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ABsTRAcr 
Artefact and design process knowledge continually evolve during design development and 
are closely coupled. Considerable research has been conducted on the artefact, design 
process knowledge, and their inter-relationships. However, they have only focused on 
general or specific aspects of their coupling. To address this lack of knowledge, the research 
presented in this thesis has focused on modelling the nature of the coupling of evolutionary 
artefact and design process knowledge. A triangulation approach was adopted in the research, 
through which a coupling model was developed based on different methods including 
literature review, content analysis, and protocol analysis. The model was subsequently 
evaluated by questionnaire. 
A basic set of artefact and design process knowledge elements involved in the coupling (22 
in all) were identified through literature review and verified by content analysis of eight 
industrial design documents and protocol analysis of a supervised student design project. 
They include II fundamental and 4 contextual artefact and 5 fundamental and 2 contextual 
design process knowledge elements. Occurrence trends of these elements over task 
clarification, conceptual, and embodiment design were revealed through the protocol 
analysis, which shows that different types of knowledge elements exhibit different trend 
patterns, such as increasing, decreasing, or relatively stable. The coupling was found to be 

composed of 6 creation and 15 employment links through the content analysis. The protocol 
analysis of the coupling links resulted in 18 creation and 15 employment links. The evolved 
coupling model is derived through combining the results obtained from both the content and 
protocol analysis, which was found to be composed of 19 creation and 17 employment links 
between the artefact and design process knowledge elements. 
The work reported in this thesis was evaluated through questionnaires answered in two 
workshops by eight practising designers. The evaluation revealed that all of the 22 
knowledge elements were considered to occur during design development. Differences were 
found not only between the results obtained from the analysis and evaluation, but also among 
the designers. Specifically, it showed that, of the 22 evaluated elements, 2 were viewed as 
having the same trend as that obtained from the protocol analysis, while 7 were viewed as 
similar, and 13 were viewed as different. Moreover, the evaluation resulted in 48 creation 
and 42 employment links. Among them, 9 creation and 12 employment links were also 
identified from the content and protocol analysis. However, there were still 12 creation and 7 
employment links identified from the analyses that were not identified from the evaluation. 
Possible reasons for these differences were discussed by comparing results from different 
designers. 

Finally, strengths and weaknesses are discussed and potential future work to build on the 
research are identified. 
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Chapter I INTRODUCTION 
Designing I is considered as a significant intelligent human activity due to its complexity 
(Gero and McNeill 1998). Engineering design, as one type of design, generally begins with 
ambiguous requirements or an idea for an artefact. The design then evolves as it progresses 
from an initial concept to a more detailed design that satisfies such requirements. While the 
former produces concepts for the whole or different parts of an artefact, the latter gives a 
detailed description of the artefact (Pahl and Beitz 1996). Such a process is mediated by 
scientific, engineering, and technological knowledge, which is generated, used, or 
maintained by designers (Reddy et al. 1997; Smithers 1998). 

The term knowledge has been used in Artificial Intelligence (Al) and design research for 
decades (Manna and Waldinger 1975; Gregory and Commander 1979). Despite its 
prevalence in such phrases as knowledge engineering and knowledge based design, the 
definition of knowledge has been an on-going debate both in epistemology, as well as other 
fields, e. g., Al. Such debate has resulted in a diversity of definitions of knowledge ranging 
from its nature: "justified true belief' (Plato and Comford 2003), its location in a computer 
system: "medium of a systems level that resides immediately above the symbol level" 
(Newell 1982), its function: "being a potential for generating action" (Newell 1982), its 
status: "awareness or familiarity gained by experience" (Fowler 1990), to its cognitive ways 
of acquisition: "psychological result of perception and learning and reasoning" 
(TheFreeDictionary). In the research presented in this thesis, the concept of knowledge has 
been adopted based on Newell's definition of the knowledge level, i. e., "the medium of a 
systems level that resides immediately above the symbol level" and "the principle of 
rationality as the law of behaviour" (Newell 1982). 

Design knowledge, in the engineering field, means the knowledge "abouf' and "foe' design 
(Horvath 2004). It could be categorised as different types of knowledge from different points 
of view (Wang and Duffy 2007). Based on its content, it could be classified to design 
artefact, process, management, and supplementary knowledge (Wang and Duffy 2007). 
Artefact knowledge is the knowledge that concerns the nature of the artefact, for example, 
what the design is used for, how the design works and how the design is constructed (Zhang 
1999). Process knowledge is the realisation knowledge of an artefact (Aken 2005). 
Management knowledge concerns the characteristics and properties of a design process, 
which is used to reason and manage the design process (O'Donnell and Duffy 2005). Design 
supplementary knowledge is the knowledge that affects the current design, but does not 
belong to the previous three types, such as company strategy or environmental policies. 
As two main types of design knowledge, artefact and design process knowledge evolves 
throughout design development (Reddy et al. 1997; Huang and Gu 2006a). In this process, 
different types of artefact and design process knowledge, such as requirements, function, 
behaviour, structure, activity, goal, resource, just to name a few, emerge, are modified or 
deleted. Different from evolution in biology, which represents species of animals, plants, or 
insects' gradual development, permanent adaptation, and continuous optimisation towards an 
aim over a period of time (Darwin 1952), knowledge evolution, in the context of this thesis, 
refers to any addition, modification, or deletion of knowledge, which affects the status of the 

I Design is a representation of an entity, which can be interpreted as an artefact or design 
process of the artefact. As an artefact, it is an object that was conceived and realised in some 
way. As a process, it is the sequence of events from conception to realisation of the design 
artefact. In this thesis, design is used to represent the design artefact and design process is 
used to represent the process of executing design activities. 
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knowledge of the current design (Zhang 1999). Such evolution applies to both the artefact 
and design process knowledge. 

Artefact and design process knowledge are closely inter-related to each other. As Zhang 
(1999) discussed, the design process starts with initial knowledge of the required artefact, 
which is utilised to progress the design process. As the design process progresses, artefact 
knowledge evolves. Meanwhile, artefact knowledge can be utilised to determine either to 
terminate the design process, if a satisfactory and reliable solution has been generated, or 
otherwise to continue design activities to evolve the design. It could be observed that the 
evolution of the artefact and design process knowledge is not independent. Rather, the 
artefact knowledge evolution is triggered by the design process, and the enactment of the 
design process is triggered by the artefact knowledge. It is proposed, therefore in this thesis, 
that the artefact and design process knowledge are coupled throughout design development. 
That is, they are combined through a bi-directional relationship. The evolution of one can 
trigger the evolution of another through such inter-relationship, and vice versa. 
Considerable work has already been carried out in investigating artefact and design process 
knowledge (Horvath 2004). It was found, through the literature review, research has been 
conducted with the focus being either on the artefact or design process. There has also been 
some research addressing the relationships between these two types of design knowledge. 
However, they are either too high level, or only addressed partial aspects of such coupling. 
That is, the nature of the coupling between the artefact and design process knowledge is still 
under-researched. Consequently, an insight of such coupling can contribute to knowledge in 
the design research domain. 

1.1 SCOPE OF THE WORK 

The research reported in this thesis focuses on the nature of the coupling of evolutionary 
artefact and design process knowledge, i. e., from the identification of a lack of knowledge on 
this topic through to the description of the findings addressing this issue, which should 
include not only the knowledge involved in the coupling, but also the inter-relationship of 
the coupling. 
The boundary of the research is defined as follows. 

Coupling of evolutionary artefact and design process knowledge 

Coupling and evolution is closed related. While this work is intended to investigate the 
coupling of evolutionary artefact and design process knowledge, the focus is on the 
coupling of the knowledge, rather than knowledge evolution. Knowledge evolution 
itself is a major topic involving considerable effort in its own right. 
Type of design 

Due to the author's main research focus being on engineering design and accessibility 
to data sources, the coupling is presented in the context of, though not constricted to, 
technical system design, such as mechanical design, that delivers effects to transfer 
operands from one state to another or in general (Hubka and Eder 1988), to fulfil some 
purpose. Design, such as industrial and chemical design, is not the concern of the 
research. 
Design phase 
Within the commonly recognised design phase model (Roozenburg and Eekels 1995; 
Pahl and Beitz 1996), it is generally considered that design problem is analysed and 
design specification is created in task clarification phase. Basic solution is identified 
in conceptual design and it is developed into a more concrete proposal in embodiment 
design. The definitive layout of the artefact is further refined in detail design. Because 



the fundamental changes of the artefact and design process mainly occur in the first 
three phases. Hence the affection between the artefact and design process is considered 
comparatively stable after embodiment design. Therefore, the coupling will be 
analysed based on task clarification, conceptual, and embodiment design, though the 
results might also apply to other phases of the design process, e. g., detail design. 

Types of knowledge 

Among the four types of design knowledge, artefact and design process build the core 
of the design, and is used/created directly by designers. Consequently, they have 

received considerable attention from researchers. As seen in Figure 1-1, the research 
focuses on the coupling of the artefact and design process knowledge. Design 
managernent and supplementary knowledge, therefore, is not the focus ofthe research. 

Focus of the work 
Artel'act knowledge 

Design knowledge Process knowledge 

Management knowledge 

Supplementary knowledge 

Figure 1-1: Research focus 

To investigate the nature of the coupling, the research presented in this thesis has adopted the 
post-positivism philosophy and a triangulation research methodology, which triangulates the 
research from three aspects: data source, method, and theory. In essence, literature review 
and industrial practice are used to derive the research focus. The coupling is investigated 
through content analysis of eight company design documents and protocol analysis of a 
supervised student design project. The work is then evaluated through questionnaires 
answered by eight engineering designers in two workshops. A detailed description of the 
research methodology is explained in Chapter 2. 

1.2 Am AND OBJECTIVES 

1.2.1 Alm 
The primary aim of the research is to model the nature of' the coupling of evolutionary 
artefact and design process knowledge, which includes both the knowledge elements 
involved in such coupling, and the inter-relationship, i. e., different types of links, between 
the artefact and design process knowledge, which compose Such Coupling. 

1.2.2 Objectives 
To achieve such aim, the objectives of the research were identified to be: 

(0 1) Design the research approach so that the research is conducted in a systematic 
and controlled manner. 

,, ' (02) Identify the research focus through literature review: 

. (02.1) Increase understanding of the field. 
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0 (02.2) Identify basic artefact and design process knowledge elements. 

40 (02.3) Perceive the lack of knowledge in the field, so that to identify the 
research focus. 

(03) Model the nature of the coupling of the artefact and design process knowledge 
through: 

" (03.1) Obtain an initial insight of the coupling through content analysis. 

" (03.2) Analyse coupling knowledge elements occurrence trends over the design 
process through protocol analysis of a design project. 

" (03.3) Identify the inter-relationship, i. e., the links between the basic artefact 
and design process knowledge elements that compose the coupling through the 
protocol analysis. 

" (03.4) Evolve the coupling model by combining the results obtained from both 
the content analysis and protocol analysis, so that it is more representative and 
reflective. 

(04) Evaluate the work in order to identify strengths, weaknesses, and areas for 
future work. 

13 THEsis sTRucTuRE 

The research presented in this thesis is organised in three parts, each of them is associated 
with identifying, modelling, and evaluating the nature of the coupling. The three parts of the 
thesis are listed below, with the addressed objectives listed following each chapter's 
description. 

Part one: Research problem formalisation (Chapters 2,3, and 4) 
Chapter 2 presents the research methodology. Based on the nature of design, as well as the 
aim and objectives of the research, the research philosophy, methodology, and methods 
adopted in undertaking the presented research are discussed and outlined (01). 
Chapter 3 reports a review of research in the area of artefact and design process knowledge. 
Their basic elements are identified respectively. Coupling is considered to relate to the 
knowledge evolution. Requirements for investigating the nature of the coupling are 
established (02.1,02.2, and 02.3). 
Chapter 4 reviews existing research pertinent to the coupling while summarising its 
weaknesses. The research focus to be addressed by the research work is defined (02.1and 
02.3). 

Part two: Approach and findings (Chapters 5,6, and 7) 
Chapter 5 presents the initial findings of the knowledge elements involved in the coupling 
and presents a coupling model based on content analysis of eight company design related 
documents (03. D. 

Chapter 6 presents the knowledge elements involved in the coupling. Occurrence trends of 
the elements over task clarification, conceptual, and embodiment design were identified 
through protocol analysis of a supervised student design project (03.2). 

Chapter 7 presents a coupling model identified through the protocol analysis, which is 
composed of a number of links between the artefact and design process knowledge elements. 
The evolved coupling model is derived by combining the results obtained from both the 
content analysis and protocol analysis (03.3 and 03.4). 
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Part three: Evaluation and discussion (Chapters 8,9, and 10) 

Chapter 8 describes the evaluation of the work presented in this thesis through questionnaires. 
The results obtained in Part two of the thesis are compared with those obtained from the 
questionnaires answered by practice designers in two evaluation workshops (04). 

Chapter 9 provides a discussion on the work presented in terms of its strengths and 
weaknesses. Areas for further research are presented (04). 

Chapter 10 concludes the thesis with a description of the main results of the research. 



Part One: Research problem formalisation 
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Chapter 2 RESEARCH METHODOLOGY 
Being 'scientific' comes not ftom what you study and what you do with it but the 
methodology (Thorpe 2004). 

Research methodology adopted by researchers should illustrate that the research was 
conducted in a scientific way. Overall, research methodology functions in two ways. The 
methodology could convince readers that the researchers have planned and carried through 
the study as well as analysed and drawn conclusions in a way that other people can rely on 
(Karlsson 2002). In addition, a correct research methodology not only keeps the researchers 
on the correct research direction, not deviating from the right way towards the research aim, 
but also ensures that the data collection and analysis methods chosen at different phases of 
the research are appropriate to answer the original research questions. To this end, 
specifically, the work presented in this thesis is based on a post-positivism philosophy 
(Reich 1994; Trochim 2000; Crossan 2003) and triangulation approach (Denzin 1970; Jick 
1979; Trochim 2000; Green et a]. 2002). Both qualitative and quantitative research methods 
(e. g. content analysis (Holsti 1969), protocol analysis (Ericsson and Simon 1984), and 
questionnaire) are adopted to conduct data collection and analysis, to investigate the nature 
of the coupling of the artefact and process knowledge, followed with its evaluation. 
This chapter is primarily concerned with the research methodology adopted in this work. It is 
organised as follows. Research methodology and philosophy are examined in Section 2.1 
and Section 2.2. The approach of the research presented in this thesis is discussed in Section 
2.3; and finally in Section 2.4, the overall research structure adopted for the work is built up 
and presented. 

2.1 RESEARCH METHODOLOGIES 
Research is a kind of systematic investigation and study in order to establish facts and reach 
new conclusions (Allen 1991). The word "research" is composed of two syllables: the first is 
're' and the second is 'search'. 'Re' is a prefix meaning again, anew or afresh and 'search' 
meaning to look through or go over thoroughly, to examine or question closely and carefully, 
or to probe or penetrate into (Allen 1991). Together, they form a noun describing a 
structured inquiry or a careful, systematic, patient study and investigation in some fields of 
knowledge that utilise acceptable scientific methodology; aiming at solving problems and 
creating new knowledge that is generally applicable (Grinnell 1993; Kumar 1999). 
According to Kumar (1999), the process of research work should abide by these three 
principles: first, it should be undertaken within a framework of a set of philosophies; second, 
it should use procedures, methods and techniques that have been tested for their validity and 
reliability; and finally, it should be designed to be unbiased and objective. Consequently, in 
order to conduct a controlled, rigorous, systematic, valid and verifiable research so as to 
establish reliable and valid knowledge, an appropriate research methodology, based on an 
appropriate philosophic paradigm, is critical. 

Reich (1994, P. 266) defines research methodology as "a collection of methods for doing 
research and their interpretations". More specifically, research in different disciplines 
requires different research methodologies. In chemistry and physics, for example, laboratory 
experiments would build the basis of the methodology. Here, researchers use experiments to 
verify a hypothesis or attempt to find some new theories. In social science, on the other hand, 

action research (Ottosson 2003) could be adopted to improve organisation management 
efficiency by the researchers' iterative, participatory diagnoses, taking action, and reflecting. 
Instead of using large samples followed with a rigid protocol, case-based research aims to 
examine a limited number of variables through a more in-depth analysis of a single instance 
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or event: a case. It could assist the researchers to gain a sharpened understanding of why the 
instance happened as it did, and what might become important to look at more extensively in 
future research (Yin 2003). Furthermore, in the engineering design research domain, 
different methodologies may be required for different types of research such as pure, applied, 
and clinical research (Friedman 2005). 

As the above discussion shows, the term 'methodology' is different from 'method'. That is, 
each type of methodology requires a specific set of research methods. Closely related with 
philosophy (Reich 1994; Easterby-Smith et al. 2001; Crossan 2003; Efinger et al. 2004), 
methodology is the science of methods or the "theory of methods" (Reich 1994, p264). By 
definition, a method is a particular way of doing something (Collins 1989). For example, a 
thread could be used to draw a circle when compasses are not available. Thorpe (2004) 
defines research method as a technique or instrument used to collect and analyse data. Others 
define a research method as a means of doing research work. For instance, questionnaires 
could be used to find out customers' requirements for a kettle to be put into market. Bititci 
(2003) talks about research methods for establishing the reliability and repeatability of the 
research process and justifying decisions and choices made during the research. Although 
research methods can be classified in various ways, one of the most common distinctions is 
between quantitative and qualitative research methods (Myers 1997; Kumar 1999; Easterby- 
Smith et al. 2001; Crossan 2003). 

In some particular research areas, there are standard research methodologies to follow. For 
example, in industrial management, there are four main types of research methodology, 
namely concept-analytical, nomothetical, decision-methodological and action-analytical 
(Kekale 2001). In information systems research, there are action based research, ethnography, 
and grounded theory (Myers 1997). In operation management research, researchers may use 
case, interview, survey and action-based research (Coughlan 2002; Voss et al. 2002). A 
design research environment is a complex one, which is composed of artefacts, people, tools, 
processes, organisations and the environment. As Pahl and Beitz (1996), Bender et al. (2002), 
Friedman (2005) and Horvath (2005) have argued, different disciplines are involved in 
design research, such as engineering science, computer science, cognitive science, social 
sciences, humanities and liberal arts. Each discipline has its own appropriate research 
methods and underlying paradigms (Bender et al. 2002). In turn, design research is built 
upon a wide range of methods of these disciplines. 
Beitz (1994) Blessing et al. (1995), Dixon (1987), Eekels and Roozenburg (1991), Green et 
al. (2002), Horvath (2005), Reich (1995) and Steinberg (1994), among others, have worked 
on research methodologies in Artificial Intelligence (Al) and Design. Despite some shortage 
of research in this field, there has been, however, a trend to apply social science methods to 
design research (Beitz 1994; Cross 1995; Reich 1995; Kennedy 1997; Bender et al. 2002; 
Green et al. 2002). 

In line with research in other domains, design research should acquire and validate 
knowledge systematically. More specifically, the goals of design research are to formulate 
and validate models and theories about design, to acquire and validate knowledge, methods 
and tools and to improve the design process (Bender et al. 2002). Moreover, as Horvath 
(2005) mentioned, the methodological characteristics of design research are strongly 
influenced and determined by philosophical assumptions and other associated factors. 
Therefore, knowledge of research philosophy and how it directs the choice of research 
methodology is necessary to build a suitable research methodology. Therefore, the following 
sections present the current main streams of research philosophy, and the rationale of the 
choice of the research method-' )gy for the research. 



2.2 RESEARCH PHILOSOPHIES 

According to Love (2002, p. 410), researchers have three perspectives, namely "ontological", 
-epistemological-, and/or "methodological", towards the world or the research problem. The 
ontological perspective consists of the assumptions, beliefs and collection of hurnan values 
that build a researcher's individual view of the nature of the world. The epistemological 
perspective defines the relationship between a researcher's ontological perspective to 
theory/know I edge for each analysis and theoretical proposal. Finally, the methodological 
perspective provides the interface between theory and methodologies. It is used to aid a 
researcher to choose appropriate research rnethodo logics, which include research methods 
and required techniques as well as the connections between the methodology and the 
research theoretical details. Popper ( 1976) on the other hand, refers to subjective, theory, and 
external as the individual, theory and world mentioned by Love. In the interest of clarity, 
these three perspectives and their relations with other entities, i. e. individual, world, theory, 
and research methodology, are shown in Figure 2- 1. 
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Figure 2-1: Multiple theoretical perspectives and their relation with the world 
These three perspectives compose the worldview of researchers (Reich 1994). As Reich 
argues, research methodology is intimately connected with, and constrained by the 

2 worldview it serves. As a result, choices in each of the above perspectives and research 
methodology are not completelly independent of each other; instead, they must be 
epistemologically coherent. 

For some researchers (e. g. Clark ( 1998) and Crossan (2003)), research methods can be 
described, considered and classified at different levels, the most basic of' which is the 
philosophical level. In this respect, The Oxford Dictionary of Philosophy (Blackburn 1996) 
has pointed out that the philosophical level of a research method focuses on its assumptions 
relating to the most general features of the world, encompassing aspects such as the mind, 
matter, reason and proofs for knowledge. In other words, how people view knowledge, and 
how the knowledge could be obtained. In addition, different research methods, as Clark 
(1998, p. 1242) maintains, "may share or greatly differ in their philosophical 
conceptual isation of truth". This is the position taken by Easterby-Smith et a]. (2001) who 
identify three reasons why the exploration of philosophy is important concerning research 
methodology. First, it helps researchers to refine and specify the research methods. Second, 

2 In addition to these three perspectives, Horvath (2005) also mentioned another three, namely 
axiological, ethical, and historical. However, ontological, epistemological, and methodological 
perspectives are considered three basic ones and are the ones discussed in this thesis. 
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it enables and assists the researchers, specifically at the very early stage, to identify the 
limitations of particular approaches through evaluation of different methodologies and 
methods and therefore avoiding inappropriate use and unnecessary work. Finally, it could 
help the researchers to be creative in either selection or adaptation of methods that were 
previously outside their experience. According to Kumar (1999), the philosophical 
orientation may stem from one of the two paradigms in research, i. e. positivism and 
naturalism, and the academic domain in which researchers have been trained. More 
specifically, the paradigm that is rooted in physical sciences is called the systematic, 
scientific or positivism approach. In contrast, as Kumar noted, the opposite paradigm has 
come to be known as the qualitative, ethnographic, ecological or naturalistic approach. 
Having the same meaning as positivism and naturalism, some other terms are used in 
different literature, namely positivism and post-positivism (Clark 1998; Trochim. 2000; 
Crossan 2003), positivism and constructionism (Dorst and Dijkhuis 1995; Lenart and Pasztor 
2002), and scientisin and practicisin (Reich 1994). In this thesis, positivism and post- 
positivism are used to refer to these two branches of research philosophy and are discussed 
with more detail with respect to the researchers' three perspectives towards the world. 

POSITIVISM 

Ontology 
Reich (1994) gives a useful account of various paradigms in research and talks about the 
basic reasoning of positivism. According to him, positivists arc realists and, hence, they 
assume that an objective reality exists that is independent of human being's thought and 
behaviour. The world and the universe is deterministic, i. e. they are operated by laws of 
cause and effect (Reich 1994; Trochim 2000). 

Epistemology 
Positivists are also objectivists. The type of research they do is "hard research". They believe 
that science should study only those aspects of the world that we can be positive about i. e. 
only those aspects that can be measured, quantified and verified by independent observation. 
They also believe that researchers could obtain objective knowledge from the real world if 
they apply the unique approach of scientific methods (Reich 1994). In a similar vein, 
Crossan (2003) notes that all knowledge should be obtained from human being's observation 
of objective reality. That is, Trochim (2000) argues, the goal of knowledge is to describe the 
world that people encounter, and the purpose of science is to get the truth, to know the world 
so as to be able to predict and control it. Furthermore, science is largely a mechanistic or 
mechanical affair. Thus, positivists seek causal explanation and universal laws to explain the 
world. In addition, they also believe that complex problems can be better understood if they 
are reduced into simpler component parts (Crossan 2003). In this sense, positivists are called 
reductionalists. 
Methodology 
In respect of the methodological approach, positivism research is quantitative (Crossan 
2003). Because the source of facts is empirical, positivists study observable behaviour with 
operational concepts. Trochim (2000) takes this argument further and talks about both 
observation and measurement as the main positivistic research methods. Similarly, according 
to Reich (1994, p. 267), the key approach of the positivistic method is experimental and 
manipulative and large samples are employed. This, in turn, attempts "to discern natural laws 
through direct manipulation and observatioW' (Trochim. 2000). Here, deductive reasoning is 
used to postulate theories that can be tested. 

However, the positivist approach has received several criticisms. As Crossan (2003, p. 51) 
mentioned, one of the major criticisms of the positivist approach is that "it does not provide 
the means to examine human beings and their behaviours in an in-depth way". Put simply, 
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"humans are not 'objects', and are subject to many influences on behaviour, feelings, 
perceptions, and attitudes that positivists would reject as irrelevant and belonging to the 
realms of metaphysics". Other critics of the positivist approach argue that it yields limited 
data that only provides a shallow view of the complex phenomenon it investigates. Therefore, 
post-positivism emerged to counteract to these criticisms. 

POST-POSITIVISM 

Ontology 
Since its recognition in the 1950s (Popper 1959), post-positivism has provided an alternative 
to the traditions and foundations of positivism for conducting disciplined inquiry. The post- 
positivist researcher is relativist, hold the view that the reality exists only in their mind 
(Reich 1994). Crossan (2003, p. 51) also argues that reality is a creation of those individual 
researchers involved in the research. As a result, there could be various constructions of 
reality depending on its different context. Therefore, as Crossan noted, most post-positivists 
are constructivists in a way that they believe that everyone constructs their worldview based 
on the awareness of it. Similarly, Trochim (2000) gives a useful account of this approach by 
talking about critical realism as one of the most common forms of post-positivism. Here, a 
critical realist believes that there exists a real world independent of human mind driven by 
natural causes and this is a world that science can study. Trochim also believes that 
positivists are realists either. However, he articulates that "the post-positivist critical realist 
recognizes that all observation is fallible and has error and that all theory is revisable". 
Human beings can not know the true reality with certainty. Thus, because perception and 
observation is fallible, their constructions are imperfect. 
Epistemology 
Despite their tendency to objectivity, post-positivists believe that knowledge and facts are 
subjective (Reich 1994). They also believe that problems can not be fully understood in 
isolation, but only as part of a complex pattern of links and relationships. While the positivist 
believes that the goal of science is to reveal the truth, the post-positivist critical realist 
believes that "the goal of science is to hold steadfastly to the goal of getting it right about 
reality, even though we can never achieve that goal" (Trochim 2000). 
Methodology 
The epistemology of the post-positivism implies that qualitative approaches are the main 
research methods adopted by post-positivists. For them, research is "soff' and generally, 
small samples are employed for more in-depth investigations. As a result, critics of post- 
positivist approaches relate their limitations to the nature of qualitative methods, which is 
"interactive and participatory" (Crossan 2003, p. 53). Mays and Pope (1995), among others, 
summarise the main criticisms as being subject to the researchers' bias, a lack of 
reproducibility (i. e. no guarantee that a different researcher would come to the same 
conclusions) and a lack of generalisability. 
The above discussion of post-positivism indicates that, since all measurements are not 
sufficiently accurate, multiple measures and observations (although each of them may 
possess different types of error) are needed in order to approach objectivity with the 
consequence of more valid results (Trochim 2000). Here one example is using a combination 
of qualitative and quantitative methods. According to Guba and Lincoln (1998), this is 
sometimes described as "critical multiplism" that refers to the notion that research can 
generally be approached from several perspectives. Others (e. g. Jick (1979), Shih (1998), 
Massey (1999), Trochim (2000), Kekale (2001) and Green et a]. (2002)) talk about such 
combination of multiple methodologies as triangulation. It should be mentioned that the 
word "triangulation" used here has originated from navigation and military strategy that use 
multiple reference points to locate an object's exact position. Given basic principles of 
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geometry, multiple viewpoints allow for greater accuracy. Similarly, researchers can 
improve the accuracy of their judgements by collecting different sources of data bearing on 
the same phenomenon Qick 1979). In more elaborate language, triangulation is "the 
combination of methodologies in the study of the same phenomenow' (Denzin 1970). 
According to Denzin (1970), the use of multiple measures may result in uncovering some 
unique variance which otherwise may have been neglected by a single method. 
For the purpose of clarity, Table 2-1 surnmarises the main characteristics of the 
aforementioned two research philosophies (i. e. positivism and post-positivism) from four 
different aspects of general, ontology, epistemology and methodology. 
Table 2-1: Positivism and post-positivism 

Positivism Post-p6sitivism 
General 

Research type -"Hard" research 
Other names -Scientism -Practicism 

-Naturalism 
Paradigm -Systematic -Ethnographic 

-Scientific -Ecological 
-Naturalistic 
-Cognitive, action or phenomenological 

Researcher's -Positivist -Post-positivist 
role -Realist -Critical realist 

-Behaviourist -Constructivist 
-Reductionalist 

Ontology 
Ontology or -Reality exists independent of -Reality is multiple, subjective, and 
World view human behaviour mentally constructed by individuals 

-The world is deterministic (laws of -A creation of individuals involved in the 
cause and effect) research 

Epistemology 
Philosophical -Believes that knowledge and facts -Believes that knowledge and facts are 
viewpoint are objective subjective 
Or -All knowledge should be obtained -Believes that problems cannot be fully 
Epistemology by observation understood in isolation, but only as part 

-Believes that complex problems of a complex pattern of links and 
can be best understood if they are relationships (Holist) 
reduced into a simpler component 

-parts_ Explanation -Seeks causal explanation and -Seeks individual's own understanding 
universal (fundamental) laws that and interpretation of the world as a basis 
govern behaviour for behaviour 

Goal of -To uncovers truth sticking to what -Hold steadfast to the goal of getting it 
science we can observe and measure right about reality, even though we can 

-To understand the world well never achieve that goal 
enough so that we might predict 
and control it 

Methodology 
Data -Quantitative -Qualitative (primary) 

... ...... ..... - ... -_-.. ..... .............. ... Study object -Studies observable behaviour with -Study meaningful action and the 
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operational concepts unobservable 
Research -Empiricism (observation and -Observation is falliblc and has error 
method measurement are the core of the -Triangulation is needed to approach 

scientific endeavour) objectivity 
-Experiment is the key approach -Small samples investigated in depth 
-Large samples 

23 APPRoACH 

Having discussed the research philosophies as the background of research methodology, this 
section presents the rationale towards the methodology of this research project. The research 
design in this work was based on the "Critical Methodological Choices/Decisions" procedure 
(Bititci 2003), which includes the decision on types of research, research paradigm, research 
strategy, research questions, and finally research design. 

The aim of the research presented in this thesis is to model the nature of the coupling of 
evolutionary artefact and design process knowledge during design development. To this end, 
it involves modelling the development of artefact and design process knowledge possessed 
by designers, with particular attention to the interactions between the artefact and process 
knowledge. 

In respect of the type of research, much of the nature of design research is similar to 
cognitive psychology or sociology due to the involvement of people, society, and 
organisation (Dixon 1987). Accordingly, there has been a growing appreciation that 
designing is a social process (Horvath and Duhovnik 2005). For example, Beitz (1994), 
Bender et al. (2002), Cross and Cross (1995), Green et al. (2002), Horvath (2005), and 
Kennedy (1997), among other design researchers, have identified that the research methods 
used in social sciences should also be taken into account in design research. Similarly, from 
a cognitive point of view, research design aims to understand the human aspects of being 
involved in, and/or influenced by design through a statistical prediction of aggregate human 
behaviour (Horvath and Duhovnik 2005). In line with this argument, some research methods, 
such as content analysis, interview, protocol analysis, and questionnaire, adopted in this 
work originated from social sciences. 
Through initial research, it was found that the decisions made by designers during the design 
process contribute significantly and play a key role for design knowledge evolution. 
However, it should be noted that the decisions made by designers are not only affected by 
the current artefact knowledge, such as function, behaviour, and structure, but also other 
factors such as designers' domain knowledge, project deadline, manufacturing cost, and 
other available resources do have their impact on the designers' decisions. These parameters 
are of qualitative character and could not be formulated in an accurate positivism way. This 
implies that it is therefore not suitable to do the research in a quantitative positivistic manner. 
In addition, all the design cases that were analysed in the course of research were 
unrepeatable simply due to the nature of design. Based on the above analysis and discussion, 
therefore, of the two main streams of research philosophies, positivism and post-positivism, 
the latter is adopted as the philosophy paradigm for the current research. Consequently, due 
to the nature of the characteristics of post-positivism that were discussed earlier (see Section 
2.2), special attention was devoted to the use of the triangulation methodology. This, in turn, 
helped the author delivering a comparatively representative and reflective coupling model by 
using multiple data sources and multiple research methods. 
Specifically, the research methodology used in the research presented in this thesis is in line 
with Denzin's (1970) argument that research could be triangulated in terms of multiple and 
different data sources, methods, investigators, and theories. Data triangulation refers to the 
need to retrieve data from a number of different sources to form one body of data. In 
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addition, method triangulation is simply the use of multi-method, which is described as being 
either "within-methods" or "between-methods". A "within-methods" approach involves the 
same method being used on different occasions (e. g. repeating the same experiment at 
different times), and a "between-methods" approach uses different methods with the same 
object of study. Moreover, investigator triangulation involves the use of a number of 
investigators to observe the same problem, thus attempting to ensure objectivity and avoid 
bias. Finally, theory triangulation requires the testing of developed theories against the same 
body of objective data. 

In light of the above discussion, three aspects of Denzin's argument were triangulated in this 
work: data source, between-methods, and theory. This means that data were collected from 
different sources and different methods were adopted in different phases of the research, 
including data collection and analysis, model development, and model evaluation. For the 
purpose of clarity, the rationale for the methodology is given below. 

The choice of methods depends on many factors, in particular, the nature of the research 
being undertaken. In the research presented in this thesis, the nature of the coupling, which 
involves the elements involve in the coupling and links among the elements were required to 
be modelled. In order to develop this model, a number of issues must be addressed: 

a What has been done by former researchers on this research topic? 
" Does industry have any problems related with such topic? 
" What kind of data is required to explore the coupling? 
" How to develop the model so that it is based on both theoretical analysis and 

empirical study? 
" How to develop the model so that it reflects the nature of the coupling more 

representative? 
" How to evaluate the model after it has been developed? 

Clearly, each of the above issues has a corresponding impact on the choice of the research 
methods. To justify the use of the methodology adopted in the research, the following 
paragraphs briefly answer the above-mentioned questions. 
At first, in order to determine the previous work in the area, a review into the current state- 
of-the-art need to be conducted. Here, a literature review was carried out to help the author 
understand the domain as well as analyse the research problem. This review, then, was 
updated to take account of upcoming related issues by other researchers in the field. 
To identify whether industil has any problem regarding the research problem, results from a 
workshop in Company A that was intended to identify the opportunities, drivers, and 
problems of Product Lifecycle Management (PLM) were analysed. A follow-up visiting to 
the company in November 2005 identified further problems now encountered by industry, 
which are related to the artefact and design process knowledge. 

Then, in order to collect related data from different sources for triangulation purpose, it was 
decided to collect data from company documents, student projects, and company designers. 
To this end, design related documents were collected, protocols from a supervised student 
design project were transcribed, and questionnaires were answered by designers. 

Design is a type of empirical activity. In order to develop the model not only based on the 
literature study, design data based on empirical projects were collected. In the research, both 

3 The real name of the company was decided to be completely confidential and therefore the name has 
been changed to 'Company A' for the purpose of analysis and discussion. From July 2004 to April 
2005, the author participated in the Product Lifecycle Management (PLM) project within the 
company, and was actively engaged to support; analyse, and develop their strategic PLM system. 
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design data from company and design projects from educational institutes were studied in 
order to explore the nature of the coupling. This, in turn, resulted in an evolved model that 
can benefit from both theory and empirical inputs. The company project was a hypothesised 
one based on a number of design artefact and process related documents, which were 
collected from Company A. The student projects were recorded in the Department of Design, 
Manufacture and Engineering Management (DMEM), University of Strathclyde, from 
September 2005 to May 2006. 

Towards developing a model that is more representative, the aforementioned data were 
collected from different environments, which covered different categories of design, such as 
by individual (student design projects) and group (company design projects), design from 
both academia (student design projects) and industry (company design projects), as well as 
design by both experienced designers (company design projects) and novices (student design 
projects). 
Finally, the work requires evaluation to verify its validity. To this end, designers' views of 
the nature of the coupling were collected through questionnaire during workshops in order to 
evaluate the developed coupling model. Two workshops were organised in two companies: (i) 
BAE Systems Surface Fleet Solutions Limited (SFS) and (ii) Company A on the 2"d and 7h 
of March respectively. 
In short, as the above discussion shows, the design data used in the research cover different 
categories of design, namely: commercial and non-commercial, group and individual, 
distributed and single site, formal and informal, and small and large-sized design projects (by 
experienced or novice designers), in different design phases. In the interest of clarity, the 
characteristics of each data source are summarised in Table 2-2. 
Table 2-2: Data sources of the research 

Company A 1; design Unde , rgradu ate comp a ny 
documents students'desien workshops 

projects 

Commercial Hypothesised to be yes No Yes 
Group work Hypothesised. to be yes No Yes 
Design scale Hypothesised to be large Small Large 

Distributed Hypothesised to be yes No Yes 
Formal Hypothesised to be yes No Yes 

Designers N/A Novice Experienced 

Gender Hypothesiscd to be male Male and female Male and female 
and female 

Covered design Product life cycle Task clarification Task clarification 
phases Conceptual Conceptual 

Embodiment Embodiment 
Detail 

Research Content analysis Protocol analysis Questionnaire 
methods 

Environment Industry Academe Industry 

Roles of Analyser Participant-as- Analyser 
Researcher observer 
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In the research, the coupling model was developed based on the analysis of both design 
documents of company and undergraduate individual design projects. This, in turn, was 
evaluated against designers' views that were collected through two workshops. 
Taken together, Figure 2-2 summarises three aspects of triangulation used in the research 
presented in this thesis. 

Literature (Papers, Books) 
Views of designers (Company A) 

Data triangulation Design related documents from industry (Company A) 
Design cases from academe and industry (University of 

Strathclyde, SFS, and Company A) 

r Literature review 

Method triangulation 
Content analysis (Company A) 

Protocol analysis (University of Strathclyde) 

i 

Workshop and questionnaire (Company A and SFS) 

Theory triangulation 
Model development (Content analysis, Protocol analysis) 
Model evaluation (Questionnaire) 

Figure 2-2: Triangulation in the research 

Having decided on the choice of philosophy and research methods, the next section attempts 
to address the issue of research structure in ftirther detail. 

2.4 RESEARCH DESIGN 
In the light of the research philosophy and multiple methods chosen for the study, the 
research structure as shown in Figure 2-3 was designed. It should be noted that this 
framework was based on and derived from the research methodology developed by Duffy 
and O'Donnell (1998), which was successfully applied in the CAD centre, University of 
Strathclyde (Zhang 1999; O'Donnell 2000; Wu 2004). 
Here, the overall approach is characterised as triangulation and the final decision on research 
has been addressed with the use of two related means of research: first, protocol analysis of 
student project work, and second the design practice of skilled designers from a company. 
These two means are used in both model development and evaluation. In all, the approach of 
the research presented in this thesis is explained in Figure 2-3, the research structure. 
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I( 
Research process Affect line 

Checking and reflection are needed 
Figure 2-3: Research structure 

As Figure 2-3 indicates, the research structure can be split into eight stages with their related 
outcomes. A brief explanation of the outcomes after each stage is given below. 

1. Design problem: 

Through initial literature review of the research conducted in design knowledge, a lack of 
sufficient lonnalised body of knowledge between artefact knowledge and design process 
knowledge was identified (see Chapter 3 and Chapter 4). 

2. Research problem 
Through Further literature review and the author's participation of PLM project in Company 
A from 2004 to 2005, and a follow-up visiting in 2005, the research focus was identified as: 
-to investigate the coupling of evolutionary artefact and design process knowledge" (See 
Chapter 4). 

3. Aim and objectives 

Having identified the research problem, the aim and objectives of the research were then 
adjudged (See Section 1.2). 

4. Review on design artefact and process kr .. vledge and the coupling 

Through a critical literature review, a statc of the art research on design knowledge was 
reviewed with the focus on design artefact. design process knowledge (in Chapter 3), and the 
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coupling of them (in Chapter 4). Then the requirement towards better understanding of 
design knowledge coupling is analysed in Chapter 4. Chapter 4.4 depicts the formalisation of 
research problem. 

5. Initial solution 
A content analysis of design related documents from Company A was carried out, which 
resulted in an initial coupling. The model is presented in Chapter S. 

6. Evolved solution 
The coupling of artefact and design process knowledge was further identified and evolved 
through protocol analysis of a supervised student design project. Chapter 6 and Chapter 7 
present the coupling knowledge elements and the evolved coupling model respectively. 

7. Evaluation 

The model was then evaluated by comparing it with industrial designers' view of the 
coupling, which was collected through questionnaires answered by designers during two 
workshops in SFS and Company A. The evaluation is presented in Chapter S. 

8. Documentation-Thesis 

This is the main output of this research project. In writing the thesis, particular attention was 
given to Perry's (1998) five-chapter model of thesis writing, which built the standard basis 
for producing the thesis. 

In order to make sure that the research work has been done appropriately and in a sound 
methodological manner, a regular check and verification of the work was conducted. To this 
end, questions such as "whether what the researchers have done is in line with their research 
aims and questions? "; "is the methodology adopted appropriate? " were asked and reviewed 
to ensure the validity and reliability of the whole research process. In shoM such monitoring 
processes have also been identified in the above framework, which are shown with "" mark. 
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Chapter 3 DESIGN ARTEFACT AND PROCESS 
KNOWLEDGE 

Designing is considered as one of the significant intelligent human activities due to its 
complexity (Gero and McNeill 1998). Engineering design generally begins with incomplete 
knowledge, which can be regarded as an ambiguous requirement or idea for an artefact. The 
design then evolves as it progresses from the initial conceptual design stage to a more 
detailed design, while the former produces concepts for the whole or different parts of an 
artefact; the latter gives a precise and detailed description of the artefact (Pahl and Beitz 
1996). Throughout this process, considerable knowledge is involved, either used or 
generated by designers. For example, in aerospace design, approximately 40,000 documents 
are produced for a design of a single aero engine (Ahmed and Wallace 2006). The 
knowledge involved in design is complex and heterogeneous, covering different disciplines 
such as geometry, logics, mathematics, mechanics, physics, psychology, and 
thermodynamics (Pahl and Beitz 1996). Moreover, some particular types of knowledge 
interact with and evolve together during design development (Klein 2000). 

Despite its complexity and the plethora of research on this topic, design knowledge has not 
yet received enough attention with a particular focus on the fundamental aspects of 
evolutionary artefact and process knowledge, especially the coupling between these two 
types of knowledge. This chapter aims to present a review of artefact and design process 
knowledge through first, presenting a design knowledge pyramid (Wang and Duffy 2007) in 
Section 3.1, which is a framework describing how knowledge-based design research is 
structured; second, providing an overview of design knowledge classification in Section 3.2 
based on its content; third and fourth, the basic knowledge elements of both the artefact and 
design process are discussed respectively from a knowledge level (Newell 1982; Smithers 
1998) in Section 3.3 and 3.4. Section 3.5 summarises this chapter. 

3.1 A KNOWLEDGE PYRAARD IN DESIGN SUPPORT 

Engineering design research aims to explore, describe, rationalise, and utilise design 
knowledge. Designers obtain design knowledge from various sources, either theoretically or 
empirically. According to Horvath and Duhovnik (2005), there are four sources of design 
knowledge: (1) natural phenomenon of design, (2) scientific knowledge, (3) professional 
(including craft and art) knowledge, and (4) human common sense knowledge. When all 
these sources are intertwined and combined, the outcome can be termed "design knowledge". 

To support knowledge based design development, considerable research has been conducted 
from various perspectives and levels. For example, the research on knowledge-based design 
support systems (KBDSSs) (Coyne 1990), generic design artefact or process modelling 
(Roozenburg and Eekels 1995), and the inherent quality of design knowledge itself (Alberts 
1994; Sim and Duffy 2003; Aken 2005) represent some of the previous work, which has 
aimed at enhancing and developing knowledge-based design. 

Despite the appearance of disparate research on knowledge-based design support, there 
seems to be an underlying research pattern in this area that can be regarded as a foundation 
for KBDSSs research. This pattern is presented as the design research pyramid in this section, 
of which a three layer research framework lays underneath the various research. In this three- 
layer framework, design knowledge builds the ontological basis, providing support for the 
development of knowledge models. At the top of this pyramid, the application layer, 
KBDSSs provide support for design development based on the middle layer, design 
knowledge models. 
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Knowledge-based design support systems 
To support design development (O'Donnell and Duffy 2002), a number of KBDSSs and 
knowledge representation techniques (Iwasaki et al. 1995; Sasajima et al. 1996; Al-salka et 
al. 1998; Vranes and Stanojevic 1999; Ursu 2000; Hatzilygeroudis and Prentzas 2004) have 
been developed. In this thesis, a knowledge-based design support system, as one kind of 
computer aided design system, refers to a system that a knowledge base is associated with 
storing knowledge intended to support design develo P ment more efficiently and effectively 
through numerous applications. In this respect, C (Nomaguchi and Tomiyama 2004), 
CONGEN (Gorti and Sriram 1996), CODSAS (Al-salka et al. 1998), DGLs (Filippi and 
Cristofolini 2007), Dominic (Howe et al. 1986), KIEF (Yoshioka et al. 1998), n-dirn (n-dim 
Group 2001), NIST (Szykman et al. 2000), NoDes (Kavakli 2001), REV-ENGE (Kim and 
Bekey 1994), SWPK (Ociepka and Swider 2004), and among others, are examples of 
KBDSSs. 

There are two categories of design support system that reflect different extremes of the 
philosophy concerning their role in design (MacCallurn 1990), i. e., automated design 
systems and design assistant systems. VVhile the former considers a design support system to 
be a designers' substitute and could conduct designing independently after it is input of the 
design requirements, the latter considers it to be a designers' subordinate, meaning the 
system could not completely substitute for a designer, but rather supports designers with fast 
reliable computing and large storage capacity. 
A closer look at the aforementioned systems shows that they were developed to support one 
type of design or one, as opposed to all, of the design phases (Pahl and Beitz 1996), thereby 
solving one type of design or one specific design problem. For example, CONGEN, SWPK, 
and COMAS were specifically developed for conceptual design, a phase of the design 
process that identifies basic solutions; Chawla and Sangal (1992) described a system for 
configuration design, a phase of the design process that generates artefact descriptions; and 
REV-ENGE was developed for synthesis of Design-for-Assembly redesign. As a result 
different knowledge models are required for different types of systems and applications. 

3.1.2 Design knowledge modelling 
Within the AT domain, Newell (1982) proposed knowledge level, an abstraction level above 
the program/symbol level in the computer system levels. In this level, knowledge acts as 
medium that processed by "agent". Smithers argued the need for knowledge level theories of 
design process (Smithers 1996,1998). To support design from a knowledge level, KBDSSs 
are normally based on design knowledge models (Al-salka et al. 1998; Leeuwen and Wagter 
1998). Therefore, in order to develop and implement these design support systems, design 
knowledge models are generally required to provide an appropriate knowledge framework 
for them. Design knowledge is then structured in the defined framework. As mentioned 
earlier, most knowledge-based design support systems provide support for just one specific 
type of design or design problem, or for one specific design phase. Accordingly, design 
research has resulted in a number of design knowledge models representing the design 
artefact or process for various design situations to meet different purposes (e. g. Gero 1990; 
Takeda, Veerkamp et al. 1990; Alberts et al. 1992; Brazier et al. 1994; Zha and Lu 2002). 

Generally, there are two main categories of design knowledge models: one reflects the 
design artefact and the other design process (Takeda, Veerkamp et al. 1990). This division is 
based on the knowledge content classification that will be discussed in the next section. Of 
these two categories, the former describes different aspects of the artefact, such as functional, 
bchavioural or structural model. For example, the FBS model proposed by Gero (1990) 
introduced function, behaviour, and structure as the basic types of artefact knowledge. In 
order to support evolving design knowledge, SHOOT) (Nguyen and Rieu 1992), an artefact 
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knowledge model then, provided a flexible mechanism to support applications in which 
knowledge may evolve. Similarly, Deneux and Wang (2000) proposed a knowledge model 
in which artefact concepts and relations were represented as nodes and edges in a knowledge 
network. 
The latter category represents knowledge models of the design process that includes, for 
instance, descriptive, prescriptive, and/or computational (Finger and Dixon 1989). 
Descriptive models can be further divided into two sub-categories. One is protocol studies, 
which consider how designers design and perform in the design process. The other is 
cognitive models, which address the description, simulation, or emulation of the mental 
processes used by designers during the process of creating a design (Finger and Dixon 1989). 
Typical work following this category can be found in Adelson (1989), Darlington et al. 
(1998), Kruger and Cross (2001), Maher and Tang (2003), Pons and Raine (2005), and 
Reymen et al. (2006). Prescriptive models show how the design process should be organised 
and executed. They integrate many different aspects involved in the design process in such a 
way that the whole design process becomes logical and comprehensible (Pahl and Beitz 
1996). Prescriptive design process models also offer systematic procedures of the design 
process that makes it more transparent and effective (Finger and Dixon 1989). Examples of 
design process models in this category can be found in Hubka (1982), Pahl and Beitz (1996), 
Ullman (1997), and Reymen et al. (2006). The last category, computational models express 
methods, which are formalisation of, for example, the tasks, information, and procedures 
involved in the design process. Based on computational models, along with available 
computer techniques, computer systems can be developed to accomplish design tasks 
automatically or interactively. In this respect Smithers (1990), Takeda et al. (1992), 
Tomiyama (1994), Gero (1996), Sushkov et al. (1995), and Braha and Reich (2003), for 
example, have focused on specific aspects of the design process and developed various 
computational design process models. 
In addition to the aforementioned artefact and design process knowledge models, there are 
some others that are combinations. For example, the Common Product Data Model (CPDM), 
developed by Cambridge University's Engineering Design Centre (Ball et al. 1998), supports 
both artefact and process description. At the same time, Gorti et al. (1998) put forward the 
SHARED object model, which could model design knowledge including both artefact and 
process. Moreover, Brazier et al. (1994) developed a generic task model of design in which 
artefact and design process knowledge were combined by relating design artefact and 
process to subtasks of this model. 
To construct a design knowledge model, design knowledge can be described or explained in 
terms of ontologies, which clarify the nature of design knowledge by defining different types 
of design knowledge, their relationships, and basic operations to knowledge chunks (Alberts 
1994; Chandrasekaran et al. 1998; Sim and Duffy 2003; Aurisicchio et al. 2006). 

3.1.3 Design knowledge ontologies 
Ontology is a branch of philosophy that deals with the nature of existence by clarifying the 
nature and structure of the world (Sim and Duffy 2003). In artificial intelligence, ontology 
means a formal system for representing domain concepts and their related linguistic 
realisations; by using basic elements (Chandrasekaran et al. 1998). Uschold and Grundinger 
(1996) advocated ontology in order to have a shared understanding as a unifying framework 
for different viewpoints. This section explores the complexity and heterogeneity of 
knowledge involved in design by presenting a description of design knowledge ontology - 
which is a depiction of different design knowledge classifications from different points of 
view. A review of related literature reveals that there has been a variety of classifications of 
design knowledge. With regard to different researchers' views of the classifications, there 
appear to be some inconsistencies among them, which seems to stem from the researchers' 

21 



Chapter 3 Design artefact and process knowledge 

different research objectives, approaches, and adopted principles and standards. To this end, 
this section gives an account of some of the most commonly used classifications in 
engineering design while attempting to accommodate such differences. The following nine 
classifications are examples of the types of design knowledge. The list is not meant to be 
exhaustive but more indicative of the engineering design domain. 

" Current working and domain (Zhang 1999); 
" Declarative and procedural (Achten et al. 1998); 
" Descriptive and prescriptive (Roozenburg and Eekels 1995; Aken 2005); 
" Documented and undocumented (Ishino and An 2002); 

" Formal and informal (Conklin 1996); 

" Qualitative and quantitative (Gero 1990); 

" Tacit and explicit (Nonaka and Takeuchi 1995); 
" Textual and graphical (Al-salka et al. 1998); and 
" Design artefact, process, management, and supplementary (Takeda, Veerkamp et al. 

1990; Ishino and An 2002). 

Of these classifications, the first eight could be applied to general knowledge. That is, they 
are suitable to classifications of knowledge not only in engineering design but also in other 
disciplines. However, the last one, design artefact, process, management, and supplementary 
knowledge, is dedicated to knowledge classification in the engineering design domain. Table 
3-1 summarises the nine design knowledge ontologies, of which a more detailed explanation 
can be found in Appendix A. 

Table 3-1: Classifications of engineering design knowledge 

Classification 
viewpol 

Knowledge types Examples 

Source Current working knowledge Functions of the current working design 
Domain knowledge Functions of a past design case 

Cognition Declarative knowledge Artefact functions 
Procedural knowledge Artefact behaviour and consequent 

functional results 
Function Descriptive knowledge Components of a finished design 

Prescriptive knowledge Description of what components should a 
design has 

Availability Documented knowledge Company procedures 
Undocumented knowledge Designers' intuition of a design 

Style Formal knowledge Company procedures 
__ FInformal knowledge ---- ___- F6esign 

concept sk 
.. 
etches 

Accountability Quantitative knowledge Dimension of the structure components 
[ Qualitative knowledge Rationale used in decision making 

Accessibility Tacit knowledge Design experience 
Explicit knowledge Physical laws 

Representation Textual Knowledge Paragraphs describing design specification 
Graphical knowledge 3D drawing of a design 

Content Design artefact knowledge Functions, behaviours, structures, causal 
relationships, constraints 

Design process knowledge Design goals, activities, resources, inputs, 
outputs, contexts, issues 

22 



Chapter 3 Design artefact and process knowledge 

classirlcatiýn 
viiwpoints 

Knowledge types ExamOes, 

Design management knowledge 1! Process planning knowledge 
Design supplementary Enterprise cultures, national policy 
knowledge strategies. 

It should be noted that, with different views, a chunk of knowledge could belong to different 
knowledge types within different classifications at the same time. That is to say, it could be 
both declarative and prescriptive knowledge, it could also be documented, explicit, symbolic, 
and domain knowledge at the same time. 

3.1.4 Design knowledge pyramid 
From the above discussion, a design knowledge pyramid was derived, as shown in Figure 
3-1. In this pyramid, research on the ontologies of design knowledge builds the base layer. 
As Chandrasekaran et al. (1998) pointed out, ontologies are situated in the heart of any 
knowledge representation system. Therefore, ontology research provides support for the 
development of design knowledge models. Research in this layer could, for example, define 
different categories of knowledge and reveal the relationships among them. 

Above the ontology layer, lays the model layer, in which research is conducted to represent 
processes or objects with knowledge models based on the basic research conduced in the 
ontology layer. Depending on the objective of the research, different types of models may be 
built, such as descriptive and/or prescriptive. Therefore, to develop such models, researchers 
normally need to identify the knowledge elements needed to be considered in the models, as 
well as their relationships in order to build the models that could reveal the processes/objects 
in the real world. 
Based on the model layer, the application layer is located at the top of the pyramid, where 
research on KBDSSs is conducted, providing direct support for various aspects of design 
development (for example, configuration design or design decision support). That is, design 
knowledge models, located in the middle of the pyramid, play the role of connecting the 
basic research on design knowledge with that of design support applications. 
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Figure 3-1: Design knowledge pyramid In supporting designing (Wang and Duffy 2007) 

A pyramid is used here to indicate that the research in the upper layer is more domain 
focused than the one in the lower layer, or the research is more domain dedicated, which is 
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called domain zooming-in character of the pyramid. For example, a design process model in 
the middle layer could be a domain-independent model such as (Reymen et al. 2006), or an 
engineering design process model such as (Pahl and Beitz 1996). However, a KBDSS in the 
top layer normally is dedicated to a specific design problem, design phase or artefact, such as 
design synthesis, conceptual design or aircraft design. 

A typical illustration of this pyramid could be found in (Zhang 1999) (see Figure 3-2), in 
which the DeNote system was developed to support modelling and management for CWK 
evolution. The system is based on a Multi-Viewpoint Evolutionary Current Working 
Knowledge and Domain Knowledge Models, with a management mechanism and utilisation 
schema. Within the knowledge model, design artefact knowledge is represented by CWK 
and DK, which include function, working principle, solution, behaviour, etc. 

KBDSS: DeNote System 

esig knowledge Multi-Viewpoint Evolutionary CurTent Working Knowledge Model 
ode! s Multi-Viewpoint Evolutionary Domain Knowledge Model 

...................................................... 
Current working knowledge 
Function, working principle, solution, part, required 
behaviour, actual behaviour, desired mode of action, actual 
mode of action, construction, relation, constraint. 
Domain knowledge 
General function, working principle, solution, part, relation, 
constrain. 

Figure 3-2: An example of the research pyramid 

Presenting a formalism of engineering design research, Horvath (2004) presented a 
comprehensive framework of design research, which organised research into category, 
domain, and trajectory. In addition, Duffy and O'Donnell (1998) presented a research 
framework (see Figure 3-3) for conducting design research, which showed a holistic view, as 
well as the evolution of the framework through the research affecting reality. 
To some extent, the research pyramid is similar to Duffy and O'Donnell's research 
framework in that both contain three aspects of design research, i. e., knowledge (which was 
termed phenomena in (Duffy and O'Donnell 1998)), model, and system (which was termed 
computer model in (Duffy and O'Donnell 1998)). However, compared with their work, the 
three layered framework focuses on knowledge-based design support research and presents a 
pattern towards directly supporting design by application systems. In addition, the pyramid 
reveals the domain zooming-in characteristic of different levels of research. Therefore, it 
provides novice researchers a framework for positioning their research. 
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Figure 3-3: Research framework by Duffy and O'Donnell (1998) 

As mentioned in Section 3.1.3, ol' the nine design knowledge classifications, the last one - 
design artefact, process, management, and supplementary knowledge, is dedicated to the 
engineering design domain. The next section discusses this classification in more detail. 

