Generic Evolutionary Design of Solid Objects using a Genetic Algorithm

A thesis submitted to the University of Huddersfield in partial fulfilment of the requirements for the degree of Doctor of Philosophy.

By Peter John Bentley B.Sc. (Hons)

November 1996

Division of Computing and Control Systems School of Engineering The University of Huddersfield

Abstract

This thesis investigates the novel idea of using a computer to create and optimise conceptual designs of a range of differently-shaped three-dimensional solid objects from scratch. An extensive literature review evaluates all related areas of research and reveals that no such system exists. The development of a generic evolutionary design system, using a genetic algorithm (GA) as its core, is then presented.

The thesis describes a number of significant advances necessitated by the development of this system. Firstly, a new low-parameter spatial-partitioning representation of solid objects is introduced, which allows a wide range of solid objects to be appropriately defined and easily manipulated by a GA. Secondly, multiobjective optimisation is investigated to allow users to define design problems without fine-tuning large numbers of weights. As a result of this, the new concepts of acceptability, range-independence and importance are introduced and a new multiobjective ranking method is identified as being most appropriate. Thirdly, variable-length chromosomes in GAs are addressed, to allow the number of primitive shapes that define a design to be variable. This problem is overcome by the use of a new hierarchical crossover operator, which uses the new concept of a semantic hierarchy to reference chromosomes.

Additionally, the thesis describes how the performance of the GA is improved by using an explicit mapping stage between genotypes and phenotypes, steady-state reproduction with preferential selection, and a new lifespan limiter. A library of modular evaluation software is also presented, which allows a user to define new design problems quickly and easily by picking combinations of modules to guide the evolution of designs.

Finally, the feasibility of the generic evolutionary design of solid objects is demonstrated by presenting the successful evolution of both conventional and unconventional designs for fifteen different solid-object design tasks, e.g. tables, heatsinks, penta-prisms, boat hulls, aerodynamic cars.

Acknowledgements

I would like to thank the following people:

John Bullingham and Mike Thorn for agreeing to let me turn my ideas into a reality. My supervisor, Jonathan Wakefield for his enthusiasm, his constructive advice, and his excellent abilities as a proof-reader.

Dave Goldberg for providing me with huge numbers of his research papers and some useful contacts.

Dave Schaffer for providing his support (and his test functions) for my work on multiobjective optimisation.

William Latham for his interest in this work and his permission to reproduce one of his pieces of Evolved Art in this thesis.

Karl Sims for his inspirational presentations and papers, and his permission to reproduce images of his evolved competing creatures in this thesis.

Richard Dawkins for his permission to reproduce images of his evolved ’biomorphs’. The many interested readers of my research papers for some stimulating discussions at conferences, workshops and over the internet.

My friends and family for welcome distractions and their continuous unwavering support.

And finally I would like to thank the cruel and indifferent, yet astonishingly creative process of Natural Evolution for providing the inspiration for my work. Long may it continue to do so.

Contents

Abstract ii

Acknowledgements iii

1 Introduction 1

1.1 Human Design............................................................................................ 1

1.2 Automation of Human Design..................................................................... 2

1.3 Evolutionary Search ................................................................................... 3

1.4 Natural Evolutionary Design ...................................................................... 4

1.5 Similarities and Parallels ............................................................................ 4

1.6 Objectives of the Work............................................................................... 6

1.6.1 Aim............................................................................................... 6

1.6.2 Intended Capabilities of the System................................................ 7

1.6 Overview of Thesis..................................................................................... 9

2 General Review of Relevant Work 10

2.1 Introduction................................................................................................ 10

2.2 Engineering Design Theory......................................................................... 11

2.2.1 Classification of Human Design ..................................................... 11

2.2.2 Evolution of Human Designs.......................................................... 12

2.3 Natural Evolution of Designs...................................................................... 13

2.3.1 Creatures as Designs...................................................................... 13

2.3.2 Designs Evolved in Nature ............................................................. 14

2.4 Genetic Algorithms..................................................................................... 15

2.4.1 Algorithm ...................................................................................... 15

2.4.2 Theory........................................................................................... 18

2.4.3 Analyses........................................................................................ 20

2.4.4 Advanced Genetic Algorithms ........................................................ 21 2.4.5 Applications of Genetic Algorithms................................................ 22 2.5 The Optimisation of Existing Designs ......................................................... 23 2.5.1 Application-Specific Optimisation of Designs................................. 23 2.5.2 Generic Optimisation of Designs .................................................... 25 2.6 The Creation of Shapes and Images by Computers...................................... 26 2.6.1 Evolution of Art............................................................................. 26 2.6.2 Evolution of Shape and Behaviour.................................................. 29 2.7 The Creation of New Designs by Computers............................................... 31 2.8 Summary ................................................................................................... 33

