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ABSTRACT

This thesis investigates the application of generative and evolutionary techniques in
computer aided product design. It aims at creating a computer model of a generative
evolutionary product design process for conceptual design. This aim is achieved by
enhancing the creativity role of designers through the application of genetic

algorithms in a computer-based support system.

The development of a computer model of a generative and evolutionary design, and
the implementation of a prototype system to support designers at the conceptual
design stage using this model are the main focuses of this research. A number of
significant issues are addressed through the implementation of a generative and

evolutionary system in the domain of product design.

First, two cyclically linked stages are identified in the design process as formative
construction and design development. Genetic algorithms are used to support

designers at these two stages for the exploration of design solutions. New data



structures termed Rudiment and Formative are introduced to represent design

information and knowledge that can be selected and manipulated by designers.

Second, a prototype system is implemented to test the effectiveness of the data
structures and the genetic algorithms used. This system has a database of rudiments,
an interface for building the formatives, and a support program employing genetic
algorithms to support designers in the exploration and evaluation of a large number of
design solutions in an interactive manner. The system is integrated with a commercial

CAD system for 3D visualisation.

Third, computational methods and representations are worked out to apply genetic
algorithms to product design in this generative and evolutionary model, This includes
a hierarchical representation of functional components of products that can be
associated with and manipulated by genetic algorithms. Also, multi-objective
evaluation and selection are investigated to allow users to specify initial design
requirements in terms of Design for Manufacturing (DFM) considerations and
constraints. The integration of DFM constraints into the database and the evaluation
step of the genetic algorithm provided insights on how general DFM issues can be
incorporated at the initial stages of conceptual design. The purpose is to produce
products configured with such components and in such a way that, when detail gesign

occurs, easily manufacturable parts can be realised.

In this thesis, consumer product design has been selected as an example domain for
the implementation and evaluation of the computational mode! and the system.

Testing examples with mobile phones, remote controllers and handheld products are

ii



provided in the thesis. The system developed in this thesis has shown a capability in
generating a wide range of solutions based on initial design requirements specified by
designers, with the support of genetic algorithms and the knowledge formulated as the

concepts of the rudiments and formatives.

Finally, the limitations of the approach, and the way in which the developed system

can be further improved are discussed.
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Chapter | Introduction

Chapter 1

1. Introduction

Future design implies the use of integrated Computer Aided Design and Computer
Aided Manufacturing (CAD/CAM) systems, but with a higher level of intelligent and
automatic supporting capability for the whole design process. This kind of research is
now conducted at the Design Technology Research Centre (DTRC), which was
established at The Hong Kong Polytechnic University in 1996. The DTRC aims at
developing, demonstrating, validating, and disseminating computational design
methods and for the design of technical systems. Its main objective is to promote new
thinking in the research and development of advanced computer-based design tools
through a theoretical and critical framework for the communication and understanding
of the emerging new design philosophy and the scholarly analysis and criticism of
these developments.

Studying generative and evolutionary design systems is a major research theme
of the DTRC. The research work presented in this thesis relates to a sub-project of
this research theme. This research is an attempt to create a computer model of a
generative and evolutionary design process in the domain of product design, and then
to develop a computer based tool to support designers based on this model. This
research is motivated by the need for supporting designers in design concept
exploration, and for the enhancement of the generative capability of any computer

based design systems including commercial CAD/CAM systems.

Page 1



Chapter I introduction

1.1. Problem Identification

Recent advancement in evolutionary computing provides new opportunities to re-
examine the issue of intelligent design support. Evolutionary Algorithms (EAs) have
been widely accepted to be appropriate for exploring and evolving design problems.
There are four main reasons why evolutionary techniques are used in this study.

First, evolutionary techniques have demonstrated to be good, general-purpose
problem solvers for design problems. For example, genetic algorithms can be used for
solving problems which are not yet fully characterised or too complex to allow full
characterisation, but for which analytical evaluation is possible. That is, problems for
which we do not necessarily know exactly how to find good solutions, but we can
evaluate candidate solutions by some quantifiable measures.

Second, evolutionary algorithms take natural evolution as a source of inspiration,
so the exploration and adaptation ability during this process is valuable and useful for
destgn concept exploration at the early stage of the design process. “Natural evolution
has been creating designs successfully for an unimaginable number of years. Even a
cursory study of the myriad of extraordinary designs in nature should be sufficient to
inspire awe in the power of evolution.” (Bentley, 1996)

Third, evolutionary algorithms have been successfully applied to architecture
design, engineering design and other optimisation problems, while its application in
product design is still limited. With the introduction of evolution into the product
design process, a different kind of computer-aided design systems better than the
existing traditional CAD systems can be developed. In such systems, the generative
capability can be added and Artificial Intelligence techniques can be integrated into

the product design and development process. Such systems will enable the automatic
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generation of large numbers of alternative design concepts or forms, rather than a
single individual as in traditional computer aided design systems, in a controlled and
supervised manner based on primitive components and axioms of design.

The existing computer-aided design technology provides limited support for the
evolution of design solutions in the early conceptual phases of product design process.
There are three main reasons found:

First, CAD technology relies on precise geometric information to specify the
model of a product. It cannot support early stage design tasks because the geometry
of a product is not sufficiently definite at the early stage. The design of complex
products containing many components requires that alternative solutions be explored,
each being modified by making changes to key design parameters, until a satisfactory
design solution is found. The generation and exploration of design concepts based on
incomplete design requirements, and the handling of a multitude of variables and
constraints embedded within 3D design objects are challenging tasks for designers.

Second, human design activities cannot generally be simulated or modelled using
computers naturally and completely. Research in Artificial Intelligence has resulted in
principles and methods for supporting conceptual design based on the techniques of
Expert Systems or Knowledge Based Systems. But these principles, methods, and
systems still remain experimental.

Third, it is difficult to model conceptual design process in a computer based
system as the process and the information leading to the creation of an innovative
design concept are still difficult to acquire, to represent and to reason about in a
computer based system.

Many researches are now trying to address these issues. One of the latest and the

most exciting methods is employing computers as creative problem solvers using
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evolution to explore new solutions with the application of evolutionary computation
techniques. Evolutionary computation techniques, especially Genetic Algorithms,
have been applied to engineering design optimisation, constraint satisfaction,
symbolic equation solving, and manufacturing process planning etc. These adaptive
and generative techniques provide more creative and intelligent support to designers
than other design support systems that rely only on geometric representations and
explicit deductive inference mechanisms. As stated by Bentley (Bentley 1996 and
1999), the latest researches have already shown impressive results in the creation of
novel designs in architecture and art.

However, although there have been many investigations into the application of
evolutionary techniques in engineering problems during last decade, the application of
evolutionary techniques to product design is still limited. The difficulty arises from
the fact that product design requires a wide variety of knowledge and information at
the early creative stage of the design process that is difficult to formulate in a
computer system. This kind of knowledge and information are related to how to
determine the function, form, material, human factors, ergonomics, and environmental
impact of a product. In particular, the form, styling and the configuration of a product
have important implications for manufacturing processes and production cost. A
product that requires high capital investment in manufacture or that requires a
complex manufacturing process tends to be resistant to competition. As a result of a
lack of computer aided industrial design tools, the development of an innovative
product is still a lengthy process.

Furthermore, design and manufacturing have become an integrated process as a
resuit of using advanced Computer Aided Design/ Computer Aided Manufacture/

Computer Aided Engineering (CAD/CAM/CAE) techniques. This introduced the

Page 4



Chapter | Introduction

concept of Design For Manufacturability (DFM). The DFM approach aims at
improving all the processes related to the production of a product, ranging from
conceptual design to manufacturing, which means that manufacturing issues are
considered throughout the whole design process. These ideas have led to the
development of methods and computer systems that can help designers to design
products that are functionally correct and at the same time easy to manufacture. Until
now, much effort has focused on the detailed manufacturing constraints solving or
optimisation. But few techniques have been developed to integrate the DFM
considerations into the early design concept generation and exploration stage in a
generative and evolutionary product design process, and make them effective
throughout the whole process. That is why it is selected as one of the focuses of this
study,

How to model shape design as an evolutionary process and then use computational
representations and inference mechanisms to resolve shape constraints imposed by
manufacturing process are two important issues in the paradigm of generative and
evolutionary design. This study focuses on modelling design process as a generative
and evolutionary process and resolving shape constraints using a process based on an

integration of evolutionary algorithms with the consideration of manufacturing issues.

1.2. Research Objectives

The main aim of this research is to explore the applicability of evolutionary
computing techniques to product design process, which takes into account the
constraints imposed by the manufacturing process. This leads to the investigation of

how Genetic Algorithms can be applied to product design and the development of a
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computational system prototype. This system models product design process as a
generative and evolutionary process, and it is capable of evolving product design with
manufacturing considerations.

The objectives of this study can be highlighted as

1. Establishment of a generative and evolutionary product design process,

2. Development of a representation for 3D product data models that can be
manipulated in a system using Genetic Algorithms,

3. Implementation of a generative and evolutionary design system capable of
producing design solutions from abstract design specifications and design intent of
the users,

4. Study of an interface in which designers can be interactively supported by a
generative and evolutionary design system,

5. Identification of a way in which the exploration of design alternatives can be
guided either by the selection based on evaluation rules or criteria, or the selection

decided by the users from a design for manufacturing point of view.

These objectives are further explained below:

Objective 1: Establishment of a generative and evolutionary product design process.
This is to propose a generative and evolutionary design process model upon which
computer-based techniques such as Genetic Algorithms can be employed to support
designers in a user-friendly and interactive manner. In this model, design is described
as a process consisting mainly of two cyclically linked processes, referred to here as
Formative generating process and Formative developmental process. In this model

the concepts of “rudiment” and “formative™ are introduced. In general, a formative is
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an encapsulated design schema, which defines a set of constitutive elements with
relations to other such elements, as well as generative rules to be used during the
design schema generating process. A rudiment is a composition part of a formative,
which defines each constitutive element with specific knowledge of a domain. A
more detailed description of the formative and the rudiment will be given in Chapter 4

later.

Objective 2: Development of a representation for 3D product data models that can be
manipulated in a system using Genetic Algorithms. This is to develop a concise
representation of product design based on the functional decomposition of a product
using the definition of rudiment and formative. A key issue in this representation is
the integration of functional description, parametric relations, 3D geometric and
spatial data, evaluation and selection rules, and criteria for design for manufacturing

considerations.

Objective 3: Implementation of a generative and evolutionary design system capable
of producing design solutions from abstract design specifications and design intent of
the users. This is to implement a generative and evolutionary design system based on
the model, and the representation proposed in this study. In the implemented system,
a user can specify design requirement or design intent through a user interface. Then
the system can generate a population of design altermatives. The templates for these
design requirements or design intents have been formalised and stored in advance in a
database during the system development period. These can be used for the user to
form initial populations of design proposals for the system to generate more

alternatives generation after generation automatically. The process of evolving
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alternative design solutions can be controlled by a user, or by using a fitness function

in the evaluation program.

Objective 4: Study of an interface in which designers can be interactively supported
by a generative and evolutionary design system. This is to ensure that the system
developed in this study is a generic design support system, which means that it is able
to evolve design solutions to a range of product design problems. The system has been
implemented in a way in which it can perform well in several types of design
applications and is scalable to larger and more complex design problems. However,
in order to obtain the evaluation results on the capability of the system in supporting

designers, it has so far focused on the domain of consumer electronic product design.

Objective 5: Identification of a way in which the exploration of design alternatives
can be guided either by the selection based on evaluation rules or pre-defined
criterion, or the selection decided by the users from a design for manufacturing point
of view. This is to ensure that new designs are easy for a user to specify, with the
minimum requirement for additional evaluation criteria. In this system a functional
product decomposition method is used so that a design problem can be specified by a
user by selecting a set of existing functional product components. Then the associated
evaluation software or sub-evaluation functions can be activated to guide the system
in the evolution process for generating and evaluating altemative design solutions,
during which the adjustment on the control parameters can be avoided. This reduced
the need for frequent user intervention. The system is also able to evolve new designs
guided by the selection made by the user. The selection made by user in an

evolutionary design system is a useful means for dealing with ill-defined selection
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criteria, particularly user centred concems. It also provides an opportunity for
designers to use their own experience and intuition during design exploration.

Additional considerations for the system developed in this study included user
friendliness and the potential for integration with other Al-based systems in a more
general framework. Since the system developed in this study aims at providing
intelligent support to designers, the prototype model of the design process built in this
system must be designer centred. The system interface created is not trying to mimic
the behaviour of designers, but to support the application of their design knowledge
and allow them to use their own intuition. These are some essential factors which are
considered essential by designers during the design process. The software system
developed in this study provided a human-computer interaction interface, which can
be further extended by users.

These objectives are centred around one goal, that is to produce a design system
capable of evolving useful and innovative solutions to real world design problems.
The solutions generated by the system developed in this study are not necessarily the
final designs, but they establish essential form features and configuration parameter
values of a product prototype and many alternatives of such a prototype automatically
or interactively. These product prototypes can be easily visualised and evaluated,
either for further refinement using other CAD tools, or used directly by designers for

more detailed analysis and development.

1.3. Research Approach and Methodology

The research work during the development of the system has gone through the

following steps:
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» An understanding of the principles of Genetic Algorithms (GA) and development
of GA programs based on simple exercises and examples,

» An analysis and synthesis on three dimensional (3D) product data models in order
to choose an appropriate representation method and genetic operators which can
be manipulated in a system using GA,

« An investigation of computational modelling of product design process involving
the application of generative and evolutionary techniques,

- An implementation of a prototype system including database, main generative and
evolutionary support tools, user interface and an integration with other CAD tools,

« An experiment on the developed system using the examples in remote controller
and mobile phone design,

» Testing, visualisation, evaluation and rapid prototyping of some of the results
generated by the system, and

« Further refinement of the results.

The main problems addressed in this research included:

+ To identify product features associated with some general manufacturing
guidelines and DFM considerations in the application domain concemed. These
encompass the decomposition of product structure, the analysis of the taxonomy of
product forms with related DFM issues,

» To establish 2 representation scheme and data structure with which a product
design model can be represented as binary strings. A structured representational
mapping from a 3D solid to 2 GA coding scheme had to be established as the
existing ways of representing product shapes in both research software systems

and commercial CAD/CAM systems provided no solution for this,
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» To study and evaluate a number of Genetic Algorithms suitable for supporting the
generation of product forms easy for manufacturing,

» To develop and implement a system prototype of the generative and evolutionary
product design system, which integrates Genetic Algorithms with a design process
using an interactive user interface to allow users or designers to supply
requirement information, evaluation criteria or selection preference at the
beginning of the design exploration stage,

« To find out the effectiveness of the model, the representation, and the system
developed in this study in a concurrent engineering context,

» To integrate the developed system with a commercially available CAD system, the
MicroStation/J of Bentley System Inc., so that the system developed can be used

as an add-on tool to support designers in a wider spectrum.

1.4, Significance and Potential Benefits

The research presented in this thesis produced satisfactory results with original
approaches, models, representations, implementations and testing cases addressing an
important research problem and real world applications. Three features of the
developed system highlight the significance and the main contributions of this work:
First, the computational model developed in this study models the design process
as a generative and evolutionary process. This is not just to reflect what is going on
inside a designer’s mind, or purely modelling the design process as it is now. It tries to
provide a basis for the development of a supporting environment in which a designer's
ability in generating design concepts is enhanced. And the design results generated are

not single solutions to a well-defined design problem but a population of design
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alternatives demanding less strict definitions or specifications. The proposed designs
are not obtained through a deliberate attempt to produce them, but by generating a
wide range of varieties and then focusing on the most promising ones, which are
expected by or innovative to the designer. This means on one hand, the design results
can be converged to the designer’s requirements that are predefined as the evaluation
function of the genetic algorithm, on the other hand, the results may diverge from the
designers’ expectation due to the randomly generation and selection by the system.

Second, by tackling the issue of modelling 3D forms of design at the carly stage of
the design process using evolutionary techniques, this study addresses an important
issue that links design and manufacturing process. This involved a mapping from a 3D
computer representation of a design object to a binary string manipulated by a GA
program. Building taxonomy of primitive forms, considering manufacturing and other
constraints in the evaluation process, and modelling the process within a computer
supported environment with this mapping in the context provided knowledge and
insights on how to develop more intelligent and supportive design tools.

Third, in this study the concept of the Design For Manufacturability is introduced
at the initial stages of conceptual design. The goal is to produce a configuration in
such a way that when it is developed further in detail, a manufacturable part can be
realised. In the system developed in this study, a generative design process followed
comunon manufacturability guidelines and the rules for an early anticipation of
manufacturing problems to avoid unnecessary changes or revision to the concepts

downstream in the detailed design process.
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1.5. Overview of the Thesis

This thesis is divided into eight chapters. Following this chapter, a research
background is provided in Chapter 2, which reviews the relevant and related work to
the research work presented in this thesis.

A model for an automated generative and evolutionary product design system is
proposed in Chapter 3. In this chapter, the model and its general design context are
described. Two examples of generative product design using Genetic Algorithms are
also presented.

Chapter 4 and 5 describe the fundamental elements of the developed system.
These are the design representation and the associated elements of Genetic Algorithms
for generating design solutions, which included the design representation, encoding of
the design, genetic operators and evaluation and selection of solutions.

Chapter 6 presents the implemented system developed based on the model
presented in Chapter 3, as a general framework of a generative and evolutionary
system in the domain of product design.

Results from the implementation demonstrating the ability of the model to produce
automated generative and evolutionary designs with DFM consideration are reported
and analysed in Chapter 7. Several case studies are presented.

Finally, in Chapter 8 conclusions about the feasibility of the developed system and
its limitations are drawn based on the results presented in Chapter 7. Considerations

for future work in this direction are also discussed.
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Chapter 2

2. Review of Related Work

2.1. Introduction

The research work described in this thesis is an attempt to create a computer model of
a generative and evolutionary product design process. This model supports designers
in design concept exploration and provides enhancement for creativity in a computer
based design support environment. This work defines an emerging research area,
which integrates evolutionary computing techniques with knowledge in computer
aided product design area. This chapter reviews and assesses the related significant
research in these areas.

The scope of this thesis covers the following areas of research:

» Design and design process,

» Computer aided product design process,
» Design representation methods,

+ Design For Manufacturability,

» Genetic Algorithms,

« Evolutionary design,

» Generative evolutionary design process.

This chapter gives a general review of the work in these areas. And then it
compares the differences between these researches with the proposed work. Further
references to literature with regard to more detailed problems encountered during the
development of the system will be made in later chapters when these problems are

discussed in detail,
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2.2. Design and Design Process

2.2.1. Theory Overview

The definition of design or design process is widely interpreted and argued.
Christopher Jones provides a useful overview, in his book Design Methods (Jones,
1980):
“Design is about ‘Finding the right physical components of a physical structure’
(Alexander 1963). Design is ‘A goal-directed problem-solving activity’ (Archer,
1965). Design is about ‘Decision making, in the fact of uncertainty, with high
penalties for error’ (Asimow, 1962). Design involves ‘Simulating what we want to
make or do before we make or do it as many times as may be necessary to feel
confident in the final result’ (Booker, 1964). Design is related to ‘The condition factor
for those parts of the product which come into contact with people’ (Farr, 1966).
‘Engineering design is the use of scientific principles, technical information and
imagination in the definition of 2 mechanical structure, machine or system to perform
prespecified functions with the maximum economy and efficiency’ (Fielden, 1963).
Design is ‘Relating product with situation to give satisfaction’ (Gregory, 1966a).
Design is “The performing of a very complicated act of faith’ (fones, 1966a). Design
is to find ‘The optimum solution to the sum of the true needs of a particular set of
circumstances’ (Matchett, 1968). Design is ‘The imaginative jump from present facts
to future possibilities’ (Page, 1966). Design is ‘A creative activity — it involves
bringing into being something new and useful that has not existed previously’
(Reswick, 1965)”.

In other definitions, design is described as a process of transforming a set of

functional specifications and requirements into a complete description of a physical or
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tangible product or system, which meets those specifications and requirements.
During the transformation process, the designer makes decisions about function,
shape, material properties, manufacturing technologies etc., based on the information
or knowledge provided by handbooks, standards, numeric analyses, company
practices, rules of thumb and personal intuition and experience. Tomiyama et al.,
regard design as a theorem solving process in their extended General Design Theory
(Tomiyama et al, 1987), where design is viewed as a mapping from a functional space
to an attribute space. A description of the design process from a computational
perspective is given by Dr. Vasant Honavar, “The design process, from a
computational perspective, essentially involves searching a design space...... Design
is a cognitive activity that all humans, many animals, and to a limited extent,
intelligent machines, engage in. Given the ubiquitous nature of design activity, it
appears highly improbable that the underlying cognitive processes involved in
different domains are fundamentally different. Since computation offers one of the
most useful metaphors for modelling and even engineering cognitive systems, it is
only logical that exploration of design as a cognitive process should start with a
computational characterisation of the activities involved. Some natural implications of
this position lead us to explore design in terms of computational and information
processing processes involved in search, decision-making, and distributed problem
solving.” (Honavar, 1997).

Although most of the definitions above viewed design process as a problem
solving process, in this research project design process is described from a different
point of view, as a problem finding process. This can be quite explained through these
words: “Design as seen from the designer’s perspective is a series of amazing

imaginative jumps or creative leaps. But design as seen by the design historian is a
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smooth progression or evolution of ideas that seem inevitable with hindsight. It is a
characteristic of great ideas that they seem self evident and inevitable after the event.
But the next step is anything but obvious for the artist/creator/inventor/designer stuck
at that point just before the creative leap. They know where they have come from and
have a general sense of where they are going, but often do not have a precise target or
goal. This is why it is misieading to talk of design as a problem solving activity — it is
better defined as a problem finding activity. This has been very frustrating for those
trying to assist the design process with computer based, problem-solving techniques.
By the time the problem has been defined it has been solved. Indeed the solution is

often the very definition of the problem.” (Frazer, 2001)

2.2.2. Product Design Process

Design is vital to a manufacturing company's goal of creating successful products.
Necessarily it is a systematic activity which covers a wide range of expertise, from
identification of the market/user needs, to selling of the successful products to satisfy
that needs - an activity that encompasses product, process, people and organisation
{(Helander, 1992). Although the precise definition of design is often argued, there is
perhaps more agreement conceming the functional composition of design. In his book
on the product design, Mike Baxter gives a comprehensive overview of design process
(Baxter, 1995). The development of a relatively simple product is shown
schematically in figure 2.1. The design activities involved at each step differentiate the
stages of product development process. Basically, a total design process is split into
five main phases as design specification, conceptual design, embodiment design,

detailed design and manufacture.
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Fig 2.1. A product design process. (redrawn from Product Design by Mike Baxter)

To date, computers have been successfully used for all these stages except for the

first: conceptual or creative design (Dym and Levitt, 1991, Goldberg, 1991).

