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Abstract

Learning in design is a phenomenon that exists in the domain of design. That the phenomenon
exists is evident from the many systems built based on Artificial Intelligence and machine
learning techniques in an attempt to support designers at work. However, the development of
these systems may not be well founded on a holistic basis as evident from the literature review.
Hence, this thesis contributes to the knowledge of modelling learning in design and has resulted

in a novel and comprehensive model.

To model learning in design, formalisms for design and learning activities were derived based
on the corpus of research work published. To explain the inextricable link between learning and
design, three hypotheses were raised. These hypotheses posited that the cognitive activities of
design and learning are linked at the epistemic level, teleological level and temporally. The
formalisms and hypotheses were substantiated through a protocol analysis of a recording of a
designer at work. The model based on the formalisms and hypotheses was presented for peer
critique at one of the Machine Learning in Design (MLinD) workshops. Based on the outcome
the protocol analysis and the peer review, the model was further evolved, resulting in the model
called Model-LinD.

Model-LinD features learning in design as the transformation of input knowledge into output
knowledge that is activated by rationale trigger(s) and through the interactions between the
design and learning activities that are determined by the epistemic, teleological and temporal
links. The evolved model was evaluated against a set of evaluation criteria, which showed that
it is indeed a model capable of explaining the phenomenon of learning in design. Hence, this is

claimed as the main contribution of this thesis

In order to derive a theory of learning in design from Model-LinD, the strengths and weaknesses

of deriving Model-LinD have been discussed leading to some suggestions for further work.
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Chapter 1

Introduction

Design is a practice mediated by scientific, engineering and technological knowledge
aimed at transformation of a set of needs into an artefact [1]. Science and design are
closely interwoven in that the purpose of design is the creation of a product based on

scientific principles. Willem [2] aptly describes this intimate relationship:

“Though the activities of design and science have little in common, science in the
form of science knowledge is intimately involved in design. Science knowledge is
part of the fabric with which designers design. Consider for example, the popular
blow-dryer for drying hair. Principles of electricity are applied in connecting the
wall outlet, switch, heating element and motor in a circuit, while the motor operation
is a demonstration of electromagnetism. Fluid dynamics is involved in the fan
design, and principles of convective heat-transfer guide the shaping and placement
of the heating coil. Metallurgy was significant in the development of the nichrome
alloy of heating coils, while polymer chemistry was involved in the development of
the plastic case material. Human factor principles are applied in developing the
overall geometry and case design, as are principles from art concerning aesthetics.
The blow-dryer is an example of science and design inseparably joined: they coexist

in the same space, science made visible through design”.

But the knowledge of science, engineering and technology continues to grow at an
unprecedented pace [3] through research and development. The application of new
knowledge to design practice is achieved through designers’ effort of learning and
development throughout their training and professional careers. As part of their
professional training, designers receive both formal education in the area of design in
colleges/universities as well as “on-the-job” practical training. The learning process
of designers however does not stop the moment they leave the formal system of
education. Designers continue to learn as they become involved in design projects.
As long as the designers continue in their profession, they will continue to gain a

wealth of design knowledge and experience. Without learning, designers cannot
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learn from past experience and harness new knowledge in the development of better
or new products for the service of mankind. Hence, there appears to be an
underlying human phenomenon that describes the cognitive process of learning of
designers at work that needs to be addressed in order that the benefits of learning in
the design of products can be fully utilised. In this thesis, it is suggested that the

underlying phenomenon is that of learning in design.

1.1 The role of learning in design practice

Designers work in the context of market competition. Due to the sophistication of
customer demand and market forces, enterprises involved in the design,
manufacturing and distribution of products have to strike a right balance amongst
various factors. These factors are affordability of the product pricing policy,
flexibility in the variety of product range and types, and the quality of the products.
Enterprises now have to achieve both economy of scale and economy of scope
coupled with the promotion of quality in their products. In the phenomena of
economy of scale and economy of scope there is a rising number of product units
coupled with a rising number of product models. This has given rise to mass
customisation and product model variety. Pine [4] suggests that mass customisation
is a new way of viewing business competition, one that makes the identification and
fulfillment of the wants and needs of individual customers paramount without
sacrificing efficiency, effectiveness or low costs. The impact of mass customisation
to product design and the design process cannot be ignored. Whitney [5] reports an
extensive case study of an enterprise focusing its product design process on
supporting high-volume, high variety, unpredictable demand fluctuations and high
quality automated assembly. The case study shows that the enterprise was able to
develop products for the high-volume, Just-In-Time (JIT) model-mix business
environment by exploiting the design process and the assembly process of the
products. Hence the need to saﬁsfy the “voice of the customers” has caused
enterprises to adopt customer-driven design and production resulting in an increasing

number of product models or a high-variety model mix.
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In an effort to remain competitive in the face of increasing product varieties, the
goals in product development are shorter time to market [113, 7], high quality
standards at reduced product costs [8]. Pressures to achieve these goals have
resulted in significant changes in the way that engineering design is practiced [9].
Hence, enterprises have adopted different strategies for productv development to
achieve these goals. The main strategies are as follows:

. The sharing and learning of information/knowledge through concurrent

nginering to facilitate and expediate product development.

. The harmness of knowledge for reuse in current and future designs.

. The use of information technology to facilitate product development.

1.1.1 The role of sharing/learning of knowledge in concurrent enginering

The use of flexible organisational structures for product development involves
matrix organisations and cross-functional project teams. The principal concept
behind these flexible organisational structures is the grouping of people from several
departments to work on products/projects to achieve a common goal. The notion of
working cooperatively and concurrently on product development gives rise to the
practice of concurrent engineering (CE) or simultaneous engineering. The traditional
sequential design-and-manufacture process is being superseded by a parallel activity
of concurrent engineering {8]. The success of flexible organisational structures is
dependent on the sharing of information/knowledge and experiences. Neergaard
[10] observes that through this process, people learn about other areas of knowledge,
thereby preventing excessive specialisation and as a result, adaptability and

flexibility can be expected to be facilitated.

Concurrent engineering aims at eliminating unnecessary changes [11, 12, 8] and
redesigns from a product development process (PDP), and at achieving better
product quality [12, 13]. To achieve CE, it is critical to facilitate teamwork and
collaboration by improving communication among various participants in the
development process and by allowing them to share information and knowledge
[12]. In a competitive market, adopting the practice of CE by itself may not lead to

success in the market place. As argued by Siemieniuch and Sinclair [13], the
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adoption of concurrent engineering as a design practice does not guarantee success in
the market place since competitors can equally adopt the same practice. Many
proponents of CE [12, 13] have advocated that the success of CE is dependent on the
sharing of knowledge and information and experiences. For example, Siemieniuch
and Sinclair point to the need of restructuring and redistribution of knowledge
among the people, and between people and IT applications and the necessity for a
disparate group of people (comprising of researchers, designers, engineers and
supplier’s representatives), with their different concerns working cooperatively as a
team. The knowledge that a member in a CE team possesses includes knowledge of
design (i.e. past and current designs, and successful and unsuccessful designs),
knowledge of how, individually to use particular design methods and techniques and
knowledge of how to use these techniques effectively within the context of the
organisation’s design operations and procedures [13]. For the restructuring and
redistribution of knowledge to be efficient and effective, the taxonomy of knowledge
must be kept relevant and up to date, since concurrent engineering as a design
practice occurs in an environment where the knowledge, the people and the
applications are subject to change. Furthermore, difficulties in CE are encountered
when large multi-disciplinary projects are involved where the team members work at
different levels of detail, using different models and different knowledge [11]. There
is therefore a need for computational support for concurrent engineering by
developing tools that help team members to share knowledge, and to keep track of
each others’ needs, constraints, decisions and assumptions [14]. Recognising this
need has led to a specification for a knowledge-based support in a concurrent
engineering environment [11] and the identification of Artificial Intelligence (Al
approaches to model and support concurrent design of complex artefacts [15].
Douglas and Brown [16] identified twelve issues in developing tools to support CE.
Three of these issues that point to some aspects of learning in design are:
. A catalogue contains descriptions of parts that can be used in the design.
These parts can be components or partial designs. They are the means of
relating past experience into the current design, and speeding the design

Process.
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. An accumulated database contains knowledge about downstream activities
accumulated along with the design.

. A design history captures knowledge about alternatives and decisions made,
and the rationale behind those decisions. This is useful in determining if the
best design was chosen, for credit/blame assignment, for learning and for use

in restoring the design if a design decision has been retracted.

These three issues emphasise the need of knowledge accumulation in CE before they
can be applied in a design or downstream activities. Knowledge is accumulated
during the design process about all relevant aspects of the life-cycle of the product.
This view of CE as knowledge accumulation can be seen to underlie all CE
activities. The knowledge accumulation view of CE produces an emphasis on
learning as much as possible about all aspects during the design and not just focusing
on the design. Hence this view that is promoted by Douglas and Brown describes
the phenomenon of learning of not just a single designer or agent but that of a team
of designers. This view emphasises the role of knowledge in the design of systems
for supporting CE and a clear understanding of the phenomenon will support an

effective and efficient design of systems to support CE.

1.1.2 The harness of knowledge for reuse

Another strategy that enterprises can and do pursue to reduce the product
development cycle(s) is to utilise past design knowledge (in the form of design
descriptive knowledge/information and design process knowledge). Reusing an
existing design (i.e. design reuse) is also seen as an obvious way of reducing effort
and risk (and therefore time to market and cost) — not just in the design activity, but
also in downstream functions. By applying an existing design, resources consumed
in original design and analysis could be avoided [17]. Design reuse can only be
possible if there is a conscious effort to learn from past designs and their
corresponding design processes. That is, there ought to be the learning of knowledge
before that knowledge can be reused or transferred to another design. Busby [18]
considers design transfer as an important, practical outcome in a design activity.

Without design reuse or transfer, one could not progress from elementary to complex
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designs. Without design transfer, most designs would be excessively risky if they
were start from scratch and would cost too much. Hence there are benefits of design

reuse [17] relating to time, cost, quality and performance [19].

1.1.3 The use of Information Technology to support design and learning

The increase in the use of computers and software to support design and drawing
office activities has also helped in reducing the time to market. Computer-Aided
Design (CAD) systems have been developed to support design representation and
modelling (e.g. wire frame modeling, boundary representation, solid modeling),
Computer Aided Engineering (CAE) software for simulation and design analysis
(e.g. finite element analysis (FEM), computational fluid dynamics (CFD)) [20], and
Computer Aided Drafting tools for drawing office activities.  Software tools to
promote Computer Supported Cooperative Work (CSCW) in organisation(s) have

emerged in recent years [21, 22].

In an empirical study to identify product development and design practices, policies
and tools of 31 companies (Navy contractors), Stevenson and Dooley [23] found the
use of computerised design tools' and design via appropriate physical sciences® as
the two most prevalent “best” practices. This finding does not appear surprising as
the use of these tools can be used to reduce design cycle time [23] and hence the time
to market. However, Stevenson and Dooley concluded that there was a lack of best
practices reported at the stages of new product strategy, design organization, idea
generation and screening, preliminary assessment and conceptualisations as the
reported practices tended to primarily address the later stages of “detailed” design.
While this may indicate a lack of emphasis in the initial stages of product
development process (PDP) [23], the underlying reason may well be that these
design tools lack the required capabilities of an Intelligent Design Assistant (IDA)
system to act as an active partner of a designer in the initial stages of PDP [24]. As

an active partner to the designer, Duffy and Duffy [24] posit that the IDA system

! These computerised design tools include those that fall under the acronyms of CAD, CAM, CAE, Al
etc.

% These include thermal analysis, finite element analysis, aero-science analysis, graphical structural
analysis, fluid dynamics analysis and digital circuit analysis.
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should be capable of jointly supporting design and learning assistance. Whether, the
IDA is supporting a designer working individually or as a team member in CE, the
dual roles as a design assistant and learning assistant will lead to a reduction in

design cycle time and the time to market.

MacCallum [25] in providing answers to the question he raised ‘Does Intelligent
CAD exist?” identified three major components of an intelligent system that will
deliver the type of behaviour that will promote interactive design in an Intelligent
Design Assistant (IDA) system [26]. The three components are the model of the
artifact in the system, the resource of knowledge that promote implicit inferencing by
the system in the course of design dialogue with the user and the ability of the

system to learn.

As a result, there has been numerous attempts at building Artificial Intelligence (AI)
systems of machine learning in design of which case-based design (i.e. learning
cases of past designs for reuse as a specific example) [27]. This growing interest has
led to several Machine Learning in Design (MLinD) workshops which have resulted
in special issues of the Journal of Artificial Intelligence for Engineering Design,
Analysis and Manufacturing (AIEDAM) [28, 29, 30]. The research work recorded
therein centres on the application of machine learning techniques to capture
knowledge learnt of the design or the design process. These developed MLinD
systems were able to solve some of the knowledge acquisition problems associated
with building knowledge-based systems to automate or support the design process.
These have been develdped not only to record design history, design decisions made
and states of design [31], but they are able to utilise past design knowledge, modify
past design knowledge and acquire/generate new design knowledge [24]. Most of
these systems embody some machine learning algorithms and techniques as part of
their automatic learning of design knowledge. Because these systems are developed
without a clear understanding of the phenomena of learning in design they are
limited in their effectiveness as design support systems. These systems have been
developed on an ad hoc basis without a formalism as a foundation [32] (i.e. a model

or theory). Hence Sim and Duffy [32] advocate the need to put the study of MLinD
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research and the development of MLinD systems to support designers on a formal

basis.

1.2 The need for a theory or model of learning in design

For the strategies discussed above to be efficient and effective in design and product
development, the impact of the role of learning in the organisations that practise
concurrent engineering, in design reuse and IT in particular, Machine Learning in
Design cannot be ignored. Zuboff [33, p395], in her book In the Age of Smart
Machine explains that information technology has altered basic assumptions about

the relationship between work and learning:

“Learning is no longer a separate activity that occurs either before one enters the
workplace or in remote classroom settings. Nor is it an activity preserved for a
managerial group. The behaviour that defines learning and the behaviour that
defines being productive are one and the same. Learning is not something that
requires time out from being engaged in productive activity; learning is the heart of

productive activity. To put it simply, learning is the new form of labour.”

The need for design reuse as a research topic was first recognised in the report to the
design research community in 1986 entitled, “Goals and priorities for research in
engineering design” [34]. Three of the major themes on the generic research needs

identified were:

. To gain a basic understanding of the design process, so as to develop a theory
in design.
. The field of design theory and methodology needs to address the early,

conceptual stages of design.
. The development of methodologies to reuse past design efforts (e.g. results of

past decisions) on current design.

While the need to develop a design theory and methodology for design reuse was
identified, there was no identification of the important role that learning plays in the

design process and hence the need for developing a theory of learning in design was
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not raised in the report. The focus of the design research community has been to
develop theories of design. This may explain why the review in Chapter 2 of this
thesis shows that while there is no lack of theories and models of design, there is no

theory or mode] of learning in design.

It was Persidis and Duffy [35] who first posited the hypothesis that learning is
inextricably linked to design. This inextricable link between learning and design
points to a phenomenon that exists in and outwith a design process, a phenomenon in
which the designer learns design knowledge as he/she interacts with the evolving
design and interacts with other members in the design team. The hypothesis raised
in this thesis is that there is currently no model or theory of learning in design; this is
the reason why systems to support designers at work are developed on an ad hoc
basis. Further, while there are theories on organisational learning [10, 36], there is
no theory of learning in team design. Hence, there is a need to study the
phenomenon of learning in design in a design practice (i.e. design reality) with the
objective to develop a model or theory that can describe the phenomenon.
Consequently this 1s the research task presented in this thesis; that is, the
development of a model or theory of learning in design. It is envisaged that a model
or theory will provide a foundation on which to develop an IDA or design support

systems.

1.3 Defining learning

Learning is such a pervasive human activity that it has captivated the interest of
philosophers, psychologists, scientists, teachers, students and many others. The
fundamental question of what is learning continues to be the ground of many
research programs. Several researchers have asked epistemological questions on
learning in the areas of pedagogy [37], learning in design [35, 112, 39] and machine

learning in design [40]. These questions are:

o What is learned?

o How does learning occur?

. What is the object (goal) of learning?
. When does learning occur?
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The issues related to these questions will be discussed in Chapter 6 in the context of
deriving a formalism for learning in design. However, because learning has been
researched by different group of researchers, they may have different definitions of
what constitutes learning. It is therefore important, in the context of this thesis to
examine and define what is meant by learning in relation to learning in design and

therefore the first of these questions is discussed here.

1.3.1 What is learning?

Learning and memory have been pursued as two separate areas of study by
researchers in psychology [37]. Learning has been associated with behaviourist
approaches to psychology while memory has been associated with cognitive
approaches to psychology. But learning and memory are inextricably linked as
learning seen as a result of a process must be stored in a depository called memory.
Here learning is considered as the gain of knowledge that must be recorded in

memory.

Learning as gaining knowledge

Learning may connote different meanings to different groups of researchers.
Depending on the perspective of their background disciplines each group of
researchers may hold certain definitions of what learning is. As a result it is often
difficult to define learning [41] and hence have a consensus of what constitutes
learning. Nevertheless, several definitions are given in Table 1.1 below. The
purpose of tabulating these definitions is to summarise succinctly the
epistemological understanding that different groups of researchers have of learning.
The researchers in psychology view learning as a relatively permanent change in
behaviour as a result of experience. Most learning theorists look upon learning as a
process that mediates behaviour [41]. For them, learning is something that occurs as
the result of certain experiences and precedes changes in behaviour. The researchers
in artificial intelligence and, in particular, machine learning view learning of a
computer program as improvement in performance of a task. But none of these
definitions view learning as the gaining of knowledge of (a subject matter),

especially through experience or through being taught.

10
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From the pedagogic viewpoint, learning can be seen as the gaining of knowledge on
the part of the leamner (i.e. the student). Marton and Booth [42] view learning as
progressing from acquisition of factual knowledge and integrating that knowledge

into existing pre-stored knowledge. To quote Marton and Booth:

“Learning — in the sense of gaining knowledge about the world — is frequently seen
as a progression that starts with acquiring some basic facts (where facts are seen as
pieces of valid, elementary knowledge) and goes on through building ever more
complex and advanced forms of knowledge out of, or on the ground of simpler forms.
..... In our view, learning proceeds, as a rule, from an undifferentiated and poorly
integrated understanding of the whole to an increased differentiation and integration
of the world and its parts. Thus learning does not proceed as much from parts to
wholes as from whole to parts, and from wholes to wholes. To put it simply, in order
to learn about something you have to have some idea of what it is you are learning

about.”

Table 1.1: Definitions of learning

Author Definition of Learning Discipline
Kimble (1961) As a relatively permanent change in behavioural potentiality that | Psychology
occurs as a result of reinforced practice [43].
Klein As a relatively permanent change in the ability to exhibit a | Psychology
(1987) behaviour; this change occurs as the result of successful and
unsuccessful experience [44].
Anderson The process by which relatively permanent changes occur in | Psychology
(1995) behavioural potential as a result of experience [37].
Simon Any change in a system that allows it to perform better the second | Machine
(1983) time on repetition of the same task or that allows it to perform | learning
tasks that it could not address before [45].
Mitchell A computer program is said to learn from experience with respect | Artificial
(1997) to some classes of tasks and performance measure, if its | Intelligence
performance at these tasks, as measured by performance, improves
with experience [46].

Kemp [3] views learning as that part of human behaviour concerned with the
acquisition of knowledge (or concepts). To Persidis and Duffy [35], learning is the
changing of the human’s state of knowledge that can have a direct influence on the
ability of human to solve problems. So the concept of learning by Marton and
Booth, Kemp and Persidis and Duffy suggests that learning involves some form of
acquisition of new knowledge that is integrated into the existing pre-stored

knowledge called memory.

11
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1.3.2 Learning as storing of knowledge

Anderson [37] defines memory as follows:

“Memory is the relatively permanent record of experience that underlies learning.”
The use of the term “record” implies that there is some mental change that embodies
the learning experience. This mental change is the creation of a memory record.
There has been growing evidence for two types of storage in human memory, short-
term memory and long-term memory [37]. Short-term (ST) memory can be
considered as a temporary storage system that can hold a small amount of
information. Long-term (LT) memory can be considered as a more permanent
repository of knowledge. This structure of memory that consists of ST and LT
memories forms the basis of a theory of human memory by Atkinson and Shiffrin
[47]. This model however is superseded by more current theories such as SAM by

Gillund and Shiffrin [48].

In recent years, the physiological basis of learning at the neuron level is an active
area of research that will shed more light on how the brain learns and records what is
learned in memory [49, 50]. There have been some experimental studies of the brain
activity of novices and experts to whom were given the same set of design problems
to solve [51]. Based on the results of neurophysiological research, some basic
assumptions were made [52]. According to these assumptions, activity in the frontal
regions of the brain is a sign of planning, reasoning and decision-making. The left
hemisphere specialises in the processing of abstract concepts and language, and
contains our verbal memory. The right hemisphere is specialised in processing
visual information and contains our visual memory. The study by Goker [51] was
able to substantiate the observations made during the behavioural experiments, that
with growing experience (i.e. comparing the brain activity of novices and experts),
the usage of visual information replaces abstract functional models. But for the
purpose of understanding learning as a gain of knowledge and how this knowledge is
stored, it suffices to rest on Schank’s theory of dynamic memory. Schank [53]
believed that knowledge structures in the memory change when new experiences are

encountered or when a present structure is no longer applicable.

12
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This statement presupposes that there is a depository for knowledge and that there
are mechanisms by which the current state of knowledge can be
compared/manipulated/changed to the new state. Without memory,
information/knowledge learned cannot be compared, stored and retrieved for
subsequent use. Kerr [54] therefore concluded that memory can be considered to be

the foundation upon which learning can take place.
1.4 Aims and Objectives

The overall aim of this research is to develop a model of learning in design that will
serve as a basis to formulate a theory of learning in design. To achieve this aim the

following objectives were identified:

o There exists the phenomenon of learning in design as a cognitive process in
design practice and hence raise a hypothesis that there is no model or theory
to explain the phenomenon.

. To show that the hypothesis is indeed true that there is no model or theory of
learning in design and hence identify the need for a model or theory of
learning in design.

o To adopt an appropriate research methodology by which a model of learning
in design can be derived and developed.

. To describe what is learning in design and hence establish the requirements
of a model of learning in design and the approaches that are required to
model learning in design.

. To identify and classify the generic design activities and represent these
activities using a formalism so that knowledge change in each of these design
activities can be identified. The knowledge change is seen as contributing to
the learning process.

J To identify and justify basic elements that will represent a learning activity in
order to explain what is learnt, why learning occurs, how learning takes

place, and when does learning occur in the context of design.

13
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. To hypothesise on the manner in which design and learning as cognitive
processes are inextricably linked and hence propose a model of learning in
design.

. To conduct and analyse a protocol recording of a designer at work as one of
the basis to evaluate the proposed model of learning.

o To evaluate and evolve the proposed model of learning in design based on the
results of the protocol analysis and through peer critique by presenting the
model to the research community of learning in design.

. To identify avenues of future work in order that a more generic model or
theory of learning in design can be achieved as a basis to develop and

implement design support system(s).

1.5 Structure of the thesis

This thesis consists of eleven chapters in three parts. Part 1 (Chapters 1 to 4) seeks
to define the research problem as the need to develop a model or theory of learning
in design and how the research problem is to be solved through an appropriate
research methodology. Part 2 (Chapters 5 to 7) presents a proposed solution to the
research problem in a model of learning in design. Part 3 (Chapters 8 to 11) presents
the evaluation of the proposed model and the refinements made to the model as a
result of peer evaluation and that which is revealed in a protocol recording and

analysis.

In Chapter 1, it has been shown that there is a design reality (i.e. a phenomenon) of
learning in design that must be studied and comprehended before a formalism (i.e. a
model or theory) can be proposed or developed. The model or theory is seen as a
foundation by which an effective and efficient IDA can be developed to support
designers. In Chapter 2, a critical review of existing theories, models of design or
learning and of systems implemented based on some of these models supports the
hypothesis raised in Chapter 1 that there is no model or theory of learning in design
and hence reaffirms the research problem of the need to develop such a model.

Chapter 3 reviews research methodologies so that an appropriate methodology could
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be chosen for the research problem. Chapter 4 defines what is the phenomenon of

learning in design, the nature and manner in which model of learning in design is

sought.

Chapter 5 reviews current literature in design research and practice in order to
identify and classify generic design activities for which a formalism for a generic
design activity is proposed. This formalism is used to study the knowledge change
that occurs during a design activity. In Chapter 6, a similar review of current
literature of research work in machine learning, machine learning in design (MLinD)
and cognitive science was undertaken resulting in the definition of a formalism for
the learning activity that occurs during or outwith the design activity. The elements
of the formalism were substantiated through a critique of MLinD systems. By
synthesising the formalisms representing the cognitive activities of design and
learning, a model of learning in design was derived. Hence Chapter 7 presents the
proposed model of learning in design and presents three hypotheses to show the
nature of the inextricable links that may exist between the cognitive activities of

design and learning.

In order to evaluate the proposed model, a protocol recording of a designer at work
was analysed. Chapter 8 serves as the repository of the results of the analysis. As
part of the research methodology, the model of learning in design was evaluated
through a peer review and the results of the protocol analysis. This led to a
refinement of the model and a representation of the model in Backus-Naur Form
(BNF) which can be implemented as a computational model of learning in design for
further evaluation. Hence Chapter 9 describes the evaluation and the refinement of
the model of learning in design. Chapter 10 discusses the strengths and weaknesses
of the research methodology in the light of the proposed solution to the research
problem established in Part 1. Chapter 10 also presents some avenues by which the

model of learning in design can be developed into a theory of learning in design.

Chapter 11 summarises the key contributions and conclusions; that is, a development

of a model] of learning in design.
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Chapter 2

A Review of Theories and Models of Learning in Design

Design and learning are two distinctly different types of human cognitive activities.
While designing requires the application of knowledge, learning results in the
acquisition of new knowledge. According to Duffy and Duffy [24] designers learn
when they encounter knowledge that is sufficiently different from their present state
of knowledge. Although design and learning are two distinct cognitive activities
they are inextricably linked [24, 35]. To date the design research community has
developed many models and theories of design to describe and prescribe what is
design and what it ought to be. In Chapter 1 the research problem that there is no
model or theory to describe the phenomenon of learning in design was identified.
The purpose of Chapter 2 is to present a critical review of the existing models of
design and/or learning, and the theories of design to affirm or reject the identified
research problem. The critical review is based on a set of criteria given in Section 2.
While the review shows that there are several theories of design and many models of
the design process, there is a dearth of models of learning in design, let alone
theories of learning in design. This finding is important as it therefore suggests that
there is a need to develop a model of learning in design that may lay the foundation
for a theory of learning in design. Such a theory could then be used to develop
effective IDA or design support systems. Hence the purpose of this review is
important in establishing this need to develop a model of learning in design which is

the thesis of this research work.

2.1  Criteria for evaluating theories, models and systems

Whilst there is no lack of theories or models of design, there are however only a few
models that describe some aspects of learning in design. The purpose of the critical
review of theories, models and systems related to design and learning is twofold.
Firstly it is to establish if there is currently a theory or model of learning in design.
Secondly if there are theories or models of learning in design, what aspects of the

phenomena of learning in design that these theories or models portray and how
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hypotheses, and aid in making predictions [57].

Design and learning as cognitive activities demonstrate human intelligence

behaviour. To study some kind or aspect of intelligent behaviour, Artificial

Intelligence (AI) researchers attempt to build experimental systems which embody

their formal theories of intelligent behaviour being studied [59]. These experimental

systems are computer programs. The methodology generally adopted in attempting

to achieve this aim has three parts [59]:

1. The development of a theory or model of the design process.

2. The development of a software system architecture which embodies this model.

3. The implementation of this architecture in the form of computer programs which
we can then experiment with and test.

Hence systems can be considered as a means to evaluate theories or models. If

Smithers considers models as particularisation and specialisation of a theory [55],

then systems may be considered as further particularisation and specialisation of

models and theories. Hence it is proposed that not all computational systems on

design and learning will be evaluated unless they are developed in order to evaluate

some theory or model of learning in design.

It is proposed that a set of criteria be used to evaluate the current theories, models
and systems in design and/or learning. The criteria consists of the following:

. Explanative capability,

. Predictability,

) Operationalisation,

. Comprehensiveness,

. Applicability.

The rationale for this set of criteria in evaluating theories and models are discussed

below.

2.1.1 Explanative capability
In general, scientific theories or models offer an understanding and provide the basis
of explanations of the phenomena we observe. They are necessarily abstract

statements that identify general properties, characteristics, and underlying processes
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and mechanisms for all possible instances of the phenomena [55]. Explanations can
be either based on evidence or based on a set of deductions derived from the tenets
of the theory or models. However explanations may turn out to be inaccurate,
inadequate or irrelevant. Explanations must be at a level of abstraction higher than
the data or generalization they explain. Dixon [58] draws a distinction between
descriptive theories and prescriptions. A descriptive theory defines a system and
explains why it behaves as it does. A prescription states how a system, or at least
part of the system, should behave according to the author of the prescription. Hence,
a model or theory is said to have explanative capability if it is able to explain every
observable instances of the phenomenon through its systems of abstract statements.
A model or theory cannot be considered as one if it does not have an explanative
capability. Hence explanative capability is considered here as the criterion to
evaluate whether a model or theory qualifies to be as a model or theory of a

phenomenon.

2.1.2 Predictability

The concepts of prediction and predictability are central to scientific thinking and are
of practical importance [60] for this is ultimately the means by which science gives
an understanding of nature and other people [61]. For models or theories to exhibit
predictability, they are characterised by a consistent set of statements and an
inferential structure that can be used for prediction of events or conditions on the
basis of assumed existing conditions [62]. Michalski [63] and Shanahan [64] show
that the inference process of abduction is explanation and the inference process of

deduction is prediction.

The most convincing demonstration of the validity of a scientific hypothesis is the
successful prediction of a previously unobserved or unrecorded phenomenon. One
example is Mendeleev’s model [65]. Mendeleev’s model serves to illustrate the
hypothesis testing and predictive capability of the model. It classifies the structure
of elements into a periodic table. On the basis of the arrangements of the elements in
it, rather than perform exhaustive experiments involving chemical combinations,
scientists can accurately hypothesise chemical combinations and displacement laws.

Furthermore, elements not yet discovered can be predicted and their characteristics
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inferred, even though no physical proof of their properties exist. But prediction is
not the necessary and sufficient condition for scientific explanation [61). There are,
for example, perfectly sound ‘historical’ sciences such as geology, palaeontology
and cosmology, whose phenomena cannot strictly be predicted since they all
occurred in the past. However theories about these phenomena may be satisfactorily
validated by the discovery of ‘predicted’ evidence after they were originally

proposed.

Lighthill [66] demonstrates that for a wide class of simple systems that satisfy the
equations of Newtonian dynamics and these equations can be solved precisely (with
known initial conditions), predictability is impossible beyond a certain definite time
horizon. Thus, it can be argued that a theory or model need not necessarily have the
predictive capability as long as it has the explanative capability. Predictability is
considered as an important criterion as it has been argued that it is not necessary that

a model or theory has predictive capability as long as it has explanative capability.

2.1.3 Operationalisation

To construct effective explanations, all the terms and concepts used to form a theory
must be operationalised [55]. These operationalisations must make it possible in
practice, to identify and classify, unambiguously, particular examples and states of
the phenomena covered by the theory. What are the observables of the phenomena
for which the theory is trying to explain must be established first. Before
operationalisation can occur, all terms and concepts must be subjected to an

operational definition.

An operational definition of a term is one which defines the term in connection to
some physical or computational operation used to measure or quantify the defined
entity. Not all terms or concepts can be measured. Hence Bridgman [67]
distinguishes between several kinds of operation that may be invoked in specifying
meanings of scientific terms. The principal ones are what Bridgman calls instrument
operations — these consist of the use of various devices of observation and
measurement and what Hempel [68] calls symbolic operations which include paper

and pencil operations, verbal operations, mental experiments, the techniques of
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mathematical and logical inference and the like. To safeguard the objectivity of
science, all operations invoked in this kind of definition are required to be inter-
subjective in the sense that different observers must be able to perform “the same

operation” with reasonable agreement in their results [68].

An operational definition is meant to give experiential meaning to the term it
introduces because it enables us to decide on the applicability of that term to a given

case by observing the response the case shows under specifiable test conditions.

Smithers [55] observed that the process of developing and testing theories in science
is essentially the development and use of terms and concepts that can be
operationalised adequately to form effective explanations. Hence an effective theory
or theory of learning in design in particular must be founded on a set of operations

that can give a reasonable agreement in the result.

2.1.4 Comprehensiveness

Miller [69] observes that the goal of science is the development of both special
theories of limited scope and general theories that unify or integrate special theories
and cover broader spheres of knowledge. It is usually necessary to start with special
theories that deal with a limited set of phenomena. Middle-range theories concerned
with a greater number of phenomena come later. Ultimately a body of research
based upon these theories lead to general theories that include a major segment of the

total subject-matter of a field or of several fields.

Designing is a particularly sophisticated kind of behaviour, drawing on numerous
human cognitive capacities in complicated ways [55]. Here, in evaluating the
various theories and models, it is important that the theory or model in question is
able to describe the phenomena of learning in design. So a design theory will be
considered as a special theory since it describes a single perspective of the cognitive
behaviour of the designer. A theory or model of learning in design that describes
both the phenomena of designing and learning and the coupling between them will
be considered as a middle-range theory to use the classification by Miller. But one

that is able to describe design as a social process involving not just one designer but
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a team in which both cognitive activities of designing and learning in a corporate
manner would be considered as a general theory. So, in evaluating the
comprehensiveness of a theory or model describing the cognitive phenomena of

design, these qualitative terms of special, middle-range or general will be used to

describe its comprehensiveness.

Whilst ultimately the aim is to develop general theories, Dasgupta [70] argues that a
grand theory of design is pointless if it is so general that no one knows how to relate
it to specific problems. Thus he concludes that our search for a design theory must

attend to both the theoretical need for generality and the practical quest for domain-

specificity.

In terms of evaluating how generic a theory is, comprehensiveness as a criterion of
evaluation should be ranked the highest. But unless a model or theory can satisfy the
criterion of explanative capability, it will not be considered for its genericity.
However, here, the measure of comprehensiveness of a model or theory is not in
explaining the phenomenon of design but that of learning in design. So even if a
model or theory qualifies as one in explaining the phenomenon of design, it still

lacks comprehensiveness if it cannot explain the phenomenon of learning in design.

2.1.5 Applicability

The measure of applicability of a theory or model of design is the extent to which it
has been applied to design of different artifacts or different types of design processes
(i.e. architectural, engineering, or software). It can be described as artifact

independent or domain independent.

2.2 Evaluation of design theories

Using the set of criteria given in Section 2.1, the five theories to be evaluated are:
. General Design Theory

. Axiomatic Theory of Design

. Theory of Technical Systems

° Theory of Plausible Design
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. Inferential Design Theory
The theories selected here are not meant to be exhaustive but rather they are
considered as theories indicative of the domains of engineering design (i.e.

mechanical, machine design, system design, computer architecture design).

2.2.1 Explanative capability

General Design Theory

Models or theories that display explanative capability are characterised by a system
of abstract statements that consist of axioms and theorems or some formal
expressions such as inference equation. Hence, the General Design theory (GDT)

and Axiomatic Theory of Design (ATD) use a system of axioms and theorems to

explain the phenomenon of design.

The original GDT developed by Yoshikawa [71] uses three axioms® to describe
design as the mapping from the function space (the entity concept set) to the attribute
space (the design topology) in an ideal world. That is, design is described as a
mapping from the conceptual world to the logical world, ignoring the influence of
physical laws that exist in the real world. In the ideal knowledge scenario, design
solutions can be obtained immediately once the design specifications are completely
described. The most significant result of having the ideal knowledge, which can be
proven from the three axioms, is that design, as a mapping from the function space to
the attribute space, immediately terminates when the specification is described. Thus
there is no iteration in the design process and the knowledge change is the design

specification derived from the functional specification as a one to one mapping.

To remove the restriction imposed by the definition of ideal knowledge, Tomiyama
and Yoshikawa [72] extended the GDT in three additional theorems to take into

account the physical laws of nature and its influence on the design solution. These

3 Axiom 1 (Axiom of recognition). Any entity can be recognised or described by artributes and/or
other abstract concepts.

Axiom 2 (Axiom of correspondence). The entity set S’ and the set of entity concepts (ideal) S have
one-to-one correspondence.

Axiom 3 (Axiom of operation). The set of abstract concepts is a topology of the set of entity concepts.
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theorems state that the feasible entity concept is to be selected from the topology of
the physical law concepts, that every attribute has a value if it can be measured and
that design solution(s) can be obtained as a convergence process given the design
specification [73]. In the convergence process, two theorems describe the design
solution in terms of the concept of the meta-model, which is described in terms of
attributes that can be measured by physical laws. Thus in the real world, the system
of three axioms and three theorems explain design as a stepwise evolutionary
transformation process from the design specification to the design solution. There is

an implicit knowledge increment as the design is evolved, but GDT does not explain

this implicit knowledge increment as learning per se.

The GDT as expounded by Yoshikawa and Tomiyama is able to explain design as a
mapping from a functional space to an attribute space via the meta-model (physical
phenomena) space. To test the theoretical results of GDT, Takeda et al. [74]
conducted an experimental investigation of design processes that led to the
formulation of the cognitive design process model [75]. While GDT is able to
explain what design is it fails to explain the phenomena of designing as cognitive
actions taken by the designer. Recognising the inadequacy to explain the interaction
between the evolving design through actions of the designer, a computable design
process model was developed by Takeda et al. {76]. The model formalises design
processes as combinations of three types of reasoning i.e., deduction, abduction and
circumscription. Hence the inability of GDT to explain the design phenomena
necessitated in the formulation of the cognitive design process model and the need to
formalise it in a computable design process model. However, the extended GDT and
its subsequent evolution do not address or explain the phenomena of learning in

design.

Axiomatic Theory of Design

Similar in nature to the extended GDT which describes design a mapping from the
functional space to the attribute space, Suh [77] defines design and its evolution to a
final solution as a mapping process between the Functional Requirements (FRs) and

the Design Parameters (DPs). According to Suh, FRs are defined as a minimum set
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of independent requirements that completely characterises the functional needs of the

design in the functional domain whereas DPs are the key variables that characterise

the physical entity to fulfill the FRs. Suh defines two axioms to state the

relationships between FRs and DPs. The mapping between the FRs in the functional

domain and the DPs in the physical domain may be expressed as a design equation:
{FRs} = [DM] {DPs}

where {FRs} represents the vector of FRs, [DM] is the design matrix, and {DPs} is

the vector of the design parameters.

The nature of the design matrix determines the three groups of design: uncoupled,
coupled and decoupled designs. An uncoupled design satisfies Axiom 1, whereas a
coupled renders some of the functions dependent on other functions, and thus
violates Axiom 1. Several corollaries* and many theorems [77, 78] can be proven
from these two axioms. These corollaries are seen as more useful in making specific
design decisions, since they can be applied to actual situations more readily than can
the original axioms [77, 79]. These corollaries and theorems are statements of
design process knowledge as to how FRs, DPs and the DM can be manipulated in

order to arrive at the uncoupled design that satisfies Axiom 1.

Axiom 2 states that, among all the designs that satisfy the Independence Axiom
(Axiom 1), the one with minimum information content is the best design. Hence

Axiom 2 provides the rationale for the selection of the design.

A good design theory must describe what constitutes a good design, how a good
design can be derived and explain why a selected design is an optimum design.
Suh’s ATD is able to provide answers to these fundamental questions that one would
seek in the design. Through its system of axioms, corollaries and theorems, a
designer can explain the evolution of the design solution until the final solution is

derived. As far as describing design as a phenomenon, ATD has explanative

Axiom 1: The Independence Axiom - Maintain the independence of FRs
Axiom 2: The Information Axiom - Minimise the information content of the design
4 Corollaries are propositions that follow from axioms or other propositions that have been proven.
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capability, but it fails to describe the phenomenon of learning in design.

Theory of Technical Systems
The theory of Technical Systems has been perceived by Hubka and Eder [80] as a

general theory about artefacts that should cover their components and relationships,
the life stages of an individual artefact, the development of artefacts over longer time
periods, the general properties of such artefacts and their internal structure. Thus
their theory of technical systems [81] embodies statements and propositions
regarding nine aspects of the design of an artefact. They are the transformation
systems, technical process, technical systems (TS)’, classification of TS, properties
of the TS, evaluation of TS, representation of TS, origination and operations of TS
and the developments in TS in the course of time. There are a total of 61 statements

and 9 propositions. These statements are not axiomatic in nature from which

theorems can be derived.

A transformation system is basically a system of inputs, operators to achieve the
transformation expressed as outputs in terms of operands (e.g. materials, energy,
information) to satisfy a fairly well-defined purpose. A technical process is a special
form of transformation process which allows auxiliary, regulating and controlling,
material and energy converting, connecting and supporting processes in the time
domain. Ehrlenspiel {82] gives a succinct definition of what Hubka and Eder meant

by a technical system as:

“A system consists of a set of elements (subsystems) that possess properties and that
are connected to each other by relationships. A system is separated from its
surroundings by a system boundary and relates to its environment, for instance by
input and output quantities. The function of a system can be described by those

differences between its input and output quantities that correspond to its purpose”.

The Theory of Technical Systems as envisaged by Hubka and Eder is to show the
overall structure of knowledge about processes and systems, including the role of

information, management, goal-setting and realisation and the social and physical

5 The term “technical system” is used to represent all types of man-made artifacts, including technical
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environment. Many branches of engineering (e.g. theory of machine systems) can be
subsumed under its general umbrella since it treats all basic aspects from a
sufficiently high level of abstraction. It embodies general descriptive statements of
what is a technical system or a design. As such it does not explain the design
process. As a theory of design its explanative capability covers the design but not

the design process. Its explanative capability in explaining the phenomenon of

learning in design is non-existent.

Theory of Plausible Design

The Theory of Plausible Design (TPD) promoted by Dasgupta [70] seeks to explain
both the design process and the artefact evolving towards the design solution. The
design process is evolutionary in that the design and/or the requirements are
continually modified so as to attain a state of mutual adaptation. The evolving
design is a collection of tentative hypotheses such that evidence in favour of the
hypotheses establishes the plausibility of the design which may be revised if

necessary in the light of new evidence.

A central notion in TPD is that a design (of some target artefact) is a specification of
various features (e.g. function, behaviour, structure, performance, reliability,
aesthetic etc.) expressed as constraints. A design at any particular abstraction level
is, then, a specification of any organised, mutually consistent collection of
constraints which a future implementation must satisfy. Given a constraint, its
plausibility refers to the extent to which the designer believes that an implementation
of the artifact satisfies the constraint. At any stage of a TPD based design process,
constraint C can be in exactly one of four plausibility states namely assumed,

validated, refuted and undetermined®.

In the course of the design process each new constraint is introduced into the design.

groducts and processes.

Assumed: when there is no evidence against C’s plausibility.
Validated: when there is significant evidence in favour of and no evidence against C’s plausibility.
Refuted: when there is evidence against C’s plausibility.
Undetermined: when it is not known what counts (or may count) as evidence for or against C’s
plausibility.
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Thus the design process can be expressed as a plausibility statement, defined as a 5-
tuple:

S={C,A,R,V,P}

Where:

C is a specific constraint the plausibility of which is being (or is to be)
determined.

A is the knowledge base used to assist in establishing C’s plausibility. This

includes facts, theories, principles, tools, research results, as well as other
constraints belonging to the current design.
R is a logical relationship or assertion of which implies the plausibility of C. R
is specified in predicate calculus [83].
V denotes the means of verification (that is, the nature of the evidence) used to
establish C’s plausibility.

P is the plausibility state in which C is being (or is to be) placed.

The aim of the plausibility driven design process [70] is such that it seeks to change
the state of constraints from the plausibility state of ‘assumed’ to ‘validated’ or from
‘undetermined’ to ‘assumed’ or ‘validated state’. This may involve the refinement or
partitioning of the original constraint C; into a set of new constraints according to
some laws of partitioning such that some relationship between the constraints can be
used to demonstrate the desired plausibility for C;. In the process of attempting to
change the plausibility state of a constraint C; from ‘assumed’ to ‘validated’, it may
happen that the evidence E, is such that C; is found to be refuted. In that case, C,
must be eliminated from the design and if, some other C; is dependent on C,, then
C/’s plausibility state will need to be revised in the light of the new state of affairs.
Thus TPD features an evolutionary design process which interleaves between
revision of the state of constraints in the light of new evidence and a goal-directed

nature of constraint generation until all the constraints are implemented in the design.

One of the distinctive features of TPD is its explicit attention to the role and nature
of the evidence in establishing a design’s plausibility [70]. The plausibility of a

design as claimed by the designer is determined by the kind of evidence invoked in
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the support of the claims. The evidence in turn, involves relevant knowledge of the
design domains: tools (compilers, simulators, prototypes etc.); techniques of
verification (empirical analysis, approximate reasoning, experiments, formal proofs,
etc.); and the causal history of the individual constraints as illuminated by the
constraint dependency graph and the plausibility statement of the corresponding
constraints. The plausibility equation that expresses the state of the design in terms
of constraints and its state of evolution provides a basis for explaining the current
state of the design and the likely state the design is to evolve to. Hence TPD has
explanative capability to explain evolution of the design as well as the process. But

it does not feature in its construct its ability to explain the phenomenon of learning in

design.

Inferential Design Theory

Arciszewski and Michalski [84] developed the Inferential Design Theory (IDT)
based on the Inferential Theory of Learning (ITL) developed by Michalski [63]. The
key idea of IDT is to characterise a design process as a goal-directed search through
a knowledge space. In this exploration, the designer learns about the design as
he/she evolves the design concept. A collection of search operators called
transmutations is used to explore this space. Transmutations or design knowledge
transmutations are generic patterns of knowledge change, which transform various
components of knowledge: they can generate intrinsically new knowledge (by
induction or analogy); produce derived knowledge (by deduction); or change
knowledge (by manipulation). A design process is thus viewed as a sequence of
design knowledge transmutations that transform the designer’s initial knowledge into
knowledge satisfying the design goal or a system of goals. During each design cycle
the designer analyses the input knowledge in terms of his/her background knowledge
and goals, and performs various inferences to generate new design knowledge.
When this is produced, it is stored and made available for subsequent iterations. The

process terminates when the totality of knowledge satisfies the design goal.

During this exploration process, the best concept(s) is identified through a five-step

concept generation procedure. The five-step procedure consists of transmutation
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selection, attribute selection, operation, learning and conceptualisation. In

transmutation selection, the designer chooses a specific transmutation for developing
a design concept. Attribute selection enables the designer to focus on the design
space by selecting the specific design attribute or a group of attributes. In the
operation step, the system generates and displays a possible partial design solution
based on the transmutation and attribute selected or additional new attribute(s)
required to complete the step. In the learning step, based on the solution generated
by the system, the designer learns (i.e. a cognitive association process) through
relating the consequences of the operation with some original or past concept. The
designer finally formulates a new concept by identifying specific attribute values as

constituting a design concept or further extends the design space using new attributes

or group of attributes.

All design knowledge transmutations are governed by an underlying inference
process which can be expressed as the fundamental equation of inference [63] which

is an entailment:

PUBK =C

Where:
P is a set of statements, input statements called the premise.
BK is a set of statements representing the background knowledge.

C is a set of statements called the consequent.

Deductive inference is deriving the consequent C, given P and BK. Deduction is
truth-preserving, i.e., C must be true if P and BK are true. Inductive inference is
hypothesising the premise P, given C and BK. Induction is falsity-preserving, i.e., if
C is false, then P must be false also, if BK is true. If a premise P is the hypothesised

that explains the input, then it is called abduction.

IDT exhibits explanative capability because of the underlying inference process of
ITL of Michalski. Using a set of 24 design knowledge transmutations and a set of 12

design specific transmutations’, Karni and Arciszewski [85] were able to perform

7 These include retention/extension, framing/reframing, implosion/explosion, symmetry/asymmetry,
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and explain concept generations of an after-sales service facility. Thus IDT is able to
explain the knowledge change that occurs during the design process. But a close
examination of the design specific transmutation for the design of the after-sales
service facility showed that the specific transmutations (e.g. retention/extension) are
not the cognitive activities of design. Hence IDT explains the learning process
during the conceptual design but not in the context of a specific design activity.

Basically IDT 1is a variant of ITL that has been applied to a specific domain of
design.

2.2.2 Predictability

Theories that describe a phenomenon in terms of a system of axioms and theorems or
statements that have an inference structure demonstrate the ability to predict to some
degree the outcome of each design action. Thus it is observed that GDT, ADT, IDT,

and TDP display the ability to predict states of a design through their corresponding

inference structure.

The extended GDT, without an underlying inference structure, does not have a
predictive capability in describing the design process. However, augmented with a
cognitive design process model [74] and logically formalised as a computable design
process model [75, 76, 86], the extended GDT is imbued with an inference structure
that results in its predictive capability. At the design object level, model formalises
design processes as combinations of three types of reasoning, i.e. deduction,

abduction and circumscription.

The object level design processes are logically formalised as:

K,uD, }P
Where:
D, is a set of logical formulae describing the design solutions that the
designer seeks.
K, is the knowledge on object properties.

P is a set of logical formulae describing properties of the design solutions

affirmation/confirmation and conjunction/disjunction.
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respectively. Required design specifications are described in P.

A design suggestion is an abduction process to obtain D, from P and K,. Concept
development and candidate evaluation are deduction processes to obtain P from D,
and K, for getting more information about the design solutions. Circumspection® can

be used for resolving contradictions by adding exceptions to the original problem.

Action level design processes are logically formalized as [86]:

K,uC }O

Where:

K. is the action level design process knowledge (i.e. the relations
between the conditions of the design object and the possible
operations).

C is a set of the conditions of the design object.

O is a set of possible operations on the design object.

The deductive reasoning in the action level inference determines the object level
operations from the conditions of the object level inference and the action level
knowledge [86]. This implies that the extended GDT has predictive capability (due
to its deductive reasoning) in determining the nature of the design object and what

actions to take to evolve the design.

Through analysing the design equation and the nature of its matrix (i.e. the inference
structure) in ADT, the designer is able to infer if the design is uncoupled, decoupled
or coupled. Knowing the nature of the matrix, and guided by the corollaries and
theorems the designer can proceed to take appropriate actions in manipulating the
design matrix (e.g. application of Theorems 1 and 2, i.e. inclusion of additional DPs
so that the DPs equal FRs in order to have decoupled the design). So, through its

axioms, theorems and corollaries, ADT can predict actions that a designer can take to

® Circumscription is a minimal patching technique for contradictory knowledge bases.

For example bird(X) A —ab(X) — fly(X), ostrich (X) — — fly(X), ostrich (X) — bird(X). By
applying circumscription, the abnormal predicate ab(X) = ostrich (X), the modified rule is bird(X) A
—ostrich(X) — fly(X).
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achieve a desired state of the design solution. Hence it has predictive capability in

guiding the designer in making the appropriate design decision(s).

All design knowledge transmutations in IDT are governed by the fundamental
equation of inference as explained in Section 2.2.1. In view of this equation of

inference, that governs the underlying inference process in the design transmutations,
IDT has predictive capability.

