Design Synthesis For Multi-X

- A ‘Life-Cycle Consequence Knowledge’ Approach

by

Jonathan C. Borg

Thesis submitted to the University of Strathclyde, Glasgow, for the degree of
Doctor of Philosophy

CAD Centre

Department of Design, Manufacture and Engineering Management
University of Strathclyde

Glasgow, Scotland, UK

11™ June 1999



The copyright of this thesis belongs to the author under the terms of the United Kingdom
Copyright Acts as qualified by the University of Strathclyde Regulation 3.49. Due
acknowledgement must always be made of the use of any material contained in, or derived
from, this thesis.



'~ BEST COPY
. AVAILABLE

- Veiriable print quality



Acknowledgements

Anyone, who has gone through a Ph.D., is more than aware that such an achievement is not attained
alone. | am thus very grateful to my Ph.D. supervisory team, composed over the years of Dr.Xiu-Tian
Yan, Prof.Neal P.Juster, and Prof. Ken. J. MacCallum. They have all, in their very own individual
way, provided me with professional supervision and research training at different stages of my
registration period. Moreover, | would like to thank them for being patient with me in moments | was
perhaps a bit impatient. My sincere thanks also go to Prof.Mogens.M.Andreasen, who following a
recommendation by the CAD Centre Director, Dr.Alex H.B.Duffy, made it possible for me to pay
research visits to the Technical University of Denmark, this allowing me to greatly benefit from his
very own professional and technical expertise during lengthy discussions about my research work.
Thanks thus also go to Dr.Alex H.B.Duffy for providing me with a helping hand in the difficult time
following Prof.MacCallum’s departure from the University of Strathclyde and also for the penetrating
questions he raised during internal research seminars, that uniquely made me really ‘think’. Thanks
also go to the CAD Centre staff and research students for the many academic and non-academic
discussions from which | tremendously learnt. A special thanks goes to Mr.Frank J.O’Donell, not
only for raising valuable research discussions and being a true friend in time of need, but also for
teaching me how to ‘chill off in an irish way. An extended thanks goes to all the participants
involved in the research evaluation exercise and to Mrs.Doreen Sehgal, Departmental Secretary, for

providing valuable help and tips on living in Glasgow.

| would also like to thank the University of Malta for the financial support provided, allowing me to
carry out Ph.D. research visits to the University of Strathclyde, the Technical University of Denmark
and to participate in a number of international conferences/workshops. In particular, | would like to
thank Eur.Ing.F.E.Farrugia, Head, Department of Manufacturing Engineering, for encouraging me to
embark on this lengthy postgraduate training process and for making it possible to ‘mix n match’ my

lecturing and research commitments during my Ph.D.

From a different but equally important perspective, | would like to heartily thank, both my parents,
who lovingly and with personal sacrifices, inftialized and continuously supported my learning process,
in their very own unique ways. Sincere thanks also go to my in-laws and relatives, for the routine
support provided to my wife and daughter, during my long and frequent research periods away from

home.

An infinite ‘thanks’ goes to my wife Jacqueline for her tremendous love, patience and morale support
throughout this Ph.D., for carrying the major portion of family duties and for her encouragement in the
difficult times. | also want to specifically thank her for being such a wonderful and caring mother to

our daughter lona, especially during the many times | was away from home.

Finally, | would like to thank God Almighty, Who guided me throughout this period of my life and Who
blessed me with the faith [Mark, Chp. 11, 23-24] required to go through and complete this Ph.D.



Abstract

Product design decisions can result in unintended consequences that propagate
across multiple life-phases such as manufacturing, use and disposal. If designers are
to generate ‘life-oriented’ solutions, handling this phenomena is a necessity. Due to
the sequence of life-phases, knowledge of such ‘life-cycle consequences' (LCCs) is
generated late, after decisions have been committed. Thus, designers have
difficulties in foreseeing LCCs co-evolving with their solution.  Further, a literature
review established that, designers currently lack adequate support to foresee and
explore LCCs during synthesis. To address this ‘Design Synthesis for Multi-X (DsFXX)'
problem, this thesis proposes, implements and evaluates a computational ‘Knowledge

of life-cycle Consequences (KC)’ approach.

The establishment of a phenomena model disclosing how LCCs are generated from
two different conditions has highlighted the necessity of concurrent ‘artefact’ and ‘life-
phase system’ synthesis. This provided a foundation of how to model and timely
utilize LCC knowledge for revealing LCCs co-evolving with a solution description. This
resulted in a framework for the ‘KC’ approach consisting of: the ‘LCC knowledge
modelling frame’ which presents a formalism of ‘what’ elements to acquire and model
for an application domain, together with how to structure the established relationships
into ‘LCC inference’ and ‘LCC action’ knowledge; an ‘artefact life modelling’ frame
which provides a formalism for describing ‘artefact life’ compositional models that
support the inference of LCCs; and the ‘operational frame’ which discloses principles
of how a LCC knowledge model can be utilized to amplify the human designer's
capabilities. By identifying system requirements, an architecture and knowledge
codification schemes, the framework was realized as a Knowledge Intensive CAD

prototype, ‘FORESEE’, for the thermoplastic component domain.

An evaluation of FORESEE established that the ‘KC' approach integrates synthesis
with foreseeing multiple LCCs. This is fundamentally different from first generating a
candidate solution and afterwards analysing the solution for conflicts with artefact life
issues. The ‘KC' approach thus provides a step towards realizing pro-active DsFXX
support. However, further work is required to the framework and FORESEE to

practically exploit its utilization.
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Chapter 1
Introduction

chapter

1.0 Introduction

Rising
expectations

Expectations

Developing
products that
cater for total
life issues

Besides providing the market with products that fulfill their function
[Roozenburg et al. 1995] to rising customer expectations [Farish 1992],
manufacturing firms are increasingly expected to deliver 'life-oriented’ products
that incorporate various total life-cycle values [Ishii 1995].  For instance,
artefacts are expected to be easy to produce [Lindbeck 1995], assemble
[Boothroyd et al. 1991], test [Lawlor-Wright et al. 1995], service [Eubanks et
al. 1993] and cater for end-of-life issues by facilitating automated dis-assembly
[Boks et al. 1997] and recycling [Seliger et al. 1994].  In achieving all this,
manufacturing firms are also expected to keep costs low, deliver products on

time and within a quality context [Clausing 1994; Dooley 1994].

1.1 Product Development Reality

Coping with this complex product development reality has gradually changed
the focus of industry to the product design process [Duffy et al. 1993; Blessing
1994]. Of relevance is that as argued by Berliner & Brimson [Berliner et al.
1988], investments made to generate good design concepts give higher
returns than equivalent efforts made in other areas such as manufacturing
methods. Thus, in today’s industrial climate, “design is a tool for competition”
[Stenros 1997]. However, whilst designers are being expected to consider a
host of total life issues during design, there is enormous pressure to reduce the
overall time and cost of product development [Rogers 1997; Swift et al. 1997].
As a result, the effort necessary to create total life oriented design solutions is
resulting in additional complexity [Andreasen et al. 1997] during the product
development task. This research is concerned with this role of the design
process and how designers can be supported in the context of generating
mechanical artefact conceptual solutions, that cater for a host of total life
issues. To introduce the design problem motivating this research, this
section proceeds with an outline of the realities involved in developing ‘life-

oriented’ design solutions.
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1.1.1 Concurrent Engineering Trends

To deliver products that cater for a host of total life issues, industry
increasingly raised an interest in concurrent engineering [Cleetus 1992; Jo et
al. 1993; Parsaei et al. 1993], sometimes termed simultaneous engineering
[Belson 1994, Ranky 1994; Molina et al. 1995, Wallace 1997].
Unfortunately, the term concurrent engineering has been used to mean a
number of different things, both to practitioners and researchers, all this
baffling potential users of such an approach. As a matter of fact, one can
encounter several definitions having varying views. According to a
practitioner [Dan 1992], concurrent engineering (C.E.) is focused on a team
based, design approach. Others view it as related to a cultural change
consisting of redefining organizational structures and breaking down barriers
between disciplines that have previously worked in isolation from each other
[Albano et al. 1994]. An alternative view focuses on ‘what’ is being decided or
learned, as opposed to ‘who’ is deciding or ‘how’ it is being done [Douglas et
al. 1993], the argument being that the key issue in C.E. is the accumulation of
knowledge. Winner’'s [Winner 1988] definition:

“Concurrent Engineering is a systematic approach to the integrated,

concurrent design of products and their processes, including manufacture
and support. This approach is intended to cause the developers, from the

outset, to consider all elements of the product life-cycle from concept
through disposal, including quality, cost, schedule and user requirements.”
primarily focuses on the need of concurrently designing both product and
process solutions and emphasizes the need of considering all product life

issues, early in the design process.

The US DARPA Initiative in Concurrent Engineering (DICE) program provides

a definition [Cleetus 1992] that considers ‘what’ is actually involved :

"CE is a systematic approach to integrated product development that
emphasizes response to customer expectations and embodies team
values of cooperation, trust and sharing in such a manner that decision
making proceeds with large intervals of parallel working by all life-cycle
perspectives early in the process, synchronized by comparatively brief
exchanges to produce consensus.”

This highlights the role of team members taking a different perspective
towards the artefact design solution. Also, it explicitly points out the role
group decision making has in such an approach to bear on every issue being
decided upon. In spite of the varying views taken by these definitions and
many others found in [Prasad 1996a], they essentially reflect what this thesis
considers as being two key elements of a C.E. approach, these schematically

illustrated in Figure 1.1:
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* the synergetic consideration of both functional and life-cycle issues,

referred to in this research as concurrent consideration (CC). This

concurrency element is viewed as being related to the ‘life-oriented’
knowledge (‘knowledge’ being inclusive of data, information and
experience) available and employed during the execution of a design
activity;

e the concurrent execution (CX) of independent or semi-independent

product development activities such as the design of a thermoplastic
component and the design of its mould tool. This is viewed in this thesis

as related to the time dimension between product development activities.

Concurrent Consideration (CC) Concurrent eXecution (CX)

LA 7/Design of component ‘A’ / —>
Assembly
v ervice ‘ De3|gn n of tooling tooling for
Recycling ‘ CM/\
Machining of component ‘B’
PI’OdUC&b“Ity Funct;o

Time : Time

/7% An activity i>A Life-cyle perspective <> A candidate design solution
Figure 1.1 - Concurrency elements

These concurrency elements are reflected in various research efforts. Some
relate to concurrent consideration (CC), examples being [Ishii 1991,
MacCallum 1992; Olesen 1992; Molloy et al. 1993; Morup 1993; Chal et al.
1997; Tichem 1997]. Others focus upon enhancing the collaboration
between various product development actors so as to share and communicate
information [Karinthi et al. 1992; Cleetus 1993; Park et al. 1994; Kiriyama et
al. 1996; Maher et al. 1997; Prasad et al. 1997] thus permitting the concurrent
execution (CX) of activities in a virtual enterprise [Gadient et al. 1997;
Williams et al. 1998].

Collectively, these elements reflect that C.E. requires more than the
concurrent execution (CX) of product development activities or, simply an
approach that focuses on considering single artefact life-phase issues, like
with for instance Design For Manufacture (DFM) [Boothroyd et al. 1991].
Rather as defined by Winner [Winner 1988], a C.E. approach is also
concerned with the consideration of all product life-cycle issues as from the

outset of the design process. Olesen [Olesen 1992] thus argues that besides
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simultaneity i.e. the execution of interrelated tasks at the same time and the
integration of relevant functional areas during the development process, an
important element of concurrence is providence, i.e. foreseeing and taking into

account aspects of the total life that are fixed or determined during design.

1.1.2 Shift Towards ‘Design Synthesis For Multi-X’

Due to the CC element, designers are being prescribed to adopt 'life-oriented’
design approaches [Olesen 1995; Chal et al. 1997]. Such a prescription
reflects the significance of an approach promoting the ‘generation’ of a
solution catering for a host of artefact life issues, termed in this research as

‘Design Synthesis for Multi-X" (DsFXX).

‘Function’ was traditionally the prime consideration of designers in many types
of industry [Duffy et al. 1993]. Focusing on ‘function’ results in products that
can be time consuming and costly to produce as they can involve a large
number of parts and assembly operations [Lindbeck 1995]. Olesen [Olesen
1995] argues that treating solution concepts from a functional point of view is
only one aspect of one meeting [Mortensen et al. 1996] taking place during the

total life of a product i.e. the meeting between the product and the user.

Focusing on function therefore leads to products that are “not being designed
for...” [Duffy et al. 1993] a number of ‘X-abilities’, where as stated by Prasad
[Prasad 1996], X-abilities reflect a number of total life values:

“X-ability < {manufacturability, maintainability, assemblability,

serviceabllity,...}’
Designing and delivering products that cater for a host of ‘X-ability’ values is
thus the foundation of the competition game [Prasad 1996]. Hence, as
reported in [Duffy et al. 1993], the early eighties emphasis in industry on shop
floor automation, shifted in the nineties to the design process, dominated by
“Design-For-Almost-Everything.” Similarly, Brown [Brown 1996] reports ‘the
number of lities” are growing.” Further, Farbricius [Fabricius 1994] argues
that a design solution must be found by using a wide angle focus by
considering all the performance measures termed universal virtues [Olesen
1992] - cost, lead time, quality, flexibility, risk, efficiency and environmental
effects. As a result of this shift, there is an increasing interest in total life-cycle
issues, as evident from examples of academic research thrusts [Bowen et al.
1990; Alting et al. 1995; Spath et al. 1996; Vajna et al. 1997; Wallace 1997]
and industrial practice [Franze 1997; Timperi 1997].
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1.1.3 Decision Intensive Design Process

S,fr)luﬁog space of  The alternatives encountered in the solution space make the design process,
aiternatives

makes design decision intensive [Joshi 1991; Olesen 1992; Starvey 1992; Mistree et al.
deoiren 1993; Jeang et al. 1995; Willemse et al. 1995; Medland 1997]. Typical
decisions concern, for instance, the selection of appropriate function means,
type of materials to employ, configuration layout, and the connection
technology to be employed between different parts. Clausing [Clausing 1994]
even attempts to quantify the large number of decisions involved for large,
complex products. The reality therefore is that as from the early design
stages, decisions are being made on many aspects of the artefact being

designed, as evident by the survey found in [Duckworth et al. 1998].

1.1.4 A Phenomena: Decisions Result in Life-Cycle Consequences

Dispositions Decisions which seem good for one life cycle requirement can lead to
problems with other requirements.  Thus, design decisions are associated
with consequences [Andreasen et al. 1990; Duffy et al. 1993; Dym 1994; Swift
et al. 1997; Tichem 1997] that can be intended/unintended and
good/problematic [Borg et al. 1998]. Hubka & Eder [Hubka et al. 1988] argue
that every design decision, including early design decisions, has an influence
on the following life-phases.  This natural phenomena of consequences is
termed the concept of dispositions [Olesen 1992], where a disposition means
that part of a decision taken within one functional area (i.e. product design)
which effects the type, content, efficiency and progress of activities within
other functional areas (e.g. assembly).  Design decisions thus influence the
performance of other life-cycle phases in terms of measures such as cost and
time. For example, a decision to use four screws for the assembly of a
product, influences a host of product development areas — the design
department, the purchasing department, stores, the production department,
the quality control department and the sales department [Andreasen et al.
1987]. Thus, as disclosed in Chapter 2, design phase decisions can have
consequences that propagate across multiple artefact life phases. The reality
therefore is that design decision making is integrated with the phenomena of
such life-cycle consequences (LCCs), irrespective of whether a consequence

is intended or unintended from a designer’s viewpoint.

1.1.5 Limited Designer’s Knowledge Of Life-Cycle Consequences

Lack of Though Tomiyama [Tomiyama 1996] highlights the need of employing product
knowledge
life knowledge as from the early design stages, Olesen [Olesen 1995] argues
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that designers have a lack of life-cycle phase knowledge. As argued in this
thesis, due to the traditional formal training received and their personal
experience of artefact life issues, designers do not generally possess a
breadth and depth [MacCallum et al. 1987] of knowledge related to the
different product life-cycle phases.  As a result, designers lack knowledge
about a host of LCCs resulting from design decisions. Thus, designers
frequently engage in decision-making under ignorance of LCCs arising from

their decisions.

Technical information available during design is known to play a significant
role in the quality of the design solution [Hubka 1985].  Therefore, a lack of
appropriate LCC knowledge, can influence the quality of design decision
making. For instance as argued in [Duffy et al. 1995] :

"when carried out by individuals, decision making can be subject to

individuals' limited knowledge, experience etc. Consequently such decision
making can be based upon limited insight into the problem at hand and
thus result in low gquality decision making."

Foreseeing consequences resulting in the different life phases has long been
acknowledged as an important designer ability. For example Hubka & Eder
[Hubka et al. 1988] state that :

“This design process includes human beings and their social context (in
the widest sense), and consists of partial processes such as planning,
predicting a market, financing, designing, evaluating, etc., and anticipating
the needs and problems of developing, manufacturing, assembling,
assuring quality, testing, marketing, repairing, maintaining, using,
disposing, impacting the environment etc.”

However, how these consequences can be foreseen and appropriately handled
during early design is still a bottleneck, this evident from industrial examples
encountered in this research and therefore a worthwhile research thrust. ~ For
example deciding on tolerances is one of the important tasks of the designer,
but [Meerkamm 1997]

“Very often he [the designer] cannot foresee the consequences of his

choice in accordance to function, production process, inspection and cost.”
Consequences impinging on artefact life phases frequently influence
performance measures. For example, a mould tool maker [Smith 1997] argues
that:

“There are often times when simplifying the basis of the [artefact] design

can save time in the creation of the tool and mouldings, drastically
reducing costs.”
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Thus, the lack of relevant knowledge in the early design stages is a major
cause of many downstream life-cycle problems [Salzberg et al. 1990]. These
circumstances reflect that for the concurrent consideration element of C.E.,
there is great scope of amplifying the designers’ knowledge during design
decision making, with ‘knowledge of LCCs’ to help them generate early, life-

oriented design solutions.

1.1.6 Inadequate Means Supporting ‘Life-Oriented Design’

The literature review in Chapter 4 reveals that designers lack adequate
support during early design allowing them to foresee unintended
consequences influencing multiple life phases. Awareness provided is narrow
and segmented (single ‘X’). Further, knowledge of LCCs is provided /ate,
mostly during solution analysis rather than synthesis, thus not supporting
‘artefact life solution’ exploration. That is, designers currently have inadequate

means to handle the phenomena of LCCs solution synthesis.

1.1.7 Design Problem Outline

In summary, the reality with which this research is therefore concerned, is that:
e designers are being expected to consider more issues concerning the total
artefact life when generating design solutions. This transition to DsFZX

therefore increases the demands being made of designers;

e design decisions have a consequence, good or bad. Moreover, decisions

made can propagate consequences across multiple artefact life phases;

e knowledge of such LCCs is thus distributed amongst various artefact life
actors. At the same time, practice shows that life cycle actors are too busy

to continuously and effectively form part of a design team;

e due to a lack of ‘life cycle consequence’ knowledge, designers are
frequently unaware of the many unintended life cycle consequences being

generated when they commit design decisions.

e current means are deficient in addressing this problem as they allow
design decision making to take a narrow focus. Further, awareness of
such LCCs, if any, is revealed too /ate, thus making ‘life-oriented’ solution

generation and exploration difficult to achieve.

Therefore, handling the phenomena of propagating /ife-cycle consequences as
from early design is a necessity if designers are to generate solutions

satisfying a host of total life issues.
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1.2 Research Project Description

Based on the design problem reality outlined in section 1.1, the overall
motivation behind this research is to pro-actively support mechanical artefact
designers in generating early, ‘life-oriented’ design solutions.  To conduct
Ph.D. research [Phillips et al. 1996] in a planned way, the research
methodology employed in this Ph.D. (recently published in [Duffy et al. 1998])
is based on a mixture of theoretical foundations and experimental activities.

This is discussed next and outlined in Figure 1.2.

1.2.1 Research Methodology

Case-studies encountered with product design and development practice in
industry (1a) together with a literature search (1b) provided the foundation for
characterizing the design problem (2) with which this thesis is concerned.
A basic hypothesis (3) for a solution to the identified problem was generated,
this giving rise to a research problem (4). On tackling the research problem,
a solution (5) was arrived at, accompanied by the co-evolution of research
sub-problems. To test the effectiveness of the solution, the research project

embarked on experimentation.
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Figure 1.2 - Research methodology - modified from [Duffy et al. 1998]

This provided a basis for critical evaluation (6) of the result, enabling the
identification of both strengths and weaknesses of the solution and thus the
identification of future research directions. During this project, information
extracted from a number of student projects [Borg 1995; Portelli 1995; Grech
1996; Bonello 1997; Cutajar 1997; Galea 1997] supervised by the author was

also utilized as an additional input to different phases in the methodology
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(Figure 1.2). Finally, the elements in the methodology collectively contributed
to the generation of this Ph.D. document.