Goldberg stated that: “The creative processes of engineering design have long been

regarded as a black art. While the engine of analysis steamrolls ever forward, our

understanding of conceptual design seems locked in a timewarp of platitudes, vague

design procedures, and problem-specific design rules”. (Goldberg, 1991). And a

definition of conceptual design given by Brown (Brown, 2000) is claimed as:

conceptual design takes the statement of the design problem and generates broad

solutions. In general, the conceptual design encompasses all the tasks necessary to
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develop a concept to proceed with detail development, prototype and analysis. This
includes a first pass definition of requirements and specifications, layout different
concepts, concept generation, exploration of available design solutions, information

gathering efforts and concept evaluation.

2.2.3. Classification of Product Design Processes

The design process is a complex and not yet well-understood cognitive process
conducted by humans, which is related to the process of actions and decisions taken
during design in order to arrive at a complete product design. In order to make a more
clarifying and formalised description of design process, a classification on the existing
design processes is carried out here. This classification looks at recent studies of
managing product design and the development based on the synthesis and analysis of
the existing researches. Considering different design methods and strategies
employed, design process can be formalised in different ways (Jones, 1980. Baxter,
1995). Typically:
» Linear process,
« Cyclic process,
« Branching process, and
» Parallel process.

Linear process: This approach describes the traditional sequential pattern of the
product development process in which design process consists of a sequence of
actions. Each action is dependent upon the output of the last but must be independent

of the output of later stages, as shown in figure 2.2 below. In this approach, each
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department makes its contribution before passing the project ‘over the wall’ to the

next department.

Fig 2.2, The linear design process. (based on the description in Design Methods,
Christopher Jones, 1980)

Cyclic process: As shown in Figure 2.3, when an earlier stage of task has to be
repeated for correction after the output of a later stage of task becomes known, then a
cyclic process is adopted. In this approach, there are a series of iterative loops during
which a design may be tested and modified several times before being passed to the

next department.

34
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Fig 2.3. The cyclic design process. (based on the description in Design Methods,
Christopher Jones. 1980)

Branching process: This is possible when design actions are wholly independent
of each other. Figure 2.4 gives a schematic description on this process. In the figure,
the approach can include parallel stages, which have the great advantage of increasing
the number of persons working on a problem at one time, or alternative stages, which

allow the adaptation of strategies according to the outcome of previous stage.
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Jy Stage 6

Fig 2.4, The branching design process, {base on the description in Design
Methods, Christopher Jones. 1980)

Parallel process: In this approach, design is undertaken by a multidisciplinary
project team working simultaneously and in regular communication with each other,
as illustrated schematically in figure 2.5. And in engineering design, it is termed
Concurrent Engineering. This basically refers to organisational structures that attempt
to break down the functional barriers so that designers and production staff are all on
the same side working towards the same goal with good communications between

them.

R&D

design

test

VAVAVAY:

production

Fig 2.5. The parallel design process. (Based on the description in Design Methods,
Christopher Jones. 1980).

In this study, the design process involved is based on this parallel design process-
concept, which integrates various stages of total design process at the start point and
focuses on the conceptual design stage. As in most cases, to design a product through
the process of total design is a tedious task. In order to speed up the process, add

intelligence to the development, and hence to reduce time to market, it is reasonable
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and significant to integrate various stages in total design process at the early stage,
including conceptual design, detail design and manufacture. There are still other
formalised design process types based on different design methods or strategies
(Hawkes, 1984, Medland, 1986 and Pugh, 1991.), but most of them can be classified
into these four types outlined above. And the parallel design process is the most active

one in recent summaries.

2.3. Computer Aided Product Design Process

2.3.1. A Bref Historical Qverview of CAD

The use of the CAD technologies in industry has greatly improved the quality of
products, raised the efficiency, and reduced the cost and lead-time of product design.
Today, the CAD technology is playing an important role in all domains. Figure 2.6

shows an implementation of a typical CAD procedure in a CAD system.

—h[ Definition of geometric model [

I Deafinition translator |

l
I Design ¢changes I | Geomaetric model —’
:

1 Interface algorithrms ]

‘*—-L Synthesis & analysis algorithms l

l Qrafting and detailing I

| Documentation |

Fig 2.6. Implementation of a typical procedure in a CAD system.
(based on the proposed CAD procedure in Medland, 1986.)
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The development of Computer Aided Design (CAD) technology has gone through
four major phases in the past. The first phase spanned the decade of the 1950s and can
be characterised as the era of introducing interactive computer graphics. The first
graphic system was developed in mid 1950. Then during the decade of the 1960s, the
term “Computer Aided Design” (CAD) emerged. In the decade of the 1970s, the
research efforts of the 1960s in Computer Graphics had begun to be fruitful and the
important potential of interactive computer graphics in improving productivity was
realised by industry, govermment, and academics. Some automated design/drafting
systems were developed in early 70s and were improved and further developed. The
decade of the 1980s can be characterised as the CAD heady years of research. In this
period CAD systems were expanded beyond three-dimensional geometric design and
provided functions for more practical engineering applications, such as the accurate
representations of sculptured surface, mechanism modelling and simulation, robotics
analysis and simulation, injection moulding design and analysis, and front-end tools to
automate conceptual design. Currently, some techniologies, such as feature modelling,
have been developed for integrated and automate design and manufacturing.

The undisputed popularity and overwhelming adoption of CAD technology by
industry can be undoubtedly attributed to many of its capabilities, which offer
significant advantages over the traditional design methods. The main advantages of
CAD can be identified: CAD can produce graphical representations of objects with
highly complex geometries. It provides designers with the ability to specify more
accurately the necessary clearance and tolerance of these objects. CAD also has the
ability to perform sophisticated engineering analysis by such powerful techniques as
the finite element analysis method and to present the results in comprehensive

graphical forms. Many commercial CAD packages can perform various degrees of
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design optimisation involving hundreds of design variables and constraints, such as
weight, volume, space, material specification and costs. Other optimisations, such as
optimisation of the methods of production, can also be tackled.

Substantial benefits to designers and engineers are provided by applying the CAD
technology in industry. CAD can enhance the quality of engineering design with
excellent graphical representation of product geometries and production drawings, and
raise their efficiency with effective computer algorithms. Since most CAD systems
have individual databases, they offer great flexibility and economy in the management
of design data, which makes the modification of existing designs easy. With
increasingly available computer power, a CAD system can solve complicated design
problems involving hundreds of variables, which would be difficult or impossible if
analysed manually.

Most of CAD systems today are restricted to the detail design phase in the whole
design process. Computer based support to embodiment and conceptual design is still
limited. The majority of CAD systems emphasise geometric modelling and product
visualisation, but offer limited functions for users to explore a wide range of design
issues. So Computer Aided Design is sometimes used synonymously for Computer
Aided Drafting, indicating that CAD is nothing more than an extension of the
traditional drawing board. To change this situation needs more understanding of
design as an intelligent behaviour and how this behaviour can be enhanced.

Some other approaches have been developed to improve the functionality of a
traditional CAD system. For example, Thornton stressed the fact that current CAD
systems do not support embodiment design because of lack of sufficient ways for
constraint satisfaction involved in embodiment design (Thomton, 1994). Erens

stressed that today's CAD systems are incapable of keeping different views of the
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product model consistent (Erens, 1993). The views that Erens mentioned are those of
sales and marketing, product engineering, assembly engineering, manufacturing
logistics and service, and design management. Van Houten regarded it as a
disadvantage of the current CAD systems, that a large number of and sometimes
illogically organised command sets only show too much of the CAD system's internal
structure but too little of the application domain (Houten, 1995). In (Shah, 1988) the
general mismatch between contemporary CAD/CAM/CAE software and engineering
tasks has been described.

In this thesis, it is proposed to consider computer enhanced design rather than
computer-aided design in order to overcome the existing limitations and connotations
of CAD. In this proposed new approach, the quality, value or extent of design must be
intensified, increased, and further improved in an enhancing process. In this process,
human intelligence and innovative ability and computational techniques are
collaboratively and naturally integrated rather than simply aided with the useful but
more limited meaning of help, assist or support for designers. And it is proposed to
alm at going beyond mere assistance that relies merely on geometric representations
of product data incapable of adapting, collaborating and leaming. In this approach,
design must be seen as part of a process and in a context and not just the description of

some artefact in isolation

2.3.2. Computer Aided Product Design Process

The use of CAD technologies in product design process leads to the advent of
computer aided product design. Figure.2.7a shows a typical traditional CAD process

of a product design. Based on the design specification given by a designer, the parts
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and components are built as the combination of some primitives, which are basic
design elements provided by the CAD system. The assembled product model consists
of these components. This figure describes a step-by-step linear sequence of the
product design. During this design process, if the user or designer wants to change a
little bit of his design requirements or modify part of the developed design, he/she
needs to restart the whole developing process from the very beginning.

The introduction of parametric design has improved this problem partially, as
shown in Figure 2.7b. Here, varied components can be obtained through the
adjustment of the determined parameters separately, and meanwhile, varied designs
can be generated based on different chosen components. In other words, since the
design is parametric, any edition or modifications made to a drawing can be reflected

in the assembly and components after regeneration, and vice versa.

Fig 2.7, {a) A traditional CAD process
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Fig 2.7. (b) A parametric CAD process
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Even with this improved capability, a CAD system is still mainly used as a
drafting, drawing or visualisation tool. Parametric technology still cannot provide
support to concept exploration at the early stage of the design process. The generative

and evolutionary design process developed in this thesis aims at overcoming this
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problem. The generative and evolutionary design process is based on the evolutionary
development of populations of design proposals, while traditional CAD process is
based on taking a single design concept for modifying and analysing as the design
process progresses. The use of evolutionary computation techniques makes it possible
for the computer to play a more fundamental role in the design process in which
design parameters can be altered by the computer program. The computer is used in a
generative and evolutionary process more than just a drafting tool or an analysing tool.
The software provides more wholesome support to designers by combining,

reconfiguring and modifying the key aspects of a design.

2.4. Design Representation Methods

In the last decade, the following representation methods have dominated the
development of CAD systems,

« Geometric representation,

+ Feature based modelling,

+ Parametric technology, and

» Knowledge based representation.

2.4.1. Surface and Solid Modelling

Geometrically representing a design object and visualising it in computers for the
purpose of drafting was the main aim of early CAD systems. Techniques for this
purpose has been classified as wireframe modelling, surface modelling and solid

modelling (Rooney, 1997). Wireframe is the simplest modelling technique and also
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the most commonly used technique. All the early CAD/CAM systems were
wireframe-based. Surface modelling, which is more complete and less ambiguous than
wireframe modelling, is an extension to wireframe modelling, with richer associated
geometric information. Solid modelling, which is based on informationally complete,
valid, and unambiguous representation of solid objects, is generally better than
wireframe and surface modelling techniques. Solid modelling technique has been
acknowledged as the technological solution to automating and integrating design and
manufacturing functions.

Furthermore, there are three dominant representations in solid modelling. These
are Constructive Solid Geometry (CSG), Boundary representation (Brep) and Spatial
Subdivision. These three models have served as the basis for the development of
several major CAD systems but their uses have been limited to drafting purposes.
Since they cannot provide adequate means of dealing with functionality either at the
level of representation or at the level of providing efficient mechanisms to extract and
manipulate such functionality from the geometric and topological representation they
use internally (Foley, 1990 and Rooney, 1997).

For product design both surface modelling and solid modelling techniques are
needed in order to model and visualise the design objects generated. Many CAD
systems such as ProE and MicroStation have such techniques available but combining
these techniques with a representation for functional components with program
controllable design variables, parameters, constraints and configuration rules is not
straightforward. To develop a generative and evolutionary design system capable of
reasoning about and manipulating 3D solid objects is therefore a challenge task for
automating part of the product data modelling process and design concept generating

process. Therefore, geometric representations, no matter how sophisticated or
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completed they may appear in mathematics, they are not effective in formulating the
design process and supporting design tasks at a conceptual level at which detailed

geometric information has not been completely defined.

2.4.2. Feature Based Modelling

In CAD systems aimed at supporting engineering design, features are considered as
the smatlest elements which posses explicit engineering meaning. There are numerous
definitions for features in the literature. For example, Shah pointed out that “features
encapsulate the engineering significance of portions of the geometry of a component
or assembly, and, as such, are important in product design, preduct definition, and
reasoning, for a variety of applications.” (Shah, 1991). Wierda proposed a general
definition of feature, i.e., “A feature is a partial form or a product characteristic that is
considered as a unit and that has a semantic meaning in design, process planning,
manufacture, cost estimation or other engineering discipline.” (Wierda, 1990)

Much research has been done on the taxonomy of design features according to
different design aims. A feature-based representation of a thin-walled component is
shown in Figure 2.8. The set of design features for a thin-walled component can be
expressed as a hierarchy in which primitives, add-ons, intersections, and macros
define the top level. Primitive features are the building blocks of the component. They
are comnected together by intersecting features. Add-ons provide local shape
modifications to the primitives. Macro features are pre-specified combinations of the

other features, such as U-channels and boxes.
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Fig 2.8. Design with features hierarchy. (redrawn from Rosen, 1593)

However in an application in a specific design domain, a strategy is needed in order to
work out a feature hierarchy with which specific components can be instantiated using
the feature operations available in a CAD system such as extrusion, revolving,
sweeping, and a combination of these operations. In order to make use of the existing
feature-based modelling techniques at a programming level for the development of a
generative and evolutionary system, an additional representation is needed in order to
utilise features and their operations in a hierarchical way. In this thesis, a strategy for
building a feature hierarchy is to pre-specify the appropriate top levels of the
hierarchy, then provide several feature classes under these levels. The detailed

representation utilising features will be explained in more detail in Chapter 4.

2.4.3. Parametric Technology

In parametric design, designs are modified following the change of the values of
defined parameters. Initially, parametric design referred to the use of parameters for
geometric definition and it generalised its meaning gradually. Monedero presented a

summary of different applications of parametric design in architecture, and he
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classified these applications as five types of parametric designs: Variant
programming, History based constraint modeliers, Variation design, Rule-based
variants, and Parametric feature-based design (Monedero, 2000).

Parameters involved in the representation may not necessarily be limited to
geometric variables only any more but may also include other variable features.
Richard Wittenoom defines general case parametrics as “parametrics which includes
but is not limited to geometrically founded parametrics and which may define abstract
concepts or processes involving changes in model state and model
topology™(Wittenoom, 1999). In this way, a generalised parametric representation can
be obtained. And then its further improvement results in the parametric feature based

design.

2.4.4. Knowledge Based Modelling

Regardless of how features are defined and how features are applied, it is important
that features should capture the designer’s intent and represent the engineering
meaning of geometry of a component or assembly. So features are proper objects for
engineering evaluation since they reflect manufacturability. Besides these, a more
detailed description of a product should include information about its ergonomic and
aesthetic consideration, which means that more knowledge about design data as well
as design process must be involved. For this, knowledge based or rule-based
representations have been developed (Smithers et al, 1990).

A representation termed design prototype was brought forward by Frazer and Gero,
which brought together all the requisite knowledge appropriate to a specific design
situation or a task. (Frazer, 1987 and Gero, 1990.). This approach classified design

attributes into three categories and has been successfully used in many architecture
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design applications. These three categories are functional, behavioural, and structural.
Later Maher (Maher, 1994) added an additional category, i.e., relational attribute.
Functional attributes are those that represent the intended purpose of the design.
Behavioural attributes represent the response of the design to its environment.
Structural attributes are physical features of a design. Finally, relational attributes
represent relationships among design cases, or between design cases and general

concepts.

2.4.5. Limitations of the Current Representations

The above discussed ways of representing objects in CAD systems have been largely
based on the need to be able to quickly translate a representation into a screen image
or a drawing. They have a common limitation, that is, at present, computer modelling
tends to occur after a design is substantially complete but with only minor
modifications. Once the model has been loaded into the computer, there are only
certain kinds of alteration that can easily be made. Despite the advantages claimed by
CAD system providers, the truth is that it is generally not easy to make changes, at
least not of the kind that would help to develop alternatives strategies or alternative
solutions,

Furthermore, the features available in present CAD systems are usually predefined
within the systems, allowing the end user only to change the parameters of the
features, as in parametric feature-based design. These parametrically modifiable
features are sometimes referred to as user defined features. The term user-defined
features is somewhat confusing as only the feature geometry can be user defined, and
not the topology and other non-geometry related characteristics of the feature. For a

lot of applications it is, however, necessary to define one's own application dependent
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features. These features should be application specific both geometrically and
topologically, including the non-shape related aspects. And now the object-oriented
technology provides the possibility of programming new features, but it can also be a
tedious job although the possibilities of feature definition are generally better than in

most traditional CAD systems.

2.5. Design For Manufacturability

2.5.1. The Concept of DFM

It is a commonly accepted view that the design of any commercial product is a
compromise between conflicting goals. The most common and important conflict is
the one between the cost of meeting the customers’ various performance criteria, the
price that customers are willing to pay for that performance, and the price of rival
products (Baxter, 1995). The two phases in the product life cycle where most of the
costs are incurred are in the development phase and volume manufacture phase. Both
of these must be controlled in order to reduce costs. However, it is during the design
phase that the basic costs are determined, by good or bad design decisions. It is in the
manufacturing process that the possible cost savings due to good design can be
realised.

Traditionally, design and manufacturing activities took place sequentially rather
than concurrently or simultancously. This separation of design and manufacturing
usually produces manufactured goods with higher production costs than necessary. In
this approach manufacturing engineers were given detailed specification of a product
and were asked to make it. They often encountered difficulties because the designers

or the product engineers did not anticipate the production problems. Although a
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complete integration of design and manufacturing has not been achieved yet, the
increasing use of computers in engineering has decreased the gap between the two.
Through the use of computers, design and manufacturing information can be
accessed relatively easily applied to new designs so that when a part is designed it not
only provides a set of functions but also presents as few manufacturing problems as
possible. This introduced the concept of “Design for Manufacturability”. In this
approach, manufacturing requirements are well considered in advance at the design
stage. The DFM approach aims at improving all the processes related to the
production of a product, ranging from conceptual design to manufacturing. These
ideas have led to the development of methods and computer systems that can help
designers to design products that are functionally correct and at the same time easy to

manufacture.

2.5.2. DFM at Conceptual Design Stage

At the highest level of the design process, conceptual design is defined as searching
across an ill-defined space of possible solutions using approximate objective functions
and value concepts of the structure of the final solution. As artificial intelligence
views of conceptual design, “conceptual design takes the statement of the design
problem and generates broad solutions.” (Brown, 2000). Also, conceptual design is
called preliminary design or functional design (Baxter, 1995.). At the conceptual
design stage, designers deal not only with aesthetic issues, such as styling, but also
with practical issues such as simulation and industrial design for manufacturability.
Conceptual design requires processing information from diverse sources in order to

define the functional requirements, operating constraints, and evaluation criteria
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pertinent to accomplishing a prescribed goal. Furthermore regardless of how
manufacturing is to be done, designers need information that allows them to decide
the optimum geometries and shapes for the processes. They may also need advice on
the geometrical limitations of a process. If this information is not available at the
conceptual design stage, the resulting component may be impossible or costly to
make.

Theoretically, design for manufacturability involves considering manufacturing
constraints throughout the design process, as shown in Figure 2.9. It starts at the
conceptual dzsign stage and continues through the embodiment and detailed design
stages. Different companies have tried a variety of approaches to implement the DEM
methodology. With the advent and popularity of various CAD tools, there is
increasing interest in supporting DFM through intelligent CAD systems (Gupta,

1994).
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Fig 2.9. Design for Manufacturability. (from Gupta, S. K. 1994)

The DFM considerations differ dramatically in detail within different
manufacturing technologies, since certain DFM considerations are composed by the

specific manufacturing process involved. In this thesis, consumer product design is

Page 35



Chapter 2 Review of related work

selected as the application domain for which injection moulding is considered one of
the major manufacturing methods for the design examples used to test the developed
system. DFM considerations considered in the computer model developed in this
thesis include varied constraints of design and manufacturing guidelines and rules of
the proposed certain manufacturing methods, and specifically the carly anticipation of

manufacturing problems at the conceptual stage of the design process.

2.6. Genetic Algorithms

2.6.1. Overview of Genetic Algorithms

During the last three decades there has been a growing interest in algorithms that rely
on analogies to natural processes. The emergence of parallel computers with massive
process power made these algorithms of practical interest. The best-known algorithms
included:
» Evolutionary Programming,
« Genetic Algorithms,
» Evolutionary Strategies,
» Simulated Annealing, and
o Classifier Systems.

In the book (Michalewicz, 1992), a term “evolutionary program” is used to define
a subclass of algorithms, those which are based on the principle of evolution, survival
of the fittest. Correspondingly, Bentley (Bentley, 1999) classified these algorithms as
evolutionary algorithms. In such algorithms a population of individuals, the potential
solutions, undergoes a sequence of transformations using the mutation and crossover

operators. These individuals strive for survival: a selection scheme, biased towards
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fitter individuals, selects the next generation. After some number of generations, the
program converges guided by selection based on the predefined fitness function or
diverges with random selection.

In general, Genetic Algorithms demonstrate the basic principle of these
algorithms. And they are the best known and the most widely used evolutionary
techniques (Holland, 1975 and Davis, 1991). They resemble natural evolution more
closely than many other approaches because they are based on the mechanics of
natural selection and natural genetics. Universal Darwinism suggests that natural
evolution acts through selection, transmission and variation {Dawkins, 1983).