In TPD, the plausibility of D, is captured by a collection of plausibility statements
which describe the plausibility state of each constraint in D, in terms of ‘assumed’,
‘validated’, ‘undetermined’ or ‘refuted’. As the aim of the plausibility driven
process 1s to achieve a plausibility state of ‘validated’ for the collection of
plausibility statements, and remove any constraints that may have been refuted, TPD

can predict the state of the design during its evolution.

The propositions and statements in the Theory of Technical Systems are not causal

statements and as such they are not predictive in nature.

2.2.3 Operationalisation

GDT is presented in terms of the language of mathematical set theory, though its
concepts and constructs can be seen at the level of abstraction more or less
equivalent to the Knowledge Level [87]. The use of set theory gives GDT a certain
elegance that supports formal proof of the properties of the theory, and thus of
designing in general. But it is sometimes difficult to relate to actual design practice.

Hence the theory lacks operationalisation.

The operationalisation of Suh’s axiomatic design theory is facilitated by the design
equation in which the functional requirements (FRs) are related to the Design
Parameters through the design matrix. Appropriate design decisions can be made by
inspecting and manipulating the design matrix so that any coupled design or
decoupled design can be made uncoupled.

Because of the abstract nature of the statements and propositions, the

operationalisation of TTS is dependent on the specific domain. Its basic operator 1s
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the transformation of material, energy and information from one state to another.
The construct of the operator is thus suitable for engineering design domains (e.g.

mechanical systems, electrical systems) but it will not be suitable for architectural
design.

Through its well-defined plausibility statement of the evolving design, the possible
states of plausibility, the representation of constraints on the design using constraint

dependency graph (CDG) and a clearly defined design procedure, the TPD is well

operationalised.

4

IDT features a set of 24 knowledge transmutations and a further set of 12 design
specific transmutations for operationalisation of the theory. However it requires the
user to have a comprehensive understanding of what these transmutation operators

are, as the user decides which transmutation to use in the design process.

2.2.4 Comprehensibility

GDT and its evolution have been developed as a cognitive theory of the design
process. There is an implicit knowledge increment as the design is evolved. This
knowledge increment which is considered as learning in design is an important
cognitive process that is missing from the General Theory of Design which has been
developed as a Cognitive Theory of design process [87]. In developing the design
process model of GDT, Takeda et al. classify the design knowledge into six
categories; i.e., knowledge about entities, functions, attributes, topological
relationships, connection methods and manufacturing. Between these categories of
knowledge, they identify eight types of knowledge transitions or knowledge change.
Its central claim is about the nature of the cognitive process that constitute human
designing but there is little to suggest that it is a comprehensive theory of human

cognition [87] or learning in design.

While ADT can define what constitutes an optimum design, explain or predict the
evolution of the design solution through its axioms, corollaries and theorems, it can
be seen as a specific theory of design phenomena that does not encompass the

phenomenon of learning that co-exists during the design process.
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The Theory of Technical Systems describes what is design but does not prescribe

how to design. It does not consider the phenomenon of learning that occurs during
design.

Like GDT and the Axiomatic Theory, TPD remains a specific theory of design. It

does not feature the role that learning can play in the design of the artefact.

Although IDT claims to be a new design theory, it does not feature a generic set of
design operators that one can operationalise with. It is based on the Inferential
Theory of Learning by Michalski, and hence can be seen as a specific theory of
learning. Although its implementation in CREDO has been applied to conceptual
design, its set of 24 design knowledge transmutations is basically Michalski’s
knowledge transmutation and the further set of 12 operation-type design knowledge
transmutations do not depict the cognitive activity of design. They are in fact
operators related to logical operations or management on aspects of knowledge
transformations. Hence, IDT is basically a specific theory of learning that explains
the knowledge change during a design process but not in a context of a specific

design action.

2.2.5 Applicability
The extended GDT has been the basis for the development of a knowledge intensive
intelligent CAD system [86]. The system has been used for the design of a hydrofoil

boat and the development of two types of self-maintenance photocopiers [86].

Past publications of ADT have demonstrated its application to a wide variety of
design problems, such as the design of artificial skin [88], civil engineering
structures [89], flexible manufacturing systems [79], manufacturing systems [90, 91,
92], metal processing [93], and paper handling mechanisms of an Automatic Teller
Machine [94]. Albano et al. [89] extended the principles of axiomatic design with
an interface index that serves as a quantitative measure of the complexity associated

with system integration.
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build. On the other hand, prescriptive models prescribe how the design process
ought to progress and/or what attributes the design ought to have [96]. Because it is
more difficult to have a consensus on what is design (i.e. a descriptive model) than
how design ought to be, there are many more proponents of prescriptive models.
There are indeed many prescriptive models advocated for architectural design
practice and engineering design practice [97]. Many of these models exhibit
common basic features [98]. Hence, only a representation of these prescriptive
models for engineering design based on their chronological dates of publication are
considered here. The authors or proponents of these models are Pahl & Beitz [99],
Andreasen [100], Pugh [101], Ullman [102], Ulrich & Eppinger [103]. These
models of design are meant to structure the involvement of a designer throughout the
life cycle of the product. These models depict the breakdown of the design process
into conceptually distinct phases or activities, leading to certain intermediate results
(specification, functional structure, working principle, preliminary layout, detail
documentation, etc) [97]. It is not the intention here to give a detailed description of
each model but to summarise the key phases in these models as shown in Table 2.1

for comparison.

Table 2.1: Key phases in various models of the design process

Pahl & Beitz Pugh Andreasen Ullman Ulrich & Eppinger
clarification of | specification Problem solving | specification concept
task development/plan | development
ning
conceptual concept design Product concept design
design synthesis
embodiment Product product design system level design
design development
detail design detail design Product planning detail design
manufacture production production ramp-up

These key phases in the various models are characterised by knowledge input from
the design team at each phase and the output from each phase is usually arrived at
through a consensus (i.e. a joint decision-making process). The knowledge input can
be categorised into domain specific knowledge and design procedural knowledge.
Pugh [101] refers to them as specific disciplined-dependent techniques and

technological knowledge such as stress analysis, electronics, information on
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igner's decisi i i i
desig cisions. Control of the interactions between these inference engines 1s

in the style of a blackboard system with the inference engines acting as knowledge

sources [106]. The system maintains an agenda of Knowledge Source Activation

Records (KSARs) which are intended to perform some particular task.

The production of a large number of alternative design solutions results in a major

consistency maintenance problem. In order to consider incompatible design

alternatives in isolation and also to retain alternatives for comparison and/or possible
future development, an assumption truth maintenance system (ATMS) forms the
core of the system and all other system components are implemented using the
facilities it provides. The ATMS builds and maintains the DDD and provides an
interface between the contents of the DDD and other subsystems, passing out
relevant pieces of information to them as required and incorporating new

information, which it receives from them, into the dependency structure.

Domain knowledge in a Domain Knowledge Base containing definitions of domain
objects, called module classes, related by kind_of (specialisation) and part_of
(aggregation) relations. Each module class declares a set of parameters, variables
and constraints that define a particular class or type of object. The creation of an
instance of a module class results in datum nodes being created in the ATMS for
each of the module's parameters, variables and constraints. Justifications link new
data introduced into the DDD as a consequence of applying a knowledge source to

some particular set of domain data already present in the DDD.

Explanation

The exploration-based model of design describes and explains the design process as
exploration of the space of possible designs in which an initial incomplete and
inconsistent design requirement is modified into a final design specification. As a
result of the exploration process, the knowledge gained is recorded in the design
history. It can be examined to understand what parts of the design space were
explored, how and why decisions were made. The capturing of the design history,
the final requirement description, and the associated design specification provides

means by which knowledge can be learned retrospectively. This includes the
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description of the nature and structure of the space surveyed — the paths taken and

the reasons for doing so, what it looked like on the way and what was learned as a
result [59].

Prediction

Smithers et al. [104] observe that the exploration model of design lacks a formal

description for the model to be more predictive.

Operationalisation

Due to the nature of exploration, Smithers et al. [104] expect the operationalisation
of the model to be domain dependent in terms of the exploration activities.
Nevertheless, a set of core activities constitutes the design process within the
exploration-based model. They include a collection of inter-related activities such as
requirement descriptions, decomposition, strategy planning, search, scheme
generation, synthesis, detailing and parameterisation, simulation, analysis,
prototyping, optimization and documentation that is performed in a sequential or
concurrent manner. But Smithers et al. [104], in assessing the exploration model

determined that it lacks the use of knowledge in the control of the design process.

Comprehensiveness

Although the exploration model of design is meant to describe the design process, it
has elements that support retrospective learning for design reuse through abstraction
and generalization of knowledge from similar DDDs. It therefore has limited

mechanism for learning, not to the extent of IDT.

Applicability
The model of design exploration was evaluated within the domains of preliminary

design of water turbine [59] and pharmaceutical small-molecule design [105].
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2.3.3 Design Reuse Model

Duffy et al. [107] formulated the first Design Reuse Model in engineering design as

illustrated in Figure 2.2. The knowledge components are:

. Design requirements: refers to a statement of a design need/desire.

. Domain knowledge: knowledge pertaining to a particular domain.

Reuse library: a storage location holding reusable (compiled) design

knowledge, information and data.

. Domain model: represents a designer’s conceptualisation of a design domain
that is applicable to the current design problem.

o Evolved design model: a statement of an evolved design.

o Completed design model: a statement of a fully designed new design that is

believed to satisfy the design requirements.

and the processes are:

U Design by Reuse: the process in which knowledge resources are searched and
useful knowledge can be identified, retrieved, and applied to the new design.

. Domain Exploration: the process of searching, understanding, generalising,
and in general, “rationalising” the domain to gain an understanding of the
features of that design domain from which reusable fragments of knowledge
can be identified, extracted, and stored for subsequent use in design.

J Design for Reuse: a learning process carried out to record knowledge that is

generated during design for subsequent reuse.

In this model, the knowledge learnt is comprised of the completed design model, the
domain model and the reuse library. Through the Domain Exploration process, the
completed design model together with the domain knowledge is transformed into
reusable fragments (chunks) of knowledge for subsequent use in design. Through
the Design for Reuse process, knowledge generated in the evolved design model is
acquired for subsequent reuse. In both these processes there is an increase in

knowledge of the design.
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The design reuse model has beep implemented in two systems, NODES and
PERSPECT to demonstrate the learning of knowledge and subsequent application of

that knowledge in design. Hence aspects of learning in design in these systems are
described here.

Domain design
knowledge requirements
domain
model
Domail.l Design completed e o o
Exploration by design model
reuse library Reuse
Design evolved
for design model
Reuse
Figure 2.2: A design reuse model (Duffy et. al. [107])
NODES

NODES [108] is a Numerical and Object based Design system developed to support
modeling operations during the early stages of design and provides assistance in the
building, manipulation, and analysis of a model of the design artefact. To fulfill this
role, the system maintains a designer initiated reuse library by allowing newly
evolved concepts (models) to be stored in the library and for previously stored
concepts to be updated as a result of the new concept. That is the reuse library
consists of a set of classification hierarchies (concept libraries) of commonly used

domain concepts.

NODES learns from past designs retrospectively in order to support the process

Design by Reuse. When a design has been completed, the evolved model in NODES
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is used to expand its knowledge concerned with that new design. In the acquisition
stages, the system automatically decomposes the design into its constituent concepts,

along with appropriate concepts from its corresponding library.

NODES also generalises knowledge from the most comprehensive concepts within a
concept library to the less specific. Numeric parameter ranges and compositional
knowledge are generalized to all associated superclasses to ensure there is no

contradiction between a particular concept and its specialisation.

PERSPECT

The system couples learning and design by supporting Domain Exploration and
Design by Reuse. Recognising that within the abundant explicit information of
individual past designs, there exists a wealth of implicit knowledge that should be
made explicitly available to the designer, according to the different viewpoints that
best suits the designers’ particular needs, Kerr [109] introduces the concept of
Customised Viewpoints. PERSPECT represents a dynamic design tool that
implements the concept of Customised Viewpoints. PERSPECT applies clustering
and statistical approaches to rationalise past design examples into abstract groups
and support the application of the generated knowledge to develop a new design

solution.

Explanative capability

The design reuse model describes and explains how knowledge that is generated
during design can be stored for subsequent reuse. It also explains how the stored
knowledge (both current and past similar designs) can be searched, abstracted into
reusable fragments of knowledge and stored for subsequent use. It therefore explains
an aspect of the learning in design phenomenon. That is, learning knowledge

retrospectively in order to harness it for subsequent use.
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Predictability

The design reuse model does not feature any predictive capability in the sense of

predicting when should learning take place or given a design activity, what aspect of
knowledge is relevant.

Operationalisation

Two systems, NODES and PERSPECT were implemented to show how the reuse

model can be operationalised.

Comprehensiveness

The reuse model is an example of specialised model of learning in design as its

architecture is aimed at learning abstract or implicit knowledge from past designs.

Applicability

Although the reuse mode] has been applied to preliminary design (e.g. NODES and
PERSPECT), it is conceivable that it can be used in other design scenarios (e.g.
design for manufacture, etc.) in which knowledge needs for different perspectives of

the design cannot be harnessed directly from past designs.

2.3.4 The Design/Learning Loop

Duffy and Duffy [110] postulate how the activities of design and learning are
coupled in Figure 2.3. The lower loop suggests in-situ learning and application of
knowledge that occurs as the design solution is evolved from an initial stage, Stage:
1 to a design solution specification, Stage: N. In-situ learning occurs when
knowledge learnt from the solution and its development is fed back to some store of
experiential knowledge. Application of knowledge occurs when this knowledge is
reused to aid in the evolution to an acceptable design solution. Some of the learned
knowledge will transform to long- term experiential knowledge to be reused in later
design scenarios whereas some of the transient knowledge learned will be used to
assist in the evolution of the design. In addition to the lower loop, there is another
loop that represents updates or modifications of the experiential knowledge depicting

the designers’ ability to explore and learn from their own (specific or general)
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single computational environment. The designer using PERSPECT co-learns when
PERSPECT is behaving as the learning assistant and is able to abstract design
knowledge that meets the knowledge needs of the designer. PERSPECT’s ability to
extract and utilize general knowledge originating from past designs is used to assist
in two main design tasks. These tasks are domain model preparation and design
model instantiation. Figure 2.4 shows the coupling of design and learning activities

and details the activity paths taken during the two tasks.

design
EXPERIENTIAL (e.g. domain model synthesis) DOMAIN
KNOWLEDGE —> MODEL
A
design
design Unknown (e.g. design model synthesis)
(e.g. domain exploration) A\ .
design
&. : (e.g. design model svnthesis
learning

(e.g. generation &

modification)

" Completely
known

Set of Past Designs <

New Design

learning

(e.g. acquisition)

Legend: |<__———->| Scroll bar signifying the expansion of the new design description

(design model) from unkown to completely known

——ll PERSPECT system supported activity

Series of increasingly more detailed new
design description (design model)

Figure 2.2: PERSPECT’s activity diagram: Coupling design and learning (Kerr
[109]).

The first task is the domain model preparation using past design knowledge. A
domain model is a representation of a design domain describing the experiential

knowledge of that domain. This involves:
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o Rendering new experiential knowledge.

i Checking and updating precompiled experiential knowledge of an existing

domain model that describes the design domain.

The domain model preparation task required by the design activity of domain
exploration illustrates the coupling of design and learning activities in which a set of

past design knowledge is learned (generated or modified) to prepare the domain

model.

The second task is design model instantiation which involves the allocation and

estimation of attribute values for a new design. This involves:

o PERSPECT using a sub-system Designer to choose the most reliable
empirical equation with minimal information requirement from a respective
set available in the domain model.

o PERSPECT using another sub-system Ecobweb to generate viewpoints of
experiential knowledge from which information of the most similar past
design or generalisations of similar past designs can be identified and used to
estimate unknown attributes.

. PERSPECT using sub-systems S-Plus and Designer to render new empirical
equations or less complex empirical equations in order to simplify and/or
supplement an existing domain model. The equations are simplified through

the process of abstraction and generalisation.

The design model instantiation task required to synthesise a new design again
illustrates in-situ learning using past design knowledge stored in a computer system

to aid in the design synthesis process.

Explanative capability

The model of Design/Learning loop is able to explain how design and learning can
be coupled (i.e. in-situ learning during the design process) and also learning from
past design experience (i.e. retrospective learning). It is further developed into the

concept of Shared Learning in which the designer co-learns with a computer.
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Predictability

The model however does not provide a formalism by which to predict different types
of knowledge learned and how they are learned for different types of design
activities. However, in the implementation of PERSPECT, the system is able to

predict and therefore provide implicit knowledge available in explicit past design
cases.

Operationalisation

It does not define a definite set of operators which the users of the model (i.e.
designers or knowledge engineers) can identify with for the implementation of the

model. Nevertheless PERSPECT was implemented to illustrate some aspects of

learning in design.

Comprehensiveness

As a model to explain the phenomenon of learning in design it is by far the most
comprehensive model available. However, it is not a general model of learning in
design as it does not explain how knowledge is learnt in the context of a typical

repertoire of the design activities encountered in design practice.

Applicability

The design/leaning loop model can be illustrated in the concept of Shared Learning
in which the designer learns as the computational learning system learns. Two
systems, PERSPECT and SPIDA [111] implement the concept of Shared Learning

applied to preliminary numerical design and conceptual layout design respectively.
2.4 Machine Learning in Design (MLinD) Systems

The aim of computational learning is to automatically increase, or improve
knowledge held within a computer system. Thus, computational learning offers the
potential to ease the burden of knowledge elicitation and entering increasing amounts
of complex information. Recognising the potential benefits of computational

learning to aid in engineering design, researchers and the Intelligent Computer Aided
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Design (Int. CAD) community have developed many MLinD systems or tools.
These systems have been developed to ease the burden of knowledge elicitation and
knowledge acquisition tasks of knowledge engineers [112]. Hence these systems are
directed at empowering CAD tools with learning capabilities by using a variety of
machine learning techniques to acquire some specific design knowledge. Depending
on the type of design knowledge to be acquired for a particular design activity or
task, the MLinD systems have been developed to meet that knowledge need. But the
knowledge need of designers is dependent on the design activity and hence varied
and dynamic in nature. Thus these MLinD systems have been developed on an ad
hoc basis and therefore do not support the knowledge needs of designer effectively.
Hence Sim and Duffy [32] argue for the need to develop MLinD systems on a formal
basis in order to support designers more effectively. It has been argued earlier that
for systems to be effective in supporting designers they ought to be developed based
on some theory or model which describes the phenomena in question. Nevertheless
Sim and Duffy [32] have used these MLinD systems as instances to evaluate a
proposed model of the learning process (See Chapter 6). Hence it is not the intention
here to evaluate these MLinD systems in the manner in which the various theories

and models of design and learning have been evaluated.

25 Summary

Several theories, models and related systems that may describe the phenomenon of
learning in design have been evaluated with respect to a set of criteria. These criteria
relate to the explanative and predictive capability of these theories or models, the
ease of operationisation of the theories or models into practice, applicability and their

comprehensiveness in describing the phenomena.

Tables 2.2 and 2.3 present a summary of the evaluation of the various theories and

models respectively based on the set of criteria.

Table 2.2 shows that of all the theories evaluated, only one is a theory of learning

(i.e. IDT) and the rtest are basically design theories. Table 2.3 shows there are
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several models that describe some aspects of the phenomenon of learning in design.
But none of these explain fully the phenomenon of learning in design. Although the
exploration-based model chronicles the knowledge gained during a design process, it
fails to explain the manner in which the knowledge gained is achieved (i.e. how
learning takes place). The design reuse model explains one aspect of learning in
design, that of learning abstract or implicit knowledge from past designs. The design
/learning loop model describes the coupling between design and learning activities
but fail to explain the nature and the manner of that coupling. Hence it is reasonable

to infer that none of these models of design and learning explain the phenomenon of

learning in design comprehensively.

Table 2.2: Evaluation of theories

Criteria GDT AT TTS TPD IDT
Explanative capability Yes Yes Yes Yes Yes
Predictibility Yes Limited None Yes Yes
Operationsalisation Yes Yes None Yes Yes
Comprehensiveness Design theory | Design theory | Design theory Design Learning

theory theory
Applicability Few Many examples Few Few Few

Table 2.3: Evaluation of models of design and/or learning

Criteria Models of Exploration- Design reuse Design/Learning
design based model model loop model

Explanative Poor Yes Yes Yes

capability

Predictibility Poor Poor Poor Limited

Operationsalisation A limited set of | A limited set of | A limited set of | A limited set of
design operators | design operators | design/learning design/learning

operators operators

Comprehensiveness Model of design | Retrospective Retrospective Retrospective/
process learning learning In-situ learning

Applicability Used in teaching Few Few Few
design

The following conclusions can be made with regards to the aim of this Chapter. It

seeks to establish if there is a theory or model of learning in design to describe the

phenomenon. The critical review and evaluation suggest that:

. There is currently no general theory or model to describe the phenomenon of
learning in design.

. The models of learning in design evaluated present some aspects of the
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phenomenon of learning in design.

For operationalisation to be successful leading to the building of systems to
evaluate the theories or models, there is a need for a clearly defined set of
operators for design and learning.

Although the design/learning loop model attempts to show the coupling

between design activity and learning activity, the nature of the coupling

needs further investigation and evaluation.

Hence in order to develop a model or theory of learning in design, it ought to exhibit
explanative and/or predictive capabilities. To achieve this, the model or theory
needs an underlying inference process as exemplified by GDT, TPD and IDT. A
design support system based on such a theory or model can then provide
explanations to the user or predict the likely consequences of their design decisions.
In order to implement an effective design support system, the model or theory must
feature a clearly defined set of operators that depict the events in the phenomenon in
question. If the model or theory has explanative and predictive capability, and can
be easily operationalised, it will be a comprehensive model or theory of the

phenomenon and will be widely applicable.

To explain the phenomenon of learning in design, the model that is envisaged ought

to feature the following characteristics:

. A formalism that represents the repertoire of typical design activities
encountered in design practice so that knowledge change that occur can be
explained in terms of the input knowledge, output knowledge and the goal of
the design activity.

. A formalism that depicts the learning activity in terms of elements which
explain what design knowledge is learnt, why learning occurs, how learning
takes place and when is learning triggered and in what manner these elements
interact.

. The nature of interactions that occur between the design and learning
activities (i.e. to postulate hypotheses on the nature of these links and

substantiate them by experimentation or evaluation).
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Research methodology

The research task involves a series of steps that is initiated by a research problem
leading to a proposed solution. The hypothesis that there is no comprehensive model
or theory of learning in design is shown to be true as a result of the critical literature
review in Chapter 2. As a result of this finding, the formulation of the research
problem of the thesis (described in Chapter 4) is the need to develop a model or
theory of learning in design. Developing a model or theory of learning in design,
however requires a research methodology. Meaningful research must be rigorous,
relevant or significant, conducted with integrity and independence. It is desirable
that an appropriate research methodology would ensure that the conclusions of the
research effort are based on rigour, relevance and significance and that it was
conducted with integrity and independence. One approach to adopt is what is
generally known as the scientific approach. Smith and Dainty [113] encouraged
researchers to adopt a research perspective that may be defined by different
possibilities, assumptions, values and paradigms. By considering the strengths and
weaknesses of different perspectives, one or several approaches that best serve the
research purpose can be adopted. In the domain of Artificial Intelligence (AI) and
application of Al techniques to solving problems in engineering design, analysis and
manufacturing (AIEDAM in short), Reich [114] has shown that there is a variety of
research methodologies that can be considered. Hence before a particular research
methodology is adopted here, some of these methodologies have been reviewed.
The nature of the phenomenon on learning in design may influence the methodology
adopted and hence the rationale for the choice would be discussed before a

methodology is adopted.

3.1 A model of a world view

Reich [114] argues that research methodology is intimately connected with, and
constrained by, the world view it serves. Guba [115] states that the issues that

characterise the world view and hence the research methodology are:
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Ontology: What is the nature of the “knowable™ Or what is the nature of

“reality”?
Epistemology:What is the nature of the relationship between the knower (the
inquiry) and the known (or knowable)?

Methodology: How should the inquirer go about finding out knowledge?

3.1.1 Ontology

Ontology is the branch of philosophy concerned with the meaning of existence in the
broadest sense, including, the existence of everyday life-world objects such as
screwdrivers, as well as more paradoxical entities such as unicorns or charmed
quarks [61]. The answers to what constitutes an ontology must liec somewhere
between extending from extreme realism, which emphasises the factual content of
science, to the opposite pole of conventionalism, which stresses the theoretical
characteristics of scientific knowledge. The basic argument of realism is that science
is grounded firmly on empirical observation. Our observations or notions of entities
acquire substance and clarity as their existence is corroborated by further
investigation until they attain ontological status. While ontology may not be based
on materialism alone, conventionalism assigns to scientific knowledge no higher
status than that of being a useful hypothesis. For example, the map of science may
be the most effective scheme for describing and ordering natural phenomena in an
extraordinarily concise form, but however well it is corroborated it remains
essentially fictional, whose entities are conventional symbols, not representations of
the real things in themselves. Conventionalism also allows for continual change in
the theoretical contents of science whether by new discoveries, by the correction of

apparent errors or by the consolidation and reformulation of existing concepts.

3.1.2 Epistemology

Epistemology is the branch of philosophy that deals with the theory of knowledge
[116]. It is basically a study of the nature of human knowledge. The fundamental
concern of epistemology in science is how much of scientific knowledge can be

considered true, or how firmly it should be believed [61].
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3.1.3 Methodology

Methodology deals with methods for creating knowledge about the world and the
interpretation of this knowledge in the light of ontological and epistemological
positions [114]. The term methods refers more specifically to individual techniques
(e.g., surveys, participant observation), whereas methodology can be construed
broadly to suggest both the presuppositions of methods, as well as their link to
theories and implications for society. Methodology, in short, more clearly implies a
concern, in an overall strategy of constructing specific types of knowledge, and is
justified by a variety of meta-theoretical assumptions. Methodology is thus
inevitably prescriptive because it attempts to legitimise the use of particular methods

in ways that are consistent with the development of the specific theory in question
[117].

3.2 Research perspectives

There are several research perspectives that one can adopt. These are influenced by
the world view of science. The common world views of science are: scientism,
critical theory (ideolism) and practicism [115]. Reich [114] posits that AIEDAM
research is about gaining understanding of some phenomena (e.g. what is design?),
while others stress the practical relevance of research (e.g. how can we aid design?).
While these differing objectives originate from the two perspectives of scientism and
practicism, each of these objectives through its appropriate method of inquiry is most
suitable to achieve a specific research objective. Since the objective of the research
identified is to develop a model of learning in design in order to explain the
phenomenon, and using the model as a basis to build systems to support design, it is
important to consider the research perspectives of scientism and practicism as they
could influence the research methodology adopted here. Fulcher and Hills [121]
argue that because of the nature of design research, the effective research
methodology for design research may be a hybrid one derived from the two
perspectives of scientism and practicism. Critical theory [115, 117] or ideolism as a
label for a research perspective that includes ideologically oriented paradigms such
as neo-Marxism, historical materialism, re-constructed historical materialism and

feminism is, however, not relevant here. Hence only the research perspective of
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scientism and practicism will be described below.

3.2.1 Scientism

Scientism represents the essence of the world views like rationalism, positivism,
post-positivism and logical empiricism [114]. Scientism asserts the existence of an
external world which is the primary concern of science. Scientism assumes that the
reality it purports to study has some discernible regularity or order in what is
observed that is independent of time and location [61]. Scientism demands that
researchers stand outside of time and context, and indeed, “outside of themselves as
persons”, in order to deliver research results that stand apart from human values.

This is to ensure objectivity in the result and that it is free of bias or prejudice.

The position of scientism concerning the three issues is as follows [115]:

Ontology: Realist — Reality exists “out there”. Reality is governed by immutable
natural laws of cause and effect. By discovering these laws or
theories, science achieves its goal to predict and control the
phenomena.

Epistemology: Objectivist — Researchers can acquire objective knowledge about the
real world through employment of appropriate methodology.

Methodology: Experimental/manipulative — Scientific method in which hypotheses
are stated in advance and are subjected to test under carefully
controlled conditions. The researcher adopts a distant position, thus
achieving value-free knowledge (i.e. knowledge that is not context-

dependent).

3.2.2 Practicism
Practicism is a world view that captures the essence of perspectives such as action

research, human-centred engineering or critical constructivism [114].

The position of practicism concerning the three issues is as follows [115]:
Ontology: Relativist — Reality exists as mental models (constructs) within a
certain value-laden theoretical framework. This results in various

interpretations of researchers dependent on the theoretical framework
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adopted. Unless there is a foundational process by which the ultimate

truth or falsity of these several constructions can be determined, there

1s no alternative but to adopt a position of relativism.
Epistemology: Subjectivist — As realities exist only as mental models of the
researchers, subjective interaction will contribute to the knowledge of

the world. To avoid misuses of subjectivism, a critical methodology

must be adopted.

Methodology: Critical hermeneutical/dialectical — Consensus is sought among the
various constructions elicited. This process involves two aspects:
hermeneutics and dialectics. The hermeneutics consists of depicting
the individual constructions as accurately as possible, while dialectics
consists of critical comparison and contrast of these constructions so
that informed choice(s) can be made. In the process the “world” is

reconstructed in the minds of the researchers.

3.2.3 Evolution of Research

The study of the history of science has laid the foundation of various models of
scientific change [61]. Scientific change is often seen as a result of the research
effort of a community rather than that of a single scientist. Of the models, two that
resemble the world view of scientism and practicism are Kuhn’s research paradigm

[118] and Lakatos’s research program [119] respectively.

Research Paradigm

The key feature of Kuhn’s theory of scientific change is the emphasis placed on the
revolutionary character of the scientific progress, where a revolution involves the
abandonment of one theoretical structure and its replacement by another compatible
one [120]. Another important feature is the important role played by the sociological

characteristics of scientific communities.

Kuhn sees research as an evolutionary process in which there is a period of “normal
science” culminating in a period of scientific revolution which leads to another
period of new normal science. The history of science gives evidence to what Kuhn

described as scientific revolutions whereby one theory is superseded by another more
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generalised theory; for example the Newton’s law of motion being replaced by

Einstein’s theory of relativity. In the period of normal science, scientists employ
varlous 1mprecise criteria to guide their research. The outcome of the research can

be described as Kuhn’s paradigm in which there is a corpus of concepts and theories

shared by a group of researchers. This paradigm would consist of theoretical

assumptions and laws and the techniques for their application that members of a

particular scientific community would adopt. When certain anomalies are

discovered, paradigms may clash and a crisis may arise leading to revolutionary
changes that cannot be explained on the grounds of empirical evidence or

rationalisation. A crisis is resolved when a new paradigm emerges and attracts the

allegiance of the scientific community

Kuhn’s theory of research paradigm and scientific revolutions seems to invoke a
relativist position [120]. It is not the aim here to discuss the alignment of Kuhn’s
theory in terms of its epistemological stance (i.e. objectivism or relativism) but rather
to state the important role that the scientific community contributes towards the

development of a theory or paradigm.

Research Program

Lakatos’s alternative to Kuhn’s paradigm is the phrase “research program”. Lakatos
views science as having a set of fundamental principles that form the hard core of the
research program augmented by a set of auxiliary hypotheses. The fundamental
principles is seen as the defining feature of a science and the basis of development of
the research program and the auxiliary hypotheses as a protective belt to emphasise
its role in protecting the hard core from falsification. The main indication of the
merit of a research program is the extent to which it leads to novel predictions that
are confirmed and a progressive program of research it has to offer [120]. A
progressive research program is one that retains its coherence and leads to novel
predictions that are confirmed, while a degenerative program is one that loses its
coherence and/or fails to lead to a confirmed novel prediction. Progress is seen as
the replacement of a degenerating program with a progressive one, with the latter
being an improvement on the former based on its more efficient predictor of novel

phenomena. Hence Lakatos” version of Kuhnian’s revolution involves the ousting of
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one research program by a superior program. Lakatos’s methodology however is in
no position to diagnose any contemporary theory as non-scientific since judgment

can only be made in retrospect through the benefit of historical hindsight.

The discussion on the two models of scientific change highlights the role that the
scientific or research community plays in contributing towards the evolution of
theories or models. It is difficult to predict whether the model of learning, which
evolved as part of the research work will be in accordance to the research perspective
of Kuhn’s paradigm or Lakatos’s research program. However, it was considered as a
merit in involving the research community by presenting the proposed model of
learning in design for their critique as a means of evaluating and evolving a better

model. This is described further in Section 3.3.3, Step 8.

3.3 Choice of Research methodology

Fulcher and Hills [121] argue that the choice of a research methodology for design
research is rendered difficult because of the nature of design. Design is not a science
of the natural, but a science of the ‘artificial’ [122]. It is considered as an
investigation into what could or should be, not an analysis of what is [121].
Developing a model or theory of learning in design requires the knowledge of two
human cognitive activities, that of design and learning and their interactions.
Learning is grounded in the logical process of induction, deduction and abduction
[63]. Learning in design as a phenomenon of design practice has to do with human
learning behavior and cognition in design. Unless it is possible to analyse in a
formal way, what is learning in design in order to derive a model, it is subjected to
interpretation of what it could be or should be, the basis upon which many design
support systems have been developed. That is, the appropriate world view to derive
a model of learning in design that is objective, universal and context independent is
that of scientism. But the research methodology of scientism requires that results
from two or more experiments under similarly controlled conditions to be the same.
In the context of validating or evaluating the model of learning in design, the
dependence on human designers to be the subjects of experimentation in evaluating

the model would pose a stumbling block in achieving unequivocally the same results
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in two nominally identical experiments. This is because no two designers are alike

in their design practice. So, although the principal research methodology adopted
here is that of scientism, the method of evaluation is not through experimentation as
is the norm for traditional scientific method, but through a case study of a designer at
work. The results of the case study will be used to modify the model, a procedure of
evaluation that is more akin to that of practicism. Thus the research methodology of
formulating the model in terms of formalisms and hypotheses is based on scientism
and the methodology of evaluation is that of practicism. Hence the research

methodology adopted here is a hydrid one, that of pragmatic scientism.

3.3.1 Ontology of learning in design

Learning in design as a phenomenon is inferred to exist from the experience of
designers. Designers do learn while designing which explains the different design
strategies adopted by an experienced designer and a novice towards a common
design problem [123]. Understanding the cognitive behaviour of designers is
possible through the design activities that they perform. Understanding the process
of learning in design requires a simplification of the complex cognitive behaviour
into that of design activities and learning activities. This simplification is necessary
in order to derive an ontology for design activities and learning activities. The
ontology of design activities and learning activities can be derived through the
corpus of concepts and theories shared by research communities of design, cognitive
science, machine learning and machine learning in design. An important property of
deriving an ontology is that it gives a precise and unambiguous definition of

concepts necessary for representing knowledge [124].

3.3.2 Epistemology of learning in design

Ontology is closely linked to epistemology in that it is necessary to have a
conception of the nature of reality (in this case learning in design) before one can
justify a scientific analysis of it. Having identified what design and learning
activities exist, the purpose is to study the knowledge transformation that occurs as a
result of these activities. In order to analyse these activities in a systematic manner,

a formalisation of a model of the design activity and a model of a learning activity
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will be required.

3.3.3 Methodology

The purpose of this research is to develop a model or theory of learning in design.

Since the research methodology adopted is that of pragmatic scientism, a model of

the methodology is adapted from Reich [114] and Duffy and O’Donnell [125].
Figure 3.1 shows the major steps in undertaking this research and the relationship of

each step with the organisation of this thesis. These major steps are grouped into

three parts as follows:

. Part 1 — Problem identification (Steps 1 to 4).

. Part 2 — Solution definition (Steps 5 and 6).

° Part 3 — Evaluation and conclusion (Steps 7 to 10).
Step 1

Design practice is shown to be characterised by the cognitive activities of design and
learning, resulting in the developments of MLinD systems on an ad hoc basis. A
design problem is identified in that there is a lack of understanding regarding the
phenomenon of learning in design and therefore inadequate provision of
functionality in design support systems or design tools in acting as assistants to

designers throughout the design process.

Step 2

This led to the hypothesis that there is no comprehensive model or theory of learning
in design. A critical review of the literature on theories and models of design and
some models of learning in design using a pre-defined set of criteria (that of
explanative capability, predictive capability, operationalisation, comprehensiveness
and applicability) shows the hypothesis to be true. This leads to the statement of the

research problem and its scope in Step 4.

Step 3
Before initiating the research program, various research perspectives that influence
the nature of the research methodology needed to be identified and evaluated against

the research problem formalised in Step 4.
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Step 4

Having identified the need to develop a model of learning in design, Step 4 is to

describe what is the nature and features required of the model that will explain the

phenomenon of learning in design. This requires a clear definition of what is

learning in design to differentiate from other forms of learning.
Step 5
Through the process of induction, by analysing the publications of research

communities and an understanding of design practice, a model of design activity and

a model of learning activity are formulated and formalised.
Step 6
A model of learning in design that considers the coupling of the design and learning

activities was developed. Various hypotheses regarding the inextricable link

between the design activity and learning activity are postulated.

Step 7

In order to evaluate the model of leaming in design, a protocol recording of a
designer performing a design task was recorded. Protocol analysis of the transcript
of the recording was analysed in terms of the knowledge change that occurred in the

design activities and learning activities and against the hypotheses defined in Step 6.

Step 8

In Step 7, the proposed model of learning in design was evaluated using the results
of the protocol analysis. The model was presented at the Machine Learning in
Design Workshop [126] for critic and feedback. The evaluation through the protocol
analysis and peer critique was to provide a basis for modifying the model. The
evolved model was evaluated in terms of the pre-defined set of criteria (used in Step
2) in providing an understanding of the phenomenon of learning in design and hence

highlights the main contribution of this research work.

Step 9

Step 9 is the discussion on the strengths and weaknesses of the research methodology
adopted and the outcome of the research task in developing a model of learning in
design. Based on the results achieved thus far, it is necessary to discuss the future

work to be pursued in order that the evolved model can become a theory of learning

64



Chapter 3
apier Research methodology

in design.
Step 10

Step 10 summarises the main contribution and other supporting contributions of this
research work.

3.4 Summary

The various world views and their influence on the research perspectives of
scientism and practicism in terms of ontology, epistemology and research
methodology have been reviewed and discussed. A research methodology that is a

hybrid between scientism and practicism was chosen to develop the model of

learning in design.
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Figure 3.1: The research methodology for developing a model or theory of
learning in design.
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Learning in Design

Having established the need to develop a model or theory of learning in design in
Chapter 2, the purpose of this Chapter is to establish the nature of learning in the
context of design, to define what does learning in design entail. This understanding

then provides the basis of the two approaches taken towards developing a model or

theory of learning in design (see Section 4.3.2).

4.1 The context of learning

Whilst there may be different meanings given to learning by different researchers,
learning 1s considered here as a cognitive process by which knowledge is gained and
stored in some permanent depository known as memory. Learning, however cannot
exist in vacuo. It has to be considered in the context of a domain and the nature of

knowledge gained is related to that domain.

Learning requires a context or a situation. It can be said that when an individual
encounters a learning task (e.g. a problem to be solved) their understanding of the
problem or of the learning situation itself and their understanding of the phenomena
that are relevant to the problem or situation are related [42]. A dictionary definition
of a situation is the manner in which something is placed in relation to its
surroundings at a given time. Hence, a situation is always experienced with a socio-
spatio-temporal location — a context, time and a place [42]. A phenomenon is
experienced as abstracted from a situation. That nobody can experience a
phenomenon in the absence of a situation is strongly intuitive [42]. A situation can
be experienced in terms of our ability to make sense of the “here and now” only
through our past experience. Thus not only is our experience of a situation moulded
by the phenomena as we experience them, but our experience of the phenomena is
modified, transformed and developed through the situations we experience them in.
This led Reffat and Gero [127] to state that situated learning is based on the notion
that knowledge is more useful when it is learned in relation to its immediate context,

i.e., its situation, and less useful when it is learned out of context. Design is an
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example of a situation or context in which designers learn in the context of design.

4.1.1 The situatedness of learning in design

In the ‘world’ of the designer, the designer converts indeterminate situations into

determinate ones. Beginning with situations that are in part uncertain, ill-defined,
complex and incoherent, designers construct and impose a coherence of their own.
They discover consequences and implications of their constructions — some
unintended — which they appreciate and evaluate [128]. Through a series of actions,
consequences, implication, appreciation and further actions, the designer re-frames
the design problem/solution until a coherent one is achieved. In all these actions, the
designer is performing a series of thought experiments, some of which result in
concrete actions to make the design more coherent. Schon [128] calls the re-framing

of the design problem a reflective conversation with the situation.

In the designers’ conversation with the material of their design, they can never make
a move that has no effect intended for it. Their continuous interaction with the
design, causes them to apprehend unexpected problems and potentials. As they
appreciate such new and unexpected phenomena, they also evaluate the decisions or
actions that have created them. They use their experience and knowledge to decide
their course of action. They thus build up a repertoire of examples, images,
understandings and actions. Each new experience of reflection-in-action enriches
their repertoire. This may be generalised to other cases contributing to their
repertoire of exemplary themes from which in subsequent cases of their practice,
they may compose new variations. Thus Schon, by using the model of reflection in
action, describes design as consisting of a series of dynamic situations which the
designers steer to their ultimate goal of achieving coherent design(s). In the process
they bring to bear their past experience on the evolving design and learn new

experiences at the end of it.
This situatedness of design in which designers learn design experience points to a

phenomenon — that of learning in design. Design is one example of the context in

which learning can be experienced. Hence it can be said that learning is inextricably
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inked with a situation or context in which the designer or the participant gains
experiential knowledge of the situation. This observation is supported by protocol

studies in design in which it has been shown many times that experienced designers

in all problem areas can reach satisfactory design solutions more effectively than
novice/naive designers [123].

Although the above description of phenomenon of learning in design implies that
learning occurs during the design process, learning of experiential design knowledge
can also occur outwith the design process, from past designs [129]. This is because
designers do learn from reviewing the failures of past designs or the salient features
of successful designs in retrospect and gain design knowledge in the process. Hence

learning in design can occur in-situ or outwith the design process.

4.1.2 Learning experiential knowledge

Kolb [130] views learning as a transaction between the person and the environment
or situation; the environment is the ‘real world’ and not the artificial settings found
in the laboratories of some cognitive experiments. In this transaction between the
domain/social knowledge and personal knowledge, new knowledge is created. In the
‘real world’, “Knowledge is continuously derived from and tested out in the
experiences of the learner”, Kolb [130]. Hence Kolb [130] remarked that people do

learn from their experiences.

The nature of a unit of experience

Through their 25 years of systematic research into the experience of learning, Marton
and Booth [42] are able to give a succinct definition of what constitutes a unit of the
learner’s experience of learning. The main thrust of Marton and Booth’s research is:

“How do learners gain knowledge about the world, and why do some do it better
than others?”

To answer these questions they perform a number of studies of students’ learning
through reading texts, writing essays, writing programs and solving problems.
Through their experimental studies of learners, Marton and Booth are able to show
that learning as an experience has a structural aspect and a referential (or meaning)

aspect. The two aspects, meaning and structure are dialectically intertwined and
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available through design experience is a wealth of design knowledge that can be

brought to bear on the problem being faced by the design agent through the use of
effective design support systems.

Explicit and tacit knowledge in design

In his book “The Nature of Knowledge”, Kemp [3] in answering the question “What

is knowledge?” concludes with some certainty that it is difficult and probably

impossible to find a definition of knowledge which would be universally accepted by

all philosophers.  Nevertheless, he defines knowledge as:

. Firstly, what a person believes and states as his belief (or what people
collectively believe and state).

° Secondly, the extent to which statements are to be regarded as true depends
on the extent to which these statements are true; the judgement of the truth of

a statement being based on the extent to which it is compatible with other

statements that are believed to be true.

Polanyi [131] makes a distinction between tacit knowledge and explicit knowledge.
Tacit knowledge is personal, context-specific and therefore hard to formalise and
communicate. Explicit or “codified” knowledge, on other hand, refers to knowledge
that is transmittable in formal, systematic language. Polanyi contends that human
beings acquire knowledge by actively creating and organising their own experiences.
Products are physical manifestations of knowledge, and their worth largely, if not
entirely, depends on the value of the knowledge they embody [132]. The design of
products can be viewed as the application of scientific and technological knowledge
to meet a perceived need. Most complex designs today require the integrated
application of different disciplines of engineering and technological knowledge in
order to meet the increased demand on functionality, quality, durability and
environmental safety and product life cycle issues. The various aspects of the design
must be analysed, evaluated by a team of designers (or agents) using their respective
domain and experiential knowledge. For a given need, different teams of designers
with a varied profile of design experience may design a diverse range of products
using the same or different scientific principles and technologies. Hence, whilst

scientific and technological knowledge are explicit knowledge, design knowledge
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perceive and define their world. On the other hand, the technical element of tacit

knowledge includes concrete know-how, crafts and skills.

In general, there are three types of tacit knowledge which broadly can be classified
as declarative knowledge (know what), procedural knowledge (know how) and
causal knowledge (know why). In the domain of engineering design, the three types
of knowledge have been commonly referred to as design object knowledge, design
process knowledge and design rationale knowledge. Collectively, it is also known as
experiential knowledge. Researchers in psychology (Anderson [134], Cohen &
Squire [135], Schacter [136]) have made a distinction between declarative and
procedural knowledge. Declarative knowledge is explicit knowledge that we can
report and of which we are consciously aware. Procedural knowledge is knowledge
of how to do things, and it is often implicit. Such implicit procedural knowledge is
often referred to as skill. However skill-type learning that results in implicit
procedural knowledge will not be considered here as it is difficult to articulate the

knowledge although it is an important facet of human learning.

The design object knowledge relates to the invariant elements of a design namely,
the functional knowledge, the behavioural knowledge and the structural knowledge
of a design. The design transformation knowledge refers to the mappings between
the invariant elements of the design. Yan [137] identifies four types of design

transformation knowledge or knowledge change:

J From function to structure (F — S) which results in design catalogue type
knowledge.

. From function to behaviour (F — B) which characterises the designer’s
intent.

] From behaviour to structure (B — S) which characterises the generative

knowledge used in design synthesis.
° From structure to behaviour (S — B) which characterises knowledge of
design performance from which one can infer whether the purpose of the

design is met.
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4.1.3 Summary

Learning in design describes a phenomenon that occurs in the context of design (i.e.
situated learning). Here learning is seen as being inextricably linked to and outwith
the design process. As the designer constructs the various design situations through
design actions, there arise opportunities for learning knowledge of the evolving
design and about the process which is referred to as tacit or experiential knowledge.

Learning in desi ituati i is gai 1
g gn encompasses situations of learning where knowledge is gained in

retrospect from past design cases. Learning in design can result in a gain in

experience and knowledge that can be applied to new design problems.

4.2  The requirements of a model of learning in design

Having described what is the nature of the phenomenon of learning in design and the
nature of the experiential knowledge gained, it is necessary to discuss the nature and

manner by which the model was to be derived in order to fulfill the objective of this

research work.

4.2.1 The nature of the envisaged model of learning in design
From Section 1.3.1, it has been established that learning is a cognitive process in
which there is a gain of knowledge that is recorded in some permanent memory.

Persidis and Duffy [35] suggest that the learning process can occur in three distinct

ways:

. Acquisition: the process of receiving new knowledge.

. Modification: the process of altering existing knowledge

° Generation: the process of creating new knowledge from existing knowledge.

For learning to occur, there is an underlying basic process of acquiring new
knowledge that has to be stored in some permanent memory. The acquiring of the
new knowledge could be through acquisition, modification or generation. Figure 4.3
shows a model of learning that incorporates the knowledge acquisition process and

its integration into memory.

Figure 4.4 presents a model] of learning in the context of design. This model takes

into account the context of learning in design (Section 1.3.1). For each design
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on hypotheses regarding the manner in which these activities are inextricably linked.
The second approach was to study the phenomenon of learning in design through the

analysis of a protocol recording of a designer at work.
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A formalism for design activities

A Formalism for Generic Design Activities

Design is a knowledge intensive cognitive activity. It has been shown in Chapter 4
that both designing and learning as complex cognitive activities can be described at
the knowledge level. The design problem has been described as ill-defined and ill-
structured i.e. uncertain, ambiguous and highly complex [138, 139]. Designers use
various design activities to solve the design problem until design solution(s) is
achieved. Here, a design activity is considered as a cognitive activity that applies
domain and design knowledge to the evolving design thereby reducing/resolving the
uncertainty, ambiguity and complexity associated with it. This Chapter therefore has
three primary aims. The first is to identify and classify generic design activities
based on the nature of the knowledge change that occurs as a result of these
activities. The classification is based on the notion that the knowledge applied in
these activities reduce/resolve the uncertainty, ambiguity and complexity associated
with the design and/or the process. The second is to present a formalism to describe
generic design activity at the knowledge level. Using that formalism, the third aim is
to analyse the knowledge change that occurs in these generic design activities. It is
important to identify, classify, represent and analyse these generic design activities in
order to understand the knowledge change that occurs in these activities and by
coupling them to the learning activity (see Chapter 7) seek to present a model/theory

of learning in design.

However it is not the aim here to be exhaustive in trying to identify all the design
activities. Neither is it necessary to be absolutely precise about the definition of each
of these design activities as the subsequent analysis shows that there are different
understanding by different researchers what each of these activities are. Furthermore
the understanding of the phenomena of learning in design can be studied by itself
through protocol analyses of design practice or interviews of designers without the
need of the analysis and the formalism presented here. However, the value of this
Chapter, as the identification and description of design activities using a formalism,

will provide the background knowledge by which the protocol recording of a
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designer at work can be Systematically and coherently analysed (See Chapter 8).

Further, only enough activities need to be identified in order to provide a sufficient

basis upon which to investigate learning in design.

5.1 Generic design activities

In the course of designing, designers will perform a range of cognitive acts namely
perceptive acts, communicative acts, designing acts and learning acts. These acts
can be described at many and different levels of abstraction. For example,
perceptive acts would include seeing, observing, reading, listening etc.
Communicative acts would include speaking, explaining, writing, sketching,
drawing, gesturing etc. For designing acts, these could range from concept
generation to analysing, calculating, dimensioning, measuring etc. In the context of
this Chapter, the focus is on designing acts that result in learning of design
knowledge. Therefore not all acts that the designer performs will be considered
although it can be argued that learning could take place as a result of these acts. For
example, in performing the act of calculating which is a rather common cognitive
activity that humans perform, one can learn about the operations required in
calculating. As far as design knowledge is concerned, such operations offer no
increase in the design knowledge. In fact, the acts of calculating, comparing etc. are
basic operations required in algorithmic design methods (finite element method
[140], Pugh’s method of concept evaluation [101], etc) which are based on scientific
substantive knowledge. Therefore in identifying what these generic design activities

are, the focus is on activities that would result in the increase of design knowledge.