Solution Hypothesis

This research argues that for designers to generate life-oriented design
solutions, they need to foresee during synthesis, unintended LCCs co-evolving
with their early solution description.  The argument being made here is that
for ‘concurrent consideration’, the decision making process will be better
accomplished by reasoning with knowledge providing an insight into the
associated life-cycle consequences. It is natural to expect that through the
explicit awareness of possible LCCs arising from their design decisions,
designers would at least be motivated to consider modifying/rejecting design
decisions which are likely to generate unintended LCCs. This may mean that
more design decision alternatives have to be considered but the hypothesis is
that the quality of the committed decisions will be better for generating life-
oriented design solutions. Therefore, the hypothesis is that explicitly and
systematically providing designers with knowledge of the LCCs co-evolving

with a design solution, will:

e assist designers in becoming aware of a host of solution specific

unintended LCCs influencing multiple artefact life-phases;

e motivate and support designers in exploring, during synthesis, the co-

evolving artefact life solution and problem space;

e guide designers to make decision commitments more consciously with

respect to artefact life issues.

High Level Research Problem

The high-level research problem therefore concerns:

How can designers be explicitly provided with knowledge of LCCs co-

evolving with their design solution description?

The variety, complexity and interaction [Meerkamm 1994] of artefact life
issues that have to be concurrently considered during design decision making,
make the manual exploration of a design problem and solution space difficult.
Given the human being's mental storage capacity and processing limitations
[Ellis et al. 1989], Computer Aided Design (CAD) support, acting as a
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knowledge amplifier’ [MacCallum 1992a] is seen as a suitable solution to how
designers can be provided with knowledge of LCCs co-evolving with their
solution description. Relevant research by Olesen [Olesen 1992] resulted in a
design approach based on provident thinking so as to optimize the conditions
during production and the product’s life. Olesen provides a theoretical
foundation for providence through the theory of dispositions. This initial
theoretical foundation can therefore be exploited to develop a suitable
computational DsFXX means to support designers in the generation and

exploration of ‘life-oriented’ design solutions.

Computational Means Development Framework

A foundation upon which to develop computational design support systems is
the framework (Figure 1.3) found in [Duffy & Andreasen 1995]. It is argued that
for a computational means to make an impact on the design reality it is trying
to support, it should be based on knowledge models derived from descriptive
models of the reality, termed phenomena models. The specific phenomena
concerned with in this research is that design decisions give rise to life cycle
consequences, irrespective of whether the designer is aware or not. A
phenomena model aims to explain through observations made, how the

phenomena is caused in reality.

t

Figure 1.3 - Computational means development framework — adopted from [Duffy & Andreasen 1995]

The knowledge model is concerned with what elements should form part of the
knowledge structure, and with how these elements should be related to each
other and organized in order to result in codified [Tomiyama et al. 1995]
knowledge. The computer model encompasses existing or new techniques
to realize and manipulate the knowledge model for supporting the design
reality. Thus key tasks in developing the required computational DsFXX

means are LCC phenomena and knowledge modelling.

10
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1.2.2 Aim and Research Objectives

Based on the foregoing discussions, the research aim therefore is to:

Develop and evaluate a computational approach to DsFXX as a means
to pro-actively guide designers in generating ‘life-oriented’ solutions, by
supporting them during synthesis, in foreseeing and exploring,
unintended life-cycle consequences co-evolving with their solution

description and propagating across multiple life-phases.

Based on the overall research methodology and the computational means

development framework, this aim will be met through the following objectives:

(a) to characterize the research problem, by:

establishing what the design problem is, by disclosing the phenomena of

propagation effects associated with a mechanical artefact’s life;

identifying the requirements for a ‘life-oriented design’ approach that can

handle the phenomena of propagation effects;

identifying strengths and weaknesses of existing means supporting ‘life-

oriented’ design from the perspective of providence;

(b) to develop a computational approach to DsFXX, by:

establishing a phenomena model that provides a formal explanation of

how life-cycle consequences are generated;

exploiting the LCC phenomena model explanations to establish an

approach framework describing how LCC knowledge can be modelled and

explicitly utilized during synthesis to pro-actively support DsFZX;
establishing a formal LCC knowledge model for realizing the framework;

identifying CAD system requirements and architecture for realizing the

framework in a computational form;

(c) to evaluate the developed approach to DsFZX by:

implementing the framework as a prototype CAD tool;
applying the CAD prototype to a design scenario;

analysing the CAD prototype evaluation results to establish the strengths
and limitations of the novel approach to DsFZXX, this leading to the

identification of future research avenues.

11
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1.3 Thesis Structure

Founding chapter  This chapter laid the foundations for this thesis by introducing the basic
problems facing designers as a motivation to the research aim and objectives
presented. Building on this chapter, the rest of this thesis is split up into three
parts ‘A’, ‘B’ and ‘C’, as illustrated in Figure 1.4.

Characterizing The Research Problem
Chapter 2 - Mechanical Artefact Life Phenomena Characterization
Chapter 3 - Characterizing ‘Design Synthesis For Multi-X’
Chapter 4 - A Review of Means Supporting ‘Providence’
Chapter 5 - Established Research Problem

Part ‘A’

Development of a ‘KC’ Approach to D FXX
Chapter 6 - Life-Cycle Consequences Phenomena Model
Chapter 7 - A ‘Knowledge of LCCs’ Approach Framework to D,FZX
Chapter 8 - Formalism of A LCC Knowledge Model
Chapter 9 - FORESEE - A KICAD Prototype Implementation

Evaluation, Discussion and Conclusions
Chapter 10 - Evaluation of FORESEE To Supporting D,FXX
Chapter 11 - Discussion
Chapter 12 - Conclusions

Part ‘C’

Figure 1.4 - Thesis structure
As a foundation to what the design problem is, Chapter 2 discloses the phenomena of
propagation effects associated with a mechanical artefact's life and its implications on
design. Chapter 3 focuses on the transformation taking place during the design phase so as
to identifying characteristics required in a ‘life-oriented design’ approach, for handling the
phenomena of propagation effects. Chapter 4 presents a critical review of different means
by which ‘life-oriented design’ is supported from the perspective of providence. Chapter 5
closes Part ‘A’ by presenting the established research problem and the Ph.D." s research
boundary. Part ‘B’ presents the development of the 'KC' approach to DsFEX. Chapter 6
presents a LCC phenomena model that formally describes how LCCs are generated.
Exploiting this understanding, the concept of a 'Knowledge of life-cycle Consequences’ (KC)
approach framework to DsFZX is presented in Chapter 7. Chapter 8 presents a formalization
of a LCC knowledge model for supporting DsFZX at the component level. It establishes
what artefact life elements need to be modeled and how they should be related to be
transformed into meaningful and computationally feasible knowledge. Chapter 9 identifies
the system requirements and architecture of a Knowledge Intensive CAD (KICAD) tool
realizing the ‘KC' approach framework. It presents implementation issues for a prototype,
‘FORESEE’, realized for evaluation purposes. Part ‘C' commences with Chapter 10 that
presents an evaluation of FORESEE to supporting thermoplastic component DsFXX.
Chapter 11 discloses the original contributions made, discusses their implications and
validity, and proposes avenues for future research to develop the results further.  Finally,

Chapter 12 closes this thesis with conclusions resulting from the work presented.

12
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2.0 Mechanical Artefact Life Phenomena Characterization

Chapter Scope

System view

Multiple
structural
viewpoints

The aim of this chapter is to disclose the phenomena of propagation effects
associated with a mechanical artefact’s life, this providing the foundation to
what the design problem is that this research work has been embarked upon.
For this purpose, section 2.1 provides a theoretical background to what
comprises a mechanical artefact. Section 2.2 then presents a
decomposable total artefact life model to characterize what is involved in a
mechanical artefact life. A number of observations based on the established
artefact life model and examples are then presented in section 2.3 in order to
reveal the propagation effect phenomena that occurs during an artefact’s life
due to design phase decisions. Chapter conclusions highlighting design phase

implications as a result of this phenomena are made in section 2.4.

2.1 Mechanical Artefacts

There are many artefact domains [Mills 1993] such as mechanical, electrical
and electronic. This research focuses on industrially manufactured,
mechanical artefacts in which, unlike with craft-based artefacts, the activity of
designing is separate from the activity of making [Cross 1994]. Using the
‘Theory of Technical Systems’ [Hubka et al. 1988], this research considers a
mechanical artefact as a system that can be decomposed into systems of a
finer resolution [van den Kroonenberg 1987; Roozenburg et al. 1995]. As
Hubka & Eder [Hubka et al. 1988] explain, a system is a finite set of elements
collected to form a whole under certain well-defined rules, whereby certain

definite relationships exist between the elements and its environment.

Treating a mechanical artefact as a decomposable system allows it to be
studied at different levels of complexity [Hubka et al. 1988]. Many structural
solutions are superimposed in an artefact [Andreasen et al. 1996]. Thus, an
artefact structure can be viewed from different perspectives: synthesis
oriented view, functional view, product life view and product assortment view
(Figure 2.1).

14




Chapter 2
Mechanical Artefact Life Phenomena Characterization

Functional views
on structures

Synthesis oriented
or genetic
product structure

Product life views

Product assortment on structures

view (varians and
familiarity)

Figure 2.1 - Multiple product structure viewpoints - [Andreasen et al. 1996]

Zmd:;t Observing an artefact system from a constructional (parts) synthesis viewpoint
reakaown
structure gives rise to a product breakdown structure (PBS), typically termed a

compositional model [Kerr 1993; Tichem 1997] (Figure 2.2).

Product design elements

@ Product
@ ‘% Sub-Assembly

Component

Component elements

snap-fit rib boss wall

—» part_of

Figure 2.2 — Product design elements present in an artefact structure
Product design - |n this structural view, an artefact system consists of a number of elements,
elements
termed in this research product design elements (PDE), related to each other
with ‘part of’ [Winston et al. 1987] relationships.  In correlation with Blessing

[Blessing 1994], a PDE can be :

e a sub-assembly. i.e. an element composed of a set of other PDEs. An
example is a telephone’s electronic circuitry enclosure, consisting of PDEs

such as the numeric buttons and thermoplastic cover (Figure 2.2);
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* a component. i.e. a single material element produced without any

assembly operations; e.g. telephone’s bottom plastic enclosure;

* component elements: these are elements that constitute a component e.g.
for the bottom plastic enclosure, component elements include form

features, material, snap-fits and rib features.

Of relevance to this research is that from a synthesis oriented viewpoint, only the
constructional artefact description will be complete [Andreasen 1991a] at the end
of the design phase and hence communicated to the other life-phases. During the
design phase, the designer is thus gradually making definitions to the PBS with

different PDEs, that will than be communicated to the next life-phases.

2.2 A Mechanical Artefact Life Model

It is difficult to characterize the life of different mechanical artefacts in terms of
a single model. For this reason, this section presents a number of models as a

foundation to the decomposable artefact life model used in this research.

There are many terms related to ‘artefact life’ such as ‘useful life’, ‘launch-to-
finish’ time [Prasad 1996] and commercial life cycle [Willemse 1997]. For this
research, the artefact life is the total elapsed time it takes from when the need

for an artefact is established to when the artefact is removed from existence.

An artefact life is composed of a number of phases during which there is a
transformation of an operand (information, material or energy) [Hubka et al.
1988] from an initial state, to another state. A phase is a time segment in the
artefact’s life. For instance, Hubka & Eder [Hubka et al. 1988] state that for
technical systems the life-span can be divided into four phases: origination,
distribution, operation and liquidation. ~Similarly, Ishii [Ishii 1995] distinguishes
between a number of life-phases, product manufacture, assembly, consumer

service and reuse/recycle/disposal.

As Tjalve [Tjalve 1979] explains, all artefacts are created, used and eventually
discarded. By expanding and arranging these events in a sequence, Tjalve
provided one of the first artefact life models, shown Figure 2.3. The first phase
in this model is ‘design’, during which Tjalve states that possible methods of
satisfying the user needs are examined and the finally chosen product is

completely specified. As acknowledged by Tjalve, the model is not intended

16
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to detail every step in the life of the product - for example it omits the stage
during which the production method is designed and chosen. The next phase
is ‘manufacturing’ during which the design solution is realized as a physical
artefact. Following this, the product is sold in the ‘Sale’ phase, first to the
dealer and then to the end customer. During the ‘Using process’ phase, the
artefact functions according to its intended purpose. The artefact’s life ends
with ‘Destruction’.

Feed-back information

Specification
of the product

Raw materials MANUFAC TU/?E JA L DESTRUCTION Waste
| material
|

Pfoduct’
Object in L Object in
first state second state
i US/I\/G pk'OCESS r -

Figure 2.3 — Tjalve’s artefact life model - [Tjalve 1979]

A more recent model by Tichem [Tichem 1997] characterizes the artefact life
in terms of design, parts manufacture, assembly, distribution, use/service and
retirement phases (Figure 2.4). Tichem explicitly includes ‘parts manufacture’
and assembly, which are activities that are significantly influenced by design

phase decisions.

. parts N \use/ :
design Xmanufact.) assembly) dlstnbutlon/ SBIIDE ) retlrement>

Figure 2.4 — Tichem’s artefact life model - [Tichem 1997]

Olesen [Olesen 1992] provides a more detailed life model by including typical

systems effecting the transformations occurring in each phase (Figure 2.5).

§ \g N Y
VIR N N 3 N
$REF L DT W
\ N 5 &X\ S S\\'\"ﬁ
DI DB (ETE BN Uy
Pide LR] &y R
NN AR R v g
Sedd ¥ S &3 F&d
O O o o O O 30 O O O
777 3 I RS LN Y
[ Sy
Proquction Distribationx  Use Kewova (

Figure 2.5 - Olesen’s artefact life model - [Olesen 1992]

A model partially covering the artefact life is that found in [Roozenburg et al.
1995], consisting of the product planning, strict development and realization
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phases (Figure 2.6). In these phases, a number of activities are executed e.g.
an activity during strict development is production development. This model
highlights that product development handles information, the outcome being a

product design solution, marketing plan and production plan.
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Figure 2.6 - Partial artefact life model adopted from [Roozenburg et al. 1995]

Hales provides a model (Figure 2.7) characterizing the artefact life in terms of
the artefact’s state and corresponding life activities [Hales 1993]. For
example, the initial state is information (idea/need/proposal/brief), which is
input into the market and problem analysis activities in the ‘task clarification
phase’. Later on this evolves into a ‘working product’ that is input to the use
phase. This model also represents information feedback loops between

activities e.g. ‘use experience’ is fed back to the conceptual design phase.
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Figure 2.7- Hales' artefact life model — adopted from [Hales 1993]
2.2.1 Life-phase Transformations

The sample models presented reflect that an artefact life is composed of a
number of phases during which there is a transformation of an operand from

an initial state, to another state.  Of relevance is that Roozenburg & Eekels
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[Roozenburg et al. 1995] state that the world around us is being continuously
transformed from a state Sy through a natural, autonomous course of events
(Figure 2.8a) to a state S,. They explain that this autonomous course of
events can be intervened by purposeful action to change the autonomous

transformation to a new direction S’; (Figure 2.8b).
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(a) - Autonomous transformation (b) - Purposeful transformation

Figure 2.8 - Autonomous & Purposeful Transformations - adopted from [Roozenburg et al. 1995]

Transformation  The purposeful transformation from state Si to S'» does not always lead to just
consequences

the desired effects, but also to side-effects [Roozenburg et al. 1995] formally:

S1 + purposeful action => S’, = (desired effect + side-effects).

This reflects that resulting effects (consequences) of purposeful actions are not only those
that are desired and hence intended but include unintended side-effects. For instance, the
transformation of a blank piece of mild steel into a component of a specific form and
dimension (desired effect) with a milling process (purposeful action) is accompanied by side-

effects: chip formation, noise, tool wear and material wastage.

2.2.2 Evolving Operand States
Operand states  Some models (e.g. Tjalve's) reflect that during the artefact’s life, there is a
flow of information, energy and material, this in accordance with the theory of

technical systems [Hubka et al. 1988].

Intra-phase An artefact exists in different intra-phase states. For instance, during its
States
realization phase, an artefact, (e.g. a fluid valve), may be in the form of raw
material, then cast to the required form, resulting in a rough surface and later,

following a grinding process, to a state in which it has a superior surface finish.

Inter-phase An artefact also exists in states during the interface between one phase and
states
another, this termed an inter-phase state e.g. at the start of the use phase, the
artefact is in a new condition, whilst at the end of the use phase, it is usually in

a state in which its functional performance is lower.
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2.2.3 Phase Composition

The concept of a phase involving an autonomous or purposeful transformation
process of some operand, enables a phase to be viewed as consisting of a set
of transformation systems [Hubka et al. 1988] that deliver the transformation
effects (Figure 2.9a). For instance, Figure 2.9b illustrates an example from
[Olesen 1992] of a production phase, consisting of a fabrication and assembly

system. The fabrication system is in turn composed of a milling machine.

Legend:
partof o el R A §
---- ; Fabrication -i:Assembly:ﬁ'
E Input state - 4 ‘
s
=1 =i
i © Output state

Phase
nomenclature

Finer resolution

e.g. Fabrication system -
e.g. CNC milling system —-

/ /
Material
Handling

(b)

L A phase

(a)
Figure 2.9 - Life-phase composition

2.2.4 A Decomposable Artefact Life Model

As with any system concept, a life-phase can therefore be decomposed into
different levels of resolution. As evident from the models presented, this
results in a lack of correlation between the nomenclature and number of
phases employed to describe the life of a mechanical artefact. To avoid
confusion, this research considers a mechanical artefact life to consist of the
design, realization, use and disposal phases, composed of systems (Figure
2.10) that cause the relevant transformations. Figure 2.10 also shows the
inter- and intra-phase states in which a mechanical artefact (as an operand)
exists during its life. An outline of the transformations performed and typical

systems involved in these different life-phases follows next.

~

1= Inter-phase state “~"= Intra-phase state

\\ - e.g. Assembly system

/ Time \_ '
e.g. Robot with 3 degrees of freedom

L Total life 4]

Figure 2.10 - A decomposable artefact life model
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Design Phase

The role of the design phase is that of transforming a design problem into a
design solution description that satisfies the required needs. The solution, an
inter-phase’ description, is used to initialize the transformation in the
realization phase (Figure 2.10). The form in which artefact solution
descriptions (information) are mostly communicated with are drawings
[Ullman et al. 1990], either paper based or, with CAD/CAM systems, in the
form of computer based models [McMahon et al. 1993].

The human being, is a natural system [Hubka 1985] in the design phase that
causes the transformation of a design problem (information) into a solution,
through a number of purposeful activities such as decision making, sketching
and synthesizing [Mills 1993; Thomson 1995]. Other systems may also be
employed, such as a finite element analysis system [Cook 1995], purposely

transforming a geometrical model into analysis results.

Realization Phase

This phase transforms a design solution into a physical artefact. It basically
consists of fabrication and assembly systems for processing and assembly

operations [Groover 1996] involved with realizing mechanical artefacts.

Through a fabrication system, a technical process such as sand casting,
transforms the input (raw material) into a different material state. The
fabrication system itself may consist of sub-systems such as a mould system,
basically consisting a cavity, core, runners and gates.  The realization phase
can also consist of assembly systems to effect the transformation of a number
of separate PDEs into an assembly. This phase’s composition is influenced
by the quantity and variety of artefacts being realized as these influence the
type of automation (rigid or flexible) that can be employed. Another influence
is a shift from mass realization of artefacts to mass customization [Eastwood
1995].

Use Phase

This phase is concerned with the functioning of the artefact (normally) for the
purpose it was intentionally designed. This research therefore views two

transformations taking place during the use phase:
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the artefact as an ‘operator’ transforming an input operand into a new
state; this purposeful transformation is that for which the artefact was

designed (e.g. Table 2.1). This repeats itself many times during the use
phase;

the artefact as an ‘operand’ - a brand new artefact transformed into an
artefact with a deteriorated functional performance - this ageing

transformation is spread over the whole time span of the use phase;

Table 2.1 Typical use phase transformations - adopted from [Tjalve 1979]

Operand Input state Artefact Operand output state
A whole sheet of paper Scissors Sheet of paper cut intodﬁivébvéwgwww
Plastic granules Extruder  Continuous length of plastic profile

with the required cross-section.