The basic concept of a Genetic Algorithm is to encode a potential solution to a
problem as a series of parameters. The coded parameters are normally referred to as
genes, with the values of a gene as alleles. A collection of genes in one individual
population is held internally in a computer system as a string, and is often referred to
as a chromosome. The entire coded parameter set of an individual, which may be
anything from a single gene to a number of chromosomes, is known as the genotype,
while the outcome that the coded parameters define is known as the phenotype.

In the first population, candidate solutions are created initially with random
parameter values. These solutions are bred with each other for several simulated
generations under the principle of survival of the fittest, which means the probability,
that an individual solution may pass on. Some of its parameter values to subsequent
children are directly related to the fitness of individual, for example, how well that a
solution is relative to the others in the population is determined by the fitness function.
At this point a Genetic Algorithm can start generating new populations. Breeding
takes place through the use of operators such as crossover, which simulates basic

biological cross-fertilisation, and mutation that is essentially the introduction of noise.
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The simple application of these operators with a reasonable selection mechanism has
produced startlingly good results over a wide range of problems.

A simple Genetic Algorithm works as follows:

{
Initialize population;
Evaluate population;
While TerminationCriteriaNotSatisfied

{

Select parents for reproduction;
Perform recombination/crossover and mutation;
Evaluate population;
}
}

Genetic Algorithms differ from traditional optimisation algorithms in four ways
{Goldberg, 1989):

+ GAs usually work with a coding of the parameter set, not the parameters
themselves,

» GAs search from a population of alternatives, not a single individual,

» GAs use payoff (objective function) information, not derivatives or other auxiliary
knowledge, and

« GAs use probabilistic transition rules, not deterministic rules.

In detail: first, Genetic algorithms manipulate decision or control variable
representations at the string level to exploit similarities among high performance
strings. Other methods usually deal with functions and their control variables directly.
Because genetic algorithms operate at the coding level, they are difficult to fool even
when the function may be difficult for traditional schemes. Second, through working
from a population, the probability of reaching a false peak is reduced by GAs. In this
way, GAs find safety in numbers. Third, Genetic algorithms achieve much of their

expansion by ignoring information except that conceming payoff. While other
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methods rely heavily on such information and in problems where the necessary
information is not available or difficult to obtain, such as some design problems, these
other techniques break down. Genetic algorithms process similarities in the underlying
coding together with information ranking the structures according to their survival
capability in the cument environment. By exploiting such widely available
information, GAs may be applied to virtually any problem. Fourth, the transition rules
of genetic algorithms are stochastic, while many other methods have deterministic

transition rules. GAs use random choice to guide a highly exploitative search.

2.6.2. Application of Genetic Algorithms

One of the regions in which Genetic Algorithms perform well is optimisation and
many results have been reported in the last ten or fifteen years (Holland, 1992 and
Goldberg, 1994). Different problems in different areas have had solutions successfully
optimised by GAs and design problem is one of common problem areas to use GAs as
2 way of optimisation. In his thesis, Bentley gave a detailed list of design related
optimisation problems tackled by GAs (Bentley, 1996). Frazer claimed Genetic
Algonthms as powerful generative and adaptive techniques applicable to computer
aided architecture design (Frazer, 1995).

The application of Genetic Algorithms to product design has been limited as a
result of a lack of research on how to associate 3D design problems with the
generative power of Genetic Algorithms. Also a wide variety of knowledge and
information required by a product design at the early creative state of the design
process is difficult to formulate in a computer system. This kind of knowledge and

information are related to the definition or description of the function, shape,
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ergonomics, environmental impact of a product, and so on. The design of a product
first requires a clear understanding of the functions and the performance expected of
that product. Strategically, reaching a target can be seen as a two-stage process.
This is, thinking of the possible ways in which the target might be reached and
selecting the best of these possibilities. Here in practice, this means that creative
idea generation is followed by systematic idea selection using the design
specification as the basis, and later in the design process, selecting the best
embodiment design for a product involves the same process. That s, thinking of the
possible ways in which the product could be made and then choosing the best from
them. The same cycle repeats itself throughout product development, operating
within the progressively narrower boundaries established during the previous stage
of the product.

There are three essential design activities at any stage of the design process:
generation, evaluation and selection. Searching techniques are involved in all these
activities. Genetic Algorithms are suitable to support all these activities. To apply
Genetic Algorithms to the product design process, there are two major significant
issues based on the feature of the algorithm itseif as described above in the difference
between GA and other traditional optimisation techniques. First, the GA does not
search from one single point, but from a population of points. As a result the results
generated at one generation is not a single design but a population of design
alternatives. The evolutionary process is, at any one time, considering the whole
populations of proposals for a given design problem. Second, the GA uses stochastic
reproduction instead of deterministic rules. Through the random choice, an
exploitative search will be guided so that sometimes the unexpected or innovative

results will emerge.
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2.7. Evolutionary Design

Evolutionary design is an approach that utilises different evolutionary computation
techniques in various different design domains. The strength of evolutionary design
comes from the observation that controlled evolution can be formulated as a general
purposed problem solver with the ability similar to human design intelligence but with
a magnitude of speed and efficiency. Traditional Al methods such as rule-based
reasoning have to model design intelligence explicitly in terms of knowledge both in
representation and inference. These methods have serious drawbacks because the
process of how human designers actually use this kind of knowledge is not necessarily
fully understood.

Evolutionary design is classified into four categories by Bentley (Bentley, 1999):

+ evolutionary design optimisation, which is concerned with optimising existing
designs by evolving the values of suitably constrained design parameters;

+ creative evolutionary design, which generates entirely new designs from little
abstract knowledge to satisfy functional requirements;

+ conceptual evolutionary design, which deals with the production of high level
conceptual frameworks of preliminary designs; and

+ generative evolutionary design, which directly produces forms of designs
contributing to the emergence of implicit design concepts.

These evolutionary design approaches combine several vital aspects of design
intelligence in an evolutionary process including modelling design data and
information, concept formation, idea generation, optimisation, learning, and
evaluation. Once a design problem is properly formulated in this evolutionary process,

the computer is able to generate a large number of candidate solutions before reaching
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an optimum one. The candidate solutions are sometime unpredictable but the process
and the final outcome are manageable by the designers.

Evolutionary design extends and combines CAD with analysis software. It
borrows ideas from natural evolution. Therefore this paradigm has excellent potential
for developing more intelligent design support tools. For example, Frazer used
Genetic Algorithms in his evolutionary architectural design to evolve unpredicted
forms of architectures and their possible interactions with the environments (Frazer
1995, 1996 and 1997). Chakrabarti developed a functional synthesis program that
generates a large number of abstract design concepts from functional requirements
and abstract building blocks of engineering elements (Chakrabarti et al., 1996).
Thornton utilised Genetic Algorithms as constraint management tools in the process
of embodiment design (Thornton, 1994),

However, the development of evolutionary design tools is at its early stage. So
far, many Genetic Algorithms have been used and tested only in design problems of
small scale. A theoretical understanding of evolutionary design and its applications in
design process is necessary. A computational model is needed in order to formulate
product evolution processes in which Genetic Algorithms can be used as general
purposed problem solvers. In an automated and evolutionary computational process,
the role of designers in relation to creative decision-making needs to be strengthened
rather than weakened. In this sense, evolutionary design techniques as general
purposed problem solvers or design support tools need to be integrated with
knowledge-based design techniques in order to reflect the expertise of designers and

experience in automated generative processes.
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2.8. The Generative and Evolutionary Design Process

Theories and methodologies have been developed in Artificial Intelligence (AI) and
Evolutionary Design for automatic generation of design concepts and intelligent
search for design alternatives. These theories and methodologies are referred to as
generative and evolutionary computation design techniques. They can be used by
designers in the areas of architectural and engincering design to synthesise initial
design concepts from functional design requirements. They can also be used for the
exploration and optimisation of the initial concepts in order to generate alternative
design solutions. The main advantage of using these techniques is to enable the
designers to concentrate on the more creative aspects of the design while utilising
massive computing power for generating and evolving candidate solutions.

Based on the theory of GAs, a generative and evolutionary process can be defined
as consisting of four main phases (Frazer, 2001):

« start,

L ]

generate,

*

develop, and

« transform.

As shown in Figure 2.10. First, the problem needs some form of generic
representation and then this representation needs to be described in a genetic code.
Second, a population of code scripts needs be created. Third, designs are then
gencrated from the genetic code scripts through some form of epigenetic development
in an environment. These designs are evaluated and those most successful ones are
selected. Fourth, the selected code scripts are transformed by reproduction operators

such as crossover and mutation. The process is then repeated from step two till
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satisfactory results are achieved. This generative and evolutionary process forms the
core mechanism of the generative and evolutionary design system developed in this
thesis for which more detailed descriptions will be given in later chapters. While this
generative evolutionary process is originated from the architecture design field, it can
be applied to product design by adding domain and context dependent design

knowledge.

Start:

- define representation and rules

- define development environment
- create initial population

Generate:

- implant code script in environment
- generate design scheras

- create design population

-

Development:

- deploy designs in environment
- evaluate designs

- select more promising designs

L

Transform:
- retrieve codescript of promising designs
- ¢reate new codescript population

=1

Fig 2.10. A diagram of the generative evolutionary process.
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2.9. Summary

Based on the review, it can be concluded that the issues of how to model product
design as an evolutionary process and the method for computational representations
and inferencing mechanisms in such an evolutionary process to deal with shape
constraints imposed by certain manufacturing processes must be addressed. So far a
generative and evolutionary design system using Genetic Algorithms in product
design process with manufacturing considerations does not exist. This provides an
opportunity for the development of a system capable of generating potential product
designs with DFM considerations. The remaining chapters present how such a system

is developed and tested.
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Chapter 3

3. A Generative and Evolutionary Product Design System

In this chapter, a computational model of an automated generative and evolutionary
product design system is proposed. This model is described in this chapter in a more
general design context, rather than in a specific domain of implementation. The
structure, the main elements and features of the system developed in this thesis are

described.

3.1. The Proposed System Model.

The generarive evolutionary desien process:

Design &
Manufacturing
Knowledge
./ \ G4 pased meyrlad process
Primitives Rudiments Formatives
\ _

% — Preduction
. Product Designg / prototype
Design LW
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Fig 3.1. The generative and evolutionary praduct design process based on CAD systems

Based on the computational model of a generative and evolutionary design process
mtroduced in the preceding chapter, a prototype system has been developed. Figure
3.1 illustrates schematically this generative and evolutionary product design process.
Comparing to the traditional and parametric CAD approaches illustrated in Figure 2.7
in Chapter 2, a significant point of this approach is that at the beginning of the design
process, an abstract generic design concept is considered without having to specify

many detailed parameters to define the design problem. Then during the generative
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and evolutionary process more specific and desired designs can be developed from
this generic concept. More detailed explanation on its composition items will be given

later.

Initiallse design

Define representation, rules and
design knowledge and create the
encoded design population

l Modeling displﬂ:—

design proposal generating stage:

Generate design
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retrieve coded designs and create
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Qutput designs

Refine design results
through other tools

L

Fig 3.2. The program structure of the generative and evolutionary process

As shown in Figure 3.2, a generative and evolutionary product design process
consists of two cyclically linked stages - the design proposal generating stage and
design developmental stage. At the beginning of this cycle, an initial population of an
abstract design that embodies the potential for evolution of the fill design must be
created first. This requires an environment in which these initial populations can be
specified and associated with those rules to be invoked to infer on the initial
populations represented as code scripts. These code scripts are encoded strings that
can be manipulated by a genetic algorithm. Usually, this initial population can be

generated randomly, although code scripts can be specified in order to predispose the
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system to the creation of certain types of schemas. During this process, computer
modelling is used to simulate the development of prototypical forms, which are then
evaluated on the basis of their performance in the simulated environment within the
evolutionary cycle.

During the first stage of this evolutionary cycle, the design proposal generating
process generates each potential design from its associated code script in response to a
simulated design scope and context in which the intended design is expected to
perform. Such a proposal-generating step is crucial for the overall generative and
evolutionary process to work. In this step design exploration task is supported by
automatically producing large numbers of meaningful design proposals. This is
achieved through the creation of rudiments and formatives as shown in Figure 3.1. As
a general definition, a formative can be understood as an encapsulated design
proposal, which defines a set of entities with relationships, as well as the generative
rules involved during the generating process. A rudiment is a composition element of
the formative, which defines the set of entities and related design knowledge. More
detailed explanation on these will be given later in this chapter.

During the second stage, the design development process, the system develops
those promising designs through the evaluation/selection, transformation and
reproduction of the existing design populations. Evaluation/selection, transformation
and reproduction are three core elements of the generative and evolutionary program
employing a Genetic Algorithm. This part of the process resembles the natural
evolution process of Darwinism, of which the selection, transmission and variation are
three main ingredients (Dawkins, 1983). Transformed from their code scripts, the
design proposals are illustrated and evaluated within a specified environment and

context, and the “good” or promising design proposals will have a higher opportunity
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to pass their code scripts to the next generation. Through this way, the principle of
“the survival of the fittest” during an evolutionary process is implemented. The
evaluation of the design proposals can be made by evaluation algorithms
automatically (referred to as the natural selection) or human user decision (referred to
as the artificial selection). New design proposal inherits features of previous design
proposals through the reproduction of code script information by crossover. Each
population of design proposal contains a small amount of variations due to random
mutations in the reproduction of code script information. Then at this point, based on
the new design proposals generated, the evolutionary cycle starts again, which only
stops when all requirements are satisfied or through the intervention by users.

To sum up, when creating a computational model of a generative and
evolutionary process and applying it to any new applications, several main elements
must be considered. First, the representation of design proposals with associated
generative rules must be specified and devised. Second, encoded scripts of these
design proposals, which can be manipulated by GA, must be defined. Third, the
transformation and reproduction operators to be employed during this approach must
be determined. Additionally, the fitness function must be decided to allow the
evaluation of potential solutions by the GA program. DFM considerations are
integrated into this process and made effective throughout in two ways, ie., as
knowledge and rules that can be built into rudiments and formatives, and as

specifications interactive supplied by users as the selection and evaluation criteria.
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3.2. The Design Representation

3.2.1. Formative - A Design Schema

According to the application of evolutionary program and the application of GA to
any practical usage, the representation of the proposed design problem is the most
fundamental and important element. The term, design schema, is first used by Frazer
to describe an encapsulated design concept in evolutionary architecture design. In
1966, Frazer proposed a “Concept Seeding” model as a primitive description, which
encapsulated not only robustness but also a complete design concept. It was
subsequently referred to as an encapsulated “design schema” (Frazer, 1975). The
example he developed next gave “seeds” for development into space frame structures
but with a clear design schema and with intrinsic rules which guaranteed closure and
structural mtegrity.

Amongst the advantages of such an approach was the rapid and semi-automatic
development of the seed to a completed form analogous to the growth of an oak tree
from an acom. This opened the possibility of a cyclical approach where the seed and
the rules for development could both be improved in an iterative manner. This
approach was demonstrated 1o be particularly well suited to the application of that
uses the genetic algorithm as a direct analogy with the evolutionary processes of
nature. (Frazer, 1995 and Sun, 2000). Frazer recently further elaborated the definition
of a design schema and he stated {Frazer 2001):

“Most designers employ a methodology highly personalised yet can often be generic
when the designer’s body of work is taken as a whole. It is part of their working
method and hence characterises their style by which they are known...... , This
personalised but generic methodology can be described as a design schema in that it is
an abstract conception of what is common to all designs. Inside the designer’s office,

these implicit design-schemas often become formalised. It is common to find sets of
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standard details in architects’ offices that serve to economise in time, ensure details
are well tested, but also to ensure a consistency of detailing and to reinforce the house
style. In many offices this extends to design procedures, approaches to organisation
and so forth.”

In this thesis, this term of design schema is borrowed here and extended further
which leads to the new term Formative used in this thesis. As stated before, a
formative, by definition, is an encapsulated potential design solution, which defines a
set of entities and relations, as well as the generative rules involved during the
generating process. A rudiment is a composition element of the formative, which
defines the set of entities and related design knowledge (Frazer, 2000). In the domain
of product design, a potential product design solution corresponds to a formative and
it contains the constitutional parts of a product structure, the relationship of these
parts, and the configuration rules to build the product embodiment. Figure 3.3 shows
the schematic rudiments and formatives developed. Based on the basic product
elements, i.e., the primitives, the rudiments can be represented by the combination of
them. In the existing CAD systems, the primitives are the geometrical forms and
structures. For example in MicroStation, the block, sphere, cylinder etc. are 3D
primitives with specified geometry. The rudiments in this approach are the
composition of these primitives with associated product feature attributes. Then in the
product design domain, they define functional components with related design
knowledge, for example, the knowledge about manufacturability. And a formative
encapsulates a set of rudiments with their relationships, as well as the product
configuration rules that can be used to configure them into a more complex
component or an assembly. These rules are invoked during the design generating

process.
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Fig 3.3. The schematic rudiments and formatives based on existing CAD systems
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In the system developed, the representation of the formative consists of the
functional component classes and associated product configuration rules. The
representation of the functional component class is defined using constructive
parametric representation. This representation combines methods from feature-based
representation, parametric design and existing CAD modelling representation. In this
representation, a product has a hierarchical structure derived from its functional
decomposition. A functional component class consists of primitive entities, i.e., the
rudiments. A rudiment is different from a primitive in that it is developed primitives
and it has variables representing geometrical features as well as other associated
attributes. The product configuration rules are represented by a structured grammar,
which specifies how these primitive entities are to be assembled to form a formative.

For the system implementation presented in this thesis, only the representation of
the functional component class is encoded as code scripts for the GA program. The
configuration rules, which can also be encoded and manipulated by a GA, have not
been integrated. Instead these are generated and modified manually. Through this
representation method, a generic model of the representation of a product group can

be built.
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3.2.2. Encoded Formative and the Code Scripts

The evolutionary algorithm in this system does not directly manipulate a formative.
Only the encoded formative in the form of code scripts represented in a computer
program as strings, are actually modified by the genetic operators of the GA. Each
code script represents a potential design solution and composes one of the
chromosomes in a population of GA, and it is also named as genotype in SGA
(Goldberg, 1989). In this system, every code script or a chromosome is arranged in a
hierarchy consisting of multiple pieces of genes, each gene being defined by float
values, as shown in Figure 3.4. This arrangement is corresponding to the structural

representation used to define a formative.

FAlDf values HFAIDI values ILFA[DI vailues ’---

Fig 3.4, The multi-levels of the genotype representation

As shown in the figure above, a product structure has three levels. The top level
is the product structure consisting of a number of Functional Components (FC;}. Each
component chromosome is the combination of a selected set of Feature Attributes
(FAj), at the second level. In the figure, FCID and FAID are the abbreviation of
IDentity numbers of the Functional Component and Feature Attributes, which are used
here just for clear explanation but are not included in genotype representation. The
value of each attribute is encoded into the genotype based on the same mechanism at

the third level and a genotype will consist of a string of basic genes. Based on this
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hierarchical product structure, the corresponding code scripts also have a hierarchical
structure, which forms the chromosome of GA. The encode mechanism and examples
will be illustrated in chapter 5 in detail. The length of a chromosome in the GA
program may be varied because different number or different types of functional

components can be selecied.

3.3. GA in the GEvoPD System

3.3.1. Genetic Algorithms

Genetic Algorithms are used as an engine mechanism in the evolutionary and
generative process proposed, as shown in Figure 3.5. To build a successful GA
program, appropriate data structures that correspond to the chromosome
representation, should be used together with appropriate algorithms that correspond to

“genetic” operators used for transforming one or more individual chromosomes.

Evaluation and
Selection
Crossove
Product - & Mutate
structure
Initial design . Genetic Mapping to | Complete shape with
requirements .| Algerithms | Population of detailed features
Parameterisatian
Initia! design ||
knowledge

Fig 3.5. GA based evolutionary process

The genetic algorithm used in system is an improved one based on the SGA
(Goldberg, 1989). The genetic operators, the crossover and mutation adopted in this
approach are similar to that of SGA, but with several improvements based on the

consideration of product design. These improvements are highlighted below:
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» Initialisation: In this approach, the values of genes are specified within the
variable bound. It also initialises (to zero) all fitness values for each member of the
population. The initialisation procedure in the system reads upper and lower
bounds of each variable from an initialisation file, which can be input in advance
by users. And it then randomly generates values between these bounds for each
gene of each genotype in the population. Here, a gene of the chromosome
represents one design variable.

» Keep-the-best function: This function developed in the program keeps track of the
best member of the population. And the last entry in the array of population holds

a copy of the best individual of this generation.

3.3.2. Evaluation and Selection

As described in the preceding paragraph, the fitness function of the GA must be
created to allow the evaluation of potential solutions of the problem. In this approach,
the evaluation of designs is carried out by interpreting the generated design solution,
and determining its behaviour according to a set of behavioural requirements
formulated from the design requirements. The evaluation of the fitness of a design is a
multiobjective problem. In this system, a multiobjective function is used to state the

fitness function:

T

F = YK *f

i=0
In this equation, ; is the number of an evaluated item, X , 1s the weight to item i to
describe its importance among all items, and f: are the defined sub functions. Some

subjective information like aesthetic, ergonomic considerations and manufacturing
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constraints are formulised as the sub-functions #, at this stage and a designer can give

weights to each evaluated item through the system interface (Sun, 2000a and 2000b).

In design, some of these sub-problems are well defined, as in engineering or
other traditional optimisation problems, while others maybe not quite well defined or
even ill-defined at the early stage. Then besides the selection based on the evaluation
functions, artificial selections by the user are also supported in this approach, which
means that during the design development process a designer or user can credit his/her
favoured designs and thus guide system to evolve the promising designs.