5.1.1 Granularity of design activities

It has been shown that as with any concept, it is possible to describe design activities
at a number of different levels of abstraction [108]. Hubka and Eder [141] describe
designing as a rational cognitive activity that can be decomposed into smaller
(design) steps, stages and/or phases. The level of abstraction is to match the nature
of the design problem. Hubka [142] has derived a hierarchy of design activities. In

this hierarchy, Hubka has used different names to describe the design activities in the
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hierarchy (e.g. design operations, basic operations, elementary activities, elementary
operations). Each activity in a given level comprises sub-activities in the next lower
level. Included in the list of elementary operations are a variety of activities such as
calculating, measuring, drawing, analysing and synthesising etc. Although the
repeated performance of some of these activities may follow the “power law”
leading to skill-based learning [37], the design activities analysed here are
considered on the basis that they lead to an increase in design knowledge. Hence,
activities such as measuring, calculating and comparing that appear in Hubka will
not be considered in the context of learning in design. These are considered as

relatively basic operations that support higher-level design activities through which

learning in design may take place.

Both perceptive and communicative acts performed by designers will not be
considered as they are primarily acts for information processing in the design

process.

5.1.2 Identification of generic design activities

Because of the notion that a design activity should result in an increment in design
knowledge there is now a need to identify which of the cognitive activities of the
designers can be considered as generic design activities. Here in this Chapter, the
aim to identify generic design activities stems from the requirement to show the

knowledge increment that results from design activities.

The notion of the existence of generic design activities is derived from the study of

three sources that describe the cognitive activities of designing. The three sources

are:

. Different systematic models of various design processes: engineering design
[142, 99], product design [77, 101], mechanical design [102, 103].

. Protocol analysis of design experiments in different design domains:
architectural design [143], mechanical design [144, 145, 146, 147,148, 149].

. Case studies of large complex electromechanical artifacts [150].

81






Chapter 5 .
A formalism for design activities

During the initial phase, there are no definite criteria to evaluate a solution. The
design problem space cannot be defined due to radical lack of information although a
large base of potentially relevant knowledge may be available for its solution. Even

the set of alternative solutions is by no means suitable to generate a product
description.

The design solution space is highly complex in that there is often combinatorial ways
of solving the problem, with each partial solution leading to more alternatives before
one can arrive at the final solution. Each partial solution has to be evaluated before
proceeding to the next solution. There is therefore a need to manage complexity of
the design solution space by prioritising and ordering design tasks. Duffy [152]
posits that the factors that contribute to design complexity are the artefact being
designed, the design activities, the actors involved, the design decision making
process, the aspects impinging upon design and the knowledge and sources used and

generated. These factors are elements which make execution of the design process

non-trivial.

The ill-defined and ill-structured nature of design has resulted in the
uncertainty/ambiguity and complexity of design and its corresponding process in the
following aspects:

1) The design requirements are often ill-defined because of changing demands
of customers or the need to challenge market competition.

ii) The numerous and varied possibilities and potential design solutions to be
generated and explored in order to satisfy the design requirements in all the
phases of the design.

The design goals, criteria and constraints imposed on the potential design solutions

change as the design solutions evolve. Initial goals guide the first steps of the design

process and these are soon augmented with others that are evoked as the process
progresses. Goals and constraints that are postulated are means by which to limit the

potential solutions.

The interdependencies of related design activities in terms of preconditions (inputs)
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and effects (outputs) must be identified so that the resulting design process is
streamlined to meet design time constraints.

Designing is a process by which the uncertainty and complexity of the evolving
design is being reduced and resolved. From the three sources (i.e. various protocol
analyses and systematic models of design and case study), three dominant
characteristics of the design process can be identified. Firstly, designers constantly
use abstractions/concepts/models as a means to generate and manage the complexity
of the design task and to reason from the intended functionality of the product to
derive some form or structure. Secondly, the expected behaviour(s)/effect(s) of
numerous generated designs have to be evaluated against some design criteria or
requirements to derive some design solutions. Thirdly, the protocol analyses of both
mechanical and architectural design suggest that designers do formulate specific but
varied plans as they pursue the design process to completion. These specific plans or

episodes involve activities of control and information assimilation similar in nature

to management.

In general, designers have to contend with these characteristics of design:

. The ambiguity and uncertainty associated with the evolving design.

. The complexity of the design solution space due to the need to generate many
solutions before arriving at some accepted solution.

. The time complexity involved in the management of numerous evolving
design solutions that are initially ambiguous and uncertain in description and

their related design activities.

By performing appropriate design activities in the design cycle, designers seek to
overcome the ill-defined, ill-structured and complex nature of design problem. Each
of these activities involves the application of design knowledge and domain
knowledge to the problem to reduce/resolve the ambiguity/uncertainty and
complexity associated with the design problem. Here the generic design activities
identified are classified into three categories as follows (see Table 5.1):

. Design definition activities: these activities seek to reduce/resolve the

ambiquity and uncertainty associated with the evolving design states.
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. Design evaluation activities: these activities seek to reduce the complexity of

the design solution space.

Design management activities: these activities manage both the space

complexity and time complexity of the design solution.

Table 5.1: Identification and classification of generic design activities from sources on design
processes

Design activity Hubka Pahl & Suh Pugh Ulrich & Ullman
[142] Beitz [99] [77] [101] Eppinger [102]
[103]

Design Definition Activities (Function to Form/Structure)

Abstracting 7 s v

Associating

Decomposing v

Defining

Detailing

Generating

SIS ININIS
<

ANIAN

Standardising

Structuring/Integrating

AN
NISININININIS
\

Synthesising 7 W

N

Design Evaluation Activities (Form to Behaviour/Effects)

Modelling

Analysing v/

Testing/Experimenting

Evaluating Vs

NINISN NS
NSNS
NS

Decision making

NN N N NN T IRIATAT AT AT ATAALAY

SISINININS

Verifying

Design Management Activities

Constraining

N

Exploring Ve

Identifying v
Information gathering 7

NS

Planning

Prioritising

Resolving

Scheduling

v
Selecting v/ v v v/
Searching v v

Design definition activities

Design begins with an abstraction - a mental model to satisfy some predefined
societal need expressed in the form of functional requirements obtained through the
voice of the customer or some perceived need by the designer. It ends with a
description of the product or artefact in the form that it can be interpreted for

manufacture. Design as a cognitive process is concerned with the reception,
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processing and transmission of information/knowledge from the beginning of the

design process to the end [99]. The nature of the design information/knowledge

(both qualitative and quantitative) is transformed from abstract, vague and sparse in
representation to accurate, consistent and voluminous as the design progresses.
Table 5.2 gives a description of the nature of the design information/knowledge
based on the various phases of design. Each of these phases are characterised by
design definition activities. For example, in the conceptual design phase, the design
activities of generating and associating of concepts are prevalent. In the embodiment
phase, structuring and integrating of systems and sub-systems are the main design
activities. In the detail design phase, the design is synthesised supported by activities
of integrating, detailing and standardising. Hence, design definition activities have
been classified based on the effect that the activities have in reducing/resolving the
uncertainty and ambiguity associated with design; that is, there is a gain in
knowledge of the design through an increase in information content of the design.
Each resolution of the uncertainty and ambiguity changes the state of the design that
result in an increment of knowledge of the design. Therefore, the primary goal of
design definition activities is to reduce the design’s uncertainty and ambiguity during

different design states.

Table 5.2: Description of design information/knowledge

Phase of design Information type Information characteristic
Design specification Symbolic. Sparse and vague.
Conceptua] desi gn Symbolic, schematics, simple Sparse, inaccurate incomplete,
sketches. may be inconsistent and temporal.
Many possible solutions.
Embodiment design Symbolic, numerical Fairly precise, consistent.
2-D graphic (layout). Possibly only one solution.
Detail design Largely numeric. Accurate, complete, consistent,
3-D graphic. voluminous.

Design evaluation activities

The aim of design evaluation activities in general is to reduce the complexity of the
design solution space. Through activities such as evaluating and decision-making,
infeasible or less optimal solutions are ruled out, hence leading to a reduction in the
search space of the design solution. For example, before generating the design

solution, the designer may analyse and evaluate constraints that influence the design.
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By imposing constraints on the design, the feasible design solution space is defined.
When design solutions are generated, analysing and evaluating these against a set of
design criteria similarly limits the number of feasible solutions. Thus the design
evaluation activities may result in some design solutions being considered as failed
design solutions, some may be sub-optimal and some may be optimal. The

knowledge increment arising from failed design or successful designs may be useful

for future design considerations.

Design management activities

The design problem has been characterised as an ill-defined or wicked problem in
that its solution is linked in such a way that in order to think about the problem,
designers have to commit themselves to some sort of solution. In the cycles of
committing to some sort of solution for some design problem under consideration,
the designer has to constantly evaluate and decide what step to pursue next. So a set

of design activities which is used constantly by the designer has to do with deciding

what to do next in the design process.

Although the design problem is ill-defined, designers do formulate specific plans as
to how the design problems or sub-problems should be solved. Protocol analyses
reveals the existence of specific or localised plans to tackle closely related design
goals (see Chapter 8). The need to control and manage the complexity of the design
problem gives rise to various design activities. These activities include identification
of needs and goals, planning of design activities to achieve goals and sub-goals,
prioritising various tasks of the design project, searching of solutions for the design
problem and selection of the best solution(s). These set of design activities that
manage the complexity of the design problem, pervade throughout the design
process. Therefore, the purpose of design management activities is to streamline the
design process so as to meet design time constraints and/or to reduce the complexity
of the design solution space. For example, the activity of prioritising is to ensure that
design tasks that significantly impact on the outcome of the design solution, which in
turn may influence other down-stream design task(s), are considered first. In the
detailing design phase, the ‘selecting’ activity may be used to select a particular
component to implement a design concept or a particular manufacturing process to

shape the ultimate form of the product. The selecting activity is also used in the
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decision-making process to select one or more design concepts to evolve the design
further. Thus, the activity of selecting which affects both the design definition

activities and the design evaluation activities is included under design management
activities.

In general, these activities may result in an increase of knowledge in the
management of the time complexity and space complexity of the design solution(s).
These activities do not increase the knowledge of design per se but rather contribute
to the knowledge of the design process. So the criteria in classifying the design
management activities as one category of design activities is based on the

contribution of knowledge increment to management of the complexity of the design

process.

5.2 A Formalism for Generic Design Activities

Hubka and Eder define a design activity as a change of the state of information by
means of a design method or methodology [141]. In Gero’s model of design [153],
design is considered to consist of a number of distinct activities that are carried out
between different design states. In this model, it is the set of design activities that
transforms an initial design state through a series of successive refinements into a
final design state (See Figure 5.1). The initial design state is described by a set of
design functions (F) and a related set of expected behaviours (B,). The design
activities transform the design in which the design structure becomes more clearly
defined until finally a satisfactory structure is obtained (S) in which the predicted
behaviours (B,) approach the expected behaviours (B,). The role of design activities
in Gero’s model is that of transforming the state of the design expressed in terms of

its function, structure and behaviour.
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Design States:

F = Set of design functions

B, = Set of expected behaviours i

B, = Set of predicted behaviours SB :Bé ?nal}};m%

D = Design description Be B aliatio

S = Design structure SoB i;?iﬁ:ﬁ:tion
S =D Production

Design Activities:
F — B, Formulation

F Production
§ » D
Synthesis
Formulation Reformulation
Analysis
B ¢ > B,

Evaluation

Figure 5.1: Gero’s model of design activities

It has been shown in Chapter 4 that design and learning activities as cognitive
activities can be described at the knowledge level. A cognitive system at the
knowledge level can be referred to as an agent [154]. At the knowledge level,
cognition is described or explained in terms of goals, actions, knowledge and
intended rational behaviour. Hence, the main entities with which an agent is
concerned are goals, actions and knowledge (which include facts, beliefs, rules, laws,

theories, and values).

The principle of rationality, the law of behaviour at the Knowledge Level by Newell
[155], says that actions are selected to attain the agent’s goals. It is shown in Section
5.1 that the identification and classification of design activities has been based on
their contribution towards an increase in the knowledge of the design or the
associated process. Hence, here in this thesis, a design activity is defined as follows:
A design activity is an action or cognitive process taken by a design agent to
achieve a knowledge increment in the state of the design and/or its associated

design process in order to achieve some design goal.
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While Hubka describes design activity in terms of a change of the state of
information, Gero describes design activity as transforming the state of design in

terms of function, behaviour and structure. The definition given in terms of

knowledge increment is considered to be more generic that those of Hubka and Gero.
Firstly, it includes the change of state of information which in the context of design

is factual design knowledge. Secondly, it includes the transformation between

design function, behaviour and structure as the classification of activities given in
Section 5.1 groups design activities in terms of the transformation from function to
structure and from structure to behaviour. Thirdly, the definition is generic because
it includes the knowledge increment arising from the design process. Thus, it is
reasonable to state that the definition of design activity in terms of knowledge

increment associated with the design goal is a generic one.

A design activity is characterised by knowledge input. The inputs are the current
state of the design, the resources in terms of people and knowledge (i.e. domain
knowledge, heuristics, methods or techniques), tools, constraints and external
requirements (e.g. regulations). The goal(s) of the design activity D, determine the
type of design activity to be performed. The output knowledge O, from the design
activity stems from the application of the input knowledge to enable the design to

progress nearer to the design solution.

Given the above, the basic elements of a design activity may consist of:
o Existing design knowledge as Input knowledge, L.
e Design activity, D,
e Design goal, D,.
¢ Output knowledge, O,
It is suggested that the basic elements of designing may be related as shown in

Figure 5.2.
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Figure 5.2: Formalism for a design activity

In this figure, design knowledge, domain knowledge and knowledge of the current
state of the design serve as input knowledge to a design activity through which a new
state of the design results and output design knowledge is modified or generated.

The general goal of the design activity is to reduce the complexity of the design

problem until a design solution(s) is finally achieved.

5.2.1 Input Knowledge

Design knowledge can be categorised into declarative knowledge (i.e. knowledge
about the product) or procedural knowledge (i.e. knowledge of the design process)
[156]. Past designs represent a wealth of product design knowledge. Design plans
and/or design histories represent another source of valuable design process
knowledge. The procedural knowledge becomes important when it is considered in
management and control of design activities for a particular design task. However,
for a design activity the main input knowledge sources would consist of the range of
domain knowledge for a particular design problem, design methods, design
mechanisms [157], design guidelines [158, 159], and design methodology [160].
These knowledge sources are basically experiential design knowledge learnt through
a logical and rational understanding of procedures that have proved to be effective in
expediting the design activity. They, therefore, represent experiential knowledge
learnt from the design of similar products. But before they can serve as input
knowledge, they are acquired as experiential knowledge learnt as a result of the

design process.
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5.2.2  Goal of Design Activity

Fricke [161] describes design as a goal directed process of solving problems. The
goal of a design activity is to incrementally reduce/resolve the uncertainty, ambiguity
and complexity of the design problem until the final design solution(s) is reached. In
Sections 5.2, generic design activities are identified and classified in accordance to
the knowledge increment associated with reducing/resolving uncertainty, ambiguity
and complexity of the product and/or process. Here the goal of a design activity will
be influenced by the nature of activity being considered. The nature and description

of the goal for each of the generic design activities are given in the description of

each activity (see Sections 5.3, 5.4 and 5.5).

5.2.3 Output knowledge

The output knowledge O, from the design activity stems from the application of the
appropriate activity upon the input knowledge to enable the design to progress
towards the design goal and hence towards the ultimate goal, the design solution.
The nature of the output knowledge is therefore dependent on the design activity and
the evolving design solution. The nature and description of the output knowledge is

given in the description of each activity (see Sections 5.3, 5.4 and 5.5).

5.2.4 Interactions of design activities

The design activities may progress in sequence (in series) or concurrently (in
parallel) or coupled or as a compound activity (the grouping of related activities) or
in iteration [162]. The output from one activity becomes the input into another
activity. There could be more than one way to sequence these design activities
which may be different for different design domains and for different types of
design. Design strategy is used to determine the general direction of the design
procedure. For some design domains the procedure become established with
repeated use, resulting in what is known as design methodology. Design
methodology therefore provides designers with knowledge on the design process.
Included in this knowledge are: (a) models of the design and development processes,
representing the structure of thinking and action in designing, (b) the methods and

techniques used within these processes, and (c) a system of concepts and
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corresponding terminology, [160].

5.3 Knowledge increment in design definition activities

In this section, generic design definition activities identified in Section 5.2 are
described in greater detail to show the knowledge increment as a result of the design
activity. Each activity is described in terms of the knowledge/information input into
the activity, the design goal and the knowledge output as a result of that activity.

Resources in terms of design methods/algorithms or procedures used in the activity

are also given.

5.3.1 Abstracting

Abstracting as a generic design activity is to ignore what is particular or incidental
and emphasise what is general and essential [99]. Pahl and Beitz consider
abstracting as an activity to find higher level interrelationships (i.e. which are more
generic and comprehensive) [99]. To Hoover et al. [163], 'abstractions are more than
simplifications of behaviour and form; they are the result of cognitive decisions to
ignore classes of behaviour and portions of the design object. Useful abstractions do
not ignore classes of behaviour or parts of the design object but must capture the
important relations between behaviour and form to help make good design
refinements’. As a result, designers use abstractions and models to focus on various
characteristics of a design and to simplify the complex relationships between
function and form, and form and behaviour. The most useful abstractions are those
which enable a designer to understand and predict the relationship between a
required behaviour and the physical attributes of the design object. Both Goel and
Porolli [164] and Ullman et al. [146] have hypothesised that abstractions are required
because of cognitive limitations and problem complexity. Therefore, the purpose of

this activity is to reduce complexity [99].

Designers use various kinds of abstraction depending on the degree of evolution of
the design from conceptual to detail design. In the conceptual stage, the abstraction
could well be just sketches, diagrams or data structures, etc. In the analysis stage,

the abstraction will be in terms of some models such as geometric model, finite-
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element model or spatial models or flow models. It is therefore not surprising that

the use of abstractions has been documented in the protocol analyses of various

design processes [143, 146, 147]. Here a distinction is made between abstraction

and models and their related design activities (i.e. abstracting and modelling).
Abstraction is seen as a means by which designers generate design solutions.
Models serve as a more complete, well-defined and compact representations of the

abstraction [165] by which designers communicate, control and predict the

performance of the design solution.

In summary, Table 5.3 shows the input knowledge, the output knowledge, the goal of

the design activity of decomposition and the knowledge change.*

Table 5.3 Abstracting ~ details of the elements of the activity and knowledge change

Input Knowledge Knowledge Output O, Goal of Design Knowledge change
Lok Activity D,
» Types of e Appropriate ¢ Reduce ¢ Knowledge abstraction(s)
abstraction abstractions of design complexity of of that depict useful
e Domain object (e.g. sketches, design object. relationships of the
knowledge schematics). evolving design concept(s)

5.3.2 Association

Designers relate ideas and concepts through the cognitive activity of association.
Association groups related ideas together giving rise to a perception which usually
remains fixed unless being revised by subsequent activity [166]. Association
theories consider association as a process within which links (associations) between
contents of thought are established [160]. For example, a picture comprising a round
shape and a red colour is first registered and then associated with the concept of a
tomato. This hypothesis was supported by Ash [167] from his observations that the
formation of pictures is responsible for the construction of the mind by perception.

Links that are new or novel are considered as indication of the designer’s creativity.

The best known method to generate flood of ideas and concepts through association
is brainstorming [168]. Brainstorming stimulates the production of strongly

divergent associations by encouraging a number of people to work together in a

10 gimilar statements will not be made for remaining design activities.
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Table 5.4: Associating — details of the elements of the activity and knowledge change

Input Knowledge Iy Knowledge Output Goal of Design Knowledge Change
: Oy Activity D,
o Domain knowledge ® Ideas, concepts and ® Generate as novel or |  Knowledge of novel
* Methods for their links. new ideas/concepts as ways in which
generating ideas (e.g. possible through ideas/concepts are
brainstorming, association of linked.
Gallery method).

ideas/concepts.

5.3.3 Decomposition

Decomposition is a common problem-solving activity whereby a complex
problem/object is solved by first breaking (i.e. decomposing) it into a set of smaller
problems that can be easily handled [169]. Thus, decomposition can be defined as a
process that breaks down a task/problem/object into a set of independent entities.
For design of complex products involving hundreds/thousand of parts/components,

the complexity of the design problem is simplified by decomposition for the purpose

of focussing.

The key question is ‘on what criteria should decomposition be based?’ Challa and
Fadel [170] identify three major ways of decomposition. They are object
decomposition, aspect decomposition and sequential decomposition. In object
decomposition, the problem is decomposed into sub-problems based on the
physical/structural aspects of the objects involved. Aspect decomposition deals with
the decomposition of a problem into the various aspects of knowledge or disciplines
involved. The sequential decomposition decomposes the activities of a problem into
groups and orders them in sequence with feed-forward links between them so that
the design problem iterations are reduced to a minimum. For near routine design and
parametric design, Liu and Brown [218,219] identified decomposition factors (bases
for decomposition) using the knowledge compilation mechanism, [219]. The
decomposition knowledge identified is design object knowledge, functional
knowledge, design cases, design heuristics, general problem-solving knowledge and
domain knowledge.

categorised into decomposition using existing

Here, decomposition is
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product/structure configuration, decomposition by function and decomposition of

tasks. The first two categories relate to the design itself while the third category is
concerned with the design process.

Decomposition using product configuration

The decomposition of a design problem is dependent on the types of product being
designed. If the product is a repeat or a variant design, the basis for decomposition is
the product configuration(s) of existing similar products. This approach will
expedite the design process especially for complex products involving
hundreds/thousands of parts/components, subsystems and systems. Therefore,
Hashim [173] et al. define design decomposition as the resolution of a product into

design entities'' and the analysis of these and their functional relationships.

Decomposition of functional requirements

For innovative products, the decomposition knowledge of the product structure or
configuration is usually non-existent and the design agent will have to rely on
knowledge related to the overall function of the product. The basis of decomposition
of the overall function may be governed by the key disciplines contributing to the
solution of the design problem. For example, in mechatronics, a discipline-oriented
decomposition is applied to facilitate the parallel development of the mechanics,

electronics and software of the product.

Most systematic design processes [77, 99, 103] use decomposition by function as a

basis for developing the design without reference to existing or known designs.

Function-oriented decomposition

Function-oriented decomposition relies on the notion that a design has a main
function that can be broken down into its constituent sub-functions or partial
functions'® [99] in order to reduce the functional complexity of the design problem.
The purpose of this decomposition is to identify the necessary supplementary

functions to achieve functionality of the composite system. Several authors of

"1 A design entity is either a product, an assembly, a part, a component or a feature [173].

12 In Hubka’s hierarchy of functions, partial functions would include auxiliary functions, driving,
propelling or energy delivery functions, regulating and controlling functions, connecting and
supporting functions.
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systematic design process (e.g. Pahl and Beitz [99], Ullman [102], Ulrich and
Eppinger [103] advocate functional decomposition based on understanding the
design problem in terms of flow of types of energy, material and information. Suh’s
axiomatic approach to engineering design [77] relies on the mapping of functional
requirements (FR) to design parameters (DP). To satisfy these requirements, a
physical embodiment characterised in terms of designs parameters must be created.
Therefore decomposition is seen as a mapping process from the functional space to
the physical space to satisfy the designer’s specified FRs such that both functional
requirements (FRs) and design parameters (DPs) can be decomposed into a

functional hierarchy and physical hierarchy respectively.

In another approach, the function-oriented decomposition of a mechanical system
involves the identification of the functional elements in the system. This is based on
the law of Hubka that states that there exist causal relationships between functions
and means of a mechanical system. The function is achieved by a means or a
working principle(s). Based on Hubka’s law, a mechanical system can be modeled
by the function-means tree. A means may require one or more sub-functions. This
recursion of mapping function to means and means to function will generate the

function-means tree.

Umeda et al. [174] view functional decomposition as decomposing a function into
networks of sub-functions that is composed of either abstract-concrete relations or
whole-part relations. They distinguish functional decomposition into causal
decomposition and task decomposition.  Causal decomposition results in sub-
functions whose behaviours are causally related to each other by the relationship
caused-by. Task decomposition results in sub-functions whose behaviours can occur
independently. For example a required function “to charge drum” in the design of
photocopiers can be task-decomposed into two sub-functions “to discharge

electricity to drum” and “to rotate drum”.
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Table 5.5: Decomposing — details of the elements of the activity and knowledge change

Input Knowledge I Knowledge Output Goal of Design Knowledge change
: O, Activity D,

. Knoyvledgc of functional | e Knowledge of key | ® Reduce complexity | e Knowledge of key
requirements of new disciplines of design disciplin:s fora
demgn. . involved. knowledge design or class of

¢ Various domain involved or lack of design.
knowledge. it.

¢ Knowledge of functional
requirements of new
design.

o Existing product
structure in terms of
part/sub-part relationship,
system/sub-system

relationship.

* Specific taxonomy
of new design in
terms of part/sub-
part relationship,
system/sub-
system.

® Reduce multi-
component
complexity.

¢ Knowledge of
function sub-
function, part/sub-
part or system/sub-
system hierarchy of
a product.

e Knowledge of function
requirements.

¢ Existing knowledge of
function means mapping,
function component
mapping.

e Specific taxonomy
of complex
function in terms
of sub-functions
mapping, function
means mapping,
function
component

mapping.

¢ Reduce multi-
functional
complexity through
decomposition of
overall function.

* Knowledge of
overall function in
terms of sub-
function mappings,
function component
mapping.

Decomposition of tasks/activities

Associated with each design project is a document reflecting a project plan which
defines the tasks that need to be completed in order to solve the design problem
[102]. That is, the design problem is decomposed into tasks and sub-tasks. Each
task/sub-task with definite goal(s) and time constraints are assigned to appropriate
design agent(s). Hence a design task represents a design effort that must be
performed in order to achieve key milestones in a design process. A task or sub-task
may comprise a sequence of interrelated activities. Task decomposition simplifies

the design process and allows one to determine a potential group of tasks that might

be performed simultaneously.

These tasks are organised to decrease the product development life cycle by
analysing the interdependency between design activities. Kusiak and Wang [175]
represent the relationships among the design activities using an activity-activity
incidence matrix and the corresponding directed graph. By analysing the nature of

the incidence matrix, design activities can be categorised into uncoupled matrix, de-
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coupled matrix and coupled matrix. Kusiak and Wang develop a triangularisation
algorithm that minimizes the number of non-empty elements in the upper triangular
incidence matrix. A lower triangular matrix (i.e. matrix with zero elements in the
upper triangle) implies de-coupled activities leading to reduction in the number of

iterations in the design process. The details of the triangularization algorithm are

given in Kusiak and Wang [175].

Using the incidence matrix to represent relationships among tasks, Kusiak and Wang
[176] presented a methodology for decomposition of a design task resulting in
minimum interaction density among groups of design tasks. The interaction density
is defined as a measure of dependency among groups of tasks. Cluster identification
algorithm is used to recognise groupings among tasks. Two types of dependency,
serial dependency and interdependency are investigated. The knowledge of the inter-
dependency of related tasks and their sequencing will enable the management of the

design project in assigning of appropriate resources for timely completion.

Table 5.6: Decomposing of tasks/activities — details of the elements of the activity and knowledge
change

Input Knowledge I, | Knowledge Output O, Goal of Design Knowledge Change
Activity D,
¢ Knowledge of * Knowledge of * Maximise ¢ Knowledge of how

interrelated activities
and their precedence
orders.

e Knowledge of
algorithms for
clustering activities
(e.g triangularisation
algorithm by Kusiak

sequencing of
decoupled and/or
coupled activities.

decoupling of design
activities into
tasks/sub-tasks so as
to reduce design
iteration(s).

e Minimise
information flow
between activities.

to sequence a
interrelated set of
activities into
tasks/sub-tasks to
reduce design
iterations for a given
design project.

and Wang).

5.3.4 Generating

Generating concepts or concept generation is a generic design activity to satisfy
function requirements that are usually derived from customer requirements or a
perceived need. The design activity closely associated with concept generation is
concept association and/or concept combination. Individual concepts are generated
for each function in the function sub-function hierarchy. To derive the design
solution, these individual concepts must be combined into a single design solution.

This results in many possible design solutions. Concept generation is therefore a
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compound design activity in that it is composed of the activities of generating and

combining design concepts. The goal of generating as many potential individual

concepts 1s to satisfy specific sub-functional requirements while the aim of
combining these individual concepts is to fulfill the overall functional requirement.

Hence the purpose of generating concept(s) is to derive as many ideas or concepts as

possible so as to accomplish the functional requirements.

As the information available in concept generation is limited, inexact and
incomplete, the concepts generated are usually described qualitatively rather than
quantitatively. Concept generation involves the process of associating (mapping)
function (F) to structure (S) (i.e. F — S mapping) for routine designs or associating
function (F) to behavior (B) to structure (S) (ie. F — B — S mapping) for non-
routine designs. Prior to concept generation, the functional requirement(s) expressed

in the form of a functional structure or hierarchy is obtained through the function

decomposition activity.

Concept generation by use of morphology charts

The use of a morphological matrix or chart [99], 160] represents an example of F —
S mapping. A morphological chart sets out the complete range of elements,
components, or sub-solutions that can be combined together to generate solution(s).
The chart consists of a grid of empty squares and is constructed from past design
cases. On the extreme left column are listed the essential features or functions of the
product. Across each row of the chart are entered the appropriate lists of sub-
solutions or means of achieving the functions. @~ When it is finished, the
morphological chart contains the complete range of all the theoretically-possible
different solution forms for the product. The complete range of solutions consists of
the combinations made up by selecting one sub-solution at each time from each row.
Of these combinations, some may be existing solutions; some will be feasible

solutions and possibly a great number will be impossible solutions.

Concept generation (F — WP — §)
The concept of mapping function to structures via different “working principles”
(physical principles and phenomena) is shared by several researchers (Pahl and Beitz

[99], Freeman and Newell [177], Kota and Lee [178]). Each function may be
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decomposed into several sub-functions; this decomposition continues until each sub-
function is mapped to a solution principle or structural building block. Pahl and
Beitz [99] define a solution principle as a combination of physical principle and main
form design features (surfaces, motions and materials). Kota and Lee postulate that
the level of detail or the extent of originality that is required for a given design

dictates how far down the function decomposition tree should be traversed before

one can map a sub-function to a structure.

Concept generation (F — DP — SF)

According to Suh [77], both functional requirements (FRs) and design parameters
(DPs) can be decomposed into a functional hierarchy and physical hierarchy
respectively. Functional requirements are the designer’s characterisation of the
perceived needs for a product. To satisfy these requirements, a physical embodiment

characterised in terms of design parameters (DPs) must be created.

The FRs at the ith level of the hierarchy however cannot be decomposed into the
next level of the FR hierarchy without first developing the solution in the
corresponding physical domain hierarchy in terms of the design parameters that
satisfies the ith level FRs. At each level of the two hierarchies, concepts to satisfy
the FRs must be generated. By switching between the two corresponding hierarchies
to generate concepts and decomposition into lower levels of the two hierarchies, the
mapping between functional requirements and the corresponding design parameters
can be derived in a hierarchical manner. But this mapping process is non-unique as
more than one set of DPs could satisfy a given FR. Suh introduces two axioms by

which one unique mapping can be selected in the end.

Concept generation (F - B —§)

Several researchers (Welch and Dixon [179], Bozzo and Fenves [180], Qian and
Gero [181]) have favoured the F — B — S mapping approach to concept generation.
As quantitative or detailed information may not be available during the concept
generation, these researchers use qualitative physics by DeKleer and Brown [182] to

reason about the transformation between F — B mapping and between B — S

mapping.
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Embodiments are represented in terms of their behaviour, constraints on that

behaviour and evaluation information. In general, embodiment behaviour can be

represented by a complex behaviour graph, indicating not only the primary but also
secondary or side-effect behaviours. Embodiment constraints describe limitations or
restrictions on the attribute values of the input and output signal parameters
associated with the primitive behaviour mapping representing the embodiment
behaviour. For each primitive behaviour mapping, embodiment design searches its
predefined library to find all the behaviour that is described by the same mapping.
This set is then culled by checking the constraints of each embodiment against the
attributes of the connected parameters to the mapping in the behaviour graph. If the
constraints are satisfied the embodiment is considered acceptable and used as part of
a system design. A set of different system configurations is formed using all

possible combinations of the acceptable embodiments that collectively meet the

behaviour specified by the behaviour graph.

In the Qian and Gero’s approach of design by analogy, the design variables such as
function, behaviour and structure variables are obtained from an existing design.
From this known design state space an analogous design in terms of function,
behaviour and structure variables can be retrieved. By mapping the corresponding
function, behaviour and structure framework between the existing design and the
analogous or source design, useful information is transferred by analogy to the
current design to modify the existing state space. The goal of the analogy-based
design is to find structures and external effect mappings (in terms of design
variables) through function or behaviour mapping. If two functions match, their
associated mapping for behaviour and structure plus external effects can be found. If
two behaviours match, only structure plus external effect mapping can be obtained.
The mapping process aims to find structure correspondence between the source and
the target design in terms of four design variables: element, attribute relation and
process. Qian and Gero suggest a set of mapping rules through which design

knowledge is transferred from source to the target design.

by using a signal tap mapping to extract a signal from a power flow.
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Table 5.7: Generating — details of the elements of the activity and knowledge change
Input Knowledge I, Knowledge Goal of Design Knowledge Change
Output O, Activity D,

e Knowledge of
function/sub-function
hierarchy.

# Design catalogues which
map function to solution
principle/component.

¢ Examples of
knowledge of
function to
solution
principle/compon
ent mapping.

e Generate as many
solutions
principle(s)/compon
ent(s) that satisfy
function hierarchy.

e A mapping of
function/sub-
function hierarchy to
solution
principle/component
for a given design
problem is derived.

¢ Knowledge of function to
solution principle
mapping/structural building
block.

e Knowledge of
function/sub-function
decomposition

* Knowledge of F
- WP S

¢ Generate as many
solutions
principle(s)/
component(s) that
satisfy function
hierarchy and the
solution principles.

¢ A mapping from
function to working
principles to
structure is derived.

¢ Knowledge of function to
design parameters and
design parameters to
structural forms. .

¢ Knowledge of mapping
between function hierarchy
and physical hierarchy.

* Knowledge of F
— DP — SF

» Generate as many
solutions
principle(s)/compon
ent(s) that satisfy
function hierarchy.

¢ A mapping from
function to design
parameters to
structural forms is
derived.

¢ Knowledge causal
relationship between
function and behaviour (i.e.
F — B mapping).

¢ Knowledge of rules of
combination.

¢ Knowledge of
embodiments.

¢ Specific
qualitative causal
knowledge and
relational
knowledge of
concepts in terms
of F>B—S

mapping(s).

e Generate as many
design solutions
using causal
reasoning.

¢ Investigate new
concepts based on
new scientific
discovery or new
technology.

* A mapping from
function to
behaviour to
structural forms is
derived to explain
the causal
relationships among
them.

5.3.5 Detailing

Detailing prepares the design for production in that the arrangement, form

dimensions and material and surface properties of all the individual parts are finally

specified, and all the drawing and production documents produced. The output from

detailing is the complete manufacturing information, typically detail drawings, part

lists and instructions for assembly, testing, adjustment, maintenance etc. [141].

Table 5.8: Detailing — details of the elements of the design activity and knowledge change

Input Knowledge I,

Knowledge Output
O,

Goal of Design
Activity D,

Knowledge Change

* Domain knowledge
relating to the
manufacturing, assembly
and testing of product.

» Design requirements.

e Detail drawings.

e Documentation
(e.g. design
specification,
assembly procedure
ete).

* Remove all
ambiguity and
uncertainty related
to the manufacture
and assembly of the
design.

« Knowledge of the
design expressed in
drawings or
documentation for
manufacture,
testing etc.
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Defining is a generic activity used throughout the design process [183]; from
defining the purpose of the artefact, defining the design problem, defining design
specification’, defining design tasks, to the details of defining relationships of
concepts/components, and defining dimensions of design objects. The outcome of
this activity provides information for downstream design activities and ultimately in
creating the desired artefact [183]. But defining is often preceded by analysis and
evaluation. For example, in order to define the design specification, customer

surveys have to be analysed and evaluated. In defining which size and type of

structural member to use, strength analysis is performed to derive the required

moduli and different structural sections evaluated.

Table 5.9: Defining — details of the elements of the design activity and knowledge change

Input Knowledge L Knowledge Output O; | Goal of Design | Knowledge Change
Activity D,

e Knowledge of design e Various statements of | e Definitive decisions | e Specifications that
requirements. specifications (e.g. representing satisfy design

e Summary of design specification of milestones in the requirements.
decisions made at the requirements, product design process that
end of design specification, interface has influence on
iterations or specification, bill of down stream
milestones in the materials). activities.
design process.

5.3.7 Standardising

Standardising is a special kind of selecting activity that is peculiar to the detail
design phase. The choice is guided by the principle of uniformity provided
functional and performance requirements are satisfied. Designers should attempt, as
much as possible to utilise as many of the existing parts and components as possible
in several places instead of using components of a special design in each portion of a
product and in each product. Ulrich and Eppinger [103] refer to this as internal
standardisation. External standardisation occurs when designer(s) use externally
supplied component(s) and parts(s) that are commonly used by manufacturers of
similar product lines.  This will lead to standardisation of manufacturing and

assembly processes. Standardisation has many advantages. Bralla [159] lists

15 Other terms used are performance specification, product design specification, design requirements,
engineering specification.
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benefits such as elimination of development costs of new components, reduced start-
up costs of equipment and machinery, reduced lead time, reduced tooling costs since
tools are already available from previous manufacture of similar parts, higher
production quantities leading to economies of scale. Just-in-time arrangements are

made easier due to larger usage quantity and reduction in number of
parts/components.

Table 5.10: Standardising - details of the elements of the design activity and knowledge change

Input Knowledge 1 Knowledge Output O, Goal of Design Knowledge Change
Activity D,
¢ Knowledge of detail ® A set of standard * Minimise ¢ Knowledge of nature
design of the product. components selected. manufacturing time of the -
¢ Knowledge of e Criteria or and cost of products standardisation and
specifications explanation for the the basis for it (i.e.
components/parts of standardisation. group rationalization
the product based on similarity)
e Knowledge of classes
of standard
components

5.3.8 Structuring/Integrating

A product can be described in terms of functional and physical elements [85].
Functional elements are usually described in schematic form before implementing
them in specific technologies, components or physical working principles. The
physical elements are the parts, components and subassemblies that ultimately
implement the product’s functions. The physical elements of a product are typically
organised into several major physical building blocks called chunks. Because the
chunks could interact with one another in many ways, to facilitate integration Ulrich
and Eppinger [103] suggest that the identification of two categories of interaction
between chunks, namely fundamental interactions and incidental interactions.
Fundamental interactions are explicitly represented by the schematic showing the
clustering of elements into chunks. Incidental interactions arise from the physical
implementation of functional elements or because of the geometric arrangement of
the chunks [103]. Identification of these chunks with important interactions becomes
crucial for co-ordination and communication of group design activities. By using the
interaction information early in the design process, the design team can choose an
architecture that minimises the complexity of the co-ordination required to develop

the system. Pimmler and Eppinger [169] present a methodology to cluster functional
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elements into chunks based on quantification of interactions between the elements.

Knowledge of the incidental interactions can be documented using schematic and
interaction graphs or matrices, [103].

Table 5.11: Structuring - details of the elements of the design activity and knowledge change

Input Knowledge I,

Knowledge Output O,

Goal of Design Knowledge Change
Activity D,
* Knowledge of * Knowledge product ® Optimal product ¢ Knowledge grouping

interfaces/interactions
between parts,

architecture in terms of
chunks and their

architecture that
minimise the

system to system
interactions (i.e.

systems interactions. complexity of co- group rationalisation
. Knoyvledg.e of e Reasons for ordination required based on system

specifications fundamental and to develop the total similarity or

components/parts, incidental interactions. product/system functional

systems of the dependency).

product

5.3.9 Synthesis
Several researchers (Ivezic & Garrett [184], Flemming et. al. [185], Alberts [186])

have described synthesis as a mapping of dependencies between function, behaviour
and form. But synthesis is more than just a mapping of dependencies. Pahl and
Beitz [99] describe synthesis as putting together of parts or elements to produce new
effects and to demonstrate that these effects create an overall order. Synthesis as a
design activity entails configuring entities of a domain to construct a realisable
system structure that satisfies design requirements, [187]. Synthesis when applied to
the designing of artificial products/systems entails the integration of parts/systems
such that the physical laws of the domains involved when acting together in a given
environment give rise to a desired behaviour and performance. Hall [188], in his
book entitled “The Age of Synthesis” states:

“All of these systems'®, whether small or large, involve complexity, interconnectivity,
interfacing and integration that are the handmaidens of synthesis.”

Therefore, the primary aim of the synthesis activity is to integrate parts into a whole
(components to assembly/sub-system, sub-systems into systems) so that the desired
function of the design is achieved. In short, as Roozenburg and Eekels [160] put it,
synthesis is aimed at the totality of the entity to be designed, not only at a specific

aspect, but at the entirety.

16 Refering to inanimate objects made by human beings.
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Synthests through different levels of abstraction

Synthesis is also seen as an activity that progressively evolves the design from an
abstract concept to a concrete entity in terms of its description. To allow for the
description of a technical system at multiple levels of abstraction, Alberts [186]
introduces the concept of technology-based layers or levels. At each of these
technology-based layers, there is a collection of primitive generic system models;

these elements are labeled primitive because they cannot be further decomposed into

smaller units at that particular level.

The synthesis process involves the combination of primitive generic system models
into more complex generic system models so that the behaviour of which should
contain the function specified in the functional specification. Obtaining the required
function from the behaviour requires determining the relevant part of that behaviour
and the instantiation of corresponding variables and parameters with specific values
specified in the function. The instantiation should further satisfy the constraints
specified in the performance requirements. This process is repeated in the
technology-based layers until a description of the technical system that can be
physically realised has been obtained. This requires a translation between generic
system models at different technology-based layers. The results obtained at a
particular level, after translation, serve as a new and more specific design description

at the next lower level.

In Alberts’ model of synthesis [186], generic elements are defined as having the

following characteristics:

. Explicitly represent the dependencies between function, behaviour and form
of a product.
. At multiple levels of abstraction ranging from the original specifications to

the actual realisation,

o Using an exact scientific and product-oriented approach.

Mechanisms for synthesis

Mechanisms to aid designers in the synthesis activity at different levels of

abstraction have been developed by various researchers. These mechanisms are
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amenable to be developed into computer software to enhance the capability of design
support systems. These mechanisms include schematic synthesis by Ulrich and

Seering [189], functional synthesis by Chakrabarti and Bligh [190]).

Schematic Synthesis

In the early stages of conceptual design where detailed descriptions of the design are
not available, describing designs in terms of schematics has been a common practice
in various domains of design (e.g. pneumatic circuit design, hydraulic circuit design,
electrical circuits design, piping circuit design). A design described schematically
consists of a specification of its constituent functional elements and their
interconnection. The key distinction between schematic descriptions and other types
of design descriptions is that schematic descriptions generally contain no information
about the design’s geometrical and material properties. Generating a schematic
description in response to a specification of desired device behaviour is schematic
synthesis. By focusing the initial problem solving effort on schematic descriptions
the functional aspect of the problem is de-coupled from the structural aspects.
Generating a schematic description without concern for a possible physical
implementation, forces the design system to get the ideal device behaviour right first.
This problem strategy is sound since only devices with correct schematic
descriptions will meet the design specifications. Once the schematic description is
right, the synthesis of an efficient physical implementation can proceed. For
example, in an electrical network, synthesis is defined as the problem of constructing
a network of basic electrical elements in such a way that the resulting behaviour of

the network includes the particular function that the network must perform.

Ulrich and Seering [189] introduce what they called schematic synthesis problem
and prescribe one of its solution techniques. The problem domain consists of
devices that can be described as a network of lumped-parameters, idealised elements
in the translational-mechanical, rotational mechanical, fluid-mechanical and
electrical media. Design problems in this domain are characterised by an input
quantity, an output quantity and the desired relationship between the input and
output. The approach adopted by Ulrich and Seering is to first create a very modular

physical description by direct substitution of physical elements for functional
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elements and then to subsequently look for opportunities to simplify this design by

using particular physical features of the design to perform more than one function.

In order to evaluate a schematic description with respect to a design specification, a

system for performing design must be able to derive behaviour from schematic
descriptions.

Functional Synthesis

Chakrabarti and Bligh [190] introduce the concept of functional synthesis based on
functional reasoning. In functional reasoning, the design agent reasons at the
functional level in order to generate solutions to specified design problems and to

evaluate these solutions for their suitability to specified design criteria.

The approach involves:

ey Identifying a set of primary functional elements and rules of combining them
and,

2) Developing appropriate representations and reasoning procedures for
synthesising solution concepts using these elements and their combination
rules; these synthesis procedures can produce an exhaustive set of solution
concepts, in terms of their topological as well as spatial configurations to a

given design problem.

The general rules of combination for a given system to be valid can be summarised

as:

1. A set of structures can be connected at a common connection only by
combining the outputs of one of its subsets with the inputs of the rest.

2. A connection is possible only when the input-output involved in the

connection have the same characteristics.

With the system of connected structures in which the constituting transformations of
each structure involved are known, it is possible to analyse that system to:

1. Check whether or not it is a valid system.

2. Identify, for a valid system, its transformations, i.e. the transformation

between the characteristics of its input-output variables.
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Chakrabarti and Bligh [191] advocate a method for synthesising these structures.
The approach is to solve the design problem at each instance of time, following the

order in which the I/O characteristics are enlisted above (kind'’, orientation, direction

magnitude and position requirements). By considering the problem of ‘kind

synthesis’, the design solutions are synthesised based on /O kinds required by the
design problem. Each of the potential solutions is evaluated for orientation, thereby
configuring the valid orientation of these solutions. These orientations are then
checked for direction requirements, and the valid direction configurations are
computed and retained. These solutions are now ready to be evaluated for the
magnitude and position requirements, again allowing for the elimination of the
infeasible solutions. In this manner the functional synthesis by Chakrabarti and

Bligh seek to synthesise a sense of totality in the design.

-Knowledge output as a result of synthesis

Knowledge of the design space

In order to configure and integrate the design, the knowledge gained as a result of the
synthesis activity is the knowledge of all relevant aspects and concerns of the artefact
that must be accounted for in the design. These aspects and concerns are expressed

in terms of design properties and their relationships.

Knowledge of product configuration

A product configuration describes the set of physical chunks (parts/components, sub-
systems/sub-assemblies) that comprise the whole system and the connections
between these chunks. The knowledge of product configuration that results from the
synthesis activity is the knowledge of the physical chunks and their connections, the
local composition constraints that are applied to derive the configuration. The
knowledge of product configuration becomes useful in the design of similar

products.

Knowledge of relationships of design properties
Valid relationships between design properties of the product can be established and

these become a reliable and useful source of product knowledge for design reuse.

'7 Kind refers to the type of force transmission i.e. direct force or torque
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Table 5.12: Synthesising- details of the elements of the design activity and knowledge change

Input Knowledge I, Knowledge Output O, Goal of Design Knowledge Change
Activity D,

. gﬂog’ledie of * Knowledge of the design | o Totality in the design | e A final design that

b flllc on ; space. of product satisfies all the
ehaviourto * Knowledge of product design requirements

structure mapping. configuration. expri.ssed in some

e Knowledge of e Knowledge of design documents
different level of relationships of design detailing all aspects
abstractions. properties. of the dZsign for

* Knowledge of the *» Knowledge of integrating manufacture.
appropriate physical building
representation of blocks/chunks.
abstractions.

e Knowledge of
relevant domains
for different aspects
of product.

5.3.10 Summary

The apex of the design definition activities is synthesis. Synthesis is considered here

as a compound activity as it involves search and discovery of design solutions,

composition and integration of these solutions. In mechanical design, synthesis is

seen as a systematic construction of designs based on generic elements. According

to Hansen [192], synthesis of a design from generic elements given a required

function consists of:

o Decomposition of this function into sub-functions.

o Finding (assemblies of) elements that can perform these sub-functions
(concept generation).

. Combining these (assemblies of) elements into a more complex assembly that
implement the total function (concept combination).

The synthesis process iterates through these steps, which are interleaved with

evaluations and the corresponding adjustments to the resulting design descriptions.

Hansen’s notion of the synthesis activity however fails to capture the importance that

inter-connectivity, interfacing, integration plays in the synthesis activity. To Hall

[188], the building blocks of synthesis are parts, aggregation, connection, integration,

system. Hence, Figure 5.3 represents the hierarchy of design definition activities in

which synthesising is the result of generating and abstracting design concept(s) and

structuring concepts to form a unity. Generating is supported by decomposing
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to various loading under different environmental conditions is then simulated using
the Finite Element Method (FEM) to calculate the stress-strain behaviour of the

structure. The stress-strain behaviour can then be validated against a set of design

criteria to determine its acceptability as a feasible desi gn solution.

Brooke [194] et al. view the selection of a solution technique as being part of the

analysis process. Equally, the construction of a mathematical model is seen as being
part of the analysis activity.

Although one would normally associate analysis with quantitative aspects of the
design, analysis encompasses both qualitative and quantitative aspects of the design.
In fact, Finn [193] classifies analysis techniques into three categories, namely:

qualitative techniques, approximate techniques and detailed techniques.

Qualitative Analysis

Qualitative analysis can be considered to be a cognitive or mental activity that is
often augmented by qualitative notes and sketches. Qualitative analysis is generally
motivated by the need for a behavioural or functional understanding of a physical
system. The type of reasoning used during qualitative analysis activity can range
from shallow surface reasoning using engineering heuristic knowledge and
experiential knowledge to deeper reasoning based on engineering laws and first

principles using qualitative reasoning.

Approximate analysis

In design, the amount and granularity of the information provided by qualitative
analysis techniques can become inadequate in order to advance the design. In this
scenario, approximate analysis becomes the core and more powerful analysis
approach, providing additional quantitative information but avoiding the
complexities associated with detailed analysis such as simulation.

Essentially, approximate analysis involves the use of engineering formulae and
correlation (and all their inherent assumptions) to give quantitative estimations of the
expected magnitudes of the phenomena being analysed. Approximate analysis often
provides sufficient information to detect incompatibility between the expected and

predicted behaviour. In approximate analysis, a priori qualitative reasoning to
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derive a behavioural understanding usually forms the basis by which assumptions are

made and the appropriate engineering approximations chosen and applied.

Detailed analysis

Detailed analysis techniques can generally be classified as numerical techniques that
are carried out to give precise solutions at a fine level of granularity over a domain
[193]. Detailed analysis can itself be carried out at a number of levels of granularity
depending on the requirement of the analyst. As in approximate analysis, detailed
analysis can provide sufficient information to permit a design to be reformulated

should the need arise. The output is a set of data values that describe the required

product attributes.

In order to perform an analysis, it is necessary to draw upon existing stores of

information/knowledge about:

. Physical phenomena.

° Theories about these phenomena.

) Possible assumptions that might be made.
. Available solution techniques.

Table 5.13: Analysis - details of the elements of the design activity and knowledge change

¢ Methods of analysis related to the
physical phenomena

¢ Knowledge of constraints,
assumptions made and degree of
accuracy required.

¢ Knowledge of the structure/form
of the design.

o Knowledge of the working
environment of the design (e.g.
external loads).

design.

the functional
requirements.

Input Knowledge 1 Knowledge Goal of Design Knowledge
Output O, Activity D, Change _
* Knowledge of physical e Knowledge of the | @ The design ® Knowledge that
phenomena and theories. behaviour of the behaviour meets a particular

design in terms
of form
displays
behaviour(s)
that meets
design criteria.