Person needing entertainment/ Television A person entertained and informed.

information

Use systems

Disposal
transformations

Disposal
systems

Table 2.1 shows that when an artefact is being used it operates on an operand

to cause the purposeful transformation for which it was designed and

developed. The artefact is however still an operand to the environmental

system in which it is employed. Also, while in use, artefacts encounter service

systems during which various activities (e.g. adjusting loose parts, replacing

worn elements) revive the artefact's performance to an acceptable level

[Tichem 1997] thus delaying the ageing transformation.

2.2.4.4 Disposal Phase

The disposal phase is concerned with transformations that take place after the

intended useful function of the artefact can no longer be fulfilled. During the

disposal phase a number of scenarios can take place [Wang et al. 1995]:

material disposal: eliminating the artefact without any material recovery;
material recovery - material is reused by either: recycling, re-manufacture
or re-use of the artefact's PDEs;

energy recovery - energy stored in the material is used for some purpose.

The transformations in the disposal phase can be achieved through a number

of systems such as a scrapping system or a recycling system [Olesen 1992].
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2.3 Artefact Life Observations

Based on the decomposable artefact life model and a number of examples,
this section presents a number of observations leading to the disclosure of the

artefact life phenomena causing the need for a DFEX approach.

2.3.1 PDE Life Sequence

The artefact life model discloses an overall chronological sequence of
phases through which an artefact passes during its life. This sequence

applies to different PDEs as reflected in the following examples:

An aircraft cannot be realized and then used before all its elements are
designed. Similarly, an aircraft does not meet a servicing system before the

aircraft is used

A jet engine cannot be assembled before its elements are designed and

realized,
The rotor blade of the jet engine cannot be fabricated before it is designed,

A hole cannot by realized before its parameters (e.g. diameter) are specified
in the design phase.  Similarly the surface finish of a hole need not be

serviced before the hole’s surface is subjected to wear during the use phase.

2.3.2 Interleaved PDE Lives

As argued in section 2.1, mechanical artefacts are composed of a number of
different PDEs. The existence of a PDE in an artefact depends on the
existence of the artefact itself. However, when for some reason or other, a
PDE reaches its disposal phase (e.g. a bearing), it does not necessarily mean
that the artefact (e.g. a car) it belongs to, also reached its disposal phase
(Figure 2.11). Rather, the car in this case, still in its use phase, needs to
interact with a service system to replace the bearing.

Organization ‘A

bearing

Life of a
tapered roller

Organization ‘

® = Relationship between PDE lives
| | | >
t % | T 1

Time
Figure 2.11 - Interleaved relationship between different PDE lives
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This thesis therefore argues that a PDE can have a separate but related life to the artefact
to which it contributes. Chal & Linde [Chal et al. 1997] provide similar arguments, that by

considering the flow of material, energy, information and money, there exists a ‘network of

product lives’.  This means that different PDEs forming part of an artefact, can encounter

systems in different organizations (see Figure 2.11). This fact, relevant for artefact life-

specific design, is not made explicit in the models presented in section 2.2. For instance

Tichem treats ‘parts manufacture’ as forming part of the product life model.

Natural and
artificial systems

Interaction
resolution

2.3.3 Artefact and Life-phase System Interactions

During the course of its life, an artefact meets [Mortensen et al. 1996] a
number of life-phase systems [Andreasen 1992] such as a service system,
transport system and disposal system. Based on observations made, this
thesis extends this meeting concept, in that during the course of its life, an
artefact interacts with natural and/or artificial systems [Hubka et al. 1988]. An
electrochemical machining system (ECM) [Groover 1996] is an example of an
artificial system which an artefact purposely interacts with in the realization
phase to be transformed from the initial raw material form into a different,
desired form. Sea water, is an example of a natural system which a
mechanical artefact (e.g. ship propeller) can interact with during its use phase.
An artefact can therefore be in different states, (Figure 2.12) when interacting

with life-phase systems.

Atefact | |Arefact | | Atefact !
instate i 1 | in state i+1' | | in state i+ |

‘ ’\’ ; O‘ :\, '_)/ x‘\‘ 'I,' "',’ '::O O’\,‘ T L
Artificial system: / , ‘\Natural system:
Time
e.g. ECM system — e.g. ocean sea

Figure 2.12 - Interactions between artefact and life-phase systems
A PDE meeting an assembly system is one level of resolution about the
interaction with the realization life-phase. A more specific interaction level is
that the assembly system being met by the PDE consists of a robot assembly
device with 3 degrees of freedom, rather than a manual assembly system.
This interaction resolution reflects that it is not enough for designers to think of
life-phases (e.g. realization) as simply a black box. Otherwise, how can
designers consider, say, assembly issues if the composition of the specific
assembly system eventually interacting with the artefact is not explicitly
known? The decomposable artefact life model (Figure 2.10) allows artefact

and life-phase system interactions to be viewed at different resolutions.
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2.3.4 Interaction Consequences

Derived from industrial visits carried out during this research and examples
encountered in literature, this section will highlight typical consequences that

result from the interactions between artefacts and life-phase systems.

¢ ool
j

4%

¥ (0) € (New)

Figure 2.13 - Typical product level consequenée - adopted from [Fabricius 1994]

Product level

To improve the interaction between a clothes peg design solution and the
realization phase systems, designers reduced the number of components in
the artefact structure by eliminating the spring element (Figure 2.13).
However, this influenced the interaction of the peg and the use phase as the
repetitive opening/closing of the new peg was less durable than the older one,
this resulting in a shorter useful life [Fabricius 1994]. Hence, the peg

reached its disposal phase in a shorter time span, increasing costs to the user.

Sub-assembly level

A designer of a car dashboard switch sub-assembly, revealed that the
specification of an ultrasonic bond as a means to join two thermoplastic
components had a positive consequence on the assembly system used in the
realization phase, Figure 2.14. Fasteners were eliminated and hence
components kept to a minimum, this complying with a design for assembly

[Boothroyd et al. 1991] principle. Thus, handling and storage costs were

reduced.
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Figure 2.14 - Typical sub-assembly level consequences

However, the resultant sub-assembly was difficult to separate without damage
when it interacted with the inspection system in the realization phase or the

maintenance system in the use phase. Thus, a fault to one of the
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components required the replacement of the whole switch sub-assembly.
Also, separating the components made from different thermoplastic materials

makes disposal phase recycling operations more time consuming and costly.

In a design example concerning a printer sub-assembly, eliminating the steel
insert (Figure 2.15) in the gear and the set screw, simplified the composition
of the realization phase systems, as less parts had to be fabricated and
assembled [Bralla 1996]. However this made the interaction with the service

system more time consuming and costly.

Milled flat for set screw & Set screw
Shaft RO
i ’ - /
Steel insert Nylon bevelled gear

Figure 2.15 - Typical sub-assebly solution influencing the artefact life - adopted from [Bralla 1996]

Component level

A component is composed of PDEs such as form features and assembly
features. Typical influences on systems encountered during the component's
life, due to these PDEs will be presented through the following cases.

Figure 2.16 illustrates alternative machine crank design solutions intended to
serve the same function in the use phase. The material specified influences
the type of fabrication process(es) that can be used. One alternative is to
forge or cast a blank piece of material which then has holes generated by
drilling, followed afterwards by reaming. The flats of the holes are milled to
the required dimensions. The alternative design reduces the number of
fabrication processes required in the realization phase as it is generated by
powder metallurgy [Groover 1996]. Additionally, this process makes it
possible to generate the component to tighter tolerances and with less
material wastage. Further, the component’s use phase reliability is improved
as powder metal parts have a porous structure that retains lubricants. Also

different tooling costs associated with the realization phase are influenced.

Machined forging - - Powder metal
or casting @_@ ©_

oL,

p ) T

J ra

Figure 2.16 - Typical component material consequences - adopted from [Bralla 1996]

Mould makers revealed examples of how thermoplastic component parameter

values greatly influence interactions between the artefact and systems met
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during the artefact life. For example, a sharp corner (i.e. radius = 0) gives rise
to difficulties in the generation of the mould cavity as this has to be either
generated through spark erosion (following the design and fabrication of an
appropriately sized electrode) or through mould cavity construction (Figure
2.17). The latter introduces flashing defects when interacting with the injection
moulding system and requires longer assembly and mould part alignment
when constructing the mould. An alternative, positive radius value, permits the
use of a milling system for fabricating the mould cavity, giving large savings
in time and costs. In addition, filleted corners are less easily chipped thus
increasing the useful life of the component and implicitly conveying a superior

quality image to the customer in the use phase.
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Figure 2.17 — Component parameter value consequences on arteact life

= illing

An example of the influence parameter values have on multiple life-phases is
derived from a development scenario of a photographic camera’s

thermoplastic facia.

Mould Tool Design Realization Use

| - |

ronsprriarepn /0 /) IO || Wedice et Week srctre
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Figure 2.18 - Component parameter value consequence propagation effect

This facia had a circular hole (Figure 2.18) which the designer specified with a
nominal diameter of 2.0mm. In practice, mould tool designers specify a
diameter that takes into consideration the material’'s shrinkage factor [Pye
1989]. This required a non standard core-pin not available from mould tool
part suppliers.  Pinpointing this problem and re-specifying the hole diameter
value to avoid this problem, resulted in time delays and extra development
costs. Also such a mould system with core pins frequently generates weld line
defects. These increase scrap during the realization phase and introduce

weak areas in the components that giver poor performance in the use phase.
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Another case derived from industrial practice concerns the scenario when

thermoplastic component designers, define oblique holes (Figure 2.19). This

results in an increase in the mould ejection mechanism degrees of freedom,

(Figure 2.19b), at a considerable increase in mould design time and

construction costs.  Also, such mould design results in a slower component

ejection period thereby reducing the component’s production rate during the
realization phase.

(R)ealization
. L (@) Veni‘al Component Hole - Angle =0
(DJesign AR

Measures

@ Time
Plastic part Mould tool @ Cost

Quality

Thermoplastic Component ’

Circular Hole

\(b) Oblique Component Hole - Angle = 30
Figure 2.19 - Typical component parameter value influence on performance measures

2.3.5 Design Phase Implications

The design phase transformation involves decision-making. Correlating with
arguments made in 2.2.1, the case studies presented in 2.3.4 reflect that
decisions purposely made during the design phase, also result in undesired
consequences on the subsequent life-phases. Similar arguments are found

for instance in [Andreasen et al. 1990; Wallace 1997].

The cases presented (e.g. case 7) reflect that design decisions influence a
life-phase systems’ composition and hence transformation performance in
terms of measures like time, cost and quality, this illustrated for the realization
phase in Figure 2.20. Thus, apart from the creation of the product, the design
process has an influence on a number of life-phase performance measures
termed universal virtues [Olesen 1992]. These are a number of measurable

quantities cost, time, quality, efficiency, flexibility, risk and environment.

Transformation:
Takes Time, Costs Money & Effects quality of result

ald) 4 a

Material

'/

Figure 2.20 - Life-phase transformation performance

“Phase input”
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Cost For instance, using cost as a performance measure, it is known that decisions

made during early design, when about only 30% of the actual product

development costs have been used, result in the allocation of about 70% of

the production related costs [Andreasen et al. 1987].

Quality Empirical evidence [Andersson 1994] collected shows that the basic product

quality is created during the early, conceptual design stage of the design

process. As argued in [Swift et al. 1992; Morup 1993], both the quality (Q)

experienced by the end-user and the quality (q) experienced by the company’s

internal stakeholders is influenced by design.

2.3.5.1 Life Cycle Consequences

Type of Therefore, design phase decisions are the source of different consequences

consequences

on different life-phases, these being termed in this research as life cycle

consequences (LCCs). As characterized in this research, these LCCs are:

Plastic

Auninum ii.

{Supplier? &
Fabrication process?}

iv.

Thermoplastic
=>
{Drilling?
Moulding?

?

Milling ?
.7

artefact's behaviour: certain design decisions influence the artefact's

behaviour e.g. defining the material of a component to be a kind of
thermoplastic, results in the component not conducting electricity during

the ‘use’ phase, unlike with say a copper component;

life-phase system behaviour: design decisions influence performance

measures such as cost, time and quality. For instance, case 5 shows that
changing a component's radius parameter value influences the
performance measures of the realization phase. Similarly specifying a
diesel rather than a petrol engine to a car design, influences the service

system employed, thereby influencing maintenance costs and time;

creation of a new decision space in the same or different life-phases. For

instance the decision to specify aluminum as a material gives rise to a
space of decisions that need to be made. For instance, ‘who will supply

aluminum? ‘ and ‘what fabrication process to employ with aluminum?’

introduction of new artefact life-phase constraints: for instance, the

definition of a thermoplastic material to a component design, restricts the
set of assembly means and the fabrication processes that can be
employed - the component cannot be fabricated with a spark erosion
machine (EDM). Similarly, the dimensional tolerance that can be

attained is restricted.
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2.3.5.2 Propagation Effect Phenomena

The examples presented show that a decision made during the design phase
can be good (v') for one life-phase, but problematic (X ) to other phases in

terms of performance measures such as cost and lead time (Figure 2.21).

Propagation effect
»

Assembly with Dis-assembly Dis-assembly
ultrasonic process  for maintenance ? for recycling ?

Figure 2.21 - Phenomena of propagation effects
Thus, a decision made during the design phase can propagate a number of
consequences across multiple artefact life-phases, collectively giving rise to
what is termed in this research as a propagation effect [Borg et al. 1996]:
“A design decision made to achieve an intended effect gives rise to other
decisions and influences on performance measures in other life-cycle
phases. The cumulative consequence resulting from this design decision
is termed the decision’s propagation effect.”
Due to this propagation effect phenomena, design decisions influence multiple
life-phases in terms of different measures. This correlates with Andreasen
[Andreasen 1992] who states that to a high degree, the design solution
determines its life-phases behaviour. This behaviour can therefore be

collectively mapped to a DFX matrix [Andreasen et al. 1993] (Figure 2.22).

Measures
&|B| K
» | © Design P
3 ® Realization [ X |V
£ [Q Use I X
Disposal X

Figure 2.22 - DFX matrix concept - adopted from [Andreasen et al. 1993]

2.3.5.3 Designer Implications

During an artefact's life, due to the interaction between the artefact and
different life-phases, important LCC knowledge is therefore being generated.
However, due to an artefact's life chronological order, this knowledge
generation takes place after the design phase. Thus, designers do not
generally acquire knowledge concerning LCCs resulting from artefacts

interacting with life-phase systems, unless explicitly provided with feedback.
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By adopting a Design For X (DFX) approach [Bralla 1996], a solution with X-
ability can be generated.  After all, DFX is concerned with ‘consequence
fitting’ [Andreasen 1992].  However, the examples presented in this Chapter
show that due to the phenomena of propagation effects, a ‘single-X-ability
approach can simultaneously result in a number of unintended LCCs. Thus,
this research argues that the designer’s responsibility covers all artefact life-
phases. Rather than a narrow DFX approach, designers therefore need to
adopt a ‘Design for Multi-X (DFXX)' approach if they are to generate a solution

fitting a host of artefact life requirements.

2.4 Chapter Conclusions

This chapter characterized a mechanical artefact's life through a
decomposable artefact life model composed of the design, realization, use
and disposal phases. Different phases are concerned with the transformation
of an operand from one state into another through a set of activities carried

out by a number of systems.

A significant characteristic occurring during the life of mechanical artefacts is
the interaction taking place between the artefact and the various life-phase
systems encountered. Examples presented reveal that such interactions are
influenced by decisions made during the design phase. This reflects that,
design phase decisions result in both desired and undesired consequences on
the artefact’s life.  Moreover, as disclosed, such LCCs propagate across
multiple life-phases. Therefore, due to an artefact’s life chronological order,

designers do not generally acquire experiential knowledge of such LCCs.

As an implication of this propagation effect phenomena, the designer’s
responsibility therefore covers all artefact life-phases. Design must therefore
handle this phenomena during the design phase if they are generate life-
oriented design solutions. Designers therefore need to adopt a 'Design for
Multi-X (DFZX)' approach in order to generate a solution fitting a host of
artefact life requirements. In order to identify what characteristics are required
in a DFXX approach for handling this propagation effects phenomena, the
next chapter will therefore focus in more detail on the transformations taking

place during the design phase.
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3.0 Characterizing ‘Design Synthesis for Multi-X’

Scope

Design process
models as a
basis to
understanding
design

The aim of this chapter is to disclose what characterizes a 'Design Synthesis
for Multi-X' approach, which as argued in Chapter 2, is required to allow
designers to handle the phenomena of propagation effects.  To provide a
basis for characterizing DsFZX, section 3.1 presents design process
characteristics.  Section 3.2 then focuses on the significant role exploration
plays in design, this leading to the disclosure of DsFXX characteristics in

section 3.3. Chapter conclusions are made in section 3.4

3.1 Design Process Characterization

Understanding design requires the combined efforts of many different
approaches [Smithers et al. 1990]. Design process models provide a means
by which one can explain and perhaps even replicate certain aspects of design
behaviour [Coyne et al. 1989]. Several researchers [Finger et al. 1989;
Blessing 1994; Cross 1994] classify such models as essentially being either
descriptive or prescriptive.  Descriptive models reflect the way in which a
design process actually occurs. They are therefore divided into protocol
studies that describe observations of how designers work and cognitive models
that attempt to describe the mental processes employed by a designer when
designing. An example is [Smithers et al. 1990]. Prescriptive models
provide a systematic or methodical sequence of stages or activities [Blessing
1994], in an attempt to pursuade designers to adopt improved ways of working
[Cross 1994]. An example is provided by Pahl & Beitz [Pahl et al. 1996]. An
extensive review of diverse design process models can be found in [Finger et
al. 1989; Blessing 1994]. Of relevance to this Ph.D. research is that
collectively, both types of models reflect that the transformation taking place
during the design phase, can be discussed from different perspectives.
Design may be considered as a problem solving process, a stage based

evolutionary process, a domain based process and a knowledge based

Process.
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3.0 Characterizing ‘Design Synthesis for Multi-X’

Scope

Design process
models as a
basis to
understanding
design

The aim of this chapter is to disclose what characterizes a ‘Design Synthesis
for Multi-X' approach, which as argued in Chapter 2, is required to allow
designers to handle the phenomena of propagation effects.  To provide a
basis for characterizing DsFXX, section 3.1 presents design process
characteristics.  Section 3.2 then focuses on the significant role exploration
plays in design, this leading to the disclosure of DsFEXX characteristics in

section 3.3. Chapter conclusions are made in section 3.4

3.1 Design Process Characterization

Understanding design requires the combined efforts of many different
approaches [Smithers et al. 1990]. Design process models provide a means
by which one can explain and perhaps even replicate certain aspects of design
behaviour [Coyne et al. 1989]. Several researchers [Finger et al. 1989,
Blessing 1994; Cross 1994] classify such models as essentially being either
descriptive or prescriptive.  Descriptive models reflect the way in which a
design process actually occurs. They are therefore divided into protocol
studies that describe observations of how designers work and cognitive models
that attempt to describe the mental processes employed by a designer when
designing. An example is [Smithers et al. 1990]. Prescriptive models
provide a systematic or methodical sequence of stages or activities [Blessing
1994], in an attempt to pursuade designers to adopt improved ways of working
[Cross 1994]. An example is provided by Pahl & Beitz [Pahl et al. 1996]. An
extensive review of diverse design process models can be found in [Finger et
al. 1989; Blessing 1994]. Of relevance to this Ph.D. research is that
collectively, both types of models reflect that the transformation taking place
during the design phase, can be discussed from different perspectives.
Design may be considered as a problem solving process, a stage based
evolutionary process, a domain based process and a knowledge based

process.
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3.1.1 A Problem Solving Process

The word design, when treated as a verb in literature, means the ‘process’
[van den Kroonenberg 1987; Hales 1993; Blessing 1994; Roozenburg et al.
1995] through which a problem is purposely transformed into an artefact
solution. When, the term is used as a noun, design refers to ‘the artefact’
designed. This dissertation explicitly employs the term ‘design’ to refer to the
process. Designing can be considered as a type of problem solving process
[Andreasen 1991; Bahrami et al. 1993; Cross 1994, Roozenburg et al. 1995],
where by a problem is understood [Roozenburg et al. 1995]:

“We speak of ‘a problem’ when someone wants to reach a goal and the
means to do so are not immediately obvious.”
A well-defined problem, such as determining the volume of a cube, has clear
goals, often one correct answer and associated procedures that generate an
answer.  On the other hand, a design problem is normally ill-defined [Dym

1994]. It is weakly understood, has vague goals and no definite solution.

