

Computational Approaches
for Aerospace Design
The Pursuit of Excellence

Ay J. Keane
Pracanth B, Noie

Univeriy o Southampion

®

John Wiley & Sons, Ltd



sasireka
keane_cover1.jpg





Computational Approaches
for Aerospace Design





Computational Approaches
for Aerospace Design
The Pursuit of Excellence

Andy J. Keane
Prasanth B. Nair

University of Southampton



Copyright  2005 John Wiley & Sons Ltd, The Atrium, Southern Gate, Chichester,
West Sussex PO19 8SQ, England

Telephone (+44) 1243 779777

Email (for orders and customer service enquiries): cs-books@wiley.co.uk
Visit our Home Page on www.wiley.com

All Rights Reserved. No part of this publication may be reproduced, stored in a retrieval system or transmitted in
any form or by any means, electronic, mechanical, photocopying, recording, scanning or otherwise, except under
the terms of the Copyright, Designs and Patents Act 1988 or under the terms of a licence issued by the
Copyright Licensing Agency Ltd, 90 Tottenham Court Road, London W1T 4LP, UK, without the permission in
writing of the Publisher. Requests to the Publisher should be addressed to the Permissions Department, John
Wiley & Sons Ltd, The Atrium, Southern Gate, Chichester, West Sussex PO19 8SQ, England, or emailed to
permreq@wiley.co.uk, or faxed to (+44) 1243 770620.

This publication is designed to provide accurate and authoritative information in regard to the subject matter
covered. It is sold on the understanding that the Publisher is not engaged in rendering professional services. If
professional advice or other expert assistance is required, the services of a competent professional should be
sought.

Other Wiley Editorial Offices

John Wiley & Sons Inc., 111 River Street, Hoboken, NJ 07030, USA

Jossey-Bass, 989 Market Street, San Francisco, CA 94103-1741, USA

Wiley-VCH Verlag GmbH, Boschstr. 12, D-69469 Weinheim, Germany

John Wiley & Sons Australia Ltd, 42 McDougall Street, Milton, Queensland 4064, Australia

John Wiley & Sons (Asia) Pte Ltd, 2 Clementi Loop #02-01, Jin Xing Distripark, Singapore 129809

John Wiley & Sons Canada Ltd, 22 Worcester Road, Etobicoke, Ontario, Canada M9W 1L1

Wiley also publishes its books in a variety of electronic formats. Some content that appears
in print may not be available in electronic books.

British Library Cataloguing in Publication Data

A catalogue record for this book is available from the British Library

ISBN-13 978-0-470-85540-9 (HB)
ISBN-10 0-470-85540-1 (HB)

Typeset in 10/12pt Times by Laserwords Private Limited, Chennai, India
Printed and bound in Great Britain by Antony Rowe Ltd, Chippenham, Wiltshire
This book is printed on acid-free paper responsibly manufactured from sustainable forestry
in which at least two trees are planted for each one used for paper production.

www.wileyeurope.com


This book is dedicated to our wives, whose patience and encouragement
has been vital through the three years we have been writing.

Without their support we would not have finished it.





Contents

Foreword xvii

Preface xix

Acknowledgments xxi

I Preliminaries 1

1 Introduction 3
1.1 Objectives . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3
1.2 Road Map – What is Covered and What is Not . . . . . . . . . . . . . . . . 4
1.3 An Historical Perspective on Aerospace Design . . . . . . . . . . . . . . . 5

1.3.1 A Pair of Early Pioneers . . . . . . . . . . . . . . . . . . . . . . . . 6
1.3.2 A Pair of Great Designers . . . . . . . . . . . . . . . . . . . . . . . 8
1.3.3 A Pair of Great Researchers . . . . . . . . . . . . . . . . . . . . . . 11
1.3.4 Two Great Aerospace Companies . . . . . . . . . . . . . . . . . . . 13
1.3.5 Rationalization and Cooperation . . . . . . . . . . . . . . . . . . . . 15
1.3.6 The Dawn of the Computational Era . . . . . . . . . . . . . . . . . 16