54.2 Modelling

The activity of modelling pervades throughout the design process. Duffy et al. [90]
view models as central to current design methodologies because models allow a de-
coupling of the experimentation process from the artefact itself, provide a means of

communication, control and prediction of the performance of a design and most
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importantly, serve as an abstract representation of the design. A model is therefore a
means by which a designer represents some aspects of the intended product to focus
their attention on. Designers can use many different models to reflect the state of the
design. The models used are largely dependent on the perspectives or aspects of the
design that they are focusing their attention on. A model starts out as some cognitive
notion (a mental model) that is eventually developed into a concrete entity. Through
different types of design activities, the mental model is transformed into various
other models (functional model, behaviour model, geometric model, structural
model). Finn [195] identifies different models that are required for the finite element
analysis and interpretation of the results. A functional and behavioural model is
needed to reason about the behaviour of a system or product. Physical modelling
involves the application of modelling idealisations so that a representative physical
model can be created. Mathematical modelling involves describing the physical
model in terms of a set of partial differential equations over a geometric domain
bounded by a set of boundary conditions. The modelling activities described by Finn
[195] addressed the evaluation of the behaviour of the product or system when the

structure or form of the product is known.

Barzel [165] states canonically that a model can be decomposed into an abstraction,
a representation of that abstraction and an implementation of that representation.
Abstraction describes the most fundamental aspect of a model in terms of a set of
features and characteristics of the thing (product) being modelled. The concepts in
the abstraction are usually informal, vague and imprecise. A representation is an
approach that describes the model in some complete, well-defined and compact
manner. For example, a scaled drawing of that model can be used to describe a
geometric model of a product. Implementation represents the actual construction of
the model in some medium(s) such as plastic, wood, etc. According to Barzel, the
concepts of abstraction (A), representation (R) and implementation (I) constitutes the
ARI structure of a model. The ARI structure of a model therefore gives a succinct

overview and encapsulation of the model.

Qualitative Modelling

In the conceptual design phase, the modelling activities usually have to do with
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mapping the design purpose of the product to that of their means in satisfying that

purpose (i.e. functional modelling). To distinguish from the more concrete and

precise nature of modelling used for analysis, the term abstraction or qualitative

modelling is used to denote the kind of modelling used in conceptual design where

precise and complete information is not available.

Qualitative modeling has been applied to the concept design of structures where the
description of a structure is incomplete and imprecise. This lack of information has
not prevented experienced engineers to reason qualitatively about the performance of
a schematic structure based on physical principles and experiential knowledge. For
example, during the conceptual structural design, an engineer generates structural
schemes to transfer loads from structural members to the foundations. Fruchter et al.
[196] developed a system called QLRS to assist structural engineers to perform

qualitative modeling, analysis and evaluation of conceptual design.

Bozzo and Fenves [180] also develop a (F — B — S) concept evaluation mechanism
for conceptual structural engineering design, which corresponds to the selection and
arrangement of the overall structural system. At the conceptual design stage the
structural engineer is concerned with understanding the overall behaviour of a
structure and identifying undesirable characteristics. However, there is not sufficient
information at this stage to develop a mathematical model of the design and perform
a quantitative analysis. Therefore, Bozzo and Fenves formulate a qualitative
reasoning framework called the space-centred framework for reasoning about the
behaviour of structural systems subjected to loads. This framework overcomes a
serious limitation of existing frameworks when applied to structural engineering
problems; existing frameworks may infer qualitative solutions that do not correspond

to the physical solution.

Mechanisms for modelling

Mechanisms for maintaining faithful models include expansion, modification,
deletion, rationalisation and focusing [108]. Expansion, modification and deletion
are self explanatory. Rationalisation involves the removal of redundant information,

which can lead to inconsistencies; focusing is the decomposition of a model into
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individual values into a tota] value.

The procedure requires the use of various evaluation methods (e.g. objective trees
with influence values [197], weighted assessment [99, 197]). Because of the need to
assign influence values and weightage to the evaluation criteria based on arbitrary
scales, the evaluation is to some extent subjective [141].

Evaluation criteria

In any evaluation, a set of objectives and the corresponding evaluation criteria must
be identified. The set of objectives is mainly based on the specification (function
and performance) and other desirable product attributes (e.g. safety, quality, ease of

assembly, maintenance etc.) which differ greatly in importance.

Evaluation needs criteria, statements about acceptable performance related to the
properties - tolerable limits, maxima or minima, [142]. Some objective evaluation
criteria will contain values or mathematical relationships expressing limits of
physical phenomena (e.g. critical buckling strength of plate, the resonance frequency
of a structure), but others will be (more or less) subjective, depending on human
judgment. These sets of design criteria differ in scope and content for the different
phases of design. For the conceptual design phase, the design criteria are usually
qualitative in nature. In order that important criteria are not omitted, Pahl and Beitz
[99] summarise two separate checklists for evaluation during the conceptual design
and embodiment design phases. However, Hubka [141] suggests that evaluation
criteria should appear in the design specification, but only a limited selection of these

criteria is applicable at any design stage.

The primary aim of the evaluation activity is to determine (measure) either
qualitatively or quantitatively the quality or value of a design solution with respect to
a given objective. This will result in selecting the optimal solution(s) based on the

set of objectives.

Evaluation methods

In the conceptual phase, evaluation of concepts is qualitative in nature using methods
such as concept screening (called Pugh concept selection [101]). During concept

screening, rough initial concepts are evaluated relative to a common reference
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t usi ] - .
concept UsIng a screening matrix [103]. Concept scoring is used when increased
resolution will better differentiate among competing concepts. By weighing the

relative importance of the selection criteria, the concept scores are determined by the
weighted sum of the ratings.

In embodiment or detail design phase, evaluation of the design goes beyond meeting
the functional and performance requirements. Many additional aspects of the design
have to be considered for the design and manufacture of the product to be cost
effective in order to be market competitive. The evaluation of the design includes
other issues such as manufacturing cost. This has given rise to methods of
evaluation that today is commonly refered to as Design for X (DFX). DFX can be
defined as a knowledge-based approach that attempts to design products that
maximise all desirable characteristics - such as high quality, reliability,
serviceability, safety, user friendliness, environmental friendliness, short time-to-
market - in a product design while at the same time minimizing lifetime costs,
including manufacturing costs [159]. For example, Design for Manufacture (DFM)
(where X = Manufacturing) is an analytical and knowledge-based technique
involving the application to product design of a series of guidelines or rules of
thumb, proven from prior experience. Almost all DFM and DFX guidelines are still
qualitative in nature and often conflicting. Each of the DFX methodologies involves
the application of best practices or guidelines which designers learned as a result of
evaluating various aspects of product attributes. Through application of these design
guidelines and refining them with each design, the experience of best practices
embodied in the sets of rules and procedures increase. This is how the design
methodology for the various DFX perspectives have been formulated and

documented.
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Table 5.15: Evaluating - details of the elements of the design activity and knowledge change
Input Knowledge I Knowledge Output O, Goal of Design Knowledge
Activity D, Change

¢ Knowledge of the
appropriate level of
analysis (i.e. qualitative,
approximate or
quantitative)

o Knowledge of appropriate
assumptions made.

¢ Knowledge of the
appropriate analysis

* Knowledge of the
reason for deviation
between theoretical
results of the analysis
method and
experimental results if
any.

* Knowledge of the
behaviour performance

¢ A measure of the
quality or value of
the design
solution(s) with
respect to a given
criteria.

e Knowledge of
the assessment
and rationale of
the quality of
design
solution(s).

method and/or
experimental/simulation
techniques.

of artefact compared to
the design specification.

5.4.4 Decision making

Eekels [198] defines decision making as the activity of choosing between a number

of alternative possibilities for further action. It is a compound activity comprising of

evaluation and selection.

There are two basic types of design decisions. The first type is process oriented; that
is, the decisions are made to advance the design. The second type is product
oriented; that is, decisions are made to effect changes to the state of the design. In
analysing an individual designer’s protocol®®, Akin and Lin [199] identified these
two types of design decisions. Akin and Lin’s study also indicates that most of the
designer’s time is occupied making routine decisions and when novel decisions are
made, though few, they are made in the conceptual and development stage of the

protocol.

Decision making process

Throughout a decision making process, the designer identifies issues, establishes
criteria and provides evaluation statements, until an explicit decision is made to
proceed with a particular alternative. Dwarakanath and Wallace [200] observe that
many decisions taken were determined by a single dominating factor’®. This

dominating factor whether real or imaginery has to be identified to understand the

18 One of the protocols used for analysis by participants at the Delft Protocol Workshop.

' In a design experiment (Delft Protocol Workshop), spherical ball was identified as a potential
design solution with many advantages but the designer repeatedly returned to the apparent difficulty
of manufacturing a spherical ball and this totally dominated the decision to reject this alternative.
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influences that affect the decision-making chain
Design decisions

Good progress towards the design goal occurs when design agent(s) make quality
design decisions and act upon them. Quality decisions are those that minimise

uncertainty in the design process. Quality decisions cannot be made unless the

design agent has appropriate type and sets of criteria for making decisions. To
Starkey [197] these quality decisions are absolutely crucial to the success of the
design project. He argues that these decisions have effects that are far reaching
consequences in that they predetermine many of the constraints that will be placed
upon future decisions, as yet unmade. Starkey [197] called these decisions as
fundamental decisions from which large numbers of dependent, relatively less
important decisions (called intermediates) may spring forth. Following these
intermediate decisions, will come a vast quantity of almost unimportant decisions,

each springing from decisions already made.

Fundamental decisions can be identified as those that are irretrievable without
catastrophic redesign. These crucial decisions are usually made in the front end of
the design process when the designer’s knowledge of the downstream activities is
minimal and minimum data is available. Each change in the objects or their

relationships puts new constraints on all downstream decisions.

Intermediate decisions are extensions and supplementary to fundamental decisions
that have significant impact on the design should they be retrieved. Their retrieval

usually leads to significant redesign in associated areas.

Minor decisions are usually concerned with design details. They cover decisions
with regards to component geometry, materials, finishes, processes, tolerances, etc.

Their retrieval therefore has less impact on the design.

Types of design decision criteria

Criteria are the yardstick against which alternatives are judged. Design requirements
and constraints listed at the early stages of the design process are transformed

explicitly or implicitly into criteria. ~From the protocol analysis of design
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experiments, it was observed that criteria evolve and new ones emerge during the
design process, [200, 201]. McGinnis and Ullman [201] identify three sources of
criteria. Given criteria are imposed on the problem from outside the design space.
They may be part of the original problem statement/design specification or imposed
on the design problem by the solution of other components of the problem not under
the control of the designer responsible for the problem under consideration.
Introduced criteria are those criteria brought to the problem by the designer based on
specific domain knowledge. Derived criteria arise as the consequence of earlier
design decisions. Apart from the given criteria, Dwarakanath & Wallace [200]
consider the infroduced criteria and the derived criteria as evolved criteria i.e.

developed during the design process.

The full set of criteria used for evaluation is clearly not established before generating
alternatives, and the very process of generating alternatives triggers new criteria. Of

all the criteria generated, designers often only use a subset of the criteria to evaluate

alternatives.

Depending on the phase of the design process, criteria can also be classified as
objective design decision criteria (mostly quantifiable weighting factors), subjective
design criteria (involving qualitative measures) and insufficiently described criteria
(based on the designer’s intuition, experience, culture, mood, judgement, belief etc.).
Inevitably the number, quality and characteristics of the design decisions will
increase at each succeeding step. In these situations, making a rational choice may
be beyond the capacity of a designer. Also, the designer may arrive at a point where
preference precedes a rational choice between alternatives (a priori decisions

resulting from the designer developing patterns of preferences or values).

Types of decision-making process

Dwanakanath and Wallace [200] identify two main types of decision-making
process. In the first type, several alternatives were generated and a set of criteria
established. Then, alternatives were compared with criteria and against each other,
to arrive at a decision. This type of parallel comparison of alternatives was observed
only in the early phase of the design process. Most of the evaluation methods

available are directed towards supporting this type of decision-making.
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In the second type of decision—making, an alternative was evaluated as and when it

was generated. After an alternative was evaluated, it was either modified or a new

alternative generated. This was a strongly coupled process of generate and evaluate.

Many researchers therefore describe designing as a series of inter-related and
sequential decisions.

Design rationale

During the design process, decisions made regarding the design object especially
fundamental ones represent the design rationale of the designer. The information
related to each design decision would record the alternatives, the evaluation criteria,
the pros and cons and the decision made. This set of information represents
explicitly the design rationale of the designer. The knowledge of the design

decisions becomes crucial for design reuse, design modification/refinement.

Design History

The capture of the history of the design decisions made and acted upon during the
design process (from the initial concepts to the final product) can be replayed for the
design of similar designs. Due to its impact on the design process, knowledge of
both the fundamental and intermediate decisions for the design of a product have led
to the development of design support systems that capture the rationale and history

of the design process.

Table 5.16: Decision-making - details of the elements of the design activity and knowledge
change

Input Knowledge 1 Knowledge Output O, Goal of Design Knowledge
Activity D, Change

e Knowledge of design | » Knowledge of given criteria, e Choose the best | ¢ From a potential
requirements. introduced or derived criteria. alternative(s) set of design

e Knowledge of design | ® Knowledge of fundamental from a set based solutions, the
alternatives. decisions made (i.e. design on some criteria. knowledge of and

* Knowledge of the rational). the rationale for
appropriate analysis e Knowledge of selecting the the choice of best
method and/or appropriate methods and design(s).
experimental/simulati analysis methods/techniques
on techniques. to support analysis.

5.4.5 Testing/Experimenting
Most designs require some form of testing either during the design process (e.g.

model testing of hull resistance) or after manufacture. Products for the consumer or
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engineering markets usually require a factory test to verify the quality of the product

and its compliance to design specification [101]. Unlike the activity of analysis in

which the behaviour of the design is derived through simulation, in

testing/experimenting the behaviour of the design is derived through measuring the

various parameters describing the behaviour.

T:llble 5.17: Testing/Experimenting - details of the elements of the design activity and knowledge
change

Input Knowledge Knowledge Output Oy Goal of Design Knowledge Change
: ) I Activity D,
. Demgn . ® Test results (e.g. ¢ To verify actual » Knowledge of
speC}ﬁcatlon. resistance against behaviour against design’s compliance
e Testing criteria. speed curve). expected behaviour. to specification.

54.6 Summary

The categories of design activities classified as design evaluation activities are

related as shown in Figure 5.4 below. The arrows indicate the typical sequence of

the activities

The purpose of analysis or testing/experimenting is to evaluate the performance of
the design. While analysis is achieved using symbolic model(s)**[160] of the
physical phenomena the design is subjected to, testing or verifying is performed
using physical models of the design or actual design (i.e. full scale). Analysis is a
compound activity that consists of mathematical modelling and simulation succeeded
by the activity of evaluation. Testing or verifying is a compound activity that
consists of scale or full scale modelling and measuring of data followed by the
activity of evaluation. Decision-making involves evaluation of alternatives and the
act of choosing one or more alternatives (i.e. selecting) based on some design

criteria.

» Symbolic models are systems of concepts and symbols (e.g. diagrams, networks, flow diagrams and
mathematical models).
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soft constraints should there be any violations

Table 5.18: Constraining - details of the elements of the design activity and knowledge change
Input Knowledge I Knowledge Output O, Goal of Design Knowledge Change
Activity D,

e Specific design

* Knowledge of specific ® Reducing the ¢ Knowledge of the

requirements. constraints (hard or soft complexity of the feasible design
. Knowledge of types constraints) applied. design solution solution spa:e.

of constraints * Rationale for applying the space.

applicable. constraints.

5.5.2 Information gathering

In any design task, information relevant to the task has to be gathered from a variety
of sources, Cross and Cross [203]. Baya and Leifer [204] identify three categories of

activities that designers perform with information during design:

1.

Generate - an action that adds new information to the information space from
an unidentified source. This includes actions such as writing, drawing,
talking.

Access - an action that references information within or outside the

information space. This includes actions such as reading, listening,
observing.

Analyse - an action that changes the form or representation of information. A
fragment of information is considered to have change if its classification

changes. This includes actions such interpret, negotiate, organise, calculate,

and reason.

Table 5.19: Information gathering - details of the elements of the design activity and knowledge

change
Input Knowledge 1 Knowledge Output O, Goal of Design Knowledge Change
Activity D,
o A variety of e Specific e To progress the ¢ Additional
knowledge/informatio knowledge/informatio design to the next knowledge of the
n sources relevant to n related to the stage or a concrete design or the process.
the design task. design. definition.

5.5.3 Identifying

Designers reduce the complexity of the design problem by identifying the relevant

domain knowledge required, any past design cases relevant to the current design

problem and the type of product (i.e repeat design, variant design, innovative or

strict regulations or engineering laws or spatial requirements.
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strategic design). They also identify which aspects of the design to focus their
attention on during the current state of the design problem (e.g. identifying customer
needs, essential design problems, interactions of subsystems, constraints). They also
identify what design methods, methodology to use for the activity of analysis,

evaluation or what computer software or tools to use.

Table 5.20: Identifying - details of the elements of the design activity and knowledge change

Input Knowledge I Knowledge Output O, Goal of Design Knowledge Change
Activity D,
¢ Domain knowledge ¢ Relevant domain e To progress the ¢ Knowledge of
e Past design cases knowledge design. important issues
¢ Design ¢ Specific design case that influence the
methods/methodology | e Specific design design leading to a
method(s)/methodology better design

strategy or design.

5.5.4 Exploring

Reitman [205] noted that in many open-ended real-world problems like design, the
start states, the goal states and the transformation functions are radically under-
specified. Because of the ill-defined and ill-structured nature of the design solution
space, exploring as a design activity helps designers to define the structure of the
design space. This is achieved through decomposing the design solutions into
sparsely connected modules [206] and developing each of them incrementally but
without any need to make irrevocable commitment to a particular solution [206].
The development of a design solution has several distinct phases. Goel [206] makes
a distinction between the problem structuring/problem framing and problem solving.
The aim of exploring is to structure the design solution space [207]. Problem
structuring is the process of drawing upon knowledge to compensate for missing
information and using this knowledge to construct the problem space [206]. From
protocol analyses involving architectural design, mechanical design or instructional
design, problem structure is associated with how the artefact may be used and what
resources are available to form it, whereas problem solving is associated with the
specification of the function and form of the artifact [206]. On the one hand,
designers need to keep their options open as the design emerges, so as not to
crystallise too soon. On the other hand, they need to make, record and propagate
commitments so as to bring the design to closure. The client and design briefs are

important sources of knowledge during problem structuring. This is consistent with
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the purpose that problem structuring is to bring new information into the problem

space. This is done through the ‘add and propose’ mechanisms.

Table 5.21: Exploring - details of the elements of the design activity and knowledge change

Input Knowledge
| 73

Knowledge Output
Oy

Goal of Design Activity
D,

Knowledge Change

¢ Knowledge of
past designs and
solutions

¢ Client and design
brief

* Knowledge of
problem structure
and any missing
information and
knowledge

® To explore the design
space without
committing to some
solutions.

e Knowledge of potential
designs as candidates for
solutions.

¢ knowledge of design

strategies to choose
from.

5.5.5 Searching

Searching is similar to the exploring activity but with an expected end result [183].
Successful search is usually accomplished by search strategies applied to identify
search fields. Ulrich and Eppinger [103] classify the search activity into two
categories, external search and internal search. External search for solutions is
essentially an information-gathering process and the sources include lead user
interview, expert consultation, patent searches, literature searches and competitive
benchmarking. In searching for design solutions, Hubka [142] suggests two
methods, namely, discursive methods (e.g. analogies, aggregation, similarity laws,

structuring, inversion method) and intuitive methods (e.g. brainstorming, synectics).

Table 5.22: Searching - details of the elements of the design activity and knowledge change

Input Knowledge Ly, Knowledge Output Goal of Design Knowledge Change
Oy Activity D,
¢ Knowledge of search ¢ End result of the ¢ To satisfy some ¢ Knowledge that
strategy search (e.g. requirement of the contribute to the

» Knowledge/ information

information, patent,

design problem or

definition of the

sources (e.g. patents, component etc.) solution. design.

lead user interview etc.)

5.5.6 Resolving

Conflicting interest, requirements and viewpoints are inherent in design. Conflicts
exist in individual agent’s design or in a collaborative design effort [208, 209].
Conflict resolution or resolving conflicts is an important design activity that pervades
throughout the design process. Brazier et al. [208] posit that detecting, resolving and
managing conflicts requires extensive knowledge of conflict management strategies.
Brazier et al. classify four conflict types based on manipulation of requirements,

design object description, single agent’s design process and the design process
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coordination between the agents and individual agents’ design process. Oh and
Sharpe [209] identify technological or task-level sources of conflicts for

interdisciplinary design so as to manage and exploit them effectively.

Table 5.23: Resolving - details of the elements of the design activity and knowledge change

Input Knowledge I, Knowledge Output

Oy

Goal of Design
Activity D,

Knowledge Change

¢ Knowledge of
possible type of
conflicts

¢ Knowledge of conflict
resolution strategies

¢ Knowledge of hard
constraints enforced
and/or relaxation of
soft constraints

* To resolve conflicting
interest, requirements
and viewpoints.

® Specific knowledge
of conflict resolution
relating to the design
OT process.

5.5.7 Selecting

Selecting is a design activity that involves choosing a design object/task that satisfies
design requirements from a specified set of alternatives. The term object is used in a
general sense, covering, for example, the selection of a working principle for a
device, a material type for a component, component from catalog [146], a functional
module, or a completed design, design goal [143]. However, selection is usually
preceded by evaluation. Selection occurs in all phases of design. Design selection
requires the knowledge of attributes of the alternatives,

attribute-defining

requirements, and the choice criteria to define optimality in selection [187].

Table 5.24: Selecting - details of the elements of the design activity and knowledge change

Input Knowledge Iz

Knowledge Output O

Goal of Design
Activity D,

Knowledge Change

e Knowledge
attributes of
alternatives

¢ Knowledge of
attribute-defining
requirements

¢ Knowledge of

choice criteria

* Knowledge of object
selected

e Knowledge of criteria
used

e To achieve design
definition so as to
contribute towards
partial solution or
complete design
solution.

* Knowledge of the
optimal choice for a
specific design or the
process.

5.5.8 Prioritising

Duffy et al. [108] consider prioritising as the ordering of goals on the basis of their

importance to and general strategies for the solution process. The inputs to this

activity are:

. The knowledge of the relative importance of goals, the implications of not

achieving them and the effect they have on limiting the possible solutions.
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56 Summary

Typical design activities are identified and classified based on the published
literature on design and corroborated by design practice as recorded in case studies
and protocol recordings. The main difficulty in identifying generic design activities
lies in the level of granularity of these activities. By defining the level of abstraction
at the knowledge level, generic design activities identified are defined as those that
result in knowledge change. These activities were classified into three categories,
based on how these categories reduce/resolve the complexity of the design solution

and the design process. One of the aims of this Chapter was to present a formalism to

represent a generic design activity. The formalism presented has three basic

elements, namely the input knowledge, design goal and output knowledge. Using
this formalism the knowledge change for the generic activities identified was
analysed. The formalism derived here contributes towards the formulation of a
model of learning in design (See Chapter 7). An understanding of the knowledge
change in generic design activity provides a foundation to study the knowledge
change of design activities identified in the protocol recording of a designer at work
(See Chapter 8). Hence, the work presented here contributes to the formulation of
the model of learning in design and the protocol analysis of knowledge change of

design activities, the evaluation of which was used to evolve the model of learning in

design (See Chapter 9).
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A formalism for the learning activity

Design experience provides a wealth of knowledge that designers can (re)-use in
order to design better products within a shorter time-to-market period and at the
same time be economically competitive. The research work in the area of machine
learning has contributed many methods that have been applied to the acquisition of
knowledge in design. This has been evident from the body of work reported in the
field of Machine Learning in Design (MLinD) [32]. What is evident from this work

is the application of particular machine learning methods to the acquisition of some

specific design knowledge.

Given that there is sufficient evidence from MLinD research in which generalised
past design knowledge can be acquired using certain machine learning methods there
is a need for a systematic approach to formalising learning in design. Leith [210]
argues strongly for a formalism in order to arrive at the state of what “ought to be” in
artificial intelligence (AI) and computer science rather than what “is” (i.e. current
state of these disciplines) so as to overcome the ad hoc basis of software writing and
the inefficient development of software systems. Using the same argument of Leith,
since machine learning in design is a specialised application of Al and computer
science, there is therefore a need to put the study of MLinD research and the
development of the MLinD systems to support designers on a formal basis. Hence a
formalism has been derived for machine learning in design based on a set of basic
elements of learning [32]. The five elements are the input knowledge, the output
knowledge, the knowledge transfomer, the learning triggers and the learning goal.
Since the research work in MLinD has resulted in the development of many
published systems in support of knowledge acquisition in design, the formalism has
been used to analyse and evaluate these MLinD systems. Hence this Chapter
presents the type of design knowledge learnt (both product knowledge and design
process knowledge) given the input knowledge and the goal of learning as described
in the MLinD systems. It provides evidence of knowledge transformers used to learn

design knowledge but implemented in various machine learning methods and
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techniques. Evidence of the types of learning triggers and when learning occurs are
also described here. A comparison of the formalism of machine learning in design
with “Dimensions of Machine Learning” raised by Grecu and Brown [211]
concludes that the formalism presents a structured basis upon which to research and
develop the field of Machine Learning in Design. Since MLinD systems have been
developed based on each of the developer’s perception of what learning in design is,

it is reasonable to argue that the formulated formalism [32] can be generalised as a

formalism for learning in design.

6.1 Defining a Foundation of Design Learning

In Chapter 35, it has been shown that a systematic approach to the study of learning
design knowledge can be based upon analysing the knowledge change of design
activities. This perspective is based upon the hypothesis posited by Persidis and
Duffy that learning is inextricably linked to design. Thus, learning in design is

viewed as a knowledge gaining activity associated with the activity of design.

A formalism for learning in design must be able to address some of the key questions
in learning raised in Chapter 4. Since learning can be viewed as an activity, any
formalism must invariably consider what knowledge is input into that activity, what
is the output knowledge and the knowledge change that transforms the input
knowledge into output knowledge. Knowledge change involves the transformation
of the existing knowledge into some new knowledge. Since there are many possible
ways in which knowledge can be transformed, it is necessary to define what kind of
knowledge can be learned. For example given a past design one can learn about the
composition of the product in terms of part-of hierarchy, or about the relationships
between attributes of components. Further, the learning activity will often have a
specific goal, e.g., gain new knowledge of a product, explore and generalise a
particular domain. It is also necessary to define what triggers learning and when

that trigger can occur.

Given the above, Sim and Duffy [32] have postulated that the basic elements of a

learning activity consist of:
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e Existing knowledge as Input knowledge, I,.
e Knowledge transformers, K,
e  Output knowledge, O,

e Learning goal or reason, L,

* lLearning triggers, L, (rationale learning trigger, L, and temporal

learning trigger, L,,).

These basic elements of learning may be related as shown in Figure 6.1.

Figure 6.1: Elements of learning

In this figure, it is suggested that the input knowledge is transformed into new output
knowledge which can then feed back into the learning activity as input knowledge
for yet new knowledge. This output knowledge may in itself also trigger or act as a

reason or goal for a learning activity.

6.1.1 Elements of a foundation for machine learning in design

Using the above elements as a basis, we can now map Persidis & Duffy’s, and Grecu
& Brown’s, issues and “dimensions” as shown in Table 6.1. It can be noted from
Table 6.1 that Grecu & Brown go into far greater detail than Persidis & Duffy,
possibly reflecting the evolution of our own understanding of the field. Having said
this, the approaches seem complementary and would seem to reflect the basic

elements identified above.
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Table 6.1: Elements of Machine Learning in Design

Basic Elements of learnin Persidis and Duffy Grecu and Brown
I; (input knowledge) e Not explicitly addressed. e What are the elements supporting
learning?
e Availability of knowledge for
learning.

K, (knowledge transformer) * How is learning carried out? | e Methods of learning.

e Local vs. Global Learning.

Oy (output knowledge) ® What knowledge is learnt? | ® What might be learned?

T, (trigger) e What can trigger learning? e What can trigger learning?
® When is learning triggered?
G; (goal/reason) * Not explicitly addressed. » Consequences of learning.

6.1.2 Types of design knowledge learnt

The types of design knowledge to be learnt are dependent on the activity of the
design process, the types of input knowledge, the goal of the learning process and
when learning takes place. Persidis and Duffy [35] state five main types of design
related knowledge; design requirements, design description, domain knowledge, case
histories and design management. Failures in design provide an opportunity to learn
about the causes of the failure in order to avoid committing the same failure again.
Knowledge learnt from design failure could be in the form of types of failures and
conflicts [211, 212}, heuristics for failure recovery and conflict resolution [211, 212].
On the other hand, successful designs and design processes [211, 212] also provide
opportunities for learning about the characteristics of the successful past designs and
goals/plans of design processes. The review of MLinD systems in Section 6.2 shows
that indeed there are numerous types of design knowledge that can be learned from
past designs. It is therefore reasonable to conclude that there are many types of

design knowledge that can be learnt.

6.1.3 The learning goal

Because of the variety of knowledge that can be learnt, it is sometimes necessary to
specify a learning goal. The learning goal influences what parts of the existing
knowledge are relevant, what knowledge is to be acquired, in what form, and how
the learned knowledge is to be evaluated. Such goals, as in design, can be
hierarchical in nature in that a specific goal could be a sub-set of a more general
goal. For example, learning about a particular technology may help improve the

quality of the product or speed up the design process. Another example of specific
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learning goal such as learning about constraint violation in design may result in
better conflict anticipation and resolution which in turn may lead to better design
plan and hence shorter design cycle [3]. Thus, specific learning goals may be the

stimulus for many of the unforeseen consequences of learning.

6.1.4 Types of knowledge change

The design process is the vehicle that designers use to change the state of the design

through the application of scientific and design knowledge. As the state of the

design changes, there is the corresponding change of knowledge state of the design.

Persidis and Duffy presented three main classifications that knowledge change can

be considered under, namely acquisition, modification and generation:

3 Acquisition: the process in which new knowledge, either through direct input
from the user or derived from knowledge sources, is received.

o Modification: the process of altering existing structure of knowledge through
either addition or deletion of the knowledge component from the structure.
The modified knowledge structure remains the same type.

. Generation: the process of creating completely new knowledge from existing

knowledge.

Whilst knowledge change through modification is explicitly described as
addition/deletion of knowledge component from the knowledge structure, the several
ways in which knowledge change through generation is achieved are described
below. The different processes by which knowledge change takes place are called
knowledge transformers. In the study of machine learning in design systems, seven
knowledge transformers for knowledge generation and one knowledge transformer
for knowledge modification are identified. Some of these transformers are similar to
those described by Michalski’s set of eleven knowledge transmutation [63]. Of these
eleven, the knowledge transmutation of replication/destruction, sorting/unsorting®
and selection/generation are not classified as knowledge transformer as they are

basically processes for re-organising knowledge bases. There is no learning in the

22 From the protocol analysis of Chapter 8, this was subsequently added as an additional pair of
knowledge transformers to cater for the knowledge change arising from the design activity of

prioritising.
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form of knowledge change per se.

6.1.5 Knowledge Transformers

Because of the nature of design knowledge, which may exist in symbolic form or
numerical form, knowledge change operators or knowledge transformers consists of
two types: the symbolic type and/or non/sub symbolic type. A knowledge

transformer is an operator that derives a piece of new knowledge from a given input

or an existing piece of knowledge.

Group Rationalisation (or Clustering)/Decomposition (Ungroup)
Group rationalisation involves the grouping of past designs according to their
similarities when considering particular perspective(s) or criteria [109]. The

grouping may be based on single attributes and/or nested attributes. Decomposition

removes the groupings.

Similarity/Dissimilarity comparison

Similarity comparison derives new knowledge about a design on the basis of
similarity between the design and similar past design(s). The similarity comparison
is based on analogical inference. Case-based design is a specific application of
learning by similarity comparison in which the source of past design knowledge is a
set of similar design cases rather than generalised design rules. The opposite is
dissimilarity comparison that derives new knowledge on the basis of the lack of

similarity between two or more past designs.

Association/Disassociation

Association determines a dependency between given entities or descriptions based
on some logical, causal or statistical relationships. For example, two entities may be
related together by a taxonomic relationship (i.e. kind-of) or compositional
relationship (i.e. part-of). The opposite is disassociation which asserts a lack of

dependency (e.g. not part-of).

Derivations (Reformulation)/Randomisation

Derivations are transformations that derive one piece of knowledge from another
piece of knowledge (based on some dependency between them). In contrast,
randomisation transforms one knowledge segment into another by making random

changes. Because the dependency between knowledge components can range from
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logical equivalence to a random relationship, derivations can be classified on the
strength of dependency.

Generalisation/Specialisation

Generalisation generates a description that characterises all the designs based on a
conjunction of all the specialisations of that concept. Typically the underlying
inference is inductive. But generalisation can also be deductive, when the more
general description is deductively derived from the more specific one using domain
knowledge or existing knowledge (e.g. as in explanation-based generalisation).

Specialisation increases the specificity of the description.

Abstraction/Detailing

Abstraction generates a new version of the knowledge with less detail than the
original through the use of representation of abstract concepts or operators. As
distinct from generalisation, the underlying inference is deductive in nature.

Detailing is the opposite in which the new knowledge is generated with more details.

Explanation/Discovery

Explanation derives additional knowledge based on domain knowledge. Discovery
derives new knowledge without an underlying domain knowledge.

The knowledge transformers described above are not synonymous with machine
learning methods that are used machine learning systems. The knowledge
transformers describe the cognitive learning process whereas the machine learning
techniques describe how that process can be implemented as a algorithm. For
example, explanation-based generalisation uses generalisation and explanation of

domain knowledge to derive new knowledge.

6.1.6 The learning triggers
Persidis and Duffy [35] posit the need to identify events that act as “triggers” for the
self activation of the learning process. Sim and Duffy [32] presented that these
triggers can be classified into three main categories: in-situ, provisional and
retrospective.
e In-situ triggers are activated when there is a need to acquire new
knowledge while the design is under focus of attention.

e Provisional triggers are activated when there a foreseen event that is
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envisaged to require additional knowledge. An example of a provisional
trigger arises when there is a need to learn heuristics that may lead to a
reduced search for a design solution. This learning is to be done in
anticipation of or provisionally for a foreseen event.

Retrospective triggers are activated after an event. That is, learning is
triggered by the need to learn from successful design(s)/failed design(s)
and/or processes in hindsight.

Grecu and Brown [211] identify several situations that could trigger learning. The
reasons for learning are numerous but may occur due to the following:

e Novelty driven: when there is a new design problem, a new technology, a
new process or a new design requirement.

e Excellence driven: can the design be improved to achieve better quality
and reliability? Can the design process be more streamlined or time-
efficient or resource efficient? Can the design be market competitive?

o Failure avoidance driven: can failure(s) in the design be avoided? Can
design constraints be overcome?

The above examples serve to illustrate reasons that give rise to learning and are by
no means exhaustive in coverage. For specific examples (gleaned from the study of
MLinD systems) of what triggers learning and when learning is trigger, more details

are given in Section 6.5 and in Table 6.4.

6.1.7 Current work of Machine Learning in Design
There is now considerable effort in supporting computer-based learning in design.
Such work can act as a basis upon which to discuss the above elements. The review

of such systems has been broadly classified into two groups:

. Systems that acquire knowledge of a product (i.e. design concepts).

. Systems that acquire knowledge of the design process (i.e. procedural
knowledge and control knowledge).

It is difficult to ascertain the true nature of the goal or reason for an associated

MLinD system’s learning activity. Consequently, the reviews had concentrated upon

attempting to identify:
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The types of design knowledge acquired (Element Oy) and the associated
learning goal (Element L,).

. The knowledge change as a result of the learning activity (Elements Oy/I).

. The knowledge transformers (Element K;) and the corresponding machine

learning method(s) used in implementation.

o What and when trigger that learning activity (Elements L, for rational

learning trigger and L, for temporal learning trigger)

6.2 Types of Design Knowledge Learnt

Many MLinD systems have been developed to automate the learning of design
knowledge. The purpose of this section is to show the variety of design knowledge
that have been acquired through these MLinD systems. For the convenience of

description, the types of design knowledge learnt can be categorised into the

following:
. Product design knowledge,
. Design process knowledge.

This categorisation is important as it was revealed through the review of the MLinD
systems that in most cases learning of meaningful product design knowledge occurs
retrospectively. Similarly certain types of design knowledge is best learnt while the

design is in progress.

6.2.1 Product Design Knowledge
Systems such BRIDGER [213], NODES [108, 214], CONCEPTOR [215],
PERSPECT [109] and NETSYN [184] have addressed the issue of learning product

knowledge from past design concepts. The knowledge learned can be discussed

under the heading of:
. Composition of the components/subsystems that constitute the product.
. Constraints imposed on the attributes due to the physics of the problem,

geometrical and spatial requirements, life-cycle issues, design requirements,
etc.

. Decomposition of the components that constitute the product.
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. Performance evaluation knowledge.

. Dynamic learning of implicit knowledge.

Learning Knowledge of design composition

Knowledge of the composition of past designs serves as a useful starting point to
initiate the synthesis process of design problems that have a similar design
specification. For example, BRIDGER was primarily developed for the synthesis of
different concepts of cable-stayed bridges. NODES was also developed primarily to

support concept modelling operations during early stages of design [108].

Whilst BRIDGER expresses the design composition knowledge as a taxonomic
hierarchy (i.e., kind-of relationship), NODES expresses both the taxonomic
relationships as well as the compositional (part-of) relationships of a design object.
BRIDGER uses the concept formation capability of ECOBWEB to learn design
composition knowledge, NODES uses maximum conjunctive generalisation (MCG)

to build a generalisation of a new concept into existing concept(s).

The knowledge input into NODES or BRIDGES consists of past designs instances or
abstraction in terms of taxonomic hierarchy (i.e. kind-of relationship and/or part-of
relationship). Through the process of knowledge change (i.e., clustering or
generalisation) the output knowledge will be a new taxonomic structure updated to

reflect the changes caused by the inclusion of the new design instance.

Learning Empirical Knowledge of Quantitative and Qualitative Relationships

The numerical relationships of attributes of design concepts are important in defining
the preliminary definition of the form or structure of the concept. The estimation of
these values has been achieved by scaling or interpolation (BRIDGER [213]),
empirical network of association (CONCEPTOR [215]), statistical approximation
(NODES using Designer [108]), and neural network (NETSYN [184]). Each of
these types of estimation of attribute values based on records of past design cases is

described below.

Although there is in BRIDGER a taxonomic structure generated from past design
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value for a key attribute has been decided. These expectations and expectation
rule(s) are important source of design knowledge that can be learned from past

design experiences and past design cases by induction [216].

Design constraint knowledge provides the means for detecting design failures [216].
Although there are a large number of constraint types, categorising them into hard or
soft constraints aid in detecting design failures. Hard constraints are either satisfied
or violated. If a hard constraint is violated, then the design decision becomes
unacceptable. Values for soft constraints are bounded by degree of error tolerance
that is acceptable or allowable. So while expectation rules provide values to

progress a design, constraint(s) test that value and detect any design failure.

Since different constraints and different expectation rules are called into play during
a design process, Chabot and Brown use the mechanism of constraint inheritance as
the machine learning method of knowledge compilation [217] whereby new

knowledge of constraints are incrementally formed or updated.

Learning design decomposition knowledge

Liu and Brown [218, 219] posit that decomposition knowledge can be generated
from design object knowledge, functional knowledge, design cases, design
heuristics, general problem-solving knowledge and domain knowledge. In order to
extract knowledge appropriate for a given design context, Liu and Brown introduce
the concept of decomposition factors. A decomposition factor is a suggestion about
how to partition an entity that may be a design object, a component or a set of
attributes. The learning mechanism used is that of knowledge compilation [217].
Knowledge compilation is a type of learning in which existing knowledge is

converted into new forms with the intent to improve problem-solving efficiency.

The final decomposition knowledge is represented in a tree structure. Each node of
the decomposition tree contains a problem description and a list of possible
alternative competing decomposition hypotheses, as well as a set of links to sub-
problems, knowledge sources, interaction information among sub-problems and

other relevant information.
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utilise experiential knowledge called Customised Viewpoint.

The key concept behind this flexible approach to knowledge utilisation is that it
generalises experiential knowledge directly from specific experiences, according to
designers’ knowledge needs and subsequently utilises this knowledge in design. To
illustrate the concept, Kerr developed, tested and evaluated the utility of the
customised viewpoint approach within the realm of numerical design. PERSPECT is

supported by four sub-systems, namely DESIGNER, ECOBWEB, S-PLUS and
GRAPHER [108, 109].

PERSPECT uses ECOBWERB, a concept formation system to generate and organise

the generalisation of a set of past designs (described by attributes and values) into a

conceptual hierarchy. It classifies each example (past design) and incorporates it

permanently into a hierarchy by incrementally changing the hierarchy’s structure.

The knowledge acquired by the approach is:

o Multiple forms of experiential knowledge of a domain (described by name,
meaning and units of attributes) in terms of empirical equations, numerical
generalisation and heuristics. For example, empirical equations quantify the
relationship between these attributes together with a measure of the
unreliability of these equations.

o Multiple forms of implicit experiential knowledge through generalisations of
past design information and identifying the most suitable generalisation of

past design that support the Customised Viewpoints for a new design.

6.2.2 Design Process Knowledge

Learning about the design process provides just as important a wealth of knowledge
as learning from past designs. A design process usually consists of design decisions
made which results in design actions taken in order to progress the design. Design
actions interact with the evolving design. Leamning about the design process
invariably involves learning about the decisions made, the rationale for the decisions
made and the effect of that decision on the evolving design. Certain phases of the
design process are exploratory in nature and the use of control knowledge to manage

the exploration is important.
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of actions taken by the design, by inferring the design plan from previous design case
or solution [112].

Both BOGART and ARGO record user inputs as a means of acquiring new plans.
BOGART uses VEXED to record successive design steps in a tree-like design plan
that consists of nodes representing design modules. Each module can be
decomposed or refined into sub-modules by a catalogue of “if-then” refinement rules
provided by VEXED. If VEXED lacks any of these rules, it will learn the manual
decomposition step by generalising that step into a new rule. This learning facility

within VEXED is provided by LEAP (for “Learning Apprentice”) [235].

ARGO acquires a plan as it solves a problem and is represented using an acyclic
graph of dependencies among plan steps (instantiated rules). If one plan step adds an
assertion that satisfies the condition part of a rule, the second step becomes
dependent on the first. The dependency graph may contain independently solvable
sub-problems or dependent sub-problems with justifications maintained by the truth

maintenance system.

In ARGO, the design plans are represented as schemas of corresponding
preconditions and post-conditions which is represented as a database of assertions
stored as slots of frames in a truth maintenance system. A module is represented as a
collection of assertions describing its specification, components, interconnections
and so forth, each with a belief status of IN or OUT supported by a set of
justifications. The OUT status is caused by actions that fail and the corresponding
rule instances are not included in the dependency graph for representing the design
plan. Therefore ARGO does not learned plans that incorporate failed lines of

reasoning.

Acquiring case dependent design plan

DDIS integrates both domain-based reasoning and case-based reasoning in its
strategy in solving design problems. It uses case-dependent knowledge that it
acquires from current design session(s) to supplement its domain independent
knowledge for future design(s) or redesign. DDIS therefore records all design

actions as knowledge source activation records (KSARs) and the design history (a
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sequence of executed knowledge sources (KSs) and their bindings) on its design
blackboard. By analysing these records, DDIS abstracts case-dependent plans and
goals. These plans and goals can be directly posted on the control blackboard by
case-dependent control actions during subsequent design sessions. These case-
dependent actions compete with case-independent knowledge sources at every
design cycle to allow case-based reasoning to influence domain-based reasoning so

that past design actions leading to dead-ends or failures are avoided.

DDIS therefore generates case-dependent design knowledge after the completion of

the design session. The knowledge generated consists of the following:

. Control knowledge of a particular session is also abstracted to a global design
plan and several redesign plans so that they can be used separately in a
flexible manner according to the new situations encountered.

o Knowledge of constraint violations that can be applied to new cases in order

to focus early on critical constraints most likely to cause problems.

Generalised design plans
BOGART, ARGO and DDIS also generate generalised plans from several plans or
by abstracting new plans. The details of how the generalised plans are generated

through various knowledge transformers are given in Section 6.4.

6.2.3 Summary of the types of knowledge learnt

Table 6.2 gives a summary of the various types of design knowledge that can be
learnt from the MLinD systems. The Table shows the knowledge input I, the
product/process knowledge learned Oy and the reason for learning that knowledge,

23
Ly

2 This is usually inferred from the context of the design problem described.
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Table 6.2: Relationships between input knowledge, output knowledge and learning goal.

Input Knowledge I,

Output knowledge O,

Learning Goal L,

Instance(s) of past
design(s) together with
existing taxonomic or
compositional knowledge.

* Taxonomic knowledge of design
concepts (e.g. BRIDGES).

* Compositional knowledge of
design concepts (e.g. NODES)

¢ Expedite synthesis of
preliminary design concepts.

Records of past designs in
terms of attributes and
attribute values

* Empirical knowledge of
quantitative information (e.g.
CONCEPTOR, NODES).

» Design patterns of qualitative
relationships(e.g. CONCEPTOR,
NODES).

¢ Expedite preliminary definition
of form and structure of design
concept.

Knowledge of current
design constraints.

Records of failed
constraints

¢ Knowledge of new/updated design
constraints (e.g. Chabot and
Brown).

¢ Knowledge of anticipated crucial
constraints (e.g. DDIS).

¢ Streamline design process by
detecting and avoiding design
failure.

e By checking crucial constraints
early in the design leading to
shorter design cycle.

Past design cases of design
problems and
corresponding solutions.

e Design decomposition knowledge
in terms of decomposition factors
(e.g. Liu & Brown).

e Streamline design process by
focussing on interrelated
systems and/or components.

Past design configurations
and performance
evaluation criteria.

¢ Knowledge of mapping between
performance evaluation space and
design decision space (e.g.
McLauglin & Gero; Murdoch &
Ball).

e Excellence driven to achieve
better design.

Past design concepts
described by attributes and
values.

o Multiple forms of explicit design
knowledge (e.g. PERSPECT).

e Multiple forms of implicit design
knowledge (e.g. PERSPECT).

e Excellence driven by utilising
knowledge from multiple
sources.

Records of design actions
described by preconditions
and postconditions.

o Abstracted Design plan (e.g.
ARGO)

» Case dependent design plan (e.g.
DDIS).

e Streamline design process by
replaying a similar plan.

6.3

Knowledge Transformers in MLinD Systems

In this section, the purpose is to show the evidence of the knowledge transformers
considered in Section 6.2 that MLinD systems used to transform input knowledge
into new or modified design knowledge. Although these knowledge transformations
are implemented in terms of various machine learning methods (either symbolic or
sub-symbolic), it is in the nature of the characteristics of each type of knowledge
transformation that made their identification within the MLinD systems possible.
Each machine learning method used may be either symbolic or sub-symbolic in
nature depending on the nature of the representation of the input/output knowledge.

In describing the various knowledge transformers, no distinction is made as to
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whether the knowledge transformed is product design knowledge or design process
knowledge.

6.3.1 Group rationalisation (or Clustering)/Decomposition (Ungroup)

BRIDGER and CONCEPTOR are examples of machine learning systems that learn
design concepts using the knowledge transformer of group rationalisation or
clustering. ~ While CONCEPTOR uses the concept clustering system called
COBWEB, BRIDGER uses ECOBWEB [213],* which is an extension of
COBWEB. Both machine learning systems for concept formation generate design
concepts from the characteristics of similar past designs. Using past bridge designs
as training examples, each system generates hierarchical classification structures

which can be used to assist in the synthesis of similar bridge designs.

CONCEPTOR not only learns design concepts from past designs through the
knowledge transformers of clustering (or concept aggregation - a term used in
CONCEPTOR) it also derives numerical relationships (or concept characterisation in
CONCEPTOR’s terminology) among the quantitative design attributes of a concept.

Derivation as a knowledge transformer is described later in Section 6.3.4.

COBWEB/ECOBWEB

To build the hierarchical structure, COBWEB/ECOBWESB integrates the processes
of classifying examples and incorporating them into a hierarchy. It employs five
operators to determine how best to incorporate an example into the hierarchy. Each
resulting partition (classification) is evaluated using a utility function to determine
the category utility [229] which is a measure quantifying the similarity between
members of a partition. It selects the classification that results in the highest
category utility value, incorporates the example permanently into the hierarchy, and
generates the appropriate conceptual description that suits the new incorporated
example. Each partition is described as a conjunction of attribute-value pairs and
each partition has a probability to indicate its frequency of occurrence in the training
examples. As a result, a hierarchy represents only one concept, while the nodes in

the hierarchy represent subsets of the concept.

% ECOBWERB is a modified version of the concept clustering system called COBWEB.
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Hence, in learning taxonomic-type design concept(s) from past designs, the
knowledge change involved is the clustering of past designs into a hierarchical
structure of concepts, each node in the hierarchy representing subsets of a main
concept. Knowledge of the design artefact such as functionality, structure or
behaviour 1is not explicitly represented. The knowledge of the artefact’s
decomposition structure or composite structure in terms of part-of links is not

reflected in BRIDGER’s/CONCEPTOR’s classification hierarchy structure.

Another example where the knowledge transformer of clustering is used is in the
context of learning design performance evaluation knowledge. The design solution
space has to be categorised into different classes of solutions for the purpose of
mapping them with the performance evaluation space. To elicit knowledge for
performance evaluation, meaningful mappings between the decision space and the
performance space modeled must be established. While McLaughlin and Gero [221]
concentrate on the solutions near the Pareto boundary as sources of knowledge in the
evaluation space, Murdoch and Ball [220] suggest that the entire solution set both
from the design space and evaluation space represent valuable design information
that must be analysed for effective reuse. The entire evaluation space and the design
spaces must be analysed to identify different classes of solution and trends in design
practice. Because of different areas of the design solution space and performance
space considered for mapping, McLaughlin & Gero [221] chose ID3 to distinguish
solutions that are Pareto optimal (i.e. near the Pareto boundary) and those that are
not, while Murdoch & Ball [220] chose the clustering capability of the self-
organising neural network called Kohonen Feature Map to categorise the entire

design solution space.

ID3

The induction algorithm ID3 is used as a means of inferring general statements about
the nature of solutions that exhibit Pareto optimal performance in terms of a set of
performance criteria. The positive example set consists only of decision and
performance data of solutions that are Pareto optimal in terms of chosen criteria.
The negative example set is generated combinations of design decisions that are

inferior in performance. The heuristic rules that best represent the concept to be
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learnt are those with the most positive examples and least negative examples.
Kohonen Feature Map

Kohonen Feature Map is a neural network that can learn clustering patterns
unsupervised. That is the mapping between criteria in the performance evaluation
space and the configuration parameters (i.e. component and materials) in the design

space can be clustered without pre-categorisation of the design space.

Each solution consists of a set of parameterised components that can be applied as a
training example to the network. The network uses an unsupervised learning
algorithm to generate a mapping between the high-dimensional design space of
component parameters and the neurons in the network. The map generated provides
a topological (i.e. nearest neighbour) relationship among the component parameters.
The network topology can then be inspected to identify clusters or archetypes that
span the original set of design solutions. By decoding the nodes within each cluster
back to the performance evaluation space, a mapping between the two spaces is
achieved. The archetype solutions are then analysed to identify the characteristics of

configurations that contribute to high or low technical merit®.