Artificial selection can be a useful means for dealing with ill-defined selection
criteria, particularly user centred concemns. These are usunally difficult to formulate in
quantitative forms before any potential solutions are emerged. However during the
evolutionary process, a designer or a user might be stimulated by initial resuits
generated by the system. At any moment when a designer or a user sees something
different emerging, he/she may be able to use his/her intuition to judge what kind of
designs can be selected for reproduction. Therefore it provides designers with an
opportunity to use their experience and intuition to jump to faster results (Frazer,
1995). So this model provides for divergent evolution for the generation of alternative
ideas. This gives a matrix of four possible combinations of natural/artificial selection
and convergent/divergent evolution, as in Figure 3.6.(Dawkins 1986; Sims 1991;

Graham, Frazer, and Hull 1993,1995; Frazer 2001).

Convergent Divergent
evolution evolution
MNatural ® @
selection
Artificial
selection L ®

Fig 3.6.

Matrix of four possible evolutionary combinations
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3.4. Integration of DFM Considerations

During recent years, the application of computer aided design systems to improve
manufacturability is of ongoing interest in engineering design and imuch progress has
been made. For example, the integration of the design and manufacturing features
during the design process has been advocated and practised by many researchers.
(Salomons, 1993). Features as used in design can differ significantly from those used
in manufacture. The problem arising from this is sometimes referred to as the problem
of the multiple views of design features and manufacturing features. Figure 3.7 gives a
frequently quoted example of multiple views of design features and process planning
features in the case of a prismatic component. In this example, the designer would
prefer to design with protrusion features, the ribs, as these are functional to him. A
process planner would look at the material to be removed, the depressed feature is of
the most importance: in this case the slots and the step are seen separately. So an
integrated design and manufacture features are proposed to solve this problem.
(Salomons, 1995). In this developed system, an example of this integration can be
illustrated as below: when thinking about the button design of a keypad, on the one
hand it represents the form and size requirements on button shape design. On the other
hand, it represents the form, size and location of the Hole feature on the product
housing shell corresponding to this button during the manufacturing process. In this

way, these two are connected with each other consistently.
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Slots
Ribs

Step

Fig 3.7. An example of multiple views of design features and manufacture features.

Furthermore, to involve the advanced computer aided design technologies into this
field, the development of design for manufacture computer programs has also been
investigated. A most general approach of this development is that, the designer
provides a skeletal part based upon functional criteria and the computer system
modifies the design for manufacturability. While in this system, manufacturing
considerations and designer's experience are involved during the product design
process to produce both makeable parts and guarantee optimally mouldable designs in
the selected manufacturing method (in this cases injection moulding). Also in this
approach as shown in Figure 3.1, design and manufacturing knowledge defines varied
constraints of design and manufacturing guidelines and rules for the proposed
manufacturing method and specifically the early anticipation of manufacturing
problems at the conceptual stage of the design process. In this way, the DFM
considerations are formulated as knowledge at the early design stage and made effects
through the whole design process, which differentiate this approach with other
approaches, in order to achieve more efficiency and intelligent supporting function.

During the system implementation, the consumer electronic product design was
taken as an example and only injection moulding manufacturing method was
considered. The generic evolutionary product design process developed in this system
follows general manufacturability guidelines to avoid problems downstream in the
detail design process, but it is not concerned with detailed mould design.
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3.5. The Generative Systems

The system developed in this study is generative. The history of generative systems is
summarised by William Mitchell (Mitchell, 1997). After tracing back the use of
generative systems in architectural design, Mitchell outlined the concept of “shape
grammar” or elemental combinatorial system, which forms the essence of a generative
system. The term grammar in this sense was first mentioned by Chomsky (Chomsky,
1957) who applied it to natural language analysis. Now, a grammar is considered a
formal device consisting of a set of production rules, a set of symbols, and an initial
symbol or a symbo! set. Grammar rules can deduce an initial symbol into a set of
symbols, which together create a meaningful expression. Grammars exist in many
forms and are classified according to their productions and the symbols they
manipulate. Shape grammar and structure grammars are two of them.

Shape and structure grammars are computational formalisms for the representation
of shapes and spatial structures. These related methods have been used fairly wide in
architecture design for the development of formal approaches for producing designs in
specific styles. In the following sections, shape grammars and structured grammars

adopted in this study are discussed.

3.5.1. Shape Grammar

A shape grammar (Stiny, 1980a and 1980b) derives designs in the language it

specifies by successive application of shape transformation rules to some evolving

shapes, starting with an initial shape. It can be used to describe how a complex shape
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is built from simple entities and how a complex shape can be decomposed into simpler
sub shapes.

A shape grammar is made of four different components (Stiny, 1980a). First, the
grammar must have a finite set of shapes, which are the building blocks from which
other shapes can be constructed. Second, a finite set of symbols is required, which in
many cases can be regarded as markers or labels to indicate where shape rules are to
be applied to. Third, a set of rules to transform one shape and symbol to another is
included. Finally, the grammar requires an initial shape to start with. Figure 3.8
illustrates the components of a very simple shape grammar. And the generation of a

shape using this shape grammar in Figure 3.8 is shown in Figure 3.9.

e
D * U=

Initial Shape Symbol Rules Shape

Fig 3.8. Elements of a simple shape grammar. (redrawn from Stiny,1980)

> 7 7
Shap?nﬂc 1 Sha;?mls 1 ! Shap?rulu 2 < >
N/

Fig 3.9. Generation of shape using the shape grammar. (redrawn from Stiny, 1980)

Shape grammars have been successfully applied to generating permutations, which
are then used in spatial design in the field of architecture. Some related research can
be listed as, villas in the style of Palladio (Stiny and Mitchell, 1978), mughul gardens
(Stiny and Mitchell, 1980), prairie houses in the style of Frank Lloyd Wright (Koning
and Eizenberg, 1981), Greek meander patterns (Knight, 1980), suburban Queen Anne
houses (Flemming, 1987). More detailed description on shape grammar and examples
can be found in (Stiny, 1980a and 1980b). However, there has been a limited
application of shape grammars to engineering design. Fitzhorn (Fitzhorn, 1990 and
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1991) presented shape grammars for specifying the languages of realisable solids.
Reddy and Cagan (Reddy et al, 1995) and Fenves (Fenves, 1996) presented a
parametric shape grammar (an extension to shape grammar) for the design of truss
structures that uses the shape annealing technique of Cagan and Mitchell (Cagan et al.,
1993) to generate optimal truss structures.

Almost all these applications are limited to two-dimensional problems. Attempts
to develop shape grammars for surface generation have been made too. As shown in
recent literature, they have also been used in shape design of coffee machines
(Agarwal, 1998) and mechanical design (Schmidt, 1996). While the method still has
serious problems in the context of an automated product design system, the research

on this topic is still ongoeing.

3.5.2. Structure Grammar

Structure grammars are adaptations of shape grammars. There is an obvious difference
between these two: shape grammar combines shapes to create new forms without
apriori knowledge of the emergent outcome, while structure grammar specifies how a
set of primitives is assembled to achieve a predetermined goal. (Carlson and
Woodbury, 1990 and Wallace, 1991). For example, a structure grammar can be
written to combine elements to form human-like configuration, as shown in Figure

3.10.
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Structure Grammar for
human-like structure

Primitives A configuration

Fig 3.10. Example of a structure grammar.(redrawn from Carlson and Woodburg, 1990)

A good analogy for understanding structure grammar is to imagine a set of
primitives as characters in the alphabet. Rules of spelling are used to assembly the
letters into meaningful words or structures. This is a very useful way for describing
the spatial positioning of product compositional components, for example, a
specifying grammar for laying out a specified type of product, mobile phone. The
limitation of the method is its specificity. Different grammars will be required to
describe different objects.

In the example described above, which shows a grammar designed to create a
human being, a different grammar would be required to make cats, even though cats
and people are quite similar and both are vertebrates, with four appendages, a body,
and a head. But human being and cats own the different primitives as well as different
structures, so different grammars would be required. Similarly, it is necessary to
construct separate grammars for televisions and calculators, even though both are
electronic products with moulded housings. Structure grammar is therefore not
appropriated for the proposed system developed in this study due to this problem, But
based on its principle, a configuration grammar for a generic product model has been

developed.
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The configuration grammar used to represent the generative rules in this system is
a special kind of structure grammar. The problem mentioned above is overcome
through the definition of configuration rules associated with each functional
component class, The configuration rules of any proposed product design are a
combination of the rules of its functional component classes. This would allow the
system to design televisions, calculators, and new, yet unknown, types of products
using the same representation. Additionally even with the same functional component
classes selected, with the same configuration rules, the design results generated
through the generative and evolutionary process will still be diverse. This will be
further illustrated by the concrete experiments in Chapter 7. The developed system
can evolve designs only based on the supposing functional parts of the proposed
product, without knowing exactly what they are. Configuration rules developed in this
study are not encoded as genotype and manipulated by GA, they are built manually by
the user through a system interface combined with some rules and predefined design
knowledge. A sub-GA program can also be used to generate the configuration rules,

but this system did not implement this sub-GA program.

3.5.3. Morphoiogical Analogy

Analogy is a basic human reasoning process used in science, literature, art, education,
and politics. Analogies are abstractions, which contain information about the situation
they represent. The use of an analogy can provide a short cut in problem solving.
Problems can be solved through comparison to the analogy (Barr and Feigenbaum,
1981). Morphological analysis, an idea borrowed from Biology, provides a

straightforward method for the design and transferring of product surface styling and
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also product structure analogies. Morphology refers to the science of possible forms
and morphological analysis was devised by D’arcy Thompson (Bonner, 1961) to
evaluate the relateless of animal forms within a zoological class. By superimposing a
grid over animal skeletons and performing various transformations he was able to
assess evolutionary closeness, as illustrated in Figure 3.11. Morphological analysis
separates the unique description of a configuration from the infinite variations

possible through scaling or distortion (Steadman, 1983).

T
I
SIEUCLl
il

Fig 3.11. An application of morphological analogies

Using morphological analogy in design, we might consider two designed objects,
which have essentially different forms, but similar appearances, to be analogous
forms. In this system, the generated design alternatives can be further extended based
on the morphological analogy. For example, a personal digital assistant like product
can be also a weather clock with the similar appearance, having a display and some
functional keys on its main surface, but a different design purpose for the selected
functional component. This is very useful for the further refinement and exploration of

the generated design results of this system.
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3.6. Simple Examples of Generative Design Using GA

In this part, two examples of generative design using GA are presented. In these
examples, GA is used for design concept exploration and adaptation, different

representation methods are adopted according to different design problems.
3.6.1. A Generative Design of Enclosure Forms

In this example, an experiment on the form generation of a single component element,
the enclosure housing, was conducted. The shape generation process starts with a
basic shape unit, and new forms are obtained following the evolving generative rules.
The shape unit used here is a square and represented by four edge-vectors as shown in
Fig.3.12 (U0): Upgo=(1,90), Rightgo=(1,0), Downgo=(1,270), Leftgo=(1,180). When
two units joined to form a new one through the conjunction of negative edge vectors,
i.e., Upgo with Downgo or Rightgo with Lefigo, the conjoining of these vectors
results in an intemal edge which is invisible in the new shape. Shape generation
grammar introduced in this example is based on this single rule about the conjunction

of negative edge vectors. This is the single rule used in this example.

o =

Us(p) =( Us, Ro,Do ,Lo) St (g) =(R1La, D1 Uo, D Us, Sz (g} =(R1Lo, R1jLo, D1jUe
R3|Lo, L1Ro) DnUo, D3yjUo)
S1(p)=(U1,Uz,R(,R2,UN, R3,D1, Sz (p) =(U,Uz,Us,R1,R2, R3.Dn,
D2 D, Ly, Us, L2.D4,13) L1 L2.Dz Rs. D3 L3, La)

Fig 3.12. Symbolic version of the simplified genotype and phenotype representation.

Page 65



Chapter 3 A GEvoP Design svstem

To simplify the representation, the sequence of joined edges instead of rules is
coded as the genotype, and sequence of edge vectors describing the shape is coded as
phenotype in GA. Figure 3.12. shows the symbolic version of the genotype and
phenotype of another two generated shapes during the evolving process. Figure 3.13
shows some of the shape generation results with profile shapes on the left and simple
solids on the right using an extrusion solid modelling operation. The process of the
shape generation starts with the basic shape unit, and new forms are generated by
over-crossing the fitter ones of the previous generations following the rules for
evolving. Aesthetic factors of the smooth surface, the numbers of the angles and the
minimum perimeter of the profile are considered as the evaluation elements here.
Simple extrusion of a profile or sweeping along a skeleton line is chosen during the
visualisation process on the Microstation platform with Visual Basic programming

language.
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Fig 3.13. The generated shapes with profile on the left and simple solids on the right.

These results demonstrated that the algorithm works in real time for simple forms,
like a housing of a controller or any similar object. Then shapes of other component
elements of the product can be generated based on the same mechanism with different

evaluation conditions and design requirements in the evolutionary process. A
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hierarchical evolutionary approach can be derived from the hierarchical product
structure for the product representation. Then based on the hierarchy evolutionary
approach, new primitives can be obtained through the combination of evolving
processes at lower levels. In this example, the length of genotype is set to be constant
to simplify the process. With the extension of genotype, which means more rules are
included, more complex shapes with higher diversity can be obtained. All these
potentials and capability are further developed during this system development as

presented in this thesis.

3.6.2. The Generative Design of Glasses

In this example, the profile of a glass is selected as a design object. The GA
manipulates the co-ordinates of the control points on the profile. The control points
are introduced in the profile representation, and a control curve is described by
choosing several points on it, as showed in Figure 3.14 b. Curves are used to describe
a 2D-profile shape of the glass. The 3D shape is generated by revolving the profile
around a central axis. The co-ordinates of points, which define the location of each
point, are chosen as the characteristic parameters and encoded as the genotype. The
user can evaluate each individual and assign its fitness value, which will be used by
GA for selection. Some design results generated are shown in Figure 3.14 a.

This example was developed for a demonstration on the applicability of GA in
product design. And software program of this example was developed jointly with

another member, Mr. KwaiHung Chan, of the Design Technology Research Centre.
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Fig 3.14. (a) Some diverse resuits of the generative process.
Fig 3.14. (b} The profile curve with control points.
3.7. Summary

The generative evolutionary product design process developed in this thesis consists
of two cyclically linked stages, the design schema or proposal generating stage and the
design developmental stage. This chapter has given an overview of the system
prototype and outlined the main elements of the developed system. Each of the
elements of the system was identified and summarised briefly. These elements will be
fully explained in the remaining parts of this thesis when it comes to discuss the

details of system implementation and evaluation.
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Chapter 4

4. Product Design Representation

Design is a dynamic process, in which information is constantly reinterpreted and
restructured, especially in the early phases due to ill-defined problems and poorly
structured information. This makes modelling and representing design information
very hard, because any representation for design must be generic and flexible to
incorporate design data as well as design knowledge. Formalisation of design
knowledge in the representation to support decision making throughout the design
process for the exploration of design alternatives using evolutionary techniques is a
key issue addressed in this thesis. This requires that the representation adopted in this
approach must support not only a generative and evolutionary design process, but also
the performance analysis and manufacturability evaluation. Such a representation
should also be generic and elastic in order to model a wide range of product design
domains.

In order to apply genetic algorithms to the product design support system
developed in this thesis, a new representation scheme consisting of rudiment and
formative was developed. In this representation, functional components with features
and attributes as building blocks of design are defined in advance in a database as
rudiments. The formative, which is a potential product design can be created, by
combining functional components using their associated configuration rules. In
addition, this representation includes graphical interfaces to allow 3D visualisation,

simulation and integration with other 3D solid modelling systems.
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This chapter introduces this representation scheme by describing how the concept
of rudiment and formative were developed and what advantages it has in comparison
with other feature based or geometric representation schemes that have been

introduced in former chapters.

4.1. The Concept of Formative

As briefly introduced in the preceding chapters, a representation termed “design
schema” was developed by Frazer (Frazer, 1995) primarily for architecture design, but
the idea has not been tested in the domain of product design in which conflicting
requirements on the product functionality and form must be balanced for
manufacturability. The idea of design schema, though very successful in several
demonstrations, has not been formalised as a representation scheme within a
generative design support system framework. In this thesis, the basic idea of design
schema is further developed in the domain of product design and a new and more
generic representation called “Formative” representing an initial design concept is
proposed (Frazer, 2000).

To establish the concept of formative for product design, a generic product data
model needs to be defined for the specification and generation of design concepts
reflecting design intent. Here, the word “Formative” is used to describe this generic
product data model. A formative is an under-developed or immature structure of a
design with the potential for complex development. It includes necessary primitives of
a product and the rules for developing and evolving into a range of specific products

under a given design proposal scope.
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The similar idea can be seen in the definition of the universal plant archetype, the
Urpflanze as shown in Figure 4.1. Goethe defined the “Urpflanze” as a universal plant
archetype (Mitchell, 1990), the essence of which is to be found in every plant

instance.

Fig 4.1. The Urpflanze. (Mitchell, 1990).

In detail, & formative encapsulates the product component classes as well as the
configuration m}és and their relationships. Thus the formative owns the potential for
developing and evolving into a number of specific product forms under a given
environment, such as a specified design requirement.

Then the term “Rudiment” is used to define the basic product componernt classes.
Rudiments can be understood as advanced primitives, which are primitives or
combination of primitives with some initial development and knowledge already
encoded within,

Next, in order to apply evolutionary techniques to the generative design process,
the representation and encoding scheme of formative and rudiment need to be
developed first. In the following section, the representations of rudiment and

formative are described.

4.2. Representation of Formative

When applying evolutionary techniques to design problems, a mechanism is needed

for capturing potential design solutions and codifying them in the generative and
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evolutionary system. Generally, two kinds of representations of design solutions have
been achieved till now. In one approach, the genes represent the transformational
grammars, which have their unique interpretation within a specific problem. Results
generated through this approach are most abstract and need further mapping or
transformations. Frazer shows some examples of this approach:

“During the generative process, the design schemas are expressed as generative
rules so that their evolution may be accelerated and tested. The rules are described in a
genetic language which produces a code scripts of instructions for form generation”.
(Frazer, 1995).

Another view of this is that the evolved genes form the basis of a representation of
a design case or cases, which can then be used to generate designs that are adaptations
of the original cases. This approach is sometimes also regarded as an optimisation and
adaptation approach. Bentley has done an example research on the table design using
this method (Bentley, 1996).

While the representation method adopted in each approach above has its own
focus, the former is focused on the representation of form generation process and the
latter is more focused on the representation of the data, detailed design cases. The
separation of design data and process, in which these data may be used, is also a main
problem of most existing product design representations illustrated in Chapter 2. Then
the representation method of formative developed in this thesis is trying to integrate

these two with the combination of the existing representation methods.

The representation of the formative consists of two main parts:

» Composition components of the product model, and

« Configuration rules of the product model for development and evolution.
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The configuration rules in this case can be regarded as a structure grammar that
can be applied to the generative design support system as mentioned in last chapter.
An investigation of the product structure decomposition and the existing
representation methods was carried out before the representation of formative and

rudiment was developed.

4.2.1. Functional Components and Elements

Based on the common functional decomposition of products, a constructive
parametric representation method has been developed in this system to represent the
rudiment and formative. This representation emphasised not only representing the
geometric features of a design object but also the relationships among these features,

and the related design knowledge.

Product design elements:

Product

; Compenent elements
Snap-fit Rib Boss wall

Fig 4.2. Product composed of design elements

Hierarchical decomposition is one way of reducing the complexity of design
objects. An artefact can be viewed as a system that can be further decomposed into

subsystems according to different criteria, such as comstruction, function etc. Thus
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observing product structures from a constructional viewpoint gives rise to a product

breakdown structure. A schematic structure of a product tree is illustrated in Figure

4.2.

In this tree, an artefact consists of a collection of elements. The product
breakdown structure consists of different classes of product design elements:

» A product is an artefact purposely designed for a user, for example, a remote
controller;

« A subassembly is a product structure consisting of a set of components, for
example, the controller enclosure, which assembles several separated components,
such as numeric buttons, top plastic enclosure, and bottom plastic enclosure;

« A component is a single physical object produced without any assembly
operations; for example, the bottom plastic enclosure of a remote controller;

» Component elements are basic product design elements that constitute a
component that can be called as feature groups. Component elements include
snap-fits, and rib features etc.

As described above, an assembled product consists of various components, and a
component is further comprised of different features, such as shells, holes, ribs, ete.
Features are considered as the smallest data units here which posses explicit
engineering meaning and each component element is the combination of feature
groups. During the design process, a designer can gradually define the product
breakdown structure in a constructional domain using different product elements or
feature groups. So the product representation can be derived from this structure
sequence in a top down manner:

« Product,

+ Subassembly,
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» Component, and
« Component element.

Similar to this structure, there are several methods developed to represent a
product. Such as the product tree representation developed by Lucienne Blessing
(Blessing, 1996), which uses a structure consisting of product, assembly, component,
part, and feature. A similar representation consisting of product, assembly, parts, and
features are adopted by some commercial CAD packages, such as Inventor,

SolidWorks and ProE.

4.2.2. Functional Decomposition

Based on these existing product decomposition methods, simplified product structure
decomposition is adopted in this approach in order to integrate the product
representation with Genetic Algorithms. This decomposition method is based on
functional product features and its sequence is:

+ Product,

» Functional component, and

+ Component features.

This decomposition sequence is used because the design of products, especially
consumer products, such as mobile phone, telephone and calculator, often tends to be
driven by a basic functional decomposition but the products themselves are
differentiated by form. For example, in a mobile phone, a number keypad is provided
for the phone dialling and varied control keys are provided for obtaining other
information. A screen is used to show or edit all visible information and antenna for

receiving signals etc. Most major brands of mobile phones can be decomposed this
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way. However, the form that the product takes, and in particular the differentiation in
the form of each functional component, generate for a wide variety of mobile phone
products on the market. Additional functional features, independent of the functional
breakdown, further differentiate mobile products. Considering the generic
representation of this domain, including consumer electronic products such as remote
controller, mobile phones, calculator, personal digital assistant, and televisions etc, all
of them have something in common. That is, these products all have a box-like
housing or enclosure and most functional components are distributed on the outside
surface, which will benefit from the extraction of the product configuration rules
developed later. So based on this simple functional decomposition, many consumer
electronic products in this domain can be represented as combination of some of the

existing functional components.