1.4 Traditional Manual Approaches to Design and Design Iteration, Design Teams 17
1.4.1 Design as a Decision-making Process . . . . . . . . . . . . . . . . . 17
1.4.2 Concept Design . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19
1.4.3 Preliminary Design . . . . . . . . . . . . . . . . . . . . . . . . . . . 21
1.4.4 Detailed Design . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22
1.4.5 In-service Design and Decommissioning . . . . . . . . . . . . . . . 24
1.4.6 Human Aspects of Design Teams . . . . . . . . . . . . . . . . . . . 24

1.5 Advances in Modeling Techniques: Computational Engineering . . . . . . . 25
1.5.1 Partial Differential Equations (PDEs) . . . . . . . . . . . . . . . . . 25
1.5.2 Hardware versus Software . . . . . . . . . . . . . . . . . . . . . . . 26
1.5.3 Computational Solid Mechanics (CSM) . . . . . . . . . . . . . . . . 27
1.5.4 Computational Fluid Dynamics (CFD) . . . . . . . . . . . . . . . . 29
1.5.5 Multilevel Approaches or ‘Zoom’ Analysis . . . . . . . . . . . . . . 31
1.5.6 Complexity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32

1.6 Trade-offs in Aerospace System Design . . . . . . . . . . . . . . . . . . . . 33
1.6.1 Balanced Designs . . . . . . . . . . . . . . . . . . . . . . . . . . . 33
1.6.2 Structural Strength versus Weight . . . . . . . . . . . . . . . . . . . 34



viii CONTENTS

1.6.3 Aerodynamics versus Structural Strength . . . . . . . . . . . . . . . 37
1.6.4 Structures versus Control . . . . . . . . . . . . . . . . . . . . . . . 39
1.6.5 Robustness versus Nominal Performance . . . . . . . . . . . . . . . 40

1.7 Design Automation, Evolution and Innovation . . . . . . . . . . . . . . . . 42
1.7.1 Innovation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43
1.7.2 Evolution . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44
1.7.3 Automation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45

1.8 Design Search and Optimization (DSO) . . . . . . . . . . . . . . . . . . . . 45
1.8.1 Beginnings . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46
1.8.2 A Taxonomy of Optimization . . . . . . . . . . . . . . . . . . . . . 46
1.8.3 A Brief History of Optimization Methods . . . . . . . . . . . . . . 48
1.8.4 The Place of Optimization in Design – Commercial Tools . . . . . 50

1.9 The Take-up of Computational Methods . . . . . . . . . . . . . . . . . . . . 51
1.9.1 Technology Transfer . . . . . . . . . . . . . . . . . . . . . . . . . . 51
1.9.2 Academic Design Research . . . . . . . . . . . . . . . . . . . . . . 52
1.9.3 Socio-technical Issues . . . . . . . . . . . . . . . . . . . . . . . . . 52

2 Design-oriented Analysis 55
2.1 Geometry Modeling and Design Parameterization . . . . . . . . . . . . . . 55

2.1.1 The Role of Parameterization in Design . . . . . . . . . . . . . . . 57
2.1.2 Discrete and Domain Element Parameterizations . . . . . . . . . . . 59
2.1.3 NACA Airfoils . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61
2.1.4 Spline-based Approaches . . . . . . . . . . . . . . . . . . . . . . . 62
2.1.5 Partial Differential Equation and Other Analytical Approaches . . . 63
2.1.6 Basis Function Representation . . . . . . . . . . . . . . . . . . . . . 65
2.1.7 Morphing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66
2.1.8 Shape Grammars . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68
2.1.9 Mesh-based Evolutionary Encodings . . . . . . . . . . . . . . . . . 69
2.1.10 CAD Tools versus Dedicated Parameterization Methods . . . . . . . 70

2.2 Computational Mesh Generation . . . . . . . . . . . . . . . . . . . . . . . . 74
2.2.1 The Function of Meshes . . . . . . . . . . . . . . . . . . . . . . . . 74
2.2.2 Mesh Types and Cell/Element/Volume Geometries . . . . . . . . . . 78
2.2.3 Mesh Generation, Quality and Adaptation . . . . . . . . . . . . . . 86
2.2.4 Meshless Approaches . . . . . . . . . . . . . . . . . . . . . . . . . 89

2.3 Analysis and Design of Coupled Systems . . . . . . . . . . . . . . . . . . . 91
2.3.1 Interactions between Geometry Definition, Meshing and Solvers –