6.3.2 Similarity/Dissimilarity comparison

Knowledge change of a design plan through similarity comparison is made possible
if there exists an original target design plan. The machine learning method used is
learning by analogy that involves a transfer of information/knowledge from a base

domain/plan to a target domain/modified plan.

Having acquired the history of design decisions made in a previous design BOGART
[225, 230] uses the derivational analogy method by Carbonell [231, 232] to change
the design plan by reasoning from the previous plan. The derivational analogy
method represents a problem-solving plan as a hierarchical goal structure, showing
how and why each goal was decomposed into sub-goals. It solves a new problem by
replaying this plan top-down. When the sub-plan for a sub-goal fails, the plan is

modified by solving that sub-goal from the user input of a new solution. By this

25 Technical merit combines in one generic measure of design merit three fundamental criteria:
performance (duty index), reliability (reliability index) and economy (cost).
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process of similarity/dissimilarity comparison, a new design plan is constructed.

6.3.3 Association/Disassociation

NODES learns/builds a model of the conceptual design linked by a compositional
network of concepts through part-of and kind-of association and numerical network
of charactenistics through association between object and formula. In the
compositional network the nodes denote objects or assemblies and the arcs denote
the directed relation (or association) part-of between two nodes. In the numerical
network, nodes represent characteristics of objects or formulae and arcs represent the
link or association between two nodes, one of which is a characteristic and the other

of which is a formula in which the characteristic appears [215].

6.3.4 Derivation/Randomisation

The concept characterisation phase of CONCEPTOR is an example of deriving new
knowledge based on some dependency between them. After concept aggregation,
CONCEPTOR derives two types of relationships within a concept: empirical
formulae among quantitative design attributes and design patterns among qualitative

attribute-value pairs that frequently appear in past examples.

NETSYN
For some design problems, there is a need to apply the probability estimation function to
acquire the probability estimate of each value of each unassigned design property (e.g. in

estimates of loading, the material behavioural properties are statistical in nature).

Ivezic and Garrett developed a system called NETSYN [184] to learn the Bayesian a
posteriori probabilities of design properties. NETSYN uses the feed-forward back-
propagation neural network as the machine learning technique to acquire and
represent the probability estimation function. The probability estimation function is
acquired through inductive learning using past designs to train the neural network to
estimate the desired probabilities. The trained network estimates Bayesian a

posteriori probabilities.

To use conventional classifiers, one has to estimate the conditional probabilities

P(DIH;) for each design property and the a priori class probabilities. The main
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When a design has been completed, the evolved model in NODES is used to increase
its knowledge by acquiring the relevant knowledge of the new design. The
mechanism involved is the decomposition of the design into its constituent concepts

(or specialisations), along with appropriate constituent and connective relations and

merges each concept with its corresponding library.

NODES uses a machine learning technique called maximal conjunctive generalisation
MCG) [233). MCG ensures that no item of knowledge is associated with a concept
unless it is associated with all the concepts that are a specialisation of that concept. In
terms of set theory, this means that the set of items of knowledge associated with a

concept is the intersection of the sets associated with the specialisation of that concept.

Generalised design plans

BOGART uses VEXED's ability [0] to interactively record decisions in terms of
general rules that can be easily replayed in a new context, rather than specific
operations which cannot be generalised. In BOGART, a design plan contains a node
for each module. When the module is refined, the node is annotated with the name
of the decomposition rule and the values of its parameters and connected to a new

child node for each sub-module.

Generalised design rules

BOGART uses LEAP [235] to learn new design object knowledge. In the domain of
circuit design, the training example consists of a description of the function to be
implemented, a description of the known characteristics of the input signals and a
circuit provided by the user to implement the given function for the given input
signals. LEAP generalises the specific example into a new refinement rule. By
using a variant of explanation-based learning (called verification based learning),
LEAP computes a refinement rule precondition (i.e. the left-hand side) by using its
theory of circuits to analyse the single training example. LEAP explains (verifies)
for itself that the circuit does in fact work. It generalises from the example by
retaining only those features of the signals that characterised this class of input
signal. LEAP generalises the right-hand side by verifying that the circuit correctly
implements the desired function. The verification involves determining the general

class of circuits and functional specifications to which the same verification steps
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will apply.

Specialised (compiled) design constraint knowledge

Design constraint knowledge is the primary method of detecting design failure [216].
Past design knowledge can be expressed as design expectation rules that relate the key
design attribute with the dependent design attributes. When the key design attribute’s
value is decided, the design expectation rule is triggered. This results in the numerical or
symbolic computation of the expected values of dependent design attributes. The
expected values of either type (expected value range or expected symbolic value) are
compared with the corresponding design attribute values. An expectation violation
[216] occurs when an inconsistency is noticed between the two set of values resulting in
the creation of a DSPL* expectation violation structure. The information in the
expectation violation structure is used by the Generic Object Knowledge Base (GOKB)
Reasoner to transform the relevant constraining knowledge in the GOKB into a DSPL
constraint. The knowledge compilation process consists of four sequential sub-
processes of namely, Reasoner, Transformer, Inheritor and Executor. The Reasoner
analyses the role descriptors of the dependent (target) attribute into either potential
numeric values or a member of a list of symbolic values and the structural descriptors of
the design attributes. Constraints are inherited from the GOKB when a relevant
explanation has been found by the Reasoner. The Transformer component supervises
the transformation of the relevant GOKB knowledge into a DSPL constraint structure.
The newly inherited constraint is tested by the Executor component. A “successful” test
ensures that the new design attribute is valid and the newly inherited constraint

knowledge is learnt as a DSPL entity for future use.

Chabot and Brown therefore view constraint inheritance as a form of failure-driven
Jearning that transforms a less efficient generalised deep object knowledge into surface

knowledge that are highly specialised, tuned and effective for the given design problem.

% Design Specialists and Plans Language (DSPL) is a domain-independent expert system building
language for expressing routine design knowledge.
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detailing, CDA reconstructs the design plan and acquires the rules for the composition of
the design.

6.3.7 Explanation/Discovery

DONTE illustrates the learning of control knowledge to explore the design space
through the process of discovery about the design space. Through the process of
discovery, IDEAL [239] demonstrates learning physical principles of a “concept”
description from examples without knowing the target concept a priori. The process

of discovery is generally considered to consist of two distinct phases: hypothesis

formation and hypothesis testing.

Learning design control knowledge in DONTE

The discovery learning task is initiated by hypothesis formation in which a current
hypothesis on the design space is represented as a set of subproblems that are presumed
to be independent. Through design decisions made on these independent subproblems
guided by control heuristics, interactions of subproblems are discovered and these
interactions are aggregated into what is referred to as a macro-decision. The objective of
a design decision is to minimise a cost evaluation function that favours certain design
solutions (e.g. NAND gates are preferred over other gates). The current hypothesis is
updated by the formation of the macro-decision, resulting in a new hypothesis about the
design search space. Through this process of hypothesis formation of the design search
space, information assimilation through each design decision made and updating the

hypothesis, DONTE learns control knowledge to optimally search the design space.

Learning models of physical principles in IDEAL

Using hypothesis formation on past designs structure-behavior-function (SBF)
models of physical devices, Bhatta and Goel [239] show how BF models of physical
principles can be acquired for future use in design. Discovering physical principles
from abstract design models of physical devices is implemented as a learning

component of IDEAL (Integrated DEsign by Analogy and Learning).

The models of specific devices (SBF models) provide both the content and
constraints for learning the models of physical principles (BF models) by

incremental generalisation over design experiences. In particular, Bhatta and Goel
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showed that the function of a device determines what to generalise from its SBF
model, the SBF model suggests how far to generalise, and the topology of functions
indicates what method to use for generalisation. By using content and constraints of

the model, IDEAL is able to discover physical principles using fewer examples.

Table 6.3 gives a classification of MLinD systems in terms of the knowledge
transformers used to generate new design knowledge and implementation of that
knowledge change through the machine learning methods supplemented by other

methods (e.g. Pareto optimisation) that results in certain types of knowledge

structure.
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Table: 6.3: Knowledge transformers used in various MLinD systems and the related machine
learning or other methods.

Knowledge MLInD Systems | Machine learning /Other Design Knowledge Represented
Transformer involved methods
Group e BRIDGES * ECOBWEB/ e Hierarchical structure of
Ratlonahsap(.)n . EPROTOS concept/sub-concept.
/Decomposition CONCEPTO | « COBWEB e Decision tree of rules for Pareto
R ¢ ID3/Pareto optimum design.
* McLaughlin ¢ Kohonen neural e Clusters or archetypes of design
& Gero network/GA solution mapped to performance
e Murdoch & evaluation space.
Ball
Similarity/ ¢ BOGART ¢ Derivational analogy e Design plan as a hierarchical goal
Dissimilarity structure.
comparision e DDIS e Case-based reasoning  Design plan/history
Association e NODES ¢ Semantic links in ¢ Compositional network of concepts.
/Disassociation network. Numerical network of characteristics.
Derivation L e Concept aggregation. * Empirical formula among
/Random- CONCEPTOR quantitative attributes.
1sation Design patterns among qualitative
attributes.
® Modular back- * Bayesian a posterior probabilities of
* NETSYN propagation neural design properties represented as
network. network of weights in neural
network structure.
Generalisation e NODES e Maximal conjunctive e Generalised rules of design
/Specialisation generalisation (MCG). concepts.
e BOGART e Generalisation using ® Generalised design rules.
/LEAP EBL Generalisation.
« DSPL * Knowledge » Generalised design plan.
compilation through Constraint rules.
constraint inheritance.
Abstraction e PERSPECT * COBWEB/ o Abstracted empirical equations.
/Detailing ¢ ARGO DESIGNER e Abstract plan of macro-rules.
e Merging edge macro
rules into cumulative
macro by removing » A global design plan and several
« DDIS leaf rules. redesign plans.
o Identify, classify all e Detailed design plan built bottom-
activated KSARs into up.
«CDA two types of design
plans.
e Reconstructive
Derivational Analogy.
Explanation eDONTE e Hypothesis formation ¢ Discovery of macro-decision rule to
/Discovery /hypothesis testing. reduce search.
«IDEAL » Hypothesis formation » Discovery of physical principles

/hypothesis testing.

from abstract design models.
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Failure in achieving behavioural specification
Design adaptation is a common practice in conceptual functional design. Design
adaptation usually occurs in several phases: in adapting a design retrieved from past
design cases to satisfy the new behavioural specification and in diagnosing and
redesigning a failed design to achieve the desired behaviour. Thus Ashok and
Stroulia consider the design adaptation task as learning [240]. This process of
learning takes place in-situ as the design adaptation processes. Ashok and Stroulia
identifies three types of diagnosis in design adaptation that could trigger the learning
process during design:
e The design does not achieve the desired function of the device. The
device fails to achieve the desired function because of incorrect

specification of one/more of the components.

e The design results in undesirable behaviour. The undesirable behaviour
is due to the under/over specification of the attribute of the component

that influences its behaviour.

e The specified structural component in the design misbehaves. The
component fails because of the over specification of another component

whose behaviour has an adverse effect on the specified component.

They attributed the design failure in the three types of diagnosis to structural causes.
Therefore, while knowledge of function to structure (F — S) mapping is useful for
new conceptual design which may be learned retrospectively, knowledge of
structure-behaviour-function (SBF) models can be learned in-situ during design
adaptation. Each of the three different diagnosis tasks requires different schemes for
accessing the internal behaviours that result in the device functions. In particular,
task (1) requires the use of design functions as indices into the internal behaviours
that result in the device functions; task (2) requires indices from the primary
behaviours of the device; and task (3) requires the use of structural components of
the device as indices into the internal behaviours in which they play a functional role.
KRITIK?2’s SBF models [240] support all three kinds of indexing schemes. This
enables the system to flexibly access the internal behaviours relevant to the current

diagnosis task and to thereby localise the diagnostic search.
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Violation of design expectations

The DSPL system with constraint inheritance implemented by Chabot and Brown
[216] is an example of in-situ triggers which occur when design expectations are
violated. Whenever design expectation violations occur, constraint inheritance as a
form of failure-driven learning is activated. When an inconsistency is detected in the
evaluation of design expectation rules, the relevant design object knowledge is
identified for knowledge compilation into new constraint surface knowledge through
the constraint inheritance learning mechanism. The new constraint knowledge is
then used to test the value of the design attribute for which there is an expectation.
The addition of the new constraint knowledge to the existing design constraint

knowledge base leads to expectation-failure-driven learning [216].

Customised Viewpoints

The concept of Customised Viewpoint is an example of learning design knowledge
in situ. Depending on the design perspective that best suits the designer’s current
problem solving situation, PERSPECT can generate in-situ multiple forms of
implicit experiential knowledge through generalisations of past design information
and identifying the most suitable generalisation of past design that support the

current Customised Viewpoints for the design.

6.4.3 Provisional triggers

Control knowledge

To explore the design space, DONTE learns by gathering and assimilating
information and generalisation during its use. The control knowledge to search the
design space is learnt provisionally in anticipation of reducing the complexity of
search. This is achieved by examining of a small portion of the design space and the
information gained generalised and applied to control the search of the entire design
space. DONTE achieved this by aggregating primitive fine-grained sub-problems
into larger macro-decisions when evidence gathered during the design exploration

suggests that these sub-problems interact.

Failed Constraints Anticipated in Re-design

DDIS uses the blackboard framework to integrate case-based reasoning and domain-

based reasoning. Of the knowledge modules/sources in the case-based reasoner, a
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module called failure anticipator checks for potential failures (i.e. violation of design
constraints) and avoids them in the new design, either by recognising paths leading
to dead ends or posting information about constraints that were critical in a previous
design. When appropriate, DDIS checks for design constraints during the design
process. Whenever constraint violations are found, DDIS’s failure anticipator marks
them as the major constraints to be check in a new design by placing them as goals
on the blackboard. All other constraints are deactivated at this time. This action

assures that the constraints most likely to be critical are checked as soon as they

become checkable.
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Table 6.4: Learning Triggers in relation to knowledge learnt and knowledge transformer

involved.

Knowledge Knowledge learnt O, What triggers learning Tw | When is learning
Transformer K: trigger Ty
Grqup o . Tax.onomic knowledge of e New concept. * Retrospective

Ratlonallsat_19n design concepts.
/Decomposition | e Clusters of design configuration | e Performance trends in e Retrospective
map to performance evaluation new design.
space.
Si.mi l ar.ity/. * Knowledge of design plan. o New but similar design. | e In-situ
DlSSlHﬂ}aﬂty * Knowledge of case-based o New design case. e In-situ
comparison design plan.
Association e Compositional knowledge of e New design e In-situ
/Disassociation design concepts. configuration.
Derivation e Empirical formula among » New/updating empirical | e Retrospective
/Randomisation quantitative design attributes relationship(s).
® Design patterns among e New/updating design o Retrospective
qualitative attribute-value pairs. patterns.
¢ Posterior probabilities of design | ® New knowledge of e Retrospective
properties. _posterior probabilities.
Generalisation » Generalised design concepts. * New concept saved. o In-situ
/Specialisation # Generalised design plans. * Module(s) in plan o In-situ
refined. /Retrospective
o Generalised design rules. ¢ No existing design e In-situ
® Specialised design constraint rules. e In-situ
knowledge. o Constraint violation.
Abstraction ® Abstracted empirical equations. | ® Non-existence of useful | e In-situ/
/Detailing empirical equation or provisional
insufficient knowledge
of attribute values.
e Abstracted design plan by e New abstracted design ® Retrospective
removing leaf nodes from plan. process.
e Abstracted from session control | e Past design cases to e Retrospective
knowledge the following: improve design process
+ Global design plan of similar design(s).
¢ Related redesign plans
+ Constraint violations. + Crucial constraints that | e Provisional
triggered redesign
process.
e Detailed design plan e No similar design plan e Provisional
reconstructed bottom-up. existed.
Explanation e Search control knowledge e Optimal design solution | e Provisional
/Discovery e Models of physical principles e  Functional driven | e Retrospective
design
6.5 Summary

This Chapter introduced and provided evidence for a formalism of learning in design

in terms of five elements, namely, input knowledge, knowledge transformers, output

knowledge, learning goal and learning triggers. Although it cannot be claimed that
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the number of MLinD systems reviewed was exhaustive, the formalism shows that
issues in machine learning in design can be studied in a systematic and structured

manner that was not apparent in Grecu and Brown’s “Dimensions of Machine
Learning in Design” [211].

For example, Table 6.2 shows clearly the relationship between the type of input
knowledge required and the type of design knowledge learned and the reason for
learning that knowledge. That is, given a particular type of input knowledge, what
new design knowledge can be learned and why learnt that knowledge. In this
manner Table 6.2 not only exemplifies the answers to the questions of “what are the
elements supporting learning” and “availability of knowledge for learning” and the
“consequences of learning”, but it shows that it is just as important to state what the
dimensions of learning are and also to know and understand the relationships

between these dimensions raised by Grecu and Brown’s.

Table 6.3 shows that the methods of learning in Grecu and Brown’s dimensions can be
categorised into various knowledge transformers presented in this paper. These
knowledge transformers represent basic types of knowledge change and provide a basis

for classifying the various machine learning methods implemented in MLinD systems.

Table 6.4 not only illustrates examples of what can trigger learning but classifies
these triggers into retrospective triggers, in-situ triggers and provisional triggers to
provide answers to the question of “what can trigger learning” and “when does
learning occur?” These questions are not answered in isolation, but in the context of
what is learnt (i.e. the knowledge output) and how it is learnt (i.e. the knowledge
transformer involved). Thus far, several answers to these basic questions, and
supporting documentation for the formalism for learning in design (LinD) have been

derived from a review of published systems in MLinD.
In summary the formalism of learning in design has been derived in [32] through the review of MLinD

systems. Five key elements to the leaming process have been presented: input knowledge (1), knowledge
transformers (K2), output knowledge (O), goals/reason for leaming (L), and triggers of leaming (L).
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A model of learning in design

A Model of Learning in Design

That design is inextricably linked with learning has been posited by several

researchers of Machine Learning in Design (MLinD). Persidis and Duffy [35]

succinctly state the relationship between design and learnin g:

‘Design as a problem solving activity is inextricably linked with learning.’

Chabot and Brown [216] state that “There should be no argument about the fact that
designers learn while designing.” While this fact may be accepted in the MLinD
research community, to-date there is a lack of knowledge as to the nature and manner
in which this inextricable link exists between design and learning. Thus far, to study
the phenomenon of learning in design, the approach adopted was to consider the
activities of designing and learning as distinct cognitive activities. This has led to
the development of the formalisms for design and learning activities in Chapter 5 and
Chapter 6 respectively. The purpose of this Chapter is to propose a model that
represents the inextricable link between design and learning. It provides an approach
to study and analyse the complex relationships that may exist between design and
learning. It is hypothesised that design and learning as cognitive activities are linked
in three ways. They are linked at the knowledge level (epistemic link). From
Chapter 6 it has already been shown that learning can occur retrospectively,
provisionally or in-situ with respect to the design activity. They can thus be linked
in a temporal manner. Both designing and learning are purposeful activities and as

such, they are hypothesised to be linked in a feleological manner.
7.1  Epistemic link between design and learning activities

Systems (both natural and artificial) of any reasonable degree of complexity can be
designed or explained at any number of different description levels (Simon [122],
Newell [155], Alberts [186], DasGupta [241]). In fact, multiple description levels
constitute a general (indeed, defining) characteristic of all complex systems.

Recognising that complex systems can be described by functionally autonomous
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levels and yet organised hierarchically, DasGupta [241] extends the notion of

description levels to the cognitive system - the mind-brain complex. For the
cognitive systems, these widely accepted levels are:

e The knowledge level - wherein, cognition is described or explained in terms of

goals, actions, knowledge and intended rational behaviour.

The symbol level - in which cognitive processes are described or explained in

terms of symbols (and symbol structures), memory (in which symbols are held),

operations (on symbols), and interpretations (of the operations).

o The biological level - wherein cognition is described or explained in terms of
biological structures or structures that are abstractions of biological systems (e.g.

neural systems).

The knowledge level is based on Newell’s Knowledge Level Hypothesis which
states that [242]:
“There exists a distinct computer system level lying immediately above the
symbol level, which is characterised by knowledge as the medium and the
principle of rationality as the law of behaviour.”
According to Newell [155], the Principle of Rationality is stated as follows:
“If an agent has knowledge that one of its actions will lead to one of its goals
then the agent will select that action.”
Dietterich [243] has shown that learning can be described at the knowledge and
symbol level while Kocabas [244] has extended the description to include the device
level”. DasGupta develops his computational theory of scientific creativity by
showing that knowledge on concepts of micro-programming described at the
knowledge level led Wilkes [245, 246] to the creative invention of micro-
programming. The development of micro-programming led to an entirely new form
or architecture known as the controller unit, a component in the computer
responsible for activating its internal operations as it executes a program. It is
therefore reasonable to hypothesise that both design activities and learning activities

being cognitive activities can be described and operationalised at the knowledge

level. As shown in Chapter 5, the knowledge input into the design activity is

27 In device-level learning, the methods and outcomes of learning can only be described in reference
to a particular device e.g. connectionist system, neural networks.
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transformed into output knowledge through the design action. When learning
occurs, the input knowledge and the output knowledge serve as input into the
learning activity. Hence, not only are the design and learning activities being
described at the knowledge level, it can be seen they are linked through the
relationships between the input and output knowledge of the design activity and the
input knowledge and output knowledge of the learning activity. Thus it can be said

that both design and learning activities are linked at the epistemic level (i.e. at the

knowledge level).

7.2 Temporal Link between design and learning activities

In Chapter 6, it was shown that the learning triggers can be activated retrospectively, in-
situ and provisionally. It is therefore suggested that the design and learning activities
can be linked temporally in three ways. In retrospective learning, the learning activity
occurs after the design activity so that knowledge learnt can serve as input knowledge
for future design problems. In-situ learning occurs when knowledge is learnt while
designing is in progress. In provisional learning, the learning activity precedes the

design activity in anticipation of the knowledge required as input into the design activity.

7.2.1 Retrospective learning

In retrospective learning or post design learning, learning is triggered after the completion
of certain design activities so that the knowledge leamt is current and most up-to-date and
therefore of great utility value for future designs. Past design cases, especially successful
ones, are good knowledge sources for retrospective learning. The knowledge learnt is
stored as experiential design knowledge in memory. The purpose of learning in hindsight
is to learn design patterns that led to the successful designs, relationships in design
parameters, to understand and predict underlying trends in classes or types of designs and
to extrapolate design attributes of future designs. Feedback from design failures [40]
either during testing and commissioning of the product or during the operational life of the
product also provides opportunity for retrospective learning. McMahon [247] identified
five modes of design change in the maturing of products: they are parameter space
exploration, improved understanding of explicit-implicit attribute relationships, change in

product design specification, modifying the feasible design space and changing the design
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7.4 Summary

A model of learning in design has been presented to suggest the manner in which the

design and learning activities are inextricably linked. Three hypotheses are raised

here regarding the nature of these links. They are linked:

at the epistemic level in that both design and learning activities are described

at the knowledge level of abstraction.

temporally resulting in retrospective learning, in-situ learning and provisional

learning.

. teleologically through the design and learning goals.
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The nature and list of the design activities postulated in Chapter 5 serves as a basis to
differentiate the design activities into sub-categories, the list of which and the coding
is given in Table 5.1.

Coding Scheme for Learning Activity

The coding scheme for the learning activity consists of the following:

The types of design knowledge acquired (Element Oy) and the associated
learning goal, (Element L,).

o The knowledge change, AK as a result of the difference between input

knowledge (Element I;) and output knowledge (Element O).

. The knowledge transformers (Element K,) and the corresponding machine

learning method(s) used in implementation.

What and when trigger that learning activity (Element L,).

The knowledge transformers are further sub-categorised and Table 8.1 shows the list

and their corresponding codes.

Table 8.1: Codes for Knowledge Transformers

Knowledge Transformers Codes

Group Rationalisation (or Clustering)/ Decomposition (Ungroup) Gr/De
Similarity comparison / Dissimilarity comparison Sc/Dc
Association / Disassociation As/Ds
Derivations (Reformulation) / Randomisation Dr/Ra
Generalisation / Specialisation Ge / Sp
Abstraction /Detailing Ab /Dt
Explanation /Discovery Ex /Di
Acquisition Ac

Modification Mo

The Jearning triggers that activate the learning process are categorised into temporal
triggers and rational triggers to distinguish when learning is being triggered

(temporal) and what triggers the learning (rationale). The temporal triggers are:

o in-situ, L, to denote learning during the design activity.
o provisional, L,, to denote learning in anticipation of the design activity.
J retrospective, L, to denote learning in hindsight of the design activity.

The rational trigger is denoted by L.
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8.3.2 Segmentation into design activities

One way of segmentation is to divide protocols based on verbalisation events such as
pauses, Intonations as well as syntactic markers for complete phrases and sentences
[257). Pauses or syntactic markers flag the start of a new segment. Van Someren et

al [263] describe a process of aggregation of segments into episodes.

Goldschmidt [264] and Gero and McNeill [261] defined a segment based on the subject’s
intention such that a change in the subject’s intention or the contents of their thoughts or
their actions flags the start of a new segment. Consequently, a segment sometimes
consists of one segment, and sometimes of many sub-segments. These sub-segments are

then aggregated in the coding process. A change in intention flags the start of a new

segment.

Criteria for segmenting protocol into design activities

Since the purpose of the protocol analysis is to understand the relationships of the
elements in the design activity and also in the leamning activity and the interaction
between them, it is important to first identify the design activities that the designer used
in the recording of the protocols. The identification of a particular design activity then
serves as the basis to segment the protocol into different segmentations depicting the
various design activities that the designer engaged in during the design task. Hence the
segmentation of the protocol is based on the intent of a particular design activity (i.e. the
context of that particular design activity). However the task of identifying these design
activities is fraught with difficulty and ambiguity given the variety and complex nature
of the design activities. However there are cues such as key words or phrases uttered by
the designer that may suggest the nature of the activity and hence may aid in their
identification. Tables 8.2, 8.3 and 8.4 therefore give a summary of the key words,
phrases or criteria used in analysing the nature of the design activities in order to identify

them.
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Table 8.2: Key words and/or criteria used in identifying design definition activity

Protocol analysis of the model of learning in design

Segments of protocol

Key words or criteria or
sequence context

Design activity
implied

oIt looks as though there are some space allocation
below the mounting for associated electronics. So
just need to make a note of the likely area.

Key word ‘associated’ is used
to relate two or more design
objects

Associating

e By the time we accommodate propulsors, the
auxiliary and maybe weapons systems what little
space is left we’ve to squeeze in logistics requirements
of the vessel in terms of the stores that it need to carry
to survive at sea ...

The notion of ‘breaking down’
some design object into its parts

Decomposing

e ... arbitrary put it as a starting point at 150 mm.
» So we just nominally barricade 900 mm on the
ship’s side.

Key phrases like ‘put it at’

Defining

* How to get 6 engines, 6 propellers in a row? We
could have 6 lines of shafting, 6 separate shafts.

The context in which a problem
is stated followed by a
proposed solution.

Generating
concept

o ... the structure distribution at the bottom of the
vessel will probably be of the order of 300 to 350 mm
pitch. And chances are we could have a much broader
spacing on the main deck. We probably stick to 350
in order to maintain some alignment characteristics.

The intent of maintaining some
standard design entity in terms
of parameter or value.

Standardising

® So, where do we start to put the engines? Put
gearbox and forward set of engines in a forward
machinery space the engines will be close coupled to
the gearbox minimizing any space take up. ...

The context of establishing
relationships between design
objects to satisfy some
functional requirements

Structuring/
Configuring

e Wherever possible trying to position supporting,
shaft supporting equipment close to frame structure
knowing that down the line we have good routing for
individual equipment.

The context of integrating one
subsystem to another so that the
whole system functions as a
unity.

Synthesis
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Table 8.3: Key words and/or criteria used in identifying design evaluation activity

Protocol analysis of the model of learning in design

Segments of protocol

Key words or criteria or
sequence context

Design activity
implied

*16V 4000 series rating 2320 kW. We will know this will
be de-;ated to syit ambient air conditions in the theatre of
operation. Typically this would be of the order of 2,000

kW, 2000 kW as anticipated. Wow, this is 2720 kW maybe
2,500 kW, about 2,500 kW.

* The notion that design
values need not be
precisely calculated; an
approximation is suffice.

Analysing
(approximation)

e And what on the face of it there is sufficient clearance of
the gearbox sump from ... it looks reasonably clear.

e This is not the best position to site the missile because
there is ...

» We could find ourselves with keeping slightly more
positive foundations for missiles in way of the smaller
bolted hatches than what we do have for the machinery
hatches.

« This would enable the center of the generators to be lifted.

® Explicit or implicit
comparisons of
alternatives, easily
identified by key words
of “than” or of results
of evaluation like “no,”

“yes’” “not”

Evaluating

e So, that means that the shaft angle will have to increase.
e These engines can’t move much further aft because we
may get out of balance of the boat.

e Key word, “so”
suggests decision-
making following the
sequence of evaluation.
It is a command given
as a result of decision
made.

Decision
making —

o Now I need to determine where the baseline of the ship
1s.

e Check what clearance we got available.

Key words such as
“determine” and
“check” identified in
the activity.

Determining
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Table 8.4: Key words and/or criteria used in identifying design management activity

Protocol analysis of the model of learning in design

Segments of protocol

Key words or Design
criteria or sequence activity
- context implied
e The most we can fit in the width of the ship appears to be three The notion or Constraining
at any one time. . statement imposed on
e Where else can we consider putting the engines? The engine the design object or
should bg put in such a manner that where the propulsion shafting | on some relationship
angled with respect to the buttock lines of the vessel in which the | between desien
shaft line is arranged 6 to 12 degrees maximum in this category. objects. )
*As the engine removal hatch saddles the full width of the ship it
doesn’t seem any clear way that we can avoid not putting these
missiles on the bulkhead section unless they are placed
somewhere else on the ship which may well have to be the
consideration.
e This falls into two major areas of selection either 6 engines or 4 | The intent of this Exploring
engines of a larger capacity. activity is to explore
*We must lock at how we will put the 6 engines in the vessel. ... | possibilities. The
There are perhaps one or two ways to put into the vessel common similar
sensibly. recurring phase of
e [t’'s may be better for us to consider what we do now is going | “Let’s try and see
to have an effect on accommodation and how best to organise this | what it means” or
accommodation. Let’s just see what else have we got. What “Let’s find out what
we’ll do is introduce another layout to this arrangement to include | we can do here?”
the another deck. suggests intention of
e There is another thought that we can organise the missiles to be exploring the design
arranged at the forward end of the superstructure. But, this will space.
have the effect of raising or the need to raise the height of the
superstructure which again will compromise the optical signature
of the vessel. Taking hold of the missiles, let’s find out what we
can do here.
« But there are maintenance considerations that we’ll have to This activity involves | Identifying
consider - the ease of the operatives to move about the engine the identifying design
spaces to conduct maintenance in and out of vessel. The ability problem, the
to get them in and out of the engine space. requirements of a
o Now we’ve to look at the engineering considerations of the design (e.g. crew
engine attachments to the gearbox. For the forward machinery make-up to determine
space the engine is flexibly coupled to the gearbox direct. The accommodation
engine in the aft machinery space will require different requirements, list of
consideration. weapon fit)
o This eh could have been overcome at the initial design stage constraints to aPPIYa
had more attention been paid to the stiffness of the structure. But | statutory rules, list of
eh, we are confronted with this problem. equipments,
particular design item
to focus on.
o What we must do is communicate with gearbox manufacturers The notion of Information
to find if there is anything suitable for this particular application | communicating with | gathering

and for this particular power.

e Collision bulkhead in table 2.42. Consideration will be given to
the proposal for positioning the bulkhead slightly further aft of
the arrangement. The craft, blur, blur,.....The minimum is 0.05
length on waterline. The maximum is 0.08.

appropriate source
for information or
acquiring information
from design codes.
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. All we’re trying to do at this stage is to get some approximate
idea of space envelope. How much room do we need to allow for
the machinery and once we have decided on that we then can
move on to other aspects of the arrangement to see from how we
can best fit in those needs.

o First of all let’s see about putting Otto Melara Gun.

From a list of design
actions, one is
selected for
immediate focus of
attention.

Prioritising

e These enable us to fit propellers with clearances a lot less to the
hull than what would ordinarily be, perhaps to avoid vibration
being transmitted to the hull.

Identifying
conflicting design
requirements and a
solution to resolve it.

Resolving

e Right, what I got to do is to choose one which have the right
torque range. Previous experience has driven us to use the 190
Series which have been renamed to 390 Series. This being a
heavy duty application. So we go to the 190 Series.

Key word like
“choose”

Selecting

* So I might have to find my drawing. So I need to find my sub-
contractor drawing. I need only to draw the bottom contours of
the gearbox. It’s only the bottom of the gearbox that is important
in the checking of the clearance. Where is my sub-contractor
drawing? Over there.

 Just so happen in this particular catalogue it doesn’t have what
I’'m looking for. I need to consult yet another catalogue which is
in the library.

¢ So search for library cells for that Gun Otto 76.

The key word or
phrase is “to find”,
“to look up”, “need to
consult yet another”,
“was looking at”,
“need to look at”,

“search for”.

Searching

Using the coding scheme developed in Section 8.3.1 the protocol is segmented and

coded based on the design activities identified.

8.4 Results of Protocol Analysis

The purpose of this protocol analysis is to evaluate the proposed model of learning in

design in terms of the following hypotheses:

. There exist elements that characterised the design activity (e.g design goal,

input knowledge and output knowledge).

. There exist elements that characterised the learning activity (e.g. learning

goal, learning trigger, input knowledge, output knowledge and knowledge

transformer).

. The design activity and the learning activity are motivated by design goals

and learning goals respectively and that the learning goal may be influenced

by the design goal (i.e. the teleological link).

J There is a knowledge change that occurs as a result of a design activity and

appropriate knowledge transformer(s) is inferred by which this knowledge

may be learnt (i.e. the epistemic link).
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o The learning activity is triggered retrospectively, in-situ or provisionally with
respect to the design activity (i.e. the temporal link).
Hence in this section, the presentation of the results of the protocol analysis is

directed at evaluating the model of learning in design in terms of the hypotheses
raised.

8.4.1 Identifying elements in the design activity

For each segment of the protocol, the design activity and/or learning activity is
identified.

Ericsson and Simon [257] found overwhelming evidence in support of the hypothesis
of sequential verbalisation for non-recognition processes. The Hypothesis of
Sequential Verbalisation states that:

Information required as input to some process or operation will be verbalised before

the output of that operation is verbalised.

In the context of a design activity or learning activity, this implies that information
required as input to the activity will be verbalised before the output of that operation
is verbalised. This serves as a guide in identifying the elements of input knowledge
and design goal in the design and in learning activity.

In some segments, there is only a single statement and thus the semantics of that
statement has to be interpreted in conjunction with the preceding statements in order

to identify which element it may represent.

The design goal

Design goals are usually expressed as a set of objectives [265]. The objectives could
be related to some description of the design (e.g. portability, or some constraints that
the design must satisfy or properties that the design must exhibit) or to satisfy some
criteria of evaluation of the design (e.g. minimise the level of vibration). Design
goals could be related to the intentions of achievement of certain milestones in the
design process (e.g. “I want to” or “I need to”). Baykan [266] suggests that the
design goal statement may be in the form of question or a statement (e.g. “How to

get 6 engines, 6 propellers in row?”). Thus with these possible descriptions of what
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design goals might entail, the protocol was analysed to identify the design goals (see
Tables 8.6, 8.7 and 8.8).

Since the design goal is usually considered as input into a design activity, based on
hypothesis of sequential verbalisation, the design goal can be identified from the
input part of the segment of a verbalisation. In the segment of verbalisation under

analysis, it is more likely that the design goals will be verbalised first before the

designer verbalises how he/she is going to satisfy the goal.

Problem decomposition occurs by setting up sub-goals. As a result there may be a
hierarchy of goals and sub-goals. The hierarchy of relationship between goal and
sub-goals has been observed in the protocol recorded. For example, before the
generation of various concepts to configure six engines, the overall goal was

verbalised as follows:

“First things first. We must look at how we can put six engines in the vessel.”

This was subsequently followed by the expression of a sub-goal “How to get six

engines, six propellers in a row?”

The input knowledge

The element of input knowledge can be identified from the context of the goal
statement and the subsequent statement or even from preceding statement(s). For
example, in segment 7 (see Table 8.5), the element of input knowledge of six engines
and six propellers comes from the goal statement “How to get six engines, six
propellers in a row?” This is followed by the generation of a concept in the next

statement “We could have six lines of shafting, six separate shafts.”

Sometimes, the input knowledge may come from the knowledge of past design
case(s) that the designer applied to the current design situation. For example, in
segment 9, the protocol statement is as follows:

“We know from past installations that it is possible to put in a U-drive gearbox

which enable the engine to be placed in reverse arrangement ...” So the use of U-
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drive gearbox becomes the element of input knowledge to the design activity for
generating code.

The output knowledge

With the identification of the goal statement and the input knowledge, it is
conceivable that the element of output knowledge should normally be in the
subsequent statement. So with the goal statement “How to get six engines, six
propellers in a row?” the element of output knowledge is in the second statement of

segment 7 “We could have six lines of shafting, six separate shafts.”
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Table 8.5: Coding the segment of Protocol into elements of the design and learning activity.

Seg. Segment of Protocol
No Coding into elements of design | Coding into
activity elements of
learning activity

7 ;(’;”r::vg?et 6 engines, 6 propellers | oD, = 6 engines and 6 propellers in a Knowledge of
We could have 6 lines of shafting, g)w. . congramts on .the
6 separate shafts, , = Generating concept. design space (i.e. space

I = 6 engines & 6 propellers. constraint -not feasible
O, = Layout showing 6 engines to arrange 6 engines in
connected to 6 propellers in a row. arow).
oD, = Is concept feasible.
But the practicality is that the | D, = Evaluating concept. K; = Derivation
vessel coul.d not accommodate 6 | I, = Layout showing 6 engines T, =In- situ
propellers in a row, let alone six | connected to 6 propellers in a row.
engines. . . ..
O, = concept is not feasible as it is not
possible to arrange 6 propellers in a
TOW.

8 Cap we put 4 engi.ngs abreast? A D, = 4 engines abreast. Knowledge of
pair of engines driving a single D, = Generating concept. constraints on the
propeller and arrange engines in I = 6 engines & 6 propellers. design space (i.e. space
staggered format - in one area 4 = . . : :
engines abreast and in another area, Ox = Layout showing two pairs of constraint -not f?a51b-l ©
2 engines. engines connected to a propeller each to arrange 4 engines in
Inspection of these prospects is and 1 pair of engines to a propeller in arow).
shown on screen and as can be another area.
seen the ability to put 4 engines in K, = Derivation
arow is just grossly impractical. D, = Is concept feasible. T, = In- situ
There is no room, there is.no room | D, = Evaluating concept.
for e g s 7B | L = Layom showing o pairs of | Knowldge of reasons
them difficult to maintain and engines connected to a propeller each | for 1nfeasible concept
access, would raise the CG and the and 1 pair of engines to a propeller in o
impact of the overall stability of another area. K, = Derivation
vessel. O, = concept not feasible because of T,=In- situ
So, at a glance we can see that this | space constraint.
is not a sensible approach.

9 So we'll look at another oD, = 4 engines abreast. Application of past
consideration. We know from past D, = Generating concept. design concept to
installations it is possible to put I, = 6 U drive connected to gearbox | generate a  similar
engine in U-dl:lve gearbox whlgh through stub shaft. concept.
enable the engine to be placed in . .
reverse arrangement with a stub O", = Layout showing 6 U drives to
shaft coming from the engine to the drive gearboxes through stub shaft.
gearbox and then the main
propulsion shaft coming out
undemneath the engine and running
aft to the propellers. oD, = Is concept feasible.

But this in itself may b_e a solution D, = Evaluating concept.
but as previously mentioned we I, = Layout showing 6 U drives to drive
can’t accommodate 6 propellers. gearboxes through stub shaft.
O, = concept is not feasible as it is not
possible to arrange 6 propellers in a
TOw.
10 | The most we can fit in the width of Learning of a rule based

the ship appears to be three at any
one time.

on evaluation of several
design concepts.

K, = Generalisation

T, = In- situ
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8.4.2 Identifying elements in the learning activities

Unlike the design activities which can be identified from the context of protocol
segments, the same cannot be said of the learning activities. This is because it is not
obvious from the protocol segment that learning is occurring or has occurred. Hence

this had caused great difficulty in the identification of the elements of the learning
activity.

There is however some scope of inferring these elements if segments of the protocol
implied the application of knowledge to the current design problem. The application
of knowledge implies that knowledge has been learnt in the past; this knowledge is
now applied in the current design problem. The identification of these segments of
verbalisation which suggests learning in design can be easily identified by statements
such as “We know”, “We already decided from previous experience”, “experience
gained from previous craft”, “This is a lesson learnt” etc. These phrases (e.g. “we
know””) suggest the context in which learning has taken place in the past. Hence, the

elements of the learning activity has been derived by implication or inference from

segments of the protocol that suggest the application of knowledge learnt.

The learning goal

In general, having identified the portion of the segment that contained the application
of knowledge learnt, using the hypothesis of sequential verbalisation, the learning
goal and the input knowledge can then be inferred before the verbalisation of the

knowledge learnt.

Like the design goals, the learning goals may be identified by phrases such as “we

need to,” “we want to” or such similar phrases like “there’s a need for” etc.
The nature of a learning goal is usually influenced by the design goal and the
interaction between the two goals is discussed in Section 8.4.3 in which many

examples of learning goals are given.

The input knowledge

Just as it is difficult to know when learning has taken placed, it is difficult to know
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the content and nature of the input knowledge to the learning activity. A similar
approach to identifying the learning goal has been used to identify the input
knowledge. That is, in a segment of the protocol where application of knowledge
learnt has been inferred, that segment has been analysed for input knowledge.

The learning trigger

The retrospective trigger is inferred from the phrases such as “We know” or
“experience has shown” suggesting the learning of knowledge from past design
cases. The provisional trigger is inferred from the need of acquiring information or
knowledge before the design activity can proceed. The in-situ trigger is inferred

from the knowledge change that occurs during a design activity which may lead to

the learning of new knowledge.

The output knowledge or knowledge learnt
The output knowledge is inferred from the protocol segment which suggests that
knowledge has been learnt in the past. This knowledge is now being applied to the

current design activity. This is usually expressed in the learning goal statement or in

a subsequent statement.

An example in which the knowledge learnt is expressed in the learning goal
statement was “But we know that the magazine can be arranged under-deck” , the
portion in italic expressed the knowledge learnt which then becomes the input
knowledge to a current configuring activity which was expressed in an action “so we

could pull that down at that level where it’s slightly there ...”

In another example, the knowledge leamnt “It’s normally of 3m square envelope
required below the mounting” was expressed after the learning goal “So just need to

make note of the likely area.”

The knowledge transformer

Because of the lack of knowledge of the context and the input knowledge involved in
a learning activity, it is not possible to identify the knowledge transformer used for
the segment of protocol that implied the application of knowledge. Again, by

studying the knowledge change between the input knowledge and the output
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knowledge and with the assumption that learning did occur in-situ, the knowledge

transformer can be inferred. The details of such inferences are given in Section
8.4.4.

8.4.3 Goal interaction in design and learning activities

It has been postulated that a design activity is motivated by a design goal. Further, it
is also postulated that a learning activity is motivated by a learning goal that may be
a consequence to the design goal. The design goal could be further decomposed into
sub-goals thus giving rise to a hierarchy of goal, sub-goal relationships. Thus in
analysing the protocol it is important to identify design goal and sub-goal
interactions in the design activities and also the learning goals. The identification of
these goals posed significant problems as the designer would normally not explicitly
express the design goal or learning goal with such statements like “this is the design
goal or that is the learning goal.” Where the goals are not explicitly stated, these
goals are therefore inferred from the context of the protocol segments. It should be
emphasised that in studying the interactions between design goal and learning goal,
the segments of protocol analysed relate to those that involved the application of
knowledge. The assumption made is that application of knowledge to the design
problem under current focus of attention implies that knowledge has been learnt in-

situ or retrospectively.

Tables 8.6, 8.7 and 8.8 show the relationships between the design goal and the
learning goal. The design goal and the learning goal inferred from the design
segment and the learning segment are shown as italic and bold respectively. It

appears that the goals (i.e. design goal and learning goal) interact in two possible

ways:
. The learning goal precedes the design goal.
. The design goal precedes the learning goal.

Learning goal precedes the design goal

For design activities of configuring, defining, standardising, identifying, evaluating
and decision-making, the learning goal was uttered before the design goal. It may be
reasonable to explain that the designer relies on his/her past knowledge and

experience in such instances. This is conceivable for activities such configuring,

201



Chapter 8
apter Protocol analysis of the model of learning in design

defining and standardising where there is expedience in relying on past design
knowledge. For activities such as identifying, evaluation and decision-making, the

designer relies on his/her past successes in making right judgements and

assessments.
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Table 8.6: Interaction between Design and Learning Goals for Design Definition Activities

Design Goal

Learning Goal

Seg Design
.No Activity
132 Associating
136 Configuring

[1] So relying on previous vessel’s eh design
Yvhere same equipment have been used. So
Just going into that vessel and I am going to
extract a drawing. Also I can see on this
particular arrangement as to whether there
are other considerations towards other
associated electronic equipment that may be
installed below the mounting.

{27 Emm. It looks as though there
are some space allocation below the
mounting for associated electronics.
So just need to make a note of the
likely area. It’s nominally of 3m
square envelope required below the
mounting.

[2] So we could pull that down at that level
where it’s slightly there..

{1] But we know that the magazine
can be arranged under-deck.

3 Decomposing

By the time we accommodate propulsors, the
auxiliary and maybe weapons systems what
little space is left we’ve to squeeze in
logistics requirements of the vessel in terms
of the stores that it need to carry to survive at
sea for tens days.

23 | Defining

{2] So what we have manage to do now is to
dictate the position of the propeller centre.

[1] We know from the clearance
point of view between the rudder and
propeller we want to set the
propeller as far aft as possible and
clear of the rudder.

54 | Defining

[1] So we are looking for something which
has something in the region of ...

[2] Again, experience has shown that
something in excess of that
capability is typically chosen.

11 | Generating

[1] We need to fit some sort of gearbox that
enables 2 engines to be connected to the one
gearbox with a propulsion shaft.

[2] So, we know from commercial
catamaran construction in the market
place that very narrow hulls eh, have
to accommodate a lot of engine
installation and we know that there
are combined gearboxes that eh,
enable so many engines to be
joined into one drive train.

141 | Standardising

[2] We probably stick to 350 in order to
maintain some alignment characteristics.

[1] Right, we know that for our
vessel of this type that the structure
distribution at the bottom of the
vessel will probably be of the order
of 300 to 350 mm pitch. And
chances are we could have a
probably a much broader spacing on
the main deck. [3] We know in that
deckhouse construction, the
aluminium could limit the thickness
to 350 mm distribution.

80 | Synthesising

Just show the other pedestal bearing.

Em, using the frame structure to back it up.
Whenever possible trying to position
supporting, shaft supporting equipment close
to frame structure knowing that down the
line we have.good, good routing for
individual equipment.

%0 (1] indicates the first segment of the verbalisation and [2] indicates the second segment.
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Table 8.7: Interaction between Design Goal and Learning Goal for Design Evaluation Activities

Segment

Design

No Activity Design Goal Learning Goal
20 Analysing [2] But as an initial design [1] What is the other consideration?
consideration if we work on what we We know that from separate
know for ease of quick calculation we | consideration that the propeller of
can conclude that 1,800 mm diameter | the order of 1.8 m. This is typically
is what is necessary to absorb the derived by calculation to absorb
power and we’re assuming propeller- | Power of the combined engines.
speed propeller shaft speed of This is taking a typical 3 bladed
something in the order of 700 rpm. propeller we know that there are
greater advances and  more
efficiency to be obtained from a 5-
bladed propeller or more.
40 Deci;ion [2] so in this new application we’ll be | [1] Bat, this is overcome by doing
Making looking to doing the same thing. away with the bulkhead bearing and
the introduction of a second
pedestal bearing on what would be
the forward side of the bulkhead
replacing the bearing and thus
taking away from the flexible drive
shaft, from the bulkhead any out of
balance forces which is connected
to the bottom hull foundation.
A pedestal bearing which is
originally connected is more able to
cope with the forces.
This is a lesson learnt and ...
95 Determining | [1] So we need to say for a nominal [2] we know from the past vessels
say displacement of 550 tonnes, that we've built, we’ve a set of
.....[3] we can determine the design hydrostatic
waterline would be.
115 Evaluating 2] And a minimum of 4 m in terms of | [1] One thing that is known about

compartment would be required as we
know from the experience of previous
installation.

this particular gun is that the under-
deck carousel which carries the
ammunition is such that there’s a
need for clearance in order to
load ammunition on to it.

Design goal precedes learning goal

For activities such as associating, defining, generating, constraining and exploring, the design goal precedes
the leaming goal. This may be due to the fact that these activities by their nature as expressed in the design
goal encourages the generation of feasible design solutions with minimal constraining. The leaming from

past experience offers some avenues of feasible solutions. For determining, there is no leaming goal

expressed but a reliance on past design information. For selecting, the leaming from past experience only
serves as conformation of the design goal currently being pursued.

204




Chapter §

Table 8.8: Interaction between Desi

Protocol analysis of the model of learning in design

gn Goal and Learning Goal for Design Management

Design Goal

Learning Goal

[1] Where else can we consider putting the
engines?

[2] The engine should be put in
such a manner that where the
propulsion shafting angled with
respect to the buttock lines of the
vessel in which the shaft line is
arranged 6 to 12 degrees
maximum in this category.

[1] So if the gun is placed a little bit further
aft it might improve matters. But the further
aft it comes it comes to the superstructure.
The superstructure will have the effect of
restricting the training arc of the gun. Thus
limiting the target acquisition area. So again
we have to seek a compromise, we got to
look at everything that is going on in the boat
and see what’s good at the end of the day to
move things around.

[2] This eh could have been overcome at the
initial design stage had more attention been

paid to the stiffness of the structure. But eh,

we are confronted with this problem.

[1] And then a flexible Cardan
shaft, universal drive shaft was
installed at the stub end at the
bulkhead and at the gearbox.
The out of balance forces from
the flexible drive shaft caused
vibration resonance at the
bulkhead which led to localised
cracking of some tank
structures that are connected
to the bulkhead.

Right now the requirement of the rules with
regard to collision bulkhead is that the
bulkhead be placed not less than 97 % of
ship’s length and not greater than 94 %.
Something of that nature.

All we’re trying to do at this stage is fo get
some approximate idea of space envelope.
How much room do we need to allow for the
machinery and once we have decided on that
we then can move on to other aspects of the
arrangement to see from how we can best fit
in those needs.

[1] Right, what I got to do is to choose one
which have the right torque range.

[3] This being a heavy duty application. So
we go to the 190 Series

[2] Previous experience has
driven us to use the 190 Series
which have been renamed to 390
Series.