4.2.3. Constructive Parametric Representation

Based on the decomposition structure of a product, a hierarchical approach is
proposed as the framework of a generative and evolutionary design support system, as
illustrated in Figure 4.3 below. The advantages of a hierarchy approach are: first, only
those factors relevant to component design are considered; and second, factors
relevant to the relationships between functional components are treated at their
product level.

As shown in Figure 4.3 only three levels, the product level, functional component
level and component feature level, are considered during the evolution process. Each
higher level can be represented by the composition of one or several individuals at the

lower level. At each level, a component is generated from a combination of
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components from the level immediately below. At each level, an initial population is
generated and then evolved over a2 number of generations, until one satisfying
population of objects at that level is obtained. Members of that population are then

selected as suitable components for generating the initial population at the next level.

Produrce Level: Product forms

{TEangratve )
“—+-+<  Ewvolution Pe-
COMEOHER! Leveal: y ............................... é

Functional Functional
compoenent-1 component-2

Functional
campganent-m

iy " ERETATvVE
T _Evolution
Component Component | _________. Component
feature-1 feature-2 | —----~---- ompone!

Fig 4.3. Basic structure of the proposed multi-level evolutionary process.

A suite of all functional classes of a product group with appropriate attributes is
pivotal to this concept. Take the consumer electronic products as an example, main
functional classes include:

» number keys pad,

+ functional keys pad,
+ screen/visual display,
« acoustics/speaker,

« Microphone.

The classes’ decomposition is based upon a criterion, which defines that a
functional component class is a group of components with similar functions. All these

classes considered here are placed on the surface of the product. After using the
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method, the operation rules and the evaluation factors for generating new designs can
be identified for a class, rather than for individuals.

As to the representation of the functional classes, in this approach a representation
method that combines geometric parameters and other feature characters or attributes
is used. As shown below, table 4.1 lists the schematic representation of five functional
component classes of consumer product group.

Each functional component is described by selected feature attributes as well
as the geometric parameters. For example, the number keypad class is represented by
its three geometrical parameters, the length width and height, and two parameters
about other feature attributes, the number and shape style of the keys. Table 4.2

shows the definition of the product group in the program implementation.

Table 4.1 Table 4.2
Functional Classes Feature Attributes Description of the functional Classes in VB:
Nk_Pad Size{L, W, H), KeysNo., Keys_shape Type Classinf
CName As String
Fk_pad Size(L, W, H), KeysNo., Keys_ shape CPict As String
Alan As Integer
Screen Size{L, W, H). 8rn_ shape Atxt {AttrNo) As String
End Type
Speaker Size(l, W, H), speaker_ shape.
Global Fminf (FMnoMax} As Classinf
Microphone  Size{L. W, H), Microph_ shape .

4.2.4. Rules for Product Configuration

Besides the representation of the composition components, the representation of
configuration rules of the product model is another and important part of formative
representation in this approach. The configuration rules in this system can be regarded
as a structure grammar applied to the generative system developed. Then in this case,

a product model is broken down and described by combined blocks, and the
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configuration rules specify how to locate the functional components into these blocks
to form a complete product model.

It is proposed that a product configuration model can be derived from the
proposed formative and then the generative rules for this formative can also be
invoked for evolution. In this approach, the electronic consumer product is selected as
design example. As described in former chapters, a main similarity among these
products is that all these products have box-like housing or enclosure. Besides this,
this kind of product owns some general characteristics. Ergonomic, manufacturing and
aesthetic constraints must be considered as in any other product design domains. The
early conceptual stage of the product development concerns primarily with the
appearance and human usage. Injection moulding is assumed as the primary
manufacturing process for these products. The product housing is divided into two
parts along the parting plane with desired orientation, vertical or horizontal. Product
usage is either handheld or desktop lying.

In addition, the shape design of the product housing or enclosure can be divided
into two integrated steps:

« External visible surface of the housing, and
 Internal functional surface shape of the housing.

During the first step, the initial topology of the product is defined and then it is
treated as the foundation of the second stage. Since the housing will be used and
viewed by users, a surface finish of very high quality on side of the housing is often
required for aesthetic reason. While on the other hand, the inner side of the housing
often must be a very complex shape in order to mount all of the components and to
provide structural rigidity. The task for the generative and evolutionary system here is

the generation of both external and inner surface shapes of the housing. The external
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shape is originated from a generic model with the product component requirements as
input and rules or procedures of functional component layout and aesthetic constraints
as a generative environment. And then the internal housing shape is evolved through
the structural construction operators, where the fundamental manufacturability
constraints related to the geometry of injection mould parting and constraints on the
solidification of molten plastic are embodied.

Left  Middle Right

Blael
Middi ] a
Fron f Top_n
| Top
Top 1 3 i
L1 Py
Middl Py | P v / Top
-
-~
Bouom / Bottomy

Fig 4.4. A product matrix model by Wallace (Left) and a simplified model (Right).

Based on these considerations, a product grid is introduced in the representation of
product configuration. Each grid or cube of the model corresponds to a conceptual
face or a region of the product. This model was also defined as Product Matrix by
Wallace as sown in figure 4.4 (Wallace, 1993). Wallace gave the original description
on the product matrix, which was first created in consumer product design domain.
This matrix structure was created as a generic product model and Wallace believed
that any kind of products could be represented this way. A much similar method was
adopted by Chen to generate a range of designs, such as desk and chair etc. (Chen,
1998). In these applications, the matrix allows the program to assign components to
regions without specifying physical dimensions. And the product matrix is complete
when each component is assigned to an appropriate matrix element.

Thus a product matrix is built as the suitable configuration model of the system.

This approach addresses the initial topology and tries to get it right at the first time.
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Organisation or the spatial location of components can be described in two steps. A
rule-based approach builds an intermediate structure, i.e., product grids, using
ergonomic and manufacturing rules.

This approach is considered appropriate for the generative and evolutionary
system developed in this thesis because manufacturing and ergonomic requirements
can be readily expressed as heuristics or rules of thumb. The matrix structure
establishes the product face and region that components will occupy without having to
precisely locate them first. Next, the system locates the components physicaily,
thereby defining the product’s volume. In this approach, the GA can be utilised to
evolve the parametric variables, which define the functional component instances. A
procedural approach was used in the system developed in this thesis in the positioning
stages because acsthetic concerns are difficult to articulate as rules.

Using the product grids, a model can be built which describes the spatial positions
of product components or the component spatial layout. The external surface of one
product design will be different from another based on the different layouts. The
product configuration rules involved in this approach specify how those functional
component classes are to be assembled to form a complete product. The attributes of
each component class determine which set of rules to be applied. That is, each
functional component class has a responding configuration rule set. For example, for
a screen part of a controller, it should be convenient for the user to see, so it should
occupy a Front and Top grid but not the Black and Bottom one. All these are
predefined in a database as common sense knowledge in the system. A simplified
product matrix model as shown in figure 4.4 right, is developed in this system

implementation and the detailed explanation will be given in chapter 6.
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A set of functional components, with variable parameters of size and attributes, is
combined in a certain order following a set of rules to form a product model. The
system developed is based on this constructive parametric representation, using the
exiting modelling methods provided by the CAD system platform to realise the shape

modelling and visualisation.

4.3. Summary

When applied to product design domain, the generative and evolutionary design
system relies on a suitable generic product representation to allow the definition of a
wide range of designs, and to enumerate the design space in a manner suitable for
evolutionary search. The concept of Formative was introduced as an encapsulated
design schema in this generative and evolutionary design system. The representation
of formatives leads to the representation of a generic product model. The
representation of formative consists of two main parts. One is the representation of the
composition functional components, referred as rudiment in this approach, and
another is the representation of product configuration. The representation of the
rudiment consists of the parametric variables of the features with associated design
knowledge. The representation of the product configuration is formalised as the
construction rules in this approach based on a product grid model. Although, the
representation method is derived from a certain selected example design domain, the
product model built is generic for this design domain and it can be extended to other

new application domains.
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Chapter 5

S. Genetic Algorithm for Generating Design Solutions

As indicated in the second chapter, the algorithm developed in this system relies on
the analogies to natural evolutionary process and is based on the principle of GA. And
the evolutionary process described in this thesis puts more emphasis on the process
involved rather than the algorithm itself. As indicated before in this thesis, Genetic
Algorithm refers to a class of algorithms that are based on the same principle but with
different features in different applications. Besides the data representation described in
the former chapter, the algorithm developed contains all other associated elements of
genetic algorithms. The algorithm developed in this system implementation is based
on a Standard Genetic Algorithm (Goldberg, 1989) with specific representation and
evaluation mechanism adopted.

This chapter describes the genetic encoding of designs based on the representation
adopted and the associated genetic operators used in the evolutionary process. This
section also defines the methodology adopted for the evaluation and selection of

potential solutions.

5.1. Introduction

As illustrated in Chapter 2, the usual, also named as standard form of genetic
algorithm was described by Goldberg (Goldberg, 1989). Genetic algorithms are
stochastic techniques based on the mechanism of natural selection and natural

genetics. Genetic algorithms, different from conventional searching techniques, start
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with an initial set of random solutions called population. Each individual in the
population is called a chromosome, representing a potential solution to the problem at
hand. A chromosome is a string of symbols; it is usually, but not necessarily, a binary
bit string. The chromosome evolves through successive iterations, called generations.
During each generation, the chromosomes are evaluated, using some measure of
fitness (Gen, 1997). To create the next generation, new chromosomes, called
offspring, are formed by either (a) merging two chromosomes from current generation
using crossover operator or (b) modifying a chromosome using a mutation operator. A
new generation is formed by (a) selecting, according to the fitness values, some of the
parents and offspring and (b) rejecting others so as to keep the population size
constant. Fitter chromosomes have higher probabilities of being selected. The general

structure of genetic algorithms is described as shown in Figure 5.1.

Genetic Algorithms crossover
1100101010 t

1011107440

Y

1100101010

1011901190 RET O HIVERED)
J 0011011001 -
>

1100110001

h
0011001001

evaluation

Ncwl . selection offspring
population
110010 1110
A2
WAB@ 101110 1001
Roulette 00110 01001 -
wheel *decodi.ug
Fitness

\ compulation j

Fig 5.1. The general structure of genetic algorithms. (redrawn from Gen.,1997)
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The system developed in this study mainly benefits from the adaptation and
exploration of design results through the application of genetic algorithms. Several
aspects of the algorithm used are based on a SGA and are described through the
several aspects illustrated below. They include the hierarchical structure of the

chromosome, specified encoding, evaluation, and selection scheme.

5.2. Hierarchical Chromosome of the GA

As indicated in the introduction of the GA theory given in previous chapters, the basic
data structure a GA is a siring, which corresponds to naturally occurring chromosome.
And this artificial chromosome may be mapped to a potential solution to the problem
being investigated or as the design solution being developed in the case of this
research. Based on the hierarchical design representation presented in Chapter 4, the
design proposal or the phenotype is represented as the combination of functional
component classes and their associated product model configuration rules. Since every
functional component class is defined by its associated feature attribute parameters,
each chromosome consists of a list of multiples of attribute parameters. A

chromosome structure developed in this system is shown in Figure 5.2.

-------------- [Fo [

Level 1

. v ¥ 3 — — — i ot v m— — — L il ,2,_
- |FAID | fioat values |FA!D | fioat valves IFND If!oatvalues l ———- ?
Levei 3

Fig 5.2. The multi-levels of the genotype representation
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A chromosome is composed of three levels. The top level is the product
chromosome that consists of a number of Functional Component Classes’
chromosome section, FC;. And each component class chromosome section is the
combination of the selected Feature Attributes chromosome section, FA,;, at the second
level. In the above figure, FCID and FAID are the identity numbers of the functional
component classes and class attributes, which are used here just for clear explanation
but not included in genotype encoding. Then each attribute is encoded into genotype
based on the same mechanism at the third level and a genotype consists of a string of
basic genes. In this system, the parameter values of each feature attribute are encoded
into genes in the genotype representation.

The length of the chromosome of GA is varied when different number or different
types of functional component classes are selected during an evolutionary process.
Then based on this chromosome representation, the encoding method of the

represented elements should be defined next.

5.3. Encoding of Design Solutions

In nature, the genetic information is encoded in a string of DNA using a four letter
alphabet of the nucleotides, i.e., Adenine, Cytosine, Guanine and Thiamine - arranged
in triplets that may then be decoded to produce one of twenty amino acids. Sequences
of these triplets are used to encode the information necessary to produce the protein
and enzymes required constructing, maintaining and regulating a living organism. In
another words, the natural evolution process operates on the coded instructions for
how organisms should be grown, i.e., the DNA, and it does not operate directly on the

organism themselves (Goldberg, 1989). Likewise, the genetic algorithm operators on
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coded design parameters are not directly on solutions. This can be simply explained

schematically by shape generation process in nature and CAD in Figure 5.3.

Nature

L genelic inform ation |

{genatype}
T l e living organism
] environment l (phenotype}
Computer aided design
ldesign representation | — Shapes or forms
{genolype) (phanotype)

T

| potential design scope]

Fig 5.3. Shape generation in Nature and CAD

5.3.1. Encoding Methods

Based on different representation and encoding schemes, the genotypes can be binary
strings, real value strings or other possible forms (Gen, 1997, Goldberg, 1989). Binary
encoding has in the past been favoured by researchers because of its simplicity and
functionality. As any numerical parameter set can be mapped onto a binary string, it is
often preferred as a good general, non-domain specific representation that is “robust”
across a wide range of problem areas. The use of bit strings, as well as being
computationally convenient, simplifies the design and implementation of genetic
operators such as crossover and mutation. As believed, binary string based encoding
for a GA may be robust (Davis, 1991). In practice, it has been found to be not always
as efficient as it could be within a specific domain or in a real-world application,
where it may be outperformed by a GA employing a more natural representation.
Another problem with binary representations is that they can present the programmer
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or system designer with certain conceptual difficulties in mapping a real-world
problem onto a bit string. For this reason, other domain specific structures have been
used, for example the real or integer lists.

A conceptually familiar coding system may be preferable to binary strings with the
use of higher level programming languages, which make the design and coding of
GAs possible and more accessible to non-computer specialists. Existing representation
schemes may be exploited and mapped directly to strings. Real number arrays may be
the system of choice for engineering and mathematical applications where the array
may represent the parameters of an equation or the dimensions and settings of some
structures or systems. Integer array, on the other hand tends to be favoured in ordering
or sequencing tasks such as job scheduling - e.g. the travelling salesman problem
{Oliver, Smith and Holland, 1987)

Besides these, an interesting development in encoding schemes is the use of
mathematical functions, rather than just the parameters of them to represent the
genetic string. Even the entire programs, in the form of LISP S-expressions, have been
used as artificial chromosomes. This technique was pioneered by John Koza and
described in his book “Genetic Programming” (Koza, 1992). He and others have used
GAs to evolve programs to implement game playing strategies and to simulate the
behaviour of artificial insects. In the area of Computer Graphics, Karl Sims has used a
similar technique to evaluate natural looking textures in two-dimensional cellular
automata (Sims, 1991).

During the early stage of this system implementation, encoding schemes of both
binary string and real/integer lists are tested. While the later one is proved to be more
suitable for this case. So the encoding scheme based on the real/integer lists adopted

in this approach is described in detail next,
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5.3.2. Encoding of Data Representation.

At this stage, only the functional component representation is encoded as the code
scripts manipulated by the GA. Every functional component class is defined by its
associated feature attribute parameters. And in order to allow a genetic algorithm to
manipulate the values of these parameters, they must be coded in a way to form code
scripts, i.e., the genotype. So based on the hierarchy chromosome structure shown
above in Fig 5.2, the genotype consists of muitiple functional component classes, and
cach functional component class consists of encoded parameter values of its
associated feature attributes. The genotype consists of multiple groups of coded
parameters corresponding to the related feature attributes. The feature attributes of a
functional component class include the geometric features as well as other
characteristic attributes of this component class, which is predefined in a database.

For example, a schematic phenotype representation of the Numberkey Pad class
in this system is provided in Figure 5.4. Not all of these data are chosen to be encoded
into the appropriated data type, i.e., integer or real values, which can be manipulated
by GA. For this component class, only those parameters shown in italics of the
phenotype representation in this figure is encoded into genotype. Figure 5.5 shows the
involved feature aitributes of several functional component classes for the genotype
representation in this system. This representation is flexible and allows a genetic

operator to be applied to one sub- string independently of others.
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Data Type Iterm’s Name

String Component class name

Integer Identity number

Integer Number of atiributes

String List of attributes

Integer Keypad shape type index

Integer Number of bultons

Integer Bution shape Index
Float X.y.z-centre locations of the keypad
Float L,w,h-size parametors of the keypad

Fig 5.4. An example of schematic description of the phenotype

Functional
Component Class Feature Attributes
No.key_Pad Geometric{L, W, H), Keys_number,
Keys shape...
Fun, Key_Pad Geometric(L, W, H), Keys_number,

Keys_shape, array style...
Screen/Visual Display Geomelric{L, W, H), Screen_shape
Acoustic/Loudspeaker| GeometriciL, W, H), shape style

Microphone Geometric{l,, W, R}, shape style

Fig 5.5. An example of schematic description of the genotype

For its implementation in this system, the genotype consists of the string of
integers, upon which the reproduction operators of GA manipulate, and the phenotype
contains the string real variables. Before the initialisation, the range of integer and the
upper and lower bounds of each real variable, which represents a corresponding
attribute parameter, are read from an initialisation file or are provided by a user as
requirements. During the initialisation, each gene of the genotype in GA is randomly
generated as an integer, within the range. All fitness values for each member of the
population are also initialised (to zero). Then during the mapping from genotype to
phenotype, this integer is mapped into a real value within the predefined variable
bound. As shown in Figure 5.6, a geometric item is illusirated as an example, that is
the length parameter of a product main body. And the integer range is defined between
0~100. According to the input design requirement, the product is proposed as
handheld type, so the length should be limited in the range (40,60). Here, the number
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is just used to represent the unit size according to the selected grid unit of the CAD
system, such as mm. So when the generated number is 75 in the genotype, then the
parametric value of this item is 40+ (60-40) *75 / 100. To formalise this, for a defined
integer range and proposed Max-Min bound of the parameter, the mapped real value
of a generated integer of a parameter should be:

Min + Integer *(Max-Min)/ Range.

% --------- | Nurnber_ keypad class ] ----‘—--—-}—------ 7
Initial : 20—64% 0~5
N | Length ] Width l Height J Keys_no |Keys_shape| ----- /)

Generated genctype (Integer Range: 0 ~100):
] 42 [ 3¢ | 86 [ 78 | 25 ].. D

Mapping to Variables of phenotype:

N =] 268 | 252 | 288 | 8 [ 7 [ )
¥ [y

20+(60-20)*42/100 20+(3c--é0}'56f100 |nt.((5-b}'25f1 00)

Fig 5.6. An example of encoding of the parameter values.

During the evolutionary process, the GA manipulates the integers, i.c., the
encoded parameter values of the genotype. The phenotype is based on the
transformation of the genotype as well as other parameters, such as the centre point
co-ordinates (x, y, z) of each functional component instances when these are
visualised in the CAD modelling. In the system developed in this thesis, these related
parameters are defined during the generating process of the configuration rules of the

product model.
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5.4. Fitness Function for Evaluation and Selection

For a genetic algorithm, a single fitness score is all that is required by the evaluation
function. But actually, there is always more than one evaluation criterion involved in
each design solution. In this case, a composition fitness or evaluation function
involving all these evaluation criteria should be developed. In some cases however,
the criteria may be so different that it is impossible to combine the individnal scores
into a single score to guide the selection. This brings the multiobjective problem

discussed below.

5.4.1. Multiobjective Optimisation Problem

A Genetic Algorithm cannot cope with more than one fitness value for one phenotype
(Goldberg, 1989), so it requires numbered (scalar) fitness information to work. This
means that when approaching multi-criteria problems, it is necessary to perform a
scalarisation of the objective vectors. One problem is that it is not always possible to
derive a global criterion based on the formulation of the problem. Without sufficient
information, objectives tend to be given equivalent importance, and when the
understanding of the problem is improved, then the objectives may be combined
according to the information available, probably assigning more importance to some
objectives. Optimisation for a combination of objectives has the advantage of
producing a single compromising solution, requiring further interaction with the
decision-maker (Fonseca, 1995). But if an optimal solution cannot be accepted, either
because the function used excludes aspects of the problem which were unknown prior

to optimisation or because an inappropriate setting of the coefficients of the
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combining function is chosen, then after adjusting these items additional runs maybe
required until a suitable solution is found.

Many researches have been done to extend the GA to deal with multiple
objectives. Schaffer used the Pareto optimality technique to cope with such non-
commensurable criteria (Schaffer, 1985). This technique results in a “set” of optimal
individuals rather than a single super individual. In his thesis (Bentley, 1996), Bentley
presented a review of existing application and development of GA for multiple
objectives, such as Pareto-optimality, Aggregating approaches, and other Pareto-based
methods etc. Besides these, two new approaches to multiobjective optimisation using
GA have been provided by Carlos A Coello (Coello, 1997). In his approach, in order
to extend GA to deal with multiple objectives, the structure of the GA used has been
modified to handle a vector fitness function. As presented in his paper the Pareto
solutions produced by those methods are guaranteed to be feasible, as opposed to
other GA-based methods, in which there may be convergence towards a non-feasible
solution.

In this system, the method adopted to solve the multiobjective problem of GA is
based on the principle of an aggregation approach. In this approach, separate fitness
values are simply weighted and summed to form a single overall fitness value for each
phenotype. The value for each weight requires complex and careful adjustment before
successful design results can be evolved. To avoid this problem at this stage, the
weight of each evaluation criteria is assigned by the user through the system interface,

which then guides the design evolving direction.
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5.4.2. Definition of Evaluation and Selection Critera

As indicated above, the evaluation of product design in this system is a multi-
objective optimisation problem. It is carried out by interpreting the generated design
solutions represented by the phenotypes, to determine their behaviour according to a
set of behavioural requirements formulated from the design requirements. Each design
requirement or consideration can be treated as an evaluation criterion to be formalised
as a sub-evaluation function of the evaluation software. The evaluation software
performs an analysis of how well the evolved designs are or how fit they are, and then
determines the transformed fitness value for GA selection. In this way, the evaluation
software guides the evolution of design and directs it to the designs that perform the
desired function. In his thesis, Bentley developed evaluation modules for his generic
evolutionary design system. Based on the hypothesis that it is possible to break the
function of any design into a number of desired characteristics, a number of separate
modules of evaluation software were used in his system. Each module analyses a
design for a single characteristic and these modules were treated as the sub-function of
a multiobjective optimisation problem.