Parallel Computations . . . . . . . . . . . . . . . . . . . . . . . . . 92
2.3.2 Simple Relaxation and Newton Techniques . . . . . . . . . . . . . . 97
2.3.3 Systems Integration, Workflow Management, Data Transfer and

Compression . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99

3 Elements of Numerical Optimization 105
3.1 Single Variable Optimizers – Line Search . . . . . . . . . . . . . . . . . . . 106

3.1.1 Unconstrained Optimization with a Single Real Variable . . . . . . 106
3.1.2 Optimization with a Single Discrete Variable . . . . . . . . . . . . . 111
3.1.3 Optimization with a Single Nonnumeric Variable . . . . . . . . . . 113

3.2 Multivariable Optimizers . . . . . . . . . . . . . . . . . . . . . . . . . . . . 114
3.2.1 Population versus Single-point Methods . . . . . . . . . . . . . . . 116



CONTENTS ix

3.2.2 Gradient-based Methods . . . . . . . . . . . . . . . . . . . . . . . . 117
3.2.3 Noisy/Approximate Function Values . . . . . . . . . . . . . . . . . 123
3.2.4 Nongradient Algorithms . . . . . . . . . . . . . . . . . . . . . . . . 126
3.2.5 Termination and Convergence Aspects . . . . . . . . . . . . . . . . 139

3.3 Constrained Optimization . . . . . . . . . . . . . . . . . . . . . . . . . . . . 141
3.3.1 Problem Transformations . . . . . . . . . . . . . . . . . . . . . . . 142
3.3.2 Lagrangian Multipliers . . . . . . . . . . . . . . . . . . . . . . . . . 143
3.3.3 Feasible Directions Method . . . . . . . . . . . . . . . . . . . . . . 146
3.3.4 Penalty Function Methods . . . . . . . . . . . . . . . . . . . . . . . 147
3.3.5 Combined Lagrangian and Penalty Function Methods . . . . . . . . 150
3.3.6 Sequential Quadratic Programming . . . . . . . . . . . . . . . . . . 150
3.3.7 Chromosome Repair . . . . . . . . . . . . . . . . . . . . . . . . . . 151

3.4 Metamodels and Response Surface Methods . . . . . . . . . . . . . . . . . 152
3.4.1 Global versus Local Metamodels . . . . . . . . . . . . . . . . . . . 154
3.4.2 Metamodeling Tools . . . . . . . . . . . . . . . . . . . . . . . . . . 155
3.4.3 Simple RSM Examples . . . . . . . . . . . . . . . . . . . . . . . . 157

3.5 Combined Approaches – Hybrid Searches, Metaheuristics . . . . . . . . . . 158
3.5.1 Glossy – A Hybrid Search Template . . . . . . . . . . . . . . . . . 161
3.5.2 Metaheuristics – Search Workflows . . . . . . . . . . . . . . . . . . 163

3.6 Multiobjective Optimization . . . . . . . . . . . . . . . . . . . . . . . . . . 165
3.6.1 Multiobjective Weight Assignment Techniques . . . . . . . . . . . . 166
3.6.2 Methods for Combining Goal Functions, Fuzzy Logic and Physical

Programming . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 167
3.6.3 Pareto Set Algorithms . . . . . . . . . . . . . . . . . . . . . . . . . 169
3.6.4 Nash Equilibria . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 171

3.7 Robustness . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 172

II Sensitivity Analysis and Approximation Concepts 175

4 Sensitivity Analysis 177
4.1 Finite-difference Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . 178
4.2 Complex Variable Approach . . . . . . . . . . . . . . . . . . . . . . . . . . 180

4.2.1 Implementation Issues . . . . . . . . . . . . . . . . . . . . . . . . . 181
4.3 Direct Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 183

4.3.1 Example: Static Structural Analysis . . . . . . . . . . . . . . . . . . 184
4.3.2 Example: Eigenvalue Problems . . . . . . . . . . . . . . . . . . . . 184
4.3.3 Example: Transient Dynamic Analysis . . . . . . . . . . . . . . . . 185

4.4 Adjoint Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 187
4.4.1 Discrete Adjoint Formulation . . . . . . . . . . . . . . . . . . . . . 188
4.4.2 Continuous Adjoint Formulation . . . . . . . . . . . . . . . . . . . 190
4.4.3 Implementation Aspects . . . . . . . . . . . . . . . . . . . . . . . . 191