3.2 DESIGN KNOWLEDGE CONTENT ONTOLOGY 

A frequently used classification of design knowledge is associated with its content. In this 
respect, a number of researchers (e. g. Torniyama and ten Hagen 1987; Takeda, Veerkamp et 
al. 1990; Treur and Veerkamp 1992; Yoshioka 1993; Gorti et al. 1998; Brissaud et al. 2003) 
have generally recognised that design knowledge is composed of knowledge about the 
design artefact and design process. Moreover, there is design management knowledge that is 

used to manage the design process (O'Donnell and Duffy 2005), and design supplementary 
knowledge, which does not belong to the former three types of design knowledge, though 
used and considered in the design process. 

3.2.1 Design artefact knowledge 
The design artefact rellers to the object being designed to meet some requirements. As a 
result of designing, design solutions are represented with various combinations of functional 
and structural descriptions (Chakrabarti 1993). Accordingly, design artefact knowledge is the 
knowledge that concerns the nature of the artefact, for example, what the design is used for, 
how the design works and how the design is constructed (Zhang 1999). Bunge (1966) 
regards artefact knowledge as "substantive knowledge", which fundamentally includes 
function, behaviour, and structure of the design artefact (Gero 1990; Umeda et al. 1990; 
Takeda et al. 1996; Gorti et al. 1998). In addition to these three fundamental elements, 
design artefact knowledge also contains design motivation (Smithers 1998), requirements 
(Chakrabarti et al. 2004), constraints of these three elements (/hang 1999; Chen and Lin 
2002), and any associated relationships (Gorti et al. 1998; Gero and Kannengiesser 2004). 

Functional knowledge describes the purpose of the artefact structure (Qian and Gero 1996). 
It expresses the state or a series of states that the device is required to achieve or avoid under 
specific conditions (Chandrasekaran 1990). According to where it is derived, function could 
be divided into expected and/or actual function (Rosenman and Gero, 1998). The former is 
derived from the design purpose, which is the description of the artefact intention. However, 
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the latter is derived from the artefact structure, which is the description of how the artefact 
could be used. 

Behaviouml knowledge reveals how the artefact works to realise its function. In the situated 
function-behaviour-structure framework proposed by Gero and Kannengiesser (2004), 
behaviour was categorised to expected, interpreted, and actual. That is to say, during 
designing, people have some expectations towards artefact behaviour in order to realise its 
function, which are called expected behaviour of the artefact. However, the actual behaviour 
of a designed artefact will depend only on the actual structure of the artefact (Bobrow 1984), 
and that can be derived from the actual structure, with physical laws. The interpreted 
behaviour is designers' interpretation of actual behaviour. With regard to its functional 
character, Qian and Gero (1996) talk about three types of behaviour namely spatial, temporal, 
and aesthetic. Moreover, whether a behaviour depends on any external effect, it could belong 
to either structure behaviour or exogenous behaviour. The former refers to the behaviour that 
is derived from the structure without any external effect, and the latter needs a trigger from 
outside of the structure. 
Structural knowledge is the description of a design, which specifies what elements the 
design is composed of, what the attributes of the elements are and how they are related. Thus, 
structural knowledge contains components, attributes of the components, and relationshipe 
among components (Qian and Gero 1996). 

In addition to the aforementioned three fundamental types (i. e. functional, bchavioural, and 
structural), design artefact knowledge also includes design motivations, design requirements, 
causal relationships, and constraints. The design motivations are the customers' needs or 
desires or the designers' will for changing the world (Smithers 1998). The design 
requirements formalise the motivation in the design space, which are characteristics 
expected to be fulfilled by designers through the design solution (Chakrabarti et al. 2004). 
The causal rekalonships here do not refer to the physical relationships mentioned in 
structural knowledge, but the causal relationships among function, behaviour, and structure, 
and are thus logical relationships. For example, the relationship that used for deriving 
expected behaviour from expected function. Design constraints reflect the requirements that 
need to be satisfied by design parameters (Nomaguchi and Tomiyama 2004). During 
designing, design constraints limit the freedom of choices of these parameters. Different 
from the three fundamental artefact knowledge types, the design motivation, requirements, 
causal relationship, and constraints are not knowledge of the artefact. Rather, they are 
contextual knowledge that is referred by designers that are closely related with the 
knowledge of the artefact. 

3.2.2 Design process knowledge 
A design process is composed of a continuous set of design activities or operations, which 
are executed to determine the structure of the designed artefact that can fulfil some demands 
(Hubka and Eder 1996). As Aken (2005) has argued, it is the knowledge that realises the 
artefact. For Yoshioka (1993), design process knowledge is operational knowledge that 
manipulates design artefact knowledge. In a similar vein, Bunge (1966) uses "operative 
knowledge" to describe design process knowledge. Thus, design process knowledge can be 
thought of as typically meta-level or action-level knowledge and controls object level 
reasoning activities (Nomaguchi and Tomiyama 2002). 

4 a. This relationship refers to the physical and spatial relationshi, mong structural components. 
b. Qian and Gero also mentioned operations and processes as pA of structure, which specially used 

in software engineering and chemical control systems. However the operations and processes can be 
regarded as components of the structural knowledge. 
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From a knowledge level perspective of the cognitive problem solving process presented in 
the literature, with regard to the knowledge elements of a design process, it includes design 
activity (Duffy 2002; Sim and Duffy 2003; O'Donnell and Duffy 2005), which is a rational 
action carried out by a design agent to achieve a knowledge change of the design and/or its 
associated process in order to achieve some design goal (Sim and Duffy 2003). Accordingly, 
process knowledge also includes design goal (Duffy 2002; Sim and Duffy 2004) that directs 
and constrains the activity, input knowledge (Sim and Duffy 2004) that is manipulated by 
the activity and output knowledge (Sim and Duffy 2004) as the result of carrying out the 
activity. In addition, resources (O'Donnell and Duffy 2005) are utilised within the design 
activity, which constitutes another knowledge element of the process. 
In addition to the above five fundamental knowledge elements of the design process, there 
are design context and design issue that belong to the scope of the design process. However, 
rather than fundamental to the design process, they constitute the contextual knowledge of 
the process, that is, design context is the circumstances within which the design activities are 
carried out. It contains the factors influencing the current design. Design issue is referred to 
have as the subject that arises from the design context that should be solved by designers. 

3.2.3 Design management knowledge 
In addition to artefact and design process knowledge, there is design management knowledge 
used by designers during design development, that concerns the characteristics and 
properties of a design process and is used to reason and manage the process (2005)5. Design 
management knowledge is used to plan and enact the design process and could be applied to 
improve design effectiveness and efficiency from the process level (Baldwin et al. 1997; 
O'Donnell and Duffy 2005). A number of factors are considered in doing so, such as 
allocation of resources, goal orientation, and technology and tools (Duffy 1997a). 
Knowledge from project management and organisational design literature are examples of 
this type of knowledge. Also, within the "Design Activity Management Model" presented by 
O'Donnell an Duffy (2005), the knowledge that concerned with the decisions that direct the 
design activities, i. e. manage design activities and enact the design process, is an example of 
this type of knowledge. 

3.2.4 Design supplementary knowledge 
As previously mentioned, knowledge involved in designing is complex. One of the reasons is 
that different types of knowledge are considered and used by designers during design 
development. With the focus being on the artefact and process knowledge, this thesis, 
therefore, terms another category of knowledge that does not belong to the earlier mentioned 
three main categories of design knowledge (i. e. design artefact, process, and management 
knowledge) as design supplementary knowledge. However, design supplementary 
knowledge is indispensable during design. Generally, this type of knowledge involves the 
environment, organisational. culture, and designers' preferences. One example of design 
supplementary knowledge is cited in the metaprocess model proposed by Nomaguchi (2002), 
in which the author talks about a type of design information called "information referred in 
the design". Furthermore, Lu's (2000) reference to background knowledge to intention, 
preference, and cognition of designers is an indication of such knowledge. Design for X 
knowledge and team collaboration knowledge are some other examples of supplementary 
knowledge, considering the research focus in this thesis is the artefact and design process 
knowledge. 

5 The author used process knowledge to refer to management knowledge and "realization knowledge" 
was used to reflect what is referred to in this thesis as process knowledge. 
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3.2.5 Design knowledge topologies 
From the above discussion on classifications of design knowledge based on its content, two 
topology relationships can be derived: one is the teleology topology, and the other is the 
evolutionary topology. They reveal the supportive and evolutionary relationships among 
design artefact, process, management, and supplementary knowledge, which is a 
classification based on design knowledge content. 
Figure 3-4 illustrates the teleology topology of design knowledge, in which "supportive 
relationships" among the four types of knowledge are represented as uni-directional solid 
arrows. Dashed arrows in the model reflect "representation relationships" between these 
object entities in the material and ideology worlds. To illustrate these supportive 
relationships, for example, in the material world, the purpose of a design process is to deliver 
an artelact that meets some specific requirements, and the purpose of management activities 
is to manage the design process so that the design could be carried out in an effective and 
efficient way (O'Donnell and Duffy 2005). Since artefact, design process, and design 
management knowledge are representations of these object entities in an ideology world, 
they possess the same supportive relationship. That is to say, design management knowledge 
supports the development of design process knowledge, which provides support for design 
artefact knowledge evolution. Moreover, design supplementary knowledge, which provides 
background knowledge for designing, is used to support the development of the other three 
types of knowledge. 

Material world Ideology world 
!- 

Design arte 
iýý 

Artefact 
:ý knowledge 

Design 
Process 

Design process supplementary knowledge knowledge 

Management Design management L_j 
L knowledge FI 

A 0- BA supports BA--*BB represents A 

Figure 34: Teleology topology model of design knowledge 

Design knowledge evolves throughout designing (Zhang 1999; Maher and Tang 2003) and 
the four aforementioned categories of design knowledge evolve each other from the outset. 
Accordingly, in addition to the teleology relationships among these four types of knowledge, 
there also exist "knowledge evolutionary relationships", depicted in Figure 3-5. As the figure 
indicates, there exist direct evolutionary relationships between artefact and design process 
knowledge, design process and design management knowledge, and design supplementary 
knowledge and the other three types of design knowledge. In addition, an indirect 

evolutionary relationship also exists between artefact and design management knowledge, 

which is represented with a dashed double arrow connector. Different from the supportive 
relationships in the teleology topology model, these evolutionary relationships are bi- 
directional. That is to say, for example, it is not only design process knowledge that evolves 
design artefact knowledge, the latter affects the former at the same time. 
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Design artefact 
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Figure 3-5: Knowledge evolutionary topology model of design knowledge 

From the two topology models presented above, it can be observed that there is a close 
relationship and interaction between the artefact and design process knowledge. Before 
examining the relationships between them, the next two sections present a review of design 
knowledge with a particular focus on the artefact and design process. 

3.3 DESIGN ARTEFACr KNOWLEDGE 

As mentioned earlier, artefact knowledge is the knowledge that concerns the nature of the 
artefact. In particular, there are two main research issues associated with artefact knowledge 
modelling: one is specialised artefact knowledge modelling and the other is general artefact 
knowledge modelling. The former is applied to a particular domain such as knowledge 
modelling for aircraft or ships, and the latter to general design such as the research on 
artefact functions, behaviours, structures, constraints, and relationships that apply to different 
design domains, for example, architectural design, industrial design, graphical design, 
mechanical design, and software design. Rather than focusing on one particular design 
domain, this research will study design knowledge in general. Thus, this part of the review 
aims to explain the features and elements of general artefact knowledge. The evolution of the 
artefact knowledge is discussed at the end of this section. In addition, a post-positivism view 
of function behaviour structure is presented in this section resulting from the literature 
review and protocol study of a design project. 

3.3.1 Features 
As one primary type of design knowledge, design artefact knowledge possesses some main 
features. Of these, 'complexity' appears to be of high significance (Jonas 2005). it exists not 
only in the artefact itself with different elements such as structural, behavioural, and 
functional knowledge (and even within each kind there are multiple layers) (Thornton 1996; 
Gero and Kannengiesser 2003), but also embodied in its multi-disciplinary nature, with 
multi-representation with different users (Hubka and Eder 1990; Rosenman and Gero 1998; 
Zhang 1999). In addition, artefact knowledge of a current design does not keep static 
throughout the design process (Vajna et al. 2005). Thus, artefact knowledge can be 
considered to be complex and dynamic. 

Complex 

A review of previous work (See below) indicated that there exist several features of artefact 
knowledge that contribute to its complexity. Some examples of these features are as follows: 

Hierarchical data: Design artefacts are usually composed of many design entities, which 
are either composite or primitive (which is the basic unit of structure and cannot be further 
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decomposed) and have a hierarchical structure (Shen and Barthes 1994; Takeda et al. 1996; 
Pavlic et al. 2006; Pahl et al. 2007). 

Semantic relationships: Various relationships exist among design entities with semantic 
meaning (e. g. dependency relationships among objects). As a result, they should be 
represented explicitly by semantic constructs. In fact, when determining the behaviours and 
functions of the artefacts, these relationships are as important as entities (Nguyen and Rieu 
1992; Shen and Barthes 1994; Gorti and Sriram 1996; Gero and Kannengiesser 2004). 

Multi-type or multimedia: Various data types and knowledge formalisms are used to 
describe the artefacts. For example, textual and graphical data are different data types. 
Declarative and procedural knowledge are examples of the knowledge formalisms that 
designers use to represent, manipulate, and reason about the artefact cognitively (Shen and 
Barthes 1994; Darlington et al. 1998; Klein 2000). 

Integration of graphics: Design artefact knowledge is often integrated with graphics. By 
this integration, the concept of the design artefact can be presented by various sketches and 
the design result by detailed geometric model (Shen and Barthes 1994). 

Incomplete and inconsistent requirements: Design can be initiated by requirements. 
However, not all the requirements are easy to be checked for fulfilment and some could be 
incomplete, inconsistent, and/or even impossible (Smithers 1998; Pahl et al. 2007). 

Dymmic 

The following characteristics highlight the dynarnic nature of design artefact knowledge. 
Dynamic evolution: Design artefact knowledge evolves throughout designing. The 
evolution of an artefact happens not only with their attributes and structure of the solution, 
but also their problem specification and function (Nguyen and Rieu 1992; Ullman et al. 1997; 
Zhang 1999; Maher and Tang 2003; Vajna et al. 2005). 

Ambiguous input and design result: Design artefact knowledge begins with an ambiguous 
problem specification, design variables, and design goals (Smithers 1998; Pahl et al. 2007). 
As a result of designing, the design description provides an explicit and detailed 
characterisation of the designed artefact (Maher and Tang 2003). 

Having discussed some basic features of design artefact knowledge, the next section explores 
elements of design artefact knowledge. 

3.3.2 Elements 
As mentioned in Section 3.2.1, there are seven types of artefact knowledge elements, which 
include fundamental functional, behavioural, and structural knowledge of the artefact, and 
contextual design motivations, requirements, causal relationships, and constraints. A review 
of these knowledge elements reveals that they are distributed among three knowledge spaces 
(Gero and Kannengiesser 2003) as presented in the following section. 

3.3.2.1 Artefact knowledge spaces 
From designers' viewpoint, as Gero and Kannengiesser (2004) have proposed, there exist 
three artefact knowledge spaces in design, namely expected, external (what we call here 
instantiated), and interpreted artefact knowledge spaces 6. The expected design artefact 
knowledge space (ES) composes of designers' expectations towards a designed artefact, such 
as what components it will contain, how it will function and behave. The instantiated design 

6 Gero, and Kannengiesser used 'world' instead of 'space' in describing the environment within which 
different types of knowledge exist. 
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artefact knowledge space (IsS) contains the design artefact knowledge that has been 
specified by designers and could be realised in a future implementation. Lastly, the 
interpreted design artefact knowledge space (ItS) exists in designers' mind, which is built up 
from their interpretation of the artefact being designed. These three design spaces contain 
design artefact knowledge in different states. 

3.3.2.2 Function 
The function of an artefact is its intention, purpose (Hybs and Gero 1992; Qian and Gero 
1996; Deng et al. 1999), or as Hubka (1982) called it, duty of the artefact. It expresses the 
state or a series of states that the device is required to achieve or avoid under specific 
conditions (Chandrasekaran 1990). Put simply, the primary reason of designing an artefact is 
to meet some desired functions (Chandrasekaran and Josephson 2000; Ullman 2002). 
Similarly, Zeng and Cheng (1991) argue that the ultimate goal of designing is to create a 
form that displays the prescribed functions in its environment. Clearly, then, it is the 
prominent concept in determining an artefact's features (Umeda and Tomiyama 1997). In the 
early design phase, most of the design decisions are made with concern of the artefact 
functions (Roy et al. 2001). Much more specifically, function plays three roles during 
designing (Takeda et al. 1996). First, designers can use it as a modelling language to 
construct and develop design requirements. Second, it can link requirements and artefacts. 
Finally and third, it could be used to evaluate whether the artefacts meet their requirements 
in the later phase of design, i. e. when structural parameters are elaborated. Thus, functional 
knowledge is important in predicting, observing, describing, and verifying device behaviour 
(Iwasaki et al. 1995). 

From a post-positivism viewpoint (See sections 2.2 and 2.3 about the research philosophy 
and the methodology adopted in the research presented in this thesis), artefact function is a 
subjective and situated concept (Gorti et al. 1998) and its existence depends on individual 
human being's expectation and interpretation of the artefact. Accordingly, function does not 
exist in IsS due to its subjective character. This is partly because, although a function could 
be recognised by designers in the IsS, it is still interpreted by human beings. Therefore, 
depending on whether it is derived from designers' intentional expectation towards the 
artefact to be designed, or their interpretation of the designed artefact, the artefact function 
can be categorised into two types: expected function (F. ) in the ES and interpreted function 
(Fit) in the ItS (Wang et al. 2007). The former stems from design requirements, which 
describes constraints, specifications of the artefact, regardless of whether these requirements 
are from customers, or from designers. Therefore, expected functions are the expectation or 
desire towards the function of the artefact. In contrast, the latter is derived from the artefact's 
instantiated structure and interpreted behaviour knowledge (see Section 3.3.2.3). As Hybs 
and Gero (1992) have argued, it is a representation of designers' perception of structure. 
Similarly, others (e. g. Sasajima ct al. 1996; Takeda et al. 1996) explain interpreted function 
as an explanation of observed artefact behaviour when it works in a desired environment. 
Therefore, interpreted function becomes a combination of interpreted behaviours and these 
behaviours are observed based on a set of possible behaviours of the artefact (Sasajima et al. 
1996). 

This classification of function as being expected function and interpreted is similar with 
Chandrasekaran and Josephson's (2000) "function as effecf' and "function as what a device 
does". However, their representation is based on whether the function description is 
environment-centric or device-centric. Though, artefact and its working environment are 
indivisible throughout designing. Although not designated to be one of these two types, i. e., 
expected and/or interpreted functions, the concepts of function mentioned by some other 
researchers only refer to either expected or interpreted and not both. For example, Gero and 
Kannengiesser's (2003) definition of function as the teleology of a design object refers to the 
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former. On the other hand, Zeng and Cheng's (1991 p. 138) definition of function as the 
artefact's "response to the environmental actions according to some natural laws, rules and 
principles" and Sasajima et al. 's (1996) discussion of the function as the interpretation of 
behaviour under a desirable state can be considered as the latter, i. e. interpreted function. 

A review of research on artefact function models shows there are two typical models 
representing artefact function: systems model, and activity and operands model. 

Systems model of function 

Pahl and Beitz (2007) describe function in a systems way as the intended input/output 
relationship of a technical system whose purpose is to perform a task, where inputs and 
outputs can be material, energy or information. In addition, in order to derive the desired 
output state, external controls and means may be adopted. Put in another way, function is the 
input and output relationship of an artefact with the effects of control and means (Hubka 
1982; Ullman 1993). According to Deng et al. (1999), an artefact can only function in a 
certain (intended) working environment. Viewed in this way, a systems model of function 
can be represented in terms of its input state, output state, controls, means by which function 
is performed, and the working environment within which the function is performed (see 
Figure 3-6). 

Controls 

Input Output 
State Function --0, State 

Working 
Environment Means 

Figure 3-6: Systems model of function (Adapted from Ullman (1993, p. 22)) 

A model with activities and operands 
For Matousek (1963), function can be considered as the "action required" by the design 
problem. In his view, function could also be represented by an activity plus its operands (see 
Figure 3-7). Koller (1985 cited Ullman 1993, p. 22) argues that there are thirteen elementary 
functions or action verbs as follows: change, change back, enlarge, reduce, change in 
direction, conduct, insulate, connect, separate, join, divide, store, and destore. These actions, 
as Pahl and Beitz (1996) argued, act on its operands, which could be material, energy or 
information. 

Activity -----P-(Operands 

Figure 3-7: Function model with activity and operands 
According to Kitamura et al. (2004), functional knowledge in the conceptual design phase is 
especially hard to capture. In order to facilitate the process of capturing functional 
knowledge, Pahl and Beitz (1996), and Kitamura et al. (2004), among others, presented a 
number of methods, namely: QFD (Quality Function Development), FMEA (Failure Mode 
and Effect Analysis) sheet, and fault trees in FTA (Fault Tree Analysis). 
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3.3.2.3 Behaviour 
Simulating how the artefact works (Sasajima et al. 1996), behaviour describes what the 
artefact does, and how it achieves its functions (Gorti et al. 1998). Moreover, it is physical 
laws that control how an artefact demonstrates its behaviour through a series of status 
changes (Takeda et al. 1996; Deng et al. 1999). Generally, artefacts function in particular 
environments (Deng et al. 1999) and therefore, behaviour is affected by an artefact's 
interaction with its environment (Hybs and Gero 1992). For Qian and Gero (1996), a 
behaviour could be exhibited through two modes: it can either be derived from the structure 
without any external effect, or a trigger is needed from outside of the structure so that the 
behaviour could be conveyed. As a result, they are called either structure behaviour or 
exogenous behaviour. In addition, depending on its functional character, a behaviour could 
be classified into three types namely spatial, temporal, and aesthetic (Qian and Gero 1996). 
Spatial behaviour depicts how the objects behave in 2D or 3D space; temporal behaviour 
occurs according to specific time constraints; and aesthetic behaviour is the one that convey 
the visual or aural function of an artefact such as the satisfactory and pleasant feeling. 

In comparison with function, behaviour could be derived entirely by objective qualitative 
physics or subject observation with a post-positivism viewpoint. Viewed in this regard, three 
types of behaviour can be employed in defining an artefact according to its origination, 
distributed among ES, IsS, and ItS respectively. The first is called expected behaviour (B. ), 
which are the attributes expected from the artefact's structure and derived from its expected 
function (see 3.3.2.2). The second is instantiated behaviour (13, s), which is also called 
behaviour of structure (Gero 1990). This type of behaviour is derived directly from the 
instantiated structure of the artefact that the designers are working on. Moreover, it is the 
instantiated behaviour that the artefact can exhibit with the designed structure. The last one, 
interpreted behaviour (B,, ), refers to behaviour observed by designers and could be exhibited 
by an artefact in a particular environment, which is an explanation or the analysis of an 
artefact according to the designers' interpretation. According to Sasajima et al. (1996), 
interpreted behaviours are those selected by designers based on a set of possible working 
artefact behaviours. Accordingly, interpreted behaviour can then be used to evaluate the 
design (Malak and Paredis 2007). 

Furthermore, during the course of designing, behaviour can be used for problem formulation, 
synthesis, analysis, evaluation, and reformulation (Qian and Gero 1996). These activities are 
realised by applying different types of the aforementioned behaviour. For example, whether 
interpreted behaviours are the same as expected behaviours is one criterion for evaluation of 
the designed artefact. 

Systems model of behaviour 

Similar to the systems model of function, the systems model of behaviour regards the 
artefact or components of the artefact as the centre, with the input, output object, and 
relationships between them (Sasajima et al. 1996). The input and output could be material, 
information, and energy. In consequence, the systems model of behaviour could be 

represented in terms of its input, output objects, and the relationships between them (see 
Figure 3-8). 
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Figure 3-8: Systems model of behaviour 

Function and behaviour 

Having described function and behaviour, it is necessary to mention their relationship, not 
least because function and behaviour of an artefact have been often debated (Sasajima et al. 
1996; Takeda et al. 1996; Umeda and Tomiyama 1997; Rosenman and Gero 1998). These 
two concepts are different; however, at the same time, they are cognate concepts and link 
with each other closely. 
The most significant difference of function and behaviour is that while the former describes 
what an artefact is for, the latter illustrates what an artefact does (Umeda and Tomiyama 
1997). In addition, to clarify the differences between these two concepts, Sasajima et al. 
(1996) talk about the intentional and structural descriptions of the artefact. Similarly, Gero 
and Kannengiesser (2004) employed expected, interpreted, and external world to describe 
the transformation of artefact knowledge. As mentioned earlier, function could be 
categorised as expected and interpreted. Behaviour, due to its subjective character, on the 
other hand, could be classified into three types: expected, instantiated, and interpreted. Of all 
these types, the expected function and behaviour belongs to the intentional description of the 
artefact knowledge in the ES, the instantiated behaviour belongs to the structural description 
in the IsS; and the interpreted function and behaviour belong to human being's subjective 
explanation of structural description of the artefact that belongs to the ItS. Thus, Bi, does not 
depend on a human being's judgement; however, it can be derived entirely by qualitative 
physics (Bobrow 1984). That is to say, it could be derived directly from artefact structure 
and the environment in which it operates. Having said this, interpreted behaviour, on the 
other hand, represents the designers' view of the artefact behaviour based on their 
observation. However, in comparison with interpreted behaviour, Braha and Reich (2003) 
argue that the interpreted function of a product is a combination of interpreted behaviours 
selected from a particular situation. Moreover, the interpreted function of an artefact is 
subjective and context dependent (Gorti et al. 1998). It depends not only on the structure and 
the environment in which the artefact works, but also on how designers and users view the 
artefact. Furthermore, the relationship between behaviour and structure could also be 
observed from some other definitions of function. As Takeda, et al. (1996, p. 187) have 
pointed out, function is "a description of behaviour abstracted through recognition of 
behaviour for utilisation". This implies that different interpretations of interpreted function 
could be derived from the same behaviour by different people. 
Despite the above differences between function and behaviour, these two concepts are 
closely related. As Qian and Gero (1996) have pointed out, function can be accomplished by 
static or dynamic behaviour, or by a set of behaviours occurring concurrently or sequentially. 
Moreover, according to Iwasaki et al. (1995), to fully understand how an artefact works, 
especially to evaluate a design based on the expected function and behaviour, the function of 
the artefact should be represented in a way with interpretation of behaviour. In order to 
reason how an artefact works in an unexpected environment, the interpreted behaviour 
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knowledge alone is insufficient. This is because in order to predict how an artefact will 
behave under a given environment, artefact structure knowledge and general physical 
principles might be sufficient. However, without the expected function knowledge, it is 
impossible to determine the desirability of the predicted or observed behaviour (Deng et al. 
1999). As Takeda et al. (1996) argued, this is because although an artefact can exhibit a 
number of behaviours, but not all behaviours; are meaningful for designers. 

3.31.4 Structure 
Structure, or as others (e. g. Matousek 1963; Zeng and Cheng 1991) put, "form", describes 
distinctive variables that identify the artefact, and their interactions (Kuipers 1984). Artefact 
structure can be represented by its components, attributes of components, and relationships 
among these components or their configuration (Gero 1990; Takeda et al. 1996). 

The components of structure are a finite set of element variables that could be either physical 
or logical. For example, it could be a physical bolt in a roadside barrier or a software 
program embedded in chip. In addition, an element could also include primitive elements 
and structure elements (Qian and Gero 1996). While the former refers to the element that 
cannot be further divided, the latter refers to a group of elements that form a sub-structure. 
Accordingly, a structure element can consist of a combination of primitive elements or other 
structural elements. The attributes of components are their properties, such as their material, 
energy, information state, shape, colour, to name but a few. The attribute itself or when it is 
combined with other attributes, can play a key role in forming and obtaining behaviours. In 
this respect, the visual effect of a combination of colours can be regarded as an example. The 
relationships between the elements here refer to either a physical-link (which can be a 
physical interconnection that could be represented with topological or geometrical data), or 
containing a relationship such as has-part and a-part-of between primary and structural 
elements. Generally, the has-part and a-part-of relationships are described by hierarchical 
representation. In addition, different relationships could lead to different function of an 
artefact. 
With a post-positivism viewpoint, the artefact structural knowledge exist in two states, either 
in relation to the designers' expectation towards what the artefact structure will or should be, 
or in relation to the state that has been specified by designers for the current artefact. 
Therefore, structural knowledge is limited to the two existing design spaces, i. e., ES and IsS. 
Consequently, an artefact's structure can be classified into expected structure (S. ) in ES and 
instantiated structure (Si, ) in IsS. While the former refers to designers' expectation of the 
components of the artefact and relationships among them, the latter refers to the actual 
structure of the artefact being instantiated and specified at a particular point in time. The 
instantiated artefact structure remains consistent regardless of a human being's interpretation. 

Finally, based on different viewpoints, Nguyen and Rieu (1992) and Tichem and Storm 
(1995), among others, take the above discussion further by explaining the multiple 
descriptions of artefact structure, i. e. artefact aspects. This view, as its title indicates, 
describes different aspects of an artefact, such as its thermodynamics, kinetics, or 
electrodynamics. 

3.3.2.5 Motivations and requirements 
Design motivations (M) stimulate a design, which can be customers' needs or desires 
(Smithers 1998; Varejao et al. 2000), they can also be designers' will of changing the state of 
something in their surrounded environment. Strictly speaking, the motivations are still 
outside of the design space, though it is the origination of the designij . Therefore, it is 
attributed as a type of contextual knowledge of the artefact. 
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The design requirements (Rq) formalise the motivation in the design space, which are 
characteristics expected to be fulfilled by designers through the design solution (Varejao et al. 
2000; Chakrabarti et al. 2004). They are served as agreement of what the desired artefact 
would be, and provide a basis for designers to proceed with the design (Darlington and 
Culley 2004). Therefore, requirements are addressed throughout the development process of 
an artefact. The requirements of a design is normally "incomplete, inconsistent, imprecise, 
ambiguous and/or impossible" at the beginning of the design process (Smithers 1998), and 
need to be revised in the design process so as to be clarified (Brazier et al. 1998). The extent 
of how well the requirements are clarified affect the quality of the design solution 
(Chakrabarti et al. 2004). Because requirements reflect human being's teleology concepts, 
they exist in the ES of design knowledge. Similar with motivations, they are also a type of 
contextual knowledge of the design artefact, and not fundamental knowledge elements of the 
artefact per se. 

3.3.2.6 Causal relationships 
Among the aforementioned artefact knowledge elements, i. e. function (F), behaviour (B), 
structure (S), design motivation (M), and requirement (Rq), there exist cause-effect links, 
which are causal relationships (CR) that can reflect the evolution of design artefact 
knowledge. Knowledge of causal relationships is considered as relational knowledge by 
Gero (1990). It provides, and makes explicit, the dependencies between the variables in the 
functional, structural, and behavioural knowledge and can be represented as a dependency 
network (Gero 1990; Gero and Kannengiesser 2004). A list of causal relationships among 
design knowledge elements is given in Section 3.3.2.8. 

Causal relationships become design constraints in particular situations when the relationships 
must be realised. While the chunk of knowledge belongs to causal relationship knowledge, it 
also belongs to constraint knowledge in that situation. 

3.3.2.7 Constraints 
Designing is a constrained activity (Gero 1990). Throughout design development, designers 
need to specify and simultaneously satisfy various design constraints (Chandrasekaran 1990; 
Thornton 1996). For example, designers set function constraints from the beginning of 
design and continuously introduce other additional constraints whenever it is necessary 
throughout designing. 

By definition, constraints (Ct) of a design artefact are restrictions on an accepted design 
solution (Suh 1990). For Chen and Lin (2002), constraint is a relation that links design 
variables. Normally, constraints on function may appear as expected behaviours, and 
constraints on structure normally reduce the range of structure possibilities. As a result, 
constraints knowledge can guide designers in finding design solutions (Thornton 1996). For 
example, artefaCt constraints may include what form the artefact should have, or the cost of 
the artefact. 
Design constraints are complex. For example, constraints knowledge could appear in either 
or both the qualitative knowledge and quantitative knowledge. According to Chen and Lin 
(2002), there are two types of constraints: one is domain constraints and the other is relation 
constraints. While the former defines the values or ranges allowable for design measures or 
parameters that could be either finite or infinite, the later refers to "equalities, inequalities, 
and rules" (p. 170). Also, a majority of design constraints can be expressed as mathematical 
constraints. of these mathematical constraints, while only some can be defined as equalities, 
a majority, however, define limitations on a design, rather than stipulating an exact 
relationship between variables. Moreover, most constraints are non-linear and many 
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constraints may interact with each other during designing, which, in turn, makes the design 
even more complex. 

3.3.2.8 A post-positivism view of function behaviour structure (P-FBS) 
Having discussed the basic artefact knowledge elements, a model of function behaviour 
structure is presented from a post-positivism view in this section. This model is not only 
based on literature review, but also based on protocol study of a design project (Wang et al. 
2007). 

Gero (1990), Schulte and Weber (1993), and Chen and Lin (2002), among others, have 
observed the existence of a relationship between function and structure. Others (e. g. Gero et 
al. 1991; Qian and Gero 1996; Takeda et al. 1996; Gorti et al. 1998; Deng et al. 1999) take 
this argument further by stating that such a relationship is established through an artefact's 
behaviour. Umeda et al. (1990), for example, developed the FBS diagram that reveals the 
existence of a relationship between function and structure through behaviour (see Figure 3-9). 
A closer look at Umeda et al. 's FBS diagram, however, indicates that the model does not 
show the causal relationships among function, behaviour, and structure, and hence, the 
model could not answer the question of "which type of knowledge may result in change(s) in 
anotherT' To put it another way, which type of knowledge is the "cause" and which type is 
6'effected". 

Function Set 
fimction 

F-B Relationship 

B-S ReWonshiý Y 'I, Physical Laws 

Behaviour Set 
behavior 
behavior sequence 

Structure Set 
co : state 

state change 

Figure 3-9: Relationships among F, B, and S (Umeda et al. IM) 

In his FBS framework, Gero (1990) revealed several causal relationships among function, 
expected behaviour, structural behaviour (behaviour derived from structure), structure, and 
design description (Figure 3-10). However, this only provided an initial description of causal 
relationships since it fails to fully consider function, behaviour, and structure in all of their 
forms. For example, the expected and working functions were not considered in the 
framework. 

NOD B expected behaviour 
B behaviour derived from structure ý= 

design description 
F= function 
S= structure 

-No- = Transformation 
4-lo- = comparison 

Figure 3-10: F-B-S framework (Gero, 1990; Gero and Kannengiesser 2004, p. 375) 
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Although in their situated function-behaviour-structure framework (Figure 3-11), Gero and 
Kannengiesser (2004) depicted a more detailed model of FBS with causal relationships, the 
framework does not reveal the relationship between requirements and designers' 
interpretation of current artefact behavioural and functional knowledge. In addition, function 
and structure were not actually reflected in their three design world description, i. e. external, 
interpreted, and expected, which in turn appended some causal relationships that didn't exist 
in the design %Norld. 

Se 

Ol 

1, trans form ation, = comparison; -- flocussing; - push-pull process 

Figure 3-11: The situated FBS framework (Gero and Kannengiesser 2004, p. 389) 

From sections 3.3.2.1,3.3.2.2,3.3.2.3, and 3.3.2.4, it can be deduced from a post-positivism 
view that function and structure do not exist in all three artefact knowledge spaces (ES, IsS, 
and ItS). Specifically. function exists in the ES and ItS; behaviour could be derived entirely 
by objective qualitative physics or subjective observation so it exists in all the three worlds; 
and structure only exists in the ES and IsS. As a result, there seems to be seven fundamental 
knowledge elerrients of the artefact: F, IF,, 13, B,,, B,,, S, and s, In addition, F, is normally 
deduced from requirements (Rq), which exists in the ES and is derived frorn sorne 
motivating needs or the desires (M) of custorners or the designers themselves. Moreover, as 
a result of designing, a design description (D) that can be used for producing the artefact is 
delivered in the IsS. Specifically, nine basic artefact knowledge elements distribute among 
the three design artefact knowledge spaces (As mentioned earlier, M does not belong to the 
design space): the FS comprises of Rq, F, 13, and S,; the IsS includes B's, Si,, and D; and in 
the ItS, F, and B, Further, design constraints set limitations to these artefact knowledge 
elements and the causal relationships across the three spaces. Table 3-2 lists the existence of 
the main artefact knowledge elements in the three design spaces. 
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Table 3-2: The eidstence of the artefact knowledge elements in three design spaces 

Requirements Function Behaviour Structure Description Constraints 

ES 44 4 4 4 

ISS 
its 

As a consequence of the existence of the basic artefact knowledge elements, the existing 
causal relationships are limited to where the elements exist. In the ES, Rq can be derived 
from M. F. then can be deduced from Rq, and B. from F,. S. can be derived from B. by 
synthesis. Then S. can be instantiated to Si. in the IsS, and B,,, could be exhibited from Si, in 
this space. Different from other causal relationships, the exhibition is conducted by the 
artefact itself rather than designers. Based on the Bi., designers could observe Bit from it, and 
this could then be interpreted to Fj, Once Bi, and Fi, are derived, comparison between B. and 
Bi, and F,, and Fit can identify whether the design satisfies Rq, or the design provides the 
required behaviour and function. If the design is plausible, D can be documented as part of 
the final design solution. Overall, there exist three main causal streams in the design space, 
which are distributed in the ES, IsS, and ItS respectively. 
Figure 3-12 illustrates the post-positivism view of function behaviour structure where causal 
relationships are represented with solid arrows (except the one from Si. to B,., which is not 
triggered by designers and therefore is represented with a dashed arrow). The comparisons 
between F. and Fit, and B. and Bit are represented with dashed double arrows. A more 
detailed description of the causal relationships and activities is given in Table 3-3. 
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..... .................... ........ .... 
7 Expected 

artefact M F. B. S. knowledge 
space 

. ............. ........ . ........ . ......... . ..... . .... ....... ... 

15 
. ........ . ............................... .............. ........ ............ ..................... ......................... . .................... ..................... ..................... 4....................... I .............. 

Interpreted 
artefact Fft 

knowledge 
space 

. ..... . ................. ......... .... . ..... . .................. ................................... ...... . .......... . ..... . ......... . ............. ................... . .................. 
10 

.... . .......... ............ ......... . .............. . ............ . .......................... .............. ..... ........ ............................ ......................................... ....................... ............... 
Instantiated 

artefact B,, Si,, D knowledge 
space 

......... . ..... . ............................ ............................. .......................................... ........ ............................................. ........................... .. 4....................................... 

Constraints 
---------------------------------------------------- 

Causal relationships 
Relationships serial number 
Comparison 

Artefact knowledge space 

---------- : Constraints 

39 



Chapter 3 Design artefact and process knowledge 

Figure 3-12: Post-positivism view of FBS (Derived from Wang et al. 2007) 

Table 3-3: Causal relationships between artefact knowledge elements 

Causal 
Representation Relationships/ Eiplanation 

Activities 

1. M Rq Conversion Design requirements are derived from some 
motivating needs or desires of customers or 

(from motivation to designers themselves. 

requirement) 
2. Rq 4 F. Deduction This relationship reveals the deduction of the 
(from requirement to expected function of the artefact from design 

expected function) requirements. The F. indicates the designers' 
expectations towards the design, i. e. what the 
design is for. 

3. F, 4 F. Function Function decomposition creates sub-functions or 
(decompose expected decomposition detailed functions by analysing the primary 
function) expected functions (Pahl et al. 2007). It normally 

creates a function tree with function dependency 
relationships among fitrictions. By decomposition, 
the problem can also be divided to sub-problems 
that to design the artefact to satisfy the sub- 
functions (Deng et al. 1999). Umeda and 
Tomiyarna (1997) believe that the design results 
rely entirely upon the ilinction decomposition. 

4. F. 4B Deduction Expected behaviour of the artefact could be 
(from expected function predicted and described through expected function 
to expected behaviour) knowledge (Iwasaki et al. 1995). By this causal 

link designers presume that the expected functions 
could be realised through exhibition of expected 
behaviours. 

5. B. 4 B. Behaviour Similar to F., B. could also be decomposed to sub- 
(decompose expected decomposition behaviours. Therefore, a primary B. could be 
behaviour) realised through a set of sub-behaviours, exhibited 

by the artefact either concurrently or sequentially. 
6. B. 4 S. Mapping/Synthesis Based on knowledge of achievable behaviours 
(from expected produced by some specific structures, S. is 
behaviour to expected defined, which is expected to exhibit B. so that the 

structure) F. could be rcalised. 

7. S, 4 S,. (dccompose Structure Sometimes, for a structural element that is required 
expected structure) decomposition to realise an expected behaviour, the structural 

element can be decomposed into more primitive 
elements. This structure decomposition refers to 
the causal relationship between the structural 
element and its more primitive elements. 

S. S. 4 Si. Instantiation Instantiated structure is created once the S. 

(from expected including all the primitive elements have been 

structure to instantiated decided and instantiated by the designers, such as 

structure) with a computer model. 

9. S, s 4 B, 9 Exhibition Instantiated structure's attributes, relationships 
(from instantiated among elements, and certain external cffects 
structure to instantiated interacting with the structure at a particular time 
behaviour) determine the structure's exhibited behaviour. 
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Causal- 
Representation Relationships/ Explanation 

'Activities 
Affected by qualitative physics and physical laws, 
B, can be exhibited by a structure. 

10. B,. 4 B,, Observation With regard to all B,, that could be exhibited by 
(from instantiated the artefact, designers obtain Bit within a specific 
behaviour to interpreted working environment according to their own 
behaviour) observation. 
11. Bt 4 Fit Interpretation As part of human beings' ideology, Fit is 
(from interpreted designers' interpretation of an artefact according to 
behaviour to interpreted their expectation of the design. It can be derived 
function) through designers' interpretation of B,. In other 

words, F, t can be accomplished by interpreted 
behaviour. 

13. B. <-4 B,, 4 Rq Refinement Since the initial requirements might be 
(evaluation by "incomplete, inconsistent imprecise, ambiguous 
comparing expected and/or impossible" (Smithers 1998), they need to 
behaviours with be refined by reformulation and/or modification. If 
interpreted behaviours, any inconsistency between B. and B, t is found 
to refine requirements) through evaluation, designers can refine design 

requirements. 
15. F. <-4 Ft 4Rq Refinement Meanwhile, in case of any inconsistency between 
(evaluation by F. and Fit, requirements can also be refined. 
comparing expected 
function with 
interpreted function, to 
refine requirement) 
16. S,, 4D Documentation Following evaluation, if the design requirements 
(from instantiated are satisfied by the S,., the design description could 
structure to design be documented for the design. Generally, a design 
description) description, as a detailed depict of the artefact 

structure, contains structural and functional 
information, as well as its detailed manufacturing 
information. 

In addition, the two comparison activities involved in this P-FBS model are listed in Table 
34. 
Table 34: Activities involved In P-FBS model 

Activities Representation;, -Explanation 
12. B. " B, j Comparison/Evalu In order to discover whether the S,, of current 

ation design is plausible or not, B, t needs to be compared 
with B-. 

-to-find 
out whether B, match 

14. F. <-4 Ft Comparison/Evalu Similarly, Fi, needs to be compared with F. to find 
ation out whether they match. 

The P-FBS describes the existence of the basic artefact knowledge elements and the 
relationships among them. Though, it is not a prescriptive model that foresees the next step 
in the design process. 
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3.3.3 Evolution 
As mentioned in Section 3.3.1, one of the artefact knowledge features is that it evolves 
during the design process (Hybs and Gero 1992; Shen and Barthes 1994; Ullman 1997; Gorti 
et al. 1998; Leeuwen and Wagter 1998; Zeng and Gu 1999; Deneux and Wang 2000; Chan et 
al. 2002; Maher and Tang 2003; Vajna et al. 2005). 

Engineering design generally commences with incomplete knowledge of a required artefact 
or a rudimentary form, and ends with a detailed description of a desired artefact ready for 
manufacturing. Artefact knowledge, until the design is considered finished, is therefore in 
the state of dynamic evolution (Shen and Barthes 1994). The majority aspects of design 
artefact knowledge evolve during the design process, such as requirement (Maher and Tang 
2003; Almefelt et al. 2006), function (Chandrasekaran 1990), behaviour, and structure 
(Ullman 1993; Tomiyama 1994; Takeda et al. 1996; Poon and Maher 1997; Braha and Reich 
2003; Maher and Tang 2003; Gero and Kannengiesser 2004), and constraints 
(Chandrasekaran 1990). More specifically, at the beginning of design, not all the 
requirements are known by designers a priori and they are refined during the design process. 
For example, less than 50% of the original requirements remained unchanged during a 
project developing cellular telephone features for the Japanese market. The rest were either 
new, changed, or removed during the design process. 
in respect of evolution in design, its formal model was first introduced by Woodbury (1989). 
Since then, there has been considerable research focused on this characteristic of artefact 
knowledge. However, a review of the previous research pertinent to artefact knowledge 
evolution indicates that most research has focused on how to develop frameworks or models 
to support evolving artefact knowledge rather than this characteristic itself For example, 
SHOOD (Nguyen and Rieu 1992), a model based on object-oriented and frame-based 
knowledge representation, supports dynamic artefact knowledge evolution. The object- 
oriented representation model proposed by Shen and Barthes (1994), PDM, represents the 
evolution of design by providing versions for each object. Similarly, Gorti et al. (1998) 
proposed an object-oriented model with a layered schema. The model supports evolving an 
artefact by defining objects recursively and step-wise refining its knowledge base. The 
Cambridge Product Data Model (CPDM) (Ball et al. 1996) enables the representation of an 
evolving artefact with new classes and new characteristics by building and capturing class 
prototypes during the design process. Moreover, taking into account of the dynamic nature of 
design, Leeuwen and Wagter (1998) proposed an information model with a layered schema 
that supports dynamic information evolves along with the development of the design. 

In addition to the aforementioned frameworks and models for supporting evolutionary 
artefact knowledge, there is also some research that has investigated the evolution 
phenomenon. For example, Gero (1996) proposed evolution as one characteristic in creative 
design. Smithers (1990) pointed out that the construction of design requirements and design 
specifications are tightly interactive in terms of the knowledge used and generated. In a 
similar vein, the co-evolution proposed by Poon and Maher (1997), reveals that a design 
process does not begin with an exhaustive problem specification. In contrast, the initial 
problem specification is usually vague and unclear, and the evolution of the design problem 
and solution alternates through designers' searching in two parallel search spaces: the 
problem space and the solution space (See also Dorst and Cross 2001; Maher and Tang 
2003). Chakrabarti (1993), Braha and Reich (2003), and Brissaud et al. (2003) also observed 
that the functional description of the design problem and solution evolve together through 
criteria and conjecture. 
As Gorti and Srirarn (1996) have pointed out, design evolution is guided by knowledge, such 
as knowledge about the components used during the design, process knowledge used in a 
particular task, the current context conditions, and user decisions and preferences. They also 
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suggest that this evolution is triggered by the outside environments, such as new material, 
new techniques, and new information systems. However, despite the close relationship 
between the artefact evolution and design process knowledge, little research has been 
focused on such relationship. For example, the following questions are still remaining 
unanswered by the current research: 

" The basic artefact knowledge elements involved in the coupling: What artefact 
knowledge elements are involved in the coupling during the design development? 

" The development of the evolutionary artefact knowledge elements: How the artefact 
knowledge elements develop during the design process? 

" The triggers of the evolution: What caused the artefact knowledge elements to 
evolve? i. e. what are the links between the artefact knowledge elements and other 
design knowledge elements, which cause the evolution? 

Since the design process knowledge is the manipulation knowledge of the artefact 
knowledge. As some researchers observed (e. g. Zhang 1999; Huang and Gu 2006a), artefact 
knowledge evolution is closely associated with the design process knowledge. This suggests 
that a coupling exists between artefact knowledge and design process knowledge. To 
understand the artefact knowledge evolution as well as answer the above questions, it is 
necessary to unveil their coupling. However, before further discussion of such coupling, the 
next section presents design process knowledge, its fundamental elements, and its 
evolutionary characteristics. 

3.4 DESIGN PROCESS KNOWLEDGE 

According to Gorti et al. (1998), design process is a sequence of mappings from one design 
state to another until one or more acceptable artefacts are found. During this process, design 
activities responsible for the mappings are applied to design objects. From a knowledge 
perspective, the design process is a process of utilising and evolving design knowledge. 

Research on the design process has grown over the past few decades, and the research 
community has obtained more understanding of it (Mostow 1985; Ullman et al. 1988; Finger 
and Dixon 1989; Takeda, Veerkamp et al. 1990; Blessing 1996; Braha and Maimon 1997; 
Ullman 1997; Gorti et al. 1998; Smithers 1998; Pavkovic et al. 2001; Brissaud et al. 2003; 
Vajna et al. 2005; Reymen et al. 2006). By exploring the nature of the design process, this 
section first elucidates the features that distinguish designing from other activities. It then 
presents the following five fundamental knowledge elements of design process: design goals, 
activities, resources, input knowledge, and output knowledge, and two contextual design 
process knowledge elements: issues and contexts. One conspicuous characteristic of the 
design process, evolution, is then discussed at the end of this section, which builds the basis 
for later discussion of coupling evolutionary artefact and design process knowledge (Chapter 
4). 

3.4.1 Features 
According to Gero (1990), designing is a purposeful, goal-oriented, constrained, decision- 
making, exploration and learning activity, which operates within a context that depends on 
the designers' perception of it. Designing is different from other similarly described human 
activities such as problem solving and planning. This difference is not only because of its 
domain, but also because of some additional necessary features (Gero 1990). Moreover, what 
make designing different is that it neither starts with something that specifies what is 
required nor defines a problem to be solved. However, it must arrive at a design for a 
perceived need. When it is realised or implemented, it should satisfy the motivating needs or 
desires (Smithers 2002). Different researchers view design process differently from different 
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viewpoints, for example, as planning, search, or exploration. The key features of the design 
process are identified in this section by rationalising some of the work in the area. 

3.4.1.1 Dynamics 
Evolutionary 
As mentioned in Section 3.3.3, design artefact knowledge evolves throughout the design 
process, and is manipulated by the design process knowledge. Hybs and Gero (1992) present 
designing as an evolutionary process, which evolves from the initial problem statements, 
constraints, and goals to an ultimate artefact description through a series of transformation 
processes (Takeda, Hamada et al. 1990; Tomiyama 1994; Pavkovic and Marjanovic 2001). 
Strictly speaking, by saying designing as is an evolutionary process, Hybs and Gero really 
mean that the design artefact knowledge, which is manipulated by the design process, is 
evolutionary. This reveals that the artefact knowledge evolution is closely related with the 
design process. 

The design process is constituted by a sequence of design activities. The complete design 
activities are not formulated a priori but rather, they are specified gradually along with the 
evolution of design artefact knowledge. In this thesis, the evolution of the design process is 
considered as the evolution of the fundamental knowledge elements of the design process 
itself, rather than the evolution of the artefact knowledge. 

Iterative 
The design process is not a straightforward one, but an recursive one and is composed of a 
series of stages with iterations (Chandrasekaran 1990; Roozenburg and Eekels 1995; Braha 
and Reich 2003). During designing, designers need to go back to one or more previous 
stages to revise the design if the current artefact does not satisfy the requirements or 
constraints. However, this iteration does progress design and cause the design from vague 
specifications to a description of a design (Asimov 1962). 

Mapping 
Designing has also been considered as a mapping from functional requirements in a 
"functional space" to a physical embodiment characterised in terms of design parameters in a 
"physical space" or "attribute space" (Suh 1990; Tomiyama 1994). This is the core idea of 
the "General Design Theory" proposed by Yoshikawa (1981), which describes designing 
from a macro point of view with a start and finish. The real design process is a stepwise 
transformation process and there exist some micro processes between this mapping process. 
The meta-model space presented by Takeda et al. (1990) reveals this stepwise mapping 
process. 

Transforming 
As mentioned earlier, design progresses through a series of transformation processes. Thus, 
the design process can be regarded as a series of transformations of function, structure, and 
behaviour towards the design description (Hybs and Gero 1992; Tomiyarna 1994). 
According to Gero (1990), the ideal transformation would be deriving the design description 
from the functional requirements directly. This is actually the "Design as mapping" 
mentioned earlier. However, a direct transformation just occasionally exists between 
function and structure, which is capable of achieving the desired result. in general, there is 
another element that exists in this transformation as a means of connection between function 
and structure, which is behaviour. In this sense, Gero (1990) depicted the actual 
transformations from function to structure through behaviour. These transformations are 
analogous to the causal relationships presented earlier in Section 3.3.2. However, they rf---. al 
the dynamic activities during designing. 

44 



Chapter 3 Design artefact and process knowledge 

3A. 1.2 Process based 
Planning 
For Gero and Coya (1985), designing is a type of planning that determines the sequence of 
design activities required to achieve a goal state from a starting state of a design. However, 
this assumes that the state space of designing is defined a priori. Therefore, as Gero (1998) 
argued, it could be used to describe detail design or routine design where the space is defined. 
However, according to Smithers (2002), designers just know the needs or desires at the 
beginning of designing. These needs or desires are not specifications of what to be designed. 
Thus, from this point of view, designing is not exactly planning since a specification of what 
is to be achieved should be known before executing the plan. 

Search 
As discussed by some researchers (Simon 1981; Howe et al. 1986; Chandrasekaran 1990; 
Thomton 1996; Gero and McNeill 1998), designing can be viewed as a search process. In 
this view, the solutions of artefacts or their components can be represented as states and 
there are a number of possibilities of states that can fulfil each design goal. Design goals and 
constraints could be fulfilled by searching this states space and applying operators to the 
problem specification. Normally, only a small number of possibilities in this space constitute 
satisfying solutions. Moreover, not only the artefacts and their components, the design 
activities could also be represented as state spaces. By searching the activities space, a 
sequence of activities are executed to obtain the desired design. 

However, the basic and often implicit assumption in designing as search is that the state 
space of possible artefacts or their components or possible activities is defined a priori and is 
bounded. According to this view, prior to designing, the design space should also be defined. 
Tberefore, similar to viewing designing as planning, this model tends to suit detail or routine 
design (Gero 1998) in which the state space is usually predefined. Moreover, by viewing 
designing as a search, goals of the design activity should be well defined before the design 
process begins and the focus of designing is not changed during design process. In addition, 
according to Howe et a]. (1986), many issues that limit search as a technique for planning 
also limit this view of designing, such as mutually constraining goals, i. e. control of 
explosive search spaces. 

Exploration 
Considering the problems involved in regarding designing as a search, i. e., the design state 
space should be defined at the outset of the design process and the design focus should not 
change during designing, designing could be viewed as exploration (Chandrasekaran 1990; 
Gero 1990; Smithers 1990; Qian and Gero 1996; Rosemnan and Gero 1998; Smithers 2002; 
Braha and Reich 2003). That is, designing explores what variables may be appropriate for 
the design. In this view, the states or solution space could be expanded through a change in 
the focus of the design during designing. Thus, the space of possible designs to be searched 
is not necessarily available at the outset of the design process. By exploration, design goals 
or decisions are explored. In the mean time, artefact behaviours, possible structures and the 
means of achieving them are decided as a consequence of exploration. 

3.4.1.3 Cognitive based 
Designing is typically a human activity, an endeavour that is mainly about what people do 
when they design, as well as why, when, and how they do it (Mostow 1985; Smithers 1996; 
Darlington et al. 1998). Thus, designing could be considered as a cognitive process that is 
executed purposely to achieve an objective (Adelson 1989; Darlington et al. 1998; Varejao et 
al. 2000; Maher and Tang 2003). According to Kurakawa (2004), design development is 
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composed of a cognitive problem solving process. In a similar vein, Hubka and Eder (1996) 
regard designing as a rational cognitive activity, which can be decomposed into smaller 
design stages or phases. As Sim and Duffy (2003) pointed out, design cognation could be 
depicted in terms of goals, actions, knowledge, and intended rational behaviour at the 
knowledge level. However, there is no well-established theoretical understanding of the 
cognitive capabilities used during design. Therefore, the development of cognitive theories 
of design is untenable at the moment. 

Learning 
Designing involves learning (Gero 1990; Persidis and Duffy 1991; Duffy and Duffy 1996; 
Duffy et al. 1998; Sim and Duffy 1998,2004; Wu 2004). Designing and learning arc two 
intcrlinked activities because learning is part of the design exploration activity. Designers 
obtain new knowledge through learning during the design process when they encounter 
knowledge that is sufficiently different from their present state of knowledge (Persidis and 
Duffy 1991). Through learning, designers improve their problem solving ability. In addition, 
learning happens not only through single designer designing, but also among different 
designers through collaborative designing, termed collective learning (2004). 
Problem solving 
Designing could be characterised as a problem solving process (Simon 1981; 
Chandrasekaran 1990; Dorst and Dijkhuis 1995), which starts with a problem specification, a 
set of functions and constraints to be satisfied and ends with a problem solution (Hillier et al. 
1984; Mostow 1985; Leeuwen and Wagter 1998). Simon and Newell (1958) suggest that 
there are three criteria of a well-structured problem: first, it can be completely described in 
quantitative terms; second, the goal can be described by an objective function, and last, the 
problem could be stated quantitatively and solved by algorithms. Design problems, therefore 
could be viewed as a wicked or ill-defined problems as they are not known in full detail from 
the outset of designing (Rittel and Webber 1973; Leeuwen and Wagter 1998; Coyne 2005). 
Though, there are still some other researchers who object to this view, they agree that 
designing does involve problem solving, but that it does not account for the overall process. 
Smithers (2002) considers that designing does not start with a problem to be solved, because 
a problem should specify what can be a solution. However, as the input of designing, needs 
and desires of a design do not specify what can satisfy them, they simply identify what we 
would like to be different or what we need to be different. 