The key to successful multiobjective optimisation is the way in which the principle
of “the survival of the fittest” is implemented. This can be done by ranking the
solutions in the current population according to their dominance and then selecting the
top ranked ones to be parents of new offspring. One solution dominates another if it is
better on all counts. It is also beneficial to select parents from the archive, the record
of the best solutions found during search, as well as from the current population.

In this approach, the weight of each sub-function is used to describe its dominance

to other sub functions. And the weights of sub functions are distributed in advance by
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the program and also can be reset by the user through system interface during the
evolution process. Evaluation criteria as sub functions involved in this system will be
illustrated in detail in the system implementation later in Chapter 6. Also when
“artificial selection” is considered in the multiobjective evaluation function, it can also
be treated as a special case when the weights of other sub functions are assigned to

zero by the user through the system interface.

5.5. Genetic Operators

During the evolutionary process, the new offspring are created by combining the
features (control variables) of two parents through an operation known as crossover
and by introducing small random changes through an operation known as mutation.

This process is defined as reproduction, which involves these two operators.

5.5.1. The Crossover

As mentioned before, the crossover operator is what distinguishes the GA from other
evolutionary techniques. Several versions of the crossover operator have been
deveioped, the simplest of which is the single point crossover. The “traditional” form
of crossover is one-point crossover. It is applied to two parent strings with a certain
fixed probability known as the crossover probability. It works by selecting a point
between two string positions, breaking the parent strings at that point and exchanging
the broken-off section. In this way, two new strings or two offspring are formed. As

shown in Figure 5.7 (a), the two-parent chromosomes are cut at matching points,
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which are randomly selected, and each point is also the head of the first joined to the

tail of the other.

{a) Single point crossover {b} Muitiple point crossover {even, 2 aic.)
Parent 1 Parent 1
Parent 2 Parent 2
Offspring 1 I:]:] S Offspring 1 ]:'["’I____E::
Offspring2 =755 [ T ] oftspring 2 X107
{c} Multiple point crossover {add) {d} Liniform crossover
Parentt | | { 1 T 1 Parentt | | b | T 1 ]
Pasrent 2 Parent2 L7
Mask =
Offspnng1D ]:I D il
Offspring 2 7 ._D_...D I:I

Fig 5.7. Crossover types.

Single point crossover has 2 major problem that it is unable to combine sections of
genetic code at opposite ends of one parent in the offspring produced by crossing it
with another string. This is partially solved by using multiple-point crossover as
shown in Figure 5.7 b-c, where several points are randomly selected. A two-point
crossover operator was found more effective than one point crossover, and is applied
to each pair of selected parents with a probability. It creates a single offspring from
two parents. The new sub string formed is then checked to replace any duplicated
digits by others randomly determined. However as may be seen in the diagram, when
an old number of points are selected, the problem mentioned above remains. Another
variant is uniform crossover. It works by exchanging matching bits from each parent.
This exchange may be random for each location or presented by applying a mask, as
shown in Figure 5.7-d. Syswerda has indicated in his research that this method may be

more efficient than the two types described above (Syswerda, 1989). Also some new
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crossover methods have been developed based on different specific representation
methods. For example Bentley presents a structural crossover method based on the
structural GA chromosome representation in his thesis (Bentley, 1996).

Based on the hierarchical chromosome representation used in this system, the
crossover operator adopted in this program is also a structural one to enable the

offspring to be valid.

5.5.2. The Mutation

Among the reproduction steps, mutation is the introduction of small, random changes
to the genetic code. Its implementation is closely linked to the representation scheme
used. It should be stressed that mutation is best used sparingly, for as in nature, the
effect of mutation is more likely to be detrimental than beneficial. However, used at a
low level it can introduce diversity into a population and reconstruct genetic
information that has been lost in previous selections.

In binary coded implementations, mutation consists of simple bit switching “1”to
“0” and “0” to “1”. Integer mutation consists of incrementing or decrementing an
integer by some random value or among a defined range. Real number mutation is
described by Davis (Davis, 1991) as real number creep, and it is similar to integer
mutation except that the value is generally changed by some proportion of the original
value. On the other hand, mutation is much trickier when applied to function/equation
or program based representation. Koza (Koza, 1992) omitted the mutation operator
altogether partly on the grounds that he believed that it plays such an insignificant part

11 nature.
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Goldberg (Goldberg, 1989) quoted a typical mutation rate of one bit per thousand as
being sufficient, while, Schaffer (Schaffer, 1989), following a study of control
parameters on the GA performance, recommended a rate between one per one hundred
and one per two hundred. Mutation can also help to prevent premature convergence,
and this may justify its use at higher frequency in GAs using small populations.

In this system, the range of mutation value is defined when the bounds of the
integer are initialised and a default value of mutation probability is given at
initialisation. And the mutation adopted is the real number mutation described above.
Also the user can modify the probability of crossover and mutation through the system

interface for its performance testing.

5.5.3. Converge and Diverge

During the reproduction process, another problem is the convergence and divergence
of the generated results. It is the ability of the selection and crossover operators that
identify and isolate desired genetic material at the same time as “weeding out” unfit
material that makes genetic algorithms so effective as search techniques. Provided that
the selection criteria or the environmental factors remain constant, convergence Is
almost inevitable. As the fittest individuals are favoured, their genes will tend to
domuinate, and eventually define the population. This tendency is observed as a move
from an initial, diverse population towards an almost uniform population as the search
narrows. Eventually the only genetic diversity present will be introduced by mutation.
The direction of the search is dictated by the selection criteria, however the outcome
of the search is also determined by the genetic material available at any given point in

the search. If the population convergence is too fast, potentially resulting in premature
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loss of genetic diversity, the efficiency of the search may be reduced. Although
premature convergence c¢an produce an optimumn solution, it is not necessarily the
“most optimum” solution possible. By rapidly narrowing the search area, genetic
material that could produce fitter populations if recombined with high scorin g material
may be lost. Techniques have been devised to ensure that genetic algorithms do not
converge prematurely. For example random-biased based selection techniques may be
preferred to elitist selection strategy (De Jong, 1975). The random element can
improve the chances of potentially useful but low to average scoring code being
retained in a population until it can be exploited {(Schaffer, 1989).

As most implementations of genetic algorithms run automatically, the selection
criteria are predetermined and remain fixed throughout a run of the GA. Differences
in the outcome of separate runs of a GA using the same selection criteria will be due
to the random effects introduced in selection and mutation, as well as the range of
possibilities contained in the initial population. However, the solutions produced if
given consistent and identical selection criteria or environment pressures, should be
sinilar. In an interactive system, however, the criteria can be changed during the
course of a run. Under these conditions, as mentioned earlier, there is no single

evolutionary target upon which the population may converge.

5.6. Generating New Population

The genetic algorithm applied works with a fixed size of populations. Initially, it seeds
the population with randomly generated strings. The strings are evaluated, or mapped
into solutions to which the fitness function can be applied, and then selection occurs.

Selection picks pairs of strings from populations. The probability of a string being
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picked is proportional to its fitness. The pair of strings undergoes reproduction, a
process consisting of two operations: crossover and mutation, and the offspring
produced are placed in a new population. The process of selection and reproduction is
repeated until the new population is full. The cycle of producing a new population
from an old one by selection and reproduction is called a generation. The GA is run
until a certain termination condition is met. For example, the GA might be run for a
fixed number of generations or until a solution fitter than a threshold value is found.

In the approach used in this study, the new population replaces the old ones after
each generation and two more operators are adopted during the generating of new
population in this algorithm. Keep-the-best function keeps track of the best member of
the population, and ensures that the last entry in the array Population holds a copy of
the best individual. Elizist function stores the best member of the previous generation
as the last in the array. If the best member of the current generation is worse than the
best member of the previous generation, the latter one would replace the worst
member of the current population. If the best individual from the new population is
better than the best individual from the previous population, then the best from the
new population is copied over. Otherwise the worst individual from the current
population is replaced with the best one from the previous generation.

To build a successful GA program, appropriate data structures that correspond to
the chromosome representation, should be used together with appropriate algorithms
that correspond to “‘genetic” operators used for transforming one or more individual
chromosome. In the experiment conducted in this thesis, an improved SGA (Goldberg,
1989) is developed (Sun, 1999, 2000a and 2000b). Table 5.1 listed out some
parameters of the genetic algorithm used in this system during the evolutionary

process: the maximum and minimum number of Population size (PopMax, PopMin),
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the range of running generations (GenMax, GenMin), probability of crossover

(XoverMax, XoverMin), probability of mutation (MutMax, MutMin).

Parameters Value

PopMax 200 Table 5.1. Parameters used for the GA setting: The
PopMin g maximum and minimom number of Population size
GenMax 3000 {PopMax, PopMin), The range of running generations

i {GenMax, GenMin), probability of crossover (XoverMax,

GenMin 10 XoverMin), probability of mutation (MutMax, MutMin).
XoverMax 0.9

XoverMin G.1

Muthax 0.2
MutMin ¢

5.7. Summary

When creating a computational model of the generative and evolutionary process and
applying it to any new applications, these major elements must be considered:
» representation of design schemas with associated generative rules:
+ encoded scripts of these design schemas, which can be manipulated by GA;
» transformation and reproduction operators to be employed;
+ fitness function to allow the evaluation of potential solutions of the problem for
GA, and;
« finally in this study, the DFM considerations involved during this evolutionary
process.
Then based on the representation described in last chapter, this chapter described
the other elements of the organisation of the system.
A hierarchical parameter representation of functional classes of a product is
developed in this thesis, which allows a range of products with similar functions to be

appropriately defined and easily manipulated by a GA. Variable-length of
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chromosomes in GAs is addressed to allow the number of selected function classes
that define a product design to be variable. Also, multiobjective optimisation,
evaluation/selection are investigated to allow users to define design problems with a
number of considerations or constraints. And a suite of modular evaluation software is
also introduced to allow a user to define a new design problem quickly and easily by

picking combinations of modules to guide the evolution of design.
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Chapter 6

6. Implementation of a Product Design Support System

This chapter presents the implementation of a product design support system that is
used to demonstrate the application of the proposed generative and evolutionary
process in the domain of product design. The first section gives a general description
of the system architecture and provides an explanation of the program steps. Then two
important factors of system implementation are described. These are the system
interface and the initial design settings. A fter that, the detailed implementation of sub-
processes, the generating module, the developmental module and graphical
visualisation of the generated results are presented. The last section describes the
DFM considerations as well as some general ergonomic and aesthetic considerations

integrated in this system,

6.1. The Implemented System

As indicated in Chapter 3, a generative and evolutionary design process consists of
two cyclically linked stages
« Design proposal generating stage, and
» Design development stage.

Based on the specified representation and evolutionary mechanism adopted, the
process in this system consists of
» Formative generating or construction process, and

« Design developmental process.

Page 103



Chapter 6 Implementation of a product design support system

Then the software system implementation in this thesis is based on these two

stages.

6.1.1. The System Architecture

Based on the program structure of a generative and evolutionary design systern shown
in Figure 3.2. The main structure of the software implementation system can be
divided into five parts:

« Formative generating,

» Design development,

« Evaluation and selection of designs,

« Genetic Algorithm, and

» Modelling visualisation of designs.

Figure 6.1 shows a simple diagram of this system architecture. In this selected
design domain, the rudiments are predefined as functional component classes of this
product group. The rudiments are built in a database of system in advance. For each
component class, corresponding configuration rules are used in the formative
construction. Some related design knowledge including ergonomic, aesthetic and
DFM considerations is also included in the class definitions. Then the formatives are
constructed with the combination of the rudiments and the associated product
configuration rules. This generates an initial product mode! and it is further developed
under the given environment. In this system, the environment is externalised as the
specified design requirements and design knowledge predefined or input by user
through the system interface, which are part of the evaluation and selection criteria of

the system.
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Fig 6.1. A simple diagram of the system architecture.

Based on these five portions, the program of this system is developed in several
modules:
» Generating module that builds formatives based on the rudiments selected,
+ Design development module that implements the design proposal exploration

using GA and the evaluation and selection of design alternatives, and
« Visualisation of generated results integrated with CAD system MicroStation.

The first module works interactively whilst the second and the third modules work
automatically.

Genetic algorithms manipulate on the genotype through crossover, mutation and
selection operators, while the mapping from genotype to phenotype and evaluation are
handled in the development module. The evaluation results or fitness values obtained

during the development stage are then transferred to the GA for selection. And GA is
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used as the engine mechanism in design development process. 3D visualisation of

design results is through integration with the MicroStation CAD system.

6.1.2. Program Steps

Based on the program structure shown above, an overall functional diagram of the
software system is shown in Figure 6.2. The whole process can be divided into nine
steps listed out. Step eight is not outlined which means that it repeats from step four

to step seven, until satisfied design solutions generated.
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Fig 6.2. Diagram of the software system.
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Steps outlined in the diagram describe the sequence in which a designer can be
supported by the developed system. First at step 1, selecting possible functional
components of a proposed product design from a functional component classes library
is supported by the system. Corresponding to each selected component class related
configuration rules are provided by the system, which form part of the database built
in advance.

Next based on the configuration rules, arranging the selected functional
components to build the product model is carried out. Here the configuration rules
describe the spatial layout of the selected functional components. The configuration
rules can be automatically developed by the GA process or generated with ruled-based
knowledge and handled by the user manually through the system interface. The later
approach is adopted in the later experiments illustrated in next chapter.

At step 3, design requirements and constraints are input by the user through the
system interface, which can be further formulated as initialisations and evaluation
criteria to be used later by the system. These requirements include the proposed
product usage, the maximal and minimal of the product size, etc. In this system, some
attributes of the functional components are also provided for re-setting by the user
through the system interface. This not only expands the interaction between the
system and user, but also provides a more visual understanding of how the algorithm
is manipulating the design. For example, main-body styles of a proposed product, the
key layout style of the functional keys, etc. can all be changed by the user. More
detailed implementation of this step will be illustrated with experiments in the next
chapter.

By now the initial product model, i.e., the formative with selected functional

components has been defined. Then based on the quantity and the type of the
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functional components selected, the parameters contained in the genotype of GA are
fixed at step 4. The property parameters of GA, such as population size, crossover
probability, are set at default values during the initialisation, which can be modified
later by the user through the system interface provided.

At step 5, the encoded phenotypes are derived from genotypes. The phenotypes
are then transformed and visualised in the form of an actual 3D-product model in a
CAD system.

At step 7, the fitness values of each product model of step 6 are assigned and
transferred to the GA for selection. At this point the process will repeat at step 8 until
the requirements are achieved or stopped by user.

At the end, the design results generated by this system can be directly transferred
to other CAD tools for other detail refinement. Also the product models can be sent
for manufacturing to make the physical models, which can be sent back to designer
again for further testing, evaluation and modification. A more detailed explanation of

these steps is shown in Figure 6.3.

6.1.3. The System Interface

The graphic user interface was developed mainly for the control of the system
parameters and for the designs to be displayed during the evolution. As shown in
Figure 6.4, the graphic user interface of the whole system consists of three main
windows:

« Control window,

+ Program information window, and

« 3D graphical display window.
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These three windows correspond to three main sub programs:

+ Control program,
« Evolutionary program, and
« 3D graphical display program.

The engine mechanism of GA was developed in C++ as a generic kernel of an
evolutionary program. The evaluation function and the mapping between genotype
and phenotype are not included in this GA kernel, because these two are domain
specific. Then another main part of the system, the control program, was implemented
in Visual basic and was integrated with the GA and Microstation/] CAD system
platform. This part provides support for the construction of formative, evaluation of
results generated by the system, and a graphic user interface for inputting control
parameters. And the 3D graphical display program supports 3D visualisation of the
results generated based on the CAD system platform. All programs can run

concurrently under Windows 95 on the Microstation/J platform.

3D §

graphicgr‘?“ .ngram,

display : In_formation

window window
Control
window

Fig 6.4, The graphic user interface of the system
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6.2. Design Initialisation

As illustrated earlier, an initialisation of the system must be completed firstly for the
generative and evolutionary system to work. Design initialisation task is domain
dependent. For example, in the current implementation a database of functional
component classes is provided for initialisation. The purpose of design initialisation in
this system is to define design requirements and constraints. The system provides a
graphic interface for the requirement input and initial settings by user and all these
information are transformed and kept in an initialisation file. The system program first
reads and parses the initialisation data, which include the definition of the bounds of
parameters and some pre-formulated evaluation criteria. Then this is followed by the

formative generating process and the automatic evolutionary process.

6.3. The Generating Module

The generating module constructs the formative based on the selected rudiments by
user in this system. As discussed in previous chapter, the rudiment defines a set of the
functional components and the related design knowledge, and the formative
encapsulates the rudiment and relationships, as well as the product configuration rules
involved during the formative generating process. Next the implementation of these

two are described in detail separately.
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6.3.1. Implementation of Rudiment

In this implementation, rudiments are implemented as a set of functional component
classes. The program implementation of this in the system is achieved by the class
definition using an object-oriented programming. Each class is used to define a group
of components with their characteristic factors and attributes, while the instance of
each component is created during the evolving process. The attributes include
geometric parameters of the functional components as well as parameters related to

other feature attributes as described in the former chapters.
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Fig 6.5. The graphic representation and implementation of rudiments

In this system, the graphical representation of the rudiments has been built as cell
units in Microstation as a database to support new design. And these cell units are then
used as the basic building blocks of the generated product model during the later
graphical modelling stage. Figure 6.5 above (left) shows several existing cell-objects
and their geometric definitions (right) for the rudiment set in this product group. Some
initial DFM considerations are aiready involved in these cells, so any cell is the
combination of manufacturable primitives. When cells are combined to form a

complex structure, the rules defined as part of the formative will make sure that they
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do not violate any manufacturing constraints. Currently this database is small but it is

expandable.

6.3.2. Implementation of Formative

The formative is constructed based on the rudiments and predefined configuration
rules. Each functional component corresponds to a sub-configuration rule and when
several functional component classes are selected, the configuration rules are the
combination of the related sub-rules. Based on the product configuration model
described in Chapter 3, an initial box-like housing is defined as a main-body of the
proposed product model and six surfaces are introduced, as shown on the left of
Figure 6.6, i.e., the Front, Back, Left, Right, Top, and Down. A more detailed
description about its generic model has been illustrated in Chapter 4.

Selected functional components are placed on these surfaces guided by the sub-
configuration rules. A schematic example of component layout on the topside, with
proposed four functional components, is shown in on the right of Figure 6.6. FC; here
represents the selected functional components of the proposed product design by a
user. Then based on the initial arrangement of the configuration model and initial
design requirement, the size of the product is estimated and the bounding hull of the
product is determined by the system. The bounding box in the figure shows the
maximum size of the product enclosure box based on an initial product size
requirement. The values of design parameters representing component features and the
exact positions of these features are to be evolved by the genetic algorithm. And the
3D model of any results generated by the system is visualised at a later design

modelling stage.
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Fig 6.6. (a) The simplified product configuration model
Fig 6.6. (b) The topological layout based on functional components

6.4. The Developmental Module

The design development process develops promising designs through the
evaluation/selection, transformation and reproduction of the existing design
population, where a GA program is invelved as an engine mechanism. Transformed
from their code scripts, the design solutions are illustrated and evaluated within the
specified environment and context. The evaluation of the design schemas can be made
by evaluation algorithms automatically or human user decision. New design solutions
inherit features of previous design solutions through reproduction of code script
information by crossover. Each population of design solutions contains a small
amount of variations due to random mutations in the reproduction of code script
information. Then at this point, based on the new design solutions generated, the
evolutionary cycle starts again, which will stop when all satisfactions are achieved or

through intervention by the user.
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6.4.1. Evaluation and Selection

The evaluation is carried out by interpreting the generated design solutions, and by
determining their behaviour according to a set of behavioural requirements formulated
from the design requirements. Both the selection based on predefined evaluation
function, and selection by user interactively are supported by the implemented system.
The former is also referred as the natural selection and the later as the artificial
selection (Frazer, 2000).

The term natural selection is used in this process to define the evaluation and
selection by the fitness function, which is analogous to natural selection during natural
evolution. As described earlier, the evaluation of a design based on various evaluation
criteria in this approach is a multiobjective problem. The evaluation criteria involved
at this stage are mainly derived from the considerations on aesthetic, ergonomic and
manufacturing factors. The detailed formulisation of these considerations will be
presented in chapter 7 with examples.

Besides the natural selection described above, the artificial selection by the user is
also supported in this approach, which means that during the design development
process the designer or user can credit their favoured designs and thus guide the
system to evolve promising designs. In this system, this is achieved through the
grading of each individual by the user, which is then treated as the fitness value for

GA. The user decides which one among the individuals is the better or promising one.
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6.4.2. Genetic Algorithms

The genetic algorithm in this system is developed as a generic kernel of an extendable
evolutionary program. This algorithm is manipulated on the genotype through the
crossover, mutation and selection operators. The mapping from genotype to
phenotype and evaluation is handled by the program of development module. And the
evaluation results are then transferred to fitness values of GA for selection. A genetic
algorithm in the system is composed of four main operators: selection, crossover,
mutation and crowding.

In this system, the fitness value, derived from the evaluation, of each individual is
treated as its strength. Summing up the strength over all individuals, the operator has a
complete strength. Using this, the percentage of individual total strength is calculated
to select individuals. For example, when an individual strength is 20.5 percent of the
total, this individual has a 20.5 percent possibility of being selected at each selection.