Activities
Seg. | Design Activity
No
10 | Constraining
117 | Exploring
38/ | Identifying
39
98 | Information
gathering
55 | Prioritising
52 | Selecting
56 | Searching

So I was looking at arbitrary 900 mm long
and it appears quite satisfactory that I can get
for the Cardan shaft application which range
from 430 mm long up to 1150 mm if
required. So my 900 sits comfortably in the
middle. And in terms of the torque carrying
capacity, it would suggest that eh 190-55
series is quite suitable.
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8.44 Knowledge change in design activities

One of the tenets of the model of learning in design is the knowledge change or
knowledge increment that results from the cognitive actions of the designer in the
design process. The protocols recorded provide us with a rich source of data to study
this knowledge change. The knowledge change could serve as input into the learning
activity in which the generation of new knowledge by what is termed as a knowledge
transformer may occur. This is achieved by identifying the segment of protocol, the
design activity depicted in that segment, the difference in the input knowledge and
the output knowledge giving rise to the knowledge change. Based on the
characteristics of the knowledge transformers given in Chapter 6, the knowledge
transformer that gives rise to the knowledge change is identified. The review in
Chapter 6 showed that there are various types of design knowledge that can be learnt.
Since Grecu and Brown [40] have a list of types of design knowledge that are
preferentially targeted within a learning process that is more comprehensive than that
shown in Table 6.2, it is used as a guide to categorise the types of design knowledge
that can be learned. The details of segmentation of the protocol, the identification of
the elements of the design activity (i.e. the design goal, the input knowledge and the
output knowledge), the knowledge change inferred and the corresponding knowledge

transformers are given in Appendix 1.

From Appendix 1, the knowledge change, the knowledge transformers and the types
of design knowledge learnt for the various design activities in the three categories of
design activities (i.e. design definition activities, design evaluation activities and
design management activities) are summarised in Tables 8.9, 8.10 and 8.11

respectively.

Knowledge Change for Design Definition Activities
The types of knowledge change as summarised in Table 8.9 relate to the generation
of design concepts in the use of the ship space envelope and the reduction of

uncertainty and ambiguity in terms of the attributes associated with the design

concept.
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Knowledge increment for activity of associating

The knowledge transformer Association is commonly used in design activities where
components interact with one another. For example, the size of shaft influences and
is therefore associated with the size of pedestal bearing to select. There was a need
to associate space for magazine and electronic equipment below the RAM missile

mounting. Hence the knowledge transformer inferred is that of ‘Association’.

Knowledge increment for activity of decomposing

The optimal allocation of ship space envelope into various functional spaces (e.g.
engine room, accommodation, operations room) motivated the designer’s actions.
Due considerations must be given to the many requirements and constraints imposed
on the design of a warship. The knowledge change associated with decomposition of
the ship space envelope into functional spaces was identified at the beginning of the

protocol. The appropriate knowledge transformer identified is ‘Decomposition’.

Knowledge increment for activity of defining

In order to study the influence of the location of the engines in relation to various
factors (e.g. the installation and removal of engines, ease of maintenance, etc.)
various design attributes of related design objects (e.g. angle of shaft line) have to be

defined. In these cases, the knowledge transformer involved is that of ‘Detailing’.

There are instances in which definition of design attributes of a design object are
made in consideration with the spatial or geometric relationships of other design
object(s). For example, the extent (i.e. the width) of the walk-way around the missile
installation on the main deck has to be derived visually in relation the location of the

missile installation. Hence the knowledge transformer involved is that of Derivation.

In some instances, the definition of design attributes is based on knowledge learnt
from previous designs. The decision on where to locate the rudder in relation to the
propeller was based on the knowledge of a past design in which the locations of

rudder and propeller are known.
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Knowledge increment for activity of generating concepts

With the focus on arranging six engines in the engine room, the knowledge change
involved generating various concepts for propulsion systems involving the engines
and the associated gearboxes and shafting systems. The knowledge transformers
identified were ‘Derivation’ and ‘Similarity Comparisorn’. Through interacting with
the visual display of various concepts to arrange six engines, the feasible engine
layout was derived visually. One possible layout was generated based on a past

engine room configuration using a “U- drive” through the knowledge transformer,

‘Similarity Comparison’.

Knowledge increment for activity of standardising

To ensure that loads imposed on the structure are transmitted effectively, there is a
need for adjoining structural members to be aligned. Hence in standardizing the
deck longitudinal spacing to that of the bottom longitudinal spacing, structural
members connecting the deck longitudinals to the bottom longitudinals can transmit

the load effectively. The knowledge transformer is that of ‘Similarity Comparison’.

Knowledge increment for activity of structuring/configuring

In configuring a system the components in the system are associated to one another
by some relationships (e.g. connectivity relation, part of relation, etc.). So in
configuring the shafting system, the association of connectivity of the gearbox to the
Cardan shaft, the stub shaft, the pedestal roller bearing, the watertight seal to ensure
integrity of the compartment in the engine has to be specified. The knowledge

transformer inferred is that of ‘Association’.

Knowledge increment for activity of synthesising

In the synthesis activity in which the shafting support structure has to be aligned
(integrated) to the bottom structure, the knowledge change was the shaft mounting
structure was associated (supported by) the bottom structure. The knowledge change

inferred is that of ‘Association’.
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Table 8.9: Knowledge Change and knowledge transformers for Design Definition Activities

Design

SIE Knowledge change Knowledge Transformer
activity . .
implied/Category of

Associatng knowledge learned

ssociating -Knowledge that the shaft diameter influences the e Association/ Constraint
: selection of suitable size of pedestal bearing. relating design parameters.

Decomposing OKpowl§dge that the ship space envelope has to be | eDecomposition
divided into functional spaces (e.g. propulsion,
weapons systems etc.)

Defining -Deﬁnition of a specific value of the angle of eSpecialisation taken from a
shafting to progress the design range of values/Constraint

relating design parameters.
eDefinition of specific value(s) for design eDetailing/ Dependencies
attribute(s) of component (e.g. length, flange between design parameters.
diameter, flange thickness of Cardan shaft and stub
shaft).
eDefinition of locations of collision bulkheads eDetailing/Design rule
using rule requirement.
eDefinition of locations of fore peak bulkhead using | eDerivation/ Analogical
knowledge of positions of collision bulkhead of association
previous vessel.
* Knowledge of arrangement of missiles one bank eDetailing/ Consequence of
facing one direction and other in the opposite design decision.
direction.
eDefinition of ship’s side walkway around the bank | eDerivation/ Dependencies
of missile. between design parameters.
eDefinition of clearance around cartridge based on eDerivation/ Dependencies
its width. between design parameters.
eDefinition of space envelope by defining positions | sAssociation/Analogical
of collision bulkheads. association.

Generating eKnowledge of possible engine and propulsion sDerivation/ Dependencies
arrangements. between design objects.
eKnowledge of increasing redundancy by placing 6 | eDerivation/ Consequence
engines into 2 compartments. of design decision.
eKnowledge of coupling engine with U-drive eSimilarity comparison
gearbox. (based on past design)/

Analogical association.

Standardising | eStandardising the deck longitudinal eSimilarity
spacing to be in line with bottom comparison/
longitudinal spacing based on past design. | Dependencies between

design parameters.

Structuring/ eKnowledge of composition of shafting system and | eAssociation/ Dependencies

Configuring its components and their interfaces. between design objects.

Synthesising eKnowledge of integrating shaft supporting eAssociation (1)/

equipment to bottom frame structure.

Dependencies between
design objects.

Knowledge Change for Design Evaluation Activities

Under the category of design evaluation activities, the activities for which

knowledge change is inferred are analysing, determining, decision making and

evaluating (See Table 8.10).
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Knowledge increment for activity of analysing

There are few examples of analysis in this particular protocol. The nature of the
analysis is that of analysis by approximation. This is used in evaluating the influence

of ambient condition on the rating of the engine. The knowledge transformer is that
of Derivation.

Knowledge increment for activity of determining

Before evaluation and decision-making, the designer had to determine qualitative or
quantitative values of design attributes or properties. Table 8.10 gives various
examples of the knowledge change as a result of the activity of determining. The
examples invariably involved some calculation and/or measurement of some design
parameters associated with the design object or between design objects (e.g. distance
of gearbox sump from the bottom frame). The knowledge transformers identified
were Derivation, Detailing and Similarity Comparison. In the case of similarity
comparison, the design attribute (the design waterline for a given displacement) was

based on information obtained from the hydrostatic information of an existing vessel.

Knowledge increment for activity of evaluating

The protocol illustrated many examples of knowledge change as a result of the
evaluating activity of the designer. Because of the multi-faceted nature of the design
problems detailed in the protocol requiring different perspectives of consideration,
the nature of the knowledge change here reflects the nature of the perspectives
considered. In general the knowledge increment relates to that of the evaluation
criteria that the designer used to evaluate various design concepts, design attributes
or properties related to the design. In several of the examples the knowledge
transformer identified is Derivation (visually). This is due to the nature of the design
problem in which the designer had to evaluate the design before him ‘visually’
through checking of distance (for problems involving clearance between design
objects), or compatibility between design objects (mating of flange and coupling). In
some instances, the knowledge change involves the explanation of the physical
phenomena used in evaluating the design problem. For example, the influence of
noise source decreasing with distance is a factor to evaluate the suitability of the

accommodation near to the engine or generator rooms. The knowledge transformer

210



Chapter 8
p Protocol analysis of the model of learning in design

used in this case is Explanation.

Knowledge increment for activity of decision-making

The knowledge gained in the decision-making activity gives an insight into the
reason or rationale for arriving at the decision. For example, the knowledge that
increasing the angle of the shaft line will increase the clearance between the gearbox
sump and the bottom structure and so the decision was made to increase the angle of
the shaft line marginally. The rationale for moving the engine block and the gearbox
up the shaft line is to clear the bottom frame structure. This is derived visually by
depicting them on the screen and visually inspecting the outcome of that design
decision. So while the knowledge transformer for increasing the angle of the shaft

line is Explanation, that for moving the engine up the shaft line is Derivation (though

derived visually).

Based on past installation of a reverse reduction gearbox coupled to a water-jet as the
propulsion system on a catamaran, a decision was made to use a reverse reduction
gearbox for the propeller application, the feasibility of which had to be confirmed

with the gearbox manufacturer.
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Table 8.10: Knowledge Change and knowledge transformers for Design Evaluation Activities

;)c:ls‘lftl; Knowledge change Knowledge Transformer
implied/Category of
Analysing eEstimation of the si ; @qwledge lea.\rned
design e s1ze of propeller based on past 081m11a.nty comparison 1y
: Analogical associations
OKnowle(.lge of influence of ambient condition on | eDerivation (1)/
rated engine power of catalogue. Dependencies between
- design parameters.
Evaluating *Knowledge of space constraint on engine eDerivation visually (3)/
arrangements (i.e. not possible to put 6 engines). Constraint relating elements
of the design.
*Knowledge to check clearance between gearbox eDerivation visually
sump and bottom structure. (3)/Dependencies between
design parameters
eKnowledge that shaft angle of 5 degree is eDerivation visually (1)/
sufficient to provide clearance between gearbox Constraint relating elements
sump and structure of the design.
*Knowledge of checking for sufficient headroom eDerivation visually (1)/
for engine installation and removal given the Constraint relating elements
location of engine and gearbox. of the design.
*Knowledge of evaluating space requirement for eDerivation (3)/
officer accommodation and crew accommodation Dependencies between
design parameters
eKnowledge of satisfying a design constraint eSpecialisation (1)/
(feasible shaft angle to buttock line - 8 degrees). Constraint relating elements
of the design.
eKnowledge of interfacing compatibility between e Association (3)/
design objects (e.g. flange and coupling) Dependencies between
design parameters
eKnowledge of evaluation criteria for design e Association/ Constraint
object (e.g. clearance allowance for pedestal relating elements of the
bearing) design.
eKnowledge of evaluation criteria - the influence eExplanation (4)/Preferences
of noise sources on location of accommodation.
eKnowledge of factors in locating generators in eDerivation
relation to hatch size and deck side structure. spatially/Consequence of
design decisions
eKnowledge of factors in evaluating locations to eDerivation & Explanation/
site missile installation (not to site missiles over Consequence of design
engine removal hatch but acceptable over smaller decisions.
generator hatch).
Decision eKnowledge of associating reverse reduction eAssociation (2)/ Analogical
making gearbox with propeller version based on past association

design.

eKnowledge of relationship between missile and
ship’s side walkway.

eKnowledge that increasing shaft angle can
increase clearance between gearbox and bottom
structure.

eKnowledge that removal of bulkhead bearing and
introduction of second pedestal bearing can
remove out of balance forces on bulkhead (in
retrospect)

eKnowledge of alternative site for missile in a less

eExplanation/ Consequence
of design decisions.
eExplanation/ Dependencies
between design objects.

eExplanation in retrospect/
Learning from past failure

sDerivation/ Support in
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restrictive location.

OKngwledge of rationale for locating one bank of
nussile over generator hatch.

OKnowledge of not siting engine further aft due to
trim problem.

*Knowledge to aliow stub shaft to protrude
beyond bulkhead for maintenance accessibility.
*Knowledge of moving engine and gearbox up the
shaft line in order to clear bottom frame.

favour of a decision.
eExplanation (2)/
Consequence of design
decision.

eAssociation/ Support in
favour of a decision.
eDerivation/ Consequence of
design decision.
eDerivation(2)/ Consequence
of design decision.

Determining

*Knowledge of geometric relationship between
design objects (e.g. distance of shaft from
centreline).

*Knowledge of the spatial relationship between
design objects (e.g. clearance between gearbox
sump and bottom structure, clearance of engine
from bulkhead).

*Knowledge of equation to calculate design
parameter.

eKnowledge of design attribute of component (e.g.
distance between knuckle points of Cardan shaft,
cartridge of roller bearing, dimensions of pedestal
bearing).

eKnowledge of design attribute (e.g. design
waterline for given displacement).

eKnowledge of location of collision bulkhead from
stem.

eDetailing/ Dependencies
between design objects.

eDerivation(3)/
Dependencies between
design objects.

sDerivation/ Design method.

eDetailing(6)/ Dependencies
between design elements.

eSimilarity comparison using
past design/ Analogical
association

sDerivation/ Dependencies
between design elements.

Knowledge Change for Design Management Activities

The various examples of knowledge change for design management activities are

shown in Table 8.11.

Knowledge increment for activity of constraining

Constraining sets limits on the feasible design space. In exploring the different
concepts of engine room configuration for six engines, the designer was able to
generalised from the visual inspections of the various configurations that at any one
time it is not possible to have three engines abreast given the width of the vessel
under consideration. The knowledge transformer here is clearly that of
Generalisation tesulting in a rule of thumb that it is not possible to put three engines
abreast in the given vessel. In another example of the constraining activity, the
designer used a rule of thumb learnt which states that the angle of the shaft line is to

be between 6° and 12°. A choice of a particular value of angle of the shaft line (say

8°) would be an example of the knowledge transformer of Specialisation.
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Knowledge increment for activity of exploring

The optimal location of the main engines in the machinery room is influenced by
considerations of ease of installation, removal and maintenance. As the main engine
is connected to the gearbox, shafting system and propeller, the angle of the shaft line
has significant impact on the location of the main engine in terms of its clearance
from the bottom structure and also the engine room main deck structure. So in
locating the main engine, the designer explored the effects of the changing shaft
angle before arriving at the final location of the engine and gearbox. For example,
increasing the shaft angle will raise the engine and the gearbox that in turn will
ensure there is sufficient clearance between the gearbox sump and the bottom frame
structure. If there is a need to move the engine aft, this can also be achieved by
increasing the angle of the shaft line. There is an upper limit to the angle of the shaft
line. If there is insufficient clearance of gearbox sump from the bottom frame, the
designer can move the engine and gearbox up the shaft line. Because of the
interaction between the design objects (engines, gearbox, bottom frame) and the

design attributes involved, the knowledge transformer involved in this exploration is

‘Derivation’.

Another example of knowledge increment through the activity of exploring was in
exploring the optimal location of the Otto Melera gun at the fore deck structure. The
gun should be located where the ship’s motion is minimal in order to minimise
constant correction by the gun’s gyro system and yet not too far aft to the
superstructure which would limit the firing arc of the gun. Where it is located has an
impact on the accommodation in the deck below. In exploring the optimal location
of the gun, the transformer inferred is that of ‘Explanation’; the pros and cons were

given for deciding the final location of the gun.

Knowledge increment for activity of identifying

Identifying the design requirements from the design specification and formulating
the key issues or factors to consider in design often requires good understanding of
domain knowledge and experiential knowledge. Thus the activity of identifying
provides an avenue for a knowledge increment is evident from the protocol recording

of identifying activities. For example, in the protocol the key issue in machinery
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knowledge transformer pair of ‘Sorting/Unsorting’.

Knowledge increment for activity of resolving

Resolving design conflicts involves identifying the conflicts and a solution that
removes the conflicts. In one of the protocol segments, there was a need to resolve
the conflicting requirements of reducing propeller-induced vibration and providing
angle of shaft line that has small inclination to the buttock lines. Reducing propeller-
induced vibration requires an increase in the clearance between the propeller tip (i.e.
propeller tip clearance) and the bottom structure and this can be achieved by
increasing the angle of the shaft line; the conflict arises because increasing the shaft
line will imply that the design requirement that the shaft line should have small
inclination to the buttock lines might not be satisfied. By using a vibration
attenuation cave which reduces propeller induced vibration, the propeller tip
clearance was reduced to 15% of the propeller diameter. The knowledge transformer
is that of ‘Explanation’ since it is based on the understanding of the physical
phenomenon of absorbing vibration by the elastomeric membrane used in the

vibration attenuation cave.

Knowledge increment for activity of searching

The search activity involved either looking for information in the CAD databases or
catalogues found in the consultancy company’s library. The knowledge gained
through the information provided serves to increase the knowledge of the design
objects. For example, the search in the catalogue on a product called Cardan shaft
identifies which Cardan shaft is suitable in providing the required torque and other
design attributes of the Cardan shaft. Similarly, a suitable pedestal bearing was
identified and the details of which provided information to progress the design. The

knowledge transformer inferred is that of ‘Detailing’.

Knowledge increment for activity of selecting

The end result of the selecting activity is a definite design object. A suitable Cardan
shaft (i.e. the one with the right torque) was selected from the catalogue on Cardan
shafts. In so doing, the designer has a specific knowledge of a particular Cardan

shaft. In this instance, the knowledge transformer is that of ‘Detailing’.
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Table 8.11: Knowledge Change and knowledge transformer for Design Management Activities

Design activity

Knowledge Change

Knowledge Transformer

Constraining

eFrom three engines configuration, generalised
!(now!edge that the maximum number of engines
In a given width of ship is not more than three.
eApplication of the rule of thumb for angle
between shaft line and buttock.

*Knowledge locating missiles at bulkhead section
rather than at engine removal hatch.

eGeneralisation (2)/Design
rule of constraint for this
particular vessel.
eSpecialisation /Constraint
relating design parameters.
sDerivation/explanation(1)/Co
nstraint between design
clements

Exploring

*Knowledge of design space for possible engine
room configurations.

*Knowledge of moving engines aft by increasing
shaft included angle.

esKnowledge that increasing the shaft angle will
raise the gearbox and engine.

eKnowledge to explore the distance between the
gearbox sump and the frame line.

eKnowledge of moving the engine and gearbox up
the shaft line for gearbox sump to clear frame
eKnowledge of possible locations for generator.

sKnowledge that locating accommodation aft is
nearer to noise source due to engine.

eKnowledge of locating FP bulkhead at half frame
eKnowledge of problem structuring in terms of
factors that affects the optimal location of the gun
(i.e. ship motion and the possibility of constant

correction of gun gyro system, training arc of gun).

sKnowledge that location of gun has influence on
deck accommodation below.

eKnowledge that locating missiles at forward end
of superstructure (SS) will raise height of SS and
optical signature

eKnowledge that bulkhead position, superstructure
and engine hatch can constrain the location of
engine.

eKnowledge of locating generators in terms of
multiples of longitudinal stiffener spacing for
routing of structure.

sDiscovery/Feasible design
space
eDerivation/Dependencies
between design parameters.
eDerivation/ Dependencies
between design parameters.
sDerivation/ Dependencies
between design parameters.
sDerivation/ Dependencies
between design parameters.
eDerivation/ Feasible design
space.
sExplanation/Preference

eExplanation/ Preference.
eExplanation(2)/Support in
favour or against a decision.

eExplanation/Dependenci
es between design
objects.

eDerivation/ Dependencies
between design objects.

eDerivation/Constraint
between design objects

eDerivation/Preference

Identifying

eldentified the key issues in locating ship’s
equipment (i.e. sensible routes for installing and
removal of equipment).

eIdentified other issues including ease of
operatives to move around the engine spaces to
conduct maintenance.

eldentified damage stability criteria that vessel
must survived damage of nay two compartments.
eldentified Frame 37 to check clearance of
gearbox from frame structure.

eIdentified the problem of insufficient stiffness of
bulkhead structure.

eIdentified the need to configure the structure
above the main deck.

eldentified the need also to lift engines in and out

eAssociation (2)/ Factors in
favour of a design decision.

eAssociation/ Factors in
favour of a design decision

eAssociation/ Design rule
eDerivation/ Dependencies

e Association/ failure of design
object as feedback

oSimilarity comparison/

eExplanation/ Dependencies
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gf v;ssel in relation to other structures on main
eck.

-Ide_ntiﬁed the need to know engine power in order
to size the drive shaft.

eIdentified the noise problem as having an impact
on location of crew accommodation due to need to
keep generators running when ship is in harbour
most of the time as there is no shore supply;
generators are hence placed further aft.

between design object

eExplanation/ Dependencies
between design parameters.
sExplanation/ Dependencies
between design parameters.
Preference on location
explained.

Information
gathering

*Enquired from gearbox manufacturer regarding
the availability of a combined gearbox with
reversing capability to which the reply is the one
suitable for water-jet application may not have the
capability needed for propeller version.

*Read from Lloyd’s Rule for Special Service Craft
regarding rule’s requirement for location of
collision bulkheads.

e Acquisition/ Analogical
association.

eDetailing(2)/ Design rule

Prioritising

*In allocating ship space envelope, priority was
given to the needs of machinery space.

esHaving defined details of the shaft, priority was
on pedestal bearing.

eHaving identified the weapons systems
requirements, priority was to consider the design
requirement of the Otto Melara gun

No suitable knowledge

transformer identified*/
Preference in design tasks
/Preference in design tasks

/ Preference in design tasks

Resolving

o] earning that vibration attenuation cave reduced
propelier induced vibration, the propeller tip
clearance is reduced to 15 % of propeller diameter.

sExplanation/Constraints
relating design parameters
overcome.

Selecting

eFrom the Catalog on Cardan shaft, the 190 series
was selected

eDetailing/ Dependencies
between design parameters.

Searching

eSearch the CAD database to locate the cell library
on a particular gearbox so as to draw the bottom
contours of the gearbox.

eSearch in the library for a particular catalogue on
Cardan shaft.

eSearch to find a Cardan shaft of suitable length
and torque carrying capacity.

eSearch catalogues on pedestal bearing and found
a suitable cooper pedestal bearing of correct
diameter to suit the shaft

eSearch the CAD database to locate the cell library
for Gun Otto 76.

eSearch the CAD database on missiles to locate
the cell library for RAM missile and key to the cell

library

o Detailing/ Dependencies
between design parameters.

eDetailing(2)/ Dependencies
between design parameters.
eDetailing/ Dependencies
between design parameters.
#Detailing/ Dependencies
between design parameters.

eDetailing/ Dependencies
between design parameters.
eDetailing(2)/ Dependencies
between design parameters.

Summary

Having identified the knowledge change that occurred as a result of various design

activities, the corresponding knowledge transformers have been inferred from the

nature of the knowledge change.

Although knowledge change in itself is not

Jearning per se, it is the hypothesis of this thesis that knowledge change and the
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corresponding transformer could be the basis of learning either by the human
designer or by a system.

From Tables 8.9, 8.10 and 8.11 it has been observed that there is a relationship
between design activities and knowledge transformers. Hence, from these Tables a
mapping between design activities and knowledge transformers for the three
categories of design activities (i.e. design definition activities, design evaluation
activities and design management activities) are derived and summarised in Tables
8.12, 8.13 and 8.14. The mappings show that for each design activity, there is a
corresponding set of knowledge transformers. It is on this basis that it is inferred and
shown that design activities and learning activities are inextricably linked. This

inextricable link between the design activity and the leamning activity is referred to

here as an epistemic link.

The mapping between design activities and the knowledge transformers gives an
insight into how design knowledge can be learnt by design support systems. That is,
the knowledge of the mapping between design activities and knowledge transformers
will ensure that the appropriate knowledge transformers and the associated machine
learning methods are called upon in supporting designers when they perform a

specific design activity.

Table 8.12: Mapping between design definition activities and knowledge transformers

Design activity Knowledge transformers
Associating Association.
Decomposing Decomposition.
Defining Association, Derivation, Detailing, Specialisation.
Generating Derivation, Similarity comparison.
Standardising Similarity comparison.
Structuring/Configuring Association.
Synthesising Association.

31 The pair of knowledge transformers identified for this design activity is Sorting/Unsorting.
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Table 8.13: Mapping between design evaluation activities and knowledge transformers

pemgn activity Knowledge transformers
Ana?y_smg - Derivation, Similarity comparison.
Decxslo_n plahng Association, Derivation, Explanation.
Deterrm.mng Association, Derivation, Detailing, Specialisation.
Evaluation Derivation, Detailing, Similarity comparison.

Table 8.14: Mapping between design management activities and knowledge transformers

l?gsign activity Knowledge transformers
Constrgmmg Derivation/explanation, Generalisation
Exploring Derivation, Discovery, Explanation.
Identifying Association, Derivation, Explanation, Similarity comparison.
Information gathering Acquisition, Detailing.
Prioritising Sorting, Unsorting
Resolving Explanation
Selecting Detailing
Searching Detailing

8.4.5 Triggers of learning

Four types of triggers have been identified in the protocol segments. Three triggers
are temporal in nature and they are retrospective, in-situ and provisional; these
indicate when learning takes place. The fourth denotes what triggers learning is
referred to as rationale trigger. The four triggers of learning are not explicitly stated
in the segments of the protocol. These have to be inferred from the context and
semantics of the various verbal segments. Learning takes place visually when the

designer interacts with the objects being drawn or with objects already drawn.

Retrospective triggers

Retrospective triggers can be identified by the phrase “we know” or “from previous
design” or “from our experience”. The word “know” can be defined as:

“to have knowledge of (something), especially as a result of personal experience;
have (information) in the mind; to have learnt (and be able to do so); to be familiar
with (a person, place etc); to be able to recognise. 32

Thus Tables 8.15, 8.16 and 8.17, show examples of verbal segments that suggest that

retrospective triggering of knowledge is learnt from past design cases. These Tables

also show the interaction between knowledge learnt in retrospect and applied in a

32 Erom Longman Dictionary of Contemporary English, 1988.
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particular design activity.

For activities such as searching,

there is no example of learning in retrospect. It is

concluded that this is because the nature of these activities is such that the designer

has to interact with the design object that is currently under focus of attention.

Table 8.15: Protocol segment of knowledge learnt in retrospect and applied in design definition

activities

Design
activity

Knowledge learned in retrospect

Application of knowledge

Seg
No.

Associating

It looks as though there are some space
allocation below the mounting for
associated electronics. So just need to
make a note of the likely area. It’s
nominally of 3m square envelope required
below the mounting. Let’s just check in
the schedule to see whether compartment

91 - CIWS equipment room. It’s the same.

This is an optional fit. It’s either CIWS or
Rolling Air Frame.

This is an example of design
re-use of a past design case
and the recognition of the
space requirement for
associated electronics.

132

Defining

We know the rudder maybe perhaps a
similar size maybe slightly different.

We know from a clearance point of view
between the rudder and propeller we want
to set the propeller as far aft as possible
and clear of the rudder. We use all the
advantages that we have on the previous
boat. So what we have manage to do now
is to dictate the position of the propeller
centre.

Knowledge of the size and
location of the rudder used in
a previous craft is now used
to defined the size and
location of the rudder in
relation to the current design

23

Generating

We know from past installations it is
possible to put engine in U-drive gearbox
which enable the engine to be placed in
reverse arrangement with a stub shaft
coming from the engine to the gearbox and
the main propulsion shaft coming out
underneath the engine and running aft to
the propellers.

Knowledge learned of past U
drive gearbox installation
used in generating concept
for engine room layout

Synthesising

1 think we can feel reasonably confident
with the arrangement as it stands now.
Just show the other pedestal bearing.

Em, using the frame structure to back it up.

Whenever possible trying to position
supporting, shaft supporting equipment
close to frame structure knowing that
down the line we have.good, good routing
for individual equipment.

Application of the principle
of integrating the equipment
mounting structure in
alignment with bottom
structure which serves as the
foundation.

82
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Table 8.16: Protocol segment of knowledge learnt in retrospect and applied in design evaluation

activities
De‘SIgn Knowledge learnt in retrospect Application of knowledge Seg
activity No.
Analysing We know that from separate consideration Based on past design of 3 bladed 20
tha.t tbe Pr<_)peller of the order of 1.8 m. propeller, 1.8 propeller diameter is
This is typically derived by calculation to considered suitable. As an
absorb power of the combined engines. approximation without detailed
{by calculation}. ........ But as an initial calculation, a 1.8 m diameter is used
design consideration if we work on what we | here.
know for ease of quick calculation we can
conclude that 1,800 mm diameter is what is
necessary to absorb the power and we’re
assuming propeller speed propeller shaft
speed of something in the order of 700 rpm.
Evaluating One thing that is known about this particular | Knowledge of the space 115
gun is that the under-deck carousel which requirement learnt from past
carries the ammunition is such that there’s a | installation is used in evaluating the
need for clearance in order to load space required for the under-deck
ammunition on to it. carousel of the gun.
And a minimum of 4 m in terms of
compartment would be required as we know
from the experience of previous installation.
Right.
Based on existing bulkhead positions, the
forward most compartment was 5m long.
So that would appear to be more than
sufficient.
Decision- But, this is overcome by doing away with The bulkhead bearing in a previous 40
making the bulkhead bearing and the introduction of | installation give rise of out of
a second pedestal bearing on what would be | balance forces. This was overcome
the forward side of the bulkhead replacing by removing the bulkhead bearing
the bearing and thus taking away from the and providing a second pedestal
flexible drive shaft, from the bulkhead any bearing on the forward side of the
out of balance forces which is connected to | pyjkhead. This arrangement will be
the bottom hull foundation. used in the current design.
A pedestal bearing which is originally
connected is more able to cope with the
forces.
This is a lesson learnt and so in this new
application we’ll be looking to doing the
same thing.
Determining | So we need to say for a nominal say This is an example of design re-use 95
displacement of 550 tonnes, we know from of the hydr0§tatics of a past v.essel.
the past vessels that we’ve built, we’ve a set | To generate it for current design
of hydrostatic we can determine the design would require time.
waterline would be.
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ge learnt in retrospect and applied in design

Design
activity

Knowledge learnt in retrospect

Application of knowledge

Seg.

Constraining

Where else can we consider putting the
engines? The engine should be put in such
a manner that where the propulsion shafting
angled with respect to the buttock lines of
the vessel in which the shaft line is arranged
6 to 12 degrees maximum in this category.

It can be implied that the angle of
the shaft line of 6 to 12 degrees
maximum has been generalised
from past cases and used here to
set limits on the shaft angle to
investigate.

17

Exploring

At best this FP bulkhead could move ¥2
frame as we’re likely to have half frames in
the fore end of the boat. Because it’s
getting so fine and we can’t practically run
longitudinals and won’t be able to add any
more structure than what we have there in
any case because of the shape of the vessel.

Because of the fineness of the hull
form in the bow region, the
designer recognised from past
experience that this region is
usually framed transversely at half
frame interval.

104

Identifying

So relying on previous vessel’s eh design
where same equipment have been used. So
Jjust going into that vessel and I am going to
extract a drawing, also I can see on this
particular arrangement as to whether there
are other considerations towards other
associated electronic equipment that may be
installed below the mounting. So, see to do
that.

In identifying design consideration
for RAM missile, re-use of past
drawings brought to attention that
associated electronic equipment
may be installed below the missile
mounting.

130

Information
gathering

Combined gearboxes are used in water-jet
application for commercial catamaran

Can combined gearbox be used for
conventional propeller version.

13

Resolving

And more recently, another innovation
which is the vibration attenuation caves
which are fitted directly over the propellers.
These enable us to fit propellers with
clearances a lot less to the hull than what
would ordinarily be, perhaps to avoid
vibration being transmitted to the hull.
With this facility or characteristic we
assume a propeller tip clearance of 15% of
propeller diameter to work from.

To minimise propeller-induced
vibration, a high propeller tip
clearance is usually used. But with
the experience gained in reducing
vibration using a vibration
attenuation cave fitted directly over
the propellers, a reduction in tip
clearance is possible hence
overcoming a conflicting
requirement. A tip clearance of 15
% 1s used for this new installation.

22

Selecting

Right, what I got to do is to choose one
which have the right torque range. Previous
experience has driven us to use the 190
Series which have been renamed to 390
Series. This being a heavy duty application.
So we go to the 190 Series

In selecting a suitable Cardan shaft
that can delivered the torque range,
experience of similar design led to
the choice of 190 series.

52

In-situ triggers

In-situ triggers of learning suggest that learning occurs while the designer is

interacting with the design. The protocol provides many evidence of in-situ learning.

In attempting to arrange six engines in the machinery space the designer generated
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many concepts as to how these engines can be configured. In three of the concepts
generated, by visually inspecting the arrangement of the engines on the screen, the
designer inferred (or learnt) that these solutions were not feasible. The first concept
generated had six engines in a row, each connected to a shaft and propeller. In the
second concept, four engines, driving two propellers, and two engines driving one
propeller, are configured. The third concept had six engines connected to U-drive
gearboxes, driving propeller shafts. These three concepts are not feasible because it

is impossible to arrange four, let alone six engines, in the confines of the width of the

vessel.

The knowledge of evaluation result of the first concept that used six engines and six
propellers was applied in the evaluation of the third concept using six propellers but
connected to ‘U-drive’ gearboxes. The details of the protocol segment clearly
illustrate this application of knowledge; the segment is ‘But this in itself may be a
solution but as previously mentioned we can’t accommodate 6 propellers’. This
implies that the knowledge of the evaluation result of the first concept has been
learnt in-situ and applied in the evaluation of the third concept. In general, this
implies that the segments of the protocol illustrate that learning can occur in-situ as

the design progresses.

The three infeasible solutions led the designer to generalise in the statement:

“The most we can fit in the width of the ship appears to be three at any one time.”

This illustrates an example of learning a generalisation in-situ.

The details of the protocol segments and their coding illustrating in-situ learning
discussed above are given in Table 8.18. It will be too lengthy to state all of the
examples of learning in-situ here. One can refer to Appendix 1 for details of these

examples.

Among the examples of the learning in-situ, it is possible that some of the knowledge
increment will transform into long term experiential knowledge and some may be
considered as transient knowledge used in the problem-solving and the evolution of

the design to a final solution [24]. For example, a generalised rule of limiting the
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number of engines to three in the width of this particular vessel is an example of

experiential knowledge leamt in-situ that could be reused in later design scenarios of

vessels of similar width. The infeasible solution concepts would represent the

transient knowledge learnt during the concept generation.

Table 8.18: Protocol segments and coding of examples of in-situ learning

S;:Irial Segment of Protocol Interpretation of segment
0.
7 How to get 6 engines, 6 propellers in a row?

We could have 6 lines of shafting, 6
separate shafts.

But the practicality is that the vessel could
not accommodate 6 propellers in a row, let
alone six engines.

*The sub-goal of generating a concept to
accommodate 6 engines was given followed by a
possible arrangement

oThe phrase “the vessel could not accommodate 6
propellers in a row” indicates a negative evaluation
of the concept.

8 | Can we put 4 engines abreast? A pair of e An alternative arrangement using 4 engines
engines drl\{lng a single propeller and abreast and 2 engines was on the screen — another
arrange engines in staggered format - in one | possible concept.
area 4 engines abreast and in another area, 2
engines.

Inspection of these prospects is shown on oThe negative evaluation of the concept is
screen and as can be seen the ability to put4 | summarised by the phrases “4 engines in a row is
engines in a row is just grossly impractical. | just grossly impractical” and “this is not a sensible
There is no room, there is no room for the approach”. Reasons for rejecting this concept was
ship structure, engines have to go in at also given.

heights which made them difficult to

maintain and access, would raise the CG

and the impact of the overall stability of

vessel.

So, at a glance we can see that this is not a

sensible approach.

9 So we’ll look at another consideration. We | e A possible configuration based on a past
know from past installations it is possible to | installation is suggested in which a u-drive gearbox
put engine in U-drive gearbox which enable | is connected to the engine.
the engine to be placed in reverse eThe phrase “as previously mentioned we can’t
arrangement with a stub shaft coming from | accommodate 6 propellers” suggests in-situ
the engine to the gearbox and then the main | learning of a negative assessment of an earlier
propulsion shaft coming out underneath the | concept and the knowledge is now applied to the
engine and running aft to the propellers. current concept.

But this in itself may be a solution but as
previously mentioned we can’t
accommodate 6 propellers.
10 | The most we can fit in the width of the ship | Having considered the possible concepts to be

appears to be three at any one time.

infeasible, this statement suggests a generalisation
of a rule of thumb for this particular type of vessel.

Provisional triggers

The examples of provisional triggers of learning are not as numerous as examples of

retrospective or in-situ learning.

Table 8.19 illustrates a few examples.
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In the first example, the price per kilowatt of the four engines and six engines was

learnt provisionally before evaluating the two options. In the second example,

although a combined gearbox had been used in the water-jet application, an enquiry

was made provisionally regarding the availability of a combined gearbox with

reverse capability for that of propeller version of propulsion. The information or

knowledge learnt provisionally enabled the designer to pursue the concept of using

combined gearbox in the propeller version further.

Table 8.19: Protocol segment and coding of examples of provisional learning

Seg.
No.

Segment of Protocol

Interpretation of segment

2

This falls into two major areas of selection
either 6 engines or 4 engines of a larger
capacity.

We’re advised that the $/kW price of the 4
engines applications is prohibitive and that
we should concentrate our effort on 6
engines application.

e Two possible engine configurations based on
either 4 or 6 engines are being explored.

e The phrase “We’re advised” suggests that there
was an activity of information gathering which
results in the finding that the $/kW price of the 4
engines is prohibitive compared with the 6 engine
configuration. The information gathering was done
prior (i.e. provisionally) to the decision to
concentrate effort on the 6 engine application.

12

What we must do is communicate with
gearbox manufacturers to find if there is
anything suitable for this particular
application and for this particular power.

e The phrase “What we must to is communicate
with” suggest an activity of information gathering
provisionally to find out the suitability of a
particular gearbox (the combine gearbox in this
case) for a particular application and a given engine
power.

13

We know that these are typically available
for water-jet application. What needs to be
done is to establish if reverse reduction
capability for conventional propeller
arrangements. The gearbox manufacturer
has come back to us and has made a
recommendation but it’s only a tentative
one as it happen to be a gearbox suitable for
water-jet which doesn’t have a reverse
requirement eh, because for reversing in
water-jets, manipulation of the reversing
bucket over the jet nozzle gives the
reversing capability.

o The phrases “What needs to be done is to
establish..” and “The gearbox manufacturer has
come back to us and has made a recommendation
..” suggest that there is an activity of information
gathering provisionally prior to applying the
combined gearbox which has been used in water-jet
application to the propeller version which requires
a reversing capability.
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Rationale learning trigger

Rationale trigger denotes the reason why learning is triggered. The reasons

identified were novelty driven, expedience driven, conflict avoidance and failure

avoidance. Examples of these are shown in Table 8.20 below.

The first example of rationale learning trigger is novelty driven. The designer knew
of the application of combined gearboxes connected to waterjets in the narrow hulls
of commercial catamaran design. Being faced with a similar problem of space
constraint in the design of a conventional hull, he was led by the novelty of the idea
to inquire more knowledge from the combined gearbox manufacturer whether

combined gearbox can be used in conventional propeller design.

The second example of rationale learning trigger is expedience driven. As the
designer had to progress his shafting arrangement, which is influenced by the
position of the propeller and propeller size, he needed to know the diameter of the
propeller for the current design which absorbed similar horsepower at a similar
RPM. By learning about the diameter of a similar propeller design, he did not have
to perform detailed propeller design calculation and thus was able to progress the

design.

The third example of rationale learning trigger is driven by conflict avoidance. A
recent innovation of using vibration attenuation cave (VAC) fitted directly over the
propellers reduces propeller-induced hull vibration. The common approach to
reduce propeller-induced hull vibration is to increase the propeller tip clearance (i.e.
increase the distance of the propeller tip from the hull). This approach however, is in
conflict with the requirement to maintain low angle of shafting line as the increase in
propeller tip clearance will lead to an increase in the angle of shafting line. So by
learning from the experience of the installation of VAC, the designer was able to

resolve conflicting design requirements.

The fourth example of rationale learning trigger is driven by failure avoidance. Tank

structures connected to the bulkhead had localised cracking. This was caused by
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out-of-balance forces from the flexible drive shaft giving rise to vibration resonance
at the bulkhead. The problem was solved by the removal of the bulkhead bearing

and the introduction of a second pedestal bearing and hence this removed the source

of the out of balance forces. ~When faced with a similar design situation, the

designer learned from the design solution what is the modified arrangement to

support the flexible Cardan shaft in order to avoid a similar design failure in the tank
structure.
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Table 8.20: Protocol segment and inference of examples of rationale triggers

Seg
No.

Protocol segment

Interpretation

11

We 'need to fit some sort of gearbox that enables 2
engines to be connected to the one gearbox with a
propulsion shaft.

So, we know from commercial catamaran construction in
the market place that very narrow hulls eh, have to
accommodate a lot of engine installation and we know
that there are combined gearboxes that eh, enable so
many engines to be joined into one drive train.

This is an example of rational learning
trigger that is novelty driven. The
designer knew of the application of
combined gearboxes in narrow catamaran
hulls and thought that the concept can be
used for the current design where space is
a constraint which resulted in him
inquiring the gearbox manufacturer
whether the combined gearbox can be
used in conventional hull.

20

What is the other consideration? We know that from
separate consideration that the propeller of the order of
1.8 m. This is typically derived by calculation to absorb
power of the combined engines. {by calculation}. This is
taking a typical 3 bladed propeller. We know that there
are greater advances and more efficiency to be obtained
from a 5-bladed propeller or more.

But as an initial design consideration if we work on what
we know for ease of quick calculation we can conclude
that 1,800 mm diameter is what is necessary to absorb the
power and we’re assuming propeller speed propeller shaft
speed of something in the order of 700 rpm.

This is an example of rational learning
trigger that is expedience driven. The
designer had to progress his shafting
arrangement which is influenced by the
location of the propeller and the size of
the propeller. He needed to know the
diameter of the propeller without
resorting to detailed calculation. By
learning from the case of similar propeller
design, he applied the knowledge learnt
of the propeller diameter to expedite the
progress of the design.

22

And more recently, another innovation which is the
vibration attenuation caves which are fitted directly over
the propellers.

These enable us to fit propellers with clearances a lot less
to the hull than what would ordinarily be, perhaps to
avoid vibration being transmitted to the hull. This
attenuation panel made from elastomeric membrane is
suspended from watertight box directly in way of each
propeller.

With this facility or characteristic we assume a propeller
tip clearance of 15% of propeller diameter to work from.
What is the membrane face (i.e.the elastomeric
membrane face) to what is the centreline of the propeller?
This gives us a datum point to the aft end of the vessel.

This is an example of rationale trigger
that is driven by conflict avoidance.

The requirement to reduce propeller
induced vibration without increasing the
propeller tip clearance triggered what was
learnt regarding vibration attenuation
caves (VAC). Hence the VAC was
applied to the current design problem to
resolve the conflict of maintaining small
shaft angle and the need to reduce hull
vibration which is normally achieved by
specifying higher propeller tip clearance.

38,
40

And then a flexible Cardan shaft, universal drive shaft
was installed at the stub end at the bulkhead and at the
gearbox. The out of balance forces from the flexible
drive shaft caused vibration resonance at the bulkhead
which led to localised cracking of some tank structures
that are connected to the bulkhead.

But, this is overcome by doing away with the bulkhead
bearing and the introduction of a second pedestal bearing
on what would be the forward side of the bulkhead
replacing the bearing and thus taking away from the
flexible drive shaft, from the bulkhead any out of balance
forces which is connected to the bottom hull foundation.
A pedestal bearing which is originally connected is more
able to cope with the forces.

This is a lesson learnt and so in this new application
we’ll be looking to doing the same thing.

This is an example of rationale trigger
that is driven by failure avoidance.

The lesson was learnt of localised
cracking of some tanks connected to the
bulkhead structure caused by vibration
resonance arising from the out of balance
forces of the flexible drive shaft at the
bulkhead.

By learning how the problem of localised
cracking was solved, he applied the
solution to the current design.
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8.5 Summary of results of protocol analysis

In the proposed model of learning in design, it has been hypothesised that design and

learning are inextricably linked at the teleological level, at the epistemic level and
temporally.

In Sections 8.4.1 and 8.4.2 it has been shown that the elements of a design activity
and the elements of a learning activity can be identified in the segments of protocols.

However, it is not possible to identify the elements of the learning activity; they were

inferred from the protocol segments.

In Section 8.4.3 it has been shown that learning and designing are linked at the
teleological level. This was achieved through the identification of the elements of
the design goal and learning and the analysis of the interaction between them. It
was not possible to identify both design goals and learning goals in all the segments
of the protocol as these elements are not explicitly stated. Nevertheless in segments
where they are identified, the evaluation of their interaction suggests that these goals
interact in two manners which are:

. The learning goal precedes the design goal.

. The design goal precedes the learning goal.

It has also been shown in Section 8.4.4 that the protocol segments of various design
activities can be analysed into the elements of input knowledge and output
knowledge and the knowledge change or knowledge increment that was inferred is
achieved through knowledge transformers. This knowledge change or increment
may lead to the learning of new design knowledge. Thus there is subjective evidence

to conclude that design and learning are linked at the epistemic (knowledge) level.

In Section 8.4.5 the protocol analysis also provides evidence of the triggers of
learning, explaining what activates learning and when learning could take place
retrospectively, in-situ and provisionally. — The rationale trigger indicates what
activates learning. The temporal triggers show that there is a temporal relationship

between design and learning activities; that is there is a temporal link.
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° General domain knowled

ge which is th i :
knowledge, Y O,. e accumulation of output domain

The differences between the two models are discussed below.

Firstly, in the original model the input knowledge feeds into the knowledge transformer
and the learning goal that activates the learning activity through the knowledge
transformer. That is, the learning goal does not activate the learning trigger. Learning is
considered as a goal directed activity. For learning to be effective or proactive, learning
should be triggered by the learning goal. For example, when there is a failure in a
design, the learning goal would be to avoid the failure in a similar design. The goal of
avoiding the failure would trigger the learning process. As there is no link between the
learning goal and the leaming trigger, this would imply that the learning process will not
be triggered. Herein lies the weakness of the original model in that there is no direct link

between the learning goal and learning trigger.

This weakness is overcome in the peer evolved model. In the peer evolved model
the learning goal, L, activates the learning trigger and directs the learning process
through the knowledge transformer. Hence, in the peer evolved model, the input
knowledge not only feeds into the knowledge transformer but also the learning goal

which activates the learning process through the learning trigger.

v

L,

L
‘X ‘W
I, — > K —» O,

Figure 9.1: Original model of the learning activity but redrawn to highlight differences

The input knowledge is transformed into new output knowledge that may act as a reason
or goal for additional learning activity. The output knowledge can then feed back into
the learning activity as input knowledge in both the original and evolved models through
the learning goal. But there is a significant difference in the manner the output
knowledge is fed back as input knowledge in the two models. In the original model, it is

the output knowledge that activates the leamning trigger and re-iterates the learning
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learning goal when input knowledge is first transformed into output
knowledge and in the subsequent feedback of output knowledge into the
learning process by comparing with or modifying the learning goal.

The two additional elements (i.e. knowledge of knowledge transformers and
accumulation of knowledge) in the peer evolved model depict two important
aspects of learning.  Firstly, an appropriate knowledge transformer is

involved in the learning activity and secondly, the knowledge gain in a

specific design activity is in the context of and increases the knowledge

already learnt.

9.2 Protocol analysis

Protocol analysis has been used to evaluate a case study of a designer at work as
described in Chapter 8. The purpose of the protocol analysis was to evaluate and/or
evolve the original model of learning in design. The original model of learning has been
expressed in the formalisms of a design activity and a learning activity. The formalism
of a design activity hypothesises what the elements of a design activity are, and how
these elements interact. Similarly the formalism of learning activity hypothesises what
the elements of a learning activity are, and how these elements interact. The design
activity and learning activity themselves are hypothesised to interact in three manners;

they interact epistemically, teleologically and temporally as explained in Chapter 7.

9.2.1 Elements of a design activity

The first hypothesis concerns the existence of elements of a design activity. The
evaluation shows that the elements of a particular design activity identified are input
knowledge, design goal and output knowledge. But it is by the process of inference
using the hypothesis of sequential verbalisation that the input knowledge and design
goal are considered as inputs to the design activity and the output knowledge is the

output as suggested by the formalism of a design activity.

The ontology of design activities (see Chapter 5) was derived through a
comprehensive though not exhaustive literature survey of the corpus of knowledge
reported in journals, books and conference proceedings of design, cognitive science,

machine learning and machine learning in design. Tables 9.1, 9.2 and 9.3 below
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show a comparison between the ontology of design activities proposed in the model
and those identified in the protocol analysis.

Table 9.1: Design definition activities identified in the protocol analysis

Design activity Design activities identified in the protocol

analysis

Abstracting

Association
Decomposing

Defining

Detailing

Generating
Standardising
Structuring/Configuring
Synthesising

AN

NINININ NS

Table 9.2: Design evaluation activities identified in the protocol analysis

Design activity Design activities identified in the protocol
analysis

Modelling

Analysing 7
Testing/Experimenting

Evaluating 7

Decision making w4

Determining v

Verifying

Table 9.3: Design management activities identified in the protocol analysis

Design activity Design activities identified in the protocol
analysis

Constraining 4
Exploring v
Identifying v/
Information gathering v
Planning v
Prioritising v
Resolving d
Scheduling

Selecting v
Searching v

The comparison shows that some of the design activities are not identified in the
protocol recorded. The design activities not identified in the protocol are abstracting,
modelling, testing/experimenting and verifying and scheduling. This may be due to the
fact that the video recording was taken of a designer engaged in a particular type of

design task; in this case that of general arrangement of the vessel. Unlike conceptual
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although the designer did not state explicitly that he/she was learning during the design
process, 1t serves as evidence that learning had taken place though implicitly (i.e. without
the designer verbalising it) after evaluating the first concept. This example also serves to

illustrate that input knowledge to the design activity of generating concept is the same

input knowledge to the learning activity that occurred in-situ.

Inferring learning goals

In instances where it was inferred that learning could have taken place
(retrospectively or in-situ) through the application of knowledge it was possible to
infer learning goals from the context of the segment of the protocol. Each learning

goal was inferred with respect to the design goal identified in that segment.