Reasoning 
Since the second half of the eighties, design as a reasoning process has gained considerable 
consideration (Brazier et al. 1994). As Rzevski (1981) and Takeda (1990) mentioned, a 
design process is regarded as an iterative logical process realised by reasoning. During 
designing, reasoning takes place at various levels and various types of reasoning are 
involved, such as deduction, induction, abduction (Gero and Rosenman 1990; Yoshioka 
1993; Brazier et al. 1994; Takeda and Nishida 1994; Roozenburg and Eekels 1995), 
circumscription (Yoshioka 1993), and recursion (Zeng and Cheng 1991). 
Reflection-in-action 
The view of design as problem solving deals with design in a positivism way in which 
designers act as information processors and the design process is a rational search process 
(Dorst and Dijkhuis 1995). However, to some researchers, designing is an activity that 
designers act in. That is, during designing, designers encounter difficulties, when they will 
switch to reflective thinking, analysing or learning. Schon (1983) uses reflection-in-action to 
describe activities such as design, where the design process becomes a reflective 
conversation ; tween designers and the situation, in which designers set problems and then 
take actions t-, improve the current situation. 
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3A. 1.4 Knowledge intensive 
The design process is a knowledge intensive activity in which designers use diverse 
knowledge throughout designing (Takeda, Hamada et al. 1990; Smithers 1998; Klein 2000; 
Braha and Reich 2003). In respect of the content of design knowledge, design artefact, 
process, management and supplementary knowledge are considered as its main types. 
Following the Knowledge Level (Newell 1982) theory of the design process (Smithers 1996), 
there has been more and more research focussing on the knowledge level of designing. For 
example, Tomiyama (1994) and Nomaguchi and Tomiyama (2002) proposed knowledge 
intensive engineering, which assists engineering activities in various product life cycle stages 
based upon intensive use of the accumulated engineering knowledge. 

The above discussion of the main features of the design process reveals that it is a complex 
activity evolving various elements, and possessing dynamic and cognitive characteristics. 
The next section presents the main design process knowledge elements. 

3.4.2 Elements 
According to Reymen et al. (2006), the design process can be viewed as a finite sequence of 
design activities necessary for achieving design goals. Referring to various discussions on 
the design process (Mostow 1985; Ullman et al. 1988; Treur and Veerkamp 1992; Gorti et al. 
1998; Li ct al. 2004; Reymen et al. 2006), five fundamental knowledge elements are 
considered here to define the design process: goals, activities, resources, inputs, and outputs. 
These elements are closely related and interconnected throughout designing. In addition, the 
design process also involves two types of contextual knowledge, i. e., design context and 
issues. 

3.4.2.1 Goal 
Designing is a purposeful activity and the design problem has been described as a goal- 
oriented problem (Mostow 1985; Gero 1990). Goals in design are the objectives that reflect 
desires, needs, and/or requirements of designers or customers (Roozenburg and Eekels 1995; 
Duffy 2002). Throughout designing, a series of design goals are set and achieved by 
designers. For example, they could be to determine functional, behavioural, or structural 
elements for the artefact. They could also introduce constraints, introduce new artefact 
elements, or create further sub-goals that will be met individually. The pursuit of sub-goals 
then impels the progression of design (Gorti et al. 1998). 

Goals derived from the current state of design guide how the design process should proceed. 
Therefore, goals link the artefact and process knowledge. They can prescribe how the 
artefact knowledge should be manipulated (Mostow 1985) hence to direct and set constraints 
on designers' activities. 
During the design process, designers set tasks to meet goals, and the goals can be achieved 
through accomplishing the tasks. Thus, a task is an undertaking specified a priori (Duffy 
2002). 

3.4.2.2 Activity 
It should be noted that the design activities, rather than tasks, are treated as fundamental 
knowledge elements of the design process, because the activities are the actions that take 
place in order to evolve the design process. To Sim and Duffy (2003, p. 202), the 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". Hence, design activities can be thought of as the operations enacted on 
artefact or process knowledge elements by designers, through which a knowledge 
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transfonnation towards the design goal is made. This in turn results in a transition of the state 
of the artefact or design process (Reymen et al. 2006). A basic model of an unplanned design 
activity may involve the following basic elements: Design activity (A), Input activity 
knowledge (1k. \): the knowledge present prior to the activity; Output activity knowledge 
PLO: the knowledge present as the result of carrying out the activity; Activity goal (GA): the 
knowledge that directs and constrains the activity; And Activity resource (RA): the 
knowledge that acts on the input to produce the output. They are depicted in Figure 3-13. 

GA 

IkA 

t 
RA 

Figure 3-13: t n-planned design activity (Adapted from O'Donnell and Duffy (2005)) 

In order to accomplish design tasks, given the availability of resources, directed and 
constrained by the goal of design tasks, designers choose design activities by comparing the 
goal, available input, and desired output knowledge of the design task with those of the 
design activity. I fthe goal, input, and output knowledge of design activity match those of the 
design task, and there are available resources for executing the design activity, it is chosen to 
accomplish the design task. Or even if there are not the available resources at the required 
time, design activities can also be defined with the resources to be determined. This 

combination of design tasks, activities, goals, resources, input, and output form part of the 
design plan and consequently, the activities become planned activities that build the 
fundamental kno"Iedge elements of the design process. Figure 3-14 shows the model of a 
planned design activity. 

gn 
ess 

Figure 3-14: Planned design activity 

in this inode input knowledge (Ikl) is the knowledge available prior to the design task and 
output knowledge (Oki) is the knowledge expected resulting from accomplishing the design 
task by carrying out the design activity. They represent the initial and final states of 
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knowledge, related to both the artefact and the design activity. For example, the input could 
be a vague concept with an output being a more detailed description of the design. Moreover, 
the input could be knowledge of current expenditure related to the resources used in 
activities prior to the start of the activity. The output will also have a value of expenditure, 
which will represent an increase on the input value, as further resources will have been used 
during an activity. Design goals (GT) in planned design activities, as mentioned earlier, are 
the knowledge that direct and constrain the design activities. Design resource (RT) represents 
the resource that is used by design activities to produce the output knowledge. 

Designers perform a range of design activities throughout designing. For example, to create 
the artefact, activities such as search, add, calculate, choose, combine, decide, decompose, 
define, delete, evaluate, represent, and select may be employed (de Roode 1998). Design 
activities have been discussed by some researchers from different views at different levels 
(Pugh 1986; Dorst and Dijkhuis 1995; Cross et al. 1996; Yang and Epstein 2005). Based on 
the knowledge level, Sim and Duffy (2003) presented an ontology of design activities, which 
include three main categories of the design activity, i. e. design definition, evaluation, and 
management activities (Table 3-5). 

Table 3-5: Design activity ontology (Derived from Sim and Duffy 2003) 

1, Activities categories ',, ' Design activities 
Design derinition Abstracting, associating, composing, decomposing, defining, detailing, 
activities generating, standardising, structure/integrating, synthesising, 

formulation, modification. 

Design evaluation Analysing, decision making, evaluating, modeffing, selecting, simulating, 
activities testing/experimenting, validation and verification. 

Design management Constraining, exploring, identifying, information gathering, planning, 
activities prioritising, resolving, searching, selecting, scheduling, communication, 

guiding, information archiving, 

3.4.2.3 Resource 
Design resources are allocated to tasks and are utilised by design activities. From the 
knowledge level, a design resource, as mentioned earlier, is the knowledge that acts on the 
input to produce the output (O'Donnell and Duffy 2005). 

Human beings are generally viewed as the core resource in the design process. In addition, 
computer tools, materials, techniques and information sources are other types of design 
resource (O'Donnell and Duffy 2005). Similar with the work conducted by O'Donnell and 
Duffy, resources are represented in the form of knowledge in this thesis. 

3.4.2.4 Input and output 
As mentioned earlier, the input knowledge is the knowledge present prior to the design 
activity, and the output knowledge is that present as a result of carrying out the design 
activity. It should be noted that the input and output knowledge discussed in this thesis are 
confined to the artefact knowledge (Section 3.3.2). 

3A. 2.5 Context 
During the design process, before designers specify a design goal or carrying out a design 
activity, they should be familiar with the state of both the artefact and design process 
(Mostow 1985; Ullman et al. 1988). Further, the current state of project environment 
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variables, such as available resources and company strategy, should also be acknowledged 
by designers to execute design activities. Design context is adopted here to describe the set 
of the knowledge factors influencing the design artefact, which include not only description 
of the current design artefact and process knowledge but also the factors influencing the 
artefact being designed and the design process (Brissaud et al. 2003; Reymen et al. 2006). 
These factors are of various types of knowledge, such as constraints, specifications, 
requirements, needs, performance measures, and objectives (Ullman et al. 1988). Figure 
3-15 (a) illustrates the composition of design context. Throughout the design process, 
designers carry out every design activity in specific design contexts. Figure 3-15 (b) shows 
the relationship between design context and a planned design activity. 

Design context 

Artcfact Design 
process 

Factors affecting artefact and 
d8 csign process 

Design context 

Task 
10 

GT 

IkT A OkT 

t 

RT 

(a) Design context (b) Relationship between design context and design 
activity 

Figure 3-15: Design context 

Any change to the current design, such as changes to the artefact attribute, the relationships, 
or artefact elements, changes the design context. Moreover, designers' perceptions of the 
design also affect what is included in design context (Gero 1990). Therefore, design context 
is a dynamic knowledge set. Knowledge is added to and removed from this set at anytime 
throughout designing with the development of design and change of designers' perception. 

3.4.2.6 Issues 
During the design process, various issues arise from the context, which formulate the design 
problem to be solved by designers (Ullman 2001). Design issues can be of the artefact being 
designed, or the design process itself. Design goals are to solve these issues, which is 
achieved through executing design activities. Thus, design issues are closely related to 
design context, design goals, and activities. Though design issues are not considered as a 
fundamental knowledge element of the design process, it constitutes the contextual 
knowledge of the design process. 

3.4.3 Evolution 
As mentioned earlier, the design process is constituted by a sequence of design activities, 
and the detailed design activities are formulated gradually within a design context, within 
which the design artefact knowledge evolves. In addition, with the evolution of the artefact 
knowledge, the input output of the artefact evolves. Therefore, evolution pervades every 
aspect of a design -roject. Not only the designed artefact manipulated by the design process 
evolves, the desil process itself also evolves throughout designing (Demaid and Zucker 
1993; Gorti et al. 1998; Wallace et al. 1999; Braha and Reich 2003; Maher and Tang 2003). 
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The evolutionary feature of the design process is exhibited through the dynamic evolution of 
its knowledge elements, i. e. design, goals, activities, resources, inputs, outputs knowledge, 
contexts and issues (Gero 1996; Wallace et al. 1999; Chan et al. 2002; Pavkovic ct al. 2002). 
Each of them dynamically evolves throughout designing, either individually or co-rclatcd. 
More specifically, during designing, the design goal could be decomposed into sub-goals. To 
put in another way, a design goal can evolve to more detailed sub-goals that can compose a 
goal tree of the design. In addition, new design goals can also emerge as design requirements 
change. As design goals evolve, new design tasks are assigned to achieve them. Accordingly, 
new design activities then may be required to be carried out to accomplish the tasks that 
could achieve the goals. As a result, design resources used by the activity evolve. In addition, 
with the evolution of artefact knowledge, the input and output knowledge of the activity 
evolves. As mentioned earlier, design context is composed of the description of the current 
design artefact and process knowledge as well as all the factors influencing the development 
of the artefact being designed and the design process. Therefore, as any of the 
aforementioned elements evolves, a new design context emerges (Reymen et al. 2006). 
Consequently, the evolution of design context causes design issues' evolution. Throughout 
the design process new issues are identified, old issues are revisited, and some issues 
abandoned (Ullman 2001). Figure 3-16 gives a depiction of the evolution of the design 
process. 
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Design context/Issues 

r ------------------------------- 
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Fligure 3-16: Design process evolution 
Although there has been some research that has focused on the dynamic evolutionary 
character of the design process, the majority has referred to the evolutionary character of the 
design artefact manipulated by the design process. Of these, for example, the evolutionary 
design process model presented by Hybs and Gero (1992), commences with intentions and 
ends up with the artefact and embeds design into it. Chan et al. (2002) developed an 
evolutionary computation framework with a dynamic hierarchical structure of the artefact 
which supports dynamic evolutionary design. Some more examples could be found in 
(Takeda, Veerkamp et al. 1990; Gero 1996; Shimomura et al. 1998; Dorst and Cross 2001; 
Maher and Tang 2003). The evolution of design process knowledge is closely related to the 
artefact knowledge. However, little research has focused on this topic. For example, the 
following questions are still remaining unanswered by the current research: 
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" The basic design process knowledge elements involved in the coupling: What design 
process knowledge elements are involved in the coupling? 

" The development of the evolutionary design process knowledge elements: How do 
the evolutionary design process knowledge elements develop during the design 
process? 

" The triggers of the evolution: What causes the design process knowledge elements to 
evolve? i. e. what are the links between the design process knowledge elements and 
other design knowledge elements, which cause the evolution? 

From the earlier description of the design artefact and process knowledge evolution, it can be 
deduced that they are closely related. Therefore, it is hypothesised that there is a coupling 
exists between them. To understand such a coupling can contribute to our understanding of 
the evolutionary nature of artefact and design process knowledge. To this end, previous work 
closely related to the coupling of evolutionary artefact and design process knowledge will be 
reviewed in the next chapter. 

3.5 SummARY 

The purpose of this chapter is to provide a review of design artefact and process knowledge, 
which resulted in: enhanced understanding of the domain, a basic set of artefact and 
knowledge elements, and identification of the design problem, i. e., a lack of knowledge 
between the artefact and design process. Specifically, a knowledge pyramid in design 
research is given at the beginning of the chapter, which shows a layered structure of design 
research, with design knowledge, design knowledge models, knowledge-based design 
supporting systems from bottom to top. A design knowledge classification based on its 
content is then presented, which includes design artefact, process, management, and 
supplementary knowledge. Two topologies of design knowledge are presented including 
teleology and evolutionary. Design artefact knowledge and design process knowledge were 
then discussed in chapter 3.3 and 3.4, focusing on their basic knowledge elements and their 
evolutionary character. The fundamental elements of artefact knowledge include: function, 
behaviour, and structure, and those of design process knowledge are design goal, activity, 
resource, input, and output knowledge. In addition, design motivations, requirements, causal 
relationships, and constraints of the design artefact, and context and issues of the design 
process constitute the contextual knowledge of the artefact and design process. 
Following the discussion of the evolutionary characteristic of the artefact and design process 
knowledge, it was concluded that they are closely related, i. e. the artefact and design process 
knowledge are coupled. However, the questions such as what are the evolutionary 
knowledge elements, how the knowledge elements develop, and what are the relationships of 
the evolutionary elements, are still unanswered. Before presenting the work addressing these 
questions, the next chapter will take a closer look at the literature on coupling of the design 
artefact and process knowledge. 
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Chapter 4 REviEw OF ARTEFACT AND DESIGN 
PROCESS KNOWLEDGE COUPLING 

Chapter 3 presented the features and ontologies of the artefact and design process knowledge. 
Specifically, it highlights that both of them evolve during design development. It was 
hypothesised that their evolution closely relates to the coupling of the artefact and design 
process knowledge. This chapter presents the literature pertinent to the coupling, thereby 
leading to the identification of the research challenges of the thesis. 

In Section 4.1, four research topics related to coupling of the artefact and design process 
knowledge are presented. The research gap is identified in Section 4.2, which provide a 
review of the research related to coupling of the artefact and design process knowledge. 
Section 4.3 presents a number of problems encountered by industry that relate to coupling of 
the artcfact and design process knowledge. Finally in Section 4.4, the research focus of this 
thesis is derived based on the review, i. e. to explore the nature of the coupling of 
evolutionary artefact and design process knowledge. 

4.1 RELATED RESEARCH TOPICS 

There are several research topics in the engineering research domain that are closely related 
to the coupling discussed in this thesis, such as "integrated product development", 
"concurrent engineering7, "product lifecycle management", and "total design". To clarify 
coupling and these related research topics, this section introduces the research focus of each 
topic. 

These research topics emphasis different aspects of product development, though product 
development is regarded to be the core concept, which covers part of the product lifecycle 
beginning from the marketing of a product to its design and manufacturing process. To 
clarify, a short discussion of these approaches is given below. 

In the early 1980s, based on the idea that 

"the product development cannot be carried out in the best possible way if it is 
allowed to disintegrate into different areas of specialisatio? 4 areas of activity or 
areas of responsibility. "( Andreasen and Hein 2000, p2) 

Integrated Product Development OPD) was formulated as an idealised model of a new 
product development paradigm (Andreasen and Hein 2000). The aim of IPD was to build 
proper interactions for the isolated activities within the company. To achieve this, it takes a 
holistic view that focuses not only on integrating the market, product, and production, but 
also on the project and management, and integrating with other development activities (See 
Figure 4-1). The coupling of the artefact and design process was not explicitly stated within 
the IPD. However, it is integrated within the middle stream of the IPD, i. e., "Engineering 
design". 
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Figure 4-1: Integrated Product Development (Andreasen and Hein 2000) 

In order to overcome some shortcomings of traditional sequential "over the wall" approach, 
concurrent engineering (CE) was proposed in 1988. CE is a systematic solution conducted 
by a team, which aims to minimise product development time by means of integrated, 
concurrent design of products and their related processes (Prasad 1996). It mainly focuses on 
parallel engineering and considers mostly the perspectives of product life-cycle, such as the 
quality, cost, schedule, and customer expectations (Winner et al. 1988). As an approach to 
IPD, CE was observed by many researchers that its narrow meaning is "integrating product 
and process" (Winner et al. 1988; Prasad 1996). It should be noted that the term "process" 
here not only includes the design process but also include processes of such as the 
manufacturing and supporting. Other researchers such as Finger et al. (1993) provided a 
broad meaning of CE, which is integration within the whole enterprise. Therefore, the core 
idea of CE is two-fold: first, to integrate product and its related processes in a parallel 
holistic way, and second, to establish a coherent co-operation within the enterprise. 
Product Lifecycle Management (PLM) is 

a strategic business approach that applies a consistent set of business solutions 
in support of the collaborative creatiot4 managemen4 dissemination, and use of 
product definition information across the extended enterprise from concept to 
end of life - integrating people, processes, business systems, and information 
(CIMdata 2002). 

This implies that PLM is neither a tool nor a packaged suit of applications. Rather, it is a 
concept and vision of a way that can be operated in an enterprise. It integrates enterprise 
resources together to make the business processes run more smoothly and more efficiently. 
Specifically, its scope not only covers Product Data Management (PDM), but also shares 
some mutual benefits with Supplier Relationship Management (SRM), Enterprise Resource 
Planning (ERP), and Customer Relationship Management (CRM). 

Total design (1990) is the systematic activity that contains product, process, people and 
organisation. It is a general management concept that covers the product from the marketing 
investigation until it is sold to the market. In the total design model, Product Design 
Specification (PDS), after being formulated, will constrain the design development through 
all the design stages. Similar with PLM, total design is an enterprise approach that considers 
related information from the outset of the design. 

All the aforementioned four topics emphasise on integration of different design related 
aspects, such as marketing, product, design process, sale, and enterprise operation 
management. As two core aspects of design, artefact and design process are integrated into 
these approaches accordingly. However, these approaches do not reveal the nature of the 
coupling of the artefact and design process on a knowledge level. 
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4.2 REVIEW OF COUPLING RELATED RESEARCH 

As some researchers have observed, the closely related relationship, i. e., coupling, exists 
among elements of design knowledge, for example, between function and behaviour 
(Sasajima et al. 1996), requirements and design solutions (Maher and Tang 2003), function 
and structure (Schulte and Weber 1993), and behaviour and structure (Umeda et al. 1990). A 
number of related research work has been conducted to reveal this phenomenon, for example, 
research work by Marples (1960), Blessing (1994), Klein (2000), and Wynn and Clarkson 
(2008). Marples (1960) maps the design process through decision trees that follow the 
product hierarchy. Blessing (1994) proposes a framework for design process data based on a 
design matrix, which relates activities to product data. Klein (2000) discusses the relation 
between product and design process and argues that there exists a close interaction in design 
between design object level knowledge and problem solving knowledge. Similarly, Wynn 
and Clarkson (2008) defined a linkage meta-model that represents the knowledge elements 
of artefact and design process, as well as their relationships between them. 

Overall, the relationships that were discussed by researchers can be grouped into the 
following three main categories, which include: 1) between artefact and artefact, 2) between 
process and process, and 3) between artefact and design process. Following a review of the 
research related to the coupling, Table 4-1 shows the research (with the reference number) 
distributed in these three categories based on the knowledge ontology discussed in Chapter 3. 
If there are research about the relationship between two elements, the index numbers of the 
research are listed in corresponding intersection cell of the column and row of the two 
elements. A list of the research with their reference numbers can be found in Table 4-2. The 
review shows that these research involve relationships not only between specific knowledge 
elements, but also between elements and general artefact and process, and between artefact 
and design process. The knowledge elements reviewed here include motivations (M), 
requirements (Rq), function (F), behaviour (B), structure (S), constraints (Ct), causal 
relationships (CR), activity (A), goal (G), input (in), output (Out), resource (R), context (C), 
and issues (1). In addition, domain artefact knowledge (DK) also listed because there was 
some research dedicated for domain knowledge reuse. Research conducted in these three 
categories are discussed in the following sub-sections. 
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Table 4-2: A list of research related to coupling 
Ref No. Research 
[1]. Design tasks specification (Brazier ct al. 1994) 
[2]. Strategic knowledge (Brazier et al. 1998) 
[3]. Ontological framework (Varejao et al. 2000) 
[4]. Relation network (Pavkovic et al. 2002) 
[5]. Evolutionary design process model (Hybs and Gero 1992) 
[6]. Situated FBS (Gcro and Kannengiesser 2004) 
[7]. Functional evolution process model (Takeda et al. 1996) 
[8]. Design prototype (Gero 1990) 
[9]. Bridging function and behaviour (Iwasaki and Chandrasekaran 1992) 
[10]. FBS paths (Qian and Gero 1996) 
[11]. CFRL (Iwasaki ct al. 1995) 
[12]. FBRL (Sasajima et al. 1996) 
[13]. FEBS (Deng et al. 1999) 
[14]. Function behaviour representation (Deng 2002) 
[15]. Function, behaviour, and structure (Umeda, et al. 1990) 
[16]. QFD (Akao 2004) 
[17]. MOKA (Klein 2000) 
[18]. Co-cvolution (Maher and Tang 2003) 
[19]. Modelling design process (Takeda, Vecrkamp et al. 1990) 
[201. Functional reasoning (Chawla and Sangal 1992) 
[21]. Function & shape relationship (Schulte and Weber 1993) 
[22]. Structures mapping (de Roode 1998) 
[23]. Function-to-form mapping (Roy et al. 200 1) 
(24]. Concept decision using finiction and constraints coupling (Chen and Lin 2002) 
[25]. Topological structures for modelling design process (Braha and Reich 2003) 
[26]. Function representation for inspiration new ideas (Chakrabarti et al. 2005) 
[27]. YMIR (Alberts 1994) 
(28]. DSM (Steward 1981) 
[29]. Identifying shape relationships (Orsborn et al. 2008) 
[30]. Knowledge model for functional rc-design (Deneux and Wang 2000) 
[31]. CWK evolution support (Zhang 1999) 
[32]. Rationale capture and support (Brissaud ct al. 2003) 
[33]. Interactions between factors influencing design system (Robin et al. 2005) 
[341. Design knowledge reuse using process modelling (Baxter et al. 2007) 
[35]. Support design leaming (Giess et al. 2007) 
[36]. Aligning process product and organisational. architectures (Sosa 2007) 
[37]. Development mode based on integration product and process (Huang and Gu 2006a) 
[38]. Linkage meta-modelling (Wynn and Clarkson 2008) 
[391. Development based on information feedback (Huang and Gu 2006b) 
[40]. Domain-independent design model (Reymen et al. 2006) 
[41]. Design matrix (Blessing 1994) 
[42]. Requirements management (Almefelt et al. 2006) 
[43]. Evolutionary design case adaptation (Gomez de Silva Garza and Maher 2000) 
[44]. Learning in design (Sim and Duffy 2004) 
[45]. CONGEN (Gorti and Srirarn 1996) 
[46]. Design performance (ODonnell and Duffy 2005) 
[47]. Factors influencing '-sign requirement (Darlington and Culley 2004) 
[48]. Ideal decision supj t system (Ullman 2001) 
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4.2.1 Artefact and artefact 

Table 4-3 lists the first research category that is related to the relationships between the 
artefact knowledRe elements (grey cells) and between the elements and ý, Yeneral artefact 
knowledge (dark grey cells) with their reference numbers (see Table 4-2 for the research 
related to those particular numbers). 
Table 4-3: Research related to artefact knowledge relationships 

'_Artefact M Rq FBS Ct CR DK 

Artefact 

m 

Rq [L2] [31 [41 

F [51 [4.61 171 

B j61 15,6,7.8, 
9.10,11, 
12.13,14" 
151 

s 116] [4,17, [9,19,20, j5,6,7,8, 128,29) 
181 2L 2123. 10,13,15ý 

1 24,25,261 26ý 27] 

ct [3 Ol-, 

CR 

DK [311 

In addition to some research about the relationship between arlefact and requirements 
(Brazier et at. 1994; Brazier et al. 1998), artefact current working knowledge and domain 
knowledge (Zhang 1999), motivations and requirements (Varejao et al. 2000), motivation 
and function (Hybs and Gero 1992), requirements and requirements (Pavkovic et al. 2002), 
requirements and function (Pavkovic et al. 2002; Gero and Kannengiesser 2004), 
requirements and behaviour (Gero and Karmengiesser 2004), requirements and structure 
(Klein 2000; Pavkovic et al. 2002; Maher and Tang 2003), structure and structure (Steward 
198 1; Orsborn et al. 2008), and constraints and constraints (Deneux and Wang 2000), it can 
be found that most of the research listed in Table 4-3 are about relationships between the 
function, behaviour, and structure (Gero 1990; Takeda, Veerkarnp et al. 1990; Chawla and 
Sangal 1992; Hybs and Gero 1992; Iwasaki and Chandrasekaran 1992; Schulte and Weber 
1993; Alberts 1994; Iwasaki et al. 1995; Qian and Gero 1996; Sasajima et al. 1996; Takeda 
et al. 1996; de Roode 1998; Deng et al. 1999; Roy et al. 2001; Chen and Lin 2002; Deng 
2002; Braha and Reich 2003; Gero and Karmengiesser 2004; Chakrabarti et al. 2005). As 
discussed in Chapter 3, behaviour connects function and structure in the transformation from 
function to structure. Of the relationships between function, behaviour, and structure, two 
research groups have actively contributed to this research topic. one is Gero and his 
colleagues, the other is Urneda and his colleagues. 

The FBS model presented by Gero and his colleagues includes a basic one (Gero 1990) and 
an extended one (Gero and Kannengiesser 2004). It does combine design artefact knowledge 
with design process knowledge. To this end, the design process was modelled as a series of 
transformations among design artefact knowledge elements. This, in turn, reflects the 
evolutionary characteristic of design artefact knowledge. However, the design process 
knowledge, which includes design goal, activity, input, output, resource, context, and issues, 
has not been considered in this model. Consequently, the interrelationships between the 
artefact and design process knowledge, i. e., the coupling between them, has not been 
clarified. 
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Similar to tile FBS model presented by Gero, the FBS presented by Umeda and his 
colleagues ( 1990) also has extended versions, for example, the functional evolution process 
model (Takeda et al. 1996) and the design methodology (2005) that aims to facilitate 
product upgrade based on the FBS diagram. However, the FBS diagrarn only illustrates the 
static relationships among function, behaviour, and structure. Furthermore, design process 
knowledge was not discussed in this diagram, and there was no obvious coupling between 
the function. behaviour, and structure and the design process knowledge. In short, both FBS 
models do not reveal the coupling of the artefact and design process knowledge. They also 
fail to reveal how the coupling affects their evolution throughout designing. 

From the research presented in this section, it can be seen that the transformations between 
the artefact knowledge elements are revealed. However, the research does not address how 
these transform at ions related to the design process elements, especially goal, input, output, 
resource. context. and issues. 

4.2.2 Design process and design process 
The research related to the relationships between the process knowledge elements (grey cells) 
and between the elements and general process knowledge (dark grey cells) are shown in 
Table 4-4 with their reference number as listed in Table 4-2. 

Table 4-4: Research related to process knowledge relationships 

Process A 
71n lout IR IC 

Process 

A 

G 144.461 

In 144.461 

Out 144,461 1461 [44.461 

R 14,41,461 [41 

C [401 (401 1 1451 1451 

1 141.481 1 1481 

Dcsign process knowledge is a part of the design context (Reyrnen et al. 2006), which also 
includes the activity, goal, and input of the design process (Gorti and Sriram 1996). 

The research related to the relationships of process knowledge elernents is mostly based on 
the activity model. ýN ithi n NN hich tile activity relate to other elements of' tile design process. 
For example. the relationships between the activity and goal, input, output, and resource are 
depicted by Duffy and his colleagues (Duffy 2002; Sim and Duffy 2004; O'Donnell and 
Duffy 2005). Moreover, the relationships between the input and output, and the goal and 
output could be used to model design perfonnance (O'Donnell and Duffy 2005). 

In addition to tile activity-related research, there are also research related with the 
relationships of other elements. The relation network presented by Pavkovic et al. (2002) 
built the relationship between designers, design task, and software tools, which revealed the 
relationships between the resource and activity, and resource and resource. Blessing 
proposed the design matrix (Blessing 1994), which linked issues of different artefact 
knowledge with activity and goal. In the decision system presented by Ullman (2001), he 
connected "issues- with "goals". 

It could be found that while tl te research focus on the process knowledge elements, the 
artefact aspect was not covered in a detailed level such as the relationship with the function, 
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behaviour. and structure. hence the coupling of the artefact and design process on a 
knowledge level was left untouched by this category of research. 

4.2.3 Artefact and design process 
The third categorý of the research is related to the relationships between the artefact and 
desiý,, n process knowledge elements, as well as between the general artefact and design 
process. A number of research in this category are shown in Table 4-5 in the grey cells and 
dark grey cells \kith their reference number as listed in Table 4-2. 

Table 4-5: Research related to relationships between artefact and design process 

DK l Artefact m Rq F B S Ct CR DK 

Process [2.4.31.32, 
33,34.35,36. 
37.381 

12.391 11,11 

A 11.31.401 131 IL 1.4. 
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10,17. 
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The research related to the relationship between the artefact and design process can be 
roughly catcgorised into four groups as between I) general artefact and process elements, 2) 
artefact elements and general process, 3) general artefact and general design process, and 4) 
artefact elements and process elements. 

With regard to the first two groups, the artefact was considered as part of the design context 
(Gorti and Sriram 1996; Reymen et al. 2006). It is related to the design activity (Brazier et al. 
1994; Zhang 1999; Reymen et al. 2006), goal (Gorti and Sriram 1996), and issues (Blessing 
1994). The design process is closely related to the design requirements, which is used to 
check the design process throughout the design (Brazier et al. 1998; Huang and Gu 2006b). 
Moreover. dornain knowledge is utilised by the design process, which contributes the current 
design evolution (Zhang 1999). 

The artefact is considered to be closely related to the design process (Brazier et al. 1998; 
Zhang 1999.2002; Brissaud et al. 2003; Robin et al. 2005; Huang and Gu 2006a; Baxter et 
al. 2007; Giess et al. 2007; Sosa 2007; Wynn and Clarkson 2008). Within the third group, 
the research recognised such close relationship and tried to model them in different ways. 
However, some of them are still on the high level of' the coupling, for example, the 
knowledge evolution through interactions between the artefact and design process (Zhang 
1999), the development mode proposed by Huang and Gu (2006a) that integrates the artefact 
and design process, the knowledge reuse framework (integrating arteract and design process 
knowledge) proposed by Baxter et al. (2007). Though, there have some research been 

conducted in integrating the artefact and design process. For example, the generic model of 
design proposed by Brazier ( 1998) linked requirements, artefact, and design process through 
some information links. Pavkovic et al. (2002) built a relation network that includes relations 
(dependency, generalisation, association, and realisation) between different elements of the 
artefact and design process, such as between designers (a type of resource) and activities, 
requirements and product components (structure), and requirements and activities. Similarly, 

60 



Chapter 4 Review of artefact and design process knowledge coupling 

Wynn and Clarkson (2008) presented a linkage meta-model that includes elements across 
different domains and their relationship. Despite these research, a detailed description of the 
relationships between the artefact and design process knowledge elements were still not 
presented. 
Within the last group, research involved in different relationships between the artefact and 
process knowledge elements. It can be seen that most of the research in this group focused 
on how the activity, goal, and context are related to the artefact elements. Generally, the 
activity is closely related to most artefact knowledge elements, such as the motivations 
(Varejao ct al. 2000), requirements (Blessing 1994; Brazier et al. 1994; Klein 2000; Varejao 
et al. 2000; Pavkovic et al. 2002; Almefelt et al. 2006), function (Gero 1990; Iwasaki and 
Chandrasekaran 1992; Blessing 1994; de Roode 1998; Varejao ct al. 2000; Gero and 
Karmengiesser 2004), behaviour (Gero 1990; Iwasaki and Chandrasekaran 1992; Varejao et 
al. 2000; Gero and Karmengiesser 2004), structure (Gero 1990; Iwasaki and Chandrasekaran 
1992; Blessing 1994; Qian and Gero 1996; de Roode 1998; Klein 2000; Varejao et al. 2000; 
Gero and Karmengiesser 2004), and causal relationships (Gero 1990; Qian and Gero 1996). 
In addition, the activity also utilises or creates domain knowledge (Zhang 1999; Gomez de 
Silva Gar and Maher 2000; Klein 2000; Sim and Duffy 2004). In addition, the goal was 
considered by Gorti and Srirarn (1996) to create or modify artefact that includes the function, 
behaviour, and structure. The context is considered to contain both the artefact and design 
process. Consequently, it contains the requirements, function, behaviour, structure, and 
constraints (Gorti and Sriram 1996; Deng et al. 1999; Klein 2000; Darlington and Culley 
2004). Moreover, in addition to being related to the general artefact knowledge, the design 
issue (U Iman 200 1) was considered to be related to the requirements. In all, the last group of 
research addresses more detailed relationships between the artefact and design process 
knowledge elements. However, most of them did not clarify the type of the relationships. 
There is lack of a comprehensive view of the relationships between the artefact and design 
process knowledge elements, which, according to Robin et al. (2005), trigger the evolution 
of design knowledge. 

From the research presented in this section, it can be found that out of a number of research 
related to the relationships between the artefact and design process knowledge, some of them 
concern the relationships between the artefact elements, some of them concern the 
relationships between the design process elements. Though some of them relate to the 
relationships between the artefact and design process knowledge, they are either still on a 
high level coupling, or covered only part of the relationships between the artefact and design 
process knowledge elements. Hence there is lack of such a model that shows how the 
elements of artefact and design process are linked during the design development. 

43 ]PROBLEMS IN INDUSTRY RELATED TO THE COUPLING 

While participating the PLM project in Company A, a workshop was conducted in order to 
explore the opportunities, drivers, and problems of PLM. In order to identify the research 
problem of this work, results obtained from the workshop were analysed focusing on the 
artefact and design process knowledge. Though the workshop was conducted in the context 
of PLM, and most of the obtained results focused on management issues, there were some 
problems and drivers raised by designers that were considered to be caused by a deficiency 
of coupling of the artefact and design process. For example, some problems and drivers are 
"In-service feedback to support design decisions, missing link between engineering and 
support", "Enable early visibility of requirements", "Provide a global set of information & 
data & decisions", "Use product data to understand program completion", and "Required 
process structure at company level". These problems and drivers showed that industry still 
lacked a well integrated artefact and design process, which revealed an insufficient 
knowledge of the coupling of the artefact and design process in industry. 
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A follow-up visiting to Company A was made in November 2005 in order to further identify 
the research problem. During an informal discussion with three designers from the company, 
it was found that there were problems concerning the integration of the artefact and design 
process. The problems were mainly caused by change propagation because considerable 
changes were made to the artefact as well as its related design process throughout designing. 
Problems raised during the discussion included: "Change of the artefact could not be 
followed with the up-to-date change of the design process", "The knowledge of artefact and 
the process is not integrated enough", and "Process transition propagation". Such problems 
also reveal the insufficient knowledge of the relationships between the artefact and design 
process in industry. As a result of such insufficient knowledge, problems such as "change of 
the artefact could not be followed with the up-to-date change of the design process" are still 
difficult to tackle in industry. These observations suggest that, to solve the above-mentioned 
problems, not only the artefact and process knowledge, but also their coupling needs to be 
understood. 
A review of the literature pertinent to the practice of design also indicates that there are 
problems caused by loosely integrating artefact and its design process. For example, the case 
study conducted by Ranta (1999) highlighted problems such as conformance, rationale, 
dynamics, re-use, and milestone integration to be originated from the insufficient knowledge 
of coupling of artefact and design process. Therefore, to counteract the above-mentioned 
problems, knowledge of the coupling of the artefact and design process knowledge is needed, 
which could provide a more comprehensive view of the relationships between artefact and 
design process knowledge. 

4.4 RESEARCH FOCUS 
Following the identification of the research gap from the literature review and problems 
faced by industry related to the coupling of the artefact and design process knowledge, this 
section clarifies the research problem to be tacked by this research work. 
"Technical systems" was proposed by Hubka and Eder (1988) to represent the concept of 
"abstract machine" or "technical means". Viewed in this way, the design artefact is a 
technical system conceived by a human being. Broadly speaking, design process, of which 
its purpose is to derive a desirable artefact, can be considered as an artefact devised by 
process designers. Therefore, both of the artefact and design process can be treated as two 
systems with interaction relationships. The links between the two systems can be categorised 
into material (e. g., documents, prototype), energy (designer's effort), and information 
(artefact and process knowledge) accordingly. 
More specifically, a design artefact system is composed of the artefact being designed in the 
material world and its knowledge representation in the ideology world. Similarly, a design 
process system is composed of the design process and its knowledge representation. Of the 
three types of link between the artefact and design process system, energy and material links 
exist in the material world, and information link exists in the ideology world (the artefact and 
design process knowledge are regarded as information transmitted in this link). Therefore, a 
general coupling of the artefact and design process could be represented within two worlds: a 
material one and an ideology one. Energy and material couple artefact and design process in 
the material world and information couples artefact and design process in the ideology world. 
Moreover, knowledge transmitted in the ideology world is composed of function (F), 
behaviour (B), structure (S), motivations (M), requirements (Rq), causal relationships (CR) 
and constraints (Ct) of the design artefact and goal (G), activity (A), resource (R), input (in), 
output (out), design context (C), and design issues (I) of the design process. Figure 4-2 
depicts this general coupling of the artefact and design process system. The design agent 
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located in tile centre belongs to the resource of design process, which could be either human 
or a computer aided intelligent design system. 
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Figure 4-2: General coupling of artefact and design process 

To bridge the research gap identified in Section 4.2, as well as potentially tackle the 
problerns faced in industry, the research presented in this thesis focuses on the ideology 
world coupling, i. e., the knowledge level of the coupling of the artefact and design process 
(highlighted by the dashed rectangle in Figure 4-2). Specifically, the research is going to 
focus on the nature of the coupling of evolutionary artefact and design process 
knowledge by modelling the knowledge elements involved in the coupling, as well as 
different relationships between these knowledge elements. By doing so, the potential 
research contribution would increase our knowledge of design development by identifying 
the nature of such coupling. 

4.5 SUMMARY 

In order to identify the research focus, this chapter has reviewed research work by peer 
researchers that is pertinent to the relationship between artefact and design process 
knowledge. A number of problems faced by industry that are related to the coupling were 
also identified in this chapter. 

Much of design research has been concerned with either artefact knowledge, such as 
function, behaviour, structure. and transformation between them, or the process knowledge, 
such as activity, resources, and issues. Though there is research that has been done involving 
relationships between the artefact and process knowledge, they are either still on a high level 
of the coupling, or only cover part of the relationships between the artel'act and design 
process knowledge elements. Hence there still lack such a model that shows how the 
elements of artefact and design process are linked during the design development. In 
addition, problems identified in industry also shows that artetact and design process 
knowledge were not well integrated, which reveals an insufficient knowledge of the 
relationships between the artefact and design process. 
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To bridge such research gap, the focus of the research is identified to be the nature of the 
coupling by modelling the knowledge elements involved in the coupling, as well as different 
relationships between these knowledge elements. 
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Chapter 5 Coupling overview 

Chapter 5 COUPLING OVERVIEW 
As discussed in Chapter 3, the artefact and design process knowledge constitute two main 
types of design knowledge. Both of them evolve during design development and their 
evolution affects each other. This inter-affection forms a close relationship between them. 
Such relationship was termed as the coupling of the artefact and design process knowledge, 
which was hypothesised as composing of links between the artefact and design process 
knowledge elements. The review in Chapter 4 shows that a number of research has been 
carried out to investigate the links between these two types of knowledge. While such 
research primarily focuses on different links or different aspects of the coupling, there is a 
gap in the current research in that it still lacks a model that represents such coupling from a 
knowledge level. In view of this, part 11 of this thesis presents the nature of the coupling of 
the evolutionary artefact and design process knowledge, which not only explores the 
knowledge elements involved in the coupling and their occurrence trends over task 
clarification, conceptual, and embodiment design phases, but also analyses main links 
between the artefact and design process knowledge elements that constitute such coupling. 
In order to derive the coupling, based on the post-positivism philosophy and triangulation 
methodology (see Chapter 2), two methods were adopted in this work. Firstly, documents 

7 from Company A were analysed , which resulted in an initial finding of the coupling. 
Secondly, empirical protocol of a supervised student design project from the Department of 
Design, Manufacture and Engineering Management (DMEM), University of Strathclyde, 
was analysed in order to evolve the coupling. 
The knowledge elements occurrence trends and coupling model are presented in Chapter 6 
and Chapter 7 respectively. The objective of this chapter is to present initial insights of the 
coupling through content analysis of a number of design related documents. This chapter is 
organised as follows. Section 5.1 explains the content analysis process, which is followed 
with discussion of the evolutionary knowledge elements and coupling links that contribute to 
such evolution found through the content analysis in Section 5.2. Finally, Section 5.3 
summarises the chapter and provides concluding remarks. 

5.1 CONTENT ANALYSIS 

Among 133 accessed design-related documents from Company A, eight of them were 
selected for analysis. The selected documents covered not only general description of the 
artefact and design process, such as artefact function, structure, system design process, 
system functions definition process, and requirements management, but also description of 
specific component design processes. Considering the focus being on the coupling of the 
artefact and design process knowledge, and the scope being task clarification, conceptual, 
and embodiment design, the justifications of choosing these eight documents were based on 
the following criteria: 

" The documents should include description of both the artefact and design process. 
" The documents should cover at least task clarification, conceptual, and embodiment 

design phases. 

7 Documents accessed during participating the PLM project in Company A were used as the basis of 
this chapter. All the documents and reference to the company are classified confidential. 
Consequently, only general reference can be ade to them in this thesis, i. e., the documents title and 
product name have been substituted with gen, =I words, such as artefkctý design process, component, 
function, etc. 
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The documents could include either those that describe the entire artefact, or those 
that describe specific component of the artefact. 

The eight analysed documents were numbered I to 8 sequentially in this thesis. Among them, 
the first three documents are in the context of product lifecycle management. Document 4 
describes artefact in scope of task clarification, conceptual, and embodiment design. While 
documents 5 to 8 describe the artefact and design process in terms of product development. 
Considering the research scope of this work, only contents related to the three design phases 
were analysed within these documents. Table 5-1 lists the eight documents' given reference 
number in this thesis, document title, pages, created date, focus, and covered design phases. 
Table 5-1: List of analysed documents 

Ref 
No. , 

'Document title ",, i". " ý,, Lý, ý "., I 
Pages 

Cre'sted 
date , Focus 

"", 

Covered design 

I, p6ses 

I Artefact structure 129 Jan 2004 Artefact Product life cycle 

2 Artefact design phase 21 May 2001 Process Product life cycle 

3 Artefact information 42 May 2001 Artefact Product life cycle 
object 

4 System specification 40 Jun 2000 Artefact Task clarification, 
Conceptual design, 
Embodiment design 

5 Company operational 5 Jun 2004 Process Product development 
process 

6 Requirements 52 Feb 2001 Artefact Product development 
management 

7 Function definition 46 Jan 2000 Process Product development 
process 

8 Component level 103 Dec 2003 Process Product development 
design process 

It should to be noted that these documents describe company standard artefact knowledge 
that was accumulated from past designs and process knowledge of standard company 
working procedures. By analysing such documents, the knowledge being analysed were 
actually domain knowledge. However, the analysis was conducted in a hypothesis that the 
design was for a current project, and the design knowledge identified from these documents 
with such hypothesised scenario could, therefore, be hypothesised as current working 
knowledge of the design. Consequently, the analysis result of knowledge elements and 
coupling, obtained from the content analysis, could be considered as that of current working 
knowledge. 

In order to obtain an initial insight of the nature of the coupling, the content analysis focused 
on descriptions of the artefact, design process, and relationship between them. To this end, 
the following two steps were taken. 

Step 1: 
The knowledge elements identified in sections 3.3 and 3.4 through the literature review were 
used as the basis for analysis, which included: Expected behaviour (B, ), Instantiated 
behaviour (B. ), Interpreted behaviour (Bi, ), Expected function (F, ), Interpreted function (Fft), 
Expected structure (Sj, Instantiated structure ($0, Causal relationships (CR), Constraints 
(0), Motivations (M), and Requirements (Rq) of the artefact, and Design activity (A), Goal 
(G), Input (In), Output (Out), Resource (R), Context (C), and Issues (1) of the design process. 
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Although these terms were not explicitly used in the documents, there were some specific 
key words in the documents that were considered representing these elements. 
In order to identify these elements, the key words were then extracted from each document. 
Table 5-2 shows an example of the analysis of knowledge elements in Document 1. The first 
column lists the design knowledge elements and the second contains the key words that 
represent these elements. "N/A" in the second column indicates that such element was not 
identified in the document. Since the analysis was based on the hypothesis of a current 
project, the current working knowledge elements were then represented with the 
aforementioned abbreviations (in the previous paragraph) following 'WKA-' or IWKp-', 
depending on whether they were artefact or process elements. Though the documents were 
analysed in the hypothesis of a current design, there were some key words that could be 
identified as domain artefact knowledge, such as "company catalogue" relating to the 
coupling. Rather than describing specific artefact knowledge elements, such as function, 
behaviour, and structure, most domain artefact knowledge identified were company standard 
and catalogue. Hence, they were represented as DICA in the analysis. A full description of the 
knowledge elements identified in all the eight documents can be found in the "Knowledge 
elements" part of Appendix B. 
Table 5-2: Knowledge elements identified from Document 1 

[, Knowledge Key words 
elements 

WKA-Be N/A 

WKA-Bis N/A 

WKA-Bit N/A 

WKA-F, Business catalogues, Standard specification, Functions, Elementary function, 
Contract 

WKA-Fi, Functional diagram, Performing functions 

WKA-s. Contractual configuration, Constituent assembly, Configuration component, 
Business catalogues, Standard specification, Conception solutions, Design 
principles 

WKA-sis Configuration, 3D Models, 2D Drawings, Design solution, Mock-up, Chosen 
design principle, Parts 

WKA-cR Category, Standard specification 

HWA-0 Constraints 

WKA-m Company requirements, Customer needs 
WKA-Rq Contract, Requirement program, Market requirement 
WKp-A Way of working, Update/Creation of data, Build contract, Create specification, 

Means, Change, Evaluation 

WKp. G objective 

WKp. j. In 

--WKp-o, 
d out 

WKp. R Catalogues, Standard specification, Department, Tools, Literature, Who 

WKp. c Status, Interactions, Scenario, State of design, All functions/solutions 

1RWP-1 N/A 

DKA Standard specification, Business catalogue, Literature, Standards 
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Step 2: 

After the knowledge elements were identified from the documents, the second step of the 
analysis was to find the links between the elements. Two types of links were identified: (i) 
cause-effect link of creation and (ii) link of employment. The former links two elements that 
one triggers the creation or occurrence of another, and the latter links two elements that one 
employs the other. These links were found, through this initial analysis, to be the basic types 
of links that constituted the coupling. 
Table 5-3 shows the links identified from Document 1. In the upper "Cause-effect link of 
creation" part of the table, the elements listed in the second column represent the causing 
elements, and those in the second row represent caused elements. Symbol "v` indicates that 
a creation link exists between the two intersected elements. In the lower "Link of 
employment" part, the elements listed in the second column represent the employing 
elements, and those in the second row represent employed elements. "-"' indicates that an 
employment link exists between the two intersected elements. A full description of the 
identified links from all the eight documents can be found in the "Coupling links" part of 
Appendix B. 
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5.2 REsuLTs 

The analysis results of the eight documents, i. e. the identified knowledge elements that are 
involved in the coupling and initial findings of the coupling, are presented in sections 5.2.1 
and 5.2.2 respectively. It should to be noted that due to the nature of the analysed documents, 
which contain high-level descriptions of the company product and procedure standards, the 
coupling presented in this chapter are based on high-level design knowledge elements. For 
example, the activities were identified at a higher level rather than the ontological level 
discussed by Sim and Duffy (2003). Therefore, such results will be accommodated with the 
results obtained from the protocol analysis presented in Chapter 7. 

5.2.1 Evolutionary artefact and design process knowledge 

Although the eight documents include descriptions of both the artefact and design process, 
the focus of each document is either the artefact or the design process. As a result, not all the 
aforementioned knowledge elements were identified within each document. However, with 
the exception of RKA-Bi, and WKp-,, the remaining elements were all identified from more 
than one document. Table 5-4 lists the number of documents within which the knowledge 
elements were identified. The analysed elements are presented in the remainder of this 
section. 
Table 54: Number of documents within which knowledge elements were identified 

Knowledge 'I ý'Numberof "I, ' Knowledge I Number of 
e nts docuinenti"I '"ll elements I documents me 

WKA-B, 5 WKp. A 8 
WKA-Bis_ 0 WKp-G 7 
WKA-Bit 5 WKp-j. 8- 
WKA-Fe 8 WKp-ow 8 
WKA-Fj, 8 WKp-R 8 
WKA-& 8 WKp-c 4 

WKA 8 0 
WKA-CR 

WKA-ct 8 

WKA-m 7 
WKA-Rq 8 

Ariefact knowle 

Domain artefact knowledge (DKA) 

As a result of the analysis, a number of DKA were identified, mainly in forms of standard 
documents, such as "standard specification"t "business catalogue", "literature", and 
"standards". These documents had been accumulated through past designs and were used in 
the current design for reference. Due to the nature of the analysed documents, DKA was 
seldom presented on detailed element level, such as function and structure. Hence DICA is 
treated as one item in the coupling analysis. 

Expected current working behaviour (W-KA. B, ) 

Representing designers' expectation towards what the artefact can perform, WKA-B, was 
identified through key words such as "performances to be achieved" and "function 
requirements". 
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From the analysis, it was found that the identification of WKA-B, to be lower than other 
identified artefact elements (five out of eight documents). One explanation for this is that 
behaviour and function were often not differentiated in industry not least because function 
was sometimes used in the company to describe behaviour of the artefact. This can be 
verified from function definition in Document 7, which was "A task, action, or activity 
performed to achieve a desired outcome". In addition, "Functional requirements" was 
defined as an action to be performed by the aircraft/system/equipment in Document 7. This 
combination of behaviour and function might also verify the phenomena that function and 
behaviour were often debated by designers and researchers (see Chapter 3 for further details). 
The evolution of WKA-B, was revealed through its generation/emergence, decomposition, and 
evaluation. 
Instantiated current working behaviour (WWA-Bb) 

As an intrinsic knowledge element of the artefact, WKA-Bi, contains all the possible 
behaviours that an artefact could perform. As a result of the analysis, no WKA-BI, was 
identified from the documents. This could be explained that based on the definition of Bi, and 
Bi, (see Section 3.3.2.3), all artefact behaviours described in the documents were encoded as 
WKA. Bi,, because they were behaviours that were interpreted by designers. 

Interpreted current working behaviour (WWA-Bij 

Words labelling WKA-B& were identified to be "simulations", "performance", "operations", 
and "function analysis". Similar to WKA-B,, WKA-Bit was identified from five documents, 
which might also be explained as being often represented in combination with function. For 
example, "functions" in "Implementation of the functions performed by the system" (in 
Document 4) referred to interpreted behaviour according to its definition given in Chapter 3. 
The evolution of WKA-Bit was revealed through its generation. 

Expected current working function (WKA-F. ) 

WKA-F, was identified in all the eight documents, which was normally labelled "function in 
feasibility study", "contract", "standard specification", "function requirements docturients", 
"configuration", or "function". The overall expected system function, derived from 
requirements, was normally decomposed into elementary functions, which were then 
allocated to different components or parts of the system. Hence, the evolution of WKA-F, was 
revealed through its generation, decomposition, allocation to artefact structure, and its 
validation. The analysis showed that "requirements" were sometimes used in the documents 
representing WKA. F, For example, it was mentioned in Document 6 that "A requirement 
describes a desired function or characteristic of any product, part of it, or service". In 
addition, "function requirements" and "artefact requirements" refer to the expected function 
in documents 2 and 4. 

Interpreted current working function (WKA. Fil) 

WKA-F;, was generally used by designers for evaluating the artefact, after the artefact structure 
has been specified. It was therefore identified in the eight documents with key words such as 
"functional diagram", "system architecture description", "function analysis", and 
"performance analysis". Its evolution was revealed through its generation. 
Expected current working structure (W-KAs, ) 

The company's product development was normally based on some current configurations. In 
order to accomplish the expected function, designers initially need to clarify the artefact 
requirements and functions. Based on that they will then choose components/parts from 
company catalogues and standard specifications, and make corresponding modification. The 
wKA-s,, is normally specified in "contractual configuration7, "proposed structure", 
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"equipment specification", and "possibility of artefact design". Similarly, its evolution was 
revealed through its generation, decomposition, and evaluation. 
Instantiated current working structure (WKAsi, ) 

In the analysed documents, as a result of instantiation of the artefact concept and system 
configuration, RWA-si, is normally presented in the form of model. The key words that mark 
WKA-si, include "213 drawings", "313 models", "physical geometry definition", and "solution". 
Its evolution was revealed from its generation and modification. The analysis showed that 
WKA-si, was not transferred from WKAs, at one instance. Rather, it was seen that they co- 
existed and the transformation occurred progressively in the designing. 

Current working causal relationships (WKA_cýo 

Representing the cause-effect relationships among artefact knowledge elements, WKA-cR 
could be identified through "category", "standard specification", "design principles", "design 
evolution", and "design rationale". For example, the company category provides the 
mapping relationships between expected function and structure for the current design. The 
evolution of WKA-cR was revealed from its generation, which resulted in the creation of the 
effected elements. 
Current working constraints (WKAa) 

A number of constraints were identified in the eight documents, which were normally 
marked as "non-functional requirements", "restrictions", "regulations", or "constraints". 
Business and marketing as well as environmental constraints are some examples of such 
constraints. Similarly, the evolution of WKAct was revealed from its generation. 
Current working motivations (WKA-m) 

Two types of motivations were identified from the analysis, i. e., external and internal. The 
external motivation generally originated from market analysis and opportunity study, such as 
6'customers' needs", "competitors' threatening", and "suppliers' change". The internal 
motivation usually originated from company development needs, such as "internal 
development ida'. Similarly, the evolution of WKA-m was revealed from its generation. 
Current working requirements (WKA. Rq) 
Requirements are the primary means of communication between customers, stakeholders, 
and developers. Derived from various motivations, WKA-Rq also included external and 
internal, representing their different origination. WKA. Rq was normally documented in 
"contract", "requirement program", and "verification and validation documents". Moreover, 
the 6'system. description document" also included requirements descriptions. Overall, the 
decomposition of requirements from system-level to component-level, and specification of 
the components that satisfied the requirements revealed its evolution. 
The analysis showed that requirements were widely used throughout the design process. It 
was found that requirements in these document not only acted as requirements defined in 
Chapter 3, but also as expected function if they were requirements to be addressed, and 
interpreted function if the requirements were verified requirements. Hence the requirements 
used in the company had a wider scope than the requirements defined in Chapter 3, in that 
the requirements also referred to function in some of the analysed documents. 

The knowledge elements identified from the content analysis are presented in Figure 5-1 
based on the P-FBS model presented in Chapter 3. The seven fundamental current working 
artefact knowledge elements, the four contextual cur-it working artefact knowledge 
elements, and domain artefact knowledge are depicted in I ee blocks in the figure. WKA-Bi, is 
coloured in grey because it was not identified in the documents. In addition, the black WKA-F. 
and wKA-Fi, (which are located on top of the grey WKA-F. and WKA-B,, and WKA-Fi, and WKA-Bu) 
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indicate that both function and behaviour are often treated as function in industry. The grey 
arrows represent the causal relationships identified in Chapter 3. 

Fundamental 
artefact 
knowledge 
elements 

r- 
WKA-Fe 

WKA ný 

ViKA-Fit 

WKA.. j., V, Ksi, 

DKA 

Contextual 
artefact 
knowledge 
elements 

Figure 5-1: Artefact knowledge elements - based on the content analysis 

The content analysis showed that through the emergence of new artefact knowledge 
elements, the current working knowledge of an artefact evolves from motivation (e. g. some 
ideas or customer requirements), to artefact requirements, artefact system functions, 
components functions, artefact structure, and finally to a deliverable design. Meanwhile, as a 
result of modification and specification, the values or properties of these requirements, 
functions, components, and structures are gradually specified by designers, with the 
consequence of less ambiguity of the artefact. Therefore, an artefact could be considered 
evolving in two dimensions during designing. One is qualitative, in which the artefact 
evolves with more concepts throughout the design process, such as requirements, functions, 
components, and installation. The other is quantitative, in which the artefact evolves with 
more detailed description of values or properties of the concepts. Figure 5-2 illustrates such 
evolution of aircraft knowledge in these two dimensions. The ship in the figure is an 
example of the artefact. 
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Figure 5-2: Evolutionary artefact knowledge 

Design process knowledge 

The analysis showed that with the exception of design issues, all the other six design process 
knowledge elements were identified within the documents. 

Current working design activity (WKp-A) 

As an essential element of the design process, activity was identified in all the documents. 
The key words showed the activities included "activities" and "way of working", or some 
specific activities, such as "analysis", "comparison", "definition", "integration", and 
"optimisation". With available input and resources, activities were executed concurrently or 
consecutively during designing. The continuous enactment of new activities revealed the 
evolution of design activity. While the types of activities could be the same throughout the 
designing, the activities were different, in a sense that the input, output, goal, and resource 
related to each activity were different. 

Current working goal (WKp. G) 

The overall design goal of the design in the compa, y is to convert a set of agreed 
requirements into realisable product that satisfy the acquirer and other stakeholders' 
requirements. Goals in the documents were labelled with "aims", "objectives", "targets", or 
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"purposes". While the overall goal was decomposed into sub-goals and were achieved as the 
result of activities execution, this revealed the design goal evolution. 