After selection, the crossover comes to be the next step. A pair of strings
undergoes crossover as following: an integer position k along the string is selected

uniformly at random between 1 and the string length less 1 [I - 1]. L here represents

the length of genotype string. Two new strings are created by swapping all characters
between position & +1and /inclusively. A detailed example about this operator has
been described in last chapter.

To keep the algorithm from getting stuck at a significantly less-than-optimisation
answer, perhaps because of an unfortunate choice of starting configurations, the
genetic algorithm used includes a mutation operator. Used sparingly, this operation
randomly changes a digit in the string of digits that make up genetic information of

individuals. In this system, one mutation per five hundred bits is set as default. In
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integer coded genetic information, this simply means changing the integer value
within the given range. However, the mutation operation plays a minor role compared
with the role-played by the crossover operation, but it contributes to the diversity of
design alternatives.

After the crossover operation with mutation, two individuals are born, this means
that two individuals have to be selected to replace them. In (De Jong, 1975) crowding,
an overlapping population is used where individuals replace existing strings according
to their similarity. An individual is compared to a random sub-population of crowding
factor members. The early individual with the highest similarity, on the basis of bit by
bit similarity count, is replaced by the new individual. The replacement of individuals
by similar individuals tends to maintain diversity within the population and reserve
place for two or more "species”. In this way, first, three populations are picked at
random from the full population set, and the worst strength individual among those
selected is chosen. This process is repeated for three times. Thus there are three or less
(when the same individuals are selected twice) individuals for the crowding operation

where the highest similarity individuals can be replaced by the new individuals.

6.5. Graphical Modelling Visualisation

The system implementation was carried out using the Microstation/J CAD system as a
platform, and with Visual Basic and C++ as development languages. It was proposed
that the implementation of the prototype system should utilise the existing software as
much as possible, thereby allowing maximum time to be spent on the new areas of
research. Earlier testing of this system implementation has been done on the

AutoCAD system using Visual Lisp language (Sun, 1999). And after reviewing
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several CAD systems, MicroStation was chosen for the following advantages
highlighted below:

Bentley Systems have been moving their focus from task-oriented programs to a
more holistic process-orientated system. MicroStation provides advanced computer-
aided design on PC. Microstation/J is good for the surface modelling and solid
modeiling. For surface modelling in Microstation/], complex 3D models can be
created using the enhanced Parasolid-based SmartSurface modelling creation and
modification tools. When applying surface intersections, MicroStation/J creates exact
geometry such as true B-splines, circles and arcs, facilitating the dimensioning of
intersection geometry. For solid Modelling, MicroStation/J now supports basic solid
modelling operations using the Parasolid modelling kemnel. Users can quickly design
complex models using 3D Boolean operations such as unite, intersect and subtract.
This new SmartSolid technology enables users to modify solid models by editing or
removing faces. So the 3D solid modelling tools in MicroStation/] are ideal for
conceptual modelling and visualisation.

MicroStation provides user-level programmability with MicroStation BASIC, C
and Java. MicroStation BASIC is a very simple way to improve your productivity by
letting the user automate often-used sequences of operations. The user doesn’t need
high-level language development skills. Among other things, tools and view controls
can be selected, key-ins can be sent, dialog boxes can be manipulated and objects can
be modified. The obvious advantage of writing a macro to perform a task that could
otherwise be done manually is to automate mechanical and repetitive tasks. With the
source codes generated by the Microstation Basic macro, the user can build their own

program earlier and compiled this into their own systems.
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As mentioned before, the evolutionary algorithm, the GA kernel, is developed by
C+-t and other sub programs are in Visual Basic. And they are complied into a whole
system when executing. The GA program is combined into a software sub-system
treated as an object in VB. Some simple program lines are shown in Table6.]1. The
graphic modelling and visualisation program created as part of this work continuously

shows the three dimensional images of the designs.

Table 6.1 program implementation lines of the sub program combination.

Public GAApp As Cbject
Set GAApp = CreateObject("GA.GA_INT")

: Initialise the population
geno = GAApP.GARCInit{Popsize, XoverPro, MutPro, Range, Lgen, Null}

; Get the new population
geno = GAApp.GARCEvulve(fitness, Popsize)

As for data exchange, MicroStation offers ultimate flexibility by enabling
exchange of virtually all industry standard file formats such as DGN, DXF, DWG
R14, IGES and STEP. MicroStation/J can also publish engineering data in standard
Internet file formats such as CGM, SVF, VRML, JPEG and HTML. So files generated
in this system can be easily transformed to other CAD systems for further refinement,

for example, the ProE.

6.6. DFM Considerations

In this approach, design and manufacturing knowledge defines the varied constraints
of design and manufacturing guidelines and rules of the proposed certain
manufacturing methods. Especially the early anticipation of manufacturing problem at
the conceptual stage of the design process is considered important in the whole

process. Based on this knowledge, the idea is to build or construct the manufacturable
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rudiments and then the formatives in the first place. Through this way, the DFM
considerations are involved at the early design stage and made effective throughout
the whole design process.

DFM issues are different when different manufacturing processes are involved. At
this stage, the consumer electronic product design has been taken as an example. So
only injection moulding manufacturing method has been considered. The generative
and evolutionary product design process developed in this system followed the
general manufacturability guidelines to avoid problems downstream in the detail
design process. It did not concern with detailed mould design. A list of relevant
injection moulding manufacturing issues at the initial concept design stages is given
below. This is only a subset of guidelines developed from Bown (Bown, 1979) and
Boothroyd and Dewhurst (Boothroyd et al., 1983 and 1994). The list is used as a basis

from which specific product configuration rules are formed.

»

Aim for simple mouldings (avoid high precision surpass the requirement and
complex structure),

« Design generous draft angles to aid extraction,

» Design for a flat parting plane,

« Design parting lines to avoid unnecessary tolerance,

« Design generous corner radius to avoid flow problem,

« Avoid very large flat surface to reduce warpage,

» Design generous draw or cavity to avoid warpage,

« Avoid depressed or raised features on curved surfaces,

» Avoid side holes to reduce mould complexity,

+ Avoid closely spaced oblique holes to limit freeze marks,

« Design for easy flash removal (tumbling), and
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+  Avoid undercuts.

Among these guidelines, some really lead to conflict between the designer and
manutacturer, because of the separation of design and manufacturing as illustrated in
Chapter 2. For example, sometimes the designer draws out beautiful and novel
product forms with elegant and changeable curves. But these curves may be seen as
very complex surface curves by engineers from the viewpoint of manufacturing.
When the design is transferred to the engineers, many changes or even total refusal
may happen. The engineers always desire for simple and reasonable manufacturable
shapes according to their experience, which always disappoint the designers much.
Then in this case, the designers cannot get their design manufactured no matter how
this design is claimed to be wonderful.

As mention above, this system is intended for the DFM considerations to be
formulated at a high level, so called common sense, to try to achieve a better
compromise between the designer and manufacturer. For example, this system only
considered the housings that can be made in a straight draw two-part injection mould
with no side holes. And so all housings will have a straight parting line. A simplified
sketch of this type of mould and a typical part from such a mould is provided in

Figure 6.7 below.

Two part, straight draw mould A typical part

\\\ N fe
.

Fig 6.7. A typical part from a straight draw mould with no side holes.
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As shown in the figure, the parting line, parting plane and the drafting angle are
some basic and very important factors for DFM consideration. Other factors like the
curvature of the profile surface, the hole spacing on keyboard are also needed to be
involved, and so on. Since DFM issues are treated as different problems at the
different design stage of the whole process, the DFM considerations and guideline
rules in this generic evolutionary design process developed are separated into two
main aspects of the component layout and evaluation criteria during the design

generating and developmental stages.

6.6.1. DFM in Generating Module.

During the formative construction stage, after the functional component classes of the
product are selected, they are then put on a box-like housing surface. And some of the
DFM guidelines are applied to this process as constructional rules. For each functional
component class, a rule base is predefined by the system and the program selects and
applies these rules until the current component is fully positioned.

Taking a hand held product with a horizontal-parting plane as an example. A
visual display panel should face the top of the product both for ergonomics (so it can
be viewed) and for manufacturability (to avoid slide holes in the mould), and similarly
the speakers are restricted to the top of the product. The definition of hand held
products is limited to those used while being held in one hand so a horizontal
orientation is preferred to a vertical parting plane for hand held products. Here a
simplified rule base of the component class layout on the outward faces of the
proposed product is adopted. It is assumed that all the select component classes are

put on one main side of the six surfaces of the box. So the topside is the main surface
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in a hand held product and front-side is the main surface in a desktop product.
Examples of the rules are illustrated below. A typical position rule in the acoustic
(loudspeaker) rule base and a rule about the manufacturing constraints is constructed

as follows:

Table 6.2 An example of position rules with DFM consideration.

If (acoustic component} and (product parting line horizontal) and
(product use hand held)
Then

Component main surface faces the top of the product (product main face)
End if

If (component main surface is parallel to the parting plane)
Then

Constrain the component to the parting line
End if

Here the ergonomic and manufacturability considerations are integrated at the
same time, since in many instances deciding a rule classification seems to be a little
arbitrary. Therefore, only the component class defines rule bases. This approach helps
to avoid redundant rules. When new product group and new functional component
classes are added, new rules corresponding to each new component class will be

added.

6.6.2. DFM in Developmental Module.

The DFM issues are also incorporated in the fitness function and evaluation criteria

for the improved GA in this developed system. The DFM issues can be formulated

into different design requirements prospected by the user and evaluations criteria

through system interface.

Page 123



Chapter 6 Implementation of a product design support system

Two examples are used here for illustration. If a product is supposed to be hand
held usage, then the maximum and minimum s‘ize range of the housing will be defined
for evaluation during the generative process and also the user can input their favoured
range through the system interface. Also, the surface and shape curvature control is a
very important element for the injection moulding products, which is derivable from
the general DFM considerations listed above, such as design generous corner radius to
avoid flow problem and avoid depressed or raised features on curved surfaces. A
simple example, where the curvature of the profile surface is treated as the evaluation
function of the GA, is shown in Chapter 3. Embodying this in the product housing
shape description, the system provides four main styles of profiles for each side view
of the proposed product shape, which are manufacturable. And then the system
generates varied shapes automatically or generates the promising shapes according to

the profile styles selected by the user through the system interface.
6.7. Summary

This chapter presented the implementation of a product design support system based
on the generative and evolutionary design process proposed in Chapter 3. In the
implementation of the system, product design is selected as the example domain and
injection moulding is treated as the proposed manufacturing method. And these two
things defined the context in which design issues including DFM issues are addressed
by the implemented system.

This chapter has described the detailed implementation of the system developed in
this thesis. The main structure of the software implementation system consists of five

parts:
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« Formative generating,
+ Design development,
+ Evaluation and selection of designs,
» Genetic Algorithm, and
« Modeiling visualisation of designs.
Further detailed description of each part in terms of application and the

experiments will be provided in the next chapter.
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Chapter 7

7. Applications and Experiments

In previous chapters, much has been talked about the implementation detail of the
computer model of the proposed generative and evolutionary product design system.
In this chapter the results of the experiments conducted using the developed system
are reported. These experiments were carried out to demonstrate the capability of the
developed generative product and evolutionary design support system. The

applications and experiments focus on the domain of consumer electronic products.

7.1, Introduction

The general goal of the experiments described in this chapter was to demonstrate how
the generative and evolutionary deign process proposed in this thesis works in a real
design situation. It is necessary to demonstrate that the system is capable of
generating diverse alternative design solutions for design concept exploration, as well
as integrating the DFM considerations and other design knowledge at the early design
stage. In addition, it is necessary to evaluate the benefits of generating design
solutions by artificial selection through user interaction. Therefore the main
objectives of these experiments are:

« To demonstrate that the system is effective and capable of producing diverse

design solutions during its runtime using the concept of rudiment and formative,

» To illustrate the exploration and adaptation ability of the genetic algorithms in

generating potential design results, and
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» To establish how to use different representations for the DFM considerations and
design knowledge and where this knowledge comes in during the evolving
process.

In order to achieve each of these goals several experiments were carried out. The

different experiments are resulted from using different initialisations, design

requirements, and evaluation criteria settings during the design process.

7.2. Use the Implemented System

As indicated above, the consumer product design was selected as 2 design domain and
a basic description on the system architecture and program steps have been given in
last chapter. Before the illustration of using the implemented system, some pre-stage
work built in advance needs to be introduced first.

The system has been primarily implemented for the application of generative and
evolutionary techniques in the domain of the consumer electronic product design. For
generality, the implemented system can be used to support the design based on a
generic model of the consumer electronic product, including remote controller, mobile
phone, calculator, radio and television etc. Geometrically, all these products have box-
like housing or enclosures, and almost all the interface components are distributed on
the outside surfaces. Figure 7.1 schematically shows a hierarchical representation
structure of this product group based on the functional components in this domain,
which can be classified as:

» Number keypad,
« Functional keypad,

+ Screen/visual display,
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+ Acoustics/loudspeaker,

« Microphone, and

+ Battery box, PCB etc.

The classification of the component classes is based on the product functional
decomposition as described in the design representation section before. And the
functional component class set is limited to the six component classes listed above in
the implemented system. The component classes are represented by their related
geometric and feature attributes, which will then be encoded and manipulated by a GA

program.

Product Level B
Consumer Electronic Products

Component Level
N-keypad Microphone F-keypad Display & PCB

/

R Keynos. Key shape Display size DCisplay shape P

Feature aitribules Level

Fig 7.1. A product decomposition based on functional components

In this implementation, in order to enhance the system’s supportability for product
design process and the interaction with user, some main design attributes of the
proposed functional component classes are also provided by the system interface for
the user. The user can guide and adjust the design-evolving tendency, which is
automatically directed by system as default, so that the user can participate to provide
effective support. The design evolving process is described briefly by introducing the
system’s graphic user-interface next.

The first step is to select possible functional classes of a proposed product from a
functional class library provided by the system. This step is carried out through the
interface, Figure 7.2a. The user can click on the check-box to decide which functional
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component class to use to define the proposed product. The next step is to arrange the
selected functional components on the product surface using ruled-based knowledge
provided by the system. This step is carried out by clicking the checkbox of position
displayed in the other half of interface as shown in Figure 7.2a-b. One can click on the
crossed (selected) checkbox again to change one’s former settings before one starts
the next step.

Other initial requirement input by the user is supported by a sub-interface, that is,
the Design_ini panel provided by interface, shown in Figure 7.2¢, such as maximum
and minimum of the product size, style selection and other constrains which form part
of the evaluation criteria. Additionally, different main-body styles and other related
attributes of each functicnal component class are pre-set and selected by the user.
Through this way, some aitributes of the functional components, which are
manipulated by GA during the evolving process, can be controlled partially by the
user, so that more interactions with user can be involved during the design evolving
performed by the system. This step is carried out in an interface as shown in Figure
7.2d and Figure 7.2f.

Till now the initial layout of the proposed product with selected functional
components is defined. Based on the quantity and the type of the functional
components selected, the parameters contained in the genotype of GA are fixed. Each
functional component is represented by different feature attributes groups as
illustrated above. Then graphical product models are automatically generated and
evaluation and selection based on these results are achieved during the operation of
the system program illustrated in last chapter. The promising or fitter results are
selected and transformed into the new population manipulated by GA. From this point

the process will be repeated until the end condition is satisfied or the process is
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stopped by the user. Next, detailed explanation on these steps will be provided with

experiments testing.

|
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Fig 7.2, System graphic user interface.
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7.3. Experiments on Mobile Phone Design

As described earlier, product forms can be different dramatically even with the same
functional parts. With differences in product sizes, proportions and configurations of
the product model, the same design concept may result in diverse design
configurations. The problem of evolving a mobile phone was the first design task
presented to the prototype system. This experiment used a simple and real coded GA
with multiobjective capabilities. For the different evaluation functions involved, the
user gives the each element its weight, which defines how important this evaluation
criterion is in the total fitness function through the system interface. Then the different
weight distribution guides the system's evolving direction and leads to different desi gn
solution area,

The GA used in this experiment had a population size of nine individuals, a
probability of 0.2 for crossover, and a probability of 0.01 with which a gene in a
chromosome can be mutated. Each design was represented using the selected six
functional components. The GA was allowed to evolve designs for up to two thousand
generations, which is pre-set as the maximum generation here. As illustrated in
Chapter 5, some parameters of GA properties are provided for user setting by the

system.

7.3.1. Formative Generating with Initial Settings

As described earlier, the formative definition in this system consists of the definitions
of its composite components (the rudiments) and the associated configuration rules for

a complete product. And the configuration rules are described as the spatial layout
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considering the relationship of the product functional components. These spatial

layouts can also be generated and evolved by GA.
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Fig 7.3. The interface of product topology setting provided by the system,

In this example, five functional component classes are selected for constructing the
formatives in this application. They are number keypad class, functional keypad class,
screen/visual display class, acoustics/loudspeaker class, and microphone/listener class.
The configuration rules involved are simplified as the topological layout of these
selected functional components on the main surface of the product. Since all the
functional components are proposed to be organised on the parting plane of the
proposed injection-moulding model of product and their main upside is put on the top
surface of product for ergonomic considerations. As illustrated earlier, in this part the
product model is simplified as a box-like model and is represented by its six outside
faces. Then the selected functional component classes are distributed on the main
outside of the box shape, and then all possible layouts are generated by the system. As
shown in Figure 7.3 different topological layouts can be developed by the users
manually using the graphic system interface provided at this stage.

When selected functional component classes are proposed to be put on the main
outward side, then this box-side is divided into parts equal to the selected component

number P (i is the number of the selected functional component) and the layout
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sequence or position of the components is built again. For example, NkPad and FkPad
are selected and both are put on the Topside. Then the top surface of the bounding box
is divided into two parts (Pg, Py), so the NkPad is positioned either at, Py or P, and the
FkPad is put on the rest position. The more the functional component classes are
selected, the more possibilities of the layout on the topside will have. The
displacement of the listener and speaker is decided by the rules predefined by the
system. The displacement of other component classes is manually handled by user
through the system interface. Then with this position setting, the modelling
visualisation can be achieved with the evolved values of component parameters.

Then at the design initialisation step, different initial or design requirement input
will lead to the introduction of different evaluation function. At this step, some initial
requirements are specified by the user through the system interface, such as the
maximum and minimum of the product size, style selection and other factors related to
manufacturability consideration. These initialisations incorporate some early general
considerations of aesthetic, ergonomic and DFM. They form part of evaluation criteria
later during the evolving process. In this example, the evaluation modules considered
are:

» Size (user input the range),

- Style (the main-body shape type selected through the interface),

» Manufacturability (such as keys spacing range for the NkPad and FkPad), and

« The grades assigned by the user on the design alternatives (use for artificial
selection).

To make the system more effective for supporting the design process, an interface
of design requirement setting is also provided for the initialisation. The design initial

interface provided by this system is shown in Figure 7.1c. Since all these products
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have box-like housing or enclosure and there are several major general characters of

these products to be considered:

1. Injection moulding is assumed as the primary manufacturing process for the
product where parting-plane is the most important design and manufacturing
feature;

2. The product housing is divided into two parts along the parting plane with desired
orientation, i.e., vertical or horizontal, and all the product components can be seen
to be arranged on this plane; and

3. Product usage is either Handheld or Desktop.

So the requirement input according to these factors are represented as six items:

» Housing parting —Vertical or Horizontal;

« Usage -Desktop or Handheld;

»  Wall thickness-Normal or thin-thickness;

« Volume-Normal or Tall-Height;

« Proposed user age- Main three ranges; and

+ Proposed product size.

7.3.2. Evolving Designs Using the System

It is proposed that each evaluation function involved is a combination of the aesthetic,
ergonomic and design for manufacturability considerations. In the experiments carried
out, DFM evaluation criteria were not separated from other evaluation criteria.

An important characteristic of the design of any consumer product is its size, in
general for handheld or desktop usage. So the first criterion for the evaluation of the

software to be used was the ergonomically desirable size with both aesthetic and
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ergonomic considerations. The users specify the size range, the maxim and minim
volume extents, of the desired product during the design requirements input. With the
size range input by user, the system can define the reasonable product size range as
shown in Figure 7.4a and it is then used for product size initialisation of the program,
as seen in Figure 7.4b. Rumning the system with this single evaluation criterion
generated the designs with reasonable size. Figure7.4¢c shows the generated results

under one desired product size input by the designer.

Fig 7.4. (a) Representation of the reasonable size.

Fig 7.4. (b) Initial product size generated by system.

1o

THELL)

Fig 7.4. (c) Design results of a desired product size.

Another important characteristic is the main body style of the product shape,
especially for the consumer products. The appearance of a product is the consequence
of the designer’s choice of structure, form, material, dimension, and surface treatment.

And as described earlier, even with the same functional components, the designer
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could still design dramatically different product shapes. Through the study of
aesthetics, it is possible to identify general common characteristics of attractive
products. Hence, the second criterion of evaluation software to be utilised was the
‘favoured style’ criterion.

Based on the classification of some existing basic product forms or shapes, a new
approach to describe a proposed product form was adopted in this implemented
system. Any 3D form can be described by 3 projection shapes, in x-y, x-z and y-z
plane. In this way, any product forms can be derived from the projection shapes
defined in this system. As shown in Figure 7.2d, there are four types for main
projectton shapes and four types for side projection shapes. The four types in two-side
planes are the same. Figures 7.5 shows some examples to each type of the main-body
style. Also the aesthetic, ergonomic and DFM considerations are involved in this
definition. Then the selection of the main-body style leads to the other sub-evaluation

function, which are formulated by the system.

(a) = <> O 3
(b) <=} <) <) )
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Fig 7.5. Main-body styles based on simple classification

The designs produced by the system with these two criteria were always the
desired size and desired main body style. Some design results generated by the system
with different design intent on the product size and main body style are shown in

Figure 7.6. And running the system with this evaluation criterion, the design results
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with each main body style are shown in Figure 7.7, and the corresponding rendering

results of these designs are shown in Appendix-B (Figure 2-5).
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Fig 7.6. Design results of different Main-body styles. example-(1)

Fig 7.6. Design results of different Main-body styles. example-(2)
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Fig 7.7. Design results of each Main-body style.