The process of ‘designing artefacts’ can range from designing totally new
concepts to re-designing [Bahrami et al. 1993] existing mechanical artefacts.
Pahl & Beitz [Pahl et al. 1996] for instance distinguish between original,
adaptive and variant design types. Original design involves the development
of an idea that results in a totally new artefact solution. Adaptive design
involves the adaptation of previous solutions to satisfy new design
requirements. Adaptation requires some modifications to the previous design
solution and thus the output is a combination of ‘previous solution ideas’ and
‘new solution ideas’. On the other hand, variant design involves varying the
size and/or arrangement of certain aspects of the chosen system with the
function and the solution principle remaining unchanged. The difference in
design types is essentially related to (i) the initial problem state or the goal
state of the product and (ii) the knowledge available and necessary to solve
the problem [Blessing 1993; Dym 1994].

Similar to many other researchers [French 1985; Pugh 1991; Blessing 1994;
Pahl et al. 1996], Hubka & Eder [Hubka et al. 1988] consider design as
essentially being:
“A process performed by humans aided by technical means through which
information in the form of requirements is converted into information in the

form of descriptions of a technical system, such that this technical system
meets the requirements of mankind.”
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This definition outlines key features of the design process. As a problem
solving process, design is concerned with the transformation (conversion) of
an operand (requirements) into a description of an artefact system. This
transformation terminates when the solution satisfies the identified artefact
requirements. Such a solution description should ideally contain all
information necessary for the subsequent life-cycle phases of the artefact
[Blessing 1994]. Further, it is human designers who effect and control the
conversion process. It is humans who are therefore responsible in generating
a solution catering for a host of artefact life requirements. Also, it
acknowledges that technical means such as a calculator, play an important
role in this process as they aid humans. The definition outlines the input and
output associated with a traditional design process, however, providing little
insight as to what design problem solving activities are involved in this

transformation.

Problem Solving Activities

The transformation of a problem into a design solution is achieved through a
number of design activities [French 1985; Andreasen 1991; Pugh 1991; Pahl et
al. 1996]. A design activity as defined in [Thomson 1995] is:

“A physical action or cognitive process to achieve a state change in the
design and/or its associated elements (e.g. product design specification,
domain knowledge, past cases).”
Roozenburg & Eekels [Roozenburg et al. 1995] describe these activities
through the basic design cycle model (Figure 3.1), consisting of the activities

problem analysis, solution synthesis, simulation, evaluation and decision.
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Figure 3.1 - Basic design cycle model - adopted from [Roozenburg et al. 1995]
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Problem analysis refers to the analysis of information on a problem. This
activity results in a list of design requirements. Broad statements on the goal
must be made, otherwise the designer will not know what has to be designed.
To be able to determine later whether a proposed solution is indeed a solution
to the problem, the goal is formulated as concretely as possible in the form of

a list of requirements, termed the design specification.

Synthesis is concerned with the generation of a provisional design proposal.
This activity is often regarded as the mysterious, ‘human’ creative part of
designing [Cross 1994; Roozenburg et al. 1995], perhaps indicating why it is
difficult to understand and model how it is carried out [Andreasen et al. 1996;
Tomiyama 1998]. Basically, the word ‘synthesis’ means combining separate
things, ideas and elements, into a complete whole [Roozenburg et al. 1995;
Pahl et al. 1996]. This Ph.D. research argues that this assumes that sub-
solutions have been found, before they can be combined into a whole. Thus,
synthesis itself involves sub-activities [Olesen 1992] such as search and
discovery together with the composition and combination of elements [Pahl et
al. 1996]. Similarly, Blessing [Blessing 1994] states that ‘generate’ concerns
creating or finding elements of the solution whilst ‘synthesizing’ concerns
combining the elements into possible solutions by structuring, varying and
arranging. Figure 3.2 provides a simple model, explaining the difference

between some of these sub-activities, as seen in this project.

E—P Generate @ ______
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.....
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i Sub-problem

cmmmm mmmeeesss—ee—-

-
' 2

24 O
P8 ! AN
!_‘_’3_: L

Sub-solution vaniants
Figure 3.2 - Some sub-activities involved in synthesis

Synthesis is a knowledge intensive activity. Domain knowledge, as well as
knowledge about the interactions between sub-problems, knowledge of how to
map from a requirement to some sub-solution and knowledge of how
combinations of partial solutions can be constructed is employed [Smithers et
al. 1990; Duffy et al. 1996]. The result of the synthesis activity is a
provisional design solution - it is not yet more than a possibility. Synthesis
therefore expands the solution knowledge to a more concrete state [Smithers
et al. 1990].
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Solution analysis  Simulation, termed by engineering designers as ‘analysis’[Roozenburg et al.
1995], is concerned with forming an image (artefact may not exist in reality) of
the expected properties of the solution by deductive reasoning [Roozenburg et
al. 1995] and/or testing models. Roozenburg & Eekels state a term used by
engineering designers for this simulation activity is ‘solution analysis.”" For
simulation, a whole array of technological and behavioral scientific theories,
formulae, tables and experimental research methods is available to the
designer.  However, in practice, many simulations are based merely on
generalizations from past experience [Roozenburg et al. 1995]. To avoid
confusion with the terminology used to describe the activity by which the
expected properties are estimated [Blessing 1994], this dissertation will use

the term ‘solution analysis’.

Evaluation Every solution, independent of the artefact state, has to be examined to
determine whether it is worth pursuing [Blessing 1994].  This requires the
comparison of the solution with the problem statement and requirements, and
with alternative solutions. To do so, the expected properties derived with
solution analysis, are compared with the design specification criteria (desired
properties). As the two types of properties are likely to differ, a judgment as to

whether those differences are acceptable or not is required.

Decision Evaluation provides knowledge to enable a decision about the design cycle to
be made, on whether to approve the design solution, or whether to try again
and generate a better design proposal. Usually, the first proposal is not
considered acceptable, thus requiring the designer to return to the synthesis
step, (now with knowledge of the current solution evaluation results) to

attempt to do better in a second, third or n" iteration (Figure 3.1)

Evolutionary The basic design cycle is thus iterative in nature [Roozenburg et al. 1995].
cycle . " :
Each iteration incrementally refining the knowledge of both the design problem
and the solution. However, it does not provide structure to the design process

with respect to the solution evolution occurring from one state to another.

3.1.2 A Stage-based Evolutionary Process

Fourmain design Due to the iterative nature of the basic design cycle, the design process
process stages )
consists of a number of stages, sometimes termed phases [Pahl et al. 1996].
Therefore, the principle mode of transformation taking place during each

stage is still the same. A stage is a segment of the design process that
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results in a more concrete artefact solution state, a function structure, a
solution principle, an embodied design and eventually as a detailed design.
In reality, each of these stages may cover a considerable period of time. A
number of researchers segment design into such stages [French 1985; van
den Kroonenberg 1987; Pugh 1991; Blessing 1994; Cross 1994; Pahl et al.
1996]. Typical models by French, Pahl & Beitz and Pugh are partially
illustrated in Figure 3.3a, 3.3b and 3.3c respectively. Although the terminology
used differs slightly, the models collectively reflect that design consists of four
main stages [Roozenburg et al. 1995]: task clarification, conceptual design,

embodiment design and detail design.
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Figure 3.3 - Stage-based design process models

Task Clarification Stage

Transforms a The information known about the artefact when design commences is that of a

d into a PDS
reeames need [French 1985]. The purpose of the task clarification stage is that of
transforming this need into a Product Design Specification (PDS) [Pugh 1991].

A PDS has sufficient detail so as to define specific targets towards which one
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can aim the design effort and against which one can, eventually, measure the
success of a solution. This transformation is achieved through various
activities such as questioning the client [French 1985], market surveys [Pugh
1991] and the gathering of problem information [Pahl et al. 1996]. The output
of the task clarification stage is a PDS that includes technical, social,
economic and cultural requirements that the artefact should fulfil and
constraints known at that time [Roozenburg et al. 1995]. The task
clarification stage is important as the PDS generated directs the work carried
out in the other stages. Work executed in the later stages may provide a new
insight into the problem at hand, requiring a modification and refinement of
the initial PDS as reflected by feedback loops in Figure 3.3.

Conceptual Design Stage

The PDS is the input to the stage known as conceptual design, during which
there is a search for a number of different solution concepts [Pahl et al. 1996]
also termed schemes [French 1985], that can be used to solve the stated
design problem. The transformation during the conceptual design stage is
achieved by a number of activities [Pugh 1991; Pahl et al. 1996] identifying
the most crucial or essential problems, establishing a function structure,
formulating a solution procedure that can be applied to the design problem;
preparing concepts and evaluating candidate conceptual solutions against the
relevant criteria. The scheme generated, should represent the artefact in
sufficient detail to enable certain desired properties such as weight and costs
to be estimated. = The conceptual design stage is the most open-ended part
of design [Dym 1994]. Traditionally, in this stage, the designer’'s focus is
mostly on the function of the artefact rather than its form [Dym 1994]. Of
relevance to this research is that as argued by French, the conceptual design
stage is where the most important decisions are taken. Hence, the final
solution generated will have a trait of the solutions generated in the
conceptual design stage [Pugh 1991]. Thus, it is the stage where there is the
most scope for striking improvements [French 1985] because a weak concept

cannot be turned into an optimum detailed design [Roozenburg et al. 1995].

Embodiment Design Stage

During the embodiment design stage, the relatively abstract descriptions of
the artefact (concepts) are made more concrete with the selection and sizing
of major artefact subsystems. Embodiment design is essentially a process of

continuously refining a concept, jumping from one subproblem to another,
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anticipating decisions still to be taken and correcting earlier decisions in the
light of the current state of the design proposal [Roozenburg et al. 1995]. The
output of the embodiment stage is one selected scheme termed a definitive
layout. This usually evolves from an intermediate solution termed a
preliminary layout [Pahl et al. 1996]. The preliminary layout is obtained by a
number of activities: refining the conceptual designs, evaluating and ranking
them against the design specifications and than choosing the best. The
definitive layout is obtained by optimizing the preliminary design and by
preparing preliminary parts lists and fabrication specifications. The definitive
design defines the layout of sub-assemblies and components as well as their
geometrical shape, dimensions and materials [Roozenburg et al. 1995]. Pugh

argues that embodiment takes part during the conceptual design stage.

Detail Design Stage

The scheme selected in the embodiment stage is worked out in greater detail
during the detailing stage, resulting in documentation of the designed artefact,
traditionally in the form of assembly drawings, detail drawings and parts lists,
which are communicated to the realization phase [Roozenburg et al. 1995].
The transformation in this detail design stage is achieved by refining and
optimizing the definitive layout [French 1985; Pahl et al. 1996]. This involves
fully specifying and documenting the structure of the solution and the shapes,
dimensions, tolerances, surface properties and materials of all the individual

components into final fabrication and assembly documents.

Observations on Stage based Models

Stage based models portray the impression that complex problems can be
split into sub-problems, for which solutions can be found and then combined
into an overall solution. In reality, due to the relationships between the
various output (e.g. PDS and principal solution structure), there is no clear
division between the stages. Nevertheless, stage models make design more
transparent, thus providing intermediate results that can be aimed for during

design [Roozenburg et al. 1995].

3.1.3 A Domain Based Process

The artefact solution evolving and being handled during design can be viewed
from different viewpoints which Andreasen [Andreasen 1991a] defines as
process, functional, organ and constructional domains (Figure 3.4).  Each

domain describes a particular degree of abstraction and detail in the creation
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of an artefact. Through the process domain perspective, an artefact is viewed
as a system that transforms energy, materials and information. The functional
domain views the artefact as a system of functions that are necessary for
realizing the effects the artefact must produce. The organ domain views the
artefact as a system of organs, each organ being a set of material elements
(e.g. a journal bearing) that realizes a desired function (e.g. rotational
freedom) by exploiting physical effects. The constructional domain views the

organs realized as components or elements to make up an artefact.
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Figure 3.4 - Domain based design navigation - [Andreasen 1991a]

Due to the causality between the domains, when designers create an artefact,
they actually create four definitions of the artefact’s structural relations, related
to the four domains. Andreasen argues that in practice only the constructional
structure is fully defined to specify the artefact. When handling solution
models in one of the domains, design process steps are carried out (Figure
3.4) resulting in the determination of one or more characteristics [Andreasen
1991a; Mortensen 1997] directly definable by the designer.  These steps
cause a progression from abstract to concrete (i.e. determination of parameter
values), from undetailed to detailed and complete (determination of more
elements), or as a movement from one domain to another. Choices made in
each domain, all contribute to determining the properties of the artefact
[Olesen 1992]. These movements reflect the designer's navigational
manoeuvres, achieved through activities such as specification decomposition,
synthesis, analysis, optimisation, documentation [Mortensen et al. 1994].
Andreasen argues that ideally, design should follow the causal relationships
mentioned earlier, but in practice, many other sequences are followed,
depending upon the individual designer, experience and type of design task
[Mortensen et al. 1994]. Thus, the explanation provided by the domain model
differs from a stage based design process, where each domain, is basically

regarded as a stage that should be finished before the next stage commences.
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3.1.4 A Knowledge Intensive Process

Many models of design fail to characterize the true nature of design as it is
carried out by humans [Smithers et al. 1990]. Smithers et al. argue that the
ability to design is a kind of intelligent behaviour which explicitly makes use of
knowledge. This section aims to disclose characteristics of knowledge used

during design and presents a model describing how it is being processed.

Knowledge used in design involves operational and substantive knowledge
[Roozenburg et al. 1995]. Operational knowledge includes design activity
knowledge which is concerned with how to carry out particular design activities
and design process knowledge concerned with how to organize design
activities and how to execute the design process [Zhang 1998].  Zhang
explains that substantive knowledge is ‘design knowledge’ that concerns the
nature of the artefact — for example, what is the intended use, how it works
and how it is constructed. Zhang argues that design knowledge consists of
current working knowledge (CWK) and domain knowledge (DK). CWK is the
knowledge of the artefact design solution on which the designer is currently
working. DK is knowledge of past designs in a domain consisting of

generalized knowledge and knowledge of specific past design cases.

Knowledge in any specialty including design can be found in private and public
sources [Walters et al. 1988]. Public knowledge, which is common to different
organizations, includes published definitions, facts, and theories of which
textbooks and references in the domain of study are typically composed.
Private knowledge consists largely of rules of thumb frequently called
heuristics. Human experts generally possess private knowledge that has not
found its way into the published literature. Public and private knowledge
sources can also be distributed. For instance, a thermoplastic component
design guideline book is a different public source than a book dealing with

ceramic components.

Three distinct dimensions of knowledge are depth, breadth and extent
[MacCallum et al. 1987]. The depth dimension is concerned with the range of
knowledge in which generality increases with depth. ~ The breadth dimension
refers to the variety of different aspects that can be taken of a design concept.
The extent dimension is concerned with knowledge about the object of the
design process. It is concerned with the artefact model itself, but also with the
variety of models that exist during design, the design problem and its

specification.

41



Knowledge
permanence &
certainty

Design as a
knowledge based
exploration
activity

Chapter 3
Characterizing ‘Design Synthesis For Multi-X’

Knowledge employed during design varies in permanence and certainty
[Walters et al. 1988; Tang et al. 1997]. Knowledge can be (i) permanent, it will
not change with time e.g. knowledge of how to determine a sphere’s volume:
(i) static, this does not change frequently but /ikely to change e.g. a safety
factor; (iii) dynamic, this concerns knowledge that changes with time or
context e.g. material costs. Also, in reality, there is a great deal of uncertainty

because not all facts, rules making up knowledge are absolutely true or false.

DKB - domain knowledge base
Kgm - domain knowledge

Kg, - design knowledge

R -initial design requirement
E, -design exploration process
H, - design history
R
D
D

Q

- final design requirement
- final design specification
DD - design description document

» o

knowledge application  knowledge generation knowledge transfer

— o> =

Figure 3.5 - Knowledge based, exploration model - [Smithers et al. 1990]

To explain how knowledge is processed during design, Smithers et al. provide
an exploration-based model of design (Figure 3.5). The design process (Eq)
is considered as the exploration of a space of possible design solutions (SPD).
This exploration activity is considered to be a search connected by intuitive
leaps, analytical assessments, synthesis, simulations, prototypes, decisions,
choices and expert judgements - these constituting a history (Hg) of the design
process. Similar to other models, design starts from an initial design
requirement (R;), usually incomplete, inconsistent and ambiguous, which
evolve as design proceeds. To facilitate the transformation from the R; to the
final design specification (Ds), a domain knowledge base (DKB) is employed.
The DKB consists of domain knowledge (Kam) and design knowledge (Kgn). In
this model, Kim partially defines the SPD to be explored whilst Kgn is
knowledge about how the space can be explored. As design proceeds,
designers acquire more knowledge of the nature of the design space, this
allowing them to discover incompleteness and inconsistencies in the initial
requirement (R). As a result, Ri evolves to a final design requirement
description (Rys), which reflects the current state of the designer’'s knowledge
about the problem. This exploration is continued until a solution in the SPD is
found that satisfies the evolved Ri.  This results in a final, complete and

consistent, requirement description (Rs) and an associated design specification
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(Ds) which is consistent with it. ~ Smithers et al. argue that R; and Ds are
different statements about the same thing i.e. problem description terms and
solution domain terms. Thus these two aspects of design are tightly interactive
in terms of the knowledge used and generated. Therefore, they cannot be
pursued either separately or sequentially due to the co-evolutionary nature of
the problem and solution space. The design process ends with the generation
of a design description document (DDD) consisting of R; Ds and Hg, that
collectively represent the knowledge used and generated during design. This
model explicitly shows that design involves the generation, transfer and
application of knowledge. Thus, carrying out design tasks does not just result
in solutions to particular design problems but also in greater knowledge and

understanding of the design problem and a more experienced designer.

3.1.5 Design Process Characteristics

Based on the diverse perspectives of design presented, this section now

discloses characteristics of a traditional design process.

The transformation of a design problem into a solution and hence the
expansion of knowledge about the artefact from one state to another is
achieved through a number of activities that re-occur [Blessing 1994,

Roozenburg et al. 1995] during the different design stages (Figure 3.6).

A design activity A design stage

L (D)esign Phase
[* >
Figure 3.6 — Relation between design stages and design activities

For instance, conceptual design involves problem definition, synthesis of
(partial) solutions, evaluation and problem redefinition [Chakrabarti et al.
1991]. Blessing thus provides a problem-oriented, process-based model,

which explicitly integrates design stages and design activities (Figure 3.7).

Activities
Stages Generate | Evaluate | Select

Problem
definition |
Q®
Conceptual e\
design
Detail
design
Figure 3.7 - Design matrix integrating stages and activities - adopted from [Blessing 1994]
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What is not explicitly evident from the models presented earlier is that design

re-occurs for different artefact system levels [van den Kroonenberg 1987;

Blessing 1994]. For example even the design of a component for a specific

function, requires component concepts to be generated, evaluated and a

solution concept selected, before being worked out in more detail. Thus,
design re-occurs for different artefact system levels (Figure 3.8).
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Figure 3.8 - Reoccurrence of design process for different artefact system levels

The different models reflect that design ends with a final solution description,
viewed from a constructional perspective, describing a means by which the
artefact’s desired function in the use phase can be attained. In fact design can
be considered as a transformation from function to form' [Andreasen 1991a;
Roozenburg et al. 1995].  This reflects that design is traditionally use-phase
driven. Thus the end result in traditional design, is an artefact solution

description - there is no accompanying artefact life-phases solution.

The artefact states evolving from abstract and undetailed to concrete and
detailed during design reflect that there is a current working knowledge (CWK)
expansion about the artefact system. In traditional design, this CWK
expansion is not explicitly accompanied by an expansion in knowledge about

the life-phase systems that will interact with the artefact during its life.

Five basic properties (structure, form, material, dimensions, surface quality)
distinguish themselves from other characteristics by the fact that together,
they completely describe a mechanical artefact [Tjalve 1979]. These are
therefore the characteristics that are manipulated by the designer [Olesen
1992; Mortensen 1995] when generating a design solution that satisfies a set

of desired properties.  All other properties, termed behavioural [Mortensen

" An artefact has ‘geometrical’ and ‘physico-chemical’ form [Roozenburg et al. 1995]
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1997], such as cost, weight, appearance, fabrication and ergonomics are
determined when these basic characteristics have been defined [Olesen
1992].