Current working input (WKp.,, ) and output (WKp-o, ) 

Due to the nature of the analysed documents being description of the company standard 
product and process, input and output were often explicitly specified as documents, 
specifying the prerequisite and result of the activity. Analysing the content of the input and 
output, it could be found they were basically the artefact knowledge elements, such as 
requirements, functions, and structures. Therefore, the input and output of the design process 
evolved due to the evolution of the artefact knowledge employed by the input and output. 
Current working resource (WKp. R) 
Resources were identified in the eight documents by key words such as "resources", 
"departmenf', "people", "techniques", "tools", and "budget". In addition, "literatures" such 

"standard functional block diagram", and 11st dd speci ication", were as "catalogue". an ar f 
information resources used by designers. Different resources used in different design phases 
revealed resource's evolution. 
Current working context (WWpc) 

Design context included knowledge factors that affected the current design. WKp-c was 
identified in four out of the eight analysed documents, by words such as "environment", 
"marketing", "status (of the current design)", and "scenario". Assumed that all activities 
were carried out within specific context, the evolution of the design activity and changing of 
an artefact's status revealed the evolution of the context. 

Current working issues (WKp-, ) 

No WKp-j was identified from the analysis of the documents content. However, it could not 
be concluded that WKp-j does not exist in the design process. As it was defined in Chapter 3, 
issues relate to problems emerging during the design process that needed to be solved by 
designers. The analysed documents described standard product and procedure of the 
company, which instructed designers with knowledge to be used and activities to be carried 
out in specific design phase, etc. Therefore, the non-identification of issues might be 
explained as a result of the nature of the analysed documents. 

Figure 5-3 illustrates the above-mentioned design process knowledge elements based on the 
process model discussed in Chapter 3. The elements are depicted in two blocks, one 
representing fundamental and the other showing contextual elements. The grey coloured 
design issue indicates that the element was not identified from the analysis and the grey 
arrows represent the relationships between the elements discussed in Chapter 3. 

Fundamental 
process knowledge 
elements 

1wI 
/ 

____ ___ 
WKp1 

Contextual process 
knowledge 
elements 

Figure 5-3: Design process knowledge elements - based on the content analysis 
Generally, the design process in the company was not developed from scratch. Rather, it is 
an implementation of certain predefined standard processes and design methods, which 
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specify the main phases or stages that the design should go through. 'rhese standards are 
domain knoNN ledge of the design process (Because it was found through the content analysis 
that such domain knowledge of the design process did not involve in the coupling of' the 
artefact and design process knowledge, it is therefore not discussed in this thesis). Based on 
such standards, design process is normally stepwise evolutionary, which introduces new 
design goals, activities, with inputs, outputs and resources. Hence, similar to artefact, design 
process evolves both qualitatively and quantitatively. In a qualitative evolution, design 
process evolves over different design phases following the standard procedure; and in a 
quantitative evolution, the standard process is endowed with specific activities and goals, 
which evolve the artefact with new input and output. Figure 5-4 depicts such evolutionary 
design process knoA ledge and its two evolution directions. 
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Figure 5-4: Evolutionary design process knowledge 

Having presented the eVOILItionary artefact and design process knowledge elements based on 
the content analysis. the next section presents the initial findings of the coupling. 

5.2.2 Coupling links identified from content analysis 
The previous section verified that both the artefact and design process knowledge evolve. 
The analysis showed that their evolution was not independent. Rather, the artefact 
knowledge evolution was triggered by the design process, and the enacting of design process 
was, in turn, triggered by the evolution of the artefact. Hence, it can be argued that their 
evolution is closely related to links between the artefact and design process knowledge 
elements. Such links are considered to compose the coupling that is aimed to be presented in 
this thesis. As mentioned in Section 5.1, the two types of I' s that closely related to the 
evolution are cause-effect link of creation and link of emp, yment. Table 5-5 shows the 
representation of these two types of links used in this thesis, 
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Table 5-5: Two types of links identified from the content analysis 

Link type Representation Explanation 

Cause-effect link of A> 11 Element A triggcrs the creation or 
creation occurrence of element B. 

Link of employment A --------- 0B Element A employs element B. 

in order to explain how they are related to the design knowledge evolution, 'requirements' 
are used as an example here. Figure 5-5 depicts the evolution of artefact requirements frorn 
"Initial" to "Refined" (indicated by dash dotted open arrow 1) and From "Refined" to 
"Validated" (arrow 2), and that of the design process through the emergence of two design 
activities, *'Requirements analysis" and "Requirements validation" (arrow 3). The three sets 
of requirements represent requirements in different status used in Company A. "Initial 
requirements" are the requirements that have been agreed by stakeholders. Following being 
removed arribiguit). separated, merged, interpreted, established links between the initial 
requirements, they were transferred to "Analysed req ui rein ents". -Validated requirements- 
are the correct, consistent, and complete record of the needs of the system to be developed. 
The emergence of different status of requirements, and design activities, goals, input, output, 
and resources in this example revealed the evolution of the design knowledge, which could 
be found closely related with the cause-effect link of creation and link of employment. 
Specifically, the "Initial requirements" caused (indicated by solid open arrow 4) the 
enactment of activity "Requirements analysis". Meanwhile, the "Initial requirements" was 
employed (indicated by dash oval open arrow 5) in the input of the design process by the 
activity. The activity then analysed the input and transformed it to "Refined requirements", 
i. e., caused the creation of the "Refined requirements" (solid open arrow 6), which was 
employed in its output (dash oval open 7). Meanwhile, the readiness of the "Refined 
requirements" triggered the occurrence of another activity "Requirernents validation" (8), 
and employed in its input (9). Similarly, the occurrence of validation activity transformed 
requirements to "Validated requirements" (10), which was employed in its output (I I ). 
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Figure 5-5: Coupling and evolution - requirements example 
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The above example can be generalised to a model as shown in Figure 5-6. The model shows 
how the evolution of the artefact and design process knowledge are related to the coupling. 
As can be seen from Figure 5-6, -Artefact knowledge element I" causes the creation or 
occurrence of "Activity A". Meanwhile, it is employed in its input. The activity then causes 
the creation of another chunk of "Artefact knowledge element 2", which in turn evolves to 
"Artefact knowledge element 3" by "Activity B". The emergence of the artefact and design 
process elements forms the evolution of the artefact and design process. The evolution 
closely related to the links between the artefact and design process knowledge elements, and 
the links compose the coupling. 

-------------------------------------------------------------------- 

Figure 5-6: Coupling and evolution - general model 

In order to identify such coupling, i. e., the two types of links between the knowledge 
elements, the eight documents were analysed and the relevant links within each document 
were identified (see "Coupling links" part of Appendix B). 

Based on the initial analysis, the cause-effect link of creation was seen to exist between the 
artefact knowledge elements and design activity. Moreover, the main creation links 
identified from the documents are summarised as follows (Table 5-6). The two columns 
"Creation links" list the identified links and the two columns "No. of documents show the 
link" list the number of documents within which the link was identified. 

Table 5-6: Creation links identified from the content analysis 

Creation links No. of documents 
show the link Creation links No. of documents 

show the link 

WkA-Be 5 WKI, 
-ý\ 

WKA-Be 6 

WKA-Bit WKp-. \ 
5 WKP-A WKA-Ba 6 

WKA-Fe WKP-A 8 WKP-A WKA-,;, 7 

WKA-Fit WKI, 
-, \ 

8 WKP-A WKA 
F t 

7 
- , 

WK., x-s, 
WKF-A 8 WKI, 

-, A 
WKA-Sc 8 

WKA-Sis WKF,, ý 
7 WKp-, WK,, 

-s,, 
8 

WK, \-\, 
WKP-A 6 WKP-A WKA-CR 2 

WKý%-R, WKP-A 8 WKP-A WKA-Ut 3 

WKP-A -> DKA I WKP-A WKA-M 4 

WKP-A WKA-,,,, 8 
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Based on the analysis of the links that cause the creation or occurrence of activity in the first 
"Creation links" column of Table 5-6, it could be seen that with the exception of the links 

caused by WKA-m and WKA. Rq, i. e., 'WKA-m --> )WP-A' and 'WKA-Rq -> )WP-A', the other 
six were caused by the fundamental current working artefact knowledge (WKAIF). These six 
links therefore could be generalised into one link that is caused by WKAIF, i. e., 'WKAN -> 
WKp. Al. WKA-Bb was not included in the link as it was not identified from the documents. 
The links listed in the second "Creation links" column in the table show that the activity 
caused the creation of domain artefact knowledge and all the identified current working 
artefact knowledge elements. Therefore, they seemed to be resulted in 'WKP-A -> DKA' and 
one generalised link 'V%[Kp-A --> )WKA'. Furthermore, WKA-Bi, was not identified as caused 
element simply because it was an intrinsic property of the artefact that directly relate to WKA- 

si,. This means that WKA-Bi, co-existed along with the creation of WKA-si,,. Overall, the links 
listed in Table 5-6 were generalised into the following six creation links, which are depicted 
in Figure 5-7 by solid open arrows and are identified with Arabic numerals following CL-C, 
which represents creation link identified from content analysis. 

CL-C. I: WKAN VvIKp-A (exclude IýVKA-Bi. --> IýVKP-A) 

CL-C. 2: WKA-m WKP-A 

CL-C. 3: WKA-Rq --> NVKP-A 

CL-C. 4: WKP-A --> DKA 

CL-C. 5 : WKp-A WKAm (exclude WKP-A --> WKA-Bif) 

CL-C. 6: WKP-A WKAc 

so 
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Figure 5-7: Creation links of the coupling - based on the content analysis 

In addition to the creation links, Table 5-7 summarises the employment links identified From 
the content analysis. Instead of listing all the identified links, a matrix as shown in the table 
is used to indicate the identified links. The second column in the table lists the employing 
elements and the second row lists the employed elements. The numbers in the table are the 

number of documents within which the links were identificd. The analysis showed that the 
goal, input, output, resource, and context are the main employing elements, with artel'act 
knowledge elements being the employed elements. 

Table 5-7: Employment links identified from the content analysis 
--, twPjO\ed element Ariefact 
F IllploN III I)K, IAK,,,, WK,, WK,,, WK,,., \\'K,, WK,, WK., \k'K,,, WKAII WKAk,, 

WK,, 
-, 

WKII, 2 2 2 3 3 2 

WK, ", Design 
\\ K, (,,, 1 4 4 8 8 8 1 3 

process WK,., 6 0 0 0 0 0 0 0 62 0 0 
I I 1 2 1 2 2 12 1 2 

WK, 
-, 1 0 0 0 0 0 0 0 0 0 0 0 

It could be found from the table that WKA-m, WKA-Rq, and all the WKA, F except WK, &, were 
employed in WKP-G. These employment links could be generalised as below. They are 
identified with Roman numerals following EL-C, which represents employment link 
identified from content analysis. 

EL-C. i: WKp-(j---OWK., ý�: (excludeWK�-(, --- 0 WKA-His) 

EL-C. ii: WKI, 
-(i---OWKA-M 
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EL-C. iii : WKP-G 
- -. 0 

VYKA-Rq 

WK, -,. employed DKA, WKA-m, WKA-Rq, and all the WKAIF except WKA-B&. These links could 
therefore be generalised as: 

EL-C. iv: WKP. i. ---0 DKA 

EL-C. v: WKp-j. -- -0 WKA/F (exclude )WKp-m --- 0 N4VKA-Bis) 

EL-C. vi: WKp-i. -- -0 WKA-m 

EL-C. vii : WKp-b, -- -0 WKA-Rq 

All the artefact knowledge elements except WKA-B& were employed in WKp-o,,,, which could 
be generalised to: 

EL-C. viii: WKP-()w -- -0 DKA 
EL-C. ix : WKP-ot -- -0 WKA/F (exclude WKp-o,, t --- 0 WKA-Bis) 

EL-C. x: WKp-ow -- -0 WKA/c 

Moreover, DKA and two contextual current working artefact knowledge WKA-cR and WKA-c, 
were employed in WKp-R. Hence another three employment links could be deduced as: 

EL-C. xi : WKP-R -- -0 DKA 

EL-C. xii : WKP-R --'* XIVKA-CR 

EL-C. xiii: WKp-R---O WKA-ct 

Finally, all the identified artefact knowledge elements were seemed to be employed in WKpc. 
Though WKA-Bi, was not identified from the documents, it was an intrinsic property of the 
artefact and co-existed. along with WKAsi,. Hence two employment links could be generalised 
as: 

EL-C. xiv: WKP-c -- -0 DKA 
EL-C. xv: WKp-c -- -0 NNXA 

The above generalised 15 employment links of the coupling are depicted in Figure 5-8 by 
dashed oval arrows. 
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DKA 
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IF 
-Xv- -Xiv- 

WKAm 
F 

WKp 

JL 

r 
Ae 

WKA. 

V4 vii 

=lLviii- 
iv x 

-xi4xiii- 

A---0B exclude WKp. G --* WKA-Bis 

Link of employment 
exclude WKp-,. --* 'WYýA-Bis 

exclude WKp-o,,, --9 WKA-Bis 

Figure 5-8: Employment links of the coupling - based on the content analysis 

in essence, the initial findings of the coupling of the artefact and design process are 
composed of the six creation links (as shown in Figure 5-7) and 15 employment links (as 
shown in Figure 5-8). Having identified the links of the coupling based on content analysis, 
the next two chapters will present a more detailed coupling model based on protocol analysis 
of a design project. 

5.3 SUMAMRY 

This chapter revealed that the coupling is closely related to knowledge evolution and 
presented the initial findings of the coupling of evolutionary artefact and design process 
knowledge based on the content analysis of eight design related documents. The analysis 
resulted in the following three main points: 

Design artefact knowledge is evolutionary; 
Design process knowledge is evolutionary; 
Two types of links (cause-effect link of creation and link of employment) compose 
the coupling of the evolutionary artefact and design process knowledge, which 
contribute to the knowledge evolution. 

The coupling was found to be composed of 6 creation and IS employment links between the 
artefact and design process knowledge elements. Such coupling is still a high level one, in 
that the analysed documents describe standard company artefact knowledge that was 
accumulated from past designs and processes that describe standard company working 
procedure. To examine the more detailed knowledge level coupling, the next two chapters 
will explore the coupling through protocol analysis of a design project. 
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Chapter 6 COUPLED KNOWLEDGE ELEMENTS 
As a result of the content analysis, the previous chapter (Chapter 5) presented initial findings 
of the coupling. Based on protocol analysis of a design project, chapters 6 and 7 present the 
coupled elements and coupling model respectively. In this chapter, the process of protocol 
analysis is explained in Section 6.1, which shows how the protocols were analysed in order 
to derive the coupled elements and coupling model. Section 6.2 presents the knowledge 
elements that are involved in the coupling. These elements include behaviour, function, and 
structure of the artefact; activity, goal, input, output, and resource of the design process, as 
well as a number of contextual artefact and design process knowledge elements such as 
design constraints, causal relationships, motivations, requirements, context, and issues. The 
occurrence trends of these elements over task clarification, conceptual, and embodiment 
design phases are presented in this section. Finally, Section 6.3 provides concluding remarks 
about the coupled knowledge elements. 

6.1 ]PROTOCOL ANALYSIS 

One frequently used method to understand complex cognitive processes is to explore the 
subjects' internal states by verbal methods (Adelson 1989; Takeda, Veerkamp et al. 1990), 
which is termed 'protocol analysis' (Waterman and Newell 1971; Ericsson and Simon 1984). 
While designing is a complex cognitive endeavour, protocol analysis can be used as an 
effective method to reveal the thinking of human beings, and therefore has been adopted by a 
number of researchers to understand various aspects of designing (Gero and McNeill 1998; 
Gero and Tang 2001), such as design activity (Cross et al. 1996), design artefact function 
evolution (Takeda et al. 1996), design decision (Akin and Lin 1995), design requirements 
(Chakrabarti et al. 2004), learning in design (Sim and Duffy 2000), and collective learning in 
design (Wu and Duffy 2002). Although it seems that issues such as completeness, 
veridicality, epiphenomenality, objectivity, and soundness undermine the strength of 
protocol analysis method, existing research (Ericsson and Simon 1993; Wu 2004) shows that 
these factors can not be regarded as barriers to protocol analysis as an effective way in 
providing necessary information for examining people's thinking. The advantages of 
applying the protocol analysis to design research has been summarised by Adelson (1989) as 
can be used to: (i) examine complex and interactive behaviours; (ii) evaluate cognitive 
models through testing the predictions that are produced by them; and (iii) study cognitive 
behaviour in a natural way. In light of these advantages and applications, protocol analysis is 
adopted in the research presented in this thesis to model the coupling. 

Two types of protocol are usually analysed by researchers: concurrent and retrospective 
(Gero and Tang 2001). In the context of engineering design research, the former is the 
protocol that is recorded while designers are designing by letting them speak out what they 
think in their mind, or as Ericsson and Simon (1984) described, think aloud protocol. With 
regard to the latter, the protocol is recorded in retrospect to the design by allowing designers 
to recollect a design performed earlier. These two types of protocol have both their pros and 
cons. In comparison to the retrospective protocol, the concurrent protocol can capture real- 
time information. However, the method may interfere with designing by letting designers 
utter their thinking while they are designing. On the other hand, retrospective protocol will 
not interrupt the design process. However, it may lose information that exists only in 
designers' short-term memory (Ullman 2002). 

To take both of their advantages, it was decided to analyse protocols that -re semi-concurrent 
and scmi-retrospective. Such mixed adoption of concurrent and rctrosl ctive protocols can 
be collected periodically by recording designers' discussions in a real-time design process. 
Specifically, protocols of seven undergraduate student design projects were recorded in the 
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Department of Design, Manufacture and Engineering Management (DMEM), University of 
Strathclyde. Different from the traditional concurrent and retrospective protocol approach, 
the collected protocols were the supervision processes between the students and their 
supervisor, which included both retrospective protocol of the design conducted since the 
previous supervision session and concurrent protocol of the current supervision session when 
the meeting was recorded. 
The recording process was agreed by all the seven students and the supervisor, and a consent 
form is attached in Appendix C. In addition, because the study involves 'investigation on 
human beings', two checklist regarding to "Ethics Committee - Code of Practice on 
Investigations on Human Beings", and "Department Approved Investigations" were signed 
by the author and her supervisor to ensure that the recording and analysis abide the rules of 
such investigation. The checklists are also attached in Appendix C. 

The seven students were studying MEng (Master of Engineering) in Product Design 
Engineering. They took the same module "Product Design Project" and were in either their 
4th or 5h year. Throughout the 2005-2006 academic year, each of them was required to 
conduct one design project. The type of the artefact was chosen individually and the design 
process had to cover task clarification, conceptual design, embodiment design, detail design, 
and prototyping. The meetings between the students and supervisor were arranged to be once 
per week unless they had other commitment. During the meetings, the students reported to 
the supervisor the activities that had been carried out since the last supervision session, the 
progress of the designed artefact, as well as the problems they encountered during the design 
process. The supervisor's responsibility was to supervise and direct students by providing 
suggestions and information for both the artefact and design process. Both the supervisor and 
students were regarded as designers of the projects. Therefore, by analysing such supervised 
design project, one advantage is that it not only provided how the artefact was developed, but 
also provided insight of how the design process was conducted in order to deliver such 
artefact. Consequently, the relationships between the artefact and design process knowledge 
can be observed and the coupling could be better studied compare to a project conducted 
only by student designers. 

The supervision meetings of the seven projects were recorded by using "Absolute MP3 
recorder" CrECH logic 2006), a software that run in Microsoft Windows XP. The software 
can record audio to mp3 files directly stored in a computer. The recording process lasted 
nine months altogether from September 2005 to May 2006, and it was completed when the 
students finished building the prototypes of their designs. 

Of the seven recorded projects, one was studied through protocol analysis. This was because 
not all of the students attended the supervision regularly, leaving some sessions incomplete. 
Further, diction and recording quality meant that six were used for checking the protocol 
analysis of one specific project, "Roadside furniture" (Crawford 2006). The project was 
redesign of pedestrian barriers, in which a modular system of barrier with easy replacement 
was designed for different society environments. A concept of "Locktab mechanism" (Figure 
6-1) was developed for the system, in which a circular cross section post could be received 
into a sustainable ground fixing system and secured with a key (locktab). Following 
completion of the project, the "Locktab mechanism" had been filed up a British patent POST 
INSTALLATION (application filing number: 0613906.7). 
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Figure 6-1: Locktab mechanism ofthe analysed project (Crawford 2006) 

Once the project for analysis had been selected, in addition to recording the supervision 
sessions. two informal interviews were also conducted with the student designer at the end of 
the project on. The main aim of the interviews was to clarify evolution of design knowledge 
as well as its relationship with coupling. During the interviews, initial analysis of the 
kno%%Iedge evolution and links between the artefact and design process were explained and 
displaýed to the student designer. Specific questions with regard to the evolution of the 
artefact and design process knowledge, and relationships between the artefact and design 
process knowledge were answered by the student. As a result, the interviews not only 
verified evolution of design knowledge during the project, but also that the evolution was 
triggered through links between the artefact and design process knowledge. Furthermore, the 
interviews also provided the author a better understanding of the project for conducting the 
protocol analysis. 

To explore the coupling of the artefact and design process over task clarification, conceptual, 
and embodiment design. 12 sessions that covered the three phases of the project were 
analysed. Task clarification lasted the first six sessions from 7"' October 2005 to 4'h 
November 2005. conceptual design lasted from Session 7 to Session 9 from 18"' November 
to 2 nd December 2005, and finally the last three sessions of embodiment design lasted from 
10th March 2006 to 24"' March 2006. The recording length of the 12 sessions was 283 rnins 
54 sees in total. Two project reviews were given at the beginning of Session 2 and Session 9 
respectively, kithin which the design brief was reviewed by the designers. The division of 
the three design phases was based on the author's interpretation of the transcription, and was 
confirmed bý the student designer. Figure 6-2 illustrates the project sessions, design phase, 
date, and recording length information. 

Design Task I > )Conceptual \, \, Ernbodirnent \>\ý Detail 
process clarification / design // design design 

Supervision Session I Session 7- Session 10 - 
sessions Session 6 Session 9 Session 12 

Date 07/10/2005 18/11/2005 - 10/03/2005 
04/11/2005 02/12/2005 24/03/2005 

Recording 95 mins 27 sees 27 mins 41 sees 160 mins 46 secs length 

Figure 6-2: Road side furniture design project sessions 
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Following transcription of the audio recordings to raw protocols, Gero's protocol analysis 
approach (1998) was adopted for segmentation, coding, analysis, and interpretation of the 
data. Each of these stages is briefly explained as follows. 

6.1.1 Segmentation 
To facilitate the analysis process, protocols can be segmented differently depending on the 
purpose of the analysis. For example, Gero and McNeill (1998) used change of designer's 
intention to segment the protocols in their investigation of how designers design. The 
purpose of the research presented in this thesis is to explore the coupling between the artefact 
and design process knowledge, with a particular focus on the artefact and design process 
knowledge, and links between them. As such, it was intended to segment the protocols by 
the focus of the protocol, which was considered as either artefact or design process 
knowledge. However, it was found through initial analysis that the artefact and process 
knowledge occurred concurrently in the protocols. Hence no obvious division could be 
identified within the protocols, to differentiate whether the discussion was on the artefact or 
design process. It was therefore decided that the protocols were segmented semantically 
according to discussion topics. That is, semantic topic was interpreted to produce each 
segment, and each segment addressed one specific topic, such as clarifying a concept or 
solving a design problem. As will be discussed later in Chapter 9, segmenting protocols 
semantically by discussion topics did not affect the analysis result. A short excerpt of 
segmented protocol is listed in Table 6- 1, which shows segments I to 3 of Session 11. The 
first column in the table lists sequence number of each segment within the session, its 
starting time, and its topic. The second column lists segmented protocols with design 
knowledge elements highlighted by bold font. NM and LC represent the supervisor and 
student designer respectively. The detailed protocols and segmentation of sessions I to 12 
are presented in (Wang 2008c). 

Table 6-1: An excerpt of segmented protocol 

Seg No. Time 

Topic 
Protocols 

I- 00: 00: 00 NM Right, did you get over last week? The supervision last week. I thought I 
was being a bit bossy. 

Barrier model LC Bossy. No, I didn't think you were being bossy. No. It's [last week 
and using supervision] kind of made me have wee think. 
circular NM Good! 

LC What I'm actually gonna do. Now as I said, a model was delivered last 
week. So these are kind of pictures of it. I've already had a real one 
made actually and I will bring it in next week. But I decided to put on 
anchoring things so that... 

NM Yeah, that's a good casting you did. 
LC Yes, and basically, it's the same as the cardboard model only circular. 
NM Circular is good. 
LC Yeah! I decided to go circle, it's so secure. It's made of a steel kind of 

thing I think. But also... 

2- 00: 01: 09 NM Well, can I ask you about this? What would be, how would that be 
done? Would that hole be driRed down on site? 

How the hole LC No, I was actually thinking. Do you think the pole has to go all down 
be drilled to the very bottom of that? (No) 'Cause I set it to a height, cause of a 

height adjustment, and the hole can be drilled on site. 
NM Yeah, that's one of those things you have to do. 
LC It probably wouldn't come out the other side as well. It's just for case of 

making the prototype. 
NM No, you could drill a hole and put a captive fitting onto it. So that 
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you don't have to slide it in. 
LC Ok. Actually, one of my friends on a PDP project works with a company 3- 00: 01: 58 

who makes disabled access ramps, and he was telling me how to Install 
Other types of the ramp thing, and basically it's such a simple idea that you can't 
fitting patent it - that's why they've come to the Uni, looking for a more 

sophisticated way of doing it. But actually, it's a bolt, just a bolt, which 
is welded onto a circular plate. And a nut is embedded in this top plate 
here, which is attached to a cylinder. And you set the appropriate height 
of the ramp by winding it down or up. 

NM That's a very common fitting. 
LC Is it? 
NM You can buy them. 
LC Actually, I haven't seen anything like that. 
NM You can buy them. 
LC But it's not attached. 
NM I told you. Look at them. 
LC Toilet seats. Cubicle holders. Is that the same principle? All right! Oh 

welll Yeah, but what intrigued me about it was that it wasn't attached to 
ground; it was just the sheer weight of the ramp, which held it in 
position... Ok, so, I'll think. 

6.1.2 Coding scheme 
Protocol data could provide a deep insight into designing from various viewpoints depending 
on different research purposes. For researchers, however, it is the knowledge structure of the 
protocol, rather than the protocol and the transcripts themselves, which is of paramount 
importance. Therefore, the purpose of the protocol analysis is to detect this knowledge 
structure through some coding schemes. 
Within the context of this research, to analyse the protocols in order to identify the 
knowledge structure, a suitable coding scheme that can elicit the coupling of the artefact and 
design process knowledge is necessary. As mentioned earlier, the analysis should focus on 
the artefact, process knowledge elements and their links. Based on the review presented in 
Chapter 3 and initial study of the protocols, it was found that there were a number of 
particular design artefact and process knowledge elements related to the coupling. 
Specifically, four types of domain knowledge of design artefact (DKA-G, DKA. Bi,, DKA-Fi,, and 

jsý WK DKA-si, ), seven types of current working knowledge of design artefact (WKA-B,, WKA-B A- 

-F,, 
WK, 

-Fi,, 
WKA-s,, and WKA-si, ), four types of current working artefact contextual Bits WKA A 

knowledge (WKArR, WKA-ct, WKA-m, and WKA-Rq), five types of current working knowledge 
of design process (WKp. A, WKp-c,, WKp-j., WKp-o., and WKp-R), and two types of current 
working design process contextual knowledge (WKp-c and WKp-, ) were considered to be the 
elements that might be involved in the coupling. These 22 elements and their associated 
codes are listed in Table 6-2. 

Table 6-2: The coding scheme of coupled knowledge elements 

'Codin 'ment"ýý- "oWledge category g-, - KfiowWjýýIe 

Domain Knowledge of DKA-G General design artefact (A-G) 
Design Artefact (DKA) DKA-B& Interpreted artefact behaviour (Bit) 

DKA-Fj, Interpreted artefact function (Fit) 

DKA. si, Instantiated artefact structure (Sis) 

Fundamental Current WKA-Be Expected artefact behaviour (Be) 
Working Artefact WKA-Bis Instantiated artefact behaviour (Bis) 
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Knoývledgecstego' I ry Coding Kni;; kedgielement 

Knowledge WKA-Bi, Interpreted artefact behaviour (Bit) 
(WKA/F) 

WKA-Fe Expected artefact function (Fe) 
WKA-Fit Interpreted artefact function (Fit) 

WKA-se Expected artefact structure (Se) 

WKA-si, Instantiated artefact structure (Sis) 

Contextual Current WKA-GR Causal relationship (CR) 
Working Artefact 
Knowledge WKA-a Artefact constraint (Ct) 

(WKA/c) WKA-m Design motivation (M) 
WKA-Rq Artefact requirement (Rq) 

Fundamental Current WKp. A Design activity (A) 
Working Design Process WKp. G Design goal (G) Knowledge (WKp/F) 

... .... ... 
WKp-,. Activity input (In) 

WKp. o., Activity output (Out) 
WKp-R Design resource (R) 

Contextual Current WKp-c Design context (C) 
Working Design Process 

WKp., Design issue (I) Knowledge 
(WKP/C) 

Among the above-mentioned elements, there exist different types of links that signify 
different relationships between them. The cause-effect link of creation has already been 
identified in Chapter 5 through content analysis. Through protocol analysis, another three 
types were identified between these elements, which were cause-effect link of referra4 link 
of usage and link of contaimnent. Table 6-3 gives further explanations and representations of 
the four types of links used in the protocol analysis. Though link of employment identified in 
Chapter 5 was not used in the protocol analysis, it was found that it has close affinity with 
these four basic types of links, and some employment links can be deduced from these four 
types. The detailed links analyses will be presented in Chapter 7. 

Table 6-3: Four types of links identified from the protocol analysis 

Linktyýe',, - """-'Ileýresentation Explanation; 
Cause-effect link of A>B Element A causes creation or occurrence of 
creation element B. 

Cause-effect link of AB Element A causes occurrence of element B in 
referral the protocol (B is an existing element that has 

been created earlier). 
Link of usage AB Element A uses element B. 

Link of containment A<B Element A contains element B. 

For each of the 12 sessions, the raw protocols were encoded using the above coding scheme, 
which identified the main artefact and design process knowledge elements involved in the 
coupling. Meanwhile, the four types of links between these knowledge elements were 
identified and marked with the representations listed in Table 6-3. Table 6-4 shows encoded 
protocols of segments I to 3 in Session 11. The first column lists the segment sequence 
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number, its start time and topic. The second and third columns contain the encoded design 
process and artefact knowledge elements respectively, which are numbered within each 
segment. The links are shown in the last three columns. The fifth column shows the links 
that link adjacent knowledge elements within the same segment ("Segment link"). The fourth 
and sixth columns contain the links that link elements prior to and after the current segment 
("Prior segment link7 and "Post segment link7). The elements in other segments are 
identified with three numbers: session, segment, and elements. For example, the element 
identified with 10.16.3 means that it is the third element in the Session 10, segment 16. The 
full version of encoded knowledge elements and their associated links can be found in a 
report (Wang 2008b). 
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6.13 Analysis and interpretation 
As previously mentioned, one of the objectives of the research presented in this thesis was to 
explore the occurrence trend of design knowledge elements over task clarification, 
conceptual, and embodiment design phases. In this regard, it was found that neither the 
occurrence times of the elements over the 12 sessions could reflect their trend, in that the 
durations of the 12 sessions varied from 7 to 60 minutes (longer session resulted in more 
occurrence), nor could the chronological method, which analyses elements' occurrence 
frequency over a period of time. This was mainly because the 12 sessions were conducted 
irregularly over six months, i. e., there was no supervision session in some months, and in 
contrast there were up to three supervision sessions in other months. Consequently, to 
enhance the reliability of the analysis and normalise the data by eliminating the impact of the 
duration variation and session irregularity, it was decided to use session-based percentage 
method to analyse the occurrence trend of coupling knowledge elements over the three 
design phases, i. e., the occurrence percentage of each element within each session was 
calculated to indicate the occurrence trend. In view of this, the occurrence trend does not 
indicate the change of occurrence times of different elements. Rather, it shows change in 
their percentages or ratios. Furthermore, to identify the coupling of the artefact and design 
process, which is composed of different links between knowledge elements, occurrences of 
links over the 12 sessions were used to identify those main links that constituted the coupling. 
The analyses were conducted in Microsoft Excel 2003. Following identification and 
encoding of the knowledge elements and their relevant links for all of the 12 sessions, the 
occurrence times of each element within each segment were counted, and their total 
occurrences within each session were calculated. In addition, the occurrences of each of the 
aforementioned four types of links were counted within each session. The occurrences of the 
elements and links within each session were then input into Excel for further analysis. These 
descriptive data can be found in (Wang 2008a). 

The analyses and interpretations of the data were conducted in two main steps: (i) knowledge 
elements occurrence trends analysis and (ii) coupling analysis. In respect of the former, the 
knowledge elements occurrences over the 12 sessions was analysed in order to derive the 
occurrence trend of each specific knowledge element over the three design phases. With 
regard to the latter, the occurrences of the links over the 12 sessions were analysed in order 
to reveal the coupling model of artefact and design process knowledge. 

The coupling analysis will be presented in Chapter 7, this chapter focuses on the knowledge 
elements analysis. Table 6-5 lists the occurrence times of each knowledge element (Second 
row) over the 12 sessions, and Table 6-6 lists the percentage of each knowledge element 
within each session over the 12 sessions. The analysis results, occurrence trends of the 
artefact and design process knowledge elements, are presented in Section 6.2. 
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6.2 REsuLTs 
Following calculation of occurrence percentages of the design knowledge elements over the 
12 sessions, the occurrence trends of the knowledge elements were analysed through viewing 
their trend charts created in the Excel. The identified artefact and design process elements as 
well as their occurrence trends are explained in the following two sub-sections. 
In addition to the session-based percentage analysis presented in this section, a time-based 
analysis of occurrence trend of three elements (DKA-G, WKA-s,,, and WKp-A) is presented in 
Appendix E. Each element represents one main group of knowledge elements: domain 
artefact knowledge, current working artefact knowledge, and process knowledge. The 
analysis showed the time-based and session-based methods resulted in the similar trend for 
the three groups of design knowledge elements, which verified that the session-based 
analysis does not affect the analysing result. 

6.2.1 Design artefact knowledge elements 
Both domain knowledge and current working knowledge of the artefact were found closely 
coupled with the design process. In this regard, four main types of domain artefact 
knowledge (DKAr, DKA-Bi,, DKA-Fi,, and DKA-sis), seven types of fundamental current working 
artefact knowledge (WKA-B,, 14WA-Bi,, WKA-Bi,, WKA-F., WKA-Fi,, WKA-s,, and WKA-si, ), and four 
types of contextual current working artefact knowledge (WKA-cR, WKA-ct, WKA-Rq, and WKA m) 
are discussed in this section. 

Domain artefact knowledge (DKA) 

As a result of encoding, it was found that the domain artefact knowledge discussed by the 
designers (supervisor and student) in this project was primarily related to their understanding, 
or interpretation of the existing knowledge in the roadside furniture domain. Four main types 
of domain artefact knowledge were identified from the protocols. They were general domain 
artefact knowledge (DY-A-G), interpreted behaviour (DKA-Bi, ), interpreted function (DKA. F&), 
and instantiated structure (DKA-si, ) of the artefact (see Chapter 3 for further details on their 
definitions). DKA-G, such as conceptual understanding of roadside furniture, categorisation of 
roadside furniture, is the domain knowledge other than that related to specific function, 
behaviour or structure. The designers did not seem to create 'expected domain knowledge' in 
this project. Hence there were no references to expected domain artefact funcdona4 
behavioural and structural knowledge. Figure 6-3 illustrates the occurrence trends of the 
four design domain artefact knowledge elements and the total domain artefact knowledge, 
which is the sum of the four domain knowledge elements. 
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Figure 6-3: DKA occurrence trend 

The chart shows an overall decreasing trend of the domain artefact knowledge over the three 
design phases, with a trough in Session 7. Specifically, the occurrence percentage of the 
domain artefact knowledge increased to reach its highest peak in Session 4 (50%) during 
task clarification. It then decreased gradually through conceptual and embodiment design 

when designers were concentrating on the current design. This implied that designers worked 
with the domain artefact knowledge in task clarification phase to understand design problem. 
With increasing understanding of the problem, designers use less proportion of domain 
knowledge in the following stages. The trough in Session 7 was because 10 design concepts 
were presented at the beginning of this session, within which domain artefact knowledge was 
comparatively less discussed. 

The observation ofthe domain artefact knowledge trends can be surnmarised as 1`61lows: 

" Four types of domain artefact knowledge (DKA-G, DKA-Bil, DKA-Fi, and DKA-si., ) were 
identified involving coupling. 

" No expected domain artefact knowledge occurred during the design process. 

" DKA exhibited an overall decreasing occurrence trend over task clarification, 
conceptual, and embodiment design phases, with its highest peak during task 
clarification. 

The deductions from analysing domain artefact knowledge can be described as t'ollows: 

" Artefact, rather than process knowledge, is the main domain knowledge involved in 

the coupling of artefact and design process. 

" Designers of the analysed project work in the interpreted and ins; tantialed, rather 
than expected knowledge space of dornain artefact knowledge. 

" Designers work with higher proportion of domain knowledge in task clarification 
phase while understanding design problem, than in conceptual and embodime- 
design phases while concentrating on their Current design. 

Fundamental current working artefact knowledge (WKAIF) 
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Chapter 6 Coupled knowledge elements 

As mentioned in the discussion of P-FBS model (Chapter 3), there are seven fundamental 

artefact knowledge elements distributed in three knowledge spaces, i. e. expected behaviour 
(WKA-B, ), instantiated behaviour (WKA-B4, ), interpreted behaviour (WKA-Bit), expected function 
(WKA-F, ), interpreted function (WIKA-Fit), expected structure (WKA-s, ), and instantiated 

structure (WKA-sJ. Based on the protocol analysis of the design project presented in this 
thesis, it was found that with the exception of WKA-B&, all the other fundamental artefact 
knowledge elements were analysed to exist in the three phases. 

Figure 6-4 shows the occurrence trend of expected current working artefact knowledge 
elements (WKAIE) over the three phases. From the chart, it can be observed that following a 
peak (17.24%) in the beginning of task clarification, the proportion of WKAIE decreased to 
zero and then began to increase at the end of this phase before it arrived its highest peak 
(34.48%) in conceptual design. Then following a trough at the end of conceptual design, it 
recovered in embodiment design and continued towards the end ofernbodiment design. The 
trough in session 9 was caused by a project review conducted at the beginning of this session, 
which resulted in less proportion of expected artefact knowledge. 
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Figure 6-4: WKA/p., occurrence trend 
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With regard to each expected element, WKA-s, had a similar trend to total WKAIE. Following a 
peak (17.24%) at the beginning of task clarification, its occurrence percentage decreased to 

zero. It was not discussed by designers until the end of task clarification and then reached its 
highest peak (20.69%) in conceptual design. Following a trough in Session 9, it recovered 
and reached its peak before it began to slightly decrease in embodiment design. Meanwhile, 
in conceptual and embodiment design, it kept a higher ratio compared to WKA-B, and WKA-F,. 
The observed occurrence trend implies that designers had expectations towards the artefact 
structure at the beginning of task clarification, even before they concentrated on 
understanding the design problem. Upon clarification of the design problern, WKA-s, was then 

created in conceptual design for deriving the desired concepts. The higher proportion of 
wKA-s, in embodiment design (compared to that in task clarification) indicates that designers 

still created or/and changed WKA-s, while refining the design concepts. 

WKA-B, and WKA. F, had a similar trend to that of WKA-s,. Both of them began to occur 
gradually at the beginning of tile design. Following a period of non-occurrence, they started 
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to occur and increase frorn the end of task clarification, followed with reaching their peak in 
conceptual design. Similarly, their occurrences in embodiment design indicate that artefact 
concepts were still under revision during embodiment design. 

The observation of the trends of WKAIE can be summarised as follows: 

" The overall occurrence proportion of WKAIE decreased in task clarification phase and 
then increased to its highest peak in conceptual design, which is followed with a 
slight decrease in embodiment design. 

" WKA-B, WKA-F, and WKA-s, exhibited similar trend to that of total WKAIE. 

The deductions from the analysis of the expected current working artefact knowledge are as 
follows: 

" Prior to clarification of the design problem, i. e. at the beginning of the design, 
designers have expectations towards the artefact structure. 

" Once the design problem has been clarified, expected artefact structure is then 
created by designers for deriving the desired concepts. 

" Designers still create/change the expected artefact structure while refining design 
concepts in embodiment design. 

The occurrence trend of interpreted (WKA/,, ) and instantiated current working artefact 
knowledge elements (WKA/,, ) are depicted in Figure 6-5. 
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Figure 6-5: WKA/I, and WKA/,, occurrence trend 
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No WKA-Bis was identified from the protocols. One explanation for this is that all the analysed 
protocols were spoken by designers. Hence based on the definition of the WKA-Bj, and WKA-Bif 
(see Chapter 3), all the identified artefact behaviOUral knowledge was encoded as interpreted, 
though they are also WKA-Ris. 

As seen in Figure 6-5, WKA. si, appeared from the end of conceptual design (Session 9), and 
, best peak (15.42%) in Session II of embodiment design. This indicates that reached its 1-; 
L, 

designers b an to instantiate and specify artefact structure at the end of conceptual design. 
The design was then specified with more structural parameters being finalised in 

embodiment design before being finalised at the end of this phase, 
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Similar to WKA-sL,, both WKA-Bi, and WKA. Fi, did not occur until Session 9, the end of 
conceptual design. The occurrence of these two elements then continued towards the end of 
embodiment design though not so much as WKA-sL, in this phase. ]'his implies that WKA-Bi,, 

and WKA-Fi, were mainly used by designers in conceptual and embodiment design and they 
might be used to refine the designed artefact. 

The observation ofthe trends of WKAII, and WKAII, can be surnmarised as follows: 
No WKA-Bj, was identified from the protocols. 
WKA-sL, appeared from the end of conceptual design and reached its highest peak in 
the embodiment design. 

M WK, -B, and WKA-Fi, had a similar trend to WKA-sj,, with less proportion. 

The deduction from the analysis of the instantiated and interpreted current working 
knowledge of artefact are also as follows: 

While WKA-Bý, exists as all possible behaviours that an artefact can exhibit, all the 
behavioural knowledge discussed by designers are interpreted behavioural 
knowledge. 
Designers instantiate the artefact mainly in embodiment design. 
Designers use WKA-, qj, and WKA-Fi, in embodiment design to refine artefact. 

Contextual current working artefact knowledge (WKA, c 
As mentioned earlier, the knowledge of causal relationships (WKA-cR), constraints (WKA-(ý, ), 
motivations (WKA-m). and requirements (WKA-Rq) are regarded as artel'act contextual 
knowledge. The occurrence trends of these four contextual elements are shown in Figure 6-6. 
In comparison to Figure 6-4 and Figure 6-5, it can be seen that the proportions of these four 
types of contextual knowledge elements were lower than the fundamental artefact knowledge 
elements. 
As shown in Figure 6-6. no WKA. cR was identified from the protocols. After discussion with 
the student designer in the two interviews, it was confirmed that although causal relationship 
knowledge was not discussed by designers explicitly to transfer one type of' Fundamental 
knowledge of the artefact to another; it was implicitly used in the design process. 
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Figure 6-6: WKA/C occurrence trend 
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The analysis showed that WWA-0 occurred from the end of task clarification through all the 
three phases. In comparison to the fundamental knowledge elements, however, its 
occurrence did not seem to have an obvious pattern, and its percentage was seen to be lower. 
Tbrough interviews with the student designer, it was found that its low occurrence in this 
project might because: i), the roadside furniture design itself was a comparatively less 
constrained design; and ii), the design project was a student design project rather than an 
industrial commercial one. 
The chart shows that WKA. m and WKA-Rq occurred at the beginning of task clarification and 
the end of conceptual design. The occurrence WKA. Rq at the very beginning of the design 
revealed that the design originated from motivations and requirements. It was found that 
their occurrence at the end of conceptual design was because a project review was held in 
session 9, during which a project brief was given by the student that include some 
description of motivations and requirements. In addition, the interviews with the student 
designer showed that the requirements were considered in conceptual and embodiment 
design. 

The observation of the trends of WKAIc can be summarised as follows: 
m WKAIc was observed less during the design process than WKAIF. 
" WKA-u was not identified in the protocols. 
" WKA-Q occurred from the end of task clarification through all the three phases with 

low proportion owing to the project nature. 
" WKA-m and WKA-Rq occurred from the beginning of task clarification. 

The deductions from the analysis of the trends of WKAIc are as follows: 
WKA-cR is probably used implicitly rather than explicitly uttered by designers. 
Design originates from WKA-m and WKA-Rq, which are considered by designers over 
the three phases. 

A comparison of artefact knowledge 

In order to compare the artefact knowledge, which includes domain artefact knowledge 
(DKA), current working expected (47ývE), instantiated (WKAII, ), and interpreted (WKAII, ) 
knowledge, and artefact contextual knowledge (WKAIc) over task clarification, conceptual, 
and embodiment design, their occurrence times and their percentages within each phase are 
presented in Table 6-7. 

Table 6-7: Occurrence of artefact knowledge over the three phases 

a) Occuffence times 

Task clarification 116 17 005 
Conceptual design 18 40 136 
Embodiment design 33 162 64 24 17 

b) Occurrence percentage 

Task clarification 35.15% 5.15% 0.00% 0.00% 1.52% 
Conceptual desi2 12.00% 26.67% 0.67% 2.00% 4.00% 
Embodiment design 5.15% 25.27% 9.98% 3.74% 2.65% 

Based on the data in Table 6-7, Figure 6-7 illustrates these artefact knowledge's occurrence 
trends. It can be seen that the trend of DKA was decreasing with its peak (31.10%) in task 
clarification; WKAIE increased along task clarification and conceptual design and slightly 
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decreased in embodiment design, with its peak (27.52%) in conceptual design; WKAII, and 
WKAII, had an increasing trend with their peaks (11.68% and 3.43%) in embodiment design; 
WKAIc appeared to have a relatively stable occurrence percentage over the three phases. 
Table 6-8 summarises the comparison of these artefact knowledge occurrence trend. 
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Figure 6-7: Comparison of artefact knowledge occurrence trends 
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Table 6-8: Comparison of artefact knowledge occurrence trend 

DK 

Occurrence Decrease 
Increase and Slight Slight Relatively 

trend stable increase increase stable 

Peak phase 
Task Conceptual Embodiment Embodiment N/A 
clarification design design design 

6.2.2 Design process knowledge elements 
Similar to arlefact. design process knowledge contains both domain and current working 
knowledge. Although a little domain design process knowledge was found in the initial 

protocol analysis, it was mainly related to design management knowledge. Due to the focus 

of the research being the coupling of the artefact and design process knowledge, only current 
working design process knowledge is discussed in this thesis as process knowledge elements 
coupling with the artefact knowledge. In this respect, five fundamental current working 
design process knowledge elements (WKp-A, WKP-G, WKP-hj, WKp-o,,, and WKP-R) and two 
contextual design process knowledge elements (WKp-(ý and WKp-j) are analysed and 
discussed in this section. 

Fundamental current working design process knowledge (WKpF) 

Figure 6-8 illustrates the occurrence trend of the WKpIF elements that were identified from 
the protocol analysis over the three phases. 

loo 



Chapter 6 Coupled knowledge elements 

50.00% 

40.00% 

30.00% 

L) 20.00% 
a) 0. 

10.00% 

0.00% 

le 
A 

10 11 12 

Sessions 

Vask clarification Conceptual Embodiment 
design design 

Figure 6-8: WKpIF occurrence trend 
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As can be seen from the chart, activity (WKp-A) and goal (WKp-G) were identified as the two 
main occurred elements of the design process. The occurrences of input (WKJ, 

-J,, 
), Output 

(WKp-o, ), and resource (WKp-R) elements were rather low compare to design activity. 

As one the fundamental knowledge element of design process, WKp-A, such as generating, 
evaluating, modifying, and documenting, gradually evolved the design artefact knowledge. It 
is therefore the operating element that couples the artefact and design process knowledge. As 

can be seen from Figure 6-8, design activity occurred prevalently throughout the three 
phases, with approximately 15% fluctuation. More specifically, it constituted around 40% of 
the total elements during task clarification and the beginning of conceptual design, and 35% 
during the following conceptual and embodiment design. Moreover, its highest peak 
percentage was 44.83% in Session 7, the first session of conceptual design. This was because 
10 proposed concepts were presented in this session. The trough (30.19%) in Session 9 was 
due to the project review, which went through the project from task clarification, resulted in 
higher percentage of WKp-G and lower percentage of WKp-A. 

During the analysis, it was found that quite often one piece of knowledge in the protocols 
could be encoded as different types of knowledge elements. Design activity and goal fall in 
this scope. As a result, if a chunk of' knowledge could be encoded as either a goal or an 
activity, it was encoded with higher priority as a design activity in this thesis. For example, 
*1 think you should do installation, as well as repairing it" was encoded as a "generating" 
activity that generated expected structural knowledge ("installation" and "repairing"), though 
it was also used as a design goal (do both installation and repairing) in the design. 

WKp. c, is the teleology elernent that couples the artefact and design process knowledge 
because it reveals designers' objectives intended to be achieved during the design process. In 
the protocols, design goals were generally characterised by words such as "in order to" and 
"need to". Its occurrence trend in Figure 6-8 indicates that WKp-G had a relatively higher 

occurrence percentage in conceptual design than the other two phases. I lowever, as 
mentioned earlier, some knowledge elements that could be encoded as WK, 

-, were encoded 
as wKp-A with higher priority. In addition, the project review in Session 9 also contributed to 
the higher occurrence proportion of WKp-G in conceptual design because a number of design 
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goals were presented during the review. As a result, the trend chart might not reveal the 
occurrence trend of WKp-G. 
In comparison to WKpA and WKp-G, fewer WKp., r. and WKp-ot were encoded from protocols. 
One main reason is that some chunks of knowledge could be encoded as input and output 
were encoded as other types of knowledge elements already. For example, "this kind of 
infrastructure, all the components will be modular" was the output knowledge of a 
"Synthesising" design activity in Session 10, segment 6. Meanwhile, it was also current 
working expected artefact structural knowledge. To some extent, most current working 
artefact knowledge elements are either input or output of one or more design activities. 
However, during the analysis, the chunk of knowledge that could be encoded as either 
artefact or design process knowledge elements, was encoded as artefact knowledge elements 
with higher priority, even though they could also be the input or output of design activity. As 
a result, the input and output knowledge are sparsely shown in the trend chart not least 
because they were encoded as artefact knowledge elements already. 

The trend chart also shows a sparse occurrence of WKp. R. As mentioned earlier, design 
resources can be, for example, people, hardware, techniques, or information. After the 
analysis, the reasons of low occurrence of the design resource could be identified as follows: 

The analysed project was an individual design project with supervised instruction. 
This means that in comparison to collaborative design, the resource allocation, such 
as expertise and hardware was, therefore, relatively inessential and, hence was rarely 
discussed during the design process. 
While some information resources were used as design resources by the designers, 
they were encoded as elements of either DKA or WKA already. 

Overall, the observation of the occurrence trend of WKpIF can be summarised as follows: 
m WKp-A occurred prevalently throughout the three phases. 
" WKp-G showed its peaks at the beginning of task clarification and conceptual design. 
" WKp-,,,, WKp-o,,,, and WKp-R were sparsely identified in the trend analysis. 

Based on the above discussion, the deductions of WKpIF can be summarised as follows: 
" WKp. A, as the operating element that couples artefact and design process, seems to 

dominate the design process elements. 
" Since some chunks of knowledge that could be encoded as WKp-G were encoded with 

higher priority as WKp-A, and that the highest peak of WKp-G in conceptual design 
was caused by a project review, Figure 6-8 might not reflect the real trend of WKp-G- 

" Most RWp-,,, and VXp-O., are artefact knowledge. 
" Resource allocation, such as expertise and hardware, is relatively inessential to 

individual design project. 
" Most information resources are artefact knowledge. 

" Since some chunks of knowledge that could be encoded as WKp-,., RWp-ow, and 
WKp-R were encoded with higher priority as artefact knowledge, Figure 6-8 might 
not reflect their occurrence trend. 

Contextual current working design process knowledge (WKPIj 

Two types of WKp1c were analysed, i. e., design context (WKp-c) and design issue (WKp-l). 
Figure 6-9 depicts their occurrence trend over the three design phases. 
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Figure 6-9: WKp1c occurrence trend 

As mentioned earlier, WKp-c includes knowledge factors that affect the design, in a sense 
that any design activity occurs within a specific context. Figure 6-9 does not show an 
obvious occurrence pattern for WKp-(, as it fluctuated through the three phases with 
occurrence percentage less than 11%. Such occurrence might be explained as i) WKp-(. does 

not possess a particular pattern, and ii) designers seldorn discussed WKp-(, explicitly during 

the design. 

WKp., implies the problem needs to be solved by designers. The occurrence trend shows that 
the issue occurred with relatively higher occurrence percentage in task clarification and 
embodiment design, than conceptual design. This implies that issues arise more frequently 
during clarifying design problern and refining design concepts, than during creating the 
design concepts. 

The observation of the trend of WKp1c can be surm-narised as follows: 

" WKp-c occurred over the three phases. 

" WKp-c did not show an obvious occurrence pattern. 

" The occurrence proportion of WKp-j was higher in task clarification and embodiment 
design, than that in conceptual design. 

The deductions from the analysis of the trend of WKp1c are follows: 

" Designers do not discuss all design contexts explicitly during the design process. 

" WKp-j arises more frequently when designers clarify design problem, and 
subsequently refine the design concept in embodiment design, than when designers 

create the design concepts. 

A comparison of arlefact and design process knowledge 

Having presented the occurrence trends of artefact and design process knowledge elements, 
this part compares the occurrence between the artefact and design pocess over the three 

phases. Table 6-9 lists the occurrence times (a) and percentages (b) of domain artel'act 
knowledge, current working artefact, and design process knowledge over the 12 sessions, 
and Figure 6-10 depicts their occurrence over the three phases. Their trends are shown by 

their logarithmic trendlines in order to have a clear view of the overall trend. 
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Table 6-9: Occurrence times and percentage of DKA, WKA, and WKp 

a. Occurrence times b. Occurrenc e percentage 

DK. ý WKA WKp DKýý WK, \ WKI, 
Session I I () I () 36 Session 1 17.86% 17.86% 64.29% 
Session2 5 5 19 Session2 17.24% 17.24% 65.52% 
Session3 27 41 Session3 39.7 1% 0.00% 60.29% 
Session4 44 1 43 Session4 50.00% 1.14% 48.86% 
Session5 18 1 31 Session5 36.00% 2.00% 62.001, lo 
Session6 12 5 22 Session6 30.77% 12.82% 56.41% 
Session7 5 20 33 Session7 8.62% 34.48% 56.90% 
Session8 8 11 20 Session8 20.51% 28.21% 51.28% 
Session9 5 19 29 Session9 9.43% 35.85% 54.72% 
Session 10 15 86 103 Session 10 7.35% 42.16% 50.49% 
Session 11 7 88 118 Session 11 3.29% 4 1.3 1% 55.40% 
Session 12 11 93 120 Session 12 4.91% 41.52% 53.57% 
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Figure 6-10: Comparison of artefact and design process knowledge occurrence trends 

As can be seen. WKp occurred at a slightly decreasing from around 60% to 55% over the 
three phases. DKA and WKA showed an overall increasing and decreasing trend over the three 
phases respectively. As two main types of the artefact knowledge, they formed a 
complementary pair. while one's occurrence percentage increased, the other's decreased. 

6.3 CONCLUSION 

This chapter presented the protocol analysis method and analysis results ofoccurrence trend 
of' knowledge elements involved in the coupling. Within the protocol analysis method, 
protocol segmentation, a coding scheme, and the analysis process were described in order to 

104 

II 23456789 10 11 12 
Sessions 



Chapter 6 Coupled knowledge elements 

give a view of how the work was conducted. Artefact knowledge elements (domain, current 
working fundamental, and current working contextual) and design process knowledge 
elements (current working fundamental and contextual knowledge) were analysed in terms 
of their occurrence trends over task clarification, conceptual, and embodiment design phases, 
Such analysis revealed that some design knowledge elements exhibited particular patterns, 
and some did not. The main observations and deductions from the protocol analysis are 
summarised as follows: 

0 Domain artefact knowledge 
Domain artefact, rather than process knowledge is the main domain knowledge 
involved in the coupling. 
Four types of domain artcfact knowledge (general, interpreted behaviour, 
interpreted function, and instantiated structure of domain artefact knowledge) were 
identified to involve in the coupling. 
No expected domain artefact knowledge occurred during the design process. 
Domain artefact knowledge exhibited an overall decreasing occurrence trend over 
task clarification, conceptual, and embodiment design phases, with its highest peak 
in task clarification. 
Designers work in interpreted and instantiated, rather than expected knowledge 
space of domain artefact. 

V, Designers work with higher proportion of domain knowledge in task clarification 
phase while understanding design problem, than in conceptual and embodiment 
design phases while concentrating on their current design. 

Current working artefact knowledge 
Expected behaviour, functioi; and structure exhibited similar trend, which decreased 
in task clarification phase and then increased to their highest peaks in conceptual 
design, followed with a slight decrease in embodiment design. The trend indicates 
that prior to clarification of the design problem, designers have expectations towards 
the artefact structure at the beginning of the design. Once the design problem has 
been clarified, expected artefact structure is then created by designers for deriving 
the desired concepts. Moreover, designers still create/change the expected artefact 
structure while refining the design concepts in embodiment design. 
No instantiated behaviour was identified from the protocols, because all the 
behavioural knowledge was considered as interpreted knowledge once uttered by 
designers. 
Instantiated structure appeared from the end of conceptual design and reached its 
highest peak in embodiment design, indicating that designers specify the artefact 
mainly in embodiment design. 
With less occurrence percentage, interpreted behaviour and interpreted function had 
a similar trend with instantiated structure, indicating that designers use interpreted 
behaviour and interpretedfunction in embodiment design to refine artefact. 

" Contextual current working artefact knowledge was observed to have a lower ratio 
during the design process than the fimdamental artefact knowledge elements. 

" Causal relationships were not identified in the protocols. However, they were 
probably used implicitly rather than explicitly uttered by designers. 
Constraints occurred from the end of task clarification through all the three phases 
with low occurrence proportion owing to the project nature. 
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Motivations and requirements occurred from the beginning of task clarification, 
indicating that design originates from them, and that they are considered by 
designers over the three phases. 