Knowledge transformer

The protocol analysis shows that there was no explicit way of identifying the
element, knowledge transformer. In fact, the knowledge transformer is inferred by
studying the knowledge change in a design activity and the knowledge transformer is
then inferred from the nature of the knowledge change. Although care was taken to
interpret or infer the knowledge change in each segment of protocol correctly, one

cannot claim absolute objectivity in the interpretation.

Table 9.4 shows a comparison of the knowledge transformers postulated in the
formalism of a learning activity and those inferred through the protocol analysis.
The comparison suggests that protocol analysis provides evidence in support of the
repertoire of knowledge transformers in the proposed model of learning in design,
except for one pair of knowledge transformers (i.e. sorting/unsorting) that was

identified in the protocol analysis.
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Knowledge Transformers Model of learning in Inferred in the protocol

Group Rationalisation or de's;gn analysis
Clustering/Decomposition v
Similarity comparison/ v

Dissimilarity comparison v
Association/Disassociation v v
Derivations/Randomisation v v
Generalisation /Specialisation v v
Abstraction /Detailing v v
Explanation /Discovery v v
Sorting/Unsorting v

Knowledge of knowledge transformers

The protocol analysis reveals that there may exist a mapping between design
activities and knowledge transformers or vice versa. This revelation implies that the
design agent should have the knowledge of knowledge transformers by which
appropriate knowledge transformer(s) is applied for a given design activity. This
finding corroborates with the recommendation of the peer critique that the
knowledge of knowledge transformers should be considered as an additional element

to augment the original formalism of learning in design.

Temporal Triggers of learning
The three types temporal learning triggers (i.e. provisional learning trigger (L,,), in-
situ trigger (L,;) and retrospective trigger (L)) have been inferred to exist through of

the protocol analysis of the case study.

Output knowledge and Accumulation of Output knowledge

From the protocol analysis of Chapter 8, it can be seen that as a result of the knowledge
change, there are numerous types of output knowledge. Learning occurs when the
output knowledge is recorded in the memory of an agent. For the purpose of
classification, the list proposed by Grecu and Brown [40] has been used to classify the
types of output knowledge learned with respect to three categories of design activities.
The protocol analysis reveals that for each design activity, there is that transformation of
input knowledge into specific output knowledge through the knowledge transformer. At

the end of the design task, it is conceivable that there would be an accumulation of
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this inference from the protocol analysis suggests that there is an inextricable link
between the input knowledge to the design activity and the learning activity and the
output knowledge of the design activity and that of the learning activity. The
element that links the input knowledge and that of the output knowledge is the
knowledge transformer and the resulting knowledge change is in the context of a
specific design activity. That there is relationship between a design activity and

learning activity is not depicted in the original model of learning in design.

The original model of learning in design was not able to predict for a given design
activity, what the likely knowledge transformers for the knowledge change to occur
are; that is, what the mapping between design activities and knowledge transformers
is and vice versa. From the knowledge transformers inferred in the protocol analysis,
it is observed that there is a mapping between the nature of design activities and the
knowledge transformers. Table 9.5 presents the mapping between knowledge
transformers and the three categories of design activities (i.e. design definition

activities, design evaluation activities and design management activities).

From Table 9.5, it can be observed that for design definition activities, except for the two
pairs of knowledge transformers Explanation/Discovery and Sorting/Unsorting, the
knowledge transformers have been inferred in these activities. This is conceivable as the
nature of design definition activities is such that the knowledge transformers involved
will be those that promote an increase in definitional knowledge of the design rather than
knowledge transformers such as Explanation/Discovery and Sorting/Unsorting.  For
design evaluation activities, except for the two pairs of knowledge transformers, Group
rationalisation/Decomposition and Sorting/Unsorting, the knowledge transformers have
been inferred in these activities. These two pairs of knowledge transformers are less
likely to be responsible for the knowledge increment relating to design evaluation
activities. For design management activities, the pair of knowledge transformers, Group

rationalisation/Decomposition has not been inferred in these activities.
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ge transformers and categories of design activities

Knowledge i e .
Trans formg Design definition Design evaluation Design management
ers activities iviti jviti
Absraction/Detailing Defic activities activities
/D & elining Determining, Information gathering,
Evaluation Selecting, Searching
T — =1 =)
Association/ Associating, Defining, | Decision-making, | Identifying
Disassociation Str ; . il S g
ucturing/configuring, Determining
_ Synthesising

Derivation/ Generating, Analysing, Constraining, Exploring

Randomisation C 5 A &
Determining, Identifying
Decision-making,

: i Evaluation.
Explanation/Discovery | Not inferred. Decision-making Constraining, Exploring,
— - Identifying, Resolving

Gene.ral'lsat‘lon/ Defining Determining Constraining

Specialisation

Group Rationalisation/ | Decomposing Not inferred. Not inferred.

Decomposition

Similarity comparison/ | Generating, Analysing, Identifying

Dissimilarity Standardising Evaluation

comparision

Sorting/Unsorting Not inferred. Not inferred. Prioritising

The mapping between knowledge transformers and design activities indicates

explicitly the epistemic link between the learning and design activities. The mapping

also suggests that there is an underlying knowledge that determines when appropriate

knowledge transformers should be applied in specific design activities; the

underlying knowledge refers to the knowledge of knowledge transformers. This

therefore substantiates the recommendation of the peer review to include the

additional element of knowledge of knowledge transformers as an element in the

evolved model.

Figure 9.3 shows the relationship between a specific design activity, D,, and

knowledge transformer, K, and its relationship to mapping knowledge of knowledge

transformers K, and the repertoire of design activities D, stored in memory.

Figure 9.3: The mapping be

Memory
Mapping of K, & D,

v

Epistemic Link
D,: K
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modifications arising from the protocol evaluation.

For the purpose of deriving formalisms for the design and learning activities and the

analysis of protocol recording, the phenomenon of learning in design was dichotomised

into two distinct cognitive activities. In the evolved model, the interactions between a
design activity and learning activity are clearly shown. From the protocol analysis, it
was observed, in segments of the protocol in which in-situ learning and retrospective
learning were inferred, that the input knowledge into a design activity was the same
input knowledge into the leamning activity. Hence, there is no distinction between the

input knowledge to the design activity and learning activity depicted in the evolved
model.

There is a mapping between knowledge of design activities and knowledge of

knowledge transformers (D, :: K,) showing the inextricable link between the design

and learning activities at the epistemic level.

Depending on the nature of the design activity, there are two possible ways by which
design and learning goals interacts with one another; this depicts the inextricable link at
the teleological level. Firstly, the learning goal (which is triggered by the rationale
learning trigger, L,,) precedes the design goal (i.e. L,,— L, = D,). Secondly, the design
goal precedes the learning goal (i.e. D, — L,). Depending on the learning goal, the
output knowledge may act as the reason for further learning activity. Hence, the
feedback of output knowledge goes as input into the learning activity depicts the

iterative nature of the learning process.

For many of the design activities, the knowledge change which is a part of learning occurs
in-situ or provisionally. But for certain types of experiential knowledge (e.g. trends of
relationships among design parameters, knowledge of cause of failure in design) learning of
the knowledge is of utility value if it is learnt in retrospect. Hence there are three types of
temporal learning triggers (i.e. retrospective trigger (L), in-situ trigger (L;) and provisional
trigger (L)) shown in the model. For the retrospective learning trigger, the learning activity
succeeds the design activity (D, — K,). For the provisional leaming trigger, the leaming

activity precedes the design activity (K— D,). For the in-situ learning trigger, the learning
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List 1: Types of knowledge learnt.

analogical associations, constraints relating parameters of design, consequences of design
decisions, dependencies between design parameters, design rule, design method, failures
and conflicts, heuristics for failure discovery, heuristics for constraints, preferences,

preconditions and postconditions for rules, successful design, successful design process,
rationale for decision
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9.3.3 Backus-Naur Form of the model of learning in design

The elements of the model of learning in design, its respective terms and the
relations of their interaction can be expressed in the Backus-Naur Form [83].
Backus Naur Form (BNF) is a standard language for describing the syntax of typical
programming language. There are several major components of a BNF description.
At the lowest level, a terminal character is a character from the alphabet for the
language being described. Its use in a BNF statement means that a language
statement constructed according to that BNF rule must have that character embedded
properly in it. At the next level is a non-terminal that represents some sub-language

being described. A production rule or rewrite rule is a basic BNF statement that

indicates one way of generating part of the valid sub-language for some non-terminal

[83]. Its format is as follows:

<non-terminal> := <BNF-expression>

There may be multiple production rules (IF condition THEN conclusion) with the
same left-hand side non-terminal. The right-hand side of a production rule is a BNF
expression indicating the appropriate subset of valid strings for this terminal. A BNF
program consists of a set of production rules. The order of rules within the program

is immaterial; all ordering produce /define the same language.

The BNF can thus be used to implement a computer model of learning in design and
serves as a basis to implement a design support system. Figure 9.8 shows Backus-
Naur Form representation of the model of learning in design (See Appendix 3 for the

meanings of the symbols used (e.g. :=, <> etc.).
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<learning in design> := <design activi

C > = ty> | <learning activity> | <interaction i
learning activities> | {<learning - ¢ ons between design &

in design>}

<design activity> := <j .
° y> := <input knowledge> | <design goal> | <output knowledge> | {<design activity>}

<design activity> := <desien definiti - ) .
. 4 nition activity> | <design evaluation activi i
activity> Y g activity> | <design management

<design definition activity> :=

¢ ‘ v abstracting | associating | decomposing | defining | detailing |
generating | standardising | structuring | synthesising

<design cvglfuz.mon activity> := modelling | analysing | testing | evaluating | decision making |
verifying

<design management> := c.onstraining I exploring | identifying | information gathering | planning |
prioritising | resolving | scheduling | selecting | searching

<input knowledge > := <design drawing> | <design method> | <design rules> | <design requirements>
| < output knowledge>

<learning activity> := <input knowledge> | <learning goal> | <learning trigger> | <temporal learning

trigger> | <knowledge transformer> | <output knowledge> | < mapping>l {<learning
activity>}

<mapping> := <knowledge of design activity> | <knowledge of knowledge transformer>

<knowledge of knowledge transformer> := <knowledge transformer> | {<knowledge transformer>}

<knowledge transformer> := <knowledge transformer pair>

<knowledge transformer pair> := group rationalisation | decomposition; similarity comparison |
dissimilarity comparison; association | disassociation; derivation | randomisation;
generalisation | specialisation; abstraction | detailing; explanation | discovery; sorting |
unsorting.

<output knowledge> := analogical associations | constraints relating parameters of design |
consequences of design decisions | dependencies between design parameters | design rule |
design method | failures and conflicts | heuristics for failure discovery | heuristics for
constraints | preferences | preconditions and postconditions for rules | successful design |
successful design process | rationale for decision

<learning triggers> := <rationale learning trigger > | <temporal learning trigger>

<rationale learning trigger >:= expedience driven | novelty driven | failure avoidance | conflict
avoidance

<temporal learning trigger> := provisional trigger | retrospective trigger | in-situ trigger

<interactions between design & learning activities> := <epistemic link> | <teleological link> |
<temporal link>

<epistemic link> := <input design knowledge = input learning knowledge> and <output design
knowledge> = <output learning knowledge >

<teleological link> := rationale learning trigger — <learning goal> — <design goal> | <design goal>
— <learning goal>

<temporal link> := if provisional trigger then <learning activity> — <design activity> | if
retrospective trigger then <design activity> —> <learning trigger> | if in-situ trigger then
<design activity> ll <learning activity>

Figure 9.8: Backus-Naur Form representation of the model of learning in design.

248



Chapter 9
9.4

Evaluation of the model of learning in design

Evaluation of the evolved model of learning in design

The set of criteria used in Chapter 2 has been used to show the need of a model or
theory of learning in design. This predefined set of criteria is now used to evaluate

the evolved model of learning in design. To recapitulate, they are:

. Explanative capability.
. Predictive capability.

. Operationalisation.

. Comprehensiveness.

. Applicability.

9.4.1 Explanative capability

The evolved model of learning in design should exhibit explanative capability in

explaining the phenomenon of learning in design.

Grecu and Brown [40] have proposed a set of dimensions as a guide for comparing
research work of machine learning in design. Reich [39] has proposed a more elaborate
set of dimensions for describing learning in the context of engineering practice. Reich’s
dimensions consist of a set of fundamental questions that one would expect a model or
theory of learning in design would provide answers to. Hence it is appropriate to use
Reich’s dimensions (RD) or Grecu and Brown’s dimensions (GBD) as criteria for
evaluation of the proposed model of learning in design. But since RD is a more

comprehensive set of criteria, it shall be used to evaluate the model of learning in design.

Table 9.6 shows the evaluation of the evolved model using RD as criteria. For each of the
questions raised in RD, the model is evaluated in terms of what elements in its model are

able to provide the answer and in what manner the elements interact to provide the answer.

Who is learning? _ ' .
In Chapter 7, it is posited that it is an agent (i.e. either human or system) that is

involved in the learning activity. The agent is governed by the principle of
rationality. The principle of rationality dictates that the agent selects actions that will
attain the agent’s goal(s). In the context of design, the agent’s goal is defined by

design goal(s). However, the agent is not explicitly represented in the model. It is
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Table 9.6: Evaluation of the evolved model of learning in design using RD

Reich’s dimensions (RD)
Who is learning?

Elements in the of Model of learning in design
Not explicitly represented in the model although an agent
(human or system) is implied.
Learning goal L,, Rationale learning trigger L,, Link to D,.
Retrospective trigger (L,), in-situ trigger (L,) and
provisional trigger (L,,).
In the context of particular design activity D,
The output knowledge O, denotes the outcome of the
learning process. For a given design activity D,, it is
dependent on input knowledge I, the goal of learning, L,,
and the design goal, D,. The accumulation of Oy results in
EO,C.
Through the knowledge transformer (K,) and knowledge of
knowledge transformers, K,
Depends on the learning goal L, and activated by rationale
learning trigger, L,,.
What resources are needed to carry out | Not addressed by the model.
the learning activity?

Why does the learner want to learn?
When does the learner learn?

What is the learner doing?
What is learned?

How does the learner learn?

What are the consequences of learning?

How does the learner learn?

The evolved model of learning in design postulates that learning can take place through
knowledge transformers, Kt. These knowledge transformers describe different processes by
which knowledge change can take place and hence the appropriate knowledge transformer is
influenced by the knowledge of knowledge transformers and the nature of design activity;

that is, there is a mapping between the design activity and knowledge transformer.

What are the consequences of learning?

The consequences of learning are governed by the reason for which learning is
initiated (i.e. the learning goal). The reasons for learning are represented by
rationale learning trigger. These have been postulated to include reasons such as
novelty driven, excellence driven and failure avoidance [32] and so the consequences
of learning may lead to novelty in design, excellence and improvement in design

[32].

What resources are needed to carry out the learning activity?

The resources needed for learning is dependent on what is to be learnt, the manner in
which learning can take place through knowledge transformers and the goal of
learning. This requires a cost-benefit analysis of different algorithms or machine

learning methods for a given knowledge. However, this aspect is not addressed by
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the model and it will become pertinent in implementing the elements of the model as
a design support systems.

The evaluation of the evolved model or Model-LinD against RD’s criteria shows that
the model has explanative capability in explaining the phenomenon of learning in
design of a single designer. Through the interactions of its elements, Model-LinD
has the explanative capability in describing the phenomenon in terms of what
knowledge can be learned and how that knowledge learning is learnt, when learning
occurs and the motivation and consequence of the learning. Models of learning in
design reviewed in Chapter 2 are able to explain limited aspects of the phenomenon.
For example, exploration-based model, design reuse model and Design/Learning
Loop are able to explain learning in retrospect and in-situ but they do not feature a
comprehensive definitions of knowledge transformers to explain how learning
occurs. Model-LinD features three links (epistemic, teleological and temporal) to
explain the inextricable link between learning and design. However, the inextricable
link that characterises the phenomenon is not apparent in models of learning in
design reviewed). Hence, it is reasonable to conclude that Model-LinD displays
explanative capability to explain the phenomenon of learning in design. As
discussed in Chapter 2, since explanative capability is considered as the most
important characteristic of a model or theory, the objective of developing a model of

learning in design has been achieved in Model-LinD.

9.4.2 Predictive capability

The evolved model of learning in design has limited predictive capability. The
evaluation of the protocol analysis suggests that for a given type of design activity
there is a possible set of knowledge transformers. This observation however is based
on one protocol analysis. Hence the mapping of design activities and corresponding

knowledge transformers cannot be considered as conclusive.

The evolved model is able to predict that the learning and design goals are
teleologically linked in two possible ways: the design goal precedes learning goal or

vice versa. The interaction between design and learning goals is not featured in other

models of learning in design.
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While it is able to predict that the design activities and learning activities are
temporally linked, it is not able to predict for a given design activity, its temporal
relationship with the learning activity. However, through the protocol analysis, it is
clear that for certain design activities, learning can only occur in-situ. For example,
for the design activity of determining, it is generally observed that the related
learning activity occurs in-situ. Another example is the activity of evaluating a

design concept where spatial and geometric considerations are involved, the outcome
of the evaluation has to be learnt in-situ.

While Model-LinD has some predictive capability, it lacks an inference structure that

will enable it to predict the outcome of the phenomenon in a conclusive and

comprehensive manner.

9.4.3 Operationalisation

This requires that all terms and concepts used in the new model or theory be subjected to
operational definition. The Backus Naur Form (BNF) representation of the model of
learning in design can be used for the operationalisation of the model; that is to implement a
computational model of learning in design. While the BNF representation has been the basis
of successful implementation of many programming languages, by implementing a
computational model of learning in design using the BNF representation given in Figure 9.8

will ensure that it is not implemented on an ad hoc basis, but rather on a formal basis.

9.4.4 Comprehensiveness

Design and learning by themselves are complex cognitive activities. In developing the
model of learning in design it is intended to explain the phenomenon of learning situated
in a design context. By itself, the model must address the complexity that arises when
the activity of designing and the activity of learning interact. Based on the evaluation
using RD as a set of criteria (in Section 9.1.2), it has been shown that the evolved model,
Model-LinD is able to provide explanations to fundamental questions that one would
expect a model of learning in design to do. Thus except for the question that involved
the use of resources to perform the learning activity, it is reasonable to state that the
evolved model is indeed comprehensive in explaining the phenomenon of learning in

design of a single designer. This conclusion is based on the evolved model of learning
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Discussion and future work

Central to the research work of this thesis has been the identification of and the
development of a model of learning in design. To pursue the research work, the research
methodology identified was based on the research perspective of pragmatic scientism in
which the underlying research methodology is the scientific method (see Section 3.2.1).
This led to the development of a model of learning in design and subsequently its
evaluation using peer review (by a community of researchers), protocol analysis and
against a predefined set of criteria. The evaluation resulted in the evolution of the
proposed model. While the model of leaming in design was able to explain the
phenomenon as recorded in the protocol of a designer at work, the model is found to be
inadequate in many aspects as revealed by the evaluation in Chapter 9. This inadequacy
may be due to the manner in which the research task has been performed (i.e. research
methodology) or due to the nature of the model itself or the inadequacy of the methods
of evaluation. Therefore, this Chapter has three objectives. Firstly, it is pertinent to
discuss the strength and weaknesses of the research approach taken. Secondly, the
results of this research work in terms of the model developed are summarised and the
inadequacies highlighted. Thirdly, future work is proposed in the light of the results and
inadequacies presented so that the research task of developing a generic model or theory

of learning in design can be achieved.

10.1 Research approach

The scientific method used requires the formulation of hypotheses regarding the
proposed model or theory and these hypotheses are to be validated or evaluated by
experiment. Hence a model of learning in design has been formulated and subsequently

evaluated by peer review and analysing a protocol recording of a designer at work.

While it is true that the scientific method can be applied in all disciplines, it has to be
adapted to fit the specific needs of the research problem [268]. The study of science and
the discovery of scientific theories and laws are achieved through a systematic, well-

focussed and well-established scientific method. The formulation of a theory/model of
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learning in design, however, has to deal with the complexity of the application of

scientific knowledge to design, and the complexity of the human learning processes in
the design process either working individually or working in a team. Hence, the nature
of developing a model or theory of learning in design is such that it has to do with the
cognitive processes of a designer (i.e. the designing process and the learning process).
The cognitive processes being neural activities of the human brain are not directly
observable. Where there were problems associated with observing and recording data
that characterised the model, the history of science has shown that these problems were
overcome when the appropriate equipment or devices or even measuring instruments
were constructed that were sensitive enough to record the data [120]. However, the
problems associated with observing the billions of neural activities in the human brain

during the learning process have remained intractable.

Although scientific theories and models, models of learning in design are products of
human cognitive processes, there are two distinct differences between the scientific
theories and models and models of leaming in design. The first is science (for which
scientific theories are developed) has to do with the study of nature around us and leaming
in design has to do with study of the learning behaviour of a human designer. Hence the
human becomes the object of the study rather than nature. The second distinct difference
lies in the nature of the results of their respective experiments (i.e. experiments on
validating scientific theories and case studies in evaluating models of learning in design).
The scientific theories and laws can be validated by repeated experiments and the results
within the limits of experimental errors are always consistent. On the other hand, models
of learning in design are more difficult to evaluate or validate because the object of the
investigation is a human cognitive process. Human designers become the subject of the
scientific paradigm of hypothesis testing through evaluation or experimentation. But no
two designers are alike in the manner they perform a design task and hence their cognitive
processes during designing may be different. Although it is possible to validate scientific
theories by repeated experiments, the same approach of investigation cannot be used for
the model of learning in design. Hence rather than trying to validate the proposed model
of learning in design, the method of investigation is that of evaluating the model by peer
review and evaluation through a case study. But the manner in which the evaluation has

been performed is not without any weaknesses. The weaknesses are:
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o Inadequacy of peer review.
. Weakness of case study.
. Weakness of scope of evaluation.

Inadequacy of peer review

While peer critique provides collective wisdom in evaluating the model of learning in
design, the changes made to the model are at best hypothetical in nature. Each of the
critique is based on the critic’s understanding of the phenomenon and hence it could be
subjective and maybe non-conclusive in its contribution. Nevertheless, its value lies in
the fact that it is a model that is acceptable by the group of researchers at the time of the
critique. This can be considered in Kuhn’s paradigm, as in the state of normal science
until some anomalies are raised on the ground of empirical evidence or rationalisation.

Hence, by itself peer critique cannot be considered as a de facto method of evaluation.

Weakness of the protocol analysis

The protocol analysis of the video recording suffers from the lack of objectivity in
the manner in which it was analysed. As it was analysed solely by the author of this
thesis, it is difficult to claim there is absolute objectivity. The presence of
subjectivity was minimised by re-analysing the protocol recording after a period of a
few weeks. But this is also recognised as inadequate in trying to ensure that the
analysis is as objective as possible. Therefore the manner in which the protocol
recording has been analysed can be considered as a weakness of the research
approach. This would not be so had it been that the analysis been done under
different circumstances where another researcher can be involved in the

investigation.

Another weakness of the protocol analysis is that of identifying the incidence of learning
within the segments of the protocol. That is, the designer did not state explicitly when
he has learned new knowledge. The incidences of learning were inferred through
identifying segments where there was application of design knowledge and a noticed
knowledge change. One approach that may overcome this weakness is to interview the
designer retrospectively regarding those instances where there was application of

learning in order to establish how and when the design knowledge was learmed in the
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Weakness of scope of evaluation

There is a need to explore further how the model of learning can be modified through
protocol recordings of different designers performing different nature of design tasks (e.g.
conceptual design, configuration design and detail design etc.) since these protocol
recordings represent the reality of the phenomenon of leamning in design. To be a truly
comprehensive model of the phenomenon of learning in design, there is a need to consider
the social aspect of design where designers learn from one another through their interactions
m the course of designing. To study the phenomenon of learning in design with designers

working as a team there is a need to record and analyse the appropriate protocols.

10.2 Results and solutions

The purpose of the research work presented in this thesis has been to develop a
model of learning in design that can explain its phenomenon and hence serve as a
basis to develop design support systems. This has resulted in a descriptive model of
learning in design that features two distinct cognitive activities (i.e. a design activity
and a learning activity for the purpose of simplification) that interact in three distinct
manners in order to explain the phenomenon of learning in design adequately. The

two cognitive activities have been described by two formalisms.

The formalism for the design activity is described in terms of its elements, namely input
knowledge, design goal, knowledge of design activities and knowledge output as a result
of the design activity. The formalism has been used as a generic description for a
repertoire of design activities that are necessary for the completion of a design task. The

formalism has been used to analyse the knowledge change for a given design activity.

The second formalism describes the learning activity in terms of the elements of input
knowledge, learning goal, leamning trigger, knowledge transformer and output
knowledge. The formalism was further augmented by two more elements through a
peer evaluation. The two elements are knowledge of knowledge transformers and the
accumulation of output knowledge as distinct from specific output knowledge that may
arise from each learning activity. The formalism also depicts the manner in which these

elements would interact. For example it is the learning goal that activates the learning
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activity through the leaming trigger. The different manners in which knowledge change

can oceur 1s represented by a repertoire of knowledge transformers.

The model of learning in design also features three hypotheses that describe the
inextricable link between the learning and design activities. These links have been
referred to as epistemic, teleological and temporal links. The hypothesis on the
epistemic link states that design and learning as cognitive activities can be described at
the knowledge level. The teleological link prescribes that design and learning being
purposeful cognitive activities interact through the design and learning goals. The
hypothesis on the temporal link prescribes that learning can occur in retrospect of a

design activity, in-situ (or during a design activity), or in anticipation of a design activity.

The two formalisms and the three hypotheses have been evaluated by analysing a
protocol recording of a designer at work. The protocol analysis shows that the elements
of the design activity can be identified/inferred in segments of the recording depicting
these design activities. While it was more difficult to identify when learning had taken
place, in segments where there was application of knowledge it was possible to
identify/infer elements of the learning activities (i.e. learning goal, knowledge
transformer and learning triggers). The protocol analysis also shows that there is some
evidence in support of the three hypotheses that describe the inextricable link between
the design activity and learning activity (i.e. these interact through the epistemic,
teleological and temporal links). The results of its evaluation as described in Chapter 9
led to further modifications resulting in a new model of learning in design. The new
model of learning in design has been expressed in BNF notation. This would facilitate
implementation as a computer model of learning in design. It cannot be considered as a
generic model as there is a need to subject the model to more extensive and less
subjective evaluation. However, it is reasonable to conclude that the research work in
this thesis has introduced a novel descriptive model of learning in design and can act as

an initial basis upon which to further advance the state of knowledge in the filed.

10.3 Future work

The future work proposed is seen in the context of a research framework promoted by
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Dutty and Andreasen [269] and Duffy and O’Donnell [125]. The research framework
was based on the hypothesis that models should be built based on the “reality” of design

and continually evolved to develop tools to support design. The evolution involves the

building of phenomena models, information models and computational models.

Phenomena models are primarily based on upon observations and analyses of the
“reality” of design and the use of tools employed and hence reflect design practice.
Where appropriate, these models are then developed in more detail as information
models and similarly as computational models and tools [269]. Figure 10.1 shows the

relationship of the future work to the phenomena model of learning in design developed
in this thesis.

The research work of this thesis has resulted in a descriptive model of learning in design
of a single designer. There is therefore a need to understand the phenomenon of learning
of a designer in a team of designers at work and derive a generic model or theory from
which information model(s) of learning in design and/or computational model(s) can be
developed. In developing a computational model of learning in design there is a need to
understand the issues and differences involved between human learmning in design and
that of implementing computational models or systems. This is because the analysis of
protocol recording in Chapter 8 shows that the cognitive activities of the designer, while
working on the design task, involved both verbal (symbolic) and visual (pictorial)
processing of information and knowledge. The review of systems of machine learning
in design in Chapter 6 shows that machine learning algorithms used are largely symbolic
or sub-symbolic in nature. Hence the future work proposed here is directed at
improving/modifying the model of learning in design (given in Chapter 9) so that a more
comprehensive/complete generic model or theory of learning in design is derived so that
effective computational model or systems can be built to support designers. In the light

of these considerations, the following areas are suggested as avenues of future work:

. Enhancing the explanative and predictive capability of the model of leamning in
design.
. Extending the comprehensiveness of the model of learning in design by explaining

not just the learning behaviour of a single designer but of a team of designers.

. Implementing an effective computational model of learning in design by
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studying the issues and differences between human and computer models of
learning i i

ng in design so that a human/computer symbiosis can be achieved in a
design support system.
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Figure 10.1: Research framework for future work (adapted from [125]).

10.3.1 Enhancing explanative and predictive capability

The model of learning in design was based on the results of peer evaluation and that of a
single protocol analysis. In order to derive a more generic model of learning in design or
a theory of leaming in design, there is a need to study the phenomenon of learning in
design more extensively through protocol analysis. By studying and analyzing protocol
recordings of designers at work in different types of design tasks (e.g. conceptual design,
detail design) and in different design domains (i.e. architectural, mechanical, electronics
etc) it is envisaged that a more generic model of learning in design can be evolved.
Through such extensive study it is envisaged that a generic model of learning in design
can be formulated, evaluated and substantiated leading to a theory of learning in design.
In the process, the study could substantiate or modify the formalism for design activity,
the formalism for learning activity, and add/modify the hypotheses regarding the

interactions between the design and learning activities.

It is envisaged that extensive study of the phenomenon of learning in design of a single
designer may lead to a generic mapping of design activities to knowledge transformers.

The protocol analysis of the single designer in Chapter 8 has revealed patterns of sequence
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of design activiti i
& es. This pattern of sequence of design activities may influence the

manner in which procedural design knowledge may be learned. It is envisaged that the
extensive study that is based on the reality of design will lead to a prescriptive model of the

design process and the manner in which knowledge of design rationale may be learned.

10.3.2 Model of learning in team design

Design is a social activity as much as it is a cognitive activity. This is because design often
requires the knowledge of more than a single discipline [1] or from a team of designers
with expertise knowledge of different disciplines. Because design is a social activity that
is knowledge intensive, there is sharing of knowledge among team members [270]. Hence
it is reasonable to extend the model of learning in design of a single designer to that of a
team. By extending the current work of developing a model or theory of learning in
design to that of a design team, the model would then be in a position to explain or predict

the phenomenon of learning in design in a more comprehensive manner.

In formulating a model of learning in design for a single designer the research work has
revealed the challenges and difficulties encountered in such a formulation. Formulating such
a model for a team of designers would present even greater complexities. These
complexities are therefore avenues for further research work in order to achieve the research
goal of developing a more comprehensive model or theory of leamning in design. Some of

the complexities faced in developing a model or theory in design are discussed here.

In the context of team design, Siemiemiuch and Sinclair [13] are involved:

. Knowledge that is of direct relevance to the development of products.
J Knowledge that is required to manage the development of the products.
. Knowledge that is required for cooperation in the application of knowledge.

Hence, in addition to learning design knowledge within a single designer’s context,
the model of learning in design would have to explain or predict the different types
of design knowledge that can be learnt through interaction among members of a
design team. This may involve recording protocols of a team of designers at work,

analysing categories of knowledge learnt by each designer and knowledge learnt

through interaction by the team members.
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Perry and Sanderson [271] highlighted and established the importance of two key
dimensions of joint design work: social and organisational interactions, and the ongoing
nature of the knowledge representation and transformation work that takes place through
the use of design artefacts (e.g, plans, models, prototypes and visualisation). Their case
studies provide empirical observations that design work can no longer be adequately
conceptualised in terms of ‘individual intelligence’, nor as a linear process with a set of
design stages. But rather, it should be viewed as a situation in which joint, coordinated
learning and work practices evolve, and in which artefacts help to mediate and organise
communication. The observation by Perry and Sanderson adds further complication to
the manner the representation and evolution of the design artefact would affect both

learning of design knowledge by an individual designer and corporately as a team.

Learning knowledge of strategies for conflict detection and resolution for a team
design may introduce complexities that are not envisaged for that of a single
designer. Klein and Lu [272] developed a model of conflict resolution for
cooperative design through protocol recording of a team of architects designing a
house. They observe that knowledge acquisition in cooperative design presents
special challenges and requires additional techniques compared to traditional

knowledge acquisition.

10.3.3 Issues and differences between human learning and machine learning

In developing a computational model based on the phenomena model of human
designer’s learning in design there are many issues and differences that have to be
addressed in order that design support systems can be effective and efficient in

supporting designers at work. However two issues are raised for discussion here. They

are:
. The verbal and visual processing of information/knowledge during design.
. The loss of fidelity over time of human memory and hence of learning

knowledge.

Verbal and visual processing of knowledge

It is fact that humans are adept at processing (i.e. remembering (learning) and

recognising) complex arrays of three-dimensional objects and pictures (i.e. two-
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dimensional representation of a three-dimensional object). That humans can

recognise the conceptual identity of pictures and their corresponding real objects

implies that picture processing is relatively simple [27 3].

It is also known that an average person coordinates visual and verbal processing and
almost all activities involve some interaction between the two systems [273]. That

there is interaction between the visual and verbal system is evident in the protocol
recording of the designer at work.

Design involves the manipulation of objects or pictorial representation of design in terms
of drawings and sketches. Learning in design involves the processing of both visual and
verbal (symbolic) information. For example, learning of the result of evaluating whether
a concept is feasible involves the visual processing of the composition/interactions
between design objects before a verbal pronouncement of the result is made and
recorded in memory; human designers appear to perform visual and verbal processing
almost effortlessly. These observations cannot be said of the manner in which machine
learning systems learn patterns or pictorial representations or objects. For machine
learning systems to learn these patterns or objects requires implementation of complex
algorithms. Hence a clear understanding of the manner in which the visual and verbal
information interacts during learning from a human learning perspective and from a
machine learning perspective must be sought in order that a human/machine symbiosis

can be achieved.

Loss of fidelity of human memory over time

While humans have flexibility in leamning all types of knowledge under different
circumstances, humans suffer from forgetfulness and the inability to record knowledge
learnt verbatim. Humans suffer from what is known as a decay hypothesis which states
that memory simply weakens as a function of time and is therefore harder to retrieve [37].
Machine learning does not suffer from the human phenomenon of forgetfulness but has
great fidelity in recording the knowledge learnt. But it lacks the ability to learn all kinds of
knowledge unless its repertoire of knowledge transformers and machine learning methods

are programmed to learn that particular kind of knowledge. While human leaming may

264



Chapter 10 . .
Discussion and future work

occur consciously as well as subconsciously, machine learning has to be triggered. These
differences between human leaming and machine learning however need not present
stumbling blocks in building design support systems. But rather they should serve as

avenues in which weaknesses of human learning can be overcome by the strength of the
machine learning.

Some differences between the two behaviours of learning (i.e. human learning and machine
learning) are discussed here. It is not meant to be exhaustive, but to highlight the need for a
thorough understanding of these differences so as to lead to a synergy between the two types

of learning and which results in the building of effective and efficient design support
systems.
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Conclusion

The theme of the research work presented in this thesis has been the modelling of
learning in design. The main contributions derived and conclusions reached through the
research methodology of pragmatic scientism is the focus of this Chapter. This thesis

contributes towards the knowledge of modelling learning in design and has resulted in a

novel and comprehensive model of learning in design.

Design practice characterised by design activity and learning activity

That the phenomenon of learning in design exists has been observed by many
researchers in design and machine learning in design. That design practice is
characterised by design and learning activities has been the basis on which many design
support systems or Machine Learning in Design (MLinD) systems have been built (See
Chapter 2 and Chapter 6). These systems have been developed on an ad hoc basis,
without a comprehensive formalism to support their development. Without a
comprehensive formalism (i.e. a model or theory), these systems have been developed
based on specific aspects of learning in design, to describe or prescribe what learning in
design is. But, until the publication of this thesis, there was no model or theory of

learning in design.
The phenomenon of learning in design

This thesis describes learning in design as a phenomenon that occurs in the context
of design (i.e. situated learning). It was hypothesised that the cognitive activity of
designing is inextricably linked to the cognitive activity of learning. Every design
situation is seen as an opportunity for learning design knowledge. In order to study
the phenomenon, every design action or design activity provides an opportunity to

study the phenomenon so as to answer the epistemological questions:

L What is learned?

. How does learning occur?

o What is the goal of learning?
. When does learning occur?
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Critical review of existing theories, models and systems

To determine if there were indeed an existing model of learning in design, that could
explain or predict the phenomenon of learning in design, existing models or theories of
design and/or of learning that represented a cross section of the design domains were
identified and reviewed. The review shows that there are descriptive models and
theories of design that describe the nature of the phenomenon of design. There are also
prescriptive models and theories that prescribe how design should be performed. Most
of the models or theories reviewed describe or prescribe the design aspect per se without
describing the learning aspect. In some models (e.g. exploration-based model, design
reuse model and design/learning loop) and MLinD systems in which some aspect of
learning is featured, the review showed that these models and systems were inadequate

in describing the phenomenon of learning in design.

Criteria for evaluating theories and models

The models or theories were evaluated using a set of criteria that characterised a
model or theory in general and a model or theory of learning in design in particular.
The pre-defined set of criteria used in the evaluation of existing models and theories
were identified as explanative capability, predictive capability, comprehensibility,
operationalisation and applicability. That is, a theory or model must exhibit one or

several of these characteristics before it can be considered to be a model or theory.

Non-existent model of learning in design

The review of theories, models and systems points to one of the contributions made
by the research work. That is, there is indeed no theory or model that can explain the
phenomenon of learning in design. Hence the need identified was to develop a

model of learning in design and as a consequent, an approach to model learning in

design.

Research methodology used to derive the model of learning in design

Leamning in design is not strictly a scientific phenomenon, but a phenomenon of the
cognitive processes of designers who apply scientific laws, principles and theories to

design. Therefore, although the principal research methodology adopted was that of
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scientism, the method of evaluation was not through experimentation as is the norm for
traditional scientific work, but through a case study of a designer at work; this research
methodology was referred to as pragmatic scientism. Hence the research methodology
for modelling learning in design consisted of two complementary approaches. The first
approach was to derive formalisms for modelling the design and learning activities and
to present three hypotheses describing the interactions between these activities; the
formalisms and hypotheses constitute a proposed model of learning in design. The

second approach was to evaluate the proposed model through a protocol analysis.

Requirements for a model or theory of learning in design

The requirements for a model of learning in design were identified using the same pre-
defined set of criteria to evaluate the theories and models of design and/or learning. It
was determined that the model developed must answer the epistemological questions

raised above in explaining the phenomenon of learning in design.

A model of learning in design

That the phenomenon of learning in design can be characterised by two cognitive
activities served as basis to develop the model of learning in design (Model-LinD).
From the review of published literature, two formalisms were derived for these
cognitive activities. The Model-LinD was derived by studying the manner in which
these cognitive activities interact and the nature of these interactions so that it

explains the phenomenon of learning in design.

Formalism for design activity

From the review of the published literature on design and case studies on design (e.g.
analyses of protocol recordings), the numerous design activities that designers
perform were identified and classified into design definition activities, design
evaluation activities and design management activities. The review also served as
the basis for the formulation of a formalism for the design activity. The formalism
for a given design activity consists of the elements of input knowledge, design goal
and output knowledge. The formalism was used to analyse knowledge change that

may occur for a repertoire of design activities; knowledge change in a design activity
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Protocol recording and analysis for the phenomenon of learning in design

A protocol recording of a designer at work provided another avenue by which the
phenomenon of learning in design was studied and analysed. Through the protocol
analysis, the list of design activities identified through the published literature on
design and cased studies on design was substantiated. The elements presented in the
formalisms for the design and learning activities were also identified and
substantiated. The original repertoire of knowledge transformers was augmented
with an additional knowledge transformer (i.e. sorting/unsorting) to account for

knowledge change of the design activity of prioritising.

The protocol segments were analysed in terms of the interactions between design and
learning activities in the related elements in order to substantiate three hypotheses
raised on the interaction between these activities. The protocol segments of various
design activities was analysed into the elements of input knowledge and output
knowledge from which knowledge change and the corresponding knowledge
transformer that may lead to the learning of new knowledge were inferred. It was
observed that there is a relationship between design activities and knowledge
transformers for the three categories of design activities (i.e. design definition
activities, design evaluation activities and design management activities). Therefore,
a mapping between the design activities and the set of knowledge transformers was
derived. It was on the basis of the mapping that it was suggested that design
activities and learning activities are inextricably linked. Hence, there is subjective
evidence to conclude that design and learning are linked at the epistemic

(knowledge) level.

The identification of the elements of the design goal and learning and the analysis of
the interaction between them showed that learning and designing are linked at the

teleological level. The evaluation of their interaction suggests that these goals

interact in two manners which are:

. The learning goal precedes the design goal.
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o The design goal precedes the learning goal.

The protocol analysis also provided evidence of the triggers of learning to explain that

learning took place retrospectively, in-situ and provisionally. This shows that there is a

temporal relationship between design and leaming activities; that s there is temporal link.

The findings of the protocol analysis were used to evaluate and evolve the original
Model-LinD.

Evaluation of a model of learning in design

The original Model-LinD was evaluated and evolved through peer review and the
findings of the protocol analysis. Through the peer review, two elements (i.e.
knowledge of knowledge transformers and accumulation of output knowledge) were
added to augment the formalism for the learning activity. Secondly, the protocol
analysis was used to substantiate the elements of the design activity and the learning
activity. The three hypotheses relating to the interactions between design and learning
activities were also substantiated showing that the epistemic link, teleological link and
temporal link exist between the activities. As a result of the evaluation through the peer
review and the protocol analysis, the evolved Model-LinD was derived. The evolved
Model-LinD features learning in design as transformation of the input knowledge into
output knowledge through the interactions between the design and learning activities
that are determined by teleological link, epistemic link and the temporal link. The
epistemic link explains the mapping between the specific design activity and
corresponding knowledge transformer which is derived from the mapping between the
knowledge of knowledge transformers and repertoire of design knowledge stored in
memory. The teleological link explains the interaction between design and learning
goals. The temporal link explains that the phenomenon of learning in design can occur
retrospectively, in-situ and provisionally. The knowledge output is stored in memory

that accumulates experiential design knowledge.

The evaluation of evolved Model-LinD against the pre-defined set of theory criteria
showed that the model has comprehensive capability of explaining and limited

predictive capability in describing the phenomenon of learning in design.
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Strengths and weaknesses of the model of learning in design

The original Model-LinD was formulated based on formalisms and hypotheses (as

described in Chapters 5, 6 and 7) to satisfy the need identified of the non-existence of a
model of learning in design. The evaluation of the original Model-LinD through the
results of the peer review and protocol analysis resulted in the evolution of the model.
The evolved Model-LinD features formalisms for both the design and learning activities
that has epistemic, teleological and temporal links. The evolved Model-LinD has been
evaluated against a pre-defined set of criteria. The evaluation showed that the evolved
Model-LinD is able to explain comprehensively the phenomenon of learning in design

that occurs in design practice. Hence the main contribution of this thesis has been the

development of a model of learning in design.

The weaknesses of the development of the model lie in the subjectivity that may
exist in the protocol analysis and the lack of extensive evaluation using more
protocol recordings and analyses. While the evaluation of the evolved model
showed that it has explanative capability and limited predictive capability, it
nevertheless lacks an inference structure for it to have comprehensive predictive
capability. This weakness is due to the lack of extensive evaluation by which it is

envisaged that a more generic model or theory of learning can be derived.

As the phenomenon of learning in design occurs both in the context of a single designer
as well as a team of designers, the model lacks the comprehensibility in explaining the
phenomenon in the context of a team of designers. Designers can learn through
interactions among team members. Since the derivation and evolution of Model-LinD
was based on the protocol recording of a single designer, it is capable of explaining the

phenomenon of learning in design only in the context of a single designer.

Future work

The future work as recommended in Chapter 10 was based on enhancing the predictive
capability of the evolved model and its comprehensiveness in explaining the phenomenon
‘n the context of a team of designers. It is also based on the need to understand the

difference between human learning and computational leaming in design so that an
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effective symbiosis between man and machine can be achieved. It is also based on an
aspect of leaming that was identified in the protocol analysis, that of visual learning that is
not a feature in the model. Tt is envisaged that the future work would lead to a generic
model or theory of learning in design on which future effective and efficient design

support systems or Intelligent Design Assistants (IDA) can be developed to support
designers.

Figure 11.1 provides a summary of the work presented in this thesis by highlighting
the contributions and their dependencies.
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Apperidix 7

The vessel is also, as it’s being built in US, with US money, there is a

desire to fit as much as practical USA manufactured equipment rather than

purchased it from elsewhere. This poses some difficulty because the
marine market in the States has not been geared to the manufacture of
small patrol craft or small warship. Mainly the American fleet is a blue
water deep ocean going fleet. Their systems, weapons systems are geared
for much larger crafts. There’s a lot of home-made systems that suit the
particular requirements.

Therefore we’ve to look to overseas for different suppliers maybe some
with USA connection which will make selection with some situation more

acceptable to the USA government.

00:05:00/
2

So, we’ve done some preliminary powering requirements for this vessel
and have established there is a need for something in the order (I don’t
know the figure at hand which is X number of megawatts.

This falls into two major areas of selection either 6 engines or 4 engines of
a larger capacity.

We're advised that the $/kW price of the 4 engines applications is
prohibitive

and that we should concentrate our effort on 6 engines application.
So this in itself is the driver to the design. This adds to the complication

of having to accommodate 6 propulsors in a relatively small envelope.

A-2



oD, = preliminary powering requirement.

D, = Analysis.
I, = details of vessel.
O, = X megawatts.
D, = type of engines.
D, = Exploring.
I, = X megawatts.
- O, = 6 engines or 4 engines.
D, =prices of engine.
D, = Information gathering.
I, = 4 engine or 6 engine option.

O, = $/kW price of 4 engines >> $/kW price

for 6 engines.

oD, = engine option.

D, =Decision Making.

I, = Price/kW of engine options.
O, = accommodate 6 engines.

K, =Dr

T, = In- situ (L,)

AK = Knowledge of power requirements
from attributes of vessel.

oK, =Di

T, = In- situ (L,)

AK = Knowledge of options of engine
type for given power requircments.
oK, =Ac

T, = In- situ (L,,)

AK = Knowledge of prices for enginc
options.

oK, =Dr

T, = In- situ (Lti)

AK = Knowledge of power requirements
from attributes of vessel.
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00:06:00/
3

We can sec straightaway this compromises certain aspects of arrangement.
By the time we accommodate propulsors, the auxiliary and maybe

weapons systems what little space is left we’ve to squeeze in logistics
requirements of the vessel in terms of the stores that it need to carry to

survive at sea for tens days, the number of people.

00:07:00/
4

Notwithstanding these requirement we’ve to satisfy sensible routes for the
instalment and ready removal of equipment that is likely to be replaced or
serviced. This adds another driver to where these equipments may or may

not be sited.

5

First things first.

We must look at how we will put the 6 engines in the vessel.

Now, 6 engines of MTU 4,000 series, eh, the engines which are being
proposed. There are perhaps one or two ways to put into the vessel

sensibly.

16

But there are maintenance considerations that we’ll have to consider - the
ease of the operatives to move about the engine spaces to conduct
matntenance in and out of vessel. The ability to get them in and out of the

engine space.

A-3



oD, = overall arrangement.

D, = Decomposing.

Ir = Ship space envelope.

O, = compromise allocation of space for

engine, auxiliary, weapons systems, logistics.

oK, = Decomposition

T, = In-situ (L))

AK = Knowledge that the ship space
envelope has to be divided into
functional spaces (e.g. propulsion,
weapons systems etc.)

D, = Sensible routes for installation and
removal of equipment.

D, = Identifying key issue.

I; = engine room configuration, weapons
systems etc.

O, = Locations of equipment.

oK, = Asssociation

T, = In- situ

AK = Knowledge of factors in
configuring equipment.

D, = Location of engines.

D, = Prioritising

I, = engine room configuration, weapons
systems etc.

O, = Locations of 6 engines in vessel.

D, = Locations of 6 engines in vessel.
' D, = Exploring.
I, = 6 engines of MTU 4,000 series.
O, = 2 ways of locating engines in vessel.

¢ K, = Discovery

T, = In- situ/Retrospect

AK = Knowledge of the options for
engine room configuration.

oD, = Locations of 6 engines in vesscl.

D, = Identifying evaluation critcria.

I, = Maintenance consideration.

O, = a) Ease of operatives to move about
engine room
b) ability to get engines in and out of
engine space.

¢ K, = Association

T, = In- situ

AK = Knowledge of critcria for location
of engines







oD, = 6 engines and 6 propecllers in a row.

D, = Generating concept.

I, = 6 engines & 6 propellers.

O, = Layout showing 6 engines connected to 6
propellers in a row.

*D, = [s concept feasible.

D, = Evaluating concept.

I, = Layout showing 6 engines connected to 6
propellers in a row.

O, = concept is not feasible as it is not
possible to arrange 6 propellers in a row.

e K, = Dcrivation

T, = In- situ

AK = Knowledge of constraints on the
design space (i.e. space constraint -not

feasible to arrange 6 engines in a row).

*D, = 4 engines abreast.

D, = Generating concept.

I, = 6 engines & 6 propellers.

O, = Layout showing two pairs of engines
connected to a propellers each and 1 pair of
engines to a propeller in another area.

oD, = Is concept feasible.

D, = Evaluating concept.

I, = Layout showing two pairs of engines
connected to a propellers each and 1 pair of
engines to a propeller in another area.

- O, = concept not feasible because of space
constraint.

e K, = Derivation

T, = In- situ

AK = Knowledge of constraints on the
design space (i.e. space constraint -not
feasible to arrange 4 engines in a row).

¢ K, = Derivation

T, = In- situ

AK = Knowledge of reasons for
infeasible concept

*D, = 4 engines abreast.

D, = Generating concept.

I, = 6 engine connected to 6 U drive gearbox
(GB) with stub shaft running under the engine.
O, = Layout showing engine and U- drive GB.
D, = Is concept feasible.

D, = Evaluating concept.

1, = Layout showing 6 U drive to drive
gearbox through stub shaft.

O, = concept is not feasible as it is not
possible to arrange 6 propellers in a row.

L, = enginc layout.

K, = Similarity comparison (Sc)

I = Similar past installation of engines
using U-drive gearbox.

O, = engine placed in reverse connected
to U drive gearbox with stub shaft under
running underneath the engine.

T, = Retrospective.

¢ K, = Explanation (Ex)

T, = In- situ

AK = Rcason for infeasible design

concept.













*DD; = A suitable combined gearbox (GB) with
reverse reduction capability

D, = Information gathering from gearbox
manufacturer.

I; = combined gearbox with reverse reduction
capability for propeller application

O, = Size of GB to feature reverse capability.

L, = engine connected to propeller

K, = Association (As).

I, = Similar past installation of engine
connected to propeller.

O = Gearbox requires reverse reduction.

T, = Retrospective.

*D, = Arrangement of 6 engines.

D, = Configuring engine room layout.

I, = 6 engines & 6 propellers.

O, = Layout showing 4 engines in one
watertight compartment and two in another
compartment.

¢ K, = Abstraction of engine room layout
T, = In- situ

AK = Knowledge of feasible engine
room layout.

D, = Damage stability characteristics.

D, = Identifying key issue.

