, L., LATEX: A Document Preparation System (2nd Ed.), Addison-Wesley, 1994

[319] Goossens, M., Mittelbach, F. & Samarin, A., The LATEX Companion, Addison-Wesley, 1994

[320] Yen, J.Y., “Finding the k shortest loopless paths in a network”, Management Science v17 n11, July 1971, pp. 712–716

[321] Zongker, D. & Punch, B.: ‘lil-gp 1.0 user’s manual’ (http://isl.cps.msu.edu/GA/

software/lil-gp/docs/lilgp.docs.html)

[322] Gondran, M. & Minoux, M., Graphs and Algorithms, Wiley, 1984 [323] Sinclair, M.C., Strategy for a Fault Tolerant Trunk Network, M.Sc. project report, Dept. of Electronic Sysems Engineering, University of Essex, UK, March 1990 [324] Sinclair, M.C., “Single-moment analysis of unreliable trunk networks: Two methods for the network grade-of-service”, Proc. 8th UK Teletraffic Symposium, Beeston, April 1991, pp. 8/1– 8/11 [325] Sinclair, M.C., “Single-moment analysis of unreliable trunk networks employing k-shortest-path routing”, Proc. IEE Colloquium on Resilience in Optical Networks, Digest No. 1992/189, London, October 1992, pp. 3/1–3/6 [326] Pothering, G.J. & Naps, T.L., Introduction to Data Structures and Algorithm Analysis with C++, West, 1995 [327] Ghanbari, M., Hughes, C.J., Sinclair, M.C. & Eade, J.P., Principles of Performance Engineering for Telecommunication and Information Systems, IEE, 1997 [328] Fishman, G.S., Principles of Discrete-Event Digital Simulation, Wiley, 1978 [329] Meyer, B., Eiffel: The Language, Prentice Hall, 1992 [330] Switzer, R., Eiffel: An Introduction, Prentice Hall, 1993 [331] Waldén, K. & Nerson, J.-M., Seamless Object-Oriented Software Architecture: Analysis and Design of Reliable Systems, Prentice Hall, 1995 [332] The Virtual Reality Modeling Language, International Standard ISO/IEC 14772-1:1997 (http://www.vrml.org/fs specifications.htm) [333] Horstmann, C.S. & Cornell, G, Core Java 2 Volume 1: Fundamentals (5th Ed.), Prentice Hall, 2001 [334] Horstmann, C.S. & Cornell, G, Core Java 2 Volume 2: Advanced Features (4th Ed.), Prentice Hall, 2000 [335] Lawn, J., Optimisation of Survivability in a Military Communications Network using a Hybrid Genetic Algorithm, M.Sc. project report, Dept. of Electronic Sysems Engineering, University of Essex, UK, May 2000

[336] Tan, C.H., Uncertain Multiperiod Telecommunications Network Design using Evolutionary Algorithms, M.Sc. project report, Dept. of Electronic Sysems Engineering, University of Essex, UK, May 2000

[337] Brittain, D., “Optimisation of the Telecommunications Access Network”, Ph.D. thesis, Dept.

of Engineering Mathematics, University of Bristol, UK, 1999

[338] Tsutsui, S. & Ghosh, A., “Genetic algorithms with a robust solution searching scheme”, IEEE Transactions on Evolutionary Computation v1 n3, September 1997, pp. 201–208

[339] Ismail, A., Traffic Estimation for Future Broadband Networks, M.Sc. project report, Dept. of Electronic Sysems Engineering, University of Essex, UK, September 1997

[340] Toh, H.H., Node Placement for the Optical Core Network, M.Sc. project report, Dept. of Electronic Sysems Engineering, University of Essex, UK, May 1997

[341] Sinclair, M.C. & Shami, S.H., “Evolving simple software agents: Comparing genetic algorithm and genetic programming performance”, Proc. IEE/IEEE Intl. Conf. on Genetic Algorithms in Engineering Systems: Innovations and Applications (GALESIA’97), Glasgow, September 1997, pp. 421–426

[342] Chan, C.S., Development of NOMaD Network Editor in Java, B.Eng. project report, Dept.

of Electronic Sysems Engineering, University of Essex, UK, April 1998

[343] Maseko, T.J., Development of NOMaD Network Editor in Java, B.Eng. project report, Dept.

of Electronic Sysems Engineering, University of Essex, UK, April 1998

[344] Berkelaar, M., ftp site for lp solve (ftp://ftp.es.ele.tue.nl/pub/lp solve)

[345] Gavalas, D., Optical Network Design: Virtual Topology and Wavelength Assignment Using Linear Programming, M.Sc. project report, Dept. of Electronic Sysems Engineering, University of Essex, UK, May 1997

[346] Sinclair, M.C., “Improved model for European international telephony traffic”, Electronics Letters v30 n18 September 1994 pp. 1468–1470

[347] Hopkins, M., Louth, G., Bailey, H., Yellon, R., Ajibulu, A. & Niva , M., “A multi-faceted approach to forecasting broadband demand and traffic”, IEEE Communications Magazine v33 n2 1995 pp. 36–42

[348] Klingman, D., Napier, A. & Stutz, J., “NETGEN: A program for generating large scale capacitated assignment, transportation, and minimum cost flow network problems”, Management Science v20 n5, January 1974, pp. 814–821

[349] McKay, M.D., Beckman, R.J. & Conover, W.J., “A comparison of three methods for selecting values of input variables in the analysis of output from a computer code”, Technometrics v21 n2 May 1979 pp. 239–245

[350] Welch, W.J., Buck, R.J., Sacks, J., Wynn, H.P., Mitchell, T.J. & Morris, M.D., “Screening, predicting, and computer experiments”, Technometrics v34 n1 February 1992 pp. 15–25

[351] Bates, R.A., Buck, R.J., Riccomagno, E. & Wynn, H.P., “Experimental design and observation for large systems”, Journal of the Royal Statistical Society Series B—Methodological v58 n1 1996 pp. 77–94