Current working design process knowledge 

Activity, as the operating element that couples artefact and design process, seemed to 
dominate the design process elements. 
Since some chunks of knowledge that could be encoded as goal were encoded with 
higher priority as activity, and that the highest peak of goal in conceptual design was 
caused by a project review, its trend chart might not reflect the real trend of goal. 
Input, output, and resource were sparsely identified in the trend analysis. Because 
some chunks of knowledge that could be encoded as input, output, and resource 
were encoded with higher priority as artefact knowledge, their trend charts might not 
reflect their occurrence trend. 

'/ Most input, output, and information resources are artefact knowledge. 

V, Resource allocation, such as expertise and hardware, is relatively inessential for 
individual design project. 
Context did not show an obvious occurrence pattern, probably because designers did 
not discuss all design contexts during the design process. 

The occurrence percentage of issue was higher in task clarification and embodiment design 
than that in conceptual design, indicating that issue arose more frequently when designers 
clarified design problem and refined the design concept, than when designers created design 
concepts. 
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Chapter 7 COUPLING OF ARTEFACT AND DESIGN 
PROCESS KNONMEDGE 

In the previous chapter, knowledge elements involved in the coupling and their occurrence 
trend over task clarification, conceptual, and embodiment design phases were discussed. 
This chapter presents the evolved coupling by combining the coupling links identified from 
both the content analysis presented in Chapter 5 and those identified from protocol analysis 
identified in this chapter. This chapter is organised as follows. Section 7.1 introduces the 
coupling analysis approach. The analysis of the coupling links based on protocol analysis is 
presented in Section 7.2. Section 7.3 presents the evolved coupling model based on the 
results obtained from both content and protocol analysis. Finally Section 7.4 concludes this 
chapter. 

7.1 COUPLING ANALYSIS APPROACH 

Different from the analysis conducted in Chapter 6, which included both the coupling 
elements and their occurrence trends, the analysis conducted in this chapter focused only on 
identifying those main links that compose the coupling. Further analysis of the links' trends, 
which can be found in Appendix F, showed that the links with sufficient occurrences exhibit 
trends that are similar to the artefact elements of the links. However, the links with fewer 
occurrences did not seem to have an obvious trend. 
As previously mentioned in Section 6.1-2, four types of links between knowledge elements 
of the artefact and design process, i. e., cause-effect link of creation, link of referral, link of 
usage, and link of containment, were identified through the protocol analysis, which are 
considered as the basis for the coupling. They represent different relationships between the 
artefact and design process. As a result of the protocol analysis, 86 links were identified. 
Their occurrence times over the 12 design sessions were then incorporated into Excel for 
further analysis. 

It was found that the occurrence times of these links varied from I to 141. In this thesis, it 
was hypothesised that the higher occurrences the link had, the more significant it was. 
Though 86 links were identified, not all of them were considered to be the links included in 
the coupling, because some occurred only once or twice over the 12 sessions. In comparison 
to those links that occurred tens of times, the effect of low occurrence links on the design 
could be considered insignificant. It was therefore decided to include only main links in the 
coupling. However, it seemed rather difficult to decide whether a link was a main one, as 
there was no clear guideline on what the main link's occurrence times should be. In addition, 
it seemed that their occurrences did not fit in with a known distribution pattern that could be 
analysed by a traditional statistical method. Therefore, following an initial analysis of the 
data, it was decided to consider a link as a main one only if its total occurrence times over 
the 12 sessions fell into the higher 95% range of the overall occurrences of all the same type 
of links. That is, for each type of link, all the identified links were initially listed by their 
occurrence percentages in descending order. Then, those links that fell into the higher 95% 
range were identified as the main links and were therefore considered in the coupling. The 
remaining links fell into the lower 5% were identified as minor links, bearing less effect on 
design than the main ones. However, the higher range might not be exactly 95% because 
several links could also have same occurrence percentage, and were at the cutting edge of 
this 95% range. Whether these links were identified as main ones, it was subject to 
whichever' percentage was closer to 95%. 

Moreover, because the protocols included 12 sessions, there were two methods to judge 
whether a link's occurrence fell into the higher 95% range of the overall occurrence. It can 
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be judged by either the overall percentage (the link's occurrence times over 12 sessions/total 
occurrence numbers of all links over 12 sessions* 100%) or average percentage (average of 
the link's occurrence percentage of all occurred sessions). To eliminate the risk of losing 
some main links, it was then decided to judge the links based on both methods. Although 
there appeared to exist some links that were mistakenly identified, the risk was considered 
minimal and therefore acceptable for the analysis of the coupling model by using the 95% 
range and the two methods. 

Having identified the main links of the four types from the protocol analysis, it was then 
found that the referral, usage, and containment links could be deduced to link of employment. 
Moreover, some of employment links could also be deduced frorn some ofthe main creation 
links. Hence the main creation links were analysed, which resulted in creation links of the 
coupling from protocol analysis (CL-P) and some main employment links IT-II(CO. The 
main referral. usage, and containment links were also analysed and resulted in sorne main 
employment links deduced from each type (EL. -P(R), EL-P(U), and EL-P(C)). Employment 
links of the coupling from protocol analysis (EL-P) were then generalised Frorn the 
employment links deduced from each type of links. Combining with the creation (CL-C) 
and employment links of the coupling (EL-Q identified from the content analysis 
presented in Chapter 5, the evolved coupling model was then derived, which is composed of' 
the creation (CL) and employment links of the coupling (EL). Figure 7-1 shows this 
analysis approach of the coupling rnodel. Detailed analysis ofthe main links and links ofthe 
coupling are presented in Section 7.2. 

Creation links Reterral links Usage links Containment links -o [- - IL I 
Main containment Main creation links Main rcl-cmil links Main usage links links 

Main 
employment 

links El. -P(Cr) 

Creation links Creation links of 
of the coupling the coupling from 
front content protocol analýsis 

analvsis CI-C CL-P 

Creation links of 
the coupling 

C1, 

Coupling model 

F, niploNnicnt links 
oftlic coupling 

EL 

Figure 7-1: Coupling analysis approach 

7.2 COUPLING LINKS IDENTIFIED FROM PROTOCOL ANALYSIS 

In this section, further explanation of the four types of' links, their main links, as well as the 
links of the coupling that were identified from the main links are presented. 

Main Main Main 
empIONInclit emplo. Nment empl0ý111CIII 

links El. -P(R) links I links El. -P(C) 

Aý *-A A 
[. 111PION'llicni links Frnployment links I 
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EI-P E L-C 
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7.2.1 Cause-effect link of creation 
Cause-effect link of creation8 exists between two elements, if one causes or triggers the 
creation of the other. For example, "So, then I proposed that two (rings attach the panel to 
the post) would be bolted, and two would be welded loops. " includes two knowledge 

elements, a "Detailing! ' design activity (WKp-A), "proposed... ", and an expected artefact 
structure element (WKA. &), "two would be bolted, and two would be welded loops". The 
detailing activity caused the creation of the expected structure, which implies a creation link 

that exists between them, i. e., 'WKp-A -> V; KA-So'- 

Among the four types of links, link of creation was seen to have the highest frequency over 
the 12 sessions both in terms of the number of links (51) and the nuinber of occurrences 
(73 1). The occurrence times and percentage of all the identified 51 creation links over the 12 
sessions are shown in Table D-1, Appendix D. The upper half of the table shows the links' 
occurrence times over the 12 sessions (from row "Session I" to row "Session 12"), their total 
occurrence times over the 12 sessions (in the row "Sum"), and their overall percentages 
among all the 51 links (in the row "Overall */o"). The lower half of the table shows the links' 
occurrence percentages within each session (from row "Session P to row "Session 12") and 
their average percentages over the 12 sessions (in the row "Average W). If element 'A' 
causes the creation of 'B', it is represented as 'A -> B' in the second row of the table. The 
51 links were grouped into three main groups based on the types of causing elements that are 
listed in the first row of the table ("Causing element"), i. e., domain artefact knowledge 
(DKA), current working artefact knowledge (WKA), and current working design process 
knowledge (WKp). The identified main links from both the overall and average percentage 
methods are highlighted in grey in the corresponding columns, and explained in Table 7-1. 
Table D-I lists the occurrence times and percentage of each creation link over the 12 
sessions. In order to identify the main links by using the aforementioned two methods, the 
links' overall occurrence times, overall percentage and average percentage are listed in Table 
2, which lists the links in descending order by their overall percentages. It can be seen the 
two types of percentage values of each link are different. The difference was mainly caused 
by different numbers of links that were identified over different sessions due to their variant 
length. A comparison between the overall and average percentage of each link based on the 
two methods is depicted in Figure 7-2, which shows that the two methods resulted in similar 
overall and average percentages of most creation links. 

Figure 7-3 depicts how the main links were analysed based on the overall and average 
percentage methods with pie charts. By using the first method, as seen in Figure 7-3. a, the 
higher 28 links (highlighted in dark grey in Table 7-1) were identified with a total percentage 
of 94.94%. The reason for choosing the 28 links was that the subsequent four links had the 
same 0.4 1% overall percentage, and the total percentage of the higher 28 links was closer to 
95% than that of the higher 32 links. Moreover, by using the second method (see Figure 
7-3. b), following descending the links by their average percentages (not the sequence listed 
in Table 7-1), the higher 29 links (highlighted in grey in Table 7-1) were identified as the 
main links with a total average percentages of 95.01%. Combining the identified main links 
by both methods, 31 links were subsequently pinpointed as the main creation links. It can be 
seen that most of the main links (26) were identified by both methods. There were, however, 
two links (WKA. &, -> WKp-G and WKA-Bi, -> Vv'Kp-A) that were identified only by the 
overall percentage method and three links (WKA-F. -> NWP-A7 NWP-A --> NWA-Rq, and 
WKP-A -> DKA-G) were identified only by the average percentage method. 

Unless explicitly stated, link of creation will be used throughout this thesis to represent cause-effect 
link of creation. 
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Table 7-1: Analysis of main creation links based on the protocol analysis 
Creation "K, ýk K, K, " K,,,, - DKA "'KA I., - 'ArK,,, -, WK,, - WK,, - WK, - 
links %N Ký K, K" ýNK,, k% K I,,, WKI, I DK I I,, K, "'KIPA WK,,, 

Susn 1 41 1(1(1 7 7 
Overall 

19,29% 13 68% 8.621, 'u 7.8014 7 11% 4,1 W,,, 3,091,1,,, 3 69% 3 42% 2 469 p--. uRc . , , 
A ; e 13 ý71,, 1 ', 7(, % 6 810o 5 90% 14.43% I, t, 4% 5 58% 1 640o 1 54",, 1 70", r c g, . ý 

Creation k, KI., DK, K, -- "K%s, "'K, , WK, K, _ - 
links K kk K K, k\k, KI k\ký,, K, K,,,, K, DK 

Sum 11 7 7 
Overall 

2 190,11 1 921!,. 1 64% 17 123". 0 96% 0 96ý*ý , , 
Awrage 098". 4.69% 3.56% 2471. 2,24ý,, 1 o-I 1 881". 0 83% 1 62% 1 23`; ý percentagý , . 
Creation "K", - WK, ", %kK,,, - DKj, %N K, 'A K Kp 
links K, 

, 
\NK K, ý\K \\K, I\ ,, \ýKj K, KI, Wký 

Sum 41 3 
0-11 0,06% 0,82% 0.680'. 0.68, o 0.69% 0,55% 0.55% 0 55'1, ý () 4111. 0 41(), ) . . 

;A eZt 
iý ,ý 1 03"0 1,100,0 1 0, )", ) 0 "), ", 1 1 0 74* 9 0 62 'o 0 7 8, 0 77% _vntag, . , . , o . 

Creation I 

links DK, k\ KI, \N K, K WK,,, j WK,, WK, WKI,., WKI, WK,, 
-, 

Sum 3 3 2 2 2 2 2 2 1 1 
Overall 
Percentage 

041% 0.41% 0.2 7% 0.27% 0 27oNo 0.27% 0,27% 0.27% 0,14% 0,14'/ýý 
Awrage 

Percentage 
0.62% 0 45% 0 41 'o 0.31oo 0.26% 0,13',. 

. 
0.11% 

. 
0,1 I"o 

. 
0,35'. 

. 
0 33'. 

Creation K, WK ý, ,, - 
ý\ K, "'KA ý- \N'K,,, - f)K,.,., - I)KA I., - DKA N, - WK, ,-ý WK,,,,, - WKA 

II 

links K, K, I K K,, "KIPA WK,,,, i WK,,, WKIPA WKI. " WKI, I WK, 
Summ 
Oýerajl 
percentage 

0 14oo 0 14oo 0 14% 0.14% 0.14% 0 14% 0.14% 0,14% 0.14% 0.14% 0.14% 
A cra 
1; ma: ge , 

0,26oo 
1 

0 26% 
1 

0 260/. 
1 

0.25% 0,2S% 0,1')% 
- 

Oý 19% 
. 

0.0 5 oN, 0.05% 0,05% 0,05(!,. 
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Figure 7-2: Comparison of over-all and average percentage of creation links 
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Domain artefact knowledge as causing element 
As shown in Table D-1 in Appendix D, nine creation links were identified with domain 
artefact knowledge as their causing elements. These are: 

DKA-G -> WKNA 

DKA-Bit WKNA 

DKA-Fit VvKp-l 

DKA-G -> WKp-G 

DKA-Fit WKP-A 

DKA-si, NVKP-A 

DKA-G NVKP-1 

DKA-Fit VirKp-G 

DKA-Sis )WP-G 

The analysis showed that five of them (underlined in the above list) were main links. Of 
these five links, three triggered the creation of design activity (WKp. A), with the domain 
artefact general knowledge (DKA-G), interpreted function (DKA-Fit), and instantiated structure 
(DKA-sjj as their causing elements. Considering a minor link 'DKA-Bit --> WKP-A' With 
interpreted behaviour as its causing element, these four links can be generalised into 'DKA 
--> WKP-A', because their causing elements cover the four domain artefact knowledge 
elements discussed in this thesis. This generalised link and the other two main links, 
therefore, are considered as creation links of the coupling with domain artefact knowledge as 
their causing element. These three links are listed below and are identified with Arabic 
numerals follow CL-P, which represents creation link identified from protocol analysis. 

CL-P. I: DKA -> IýFKP-A 

CL-P. 2: DKA-G WKp-G 

CL-P. 3: DKA-G WKp., 

Current working artefact knowledge as causing element 
As can be seen in Table D-1,19 links were recognised with current working artefact 
knowledge as their causing element. They are: 

IVKA-Be NWP-A 

WKA-Fe WKNA 

'o')VKP )VKA-Fit 
-1 

WA-Se WKp-l 

WKA-Si, WKp-, 

NWA-M WKNA 

WKA-Rq WP-1 

N4WA-Bit )WKP-A 

N4WA-Fe )WP-l 

NVKA-Se WKP-A 

-'ý')WKP 14WA-Sis 
-A 

)WA-Ct WKP A 
WKA-m --ý" )N%p-G 

WKA-Bit WKp-l 

WKA-Fit WKNA 

WKA-Se --ýOo 14WP-G 

WKA-Sis WKP-G 

WKA-Ct WKp-l 

INKA-Rq WKp-G 

Having been measured against the aforementioned two methods, 9 out of the above 19 links 
(which are underlined in the above list) were seen to be the main links. Further analysis 
revealed that four out of these nine links caused the occurrence of Rxp. A, with the causing 
elements WKA-Bi,, WKA-F,, WKA-s,, and WKA-si.,. Considering two minor links 'WKA-B. --> 
V, /Kp. A' and 'WKA-Fit -> WKP-A', which also caused the creation of WKp-A, it would seem 
reasonable to generalise these six links into 'WKA/F -> WKp-A', because their causing 
elements cover six out of seven fundamental current working knowledge elements of artefact. 
The generalised link indicates that fundamental WKA causes design activity. It should be 
noted that instantiated behaviour (WKA-Bjj is not included in this link because no WKA-Bi, was 
identified in the protocols. In addition, if the structural knowledge of the current working 
artefact is represented as WKA-s, the two links 'WKA-s, -> WKp-G' and 'WKA. si, -> WKp. G' 
can be generalised into 'WXA-s -> Vv'Kp-c, ', and the other two 'VVKA-sý -> Vv'Kp-, ' and 
'WKA-Sis -> WKp-, ' can be generalised into 'WKA-s -> VvrKp-, '. Overall, the following four 
links are considered to be another four creation links of the coupling, with current working 
artefact knowledge as their causing elements. 
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CL-P. 4: WKAy -> 
WKP-A (exclude WKA-Bi. 

-> 
WKP-A) 

CL-P. 5: VvrKA. s-> WKp-G 

CL-P. 6: WKA-s---> WKp. j 

CL-P. 7: WKA-Rq--> WYp-G 

Current working design process knowledge as causing element 

23 links were identified in this group, with activity (WKp. A), goal (WKp-G), context (WKpc), 

and issues (WKp-, ) as their causing elements (see Table D- 1), which include: 

WKP-A-> DKA-r. 

WKP-A-> WKA-Bc 

WKP. A -> DK A-ni, 

WKP. A-> WKA-ni 

)WP. 
A -> WK A -sý. 

WKP. A -> WKA. 
Rq 

)WP. 
A-> WKP-rk. 

WKp-G -> WKp-l 

NWP-c-> WKp-i 

WKP-A --> DKA. P;, 

V; KP-A-> WKA-T7.. 

WP-A--> WKA-.. 
zm. 

WKNA -> WKNA 

WKP-A--)' WKA-Fut 

V*TKP. A -> WKA-Ct 

)WP. 
A--> WKP-r. 

WKp-r. -> Wp-a 

VvXP-C -> WNG 

WKP-T V; Kp-r. )Wp-l -> WKp-l 

WKP-G-> WKNA 

WKP-r --> WKP-A 

WKP-T WKP. A 

Of the above 23 links, 17 (underlined in the above list) were identified as the main links. 
Further analysis showed that if interpreted domain artefact behaviour and function were 
represented as DKvl,, 'WKp-A -> DKA-Bit' and 'IýIKP-A -> DKA-Fit' could be generalised as 

-> DKA/j, '. The above list also shows that five man lin sh e p. A their '171KP-A i ks ar WK as 
causing clernentý with five fundamental current working knowledge elements of artefact 
being their caused elements, i. e., WKA-Bi,, WKA-F,, WKA-Fj', WKA-s,, and WKA-si,. Considering a 
minor link 'WKP-A -> WKA-B. ' listed above, these six links can be generalised into 'WKP-A 

-> WKvF'. It should be noted that WKA-B& is not included in this link because no WKA. Bi, 
was identified in the protocol analysis. In addition, if two types of contextual design process 
knowledge elements, WKpc and WKp-,, are represented as WKp1c, 'WKp-c -> WKP-A'q 
'WKp-l -> WKp-A' can then be generalised as 'Wp/c -> WKP-A'. The remaining eight 
main links could not be generalised and will be considered as the creation links of the 
coupling. Thus, the following II creation links of the coupling could be deduced from this 
group of creation links. 

CL-P. 8: WKp-A -> DKA-G 

CL-P. 9: WKp-A DKAn, 

CL-P. 10: WKp-A WKkF (exclude IýFKNA --> NWA-Bij 

CL-P. 11: WKNA ýWA-Rq 

CL-P. 12: WKP-A-> WKp-G 

CL-P. 13: WKNA -> WKp4)a 

CL-P. 14: WKp-G--3> ýWP-A 

CL-P. 15: WKp-G---> Vv'Kp-G 

CL-P. 16: WKp/c --- > IýIKP-A 
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CL-P. 17: WKP-c Wp-i 

CL-P. 18: WKp-j )Mp-G 

Employment links deduced from link of creation 
As discussed in Chapter 6, in comparison to design activity, very few input and output were 
identified in the protocols, because most of them were encoded as artefact knowledge 
elements with higher priority. However, further analysis of the creation links between design 
activity and artefact knowledge elements identified in this section revealed that some of 
these artefact knowledge elements were employed as either the input or output of the design 
process. Hence a link of employment (a type of link that represents an employing relationship 
between two knowledge elements) could be deduced from some of the creation links. 
Knowledge element A employs B means B is used as A and is represented with 'A --* B' 
in this thesis. For example, in Session 11, segment 2, WKAsi, "I set it to a height, cause of a 
height adjustment, and the hole can be drilled on site. " caused a "Generating" activity, which 
caused the creation of WKAs,. "you could drill a hole and put a captive fitting onto if'. It can 
be said that the WKA-si, was employed as the input of the activity and the WKA-s, was 
employed as the output of the activity. Thus, two employment links 'WKp-,, --0 WKA-Sc' 
and 'VvrKp-w --0 WKA-si. ' could be deduced. The discussions in the next three sections will 
show that the other three basic types of links could be deduced into employment links, in that 
the artefact knowledge elements were employed by or incorporated into design process 
knowledge elements. 
Analysing the aforementioned creation links of the coupling between the activity and artefact 
knowledge, it was found that 'CL-P. I: DKA -> WKP-A' and 'CL-P. 4: VYKA/F -> WKP-A9 
could be deduced to two employment links: 'EL(Cr)-P. 1: WKp-h, ---0 DKA' and 'EL(Cr)- 
P. 2: WKp-1. ---* WKA/F'. While EL represents link of employment and Cr (inside the 
bracket) means that this employment link was deduced from a creation link. In the same vein, 
'CL-P. 8: WKp-A --> DKA-o', 'CL-P. 9: WKNA -> DKAnt', 'CL-P. 10: VVKP-A -> 14XA/F'Y 

and 'CL-P. 11: WKP-A -> WKA-Rq' could be deduced into 'EL(Cr)-P. 3: WKp-out --- 0 DKA- 

G1, 'EL(Cr)-P. 4: WKp-w --- 0 DKA/it', 'EL(Cr)-P. 5: WKp-ou, ---0 WKA/F', and 'EL(Cr)-P. 6: 
WKp-w --- 0 WKA-Rq'. Similar to the WKAIF in links CL-PA and CL-P. 10, the WKAIF does 
not include WKA. Bi, in EL(Cr)-P. 2 and EL(Cr)-P. 5. 

It was also discussed in Chapter 6 that causal relationships (WKA-cR) were not uttered 
explicitly by designers in the analysed project. However, during the two interviews with the 

student designer, it was confirmed that WKA-cR was implicitly used as information resource 
in order to perform the activities that transformed artefact knowledge elements, such as 
requirements, function, behaviour, and structure. For example, while designers were trying 
to define a family of roadside ftimiture, including one that could remind road users of school 
nearby in Session 1, segment 7, the protocol "Their heights, their sizes, and things. They 

might be more physical. They might be more obvious, and that might turn signals to any 
road users" was encoded as including WKA-s, - "Their heights, their sizes and things, more 
physical", WKA-B, - "they might be more obvious", and WKA-F. - "that might turn signals to 

any road users". In the meantime, one creation link was encoded to represent the 

transformation from expected behaviour and function to structure: 'WKP. A -> WKA-Se'- 
Therefore, the dependency between expected function "turn signals to any road users" and 
expected behaviour of the furniture "(looks) more obvious" was the causal relationship used 
by designer during the creation of the expected structure. In this regard, the causal 
relationship was employed as the resource for the design activity. Hence an employment link 
'EL(Cr)-P. 7 WKP-R --- * WKA-CR' C01111 )e deduced based on transformations among the 

artefact knowledge elements. Overall, sL,, en employment links listed below were deduced 
from link of creation. These employment links will be discussed in Section 7.2.5 along with 
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other employment links that were deduced from other three basic types of links presented in 
sections 7.2.2,7.2.3, and 7.2.4. 

EL(Cr)-P. I: WKp-,. --- DKA 

EL(Cr)-P. 2: VvKp-,. --- WKkT (exclude Vv'Kp-,. VvrKA-Bis) 

EL(Cr)-P. 3: VvKp-o,, t --0 DKA-G 

EL(Cr)-P. 4: WKp-o,, t ---0 DKA/it 

EL(Cr)-P. 5: WKp-ot ---0 WKAT (exclude WKp-o,, t --- * )WA-Bis) 

EL(Cr)-P. 6: WKp-o,, t --- 0 VvKA-Rq 

EL(Cr)-P. 7: V, Kp-p, ---* NWA-CR 

Creation links of the coupling deduced from link of creation: the key findings 

Having identified the creation links of the coupling from the three groups of creation links, 
Table 7-2 summarises the numbers of links, main links, and links of the coupling identified 
within each group. It can be seen that of all the 51 identified creation links, 32 links were 
analysed and subsequently regarded as the main links. Following generalisation, 18 coupling 
links were deduced and considered as the creation links of the coupling. These links 
compose a main part of the coupling of the artefact and design process on the knowledge 
level. 
Table 7-2: A summary of the links, main links, and links of the coupling identified across the 
three groups of creation links 

Causing element 
I- Links 

of the group Main links Links of the coupling 

DKA (Table D-1) 9 53 (CL-P. 1-CL-P. 3) 

WKA (Table D-1) 19 94 (CL-P. 4-CL-P. 7) 

WKp (Table D-1) 23 17 11 (CL-P. 8-CL-P. 18) 

Total 51 31 18 

These 18 creation links of the coupling are depicted in Figure 7-4 by using black open 
arrows. The links are marked by their sequence number without CL such as I and 2. As can 
be seen from the figure, the knowledge elements are categorised into five groups: 
fundamental current working knowledge of the artefact (WKAIF) and design process (WKpIF), 
contextual current working knowledge of the artefact (TMVc) and design process (WKp1c), 
and domain knowledge of the artefact (DKA). The light grey arrows in Figure 7-4 are the 
causal relationships of the artefact and the links of the design process discussed in Chapter 3. 

116 



Chapter 7 Coupling model 

it 

dE 

--- --- ------------------------------------ 

------------- ------- 

ý0-, > 9q- 

ci 

ý0 41) 
roi 

C. ) 0 
r. 1 

*Z u 

10 oý CD 

"0 
A 

W. ý CD 

0 

PW 

117 



Chapter 7 Coupling model 

7.2.2 Link of referral 
During the protocol analysis, it was found that frequently, one knowledge element referred to 

another, though the latter was already created. For example, in the protocol "Would you like 

to include the tactile road studs, are they barriers? Yeah, they are. They are another sort of 
barriers for people who are visually impaired", an "Identifying" design activity referred 
domain artefact knowledge "tactile road studs is a barrier for the visually impaired", and this 

chunk of knowledge had already existed by the time the designer mentioned it. This type of 
relationship is termed link of referral in this thesis and is represented with diamond arrow. 
Thus, the referral link in the above example can be represented as 'WKP-A ---* DKA-G'- 

Table D-2 in Appendix D shows that as a result of the protocols analysis, 17 referral links 
were identified with a total of 175 occurrences. The upper half of the table shows the links' 
occurrence times over the 12 sessions (from row "Session I" to "Session 12"), their total 
occurrence times during the 12 sessions (in the row "Sum"), and the overall percentages of 
the 17 links (in the row 'Overall %'). The lower half of the table shows the links' occurrence 
percentages within each session (from row "Session I" to "Session 12") and their average 
percentages over the 12 sessions (in the row "Average %"). Due to the limitation of 
representing arrows in Excel, this type of link is represented with open arrow in Table D-2. 
However, except in this table and Table 7-3, this link has been represented with diamond 
arrow '--*' during the protocol analysis (Wang 2008b) and throughout this thesis. In Table 
D-2, if element 'A' refers to '13% the referral link between them is represented as 'A - B' in 
the second row of the table. The II grey columns marked main link analysis as seen in the 
next paragraph showed that II of them were identified as the main links (indicated by grey 
columns in Table D-2). 

In order to identify the main links by using the aforementioned two methods, each link's 
overall occurrence times, as well as overall and average percentages over the 12 sessions are 
listed in Table 7-3, which lists the links in descending order by their overall percentages. A 
comparison between each link's overall and average percentages is depicted in Figure 7-5, 
which shows that the two methods resulted in similar percentage values of each link. Figure 
7-6 depicts how the main links were identified by using the two methods. By using the 
overall percentage method, as can be seen in Figure 7-6. a, the higher nine links (highlighted 
in dark grey in Table 7-3) were identified as the main links because their total occurrence 
was 94.86% of the overall occurrence. Moreover, by using the average percentage method, 
as seen in Figure 7-6. b, the links were initially sorted in descending order by their average 
percentages (not the sequence listed in Table 7-3), and the higher nine links (highlighted in 

grey in Table 7-3) were then identified as the main links with a total of 94.86 % average 
percentage. Combining the main links identified through the two methods, 10 links were 
identified as the main creation links. Among them, eight were identified by using both 

methods. There was one link ('V, 'Kp-, --* WKA. si. ') that was identified only by the overall 
percentage method and another link ('WKp-A ---* NWP-A') that was identified only by the 
average percentage method. 
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Table 7-3: Analysis of main referral links based on the protocol analysis 
Referral WKP-ý- \N'Kp-, WKP-A- WKP-A- WKP-A- WK, -, - WKP-A - WKI, 

-(; - WK1,1- 
links DKA-6 I)K,,,, WKA-1k WKA-Ct WKA-S,, WKI, 

-( 
WKý 

j 

WKA-S., 

Sum 74 4 18 9 9 9 
.1 

3ý 
Overall 
percentage 42.29% 19.430o 10.29% 5.140, o 5.140, o 4.57ýo 4.57", ý 1.7 1% 1.71% 
Avera 1 

percenZage 

1 
48.39% 

1 
16.230, 'o 9-15`1ý 3,48% 

1 
2.860N) 

, 
6.6P/o 

1 
5.20% 1.74'! t) 

Referral NA KP-I -- IA'KP-A -- WKP-6 --' 'A'KA-Sý -- WKP-A - WKI, 
-, - -- 

WKp-j -- 
WK 

A-' - 
links KA-0 \N'KA-, S, 

WKA-M WKp-(, WKA-R 
: =L 

WKA-, 
ý 

WKp-R WKI, 
-(j 

Sum 2 1 1 1 
. - 

1 1 1 1 
Overall 
percentage 1.14"(, 0.5 7 0.57% 0.57% 0.57% 0.57% 0.57% 0.57% 
Average 
percentage 0.67" o 1.19% 0.93% 0.930'o 0.42% 0.42% 0.420"o 0.27% 

13 Overall 

percentage 

IS Average 

percentage 
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Figure 7-5: Comparison of overall and average percentage of referral links 
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As can be seen from Table 7-3, all the referring elements of the identified 10 main links were 
design process knowledge elements and their referred elements were all design artefact 
knowledge elements. Further analysis of the protocols (as will be explained in detail below) 
revealed that these 10 links could be deduced to link of employment, in that the referred 
artefact knowledge was employed by knowledge elements of the design process. 
Analysis of the first main referral link 'WKP-A --* DKA-G' revealed that the referred domain 
artefact knowledge was employed in the follow-up protocol as either input or resource of the 
design process. For example, an "Information gathering7 activity in Session 3, segment 4 
caused the occurrence of domain knowledge "Different sorts of barriers". The domain 
knowledge was employed as an input for an "Identifying" activity in the same segment, 
which, in turn, resulted in producing interpreted function "Barriers can actually stop. Like 
those you get, which absolve the impact (crash)". Moreover, an "Identifying" activity in 
Session 1, segment 2 caused the occurrence of the domain knowledge, "Roadside furniture 
describes at least somewhere, eh, bollards, pedestrian, crash barriers, etc. Roadside furniture 
includes permanent road furniture and temporary road furniture". This chunk of domain 
knowledge was used later as the resource for a "Decision making" activity in Session 2, 
segment 2, that decided the design to be "permanent roadside furniture". Therefore, two 
employment links can be deduced from these two referral links, i. e. 'EL(R)-P. 1: WKp. 1. --0 
DKA' and 'EL(R)-P. 2: NVKP-R -6 DKA-G'. EL(R)-P here means the link of employment 
deduced from link of referral through protocol analysis. In a similar vein, referral link 'WKp- 

A -* DKA-si, ' can be deduced to two employment links 'EL(R)-P. 3: WKp. in --0 DKA. si. ' 
and 'EL(R)-P. 4: WKp-R -- 18 DKA-si. ' because the referred DKA-si, was employed as either 
input or resource in the follow-up protocol. For example, an "Identifying" design activity in 
Session 3, segment 7, referred to domain knowledge "painted lines on the pavement", which 
was employed later as input for an "Identifying" activity in the same segment. The activity 
produced the interpreted function "do not step beyond the red line, you go wrong there". 
Moreover, an "Identifying7' design activity, in Session 11, segment 11, referred to 
instantiated domain artefact structural knowledge "smart kerb, which has slots in". This 
chunk of knowledge was then employed as information resource for designing one type of 
smart kerb for the current design in the consecutive segment. 

The analysis of the following four main referral links in Table 7-3, which referred to four 
fundamental aftefact knowledge elements, WKA-13., WKA-Fo WKA-sý, and NWA-Si. by WKp. A, 
and one link referred to WA-si. by WKp-,, showed that the four artefact elements were 
employed as input knowledge in the protocols. For example, expected behaviour "if a car or 
vehicle or whatever hits the actual barrier... it would break, shear or whatever the barrier 
from the legs" was mentioned following the activity that generated expected structure 
"sacrificial material". This chunk of expected behavioural knowledge was employed as an 
input of the design process. Hence, four employment links can be deduced, i. e., 'EL(R)-P. 5: 
WKp-jn --0 WKA-Bý', 'EL(R)-P. 6: WKp-ln WKA-Fc'P 'EL(R)-P. 7: WKP-m WKA-S. 'i 
and 'EL(R)-P. 8: V; Kp-ln --0 WKA-Sis'- 

In ')WP-A -* NWA-Q' and 'WP-G ---* WKA-ct', design activity and goal were seen to 
result in the occurrence of design constraints. As mentioned in the previous chapter, 
designers did not seem to explicitly discuss constraints so frequently in this project. 
Moreover, design constraints were mainly employed as information resource during 
designing. For example, "poles have to be inserted in a specific orientation" was a constraint 
that was subsequently used as a resource. This in turn resulted in another employment link, 
i. e., 'EL(R)-P. 9: WKP. R --0 WKAW- 

Since design activities are carried out within design context, the main link 'WKP-A 
V, rKp-cl, representing a referral to context by activity, could imply that designers mentioned 
the context during designing. This was represented by the design process model discussed in 
Chapter 3, hence no employment link was deduced from this link. 
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Overall, the 18 referral links referred by the design process knowledge elements can be 
deduced to the following nine employment links: 

EL(R)-P. 1: VJKp-i. --4 DKA-o 

EL(R)-P. 2: VvFKp-R --4 DKA-r, 

EL(R)-P. 3: ViKp. 1, --'* DKA-si, 

EL(R)-P. 4: VVKP-R - -0 DKA-si, 

EL(R>P. 5: WKp-1, -- 0 VJKA-Be 

EL(R)-P. 6: ViKp. i. 
WKA-F, 

EL(R)-P. 7 : 'VJKP-In WK-A-So 

EL(R)ý-P. 8: VIKP-In --'e VIKA-Sis 

EL(R)-P. 9: WKp. R --0 WKA-Ct 

7.23 Link of usage 
When a knowledge element uses another element, it implies that a link of usage exists 
between them. For example, within the following protocol "I brainstormed the concept of 
roadside ftimiture by exploring what is in the world to separate the different areas of 
space. ... I concluded that there are six main functions of barrier to either detect control, 
contain, protect, inform or warn. ", domain artefact knowledge (DKA-G) "concept of roadside 
furniture" was used by an "Analysing/interpreting" activity (WKp. A) that deduced domain 
artefact interpreted function "there are six main functions of barrier". Thus, it can be said 
that the usage link 'WKP-A +-6 DKA-G' existed between the two elements. 
As a result of protocol analysis, II usage links were identified with 70 occurrences. Their 
occurrence times and percentage within each session are listed in Table D-3, Appendix D. 
The upper half of the table shows the links' occurrence times over the 12 sessions (from row 
"Session I" to "Session 12"), their total occurrence times over the 12 sessions (in the row 
'Sum'), and their overall percentages of all the II links (in the row "Overall O/o"). The lower 
half of the table shows the links' occurrence percentages within each session (from row 
"Session I" to "Session 12") and their average percentages of the 12 sessions (in the row 
"Average %"). Due to the limitation of representing arrows in Excel, this type of link is 
represented with open arrow in the table. With the exception of Table D-3 and Table 7-4, 
this link, however, is represented with oval and diamond arrow '+--*' throughout this thesis 
as well as in the protocol analysis (Wang 2008b). In Table D-3 and Table 7-4, if element 'A' 
uses '13% the link of usage between them is represented as 'A --I. B'. 

By using the overall and average percentage methods (explained in the next paragraph), 10 
links were identified as the main links, which are highlighted in grey in Table D-3. To 
identify the main usage links, Table 7-4 lists all the usage links in descending order by their 
overall percentages. A comparison between the overall and average percentages of each link 
is depicted in Figure 7-7. In comparison to the creation and referral links, it was found that, 
the difference between the overall and the average percentage of some usage links is more 
obvious. For example, based on the average percentage method, the link with lowest overall 
percentage (1.52%) takes the fourth place with average percentage of 5.00%. This was 
mainly due to the low occurrence of this type of link, which could cause a link to have a high 
percentage but with very few links in a session. 
In order to show how the main links were identified, Figure 7-8 illustrates the overall and 
average percentage pies of the usage links. By using the overall percentage method, as can 
be seen in Figure 7-8. a, the higher eight links (highlighted in dark grey in Table 7-4) were 
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identified as the main links because their total occurrence was 94.29% of the overall 
occurrence. Moreover, by using the average percentage method as seen in Figure 7-8. b, 
follo"ing descending the links by their average percentages (not the sequence listed in Table 
7-4), the higher seven links (highlighted in grey in Table 7-4) were identified as the main 
links with the surn of 94.72 % average percentages. Combining the main links identified 
from both methods, nine links were identified as the main usage links. It can be seen from 
Table 7-4 that there were six main links were identified by using both methods. In addition, 
there were two (WKI, -,. \ +-* WKA-Sis and WKp-, \ *--* WK,. x-(-, ) links were identified only by 
the overall percentage method, and one (WKp-, x *--* DK,. ý-, ý,, ) was identified only by the 
average percentage method. 
Table 7-4: Analysis of main usage links based on the protocol analysis 

ýkki %NK, \\K:, ý\K- - WK, -, WK,, -, "'K,., -- WK, "K,, - WK,, - WK, 
Usinglinks I)K., \k K, " "K K, ,.. DK,, D K, ,,, 
Sum Is I1 8 h 1 3 2 1 1 
Overall 
percentage 25.71% 20.00% 12-86,10 11.430. 8.57% 7.14% 4-29% 4.29% 2 86'o 1,4 3 "o 14 3'o 
Average 
, percentage 38.56% 1 28,671, o 5.56% 1 0.39% 6,94% 1 W, ", 3. (, )'. () 831)o 0 5(, ", ) 5.00% 2 SO"o 

-40 00111ý 

30,00'o 

20,00".. 

)o 00".. 

000".. 

Overall 
perceniage 

Average 

percentage 

Figure 7-7: Comparison of overall and average percentage of usage links 
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As can be seen from Table 7-4, all the 10 main usage links have design activity as their using 
elements, and DKA, WKA, and WKP-R as their used elements. Further analysis revealed that 
these usage links could also be deduced to employment links, in that the artefact knowledge 
was employed as either input or resource of the design process. 
Specifically, the analysis of the links that used domain artefact general knowledge by 

activity (WKp-A +-* DKA-G) showed that DKA-G was employed as either input or resource of 
the design process. For example, when domain knowledge "different types of barriers" was 
used by an "Identifying7 activity, "The things that are aesthetic, eye, hearing, sight, touch. 
That might be to do with the wind. They protect you from something, barriers are protective", 
in Session 3, segment 6, it can be explained that, first, the activity produced an interpreted 
function of barriers, and second, to produce the interpreted function, the domain knowledge 

was employed as an input for the activity. Therefore, an employment link 'EL(U)-P. 1: WKp. 

in --0 DKA-G' can be deduced. EL(U)-P refers to the link of employment deduced from link 

of usage through protocol analysis. In addition, when domain knowledge "a range of 
physical divisions: barriers, bollards, higher kerbs" was used by a "Decision making7 
activity in Session 2, segment 1, "to look at it in a wider context first before I focused on 
barriers" 

, two points can be concluded: first, design artefact was decided to be a barrier, and 
second, the domain knowledge was employed as a resource by this activity. Hence another 
employment link 'EL(U)-P. 2: IMýIP-R -- -0 DKA-G' can be deduced from this usage link. 
Moreover the following two usage links 'V; KP-A +--0 DKA-Bit' and 'WKP-A +-0 DKA-Fit9 
can be deduced to 'EL(U)-P. 3: WKp-ln -- -0 DKA-Bit' and 'EL(U)-P. 4: WKp. In --4 DKA-Fit'q 
as the analysis shows that the interpreted behaviour and function were employed as an input 

of the activity. For example, in the protocol "Children can, would actually climb and sit on it 
and go through it. So, it's a kind of advisory or reminder thing that cars want out and 
children the other. ". DKA-Bi, "Children can, would actually climb and sit on it and go through 
if' was used by an "Interpreting" activity, which produced an interpreted function "it's a 
kind of advisory or reminder thing" in Session 6, segment 2. This usage link could therefore 
be deduced to 'WKp-h, --0 DKA-Bit' because the interpreted behaviour was employed as the 
input of the activity. Similarly, the usage link ')VKP-A +--* DKA-si, ' can be deduced to 
'EL(Ll)-P. 5: VIKP-i. --0 DKA-si. ', because analysis of the seven instances of this link (in 
sessions 10 and 12) revealed that DKA-si, was employed as input of each design activity. For 
example, structural knowledge "... emergency barriers. They've got a hook on one side and 
eye on the other" was employed as an input for an "Interpreting79 activity producing 
interpreted function, "that allows them to have huge flexibility" in Session 12, segment 7. 

There are four main links in Table 7-4 show that four fundamental artefact current working 
knowledge elements (WKA-B,, UWA-F., WKAs,,, and WKAsb) were used by design activity. It 

was also found that the four elements were employed as inputs of design activities. For 
instance, WKA-B, - "move it around" was employed as an input by a "Generating" activity 
producing an expected structure "a slot at the bottom, a bolt going across it, a rawl bolt 

underneath, slide the pole on top of that" in Session 10, segment 21. Therefore, four 

employment links 'EL(U)-P. 6: NWP-In --* NVKA-Bc'g 'EL(U)-P. 7: WKp. In --* WKA-FC'9 
'EL(U)-P. 8: VvFKp-,. -m* WKA-Se'. and 'EL(U). 9: WKp-ln --* WKA-si, ' could be deduced 
from these four usage links. 

Further analysis of link 'V, 'Kp-A +-40 VVKA-Ct', showed that the constraints were used as 
information resource during the design process. For exanIple, constraint "you can't have 
springs and hinges for a long period of time in the ground" was used by a "Decision making" 
activity I decided not to make it too complicated" in a sense that it was employed as a 
resource by the activity. Thus the link 'EL(U)-p. 10: WKP-R - WKA-c, ' can be deduced 
accordingly. 
Finally, the usage link 'NWP-A NWA-R' indicates that resource was used by design 

activity, which was represented by the process model introduced in Chapter 3, meaning that 
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no employment link will be deduced from it. Overall, the following 10 employment links 
were deduced from the 10 main usage links. These employment links will be discussed 
further in Section 7.2.5 along with other employment links. 

EL(U)-P. I: WKp-I, DKA-G 

EL(U)-P. 2: WKP-R DKA-G 

EL(U)-P. 3: Vv'Kp-k -- -0 DKA-Bit 

EL(U)-P. 4: VJKp. I� -- 10 DKA-Fit 

EL(U)-P. 5: WKP-i, - -, 0 DKA-si. 

EL(U)-P. 6: WKp-i. - -0 WKA-Be 

EL(U)-P. 7: 'vVKp-i. - WKA-Fe 

EQU)-P. 8 : WKp-E, - VJKA-s, 

EL(U)-P. 9: WKp-i, - WKA-si, 

EL(U)-P. 10: WKP-R--'* VJKA-ct 

7.2.4 Link of containment 
The last type of link identified from the protocols is link of containment, which is the link 
between two knowledge elements if one contains the other. For example, the design goal "to 
define the context by including a roadside furniture family with different functions" 
contained a domain artefact knowledge element "roadside furniture family". If element A 
contains B, it is represented as 'A " 13' in this thesis. Hence a containment link 'XVKp-G 
<-* DKA-G' existed in the above example. 
Table D-4 in Appendix D lists the eight containment links identified through the protocol 
analysis. The upper half of the table shows the links' occurrence times over the 12 sessions 
(from row "Session I" to "Session 12"), their total occurrence times over the 12 sessions (in 
the row "Sum"), and their overall percentages of all the 31 occurrences (in the row "Overall 
O/oll). The lower half of the table shows the links' occurrence percentages within each session 
(from row "Session I" to "Session 12") and their average percentages over the 12 sessions 
(in the row "Average W). Due to the limitation of representing arrows in Excel, this type of 
link is represented with open arrow in the table (that is if element 'A' contains '13% it is 
represented as 'A - B'). This link, however, is represented with oval arrow ' <-* ' 
throughout this thesis as well as in the protocol analysis of the design project (Wang 2008b). 

As can be seen in Table D-4, there were only 31 occurrences of this type of link. Three links 
occurred only once with an overall percentage of 3.23%. As a result, all of the eight 
containment links were considered as main links and therefore no another table with 
descending ordered links and percentage pies was needed to identify the main links. 

As Table D-4 shows, the containing elements of these eight links are all design process 
knowledge elements, which include design goal, resource, and context. Moreover, all of the 
contained elements are artefact knowledge elements, which include domain artefact 
knowledge, current working functional, behavioural, and structural knowledge. This type of 
link can be deduced directly to link of employment because the artefact knowledge that 
contained in these design process knowledge elements implies that the artefact knowledge 
was being employed by these design process elements. 

Specifically, the analysis showed that the link 'WKp-G <-* DKA-G' happened in the course of 
understanding the barrier by the designers. For example, the goal "to define the context by 
including a roadside furniture family with different functions" contained domain artefact 
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general knowledge "a roadside furniture family with different functions". This link indicated 
that domain artefact general knowledge was employed in the design goal. Therefore, an 
employment link 'EL(C)-P. 1: WKp-G --0 DKA. G' could be deduced. EL(C)-P means it is an 
employment link deduced from containment link through protocol analysis. Further analysis 
of the three containment links of 'WKp-G " WKA-Be'q '17vrKP-G " )WA-Fe'. and 'WKp-G 
<-* WKA. s. ' also revealed that expected artefact knowledge elements were employed in 
design goal by design activity. These three containment links could therefore be generalised 
into one employment link 'EL(C)-P. 2: V; IKP-G --- 0 Vv'KAX'- 

The next containment link 'WKP-R <-'O DKA-G' could be deduced to I EL(C)-P. 3: WKP-R - 
DKA-G', which indicated that domain artefact general knowledge was employed as resources 
of design process. 

The remaining two containment links 'WKp-c <-* DKA-G' and 'ArKp-c <-'O WKA-se' 
indicated that the context contained both the domain artefact general as well as current 
working artefact structural knowledge. As discussed in Chapter 6, context includes factors 
that affect the current design. Through the two interviews with the student designer while 
analysing the protocols, it was found that while these factors were often considered by 
designers, they were not explicitly mentioned in the project. Since the factors affecting the 
current design could include all the knowledge elements of the artefact and design process, 
the design context is considered to include the domain and current working knowledge of the 
artefact and design process. Thus, three containment links 'WKp. c <70 DKA', 'WKp-c <-* 
WKA', and 'WKp-c <--O WKp' could be deduced. Similarly, these three contairunent links 
could be deduced to employment links in that DKA, WKA, and WKp were employed in the 
design context of design process. These three employment links were represented as 'EL(C)- 
PA: WKp-c --- 0 DKA'q 'EL(C)-P. S: WKp-c ---* WKAI, and 'EL(C)-P. 6: WKp-c --- 0 
WKp'. 

Overall, the following six employment links have been deduced from the link of containment: 
EL(C)-P. I: WKp-G --- ODKA-G 

EL(Q-P. 2: WKp-G --- WKA/E 

EL(C)-P. 3: NWP-R --0 DKA-r, 

EL(C)-P. 4: WKp-c --- DKA 

EL(C)-P. 5: WKF. -c --- 
WKA 

EL(C)-P. 6: WKp-c --- WKp 

7.2.5 Link of employment 
In the light of similarity among the following links and the fact that some of these links are 
composed of others, they all can be generalised into the employment links of the coupling: 
the six employment links deduced from link of creation in Section 7.2.1, the nine deduced 
links from link of referral in Section 7.2.2, the ten deduced links from link of usage in 
Section 7.2.3, and the six deduced links from link of containment in Section 7.2.4. This 
section explains how these employment links are generalised into the employment links of 
the coupling, which are identified by Roman numerals following EL, such as EL. i. 

Links employed by WKp. G 
Employed by WKp-G, the two employment links EL(C)-P. 1 and EL(C)-P. 2, which were 
deduced in 7.2.4, are considered as two employment links of the coupling and are identified 
by EL-P. i WKp-G --- 10 DKA-o and EI, -P. fi WKp-G --- 0 WKAIE- 
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Links employed by WKP-in 

The following employment links were identified in the previous four sections with domain 
artefact knowledge as their employed elements: 

" EL(Cr)-P. I: WKp-,, ---0 DKA identified in Section 7.2.1, 

" EL(R)-P. I: WKp-,. ---0 DKA-G identified in Section 7.2.2, 

" EL(R)-P. 3 : WKp-j, ---0 DKA-si, identified in Section 7.2.2, 

" EL(U)-P. I: VYKp. l. ---0 DKA-G identified in Section 7.2.3, 

" EL(U)-P. 3: WKp-jn --- 0 DKA-Bit identified in Section 7.2.3, 

" EL(U)-P. 4 : WKp-i, 0 DKA. Fit identified in Section 7.2.3, and 

" EL(U)-P. 5 : VvXp-,, ---0 DKA-si, identified in Section 7.2.3. 

Further analysis of the above seven links showed that they all could be generalised into the 
first one, because DKA covers the domain artefact knowledge elements of the other six links. 
Hence EL-P. iii WKp. j. ---0 DKA was generalised as an employment link of the coupling. 

For the following employment links with current working artefact knowledge are regarded as 
employed elements- 

" EL(Cr)-P. 2 : Wp-,. ---0 WK" identified in Section 7.2.1, 

" EL(R)-P. 5: WKp-i. ---0 VVKA-B. identified in Section 7.2.2, 

" EL(R)-P. 6: V; ]Kp-l, ---9 WKA-Fe identified in Section 7.2.2, 

" EL(R)-P. 7: WKp-i. ---0 VTKA-s. identified in Section 7.2.2, 

" EL(R)-P. 8: WKp-,. ---0 Vv'KA-si, identified in Section 7.2.2, 

" EL(LJ)-P. 6: Vv9Kp-i, ---0 WA-B. identified in Section 7.2.3, 

" EL(U)-P. 7: WKp. 1, ---0 WKA-Fe identified in Section 7.2.3, 

" EL(U)-P. 8: V; ]Kp-w --- 0 WKA-s. identified in Section 7.2.3, and 

" EL(U)-P. 9: WKp-,, ---0 WKA-si, identified in Section 7.2.3. 

It was also found that the above nine links could be generalised into the first one, because 
WK, vy covers the current working artefact knowledge elements of the other eight links. 
Hence EL-P. iv WKP-in --- 0 YVKAx was generalised as another employment link of the 
coupling. 

Links employed by WKP-out 

The four employment links identified in Section 7.2.1 (EL(Cr)-P. 3, EL(Cr)-P. 4, EL(Cr)-P. 5, 
and EL(Cr)-P. 6) employed by WKp-o,, t could be considered as EL-P. v WKp-ot --- 0 DKA-G, 
EL-P. vi WKp-w --- 0 DKA/it, EL-P. vii WKp-o,, t --- 0 WAT, and ELýP. viii WKP-ot --- 0 
NWA-Rq, because no other links employed by Vv'Kp-ot were identified. 

Links employed by WKP-R 

In a similar vein, the three same links, EL(R)-P. 2 in Section 7.2.2, EL(U)-P. 2 in Section 
7.2.3, and EL(Q-P. 3 in Section 7.2-4, were combined as EL-P. ix WKp-R --- 0 DKA-G- The 

employment link EL(R)-P. 4 deduced in Section 7.2.2 was identified as EL-P. x WKP-R ---0 
DKA-Sis and EL(Cr)-P. 7 in Section 7.2.1 was identified as EL-Pxi VvKP-R --- 0 WKA-cR. In 
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addition, the two same employment links, EL(R)-P. 9 deduced in Section 7.2.2 and EL(U)- 
P. 10 deduced in Section 7.2.3, were identified as EL-P. xii WKP-R --- 0 WKA-Ct- 

Links employed by WKpc 

Finally, the three employment links, EL(C)-P. 4, EL(C)-P. 5, and EL(C)-P. 6 identified in 
Section 7.2.4, were considered as three employment links of the coupling employed by the 
design context, i. e., EL-P. xiii V, Kp-c --- 0 DKA, EL-P. xiv VvrKp-c --- 0 WKA, and EL-Pxv 
WKp-c --- 0 WKp. 

Employment links of the coupling: Key findings 

Overall, the following 15 links were regarded as the employment links of the coupling, 
which were deduced from the main creation, referral, usage, and containment links. EL-P 
represents employment link obtained from protocol analysis. 

EL-P. i : V; Kp-G --- 0 DKA-G 

EL-P. ii: WKp-G --- 0 WKAm 

EL-P. iii WKp-jn --- 0 DKA 

EL-P. iv VYIKP-in --- 0 WKA/F (exclude VYKp-ln --- 0 NWA-Bis) 

EL-P. v: WKp-0,,, ---0 DKA-G 

EL-P. vi WKp-o., ---0 DKA/jt 

EL-P. vii VYKp-o., ---0 WKA/F (exclude WKp-o,,, ---0 WKA-Bis) 

EL-P. viii WKp-ot --- 0 WKA. Rq 
EL-P. ix: VYKP-R ---0 DKA-r, 

EL-P. x: MrKP-R --- 0 DKA-si,, 

EL-P. xi : 'WKP-R --- * WKA-CR 

EL-P. xii: NWP-R --- * WKA-Q 

EL-P. xiii WKp-c --- * DKA 

EL-P. xiv: WKp-c --- 0 VVKA (include WKvF and WKvc) 

EL-P. xv: V, 'Kp-c --- 0 WKp (include WKp/F and WKp/c) 

As a result of the above analysis of employment links of the coupling based on the four basic 
types of links, Table 7-5 summarises the numbers of identified different types of links, by 
listing the number of links, main links, and deduced employment links from link of creation, 
referral, usage, and containment in the 2 nd 

, 
Yd, and 4b columns. Altogether, 15 employment 

links of the coupling were generalised from the 31 deduced employment links. 
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Table 7-5: A summary of deduced employment links based on the protocol analysis 

Generalised- 
Main Deduced employment Links employment links 
links links 

of the coupling' 

Unk of creation 51 (Table 7-1) 

Unk of referral 17 (Table 7-3) 

Unk of usage II (Fable 74) 

Unk of 
7 

10 
10 

EL(U)-P. I- EL"-P. 10 

6 
7 uIr ff"N In I uIr fill D Ic 

15 

Total 1 86 58 31 15 

The 15 employment linKs ot tne coupling, wnicti constitute anotner main part ot tne coupling 
of the artefact and design process knowledge, are depicted in Figure 7-9 by dashed oval 
arrows. The links are identified by their sequence letters without EL-P, such as T and 'ii'. 

31 
7 

EL(Cr)-P. I- EL(Cr)-P. 7 

10 
9 

EL(R)-P. I- EL(R)-P. 9 
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7.3 EvOLVED COUPLING MODEL 

After creation links of the coupling from the protocol analysis were identified, they were 
combined with those identified from the content analysis. This resulted in the 19 creation 
links of the coupling, which are listed in the first column of Table 7-6. The links are 
identified with 'CL. ' followed with Roman numerals. The combination process mainly 
accommodates the results obtained from both methods. Links, identified from both methods 
(eg. CLA and CL. 11) or only one of them (eg. CL. I and CI-2), are included in the final list. 
In addition, if links identified from one method are generalised links ofthose from another 
method, the generalised links that are highlighted in grey background in the table are 
included inthe final list (eg. CL. 10 andCL. 12). 

Table 7-6: Creation links of the coupling model 

rotocol analysis 

CLA: DK,, __ý' WKp-, C L- P. I: 1) WK 

CL. 2: DK,, 
-,; 

-> WKp_(ý 
. ....... ..... ............. .. 

Cl, -P. 2: DKA_(j WKp-(i 

CL. 3: DK\-, i-> WKp_j ('I, -P. 3: DK, \ (i WK1,1 

CLA: WK, \ 1: --> WKV-A CL-C. I: WKA/F __> WKv_A CL-P. 4: WKA/F W KP-A 

(exclude WK. A-B,, _> WKP-A) 

- 
(exclude WKA-B,, _> WKP-A) (exclude WKA-B,, -> WKI'-A) 

CL. 5: WK. ý_\, -> WKP-A CL-C. 2: WKA-M _> WKP-A 

CL. 6 : WKA-R, 
j 

_> WKP-A CL-C. 3: WKA-Rq _> WKII-A 

CL. 7: WK. \-,, --> WKp_( 
I , CL-P. 5: WK, \-s-> WKI,, j 

CL. 8: WK, \,, -> WK, 
-, ............ . ........ ... 

CL. 9: WKA-R,, --> \A'K,, (; 

CLAO: WKP-A -> DKA CL-C. 4: WKP-A DKA 

CL. 11: WlKp-. ý-ý' WK,.,,: CL-C. 5: WKp-, ---)' WKkj. 

(exclude WKý-,, -)" WlKp-ýý) (exclude WKA-11,, -7 WKI, 
-, 

) 

CL. 12: WKP-A -> WKvc CL-C. 6: WKP-A -> WKAIC 

CL. 13: WKI, ý-> WKp-c, 

CL. 14: WKp-, \ --- 
)' WlKp-oý, 

CL. 15: WKI, 
-(i-> 

WKP-A 

CL. 16: WKp-c, -> WKp-(; 

CL. 17: WKI, (, -> WKP-A 

CL. 18: WKP-c---ý' WKp-l 

CL. 19: WKp-, --3ý' WKp-cj 

CL-P. 6: WKA-. S-> WKI, j 

CL-P. 7: WKA-R. -> WKI, 
-(i 

CL-P. 8: WKp-,,, DKA-C, 

CL-P. 9: WKII-A DKAýit 

CL-P. l0: WKj-%-> WKI\,,: 

(exclude WKI,, \ 
WKA-BJ 

CL-P. II: WKP-A W KA-R, 

CL-P. 12: WK p-A WKI, (; 
CL-P. 13: WKII-A WKI, -(),,, 
CL-P. 14: WKI, j WKI, \ 
CL-P. 15: WKI, -(; WKI, -(i 
('L-P. 16: WKp/(, --> WKP-A 

('L-P. 17: WKp-(---> WKp-, 

CL-P. 18: WKI, -, -> WKI, -(,, 

Similarly. the employment links of the coupling were identified by combining those 
identified from both the protocol analysis and content analysis. The results, 17 employment 
links of the coupling, are listed in the first colunin of Table 7-7, which are identified with 
'EL. ' followed with Arabic numerals. With the same combination process, links, identified 
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from both methods (eg. EL. v and ELM) or only one of them (eg. EIJ and El-iii), are 
included in the final list. In addition, if links identified from one method are generalised links 

of those from another method, the generalised links that are highlighted in grey background 
in the table are included in the final list (eg. EL. ii and EL. ix). 