4.5 Semianalytical Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . 193
4.6 Automatic Differentiation . . . . . . . . . . . . . . . . . . . . . . . . . . . 193

4.6.1 Forward Mode . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 194
4.6.2 Reverse Mode . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 196
4.6.3 AD Software Tools and Implementation Aspects . . . . . . . . . . . 197



x CONTENTS

4.7 Mesh Sensitivities for Complex Geometries . . . . . . . . . . . . . . . . . . 199
4.8 Sensitivity of Optima to Problem Parameters . . . . . . . . . . . . . . . . . 201
4.9 Sensitivity Analysis of Coupled Systems . . . . . . . . . . . . . . . . . . . 203
4.10 Comparison of Sensitivity Analysis Techniques . . . . . . . . . . . . . . . . 205

4.10.1 Case Study: Aerodynamic Sensitivity Analysis . . . . . . . . . . . . 206
4.10.2 Case Study: Aerostructural Sensitivity Analysis . . . . . . . . . . . 208

5 General Approximation Concepts and Surrogates 211
5.1 Local Approximations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 213

5.1.1 Taylor Series Approximation . . . . . . . . . . . . . . . . . . . . . 213
5.1.2 Intervening Variables . . . . . . . . . . . . . . . . . . . . . . . . . . 214

5.2 Multipoint Approximations . . . . . . . . . . . . . . . . . . . . . . . . . . . 215
5.3 Black-box Modeling: a Statistical Perspective . . . . . . . . . . . . . . . . . 217

5.3.1 Data Generation . . . . . . . . . . . . . . . . . . . . . . . . . . . . 217
5.3.2 Model-structure Selection . . . . . . . . . . . . . . . . . . . . . . . 218
5.3.3 Parameter Estimation . . . . . . . . . . . . . . . . . . . . . . . . . . 219
5.3.4 Model Assessment . . . . . . . . . . . . . . . . . . . . . . . . . . . 220
5.3.5 Iterative Model-building Procedures . . . . . . . . . . . . . . . . . . 221
5.3.6 Perspectives from Statistical Learning Theory . . . . . . . . . . . . 221
5.3.7 Interpolation versus Regression . . . . . . . . . . . . . . . . . . . . 223

5.4 Generalized Linear Models . . . . . . . . . . . . . . . . . . . . . . . . . . . 224
5.4.1 Response Surface Methods: Polynomial Models . . . . . . . . . . . 225
5.4.2 Neural Network Approximations . . . . . . . . . . . . . . . . . . . 226
5.4.3 Radial Basis Function Approximations . . . . . . . . . . . . . . . . 227
5.4.4 Hermite Interpolation using Radial Basis Functions . . . . . . . . . 230
5.4.5 Tuning RBF Shape and Regularization Parameters . . . . . . . . . . 232

5.5 Sparse Approximation Techniques . . . . . . . . . . . . . . . . . . . . . . . 235
5.5.1 The Support Vector Machine . . . . . . . . . . . . . . . . . . . . . 235
5.5.2 Greedy Approximations . . . . . . . . . . . . . . . . . . . . . . . . 238
5.5.3 Stopping Criteria: Empirical Risk versus Complexity Trade-off . . . 241

5.6 Gaussian Process Interpolation and Regression . . . . . . . . . . . . . . . . 243
5.6.1 Basic Formulation . . . . . . . . . . . . . . . . . . . . . . . . . . . 244
5.6.2 Maximum Likelihood Estimation . . . . . . . . . . . . . . . . . . . 248
5.6.3 Incorporating Sensitivity Information . . . . . . . . . . . . . . . . . 251
5.6.4 Assessment and Refinement of Gaussian Process Models . . . . . . 252

5.7 Data Parallel Modeling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 254
5.7.1 Data Parallel Local Learning . . . . . . . . . . . . . . . . . . . . . 255
5.7.2 Data Partitioning . . . . . . . . . . . . . . . . . . . . . . . . . . . . 257
5.7.3 Prediction with Multiple Models . . . . . . . . . . . . . . . . . . . 259
5.7.4 Computational Aspects . . . . . . . . . . . . . . . . . . . . . . . . . 259