3 Overview of the Evolutionary Design System 35 3.1 Introduction................................................................................................ 35 3.2 System Organisation................................................................................... 36 3.2.1 Phenotype...................................................................................... 36 3.2.2 Genotype ....................................................................................... 37 3.2.3 Genetic Algorithm.......................................................................... 40 3.2.4 Evaluation Software....................................................................... 42 3.3 Summary ................................................................................................... 45

4 Solid Object Representation (Phenotypes) 47 4.1 Introduction................................................................................................ 47 4.2 Choosing a Representation.......................................................................... 48 4.2.1 Requirements of the Representation................................................ 48 4.2.2 Existing Representations ................................................................ 49 4.2.3 Reducing Parameters ..................................................................... 52 4.2.4 Low-Parameter Spatial Partitioning................................................ 53 4.2.5 Clipped Stretched Cubes ................................................................ 55 4.3 Using the Representation ............................................................................ 59

4.3.1 Positioning Primitives .................................................................... 59

4.3.2 Correcting Illegal Designs .............................................................. 60

4.3.3 Symmetrical Designs...................................................................... 64

4.3.4 Adding and Removing Primitives.................................................... 68

4.3.5 Special Features of Phenotypes ...................................................... 70

4.4 Summary ................................................................................................... 71

5 The Manipulation of Coded Designs (Genotypes) 73

5.1 Introduction................................................................................................ 73

5.2 Genetic Coding of Designs.......................................................................... 74

5.2.1 Coding of Parameter Values........................................................... 74

5.2.2 Crossover and Locus-Specific Genetic Organisations...................... 77

5.2.3 Alternative Crossover Operators and Genetic Representations......... 79

5.2.4 Semantic Hierarchy of Alleles ........................................................ 82

5.2.5 Structured Hierarchical Chromosomes............................................ 83

5.3 Genetic Operators....................................................................................... 87

5.3.1 Hierarchical Crossover................................................................... 87

5.3.2 Mutation........................................................................................ 92

5.3.3 Non-Mutatable Alleles and Groups of Alleles ................................. 94

5.4 Summary ................................................................................................... 95

6 The Genetic Algorithm 97

6.1 Introduction................................................................................................ 97

6.2 Justification of Choice ................................................................................ 98

6.3 Beginning the Evolution of Designs...........................................................100

6.3.1 Population Data Structures ..........................................................100

6.3.2 Seeding the Initial Population.......................................................102

6.4 Mapping Genotypes to Phenotypes ...........................................................103

6.4.1 Explicit Mapping.........................................................................103

6.4.2 Stages of the Mapping Process.....................................................104 6.5 Determining the Relative Fitness of a Design.............................................106 6.5.1 Problems with Multiple Fitness Values.........................................106 6.5.2 Range Independence and Importance ...........................................109 6.5.3 Testing Six Multiobjective Ranking Methods................................112 6.5.4 Distribution and Quality of Solutions ...........................................114 6.5.5 Sum of Weighted Global Ratios ...................................................116 6.6 Generating a New Population of Designs ..................................................118 6.6.1 Emptying the Internal Population .................................................118 6.6.2 Advantages of Steady-State Replacement .....................................120 6.6.3 Picking Parents and Creating Offspring........................................123 6.6.4 Life Spans ...................................................................................124 6.7 Summary .................................................................................................127

7 Evaluation of Designs 129 7.1 Introduction..............................................................................................129 7.2 Software Specification of Design Function................................................130 7.2.1 Modularity...................................................................................130 7.2.2 Example: Evaluation of a Table ...................................................132 7.3 Modules of Evaluation Software...............................................................136 7.3.1 Information Modules....................................................................136 7.3.2 Evaluation of Tables ....................................................................139 7.3.3 Evaluation of Steps......................................................................146 7.3.4 Evaluation of Heat Sinks..............................................................148 7.3.5 Evaluation of Optical Prisms........................................................149 7.3.6 Evaluation of ’Streamlined’ Shapes ...............................................154 7.4 User-Interface ..........................................................................................158 7.4.1 Choosing Evaluation Modules and Specifying Parameter Values...158 7.4.2 Using the System .........................................................................160