Table 7-7: Employment links of the coupling model 

Employment links of the 
coupling 

Content analysis Protocol analysis 

ELA KI, (j --0 DK, \. (j FL-P. iWK1, DK, \ 
EL. ii : WKp-(j -- -0 WK. A-T EL-CA: WKP-G---OWK. 

k/F EL-P. ii: WKp-(j--*WKA, 21; 
(exclude WKp-(; -- -0 WK. \-B,, ) (exclude WKp-(; -- -0 WKA-Bis) 

EL. iii -0 WK k-\, EL-C. ii : WKj, 
-(j --- 

0 WKA-II 

EL. iv WKI, 
-(i -- -0 WK A-R, EL-C. iii WKI)-(i -- WKA-R(I 

EL. v WKI, 
-,,, -- -0 DKý\ EL-C. iv WKp-,,, -- DKA EL-P. iii: WKp.,,, --* I)K,, \ 

EL. vi: WKp-,,, -- -0 WKýk 1: EL-C. v: WKI, 
-,,, -- 

WKA/j. EL-P. iv: WKI, 
-,,, --0 WKA/I: 

(exclude WK. ý-13, j (exclude WKp-,,, ---* WKA-Bis) (exclude WKI, 
-,,, 

--* WKA-Bis) 

EL. vii: WKi, 
-i,, ---* 

WK, ý-\, EL-C. vi: WKp-,,, ---OWK\,,, 

EL. viii :W Kp-,,, -- -0 WKA-R, EL-C. vii WKI, 
-,,, -- -0 WK, \-, ý(, 

EL. ix : WKp-o, -- -0 DK,. \ EL-C. viii WKp-()ý, -- -0 DKA EL-P. v :W KI, (),, DKA-G 

EL-P. vi : WKI, 
-(),,, --0 DK.,, /,, 

EL. x K 1, (),, -- -0 W K. x 1: EL-C. ix: WKI, 
-(),, t---SWKA, l EL, -P. vii: WKj, 

-(),, --*WKNj; 
(exclude ""K,, 

-O,,, -- -0 WK. \-fl,, ) (exclude WKI, 
-(),,, -- -0 WK, \-,,,, ) (exclude WKI, 

-(),,, --0 WK, \-,,,, ) 

EL. xi: WKp-oý, ---O WK. kc EL-C. x: WKp-(),,, ---OWKA, (' EL-P. viii: WKp-(),,, -I*WKA-R. 

EL. xii: \\, 'KP-R---* DKA EL-C. xi: WKP-R---O DKA EL-Rix: WKP-R --0 DKA-G 

EL-P. x: WKI,, ý--* DK, \-,,,,,,, 
EL. xiii :W KI, RV WK A-UR EL-('. xii: WK --'* WK/\-('R P-R WK WK,,,? --'* A-CR 

EL. xiv: \k'K['-R---o \VK.,, 
-(,, 

EL-C. xiii : WKp-R -- -0 WKA-0 E -1). xii WKI, 1( \VK 

EL. xv: WKp-( ---* DKýý EL-C. xiv: WKI, 
-( ---0 DKA EIAI. xiii WKI, 

-(, 
DK, \ 

EL. xvi: WKp-(, ---0 WKA EL-C. xv: WKp-(, WK, ý El, -P. xiv :W KI, WK 
(include WK, \ I and WKA, ( 

EL. xvii: WKp-(- WKI, El, -P. xv: WKp (, --0W KI, 
(include WKI, land WKp/(, ) 

In light of the 19 creation links of the coupling, and the 17 employment links of the coupling 
deduced from both the protocol analysis and content analysis, the coupling of the artetact 
and design process knowledge is considered to be composed ofthese 36 links ofthe coupling. 
in this respect, Figure 7-10 presents the coupling model by combining the creation links of 
the coupling (listed in Table 7-6) and the employment links of the coupling (listed in Table 
7-7). 

The coupling presented in Figure 7-10 reveals two main types of relationships between the 
artefact and design process on the knowledge level. Design knowledge evolution, therel'ore, 
is triggered by the coupling of the artefact and design process, i. e., tile creation and 
employment links of the coupling depicted in the figure. 
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Chapter 7 Coupling model 

7.4 CONCLUSION 
It was found that design knowledge evolves through the creation and employment links 
between them, which compose the coupling of the artefact and design process knowledge. 
This chapter presented the evolved coupling through protocol analysis of a supervised 
student design project that covered task clarification, conceptual, and embodiment design. 
As a result of the protocol analysis, four basic types of links, i. e., cause-effect link of creation, 
link of referral, link of usage, and link of containment, were identified with 86 links and 1007 
occurrences. The main links of these four types were identified by using their overall and 
average percentage methods. It was found that the last three types of links could be deduced 
to one type, i. e., link of employment, and some employment links could be deduced from 
some creation links as well, because the artefact knowledge elements were employed in the 
goal, input, output, resource of the design process. Hence 18 creation and 15 employment 
links of the coupling were deduced based on the protocol analysis of those main links. 

The evolved coupling was then obtained by combining the creation and employment links 
identified from both the content and protocol analysis, which is composed of 19 creation 
links of the coupling (See Table 7-6) and the 17 employment links of the coupling (See Table 
7-7). These coupling links are depicted in Figure 7-10. Having presented the coupling model, 
the next part of the thesis presents the evaluation of the work through two workshops with 
engineering designers from two design and manufacture companies. It also discusses the 
work presented in this thesis, followed with a conclusion of the thesis. 
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Chapter 8 Evaluation 

Chapter 8 EVALUAnON 
Part two of this thesis presented the main findings of the nature of the coupling, which 
includes the occurrence trend of the knowledge elements involved in the coupling and the 
coupling model. It was found that different elements exhibited different occurrence trend 
patterns over task clarification, conceptual, and embodiment design in the analysed project. 
The different trend patterns, such as increase, decrease, or relatively stable, revealed that 
different elements occurred with different proportions during the design development, and an 
element also occurs with different proportions over different design phases. The coupling 
model had also been investigated as being composed of a number of creation and 
employment links between the artefact and design process knowledge elements. To evaluate 
the work presented in this thesis, this chapter presents an evaluation of the findings through 
workshops, during which questionnaires were answered by engineering designers, regarding 
to the knowledge elements occurrence trends and coupling links. Section 8.1 presents the 
evaluation approach including the pilot studies and the workshops. Section 8.2 shows the 
evaluation results of knowledge elements involved in the coupling, and Section 8.3 shows 
the evaluation results of the coupling. Finally Section 8.4 summarises this chapter. 

8.1 EVALUATION APPROACH 

8.1.1 Pilot studies 
During the research design, questionnaire was chosen to evaluate the research, which was 
designed to be answered by engineering designers during workshops. The duration of each 
workshop was designed to be approximately 1.5 hours. Such length could ensure the 
evaluation to be done. Meanwhile, it would keep the participants' attention during that 
period. The question part of the questionnaire was decided to be composed of two parts: 
'Design knowledge elements exploration' and 'Link product with design process9. In order 
to extract enough information in the limited 1.5 hours, enhance validity and reliability of the 
questionnaire findings, as well as to make the evaluation questions more understandable for 
the participants, i. e. engineering designers, the format of the questionnaire went through 
three pilot studies. The pilot studies were helped by two teaching assistants and one research 
fcllow in the Department of Design, Manufacture and Engineering Management, University 
of Strathclyde. Of these three studies, two were involved in the analysis of the questionnaire 
format and content, and another was used to test the time needed for the questionnaire. 
Overall, as a result of the three pilot studies, the format of the questionnaire went through 
three main changes. The first main change was to collect designers' view of the knowledge 
elements and coupling rather than to show them the research results. This eliminated the 
possibility that designers might be affected by the research results while answering the 
questionnaire. Secondly, in order to enable designers to have a holistic view of the research, 
the questions were embedded into one table and two diagrams on two A2 papers. Originally, 
individual questions were distributed in nine A4 papers. This change intended to help 
designers to have a better understanding towards the research. The last main change was to 
have designers draw the two types of coupling links between the artefact and design process 
knowledge elements on two knowledge elements diagrams, rather than asking them to select 
the link in two knowledge elements matrices". One main reason for committing the third 
change was that the matrix was seen to take too much time to finish in the limited duration of 

9 See next paragraph for explanation of using 'product' instead of 'artefact'. 
10 The original matrix includes the knowledge elements listed in the top row and first column, 
representing the two ends of link. 
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the workshops. In addition to these three main changes, some other improvements were also 
made to the questionnaire so that the questions could be easily readable and understandable 
by designers and could also contribute in collecting reliable information from the designers 
for the evaluation. For example, more readily understandable terms, such as "producf' 
(rather than "artefacf), which were common in companies were used in the questionnaire, 
though the essence of what they reflect remained the same. The finalised questionnaire can 
be found in Appendix G, which is composed of four parts: 1) Introduction and participants' 
information; 2) Design knowledge elements exploration (Figure G-1); 3) Link product with 
design process (Figure G-2); and 4) Appendices of knowledge elements explanation and a 
list of trend patterns ready to be chosen for Part 2. Part 2 and Part 3 are the main parts of the 
questionnaire. 
In Part 2 of the questionnaire, designers were asked to select the knowledge elements' 
(identified through the literature review and protocol analysis) occurrence frequency during 
design development ftom "Never", "Occasionally", "Often", and "Very often". They were 
also asked to choose occurrence pattern of each element from 12 patterns listed from A to L 
in appendix of the questionnaire (numbered as Appendix G-1 in this thesis). If none of the 
listed patterns apply to an element, they could draw its occurrence trend in the table. In 
addition, the questionnaire also includes one column for the designers to make notes for each 
element, which was also intended to help designers to understand the elements. In Part 3 of 
the questionnaire, designers were then asked to draw the two types of links, cause-effect link 
of creation and link of employment, between knowledge elements in two diagrams. 

8.1.2 Evaluation workshops 
Two workshops were organised in two companies on Tuesday, the 4 th 

, and Friday, the 7 th of 
March, 2008. The first one was held in BAE Systems Surface Fleet Solutions Limited (SFS) 
where five engineering designers participated. The second one was in Company A with three 
designers participated. Company A is the same company based on which the content analysis 
(Chapter 5) was conducted. Both workshops lasted one and half hour. An introduction of the 
research work was presented at the beginning of the workshop. In particular, the knowledge 
elements and the types of links were explained to the designers. The explanations of the 
elements were also listed in the appendix of the questionnaire, which is listed in this thesis as 
Appendix G-2. The designers were then asked to complete Part 2 and Part 3 of the 
questionnaire, by using one design project they participated earlier in their work. 
Table 8-1 summarises the profile of the eight designers who participated the workshops. 
Each of the designers was given a reference number listed in the first column "Ref No" and 
their companies are listed in the second column "Company". Except designers 3 and 5, who 
worked with the same product focus, and used the same project for the evaluation, all the 
other designers worked with different product types (listed in the third colurnn "Product 
focus"), and they used different projects for the evaluation. The duration of the scenario 
projects used for the evaluation varied from 3 months to 7 years (listed in the fourth column 
"Project duration"). Moreover, the designers' experiences ranged from 0.5 year to 30 years 
(column "Design experience"). 
Table 8-1: Profile of the designers participated In the workshops 

Ref P , --Design',,, 
, -? 

Mpany, Product focus Foject 
No. --C Iý I'll -I duration '"'experience I 

I SFS Ship electrical systems 7 years 25 years 

2 SFS Ship concepts assessments 3 months 25 years 

3 SFS Shipbuilding 2 years 12 years 

4 SFS Ship combat systems 1.5 year 12 years 
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Ref Project Design ýJ Product focus iýny 
No. duration -; ýex'perienceý, ý` 
5 SFS Shipbuilding 2.5 years 10 ycars 
6 Company A Specific product 3 years 7 years 

7 Company A Specific product 4 years 35 years 

8 Company A Model product in cardboard 6 months 0.5 year 

The initial analysis of the evaluation data showed that there were several inconsistencies 
within the results given by designer 8. To minimise the impact of such inconsistency on the 
validity of the evaluation, the questionnaire answered by designer 8 was excluded from the 
evaluation. Therefore, the questionnaires answered by designers I to 7 were used as the basis 
and main source of the evaluation. The answered questionnaires by designers I to 7 are listed 
in Appendix H. The following two sections, 8.2 and 8.3, present the evaluation results 
obtained within Part 2 and Part 3 of the questionnaire respectively. 

8.2 KNoViLEDGE ELEMENTS OCCURRENCE TRENDS 

In the Part 2 of the questionnaire, designers' view of 22 knowledge elements' occurrence 
frequency and trend were collected. The frequency were selected from options "Never", 
"Occasionally", "Often", and "Very often". In addition, their trends over task clarification, 
conceptual, and embodiment design were chosen by the designers from the 12 sample trend 
patterns (W to V) listed in the appendix of the questionnaire, or drawn by themselves if 
none of the patterns match. As the result of the evaluation, in addition to the 12 patterns 
listed in Appendix G, another four trends were sketched by the designers, which were 
numbered from 'M' to 'P'. Moreover, there was one more pattern resulted from the protocol 
analysis that was not listed in the questionnaire. It was then numbered 'Q'. Figure 8-1 lists 
these five additional occurrence trends. 
so% y 

40% 

30% 

20% 

10% x 
T. 11 =-ýptual Effbod= 
clonficoltion design design 

M 

50% Y 

40% 

3D% 

20% 
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T. sk Cýepkusl Embodiornenr 
nfication design design 

Q 

0 

Figure 8-1: Five additional elements occurrence trends (from M to 

P 

In Figure 8-1, the X-Axis of each chart lists the three design phases and the Y-Axis is the 
value axis indicating the occurrence percentage of knowledge elements over the three design 
phases. it should be noted that the percentage value of the Y-Axis of the trend patterns was 
not intended to accurately show the percentage of the elements. Rather, it was used to 
indicate the elements' occurrence trend over the three design phases. 
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Table 8-2 lists the evaluation results of Part 2 of the seven designers' answered 
questionnaires. The table includes the element frequency and occurrence trend over the three 
design phases. 
While an initial analysis of the evaluation results showed that some elements' trends viewed 
by the designers were the same or similar to those derived from the protocol analysis, some 
were different. In addition, the seven designers had different views of the same question, 
which resulted in a diversity of answers. Consequently, it was decided that the three 
designers with 30,25, and 25 years' experience were given higher weight than the designers 
with less work experience. Thus, these three experienced designers' views were always 
considered in the evaluation. However, the views of the remaining four designers with 12,12, 
10, and 7 years' work experience, were only considered in the evaluation if they gave the 
same answer to a question with anyone else. For example, if only the designer with 10 years' 
experience chose trend A for WKp-A, 'A' would not be analysed. However, 'A' would be 
analysed if there was another designer who also chose A for WKp-A. 

In the remainder of this section, 8.2.1,8.2.2, and 8.2.3 present evaluation of the elements 
trend analysis in three groups of domain artefact, current working artefact and design process 
knowledge. Section 8.2.4 compare the evaluation results by different designers in order to 
identify the factors might affect the variety of answers. A summary of this section is given in 
Section 8.2.5. 
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Chapter 8 Evaluation 

8.2.1 Domain artefact knowledge 

Frequency 

Table 6-6 lists the basic elements' average occurrence percentage over the 12 sessions 
resulted from the protocol analysis. In this thesis, if an element's average occurrence 
percentage equals to or higher than 10%, it is regarded as occurred very often. I I'the value is 
bet"een I% and 10%, it is regarded as occurred often. If the value equals to or less than I %, 
it is regarded as occurred occasionally. Finally, if the value is zero, it is regarded as never 
occurred. 
The frequency results of the four domain artefact knowledge elements (DKA-c, DKA-Bi, DKA- 

Fi, and DI(4-, ý, ) viewed by the seven designers are shown in the charts in Figure 8-2. The 
horizontal axis lists the four options of occurrence frequency from "Never" to "Very often", 
and the vertical axis indicates the number of designers who selected the same option. The 
charts could reveal whether designers had similar views of the frequency of' knowledge 

elements used in their work. It could be found that the seven designers had similar views of 
the frequency of DKA-G and DKA-si,. That is, all of them considered the frequency ot'DKA-G 
and DKA-s,, to be either "often" or "very often" during designing. However, DKA-Bi, and DKA- 

Fit were viewed by the seven designers with three answer, i. e., Occasionally, Often, and Very 
often. Specifically, two and one designers chose "Occasionally" for DKA-Bi, and DKA-Fi, 
respectively. 

Because designers had at least two different views of the element's frequency, compare to 
their average occurrence percentage listed in Table 6-6, it is regarded that if more than two 
designers had the same view of an element's frequency as the result obtained from the 
protocol analysis, the two results were viewed similar. Figure 8-2 shows that the results ofall 
the four DK. \ elements obtained from the evaluation are similar to that obtained from tile 
protocol analysis. 
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Figure 8-2: Occurrence frequency of DKA - Evaluation 
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Occurrence trend 

The occurrence trends of the four domain artefact knowledge elements resulted from both 
the protocol analysis and evaluation questionnaires are compared below. In each of the 
comparison figure listed below, the result obtained from the protocol analysis is listed on the 
left side of the dash dotted line and those obtained from evaluation workshops are listed on 
the right side, along with the reference number of designers who chose the trends and the 
duration of their design experience. 
DKA-G 

The protocol analysis resulted in trend 'G' for DKA-G. The trend has its peak in task 
clarification phase and decreases in the conceptual and embodiment design phases. However, 
the evaluation result shows that designers 7,3,4, and 5 with 30,12,12, and 10 years design 
experiences chose 'H', another two designers with 25 years design experience (designers I 
and 2) chose I and B respectively. While H and I are similar to 'G', the occurrence of DKA-G 
in H has a longer duration in conceptual design than in trend 'G', and that the occurrence of 
DKA-G in I has shorter duration in task clarification phase. The selection of trend '13' by 
designer 2 showed that DKA. G was considered to be occurred in a relatively stable proportion 
over the three design phases. Generally, compare to the result obtained from the protocol 
analysis, DKA. G was considered by industrial designers to occur either in a similar manner or 
with higher proportion in conceptual and embodiment design. 

Protocol analysis 
!H -7(30), 3(12), 4(12), 5(10) 
1 

Evaluation results 

Ay 

20% 

10% x 

Ta. k CorioMual Embodun" 
clantkabm deagn d«0 

DKA. Bit 

11 W% Y 

40% 

30% 

2D% 

10% :x 

Task CýPlwl Elb. &, -ýr 
clartcabon chmign doogn 

1-1(25) 
11 50% Y 

40% 

30% 

20% 

io% 
x 

Ir 
clardk=bDn dmgn desw 

B-2(25) 
ýy 

x 
Com*Mýi Embodý. r 

clanacabm clmlgn d»en 

The protocol analysis showed that DKA-, 6i, occurred occasionally with a trend 'C'. The 
evaluation resulted in four different results of DKA-Bi', which are A viewed by designers I 
and 3, B viewed by designer 7, H viewed by designers 4 and 6, and E viewed by designer 2. 
Trends 'A' and 'B' are similar to 'C'. However, as the following charts indicate, industrial 
designers appeared to view DKA-Bi, has a higher occurrence than the result obtained from 
protocol analysis. Moreover, the results 'H' and 'E' showed that designers also had different 
views of its occurrence trend over the three phases because while 'H' was decreasing, 'E' 
was increasing. 
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Protocol analysis 
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DKA. nt 
The protocol analysis resulted in trend 'G' for DKA-Fi,, which is a decreasing trend, with 
higher occurrence only in task clarification. As the following charts show, three main trends 
of DK, 4-Fi,, 'H', 'A', and 'M', resulted from the evaluation workshop. Trend 'H' has a higher 
occurrence in conceptual design than G. Trend A has a higher occurrence in both conceptual 
and embodiment design than 'G'. Though trend 'M' is also a decreasing trend, it has higher 
occurrence proportion in both conceptual and embodiment design than 'G'. Overall, similar 
to DKA-r, the designers viewed DKA-Fi, to have higher occurrence than that obtained from the 
protocol analysis in conceptual and embodiment design. It could also be seen that designers 
with different product focuses and design experiences had different views of DKA-Fit's 
occurrence trend. 
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As the following charts indicate, the protocol analysis resulted in decreasing trend 'G' for 
DKA-G. However, three main trends resulted from the evaluation workshop, i. e., trend 'E' 
viewed by designers 2 and 4, trend '13' viewed by designer 7, and trend 'A' viewed by 
designer 1. In contrast to 'G', trend 'E' shows that designers viewed DKAsi, as increasing 
during designing. This view might be explained that company emphasised and involved in 

accumulating domain knowledge. Especially with a design's accomplishmentý the product 
itself can become DKA-si,. The other two trends '13' and 'A' show that designers considered 
DKA, w, to occur relatively with same proportion, though both of them have a higher 
proportion in conceptual and embodiment design than trend IG' obtained from the protocol 
analysis. 
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Key findings of the evaluation of DKA: 
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DKA-G and DKA-sL, were regarded as occurring either "Often" or "Very often" during the 
desion development, and that their occurrence were viewed more frequent than that of 
DI<, j-Bj, and DKA-Fi,. 

The occurrence frequencies of the four DKA elements obtained from the evaluation are 
similar to that obtained from the protocol analysis, in that at least two designers had the 
same view as the results obtained from the protocol analysis. 

Overall, designers from industry had similar views of three DKA elements' (DKA-G, DKA- 
Bj, and DKA-Fi, ) trends, and different view of one DKA element (DKA-sýj as the results 
obtained from the protocol analysis. 

Different from increasing trend 'G' that resulted from the protocol analysis, sorne 
designers considered DKA has a relatively sarne proportion over the three design phases. 

8.2.2 Current working artefact knowledge 
Frequency 

Figure 8-3 shows the frequency results of the current working artefact knowledge viewed by 
the seven designers. According to the charts listed below, all the elements were considered 
by the designers to occur during design development with different levels of frequency. 
Among them, WKA-Rq, WKA-Se, WKA-Fi,, and WKA-Bit were considered by all the designers to 
occur either -Often- or "Quite often", while the results of other elements included 
"Occasionally". 

Compare to their average occurrence percentage listed in Table 6-6, it can be found that of 
the eleven knowledge elements, five of them had different results frorn that obtained frorn 
the protocol analysis, i. e., WKA-Rq, WKA-B4v, WKA-Bi,, WKA-Fj', and WKA-(, R. For other elements, 
there were at least two designers had the same view of the elements' frequency as that 
obtained from the protocol analysis. 
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Figure 8-3: Occurrence frequency of WKA - Evaluation 
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Occurrence trend 

The following discussion of the current working artefact knowledge elements are not listed 
in the same sequence as that they were mentioned in this thesis. Rather, they are in the same 
sequence as that used in the questionnaire for the evaluation workshops. Such sequence was 
intended to make them more understandable by the designers. 
WKA. m 

The occurrence of WKA-m was analysed to be a low and relatively stable one ('C') from the 
protocol analysis. The trends 'A' (viewed by designers 7,4, and 5) and '13' (viewed by 
designer 2) resulted from the evaluation workshop have similar overall trend to 'C'. 
However, the results showed that it was considered to have higher occurrence by the 
industrial designers. In addition, trend T' viewed by designer 1 showed that it was also 
considered to have a decreasing trend over the three phases. 
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Similar to WKA-m, the evaluation results 'A' (viewed by designers 3,4, and 5) and '13' 
(viewed by designer 2) of WKA-, Rq showed that most designers (four) had a similar view of 
NWA-Rq'S overall trend, but with higher occurrence. Moreover, two experienced designers 
(designer 7 and 1) viewed WKA-Rj as decreasing as shown in trends 'G' and 'H'. Overall, the 
results of RKA-m and WKA-Rq indicated that the industrial designers considered these two 
elements to occur more frequently than those results obtained from the protocol analysis. 
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Through the protocol analysis, WKA-F. was seen to have trend 'Q' over the three design 
phases. Having little occurrence at the beginning of the design, its occurrence decreased to 
none and then increased and reached its peak in conceptual design, followed with a slight 
decrease in embodiment design phase. In contrast to the protocol analysis, the evaluation 
results for WKA-Fe were either decreasing ('H') or relatively stable ('C 'and 'B') over the 
three phases. 
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The trend of WKA-B, obtained from the protocol analysis was the same as that of WKA-F,, i. e., 
'Q'. However, the evaluation resulted in four different main views, which were either 
decreasing (G viewed by designer 7 and I viewed by designer 1) or relatively stable ('B' 
viewed by designers 5 and 6 and 'C' viewed by designer 2) but with different proportions 
over the three phases. The difference between the results obtained from the protocol analysis 
and evaluation might be due to the difference between the student and commercial design 
projects, or individual and collaborative design. 
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Similar to VVKA-F, and WKA-B,, the protocol analysis resulted in trend 'Q' for WKA-s.. In 
comparison, the evaluation showed that WKA-s, was considered by six designers to have a 
relatively stable trend, but with different degrees of proportion. The results are trend 'C' 
viewed by designers 2,3, and 5, trend 'A' viewed by designers 7 and 4, and trend '13' 
viewed by designer 1. The difference between the results obtained from the protocol analysis 
and evaluation might be due to the difference between the student and commercial design 
projects, or individual and collaborative design. 
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Protocol analysis 
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Consistent with that obtained from the protocol analysis, the result of WXA-sL, 's occurrence 
trend from the evaluation workshop is the same trend V, which were viewed by designers 7, 
1, and 5. Moreover, designers 2 and 3 viewed it as increasing (trend 'F'), but with different 
proportions in conceptual design. 
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No WKA-BL, was identified from the protocol analysis. However, three different results were 
obtained from the evaluation that had both decreasing and increasing trends. They are trend 
IF' viewed by designers 7,3, and 5, trend V viewed by designer 1, and trend 'E' viewed by 
designer 2. 
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Interpreted from V; IKA. si,,, WKA-Bjt was identified from the protocol analysis as having the 
sarnc increasing trend 'E' with that of WKA-si,. During the evaluation, designers 2,3, and 4 
considered VOCA-Bi, had the same trend 'E' and designer I regarded it had a similar increasing 
trend 'D' with lower occurrence in conceptual design. However, there were also another two 
different results. One was convex W viewed by designers 5 and 6 and the other was a 
decreasing trend 'G' viewed by designer 7. 

149 



Chapter 8 Evaluation 

Protocol analysis 

ly 
40% 

30% 

20% 

10% 

CiW#U6m doW d-W 

E-2(25), 3(12), 4(12) 

Y 
40% 

3D% 

2D% 

10% x 
T-k 
ClardkatM deBQn dmgn 

Evaluation results 
K-5(I0), 6(7) 

40% 

30-A 

20N 

M 

clmf, Catm 

D-1(25) 

11jY 
40% 

30% 

20% 

1 Im 

T-k 
clarff«Wn dwgn dmun 

G-7(30) 

so% y 
40% 

30% 

M% 

im 

Twk 
cWm)cation d«Un d»en 

WKA-Fit 

The protocol analysis resulted in an increasing trend 'E' for WKA-Fit. However, with the 
exception of one similar increasing trend T' viewed by designer 2, which lower occurrence 
proportion in conceptual design, the evaluation resulted in another two different trends. One 
was decreasing trend 'H' viewed by designer 7 and another was a relatively stable trend 'A' 
viewed by designer I- 
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There was no WKA-cR encoded during the protocol analysis. However, as mentioned in 
Chapter 6, this does not mean that it was not used by the designers. The results of the 
evaluation workshop showed that designers' views of WKA-CR trend were different and four 

main trends were taken into account by the designers. These trends included one relatively 
stable trend 'A' viewed by designers 7 and 3, two increasing trends 'F' (viewed by designers 
4 and 5) and 'D' (viewed by designers I and 6) with different increase rates at conceptual 
design, and one convex trend W viewed by designer 2. 
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Protocol analysis 
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WKA. r, was identified to have a stable trend, 'C', with relatively little occurrence through the 
protocol analysis. However, the evaluation workshop resulted in four different views of its 
trend. Designers 3 and 4 viewed WKA-ct had a relatively stable trend 'A', which is similar to 
trend 'C' but with higher proportion. Two other experienced designers (7 and 1) considered 
that WKA. Q had an increasing trend but with different proportions during conceptual design 
('N' and 'D'). There was also one experienced designer (2) who regarded WKA-ct had a 
concave trend 'J'. In comparison to the results obtained from the protocol analysis, designers 
generally believed that WKAct had a higher proportion. 
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WKA-Rq, WKA-s. WKA-Fi,, and WKA-Bit were considered by all the designers to occur 
"Often" or "Very often". Besides "Often" and "Very often", other elements were 
considered by only one, two or three designers to occur "Occasionally". 

Designers had similar view of six WKA elements' frequency as that obtained from the 
protocol analysis. The other five i. e., WKA-, Rq, WKA-Bj,, WKA_Bi,, WKA-Fit, and WKAcR, had 
different results of frequency. 
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" Of the 11 current working artefact knowledge elements, two (WKA-sý, and WKA-Bi, ) were 
viewed by the designers to have the same trends as those obtained from the protocol 
analysis. two (WKA-Af and WKA-Rq) were considered to have similar trends, and seven 
other elernents were regarded to have different results with those obtained frorn the 

protocol analysis. 

" Not only there was difference between the results obtained frorn the protocol analysis 
and evaluation. but also a diversity of views was found among designers' towards the 
elements' occurrence trends. 

" The different results obtained from the evaluation with that from the protocol analysis 
rnight because of the difference between the analysed student project and commercial 
design projects. as well as between individual and collaborative design projects. 

8.2.3 Current working design process knowledge 

Frequency 

The seven designers' views of the frequency of the seven current working design process 
knowledge clernents are shown in Figure 8-4. The charts in the figure reveal whether 
designers had similar view of the occurrence frequency of the elements or not. It can be seen 
that all tile elements were considered by the designers to occur during designing with 
different levels of frequency. Among them, WKp-A, WKp-R, and WKp-j were considered by all 
the designers to occur "Often" or "Very often", while the other four clernents were 
considered by one or two designers to occur "Occasionally". 

Compare to their average occurrence percentage listed in Table 6-6, it can be found that of 
the eleven knowledge elements. three of them had different results from that obtained from 
the protocol anal) sis, i. e., WKp-,,, WKp-o,,,, and WKp-R. For other four process elements, there 
were at least two designers had the same view of the elements' frequency as that obtained 
from the protocol analysis. Hence they are considered as had the similar results as that of the 
protocol analysis. 
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Figure 8-4: Occurrence frequency of WKp - Evaluation 

Based on the protocol analysis, the occurrence trend of WK, 
-A was a relatively stable trend 

'A' with relativel) higher frequency than other elements. However, the three main trends 
obtained from the evaluation workshop were seen to be different in that one was an 
increasing trend 'E' viewed by designers 2,5, and 6, one was a decreasing trend 'I I' viewed 
by designers 7 and 4, and the third one was a relatively stable trend 'C' with lower 
proportion viewed by designer 1. The difference between the results obtained fron) the 
protocol analysis and evaluation, as well as among the designers could be attributed to 
different projects designers used for the evaluation, product types that they normally work on, 
or different understanding of WKp-A. 
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The protocol analysis resulted in trend '13' for WKP-G that is similar to 'A' of the activity, but 
with lower occurrence proportion. However, the results of the evaluation workshop revealed 
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three different trends. Designers I and 6 thought that WKp. G had a convex trend W with its 

peak in conceptual design. In addition, designers 7 and 2 considered WKp-G had decreasing 

trends ('H' and IG') with different proportions in conceptual design. 

Protocol analysis 
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No WKp-,. was encoded during the protocol analysis. However, as mentioned in Chapter 6, 
this does not mean that there were no input elements because most inputs were encoded as 
artefact knowledge elements. The evaluation resulted in three main trends of WKp-,.. Of 
these, one was a relatively stable trend 'A' viewed by designers I and 3, and the other two 
were decreasing trends '1' (viewed by designers 6 and 5) and 'H' (viewed by designer 2). 
These two trends have different decreasing rates in task clarification and conceptual design, 
which resulted in different proportion in different design phase. 
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WKp. O., was encoded with a little occurrence during the protocol analysis and this in turn had 
resulted in trend C. Similar to the input its low occurrence was because most outputs were 
encoded as artefact knowledge elements. Through the evaluation workshop, three main 
trends were identified. In two of them, the designers considered that the output had an 
increasing trend over the three design phases. They are trend 'F' viewed by designers 1,4, 
and 5 and trend 'E' viewed by designers 2 and 6. These two trends have different increasing 
ratios conceptual and embodiment design that resulted in different proportion in these two 
design phases. Moreover, another experienced designer (7) considered WKpoa had a convex 
trend, with most outputs occurred in conceptual design. 
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WKp-R was encoded with a little occurrence during the protocol analysis, which resulted in a 
relatively stable trend 'C'. As mentioned in Chapter 6, its low occurrence of WKp-R was 
because resource allocation in the analysed individual project was relatively low, and also 
that most information resources were encoded as artefact knowledge elements rather than 
resource elements. As a result of the evaluation workshop, two main results of WKp-R's trend 
were identified that were different from or similar to trend 'C'. One was increasing trend 'N' 
viewed by designers 7 and 2, and the other was the relatively stable trend 'A' viewed by 
designers I and 3. Trend 'A' is a similar stable trend as 'C' but with higher frequency. The 
difference between the results obtained from the protocol analysis and evaluation workshop 
might be explained that the analysed resources were not a complete set of resources that 
occurred during the design. 
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Similar to the resource, WKp-c was encoded a little during the protocol analysis and resulted 
in trend 'C'. The evaluation resulted in three main trends. Two of them ('A' viewed by 
designers]. and 4 and '13' viewed by designer 2) were similar to 'C', but with higher 
occurrence proportion. Another result was 'H' viewed by experienced designer 4, which 
occurred with a higher proportion in task clarification and conceptual design and decreased 
during embodiment design. The results obtained from the protocol analysis and evaluation 
were different partially because the encoded context during the protocol analysis was not the 
complete set of context. 
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Similar to the previous three elements, WKp-j was encoded a little during the protocol 
analysis, which resulted in trend 'C'. The evaluation resulted in three main different trends. 
of these, increasing trend V was identified by designers 1,3, and 5, and decreasing trends 
'H' was identified by designer 7 and 'I' was identified by designer 2. Though both 'H' and 
, 11 are decreasing, they have different decreasing ratios at task clarification and conceptual 
design, which resulted in different frequency at these two phases. 
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" WKpA, WKp-R, and WKp-j were considered by all the designers to occur either "Often" or 
"Very often" during the design process. The remaining four design process elements 
were regarded by only one or two of the designers to occur "Occasionally". 

" Designers had similar view of four current working design process elements' (WKp. A, 
WKp. r, WKp-c, and WKp-, ) frequency as that obtained from the protocol analysis. The 
other three, i. e., WKp-,., WKp-o,,, and WKp-R, had different results of frequency. 

" Of the seven design process elements, the results of two elements (WKp. R and WKp-c) 
obtained from the evaluation workshop were similar to that obtained from the protocol 
analysis. The other five elements, however, were viewed to have different trends. 

" one reason of the difference between the results obtained from the protocol analysis and 
evaluation was due to the encoding of WKp-G, WKp-,,,, WKp-O,,,, and WKp-R. That is, most 
of design elements were encoded as artefact knowledge elements with high priority. 
Hence the analysed process elements could not be regarded as complete. 

Other reasons of the difference migh 
student design project and company 
collaborative design. 

8.2.4 Comparison of different designers' views of elements trends 
in the previous three sections, the results of the occurrence trends of knowledge elements the 
obtained from the evaluation workshop were presented and compared with the results 
obtained from the protocol analysis. A comparison of the results revealed that of the 22 
knowledge elements, 2 elements had the same results, 7 elements had similar results, and the 
remaining 13 elements had different results. Table 8-3 summarises the results of the 
evaluation workshop. 
Table 8-3: Evaluation of the knowledge elements trends 

Same Simflar Different Total 

DKA 0 3 1 4 

WKA 2 2 7 11 

WKp 0 2 5 7 

Total 2 7 13 22 

The evaluation results show that, for most of the knowledge elements, designers had 
different views of the same element's occurrence trend. Table 8-4 shows the number of 
results for the same element viewed by the designers. For example, the first column shows 
that there were eight elements were viewed by the seven designers with four results. It can be 
found from the table, that for each element, there were at least four similar or different views. 
There was even one element (WKA-Fit) was viewed by the seven designers with seven similar 
or different results. 

t be caused by difference betwe( 
commercial projects, or between 

en the analysed 
individual and 
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Table 84: Number of results of elements' trends viewed by designers 

Number of results 
Number of elements 851 

Due to the diversity of designers' views on the design knowledge elements occurrence trends, 
this section compares the results from different designers, and discusses the factors that 
might cause such diversity. 

> Two designers with similar work experience, same working focus, and used the 
same project for the evaluation 

Designers 3 and 5 were both from SFS and had similar duration of design experience, which 
were 10 and 12 years respectively. They work with the same product focus and used the 
same project for the questionnaire during the workshop. A comparison between their results 
showed tha4 of the 22 design knowledge elements, 5 elements had identical results, 6 had 
similar but with different proportions in different design phase, and the remaining II 
elements were seen to have different occurrence trends. The results indicate that even with 
similar design experience and the same project used for the evaluation, the two designers had 
different views of half of the knowledge elements' occurrence trend. Some explanations for 
this finding could be related to the designers' different understanding of the knowledge 
elements, which in turn affected their views on the occurrence trend. 
> Two designers from the same company, with same work experience, but worked on 

different product and used different projects for the evaluation 
Working in the same company, designer I focused on "'Ship electrical systems" and 
designer 2's work focus was on "Ship concepts assessmenf'. Both of them had 25 years 
design experience, and they used different projects for the evaluation. A comparison of their 
results showed that there were 5 similar and 17 different trends (i. e. there were no same 
trends). Designers 3 and 4 had also same design experience, but focused on different product 
and they used different projects for the evaluation. A comparison between their results 
showed that there were 4 same, 3 similar, and 15 different trends. As a result, it could be 
agued that the difference in the nature of the projects used for the evaluation and different 
product types that the designers normally worked on might have affected the designers' 
views on the element's occurrence trend. 

> Two designers from different companies with similar design experiences 
With similar design experiences (25 and 30 years), designers I and 7 came from different 
companies, and therefore had different product focuses and used different projects for the 
evaluation. A comparison of their results showed that 2 elements had the same results, 6 had 
similar results, and 14 elements had different results. Such results imply that different 
projects used for the evaluation and product types that the designers normally worked on 
could have affected designers' views on the same element's occurrence trend. 

8.2.5 Summary of the knowledge elements trend evaluation 
Having presented the evaluation results and compared with that obtained from the protocol 
analysis, this section summarises the trend evolution of the knowledge elements that 
involved in the coupling. 

While all the knowledge elements were considered by designers to occur during 
designing with different frequencies, some were viewed to occur either "Often" or "Very 
often", and some others were considered by one or two designers to occur 
-Occasionally". Therefore, it can be seen that the designers had common view of the 
frequency of only part of the knowledge elements. 
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" Though designers had different views of the elements' occurrence frequency, there were 
at least two designers had same view of the frequency of the four DKA (DKA-G. DKA. Bil, 
DKA-FI,, and DKA-si, ), six WKA (WKA-m, WKA-F,, WKA-B,, HWAs,, 'KWAsi,, WKA-0), and four 
WKp (WKp. A, WKp-G, WKp-c, and WKp-, ) as that obtained from the protocol analysis. 

" Of the 22 evaluated elements, 2 (WKAsi, and WKA-Bi, ) were viewed with same trend as 

. 
WK that obtained from the protocol analysis, while 7 (DKA-Gý DKA-Bilt DKA-FiI9 WKA M, A-Rq 

WKp-, R, and WKp-c) were viewed with similar, and 13 were viewed with different trends. 

" The difference between the results obtained from protocol analysis and evaluation 
workshop could be due to, among others, the difference between student and commercial 
design projects, as well as between individual and collaborative design projects. 

" The difference between the process elements results obtained from the protocol analysis 
and the evaluation workshop might because of the encoding of WKp-G, WKp.,,,, WKpo,, 
and WKp-R. That is, these elements were encoded as artefact knowledge elements with 
higher priority. Hence the analysed process elements could not be regarded as complete. 

" For most of the elements, different designers appeared to have a diversity of views of the 
same element's trend. 

The designers' different views of design elements might stem from designers' different 
design experiences, different product types that they normally worked on, and different 
projects used by them for the evaluation. It could also be related to the designers' 
different understanding of the knowledge elements. 

8.3 COUPLING 
The coupling of the artefact and design process presented in Chapter 7 is composed of 19 
creation and 17 employment links among the knowledge elements. To evaluate such 
coupling, the designers were asked to draw links of both creation and employment links in 
two diagrams based on their worked projects during the workshops. It should be noted that 
by the time of the evaluation workshops, the link of employment was still termed link of 
containment, though the meaning it conveyed was the same as the phrase link of employment 
that was adopted later. 

As a result of the evaluation, 48 creation and 42 employment links were identified by the 
designers. The results showed that while some of the coupling links identified through the 
protocol analysis were same to those identified through the evaluation, there are some links 
identified through only either the protocol analysis, or the evaluation. The following two 
subsections present the evaluation of the coupling with regard to the link of creation and link 
of employment. 

83.1 Cause-effect link of creation 
The evaluation resulted in 48 creation links between the knowledge elements, which are 
listed in Table H-1, Appendix H. It was found that nine of them are the same as, or included 
in seven links that were identified from the protocol analysis. Table 8-5 lists the seven and 
nine creation links identified through the protocol analysis and evaluation in the first and 
second columns of the table respectively. The designers who identified the links during the 
evaluation are listed in the third column, with their reference number followed with duration 
of their experiences in the bracket. The last column shows whether the links listed in the first 
column were partially considered by the designers as coupling links. It could be found that 
three links identified from the protocol analysis were partially identified from the evaluation, 
i. e. 'WKAT --ý' WKP-A'q 'WKA-S I*VKP-G', and 'WKpic -> 'iVKP-A'- 
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Table 8-5: Creation links identified through both the protocol analysis and evaluation 

Protocol analysis', ývsluation Designerý Note 

CL. 3: DKA-G--> WKp-l DKA-G--> WKp., 2(25) 

NWK 5(10), 7(35) CLA: WKAIF -> WKNA A/It ->_ NVKP-A 

WKA/Is -> NWP-A 6(7) Partially 
NWA-Bis -> WKp-A 7(35) 

-m -> WKNA WK -> WKp 7(35) CL. 5: WKA A-M -A 

5(10) Partially CL. 7: WKA-s -> WKpr, WKA-Se V; ]Kp. G 

-Rq 
NVKP-G 5(1 0), 7(35) CL. 9: WKA NVKP-G NVKA-Rq 

CL. 17: WKp/c WKNA WKp-, WKP-A 2(25), 7(35) Partially 

CL. 19: WKp-j WKp-G WKp-j WKP-G 2(25) 

The 12 coupling links listed in Table 8-6 are those links that were identified only through the 
protocol analysis. Although they were not identified by the designers, it could not be said 
that they are not links of the coupling. One explanation for this is that the limited evaluation 
time might have constrained the designers to draw all the links that they used in their 
projects. Other reasons might be different design experiences, projects used for the 
evaluation, product types that the designers normally worked on, or the designers' 
understanding of the elements caused different views of the links. Hence the below links 
might be coupling links, but they were not identified through the evaluation. 
Table 8-6: Creation links identified only through the protocol analysis 

CL. I: DKA -A 
CL. 2: DK 147KP A --ý' WKpr, CL. 6: WKA-Rq --- )o WKP-A 

CL. 8: YvKA. s 
WKp. 1 CL. 10: YvrKp-A -> DKA CL. 11: WKP-A -> WKAm 

CL. 12: WKp-A -> WKA/c CL. 13: WKp-A -> WKp. G CL. 14: WKp-A -> WKp-w 

CL. 15: WKp-G -> WKp-A CL. 16: VVKp-r, -> WKp. G CL. 18: WKp-c -> WKp-l 

During the evaluation, designers draw 48 creation links in total. Besides the nine that were 
also identified through the protocol analysis, there were 39 not considered as coupling links 
through the protocol analysis. An analysis of these 39 links showed that some of them could 
be combined to one link. For example, 'DKA--3ý'WKp-c' was identified by designer 7. It 
included the other three links identified by designer 2, i. e., 'DKA. Bit -> WKp. c', 'DKA-Fit -> 
WKp. cl, and 'DKA-si, -> WKp-c'. Hence these four links were combined to one link 'DKA 
-> WKpc'. After combining all the links that could be combined, 32 links were considered 
as the creation links that were not identified through the protocol analysis, which are listed in 
Table 8-7. The two columns of 'Designers' in Table 8-7 list the reference number of the 
designers who identified the links, followed with the duration of their experiences in bracket. 
The designers' reference numbers that are coloured grey in the table indicate that he/she 
identified only part of the link. For example, designer 2 identified 'WKA-s, -> WKp. 1. ' that 
is part of the generalised link 'WKA/E -> WKp-ln' identified by designers 5,6 and 7. Of 
these 32 links, 25 were identified by the experienced designers (their design experiences 
were over 25 years) or by more than two designers. The cells of these 25 links are 
highlighted grey in the table. 

With the exception of four links identified by four designers and one link by three designers, 
the remaining links were identified only by one or two designers. This indicates that the 
designers had various views of the main creation links used in their projects. Such different 
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views could be caused by their different design experiences, different projects used for the 
evaluation, product types that they normally worked on, as well as the designers' different 

understanding of the elements and links. 

Table 8-7: 32 creation links identified only through the evaluation 

Links Designers Links Designers 

WKI, R 
5(10) WKAT, WKp-G 7(35) 

WKkE WKp-,,, 5(10), 6(7), 7(35), WKAJI WKp-(),,, 6(7) 

W K, 
-V IS WKp-,,, 3(12), 5(10) WKA/Is WKI, 

-(),,, 
5(10) 

WKA-Sýs WKP-OW 7(35) WKA-CR WKI, 
-,,, 

2(25) 

WKA-Ct WK, k it 
7(35), WKA-Ct WK,, \-R, 

2(25) 

WKA-Ct WKI, 
-, ý 

5(10). 4(12), 3(12), WKA-Ct > 
WKp-R 7(35) 

2(25) 

WKA K4 
WKA 

R 
2(25) WK, \-r,, i WK 1 

5(10) 
- q - 

WKA-NI WKI,.,,, 5(10), 3(12) WKA-%i WKI,, (),,, 
7(35) 

WKA-R, 
l 

WKA-Fe 2(25) WKA-R, 
l WKp-,,, 5(10), 3(12), 1(25) 

W'Kp-(, WKýký,, 7(35) WKp-(- WKp-(j 7(35) 

WKI, ( WKp-,, 5(10) WKI, 
-I 

WKI)-,,, 7(35) 

WKp-I WKI, 
-()ý, 

5(10) WKp-I DKA 7(35) 

WKI, jý 
3(12) WKI, (. 

WKP-R 4(12), 3(12). 

DK, k-> WK, kj- 
4(12), DKA -> WKA. CR 2(25) 

DK. \ -> WKA-NI 2(25) DKA -> WKp-,,, 5 (1 0)ý 3 (12), 7(3 5), 
6(7) 

DKýý -> WKP-R 3(12), 6(7) DKA -> W KP-C 7(35), 

8.3.2 Link of employment 
The evaluation resulted in 42 employment links between the knowledge elements, which are 
listed in 'Fable H-2. Appendix H. It was found that 12 of them are the same as, or included in 
10 links that were identified from the protocol analysis. Table 8-8 lists these 12 and 10 
creation links identified through the protocol analysis and evaluation in the first and second 
columns of the table respectively. The designers who identified the links during the 
evaluation are listed in the third column, with their reference number followed with duration 

of their experiences in the bracket. The last column shows whether the links listed in the first 

column were partially considered by the designers as coupling links. It could be found that 
two links identified from the protocol analysis were partially identified from the evaluation, 
i. e. 'WKI, -,,, -0 WK. k " and 'WKp-(),, --* WKýý/, ý'. 
Table 8-8: Employment links identified through both the Protocol analysis and evaluation 
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* YvTKp-,. --0 WKAIE 5(10) 
ELM: WKp-j. --'* WKAY Partial 

p-In -0 WKA/Is 3(12) FNW 
EL. vii: WKp-ln--OWKA-m ': WKP-In--'*WKA-M 5(10), 3(12) 

NVKA-Rq 11ýrKP -0 WK 5(10), 3(12), 7(35) EL. viii: WKp-l. A-Rq -In 
EL. ix: WKp4m --0 DKA : WKp-o�t --0 DKA 7(35) 

WKp-oe --0 WKAnt 5(10), 2(25) 
Partial EL. x: WKp. Ot -10 WKA/F 

1 WKp-oýt---19 WKAný 5(1 0) -i 

EL. xii: WKp-R --0 DKA * WKP-R --10 DKA 3(I2), 2(25), 1(25)e :: 
7(35), 6(7) 

EL. xv: WYp-c --4 DKA 1 WKp-c--0 DKA 2(25), 7(35) 1 

The seven employment links listed in Table 8-9 are those links that were identified only 
through the protocol analysis. Although they were not identified by the designers, it could 
not be said that they are not links of the coupling. One reason for this is that the limited 
evaluation time might have constrained the designers to draw all the links they used in their 
projects. In addition, different design experiences, projects used for the evaluation, product 
focuses, or designers' understandings of the elements and links might also have caused such 
difference. 
Table 8-9: Employment links identified only through the protocol analysis 

EL. i: NVKp-G --0 DKA-o EL. ii. - WKp-a --0 WKA/F EL. xi: WKp-O., ---, 0 WK, %/c 

EL. xiii: VvKp-R --4b WKA-cR EL. xiv: WKP-R --* WKA-n EL. xvi: WKp-c ---0 WKA 

EL. xvii: WKpc --0 WKp 

During the evaluation, 42 employment links were drawn by the designers in total. Besides 
the 12 that were also identified through the protocol analysis, there were 30 were not 
considered as coupling links through the protocol analysis. An analysis of these 30 links 

showed that some of them could be combined to one link. For example, 'WKA-Rq WKp/c' 
was identified by designer 6. Meanwhile, it included another link 'WKA-p, WKp-c' 
identified by designer 4. Hence these two links were combined to one link 'WKA-Rq WKp/c'. 
After combining all the links that could be combined, 28 links were considered as the employment 
links that were not identified through the protocol analysis, which are listed in Table 8-10. The two 
columns of "Designers" in Table 8-7 list the reference number of the designers who 
identified the links, followed with the duration of their experiences in bracket. The 
designers' reference numbers that are coloured grey in the table indicate that he/she 
identified only part of the link. Of these 28 links, 22 were identified by the experienced 
designers (their design experiences were over 25 years) or by more than two designers. The 

cells of these 22 links are highlighted grey in the table. 

As can be seen from Table 8-10, with the exception of only one link that was identified by 
four designers and four by two designers, the remaining links in the table were identified 
only by one designer. This shows that the designers had various views of the main 
employment links used in their projects. Such different views could stem from different 
design experiences, different projects used for the evaluation, different product focuses they 
normally worked on, or the designers' different understanding of the elements and links. 
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Table 8-10: 28 employment links identified only through the evaluation 

WK -10 DKA 

'ýA' k 
\-('R --10 DKA 

WK, \ (, --0 WK 
ý\ 1, 

WKýN-%, -0 \\'Kp-(i 

WK, \_K, --0 WKA lt 

WKA-R, -* WK., \-ý\., 
WK ýý-R, 

-* WKp (: 

WKp--\ WKAls 

WKp-�ý WKp-, 

W'Ki, 1� WK X-CR 

WKP-, ý -* 
WKpý: (, 

WKp-R--* WK.,, F, 

WKI, 
-K 

WKA-M 

DKA-Bit WKA-Bit 

l(25) WKA-Fit --* WKA-0 l(25) 

2(25) WKA-CI ---0 DKý% 2(25) 

6(7) WKA-NI DKA 2(25) 

6(7) WKA-R, WKA-Fe l(25) 

6(7) WKA-R, WKA-Ct 2(25) 

2(25) WK\-R, 
1 

WK1, (i 6(7) 

6(7) WK, \�, 
WKP-A 6(7) 

WKP-A --* WKA-M 7(35) 

WKp-(-, ---* WKA-B, 
l 

2(25) 

7(35) 

2(25) 

4(12) WKp-,,, ---* WKA-Cl 

5(10). 3(12) WKp-o,, WKp-l 

7(35) WKP-R---* WKA/l, 

7(35) WKp-R -0 WKpi(, 

4(12) DKA---* WKA/F. 

5(10). 3(12), 
2(25), 7(35) 

5(10), ](25) 

7(35) 

3(12), 

6(7) 

8.3.3 Summary of the coupling evaluation 
I laving presented the evaluation of the coupling links, the key findings ofthe evaluation are 
sunimarised as below: 

" Among the 19 creation and 17 employment links identified From the protocol analysis, 7 
creation and 10 employment links were or partly identified from the evaluation. 

" Among the 48 creation and 42 employment links were identified from the evaluation, 9 
creation and 12 employment links were identified from the protocol analysis. The 
remaining 39 creation and 30 employment links that were only identified by the 
designers could be generalised to 32 creation links and 28 employment links. 'Fable 8-11 
surm-narises the number of the links identified through the evaluation. 

Tahle 8-11: Summary of links from the evaluation 

Protocol analysis Evaluation 

Total Also by Total Also by protocol Main 
evaluation analysis 

Creation links 19 7 
1 

48 9 32 

Employment links 
I 

17 10 1 
I 42 12 28 

I 

The coupling links identified from the protocol analysis were not fully identified from 
the evaluation. This might because of the limited time of the evaluation workshop, 
during xNhich designers can only draw part ofthe links that they might have used in their 
work. it might also be caused by the clitTerent nature between tile student project used for 
the protocol analysis and the commercial projects used for the evaluation. 

162 



Chapter 8 Evaluation 

The results of the evaluation show that the designers had a diversity of views of the main 
creation and employment links that they used in their projects. Such diversity might be 
caused by difference of designers' design experiences, the projects used for the 
evaluation, or product focuses they normally worked on. It might also be related to the 
designers' different understanding of the elements and links. 

8.4 SUMMARY 

This chapter presents the evaluation of the coupling elements and coupling. Two workshops 
were organiscd in two companies: (i) BAE Systems Surface Fleet Solutions Limited (SFS) 
and (ii) Company A, on the 2d and 7h of March 2008 respectively. Overall, 8 engineering 
designers (five from SFS and three from Company A) participated in the workshops. Seven 
results were used as the basis for the analysis. The analysis highlighted some differences 
between the results obtained from the protocol analysis and evaluation. In addition, it was 
found that the designers had a diversity of views of both the knowledge elements occurrence 
trends and links of the coupling. In shoM the main outcomes from the evaluation are 
summarised as below: 

" While all the knowledge elements were considered by the designers that they occurred 
during design development with different frequencies, some were regarded by all the 
seven designers to be "Often" or "Very often", and some others were considered by one 
or two designers to be "Occasionally". This shows that the designers did not have a 
common view of the frequency of the knowledge elements occurred during the design 
development. 

" Though designers had different views of the elements' occurrence frequency, there were 
at least two designers had same view of the frequency of the four DKA (DKA-G, DKA. B11, 
DKA-Fi,, and DKA-sa), six WKA (WKA. m, WKA. F,, WKA-B,, WKA-s,, WKAsb, WKA-0), and four 
WKp (WKp-A, WKp-G, WKp-c, and WKp. 1) as that obtained from the protocol analysis. 

" Of the 22 evaluated elements, 2 (UWA-si, and WKA-Bi, ) were viewed with same trend as 
that obtained from the protocol analysis, while 7 (DKA-G, DKA-Bi,, DKA-Fifý WKA-M5 WKA-Rqs 
WKp-R, and WKp-c) were viewed with similar, and the other 13 were viewed with 
different trends. 

" One main reason of the difference between the results of the protocol analysis and 
evaluation with regard to the process elements trend was due to the encoding of WKp-G, 
WKp-,., WKp-o,,, and WKp-R. That is, most of these four types of process elements were 
encoded as artefact knowledge elements with higher priority. Hence, it could be said that 
the analysed process elements were incomplete, which might resulted in the difference. 

" Among the 48 creation and 42 employment links that were identified from the evaluation, 
9 creation and 12 employment links were identified from the protocol analysis. The 
remaining 39 creation and 30 employment links that were only identified by the 
designers during the evaluation could be generalised to 32 creation links and 28 
employment links. 

" The difference between the results of protocol analysis and evaluation in respect of the 
elements' occurrence trend and coupling could be explained in terms of the limited 
duration of the evaluation workshops, the difference between student and commercial 
design projects, as well as the difference between individual and collaborative design 
projects. 

" The results of the evaluation revealed that the designers had various views of the same 
element's trend as well as the main creation and employment links used in their projects. 
The designers' diversity of views might be caused by a number of factors, such as the 
designers' different design experiences, their different product focuses that they 
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normally worked on, different projects used by the them for the evaluation, as well as 
their different understanding of the knowledge elements and links. 
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Chapter 9 DISCUSSION 
The aim of the research presented in this thesis was to model the nature of the coupling of 
the evolutionary artefact and design process knowledge, which included both the elements 
involved in the coupling presented in Chapter 6 and the relationships between these elements 
that compose such coupling presented in Chapter 5 and Chapter 7. The evaluation of the 
work was presented in Chapter 8 through questionnaire. 
The work presented in this thesis is discussed in this chapter in terms of its strengths and 
weaknesses of the main findings (Section 9.1), research methods (Section 9.2), and 
methodology (Section 9.3). Section 9.4 outlines a selection of future work based upon the 
weaknesses and potential research directions. Section 9.5 summarises the chapter. 