5.8 Design of Experiments (DoE) . . . . . . . . . . . . . . . . . . . . . . . . . 260
5.8.1 Monte Carlo Techniques . . . . . . . . . . . . . . . . . . . . . . . . 262
5.8.2 Latin Hypercube Sampling . . . . . . . . . . . . . . . . . . . . . . . 262
5.8.3 Sampling using Orthogonal Arrays . . . . . . . . . . . . . . . . . . 264
5.8.4 Minimum Discrepancy Sequences . . . . . . . . . . . . . . . . . . . 264
5.8.5 DoE Using Optimality Criteria . . . . . . . . . . . . . . . . . . . . 265
5.8.6 Recommendations for Optimization Studies . . . . . . . . . . . . . 266



CONTENTS xi

5.9 Visualization and Screening . . . . . . . . . . . . . . . . . . . . . . . . . . 266
5.9.1 Design Space Visualization . . . . . . . . . . . . . . . . . . . . . . 267
5.9.2 Variable Screening . . . . . . . . . . . . . . . . . . . . . . . . . . . 267

5.10 Black-box Surrogate Modeling in Practice . . . . . . . . . . . . . . . . . . 268

6 Physics-based Approximations 271
6.1 Surrogate Modeling using Variable-fidelity Models . . . . . . . . . . . . . . 271

6.1.1 Zero-order Scaling . . . . . . . . . . . . . . . . . . . . . . . . . . . 272
6.1.2 First-order Scaling . . . . . . . . . . . . . . . . . . . . . . . . . . . 272
6.1.3 Second-order Scaling . . . . . . . . . . . . . . . . . . . . . . . . . . 273
6.1.4 Multipoint Corrections . . . . . . . . . . . . . . . . . . . . . . . . . 273
6.1.5 Global Scaling using Surrogate Models . . . . . . . . . . . . . . . . 274
6.1.6 An Example . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 275

6.2 An Introduction to Reduced Basis Methods . . . . . . . . . . . . . . . . . . 277
6.2.1 Choice of Basis Vectors . . . . . . . . . . . . . . . . . . . . . . . . 277
6.2.2 Schemes for Computing Undetermined Coefficients . . . . . . . . . 279

6.3 Reduced Basis Methods for Linear Static Reanalysis . . . . . . . . . . . . . 280
6.3.1 Choice of Basis Vectors . . . . . . . . . . . . . . . . . . . . . . . . 281
6.3.2 Bubnov–Galerkin and Petrov–Galerkin Schemes . . . . . . . . . . 283
6.3.3 Topologically Modified Structures . . . . . . . . . . . . . . . . . . . 284
6.3.4 Implementation Issues . . . . . . . . . . . . . . . . . . . . . . . . . 286

6.4 Reduced Basis Methods for Reanalysis of Eigenvalue Problems . . . . . . . 287
6.4.1 Improved First-order Approximation . . . . . . . . . . . . . . . . . 287
6.4.2 Global Reduced Basis Procedures . . . . . . . . . . . . . . . . . . . 289

6.5 Reduced Basis Methods for Nonlinear Problems . . . . . . . . . . . . . . . 291
6.5.1 Proper Orthogonal Decomposition . . . . . . . . . . . . . . . . . . . 291
6.5.2 Reduced-order Modeling . . . . . . . . . . . . . . . . . . . . . . . . 293
6.5.3 Concluding Remarks . . . . . . . . . . . . . . . . . . . . . . . . . . 297

III Frameworks for Design Space Exploration 299

7 Managing Surrogate Models in Optimization 301
7.1 Trust-region Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 303

7.1.1 Unconstrained Problems . . . . . . . . . . . . . . . . . . . . . . . . 304
7.1.2 Extension to Constrained Problems . . . . . . . . . . . . . . . . . . 306

7.2 The Space Mapping Approach . . . . . . . . . . . . . . . . . . . . . . . . . 307
7.2.1 Mapping Functions . . . . . . . . . . . . . . . . . . . . . . . . . . . 308
7.2.2 Global Space Mapping . . . . . . . . . . . . . . . . . . . . . . . . . 310