A large proportion of design work consists of the reuse and fitting of known
solutions to new conditions [Andreasen 1992; Blessing 1994]. An observation
of typical artefacts reveals PDEs in their structure (see Figure 2.2). This
research therefore argues that synthesis involves the manipulation of reusable
PDEs. Such solution reuse re-occurs during synthesis which takes place at
different artefact system levels and from different domain viewpoints. For
instance, designing from a functional perspective involves reusing existing
function means such as ‘petrol engine’ to provide power. Similarly, component
synthesis would involve the reuse of component elements such as form

features, assembly features and materials.

A significance of reusing solutions is that designers can reuse associated
consequence knowledge, such as costs or risks [Andreasen 1992]:
“It is very important to control the design activity in such a way, that a

maximum amount of the work becomes reuse in widest sense, because
this leads to low cost, low risk, known quality, etc.”

However, based on examples presented in Chapter 2, this research argues
that although solutions being reused implicitly have associated LCC
knowledge, the designer may or may not be explicitly processing knowledge

about such consequences.

During different stages and for different domains, alternative solutions may
satisfy the design problem being tackled. For example, during detail design,
alternative component materials and form can satisfy the problem. Such a
solution space gives rise to ‘Design Degrees of Freedom’ [Andreasen 1991a],

as illustrated in Figure 3.9.
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Figure 3.9 - Design freedom caused by solution space - [Andreasen 1991a]
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Alternatives exist when designing in different stages (e.g. different solution
concepts) and when designing from different domain perspectives (e.g.
alternative function-means). For design to progress, decisions between
alternatives in the solution space therefore need to be made [Blessing 1994;

Pahl et al. 1996], irrespective of the design stage or synthesis domain.

A number of factors such as ‘design engineer’ and ‘technical information’ play
a crucial role in design (Figure 3.10). This is due to their influence on design
characteristics such as the ‘quality of result’ and ‘cost of designing’ [Hubka
1985; Andreasen 1991; Blessing 1994]. Through the knowledge processing
model of design [Smithers et al. 1990], it can be appreciated that besides the
‘design engineer’, other humans can also influence design. For instance,
other participants can be involved in design such as a customer who provides
the ‘need’ and producers (that realize the artefact) that provide a valuable

source of knowledge for evaluation [Jin et al. 1998].
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Figure 3.10 - Factors influencing design - adopted from [Hubka 1985]

Unlike the impression portrayed by stage models, in reality, designers do not
usually have a complete problem description before commencing conceptual
Rather, during design, knowledge of
the solution as well as the problem co-evolves [Smithers et al. 1990;
Roozenburg et al. 1995]. Hence, as argued by Cross [Cross 1994], designers

need to explore and develop the problem and solution together. Thus, an

solution synthesis [Maher et al. 1996].

important activity not explicitly reflected in the basic design cycle is the
exploration of the space of possible design solutions [Smithers et al. 1990] as
this helps generate knowledge about the problem at hand. As in the context
of DFEX, designers have to cater for artefact life problems co-evolving with

the solution, the role of exploration will be discussed in section 3.2.
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3.2 The Role of Exploration in Life-oriented Design

The open-ended nature [Dym 1994; Roozenburg et al. 1995] of ill-defined
problems requires the proposal of solutions as a means of generating
knowledge to help understand the problem. Exploring provisional solutions is
a forceful aid to gaining insight into the true nature of the problem
[Roozenburg et al. 1995]. Kerr [Kerr 1993] in fact argues that exploration is a
significant activity in design. Kerr explains that exploration promotes the

creation of knowledge potentially useful for synthesis and evaluation:

“Designers can use this [exploration] activity to generate suitable
knowledge to assist in the expansion or contraction of design solutions”
Similar arguments are made in [Smithers et al. 1990], that the exploration
activity results in the generation of knowledge that can be applied to evolve
both the ‘design requirement description’ and the ‘final design specification’.
This section aims to demonstrate that exploring alternatives in the solution
space generates LCC knowledge useful for reasoning taking place when
PDEs are being selected from the space of options, both when designing from

different domain viewpoints and at different artefact system levels.

Domain viewpoint based exploration

Figure 3.11 provides an example of three solution variants by which the sub-
process of ‘uniting tea leaves and water when designing a tea brewing
machine, can be achieved [Hubka et al. 1988]. The different variants require
a different sequence of operations, influencing differently the sub-process time

in the use phase and the required structural configuration.

Unite tea and water
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Figure 3.11 - Space of process solutions - [Hubka et al. 1988]

Some alternative arrangements of the three main constructional elements
(heating container, brewing container and serving container) of the tea brewing
machine example found in [Hubka et al. 1988] are shown in Figure 3.12. For
instance, variant ‘1’ has problems with realizing the tubing, whilst variant 10’
has a lower height than variant ‘2, this influencing differently the required

packaging configuration and hence artefact handling costs during distribution.
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Figure 3.12 - Space of constructional solutions - [Hubka et al. 1988]
In an example concerning the design of a tumble dryer, [Hansen 1997]
provides an example of the organ ‘burner’ used as a means by which to ‘heat

air. The tumble dryer exists in variants which employed different organs for
the function ‘heat air’ (Table 3.1). These different organs have different LCCs

such as running costs, environmental influences and maintenance frequency.

Table 3. 1 - Space of alternative organs

Function Alternative Organs

Heat air Gas fired burner Electric heater Steam heater

System level based exploration

The two excavators in Figure 3.13 have a driver cabin and bucket with
different degrees of freedom. This influences the translational and rotational
means required, together with their servicing frequency and costs. Also, the
two excavators can be employed during the ‘use phase’, for different ground
terrain environments. These are some of the associated LCCs a designer can

consider when exploring this product level solution space.

Figure 3.13 - Exploring the product level solution space - adopted from [Tjalve 1979]

The example in Figure 3.14 reflects some constructional structure variants for
a sub-assembly forming part of an excavator [Tjalve 1979]. The different
variants have different configurations and number of linkages, which
influences differently assembly in terms of time and cost, during realization,

and dis-assembly during the service activity in the use phase.

Figure 3.14 - Exploring the assembly level solution space - adopted from [Tjalve 1979]
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Figure 3.15 displays a number of alternative form concepts for a fork-joint
component found in [Tjalve 1979). The different solution variants have
different LCCs associated. For instance, they withstand different stress levels
in the use phase and require different fabrication processes, the latter

influencing time and costs during the realization phase.

< g = =T

Figure 3.15 - Exploring the component level solution space example- [Tjalve 1979

Exploration Observations

The examples presented collectively reveal that the exploration activity is
useful to explicitly generate and utilize LCC knowledge associated with the
different solution options, during design taking place at either from different

solution viewpoints or at different artefact system levels.

3.3 D;FXX Characteristics

Based on the traditional design process characteristics disclosed in section 3.1

and the discussion in section 3.2 on the role exploration plays in design, this

section argues that a DsFXX approach requires:

i
il
iii.
Iv.
V.
Vi.
Vii.

Viii.

Xi.

Xii.

knowledge of multiple life-phase requirements

coping with co-evolving artefact life solution & problem space
designers to foresee life problems co-evolving with synthesis
dynamic updating of life-phase requirements

designers to foresee artefact life interactions

concurrent synthesis

designers to manipulate basic life-phase system characteristics
concurrent modelling

artefact life exploration

the exploration of abstract & undetailed solutions

synthesis based provident thinking

a large amount of distributed LCC knowledge.
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(i) Requires knowledge of multiple life-phase requirements

In the context of DFZIX , a designer's aim is to generate a solution that not
only functions as desired during the ‘use phase’ but that satisfies a host of
artefact life requirements. Unlike traditional design, DFZX therefore requires

designers to be knowledgeable of multiple life-phase requirements [Andreasen
et al. 1997].

(ii) Requires coping with co-evolving artefact life solution & problem space

The evolution of the artefact solution taking place during design co-evolves
the artefact life problem space. For example, a typical sub-problem in the
design of an artefact is that of finding and defining a suitable means (a PDE)
for joining two components together. There are a number of solution
variants to how this can be achieved, such as, using ‘fasteners’ or a joint such
as a ‘weld’.  Selecting for instance a fastener evolves the artefact solution
and the problem - a hole with all its parameters now needs to be defined. In
addition, this sub-solution concurrently evolves the realization phase problem
— suitable ‘hole generating’ processes have to be identified, alternatives
evaluated and eventually one selected. Therefore, a characteristic of DFEX
is that designers have to cope with a co-evolving artefact solution and artefact

life problem space.

(iii) Requires designers to foresee life problems co-evolving with synthesis

The synthesis activity is associated with the externalization of a solution idea
(from the designer's mind) whether a new or older one is being reused, this
described in some form e.g. verbal, a sketch, or a model [Roozenburg et al.
1995]. It is this synthesis output, frequently a PDE, which if eventually
selected, is passed onto the other design stages and eventually the remaining
artefact life-phases. It is this output which therefore drives the co-evolution of

the solution and problem space.

DFEX therefore requires designers to foresee the artefact's life problem space
co-evolving with such a selected PDE.  As argued by Olesen [Olesen 1992],
‘foreseeing’ which he terms provident thinking, is an important element of

concurrence. As defined by Olesen, providence means:

“Taking into account aspects of the total life that are fixed or determined
during design™
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(iv) Requires dynamic updating of life-phase requirements

The co-evolutionary nature of the artefact solution and artefact life problem
space makes the comparison of the expected behaviour of the proposed
solution with the artefact life requirements, dynamic and thus difficult to
handle.  This is because the designer needs to know the currently known
total life requirements and also how, due to the phenomena of propagation
effects, the solution being evaluated is itself influencing multiple life-phase
requirements. This requires the designers’ knowledge of multiple life-phase
requirements to be dynamically updated as the artefact solution evolves.
Since human beings have a difficulty in coping with complexity [Kerr 1992], it
is not difficult to visualize that in DFZX, designers have a difficulty in making

an evaluation judgment when the criteria are constantly changing.

(v) Requires designers to foresee artefact life interactions

As argued in Chapter 2, interactions of an artefact with different life-phase
systems can give rise to a number of unintended LCCs. DFZX therefore
requires that designers foresee what life-phase systems will be met during the
life of an artefact and that they also foresee the outcome (consequences) of
such interactions during design. For example, the sub-solution to assemble
two components together with fasteners requires the selection of an ‘assembly
system’. Possible alternatives are a 2 degree of freedom pick-and-place
device or a 3 degree of freedom robot equipped with a vision system (Figure
3.16). The assembly system eventually employed will have a number of
specific requirements that need to be satisfied, knowledge of which would
guide designers during artefact synthesis. If the assembly system (eg. 2
d.o.f. pick and place device) to be used is not known, then, due to this
‘ignorance’ the designer may position and/or orientate the fasteners in a non-
vertical way. The interaction of the resultant artefact with this assembly
system would give rise to unnecessary assembly costs and time delays.

Life phase system requirement

) f b ~~e.g Assembly system
Different artefact requirements - .
R 7 N 2

~o = -.=-=--p Part_of

S ! -

\/_/ €2 Pick & Place device, 2 d.o.f.

Assembly system solution variants &3 3d.of. robot with vision system
Figure 3.16 - Foreseeing life-phase systems and their requirements
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Thus DFZX requires designers to harmonize their artefact solution to a
number of life-phase systems forming part of an imagined life. Of relevance
is that Andreasen et al. [Andreasen et al. 1996b] state that :

:‘De§igning is closely linked to foreseeing product life phases primarily the
use’ phases, but also establishment, maintenance and liquidation. [....].
But in any case the designer's task is to fit the product to an imagined life
scenario.”

(vi) Requires concurrent synthesis

An implication arising from the need to foresee artefact life interactions
between an artefact and different life-phase systems, is that for DFEZX,
designers need to concurrently synthesize the life-phase systems and the
artefact. Concurrent synthesis would cause an expansion in knowledge about
the artefact life, knowledge, which as demonstrated through the previous

example, is essential in the context of DFZX.

(vii) Requires designers to manipulate basic life-phase system characteristics

An implication of (vi) is that DFZX requires designers to manipulate basic life-
phase system characteristics in addition to basic artefact characteristics that
completely describe an artefact. As argued in Chapter 2, a life-phase can be
viewed as a transformation system decomposable into systems of a finer
resolution. The life phases forming part of an artefact’s life, involve the re-use
of well-known technical systems that realize the relevant transformation
effects, such as a milling system. These systems can be decomposed further
into sub-systems, such as the workpiece holding sub-system, giving rise to a
life-phase compositional model (see Figure 2.9b), consisting of what are
termed in this thesis life cycle phase elements (LCPE). Life-phase solution

synthesis thus requires LCPEs to be manipulated and defined.

(viii) Requires concurrent modelling

Concurrent synthesis results in the generation of both artefact and life-phase
systems solution descriptions. In traditional design, designers evolve and
manipulate artefact solution models. Modeling, allows designers to infer
properties that cannot be defined directly by the designer [Mortensen 1995].

Thus, building and exploring artefact life models is beneficial to a DFXX
approach. Morup [Morup 1993] states:

“ ..problems can be avoided by using total life models that show the
interplay between the product, the customers, and company activities
through the product’s life. ...total life models can reveal the
dispositional relationships within the company that are often subtle and go
unrecognized, and the exploration of these can lead to competitive

advantage.”
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A requirement of DFIX therefore is that designers cope with concurrently
‘evolving and manipulating an artefact model’ and ‘evolving and manipulating

artefact life phase models’. Designers therefore have to evolve, handle and

evaluate more than one solution model at a time.

(ix) Requires artefact life exploration

In DFZX, a solution selected from the many PDE alternatives must satisfy a
host of total life requirements. At the same time, as argued in (ii), the
selected PDE may co-evolve its own ‘life requirements’ that can only become
apparent and hence influential when the PDE is defined. In this context,
exploring the use of alternative PDEs generates knowledge relevant to
assisting in the selection of solutions that cater for a host of total life
requirements, this is useful when evaluating between feasible PDEs. As
argued in [Roozenburg et al. 1995], one characteristic of human designers is
that they have a mind, in which mental processes taking place, can be more
or less influenced. Artefact life exploration is therefore a significant and
necessary activity in DFZX since LCC knowledge generated can influence the
selection of solutions being defined. Further, the constraints of product
development deadlines in the real world limit the search and exploration of the
solution space. Time and resources for most projects do not permit the
development of appropriate, quantitative information. As a result, important
decisions are based on primarily qualitative information [Blessing 1994].

Therefore, to be effective, artefact life exploration needs to be rapid.

(x) Requires the exploration of abstract & undetailed solutions

Chapter 2 has shown that LCCs are generated by the final design solution
emerging from the design phase. However, as explained in this chapter,

artefact solutions evolve from one design stage to another (Figure 3.17).

Abstract & Undetailed
Concrete & Detailed

- > = s e
- -

Figure 3.17 - Concurrent exploration with abstract & undetailed solutions

Then, the final solution will have a trait of the abstract solutions generated in
the early conceptual design stage, this also reflected by Pugh [Pugh 1991].

At the same time, Olesen [Olesen 1995] argues that:
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“A concept consists of a number of chosen conceptual solutions for both

the product and the product life systems”.
Considering artefact life issues /ate in the design process is thus less
receptive as even a simple change could lead to a major redesign [Ishii 1991].
Hence, bringing knowledge about the artefact life into an early design stage is
critical [Tomiyama 1996]. Therefore, artefact life exploration needs to take
place from the early design stages. However, exploring abstract and
undetailed solutions, in order to reveal artefact LCCs that reflect ‘details’ of
the real world, presents a difficulty - little is yet known about the solution and
hence its impact on different life-phases.

(xi) Requires synthesis based provident thinking

From the arguments made so far, DFZX can take place by designers, either
foreseeing and catering for artefact life issues during the synthesis of a
conceptual design solution, or, during the analysis of a candidate conceptual

design solution. This gives rise to the DFX dimensions shown in Figure 3.18.

Lite Legend
D4FX = Design Analysis For Single X

Narrow
& segmented—’ D S FX D A FX D,FZX = Design Analysis For Multi-X

Research _,.D . FY X D 3 FY X DgFX = Design Synthesis For Single X
focus 2 ! DsFEX = Design Synthesis For Multi-X

Figure 3.18 - DFX dimensions

As argued by French [French 1985], the conceptual design stage is where
most important design decisions are made and therefore the stage where there
is most scope for making improvements. As final solutions have a trait of
abstract solutions generated in the early stages, this research argues that to be
beneficial, foreseeing LCCs should take place as early as possible in the
design process. Therefore, the mode of DFXX approach should be
‘conceptual design synthesis for multi-x’ (DsFXX). Thus, DsFZX requires
designers to engage in provident thinking during synthesis, when the solution

is still incomplete and undetailed, with the artefact life problem still ill-defined.

(xii) Requires a large amount of distributed LCC knowledge

Whether a problem is considered as variant or original depends upon the
designer’s level of expertise [Mills 1993]. Therefore, designers are less
knowledgeable about artefact LCCs when facing design scenarios having a

higher degree of originality to that with which they are familiar.
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At the same time, due to (v), this research argues that designers need to

possess and utilize a wide breadth of knowledge related to different life-cycle

phases, this traditionally not in their domain, to enable them to reveal

interactions and hence possible LCCs. For instance, with respect to design
for economic manufacture, it is argued that [Swift 1987]:

"In short, he [the designer] needs to have expertise in a wide range of
fields, including the specialized topics of manufacturing engineering...".

This is even more the case with DFZX. However, due to the traditional
formal training received, designers do not generally possess a wide breadth of
public LCC knowledge. Further, as argued in Chapter 2, due to an artefact’s
life chronological order, designers do not generally acquire experiential
knowledge concerning LCCs resulting from artefacts interacting with different
life phase systems. The cost and time of dis-assembling a component with
certain assembly features during the service activity in organization ‘ABC’, is
private experiential LCC knowledge possessed by a service engineer.  Thus,
such experiential LCC knowledge is acquired and distributed (Figure 3.19)

amongst various human artefact life-actors (e.g. machining operators).

Life-cycle consequence knowledge
[

I |
Public Private
I

| | [ |
Legislation || Guidelines | | - Experiential Confidential
[

Artefact lfe Actors
iLegend Assembly Machining Users Service ©
i E operators operators engineer

Figure 3.19 - Distribution & possession of LCC knowledge

Public and private LCC knowledge sources can be distributed, internally and
externally to an organization making its explicit use during design even more
difficult. Further, an individual's /imited knowledge base is known to result in
low quality decision making [Duffy et al. 1995]. Thus, due to a lack of LCC
knowledge, design decision making takes a narrow and segmented view, this
affecting the quality of the solution result with respect to artefact life issues.
Therefore a DsFIX approach requires a vast amount of distributed LCC
knowledge to be acquired, readily available and easy to access in order for it

to be explicitly utilized during design synthesis.
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3.4 Chapter Conclusions

As disclosed in this chapter, during design, a problem is transformed into a
solution description via a number of design stages, through the execution of
re-occuring activities. Key activities are problem analysis, solution synthesis,
solution analysis and solution evaluation. The expansion of knowledge about
the artefact taking place during design is mainly driven from a ‘use phase
requirements’ point of view. As discussed, knowledge of the solution as well
as the problem co-evolve.  Thus an equally important activity is that of
exploring provisional solutions to gain an insight into the true nature of the
problem. Design is thus knowledge intensive— knowledge is used, generated
and acquired. The knowledge based, exploration model by Smithers & Troxel
discloses how knowledge is processed whilst the basic design cycle by
Roozenburg & Eekels describes why knowledge is processed. On the other
hand, Andreasen’s domain model discloses, from a generic point of view, what
domain knowledge is processed.  Further, irrespective of the design stage
and domain, design is a decision intensive process. Artefact solution evolution
requires making decisions about the basic characteristics manipulated by
designers. A lack of appropriate knowledge is a reason why such design

decisions can result in unintended LCCs.