However, as described in the system implementation section, the desire for the
solutions of real world design problem will be involved in this system. Since the
consumer product design is selected as the example domain, one of the important
considerations at the very early design stage for this product is the objective of the
design, or the target user of the design. For different users the desired designs are
different. For example, in a simple market survey on consumer for the commercial
mobile phones, normally the young people, aged from 18 to 35, like fashionable or
novel, such as Motorola 3688 and Nokia 8088. For the same product sets, the old
people aged above 60, like to choose Motorola 978 etc. So the user age is treated as
the third element of evaluation software to be used for defining the *desired

specialisation”. In this system, this is formalised as an evaluation function, which
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determines the ranges of the number key size and screen size, and describes the
different design intent tendency.

Also during the design evolving process, more interactions between the system
and user are provided. For each functional component class, some attributes of the
class and some vital attribute characters of the design are provided for the user. For
example, the system provided different key layouts for the number keypad and
functional keypad as shown in Figure 7.2 e-f. Besides the system can automatically

evolve designs, and the user can also set these items to guide the design evolving.

7.3.3. Results and Further Refinement on Designs

As illustrated in the system implementation part, MicroStation/] CAD system offers
ultimate flexibility by enabling exchange of virtually all industry standard file formats
such as DGN, DXF, DWG R14, IGES and STEP. So files generated in this system can
be easily transformed to other CAD systems for further refinement, for example ProE,
Inventor etc. Figure 7.8 shows the graphical user interface provided by the system
program for picture file save. Based on the Microstation platform, the result file of this
system can be saved as DGN format as default, then through “Export As” command,
the result file can be further transformed into other standard file formats, which are
also provided by the Microstation platform. Figure 7.9 shows a refined generated
product design using ProE. Its rendering picture is shown in figure 7.10 and more
rendering pictures of the design results are shown in Appendix-B (Figure 6-9). And
these rendering files can be directly sent to manufacturing machines for making

physical models.
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Fig 7.10. A rendering design result,
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7.4. Other Examples

For the different formative construction and design initialisation, diverse design
solutions can be generated by the system, which means that different initialisation
settings and design requirements input will lead to different design formative
construction and evaluation function, thus generating various design results. Next
several experiments are tested out under different initial settings and evaluation

criteria.

7.4.1. Evolving Controller-like Product

The most obvious difference of this product design from the above one is that two
functional components are involved in the formative construction. They are number
keypad, functional keypad. Then based on different setting on initialisation
requirements and attribute parameters, diverse design altemnatives are generated by
this system. For example, the built layout of the functional components is NkPad (Po),
FkPad (P1). And the Number-keys is selected to be array-layout style. Function keys’
number is set to 8 and to be in a centre-symmetry layout style. Then for different
main-body styles that the user selected, the results generated are different. Figure 7.11

shows some diverse results based on the same attributes described above.
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Fig 7.11. Design results based on different design requirements.

7.4.2. Evolving PDA-like Products

For the formative construction in this example, another two functional components,
the screen and the functional keypad, are involved. Then based on the illustration

before, the built layout of the functional components is the permutation of Screen and
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FkPad on the two position (Pg), (P;). Array-layout style of the functional keys is either
centre-symmetry or mirror symmetry as listed in Figure 7.2-f, and function keys’
number is variable. Then for different main-body style that the user selected, the

results generated are different as shown in Fig. 7.12 below.

=

O = -y : - oy e
O : ¢ s / - .- ‘L

Fig 7.12. Design results based on the selected functional components.
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7.5, Summary

As a general conclusion of the experiments it can be said that the system presented in
Chapter 6 has proved to be capable of supporting design concept exploration at the
carly design stage integrated with design knowledge. The developed system has
implemented a methodology for a generative and evolutionary product support design
system, using GA as its core. It has demonstrated that this system can generate a
population of solution alternatives at one time and promising results can be selected
through the application of evaluation criteria, and through the adjustment and resetting
of parameters provided by the system interface, and varied design solutions can be
explored. Also with the further extension of the library of predefined product
functional parts, i.e., the rudiments, more product designs can be evolved by this

system.
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Chapter 8

8. Conclusions and Future Work

This thesis presents research on generative and evolutionary design. In this research a
generative and evolutionary design process is proposed as a way for modelling
product design problems. In an analogy to natural evolution and selection, Genetic
Algorithms are adopted in this research as a key mechanism to support the exploration
of initial product design concepts. Results of a series of experiments are presented for
demonstration of the basic concepts and the computing software developed.

In this last chapter, conclusions about this research as well as the issues to be
addressed in the future research in this area are presented. The conclusions are drawn
based on an assessment of the feasibility and limitations of the software system
developed in this study, as described in Chapter 7. Directions for future work
regarding further experiments with the system, improvement on system’s GUI, and

extending the system to other types of product designs are discussed.

8.1. Contributions

The research presented in this thesis has two major objectives:

- To introduce generative and evolutionary techniques into product design and
model design as a generative and evolutionary process, and

« To integrate Genetic Algorithms into this process to support conceptual design
with DFM considerations.

In pursuing these objectives this research has made the following contributions:

Page 145



Chapter 8§ Conclusions and future work

It developed a model of a generative and evolutionary product design process,
which is different from traditional CAD process and parametric CAD process. The
most significant point in this process is that at the very beginning of the process,
an initial generic design concept is provided, from which a large number of

desired alternatives can be derived and explored by designers.

Based on the model of the generative and evolutionary design process, a
generative and evolutionary CAD process is further defined as consisting mainly
of two cyclically linked processes. That is, design schema generating process and
the design developmental process. The concepts of “Rudiment” and “Formative”
are introduced for the system implementation. Rudiments and Formatives are
context dependent and knowledge rich elements or building blocks of design that

can be selected and evolved into complex designs.

DFM considerations are integrated into this process as design knowledge at the
early stage in two different ways. That is, they can be specified as constraints in
the design requirement as input to the system or as the evaluation and selection
criteria during the generative process that can be interactively selected by

designers.

In the system developed in this study an appropriate representation of 3D product
models that can be successfully manipulated by Genetic Algorithms is developed.
Rudiment and Formative form the foundation of this representation. As specified
in the product design domain, a rudiment defines a set of the functional component

classes with related design knowledge about their geometric and feature attributes,
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then a formative encapsulates rudiments with relationships, as well as the product

configuration rules to be used during the design generating process.

A software system with an interactive user interface is developed to validate the
model and the representation. This system allows users or designers to supply
requirement information, evaluation criteria or selection preference during
conceptual exploration stage. The system interface supports designers to express
their preference and to exercise their design exploration ability by making various
selections when considering different design issues and essential factors. And the
software system developed provides a flexible interface, which is easy for any

further extension and improvement by the users.

The system developed has been tested with several design examples of the
consumer products. The system is able to generate a variety of product forms
based on rudiments and formatives selected by a user with little intervention. The
system is capable of evolving a wide range of different types of product designs
through initial easy selection and specification of key function and key parameters
of a proposed product. The system is generic, in the sense that it can be extended

to other domains.

‘The system is capable of evolving designs guided both by the evaluation rules by
software system automatically during the evolution process, or by artificial
selection by users, which involves the interaction of designers during the
automatic process. The artificial selection, corresponding to natural selection in

evolutionary design, can be a useful means of dealing with ill-defined selection
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criteria, particularly user centred concerns. It allows designers to have the

opportunity to use their experience and intuition.

8. The system allows the simple specification of a range of different product design
tasks. New designs are easy for a user to specify, with the minimum of additional
evaluation criteria required. In certain selected domains, most design problems can
be specified by the user by simply selecting a combination of existing software
modules, and the adjustment of the system parameters is mostly unnecessary. This
methodology adopted provides the potential for further extension of this system in
the future. The next step of this research is to produce a generic design system

capable of evolving a wide range of design solutions as well as product design.

In addition the research presented in this thesis also produced the following
technical results:

+ The computational model implemented models the design process as a generative
and evolutionary process. It is not to reflect what is going on inside a designer
head, or purely modeliing the design process in their mind, but trying to provide a
supportive tool for the designer at a certain degree at the early design stage. And
the results generated are not a single design solution but a population of design
alternatives. The proposed designs are not obtained through some deliberated
attempt at producing them, but by generating a wide variety of alternatives and
focusing on the most promising ones, which are expected by or innovative to the
designer.

+ By tackling the issue of modelling 3D forms of design at the early stage of the

design process using evolutionary techniques, the study addressed an important
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issue that links design and manufacturing process. This involved mapping from a
3D-computer representation of design objects to a binary string manipulated by a
GA program, building taxonomy of the primitive forms, considering
manufacturing and other constraints in the evaluation process, and visualising the
process within a computer supported environment.

The concept of the design for manufacturability is introduced at the initial stages
of conceptual design. The goal is to produce products configured such that, when
detail design occurs, a manufacturable part will be realised. In the system
developed in this study, the generative design process follows general
manufacturability guidelines and rules for early anticipation of manufacturing
problems of a proposed certain manufacturing process to aveid problems
downstream in the detailed design process. In this system implementation, the
consumer product design is selected as the example domain, and some guidelines
related to the injection moulding manufacturing method are used. These DFM
considerations are used as the configuration rules during formative construction
and are transformed as the evaluation criteria during the design valuation and
selection,

Also the developed prototype system has been tested by 3 researchers in Design

Technology Research Centre, among them one has the background of industrial

design, and other two are in computer science. Generally they agree that through this

system, after initialisation input by the user with the interaction of the system

interface, the system can generate various design alternatives automaticzlly. And the

design results generated by the system can be used for further refinement by other

CAD tools or the concept exploration for designer. At a certain degree, the tool

developed can be considered as an exploration system of design concept that helps the
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designer in the preliminary design stage. The benefits of an automatic system
producing alternative generations of design in real time would be of significant value.
While the examples presented currently are based on the generation of simplified
product profiles and the result developed is still very abstract. Much still needs to be
done before this system can become a useful supporting tool for conceptual design.
More related knowledge needs to be embedded and the system interface needs further

improvement with design intent capturing capability.

8.2, Future Work

In addition to the results produced, the research presented in this thesis opened up a
new research direction and raised a series of theoretical and practical questions that
need to be studied further. This gives us several opportunities to extend this research
on evolutionary design, in general, and on design representation involving DFM, in

particular. In the following sub-sections the plan for future work is suggested.

8.2.1. Further Experiments with the System

More experiments with the developed system are needed before the system can be
used as a real world design tool. Due to the limited scope and time allowed in this
study, the following issues need to be further addressed:

« Testing the system for various examples especially with real life problems from

different areas of design.
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» Testing the system with several databases, corresponding to different application
domains, loaded simultaneously, in order to validate the generic nature of the
generative and evolutionary process.

» Testing the scalability of the system:.

These experiments can be done with the current implementation of the system, but
modifications are needed in the software in order to provide domain specific

interfaces.

8.2.2. Improvement on GUI

To make the system easier to use as well as make it available to other users such as
researchers or designers, a more sophisticated graphical user interface is needed. And
it is ideal to be used as the part of a collaborative system in which other supporting
functions are provided for more detailed exploration of the concepts proposed by the
system developed in this study. Program language with Java will benefit the further
development of this system. And now Java has been a superior development tool for
enterprise applications comparing to C++ and Visual Basic used in the
implementation of the system. Since it was designed for networking, Java easily
incorporates many features that have been complicated additions to other languages,
while maintaining platform independence, its inherent security features, and reduced
code size. This will be further developed in future work to make the system more
functional with good performance, and web integration.

Also more advanced software packages will be needed to enable the user to
interact with the developed system more efficiently and more effectively. The users

can input their own descriptions such as the style of the first main-body description.
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And also they can build their favoured formatives more visually through the system
interface. For example for the definition of the main-body style as shown in Figure
7.1(d). A more friendly and interactive interface for this item can be provided. The
users can define their own favoured styles through the system interface directly, as

shown in Figure 8.1 and then the corresponding evaluation function will be provided

automatically to guide the system.

1-

-

YR —

Fig 8.1. The proposed main-body-style creating interface

8.2.3. Extending the System to Other Products

Currently the system has been tested for the consumer electronic products, which are
manufactured through injection moulding. But in the future research experiments on
other products such as computer keyboard, mouse etc, are needed in order to allow
evaluations on the suitability of the process and the system as a generic design

supporting tool with DFM considerations.
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8.2.4. Adding New Application Domains

Adding new application domains to the ones currently accepted by the system will
extend the area of possible applications as well as increase the capability of the system
to develop the idea of rudiment and formative further. These can be achieved by the
application of object-oriented technology.

Object-oriented technology can be applied to the further extension of the system
implementation when more new application domains are involved. Object-oriented
technology is a methodology for software design in which the decomposition of a
software system is based upon the concept of an object. Object-oriented methodology
in programming makes the implementation much simpler than conventional
programming tools. Visual Basic, C++ and Java are programming languages, which
support the object-oriented programming. The benefits of object-oriented
programming include easier program design, as the objects correspond closely to the
behaviour of the items being simulated or calculated; fewer program errors, as objects
promote modularity and encapsulation; and easier program extension, as new kinds of
objects can be added more easily.

At the end, as stated earlier it is expected that the system developed will be generic
in the end and it will be integrated into an Al-based generative design system
developed at the Design Technology Research Centre at the Hong Kong Polytechnic
University. The architecture of this Al-based generative design system is illustrated in
Figure 8.2. In this architecture, the generative and evolutionary computation
techniques are used to support three activities vital in the design process: concept

generation, concept clustering and selection, and concept specialisation (Tang, 1999.
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Sun, 1999). The methods and algorithms developed in this project will mainly support

concept specialisation.

Design Knowledge Base
1 > Functiong!t components, 30 components and component relations ¢

Selact design tools

Specify functional requirements

Design Concept Generation
Genetic algorithms

Specify clustering heuristi

Constraint manager

Cesign Concept Clustering

Designers

Design concept learning

Specify Optimisation goat

e Visualisation & simulation

Design Concept Specialisation

Specify selection criteria Comain specific tools

Design Evaluation &
Selection

I Design documentation

Fig 8.2. Architecture of an Al-based generative design system

8.3. Conclusions

As an overal} conclusion, the research presented in this thesis is an attempt to create a
computer model of a generative and evolutionary product design process, which is
analogous to the evolutionary process in nature. Design for Manufacturability
considerations along with other designer-centred issues are integrated into this process

as design knowledge to support conceptual design. A theory of rudiment and
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formative has been established in order to identify a way in which knowledge and
information about 3D products can be represented and specified by designers. A
software system has been implemented to integrate Genetic Algorithms and other
support functions in an interactive and systematic manner. Testing examples with
mobile phone and remote controller design have shown that the system is capable of
generating a wide range of variety of solutions based on initial design requirements
which can be intuitively selected by designers. This research has provided a basis and
insights for the development of a more generic evolutionary design system undertaken
by the Design Technology Research Centre of School of Design of the Hong Kong

Polytechnic University.
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Appendix A

This appendix illustrate the program implementation of one evaluation criteria, the

main-body style involved in this system as illustrated in chapter 7:

© o 3k e 3 e s ok s o s ke ofe ok ok ok a3 o sk e ke 3k ke s ok sk ok ke ol ot o o e ok ok ok e e 3k s sk S8 ke o ok ok ok e ok i

“The Evaluation Function *
‘*ili****************#**#***********************#********#

Public Sub Evaluate()

Dim tmp(3) As String
Dim fitval As Integer, tmp As Integer
Dim {0 As Integer, f1 As Integer, £2 As Integer, f3 As Integer
Dim f4 As Integer, f5 As Integer, f6 As Integer
Dim mem As Integer, i As Integer, ca As Integer
Dim MaxLsh As Double, MaxWsh As Double, MaxHsh As Double
Dim MinLsh As Double, MinWsh As Double, MinHsh As Double
Dim emfitl(PopMax - 1) As Double 'need further refine in one
Dim emfit2(PopMax - 1) As Double
Dim emfit3(PopMax - 1} As Double
Dim cmfit4(PopMax - 1) As Double
Dim TmpTotal_cmfit(PopMax - 1) As Double
Dim tmpl As Double, tmp2 As Double
Dim 11 As Double, wl As Double, hl As Double, nkst As Integer, _
12 As Double, w2 As Double, h2 As Double, fknos As Integer, fkst As Integer, _
13 As Double, w3 As Double, h3 As Double, vdst As Integer
Dim beno As Integer, fvno As Integer, rvno As Integer, snsno As Integer
Dim MaxH As Double, MidH As Double, MinH As Double
Dim MaxW As Double, MidW As Double, MinW As Double

‘get the variable values
For i =0 To Popsize - 1

11 = Allgen(i, 0) ' Before map to Allpheno 0~100
wl = Allgen{i, 1) ‘gen/pheno
hl = Allgen(i, 2)

12 = Allgen(i, 4)

w2 = Allgen(i, 5)

h2 = Allgen(i, 6)

'flimos = Revar(7)

‘fkst = Revar(8)

13 = Allgen(i, 9)

w3 = Allgen(i, 10)

h3 = Allgen(i, 11)

'vdst = Revar(12)

beno = Allgen(t, 13)  '0~100
fvno = Allgen(i, 14)

rvno = Allgen(i, 15)

snsno = Allgen(i, 16)
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If hl > h2 Then

Ifh1 > h3 Then
MaxH = hl
If h2 > h3 Then

MidH = h2
MinH = h3

Else: MidH = h3
MinH = h2
End If
Else: MaxH = h3
MidH = h1
MinH = h2
End If

Elself h2 > h3 Then
MaxH = h2

Ifhl > h3 Then
MidH = hil
MinH =h3
Else: MidH = h3
MinH = hl
End If
Else: MaxH = h3
MidH = h2
MinH = hi
End If

If wl > w2 Then
If wl > w3 Then
MaxW = w]

If w2 > w3 Then
MidW = w2
MinW = w3

Else: MidW = w3

MinW = w2
End If
Else: MaxW = w3
MidW = wl
MinW = w2
End If
Elself w2 > w3 Then
MaxW = w2
If wl > w3 Then
MidW = wl
MinW = w3
Else: MidW = w3
MinW = w1
End If

Else: MaxW = w3
MidW = w2
MinW = w!

End If
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‘Calculate the fitness to each main-body style
Select Case BC_styl
‘When proposed to be style-1
Case 0
emfit2(i) = 0.5 * (200 - Diff(MaxW, w2) - Diff(wl, w3)) '100 * w2 / MaxW
‘When proposed to be style-2
Case | ‘wi<w2<w3 wi-->0
tpi =05 *w3/(13+12/2+ 1)
mp2=05*w2/(11+12/2+1)
emfit2(i) = (100 - Diff(MaxW, w3) + 100 * TorF(tmpl, tmp2) + 100 * TorF(w2, w1))/3
“When proposed to be style-3
Case 2 'wi<w2<w3
mpl=05*w3/{(13+12/2+1)
tmp2=05*w2/(11+12/2+1)
emfit2(i) = 0.2 * (500 - Diff{MaxW, w3) - Diffiw1, w2) - Diff{w2, w3) - Diffiw1, w3) -
Diff(tmpl, tmp2)) '100 * (w3 / MaxW + w2 / MidW + MinW / w1)/ 3
‘When proposed to be style-4
Case 3 ‘Maxw! mid w2 minw3
tmpl=05%w2/(11+12/2+1)
tmp2=05*w3/(13+12/2+1)
cmfit2(i) = 0.5 * (100 - Diff(MaxW, w1) + 100 * TorF(w2, w3)) '100 * w2 / MaxW

End Select

' get the total_fit base on the weights
For mem = 0 To {Popsize - 1)
TmpTotal_cmfit{mem) = 0.5 * omfit2(mem) + 0.3 * cmfit3(mem) + 0.2 * cmfitd(mem)
this function can be further generalised
Next

*for artificial selection
If Aselt_flag = True Then
Formem=0To0 8§ ‘total now is 9(Popsize - 1)

Total_emfit{mem) = 100 * Idx_favor(mem) + TmpTotal cmfit(mem)
Next

For mem = 9 To Popsize - 1 (Popsize - 1)
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Total_cmfit(mem) = TmpTotal_cmfit(mem)
Next
Else
For mem = 0 To Popsize - | (Popsize - 1)
Total_cmfit(mem) = TmpTotal_cmfit{mem)
Next
End If
Aselt_flag = False

End Sub
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Appendix B

This appendix shows more pictures of design results as well as shown in chapter7:
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Figure 2.
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Figure 4.

Figure 5.
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Figure 6.

Figure 7.

Page 180



Page 181




Appendix C

This appendix listed out the papers published as part of research undertaken for this

thesis follow:

L. Sun, J, Frazer, I., Tang, M. X,, (2000), “Research on applications of Genetic
Algorithms to Computer aided product Design- Case studies on three
approaches.”, Proceedings of the Third International Conference on Computer-
Aided Indusirial Design and Conceptual Design, CAID&CD 00. Nov., 2000.
HongKong.

2. Sun, J, Frazer, I, Tang, M. X. (2000), “Using Evolutionary Techniques to Shape
Optimisation in Product Design™. 27" International Conference on Computers &
Industrial Engineering. 11-13, Oct. 2000, Beijing, China.

3. Sunm, J., Frazer, J., Tang, M. X. (2000), “Shape Optimisation in Design for
Manufacturing Using Evolutionary Techniques”. JCME2000-2" CIRP
International Seminar on Intelligent Computation in Manufacturing Engineering.
21-23 June 2000, Capri (Naples), Italy.

4. Sun, J., Frazer, J.,, Tang M. X. (1999). “Shape Representation for Genetic
Algorithms in Evolutionary Design”. Proceeding of the Second International
Conference on Computer-dided Design and Conceptual Design, CAID&CD'99.
Nov., 1999,

5. Frazer, J., Tang, M. X. and Sun, J.(1999). “Towards a Generative System for
Intelligent Design support”. Proceeding of the Fourth Conference on Computer
Aided Architecture Design Research in Asia. May, 1999,

6. Sunm, I, Frazer, J., Tang M. X,, (1999). “Application of Evolutionary Techniques
in Design for Manufacturability”. Proceeding of the Fifth International
Conference on Computer-Aided Conceptual Design CACD'99, Lancaster
University. May 1999,

Page 182