7.3 Surrogate-assisted Optimization using Global Models . . . . . . . . . . . . 311
7.3.1 The Expected Improvement Criterion . . . . . . . . . . . . . . . . . 312
7.3.2 The Generalized Expected Improvement Criterion . . . . . . . . . . 315
7.3.3 The Weighted Expected Improvement Criterion . . . . . . . . . . . 315
7.3.4 Extension to Constrained Problems . . . . . . . . . . . . . . . . . . 316
7.3.5 Correlation Matrix Updating . . . . . . . . . . . . . . . . . . . . . . 317

7.4 Managing Surrogate Models in Evolutionary Algorithms . . . . . . . . . . . 318
7.4.1 Using Global Surrogate Models in Standard EAs . . . . . . . . . . 318



xii CONTENTS

7.4.2 Local Surrogate-assisted Hybrid EAs . . . . . . . . . . . . . . . . . 319
7.4.3 Numerical Studies on Test Functions . . . . . . . . . . . . . . . . . 322

7.5 Concluding Remarks . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 326

8 Design in the Presence of Uncertainty 327
8.1 Uncertainty Modeling and Representation . . . . . . . . . . . . . . . . . . . 330

8.1.1 Probabilistic Approaches . . . . . . . . . . . . . . . . . . . . . . . . 331
8.1.2 Nonprobabilistic Approaches . . . . . . . . . . . . . . . . . . . . . 332

8.2 Uncertainty Propagation . . . . . . . . . . . . . . . . . . . . . . . . . . . . 335
8.2.1 Simulation Methods . . . . . . . . . . . . . . . . . . . . . . . . . . 335
8.2.2 Taylor Series Approximations . . . . . . . . . . . . . . . . . . . . . 337
8.2.3 Laplace Approximation . . . . . . . . . . . . . . . . . . . . . . . . 338
8.2.4 Reliability Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . 339
8.2.5 Uncertainty Analysis using Surrogate Models: the Bayesian Monte

Carlo Technique . . . . . . . . . . . . . . . . . . . . . . . . . . . . 342
8.2.6 Polynomial Chaos Expansions . . . . . . . . . . . . . . . . . . . . . 344
8.2.7 Physics-based Uncertainty Propagation . . . . . . . . . . . . . . . . 346
8.2.8 Output Bounds and Envelopes . . . . . . . . . . . . . . . . . . . . . 348

8.3 Taguchi Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 348
8.4 The Welch–Sacks Method . . . . . . . . . . . . . . . . . . . . . . . . . . . 350
8.5 Design for Six Sigma . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 351
8.6 Decision-theoretic Formulations . . . . . . . . . . . . . . . . . . . . . . . . 353
8.7 Reliability-based Optimization . . . . . . . . . . . . . . . . . . . . . . . . . 354
8.8 Robust Design using Information-gap Theory . . . . . . . . . . . . . . . . . 355
8.9 Evolutionary Algorithms for Robust Design . . . . . . . . . . . . . . . . . . 356
8.10 Concluding Remarks . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 357

9 Architectures for Multidisciplinary Optimization 359
9.1 Preliminaries . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 362

9.1.1 A Model Problem . . . . . . . . . . . . . . . . . . . . . . . . . . . 362
9.1.2 Multidisciplinary Analysis . . . . . . . . . . . . . . . . . . . . . . . 365

9.2 Fully Integrated Optimization (FIO) . . . . . . . . . . . . . . . . . . . . . . 368
9.3 System Decomposition and Optimization . . . . . . . . . . . . . . . . . . . 370
9.4 Simultaneous Analysis and Design (SAND) . . . . . . . . . . . . . . . . . . 372
9.5 Distributed Analysis Optimization Formulation . . . . . . . . . . . . . . . . 374
9.6 Collaborative Optimization . . . . . . . . . . . . . . . . . . . . . . . . . . . 376

9.6.1 Computational Aspects . . . . . . . . . . . . . . . . . . . . . . . . . 379
9.6.2 Theoretical Properties . . . . . . . . . . . . . . . . . . . . . . . . . 379

9.7 Concurrent Subspace Optimization . . . . . . . . . . . . . . . . . . . . . . 379
9.8 Coevolutionary Architectures . . . . . . . . . . . . . . . . . . . . . . . . . . 381