A distinguishing characteristic of DsFZX is that designers require knowledge of
‘multiple life-phase requirements’, the latter as argued in this Chapter co-
evolving with the ‘artefact solution’. DsFXX therefore requires that designers
foresee ‘what’ life-phase systems the artefact will interact with during its life, to
enable them to also foresee the consequences of such interactions.
Foreseeing such interaction consequences requires designers to possess and
utilize a vast amount of LCC knowledge that is distributed amongst various
artefact life-actors.  Moreover, to be beneficial, designers need to foresee
LCCs from early in the design process, where decisions have a striking effect.
Early artefact life exploration is therefore significant in DsFEX since LCC
knowledge generated can be utilized to support the selection of solutions that
are ‘life-oriented’. Thus, DsFXX requires the concurrent synthesis,
manipulation and exploration of both ‘artefact’ and ‘artefact life-phase’ models.
As an implication, for DsFEZX, designers also need to manipulate basic /ife-
phase system characteristics termed in this research as life-cycle phase

elements (LCPEs).
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Supporting designers in foreseeing artefact life interactions and their
propagation during design, directly supports a DsFXX approach — this however
requires a vast amount of distributed LCC knowledge to be acquired, readily
available and easy to access in order for it to be explicitly utilized during
design. This chapter therefore concludes that a key characteristic of DsFZX
is that designers should engage in artefact life synthesis and exploration to
explicitly acquire knowledge of artefact life interactions. In order to identify the
strengths and limitations of how designers currently acquire knowledge of
artefact life interactions during design, the next chapter presents a review of
available means supporting life-oriented design from the perspective of

‘providence’.
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4.0 A Review of Means Supporting Providence

Scope Arguments have been made in Chapter 3 that supporting providence, directly
supports a DsFZX approach. For this purpose, this chapter will present a
review of means supporting life-oriented design from the perspective of
‘providence’, in order to identify how effectively designers are being supported
in foreseeing artefact life interactions during design. Section 4.1 introduces
the criteria used to critically review means by which providence is indirectly or
directly supported, these discussed in sections 4.2 and 4.3 respectively.
Section 4.4 discusses the current state of providence support. Using the
identified limitations, the conclusion in section 4.5 establishes the need for a
means providing improved support to DsFEX from the perspective of

providence.

4.1 Review Classification And Criteria

Providence In order to avoid confusion about terminology such as tools, approaches and

e methods, this evident from the work reported in [Araujo et al. 1996], a
providence means is being defined for the purposes of this research as:

“A means which indirectly or directly aids a designer to take into

consideration artefact life issues that are being fixed or influenced

during design.”

Means where, by a means is understood ‘that by which a result is brought about’
classification

[Allen 1990]. There are a number of means by which providence is currently
being supported in life-oriented design.  This review distinguishes between

means that support providence indirectly or directly :

e means providing indirect providence support are those, which force or help

motivate designers to consider revealing knowledge of relationships

between an artefact and life-phase issues;

e means directly supporting providence are those, which explicitly provide

designers with codified knowledge that relates an artefact solution and life-

Direct suooort

phase issues.
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Other reviews related to means supporting the consideration of artefact life
issues can be found in the literature. For instance ‘Design for Manufacturing
and the Life-Cycle’ are reviewed in [Finger et al. 1989a]. It concludes on the
need of analysis tools supporting the early stages of design when critical
decisions are made based on qualitative information. Ishii [Ishii 1995]
identifies significant research issues related to developing an integrated life-
cycle design tool, namely design representation and life-cycle evaluation
measures. A review of life cycle engineering from an ‘environmental’ point of
view is found in [Alting et al. 1995]. This provides a comprehensive overview
of life cycle assessment (LCA) tools and methods. Methods such as cross-
functional teams, good/bad examples and feature-based evaluation for
assessing producibility are discussed in [Subramaniam et al. 1998]. A survey
of ‘Automated Manufacturability Analysis’ is found in [Gupta et al. 1997]. This
latter review concludes that such software tools vary significantly in terms of
(a) their underlying approach which could be based on the identification of
infeasible manufacturability attributes directly from the design description or
indirectly from a manufacturing plan; (b) manufacturability measures used by
the tools (e.g. abstract quantitative versus real ‘time and cost’ estimates); (c)
level of automation: i.e. the amount of designer interaction involved and (d) the
amount and type of feedback information provided such as redesign
suggestions. Computer-aided simultaneous engineering systems are
reviewed in [Molina et al. 1995]. This review discusses decision support
systems developed to consider product life cycle concerns. As exposed by
Molina et al., such systems can be either stand-alone tools that allow different
aspects of the life cycle to be considered but do not support teamwork, or as

integrated environments’ that support simultaneous engineering teamwork.

The above reviews provide an excellent cross-section of research related to
means supporting life-oriented design. However, it is essential for this thesis
to complement these with a review that utilizes key DsFXX characteristics
disclosed in section 3.3, as a reference point from which to assess how
designers are being supported from the perspective of providence. This

chapter thus focuses on reviewing providence means in terms of:

o g e timing: whether providence takes place during early design synthesis, with
analysis

an incomplete and imprecise solution or whether providence is during

solution analysis, after a candidate solution has already been generated;
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* life-span view: whether awareness of LCC is simultaneously across

multiple life-phases, or only for a single life-phase:

awareness type: whether artefact life knowledge provided is ‘generic’ or
life specific’, since the same artefact solution can be exposed to different

lives thus encountering different life-phase systems.

4.2 Means Indirectly Supporting Providence

Four major means, which are considered relevant to indirectly supporting
providence as they allow knowledge of artefact LCCs to be revealed and
utlized during design, are Teams, Quality Function Deployment, Failure

Modes & Effects Analysis and Rapid Prototyping.

4.2.1 Team Based Design Approach

One way of revealing artefact life consequence knowledge to be utilized during
design is through a team based design approach. A team provides the
mechanism of bringing together the knowledge possessed by all the life cycle
experts [Ishii 1991] (fabrication, assembly, servicing etc.) to the same place at

the time design decisions are being made [Finger et al. 1989al].

Team based Approach Strengths

Providing a candidate design solution to such a synergy of different experts
allows potential life-cycle problems to be uncovered. This gives positive
results because the relevant gain and victim areas are represented in the team
[Olesen 1992]. This is the basis through which teams support and exploit
providence during design, unlike with a traditional ‘over-the-wall’ [Hird 1993]

artefact development approach (see Figure 4.1).
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Figure 4.1 - A traditional, over-the-wall product development approach - [Hird 1993]
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It is possible to foresee multiple artefact life specific consequences during
solution synthesis, but this depends on all team members being continuously
present during design.  Thus, with the right multifunctional team using a

disciplined approach, good decisions can be made [Clausing 1994].

The resulting information exchange and group decision making with a team
reduces the number of design changes needed, thus moving design changes
earlier in the process [Askin et al. 1994]. This substantially reduces costs and

development cycle time by avoiding wasting effort [Edwards 1997].

Team based Approach Limitations

Dominating personalities [Edwards 1997] influence teamworking. Under such

situations, providence results in a biased assessment of various X's [Willemse
1997].

For effectiveness, communication between team members needs to be
frequent, but this depends on the spatial proximity between them [Askin et al.
1994].
[O'Grady et al. 1991; Bowen 1995].
different sites and in the case of sub-contractors, in different companies [Allen
et al. 1990].
members can interact as often and easily as required.

However, teams present many logistic and management difficulties

Frequently, team members are found on

Thus, in practice, it is not straightforward to ensure that team

Team members change or retire causing a loss of expertise [Salzberg et al.
1990]. Thus, there is no guarantee that knowledge acquired by team members

is shared and reused in future design projects to support providence.

Dispositional mechanisms [Olesen 1992] are so complex that they cannot be
readily dealt with, even by a really interdepartmental teams [Andreasen et al.

1990].
effects depends on the ability of the ‘human’ members to use their synergy to

This means that the effectiveness of a team in handling propagation

foresee such complex dispositional relationships at the right time.

Literature reveals that in reality, few meetings [Dym 1994] are held. The result
is that team members work individually for long periods of time without actual
communication. Thus, a team is not making decisions and assessments about
a candidate design solution continuously and collectively. — Rather, individual

team members meet other team members during design review meetings,

which are never frequent or long enough [Ishii 1991].  This problem has been

61



Interim isolation
influences
providence life-
span awareness

Limited
exploration

. Chapter 4
A Review of Means Supporting Providence

explicitly highlighted in discussions made during this research with practicing

designers' * °

For example, one practitioner reported that teams basically
met with all members present, only during the launch of the design project and
towards the end, before a design is released for production. In between,

individuals only approached other individual team members and informally.

Review Meeting '’ . Review Meetingn + 1'
. p My Persona Office
2 4 Z / " 2 '/:
= - » "
)
P Interim Period J
VI

Figure 4.2 - Interim isolation with a team based approach

As a result, during the interim period (Figure 4.2) between meetings, designers
work individually on the evolving candidate solution by making various
decisions such as specifying function means, materials and parameter values.
This ‘interim isolation’ violates the concept of a team, as the body of artefact
life knowledge is not present at the same place and at time decisions are
being made. This research argues that this influences the effectiveness of
how a team can support providence. One way of overcoming this isolation
problem is through a computer based teamwork approach termed, virtual
teams [Cleetus 1993]. Such a co-location concept can take place at the same
time or at different times [Maher et al. 1997]. Although with virtual teams, the
expertise of the different team members is being shared, this does not mean
that it will be reused in subsequent virtual team sessions to support revealing

artefact life issues, especially if team members change or retire.

As team members meet for design ‘review’ meetings, a team-based approach
essentially employs providence to criticize the candidate design in an attempt
to optimize it to the artefact life view they represent. Thus, unless truly, group
participation is involved during solution synthesis, providence is not being

exploited for the exploration of artefact life opportunities and problems.

11995 - Design team member of a firm based in the Malta which designs and manufactures electro-mechanical devices for
automobile companies such as BMW, Mazda, Ford and General Motors.

21997 - Product design consultant with the Scottish Design Agency.
31997, Engineering manager, Digital Equipment Scotland, Ltd.
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4.2.2 Quality Function Deployment
Quality Function Deployment (QFD) [Roozenburg et al. 1995] is a method

which is aimed at involving from the beginning, various artefact life aspects
during decision making. It allows a great deal of information about a
particular solution to be assimilated on a chart (Figure 4.3) to enable users to
make important comparisons and decisions [Fox 1993; Sivaloganathan et al.
1997]. Hence QFD is performed by interdisciplinary teams [Clausing 1993;
Roozenburg et al. 1995; Sivaloganathan et al. 1997].

QFD explicitly focuses on the customer [Roozenburg et al. 1995]. The first
task is thus to identify ‘what’ the customer’s requirements are - written in block
‘1" of Figure 4.3. From the identified requirements, the designer (or design
team) engages in a brainstorming session to identify ‘how’ each individual
requirement can be met (block 2’). The next QFD step is to identify
relationships and strengths between the ‘whats’ (e.g. durable) and the ‘hows’
(e.g. suitable material). One ‘what’ can relate to more than one ‘how’
requirement. Through QFD, users are therefore systematically motivated to
reveal such what-how relationships. Identified relationships, are ranked
(weak, medium or strong dependency) [Sivaloganathan et al. 1997] and
described in block 3. The rank allows designers to focus on areas having a

strong dependency.

AN

6
Interactions
between ‘Hows' ,

N/
P
2
‘How' -
to meet requirements
A I I |
1 F 7 1
3

— 1 T Relationship
- ‘What' - _| strength between
customer requirements ‘Whats" & ‘How'

Figure 4.3 - Handling of interactions with QFD

The various ‘hows’ identified (block ‘2') can interact with each other in a
reinforcing or interfering way.  Known positive or negative interactions are
assigned by the QFD users in block ‘6', termed the ‘correlation matrix’

[Sivaloganathan et al. 1997].
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Strengths of QFD

QFD motivates users to systematically consider a host of design issues as
from the stage when the design requirements are being specified [Jacobs et
al. 1994]. Thus, it motivates providence in order to support the generation of

life-oriented design requirements as from the design task clarification stage.

The QFD matrix provides a method of representing known interactions
between the various requirements. Documenting interactions (block 6) among
the evolving specifications enables users to explicitly focus and overcome
inherent conflicts, which is better than rework [Clausing 1993]. For instance
artefact requirements such as ‘must be reliable’ and ‘cheap’ give rise to
conflicts. Thus QFD provides guidance to ‘where’ engineering effort should

be applied and similarly where not to invest time and money [Eccles 1994].

QFD limitations

QFD mainly supports designers in taking a ‘use phase’ view of their design
problem [Roozenburg et al. 1995]. An extension is to employ cascading QFD
matrices that cover the development process [Sivaloganathan et al. 1997]. In
this way, QFD can handle interactions covering multiple product development
stages. However, being sequential, changes to the product QFD chart have
to be laboriously propagated to the other QFD charts (part, process and

production) at the expense of cost and time [Jacobs et al. 1994].

QFD requires profound knowledge from various fields such as marketing,
design and production [Jacobs et al. 1994]. Thus limitations discussed earlier
of a team-based approach such as ‘interim isolation’ are inherited by QFD.
Also, for practical reasons, the number of team members involved in the use
of QFD is often limited, thus restricting the amount of knowledge directly

available during its use [Hague et al. 1998].

With QFD, it is the users who identify which design requirement interacts with
artefact life issues. This ability is subject to the user's knowledge of the
problem domain. QFD does not pro-actively support designers in revealing

‘what’ these interactions are — it only assists in documenting those revealed.

The number of ‘whats’ that can be handled with QFD is limited to about 20-35
because if there are about 30 ‘hows’, then there are about 600 items to fill in
[Sivaloganathan et al. 1997].  This limits requirement exploration due to the

difficulty in quickly returning to an earlier state [Jacobs et al. 1994].
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4.2.3 Failure Modes & Effects Analysis

A formalized One way enabling designers to cater for artefact life consequences is through
analytical method )
‘Failure Mode and Effects Analysis' (FMEA), this being a formalized analytical
method for the systematic identification of possible failures and the estimation

of the related risks [Pahl et al. 1996].

Strengths of FMEA

Promotes FMEA promotes systematic thinking [Ranky 1994] by asking “What could go
provident thinking

wrong with the artefact or the process involved in creating the artefact?, How
badly might it go wrong? and What needs to be done to prevent failures?”

’7;?0;)'73 aefact — The result of an FMEA procedure is documented as an FMEA chart (e.g. see
life failure’
knowledge for [Pahl et al. 1996]). This provides a concise format for formally documenting

future reuse . : ; o ‘
possible artefact failures, their consequence, their likely cause and possible
remedial measures. Thus, FMEA charts support the retention of ‘artefact life’

failure knowledge for reuse in subsequent design sessions.

Limitations of FMEA
No pro-active FMEA does not infer failures, their consequences, causes and remedies.
support
FMEA only promotes designers to reveal potential failures. That is FMEA
does not pro-actively support designers in providence.
Segmented The awareness provided through the use of FMEA is mainly related to the

views
‘use’ life-phase. FMEA can be applied to realization processes at the process

planning stage for revealing fabrication or assembly artefact deficiencies
[Healey 1994; Ranky 1994]. These FMEA variants are used independently,

this leaving it up to the user to reveal any interactions [Healey 1994].

Late Awareness  The FMEA tabular chart requires designers to list down the components
making up the sub-assembly (or artefact) being assessed [Healey 1994,
Ranky 1994; Pahl et al. 1996]. That is, FMEA provides a means of taking into
consideration potential problems, /ate in the design process, before ‘a design

is signed off and before production commences’ [Healey 1994].

Requires ateam  FMEA requires a team effort [Ranky 1994; Pahl et al. 1996]. This makes

ffort .

o providence with FMEA to be artefact specific. However, it makes FMEA
subject to limitations associated with teams discussed earlier in this chapter,

subjective and sometimes bureaucratic [Norell 1993].
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4.2.4 Rapid Prototyping

Prototyping is a means used to realize physical artefact prototype models that
can then be assessed by humans to reveal knowledge of how an artefact
behaves during different life-phases. One such means is Rapid Prototyping
(RP), which commences with the generation of a 3-dimensional geometric
model using a CAD system. Special software slices up the geometric model
into layers, these then sequentially physically realized to eventually generate
the physical model. Different technologies such stereolithography and
laminated object manufacturing [McMahon et al. 1993] can be used to realize
the physical model from liquid polymer, plastic powders or paper. Details of

these technologies are found in [Ranky 1994].

Strengths of Rapid Prototyping

With RP, the artefact development team can realize a physical model within

hours rather than months [Ranky 1994], directly from 3D geometric models.

RP allows development teams to realize several different physical models
without the need of expensive tooling (e.g. moulds) to assess customer
requirements, manufacturing, assembly, maintenance and other artefact life
issues [Ranky 1994]. Rapid prototyping therefore enables a team to reveal
knowledge of multiple artefact life issues before the real artefact’s realization.

Limitations of Rapid Prototyping

The need of a geometric model before the physical model can be realized
means that RP supports designers in considering artefact life issues very /ate

during design, after the synthesis of a detailed component solution.

Whereas the form and size of a physical model realized with RP may be very
similar to the real artefact, the model's material is normally not [Grote et al.
1995]. Thus, a drawback with RP that the insight provided is not specific to
the real artefact's material. Exploring different materials and their LCC is

therefore not readily supported with RP.

RP does not pro-actively support users in revealing artefact life problems
and/or opportunities. Artefact life issues revealed depend on team members.
Therefore, revealing any interactions between the different artefact life

perspectives is subject to the ability and expertise available within the team.
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4.3 Means Directly Supporting Providence

This section reviews four of the major means that are considered relevant to
explicitly providing designers with artefact life knowledge. These are DFX
guidelines, Numerical Analysis, Feature Based Design Tools and Artificial
Intelligence (Al) [Rich et al. 1991] Based Tools. These means basically differ

in how the knowledge is codified and processed.

4.3.1 DFX Guidelines

A class of means that allows captured relationships between an artefact and
artefact life issues to be explicitly provided and utlized during design to predict
‘what-if" effects [Huang et al. 1997], are Design For X (DFX) guidelines.
Examples are found in [Boothroyd et al. 1991; Bralla 1996; Pahl et al. 1996].
They are basically prescriptive design guidelines for creating artefact families,
artefact structures and component geometry that address X-ability issues
[Nowack 1997]. They guide designers in converging onto a design solution
satisfying an X-ability. For example, a design for assembly (DFA) guideline is
to ‘minimize the number of parts in an artefact to reduce assembly
operations’. ‘X' has two meanings [Andreasen et al. 1993], a life-phase
aspect, e.g. assembly (DFA) or a performance measure e.g. cost, (DFC)
[Feng et al. 1996].

DFX Guideline strengths

DFX guidelines explicitly provide designers with codified knowledge of areas
with which they are not usually familiar [Olesen 1992]. Various organisations
are aware of this benefit. For instance, DuPont [DuPont 1992] provide their
customers with DFX guidelines that prescribe rules for building in producability

when designing components made from their thermoplastic materials.

DFX guidelines provide a means of formally capturing knowledge concerning
relationships between artefact solution parameters and life-phase system
behaviour. This makes it possible for such knowledge to be shared,

distributed and reused during subsequent design sessions.

DFX Guideline limitations

The body of knowledge compiled in DFX guidelines tends to be segmented by
artefact life aspect (Figure 4.4). Thus DFX guidelines essentially allow

designers to foresee LCCs with respect to a single ‘X', (e.g. assembly, with
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DFA) thereby guiding designers in generating solutions that satisfy a single

life-phase aspect. As examples in chapter 2 (e.g. case 2) reflect, this may

result in propagation effects on other ‘Xs’. Further, DFX guideline knowledge

is material domain segmented (Figure 4.4). For instance, a thermoplastic

component DFM guideline is different from DFM for sheet metal components.

Thus, DFX guidelines aid in the generation of solutions satistying an X-ability
for a specific domain [Shankar et al. 1993].

sheet metal

thermoplastic parts

ceramic parts

sheet metal

thermoplastic parts

ceramic parts

ceramic parts

Domain specific guidelines

Specific artefact life aspects
Figure 4.4 - Life-aspect and domain specific segmentation of DFX guidelines

This domain specific segmentation hinders designers from rapidly exploring
alternative domains and foreseeing associated total life opportunities and
problems. For instance die-cast components made of aluminium and zinc
alloys can be equally made from GRIVORY GV [EMS 1996]. Choosing
GRIVORY results in a number of consequences including a 4-5 times longer

mould tool service life and a significant component weight reduction.

DFX guidelines tend to be generic in the sense that they do not cater for an
artefact's life specific scenario. For instance, DFM guidelines do not reflect

the actual manufacturing concerns of the user [Molloy et al. 1993].