9.1 NATURE OF THE COUPLING 

In this section, the main results of the work are discussed regarding to their strengths and 
weaknesses. Overall, the work presented in this thesis answered the questions raised in 
Chapter 3 and addressed the research gap identified in Chapter 4. Specifically, the basic 
artefact and design process knowledge elements involved in the coupling were identified, the 
occurrence trend of these elements were analysed over task clarification, conceptual, and 
embodiment design, and coupling links of two types were identified between these elements, 
which compose the coupling of the evolutionary artefact and design process knowledge. 

9.1.1 Knowledge elements involved in the coupling 
Through the literature review (Chapter 3), the basic knowledge elements of the artefact and 
design process were reviewed to be motivations (*, requirements (Rq), function (F), 
behaviour (B), structure (S), causal relationships (CR), and constraints (0) of the artefact, 
and activity (A), goal (G), input (In), output (Out), resource (R), context (C), and issues (1) of 
the design process. Further, the fundamental artefact knowledge F, B, and S were categorised 
into expected function (F, ), interpreted function (Fit), expected behaviour (B, ), instantiated 
behaviour (Bj, ), interpreted behaviour (Bi, ), expected structure (Sj, and instantiated structure 
(Si, ), which distributed in three design artefact knowledge spaces, i. e., expected, interpreted, 
and instantiate. 

At the beginning of the literature review, decisions and rationale were considered as the 
basic elements of the design process. However, further analysis during the review showed 
that decisions are the output of one specific type of activity, i. e., decision making activity. 
Rationale (Ullman and D'Ambrosio 1995; Brissaud et al. 2003) is a type of resource used for 
activities such as reasoning or decision making. 
During the content analysis (see Chapter 5), except Bi, and 1, current working knowledge 
(WK) of other basic knowledge elements were seen to be identified from the analysed 
documents. All behavioural knowledge in the documents was encoded as Bit due to the 
definition of Bi, being an intrinsic element derived directly from S& and Bj, being behaviour 
interpreted by designers. In addition, as mentioned earlier, the analysed documents were 
description of company standard product and procedure, which featured design in an 
expected situation, hence no issues were identified. Further, through the protocol analysis 
(see Chapter 6), except Bj,, CR, and In, current working knowledge (W of other basic 
knowledge elements were identified to involve in the coupling. Though no Bi,, CR, and In 
were identified, it does not mean that they were not used or created by designers. The 
behaviours encoded from the protocol were all encoded as BU during the analysis, 
considering they were all behaviours discussed by designers, which resulted in no Bi, was 
encoded. CR is the causal relationship between two knowledge elements. After discussion 
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with the student designer during two interviews, it was confirmed that although causal 
relationship knowledge was not discussed by the designer explicitly to transfer fundamental 
artefact knowledge elements, it was implicitly used for the transformations. For the In, as 
mentioned in Chapter 6, that during the analysis, it was found that one chunk of knowledge 
could be encoded as more than one element, for example most output knowledge were also 
artefact knowledge. However, all the knowledge were encoded as only one type during the 
analysis with priority sequence being artefact, activity, goal, input, output, resource, and 
context. Hence, all the input knowledge elements were encoded as artefact knowledge with 
higher priority. This priority-based encoding could also explain why G, Out, R, and C were 
identified less compared to A, because some goals were encoded as activities, and most 
output, information resources, and context were encoded as artefact knowledge with higher 
priority. It should be noted that resource includes not only information, but also humans and 
equipment. Because the analysed project was conducted by one designer under supervision, 
limited resource was discussed/allocated in the project. 
Domain artefact knowledge (DKA) was found to closely relate to the design process 
knowledge during the protocol analysis. As a result, four types of domain artefact knowledge 
elements: general domain artefact knowledge (DKA-G), Bi,, Fi,, and $, were identified from 
the protocol analysis, which were found to relate to the design process in the analysed 
student design project. These four types of DKA revealed that for the analysed project 
designer mainly used DKA for understanding the roadside furniture domain. However, for 
industrial design projects, it was considered that the practice of accumulating DKA might 
result in expected DKA being used for creating domain knowledge. Hence, more types of 
DK4 might be involved in the coupling for an company design project. In addition, a few 
instances of domain design process knowledge were also identified during the analysis. 
However, rather than related to the artefact, they were found mainly to be related to design 
management knowledge. Due to the focus being on the coupling of the artefact and design 
process knowledge, they were not considered in the research. However, the coupling of 
design process and management knowledge could be a potential research direction, as these 
two types of knowledge closely relate to each other. 
Through the evaluation (Chapter 8), it was found that all the basic knowledge elements 
identified through the literature review and protocol analysis were considered by designers 
and occurred during designing, with different occurrence frequencies. Consequently, it could 
be said that the research work presented in this thesis has identified a set of basic knowledge 
elements that are involved in the coupling. 
The evaluation shows that though designers agreed with the set of the basic knowledge 
elements involved in the coupling, they had different views of the frequency of eight 
knowledge elements (WKA-, Rq, WKA-Bi,, WKA-Bit, WKA-Fit, WKA-cR, WKp-,,,, WKpo,, and WKp-R) 
from what was obtained from the protocol analysis. The reason of this difference might be: 1) 

the priority-based encoding resulted in that the input, output and resource were not fully 

encoded. And 2) the difference between student and commercial design projects, as well as 
between individual and collaborative design projects 

Such divergence, however, might be partly solved through a more comprehensive analysis of 
knowledge elements. That is, without using priority based analysis, a chunk of knowledge 

should be encoded as multiple elements if it acts as multiple roles. 

In addition, the result of the knowledge elements and their frequency was obtained mainly 
through literature review and protocol analysis of an individual supervised student design 

project. Though it has been evaluated by industrial designers, the result still lacks in-depth 

study of empirical industrial design projects. 

Overall, the strengths and weaknesses of the findings of knowledge elements involved in the 

coupling arc: 
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Strengths 

VA basic set of knowledge elements that involved in the coupling was identified. 

Weaknesses 

x The priority-based encoding affected the result of some knowledge elements' 
frequency, which were also different from that resulted from the evaluation. 

x The result of the knowledge elements and their frequency was obtained mainly 
based on literature review and protocol analysis of an individual supervised student 
design project. Hence it lacks in-depth study of empirical industrial design projects. 

9.1.2 Elements occurrence trends 
The protocol analysis showed that the coupling knowledge elements exhibit different 
occurrence patterns through task clarification, conceptual, and embodiment design. Some are 
increasing, some are decreasing, and some are relatively stable. For example, the overall 
increasing trend of WKAIE shows that the designer had expectations towards the structure of 
the roadside furniture at the beginning of the design. It then decreased to non-occurrence 
until the end of task clarification and increased to its peak in conceptual design, which 
followed with a slight decrease in embodiment design. This tendency could reflect that the 
novice designer tried to discuss the structure of the design from the beginning of the design, 
such tendency is also practised in the industry by some designers. This finding has provided 
an initial insight of the knowledge elements occurrence trends. 

It should be noted that the occurrence trends identified from the protocol analysis could not 
be applied for different types of design, because it was obtained by analysing only one 
student design project. However, the analysed trends results suggest that different types of 
design, such as routine, innovative, and creative design, might have different occurrence 
trends for the same element. In addition, trends in different domains, such as mechanical, 
architecture, or industrial design, might also be different. Though it can not be ascertained 
that the trends obtained in this work reflect best practice of designers, because it was based 
on a single student project under supervision, further analysis of different types of design 
projects in companies might reveal some best practice, which could be used by designers in 
directing their design. 

Through the evaluation (see Chapter 8), it was found that among the 22 coupling knowledge 
elements, only two were viewed by designers as having the same trends as that resulted from 
the protocol analysis. Seven of them were viewed as having similar trends and 13 were 
viewed as different. Because the analysed design project was an individual student project 
under supervision and the six projects used by designers for the evaluation were all 
collaborative commercial design. The difference between the results obtained from the 
protocol analysis and the evaluation might be caused by different characteristics of the 
projects. In addition, this difference might also be caused by the aforementioned priority- 
based encoding, i. e., some chunk of knowledge were encoded as artefact knowledge with 
higher priority, though they could also be encoded as goal, input, output, resource of the 
design process. Consequently, the trend analyses of these elements could not reflect how 
they occur over the three design phases. Therefore, such divergence might be partly solved 
by conducting a more comprehensive encoding of the knowledge elements. 
it was also found that, among the designers who participated in the workshops, there was no 
consensus about most of the knowledge elements' trends. Each element was viewed as 
having at least four trends, either different or similar (see Chapter 8). For example, there 
were eight elements were viewed with four results and eight with five results. One element, 
wKA-Fi,, was even viewed by the seven designers with seven results. Such different views 
among designers might be caused by multiple factors. The seven designers came from two 
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companies that design different products. They have various design experiences ranging 
from 7 years to 30 years. They worked on six different product types and they used six 
different design projects for the evaluation. All these factors are likely to cause different 
views. In addition, the different views could also be related to the designers' different 
understanding of the knowledge elements. Such different understanding would suggest that 
industry still does not have a common view of the artefact and design process knowledge 
elements. 
Overall, the strengths and weaknesses of the findings of knowledge elements occurrence 
trends are: 
Strengths 

The result of knowledge elements occurrence trends obtained from the protocol 
analysis provided an initial insight of the knowledge elements occurrence trends. 
The result suggests that there might exist some best practice of knowledge elements 
occurrence trends, which could be used in directing designers' design. 

Weaknesses 
The priority-based encoding affected the result of some knowledge elements' 
occurrence trends. 
The result of the knowledge elements occurrence trends was obtained mainly based 
on protocol analysis of an individual student design project, which is an innovative 
engineering design of roadside furniture. Hence it might not reflect the trends of 
elements in other design types, or other design domains. 

x The results obtained from the student design project might not reflect the knowledge 
elements trends in industry, which still needs to be evolved through study of more 
empirical industrial design projects. 

9.1.3 Coupling 
The coupling was found to be composed of two main types of links: link of creation and link 
of employment. The initial coupling (see Chapter 5) was obtained through content analysis of 
eight design documents from Company A, which was seen to be composed of 6 creation and 
15 employment links between the artefact and design process knowledge elements (see 
Figure 5-7 and Figure 5-8). Through the protocol analysis (see Chapter 7), 18 creation and 
15 employment links were derived seen to be the coupling links (see Figure 7-4 and Figure 
7-9). The links obtained from both the content analysis and protocol analysis were then 
combined, which resulted in an evolved coupling model presented in this thesis composing 
19 creation and 17 employment links (see Table 7-6, Table 7-7, and Figure 7-10). Through 
such combination, the coupling not only applies to an individual design conducted by a 
novice designer, but also applies to high level design practice in the industry because the 
analysed documents described company standard product and procedures. However, it 
should be noted that, based on the content analysis of industrial design documents and 
protocol analysis of student design prcjectý such coupling still lacks empirical study of 
industrial design cases, hence it might not apply to other engineering design types such as 
routine design. Different projects might have different main links. Some minor links were 
not considered in this project might become main ones in another different type of design. 
For example, there were no creation links creating DKA-B, by DKp-A in the analysed project 
because little emt)hasis was given to accumulating domain knowledge. However, this link 
might become main one if a project from industry was analysed, because industry 
emphasises mote on accumulating domain artefact knowledge than academe design. 
Therefore, more analyses of different types of design might help to identify a generalised 

168 



Chapter 9 Discussion 

coupling model. In addition, the coupling might not apply to other company because the 
analysed documents are from only one company. 
The evaluation of the coupling by having engineering designers from two companies that 
design different product answered questionnaire showed, in spite of there are convergence 
between the coupling resulted from the content and protocol analysis and designers' views of 
the coupling links, there are divergence as well. Almost half of the links identified from the 
content and protocol analysis were not identified by designers (12 out of 19 creation links 
and 7 out of 17 employment links). Meanwhile, designers identified 48 creation and 42 
employment links. Of which, only 9 creation and 12 employment links were identified from 
the content and protocol analysis. Such difference indicates that some links within the 
analysed coupling model might not apply to empirical design in industry. However, it might 
also suggest that different types of design might exhibit different coupling. Moreover, the 
difference between the links identified from the protocol analysis and those from the 
evaluation might be because different characteristics of the projects used for protocol 
analysis and evaluation, for example, the difference between student and commercial design 
projects, or between individual and collaborative design projects. In addition, the priority- 
based encoding might also affect the identification of the main links. 

The difference found between the results obtained from the research presented in this thesis 
and the evaluation might be because of different design scenarios. Considering the data 
sources used for the content and protocol analysis and the evaluation, it could be found that 
while there was similarity between that of the content and protocol analysis, which was 
different from the data source of the evaluation. In the content analysis, company documents 
describing standard product and procedure were analysed. Though they were used within a 
context of a hypothesised design case, such scenario was based on the documents, hence was 
directed by the documented standard/idealised practice. In the protocol analysis, a supervised 
student design project was analysed. With supervisor's supervision, the project was 
conducted, similarly, in a way that was directed by experienced designer's practice using 
some standard design methods. However, in the evaluation workshop, the design projects 
used by the designers for the evaluation were projects in the real world. Hence, though there 
might be a number of guidance or best practice, they might be neglected by designers 
because their objectives in these projects were mainly to deliver the required results within 
limited time. Therefore, more in-depth analysis of industrial design project might reveal the 
coupling in different design environments. 
The evaluation revealed a diversity of designers' views of the coupling links was found from 
the evolution because most links were identified by only one designer (See Table H-1 and 
Table H-2 in Appendix H). Though such diversity might be caused by a number of factors, 
such as different working experience, projects used for the evaluation, or different 
understanding of the elements and links by the designers, it would suggest that industry still 
does not have a common view of the coupling of the artefact and design process on the 
knowledge level. 

Overall, the strengths and weaknesses of the coupling identified in the research presented in 
this thesis are: 
Strengths 

The result of the coupling obtained from both the content analysis of company 
design documents and protocol analysis of a student design project, which ensured it 
could be applied to not only individual design conducted by novice designer in 
academe, but also company high level design practice. 
The presented coupling model provided an initial insight of the coupling of the 
artefact and design process knowledge elements. 
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Weaknesses 

" The content analysis was conducted based only on one company, hence the coupling 
might not apply to other companies. 

" The evolved coupling was obtained mainly based on content analysis of eight design 
documents and protocol analysis of an individual student design project, which is an 
innovative engineering design of roadside furniture. Hence it might not reflect the 
coupling of other design types. 

" The model lacks in-depth empirical study of industrial design cases, which needs to 
be evolved through study of more industrial design projects. 

In all, the research presented in this thesis provided an initial insight of the nature of the 
coupling. By no means, the model was not a generalised coupling model of design, because 
it was obtained by analysing only eight industrial design documents and one single student 
design project. Hence, it might not apply to other design types. Nevertheless, such initial 
insight of the nature of the coupling can be used as the basis for further research. 

91 RESEARCH IMMTHODS 

By adopting the triangulation methodology (discussed in Section 9.3), the research methods 
employed in the research included literature review, content analysis, protocol analysis, and 
questionnaire workshops. 

9.2.1 Content analysis of company design documents 
The content analysis (in Chapter 5) of eight design related documents from Company A 
formed the basis of the research by identifying the knowledge elements and a number of 
coupling links between them. However, such analysis was still a high level one, because the 
documents describe company standard product information such as requirements, function, 
and structure, and standard procedures producing such product. Therefore, to evolve the 
coupling identified from the content analysis, a detailed study of a design project was 
required, which resulted in the following protocol analysis of a student design project. 

9.2.2 Protocol analysis of a supervised design project 
Protocol analysis has been considered as one of the most appropriate method to investigate 
the cognitive activities carried out by designers (Cross et al. 1996), due to it's capability of 
providing deep insights into a studied project for researchers. Protocol analysis of a student 
design project was adopted to analyse the knowledge elements involved in the coupling and 
coupling model (in Chapter 6 and Chapter 7). However, due to the limitation of protocol 
analysis, it can only analyse what the designer and the supervisor discussed. Hence, for their 
internal cognitive activities, this method can not analyse unless they talk about what they 
think in their mind. 
The protocol of task clarification, conceptual, and embodiment design of the recorded 
project was analysed. As mentioned in Chapter 1, the reason of analysing these three phases 
was because most development of the artefact were carried out in these three phases. 
Therefore, the fundamental changes of the artefact have been almost finished by the end of 
embodiment design. Hence the relationship between the artefact and design process is 
relatively stable after the embodiment design. Though it was hypothesised that the coupling 
might also apply to other design phases, further work can be done to evaluate whether the 
finding apply to other phases of the design process, such as detail design. 

The analysis was conducted in a cyclic manner, in that the protocol was checked and 
analysed a number of times during the analysis. Such cyclic analysis increased the encoder's 
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better understanding of the project, which, in turn, improved the accuracy and objectivity of 
the encoding. However, subjectivity of the analysis still existed because the identification of 
the elements and links relied on the inference of the encoder, based upon the available 
information. Hence different encoder might result in different encoding. The objectivity of 
the analysis, therefore, can be improved by encoding the protocol by more than one 
researcher 
The segmentation of the protocol was based on the protocol semantic topics. The main 
purpose of segmenting the protocol in the research was to facilitate the counting of the 
elements and links within each session. Because the main objectives of the analysis were to 
identify the knowledge elements occurrence trends over the three phases and main links 
between the elements, how the protocol was segmented, therefore, did not affect the analysis 
results. 

In order to identify the occurrence trends of the knowledge elements and main links of the 
coupling, the protocol was analysed based on the elements and links' occurrence percentage 
over the 12 sessions. The analysis was session-based, i. e., the percentage of the elements 
and links over the 12 sessions were analysed. A time-based analysis of three elements DKA-G. 
WKA-s., and WKp_A presented in Appendix E showed that the time-based and session-based 
analysis resulted in the same results of the overall trends of the knowledge elements over the 
three design phases. 
in addition, during the supervision sessions, the designer reported the work had been done 
since last meeting, which included the progress of the artefact and activities carried out in 
deriving such artefact. The supervisor directed the student of both the artefact and design 
process. By recording such discussion, it eliminated the effort to interview the designer in 
order to obtain such information. Moreover, by recording such a supervised design project, 
not only the artefact being designed, but also how the design process was conducted can be 
studied. Hence the relationships between them were more explicitly expressed comparing to 
a non-supervised design project. This contributed better analysis of the protocol considering 
the research focus, i. e., the coupling of the artefact and design process. However, one 
weakness of recording such a supervised project was that the recording only included every 
discussion session between the student and supervisor. Hence, though the student discuss 
with the supervisor of the activities carried out since the previous supervision, due to the 
decay of long-term memory (Gero and Tang 2001), details of some activities conducted 
outside the supervision sessions may not be fully recorded. In addition, due to the time 
limitation of the supervision session, student might only discuss the main activities and 
progress of the design. Therefore, not all the information was recorded for such design 
project. For example, the students presented ten concepts to the supervisor during Session 7. 
However, the detailed concepts creating process was not fully recorded 
The analysis was conducted manually and did not use any software. Though both 
Clementine and Nvivo (two qualitative analysis software) were tried to conduct the 
protocol analysis, it was found that they could not analyse this design project efficiently. The 
main reason was that many key words only appear once within the protocol, though many of 
them represented same elements. Due to the time limitation of this research, protocol was 
manually analysed. However, analysing the protocol by using one qualitative analysis tool 
worth to have a try in the future work. 
Overall, the strengths and weaknesses of the protocol analysis conducted in the research 
presented in this thesis are summarised as: 
Strengths 

V' Protocol analysis has been considered as one of the most appropriate method to 
investigate the cognitive activities carried out by designers. 
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By recording a supervised individual design project, not only it eliminated the effort 
to interview the designer in order to obtain the design information, but also both the 
artefact and design process information were recorded, which resulted in more 
explicitly relationship between the artefact and design process, comparing to a non- 
supervised design project. This contributed analysis of the protocol considering the 
research focus being the coupling of the artefact and design process. 

Weaknesses 

x Protocol analysis can only analyse what the designers discussed. Hence, for their 
internal cognitive activities, this method can not analyse unless the designers talk 
about what they think in their mind. 

" Due to the research scope being task clarification, conceptual, and embodiment 
design, only protocol of these three phases of the recorded project was analysed. 
Further work can be done to evaluate whether the finding apply to other phases of 
the design process, such as detail design 

" The detailed design activities conducted by the student outside of the supervision 
session were not analysed, and which might not be completely reported during the 
supervision session, due to the decay of long-term memory. In addition, the limited 
supervision length might also constrain the student to only discuss the main 
activities and progress of the design. 

" No qualitative analysis software was used to conduct the analysis. However, 
analysing the protocol by using qualitative analysis tools worth to have a try in the 
future work. 
The identification of the elements and links relied on the inference of the encoder, 
based upon the available information. Hcnce different encoder might result in 
different encoding. Such subjectivity might be minimised by have other encoder 
analysing the same protocol. 

9.2.3 Evaluation questionnaire 
The results obtained from the protocol analysis were evaluated through questionnaire 
answered by eight engineering designers during two workshops (Chapter 8). Five of them 
came from BAE Systems Surface Fleet Solutions Limited (SFS), the other three came from 
Company A, the same company that the content analysis was based on. This ensured that the 
evaluation was not based on design cases and designers from only one single company. 
Moreover, except two designers, the other six designers worked with different product types, 
and they used different projects as the scenario for the evaluation. Such variety ensured that 
the evaluation results did not limited to one specific type of design. Hence, the evaluation 
results can be used to evaluate the generality of the research results. Of the eight answered 
questionnaires, seven results were analysed considering the consistency of the answers. 
The evaluation results were affected by designers' understanding of the questionnaire, i. e., 
their answers were subject to their understanding of the knowledge elements and the 
coupling link. For example, two main issues were raised during the workshops, which 
mainly related to the designers' understanding of the knowledge elements and links between 
the elements. One was the concept of WKA-cR, the causal relationship between basic artefact 
knowledge elements, and the other was link of employment. It was found during the pilot 
study that the understanding is subjected to the length of the evaluation. 
Tbe duration of both workshops was one and half hour, which might have affected the 
designers' understanding of the questionnaire, hence limited the accuracy of the evaluation. 
Tbough the format of the questionnaire had under through several main changes (see Chapter 
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8) in order to make it readily understandable by designers, the two issues showed that 
designers still had difficulty to fully understand the elements and links within this limited 
one and half hour. Moreover, the duration of the workshop might also have constrained the 
designers from drawing all the possible links they might used in their work. Hence, a lengthy 
evaluation session could contribute to designers' better understanding of the elements and 
coupling link, which would resulted in more accurate evaluation results. 
In all, the strengths and weaknesses of the evaluation questionnaire are: 
Strengths 

Two workshops organised in two companies ensured that the evaluation was based 
on design cases not limited to one single company. 
Seven designers, with different experiences and product focuses, used different 
projects for the evaluation. Such variety ensured that the evaluation results did not 
limited to one specific type of design. Hence the results can be used in evaluate the 
generality of the research results. 

Weaknesses 

x The evaluation results were affected by the designers' understanding of the 
questionnaire. 

x The understanding of the questionnaire was affected by the duration of the two 
workshops, one and half hour, which limited the depth of the evaluation. 

x The limited time might also have limited designers from drawing all the possible 
links they might use during their work. Hence, longer evaluation session could 
improve the evaluation effectiveness. 

93 RESEARCH METHODOLOGY 

As mentioned in Chapter 2, three principles should be abided while carrying out a research 
work, i. e., within a framework of a set of philosophies; use valid and reliable procedures, 
methods and techniques; and the process should be unbiased and objective. In the research 
presented in this thesis, a post-positivism philosophy was adopted based on the nature of 
design being human involved in the design activities. Such philosophy resulted in the 
knowledge-seeking through a triangulation research methodology, which triangulated the 
research from three aspects, i. e., data sources, methods, and theory building. 

The data sources triangulation includes data from literature and industrial design documents, 
designers' view, and design cases from both academe and industry. Such data triangulation 
ensures that not only company practice but also empirical design data were used in analysing 
the research problem. 
A "between-methods" triangulation was adopted in the research presented in this thesis, 
which included literature review, content analysis, protocol analysis, and questionnaire as 
discussed in the previous section. These methods have been proved to be valid and reliable 
in a number of research (Holsti 1969; Gero and McNeill 1998; Ridley 2008). Following 
research focus being identified through the literature review, the coupling model was 
developed by combining the results obtained from both the content and protocol analysis. 
Such combination ensured that the coupling not only applies to the scenario of individual 
design by novice designer, but also collaborative design by experienced designers. Hence, it 
provided a relatively potent means of assessing the degree of convergence as well as 
elaborating the divergence between the results obtained from the two methods. In this regard, 
Table 7-6 and Table 7.7 showed the difference and similarity of the coupling links obtained 
from the content analysis and protocol analysis. 
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Finally, the theory triangulation was realised through the generation and evaluation of the 
coupling model. In doing this, the results obtained from the protocol analysis were compared 
with the evaluation results given by industrial designers through questionnaire. This ensured 
the findings being checked against industrial design cases. 
Though triangulation methodology provided the aforementioned strengths, it was limited by 
the time permitted for conducting the research. For example, seven student design projects 
were recorded and studied. However, due to the limited time, only protocol of one project 
was transcribed and analysed, which lasted ten design sessions, 283 mins 54 secs. In addition, 
the length of the research also constrained the research from analysing protocol of the design 
process of an industrial design case, which normally lasts several or tens of years in a 
medium-large size design and manufacturing company. This implies that further research 
could be done by following in industrial design case, and analysing the protocol as the 
design continues. 
Though there is another type of triangulation, i. e., investigator triangulation, was not adopted 
for the research presented in this thesis. This implies further work could be done by having 
the same data analysed by other researchers. One advantage of the investigator triangulation 
is that comparing findings resulted from different investigator could reveal whether the 
research has been biased and subjective. 
The strengths and weaknesses of the research methodology are surnmarised as follow. 
Strengths 

V Post-positivism philosophy matches the design research domain because design is 
human-involved activity. 

Data triangulation ensures that the model is based not only company practice, but 
also empirical project. 
Methods triangulation provided a relatively potent means of assessing the degree of 
convergence as well as elaborating the divergence between the results obtained from 
the content analysis and protocol analysis. 

V The theory triangulation in the research ensured the findings were checked against 
industrial design cases. 

Weaknesses 
The choosing of different data sources and research methods were subjected to the 
time permitted for conducting the research presented in this thesis. 
Only eight company design documents and a student design project was analysed for 
deriving the coupling model. Without using any empirical industrial design project, 
the generality of the findings might be affected, i. e., the finding might not apply to 
all types of design. This has been found through the evaluation, which will be 
discussed in Section 9.3. 

9.4 FUTURE WORK 
Through the research carried out in this work, a number of additional insights into the nature 
of the coupling were obtained. These are briefly presented here as areas for further 
investigation. 

9.4.1 More analysis of empirical industrial design projects 
The work analysed in this thesis was mainly based on content analysis of eight industrial 
design documents and protocol analysis of one student design project under supervision. 
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Though it provided a good insight into the coupling by providing not only the information of 
the artefact and design process, but also the relationships between them, the evaluation has 
shown that there exist differences not only between the results obtained from the protocol 
analysis and evaluation, but also among views of different designers. Therefore, further 
analysis of different types of projects conducted in companies will benefit the model 
elaboration in order to obtain a generalised coupling model, or different coupling models for 
different types of design. By analysing different types of projects, a set of best practice of 
knowledge elements occurrence trends over different design phases might be identified that 
can benefit designers. Moreover, the analysis will improve its accuracy by encoding each 
chunk of knowledge to all of the identified roles it acts. 

9.41 Investigator triangulation 
To minimize the subjectivity of encoding process, protocol could be analysed by different 
encoder. In addition, qualitative analysis software could be applied to analyse the protocol. 
The encoded knowledge elements could also be investigated by different researcher, to see 
whether the same results could be obtained from the same set of data. 

9.43 Detailing activity 
One potential future work for the research presented in this thesis is to extend the design 
activity in the coupling model to more specific types of activity. During the analysis of the 
coupling, all the activities were treated as only one element of the design process, which 
resulted in a relatively stable occurrence trend of the activity over the three design phases. It 
is hypothesised here that if the activity was encoded as different types, such as the ontology 
presented by Sim and Duffy (2003), the trend analysis might show different patterns for 
different types of design activities. Thereafter, the coupling might also shows different types 
of activity linking with some specific types of artefact knowledge elements. For example, 
the B,, F,, and S, might related with analysis and synthesis activities, while B1, and Fj, mainly 
related with interpretation and evaluation activities. 

9.4.4 Coupling of design process and management knowledge 
While the research presented in this thesis focused on the coupling of the evolutionary 
artefact and design process knowledge, another research direction could be to couple the 
design process and management knowledge. In which case, domain design process 
knowledge will be included, because it was found that it mainly relates to design 
management knowledge through the research presented in this thesis. 

9.4.5 Knowledge evolution support 
Though the work presented in this thesis is coupling of the evolutionary artefact and design 
process knowledge, which studied the coupling phenomenon in design, knowledge evolution 
is neither the focus nor supported by this work. Rather, "evolutionary" was described as one 
characteristic of design knowledge, which related to the coupling. Therefore, as a future 
research direction, the relationship between the knowledge evolution and coupling can be 
further investigated. 

9.4.6 Change propagation 
The research presented in this thesis presented a descriptive model of the coupling, which 
includes the occurrence trends of the knowledge elements involved in the coupling, and the 
coupling model per se. It is considered that such descriptive knowledge can be used as a 
basis for ffirther research on the prescriptive aspects of the relationships between the 
knowledge elements. That is, how the change of one element affects or propagates to other 
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related knowledge elements. Such research might include the degree and distance of the 
affection. Hence, the change propagation can be then used for change predictions in design. 

9.4.7 System support for design development 
While the research presented the model of the coupling phenomenon, further work can be 
done in how the current research can support design development for example, through 
integrating such results into another design development support system. The occurrence 
trends might provide criteria for checking a current design, by providing some practice 
information. The coupling model might be used while in the designing, to provide designers 
with all the possible relationships of the current focused element, which might help designers 
with concepts brainstorming process. 

9.5 SUAMARY 
The strengths and weaknesses of the work presented in this thesis are discussed in this 
chapter, which include the research methodology, methods, and the results. In addition, the 
future work are identified. Table 9-1 summarises the discussion presented in this chapter. 
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Chapter 10 CONCLUSION 
The overall aim of the research presented in this thesis was to model the nature of the 
coupling of evolutionary artefact and design process knowledge. It was found that artefact 
and design process knowledge are coupled through inter-rclationships between them. 
Chapters 5,6, and 7 presented the main findings of the nature of the coupling. Specifically, 
the occurrence trends of the coupling knowledge elements were presented in Chapter 6 and 
the coupling model itself was presented in Chapter 5 and Chapter 7. 

The contribution of the research presented in this thesis is made up of a number of elements. 
Figure 10-1 presents an overall summary of the work, highlighting these elements and their 
relationships. The remainder of this chapter presents a brief summary of the contributions as 
they have been presented in this thesis to surnmarise the results and conclude. 

10.1 TMNGULATION RESEARCH METHODOLOGY 

A post-positivism philosophy was adopted based on the research focus and nature of design. 
Such philosophy resulted in the investigation of knowledge through a triangulation research 
methodology as presented in Chapter 2, to triangulate the research from three aspects in the 
research presented in this thesis, i. e., data sources, methods, and theory building. 

The data sources triangulation includes data from literature and industrial design documents, 
designers' views, and design cases from both academe and industry. A "between-methods" 
triangulation (See Section 2.3) was adopted that included literature review, content analysis, 
protocol analysis, and questionnaire. Following the research focus being identified through 
the literature review, the nature of the coupling was analysed by combining both the results 
obtained from the content analysis of eight design documents from a design company and 
protocol analysis of a supervised student design project. Finally, the theory triangulation was 
realised through the generation and evaluation of the coupling model. In doing this, the 
results obtained from the content and protocol analysis were compared with the evaluation 
results given by industrial designers through a questionnaire. 

10.2 ARTEFACT AND DESIGN PROCESS KNOWLEDGE 

Design knowledge is considered to be composed of design artefact, process, management, 
and supplementary knowledge. Existing research was reviewed in Chapter 3 in terms of the 
design knowledge, focusing on the artefact and design process knowledge. The review 
revealed the evolutionary feature of both the artefact and design process knowledge. In 
addition, the review features the following secondary contributions. 
> Knowledge pyramid in design support (Section 3.1) 

A three layered design knowledge pyramid (Wang and Duffy 2007) was created. Within the 
pyramid, the top application layer is composed of different knowledge-based design support 
systems, the middle layer includes design knowledge models that build the basis for the 
application layer, and the bottom ontology layer composes different design knowledge 
ontologies that provide support for developing design knowledge models. 
> Knowledge ontology (Appendix A) 

Due to the complexity and heterogeneity of knowledge involved in design, design 
knowledge can be categorised to different types of knowledge from different points of view 
(Wang and Duffy 2007), such as: 

" Current working and domain; 

" Declarative and procedural; 
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" Descriptive and prescriptive; 
" Documented and undocumented; 
" Formal and informal; 

" Qualitative and quantitative; 
" Tacit and explicit; 
" Textual and graphical; and 
" Design artefact, process, management, and supplementary. 

> Two topology models of design knowledge (Section 3.1) 
Two topology models (Wang and Duffy 2007) were identified among the four types of 
design knowledge, i. e., artefact, process, management and supplementary. One is teleology 
that depicts supporting relationships (one-directional) between the artefact and process, 
process and management, and between supplementary and the other three types of design 
knowledge. The other is evolutionary that illustrate the evolutionary relationships (bi- 
directional) among them. 
> Fundamental and contextual design knowledge (Section 3.3 and Section 3.4) 
The basic artefact and design process knowledge were classified to be fundamental and 
contextual. The former includes function (F), behaviour (B), and structure (S) of the artefact, 
and activity (A), goal (G), input (In), output (Out), and resource (R) of the design process. 
The latter includes motivations (M, requirements (Rq), causal relationships (CR), and 
constraints (0) of the artefact and context (C) and issues (1) of the design process. 
> Post-positivism view of function behaviour structure (P-FBS) (Section 3.3.2.8) 
The three types of fundamental artefact knowledge distributes among three knowledge 
spaces, i. e., expected, interpreted, and instantiate. Rather than being inherent in all of these 
three spaces, it was found in this thesis that F only exists in expected and interpreted, B 
exists in all three, and that S only exists in expected and instantiated space. Hence seven 
fundamental artefact knowledge elements were derived, i. e., expected function (F, ), 
interpreted function (Fj, expected behaviour (B, ), instantiated behaviour (Bi, ), interpreted 
behaviour (Bi, ), expected structure (S, ), and instantiated structure (Si, ). Consequently, the 
causal relationships among these elements are limited to where the elements exist. The 
model of these elements and causal relatjonships was termed P-FBS (Wang et al. 2007) 
because it was derived from designers' viewpoints based on a post-positivism philosophy. 

10.3 REQUIREMENTS FOR INVESTIGATING THE NATURE OF THE 
COUPLING 

Both the artefact and design process knowledge evolve during design development. Their 
evolution, rather than being independent, closely relate to each other. Hence, artefact and 
design process knowledge form a coupling and their evolution are closely related to the 
coupling of the artefact and design process knowledge. Much of design research has been 
concerned with either the artefact or design process knowledge (Chapter 3). Though there is 
research that has been done involving relationships between the artefact and process 
knowledge, they are either too general, or only addressed a sub-set of the relationships 
between the artefact and design process knowledge elements (Section 4.2). In the meantime, 
problems identified in industry also showed that artefact and design process knowledge was 
not well integrated, which reveals an insufficient knowledge of the coupling of the artefact 
and design process knowledge (Section 4.3). Hence the questions of what knowledge 
elements are involved in the coupling, how they develop during designing, and how the 
coupling elements of the artefact and design process are linked were still unanswered. To fill 
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in this knowledge gap, the research was justified to focus on modelling the nature of the 
coupling of evolutionary artefact and design process knowledge (Section 4.4). 

10.4 NATum OF THE COUPLING 
In order to model the nature of the coupling, content analysis (Section 5.1) of eight company 
design related documents was conducted in order to gain an initial insight of the coupling. 
The nature of the coupling was further analysed through protocol analysis of a supervised 
student design project (Section 6.1). 

Knowledge elements involved in the coupling 
Based on the 18 basic knowledge elements identified from the literature review, i. e. F,, F&, 
B., B., Bi,, S,, Si,, M, Rq, CR, and Ct of the artefact and A, G, In, Out, R, C, and I of the 
design process, current working knowledge (W of these 18 elements, general domain 
artefact knowledge (DK4. G), and domain artefact knowledge (DK4) of Fi,, Ba, and Sb, were 
found involved in the coupling through the content and protocol analysis. Hence, 22 
knowledge elements were identified to involve in the coupling in this thesis. 

Coupling knowledge elements occurrence trends 

Knowledge evolution is defined as addition, modification, or deletion of knowledge in this 
thesis, which can be revealed through discussion of designers. Hence such evolution was 
revealed through the occurrence trends of the knowledge elements over the design process. 
Ile protocol analysis showed that different types of coupling elements exhibited different 
occurrence trends over task clarification, conceptual, and embodiment design (see Chapter 6). 
Some elements exhibited more obvious patterns in comparison to some others. Overall, 
domain artefact knowledge has a decreasing trend with its peak in task clarification (Section 
6.2.1). Erpected current working artefact knowledge exhibited an increasing trend with its 
peak in conceptual design, followed with a slight decrease in embodiment design (Section 
6.2.1). Interpreted and instantiated current working artefact knowledge exhibited an 
increasing trend with their peak in embodiment design (Section 6.2.1). Finally both 
contextual current working artefact knowledge (Section 6.2.1) and current working design 
process knowledge (Section 6.2.2) exhibited a relatively stable trend. 

Coupling of evolutionary artefact and design process knowledge 

It was found that design knowledge evolves through two types of link: link of creation and 
link of employment. The link of creation links two elements where one triggers the creation 
or occurrence of the other. For example, a chunk of instantiated domain artefact structural 
knowWge (DKAvJ triggers creation of an "interpreting" design activity. The link of 
employment exists between two elements where one is employed as the other one. For 
example, a chunk of expected current working artefact functional knowledge (WKA-F, ) is 
employed as an input (WKP4. ) by a design activity. These two types of link constitute the 
coupling of the evolutionary artefact and design process knowledge. 

An initial insight of the coupling was derived from the content analysis, which includes 6 
creation and 15 employment links (Chapter 5, Figure 5-7 and Figure 5-8). Through the 
protocol analysis, the coupling was found to be composed of 18 creation and 15 employment 
links (Chapter 7, Figure 7-4 and Figure 7-9). Such results were converged by combining the 
results obtained from the content analysis. The evolved coupling model presented in this 
thesis is composed of 19 creation and 17 employment links (Table 7-6, Table 7-7, and Figure 
7-10). These coupling links reveal the main relationships between the artefact and design 
process knowledge, which build the basis for the evolution of the artefact and design process 
knowledge. 
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10.5 EVALUATION 

To evaluate the work of the research, a questionnaire was answered by eight practising 
designers from two companies in two workshops regarding to the main findings presented in 
this thesis, i. e., the knowledge elements involved in the coupling, elements occurrence trends, 
and the coupling model. Considering validation of the results, seven were studied for the 
evaluation. 
It was found that all of the 22 knowledge elements were considered to occur and involve in 
the coupling during design development. Though designers had different views of the 
frequency of each element, 14 elements were viewed by at least two designers as having the 
same frequency as that obtained from the protocol analysis. 
Designers had a diversity of views of the element occurrence trends, in that there were at 
least four answers for each element. Therefore, only the trends that were chosen by the three 
most experienced designers, or by more than two designers, were analysed during the 
evaluation. The results showed that, of the 22 evaluated elements, 2 were viewed as having 
the same trend as that obtained from the protocol analysis, while 7 were viewed as similar, 
and 13 were viewed as different. 

Various views of the coupling links existed among the designers, which resulted in 48 
creation and 42 employment links. Among them, 9 creation and 12 employment links were 
also identified from the protocol analysis. However, there were still 12 creation and 7 
employment links identified from the protocol analysis that were not identified from the 
evaluation. 
The difference between the results obtained from the content and protocol analysis and 
evaluation workshops in respect of the elements' occurrence trends and coupling might be 
explained in terms of limited duration of the evaluation workshops, the difference between 
student and commercial design projects, as well as the difference between individual and 
collaborative design projects. In addition, the diversity of views of the knowledge elements 
occurrence trends and coupling links among designers might be caused by a number of 
factors, such as designers' different design experiences, different product types that they 
normally worked on, different projects used by the them for the evaluation, as well as their 
different understanding of the knowledge elements and links. 

10.6 STRENGTHS AND WEAKNESSES AND FUTURE WORK 

The triangulation methodology adopted in this work enabled the coupling model to be based 
on not only literature and company general practice, but also empirical design project. In 
addition, it provided a relatively potent means of assessing the degree of convergence as well 
as elaborating the divergence between the results obtained from the different methods 
adopted, i. e., literature review, content analysis, and protocol analysis. However, choosing 
different data sources and research methods was subjected to the time permitted for 
conducting the research. Hence only eight industrial design documents and one student 
design project were analysed for developing the coupling model. Without using any 
empirical industrial design project, the generality of the findings might be affected, i. e., the 
coupling model might not apply to all types of design. 

The coupling was obtained from both the content and protocol analysis, which ensured that it 
could be applied to not only individual design conducted by novice designer, but also 
company general design practice. The identification of a set of basic knowledge elements 
involved in the coupling, their occurrence trends, and the links between the elements 
provided an initial insight of the nature of the coupling. Moreover, the evaluation enabled the 
work being checked against industrial design cases. However, the identification of the 
elements and links during the content and protocol analysis relied on the inference of the 
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encoder. Hence different encoders might result in different encoding. In addition, though the 
model was evaluated by checking against industrial design cases, the evaluation results were 
subjected to the designers' understanding of the questionnaire, which was affected by the 
duration of the workshops. Hence, more empirical study of industrial design cases can enable 
the coupling model to be further evolved and more accurately reflect the practice in industry. 

In view of these weaknesses of the work and other potential research directions (Section 9.4), 
future work was identified to be: 

" To analyse more different types of industrial design projects; 
" To have the research checked/done by different researchers; 
" To accommodate different types of design activities; 
" To investigate coupling of design process and management knowledge; 

" To support knowledge evolution; 
" To investigate change propagation; 
" To provide system support for design development. 
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Appendix A EXISTING DESIGN KNOWLEDGE ONTOLOGIES 

In Chapter 3 of the thesis, a design knowledge pyramid is presented, of which design 
knowledge ontology build the basic level. This appendix examines the ontology level of the 
knowledge pyramid in further detail by presenting different design knowledge classifications 
from different points of view. 
Ontology is the branch of philosophy that deals with the nature of existence by clarifying the 
nature and structure of the world (Sim and Duffy 2003). In artificial intelligence, ontology 
means a formal system for representing domain concepts and their related linguistic 
realisations by using basic elements (Chandrasekaran et al. 1998). Uschold and Grundinger 
(1996) advocated ontology in order to have a shared understanding as a unifying framework 
for different viewpoints. A review of related literature reveals that there has been a variety of 
classifications of design knowledge. With regard to different researchers' views of the 
classifications, there appear to be some inconsistencies among them, which seems to stem 
from the researchers' different research objectives, approaches, and adopted principles and 
standards. To this end, this section gives an account of some of the most commonly used 
classifications in engineering design while taking such differences into consideration. The 
list is not meant to be exhaustive but more indicative of the engineering design domain. The 
following nine classifications are examples of the design knowledge ontology: 

" Current working and domain knowledge (Zhang 1999); 

" Declarative and procedural knowledge (Achten et al. 1998); 

" Descriptive and prescriptive knowledge (Roozenburg and Eekels 1995; Aken 2005); 

" Documented and undocumented knowledge (Ishino and Jin 2002); 

" Formal and informal knowledge (Conklin 1996); 

" Qualitative and quantitative knowledge (Gero 1990); 

" Tacit and explicit knowledge (Nonaka and Takeuchi 1995); 

" Textual and graphical (Al-salka et al. 1998); and 
" Design artefact, process, management and supplementary knowledge (Takeda, 

Veerkamp et al. 1990; Ishino and An 2002). 

Of these classifications, the first eight could be applied to general knowledge. That is, they 
are suitable to classifications of knowledge not only in engineering design but also in other 
disciplines. However, the last one, design artefact, process, management and supplementary 
knowledge, is dedicated to knowledge classification in the engineering design domain. 

Knowledge source - current working and domain 

Depending on whether the knowledge being used is generated by the current design project 
or not, design knowledge can be classified into current working knowledge (CWK) and 
domain knowledge (DK) (Zhang 1999). This classification is consistent with Aken's 
"Specific design knowledge" and "General design knowledge" (Aken 2005, p. 387). 

According to Zhang (1999), current working knowledge refers to the knowledge of the 
design on which the designer is currently working, and domain knowledge is the knowledge 
of past designs in a domain. As Zhang pointed out domain knowledge can consist of 
generalised knowledge of a design domain that is applicable to different design cases (i. e. 
general knowledge), and the knowledge of specific past designs (i. e. past cases). Design 
rules (including design operations and their conditions) are examples of general knowledge 
(Nomaguchi and Tomiyama 2004). In particular, when creating new designs, to aid the 
evolution of current design, designers rely on experiences from past design (Maher and 
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Gomez de Silva Garza 1997). This experiential knowledge from past design also belongs to 
general knowledge. 

Design cases are one of the major types of domain knowledge, which is widely used for 
complex product design, such as airplanes and ships. A case is normally adopted from an 
available past design and evolved by including more functions, enhancing the performance, 
or improving the quality. Cases are also used in analogical reasoning (Duffy 1997b), in 
which designers learn generalised abstract knowledge from past design to proceed with 
similar design. As Haffey and Duffy (2000) observed, whether or not cases could be fully 
used is one difference between novice and expert designers. Where novice designers 
generally rely on rule-based reasoning or deductive reasoning to solve problems, the experts 
can base their judgements on higher-level similarities between examples. 
Knowledge cognition - declarative and procedural 
From cognitive psychologists' view, design knowledge can be considered to contain 
declarative knowledge and/or procedural knowledge (Achten et al. 1998; Darlington et al. 
1998; Berge and Hezewijk 1999; Nickols 2000). Declarative knowledge is knowledge about 
"know what", and contains a description of objects, events or methods and how they are 
related to other objects, events and methods. On the other hand, procedural knowledge is 
knowledge of "know how" that encodes how to perform certain tasks so as to achieve a 
particular result. This type of knowledge is normally stored in terms of procedures. For an 
example of these two types of knowledge, consider a modular roadside barrier. It is 
composed of locktabs, receptacles, panels, posts, brackets, visibility strips, abacus balls, and 
finials. The panels can be 1.5m, Im, or 0.5m. These descriptions are together termed the 
declarative knowledge of a modular roadside barrier, because they present some components 
or properties of roadside barrier. However, "The receptacle should be sunk into the concrete 
and concrete left to cure. On return the next day, the posts and locktabs should be inserted, 
with subsequent attachment of brackets and panels. ", is regarded as procedural knowledge 
because it describes how to install the barrier on the ground. 
in engineering design, an artefact might be represented by both declarative and procedural 
knowledge for different purposes, in order to take benefit of their different advantages. 
However, the same chunk of knowledge could be viewed as declarative or procedural 
knowledge in different contexts. As researchers in the Al laboratory of the University of 
Michigan (Hyun et al. 1994) proposed, whether knowledge is viewed as declarative or 
procedural, is not an intrinsic property of the knowledge itself, but based on how people read 
from it. As a resul4 the distinction between declarative and procedural knowledge is 
somewhat subjective in that the judgement depends on human being's expectation and 
interpretation. 

Knowledge function - descriptive and prescriptive 
in a review of previous research on design models, Finger and Dixon (1989) and Love 
(1997), among others, delineated two types of design model: one is descriptive and the other 
is prescriptive. In a similar vein, others (e. g. Roozenburg and Eekels 1995; Aken 2005; 
Horvath and Duhovnik 2005) talked about the function of design knowledge, which can also 
be characterised by descriptive design knowledge and prescriptive design knowledge. The 
former describes what constitutes the design artefact and what typically occurs during a 
design process. For example, the outer diameter of the receptacle of a modular roadside 
barrier is 68mm, and the abacus balls will be stamped from a flat steel sheet with 2mm 
thickness. On the other hand, the latter specifies how something should be or should be done 
(Aken 2005). Tberefore, prescriptive design knowledge is the knowledge which prescribes 
how the artefact should look, behave and how the design should be undertaken. For example, 
during the course of designing roadside barrier, designers may prescribe that the "the post 
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should be broken when the barrier is crashed by a car". Put simply, prescriptive knowledge 
could be used as guidance for designers to make decisions to proceed with the design. 

Knowledge availability - documented and undocumented 
The fourth knowledge classification is based on its availability, which categorises knowledge 
in terms of documented knowledge and undocumented knowledge (Ishino and Jin 2002). 
Documented knowledge, on the one hand, is the knowledge that has been recorded by 
writing, filming, or taping with some medium. As a result documented knowledge is 
available for people to refer to and therefore benefits knowledge re-use. On the other hand, 
undocumented knowledge refers to the knowledge that has not been documented. It may be 
either knowledge undiscovered or that has been discovered, however, still in human being's 
mind. 
Knowledge style - formal and informal 

According to whether knowledge has an ordered, organised method or style, it can then be 
categorised into either formal or informal knowledge. Overall, formal knowledge is 
knowledge that has been expressed in a systematic way or an ordered, organised style. For 
Conklin (1996), formal knowledge is the knowledge that could be found in books, manuals, 
and documents, and can be easily shared in training courses. Rules and strategies are 
examples of formal knowledge. In contrast to formal knowledge, informal knowledge is 
knowledge that lacks a proper structure or order, and is usually presented in a primary or 
simpler way. Notes, images or sketches are examples of informal knowledge. Furthermore, 
informal knowledge can be applied in the process of creating formal knowledge (Conklin 
1996). For example, a designer noticed the pedestrian barriers were repeatedly kept on 
getting struck by vehicles, and it took the local council a long time to replace them. The 
informal motivation to improve the quality and replacement of pedestrian barriers can be 
used as input for creating formal requirements description of pedestrian barrier design. 

Knowledge accountability - quantitative and qualitative 
Quantitative and qualitative have been discussed in Chapter 2 as the two primary 
classifications of research methodologies. While quantitative research methods collect and 
analyse data that can be calculated or evaluated by using mathematical methods, qualitative 
research methods use data describing the quality of the research subject. Similarly, design 
knowledge can be categorised into quantitative and qualitative according to whether the 
knowledge is accountable. While the data embedded within quantitative knowledge is 
accountable and can be manipulated with mathematical methods, those embedded within 
qualitative knowledge is not accountable and can be analysed by using qualitative methods. 
Knowledge accessibility - tacit and explicit 
According to whether knowledge can be articulated in a direct way, or it is accessible, design 
knowledge is categorised into tacit and explicit (Nonaka and Takeuchi 1995; Nickols 2000; 
Ishino and Jin 2002; Sim and Dufly 2003). Implicit (Haffey and Duffy 2000) and codified 
(Aken 2005) are other terms that are used for tacit and explicit knowledge respectively. 
According to Nonaka and Takeuchi (1995), tacit knowledge is subjective and experience 
based knowledge that can not be articulated in words, sentences, numbers or formulas, 
because they are normally context specific. Similarly, Sim and Duffy (2003) pointed out that 
tacit knowledge is personal and context-specific. Therefore it is hard to formalise and 
communicate with (Nonaka and Takeuchi 1995). Due to the difficulty of expression, it is 
relatively difficult to access tacit knowledge. An example of tacit knowledge is design 
experience possessed by expert designers (Matthews et al. 2002). With this experience, they 
know why they make a decision in one specific situation. However, sometimes it is difficult 
for them to express the rationale in a way for others to readily understand. Explicit 
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knowledge, on the other hand, refers to knowledge that is comparatively objective, rational 
and is transmittable in formal, systematic expression (Nonaka and Takeuchi 1995; Sim and 
Duffy 2003). Compared to tacit knowledge, generally, it is therefore more readily to be 
accessed and utilised. Examples of explicit knowledge are knowledge captured in diagrams, 
tables, and documents. 

Knowledge representation - textual and graphical 
Design knowledge can be represented in different ways, such as text, symbol, graphic and 
table. In general, texts and graphics are considered as the main representation formats of 
design knowledge (Al-salka et al. 1998). 

Textual knowledge is knowledge that is represented with, among others, words and numbers, 
which may be in the format of documents, audio, and video. It is largely used to represent 
design specifications, design functions, components, design activities, or design rules in 
engineering design. 

Graphics is a type of symbolical representation of design knowledge, which is used 
prevalently in engineering design. Drawings, pictures, sketches, and diagrams, are examples 
of graphical knowledge used in engineering design. As an aid for short term memory and 
long term memory, graphics provides a method to present information and knowledge in a 
direct way (Achten et al. 1998). 

Knowledge content - design artefact, process, management, and supplementary 
Because the research presented in this thesis is about artefact and process knowledge, the 
discussion of classifying design knowledge to artefact; process, management and 
supplementary according to its content is presented in detail in Section 3.2. 

Summary 
For clarity, Table A-I summarises the design knowledge classifications discussed in this 
appendix. It should be noted that a chunk of knowledge could belong to different knowledge 
types within different classification at the same time. That is to say, it could be both 
declarative and prescriptive knowledge, or be documented, explicit, symbolic, and domain 
knowledge. For example, when designers prescribe the length of barrier's panel, this chunk 
of knowledge is prescriptive according to its function. At the same time, it is also declarative 
knowledge of the barrier. Similarly, a chunk of undocumented knowledge can contain tacit 
knowledge as well as explicit knowledge. 

Table A-1: Classifications of engineering design knowledge 

Classification 
vie nts'ý 

Knowledge types Eiamples 

Source Current working knowledge Functions of the current working design 

Domain knowledge Functions of a past design case 

Cognition Declarative knowledge_ Artefact ftinctions 

Procedural knowledge _ 
Artefact behaviour and consequent 
functional results 

Function Descriptive knowledge Components of a finished design 

Prescriptive knowledge Description of what components should a 
design has 

Availability Documented knowledge Company procedures 

Undocumented knowledge Designers' intuition of a design 
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Classification 
viewpoints 

Knowledge types 
' 

Examples 

Style Formal 
ý; 

owl edge Company procedures 
Informal knowledge Design concept sketches 

Accountability Quantitative knowledge Dimension of the structure components 
Qualitative knowledge Rationale used in decision making 

Accessibility Tacit knowledge Design experience 
FExplicit 

knowledge Physical laws 

Representation Textual knowledge Paragraphs describing design specification 
Graphical knowledge 3D drawing of a design 

Content Design artefact knowledge Functions, behaviours, structures, causal 
relationships, constraints 

Design process knowledge Design goals, activities, resources, inputs, 
outputs, contexts, issues 

Design management knowledge Process planning knowledge 

Design supplementary 
knowledge 

Enterprise cultures, national policy 
strategies. 
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Appendix B CONTENTANALYSIS 
Eight design related documents from Company A were analysed, which were mainly 
description of standard company artefact knowledge that was accumulated from past designs 
and process that describes standard company working procedure. The analysis focused on 
artefact and design process knowledge elements as well as the links between them in order to 
obtain an initial finding of the nature of the coupling. All the documents and reference to the 
company are classified confidential. Consequently, the documents title and product name 
have been substituted with general words in this appendix. 
The analysis result of the knowledge elements and links between them are presented in the 
following two sections, i. e., "Knowledge elements" and "Coupling links". 

B. 1 KNOWLEDGE ELEMENTS 

The following eight tables list the key words identified for each knowledge element from the 
eight documents. N/A indicates such element was not identified in the document. 

Document 1 Artefact structure 
Knowledge Key words elements 
WKA-Be N/A 
NVKA-Bis N/A 
WKA-Bat 

_N/A WKA-Fe Business catalogues, Standard specification, Functions, Elementary function, 
Contract 

NWA-Fit Functional diagram, Performing functions 

WKA-s, Contractual configuration, Constituent assembly, Configuration component, 
Business catalogues, Standard specification, Conception solutions, Design 
principles 

NVKA-Sis Configuration, 3D Models, 2D Drawings, Design solution, Mock-up, Chosen 
design principle, Parts 

WKA-CR Category, Standard specification 

WKA-ct Constraints 
WKA-M Company requirements, Customer needs 

WKA-p4 Contract, Requirement program, Market requirement 

WKP-A Way of working, Update/Creation of data, Build contract, Create specification, 
Means, Change, Evaluation 

WKp-G Objective 

WKp-i. In 

WKp-out Out 

WKP-R Catalogues, Standard specification, Department, Tools, Literature, Who 

WKP-c Status, Interactions, Scenario, State of design, All functions/solutions 

WKp-1 N/A 

DKA Standard specification, Business catalogue, Literature, Standards 
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Document 2 Artefact design phase 

Knowledge Key words 
elements 

V; KA-Be Performance, Given characteristics 
NVICA-Bis NIA 
WKA-Bit Functional simulation 
WKA-Fe Artefa ct requirements 
NVKA-Fit Artefact specification 

WKA-se Alternative concepts 
NMA-Sas Physical definition, Baseline concept, Baseline configuration, Detailed concept, 

Specification, Sized components 
NWA-CR Category, Standard specification 
WKA-Q Constraints 

WKA-M External triggering events (customers, competition, suppliers), Internal 
development of new product ideas, Market situation, Opportunities 

WKA-Rq Design requirements, Standards 
WKP-A Activities (definition, comparison, analysis, optimisation, integration) 

W KP-G Content of phase 
WKp 

-In In 

WKp-out Out, Result output, Deliverables 

WKP-R Resources, budget, Design standard, Requirements 

WKp. c Environmcnt, Marketing, Production, Program status 

WKp4 N/A 

DKA Literature 

Document 3 Artefact information object 
Knowledge Key words elements 
NVKA-Be N/A 
NWA-B, 

s N/A 
WKA-Bat Structure analysis, Performance, Systems ability 
WKA-Fe Configuration, Functions, Defined functions 
WKA-Fit Functional architecture, Performance 
WKA-Se Configuration, Possible solutions, Possible combinations 
WKA-sis Systems architecture, Geometry 
NWA-CR Design principles, Design evolution, Design rationale 
WKA. a Design principles 
WKA-m Market analysis and opportunities 
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)WA-Rq Requirements, Design principles 
WKP-A Propose (solutions), Customise, Capture 
V*rKP-G Targets, Purpose 

WKp.,,, Input information objects (architecture, configuration, performance... 