7.5 Summary .................................................................................................164

8 Designs Evolved by the System 166

8.1 Introduction..............................................................................................166

8.2 Tables......................................................................................................167

8.2.1 Evolving Early Designs................................................................167

8.2.2 Evolving Designs using the Complete System...............................172

8.2.3 Summary of the Evolved Tables...................................................174

8.3 Steps........................................................................................................175

8.3.1 Evolving Early Designs................................................................175

8.3.2 Evolving Designs using the Complete System...............................178

8.3.3 Summary of the Evolved Steps.....................................................179

8.4 Heat Sinks................................................................................................180

8.4.1 Evolving the Designs....................................................................180

8.4.2 Summary of the Evolved Heat Sinks.............................................184

8.5 Optical prisms..........................................................................................184

8.5.1 Evolving the Designs....................................................................184

8.5.2 Evolving Designs from Components .............................................192

8.5.3 Summary of the Evolved Prisms...................................................194

8.6 Streamlined Designs .................................................................................195

8.6.1 Evolving the Fronts of Trains.......................................................196

8.6.2 Evolving the Bows of Boats .........................................................198

8.6.3 Evolving the Hulls of Boats..........................................................198

8.6.4 Evolving a Saloon Car .................................................................201

8.6.5 Evolving a Sports Car..................................................................203

8.6.6 Summary of the Evolved Streamlined Designs ..............................208

8.7 Summary .................................................................................................208

9 Further Work and Conclusions 210 9.1 Introduction..............................................................................................210 9.2 Summary of System Capabilities ..............................................................211 9.3 Further Work ...........................................................................................213 9.2.1 Additions to the Solid Object Representation ................................213 9.2.2 Artificial Embryology ..................................................................216 9.2.3 Overspecification, Underspecification and Dominance ..................217 9.2.4 Multiple Design Solutions ............................................................218 9.2.5 New Applications ........................................................................219 9.2.6 Enhancements to the User-Interface..............................................221 9.4 Conclusions..............................................................................................223

References 225 Appendices 245 A Primitive Extraction Algorithm..............................................................................245 Hierarchical Crossover Algorithm .........................................................................246 Multiobjective Fitness Ranking Algorithms ...........................................................248 System Initialisation Commands............................................................................250

B Publications..........................................................................................................252

Bentley, P J & Wakefield, J P (1996). The Evolution of Solid Object Designs using Genetic Algorithms. In Rayward-Smith, V. (ed) Modern Heuristic Search Methods. Ch. 12, John Wiley & Sons Inc., 199-215.

Bentley, P J & Wakefield, J P (1995). The Table: An Illustration of Evolutionary

Design using Genetic Algorithms. In Genetic Algorithms in Engineering Systems:

Innovations and Applications (GALESIA ’95), Sept. 1995, Sheffield (pp. 412-

418).

Bentley, P. J. & Wakefield, J. P. (1996). An Analysis of Multiobjective

Optimisation within Genetic Algorithms. Submitted to Evolutionary Computation.

Bentley, P. J. & Wakefield, J. P. (1996). Conceptual Evolutionary Design by

Genetic Algorithms. Engineering Design and Automation Journal v2:3, John

Wiley & Sons, Inc.

Bentley, P. J. & Wakefield, J. P. (1996). Overview of a Generic Evolutionary

Design System. In Proceedings of the 2nd On-line Workshop on Evolutionary

Computation, (pp. 53-56), Nagoya University, Japan.

Bentley, P. J. & Wakefield, J. P. (1996). Hierarchical Crossover in Genetic

Algorithms. In Proceedings of the 1st On-line Workshop on Soft Computing

(WSC1), Nagoya University, Japan.

Bentley, P J & Wakefield, J P (1996). Generic Representation of Solid Geometry for Genetic Search. Microcomputers in Civil Engineering 11:3, Blackwell

Publishers, 153-161.

List of Figures

1.1 Searching for a solution in an example search space of house designs.. ........ 3 1.2 Analogous relationships between natural evolution, human design and evolutionary computation. .................................................................... 5 2.1 The simple genetic algorithm ...................................................................... 17 2.2 Typical curve of evolving fitness values over time....................................... 21 2.3 Evolved art: ’Breeding Forms on the Infinite Plane’

(reproduced with kind permission of William Latham)................................. 27 2.4 A selection of evolved ’biomorphs’

(reproduced with kind permission of Richard Dawkins)............................... 28 2.5 Evolved Competing Creatures

(reproduced with kind permission of Karl Sims).......................................... 30 3.1 Block diagram of the evolutionary design system........................................ 36 3.2 Examples of primitive shapes used to represent designs............................... 37 3.3 An example of a simple four-primitive evolved phenotype