In principle, DFX guidelines can be employed during synthesis so as to build
in X-ability into the solution, or during solution analysis to estimate the
solution’s behaviour from an X-ability point of view [Tichem 1993]. DFX
guidelines are numerous. Deciding which one is applicable to the solution in
hand is difficult and confusing [Huang et al. 1997]. This depends upon the
designer’s ability to relate specific guides and the current solution. Thus, due
to the effort this requires, DFX guidelines tend to be used separate from the
synthesis activity. Further, due to the information required for their use (e.g.
engineering drawings), DFX guidelines tend to be used for candidate solution
analysis. Although this ensures that a solution released for realization caters

for artefact life issues, it means that DFX is taking place /ate during detailed
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design, ‘when the game is over' [Gardner et al. 1993], namely for ‘corrective
re-design’ [Nowack 1997]. Thus, DFX benefits are lost [Dalgleish et al. 1998]
as providence is not being exploited during early design, when the DFX

knowledge can be effectively utilized for generating life-oriented solutions.

4.3.1.2 DFX Meta-Methodology
For life-oriented design, a solution has to satisfy multiple ‘X's [Watson et al.
1996; Tichem 1997]. The use of multiple DFX guidelines, besides being
impractical [Huang et al. 1997], can result in conflicting recommendations
[Andreasen et al. 1997].  For this purpose, a ‘meta-methodology for the

application of multi-DFX guidelines’ has been proposed [Watson et al. 1996].

DFX Meta-methodology Strengths

Similar to QFD, the DFX meta-methodology makes use of a weighted matrix
approach, in this case to enable different DFX guidelines to be compared and

any competing or reinforcing interactions between them to be revealed.

As claimed by the authors, this meta-methodology is suitable for application to

any industry sector and size of enterprise [Watson et al. 1996].

DFX Meta-Methodology Limitations

The meta-methodology requires that the user first specifies which DFX
guidelines are to be compared for any interactions. Secondly, it is the
methodology user who has to identify any interaction between the guidelines
selected for comparison. Therefore, whilst directly supporting designers with
DFX knowledge, designers are not pro-actively supported in revealing

knowledge of interactions between the different DFX guidelines.

The process of determining each relationship can become tedious for a large
number of guidelines [Watson et al. 1996]. Generally not more than three DFX
tools can be handled at any one time. This thus restricts the methodology’s

effectiveness of handling the phenomena of propagation effects.

The meta-methodology is essentially employed for analysis, “after technically

feasible solutions have been developed” [Watson et al. 1996].
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4.3.2 Numerical Analysis

A computer-based class of means allowing designers to explicitly acquire
knowledge of an artefact's life performance is numerical analysis (N.A.).
With computer based N.A., the user can build up a mathematical model of a
component or assembly for analysis by appropriate N.A. software. These
tools are based on different types of methods such as finite difference (FD)
[Tizzard 1994], finite elements (FEM) [Cook 1995] or boundary elements
(BEM) [Tizzard 1994]. Basically, a 2-dimensional or 3-dimensional geometric
component model is prepared during a pre-processing stage (Figure 4.5) and
divided into a number of elements by discretization [McMahon et al. 1993;
Cook 1995]. The physical properties of each element are then defined e.g.
partial differential equations describing the behaviour of the function (e.g.
temperature) to be predicted. The resultant system of equations, when
solved yields a value for the function for each element making up the
component. Boundary conditions describing how the component will be
loaded during its use phase and restrained from moving are then defined.
The resultant physical model is then input to the N.A. solver for processing,
during which knowledge of the input model's life performance is explicitly
generated. During the post-processing stage, the results are analyzed by the
user, this providing knowledge of any areas of the original model that need to

be modified to improve the component’s behaviour.

Definition of Geiometnc Model <—~—m
Model Discretized into Elements

Definition of Element Properties

Pre-processing

Specification of Boundary Conditions

o T o
g Display of Solver Results

| 8 v

' = Results Analyzed By User

-

Figure 4.5 - Principle of Numerical Analysis Approaches

Strengths of Numerical Analysis

With N.A., a component’s behaviour can be predicted without the need of

testing physical prototypes, this saving time and costs [Tizzard 1994].

N.A. approaches allow users to predict various artefact behavioural properties
such as stress, vibrations, fluid flow and heat transfer [Tezuka 1992; Balendra

et al. 1995: Cook 1995]. The FEM has also been applied to predict the
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behaviour of life-phase systems. Applications include predicting the influence
of punch tool dimensions on a blanking process [Choy et al. 1995], or the heat
transfer of an injection mould tool [Tizzard 1994, Jiafu et al. 1995] in order to

foresee realization problems such as component warping and shrinkage.

As the N.A. procedure (Figure 4.5) involves the definition of life specific
boundary conditions, these approaches support designers with ‘life specific’

providence.

Limitations of Numerical Analysis

Numerical analysis require a geometric model [McMahon et al. 1993; Tizzard
1994; Cook 1995] of the candidate solution before discretization (Figure 4.5).

Therefore, N.A. supports providence after conceptual solution synthesis.

N.A. is mainly employed to foresee the behaviour of artefacts during the ‘use
phase’, or separately, to predict a life-phase system’s performance e.g. a
mould tool [Jiafu et al. 1995]. Thus as currently applied, N.A. does not
support designers in concurrently foreseeing multiple life-phase issues. Thus,

providence is with a narrow and segmented view.

Using an alternative component form or material requires the user to go
through the pre-processing steps, before the new model can be re-submitted
to the numerical solver and new insights obtained (Figure 4.5). Thus, with
N.A., artefact exploration is laborious. Also, as currently employed, N.A. limits

exploration to the artefact solution and not the life-phase systems.

4.3.3 Feature Based Design Tools

Designers can foresee artefact life issues during design through a feature
based design approach [Salomons et al. 1993]. As described by Weber
[Weber 1996], a feature is an information unit (element) representing a region
of interest within an artefact. Examples are a slot or snap-fit. Such features
explicitly capture knowledge relating [Andreasen et al. 1996] an artefact region
to artefact life issues such as process planning [Wierda 1991; Shah et al.
1995], manufacturability [Molloy et al. 1993], assembly [Jared et al. 1994],
production cost [Feng et al. 1996] and compatible realization systems
[Terpenny et al. 1993].  This concept of features is employed in computer
based life-oriented design tools [Vajna et al. 1997] (see Appendix B ) either for

solution synthesis or for solution analysis. ~ Synthesis tools provide a set of
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features that enable designers to generate descriptions of the solutions - an
approach termed feature based design (fbd). Once the description is
complete, it is then submitted to an analysis module which explicitly reveals
knowledge about the artefact life issues as in [Changchien et al. 1996]. With
analysis tools a given geometric solution is first submitted to a feature
recognition [Bartholomew et al. 1991] module to identify ‘features’ in order to
generate a feature based description of the input solution. Again, this

description is submitted to an analysis module to reveal artefact life issues.

Strengths of Feature Based Design Tools

Features are applicable to artefact solutions being described from different
synthesis viewpoints, as they do not necessarily relate to geometry [Vajna et
al. 1997]. For instance, functional features [Schulte et al. 1993] can be used
during functional domain synthesis and form features [Feng et al. 1996] during
constructional domain synthesis. This allows artefact life issues to be related
[Andreasen et al. 1996a] to viewpoint-specific ‘regions’, thereby supporting

providence during artefact synthesis taking place from different perspectives.

Limitations of Feature Based Design Tools

With current synthesis and analysis feature based tools, a description of the
candidate design is required before artefact life issues can be revealed. Thus

providence takes place after the candidate solution has been generated.

As features concern artefact regions, they can be considered to be Product
Design Elements (PDEs) (see section 2.1). Literature indicates that the
concept of features is not being applied to reusable Life Cycle Phase
Elements (LCPE) (see section 3.3). Thus, with a feature-based approach,
designers can model artefact solutions and hence foresee consequences of
their solution interacting with an assumed (fixed) life-phase model, the latter

not necessarily reflecting the artefact’s specific life scenario.

Feature based design tends to be employed for component level design,
normally with form features. In this sense, synthesis results in a geometric

model that is neutral to other design characteristics such as the material.
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4.3.4 Artificial Intelligence Based Means

Al based means that are being used to explicitly provide designers with
knowledge of artefact life issues are constraint networks, knowledge based
systems and case-based reasoning tools. This class of providence means is

discussed here, with a review of representative work presented in Appendix B.

4.3.4.1 Constraint Networks

A constraint network provides a computer based approach that can be utilized
to support life-oriented design [Bahler et al. 1994; O'Sullivan 1997] by
allowing users to explicitly acquire knowledge of the consequences of a
designer’s decision on life-phase issues [Bowen et al. 1990; Oh et al. 1995].
A constraint network (CN) is a collection of objects (parameters) and a set of
constraints which must be satisfied by the values that are assumed by the
objects [Bowen et al. 1990; Oh et al. 1995]. A constraint is some
relationship which must be satisfied by some subset of the parameters in the
network [O'Sullivan 1997]. These constraining relationships allow, for
instance, the effect of a designer's decision on manufacturing options [Bowen

et al. 1990] to be foreseen.

N

Constraint Monitoring

Constraint Satisfacti Prooessor

Prqcessor

.
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® et B L
Structural Producnon
engineer b=d)  [constran 3 Engineer

@) Parameters

Network with Values Assigned to

L] Constraints (d) Parameters Satisfying Constraints (b)

Figure 4.6 - Constraint processing techniques

Selecting and testing parameter ‘values’ in a CN can be done by a
combination of computers and humans [Bowen 1991]. If done by a computer,
the process is termed a constraint satisfaction problem (CSP), this analogous
to automatic design [Bowen et al. 1990] as illustrated in Figure 4.6a. If
performed by a combination of humans and computer, then it is termed
constraint monitoring [O'Grady et al. 1991] (Figure 4.6b). In constraint
monitoring, the designer interacts with the network asserting values to one or
more parameters. The constraint monitoring processor than infers values for

other objects attached to the network (where possible), analyzes the new state
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in the network, reporting back any constraint violations caused by the user's

decisions or by the inferred consequences of these assertions.

Strengths of Constraint Networks

Constrains can express the restriction exerted on objects in a design problem
by, for instance, the functionality, material properties and life-cycle issues.

Thus, DFX guidelines can be represented as constraints [O'Sullivan 1997].

CN support non-directional inference [Bowen 1995]. Thus, when values are

assigned (or acquired) by any of the objects in the network, values can be
inferred for other objects forming part of the network.

Non-directional inference allows CN to be employed for monitoring
assertions/retractions in co-operative design, where many experts from
various disciplines can view the candidate design from their perspective
[Bahler et al. 1994; Tang 1996]. For example KLAUS3 [Bowen 1995]
supports the interaction between several design team members concerned
with making decisions on printed wiring board (PWB) design. KLAUS3 reports

back any violations detected to the appropriate team members.

During design, decisions may be made under certain assumptions. Decisions
made may therefore need to be revised in the light of new information.
Constraint monitoring can thus help foresee any violations when exploring

alternative parameter values forming part of the network [Tang 1996].

Limitations of Constraint Networks

As argued in Chapter 3, during design, both the solution and the artefact life
problem space co-evolve. As a CN monitors a constraint-based artefact
model [O'Sullivan 1997], CN do not readily support providence during solution
synthesis, when new parameters are being added. Rather, CN support

artefact life providence after solution synthesis.

Handling multiple objectives as in multi-DFX, cannot be readily achieved

[O'Sullivan 1997] as this requires an extension to the CSP paradigm .

Although “at run-time users can declare additional parameters and
constraints...” [Bowen 1995] forming part of the network, this actually requires

that designers themselves add new constrains between these new parameters
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and the previously defined parameters. Thus with CN, designers are not pro-
actively supported in foreseeing artefact life issues and new decision spaces

co-evolving with their newly added parameters.

The powerful non-directional inference provided by CN provides a ‘modeling
world’ that allows designers to for example ‘determine the impact of cost
decisions on functionality’ [Bowen 1995]. However, as argued in Chapter 3, a
distinction needs to be made between characteristics that can in reality be
defined by designers and others that are only derived [Mortensen 1995]. This
thesis argues that designers can assume a target value (goal) for derivable
properties but they can only define the basic characteristics of the artefact and

of the life-phase systems.

design assistance
— (@
(a)

@ = deriveable = basic

Figure 4.7 - Design assistance versus design automation with non-directional inference

Thus, inferring derivable properties (di) from basic properties (b)) provides
design assistance (Figure 4.7a) but inferring values for a set of basic
parameters (b)) for a specified value to a derivable property (e.g. cost) is
design automation. This is because in reality, it may be possible to have
different sets of (bj) for a given (d)) (Figure 4.7b). Thus, inferring (bj) from (dh)
is possible with CN but only for pre-defined relationships. This therefore

hinders design solution exploration.

With CN, designers can build a constraint based description of an artefact
model [O'Sullivan 1997]. Thus, the resulting CN represents a mixture of the
domain knowledge (e.g. constraining relationships between different design
parameters) and the current working knowledge about the candidate solution.
This mixture makes it difficult to reuse domain knowledge in new design
scenarios.  This also makes domain knowledge maintenance difficult to
achieve with CN [Molloy et al. 1994], an issue that cannot be ignored with

design support tools [Duffy 1997].
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4.3.4.2 Knowledge-Based Systems

The amount and variety of knowledge [Tomiyama et al. 1995] that has to be
processed in order to generate life-oriented design solutions has attracted the
application of Knowledge-Based Systems (KBS). Knowledge in these tools is
either expertise [Rychener 1988] or public knowledge found in sources like
textbooks [Giarratano et al. 1994]. As a result, the terms KBS or expert
system are often used synonymously [Giarratano et al. 1994] to describe these
type of tools. Their utility in supporting life-oriented deign from the perspective
of providence is evident from various applications such as those in [Ishii 1991
Levitt et al. 1991; MacCallum 1991; Molloy et al. 1993; Victor et al. 1993:; Swift
et al. 1994; Changchien et al. 1996; Su et al. 1997].

A KBS [Rychener 1988; Giarratano et al. 1994] consists of a knowledge base,
an inference engine and a user-interface. The knowledge base is the main
repository of the knowledge employed by the system to address the specific
problem for which it has been developed. It is common for the knowledge base
to consist of a combination of knowledge in the form of concepts, rules,
models and strategies [Rychener 1988]. Concepts are a declarative
representation of domain objects. For instance ‘ABS’ is a thermoplastic
material, it has a set of properties with certain values. Rules are relationships
linking ‘causes and effects’, ‘evidence and likely hypothesis’, ‘situations and
desirable actions to perform’ [Eubanks et al. 1993; Changchien et al. 1996].
Models are collections of interrelated rules, usually associated with a particular
problem. These can for example represent a sub-system of a complex
mechanical structure [Walters et al. 1988]. Strategies are rules and
procedures used to aid in the utilization of the rest of the knowledge base, by
for instance resolving conflicts when rules are equally applicable for a given
situation. The inference engine provides the problem solving strategy applied
by the KBS. Two common methods are forward chaining and backward

chaining [Giarratano et al. 1994].

Strengths of Knowledge-Based Systems

A characteristic of KBS relevant to life-oriented providence is that they provide
a means by which the breadth of expertise possessed by different artefact life
actors can be retained, distributed and explicitly re-used even after their
retirement as reflected in typical implementations [Ishii 1991; Meerkamm

1994]. Thus, a KBS allows the pooling of expertise of a number of specialists,

76



Predictive power
useful for
providence

Providence is
exploited late

Not exploited for
concurrent life-
phase synthesis

Artefact life
exploration is
difficult

Chapter 4
A Review of Means Supporting Providence
to provide a ‘knowledge amplifier’ [MacCallum 1992] to a designer attempting

to purposely transform a design problem into a solution (Figure 4.8).

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

Figure 4.8 - Ability of KBS to retain a collection of distributed life-cycle knowledge

KBS are useful for supporting providence due to the inference engine’s
predictive power. In essence, given a description i.e. facts about a candidate
solution, a KBS can predict consequences using knowledge embedded in the
knowledge base [Hague et al. 1995].  For example, the Design Critique
System [Changchien et al. 1996] predicts manufacturing and assembly issues
associated for a given rotational part. Appendix B provides details of a number

of other KBS exploiting this predictive power for artefact life providence.

Limitations of Knowledge-Based Systems

The predictive power offered by KBS is generally being employed for
candidate solution analysis. For instance, both the MIDAS system [Bonfield et
al. 1997] and the ‘Design For Service' tool [Eubanks et al. 1993] require a
candidate solution as an input before revealing artefact life issues (see

Appendix B).

As argued in Chapter 2, during an artefact life, various life-phase systems
interact with the artefact. The concept of using KBS to support the synthesis
of an artefact model has been taken e.g. the NODES system [Duffy et al.
1996]. Some work is reported concerning supporting the synthesis of life-
phase models [Young 1996]. However, the KBS reviewed do not support the
concurrent synthesis of artefact and life-phase models making it difficult to

foresee life-specific interactions.

KBS tend to employ chunks of heuristic knowledge with no underlying mode/
of the solution being described [MacCallum 1991]. This thesis argues that
such a knowledge-centred rather than a model centred design approach limits
design exploration. For instance, a heuristic found in the thermoplastic domain
is that if a component has a rib, then a consequence is that a sink mark is
likely to form [DuPont 1992] during the realization phase. Such a knowledge
chunk can be employed within a KBS, as in the rule found in [Huh et al. 1991],

reproduced here:
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IF:  The Material is GE NORYL N190

and The Wall Thickness is [t]

and  The Input Root Thickness [Ty] is bigger than 0.8 (t]
THEN The Possibility of Bad Sink mark = 9/10

and  The Possibility of Warpage = 8/10

and  Warning Message: Reduce [T,] smaller than 0.8]t].

This example assumes that the realization phase process is injection
moulding. Therefore, using such domain specific knowledge with no
underlying life-phase models does not readily allow designers to explore
alternative processes and see the resulting artefact LCCs or to explore
alternative process parameters (e.g. injection pressure) in an attempt to avoid

the formation of sink marks.

With no underlying life-phase models, a KBS can only provide multiple but
segmented views of a candidate solution (e.g. mfk [Meerkamm 1994]). A
KBS aimed at providing multiple views of a printed circuit board solution is
MIDAS [Bonfield et al. 1997].  This provides users with a process model
containing information about the available production facilities. However it

has no underlying life-phase system models.

A problem with KBS, which is more intense in life-oriented design due to the
breadth of knowledge involved, is that of knowledge maintenance. Unless
the knowledge is properly structured, maintenance will be difficult, making the

KBS obsolete [Duffy 1997] in a world where knowledge is dynamic.

4.3.4.3 Case Based Reasoning Tools

Case-based reasoning (CBR) tools apply human experience, stored in a
computerised form termed a ‘case’, in an attempt to assist solving similar
problems, in slightly altered contexts. In a case-based, life-oriented design
approach, captured artefact life knowledge stored in cases, is explicitly used
to augment designer experience in solving a design problem. Examples are
found in [Wood Il et al. 1996; Kim 1997] (See Appendix B). The process of
CBR involves recalling a relevant case from the case base and then adapting
this case for the solution of a new problem (Figure 4.9). CBR design tools vary
in the way the case base is organized, the procedures for recalling relevant

cases, the methods and knowledge available for adapting a case [Maher et al.

1995].
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New problem

Recal Index I ——

Case |
Retrieve - Base

Select

Adapt
Modify
- Newsolution

Evaluate

Ll

Figure 4.9 - CBR design approach - [Maher et al. 1995]

To allow CBR systems to quickly and accurately search for relevant cases,
cases need to be organized in a structured way.  Recalling relevant cases is
a pattern-matching problem. This can be broken down into (Figure 4.9)
indexing the pattern input by the designer then retrieving suitable cases by
searching the case-base for individual cases that match the indexed pattern.
An appropriate case is selected from those retrieved, with a rank to indicate
how close the match is. The selected case is usually modified, through case
adaption, to become applicable to the current design situation. This employs

additional knowledge to help adapt the case [Maher et al. 1995].
Strenghts of CBR

AﬂCiseri"fegﬁfes A case can represent artefact and related artefact life knowledge such as on

artelact ana life-

phase knowledge ~assembly issues [Kim 1997] in various forms including multimedia [Wood Il
et al. 1996]. CBR thus provides a means for storing artefact and related life-

phase knowledge in single case in order to directly supporting providence.

Limitations of CBR

Difficulty to A single retrieved case can explicitly provide designers with knowledge of
reveal multi-X
interactions relationships between an artefact and related life-phase issues [Wood Il et al.

1996]. However, foreseeing any interactions between different life issues

stored in different cases is left up to the user.