I; = Vessel in excess of 30 m and up to 90 m
waterline length. -

O, = Survive damage of any two adjacent
compartments.

¢ K, = Association of engine room
layout with damage stability criteria
T, = In- situ

AK = Knowledge of applying damaged
stability criteria to 2 adjacent engine
compartments.

o: Angle between shaft line and buttock lines

D, = Location of engines.

D, = Constraining.

I, = Elevation of engine and shaft angle in
relation 1o the buttock lines.
O,=6<0<12

¢ K, = Specialisation (Sp)

T, = In- situ

AK = Application of a general rule of
thumb: 6 < < 12







e D, = Check is o acceptable.

D, = Evaluating o.

I, = o is 8 degrees.

O, = Present location of engine is acceptable.

e K, = Specialisation

T, = In- situ

AK = Knowledge of satisfying a design
constraint (i.e. oo = 8).

e D, = Locations of engines in vessel.
D, = Exploring.

I, = Enginc at current location.

O, = Move engine aft.

¢ D, = Locations of engines in vessel.

D, = Decision Making.

I; = Engine at aft location.

O, = Engine remain previous location because
of trim problem.

¢ K, = Derivation

T, = In- situ

AK = Knowledge of relationship
between engine and shaft angle.

¢ K, = Explanation

T, = In- situ

AK = Knowledge of rationale of
maintaining current location

¢ D, = Type of propeller: 3 or 5 blade .

D, = Exploring.

I; = 5 bladed more efficient than 3 bladed.
O, = Choose 3 bladed for quick estimation.

¢ D, = Quick estimation of propeller diameter.
D, = Qualitative analysis.

I, = Similar past design of 3-bladed propeller
and shaft speed of 700 rpm.

Oy = Propeller diameter = 1.8 m.

Application of past design knowledge on
propeller design to current design.

L, = Size of propeller for a given power
K, = Similarity comparison (Sc).

I, = Similar past design calculations of 3
bladed and 5 bladed propellers.

O, = 1.8 m, 5 bladed more efficient than
3 bladed.

T, = Retrospective.

L., = expedience driven as there was no
nced to go through length calculation in
deriving a quick but approximate
propeller diameter.







A statement of design practice but no design

action implied.

Application of design rule on Vosper hull to
current design.

L, = Design feature of Vosper hull

K, = Generalisation (Ge).

I; = In-built wedge at stern of hull
provides some lift.

Past Vosper hull fitted with wedge.

O, = A rule for fitting built-wedge for all
Vosper hulls.

T, = Retrospective.

¢ D, = Minimise propeller induced vibration
D, = Resolving conflicts.

I, = a) Decrease tip clcarance increases hull
vibration; b) VAC reduces hull vibration
O, = Use VAC to decrease clearance between
propeller and hull.
Application of knowledge learnt on VAC to
resolve conflict to current design.

¢ D, = Minimise propeller induced vibration
D, = Defining design parameter.

I, = a) Use VAC reduces hull vibration.

O, = propeller tip clearance of 15% propeller
diameter.

L, = Reduce hull vibration.

K, = Sc.

I, = To reduce vibration requires high
propeller tip clearance.

O, = Fit vibration attenuation cave fitted
over propellers.

T, = Retrospective (L,).

¢ AK = Using a vibration attenuation
cave (VAC) reduce hull vibration with
reduced propeller tip clearance.

K, = Detailing

T, = Retrospect (L,,)

L., = conflict avoidance as VAC can
reduce vibration and yet achieved reduce
propeller tip clearance.







Comment on applying past design experience

to current design.

¢ D, = Dictate position of propeller centre.
D, = Defining.

I, = Similar past design case.

O, = Locate propeller as far aft from the
rudder

Application of past design knowledge on
rudder to current design.

L, = Size of rudder.

K, = Similarity comparison

I, = Similar past design of rudder.

O, = Size of rudder.

T, = Retrospective

L, = Maximum clearance between
rudder and propeller.

K, = Detailing.

I, = Location of rudder in relation to
propeller of a past design case.

O, = Distance between rudder and
propeller.

T, = Retrospective.

L., = expedience driven as location of
the propeller can be defined easily with
respect to the rudder.

e D, = Clearance between gearbox and hull.
D, = Identify interference between gearbox
and hull.

I, = Envelope shape of gearbox and hull.

Oy = Draw section through the vessel in way
of the gearbox.

e D, = Clearance between gearbox and hull.
D, = Identify section at Frame 37

I; = Section 37 of Body plan.

O, = Copy scction 37 to current drawing.

e D, = Clearance between gearbox and hull.
D, = Evaluating clearance

I; = Gearbox sump and Frame 37.

O, = No interference (Just above it).

¢ K, = Association

T, = In- situ

AK = Knowledge of spatial relationship
between gearbox and structure.

¢ K, = Derivation

T, = In- situ

AK = Knowledge of procedure to check
clearance
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Now, going to plan view. The engine has been placed in the boat to
provide good separation of propeller, good separation between engines to

satisfy maintenance requirements. So from this we’ve determined the
approximate distance of the shaft off the centreline of 2.55 m. So in the
section we've got we represent that position. So 2550.

Now I need to determine where the baseline of the ship is. Now, what1
fail to do the last time. 44, 57, Copy this from there to there. I should

have done it before. [Drawing section}

126

Right. So what we have done is to put in a uniform angle of shafting as a
starting point. And, eh putin a 5 degree.

And it doesn’t have to be a round figure. But it makes life easier in
remembering figures when juggling about the screen.

The 5 degree is borne out of the eh propeller centreline.

And what on the face of it there is sufficient clearance of the gearbox
sump from the bottom of the vessel at the given frame position. So in
manipulating and moving between different views and calculating what
the shaft line might be at a given position, it looks reasonably clear.

5 degree seems to fit in that quite nicely.

27

So take a dimension to check and it is 1.708 m. So offset the baseline.
Drive shaft centre at Frame 37. Itis 1.708. This is where the propeller

centre or the shaft centre is situated.

A-1(



e D, = Provide good separation of propellers
and engincs to satisfy maintenance

requirements.
D, = Determining distance of shaft from

centreline, S

I, = Plan view.

O, =S is 2550

¢ D, = Same as above

D, = Determining location of baseline of
ship.

I, = Elevation view.

O, = From drawing

oK, = Detailing
T, = In- situ

AK = Knowledge of geometric
relationship between design objects

(shafts from centreline)

D, = Optimal shaft angle.
D, = Defining.

I, = Value of shaft angle.

Oy = Shaft angle = 5 degree.

D, =Is shaft angle acceptable.

D, = Evaluating.

I, = Criteria: sufficient clearance between
gearbox sump and bottom of vessel.

O, = Clearance is acceptable, so shaft angle is
acceptable.

¢ K, = Specialisation.

T,: In- situ.

AK = Knowledge of design object
attribute in relation to design object

o K,: Derivation.

T,: In- situ.

AK = Knowledge of influence of shaft
angle on the clearance between gearbox
sump and bottom structure

¢ D, = Distance of shaft centrc {rom
centreline, Xs.

D, = Determining Xs.

I; = Section at Frame 37.

0O, = Xs is 1708

*AK = Knowledge of design attribute in
relation to another design object.

K,: Derivation
T,: In- situ
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29

Right what we’ve determined is eh that the gearbox is too close to the hull.

So, that means that the shaft angle will have to increase.

We can’t be certain of the eh, the distribution of the bottom structure.
But chances are that we have supporting members in the vicinity of the

mounting blocks. The distance between the mountings, girth distance of

the mounting blocks is 900 mm.

30

Experience tells us with light-weight high speed craft we need to have
close spacing of the ch shell in the bottom structure. There is a good

chance that the spacing is 300 mm even if it allows togo larger elsewhere.

31

This as it is shown is 900 mm. If we assume 300, so make a line
perpendicular to the hull. Move that to a possible location.

We measure the distance we have. It is something like 140 mm from the
distance of the shell line to the under side of the gearbox. There is a

possibility that this stiffener the bottom shell longitudinal might well be
100 mm deep.

A-1-



e D, = Sufficient clearance between gearbox
and bottom structure.

D, = Determining.

1, = a) Location of gearbox sump and location
of bottom structure.

O, = Insufficient clearance

e D, = Sufficicnt clearance between gearbox
and bottom structure.

D, = Decision Making.

I, = Insufficient clearance between gearbox
and bottom structure.

O, = Increase shaft angle

¢ D, = Distance between mounting blocks,
Xm.

D, = Determining Xm.

I, = a) Location of gearbox sump and location
of bottom structure.

O, = Insufficient clearance

e K, Derivation (visually)

T,: In- situ

AK = Knowledge of the spatial
relationship (i.e. clearance) between

design objects.

¢ K,: Derivation

T, In- situ.

AK = Knowledge of dependency
between design objects and their
parameters.

¢ K,: Derivation

T,: In- situ

AK = Knowledge of dependency
between design objects

e D, = Close spacing of bottom structure

D, = Defining.

I, = a) Past design: spacing of bottom structure
is 300 mm.

O, = Adopt spacing as 300 mm

Application of past design knowledge of
spacing of bottom structure to current design.

L, = Spacing of bottom structure, Sb.
K, = Similarity comparison (Sc)

I, = bottom structure of past design of
O, = Sb is 300 mm.

T, = Retrospective.

L,, = expedicnce driven

¢ D, = Sufficient clearance between gearbox
(GB) and bottom structure.

D, = Determining,

I, = a) Location of gearbox sump and location
of bottom structure.

O, = clearance of GB is 140 mm from shell
line and the bottom shell longitudinal is 100
mi deep, so clearance is 40 mm.

¢ K,: Derivation
T,: In- situ

AK = Knowledge of spatial relationship
between design object (i.c. clearance).







* D, = Sufficient clearance between gearbox
and bottom structure.
D, = Evaluation of clearance based on

manufacturing precision of ship’s structure.
I; = a) Clearance of 40 mm.
O, = Insufficient clcarance.

Application of past design knowledge of
manufacturing to current design.

L; = Manufacturing precision.

K, = Dissimilarity comparison (Dc)

I; = a) Ships’ manufacturing precision .
b) Machine shop precision.

O = Ship’s precision < machine shop

precision.

T, = Retrospective.

L, = failure avoidance

* D, = Review shaft angle installation

D, = Exploring the increase in shaft angle.
I, = a) Increase shaft installation angle.

O, = Raise the gearbox and engine

¢ K,: Derivation

T,: In- situ.

AK = Hypothesis of dependency
between design parameters and design
objects (i.e. increase shaft angle increase
clearance between gearbox and engine).

¢ D, = Sufficient headroom for engine
installation and removal and good air
circulation

D, = Evaluation the effect of the increase in
shaft angle.

I, = a) Current position of engine and gearbox
based on increased shaft angle.

- O = Sufficient headroom.

o K,: Derivation

T,: In- situ.

AK = Knowledge of dependency
between design parameter and design
objects is confirmed.

¢ D, = Engine attachments 1o the gearbox

D, = Identify the design problem.

I, = a) Engine in forward machinery space.
b) Engine in aft machinery space

O, = In forward machinery space, engine is

flexibly coupled to gearbox.

In aft machinery space, different type of

consideration

¢ K,: Association/Disassociation

T,: In-situ/provisional

AK = Knowledge of interfaces between
engine and gearbox.
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Experience of previous vessels built has enabled us to design an
arrangement whereby the propulsion engine is in one engine room and
gearbox and the after engine in another watertight space, the centreline

engine connected to the input side of the gearbox.

37

Previous vessel we built has a similar configuration, be it a U-drive
configuration where the engine is arranged in aft space and the gearbox in
the forward space and ch, a small stub shaft was run from the engine

flexible coupling through the bulkhead and then stopped at the bulkhead.

3R

And then a flexible Cardan shaft, universal drive shaft was installed at the
stub end at the bulkhead and at the gearbox. The out of balance forces
from the flexible drive shaft caused vibration resonance at the bulkhead

which led to localised cracking of some tank structures that are connected
to the bulkhead.

39

This ch could have been overcome at the initial design stage had more
attention been paid to the stiffness of the structure. But eh, we are

confronted with this problem.

A-1¢



e Dy = Engine room configuration

D, = Configuring.

I, = a) past engine configuration.

O, = Engine in forward engine room, gearbox

& aft engine in aft engine room, and
centreline engine connected to gearbox.

Application of past design knowledge on
engine configuration to current design.

L, = engine configuration.
K, = Similarity comparison (Sc)
I, = Source: past engine configuration.
Oy, = Engine in forward engine room,
gearbox & aft engine in aft engine room, and
centreline engine connected to gearbox.
T, = Retrospective.
L., = expedience driven in using past

arrangement on current vessel.

e D, = U-drive engine configuration

D, = Configuring.

I, = a) Past design U-drive configuration.

O, = engine in aft space and GB in the
forward space and a small stub shaft from the
engine flexible coupling through and stop at
bulkhead.

Application of past design knowledge on
engine configuration to current design.

L, = U-drive engine configuration.
K, = Association

I, = Source: past engine configuration.
O, = engine in aft space and GB in the
forward space and a small stub shaft
from the engine flexible coupling
through and stop at bulkhead.

T, = Retrospective.

Application of past design failure to
manufacturing to current design.

L, = Reason for cracks at tank structure.
K,=Ex

I, = a) Out of balance forces drive shaft
caused vibration at bulkhead.
b) Tank structure connected to
bulkhead.
O, = Resonance vibration at bulkhcad
transmitted to tank stucture.
T, = Retrospective.
Ly, = failure avoidance of localized
cracking

* D, = Avoid of localized cracking of tank
structure connected to bulkhead

D, = Identifying the design problem.

I, = Vibration resonance at bulkhead. O, =

stiffness of bulkhead structure

K,: Explanation of physical phcnomena
T,: retrospective

AK = Meta knowledge for solving a
design problem.







This is an example of learning from design
Sailure and avoiding the design fault in the

new design.

¢ D, = Avoid localized cracking of tank

structure connected to bulkhead

D, = Decision Making

I, = Lessons learnt from past design
failure(i.e. causes of cracks at tank bulkhead)

O, = No bearing at bulkhead but add 2™

pedestal bearing on forward side of bulkhead.

L; = Reduce vibration at bulkhead.
K, = Explanation (Ex)
I; = No bearing bulkhead.
Add 2" bearing on forward side of

bulkhead.

O, = Out of balance forces is not
transmitted to the drive shaft or
bulkhead

T, = Retrospective

L., = failure avoidance of localized

cracking.

e D, = Layout of structure above the main
deck.

D, = Identify the design requirement.

I, = Some weapon systems, various
combustible air and compartment air
requirements in the ship’s machinery space.
O, = All the necessary items to consider on
the main deck.

K,: Association

T,: In-situ/provisional

AK = Knowledge of design requirements
to configure deck structure.

* D, = Need to lift engines in and out of
vessel.

D, = Identify the design requirement.

I; = Items of equipment on main deck and
engine hatch.

O, = Increase length of engine room.

e D, = Increase length of engine room.

D, = Evaluation of shaft lengths.

I, = Shaft from engine to bulkhcad and main
drive shaft of past design and main shaft
length of current design

O, = Length of shaft from engine to bulkhcad
< Iength of main shaft.

L, = Dimensions of shafts.

K,=Sc

I; = Shafting arrangement of past design
O, = Lengths of main drive shaft and
shaft to bulkhead

T, = Retrospective




Apperdix 7

43

There will be an advantage in mounting the engine aft in some respccts.

Because with the rise of the buttock towards the after end and the
installation angle which happen to be parallel with respect to the bascline
on this vessel there will be a converging effect which mean to say that the

height of supporting seat will be less and as such proved to be a lighter
assembly.

44

So we arbitrary suggest that the small drive shaft in between, again this is

dependent on the engine power, we really have to have this engine power

in order to make any other judgement.

This is the right document. 16V 4000 series rating 2320 kW
We will know this will be de-rated to suit ambient air conditions in the
theatre of operation. Typically this would be of the order of 2,000 kW,

2000 kW as anticipated. Wow, this is 2720 kW maybe 2,500 kW, about
2,500 kW.

45

Eh, more recent engine installation with 3,000 kW, a drive shaft diameter
is 160 mm. This is 2,500 so we just arbitrary put it as a starting point at

150 mm. More detail calculations can follow
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e D, = Lighter assembly of seats.
D, = Qualitative analysis of mounting cngine

aft.
I, = a) Enginc at aft location where angle of

shaft installation angle is parallel to base

line.
b) Rise of buttock lines towards aft end.

O, = Converging effect reduces height of
supporting seat.

e K,: Derivation

T,: In-situ

AK = Knowledge of the hull form and
location of engines and their influence

on the height and weight of seats.

¢ D, = Suitable size of drive shaft.
D, = Identify design requirement.
I, = Size of drive.

O, = Knowledge of engine power.

¢ D, = Engine power for sizing drive shaft,

D, = Approximate analysis of engine power

I, = a) Correct engine catalog 16V 4000 series
2320 kW.
b) Ambient air conditions in theatre of
operation

O, = De-rated power of 2500 kW.

¢ K,: explanation based on transmission
of power

T,: provisional

AK = Knowledge of dependency of size
of drive shaft and engine power.

¢ K,: Derivation

T,: In-situ

AK = Knowledge of influence of
ambient air condition on engine power.

¢ D, = Sizing drive shaft diameter.

D, = Defining of shaft diameter.

I, = Past design of 3,000kW engine
installation has shaft diamcter of 160 mm.
Current engine power is 2,500 kW

O, = Drive shaft diameter is sct at 150 mm.

Application of past design knowledge on
design parameter of a design object to current
design.

L, = Dimensions of shafts.

K,=Sc

I = Past design of shaft installation for
engine power of 3,000 kW

O, = Drive shaft diameter is 160 mm

T, = Retrospective

Ltw = expedience driven by using past
design parameter in order to progressthe
design.




Appertcdix 7
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Now, I assume the cardan shaft to be total length of 900 mm. This is not

unrealistic. The cardan shaft flexible drive the included angle on this is
very shallow. At the moment, it’s 2)2 degrees. This is very slightly. So
let’s put something in there. 450. And, No. This going to be 900
[Drafting]

47

Right, so we’ve a situation where we have a gearbox. We have input
coupling from the gearbox and we’re going to fit a flexible drive Cardan
shaft with the gearbox and a flange on the stub shaft and a pedestal roller

bearing, a watertight seal to the shaft to maintain the integrity of the

compartment in the engine.

48

Now, if we consider that we’re going to have a shaft of about 150mm
diameter a corresponding pedestal bearing for that shaft will have to be

evaluated to see whether if there is sufficient room allowed for the

pedestal bearing

49

Right. Let's just check the flange diameter and existing coupling.
That’s 200. That's not very promising.




e D, = Length of Cardan shaft.

D, = Defining of shaft length.

I, = Included angle of Cardan shaft flexible
drive is 2/ degrees.

O, = Drawing Cardan shaft length of 900 mm.

e K, Detailing

T, In-situ

AK = Knowledge of attribute and value
of design object

¢ D, = Shafting arrangement.

D, = Configuring.

I, = Input coupling from gearbox, fit a flexible
drive Cardan shaft with the gearbox, a
flange on the stub shaft, a pedestal roller
bearing, a watertight seal to the shaft

O, = Shafting arrangement.

¢ K,: Association

T,: Retrospective/In-situ

AK = Knowledge of composition of
shafting system and its configuration.

* D, = matching of pedestal bearing to shaft,
D, = Associating

I, = shaft diameter is 150 mm.

O, = corresponding pedestal bearing to suit
and sufficient room for it

¢ K,: Association

T,: In-situ/provisional

AK = Knowledge that the shaft diameter
influences the selection of suitable size
of pedestal bearing.

e D, = Compatibility between gearbox
coupling and stub shaft.

D, = Evaluation

I, = Stub shaft diameter.

O, = Coupling dia.

¢ K,: Association

T,: In-situ

AK = Knowledge of interfacing design
objects (flange diamcter to coupling).




Apperndix 7
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Typically what I am doing here will be I'll be going to the library and ch ‘

looking up the catalogue on Cardan shaft to match torque carrying

capacity. So I'm going to grab that document since it is not computerised.

01:00:07/ | [Looking for the document]

51 Just so happen in this particular catalogue it doesn’t have what I'm

looking for. I need to consult yet another catalogue which is in the library.

01:00:09/ | [Looking for another catalogue.]

52 Right, what I got to do is to choose one which have the right torque range.
Previous experience has driven us to use the 190 Series which have been
renamed to 390 Series. This being a heavy duty application. So we go to
the 190 Series.

53

And what we need to determine is the TN value which is the torque value.
This requires the engine kW rating divided by shaft revolution times a

constant factor to give us kNm.

So take the torque figure of the engine which was 2,720 at 2,100.
2,720/2,100 x 9.555.
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® D, = Catalog on Cardan shaft.
D, = Searching for catalog on Cardan shaft in

library.
I; = Catalog on Cardan.
O, = Catalog located.

e K,: Detailing

T,: In-situ

AK = Knowledge of specific catalog for
Cardan shaft.

¢ D, = Catalog on Cardan shafl.

D, = Searching for suitable Cardan shaft
I, = Catalog on Cardan.

O, = No suitable Cardan shaft, so need to
consult another catalog.

¢ K,: Detailing

T,: In-situ

AK = Knowledge of specific catalog for
Cardan shaft.

¢ D, =Suitable Cardan shaft.

D, = Selecting suitable Cardan shaft
I, = Right torque range.

O, = Series 190 in catalog.

¢ K,: Detailing

T,: In-situ

AK = Knowledge of specific series in a
catalog for Cardan shaft.

¢ D, =Suitable Cardan shaft.

D, = Determining the torque value of Cardan
shaft

I, = engine kW/shaft revolution x constant
factor = 2,720/2,100 x 9.555

0O, =12.376 kNm.

¢ K,: Detailing

T,: In-situ

AK = Knowledge of cquation to
calculatc design parameler (i.e. torque).







D, = Suitable torque value for Cardan shaft.
D, = Defining a design parameter.
I, = Value of torque value.

O, = Torque = 12.5 kNm.

Application of past design knowledge on

design parameter of a design object to current

design.

1., = Choice of torque value.

K, = Similarity comparison

1, = Past design practice.

Oy = Choose torque in excess of
calculation.

T, = Retrospective.

Ltw = expedience driven in using value

of past design attribute.

D, = Approximate idea of space envelope.

D, = Prioritising on use of space envelope.

I, = 1) Room needed for machinery.

2) Room for other aspects of arrangement

O, = Optimal allocation of space.

oK, Sorting (Not defined yet in
original list of knowledge
transformers).

T,: In-situ

AK = Knowledge of problem solving
strategy.

e D, = Suitable Cardan shaft
D, = Searching for suitable Cardan shaft

I, = Catalog on Cardan range from 430 mm to

1150 mm. Required length is 900 mm and
calculated torque
O, = 190-55 series in catalog.

oK,: Detailing

T,: In-situ

AK = Knowledge of the design attribute
of the component(i.e. component
number).

» D, = Mating flange sizes.

D, = Defining.

I, = Table of Cardan shaft dimension.
O, = Flange diameter A = 250; Flange
thickness G = 18.

L, = Knowledge of the design attribute
of the component.

K, = Detailing.

I, = Current design case: Flange
diameter A = 250; Flange thickness G =
18.

Oy = Details of Cardan shaft.

T,: In- situ.







D, = Dimension of forged stub shaft.

D, = Defining.

- I; = Rule for root radius of forged shaft;
Mating flange for forged stub shaft.

O, = Flange diameter A = 250; Flange
thickness G = 18; Root radius = 25 mm.

L; = Knowledge of the design attributes
of the forged stub shaft.

K, = Detailing.

I, = Flange diameter A = 250; Flange
thickness G = 18; Root radius = 25 mm.
O, = Details of forged stub shaft.

T,: In- situ.

D, = Dimension of Cardan shaft.

D, = Defining.

I, = Table of dimension.

O, = Knuckle positions M = 130 mm

L, = Knowledge of the design attribute
of the Cardan shaft.

K, = Detailing.

I, = Knuckle positions M =130.

O, = Details of Cardan shaft.

T,: In- situ.

Confession of a mistake made

D, = Dimension of Cardan shaft.

D, = Defining.

I, = Table of dimension.

O, = Knuckle positions M = 130 mm

K,: Detailing

T,: In-situ

AK = Knowledge of the design attribute
of the component.

D, = Length of Cardan shaft.

D, = Determining.

I, = Table of dimension.

O, = Distance between knuckle positions is
770 mm

K, Dectailing

T,: In-situ

AK = Knowledge of the design attribute
of the component.







e D, = Shafting arrangement.
D, = Prioritising.

I, = List of previous items.
O, = Pedestal bearing.

¢ D, = Dimension to pedestal bearing.
D, = Searching for pedestal bearing
I, = Catalog on pedestal bearing

O, = Cooper pedestal bearing.

K, Detailing

T,: Retrospective/In-situ

AK = Knowledge of specific catalog to
search for Cooper bearing

e D, = suitable pedestal bearing to match
shaft.

D, = Associating

I = shaft diameter is 150 mm.

O, = corresponding pedestal bearing to suit
shaft

¢ D, = Compatibility between shaft and pedestal
bearing.
D, = Searching for Cooper roller bearing
I = a) Catalog on Cooper bearing.
b) shaft diameter = 150 mm
- O, = Fit P10 casing, Cooper bearing.

K,: Association

T,: In-situ

AK = Knowledge of interfacing pedestal
bearing to shaft diameter.

AK = Knowledge of specific casing for
pedestal bearing.

K,: Detailing
T,: In-situ

e D, = Dimension of Cooper bearing.

D, = Determining dimension L (width of
cartridge that carries the roller bearing).
I, = Table of dimension.

O, =L is 174 mm.

K, Detailing

T,: In-situ

AK = Knowledge of design attribute of
component (i.c. cartridge of roller
bearing).



















e D, = Optimal location of the engines.

D, = Decision making

I, = Measured K is 671 mm but desired is 710
- O, = Move engine and gearbox 40 mm up the

_shaft linc.

K, Derivation

T,: In-situ

AK = Knowledge of the design rationale
for moving engine and gearbox up the

shaft line.

¢ D, = Clearance of gearbox (GB) of gcarbox
sump from frame.

D, = Exploring

I = Current location of gearbox sump.

O, = Need distance of gearbox from frame
line.

¢ D, = Clearance of GB sump from frame.
D, = Determining

I, = Distance of gearbox from frame line?

O, = Distance of gearbox from frame line is
92 mm.

¢ D, = Clearance of gearbox of gearbox sump
from frame.

D, = Exploring

I = Current location of gearbox sump.

O, = Need to move engine & gearbox up the
shaft line so as to clear the deep frame.

K.: Derivation

T,: In-situ

AK = Knowledge of the spatial
relationship between design objects.

¢ D, = Move engine and gearbox (GB) up the

shaft line.

D, = Exploring

I, = a) Distance of GB from frame is 92 mm.
b) Need to move engine & GB up the

shaft line so as to clear the deep frame.

O, = Move engine & GB 120 mm up the shaft

line.

K,: Derivation
T,: In-situ
AK = Knowledge of the design rationale

for moving engine and gearbox up the
shaft line.

e D, = Dimension of knuckle joint of Cardan
shaft.

D, = Defining

I = Increase length of Cardan shaft by 120 mm
O,=Let K =710+ 120 mm.

K,: Derivation/association

T,: In-situ

AK = Knowledge of influence of design
decision on associated design object.













e D, = Locations of generators.

D, = Exploring

I, = Forward or aft position in engine room.
O, = Aft position.

K,: Derivation

T, In-situ

AK = Knowledge of problem structuring
(i.e. gencrators in forward or aft

locations).

e D, = Optimal position of gencrators.
D, = Identifying design issue — noise issu
I, = a) Generators are kept running

b) Vessel & crew spend more time in the

harbour than at sea.

c) Less likelihood of shore supplies at the
harbour facilities.
O, = Necessary to run generators and the need
for noise control.

K;: explanation

T,: retrospective/In-situ

AK = Knowledge of design factors
influencing location of design objects.

* D, = To satisfy acoustic performance
profile.
D, = Exploring
I; = a) Generators next to accommodation.

b) Generators aft of main engines.

c) Weight balance of the vessel
O, = Consider putting generators aft of main
engines.

K,: Explanation

T, retrospective/In-situ

AK = Knowledge of location of design
objects on the performance of the
design.

D, = Optimal locations for accommodation.

D, = Exploring

I, = a) Accommodation move further aft ncar
main engine, a greater noise source but of
intermittent nature.

O, = Evaluate layout to decide.

K;: Explanation ( from the knowledge of
noisc propagation)

T,: retrospective/In-situ

AK = Knowledge of the influence of
noise source on accommodation

K.: Explanation
T,: retrospective/In-situ
AK = Knowledge of qualitative criteria







e D, = Space for crew accommodation.
D, = Determining crew numbers
I, = a) crew accommodation arrangement of

past design

O, = 10 crew berthing spaces between
bulkheads.

e D, = Space for crew accommodation.
D, = Evaluation

I, = a) 10 crew berthing spaces between
bulkheads.

O, = Quite crowded.

K, Similar comparison

T,: retrospective

AK = Knowledge of space requirement
for acceptable accommodation.

L., = expedience driven by using value

of past design attribute.

K,: Derivation
T,: In-situ

* D, = Space for officer accommodation.
D, = Identifying need for officer
accommodation.
I, = a) Past arrangement of officer
accommodation.

b) Greater comfort for officer
O, = Officer accommodation in mid-body of
ship.
* D, = Space for officer accommodation.

K,: Similar comparison

T,: retrospective

AK = Knowledge of relating comfort
with rank of personnel.

K,: Derivation

D, = Evaluation T,: In-situ

I, = a) Officer accommodation in mid-body of

ship.

O, = More acceptable.

* D, = Space for crew accommodation. K;: Detailing
D, = Identifying need for crew T,: In-situ

accommodation.
I, = a) 28 crew.
O, = 12 senior rates and 16 junior rates.

AK = Knowledge of specific
accommodation for various ranking of
crew.

» D, = Definitive requirements for crew
accommodation.

D, = Identifying definitive number of crew.

I, = a) Documents.

Oy = 36 crew: 1 Commanding Officer, 1 Chicf
Officer, 6 Officers, 10 Chief Petty Officers, 18
listings.

AK = Knowledge of crew make-up.
K,: Detailing
T,: In-situ







® D, = Space for officer accommodation.
D, = Evaluation

I, = a) Space for 18 officers

O, = Space shows some promise.

K Dectailing

T,: In-situ

AK = Knowledge of space required to
accommodate officers

¢ D, = General arrangement of vessel.

D, = Identifying design issue

I, = Location of propulsion engine.

O, = Investigate the limitations for the internal

arrangement of vessel.

K,: Association

T,: In-situ

AK = Knowledge of the interaction
between propulsion engine and internal
arrangement of vessel.

e D, = Design waterline.
D, = Determining design parameter
I, = a) A set of hydrostatics

b) displacement of 550 tonnes
O, = Design waterline?

T,: retrospective

K,: Similar comparison (past design
knowledge used in activity of
determining).

AK = Knowledge learned from past
design (i.e. hydrostatic information).

L,, = expedience driven based on
knowledge of design procedure to derive

design parameter.

D, = Positions of collision bulkhead.

D, = Defining.

I, = Lloyd’s Register Special Service Craft.
O, = position of collision bulkheads.

D, = Envelope of spacc for use.

D, = Determining.

I, = Position of collision bulkheads

O, = Envelope of space (o usc for this vesscl.

L, = Knowledge of influence of
regulation on collision bulkhead and on
space envelope.

K,: Derivation.

I = position of collision bulkheads
based on Llyod’s Regsiter Special
Service Craft.

O, = a design case of positions of
collision bulkhead for a particular
vessel.

T,: In- situ.

AK = Knowledge of appropriate
requirement (regulation) to satisfy.







D, =Design draft.
D, = Determining.
I, = a) A set of hydrostatics
b) displacement of 550 tonnes

O, = Design draft is 2.7 m.

K,: Derivation

T,: In-situ

AK = Knowledge of procedure to
determine the design attribute of vessel.

D, = Positions of collision bulkhead.
' D, = Information gathering.
I, = Requirements of Lloyd’s rule for Special
Service Craft.
O, = Not less than 94% ship’s length or not greater

than 97%.

K;: Detailing

T,: provisional

AK = Knowledge of the requirement of
rule for the location of collision
bulkheads.

Comments by designer for not remembering

certain things

D, = Positions of collision bulkheads.

D, = Information gathering.

I, = Collision bulkhead in Table 2.42.

O, = Minimum is 0.05 length on waterline (LWL),
Maximum is 0.08 LWL

D, = Positions of collision bulkheads.

D, = Decision-making.

I = Minimum is 0.05 LWL, maximum is 0.08
LWL

O, = Set at 0.05 LWL to get more space.

K, Detailing

T,: in-situ

AK = Knowledge of the requirement of
rule for the location of collision
bulkheads.

K;: Detailing

T,: retrospective/in-situ/provisional

AK = Knowledge of rcason for choosing
the lower value is to allow for more
space.

D, = Position of forward collision bulkhcad from
stem.

D, = Determining.

I, = At, design draftis 2.7 m and LWL is 55.4
m

O, = Distance from stem is 0.05 x 55.4 = 2.77m.

AK = Knowledge of the requircment of
rule for the location of collision
bulkheads.

K,: Detailing
T,: In-situ







D, = forward collision bulkhead with respect to
frame line.

D, = Determining.

I, = 2.77 m from the stem of vessel

O, = Rcasonably close to Frame 32.

Sec next segment

Application of knowledge leant of location of
past design objects on current design.

L, = Knowledge learned from past
design of location of FP bulkhead.
K,: Derivation.

I; = position of collision bulkheads of
previous craft

O, = a design case of positions of FP
bulkhead for currentvessel.

T,: retrospective.

Ltw = expedience driven in applying
location of past design object.

D, = Positions of forepeak (FP) bulkhead.

D, = Defining,

I; = location of FP bulkhead of previous craft.
O; = position of FP bulkhead.

D, = Optimal position of FP bulkhead.
D, = Exploring.
I, = Half frame transverse framing due to shape of

vesscl.
O, = possibility of moving FP bulkhead by

half frame space.

K.: Explanation

T,: In-situ

AK = Knowledge of rationale for
moving FP bulkhead half a frame spacc
as the vessel is stiffened at half frame
interval.

D, = Positions of forepeak (FP) bulkhead.
D, = Evaluation.

I; = Location of FP at half frame.

O, = Position of FP bulkhead evaluated
against previous vessel.

K,: Explanation

T,: In-situ

AK = Knowledge of rationale for
moving FP bulkhead half a frame space.







Comment on the milestone reached thus far.

D, = Vessel is warship.

D, = Identifying design requirement.

I, = Design specification.

O, = Must be capable to deliver weapon
systems, hard kill factors.

K;: specialisation to hard kill factors
T,: retrospective/in-situ

AK = Knowledge of the weapons
requirement for warship.

D, = Vessel is warship.

D, = Identifying design requirement.

I, = Design specification - Point defense
missile system.

O, = RAM comprising of Mark 49 Guided
Missile Launching System, Mark 42.Block
One Guided Missile RAM Pack.

K;: decomposition of missile system
T,: retrospective/in-situ

AK = Knowledge of the missile system
requirement for warship.

D, = Vessel is warship.
D, = Identifying design requirement.
I, = Design specification - Surface to surface

missile system.
O, = 8 harpoons missiles & grade B shock

resistant canister.

K;: decomposition of SS missile system
T,: retrospective/in-situ/provisional

AK = Knowledge of the surface to
surface missile system requirement for
warship.

D, = Vessel is warship.
D, = Identifying design requirement.
I, = Design specification — Medium calibre gun

system
O, = Otto Melara 76/62. CIWS, Phalanx,

Block 1 Bay.

K;: specialisation to Otto Melara &
Phalanx

T,: in-situ

AK = Knowledge of the medium calibre
guns requirement for warship.







Dg = Vessel is warship.

D, = Identifying design requirement.

I, = Design specification — Minor calibre guns.
O, = GPMG M60, 16 assault rifles, 8 automatic

pistols.

AK = Knowledge of the minor calibre
guns requirement for warship.

K,: specialisation to GPMG, assault
rifles and pistols
T,: in-situ

D, = Vessel is warship — soft kill factors.
D, = Identifying design requirement.

I, = Design specification - soft kill factors.
O, = Decoy launcher & anti-missile decoy.

AK = Knowledge of the soft kill
consideration requirement for warship.
K,: specialisation

T,: in-situ.

Comment

D, = Vessel is warship — effective defense
role.

D, = Identifying design requirement.

I; = Point defense system & CIWS.

O, = Each requires a large area of target
acquisition.

D, = Vesscl is warship — cffective defense
role.

D, = Identifying design requirement.

I = Point defense system & CIWS.

O, = a) Low optical reflection by keeping its visual
small and the need to restricting size of
superstructure.

K,: Explanation
T,: In-situ/ retrospective

AK = Knowledge of influence of
specific design requirements of the
weapon systems on the overall
superstructure design of the vessel.
(small superstructure is desirable for low
optical signature and large target
acquisition area).

D, = Vessel is warship.

D, = Prioritising design tasks.

I, = Lists of weapons requircments.
O, = Otto Melara Gun.







Dy = Vesscl is warship.

D, = Searching design tasks.

I, = Databases of library cells of guns.
O, = Otto Melara Gun.

K,: Detailing

T,: In-situ/ retrospective/ provisional
AK = Knowledge of details of the gun
from catalog.

oD, = Sufficient clearance to load the
ammunition.

D, = Evaluation.

I, = Past design: Minimum of 4 m
compartment.

Forward compartment is Sm.

O, = Sufficient clearance.

Application of past knowledge of space
requirement of under-deck carousel on

current design.

oL, = Design requirement for loading of
ammunition.

K,:Association.

I, = Otto Melara Gun

O, = Under-deck carousel with good

clearance.

T,: retrospective

L,, = conflict avoidance.

oL, = Under-deck carousel with good
clearance.

K.:Sc.

I, = Past design of under-deck carousel
of Otto Melara Gun

O; = Minimum of 4 m compartment.
T,: retrospective

D, = Optimal position of gun.
D, = Evaluation.
I, =Forward location of gun.

- O, = High ship motion at the forward end.
Constant correction of gun gyro to allow for

trim variation.

K,: Explanation

T,: In-situ

AK = Knowledge of reason why gun
cannot be to placed to far forward).

D, = Optimal position of gun.
D, =Exploring location of gun.
Iz = Move gun further aft.

O, = Too near the superstructure restricts the

training arc of the gun and the target
acquisition area.

K;: Explanation

T,: In-situ

AK = Knowledge of problem structuring
in terms of the influence of the
superstructure on the training arc of the
gun







*D, = Optimal position of gun.

D, = Exploring location of gun.

I, = Location of gun.

O, = Effect on how best to organise

accommodation.

K, Explanation

T,: In-situ

AK = Knowledge of problem structuring
in terms location of the gun and the

below deck accommodation.

D, = Location of Harpoon.

D, = Evaluation.

I, = Harpoon Missile Plan.

O, = Possible to walk under the lowest
canister.

oD, = Location of Harpoon.
D, = Decision Making.

I, = Possible to walk under the lowest canister.

O, = Arrange ship’s side walkway around
installation.

D, = Ship’s side walkway around missile
installation.

D, = Defining.

I = Location of missile and surrounding deck

area.
O, = ship’s side walkway of 900 mm.

K;: Explanation

T,: In-situ.

AK = Knowledge of the design of
attribute on the operational requirement
of the vessel.

K,: Association

T,: In-situ.

AK = Knowledge of the relationship
between missile and the walkway.

L, = Knowledge of size of walkway.

K,: Derivation.

I, = Current design case: location of
missile and deck space around missile
O, = Design case: location of missile and
location of walk way.

T,: In- situ.

oD, = Ship’s side walkway around missile
installation.

D, = Defining.

I, = Location of missile and surrounding deck
area.

O, = ship’s side walkway of 900 mm.

B

L, = Knowledge of the arrangement of
missiles.

K,: Derivation.

I, = Current design case: locations of
bank of missile

O, = Design case: location of onc bank
of missile in onc dircction and the other
in opposite direction.

T, In-situ.

}







Drawing commands

*D, = Location of Harpoon.
D, = Evaluation.
I, = a) missiles in way of engine hatch.
b) bolted hatch less rigid.
Oy = Not the best position to site missile.

K,: Derivation/explanation

T,: In-situ.

AK = Knowledge of factors in
evaluating location of missiles.

D, = Location of missiles.

D, = Constraining location of missiles.

I, = a) engine hatch saddles full width of ship.
O, = Missiles on bulkhead section

K;: Derivation/explanation

T,: In-situ.

AK = Knowledge of constraint on siting
of missiles.

D, = Location of missiles.
D, = Decision Making on location of
missiles.
I = a) Generators in the way.

b) Generators are smaller to remove.
Oy = Move one bank of missiles forward to avoid
the generators.

AK = Knowledge of alternative location
for missile in a less restrictive location.

K;: Explanation
T,: In-situ.







oD, = Location of Harpoon.

D, = Evaluation.

Iz = a) Missile in way of machinery hatch or
smaller hatch.

Oy = Better foundation with smaller hatch.
oD, = Location of missiles.

D, = Decision Making on location of
missiles.

I, = Extent of generator space/hatch.

O, = Arrange onc bank of missiles on smaller
hatch.

K,: Derivation/explanation

T,: In-situ.

AK = Knowledge of factors in
evaluating location of missiles.

K,: Explanation

T,: In-situ.

AK = Knowledge of rationale for
locating one bank of missiles over
generator hatch.

D, = Location of missiles.

D, = Exploring.

I, = Forward end of superstructure.

Oy = Raise height of superstructure and optical
signature,

K,: Derivation

T, In-situ.

AK = Knowledge of factors in locating
the missiles at the forward end of
superstructure.

Retrieving information on CIWS

D, = Location of engines.

D, = Exploring.

I; = Possible locations of engine if bulkhead is
moved.

O, = Move engine and evaluate.

K,: Derivation

T,: In-situ.

AK = Knowledge of constraints in
locating the enginc.



















D, == Space for magazine.
D, = Configuring
I, = Layer CIWS — LCMKO9P.

Past design casec CIWS installation.
O, = Magazinc arranged under-deck.
Application of design knowledge of under-
deck location of magazine on current design.

L; = Knowledge of the arrangement of
magazine to CIWS.

K,:Sc.

I, = Past design installation of CIWS
O, = Magazine arranged underdeck.
T,: Retrospect.

Ltw = expedience driven.

Summary of task done

D, = Space for enough accommodation.
D, = Evaluation
I, = a) Accommodation layout in
superstructure of past design.
b) Superstructure is far forward

O, = Do not like from a comfort point of view.

L, = Accommodation layout in
superstructure.

K,:Sc.

I; = Similar past design on
accommodation in superstructure
O, = Accommodation layout in
superstructure.

Superstructure is far forward.

T,: Retrospect.

Drawing comments

D, = Arrange generators closer.
D, = Exploring
I, = a) Shaft line is 1200 mm.
b) Sufficient room for maintenance
O, = Move generators to 800 mm spacing
between them.
D, = Arrange generators closer.
D, = Determining
I, = Centre of the generators.
O, = Distance between centres of generators is
1770 mm.

K,: Derivation

T,: In-situ.

AK = Knowledge of constraints on the
generator space envelope







D, = Distribution and alignment of structure.

D, = Standardising

I, = Similar past design — distrition of
structure for bottom, deck and
deckhouse.

O, = spacing of structure is 350 to maintain

alignment characteristics.

Application of past design attribute on current

design.

Lg = bottom structure distribution.
KSc.
1; = Similar past design on bottom
structure.
O, = bottom structure distribution: 300 to

350 mm pitch.

T,: Retrospect.

L,. = expedience driven or conflict
avoidance by using standard pitch of
stiffeners of past design.

D, = Locations for shipping operations.
D, = Associating

I, = Longitudinal distribution.

O, = Likely locations for soft patches or
engine casing.

D, = Orgaisation of deck equipment.

D, = Associating

I = Locations for soft patches or engine
casing.

O, = Locations of equipment.

K,: Association

T,: In-situ

AK = Knowledge of size, location of soft
patches and engine casing (i.e. deck
opening in relating the overall deck
structure) is influenced by deck
longitudinal distribution.

AK = Knowledge of deck openings
influence locations where equipment
will be sited.

D, = Location of opening in relation to
generators.

D, = Exploring

I, = a) Centre to centre of generators is 1770

mm.
O, = 350 mm distribution is 1750 or 2,100

mm between them.

K,: Derivation
T,: In-situ.
AK = Knowledge of location of

generators in relation to the distribution
of deck structure.

D, = Lifting of generators in rclation to
openings.

D, = Evaluation

I, = a) Centre to centre of generators is 2100

mm.
O, = Ship’side is 2.3 m with tumble-home

cffect, 2.0 m.

K,: Derivation

T,: In-situ.

AK = Knowledge of lifting of generators
in relation to deck openings.




Apperdix 1

02:44:00

/144

145

What I'm trying to decide is whether I can build on the main deck

superstructure.

I’'m not sure if I can. If I box that in, what am I going to achieve?

Subject to what’s the arrangement in the deckhouse you need some sort of
superstructure thorough-fare. Then you’ve to come round the casing and

then go out by the side of the ship. That’s a possibility. Don’t’ want to do
that.

D, = Build a main deck superstructure.

D, = Exploring

Ix = a) Route for superstructure thorough-fare,
round the casing and on to side of ship.

O, = Superstructure is a possibility but may

not want to do that.

K,;: Derivation

T,: In-situ

AK = Knowledge of the problem
structure (i.e. relationship between
superstructure and thorough-fare).

Move that for a moment

And 1, 2,3,4. Emm. Right4. But it could go on the side

Let’s work on the premise of

At 3m, 42. [ assume this is to be the engine casing

Comment on drawing instruction

So we could have the superstructure up to this point.
No, don’t trim this. Please don’t do this. Please don’t do this. Oh No!
Because this is an autoship project file there could be countless lines on

top of each other hundreds of lines and this is still busy working away.

Comment on CAD system

Well it’s fast approaching the time I'm going home.

End of day Comment

The details of the coding of segments of the protocol are given in Appendix 1. Appendix consists of four columns. Column 1 indicates the segment number of the protocol
scgment shown in column 2. In column 3, the segment has been analysed into the clements of the identified design activity (i.c. the design goal, the input knowledge and the

output knowledge). Column 4 shows the knowledge change inferred from column 3 and the corresponding knowledge transformer. Where evidence of retrospective learning
is identified, the formalism representing the learning activity is used to depict the elements of the activity.
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Appendix 2

Appendix 2

1 Coding Schemes

P‘rotocol flata 1S very rich in cognitive information but highl
video/audio protocol of a design session represents a ar form of g A

data. It can provide a deep insight into the design

interest leading to a better understandj

the transcripts are.not the actual data <I)lr§1g 3vfh$§ E;Z‘;;:lss iilo;"’r:ver, the pfotoco] a}nd
involved the apph‘cation of declarative and procedural kngwlec:);m ed.hSlnce desigr
protocol analyses in design has been to elicit the knowledge strucgti,rt e o e
protocols through some coding schemes. Hence a numbe? of codin:' Prﬁsem in the
been evaluated so that either a suitable coding can be used or a varian:’osfc itec;Zi?szzve

particular form of qualitative
process from a perspective of

1.1  Review of Coding Schemes

The purpose of Fhe review of coding schemes used by researchers in analysing
protocols of design type experiments is to understand the nature of the coding
scheme used and the nature of the results that can be derived through encoding the
protocols.

According to Dorst and Dijkhuis [1], protocol analysis methods are divided into two
categories:

. The process-oriented approach, in which design processes are described in
terms of a general taxonomy of problem-solving, i.e. problem-states,
operators, plans, goals, strategies, and so on.

] The content-oriented approach which aims at revealing the contents of what
designers see, attend to, think of and retrieve from memory while designing.

Process based coding

Purcell et al’s [2] coding scheme incorporated three broad classifications, two
concerned with the designer’s place in the problem space while the third was
concerned with the designer’s activity at any time. The first classification (called
Problem Domain: Level of Abstraction) reflects the complexity of the design
problem in terms of the level of abstraction the designer is working on. Thg second
classification (Problem Domain: Function, Structure and Behaviour) mon}tors the
reasoning about the design in terms of its requirements, purpose, behaviour and
structure. The third classification (called Strategy) describes the moment-to-moment
activities of the designer during the design episode.

Using these codes to analyse the Delft experirr}ents, 'Purcell et al. were ab}e It]c;
discern patterns of design activities across the design episode apd madelc'ompanscl) ;
across the three classifications. For example, the pattern pf design activities qev;a e
in the Delft experiments were the activities of proposxpg a sfolutlotrilénanat Z)ff:tn%h:
proposed solution, analysing the problem and consulting in orrr;.ad O ity
problem. Based on the first classification, the overall pattezll ohi ise i oy
focussed on progressively decomposing the problem from the hig

abstraction to the lowest level of abstraction.
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Analysing the experiments in terms of

Somain). the results showed that. € second classification (i.e. Problem
. at the beginning of the des;j i
. : 1gn session, more tj
reasoning at the highest level of abstraction e was devoted to functional
. a period of rapid changes between rea;omn

structure thro : . ing about the behavi
hesisi ughout th? design session associated with th iour and
synthesising and evaluating solutions at the Jow © activities of

. ) est level of i
. slower periods of changes coinciding with analysis of the p::;t:stlon, and

The analysis basec.i on the third classification revealed th
dominates the earlier part of the design session when the

Function anFi Behaviour. The analysis activity is followed by activities of synthesis
and evaluation. These cycles correspond closely to the reasoning about behaviour

at the activity of analysis
designer is reasoning about

g;j(;;roinail:ml\l/:colf\h;lllel z e[illC(o)}lilbgstS:;l;rir;e the first dirpension de.scribes the design
{ n and Function, Behaviour and Structure
and Requzrqnents. The other two dimensions are Micro Strategy and Macro
Str?tggy. Alm.ed at depicting the evolutionary stages of the design process in
arriving at design solutions, there are sixteen categories under Micro Strategy
dimension classified into three sub-groups: analysing a solution, proposing a solution
and making explicit references to knowledge used by the designer. Included in
Micro Strategy is a sub-group that identifies the role of domain knowledge,
application knowledge and the procedural knowledge to adopt in progressing the
design showing the association of design knowledge with the design actions. Under
the Macro Strategy dimension, five distinct categories include codes to denote the
top down (goal-directed) or bottom up (data-directed) approach in a solving problem.
The top down approach often involves the decomposition of the problem, giving rise
to a code for the activity of decomposition. Problem solving may lead to a dead-end,
or an external influence that makes a change of direction advantageous, necessitates
in codes for backtracking actions and opportunistic strategy.

Gero and McNeill [3] and Purcell et al [2] used a multi-tier coding structure to
analyse protocol data of routine electronic engineering design sessions and the Delft
experiments (4] respectively.

Content based coding ‘ .
Lloyd and Scott [5] impose a rather restrictive set of only three categories of

utterances (talk aloud phrases or sentences) in their protocol analysis of a des.lgn
exercise.  Their single-tier coding structure encodes utterances as generative,
deductive and evaluative utterances. However by restricting to three categones,

there is a severe loss of detail from the original protocol.

: iously b
"In the Delft experiment, the designer was given a problem to which he/she had not previously been

exposed.
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