(the hull of a small boat)............................................................................. 37 3.4 Hierarchical genotype of a single individual in the population...................... 39 3.5 The genetic algorithm used as the core of the system ................................... 41 3.6 Examples of evaluation software modules in current library ........................ 43 3.7 Examples of phenotype information modules in current library.................... 44 3.8 Using an evaluation software module with phenotype

information modules ................................................................................... 44 3.9 Specifying a simple application using modules of evaluation software, phenotype information modules and user-specified parameter values............ 45 4.1 Dissimilar shapes next to each other in the search space defined by CSG..... 51 4.2 From left to right: stretched cube, six-sided polyhedron using vertices,

six-sided polyhedron using planes, stretched cube with moveable side.......... 53

4.3 Four-sided polyhedron with triangular sides cannot be formed by primitive - representation fails................................................................ 55

4.4 Clipped stretched cubes .............................................................................. 56

4.5 An approximation of a sphere using the new representation ......................... 56

4.6 Clipped Stretched Cube:

(x, y, z, width, height, depth, planedist, angle1, angle2) .............................57

4.7 An illegal design with redundant overlapping primitives .............................. 60

4.8 If side 1 or 3 lies between a and c, or if side a or c lies between 1 and 3, and if side 2 or 4 lies between b and d or if side b or d lies between

2 and 4, the two primitives are overlapping.................................................60

4.9 Distance between overlapping primitives is greatest along y-axis:

heights (and y positions) are changed .......................................................... 62

4.10 Primitives are ’squashed’ regardless of their intersecting planes.................... 63

4.11 Designs with internally facing planes (left) are discouraged in favour of designs with externally facing planes (right) ............................. 64

4.12 Reflecting partial design P1 - P3 in the plane X = 0 to produce symmetrical design P1 - P6........................................................ 65

4.13 Reflecting partial design P1 - P6 in the plane Z = 0 to produce symmetrical design P1 - P12...................................................... 66

4.14 Splitting an existing primitive into two........................................................ 69

4.15 An inflexible primitive is not squashed during the correction process ........... 71

5.1 Binary coding of parameter values in the system ......................................... 76

5.2 Semantic hierarchy of a 16 bit, 2 gene chromosome..................................... 82

5.3 Semantic hierarchy of a 32 bit, 4 gene, 2 group chromosome....................... 83

5.4 Two-level semantic hierarchy of a chromosome in the evolutionary design system ......................................................................... 85

5.5 Internal storage of a chromosome (not all alleles shown).............................. 86

5.6 Locating points of similarity (POS) between two parents (shown in bold) .... 88

xv

8.3 Six table designs evolved by the early prototype system.............................170

8.4 Four table designs evolved by the complete generic evolutionary design system ...........................................................................................173

8.5 Desired flat surfaces for steps...................................................................175

8.6 Six sets of steps evolved by the system......................................................177

8.7 Desired inner and outer extents for heat sinks (not to scale) .......................180

8.8 Heatsink designs evolved by the generic evolutionary design system ..........182

8.9 Three examples of initial two-primitive random designs.............................185

8.10 The first three types of optical prism evolved by the system.......................187

8.11 Two ’difficult’ types of prism evolved by the system ..................................190

8.12 Randomly positioned, previously evolved right-angle prisms......................193

8.13 Almost perfect abbe prism (left), almost perfect porro prism (right)...........194

8.14 A fixed block forms the skeleton, and a single enclosing volume is used to define the forces required on the train designs ............................196

8.15 Streamlined fronts of trains and boats evolved by the system.....................197

8.16 Three streamlined boat hulls evolved by the generic evolutionary design system ...........................................................................................200

8.17 Two fixed blocks form the skeleton, and two enclosing volumes are used to define the forces required on the saloon car designs..................201

8.18 Saloon cars evolved by the generic evolutionary design system

(wheels added)..........................................................................................203

8.19 Two fixed blocks form the skeleton, and four enclosing volumes are used to define the forces required on the sports car design....................204

8.20 The evolution of a sports car by the generic evolutionary design system

(wheels added)..........................................................................................205

8.21 The final evolved sports car design ...........................................................206

9.1 Using a ’skin’ stretched over primitives to define curved surfaces ...............214

9.2 Using a mouse to draw desired inner and outer extents for a design............222

xvi

List of Tables

4.1 Order to check and correct overlapping primitives

(after reflection in x = 0)............................................................................. 66 4.2 Order to check and correct overlapping primitives

(after reflection in x = 0, then z = 0)............................................................ 67 4.3 Special features of designs.......................................................................... 70 6.1 The four test functions used to compare the ranking methods.....................114 8.1 Weights used to combine separate fitness values .......................................167 8.2 System parameter values used for the ’table’ design problem......................172