Providence is As the retrieval of a relevant case is initiated by designer input (Figure 4.9),
:}e:g;ahr:;?slrom then when a case is retrieved and adapted, any problems inherent in the
resultant solution are not automatically re-submitted CBR. It is the user who
has to foresee co-evolving problems and then input these to the tool as a
suitable new query. Thus, CBR does not readily support designers in

foreseeing artefact life problems co-evolving with their solution during

synthesis.

79



Providence tends
to be generic

Life-oriented
providence
requires a large
case-base

Lack of pro-
active case
adaption support

Knowledge
duplication &
maintenance

Chapter 4
A Review of Means Supporting Providence

Cases provide knowledge about similar artefacts and related life issues.
Such a knowledge chunk supports designers in harmonizing an artefact
solution to life-phase systems’ requirements, which are however assumed
fixed in the case retrieved (Figure 4.10). Therefore, without an underlying
explorable life-phase model, CBR does not support designers in foreseeing

life-specific interactions between artefact and life-phase system solutions.

r—-—u

Artefact must satisfy | . Life-Phase System/
life-phase system
requirements

-
-

Model Assumed fixed

Artefact being designed
Figure 4.10 - Case retrieves ‘fixed' knowledge on life-phase system

Expanding the design focus to a multiple of artefact life phase requirements
presents unique problems for a case based approach [Wood Il et al. 1996].
This is because design information must be considered at many levels of
abstraction and from many viewpoints. Thus, a limitation to life providence is
that the cases need to be /arge due to the storage of multiple life issues. An
important issue in case based providence design is the organization and
searching of relevant cases.  Such large case bases introduce indexing
problems to ensure the retrieval of relevant cases. One way used to

overcome this issue is through an intelligent thesaurus [Wood Il et al. 1996].

Cases retrieved are rarely a perfect fit to the current solution, meaning that
case adaption is required to foresee artefact life issues specific to the current
solution. With the current state-of-the-art, designers employing such CBR
tools have to assist, or even entirely perform the case adaption process
[Maher et al. 1995]. This is a drawback to pro-actively aiding providence, as
designers require additional artefact life knowledge for successful case
adaption. A promising avenue for addressing this problem is the use of hybrid
case-based design systems [Maher et al. 1995], where multiple reasoning

methods are incorporated within the CBR paradigm.

Knowledge about an artefact and related life-ssues are stored in a single case.
Thus, similar artefact life knowledge may unnecessarily be duplicated in

different cases. This makes artefact life knowledge maintenance difficult.
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Table 4.1a - Comparative Matrix of Providence Means

Means A Artefact Life Knowledge Other Comments
Solutions generated: Revealed dufi : N
iy it oo +strengths / - limitations
(N)one, (A)tefact, (L)ife-phase {s)nthesis or (ajnalysis | Single (X) = 1(X) (GJeneric or life
Muttipte (X} = Z{X} {S)pecific
INDIRECT SUPPORT
. . ) ) + life specific LCCs can be foreseen if all members are present during synthesis
keams Noriaty(A) bt n » ppssble 12 (8)- it all team mgmbers Z(X) (S) if the team + the right multifunctional team provides a synergy of life-cycle knowledge;
generate (L) solutions; are present physically or members - it is difficult to assembly a team with all adequate life-cycle expertise [O'Grady et al.
virtually [Cleetus 1993] represent 1991];
during $ynthe§|s; ) ‘Solution §peC|f|c - team meetings tend to be short & infrequent [Ishii 1991; Dym 1994]
othgmsg mainly F’“"“g artefact life actors | _ decisions with potential LCC can be made in the interim period between meetings;
(&) in review meetings - expertise is lost with retirement/change of members [Salzberg et al. 1990];
- difficulties in recognizing complex dispositional effects [Andreasen et al. 1990];
_______________________________________________________________________________________________________ - logistic_management difficulties [Bowen 1995] influence providence;
QFD Early (A) solution, in the form of (s) 1(X)-mainly use phase; (S)only ifa + motivates provident thinking as from the task clarification design stage:
‘how’" individual customer currently also used for ‘product specific’ + supports the systematic handling of trade-offs between requirements;
requirements can be met; currently considering design team is - being a team-based approach, it suffers limitations associated with teams;
also used for selecting the critical ‘manufacturing employed - which interactions between specifications and artefact life issues are revealed,
‘manufacturing processes' and processes’ [Sivaloganathan depends on the user's domain knowledge and solution interpretation;
‘process parameters’ [Sivaloganathan et al. et al. 1997] - solution exploration is difficult;
____________ (Sivaloganathanetal. 1997) | 1987 bl
FMEA (N) - solution is input to FMEA (a) Can be Z(X) but (S) + promotes provident thinking of possible use phase failures;
segmented; mostly used + provides a means of documenting potential failure modes for future reuse;
for ‘use’ phase - being a team-based approach, it suffers limitations associated with teams;
providence - failure modes are revealed late [Norell 199 3] during detail design :
- not pro- active i.e. providence depends on the user's solution interpretation;
_____________________________________________________________________________________________________ - single focus at a time i.e. does not handle propagation effects;
Rapid (A); sometimes it can be used to (a) X(X) but segmented; (G) + can rapidly generate physical artefact prototype models;
Prototyping | generate (L) e.g. rapid tooling’; (A) mostly used for ‘use’ + realized prototype model can be viewed from multiple life-phase perspectives;

model generated is normally of a
different material from the real

artefact;

phase providence

- artefact life issues & interactions revealed depend on team members knowledge;
- providence late - requires a geometric model as an input;

- awareness not specific - the prototype's material is different from that of the artefact;
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Table 4.1b — Comparative Matrix of Providence Means

Means ‘ Artefact Life Knowledge Other Comments
Soltlons gereratac: Revoaled during View Type + strengths / - limitations
(NJone, (A)tefact, (L)ife-phase | (sinthesis or (ajnalysis | Single (X) = 1(X) (Gleneric or life g
Muttiple (X) = Z(X} (S)pecific
DIRECT SUPPORT
DFX (N) they support the generation Mainly during (a) - as Each guideline provides (G) - as they do + provide a means of capturing & sharing useful relationships between artefact
guidelines of an (A) solution, but they are quidelines are numerous, | 1(X) e.g. DFA, or DFM not consider the solution parameters and life-phase system characteristics;
used separately from solution they tend to be used user's actual - narrow, segmented views i.e. difficult to handle propagation effect phenomena;
modelling separate from synthesis resources - being segmented, multi-material domain exploration is not supported;
[Huang et al. 1997]. [Molloy et al. - as quidelines are numerous, deciding which is applicable is difficult & confusing
AU S S SRS (1)) S o (Huangetal 1997}, .
DFX Meta- (N) Methodology supports the (a) of feasible solutions Z(X) but limited to 3 (G) + helps handle conflicting DFX guidelines
Methodology | generation of an (A) solution, but - interactions between different DFX guidelines need to be revealed by user
[Watson et | is used separately from solution
Jal19%e] | modelling bl
Numerical (N) - solution is input to the (a) - geometric model of 1(X) but segmented; (S) + prevents the need of physical models;
Analysis Numerical Analysis solver the candidate solution mainly for Use phase; + can be used to foresee various artefact behavioural properties; sometimes used to
required as an input some for Realization predict the behaviour of life-phase systems e.g. mould tool cooling;
phase - tool provides a narrow, segmented view — normally artefact use phase behaviour;
____________________________________________________________________________________________________ - artefact exploration is laborious; artefact life exploration not supported:
Feature (A) models; most models are (a) - feature based can be X(X) but (G) asthereisno | + can be used to support synthesis taking place from different viewpoints;
based geometric, some include other description of the segmented; underlying life- + features provide a formal artefact representation scheme that supports the
design tools characteristics such as materials | candidate solution is phase models to integration of product life activities [Changchien et al. 1996];
and tolerances; required before artefact reveal ‘life- - features are the result of a user’s interpretation of an artefact's region [Jared et al.
life issues can be specific’ 1994]
revealed interactions - features are related to artefact regions and are thus used for artefact synthesis ie.
currently no ‘life-phase’ oriented features;
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Table 4.1c — Comparative Matrix of Providence Means

Means | Artefact Life Knowledge Other Comments
Solutions generated: Revealed during View Type i i = i
(N)one, (A)rtefact, (L)ife-phase | (S)nthesis or (ajnalysis Single (X) = 1(X) (G)eneric or life S miations
Muttiple (X} = XX} (Slpecific
DIRECT SUPPORT - Arificial Intelligence Based Means (see Appendix B for a review of a representative sample)
Constraint (A) (a) of candidate solution | X(X) & interacting - (S) - when used + support the representation of various types of knowledge;
Networks - solution has to be first assumes the for co-operative + support ‘non-directional’ inference;
represented as a network | relationships between design between + useful for parameter value optimization;
of parameter the different perspectives | ‘solution specific’ | - they treat design as a search to ‘satisfy constraints’ i.e. assumes constraints are
relationships [Bowen are known & represented | artefact life actors | known in advance and not co-evolving with the solution;
1995]; e.g. for post- in the network; - providence used for improving a solution rather than for guiding solution synthesis;
design DFA analysis [Oh - handling multiple objectives as in DFX not readily achieved [O'Sullivan 1997];
et al. 1995] - mixture of definable & derivable properties hinders exploration;
DTS | S | (Y| | S S (N | -_difficult to maintain knowledge as they mix domain & candidate solution knowledge; _
Knowledge Currently, can be used for Currently used for (a) -—a [ Can be Z(X), but (G) asthereis no | + support the retention of distributed artefact life knowledge;

based design
tools

Case based
reasoning
tools

generating (A) or (L), but

(N) = they support solution
synthesis but they are used
separately from solution
modelling

separately i.e. not concurrently

candidate solution is
required as an input

During (s) but separate
from solution modelling

segmented

Can be X(X) but,
segmented

underlying life-
phase models to
reveal ‘life-
specific’
interactions

(G) as there is no
underlying life-
phase models to
reveal ‘life-
specific’
interactions

+ they have a predictive power due to the inference engine, suitable for providence;
- currently not used for the concurrent synthesis of artefact and multiple life-phase
systems;

- with no underlying life-phase models, artefact life exploration is difficult;

- knowledge is not organized in terms of resources which have to be coordinated
[MacCallum 19917,

+ cases can conveniently integrate artefact and related life-phase knowledge;

+ represents knowledge in a variety of formats e.g. multimedia [Wood Il et al. 1996];

- knowledge captured in the retrieved case has to be adapted to the current problem,
frequently by the user [Maher et al. 1995];

- case adaption may introduce inconsistencies [Maher et al. 1995];

- interactions between the different views is left up to the user reveal unless this is
explicitly stored as part of the case;

- cases enable designers to optimize the candidate design solution, without supporting
the exploration of ‘artefact life' commitments;

- similar artefact life knowledge may be captured in different cases, making knowledge
maintenance difficult;
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4.4 Current State Of Providence Support

The characteristics of the means reviewed are summarized in Table 4.1.
Based on the review criteria, the following key observations can be made to

how providence is currently supported and exploited for life-oriented design.

Providence Is Too Late — Separate from Solution Synthesis

As argued in section 3.3, delaying the consideration of artefact life issues
leads to a series of lengthy and costly design iterations. Table 4.1 reflects
that both indirect (e.g. FMEA) and direct (e.g. DFX) means support
providence allowing designers to generate life-oriented design solutions.
However, providence is supported late in the design process, as most means
make artefact life knowledge available after candidate solution synthesis. An
exception is a team based approach, but this requires all members to be

continuously present during synthesis, which in practice is not the case.

Providence Life-Span View is Narrow & Segmented

As argued in [Bonfield et al. 1997], work on means providing multiple
perspectives is limited. Table 4.1 indicates that current means either provide
a narrow view by focusing on one life-phase at a time (e.g. DFX guidelines),
or multiple, but segmented views (e.g. mfk system [Meerkamm 1994]). Thus
individual designers lack means supporting them during early design to
foresee artefact life issues across multiple life-phase issues in an integrated
way. Constraint networks go some way towards this issue but they mostly
support designers to monitor the impact of their decisions on multiple life-
phase issues rather than to foresee the impact. This is because constraint
networks require that parameters of a solution and parameters of life-phase

issues to be first expressed and related by the user him/herself.

Providence Is Mostly Generic — No Explorable Artefact Life Model

As argued in Chapter 3, foreseeing life-specific interactions between an
artefact and life-phase systems is a necessity for DsFEX.  As Table 4.1
indicates, with current means, designers are not generally supported in
concurrently generating an artefact and a number of associated life-phase
models. For instance, DFM guidelines do not reflect the actual manufacturing
concerns of the user [Molloy et al. 1993] that the artefact will encounter. A

tool which attempts to address this issue is MIDAS [Bonfield et al. 1997] (See
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Appendix B). MIDAS allows designers to specify available production
facilities. However providing knowledge about such life-phase systems with a
fixed perspective’ [Kerr 1993] is not enough. For example, it is misleading to
assume that LCCs associated with a standard mould part (e.g. a core-pin) will
be the same when purchased from different suppliers. Thus, current means
lack to support ‘artefact life specific’ providence - rather they provide generic

knowledge on artefact life issues.

Inadequate Providence Due to Lack of Exploration Support

Current means (e.g. DFX guidelines and KBS) tend to be material domain
specific. This makes it difficult for designers to explore alternative domains
during synthesis.  Also, current means focus on supporting the generation of
an artefact solution to fit an assumed life-phase system. Hence designers
lack tools that support ‘artefact life exploration’. Since, as argued in section
3.2, exploration generates useful LCC knowledge, then with current means,

providence is not being adequately exploited to support DsFZX.

Providence Not Exploited For Life-Oriented Design Guidance

Current means exploit providence to provide artefact life knowledge for
improving a candidate design solution (see for example [Oh et al. 1995;
Changchien et al. 1996; Kim 1997] in Appendix B). They do not adequately
exploit providence to provide knowledge for guiding artefact solution
synthesis. For example, when defining the use of fasteners as part of a
candidate solution (Figure 4.11), current means do not generally support
designers in foreseeing feasible assembly system alternatives and their
associated requirements.  Ideally, when selecting say a robot assembly
system from the alternatives ‘foreseen’, support tools should provide relevant
guidance knowledge (e.g. to introduce counter-sunk holes to facilitate
fasteners’ insertion [Willemse 1997] by the robot's gripper) to aid harmonizing

the evolving artefact solution and the assembly system.

Providence on
life-phase systems

— —

- -—
evolvinq| cgndidate \
solution ~—
Design guidance due to
part_of selected life-phase option

Figure 4.11 - Tools lack to exploit providence to reveal life-oriented design guidance knowledge
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Providence Difficult To Achieve

Means indirectly supporting providence, such as FMEA and rapid prototyping
contribute to the generation of life-oriented design solutions by motivating
designers to consider revealing life issues associated to the artefact solution.
However, the major drawback of these type of providence means is that the
ability of revealing artefact life issues depends on the users of these means.
Further as outlined in Table 4.1, these means require a team based approach.
On the other hand, means directly supporting providence can provide access
to a large volume of captured artefact life knowledge, in various forms such
as different DFX guidelines [Fabricius 1994; Seliger et al. 1994], or a number
of knowledge based systems e.g. [Victor et al. 1993; Meerkamm 1994].
However, utilizing knowledge embedded in these means to foresee artefact
life issues requires user interaction to decide which guideline or tool is
applicable for a given design scenario. That is, designers lack pro-active
support enabling them to utilize the right artefact life knowledge at the right

time and thus to effectively foresee life-oriented design issues.

Manual versus Computer Based Means To Providence

Teams have a number of drawbacks such as that of ‘interim isolation” and the
‘loss of valuable expertise’ that influences the effectiveness of indirect,
manual means such as QFD and FMEA. At the same time, designers have
high demands placed on their thinking ability [Pahl et al. 1996] and the human
brain has knowledge processing limitations [Ellis et al. 1989; Kerr 1992].
Thus, as argued by Ishii [Ishii 1991], any computer environment that helps
engineers to incorporate life-cycle values plays an important role. In this
sense, a suitable avenue to supporting life-oriented design from the
perspective of foreseeing artefact life interactions during design, are computer

based means that directly support providence.

4.5 Chapter Conclusions

This chapter has presented a review of a number of the main means that are
currently used to indirectly or directly support ‘providence’ - foreseeing artefact
life issues during design.  The review reflects that different means have
different strengths and weaknesses to supporting providence. In this sense, a
hybrid of these means could amplify the effectiveness of support to life-

oriented providence.  Table 4.1 reflects that the means reviewed contribute
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to supporting designers in having an insight into artefact life issues during the
design phase, before the design solution is released for realization. However,
the review has established that individually, the means reviewed exhibit one

or more of the following limitations. Providence:

* takes place /ate during candidate solution analysis, not during synthesis;

* covers a narrow and segmented (Single-X) rather than a multiple, life-

span (Multi-X) view

* is generic and not ‘life-specific’, as life-phase solution modelling is not

supported;

* is not exploited for life-oriented design guidance as artefact life exploration

is not supported.

Aga};"" This chapter therefore concludes that for DsFZX, there is a need for a means
providence
means that collectively (Figure 4.12) supports designers to foresee and explore

during solution synthesis, multiple, artefact ‘life-specific’ interactions, in order

to adequately handle the phenomena of propagation effects at the right time.

Figure 4.12 - Gap in providence means supporting DsFEX
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5.0 Established Research Problem
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Chapter 2 -

Designers need
to DsFXX

Chapter 3 - For
DsFZX,
designers need
to foresee life-
cycle
consequences

Chapter 4 -
Designers lack
adequate
providence
means

This chapter discloses the research problem established from the preceding
chapters. For this purpose, section 5.1 presents the main outcomes of
Chapters 2, 3 and 4. Based on these outcomes, section 5.2 presents the
established research problem and the research questions arising from this
problem. Section 5.3 then presents the Ph.D. research boundary, with the

dissertation’s Part A conclusions made in section 5.4

5.1 Research Problem Foundation

Chapter 2 established that during the life of mechanical artefacts, the interaction
between an artefact and different life-phase systems results in a number of
consequences. Thus, knowledge of such consequences is generated during
such interactions. Due to the chronological order of an artefact’s life, such
knowledge is however not readily acquired by designers. Decisions made during
the design phase can thus influence these interactions. As examples presented
reflect, design decisions can result in intended and unintended consequences
that can propagate across multiple-life phases, these termed life-cycle
consequences (LCCs). As an implication of this propagation effect phenomena,
this research argues that the designers’ responsibility covers all life-phases. To
generate ‘life-oriented’ design solutions, handling this phenomena is a necessity.

Thus, designers need to adopt a DsFXX approach.

As argued in Chapter 3, in order to be guided in generating life-oriented
solutions, a 'Design Synthesis for Multi-X' approach requires that designers
engage in provident thinking as from early design, in order to foresee LCCs co-
evolving with the artefact solution. This however requires that a large amount of
distributed LCC knowledge is acquired, is readily available and easy to access

to permit it to be explicitly utilized during design.

Chapter 4 disclosed that distributed artefact life actors are too busy to
continuously form part of a design team to support life-oriented providence.
Thus, due to the lack different team member and hence the knowledge they
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possess, design decision making takes a narrow focus, with designers
frequently unaware of a number of unintended LCCs being generated. At the
same time, the review in Chapter 4 established that designers lack appropriate

means supporting life-oriented design from the perspective of providence.

5.2 Research Problem

Thus, in order to adequately handle the phenomena of propagation effects at the
right time, this Ph.D. argues that there is a need of a LCC knowledge intensive
means that allows designers to foresee during synthesis, mutliple, artefact ‘life-
specific’ interactions, in order to guide them in generating life-oriented design
solutions.  Given that human beings have mental, knowledge processing

limitations, the Ph.D. research problem is therefore concerned with:

* Developing a computational framework that collectively allows
designers to interact with a LCC knowledge model, when generating
and describing mechanical artefact solutions, in order to explicitly

foresee multiple LCCs co-evolving with the decisions being made.

Using segmented DFX knowledge ‘as-is’ during tool implementation, can result
in conflicts between a guideline in one X-area and another in a different X -area.
This is as ‘design for' guidelines do not cross-correlate [Pugh 1991]. Thus, to
develop such a computational means, one needs to distinguish between the
integration of different DFX knowledge i.e. X(DFX) and knowledge that explicitly
models interactions between different ‘X’ i.e. DFEX. As literature reflects, there
is indeed an abundance of DFX type knowledge for various domains, but an

apparent lack of DFXX knowledge.

In developing knowledge intensive computational tools, there is a need to
distinguish between what’ needs to be modelled versus ‘how’ it is represented
[Tomiyama 1996]. For example,