9.8.1 Coevolutionary Genetic Algorithms (CGAs) . . . . . . . . . . . . . 381
9.8.2 Some Issues in Coevolutionary MDO . . . . . . . . . . . . . . . . . 382
9.8.3 A Coevolutionary MDO (CMDO) Architecture . . . . . . . . . . . 383
9.8.4 Data Coordination, Surrogate Modeling, Decomposition, and Other

Issues . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 385



CONTENTS xiii

IV Case Studies 387

10 A Problem in Satellite Design 391
10.1 A Problem in Structural Dynamics . . . . . . . . . . . . . . . . . . . . . . 393

10.1.1 The Structure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 394
10.1.2 Finite Element Analysis . . . . . . . . . . . . . . . . . . . . . . . . 394
10.1.3 Receptance Theory . . . . . . . . . . . . . . . . . . . . . . . . . . . 396

10.2 Initial Passive Redesign in Three Dimensions . . . . . . . . . . . . . . . . . 397
10.3 A Practical Three-dimensional Design . . . . . . . . . . . . . . . . . . . . . 400

10.3.1 The Regular Boom Experiment . . . . . . . . . . . . . . . . . . . . 401
10.3.2 Passive Optimization . . . . . . . . . . . . . . . . . . . . . . . . . . 402
10.3.3 The Optimized Boom Experiment . . . . . . . . . . . . . . . . . . . 404

10.4 Active Control Measures . . . . . . . . . . . . . . . . . . . . . . . . . . . . 406
10.4.1 Active Vibration Control (AVC) . . . . . . . . . . . . . . . . . . . . 406
10.4.2 AVC Experimental Setup . . . . . . . . . . . . . . . . . . . . . . . 408
10.4.3 Selection of Optimal Actuator Positions on the Boom Structure . . . 409

10.5 Combined Active and Passive Methods . . . . . . . . . . . . . . . . . . . . 413
10.5.1 Optimal Actuator Positions on the Passively Optimized Boom . . . 413
10.5.2 Simultaneous Active and Passive Optimization . . . . . . . . . . . . 413
10.5.3 Overall Performance Curves . . . . . . . . . . . . . . . . . . . . . . 415
10.5.4 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 417

10.6 Robustness Measures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 417
10.6.1 The Optimization Problem . . . . . . . . . . . . . . . . . . . . . . . 418
10.6.2 Robustness Metrics . . . . . . . . . . . . . . . . . . . . . . . . . . . 418
10.6.3 Results of Robust Optimization . . . . . . . . . . . . . . . . . . . . 421

10.7 Adjoint-based Approaches . . . . . . . . . . . . . . . . . . . . . . . . . . . 422
10.7.1 Differentiation of the Receptance Code . . . . . . . . . . . . . . . . 424
10.7.2 Initial Results and Validation . . . . . . . . . . . . . . . . . . . . . 426
10.7.3 Performance Issues . . . . . . . . . . . . . . . . . . . . . . . . . . . 426

11 Airfoil Section Design 429
11.1 Analysis Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 430

11.1.1 Panel Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 430
11.1.2 Full-potential Methods . . . . . . . . . . . . . . . . . . . . . . . . . 430
11.1.3 Field Panel Methods . . . . . . . . . . . . . . . . . . . . . . . . . . 431
11.1.4 Euler Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 431

11.2 Drag-estimation Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . 431
11.2.1 Surface Pressure Integration . . . . . . . . . . . . . . . . . . . . . . 432
11.2.2 Far-field Integration of Induced Drag . . . . . . . . . . . . . . . . . 432
11.2.3 Calculation of Wave Drag by Integration over the Shock . . . . . . 433

11.3 Calculation Methods Adopted . . . . . . . . . . . . . . . . . . . . . . . . . 433
11.3.1 Comparison between VGK and MG2D on RAE2822 Airfoil . . . . 434

11.4 Airfoil Parameterization . . . . . . . . . . . . . . . . . . . . . . . . . . . . 434
11.4.1 Previous Nonorthogonal Representations . . . . . . . . . . . . . . . 435
11.4.2 Previous Orthogonal Representations . . . . . . . . . . . . . . . . . 436
11.4.3 Choice of Source Airfoil Sections . . . . . . . . . . . . . . . . . . . 437
11.4.4 Derivation of Basis Functions . . . . . . . . . . . . . . . . . . . . . 438