V, rKp-out output information objects 

WKp-R Resources, Budget, Documents, Standard specification, Catalogues 

WKp. c N/A 

WKp-j N/A 

DKA Rules, Methods 

Document 4 System specifleation 
Knowledge Key words elements 
WKA-Be Performances to be achieved 
11ýVKA-Bis N/A 
WKA-Bit Implementation of the functions performed by the system 
NWA-Fe System specification, System description, Function requirements document, 

function description document 

WKA-F4 Functions 

WKA-se System physical architecture, System description document, System interface 

NVKA-Sis Chosen system design (Electronic, Electric, Fluid, Mechanical, Man machine 
interface, Optical ... ), Equipment, Items, Parts 

VITKA-CR System description document, Function requirements document, Function 
description document, Design rationale 

WKA-Q Technologies availability, Business and marketing constraints, Environmental 
constraints 

WKA-M User's needs 

NVKA-Rq System requirements, Equipment requirements, Safety requirements, Operational 
requirements 

WKP-A Activities (allocate, determine, design, 

V; Kp-o Objectives, Purpose 

WKp-,,, Input (documents of requirements, function 
... 

) 

WKp-out Output (documents of requirements, structure... 

NVKP-R Standards documents, Department, Tools, Lessons learned, Technologies 
availability 

WKp-c Availability of input data 

WKp-j N/A 

DKA Product standard specification, Lessons learned from previous programs 

Document 5 System design process 
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Knowledge 
elements 

Key words 

WKA-Be Artefact performance 
NVKA-Bis N/A 
)MA-Bit Artefact performance 
NWA-Fe Artefact functions 
WKA-Fit Artefact performance 
WKA-Se System concept, Equipment specification, Structure and installation 

VMA-Sis Design solutions, Structure and installation, Equipment 

NVKA-CR N/A 
WKA-Q System constraints 

WKA-m Customer and market needs 
VVKA-Rq System requirements, Components requirements 
WKNA Activities (specify, analyse, verify, define, monitor, verify... 

V; ]Kp-o N/A 

V; Kp-m Input (Deliverable of system requirements, function, structure... 

V; Kp-oýt Output (Deliverable of system requirements, function, structure... 

Departments 

WKp-c N/A 
WKp4 N/A 

DKA N/A 

Document 6 Requirements management 

Knowledge Key words elements 
WKA-Be N/A 
WKA-Bis N/A 
)MA-Bit N/A 
ATKA-Fe Validated requirements 
WKA-Fit Designed requirements 
WKA-s. Alternative physical solutions, Structure, System and sub-system, Equipment 

Abstract solution definition 
WKA-Sis Preferred solution, drawings, models 
WKA-CR Solution definition (S-F, F-R) 
WKA-0 Constraints 

WKA-m Customer and stakeholder's needs 
V; KA-Rq System requirements, component requirements, External requirements, Internal 

requirements, 
WKP-A Activities, Steps (Capture, analysis, validation, allocation, verification, change) 
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WKp. G Aims, objectives, 

V; KP-In Inputs (needs, requirements) 

WKp-od Outputs (Requirements) 

WKp-R Tools, Documents, Means, Techniques, People 

WKp-c Status (maturity level), Source, Stakeholder 

V; Kp-l N/A 

DKA Standard procedures 

Document 7 Function definition process 
Knowledge Key words 
elements 

WKA-Be Functional requirements 
VV'KA-Bis N/A 

WKA-Bit N/A 

WKA-Fe Functional requirements, Function description 

NWA-Fat Functions identified in functional analysis 
NWA-Se Physical components that are necessary to implement artefact functions, System 

architecture, Equipment 
WKA-Sis Structure 

WKA-CR Rq-F, F-S, System breakdown,, Function decomposition 

WKA-Q Non-functional requirements 

NWA-M Customer/User need, certif ication/safety requirements, costs 

NWA-Rq Top level requirements, Certification/safety requirements 

WKP-A Activities (decompose, identify, allocate, specify... 

WKp-o Objectives, Purpose 

V; KP-In Input (function at different status) 

WKp-w Output (ftinction at different status) 

V; KP-R Tools, Documents, Database 

V; Kp-c NIA 

WKp_j N/A 

DKA N/A 

Document 8 Component level design process 
Knowledge Key words elements 
WKA-Be Feasibility study, Performance 
WKA-Bis N/A 

VMA-Bit Simulations, Performance, Operations, Function analysis 
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WKA-Fe General functions, Feasibility study 

WKA-Fit Main new features, Functionalities, System description, Function analysis 

WKA. Se Previous model, Proposed structure, Possibility of system design, arrangement 

WKA-Sas Selected system, System concept description, Geometric definitions, Product 
structure, 3D models 

)MA-CR Feasibility study, Experience of engineers 

WKA-Ct Restrictions, Construction regulations, Standards 

WKA-M N/A 

WKA-Rq Requirements, System description 

V*TKP-A Activity A, B... 

WKp-o TO... 

WKp-jn Requirements, Predefined systems, Functions, Expected structures 

WKp-out Deliverables, Structure, Function, Requirements 

NWP-R Reference documents 

V; ]Kp-c N/A 

)WP-i N/A 

DKA N/A 

B. 2 COUPLING LINKS 
Two types of links, i. e., cause-effect link of creation and link of employment were analysed 
within each document. The identified links in each document are indicated in the following 
tables. In the upper "Cause-effect link of creation" part of each table, the elements listed in 
the second column represent the causing elements, and those in the second row represent 
caused elements. In the lower "Link of employment" part, the elements listed in the second 
column represent the employing elements, and those in the second row represent employed 
elements. 
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Appendix C CONSENT FORM AND ETHLIC CHECK 

To record the seven students' design projects, a consent form was signed by the supervisor 
and students. 

Consent form 

Project Title Recording and analysing student projects for design knowledge 
evolution model development 

Participants Staff. Norman McNally 
Students: 4* and 5* year design students in DMEM 

Project The co-evolutionary phenomenon otdcsign process knowledge and 
design product knowledge coupling exists during design 

Background development. ThIs PhD research Is going to build an elaborated 
model for this knowledge coupling to increase the understanding of 
design. As one of the requirements of the re3earch, empirical design 
process data by students need to be recorded for the model analysisý 
building and evaluation. 

Prcýect The recording will follow three 0 and 5* year undergraduate 
students' project work in DMEM, which Includes 

Introduction 
" Recording the meeting between supervisor and students; 
" Talting photographs of the design work during the students 

project work; 
" And, interviewing students and supervisor to clarify the design 

I . - 

work. 
. 

The code -f practice on investigations on human beings by University of Strathclyde 
including two checklists. which are "supervisor and student ethics checklist! * and 
"checklist for department approved investigmiont" have been 6hown to the 
supervisor sM students. 71iis work will be done with the agreement from the 
supervisor and students. 

ýupcrvisor Signature Date 
A%AatA-1ý ýOoqo, 5. 
................................ .-........................................ 

Date 

cl 
. 

10j, 

... ................. 

.......... t .......... I ......... . ....... 

ý-qiP5 
............... .................... 

ý0/0 9 los 
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Because the study involves 'investigation on human beings', two checklists regarding to 
"Ethics Committee - Code of Practice on Investigations on Human Beings". and 
"Department Approved Investigations" were signed by the author and her supervisor to 
ensure that the recording and analysis abide the rules of such investigation. 

Ethics Camminee - 
Code of Practia on Investie2tions on Humon Belli's 

When implenzntink, staffor student project which involves 'investigation on human bcinp' it 
is important to we that the university has a code of practice governing the implementation snd 
corkluct of such inwstigations. This 'code of practice was developed by the ShIcs Advisory 
Committee and approved by the university court on S* May 2000. The code governs all 
inyofig6ons on humo beings including class teaching experiments and 4emontarstions, student 
projects and research inveffflgations which fall within the wW of the code. The 'Departmental 
P, cwarch Committee' will act as the '13cpartowntal Ethics Committee', and can approve most 
routine, non-invasive investigations. 

it h the responAft of the supervisor to make the student aware of relevant guidelines 
and emure that they sre obwve& The sopervisor is also responsible for submitting details 

of proposed investigations for approval where ateessawy. 

Ue following tontains 2 checklim to aid ihe implemnlation of this pnKtim: 
(f) The first is to Identify can which require to be approved by the University Ethics Advisory 

Committee. Itany ofthe boxes am mwU-d in checklist (I) the investigation must be submitted 
to the vitiversity committee for approval. 

(ii) The second is to ensure correct procedure is adhered to in any 'routine or non4wasive' 
Investigation Le. those which am resdiily approved by the Upartiricat Ethics CoMmIttW(in 

cp%cme the checklist tcp=nts a summary or Section 6 of the Code of Practice on 
Invatilabons on Human Mnt3. ) 

JUm checklists should not be viewed as a substihft for the original document and thus all 
supervisors "Ad be familiar with ft code before utilising them in stsf9studerit research 
projects. Tim chocklLos am designed to ensure that die stall7students ve immediately $wire of 
the implications of the guidelines to their Investigation. furthermore, they act as de; iartmemall 
recor& ofoatl7student conduct in investigalkwis on humans. 

As 'Ethics Advisory Corrdnittce' approval of& protocol can take up to 4 weeks Oonger for very 
specific soquests), where rescaich is likely to include an element ol"inycstigations on humans'. 

an analysis ofexpec(ed litoceduta should be carried out at as early a stage as possible. 

in addition to the university regulations, Investiptions of & PhysiologicaL Sociological and 
Biological nature must conform to additional codes or practice, set out by relevant professional 
bodies - in such cases *4 secretary of the ethics advisory board can supply copies of these 

statements, 
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(h SuoerviSor and Student Ethics Checklist 

Padkipants (steVstudents carrying out invWiption): 

Invesdogtim cooleat: 
4 Ato A A4. WrY4 60. poolh 

A4, r 
4- all 

44. 

ýtjmarkassppropfiateý 

di fb t h i l h k i l i k C 1! 31 1) Him% scom t .p ys ca or psyc o l ca r s (esp. pregnant Wornen, yCa j &0 
elderly, die youngý 

1) Participams whose ability to give voluntary consent is limited (cognitively ycs(3 noV 
irnpaired, prisoners, persons with chronic physical or DMW cormlitio"4 

3) lovasive techniques (DNA testinjl, collection of body fluidsftismtý yeso nov 

4) Extensive degree or duration ofememist or physical exertion. C3 v, 

5) Manipulation of but"an responses (cognitive of sffwivt) which insy YCSEI no)e 
involve Stress or anxiety. 

Mninistration ofdrugs, liquid/food additives. yc3E3 BOV 

7) Deception of the panicipants which rvight cause distress or effect their ya[3 jj. 
W 

willingness to participate In the reamck 
I'he collection of highly personal, intirmte. private or confidential yes(3 

oer 
intbrination. 

9) Payment to the participants (Other thad (MYCI/timc vostsý yescl coV 

If the answer to Lnj of the above quiations is yes you most submit 9 protocol to the fEthkl 
Adv" Committee' unless previous consent Me bets gnot44 f4w praoisift iiie 4gcscric9 
procedure Involved. The protocol for such submissions to the 'Ethics Advisory Committeo' 
can be fnisad to Appendix A of the 'Code *f Practice sa Investigations of Human& Behate. 

Supervisors. 5ignatule(s) 

Date 

........................................... Datc 
........................ 

S: ud=tw?. "=hcts Sipatura(s) 

Date.... xiAvAT 
........ I ..................... I ................ . Date ........................ 

...... I ........................ I ......... I ..... . Date ........................ 

.................................... I ............ Date 
........................ 
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(W) Ch"Ust fqr Desmirtment ApDroved Iftw3dVatiOnS 
Mark all boxes when rm have read, underfAand ar4 where apprWiate, will adhere to the 
SWdelim - also note the documentation required relative to your invesligation; 

N-11 Invaligasom nW srknowWSc, undasland and adhcm to all of the points on this chmUsL 
ProjectTitle. 

(*t*13tJd4nt cnyin1 out iuvvtipUuo) 

1uvcMgatiii oknt 

It is the supervism responsibility to make students avoare, of these guidelines and the 
students to provide the supervisor with the required documentation from affected 
Investigation components. Signed copies should be maintained by the supervisor and 
student(s) for departmental records. 

Q Consent Obtain intmied consent of all volunteers. A consent form z= be signed by 311 
volunteers. 

Q hottdiesi. PmW all voluntocts (mm possible ham " presave dicir righis. N2 
investigation should involve significant risks to mcntal or physical well-being or its 
participants. 

U Inductmenit. Provide no l'inaticial inductinent sior other Coercion (actual or implied) to 
persuade people to take part in the investigation. 

Q VAthdrzw*L Volunteers most be free to withdraw at any sale. without giving resson. 
Q Termiastion, The investigation should stop inanvdiatcly if volunteers mwd any probictru 

(physicak mental or otherwise) during it, The probictrw must be reported to the appropriate 
ethics comniltee, 

Cl RecrultintaL Volunteer mcruilment should wherever possible be via letter, notice (or orally - 
ifthrough a group approachý However, random arm or doorstep surveys are acceptable. 

U Staff Participation. The wives for starlYstudents to participate as a Muntcer in in 
investigation should be taken into speciaJ consideration i. e. neither dactining nor agreeing to 
participate in in investigation should affect acedernic assessment in anyway. 

" Special Consideration. Special Consideration should bc given to the young, adults with any 
copitivt disabilities or learning dirricultics and to all persons who live in or are connected 
to 3a Institutional environment (in such Casa the invoctigator should rerar to Appendix C of 
thc, codc orpractice on iuvestigation, on human wingq 

" Pregnancy, Women of child bearing age must not be recruited for any investigation which 
Could be harmful 10 fatility*tgrar (in such cam the investigator should refer to 
Appendix C of the 'code of practice on investigations on human boingz')ý 

13 Selection. Submissions based on the investigation should include details of the basis for 
voluntea selection i. e. questionriaires Atift other masim in the selection proom 

0 Justification. Investigators must jastiry the nwnberItype of su*t; (3 chimen fur cKh study. 
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Appendix C Consentform and ethlic check 

13 Confidentiality. Confidentiality and privacy = be maintained. Arty waiver or 
coatfidentiality should be justified arid consent must be given. to writing- by the volunteer(4 
h addition. the investigator must comply with Data Protection 14gislatiom 

El Informing Volunteers. Each volunteer must be provided with an information shed providing 
M relevant details of the mun4 d4ect and duration of the proposed investigation and a 
contact for further queries (whom is indiTcnileat of ft investigation normally the Secretary 
ofthe ethics advisory committee). 

C) Deceptimt. Irbare shall be no deception that might affect a person's willingness to participate 
in an investigation nor about tho risks involmd. 

0 Vauseal Symptoms. Volunt"a will be wncourapd to soft any unusual or unexpeded 
symptoms arising during the investigation. 'lliese should be reported to the s"ropriste ethics 
committee 

C3 LontloiL Places where investigations takc plwo should be appropriate to the Inc and 
factor of study undertaken. Further, the ethics committee we entitled to carry out spot 
chocks. 

" Records. Full records of all procedures carried out should be maintainad in an appropriate 
form, A rcgiswr or all volunteers amW be taken and a note or the popiationisampic ftm, 
which they wcrc drawn. 

" Queries. Post investigation queries from a participant should be directed to an appiopriate 
professional (supervisor. head ordepartment etc. ý 

13 Insurance. It Is the responsibility fi)r the applicant to seek extended Insurance if the 
Investigation amps falls oul-with the Univetsity's Public EjaWlity Policy (in such cases the 
investigitot should refer to Appendix 8 of die original 'code of prwfics' document). 

Additional general guiticlines exist for biological, psychological and sociological investigations - 
in such cases refer to Sections 6.2 and U of the original 'code of practico'document. 

SUPM-Am SLwature(s) 
Date -4 

............................. : .................... Date ........................ 

studewsm. awovhga slonture(s) 

Daft 

................................ - .............. Date ........................ 
I. ............................... Datc ........................ 

....................................... Ixte ............ I ........... 
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Appendix I) I)escriplived data u//inks prutueni anal vsi. 

Appendix D DESCRIPTIVE DATA OF LINKS - PROTOCOL 
ANALYSIS 

Table D-1: Cause effect link of creation 
CAUsing DKý WK, 
elenvent 
cireitting DK.,, - DK,,, DK,,,,, I)K,,,,, I)K,,, I)K,,,, M, WK,.. 
links WK, wlý_ V, K,, Wk,. 

-, 
K, 'WK, WK,,. A 

S-1, )o IIIiI 
Session 2 

;74 
Session 4 Is 3 

Se'sn", 74 

Session C, 7 

Sesion 712 
Smion 841 

Sess ... ý 1) 1 
Smmon 10 2 
Session I11 

Sm, 12 11111 

. 
S. . 

... ..... ... .. 
101 

.4 
01 r, all I 1-y. 0.68% 1.92% 0.14%., 0..; 5% 0.14% 0.14'. 1.37% 0.14"., 0.68% 

Session 13 13% ; 139.3 1 r. 000", () W1. o oo.. () 00" 3 13% 11 1, "... o 004. 
Session 2 13 33'. 0 00% 0 00% R(Mil. 000-". 0. OD-,. 000% 0. J) (N 0("". 0 00% () ("'. 
S-i is 91% 0 00% 9.09% 00-11 7% 2 27'. 2 27'. 455% 0 D(N 
Session 4 40 00% 222". 607-1., 0, M% 4,14-1.0. (Mil 000-1.2.22% 00% LI (Xrl. 
", o ...... iý 000-M. IQ05% () (01. Q00". 0 00-. 0 o. `ý'. 000% 1-0.0 0 (X)% 

-2 
Session 6 0, (H)oo 4 00% 0.0(ri6 0 W1.0. ()(r 60 00% RIX)% 000-1.0.00-16 000-1. 
Ses-ni - 2.13% 0 O(Y,,,, 0. ()(r, ý o olj", ý 2,13% 0 W.. o(YI., 4 ZtAl. 0AM-4 
Session 8 1(, 67% 4 17% 000". 0.00*11.0 00% 000% 4 17% 4 17% 4 17% ()Gik. 

(), W% 3 03",. 0 W% 1)()- 0 (Hrlý 0( 0- 303% 11 1 r,. 0,0tr; 
Session W 0,00% 000-11.0,79% 0(r, ý 0 o(P,. 0 OMNI 0,00% 0 (Xr, Wk. 01 57% 
Session II () 00% 0. o(A. ()00.,. (N)". 0 w/. 00.0 101, '-w. 0.000% 
Session 12 1611, IV 1. (). txrlý 064-1.0, MR. 000-1.0. (Xr.. 0 , 4% 0 W. I. ot". '. 1 91% 
A-rage % 

T., 7-. 10% 3.. %% 0.74% 0.19% 1, )-. L"% 035.. 4145% 0.29% 

Causing 
Wk, 

cletnent 

cineitting WK,,,,, WK,, - WK,, WK,,,, %%'K,,, - WK,,, - WK,.., WK,., Wk,.., - WK, WK, 

links WK, WK,,, WK, WK, k%K, wk, WK,.,, lvlsý WK,, Wkl.,. WK, 

Session I 

Session 211 

Session I 

Session 41 

Session i 

Session 21 

Session 7171 

Session 8142 
0 Se"'oo 1) 111 

Session 10 10 4611 
SII11 22 1 12 11 4 11 
Session 12 111 15 8 12 % 

"Min 1 63 1ý 7 
. 14) 

41 127 "/., 0.0.14%, 0,27% 11.14", 8.62% 1.50*16 3,69% 3.41". 0.96% 4.10% j"I ýý -I 
I 

Session 10 o(P., o 00% 1) 01 Y, OW (11 o 
.11 19. o (Xr,. o oir. (I rx"'. 0,00% 

ý Session 2 0,00". 0 Wl ý 0.0m. 0 MI 1.0 w1o 5 141*16 5 56% 0 o(ri; o0o. '. () t)LFk. MWO". 
ý; Ses"no 30 ()(W 1,0, M% () 00% 000. () ow ý0 (Xrl. () MI. 2 27% 0 (Xr. o 0100.4 0 ()^ I 

Smion 40 00R. 0001.0.00% () 00% 0.0M. 2 22% 000.1.4) (K P.. 6 000". 0 (Xr,. ()00% 
S-on 5 00-11ý 0.00016 1) 00- 000", ow., 000-1.4) Will. 0 00"'. 0 0(01ý 000% 0 
Session 60 CH)". 0 00% 4 00% 0 0(r1a 0.0m. 800% 4 (X)',. 0 (M. 0 00% 0 W. s 0 0D% 
S-on 70 00- 2 1r6 o (H). , () (H1% () otpý 14 89% 2 13% 0 oLr,. 4) 000% 0 tk)% 

0, ()()'ý 000% 0 Lxr". I(, t, 7 '. 8 3ý% Session 84 17% 0 00% 0(9)-,. 0 lxr4 
Session 3 3% (IMP", I ().; % 03 03% 0M. 03 03% 000% 0 W". 

ý; Session 10 o0W, ý 0 00% 0 001'; 0 W1.0 00-, 67 87% 3 1ý% 4 7Z-,. 079% 0 o(r; 3 156, b 
Sessioll II"oV. 0 0(r, ý OW b 1'. 0 ow " 13 92% 0 W% 7 59% 696% 2 13% 696% 

I. 
Session 12 0. (ý 4/. (A)"o 00' U(r, 0 649.955% 0 0(r'. 5 1011.7 W. I )I,. 9AA% 
Avemge %7 W78% 0.33. ý'., 6.91% 2.24% 1.64% 1.14% 0j? % 1.64% 
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.............. ... .. ... ........ . ....... ...... . 
Table D-1: Cause effect link of creation (Continue) 

Caumi OR WKý WK,. 
dement 

Crenfing \h K, k% K WK_ WK,,, WK_, - WK,, WK,., \VK,,., - WK,, 
-, - "K,,, INK,, 

links K", \N K, WK,; WK, K_ DKA-1i DK_, DKA-11 WK, WKI-11. 

1-ion 1 1 2 

session 2 
Session 1 8 
Session 4 1 2 11 

S-ion ý 
Session 6 1 
S-on 1 4 
Session 8 2 
sess- 9 1 2 1 1 
Session 10 4 
S, -on 11 2 
Semnin 12 1 1 1 7 
slum 1 

. .... ... .... 
1 7 27 

. .............. 
1 

... ............ .. 
111 

........ .. Olerall IF, O. W. 

I 
0.14". 0.14% 0.55% 0.14",. Ill. 0. ý; 6% 3.69% 2.46% 

S-- 1 0 01 ". 0 (V. -, I -,.. 000% oi", 6 ;Iv. 0 00% 000., t, 25% Ill-. 0 O(rll 

Session 2 0 00% 000-11. 0,00". 0.00*16 5 509ýo 0.00% 000.1. 0,0o'.. 0 Wk. 0,0(r/o 0 

S,,,..,, 3 o0O.. 000'. 000o. 00% 0 00., 0 00-. 1 000.. 000% 18,18% 0 00- 0 O(A. 

Session 4 0 (0.0 000-1. O. M. 000oo 0,00% 0 00o, 2,22o'. 44496 2.444% 0.00% 
ý seý, -' ý 000-ý 0 W.. 0 0".. () 00- ý. 0 OM. 0 W.... o (xr 1. 000". OAN 0 00% O. O(A; 

S Session b 0(". 0,008/8 0.0011. 0 O(rl. O. w% 0 00% 000". 8 OMI. 400% Q00% 000% 
'100.. 000-. 0 00'. 0 00. 2 13% 11 2 13% 0 OT'. 13% OW. 8.5 1 

Session 8 0.0(r. 000% 0.00% 000-1. 0, (Xrlo 000% 0 (01. 833% O(Xrlý 0 000/. 

.9 ses'w 1) ; (13% 0 (xr. 00(p. 3 0; -,. 6 06% 0 (X 1-1 303-1. 000". 3 03% 000% 
. 103% 

Session 10 0 0M. 0 W". 0.0 (r/. 0 00% 0 otr ý 000o" 0,00% 2,36-6 000-1. O(ON4 3 15% 

Sýsion I1 0 W% 000'. 0 00o 0 W1. 1) OW 000". 000,16 0 "1. 00% 12711. 
Session 12 0,64% 0 MPI. OM% 0 0(r, 6 0 00% 0 OM6 00011. 0,64% 0 O(r, 446% 
Merage % 712- 0.05% 0.26% 0.25% 1.1 0.26",, 0.62% 1.23% 5.48% 0.26o/. 1.70% 

Cau'sing WK, 
ek-ment 
Coesting WK,, - WKp-, WKP., -- WK,., - WK, VrK,,., - WK, 'VkP A WKp., - WKI-.,; WK,,; - 
links WK- WK \N'K,, WK,, kk K, WK,.,, INK, _ WKI'. A Wk,, 

Session 2 4 1 
Scsmýn 3 4 
Session 4 
Sesston ý 
Session 2 
Sý ....... . 8 

Session 8 
sc-on 2 4 2 
sm, Qn 10 3 3o 0 2 21 1 

sess-, Iý 1 4 45 4 1 9 1 
Ses, ijon 12 1 .3 ý- 7 1 2 10 
"Um 1 I! J41, 17 

' 
2- 3 

' 
1 ý ý7 

0.4 6% 1. ýO% 19.29% 2.3i;,. 0.27"., 0.41 % 0.1411/6 0.92% 0.68% 7.80% 0.55% 

625-. 0 01r, 6 6 25'. 000". 0 OW", 3 13% 0 00" 0.00". 6 Z5". 0 W16 

Session 2 0 00o, 1 0 001, 22 22% 000% OArl& 000% O. W16 000% 5 56% 0 Wrl, 0 00% 

ý; S,,,,,, n 1 0 00% 0 Om'; 0 Owl. 0 00% 000-. 0.00% 0 00-. 2 27% o 00% () 09% 0 "1. 
Session 4 0 0M. 000o" 0 Otr/. 000". 0,00% 000-1. 0, O(r, 000". OAK)% 00011. OM 

Sý'-. 1 4 7(P, ý OGMio 0ý01Y, ý 0 OMI. 00ý1 00091. 0 00- 0 MI. 00061o 0 001. 0 OMI. 

Sm, m 6 4 0001. 0 OOP, ý 800-,. O, oO-,, 0,00% 0,00% 0 Owl. 000"", 0 (K)". 4, W% 0AY. N. 
-E S,, -n 7 Oý00',. )00% 23,40% 0 00., ý 000'. () 0(). % 000'. 000-1. 0.00". 17 02% U00-1. 

ý 
Session 8 000% 000"'. 20 930, 000.,. 000"". D. 0()o" 0,0 W 1. 0 1)0-,. 000.1. 0 (xr,. 0 Mo". 

5 S 6 00". 301% 000-1. 000", 606-. 0 00- 11 9 W,. Oý 00". 12 12% 0 06% 

Smion 10 t) 79-1. 36% 28 351,6 4 72% I 570, o 0, oo% 0,00% 0 00% 000% It, '41,. 0796/o 

Se 11 063,16 253% 2848% 25.1% 0 00- 0 OV1. 0 00. 063% 0 OM; 5 70% 063% 
Session 12 1 000% 1 27.; 22,29'. 4 46% 0 00% 0 O(r, ý Oo4% 064% 1 27% o 37% 000-1. 

- 
A11.91 % F- 1,62% 1,02% 13.. 57% 0.98-Y. 0.13% 0.77% 0.05% 1.04% 1.09% 1190% 0,62% 
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AI)penclixl)l-)escriptivedclat(i(? I'Iink-ý protocol anaývsis 

Table D-1: Cause effect link of creation (Continue) 

Causing 
dcýnenl 

WK, 

Uivtiting k% K, WK,., "k, WKP,,, ý WK,, -, WK,,., 
Sum 

fink, ýk K'' AK,, M Ki. WK,, WK,., WKV-Ii WK, 

I--, 1 1 5 8 1 32 

Session 2 1 1 18 

S-1- I 1 12 44 

Session 4 4 1 45 

Sessi- ý 4 5 21 
Session 6 2 4 215 

S-on' 2 4 47 
Session 8 1 1 24 

Sý, - 1) 2 1 2 33 

Session 10 1 2 1 16 1 127 

S,, -n I1 19 3 2 158 

Ses-n 12 24 3 1 157 

Sum 12 1 2- ... ý 
16 to 9 731 

0-11di 17, 1.64% 0.27-1,, 2.19-1. 13.68% 1.23% ii. 2 

S-", " 1 3 13% 0 00% 15.63-, ý 1.5 00% 3. 000-. 
Session 2 0 00'ý 11 11'. O. OC116 5 5o-, ý 5.561 b 0 OOPI. OX, 0.1; 

S-, -, 1 2,27% 2 27'. 0,00., ý 27 2V, ý 0,00% 000o. 
Session 4 000% 0 00% ()Wolo 0 00% 8 2 22d/o Vxrllý 

0 AW. 0.00% 0 00' ý 19 05% 2-3,81% 0,00., 1. 0 00% 
E Session b 0 (K)% 00061. OW% 8 00% 1 () O(r, 0 0 UTo 000% 

S-oo 11 10% 426% 0 426% 8 51% 0,00% 000.. 
Session 8 4 1711 000% 0.001". 0. oo% 4 17-4 0 00% OooQ/I 

E S-on 0 W.. 6,061; 0 W.. 3 039ý ("06% 000-1. 000o. 
19 Session 10 0 79016 1ý5 7% 0,7QO,, 0,79R ý 12 OM', 0 79% 0001% 

, S,, s, o,, I1 0 W.. 1 27-1. ()oo-" 0 OMý I IAW ý I W/. 1 27'. 
Session 12 0 0M. 0 00% 000% 000-1. 15 19% 1 9P. 0,00% 
Memge % 0.41". 2.47% 4.69% 13.76% 0.83% 0.11 % 
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Table D-2: Link of referral 

Iij i. 

Rrfi, rrinx WK, 
deýn( 

%k K %kK,,, WK,,,,, -- W K,,,, - WK,.,, - INK, - WK, -- WK, ,- WK,,,, - NN K, 
Ref-ral links %k K NN K, DK., I)K,,,,, WKA-Iie ArK,, 

-,, 
WK,., WK,., WK,,,, WK I 

1 4 

session 2 4 

12 3 

Session 4 to 13, 1 

"""on 17 1 

Sessiou 6 7 1 

Sc-on 1 2 4 

Session 8 4 1 3 

Session 10 8 4 3 1 1 

, ýC-op It 7 2 2 1 

Sý, ioni 12 1 6 2 8 
-1 

6 5 

Sual 1 74 34 IS 1 9 9 1 

0% -11 42.24% 19.43% 10.29% 4-57% 0.57% 5.14% 5.14% 0.51,11, 

'10(w. 0 oo.. 57 14% 14 29". 0,00% 0.00% 14.29ý ii, Q("16 00"'. 001. 

Session 2 0 om/. 000% 100 OV/. 000". 000ol. 00% 0 00", 0 00ol. 000-16 0,00% 

Session I ''(1o.. oo. 8000% 20 00% 0,00% 0.0(rl; 0 W, 0 O(PI, 0001/6 ()()()o, 

Session 4 o0o. ". 0 00"'o 4167% 14 17% 000-1. 0 OM 1. o0o, 0 co'. 4 17% 0 

t S"'. on I 
t, woýý ( w.. 04 44% 000". 0,00% 0.0011ý 0 "'o 0(w, ý 5 50". 00o. 

E Session 6 000% 0 00*16 77 784% 0 000". 0 001 o 0 OM 4 0 00". 11 [1, '. 0 00"'. 

=, - '' ()iw ý 11 11% 11 11% 22 22% 0,00% 44.44% 0 o(r"o 0,00,16 000". 

i Session S ()Of% 00011. 50 00% 11 10% 17io., 0.00% 0 0(rý 000", 0001/. 0 00*1. 

"C ...... 00. (1 00% 11 IIN 11 H". 22 22% 0,00% 0 o(M 0,00"'. 000% o co. 
Session 10 0 0M. 0 00*1. 38 10% 1005% 14,2ý% 4 76% 0 W, (W. 4 7b". 000-1. 

o 0 W1. 10,00". 10 0(r, o 0 OMI. 15 wlý 00011. 00-ý 
Session 12 3 23% 000". 19 35% 1935". to 13". 0 00% 
% .... g, '. 1 (1.2-'. 0.93% 48.39% 16.23% 9.15% 5.20% 1.19% 2.96% 3.48% 0.42% 

Referring WK, 
i, k. mnent Sum 

WK,., . Wk,,, - \% K, - WK, - WK,, - \N K, - rK, - 
Iteferral link, WK, WK-1 K \1 WK111 WK, 

-,, 
\N K_ WK,,, 

7 
Session 2 4 

'w"'on 1 15 
Sessim 4 24 

Se . ...... 18 

,p Sessicin 0 9 

ýf Se-on 9 

3 1 9 

Sessim 10 1 1 21 

. ...... 1 1 2 1 20 

Scssim I 1 1 31 

sum 
-8 

3 1 
-1 

3 2 1 175 

Overall % 4.57% 1.71% 0.5"1". (1.57% 1.71% . 1.14 0.51 

Session 1 1419% 0 00% o 00. 0(p. 00011. 0 001. 10011. 

Session 2 000% 0 00% 0,00"16 0,00ollc 00011. 000% 000% 

ýý Session ', OM% 0D011. o(loo. () 00o ý 000". 000o. 0 (W. 

S SesýMon 4 0 o0% OAKA. 0,00% 0 0 00% 0 00% 000% 

Se ....... 0 0 001. 0.00% () 00- ý 000o. 0 009ý 000o, 0 (N). o 

S Session o It 11". 0 0011 6 0,0001: ý 0,001/6 00011. 0 001/. 1; 
0.00". 

Ses"on - 11 11-1. 0,00% 00". 00- 0001/. 000", 000'. 

Sessim 8 0 CW/. 0 ooý. O. "'s 0.00% 000% 000%, 000". 
Session 13,13% 11 11% 11 Hoo 000-. 000.1. 0 00'.: o 00-0 
SSrwim 10 5 2% 476% 0 0,001.,. 000% 4,7VIi, ' 0,00% 
Se'sioll I1 ,, 

0 W., ý 00% 11 00-. i 00- ý I () W. 000% S00% 
Smim 122 0 00ii: 0 (14r. OW6 0 00`1ý 3 23% 3 23% 0 00% 
AveraRe % 6.61% 1.14% 0.931. 0.42% 1.10% (). 67% 0.42% 
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lppentlixl)l)esci-il)tivedeltilaof'linkv prolocolunulysi. ý 

Table D-3: Link of usage 

Usad DK, 

WK,.., - WKp-, WKp,, WKp, ý WKp 
I sing links DK, ý Dk"'. ' DKAýý, I)K,,,,, WK., 
Session I 
Session 2 1 
Session 3 3 
Session 4 1 

E 
z Session 4 

Session i, 
Session 
Session 

Smion P, N 

Session 12' 2 
Sum Is t 1, 

Session 1 00011. 0 00pl. OM 0.001, 3i 
Smion 2 33 33% 0.00". 000". 0 OVI. ( 
Se . ...... 100.0(% 0'("'. 0.00RI. 000". C 
Session 4 5000% 0 O(rlý 0 O(rl. 0 (Arý. 
se-on 8000% 0 00% O. Omi, 0.00% 
Session 6 25 OON 25 00% 000". 0M 

Session 8 
Session - 50 00". 0 OMI. 5000% 0,00-1. 

I ý Session 10 13 ST. () 00olo 13 99, 
Session 11 0 C)(A. 0 00% 000". 16 ('71ý'. 

31 31'. 0, Ool, ý 0001. 33 331. 

3&56% 2.50% 5.00% 6.39% 5 

WKA WK, 

WKp.,, WK,., WK, 
-A 

WKII-A W iz, -77 Sum 

WK, 
-,, 

WK,, WK,,, WK.,,,, WK,, 

13 

2 
5 
4 
0 
0 
2 

2 4 1 3 
3 
2 

36 
6 
6 

14 "1 
2.86",,. 8.57% 4.29% 7.14% . 4.29% ... ... ... 20.00% 

() ov, 33 33% 0,00% 0, o(r, 0,00% 3 11 33 % 

0,00-1. OAVI. 000". 0 00% 0 00% 66 67% 
0 OW. 0.00% 0 00. ý. 0 oW'. (100% 000-1. 

0 oo*.,. 0 wo. . 0 00% 000". 000% 50001,16 
() ()()-. 000". 0,00-11. 0.00". 0.00% 2000ol. 
0,00o/o 25 O(yo,. 000". 000% 0 00% 2500% 

() 00- 1ý 0 O(ro OAN 0.00% 000% 000ol. 

5 S(, % 11 1], '. 2 78". 13 Wo 3 3; ý,, 8 33% 
() 00) 11 UoOl'. 33 333% () OM lo 0 00% 5(). O(rl. 
0,0(rlý o ooý,, 0 00% 0 00% () 00- ý 33 33% 

0.56",. 6.94% 3.61 ý' . 1,39% 0.83% 28.67% 

Table D-4: Link of containment 

Containing WK,; - WKI, - WK,; - WK, j - WKI, -- WK, - WKp ( -- 
links DK,,; W K,,.,,,. \A, 'K,,, \N KA 

S, DKA DKA 1; WK,,,, 
Sum 

Session 1 3 2 1 6 
Session 2 1 1 1 1 4 
Session 3 3 3 
Session 4 2 2 

E Session 5 0 
Session 6 1 1 
Session 7 1 1 1 2 
Session 8 3 3 
Session 1) 1 1 4 6 
Session 10 1 1 
Session II I I 
Session I, I I 

-1 
2 

_ Sum 9 2 14 1 1 3 31 
Overall t7c 29.01% 6A5% 3.23% 45.16% 3.23% 3.23% 9.68% 

50 00% 00% 0.00% 33.33o'o, 000'. 0.0011. 16 67% 
t Session 2 0.00% 0.00010 0.00% 25.00% 25.000,. 25.00% 25.00% 
rj Session 3 10000'. 0011 11 00% 000oo mro 00oo (H)Wo 

Session 4 
Session 

E Session 6 0,00oo 0.0(r". 0.00% 100.00% 0.0W 0.00% (). (K)% 
Session 7 001 (1 0,00"o 0001. 50001. 0,000o ()W ý 50 00% 

. Session 8 
h 

0.00% 0.001'0 0.00% 100.00,10 0,0 0 ý'. 0.00% 0.00% 
t 

.T Session 1) 16.67" o 0 00o ý, 16.671o 66,67% 0.00"o 0.00(1,. (HY)"o 
Session 10 
Session II (Moo 10000" 00o, 0 00% 001, 00". D01,11 
Session 12 0.00% 50.00% 0.00% 50.001'o 0,0000 0.00% 0,00% 
Average % 23.81% 21.4.3% 2.38% 60.71% 3.57% 3.57% 13.10% 
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AppendLr E Time-based protocol analysis 

Appendix E TIME-BASED PROTOCL ANALYSIS 
The protocol analysis carried out in chapters 6 and 7 were based on session. Ile percentages 
of knowledge elements and links within each session were analysed over the 12 sessions in 
order to find the occurrence trend of the knowledge elements over task clarification, 
conceptual and embodiment design, and the main coupling links among these knowledge 
elements. It was considered that the results of session-based and timc-based analysis would 
be similar considering the objectives of the research presented in this thesis. Though, this 
appendix presents a time-based analysis of the occurrence trend of three knowledge elements 
over the three design phases. They are DKA-r, WKA-s,, and WKp-A, belonging to domain 
artefact knowledge, current working artefact and design process knowledge respectively. 
The 12 sessions are of variant lengths from 10 minutes to 60 minutes. Following calculations, 
the length of each design phase is 95 mins 29 secs, 27 mins; 41 secs, and 160 mins 46 secs 
respectively. Table E-I lists the three phases' covering sessions, lengths, and percentages. It 
can be found that task clarification and embodiment design took over 90% of the protocol 
and conceptual design took only 9.75% of the protocol. However, because the analysis is to 
find the occurrence trend of different knowledge elements over the three phases, the variant 
lengths will not affect so much of the trend result. 
Table E-1: Design phases length 

Design phase Sessions Length Percentage 

Task clarification 1-6 

Conceptual design 7-9 

Embodiment design 10-11 

95 mins 29 secs 33.62% 

27 mins 41 secs 9.75% 

160 mins 46 secs 56.63% 

To analyse the occurrence trend based on time, the protocol of each phase was segmented by 
every 10 minutes. Hence 29 segments were derived for the over-all 283 mins 54 secs with 10 
in task clarification, three in conceptual design, and 16 in embodiment design. However, two 
segments at the end of task clarification and conceptual design were 5 mins 27 secs and 7 
mins 41 secs respectively. The occurrences of each element per minute were calculated for 
each segment in order to identify the trend. Table E-2 lists the three elements' occurrence 
times and frequency over the 29 segments. The design phases are shown in the first column 
of the table, and the protocol time is shown in the second column. 
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Table E-2: Occurrence of DKA-c,, WKA. s,, and WKp. A - time-based analysis 

Occurrence numer Occurrence/minute 
Design Time 
phase DKA-(; WKA-1k WKp. A 

DKA4; WKA-ýý WKPA 

001-101 5 1 16 0.5 (). 1 1.6 

111-20, 2 3 2 0.2 0.3 0.2 

2 V-30' 5 5 12 0.5 0.5 1.? 

3 V-40' 11 0 17 1.1 1.7 

41'-50' 12 35 1.2 

5 1'-60' 8 0 8 0.8 0.9 

61'-70' 3 6 0.3 0.0 

7 V-80' 13 0 11 1.3 1.3 

13 17 1., 1.7 

3 4 0.0 0.5 0.7 

00--lo. 2 12 0.2 1.2 2.5 

C "0 1 F-20' 5 9 20 0.5 0.9 2.0 
01 

ýý ý; 21'-27'41" 3 4 12 0.4 0.5 1.6 

001- 10* 4 7 18 0.4 0.7 1.8 

1 P-20' 5 16 0.5 1.6 

21'-30' 3 10 15 0.3 1 1.5 
3 V-40' 9 9 0.9 0.8 
41'-50' 1 9 10 (). 1 0.9 1 

51 -'60' 1 19 1 1 1) 

61'-70' 8 14 0.8 1.11 

71'-80' 6 1 0.6 1 
E 

8 V-90' 0 12 15 1.2 1.5 

E 911-100, 15 13 1.5 1.11 
1OV-110, 1 13 11 1 1.3 1.1 

111'-120' 2 11 0.2 1.1 
121'-130' 1 8 17 1 0.8 1.7 
13 P- 140' 

.5 
6 15 O's 0.6 1. " 

14 V- 150' 4 10 0.4 1 
151'-160'46" 4 9 ()A 

Based on Table E-2, the occurrence frequencies ot'DK,,, -(;. 
WK4-.,;,., and WKp-A over (he 29 

segments are depicted in Figure F-I. It can be found that though their frequencies fluctuate 
over these segments, there exist overall trend for each of' them over task clarification, 
conceptual and embodiment design, which are shown in figures F-2 to I-A. 
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Figure E-1: Occurrence trends of DKA-G, WKA. s,, and WKp_A with 10 mins segments 

Figure F-2 illustrates how DKA-G'S frequency changed over time. 'rhe two dash dotted lines 
indicate the division between task clarification, conceptual and embodiment design. Though 
it fluctuate over some of the 29 segments, its moving average (of3 period) and logarithmic 

trendline sho"s it has an overall decreasing trend over task clarification, conceptual and 
embodiment design. This result is the same as that obtained from the session-based analysis 
in Chapter 6. 
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Figure E-2: Occurrence trend of DKA-G - time-based analysis 

Figure E-3 shows how WKA-s, s frequency changed over time. Though it fluctuate over some 
ofthe 29 segments, its moving average (of 3 period) and logarithmic trendline shows it has 

an overall increasing trend over task clarification, conceptual and embodiment design. This 

result is the same as that obtained from the session-based analysis in Chapter 6. 

iI 
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Figure E-3: Occurrence trend of WKA. s, - time-based analysis 

Figure F-4 depicts ho" WKp-A's frequency changed over time. Though it fluctuate over most 
ofthe 29 segments, its moving average (of 3 period) and logarithmic trendline shows it has 

an overall stable trend over task clarification, conceptual and embodiment design. This 

result is (lie same as that obtained from the session-based analysis in Chapter 6. 
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Figure E-4: Occurrence trend of WKp. A - time-based analysis 

By calculating the occurrence times ofeach segment over the 29 segments, it was fiound that 
the fluctuation degree of the knowledge elements is affected by the segment length. Figure 
F-S shows the occurrence frequency of the above analysed three elements by segmenting the 
protocols by 20 minutes long. It can be found, the fluctuation degree ofthe elements in this 
chart is lower compare to that in Figure E- 1. 
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DKA-(j 

WKAýSe 

&--WKI'-A 

10 11 12 13 14 15 

Figure E-5: Occurrence trends of DKA-G, WKA-s,, and WKp_A with 20 mins segments 

Overall. the above conducted analysis revealed that, in order to explore the occurrence trend 

of the knowledge elements over task clarification, conceptual and embodiment design, the 

results obtained from both the session-based and time-based analysis are the same. 
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Appendix F LINK TREND ANALYSIS 
Ditferci-it froin the analysis conducted in Chapter 6, which included both the coupling 
elements and their occurrence trends, the analysis conducted in Chapter 7 focused only on 
identiýN ing the main coupling links due to the aim of the research was being to identify the 
coupling. Though. a roughly analysis of the links' trends is presented in this appendix, 
which shoAs that the links with sufficient occurrences had similar trends to the artefact 
elements of the links, most of which connect artefact and design process knowledge 
elements. HoNNever, the links with fewer occurrences did not seem to have an obvious trend. 
Because the link of creation had the most occurrences (73 1) and the link of containment had 
the least (3)1). these two types of links are analysed in this appendix to indicate link trend 
over task clarification, conceptual, and embodiment design. 

Similar with the elements trend analysis, the links trend analysis was based on each link's 
OCCUrrence percentages over the 12 design session, which is listed in Appendix D. 

Link of creation 

Among the four types of links, link of creation turned to have the highest frequency over the 
12 sessions both in terms of the number of I inks (5 1) and the number of occurrences (73 1 ). 
The analysis of the creation links' trends showed that they had similar trends with the 
artefact knowledge elements compose the links. Figure F-I to Figure F-4 illustrate lour 
groups of creation links with different types of design knowledge as the causing and caused 
elements. The dash dotted lines are the division between design phases. 
The trend result of the first group of links is shown in Figure F-1, with domain artefact 
knowledge as causing elements and design process elements as caused elements. It can be 
found that these links have a decreasing trend over the three design phases, which is the 
same as the trend of domain artefact knowledge identitied in Chapter 6. 

4000% 

3000% DKA-(i WKP-A 

DKA-G WKp-(j 

20.00% DKA-(; WK1,1 

CL DKA-F, 
( 

WKP-A 

1000% 

j --- )K--- DK - WKI, 
-A A-Sis 

)Ký Y- -I- -IK 

000% 

123456789 10 11 12 
Session 

Conceptual Fask clarification Finbodirrient 
design dcsign 

Figure F-1: Trend of creation links -DKA causing WKp 

The second group of creation links represent design activity causing domain artefact 
knowledge. It can be found from Figure F-2 that these links have an overall decreasing trend 
over the three design phases, which is the same as the trend of domain artefact knowledge 
identified in Chapter 6. 
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Figure F-2: Trend of creation links - WKp-A causing DKA 

Figure F-3 shows the trend of the third group of creation links, of which current working 

artefact knowledge causes current working design process knowledge. It can be lound that 

these links have an overall increasing trend over the three design phases, which is the sarne 

as the trend of current working artefact knowledge identified in Chapter 6. 
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Figure F-3: Trend of creation link - WKA causing WKp 

The trend of last group of creation links is shown in Figure F-4, which represents design 
activity causing current working artefact knowledge. The trend chart shows that these links 
have an overall increasing trend over the three design phases, which is the same as the trend 
of current working artefact knowledge identified in Chapter 6. 
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Figure F-4: Trend of creation links - WKp. A causing WK, 4 

Link of containment 

Figure F-5 depicts the seven containment links' trend over the three design phases. Because 
there were only 31 occurrences, it was found that this type of like did not exhibit an obvious 
pattern. The main reason is that the trend was analysed by using the links' percentage within 
each session. If there is only one or two containment links were identified in a session, then 
their percentage would be 100% and 50%. Moreover, there were three sessions without any 
containment links, which caused the break of the link trend. 
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Figure F-5: Trend of containment links - WKp containing WKA 

overall, the links trend analysis shows that for the links with sufficient occurrences, they 
had similar trends to the artefact elements of the links. However, the links with fewer 

occurrences seemed to have no obvious trends. 
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Appendix G EVALUATION WORKSHOP QUESTIONNAIRE 

Evaluating "Coupling product and design process knowledge" 

Product and design process knowledge are often considered to be closely coupled. 
This questionnaire addresses specific aspects of this relationship, namely the main 
elements, their occurrence trends, and their coupling. 

Thank you for your assistance! 

Wenjuan Wang 
Ph. D student 
CAD Centre DMEM 
75 Montrose Str. University of Strathclyde 
Glasgow GI IXJ 
UK 
Tel: 01415482374 

wen juan. wanjz@strath. ac. uk 

Your information: 
Name: 

Email: 

Company: 

Job title: 
Products focus: 

Duration of design experience: years 
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N- Part I Design knowledge elements exploration 
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Please indicate any other elements, which were not listed in this table but can be recognised in your work. 
(You can write at the back of this page) 

Figure G-1: Knowledge elements exploration - Evaluation Part I 
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Part 11 Unk product with design process 
Please indicate in the following two figures of the two types of links among these elements. 

In the Figure 1, please indicate where does the *Cause-effect Ink of creation' exist among these elements 
(E)4[E]indicates A causes the creation of B). 

Figur* 1 Creation linke 

Design case 
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Expected 
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In the Figure 2, please indicate *two does the "Containment link' eyist among these elements (E] --* [E] indicates A contains 13). 
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Figure G-2: Coupling exploration - Evaluation Part 11 
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Appendix G-1: Trend charts 
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Appendix G-2: Product elements explanation/definition 

Expecird(E) 
Designers'expectation towards a product 

Interpreted (1) 
Designers'interprelation ofa product 

A dua4 Working (IV) 
Instanfixion of a product 

Function (F) 
The useful thing the product will do. The 
intention and purpose of the product 

Behaviour (B) 
What the product do 

Structure (S) 
What the product is composed of, and 
their interactions. 

Motivation (NO 
Human being's desires or needs (From 
customers, stakeholders) 

Requirement (Rq) 
Characteristics expected to be fulfilled 
through the design 

FBS mappings, Interconnections (Cn) 
Cause-effect links among F, 13, S, M, Rq 

Constraint (C) 
Restrictions on an accepted product (Not 
include the requirements) 

Activity (A) 
Action takes place during a design 
process 

Goal (G) 
Objective of an activity 

Input (1n) 
Knowledge present prior to a design 
activity 

Output (Out) 
Knowledge present as a result of carrying 
out a design activity 

Resource (Rs) 
Utilised by design activities, such as 
people, hardware, software 

Context (C) 
Factors affect design 

Issues (I) 
Problems to be solved by designers 
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0 Appendix H EvALuATiON RESULTS 
Eight designers from two companies participated two workshops organised in their 
companies. These designers were identified as designer I to designer 8 in this thesis. 
Designers I to 5 come from BAE Systems Surface Fleet Solutions Limited (SFS), and 
designers 6 to 8 come from Company A. Seven of the finished questionnaires were used as 
basis for evaluation (except designer 8 from Company A). The two main parts of the 
evaluation questionnaire finished by each designer are listed in this appendix. They are Part 1: 
Knowledge elements exploration, and Part II: Link product with design process. 
Due to confidentiality, the project part of two questionnaires from Company A was cut out, 
because description of specific product and process were included in this part. 
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F 
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Design knowledge elements explorstion 
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Part 11 Link product with design process 
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Designer 3, SFS 
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Designer 4, SFS 
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Creation links identified through the evaluation 
48 creation links listed in Table H-1 were considered by designers during the evaluation as 
coupling links. Among them, eight were already identified through the protocol analysis and 
40 were not. The 'Designers' columns show the designers identified the link, who are 
identifled by the reference number followed with duration of experience in brackets. 

Table 11-1: Creation links identified through the evaluation 

No. Links Designe'rS NO. Links Designers,,, 

K WKP W A)E -R 
WKAM WKpýG 7(35) 

3 WK&T N%Kp. l. 5(10), 7(35). 4 VVKAAt V; KP-A 5(10), 7(35) 
16(7) 

5 N%KA, 'k 
NVXP-O,, 

t 6(7) 6 WKA/l., - WKp. A 6(7) 

7 WKAu N%ICP-i. 5(10), 3(12) 8 V*TKA/b --- ). WKp. (),, t 5(10) 

9 WKA. Im - WKP-A 
17(35) 

i 10 li WYIA-Sc - V; Kp-G 5(10) 

II WKA-ý. - %NKp-t. 2(25) 12 WYA-s,, - WKp-o,, t, 7(35) 

13 %VK WKA-CR P-hk 2(25) 14 'AWA-Ct NMA-Fit 1(25) 

15 WKAct WKAa, 7(35) 16 WKA-ct WKA-pýq 2(25) 

17 i WKA4N WKP4n 5(10), 4(12), 18 i IVKA-Q )WP-R 7(35) 
13(12), 2(25) 

19 WKA. m 
KA-Rq 2(25) I -WK 

WKA-M 
P-A 7(35) 

: 21 
7- 

WKA-M - 'ýVWP-G 15(10) 122 WKA-m -+ VrK]p-,, 5(10), 3(12) 

23 WKA. m - WKP-oA 17(35) 24 V#TKA-Rq WKA-F. 2(25) 

25 WKA-R4 WKP-G 5(10), 7(35) IVKA-Rq NVKP-1. 5(10), 3(12), 
1(25) 

27 WKpc - WKA/it 7(35) 28 WKP-c - WKp-G 7(35) 

29 ý1-(-F30 
Zip--c-- -wKp-l. -T5 

(, ilo) 
-1 

WKp-c - WKp-ý, 5(10), 7(35) 

31 WKp., WKP-A 2(25), 7(35) 32 WKp-l - WKp-G 2(25) 

33 WKP4 WKP. i. 
17(35) 34 WKp-l - WKp-oýt 5(10) 

35 WKp. j - DKA 7(35) 36 WKpIc - WKp-,,, 3(12) 

37 WKpc - V; KP-R 4(12), 3-(12) - -F38 DKA --* 'VMA 4(12) 

39 DKA NWA-CR 2(25) 40 DKA VVKA- m 2(25) 

41 
ffKAý 1 (25) DKA 5(10), 3(12), 

7(35), 6(7) 

43 DKA IWP-R 3(12), 6(7) 44 DKA WKpc 7(35) 

45 DKA-o WKP-i 2(25) 46 DKA-Fit VMP-C 2(25) 

47 DKA-Bat %VKP-C 2(25) 148 -I 

___I 
DKA-si, WKp-c 12(25) 

EmPloyment links identified through the evaluation 
42 employment links were considered by designers during the evaluation as coupling links 
that arc shown in Table H-2. Among them, eight were already identified through the protocol 
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analysis. The 'Designers' columns show the designers identified the link, who are identified 
by the reference number followed with duration of experience in brackets. 

Table 11-2: Employment links Identified through the evaluation 

No. Links Designer's- 1 No. Links Designers 

I WKA-Bd--* DKA 1(25) 2 WKA-Fit --* WKA-Q 1(25) 
3 WKAcR DKA 2(25) 4 WKA-Ct --- 0 DKA 2(25) 

5 WKA4Dt WKA/It 6(7) 6 WKA-m -0 DKA 2(25) 

7 WKA. m NVKpa 6(7) 8 WKA-Rq --'* WKA-Fe 1(25) 

9 WKA-Rj WK" 6(7) 10 -Rq --- 0 WKA-ct 2(25) WKA 
II WKA-Rq WKA-m 2(25) 112 VTKA-Rq --0 Wyp-G 

1ý 6(7) 

13 WKA-Rq WKpic 6(7) 14 WKA-Rq ---0 WKp-c 4(12) 

15 WKA-s., WKP-A 6(7) 1: 16 WKp-A --0 WKAA, 7(35) 

17 V#rKp-A ---* WKA-m 7(35) Is 
4-- 

WKP-A --0 WKP-i 2(25) 

19 
, 

WKp. G ---'* 
NVKA-Bat 2(25) 20 , WKp-G --0 WKA-m ý! 7(35) 

21 WKpo --* V; KA-Rq 4(12) 22 WKp-,, --* DKA 1 5(10), 3(12), 
7(35) 

23 , WKp-,, ---0 WKAIE S(IO) , 24 , WKp-,, --* WKA/Is 
ý 3(12) 

'25 WKp-,, -0 WKA-m i 5(10), 3(12) 126 1 WKp-,, ---0 WKA-Rq 1 5(10), 3(12), 1 
17(35) 

27 WKp4,, ---0 V; KA-cR 4(12) 28 i WKp.,. --10 WKA-Q 1 5(10), 3(12), ý 
2(25), 7(35) 

29 NVKP-i, ---'* WKp/c 
, 

5(10), 3(12) 30 1 WKP-ot 0 DKA 
, 7(35) 

31 WKp. DA --9 V; KA/it 1 5(10), 2(25) 1: 32 WKp-O, -* WKAA,, 
.. 

5(10) 

33 1 WKp4)w--'OWKp4 15(10), 1(25) 134 . .... ................... 1 1ýiKP-R ---* DKA 1 3(12), 2(25), i 
1 1(25), 7(35), 
16(7) 

35 WKP-R--* WKA/E 17(35) 36 1 NVKP-R--e NVKA4t 17(35) 

37 WKA-M WKP-R 7(35) 38 WKP-R WKP/C 3(12) 

39 ý39 WKP-R -0 WKp-, 4(12) 40 WKP-c -19 DKA 2(25), 7(35) 

, 41 DKA-Brt ---* WKA-B, 
t 4(12) 42 DKA 6( 7) 
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